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ABSTRACT OF DISSERTATION 

Influence of Electron Carrier Systems in Microsomal 
Metabolism of Drugs 

PREVIOUS STUDIES have shown that the incidence of hepatic tumors following 
the administration of carcinogenic azo dyes, as well as the metabolism of these 
dyes in vitro and in vivo, was related to hepatic fiavin levels. These observa­
tions stimulated an investigation: (I) the mechanism of flavin stimulation of 
azoreductase, (2) the relationship between dietary flavins and induction by 
3-methylcholanthrene and phenobarbital, and (3) the influence of inhibitors on 
the cytochrome P-450 pathway of azoreductase. 

Azoreductase activity of hepatic microsome was shown to be a composite of 
several enzymatic pathways. A general scheme for the electron transport sys­
tem involved in the reduction of azo compounds was developed. 

Flavins, pbenazine methosulfate, and cresyl violet stimulated azoreductase 
activity in vitro. Flavins were more specific than pbenazine metbosulfate. The 
reduction of neoprontosil, a 4-electron acceptor, required 4 moles of reduced 
NADPH to one mole of dye, indicating that only one-electron equivalent was 
transferred at a time. A variety of compounds, including transitional metals, 
free radical scavenger agents, and complexing agents, did not affect flavin­
stimulated azoreductase. Flavins stimulated both NADH and NADPH path­
ways of microsomal azoreductase. 

Flavin stimulation depended upon the formation of a complex with the flavo­
protein enzymes by a flavin-flavin interaction. Part of the mechanism of azore­
ductase induction by 3-methylcholanthrene was due to an induced change in 
the structure of microsomal flavoprotein by exposing more flavocoenzyme-active 
centers. This was supported by the following: (1) induction by 3-methyl­
cholanthrene augmented FMN-stimulation of microsomal azoreductase in vitro; 
(2) increased enzyme activity was not compensated by an increase in micro­
somal ftavin; and (3) induction by 3-metbylcholanthrene in riboflavin-deficient 
rats required a minima] flavin level. 

In riboflavin deficiency, the carbon monoxide insensitive microsomal azore­
ductase pathway induced by 3-methylcholanthrene was decreased. The carbon 
monoxide sensitive pathway was unaffected, since ( 1) microsomal cytochrome 
P-450 levels of normal and deficient rats were the same, (2) N- and S-demeth­
ylases were similar in normal and deficient animals, and (3) phenobarbital pre­
treatment of riboflavin-deficient rats induced the oxidative and reductive en­
zymes. 

Riboflavin deficiency studies indicated that N- and S-demethylases were in­
dependent of microsomal flavin. whereas benzpyrene hydroxylase was de­
creased. 

Studies with 2,4 dichloro-6-phenoxyethylamine (DPEA) and �~�-�d�i�e�t�h�y�l�a�m�i�n�o�­

ethyl diphenylpropyl acetate (SKF 525A) demonstrated that the rate of reduc­
tion of azo dyes was altered by an interaction with cytochrome P-450, in vitro. 
Induction studies indicated that both of these compounds acted at the carbon 
monoxide sensitive site. 

Solubilized azoreductase activity was associated with NADPH cytochrome c 
reductase and was stimulated by flavins. 

Housefly enzymes were qualitatively similar to rat enzymes in reduction of 
azo and nitro compounds, stimulation by fiavins, and inhibition by carbon mon­
oxide. Both enzyme preparations contained cytochrome P-450 and NADPH 
cytochrome c reductase. 



The studies indicated the existence of at least two microsomal pathway for 
the reduction of azo compounds: (1) a flavoprotein enzyme pathway that was 
decreased in riboflavin deficiency, induced by 3-methylcholanthrene, insensitive 
to carbon monoxide and DPEA inhibition, insen itive to SKF 525A stimulation, 
and sensitive to ftavin stimulation; (2) a pathway unaffected by riboflavin de­
ficiency, induced by phenobarbital, sensitive to carbon monoxide and DPEA in­
hibition, sensitive to SKF 525A stimulation, and insensitive to flavin timu­
lation. 
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I. INTROWCTI ON 

'.Ihe reductive enzymes of hepatic microsomes constitute an 

important mechanism for the metabolism of many compounds, including azo 

drugs, aromatic nitro compounds and steroids. Studies on metabolism 

of azo compounds, in particular, can serve as a useful system in develop­

ing the mechanisms involved in the reduction of drugs by the microsomal 

electron transport system. 

Studies by Hernandez et al. (1967b) demonstrated that the azo 

drug, neoprontosil, can be reduced both enzymatically and non-enzymatic­

ally to sulfanilamide by NADH or NADPH. Enzymatically, the NADH specific 

pathway, via cytochrome b5 reductase, reduced neoprontosil at a slower 

rate than the NADPH specific pathways. The NADPH specific pathway can 

reduce azo compounds via: (1) cytochrome P-450, (2) NADPH cytochrome c 

reductase and (3) a third NADPH specific pathway which was demonstrated 

indirectly by differential induction utilizing 3-nethylchola.nthrene and 

phenobarbital. 

Pretreatment with the inducing agent, phenobarbital, increased 

the NADPH pathway involving cytochrome P-450. Increased azoreductase 

activity after phenobarbital induction corresponded directly to the in­

crease in cytochrome P-450 content. In addition, carbon monoxide, which 

blocks cytochrome P-450 inhibited phenobarbital induced microsomal azo­

reductase activity. The NADPH specific pathway which was induced by 

phenobarbital and inhibited by carbon monoxide has been termed the carbon 

monoxide-sensitive pathway of hepatic microsomal azoreductase. However, 

3-methylcholanthrene induced a NADPH specific microsomal pathway which 
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was independent of the increase in cytochrome P-450 since carbon monoxide 

failed to inhibit completely the induced azoreductase activity. Moreover, 

3-methylcholanthrene did not stimulate microsomal NADPH cytochrome c 

reductase activity. Thus, 3-methylcholanthrene induced a NADPH specific 

pathway which was carbon monoxide-insensitive (Hernandez �~� !:!·, 1967b). 

The importance of flavins in reductive pathways was demonstrated 

by Kensler (1948) who found a direct correlation between hepatic flavin 

levels and the ability of rat liver slices to reduce the carcinogenic azo 

dye, dimethylaminoazobenzene. Furthermore, the addition of various 

flavins, in vitro, stimulated the reduction of nitre compounds (Fouts and 

Brodie, 1957) and azo compounds (Fouts et al., 1957). However, inducing 

agents such as phenobarbital and 3-methylcholanthrene which increased 

microsomal azoreductase activity failed to increase microsomal flavin 

content (Ichikawa et al., 1967; Hernandez, 1967). 

The studies in this dissertation are concerned with (l) the 

mechanism of flavin stinru.lation of azoreductase, (2) the relationship 

between dietary flmrins and induction by 3MC and PB and (3) the influence 

of inhibitors on the cytochrome P-450 pathway of azoreductase. The 

components of the microsomal electron transport system will be further 

characterized and a general scheme for the reduction of drugs will be 

presented. 
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II. HISTORICAL BACKGROUND 

A. Oxidation and reduction of foreign compounds by enzymes in hepatic 
endoplasmic reticulum. 

A large number of exogenous compounds are metabolized by a 

limited number of enzymatic reactions (Gillette, 1963; Brodie et al. 

1955). These oxidation-reduction reactions show little specificity with 

respect to substrate. 

The metabolism of foreign compounds is often termed, detoxica­

tion, since many drugs are changed into chemically inactive forms. How-

ever, some drugs are metabolized to a more reactive compound so that the 

term, biotransformation may be more suitable. For example, imipramine 

is oxidatively demethylated to desmethylimipramine which is pharmacologic­

ally more active than the parent compound (Sulser et al., 1962). Further-

more, prontosil, a biologically inactive azo drug, is reduced to 

sulfanilamide, an active antibacterial agent �(�T�r�e�f�o�~�e�l� et al., 1935). 

These enzymes also metabolized several endogenous compounds, such as the 

hydroxylation of steroids (Kuntzman et al., 1964) and the -oxidation of 

fatty acids (Preiss and Bloch, 1964). 

The liver is the main organ for the detoxication of most drugs. 

However, lung, kidney and placenta can oxidize and reduce foreign sub­

strates (Gillette, 1963; Juchau �~�a�l�.�,� 1968). Intracellularly, these 

enzymes are attached to the membranes of the endoplasmic reticulum. On 

homogenization of the l'iver, these membranes are broken and form vessicles 

which can be sedimented in the ultracentrifuge as the microsomal fraction. 

Studies by Brodie et al. (1955) demonstrated that the oxidative 

reactions catalyzed by these enzymes have the unusual requirements for 
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reduced NADPH and molecular oxygen. These oxidative pathways which can 

be mechanistically considered as hydroxylations, consist of side-chain 

oxidation, N-, 0-, and S-dealkylation, N-oxide and sulfoxide formation 

(Brodie �~� .!! . , 1958). 

The observation by Kinosita (1937) that oral administration 

of dimethylaminoazobenzene (butter yellow; !MAB) produced hepatic 

carcinomas in rats stinru.lated studies on the metabolic fate of this com­

pound. Stevenson et al. (1942) demonstrated that IM.AB was reduced by 

cleavage of the azo linkage and oxidized to p-aminophenol, p-acetamidophenol 

and p-phenylenediamine. Studies by Mueller and Miller (1948, 1949, 1950) 

on the metabolism of IMAB provided basic information on the intracellular 

localization cofactor requirements and the nature of the prosthetic 

group associated with these reductive and oxidative enzymes. 

Mueller and Miller (1948) demonstrated that rat liver homogenates 

fortified with nicotinamide, magnesium ions and hexose diphosphate demethyl­

ated and hydroxylated IMA.B. Turther studies by Mueller and Miller (1949) 

showed that the enzymes necessary for dye cleavage required reduced NADP. 

The supernatant fraction supplied the enzyme, glucose-6-phosphate dehy­

drogenase which catalyzed the reaction of glucose-6-phosphate and NADP to 

form phosphogluconate and reduced NADPH. 'Ihus, a continuous supply of 

reduced NADPH was assured. Moreover, Mueller and Miller (1950) showed that 

bubbling carbon dioxide through liver homogenates diminished the ability 

of the homogenate to reduce the azo dye. The addition of FAD to the in­

activated homogenates, restored activity indicating that the enzyme required 

a flavin prosthetic group. 
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B. Hepatic Microsomal Electron Transport. 

At the present time, two electron transport systems have been 

described which are specific for reduced pyridine nucleotides (Mason 

et �~�·�,� 1965): 

( l) NA.DH - Flavoprotein- Cyt b5 
Azo drug 

(2) NADPH- Flavoprotein--.. Cyt �P�-�4�5�0 �~� CO 

Cytlc �D�e �~ �k�y�l�a�t�i�o�n�s� 
Azo compounds Hydroxylations 
Flavins Azo compounds 
Neotetrazolium Nitro compounds 

l. NADH Cytochrome b5 Reductase System: 

Cytochrome b5 was first identified as a component of the hepatic 

microsomes by Strittmatter and Ball (1952). This hemoprotein accounts for 

most of the red color of the microsomal fraction (Strittmatter, 1965). 

However, the physiologic role of cytochrome b5 remains obscure. 

The enzyme that reduces cytochrome b5 has been purified by lipase 

solubilization (Strittmatter and Velick, 1956a,b). The flavoprotein enzyme 

had a high turnover number, approximately 30,000 moles of substrate per 

mole of enzyme at 25°. The prosthetic group was FAD, and the enzyme was 

specific for NADH . Reduced cytochrome b5 can be oxidized rapidly by 

oxidized cytochrome c which accounts for microsomal NADH cytochrome c 

reductase activity. 

Although N.ADH reduced cytochrome P-450 (Omura and Sato, 1964a), 

the importance of the NADH system in the oxidation of drugs does not appear 

to be of great significance. Furthermore, purified NADH cytochrome b5 

reductase reduced neoprontosil (Hernandez, 1967), as well as ferricyanide, 

but had poor activity for 2,6-dichlorophenol indophenol and no activity 
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towards methylene blue and indigo monosulfona.te (Strittmatter and Velick, 

1956). Siekevitz (1963) stated that this pathway might have some 

importance in regulating the levels of reduced NADH in synthetic reactions. 

Since most drugs are more specific for NADPH than NADH (Brodie �e�t�~�.�,� 

1958), the NADPH pathway has been studied in greater detail. 

2. NADPH System: NADPH eytochrome c Reductase: 

NADPH cytochrome c reductase was first isolated from liver by 

Horecker (1950) as a whole liver acetone powder. Horecker (1950) demon-

strated that this was a FAD containing enzyme and was associated with the 

particulate fraction of the liver. SUbsequently, Strittmatter and Velick 

(1956) demonstrated NADPH cytochrome c reductase activity in a lipase 

solubilized microsomal fraction that precipitated between 5\f/o and 65'/J 

ammonium sulfate saturation. Williams and Ka.min ( 1962) while studying 

microsomal neotetrazolium diaphorase prepared purified NA.DPH cytochrome 

c reductase from steapsin solubilized microsomes. The purified enzyme had 

diaphorase activity. Independently, Phillips and Langdon (1962) purified 

NADPH cytochrome c reductase by trypsin digestion of microsomes. Original 

studies of Williams and Kamin (1962) reported one mole of FAD per mole of 

enzyme. Masters et al. (1965a) suggested that the purified enzyme may 

have two molecules of FAD per molecule of enzyme. 

Masters et al. (1965a,b) and Kamin et al. (1965) demonstrated 

that purified NADPH cytochrome c reductase catalyzed one-electron transfers 

such as cytochrome c and ferricyanide as well as two-electron transfers 

such as menadione and dichlophenolindophenol. Using stopped-flow spectro­

photometry, these workers demonstrated that the flavin prosthetic group 

formed a "half- reduced 11 flavin intermediate (i.e. , a form of flavin which 
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had accepted the equivalent of one hydrogen atom and was thus midway 

between fully oxidized and reduced states). However, Masters et al. 

(1965b) did not discern whether this "half-reduced" flavin could be 

distinguished from a "charge-transfer complex" or a usemiquinone". 

That NADPH cytochrome c reductase catalyzed 4-electron transfers 

(i.e., neoprontosil) was demonstrated by Kamm (1963) using lipase solubilized 

microsomes. Hernandez et al. (1967a) purified NADPH cytochrome c reductase 

and showed that the enzyme possessed azoreductase activity. However, 

Hernandez et al. (1967a) presented evidence which indicated that the 

purified enzyme was not responsible for all the azoreductase activity in 

the microsomes since steapsin solubilization destroyed some of the original 

microsomal activity. Similarly, Williams and Kamin (1962) reported that 

the neotetrazolium diaphorase activity of the purified enzyme did not ac­

count for all the diaphorase activity found in the microsomes. 

Cytochrome P-450: 

While studying the components of the hepatic electron-transport 

system Klingenberg (1958) and Garfinkel (1958) demonstrated the presence 

of an unusual pigment which in the reduced state combined with CO. This 

Pigment was later demonstrated by Omura and Sato (1963, 1964a,b) to be a 

cytochrome and was designated cytochrome P-450. Cytochrome P-450 is an 

unusual cytochrome in that its oxidized and reduced forms have almost 

identical spectra. '!he reduced cytochrome thad a CO difference spectrum 

that showed no absorption other than that at 450 mu. This cytochrome was 

found in adrenal microsome and mitochondria (Estabrook et al. 1963). 

Cytochrome P-450 was reduced about six times more rapidly by NADPH than by 

NADH (Omura and Sato, 1964.a). 
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Ryan and Engel (1957) demonstrated that the hydroxylation of 

17-0H-progesterone in the carbon 21 position by microsomes f'rom adrenal 

cortex was inhibited by CO. Furthermore, these investigators demonstrated 

that light partially reversed the inhibition by CO. In the same year, 

Conney et al. (1957) reported that the demethylation of dimethyla.minoazo­

benzene {IMAB) was inhibited by an atmosphere of CO. 

Cooper et al. (1965) demonstrated that cytochrome P-450 might 

be the terminal oxidase in microsomal oxidations. These workers showed 

that light of 450 mu reverses the inhibitory effect of CO on the metabolism 

of acetanilide, codeine and monomethyl-4-aminopyrine. Furthermore, treat­

ment of liver microsomes with steapsin or �d�e�s�o�x�y�c�h�o�l�.�a�.�~�e� changed the ab­

sorption maximum of the CO cooplex f'rom 450 mu to 420 mu (Omura and Sato, 

1964b) and inactivated the drug metabolizing enzymes (Gillette, 1963). 

Recently, Imai and Sato (1966) suggested that two forms of 

cytochrome P-450 might exist. These workers used ethylisocyanide rather 

than CO as the ligand for the reduced hemoprotein and observed two maxima 

at 430 mu which were interconvertible by a change in pH. Studies on drug 

interaction with hepatic microsomal cytochrome P-450 demonstrated that 

various substrates interacted with the microsomes to produce two types of 

spectral changes (Remmer et al., 1966; Schenkman et al., 1967 and Imai 

and Sato 1967a). Compounds such as aminopyrine, SKF 525A and PB showed 

a Ty:pe I (Schenkma.n et al., 1967) interaction with hepatic microsomes 

having an absorption minimum at 420 mu and a maximum at 385 mu. Compounds 

such as aniline, DPEA and nicotinamide produced Type II spectra having an 

absorption minimum at 395 nru and a maximum at 430 nru. furthermore, the 

addition of NADPH modified both types of spectra without altering substrate 
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affinity for the microsomes. Thus, there are several lines of evidence 

that drugs interact with microsomal cytochrome P-450. 

£ytochrome P-450 Reductase: 

The possibility that cytochrome P-450 reductase might be 

identical to NADPH cytochrome c reductase was explored by Sato et al. 

(1965) and by Gillette (1967). Sato et al. (1965) demonstrated that 

NADPH cytochrome c reductase could be solubilized from rnicrosomes by 

anaerobic incubation with O. 07'f, steapsin for 16 hours at o0 (pH 7. 5). At 

this concentration of steapsin most of the cytochrome P-450 was converted 

to cytochrome P-420. Since purified NADPH cytochrome c reductase could 

not reduce cytochrome P-420, �S�a�t�o�~� al. (1965) felt that it was unlikely 

that this enzyme was the same as cytochrome P-450 reductase. Gillette 

(1967) measured the apparent Km (NADPH) for NADPH cytochrome c reductase 

(about io-5 M) and for N-dealkylation of monomethyl-4-aminopyrine (7 x lo-5 

M); whereas, the Km (NADPH) for the reduction of cytochrome c was about 

io-6 
M. 'lhus, Gillette suggested that with these differences in apparent 

Km's cytochrome P-450 reductase was not identical with NADPH cytochrome 

c reductase. Recently, Gigon et al. (1968) measured the rate of reduction 

of cytochrome P-450 in microsomes. Drug substrates which stimulated the 

rate of reduction of cytochrome P-450 exhibited a Type I spectral inter­

action with the microsomes. Drug substrates which decreased the rate of 

cytochrome P-450 reduction gave a Type II spectrum. Furthermore, Gigon 

�~� �~�·� (1968) demonstrated that the N-dealkylation of ethylmorphine by 

l' iver microsomes was more closely related to NADPH cytochrome P-450 

reductase activity and not to the amount of cytochrome P-450, the magnitude 

Of the spectral change or the activity of NADPH cytochrome c reductase 
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(Holtzman et al., 1968). ---

3. Relationship Between Oxidative and Reductive Pathways: 

Indirect evidence suggests that these enzymes involved in the 

reduction of drugs are the same as those involved in the oxidation of 

drugs. 

That NADPH cytochrome c reductase might be involved in the 

reduction of 4-dimethylaminoazobenzene was shown by Mueller and Miller 

(1950) who found that the addition of cytochrome c inhibited the reduction 

Of the dye. Cooper and Brodie (1955) demonstrated that cytochrome c 

inhibited the oxidation of hexobarbital. In addition, Gillette et al. 

(1957) found that cytochrome c inhibited the demethylation of monomethyl-

4-aminopyrine by microsomes but did not inhibit microsomal NADPH oxidase. 

These workers suggested that the reduction of cytochrome c by NADPH 

depleted reduced pyridine nucleotides needed for demethylation. Gillette 

(1963) demonstrated that p-nitrobenzoic acid oxidized NADPH at the same 

rate aerobically and anaerobically indicating that the reduction of the 

nitre drug utilized the NADPH oxidase system similarly to the oxidative 

demethylation of aminopyrine. 

Several lines of evidence showed that cytochrome P-450 was 

involved in both the oxidation and reduction of drugs. Carbon monoxide 

which inhibited these enzymes also inhibited the oxidative demethylation 

of IMAB (Conney et al. , 1957) and the reduction of p-nitrobenzoic acid 

(Gillette, 1963). However, CO only partially inhibited the reduction of 

neoprontosil indicating that not all the activity of microsomal azoreductase 

was due to cytochrome P-450 (Hernandez et al., 1967a). Finally, solubiliza­

tion Of hepatic microsomes destroyed cytochrome P-450 (Omura and Sato, 1964a) 
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and inhibited both N-demethylation and nitroreductase activities (Kamm 

and Gillette, 1963; Gillette, 1963). 

