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ABSTRACT 
In the year 2000, 182,800 cases of breast cancer were 

diagnosed in the United States and 41,200 patients will 
fail all therapeutic modalities and pass away. Chemotherapy 
is the principle therapeutic modality utilized when 
patients present with advanced disease, the most morbid 
form of breast cancer. Traditional chemotherapeutic 
agents, used clinically, are preferentially toxic to tumor 
cells when compared to critical cells of the host. 
Numerous cellular resistance mechanisms, such as MDR and 
MRP overexpression, work by preventing chemotherapeutic 
drugs from reaching their ultimate cellular targets. For 
alkylating agents and topoisomerase inhibitors the ultimate 
target is principally the cancer cell's DNA. 

We hypotheses that acid-outside transplasmalemmalar pH 
gradients, typical of those found in drug-insensitive 
breast tumors, will result in drug resistance by the 
exclusion of weakly basic chemotherapeutic agents via ion 
trapping. 

Initially, we tested our hypothesis in vitro through 
the evaluation of the pH dependent cytotoxicity of various 
clinically relevant chemotherapeutic drugs in our MCF-7 
model system, a human breast adenocarcinoma cell line. The 
results of this work were consistent with our hypothesis, 
namely that (i) weak acids are more toxic in acidic 
extracellular media, (ii) weak bases are more toxic in 
basic extracellular media, and (iii) zwitterions or large 
lipophilic molecules are unaffected by pH change. This work 
led us to further evaluate doxoriibicin and mitoxantrone. 
Both drugs were found to have enhanced intracellular 
accumulation in alkaline media, with the effect being more 
significant on mitoxantrone. In contrast, only 
mitoxantrone had a partition coefficient that was 
appropriately high and compatible with our ion-trapping 
model. Moreover, the pH dependent cytotoxicity and drug 
accumulation of mitoxantrone, doxorubicin and chlorambucil 
remained constant even in drug resistant cell lines such as 
the MCF-7D40 and MCF-7mitox cell lines. 

An ectopic MCF-7 tumor, in a SCID mouse host was 
utilized as a model in order to evaluate in vivo 
biodistribution of doxorubicin in mice undergoing metabolic 
alkalosis. No significant difference in doxorubicin 
accumulation was observed in the tumor compared to 
controls. We then employed a syngenic C3H/hen mouse, C3H 
mammary adenocarcinoma model system. Biodistribution of 
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doxorubicin was also unaltered in this system. Conversely, 
the biodistribution of mitoxantrone was altered by 
alkalosis in the C3H mammary tumors. 

Utilizing magnetic resonance spectroscopy, we 
characterized the metabolic alkalosis protocol. Next, we 
evaluated the anti-tumor activity of mitoxantrone in our 
C3H model system and found that metabolic alkalosis 
significantly increased both the tumor growth delay and the 
log cell kill. In our MCF-7/SCID model system, doxorubicin 
combined with chronic metabolic alkalosis resulted in a 
reduction in the rate of tumor regrowth. As controls, 
metabolic alkalosis had no effects on taxol treated C3H 
tumors, 

In vivo mitoxantrone C3H mouse toxicity studies were 
preformed with and without metabolic alkalosis. The LD50 and 
average weight loss per group remained constant with or 
without alkalosis. Myelosuppression was reduced in the 
alkalotic mice. 

In conclusion, mitoxantrone has a pH-dependant 
behavior consistent with ion-trapping. Additionally, 
metabolic alkalosis enhances mitoxantrone's therapeutic 
efficacy in the C3H/hen, C3H mammary carcinoma model 
system. 
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I. INTRODUCTION - A REVIEW OF THE LITURATURE 

A) An Overview of Breast Cancer 

A report from the National Cancer Institute (NCI) 

estimates that about 1 in 8 women in the United States will 

develop breast cancer. The NCI estimates that 182,800 new 

cases of breast cancer will occur and that about 41,200 

deaths resulting from breast cancer will occur among women 

in the United States during the year 2000. For women in the 

United States, breast cancer ranks second among all cancer 

deaths. Breast cancer is not exclusively limited to women, 

the NCI estimates about 1,400 new cases of breast cancer 

will be diagnosed among men in the year 2000. Breast Cancer 

risk factors include increasing age, a family history of 

breast cancer, atypical hyperplasia of the breast, high 

breast density, early menarche, late menopause, use of oral 

contraceptives or estrogens, late or no parity, smoking, 

exposure to physical (radiation) or chemical (pesticides) 

carcinogens, obesity, high dietary fat intake, as well as 

hereditary genetic alterations in the BRCAl or BRCA2 genes. 

The differences seen in breast cancer incidence between 

different ethnic backgrounds within the United States are 

thought to be due to differences in parity. Mammography, 
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physical examination, and self-examination are the primary 

mechanisms for early diagnosis of this disease. The 

American Cancer Society recommends that women age 40 and 

older have an annual mammogram, an annual clinical breast 

examination by a health care professional, and perform 

monthly breast self-examination. Early detection results in 

a significant enhancement in patient survival rates. 

Acording to the National Cancer Institutes, the 5-year 

relative survival rate for localized breast cancer is 

currently 96%; this represents a large improvement made over 

the last 50 years. If the cancer has spread regionally, 

however, the 5-year survival rate drops to 77%, and for 

women with distant metastases the rate drops further to 21%. 

Survival for breast cancer patients continues to decline 

beyond five years. Seventy-one percent of all women 

diagnosed with breast cancer will survive 10 years, and 57% 

go on to survive 15 years. Mortality results from distant 

metastases and their failure to respond to therapy. The 

standard treatment for breast cancer includes surgical 

resection for the treatment of the localized disease such as 

lumpectomy and removal of regional lymph nodes (located in 

the axillary region) , or mastectomy and the removal of 

regional lymph nodes (Veronesi 1990; 1995). Radiation 
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therapy is also employed, usually in combination with 

surgery to treat localized disease (Fisher 1995, Diab 1998). 

As a new adjuvant treatment, or in the treatment of known 

metastatic disease, chemotherapy and/or hormone therapy is 

widely used (Tannock 1987). It is common practice to treat 

patients with two or more of these methods in combination. 

Numerous studies have shown that, for early stage disease, 

long-term survival rates after lumpectomy plus radiotherapy 

are similar to the survival rates obtained from radical 

mastectomy (Fisher 1995, Jacobson 1995, Sarrazin 198 9, van 

Dongen 1992, Blichert-Toft 1992,Veronesi 1995; 1998). 

Therefore, lumpectomy plus radiation therapy is the 

treatment of choice for the localized disease. Ductal 

carcinoma in situ (DCIS) and lobular carcinoma in situ 

(LCIS) are considered pre-cancerous lesions, which, if left 

untreated may progress into invasive breast carcinoma 

(Fisher 1996) . 

B) Chemotherapy and Breast Cauicer 

Stage I breast cancer is localized breast cancer, which 

has not spread beyond the breast. Stage II breast cancer is 

characterized by localized disease within the breast. In 

order to be considered Stage II breast cancer, the tumor 
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should measure between 1 and 2 inches, and have spread to 

the lymph nodes under the arm. Stage II breast cancer is 

also diagnosed if the tumor is larger than 2 inches but has 

not yet spread to the lymph nodes iinder the arm. In Stage I 

and II breast cancer, adjuvant chemotherapy may be 

recommended to improve the 5-year disease-free statues of 

the patient. Stage III breast cancer is a locally advanced 

disease where in the tumor is large (greater than 2 inches 

in diameter), and has spread extensively to regional lymph 

nodes, or has invaded the chest wall. Stage IV breast 

cancer is characterized by metastatic disease. Stage III 

and stage IV breast cancer patients typically undergo 

intensive chemotherapy in an attempt to control the spread 

of the disease. Drugs used in the treatment of breast 

cancer include cyclophosphamide, methotrexate, 5-

fluorouracil, taxol, tamoxifen, anthracyclines (including 

doxor\ibicin, epirubicin, and mitoxantrone) , vinca alkaloids 

(vincristine and vinblastine) and steroidal anti

inflammatory agents (including prednisone and 

dexamethazone). In the treatment of refractory breast 

cancer, many other agents have been used including 

chlorambucil (Sean 1997, Burghouts 1990, Lober 1983). 

Published examples of the most common therapeutic protocols 
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consist of CA (cyclophosphamide and adriamycin)(Tranum 

1992), CAT (cyclophosphamide, adriamycin i.e. doxorubicin, 

and taxol), CMF (cyclophosphamide, methotrexate, and 5-

flourouracil)(Tormey 1982), CAF (cyclophosphamide, 

adriamyocin, 5-flourouracil)(Smalley 1983), CMFA 

(cyclophosphamide, methotrexate, 5-flourouracil and 

adriamyocin)(Fisher 1990), CMFVP (cyclophosphamide, 

methotrexate, and 5-flourouracil, vincristine, and 

prednisone)(Smalley 1983), CMFVPT (cyclophosphamide, 

methotrexate, 5-flourouracil, vincristine, prednisone and 

tamoxifen)(Albain 1997, Pearson 1989), and FEC (5-

flourouracil, epirubicin, cyclophosphamide) (Coombes 1996) . 

Chemotherapy may be used preoperatively to reduce tumor mass 

prior to surgery in order to facilitate a less destructive 

surgical procedure, such as lumpectomy (Fisher 1998). 

C) Characterization of Chemotherapeutic Drugs and Their pH 

Dependent Behavior 

Introduction 
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In this review, an acid is defined as a compound that 

is uncharged at low pH (i.e. pH < pKa). Conversely a base 

is a compound that is uncharged at high pH (i.e. pH > pKa). 

i. Doxorubicin 

Doxor\abicin is an antibiotic isolated from Streptomyces 

peucetius var caesius (Arcamone 1969). It consists of a 

weakly basic amino sugar, daunosamine linked via a 

glycosidic bond to the red-pigmented tetracyclic moiety, 

adriamycinone. The glycone constituent renders doxorubicin 

water-soluble. Doxorxabicin, whose trade name is Adriamycin, 

has been used clinically against cancer since 1969. 

Doxorubicin displays an extremely broad spectrum of activity 

both in experimental animal systems and in human malignancy 

(Silverstrini 1970, DiMarco 1972, Blum 1974, McCredie 1976, 

Cortes 1974, Samuals 1971, Salmon 1974, CBz^an 1973). 

Doxorxabicin is active against both hematological cancers and 

solid tumors such as breast carcinoma (Salmon 1974). The 

anthracycline portion of doxonibicin functions to 

intercalate between DNA base pairs (Di Marco 1971). The 

presence of the sugar moiety is absolutely necessary for DNA 

binding and doxoriibicin's anti-tumor activity (Benjamin 
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1973, Harris 1975). Doxorubicin intercalates into cellular 

DNA resulting in inhibition of both DNA directed DNA and RNA 

synthesis (Painter 1978, Pigram 1972, Driscoll 1974), 

Although doxorubicin's cytotoxicity is not cell cycle 

specific, it does have increased activity during late S 

phase of the cell cycle (Kim 1972). Doxorubicin is a 

topoisomerase type II inhibitor. Anthracycline cytotoxicity 

is largely dependent on topoisomerase type II activity 

(Gieseler 1996). Doxorubicin's inhibition of topoisomerase 

type II results in DNA strand breaks. Doxorubicin 

stabilizes the open cleaved, protein-DNA complex formed by 

topoisomerase type II activity (Pommier 1985, Tewey, 1984). 

Doxorubicin is stable as a powder at room temperature for up 

to 2 years. Single dose acute toxicity is most commonly 

leukopenia whereas cardiotoxicity is a result of chronic 

doxorubicin administration. Additional, acute toxicities 

also include bone-marrow suppression, gastric disturbances, 

alopecia, deep tissue damage, sterility, and gonadal and 

cardiac damage (Rudolf 1976). Doxorubicin's toxicity to 

cardiac tissue results initially in transient 

electrocardiographic changes and subsequently manifests 

itself as a delayed progressive cardiomyopathy (Von Hoff 

1979). The myocardial damage produced by these drugs is 
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likely due to the anthracycline-iron dependent production of 

free radical oxygen species (Daughterty 1982). 

Anthracycline redox cycling occurs both spontaneously and 

enzyraatically, and contributes to the observed cardiac 

toxicity (Dickinson 1984; 1985, Peter 1986, Kleyer 1984, 

Lown 1981, Sinha 1979, Bachur 1977; 1978, Basra 1985, Berlin 

1981, Gutierrez 1983, Kalyanaraman 1984, Komiyama 1986, Pan 

1980, Pollakis 1984, Sato 1977, Schreiber 1987). Several 

reduced metabolites have been implicated as being 

responsible for doxorubicin's cardiotoxicity as their rate 

of redox cycling is much greater than that of the parent 

compound (Mason 1979, Sinha 1980, Lovm 1981, Oki 1977, 

Bachur 1971, Felsted 1977, Olson 1988). The initial radical 

species formed by this reaction is the superoxide anion 

(Kalyanaraman 1980; 1984, Sinha 1984). In humans, dose 

ranges may be as large as 120 mg/m^ every three weeks with a 

cumulative lifetime dose of approximately 500 mg/m^ (Creasey 

1976, Weiss 1976, Benjamin 1975). Clinically, the drug is 

delivered either as an I.V. bolus or by continuous infusions 

for up to 96 hours (Benjamin 1973, Legha 1979; 1982, 

Hortobagyi 1989). Long infusion times have been shown to 

reduce both cardiac and gastric toxicities while maintaining 

an optimum anti-tumor activity. Acutely, doxorubicin has 
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cross-toxicities with other anthracyclines and other bone 

marrow suppressive drugs (Von Hoff 1979). Doxorubicin 

exhibits triphasic elimination kinetics (Benjamin 1973, 

Harris 1975). In humans, the initial plasma half-life is 

about 3 0 minutes. A secondary clearance phase ends about 3 

hours after bolus I.V. infusion and during the third phase 

of drug metabolism, levels of intact drug remain constant in 

the blood for the next 15 hours. The major metabolites of 

doxorubicin are the active doxoriibicinol and the inactive 

adriamycinone. Several aglycone metabolites are also present 

but they are all considered minor metabolites (Benjamin 

1973, Harris 1975). These minor metabolites are only 

appreciably present in the liver prior to their excretion 

via the bile. Biliary elimination accounts for the 

excretion of ninety percent of an administered dose, while 

the remaining ten percent is excreted in the urine. Fifty 

percent of an administered therapeutic dose of doxor\ibicin 

is excreted from the body within 7 days. 

The hydrogen ion concentration has multiple effects on 

doxorubicin's bioactivity. Doxorubicin, an ionic weak base, 

undergoes the phenomenon of ion trapping (Gerwick 1999, 

Maurer-Spurej 1999, Millot 1997, Hurwitz 1996, Harrigan 

1993, Merlin 1991, Mayer 1986, Raghunand 1999). Hence, 
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doxorubicin is sensitive to pH gradients across plasma 

membranes. An acid extracellular and alkaline intracellular 

gradient, as is common in tumors, results in doxorubicin's 

exclusion from tumor cells (Raghunand 1999) . Once inside 

the tumor cell, the same phenomenon of ion trapping results 

in the sequestration of doxorubicin into acid vesicles 

within the cytoplasm. These vesicles are ultimately 

recycled to the cells exterior. This intravesicular trapping 

of doxorubicin is associated with increasing drug 

resistance. Interestingly, tamoxifen, verapamil, cyclosporin 

A, and imidazole inhibit vesicle acidification and results 

in release of doxorubicin into the cytoplasm and subsequent 

enhancement of cytotoxicity (Altan 1999, Hurwitz 1997, 

Millot 1997, Dubowchik 1994, Hamilton 1993, Keizer 1989). 

Commercially, ion trapping is commonly utilized to load and 

concentrate doxoriibicin into liposomes (Li, 1999, Kato 1993, 

Mayer 1990) . Doxorubicin has a primary amine, the most 

common weak base in organic chemistry, with a pKa of 8.3. 

The primary amine is located on the third carbon in the 

sugar residue and is responsible for doxorubicin's ionic 

character (Valentini 1980, Di Marco 1977). Doxorubicin has 

enhanced cytotoxicity at alkaline pH against a number of 

different tumor cell lines (Raghunand 1999, Nishikawa 1998, 
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Robinson 1996, Asaumi 1995, Simon 1994, Kleeberger 1993, 

Kleeberger 1992, Oude Elferink 1989, Alabaster 1989, Groos 

1986, Bom 1991, Kimura 1974). This toxicity is a function 

of drug accumulation (Raghunand 1999, Bellamy 1988). 

Although the ability of doxorubicin to intercalate DNA is pH 

independent, topoisomerase type II activity increases with 

alkaline intracellular pH (Hammer 198 9, Gieseler 1996) . 

Hydrogen ion concentration has a pronounced affect on 

doxorubicin's protein and lipid interactions, these 

interactions are electrostatic and constitute the third 

localization compartment for doxorubicin in vivo (Burke 

1988, Demant 1993, Rivory 1992, Constantinides 1986, Duarte-

Karim 1976). Doxorubicin is a substrate for multiple drug 

export proteins including p-glycoprotein (MDR) and the lung 

resistance protein (LRP). Alkaline extracellular pH, but not 

alkaline intracellular pH, inhibits p-glycoprotein function, 

and hence, drug export (Pereira, 1998, Roepe 1992, Goda 

1996). Systemic alkalosis alters drug pharmacokinetics, 

resulting in a greatly reduced serum half-life for the free 

drug with otherwise similar tissue distributions (Johansen 

1984, Krarup-Hansen 1989) . Doxorubicin becomes unstable at 

alkaline pH and degrades to its reduced aglycone metabolites 

(Beijnen 1985, Dickinson 1984, Lea 1990, Miura 1991, Yee 
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1997). Alkaline pH accelerates both the enzymatic and 

spontaneous reduction of doxorubicin (Bachur 1971, Felsted 

1977). At alkaline pH, metabolites of doxorubicin complex 

with iron and copper ions which then generate free radicals 

contributing to the drug's toxicity (Doroshow 1983, Yourtee 

1992, Miura 1991, Pietronigro 1977, Sugioka 1982). These 

free radicals are thought to be largely responsible for 

doxorvibicin's cardiotoxic effects. Pre-administration of 

antioxidants or metal chelaters are cardioprotective 

(Hassenoff 1990, Pietronigro 1977, Dickinson 1984, Gianni 

1985, Isreal 1985). Hydrogen ion concentration modulates 

many aspects of doxorxabicin's metabolism, localization and 

activity. With an increased understanding of how pH affects 

doxorubicin we may therefore be able to exploit these 

characteristics to enhance anti-tumor therapy while 

minimizing toxicity (Asaumi 1995, Alabaster 1989, Tannock 

1989). 



1.1 Doxorubicin. 
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ii) Daunor\ibicin 

Daunomycin, Rubidomycin, and Cerubidine are all trade 

names for daunorubicin. Daunorxabicin was the first 

anthracycline identified with anti-tumor activity (DiMarco 

1963, DuBost 1963). Daunorubicin is an anthracycline-derived 

antibiotic that was first isolated from a unique strain of 

Streptomyces. It consists of a weakly basic amino sugar, 

daunosamine, linked via a glycosidic bond to the red-

pigmented tetracyclic moiety daunomycinone. Daunorubicin is 

structurally identical to doxorubicin, except for the 

presence of hydrogen in place of a hydroxyl group at the 14-

carbon position in the anthracycline ring. Clinically, 

daunoriibicin has a much more limited spectrum of anti-tumor 

activity than doxoriobicin and is used primarily in the 

treatment of leukemia. This is in spite of the fact that 

daunorx±)icin and doxoriibicin have nearly identical DNA 

binding affinities, which are pH independent (Hammer 1990). 

The toxicities of daunorubicin are very similar to 

doxoroibicin and include nausea, vomiting, diarrhea, 

myelosuppression, leukopenia, thrombocytopenia, anemia, 

alopecia, and cardiotoxicity. Daunorubicin intercalates DNA 

base pairs with the anthracycline portion of the molecule 
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(Di Marco 1971), The presence of the sugar moiety is 

absolutely necessary for DNA binding and drug anti-tumor 

activity (Benjamin 1973, Harris 1975). Daunorubicin, when 

intercalated into the cellular DNA, prevents both DNA 

directed DNA and RNA synthesis (Driscoll 1974). Daunorubicin 

is a topoisomerase type II inhibitor that leads to cytotoxic 

double stranded DNA lesions. Inhibitors of topoisomerase II 

cause the cleaved DNA-topoisomerase II complex to persist, 

thereby increasing the probability that the cleaved complex 

will be converted irreversibly to a double-stranded DNA 

break. Daunorubicin's anti-tumor activity is not cell cycle 

specific but has increased activity during late S phase. 

550mg/m^ is the maximum recommended cumulative dose of 

daunorubicin. Cross cardiotoxicities between anthracyclines 

do occur (Von Hoff 1977, Gilladoga 1976). More so than 

doxorubicin, daunorubicin is readily converted to 

daunorubicinol, its' major active metabolite. Daunorubicin 

does not cross the blood brain barrier and is a sxibstrate 

for p-glycoprotein and the Ixing resistance protein (LRP) . 

Other causes of daunorubicin drug resistance include 

decreased topoisomerase type II expression and increased 

glutathione peroxidase activity. 
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The hydrogen ion concentration has similar effect on 

daunorubicin as doxoriibicin. Daimonobicin has the same 

primary amine as doxorubicin and is also an ionic weak base. 

Daunorubicin has the same pKa as doxorubicin (Mankhetkorn 

1998, Gallois 1998, Razzano 1990, Frezard 1990, Mukherjee 

1989, Di Marco 1977) . Daunorxibicin has increased anti

tumor activity and has increased intracellular accumulation 

at alkaline extracellular pH (Simon 1994, Soto 1993, 

Carpentier 1992, Vasanthakumar 1986; 1985, Inaba 1978, 

Skovsgaard 1977) . Like doxorubicin, daunor\ibicin is 

sequestered into acidic intracellular organelles in a pH 

dependent manner. Although there is evidence that this 

sequestration into acidic vesicle may be the result of 

passive ion trapping it is also possible that active proton 

dependent transporters are functioning, but these 

transporters have not yet been identified (Moriyama 1994, 

Weaver 1993, Demant 1990,) Increased lipophilicity of 

anthracycline derivatives correlate with increasing toxicity 

and alkaline pH effectively increases daunorubicin's 

lipophilicity (Lavie 1991). Daunoriibicin's interaction with 

lipid membranes is pH- and charge-dependent and is primarily 

mediated by the primary amine located within daunorvibicin 

(Ferragut 1988, Burke 1988). Like doxorubicin, pH modulates 



many aspects of daunorvibicin' s behavior and hence with a 

better understanding creates an opportunity for therapeut 

exploitation. 
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iii) Mitoxantrone 

Mitoxantrone, also knovm as Novantrone, is a 

synthetically derived compound. Mitoxantrone is a member of 

the anthracenedione family and is a chemical analog of the 

anthracyclines. It retains the same planer polycyclic 

aromatic ring structure but lacks a sugar moiety. 

Mitoxantrone has two polar side chains attached to the 

aromatic rings, which render the molecule water-soluble 

(Faulds 1991) . These side chains each contain a secondary 

amine that is capable of accepting an additional proton at 

acidic pH, which gives the molecule a net positive charge. 

The pKa for mitoxantrone is 8.3. Clinically, mitoxantrone 

has a narrower range of biological activity than doxorubicin 

and is used primarily in the treatment of leukemia, lymphoma 

and advanced breast cancer (Silver 1991, Durr 1988, Posner 

1985, Saletan 1987, Schenkenberg 1986). Mitoxantrone is a 

DNA intercalating agent and a topoisomerase type II 

inhibitor (Lown 1984; 1985, Harker 1989). Additionally, 

mitoxantrone binds to DNA both via covalent bonds and 

electrostatic interactions. The consequences of DNA 

intercalation by mitoxantrone are the same as thoses with 

other DNA intercalating agents (Pommier 1985). 
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Mitoxantrone interferes with the strand-reunion reaction of 

topoisomerase II, and results in the production of protein-

linked double-strand DNA breaks (Poramier 1985). Like 

anthracyclines, taitoxantrone is cytotoxic to cells 

throughout the cell cycle but is more potent to cells in 

late S phase (Faulds 1991). Tumor cells resistant to 

mitoxantrone may show cross-resistance to other natural 

products or other topoisomerase type II inhibitors (Harker 

1989, Faulds 1991). Mitoxantrone is administered by I.V. 

infusion at doses typically between 15 and 90 mg/m^. 

Although up to 20% of the drug may be excreted in the urine, 

the major route of elimination is in the bile. Mitoxantrone 

is bound extensively by tissues (Smyth 1986, Alberts 1985), 

which results in mitoxantrone's serum elimination having 

triphasic kinetics. The mean alpha half-life of mitoxantrone 

is 6 to 12 minutes, the mean beta half-life is 1.1 to 3.1 

hours and the mean gamma half-life is 23 to 215 hours. 

After five days, only 3 0% of mitoxantrone administered to a 

patient has been eliminated from the body. Sixty-five 

percent of urinary drug is imchanged for the first 5 days 

after administration. The remaining 3 5% is primarily 

comprised of a mono- and di- carboxylic acid derivatives and 

their glucuronide conjugates. Seventy eight percent of 
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raitoxantrone in the serum is bound to proteins (Smyth 1986, 

Alberts 1985) . Mitoxantrone can be detected in tissues of 

patients who died several months after receiving their last 

dose. The acute, dose-limiting toxicity associated with 

mitoxantrone is bone marrow suppression, which is typically 

observed 7 to 14 days after treatment (Saleton 1987). 

Mitoxantrone was developed with the goal of finding a 

compound with doxorubicin's anti-tumor activity but lacking 

doxorubicin's cardiotoxicity (Doroshow 1983). Although 

mitoxantrone can undergo reduction to form semiquinone free 

radicals, the reaction rate is much slower than that 

observed with anthracyclines (Svingen 1981, Barsa 1984; 

1985, Sinha 1983, Kharasch 1981; 1982; 1983; 1985, Mimnaugh 

1983, Novak 1985, Patterson 1983). Once reduced, 

mitoxantrone can form covalent linkages with DNA (Reszka 

1989) . In dogs, mitoxantrone was found to be free of 

cardiotoxicity (Sparano 1982). However, in mice and guinea 

pigs, the cardiotoxicity was similar to that found for 

doxorubicin (Perkins 1984) . In humans, it has been 

difficult to quantify mitoxantrone's cardiotoxicity, but it 

is generally thought to be 3 to 5 times less cardiotoxic 

than doxorubicin (Dukart 1986, Poirier 1985; 1986, Saleton 

1987). This cardiac toxicity ultimately manifests itself as 
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congestive heart failure. Other toxicities include 

alopecia, stomatitis, mucositis, nausea, vomiting, and blue-

green urine, skin, and nails (Sparano 1982) . These side 

effects are less severe than observed with doxorubicin. 

Mitoxantrone has surprising pH dependent behavior. It 

is a weak ionic base that undergoes the phenomenon of ion 

trapping similar to other anthracyclines. Hence, 

mitoxantrone will be selectively excluded from an alkaline 

cytoplasm when in an acidic environment. Mitoxantrone will 

also be sequestered and concentrated by acidic vesicles 

(Madden 1990) . Mathematical modeling of mitoxantrone's ion 

trapping predicts that increasing extracellular pH by 0.6 pH 

unit would lead to a thirteen fold higher level of drug 

localized within the cell (Raghunand 1999). Mitoxantrone 

has been reported to have between 14 and 4 00 fold 

enhancement in toxicity as a result of a 0.6 alkaline 

extracellular pH differential respectively, in vitro (Kozin 

1998, Jahde 1990). Independent of intracellular drug 

concentrations, mitoxantrone is more toxic at alkaline pH, 

which is in part mediated by cell cycle alterations (Herman 

1992, Vukovic 1997). It has also been shown that 

mitoxantrone requires an alkaline pH in order to complex 

with iron or copper cations. The formation of this complex 
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is necessary for mitoxantrone to generate free radicals. 

Free radical formation by mitoxantrone increases as pH 

increases (Tatum 1996, Reszka 1996) . Mitoxantrone is 

readily boiind by proteins and lipids in the body in a pH 

dependent manor (Rentsch 1996, Hu 1990). Mitoxantrone's 

anti-tumor activity is dependent on topoisomerase type II 

activity. This activity is increased at alkaline pH with 

the optimal pH being 7.9 (Pommier 1985, Hammer 198 9, 

Gieseler 1996). Since mitoxantrone's anti-tumor activity 

bears a substantial pH dependence, it is therefore 

recommended for use in conjunction with tumor alkalosis. 
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2. Mitoxantrone. 
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iv) Paclitaxel 

Paclitaxel, also known as Taxol, was first identified 

in the 1960's after it's extraction from the Pacific Yew, 

Taxus brevifolia (Wall 1995). Paclitaxel consists of an 

eight-member taxane ring with a four-member oxetane ring 

and a carboxyl side chain located at the C-13 position. 

Paclitaxel has low water solubility and is extremely 

lipophilic. Paclitaxel is a mitotic spindle poison which 

causes cytotoxicity to cells in M phase in the cell cycle 

(Fuchs 1978, Hennequin 1995). Paclitaxel, unlike the vinca 

alkaloids, stabilizes microtubules and inhibits their 

depolymerization back to tubulin (Schiff 1979; 1980; 1981, 

Horwitz 1992, Kumar 1981). The dose limiting toxicity for 

paclitaxel is neutropenia (Verweij 1994, Rowinksy 1991). 

Other toxicities associated with paclitaxel include the 

following: gastrointestinal disturbances, diarrhea, mucosal 

ulcerations, emesis, as well as reversible neurotoxicities 

such as numbness or paralysis in the hands or the feet, 

hypotension and acute cardiac toxicity (Rowinsky 1990) . 

Cremophor, paclitaxel's drug delivery vehicle, is used to 

make the molecule water-soluble. It is generally thought 

that hypotension and acute cardiotoxicities associated with 
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paclitaxel are the result of histamine release resulting 

from Cremophor. There are several drug delivery protocols 

used with paclitaxel, the drug is typically infused over a 

3 hour time period once every 21 days. Clinically, 

paclitaxel is used as part of a combination of drugs in a 

therapeutic protocol. In animals, daily or every other day 

administration, via I.V. injection, for three to nine days 

is common (Rose 1993, Rowinsky 1990; 1991). Paclitaxel was 

reported to have significant activity against ovarian 

carcinoma, breast carcinoma, small cell lung carcinoma, and 

Kaposi's sarcoma (Rowinsky 1990, McGuire 1989). In 1992, 

the Food and Drug Administration approved paclitaxel for 

the treatment of metastatic breast cancer and progressing 

ovarian cancer (Wall 1995, Pazdur 1993). Paclitaxel 

stoichiometrically interacts with alpha-beta tubulin 

dimmers in a one-to-one ratio. Although the maximum 

tolerated dose of paclitaxel is schedule-independent, the 

anti-tumor activity is schedule dependent (Bissery 1991, 

Rose 1993). Pretreatment with paclitaxel was shown to 

sensitize cancer cells to topoisomerase II inhibitors like 

doxorubicin (Hahn 1993) . In vivo, paclitaxel and 

doxorubicin showed a synergistic anti-tumor effect in a 

mammary adenocarcinoma model (Lorusso 1993) . In rabbits. 
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paclitaxel is found almost exclusively bound to proteins 

(Rowinsky 1991). In this model system, paclitaxel's 

distribution half-life was 2.7 minutes and the elimination 

half-life was 42 minutes (Hamel 1982). In humans, 

paclitaxel has a 5-hour elimination half-life, which is 

biphasic (Rowinsky 1991, Wiernik 1987). The major route of 

excretion for taxoid compounds is within the bile, with 

less than 10% excreted through the urine (Marlard 1993). 

The majority of circulating paclitaxel is present in its' 

delivered form. Additionally, the majority of paclitaxel's 

metabolic derivatives are much less cytotoxic than the 

parental compound (Sanderink 1993). Resistance to 

paclitaxel typically arises in one of two ways, acquisition 

of the p-glycoprotein over expressing multi-drug resistance 

phenotype or destabilizing mutations within the tubulin 

alpha-beta subunits (Rowinsky 1988, Roy 1985, Greenberger 

1987, Schibler 1986). 

