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Investigations were undertaken to characterize the unusual

hepatotoxic activity of carmustine (1, 3-bis(2-chloroethyl)-1-nitroso-

urea, BCNU) in mice. An effective antineoplastic agent, BCNU is

also known for its unusual delayed toxicities. Latent bone marrow

toxicity and often liver toxicity are prominent features with the

clinical use of BCNU in man. Previous studies have demonstrated

delayed depressions of hepatic drug metabolism activity in rats

treated with BCNU. The mechanisms behind these toxicities are

unknown. Thus, these studies were undertaken to elucidate the

action of BCNU on the hepatic mixed function oxidase activity in

mice. Mice have not previously been used to study the delayed and

prolonged hepatotoxic effects of BCNU.

In vivo and in vitro techniques were used to study alterations

of hepatic drug metabolism produced by BCNU treatment of mice.



A single dose of BCNU produced delayed and progressive decrease

in hepatic microsomal cytochrome P-450 content. The latency of

appearance of this effect was dose dependent. However, the nadir

in these decreases in cytochrome P-450 was observed on day 21

following a 10, 20, or 30 mg/kg dose of BCNU. Decreases in

hepatic microsomal ethylmorphine (EM) metabolism followed a simi-

lar course, with a maximum decrease of nearly 70% in activity

based on microsomal protein content, at the 30 mg/kg dose of BCNU.

However, BCNU induced total r 3 Hi-benzo[ ]pyrene ([3H] -BP)

metabolism 39% at the dose and time period of the nadir of EM

metabolism.

In order to non-invasively study the in vivo hepatic drug

metabolism in mice, a rapid, sensitive, and simple high pressure

liquid. chromatographic (HPLC) method was developed for the direct

analysis of antipyrine in saliva. A 30 mg/kg dose of BCNU produced

increases in salivary antipyrine half-life extending from day 3 to day

28 post treatment. The maximum effect was observed on day 7 with

nearly a 3-fold increase in salivary antipyrine half-life in mice.

However, treated mice di-splayed a salivary antipyrine half-life

nearly twice that found in controls on day 21 post treatment. These

effects could not be attributed to changes in absorption of antipyrine

in BCNU pretreated mice.

The changes in hepatic drug metabolism could not be explained



by changes in the nutritional status of these treated animals. The

decrease in P-450 was not due to a general inhibition of hepatic heme

synthesis. Neither microsomal cytochrome b
5

nor total heme content

was altered by BCNU pretreatment. Changes in hepatic mixed func-

tion oxygenase (MFO) activity could not be explained by alterations in

either NADPH-cytochrome P-450 reductase or NADH-cytochrome b
5

reductase activity.

Evidence has been compiled to suggest changes in either the

hepatic microsomal, cytochrome P-450 isozyme profile or alterations

in the electron transfer from NADPH to cytochrome P-450-substrate

complex, in BCNU treated mice. BCNU produced selective alterations

in the cytochrome P-450 molar activities. On day 21 following a 30

mg/kg dose of BCNU, total EM metabolism was decreased 54%, total

3[ H] -BP metabolism was increased 66%, and 7-ethoxycoumarin

0-deethylase (7-ECOD) activity was unchanged based on microsomal

cytochrome P-450 content. Dramatic alterations in the kinetics of
r

EM and [ 3H]-BP metabolism, the sensitivity of L Hj-BP and 7-ECOD

activities to inhibition by a-naphthoflavone, metyrapone, and SKF-

525A, and the EM binding spectra were observed. Neither micro-

somal 7-ECOD kinetics nor hexobarbital spectral binding studies

demonstrated differences between BCNU pretreated and control mice.

BCNU also produced significant changes in the ethyl isocyanide differ-

ence spectra.

Phenobarbital induction of control and BCNU pretreated mice



demonstrated unusual changes in the inducibility of the BCNU altered

MFO system. Phenobarbital induced alterations in the microsomal
3rkinetics of 1-1J-BP and 7-ECOD activities, the sensitivity of these

MFO activities to selective inhibitors, the EM binding spectra, and the

ethyl isocyanide binding spectra were changed by BCNU pretreatment

of the mice.

Enhanced phenobarbital induction was also observed in vivo.

Phenobarbital induced BCNU pretreated mice displayed a salivary

antipyrine half-life of nearly half of that found in induced controls on

day 21 post BCNU dose. Phenobarbital induction lowered the salivary

antipyrine half-life in control mice more than 2. -fold.
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Dedication

This work is dedicated in the memory of my late

brother, Randall Gordon Wilson, and for his courageous

battle with cancer.
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DELAYED CHANGES IN HEPATIC MIXED FUNCTION
OXYGENASE ENZYMES IN CARMUSTINE

(BCNU) TREATED MICE

I. GENERAL INTRODUCTION

The antineoplastic drug carmustine (BCNU, 1, 3-bis(2-chloro-

ethyl)-1-nitrosourea, NSC-409962) has unusual and seemingly diverse

biological activities. Effective against a wide variety of cancers,

BCNU also produces delayed alterations in hepatic functions along

with latent and life-threatening bone marrow depression. The study

of the delayed and prolonged hepatotoxicity that has been observed in

man and animals is not only of clinical relevance, but may be of value

in understanding the mechanism(s) of action of this unusual agent.

Historically, the development of BCNU followed from the initial

finding in 1959 that 1-methyl-l-nitroso-3-nitroguanidine had weak

activity against intraperitoneally inoculated murine leukemia (L1210),

in the Cancer Chemotherapy National Service Center primary screen-

ing program. Subsequently it was determined that the structurally

related compound 1-methyl-l-nitrosourea (MNU) was able to cross

the blood brain barrier and effectively combat intracerebrally inocu-

lated L1210 leukemia in mice (91, 92). Previously intracranial

tumors were inaccessible to chemotherapeutic agents. Following

these findings, literally hundreds of chemically related compounds
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were synthesized over a period of a feud, years, in the search for more

efficacious antineoplastics. The chemotherapeutically valuable agents,

BCNU, CCNU (1-(2-chloroethyl)-3-cyclohexy1-1-nitrosourea, NSC-

79037) and MeCCNU (1-(2-chloroethyl)-3-(trans-4-methylcyclohexyl)-

1-nitrosourea, NSC 95441) were among those synthesized. BCNU and

CCNU were found to have more carcinostatic activity against intra-

cerebrally inoculated L1210 leukemia than MNU in mice (49, 92, 95).

In the years that followed, BCNU was found to possess activity against

a broad spectrum of tumors (35, 47, 85).

Although a useful antineoplastic, BCNU has provided an unusual

and consistent picture of delayed toxicity in animals and man. Rever-

sible hepatic, renal, and hematopoietic

in man (23, 85) and in test animals (85,

toxicities have been observed

95). Leukopenia and thrombo-

cytopenia are the dose-limiting factors in the clinical use of BCNU

(23). However, this bone marrow depression was not observed until

four to six weeks following initial dosing. DeVita et al. (23) also

reported similar delays in hepatic dysfunction following BCNU trials

in cancer patients. Thompson and Larson (100) demonstrated delayed

lethality along with a prolonged and progressive bimodal hepatotoxicity

in rats treated with only a single dose of BCNU. Prolongation of

pentobarbital hypnosis, increases in br

tion, and elevations in serum bilirubin

omosulfophthalein (BSP) reten-

were observed in BCNU treated
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rats. Histopathologically, BCNU was found to produce pericholangitis

and necrosis of bile ductules which progressed to biliary cirrhosis in

the rat (99, 100).

Lu and Larson (65, 66) extended these studies of BCNU on rat

hepatic microsomal drug metabolizing enzymes. They described an

inhibition of hepatic oxidative drug metabolism that was progressive

through 21 days following the administration of a single dose of BCNU.

A marked depression of pentobarbital metabolism was observed to

follow a similar time course following BCNU treatment. By 13 days

post treatment, Lu (64) found equivalent inhibition of hexobarbital

oxidase, ethylmorphine N-demethylase, aniline hydroxylase, and

2-nitrobenzoic acid reductase activities in the post mitochondrial

supernatant of liver homogenates. This decrease in metabolism was

accompanied by an apparent parallel decrease in cytochrome P-450

content of the preparation. Similar hepatotoxicity and depression of

drug metabolizing enzymes have been observed with other antineoplas-

tic alkylating agents (98) in rats. However, the effect of these other

agents occurred sooner after administration and followed a shorter

time course (7-14 days).

The mechanism underlying the latent toxic effects of BCNU

are not known. A single dose of BCNU can produce deaths delayed

by as long as 100 days (99, 101). In contrast, BCNU only has an

in vivo half-life of about 15 minutes (59, 60, 62). BCNU is very
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unstable in a neutral or alkaline aqueous environment, rapidly degrad-

ing to a 2-chloroethyl isocyanate and apparently a 2-chloroethyl

carbonium ion (16, 67, 72, 86, 110). The 2-chloroethyl carbonium

ion rapidly reacts with numerous intracellular nucleophiles (29, 31,

52, 67). Alkylation is believed to be the fundamental basis of nitro-

sourea antitumor activity (113). Carbamoylation (via the 2-chloro-

ethyl isocyanate degradation product of BCNU) does not correlate with

antitumor activity (2), but probably enhances the antitumor activity

of BCNU by inhibition of repair of DNA damaged by alkylation (32, 40,

50). Groth et al. (37) also demonstrated the capability of BCNU to

inhibit de novo purine biosynthesis.

The apparent ability to carbamoylate tubulin may in part explain

the cell synchronizing capabilities of BCNU. Brodie et al. (9) demon-

strated the inhibition of polymerization of isolated tubulin by BCNU,

CCNU, and MeCCNU. This activity may also be reflected in the

reported increased lethal sensitivity of human lymphoma cells to

BCNU during G2 phase and early S phase (25).

Antineoplastic nitrosoureas may also selectively inactivate

other critical cellular enzymes. BCNU and CCNU have been shown

to selectively inactivate mammalian erythrocytic glutathione reduc-

tase (4, 33), chymotrypsin (3), and a few other specific enzymes.

However, in vitro studies have demonstrated that BCNU does not

directly inhibit the hepatic cytochrome P-450 mediated drug
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metabolizing system (55, present study page 31). Thus no known cor-

relation exists between alkylating and/or carbamoylating activity and

the delayed hepatotoxicity of BCNU.

With the increasing success associated with chemotherapy, can-

cer victims are enjoying longer survival times. During these extended

periods they are enjoying the "luxury" of developing other conditions,

often unrelated to the cancer, for which they receive drugs in addition

to the chemotherapeutic regimens. The influence of chemotherapeutic

regimens upon the action and/or termination of action of these other

drugs has not been extensively investigated. However, along with

BCNU, a few other antineoplastic alkylating agents have been demon-

strated to interfere with hepatic microsomal drug metabolism path-

ways (87, 98). Little is known about the nature or mechanism(s)

underlying these effects. A better understanding of chemotherapeutic

drug initiated alterations in hepatic mixed function oxidase (MFO)

activity would be valuable in the clinical treatment of cancer patients.

In the attempt to delineate the nature of this delayed and prolonged

hepatotoxicity, the present study was initiated to characterize the

effects of BCNU on the hepatic MFO system in mice. Mice have not

previously been used to study the delayed hepatotoxicity of the nitroso-

ureas. Pharmacological evaluation of BCNU in another species may

provide clues to the mechanism(s) of action of BCNU. Both in vivo and

in vitro methods were used to evaluate the extent and time course of
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inhibition and/or alteration of hepatic drug metabolism produced by a

single dose of BCNU. Once the time of the maximum effect was

determined, further studies were performed to explain the observed

effects produced by BCNU.
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II. LATENT AND PROLONGED EFFECTS OF
BCNU ON IN VITRO HEPATIC DRUG

METABOLISM IN MICE

Introduction

Several alkylating agents used in the treatment of cancer have

been demonstrated to interfere with hepatic microsomal drug meta-

bolism pathways. Tardiff and. Dubois (98) found that single doses of

mechlorethamine (HN2) or cyclophosphamide produced hepatotoxicity

and depression of drug metabolizing enzymes in rats. Thompson and

Larson (100) demonstrated hepatotoxicity with delayed and prolonged

increases in pentobarbital sleep time in rats administered a single

dose of carmustine (BCNU). Lu (65) described an inhibition of

hepatic oxidative drug metabolism that was progressive through 21

days in rats treated with BCNU. Due to BCNU treatment, a marked

depression of in vitro pentobarbital metabolism was observed to follow

a similar time course. Lu found equivalent inhibition of hexobarbital

oxidase, ethylmorphine (EM) N-demethylase, and .E- nitrobenzoic acid

reductase activities in the post mitochondrial supernatant of liver

homogenates (65, 66). This decrease in metabolism was accompanied

by an apparent parallel decrease in cytochrome P-450 content of the

preparation.

In vitro studies have demonstrated that neither HN2 nor BCNU

directly inhibit the hepatic mixed function oxidase system (66, and
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present study). Since cytochrome P-450 is the terminal enzyme

in the mixed function oxidase system, these alkylating agents must

either cause an inhibition or alteration in the anabolism of micro-

somal heme proteins including cytochrome P-450, or produce a

selective destruction of cytochrome P-450. These agents may also

inhibit the activities of other mixed function oxidase components such

as the NADPH- and NADH-reductases.