C. Effects of Flavins on Microsomal Reductions 

Kensler et al. (1941), Antopol and Unna (1942) and Miller and 

Miller (1953) found that diets high in riboflavin decreased the incidence 

of tumors induced by the carcinogenic azo dye, dimethylaminoazobenzene 

(IMAB, butter yellow). That riboflavin was involved in the metabolism 

Of lMAB was demonstrated by Kensler (1948, 1949) who found a direct 

relationship between the hepatic flavin levels and the ability of liver 

slices to reduce IMAB in vitro. 

Mueller and Miller (1950) found that the enzymes involved in 

the reduction of LMAB contained FAD as the prosthetic group and suggested 

that flavins protected rats from IMAB carcinogenesis by increasing the 

flavoprotein enzyme. 

Studies on nitroreductase (Fouts and Brodie, 1957) and on azo­

reductase �(�F�o�u�t�s�~� al., 1957) demonstrated that the reductive pathways 

were localized in the 9,000 x g supernatant. The addition of various 

flavins, RF, FMN and FAD in vitro stimulated the metabolism of p-nitro­

benzoic acid and prontosil. Fouts et !!· (1957), suggested that flavins 

acted as a loosely bound or soluble electron carrier in their enzymatic 

system. The work of Kamm and Gillette (1963) showed that under anaerobic 

condition large amounts of reduced FAD stimulated the non-enzymatic 

reduction of p-nitrobenzoic acid. Kamm and Gillette (1963) demonstrated 

that treatment of liver microsomes with pancreatic lipase solubilized an 

enzYme which in the presence of both FAD and NADPH reduced p-nitrobenzoic 

acid. These workers suggested that the lipase-solubilized enzyme might 
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be identical to NADPH cytochrome c reductase. Nishibayashi et al. (1963) 

demonstrated the existence of an FAD containing enzyme after lipase 

solubilization of microsomes capable of stimulating NADPH oxidation in 

the presence of menadione and suggested that this enzyme might also be 

identical to NADPH cytochrome c reductase. Studies by Hernandez et al. 

(1967a) demonstrated that the purified NADPH cytochrome c reductase had 

azoreductase activity. In a preliminary study, Shargel (1967) reported 

that the addition of flavins, RF, FMN and FAD stimulated the reduction of 

neoprontosil by the microsomal and purified NADPH cytochrome c reductase 

enzyme. 

Inducing agents, such as phenobarbital and 3-methylcholanthrene, 

which increased the activity of many microsomal enzymes (Conney, 1967) did 

not increase microsomal flavin levels (Ichikawa et al., 1967; Hernandez, 

1967). Therefore, it was possible to alter microsomal enzyme activity 

without altering microsoma.l flavin content. Paradoxically, it was also 

possible to alter microsomal enzyme activity by changing microsomal flavin 

content. 

D. Effects of Inducing Agents on Microsomal Electron Transport. 

The phenomenom by which compounds stimulate the in !.!!.£ and in 

vitro metabolism of other compounds or their own metabolism has been term-

ed enzyme induction. 

The first report on the enhancement of hepatic enzyme activity was 

that of �B�r�o�w�n�~� al. (1954) who demonstrated that liver homogenates from 

mice which had received 3-methylcholanthrene (3MC) in their diets had an 

increased ability to demethylate 3-methyl-4-monomethyl aminoazobenzene 

(3-methyl-MAB). Conney et al. (1956) showed that the stimulation of 
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3-methyl MAB demethylase activity f'rom 3MC pretreated rats was (1) not 

due to the formation of an activator or inhibition of an inhibitor, (2) 

only demonstrable �a�~�e�r� animals were pretreated with inducing agent, 

(3) not observed if the drug was incubated with liver homogenates, (4) 

blocked when ethionine was administered simultaneously with the inducing 

agent, and (5) not prevented by hypophysectom;y and adrenal.ectom;y. 

Conney and Burns (1959) and Remmer (1962) demonstrated that 

phenobarbital pretreatment enhanced the metabolism of many drugs by the 

liver. Since these initial studies, many compounds unrelated chemically 

or pharmacologically, have been shown to affect the microsomal drug 

metabolizing enzymes (Remmer, 1962; Conney, 1967). 

The mechanism( s) by which these drugs induce microsomal 

metabolism of drugs is of much coocern. The evidence, although indirect, 

indicates that these inducing agents act on cellular control systems 

to bring about the synthesis of more enzyme protein (Jacob and Monod, 

1961; Gelboin, 1967). Inhibitors of protein synthesis such as purom;ycin 

or ethionine if administered simultaneously with the inducing agents, 

3MC or phenobarbital (PB) blocked induction of hepatic microsomal enzymes 

�(�C�o�n�n�e�y�~� al., 1957; 1960; Conney and Gilman, 1963). Actinom;ycin D, 

�~�h�i�c�h� blocks DNA directed RNA synthesis, also blocked 3MC and PB induction 

(Gelboin and Blackburn, 1964). 

Studies by Conney et al. (1960) demonstrated that PB increased 

IJlicrosomaJ. enzyme activity, microsomal protein per g liver size per g 

animal. On the other hand, 3MC increased liver size but did not increase 

IJlicrosoma.i protein (Conney, 1967). Gelboin and Sokoloff (1961) found that 

,3MC 8.nd PB induction increased the ability of the liver microsomes to 
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incorporate amino acids into proteins, �~� �~�·� Gelboin (1964) and Kato 

et al. (1965, 1966) further examined the ability of the microsomes from 

3MC and PB induced animals to incorporate phenylalanine-14c into protein 

using polyuridylic acid as a synthetic messenger RNA. These workers 

suggested that there a.re a greater number of active sites in the induced 

microsomes for messenger RNA to bind. Gelboin !:! al. (1967) demonstrated 

that 3MC and PB enhanced RNA synthesis by stimulating nuclear RNA poly-

merase. 

Inducing agents stimulate proliferation of the endoplasmic 

reticulum. Remmer and Merker (1965) and Fouts and Rogers (1965) found 

that PB increased proliferation of the smooth endoplasmic reticulum. 

E\lrthermore, Orrenius and Ernster (1965) found that PB increased the rate 

of inorganic phosphate incorporation into microsomal phospholipids. 

Holtzman and Gillette (1966) reported that PB increased microsomal phospho-

lipids by decreasing phospholipid catabolism. 

The pattern of enzymes induced by the carcinogenic hydrocarbons 

such as 3MC or benzypyrene differs from those induced by PB (Conney et al. , 

1960; Conney, 1967). For example, phenoba.rbi tal induced the microsomal 

metabolism of aminopyrine and phenabutazone; whereas, 3MC did not (Conney 

�~� �~� · , 1960). Increased microsomal hydroxylation and demethylation due 

to PB induction correlated with the increased NADPH cytochrome c reductase 

and NADPH oxidase activities (Orrenius et!:!· , 1965; Conney and Burns, 

i963). On the other hand, 3MC did not increase NADPH cytochrome c reductase 

(von der Decker and Hultin, 1960; Hernandez et al., 1967b) and had little 

effect on NADPH oxidase activity. 

Pretreatment of rats with either 3MC or PB increased microsomal 
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cytochrome P-450. The cytochrome P-450 induced by 3MC differed from that 

induced by PB. Sladek and Mannering (1966) used ethylisocyanide as the 

ligand for the cytochrome and plotted the heights of the 430 mu and 455 

mu peaks as a function of pH. These workers showed that microsomes from 

normal and PB pretreated rats had pH dependent curves intercepting at pH 

7.4; whereas, microsomes from 3MC pretreated rats had a pH-dependent curve 

intercepting at pH 6.9. Studies by Hernandez et al. (196?tJ demonstrated 

that azoreductase activity induced by PB was proportional to the increase 

in cytochrome P-450; whereas, 3MC induced azoreductase activity was not 

proportional to the increase in cytochrome P-450. Using CO as the ligand, 

Kuntzman et al. (1968) and Hildebrandt et al. (1968) reported that 3MC 

induced a cytochrome that absorbed at 446 mu. 

Differences in the ability of 3MC and PB to induce the metabolism 

of various drug substrates indicated that there are basic differences in 

the inducibility of the various microsomal electron transport elements. 

Indirect evidence has been presented that PB induced an NADPH specific 

electron transport pathway which differed from that induced by 3MC. 

E. Effect of Inhibitors on Microsomal Electron Transport. 

A number of compounds which have little or no observable 

pharmacologic activity of their own prolong the action of other drugs when 

a,dnlinistered simultaneously. Cook et al. (1954) demonstrated that 

p-diethylaminoethyl diphenylpropylacetate (SKF 525A) (Fig. 23) prolonged 

hexobarbital sleeping time in rats 35-fold. On awakening, the administra­

tion Of SKF 525A did not re-induce hypnosis. Therefore, Cook et al. 

(1954) suggested that SKF 525A did not potentiate sleeping time but rather 

prolonged it. Axelrod et al. { 1954) and Cooper et al. ( 1954) demonstrated 
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that SKF 525A blocked the metabolism of a number of drugs, including 

barbiturates, codeine, amphetamine and aminopyrine both �i�n�~� and 

in vitro. Cooper et !!· (1954) reported that SKF 525A did not inhibit 

glucose-6-phosphate dehydrogenase nor NADPH cytochrome c reductase. 

These workers suggested that SKF 525A acted on a component in the micro­

somes cozmnon to other drug substrates. Fouts and Brodie (1955) found 

that 2,4-dichloro-6-phenyl phenoxyetbyl diethyl amine (Lilly 18947) 

(Fig. 23) acted similarly to SKF 525A in prolonging hexobarbital sleep­

ing time and prevented the metabolism of several drugs such as amino­

pyrine and acetanilide. 

McMahon and Mills (1961) demonstrated that certain primary 

amines inhibited drug metabolizing enzymes. The compound 2,4, dichloro-

6-phenyl-phenoxyethylamine (DPF.A) (Fig. 23) (a metabolite of Lilly 

18947) was more potent than SKF 525A in prolonging hexobarbital sleeping 

time in mice. In addition, McMahon (1962) reported that DPEA. prevented 

the N-demethylation of butynamine. 

These inhibitors did not block the metabolism of all drugs 

by hepatic microsomes. For example, Takemori and Mannering (1958) 

demonstrated that SKF 525A blocked the N-demethylation of morphine and 

other narcotics but did not block the N-demethylation of 3-methyl-MAB. 

Thus, several NADPH specific pathways must be involved in microsomal 

oxidations and reductions. 

The exact mechanism(s) by which these inhibitors act has not 

been elucidated. Brodie (1962) suggested that SKF 525A inhibited a common 

component of the microsomal enzyme systems or interacted with the micro­

somal membrane to change its permeability to drugs. Netter ( 1962) 

suggested that these inhibitors might uncouple drug hydroxylation from 



-17-

NADPH oxidation. Recently, Anders and Mannering (1966) presented kinetic 

data which indicated that inhibitors, such as SKF 525A, combine at the 

active site for N-demethylase and thus serve as an alternate substrate 

for the microsomal enzymes. Spectral studies on drug microsomal inter­

actions by Schenkman et al. (1967) demonstrated that these inhibitors 

interacted with cytochrome P-450 produced spectral changes similar to 

those produced by other drug substrates. SKF 525A produced a Type I 

interaction; whereas, DPF.A produced a Type II interaction. 

F. Use of Electron Acceptors in Elucidating Electron Transport Systems: 

Dehydrogenases are a class of enzymes that catalyze the dehy­

drogenation of their substrates with a molecule other than molecular 

oxygen as the hydrogen acceptor. If hydrogen transfer from the donor 

molecule is not readily demonstrated than the term, reductase is used to 

describe the enzyme (Mahler, 1966). The use of artificial hydrogen 

acceptros such as methylene blue, 2,6 dichlorophenolindophenol (DCIP), 

ferricyanide and others have been used to determine the mechanism of 

action of various dehydrogenases and to establish the sequence of the 

components of electron transport systems. 

Debydrogenases catalyze the reduction of a variety of hydrogen 

acceptors. For example: succinic dehydrogenase reduced cytochrome c, 

methylene blue, DCIP and ferricyanide (Massey and Singer, 1957). 

However, there were definite differences in the reactivity and 

specificity of dehydrogenases for any particular acceptor. These differ­

ences usually depend upon (l) the chemical types of the enzymatic and 

non-enzymatic components of the dehydrogenase systems, (2) the magnitude 

of the redox potential of the artificial hydrogen acceptor and (3) the 

accessibility of the hydrogen acceptor for the enzyme ( Quastel, 1957). 
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NADPH cytochrome c reducta.se is capable of reducing many 

artificial hydrogen acceptors such as ferricyanide, DCIP, neotetrazolium, 

neoprontosil (Williams and Kamin, 1962; Hernandez 1967 ). Several other 

flavoprotein dehydrogenases which might be capable of reducing azo 

compounds will be considered. 

Neoprontosil is a final electron acceptor which is reduced at 

several different sites in the microsomal electron transport system 

(Hernandez �~� �~ �· �,� 1967b). This azo substrate will be studied in an effort 

to outline those enzymes involved in microsomal reductions. 
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III. MATERIALS AND MEI'HODS 

A. Chemicals. 

Most reagents and solvents were purchased from J. T. Baker 

Chemical Company including Dowex 50W-X8 and were used without further 

purification. Sodium phenobarbital was purchased from Merck and 

Company Inc.; 3-methylcholanthrene from Mann Research Laboratories Inc.; 

neotetrazolium chloride (2,2'5,5' tetraphenyl-3,3'(p-d1phenylene) 

ditetrazolium. chloride, Grade II), NADP, NADPH, glucose-6-phosphate, 

nicotina.mide, riboflavin, FMN, FAD, cytochrome c (horse heart, Type III), 

NED (N-(1-naphthyl)-ethylenediamine diHCl) were purchased from Sigma 

Chemical Company. Ultra high purity nitrogen and oxygen from Southern 

Oxygen, Division of Air Products; carbon monoxide from Matheson Company; 

crystalline bovine serum albumin from Armour Pharmaceuticals Company, 

and DFAE cellulose (Cellex D) from Bio-Rad Laboratories. Aminopyrine 

was purchased from Matheson, Coleman and Bell. Riboflavin deficient 

diet, 6-methylmercaptopurine and CPA were purchased from Nutritional 

Biochemicals Corporation. 

Phenazine methosulfate and tetramethyl phenylenediamine HCl 

were a gift from Dr. Ronald Estabrook, (Department of Biochemistry, South­

western University, Texas). Neoprontosil was generously supplied by 

Sterling Winthrop Research Institute, Rensselaer, New York. Chlorproma­

zine and SKF 525A were supplied by Smith, lG.ine and French Laboratories. 

Lilly 18947 and DPEA were supplied by Dr. R. E. McMahon (Eli Lilly and 

Company, Indianapolis, Indiana). 

B. Animals. 

'!'be livers from adult Sprague-Dawley, male rats, 150 to 300 g 
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were used as source of enzyme. 

C. Pretreatment of Animals. 

L Chow Diet Rats 

For induction studies, male Sprague-Dawley rats, 100 to 125 g 

were maintained on Purina Laboratory Rat Chow. Controls were pretreated 

with either a daily i.p. injection of corn oil (Wesson) or normal saline, 

0.5 ml/100 g body weight. 3MC was dissolved in corn oil and injected i.p., 

40 mg/kg daily for 4 days. PB was dissolved in normal saline and injected 

i.p., 90 mg/kg daily for 3 days. Riboflavin was suspended in normal 

saline and injected i.p., 10 mg/kg daily for 3 days. Combinations of 

3MC and RF or PB and RF were injected for 4 or 3 days, respectively. All 

drugs were given in the same volume as controls. 

2. Riboflavin Deficient Rats. 

Weanling, 40 to 50 g male Sprague-Dawley rats were maintained 

either on a riboflavin ceficient diet (riboflavin deficient rats) (Table 1) 

or on the same diet supplemented with 30 mg of RF per kg (normal diet rats). 

The powdered food was placed in porcelain feeder cups and the rats were 

allowed to eat and drink freely. Rats were placed in large wire mesh 

cages (4 to 6 animals per cage) to allow feces to drop on trays below. 

AniJIIB.ls and :food cups were weighed daily, {Fig. 1). 

After 18 days, ribo:flavin deficient rats showed typical signs of 

riboflavin deficiency including absence of weight gain, alopecia and scaly 

skin (Bliss and Gyorgi, 1951). These rats were then divided into four 

groups; (1) Control groups received either corn oil or saline, (2) Drug 

treated groups received either :J-1C or PB, (3) Riboflavin treated group, and 

( 4) A group which received either 3MC + RF or PB + RF. 



Riboflavin Deficient Diet 

Vitamins 

Vitamin A Concentrate 
(200,000 units per gram) 

Vitamin D Concentrate 
(400,000 units per gram) 

Al.pha Tocopherol 

Ascorbic Acid 

Inositol 

Choline Chloride 

Menadione 

P-Aminobenzoic Acid 

Niacin 

Pyridoxine Hydrochloride 

Thiamine Hydrochloride 

Ca.J..ctum Pantothenate 

Biotin 

Folic Acid 

Vita.min B-12 

Vita.min test case in 

Sucrose 

Vegetable Oil 

Salt Mixture No. 2, 
U.S.P XIII 
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TABLE 1. 

grams/100 lbs. diet 
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3.0 
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Fig. 1 . �G�~�o�-�-�r�t�h� curve of riboflavin deficient rats. 

· 20 

Weanling, rJ.O.le �r�~�t�s� (40 to 50 g) were placed on Pu.rina Laboratory 
Chow (8.6 ll\g RF/kg diet), RF deficient diet or RF deficient diet 
�S�U�p�p�l�c�~ �e �n�t�e�d� -;ri th 30 mg RF /Kg diet (Control Diet). 

�E�.�~�c�h� point represents �t�h �~� average of 3 rats, 18 rats and 40 rats 
for cho:v, control and RF deficient diets, rez;pectively. 
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The normal diet rats were divided into two groups: (1) A 

control group which received either corn oil or saline and (2) A drug 

treated group which received either 3MC or PB. 

The dosage schedules and volumes were the same as those for 

the induction of rats maintained on Purina chow. After pretreatment, the 

animals were sacrificed, approximately 21 to 22 days from start of diet. 

D. Preparation of Rat Liver Microso:mes. 

The animals were sacrificed by decapitation. Their livers 

were excised and in:unediately rinsed with ice cold isotonic KCl (in 0.01 M 

�N�a�+�/�~� phosphate buffer, pH 7.6, with io-3 M EDTA) and homogenized in 3 

or 4 volumes of the same buffer. All operations were performed at c:P to 

4° C. T'ne cell debris, nuclei, and mitochondria were removed by centri­

fuging the whole liver homogenate at 10,000 x g for 20 minutes in a 

Servall refrigerated centrifuge. 

The microsomes were isolated by centrifuging the 10,000 x g 

supernatant for 45 minutes at 198,000 x g using a number 50 rotor in a 

Spinco centrifuge Model L2 . The 198,000 x g supernatant was removed and 

used the same day or stored at -50 C. The microsomal pellet was drained; 

then resuspended in 0 .05 M Na+/Jf!" phosphate buffer, pH 7.6, with lo-3M 

EDTA for use in most enzyme assays at a concentration of microsomes 

equivalent to 200 to 250 mg of liver per ml buffer. 

E. Enzyme Assays Employed. 

1 . Azoreductase Assay: Appearance of Product: 

a.. Enzymatic Method 

Azoreductase was measured by the method of Hernandez et al. 
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(1967a), with slight modifications. 

The standard reaction mixture contained the following components 

in a final volume of 5 ml: 0.5 um.oles NADP, 100 umoles nicotinamide, 50 

umoles glucose-6-phosphate, soluble fraction (equivalent to 250 mg liver 

wet weight), 10 umoles neoprontosil, 5 umoles EDTA, O. 05 M �N�a�~�P�0�4�J�<�2�H�P�0�4� 

buffer, pH 7.6, enzyme (equivalent to microsomes from 250 mg liver). 

Where applicable FMN, O.l umoles was added to the incubation flask. 

The reactants were placed into serum bottles with screw tops 

and rubber diaphrams. While on ice, the bottles were stoppered and flush­

ed for 5 minutes with nitrogen or carbon monoxide which had been passed 

through a deoxygenizer mixture �(�0�.�5�~� sodium dithionite, 0.05% 2-anthro­

quinone sodium sulfonate in 0. l N Na0H). The bottles were incubated with 

shaking for 30 minutes at 37° while continuously flushing with the gas. 

The reaction was stopped using 15 ml of 6.671' TCA solution and centrifuged. 

A:n aliquot of the TCA supernatant was used for the assay of sulfanilamide. 

Neoprontosil was separated from sulfanilamide in the TCA super­

natant by column chromatography using Dowex 50W-X8, 200 to 400, mesh, 

cation exchange resin. The resin was prepared by first washing with 

distilled water several times by decantation to remove small particles. 

A slurry of resin in distilled water was then pipetted into a small glass 

column (1.5 x 13 cm) to obtain a final 1.0 x 2.0 cm resin bed. The resin 

was then washed with distilled water. An aliquot of the TCA supernatant was 

placed on the resin bed and allowed to flow through. !lhe column was wash­

ed with distilled water until no red neoprontosil was discerna.ble in the 

resin. Sulfanilamide was eluted from the resin by 20 ml of 3N HCl. An 

aliquot ( usua..lly 5 ml) was used for the determination of sulfanila.mide. 