Little is known about paclitaxel's pH dependent 

behavior. Paclitaxel is highly lipophilic, and does not 

have any ionizable groups with pKa values in the 

physiological range. Physiological alterations in hydrogen 

ion concentration do not alter paclitaxels' lipid 

solubility. Intracellular hydrogen ion dependent 
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alterations in the cell cycle however, have been shown to 

alter taxol's cytotoxicity. In this model, cells 

chronically adapted to an acidic intracellular pH of 6.5, 

using ionophores, had a significantly delayed cell cycle. 

Paclitaxel had reduced cytotoxicity at this pH and this 

differential cytotoxicity was ascribed to cell cycle 

alterations (Vukovic 1997). In tissue extracts, alkaline 

pH favors the assembly of microtubules while for purified 

microtubule protein, assembly is favored by slightly acidic 

pH (Suprenant 1987; 198 9, Tiwari 1993; 1994, Donate 1987; 

1988), Microtubule polymerization is also affected by 

calcium concentrations. Microtubules require a threshold of 

free calcium in order to polymerize. Hypercalcemia is a 

hallmark of breast neoplasia (Powles 1973). Although 

paclitaxel's intracellular drug concentration is unlikely 

to be affected by moderate, physiological changes in pH, 

paclitaxel appears to have some pH dependent anti-tumor 

activities that need further investigation. Additionally, 

since paclitaxel's intracellular concentration is not 

affected by changes in pH, it would be a useful control for 

studying other drugs that have pH dependant behavior. 
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v) Vincristine 

Vincristine, also known as Oncovin, is one of the 

oldest chemotherapeutic drugs still used today. Vincristine 

is approved for the treatment of lymphomas, Hodgkin's 

disease, Wilm's tumor, breast cancer, acute lymphocytic 

leukemia, soft tissue sarcomas, small-cell lung carcinoma, 

multiple myeloma, and neuroblastoma. Toxicities associated 

with vincristine include very mild bone marrow suppression, 

nausea, vomiting, anemia, alopecia, bowel paralysis, 

diarrhea, nerve damage and damage to veins at the site of 

injection. A therapeutic dose given to a cancer patient 

would typically be 0.4-1.4 mg/m^ administered via a slow 

I.V. infusion, which can be repeated once weekly. 

Neurotoxicity is dose limiting for vincristine. Vincristine 

binds stoichiometrically to free tubulin dimers in a one-to-

one ratio. This binding disrupts the balance between 

microtubule polymerization and microtubule depolymerization 

resulting in a net dissolution of microtubules. Disruption 

of microtubules destroys the mitotic spindle and arrests 

cells in metaphase; this ultimately leads to cell death. 

Cells are most sensitive to vincristine during M phase of 

the cell cycle. Binding of vincristine to txibulin is 
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complex and depends on many factors, including ionic 

strength, magnesium-ion concentration, interaction with non-

tubulin proteins, and GTP and other nucleotide 

concentrations. Vincristine is a substrate for p-

glycoprotein. Co-administration of vincristine with p-

glycoprotein inhibitors results in severe neurotoxicity. 

Vincristine does not cross the blood brain barrier. Some 

vincristine resistant cells do not display cross-resistance 

to other vinca alkoliods. 

Vincristine, a weakly basic cancer chemotherapeutic 

drug, exhibits pH dependent behaviors similar to that of 

the anthracyclines. Vincristine is sequestered into acidic 

compartments and undergoes the phenomenon of ion trapping. 

Ion trapping is utilized to load acidic liposomal vesicles 

with vincristine. With this said, vincristine's behavior is 

less ideal than that of doxorubicin because the drug is 

significantly more lipophilic than doxorubicin in its 

charged forrn. Vincristine 'leaks' from acidic large 

unilaminar vesicles at an appreciable rate in comparison to 

doxorubicin (Maurer-Spurej 1999, Fenske 1998). Vincristine 

is a more effective competitive inhibitor of p-glycoprotein 

at alkaline pH (Pereira 1998). Moreover, cells selected 

for resistance to vincristine, exhibit increasing 
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intracellular pH and this is in the absence of altered p-

glycoprotein expression (Palissot 1998, Wei 1997, Mulder 

1994, Roepe 1992, Sethi 1985, Nielsen 1979). 
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vi) Vinblastine 

Vinblastine, also known as Velban and Velsar, is an 

anti-mitotic plant alkaloid originally identified as 

alkaloids found in the Madagascar periwinkle, Catharanthus 

roseus (formerly classified as Vinca rosea). Vinblastine 

has been used clinically for almost 40 years. Vinblastine 

has structural similarities to vincristine although there 

are substantial differences in their spectra of activity 

and toxicities. Vinblastine has a broader range of 

clinical activity than vincristine and is used to treat a 

variety of hematopoetic and solid tumors including, 

lymphomas, Hodgkin's disease, Kaposi's sarcoma, gestational 

trophoblastic disease, testicular cancer, ovarian cancer, 

and breast carcinoma. Vinblastine's dose limiting toxicity 

is bone marrow suppression, specifically leukopenia (Hertz 

1960, Johnson 1963, Warwick 1961). Severe pain is also 

associated with vinblastine administration, a side effect 

not associated with vincristine administration (Strark 

1966, Lucas 1977). Other toxicities include low white 

blood cell and platelet counts, anemia, alopecia, sores 

within the mouth, difficulty swallowing, diarrhea, nerve 
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and vein damage, redness and irritation at the site of 

injection, severe damage to tissues if extravasation 

occurs, inappropriate anti-diuretic hormone secretion, 

peripheral neuropathy and paralysis of the bowel. 

Vinblastine is typically administered at 6 mg/m^ I.V, bolus 

injection or by continuous infusion, either once weekly or 

bi-weekly. Vinblastine's mechanism of action includes the 

inhibition of mitosis in metaphase, inhibition of DNA and 

RNA synthesis, and interference with glutamic acid 

metabolism. Vinblastine binds to tubulin and prevents the 

cell from forming mitotic spindles and moving chromosomes 

prior to cell division, Stoichiometrically, vinblastine 

binds to tubulin in a one-to-one ratio and inhibits tubulin 

polymerization. At higher concentrations, the drug 

promotes tubulin assembly. Vinblastine has an 

exceptionally long serum half-life of approximately 24 

hours. Vinblastine is extensively metabolized by the liver 

and some of its' numerous metabolic products are also 

active anti-tumor agents. Vinblastine's metabolic products 

are principally excreted from the body through the bile. 

Vinblastine is a substrate for the cationic drug transport 

protein, p-glycoprotein. 
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Vinblastine, a plant alkaloid, is a weakly basic 

nitrogen-containing compoxind. Vinblastine has a pKa of 

7.6. Like the anthracyclines, vinblastine undergoes the 

process of ion trapping and is sensitive to proton 

gradients. Acidic extracellular pH inhibits vinblastine's 

intracellular accumulation via ion trapping. It is also 

sequestered into acidic vesicles once inside the cells 

cytoplasm. Vinblastine's cytotoxicity increases with 

increasing extracellular pH (Parkins 1996). However, its 

tubulin binding is pH independent within the physiological 

range (Rai 1998). Nonetheless, vinblastine's effect on 

tubulin polymerization is highly pH-dependent between pH 

6.5 and 7.5 (Rai 1998). Vinblastine-induced pericrystal 

formation is inhibited at acidic intracellular pH (Takanari 

1994). Vinblastine was shown to non-competitively inhibit 

p-glycoprotein mediated anthracycline efflux in a pH 

dependent manner, whereby p-glycoprotein was inhibited at 

lower vinblastine concentrations at higher extracellular pH 

(Pereira 1998). Though pH may affect many of vinblastine's 

intracellular activities, it has been demonstrated that 

vinblastine is more cytotoxic to tumor cells and reaches 

higher intracellular concentration with an alkaline 

extracellular pH. Little is known about how pH affects the 



53 

metabolism of vinblastine. Vinblastine is yet another 

chemotherapeutic compound that may have enhanced 

therapeutic effectiveness following alterations in pH 

gradients. 
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vii) Cyclophosphamide 

Cyclophosphamide, an oxazaphosphorine, also known as 

Cytoxan or Neosar, is currently the most widely used anti

tumor alkylating agent (Colvin 1981). Cyclophosphamide was 

a rationally designed nitrogen mustard analog first 

synthesized in 1958 (Arnold 1958). Cyclophosphamide is used 

in the treatment of leukemia's, lymphomas, breast carcinoma, 

ovarian carcinoma, lung carcinoma and a large variety of 

other cancers (Coggins 1959, Foye 1960, Haar 1960, Bethall 

1960, Bergsagel 1960, Korst 1960, Nissen-Meyer 1960, Hoest 

1960, Papac 1960). Cyclophosphamide is a pro-drug that 

requires enzymatic activation to form its active anti-tumor 

metabolites. Phosphoramide mustard is the primary cytotoxic 

metabolite of cyclophosphamide. Cyclophosphamide is 

extensively metabolized into numerous active and inactive 

metabolites. Phosphoroamidase is an enzyme found at 

elevated levels within tumor cells. Phosphoroamidease acts 

on cyclophosphamide thereby producing the anti-tumor 

metabolite phosphoramide. In vivo, cyclophosphamide is also 

activated in the liver by mixed function oxidases and 

various constitutive and inducible p-450 enzymes (Foley 

1961, Connors 1974, Sladek 1973, Struck 1974, Fenselau 
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1977). Liver metabolism of cyclophosphamide produces the 

unstable 4-hydroxylated metabolite, which undergoes 

subsequent beta elimination of acrolein, giving rise again 

to phosphoramide mustard, a highly reactive cationic species 

(Connors 1974). Cyclophosphamide and its 4-hydroxylated 

metabolite enter the cell via both passive diffusion and 

active transport (Redwood 1982, Goldenberg 1974). 

Cyclophosphamide is a bi-functional alkylating agent and 

causes both single stranded DNA breaks and DNA cross-

linkages that are cytotoxic to dividing cells. 

Cyclophosphamide's cytotoxicity is largely cell cycle 

independent, but is somewhat more toxic to cells in S-phase 

of the cell cycle. Cyclophosphamide preferentially 

covalently binds to the 7-nitrogen group of guanine. An 

early study observed that cyclophosphamide's in vitro anti

tumor activity was not correlated with its' in vivo anti

tumor activity (Arnold 1958) . In vivo,, cyclophosphamide's 

specificity for tumor cells is due to their low levels of 

aldehyde dehydrogenase. Aldehyde dehydrogenase is an enzyme 

that catalysis the oxidation of the 4-hydroxy metabolite 

into an inactive carboxylic acid. Aldehyde dehydrogenase is 

expressed at lower level in tumor cell than found within 

normal tissues or cyclophosphamide resistant tumor cells 
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(Cox 1975; 1976, Hilton 1984, Sladek 1985; 1987) . 

Cyclophosphamide is not a substrate for p-glycoprotein. 

Resistance to cyclophosphamide has been associated with 

increase glutathione S-transferase levels, increased levels 

of DNA repair enzymes, and increased aldehyde dehydrogenase 

levels. Tumor response to cyclophosphamide is dose 

dependent. High dose cyclophosphamide therapy is now 

becoming widely used. Though dosages vary greatly, an 

average dosage for cyclophosphamide is between 2g/m2 and 

7g/m^. Cyclophosphamide is administered either by I.V. 

infusion or can be taken orally. Systemic availability 

after oral administration is 74 percent (D'Incalci 1979, 

Juma 1979, Wagner 1984). The plasma half-life of 

cyclophosphamide varies greatly but averages 7 hours 

(Grochow 1979, Juma 1979; 1980; 1981; 1983; 1984, Sladek 

1980). Cyclophosphamide, has been shown to induce it's own 

metabolism (Clarke 1989, Brock 1967). Patients can be 

classified into two genetic subsets of cyclophosphamide 

metabolizers, i.e. fast or slow metabolizers. Additionally, 

children metabolize cyclophosphamide more readily than 

adults. Ninety six percent of ingested cyclophosphamide and 

it's metabolites are excreted though the urine. In humans 

66 percent of radiolabeled cyclophosphamide is excreted 
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within 36 hours (Grochow 1979). In rats, cyclophosphamide 

has a 29-minute plasma half-life (Sladek 1984). In vivo^ 

cyclophosphamide selectively accumulates in tumor tissue as 

opposed to normal tissues although the mechanism for this 

remains unclear (Bolt 1961). The dose limiting toxicity for 

cyclophosphamide is bone marrow suppression often 

manifesting itself as leucopenia. Other toxicities include; 

hemorrhagic cystitis, sterility, water retention, darkening 

of the skin, and mild cardiotoxicity (Appelbaum 1976, Mills 

1979, Smith 1985, Gottdiener 1981, Santos 1981, 

Bucknerl972). Nausea, vomiting, and hair loss are 

associated with higher cyclophosphamide dosages (Mullins 

1975, Ganci 1980, Koyama 1977, Fairley 1972, Mark 1978). 

Cyclophosphamide is not especially toxic to bone marrow stem 

cells and has been shown to enhance natural killer cell and 

macrophage activity (Hengst 1984). Cyclophosphamide 

treatment carries with it the risk of inducing secondary 

cancers, the most common of which is acute myelocytic 

leukemia and the second most common being bladder carcinoma 

(Brade 1986, Habs 1983, Manoharan 1984, Green 1986). 

The influence of pH on cyclophosphamide is complex. 

Cyclophosphamide is uncharged at neutral pH. All of the 

reversible metabolic processes, the irreversible 
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fragmentation of 4-hydroxycyclophosphamide into acrolein and 

phosphoamide mustard, as well as the alkylation chemistry, 

are influenced by pH (Zon 1984, Engle 1982; 1979, Low 1982, 

Sladek 1982). In vitro, at an acidic extracellular pH of 

6.2, cyclophosphamide metabolites have a 200-fold 

enhancement in cytotoxicity. This pH enhancement is also 

true for a variety of other alkalyting anti-tumor agents 

such as isofamide, chlorambucil, and others (Jahde 1989). 

Lower pH accelerates the rate of conversion of 4-

hydroxycyclophosphamide into its active carbocation (Engle 

1979). Acidic pH has also been shown to enhance the 

cytotoxicity of the 4 most prevalent urine metabolites of 

cyclophosphamide. Bicarbonate was shown to inhibit these 

reactions directly and by facilitating the metabolic 

conversion of the more mutagenic metabolites into less 

mutagenic ones (Balbinder 1981). Interestingly, bicarbonate 

has been co-administered to cancer patients receiving 

cyclophosphamide who were also suffering from renal failure 

in an effort to reduce cyclophosphamide mediated renal 

toxicity. In this study, no appreciable differences in 

efficacy were observed (Anonymous 1984). Cyclophosphamide 

treatment results in alkalosis of the tumor in vivo (Volk 

1993). Acidic intracellular pH was shown to enhance 
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cyclophosphamide's anti-tumor activity (Jahde 1991). 

Cyclophosphamide's metabolites have pKa's in the 

physiological range and thus pH influences the membrane 

permeability of these metabolites (Hemminki 1987). This 

may explain the observation that tritiated cyclophosphamide 

is found to be more concentrated in tumors than in other 

tissues in vivo (Bolt 1961). In summary, it appears that 

acidic pH enhances cyclophosphamide's toxicity and anti

tumor activity potentially via multiple mechanisms 

although, for many relevant processes, the effect of pH is 

still unknown. 
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viii) Chlorambucil 

Chlorambucil, also known as Leukeran, is a nitrogen 

mustard analog much like cyclophosphamide, that was first 

synthesized in 1953 (Everett 1953). Chlorambucil is used 

primarily to treat patients with chronic lymphocytic 

leukemia, and is also used but to a lesser extent in the 

treatment of lymphoma, breast cancer and ovarian cancer 

(Portlock 1987, Knospe 1974, Lerner 1978). Bone marrow 

suppression is the dose limiting toxicity for chlorambucil. 

Other toxicities include sterility and central nervous 

system toxicities (Miller 1971, Ciobanu 1987). As with 

other alkylating agents, treatment with chlorambucil can 

cause the development of secondary cancer, the most common 

of which is acute myelogenous leukemia (Lemer 1978, Fiere 

1978). Chlorambucil, a phenylbutyric acid derivative of 

nitrogen mustard, is relatively stabile in aqueous solution 

and is well absorbed by the gastrointestinal tract. 

Chlorambucil is administered orally. Chlorambucil crosses 

the plasma membrane rapidly with an equilibrium being 

achieved in 30 seconds. Cellular uptake of chlorambucil is 

solely by simple diffusion (Begleiter 1983, Bank 1989). 

Chlorambucil is extensively metabolized. The major 
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metabolic process for chlorambucil is beta-oxidation of the 

butyric side chain, which results in the formation of phenyl 

acetic mustard, which retains anti-tumor activity (Mclean 

1980, Lee 1986). Like other clinically useful nitrogen 

mustards, chlorambucil is bi-functional and can cross-link 

DNA. Chlorambucil is not a siabstrate for p-gylcoprotein. 

Resistance to chlorambucil has been associated with 

increased glutathione and glutathione-S-transferase levels 

(Alaoui-Jamali 1992, Yang 1992, Hall 1989, Chen 1994, 

Miyamoto 1994). Additionally, upregulation of DNA excision 

repair enzymes are also associated with chlorambucil 

resistance, as are mutations in p53 (Sibler 1994). Many 

other drug resistance mechanisms are likely operating, as 

cross-resistance to alkylating agents is not common 

clinically, yet the aforementioned resistance mechanisms are 

applicable to all clinically useful alkylators. 

Chlorambucil reaches peak serum concentrations one hour 

after oral administration and has a terminal half-life of 

one and a half hours (Alberts 1979, McLean 1979) . 

Chlorambucil is extensively bound to plasma proteins, 

specifically albumin (Ehrsson 1981) . Twenty-four hours 

after administration of radiolabeled-chlorambucil, 40 

percent of the radiolabel is excreted in the urine, less 
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than one percent of the excreted radiolabel is in the form 

of chlorambucil or it's major metabolite phenylacetic acid 

mustard (Alberts 1979, McLean 1979). 

Chlorambucil is a weak acid and its carboxylic group 

has a pKa of 5.8 (Chatterji 1982, Owen 1979, Ehrsson 1980, 

Parkins 1994, Mikkelsen 1985). Chlorambucil undergoes the 

phenomenon of ion trapping. Being a weak acid, chlorambucil 

selectively accumulates within tumor cells when the 

extracellular environment is acidic and the intracellular 

environment is alkaline. The aforementioned conditions are 

found in tumors and are not found in normal tissue (Wike-

Hookey 1984, Griffiths 1981, Ng 1982, Gillies 1982). 

Chlorambucil has been shown, both in vivo and in vitro, to 

have enhanced anti-tumor activity under these conditions and 

that this enhanced anti-tumor activity can be accounted for 

by a proportionate increase in the drugs intracellular 

accumulation (Kuin 1999, Kozin 1998, Parkins 1996; 1994, 

Skarsgard 1992, Jahde 1989, Mikkelsen 1985; 1982, Brophy 

1983, Froese 1969) . Moreover, a number of different 

mechanisms have been successfully used to increase tumor 

acidity and subsequently increase chlorambucil's anti-tumor 

activity (Kuin 1999, Parkins 1996, Skarsgard 1992, Stewart 

1976). Alterations in pH within the physiological range 
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does not alter the drug's stability (Owen 1979, Ehrsson 

1980, Chatterji 1982, Bosanquet 1985, Kundu 1994). 

Alterations of pH within the physiological range do increase 

the rate of mono-alkalinization but do not effect the 

formation of DNA-cross-linkages, the former happening more 

rapidly at acidic pH (Jahde 1989). DNA cross-linkage 

correlates strongly with chlorambucil's anti-tumor activity. 

In conclusion, chlorambucil seem to model the pH dependent 

behavior which is typical of a weakly acidic anti-tumor 

drug. The anti-tumor activity of chlorambucil seems to be 

mediated by the ion trapping of the tumor cells and 

subsequent elevated cytosolic drug concentrations. 
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ix) 5-Flourouracil 

5-flourouracil, also known as Adrucil, has been used 

clinically in the treatment of cancer since the raid 1950's. 

5-flourouracil is a fluorinated pyrimidine antagonist. 5-

flourouracil has traditionally been the most active 

chemotherapeutic agent for the treatment of colon cancer 

(Pinedo 1988) . 5-flourouracil is used systemically in the 

treatment of many other solid tumor types including breast 

cancer, pancreatic cancer, hepatic cancer and gastric 

cancers (Bonadonna 1976; 1977, Myers 1976, Gustavsson 

1981). In addition to 5-flourouracil's systemic 

applications, 5-flourouracil is used topically in the 

treatment of basal cell carcinoma and cervical cancer 

(Williams 1970, Eaglstein 1970). 5-flourouracil is a 

member of a family of cancer chemotherapeutic agents known 

as the antimetabolites. 5-flourouracil is administered 

intravenously, either as a bolus or as a continuous 

infusion. 5-flourouracil can be administered orally in 

specific formulations. The intravenous infusion protocols 

vary dramatically with respect to dosage and duration. A 

typical therapeutic bolus infusion of 5-flourouracil for an 

adult cancer patient is 350-600 mg/m^ whereas 2.6 g/m^ can 
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be given if the infusion is continuous over 24 hours or 

more (Speyer 1980, Gyves 1985). The dose limiting toxicity 

for 5-flourouracil when administered as a bolus is bone 

marrow suppression, specifically leukopenia. Mucositis can 

be dose limiting when the drug is infused over longer 

periods of time. Other toxicities include nausea, 

vomiting, alopecia, central nervous system toxicities and 

mild cardiotoxicities (Weiss 1974). 5-flourouracil is an 

inactive prodrug, which requires metabolic activation. 5-

flourouracil has several active metabolites and is 

activated primarily at the tissue level. The metabolic 

products of 5-flourouracil are specific to the tissues in 

which they are produced (Heidelberger 1983). The mechanism 

of 5-flourouracil's cytotoxicity is not clear and appears 

to vary in different tissue and tumor types. 5-

flourouracil is an inhibitor of thymidylate synthase (Reyes 

1965, Santi 1974,Danenberg 1977;1982). This occurs when 5-

flourouracil's active metabolite 5-flouro-2'-deoxyuridine-

5 ' -monophosphate and a folate cofactor, n-

methylenetetrahydrofolate, bind to thymidylate synthetases 

thus forming an inactive tertinary complex, this results in 

the depletion of intracellular thymidylate pools and the 

subsequent inhibition of DNA synthesis (Langenbach 1972, 
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Santi 1974). Interestingly, in a number of cultured tumor 

cell lines, supplementation with thymidylate does not 

diminish the drug's toxicity, but rather enhances it. This 

observation implies that 5-flourouracil's primary mechanism 

of toxicity is not the depletion of the thymidylate pool. 

Alternatively, 5-flourouracil is incorporated into the DNA 

and RNA of tumor cells (Mandel 1981, Wilkinson 1977, 

Maybaum 1980, Cory 1979, Kufe 1981, Herrick 1982, Lonn 

1984, Lon 1986, Shuetz 1985, Danenberg 1981) . 

Incorporation into the DNA of tumor cells is thought to be 

a major mechanism of 5-flourouracil cytotoxicity (Herrick 

1982, Lonn 1984, Lon 1986, Shuetz 1985, Danenberg 1981). 

5-flourouracil is typically used in conjunction with other 

chemotherapeutic drugs. Leukovorin, a form of reduced 

folate, is commonly used to enhance 5-flourouracil activity 

(Waxman 1982, Mini 1987, Machover 1982, Madajewics 1984). 

Folate is required for 5-flourouracil's anti-tumor 

activity. Other clinically relevant enhancers of 5-

flourouracil activity include gamma interferon and 

methyltrexate (Mini 1983, Leyland-Jones 1986). 5-

flourouracil's cytotoxic activity is cell cycle specific 

but not phase specific (Lozzio 1969, Kovacs 1975, Bhuyan 

1972) . 5-f lourouracil is not a sxibstrate for p-gylcoprotein 
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and 5-flourouracil does cross the blood-brain barrier 

(Clarkson 1965, Bourke 1973). Resistance to 5-flourouracil 

is often mediated by deficiencies in both the quantity and 

quality of enzymes in the metabolic pathway which results 

in the conversion of 5-flourouracil into its active 

metabolite 5-flouro-2'-deoxyuridine-5'-monophosphate (Reyes 

1969, Reichard 1962, Morse 1965, Kessel 1966). These 

enzymes include thymidine kinase and orotic acid 

phosphoribosyl transferase (Peters 1986). In cancer 

patients, 5-flourouracil distributes to the tissues rapidly 

with a plasma half-life of 16 minutes. 5-flourouracil is 

metabolized by the liver and is excreted primarily as C02 

through the lungs and as urea through the bladder (Clarkson 

1965, Mukherjee 1960, Myers 1981, Collins 1980). 

5-flourouracil is a weak acid. The electron 

withdrawing properties of fluorine reduce the pKa of the 3-

nitrogen to 7.6 (Kremer 1987, Cushley 1968, Massoulie 

1966). 5-flourouracil's toxicity is thought to be related 

to 5-flourouracil's incorporation into genomic DNA 

(Winkinson 1977, Kufe 1981, Major 1982, Schuetz 1984). 

When the 3-nitrogen of the uracil ring is ionized, the 

result is the incorrect base pairing of 5-flourouricil with 

guanine (Freese 1959). The resulting high frequency of 
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mismatch is thought to be a major mechanism of 5-

flourouracil cytotoxicity in some tumors. Interestingly, 

this process is pH dependent. The pKa of 3-nitrogen is 

7.6, hence intracellular pH influences the fraction of 

ionized 5-flourouracil rings and hence influences 

inappropriate base pairing. 5-flourouracil may also 

participate in pH dependent ion trapping similarly to 

chlorambucil, another weak acid. It is unclear how 5-

flourouracil is taken up by cells: simple diffusion, 

passive diffusion and active transport have all been 

reported (Sobrero 1985, Yamamoto 1981, Heidelberger 1983). 

Hence, ion trapping could be responsible for 5-

flourouracil's increased intracellular accumulation. 

Acidic extracellular pH has been shown to result in 

elevated intracellular concentrations of 5-flourouracil in 

vitro and in vivo (Darnowsky 1986, Ojugo 1998, Gerwick 

1991, Guerquin-Kern 1991) . Tumor pH, in theory, could 

influence the cellular metabolism of 5-flourouracil. The 

metabolic consequences of tumor pH on 5-flourouracil are 

not known. 
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D) T\jinor pH - Observations and Measurements 

The intracellular pH of transformed cells in vitro has 

been measured utilizing the pH dependent fluorescence of a 

number of different flourophores, including SNARF, FITC, and 

BCECF (Martinez-Zaguilan 1991). These techniques have 

revealed that transformed cells in culture maintain an 

elevated intracellular pH as compared to "normal" controls. 

Moreover, increasing intracellular pH correlates with more 

aggressive transformed phenotypes, namely invasion, 

metastasis, and loss of drug sensitivity (Martinez-Zaguilan 

1992,1993,1996). In vivo, the first measurements of tumor 

pH were made using microelectrodes. This technique measures 

the extracellular pH of tumors. Subsequently, many 

investigators utilized this technique and looked at a 

variety of tumor types and reported the interstitial space 

of solid tumors to be acidic (Wike-Hookey 1984). Later, a 

more powerful technique employing 3IP magnetic resonance 

spectroscopy (MRS) was utilized to make pH measurements of 

tumors (Griffiths 1981, Ng 1982, Gillies 1982). This 

technique relies upon the chemical shift of endogenous 

inorganic phosphate (Pi) and exogenous phosphate containing 

markers such as 3-aminopropylphosphonate (3-APP)(Gillies 

1994). This approach yields a non-invasive measurement of 
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the intracellular and extracellular tumor pH. Many authors 

have subsequently reported observing tumors with acidic 

extracellular environments and neutral to alkaline 

intracellular pH. Most recently, the technique of magnetic 

resonance spectroscopic imaging (MRSI) has been employed to 

assess the spatial distribution of pH across a tumor. This 

technique has demonstrated pH heterogeneity and very acidic 

extracellular regions within tumors (Van Sluis 1999). In 

addition to observing acidic extracellular regions, these 

techniques have revealed the presence of large trans-

plasmalemmal pH gradients in a variety of tumors. 

Many researchers have made intracellular and 

extracellular pH measurements both in humans, experimental 

animal models, and in vitro cell culture conditions. 

Additionally, large numbers of measurements have been made 

for a variety of tumor types including breast carcinoma, 

melanoma, and sarcoma. Generally, normal tissues are 

observed to have an intracellular pH of between 7.0 and 7.2. 

Tumor tissues have, on average, an intracellular pH 0.2 

units higher than normal tissues with typical values between 

7.0 and 7.6. Conversely, normal tissues have extracellular 

pH in the range of 7.3 to 7.6. Tumors have an extracellular 

pH on the average of 0.4 pH units lower than normal tissues 
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with typical values between 5.8 and 7.2. Interestingly, 

many physiological factors correlate with decreasing tumor 

pH. Although not completely consistent for all tumor types, 

generally, it has been observed that the extracellular pH of 

experimental tumors drops as tumor size increases (Raghunand 

1999, Evanochko 1983, Gullino 1965, Jahde 1982, Busse 1981). 

Significant differences in pH exist between normal and 

cancerous cells which extends to both the intracellular and 

extracellular compartments. 

E) Causes o£ Acidic T\unor pH 

Acid tolerance is a hallmark of cellular transformation 

(Klausner 2 000). Tumors have long been observed to have an 

acidic extracellular pH and a neutral to alkaline 

intracellular pH. This pH alteration found in solid tumors 

is associated with a number of different physiological and 

cellular abnormalities. It is likely that a number of 

phenomena associated with transformation and tumor growth 

contribute to acidic extracellular pH in tumor tissues. 

This includes deficiencies in tumor perfusion, metabolic 

abnormalities associated with transformation, and an 

increased capacity for cellular pH regulation. Tumor 
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vasculature is chaotic (Schoenfeld 1994, Suren 1998, Schmidt 

2000, Kassner 2000, Miodonski 1998). Some cells within the 

tumor tissue have inadequate access to capillaries, others 

suffer from a vasculature that is excessively branched, 

yielding a reduced blood flow while others are super-

perfused (Vaupel 1981, Song 1982). These conditions yield 

inadequate tumor perfusion and potentially force cells 

within the tumor to rely on anaerobic metabolism for energy 

production resulting in lactic acidosis. Otto Warburg was 

amongst the first to observe high levels of lactic acid 

production in tumor tissues (Warburg 1930,1956) and others 

have shown that lactic acid production correlates with 

acidic interstitial pH in tumors (Albers 1981). 

Additionally, even when tumor cells reside within a well-

perfused tissue region, tumor cells continue to metabolize 

glucose, a condition known as 'aerobic glycolysis' (Weber 

1968, Fell 1996). Aerobic glycolysis yields 5 to 7 times as 

many protons per unit ATP produced in comparison to the 

mitochondrial oxidative phosphorylation. Clearly, 

mechanisms for acid production within tumor tissues exist, 

but this alone is not sufficient for the development of the 

observed acidic regions within a solid tumor. Tumor cells 

must be able to live and reproduce in an acidic environment; 
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normal cells are unable to accomplish this since they cannot 

adequately maintain their intracellular pH at optimal levels 

in an acidic environment. Tumor cells, on the other hand, 

have enhanced Na'^/H"' exchange, reduced anion exchange, 

and/or an active H"^ V-type ATPase on their plasma membrane 

(Redhkin 2000, Boyer 1993, Wendt 1998, Kubota 2000, 

Raghunand 1999, Martinez-ZaguiIan 1999, van Hille 1993, 

Harvey 1997, Roepe 1995, Boron 1994, Poryssegar 2000). 

Therefore, tumor cells have apparently adapted to decreased 

extracellular pH by utilizing several pH regulatory 

mechanisms. Tumor cells maintain elevated intracellular pH, 

they have an increased tolerance for acidic extracellular 

pH, and they have an increased ability to recover from an 

acid load (Robinson 1996, Martinez-Zaguilan 1996, Owens 

1997; 1998, Spies 1997, Ouar 1999, Mclean 2000) . 

F) Modulators of Tiimor pH In Vivo 

Many modifiers of tumor pH in vivo have been 

demonstrated. Acidosis has been induced utilizing injected 

ammonium chloride or through respiration of gas containing 

an increased fraction of carbon dioxide. NH4CI is 

reportedly used to combat metabolic alkalosis in an 

emergency clinical situation. Tumor specific acidosis has 
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been demonstrated following glucose administration (Volk 

1993). Vasodilators have also been shovm to induce 

acidification within tumors(Stuehr 1989, Hamilton 1993). 