These studies were undertaken to characterize the effects of

BCNU on the hepatic microsomal mixed function oxidase system in

mice. The nature of delayed and prolonged reduction in hepatic

microsomal cytochrome P-450 content produced by a single dose of

BCNU was also under study. If the failure is at the level of heme

synthesis, as suggested by previous work (64) it should also be mani-

fest on other microsomal heme proteins. Therefore, cytochrome

P-450 levels, cytochrome b5, and total heme content of isolated

hepatic microsomes were determined for one month following BCNU

treatment of mice. In addition, EM metabolism of these liver micro-

somes was also followed over the same time course to monitor the

cytochrome P-450 activity. Other mixed function oxidase substrates

were tested at the time period of maximal depression EM metabolism

due to BCNU.
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Methods

Male CF-1 mice raised in the School of Pharmacy, OSU, animal

facilities, were housed five to a cage (10x6x5 inches). Animals were

allowed food and water ad libitum and maintained in a 12 hour light

and dark cycle. Six week old mice (25-30 grams) received an intra-

peritoneal injection of corn oil or BCNU (10, 20, or 30 mg /kg) in

corn oil. On the chosen day post treatment, mice were sacrificed by

cervical dislocation and livers removed immediately and put on ice.

The livers from five mice were pooled and the blood removed by sev-

eral washings with ice cold 1.15% KC1. The pooled livers were

homogenized in 0.25 M sucrose and microsomes isolated by differen-

tial centrifugation. Homogenate was centrifuged (Beta-Fuge Model-

A-2, Lourdes Instrument Co. ) at 12, 000 x g for 20 minutes, the

pellet was discarded and the supernatant centrifuged at 20, 000 x g

for 20 minutes. Microsomes were pelleted at 105, 000 x g for 90

minutes in a Beckman Model L3-50 Ultracentrifuge, using a type

42.1 rotor. Microsomes were resuspended in Tris-KC1 buffer (0. 1

M Tris, 1.15% KCl, pH 7.4 with HC1), to a volume representing 2

grams original liver per milliliter. Protein was determined by the

method of Lowry et al. (63). Microsomes were used within 12 hours

of isolation.

Spectral studies were performed using an Aminco DW2a UV-Vis



10

spectrophotometer. Cytochrome P-450 was determined by the method

of Omura and Sato (79), using the extinction coefficient of E450-490 =

91 mM-1 cm-1. Cytochrome P-420 levels measured according to the

method of Omura and Sato (80), varied from 10-20% of cytochrome

P-450 levels in both treated and control samples. Absolute spectra

demonstrated the cytochrome P-450 peak to be at 450. 0 nm following

all treatments.

Cytochrome b5 was measured by the addition of 10 111 of 65 mM

NADH to sample cuvette, and the use of an extinction coefficient of

= 185 mM
1 cm-1 (79).E424-490

Total microsomal heme content was measured as pyridine

hemochrome (83). In the presence of pyridine (3.2 M, final con-

centration) and NaOH (83 mM, final concentration), the difference

spectra was obtained from sodium dithionite reduced sample cuvette

and K
3

Fe(CN)
6

(25 mM final concentration) treated reference cuvette.

An extinction coefficient of E557-575
= 32.4 mM

-1 1
cm (61) was used

to determine total heme. Hemoglobin contamination was subtracted

prior to reporting total heme content of microsomal preparations.

Hemoglobin contamination was never more than 5% of total heme

content. Carbonmonoxyhemoglobin was determined by the method

of Estabrook et al. (30), and the extinction coefficient of E 418-430 =

-1 -1
187 mM cm
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Hepatic microsomal preparations contained no mitochondrial

contamination. Cytochrome c oxidase was absent in these prepara-

tions. Neither a 605 nm peak in dithionite reduced difference spec-

tra, nor a 590 nm peak in dithionite reduced, CO bound difference

spectra could be found (54). Cytochrome a was also absent in these

microsomal preparations as no 605 nm absorbance peak was found in

dithionite reduced, CO bound difference spectra.

NADPH-cytochrome c (P-450) reductase assays were performed

at 25°C in Tris-KC1 buffer in a single cuvette containing 50 µM cyto-

chrome c (horse heart, Boehringer Mannheim), 0. 80 mM KCN, and

100 µl of microsomes per three milliliters. The reaction was started

by the addition of NADPH (0.10 mM, final concentration) and moni-

tored at 550 nm minus 540 nm in the dual-wavelength (non-scan) mode,

for 2.5 minutes. An extinction coefficient of 18.5 mM 1 cm
1

(70) was

used to calculate activity in pmoles cytochrome c reduced per nmole

P-450 per minute.

NADH-cytochrome b
5

reductase activity was assayed by measur-

ing NADH-ferricyanide reductase activity by modification of the

method of Rogers and Strittmatter (89). Activity was measured at

25°C in Tris-KC1 buffer in a single cuvette containing 0.25 mM

K
3

Fe(CN)6'
and 150 µl microsomes (previously diluted one to 20 in

0.25 M sucrose) per three milliliters. The reaction was started by

the addition of NADH (0. 1 0 mM, final concentration) and monitored at
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340 nm. minus 286 nm for 2.5 minutes. An extinction coefficient of

5.10 mM
1 cm

1 (39) was used to calculate activity in ilmoles ferri-

cyanide reduced per nmole cytochrome b
5

per minute. A small cor-

rection was made for absorption due to reduced ferricyanide (ferro-

cyanide).

Ethylmorphine metabolism was performed. in 5 milliliters Tris-

KCI buffer containing 4 mM MgCl, 8 mM nicotinamide, 0.4 mM

NADP+, 4 mM glucose-6-phosphate, 0.4 units/m1 glucose-6-phos-

phate dehydrogenase, 5 mg microsomal protein per ml, and 5. 0 mM

EM. Duplicate samples were incubated at 37°C in a Dubnoff meta-

bolic shaker bath for 30 minutes under a 95/5 (02/CO2) atmosphere.

The reaction was stopped by the addition of 2. 0 mls 30% KOH and

unmetabolized EM extracted. in 20 mls of 5% isoamyl alcohol in

n-heptane. 5 41 of extract was analyzed using a Watters Assoc. High

Pressure Liquid Chromatograph with a Model 6000 A solvent delivery

pump, a Model U6K universal injector, and a 30 cm microbondapak

(fIC 18) column fitted with a 7 cm µC18 guard column. Isocratic elu-

tion was performed with a mobile phase of 50% Me0H/1% acetic acid/

H2O, at a flow rate of 2. 0 ml/min. and a pressure of 2. 7x103 psi,

at room temperature. Detection was by a Waters Model 440 Absorb-

ance Detector with a 280 nm filter. Aniline was used as an external

standard present in the extraction solvent. Activity was calculated in

nmole EM metabolized per nmole P-450 per minute. The reaction
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was linear from 1 to 5 mg microsomal protein per milliliter and for

30 minutes.

EM N-demethylase activity was assayed by the method of Nash

(74). Metabolism was performed in 2.5 milliliters containing the

NADPH-generating system (above) plus 0. 055% semicarbazide and

11.2 1.LM EM. Duplicate samples were incubated at 37 °C for 15

minutes under a 95/5 (02/CO2) atmosphere. Formaldehyde concen-

trations were colormetrically determined at 415 nm.

13H1-BP metabolism was performed according to the method

of DePierre et al. (22). Benzo[ a ]pyrene [1, 3, 6-3H] (New England.

Nuclear) was purified as described by DePierre et al. (22) and

redissolved in acetone containing cold 3, 4-Benzpyrene (Calbiochem)

to a final stock concentration of 3.1 7 mM BP with a specific activity

of 12. 6 mCi/mmole BP. [3H] -BP metabolism was performed in

1. 0 milliliter of Tris-KC1 buffer containing the above NADPH generat-

ing system plus 0.5 mg microsomal protein and 80 p.M BP (1. 0 pCi

3Hi-BP). Duplicate samples were incubated as above for 20 min-

utes. The reaction was stopped by the addition of 1. 0 ml of 0.5 M

NaOH in 80% ethanol, and extracted with hexane. Twenty-five 141

aliquots of the hexane extract and 0.30 ml of the aqueous solution

were counted in Bray's Solution (8) in a Packard Model 3385 Liquid

Scintillation Spectrometer. Activity was recorded as nmoles

product(s) per nmole P-450 per minute. Activity calculated from



14

the disappearance of the parent compound was slightly higher.

[3H] -BP metabolism was linear for 25 minutes and from 0.1 to

0.5 mg microsomal protein.

7-Ethoxycoumarin (Mp. 87-87.5°C, a gift from Dr. J. D.

Hendricks) 0-deethylase activity was assayed by the method of

Ullrich et al. (104) as modified by Elcombe and. Lech (28) 7-EC

metabolism was performed in 3. 0 milliliters of 66 mM Tris /HCI pH

7.4 buffer containing 0.10 mM 7-EC (added in DMSO stock) and 0.5mg

microsomal protein per milliliter. NADPH (50 µM final concentra-

tion was added and the reaction was monitored by the increase in

fluorescence at 450 nm for 4 minutes. Fluorescence was monitored

on a Turner Model 111 Fluorometer fitted with narrow pass filter

#7-60 for 360 nm excitation and narrow pass filter #48 plus sharp cut

filter #2A for emission at 450 nm. Umbelliferone (7-hydroxycou-

marin, Sigma) was used as a standard. The first minute of the

reaction was found to have a different rate than the next 4 minutes,

and was not found to be linear with microsomal protein content. The

reaction was linear from 1. 0 to 5. 0 minutes and from 0.1 to 0.8 mg

microsomal protein per milliliter. Activity was calculated as nmoles

product formed per nmole P-450 per minute.

Mice were induced by phenobarbital, 80 mg/kg/day i. p. times

4 days. Mice were sacrificed 24 hours following the last dose of

phenobarbital.
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During the course of this study, a 30 mg/kg dose of BCNU was

determined to be a 21 day LD25 or a 28 day LD30 in this colony of

mice.

Data is reported as the average ± the standard error of the

mean, unless otherwise noted. Each sample represents five pooled

mouse livers.



16

Results

A single dose of BCNU at 10, 20, and 30 mg/kg, produced sig-

nificant depressions in microsomal cytochrome P-450 content (Table

II-1). The higher the dose, the earlier the depression was apparent.

By day 21 post treatment, cytochrome P-450 was significantly dimin-

ished at all three doses. However, full recovery of microsomal cyto-

chrome P-450 content was apparent by day 28 for all three doses. A

significant elevation in cytochrome P-450 was also observed on day 3,

induced by 20 mg/kg BCNU.

The cytochrome b
5

content and total heme content of these

hepatic microsomal preparations are shown in Tables 11-2 and 11-3,

respectively. In contrast to the observed depletion in P-450 content,

no significant changes were apparent in either cytochrome b
5

or total

heme content in any of these microsomal preparations.

BCNU produced an initial, transient malaise and diarrhea in

mice. There was loss of body weight associated with this illness, as

shown in Figure I-1. However, these treated mice began to gain

weight at the same rate as controls by day 7 post treatment. Control

mice gained an average of 0.25 grams per day throughout the 28 day

study. The food and water consumption of control and treated mice

are shown in Figures 11-2 and 11-3, respectively. Both food and

water consumption per unit body weight were equal to or greater than



Table II-1 Cytochrome P-450 Content of Hepatic Microsomes from BCNU Treated Mice

BCNU
(mg/kg) 3

nmole P-45 0/mg proteina
Day b

8 14 21 28

10 0. 884 ± . 030 0. 863 ± . 045c O. 929 . 046
(3) (7) (6)

20 0.965 . 014c 0. 752 ± . 049c 0. 882 ± . 038c 0. 741 ± . 050c 0. 924 ± . 068

(3) (3) (7) (10) (7)

30 O. 738 ± . 040c 0. 842 ± . 096c 0. 868 ± . 072c 0. 771 ± . 037c 0. 884 ± . 054

(3) (3) (5) (13) (5)

aControls: 0. 915 ± . 037 (sem), n = 40.

bDay post treatment.

cSignificantly different from controls (P < 0. 05).

-4



Table 11-2 Cytochrome b5 Content of Hepatic Microsomes from BCNU Treated Mice

nmole b 5/mg proteina, c

BCNU
(mg/kg) 7

Day
14 21 28

10 O. 334 ± . 060 0.308 ± . 018 0. 309 ± . 029
(3) (4) (3)

20 0. 269 . 009 0.298 . 010 0.305 ± . 015 0. 271 ± . 016
(3) (4) (7) (4)

30 0.353 ± .040 O. 295 ± . 061 0.321 ± .021 0.325 ± 048

(3) (3) (13) (6)

aControls: O. 307 ± . 014 (sem), n = 29.

bDay post treatment.

cNo significant difference between treated and control samples (P > 0. 05).



