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ABSTRACT 

Multidrug resistance is a phenomenon associated with the emergence of 

simultaneous cross-resistance to the cytotoxic actions of a wide 

variety of structurally and functionally unrelated antineoplastic 

agents. One of the agents to which cross-resistance is commonly 

observed is doxorubicin, a commonly used antineoplastic. Studies were 

undertaken to determine the mechanism of doxorubicin resistance in 

multidrug resistant 8226 human myeloma cells. When sensitive and 

resistant cells were exposed to the same extracellular concentration of 

doxorubicin there was a decrease in the quantity of DNA lesions in the 

resistant subline which corresponded to a decrease in doxorubicin 

accumulation. When the extracellular concentration of drug was adjusted 

to yield equivalent intracellular levels these differences were 

removed. Studies utilizing an isolated nuclei system revealed no 

differences in the formation of DNA lesions between the sensitive and 

resistant cells when exposed to the same concentration of drug. 

Studies were undertaken to determine if the resistant subline 

had an increased capacity to detoxify doxorubicin via glutathione-based 

enzyme systems. The activities of glutathione-s-transferase and 

glutathione peroxidase were not found to be elevated in the resistant 

subline. There was a significant elevation in the nonprotein sulfhydryl 

content of the resistant cells as compared to the drug-sensitive line. 

This elevation was unstable in the absence of doxorubicin, displaying a 

steady decline until reaching baseline levels found in the sensitive 

cells. The decrease in NPSH content in the resistant line was not 
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accompanied by an alteration in doxorubicin resistance. Thus, it 

appears that glutathione-based enzymatic detoxification is not causally 

related to doxorubicin resistance in 8226 human myeloma cells. 

Verapamil, an agent shown by previous studies to modulate 

doxorubicin resistance, led to an increase in the formation of 

doxorubicin-induced DNA lesions in the resistant cells secondary to an 

increase in intracellular drug accumulation. It had no effect on 

doxorubicin-induced DNA lesions or drug accumulation in the sensitive 

cells. Verapamil thus appears to be reversing doxorubicin resistance by 

increasing drug accumulation and thereby enhancing DNA damage. Under 

these circumstances there was a good correlation between doxorubicin 

accumulation, DNA damage, and cytotoxicity in the 8226 cells. The 

conclusion is drawn that drug accumulation accounts for the majority of 

doxorubicin resistance in the 8226 human myeloma cell line. 
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CHAPTER 1 

INTRODUCTION 

A recurrent problem in the treatment of cancer is the emergence 

of resistance to the cytotoxic actions of the agent or agents being 

used for treatment. One such form of resistance has been termed 

multidrug resistance and is characterized by the development of cross

resistance to a wide variety of structurally and functionally unrelated 

natural product antineoplastic agents. Antineoplastic agents which are 

frequently involved in MDR include the vinca alkaloids: vincristine and 

vinblastine; the epipodophyllotoxin derivatives: VP-16 and VM-26; the 

intercalating agent actinomycin D; the anthracyclines: doxorubicin and 

daunorubicin; and gramicidin D. 

Doxorubicin, one of the agents 

multidrug resistance usually develops, 

to which cross resistance in 

is one of the most effective 

antineoplastic agents in use today. Therefore it is very important to 

ascertain the mechanism(s) of doxorubicin resistance in tumor cells 

exhibiting the multidrug resistant phenotype in order that means might 

be devised to circumvent it. 

Evidence from several multidrug resistant cell lines has 

demonstrated decreased doxorubicin accumulation in the resistant 

sublines. Whether doxorubicin resistance is due solely to decreased 

drug accumulation or is multifactorial remains to be determined. 

Although in most instances the degree of doxorubicin 

accumulation and the level of its resistance in tumor cells are 
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correlated, accumulation alone may not explain the entire phenomena of 

doxorubicin resistance in MDR cells. Several studies have reported a 

lack of correlation between drug accumulation and resistance. Marsh et 

al. (1986) found no difference in drug accumulation between HL-60 

promyelocytic human leukemia cells which exhibited a low level of 

resistance to doxorubicin and the drug-sensitive counterparts after a 1 

hour incubation with this drug. In addition, Kessel and Corbett (1985a) 

fcund no correlation among the level of doxorubicin resistance, drug 

accumulation, or membrane glycoprotein alterations in resistant murine 

mammary, pancreatic and colon tumors. 

Thus it is possible that several mechanisms other than drug 

accumulation may be playing a role in doxorubicin resistance. These 

could include: 1) changes in the subcellular distribution of drug which 

would alter drug concentration at the target level; 2) alterations in 

the target (e.g. DNA); 3) differences in DNA repair capabilities; or 4) 

changes in the cell's metabolic systems which would facilitate 

detoxification of the drug. Such mechanisms may be operating 

independently or in concert with the observed differences in drug 

accumulation to contribute to the resistant phenotype. 

Purpose 

The essential question addressed by these studies was: Does drug 

accumulation account for doxorubicin resistance in a multidrug 

resistant human myeloma cell line? The null hypothesis states that drug 

accumulation does not account entirely for the observed doxorubicin 

resistance in these cells. Acceptance of this hypothesis implies that 
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mechanisms other than drug accumulation are responsible for resistance 

to doxorubicin in the 8226 cells. 

Specific Aims 

1. To determine if equivalent DNA damage occurs in both the 

doxorubicin-sensitive and -resistant 8226 myeloma sublines under 

conditions of equivalent intracellular drug concentrations and 

whether such damage correlates with cytotoxicity. 

2. Assess alterations at the target level (i.e. nucleus) using an 

isolated nuclei system. 

2.1 Determine whether there are differences in drug accumulation 

between sensitive and resistant cells. 

2.2 Determine if differences exist in the formation of DNA lesions 

under conditions of equivalent doxorubicin exposure. 

3. Study the role of drug-detoxification as a possible mechanism of 

resistance in the 8226/DOX subline. 

3.1 Measure nonprotein sulfhydryl content in the two sublines as a 

reflection of their glutathione status. 

3.2 Determine whether the resistant cells possess an increased 

glutathione-s-transferase enzyme activity. 

3.3 Determine if there is an increase in the expression of a novel 

anionic GST isoenzyme which has been associated with doxorubicin 

resistance in MDR cell lines. 

3.4 Measure the glutathione peroxidase enzyme activity in the two 

8226 sublines. 
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4. Determine whether the resistant cells have an increased capacity to 

repair DNA damage. 

5. Study the effect of the resistance-modulating agent verapamil on the 

8226/DOX cells at clinically relevant doxorubicin exposures. 

5.1 Measure doxorubicin accumulation in the presence and absence of 

verapamil. 

5.2 Determine the effect of verapamil on doxorubicin-induced DNA 

lesions. 

5.3 Assess doxorubicin cytotoxicity in the presence of verapamil to 

determine if there is a correlation between drug accumulation, 

DNA damage, and cytotoxicity in the resistant cells. 

Since one of the targets of doxorubicin appears to be the 

nucleus, studies were designed to investigate drug accumulation as it 

relates to DNA damage and drug resistance in the 8226 cells. 

The rationale for choosing DNA damage as a marker of doxorubicin 

cytotoxicity stems from observations that doxorubicin has as one of its 

possible mechanisms of action an inhibition of the enzyme DNA 

topoisomerase II (Tewey 1984). This enzyme, which is critical for the 

proper replication of DNA, has been shown to be the target for several 

antineoplastic agents (Ross 1985). Topoisomerase II is a homodimeric 

protein which catalyses the passage of one double-stranded DNA segment 

through a reversible break in another DNA segment, a function that 

entails the formation of a transient covalent DNA-enzyme link termed 

the "cleavable complex". Agents which inhibit topoisomerase seem to do 

so by stabilizing this cleavable complex. Stabilization of the 

cleavable complex of topoisomerase II is detected as an increase in DNA 
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double strand breaks. single strand breaks, and DNA-protein associated 

lesions (Ross 1985). Doxorubicin has been shown to induce all three of 

these lesions in mammalian cells (Zwelling 1981; Ross 1979b, 1978a). If 

topoisomerase II alterations were present between the two cell lines, 

either in terms of the amount of enzyme expressed or in its catalytic 

activities, then, under [Bconditions of equivalent intracellular drug 

concentration, one would not observe equivalent DNA damage between the 

sensitive and resistant cell lines. Doxorubicin-induced DNA lesions 

would be expected to be reduced under such circumstances. 

The formation of these three DNA lesions will be measured in the 

resistant and sensitive sublines as mechanistic markers for 

doxorubicin-induced cytotoxicity. Studies will assess whether 

equivalent DNA damage occurs in the two sublines under conditions of 

equivalent intracellular doxorubicin concentrations and if so, whether 

there is equivalent cytotoxicity. This question will be addressed by 

altering the extracellular concentration of doxorubicin to yield 

equivalent intracellular concentrations in both lines. 

In an effort to determine if any inherent differences between 

the sensitive and resistant cells exists at the nuclear level, similar 

studies investigating the formation of DNA lesions will be conducted in 

an isolated nuclei system. Such a system removes any confounding 

variables such as membrane binding or differences in subcellular 

distribution which may occur using the whole cells and allows one to 

study the effects of the drug directly at the target level. If 

differences existed at this level then, even under conditions of 

equivalent drug exposure, there may not be equivalent DNA damage. 
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In addition to an inhibition of topoisomerase II, doxorubicin 

may be exerting a cytotoxic effect through several other mechanisms 

such as DNA intercalation, production of free radical species, or 

deleterious effects on the cell membrane. More will be mentioned of 

these effects later. The majority of available data though, suggests 

that the cytotoxicity of doxorubicin correlates best with DNA damage, 

especially such damage which is consistent with an inhibition of 

topoisomerase II. 

The ability of the resistant cells to detoxify and eliminate 

doxorubicin at an increased level compared to the sensitive cells may 

be one possible mechanism of resistance in these cells. Studies were 

performed to determine if the resistant cells possessed an increased 

capacity to detoxify doxorubicin via the glutathione system. Recent 

observations suggest that glutathione-based detoxification mechanisms 

may be overexpressed in resistant tumors. Elevations in the activities 

of the enzymes glutathione-S-transferase (GST: EC 2.5.1.18) and 

glutathione peroxidase (GSH-px: EC 1.11.19) have been reported in a 

human breast carcinoma cell line which exhibits the MDR phenotype 

(Batist 1986a). Such elevations could enable cells to resist 

antineoplastic agents by direct detoxification and elimination before 

they had a chance to exert their cytotoxic effect on the critical 

cellular target. Indeed, several non-MDR lines are known to contain 

increased levels of glutathione (GSH) and its associated enzymes as an 

integral component of their resistance to antineoplastic agents. 

Most of the increased GST activity has been attributed to a 

novel anionic transferase isoenzyme which possesses organic peroxidase 
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activity (Batist 1986a). Doroshow (1986) has shown that doxorubicin is 

reduced to its semiquinone with the consumption of oxygen and 

production of oxygen radicals in human MCF-7 breast cancer cells. The 

generation of doxorubicin-free radicals has been demonstrated to 

produce DNA strand breaks (Berlin 1981). It is therefore possible that 

a mechanism to reduce free radicals and their associated DNA damage 

might account for the development of resistance to agents such as 

doxorubicin. 

If the cytotoxicity of doxorubicin is truely due to the 

formation of DNA lesions, as evidence suggests, then an increased 

capability to repair such damage would be another possible means 

whereby the cells can resist this drug. The role of DNA repair in these 

cells was assessed by studying the rate of removal of x-ray-induced DNA 

strand breaks using the method of DNA alkaline elution. 

Finally, studies have reported the ability of calcium channel 

blockers, including verapamil, and calmodulin inhibitors such as 

trifluoperazine, to reverse the resistance of natural product 

chemotherapeutic drugs both in vitro and in vivo. The circumvention of 

this resistance appears to be associated with increased drug 

accumulation and retention; however, the mechanism by which it occurs 

is unknown. 

Previous studies have demonstrated that verapamil can circumvent 

doxorubicin resistance in multidrug resistant tumor cells. Although 

such studies have shown that verapamil was exerting its effect by 

increasing intracellular levels of doxorubicin in the resistant cell 

lines, to date no one has studied the effect of this agent on the 
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formation of doxorubicin-induced DNA lesions. Under conditions of 

equivalent intracellular doxorubicin concentrations in both cell lines 

after the addition of verapamil, is there equivalent DNA damage, and if 

so is there equivalent cytotoxicity? If this 1s found to be true then 

such findings would lend a mechanistic rationale for the use of 

verapamil in the resistant cells. Studies were performed to assess the 

formation of doxorubicin-induced DNA lesions in the presence of 

verapamil and to correlate this with cytotoxicity. 
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Multiple myeloma represents a B-cell neoplasia to which patients 

have a high initial degree of chemotherapeutic response but often 

relapse and die of the disease (Kyle 1986). This disease state 

represents a good model in which to study multidrug resistance. Most 

myeloma patients, as just mentioned, have an initial response to 

induction chemotherapy but later relapse. Agents such as the 

anthracycline antibiotic doxorubicin and the vinca alkaloids are 

effective in myeloma which is refractory to alkylating agents and are 

being used in combination chemotherapy protocols. Eventually however, 

those patients responding to these drugs will also relapse. Recently, 

multiple agent chemotherapy has been reported to be superior to single 

agent therapy in the setting of multiple myeloma (Bonnet 1982). The 

combination of continuous infusion Vincristine, plus doxorubicin and 

oral dexamethasone has been shown to be effective in patients 

refractive to conventional alkylating agents (Barlogie 1984; Sheehan 

1986). Despite improvements in therapy however, all patients with this 

disease eventually relapse and die as a consequence of drug resistant 

cells. 

Thus, this is a disease state in which the tumor cells will 

initially respond to agents which are associated with multidrug 

resistance but eventually become resistant to their cytotoxic actions. 
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Myeloma Stage and Survival Duration 
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Figure 2. Kaplan-Meier survival curves for 150 patients with multiple 
myeloma categorized by disease stage. Stage I represents an 
early stage of the disease characterized by a low myeloma 
cell mass, normal serum calcium, normal bone structure, and a 
low M-protein production rate. Stage III represents an 
advanced stage of the disease with a high myeloma cell mass, 
serum calcium> 12.0 mg/dl, lytic bone lesions, and a high M
protein production rate. (After Durie, 1980) 
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This is in contrast to such diseases as colon cancer or lung cancer 

where the tumor cells may exhibit a de novo resistance at the outset of 

therapy and thus display no response to therapy whatsoever. 

Efforts to study the resistance mechanism(s) and to find ways to 

circumvent the multiple drug resistance are critical steps in improving 

the treatment for this type of cancer. 

Drug Resistance 

Chemotherapy continues, along with surgery and radiotherapy, to 

be an extremely effective modality of cancer therapy. Much progress has 

been made in the last twenty years such that there are several types of 

cancers now considered "curable" by chemotherapy. Complete remissions 

are obtainable in Hodgkin's disease, 

lymphocytic leukemia, and testicular 

large cell lymphoma, acute 

cancer (Chabner 1984). In 

addition, with the development of combination chemotherapy, other 

malignancies such as ovarian, small cell lung cancer, and advanced 

breast cancer, while not yet curable, demonstrate clinical responses in 

many patients. Unfortunately though, when a relapse does occur it is 

usually associated with the development of drug resistance and further 

response to chemotherapy is limited. The emergence of resistant tumors 

has been described since the modern era of cancer chemotherapy was 

introduced. 

When Sindey Farber began treating leukemic patients with 

aminopterin (1948) he noted that the disease was initially sensitive to 

the drug in many cases but that it subsequently reappeared in a form 

which was unresponsive to further therapy. 
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Origins of Drug Resistance 

Malignant cell populations are characterized by a genetic 

instability which leads to the spontaneous generation of variant forms 

having different phenotypic and genotypic properties (Goldie 1985). 

Such genetic alterations include mutations, deletions, gene 

amplifications, and translocations among others. These changes can lead 

to altered gene products which may be directly involved in the 

development of drug resistance. 

The classic experiment of Lauria and Delbruck (1943), using the 

method of fluctuation analysis, demonstrated a genetic origin for 

bacterial resistance to viral lysis. They were able to show that 

resistant variants originated spontaneously and randomly and with a 

heritable transmission of their resistance. Fluctuation analysis was 

adapted to study drug resistance in various tumor lines beginning in 

the 1950's when Law (1952) demonstrated a genetic origin for resistance 

to folic acid antagonists in murine L1210 leukemia cells. 

In the adaptation of fluctuation analysis to the study of tumor 

cells, the test is carried out in two distinct parts. In the first 

step, tumor cells are distributed equally into a series of culture 

dishes from a stock flask. Each of the culture dishes contains the same 

concentration of a particular drug which is serving as the selecting 

agent. After a specified period of time these dishes are inspected for 

the appearance of drug resistant colonies. The observed variance of the 

individual culture plates in this portion of the experiment is normally 

very low. In the second phase of the experiment, small numbers of tumor 

cells are removed from the stock culture flask and placed into a series 
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Figure 3. Technique of fluctuation analysis. The first portion of the 
test is depicted at the top. There is very little variation 
observed in the number of resistant colonies per culture 
dish. The second part is depicted at the bottom. As can be 
seen, there is a marked variation in the number of colonies 
per dish. (After Goldie 1985). 
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of individual culture flasks. They are then grown up to a cell density 

approximately the same as was utilized for the first experiment. Cells 

from the secondary culture flasks are then plated out onto culture 

dishes containing the same concentration of the selecting agent used 

previously. If resistance were due to the selecting agent then the 

observed variance of this phase of the experiment should match that of 

the first phase. In actuality what is observed however, is a marked 

variation in the number of resistant colonies. Such variation is due to 

the cells undergoing random and spontaneous mutations. 

Since the initial study by Law, others have utilized this method 

to show a genetic origin of drug resistance in tumor cells. For a more 

through review on the subject see Goldie (1984) and Siminovitch (1976). 

DNA transfection studies have added further proof of a genetic 

origin of drug resistance. It is now possible to transfect genes coding 

for drug resistance into drug sensitive host cells. These transfectants 

can then be shown to display the phenotypic traits of the donor cell 

and to maintain these traits in a stable and heritable manner. 

Fluctuation analysis also provides a method of estimating the 

mutation rate in a given cell population. The higher the mutation rate 

in a tumor cell population, the earlier in its growth are resistant 

cells likely to appear. In most cases, the smaller the tumor mass, the 

fewer the number of doublings, and therefore the less likely it is to 

contain cells which have mutated to a resistant phenotype. Thus, tumor 

burden becomes an important factor to consider. As the tumor burden 

increases the likelihood of resistant phenotypes occurring increases 

and the probability of a cure decreases. Such a relationship has been 
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described mathematically by Goldie and Coldman (1983): 

p(cure) = e-aN 

where a=the mutation rate per cell generation and N=the size of the 

tumor. Frequencies of mutation to drug resistance that are commonly 

observed (10- 7 to 10- 5) (Ling 1982) are such that large tumor masses in 

vivo may be expected to contain a resistant population of cells at the 

time of initiation of chemotherapy. 

Tumor Progression 

Tumor progression denotes the stepwise acquisition of one or 

more traits in the development of a neoplasm. Such changes are a result 

of an interplay between genomic instability, leading to the production 

of variant cells, and the selection of those variants having a survival 

advantage. In tumors which initially respond to chemotherapy but 

subsequently relapse, one is most likely selecting out those 

subpopulations which had mutated to resistance but were a minority of 

the cells present at the start of chemotherapy. In tumors which are 

initially unresponsive to chemotherapy, such cells may already 

represent a majority of the tumor mass. 

Acquired vs. Inherent Resistance 

Drug resistance has been classified into two distinct 

categories: inherent and acquired. In cases where the overall response 

to chemotherapy has been historically poor, such as colon cancer and 

non-small-cell lung cancer, these tumors are considered to be 

inherently, or de novo, resistant to chemotherapy from the start. This 
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contrasts with the situation observed in leukemias and lymphomas 

wherein patients have an initial response to chemotherapy but may 

subsequently relapse and become refractory to further treatment. In 

this instance they are considered to have acquired resistance. 

Tumors with a slow growth rate, such as colon, have a greater 

degree of cellular heterogeneity for a given mutation rate than do 

tumors which are characterized by a rapid growth rate. Not all of the 

cells within the tumor mass have the potential for self renewal. Those 

which do are termed stem cells (Buick 1984). Others are destined to 

differentiate after a given number of doublings. Those tumors with a 

higher growth fraction contain more stem cells than their slower 

growing counterparts. It is interesting to note that the most 

chemosensitive tumors tend to be those characterized by a rapid growth 

rate (they also tend to be rapidly spreading and in the absence of 

systemic therapy are rapidly fatal) (Goldie 1984). 

As noted by Goldie and Coldman (1983), when the population of 

stem cells within a tumor is low, the tumor must undergo many more 

doublings before reaching a clinically detectable size. During such 

slow growth many cell lineages will differentiate and die off while 

those which survive will have a much higher likelihood of having 

undergone mutations towards resistance. 

Findings such as these indicate that tumors found to be 

inherently resistant to chemotherapy and those thought to have 

"acquired" their resistance may indeed be operating through the same 

underlying mutational events. In the former case the resistant 

phenotypes represent the majority of cell types in the tumor while in 
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the latter they may represent only a small fraction of the total cell 

population at the initiation of therapy. 

Mechanisms of Drug Resistance 

Failure of a chemotherapeutic regimen to induce a response may 

be due to many different factors. Foremost among these is the inability 

of the drugs to reach the critical cellular target. In this regard 

physiological factors may playa large role in the successful outcome 

of therapy. Absorption, distribution, metabolism, and elimination are 

key principles in successful cancer chemotherapy and while they should 

not be deemphasized as possible reasons for a cell's lack of response 

to therapy, the focus of this review is on the alterations which occur 

at the cellular level. 

Drug Resistance in Bacteria 

Many mechanisms of drug resistance have been studied wherein the 

resistant cell type has the ability to overcome or to circumvent a very 

specific pathway targeted by a drug. Such phenomena are widespread in 

bacterial resistance to antibiotics. The most commonly encountered 

resistance mechanisms in this setting involve the expression of 

specific enzymes such as chloramphenicol acetyl transferase or beta

lactamase by the resistant strains of bacteria to catalyze alterations 

in necessary portions of the antibiotic molecules thus rendering them 

inactive (Neu 1987). Such changes tend to be specific for a given class 

of agents and are generally not effective against other classes of 

agents. For example a beta lactamase producing strain of S. aureus 
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would be resistant to the actions of penicillin and other beta lactam 

containing antibiotics but would most likely be sensitive to the 

actions of an agent such as vancomycin. In addition, for any given 

drug, there may be more than one mechanism whereby a cell may 

inactivate it. Such is the case for the aminoglycoside class of 

antibiotics where the bacterium may become resistant by at least three 

different mechanisms: 1) an alteration in the target ribosome so that 

its affinity for the antibiotic is lost; 2) a reduced accumulation of 

antibiotic within the bacterium; and 3) elaboration of an enzyme which 

inactivates the drug (Barza 1977). 

Drug Resistance in Tumor Cells 

Similar observations have been made in tumor cells where 

resistance in many cases is the result of an alteration in a particular 

key pathway which renders the cell resistant to a given class of agents 

but not cross resistant to others. Alterations in enzymes responsible 

for the activation or inactivation of many antineoplastic agents have 

been found in resistant cell lines. Examples also exist where there are 

changes in the drug target such that the drug no longer binds the 

target or there are increased copies of the target present and its 

cytotoxic effects are lost. Changes in specific transport mechanisms 

which reduce the concentration of drug within the cell have also been 

reported. For those agents which act primarily by damaging DNA, 

alterations in the DNA repair capabilities of the tumor cell leading to 

resistance have also been reported. 



36 

Alterations in Enzymes of Activation 

Drugs such as 5-fluorouracil, 6-mercaptopurine, and cytarabine 

must undergo phosphorylation to an active species once within the cell. 

Resistance to these agents has been associated with alterations in the 

enzymes responsible for such activation (Reichard 1962: Brockman 1963: 

Coleman 1975). The antifolate agent methotrexate undergoes a conversion 

to a family of polyglutamated species once within the cell (Jolivet 

1982). These polyglutamated species are formed by the addition of from 

1 to 4 glutamyl residues to the native drug. Cowan and Jolivet (1983) 

have reported a human breast cancer line which was deficient in 

polyglutamate formation and exhibited resistance to methotrexate thus 

indicating that these metabolites were important for its cytotoxic 

action. The anthracyclines, doxorubicin and daunorubicin, do not 

undergo an activation step and therefore mechanisms of resistance such 

as those described above are not likely to be a factor in their 

resistance. 

Alterations in Enzymes of Inactivation 

Not only can changes occur in activation enzymes but alterations 

in those enzymes responsible for the inactivation of the drug have been 

reported. An increase in the activity of the enzyme cytosine deaminase 

is responsible for much of the resistance observed with the 

antineoplastic agent cytarabine while elevated levels of alkaline 

phosphohydrolase are responsible for some of the resistance observed 

to 6-mercaptopurine (Hall 1977). Akiyama et al. (1981) found elevated 

levels of the enzyme bleomycin-hydrolase in bleomycin-resistant tumor 

t 
I 
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cells which contributed to the level of resistance. Doxorubicin 

undergoes a number of metabolic alterations within the cell which can 

result in a loss of tumoricidal activity. Specifically. cleavage of the 

daunosamine sugar. producing the aglycone. results in the inactivation 

of this drug. Therefore. an increase in the enzyme responsible for such 

cleavage might be a possible mechanism of doxorubicin resistance. 

Studies in the 8226 human myeloma cell line have not revealed any 

alteration in the metabolism of doxorubicin however (Dalton 1986). 

Alterations in the Drug Target 

Alterations in the drug target can occur and lead to resistance 

to the cytotoxic effects of the agent in question. Perhaps one of the 

best understood of these is the overproduction of the enzyme 

di hydrofol ate reductase (DHFR). the critical cellular target of 

methotrexate. in cells which are resistant to its cytotoxic actions 

(Kaufman 1979). In such cells there is an amplification of the genes 

responsible for coding DHFR such that excess amounts of the enzyme are 

produced and methotrexate is no longer cytotoxic to these cells 

(Dolnick 1979). In addition to the increased production of DHFR. 

reports such as by Goldie et al. (1980) indicate that alterations in 

the DHFR molecule can occur such that the binding affinity of 

methotrexate is changed. In one methotrexate-resistant murine cell 

line. Simonsen et al. (1983) have reported that a change in a single 

nucleotide in the gene coding for DHFR and the resulting single amino 

acid substitution resulted in the enzyme having a marked decrease in 

its affinity for this drug. 
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Changes at the target level have also been reported in steroid 

hormone receptors found in human breast cancer cells resistant to 

tamoxifen (Nawata 1983); in tubulin in cells resistant to vinca 

alkaloids (Cabral 1980); and in the enzyme thymidylate synthetase in 

cells resistant to the antimetabolite FUDR (Heidelberger 1960). 

DNA topoisomerases' are enzymes which catalyze changes in DNA 

topology as a part of their normal functioning (Cozzarelli 1980) and 

have become the focus of recent attention as a likely target for 

various antineoplastic agents including doxorubicin. An etoposide

resistant Chinese hamster ovary cell line was demonstrated to have an 

altered topoisomerase II activity (Glisson 1986a, 1986b) and was cross 

resistant to doxorubicin. A human T-cell line, CEM/VM-1, which was 

selected for resistance to VM-26 is also cross resistant to doxorubicin 

(Danks 1987). Doxorubicin resistance in this line appears to be 

multifactorial with one mechanism involving an alteration in 

topoisomerase II (W.T. Beck, personal communication). 

Thus, alterations at the target level represent a very likely 

mechanism for doxorubicin resistance. 

Alterations in Drug Accumulation 

There are numerous reports of drug resistance being accompanied 

by a decrease in drug accumulation in the resistant cells. Drug 

accumulation is a dynamic process which is dependent on both drug 

uptake as well as drug efflux. Examples of defects of drug uptake 

mechanisms have been observed for nitrogen mustards, where there is an 

alteration in the choline transport mechanism (Goldenberg 1970), 
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melphalan (Redwood 1980), and methotrexate (Kessel 1965: Sirotnak 

1981). Many of the mu1tidrug resistant cell lines to be described later 

display a decreased drug accumulation, especially with respect to 

doxorubicin. 