Conversely, metabolic alkalosis can be induced with 

bicarbonate administration (Maddox 1986, Narbaitz 1993). 

Bicarbonate's ability to induce alkalosis has been utilized 

both experimentally and clinically. 

Inhibitors of cellular pH regulation have been shown to 

disrupt the intracellular-to-extracellular pH gradient that 

exists within tumors. Specifically, inhibitors of the 

Na+/H+ antiporter, inhibitors of the H+ V-ATPase, and 

various ionophores have all been employed successfully 

within experimental systems (Bode 1994, Wood 1995, Schindler 

1996, Zanke 1998, Doppler 1986, Kramhoft 1994, Lo 1995, 

Parkins 1996, Feriani 1997). 

6) Consequences of Tumor Acidity 

A great deal of work has been done looking at the 

effects of acidic pH on tissue culture systems. Low 

extracellular pH has been shown to inhibit cell 

proliferation, cell survival, DNA synthesis, protein 

synthesis and glycolysis (Bear 1977, Eagle 1973, Dickerson 
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1983, Ceccarini 1975, Rubin 1974, Taylor 1962) . Acidic 

extracellular pH causes cell cycle alterations resulting in 

a buildup of cells arrested in the G1 phase of the cell 

cycle (Mendonca 1983). Acidic extracellular pH is associated 

with an increased rate of chromosomal rearrangement (Morita 

1990; 1992, Russo 1995, Rofstad 2000, Yaun 1998) . 

Additionally, low extracellular pH is capable of 

transforming NIH3T3 cells in vitro (Gillies 1990, Peterson 

1994). In vivo, others have shown that metabolic acidosis, 

induced by ammonium chloride, inhibits experimental tumor 

growth (LeBoeuf 1990; 1996, Anghileri 1975, Harguindey 

1979). 

Turner was among the first to implicate a role for 

acidic pH in tumor metastasis. In primary lymphosarcomas, an 

acidic pH helped tumor cells digest the extracellular matrix 

and detach themselves from their primary tumor; an essential 

step in the process of invasion and metastasis. 

Interestingly, as the extracellular pH dropped below 7, the 

number of cells that desegregated from the tumor increased. 

Non-specific proteases associated with the tumor may account 

for the effects observed with declining pH, as collogenases 

have pH optima above 7.0. A similar process could be 

operating in vivo within a primary tumor liberating the 
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cells necessary for metastasis (Turner 1979) . Schlappack 

showed that KHT sarcoma and B16F1 cells, exposed to an 

acidic extracellular pH (6.5), had approximately a 50-fold 

increase in metastatic potential as evaluated by the 

experimental lung metastasis assay (Schlappack 1991) . 

Others have shown that a number of transformed cell 

lines secrete lysosomal proteases that have acidic pH optima 

(Dong 1989) . The lysosomal proteases cathepsin B, D, and L 

are secreted from a variety of different human and animal 

tumors (Sloane 1990, Rochefort 1990, Kane 1990) . Sloane 

showed that exposure to a mildly acidic extracellular pH of 

6.5 resulted in the redistribution of lysosomes to the 

plasma membrane followed by increased secretion and activity 

of cathepsin B, D, and L enzymes. The result obtained here 

were even more dramatic in derivations of these cell lines, 

which have increased metastatic potential. This work 

suggested that extracellular pH may enhance redistribution 

of active cathepsin B to the surface of malignant cells and 

its' secretion may facilitate invasion (Rozhin 1994). 

Martinez-Zaguilan showed that culturing C8161 and A375p 

melanoma cell lines at an acidic pH of 6.8 results in 

enhanced cell migration and invasion as measured by the 

Membrane Invasion Culture System. Moreover, these cells had 
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TroweLl (Holahan 1982). Sierra later demonstrated that this 

radio-protective effect was due to reduced fixation of 

radiation induced DNA damage (Freeman 1984, Mendonica 1983). 

It was also shown that acid pH only protects proliferating 

cells from cell death when present following radiation 

therapy. This caveat implies that acute pH modulation would 

have a minimal effect on the population of radio-resistant 

cells found in and around the necrotic and/or hypoxic 

regions of a tumor. 

Others have looked at the intracellular pH as a 

modulator of tumor radiation response. Haveman reported 

that a reduction in intercellular pH of tumor cells during 

irradiation results in sensitization of cells to radiation 

therapy (Haveman 1980). Independent of radiation therapy, a 

modest decline in intercellular pH can trigger the apoptotic 

cell death program. Hence, alterations in intracellular pH 

may non-specifically enhance radiation therapy via this 

pathway. This hypothesis is supported by Gottlieb and 

colleagues, who have shown that expression of the pm-V-

ATPase, which prevents intracellular acidification, can 

inhibit apoptosis by blocking an early event in the 

apoptotic pathway (Gottlieb 1994; 1995a; 1995b; 1996, 

Karwatowska-Prokopczuk 1998). Tannock and others have used 
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inhibitors of intracellular pH regulation to induce 

apoptosis in tumors cells that are in an acidic 

environment(Tannock 1988;1989, Rotin 1984;1986;1987;1989, 

Zanke 1998, Lee 1998, Yamagata 1996, Liu 1996, Leu 1994, 

Hasuda 1994, Maidorn 1993, Boyor 1992, Newell 1992) 

I) Hyperthermic Therapy and Tumor pH 

Hyperthermia, as a therapeutic modality for the 

treatment of cancer has undergone the transition from an 

experimental therapeutic modality to that of a mainstream 

modality of treatment (Bisht 1996). In hyperthermic 

therapy, tumors are heated to between 42 and 45-degrees 

Celsius using a variety of heating mechanisms include, water 

baths, surgical perfusion, and radio waves (Engin 1994, 

Schaefer 1993, van de Merwe 1990, Christophi 1998, Zaffaroni 

2001, Falk 2001). The result of heating the tumor is 

cellular damage and the induction of the apoptotic pathway 

(Ohtsiibo 2001) . Interestingly, resistance to hyperthermia 

is non-heretable (Engin 1994). A tumor's sensitivity to 

hyperthermia depends on a number of different factors 

including the phase of the cell cycle (G1 cells are most 

resistant and in S-phase cells are most sensitive) and a 

tumor cells microenvironment (Engin 1994, Holden 1991, 
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Krossnes 1998, Murata 1998, Akagi 1999, Griffin 2000, van de 

Merwe 1995, Schem 1995). 

Interestingly, hyperthermia also induces changes in 

tumor pH (van de Merwe 1990; 1993, Hetzel 198 9). For the 

duration of hyperthermia both the intracellular and 

extracellular pH decrease (Wahl 1997, Jayasundar 2000). 

Following hyperthermia tumors become alkalotic. This 

rebound effect within the cytosolic compartment is due to 

the Na^'/H'^ antiporter(Kiang 1990) . 

A dramatic relationship between hyperthermia and 

chemotherapeutic drug accumulation has been shown. 

Hyperthermia followed by chemotherapeutic drug 

administration results an increase in cellular drug levels. 

This relationship is though poorly understood (Herman 1992, 

Asaumi 1995) . 

J) Tumor pH as a Novel Therapeutic Target 

Many approaches have been used to exploit tumor pH for 

therapeutic enhancement. These approaches can be lumped 

into two general categories; approaches that utilized the 

existing tumor pH, or approaches which attempt to modify 

tumor pH. The former maybe as simple as the chemical 
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engineering of weak acid chemotherapeutics like 

chlorambucil, which selectively concentrates in the tumor 

cells cytoplasm via the ion trapping phenomena. Another 

approach employs acid liable drug-protein conjugates. These 

techniques have been utilized in animal models with great 

success. Additionally, the use of acid instable liposomes 

containing an anti-tumor drug has also been very successful. 

Realizing that the steep pH gradient across the tumor cell 

plasma membrane is unique to tumor cells and that tumor 

cells would undergo apoptosis if their intracellular pH 

dropped significantly, some researchers have collapsed the 

pH gradients with either ionophores or drugs that inhibit 

proton export (Bode 1994, Wood 1995, Schindler 1996, Zanke 

1998, Doppler 1986, Kramhoft 1994, Lo 1995, Parkins 1996, 

Feriani 1997). These approaches have proven to be very 

successful in animal models. Drugs, which attack the pH 

regulatory machinery of tumor cells, have been shown to be 

selectively cytotoxic to tumor cells even in the absence of 

pH gradients. Additionally, the drug resistance protein, p-

glycoprotein, can be inhibited preferentially at acidic pH 

utilizing a novel pH dependent inhibitor PSC 833 (Zacheri 

1994). The second type of approach, the tumor pH is 
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selectively altered to enhance therapy. This approach is 

taken in the current work. 

K) Cancer Genes and Ttimor pR 

Hypoxia and acidosis are hallmarks of solid tumors, 

which induce increased Na'^/H" antiporter activity and plasma 

membrane V-ATPase activity (Gillies 1999; 2001, Shi 1999, 

Wyld 1998, Martinez-ZaguiIan 1993). Recently, genes 

associated with increased pH regulation and induction of 

glycolysis has been shown to be controlled by the hypoxia 

inducible factor (HIF-1). Additionally, genetic alterations 

in tumors, such as the inactivation of the von Hippel-Lindau 

(VHL) tumor suppressor gene product, have been shown to 

result in the constitutive induction of HIF-1 family of 

genes. Loss of the VHL gene has been shown to be an early 

event in large cell carcinoma of the kidney. Activation of 

the acid resistant - acid producing phenotype may act to 

selectively promote growth of tumor cells while suppressing 

growth or even killing neighboring "normal" cells (Stubbs 

2000, Gatenby 1996) , Gatenby suggests in his tumor model 

that acidic tumor pH is a promoter of tumor growth (Gatenby 

1996) . Moreover, acidic tumor pH acts to promote invasion 
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and metastasis. Hence, we see that the acid phenotype may 

be an early event in carcinogenesis and act to promote tumor 

growth, as well as, progression towards a more malignant 

phenotype. 

L) V-ATPase Can Inhibit Apoptosis 

There is evidence to suggest that cytoplasmic 

acidification is an early event in apoptosis (Pardhasaradhi 

1997). Moreover, maintaining high cytosolic pH is 

sufficient to prevent or delay programmed cell death. In 

some systems, activation of the V-ATPase, commonly by 

phosphokinase C (PKC), can prevent cytosol acidification 

and subsequently, apoptosis. 

Chen, et al., showed that, in IL-3 dependent murine 

pre-mast cells, a cytosolic pH drop of 0.2 units was 

required for apoptosis to proceed. Additionally, 

transfection with v-abl blocked the pH drop and the 

induction of apoptosis (Chen 1997). 

Gottlieb, et al., have shown that in neutrophils, G-

CSF blocks the spontaneous apoptosis that normal occurs in 

culture by up-regulating V-ATPase function (Gottlieb 

1995a). It was suggested by Gottlieb and others, that 
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cytosolic pH exerts its effects on a critical 

deoxyribonuclease which is only active below pH 6.8 with 

the optimal pH of 5.5 (Gottlieb 1995b, Barry 1993) 

In a different system, Gottlieb et al., and others 

have shown that cardiomyocytes can be protected from 

reperfusion injury-induced apoptosis by pretreatment with 

activators of V-ATPase via PKC activation (Gottlieb 1994; 

1996, Karwatowska-Prokopczuk 1998). 

Interestingly, Zanke, et al., have shown that SAPK/JNK 

activation is an essential downstream event in acid-

inducted apoptosis in MGH-Ul human bladder cancer cells 

(Zanke 1998) . 

M) Apoptosis and Cell Cycle Blockade 

A human pancreatic tumor cell line, CAPAN-1, which 

overexpress V-ATPase sxibunits, was experimentally grown in 

nude mice that were then treated with bafilomycin Al 

(1.Omg/kg/day) for four weeks. Treatment resulted in a 

statistically significant inhibition of tumor growth, as 

compared to controls. Microscopically, a large number of 

cells in the treatment group showed morphology indicative 

of apoptosis. These results suggest that tumor cell growth 
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is suppressed by Bafilomycin Al's ability to inhibit V-

ATPase activity and the subsequent induction of apoptosis 

(Ohta 1996b). 

Manabe et al., used various V-ATPase inhibitors, i.e. 

Bafilomycin Al and analogs to inhibit proliferation of 

cultured cells. Transformed cells had greater sensitivity 

to these drugs. In a dose dependent manner, these drugs 

not only suppress proliferation, but induced apoptosis in 

some of the transformed cell lines. Analogs that did not 

inhibit V-ATPase also did not inhibit cell proliferation. 

These results suggest that V-ATPase is involved in the 

machinery that maintains cell proliferation or resistance 

to apoptosis (Manabe 1993). This was further demonstrated 

by Bowman et al., who showed similar growth inhibition 

effects in yeast (Bowman 1997). 

Interestingly, Gobet et. al., showed that, like 

serotonin, Bafilomycin Al and other V-ATPase inhibitors 

overcome the second cell cycle block at metaphase I in 

oocytes. Conversely, 4-aminopyridine, a channel 

antagonist and a Ca^^ mobilizing agent, triggers re

initiation and meiosis of the oocyte. With the former 

treatment, the cytosol is made slightly acidic, with the 

later treatment an alkalization of the cytosol occurs. 
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Taken together, their data imply a subtle, yet necessary, 

role for the V-ATPase in overcoming the raetaphase cell 

cycle block (Gobet 1995). 

Conversely, inhibition of the V-ATPase would more 

likely induce apoptosis in tumor cells and simply cause a 

reversible cell cycle arrest in normal cells. This could 

explain the observations made by Ohta et al., (Ohta 1996b). 

Kinoshita, et al., were able to show that Bafilomycin Al 

induces apoptosis in PC12 cells, a rat pheochromocytoma, 

and that this apoptosis was independent of intracellular pH 

(Kinoshita 1996). 
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II. MATERIALS AND METHODS 

Cell and Tumor Growth 

MCF-7 cells were cultured in. RPMI-1640/DMEM (Dulbecco's 

modified Eagle's medium) supplemented with 10% fetal bovine 

serum (FBS) (HyClone, Logan, Ut, USA). For in vivo 

culturing, a suspension of 5 x 10® MCF-7 cells in 0.05 ml of 

Matrigel were implanted in the mammary fat pads of 6- to 7-

week-old female severe combined immunodeficent (SCID) mice. 

Since MCF-7 cells are oestrogen-dependent, 17p-oestradiol 

pellets (o.72 mg, 60-day release; Innovative Research of 

America, Sarasota, FL, USA) were subcutaneously implanted 

in the shoulder region of the mice by means of a 12-gauge 

trochar (innovative Research) 2 days prior to tumor 

inoculation. 

Magnetic Resonance Spectroscopy 

Prior to MRS, Mice were anaesthetized with a 

combination of ketamine (72 mg kg"^) , xylazine (6 mg kg'^) , 

and acepromazine (6 mg kg"^) . A , 24-gauge catheter (Elf 

Sanofi Inc., Overland Park, KS, USA), connected to a 1.58 
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ram intradermal (i.d.) polyethylene tube (Becton Dickinson, 

Parsippany, NJ, USA), long enough to extend out of the 

magnet was inserted into the intraperitoneal (i.p.) cavity 

of the anaesthetized animal. The mouse was immobilized on 

a home-built probe with a coil tunable to or After 

shimming the magnet, 3-APP (0.15-0.3 ml, 128mg ml"^, pH 7.4) 

was injected into the mouse via the i.p. catheter. Volume-

selective ^^P spectra were acquired at 4.7 T on a Bruker 

Biospec with the ISIS sequence (Ordidge 1988) with 

adiabatic slice-selective and excitation pulses repeated 

every 10 to 12 seconds, using a gradient strength of 75 mT 

m*^. In all cases, a dwell time of 62.5 ys was employed, 

and 8192 data points were collected from 184 transients. 

Scout images of the tumor and surrounding abdominal tissue 

were obtained each time in order to guide the positioning 

of the voxel. The large spectral widths employed resulted 

in up to a 1 mm difference in the positioning of the voxel 

containing either a-NTP or 3-APP, and the voxel containing 

the central frequency. This chemical shift artifact was 

not corrected for, but voxel sizes and placement were 

chosen so as to minimize the contribution of signal arising 

from the mouse body wall, while covering as much of the 

tumor as possible. 
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Measurement of Octanol Partition Coefficient 

The partition coefficient for labeled 

chemotherapeutic drugs (doxorubicin and mitoxantrone) was 

obtained by the addition of 100 /zl of dilute labeled 

drug into 15 ml conical tiibes that contained 4.9 ml of 

phosphate buffered saline (PBS) at various pH. Following 

pH measurement, 5 ml 1-Octanol was added to each tube. All 

tubes were vortexed 3 times for 1 minute. Solutions were 

allowed to settle overnight. A 100 fil sample from both the 

1-octanol layer and the PBS layers were taken and added to 

separate liquid scintillation vials containing 20 ml of 

liquid scintillation fluid. Scintillation counting was 

performed using a Beckman SRM6000 liquid scintilation 

counter, 

The partition coefficient for doxoriibicin was also 

assessed by using non-labeled drug. The experiment was 

performed as before. Briefly, 100 (jlI of dilute doxorubicin 

was added to 15 ml conical tubes that contained 4.9 ml of 

PBS at various pH. A final pH assessment was then 

preformed. Then 5 ml of 1-Octanol was added to each tube. 

All tubes were vortexed 3 times for 1 minute. Solutions 



95 

were allowed to settle overnight. A 200 fil sample from 

both the 1-octanol layer and the PBS layers were taken and 

added to separate wells in a 96 well plate. Optical density 

was measured at 480 nm. 

Measurement o£ Intracellular pH In Vitro 

Intracellular pH (pHi) was measured in vitro using the 

fluorescent dye, SNARF-1, as described by Martinez-Zaguilan 

(Martinez-ZaguiIan 1991) . Briefly, MCF-7 cells were grown 

onto 9 X 22 mm glass cover slips, washed three times with 

buffer A (1.3 mM calcium chloride, 1 mM magnesium sulphate, 

5,4 mM potassium chloride, 0.44 mM KH2PO4, 110 mM sodium 

chloride, 0.35 NaH2P04, 5 mM glucose, 2 mM glutamine and 5 

mM HEPES, 5mM MES, lOmM sodium hydrogen carbonate, (NaHCOs) 

at a pH of 7.15 at 37®C and subsequently incubated for 3 0 

minutes at 37°C' in a 5% carbon dioxide atmosphere with 3 ml 

of buffer A containing 10 ]iM acetoxymethylester SNARF-1 

(molecular Probes, Eugene, OR, USA). This was followed by 

a second incxibation in buffer A for 45 minutes to allow for 

complete hydrolysis of the dye. Coverslips were then 

placed in a holder/perfusion device and inserted into a 

flourometer cuvette and fluorescence measurements were 
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acquired at an excitation of 534 nm with, the emission 

sequentially sampled at 584 and 644 nm in an SLM8000C (SLM, 

Urbana, IL, USA). The ratio (R) of fluorescence intensities 

of emissions at 584 and 644 nm was converted to pHi values 

using the equation: pH= 7.38 + logio 0.822 + logio [(R -

0 .458)/ (1.928-R)] . Data are presented as mean+- S.E.M. of 

six independent measurements. 

Drug Uptake 

MCF-7 cells were grown to confluence in 6-well plates 

at which time the cells were incubated in DMEM/F12 

containing 20mM HEPES, 20 mM MES, 10% FBS and 0.208 viCi per 

well of "c doxorxibicin (Amersham) for 3 0 minutes at 3 7°C in 

a 5% carbon dioxide atmosphere at pH of 6.8 and 7.4 

respectively. After the incubation, the plates were placed 

on ice and washed five times with ice-cold HBSS, followed 

by extraction with 1.0 ml of 0.1 N NaOH for 1 hour at 4°C. 

Samples were divided into equal aliquots for determination 

of protein content using the Bradford assay (BioRad), and 

radioactivity using liquid scintillation counting. 
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Drug Cytotoxicity 

Cytotoxicity was determined as described by Gillies 

(Gillies 1986). Briefly, cells were grown to log phase in 

96-well plates and the medium was exchanged for one at 

either pH 6.8 or pH 7.4 containing the indicated 

concentrations of drug. Medium was buffered using non

volatile buffers (10 mM MES, 20mM HEPES, and 10 mM tricine) 

in combination with bicarbonate concentrations that were 

adjusted to be in equilibrium with 5% ambient carbon 

dioxide. Twenty-four hours later the growth medium was 

replaced with drug free growth medium, pH 7.1, and cells 

were allowed to grow the subsequent 72 hours, after which 

time they were fixed and stained with 0.1% crystal violet. 

The dye was then solubolized with acetic acid, and 

absorbance was used for the determination of cell number. 

Calculation of Theoretical Drug Distributions 

Cytoplasmic-extracellular drug ratios were calculated 

at the steady state using methods described previously 

(Roos 1978, Raghunand 1999). Briefly, the ratio of 

protonated (charged) to deprotonated (uncharged) drug was 
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calculated from the Henderson-Hasselbach equation in both 

intracellular and extracellular compartments using the pHi 

and pHe, respectively, and the drug's pKa. The 

concentration of the uncharged specie was set to 1.0 on 

both sides of the membrane and the total concentration was 

calculated as the sum of (charged + uncharged). Data were 

expressed as a ratio of intracellular to extracellular 

concentrations. Enhancement was calculated as the ratio at 

high pH, relative to that at low pH. 

Tumor Growth Statistics 

In Vivo tumor size was measured with calipers and 

calculated as [ (width) ̂ x length]/2. Data were linearized by-

converting volumes (in mm^) to their cube roots. The least 

squares regression line of the cube root volumes from day 9 

onward was fit for each mouse with non-zero tumor growth. 

Three-way analyses of varience were used to examine the 

effect of different experiments, injection (drug vs 

saline), and water (plain vs bicarbonate). The differences 

between experiments were not significant (p=0.767) and 

hence, data from all experiments were pooled for further 

two-way analysis of variance. Tumor cell log kill was 
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calculated from the equation [ (T-C)/3.32Td] , where T and C 

are the number of days it took for treated and control 

groups, respectively, to reach 1000 ram^. Ta is the 

exponential doubling time of the treated groups (Corbett 

1982). T/C was calculated as the ratio of the median 

volumes of treated and control groups on day 20. T/C < 44% 

is considered significant by the Division of Cancer 

Treatment (National Cancer Institute) , while a T/C value of 

10% (DN-2 level activity) is considered highly significant. 

Doxorubicin Biodistribution in MCF-7 Mammary Tromor Bearing 

SCID Mice. 

MCF-7 cells were cultured in RPMI-1640/DMEM (Dulbecco's 

modified Eagle's medium) supplemented with 10% fetal bovine 

serum (FBS) (HyClone, Logan, UT, USA) . For in vivo 

culturing, a suspension of 10 x 10® MCF-7 cells in 0.05 ml 

of Hank's Balanced salt solution were implanted in the 

mammary fat pads of 6- to 7- week-old female severe 

combined immunodeficent (SCID) mice. Since MCF-7 cells are 

estrogen-dependent, 17p-estradiol pellets (0.72 mg, 60-day 

release; Innovative Research of America, Sarasota, FL, USA) 

were siabcutaneously implanted in the shoulder region of the 
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mice by means of a 12-gauge trochar (Innovative Research) 2 

days prior to tumor inoculation. Tumors were measured 3 

times a week with calipers and tumor volume calculated as 

the length squared multiplied by one half the width (or V=L^ 

X W/2). Ninety-two mice were given tumors and used for 

this experiment. The mice with the six largest tumors and 

the 14 smallest tumors were excluded from the study in 

order to reduce the range of the tumor size in each group. 

Mice were then forcibly randomized into nine groups 

containing eight mice per group (n=8 per group). The nine 

groups consisted of three experimental groups at each of 

the three time points; 2, 6, and 18 hours post doxor\ibicin 

administration. The three experimental groups consisted of 

a control group, a chronically alkalinized group of mice, 

and an acutely alkalinized group of mice. The average 

tumor volume, per group, on the day of the experiment was 

1286 +- 89 mm^, as estimated by caliper measurements and 

calculated as described previously. Chronic alkalinization 

was achieved by replacing the water supply of the mice with 

a 200 mM sodium bicarbonate solution two days prior to 

doxorubicin administration. The acutely alkalinized group 

of mice received a 0.5 ml, intraperitoneal, IM sodium 

bicarbonate injection 2 hours prior to doxorubicin 
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injection. The control mice received no pretreatment prior 

to receiving their doxorubicin injection. All mice 

received a 2 mg/kg, 0.069 (ici "c labeled doxoriibicin, via 

intravenous tail vein injection at time = 0. These mice 

were sacrificed at 2, 6, and 18 hours post doxorubicin 

injection, and tissues were collected and immediately 

weighed. The tissues collected were; blood from the 

subclavian artery, the tumor from the mammary fat pad, the 

spleen, the liver, the kidneys, the heart, the lungs, the 

quadriceps muscle, a section of the large intestine and 

rectum 2 inches long which terminated at the anus, and a 2 

inch section of the small intestine which began beneath the 

stomach. The tissues were then solubilized in 4 ml NSC-II 

tissue solubilizer (Amersham Life Science Inc, Arlington 

Heights, Illinois, USA) over the following week. At the 

end of this time 15 ml of NBS-204 liquid scintillation 

fluid (Amersham Life Science Inc, Arlington Heights, 

Illinois, USA) was added and the samples were counted on a 

Beckman BSC 4100 scintillation counter (Beckman Instruments 

Inc., Fullerton, California). 
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Doxorubicin Biodistribution in C3H Mammary Tiunor Bearing 

C3H/hen Mice. 

Thirty-four, five-to-six week old C3H/Hen mice were 

obtained from Abora (Macon, Georgia). All mice were housed 

in microisolator cages, 4 mice per cage, at the University-

Animal Facility (University of Arizona Health Sciences 

Center, Tucson, Arizona) in specific pathogen-free 

environment. The ventral surface of each mouse was treated 

with Nair®, two days prior to tumor implantation. Frozen 

C3H mammary carcinoma tumor fragments were thawed 

immediately prior to tumor implantation. Tumor fragments 

were implanted with a 12-gauge stainless steel trocar 

(Innovative Research) within the mammary fat pad of each 

C3H/Hen mouse. Tumors were measured 3 times a week with 

calipers and tumor volume calculated as the length squared 

multiplied by one half the width (or V=L^ x W/2) . The mice 

with the 4 largest tumors and the 6 smallest tumors were 

excluded from the study in order to reduce the range of the 

tumor size in each group. Mice were then rsuidomized into 

three groups containing eight mice per group (n=8 per 

group). The three experimental groups consisted of a 

control group, a chronically alkalinized group of mice, and 
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an acutely alkalinized group of mice. The average tumor 

volume, per group, on the day of the experiment was 1566 +-

198 mm^, as estimated by caliper measurements and calculated 

as described previously. The chronically alkalinized group 

of mice had their water supply replaced with a 200 mM 

sodium bicarbonate solution two days prior to receiving 

doxorubicin. The acutely alkalinized mice received a 0.7 

ml, intraperitoneal, IM sodium bicarbonate injection 2 

hours prior to receiving a doxorubicin injection. The 

control mice received no pretreatment prior to receiving 

their doxorubicin injection. All mice received a 2 mg/kg, 

0.208 (aci "c labeled doxoriabicin, intravenous tail vein 

injection at time = 0. All mice were sacrificed three 

hours following radioactive doxorubicin injection. Tissues 

were collected and immediately weighed. The tissues 

collected were; blood from the subclavian artery, the C3H 

mammary tumor from the mammary fat pad, the spleen, the 

liver, the kidneys, the heart, the lungs, the quadriceps 

muscle, a section of the large intestine 2 inches long 

which terminated at the anus, and a 2 inch section of the 

small intestine which began beneath the stomach. The 

tissues were then solubilized in 4 ml NSC-II tissue 
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soliibilizer (Amersham) over the following week, at the end 

of this time 15 ml of NBS-204 liquid scintillation fluid 

(Amersham) was added and the samples were counted on a 

Beckman BSC 4100 scintillation counter. 

Mitoxantrone Biodistribution in C3H Mammary Tixmor Bearing 

C3H/Hen Mice. 

Fifty-four, five to six week old C3H/Hen mice were obtained 

from Abora (Macon, Georgia). All mice were housed in 

microisolator cages, 4 mice per cage, at the University 

Animal Facility (University of Arizona Health Sciences 

Center, Tucson, Arizona) in a specific pathogen-free 

environment. The ventral surface of each mouse was treated 

with Nair®, two days prior to tumor implantation. Frozen 

C3H mammary carcinoma tumor fragments were thawed 

immediately prior to tumor implantation. Tumor fragments 

were implanted with a 12-gauge stainless steel trocar 

(Innovative Research) within the mammary fat pad of each 

C3H/Hen mouse. Tumors were measured 3 times a week with 

calipers and tumor volume calculated as the length squared 

multiplied by one half the width (or V=L^ x W/2) . The mice 
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with the 2 largest tumors and the 4 smallest tumors were 

excluded from the study in order to reduce the range of the 

tumor size in each group. Mice were then randomized into 

six groups containing eight mice per group {n=8 per group). 

The six groups consisted of two experimental groups at each 

of the three time points; 2, 6, and 18 hours post 

mitoxantrone administration. There were two experimental 

groups, the experimental groups, a control group, and an 

acutely alkalinized group of mice. The average tumor 

volume, per group, on the day of the experiment was 1982 +-

242 mm^, as estimated by caliper measurements and calculated 

as described previously. The acutely alkalinized mice 

received a 0.7 ml, intraperitoneal, IM sodium bicarbonate 

injection 2 hours prior to receiving a mitoxantrone 

injection. The control mice received no pretreatment prior 

to receiving their mitoxantrone injection. All mice 

received a 9 mg/kg, 0.158 |aci "c labeled mitoxantrone, 

intravenous tail vein injection at time = 0. Mice were 

sacrificed at either 2, 6 or 18 hours following radioactive 

mitoxantrone injection. Tissues were collected and 

immediately weighed. The tissues collected were; blood 

from the subclavian artery, the C3H mammary tumor from the 
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mammary fat pad, the spleen, the liver, the kidneys, the 

heart, the lungs, the quadriceps muscle, a section of the 

large intestine 2 inches long which terminated at the anus, 

and a 2 inch section of the small intestine which began 

beneath the stomach. The tissues were then solubilized in 4 

ml NSC-II tissue solubilizer (Amersham) over the following 

week, at the end of this time 15 ml of NBS-104 liquid 

scintillation fluid (Amersham) was added and the samples 

were counted on a Beckman BSC 4100 scintillation counter. 

Gavage Administration of N2iHC03/NH4Cl. 

In order to induce acute metabolic acidosis or 

alkalosis by the oral route, mice were gavaged with either 

1 mL IM NH4CI or 1ml IM NaHCOs, respectively. 

Anesthetization of mice immediately following NH4CI gavage 

resulted in an unacceptably high rate of fatalities. For 

this reason, for MRS measurements of mice that had been 

administered either NH4CI or NaHC03 by gavage were not 

anesthetized until 2 hours following gavage. Control and 

NaHCOa-treated mice were anesthetized using a mix of 

Ketamine, Xylazine and Acepromazine (72/6/6 mg/Kg). Mice 

which had been administered NH4CI by gavage were 

anesthetized with 75% of this dose, due to reduced 
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tolerance of these mice to one or more of the components 

even 2 hours after gavage. NH4CI and NaHCOs treated mice 

were denied access to normal ad lib. water for 2 hours 

following gavage, at which point they were anesthetized and 

prepared for MRS of either tumor or hind leg tissue. pH 

measurements were also made on treated control mice for 

comparison. Despite the reduced dose of anesthetic, the 

duration of anesthesia and recovery time were greater in 

NH4CI-treated mice than in control mice that had been given 

the full anesthetic dose. Recovery from anesthesia was 

also somewhat prolonged in NaHCOs-treated mice as compared 

to control mice. 

Intraperitoneal Administration of NaHCOa/Glucose. 