Table 11-3 Total Herne Content of Hepatic Microsomes from BCNU Treated. Mice

nmole heme/mg proteina' c
BCNU Dayb

(mg/kg) 7 14 21 28

10 1. 04 ± . 11 1. 06 ± . 02 1. 01 ± . 11
(3) (4) (3)

20 1 . 1 8 ± . 04 1.35 ± . 07 1 . 1 9 ± . 09 1. 03 ± 0 8

(3) (4) (7) (4)

30 1.24 ± .02 1.08 ± .14 1.1 7 ± .10 1.26 ± .08
(2) (3) (11) (3)

aControls: 1.23 ± .05 (sem), n = 27.
bDay post treatment.

c No significant difference in total heme content between treated and control samples
(P > 0. 05).
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Figure II-1. The weight gain or loss expressed in grams per mouse,
of mice receiving a single dose of corn oil (1.), 10 mg/
kg (L\ ) , 20 mg/kg (o), 20 mg/kg (0) of BCNU, on day 0.
Each value represents the average of 3 groups, each
group consisted of 5 mice.
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Figure 11-2.

22

The food consumption expressed in grams food con-
sumed per mouse per day, of mice receiving a single
dose of corn oil (e) or 30 mg/kg BCNU (0) on day 0.
Each value represents the average of 3 groups, each
group consisted of 5 mice.
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Figure 11-3.

24

The water consumption expressed in milliliters con-
sumed per mouse per day, of mice receiving a single
dose of corn oil ('), 20 mg/kg BCNU (o), or 30 mg/kg
BCNU (0) on day 0. Each value represents the average
of 3 groups, each group consisted of 5 mice.



_ Water Consumption

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Days



26

controls from day 7 to day 28.

The protein content of the hepatic microsomal preparations is

shown in Table 11-4. Significant increases in microsomal protein

content were observed on days 14 and 21 at 30 mg/kg BCNU. The

protein content appears elevated from day 7 through day 28 however,

for this dose. Total liver mass relative to body weight was not found

to be significantly different from controls from day 7 to day 28 at

30 mg/kg (Table 11-5). As might be expected, total liver mass was

below normal on day 3, but returned to control levels by day 7.

Interestingly on day 21 post treatment, 10 mg/kg BCNU produced

an increase in liver mass, while 20 mg/kg BCNU produced a signifi-

cant decrease in liver mass relative to body weight. Liver mass

appeared to rebound above controls on day 28 following a 20 mg/kg

dose.

With the reduction in hepatic microsomal cytochrome P-450,

a similar reduction in drug metabolizing activity was expected.

Ethylrnorphine metabolism was followed in the hepatic microsomal

preparations. Table 11-6 shows a dose dependent decrease in EM

metabolism that had nadirs on days 7 and 21. The changes in EM

metabolism appeared to follow a bimodal pattern. The most promi-

nent feature however, was the 70% reduction in EM metabolism on

day 21, produced by a single 30 mg/kg dose of BCNU.



Table 11-4 Protein Content of Hepatic Microsomes from BCNU Treated Mice

mg microsomal protein/gram liver a

BCNU
(mg/kg) 3

Day
7 14 21 28

10 7.60 ± 0. 79 8. 10 ± 0. 70 9. 01 ± O. 17
(3) (3) (6)

20 7. 84 ± O. 29 8.20 ± 0.38 8.69 ± 0. 76
(7) (10) (6)

30 7. 93 ± 0. 36 9. 32 ± 1. 10 9.44 ± 0. 78c 9. 36 ± 0.34c 9.14 ± 0.49
(3) (3) (6) (8) (5)

aControls: 8.38 ± 0.20 (sem), n = 43.
b Day post treatment.

cSignificantly different from controls (P < 0. 05).



Table 11-5 Liver Weight to Body Weight Ratio of BCNU Treated Mice

BCNU
(mg/kg) 3

Day
7

mg liver/gram bociya

14 21 28

10 - - 63.1 ± 4.5 66.1 ± 1.4c 63.1 ± 2.3
(3) (4) (6)

20 56.2 ± 2.5c 65.2± 7.1 56.7 ± 2.6c 68.3± 1.1c
(3) (3) (7) (8)

30 55.7 ± 1.2c 60.0 ± 0.9 65.8 ± 2 4 61.5 ± 1.7 63.5 ± 1.4
(3) (6) (6) (11) (6)

aControls: 61.5 ± 0.7 (sem), n = 43.
b Day post treatment.

cSignificantly different from controls (P < 0. 05).



Table 11-6 Metabolism of Ethylmorphine by Hepatic Microsomes from BCNU Treated Mice
Normalized to Microsomal Protein Content

BCNU
(mg/kg) 3

Dayb' c

7

(percent of control sa)

14 21 28

10

20

30

126

108

-

76.4d

70.6d

113

87.

73.

0

d
7

89.8

86. Od

.d333

115

97.4

93. 9

aControls: 4.24 ± .37 (sem) nmoles /mg protein, n = 34.
bDay post treatment.

c Each value represents a minimum of 3 samples.

dSignificantly different from controls (P < 0. 05).



Table 11-7 Metabolism of Ethylmorphine by Hepatic Microsomes from BCNU Treated Mice
Normalized to Microsomal P-450 Content

BCNU
(mg/kg) 3

Dayb' c

7

(percent of controls a)

14 21 28

10 145 95.2 111

20 120 92.0 96.7 97.3 101

30 89. 7 85.3d 74.6d 46. 3d 99.4

aControls: 5. 73 ± .52 (sem) nmoles/nmole P-450, n = 34.

bDay post treatment.

cEach value represents a minimum of 3 samples.

dSignificantly different from controls (P < 0. 05).
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BCNU did not inhibit hepatic microsomal MFO activity in vitro.

Prior to the addition of substrate, BCNU was added in DMSO to

hepatic microsomal incubates to a final concentration representing

30 p.g/g liver. This is equivalent to a 30 mg/kg dose of BCNU assum-

ing BCNU to be distributed, in total body water (24, 60). The rate of

EM metabolism was 5. 9 ± 0. 7 (n=3) and 5.3 ± 0. 9 (n=3) (nmoles EM/

nmole P-450-min. ) in controls and incubates with added. BCNU,

respectively. The difference is not significant (P> 0. 05) and may be

accounted for by some competition for the enzyme. BCNU is metabol-

ized by the MFO system to a small extent (41, 60, 109, 110).

The data in Table 11-6 is reported as EM metabolism based on

microsomal protein content. Since cytochrome P-450 was the termi-

nal oxygenase enzyme under study, the EM metabolism was also

determined based on cytochrome P-450 content of these microsomal

preparations. The latter is presented as percentages of controls in

Table 11-7. Normalization of the rate of EM metabolism to cyto-

chrome P-450 content removed much of the differences between

treated and controls. The nadir on day 21 was still present at the

30 mg/kg dose, however. BCNU at 10 mg/kg had an apparent induc-

tive effect on day 14, but the increase was not significantly different

from controls (P > 0. 05). A similar apparent inductive response was

present on day 3 at the 20 mg/kg dose.

The above results of EM metabolism are based on the
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disappearance of the parent compound. Since this includes at least

two major pathways, N-demethylation and 0-deethylation (27) EM

N-demethylase activity was also determined at the dose and time of

maximal decrease in EM metabolism. On day 21, following 30 mg/kg

BCNU, EM N-demeth.ylase activity was 4. 01 ± 0. 08 (n=3) and 3.40 ±

0.09 (n=3) nmoles HCHO formed per nmole P-450 per minute in

microsomes isolated from control and BCNU treated mice, respec-

tively. The 15% decrease EM N-demethylase activity was significant

(P < 0. 05).
rThe rates of L Hi-BP and 7-EC metabolism in hepatic micro-

somes isolated from control and. BCNU treated mice, are tabulated in

Table 11-8. The metabolism of these MFO substrates was only studied

on day 21 following the 30 mg/kg dose. Hepatic microsomal r 3 Hi-BP

metabolism was induced 39% based on microsomal protein content or

66% based on microsomal cytochrome P-450 content. EM metabolism

was only 46% of controls at this dose and time period, based on micro-

somal P-450 content (Table II-7). Microsomal 7-ECOD activity was

not significantly altered by BCNU pretreatment of the mice.

It was noted that these changes in MFO activity might be due to

alterations in other MFO components required for activity. Table 11-9

contains the NADPH-cytochrome P-450 (cytochrome c) reductase and

NADH-cytochrome b
5

reductase activities in these hepatic micro-

somal preparations. Although 30 mg/kg BCNU appeared to induce the
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Table 11-8 MFO Activity of Hepatic Microsomal Preparations from
Control and. BCNU Treated. Mice Normalized to Micro..
somal Cytochrome P-450 Contenta

BCNU
(mg/kg)

Substrate
[3H] -BP EC

MFO Activityb

Cyto. P-450
Nanomolar
Activityc

0

30

0

3 0

0.435 ± . 038d
(12)

O. 6 06 t . 070E
(12)

0.473 ± . 034
(12)

0. 786 f .054E

0.437
(7)

0.405
(7)

0.478
(7)

0.541

± .

± .

± .

± .

030

054

021

04 7

(12) (7)

aMice were sacrificed on day 21 post treatment.

bMFO activity expressed in nmole product(s) formed per mg
microsomal protein per minute.

Cyto. P-450 nanomolar activity expressed in nmole product(s)
formed per nmole P-450 per minute.

dMean ± standard error of the mean.

e Number of samples.

fSignificantly different from the respective control (P < 0. 05).
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Table 11-9 NADPH- and NADH-Reductase Activities of Hepatic
Microsomes from Control and. BCNU Treated. Micea

NADPH-cyto.-P-450 NADH-cyto. b5
Reductase Reductase

Activityb, d Activityct d

Controls

BCNU (30 mg/kg)

138 ± 6 5.63 ± .25
(18) (16)

165 ± 9 5.57 ± .37
(3) (3)

aMice were sacrificed and microsomes isolated on day 21
post treatment.

bnmoles cytochrome c reduced per nmole P-450 per min.

cilmoles ferricyanide reduced per nmole b
5

per min.

d No significant difference between treated and control groups
(P > 0. 05).
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NADPH-cytochrome P-450 reductase activity, no significant differ-

ences were found in either of the reductase activities.

The results of phenobarbital induction are presented in Table

II-10. Phenobarbital induction was performed at the time of maxi-

mum effect of BCNU on microsomal cytochrome P-450 and EM

metabolism (days 17-21). Induction was greater in BCNU treated

mice than in control mice. Hepatic microsomal cytochrome P-450

content increased 70% in treated mice, compared to only 43% increase

in control mice. EM metabolism per nmole P-450, was induced 168%

in BCNU treated mice, compared to a 26% decrease in control sam-

ples. This induction of EM metabolism could not be accounted for in

EM N-demethylase activity. EM N-demethylase activity in hepatic

microsomes isolated from phenobarbital induced BCNU treated mice

and phenobarbital induced control mice, was 3. 57 ± 0.18 (n=3) and

2. 77 ± 0.19 (n=3) (nmoles HCHO formed per nmole P-450 per minute),

respectively.

Neither hepatic microsomal cytochrome P-450 nor MFO activity

could be induced with 13-naphthoflavone, in this strain of mice.



Table II-10 The Effects of Phenobarbital Induction on Hepatic Microsomes from Control and BCNU Treated Micea'b

nmole P-450
mg protein

nmole b5
mg protein

nmole heme
mg protein

mg protein
gram liver

mg liver
gram body

nmole EMg
mg protein

nmole EMg
nmole P-450

NADPH -Cyto.
Reductase

Controls
Induced
Controls

BCNU
30 nig/kg

Induced
SCNU

30 mg/kg

0. 915 ± . 037d
(40)

0. 307 * . 014d
(29)

1.23 ± .05(1
(27)

ri8. 38 ± . 20
(43)

d61.5 1 0. 7
(43)

4.24 ± . 37(1
(34)

5. 73 * . 52d
(34)

P-450
138 f 6d
(18)

1.31
(4)

0.414
(4)

2. 19
(4)

10.6
(4)

67.6
(4)

4.59
(4)

4.26
(4)

182
(4)

* .16c

± .034c

* . 34c

± . 92

* 1.4

* .69d

* . 59c

*6c

0. 771
(13)

0.3211)*

1.21
(11)

9. 36
(8)

61.5
(11)

1.41
(6)

2.65
(6)

165
(3)

t . 037e

.021d

± . 09d

+ . 34e

* 1. 7d

± .59c

±. 64e

9c, d

1.31
(4)

0.456
(4)

2.28
(4)

11.2
(4)

67.8
(4)

8.66
(4)

7. 09
(4)

171
(4)

± .14(-

± .028c

± .25c

* . 85c

± 6. 7c

± .67e

± . 56f

* 3c

aPhenobarbital was administered 80 mg /kg /day, i. p. , for 4 days beginning on day 17 post treatment. Mice weresacrificed on day 21.
bHorizontally, values with common superscripts are not significantly different from each other, but values with

different superscripts are significantly different (Pc. 0.05).
c'dMicrosornal NADPH-cytochrome P-450 reductase activity from BCNU treated mice was not significantly differentfrom controls (P > 0. 05).

Ethylrnorphine (EM) metabolism reported in nmoles per minute per mg microsomal protein or nmole P-450.
h

NADPH-cytochrome P-450 reductase activity reported as nmoles cyrochrome c reduced per nmole cyto.
P-450 per min.
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Discussion

A single dose of BCNU produced progressive decreases in

hepatic microsomal cytochrome P-450 content, through 21 days, in

mice. The nadir of this effect occurred on day 21 post treatment,

similar to that found in rats (64). Unlike rats however, mice recov-

ered from these effects by day 28. Experiments in this laboratory

have demonstrated hepatic microsomal cytochrome P-450 to still be

only 60% that of control rats on day 30 following a 20 mg/kg dose of

BCNU. In addition, rats displayed a maximum decrease in hepatic

cytochrome P-450 content of nearly 75%, at this dose of BCNU (64).