Sulfanilamide was determined by a modification of the Bratton 
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and Marshall (1937) method. To 5 ml aliquot of the 3N HCl eluate contain-

ing sulfanilamide was added, 3.5 ml 2M JSP04 to give a pH 1 to 2. One ml 

of �0�.�1�~� NaN02 solution was added and mixed. After 5 minutes, 1 ml of �0�.�5�~� 

ammonium sulf'amate was added and mixed well to remove excess nitrogen. 

Five minutes later, 1.0 ml of 0.1% NED (N-(1-na.phthyl) ethylene dia.mine 

HCl) was added and mixed. The absorbance of the red color was read in 

the Bausch and Lomb spectromic 20 colorimeter at 545 mu against suitable 

sulfanilamide standards (l ug to 4 ug/ml) prepared in 3N HCl. 

The recovery of sulfanilamide from the incubation flask was �9�6�~� 

to 100%. 

b. Liver Slice Method 

Fed, adult, male, 250 g to 300 g, Sprague-Dawley rats were 

sacrificed by decapitation. Livers were quickly excised and rinsed in 

ice cold Krebs-Ringer-Phosphate Buffer, pH 7.4 (Umbreit et al., 1964). 

All operations were performed at o0 to 4° C. The livers were blotted on 

filter paper and sectioned into small even cubes. These sectioned pieces 

Of liver were placed on wetted filter paper and sliced using an H. Mickle 

tissue slicer with a setting of 312 mm. The slices were then quickly 

Placed into a beaker of Krebs-Ringer-Phosphate Buffer, pH 7 .4. Individual 

slices were placed into incubation flasks, containing 2.0 ml Krebs-Ringer 

Phosphate Buffer, pH 7 .4. 

Liver Slice Azoreductase 

Neoprontosil reduction in liver slices was measured by the 

following method: Rat liver slices corresponding to 30 to 50 mg protein 

�~�e�r�e� placed into incubation flasks containing 2.0 ml Krebs-Ringer-Phosphate 



-26-

Buffer, pH 7 .4. Riboflavin, 1.0 umole a:nd/or inhibitor (1.0 umole) was 

dissolved in 0.5 ml double distilled water and added to the incubation 

flask. The inhibitor was preincubated with the liver slices on ice for 

15 minutes. Neoprontosil, 10 umoles was then added in 0.5 ml double 

distilled water. The final volume of the incubation mixture was 3.0 ml. 

The flasks were placed on ice, stoppered, and gassed for 5 minutes with 

either o2 or N2 prior to incubation. The bottles were incubated for 60 

minutes at 37° C with shaking. The reaction was terminated by the addition 

of 5.0 ml �l�~� TCA solution. Sulfanilamide was determined from a 5.0 ml 

aliquot of the TCA supernatant as previously described. 

Liver Slice Protein 

Total liver slice protein was measured by the extraction method 

of Siekevitz (1952). The slices were rel!X)Ved from the incubation flasks 

and homogenized in 5'f, TCA using a glass mortar and Teflon pestle. The TCA 

precipitate was washed twice in 4'f, TCA solution. The precipitate was 

then heated in �4�~� TCA solution at 90° for 30 minutes. The TCA supernatant 

was removed by centri:fugat ion and the precipitate was washed in warm ( 70°) 

�9�5�~� ethanol. The precipitate was then extracted twice with 2:2:1:: Ethanol: 

Ether: Chloroform mixture, followed by a single washing with anhydrous 

ether. The final protein material was resuspended in anhydrous ether, air 

dried, a:nd weighed. The weights of the liver slices ranged from 30 to 50 

mg of dried purified protein. 

2. Azoreductase: Disappearance of Substrate 

Azoreductase was measured by a spectrophotometric method which 

followed the disappearance of neoprontosil. 

The following were placed into the cuvette compartment of a glass 
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Thunberg tube: 0.5 ml of rat liver soluble fraction (equivalent to 125 

mg wet weight), 1.5 ml 0.05 M �N�a�l�J�2�P�0 �4 �-�~�H�P�0�4� buffer, pH 7.6, (10-3 M 

EDTA) containing either 0.25 u.moles NADP, 25 umoles glucose-6-phosphate 

and 50 umoles nicotinamide or in an equivalent voluem 1.0 umole reduced 

NADPH and 50 umoles nicotinamide. The side-arm compartment of the 

Thunberg tube contained 0.5 ml of 0.2 nt-1 neoprontosil solution. The 

Thunberg tube was then alternately evacuated and flushed with oxygen 

free nitrogen for 5 minutes. The cuvette compartment of the tube was then 

preincubated for 10 minutes at 37°. The neoprontosil was added from the 

side-arm and the entire contents of the tube was mixed. The reference 

tube contained all the canponents except neoprontosil. 

Azoreductase activity was followed as the decrease in absorb-

ancy at 500 mu by means of a Beckman DB double beam spectrophotometer 

attached to a Sargent Recorder Model SRL. The cuvette compartment was 

maintained at 37° by a circulating water bath. 

The disappearance of color was linear until an absorba:nce of 

zero was reached. The spectrum for neoprontosil is shown in Fig. 2. 

The extinction coefficient for neoprontosil at 500 mu and pH 7.6 was 

obtained as 25.5 mM-1cm-1• Recovery of sulfanilamide at the end of the 

reaction was 72 to �7�5�~� of the theoretical value obtained by dividing the 

absorbance at zero time by the t:10lar extinction coefficient. 

3. Neotetrazolium Diaphorase 

Neotetrazolium diaphorase was measured by a modification of the 

method described by Williams and Kamin (1962). The reaction mixture in a 
+ 

total volume of 0.8 ml contained 0.3 umoles NADP, 1.2 umoles nicotinamide, 

1.5 umoles glucose-6-phosphate, 0.15 umoles neotetrazolium, 1.0 umoles EDTA, 
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Fig. 2 . Spectrum of ncoprontosil. 
Difference spectrum of a 0 . 01 1 neoprontosil solution in 0.05 M 

�N�a�~�P�0�4�-�K �2 �H�P�o �4 �,� :pH 7.6 (10-3 M EDTA) versus a reference cuvettc 
�c�o �n�~�a�i�n�i�n�g� the same buffer. �~�h�e� extinction coefficient at 500 mu is 
25. 5 r.A-lcm-1. 
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rat liver soluble fraction (equivalent to 50 mg wet weight) or 1.8 units 

glucose-6-phosphate dehydrogenase. The mixture was preincubated for 5 

minutes at 37° to permit complete reduction of NADF. The incubation 

vessels were then placed on ice and enzyme (microsomes equivalent to 5 

mg liver) was added in 0.2 ml to make a final incubation volume of 1.0 

ml. 

The flasks were flushed with oxygen-free N2 for 5 minutes, 

then incubated under a N2 atmosphere or in air at 37° for 10 minutes. 

The reaction was stopped by the addition of 3.0 ml of the 

following mixture: 40 ml distilled water, 3.6 ml 10% Triton XlOO, 5.0 

ml �4�~� formalin, 10. O ml 1 M formate buff er, pH 3. 5 . The absorbs.nee at 

500 mu was read in the Bausch and Lomb spectronic 20 colorimeter against 

zero time incubation blanks. The 8.JIDUllt of formazan formed by the 

reduction of the tetrazolium salt was determined using the extinction 

coefficient, 14 mM-1cm-1 (Lester and Smith, 1961). 

4. NADPH Cytochrome c Reductase 

NADPH cytochrome c reductase was measured by a. procedure similar 

to that of Phillips and Langdon (1962). A mixture in a volume of 2 .o ml 

0.05 M �N�~�P�0�4�-�~�H�P�0 �4� buffer, pH 7.6, (10-3 M EDTA) contained 126 nm.moles 

NADPH, 3 umoles KCN, 3 umoles EDTA, 30 umoles nicotinamide and was pre­

incubated at 25° for 8 minutes. 

A 0.5 ml solution containing 150 mumoles cytochrome c was added 

and the total. mixture was incubated for an additional 2 minutes. Enzyme 

(microsomes equivalent to 15 mg liver wet weight) in 0.5 ml 0.05 M Na1£.?P04-

�~�H�P�0�4� buff er, pH 7. 6, was added to the mixture to initiate the reaction. 

Control cuvettes contained all the components except NADPH. 
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The activity was followed as the change in absorbancy at 550 

mu in 1 cm light path cuvettes by means of a Beckman DB double beam 

spectrometer attached to a Sargent Recorder, Model SRL. The cuvette 

compartment temperature was maintained at 25° by a circulating water 

bath. Cytochrome c was measured for 3 or 4 minutes while the reaction 

rate was linear. The amount of reduced cytochrome c was determined using 

the extinction coefficient 19.1 mM-1cm-1, (Umbreit �~�a�l�.�,� 1964). 

5. N- and S- Demethylases 

N-demethylation of aminopyrine (LaDu, B.N. et al., 1955) and 

S-demetbylation (Mazel et al. , 1964) of metbylthiopurine was measured 

by determining the amount of formaldehyde formed at the end of the 

reaction. 

�~�e� standard reaction mixture contained in a total volume of 
+ 

6.o ml: 1.0 umole NADP, 6.0 um.oles glucose-6-phosphate, 50 um.oles nico-

tinamide, 45 umoles semicarba.zide HCl, 25 um.oles magnesium chloride, 3 

ml 0. 5 M Na+ Ji<!" phosphate buffer, pH 7. 4, soluble fraction from rat 

liver (equivalent to 250 mg wet weight) and enzyme (microsomes equivalent 

to 250 mg wet weight). For N-demethylation, l.O mg of aminopyrine was 

used as the substrate. For S-demethyl.ation, 4.o mg methylthiopurine was 

dissolved in 1.0 ml acetone, pl.aced into the incubation flask and allow-

ed to evaporate completely at room temperature. The reaction fl.asks were 

incubated in air with shaking at 37° for 30 minutes for which time the 

reaction was linear (Ma.zel et al., 1964). 

Glucose-6-phosphate was used to generate NADPH2 in conjunction 

With the glucose-6-phosphate dehydrogenase present in the soluble fraction. 

Nicotinamide was used to inhibit NAD-ase. Semicarbazide was used to trap 
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the reaction was stopped by the addition of 2 ml 20% zinc sulfate 

solution followed by 2 ml saturated barium hydroxide solution as 

described by Cochin and Axelrod (1959). 

Formaldehyde was determined on an aliquot of the protein free 

extract from the incubation mixture by the method of Nash (1953) as 

modified by Cochin and Axelrod ( 1959). All values were corrected for 

a Small tissue blank. 

The colorimetric procedure is based on the Hantsch reaction 

Which requires a �~�- �d�i�k�e�t�o�n�e� (acetylacetone), an aldehyde (formaldehyde) 

and an amine (NH3 from aJmnonium acetate). The product formed is 3,5-

diacetyl-1-4-dihydrolutidine which can be determined by its absorption 

at 415 I!DJ. in the Bausch and wmb spectronic 20 colorimeter. An 

appropriate standard formaldehyde curve (2 to 20 ug) was prepared. 

6. Benzpyrene Izydroxylase Assay 

Microsomal benzpyrene hydroxylase activity was kindly perform­

ed in the laboratory of Dr . H. V. Gelboin (National Cancer Institute, 

NIH, Bethesda, Maryland). The method is a sensitive fluorimetric pro-

cedure for the detection of the 8-hydroxy and 10-hydroxy metabolites 

of 3, 4 benzpyrene. 

The incubation system in a final volume of 1 .0 ml contained 

0.25 ml. of 0 .2 M Tris buffer, pH 7 .5, 0.5 mg NADPH, 0.03 ml of 0.1 M 

Mge12, 0.2 ml of microsomal suspension, o.48 ml water and O.o4 ml of a 

benzpyrene solution containing 500 ug/ml. Incubations were performed 

aerobically at 37° for 30 minutes. The reaction was stopped by the 

addition of 1.0 ml acetone. Then, 3.25 ml of hexane was added and mixed 

for 10 minutes. An aliquot of the hexane phase (1.0 ml) was added to 
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3.0 ml of 1.0 N NaOH. The fluorescence of the NaOH phase was read in 

the s:pectropbotofluorimeter using an activation wave length of 400 mu 

and a fluorescent wave length of 522 mu. 

7. Ni troreductase Assay 

Nitroreductase activity was assayed using a similar incubation 

system as that for azoreductase activity. The product, p-aminobenzoic 

acid (PABA) formed by the reduction of p-nitrobenzoic acid was measured 

by coupling the aryl amine with N-(1-naphthyl)-etbylene diamine diHCl 

(NED) according to the procedure of Bratton and Marshall (1937). 

The standard reaction mixture contained in a final volume of 

5.o ml: 0.5 umoles NADP, 100 umoles nicotinamide, 50 umoles glucose-6-

Phosphate, soluble fraction {equivalent to 250 mg liver wet weight), 

6.o umoles p-nitrobenzoic acid, 5 umoles EDTA, enzyme (microsomes 

equivalent to 250 mg liver) and 0.05 M �N�a�~�P�0�4�-�!�<�2�H�P�0�4� buffer, pH 7.6, 

(10-3 M EDTA) where applicable, FMN, 0.1 umoles was added to the reaction 

lllixture. 

The reactants were placed into serum bottles with screw tops 

8.nd rubber diaphrams. While on ice, the bottles were stoppered and 

flushed for 5 minutes with nitrogen or carbon monoxide which had been 

Passed through a deoxygenizer mixture (0.5i sodium dithionite, �0�.�0�5�~� 

2-a.nthroquinone sodium sulfonate in 0.1 N NaOH). '!he bottles were 

incubated for 30 minutes at 37° with continuous flushing of the gas. 

'l'he reaction was stopped with 5.0 ml of lCY/o TCA solution. An aliquot 

( 5 · 0 ml) of the TCA supernatant was used for the assay of PABA by the 

lllethod of Bratton and Marshall (1937). 

A 5.0 ml aliquot of the TCA supernatant containing PABA was 
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mixed with 1. O ml of 0 .1% Na.N02 solution. After a 5 minute wait, 1 . 0 

ml of 0.5i ammonium suJ.fonate solution was added and mixed well. Five 

minutes later, LO ml of 0.1% NED was added and mixed. The absorbance 

of the red color is read on the Bausch and Lomb spectronic 20 colori­

meter at 540 mu against suitable PABA standards prepared in 51' TCA (1 

to 4 ug). 

F. Determination of Protein 

Protein was measured colorimetrical.ly by the method of U:>wry et 

al. (1951) as modified by Miller (1959). 

The colored complex formed is thought to be due to a complex 

between the alkaline copper phenol reagent and the tyrosine and trypto­

Phan residues of the protein. This complex color is linear with protein 

concentration only in the range of 50 to 200 ug/ml. Crystalline bovine 

serum aJ.bumin was used as the protein standard. 

G. Determination of eytochrome P-450 

Cytochrome P-450 was measured by a modification of the method 

Used by Omura and Sato (1964). Microsomes were suspended in 0.05 M 

Na+/K+ phosphate buffer, pH 7.6, (10-3 M EDTA) to a concentration equiva­

lent to 25 mg wet weight liver per ml. Two ml of this suspension was 

Placed into each of two matching cuvettes, sample and reference, respect­

hely, fitted with teflon stoppers. A baseline was obtained using a 

Carey Model 15 recording spectrometer by scanning from 500 to 410 mu. 

Carbon monoxide was gently bubbled through the sample cuvette for 30 

seconds followed by the addition of a few milligrams of powdered sodium 
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dithionite. The sample cuvette was then gassed for another 30 seconds 

and stoppered with a teflon stopper. The reference cuvette contained 

a few milligrams of sodium dithionite only. The spectrum from 500 to 

410 mu was then recorded (about 2 or 3 minutes after gassing). All 

procedures were performed at room temperature. The a.nount of cytochrome 

P-450 was calculated from the optical density difference (500-450 mu) 

and the molar extinction coefficient of 91 mM-1cm-l (Ocrura and Sato, 

1963). 

H. Determination of Total Flavins and FAD 

The determination of flavins was performed by a modification 

of a procedure (Burch, 1957; Udenfriend, 1962) which differentiates 

between FAD-flavin and total tissue flavin content. 

The molar fluorescence intensities of fl.1N' and riboflavin are 

identical and vary similarly as a function of pH. FAD is 15% as fluo­

rescent as free flavin at pH 6.8. The conversion of FAD to FMN by 

hydrolysis in TCA at 38° overnight causes a large increase in fluorescence. 

The structures of FAD, FMN and riboflavin are shown on Fig. 3. 

All glassware used in the fluorescent assay was cleaned 

thoroughly, rinsed in glass doubled-distilled water and stored in glass 

containers. All procedures were carried out in the cold (0 to 4°) in a 

dimly-lighted room shielded from direct light . 

A 0. 5 ml aliquot of tissue (approximately 100 mg) was 

transferred to a tube containing 5 ml of 11% TCA and mixed. After 15 

lltinutes, the tube was centrifuged in a Servall refrigerated centrifuge 

to sediment the precipitated protein. A 0 .5 ml aliquot (A1) of the 
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clear TCA supern8.tant was transferred to a tube containing 2.0 ml of 

0.2 M 1SHPo4, mixed and stored in ice overnight in the dark. The 

final pH was 6.8. A .second 0.5 ml aliq_uot �(�~�)� of the TCA supernatant 

wa.S transferred to a tube and incubated at 38° overnight in the dark 

to allow for cor:iplete hydrolysis of FAD . Prior to reading the fluo-

resccnce, 2.0 ml of 0.2 1-i �~�H�P�o �4� was added and mixed. All the tubes 

were kept in the dark up to the time of measurement. 

Fluorescence was measured with the excitation maximum of 

450 mu and the fluorescence li'.a.""<inru.n at 535 mu on an Aminco-Bowman 

s:pectrophotofluorimeter. Following fluorescent measurement, the flavins 

were reduced by the addition of 10 ul of 10% �s�o�d�i�u�.�~� dithionite in 5% 
NaHco3. The residucl non- fle.vin fluorescence which was normally fairly 

low was substractec1 from the original fluorescent readi!lg. FAD concen­

tration was calculated f'rom: 
FAD 

0.85 

·which yields the FAD content in terns of riboflavin. Total flavin 

content is equive.lent to �~�·� Non-FAD flavin (mostly FNN) is eq_uivalent 

to ArFAD • .. 
Standards were pre:pared by using 0.5 ml aliquots of riboflavin 

solution for the initial tissues homogenates. Tne range of sensitivity 

�~ �a�s� 0.03 to 2.0 ug of riboflavin. The blank contained 0.5 ml of glass 

dol1ble-distilled water and was treated similarly. 

l. Solubilizc..tion and Purification of Jl!\.DPH Cytochrone c Reductase 

Hicrosotl?.J. WillPH cytochro:ne c rec1.i.. C't?se enzyme was solubilized 

and Ptl!'i:'icd. o.ccorclin.; to tl:e �~�2�t�"�t�c�d�.� of Herno.nclcz e:: al. �(�1 �9�6�7�~�) �.� 
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During the entire procedure 1.0 mM EDTA was included. All 

steps were performed at 0 to 4°. Hepatic microsomes were prepared as 

previously described and suspended to a concentration equivalent to 

0.5 g liver per ml of 0.1 M �N�a�~�P�0�4�-�~�H�P�0 �4� buffer, pH 7 .6, (10-3 M 

EDTA). To this microsomal suspension crude pancreatic lipase (Steapsin) 

�~�s� added to make a final concentration of o.07i. Nitrogen was bubbled 

through the mixture for 2 minutes. The flask was immediately stoppered 

and the contents allowed to digest at 00 for 13 to 14 hours. The 

digested microsomal suspension was centrifuged at 198,000 x g for 45 

minutes in a Spinco Ultracentri:f'uge. 

The supernatant which contained the solubilized enzyme was 

made 4(1f, saturated with respect to ammonium. sulfate. The pH of the 

solution wa.s maintained at 7. 6 by the ad.di tion of KOH to prevent any 

flavin losses (Masters �~� al., 1965a). 'lhe ammonium sulfate 

Precipitated protein was separated by centrifugation at 37,000 x g for 

20 minutes in a Servall refrigerated centri:f'uge. The supernatant was 

saved and made 8ai saturated with respect to ammonium. sulfate. The 

Precipitated protein was again separated by centrifugation at 37,000 x 

g for 20 minutes. The pellet was saved and the slightly yellow super-

natant was discarded. This yellow-protein fraction which precipitated 

between �4�~� and 8CJI, ammonium sulfate saturation contained NADPH cyto-

chrome c reductase, neotetrazolium diaphorase and azoreductase activities. 