For experiments involving i.p. administration of 

glucose or NaHCOa, mice were anesthetized as described 

earlier and administered 3-APP (i.p., 0.4 mL x 34 mg/ml, pH 

7.4 at room temperature). A 3/4", 24G catheter (Elf Sanofi 

Inc., Overland Park, KS), connected via a 3-way value to 

two 1.58 mm ID polyethylene tubes (Becton Dickinson, 

Parsippany, NJ) long enough to extend out of the magnet, 

was then inserted into the i.p. cavity of the anesthetized 

mouse. This set-up permitted delivery of either glucose or 
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NaHCOa (0.7 ml x IM) at the appropriate time, or delivery of 

a booster dose of 3-APP (0.2 ml x 34 mg/ml) when required, 

without moving the animal. The mouse was then immobilized 

on a home-built MRS solenoid coil and placed in the magnet. 

Both NaHCOs and glucose were tolerated by anesthetized and 

alert C3H/Hen mice up to the maximum tested dose of 1 ml x 

IM. It was found that i.p. NaHCOs, but not glucose, 

enhanced the duration of the anesthesia and also increased 

the recovery time of C3H mice. Intraperitoneal 

administration of NH4CI was not tolerated by anesthetized 

mice, although alert mice tolerated up to 1 ml x IM NH4CI 

without any fatalities (n=4). 

Localized In Vivo MR Spectroscopy. 

All in vivo measurements were performed at 4.7 T on a 

Bruker Biospec spectrometer/imager equipped with a 14 G/cm 

self-shielded gradient insert, using home-built solenoid 

coils of suitable diameter. Image-guilded volume-selective 

MR spectra of tumors or hind-leg tissue in anesthetized 

mice were acquired using the PRESS sequence. pHe and pHi 

were measured from the chemical shift of exogenous 3-

aminopropylphosphonate (3-APP) and endogenous inorganic 

phosphate (Pi) , respectively, as described by Raghvinand 



109 

(Raghunand 1999) . For spectroscopy of tumors, 0.4 ml of 34 

mg/ml 3-APP was administered intraperitoneally to 

anesthetized mice just prior to their immobilization on the 

MRS coil. This procedure did not result in sufficient 

loading of hind-leg (mostly muscle) tissue with 3-APP. 

Hence, for spectroscopy of hind-leg, 0.6ml of 34 mg/ml 3-

APP was administered (i.p.) to alert mice, two hours prior 

to anesthetization. Immediately following anesthetization, 

a further 0.4 ml of 3-APP was injected (i.p.) and the mouse 

prepared for ^^P MRS as before. This procedure resulted in 

usably high 3-APP signal in the ^^P MR spectra of 10 of 13 

mice tested. 

Chemotherapy. 

Two groups of 6-week old female C3H/Hen mice (n=4) 

bearing C3H tumors in the mammary fat pad (approximately 

250 mm^) were used. One group was administered a single 

dose of 0.7ml x IM NaHCOs (i.p.) and denied access to 

drinking water for the next 4 hours, while the other group 

did not receive any treatment and had uninterrupted access 

to ad lib. water. The two groups were compared for changes 

in tumor growth rates in order to assess the influence of 

NaHCOs on tumor growth. In a separate experiment, 4 groups 
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of C3H/Hen mice (n=4, each group) bearing C3H tumors in the 

mammary fat pad were used. Groups A and B were 

administered two doses of mitoxantrone (i.v., 6mg/k;g) given 

7 days apart, while groups C and D were administered a 

single dose of mitoxantrone (i.v., 12 mg/kg). Groups B and 

D were also administered 0.7 ml x IM NaHCOs (i.p.) 2 hours 

prior to each mitoxantrone injection. NaHCOs-treated mice 

were denied access to ad lib. water for 4 hours starting 

with administration of the NaHCOa, but were allowed 

continuous access to solid food. Access to drinking water 

was restored 2 hours after drug administration. The 

toxicity of mitoxantrone to mice has been reported to have 

a marked circadian dependence, with the lowest toxicity 

being observed at 11-15 hours after light onset as reported 

by Levi (Levi 1994). For this reason, mitoxantrone was 

administered 12 hours after light onset in all experiments. 
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in. ION TRAPPING AND THE CHEMOTHERAPEUTIC CONSEQUENCES OF 

EXTRACELLULAR pH MODULATION IN VITRO. 

Introduction 

The extracellular environment of normal tissues tends 

to be alkaline while the intracellular environment is 

maintained at neutral pH. Tumors on the other hand often 

have acidic extracellular pH while maintaining a neutral-

to-alkaline intracellular pH (Raghunand 1999, Wike-Hookey 

1984, Griffiths 1981, Ng 1982, Gillies 1982; 1994, Van 

Sluis 1999). The acidic tumor environment is assumed to be 

a consequence of altered tumor cell metabolism combined 

with aberrant tumor vascularization (Raghunand 1999, 

Evanochko 1983, Gulino 1965, Jahde 1982, Busse 1981, Vaupel 

1981, Song 1982, Warburg 1930; 1956, Albers 1981, Weber 

1968, Fell 1996). Additionally, tumor cells have 

upregulated their pH regulatory systems, which not only 

allow tumor cells to survive in an acidic environment but 

tumor cells can even maintain a alkaline intracellular pH 

in these acidic environments (Klausner 2000, Martinez-

Zaguilan 1991). This clear physiological difference 

between tumor tissue and normal tissues has distinct 

consequences for traditional anti-tumor chemotherapy and 
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presents opportxmities for therapeutic exploitation 

(Guerquin-Kern 1991, Gerwick 1991; 1999, Ojugo 1998, 

Dornosky 1986, Stewart 1976, Friese 1969, Brophy 1983, 

Mikkelson 1985; 1982, Jahde 1989; 1990; 1991, Skarsgard 

1992, Parkin 1996; 1994, Kozin 1998, Kuin 1999, Hemminski 

1987, Engle 1989, Pereira 1998, Takanais 1994, Rai 1998, 

Parkins 1996, Vukovic 1997, Hu 1990, Rentsch 1996, Tatum 

1996, Herman 1992, Madden 1990, Burke 1988, Ferragut 1988, 

Demont 1990; 1993, Weaver 1993, Moriyatna 1994, Skousguard 

1977, Inabg 1978, Simon 1994, Soto 1993, Carpentier 1992, 

Vasanithakinal 1986; 1985, Tannok 1984, Gerwick 1999, 

Maurer-Spures 1999, Millot 1997, Hurwitz 1996, Harrigan 

1993, Merlin 1991, Mayer 1986, Raghunand 1999, Valentini 

1980, Di Marco 1977, Nishikawa 1998, Robinson 1992, Asaumi 

1995, Simon 1994, Kleeberger 1993; 1992, Oude Efferink 

1989, Alabaster 1989, Groos 1986, Bom 1991, Kimura 1974, 

Hammer 1989, Gieseler 1996, Rivary 1992, Constantinides 

1986, Duarte-Karim 1976, Pererra 1995, Roepe 1992, Goda 

1996, Asaumi 1995, Alabaster 198 9). Before designing 

therapies that exploit this physiological difference, it is 

necessary to determine how altered tumor pH influences 

traditional chemotherapy. Our hypotheses states that: pH 

influences traditional chemotherapy in a predictable manner 
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that is described by ion trapping, resulting in an altered 

drug distribution and that this altered drug distribution 

translates directly into altered cytotoxicity. Raghunand 

has mathematically modeled this behavior (Raghunand 1999, 

Roos 1978). This model predicts that a weakly basic 

chemotherapeutic drug such as an anthracycline, an 

anthraquinone, or a vinca alkaloid, will effectively 

concentrate on the side of the plasma membrane in which the 

greatest fraction of the drug is in the ionized form. For 

weak bases, this would be the acidic side of the membrane. 

In tumors, the outside of the cell is more acidic than the 

inside; hence the drug reaches low intracellular 

concentrations, which effectively prevents the drug from 

reaching its cellular target. For the weak bases, if the 

extracellular environment were alkalinized, our hypotheses 

predict that more drug would accumulate within the cells 

and that this increased intracellular accumulation will 

translate into increased cytotoxicity. This model also 

allows us to predict the pH dependent behavior of weakly 

acidic drugs. These drugs, the weak acids such as 

chlorambucil, will also accumulate on the side of the 

plasma membrane in which the greatest fraction of the drug 

is ionized. For weakly acidic drugs, this is the more 
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alkaline side of the membrane. In tumors, the 

intracellular environment is generally more alkaline than 

the extracellular environment. Hence, weakly acidic drugs 

would localize within tumor cells and be more cytotoxic 

when the extracellular pH is acidic. A third chemical 

class of anti-tumor chemotherapeutic agents exist which 

would include lipophilic drugs, zwitterions, and drugs 

whose pKa's are far from physiologically obtainable pH. 

The taxanes are examples of lipophilic zwitterions, which 

would not be influenced by the phenomenon of pH dependent 

ion trapping. Hence, if cytotoxicity were only dependent 

on drug distribution, our hypothesis would predict that pH 

will not influence the behavior of this class of compounds. 

In this chapter, I review the predicted 

biodistribution of the weakly basic drug mitoxantrone given 

various intracellular and extracellular pH values. I also 

review the predicted partition coefficients of a weakly 

acidic chemotherapeutic drug, chlorambucil, at various 

intracellular and extracellular pH values. Additionally, I 

describe an in vitro model system for studying the 

chemotherapeutic effects of tumor pH on MCF-7 breast 

adenocarcinoma cells. In a defined in vitro system, we 

look at the effect of altered pH on the cellular 
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accumulation of doxorubicin. Additionally, we test our 

theoretical model's ability to predict pH dependent 

behavior for a variety of chemotherapeutic drugs in our in 

vitro breast adencarcinoma cell model system. In achieving 

the later aim, I effectively characterize the pH dependent 

cytotoxicity of a variety of clinically relevant breast 

cancer chemotherapeutics. 

Clinically, breast carcinoma is commonly treated with 

doxorubicin, paclitaxel, cyclophosphamide, and 5-

flourouracil (Tannock 1987, Trauum 1992, Torey 1982, 

Smalley 1983, Fisher 1990, Albam 1997, Person 198 9, Combes 

1996). Additionally, drugs such as vincristine, 

vinblastine, mitoxantrone, daunarubicin and chlorambucil 

are utilized clinically to various degrees in the treatment 

of recurrent breast carcinoma (Lerner 1978, Sean 1997, 

Burghouts 1990, Lober 1983, Smalley 1983, Partlock 1987, 

Knospe 1974). These anti-tumor chemotherapeutic drugs were 

selected for the current study because of their clinical 

relevance and because they represent the major classes of 

anti-tumor chemotherapeutic agents. For this work, the 

exceptionally well-characterized MCF-7 cell line was 

selected to model breast carcinoma in vitro. Additionally, 

two drug resistant variants of this cell line were used, 
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the MCF-7/D40 and the MCF-7/Mitox cell lines. MCF-7/D40 

cells were created by exposure to increasing concentrations 

of doxorubicin over many months and have been described by 

numerous reports in the literature. The MCF-7/D40 cell 

line is p-glycoprotein positive and is tolerant of up to a 

forty fold increase in doxorubicin concentration compared 

to the parental cell line MCF-7. The MCF-7/Mitox cell line 

was created by exposure to increasing concentrations of 

mitoxantrone over many months. This cell line is also well 

characterized in the literature. It does not overexpress p-

glycoprotein, and is tolerant of an eighty-fold increase in 

mitoxantrone concentrations when compared to the parental 

cell line (Taylor 1992) , 

For this work, I have chosen to use the acidic 

extracellular pH of 6.8 and an alkaline extracellular pH of 

7.4 to study the effects of pH on chemotherapy. I have 

shown that a 24 hour exposure to these different pH values 

do not alter cellular proliferation in MCF-7 cells through 

the course of our 5 day toxicity assay. Additionally, 

utilizing SNARF pH sensitive fluorescence, we have measured 

the cytosolic pH of MCF-7 cells plated onto glass cover 

slips perfused in medium of either pH 6.8 or pH 7.4. The 

measured cytosolic pH was 7.05 and 7.20 respectively. 
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These measurements illustrate the tight regulation of 

intracellular pH within MCF-7 cell. With a change in 

extracellular pH from 6.8 to a pH of 7.4 we are able to 

reverse the direction of the proton gradient across the 

plasma membrane. At low pHe, the ApH is +0.25 (acid 

outside) and at high pHe the ApH is -0.20. Given this 

information we thus have a well-defined system in which 

quantitive predictions about drug behavior can be made. 

Utilizing the pKa's of various chemotherapeutic drugs that 

have been reported in the literature, we are able to make 

predictions about how intracellular drug concentrations 

will vary as a function of pH (Chatterji 1982, Owen 1979, 

Ehricson 1980, Parkin 1994, Mickelson 1985, Raghunand 

1999). Additionally, we know that the change in 

intracellular pH is relatively small for a given change in 

extracellular pH from 6.8 to 7.4. Hence, a number of 

intracellular pH sensitive processes, which may influence 

drug toxicity, are unlikely to be dramatically affected by 

such a small change in intracellular pH. 
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Results 

Theoretical Drug Distribution. 

We hypothesize that cancer chemotherapeutic drug 

distribution across a cancer cell plasma membrane is 

described by the phenomenon of ion trapping. The 

phenomenon of ion trapping as it pertains to the 

distribution of cancer chemotherapeutic drug is 

mathematically modeled by Raghunand, et al. 1999. 

Intracellular pH and extracellular pH are the variables, 

that alter drug distribution in the ion-trapping model. 

Whether a particular drug distributes itself in accordance 

with the ion-trapping model depends on both the pKa of the 

drug, and the pH dependent partition coefficient. Figures 

3.1 and 3.2 illustrate the theoretical distribution of 

mitoxantrone and chlorambucil, respectively, at equilibrium 

across a plasma membrane. 

In order for a drug's distribution to be governed by 

the phenomenon of ion-trapping, the charged form of the 

drug must be less than 200 fold less permeant than the 

xincharged form (Roos 1977) . Figure 3.3 illustrates the pH 

dependent partitioning of "c labeled doxorubicin in 1-

Octanol vs. phosphate buffered saline. These data 
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illustrate that the charged form of doxorubicin is 

lipophilic. The partition coeffiecents of doxorubicin are 

1.2 and 18, for the charged and uncharged forms, 

respectively. Hence the ratio of P for uncharged to 

charged drug is only 11.04, far less than the 200-fold 

difference required for an ideal ion trapping effect. 

Figure 3.4 illustrates the partitioning of doxorubicin in 

1-octanol vs. phosphate buffered saline as assessed by 

optical density. This approach was used to confirm our 

surprising finding using independent methodology and 

offered the distinct advantage that alkaline degradation of 

doxorubicin yields two chemical species with different 

absorbance than the parental compound doxorubicin. Hence 

this methodology allows us to obtain valid measurements at 

high pH values, The results concur with those achieved 

using "C labeled doxorxibicin and liquid scintillation 

counting. Moreover, they allow for conformation of the 

higher published pKa of 8.25 for doxorubicin. Figure 3.5 

illustrates the partitioning of "c labeled mitoxantrone in 

1-octanol vs. phosphate buffered saline. Charged 

mitoxantrone has a partition coefficient of 83.7:1 whereas 

the partition coefficient for uncharged mitoxantrone is 

0.001:1. Hence, the ratio of the partition coefficient 
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Figure 3.1. Predicted Partitioning of Mitoxantrone (Dual pKa 

of 8.2) 

Predicted intracellular-to extracellular partitioning of 

mitoxantrone, a weak base, with, dual pKa of 8.2, at various 

extracellular and intracellular pH. The theoretical model 

used to make these predictions is described by Rahgunand et 

al, (Raghunand 1999). 
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Figure 3.2 Predicted Partitioning of Chlorambucil (pKa = 

5.8) 

Predicted intracellular-to-extracellular partitioning of 

chlorambucil, a weak acid, with a pKa of 8.3, at various 

extracellular-to-intracellular pH. The theoretical 

calculations used in this model are outlines by Raghunand, 

et. al. (Raghunand 1999). 
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Figure 3.3 Doxorxibicin Partition Coeffecient 

"C labeled doxorubicin partitioning across a 1-octanol-

aquious interface as a function of the pH of the aqueous 

phase. The data are fit to two sets of curves representing 

the pxiblished range of pKa's for doxoriabicin. 
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Figure 3.4 Flourescent Measurement of Doxorubicin's 

Partition Coeffecient 

Doxorxibicin's partitioning across a 1-octanol-aquious 

interface as a function of the pH of the aqueous phase. The 

data are fit to two sets of curves representing the 

published range of pKa's for doxorubicin. 
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Figure 3.5 "C Mitoxantrone Partition Coeffecient 

"C labeled mitoxantrone partitioning across a 1-

octanol-aquious interface as a function of the pH of the 

aqueous phase. 
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Characterization of Our MCF-7 In Vitro Model System 

In order to test our ion-trapping hypothesis we also 

need to define the cellular model systems in which we will 

be working. Extracellular pH in vitro is easily controlled 

with the addition or removal of highly buffered media. The 

cells themselves regulate intracellular pH but 

intracellular pH still undergoes mild fluxuations as a 

consequence of changing extracellular pH. Both 

extracellular and intracellular pH need to be known in 

order to make predictions about drug partitioning using our 

mathematical ion-trapping model. Moreover, it is essential 

for our drug toxicity studies to know that the conditions 

of our assay do not alter cellular proliferation. This was 

tested with a 24-hour exposure to media (DMEM/F12 10% FBS) 

at a pH of 6.8 or 7.4, followed by 3 days growth at a pH of 

7.1, The low pH treatment did not alter cell density and 

hence proliferation. Figure 3.6 illustrates that the 

proliferative rate of MCF-7 cells, as determined by cell 

number after 3 days following treatment, are unaffected by 

24 hour exposure to media (DMEM/F12 10% FBS) of pH 7.4 or 

pH 6.8 (N=15 per group, P = 0.4772). Figure 3.7 shows the 
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intracellular pH of MCF-7 cells as a fianction of the 

extracellular pH of DMEM 10% FBS media at pH 6.8 or pH 7.4. 

Intracellular pH was measured by the pH dependent 

fluorescence of FITC. This experiment shows that MCF-7 

cells at the extracellular pH 6.8 maintain an intracellular 

pH 7.05. Consistent with the notion of intracellular pH 

being tightly regulated, MCF-7 cells maintain an 

intracellular pH of 7.2 when the extracellular pH of the 

medium (DMEM 10% FBS) is 7.4. With an extracellular pH 

change of 0.6 pH units intracellular pH changes only 0.15 

pH units and the pH gradient is reversed when the 

aforementioned change is made in the extracellular pH. 
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3 

pH 7.4 pH 6.8 

Figure 3.6 MCF-7 Cell Density Following Either Acid or Base 

Exposure 

10,000 MCF-7 cells were plated per well in a 96 well plate. 

Cells were maintained in DMEM 10% FBS pH 7.1 for 24 hours. 

For the second 24 hours, cells are cultured in DMEM 10%FBS 

either at pH 6.8 or pH 7.4. For the subsequent 72 hours 

the cells were cultured in DMEM 10%FBS pH 7.1. At the end 

of this time period the cells were fixed and stained with 

crystal violet and the optical density was measured (N=15 

per group, P = 0.4772) . 
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Figure 3.7 Intracellular pH of MCF-7 Cells as a Function 

of Extracellular pH 

Intracellular pH of MCF-7 cells in vitro as a function of 

extracellular pH as measured by the pH dependent 

fluorescence of intracellular SNARF-1. The pHi values were 

7.05+0.05 and 7.20+0.05 at pHe 6.8 and 7.4 respectively. 
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In Vitro Drug Accumulation 

In the next set of experiments we sought to utilize the 

previously characterized MCF-7 human breast adenocarcinoma 

model system to directly test the ion-trapping hypotheses. 

Our hypotheses predict that mitoxantrone, a weakly basic 

chemotherapeutic drug will, in a media of pH 7.4, achieve 

greater accumulation in MCF-7 cell, compared to a media of 

pH 6.8. All else being equal, this enhanced distribution 

will translate to a higher cytotoxicity. For this work, we 

utilized "C labeled mitoxantrone and "c labeled doxorubicin 

to determine the effect of pHe on their distribution in 

MCF-7 cells. 

For this work, we used the well-characterized MCF-7 

human breast carcinoma cells line. All experiments were 

preformed in 6-well plates where 1 x lo' MCF-7 cells per 

well were plated and grown to confluence. The cells were 

incubated in highly buffered DMEM/F12 10% FBS containing 

either "c labeled mitoxantrone or "C doxorubicin (Amersham) 

for either 60 minutes or 15, 30, 60, 300, and 1440 minutes 

at 37°C in a 5% carbon dioxide atmosphere at pH of 6.8 and 

7.4 respectively. After the incubation, the plates were 

placed on ice and washed, followed by extraction with 0.IN 
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NaOH. Samples were divided and protein content and 

radioactivity were assessed in each aliquot. 

Figure 3.8 represents in vitro MCF-7 intracellular 

accumulation of doxorxibicin following various lengths of 

exposure at either pH 6.8 or pH 7.4. An enhancement in 

doxorubicin accumulation in MCF-7 cells at pH 7.4 compared 

to MCF-7 cells at pH 6.8 is observed, at time points of 300 

and 1440 minutes,. Specifically, following 1440 minutes of 

^""c labeled doxorxibicin exposure, a 1.81 fold enhancement in 

intracellular drug accumulation is observed. These findings 

are statistically significant (p<0.05). Figure 3.9 

illustrates the in vitro mitoxantrone accumulation in MCF-7 

cells following 15,30,60 and 300 minutes exposure at 

extracellular pH values of 6.8 and 7.4. At all time points 

cellular mitoxantrone accumulation was greater at pH 7.4 

vs. 6.8. Specifically, at 1440 minutes the ratio is 2.8:1, 

which is statistically, significant (p <0.01). This 

finding is consistent with ion-trapping in this model 

system. 
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Figure 3.8 In vitro Doxorubicin Accumulation in MCF-7 

Cells. 

In vitro MCF-7 intracellular accumulation of ^''c labeled 

doxoriibicin as a function of time at both pH 6.8 and pH 

7.4. At later time point's doxorubicin accumulation in 

MCF-7 cells is greater at the alkaline pH of 7.4 than at pH 

6 . 8  .  
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Figure 3.9 In Vitro "c Mitoxantrone Accumulation in MCF-7 

Cells. 

In vitro MCF-7 intracellular accumulation of ^''c labeled 

mitoxantrone as a function of time at both pH 6.8 and pH 

7.4. At all time points mitoxantrone accumulation in MCF-7 

cells is greater at the alkaline pH of 7.4 than at pH 6.8. 

Extracellular pH 6.8 
Extracellular pH 7.4 
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In Vitro Drug Accumulation in Resistant Model Systems 

The above experiments investigate "c labeled drug 

accumulation as a function of pH for both mitoxantrone and 

doxorubicin. At this point we wanted to test whether the 

predictive ability of the ion-trapping hypothesis could be 

extended to drug resistant model systems in vitro. For 

this work we investigated drug resistant variants of the 

MCF-7 breast adenocarcinoma model system, the MCF-7/D40 

cell line and the MCF-7/raitox cell line. MCF-7/D40 cells 

are highly (40 fold) resistant to doxorubicin and 

overexpress p-glycoprotein. MCF-7/mitox cells are a variant 

of MCF-7 cells, which are highly (60 fold) resistant to 

mitoxantrone. Both cell lines display substantial cross-

resistence to other chemotherapeutic drugs. 

We sought to characterize the in vitro pH dependent 

drug accumulation for both mitoxantrone and doxorubicin in 

the MCF-7/D40 and MCF-7/mitox in vitro breast 

adenocarcinoma model systems. The hypotheses predict that 

ion-trapping will result in increased mitoxantrone 

accumulation in these cell lines independent of their 

upregulated cellular drug resistance mechanisms at the 
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alkaline pH of 7.4 vs 6.8. The hypotheses also predict 

doxorubicin's behavior in these model systems. 

Figure 3.10 illustrates the in vitro cellular 

accumulation of doxorubicin in MCF-7/D40 cells at 

extracellular pH values of 7.4 and 6.8. Time points of 15, 

30, 60, 300, and 1440 minutes were evaluated. No 

significant effect of pH was observed in these data sets. 

Figure 3.11 illustrates in vitro mitoxantrone accumulation 

in MCF-7/D40 cells following 60 minutes of drug exposure. 

A statistically significant (p<0.05) 1.3-fold enhancement 

in mitoxantrone accumulation is observed at a media 

(DMEM/F12 10% FBS) pH of 7.4 vs. 6.8. Figure 3.12 

illustrates the effect of pH on in vitro doxorubicin 

accumulation in MCF-7/mitox cells. As in the MCF-7/D40 

cells, no significant difference was observed at 15, 3 0 and 

60 minutes of drug exposure. At the five and twenty-four 

hour time points, doxorubicin accumulation was greater in 

the pH 7.4 group, with 1.31-fold and 1.44-fold enhancement, 

respectively. At 24-hours the difference was significant 

(p<0.05) . Figure 3.13 illustrates the in vitro cellular 

accumulation of mitoxantrone in MCF-7/mitox cells, a 

mitoxantrone resistant variant of MCF-7 cells, at five time 

points over a span of twenty-four hours. At all time 
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points, mitoxantrone accumulation in MCF-7/mitox cells is 

greater in cells at pH 7.4 compared to ph 6.8. At the 

twenty-four hour time point mitoxantrone accumulation is 

enhanced 1.29 fold at media pH 7.4 vs. 6.8 (p<0.05). The 

mitoxantrone cellular accumulation results comparing the 

effects of extracellular pH (7.4 to 6,8) in drug resistant 

variants, MCF-7D40 and MCF-7mitox cells, represented in 

figures 3.11 and 3.13 support the hypothesis that our ion-

trapping model, and its implications, can be extended to 

drug resistant human breast adenocarcinoma cell lines. The 

data from doxorxabicin shovm. in figures 3.10 and 3.12 are 

also consistant, in that significant differences were not 

observed observed at early time points. The significance 

of difference at later time points could thus be due to 

effects of pH other than ion trapping. 
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Figure 3.10 In Vitro Doxorxabicin Accumulation in MCF-

7D40 Cells. 

In vitro MCF-7D40 intracellular accumulation of "C labeled 

doxorxibicin as a function of time at both pH 6.8 and pH 

7.4. Doxoriibicin accumulation in MCF-7d40 cells shows no 

differential effect at the alkaline pH of 7.4 verses the 

acidic pH 6.8. 
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Figure 3.11 In Vitro "C Mitoxantrone Accumulation in MCF-

7/D40 Cells. 

In vitro MCF-7/D40 intracellular accumulation of "c labeled 

mitoxantrone was determined immediately following a 60 

minute exposure to the drug at both pH 6.8 and pH 7.4. 

Mitoxantrone accumulation at pH 7.4 was 1.3 fold greater 

than that seen at pH 6.8 in this p-glycoprotein over 

expressing drug resistaint variant (p<0.05) . 
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Figure 3.12 In Vitro Doxorubicin Accumulation in MCF-

7/Mitox Cells. 

In vitro MCF-7/mitox intracellular accumulation of "c 

labeled doxorubicin as a function of time at both pH 6.8 

and pH 7.4. At later time points doxorubicin accumulation 

in MCF-7 cells is greater at the alkaline pH of 7.4 than at 

pH 6.8. 
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Figure 3.13 In. Vitro "c Mitoxantrone Accumulation in MCF-

7Mitox Cells. 

In vitro MCF-7mitox intracellular accumulation of "c 

labeled mitoxantrone as a fxinction of time at both pH 6.8 

and pH 7.4. At all time points mitoxantrone accumulation 

in MCF-7 cells is greater at the alkaline pH of 7.4 than at 

pH 6.8. At 24-hours, p < 0.05. 
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In Vitro Toxicity 

We have examined the relative toxicity for a variety 

of anti-tumor drugs as a function of pH. We want to test 

the predictive ability of the ion-trapping hypothesis and 

the extension of that hypothesis that increased 

intracellular drug accumulation will result in an increase 

in chemotherapeutic drug cytotoxicity to cancer cells 

provided that cytotoxicity is a direct consequence of drug 

accumulation. This was tested with a wide variety of 

chemotherapeutic drugs. 

For this work, we used the well-characterized MCF-7 

human breast carcinoma cells line. All experiments were 

done in 96 well plates with 1 x 10^ MCF-7 cells per well. 

Twenty-four hours after plating, the cells were treated 

with highly buffered complete media at either pH 6.8 or pH 

7.4. Both media contained increasing concentrations of an 

anti-tumor chemotherapeutic. Wells containing no drug at 

all but at different pH were used as plating and media 

controls. All results were adjusted to these controls, 

which were used to represent one hundred percent survival. 

All experiments were reproduced at least 3 times. For each 
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drug, eight parallel experiments were conducted. The 

reported IC50 value is the mean of these eight parallel 

experiments. The Paired Students T-Test was used to 

compare the eight IC50 values obtained for a given drug at 

pH 6.8, to the eight individual IC50 values obtained a given 

drug at pH 7.4. P-values less than 0.05 were considered 

statistically significant. 

An example of these data is given in figure 3.14, 

which illustrates a pH dependent cytotoxicity curve for 

mitoxantrone. In acidic (pH 6.8) media, the survival curve 

is shifted to the right representing mitoxantrone's reduced 

toxicity in acidic medium. We observed a 3.8 fold 

enhancement (table 3.1) in cytotoxicity to the MCF-7 human 

breast adenocarcinoma cell line when treated in alkaline 

media, and this pH dependant difference in cytotoxicity was 

statistically significant {P=0.002). 

Doxorvibicin, also demonstrated enhanced cytotoxicity 

when treatment took place in alkaline medium, although the 

differences were not as great as those observed with 

mitoxantrone. Alkaline media resulted in a 2.7 fold 

enhancement in doxorxibicin's cytotoxicity to MCF-7 cells. 

This closely correlated with the 2.56 fold enhancement of 

the intracellular drug accumulation observed for MCF-7 
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cells at these pH values. Moreover, both of these values 

are very close to the ideal theoretically predicted 

enhancement ratio of 2.4, for doxorubicin, in this model 

system when in alkaline media. Moreover, daiinorubicin, an 

analog of doxorubicin, demonstrated (table 3.1) an 

enhancement of 1.9 fold in alkaline media. Both of these 

observed enhancements were statistically significant ( P= 

0.02 and P< 0.01, respectively). 

Paclitaxel, a lipophilic zwitterion, is used as a 

control. The ion-trapping hypothesis predicts that pH will 

not influence the distribution of this drug. We hypotheses 

that the effect of our intracellular and extracellular pH 

on other factors affecting drug cytotoxicity will be minor 

and, hence, there will be a minimal difference in 

cytotoxicity observed for paclitaxel at these pH values. 

Our results (Table 3.1) show that paclitaxel was 1.6 fold 

more cytotoxic when treatment occurs in alkaline media, yet 

this difference was not statistically significant (p=0.16). 

Chlorambucil is a weak acid for whom numerous reports 

in the literature have shown an enhancement in cytotoxicity 

at acidic pH. This drug served as an ideal weak acid in 

our model system. Although, we are not the first to propose 

that the enhanced cytotoxicity of chlorambucil is due to 
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ion-trapping, no other studies have looked a chlorambucil's 

pH dependent cytotoxicity in our MCF-7 breast 

adenocarcinoma model system. The results of our studies 

(table 3.1) show a 4.2 fold enhancement in chlorambucil's 

in vitro cytotoxicity an acidic pH of 6,8 vs. 7.4, which is 

statistically significant (P=0.015). 

Other weakly acidic chemotherapeutic drugs, such as 

cyclophosphamide and 5-flourouracil where also observed in 

our in vitro model system to have enhanced cytotoxicity at 

low pH to MCF-7 human breast adenocarcinoma cells. 

Cyclophosphamide shows a significant (p=0.02) 4.13 fold 

enhancement in toxicity at the acidic pH of 6.8 vs. 7.4. 

Likewise, 5-flourouracil shows a 2.15 fold enhancement in 

cytotoxicity at the acidic pH of 6.8 vs. 7.4 in our model 

system, which was also statistically significant 

(p=0.0036). The applicability of cyclophosphamide's 

enhanced cytotoxicity in MCF-7 cells at acidic pH to an in 

vivo system is questionable since it is cyclophosphamide's 

active liver metabolite which is considered the principle 

mediator of cyclophosphamide's anti-tumor activity. 