Hepatic microsomal cytochrome P-450 content was maximally

decreased only 15% in mice treated with a more toxic dose of BCNU

(100). Thus it appears that the mouse may be less susceptible to

these hepatotoxic effects of BCNU.

As has been demonstrated in rats (64), these delayed decreases

in hepatic cytochrome P-450 content and MFO activity are not due to

the nutritional status of these BCNU treated animals. BCNU treated

mice gained weight at the same rate as controls from day 7 through

day 28 (Figure II-1), post treatment. These treated mice also con-

sumed more food and water per gram of body weight than controls

during this time period (Figures 11-2 and 11-3). The BCNU challenged

mice may not be able to assimilate food as well as controls, but this
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effect was not apparent in the microsomal protein content or the liver

mass of treated mice. Microsomal protein content; although initially

decreased, was significantly elevated by days 14 and 21 following

treatment of 30 mg/kg BCNU (Table 11-4). Liver mass relative to

body weight was not different from controls on day 21 at this dose of

BCNU (Table 11-5). These decreases in cytochrome P-450 content

of hepatic microsomes were not due to generalized inhibition of heme

synthesis. Neither cytochrome b
5

nor total heme content was altered

in the microsomal preparations throughout the time period and dosage

range studied (Tables 11-2 and 11-3).

Alterations in hepatic microsomal drug metabolism followed the

same pattern and time course as the decreases in cytochrome P-450.

In vitro EM metabolism, based on microsomal protein content, was

decreased nearly 70% (Table 11-4) at the time of maximal depletion

of cytochrome P-450. This decrease in EM metabolism was much

greater than could be accounted for by the depletion of cytochrome

P-450 alone. This suggested a change in the molar activity of this

terminal oxidase enzyme. Table 11-7 demonstrates that indeed the

enzyme activity was altered. for EM metabolism, by a single dose of

30 mg/kg BCNU. On day 21, the molar activity of cytochrome P-450

was decreased by more than 50%. Only 15% of this decrease in total

EM metabolism could be accounted for in N-demethylase activity.

This suggests that the EM 0-deethylase activity must be drastically
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reduced.

Depletion of cytochrome P-450 molar activity for EM metabol-

ism was not due to an inhibition or reduction in the activities of other

required MFO system components. Neither NADPH-cytochrome

P-450 reductase activity nor NADH-cytochrome b 5
reductase activity

was decreased by BCNU treatment (Table 11-9). NADPH-cytochrome

P-450 reductase activity may in fact have been slightly induced by

BCNU. The levels of NADPH-cytochrome P-450 reductase activities

in microsomes from BCNU treated mice and phenobarbital induced

control mice were not significantly different (P > 0. 05). Further

experiments were not performed however, to verify this BCNU induc-

tive effect.

BCNU also selectively altered the molar activity of this termi-

nal oxidase enzyme for at least one other MFO substrate tested on

day 21 following a 30 mg/kg dose of BCNU. Cytochrome P-450 molar

ractivity for total [3H] -BP metabolism was increased 66%, while the

molar activity for total EM metabolism was decreased by 54% (Tables

11-7 and 11-8). BP appears to be metabolized selectively by the P1-450

class of isozymes, while EM is metabolized predominantly by other

P-450 isozymes (15, 75). Thus it would appear that BCNU caused

these effects by selectivity depleting P-450 isozymes other than the

P1-450 class. However, the mechanism(s) of this action of BCNU is

more complex. BCNU also induced the hepatic microsomal
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cytochrome P-450 isozymes (P1-450) required for [3H]-BP meta-

bolism. Based on microsomal protein content, [3H] -BP metabolism

was induced 39% by BCNU at this dose and time period (Table 11-8).

In agreement with the above results, hepatic microsomal

7-ECOD activity was not found to be altered by BCNU pretreatment

of mice, when tested on day 21 (Table II-8). This was true whether

based on microsomal protein or cytochrome P-450 content. Hepatic

microsomal 7-EC metabolism is believed to be mediated by both of

the P-450 and P1 -450 systems (28, 104).

In addition, in vivo studies in this laboratory have demonstrated

hepatic drug metabolism activity to be diminished by a single dose of

BCNU in mice. Increases in saliva antipyrine half-life were observed

throughout a 28 day study following a 30 mg/kg dose of BCNU in mice

(Chapter IV).

Similar effects have been observed in mice and rats treated with

Cd++ or CoC1
2

(58, 71). Cd++and Co++ both cause significant

decreases in hepatic cytochrome P-450 content. However, in the

case of Cd++ this effect has been reported to be due to an inhibition

of heme synthesis (55). CoC1
2

appears to induce hepatic heme

oxygenase activity which is responsible for the catabolism of the

cytochromes (68). Induction of hepatic heme oxygenase alone cannot

explain the selective alterations in the cytochrome P-450 molar
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activities described here. Unlike BCNU, the effects of Cd++ and

Co++ were observed within 3 days of treatment.

If BCNU selectively inhibits the synthesis of cytochrome P-450,

one might not expect the treated system to be inducible. However,

cytochrome P-450 was even more inducible with phenobarbital in

BCNU treated animals than in control animals (Table II-10). Appar-

ent maximal levels of cytochrome P-450, cytochrome b5, total heme,

microsomal protein content, liver mass, and NADPH-cytochrome

P-450 reductase activity, in phenobarbital induced controls and

induced BCNU treated mice, were observed. The phenobarbital treat-

ment program used has been previously found to produce maximum

induction in mice and rats in our laboratory. However, it is not

known if BCNU also alters the maximal level of phenobarbital induc-

tion or if there is a "ceiling" for barbiturate induction in this organ-

ism.

BCNU treatment did alter the inducibility of selective hepatic

microsomal MFO activities (Table II-10). EM metabolism was in-

duced over six-fold based on microsomal protein content, or three-

fold in cytochrome molar activity, in phenobarbital induced BCNU

treated mice. However, the cytochrome P-450 molar activity for

total EM metabolism was significantly lowered by phenobarbital

treatment of control mice (Table II-10). Similar changes in the

inducibility of other hepatic MFO activities are reported in the next
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chapter. 13-naphthoflavone treatment demonstrated that this strain of

mice is "nonresponsive" to this P1-450 inducer (75).

The effects of BCNU on the hepatic microsomal MFO system in

mice are complex. The results described here suggest that BCNU

selectively alters the pattern of hepatic microsomal cytochrome P-450

isozymes, over a 21 day time course. Several P-450 isozymes are

known to be present in mouse liver (77). The alteration or selective

induction of this P-450 isozyme pattern is also known to change MFO

activities (43, 77). However, the "enhanced" inducibility of hepatic

MFO activity following treatment of the animal with a toxic agent,

has not been previously reported.
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III. SELECTIVE CHANGES IN THE HEPATIC MICROSOMAL
MIXED FUNCTION OXYGENASE SYSTEM IN MICE

PRETREATED WITH BCNU

Introduction

Many compounds have been found to alter the hepatic mixed

function oxidase (MFO) system in animals (17, 18, 103, 107) and

man (53, 107). Generally these effects are manifest either as induc-

tive or inhibitory actions on the cytochrome P-450 mediated system.

Several agents have been shown to cause a decrease in both cyto-

chrome P-450 and microsomal MFO activity (5, 71, 88). Recently

a few agents have been found to induce one or more MFO activities

along with diminishing the hepatic cytochrome P-450 content (58).

Cobaltous chloride decreased the cytochrome P-450 content of mouse

liver (58). In addition, ethylmorphine (EM) metabolism was

decreased, but 7-ethoxycoumarin 0-deethylase (7-ECOD) activity

was increased four-fold, due to CoC12 pretreatment of mice.

Chapter II described the effects that BCNU pretreatment of

mice produced on the hepatic microsomal MFO system, which are

similar to the responses reported for CoC1 2
(58). Pretreatment of

mice with BCNU caused a decrease in hepatic microsomal cyto-

chrome P-450 content. EM metabolism was also, decreased, but

3F1 benzo [ a ]pyrene ([3H] -BP) metabolism was increased in the

isolated microsomes. However, unlike CoC12, the effects of BCNU
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were delayed, maximizing 21 days after a single dose. The effects

of CoC1
2

are reported to be observed within a few days of dosing (58).

Neither of these agents demonstrated significant in vitro inhibition of

the MFO system, at concentrations comparable to those in vivo (chap-

ter II and ref. 58).

In this laboratory, in vivo studies have also demonstrated

decreases in hepatic drug metabolism activity, produced by a single

dose of BCNU (chapter IV). Increases in saliva antipyrine half-life

have been observed for 28 days following BCNU treatment of mice.

It has also been shown that BCNU selectively decreases cyto-

chrome P-450 without affecting other hepatic microsomal heme pro-

teins (chapter II). Thus, with the above changes in MFO activity, it

appears that BCNU may selectively alter the isozyme profile of

hepatic microsomal cytochrome P-450 in mice. Pretreatment of

mice with BCNU also altered the inducibility of the hepatic MFO sys-

tem (chapter II).

This study was undertaken to demonstrate selective effects of

BCNU on the hepatic microsomal cytochrome P-450 system. Several

methods were used to demonstrate specific changes in microsomal

MFO activities and cytochrome P-450 following BCNU pretreatment

of mice. Possible mechanisms for these effects of BCNU, are pro-

posed.
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Methods

Male CF-1 mice raised in the School of Pharmacy, OSU,

animal facilities, were housed five to a cage (10x6x5 inches). Ani-

mals were allowed food and water ad libitum and maintained in a 12

hour light and dark cycle. Six week old mice (25-30 grams) received

an intraperitoneal injection of BCNU (30 mg/kg) in corn oil, or corn

oil only. On day 21 post treatment, mice were sacrificed by cervical

dislocation and livers removed and immediately put on ice. The

livers from five mice were pooled and the blood removed by several

washings with ice cold 1.15% KC1. The pooled livers were homoge-

nized in 0.25 M sucrose and microsomes isolated by differential

centrifugation. Homogenate was centrifuged (Beta-Fuge Model-A-2,

Lourdes Instrument Co. ) at 12, 000 x g for 20 minutes, the pellet

was discarded and the supernatant centrifuged at 20, 000 x g for 20

minutes. Microsomes were pelleted at 105, 000 x g for 90 minutes

in a Beckman Model L3-50 Ultracentrifuge, using a type 42.1 rotor.

Microsomes were resuspended in Tris-KC1 buffer (0. 1 M Tris, 1.15%

KC1, pH 7.4 with HC1), to.a volume representing 2 grams original

liver per milliliter. Protein was determined by the method of

Lowry et al. (63). Microsomes were used within 12 hours of isola-

tion.

Spectral studies were performed using an Aminco DW2a UV-Vis
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Spectrophotometer. Cytochrome P-450 was determined by the

method of Omura and Sato (79), using the extinction coefficient of

= 91 mM-1 cm-1. Cytochrome P-420 was measuredE450-490

according to the method of Omura and Sato (80). Microsomal cyto-

chrome P-420 content was never more than 20% of microsomal prepa-

rations. Absolute spectra demonstrated the cytochrome P-450 to

have an absorbance maximum of 450. 0 nm following all treatments.

Hepatic microsomal preparations contained no mitochondria'

contamination as previously described (chapter II). Hemoglobin con-

tamination was never more than 5% of total heme content. Carbon-

monoxyhemoglobin was determined by the method of Estabrook et al.

(30) using the extinction coefficient of E418-430 = 187 mM -1 cm-1.

Spectral binding studies were performed according to the meth-

ods of Estabrook et al. (30). Hexobarbital or EM in Tris-KC1 buffer

was added in 10 µl to 50 p.1 increments to the sample cuvette contain-

ing approximately 0. 3, 0. 6, 1. 0, or 1. 5 mg microsomal protein per

milliliter. Difference spectra were obtained at each protein concen-

tration with seven consecutive additions of substrate, ranging from

0.128 mM to 2.68 mM (final concentration, hexobarbital) or from

0.106 mM to 2.22 mM (final concentration, EM). The change in

optical density from peak to trough (388 nm-420 nm for hexobarbital,

and 387 nm-418 nm for EM) was recorded per nmole P-450 for each

measurement and plotted in a Lineweaver-Burk fashion.
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Ethy isocyanide difference spectra were obtained by the method

of Imai and Sato (45). To the sample cuvette (containing 1. 0 mg

microsomal protein per milliliter) in Tris-KC1 buffer (pH 7. 0, 7.4,

or 8. 0), ethyl isocyanide (in acetone) was added (final concentration

of 3. 0 mM) and the difference spectra recorded. Absorbance maxima

at 430 nm and 455 nm were recorded minus the absorbance at 500 nm.