Not all resistant lines display a decrease in drug accumulation 

however. Marsh et a1. (1986) described a human promye10cytic leukemia 

line, HL-60, which exhibited a low level of resistance to doxorubicin 

but which did not differ from the drug-sensitive parental strain in its 

initial accumulation of drug. This line was not probed for the P

glycoprotein however, and after a prolonged incubation of the cells in 

drug there was a rapid loss of drug from the resistant line. Kessel and 

Corbett (1985a) looked at a variety of solid tumors showing varying 

degrees of inherent or induced doxorubicin resistance. They found that 

neither drug accumulation nor changes in membrane glycoproteins were 

correlated with resistance. However, it was not clear if they were 

using true MDR phenotypes in their studies. 

Enhancement of drug efflux, especially of agents such as the 

vinca alkaloids and the anthracyc1ines, appears to be one of the major 

mechanisms associated with mu1tidrug resistance to which greater detail 

will be paid shortly. 

Alterations in Detoxification Systems 

Tumor cells may also utilize systems which normal cells usually 

envoke to detoxify and protect themselves from environmental insults. 

One such mechanism the cell has to protect itself from various 

a1ky1ating species is by utilizing cellular thiols such as glutathione 

-----------~----------------------
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to bind and thereby inactivate the drug. Indeed elevations in cellular 

thiols have been reported in various cell lines resistant to alkylators 

(Suzukake 1982; Adams 1985; Hamilton 1985). Alterations in phase II 

enzymes such as glutathione-s-transferase have been reported in both 

animal (Buller 1987) as well as human tumors (Batist 1986a). 

Such systems may play a role in protecting the cell from the 

actions of a drug such as doxorubicin. Because of its quinone function, 

doxorubicin can undergo a redox cycling which has been shown to produce 

free radical species (Handa 1975; Doroshow 1986). Increases in such 

protective systems as glutathione peroxidase, DT diaphorase, superoxide 

dismutase, and catalase would help reduce the cytotoxic potential of 

doxorubicin and thus confer resistance to the cell. 

Alterations in DNA Repair 

Increases in the "repair" or removal of drug-induced DNA lesions 

are another mechanism a cell has to resist the cytotoxic actions of 

antineoplastic agents. Erickson et al. (1981) reported an increased 

capacity for transformed human fibroblasts to excise cisplatin 

monoadducts before they are converted to the more lethal DNA 

interstrand crosslinks. A similar mechanism was also put forth by 

Micetich et al. (1981) for L1210 cells resistant to melphalan and 

cisplatin. An enhanced ability to repair DNA damage has also been 

reported for cyclophosphamide (Brockman 1975), nitrogen mustard (Hall 

1977), and for methyl-CCNU (Erickson 1978). 

Since the anthracyclines are thought to exert their effect by 

damaging the DNA of the cell, an increased ability of the cell to 
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repair any such damage would thus enable the cell to resist the 

cytotoxic action of this drug. Several studies have suggested a role 

for DNA repair in doxorubicin in different human tumor cell lines 

(Meijer 1987: Zijlstra 1987). 

Thus, changes at the cellular level tend to be specific for a 

given class of agents and generally are not effective against other 

agents. These alterations are not mutually exclusive however and it is 

highly probable that in many tumors more than one of these mechanisms 

are operating in conjunction with one another. Such specific mechanisms 

of resistance are in contrast with the more generalized type known as 

multidrug resistance. As the name implies, MDR cells exhibit cross

resistance to a wide variety of structurally and functionally unrelated 

antineoplastic agents. 

Multidrug Resistance 

The phenomenon of multidrug resistance was observed in the 

1960's although not recognized as such at the time. Kessel observed 

that P388 murine leukemia cells selected for resistance to vinblastine 

were cross resistant to actinomycin 0, vinca alkaloids, daunorubicin, 

and terephthalanilide derivatives (Kessel 1965: 1968). These cells 

displayed a decrease in drug accumulation which paralleled their degree 

of resistance. In 1970 Biedler and Riehm reported that chinese hamster 

lung cells which had been selected in vitro for resistance to 

actinomycin 0 developed cross-resistance to mithramycin, vinblastine, 

vincristine, daunomycin, and mitomycin C. Ling and his colleagues made 

similar observations in chinese hamster ovary cells (Bech-Hansen 1976). 
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Table 1. Characteristics of Multidrug Resistance. 

1. Cross-resistance to a wide variety of natural product antineoplastic 
agents. 

2. Decreased drug accumulation via an active efflux process. 

3. Increased expression of a 170-180 kD integral membrane glycoprotein 
(P-glycoprotein) in most cases. 

4. Reversibility of resistance by a diverse group of agents (including 
calcium channel blockers, calmodulin inhibitors, and surfactants). 
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Figure 4. Drugs which are commonly associated with multidrug resistance 
are structurally and functionally unrelated. These drugs 
include the anthracyclines such as doxorubicin; 
epipodophyllotoxin derivatives such as VP-16; polypeptide 
antibiotics such as actinomycin D; and plant toxins such as 
the vinca alkaloid vincristine. 
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In their studies, mutant chinese hamster ovary cells which had been 

selected for resistance to colchicine demonstrated cross-resistance to 

a number of unrelated compounds including daunomycin, vinblastine, 

ethidium bromide, and gramicidin D. An interesting observation of these 

cells was that in addition to their cross-resistance profile they also 

developed an inCreased, or collateral, sensitivity to several agents 

including local anesthetics, steroid hormones, and several Triton X 

compounds. Using these cells Ling's group determined that the level of 

resistance was correlated with a decrease in [3H]colchicine 

accumulation in the resistant subline and thus demonstrated that 

multidrug resistance was associated with alterations in drug 

accumulation (Ling 1974). 

With many MDR cells, the level of resistance to the selecting 

agent is generally higher than the degree of cross-resistance to other 

agents although this is not always true. A human colon adenocarcinoma 

cell line, LoVo, selected for resistance to doxorubicin displays a 

3D-fold degree of resistance to doxorubicin but only a 7-fold level of 

resistance to actinomycin D (Grandi 1986). By contrast, a human 

sarcoma, MES-SA/Dx1, which was selected in a similar manner for 

resistance to doxorubicin, exhibits a 25-fold level of doxorubicin 

resistance and an 89-fold level of cross-resistance to actinomycin D 

(Harker 1985). The 8226 cells used in the these studies were selected 

for resistance to doxorubicin by gradually increasing exposures over a 

10 month period. One doxorubicin-resistant subline, 8226/DOX10, 

displays a 10-fold level of resistance to doxorubicin after a 1 hour 

exposure and a 197-fold level of resistance to vincristine after an 

- ---------- ---------------------------
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identical exposure (Dalton 1986). The conditions of the cytotoxicity 

assay were shown to be very important in determining the level of 

cross-resistance in these cells. The degree of vincristine resistance 

dropped from 197-fold after a 1 hour drug exposure to approximately 

9-fold resistance under conditions of continuous exposure. Such 

findings reflect the cell cycle specificity of an agent such as 

vincristine. The level of doxorubicin resistance was not altered as 

drastically by the change in assay conditions. It is not clear why 

there should be such differences in levels of cross-resistance in cell 

lines selected by essentially similar methods for resistance to the 

same agent. Possible bases for such differences may be related to: 1) 

the cell type (carcinoma vs. sarcoma): 2) the assay conditions as just 

mentioned; 3) the chemical or biochemical properties of the drug 

(lipophilicity, cell cycle specificity, etc.); or 4) expression of 

different mdr gene families. 

Ling's group also observed that the resistant CHO cells 

overexpressed an integral membrane glycoprotein of 170,000 daltons 

which was not found in the drug-sensitive parental line (Juliano 1976: 

Carlsen 1977). This protein was detected by [3H]-glucosamine 

incorporation into membrane proteins, with subsequent electrophoresis 

of the labeled proteins. The degree of expression of this glycoprotein 

directly correlated with the level of drug resistance as well as with 

the degree of decrease in drug accumulation in these cells (Ling 1974: 

Kartner 1983). A functional role has been suggested for this 

glycoprotein, termed the "P-glycoprotein" (P standing for 

permeability), in terms of modulating the levels of drug accumulation 

in the resistant cells. 
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Since these initial reports many investigators have described 

multidrug resistant tumor cell lines selected in vitro to a number of 

natural product antineoplastic agents (Beck 1979: Howell 1984: Akiyama 

1985b: Harker 1985: Kartner 1985: Dalton 1986: Shen 1986: Twentyman 

1986: Diddens 1987: Dorr 1987: Ganapathi 1987: Panneerselvam 1987) as 

well as by exposure to X-irratiation (Hill 1984). Recent studies by 

Beck et al. have demonstrated a multidrug resistant subline of the 

CCRF/CEM human T-cell leukemia line, VM-5, which was selected for 

resistance to the epipodophyllotoxin derivative VM-26. This line 

displays a different type of drug resistance profile than has been 

normally reported (Danks 1987: Beck 1987). These cells were cross 

resistant to the anthracyclines and to VP-16 but sensitive to the vinca 

alkaloids and lacked the p-glycoprotein. Another report of a multidrug 

resistant cell line lacking the P-glycoprotein came from Mirski et al. 

(1987) in a human small cell lung cancer line. Dalton et al. (1988) 

have recently reported a human colon carcinoma line, WiDr, which was 

selected for resistance to mitoxantrone. This line was cross-resistant 

to doxorubicin and vinblastine. There was a decrease in doxorubicin and 

mitoxantrone accumulation in the resistant subline as compared to the 

sensitive line but there was no detectable P-glycoprotein in either 

subline. Verapamil, an agent found to have modulating effects on drug 

resistance in P-glycoprotein containing multidrug resistant cells, had 

no effect on resistance in the WiDr line. Thus, while the P

glycoprotein seems to be expressed in many of the lines created in the 

laboratory, its expression does not appear to be a universal feature 

---------------------------------------------
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among MDR cell lines and suggests that mechanisms other than those 

associated with this glycoprotein may be involved in maintaining the 

resistant phenotype. 

Clinical Significance 

With the present emphasis on combination chemotherapy, the 

presence of multidrug resistant cells in human tumors is of obvious 

importance. All of the early reports of multidrug resistant cell lines 

were in rodent cells until the report of a human T-cell leukemia which 

had been selected for resistance to the vinca alkaloids (Beck 1979). 

Even with this report though, the lines had been established in the 

laboratory by gradually increasing exposures of drug over long periods 

of time, in some instances with the addition of an initial mutagen, and 

generally expressed large levels of resistance (hundreds-fold resistant 

in the case of the human CEM/VLB and CEM/VCR lines of Beck). Clearly 

much lower levels of resistance would be expected to be observed in a 

clinical situation and resistance levels on the order of two-to-three

fold would be sufficient to doom therapy to eventual failure. As 

mentioned in the previous section perhaps the best marker at the 

present for cells with the MDR phenotype is the presence of the P

glycoprotein. Bell et al. (1985) demonstrated the presence of this 

glycoprotein in patients with refractory ovarian cancer. Using a 

monoclonal antibody specific for the P-glycoprotein, they found an 

overexpression of the P-glycoprotein in two of five patients. One of 

these patients displayed an increase in its expression from previous 

levels as her disease progressed. In addition to ovarian cancer, the P

glycoprotein has been detected in soft tissue sarcoma (Gerlach 1987), 

-------------------------------------------------------------------------
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acute myelocytic leukemia (Ma 1987), breast carcinoma (Gerlach 1987), 

and multiple myeloma (Dalton 1988). Expression of the P-glycoprotein 

and mdr1 mRNA have also been detected in patients with chronic 

myelogenous leukemia at blast crisis (Tsuruo 1987). This is a very 

interesting finding because presently available therapies for the 

myeloid blast crisis of CML are ineffective and patient survival is 

usually less than one year after the onset of the blast crisis 

(Champlain 1987). 

Dalton et al., 

capable of detecting 

using a murine monoclonal 

P-glycoprotein in individual 

antibody which was 

cells with only a 

six-fold level of drug-resistance, were able to detect the presence of 

P-glycoprotein in bone marrow aspirates from three of six multiple 

myeloma patients by immunohistochemical staining techniques. The 

presence of P-glycoprotein was also established in two of these 

patients using a cDNA probe to detect RNA expression for this 

glycoprotein. Thus it has been well established that while not 

detectable in all cases, MDR cells are clinically important in human 

myeloma as well as other forms of cancer. 

Alterations in Multidrug Resistance 

Decreased Drug Accumulation 

As alluded to in an earlier section, one of the more common 

alterations observed in MDR tumor cells is a decrease in drug 

accumulation (Kessel 1965, 1970; Riehm 1971; Dano 1973; Ling 1974; 

Inaba 1977; Skovsgaard 1978; Beck 1982; Fojo 1985b; Dalton 1986). Such 

changes may be brought about by either a reduction in drug influx or an 
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enhancement of drug efflux. Most of the drugs involved in MDR cross

resistance are amphipatic and cross the membrane quite readily without 

the aid of specific transport systems. Carlsen et ale (1976) 

demonstrated that there seemed to be no competition among drugs 

involved in MDR in terms of their transport into the cell; and, in 

fact, demonstrated that vincristine, vinblastine, daunorubicin, and 

actinomycin D all enhanced the accumulation of colchicine in multidrug 

resistant CHO cells. Evidence such as this suggests the lack of a 

common transporter for the influx of these drugs. 

Dalmark (1981, 1983) has demonstrated that the anthracyclines 

enter erythrocytes by simple passive diffusion while a study by 

Sirotnak (1986) claims that both the vinca alkaloids and 

anthracyclines may be entering the cell by a carrier-mediated process. 

The initial uptake of anthracyclines (Skovsgaard 1978) and the vinca 

alkaloids (Beck 1983) was reported to be decreased in MDR cells, 

possibly due to alterations in membrane lipid fluidity or composition. 

Such alterations have not proven to be universal in multidrug resistant 

cells however. 

Studies such as those by Dano (1973) and others (Skovsgaard 

1978; Inaba 1979, 1981) have demonstrated the possibility of an active, 

energy-requiring, drug efflux pump in the resistant cells which may be 

responsible for the decreased drug levels. When resistant cells are 

depleted of ATP as an energy source, this being accomplished by either 

removing glucose from the culture medium or by including metabolic 

poisons such as sodium azide, cyanide, or iodoacetate, there is 

generally an increase in the steady state drug concentrations as 
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compared to the drug-sensitive counterparts. When these energy-deprived 

drug-resistant cells are placed back into a medium containing glucose, 

the levels of drug decline thus lending support to the idea of an 

energy-requiring pump in these cells. 

P-Glycoprotein 

Perhaps one of the best markers for multidrug resistance is the 

P-glycoprotein. As mentioned earlier Juliano and Ling (1976) were the 

first to describe this membrane glycoprotein in drug-resistant cells. 

Subsequent research has shown that there is, in many cases, an increase 

in the expression of the gene encoding the P-glycoprotein, the mdr gene 

(Riordan 1985; Fojo 1985; Gros 1986b; Scotto 1986). A large amount of 

information about the structure of the P-glycoprotein has been obtained 

from studies using cDNA probes (Gros 1986c; Chen 1986; Gerlach 1986). 

These studies have revealed that that the P-glycoprotein consists of 

1,276 amino acids with a deduced sequence which has been shown to be 

homologous to several bacterial transport systems. It is present as a 

single polypeptide chain which contains two homologous portions equal 

in length which may have arisen as a result of gene duplication. The 

hydropathy profile of its amino acid sequence exhibits 12 hydrophobic 

regions which represent transmembrane loops. The overall structure is 

suggestive of that of a transmembrane channel. There are two 

nucleotide-binding regions located near the C-terminal portion of the 

P-glycoprotein on the inside of the membrane. These sites are though to 

be involved in ATP-binding. On the outside of the membrane, near the N

terminus, there are a cluster of N-linked glycosylation sites. Loss of 
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HUMAN P- GLYCOPROTEIN 

Figure 5. Schematic diagram of the human P-glycoprotein showing 
transmembrane sequences, nucleoside binding sites, and 
glycosylated portions. (After Chen 1986) 



Table 2. Expression of mdr1 mRNA in normal tissues. 

(After Fojo 1987) 

vert High 
Adrena Medu11 a 

High 
Adrenal Cortex 

Rena 1 Medu 11 a 
Colon 
L1ver 

Intermediate 
Lung 

Jejunum 
Rectum 

Low 
Brain 

Prostate 
Skin 

Bone Marrow 
Spleen 
Ovary 

Stomach 
Esophagus 

Spinal Cord 
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the glysosylated portion of the P-glycoprotein was found to have no 

effect on the level of drug resistance in CEM/VLB cells (Beck 1982). 

Using tunicamycin, an inhibitor of glycoprotein synthesis, they 

demonstrated that there was neither an alteration in the accumulation 

of [3H]-vinblastine, nor was there an alteration in the level of drug 

resistance in the resistant cells, thus suggesting that the 

carbohydrate moiety did not mediate drug resistance. Using the 

monoclonal antibody MRK16, Willingham et ale (1987) have localized the 

P-glycoprotein by immunofluorescence and electron microscopy. They 

found it to be localized to the external surface of the plasma membrane 

and the luminal side of golgi stack membranes in multidrug resistant 

human carcinoma cells. It was not found in coated pits at the plasma 

membrane and was absent from lysosomes. Small amounts were detected in 

the endoplasmic reticulum and none was found in the drug sensitive 

tumor cells. 

The P-glycoprotein has been detected in normal tissues however. 

P-glycoprotein RNA expression was demonstrated to be high in normal 

kidney and adrenal medulla tissue and was found in moderate amounts in 

hepatic and colonic tissue. Tissues such as bone, skeletal muscle, and 

heart were found to have little expression of this RNA (Fojo 1987). 

Sugawara et ale (1988), using the same MRK16 antibody to the P

glycoprotein as was used by Willingham, found high levels in the 

adrenal medulla and cortex, renal tubules, and in placental tissue as 

detected by immunohistochemical staining. They also detected its 

presence in 1 of 10 previously untreated lung, and 1 of 9 breast 

cancers from fresh patient samples. Interestingly though, in contrast 
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to the study by Fojo, they found no P-glycoprotein in the liver or 

intestinal tissues. Why the P-glycoprotein is expressed in certain 

tissues and not others is still unknown but must certainly represent 

some as yet unidentified physiological role for this glycoprotein. One 

key may lie in the normal role of those tissues containing the P-170. 

We will return to this concept later. 

Functional Role for the P-Glycoprotein 

Evidence for a functional role for the P-glycoprotein comes from 

several different studies. DNA transfection studies using total genomic 

DNA (Debenham 1982; Shen 1986a; Deuchars 1987) have demonstrated that 

when DNA from multidrug resistant cells is transfected into drug 

sensitive cells they acquire the MDR phenotype, including the 

expression of the P-glycoprotein. The possibility eXisted, though, that 

genes in addition to those coding for the P-glycoprotein could have 

been co-transfected and thus responsible for such findings. Recently, 

Gros et al. (1986a) transfected a hamster cDNA containing the entire 

coding sequence of the mdr1 gene into drug-sensitive mouse cells and 

discovered that the transfected cells had acquired cross-resistance to 

the vinca alkaloids, doxorubicin, and colchicine as a result of the 

transfected hamster DNA. They did not however probe for P-glycoprotein 

expression in these cells, although it would be expected to be present 

since it is coded by the mdr gene family. Ueda et al. (1987b) 

performed a similar experiment using a cDNA coding for the human P

glycoprotein and obtained results identical to Gros. 

Using radiolabeled photoaffinity derivatives of vinblastine, 

investigators have shown that this compound binds to an integral 
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membrane glycoprotein of the same molecular weight as the P

glycoprotein and that this drug-protein complex can be precipitated 

from solution by the addition of a polyclonal antibody to the P

glycoprotein (Cornwell 1986a,1986b; Safa 1986). Such binding was shown 

to be specific and was inhibited by addition of cold vinblastine, 

vincristine, verapamil, or daunorubicin but not however by colchicine, 

dexamethasone, or actinomycin D. Results such as these are suggestive 

of the P-glycoprotein serving as a possible drug binding protein in the 

resistant cells. A radioactive photoaffinity labeled dihydropyridine 

calcium channel blocker, [3H]-azidopine, was also shown to bind to a 

membrane glycoprotein of the same size as the P-glycoprotein (Safa 

1987). Specificity of binding was established by competitive blocking 

of specific photolabeling with cold azidopine, nitrendipine, and 

nifedapine as well as by verapamil and diltiazem. The photolabeling due 

to [3H]-azidopine was also inhibited by addition of doxorubicin, 

vinblastine, and actinomycin D. Such findings are important in light of 

the observations that multidrug resistance has been reported to be 

reversed in vitro by calcium channel blockers. 

The P-glycoprotein has been shown to possess an amino acid 

sequence homology with several bacterial transport systems such as the 

alpha-hemolysin and malK transport systems in ~ coli, and the hisP 

system in ~ tvphimurium (Gerlach 1986; Gros 1986a; Chen 1986). An 

active role for the P-glycoprotein is also suggested from studies such 

as those by Carlsen (1977) and Garman (1983) who demonstrated that it 

was rapidly phosphorylated and dephosphorylated in the plasma membrane. 

Coupled with the observations that there seems to be an energy-
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dependent efflux of drug from the resistant tumor cells the P

glycoprotein may be serving to bind drugs and directly export them from 

the cell or alternatively, as in the case of the alpha-hemolysin 

system, the drugs may be bound to a much smaller cytosolic protein and 

then this complex is pumped from the cell. If the P-glycoprotein is 

serving as a drug efflux pump several questions need to be addressed: 

How can one peptide recognize such a wide variety of seemingly 

unrelated molecules in what appears to be a fairly specific manner? Is 

there only one p-glycoprotein involved or might there be a family of 

them, each with different substrate specificities? What is the normal 

purpose of this protein? A more definitive answer to the "pump" 

question might come from experiments wherein the purified P

glycoprotein is inserted into a membrane vesicle and can be 

demonstrated to transport drugs against a concentration gradient. 

Hamada and Tsuruo (1988) recently reported the purification of a 

membrane glycoprotein of similar size to the P-glycoprotein by use of 

affinity column chromatography. The protein they purified maintained 

its ATPase activity thus indicating that it was functionally intact 

therefore, the definitive experiment may be soon at hand. 

Akiyama et ale (1988) recently studied a large series of 

compounds which have been reported to reverse multidrug resistance. 

They studied the ability of these compounds to inhibit the binding of a 

photoaffinity labeled vinblastine analog to the P-glycoprotein. Agents 

such as reserpine, quinidine, a~d cepharanthine were able to inhibit 

this binding in doses which were comparable to those required to 

reverse multidrug resistance in vitro. Compounds such as chloroquine, 
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propranolol, or atropine, which only partially reverse multidrug 

resistance, had no effect on the binding of the vinblastine analog to 

the P-glycoprotein. Interestingly, agents such as the calmodulin 

inhibitors chlorpromazine and trifluoperazine which are effective in 

completely reversing MDR in vitro, were poor inhibitors of 

photoaffinity labeling of the P-glycoprotein. Such findings suggest 

that all of the compounds which modulate multidrug resistance may not 

be operating by binding to the P-glycoprotein directly. Other 

possibilities include agents which may be exerting their effect by 

interacting with membrane lipids and thus changing the environment 

surrounding the P-glycoprotein, thereby inhibiting its proper 

functioning: agents which bind to a different site on the P

glycoprotein from the one binding the vinblastine analog: or agents 

which have no effect on the P-glycoprotein at all and are exerting 

their effect by altering other cellular constituents. 

Other Membrane Alterations in MDR 

Overexpression of the P-glycoprotein has been the most 

consistently observed membrane alteration in multidrug resistance but 

it has not been the only alteration observed. A decrease in lower 

molecular weight glycoproteins in the range of 70 to 100 kD have been 

described by several 

1983; Richert 1985; 

investigators (Beck 1979: Garman 1982: Peterson 

Shen 1986b). These reductions in lower weight 

membrane glycoproteins may represent glycosylation changes rather than 

reductions in the protein portion itself however. Marsh and Center 

(1985, 1987) have reported increases in membrane proteins of 150 kD and 

220 kD in both hamster and human MDR cells. Another change noted in 
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certain MDR cells was an increase in the expression of a soluble 

protein as detected by Meyers and Biedler (1981) in their vinca 

alkaloid resistant chinese hamster cells. This protein was found to 

have an isoelectric point of 5.7, and a molecular weight of 19 kD. It 

has been termed sorcin but its function is unclear at the present. It 

has been shown to be phosphorylated in vivo (Biedler 1983). Biedler's 

group has also reported an increase in EGF receptors on the surface of 

multidrug resistant chinese hamster lung cells although no other 

laboratories have reported similar findings (Meyers 1986). Reeve et al. 

(1987) have found an increase in a 92 kD protein located in the 

endoplasmic reticulum of multidrug resistant chinese hamster ovary 

cells. This protein was found to have calcium binding properties but a 

functional role in the maintenance of the MDR phenotype was unclear. 

In addition to increases or decreases in specific proteins in 

mdr cells there may also be alterations in the membrane both in terms 

of lipid composition and membrane fluidity. Ramu (1984a) has reported 

that doxorubicin-resistant P-388 murine leukemia cells have a higher 

intracellular triglyceride content and a lower 

phosphatidylcholine:sphingomyelin ratio than do corresponding drug

sensitive cells. Changes in membrane fluidity have been reported in 

drug-resistant cells but there have been no consistent findings. Using 

a fluorescence polarization probe, diphenylhexatriene, Wheeler (1982) 

reported an increase in the membrane fluidity of doxorubicin-resistant 

mouse tumor cells as measured by the decrease in motion of this probe. 

Utilizing this same probe, Ramu (1983) also found an increase in the 

structural order of membranes from a multidrug resistant murine 
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leukemia line, P388/ADR. Siegfried et al. (1983) using the paramagnetic 

electron spin resonance probe, 5-doxyl sterate, however, measured a 

decrease in membrane fluidity in mouse sarcoma cells selected for 

resistance to doxorubicin. In neither instance was there a quantitative 

correlation between drug accumulation and the change in lipid order 

between the sensitive and resistant cells. Using a different 

fluorescence probe, trans-parinic acid, Rintoul and Center (1984) also 

found a decrease in membrane fluidity in a chinese hamster lung line 

selected for resistance to doxorubicin. Such differences are difficult 

to interpret in light of the different methodologies used to measure 

them but they may reflect, in part, differences in cell type as well as 

differences in the the drugs used to select and maintain these cells in 

culture. As noted earlier, the only consistent change in multidrug 

resistant cells appears to be an increased expression of the P

glycoprotein. With the reporting of new multidrug resistant lines 

though, this feature may not be entirely true in the near future 

(Mirski 1987; Beck 1987; Danks 1987; Dalton 1988). 

Genetic Alterations in Multidrug Resistance 

Goldie and Coldman (1984) have suggested that genetic 

alterations lie at the heart of the development of a resistant cell 

population; and Ling (1982) has demonstrated that tumor cells, may, as 

a consequence of a single mutational event develop cross-resistance to 

a wide variety of natural product agents. A number of groups have 

identified amplified DNA sequences from multidrug resistant cell lines 

(Roninson 1984; Fojo 1985a; Meyers 1985; Riordan 1985; Gros 1986b; 
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Scotto 1986: Van der Bliek 1986a, 1986b: Fairchild 1987b). These 

amplifications were present either as homogeneously staining regions or 

as double minute chromosomes. Using the technique of in-gel 

renaturation, Roninson (1984) found that the amplified regions in a 

chinese hamster cell line correlated well with multidrug resistance in 

this line. Fojo (1985a) later demonstrated that four different drug

resistant human carcinoma cell lines also shared common amplified 

regions which their drug-sensitive counterparts did not express. The 

amplified sequences were determined to be a small family of five genes 

(Van der Bliek 1986b), known as the mdr genes. The mdr1 gene was found 

to encode a 4.5-5.0-kilobase mRNA which in turn coded for the P

glycoprotein (Riordan 1985: Ueda 1986). Transcription of the human mdr1 

gene has been shown to be initiated 136 and 140 bases upstream from the 

first ATG codon (Ueda 1987a). Ueda et al. (1987b) presented further 

proof of the involvement of the mdr genes by transfecting a full-length 

cDNA for the human mdr1 gene into drug-sensitive human KB carcinoma 

cells and obtaining transfectants which were resistant to colchicine, 

doxorubicin, and vinblastine. Van der Bliek (1986a) has demonstrated 

that the cytosolic protein reported to be elevated in Biedler's chinese 

hamster line is coded for by the mdr4 gene. Thus differences in the 

expression of these genes may account for some of the variability seen 

in the mdr phenotype. 