Moreover, the mechanism by which acidic pH enhances 5-

flourouracil's activity is inconclusive in the absence of 

understanding how 5-flourouracil is transported into tumor 
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cells. Nonetheless, all of the weakly acidic 

chemotherapeutic drugs tested, chlorambucil, 

cyclophosphamide, and 5-flourouracil, showed enhanced anti

tumor activity our in vitro MCF-7 breast carcinoma model 

system at the acidic pH of 6.8 vs. 7.4. 

We have investigated the relative toxicity as a 

function of pH for a variety of anti-tumor drugs. To test 

whether the predictive ability of the ion-trapping 

hypothesis could be extended in vitro to drug resistant 

model systems, we investigated cytotoxicity in the MCF-

7/D40 and the MCF-7/mitox cell lines. In these 

experiments, we characterized the in vitro pH dependent 

cytotoxicity of three chemotherapeutic drugs whose pH 

dependent behavior we have extensively characterized, 

doxorubicin, mitoxantrone, and chlorambucil, in the MCF-

7/D40 and MCF-7/mitox in vitro breast adenocarcinoma model 

systems. We predict that the ion-trapping phenomena will 

occur in these cell lines independent of their upregulated 

cellular drug resistance mechanisms, this increase in 

intracellular drug concentration will result in an increase 

in cytotoxicity at the alkaline pH of 7.4 for mitoxantrone 

and doxorubicin, and for the acidic pH of 6.8 for 

chlorambucil. The results are shown in table 3.2. 



146 

In. vitro MCF-7/D40 cells showed a statistically-

significant (p=0.0001) 6 fold increase (table 3.2) in 

doxorubicin mediated cytotoxicity at the alkaline pH of 7.4 

vs. 6.8, In the same in vitro, MCF-7/D40 model system, 

mitoxantrone demonstrated a significant (p=0.0001) 7.85 

fold increase in cytotoxicity at the alkaline pH of 7.4 vs. 

6.8. In contrast to the large gains in cytotoxicity 

observed with doxorubicin and mitoxantrone, Chlorambucil 

showed only a 1.08 fold enhancement in cytotoxicity at the 

acidic pH of 6.8 vs. 7.4. Though chlorambucil's 

enhancement at acidic pH was slight it was statistically 

significant (p=0.0001). 

We then looked at the same drugs in the in vitro MCF-

7/mitox human breast adenocarcinoma model system. In this 

model system, doxorubicin demonstrated a 2.45 fold 

enhancement (table 3.3), which was statistically 

significant (p=0.0003). Mitoxantrone (table 3.3) showed a 

significant (p=0.0003) 8.2 fold enhancement in cytotoxicity 

to MCF-7/mitox cells in vitro at the alkaline pH of 7.4 vs. 

6.8. Chlorambucil demonstrated only a modest 1.62-fold 

enhancement in toxicity to MCF-7/mitox cells at the acidic 

pH of 6.8 verses 7.4, yet this was also significant (p < 

0.01). 
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These three drugs, doxorxibicin, mitoxantrone, and 

chlorambucil, have all demonstrated predictable pH 

dependent behavior in our drug sensitive and both of our 

drug resistant human breast adenocarcinoma model systems ̂  

vitro. 
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Figure 3.14 Mitoxantrone Toxicity to MCF-7 Cells 

MCF-7 breast carcinoma cells were plated at 10,000 cells 

per well on 96 well plates. The cells were cultured in 

DMEM 10%FBS at pH 7.1 for the first 24 hour period. At 

this time the cells were cultured in DMEM 10% FBS at either 

pH 7.4 vs. pH 6.8 both containing increasing concentrations 

of Mitoxantrone for 24 hours. Sxibsequently the cells were 

cultured in DMEM 10% FBS at pH 7.1 for the next 72 hours. 

Cells were fixed and stained with crystal violet and 

relative cell number was determined by the Optical density 

at 590nm. Control cells, which were not treated with 

mitoxantrone, were used to determine 100 percent survival. 
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Table 3.1 

MCF-7 

DRUG DRUG 

TYPE 

PKA ICso ® PH7.4 ICso ® PH6 . 8 T-TEST 

MiCoxantrone W.B 8.3 3 .4X10''' 

±6.3xlO'®M 

1.3x10'® 

±9.4X10"''M 

P=0.002 

Doxorubicin W.B. 8.3 9.6x10"® 

±4 .9x10'^M 

2.6x10"® 

±1.4xl0'®M 

P=0.0281 

Daunorubicin W.B 

G
O

 

1.7x10""' 

±1.4X10"'M 

3 .2x10''' 

±6.1xl0'®M 

P=0.0001 

Paclitaxel Z.r NA 3 .53x10"' 

±1.6x10'® M 

5 .7x10"' 

±2.1X10"' M 

P=0.1649 

Cyclophosphamide W.A. 6.0 6.6x10"'' 

±2.8xlO"'M 

1.6x10"' 

±9 .8xlO'®M 

P=0.0204 

5 -Flourouracil W.A. 7.6 2.8x10"® 

+9.7x10"® M 

1.3x10'® 

±6.9x10"® M 

P=0.0036 

Chlorambucil W.A. 5.8 3 . 4x10"'' 

±4.3xlO"=M 

8 .1x10'® 

±2.13xl0"®M 

P=0.0148 

Table 3.1. Characterization of the ph dependent behavior 

for a number of widely used anti-tumor chemotherapeutic 

drugs. The ICso for each dirug is the median value of the 

ICso when n=8. All of the weak bases shown have enhanced 

cytotoxicity in alkaline (pH 7.4 vs pH 6.8) media. 

Conversely all of the weak acids have enhanced cytotoxicity 
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in the acidic media. Paclitaxel, a zwitter ion, is not 

significantly affected by changing media pH. * W.B. = weak 

base, Z.I. = zwitter ion, W.A. = weak acid. 
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Table 3.2 MCF-7/D40 

DRUG DRUG 

TYPE 

PKA IC50 @ PH 

7.4 

IC50 @ PH 

6.8 

T-TEST 

Doxorubicin W.B. 8.3 1.45x10*^ 

±1.4x10"^ M 

8 .7x10'^ 

±3 . 0x10*'' M 

P<0.0001 

Mitoxantrone W.B. 8.3 1.4x10"^ M 1.1x10'" M PcO.OOOl 

Chlorambucil W.A. 

1 
U1
 

1 
9.84x10'^ M 9.09x10"^ M P<0.0001 

Table 3.2. The pH dependent behavior is shown for three 

anti-tumor chemotherapeutic drugs in the MCF-7/D40, a p-

glycoprotein over expressing multi-drug resistant variant 

of the MCF-7 cell line. The IC50 for each drug is the 

median value of the IC50 when n=8. The weak bases shown have 

enhanced cytotoxicity in alkaline (pH 7.4 vs pH 6.8) media. 

Conversely chlorambucil, a weak acid, has enhanced 

cytotoxicity in acidic media. All data are statistically 

significant (p< 0.01) and illustrate the applicability of 

our model of pH dependent drug behavior in drug resistant 

systems. W.B. = weak base, W.A. = weak acid. 
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Table 3.3 MCF-7/Mitox 

DRUG DRUG 

TYPE 

PKA ICso® PH 

7.4 

IC50 @ PH 

6.8 

T-TEST 

Doxoriibicin W.B 8.3 1.59x10'® M 3.9x10'® M P<0.0003 

Mitoxantrone W.B. 8.3 2.45x10"^ M 2.01x10'" M P<0.0003 

Chlorambucil W.A. 5.8 2 .29x10"^ 

±7.1x10'® M 

1.41x10'^ 

±2.2x10'® M 

P<0.0001 

Table 3.3. Illustrates the characterization of the ph 

dependent behavior for three anti-tumor chemotherapeutic 

drugs in the MCF-7/mitox, multi-drug resistant variant of 

the MCF-7, cell line. The IC50 for each drug is the median 

value of the IC50 when n=8. The weak bases shown have 

enhanced cytotoxicity in alkaline (pH 7.4 vs pH 6.8) media. 

Conversely chlorambucil, a weak acid, has enhanced 

cytotoxicity in acidic media. All data are statistically 

significant (p<0.05) and illustrate the applicability of 

our model of pH dependent drug behavior in yet another drug 

resistant systems. * W.B. = weak base, W.A. = weak acid. 
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Discussion 

In the aforementioned work, we have shown that in a 

highly controlled in vitro breast carcinoma model system, 

anti-tumor chemotherapeutic drug response was largely 

predictable, and behaved consistently with our theoretical 

ion-trapping model. Moreover, the results obtained are 

consistent with other findings in the literature for all of 

the drugs tested. 

Mitoxantrone is a weakly basic anticancer 

chemotherapeutic drug with two ionizable groups with pKa's 

of 8.25. Theoretically, mitoxantrone will be more 

cytotoxic to tumor cells at alkaline pH and this process 

will be mediated by the phenomenon of ion trapping. 

Mitoxantrone is used as a model weak base chemotherapeutic 

drug whose pH dependent behavior should typify other anti

tumor drugs such as daunorubicin, doxorubicin, vincristine, 

and vinblastine. We have shown that mitoxantrone's 

octanol solubility is highly pH dependent and highly 

variable in the physiological range of pH. Additionally, 

it is theoretically predicted that mitoxantrone's 

intracellular drug concentration will be 3.1 fold higher in 
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our alkaline pH model, intracellular pH 7.2 and 

extracellular pH 7.4, as opposed to our acidic pH model 

where the intracellular pH is 7.05 and the extracellular pH 

is 6.8. We have measured the intracellular drug 

accumulation for these two sets of conditions following 

exposure to radiolabeled mitoxantrone for various lengths 

of time up to 24 hours and found that the MCF-7 cells 

maintained at alkaline pH accumulated 2.64 fold greater 

quantity of radiolabeled mitoxantrone compared to cells at 

pH 6.8 (p<0.05) . A significant 1.30 fold enhancement in 

intracellular drug accumulation was observed for the drug 

resistant, p-glycoprotein overexpressing cell line, MCF-

7/D40, at the one-hour time point (p<0.05) . MCF-7/mitox 

cells also exhibited a significant 1.3 0 fold enhancement in 

drug uptake following 24 hours of exposure to mitoxantrone 

(p<0.05). Subsequently, we have shown that this increase 

in intracellular mitoxantrone concentration translates into 

a 3.8, 7.9, 8.2 fold increase in IC50 drug sensitivity in 

MCF-7, MCF-7/D40, and MCF-7/mitox cell lines, respectively. 

All of these observations are highly consistent with 

observations found in the literature. Our in vitro 

observations lead us to conclude that in vivo 

mitoxantrone's anti-tumor activity may be inhibited by the 
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acidic extracellular environment found within tumors. 

Moreover, selective alkalization of a tumor should lead to 

improved anti-tumor activity and an improved therapeutic 

index for mitoxantrone. The increased cytotoxicity 

obseirved for daunorubicin and doxorubicin are consistent 

with our theoretical predictions and the observations 

reported in the literature. Treatment with any of these 

drugs will likely be influenced by tumor pH. Much like 

mitoxantrone, the anti-tumor activity for these drugs maybe 

improved with selective tumor alkalinization. However, in 

the case of doxorubicin, the modest effect of pH on the 

partition coeffient leads us to predict that ion trapping 

is less significant compared to mitoxantrone. Nonetheless, 

the in vitro accumulation and cytotoxicity data do indicate 

that pH affects doxorubicin behavior. The lack of 

significant difference in distribution between earily time 

points would indicate that pH dependent effect on 

doxorubicin are not mediated by ion trapping. 

Chlorambucil, a weakly acidic anti-neoplastic 

chemotherapeutic, was also utilized to test our model which 

predicts that weakly acidic drugs will reach higher 

intracellular concentrations when cells are in an acidic 

medium and that these higher intracellular concentration's 
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will translate into an increased cytotoxicity at acidic pH. 

In our model system, chlorambucil was more cytotoxic at 

acidic pH to MCF-7 cells in vitro, as well as to two drug 

resistant variants of this cell line, the MCF-7/D40 and 

MCF-7/Mitox cell lines. Although significant, the effect of 

pH on chlorambucil toxicity were surprisingly modest. 

These observations were consistent with those found in the 

literature. The pH dependent cytotoxicity of chlorambucil 

has been explored in numerous in vitro and in vivo systems. 

Selective acidification of tumors should enhance 

chlorambucil's anti-tumor activity. Tumor acidification 

has been demonstrated with several different in vivo model 

systems. Glucose can selectively acidify the extracellular 

region found within tumors. This acidification is likely a 

result of aberrant glucose metabolism, which is often found 

within tumor cell lines. If glucose mediated tumor 

acidification is tumor specific, this or similar methods 

may be employed in vivo to enhance chlorambucil's activity. 

The other two weakly acidic chemotherapeutic drugs utilized 

in these studies, 5-flourouracil and cyclophosphamide, each 

have caveats that should be noted. First, in the case of 

5-flourouracil, acidic pH does enhance the antitumor 

activity of the drug. This has been observed in the in 
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vitro cytotoxicity studies and has also been reported in 

the literature. However, it is unclear whether or not 5-

flourouracil undergoes the phenomena of ion trapping. This 

uncertainty is due to conflicting reports regarding the 

mechanism in which 5-flourouracil enters a cell. Active 

transport, facilitative diffusion and passive diffusion 

have all been reported. Ion trapping would only be 

responsible for 5-flourouracil's increased cytotoxicity if 

the drug entered the cell via passive diffusion. None-the-

less, it is of interest to note that 5-flourouracil's 

cytotoxicity is enhanced at acidic extracellular pH. 

Second, in the case of cyclophosphamide, acidic pH does 

enhance the antitumor activity of this drug and it is 

postulated that this is due to ion trapping. The 

observations we have made regarding cyclophophamide do not 

have direct in vivo application because in vivo, the liver 

activates cyclophosphamide and a variety of different 

metabolites which are responsible for cyclophosphamides 

anti-tumor activity. In the model system, we did not 

facilitate ex vivo metabolism because it would not allow us 

to test the hypothesis of ion-trapping. Ex vivo metabolism 

is pH sensitive and this metabolism may results in the 

generation of multiple active metabolic products. Other 
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extracellular pH of 6.5 and compared this to a pH of 7.5. 

Moreover, Tannock added nigericin, an ionophore, to the 

medium and which resulted in equilibration of intracellular 

and extracellular pH. Hence, Tannock achieved a rather 

extreme and non physiological intracellular pH of 6.5 and 

compared the sensitivity of these cells to cell that had a 

rather normal intracellular pH of 7.5. It is of interest 

to note that paclitaxel may be slightly more active in 

alkaline conditions, the magnitude of this enhancement is 

minor and is not statistically significant. Moreover, 

neither this work nor Tannock's work would indicated that 

paclitaxel undergoes ion trapping or is sensitive to 

transplasmalemmlar pH gradients. 

We hypothesized that a change in the extracellular pH 

of tumor cells in culture will result in predictable 

changes in cytotoxicity based on differential ion trapping 

of the drug by the cells. The data presented here are 

consistent with the hypothesis being correct. Moreover, 

these observations are consistent with the literature. 

Based upon the work contained here in, it appears that 

selective tumor alkalinization in vivo is likely to result 

in an enhancement in the antitumor activity of weakly basic 

chemotherapeutic drugs especially those with pH dependent 
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differences in permeability. Likewise, selective 

acidification in vivo is likely to result in the 

enhancement in the antitumor activity of weakly acidic 

chemotherapeutic drugs. 



161 

IV. THE PK2URMAC0KINETIC CONSEQUENCES OF METABOLIC 

ALKALOSIS ENHANCED CHEMOTHERAPY WITHIN IN VIVO BREAST 

CARCINOMA MODEL SYSTEMS. 

Introduction 

Otto Warburg postulated that tumors are acidic because 

of the large amount of lactic acid that they produce 

(Warburg 1956) . Microelectrode measurements siibsequently 

confirmed this hypotheses in both experimental and human 

tumors (Wike-Hooley 1984). More recently, magnetic 

resonance spectroscopic (MRS) techniques have allowed for 

the simultainious non-invasive measurement of both 

intracellular and extracellular pH, Interestingly, this 

technique has shown us that while the extracellular pH of 

tumors is often acidic, the intracellular pH is neutral to 

alkaline (Griffiths 1991, Negendank 1992, Gillies 1994, 

McCoy 1995, Raghunand 1999) . Hence, tumors have an acid-

outside pH gradient across their plasma membranes (Stubbs 

1994; 1999; 2000). These observations have led us to 

investigate the consequences of tumor pH on traditional 

chemotherapeutic drugs. Our in vitro results have 
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indicated that the 'ion trapping' phenomenon will result in 

the exclusion of weakly basic chemotherapeutic drugs from 

tumor cells when the extracellular pH is acidic. Moreover, 

an acidic extracellular pH will enhance the activity of 

weakly acidic chemotherapeutic drugs such as chlorambucil 

via ion-trapping. 

In this chapter, I discuss the development of two in 

vivo model systems for studying tumor pH and its 

chemotherapeutic consequences. Additionally, I develop and 

characterize two in vivo tumor alkalization protocols, both 

acute and chronic, and evaluate their potential for 

enhancing chemotherapy. Additionally, I developed and 

characterized two-tumor acidosis protocols in our in vivo 

model system and evaluated their potential for therapeutic 

exploitation. Once we had developed and characterized our 

model systems, then it became appropiate to test the 

hypotheses that alkalization should enhance the anti-tumor 

therapy of mitoxantrone. We subsequently tested this 

hypothesis and observed that anti-tumor therapy by 

doxorubicin and/or mitoxantrone is enhanced by simultaneous 

alkalization of the tumor. Moreover, this enhancement is 

limited to these weakly basic drugs as alkalization neither 

alters tumor growth rate nor does it enhance the anti-tumor 
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activity of zwitterionic chemotherapeutic drugs like taxol. 

Acute alkalinization resulted in an impressive enhancement 

in mitoxantrone therapy. Often, enhancements in anti-tumor 

activity are accompanied by enhanced toxicity to the host. 

Hence, there would be no net gain in the drugs therapeutic 

index. Lastly, we demonstrated that alkalinization did not 

enhanced the toxicity of mitoxantrone to the host, as 

measured by weight loss, LD50 determination (death), mean 

spleen weight and circulating lymphocyte counts following 

therapy. 

Results 

MCF-7 Timor pH Modulation By Chronic Sodium Bicarbonate Ad 

Libittim in SCID Mice. 

MRS was used to determine whether chronic 200mM 

NaHCOa ad lib. alters the extracellular pH and intracellular 

pH of MCF-7 tumors growing in SCID mice. Four to ten days 

after the replacement of their water supply with a 200 mM 

sodium bicarbonate solution, all mice were subjected to 

spectroscopy. 3-APP was administered two hours prior to 

MRS and was used to determine the extracellular tumor pH. 
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The chemical shift for inorganic phosphate (Pi) was used to 

determine the intracellular pH. The pH independent a-NTP 

peak was used as a chemical shift reference. In figure 4.1 

the tumor pH is plotted as a function of tumor volume. The 

open triangles represent the intracellular pH of the 

control animal, and the filled triangles represent the 

extracellular pH of the control animals. The average pH 

gradient for all control animals measured (n=10) is +0.22 -

+ 0.09 pH units (acid-outside). In sodium bicarbonate 

supplemented animals, the open circles represent the 

intracellular pH and the closed circles the extracellular 

pH. In the bicarbonate supplemented animals, the pH 

gradient across the plasma membrane is reversed. Protons 

are at the higher concentration inside the tumor cells of 

the bicarbonate supplemented mice. The average pH gradient 

for all mice receiving bicarbonate was -0.45 -+ 0.20 pH 

units with the intracellular pH being 7.3 9 -+ 0.12 and the 

extracellular pH being 7.84 -+ 0.13. Consistent with 

previous reports, the extracellular tumor pH became more 

acidic as the tumor size increased, in the untreated 

controls. 
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Figure 4.1 MCF-7 Tumor pH Measured In. Vivo by MRS. 

The intracellular and extracellular pH values of MCF-7 
tumors grown in SCID mice are represented as triangles 
(controls) and circles (200 mM sodium bicarbonate treatment 
group). The intracellular and extracellular pH values were 
measured using MRS as described in the methods. Data 
were collected four to ten days following the commencement 
of bicarbonate therapy. The closed symbols represent the 
extracellular pH as measured with 3-APP, and the open 
symbols represent the intracellular pH as measured with Pi. 
The arrows represent the direction on the intracellular to 
extracellular plasma membrane pH gradient. The solid lines 
represent 4 independent linear regressions of the data 
sets. 
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Acute Modulation of C3H Mammary Carcinoma Tumor pH in 

C3H/Hen Mice With Bicarbonate. 

MR spectra of tumor and control hind leg tissue 

were acquired before and immediately following 

intraperitoneal injection of 0.7 ml, IM NaHCOs to 

anesthetized mice within the magnet. Chemical shifts were 

calibrated against the a-NTP resonance peak that was set to 

-10.05 ppm in all spectra acquired. The extracellular pH 

and the intracellular pH were calculated from the pH 

dependent chemical shifts of 3-APP and inorganic phosphate, 

respectively. Figure 4.2 shows a series of MR spectra 

taken from a C3H mammary carcinoma prior to sodium 

bicarbonate administration and siabsequent to sodium 

bicarbonate administration for up to four hours. These 

spectra illustrate an upward shift in the 3-APP resonance, 

indicating an extracellular alkalization. Additionally, 

the inorganic phosphate resonance peak shifts slightly 

downfield, demonstrating an increase in the intracellular 

pH in the tumor tissue. These spectra also show that the 

observed extracellular alkalization lasts for at least four 

hours. Following sodium bicarbonate administration the 3-



167 

APP resonance peak initially broadened, indicating an 

increase in the extracellular pH heterogeneity of the 

tumor. This effect suggests the presence of compartments 

within the tumor that exhibit different alkalization 

kinetics in response to sodium bicarbonate administration. 

The intensities of the NTP resonance were not significantly 

altered by the sodium bicarbonate administration, which 

indicated that cellular energetics, and cellular viability 

were not altered during the course of the experiment. 

Figures 4.3 through 4.6 are all plots of the intracellular 

pH and the extracellular pH vs. time for a variety of 

different C3H mammary carcinoma tumor sizes. From the data 

presented, extracellular pH became more acidic as the tumor 

size increases (acid-outside). Additionally, the pH 

gradient across the plasma membrane (acid-outside) grows 

larger as tumor size increases. Bicarbonate did not 

significantly alter the pH of the smallest, and non-acidic, 

tumor (figure 4.3) . However, as the tumor volume and 

acidity increased, sodium bicarbonate results in 

significant tumor alkalization (figure 4.4-4.6). 

The hind leg of the C3H/Hen mouse was used as a 

control tissue. For there to be an improvement in drug 

delivery to the tumor we would have to achieve a 
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differential alkalization of the tumor tissue. We 

hypothesized that, as the normal tissue is already alkaline 

i.p. administration of sodium bicarbonate would result in a 

minimal alteration of the pH gradient in normal tissues, 

much like what was observed for the small alkaline tumor 

(figure 4.3) . Figure 8 shows a series of MR spectra 

acquired from the hind leg of a tumor-bearing C3H/hen 

mouse. A shift of the 3-APP peak to lower values is 

visible 45 minutes after the i.p. administration of sodium 

bicarbonate to the mouse, which indicated that the pH 

increased slightly within this tissue. Figure 4.8 is a 

graph of both the intracellular pH and the extracellular pH 

of the hind leg tissue plotted as a function of time 

beginning immediately prior to sodium bicarbonate 

administration and continuing for two hours. From figure 

4.8 we can observe a transcient alkalization of the tissue 

that resulted in a change in the plasma membrane pH 

gradient of approximately 0.1 pH xinits between 45 and 60 

minutes post-bicarbonate treatment. This alteration was 

less than that observed in larger (e.g. 975mm^) C3H mammary 

carcinoma tumors, where the alteration in the plasma 

membrane pH gradient was 0.35 pH units. Also of interest, 

the NTP and phosphocreatine resonance peaks were unaltered 
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thoughout the course of the experiment indicating that the 

normal tissues of this mouse were healthy and viable. 

The first three sets of bars in Figure 4.9 are the 

summary of C3H mammary carcinoma tumors grown in the 

mammary fat pads of C3H/Hen mice as a function of 

increasing tumor size. These data confirm that the 

extracellular pH becomes more acidic as the tumor volume 

increases and that the pH gradient across the plasma 

membrane increases with the tumor volume. The fourth set 

of data demonstrates that gavage administration of 0.7 ml 

of IM sodium bicarbonate is also an effective method for 

the induction of tumor alkalosis in our C3H mouse model 

system. Moreover, gavage administration (figure 4.10) only 

slightly altered the intracellular and extracellular pH of 

hind leg tissue. Figure 4.9 and 4.10 present data 

describing the effect of gavage administration of 0.7 ml of 

IM NH4CI on the intra- and extracellular pH values. Figure 

4.9 shows that gavage administration of NH4CI resulted in a 

decrease in both intra- and extracellular pH values within 

the tumor. Additionally, the pH gradients are increased 

slightly. Figure 4.10 demonstrates that the effect of NH4CI 

administration by gavage resulted in an even more dramatic 

depression in the tumor pH of the hind leg tissue and the 
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creation of a rather substantial pH gradient. Of interest, 

i.p. administration of 0.7 ml x IM NH4CI to an anesthetized 

C3H mouse was always fatal. Figure 4.11 uses the pH data 

obtained in these studies in our theoretical model to 

predict the effect of alkalization on mitoxantrone 

distribution. These analysis show that alkalinization will 

enhance mitoxantrone delivery to C3H tumor, by a factor of 

1.85 compared to hindleg tissue. Conversely, our acidosis 

protocol would reduce the drug delivery of a weakly acidic 

drug like chlorambucil to the tumor hence reducing 

therapeutic efficacy. 
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Figure 4.2 Press MRS of a 975 mm^ C3H Tumor Following 

NaHCOs i.p. Injection. 

^^P PRESS MR spectra of a 975 mm^ C3H tumor where 0.7 ml; IM 
NaHCOs was injected i.p. at t=0. A ^^P MR spectra were 
acquired before and after i.p. administration of NaHCOa. 
Chemical shifts are calibrated against the a-NTP resonance, 
which was set to -10.05 ppm. One hour following sodium 
bicarbonate injection, the extracellular tumor pH is raised 
substantially and remains elevated throughout the duration 
of the study, which lasted four hours. This increase in 
extracellular pH was indicated by the upfield shift of the 
3-APP peak. Additionally, by the end of our study, the 
intracellular pH of the C3H tumors was also elevated as 
indicated by the Pi resonance shifting downfield. 
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Figure 4.3 Tumor pH Measured Following i.p. Administration 
of 0.7 ml X IM NaHCOs at t=0 Minutes to Host Mouse. 

The intracellular and extracellular pH values of this 
small (378mm^) C3H mammary carcinoma tumor are plotted vs. 
time. Intracellular pH is represented by circles and the 
extracullar pH is represented by squares. This tumor was 
not acidic prior to i.p. sodium bicarbonate. Moreover, the 
extracellular pH and the pH gradient across the plasma 
membrane did not change following administration of 0.7 ml, 
IM NaHCOs i.p. at t=0 minutes. 
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Figure 4.4 Tumor pH Measured following i.p Administration 
of 0.7 ml X IM NaHCOs at t=0 Minutes to Host. 

The intracellular and extracellular pH values of this large 
(1332mm^) C3H mammary carcinoma tumor are plotted vs. time. 
Intracellular pH is represented by the circles and the 
extracullar pH is represented by the squares. This tumor 
has an acidic extracellular pH (pH 6.2) prior to the 
intraperitoneal injection of sodium bicarbonate. In this 
tumor, the extracellular pH and the pH gradient across the 
plasma membrane changed dramatically following 
administration of 0.7 ml, IM NaHCOs i.p. at t=0 minutes. 
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Figure 4.5 Tumor pH Measured Following i.p. Administration 
of 0.7 ml X IM NaHCOs at t=0 Minutes to the Tumor Host C3H 
Mouse. 

The intracellular and extracellular pH values of this large 
(1990mm^) C3H mammary carcinoma tumor are plotted vs. time. 
Intracellular pH is represented by the circles and the 
extracellular pH is represented by the squares. This tumor 
had a very acidic extracellular pH (pH 6.15) prior to the 
intraperitoneal injection of sodium bicarbonate while 
maintaining a more neutral intracellular pH. In this 
tumor, much like the previous large tumor (figure 4.4) the 
extracellular pH and the pH gradient across the plasma 
membrane changed dramatically following administration of 
0.7 ml, IM HaHCOs i.p. at t=0 minutes. 
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Figure 4.6 Tumor pH Measured Following i.p. Administration 
of 0.7 ml X IM NaHCOs at t=0 Minutes to Host Mouse. 

The intracellular and extracellular pH values of this 
(975mm^) C3H mammary carcinoma tumor are plotted vs. time. 
Intracellular pH is represented by the circles and the 
extracellular pH is represented by the squares. This tumor 
had an acidic extracellular pH (pH 6.7) and a neutral 
intracellular pH (pH 7.05) prior to the intraperitoneal 
injection of sodium bicarbonate. The extracellular pH 
alkalinized greater than 0.6 pH units and the pH gradient 
across the plasma membrane collapsed from -0.3 5 to 
approximately zero following the administration of 0.7 ml, 
IM NaHCOa i.p. at t=0 minutes. This tumor is approximately 
the size in which we administered chemotherapy. 
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Figure 4.7 PRESS MRS of the Hind Leg in a C3H/hen 
Mouse. 

A series of ^^P MR spectra were obtained from the hind leg 
of a C3H/Hen mouse before and after i.p. administration of 
0.7 ml X IM NaHCOa to the mouse at t=0 minutes. Signal 
intensities of both the 3-APP and inorganic phosphate (Pi) 
peaks were low as compared to spectra obtained from tumors. 
A small shift of the 3-APP peak to the lower ppm values is 
visible beginning at 45 minutes post-injection, this 
indicates an extracellular alkalization of the tissue. A 
small shift in the Pi resonance peak to higher ppm values 
is also visible, indicating alkalinization of the 
intracellular pH. Moreover the intensity of the 
phosphocreatine peak and the NTP peaks did not change 
significantly during the course of the MRS experiment 
indicating the animal was not undergoing physiological 
distress. 
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Figure 4.8 Hind Leg pH Measured Following i.p. 
Administration of 0.7 ml x IM NaHCOs at t=0 Minutes. 

MR spectra were used to measure the intracellular and 
extracellular pH of a C3H mouse's hind leg. The circles 
represent the intracellular pH and the extracellular pH is 
represented by the squares. The intracellular and 
extracellular pH values are approximately the same prior to 
administration of 0.7 ml, IM NaHCOs i.p. injection. 
Following injection. The extracellular and intracellular pH 
becomes more alkaline. The pH gradient across the plasma 
membrane change 1.0 pH units at the two hour time point 
compared to pre-bicarbonate administration levels. 
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Figure 4,9 C3H Tumor pHe and pHi 3 hours post-gavage. 

Average extracellular pH and intracellular pH values {-
+S.D.) from C3H tumors in control mice, and in mice that 
were administered either NaHCOs or NH4CI (0.7 ml x IM) by 
gavage. Tumors from control mice were separated into three 
categories based on size. Although the mean pHe value 
decreases with size, these data was not significant due to 
large scatter at each point. Tumor intracellular pH in 
NaHCOs-treated mice was not significantly different from 
tumor intracellular pH in control animals (p > 0.05 against 
tumors in all three control groups). Tumor extracellular pH 
was significantly higher in NaHCOs-treated mice compared to 
tumors in untreated control mice in the two larger size 
categories (p < 0.05). Tumor extracellular pH in the 
smallest group of control tumors (688-+211 mm^) was not 
significantly different from tumor extracellular pH in 
NaHCOa-treated mice (p=0.06). * Both tumor intracellular pH 
and tumor extracellular pH were significantly lower in 
NH4Cl-treated mice than in control mice regardless of tumor 
size (p < 0.03 in all cases). 
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Figure 4.10 C3H Hind Leg Tissue pHe and pHi 3 Hours Post-
Gavage. 