[3H] -BPTotal EM metabolism, EM N-demethylase, total

metabolism, and 7-ECOD activities were assayed according to the

methods previously described (chapter II, pages 12-14). Activity was

calculated as nmoles EM metabolized per nmole P-450 per minute

for total EM metabolism. All other mixed function oxidase activities

were calculated as nmoles product formed per nmole P-450 per

minute. The mixed function oxidase inhibitors alpha-naphthoflavone

(7, 8-Benzoflavone, Sigma), metyrapone (2-methyl-1, 2-di-3-pyridyl-

1-propanone, Aldrich), and SKF-525A (proadifen hydrochloride;

Smith, Kline, and French Labs) were added from DMSO stocks to

microsomal incubates to final concentrations of 10µM or 100 }I M .

Inhibitors were incubated with hepatic microsomes in the presence

of an NADPH-generating system, at 37°C for 1 minute prior to the

addition of substrate.

Mice were induced with phenobarbital at 80 mg/kg/day, i.p.,

times 4 days. Mice were sacrificed 24 hours following the last dose

of phenobarbital. Mice were nonresponsive to 13 -naphthoflavone
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induction.

During the course of this study, a 30 mg/kg dose of BCNU was

determined to be a 21 day LD25 or a 28 day LD30 in this colony of

mice.

Data is reported as the average ± the standard error of the

mean. Each sample represents five pooled mouse livers.
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Results

The results of in vitro metabolism of EM, [3H] -BP, and 7-EC

in hepatic microsomes isolated from BCNU treated and control mice,

are presented in Table III-1. These studies were performed at the

dose of BCNU 30 mg/kg) and time period (21 days post treatment)

previously shown to produce the maximum decrease in hepatic

microsomal cytochrome P-450 in mice (chapter II) BCNU pretreat-

ment produced significant changes in total EM metabolism and total

[31-1]-BP metabolism. EM metabolism was decreased more than 50%,

1
while [3H] -BP metabolism was induced over 60% by BCNU pretreat-

ment of mice. Microsomal 7-ECOD activity was not altered by BCNU

pretreatment of the mice.

A single dose of BCNU also altered the inducibility of the

hepatic microsomal MFO system, over the time period of maximal

effect (Table III-1). Phenobarbital treatment produced significant

differences in the molar activities of the hepatic cytochrome P-450

mediated system, between control and. BCNU pretreated mice. EM

metabolism was decreased by 25% in control mice, while it was

induced over 200% in BCNUpretreated mice, following phenobarbital

treatment. [3H]-BP metabolism was induced more than 50% in con-

trol mice, but only 18% in mice pretreated with BCNU. In addition,

phenobarbital treatment induced 7-ECOD activity only 3-fold in
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Table III-1 MFO Metabolism of Various Substrates Normalized to
Microsomal P-450 Contenta

BC NU
Substrate (mg/kg) Native Inducedd

0 5. 73 ± O. 52e 4. 26 ± O. 59h
(34) f (4)

EMb h
30 2. 65 ± O. 64g 7. 09 ± O. 56g'

(6) (4)

0.473 . 034 0. 725 ± . 013h
(12) (7)

[3H] -BPc
30 0. 786 ± . 054g 0. 924 ± . 024g' i

(12) (8)

0 0.478 ± . 021 1.65 ± .105h
(7) (5)

7-EC
c

30 0.541 ± .047 3.29± .158g, h

(7) (5)

aMice sacrificed on day 21 post treatment.
bEM metabolism expressed in nmoles EM per nmole P-450

per minute.
c[311]-BP metabolism and 7-ECOD activity expressed in

nmoles product per nmole P-450 per minute.
d Phenobarbital 80 mg/kg/day times 4 days, beginning on day

17 post treatment.
eAverage ± standard error of the mean.
fNumber of samples.
gSignificantly different from control animals (P< 0. 05).

hSignificantly different from respective native activity (P< 0.05).

'Significantly different from respective native activity (P< 0.10).
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controls, while producing a six-fold increase in BCNU pretreated

mice.

The kinetics of EM and [31-1] -BP metabolism, and 7-ECOD

activity, were followed in these hepatic microsomal preparations.

Lineweaver-Burk plots of the rate of production of product(s) versus

the substrate concentration are shown in Figures III-1, 111-2, and

111-3. Figure III-1 shows the changes in both KM and. VM of [3H] -BP

metabolism produced by BCNU pretreatment of the mice, and pheno-

barbital induction. The KM was increased from 21.2 p.M to 45. 01-1.M

by BCNU pretreatment of the mice. The VM was also increased

(from 0.54 to 1. 00 nmole product(s)/nmole P-450/min.) by BCNU

pretreatment of the mice. The changes produced by phenobarbital

treatment were dependent on whether or not mice had been pre-

treated with BCNU. Phenobarbital treatment increased the KM for

r 31-11-BP to 88. 7µM in controls, but decreased the respective KM to

30. 7µM in mice pretreated with BCNU. The VM was raised to 1.45

and 1.34 (nmoles product(s)/nmole P-450/min. ) in control and BCNU

pretreated mice, respectively, due to phenobarbital induction.

BCNU pretreatment of mice did not significantly alter the kine-

tics of 7-ECOD in these hepatic microsomal preparations (Figure

111-2). The KM values were 1.61 µM and 1.57 I.LM for control and

BCNU pretreated groups, respectively. The VM values were 0.47

and 0.42 (nmoles product/nmole P-450/min.) in microsomes isolated
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Lineweaver-Burk plot of r 3 I-IJ-benzo[a]pyrene meta-
bolism by hepatic microsomes isolated on day 21 from
mice treated with corn oil (e), 30 mg/kg BCNU (A),
phenobarbital induced control mice (o), or phenobarbi-
tal induced BCNU (30 mg/kg) pretreated mice (A).
Phenobarbital. 80 mg/kg/day times 4 days, was initi-
ated on day 17. Each value represents the average
of a minimum of 3 samples.
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Figure 111-.2. Lineweaver-Burk plot of 7-ethoxycoumarin
0-deethylase activity of mouse hepatic microsomes
isolated on day 21 following treatment of corn oil
() or 30 mg/kg BCNU (A). Each value represents
the average of a minimum of 3 samples.
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Figure 111-3. Lineweaver-Burk plot of 7. ethoxycoumarin
0-deethylase activity of mouse hepatic microsomes
isolated on day 21 following treatment of corn oil
(o) or 30 mg/kg BCNU (P) on day 0, and phenobarbi-
tal 80 mg/kg/day times 4 days initiated on day 17.
Each value represents the average of a minimum of
3 samples.
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from control and BCNU pretreated mice, respectively. However,

BCNU pretreatment did alter the phenobarbital induction effects on

7-ECOD kinetics (Figure 111-3). The KM was increased to 19.3 p.M

and 14. 9 p.M in control and pretreated mice, respectively. Interest-

ingly, the VM was induced to a greater extent in BCNU pretreated

mice than in control mice (2.66 and 2.19 nmole product/nmole P-450/

min., respectively).

The changes in the kinetics of EM metabolism in hepatic micro-

somes, due to BCNU pretreatment of mice, are shown in Table III -2.

The KM and VM were both enormously reduced by BCNU pretreatment

of mice. The kinetics of EM metabolism were not followed after

phenobarbital induction.

Selective inhibitors were used to determine differences in the
-I

inhibition of in vitro microsomal metabolism of 3Hi-BP and 7-EC,

from control and BCNU pretreated mice. The results of these

experiments are reported in Table 111-3 as percentages of the appro-

priate uninhibited reaction. Again, significant differences were

apparent in the degree of inhibition, by selective inhibitors, in

microsomes isolated from control and BCNU pretreated mice. The

effects are somewhat complex, however. a-Naphthoflavone inhibited

[3H1-BP metabolism in microsomes from BCNU pretreated mice,

to a larger extent than in microsomes from control mice. This

difference was removed by phenobarbital treatment. However,
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Table 111-2 Kinetic Parameters of Ethylmorphine Metabolism
by Hepatic Microsomes from Control and BCNU
Treated Mice Normalized to Microsomal P-450
Contenta, b

VKM m

Controls

BCNU (30 mg/kg)

34. 7 mM 49. 3

1.91 mM 6.6

aEthylmorphine (EM) metabolism reported as nmole EM/
nmole P-450/min. as determined by the disappearance of parent
compound.

bMice were sacrificed and microsomes isolated on day 21
post treatment.



Table 111-3 Percent Uninhibited Metabolism by Hepatic Microsomes from Control and BCNU Treated Micea

Substrate Pretreatment
b

Phbc
Induced

-Naphthoflavone
10 pM 100 pM

Inhibitor
Metyrapone

10 pM 100 pM
SKF- 525A

10 p/.4 100 pM

3
[ H] -BP

3
[ 1-1]-BP

7-EC

7-EC

Corn Oil

BCNU

Corn Oil

BCNU

Corn Oil

BCNU

Corn Oil

BCNU

no

no

yes

yes

no

no

yes

yes

100
d

85. 3

105

99. 9e

79. 5

90. 6d

71. 6e

56. 5d, e

77. 2

8d70. 8

79. 2

80. 7
e

42. 1

42.6

21. 7e7

12. 2d, e

75. 9

65. 7d

75. 2

77. 4
e

48. 9

32. 4d

16. 2e

4e14. 4

61. 5

64. 3

e47.7

45 5e

33. 6

28. 5d

9. 5e

7. 0e

68. 5

71. 6

e
85. 4

1d, , e

98. 0

82. 7d

33. Oe

36. Oe

52. 2

50.4

e57. O

53. 2d

78. 7

59. 9d

23. le

25 6e

aMice were sacrificed on day 21 post treatment.

Dose was corn oil or BCNU 30 mg/kg.

cPhenobarbital 80 mg/kg/day times 4 days, beginning on day 17 post treatment.
d

b

Significantly different from the appropriate control (P <0. 05).

Significantly different from the appropriate noninduced sample (P <0. 05.
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phenobarbital treatment decreased SKF-525A inhibition of [31-1]-BP

metabolism in control mice, but not in BCNU pretreated mice.

BCNU pretreatment of mice significantly decreased the inhibitory

effects of metyrapone and SKF-525A on 7-ECOD activity of hepatic

microsomal preparations. These differences of 7-ECOD sensitivity

to metypapone and SKF-525A were removed by phenobarbital treat-

ment. However, phenobarbital treatment produced a difference in

the 7-ECOD sensitivity to a-naphthofalvone inhibition, between con-

trol and phenobarbital treated mice.

EM and Hexobarbital binding spectra were taken for these

microsomal preparations. Figures III-4 and III-5 show the

Lineweaver-Burk representation of the results of EM and hexo-

barbital spectral binding, based on the cytochrome P-450 content

of the preparation. Each line represents the composite of at least

four binding experiments.

BCNU pretreatment at the dose and time period previously

shown to produce the maximum effect on MFO activity, alters the

EM binding spectra (Figure 111-6, T versus C). The spectral binding

constants (Ks) were 0.133 mM and 0.110 mM for controls and BCNU

pretreated mice, respectively The EM Ks was raised to a greater

extent in BCNU pretreated mice than in controls (0. 246 mM and

0.196 mM, respectively).

Figure 111-5 demonstrates a lack of significant alteration in
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Figure III-4. Hexobarbital spectral binding of isolated microsomes
from control mice, plotted in the Lineweaver-Burk
fashion. The four curves represent 0. 75, 1.49,
2.24, and 4. 76 nmole P-450 per milliliter, for
curves of decreasing slope, respectively. The
composite of these four curves, on a per nmole
P-450 basis, was used to draw the control curve (C)
in Figure 4-5.
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Figure III-5. Hexobarbital spectral binding of isolated hepatic
microsomes plotted in the Lineweaver-Burk fashion.
Microsomes were isolated on day 21 following a single
dose of corn oil (C) or 30 mg/kg BCNU (T ), and
phenobarbital 80 mg/kg/day times 4 daysinitiated on
day 17 in control mice (IC) or in BCNU (30 mg/kg)
pretreated mice (IL?). Microsomes were also
isolated on day 7 following a 20 mg/kg dose of BCNU
in mice (T1). Each curve represents the composite
of a minimum of 4 separate experiments, at concen-
trations of cytochrome P-450 of 0. 75, 1.5, 2.25, and
4. 75 nmoles P-450 per milliliter. Each experiment
consists of the measurement of the change in absorb-
ance per nmole P-450, from peak to trough (388 nm-
420 nm) upon the addition of hexobarbital to final
concentration ranging from 0.128 to 2.68 mM.
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Figure 111-6
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Ethylmorphine spectral binding of isolated hepatic
microsomes plotted in the Lineweaver-Burk fashion.
Microsomes were isolated on day 21 following a single
dose of corn oil (C), or 30 mg/kg BCNU (T), and
phenobarbital 80 mg/kg/day times 4 days initiated on
day 17 in control mice (IC) or in BCNU (30 mg/kg)
pretreated mice (IT). Each curve represents the
composite of a minimum of 4 separate experiments,
at microsomal protein concentrations of 0.3, 0.6,
1. 0, and 1.5 mg/ml. Each experiment consisted of
the measurement of the change in absorbance (per nmole
P-450) from peak to trough (387 nm-418 nm) upon the
addition of EM to final concentrations ranging from
0.106 mM to 2.22 mM.
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hexobarbital binding spectra, by BCNU pretreatment of mice. The

hexobarbital Ks was about 0.50 mM (T1, T2, and C). It is interesting

that microsomes isolated 7 days following a 20 mg/kg dose of BCNU

provided a different spectral binding response (T1), but the hexo-

barbital Ks remained essentially unchanged.