Not all multidrug resistant lines contain amplified regions 

though (Dalton 1986: Dorr 1987). Shen et al. (1986a) demonstrated that 

an increase in the 4.5-kilobase mdr1 mRNA expression can precede gene 

amplification in multidrug resistant human leukemia and ovarian 

-----------------------------------
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carcinoma cells. Sugimoto (1987) has also demonstrated that in 

revertant cells of a human multidrug resistant leukemia line there is a 

decrease in the expression of the mdr1 gene without loss of its 

amplification. These findings leave open the question of the relevance 

of gene amplification in the clinical situation where low levels of 

resistance are most likely to be encountered. In this setting, all that 

may be needed for the production of mdr clones is a slight 

overexpression of the mRNA for the p-glycoprotein without the 

requirement for gene amplification. 

Modulation of Multidrug Resistance 

In 1981, Tsuruo et ale observed that resistance to vincristine 

in P388 leukemia cells could be reversed both in vitro and in vivo by 

verapamil. It has since become obvious that there are a wide variety of 

agents which are capable of circumventing or modulating multidrug 

resistance (table 3). Perhaps the most widely studied have been the 

calmodulin inhibitors, such as trifluoperazine, and the calcium channel 

blockers, especially verapamil. While there seems to be no connection 

among these agents from a mechanistic point of view, they generally do 

share a common feature of being membrane-active or of altering the 

membrane in some manner. These agents appear to exert their effect 

through an increase in intracellular drug accumulation in the resistant 

cells and in general do not have the same effect on the drug-sensitive 

counterparts. Such an increase could be the result of an increase in 

drug influx, a decrease in drug efflux, or to a redistribution of drug 

within the cell. 
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Table 3. Agents reported to alter multidrug resistance in mammalian 
cell s. 

AGENT CELL LINE REFERENCE 
(Conc.) 

Amantidine 
(6-10 pg/ml) KB carcinoma Shiraishi, 1986 

Amiodarone 
(1-10 pM) Colon 

adenocarcinoma 
Chauffert, 1987 

Atropine 
(100-200 pg/ml) KB carcinoma Shiraishi, 1986 

Brij 30 
(0.01 pl/ml) Squamous cell 

lung carcinoma 
Kerr, 1987 

Cepharanthidine 
(3-5 pM) KB carcinoma Shi rai shi, 1986 

Akiyama, 1988 
Chlorpromazine 
(4-8 pM) P388/ADR leukemia Ganapathi, 1984 
(6-9 pM) KB carcinoma Akiyama, 1988 

Chloroquine 
(1-2 pg/ml) KB carcinoma Shiraishi, 1986 
(50 pM) CEM/VLB Zamora, 1986 
(3-6 pM) KB carcinoma Akiyama, 1988 

Cyclosporin A 
(2-5 pg/ml) H69/LX4 Twentyman, 1987 

Forskol in 
(10 pM) Murine sarcoma Wadler, 1988 

S180 
Nicotine 
(200 pg/ml) KB carcinoma Shiraishi, 1986 

Nicardapine 
(3 pM) P388/ADR leukemia Ramu, 1984c 

Perhexiline maleate 
(5 pM) P388/ADR leukemia Ramu, 1984d 

Propranolol 
(10-15 pg/ml) KB carcinoma Shiraishi, 1986 
(10 pM) P388/VCR leukemia Tsuruo, 1984 
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Table 3 (Continued) 

Quinidine 
(50-125 mg/mg) P388/VCR leukemia Tsuruo, 1984b 

{in vivo} 

(1-10 pM) P388/VCR leukemia Tsuruo, 1984b 
(3-6 pM) KB carcinoma Akiyama, 1988 

Reserpine 
(10 pM) KB carcinoma Akiyama, 1988 

Tamoxifen 
(3 pM) P388/ADR leukemia Ramu, 1984b 

Thioridazine 
(3-5 pM) KB carcinoma Akiyama, 1988 

Trifluperazine 
(3-5 )M) KB carcinoma Akiyama, 1988 
(5 pM LI210/DOX leukemia Ganapathi, 1988 

Tween 80 
(0.002-0.05%) DC3F/AD Ri ehm, 1972 

Verapamil 
(3 pg/ml) CHO/VCR Brewer, 1987 
(22 pM) DC3F/9-0H-E Delaporte, 1988 
(10 pM) CEM/VLB Beck, 1986 
(3 pg/ml) MES-SA-Dx5, Harker, 1986 

human sarcoma 
(10 pM) GM3639/VCR, Slater, 1986 

human ALL 
(3 pg/ml) 2780 AD & Rogan, 1984 

1847 AD 
ovarian carcinomas 

Note: all studies performed in vitro unless otherwise indicated. 
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Because of the involvement of the calcium channel blockers and 

calmodulin inhibitors, investigators have searched for a role for 

calcium in this process. Ganapathi (1984a, 1984b, 1988) has done much 

of the work with the calmodulin inhibitors in multidrug resistant cells 

but has not reported any measurements of calmodulin content in his 

sensitive and resistant sublines. Other researchers have demonstrated 

no difference in calmodulin content in multidrug resistant murine 

leukemia cells compared to their drug sensitive counterparts (Tsuruo 

1984a; Nair 1986). Nair measured the total, membrane-bound, and 

intracellular calcium content of P388/ADR cells and found all three to 

be elevated as compared to the P388/S line. When corrected for cellular 

protein content however, these differences were lost. Tsuruo (1984a) 

estimated the calcium content of several mdr lines by growing them in 

45CaC12 and found it to be elevated in the resistant lines as compared 

to the drug-sensitive lines. No correction for cellular protein content 

was made though. Kessel and Wilberding (1985b) loaded P388/ADR and 

P388/S cells with 45Ca and measured calcium flux. They found no 

differences in calcium pools or fluxes between the two lines. Ramu and 

colleagues (1984c) found no sodium-dependent or membrane potential

dependent calcium uptake in P388/ADR cells and observed no correlation 

between the ability of verapamil and nicardipine to inhibit calcium 

uptake in synaptic vesicles and their potency in restoring the 

sensitivity of these cells to doxorubicin. Thus, it does not appear 

that calcium channels or calcium content are involved in the mechanism 

of these agents. A recent report utilizing patch clamping techniques, 

has demonstrated an increase in the amplitude of voltage-gated sodium 
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current in multidrug resistant human leukemia cells although the 

significance of this finding is not yet understood (Yamashita 1987). 

Safa et al. (1987), utilizing a photoaffinity analog of 

azidopine, have shown that this compound binds to the P-glycoprotein in 

MDR cells. They also demonstrated that verapamil can displace a 

vinblastine analog from the P-glycoprotein. Thus it appears that these 

compounds may be acting to interfere with the P-glycoprotein in some 

manner, perhaps by altering the lipid environment surrounding this 

glycoprotein. Agents such as verapamil may not be limited to a single 

mechanism of action in reversing multidrug resistance. Verapamil has 

been shown to have lysosomotropic actions (Akiyama 1985a) and indeed 

various lysosomotropic amines have been shown to exert an effect on 

multidrug resistance (Shiraishi 1986; Zamora 1986) although it is not 

yet clear if they are having their effect by altering the lysosomes. 

Verapamil has also been shown to alter the subcellular distribution of 

daunorubicin in HL-60 human promyelocytic leukemia cells which exhibit 

the mdr phenotype (Hindenburg 1987). Daunorubicin was shown to 

distribute differently in sensitive and resistant cells, with the 

majority of drug being located in the nuclei of the sensitive cells 

while in the resistant line there was an initial accumulation of drug 

in the nuclei but a rapid redistribution into the cytoplasm. With the 

addition of verapamil to the resistant cells, the redistribution of 

drug into the cytoplasm was lost and drug remained in the nucleus. In 

these studies, verapamil was also shown to alter the 

hydrophobic/hydrophilic distribution of daunorubicin in a cell-free 

system, a system which lacks the P-glycoprotein; thereby demonstrating 
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that interaction with the P-glycoprotein itself may not be necessary. 

There is also a question as to whether agents such as verapamil 

are able to circumvent resistance to all drugs involved in MDR. Harker 

et ale (1986) observed that in a human sarcoma cell line selected for 

resistance to doxorubicin, verapamil was only able to reverse 

resistance to those agents which cause DNA scission or intercalate DNA, 

including: doxorubicin, daunorubicin, actinomycin 0, etoposide, and 

mitoxantrone. Beck (1986) found that verapamil was more effective in 

reversing resistance to the vinca alkaloids than to the anthracyclines 

in the CEM/VLB human leukemia line. A recent study by Delaporte (1988) 

has demonstrated that verapamil partially circumvented the resistance 

to doxorubicin and actinomycin 0 in a chinese hamster lung line, DC-3F, 

which had been selected for resistance to 9-hydroxy-ellipticine. This 

reversal seemed to occur secondary to an increase in doxorubicin and 

actinomycin concentration within the resistant cells in response to the 

addition of verapamil. Verapamil however, had no effect on either the 

accumulation of 9-hydroxy-ellipticine nor the level of resistance to 

this agent in these cells. Gibby et ale (1987) reported a selective 

effect of verapamil in reversing drug resistance in murine L51784 

lymphoma cells. Verapamil was able to reverse doxorubicin resistance in 

these cells but had no effect on the cytotoxicity of mitoxantrone or 

esorubicin; but these cells were not cross resistant to the later drugs 

to begin with. There is also doubt that these were truly multidrug 

resistant cells in the classical sense, as there was no alteration in 

drug accumulation observed and no report of P-glycoprotein expression. 
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Clinical Modulation of Multidrug Resistance 

The ultimate goal of studies such as those described above is to 

find a way to circumvent drug resistance in the clinical setting. 

Benson et al. (1985) reported the findings of a phase I clinical study 

investigating the combination of vinblastine and verapamil in 17 

patients with solid tumors. In this study, verapamil was administered 

as a loading dose (0.02-0.1 mg/kg) followed by a maintenance infusion 

(0.036-0.18 mg/kg/hr) concurrently with vinblastine (1.5 mg/m2 daily as 

continuous infusion) for five days. There was no augmentation of 

vinblastine toxicities by verapamil and the dose-limiting toxicities 

observed were those due to verapamil: EKG changes representing first

degree heart block, junctional rhythms, and nonspecific T-wave changes. 

Ozols (1987) in a limited phase I/II study failed to show that 

verapamil had an effect in reversing resistance in ovarian cancer which 

had previously failed to respond to therapy. This study did not assess 

the presence or absence of the P-glycoprotein in the patient samples 

however. Durie and Dalton (1988) have recently reported a case where 

verapamil seemed to have a potentiating effect on vincristine and 

doxorubicin in a patient with refractory myeloma. A major problem 

associated with such use of verapamil is that at the concentrations 

required to reverse multidrug resistance in experimental tumors, when 

translated into clinical doses, you are at the threshold for verapamil 

toxicities. Ozols (1987) reported patient plasma levels of verapamil of 

2000-4000 ng/ml, levels which have been reported effective in vitro, 

but these patients were in an intensive care setting and manifested 

cardiac toxicities. While verapamil is not an ideal agent, there are 
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others which appear to hold promise as effective substitutes. Chauffert 

(1987) has demonstrated that amiodarone is more effective on an 

equimolar basis than verapamil for reversing multidrug resistance in 

vitro; and that optimal concentrations are achievable, without toxic 

side effects, in the sera of patients given oral amiodarone. 

Multidrug Resistance as a Model for Toxin Resistance 

The P-glycoprotein has been shown to have features common to 

bacterial transport pumps (Chen 1986; Gerlach 1986; Gros 1986c) and is 

thus felt to be serving such a purpose in the drug-resistant cells. How 

did such a pump evolve? What are its normal physiological substrates? 

How common in nature are such "pumps"? These are but a few of the 

questions concerning this glycoprotein, especially in relationship to 

its appearance in certain normal tissues (Fojo 1985a). These are 

tissues which have either a secretory purpose: liver, kidney, adrenal; 

or are exposed to environmental toxins: liver, kidney, and colon. Thus 

one could surmise that the cell, through the course of evolution has 

developed a means of protecting itself from environmental insults by 

removing them from the cell before having a chance to exert their toxic 

effects. One likely factor in the development of such systems was the 

need to protect the cell from low-molecular-weight toxins found through 

out the environment, especially in foods. Many of these toxins are in 

the form of plant alkaloids and mycotoxins. It is interesting that some 

of the most active anticancer agents are derived from plant sources, as 

exemplified by the vinca alkaloids and the epipodophyllotoxins (Chabner 
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1985). In multidrug resistance, the agents to which these cells become 

cross-resistant are natural products or natural product derivatives. 

Thus such potentially protective measures were developed not to 

counteract clinically useful antineoplastics but evolved to protect the 

organism from environmental insults from agents of a similar nature. 

Non-Mammalian Multidrug Resistance 

The phenomenon of multidrug resistance is not limited to 

mammalian cells. Resistance to multiple agents has been reported in the 

yeasts Saccharomycetes cerevisiae (Rank 1976) and Schizosaccharomyces 

pombe (Ulaszewski 1987) as well as in the fungus Aspergillus nidulans 

(Hynes 1973). These strains appear to have membrane alterations which 

are similar to those found in the mdr tumor cells although no one has 

as yet probed them for the P-glycoprotein (Rank 1977). Recently, a gene 

coding for multidrug resistance in yeast, termed the pdr1 gene, was 

isolated from ~ cerevisiae (Balzi 1987). Whether or not it is entirely 

responsible for m~ltidrug resistance in yeast and how it relates to 

human multidrug resistance remains to be seen. 

Plasmodium falciparum, the parasite responsible for malaria, has 

also been shown to develop multidrug resistance (Martin 1987). Isolates 

of f. falciparum have been demonstrated to be cross-resistant to 

chloroquine, mefloquine, and quinine. These organisms were shown to 

have a defect in accumulation resulting in a failure to achieve toxic 

levels of the drug in the resistant isolates. Analogous to multidrug 

resistance in tumor cells, the resistant P. falciparum cells had 

acquired an active efflux mechanism which resulted in the decreased 
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chloroquine accumulation. Verapamil enhanced chloroquine cytotoxicity 

in these cells by increasing intracellular drug levels. It would have 

been extremely interesting if these cells had been probed for the 

presence of the P-glycoprotein. 

Carcinogen-Induced Resistance 

There appear to be several similar changes associated with 

multidrug resistance in human tumors and carcinogen-induced resistance 

to xenobiotics. Much of the work in this area has centered around the 

Solt-Farber model of chemical carcinogenesis (Solt and Farber 1976). In 

this model, an animal, such as the rat, is exposed to a carcinogen for 

a two week period. During this period a partial hepatectomy is 

performed in order to stimulate hepatocellular proliferation. Usually 

within several weeks hyperplastic liver nodules begin to develop, most 

of which regress but some of which may develop into full hepatocellular 

carcinoma. The carcinogens involved in this model are compounds such as 

2-acetylaminofluorene, aflatoxin B" and dimethylnitrosamine (Farber 

1984). All are structurally diverse and are naturally occurring toxins, 

analogous to those drugs involved in multidrug resistance. Farber 

(1984) has demonstrated that many of the cells in the hyperplastic 

nodules are resistant to further toxic insults not only to the initial 

selecting agent but to a wide range of natural compounds. Studies have 

found that dietary 2-acetylaminofluorene, 3'-methyl-

4-dimethylaminoazobenzene, aflatoxin B" ethionine, and 

diethylnitrosamine rapidly induced resistance to doses of 

cyclohexamide, aflatoxin B" and doxorubicin which were cytocidal to 
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Figure 7. Carcinogens and toxins involved in the resistance which 
develops in hyperplastic nodules of the Salt-Farber model. 
(After Myers, 1987) 
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normal rat hepatocytes (Carr 1987). Drug resistance was not induced by 

chronic administration of tumor promotors such as phenobarbital or 

phorbol. 

Biochemical Basis of Carcinogen Resistance 

The biochemical basis of such resistance has been well studied 

(Farber 1984). Analogous to multidrug resistance, there is a decrease 

in accumulation of the carcinogens within the cells of the nodules. 

There is a decrease in the activities of several phase I enzymes which 

have been shown to lead to the activation of certain compounds to 

reactive species. This is accompanied by increases in several phase II 

enzymes which are responsible for detoxification and elimination of 

potentially harmful agents. Cowan et al.(1986) have demonstrated 

several biochemical similarities between the resistant hepatocytes and 

a multidrug resistant human breast cancer cell line. Thorgeirsson et 

al.(1987) measured the expression of the mdr gene in normal rat liver 

cells, preneoplastic and neoplastic nodules. They found levels of 

messenger RNA for the mdr gene were elevated in both the preneoplastic 

and the neoplastic lesions as compared to normal rat liver. In 

regenerating liver, mdr mRNA rose to a high level from 24 to 72 hours 

after a partial hepatectomy and was at least 10-fold elevated over 

control tissue, returning to baseline levels after 120 hours. These 

observations were confirmed by another group who found increased levels 

of mRNA expression for the mdr gene in four of five rat hepatomas 

(Fairchild 1987a). An acute administration of 2-acetylaminofluorene 

produced an 8-fold elevation of this mRNA whereas performance of a 



Table 4. Parallel between changes observed in drug resistance and 
chemical carcinogenesis. 

Dec. Toxin uptake 
Inc. P-glycoprotein 
Inc. Role for protein 

kinase C activity 
Dec. P450 isoenzymes 
Inc. Anionic glutathione 

transferase 
Inc. Pentose phosphate 

pathway activity 
Inc. UDP glucuronyl 

transferase 
Inc. Glutathione 
Inc. 1-Glutamyltransferase 
Dec. Sulfotransferase 
Inc. Epoxide hydrolase 
Inc. DT Diaphorase 
Dec. Ferritin 

CARCINOGEN 
RESISTANCE 

Yes 
Not Done 
Yes 

Yes 
Yes 

Yes 

Yes 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

MULTI DRUG 
RESISTANCE* 

Yes 
Yes 
Yes 

Yes 
Yes 

Yes 

Yes 

No Change 
No Change 
Inc. 2X 
Not Done 
Dec. 50% 
Not Done 
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* Human MCF-7 breast cancer line selected for resistance to 
doxorubicin. (After Cowan, 1986) 
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partial hepatectomy either before or after its administration resulted 

in a )80-fold increase in mdr gene expression over normal rat liver 

tissue. 

The Role of Detoxification in Drug Resistance 

The biochemical changes noted in the resistant hepatocytes have 

suggested a role for drug detoxification in multidrug resistance. Of 

particular relevance is the observation that elevations in glutathione 

content have been associated with drug resistance to several 

antineoplastic agents. 

Glutathione 

Glutathione is a tripeptide, gamma-L-glutamyl-L-cysteinyl

glycine (MW 307.33), which is characterized by its reactive thiol group 

and gamma-glutamyl bond which makes it resistant to peptidase activity 

(Meister 1983). Glutathione undergoes a reversible oxidation to the 

disulfide. The disulfide form of glutathione is normally maintained at 

low levels in the cell by the action of the enzyme glutathione 

reductase. Depending on the cell type, the intracellular concentration 

of glutathione is maintained between 0.5 to 10 mM with less than 5% 

maintained in the oxidized state (Reed 1984). 

Glutathione has many functions within the cell among which are: 

1) the transport of amino acids across the cell membrane; 2) regulation 

of enzymatic reactions by thiol-disulfide exchange; 3) maintenance of 

membrane structures; 4) maintenance of cytoskeletal organization; 5) 

substrate for conjugation reactions leading to the eventual elimination 
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of a toxic species as a mercapturic acid; and 6) protecting the cell 

from oxidative damage. In these last two functions, it can be seen that 

glutathione plays a role in protecting the cell either by facilitating 

the metabolism of reactive compounds to less reactive ones or by 

detoxification of drug-induced free radical damage. The family of 

enzymes known as the glutathione-s-transferases are responsible for the 

former reactions (Jakoby 1980) while protection from free-radical 

mediated damage occurs through the oxidation and reduction cycle of 

glutathione and the enzymes glutathione peroxidase and glutathione 

reductase. The quinone containing antineoplastic agents, which includes 

doxorubicin, daunorubicin, and mitomycin C, have been shown to produce 

free radicals through the redox cycling of their semiquinone function 

by the action of microsomal flavin reductases (Handa 1975; Bachur 

1978). Etoposide (VP-16), an antineoplastic agent commonly involved in 

multidrug resistance, has been shown by electron spin resonance studies 

to yield hydroxyl free radicals which induced nicking of SV40 DNA 

(Sinha 1988). Therefore, many of the agents involved in multidrug 

resistance could be causing cellular damage through a reactive 

intermediate. In such instances, free-radical defense mechanisms would 

play an important role in protecting the cell from these compounds. 

Although free radical-induced damage is generally believed to be a 

mechanism of anthracycline-induced cardiac damage (Doroshow 1980) the 

role of this mechanism in tumor cytotoxicity remains to be proven. 

Sinha et al. (1987) have demonstrated production of hydroxyl radicals 

due to doxorubicin in human MCF-7 breast cancer cells which were 

sensitive to this drug. An interesting finding in their study was a 

-----------------------------------------------
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relative lack of hydroxyl radical formation in a doxorubicin-resistant 

subline of these cells. 

In addition to a role in drug detoxification, glutathione may 

also effect the efficacy of antineoplastic drugs or irradiation by 

modulating the damage, or by facilitating the repair of drug- or 

radiation-induced injury (Wellner 1984). Human lymphoid cells were 

partially protected from the effects of radiation by the addition of 

glutathione monoethyl ester to the cell culture medium. Such effects 

were noted even when the ester was added after the insult thus, 

suggesting a role in repair of radiation-induced DNA damage. 

Much of the evidence to suggest a role for glutathione in drug 

resistance comes from observations in cell lines resistant to various 

alkylating agents where there is often an increase in nonprotein 

sulfhydryl content (Calcutt 1963: Gurtoo 1981: Suzukake 1982: Adams 

1985) Alkylating agents have long been recognized as interacting with 

cellular nucleophiles, including sulfhydryl groups. The involvement of 

cellular thiols in the resistance to these agents has been demonstrated 

in studies where glutathione levels were pharmacologically manipulated. 

Suzukake et al. (1982) depleted glutathione by growing melphalan

resistant L1210 murine leukemia cells in a medium deficient in glycine, 

glutamine, and cystine and observed an increase in melphalan 

cytotoxicity in these cells. Ozols' group at the National Cancer 

Institute had similar findings in human ovarian cancer lines which were 

resistant to melphalan and exhibited an elevation in cellular thiols 

(Green 1984). These resistant cells displayed a 2-fold elevation in 

glutathione as compared to their melphalan-sensitive counterparts. When 
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glutathione was depleted, by buthionine sulfoximine (BSO) , a specific 

inhibitor of glutathione synthesis which acts by selectively binding to 

the active site of gamma-glutamylcysteine synthetase - the enzyme 

catalyzing the first step in the synthesis of glutathione; there was a 

complete reversal of resistance 

indicate that glutathione does 

to melphalan. Findings such as these 

play a role in modulating the 

cytotoxicity of alkylating agents. Although alkylating agents are not 

usually involved in multidrug resistance, they do help illustrate the 

point that thiols may play a role in protecting the cell from these 

drugs. Elevated glutathione levels have also been shown to be involved 

in protection of cells from radiation-induced damage (Louie 1985). 

Glutathione content was shown to alter the yield and rejoining rate of 

radiation-induced DNA single strand breaks in human fibroblast cells 

(Revesez 1984). Cells which were depleted of GSH by BSO displayed no 

increase in the formation of x-ray-induced DNA single strand breaks. 

The rejoining rate of such lesions was delayed in those cells depleted 

of GSH as compared to control fibroblasts. 

Hamilton et ale (1985) have reported that depletion of 

glutathione by BSO resulted in an augmentation of doxorubicin 

cytotoxicity in a human ovarian cell line which had been selected for 

resistance to this agent. Glutathione depletion had no effect on 

vincristine cytotoxicity in these cells however. This is not unexpected 

however since it does not appear that the vinca alkaloids are involved 

in the production of free radicals as are the anthracyclines. Rice et 

al. (1986) also reported elevations in glutathione content in chinese 

hamster ovary cells which had been selected for resistance to 
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doxorubicin but it is not known if these cells are cross resistant to 

other natural products nor if the elevated thiols contributed to the 

development of doxorubicin resistance in these cells. 

In addition to a direct detoxification of a reactive species by 

glutathione, there are several glutathione-dependent enzymes which are 

involved in protecting the cell, specifically, the glutathione-s

transferases and glutathione peroxidase. 

Glutathione S Transferases 

The glutathione-s-transferases are a family of dimeric 

isoenzymes located primarily in the cytosol which act to detoxify 

potentially harmful compounds bearing an electrophilic carbon center by 

conjugating them with glutathione to form a thioester. These thioesters 

are subsequently cleaved of glutamate and glycine residues and the 

amino group of cysteine is then acetylated. The N-acetylcysteine 

thioester, also known as a mercapturic acid, is generally less-toxic, 

more soluble, and capable of being excreted (Jakoby 1980). A wide 

variety of compounds which differ in size and functional groups can 

serve as substrates for the transferases. These substrates share 

several common features though: 1) they contain a hydrophobic region: 

2) they form conjugates between glutathione, acting as a nucleophile, 

and an electrophilic carbon: and 3) they react with glutathione at a 

finite rate in the absence of enzyme. Reports exist in the literature 

demonstrating glutathione conjugates to a number of antineoplastic 

agents including busulfan (Marchand 1988), melphalan (Dulik 1987), 

elliptinium (Gouyette 1987), and mitoxantrone (Wolf 1986). The 

--------------------------------------------
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alkylating agent bis-(2-chloroethyl}-1-nitrosourea, BCNU, has also been 

shown to be a substrate for the glutathione-s-transferases although a 

glutathione conjugate has not been reported (Hill 1976; Evans 1987). 

While they have not been studied extensively as substrates for the 

glutathione-s-transferases, many of the compounds associated with 

multidrug resistance possess at least two of the necessary requirements 

to act as such: hydrophobic regions and potentially electrophilic 

carbon atoms. 

In addition to conjugating a drug or xenobiotic with 

glutathione, the transferases may also protect the cell by binding them 

reversibly or covalently. Such a function was originally attributed to 

a class of proteins in the liver known as "ligandins", later found to 

be a subclass of glutathione-s-transferases (Jakoby 1980). 

Glutathione-s-transferases have been reported elevated in a 

number of animal and human tumors (Wang 1985: Batist 1986a: Buller 

1987: Shea 1988). Batist et al. (1986a) described a variant of the 

human breast cancer cell line MCF-7 which possesses the MDR phenotype. 

Their resistant cell line was selected for resistance by gradually 

increasing exposures to doxorubicin. This resistant subline was 

reported to have a 45-fold elevation in glutathione transferase 

activity as compared to the drug-sensitive parental line. The increase 

in activity was attributed to a novel anionic isoenzyme of glutathione

s-transferase which exhibited a high level of organic peroxidase 

activity. The high level of organic peroxidase activity of this 

isoenzyme distinguishes it from other anionic GST isoenzymes which have 

an intrinsically low peroxidase activity (Mannervik 1985). 
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There are at least three groups of human GST isoenzymes as 

characterized by isoelectric focusing. They are referred to as either 

basic (pI)7.5), neutral (pI~6.5), or acidic (pI<5.5) (Mannervik 1985). 