The precipitated protein was dissolved in a few ml of 0.01 M 

�N�~�P�o �4 �-�~�H�P�0�4� buffer, pH 7.6, (10-3 M EDTA) and dialyzed against 200 

to 300 volumes of the same buffer until sulfate ion could no longer be 

detected by the addition of a few drops of a �l�~� Ba.C12 solution. 
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For further purification, the dialyzed enzyme (40% to �8�~� 

ammonium sulfate-precipitated fraction) was chromatographed on a DEA.E 

cellulose column. The column was prepared according to Peterson and 

Sober (1962). DEA.E cellulose (exchange cape.city, 0.96 meq/g) which 

had been equilibrated with 0.001 M �N�~�P�0�4�-�J�<�2�H�P�0 �4� buffer, pH 7 .6, 

(10-3 M EDTA) was packed under slight nitrogen pressure to make a 

column 2.5 cm x 35 cm. The dialyzed enzyme (approximately 1.0 g protein) 

was added to the column followed by a.n additional 10.0 ml of the start-

ing 0.001 M buffer to ensure that all the protein was below the surface 

of the absorbing bed. The purified enzyme was eluted stepwise at an 

elution of 1.5 ml/min. Initial studies indicated that the enzyme would 

not be eluted until a buffer of 0.5 M phosphate, pH 7.6, (10-3 M EDTA) 

was used. Therefore, the column containing the enzyme was washed first 

with 150 ml of 0.15 M Na+/K+ phosphate buffer, pH 7.6, (10-3 M EDTA) 

and then with a second 15 O ml of 0. 3 M Na+ /r;+" phosphate buffer, pH 7. 6, 

(lo-3 M EDTA). No NADPH cytochrome c reductase activity could be found 

in the elutes of the first two buffers. To elute the enzyme, 0.5 M Na+/K+ 

phosphate buffer, pH 7.6 (10-3 M EDTA) was added to the column. Aliquots 

of the eluate (10 to 15 ml) were assayed for NADPH cytochrome c reductase 

activity. Those aliquots having NADPH cytochrome c reductase activity 

were pooled and ma.de to Bai saturation with respect to ammonium sulfate. 

'lhe precipitated protein was centrif'uged at 37,000 x g for 20 minutes in 

the Servall refrigerated centrif'uge and stored at -40°. 

J. Purification of NADPH eytocbrome c Reductase Enzyme (Master's) 

Purified and partially purified NADPH cytochrome c reductase 



-38-

was kindly donated by Dr. B. S. S. Masters (Department of Biochemistry, 

Duke University, N.C. ). The enzyme was purified by the method of 

Masters et al., (1967) with some modifications (Masters, pers. comm.). 

liydroxylapatite and DFAE cellulose columns were omitted after the 

ammonium sulfate fractionations and substituted by two cycles through 

Sephadex G-150, superfine, using 0.05 M potassium phosphate buffer, 

pH 7.7, (lo-4 M EDTA) as the eluting buffer. The enzyme can be concen­

trated using the Amicon ultrafiltration system with gel membranes. A 

recovery of 90 to �l�~� of the enzyme activity can be obtained from these 

concentration cells. 

K. Solubilization of a Microsomal Electron Transport Particle 

A "soluble" enzyme system from liver microsomes which contain-

ed cytochrome P-450 was obtained utilizing the method of Lu and Coon 

(1968). Fresh livers from adult male Sprague-Dawley rats were homogenized 

in 4 voluems of 0.25 M sucrose at 4° using a glass mortar and teflon 

pestle. All subsequent steps were performed at 0 to 4°. The homogenate 

was centrifuged at 10,000 x g for 15 minutes in a Servall refrigerated 

centrifuge. Microsomes were prepared from the 10,000 x g supernatant 

by centrifugation at 198,000 x g for 45 minutes in the Spinco Ultra­

centrifuge (Model L2) using a number 50 rotor. The microsomal pellet 

was drained and rinsed with a few ml of 0. 25 M sucrose. An aliquot of 

the microsomes {equivalent to 1.05 g of protein) was suspended in 35 ml 

of 0.25 M sucrose. This suspension was then stirred for 20 minutes at 

4° with 24 ml of glycerol, 8 ml of 1.0 M potassium citrate buffer, pH 

7.6, 8 ml of 1.0 M KCl, o.8 ml of O.l M dithiothreitol (Cleland's 
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Reagent) and 4.1 mJ. of l<Yf, sodium deoxycholate. The material was then 

sedimented by centrif\l.gation at 198,000 x g in the Spinco Ultracentrifuge 

(Model 12) using a number 50 rotor. 'Ibis preparation was opitcally clear 

and contained cytochrome P-450. 

L. Preparation of Insect Microsomes 

Abdomens of 6-day old female houseflies*, Musca domesticus 

which had been fed on milk, containing �l�~� sugar, were used as the source 

of microsomal material. The housefly abdomens were homogenized in the 

ratio of 10 flies per 1.0 mJ. of ice cold isotonic KCl (in 0.01 M Na+/"JC" 

buffer, pH 7.6, with l0-3 M EDTA) using a glass mortar and teflon pestle. 

The insect homogenate was then centrifuged at 10,000 x g in a Servall 

refrigerated centrifuge. The 10,000 x g supernatant was filtered through 

gauze and centrifuged at 198,000 x g for 45 minutes in the Spinco 

Ultracentrifuge (Model L2) using a number 50 rotor. 'Ibe microsomal 

pellet was resuspended in a volume of 0.05 M �N�a�~�H�P�0�4�-�~�-�H�P�0�4� buffer, 

pH 7.6, (10-3 M EDTA) to make a final concentration corresponding to 

30 to 35 flies per ml. This suspension was then used for azoreductase, 

nitroreductase and NADPH cytochrome c reductase activities. 

* Houseflies were generously supplied by the Entomology Research 
Division, U.S.D.A., Beltsville, Md. Sexing of flies and removal. 
of abdomens were kindly performed by Dr. Shoshana Akov, Postdoctoral 
Associate on leave from the Israel Institute for Biological. Research, 
Ness-Ziona, Israel. 



"N. RE.SULTS 

PART ONE - SWDIES ON THE CONDITIONS AND SPECIFICITY OF FIAVIN 
STIMUIATION OF AZOREDUCTASE IN VITRO 

A. Conditions for Flavin Stimulation of Microsomal and Purified EnzJ'.llle 

Azoreductase was measured anaerobically by following the 

formation of sulfanilamide from neoprontosil according to the procedure 

described in MATERIALS AND METHODS. Cofactors were added in optimum 

non-rate limiting concentrations as previously determined by Hernandez 

et al. (1967a). Flavins, FAD, FMN or RF, were added to the incubation 

flasks in appropriate concentrations at the beginning of the incubation. 

l. Differential Effect of FAD, FMN and RF 

The normal prosthetic group of NADPH cytochrome c reductase 

is FAD (Williams and Kamin, 1962; Phillips and Langdon, 1962). However, 

Fouts et al. (1957) reported that azoreductase in the 9,000 x g rabbit 

liver supernatant was stimulated by all three flavins, FAD, FMN and RF. 

The differential effect of various flavins on the activity of microsomal, 

partially purified and purified enzyme was investigated. 

In Table 2 the effect of FAD, :FMN and RF (2 x io-5 M) on micro-

somal and purified azoreductase is presented. Non-enzymatic reduction 

of neoprontosil was unaffected by this flavin concentration. The 

stimulatory effect of FAD, FMN and RF on microsomal azoreductase was 

similar. On the other hand, the partially purified and purified enzyme 

showed a difference in sensitivity to these flavins. The order of flavin 

stinru.lation on the purified enzyme was RF> FMN / FAD . 

-40-
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Fig. 3. Structures of FAD, Fl-1N and riboflavin. 
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TABLE 2. 

Effect of Flavins on the Reduction of Neoprontosil by Microsomal and 
Purified Enzymes 

Sulfanilamide Formed (µmoles/mg protein/30 minutes) 

Microsomal Partiallyb Purifiedc 
Enzyme '/, Diff . Purified 'fo Diff. Enzyme 'f, Diff. 

Enzyme 

CONTROL .303 .526 2.48 

FAJJa .379 + 25 .594 + 13 3.80 + 53 

FMN .383 + 26 .719 + 36 4.26 + 71 

Riboflavin .390 + 29 .825 + 56 6.03 + 143 

a. Flavin concentration, 2 x 10-5 M. 
b . Partially purified enzyme, protein that precipitates between 40% and 

BO'fo ammonium sulfate saturation. 
c. Purified enzyme, enzyme purified by chromatography on DEAE cellulose 

column. 
Azoreductase activity was measured anaerobically at 37° using 10 
umoles of neoprontosil as the substrate as described in MATERIALS 
AND METHODS. 
The results represent one of several experiments and the values are 
corrected for non-enzymatic azoreductase activity. 
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2. Effect of Flavin Concentration 

The effect of varying concentrations of FMN on microsomal and 

purified azoreductase activity is shown in Figs. 4 and 5. The non-

enzymatic reduction of neoprontosil was stimulated by concentrations of 

FMN greater than 2 x 10-5 M. At 2 x 10-5 M FMN, the non-enzymatic azo-

reductase activity was unaffected; whereas, the enzymatic activity was 

stimulated (Fig. 4). This concentration (2 x io-5 M) was used in later 

experiments. 

When microsomes were incubated with ThiN at concentrations of 

io-3 Mor greater, total azoreductase activity was greatly increased. The 

amount of substrate (neoprontosil) then became rate limiting. With a 

flavin concentration of 2 x 10-2 M, the high non-enzymatic azoreductase 

activity was subtracted from the toral azoreductase activity, so that 

the value for the enzymatic azoreductase activity appeared to be lower 

than the true value for fla.vin stimulation (Fig. 4). 

Azoreductase activity of partially purified enzyme (i.e., 

Protein fraction that precipitates between �4�0�~� to BCJI, armnonium sulfate 

saturation) was stimulated by FMN at concentrations of 2 x io-5 M and 

greater. Stimulation was linear up to a concentration of 2 x 10-3 M 

lil-1N (Fig. 5). 

3. Preparation of Liver Microsomes 

Azoreductase activity of microsomes prepared from pooled 

a.liquots of livers homogenized in various media showed differences in 

enzyme activity (Table 3). '!be addition of FMN, 2 x 10-5 M stimulated 

azoreductase activity in all preparations. 

Microsomes from livers homogenized in 0.25 M sucrose exhibited 
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____ ._.._.o.. ---i0--------------------- . 
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Fig. 5 • Influence of FMN on the reduction of neoprontosil by the 

partially purified �e�n�z�y�m�~�.� 

All com. oncnts w-.re �p�r�~�i� �n�c�-�~�b�c�.�t�c�d� on ice anaerobically for 5 minute.,. 
'Ihc ccr.;plctc system �c�o�n�t�~�i�n� �e�n�~�y�m�~� (0.93 mg prot;in from fraction that 
�p�r�e�c�L�:�>�H�a�~�.�.�:�.�:�:� b-...t r<::'.!n 4o:i <>.r:d 8cj; 2r..:-:oniur" su �r�a�t�~� G:::t.turo.ti.on) :ir.:1 �s�o�l�u�b�l�~� 
fraction (equivalent to 250 �~�~�l�i�v�e�r�)� was �i�n�c�u�b�a�t�~�d� in a nitrogen 
atmosphere at 37° for 30 minutes es described in MATERIALS AND �~�I�B�T�H�O�D�S�.� 
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low azoreductase activity and was least sensitive to stimulation by FMN. 

Microsomes prepared from livers homogenized in O.l M Na+/K+ phosphate 

buffer with lo-3M EDTA, pH 7.6, had the highest azoreductase activity 

and was stimulated to the greatest extent by FMN. 

The homogenizing media adopted for the preparation of hepatic 

microsomes was 0.01 M Na+ /K+ phosphate buffer, pH 7 .6, with io-3 M EDTA 

and �l�.�1�5�~� KCL This solution gave consistent and reproducible enzyme 

activity. 

5. Effect of NADPH Generating System 

The effect of the NADPH generating system on FMN stimulation 

of microsomal azoreductase activity is shown in Table 4. FMN stimulated 

microsomal azoreductase to the same extent whether an artificial NADPH 

generating system (glucose-6-phosphate dehydrogenase + glucose-6-pbos­

Phate) or the soluble fraction ( 105, 000 x g supernatant) was used. 

Furthermore, non-enzymatic reduction of neoprontosil (i.e., reduction due 

to reduced NADPH and no microsomal enzyme) was not affected by 2 x 10-5 M 

FMN in either system. 

6. Rate of Neoprontosil Reduction 

The effect of FMN on the rate of reduction of neoprontosil by 

the microsomal enzyme is shown in Fig. 6. The reaction rate of the 

controls and FMN stimulated azoreductase was linear at all time periods. 

A 30 minute incubation period was used in most experiments. FMN did not 

increase the non-enzymatic azoreductase activity. 

The data also confirms the finding of Hernandez et al. (1967a) 

that microsomal and purified azoreductase activities were linear up to 
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TABLE 3. 

Effect of FMN on the Reduction of Neoprontosil by Different Preparations 
of Rat Hepatic Microsomes. 

Sulfa.nilamide Formed 
(Il'.IJlIIloles/mg protein/30 minutes) 

Homogenization Media 

l.15 'f, KCl 286 
1.15 i KCl + FMN8' 400 

1.15 i KCl + EDTA 10-3 M 
1.15 % KCl + ElJl'A io-3 M 

300 

+ FMN 409 

0.25 M Sucrose 190 
0.25 M Sucrose + FMN 236 

0.25 M Sucrose + EDTA 
lo-3 M 158 

0.25 M Sucrose + EDTA 
io-3 M + FMN 224 

0.1 M Phosphate + EDTA 
io-3 M 407 

0.1 M Phosphate + EDTA 
io-3 M + FMN 527 

a. 
b. 

FMN concentration, 2 x 10-5 M. 
'/, Difference due to FMN. 

'/, Diff .b Rate Diff. 

+ 40 114 

+ 36 109 

+ 28 49 

+ 42 66 . 

+ 29 120 

c. Difference in rate of reduction of neoprontosil due to FMN. 

c 

Livers from four adult, male, Sprague-Dawley rats were excised and 
minced. Aliquots (10 g) were combined with 3 volumes of homogeniz­
ing solution. The results represents the mean of duplicate 
determinations of a single experiment. 
Microsomal azoreductase activity was performed as described in 
MATERIALS AND METIDDS. 
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TABLE 4. 

Influence of NADPH Generating System on the Ability of FMN to Stinru.late 
Neoprontosil Reduction by Hepatic Microsomes 

Sulf anilamide Formed 

(µmoles/30 min. ) Relative 
Enzyme 

Flask Activity 

Soluble Fraction (105,000 x g) 0.17 

Soluble Fraction (105 ,000 x g) -t 

:EMN (2 x io-5 M) 0.17 

Soluble Fraction (105 ,ooo x g) + 
Microsomes l.70 100 

Soluble Fraction (105 ,000 x �~� + 
Microsomes + FMN (2 x io- ) 2.24 132 

Glucose-6-Phosphate Dehydrogenase 
(10 units) 0.13 

Glucose-6-Phosphate Dehydrogenase 
(10 units) + FMN (2 x lo-5 M) 0.13 

Glucose-6-Phosphate Dehydrogenase 
(10 units) + Microsomes l.50 100 

Glucose-6-Phosphate Dehydrogenase 
(10 units) + Microsomes + .FMN 
(2 x io-5 M) 1.92 128 

Soluble fraction and/or microsomes equivalent to 250 mg wet 
weight liver were incubated at 37° for 30 minutes under a 
nitrogen atmosphere in the presence of 0.5 umoles NADP+, 50 
umoles glucose-6-phosphate, 100 umoles nicotinamide and 10 umoles 
of neoprontosil as described in MATERIALS AND MErHODS. 
The results are the mean of duplicate determinations of a single 
experiment. 
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- -.Q_---- o- -
NE -- -

0 --- -- -
NE + FMN 

10 20 30 40 50 60 

TIME (MINUTES) 

Fig. 6. 'The influence of Fl:·lN on the ro.te of ncoprontosil reduction 
by hepatic �m�l�c�r�o�s�m�:�:�~�s �.� 

�~�l�i�c�r�o�s�o �m�c�s� an1/or so ublc fraction equivalent to 250 1116 wet weight 
liver were incubate"i in the presence or absence o;: FHN (2 x i o- 5 M) at 
37° under a nitro0 cn �a�t�r�u�:�i�~�p�h�e�r�e� at the various in:li.catcd time intervals. 
Azorcd ctase act iv-i ty was mc?.sured anaerobically as �d�c�~�c�J�:�i�b�e�d� in 
MAT i'1i!ALS f\JJD i·i.u?ID DS. 

, non-cnzy:-.o.tic reiur::tion of ncopronto:;il. 
Ea.ch point �r�e�'�:�:�l�r�c�3�~�n�t�s� �t�~�e� me.in of �d�u�n�l�i�c�a�t�~� deterrrunations. 

Similar results �w�e�~�e� obtained in at least. one other experiment. 
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2 hours. 

7. Effect of Enzyme Concentration 

The relationship between increasing concentrations of purified 

and microsomal enzyme with constant flavin levels is shown in Figs. 7 

and 8 (Data, See Appendix Tables 2 and 3 ) . 

Azoreductase activity was linear up to a concentration of 

microsomes equivalent to 750 mg liver wet weight. FMN, 4 x 10-5 M 

stimulated microsomal azoreductase at a constant rate. At a concentra-

tion of microsomes equivalent to 1.0 g of liver, a small decrease in the 

amount of reduction of neoprontosil was noted. This may have been due 

to high microsomal pyrophosphatase activity which limited the concentra­

tion of �N�A�D�P�~� by metabolizing it to reduced nicotinamide mononucleotide 

(Gillette, 1963). FMN stimulation of azoreductase was independent of 

enzyme protein concentration. A microsomal enzyme concentration 

equivalent to 200 mg or 250 mg wet weight liver was used in future 

experiments. 

The effect of FMN on the rate of reduction of neoprontosil by 

the partially purified enzyme was constant at all enzyme concentrations 

(Fig. 8). Thus, the increased azoreductase activity due to FMN in the 

Pllrified enzyme was also independent of enzyme protein concentrations. 

8. Effect of Temperature 

The effect of temperature on flavin-stimulated microsomal 

azoreductase was investigated. This would deIJDnstrate that FMN interacts 

With the enzyme rather than by some non-enzymatic mechanism. 

Enzyme activity usually doubles for each 10° increase in 
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E 
�~� 1.0 -

ou------------------------------------__.-----i-----. 
0.2 0.4 0.6 0.8 1.0 

MICROSO MES EQUIVALENT TO G. LIVER 

Fig. 7. Influence of �w�~�c�r�o�s�o�~�i�a�.�l� enzyme and flvlN on the reduction 
Of neopronto:;il. 

FMN conccnt:ration, 4 x io-5 M. Azorcductase activity was m0asured 
as described in Kt'':'ERIALS Al D M.E'::HOD.3 using a nitrogen atmosphere. All 
Yalues are corre tel from non-enzyr.:itic activity. Each point represents 
the mean of dupl"cate determinations. 
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FiG· 8. Influence of partially purifi •d enzyme and F1iITl on the 
reduction of �n�e�o�~�r�o�n�t�o�s�i�l�.� 

FMN concen<;ratlon, 2 x io-5 1-1 . Azoreductasc activity uslng 
enzyme (protein from �f�r�c�.�c�~�i�o�n� �t�h�~�.�t� pyccipltates bet;rcen �4�0�~� anJ. 801' 
amnoniu!1l sulfate ""a-:'.trat on), v::i.3 rJ8asurecl as described in MA:::'ERL\LS 
AND MCHOD.:) U3lng o. nitrogen at::io-r-h0re. All val.ucs �~�r�e� corrected for 
non-cnz r..'.ltic activity. Each point represents the �n�c�~�n� of duplicate 
detcrri..ino.t:l onr.. Sir.>..ilar resu ts were obtain ::d in t1.t least one oth0r 
�e�x�p�c�r�i�m�'�~�n�t �.� 

1.5 
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temperature (West et al., 1966). Increasing the temperature had little 

effect on non-enzymatic azoreductase in the presence or absence of FMN. 

However, enzymatic reduction doubled with each 10° increase in temperature 

and the FMN stinru.lated paralleled the control. No doubling of non­

enzymatic activity occurred when the temperature of the reaction was 

raised by 10° increments (Fig. 9). The effect of FMN on the non-enzymatic 

component for each of the temperature periods was negligible; whereas, 

the enzymatic reduction of neoprontosil doubled. Furthermore, FMN 

stimulated azoreductase activity parallel to the control activity. At 

47°, a slight increase in enzyme activity was noted. This may be due to 

protein denaturation at this temperature. 

B. Influence of Flavins on the Reduction of Neoprontosil by Liver Slices 

The reduction of neoprontosil by hepatic microsomes or purified 

enzyme is an anaerobic reaction. It was postulated by Elson and Warren 

(1944) and Mueller and Miller (1950 and demonstrated by Brey et al., 

(1951) that the reduction of the azo �l�i�n�.�.�~�a�g�e� is a two-step reaction: 

(1) the formation of a bydrazo intermediate and (2) the reductive splitting 

of the nitrogen to nitrogen bond as indicated: 

(1) NADPH+H+ + R'N = �N�R�' �~� R'NH-HNR" + NA.DP+ 

(2) NADPH + It + R'NH-HN RN11- R' �~� + 2HN R" + NADP+ 

However, the hydrazo intermediate in the presence of o2 can be easily 

auto-oxidized back to the azo substrate. 

Table 5 shows the effect of RF on azoreductase activity in liver 

slices. Unlike the subcellular preparations, liver slices are capable of 
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TABLE 5. 

�~�e� Effect of Riboflavin on the Reduction of Neoprontosil by Rat Liver 
Slices 

Sulfanilamide Formed 
(um.oles/mg protein/60 min.) 