BCNU pretreatment of mice may have altered the phenobarbital

induction effect on hexobarbital spectral binding (IC and IT2, Figure

111-5). The hexobarbital Ks was decreased to 0.168 mM and 0.146

mM for induced controls and induced BCNU treated mice respectively.

BCNU pretreatment also appeared to alter the aniline binding

spectra, but no changes in the aniline Ks were observed at this dose

and time period (data not shown).

Ethyl isocyanide difference spectra were collected for the

microsomal preparations from treated and control mice. Table IV

presents the nanomolar absorbance changes determined, in these

experiments. As previously reported (43), treatment of the animals

with phenobarbital causes significant changes in the 430 nm and 455

nm absorbance maxima, as well as the ratio (A430/A455). Pheno-

barbital induction raised the total /'OD (430 + 455) per mg protein,

but lowered it per nmole P-450 (Table 111-4). The A430/A455 ratio

was increased at pH 7.4 and decreased at pH 8. 0 by phenobarbital

treatment of the mice. The same results were observed for

BCNU pretreatment, but on a smaller scale. The only



Table 111-4 Changes in Hepatic Microsomal Cytochrome P-450 EIC - Difference Spectra
Due to Pretreatment of Mice. Normalized to Cytochrome P-450 Contenta

Control
Native

b
BC NU Control

Induced c

BCNUb

LOD (430 +455) 0.189 0.166 0.157 0.130
pH 7.4

LOD (430+455) 0.196 0.150 0.107 0.099
pH 8. 0

A430
1. 70 1.93 2.14 2.41(A455 ratio

pH 7.4

(A430)A455 ratio 0.80 1.00 0. 76 0.90
pH 8. 0

Cross-over 7. 85 8. 00 7. 85 7. 95pH

aMice were sacrificed on day 21 post treatment.
bBCNU 30 mg/kg

cPhenobarbital 80 mg/kg/day x 4 days, beginning on day 17 post treatment.



70

non-phenobarbital like effect was the increase in the A430/A455 ratio

at pH 8. 0. Phenobarbital induction produced changes in the same

magnitude and direction, in all these measurements, in both control

and BCNU pretreated mice.

The cross-over pH of A430 and A455 was found to be pH 7.85

in controls, the same as that previously reported in mice (43).

Phenobarbital induction did not alter the cross-over pH in controls,

but it did lower this cross-over point from pH 8. 00 to pH 7. 95 in

BCNU pretreated mice.
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Discussion

The results presented here demonstrate very selective effects

of BCNU on the hepatic MFO system in mice. BCNU pretreatment
rof mice not only changed the rates of EM and L Hi-BP metabolism

(Table III -1), in an opposite fashion, but also dramatically altered

the respective kinetic patterns (Figure III -1 and Table 111-2). BCNU

produced alterations in the selective in vitro inhibition of [3H] -BP

and 7-EC metabolism (Table 111-3). Microsomal [3H]-BP meta-

bolism became more sensitive to a-naphthoflavone inhibition due to

BCNU pretreatment of the mice. Although the kinetics of 7-ECOD

activity were not changed by BCNU pretreatment (Figure III-2),

7-ECOD activity was more sensitive to metyrapone and SKF-525A

inhibition than were control preparations.

EM binding spectra and EM metabolism were altered in a

similar manner, by BCNU pretreatment of mice (Figure 111-6 and

Table 111-2). Microsomes isolated from treated mice displayed an

EM spectral binding constant of 0. 1 1 0 mM compared to O. 133 mM

observed with controls. Hexobarbital binding spectra were not sig-

nificantly changed by BCNU. It is suspected that like the 7-ECOD

kinetics, BCNU pretreatment may not have altered the in vitro

microsomal metabolism of hexobarbital. However, the metabolism

of hexobarbital was not studied in these microsomal preparations.
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Ethyl isocyanide difference spectra have been previously pre-

sented as evidence for more than one form of microsomal heme

protein (cytochrome P-450) (43). In the present study, definitive

changes were apparent in both of the 430 nm and 455 nm maxima,

due to pretreatment of the mice with BCNU (Table III-4). In addition,

the changes observed in the EIC-difference spectra were similar to

those observed with phenobarbital treatment of control mice. How-

ever, unlike phenobarbital, BCNU also produced an increase in the

cross-over pH for the 430 mm and the 455 nm absorbance maxima.

There are several possible modes of action that may explain

these unusual effects on the hepatic microsomal cytochrome P-450

system. BCNU may induce hepatic heme oxygenase, selectivity

alter or inhibit cytochrome P-450 synthesis, and/or alter the endo-

plasmic reticulum membrane. Co and Cd salts are known to induce

hepatic heme oxygenase (55, 68), and thus increase the rate of

breakdown of cytochrome P-450. However, we have demonstrated

that BCNU treatment of mice does not produce decreases in either

cytochrome b
5

or total heme content of hepatic microsomes (chapter

II). In addition, induction of heme oxygenase alone would not explain

the changes in microsomal MFO activities described here.

BCNU may alter or inhibit the synthesis of hepatic cytochrome

P-450. Since BCNU does not alter the hepatic microsomal heme

content, this action could be by alteration or inhibition of the
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synthesis of the apoprotein moiety of the cytochrome and/or by inhibi-

tion of the complex-formation of the apoprotein and the heme pros-

thetic group. However, this action must be very selective to explain

the changes in the MFO activities and the induction of [3H] -BP meta-

bolism produced by BCNU (Table III-1). It should be noted however,

that absolute and difference spectra provide an absorbance maxima at

450. 0 nm following all treatment programs

Neither induction of heme oxygenase nor selective inhibition of

cytochrome P-450 can explain the "enhanced" inducibility of the

hepatic MFO activity produced by BCNU (Table III-1). EM metabolism

and 7-ECOD activity were induced to a greater extent in BCNU pre-

treated mice than in control mice, by phenobarbital treatment.

Phenobarbital induction not only changed the kinetics of [311 ] -BP

metabolism and 7-ECOD activity (Figure III-1 and 111-3), but the mag-

nitude of this effect was dependent on BCNU pretreatment of the mice.

Similar results were also observed in the changes in EM binding

spectra induced by phenobarbital (Figure 111-4). In addition, the

sensitivity of MFO activities to selective inhibitors was altered in

microsomes from both BCNU pretreated and control mice, by pheno-

barbital treatment (Table III-3). The changes in the sensitivity of

r 3L Hi-BP metabolism and 7-ECOD activity to selective inhibitors pro-

duced by phenobarbital, are complex. However, the changes are in

general greater in induced BCNU pretreated mice than in induced
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control mice.

Another suggestion is that BCNU alters the hepatic endoplasmic

membrane. This possible mechanism of action may explain the

effects observed here. Changes in the hepatic endoplasmic reticulum

membrane structure have been d emonstrated in animals treated with

inducing agents (42, 56, 105). Phenobarbital alters the interactions

of polar and nonpolar membrane lipids and proteins in the internal

portion of rat hepatic microsomal membrane (56). In addition, studies

in this laboratory have demonstrated that pretreatment of rats with

BCNU activates UDP-glucuronyl transferase activity in isolated

hepatic microsomes (34). BCNU has also been found to dramatically

increase granular endoplasmic reticulum in rat glioma cell mono-

layer cultures (36). N-methyl-N-nitrosourea has also been shown to

produce ultrastructural changes in urinary bladder epithelial plasma

membrane and cytoplasmic vesicles (38, 108).

Changes in the structure and composition of the endoplasmic

reticulum membrane should have dramatic effects on the MFO

activity. The requirements of cytochrome P-450 to be in a hydro-

phobic pocket of phospholipids, to be enzymatically active has been

well documented (97). It may be that such alteration of the endoplas-

mic membrane either changes the substrate specific activity of each

cytochrome P-450 isozyme, or changes the half-life of selective

cytochrome P-450 isozymes. The distinction here may be
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determined by future studies involving electrophoretic techniques.

The alteration of the endoplasmic reticulum membrane by BCNU

may also explain the changes in hepatic MFO inducibility produced by

this agent. Since 3-methylcholanthrene was not observed to alter

the membrane lipid-protein interactions (42, 56), it would be interest-

ing to study the induction of BCNU pretreated mice with hydrocarbons.

However, this strain of mice appear to be "nonresponsive" and were

not inducible with p-naphthoflavone.
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IV. ANTINEOPLASTIC DRUG EFFECTS ON
ANTIPYRINE METABOLISM STUDIED

NON-INVASIVELY IN MICE

Introduction

Many environmental contaminants and some drugs are known

hepatotoxicants in man and animal models (18, 23, 53, 94, 98, 101,

111). Several antineoplastic agents, most notably the alkylators,

have been determined to have deleterious effects on liver function as

well. Buu-Hoi and Hien (11) demonstrated a potentiation of coumarin

anticoagulant activity due to 6-mercaptopurine treatment in rats.

Tardiff and Dubois (98) found a single dose of either mechlorethamine

(HN2) or cyclophophamide produced hepatotoxicity and depression of

drug metabolizing enzymes in rats. Thompson and Larson (100) dem-

onstrated delayed and prolonged hepatotoxic effects in rats receiving

a single dose of BCNU. Hepatotoxicity following BCNU administration

has also been observed in man (23). However, except for the above

mentioned studies, very little work has been published pertinent to

the hepatotoxic activity of antineoplastic alkylating agents.

In order to understand the biological consequences of liver

toxicity in small animals, the use of methods allowing for the quanti-

tative assay of hepatic function non-invasively are required. The

majority of hepatic drug metabolism have used in vitro techniques

such as freshly prepared hepatic microsomes, hepatocytes, or
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isolated perfused liver preparations. This is not surprising consider-

ing the limited number of non-invasive methods available for evalua-

tion of hepatic drug metabolism. Two commonly used in vivo research

methods include barbiturate hypnosis and zoxazolamine paralysis

time techniques. It must be emphasized however, that although non-

invasive, these methods challenge test animals with a physiologically

stressful condition.

Plasma antipyrine elimination rate has been used to monitor

hepatic mixed function oxidase activity in both man (44, 106, 112)

and research animals (96, 1 06, 111). Recently it has been shown that

plasma antipyrine levels are similar to salivary antipyrine levels and

therefore the need for plasma sampling and determination is not

necessary because salivary levels may be substituted (112). How-

ever, in order to directly analyze rodent saliva for antipyrine an

analytical method had to be developed.

Numerous methods have been developed to quantify levels of

antipyrine in biological fluids (6, 10, 14, 84, 102, 112). The radio-

immunoassay described by Chang et al. (14) is the most sensitive

with a detection limit of 10 neml. However, this method still

requires a 1 00 1.1.1 sample size. In addition, the radioimmunoassay

requires the tedious production of antibodies. The high-pressure

liquid chromatographic method of Campbell et al. (13) requires an

extraction step and minimum sample size of 50 pd. With a great
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majority of experimental work being performed on rodents, there is

need for an analytical method requiring a smaller sample.

In the course of this study, an analytical HPLC method, de-

scribed below, was developed for the detection of antipyrine in saliva

of rodents. With less than 1. 0 p.1 of sample needed for accurate deter-

minations, mice became an available animal for study. The mouse

has received attention as a model for studies in the hepatic micro-

somal effects of antineoplastic alkylating agents. The following study

was undertaken to non-invasively assess the hepatotoxic activity of

phenobarbital and BCNU in mice.
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Methods

Antipyrine, aminopyrine, and 4- hydroxyantipyrine were

purchased from Sigma and Aldrich (Alfred Bader Library of Rare

Chemicals), respectively.

1, 3-Bis-(2-chloroethyl)-1-nitrosourea (BCNU) was graciously

supplied by Dr. Harry B. Wood, Jr., of the Drug Development

Branch of the Cancer Chemotherapy National Service Center,

Bethesda, Maryland.

Mechlorethamine hydrochloride (HN2) was purchased from

Aldrich Chemical Company, Inc.

Pilocarpine nitrate (U.S. P.) was obtained from City Chemical

Corp., New York.

In house colony male CF-1 mice and Spraque-Dawley rats were

housed five to a cage (mice, 10x6x5 inches; rats, 10x7x7 inches).

Animals were allowed food and water ad libitum and maintained in a

12 hour light and dark cycle. Six-week old mice received an intra-

peritoneal injection of BCNU (30 mg/kg) in corn oil, HN2 (1. 0 mg/kg)

in saline, corn oil, or saline as appropriate for controls. On the

chosen day(s) post treatment, mice received antipyrine (50 mg/kg,

i. p.) in saline. Saliva samples were taken at 15 minute intervals

for one hour and subsequently at 30 minute intervals for two or more

hours. Saliva was obtained using 10 p.1 capillary tubes (or 50 ill tubes
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for rats) placed between the lower lip and gums. One-tenth milliliter

saline containing 0. 05 mg pilocarpine was injected subcutaneously at

half-hour intervals to stimulate saliva flow. Seven week old rats

weighing 190-220 grams received antipyrine (100 mg/kg, i. p. ) and

pilocarpine, 1 mg/kg, five minutes before a saliva sample. Pilo-

carpine has been previously demonstrated not to interfere with either

volume of distribution or half-life of antipyrine (112).