Each isoenzyme appears to be coded for by different genes (Rhoads 

1987). By far, the majority of the transferases belong to the basic 

class and are found in most adult tissues although there are marked 

inter-individual differences in the exact isoenzyme patterns. Of 

interest, the anionic forms are predominant in the human placenta and 

are found in most fetal tissues. In several human tissues including the 

colon (Kodate 1986), stomach (Tsutsumi 1987), and cervix (Shiratori 

1987) the placental GST appears to comprise a marker of neoplastic 

differentiation as shown by immunohistochemical techniques. Shea et al. 

(1988) measured GST activity and determined the isoenzyme composition 

in a number of tumor samples from patients. They found measurable GST 

activity in all of their primary tumor samples. In each of these, and 

in 3 of 6 human cell tumor cell lines investigated, the anionic 

isoenzyme was responsible for )70% of the observed activity. All of 

their patients had received prior chemotherapy before the samples were 

taken but there was no indication as to whether they were responsive to 

therapy. In addition, there were no baseline measurements made prior to 

therapy so that it was impossible to determine if glutathione 

transferase activity was elevated in relation to chemotherapy. Although 

it appears to be a good marker, the role of glutathione transferases in 

clinical drug resistance remains to be seen. 
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Glutathione Peroxidase 

As mentioned earlier, the anionic isoenzyme isolated from the 

multidrug resistant MCF-7 breast line had a high level of organic 

peroxidase activity. Such activity would be very valuable to a cell to 

enable it to detoxify damage from free radicals. The enzyme glutathione 

peroxidase plays a central role in protecting the cell from oxidative 

damage by reducing potentially toxic peroxides to less reactive 

alcohols (Wendel 1980). This is accomplished at the expense of 

oxidizing glutathione to its disulfide form. The cell's glutathione 

status is maintained by reducing this disulfide back to glutathione by 

the action of glutathione reductase, with a concomitant oxidation of 

NADPH to NADP+. The rate limiting step in the reduction of glutathione 

is the availability of NADPH, a product of the pentose phosphate 

pathway. Yeh et al. (1987) have demonstrated an increase in the pentose 

phosphate shunt activity in doxorubicin-resistant human breast cells 

thus enabling them to maintain elevated pools of reduced glutathione. 

This increase in the pentose-shunt pathway was due to alterations to 

two key enzymes: glucose-6-phosphate dehydrogenase and 

6-phosphogluconate dehydrogenase. 

Doxorubicin can be reduced to a semiquinone free radical that 

will, in turn, react with oxygen to form the superoxide anion, hydrogen 

peroxide, and the hydroxyl radical (Handa 1975; Doroshow 1986). Babson 

et al. (1981) demonstrated the protective effect of the glutathione 

redox cycle in preventing doxorubicin-induced cytotoxicity in isolated 

hepatocytes. Hepatocytes in which glutathione reductase had been 

inactivated by BCNU and glutathione depleted by diethylmaleate showed a 
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marked decrease in cell viability. There was an increase in lipid 

peroxidation in these cells in response to incubation with doxorubicin. 

Hepatocytes treated with doxorubicin alone, BCNU alone, or 

diethylmaleate alone at the same concentrations used in the previous 

experiment, displayed no loss in viability nor evidence of lipid 

peroxidation. Thus elevations in the activity of glutathione peroxidase 

would be germain to protecting the cell from the actions of this drug. 

Sinha et ale (1987) have reported a 13-fold increase in glutathione 

peroxidase activity in multidrug resistant MCF-7 cells selected with 

doxorubicin as compared with the sensitive parental line. In addition, 

there are fewer doxorubicin-induced hydroxyl radicals in the resistant 

MCF-7 cells, thus suggesting a role for glutathione peroxidase. 

Actinomycin 0 (Sinha 1980) and etoposide (Sinha 1984: Haim 1987), two 

drugs associated with cross resistance in multidrug resistance, are 

known to undergo microsomal activation which leads to the production of 

free radicals: therefore glutathione peroxidase may protect the cell 

from these agents in addition to doxorubicin. 

Scheuler et ale (1987) reported elevations in glutathione 

reductase activities in Ehrlich ascites tumor cells which were cross

resistant to daunorubicin and VP-16. They made the claim that this 

elevation was involved in maintaining resistance in their cells. In 

this study they also measured the activities of NADPH-cytochrome P450 

reductase and NADP-glucose-6-phosphate dehydrogenase and found no 

alterations from the sensitive parental line. They failed however to 

measure the activities of several key enzymes, specifically: 

glutathione peroxidase, glutathione-s-transferase, superoxide 

----------------------------------~ 
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dismutase, or catalase, as well as neglecting to measure thiol levels 

in their cells. In addition they did not prove that the increase in 

glutathione reductase was involved in drug resistance, they only 

demonstrated that it was elevated in association with resistance. If 

they had inhibited the reductase activity with a drug such as BCNU and 

observed a change in the level of drug resistance then they could-make 

a valid claim for the involvement of this enzyme in maintaining the 

resistance in their cells. 

In a murine quinone-resistant lymphoblastic cell line, Begleiter 

et al. (1988) observed increases in several enzyme systems involved in 

protecting cells from oxidative damage. These cells, which were 

resistant to hydrolyzed benzoquinone mustard (an agent which induces 

free radical medlated strand breaks in DNA), displayed elevations in 

superoxide dismutase, catalase, glutathione transferase, glutathione 

peroxidase, and DT diaphorase enzyme activities. In addition they also 

had elevated glutathione levels and a reduction in drug accumulation. 

The resistant cells were somewhat larger than the drug-sensitive cells 

which may have accounted for some of the observed increases, 

particularly those observed for SOD, GST, and GSH-px activities. There 

was a marked increase in the level of DT diaphorase which could not be 

accounted for by differences in cell size. In a revertant cell line 

which displayed an increase in drug sensitivity, the only observed 

changes from the resistant line were a decrease in DT diaphorase enzyme 

activity and a decrease in glutathione content. Subsequent studies 

using BSO to deplete glutathione in the resistant cells demonstrated 

little alteration in drug resistance, thus glutathione was not a major 
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factor in the level of resistance in these cells. In this cell line it 

therefore appears that resistance to quinone containing compounds may 

be multifactorial involving decreased drug accumulation and an increase 

in DT diaphorase activity. 

Capranico et al. (1986) studied the role of free radical 

formation mediated by doxorubicin in DNA damage, cytotoxicity, and 

mutagenicity in several mammalian cell lines. Subtoxic concentrations 

of diethylmaleate that produced up to 75% depletion of glutathione did 

not increase doxorubicin cytotoxicity in chinese hamster ovary and lung 

cells, LoVo human colon carcinoma cells, or in murine P388 leukemia 

cells. Similarly, the number of doxorubicin-induced single strand 

breaks in chinese hamster ovary cells and the mutation frequency in V-

79 chinese hamster lung cells was not affected by glutathione 

depletion. These findings are in agreement with those of Revesz and 

Edgren (1984) who observed no increase in the formation of DNA single 

strand breaks induced by x-rays after depletion of glutathione by 8S0. 

Revesz did however observe a decrease in the rejoining of these lesions 

in glutathione depleted cells thus indicating a possible role for 

glutathione in DNA repair. 

Meijer et al. (1987), studying a human small cell lung cancer 

cell line which was resistant to doxorubicin and cross-resistant to 

radiation, found no increase in the activities of glutathione-s

transferase, glutathione peroxidase, superoxide dismutase, or catalase 

in the resistant cell line as compared to the drug-sensitive line. 

Thus, the capacity for detoxification of free radical mediated damage 

was not elevated in these doxorubicin-resistant cells. Doxorubicin 

--------------------------------------
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exposure did however, create fewer DNA strand breaks as determined by 

alkaline unwinding assays. It was not reported if the resistant subline 

differed from the sensitive in terms of doxorubicin accumulation, which 

could have accounted for the observed decrease in lesion formation. 

They claim that there was an increased capability of the resistant 

cells to repair the doxorubicin-induced damage as measured by an 

increase in the percent of double stranded DNA in the alkaline 

unwinding assay. Close examination of the data reveals that in one 

doxorubicin-resistant subline the percent of double stranded DNA 

increased approximately 10% over the ninety minute measurement period, 

while in a second doxorubicin-resistant subline there was no increase 

in the percent double stranded DNA. In addition, there was no increase 

in the "repair" of radiation induced DNA damage either. The role of DNA 

repair in these cells as a mechanism for doxorubicin resistance remains 

in question. 

Doxorubicin 

Doxorubicin is a member of the anthracycline family of 

antineoplastics which also includes the closely related agent 

daunorubicin. Doxorubicin was isolated from Streptomyces peucetius var 

caesius (DiMarco 1975). It has perhaps the widest spectrum of any of 

the antineoplastics in current use demonstrating activity in a number 

of solid as well as hematological tumors. Since its introduction into 

the clinic in the 1970's more than 2 million patients have been treated 

with doxorubicin (Arcamone 1985). 

------- ----------------------------------
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DOXORUBICIN 

Figure 9. Structure of doxorubicin. 

------------------------------1 
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The empirical formula of doxorubicin is: C27H2gO"N-HCl and it 

has a molecular weight of 580. At .the core of its structure lies the 

four-ring anthraquinone chromophore. Rings B, C, and D form a 

6,11-dihydroxy substituted anthraquinone while ring A is a partially 

saturated substituted cyclohexene. Attached to C7 of the A ring is the 

unique sugar daunosamine. Doxorubicin differs from daunorubicin only at 

Cg where doxorubicin has a hydroxyl function as compared to a hydrogen 

for daunorubicin (Gianni 1983). Loss of the daunosamine sugar results 

in an inactive compound. 

Toxicity 

Toxic effects of doxorubicin include myelosuppression, a dose

related cardiomyopathy, nausea and vomiting, alopecia, and if 

accidental extravasation occurs, a marked tissue necrosis (Dorr 1980). 

Myelosuppression, usually in the form of neutropenia, is the usual 

acute dose-limiting side effect while cardiomyopathy is the cumulative 

dose-limiting toxicity. The incidence of irreversible cardiomyopathy 

increases dramatically in patients receiving )550 mg/m2 who have no 

underlying cardiac disease. Patients receiving other antineoplastic 

agents or who have underlying heart conditions are predisposed to this 

damage at much lower cumulative doses (Minow 1975). 

Metabolism 

Anthracyclines undergo three types of metabolic reactions: keto 

reductions, cleavage reactions, and conjugation (Gianni 1983). 

Doxorubicin undergoes a reduction of the C'3 keto group to yield 
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doxorubicino1 which still maintains antitumor activity. Cleavage at C7 

to yield the aglycone results in loss of activity as previously 

mentioned. A conjugation reaction between glutathione and doxorubicin 

has been suggested to occur under anaerobic conditions but to date no 

such species has been isolated (Sinha 1981). Doxorubicino1 1s the major 

metabolite of doxorubicin found in man and is present at concentrations 

well below those of the parent drug (Andrews 1980). Recent studies have 

detected low levels of other doxorub1cin metabolites in human plasma 

including 7-hydroxydoxorubicin aglycone, 7-deoxydoxorubicin aglycone 

and 7-deoxydoxorubicinol aglycone (Brenner 1985: Cummings 1985, 1986). 

Biliary excretion of doxorubicin in humans is 50% of the dose over 5 

days and urinary excretion is 10% of the dose (Benjamin 1974). 

Doxorubicin glucuronide and sulfate conjugates have been detected in 

urine from patients receiving this drug (Takanashi 1976). 

Mechanism of Antitumor Action 

A. DNA Intercalation 

There is no single clearly agreed upon mechanism of action for 

doxorubicin. Due to the planar nature of the anthraquinone ring system, 

doxorubicin can, and does, intercalate DNA in a manner similar to 

actinomycin D. The Band C rings appear to be hidden within the DNA 

helix, perpendicular to its long axis, with the A and D rings 

protruding on either side. The daunosamine sugar adds stability to this 

binding by interacting ionical1y with the sugar phosphate backbone of 

DNA (Gianni 1983). The result of such an interaction is a partial 
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unwinding of the double helix. The mechanism of cell death has been 

attributed to a blockade of DNA or RNA synthesis but, cell death occurs 

at concentrations of doxorubicin much lower than those necessary to 

inhibit nucleic acid synthesis. Doxorubicin has been demonstrated to 

cause DNA damage at doses which are cytotoxic however. Three different 

lesions have been reported to occur in DNA after exposure to 

doxorubicin: DNA single strand breaks, DNA double strand breaks, and 

DNA-protein associated cross-links (Zwelling 1981: Ross 1979b, 1978a). 

B. Topoisomerase II Inhibition 

The mechanism of DNA damage is not fully agreed upon. Such 

damage may be due to the inhibition by doxorubicin of an enzyme 

essential for the proper replication of DNA, known as topoisomerase II: 

indeed, doxorubicin has been demonstrated to interfere with this enzyme 

(Tewey 1984). DNA topoisomerases are classified into two groups 

according to whether they produce only DNA SSB (type I topoisomerases) 

or can produce DSB (type II topoisomerases). Utilizing the technique of 

DNA alkaline elution, inhibition of topoisomerase II would, depending 

on the conditions of the assay, be detected as single strand breaks, 

double strand breaks, or DNA-protein crosslinks. If an agent were 

acting on this enzyme, one would expect to see approximately equivalent 

numbers, within a factor of two, of single strand breaks and DNA

protein crosslinks (Kahn 1987). If a drug produced SSB and DPe in 

approximately equal numbers but did so in a random manner with the 

lesions independently distributed, some of the SSB would be detected as 

protein-free strand breaks in the alkaline elution assay. Such lesions 
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Figure 10. Cleavable complex formation by topoisomerase II in the 
presence of drug (top). Topoisomerase II reversibly cleaves 
both DNA strands, binding covalently at the 51 terminus. In 
the presence of denaturing detergents such as SDS, the 
homodimer dissociates revealing DNA-protein crosslinks 
(bottom). 
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would be easily detectable in the DPC assay. Assays for these lesions 

in response to doxorubicin have not revealed the presence of such 

protein-free strand breaks (Ross 1979B; Potmesil 1984). Such findings 

indicate that the location of the SSB and DPC lesions are correlated 

with each other as they must be if the true target is the topoisomerase 

enzyme. Therefore. studying the formation of these lesions will serve 

as a mechanistic endpoint for the cytotoxic effects of doxorubicin in 

tumor cells based on the inhibition of the topoisomerase II enzyme. The 

exact mechanism of cell death from topoisomerase inhibition remains to 

be determined but most likely involves the trapping of a reversible and 

yet covalent topoisomerase-DNA complex known as the cleavable complex. 

However. as these lesions are rapidly reversed upon removal of drug 

from the cell (Zwelling 1981; Long 1985) it may be that the cellular 

processing of these drug-induced lesions is responsible for the 

cytotoxic effect on the cell and not the continued physical presence of 

the lesion. Pommier et ale (1985) reported that the formation of 

anthracycline-induced DNA double strand breaks correlated better with 

cytotoxicity in chinese hamster lung cells than did the formation of 

DNA single strand breaks. Similar findings have been reported in P388 

murine leukemia cells (Goldenberg 1986). Ross and Bradley (1981) have 

demonstrated that formation of these lesions was consistent with the 

action of doxorubicin on topoisomerase II. 

C. Free Radical-Mediated Damage 

Formation of free radicals may also be a mechanism by which 

doxorubicin damages DNA and kills tumor cells. Such species may be 
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generated through the redox cycling of the semiquinone or through the 

formation of a doxorubicin-metal complex (Gianni 1983). Doxorubicin can 

bind alkaline earth metals such as calcium and magnesium, but its 

exhibits a greater affinity for transition metals such as copper, zinc, 

and iron. The highest affinity observed is between doxorubicin and the 

ferric ion. Such a doxorubicin-iron chelate could serve as a redox 

catalyst to transfer electrons to oxygen thus producing oxygen 

radicals. An identical phenomenon has been described for the 

antineoplastic agent VP-16 (Sinha 1988). The production of such radical 

species would lead primarily to the formation of DNA single strand 

breaks, although double strand breaks could occur. Using L1210 

leukemia cells, Potmesil et ale (1984) demonstrated that free radical 

damage did not manifest itself in these cells until very high 

concentrations of doxorubicin were employed. At clinically relevant 

concentrations of doxorubicin, the DNA lesions were consistent with 

those described for topoisomerase II inhibition. 

D. Membrane Effects 

Finally, doxorubicin may be acting on the cell surface to exert 

its cytotoxic effects. Tritton (1982) has demonstrated that doxorubicin 

linked to large beads which were unable to enter the cell was still 

cytotoxic to tumor cells. Although they measured no doxorubicin 

leaching from the beads after several washes, doxorubicin may still 

have entered the cells from the beads in amounts below the detectable 

limits of their HPLC assay. Another problem with this study was that 

doxorubicin was linked to the beads through the daunosamine sugar 
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portion thus rendering the sugar unavailable. Structure-activity 

studies have demonstrated the necessity of this sugar for cytotoxicity. 

Nevertheless these studies demonstrated that doxorubicin may have a 

site of action on the cell membrane which had been unrecognized and may 

be of importance. 

The majority of current information though, suggests that DNA 

damage, whether due to inhibition of topoisomerase II, free radical 

generation, or' some other mechanism is a good indication of the 

mechanism behind the cytotoxic effects of doxorubicin. 

DNA Alkaline Elution 

DNA alkaline elution was first described by Kohn in 1973 as an 

alternative to the then available methods for measuring DNA strand size 

which utilized alkaline sucrose gradients. Since its introduction, this 

method has been used extensively in the study of DNA. Of note, it has 

been used to study the mechanisms of action of a number of 

antineoplastic agents including: bleomycin (Kohn 1976); nitrogen 

mustard (Thomas 1978); mitomycin C (Dorr 1985); melphalan (Ross 1978); 

cisplatin (Zwelling 1979); and etoposide (Wozniak 1983; Long 1984) in 

addition to those previously' described for doxorubicin. This method not 

only measures the formation of DNA lesions but is useful for measuring 

the reversal or repair of these lesions as demonstrated by Ewig and 

Kohn (1977) in their study of bifunctional alkylating agents. 

Therefore, the method of alkaline elution represents a means by which 

both the formation and removal of DNA lesions in cells may be studied 

in a quantitative and qualitative manner. 



CHAPTER 3 

MATERIALS AND METHODS 

CELL LINE 

96 

The RPMI 8226 human myeloma cell line was obtained from the 

American Type Culture Collection (Rockville, Md.) and was originally 

derived from the peripheral blood of a 61 year old male with multiple 

myeloma (Matsukoa 1967). The cells were grown in suspension culture in 

RPMI 1640 media supplemented with 10% (v/v) fetal bovine serum, 1% 

(v/v) penicillin (100 u/ml), 1% (v/v) streptomycin (100 u/ml) and 1% 

(v/v) L-glutamine ("complete medium") (Grand Island Biological Co., 

Grand Island, N.V.). Cells were maintained at 37°C in a 95% air - 5% 

CO 2 atmosphere and subcultured every 6 days. The resistant sublines 

were maintained in the presence of 4 x 10- 7 M doxorubicin (Adria 

Laboratories, Columbus, OH). Drug was added once weekly at the time of 

subculturi ng. 

RPMI 8226 cells were selected for resistance to doxorubicin by 

gradually increasing exposures to this drug over a period of ten 

months. These cells display a typical MDR phenotype as described Dalton 

et ale (1986). They are cross-resistant to a wide variety of 

structurally and functionally unrelated natural product antineoplastic 

agents as shown in table 5. As characterized by Dalton (1986), both the 

sensitive and resistant sublines have a plasma cell morphology and 

express the plasma cell-associated antigen PCA-1. Table 6 profiles the 

biological characteristics of the 8226/S and 8226/DOX cells. 

-----------------------------------



Table 5. Cross-resistance pattern of the 8226/S and 8226/DOX myeloma 
cell lines to various antineoplastic agents. 

AGENT EXPOSURE DEGREE OF CROSS 
RESISTANCE* 

Doxorubicin 1 hour 10.5** 
Continuous 17.0 

4-demethoxy- 1 hour - 8.0 
daunorubicin 

Mitoxantrone 1 hour 3.6 

Acronycine 1 hour 68.5 

Vincristine 1 hour 197.0 
Continuous 9.6 

Etoposide 1 hour 5.0 

Melphalan 1 hour 1.5 
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* Determined by dividing the IC50 for the 8226/DOX subline by the IC 50 for the 8226/S parental line. 

**Represents the 8226/DOXI0 subline 
(After Dalton, 1986) 



Table 6. Comparison of Biological Characteristics of 8226/S and 
8226/DOX Myeloma Cells 

Biological Characteristic 8226/S 8226/DOX 
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Morphology 100% plasma Cells: 100% plasma Cells: 

Plating Efficiency (%) 

Labeling Index (%) 

Cytochemistries 
p-Glucuronidase score 
Acid Phosphatase score 

(From Dalton 1986) 

PCA-1 positive 

5.18.:!:. 0.85 

58 :!:. 4.9 

142 + 9.9 
298 ~ 1.4 

PCA-1 positive 

4.82 .:!:. 0.81 

38.3 :!:. 5.1 

204 + 13.5 
300 ~ 1.0 
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Time (mlns) 

Efflux of 14C-doxorubicin from 8226/S ( () ) and 8226/DOX40 
( ~ ) myeloma cells. Cells were exposed to 0.5 pM 14C_ 
doxorubicin for 1 hour at 37 0C. They were then washed with 
cold PBS and resuspended in drug-free medium at 37 0C. At 
various intervals, aliquots of cells were assayed for 
intracellular doxorubicin by the silicone-oil method of 
Vistica. Points are the means of six experiments. (After 
Dalton, 1986) 
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Figure 12. Expression of P-glycoprotein in 8226 cells as determined by 
immunoblot analysis using the C-219 monoclonal antibody 
(right). As the degree of doxorubicin-resistance increases 
from 6-fold to 40-fold in three 8226 sublines, the amount 
of P-glycoprotein expressed increases. No P-glycoprotein 
was detected in the drug sensitive 8226/S line. The figures 
on the left represent densitometric scans of the four lanes 
from the immunoblot. (After Dalton, 1988, in Press) 
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There is a decrease in the net accumulation of doxorubicin in 

the 8226/DOX cells as compared to the 8226/S cells after a 1 hour 

exposure to 14C-doxorubicin. It appears that this increase is due to an 

enhanced efflux of drug from the resistant subline as presented in 

figure 11. Immunoblot analysis of the cell membrane, using a monoclonal 

antibody to the P-glycoprotein (C-219, provided by V. Ling), revealed 

that the 8226 cells express this glycoprotein in a manner which 

parallels their level of resistance. This is shown in figure 12. 

Cytogenetic studies of the resistant subline revealed that its 

karyotype remains essentially unchanged. The only abnormalities were 

two deletions, a 6q- and a 7q-, in the resistant subline. There were no 

double minutes or homogeneously staining regions signifying gene 

amplification observed in the 8226/DOX cells. 

REAGENTS 

Unless otherwise noted, all reagents were obtained from Sigma 

Chemical Company, St. Louis, MO. All chemicals and reagents were 

analytical grade or the highest purity commercially available. Stock 

solutions of doxorubicin (1 mg/ml; Adria Laboratories, Columbus, OH.) 

were made in sterile PBS and stored in 0.5 ml aliquots at -80DC. 

Working solutions were made daily from the stock and discarded within 

24 hours after use. Verapamil (Knoll Pharmaceutical Company, Whippany, 

NJ.) was used as the commercially available product, being diluted as 

needed with sterile PBS. 
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CYTOTOXICITY STUDIES 

Colony Forming Assays 

The in vitro cytotoxic effect of doxorubicin on sensitive and 

resistant 8226 cells was studied using colony forming assays in soft 

agar (Hamburger 1977). The 8226/S and 8226/DOX40 cell lines were 

exposed to doxorubicin for one hour at 37°C in complete medium. 

Following drug exposure, the cells were washed twice by centrifugation 

(800 rpm x 10 minutes) and plated at a density of 20,000 cells per 35 

mm tissue culture dish (Falcon, Becton Dickinson Labware, Oxnard, CAl 

containing 0.3% agat (Difco Labs, Detroit, MI) in complete RPMI medium. 

Triplicate plates were incubated under 5% CO2 and 95% humidified air to 

facilitate colony formation. Colonies 2 60 pm diameter in size were 

counted 10 to 14 days after plating by an automated image analyzer 

(FAS-II Omnicon, Bausch and Lomb, Rochester, NY) (Salmon 1984). 

Studies were also performed to assess the effect of addition of 

verapamil on doxorubicin cytotoxicity in the 8226 cells. 

The mean lethal dose, Do, which is defined as the dose of drug 

required to reduce cell survival to l/e (i.e. 37%) of the original 

value was calculated from the negative reciprocal of the linear portion 

of the survival curves. The quasi threshold dose, Dq , is a measure of 

the shoulder of the survival curves and was calculated by extrapolating 

the linear portion of the survival curve to the y-axis (Hill 1987). 

Microculture Tetrazolium Assay 

In addition to the colony forming assays, a colorimetric assay 

utilizing the tetrazolium salt, 3-4,5, dimethylthiazol-2,5 diphenyl 
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tetrazolium bromide (MTT) was used to assess cytotoxicity of 

doxorubicin in the presence or absence of verapamil (Carmichael 1987). 

This assay has been shown to be a reproducible measure of drug 

sensitivity in a large number of human tumor cell lines (Alley 1988). 

Compared to the colony forming assay, it is much less labor intensive, 

is applicable to a wider variety of cell types, and results are 

obtained in 4 days as opposed to 10 days to two weeks. The principle 

behind this assay lies in the ability of viable cells to reduce the 

soluble MTT salt into an insoluble formazan product by the action of 

mitochondrial dehydrogenase. This purple-colored precipitate is then 

solubilized using dimethyl sulfoxide and the optical density of the 

resulting solution measured on an ELISA plate reader. Results obtained 

with this assay compare favorably with those obtained in the soft agar 

cloning assays (Carmichael 1987). 

A total of 20,000 8226 sensitive or resistant cells, suspended 

in 50 pl of complete RPMI medium, were placed into the wells of a 

96-well culture plate (Falcon Plastics 3075, Becton Dickinson Labware, 

Oxnard, Cal. The cells were' next exposed to verapamil, 3 pg/ml or 5 

pg/ml, or to PBS, in a volume of 20 pl. Doxorubicin was then added to 

the wells in concentrations ranging from 10- 9 M to 10- 4 M. The total 

volume of each well was brought up to 200 pl with complete RPMI medium 

and the plates incubated for 4 days at 37°C, 5% CO 2, and humidified 

air. Six individual samples were run for each of the various exposure 

conditions. The peripheral wells of the plate were utilized for the 

proper medium/reagent blanks. On the morning of the forth day, 50 pl of 

a 2 mg/ml solution of MTT in PBS were added to each well and the plates 
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reincubated for an additional four hours. The plates were then 

centrifuged at 600 rpm for 10 minutes and the culture medium 

supernatant removed from the wells by gentle vacuum aspiration and 

replaced with 150 p1 of DMSO. They were then placed onto a shaker for 

15 minutes to thoroughly solubilize the formazan product. The 

absorbance of each well was measured at 540 nm on a dedicated 

microculture plate reader (Biomek 1000 automated laboratory 

workstation, Beckman Instruments, Palo Alto, CAl interfaced with an IBM 

system 2 model 50 computer (IBM Corp., Armonk, NY). Data were expressed 

as percent survival of control cells calculated from the absorbance 

values corrected for backround absorbance. The surviving fraction was 

determined by dividing the mean absorbance value of the test samples by 

the mean absorbance value of untreated control samples. 

DRUG ACCUMULATION 

Drug accumulation in 8226/S and 8226/DOX40 cells was determined 

using 14C-doxorubicin (21.0 pCi/mg, SRI International, Menlo Park, CA). 

The purity of 14C-doxorubicin was greater than 95% as measured by high 

pressure liquid chromatography and thin layer chromatography. All cells 

were in exponential growth phase for assessment of drug accumulation. 