Flask Air Nitrogen Oxygen 
Atmosphere Atmosphere 

Control 20.5 ± 2.4 43.6 :t 2.0 7.7: 2.0 

Riboflavin 
4 (3.3 x 10- M) 36.1 ± l.3 73.8 ± 6.2 7.8 :!: 2.0 

'f, Difference 761> 69'fo 

p < .025 .05 NS 

a. n-ie results are expressed as the mean ± S.E. of the values obtain­
ed from 3 separate livers performed in duplicate determiaations. 
Azoreductase activity in liver slices was measured at 37 as 
described in MATERIALS AND METHODS. 



-55-

4.0 

0 
w 3.0 
�~� -en a::: Q) 

0 -LL ::> 
c 

w E 
CONTROL 0 

0 2.0 
�~� r<> 
<{ ........ 
_J en 
z Q) -
<{ 0 

LL E 
1.0 _J :J... 

:::> ....... 
en 

NE + FMN 0 

- - - - -o- - - - - 0- - ------
NE o- -0'---------------------------------.._ ____ __, 

20 30 

TEMPERATURE 

40 

( oc) 

Fig. 9. T'ne effect of tecycrature and FHN on the reduction of 
neoprontosil by �h�~�p�a�t�i�c� �4�i�c�r�o�s�c�~�e�s �.� 

50 

�H�i�c�r�o�s�o�~�s� and/or so uble fraction equivalent to 250 mg wet weight 
liver wc.J. e incubated in the presence or absence of Fl1N (2 x io-) M) at 
the indicated teGperaturc ur-der a nitrogen atmosphere. �A�z�o�r�~�d�u�c�t�a�s�e� 

activity ·was meas-.i..,..cd as di:!scrib.:-d in MATI<JUALS AlfD M.Erh"ODS . 
NE, non-enzyrr·1.tic rc<Juctio':l of n0oprontosil. 
Each point rep!'escn:.- �~�·�·�-�~� J;'.28...'!. of duplicate dc.:tcrminations. Similar 

results were obt'llned in a t �.�1�.�'�.�;�~�s�·�~� o:ie other e.:perincnt. 
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metabolizing neoprontosil aerobically. In the presence of �l�~� o2, neo­

prontosil reduction was inhibited. This was probably due to auto-oxida-

tion of the hydrazo intermediate. Under a �~� atmosphere, the rate of 

reduction of neoprontosil was greater than under aerobic conditions. 

In air and N2, RF significantly stimulated azoreductase 

activity of liver slices. 

C. Influence of Flavins on the Reduction of Other A:z.o Pyes by Hepatic 
Microsomes 

Other azo dyes reduced by liver microsomes include prontosil, 

p-phenylazopyridine {pyridium), CJPA (1,2-dimethyl-4-(p-carboxyphenyl­

azo)5-hydroxybenzene) and p-phenylazophenol (Fig. 10). These dyes have 

a non-enzymatic as well as an enzymatic component for the reduction of 

the azo bond. The ability of CO to inhibit their reduction varied 

quantitatively and qualitatively. p-Phenylazopyridine reduction was 

not iDhibited by CO; whereas, neoprontosil, prontosil, p-phenylazophenol 

and CJPA were inhibited. This may be due to differences in the affinity 

of various azo dyes for cytochrome P-450. 

FMN stimulated the reduction of each dye under �~� and CO. In 

addition, FMN stimulated azoreductase activity similarly for neoprontosil, 

phenylazopyridine, CPA and p-phenylazophenol and to a lesser extent 

prontosil (Fig. 11) (Data presented on Appendix Table 5). 

PART TWO - STUDIES ON THE ICTNEI'ICS OF NEOPRONTOSIL AND FLAVIN 
REDUCTION BY HEPATIC MICROSOMES 

An in vitro azoreductase assay following the disappearance of 

neoprontosil was developed. This permitted direct observation of the 
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NEOPRONTOSIL 

PRONTOSIL 

Ho-0-N=N-0 

p-PHENYLAZOPHENOL �~� 

PHENYLAZOPYRI DINE 

CPA 

Ho-c}-NH2 

+ 

ANILINE 

+ 

p-AMINOBENZOIC ACID 

( PABA) 
(I, 2 - DIMETHYL - 4 -( p -CARBOXY­

PHENYLAZ0)-5 - HYDROXYAZOBENZENE] 

Fig. 10. Structures of azo dyes and their �r�e�d�u�c�e�~� products. 
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Fig. 11. Effect of Fl-fN on the reduction of various azo dyes by 
hepat ic ni cro3ones . 

�I �n�c�u�b �s�~ �i�o�n� �c�o�~�d �i�t �i�o�n�s� for azoreductase activity are described on 
Appendix Table 5. 

Abrevie.tions: ;p = ncopron to3il; P = prontosil; PYR = phenyl'.l ::o-
pyrldine ; CPA = �1�,�2 �- �d �i�m�~ �t�h� 1-4-( carboxyphel".ylazo )-5-hydro:·:yazobenzcno; 
PAP = p-phcnylazophcnol. 
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ef'fect of FMN on the microsomal enzyme, (See MATERIALS AND METHODS). 

A. Conditions for Determining the Rate of Disappearance of Neoprontosil 

Using either a NADPH generating system (soluble fraction + NADP+ 

+ gl.ucose-6-phosphate) or reduced NADPH, non-enzymatic reduction of neo­

prontosil could not be determined. Under these conditions, the addition 

of FMN, 2 x 10-5 M, did not affect any non-enzymatic azoreductase activity. 

The non-enzymatic reaction was too slow to be observed directly on the 

spectrophotometer. Reduced NADH (1.0 umole) did not substitute f'or 

reduced NADPH. 

Microsomal enzyme was added to initiate the reaction which was 

followed spectrophotometrically (Table 6 ) . The reaction was linear 

until an absorbancy of zero was reached. Su1fa.nilamide formation did not 

inhibit the reduction of neoprontosil. The rate of enzymatic reduction 

of neoprontosil using the disappearance method was less than one-half 

of the rate using the product formation method. The slower rate of 

reduction by the disappearance method may be due to (1) absence of con­

tinuous shaking of the microsomes with the substrate and (2) slight 

variation of temperature of the circulating water bath to the cuvette 

compartment. 

B. Effect of F1'tN on the Reduction of Neoprontosil 

A Thunberg tube with 2 side-arms containing enzyme and FMN, 

respectively, was used. The cuvette compartment of the Thunberg tube con­

taining 1.0 umoles NADPH, 50 umoles nicotinamide and 0.1 umoles neopronto­

sil in 2.5 ml of 0.05 M �N�a�~�-�P�0�4�-�!�<�2�H�P�0�4� buffer, pH 7.6, (10-3 M EDTA) was 
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TABLE 6. 

Effect of FMN on the Reduction of Neoprontosil by Hepatic Microsomes: 
Disappearance of Neoprontosil 

mumoles dye reduced per 
Condition minute per mg protein 

NADPH generating systema 1.22 

NADPH generating system 
+ FMN (2 x io-5 M) 3.67 

�N�A�D�P�~�b� 0.73 

NADPR.2 + FMN (2 x io-5 M) 2.94 

a. 

b. 
c. 

d. 

+ NADPH generating system, 0.25 J,1II10les NADP , 50 u.moles 
nicotinamide, 25 J,llllOles glucose-6-phosphate and soluble 
fraction equivalent to 125 mg liver. 
�N�A�D�P�~�,� LO umoles �N�A�D�P�~� + 50 umoles nicotinamide. 
Azoreauctase activity was followed by the spectrophoto­
metric method for neoprontosil disappearance as described 
in MATERIALS AND MEl'RODS. 
The data is a typical experiment which has been repeated 
several times with essentially the same results. 
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incubated for 10 minutes at 37°· The side-arm containing 0.5 ml 

suspension of microsomes (5.0 mg protein) was added to the cuvette 

compartment to initiate the reaction. A few minutes later, the contents 

of the second side-arm (0.03 umoles EMN in 0.1 ml water) was added to 

the cuvette. Immediately, an increased rate of change in absorbancy 

was observed indicating increased azoreductase activity (Fig. 12). EMN 

stimulated the reduction of neoprontosil 3 to 4 fold over control values. 

C. Comparison of the Rates of Reduction of Neoprontosil and of FMN 

'!be influence of EMN on the reduction of neoprontosil by 

hepatic microsomes can be presented as a combination of several re-

actions: 

(1) 2 NADPH + 2FF + 2 FMN Enr; 2 NADP+ + FMN112 

(2) 2 FMNH2 + R'N = NR" EnzY!lli 2 FMN + �R�'�N�~� + R" NH2 
�~� 

(3) 2 NADPH + 2H+ + R 'N = NR" Enzyme 
�~ �·� 

2 NADP+ + �R�'�~� + �R�"�~� 

(4) 2 NADPH + 2 FF + 2 FMN + R'N = NR" Enzy:m.; 2 NADP+ + 2 FMN + 
K4 

R'NIJ2 + R"NH2 

In order for FMN to stimulate azoreductase activity, the rate 

of reduction of FMN must exceed the rate of reduction of neoprontosil 

�(�J�S �) �~�)�.� Furthermore, reduced �~� must be capable of reducing neo­

prontosil non-enzymatically �(�~�)�.� 

Hepatic microsomes and �N�A�D�P�~� reduced FMN to �~� at a rate 

(1S_) of 14.3 mumoles FMN reduced/min./mg protein as shown by the de­

crease in abosorbancy at 446 mu {Fig. 13). '.lhe addition of O.l umoles 

of neoprontosil produced an immediate re-oxidation of FMN with the con-

commitant formation of sulfanilamide. lllus, neoprontosil was reduced 
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Fig . 12. E:'fect of F:·E'r on the reduction of ncoprontosil by 
hepatic m.icrosor.es. 

Reduction o:!: �~�:�:�!�o�p�r�o�.�D�t�o�s�i�l� ·,.12.s follo;..rc:J. on a recording �S�}�;�)�~�c�t�r�o�­

photor::cter ( S:;c l·:A'L �=�: �~ �U�A�L�S� �r�J�~�D� �1 �· �:�.�C�:�:�:�-�:�~�O�J�3 �)� by o"o :;crvinG a d ecrce.3e i.n 
absorb.:i.ncy at 500 r.u . ':"r:c re-'.lc".;ion �~�.�;�e�.�s� initie.t<;;d by the 2.ddi ti on of 
O. 5 L'll of a ntc;<o:;o::?..l ::;·.1 :;,)cnsio:i fro::i one sJ::lc-:..::·::i of a ':'hu.nbe:rg 
t ube co:it2:i.nin5 2 sltle-::::-::::; �(�S�c�~� T..;xt ). Aft'!r 3 n:i .utr.::s, 0 .03 w:-.oles 
of F.·f.N in O. l r...l �w�:�-�.�t�~�r� �~�:�o�.�s� ad•, ed from the secor.d side- :rrm e.nd an 
i r:tr:i.r.dlate stir..t :..tion of nco:;rontosil reduction ·.;as �o�b�:�:�;�~�r�v�c�d �.� 

'The de.tB. is a. �t�~�1�>�i�c�a� ... �e�~�"�'�?�e�r� lnmt ·..rhic:i ho.3 been rcp-:ated several 
t ir::es w'ith essentia.11y �t�h �·�~� so.;.e results. 

6 
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ti r:lc:> with �e�:�;�~�e�n�t�i�a�l�l�y� the se..:.<') re::;ults. 
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non-enzymatically by reduced FMNH
2

. 

'!'he rate �(�~�)� for the reduction of neoprontosil by hepatic 

microsomes with �N�A�D�P�~� was 0.73 mwnoles dye reduced/min./mg protein. 

The rate (K4) for the reduction of neoprontosil by hepatic microsomes 

with FMN and �N�A�D�P�~� was 2.94 mu.moles dye reduced/min./mg protein (Table 

6 ) . Therefore, enzymatic reduction of FMN was the fastest step in the 

series of equations presented above and accounts for an increased flow 

of electrons to the azo substrate. 

D. Stoichiometry of the Reduction of Neoprontosil by NADPHz and 
Hepatic Microsomes 

The stoichiometry for the reduction of neoprontosil by 

hepatic microsomes with �N�A�D�P�~� was determined by neoprontosil dis­

appearance. The C\lVette compartment of a Thunberg tube contained 0.1 

umoles neoprontosil, 50 umoles nicotinemide, 0.1 umoles �N�A�D�P�~� in 2.4 

ml of 0.05 M �N�e�J�1�2�P�0�4�-�~�H�P�0�4� buffer, pH 7 .6, (10-3 M EIY.I'A). The side 

arm contained hepatic microsomes (0.5 mg protein) and 0.03 umoles FMN 

in o.6 ml of the same buffer. The 'lhunberg tube was flushed thoroughly 

with oxygen-free nitrogen and sealed. The neoprontosil was omitted in 

the reference cuvette. The sample cuvette containing the neoprontosil 

was incubated at 37° for 10 minutes. The contents of the side-arm was 

then added to the cuvette a.Di a zero time absorba.ncy at 500 mu was 

immediately recorded. The reaction was allowed to proceed until no fur-

ther decrease in absorbancy was observed. The a.mount of neoprontosil 

reduced was determined by dividing the extinction coefficient of 25.5 

mM-1 cm-1 for neoprontosil into the difference in absorbances from zero 
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time and the end of the reaction. It was determined that 0.1 umoles of 

�N�A�.�D�P�~� reduced 0. 027 u.moles of neoprontosil. Thus: 

4 NADPH + 4W + R'N = NR" 4 NADP+ + R'NR.2 + R"NJJe 

This observation can be supported since the rate of reduction 

of FMN by microsomes "W'i.th NADPI12 was approximately 4 times greater than 

the rate of reduction of neoprontosil by microsomes, NADPH and FMN 

(Table 6 ) • This would indicate that 4 molecules of FMN must first be 

reduced in order to reduce one molecule of neoprontosil. F\lrthermore, 

the FAD prosthetic group of the enzyme, NADPH cytochrome c reductase, 

was shown by Masters et al. (1965a) to transfer one-electron equivalents 

through the formation of a semi-reduced or FADH intermediate. 

PART THREE - S'!UDIES ON THE SPECIFICITY OF FLAVINS ON MICROSOMAL 
AND PURIFIED AWREDUCTASE 

In the first section, flavins were shown to stimulate both 

microsomal and the azoreductase activity associated with NADPH cytochrome 

c reductase. In this section, data will be presented on the relative 

specificity by which flavins stimulate azoreductase. 

A. Effect of Electron Donors on Microsomal Azoreductase 

1. Effect of FMN on NA.DH and NADPH Pathways of Microsomal Azo­
reductase 

NADH and NADPH reduced neoprontosil in hepatic microsomes 

(Hernandez, 1967). However, the purified enzyme, NADPH cytochrome c 

reductase was found to be specific for NADPH only (Williams and Kamin, 

1962). 

Table 7 shows the effect of FMN on both the NADH and NA.DPH 
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pathways of microsomal azoreductase activity. The current data confirms 

the findings of Hernandez (1967) that the NADH pathway was less active 

in reducing neoprontosil than the NADPH pathway. The percent stinn.ilation 

by FMN of the NADH and the NADPH pathways was similar. The increased 

rate of azoreductase activity, due to FMN, was not the same in both 

pathways. Furthermore, with the combination of both �l�~�H� and NADPH 

generating systems, azoreductase activity was stimulated by FMN to a 

greater extent than was the effect of FMN on each pathway alone. This 

would indicate that FMN acts on at least two different sites; one site 

common to the NADH pathway and the other site common to the NADPH path-

way. Carbon monoxide did not inhibit flavin stimulation of either path-

way which indicates that the site for FMN stimulation nn.ist be prior to 

cytochrome P-450. 

2. Effect of Electron Donors on .FMN-Stimulated Microsomal Azo­
reductase Activity 

Various reagents which a.re capable of donating hydrogens 

including cysteine, hydroquinone, arxl ascorbic acid were studied. The 

effect of these agents on microsomal azoreductase and flavin-stimulated 

azoreductase activity was investigated. The results in Table 8 show that 

these agents did not affect microsomal azoreductase activity; nor did 

they affect flavin stimulated azoreductase. 

B. Effect of Electron Acceptors 

Utilizing NADPH as the electron donor, hepatic microsomes can 

reduce many artificial electron acceptors such as DCIP, NT (Williams et al. , 

1963) and cytochrome c (Williams and Kamin, 1962). Other electron 
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TABLE 7. 

Effect of FMN on NADH and NADPH Pathways of Microsomal Azoreductase 

Su.lfa.nilamide Formed (µmoles/30 min.) 

Nitrogen Carbon Monoxide 
Atmosphere Atmosphere 

r/o Diff. Rate <f, Diff. Rate 
Flask Diff. Diff. 

NADPH6- 1.88 l.34 

NADPH + FMif 2.67 + 42 79 1.82 + 36 48 

NADPifJ o.4o 0.36 

NADPH + FMN 0.58 + 46 18 o.48 + 27 10 

NADPH + NADH 1.82 1.35 

NADPH + FMN 
+ NADH 2.87 + 58 105 2.21 + 63 86 

a. The incubation system consisted of 10 umoles neoprontosil, 0.5 
umoles NADp+, 100 umoles nicotinamide, 5 umoles EDTA, soluble 
fraction and microsomes equivalent to 250 mg liver in a final 
volume of 5.0 ml 0.05 M NaH2P04-ySHP04 buffer, pH 7.6. Azo­
reductase activity was measured anaerobically at 37° as described 
in MATERIALS AND Mm'HODS. 

b. The incubation system consisted of 10 umoles neoprontosil, 0.5 
umoles NAD+, 100 umoles nicotinamide, 340 umoles ethanol, 5 umoles 
EDTA, soluble fraction and microsomes equivalent to 250 mg liver 
in a final volume of 5. O ml O. 05 M �N�a�H�2�P�0�4�-�~�H�P�0�4� buffer, pH 7. 6. 
Azoreductase activity was measured anaerobically at 37° as described 
in MATERIALS AND Mm'HODS. 

c. FMN, 2 x io-5 M. 
d. Rate difference, difference in specific activity due to FMN. 

Similar results were obtained in at least one other experiment. 
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TABLE 8. 

Effect of FMN and Electron Donors on Microsomal Azoreductase 

Sulfanilamide Formed 
(JllllOles per 30 minutes) 

Concen- Total Non-Enzymatic Enzymatic Relative 
Drug tration Activity Activity Activity Activity 

Expt. I 

None 1.20 .17 1.03 

None + FMN �2�x�l�0�-�~� 1.67 .17 1.50 

Hydroquinone 2xl0-5M l.18 .17 1.01 

lzydroquinone 
�2�x�1�0�-�~� + FMN l.68 .17 1.51 

Elcpt. II 

None 2.03 .23 1.80 

None + .FMN 2x.lo-5?.f 2.71 .23 2.48 

Ascorbate 4xl0-5M 2.01 .23 1.78 

Ascorbate 
+FMN �2�x�l�0�-�~� 2.80 .26 2.54 

Cysteine 4xio-5M 1.98 .23 1.75 

Cysteine 
�2�x�.�1�0�-�~� + :FMN 2.78 .26 2.52 

All components were preincubated on ice anaerobically for 5 minutes. 
The complete reaction system containing microsomes equivalent to 
250 mg liver was incubated in a nitrogen atmosphere at 37° for 30 
minutes and analyzed for azoreductase activity as described in 
MATERIALS AND MmHODS. 
The data represent the mean of duplicate determinations. 
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acceptors such as methylene blue, phenazine methosulfate have been used 

in studies on mitochondrial electron transport. The effect of various 

artificial electron acceptors on both purified and microsomal azo­

reductase activity was investigated, (Fig. 14). 

1. Effect of 1™.N and Electron Acceptors on Microsomal Azoreductase 

The effect of PMN and various artificial electron acceptors on 

microsomal azoreductase is shown in Tables 9 and 9A. All of the redox 

agents, except neotetrazolium, stimulated total azoreductase activity. 

However, most of these agents including PMS, MB, 'lMPD, �~�'� cresyl violet 

and thionine stimulated non-enzymatic reduction of neoprontosil. In 

contrast, FMN in equimola.r concentration did not stinulate non-enzymatic 

azoreductase. Neotetrazolium is reduced irreversibly to a water insoluble 

diformazan salt. Neotetrazolium inhibited azoreductase activity by 

acting as an alternate substrate for the microsomal enzyme causing a 

withdrawal of electrons from reduced NADPH. 

The enzymatic activity was calculated from the difference 

between total and non-enzymatic azoreductase activities. The increase in 

microsomal azoreductase activity with Mb and �~� was due to an increase 

in the non-enzymatic reduction of neoprontosil. The other redox agents, 

PMS, 'IMPD, cresyl violet, indigo disulfonate and thionine stimulated both 

non-enzymatic and enzymatic reduction. 

The effect of FMN on azoreductase activity was more specific 

than the other red.ox agents. That is, FMN (2 x 10-5 M) stimulated 

enzymatic azoreductase without affecting non-enzymatic activity. When 

EMN was combined with various redox agents, enzymatic activity was 

stimulated to a greater extent than the arithmetic sum produced by each 
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Fig. 14. Stru:ture3 of artificial hydrogen acceptors. 
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TABLE 9. 