Average extracellular and intracellular pH values (-+S.D.) 
from normal hind leg tissue in control mice, and in mice 
that were administered either NaHCOa or NH4CI (0.7 ml x IM) 
by gavage. Gavage administration of NaHCOs did not result 
in significant changes in either the extracellular pH 
(p=0.5) or the intracellular pH (p=0.17). Gavage 
administration of NH4CI resulted in a significant drop in 
the extracellular pH (p=0.003) as well as the intracellular 
pH (p=0.04) of the hind leg tissue in treated mice as 
compared to control mice. 
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Figure 4.11 Relative Change in Drug Partitioning Ratio Due 
to Manipulation of pH. 

Theoretically calculated tissue-drug partition ratios for 
alkalosis combined with mitoxantrone therapy and 
chlorambucil therapy. NaHCOs-induced alkalization of the 
host animal is predicted to result in a 2.2 fold 
enhancement of the uptake of mitoxantrone by the tumor 
tissue compared to the tumor tissue in the non-alkalinized 
host, while there is only a 1.2 fold increase in the uptake 
of drug into normal tissue in the NaHCOs-treated animal as 
compared untreated. Thus, the chemotherapeutic index of 
the weak base drug can be potentially be increased 1.85 
fold by concomitant NaHCOs-treatment of the host animal. 
However, NH4Cl-induced acidosis of the host animal is not 
tumor-specific, and will result in a 2-fold increase in 
uptake of chlorambucil into normal tissue while increasing 
uptake of chlorambucil only 1.2-fold into the tumor tissue. 
Hence, the chemotherapeutic index of chlorambucil is 
predicted to be reduced by co-treatment with NH4CI. 
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The Effect Of Chronic 200 siM Ad Libitxun Sodium Bicarbonate 

Administration on MCF-7 Tumor Growth in SCID Mice. 

In this study we set out to determine whether the 

chronic bicarbonate administration would result in an 

altered tumor growth rate. It had been determined 

previously that SCID mice tolerate bicarbonate 

concentrations in their water up to 225 mM without any 

weight loss or other ill effects. In order to answer this 

question, we used our SCID mouse/ MCF-7 breast carcinoma 

model system. One million MCF-7 tumor cells suspended in 

Matrigel were injected into the mammary fat pad of 6-8 week 

old SCID mice. When the range of tumor sizes was between 

50 and 200 mm^ the mice were randomized and placed into two 

groups of eight. One group was place on bicarbonate from 

day 1 to day 15 at which time normal drinking water was 

restored. Tumors were measured with calipers and tumor 

volume calculated as the length squared multiplied by one 

half the width (or V=L^ x 1/2W) . Figure 4.12 shows a plot 

of the mean tumor volume for each group plotted vs. time in 
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days. The rate of tumor growth between days 9 and 15 was 

determined by linear regression of the tumors and expressed 

as a fraction of the surviving mice per day individual 

tumor. The tumor growth rate per day in the sodium 

bicarbonate group was 0.215+0.2 vs. the control, plain 

water group, whose growth rate was 0.205±0.15. The 

student T-test was used to compare the two groups and they 

were not significantly different (p > 0.5). 
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Figure 4.12 MCF-7 Tumor Growth In Vivo 

The in vivo effect of chronic alkalization on tumor growth. 
A.) When the MCF-7 tumors, grown in the mammary fat pad of 
6 week old SCID mice, reached an average volume of 50 to 
200 mm^ the animals were forcible randomized into two 
groups. At this time, one of the cohorts, represented by 
the squares, (n=8 per group) had 200 mM NaHCOs substituted 
for their normal water supply from days 1 through day 15. 
Tumor size was monitored by caliper measurement and volume 
was calculated as length^ x 1/2 width. B) The rate of 
increase in tumor size was determined between days 9 and 15 
for each animal by linear regression and expresses as a 
fraction of the surviving mice per day individual tumor. 
Comparison between the two groups showed them to not be 
significantly different (p > 0.5). 
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The Effect Of Acute Tumor Alkalizatlon, Via Intraperitoneal 

Injection of 0.7 ml of a IM N2aiC03, on the Growth Rate of 

C3H Mammary Carcinoma in C3H/Hen Mice. 

With this study we investigated the effect of acute 

alkalization on C3H mammary carcinoma tumor growth rate in 

C3H/Hen mice. Our acute alkalization protocol is defined 

as a 0.7 ml intraperitoneal injection of IM sodium 

bicarbonate two hours prior to I.V, administration of a 

weakly basic chemotherapeutic drug. We had previously 

shown that this protocol induces a significant alkalization 

of the extracellular environment and a reduction in the 

hydrogen ion gradient across the plasma membrane of tumor 

cells in large (975mm^ and greater, Figures 4.3-4.5) C3H 

mammary carcinomas, in C3H/Hen mice. In these experiments, 

two groups of C3H/Hen mice were used and were inoculated 

with C3H mammary carcinoma tumors by inserting a tumor 

fragment into the mammary fat pad of the C3H mice with a 

trocar. When the mean tumor volume reached 100 ram^,the mice 

were then randomized into two groups (n=4 per group). In 
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Figure 4.13 this corresponds to day 1. On day 3, the 

treatment group of mice were given a 0.7 ml x IM i.p. 

injection of NaHCOa and denied access to water for two 

hours, while the control group received 0.7 ml saline i.p. 

injection and denied access to water for 2 hours. In 

Figure 4.13, tumor volumes are plotted as a function of 

time in days. The open circles represent the mean tumor 

volume of the saline-treated mice and the closed circles 

represent the mean tumor volume for the sodium bicarbonate-

treated mice. Figure 4.13 shows that acute tumor 

alkalization, via 0.7 ml x IM i.p. injection of sodium 

bicarbonate, did not affect the growth rate compared to the 

saline treated controls. 
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Figure 4.13 C3H/Hen. Mouse with C3H Mammary Carcinoma Tumor 
Growth Rate with and without 0.7 ml x IM NaHCOa 
i.p. Injection. 

C3H mammary carcinoma tumor growth in C3H/Hen mice was 
unaffected by intraperitoneal injection of 0.7 ml x IM 
NaHCOs on day 3 (n=4 per group) . The closed circles 
represent the NaHCOa treated tumors where as the open 
circles represent untreated controls. 
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The Effect Of Chronic Metabolic Alkalosis On Doxoriibicin's 

Anti-Tiunor Activity In The MCF-7 Human Mammary Carcinoma In 

Vivo Model System. 

In order to evaluate the effect of chronic metabolic 

alkalosis on doxoriibicin's antitumor activity we used the 

previously characterized MCF-7 tumor-SCID mouse model 

system. Chronic metabolic alkalosis was attained by 

administration of 2 00 mM NaHCOs ab. libitum. The effect of 

this protocol on tumor pH is characterized by figure 4.1. 

MCF-7 tumors were grown in SCID mice to volumes of 50 

to 200 mm^ and then the mice were randomized into four 

cohorts. Two of the cohorts (A, C) had 200 mM NaHCOs 

substituted for their normal water supply from days 1 

through day 15. Tumor growth size was monitored by 

calipers measurement and volume was calculated as length^ x 

1/2 width. On days 1,5,and 9 two groups (A, B) received 

2.0 mg/kg doxorubicin i.p. injections while the other two 

groups (C, D) received i.p. saline injections. 

Figure 4.14 shows that tumor growth rate is unaffected 

by the chronic alkalosis protocol (compare groups C and D). 

Moreover, the comparision between doxorubicin groups (A and 

B) and the saline treated groups (C and D) illustrate that 
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Figure 4.14 Effect of Alkalinization on Doxorubicin 
Treatment of MCF-7 Tumors In Vivo. 

MCF-7 tumors were grown in SCID mice to volumes of 50 to 
200 mm^ and then the mice were randomized into four cohorts. 
Two of the cohorts had 200 mM NaHCOa substituted for their 
normal water supply from days 1 through day 15. Tumor 
growth size was monitored by calipers measurement and 
volume was calculated as length^ x 1/2 width. On days 
1,5,and 9 two groups received 2.0 mg/kg doxorubicin i.p. 
injections while the other two groups received i.p. saline 
inj ections. 
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Figure 4.15 Effect of Doxorubicin With or Without 
Bicarbonate on MCF-7 Tumor Growth Rates. 

The rate of increase in tumor size was determined between 
days 9 and 15 for each animal shown in figure 4.14 by 
linear regression and expressed as per day rate of volume 
increase. The graph represents the mean -+ standard 
deviation of these data sets binned by cohort. The mice 
treated with saline injections showed no significant 
difference in growth rates whether on 200 mM bicarbonate 
water or plain water(n=16). The mice in the doxorubicin 
treatment groups received 2.0 mg/kg x 3 or 1.6 mg/kg x 3, 
i.p injection depending on their cohort. In both cases, 
the rate of tumor growth was significantly lower (p < 0.03) 
in the bicarbonate augmented mice compared to controls. 
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Figure 4.16 Effect of Doxorubicin With or Without 
Bicarbonate on MCF-7 Tumor Growth. 

From individual tumor growth curves, the percent of the 
total tumors in a cohort greater than 1000 mm^ are plotted 
as a function of time beginning at the time in which 
doxorubicin therapy commenced (day 1). The four groups 
represented are a) normal drinking water control b) chronic 
200mM NaHCOs c) 1.6 mg/kg doxorubicin administered i.p. on 
days 1,5,9 d) chronic 200mM NaHC03 + 1.6 mg/kg doxorubicin 
administered i.p. on days 1,5,9. 
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Acute Alkalization with Bicarbonate Enhances Mitoxantrone's 

Anti-Tumor Activity in C3H Masanary Carcinoma In Vivo 

Sixteen C3H/Heii female mice were inoculated with C3H 

mammary carcinoma by insertion of a tumor fragment into the 

mammary fat pad. Mice were subsequently randomized and 

divided into four treatment groups (n=4 per group). The 

four treatment groups were; 1) 0,7 ml i.p. saline injection 

followed two hours later by a 0.2ml 12 mg/kg i.v. injection 

of mitoxantrone, 2) 0.7 ml i.p. NaHCOs injection followed 

two hours later by 0.2 ml 12 mg/kg i.v injection of 

mitoxantrone, 3) 0.7 ml i.p. saline injection followed two 

hours later by 0.2 ml 6 mg/kg injection of mitoxantrone 

then repeated 7 days later, 4) 0.7 ml i.p. injection of 

NaHCOs followed two hours later by 0.2 ml 6mg/kg i.v. 

injection of mitoxantrone, then repeated 7 days later. It 

should be noted that randomization of the mice was done 

early in the tumor growth curve and the mean tumor volumes 

were not ecjuivalent at the time of treatment. 

Figure 4.17 shows the mean tumor volume over time for 

the two single dose (12mg/kg) mitoxantrone groups. The 

open circles represent the mean C3H mammary carcinoma tumor 

volume (n=4) of the C3H/Hen mice, which on day 0 received 
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0.2 ml 12 mg/kg of mitoxantrone by i.v. injection. The 

closed circles represent the mean C3H mammary carcinoma 

tumor volume of C3H/Hen mice that on day 0 received 0.7 ml 

X IM sodium bicarbonate i.p. injection two hours prior to 

receiving 0.2 ml 12 mg/kg of mitoxantrone by i.v. 

injection. The average tumor growth delay for the 

mitoxantrone + saline group was 9 days and the average 

tumor growth delay for the mitoxantrone + sodium 

bicarbonate group was 16 days (see also figure 4.19). 

Figure 4.18 compares tumor volumes in the C3H mice 

that received mitoxantrone in two fractionated dosages 

(6mg/kg each). The open circles represent the mean C3H 

mammary carcinoma tumor volume (n=4) of the C3H/Hen mice 

that received 0.2 ml 6 mg/kg of mitoxantrone by i.v. 

injection, on days 0 and 7. The closed circles represent 

the mean C3H mammary carcinoma tumor volume of C3H/Hen mice 

that received 0.7 ml x IM sodium bicarbonate i.p. injection 

two hours prior to receiving 0.2 ml 6 mg/kg dosage of 

mitoxantrone by i.v. injection on days 0 and 7. The 

average tumor growth delay for the mitoxantrone + saline 

group was 10 days vs. the average tumor growth delay for 

the mitoxantrone + sodium bicarbonate group was 16 days. 

Figure 4.19 shows that pretreatment with sodium bicarbonate 
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potentiates mitoxantrone's anti-tumor activity in our 

C3H/Hen mouse C3H mammary carcinoma model system. Note 

that in figure 4.18 the mean tumor volume for the 

mitoxantrone + bicarbonate group was larger than that for 

the saline + mitoxantrone group prior to treatment. 

Following therapy, the mice that received mitoxantrone + 

bicarbonate had a smaller mean tumor volume than the mice 

which received saline + mitoxantrone. Figure 4.19 also 

shows that fractionating the mitoxantrone dose had little 

effect on the anti-tumor activity of mitoxantrone. Hence, 

these data can be combined, yielding an overall tumor 

growth delay of 9 days for the mitoxantrone alone and 16 

days for motoxantrone with bicarbonate. The log cell kill 

can be calculated for each tumor by method described by 

Corbett (Corbett 1982). These data show that the log cell 

kill was 0.9 for mitoxantrone and 1.56 for mitoxantrone 

with bicarbonate pretreatment. 

Figure 4.20 depicts a modified Kaplan-Meier plot. In 

this figure, the percent of tumors greater than IBOOmm^ are 

used as a surrogate end point. It should be noted that the 

mean tumor volume of the two groups at the time of 

treatment was different. The saline + mitoxantrone group 

had an average tumor volume of 1100 mm^ whereas the average 
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tumor volume for the sodium bicarbonate + mitoxantrone 

group was ISOOmm^ at the time of treatment. Nevertheless, 

the bicarbonate + mitoxantrone groups had a lower 

percentage of C3H/hen mice with tumors greater than ISOOmm^ 

at all times, compared to the mitoxantrone + saline group. 
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Figure 4.17 C3H Mammary Carcinoma Tumor Volume versus Time 
in Days Following Mitoxantrone Treatment with and without 
Bicarbonate Pretreatment. 

Growth curves for C3H tumors in C3H/Hen mice treated with 
12 mg/kg mitoxantrone or .07 ml x IM NaHCOa +12 mg/kg 
mitoxantrone. Each plot in the panel represents the mean 
tumor volume for each group (n=4) . NaHCOa treatment alone 
was found not to alter tumor growth rate (figure 4.13 -
4.15). Treatment with mitoxantrone alone resulted in a 9 
day tumor growth delay whereas pretreatment with 
bicarbonate followed by mitoxantrone treatment resulted in 
a 16 day tumor growth delay. Pretreatment with bicarbonate 
increased the logio cell kill from 0.9 to 1.56, which 
corresponds to a 4.5 fold greater cell kill. 
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Figure 4.18 C3H/hen Mice with C3H Mammary Tumors Growth 
Rate Following 6 mg/kg x 2 Mitoxantrone i.v. 

Growth curves for C3H tumors in C3H/Hen mice treated with 
mitoxantrone (6 mg/kg x 2 on days 0 and 6) or Bicarbonate + 
mitoxantrone (.07 ml x IM NaHCOs + 6 mg/kg x 2, on days 0 
and 6). Each plot represents the mean tumor volume for 
each group (n=4). NaHCOs treatment alone was found not to 
alter tumor growth rate (figures 4.13 - 4.15). Treatment 
with mitoxantrone alone resulted in a 10 day tumor growth 
delay whereas pretreatment with bicarbonate followed by 
mitoxantrone treatment resulted in a 16 day tumor growth 
delay. Pretreatment with bicarbonate increased the logio 
cell kill from 0.9 to 1.56, which corresponds to a 4.5 fold 
greater cell kill. 
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Figure 4.19 Mean Tumor Growth Delay for C3H/hen Mice with 
C3H Mammary Carcinoma Following Mitoxantrone Treatment with 
and without Sodium Bicarbonate. 

Plot of the mean tumor growth delay for single dose (12 
mg/kg) mitoxantrone with and without bicarbonate and 
Fractionated doses (6 mg/kg x 2) mitoxantrone with and 
without bicarbonate. Dose fractionation has little effect 
of tumor growth delay whereas pretreatment with NaHCOs 
results in a dramatic alteration in the mean tumor growth 
delay. 
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Figure 4.20 C3H Mammary Carcinoma Following Mitoxantrone 
Treatment. 

From individual tumor growth curves the percent of the 
total tumors in a cohort (n=4 each) greater than 1800 mm^ 
are plotted as a function of time beginning with the first 
administration of mitoxantrone. The open circles represent 
C3H/Hen mice bearing C3H mammary carcinoma tumors that had 
a average volume of 1100 mm3 at the onset of their 
treatment which consist of 6mg/kg mitoxantrone administered 
on days 0 and 6. The closed circles represent C3H/Hen mice 
bearing C3H mammary carcinoma tumors which had a average 
volume of 1500 mm^ at the onset of their treatment which 
consist of 0.7 ml X IM NaHCOa 2hours prior to 6mg/kg 
mitoxantrone administration on days 0 and 6. 
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The E££ect Of Acute Tumor Alkalization (i.p. NaHCOa) , on 

Dose Limiting Toxicity To The Host C3H/Hen Mice. 

Seven-to-eight week old non-tumor bearing C3H/hen mice 

housed in microisolator cages were randomized to one of 

twelve experimental groups {n=5 per group). Half of the 

twelve groups received an i.p, injection of 0.7 ml x IM 

NaHCOs two hours prior to mitoxantrone injection. Mice were 

divided into 6 dosage groups that received a 0.2 ml I.V. 

injection of 14 mg/kg, 16 mg/kg, 19 mg/kg, 24 mg/kg, 29 

mg/kg, or 34 mg/kg mitoxantrone, with or without sodium 

bicarbonate. All mice were weighed for the 3 0 day duration 

of the study. Figure 4.21 shows the percent survival for 

each group of mice per day for 30 days for all twelve 

groups. Figure 4.22 shows the 30 day survival from the 

initial drug treatment. Figure 4.23 shows the percent 

survival per group for the dosages that either approached 

lethality or resulted in lethality at the end of 3 0 days. 

Survival analysis was done by performing an independent 

linear regression of the bicarbonate + mitoxantrone data 

set and the mitoxantrone with no pretreatment data set. 

With this analysis the LD50 (lethal dose to 50% of C3H/hen 

mice treated) dosage was determined to be 27.3 mg/kg for 
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mitoxantrone proceeded by bicarbonate, and 28.4 tng/kg for 

mitoxantrone without bicarbonate pretreatment. 

Weight loss was also used to assess whether 

mitoxantrone's toxicity to the host animal, specifically 

C3H/hen mice, is potentiated by sodium bicarbonate 

pretreatment. Figure 4.24 shows the average percent body 

weight change, per mouse, per group, over the first 10 days 

following therapy. During the 10 days following treatment 

all groups continued to lose weight for the duration of the 

experiment. The rate of weight loss varied as a function 

of dosage. The extent to which sodium bicarbonate 

pretreatment potentiates mitoxantrone toxicity as measured 

by the rate of weight loss appears to be very slight and 

consistent with the data presented in Figures 4.21, 4.22, 

4.23, showing no effect of bicarbonate on the LD50 of 

mitoxantrone. 

In the absence of bone marrow transplantation 

myelosuppression is the dose-limiting acute toxicity for 

mitoxantrone therapy. Spleen weight is a measure of 

myelosupression. Figure 4.25 shows the spleen median 

weights of 4 groups of C3H/hen mice 8 days following 

administration of either; 0.7 ml i.p. IM NaHCOa, 0-7 ml 

i.p. IM NaHCOa followed 2 hours later by 12 mg/kg i.v. 
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mitoxantrone, 12 mg/kg i.v. mitoxantrone without NaHCOa , 

or 20 mg/kg i.v. mitoxantrone. These data indicate that 

there is no significant difference between the 12 mg/kg 

groups with or without NaHCOs pretreatment. There is a 

significant difference between the 20 mg/kg mitoxantrone 

group and both of the 12 mg/kg mitoxantrone groups (p < 

0.05) . 

Figure 4.26 compares the circulating lymphocyte counts 

in C3H/hen mice 8 days following treatment with either; 

0.7 ml i.p. IM NaHCOa, 0.7 ml i.p. IM NaHCOs followed 2 

hours later by 12 mg/kg i.v. mitoxantrone, 12 mg/kg i.v. 

mitoxantrone without NaHCOa , or 20 mg/kg i.v. mitoxantrone. 

Circulating lymphocytes are an indication of toxicity to 

the immune system. Bicarbonate alone caused a significant 

increase in the number of circulation lymphocytes. This 

increase is likely the result of normal hematological 

development in 6-week-old juvenile mice. The data 

indicates that NaHC03 pretreatment does not increase 

immunosuppression by mitoxantrone. 
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Figure 4.21 C3H/hen. Mouse Survival. 

Survival of C3H/Hen mice treated with increasing 
concentrations of mitoxantrone at 14 mg/kg, 16 mg/kg, 19 
mg/kg, 24 mg/kg, 29 mg/kg, 34 mg/kg, with and without NaHCOs 
(0.7 ml X IM i.p. 2 hours prior to drug administration). A 
single dose of mitoxantrone was administered on day 1 and 
the percent of mice alive in each group (n=5 for each 
group) is plotted against time in days. 
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Figure 4.22 30 Day C3H/hen Mouse Survival treated with 
mitoxantrone ± bicarbonate. 

3 0-day survival of C3H/Hen mice administered increasing 
concentrations of mitoxantrone (14 mg/kg, 16 mg/kg, 19 
mg/kg, 24 mg/kg, 29 mg/kg, 34 mg/kg) with and without NaHCOs 
(0.7 ml x IM i.p. 2 hours prior to drug administration) . A 
single dose of mitoxantrone was administered on day 1 and 
the percent of mice alive after 30 days is plotted for each 
group (n=5 for each group). 
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Figure 4.24 Change in Body Weight for C3H/hen Mice 
Following Either Mitoxantrone or Mitoxantrone + 
Bicarbonate, 

The rate of weight loss is plotted as a function of 
mitoxantrone dosage. The weight loss of C3H/Hen mice 
following administration of a single dosage of mitoxantrone 
(14 mg/kg, 16 mg/kg, 19 mg/kg, 24 mg/kg, 29 mg/kg, 34 
mg/kg) with and without NaHCO^ (0.7 ml x IM, i.p. 2 hours 
prior to drug administration). The mean weight 
loss/mouse/day over the first ten days is plotted against 
drug concentration (n=5 for each group). 
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Figure 4.25 Median Spleen Weights 8 Days Post Treatment 

The median spleen weights of C3H/hen mice 8 days following 
administration of either 0.7 ml i.p. IM NaHCOs, 0.7 ml i.p. 
IM NaHCOa followed 2 hours later by 12 mg/kg i.v. 
mitoxantrone, 12 mg/kg i.v. mitoxantrone without NaHCOs , 
or 20 mg/kg i.v. mitoxantrone. This data indicated that 
NaHCOs pretreatment does not result in greater 
myelosupression. 
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Figure 4.26 Median Lymphocyte Count 8 Days Post Treatment 

The median lymphocyte count of C3H/hen mice 8 days 
following administration of either 0.7 ml i.p. IM NaHCOs, 
0.7 ml i.p. IM NaHCOj followed 2 hours later by 12 mg/kg 
1.v. mitoxantrone, 12 mg/kg i.v. mitoxantrone without 
NaHCOs , or 20 mg/kg i.v. mitoxantrone. This data indicated 
that NaHCOs pretreatment does not result in greater immune 
supression. 
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The Effect Of Acute Tumor Alkalinization Via 

Intraperitoneal Injection Of 0.7 ml Of IM NaHCOa, On The 

Anti-T\unor-Activity Of Taucol In C3H/hen Mice. 

C3H/Hen mice, housed in microisolator cages, were 

inoculated with C3H mammary carcinoma by insertion of a 

tumor fragment into the mammary fat pad on day 1 of the 

experiment. On day 17, the mice were randomized into one 

of three experimental groups so as to make the average 

tumor volume per group equivalent. On day 17, mice either 

received one of three treatment protocols; 0.7 ml x IM 

NaHCOs i.p. two hours prior to 0.2 ml 60mg/kg paclitaxel 

i.v. injection, or 0.7 ml saline i.p. injection two hours 

prior to 0.2 ml 60 mg/kg pacletaxel i.v. injection, or 0.7 

ml saline i.p. injection two hours prior to 0.2 ml saline 

i.v. injection. Figure 4.27 shows the average tumor volume 

per group versus time in days. Closed circles represent 

the saline control group, open circles represent the sodium 

bicarbonate + paclitaxel group, and the closed triangles 

represent the saline + paclitaxel group. A significant 

effect of bicarbonate on taxol-induced delays in tumor 

growth was not observed. 
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The above study was then modified so as to achieve low 

toxicity and a greater tumor growth delay with increased 

statistical power. In these experiments, 24 C3H/Hen mice 

were housed in raicroisolator cages and were inoculated with 

C3H mammary carcinoma by inserting a C3H mammary carcinoma 

tumor fragment into the mammary fat pad. On day 19, the 

mice were randomized to one of three experimental groups 

whose average tumor volumes were similar. The treatment 

groups were as follows; 0.7 ml i.p. saline injection 

followed by a 0.2 ml saline i.v. injection administered on 

days 19 and 21, 0.7 ml i.p. saline injection followed two 

hours later by a 0.2 ml 45 mg/kg paclitaxel i.v. injection 

administered on days 19 and 21, and lastly a 0.7 ml NaHCOa 

i.p. injection followed two hours later by a 45 mg/kg 

paclitaxel i.v. injection administered on days 19 and 21. 

Figure 4.28 shows the group mean tumor volume verses time 

in days. Closed circles represent the saline control 

group, closed triangles represent the sodium bicarbonate + 

paclitaxel group and the open circles represent the saline 

+ taxol group. These data show no clear difference between 

the paclitaxel group and the sodium bicarbonate-paclitaxel 

group. 
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Figure 4.2 9 shows the tumor growth delay for each 

experimental group in both of the aforementioned paclitaxel 

studies. Each individual C3H/Hen mouse's tumor growth 

delay was assessed. The mean tumor growth delay per group 

was determined by averaging the individual tumor growth 

delays of each mouse for its respective group. The tumor 

growth delay values arrived at for the 60 mg/kg single dose 

taxol experiment were; 0 days mean tumor growth delay for 

the saline group, 3.0 days mean tumor growth delay for the 

taxol + sodium bicarbonate group, and 3.2 days mean tumor 

growth delay for the taxol + saline group. For the 

fractionated 45 mg/kg paclitaxel dose study the mean tumor 

growth delays per group were; 1 day for the saline group, 

8.0 days of the paclitaxel + saline group, and 8.1 days for 

the sodium bicarbonate + paclitaxel group. The individual 

variation in response to therapy within each of the taxol 

containing groups was great. No significant difference 

between groups was readily observable (p>0.5). 

Figure 4.3 0 is a modified Kaplan-Meier survival plot 

of the data generated in the fractionated paclitaxel dose 

study where a tumor size of 1800 mm^ was used as a surrogate 

end point instead of actual animal death. The closed 

circles represent the saline group, the closed triangles 
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represent the taxol + sodium bicarbonate group and the 

closed circles represent the taxol + saline group, and all 

groups are as described above. From these data, it is also 

clear that taxol has anti-tumor activity but it is not 

possible to distinguish between the taxol + saline group 

vs. the taxol + sodium bicarbonate group. 
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Figure 4.27 Taxol Treatment (60 mg/ kg i.v.) with and 
without Bicarbonate Pretreatment in C3H/hen Mice with C3H 
Mammary Carcinoma. 

Tumor volume is plotted against time in days for C3H/Hen 
mice bearing C3H mammary carcinoma inplanted in the mammary 
fat pad at day 1. Tumors were randomized on day 17 
immediately prior to treatment with either a 0.7 ml x IM, 
i.p. NaHCOs followed two hours later by intravenous 
injection of 60 mg/kg taxol or a 0.7 ml i.p. injection of 
saline followed two hours later by intravenous injection of 
60 mg/kg taxol. Tumor were measured by calapers and volume 
was calculated as length^ x 1/2 width. 
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Figure 4.28 Taxol Treatment (45 rag/kg x 2) with and 
without Bicarbonate Pretreatraent in C3H/hen Mice with C3H 
Mammary Carcinoma. 

Tumor volume is plotted against time in days for C3H/Hen 
mice bearing C3H mammary carcinoma implanted in the mammary 
fat pad at day 1. Tumors were randomized on day 19 and 21 
mice were treated with either 0.7 ml x IM, i.p. NaHCOa 
followed two hours later by intravenous injection of 45 
mg/kg taxol or a 0.7 ml i.p. injection of saline followed 
two hours later by intravenous injection of 45 mg/kg taxol. 
Tumor were measured by calapers and volume was calculated 
as length^ x 1/2 width. 
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Figure 4.29 C3H Mammary Tumor Growth Delay Following Taxol 
1.v. Treatment with and without Bicarbonate Pretreatment. 

Mean tumor growth delay was calculated by averaging the 
time until tumor regrowth occurred for each individual 
animal in the studies described if figure 26 and 27, 
Bicarbonate pretrement appears to not be afecting the the 
tumor growth delay caused by either a single dose of taxol 
(60 mg/kg, i.v.) or a factionated dose of taxol (45 mg/kg x 
2, i.v.). 
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Figure 4.30 C3H/hen. Mice with Tumor Volume < 1800 mm^ 
Following Treatment with Taxol (45 mg/kg x 2) with or 
without Bicarbonate Pretreatment. 

From individual tumor volumes, the percent of the total 
tumors in a cohort (n=8 each group) less than 1800 mm^ and 
alive are plotted vs. time beginning with the implantation 
of the C3H mammary carcinoma tumors into the mammary fat 
pad on day 1. The open circles represent C3H/Hen mice that 
received 0.7 ml x IM, i.p. injection of NaHCOa two hours 
prior to 45 mg/kg i.v. injection on days 19 and 21. The 
closed triangles represent C3H/Hen mice that received 45 
mg/kg i.v. injection of taxol on days 19 and 21. The 
closed circles represent mice that received saline 
injections in place of sodium bicarbonate and taxol. 
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Discussion 

These data indicate that we are able to raise the 

extracellular pH in our in vivo experimental mammary 

carcinoma model systems. In doing so, we are able to 

collapse and sometimes reverse the pH gradient across the 

plasma membrane of the cells in tumors. This change in the 

pH gradient across the plasma membrane is much more 

dramatic than that which occurs in normal control tissues 

such as the mouse hind leg. Hence, we predict that these 

NaHCOs based alkalization protocols will result in the 

enhancement of anti-tumor activity for weakly basic 

chemotherapeutic drugs, while not enhancing the toxicity to 

the host. There was no effect on bicarbonate in the LD50 of 

mitoxantrone in non-tumor-bearing mice, indicating that the 

effects of bicarbonate did not include normal tissues. 

In our attempts to induce tumor acidosis we evaluated 

both glucose and NH4CI, Glucose failed to acidify the 

tumor. This has been reported before, and it is likely 

that this phenomena is cell line dependent. NH4CI, on the 

other hand, did produce a significant intra- and 

extracellular acidification in C3H tumors. In the case of 

NH4CI, the acidification that occurred in control tissues 

(thigh muscle) , were greater than that which was seen in 
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the tumor. Theoretical modeling of this system predicts a 

net loss in the anti-tumor activity for a weakly acidic 

chemotherapeutic drugs, like chlorambucil, with this 

regimen. Hence, no further work was performed looking at 

tumor acidosis as a means to enhance weakly acidic 

chemotherapeutics. Instead the remainder of our work 

focused on our very promising alkalosis protocols as 

modulators chemotherapy. 

Our alkalization protocols with bicarbonate do not of 

and by themselves alter tumor growth rates in vivo. 

Subsequently, we demonstrated that doxorubicin apparently 

has an enhanced anti-tumor activity in vivo when the animal 

is chronically alkalinized via the substitution of 200mM 

NaHCOs for the mouse's water supply. This result is 

somewhat ambiguous, although it was consistent with our in 

vitro toxicity and drug accumulation studies. The 

relatively high lipid solubility of ionized doxorubicin 

makes ion-trapping seems an implausible explanation for 

this enhancement. 

In this experiment, the MCF-7 tumors did not regress 

but rather their growth rate was changed. The failure of 

the tumors to return to pre-doxoiaibicin therapy growth 

rates may be explained by toxicity to the host. This SCID 
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mouse/MCF-7 tumor model system demonstrates bicarbonate's 

dramatic ability to alter tumor pH gradients in vivo. 