Cells were washed free of media and resuspended to a concentration of 2 

x 106 ce11s/m1 in RPMI 1640 media containing 2 % fetal bovine serum and 

1% L-g1utamine. 14C-doxorubicin was added to each tube of cells at a 

concentration of either 0.5 pM, 2.5 pM, or 12.5 pM and the cells 

incubated at 37°C for one hour. At the end of the incubation period the 

cells were diluted with ice-cold phosphate buffered saline, pH 7.4 
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(PBS), pelleted and then washed once again in iced PBS. After the PBS 

wash, 1 x 106 cells were layered onto silicone oil (SF 1250, General 

Electric Co., Inc., Waterford, NY) in microfuge tubes and centrifuged 

at 12,000 x g for 1 minute separating the cells from the aqueous layer 

(Vistica 1978). The silicone oil and aqueous layer were aspirated 

leaving a pellet of cells at the bottom of the tube. The tip of the 

microfuge tube was cut off, the pellet solubilized in 0.2 N NaOH and 

neutralized with 1.0 N HC1. Scintillation fluid was added and 

radioactivity counted. In a previous study (Dalton 1986), HPLC analysis 

indicated no difference in the metabolism of doxorubicin between the 

sensitive and resistant sublines after a one hour exposure. 

To assess cell size, cells were fixed in 1% phosphate buffered 

formalin and analyzed by flow cytometry (FAC Star, Becton Dickinson, 

Rutherford, NJ). Protein was measured by the method of Lowry (1951). 

HPLC analysis of Doxorubicin Accumulation 

In addition to the radiolabeled doxorubicin accumulation 

studies, accumulation was also studied by reverse phase high pressure 

liquid chromatography. Cells (1 x 106) were incubated with doxorubicin 

for 1 hour at 37°C in the presence and absence of verapamil. At the end 

of the incubation period, cells were washed twice with cold PBS, pH 

7.4, and lysed by sonication. The cell lysates were prepared for HPLC 

analysis by the method of Peng (1981). Daunorubicin was added to each 

sample as an internal standard prior to HPLC analysis. The HPLC 

analysis was performed on a Waters Associates Model 6000A solvent 

delivery system and a C1S-P Bondapak reversed phase column (Waters 
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Associates, Milford, MA) Compounds were eluted isocratically with a 

mobile phase consisting of 25% acetonitrile and 75% 0.2M ammonium 

acetate, pH 4.0. Solvent flow rate was 2.0 ml/min. Fluorescent 

measurements of doxorubicin and daunorubicin were made with a Perkin

Elmer (Perkin-Elmer, Oak Brook, IL) LS-1 fluorescence detector 

(excitation 480 nm: emission 550 nm). Quantitation was performed by the 

internal standard method using peak areas of doxorubicin and 

daunorubicin. The detection limit of doxorubicin with this assay is 1-2 

ng/ml (Peng 1981). 

NUCLEAR ISOLATION 

Nuclear isolation was performed according to a modification of 

the procedure of Ross et al. (1984). Both 8226/S and 8226/DOX40 cells 

were washed twice in PBS and resuspended in a solution containing 1 mM 

KH 2P04, 5 mM MgC1 2 , 150 mM NaCl, 2 mM ethyleneglycol-bis-(B-aminoethyl 

ether) N,N'-tetraacetic acid (EGTA), 4 mM Na2 EDTA, 0.3 mM spermine, 

and 1 mM spermidine, pH 6.4. The cells were then lysed by adding 9 ml 

of a 0.3% triton x-100 solution, swirling briefly and diluting to 50 ml 

with the first solution. The lysed cells were then centrifuged at 800 

rpm x 20 min at ODC. The resulting supernatant was poured off and the 

remaining nuclear pellet gently resuspended in a solution of 1 mM 

KH 2P04, 5 mM MgC1 2, 150 mM NaCl, 0.3% spermidine, and 0.5 mM ATP. 

Isolation was performed under red room lighting to protect the nuclei 

from UV-induced strand breaks. Nuclei were kept on ice throughout the 

procedure until drug exposure. 
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The nuclei of 8226/5 and 8226/DOX40 cells were exposed to 

various concentrations of doxorubicin for 1 hour at 37°C after which 

time they were immediately placed on ice and assessed for DNA damage by 

alkaline elution methods. In addition, drug accumulation in isolated 

nuclei from drug-resistant and -sensitive cells was measured after a 1 

hour exposure to 14C-doxorubicin. 

ALKALINE ELUTION 

The method of DNA alkaline elution was used to assess the 

formation of DNA single strand breaks and DNA-protein crosslinks 

according to the method of Kohn (1981). 8226 cells were labeled with 

2_ 14C-thymidine (0.1 pCi/ml: 55 mCi/mMol: ICN Radiochemicals, Irvine, 

CA) in complete RPMI medium for 48 hours. The cells were then washed in 

unlabeled RPMI medium to remove any radiolabeled thymidine not taken 

up by the cells: then resuspended in complete RPMI medium at 37°C for 

an additional 24 hours to insure that the label was incorporated into 

high molecular weight DNA. 

DNA-Protein Crosslinking Assay 

To assess doxorubicin-induced DNA-protein crosslinks (DPCs), 

resistant and sensitive 8226 cells were exposed to doxorubicin for one 

hour at 37°C. Drug exposures were based on results obtained in the drug 

accumulation studies wherein there was an equivalent intracellular 

concentration of drug in the two cell lines. The cells were then washed 

twice with fresh media at 4°C and resuspended in iced RPMI medium for 

irradiation. Iced cell suspensions were irradiated with x-rays at 270 
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rads/min using a 4 meV linear accelerator (Linac 4; Varian Associates, 

Palo Alto, CAl. The cells were then gently loaded onto 25 mm, 2 pM pore 

size polyvinyl chloride filters (type BS, Millipore Corp, San 

Francisco, CAl housed in 50 ml filter stacks. They were then washed 

twice with iced phosphate buffered saline, pH 7.4, and lysed 

immediately on the filter with a solution of 2 M NaCl, 0.04 M disodium 

EDTA, 0.2% N-lauroylsarcosine, pH 10.0. DNA was eluted with a 0.02 M 

EDTA solution adjusted to pH 12.2 with tetrapropylammonium hydroxide 

(TPAH) (RSA Corp, Andsley, NY). In this assay cells were irradiated to 

a total of 30 Gy x-irradiation to produce very short DNA strands which 

are retained on the filter only if the DNA strand is covalently linked 

to a large protein (Kohn 1979). 

Single Strand Break Assay 

To detect drug-induced DNA SSB, unirradiated 8226 resistant and 

sensitive cells were lysed following a 1 hour drug exposure with a pH 

10.0 solution of proteinase K (Type XI fungal from Tritirachium alba: 

0.5 mg/ml: E. Merck Co, Dormstadt, Germany), 2% SDS, 0.1 M glycine, 

0.02 M disodium EDTA. The addition of 'proteinase K has been shown to 

remove more than 98 percent of protein and allows for determination of 

strand breaks (Kohn 1981). The lysis fraction was collected and saved 

for determination of radioactivity. The lysed cells were rinsed with 

0.02 M Na2EDTA pH 10. Elution was carried out in the presence of a 0.1% 

solution of SDS buffered to pH 12.2 with TPAH. At this pH the double 

strands of DNA unwind leaving single stranded DNA. 
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Double Strand Break Assay 

A "neutral elution" assay was used to assess DNA DSB according 

to the procedure of Bradley and Kohn (1979). In this assay, 0.5 x 106 

unirradiated cells were loaded onto 2.0 urn polycarbonate filters 

(Nucleopore Corp, Richmond, CAl. The cells were then lysed with a 

solution of 0.05 M Tris', 0.05 M glycine, 0.025 M disodium EDTA, 2% 

(w/v) SDS and proteinase K (0.5 mg/ml) adjusted to pH 9.6. DNA was 

eluted with the above solution minus the proteinase K. 

For all three assays, the elution procedure was carried out in 

the dark to prevent UV light-induced DNA damage. The filters were 

connected to a peristaltic pump and eluted at 0.03 to 0.06 ml/min with 

the appropriate solution. Fractions of approximately 2.5 ml were 

collected over a 15 hour period and diluted into 15 ml acidified 

scintillation fluid (0.7% glacial acetic acid; West Chern, San Diego, 

CAl to reduce alkali chemiluminescence. The radioactivity (14_C CPM) in 

the elution fractions and remaining on the filter was determined by 

liquid scintillation counting (LS-350; Beckman Instrument Co, Palo 

Alto, CA). 

QUANTITATION OF DNA LESIONS 

The DPC lesions were converted to rad-equivalents using the 

bound-to-one-terminus model of Ross et ale (1979): 

Pc = [(1-r)-1 - (l-r )-1] x Pb . 0 

Where Pb is the frequency of DNA single strand breaks produced by 30 Gy 

and rand ro are the fractions of DNA eluting in the slow elution phase 
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in the presence (r) and absence (ro) of drug. The degree to which r 

exceeds ro is a measure of DPC. 

SSB and DSB lesions in sensitive and resistant 8226 cells were 

quantitated as rad-equivalents. Rad equivalents are defined as the 

dose of radiation which produces equivalent DNA damage to that created 

in the presence of drug (Kohn 1981). A calibration curve for relating 

the frequency of drug-induced DNA lesions (SSB and DSB) to an 

equivalent effect of radiation was obtained by plotting rads versus the 

elution rate constant. 

NONPROTEIN SULFHYDRYL (NPSH) ASSAY 

The NPSH levels in three 8226 sublines: 8226/S, 8226/DOX6, and 

8226/DOX40 were measured according to the method of Sedlak and Lindsay 

(1968). A total of 4 x 106 cells were washed twice with cold phosphate 

buffered saline, pH 7.4 and transferred to a microcentrifuge tube where 

they were lysed by sonication (model 250 Branson sonifier, Branson 

Corp, Danbury, CT). Protein was precipitated with 5% sulfosalylic acid. 

The cell lysate was centrifuged at 12,000 x g for 5 minutes and a 1 ml 

aliquot of the supernatant transferred to a tube containing 0.2 M tris 

buffer and 0.02 M EDTA, pH 8.9. To each tube, 100 pl of 0.01 N 

5,5 1 -dithiobis (2-nitrobenzoic acid) (DTNB) in absolute methanol was 

added. The contents were mixed and the absorbance measured at 412 nm 

(Lambda 3B UV/VIS spectrophotometer, Perkin Elmer, Oak Brook, IL). The 

concentration of NPSH in the sample was determined by comparing the 

optical density reading to a standard curve constructed using reduced 

glutathione. NPSH levels were measured 5 days post cell passage in all 

--------------------------- - --------------------- -
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Figure 13. Nonprotein sulfhydryl assay of Sedlak and Lindsay. In this 
assay sulfhydryl containing compounds react in a 
stoichiometric manner with 5,5'-dithiobis (2-nitrobenzoie 
acid) to form 2-nitro-5-mercaptobenzoic acid (0.0. 412 nm). 
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instances. DTNB reacts with thiol groups via a thiol-disulfide 

interchange to form a strongly absorbing mercaptobenzoic acid which 

exists as the thiolate anion at the pH of the assay. 

GLUTATHIONE S TRANSFERASE ISOLATION 

Glutathione s transferase enzymes were isolated based on the 

procedure of Mannervik and Guthenberg (1981) using an affinity column 

consisting of S-hexylglutathione coupled to epoxy-activated agarose 

(Sigma Chemical Co, St. Louis, MO). C¥tosol from 108 sensitive or 108 

resistant 8226 cells was prepared by suspending the cells in 5 ml of a 

hypotonic lysis buffer containing 10 mM KC1, 1.5 mM MgC1 2 , 2 mM 

phenylmethylsulfonyl fluoride, 10 mM tris-HC1, pH 7.4 at 25°C for 45 

minutes. The swollen cells were disrupted by 15-20 strokes in a tightly 

fitting Dounce homogenizer (Kontes Co., Vineland, NJ). The cell lysates 

were centrifuged at 4000 x g for 10 minutes (J2-21M intermediate 

centrifuge, Beckman Instrument Co, Palo Alto,CA) The supernatant was 

then spun at 100,000 x g for 1 hour at 4°C (L8-70 M ultracentrifuge, 

Beckman Instrument Co, Palo Alto, CAl. The resulting supernatant, 

containing the cytosolic fraction, was then applied to the affinity 

column and eluted with 10 mM tris-HC1, 1 mM EDTA, pH 7.8. GST 

isoenzymes were removed from the column by the addition of 5 mM 

glutathione to the elution buffer. 

GLUTATHIONE ENZYME ACTIVITY 

Enzyme activity was measured by the method of Habig et al. 

(1974) using 1 mM 1-chloro-2,4-dinitrobenzene (CDNB) and 1 mM 
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Figure 14. Diagram of the isolation scheme used for obtaining 
glutathione-s-transferase from 8226 myeloma cells. 
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Figure 15. Affinity column chromatography procedure used to isolate and 
purify glutathione-s-transferase from 8226 myeloma cells. 
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Figure 16. Spectrophotometric assay for glutathione-S-transferase 
enzyme activity. This assay, as described by Habig et ale 
(1974) measures the formation of a thioether produced by the 
catalytic action of glutathione-s-transferase on the 
substrates glutathione and 1-chloro-2,4-dinitrobenzene. The 
rate of the reaction is measured by following the increase 
in absorbance at 340 nm due to the formation of the product. 
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glutathione as the substrates. The reaction was initiated by the 

addition of enzyme to a cuvette containing the substrates which had 

been equilibrated at 37°C for several minutes. Progress was monitored 

spectrophotometrically as the increase in absorbance, due to the 

formation of the thioether, at 340 nm. A correction for the spontaneous 

reaction was made by measuring and subtracting the rate of thioether 

formation in the absence of enzyme. Protein was measured by the method 

of Lowry (1951). 

CELLULAR RNA EXPRESSION 

RNA was purified from 8226/S and 8226/DOX40 cells using 

guanidium isothiocyanate and cesium chloride gradient centrifugation 

(Maniatis 1982). Serial dilutions (1:2) of RNA were spotted onto 

nitrocellulose filters and probed with a cDNA probe, pGTSSl-2 (the kind 

gift of Drs. WD Henner and TC Shea, Dana Farber Cancer Institute), 

which hybridizes to a 322 bp region of a human anionic glutathione-S

transferase isoenzyme. The pGTSSl-2 probe was oligolabeled with [32 p] 

ATP (50 pCi dATP (5 pl: 3000 Ci/mmol: ICN Radiochemicals, Irvine, CAl) 

according to the method of Feinberg and Vogelstein (1983). The two-fold 

serial dilutions of total cellular RNA were denatured with formaldehyde 

and applied to nitrocellulose filters using a filter manifold 

(Schleicher and Schuell,Inc.; Keene, NH). The filter was prehybridized 

for 18 hours at 42°C in 50% v/v deionized formamide, 5X SSC (lX SSC is 

0.15M NaCl; 15 mM sodium citrate, pH 7.0), 5X Denhardt's solution (lX 

Denhardt's solution contains 20 mg each of Ficoll, polyvinyl

pyrrolidine, and bovine serum albumin in 100 ml water), 50 mM sodium 
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phosphate, pH 7.0, 1% SDS, 10% dextran sulfate and 500 pg/ml denatured 

salmon sperm DNA, in a sealed plastic bag. The following morning 100 ul 

of the denatured radioactive probe was added to the bag containing the 

filter and the bag carefully resealed. Hybridization was carried out 

for 18 hours at 42 DC. Following the hybridization procedure the filter 

blot was washed several times with IX SSC and 0.1% SDS at 60DC to 

remove excess radioactivity. Autoradiography was carried out with Kodak 

X-OMAT AR film (Eastman Kodak, Rochester, NY) and DuPont Cronex 

Lightning Plus intensifying screen (Dupont deNemours, Wilmington, Del) 

at -80DC for 1-3 days. Film was then processed in Kodak X-OMAT 

developer and fixer (Davis 1986). 

GLUTATHIONE PEROXIDASE ASSAY 

Glutathione peroxidase activity was assayed 

spectrophotometrically using either H202 or cumene hydroperoxide 

(Aldrich Chemical Co., Milwaukee, WI) as substrates, by the method of 

Reddy et al. (1981). Cellular homogenates were prepared from both 

drug-sensitive and -resistant cells by sonication of cells five days 

post-splitting. The cell lysate was spun in a microfuge tube for five 

minutes and the resulting supernatant measured for glutathione 

peroxidase activity. The standard assay mixture contained: 0.1 M Tris

HC1, pH 7.2; 1 mM GSH; 1 mM sodium azide; 0.2 mM NADPH; 5 IU GSH 

reductase; and 0.25 mM H202 or 1.2 mM cumene hydroperoxide. Sodium 

azide was used in this assay to inhibit catalase activity. Enzyme 

activity was assessed by measuring the change in absorbance at 340 nm 

over time as a measure of the consumption of NADPH. 
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GLUTATHIONE PEROXIDASE ASSAY 

2 GSH + ROOH __ G_S_H_-_PX __ .... ROH 
GSSG 

GSSG GSSG-R .. 2 GSH 

/~ 
NADPH NADP 

Measure decrease in Abs at 340 nm 

Figure 17. Spectrophotometric assay for glutathione peroxidase enzyme 
activity. This assay, as described by Reddy (1981), is a 
coupled reaction which measures the consumption of NADPH as 
oxidized glutathione is reduced. The rate of the reaction is 
measured by a decrease in absorbance, due to loss of NADPH, 
at 340 nm. 
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STATISTICAL ANALYSIS 

A statistically significant difference between resistant and 

sensitive populations was determined by the Student's t-test. 

Differences were considered significant if p~ 0.05. Data are presented 

as the mean ~ standard deviation of three or more determinations. The 

cytotoxicity of doxorubicin in sensitive and resistant cells was 

compared statistically by a t-test comparing the significance of the 

slopes of the concentration-survival curves. Slopes were obtained by 

linear regression analysis of the concentration-survival curves. A two

tailed t-test comparing the mean rad equivalents in resistant cells to 

the mean rad equivalents in the sensitive cells was used to determine 

significant differences in DNA lesions (Rosner 1982). 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Doxorubicin Accumulation 

Previous studies had indicated that there was a difference in 

drug accumulation between the sensitive and resistant sublines of 8226 

cells and that this difference was primarily due to an enhanced efflux 

of drug from the resistant myeloma cells (Dalton 1986). Studies were 

performed to determine the necessary concentration of doxorubicin 

required to yield approximately equivalent intracellular levels of drug 

in two sublines: 8226/S, the drug-sensitive parental line, and 

8226/DOX40, the multidrug resistant subline exhibiting a 40-fold level 

of resistance to doxorubicin. After a 1 hour exposure to 14C_ 

doxorubicin at 37°C the 8226/DOX40 cells accumulate considerably less 

labeled drug than the 8226/S cells at all concentrations investigated. 

These results are detailed in table 7. A five-fold difference in 

extracellular doxorubicin concentrations, 2.5 pM vs. 12.5 pM for 8226/S 

and 8226/DOX40 cells respectively, yielded equivalent intracellular 

drug levels. This finding however, makes no supposition as to the 

subcellular distribution of the drug in these cells. There was no 

statistical difference, as determined by student's t-test, between the 

radioactive counts observed in 8226/S cells exposed to 2.5 pM 

doxorubicin and those observed in 8226/DOX40 cells exposed to 12.5 pM 

doxorubicin. Thus, the exposure conditions of 2.5 pM for 1 hour in 



Table 7. Accumulation of 14C-doxorubicin in 8226 sensitive and 
resistant myeloma cells.* 

CONCENTRATION (pM) 

0.5 

2.5 

12.5 

8226/S 

319 + 112** 

1888 + 356 

11540 :t 1172 

8226/DOX40 

49 + 14 

639 + 128 

1242 :t 343 

121 

* Drug accumulation was measured by the silicone oil method of Vistica 
(1978) after a 1 hour exposure at 37°C to varying concentrations of 
doxorub1cin. 

**Results are presented as mean CPM + SD (n=3). 
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the 8226/5 cells and 12.5 pM for 1 hour in the 8226/DOX40 cells were 

utilized in a subsequent series of studies designed to investigate DNA 

damage in the 8226 sublines. 

Results obtained by flow cytometry and protein analyses revealed 

no differences between sensitive and resistant 8226 cells in terms of 

cell size or protein content which could have accounted for the 

observed differences in drug accumulation. Details of these studies are 

presented in tables 8 and 9 as well as figures 18 and 19. These two 

figures present the data as a contour profile of the cell size of a 

population of 10,000 myeloma cells. Data are presented as the mean cell 

size. There was no statistical difference between the sensitive and 

resistant cell populations in terms of cell size or protein content. 

In order to avoid confounding factors such as drug-membrane 

binding and possible differences in subcellular distribution: as well 

as to assess differences between the two cell lines at the nuclear 

level, similar drug accumulation studies were performed in isolated 

nuclei. Nuclei were isolated as described in the methods section with 

all preparative steps carried out at 4°C under red lighting. The nuclei 

were exposed to 14C-doxorubicin for 1 hour at 37°C and then assessed 

for drug accumulation. Despite the differences in drug accumulation in 

whole cells, isolated nuclei from the two sublines displayed no 

difference in their accumulation at 37°C. These results are presented 

in table 10. Under the conditions utilized in this experiment, both the 

sensitive nuclei and resistant nuclei accumulated doxorubicin to the 

same extent. There was no statistical difference between them at any 

concentration of doxorubicin. 



Table 8. Cytosolic protein determinations in sensitive and resistant 
human myeloma cells.* 

CELL LINE No. Protein 

8226/S 1 

2 

3 

4 

5 

6 
Mean:!: SO 

8226/00X40 1 

2 

3 

4 

5 

6 
Mean :!: SO 

* Protein determined by the Lowry method. 

**NS at p~ 0.05 level. 

(ug/106 cells) 

186 

169 

175 

191 

178 

154 
175 + 13 

163 

176 

184 

170 

143 

142 
163 + 17** 

123 
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Table 9. Myeloma cell size as determined by flow cytometry population 
contour analysis.* 

Cell Line No. Mean Contour Area** 

8226/S 1 19.89 

2 24.14 

3 17.0 

4 22.11 

Mean + SO 20.8 .:!: 3.1 

8226/00X40 1 26.79 

2 22.25 

3 15.38 

4 26.41 

Mean .:!: SO 22.7 + 5.3*** 

* Samples were fixed in 1% PBS formalin as described in the methods 
section. 

**Measured as the ratio of forward angle scatter to side angle scatter 
per 10,000 cells. 

***NS at p ~ 0.05 level. 
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sse 

Figure 18. Contour plot of 8226/S myeloma cells depicting cell size as 
determined by flow cytometric analysis • 

. . ----~-----------------
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Figure 19. Contour plot of 8226/DOX40 cells depicting cell size as 
determined by flow cytometric analysis. 
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Table 10. Accumulation of 14C-doxorubicin* in isolated nuclei of 8226 
sensitive and resistant myeloma cells.** 

CONCENTRATION (pM) 

0.5 

2.5 

12.5 

8226/S 

138 :t 27*** 

905 + 314 

3768 :t 600 

8226/DOX40 

126 :t 32 

737 + 138 

3599 :t 449 

* Drug accumulation determined after a 1 hour exposure of the nuclei to 
doxorubicin at 37 0C, using the method described by Vistica (1978). 

**Nuclei isolated by the detergent preparation described by Ross 
(1984) • 

***Results presented as mean CPM :t SD (n=3). 

----~------------------------------------
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Thus, there is no difference in drug accumulation at the nuclear 

level and that which occurs in whole cells appears to be mediated 

either at the membrane level or by a redistribution of drug within the 

cytoplasm. 

Doxorubicin Cytotoxicity 

The survival of 8226 sublines following a 1 hour exposure to 

various concentrations of doxorubicin was determined using a soft agar 

colony forming assay. The results of this study are presented in figure 

20. The quasi threshold dose (Dq) for doxorubicin was 65 nM against 

8226/S cells, and 2 pM against 8226/DOX40 cells. The mean lethal dose 

(Do) of drug, that concentration of drug required to reduce cell 

survival to l/e (or 37%) of the initial cell population, was determined 

from the negative reciprocal slope of the linear portion of the 

survival curves. Do was found to be 0.012 pM for 8226/S, and 0.73 pM 

for 8226/DOX40. 

DNA Alkaline Elution Assays 

1. Whole Cells 

Previous studies have demonstrated the formation of three DNA 

lesions in response to doxorubicin exposure in mammalian cells: DNA 

single strand breaks, DNA double strand breaks, and DNA-protein 

crosslinks. The formation of all three lesions was studied in drug

sensitive and -resistant 8226 cells. These studies were designed to 

determine if there was a difference in DNA damage, a mechanism of 

doxorubicin cytotoxicity, between the two cell lines under conditions 

-.-------.--- ---------



..J 

~ 
> cr 
.::> 
en 
Iz 
W 
U 
0::: 
W 
Q.. 

Ix 108 -7 
10 

MOLAR CONCENTRATION OF DOXORUBICIN 

129 

Figure 20. The effect of doxorubicin on soft agar colony formation of 
sensitive (8226/5 Gt ) and resistant (8226/DOX40 II ) 
human myeloma cells following a 1 hour drug exposure in 
vitro. Points are the mean of three experiments. 
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where there was equivalent intracellular doxorubicin. Sensitive and 

resistant 8226 cells were prelabeled with 14C-thymidine in complete 

media for two days at 37°C and then placed in non-radioactive media 24 

hours prior to drug exposure. The cells were exposed to doxorubicin for 

1 hour at 37°C in complete media. They were then washed twice with cold 

media and then placed in an ice bath for at least 30 minutes before 

further treatment. At this point the treatment of the cells varied 

depending on the lesion being investigated. 

A. Single Strand breaks 

Following drug treatment, the formation of DNA single strand 

breaks was assessed. Such lesions are detected as an increase in the 

elution rates (as measured by increases in the elution rate constants) 

over non-treated control samples. In order to determine the elution 

rate constants, a calibration curve was constructed using x-ray induced 

single strand breaks as a reference. The assumption is made that the 

single strand breaks produced are randomly distributed and are 

proportional to the dose of x-rays (Kohn 1981). The elution rate 

constant is determined by calculating the negative slope of the line 

obtained when the %DNA remaining on the filter is plotted as a function 

of time. The calibration curve is then constructed by plotting the 

elution rate constant vs. the dose of x-ray. Values determined from 

such a curve are expressed in terms of radiation-equivalents (rad

equivalents) which enable one to relate drug-induced damage to that 

produced by a known quantity of x-rays. The sensitivity limit for x-ray 

induced single strand breaks measured by this technique is about 30 

----------------------------------------------------------------



Table 11. DNA single strand break calibration curve data for 8226 
mye lama ce 11 s • * 

X-RAY DOSE (RADS) 
50 
100 
250 
400 
500 
600 
750 

X-RAY DOSE (RADS) 
50 
100 
250 
400 
500 
600 
750 

A. 8226/S 
ELUTION RATE CONSTANT (hr- 1)** 

2.23 
3.07 
5.07, 6.66, 7.39 
8.45 

13.89 
14.80 
16.92 

B. 8226/DOX40 
ELUTION RATE CONSTANT (hr- 1) 

2.67 
2.88 
5.15, 6.67, 7.20 
10.40 
11.03 
14.00 
17.94 

* 8226/S and 8226/DOX40 data combined to construct calibration curve 
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**Elution rate constant determined as the negative slope of the line 
resulting from a plot of percent DNA remaining on the filter as a 
function of time. 
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SINGLE STRAND BREAKS 
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Figure 21. Calibration curve for x-ray induced DNA single strand breaks 
in 8226 human myeloma cells. Correlation coefficient, 
r = 0.9846. 
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Single Strand Break Assay: 8226 R-40 and S 

• R-Controt 

o 5-Control 

* R- X-ray (250 radsl 

* 5- X-ray (250 radsl 

• R- Do •. 2.5 uM 

c 5-00'. 0.5 uM 

• R-Do •• 12.5 uM 
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5 10 
Elution Time (hrs) 

Figure 22. A semi-logarithmic plot of doxorubicin-induced DNA single 
strand breakage in 8226 myeloma cells versus hours of 
alkaline elution. Cells were exposed to drug for 1 hour. For 
internal calibration, two samples were irradiated with 250r 
x-rays on ice. Cells were lysed and treated with proteinase 
K (0.5 mg/ml) for 1 hour prior to elution at pH 12.1. 
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Table 12. Doxorubicin-induced DNA single strand breaks in 8226 myeloma 
cell s. * 

Conc. (#M) No. Rad Equivalents 

8226/S 2.5 1 313 

2 382 

3 244 

Mean + SD 313 :t 69 

8226/DOX40 2.5 1 199 

2 223 

3 151 

Mean + SD 191 + 37 

8226/DOX40 12.5 1 304 

2 258 

3 349 

Mean + SD 304 :t 45 

* Cells were exposed to doxorubicin for 1 hour at 370C before analysis 
by alkaline elution. 
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rads (Kohn 1981). The calibration curve generated for DNA single strand 

breaks in 8226 cells is shown in figure 21. Because there was no 

difference in the formation of x-ray-induced single strand breaks 

between the two sublines, the calibration curve was constructed using 

the combined data from both lines. 