Effect of ]MN and Electron Acceptors on Microsomal Azoreductase 

Sulfanilamide Formed (µmoles/30 minutes) 

Tota.l Non Relative 
Activity Enzymatic Enzynatic Activity 

Drug Activity Activity 

Ex:pt. I 

None 2.15 0.20 1.95 100 
None + FMN 2.57 0.20 2.37 122 

Phenazine Metho-
sulfate (PMS) 3.17 0.59 2.58 132 

Phenazine Metho-
sulfate + FMN 3.96 0.59 3.37 173 

Tetramethyl-
phenylene dia-
mine �(�~�D�)� 2.48 0.23 2.25 115 

Tetramethyl-
phenylene dia-
mine + FMN 3.07 0.23 2.84 146 

�M�e�t�~�l�e�n�e� blue 
(Mb 2.67 0.69 1.98 102 

Methylene blue 
+ FMN 3.10 o.66 2.54 130 

Neotetra.zolium (NT) 1.82 0.17 1.65 85 
Neotetrazolium 

+ FMN 2.57 0.17 2.40 123 

Menadione Bisul:fate 
(K3) 2.18 0.26 1.92 98 

Menadione Bisulfate 
+ FMN 3.20 o.46 2.74 141 

All components were preincubated on ice anaerobically for 5 minutes. 
The complete reaction system containing microsomes equivalent to 
250 mg 11 ver was incubated in a nitrogen atmosphere at 370 for 30 
minutes and analyzed for azoreductase activity as described in 
MATERIALS AND MmIODS. 
Concentration of redox agents, 2 x l0-5 M. 
The data represent one of several experiments with essentially the 
same results. 
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TABLE 9A. 

Sulfanilamide Formed (µmoles/30 minutes) 

Total Non Relative 
Activity Enzymatic Enzymatic Activity 

Drug Activity Activity 

Expt. II 

None 2.o8 .21 1.87 100 

None + FMN 2.77 .21 2.56 137 

Menadione bi-
sulfate �(�~�)� 2.24 .30 1.94 104 

Menadione b -
sulfate + FMN 3.30 .48 2.82 151 

Cresyl violet 4.36 .89 3.47 186 
Cresyl violet 
+ FMN 5.54 1.01 4 .53 242 

Indigo disulfonate 3.07 .18 2.89 154 
Indigo disulfonate 
+ FMN 3.43 .15 3.28 175 

Thionine 3.10 .41 2.69 144 

Thionine + FMN 3.70 .46 3.24 173 

All components were :pre incubated on ice anaerobically for 5 minutes. 
The complete reaction system containing microsomes equivalent to 
250 mg liver was incubated in a nitrogen atmosphere at 37° for 30 
minutes and analyzed for azoreductase activity as described in 
MATERIALS AND METHODS. 
Concentration of redox agents, 2 x 10-5 M. 
The data represent one of several experiments with essentially the 
same results. 
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redox agent alone. With the exception of K3, non-enzymatic reduction 

of neoprontosil was when unaffected FMN was combined with these redox 

agents. When FMN was combined with K3 the increase in the non-enzymatic 

azoreductase component was greater than the increase due to �~� or FMN 

alone. 

2. Specificity of PMS StiDD.llation of Azoreductase Activity 

Since PMS stimulated both non-enzymatic and enzymatic azo­

reductase activity, studies were performed to detennine whether this 

stimulation was enzyme specific. 

a. Effect of PMS Concentration 

PMS (2 x io-5 M) stimulated enzymatic and non-enzymatic azo­

reductase activity (Table 10) At 2 x io-7 M, PMS only stimulated non­

enzyrr.atic azoreductase. Thus, the increase in total microsomal azo­

reductase activity was due to an increase in the non-enzymatic reduction 

of neoprontosil. 

b. Effect of Temperature 

Fig. 15 shows the effect of temperature on PMS stimulation 

of microsomal and purified azoreductase. Non-enzymatic reduction 

increased very slowly vi th an increase in temperature. With PMS, ( 2 x 

lo-5 M), the non-enzymatic activity more than doubled for each 100 

increase in temperature. The stinnilation of the non-enzymatic reduction 

of neoprontosil by PMS was due to the increased activity of the NADPH 

generating system at higher temperature. In contrast, ]}1N did not 

stimulate non-enzymatic reduction of neoprontosil at these temperatures 

(Fig. 9). 
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TABLE 10. 

Effect of Phenazine Methosulfate (FMS) on the Reduction of Neoprontosil 
by the Partially Purified Enzyme 

Sulfanilamide Formed 
(Jlllloles/30 minutes) 

Drug Concentration Total Non-Enzymatic Enzymatic Relative 
Activity Activity Activity Activity 

None 0.73 0.20 0.53 100 

PMS 

PMS 

PMS 

2 x lo-5 M 2.61 1.07 1.54 291 

2 x 10-G M 1.21 o.41 0.79 149 

2 x 10-7 M 0.81 0.30 0.51 96 

Enzyme, 0.93 mg of protein f'rom the fraction that precipitates between 
4Qi and 8C1f, ammonium sulfate saturation. 
All components were preincubated on ice anaerobically for 5 minutes. 
The complete system was incubated in a nitrogen atmosphere at 370 for 
30 minutes for azoreductase activity as described in MATERIALS AND 
METHODS. 
The values represent the mean of duplicate determinations. 
Similar results were obtained in at least one other experiment. 
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Fig. 15. '?ne effect of temperature and phenuzine methosulfate 
on the neo:pronto.sil by hepatic I:iic!'o.>omes. 

�M�i�c�r�o�s�o�m �~ �s� arid/or soluble fraction equivalent to 250 mg liver 
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i ndicated teoperature unJ.e_· a nitrogen atmosphere. Azoreduc"tase 
activity was r.icasured as described in IAT'•:RL\LG Afl;D M:C.I'HODS . 

NB , non-cnzyt:2.tic reductior. of neoprontosil. 
Each point represents the mean of duplicate determinations. 

Similar results were obtained in at least one other experiment. 
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Azoreductase activity was less than expected at 47°. This 

maybe due to some inactivation of microsomal enzyme protein. FUrther­

more, PMS stimulation of activity at 47° was due to a greater stimula­

tion of non-enzymatic reduction of neoprontosil. 

3. Effect of Electron Acceptors on Liver Slice Azoreductase 

The reduction of neoprontosil by rat liver slices was stimulated 

by either PMS or mena.d.ione (Table 11). In the liver slice preparation, 

it is possible that PMS or menadione stimulated enzymes other than those 

of the endoplasmic reticulum. Data from Table 9 shows that menadione 

and PMS stiIIn.llated the non-enzymatic reduction of neoprontosil. 

C. Effect of Transitional Metals 

Several flavoprotein enzymes such as xanthine oxidase, NADH 

cytochrome c reductase and others (Mahler et al., 1955) required a 

transitional metal for activity. Purified NADPH cytochrome c reductase 

is a non-metal containing flavoprotein (Williams and Kamin, 1962). An 

investigation was performed to determine if the addition of various 

metals would enhance or inhibit microsomal azoreductase or affect :FMN 

stimulation. 

Transitional metals such as Mn+2: Fe+3, eu+2 and Mo+2 had no 

effect on microsanal azoreductase activity. FUrthermore, equimola.r 

concentrations of FMN and transitional metals stimulated azoreductase 

activity to the same extent as FMN alone. The metals did not affect 

non-enzymatic reduction (Table 12). 
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TABLE 11. 

Effect of Menadione and Phenazine Methosulfate (PMS) on the Reduction 
of Neoprontosil by Rat Liver Slices 

Sul.fanilamide Formed 
(niunoles/mg protein/60 min.) 

Air Nitrogen Oxygen 
Treatment Atomosphere Atmoshphere 

Control 23.9 47.6 11.5 

Mena.di one �(�3�.�3�X�J�.�O�-�~�)� 30.8 88.4 26.9 

Control 21.9 41.2 7.3 

PMS �(�3�.�3�X�J�.�O�-�~�)� 51.4 77.1 18.4 

All components were preincubated on ice under the appropriate 
atroosphere for 5 minutes. The complete system was incubated 
at 37° for liver slice azoreductase as described in MATERIALS 
AND METHODS. 
The values represent the mean of duplicate determinations of a 
single experiment. 
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TABLE 12. 

Effect of FMN and Transitional Metals on Microsomal Azoreductase 

Sulf'anilamide Formed (umoles/30 minute) 

Total Non-Enzymatic Enzymatic Relative 
Drug Concentration Activity Activity Activity Activity 

Ex:pt. I. 

None 2.03 .23 1.80 100 

None + FMN 2 x 10-5 M 2.71 .23 2.48 138 

MnS04 4 x lo-5 M 1.92 .23 1.69 94 

MnS04 + FMN 2 x 10-5 M 2.74 .23 2.51 139 

lllicpt. II. 

None 3.00 .26 2.74 100 

None + FMN 2 x lo-5 M 3.73 .29 3.44 126 

Fec13 2 x 10-5 M 3.10 .29 2.81 102 

FeCl3 + FMN 2 x 10-5 M 3.81 .33 3.48 127 

CuS04 2 x lo-5 M 2.98 .20 2.78 101 

CuS04 + FMN 2 x lo-5 M 3.6o .29 3.31 121 

NattoO 2 x lo-5 M 3.07 .29 2.78 101 

N8i4o0 + 
FMN 2 x io-5 M 3.73 .29 3.44 126 

All components were preincubated on ice anaerobically for 5 minutes. 
The complete reaction system containing microsomes equivalent to 250 
mg liver was incubated in a nitrogen atmosphere at 37° for 30 minutes 
and analyzed for azoreductase activity as described in MATERIALS AND 
MErBODS. 
The values represent the mean of duplicate determinations. 
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D. Ef'fect of Complexing Agents 

Riboflavin and flavin nucleotides form semiquinones, free 

radicals or complexes of the "charge-transfer" type (Michaelis, 1939; 

Szent-Gyorgi, 1960; Beinert and Sands, 1961; Massey �~� al., 1966). 

Studies thus far suggest that flavins must interact with the enzyme 

to stimulate azoreductase activity. 

1. Ef'fect of Free Radical Scavengers 

Compounds such as 2-aminoethylisothiovronium bromide {AFn'), 

butylated hydroxytoluene (Bin') and 2,2 diphenyl-1-picryl-hydrazyl {DPPH) 

react with free radicals to form stable compounds causing a decrease in 

the overall reaction rate of free radical systems (Fig. 16), (Pihl and 

Sanner, 1965). 

The effect of DPPH, BHT and AFJl' on the ability of FMN to 

stimulate microsomal azoreductase activity is shown in Table 13. 

Enzymatic, non-enzymatic and FMN stimulated azoreductase were unaffected. 

2. Effect of Complexing Agents 

Complexes of the charge-transfer type are due to the interaction 

of a molecule rich in electrons with a molecule deficient in electrons 

(Szent-Gyorgyi, 1960; Kosower, 1965). The effect of chlorpromazine, sero­

tonin tetracycline and quinacrine on FMN stimuJ.ation of microsomal azo­

reductase is shown in Table 14. Only chlorpromazine in a concentration 

of 2 x io-3 M (100 times the concentration of FMN) inhibited control and 

FMN-stimula.ted azoreductase activity. However, chlorpromazine at a con­

centration of 2 x io-4 M did not inhibit the enzymatic reduction of neo­

prontosil. 
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Fig. 16. Structures of free radical scavenger agents and 
polycyc_ic complexing as0nts. 
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TABLE 13. 

Effect of Free Radical Scavengers on Microsomal Azoreducta.se 

Su1f a.nilamide Formed 
(JJI!loles/30 minutes) 

Enzymatic Relative 
Drug Concentration Activity Activity 

None 1.72 100 

None + FMN 2 x 10-5 M 2.34 137 

DPPH 2 x 10-4 M 1.55 90 

DPPH + FMN 2 x io-5 M 2.28 133 

DPPH 2 x io-5 M 1. 75 102 

DPPH + FMN 2 x 10-5 M 2.28 133 

BHT 2 x 10-4 M 1.88 llO 

BHT + .FMN 2 x io-5 M 2.41 140 

BHT 2 x 10-5 M 1.82 lo6 

BHT + FMN 2 x 10-5 M 2.31 135 

AEI' 2 x 10-4 M 1.73 101 

AEI' + FMN 2 x 10-5 M 2.43 141 

AE!' 2 x 10-5 M 1.57 91 

A.Er + FMN 2 x 10-5 M 2.22 130 

BHT -(butylated hydroxytoluene): 
AEI' -(2-aminoethylisothiouronium bromide): 
DPPH -(2,2-diphenyl-l-picrylhydrazyl): 
All. components vere preincubated on ice anaerobically for 5 minutes. 
The complete system containing microsomes equivalent to 250 mg liver 
was incubated in a nitrogen atmosphere at 37° for 30 minutes and 
analyzed for azoreductase activity as described in MATERIALS AND 
METHODS. 
The results represent the mean of duplicate determinations and are 
corrected for non-enzymatic activity. 
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TABLE 14. 

Effect of Complexing Agents on FMN Stimulated Azoreductase Activity 

Sulf anilamide Formed 
(.µmoles/30 minutes) 

Enzymatic Relative 
Drug Concentration Activity Activity 

Expt. I. 

None 2.34 100 

None + FMN 2 x io-5 M 3.30 141 

Chlorproma.zine 2 x 10-3 M 1.29 55 

Chlorproma.zine + FMN 2 x io-5 M 1.75 75 

Chlorpromazine 2 x 10-4 M 2.44 lo4 

Chlorpromazine + FMN 2 x 10-5 M 3.20 137 

Serotonin 2 x 10-3 M 2.24 96 

Serotonin + FMN 2 x 10-5 M 2.90 124 

Serotonin 2 x lo-4 M 2.41 103 

Serotonin + FMN 2 x 10-5 M 3.10 132 

Tetracycline 2 x 10-3 M 2.o8 89 

Tetracycline + FMN 2 x 10-5 M 2.41 103 

Tetracycline 2 x 10-4 M 2.41 103 

Tetracycline + FMN 2 x 10-5 M 3.20 137 

Ex:pt. II 

None 1.59 100 

None + FMN 2 x 10-5 M 2.01 126 

Quinacrine 4 x �1�0�-�~� M 1.52 96 
Quinacrine 2 x 10- M 1.91 120 
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a. All components were preincubated on ice anaerobically for 5 minutes. 
The complete reaction system containing microsomes equivalent to 
250 mg liver was incubated in a nitrogen atmosphere at 37° for 
30 minutes and analyzed for azoreductase activity as described in 
MATERIALS AND METHODS. 

b. The results represent the average of two determinations each and 
are corrected for non-enzymatic activity. 
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PART FOUR - S'IUDIF.S ON THE INFLUENCE OF FLA.VINS ON NADPH CY'roCHRCME 
c REDUCTASE AND NIDTEl'RAZOLIUM DIAPHORASE ACTIVITIES 

A. NADPH Cytochrome c Reductase 

Cytochrome c which is not a normal constituent of the hepatic 

microsomes (Beinert, 1951) can be easily reduced by the microsomal or 

purified flavoprotein enzyme with NADPH as the donor (Williams and Kamin, 

1962; Phillips and Langdon, 1962). Table 15 shows the effect of FAD, 

FMN and riboflavin on the reduction of cytochrome c by the purified 

enzyme. The NADPH cytochrome c reductase activity was unaffected by 

flavins. Moreover, the order of addition of the flavins either before 

or after the addition of cytochrome c had no effect on enzyme activity. 

B. Neotetrazolium Activity 

Microsomal NT diaphorase activity was shown by Williams and 

Kamin (1962) and Hernandez, et al., (1967a) to be associated with 

purified NADPH cytochrome c reductase. On solubilization and purifica-

tion of the enzyme part of the NT diapborase activity was lost. In 

addition, Williams and Kamin (1962) observed that anaerobiosis stinru.lated 

diaphora.se activity by 50 to �1�0�~�.� 

Azoreducta.se activity of microsomes was also partially destroy-

ed upon solubilization and purification. Moreover, azoreductase activity 

was anaerobic and associated with the same purified enzyme (NADPH cyto­

chrome c reductase) as was NT diaphorase. The effects of flavins and 

other redox agents were investigated in order to compare NT diaphorase 

activity to that of azoreductase. 

The effects of equimolar concentrations of FAD, FMN, riboflavin, 



-85-

TABLE 15. 

Effect of Flavins on Purified NADPH Cytochrome c Reductase 

Flavin Cytochrome c Reduced 
Flask Concentration )ll!J!)les/mg protein/minute 

Control 4.5 

FAD 3 x 10-5 M 4.5 

FMN 3 x 10-5 M 4.7 

Riboflavin 3 x 10-5 M 4.7 

Enzyme, purified by chromatography on DEA.E cellulose. 
'lhe incubation mixture containing 126 mumoles NADPH, 3 umoles 
KCN, enzyme (6.o mg} in 2.5 ml of 0.05 M �N�a�.�¥�°�4�-�~�H�P�0�4� buffer, 
pH 7 .6, (10-3 M EDTA) was preincubated for 10 minutes. 'lhe 
reaction was initiated by the addition of 150 mumoles cytochrome 
c and 0.1 umoles flavin in 0.5 ml water. Activity was measured 
by the increased absorbance at 550 mu as described in MATERIALS 
AND METHODS. 
'lhe data represent one experiment repeated several times with 
essentia.lly the same results. 
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menadione and phenazine methosul.fate (PMS) on microsomal NT diaphorase 

activity is shown in Table 16. In air, NT diaphorase was inhibited by 

flavins and PMS. However, mena.dione and PMS increased the non-enzymatic 

reduction of NT in the presence of a NADPH generating system (glucose-6-

phosphate + liver soluble fraction + NADP+) . In contrast, flavins did 

not influence the non-enzymatic reduction of NT . 

Microsomal NT diaphorase activity was greater under anaerobic 

conditions. NT diaphorase was not stimulated by flavins, PMS or 

menadione {Table 16). 

The effect of flavins on partially purified and microsomal 

diaphorase differed (Table 16). Flavins inhibited the reduction of NT 

by the partially purified enzyme in air but stimulated activity under 

nitrogen. The order of efficiency was similar to that found for purified 

azoreductase activity, i.e. , RF > FMN > FAD . 

PART FIVE - SWDIES ON THE INFLUENCE OF DIETARY FIAVINS AND INDUCTION 
ON HEPATIC MICROSOMAL ELECTRON TRANSPORT 

Phenobarbital induced microsomal azoreductase activity that 

differed from 3MC induced enzyme in its sensitivity to carbon monoxide 

(CO) inhibition, (Hernandez et al. , 1967b). The relationship of fla.vins 

in vitro and in vivo and microsomal azoreductase from induced rats were 

studied. The results indicated that 3MC induced a microsomal azoreductase 

pathway that was less sensitive to CO inhibition but was more sensitive 

to flavin stimulation than was PB induced microsomal azoreductase. 

A. Normal Diet Rats 

The effect of flavins in vitro and in vivo on microsomes f'rom 

PB and 3MC pretreated rats fed Purina Laboratory Chow was investigated. 
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TABLE 16 

Effects of Flavins, Menadione and Phenazine Methosulfate on the Reduction 
of Neotetrazolium 

Formazan Formed 
(umoles/mg protein/lo minutes) 

Concen- Relative Relative 
Flask tration Air Activity Nitrogen Activity 

Microsomal 
Enzyme 

Control .16 100 .29 100 

FAD 10-4 M .14 88 .29 100 

FMN lo-4 M .12 75 .30 103 

Riboflavin lo-4 M .14 88 .30 103 

Menadione io-4 M .05 31 .22 76 

PMS 10-4 M .19 ll9 .28 97 

Purified 
�E�n�z�~�e�a� 

Control 2.20 100 6.50 100 

FAD 10-4 M 1.72 78 8.oo 123 

FMN 10-4 M 1.86 85 8.80 135 

Riboflavin 10-4 M 1. 78 81 9.60 148 

Mena.di one 10-4 M 1.78 81 8.17 125 

a. Protein that precipitates between �4�~� and 80% ammonium sulfate 
fractionation. 
The incubation mixture (MATERIALS AND MEI'HODS) was preincubated 
at 37° for 10 minutes. The flasks were placed on ice and enzyme 
was added. Those flasks receiving nitrogen were sealed and flushed 
with gas for 5 minutes. The complete reaction mixture was then 
incubated at 370 for 10 minutes, and assayed for NT diaphorase 
activity as described in MATERIALS AND Mm'HODS. 
The data are representative of two experiments. 
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1. Effects of Flavins on Hepatic Microsomes from Phenobarbital, 
3 Methylcholanthrene and Riboflavin Pretreated Rats 

The effect of FMN on microsomal azoreductase from PB pre-

treated rats is shown in Table 17. FMN stinrulated control microsomes 

to the same a"bsolute rate (i.e. , difference between the control value 

and the value due to the addition of FMN) under N2 and CO. However, 

FMN had less of an effect on azoreductase from PB pretreated rats in 

a N2 atmosphere; whereas, under CO, the increase in rate due to FMN 

was restored to the control flavin stimulated activity. 

'l'he addition of FMN to microsomes from RF pretreated rats stimu-

lated azoreductase to a greater rate than controls in either a N2 or CO 

atmosphere. However, the addition of FMN to the microsomes from animals 

pretreated with both PB and RF stimulated azoreductase activity to the 

same rate as the controls. 