Induction studies were performed with phenobarbital (80 mg/kg/

day, i. p. ) injections for four days beginning on day 17 post treatment.

Antipyrine studies were performed 24 hours after the last phenobarbi-

tal treatment.

Capillary tubes containing saliva were analyzed within 24 hours

following sampling. Saliva was analyzed using a Waters Assoc. High

Pressure Liquid Chromatograph with a Model 6000A solvent delivery

pump, a model U6K universal injector, and a 30 cm microbondapak

(p.0 18)
column fitted with a 7 cm FLC

18
guard column. Isocratic elution

was performed with a mobile phase of 30% acetonitrile in 0. 01 molar

sodium phosphate buffer, pH 8. 0, at a flow rate of 2. 0 ml/min and

a pressure of 2. 7x10 3 psi, at room temperature. Injections of 0.25

to 5. 0 p.1 sample, along with 1. 0 p.1 external standard (aminopyrine),

allowed analysis at five minute intervals. Detection was by a

Waters Model 440 Absorbance Detector with a 254 nm filter.
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A set of 8 antipyrine standards ranging from 5. 0 to 75. 0 µg /ml

were analyzed with every group of saliva samples. Unknown anti-

pyrine concentrations were determined from the ratio of peak heights.

The concentration of aminopyrine used was always selected to provide

a greater than 70% scale deflection.

Data was plotted as the log concentration versus time. Linear

regression was performed to obtain the half-life and extrapolate to

zero time for the volume of distribution calculation. Resultant values

were compared according to the student t test. All are reported ±

standard error of the mean unless otherwise stated.



82

Results

Table IV-1 presents the chromatographic parameters determined

under the conditions described. On a given day the retention time

precision was within 1% for both compounds. Due to variation in

mobile phase preparation, the retention times varied as much as 7. 5%

from day to day. Using the peak height method of quantification, the

relative standard deviation of 7 replicate samples (1. 0 p.1 injections)

was 1. 8% at 25 p.g/ml. Precision was maintained at ± 3. 5% (1. 0 p.1

of 25 p.g /ml, n=24) throughout the study. The detection limit, assum-

ing a minimum signal-to-noise ratio of 3, was found to be 1. 0 nano-

gram. This corresponds to initial antipyrine concentrations of

1. 0 1.J.g/nal down to 1. 0 ng/ml depending on the quantity of sample

injected into the HPLC. Concentrations ranging from 1. 0 µg/m1 to

0.1 mg/m1 provided the linearity expected of UV absorbance detection

of antipyrine. To ten saliva samples antipyrine was added, resulting

in an average recovery of 1 01%, ranging from 95 to 1 09%.

Figure IV-1 is a representative chromatogram from 1. 0 p.I of

mouse saliva taken before and 15 minutes after the mouse received

a 50 mg/kg injection of antipyrine. Saliva was not found to contain

any background interference for either antipyrine or aminopyrine.

4-hydroxyantipyrine, the major metabolite of antipyrine (1 0, 1 02,

107), was observed to have a retention time of 3. 05 minutes, and
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Table 1V-1 a HPLC Chromatographic Parameters

Antipyrine Aminopyrine

Absolute R T 2.62 min. 3.58 min.

Capacity factor (k') 2. 2 3.4

Peak Assymmetry (As) 2. 3 2. 2

Number of theoretical 1900 1800
platesb (N)

HETPc 0.19 mm O. 20 mm

Column selectivity (a) 0. 65

Resolutiond
(R) 1 . 9

aData obtained from standards chromatographed under
conditions described in methods.

bN calculated using half-peak height width.

HETP calculated using a total length of the column and guard
column of 370 mm.

W +W
dR = (tR2-tR1)/( 22 1)
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Figure IV-1. High Pressure Liquid Chromatogram of mouse saliva
obtained before and 15 minutes after a 50 mg/kg i. p.
dose of antipyrine (A). Chromatographic conditions
are described in text, page 80. 1. 0 H.1 (10 ng) of
external standard (aminopyrine, B) was injected with
1. 0 Ill of saliva sample. Absolute retention times
were 2.62 minutes and 3.58 minutes for antipyrine
and aminopyrine, respectively.
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was clearly resolved from the antipyrine and external standard

peaks. However, no 4-hydroxyantipyrine was detectable in any

saliva samples. Due to their physical characteristics, none of the

known metabolites were expected to be found in saliva samples (20,

107).

Using this method of analysis, the in vivo rate of elimination

of antipyrine was followed for a minimum of three half-lives in mice

and rats. The log concentration versus time plot allows for the

determination of the antipyrine half-life, the volume of distribution,

and the apparent total body water. The antipyrine half-life in four

mice was followed weekly for four weeks (Table IV-2A). The small

increase in half-life in these mice during this time period was sig-

nificant (P < 0. 05) and was most likely due to the increase in age.

Mice were first treated at six weeks of age. It has been determined

that this colony of mice has a peak hepatic drug (pentobarbital)

metabolizing activity at about six weeks of age (data not shown).

Although previous antipyrine treatment has been shown to reduce

the half-life in subsequent determinations at a 10 day interval in

dogs (106), the effect was found to return to control levels by day 7

in mice and rats (Table IV-2 and Table IV-5).

As can be seen in Table IV-2B, BCNU treatment produced

significant increases in antipyrine half-life throughout the 28 day

time course. In a separate experiment, the antipyrine half-lives



Table IV-2A Salivary Antipyrine Half-Life in Mice

Control
Mouse

Day 7a
rb t 1/2 c rb

Day 14
t 1/2 c br

Day 21
t 1/2 c rb

Day 28
t 1/2c

I -0. 9836 28.2 -0. 9812 27. 2 -0. 9645 31. 5 -0. 9925 30. 8

II - 0.9988 31.0 - 0.9831 27.7 -0.9983 36.2 - 0.9931 31. 1

III -0. 9667 27.2 -0. 9485 28. 4 -0. 9959 31. 3 -0. 9860 32. 2

IV - 0.9733 26.6 -0. 9272 26. 0 -0. 9987 33.0 -0. 9962 32. 0

X + SEM 28. 3 + 1. 0 27. 3 + 0. 5 33.0 + 1. 1 31.5+0.3

a

b

Day post treatment.

Correlation coefficient from linear regression analysis of log concentration versus time plots.

Minutes



Table IV-2B Salivary Antipyrine Half-Life in BCNU Pretreated Mice

BCNU
Treated Day

a
7 Day 14 Day 21 Day 28

b
Mouse r t 1/2 e r t 1/2 e r t 1/2 e t 1/2 e

I -0. 9999 71.4 -0. 9910 41. 3 -0. 9908 40. 9 -0. 9761 44. 8

II -0. 9866 92. 1 -0. 9956 48. 8 -0. 9935 38. 8 -0. 9937 50. 4

III -0. 9961 48. 9 - 0.9751 63.9 -0. 9943 42. 5 -0. 9860 50.4

IV - 0.9618 124 -0. 9682 75.8 c ____c

V -0. 9690 35. 4 -0. 9573 46. 1 -0. 9972 38. 9 -0. 9822 31. 1

X + SEM 74.4 + 15. 7d 55.2 + 6. 4d 40.3 + 0. 9d 44. 2 +4. 6d

a
Table IV-2A.

b
Table IV-2A.

c
Mouse di:d prior to day 21.

d
Significantly different from controls (Table IV-2A) (P <0. 05).

e
Minutes



89

for control and treated mice were determined to be 28. 7 + 1.3

minutes (n=5) and 59. 7 ± 6. 8 minutes (n=5), respectively, on day 3

post treatment.

Extrapolation of the elimination phase (semilog plot of saliva

antipyrine concentration vs. time) to the Y intercept indicated a

zero time salivary antipyrine concentration. From this value the

volume of distribution can be calculated and he apparent total body

water determined, since antipyrine distributes in total body water.

Overall, the average water content of control mice was found to be

78. 6 + 8. 4% of body weight. This value agrees well with that previ-

ously reported (7). BCNU treated mice were found to have signifi-

cantly different total body water content on days 3, 7 and 21 (Figure

IV-2).

The effect of phenobarbital induction on antipyrine metabolism

in control and BCNU treated mice is presented in Table IV-3. Pheno-

barbital treatment lowered the antipyrine hall-life 2-fold in controls

and nearly 6-fold in BCNU treated mice. In addition, antipyrine

elimination rate assayed one week following the phenobarbital induc-

tion, demonstrated a possible rebound increase in half-life in con-

trols. However, the antipyrine half-life in the treated mice, fell

to control levels, below that previously determined for day 28 post

treatment.

Similar experiments were performed using HN2 treated mice.
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Figure IV-2. Apparent Total Body Water Content of Control and
BCNU Pretreated Mice, expressed as the percentage
of body weight, versus days following a single dose
of corn oil () or BCNU 30 mg/kg (o). The apparent
total body water was determined from the apparent
volume of distribution, obtained by extrapolation of
the log salivary antipyrine concentration versus time
plot, back to zero time. Values represent the average
± standard error, (n=4 for controls, n=5 for days 3, 7,
and 14, and n=4 for days 21 and 28 for BCNU treated.
Values significantly different (P < 0. 05) from controls
are marked by an*.
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Table IV-3 Salivary Antipyrine Half-Life in Phenobarbital Induced
Control and BCNU Pretreated Mice

BCNU Time (days)a
dosage 21 28

Uninduced 0 33. 0 ± 1. lb 31.5 ± 0.3
(4)c (4)

Inducedd

30 40.3 ± 1.2 44.2 ± 4.6e
(4) (4)

0 12.6 ± 1.2 39.3 ± 3. 7
(10) (9)

30 7.4 ± 0.6 31.4 ± 2.5e
(9) (9)

aDays post treatment.
bMean ± SEM , minutes.

cNumber of animals.

dPhenobarbital treatment described in text.

eSignificantly different from the respective control (vertically).
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Table IV -4a Salivary Antipyrine Half-Life in HN2 Pre-treated Mice

3

Dayb
7. 10

227 ± 82c 120 ± 39

(4)d (3)

114 ± 17

(3)

aHN2 1. 0 mg/kg on Day 1

bDay post treatment

cMinutes

dNumber of animals
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The data shown in Table IV-4 suggests that HN2 produced a maximum

prolongation of antipyrine elimination on or before day 3 as compared

to day 7 for BCNU. The effect was only followed out to day 10 post

treatment.

As a comparison of animal models, four rats were assayed for

the rate of antipyrine elimination rate for a one-week interval (Table

IV-5). Again there was no evidence of enzyme induction after one

week following the first antipyrine treatment. Overall, the average

half-life in rats (n=10) was observed to be 129 ± 43 minutes com-

pared to 28.9 ± 1.5 minutes (n=26) found in mice. The total body

water content of rats was found to be 65 ± 12% of body weight which

is also in agreement with reported values (7).



Table IV-5a Salivary Antipyrine Half-Life in Rats

Rat
Day 0 Day 7

rb t 1/2 r t 1/2

(min) (min)
I

II

III

IV

-0.8191

-0.8615

-O. 8839

-0.9280

150

134

1 00

60. 9

-0. 9621

- 0. 964 7

-0.9665

-0. 96 92

89. 0

114

126

156

x ± SEM 111 ± 20 121 ± 14

aMale SD rats received 100 mg/kg i.p. antipyrine and saliva sample were taken
immediately before injection (time "0") and at 30 minute intervals up to 6 hours following
dose. Antipyrine concentrations were determined as described in text.

b
Correlation coefficient from linear regression analysis of log concentration versus

time plots.
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Discussion

The results presented here suggest that this newly developed

antipyrine assay will be a valuable tool in the use of the rodent

model for the study of hepatotoxicants. The salivary antipyrine half-

life in rats determined here (129 ± 43 minutes) agrees well with pub-

lished plasma or saliva values determined by other methods (112).

This non-invasive method of studying the rate of elimination of drugs

has now been extended to include the mouse, a much used animal

model in many research areas. The salivary antipyrine half -life in

mice was determined to be 28. 9 ± 1.5 minutes. In addition, as has

previously been shown (107), the rate of antipyrine elimination, using

the present analytical technique, is sensitive to prior exposure of

the animal to toxicants or drugs. Phenobarbital induction of hepatic

mixed function oxygenases lowered the half-life to 12.6 ± 3.8 minutes

in control mice.

Thompson and. Larson (100) observed delayed and prolonged

hepatotoxic activity following BCNU treatment, with increases in

pentobarbital sleep time as well as histological damage in rats. In

the present study a similar response to a single dose of BCNU was

observed with a decrease in the rate of antipyrine elimination, for

28 days or more in mice. Based on the present and other studies

performed in the course of this work, the latent and prolonged
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increases in antipyrine half-life produced by a single dose of BCNU

and HN2 are suspected to be caused by alterations in the hepatic

oxidas e system.

Prolonged increases in antipyrine half-life were not due to the

nutritional status of the BCNU treated mice (chapter II). We have

found that BCNU treatment initially produces signs of general malaise

and diarrhea. With this illness, food and water consumption along

with body weight was reduced in these mice. However, this process

reverses during the latter part of the first week. By day 7, these

BCNU treated mice had a healthy appearance and gained weight at the

same rate as controls. From day 7 on there was no change in total

liver mass, relative to body weight, at this dose of BCNU. In addi-

tion, hepatic microsomal protein content was found to be elevated on

days 14 and 21. Thus the in vivo effects observed here cannot be

explained by changes in either liver mass or microsomal protein

content.