When 8226/S and 8226/DOX40 cells were exposed to the same 

extracellular concentration of doxorubicin, 2.5 pM, there was a 

significant difference, as determined by the student's t-test, in the 

number DNA single strand breaks with the 8226/DOX40 cells forming fewer 

lesions. When drug exposures were adjusted to yield approximately 

equivalent intracellular doxorubicin levels, there appeared to be no 

difference between the two sublines in the formation of single strand 

breaks. These results are presented in table 12 in detail. 

B. DNA Double Strand Breaks. 

This assay, also known as the "neutral elution" assay, is very 

similar to that described above. One difference lies in the actual 

elution conditions. The lysed and proteinase K treated cells are eluted 

with a pH 9.6 solution to prevent the unwinding of double stranded DNA 

which occurs at slightly higher pH values. A calibration curve was 

constructed using much higher doses of x-rays, 1000 to 10,000 rads, 

which are necessary to demonstrate DNA double strand breaks. The curve 

generated for the 8226 cells was constructed from combined data 

generated using the two sublines and is presented in figure 23. 

Again, as seen with the formation of DNA single strand breaks, 

there is a decrease in the formation of DNA double strand breaks in the 



Table 13. DNA double strand break calibration curve data for 8226 
mye 1 oma ce 11 s • * 

X-RAY DOSE (RADS) 
1000 
3000 
3000 
5000 
9000 

X-RAY DOSE (RADS) 
1000 
3000 
3000 
3000 
5000 
9000 

A. 8226/S 
ELUTION RATE CONSTANT (hr-')** 

1.00 
3.70 
3.94 
6.22 

12.50 

B. 8226/DOX40 
ELUTION RATE CONSTANT (hr-') 

0.96 
3.83 
4.20 
3.53 
6.14 

11.93 

136 

* 8226/S and 8226/DOX40 values combined to construct DNA double strand 
break calibration curve. 

**Elution rate constant determined as the negative slope of the line 
generated by plotting percent DNA remaining on the filter as a function 
of time. 
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DOUBLE STRAND BREAKS 
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Figure 23. Calibration curve for x-ray induced double strand breaks in 
8226 myeloma cells. Correlation coefficient, r = 0.9976. 



138 

Double Strand Break Assay: 8226 R-40 and S 
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Figure 24. A semi-logarithmic plot of doxorubicin-induced DNA double 
strand breakage in 8226 myeloma cells versus hours of 
alkaline elution. For these assays cells were exposed to 
doxorubicin for 1 hour. For internal calibration, two 
samples were exposed to 3000r x-irradiation on ice. The 
cells were lysed and treated with proteinase K (0.5 mg/ml) 
for 1 hour prior to elution at pH 9.6. 
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Table 14. Doxorubicin-induced DNA double strand breaks in 8226 myeloma 
cell s. * 

Cone. (pM) No. Rad Equivalents 

8226/S 2.5 1 1523 

2 1909 

3 1516 

Mean .:t SD 1649 .:t 225 

8226/DOX40 2.5 1 722 

2 861 

3 743 

Mean + SD 775 + 75 

8226/DOX40 12.5 1 1853 

2 1474 

3 1692 

Mean + SD 1583 + 109 

* Cells were exposed to doxorubicin for 1 hour at 37°C before analysis 
by alkaline elution. 
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8226/DOX40 cells when exposed to an equivalent extracellular 

concentration of doxorubicin as the 8226/S cells. These results are 

shown in table 14. When one examines DSB formation at an equivalent 

extracellular concentration of 2.5 pM doxorubicin, there is a 

significant decrease in the number of DSB found in the 8226/DOX40 

cells, 775 ~ 75 rad equivalents, as compared to 1649 ~ 225 rad 

equivalents in the 8226/S cells (p( 0.05, student's t-test). However, 

when the intracellular concentration of doxorubicin was increased in 

the resistant cells to match that in the sensitive line, there was no 

statistical difference in the level of DNA double strand breaks: 1649 + 

225 rad equivalents in the 8226/S cells vs. 1583 + 109 rad equivalents 

in the 8226/DOX40 cells. 

C. DNA-protein Crosslinks 

This assay utilizes. polyvinyl chloride filters which act to 

maximize physical interactions between the filter and proteins. In 

order to further enhance any such interactions, SDS is eliminated from 

all solutions. To demonstrate DNA-protein crosslinking, the drug

treated cells were exposed to 3000 rads of x-rays after being cooled 

on ice. As in the DNA single strand break assay, elution was carried 

out at a pH of 12.1. DNA-protein crosslinks are detected as an increase 

in the retention of DNA on the filter as compared to the non-drug 

treated, irradiated control samples. DNA-protein crosslinks were 

quantitated using the bound-to-one-terminus model of Ross et al. (1979) 

as described in the methods section. 
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Figure 25. A semi-logarithmic plot of doxorubicin-induced DNA-protein 
crosslinking in 8226 myeloma cells versus hours of alkaline 
elution. For these assays cells were post-irradiated on ice 
with 3000r x~rays. The cells were lysed and then eluted at 
pH 12.1. 



Table 15. Doxorubicin-induced DNA-protein crosslinks in 8226 myeloma 
ce 11 s. * 

Cone. {pM} No. Rad Equivalents** 

8226/S 2.5 1 146 

2 377 

3 202 

Mean 2: SD 242 + 120 

8226/DOX40 12.5 1 275 

2 264 

3 178 

Mean + SD 239 + 53 

142 

* Cells exposed to doxorubicin for 1 hour at 37°C before analysis by 
alkaline elution. 

**Rad equivalents calculated using the bound-to-one terminus model of 
Ross {1979}. 
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Consistent with the previous two studies, when the sensitive and 

resistant 8226 cells were exposed to an equivalent intracellular 

concentration of drug, equivalent DNA lesions were formed as seen in 

table 15. 

When the extracellular doxorubicin concentration was adjusted in 

the resistant cells, the magnitude of increase in DNA single strand and 

double strand breaks was similar. DNA single strand breaks were 

increased 1.6-fold when exposed to 12.5 pM doxorubicin while the double 

strand breaks increased 2-fold. DNA-protein crosslinks were not 

measured in the resistant line at a doxorubicin concentration less than 

12.5 pM therefore no conclusions can be drawn concerning the magnitude 

of increase in these lesions. Although the increase in extracellular 

drug concentration was 5-fold, only 1.6- and 2-fold increases in DNA 

lesions were measured. This finding may reflect drug which was bound 

intracellularly and not available to interact with the DNA. The 14C_ 

doxorubicin accumulation studies on which these concentrations were 

based measured the total amount of radiolabeled drug present in the 

cell and did not differentiate bound from free drug. 

As mentioned earlier, if a drug is serving to inhibit 

topoisomerase II there will be an equal (within a factor of two) number 

of DNA single strand breaks and DNA-protein crosslinks (Kohn 1987). 

Such was the finding in both the 8226/S and 8226/DOX cells. In the 

8226/S cells exposed to 2.5 pM doxorubicin, there were 313 ~ 69 SSB and 

242 ~ 120 DPC which yields a ratio of 1.29 SSB for every DPC. The same 

finding was observed in the 8226/DOX40 cells exposed to 12.5 pM 

doxorubicin. There were 304 + 45 SSB and 239 + 53 DPC yielding a ratio 

...... ' ._-------------------------------



Table 16. Summary statistics of doxorubicin-induced DNA damage 
mye 1 oma ce 11 s • * 

Conc. (JIM) SSB DSB DPC 

8226/S 2.5 313 :!: 69 1649 :!: 225 242 :!: 120 

8226/DOX40 2.5 191 + 37** 775 :!: 75** ND*** 

8226/DOX40 12.5 304 + 45 1583 :!: 109 239 + 53 

* Results are presented as mean rad equivalents:!: SD 

**p < 0.01. Student's t-test as compared to 8226/S. 

***Not Done 
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in 8226 
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of 1.27 SSB for every DPC. Thus, the data obtained with both sublines 

is consistent with the action of doxorubicin on topoisomerase II. 

II. Isolated Nuclei Studies 

In addition to studying these DNA lesions in whole cells their 

formation was also assessed in isolated nuclei from the two sublines. 

In these studies, the nuclei from drug-sensitive and -resistant cells 

were first isolated using the detergent method of Ross et ale (1984) as 

described in the methods section, and then exposed to doxorubicin for 1 

hour at 37°C. The isolated nuclei were examined under a phase contrast 

microscope immediately prior to drug exposure and appeared to be 

morphologically intact. Exposure occurred in the dark in order to 

reduce the formation of DNA lesions due to ambient room light. Because 

of the prior drug accumulation studies, it was known that there was no 

difference between the two cell lines in this aspect and this allowed 

for equivalent exposures of doxorubicin in the sensitive and resistant 

nuclei. Of interest, both ATP and Mg++ were needed for drug-induced DNA 

lesion formation in this system. Without such supplementation there 

was minimal formation of either DSB or SSB in the presence of 

doxorubicin. ATP has been shown to enhance topoisomerase II mediated 

reactions in isolated nuclei (Pommier 1984) and Mg++ has been 

demonstrated as being a necessity for such function (Pommier 1984; 

Osheroff 1987). 

When the nuclei were exposed to the same concentration of 

doxorubicin and DNA damage assessed, no difference was found between 

the sensitive and resistant sublines. Tables 17 thru 19 present the 



Table 17. 
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Doxorubicin-induced DNA single strand breaks in 8226 nuclei.* 

Conca (/JM) No. Rad Equivalents 

8226/S 0.5 1 390 
2 425 
3 417 

Mean + SD 410 + 15 

8226/S 5.0 1 410 
2 475 
3 428 

Mean + SD 438 + 23 

8226/DOX40 0.5 1 430 
2 400 
3 422 

Mean :t SD 417 :t 15 

8226/DOX40 5.0 1 450 
2 420 
3 405 

Mean + SD 425 :t 23 

*Nuclei were isolated according to the method of Ross et ala 
(1984) and exposed to doxorubicin for 1 hour at 37°C in the 
dark. ATP and Mg++ were required for drug activity in this 
system. 

-~-----~-------------------------------
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Table 18. Doxorubicin-induced DNA double strand breaks in 8226 nuclei.* 

Conc. (pM) 

8226/S 0.1 

8226/S 0.5 

8226/S 1.0 

8226/DOX40 0.1 

8226/DOX40 0.5 

8226/DOX40 1.0 

No. 

1 
2 
3 
4 

Mean + SD 

1 
2 
3 

Mean + SD 

1 
2 
3 

Mean + SD 

1 
2 
3 
4 

Mean + SD 

1 
2 
3 

Mean + SD 

1 
2 
3 

Mean + SD 

Rad Equivalents 

1444 
1165 
1466 
1237 

1328 + 150 

1301 
1373 
1011 

1228 :!: 191 

2511 
3004 
2060 

2525 :!: 472 

1036 
1158 
972 

1294 

1115 :!: 142 

1287 
1480 
1111 

1292 + 184 

2167 
2718 
1874 

2253 + 428 

* Nuclei were prepared according to the method of Ross (1984) and 
exposed to doxorubicin for 1 hour at 37°C in the dark. ATP and Mg++ 
were required for drug activity in this system. 
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Table 19. Doxorubicin-induced DNA-protein crosslinks in 8226 nuclei.* 

Conc. (pM) 

8226/S 0.1 

8226/S 1.0 

8226/S 10.0 

8226/DOX40 0.1 

8226/DOX40 1.0 

8226/DOX40 10.0 

No. 

1 
2 
3 

Mean + SD 

1 
2 
3 

Mean + SD 

1 
2 
3 

Mean :!: SD 

1 
2 
3 

Mean + SD 

1 
2 
3 

Mean :!: SD 

1 
2 
3 

Mean :!: SD 

Rad Equivalents 

555 
365 
424 

448 + 97 

845 
535 
608 

663 + 162 

1246 
1315 
1931 

1497 :!: 377 

602 
500 
468 

523 :!: 69 

684 
755 
675 

704 + 44 

1410 
1283 
1607 

1433 :!: 163 

* Nuclei were prepared according to Ross (1984) and exposed to 
doxorubicin for 1 hour at 37°C in the dark. ATP and Mg++ were required 
for drug activity in this system. 



149 

data from these studies. As seen in the whole cell studies, when 

equivalent amounts of drug reach the target level, in this case the 

nucleus, equivalent DNA damage is produced in both the sensitive and 

resistant 8226 lines. There was no statistical difference in the 

formation of DNA single strand breaks, double strand breaks, or DNA

protein crosslinks between sensitive and resistant cells at the nuclear 

level under these conditions. This observation, coupled with the 

findings of the drug accumulation studies suggest that there is no 

inherent difference in the ability of doxorubicin to induce DNA damage 

in either subline provided it reaches the target. Although these 

results indicated that there was no difference between sensitive and 

resistant 8226 nuclei, no conclusion can as yet be drawn concerning any 

possible differences in topoisomerase II content or activity or 

differences in DNA repair capabilities between the two sublines. It 

does not appear that the differences between these two cell lines exist 

at the nuclear level in terms of doxorubicin-induced DNA lesions 

however, and this argues against possible differences in topoisomerase 

II or DNA repair. 

Caprancio et al. (1987) reported results which were in contrast 

to the current findings. Using isolated nuclei from P388 leukemia cells 

which were resistant to doxorubicin, they observed fewer DNA single and 

double strand breaks than were found in nuclei from drug-sensitive P388 

cells. The degree of damage in these cells in response to x-rays was 

identical, both at the whole cell and nuclear levels. Such findings 

suggest possible alterations in either topoisomerases or in repair 

capabilities between the two cell lines. In light of their observation 

--------------------------------------------
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of decreased drug accumulation in the resistant cells it appears that 

in their cell line, resistance to doxorubicin is multifactorial. 

Zijlstra et ale (1987) have also reported a doxorubicin-resistant human 

small cell lung carcinoma in which doxorubicin resistance appears to be 

multifactorial involving drug accumulation, DNA repair, and an altered 

topoisomerase II. 

Correlation of Drug Accumulation, DNA Damage, 
and Cytotoxicity 

When the cytotoxicity of doxorubicin against 8226/S and 

8226/DOX40 cells was examined at concentrations which yielded 

equivalent intracellular drug levels, 2.5 pM and 12.5 pM respectively, 

there was an equivalent cytotoxic effect as demonstrated in figure 26. 

This figure displays drug accumulation, DNA damage (as represented by 

DNA double strand break formation), and cytotoxicity. As can be seen, 

under the exposure conditions utilized for these studies, there was 

equivalent drug accumulation in both sublines, equivalent DNA double 

strand break formation, and apparently equivalent cytotoxicity. When 

exposed to 12.5 pM doxorubicin, the survival of the 8226/DOX40 cells 

was reduced by 97% and correlated well with drug accumulation and DNA 

lesion formation. Such concentrations of doxorubicin are extremely high 

however, and would never be administered to patients due to the dose

related toxicities of this agent. When lower concentrations of 

doxorubicin are examined, there is a disparity between drug 

accumulation and cytotoxicity. As seen in figure 27, an exposure to a 

concentration of 2.5 pM doxorubicin for 1 hour at 37°C produced nearly 
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Summary histogram showing drug accumulation (top), DNA 
double strand break lesions (middle), and doxorubicin 
cytotoxicity (bottom) for 8226/S and 8226/DOX40 cell lines. 
Drug exposure was 2.5 pM or 12.5 pM for 1 hour at 37°C. Drug 
accumulation is presented as mean CPM per 1 x 106 cells, 
while double strand break data are presented as mean rad 
equivalents. Cytotoxicity was determined using the soft agar 
colony forming assay. 



Figure 27. 
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Histogram showing the discordance between drug accumulation 
(top) and cytotoxicity (bottom) observed in 8226/S and 
8226/DOX40 cells. The cells were exposed to doxorubicin at a 
concentration of 0.5pM or 2.5pM for 1 hour at 37°C. Drug 
accumulation is presented as mean CPM per 1 x 106 cells. 
Cytotoxicity was determined using the soft agar colony 
forming assay. 
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twice the intracellular drug concentration in the 8226/DOX40 cells as 

did an exposure to a five-fold lower concentration, 0.5 pM, in the 

sensitive cells. Despite this two-fold increase in intracellular drug 

levels, the survival of the resistant cells was reduced by only 30%, 

whereas the survival of the 8226/S cells was less than 1%. Such 

findings suggested that there may be other mechanisms of drug 

resistance operating in addition to the observed differences in drug 

accumulation. 

In summary, these studies have shown that when 8226/5 and 

8226/DOX40 cells are exposed to the same extracellular concentration of 

doxorubicin, there is less drug accumulation and subsequently fewer DNA 

lesions in the 8226/DOX40 line. When the differences in accumulation 

were corrected and equivalent intracellular levels of drug attained, 

the differences in DNA damage were removed at one pOint in time. These 

findings were supported by studies in isolated nuclei. However, even 

though equivalent DNA damage was obtained under these circumstances, 

there was a discordance with results of cytotoxicity studies. At higher 

concentrations of doxorubicin there was a good correlation between 

cytotoxicity, DNA damage, and drug accumulation in 8226 sensitive and 

resistant cells, while at lower concentrations there was a marked 

discrepancy between drug accumulation and cytotoxicity. 

The Role Of Detoxification 

One mechanism by which the resistant tumor cells may circumvent 

the cytotoxic action of an antineoplastic agent is by detoxifying the 

drug before it has a chance to exert its effect on the cell. Recent 
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observations suggest that GSH-based detoxification mechanisms may be 

overexpressed in resistant tumor cells. For example, elevations in the 

activities of the enzyme glutathione-s-transferase and glutathione 

peroxidase have been found in a human breast carcinoma cell line which 

exhibits the MDR phenotype (Batist 1986a; Cowan 1986). One possible 

mechanism of cytotoxicity of doxorubicin and other quinone containing 

antineoplastic agents is thought to be the generation of free radical 

species from the redox cycling of the semiquinone (Bachur 1978). Berlin 

et al. (1981) have demonstrated that DNA strand breaks are one result 

of doxorubicin-induced free radical production. Therefore a mechanism 

which would reduce free radical-mediated damage might account for some 

of the resistance to doxorubicin in the 8226 cells by decreasing DNA 

damage. Indeed several non-MDR cell lines are known to contain 

increased levels of glutathione and its associated enzymes as an 

integral part of their resistance to antineoplastic agents (Buller 

1987; Rice 1986; Adams 1985; Hamilton 1985; Wang 1985; Suzukake 1982; 

and Bozzi 1981). 

The purpose of this series of studies was to determine if the 

glutathione system, consisting of glutathione and the two enzymes 

glutathione-s-transferase and glutathione peroxidase, contributed to 

the level of doxorubicin resistance observed in the 8226 human myeloma 

cell line. 

Glutathione-s-transferase Activity 

Glutathione-s-transferases are a family of isoenzymes located 

primarily in the cytosol and were isolated from sensitive and resistant 



155 

sublines of 8226 cells by affinity column chromatography as described 

in the methods section. The affinity column consisted of S

hexylglutathione coupled to epoxy-activated agarose and is commercially 

available. A cytosolic fraction was prepared from 108 sensitive and 108 

resistant cells by differential centrifugation. When the cytosolic 

fraction was applied to the affinity column, the various GST isoenzymes 

eluted as a single peak of enzyme activity, as demonstrated in figure 

28, when assayed using 1 mM glutathione and 1 mM 1-chloro-

2,4-dinitrobenzene (CDNB) as the substrates. Glutathione-s-transferase 

enzyme activity as measured by the Habig procedure (1974) represents 

the activity of the total pool of transferases present and does not 

differentiate the various isoenzymes. The enzyme activities of three 

sublines of 8226 cells: the 8226/S, drug-sensitive line: 8226/DOX6, a 

subline exhibiting a 6-fold elevation in doxorubicin resistance and 

8226/DOX40, a 40-fold doxorubicin-resistant subline, were measured with 

this assay. GST was isolated from the sensitive and resistant cells 

five days after the cell cultures were split to insure that they 

remained in a logarithmic growth phase. The total, or "bulk", GST 

activity was found to be identical among these three sublines as seen 

in table 20. The 8226/S cells had an activity of 1.26 ~ 0.14 

nmols/min/mg protein. This compared with 1.27 ~ 0.21 nmols/min/mg 

protein in the 8226/DOX6 cells and 1.17 ~ 0.25 nmols/min/mg protein in 

the 8226/DOX40 cells. There were no statistical differences among these 

three sublines. Thus, no correlation was found between the level of 

doxorubicin resistance and overall GST activity in any of the 8226 

cells. 
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Figure 28. Representative profile for the isolation of GST from 8226 
myeloma cells using affinity column chromatography. Sample 
was applied at pH 7.0 and the column eluted with 0.05 M Tris 
buffer, pH 7.8, followed by 0.2 M NaCl. GST was removed with 
0.5 mM GSH in Tris buffer (~----A protein elution, 280 nm; 

• • GST activity measured using l-chloro-
2,4-dinitrobenzene as substrates). 



Table 20. Glutathione-S-transferase activity in 8226 myeloma cells.* 

ENZYME ACTIVITY** 
SUBLINE FOLD-RESISTANCE {nmols/min/mg} 

8226/S 1 1.26 :!:. 0.14*** 

8226/DOX6 6 1.27 :!:. 0.21 

8226/DOX40 40 1.17 :!:. 0.25 

*GST was isolated and purified from 8226 cells, 5 days 
post passage, by the method of Mannervik (1981). 

**Activity was measured by the method of Habig (1974) 
using 1 mM GSH and 1 mM 1-chloro-2,4-dinitrobenzene as 
substrates. 

***Results are presented as the mean + SD of 4 
experiments. 
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Cellular RNA Expression 

The studies reporting elevations in glutathione transferase 

activity in MDR cells have shown that such increases are due to an 

overexpression of a novel anionic transferase isoenzyme. Although there 

was no observed increase in the GST activity as measured in the 

previous section it is conceivable that there could be a shift in the 

isoenzyme pattern in the resistant cells such that there would be an 

overexpression of this anionic form in lieu of the normal cationic and 

neutral forms. Under such conditions there might not be an increase in 

the total enzyme activity but there could be substantial differences in 

the ability of the cell to withstand doxorubicin's cytotoxic effects, 

especially if this anionic transferase has a high level of organic 

peroxidase activity. 

To determine whether the anionic form of GST was elevated, 

further studies were conducted using a cDNA probe, pGTSSI-2 (the kind 

gift of Drs. TC Shea and WD Henner, Dana Farber Cancer Institute), 
\ 

which hybridizes to a 322 bp region of the human anionic isoenzyme. 

Total cellular RNA was isolated from 8226/S and 8226/DOX40 cells as 

described in the methods section using guanidium isothiocyanate lysis 

and cesium chloride gradient centrifugation. Two-fold serial dilutions 

of the RNA were applied to a nitrocellulose filter and probed with a 

radiolab~led pGTSSI-2 cDNA for expression of the anionic transferase. 

The results of this RNA "dot-blot" are presented in figure 29. Very 

little expression of mRNA for this isoenzyme was noted in either the 

drug-sensitive or -resistant sublines and there was no discernible 

difference between them for this message. The finding of so little 
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GST 

Figure 29. Dot blot analysis of human anionic GST mRNA levels in 8226 
myeloma cells. Serial 2-fold dilutions of total cellular RNA 
(10,5,2.5,1.25, and 0.612 #g) were applied to a 
nitrocellulose filter. After hybridization with radiolabeled 
pGTSS1-2 probe, autoradiography was performed on the filter 
for 36 hours at -800C. Human colon carcinoma, LaVa, was 
included as a positive control. 
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expression in these cells was in agreement with the findings of the 

total enzyme activity. where a very large number of cells were required 

to obtain any measurable activity. This was in contrast to a human 

colon carcinoma cell line. LOVO. which displayed a higher level of 

expression of this isoenzyme in the dot-blot and served as the positive 

control. Artifacts in the blotting procedure were ruled out by probing 

the filter with a human actin cDNA clone. 

Glutathione Peroxidase Activity 

The anionic transferase isozyme reported to be elevated in MDR 

was shown to contain a high level of organic peroxidase activity. Such 

activity might be very important in protecting the cell from free 

radical mediated damage from an agent such as doxorubicin by reducing 

any peroxide metabolites to less reactive alcohols. Doxorubicin has 

been shown to produce oxygen free radicals and H202 as a result of a 

redox cycling of its quinone function. Thus glutathione peroxidase 

could playa vital role in protecting the cell from doxorubicin-induced 

damage. It was necessary to study the enzyme glutathione peroxidase in 

the resistant cells to determine if there was an elevation in its 

activity. Cellular homogenates were prepared by lysing 8226/5 and 

8226/DOX40 cells by sonication as described in the methods section. 

Just as with the GST isolation. cellular homogenates were prepared from 

both cell lines at the same point in time after the cells cultures had 

been split back to insure logarithmic growth. Peroxidase activity was 

determined from the supernatant of these homogenates according to the 

spectrophotometric assay described by Reddy (1981). The results of 

----------------------------------------------_._----_ .. ------~- -



Table 21. Glutathione peroxidase activity in 8226 myeloma cells.* 

GSH-PX SUBSTRATE 

0.25 mM Hydrogen Peroxide 

1.2 mM Cumene Hydroperoxide 

8226/S 8226/DOX40 
(nmols/min/mg) 

2.16 !. 1.12** 

3.67:t 1.14 

2.80 :t 0.88 

3.23 :t 0.38 

* GSH-px activity was measured by the method of Reddy (1981) 
using either H202 or cumene hydroperox;de as substrates. 

**Results are presented as the mean :t SD of 4-5 experiments. 
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these studies are presented in table 20. Using 0.25 mM H202 ' a measure 

of selenium-dependent glutathione peroxidase activity as the substrate 

the 8226/DOX40 line possessed 2.80 ~ 0.88 nmol/min/mg protein of 

peroxidase activity as compared to 2.16 ~ 1.12 nmol/min/mg protein in 

the 8226/S line. There was no statistical difference between these 

activities as determined by the student's t-test. Organic peroxidase 

activity was measured using 1.2 mM cumene hydroperoxide as the 

substrate. The 8226/DOX40 cells displayed an activity of 3.23 ~ 0.38 

nmol/min/mg protein while the 8226/S cells had an activity of 3.67 ~ 

1.14 nmols/min/mg protein. Again, there was no statistical difference 

between them. Thus, the 8226/DOX40 cells displayed an equivalent 

glutathione peroxidase activity to that of the 8226/S cells using 

either substrate. Just as with the glutathione transferase activity, 

there was no correlation between doxorubicin resistance and enzyme 

activity in these cells. 

Nonprotein Sulfhydryl Levels 

Elevations in cellular glutathione levels have been demonstrated 

as an important factor in drug resistance in a number of studies. 

Nonprotein sulfhydryl levels, of which glutathione makes up over 95% 

(Reed 1984), were measured in the 8226 cells as an indication of 

whether glutathione contributed to doxorubicin resistance in the 

8226/DOX subline. A total of 4 x 106 sensitive and resistant cells were 

prepared as described in the methods section and the NPSH values 

determined by the spectrophotometric method of Sedlak and Lindsay 

(1968). The effects of culture condition, especially time and serum 
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concentrations, are very important for an accurate assessment of the 

glutathione status of the cell. As demonstrated by Post et a1. (1983), 

the glutathione content in a human lung cancer cell line increased 24 

hours after passage and decreased thereafter when the cells were grown 

with fetal bovine serum and that the absolute content was lower when 

the cells were maintained in 2% serum as opposed to 10% serum. In a 

similar study, Batist et a1. (1986b) determined that the optimal time 

point for comparison varied with different cell lines but was always in 

the mid log phase of growth. In both studies, maximal glutathione was 

found to occur early after subculturing and subsequently declined. 