Flavin stimulation of microsomal azoreductase from 3MC 

pretreated rats (Table 18) was greater than controls. The increased 

rate produced by FMN was observed under �~� and CO. Furthermore, 

microsomes from rats pretreated with both RF and 3MC were stimulated 

by FMN to a similar magnitude as microsomes from RF pretreated rats. 

The data from Tables 17 and 18 are presented on Fig. 17 to t'urther 

emphasize the effects of FMN and CO on microsomal azoreductase from 

pretreated rats. 

2. Effect of Phenobarbital and 3-Methylcholanthrene in vitro 
on Microsomat AZoreductase Activity 

Phenobarbital and 3-methylcholanthrene are slowly metabolized 

in vivo. Thus, these drugs may be detected in the liver more than 24 
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TABLE 17. 

Effect of FMN on Microsomal Azoreductase Activity from Phenobarbital 
Pretreated Rats 

Sulfanilamide Formed 
(JJJµ.llX)les/mg protein/30 min.) 

Nitrogen Rateb Carbon Monoxide Rate 
Treatment Atmosphere Diff. Atmosphere Diff . 

Sa.line Controls 170 ± 7 93 ± 5 

Saline Controls + 
FMNa 219 i" 10 49 145 ± 10 52 

Phenobarbital 231 ± 9 88 + 7 

Phenobarbital + FMN 268 ± 16 37 137 ± 10 49 

Riboflavin (RF) 175 t 6 89 ± 3 

Riboflavin (RF) 
+ FMN 240 ± 5 65 149 ± 12 60 

" 
Phenobarbital + RF 252 �~� 5 102 + 3 

Phenobarbital + RF 
+ FMN 307 t 10 45 144 ± 7 42 

a. FMN, 2 x io-5 M. 
b. Rate difference, difference between the control value and the value 

due to added FMN. 
c. Animal treatment and conditions of incubation are described under 

MATERIALS AND METHODS. 
d. The results are expressed. as the mean ± S.E. of the values obtained 

from 3 separate groups of 2 pooled livers per group. 
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TABLE 18. 

Effect of FMN on Microsomal Azoreductase Activity from 3-Methyl­
cholanthrene Pretreated Rats 

Sulf a.nilamide Formed 
< I!llllllOle s I mg protein/30 min.) 

Nitrogen Rateb Carbon Monoxide Rate 
Treatment 

Corn Oil Controls 

Corn Oil Controls 
�+�~� 

3-Methylcholanthrene 
(3MC) 

3-Methylcholantbrene 
+ FMN 

3MC + Riboflavin 

3MC + Riboflavin + FMN 

a. -5 :FlvtN, 2 x 10 M. 

Atmosphere 

185 ± 6 

232 ± 4 

300 ± 23 

390 ! 30 

317 ± 8 

394 :t 29 

Diff'. Atmosphere Diff'. 

124 ± 3 

47 177 ! 3 53 

216 ± 25 

90 287 ! 32 71 

218 + 14 

77 277 ± 16 59 

b. Rate difference, difference between control value and the value 
due to added FMN. 

c. 

d. 

Animal treatment and conditions of' assay are described under 
MATERIALS AND METHODS. 
The results a.re expressed as the mean ± S.E. of the values obtained 
from 3 separate groups of 2 pooled livers per group. 



300 

200 

-C/) 
Q) -::> 100 0 c 

w E 
�~� 
0: 0 
0 f() 0 
LL ........ 

c 
w Q) 

0 -0 - .... 400 
�~� a. 
<l: 

OI _J E -z ........ 300 <l: C/) 
LL Q) 
_J 0 
:::> E en ::1... 200 E -

100 

0 

EZl . FMN 

-9 -

NITROGEN 
ATMOSPHERE 

LLJ 
z - PB _J 

<t PB RF + (/') 

RF 

3 3 
z _J MC MC a:::_ 
oo + (..) RF 

STIMULATED 

CARBON MONOXIDE 
ATMOSPHERE 

w 
PB z 

:J PB RF + <t RF (/') 

3 3 
MC MC 

z + a::: _J 
o- RF 
(..)0 

ACTIVITY 

Fig . 17. Coz::.:?ar ison of F?-m st imuJ 1tion of r.dcro::;o:n..1.l azo­
r cd ctasc act:vity fron phenobarbital and �3 �- �:�:�~�c�t�h�y�l�.�c�h�o�l�u�n�t�h�r�c �n �e� 

pretreated rats. 
The figu:-e �r�e�~� �e�~�~�n�t�s� the data �f �L�o�~� Tabl e3 17 ar:d 18 to 

further c::pha::;:ze the c �~�r�e�c�t�s� of :Flul and CO on microsornl azo­
r eductn..;1.; activity frori pretreated rat::;. 



-92-

hours after the last injection. Therefore, the in vitro effect of PB 

and 3MC was investigated (Table 19). 

PB and 3MC slightly increased azoreductase activity. FMN, 

.FMN + PB or FMN + 3MC stiIIDJ.lated azoreductase activity to about the 

same rate. Thus, the presence of PB or 3MC in the liver preparation 

did not affect flavin stimul.ated activity. 

3. Influence of Riboflavin Pretreatment on Microsoml Enzyme 
Activity 

Adult, ma.le, Sprague-Dawley rats were given daily supplements 

of RF (10 mg/kg, I.P.) for 7 days. The effect of this short term RF 

treatment on various parameters of hepatic microsomal enzyme activities 

was examined. 

a. Effect on Microsoma.l Protein, eytochrome P-450 and NADPH 
eytochroce c Reductase 

'!he data of Table 20 indicates that short term RF pretreatment 

of rats did not significantly alter microsoma.l protein cytochrome P-450 

content compared to controls. Microsomal NADPH cytochrome c reductase 

activity of the controls was not significantly different from microsomal 

activity of the RF pretreated group. 'lhese data may be related to the 

observation by Bessey et al. (1958) that over �7�5�~� of the RF injected I.P. 

in rats was destroyed. 

b. Effect on nm-Stimulated Azoreductase Activity 

'nle effect of .FMN in vitro on microsomal azoreductase activity 

from RF pretreated rats is shown on Table 21. Microsomal azoreductase 

activity of RF pretreated rats was lower than controls. CO inhibited azo-

reductase of the controls and RF pretreated group to the same extent. 
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TABLE 19. 

Effect of Phenobarbital and 3-Methylcholanthrene in vitro on EMN-
Stimulation of Microsomal Azoreductase �~� 

Sulfanilamide Formed 
()lillOles/30 minutes) 

Total Non-Enzymatic Enzymatic Relative 
Drug Concentration Activity Activity !Activity Activity 

None 1.85 .20 1.65 100 

None + FMN 2 x lo-5 M 2.51 .23 2.28 138 

Phenobarbital. 8 x 10-4 M 2.01 .20 1.81 llO 

Phenobarbi taJ. 
+ EMN 2 x 10-5 M 2.57 .23 2.34 141 

3-Methylchol-
8 x 10-4 M anthrene 2.05 .20 1.85 ll2 

3-Methylchol-
anthrene + 

2 x 10-5 M EMN 2.67 .23 2.44 148 

a. All components were preincubated on ice anaerobically for 5 minutes. 
The complete system contained microsomes equivalent to 250 mg liver and 
was incubated in a nitrogen atmosphere at 37° for 30 minutes and 
analyzed for azoreductase activity as described in MATERIALS AND 
MBrHODS. 

b. The data represent the mean of duplicate determinations. Similar 
results were obtained in one other experiment. 
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TABLE 20. 

Effect of Riboflavin Pretreatment on Microsomal Protein, Cytochrome 
P-450 and NADPH Cytochrome c Reductase 

Microsomal Protein Cytochrome P-450 NADPH Cytochrome c 
(mg/g liver) (mwnoles/mg pro- Reductase 

tein) (mnmoles/min. /mg 
Treatment protein) 

Control 

(1) 33.2 0.59 67.9 

(2) 40.0 0.52 56.4 

Riboflavina 

(1) 43.2 0.54 55.9 

(2) 42.0 o.42 56.2 

a. Adult, male, Sprague-Dawley rats were pretreated with riboflavin) 
10 mg/kg I.P. daily for 7 days. Control rats received an equal 
volume (0.5 ml) of saline. 

b. The results are expressed as the mean of duplicate determinations 
from 2 pooled livers per group. 
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TA:BLE 21. 

Effect of FMN and Riboflavin Pretreatment on Microsomal Azoreductase 
Activity 

SuJ.fanilamide Formed 
(mµmoles/mg protein/30 min.) N2 - CO 

'f, 

Nitrogen '/, Carbon 'f, 
At100sphere Diff. Monoxide Diff. 

Treatment Atmosphere 

Control 271 203 -26 

Control + FMN 
(2 x lo-5 M) 326 +20 3o6 +51 

Riboflavin8 223 162 -27 

Riboflavin 
+FMN 
(2 x io-5 M) 288 +29 231 +43 

a. Riboflavin pretreatment is described in Table 24. 
b. The results are expressed as the mean of the values obtained f'rom 

2 separate groups of 2 pooled livers per group performed in 
duplicate. 
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Stinnll.ation of azoTeductase activity by �~� was similar for both 

controls and RF pretreated rats. 

B. Riboflavin Deficient Rats 

The ability of' 3MC and PB pretreatment to induce microsomal 

enzyme in riboflavin deficient rats was investigated. Weanling, ma.le 

Sprague-Dawley rats (40 to 50 g) were placed on a riboflavin deficient 

diet. Controls (normal diet rats) received the same diet but enriched 

with riboflavin, 30 mg/kg. After 18 days, a typical riboflavin deficiency 

syndrome was observed including alopecia, lack of weight gain and skin 

lesions (Fig. 18). When the deficient rats were treated with RF or with 

RF plus inducing agent (See MATERIALS AND METIDDS) many of the symptoms 

of RF deficiency were reversed. The animals displayed increased weight 

gain, decreased skin lesions and increased hair growth (Fig. 19). 

1 . Effect of Phenobarbital Pretreatment on Riboflavin Deficient 
Rats 

a . Hepatic-Flavin Levels 

'Ihe effect of riboflavin deficiency and PB pretreatment on 

total liver and microsomal flavin levels is shown in Tables 27 and 28. 

Total flavin levels of the RF deficient rats were less than half the 

value for the normal diet rats. Pretreatment of deficient rats with 

riboflavin resulted in total hepatic flavin levels between the complete-

ly deficient and those of normal rats. 

Very little free RF occurs in the liver (Burch et al. , 1956). 

Non-FAD flavin, which is essentially »m, was lost to a greater extent 

than F.AD in the RF deficient rats. The RF deficient rats which were 

pretreated with RF regained NON-FAD flavin to a greater extent than F.AD 

(Tables 22 and 23). 
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Fig. 18. Rats after 18 days on riboflavin deficient diet. 
Top: RF deficient rat; Bottom: Normal diet rat. 
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Fig. 19. Rats after 21 days on riboflavin deficient diet. 
Top: RF deficient rat; middle: RF deficient rat pretreated with 

RF (10 mg/kg) for 3 days; bottom: Normal diet rat. 
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TABLE 22 . 

Effect of Riboflavin Deficiency and Phenobarbital Pretreatment on 
Total Liver Flavin Levels 

-

' Total Non-FAD 
Flavin FAD Flavina 

Treatment 

Riboflavin Deficient Diet 

Control (4 ) .14±.01 .14+.0l 0 

Phenobc..rbi tal (3) .12±.01 .13+.0l 0 

Ribofle.vin (4 ) .28±.01 . 23+.oo .05+.01 - -

Riboflavin + 
Phenobarbital (4 ) .26:t.Ol .23+.0l .03+.0l 

Norr.1al Diet . 
�~� 

Control (3) �. �3�7�~ �. �0�1� .33.±.01 .04±.01 

Phenobarbital (3) .31±.01 .29±,01 .02±.01 . 

a.. .. .Non-FAD flavin , riboflavin + fl.ITT . 
b. Pheno"oarbi tal ( 90 rr.g/kg) and/ or riboflavin ( 10 rr.g/ kg )', I. P. for 

· 3 days. 
c. The results arc exnressed as the mean ± S.E. of the values obtained 

from (3) or (4) separate groups of 2 pooled livers per group. 
d. Flavin concentration is expressed as �n�R�L�~�o�l�e�s�/�m�g� protein �a�.�.�~�d� was 

measured. by the fluorimetric procedure as described in MATERIALS 
AND METHODS. 
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TABLE 23 

·' 
Effect of Riboflav:i.n Deficiency and Phcnobarbi tal Pretreatment on 
Hepatic Microso:.'.2.l Flavin 

: 

Total FAD Non-FAD 
Flavin Flavin a 

Treatment 

Riboflavin Deficient Diet 

Control (4 ) .17±.01 .14+. 00 .03+.0l - -

Phenobe.rbi tel (3) .15: .01 .15+.0l 0 

Ribofla.vin (4) .23::;- .02 .11+.02 .12+.01 -

Riboflavin + 
Phenobarbital (4 ) .23±.0l .15+.01 .07+.0l -

Normal Diet -
Control (3) 0 39± 0 o4 .30+.04 .09+.0l - -

Phenobarbital (4 ) .28±.01 .20+.01 .08+.0l -

a. Non-FAD flavin, riboflavin + FMN . 
b. Phenoparbital (90 mg/kg) and/or riboflavin (10 r:Jg/kg), I.P. for 3 

days . 
c. The results are eA1'ressed as the oean ± S.E. of the values obtained 

f:roo (3 ) or (4) separate groups of 2 pooled livers per group. 
d. Flavin �c�o�n�c�e�~�t�r�a�t�i�o�n� is expressed as mu.moles/ me protein and was 

measured by the fluorimetric procedure described in �~�1�A�T�E�R�I�A�L�S� Ai'ill 
METHODS . . . -
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PB pretreatment did not increase flavin levels. In fact, 

a decrease in Non-FAD flavin was noted (Table 22). 

b. Liver Weight and Microsomal Protein 

The effect of RF deficiency and PB pretreatment on liver weight 

and microsomal protein is shown in Table 24. There was no significant 

difference in liver weights between the deficient and normal diet rats. 

However, RF deficient rats which were pretreated with RF for 3 days, 

showed an increase in liver weight over normal diet rats. Microsomal 

protein was lower in the RF deficient animals compared to normal diet 

rats; whereas, RF pretreated deficient rat6 showed the least microsomal 

protein content. 

PB pretreatment caused a significant increase in microsomal 

protein and liver weight compared to their corresponding control values 

{Table 24). 

c. Oxidative Pathways: Cytochrome P-450 and N-Dem.ethylation 

The effect of RF deficiency and PB pretreatment on cytochrome 

P-450 content and N-demethylation of aminopyrine in hepatic microsomes 

was investigated (Fig. 20; data presented on Appendix Table 6). 

There was no significant differences between cytochrome P-450 

content and aminopyrine dem.ethylase in microsomes from RF deficient rats 

compared to controls. Pretreatment of RF deficient rats with riboflavin 

decreased cytochrome P-450 content and aminopyrine demethylase. 

PB pretreatment significantly increased both cytochrome P-450 

and the demethylation of aminopyrine compared to controls. 

d •. Reductive Pathways: NADPH Cytochrome c Reductase and 
Azoreductase 

Table 25 shows that a deficiency of RF produced a decrease in 
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TABLE 24. 

Effect of Riboflavin Deficiency and Phenobarbital Pretreatment on Liver 
Weight and Microsomal Protein 

Liver Weight % Microsomal <fo 
( g/lOOg body wt. ) Diff. Protein Diff. 

Treatment (mg/g liver) 

Riboflavin Deficient Diet 

Control (4) 5 .6Jt.37 29·3±0.8 

Phenobarbital (3) 7.43±.52 +32 39.Q±2.9 +33 

Riboflavin (4) 7.75±.83 26.Q±l.2 

Riboflavin + 
Phenobarbital (4) 8.78±.68 +13 34.3:!;-2.4 +32 

Normal Diet 

Control (3) 5.09±.11 37.0±6.0 

Phenobarbital (4) 6.21±·05 +22 47 .0:!;-1.4 +22 

a. Phenobarbital (90 mg/kg) and/or riboflavin (10 mg/kg), I.P. for 3 dS¥s. 
b. The results a.re expressed as the mean ± S.E. of the values obtained 

from (3) or (4) separate groups of 2 pooled livers per group. 
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the ability of microsomes to reduce cytochrome c and neoprontosil. 

RF pretreated rats had azoreductase and NADPH cytochrome c 

reductase activi1ies between those values for the deficient and normal 

diet rats. The decrease in azoreductase activity �(�-�7�1�~�)� in deficient 

rats was more pronounced than the decrease in NADPH cytochrome c 

reductase �(�-�5�2�~�)� or the microsaaa.l flEWins �(�-�5�6�~�)�.� 

PB pretreatment significantly stimulated both azoreductase and 

NADPH cytochrome c reducta.se in microsomes from deficient and control 

rats. However, no correlation was found between the PB induced activity 

and flavin levels. 

The effect of RF deficiency and PB pretreatment on microsomal 

azoreductase (Fig. 21) and Thm stimulation was investigated (Appendix 

Table 7). Azoreductase of normal diet rats was inhibited �4�5�~� by CO and 

67cf, in the RF deficient group. Microsomal cytochrome P-450 was similar 

in both RF deficient and normal diet rats. 

Azoreductase f'rom deficient rats pretreated with RF were less 

sensitive to CO inhibition �(�-�3�8�~�)�.� Azoreducta.se activity of microsomes 

from rats pretreated with PB displayed similar sensitivity to CO 

inhibition. 

FMN stinnll.a.tion of azoreductase varied in each group, (Appendix 

Table 7). The per cent stiimllation of microsomal azoreductase by FMN 

was greatest for the deficient animals. However, the baseline of enzyme 

activity was also lower for the deficient group. 

2. Effect of 3-Methylcholanthrene Pretreatment on Riboflavin 
Deficient Rats 

a. Hepatic FlEWin Levels 

The effect of RF deficiency and 3MC pretreatment on hepatic 
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TABLE 25. 

Effect of Riboflavin Deficiency and Phenobarbital Pretreatment on Micro­
somal NADPH Cytochrome c Reductase and Azoreductase 

Azoreductase (mum.oles NADPH Cytochrome 
sul:f anilamide formed/ c;, c reductase (mu-
mg protein/30 min.) Diff. moles cyt c 

reduced/min. /mg 
Treatment protein) 

Riboflavin Deficient 
Diet --
Control (4) �5�~� 5 12.8±1.0 

Phenobarbital (3) 184± 14 +212 18.7+4.1 

Riboflavin (4) 86± 10 15.3±3.6 

Riboflavin + 
Phenobarbital (4) 178+ 16 +lo6 29.6±2.2 

Normal Diet 

Control (3) 17o+ 7 26.3±7.1 

Phenobarbital (3) 219± 10 +30 41.0±5 .6 

a. Phenobarbital (90mg/kg) ari.d/or riboflavin (10 mg/kg), in saline I.P. 
for 3 days. 

b. The results are expressed as the mean ± S.E. of the values obtained 
from ( 3) or ( 4) separate groups of 2 pooled livers per group. 

tf, 
Diff. 

+46 

+92 

+60 

c. Measurement of enzyme activities are described in MATffiIALS AND METHODS. 
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and microsomal flavins appears in Tables 26 and 27. Rats on the RF 

deficient diet lost over half of their total flavin content. A 

greater decrease in non-FAD flavin (i.e., FMN) than FAD flavin was 

observed in RF deficient rats. Pretreatment of deficient rats with 

RF caused a greater recovery in non-FAD flavin than in FAD. 

Pretreatment of rats with 3MC did not significantly affect 

the total liver navin (Table 26). The effect of 3MC pretreatment on 

microsomal flavin varied (Table 27). 3MC pretreatment decreased 

microsomal flavin levels of RF deficient rats. However, microsomal 

flavin of RF pretreated rats was increased by 3MC pretreatment. 3MC 

did not affect microsomal flavins in normal rats. 

b. Liver Weiglit and Microsomal Protein 

The effect of RF deficiency and 3MC pretreatment on liver 

weight and microsomal protein was investigated (Table 28). No 

significant differences were observed between liver weights and micro-

somal protein of RF deficient and normal rats. 

Pretreatment of deficient rats with riboflavin caused an 

increase in liver weight and microsomal protein over that of normal 

diet rats. 

3MC pretreatment produced a significant increase in liver 

weight compared to controls. Furthermore, 3MC pretreatment increased 

microsomal protein of both RF deficient and normal diet rats. However, 

3MC did not affect the protein content of the RF pretreated group. 

c. Oxidative Pathyway: Cytochrome P-450, Benzpyrene Hydroxy­
lase and S-Demetbylation 

The results (Table 29) show that microsomes from RF deficient 

rats had greater cytochrome P-450 content and methylthiopurine demethyl-

ase activity than did microsomes from normal diet rats. In contrast, 
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TABLE 26 . 

' Effect of Riboflavin Deficiency and 3-Hethylcholanthrene Pretreatment 
on Total Liver Flavin Levels 

Total Non-FAD3-
Flavin FAD Flavin 

Treatment 

Riboflavin Deficient Diet 

Control .13±.0l .14±.01 0 

3-Methylchola.nthrene .12±.01 .13±.01 0 

Riboflavin �.�l �~�O�;�t �.� 05 .36±.02 .04±.01 

Riboflavin + 3-lkthyl-
cholanthrene .36j:- .02 .34+.0l .02±.01 

Normal Dj.et 
. 