However, SCID mice have a low tolerance for most 

chemotherapeutic drugs. Hence, a dose of doxorubicin, 

which would result in a significant tumor regression, would 

damage the host and result in lethality. Moreover, chronic 

alkalization is an implausible scenario clinically. 

Hence, the remainder of our in vivo pharmacok-inetic 

studies utilized a syngenic C3H/Hen mouse, C3H mammary 

carcinoma model system. Since these mice have an intact 

immune system their normal tissues will be more resistant 

to damage. Hence, it was expected that post treatment 

growth rates would reach those observed prior to therapy. 

This was observed in all the studies using this system. 

Tumor alkalization was achieved acutely prior to drug 

administration by i.p. injection of 0.7 ml IM NaHCOs. I. P. 

injection proved to be the most effective alkalization 

protocol in this model system. Moreover, this protocol 

closely parallels a clinical protocol wherein bicarbonate 

is infused intravenously. This protocol has been used 

clinically for a variety of purposes, most commonly to 

reverse metabolic acidosis. Bicarbonate has also been 

utilized in conjunction with anti-tumor chemotherapy. 
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specifically in conjunction with cyclophosphamide in an 

attempt to limit the kidney damage causes by the drug 

(Anonymous 1984). 

In our C3H model system, we demonstrated that acute 

alkalization enhances mitoxantrone therapy. In the 

bicarbonate-treated groups, tumors underwent greater 

regression and experienced much longer tumor growth delays 

compared to chemotherapy-alone controls. Mitoxantrone, 

according to our in vitro studies, undergoes classic and 

substantial ion-trapping behavior. 

Though mitoxantrone's anti-tumor activity is 

substantially enhanced by acute alkalization, for there to 

be a gain in therapeutic efficacy, the enhancement in anti

tumor activity must not be accompanied by an equal increase 

in toxicity to the host. Utilizing weight loss and death 

as measures of host toxicity, we have shown that 

bicarbonate has only a minimal effect on the LD50 of 

mitoxantrone and does not have a significant effect on the 

rate of weight loss following mitoxantrone therapy. Hence, 

these results demonstrate that bicarbonate pretreatment 

results in a net gain in the therapeutic efficacy of 

mitoxantrone in our C3H/Hen breast carcinoma model system. 

Additional, supporting data for the notion that bicarbonate 
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does not enhance mitoxantrone's host toxicity is manifest 

in our circulating lymphocyte and mean speen weight 

experiments which provide a more specific measure of 

hematopoetic toxicity to the host, which is dose limiting 

in humans. 

As a control, taxol was utilized in the same C3H/hen 

model system in which bicarbonate pretreatment showed an 

outstanding enhancement in mitoxantrone's anti-tumor 

activity. Bicarbonate resulted in no significant 

difference in the tumor growth delays, host survival, or 

extent of tumor regression. Hence, this result further 

implicates ion-trapping as being the mechanism responsible 

for bicarbonate's ability to enhance mitoxantrone therapy. 

Moreover, this result suggests that bicarbonate is not 

enhancing mitoxantrone therapy by altering cellular 

proliferation or by lowering the necessary 'cellular 

insult' threshold required to induce apoptosis. 

This work suggests that mitoxantrone therapy may be 

enhanced clinically by the development of appropriate 

bicarbonate based alkalization protocols. Moreover, 

alkalization would have no effect on taxol's anti-tumor 

activity. This maybe of interest when these two drugs are 

used in combination for the treatment of breast cancer. 
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Implicit in this work are the questions raised 

regarding doxorubicin and how alkalinization effects its 

anti-tumor activity. The results obtained in this body of 

work suggest that 'ion-trapping' is not responsible. 

Alternatively, the results obtained thus far are not 

inconsistent with pH altering doxoriabicin's sub-cellular 

distribution, resulting in a give intracellular drug 

concentration being made more toxic to the tumor cell. 
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V. THE EFFECT OF METABOLIC ALKALOSIS ON DRUG 

BIODISTRIBUTION IN VIVO 

Introduction 

We hypothesis that metabolic alkalosis will result in. 

a more therapeutically favorable biodistribution for weakly 

basic drugs such as mitoxantrone. This favorable 

distribution is likely the consequence of altered 

plasmalemmelar pH gradients throughout the host, thus the 

phenomena of ion trapping will drive this altered 

biodistribution. Previously, we have shown that metabolic 

alkalosis alters trans-membrane pH gradients in a 

differential manner, depending on the tissue. This 

observation may be due to many tissue specific factors 

including perfusion, metabolic activity, and interstitial 

buffering capacity. Tumors have a low interstitial 

buffering capacity and undergo a radical reversal in their 

plasmalemmal pH gradient in response to metabolic 

alkalosis, as opposed to thigh muscle tissue (Stubbs 1992, 

Gatenby 1995, Nakamura 1988, Raghxmand 1999; 2000; 2001). 
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We have shown in vitro that alkaline pH enhances the 

anti-tumor activity of mitoxantrone and results in an 

increase in the intracellular mitoxantrone concentration of 

tumor cells. The in vivo system is much more complex than 

an in vitro system and the ability of metabolic alkalosis 

to enhance drug delivery and anti-tumor activity is 

dependent upon alkalosis having a minimal or negligible 

effect on other systems which could impede an enhanced 

tumor distribution such as alterations in drug metabolism, 

competing tissues for a limited supply of drug, vascular 

changes resulting from alkalosis and otherwise altered 

pharmacokinetics. 

In order to test our hypothesis with mitoxantrone, we 

employed a C3H/hen mouse, C3H mammary carcinoma model 

system. Additionally, we have used radiolabeled drugs as 

others have for all of the biodistribution studies in this 

chapter (Benda 2000, Takahashi 1999, Higuchi 1999, Naoe 

1998, Vora 1996, Harashima 1992, Cheung 1988, Wosilait 

1987, Weber 1986, Tone 1986) . Forty-eight mice were 

randomized into two experimental groups. The first group, 

the saline group, received 0.7 ml 0.9% I.P. saline 

injection two hours prior to receiving a 9mg/kg "c labeled 

mitoxantrone i.v., the second group will receive 0.7 ml IM 
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I.P. NaHCOs injection two hours prior to receiving an 9mg/kg 

"c labeled mitoxantrone i.v. Eight mice from each group 

were terminated at 2, 6, and 18 hours post mitoxantrone 

injection and tissues were collected to assay mitoxantrone 

content. Tissues sampled included tumor, blood, heart, 

small intestine, liver, spleen, kidney, colon and thigh 

muscle. The peak tissue concentration and the area under 

the mitoxantrone concentration verse time curve will be 

assessed. These two pharmacological parameters have been 

shown to correlate strongly with mitoxantrone's anti-tumor 

activity and also with tissue toxicity (Kreisle 1991, Zou 

1995, Vaidyanathan 2000, Denny 1990). Changes in the 

distribution to tissues other than the tumor will be 

measured to assess alterations in host toxicities. 

Additionally, the effects of metabolic alkalosis on 

doxoriibicin biodistribution were evaluated in two in vivo 

mouse model systems. These experiments employed two 

metabolic alkalosis protocols, an acute alkalosis protocol, 

where 0.7 ml i.p. IM NaHCOs is injected two hours prior to 

receiving 1.6 mg/kg "c labeled doxorxibicin i.v., and a 

chronic alkalosis protocol where in 200mM NaHC03 was 

sxibstituted for normal drinking water for 48 hours prior to 

receiving an i.v. 1.6 mg/kg "c labeled doxorubicin 
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injection. Additionally, there was a saline control group, 

that received a 0.7 ml 0.9% i.p. saline injection two hours 

prior to receiving an i.v. 1.6mg/kg "c labeled doxorubicin 

injection. In the first set of experiments, we used 72 SCID 

mice bearing MCF-7 human mammary adenocarcinomas in their 

mammary fat pads. Eight mice from each of the three groups 

were terminated at 2, 6, and 18 hours post doxorubicin 

injection and tissues were collected to assay doxorubicin 

content. Tissues sampled included tumor, blood, lung, 

heart, small intestine, liver, spleen, kidney, colon and 

thigh muscle. The peak tissue concentration and the area 

under the doxorubicin concentration verses time curve were 

assessed. These two pharmacological parameters have been 

shown to correlate strongly with doxorubicin's anti-tumor 

activity and also with tissue toxicity (Kreisle 1991, Zou 

1995, Vaidyanathan 2000, Denny 1990). 

In the second doxorvibicin-metabolic alkalosis 

experiment we employed a syngenic C3H/hen mouse model 

system bearing C3H mammary carcinoma in their mammary fat 

pads as above for mitoxantrone. This experiment contained 

the same three groups foiand in the first doxoriobicin 

biodistribution experiment: an acute alkalotic group, a 

chronic alkalotic group and a saline control. We 
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investigated the tissue biodistribution 4 hours post "c 

labeled doxoriibicin administration. This assessed 

doxorubicin concentration after the drug has undergone its 

initial distribution and before the drug undergoes 

significant redistribution (Benda 2000, Takahashi 1999, 

Higuchi 1999, Naoe 1998, Vora 1996, Harashima 1992, Cheung 

1988, Wosilait 1987, Weber 1986, Tone 1986). 

Results 

Mitoxantrone Biodistribution in C3H Mammary Tumor Bearing 

C3H/Hen Mice. 

We hypothesize that tumor alkalinization, resulting 

from i.p. administration of 0.7 ml IM NaHCOa two hours prior 

to 9 mg/kg i.v. mitoxantrone administration, will result in 

increased accumulation of mitoxantrone within tumors. We 

have previously demonstrated that systemic alkalosis 

results in a greater alkalinization of extracellular tumor 

fluid compared to that of extracellular muscle tissue while 

the intracellular pH changes only minimally. 
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By virtue of the ion-trapping hypothesis, we predict 

that the tumor;thigh muscle ratio of raitoxantone will be 

increased in mice receiving NaHCOa pretreatment compared to 

control mice. Additionally, this work has identified 

changes in mitoxantrone accumulation in other tissues 

resulting from NaHCOs pretreatment. Two pharmacological 

parameters will be evaluated: peak mitoxantrone tissue 

accumulation, and area under the mitoxantrone concentration 

verses time curve for the first 18 hours following 

intravenous mitoxantrone administration. Tissue 

mitoxantrone accumulation was evaluated at 2, 6, and 18 

hours following intravenous administration of mitoxantrone 

with and without bicarbonate pretreatment. Forty-eight mice 

were forcibly randomized to receive bicarbonate or saline 

pretreatment. Eight mice per time point, per group, were 

sacrificed and the following tissues were evaluated for 

radioactive mitoxantrone content; tumor, blood, liver, 

heart, spleen, thigh muscle, kidney, small intestine, and 

colon. The statistical methodology for area under the 

curve and peak mitoxantrone tissue accumulation is 

described by Bailer and p values less than 0.05 are 

considered significant (Bailer 1988). The results of these 

experiments are summarized in table 5.1. 
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Figure 5.1 shows the mean, mitoxantrone accumulation in 

C3H mammary tumors located in the mammary fat pads of 

C3H/hen mice. Each data point is the mean value for the 

eight mice sampled. Mean peak tumor tissue concentrations 

were observed at the 18-hour time point for both 

bicarbonate and saline pretreatment. Peak mitoxantrone 

levels were 897±39 ng/g wet weight, and 1,566±143 ng/g wet 

weight in the control and bicarbonate-treated groups, 

respectively. This difference was statistically 

significant (p<0.01). The area under the mitoxantrone 

concentration vs. time curve was 19,744±1,33 9 ng per gram 

wet weight x time, and 13,577+517 ng per gram wet weight x 

time for the bicarbonate-treatment groups and control 

groups respectively. This difference was also statistically 

significant (p<0.01). 

Neither the area under the mitoxantrone concentration 

vs. time curve, nor the mean peak mitoxantrone tissue 

concentrations, for blood (figure 5.2), liver (figure 5.3), 

or heart (figure 5.4) were statistically different when 

comparing bicarbonate with saline pretreatment. 

For spleen, there was a 14% larger area under the 

mitoxantrone concentration vs. time curve (figure 5.5) of 
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mice in the NaHCOa pretreatment group as compared to saline 

pretreated mice and this difference was statistically 

significant (p=0.02). Although the peak mitoxantrone 

tissue concentration observed in the spleens of mice in the 

NaHCOa pretreatment group also increased by 14% as compared 

to the saline control group, this change was not 

statistically significant (p=0.16). 

The thigh muscle (figure 5.6) of mice in the NaHCOa 

pretreatment group showed significantly lower (50%) peak 

mitoxantrone concentrations compared to the saline control 

group tissue (p<0.01). The NaHCOa pretreatment group had a 

peak concentration of 1,251+160 ng/g where as the saline 

control group had 2,485+331 ng/g. No significant 

difference was observed for the area under the mitoxantrone 

concentration vs. time curve for the thigh muscle. 

The kidneys (figure 5.7) of mice in the NaHCOs 

pretreatment group showed a significantly higher area under 

the curve, compared to the saline control group. The 

kidneys had 439,507+10,628 ng hr/g and 404,618+10,609 ng 

hr/g in the bicarbonate and saline pretreatment groups, 

respectively (p = 0.02) . There was no significant 

difference in the mean peak mitoxantrone concentrations 
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when comparing the NaHCOs pretreatment group to the saline 

control group in the kidney. 

In the small intestine (figure 5.8), mice in the NaHCOs 

pretreatment group had a higher peak mitoxantrone 

concentration, as compared to the saline pretreatment-

group, and this difference was statistically significant 

(p=0.02) . Peak concentrations were 33,217±7,870 ng/g and 

13,883±1,599 ng/g in the bicarbonate and saline groups, 

respectively. There was no significant difference in the 

area under the curves when comparing the NaHCOs pretreatment 

group to the saline control group. 

Figure 5.9 shows the mitoxantrone concentration in the 

colons of mice pretreated with either NaHC03 or saline, for 

18 hours following mitoxantrone administration. A 

statistically significant reduction in the peak 

mitoxantrone concentration resulted from NaHCOa pretreatment 

as compared to saline pretreatment (p=0.05). Peak 

mitoxantrone concentrations were 32,394+4,888 ng/g and 

50,914+8,744 ng/g in the NaHCOs and saline pretreatment 

groups, respectively. There was no significant difference 

in the area under the mitoxantrone concentration vs. time 

curves when comparing the colons of the NaHCOs pretreatment 

group to the colons of the saline control group. 
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All data are represented in table 5.1. As shown in 

this table, only tumors had consistent elevation of both 

peak concentration and area under the curve following 

bicarbonate pretreatment, These data also showed that, 

although tumor distribution was elevated by HCO3", the peak 

concentrations (ca. 1.6 \iq/q) were significantly less than 

those observed in liver (13.8 jag/g) , heart (5.1 \iq/q) , 

spleen (8.8 \iq/q) , kidneys (31.0 ug/g) small intestine 

(33.2 ]xq/q) and colon (31.4 vig/g) . Hence, the 

biodistribution of mitoxantrone does not show tumor 

selectivity. 
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Figure 5.1 Mitoxantrone Concentration vs. Time in C3H Tumor 
Tissue. 

C3H mice bearing C3H mammary carcinomas were divided into 
two experimental groups (n=24 per group) and were 
pretreated with either 0.7 ml IM i.p. NaHCOs or 0,7 ml 0.9% 
i.p. saline two hours prior to administration of 
intravenous 9mg/kg "C labeled mitoxantrone. The 
mitoxantrone content of each tumor is extrapolated from 
liquid scintillation coxints. Mitoxantrone content was 
assayed at 2, 6, and 18 hours and the values±S.D. are 
plotted (n=8) as a function of time following the 
administration of intravenous mitoxantrone. 
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Figure 5.2 Mitoxantrone Concentration vs. Time in the blood 
of C3H Mice. 

C3H mice bearing C3H mammary carcinomas were divided into 
two experimental groups (n=24 per group) and were 
pretreated with either 0.7 ml IM i.p. NaHCOs or 0.7 ml 0.9% 
i.p. saline two hours prior to administration of 
intravenous 9mg/kg labeled mitoxantrone. The 
mitoxantrone content of the blood from each C3H/hen mouse 
is extrapolated from liquid scintillation counts. 
Mitoxantrone content was assayed at 2, 6, and 18 hours and 
the values±S.D. are plotted (n=8) as a function of time 
following the administration of intravenous mitoxantrone. 
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Figure 5.3 Mitoxantrone Concentration vs. Time in the 
Livers of C3H/hen Mice. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into two experimental groups (n=24 per group) and were 
pretreated with either 0.7 ml IM i.p. NaHCOs or 0.7 ml 0.9% 
i.p. saline two hours prior to administration of 
intravenous 9mg/kg labeled mitoxantrone. The 
mitoxantrone content of the liver from each C3H/hen mouse 
is extrapolated from liquid scintillation counts. 
Mitoxantrone content was assayed at 2, 6, and 18 hours and 
the value+S.D. is plotted (n=8) as a function of time 
following the administration of intravenous mitoxantrone. 
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Figure 5.4 Mitoxantrone Concentration vs. Time in the Heart 
of C3H/hen Mice. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into two experimental groups (n=24 per group) and were 
pretreated with either 0.7 ml IM i.p. NaHCOa or 0.7 ml 0.9% 
i.p. saline two hours prior to administration of 
intravenous 9mg/kg labeled mitoxantrone. The 
mitoxantrone content of the heart from each C3H/hen mouse 
is extrapolated from liquid scintillation counts. 
Mitoxantrone content was assayed at 2, 6, and 18 hours and 
the values+S.D. are plotted (n=8) as a function of time 
following the administration of intravenous mitoxantrone. 
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Figure 5.5 Mitoxantrone Concentration vs. Time in the 
Spleen of C3H/hen Mice. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into two experimental groups (n=24 per group) and were 
pretreated with either 0.7 ml IM i.p. NaHCOa or 0.7 ml 0.9% 
i.p. saline two hours prior to administration of 
intravenous 9mg/]cg ^'*C labeled mitoxantrone. The 
mitoxantrone content of the spleen from each C3H/hen mouse 
is extrapolated from liquid scintillation counts. 
Mitoxantrone content was assayed at 2, 6, and 18 hours and 
the values+S.D. are plotted (n=8) as a function of time 
following the administration of intravenous mitoxantrone. 
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Figure 5.6 Mitoxantrone Concentration vs. Time in the Thigh 
Muscle of C3H/hen Mice. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into two experimental groups (n=24 per group) and were 
pretreated with either 0.7 ml IM i.p. NaHCOs or 0.7 ml 0.9% 
i.p. saline two hours prior to administration of 
intravenous 9mg/kg labeled mitoxantrone. The 
mitoxantrone content of the heart from each C3H/hen mouse 
is extrapolated from liquid scintillation counts. 
Mitoxantrone content was assayed at 2, 6, and 18 hours and 
the values+S.D. are plotted (n=8) as a function of time 
following the administration of intravenous mitoxantrone. 
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Figure 5.7 Mitoxantrone Concentration vs. Time in the 
Kidney of C3H/hen Mice. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into two experimental groups (n=24 per group) and were 
pretreated with either 0.7 ml IM i.p. NaHCOs or 0.7 ml 0.9% 
i.p. saline two hours prior to administration of 
intravenous 9mg/kg "C labeled mitoxantrone. The 
mitoxantrone content of the kidneys from each C3H/hen mouse 
is extrapolated from liquid scintillation counts. 
Mitoxantrone content was assayed at 2, 6, and 18 hours and 
the values±S.D. are plotted {n=8) as a fimction of time 
following the administration of intravenous mitoxantrone. 
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Figure 5.8 Mitoxantrone Concentration vs. Time in the Small 
Intestines of C3H/hen Mice. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into two experimental groups (n=24 per group) and were 
pretreated with either 0.7 ml IM i.p. NaHCOa or 0.7 ml 0.9% 
i.p. saline two hours prior to administration of 
intravenous 9mg/lcg labeled mitoxantrone. The 
mitoxantrone content of the small intestine from each 
C3H/hen mouse is extrapolated from liquid scintillation 
counts. Mitoxantrone content was assayed at 2, 6, and 18 
hours and the values±S.D. are plotted (n=8) as a function 
of time following the administration of intravenous 
mitoxantrone. 
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Figure 5.9 Mitoxantrone Concentration vs. Time in the Colon 
of C3H/hen Mice. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into two experimental groups (n=24 per group) and were 
pretreated with either 0.7 ml IM i.p. NaHCOs or 0,7 ml 0.9% 
i.p. saline two hours prior to administration of 
intravenous 9mg/kg ^''C labeled mitoxantrone. The 
mitoxantrone content of the colon from each C3H/hen mouse 
is extrapolated from liquid scintillation counts. 
Mitoxantrone content was assayed at 2, 6, and 18 hours and 
the values±S.D. are plotted (n=8) as a function of time 
following the administration of intravenous mitoxantrone. 
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Table 5.1 Mitoxantrone Biodistribution in C3H Mice 
TISSUE A OR MITOXANTRONE MITOXANTRONE T-TEST PERCENT 

P^ GROUP^ + 

BICARBONATE 
GROUP^ 

CHANGE" 

C3H AUC 13577+517 19744±1339 P<0 .01 145% 
Mammary 
Tumor 

Peak 897+39 1566±143 P<0 .01 175% 
Blood AUC 1248±76 1152+45 

0
 II 0

1
 

.28 92% 
Peak 157+19 133±13 P=0 .29 84% 

Liver AUC 171588±8374 190424±10158 P=0 .15 111% 
Peak 16661±2418 13790±1268 P=0 .29 83% 

Heart AUC 75763±2145 74139+2616 P=0 .63 98% 
Peak 6652±911 5095±392 P=0 .12 77% 

Spleen AUC 101562±4545 115496±4121 P=0 .02 114% 
Peak 7661±663 8796±474 P=0 .16 114% 

Thigh AUC 20509±1590 18276+1010 P=0 .24 89% 
Muscle 

Peak 2485+331 1251±160 P<0 .01 50% 
Kidneys AUC 404618+10609 439507±10628 P=0 .02 109% 

Peak 27681+2500 30996±1623 P=0 .27 112% 
Small AUC 144470±11628 195190±24748 P=0 .06 136% 
Intesti 
ne 

Peak 13883+1599 33217±7870 II
 

o
 

.02 239% 
Colon AUC 456090±71217 335733±40648 P=0 .14 73% 

Peak 50914±8744 31394+4888 P=0 .05 62% 
1 - A OR AREA UNDER THE CURVE OR PEAK TISSUE 
CONCENTRATION 
2 - MITOXANTRONE GROUP^ (NG MITOX/ GRAM TISSUE WET WEIGHT * 
HOURS +- S.E.) OR (NG MITOXANTRONE / GRAM TISSUE WET WEIGHT 
+- S.E.) 
3 - MITOXANTRONE + BICARBONATE GROUP^ (NG MITOX/ GRAM TISSUE 
WET WEIGHT * HOURS +- S.E.) OR (NG MITOX ANTRONE / GRAM 
TISSUE WET WEIGHT +- S.E.) 
4 - PERCENT CHANGE"* WITH BICARBONATE PRETREATMENT 
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Doxor\ibicin Biodistribution in MCF-7 Mamnary Tumor Bearing 

SCID Mice .  

An extension of our original hypothesis allows us to 

predict that doxorubicin, like mitoxantrone, will, in vivo, 

achieve an increased accumulation in tumor tissues 

following alkalinization. Compared to mitoxantrone, 

doxorubicin only has one substituent that is ionizable at 

physiological pH (mitoxantrone has two). Additionally, the 

ionized form of doxorubicin is very lipophilic (again 

unlike mitoxantrone). Hence, the theoretical enhancement 

resulting from metabolic alkalosis on (tumor[drug]/thigh 

muscle[drug]) the biodistribution for doxorubicin is 

approximately 2-fold compared to that of mitoxantrone in 

this mosel system which is 15-fold. None-the-less in vivo 

toxicity data tends to suggest that doxorubicin therapy is 

enhanced by metabolic alkalosis. In vitro toxicity and 

drug accumulation studies with doxorubicin show a small but 

significant enhancement resulting from elevated pH. In 

light of the equivocal in vitro data we can't predict 

whether the in vivo enhancement in doxorxibicin's anti-tumor 

activity is the result of detectable alterations in 
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biodistribution. Figure 5.10 though 5.19, (summarized in 

table 5.2) show the results of chronic and acute 

alkalinization on the biodistribution of labeled 

doxorubicin over an 18-hour period following treatment of 

MCF-7 mammary tumor bearing SCID mice (n=72). In these 

experiments, mice were randomized into three groups; a 

chronically alkalinized group which received 20 0mM NaHCOa 

ad.lib. for 48 hours prior to intravenous 1.6 mg/kg "c 

labeled doxorubicin administration, an acutely alkalinized 

group which received I.P. administration of 0.7 ml IM NaHCOs 

two hours prior to intravenous 1.6 mg/kg "c labeled 

doxorubicin administration, and a control group which 

received an intraperitoneal 0.9% saline injection 2 hours 

prior to intravenous 1.6 mg/kg "c labeled doxorubicin 

administration. Eight mice from each group were sacrificed 

at 2, 6, and 18 hours following doxorxibicin administration 

and their organs harvested and assayed for doxoriabicin 

content. 

The blood (figure 5.10), tumor (figure 5.11), spleen 

(figure 5.12), liver (figure 5.13), kidneys (figure 5.14), 

thigh muscle (figure 5.17) and heart (figure 5.18) showed 

no significant differences between either of the three 

groups with regards to either the peak doxorubicin tissue 
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concentration or the area under the doxorubicin 

concentration x time curve (table 5.2), nor were there 

readily observable tread in these data sets. 

Figure 5.15 shows the doxorubicin concentration in the 

colons of SCID mice pretreated with either chronic oral 

NaHCOa, acute I.P. NaHCOa, or saline. A statistically 

significant reduction (p < 0.01) of the mean peak 

mitoxantrone concentration was observed in the acute NaHCOa 

group, compared to saline pretreatment. Mean peak 

doxorubicin concentrations were 9.30±2.61 ng/g and 

16.60+0.04 ng/g in the acute NaHCOa and saline pretreatment 

groups, respectively. There was also a significant (p < 

0.01) difference in the area under the doxorubicin 

concentration verses time curves between the acute i.p. 

NaHCOs and the saline control groups. The area under the 

curves were 112.25±25 ng hr/g and 161.13+2.19 ng hr/g in 

the acute i.p. NaHCOs and saline pretreatment groups, 

respectively. 

Figure 5.16 represents the mean doxonobicin 

concentrations in the small intestines of SCID mice 

pretreated with either chronic oral NaHCOa, i.p. NaHCOs, or 

saline. A significant (p < 0.01) reduction of the area 

under the curve was observed in the acute NaHCOs group as 
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compared to the saline pretreatment group . Areas under 

the curves were 19.90+2.45 ng hr/g and 42.09+6.91 ng hr/g 

for the acute NaHCOs and saline pretreatment groups, 

respectively. Although the peak concentrations were less 

in both bicarbonate groups compared to controls, these 

differences were not significant. 

Figure 5.19 shows the doxorubicin concentrations in 

the colon of SCID mice pretreated with chronic oral NaHCOs, 

i.p. NaHCOa, or saline. A statistically significant (p = 

0.03) reduction of the peak mitoxantrone concentration 

resulted from acute i.p. NaHCOs pretreatment, compared to 

controls. Mean peak doxorubicin concentrations 6.56±1.82 

ng/g and 12.17+6.89 ng/g were observed in the acute NaHCOs 

and saline groups, respectively. The areas under the curves 

for the acute NaHCOa group and controls were not 

significantly different (p=0.06) (table 5.2). 

All data from this experiment are shown in table 5.2. 
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Figure 5.10 Doxorubicin Concentration Verses Time in the 
Blood of MCF-7 Tumor Bearing SCID Mice. 

SCID mice bearing MCF-7 mammary adenocarcinomas were 
divided into three groups (n=24 per group) and were 
pretreated with either 200mM ad lib oral NaHCOs for 48 
hours, 0.7 ml IM i.p. NaHCOa or 0.7 ml 0.9% i.p. saline two 
hours prior to administration of intravenous 1.6 mg/kg ^'*C 
labeled doxorubicin. The doxorubicin content of the blood 
from each SCID mouse was extrapolated from liquid 
scintillation counts. Doxorubicin content was assayed at 
2, 6, and 18 hours and the values±S.D. are plotted (n=8) as 
a function of time following the administration of 
intravenous doxorubicin. 
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Figure 5.11 Doxorxibicin. Concentration Verses Time in the 
MCF-7 Human Adenocarcinoma Tumor Tissue of SCID Mice. 

SCID mice bearing MCF-7 mammary adenocarcinomas were 
divided into three groups (n=24 per group) and were 
pretreated with either 200mM ad lib oral NaHCOa for 48 
hours, 0.7 ml IM i.p. NaHCOa or 0.7 ml 0.9% i.p. saline two 
hours prior to administration of intravenous 1.6 mg/kg ^^C 
labeled doxorubicin. The doxorxibicin content of the tumor 
from each SCID mouse was extrapolated from liquid 
scintillation counts. Doxoriibicin content was assayed at 
2, 6, and 18 hours and the values±S.D. are plotted (n=8) as 
a function of time following the administration of 
intravenous doxorubicin. 
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Figure 5.12 Doxorubicin Concentration Verses Time in the 
Spleen of MCF-7 Human Adenocarcinoma Tumor Bearing SCID 
Mice. 

SCID mice bearing MCF-7 mammary adenocarcinomas were 
divided into three groups (n=24 per group) and were 
pretreated with either 200mM ad lib oral NaHCOs for 48 
hours, 0.7 ml IM i.p. NaHCOa or 0.7 ml 0.9% i.p. saline two 
hours prior to administration of intravenous 1.6 mg/kg "c 
labeled doxorubicin. The doxorubicin content of spleen 
from each SCID mouse was extrapolated from liquid 
scintillation counts. Doxomibicin content was assayed at 
2, 6, and 18 hours and the values±S.D. are plotted (n=8) as 
a fxinction of time following the administration of 
intravenous doxorubicin. 
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Figure 5.13 Doxorubicin Concentration Verses Time in the 
Liver of MCF-7 Tumor Bearing SCID Mice. 

SCID mice bearing MCF-7 mammary adenocarcinomas were 
divided into three groups (n=24 per group) and were 
pretreated with either 200mM ad lib oral NaHCOs for 48 
hours, 0.7 ml IM i.p. NaHCOa or 0.7 ml 0.9% i.p. saline two 
hours prior to administration of intravenous 1.6 mg/kg "c 
labeled doxorvibicin. The doxor\ibicin content of the liver 
from each SCID mouse was extrapolated from liquid 
scintillation counts. Doxorubicin content was assayed at 
2, 6, and 18 hours and the values±S.D. are plotted (n=8) as 
a function of time following the administration of 
intravenous doxor\abicin. 
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Figure 5.14 Doxorubicin Concentration Verses Time in the 
Kidneys of MCF-7 Tumor Bearing SCID Mice. 

SCID mice bearing MCF-7 mammary adenocarcinomas were 
divided into three groups (n=24 per group) and were 
pretreated with either 200mM ad lib oral NaHCOs for 48 
hours, 0.7 ml IM i.p. NaHCOs or 0.7 ml 0.9% i.p. saline two 
hours prior to administration of intravenous 1.6 mg/kg "c 
labeled doxorxibicin. The doxoriabicin content of the 
kidneys from each SCID mouse was extrapolated from liquid 
scintillation counts. Doxorxibicin content was assayed at 
2, 6, and 18 hours and the values±S.D. are plotted (n=8) as 
a function of time following the administration of 
intravenous doxoriibicin. 
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Figure 5.15 Doxorubicin Concentration Verses Time in the 
Colon of MCF-7 Tumor Bearing SCID Mice. 

SCID mice bearing MCF-7 mammary adenocarcinomas were 
divided into three groups (n=24 per group) and were 
pretreated with either 200mM ad lib oral NaHCOa for 48 
hours, 0.7 ml IM i.p. NaHC03 or 0.7 ml 0.9% i.p. saline two 
hours prior to administration of intravenous 1.6 mg/kg ^''c 
labeled doxorxibicin. The doxor\ibicin content of the colon 
from each SCID mouse was extrapolated from liquid 
scintillation counts. Doxorvibicin content was assayed at 
2, 6, and 18 hours and the values±S.D. are plotted (n=8) as 
a function of time following the administration of 
intravenous doxorubicin. 
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Figure 5.16 Doxorxabicin Concentration Verses Time in the 
Small Intestines of MCF-7 Tumor Bearing SCID Mice. 