Therefore it is very important when comparing cell lines to insure that 

they are maintained in identical culture mediums and are compared at 

similar points in their growth phase. The doubling times of the 8226/S 

and 8226/DOX40 cells were not found to be significantly different from 

each other in previous studies (Dalton 1986) and thus they were 

compared on the same day post passage, that being five days. 

The 8226/DOX cells contained 19.2 ~ 0.1 nmo1 NPSH/10 6 cells 

which was significantly higher than in the 8226/S sub1ine (p(O.OOl, 

Student's t-test). NPSH levels in the 8226/DOX6 sub1ine were not 

statistically different from the 8226/S line. The results of these 

measurements are detailed in table 22. Such findings led to the 

question: was the elevation in NPSH involved in maintaining the level 

of drug resistance in the 8226/DOX40 line or was it elevated in 

response to some selection pressure encountered in the creation or 

maintenance of this line? Normally the resistant 8226 cells are 

maintained in the presence of doxorubicin in cell culture. If the cells 
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were removed from drug-containing medium and placed in a drug-free 

medium, would there be a subsequent decline in the NPSH content of 

these cells, and if so, would the level of resistance be altered? These 

questions were addressed in the subsequent studies. 

When the 8226 cells were maintained in a drug-free medium there 

was a steady decline in the NPSH content of the 8226/DOX40 cells. After 

one month under such conditions, NPSH levels reached a steady state 

identical to that found in the 8226/S cells as presented in figure 30. 

Thus, the continued presence of doxorubicin is required to maintain the 

elevated NPSH content of the 8226/DOX40 cells. If the increased NPSH 

level in the 8226/DOX40 cells was contributing to the level of 

doxorubicin resistance, then there should be a concomitant increase in 

the sensitivity of these cells to the cytotoxic action of this drug as 

the NPSH levels decline. To answer this, the cytotoxic effects of 

doxorubicin were studied on 8226/DOX cells maintained in a drug-free 

environment for six months. Doxorubicin cytotoxicity was assessed by 

the soft agar colony forming assay described earlier. As can be seen 

from figure 30, resistant cells maintained under these conditions had 

identical NPSH levels as the drug-sensitive cell line. This was in 

contrast to the 8226/DOX40 cells maintained in doxorubicin which had 

almost a two-fold increase in 

Even when the 8226/DOX40 cells 

NPSH content over the 8226/S cell line. 

were 

thus depleting their NPSH content, 

removed from drug for six months, 

there was no significant change in 

the level of resistance from that of the same subline maintained in the 

presence of drug. This can be clearly seen in the overlapping survival 

curves of these two cell populations in figure 31. In both cell lines, 



Table 22. Nonprotein sulfhydryl content of 8226 myeloma cells.* 

NPSH CONTENT 
SUBLINE FOLD-RESISTANCE (nmol/106 cells) 

8226/S 1 11.6 + 1.9** 

8226/DOX6 6 12.6 + 0.5 

8226/DOX40 40 19.2 + 0.1*** 

* NPSH content measured in cells 5 days post-passage using 
Ellman's reagent as described by Sedlak (1968). 

**Results are presented as the mean! SD of 7 experiments. 

*** p < 0.001 by Student's t-test comparison to 8226/S. 
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Figure 30. Histogram showing nonprotein sulfhydryl (NPSH) content of 
8226 myeloma cells. NPSH levels were determined 
spectrophotometrically using the procedure of Sedlak and 
Lindsay. There was a significant increase (p(O.001, 
Student's t-test), in the NPSH content in 8226/DOX40 cells 
maintained in the presence of doxorubicin. As the time in 
drug-free medium increased, the NPSH content of these cells 
decreased. Doubling times are identical as are the cell 
cycle transit times between the sensitive and resistant cell 
lines. NPSH levels were measured 5 days post passage and are 
presented as the mean: SO of 7 measurements. 

-------------------------------1 
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The effect of doxorubicin on soft agar colony formation of 
sensitive (8226/S ED ), resistant (8226/DOX40 II ), and 
resistant cells maintained in drug-free medium for 6 months 
(8226/DOX40-6mo. ott. ) following a 1 hour drug exposure in 
vitro. Points represent the means of three experiments. 
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8226/DOX40 maintained in drug and 8226/DOX40 maintained drug-free, 

doxorubicin produced identical quasi threshold (Dq) values of 1 x 10-7M. 

For reference this compared to a Dq of 8 x 10-9M for the drug sensitive 

8226/S line. The mean lethal dose (Do) was 70 nM for 8226/DOX40 (in 

drug) versus 63 nM for 8226/DOX40 (out of drug six months). For 

reference, the Do in 8226/S cells was 1.5 nM. Such findings suggest 

that the increased NPSH content of the 8226/DOX40 cells is an 

epiphenomenon associated with the resistance selection procedure, 

possibly to an oxidative stress placed on these cells by exposure to 

doxorubicin. 

In summary, these studies have demonstrated that glutathione

based detoxification systems are not involved in maintaining the level 

of doxorubicin resistance observed in the 8226 human myeloma cell lines 

which display multidrug resistance. These findings do not rule out the 

possibility that other pathways may be elevated in the resistant cells. 

For example, elevations in superoxide dismutase, catalase, or DT 

diaphorase activities may protect the cells from oxidative damage from 

drugs such as doxorubicin: and it is possible that such enzymes may be 

increased in multidrug resistant cell populations. The possibility of 

an increase in the resistant cells' general ability to withstand an 

oxidative insult was studied by measuring the cytotoxic effects of H202 

in comparison with the drug-sensitive cells' ability. These results, 

shown in table 23 and figure 32, demonstrated no difference in the 

cytotoxic effects of H202 on either cell line. Therefore detailed 

studies of the protective enzyme systems mentioned above were not 

undertaken in the 8226 cells. 
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Table 23. Dose response survival of 8226 myeloma cells in the presence 
of hydrogen peroxide.* 

PERCENT SURVIVAL** 
% H202 8226/S 8226/DOX40 

0.00001 100.0 + 8.5*** 90.2 :!: 4.7 

0.000025 82.7 :!: 8.8 86.1 :!: 5.4 

0.00005 65.5 :!: 5.0 66.2 :!: 6.1 

0.0001 12.8 + 1.8 7.5 :!: 0.8 

0.001 1 < 1 

* Determined under continuous exposure of cells to hydrogen peroxide at 
37°C. Cytotoxicity was assessed using the MTT dye assay which measures 
the reduction of the tetrazolium salt 3,4,5-dimethyl-thiazol-2,5 
diphenyl tetrazolium bromide by viable cells. 

**Percent survival determined by: 
absorbance @ 570 nm of H2Q2 treated cells 
absorbance @ 570 nm of untreated cells X 100 

***Data represent the mean:!: SD of six determinations. 
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Figure 32. Dose-response analysis of hydrogen peroxide cytotoxicity in 
8226 human myeloma cells. Cells were continuously exposed to 
various concentrations of hydrogen peroxide in 96-well 
culture plates at 37°C. Cytotoxicity was assessed by the MTT 
dye assay after 4 days of incubation. Points are the means 
of six replicates. 
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Although the glutathione system has been implicated in the 

resistance of other MDR and non-MDR tumor cell lines, these results 

demonstrate that it is not a universal feature of doxorubicin 

resistance nor of multidrug resistance and may be a tissue specific 

phenomenon. 

The role of glutathione in doxorubicin resistance varies with 

different tumor cells. Using buthionine sulfoximine, Hamilton et ale 

(1985) demonstrated that depletion of elevated glutathione levels in 

doxorubicin-resistant 2780AD human ovarian cancer cells resulted in an 

increased sensitivity of these cells to this drug. Doxorubicin

sensitivity was not increased to the level of the drug-sensitive 

parental line nor was resistance to vincristine affected in these 

cells. This indicates that resistance to doxorubicin in the 2780AD 

cells is only partially linked to glutathione levels. The activities of 

the associated enzymes glutathione transferase, glutathione peroxidase, 

and glutathione reductase were not elevated in these resistant cells. 

Using chinese hamster cells, Russo and Mitchell (1985) demonstrated 

that depletion of glutathione resulted in an increased sensitivity of 

these cells to the cytotoxic effects of doxorubicin. It was not 

reported if these cells were initially resistant to this agent though. 

In a multidrug resistant murine leukemia cell line, P388/ADR, 

Romine and Kessel (1986) demonstrated that depletion of glutathione by 

BSO had no effect on the level of daunorubicin resistance. In their 

study no correlation between the level of drug resistance and 

glutathione content was found. Two sublines of the P388 cells were 

equally sensitive to daunorubicin but differed in their glutathione 
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content by a factor of two. The drug resistant subline had glutathione 

levels slightly less than the sensitive subline with the highest 

glutathione content but displayed a 35-fold level of resistance to 

daunorubicin. BSO depletion of glutathione had no effect on the 

cytotoxicity of daunorubicin in either the sensitive or resistant 

sublines. Thus, in these cells, as in the findings of the current 

studies, glutathione was playing no role in drug resistance in 

multidrug resistant cells •. Ramu et ale (1984e) studied the activities 

of glutathione peroxidase, superoxide dismutase, and catalase in the 

P388/ADR cells and found no increase in enzyme activities in the 

multidrug resistant lines. Such findings may indicate that the role of 

these detoxification enzymes are more important in solid tumors as 

compared to hematologic tumors such as the P388 leukemia and the 8226 

myeloma cells. 

Repair of X-ray Induced DNA Single Strand Breaks 

DNA alkaline elution has provided a useful tool to study the 

repair of DNA damage induced by antineoplastic drugs such as nitrogen 

mustard (Ewig 1977), etoposide (Long 1985), and mAMSA (Zwelling 1981) 

among others; as well as radiation-induced DNA damage (Woods 1981). 

Literature reports on the repair of doxorubicin-induced DNA lesions 

have been inconsistent. Pommier (1985) reported that 50% of the SSB and 

DSB induced by doxorubicin were repaired within 30 minutes in hamster 

lung cells. This was in contrast to Zwelling (1981) who found that such 

lesions were still present 24 hours after drug removal. Ross (1982) has 

also demonstrated a prolonged repair of doxorubicin-induced SSB, DSB, 
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and DPC lesions in murine leukemia cells. These lesions were slowly and 

incompletely repaired over a 24 hour period after doxorubicin removal. 

This was in contrast to the repair of ellipticine-induced DNA damage in 

these cells which was repaired in less than 30 minutes after drug 

removal thus proving that this line was not deficient in DNA repair 

capabilities. Such differences in the repair rate of doxorubicin

induced lesions may reflect the inherent DNA repair abilities of the 

particular cell line or it may reflect the amount of drug which 

actually reaches the nucleus. 

An effort was made to study the repair of doxorubicin-induced 

DNA lesions in the 8226 cells using alkaline elution methodology but 

such studies were indeterminate. Such findings coupled with the above 

mentioned literature reports may suggest that this assay is 

inappropriate for the study of doxorubicin-induced DNA damage. 

Another way to assess DNA repair capabilities in the sensitive 

and resistant 8226 cells was to examine the rate of x-ray-induced 

rather than drug-induced DNA damage. Using x-rays to introduce DNA 

strand breaks, the problems associated with drug-induced damage, such as 

drug-membrane binding or insuring that the same concentration of drug 

reaches the nucleus in the two cell lines are avoided. 

The capacity of the 8226 cells to repair DNA damage was 

investigated using the technique of DNA alkaline elution. This method 

assesses DNA repair by measuring the appearance and subsequent ligation 

of DNA strand breaks. Sensitive and resistant 8226 cells were exposed 

to 150 rad of x-ray, an approximate IC50 dose, at 37°C. The cells were 

then maintained at this temperature for various time intervals. At the 
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Table 24. Removal of x-ray induced DNA single strand break lesions in 
8226 myeloma cells.* 

TIME POST- SINGLE STRAND BREAKS (Rad Equivalents) 
IRRADIATION (min) 8226/S 8226/DOX40 

0 192, 208 206, 227 

1 164, 170 161, 174 

3 95 104 

5 75 69 

10 23 25 

* Cells were exposed to 150 rads x-irradiation at 370C. At 
appropriate intervals, cells were diluted with 10 ml iced PBS 
and placed into an ice bath. DNA single strand breaks were 
determined by alkaline elution as described in the methods 
section. Linear regression analysis revealed no statistically 
significant differences between the slopes of the two lines. 
These data are presented graphically in figure 32. 
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Figure 33. Repair of x-ray induced DNA single strand breaks in 
sensitive and resistant human 8226 myeloma cells. Cells were 
exposed to 150r x-rays at 37°C. After various time intervals 
cells were placed on ice and DNA damage assessed by the 
alkaline elution method. There was no difference between the 
two cell lines in their ability to remove x-ray induced 
strand breaks. The half-time for repair of the lesions was 
3.5 minutes. Correlation coefficient r = -0.9447. 
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Figure 34. Effect of x-rays on survival of 8226 myeloma cells. Both 
8226/S and 8226/DOX40 cells were exposed to varying doses of 
x-irradiation. Cytotoxicity was assessed using the soft agar 
colony forming assay. There was no difference between the 
two cell lines in terms of their sensitivity to x-rays. 
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appropriate time pOint, the cells were rapidly diluted with 10 ml of 

iced PBS, pH 7.4 and placed into an ice bath. Throughout the incubation 

period the cells were protected from light as to avoid any spurious 

strand breaks. The presence of DNA single strands was measured as 

described in the methods section. 

The removal of x-ray induced DNA single strand breaks was rapid 

in both cell lines as presented in table 24 and figure 33. The half 

time for repair of these lesions was approximately 3.5 minutes as 

determined by inspection. This value agrees well with the half time of 

repair for x-ray induced damage in other cell lines (Bradley 1981). 

Linear regression analysis of the slopes of the lines for 8226/S and 

8226/DOX40 cells revealed no statistical difference. In fact, one line 

can be used to describe both the DNA repair in both cell types. 

In addition, the cytotoxicity of x-rays in 8226 cells was 

studied using the soft agar colony forming assay. The cells were 

exposed to various doses of x-rays and then plated onto soft agar. 

Colonies were assessed after 10 to 14 days of incubation at 37°C. As 

presented in figure 34, there was no difference between the two cell 

lines in terms of their sensitivity to x-rays. 

Thus, it does not appear that DNA repair is contributing to the 

MDR phenotype in the 8226 cells. One interesting finding was the lack 

of protection against x-ray damage conferred by the elevated thiols in 

the 8226/DOX40 cells. 

VERAPAMIL REVERSAL OF MULTI DRUG RESISTANCE 

Several recent studies have demonstrated the ability of 

verapamil and a number of other agents to reverse doxorubicin 



178 

resistance in MDR cells. Although it appears that such circumvention is 

associated with an increase in drug accumulation, the exact mechanism 

of these compounds in causing this is unknown. The ability of verapamil 

to reverse doxorubicin resistance in the 8226 cells was assessed by the 

MTT dye assay. Studies were also undertaken to examine whether 

verapamil altered drug accumulation or DNA damage as possible 

mechanisms of action. 

In Vitro Cytotoxicity Studies 

As presented in figure 35, verapamil had a marked effect on the 

sensitivity of 8226/DOX40 cells to the cytotoxic action of doxorubicin. 

Such effects were related to the concentration of verapamil. In the 

absence of verapamil, there was very little doxorubicin-induced 

cytotoxicity in the 8226/DOX40 cell. The addition of 3 pg/ml of 

verapamil to the cells resulted in a significant shift of the 

concentration-survival curve to the left, indicating an increased 

sensitivity to doxorubicin. This concentration of verapamil did not 

however completely reverse doxorubicin resistance in these cells. 

Addition of 5 pg/ml verapamil to the cells did completely reverse 

resistance in the 8226/DOX40 cells though. Verapamil had no effect on 

doxorubicin cytotoxicity in the 8226/S cells. Studies performed in the 

laboratory of Dr. William Dalton have demonstrated that verapamil alone 

was relatively non-cytotoxic in both the 8226/S and 8226/DDX40 cell 

lines in the concentrations employed in these studies (Dalton 1987). In 

another study performed by Dalton (1988), verapamil reversal of 

doxorubicin resistance was related to the concentration of verapamil as 



Table 25. Concentration-survival data of 8226 myeloma cells against 
doxorubicin in the presence or absence of verapamfl.* 

CONC. DOXORUBICIN 
(Molar) 

~g/ml Verapamil 

1 x 10- 9 
1 X 10-8 

5 X 10-8 

1 X 10-7 
1 X 10-6 
1 X 10- 5 

1 X 10- 4 

~g/ml Verapamil 

1 x 10- 8 

5 x 10-8 
1 x 10-7 
1 x 10-6 
1 x 10- 5 

~g/ml Verapamil 

1 x 10-9 
1 x 10-8 
5 x 10-8 

1 X 10- 7 
1 x 10-6 
1 X 10-5 

1 X 10- 4 

PERCENT SURVIVAL 
8226/5 8226/DOX40 

90.0 + 3.3** 
54.9 + 2.0 
26.1 + 1.0 
19.5 + 0.2 

< 1 < 1 < 1 

ND 
ND 
ND 
ND 
ND 

91.1 + 3.8 
45.6 + 1.8 
26.8 + 2.6 
16.6 + 3.9 
2.1 + 0.2 

< 1 < 1 

ND*** 
103.5 + 7.0 
92.4 + 5.3 
69.3 + 5.9 
35.9 + 5.0 
17.3 + 2.4 
10.0 :E 0.3 

93.3 + 4.2 
63.9 + 1.7 
67.1 + 4.9 
13.2 + 0.5 
1.1 :E 0.2 

ND 
77.4 + 4.4 
50.2 + 2.7 
24.9 + 3.9 
1.0 + 0.2 < 1 < 1 
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* As determined by the MTT dye assay described in the methods section. 

**Data presented as mean ~ SD (n=6). 

***ND = Not Done 
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Figure 35. Cytotoxic effects of doxorubicin on 8226 myeloma cells in 
the presence or absence of verapamil. Cytotoxicity was 
determined using the MTT dye assay described by Carmichael 
(1987). Each point represents the mean of six experiments;, 
where not shown, error bars are contained within the symbol. 
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Dose-response analysis of verapamil on the cytotoxic 
activity of doxorubicin (0.5 pM) in 8226/DOX40 cells. 
Verapamil alone was minimally cytotoxic ( 10%). Increasing 
doses of verapamil in combination with doxorubicin produced 
a marked enhancement of cytotoxicity in this cell line. 
(After Dalton, 1988, in press). 
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shown in figure 36. A concentration of 0.1 pg/ml, in the presence of a 

constant doxorubicin concentration of 0.5 pM, had a demonstrable effect 

on doxorubicin cytotoxicity in the 8226/DOX40 subline. As the 

concentration of verapamil was increased in the face of a constant 

doxorubicin concentration, so did the cytotoxicity increase. Thus, as 

observed in other cell lines, verapamil can reverse doxorubicin 

resistance in the 8226 myeloma cells. Such an effect is related to the 

concentration of verapamil at verapamil levels which are not cytotoxic 

to the tumor cells. Its effects were limited to the doxorubicin

resistant 8226 cells. 

Effects of Verapamil on Doxorubicin Accumulation 

Most of the studies reporting the beneficial effects of 

verapamil in reversing doxorubicin resistance have indicated that such 

actions were occurring through an increase in intracellular drug levels 

in the presence of verapamil. Previous studies of the 8226 line 

reported a decrease in doxorubicin accumulation in the resistant cells 

which was due to an active efflux of drug from the cells (Dalton 1986). 

The effects of verapamil on doxorubicin intracellular accumulation in 

sensitive and resistant cells were studied. HPLC analysis of 

doxorubicin accumulation revealed an increase in intracellular 

doxorubicin levels in the 8226/DOX40 cells in the presence of 

verapamil. These results are shown in figure 37. Both sensitive and 

resistant cells were exposed to 0.5 pM doxorubicin for 1 hour at 37 0C 

in the presence or absence of verapamil. As observed in the 

cytotoxicity studies there was a dose response effect for verapamil in 
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resistant cells. At a concentration of 5 pg/ml of verapamil, equivalent 

intracellular drug levels were attained in the sensitive and resistant 

lines. Lower concentrations of verapamil, while increasing the net 

intracellular doxorubicin levels were unable to yield drug levels 

equivalent to the 8226/S cells. Such findings help explain why there 

was still a 4-fold level of doxorubicin resistance in the 8226/DOX40 

cells exposed to only 3 pg/ml of verapamil in the presence of drug. 

Addition of verapamil had no effect on doxorubicin accumulation in the 

sensitive subline which follows the results observed in the 

cytotoxicity studies. The HPLC findings presented here confirmed 

earlier studies by Dalton showing the effect of verapamil on the 

accumulation of 14C-doxorubicin in the 8226 cells. In a companion study 

they demonstrated that verapamil was altering doxorubicin accumulation 

in the resistant cells by inhibiting drug efflux. It was not deemed 

necessary to repeat such studies, however, the results of their efflux 

studies are presented in figure 38 for the sake of completeness. The 

addition of verapamil blocked the efflux of drug from the resistant 

cells such that the pattern of drug loss resembied that of the 8226/S 

cells. 

Thus verapamil seems to be exerting its potentiation of 

doxorubicin cytotoxicity through an increase in intracellular 

doxorubicin levels in the 8226/DOX40 cells. This effect, as shown by 

others, is most likely due to an inhibition of drug efflux from the 

resistant cells. 



Doxorubicina Accumulation at One Hour 
in 8226 Myeloma Cells 

~ 
x ,... 
"-
~ 
o 
I/) 

(5 
E a. 

o 8226/8 

., 8226/00X40 

o 5 0 5 
Verapamil ( ug/ml) 

a Cells exposed to doxorubicin (O.5uM) for 1 hour at 37°C. 
Intracellular drug levels determined by HPLC analysis. 

184 

Figure 37. Dose-response analysis of verapamil on the net accumulation 
of doxorubicin in 8226/S cells (open bars) and 8226/DDX40 
cells (shaded bars). Cells were exposed to 0.5 pM 
doxorubicin for 1 hour at 37°C in the presence or absence of 
varying concentrations of verapamil. Net drug accumulation 
was determined by HPLC analysis with fluorescence detection. 
Each bar represents the mean ~ SD of three experiments. 



Table 26. Effect of verapamil on 1 hour doxorubicin accumulation in 
8226 myeloma cells.* 

VERAPAMIL CONC. INTRACELLULAR DOXORUBICIN 
CELL LINE (pg/ml) No. (pmols/106 cells) 

8226/S 0 1 62.5 
2 ·56.8 
3 59.7 

Mean :!:. SD 59.7 :!:. 2.8 

8226/S 5 1 65.2 
2 53.4 
3 49.1 

Mean + SD 55.9 :!:. 8.3 

8226/DOX40 0 1 23.6 
2 23.9 
3 22.1 

Mean + SD 23.2 :!:. 1. 0 

8226/DOX40 1 1 45.8 
2 39.7 
3 31.9 

Mean :!: SD 39.1 + 6.9 

8226/DOX40 5 1 66.5 
2 74.0 
3 57.2 

Mean :!: SD 65.9 :!: 8.4 
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* Cells were exposed to 0.5 uM doxorubicin for 1 hour at 370C in the 
presence or absence of verapamil. Intracellular doxorubicin levels were 
measured by HPLC as described in the methods section. 
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Figure 38. Efflux of 14C-doxorubicin from 8226/S ( () ) and 8226/DOX40 
with ( A) and without ( • ) verapamil (3 pg/ml). Cells 
were exposed to 0.5 pM 14C-doxorubicin for 1 hour at 37°C, 
washed in cold PBS, and resuspended in drug-free medium at 
37°C. At various time intervals aliquots of cells were taken 
for intracellular drug determination by the silicone-oil 
method of Vistica. Each point represents the mean of six 
replicates. The coefficient of variation of each point was 
less than 10%. (After Dalton, 1988, in press). 
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Effects of Verapamil on Doxorubicin-Induced DNA Lesions 

In the initial studies where the extracellular concentration of 

doxorubicin was manipulated to yield equivalent intracellular levels, 

there was a corresponding increase in the formation of DNA lesions. 

Since verapamil seems to be acting to increase intracellular 

doxorubicin levels, there should be a corresponding increase in the 

formation of DNA lesions if it actions increase the net amount of 

doxorubicin available to interact with DNA and are not causing some 

form of altered intracellular drug binding. If the later case were true 

then verapamil, while appearing to increase the intracellular level of 

drug, would actually not be increasing that fraction responsible for 

the cytotoxic effects and may be potentiating the cytotoxicity of 

doxorubicin through some other mechanism. If verapamil were found to 

induce equivalent doxorubicin-induced DNA lesions, such findings would 

add mechanistic evidence to help account for the increase in 

doxorubicin cytotoxicity as a result of drug accumulation. To date no 

one has published results concerning the effects of verapamil or any 

other resistance-modulating agent on the formation of DNA lesions. 

Sensitive and resistant 8226 cells were exposed to 0.5 pM 

doxorubicin for 1 hour at 37°C. The formation of DNA single strand 

breaks, double strand breaks, and DNA-protein crosslinks was examined 

using alkaline elution methods as described in the methods section. The 

results of these studies are presented in tables 27 through 30. In the 

absence of verapamil there was a statistically significant decrease in 

the formation of all three lesions in the 8226/DOX40 cells as compared 

to the 8226/S subline (p(O.OOI; Student's t-test). These findings were 
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not unexpected due to the known decrease in drug accumulation in the 

resistant cells under such conditions. The addition of 5 pg/ml of 

verapamil. a verapamil concentration demonstrated to yield equivalent 

intracellular doxorubicin levels between the two sublines. produced a 

dramatic increase in the formation of the three different DNA lesions. 

For example. in the absence of verapamil there were 49 ~ 11 rad 

equivalents of single strand breaks in the 8226/DOX40 cells as compared 

to 252 ~ 53 rad equivalents in its presence. This compared with 274 ~ 

27 rad equivalents in the 8226/S cells. The same pattern held true for 

the double strand break lesions and the DNA-protein crosslinks. The 

addition of 5 pg/ml of verapamil to the 8226/DOX40 cells resulted in 

equivalent doxorubicin-induced DNA damage as observed in the 8226/S 

cells. Verapamil had no effect on the formation of DNA lesions in the 

8226/S cells. an observation which was consistent with the prior 

studies showing no effect on drug accumulation. drug efflux. or 

doxorubicin cytotoxicity in these cells. 

Thus. in the presence of verapamil. there was an equivalent 

amount of DNA lesion formation in the sensitive and resistant sublines. 

presumably due to the increase in doxorubicin accumulation afforded by 

its addition. Such findings help explain the discordance observed 

between drug accumulation and doxorubicin cytotoxicity observed at the 

lower concentrations of drug. As has been demonstrated. the resistant 

8226 cells possess an active efflux mechanism which lowers 

intracellular drug levels. This mechanism. whether or not it is 

mediated by the P-glycoprotein. would result in the inability of the 

resistant cells to maintain a cytotoxic concentration of doxorubicin 

for a sufficient period of time. 
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Table 27. Effect of verapamil on the formation of doxorubicin-induced 
DNA single strand breaks in 8226 myeloma cells.* 

8226/S 8226/DOX40 
8226/S + Verapamil 8226/DOX40 + Verapami 1 

283** 271 61 299 

296 253 54 264 

244 291 35 195 

47 

* Cells were exposed to 0.5 pM doxorubicin for 1 hour at 37°C in the 
presence or absence of verapamil (5 pg/ml). 