The effect observed was not due to a change in absorption of

antipyrine from the peritoneal cavity. The saliva concentrations were

generally higher throughout the antipyrine test in all treated animals.

The volume of distribution calculation for antipyrine resulted in values

less than controls on days 7 and 21. Poor absorption of antipyrine

would have resulted in an increase in the apparent volume of distribu-

tion and saliva concentrations below those of controls.
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Changes in the rate of elimination of antipyrine due to BCNU

pretreatment of mice was not due to changes in the apparent volume

of distribution (aVd). The metabolic clearance rate (MCR), calcu-

lated from by the equation

MCR - 0.693 aVd
t1/2

demonstrates significant differences between control and BCNU

pretreated mice.

The increase in antipyrine half-life induced by BCNU appears

that it may have a bimodel pattern (Table IV-2B). The apparent

increase observed on day 28 is similar to that observed with pento-

barbital hypnosis studies in BCNU treated rats (100). Due to the time

frame of these experiments, however, no attempt was made to define

this secondary rise in antipyrine hall-life in BCNU treated mice in

the present study.

It is interesting that the antipyrine hall-life was the lowest on

day 21 in BCNU treated mice (Table IV-2B). It may be that while

other activities wane, the specific hepatic MFO activities required

for antipyrine metabolism return near normal on day 21. Antipyrine

is metabolized by the phase I hepatic enzymes in at least four separate

pathways resulting in 4-hydroxyantipyrine, norantipyrine, 3-hydroxy-

methyl-antipyrine, and 3-corboxy-antipyrine (20). The products are
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then conjugated and excreted in the urine and bile. The rate of anti-

pyrine elimination followed in vivo reflects the combined rates of all

four pathways. The relative contributions of each of these pathways

in this animal model remains to be determined in future studies.

Some of the unconjugated antipyrine metabolites may be avail-

able for monitoring in the plasma of BCNU treated animals. BCNU

is known to produce cholangitis and biliary duct necrosis in the

rodent. However, no metabolites were observed in any saliva

samples and no attempt was made to analyze for these in the blood.

Mice were not used as their own controls in these experiments.

Antipyrine half-life would have had to be tested a minimum of one

week in advance of BCNU treatment. Little advantage would have

been gained by this due to the increase in the time course of the

study, the age of the mice, and the change in antipyrine half-life

with age. BCNU treatment four hours after antipyrine dose altered

the day 7 half-life to 51.4 ± 9.2 minutes, instead of the 74.4 ± 15. 7

minutes shown in Table IV-2B. This difference is suggestive of

cross-interference between the effects of BCNU and antipyrine if

dosing is too close together.

It is notable that phenobarbital induction studies produced

significant differences between controls and BCNU treated mice. A

larger inductive effect in compromised animals, compared to con-

trols, has been previously reported for several MFO substrates (51,
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90). However, the effect observed here reduced the antipyrine half-

life to a value significantly below that found in induced control mice.

Such an "enhanced" inductive effect has not been previously reported.

This "enhanced" inductive effect has also been observed in previous

in vitro studies of hepatic microsomal drug metabolizing enzymes

(chapters II and DM The mechanism behind these actions of BCNU

remain somewhat obscure.

The phenobarbital induction study was performed at the time

of maximal in vitro inhibition of hepatic drug metabolism (days 17-21).

This time period was chosen for phenobarbital induction rather than

days 3-7, because of the BCNU induced illness during this early time

period.

The changes in total body water content (Figure IV-2) are some-

what confusing. However, during the first several days following

BCNU dosing, food and water consumption is decreased (chapter II).

Thus the day 7 decrease in the apparent volume of distribution appro-

priately follows a decrease in body water content. Following the

initial illness, these mice were found to drink more water per gram

body weight than controls.' Thus the increase in body water content

found on day 14 is consistent. The confusion arises at day 21. Mice

continue to drink more than controls through day 28. These treated

mice also eat and gain weight in parallel with controls during this

time period. The apparent anomaly is unexplainable in light of the
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present evidence.

An equitoxic dose of HN2 was also tested in this animal model.

The peak effect was observed to be on or before day 3 post treatment,

unlike the latent effect of BCNU. Similar effects in pentobarbital

hypnosis of HN2 treated mice have been observed, with full recovery

prior to day 21 (data not shown).
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V. SUMMARY AND CONCLUSIONS

Single graded doses of BCNU were found to produce delayed and

prolonged alterations in hepatic drug metabolism in mice. The nadir

of the depression of in vitro total ethylmorphine (EM) metabolism

occurred three weeks after BCNU treatment. Hepatic microsomal

cytochrome P-450 content was also diminished in parallel with the

depression of EM metabolism. Total [ 3H ]-benzo- [a] pyrene

r 3 H J-BP) metabolism was induced, while 7-ethoxycoumarin

0-deethylase (7-ECOD) activity remained unchanged in hepatic

microsomes isolated from mice 21 days after a 30 mg/kg dose of

BCNU. Depression of in vivo metabolism of antipyrine was apparent

with increases in salivary antipyrine half-life in mice treated with

BCNU. BCNU initiated increases in salivary antipyrine half-life

were observed by day 3 post treatment, and remained elevated

throughout the 28 day study.

At least two separate mechanisms appear to be involved in

the BCNU initiated alterations of hepatic drug metabolism. The

temporal depression of in vitro EM metabolism appeared to follow

a bimodal pattern with nadirs on day 7 and 21. The first nadir on

day 7 may be due to the health and nutritional status of the BCNU

treated mice. BCNU produces an initial period (3-5 days) of

illness, lack of appetite and significant weight losses in mice.
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Lu (64) demonstrated force-feeding BCNU treated rats during the

first week post treatment removed the depression of in vitro hepatic

drug metabolism observed on day 7 but not on day 13. The delayed

changes in hepatic mixed function oxidase activity were not due to

the nutritional status of the treated animals. Following the initial

drug induced illness and weight loss, mice began to gain weight at

a consistent rate equal to that of controls. By day 7 post treatment,

BCNU treated mice consumed more food and water per unit body

weight than controls, suggesting a compromised ability of these

mice to assimilate food. However, hepatic microsomal protein con-

tent was not depressed and in fact was elevated at the time period

(day 21 post treatment) of maximum effects of BCNU. Liver mass

of treated mice, relative to body weight, was the same as controls

on day 21 following a 30 mg/kg dose of BCNU.

The latent depression of hepatic microsomal cytochrome P-450

produced by BCNU was not due to a general inhibition of heme synthe-

sis. Neither microsomal cytochrome b
5

nor total heme content was

altered by a single dose of BCNU. Thus the results observed in

these studies suggest a selective inhibition or alteration of hepatic

microsomal. cytochrome P-450, or a selective destruction of

cytochrome P-450. However, if BCNU causes a decrease in the

microsomal half-life of cytochrome P-450 (reported to be about 40

hours normally (82)), it does not appear to be due to an induction of
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hepatic heme oxygenase.

BCNU may alter or inhibit the complex-formation of the apo-

protein and heme prosthetic group of cytochrome P-450. However,

the effects of BCNU appeared to be selective on hepatic microsomal

cytochrome P-450 isozymes. While the hepatic P1-450 system was

induced for [3H] -BP metabolism other P-450 isozymes required for

EM metabolism were probably depleted by the action of BCNU. These

effects cannot be explained by the present knowledge of the synthesis

and/or induction of cytochrome P-450 (76, 77). In addition, if the

synthesis of selective cytochrome P-450 isozymes is inhibited, then

one might not expect these enzymes to be inducible. However,

microsomal cytochrome P-450 and MFO activity for EM metabolism,

[31-1]-BP metabolism, and 7-ECOD activity, was induced by pheno-

barbital to a greater extent in BCNU pretreated mice than in controls.

Interestingly, BCNU pretreatment even provided for an "enhanced"

induction of MFO activities (EM metabolism and 7-ECOD activity)

several fold above induced controls. Such an enhanced inducibility

has not been previously reported.

The BCNU initiated depression in hepatic EM metabolism was

not due to decreases in the rate limiting enzyme component of the

MFO system (21, 26, 73). No changes in hepatic microsomal

NADPH-cytochrome P-450 (cytochrome c) reductase activity or

NADH-cytochrome b5 reductase activity were observed due to BCNU



105

pretreatment. It may be however, that the interaction between the

reductase enzyme(s) and cytochrome P-450 isozymes in the micro-

somal membrane is altered by BCNU. Changes in membrane compo-

sition and fluidity has been found to alter the rate of electron transport

of NADPH to P-450 via the NADPH-cytochrome P-450 reductase

enzume (26, 73). A structural alteration of the microsomal membrane

might enhance the NADPH-dependent reduction of specific P-450

isozymes, while inhibiting the reduction of other P-450 isozymes.

This intriguing problem remains to be studied. Electrophoretic

varification of changes in the cytochrome P-450 isozyme profile may

prove useful in this pursuit.

An alteration in the hepatic microsomal membrane structure

and/or composition was indicated by BCNU initiated changes in the

ethyl isocyanate (EIC) difference spectra. There has been some

controversy as to whether the 430 nm and the 455 nm maxima repre-

sent different cytochrome P-450 isozymes or two different physical

forms of a single molecular species of cytochrome P-450 (19, 43,

46). However, changes in these maxima are reported to suggest

differences in the hydrophobicity of the cytochrome P-450 environ-

ment (46). Changes in both the EIC-difference spectra (43, 46, 93)

and in the hepatic endoplasmic reticulum membrane structure have

been reported in animals treated with inducing agents (42, 56, 105).

Phenobarbital alters the interactions of polar and nonpolar membrane
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lipids and proteins in the internal membrane environment of the rat

hepatic microsomes (56). In addition, studies in this laboratory have

demonstrated that pretreatment of rats with BCNU activates UDP-

glucuronyl transferase activity in isolated hepatic microsomes (34).

BCNU has also been reported to dramatically increase granular

endoplasmic reticulum in rat glioma cell monolayer cultures (36).

The structurally related compound 1-methyl-l-nitrosourea has also

been reported to produce ultrastructural changes in urinary bladder

epithelial plasma membrane and cytoplasmic vesicles (38, 108).

Alterations in the structure and composition of the endoplasmic

reticulum membrane should have dramatic effects on the MFO activity,

The requirement of cytochrome P-450 to be in a hydrophobic pocket

of phospholipids, to be enzymatically active has been well documented

(97). It may be that such alterations of the endoplasmic membrane

either changes the substrate specific activity of each cytochrome

P-450 isozyme, or changes the hall-life of selective cytochrome

P-450 isozymes. The distinction here may be determined by future

studies involving electrophoretic techniques.

BCNU initiated alterations in the endoplasmic reticulum mem-

brane may also explain the observed changes in the phenobarbital

inducibility of the hepatic MFO system. Since 3-methylcholanthrene

has not been observed to alter the membrane lipid-protein interactions

(42, 56), it would be interesting to study the induction of BCNU
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pretreated mice with hydrocarbons. However, this strain of mice

appears to be "nonresponsive" (75, 77) and were not inducible with

(i-naphthoflavone. Similar experimental studies on "responsive"

strains of mice might provide further clues to the underlying mechan-

ism(s) of action of BCNU.

The mechanism(s) by which BCNU initiates latent changes in

membrane structure and/or composition can be suggested from the

present work. BCNU may cause an alteration in hepatic lipid meta-

bolism. It should be noted however, that the half-life of total hepatic

microsomal phospholipid is reported to be only 25 -40 hours (81).

Perhaps these effects are due to changes in the intracellular metabol-

ism of the hepatocyte such that the ability to assimilate food is

impaired. Increases in food consumption were observed in BCNU

treated mice, and changes in diet are known to alter hepatic MFO

activity (1, 12, 48, 78, 81). In addition, hormonal regulation of the

cytochrome P-450 mediated drug metabolizing system has been

reported (17, 57, 69). Perhaps BCNU causes changes in the hor-

monal regulation of this complex hepatic system.

Thus it appears that a single dose of BCNU initiates some

unknown effect(s) that later cause changes in the hepatic endoplasmic

reticulum membrane in mice. The resultant changes or the process

in turn causes alterations in hepatic microsomal drug metabolism.

Such alterations are substrate dependent and thus reflect selective
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changes in the cytochrome P-450 isozymes profile or substrate spe-

cificity. The mechanism(s) underlying these delayed effects, initiated

by only a single dose of BCNU, must await further studies.

Whatever the mechanism(s) underlying these delayed effects of

BCNU may be, some potentially clinically useful aspects have been

defined in this work. If a single dose of BCNU (or other antineoplastic

agent) can alter hepatic drug metabolism with a time delay of three

weeks, then the cancer patient might be compromised by the adminis-

tration of other drugs, not necessarily associated with the chemo-

therapeutic regimen. In addition, changes in the hepatic, adrenal,

renal, and/or pulmonary MFO system may also alter the normal

metabolism of endogenous substances. Such a change in homeostasis

would in all probability further compromise the cancer patient.
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