SCID mice bearing MCF-7 mammary adenocarcinomas were 
divided into three groups (n=24 per group) and were 
pretreated with either 200mM ad lib oral NaHCOs for 48 
hours, 0.7 ml IM i.p. NaHCOs or 0.7 ml 0.9% i.p. saline two 
hours prior to administration of intravenous 1.6 mg/kg "c 
labeled doxorubicin. The doxorubicin content of the small 
intestines from each SCID mouse is extrapolated from liquid 
scintillation counts. Doxorxibicin content was assayed at 
2, 6, and 18 hours and the values±S.D. are plotted (n=8) as 
a function of time following the administration of 
intravenous doxorubicin. 
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Figure 5.17 Doxorubicin Concentration Verses Time in the 
Thigh Muscle of MCF-7 Tumor Bearing SCID Mice. 

SCID mice bearing MCP-7 mammary adenocarcinomas were 
divided into three groups (n=24 per group) and were 
pretreated with either 200raM ad lib oral NaHCOs for 48 
hours, 0.7 ml IM i.p. NaHCOa or 0.7 ml 0.9% i.p. saline two 
hours prior to administration of intravenous 1.6 mg/kg "c 
labeled doxoriibicin. The doxorubicin content of the thigh 
muscle from each SCID mouse was extrapolated from liquid 
scintillation counts. Doxorubicin content was assayed at 
2, 6, and 18 hours and the values±S.D. are plotted (n=8) as 
a function of time following the administration of 
intravenous doxorubicin. 
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Figure 5.18 Doxorubicin Concentration Verses Time in the 
Heart of MCF-7 Tumor Bearing SCID Mice. 

SCID mice bearing MCF-7 mammary adenocarcinomas were 
divided into three groups (n=24 per group) and were 
pretreated with either 200mM ad lib oral NaHCOs for 48 
hours, 0.7 ml IM i.p. NaHCOa or 0.7 ml 0.9% i.p. saline two 
hours prior to administration of intravenous 1.6 mg/kg "C 
labeled doxorubicin. The doxorubicin content of the heart 
from each SCID mouse was extrapolated from liquid 
scintillation counts. Doxorubicin content was assayed at 
2, 6, and 18 hours and the values±S.D. are plotted (n=8) as 
a fxinction of time following the administration of 
intravenous doxorubicin. 
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Figure 5.19 Doxorubicin Concentration Verses Time in the 
Lung of MCF-7 Tumor Bearing SCID Mice. 

SCID mice bearing MCF-7 mammary adenocarcinomas were 
divided into three groups (n=24 per group) and were 
pretreated with either 200mM ad lib oral NaHCOs for 48 
hours, 0.7 ml IM i.p. NaHCOs or 0.7 ml 0.9% i.p. saline two 
hours prior to administration of intravenous 1.6 mg/kg ^'*C 
labeled doxorxibicin. The doxorxibicin content of the lung 
from each SCID mouse was extrapolated from liquid 
scintillation counts. Doxorubicin content was assayed at 
2, 6, and 18 hours and the values±S.D. are plotted (n=8) as 
a fiuiction of time following the administration of 
intravenous doxorubicin. 
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Table 5.2 Doxonobicin Biodistribution in SCID Mice 

ORGAN GROUP A OR NG/G^ P VS. P VS. % VS. % VS. 
P^ CO^ CH^ CO® CH® 

Blood Control AUC 2.596±0.341 - - - -

Chronic AUC 2.627+0.198 P=0.94 101% -

Acute AUC 2.463±0.209 P=0.74 P=0.57 95% 94% 
Control Peak 0.181+0.019 - - - -

Chronic Peak 0.280±0.052 P=0.07 - 155% -

Acute Peak 0.177±0.024 P=0.89 P=0.07 98% 63% 
Tumor Control AUC 15.494+1.453 - - - -

Chronic AUC 15.000+0.839 P=0.76 - 97% -

Acute AUC 14.215±0.858 P=0 .45 P=0.51 92% 95% 
Control Peak 1.155±0.132 - - - -

Chronic Peak 1.038+0.081 

tn o
 

il a* 

- 90% -

Acute Peak 1.001±0.092 P=0 .34 P=0.76 87% 96% 
Spleen Control AUC 312.68+63.59 - - - -

Chronic AUC 436.79+184.87 P=0 .52 - 140% -

Acute AUC 426.55±145.95 P=0.47 P=0.96 136% 98% 
Control Peak 29.18±10.26 - - - -

Chronic Peak 50.89±30.56 P=0.50 - 174% -

Acute Peak 42.13±18.18 P=0.53 P=0.81 144% 83% 
Liver Control AUC 7.69+1.69 - - - -

Chronic AUC 38.57+31.46 P=0.33 - 502% -

Acute AUC 11.47+3.58 P=0 .34 P=0.3 9 149% 29% 
Control Peak 1.85+0.91 - - - -

Chronic Peak 5.44+13.86 P=0.49 - 174% -

Acute Peak 2.39±1.10 P=0.57 P=0.57 144% 44% 
Kidney Control AUC 102.15±4.57 - - - -

Chronic AUC 105.59±10.26 P=0.76 - 103% -

Acute AUC 125.44±23.24 P=0.33 P=0.44 123% 119% 
Control Peak 8.77±2.5 - - - -

Chronic Peak 10.00+1.70 P=0.12 - 114% -

Acute Peak 9.34+7.08 P=0.78 P=0.73 106% 93% 
Colon Control AUC 161.13±2.19 - - - -

Chronic AUC 153.24+9.26 P=0.72 - 95% -

Acute AUC 112.25±10.05 P=0.01 P=0.06 70% 73% 
Control Peak 16.60±0.040 - - - -

Chronic Peak 12.90+2.26 P=0.14 - 78% -

Acute Peak 9.30+2.61 P<0.01 P=0.14 56% 72% 
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Table 5.2 Continued - Doxoriabicin Distribution in SCID Mice 
ORGAN GROUP A OR 

P^ 
NG/G^ P VS. 

CO^ 
P VS. 
EX^ 

% VS. 
CO® 

% VS. 
CH® 

Small 
Intesci 
ne 

ConCrol AUC 42.09+6.91 

Chronic AUC 29.44±3.61 P=0.07 - 70% -

Acute AUC 19.90±2.45 P<0 .01 P=0.07 47% 68% 
Control Peak 4 .71±2.32 - - - -

Chronic Peak 3 .21 + 1.21 P=0.11 - 68% -

Acute Peak 2.81±1.78 P=0.07 P=0.60 60% 88% 
Thigh 
Muscle 

Control AUC 239.71+37.06 ~ - -

Chronic AUC 168.79+18.99 P=0.28 - 70% -

Acute AUC 139.03+20.18 P=0.13 P=0.51 58% 82% 
Control Peak 19.60±9.80 - - - -

Chronic Peak 14.79+4.48 P=0.49 - 75% -

Acute Peak 11.29±4.77 P=0.28 P=0.42 58% 76% 
Heart Control AUC 215.37±91.56 - - - -

Chronic AUC 82.63±11.08 P=0.15 - 38% -

Acute AUC 80.60±8.41 P=0.14 P=0.15 37% 98% 
Control Peak 22.48±32.34 - - - -

Chronic Peak 6.61±3.77 P=0.17 - 29% -

Acute Peak 6.08±2.21 P=0.15 P=0.73 27% 92% 
Lungs Control AUC 131.56+8.79 - - - -

Chronic AUC 101.32±7.87 P=0.19 - 77% -

Acute AUC 89.07±8.11 P=0.06 P=0.32 68% 88% 
Control Peak 12.17±6.a9 - - - -

Chronic Peak 11.41±6.13 P=0.81 - 94% -

Acute Peak 6.56±l.a2 P=0.03 P=0.03 54% 57% 

1 - A OR P^, AREA UNDER THE CURVE OR PEAK TISSUE 
CONCENTRATION 
2 - NG/G^, (NG MITOXANTRONE / GRAM TISSUE WET WEIGHT * HOURS 

S.E.) 
3 - STUDENTS T-TEST EXPERIMENTAL GROUP VS. CONTROL 
4 - STUDENTS T-TEST EXPERIMENTAL GROUP VS. CHRONIC 
BICARBONATE GROUP 
5 - PERCENT CHANGE WITH BICARBONATE PRETREATMENT VS. 
CONTROL 
6 - PERCENT CHANGE WITH ACUTE ALKALOSIS VS. CHRONIC 
ALKALOSIS 
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Doxorijblcin Biodistribution in C3H Mammary Tumor Bearing 

C3H/Hen Mice. 

Figures 5.20 through 5.29 show a re-evaluation of our 

hypothesis's predictions regarding the alterations in the 

biodistribution of doxorubicin in alkalinized mice. Our 

hypothesis predicted that if ion trapping was occurring, 

then doxoriibicin will have an increased accumulation in the 

tumors of alkalotic mice compared to controls, In this re-

evaluation, we examine the biodistribution of doxorubicin 

in C3H/hen mice bearing C3H mammary carcinoma tumors at a 

single time point, 4 hours, following "c labeled 

doxorubicin administration. This mouse model was chosen 

because mitoxantrone showed a significant increase in tumor 

biodistribution with bicarbonate treated mice. Thus these 

experiments also test the possible impact of the mouse 

strain/tumor cell line on our results. 

Twenty-four mice were randomized into three groups; a 

chronically alkalinized group which received 200mM NaHCOs 

ad. Lib, for 48 hours prior to intravenous 1.6 mg/kg "c 

labeled doxorubicin administration, an acutely alkalinized 

group which received i.p. administration of 0.7 ml IM NaHCOa 

two hoiirs prior to intravenous 1.6 mg/kg "c labeled 
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doxorubicin administration, and a control group which 

received an intraperitoneal 0.9% saline injection 2 hours 

prior to intravenous 1.6 mg/kg "c labeled doxorubicin 

administration. 

The C3H tumor (figure 5.21), heart (figure 5.28), and 

lungs (figure 5.29) showed no significant differences 

between either of the three groups with regards to the 

concentration, 4 hours following doxorubicin administration 

(table 5.3). Specifically, the C3H mammary tumors contained 

doxorubicin concentrations of 578.4+119.8 ng/g, 651.7+169.1 

ng/g and 606±109.4 ng/g for the acute, chronic and control 

groups, respectively. 

Figure 5.20 shows the doxorubicin concentrations in 

the blood of C3H/hen mice pretreated with chronic NaHCOs, 

acute NaHCOs, or saline. A statistically significant (p < 

0.01) reduction was observed in both the acute and chronic 

bicarbonate groups compared to controls. Doxorubicin 

concentrations were 796±357.3 ng/g, 3.21 ng/g, euid 61±101 

ng/g were observed for the saline, the chronic NaHCOs, and 

the acute NaHCOs groups, respectively (also see table 5.3). 

Figure 5.22 shows the doxorubicin concentration in the 

spleens of C3H/hen mice pretreated with chronic NaHCOs, 

acute NaHCOa, or saline. Statistically significant (p < 
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0.01) increases in the doxorubicin concentrations were 

observed in the chronic NaHCOa, and acute I.P. NaHCOa 

groups, compared to the controls. Doxorubicin 

concentrations were 1551+302 , 2684±829, and 2634+376 ng/g 

for mice in the saline, chronic NaHCOs, and the acute NaHCOs 

groups, respectively ( also see table 5.3), 

Figure 5.23 shows the doxorubicin concentrations in 

the livers of C3H/hen mice pretreated with chronic NaHCOa, 

acute NaHCOa, or saline. Statistically significant (p < 

0.01) increases in the doxorubicin concentrations were 

observed in the chronic, or acute NaHCOa groups, when 

compared to the saline controls. Additionally, doxorubicin 

accumulation was significantly different (p<0.01) between 

the two experimental groups. Doxorubicin concentrations 

were 1700±275 , 2765±903, and 5189+1318 ng/g for mice of 

the saline, chronic NaHCOs, and the acute NaHCOa group, 

respectively (table 5.3). 

Figure 5.24 show the mean doxorubicin concentration in 

the kidneys of C3H/hen mice pretreated with chronic oral 

NaHCOs, acute NaHCOs, or saline. The difference in mean 

doxorubicin accumulation between the two experimental 

groups was the only significant finding (p<0.01). 

Doxorubicin concentrations were 8075+7675, 3040±730, and 
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5411±1747 ng/g for mice in the saline, the chronic NaHCOs, 

and the acute NaHCOa groups, respectively (also see table 

5.3) . 

Figure 5.25 doxorubicin concentrations in the colons 

of C3H/hen mice pretreated with chronic oral NaHCOs, acute 

i.p. NaHCOs, or saline. A difference in mean doxorubicin 

accumulation between the two experimental groups was the 

only significant finding (p<0.01). Doxorubicin 

concentrations were 3188+2329, 5525+1670, and 1536+742 ng/g 

for mice in the saline, chronic NaHCOa, and the acute NaHCOs 

groups, respectively (also see table 5.3). 

Figure 5,26 shows the mean doxorubicin concentration 

in the small intestines of C3H/hen mice pretreated with 

chronic NaHCOa, acute NaHCOa, or saline. A statistically 

significant (p < 0.01) increase in the doxorubicin 

concentration resulted from acute NaHCOs pretreatment when 

compared to the saline control. Moreover, a significant 

102% increase in the mean doxorxibicin concentration 

resulted from acute i.p. NaHCOs pretreatment when compared 

to the chronic oral NaHCOa pretreatment group (p<0.01) , 

Mean doxonobicin concentrations of 1,673+1,450, 

2,755+1,221, and 5,558+2,044 ng/g for mice in the saline. 
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the chronic NaHCOs, and the acute NaHCOs groups, 

respectively (also see table 5.3). 

Figure 5.27 represents the doxorubicin concentration 

in the thigh muscle of C3H/hen mice pretreated with chronic 

NaHCOs, acute NaHCOa, or saline. A statistically 

significant (p < 0.01) reduction in doxorubicin 

concentration was found in the thigh muscles of the saline 

group as compared to the chronic NaHCOa, and the acute 

NaHCOs groups, respectively. Mean doxorubicin 

concentrations of 4492.6+2630, 849.8±311, and 764.2±285 

ng/g were observed for mice in the saline, the chronic 

NaHCOs, and the acute NaHCOs group, respectively (also see 

table 5.3). 
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Figure 5.20 Doxorubicin Concentration in the Blood of 
C3H/hen Mice Bearing C3H Tumors. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into three groups (n=8 per group) and were pretreated with 
either 200mM ad lib oral NaHCOs for 48 hours, 0.7 ml IM i.p. 
NaHCOa or 0.7 ml 0.9% i.p. saline two hours prior to 
administration of intravenous 1.6 mg/kg "c labeled 
doxorubicin. The doxorubicin content of the blood from 
each C3H/hen mouse was extrapolated from liquid 
scintillation coxints. Doxorxibicin content was assayed 4 
hours post injection. 
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Figure 5.21 Doxorubicin Concentration in C3H Mammary Tumor 
Tissue of C3H/hen Mice. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into three groups (n=8 per group) and were pretreated with 
either 200mM ad lib oral NaHCOs for 48 hours, 0.7 ml IM i . p .  
NaHCOs or 0.7 ml 0.9% i.p. saline two hours prior to 
administration of intravenous 1.6 mg/kg "c labeled 
doxorubicin. The doxorubicin content of the tumor tissue 
from each C3H/hen mouse was extrapolated from liquid 
scintillation covints. Doxorxibicin content was assayed 4 
hours post injection. 
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Figure 5.22 Doxorubicin Concentration in the Spleen of 
C3H/hen Mice Bearing C3H Tumors. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into three groups (n=8 per group) and were pretreated with 
either 200mM ad lib oral NaHCOs for 48 hours, 0.7 ml IM i.p. 
NaHCOa or 0.7 ml 0.9% i.p. saline two hours prior to 
administration of intravenous 1.6 mg/kg "c labeled 
doxorubicin. The doxorubicin content of the spleen from 
each C3H/hen mouse was extrapolated from liquid 
scintillation counts. Doxorubicin content was assayed 4 
hours post injection. 
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Figure 5.23 Doxorubicin Concentration in the Liver Tissue 
of C3H/hen Mice Bearing C3H Tumors. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into three groups (n=8 per group) and were pretreated with 
either 200mM ad lib oral NaHC03 for 48 hours, 0.7 ml IM i.p. 
NaHCOs or 0.7 ml 0.9% i.p. saline two hours prior to 
administration of intravenous 1.6 mg/kg "c labeled 
doxorubicin. The doxorubicin content of the liver from 
each C3H/hen mouse was extrapolated from liquid 
scintillation counts. Doxorubicin content was assayed 4 
hours post injection. 
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Figure 5.24 Doxorubicin Concentration in the Kidneys of 
C3H/hen Mice Bearing C3H Tumors. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into three groups (n=a per group) and were pretreated with 
either 200mM ad lib oral NaHCOs for 48 hours, 0.7 ml IM i.p. 
NaHCOa or 0.7 ml 0.9% i.p. saline two hours prior to 
administration of intravenous 1.6 mg/kg ^''c labeled 
doxorubicin. The doxorubicin content of the kidneys from 
each C3H/hen mouse was extrapolated from liquid 
scintillation counts. Doxorxibicin content was assayed 4 
hours post injection. 
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Figure 5.25 Doxorubicin Concentration in the Colon of 
C3H/hen Mice Bearing C3H Tumors. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into three groups (n=8 per group) and were pretreated with 
either 200mM ad lib oral NaHCOs for 48 hours, 0.7 ml IM i.p. 
NaHCOa or 0.7 ml 0.9% i.p. saline two hours prior to 
administration of intravenous 1.6 mg/kg "c labeled 
doxorubicin. The doxonabicin content of the colon from 
each C3H/hen mouse was extrapolated from liquid 
scintillation counts. Doxorubicin content was assayed 4 
hours post injection. 
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Figure 5.26 Doxorubicin Concentration in the Small 
Intestines of C3H/hen Mice Bearing C3H Tumors. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into three groups (n=8 per group) and were pretreated with 
either 200mM ad lib oral NaHCOs for 48 hours, 0.7 ml IM i.p. 
NaHCOs or 0.7 ml 0.9% i.p. saline two hours prior to 
administration of intravenous 1.6 mg/kg "c labeled 
doxorubicin. The doxorubicin content of the small 
intestines from each C3H/hen mouse was extrapolated from 
liquid scintillation coiints. Doxorubicin content was 
assayed 4 hours post injection. 
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Figure 5.27 Doxorubicin Concentration in the Thigh Muscle 
of C3H/hen Mice Bearing C3H Mammary Tumors. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into three groups (n=8 per group) and were pretreated with 
either 200mM ad lib oral NaHCOs for 48 hours, 0.7 ml IM i.p. 
NaHCOs or 0.7 ml 0.9% i.p. saline two hours prior to 
administration of intravenous 1.6 mg/kg "c labeled 
doxonabicin. The doxorubicin content of the thigh muscle 
from each C3H/hen mouse was extrapolated from liquid 
scintillation counts. Doxorxibicin content was assayed 4 
hours post injection. 
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Figure 5.28 Doxorubicin Concentration in the Heart of 
C3H/hen Mice Bearing C3H Mammary Tumors. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into three groups (n=8 per group) and were pretreated with 
either 200mM ad lib oral NaHCOa for 48 hours, 0.7 ml IM i.p. 
NaHCOs or 0.7 ml 0.9% i.p. saline two hours prior to 
administration of intravenous 1.6 mg/kg "c labeled 
doxoriabicin. The doxorubicin content of the heart from 
each C3H/hen mouse was extrapolated from liquid 
scintillation counts. Doxoriibicin content was assayed 4 
hours post injection. 
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Figure 5.29 Doxorubicin Concentration in the Lungs of 
C3H/hen Mice Bearing C3H Mammary Tumors. 

C3H/hen mice bearing C3H mammary carcinomas were divided 
into three groups (n=8 per group) and were pretreated with 
either 200mM ad lib oral NaHCOa for 48 hours, 0.7 ml IM i.p. 
NaHCOa or 0.7 ml 0.9% i.p. saline two hours prior to 
administration of intravenous 1.6 mg/kg "c labeled 
doxorubicin. The doxor\abicin content of the lungs from 
each C3H/hen mouse was extrapolated from liquid 
scintillation counts. Doxorubicin content was assayed 4 
hours post injection. 
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Table 5.3 Doxonibicin. Biodistribution in C3H Mice 
organ GROUP ng/g"- P VS. 

CO^ 
P vs. 
CH^ 

% vs. 
co^ 

% VS. 
CH® 

Blood Control 796.8+357.3 - - - -

Chronic 3 .21 - - 0.4% -

Acute 61.35+101.3 P<0.01 - 7.7% 1917% 
Tumor Control 606.0±109.4 - - - -

Chronic 651.7±169.1 P=0.43 - 107% -

Acute 578.4±119.8 P=0.58 P=0.16 95% 89% 
Spleen Control 1551±302 - - - -

Chronic 2684±829 P=0.01 - 173% -

Acute 2634±376 PcO.Ol 

C
O
 G
O
 O
 

tl 

C
U
 

170% 98% 
Liver Control 1700±275 - - - -

Chronic 2765±903 P<0.01 - 162% -

Acute 5189+1318 P<0.01 P<0.01 305% 188% 
Kidney Control 8075±7675 - - - -

Chronic 3040+730 P=0.26 - 38% -

Acute 5411+1747 P=0.56 P<0.01 67% 177% 
Colon Control 3188±2329 - - - -

Chronic 5525±1670 P=0.07 - 173% -

Acute 1536±742 P=0.17 P<0.01 48% 28% 
Small 
Intestine 

Control 1673±1450 — — - -

Chronic 2755±1221 

O
 

(N O
 It Qi 

- 165% -

Acute 5558±2044 P<0.01 P<0.01 332% 202% 
Thigh 
Muscle 

Control 4492.6+2630 - - - -

Chronic 849.8±311 P<0.01 - 19% -

Acute 764.2±285 P<0.01 P=0.57 17% 90% 
Heart Control 2977±1571 - - - -

Chronic 1838±614.9 P=0.12 - 62% -

Acute 1391±301.5 P=0.27 P=0.16 47% 76% 
Lungs Control 3268.3±1894 - - - -

Chronic 1573.8±326 II o
 

to
 

to
 

- 48% -

Acute 1734±245 P=0.07 II o
 

o
 

00
 

53% 110% 

HOURS 
+- S.E.) 
2 - STUDENTS T-TEST EXPERIMENTAL GROUP VS. CONTROL 
3 - STUDENTS T-TEST EXPERIMENTAL GROUP VS. CHRONIC 
BICARBONATE GROUP 
4 - PERCENT CHANGE WITH BICARBONATE PRETREATMENT VS. 
CONTROL 
5 - PERCENT CHANGE WITH ACUTE ALKALOSIS VS. CHRONIC 
ALKALOSIS 
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DISCUSSION 

The acute metabolic alkalosis protocol, 0.7 ml i.p, NaHCOa 

two hours prior to I.V. drug delivery, results in altered 

mitoxantrone biodistribution in the C3H/hen-C3H mammary 

carcinoma bearing mice. It is clear that more drug is 

accumulating in the tumor when the drug was administered to 

an alkalotic mouse. The area under the curve is 45% 

greater (p<0.01) and the peak drug concentration is 75% 

greater in the alkalotic mice (p<0.01). This result is 

consistent with our hypothesis and demonstrates the 

applicability of in vivo metabolic alkalosis to 

mitoxantrone breast carcinoma therapy. Additionally, the 

mitoxantrone levels in the tumor continue to rise and the 

difference between the saline and the alkalotic group also 

increases as time progresses indicating that metabolic 

alkalosis achieves part of its anti-tumor effect by 

altering mitoxantrone's redistribution. 

The area under the mitoxantrone versus time curve for 

the spleen and kidneys increased significantly, but only by 

14% and 9%, respectively. Moreover, the thigh muscle saw a 

significant decrease in the peak mitoxantrone concentration 
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that occurred at the 2 hour time point. This result is 

consistent with the thigh muscle being a slow clearance 

tissue (Long 1999, Krishna 2000, Lu 1984, Ehninger 1990). 

Metabolic alkalosis both theoretically and empirically 

results in more rapid plasma clearance and distribution of 

weakly basic drugs (Johansen 1981; 1984, Krarup-Hansen 

1989). At later time points, (6 and 18 hours) there are no 

significant differences between groups for thigh muscle 

drug levels. The additional drug present at the 2 hour 

time point had cleared itself by the 6 hour time point. 

Significant changes occurred in the peak distribution 

of both mitoxantrone and doxorubicin to the small 

intestines and colon as a result of the acute metabolic 

alkalosis protocol. It should be noted that the bowels 

were assayed along with their contents and that biliary 

excretion is the major route of both mitoxantrone and 

doxorubicin clearance (Savaraj 1982, Ehninger 1984; 1990, 

Richard 1989, Mewes 1993, Koren 1992, Lu 1984). Moreover, 

significant differences in peak drug concentrations were 

quickly resolved at other time points, suggesting that the 

radioactive drug was located in the mobile contents. 

Moreover, the acute, not the chronic metabolic alkalosis 

protocol resulted in a significant effect on drug 
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distribution within the bowels. This effect is consistent 

with inhibition of peristalsis and may be the most likely-

explanation for these results. 

There were no significant changes in either the peak 

tissue concentration nor the area under the mitoxantrone 

concentration versus time curve in any of the other organs 

systems assayed including the heart, liver and blood. 

These organ systems represent major dose limiting sites of 

mitoxantrone toxicity. Hence, this finding combined with 

the observed enhancement in mitoxantrone's tumor 

accumulation is consistent with metabolic alkalosis 

enhancing mitoxantrone's therapeutic index. 

Neither acute nor chronic alkalosis has a significant 

effect on the biodistribution of doxorubicin to MCF-7 

mammary tumors in SCID mice. Alkalinization was also 

without effect in blood, spleen, kidney, heart, and thigh 

muscle. Neither peak tissue concentrations nor the areas 

under the curves were altered by bicarbonate. 

Surprisingly, acute alkalosis resulted in a 

significant reduction in the peak doxoriibicin concentration 

found in the lungs. Specifically, a 46% reduction in the 

doxorribicin concentration in the lung was observed in 

alkalotic MCF-7 tumor bearing SCID mice (p=0.03). 
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Moreover, a 47% reduction, in the drug concentration was 

observed in lungs of the acutely alkalotic C3H tumor 

bearing C3H/hen mice, although this change was of 

borderline significance (p=0.07). It is unclear what 

phenomenon is mediating this finding in the absence of in 

vivo lung intracellular and extracellular pH measurements 

both before and after alkalosis. Because ion-trapping 

appears to have a minimal effect on the concentration of 

doxorxibicin in any other tissue in these model systems, one 

might think that this phenomena is not the one responsible 

for our finding in the lungs. Potentially other 

physiological responses to metabolic alkalosis, such as 

alkaline induced alveolar shunting of capillary blood 

(Loeppky 1992, Supuran 2001, Schwartz 1980). This shunting 

would reduce the amount of drug the epithelial cells, 

amongst others, would be exposed to in the lung, hence 

affecting doxorubicin's biodistribution. 

The in vivo findings with mitoxantrone are consistent 

with those found in chapter four, namely that metabolic 

alkalosis increases mitoxantrone concentrations in tumor 

tissue and that these increased concentrations translate 

into increased anti-tumor activity. Moreover, the absence 

of both significcuit and substantial alterations in the 
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biodistribution of mitoxantrone to other vital organ 

systems is consistent with the absence of altered toxicity 

to the host as assessed in chapter four by weight loss, 

LD50, spleen weight, and circulation lymphocyte counts. 

Taken together, metabolic alkalosis would produce a net 

gain in mitoxantrone's therapeutic index. 
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VI. Conclusions 

The chemotherapeutic consequences of tumor pH are 

hypothesized to be described by the ion-trapping phenomena. 

In this work, we investigate this phenomena by examining 

several specific drugs in detail. 

The first drug in which we investigated the effect of 

tumor pH was mitoxantrone, We made measurements of 

mitoxantrone's octanol-water partitioning as a function of 

pH and from this data combined with structural data and pKa 

values we mathematically modeled the drugs behavior across 

the plasma membrane of a tumor cell. This theoretical 

modeling predicted that intracellular concentrations of 

mitoxantrone will be greatly increased when the 

extracellular environment is alkaline. We and others have 

shown that intracellular pH fluctuate only slightly in 

response to changing extracellular pH. We have 

characterized with respect to pH the MCF-7 in vitro breast 

carcinoma model system. Additionally, we used this model 

system to show that alkaline (pH 7.4 vs. 6.8) media results 

in increased mitoxantrone cytotoxicity to MCF-7 cells and 

that this is the result of increased cellular accumulation 

of mitoxantrone. Moreover, using drug resistant variants 

of the MCF-7 cell line, namely MCF-7mitox and MCF-7D40 
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cells, we were also able to show a significant enhancement 

in cytotoxicity. We then asked whether our in vitro 

findings could be translated into an in vivo murine breast 

carcinoma model system. For this work we characterized, 

with respect to pHi and pHe, the C3H/hen mouse-C3H mammary 

carcinoma model system and the effect of our metabolic 

alkalosis protocol on those two parameters. We found that 

this protocol was able to completely collapse an acid-

outside 0.3-pH tranmembrane gradient. With this system in 

place we have shown that metabolic alkalosis enhances anti

tumor activity as measured by an increase in the log cell 

kill and tumor growth delay of 0.9 to 1.56 and 9 days to 16 

days, respectively. Additionally, we have shown an 

increase in peak mitoxantrone concentration in the C3H 

tumors of 1.75 fold and a 1,45 fold increase in the area 

under the curve. Following an apparent increase in 

mitoxantrone's anti-tumor activity with metabolic alkalosis 

we investigated the effect of this protocol on dose 

limiting toxicities to the host. Tissue biodistribution 

data had already shown that no other organ systems for 

which we looked at, and those tissues include the spleen, 

liver, heart, bowel, skeletal musculature, blood, and 

kidney, had a significant and substantial increase in 
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mitoxantrone concentration following alkalosis. 

Additionally, toxicity as assessed by LD50, weight loss, 

spleen weight, and circulating lymphocyte counts did not 

alter mitoxantrone's toxicity by the addition of metabolic 

alkalosis. Hence, this work shows that metabolic alkalosis 

resulted in a net gain in the therapeutic index of 

mitoxantrone. 

As a control, taxol, a zwitterion was used. In vitro 

pH had no effect on taxol's cytotoxicity to MCF-7 cells. 

Additionally, in vivo, metabolic alkalosis resulted in no 

change in the tumor growth delay or log cell kill. 

Moreover, alkalosis alone in these systems was shown to 

have no effect on cell growth rate or tumor growth rate. 

Doxorubicin, a weakly basic chemotherapeutic drug, was 

thought to have pH dependent behavior similar to 

mitoxantrone. Two important differences were quickly 

noted. First, doxorubicin only has one ionizable 

siabstituent with a pKa in the physiological range. 

Secondly, the octanol-water portioning experiments 

illustrate that doxorubicin remains lipophilic in it's 

charged form hence our mathematical model predicted only a 

1.45 fold enhancement in our in vitro model system and this 

enhancement would be even less in our in vivo model 
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systems. In Vitro enhancements in both toxicity to MCF-7 

cells and doxorxibicin's cellular accumulation were shown, 

although these enhancements were less than those seen with 

mitoxantrone. In vivo moderate but equivocal enhancement 

to cytotoxicity was observed in the MCF-7-SCID model 

system. Specifically, tumor growth rate following 

doxorubicin therapy with bicarbonate was less than that 

seen from doxorxibicin alone. This effect was not found to 

be the result of increased doxorubicin accumulation within 

the tumor. Additional, in vivo drug accumulation studies 

were done in the C3H/hen-C3H tumor model system and there 

was no effect of bicarbonate pretreatment on doxorubicin 

tissue accumulation. 

In conclusion, the work contained in this dissertation 

strongly support the notion that metabolic alkalosis in 

tandem with mitoxantrone therapy deserves serious 

consideration and further development towards clinical 

application. As for our findings with doxorxibicin, 

metabolic alkalosis offers, at best, minimal enhancement to 

therapy and may not be worth further development. 
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