**Data presented as rad equivalents of individual experiments. Note: 
verapamil alone did not induce DNA single strand breaks. 
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Table 28. Effect of verapamil on the formation of doxorubicin-induced 
DNA double strand breaks in 8226 myeloma cells.* 

8226/S 8226/DOX40 
8226/S + Verapamil 8226/DOX40 + Verapamil 

1459** 1328 658 1716 

1374 1471 650 1387 

1745 1388 600 1344 

1344 1144 

1424 

* Cells were exposed to 0.5 pM doxorubicin for 1 hour in the presence 
or absence of verapamil (5 pg/ml). 

**Data presented as rad equivalents of individual experiments. 
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Table 29. Effect of verapamil on the formation of doxorubicin-induced 
DNA-protein crosslinks in 8226 myeloma cells.* 

8226/S 8226/DOX40 
8226/S + Verapamil 8226/DOX40 + Verapamil 

271** 309 32 321 

348 317 61 336 

328 285 68 282 

79 

* Cells were exposed to 0.5 pM doxorubicin for 1 hour at 37°C in the 
presence or absence of verapamil (5 pg/ml). 

** Data presented as rad equivalents of individual experimants. Rad 
equivalents were calculated by the bound-to-one-terminus model of Ross 
(1979). 
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Table 30. Summary statistics of the effect of verapamil on doxorubicin
induced DNA lesion formation in 8226 myeloma cells. 

8226/S 

SINGLE STRAND: 274 ~ 27* 
BREAKS 

DOUBLE STRAND: 1469 ~ 160 
BREAKS 

DNA-PROTEIN 316 ~ 40 
CROSSLINKS 

8226/DOX40 
8226/DOX40 + Verapamil 

49 + 11** 252 + 53 

636 + 31** 1398 + 237 

60 + 20** 313 + 28 

* Data presented as mean rad equivalents ~ SD. 

** P < 0.001, Student's t-test as compared to 8226/S 
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The cytotoxic action of an agent is a function not only of its 

concentration at the target site but also of the duration of time to 

which it is exposed to the tumor cells; the so-called concentration x 

time product (c x T). This product is one of the chief pharmacological 

parameters of importance in determining tumor cell kill and is a 

function of tumor location, bulk, and vasculature; as well as the 

dosing schedule and the dosage of the drug administered. A recent study 

has demonstrated the effects of increasing the exT products for a 

drug such as doxorubicin (Astier 1988). In this study, human monocytic 

cancer cells were exposed to polymethacrylate nanospheres with 

doxorubicin bound to them. These spheres were internalized in the cells 

by endocytosis, and slowly released doxorubicin in the cell thus 

producing a sustained intracellular concentration of drug. Under these 

conditions, the cytotoxicity of doxorubicin was three times more potent 

than an equivalent concentration administered as the free drug to these 

cells. 

At a concentration of 12.5 pM doxorubicin a sufficient exT 

product was obtained to result in a nearly complete tumor cell kill in 

the resistant subline. This was in contrast to an exposure of these 

cells to 2.5 pM doxorubicin. In the absence of verapamil the 8226/DOX40 

cells lose drug from the cell rapidly, thus decreasing the exT 

product to a potentially non-lethal quantity. As shown by Dalton et ale 

(1986), the 8226/5 cells lack an efficient efflux mechanism and thus 

intracellular levels of drug are maintained for a much longer period of 

time. A greater than 99% tumor cell kill was achieved in the 8226/5 

line after an exposure to a 0.5 pM concentration of doxorubicin. The 
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addition of verapamil acts to inhibit the efflux of doxorubicin from 

the 8226/DOX40 cells thus increasing and maintaining intracellular drug 

levels. As a consequence, the exT product is increased in response to 

a given level of doxorubicin exposure. The effect of increasing this 

product was observed as an increase in doxorubicin sensitivity in the 

resistant cell line. The net effect of verapamil was to allow the 

resistant cells to be exposed to an equivalent concentration of 

doxorubicin as the sensitive cells and achieve an equivalent cytotoxic 

action of the drug. This was borne out by an increase in the formation 

of DNA lesions, a mechanistic marker for doxorubicin cytotoxicity, in 

the resistant cells. With the addition of verapamil, all three lesions 

were increased to a level which was equivalent to those found in the 

sensitive cells after exposure to an identical concentration of drug. A 

good correlation now exists in these cells between drug accumulation, 

DNA damage, and cytotoxicity following exposure to doxorubicin as 

presented in figure 39. 

These findings do not entirely rule out the possibility of other 

mechanisms contributing to doxorubicin resistance in the 8226/DOX40 

cells but if any are operating they are playing a minor role as it 

appears that the most likely mechanism for resistance in these cells is 

a decrease in drug accumulation secondary to an enhanced drug efflux. 

When this efflux was blocked by the addition of verapamil, drug 

accumulation was equivalent between the sensitive and resistant cells, 

there was equivalent DNA damage, and, most importantly, there was 

equivalent cytotoxicity. 
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CONCLUSIONS 

These studies have focused on possible means whereby a multidrug 

resistant human myeloma cell line is resistant to the antineoplastic 

agent doxorubicin. The resistant cells were demonstrated to accumulate 

less doxorubicin than the drug-sensitive subline. When the 

extracellular concentration of doxorubicin was adjusted to yield 

equivalent intracellular levels in these two sublines, there was an 

equivalent formation of three DNA lesions: single strand breaks, double 

strand breaks, and DNA-protein crosslinks. All three of these lesions 

have been associated with the cytotoxic action of this drug. Results 

obtained from isolated nuclei studies suggested no inherent differences 

between the two sublines at the nuclear level in terms of the formation 

of such lesions. Drug detoxification, specifically via the glutathione 

system, while reported in the literature to be important in other 

doxorubicin-resistant cell lines, was found not to playa role in the 

maintenance of the resistant phenotype in the 8226 cells. Previous 

studies in multidrug resistant cells possessing the P-glycoprotein have 

demonstrated a modulating effect on doxorubicin resistance by agents 

such as verapamil. These findings were confirmed in the 8226/DOX line. 

Additional studies demonstrated that the increased intracellular 

doxorubicin concentration induced by the addition of verapam1l resulted 

in an increase 1n the formation of the three DNA lesions previously 

mentioned. Findings such as these indicate a mechanistic rationale for 

the use of verapamil in these cells. When verapamil was used at 
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concentrations which produced equivalent intracellular doxorubicin 

concentrations in the two cell lines, there was a good correlation 

between DNA damage and cytotoxicity. Such results suggest that drug 

accumulation is responsible for the major portion of doxorubicin 

observed in the 8226/DOX cells. 

Is drug accumulation alone sufficient to explain doxorubicin 

resistance in multidrug resistant tumor cells? There is evidence to 

suggest that multiple mechanisms may be operating in some tumors. The 

decrease in drug accumulation in certain MDR cell lines is not always 

proportional to the degree of drug resistance, as demonstrated by Myers 

et al. (1987) in a human MCF-7 multidrug resistant breast cancer cell 

line. Zijlstra (1987) has described a small cell lung carcinoma in 

which there seems to be alterations not only in doxorubicin 

accumulation but also in DNA repair and in the target topoisomerase II 

enzyme. A reduction in DNA damage was observed in doxorubicin-resistant 

P388 murine leukemia cells even when the cells were adjusted to 

equivalent intracellular doxorubicin levels (Capranico 1986). Thus, 

there is ample evidence to suggest that doxorubicin resistance may be 

multifactorial. 

The current findings indicated that when 8226/S and 8226/DOX40 

human myeloma cells were exposed to equivalent extracellular 

concentrations of doxorubicin there was a decrease in the formation of 

DNA lesions in the 8226/DOX40 line. However, when the extracellular 

drug concentration was adjusted to yield equivalent intracellular 

concentrations, these differences in DNA damage between the two 

sublines were removed. When isolated nuclei from both sublines were 
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exposed to identical doxorubicin concentrations for 1 hour there was no 

difference in the formation of DNA lesions. It should be noted that the 

doxorubicin-induced DNA-DSB lesions are believed to represent damage 

due to the inhibition of the enzyme DNA topoisomerase II (Tewey 1984). 

The requirement of Mg++ for the functioning of this enzyme has been 

demonstrated in several studies (Pommier 1984: Osheroff 1987) as well 

as the enhancement of its activity by ATP (Pommier 1984). In the 8226 

isolated nuclei studies both Mg++ and ATP were needed for drug 

activity, thus lending further support that this enzyme is a target for 

doxorubicin. In addition, there was an equivalence (within a factor of 

two) of DNA single strand breaks and DNA-protein crosslinks in both 

cell lines (when exposed to equivalent intracellular doxorubicin 

concentrations): another requirement for drugs which act to inhibit 

topoisomerase II (Kohn 1987). 

While it appears that one can induce equivalent nuclear damage 

in sensitive and resistant 8226 sublines by adjusting the intracellular 

drug concentrations to equivalent points, such adjustments did not 

necessarily result in an equivalent effect on in vitro cell 

cytotoxicity. When exposed to 12.5 pM doxorubicin, the survival of 

8226/DOX40 cells was reduced by 97% and correlated well with drug 

accumulation and DNA damage data. When lower concentrations of 

doxorubicin were examined though, there was a discordance between drug 

accumulation and cytotoxicity. Exposing the 8226/S cells to 0.5 pM 

doxorubicin for 1 hour was associated with greater than 99% reduction 

of colony forming cells, whereas an exposure to 2.5 pM for 1 hour in 

the 8226/DOX40 cells resulted in only a 30% cell kill: even though the 
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resistant cells possessed twice the intracellular drug concentration of 

the sensitive cell line. Although equivalent intracellular 

concentrations of doxorubicin were achieved at one point in time, 1 

hour, by adjusting the extracellular drug concentration, previous work 

has demonstrated an active efflux of drug from the resistant cells 

while the sensitive line maintained intracellular drug levels (Dalton 

1986). Thus when the cells were removed from drug after the one hour 

exposure and immediately assessed for drug accumulation or DNA damage, 

indeed, equivalent results were observed. However, when the cells are 

maintained under conditions such as those of the soft agar colony 

assay, the 8226/S cells will retain doxorubicin for a much longer 

period of time than will the resistant cells and thus have a larger 

concentration x time product. This could explain the discordance 

observed between cytotoxicity and drug accumulation at the lower 

concentrations of doxorubicin. At the 12.5 pM concentration, even a 

short exposure was sufficient to kill the 8226/DOX40 cells: while at 

the lower concentration of 2.5 pM, the intracellular drug level appears 

to have been rapidly reduced to sub-lethal amounts. 

Elevations in glutathione and its associated enzymes, 

glutathione-S-transferase and glutathione peroxidase have been 

implicated in several tumor lines exhibiting resistance to various 

alkylating agents. Elevations were also reported in a doxorubicin

resistant human MCF-7 breast cancer line which displayed the multidrug 

resistance phenotype. This resistant line, described by Batist et al. 

(1986a) was selected by gradually increasing exposures to doxorubicin 

in a manner similar to that employed in selecting the 8226/DOX lines. 
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It line displayed a 45-fold increase in glutathione-S-transferase 

activity, although there was minimal glutathione elevation, as compared 

to the drug-sensitive parental MCF-7 line. In contrast, doxorubicin

resistant human myeloma cells with the multidrug resistant phenotype do 

not have increased glutathione enzyme activities. NPSH levels, of which 

glutathione is the major component, were significantly elevated in the 

8226/00X40 line as compared to the 8226/S line and yet there was no 

correlation between the level of drug resistance and GST activity in 

these cells. Hamilton et ale (1985) reported findings similar to these 

in a human ovarian carcinoma cell line which was 100-fold resistant to 

doxorubicin. They found only a 1.5-fold elevation in glutathione in the 

doxorubicin-resistant subline as compared to the drug-sensitive cells. 

This value was consistent with the 2-fold elevation in NPSH observed in 

these studies. Like the current findings, Hamilton found no elevations 

in glutathione transferase, glutathione peroxidase or glutathione 

reductase activities. However, depletion of glutathione by buthionine 

~ulfoximine partially restored doxorubicin-sensitivity in the resistant 
\ 

ovarian cells. This indicates that elevated thiols were contributing to 
t 

doxorubicin resistance in these cells even though BSO did not restore 

drug sensitivity to the level found in the parental line; nor did it 

have any effect on vincristine cytotoxicity. 

The three human MOR lines discussed above: the MCF-7 line of 

Batist, the ovarian line of Hamilton, and the 8226 myeloma line, were 

all selected for resistance to doxorubicin in a similar manner; thus 

the observed differences may be tissue or tumor specific. Oi Ilio et 

ale (1985) have demonstrated that glutathione and its associated 
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enzymes are increased in breast cancer as compared to normal breast 

tissue which may explain the elevations reported in the MCF-7 cells. 

Thus, while obviously not a universal feature of doxorubicin 

resistance, the involvement of glutathione and its enzymes may be a 

tissue specific phenomenon. 

The 8226/DOX40 cells possessed a significant elevation in NPSH 

levels over the drug-sensitive subline, yet there was no concomitant 

increase in either glutathione-s-transferase or glutathione peroxidase 

activities. In addition, the 8226/DOX6 cells which did not have 

elevated NPSH levels maintained a 6-fold level of doxorubicin

resistance. Colony forming assays demonstrated no change in the level 

of resistance even when the 8226/DOX40 cells were maintained in drug

free medium for six months. Therefore, the level of resistance is 

stable in the face of declining NPSH levels. Such findings suggest that 

the elevation in NPSH content in the 8226/DDX40 subline is an 

epiphenomenon associated with the resistance selection and maintenance 

procedures. 

Verapamil has been shown to reverse doxorubicin resistance in 

several MDR lines presumably by increasing intracellular drug levels. 

Evidence from previous studies suggests that such increases are due to 

the inhibition of drug efflux from the resistant cells in the presence 

of this agent. Exactly how verapamil is exerting its effect is still 

not clear. It may be acting by binding to the P-glycoprotein and 

thereby inhibiting its purported pump action as suggested by 

photoaffinity labeling studies; it may be altering the lipid 

environment surrounding the P-glycoprotein resulting in its decreased 
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functioning; or it could be exerting an effect removed from the P

glycoprotein, such as altertng the subcellular distribution of the 

drug. There are a number of compounds which act to modulate doxorubicin 

resistance in multidrug resistant cells; all of which are amphipatic, 

lipophilic molecules and could have many different effects on a cell .. 

Akiyama (1988) has demonstrated, using a series of widely differing 

compounds, that all of them did not inhibit the P-glycoprotein in a 

similar manner although many did seem to alter the binding of the 

photoaffinity label. 

Cytotoxicity assays demonstrated that verapamil reversed 

resistance to doxorubicin in the 8226/DOX40 cells in a dose related 

manner. The increase in cytotoxicity of doxorubicin observed in the 

resistant line was accompanied by a similar dose related effect of 

verapamil on drug accumulation in these cells. When the 8226/DOX40 

cells were exposed to an identical concentration of doxorubicin as the 

8226/S cells (0.5 pM) , the addition of 5 pg/ml of verapamil resulted 

in equivalent intracellular drug levels. Under these conditions there 

was also an equivalent formation of three different DNA lesions which 

serve as mechanistic indicators for doxorubicin cytotoxicity. The 

effects of verapamil on cytotoxicity, drug accumulation, and DNA damage 

were limited to the resistant cell line. It would appear that the 

ability of verapamil to overcome doxorubicin resistance is related to 

its inhibition of drug efflux from the 8226/DOX40 cells. This in turn 

leads to an increase in intracellular drug levels and the subsequent 

increase in DNA damage thereby leading to the increase in cytotoxicity. 

Thus, with the addition of verapamil, the discordance between drug 
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accumulation and cytotoxicity observed at lower concentrations of 

doxorubicin is now removed and a good correlation exists between drug 

accumulation, DNA damage, and cytotoxicity in the 8226/DOX40 cell line. 

This is particularly relevant in view of the fact that the low 

concentration of doxorubicin used in these studies, 0.5 pM, is 

clinically achievable (Rogan 1984). 

The majority of resistance to doxorubicin in the 8226/DOX40 

cells seems to be accounted for by alterations in drug accumulation: 

and if sufficient drug levels are maintained, the result is a marked 

increase in the sensitivity of these cells to the cytotoxic effects of 

this drug. These findings, while accounting for doxorubicin resistance 

in the 8226 myeloma cell line, should not be universally applied to 

multidrug resistance. Multidrug resistance is a complicated phenotype 

with multiple changes occurring within the cell. Although many of the 

reported MDR cell lines display a decrease in drug accumulation, 

certainly not all do as evidenced by recent literature reports. In such 

cells where there is no alteration in drug accumulation other 

mechanisms of drug resistance are likely to be operating. An example of 

such is afforded by the drug-resistant human leukemia cell line of 

Beck's group which has been shown to contain an altered topoisomerase 

II enzyme (Danks 1988). In such cells verapamil would not be expected 

to alter the level of resistance through the mechanism described for 

the 8226 cells. Indeed, Dalton et ale (1988) have demonstrated that 

verapamil was ineffective in reversing mitoxantrone and doxorubicin 

resistance in a drug-resistant human colon cancer cell line lacking the 

P-glycoprotein. 
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Although tumor cells are generally thought to arise clonally 

from a single cell, they rapidly take on a very heterogeneous nature 

through mutational events (Goldie 1984). Thus the tumor burden within 

any given patient will be extremely diverse. Not all tumor cells 

refractory to chemotherapy are going to exhibit the multidrug resistant 

phenotype. Such cells may be collaterally sensitive to other 

antineoplastic agents or they may display the cross-resistance profiles 

characteristic of MDR while lacking the p-glycoprotein. It seems that 

agents which modulate doxorubicin resistance are devoid of such effects 

in resistant tumor cells lacking the P-glycoprotefn (Beck 1987; Cole 

1988). Thus, only in those patients in which tumor cells expressing the 

P-glycoprotein can be demonstrated would an agent such as verapamfl be 

expected to have an effect on the therapeutic outcome. 

Durie and Dalton have reported a case where there was an 

apparent increase in drug responsiveness to both vincristine and 

doxorubicin after the addition of verapamil to a patient with 

refractory myeloma (Durie 1988). The major drawback to the use of 

verapamil in such patients is that the doses needed to modulate drug 

resistance are at the boundary for drug induced toxicity from this 

agent. Clearly, agents which are more potent than verapamil in terms of 

reversing drug resistance are likely to be the ones with the greatest 

clinical usefulness. One such candidate is the antiarrythmic agent 

amiodarone; which on an equimolar basis was approximately 10 times more 

potent in vitro than was verapamil in reversing multidrug resistance 

(Chauffert 1987). If these findings translate to the clinic, amiodarone 

will be a promising agent. In addition, drugs such as verapamil and 
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quinidine exist as racemic mixtures of optically active isomers. 

Another approach to the problem of reversing resistance in P

glycoprotein containing cells might be to investigate whether one 

isomer of the drug lacks activity at the receptor site for its normal 

mechanism of action but yet retains the ability to reverse resistance. 

If this is found to be true, then larger doses of these agents could be 

administered to the patient with a marked reduction in the risk of 

toxic side effects. To date though, no one agent has been shown to be 

clearly superior to any of the others in its ability to modulate 

resistance. 

An active area of research is to discover an agent which 

reverses doxorubicin resistance in a manner similar to verapamil but 

without the dose-limiting toxicities. While not all drugs modulating 

multidrug or doxorubicin resistance act by binding to the P

glycoprotein, many do (Akiyama 1988) and this may serve as a potential 

target for future analogs. A potential problem presented by drugs 

acting on this glycoprotein would be to design an agent which would act 

selectively to inhibit the P-glycoprotein found in tumor cells. The P

glycoprotein has been found to be highly expressed in certain normal 

tissues but its physiological role remains unclear. A functional 

transport role would provide a logical explanation for its presence in 

the various normal tissues where it has been located. Whether this 

glycoprotein is acting to transport substances into or out of the cell 

is unknown although evidence from tumor cells suggests that it is 

operating in an outward fashion. Any therapy directed against the P

glycoprotein must take into consideration its normal physiological 

role. 
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The 8226/DOX human myeloma cell line appears to be a unique and 

potentially useful cell line in which to study not only doxorubicin 

resistance but multidrug resistance as well. This cell line express the 

P-glycoprotein in proportion to the level of doxorubicin resistance 

(Dalton 1988). Because resistance to this drug does not appear to be 

multifactorial, the 8226/DOX line represents a very valuable tool to 

define the role of the P-glycoprotein in doxorubicin resistance more 

precisely. 

While doxorubicin resistance appears to be solely due to drug 

accumulation in this line such a conclusion can not be made for other 

agents to which these cells are cross-resistant. Studies by others have 

shown however, that the 8226/DOX cells do accumulate less vinblastine 

than the sensitive subline and do so in a manner similar to the 

decrease observed in doxorubicin accumulation (Peng 1988). As was 

demonstrated with doxorubicin, verapamil also reverses vincristine 

resistance in the 8226/DOX cells (Dalton 1987). The vinca alkaloids and 

the anthracyclines exert their cytotoxic effects through very different 

mechanisms and while a multifactorial mode of resistance has not been 

described for doxorubicin in these cells, the same conclusion can not 

be drawn for the vinca alkaloids at the present. 

These studies have addressed the question of whether drug 

accumulation accounts for doxorubicin resistance in a human myeloma 

cell line. Although the results indicated that accumulation was the 

major factor in doxorubicin resistance in these cells, several possible 

mechanisms were not studied and thus can not be entirely ruled out. 

Because of various limitations, the role of subcellular distribution of 

._._.---_._---------------------------
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doxorubicin and the possibility of an alteration at the target level of 

topoisomerase II were not studied directly. However, the results 

obtained from the isolated nuclei studies, where equivalent DNA lesions 

were produced by the same concentrations of doxorubicin in both 

sublines, argues against an alteration at the target level. If an 

altered topoisomerase enzyme were present in the resistant subline, 

then one might expect to observe a difference in DNA-protein crosslinks 

between the sensitive and resistant cells in the presence of equivalent 

drug concentrations. A finding of unequal DNA damage in the presence of 

equivalent doxorubicin concentrations would strongly suggest the 

likelihood of an alteration at the nuclear level; perhaps an alteration 

in the topoisomerase enzyme or an alteration in DNA repair 

capabilities. Such findings have been reported in other doxorubicin

resistant cell lines (Caprancio 1986; Zijlstra 1987) where doxorubicin 

resistance appears to be multifactorial. 

Agents such as verapamil seem to reverse doxorubicin resistance 

by increasing its accumulation within the resistant cells. Studies such 

as those of Hindenberg (1987) have shown that verapamil, in addition to 

affecting intracellular doxorubicin accumulation, also induced a 

redistribution of intracellular doxorubicin in the resistant cells. 

Doxorubicin-resistant HL-60 cells accumulated this drug in a punctate 

pattern in the cytoplasm which corresponded to the distribution of 

lysosomes. The addition of verapamil to these cells caused a 

redistribution of doxorubicin from the cytoplasm into the nucleus. 

Other agents which have been shown to modify multidrug resistance, such 

as perhexilene maleate and trifluoperazine, also induced a 
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redi stri buti on of doxorub1,ci n. Thus an agent such as verapamil may be 

acting by more than one mechanism to reverse doxorubicin resistance. 

Regardless of the exact means by which verapamil is increasing 

intracellular doxorubicin levels, it is still not an ideal agent to use 

clinically to reverse doxorubicin resistance due to its dose-limiting 

toxicities. 

Doxorubicin, which contains a basic amine function could become 

sequestered within the acidic lysosomal compartment by an ion-trapping 

mechanism and thus be unavailable to exert its cytotoxic effects. If 

the doxorubicin-resistant cells possessed an increased lysosomal 

compartment over the sensitive line they may be able to resist its 

actions in the manner described above. Provided that doxorubicin was 

being trapped within the lysosomes, its distribution would appear as a 

punctate pattern scattered throughout the cytoplasm. Such patterns have 

been described, using digitized fluorescence photomicroscopy, in 

doxorubicin-resistant human tumor lines (Hindenberg 1987; Willingham 

1986; Chauffert 1984). Because of limitations in equipment, studies to 

assess such patterns in the 8226/DOX cells were not carried out. That 

such a mechanism may be playing a role in these cells can not be 

entirely ruled out. 

Another aspect to consider is that of the DNA lesions 

themselves. Do such lesions represent the true cytotoxic events or are 

they merely artifacts of the assay? The overwhelming body of evidence 

suggests that the formation of these lesions are intimately involved in 

the cytotoxicity of doxorubicin. The best correlations have been found 

between DNA double strand breaks and cytotoxicity (Pommier 1985; 
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Goldenberg 1986). Agents acting to inhibit topoisomerase II have been 

demonstrated to induce an equivalent number of DNA single strand breaks 

and DNA-protein crosslinks when analyzed in the presence of a detergent 

such as SDS. This has been shown to be true for doxorubicin-induced 

lesions. These lesions. in conjunction with the formation of double 

strand breaks. are consistent with the inhibition of topoisomerase II. 

In contrast to the near equivalence of DNA single strand breaks 

and DNA-protein crosslinks produced by agents such as doxorubicin. the 

ratio of SSB to DSB varies widely among different compounds (Kohn 

1987). Anthracyclines produce a preponderance of DSB's whereas an agent 

such as m-AMSA produces several "true SSB" for each DSB (a "true SSB" 

is equivalent to DNA nicking and excludes the two single strand breaks 

produced for each DSB [Kohn 1987]). Thus topoisomerase II may be 

responsible for the production of both types of lesions in cells. The 

formation of these lesions may represent different states of the 

cleavable complex produced by the interaction of DNA. drug. and enzyme. 

While studies report the best correlations for doxorubicin-induced 

cytotoxicity and DNA damage are with the formation of double strand 

breaks. this is not the case for all agents which act to inhibit this 

enzyme. Covey (1988) has reported evidence for a causal relationship 

between drug-induced-topoisomerase II-mediated DNA-protein crosslinks 

and cytotoxicity for m-AMSA. 

Studies such as those by Tritton (1982) suggest that doxorubicin 

may be having a cytotoxic effect outside of the nucleus. perhaps at the 

cell membrane. Such studies as these have not generally addressed the 

formation of DNA lesions in the presence of polymer-linked doxorubicin 
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however. Free radical-mediated cytotoxicity would' tend to introduce a 

preponderance of strand breaks with the formation of very little DNA

protein crosslinks. As shown by Potmesil (1984) this does not seem to 

be the case until extremely high concentrations, outside of the 

clinically useful range, of doxorubicin are used. 

The current state of knowledge supports the concept of the 

causative role of DNA lesions in the mechanism of doxorubicin 

cytotoxicity. 

An important point to consider in these studies is the time 

course for analysis of the DNA lesions. DNA damage was measured after a 

1 hour doxorubicin exposure. This time point was chosen to insure that 

doxorubicin achieved a steady state intracellular concentration. It is 

not known if the lesions measured at this one point in time represent 

the peak number formed or whether they were increasing or declining. A 

recent study by Hansson (1987) suggests that for the alkylating agents 

nitrogen mustard and melphalan, the formation and subsequent removal of 

DNA crosslinks correlates much better with cytotoxicity rather than 

measuring the lesions at one point in time. Whether such a phenomenon 

will hold true for doxorubicin-induced DNA lesions remains to be 

determined. 

Summary 

In summary, these studies have demonstrated that in a multidrug 

resistant human myeloma line, decreased drug accumulation is most 

likely responsible for the observed levels of resistance to the 

antineoplastic agent doxorubicin. The resistant cells did not exhibit 
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an increased capacity for detoxification of the drug by the glutathione 

system, an effect which might have contributed to the level of 

resistance. The addition of verapamil resulted in an increase in 

doxorubicin retention within the resistant subline and a subsequent 

increase in DNA damage. There was no effect on the drug-sensitive 

parental line. This increase in drug accumulation translated into an 

increase in doxorubicin cytotoxicity in the 8226/DOX40 cells in a dose 

related manner. 

These findings emphasize the need for well controlled clinical 

trials to determine the population of patients most likely to benefit 

from the addition of agents such as verapamil to their chemotherapeutic 

regimen, i.e., those expressing the P-glycoprotein or having an 

increased expression of the mdr genes. In addition, well controlled 

prospective trials are needed to determine which agents are most likely 

to produce clinically relevant responses in such patients. With these 

two caveats accomplished, effective therapies with prolonged 

remissions, perhaps cures, may not be far removed for multiple myeloma. 
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