Control ·39:t .Ol .39+.0l 0 

3-Methylchole.nthrene .41±.01 .39+.0l .02+.01 
-

a. Non-FAD fle.vin , r iboflavin + Il:t1 
b. 3-Hethylcholanthrene ( 40 rr{!./kg) I. P. i n corn oi l and/or ribofl avin 

(10 mg/kg) I .P. i n saline for 3 days. 
c. Toe results are expressed as the mean ± S.E. of the values obtained 

fr om 4 separate groups of 2 pooled l ivers per group. 
d. Flavin concentration is expressed as mumoles/ mg protein and was 

measured by the fluorimetric procedure as described i n MATERIALS 
AND MET"dODS . 
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TABLE 27. 

Effect of Riboflavin Deficiency and 3- icthylcholanthrene ·Pretreatment 
on Hepatic Microsomal Flavin 

Total Non-FADa 
Flavin FAD Flavin 

Treatment 

Riboflavin Deficient Diet 

Control .21±·.02 . 20+.02 0 -

3-Methylcholanthrene .15±.00 . 15+.0l 0 -

Riboflavin .29±-02 .20+.02 .09+.02 -
Riboflavin + Methyl-

cholanthrene .37;t.Ol . 29+.02 .08+.02 - -

l lormal Diet 
.. 

Control .4Jt.03 . 34±.03 .09+.0l -

3-Methylcholanthrene .49±.03 .36+.02 .14+.02 

a.. 1'lon-FAD flavin , riboflavin + nm. 
b. 3-Hethylcholan threne ( 40 mg/kg) I. P. i n corn oi l and/ or ribof l avin 

(10 mg/ kg) I.P. in saline �f�o�~� 3 deys. 
c. The r esults are expressed as the mean ± S.E. of the values obtained 

from 4 separate groups of 2 pooled l ivers per group. 
d. Flavin concentration is expressed as �m�u�m�o�l�e�s �/ �r�.�~� protein and was 

measured. by the fluorimetric procedure described i n l·IATERIAL S AND 
MErHODS . 
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TABLE 28. 

Effect of Riboflavin Deficiency and 3-Methylcholanthrene Pretreatment 
on Liver Weight and Microsomal Protein 

Liver Weight Microsomal 
(g/100 g 'f, Protein % 

Treatment body weight) Diff. (mg/g liver) Diff. 

Riboflavin Deficient Diet 

Control 5.78±;.37 32.4:1.8 

3-Methylcholanthrene 7.o4t.15 +22 39·5±1.2 +22 

Riboflavin 6.4Q±.35 37.6z3.3 

Riboflavin + 3-Methyl-
cholanthrene 7.93:.44 +24 39.5±2°9 

Normal Diet 

Control 5.20±.11 30.8:tl.6 

3-Methylchola.ntbrene 7.11±.22 +38 36.4:t:2.8 +18 

a. 3-Methylcholanthrene (40 mg/kg) I.P. in corn oil and/or riboflavin 
(10 mg/kg) I.P. in saline for 3 days. 

b. lbe results are expressed as the mean ± S.E. of the values obtained 
from 4 separate groups of 2 pooled livers per group. 
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benzpyrene hydroxylase was decreased in RF deficient rats and increased 

with increasing microsomal flavin. 

3MC pretreatment stimulated of cytochrome P-450 formation and 

benzpyrene hydroxylase activity. Interestingly, 3MC pretreatment resulted 

in decreased S-demethylation of methylthiopurine by microsomes from RF 

deficient rats but did not effect microsomal S-demethylation of normal 

diet and RF pretreated rats. 

d. Reductive Pathwa.ys: NADPH Cytochrome c Reductase1 
Azoreductase and NT Diaphorase 

The effect of RF deficiency and 3MC pretreatment on the re-

duction of cytochrome c, neoprontosil and neotetrazolium is shown in 

Table 30. 

Azoreductase activity decreased in RF deficient rats and in-

creased as the microsomal. flavins increased. On the other hand, no 

decrease in NT diaphorase or NADPH cytochrome c reductase was observed 

in RF deficient rats. other workers found a decrease in NADPH cytochrome 

c reductase in RF deficient microsomes (Prosky et al. , 1964). 

3MC pretreatment decreased azoreductase activity in RF deficient 

rats (Table 30). This lowered microsomal activity due to 3MC induction 

was also seen in a previous experiment. 3MC pretreatment induced micro-

somal azoreductase in normal diet and RF pretreated rats. 

3MC pretreatment decreased the reduction of cytochrome c and 

NT by microsomes from RF deficient rats. When RF was re-supplied either 

by pretreatment or in the normal diet, 3MC pretreatment did not affect 

either NADPH cytochrome c reductase or NT diaphorase (Table 30). 

The effect of RF deficiency and PB pretreatment on microsomal 

azoreductase is shown in Fig. 22. Azoreductase of RF deficient rats was 



TABLE 29. 

Effect of Riboflavin Deficiency and 3-Methylcholantbrene Pretreatment on Benzpyrene Hydroxylase 
Methylthiopurine Demethylase and Cytochrome P-450 

Benzpyrene Methylthiopurine Cytochrome 
Hydroxy lase Demethylase P-450 
(Ill)mlOles/mg/ (nµmoles dCHO {nµmoles/mg 
protein/30 formed/mg protein/ protein) 

Treatment min.) Diff. cf, 30 min.) Diff. '/, 

Riboflavin Deficient 
Diet 

Control 279 : 15 288 "!: 18 .67 �~�-�0�3� 

3-Methylcholanthrene 3o87 :! 333 +loo6 180 ± 19 -38 1.17 ±·02 

Riboflavin 650 ± 68 157 t 5 .39 ±·05 

Riboflavin + 
3-Methylchol-
antbrene 7804 ± 191 +1101 171 ± 9 .68 ±·05 

Normal Diet 

Control 1075 :! 89 164 :t 11 .46 -r_.07 

3-Methylchol-
antbrene 8688 ± 1012 + 7o8 161 ± 17 .76 ±.04 

Diff. '/, 

I 

�~� 
I 

+ 75 

+ 74 

+ 65 



TABLE 29. 

a. 3-Methylcholanthrene (40 mg/kg) I.P. in corn oil and/or riboflavin (10 mg/kg) I.P. in saline 
for 3 days. 

b. 'Ihe results are expressed as the mean j:- S.E. of the values obtained from 4 separate groups 
of 2 pooled livers per group. 

c. Enzyme assays and cytochrome P-450 was measured as described in MATERIALS AND METWDS. 

I ..... ..... w 
I 



-114-

more sensitive to CO than were microsomes from normal diet rats. RF 

pretreatment increased microsomal azoreductase to a value between that 

seen in normal and deficient rats. 

3MC induced the CO insensitive pathway of microsomal azore-

ductase only in the RF pretreated and normal diet animals. 

FMN stimulated microsomal azoreductase activity in each group 

(Appendix Table 9). Microsomal azoreductase activity of 3MC pretreated 

rats was stimulated to a greater rate than was the »lli stimulation of 

the controls. 

PART SIX - INFWENCE OF INHIBITORS OF OXIDATIVE DRUG MmAJ30LISM 
ON THE REOO'CTION OF NIDPRONTOSIL 

DPF.A and SKF 525A inhibit the oxidation of a variety of drugs 

by the durg metabolizing enzymes (McMahon and Mills, 1961; Cooper et a.l., 

1954). The effect of these agents on the enzymatic reduction of neopronto-

sil was examined. 

A. Influence of Inhibitors on the Reduction of Neoprontosil by Hepatic 
Microsomes 

1. Effect of Inhibitors on Microsomal Azoreductase in Nitrogen or 
Carbon Monoxide Atmosphere 

The effect of SKF 525A, Lilly 18947 and DPEA on microsomal 

azoreductase is shown in Tables 31 and 32. SKF 525A, a tertiary amine, 

stimulated azoreductase activity under a nitrogen atmosphere but had 

no effect under CO. Lilly 18947 stimulated azoreductase slightly under 

nitrogen and bad no effect under CO. 

In contrast, DPEA, the primary amine metabolite of Lilly 18947 

{Fig. 23), inhibited microsomal azoreductase in a nitrogen atmosphere 



TABLE 30. 

Effect of Riboflavin Deficiency and 3-Methylcholanthrene Pretreatment on the Reduction of Neoprontosil, 
Cytochrome c and Neotetrazolium by Hepatic Microsomes 

Azoreductase (n:pmoles NADPH Cytochrome c NT Diaphorases 
aulfanilamide formed/ i Reductase (mµ.moles i (tlJ.Uiloles forma-
mg protein/30 min.) Diff. cyt c reduced/min/ Diff. zan formed/mg 

Treatment mg protein). protein/10 min) 

Riboflavin Deficient 
Diet 

Control 129 �~� 8 40.3 ± 4.5 166 + 7 -
3-Methylcholanthrene lo6 ± 7 -18 23.2 ± 3.1 -42 133 i 7 

Riboflavin 142 ± 4 49.1 ± 2.4 158 ± 6 

Riboflavin + 3-Methyl-
cholanthrene 203 :t 17 +43 52.1 ± 2 .6 181 ± 1 

Normal Diet 

Control 195 ± 17 40.6 :t 2.0 168 ± 2 

3-Methylcholanthrene 312 ± 21 +60 43.4 ± 3.6 164 ± 7 

i 
Diff. 

-20 

+15 

a. 3-Methylcholanthrene (40 mg/kg) I .P . in corn oil and/or riboflavin (10 mg/kg) I.P. in saline for 3 days. 
b. The results are expressed as the mean : S.E. of the values obtained from 4 separate groups of 2 pooled 

livers per group. 
c. Enzyme activity was measured anaerobically for azoreductase and aerobically for NADPH cytochrome c 

reductase and NT diaphorase activities according to the description in MATERIALS AND METHODS. 

I 

�~� 
\Jl 

I 
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and had no effect under CO (Table 32). 

2. Effect of Inhibitors on Flavin Stimulation of Microsomal 
Azoreductase 

'Ihe effect of DP.EA and SKF 525A on FMN-stimulated azoreductase 

activity is presented in Table 33. DP.EA, which inhibited microsomal 

azoreductase under nitrogen, did not inhibit FMN stinn.ilated enzyme 

actiVity. 'Ihe stimulation of azoreductase activity by FMN plus SKF 

525A was additive. Under CO only the stimulatory effect of FMN was 

observed. 

DPEA plus SKF 525A in equimolar concentrations had no effect 

on azoreductase under nitrogen or CO (Table 33). 

B. Effect of Inhibitors on Partially Purified Enzyme 

The effect of DP.EA, SKF 525A and Lilly 18947 on the reduction 

of neoprontosil by the partially purified enzyme (i . e . , protein fraction 

that precipitates between 4CJ!, and 8CJI, ammonium sulfate saturation) was 

investigated (Table 34). These inhibitors did not affect the reduction 

of neoprontosil by the partially purified enzyme. FMN stimulated azo­

reductase was unaffected by SKF 525A; whereas, DPEA and Lilly 18947 

decreased FMN stinnll.a.tion. However, at a concentration of io-3 M, DPEA 

and Lilly 18947 are poorly soluble and this may have interfered with FMN 

stimulation of azoreductase. 

C. Influence of SKF 525A and DPEA. on Microsomal Azoreductase Activity 
from Phenobarbital and 3-Methylcholanthrene Pretreated Rats 

The results in Fig. 24 and 25 demonstrate that PB and 3MC pre-

treatment of rats induced azoreductase pathways that differ in their 
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T.ABLE 31. 

Effect of SKF 525A and Lilly 18947 on the Reduction of Neoprontosil by 
Hepatic Microsomes 

Su.lfanilamide Formed 
(mµmoles/mg protein/3 lnin.) 

Concen- Nitrogen Relative Carbon Monoxide Relative 
Drug Jration Atmosphere Activity Atmosphere Activity 

Ex.pt. I. 

Control 225 100 156 100 

SKF 525A 10-3 M 241 107 140 90 

SKF 525A 10-4 M 291 129 162 104 

SKF 525A 10-5 M 272 121 155 100 

Expt. II. 

Control 216 100 143 100 

SKF 525A 10-3 M 256 116 154 lo8 

SKF 525A io-4 M 272 125 156 109 

SKF 525A io-5 M 249 115 148 103 

Ex.pt. III. 

Control 191 100 157 100 

SKF 525A io-3 M 223 119 150 97 

SKF 525A 10-4 M 266 139 150 97 

SKF 525A io-5 M 218 114 150 97 

Expt. DI. 

Control 216 100 143 100 

Lilly 18947 lo-3 M 256 l.16 136 95 

Lilly 18947 10-4 M 246 115 146 102 

Lilly 18947 10-5 M 209 97 146 102 
-

a. Each value represents the mean of duplicate determinations on microsomes 
from 10 pooled livers. Inhibitors were pre incubated 'W'i th enzyme 20 minutes 
on ice prior to the addition of the reactants. 

b. Azoreductase activity was performed as described in MATERIALS AND METHODS. 
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'J}\BLE 32. 

Effect of DPEA on the Reduction of Neoprontosil by Hepatic Microsomes 

Sulfa.nilamide Formed 
{mµmoles/mg protein/30 min. ) 

Concen- Nitrogen Relative Carbon Monoxide Relative 
Drug tr at ion A1:2nosphere Activity Atn:.osphere Activity 

Expt. I. 

Control 225 100 156 100 

DPEA io-3 M 149 66 140 90 

DPEA 10-4 M 168 75 159 101 

DPF.A 10-5 M 194 86 146 94 

Expt. II. 

Control 171 100 124 100 

DPEA 10-3 M 124 73 ll5 93 

DPF.A 10-4 M 141 82 121 98 

DPEA 10-5 M 156 91 124 100 

Expt. III . 

Control 191 100 157 100 

DPF.A 10-3 M 109 57 109 69 

DPF.A 10-4 M 165 86 155 99 

DPF.A 10-5 M 195 102 152 97 

a. Fach value represents the mean of duplicate determinations on microsanes 
from 10 pooled livers. 

b. Inhibitors were preincubated with enzyme 20 minutes on ice prior to the 
addition of the reactants. 

c. Azoreductase activity was performed as described in MATERIALS AND 
METHODS . 
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TABLE 33. 

Effect of SKF 525A and DPEA on Flavin Stimulation of Microsomal 
Azoreductase 

Sulfanilamide Formed 
{n:µmoles/mg protein/30 min.) 

Concen- Nitrogen Relative Carbon Monoxide Relative 
Drug tr at ion Atmosphere Activity Atmosphere Activity 

Control 191 100 157 100 

Control + 
FMN 2 x io-5M 262 137 215 137 

SKF 525A 2 x �1�0�-�~� 266 139 150 96 

SKF 525A + 
2 x 10-5M FMN 335 175 2o8 133 

DPF.A 2 x �l�o�-�~� 165 86 155 99 

DPFA + FMN 2 x l0-5M 236 123 215 137 

DPEA + 
2 x lo-4M SKF 525A 200 104 152 97 

a. F.ach value represents the mean of duplicate determinations on microsomes 
from 10 pooled livers. Similar results were obtained in at least one 
other experiment. 

b. Inhibitors were preincubated with enzyme 20 minutes on ice prior to the 
addition of the reactants. 

c. Azoreductase activity was performed as described in MATERIALS AND 
METHODS. 
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sensitivity to CO and to the inhibitors DPEA and SKF 525A. 

DPEA inhibited induced microsomal azoreductase activity in a 

manner similar to CO (Fig. 24). DPEA., 10-4 M, had no inhibitory effect 

on azoreductase activity under CO; whereas, under a nitrogen atmosphere, 

DPEA inhibited microsomal azoreductase activity of both controls and 3MC 

pretreated rats to the same extent ( 13 'lo) . In contrast, a significantly 

greater inhibition of azoreductase activity �(�4�~�)� by DPEA was observed in 

microsomes from PB pretreated rats. 

The effects of SKF 525A on microsomal azoreductase activity 

f'rom PB and 3MC pretreated rats was opposite to that of DPEA (Fig. 25). 

Under a nitrogen atmosphere, SKF 525A stimulated azoreductase activity 

(22%) by microsomes from PB pretreated rats; but had little effect on 

azoreductase of microsomes f'rom control or 3MC pretreated animals. Under 

co, microsomal azoreductase from all three groups was decreased by 

SKF 525A. 

The spectra of microsomal cytochrome P-450 differed in control, 

PB and 3MC pretreated rats (Fig. 26). The peak absorbance for CO-cyto­

chrome P-450 of control and PB pretreated rats was 450 mu. The spectrum 

of microsomal cytochrome P-450 f'ro 3MC pretreated rate showed a shift 

in the peak absorbance to a shorter wavelength (about 446 mu) . These 

spectra are similar to those reported by Kuntzman et al. (1968). 

D. Effect of DPEA in vivo on Azoreductase Activity in vitro 

Inhibitors of oxidative drug metabolizing enzymes, such as 

DPEA. and SKF 525A, are effective in vivo and in vitro (McMahon, 1962; 

�A�x�e�l�r�o�d�~�t� al. , 1954). The effect of DPEA. ( 60 mg/kg) I.P. on microsomal 
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TABLE 34. 

Effect of FMN and Inhibitors on the Reduction of Neoprontosil by the 
Partially Purified Enzyme 

Sulf anilamide Formed 
�(�~�l�e�s�/�m�g� protein/3 min. ) 

Drug Concentration Relative Activity 

Control 122 100 

Control + :FMN 2xlo-5 M 149 122 

SKF 525A lo-3M 124 102 

SKF 525A + FMN 2xl0-5 M 153 125 

SKF 525A 10-4 M 

SKF 525A 10-5 M 116 95 

DPEA lo-3 M 115 95 

bPEA + FMN 2x10-5 M 129 lo6 

DPEA 10-4 M 122 100 

DPEA 10-5 M 123 101 

Lilly 18947 10-3 M 120 98 

Lilly 18947 + 2x10-5 M 138 113 
FMN 

10-4 M Lilly 18947 124 102 

Lilly 18947 10-5 M 126 103 

a. Enzyme protein that precipitates between �4�0�~� and 80% saturation 
ammonium sulfate. 

b. Each value represents the mean of duplicate determinations. 
c. Inhibitors were preincubated with enzyme 20 minutes on ice prior to 

the addition of the reactants. 
d. Azoreductase activity was performed as described in MATERIALS AND 

MErHODS. 
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The result;:; �~�·�~�e� �e�:�~�p�r�c�s�3�e�d� as the mean : S. -· · of the values obt::i.ined 
from 3 se o.: a'.:.·.! z;.:t-up3 of 2 poo ed an:! r..2.ls per group. 
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were ::n �:�-�;�:�:�-�:�~�'�.�:�!�r�.�1� d in O. 05 M r "'H2?0L-K2}-.T04 b'.rf fer, pH 7. 6, ( io-3 M ED:!:'A.) 
to a. conccn-!=;r· tion equivalr.:rt to 5'.) r.-:g of live1· per ml. �C�y�t�o �c�h�r�o�m�~� P-450 
was mt.:asured spcctro_:)hotc :.;tr �~�c�J�.�l�l �y� as �d�c�.�.�:�;�c�r�i�b�~�d� in �H�A�:�i �~�;�R�I�A�L�S� Alm ;.GTIDJS. 
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azoreductase one hour prior to sacrifice is shown in Table 35. 

DP.EA in vivo did not affect the weight or appearance of the 

liver. This dose produced no observable pharma.cologic effect. Micro-

sornal azoreductase of DP.EA pretreated and control rats were similar 

(Table 35). The addition of DPEA (10-4 M) _!.£vitro decreased azo­

reductase of controls �(�2�~�)� and had little effect on microsomes of 

the DPEA pretreated rats. 

E. Effect of Inhibitors on Liver Slice Azoreductase 

The effect of DPEA and SKF 525A on liver slice azoreductase 

varied, (Table 36). In air, DPEA significantly inhibited azoreductase 

( P <. 05), whereas, the effect of SKF 525A was equi vocable. Under 

nitrogen, the effect of DPEA and SKF 525A was similar to control slices. 

PART VII - SWDIFS ON Wzn.rE REDUCTIONS BY SOLUBILIZED MICROSOMAL 
ENZYME PREPARATIONS 

A. The Reduction of Neoprontosil by Purified NADPH eytochrome c 
Reductase Enzyme 

Purified porcine NADPH cytochrome c reductase was obtained 

from Dr. B.S.S. Masters. The enzyme was prepared according to Masters 

et al., (1967) with modifications as described in MATERIALS AND ME'l'HODS. 

Partially purified enzyme, i.e., protein that precipitated 

between �6�5�~� and �7�5�~� ammonium sulfate saturation was tested for azoreductase 

activity and flavin stimulation. 

The partially purified enzyme {i.e., protein fraction that 

precipitated between �~� and �8�~� ammonium sulfate saturation) prepared 

in this laboratory had a specific azoreductase activity of 570 mumoles 
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TABLE 35. 

The Effect of DPEA Pretreatment on the Reduction of Neoprontosil by 
Hepatic Microsomes 

Sulfanilamide Formed 
{mµmoles/mg protein/30 min.) 

Nitrogen Atmosphere Carbon Monoxide 
Treatment Atmosphere 

Saline Controls 201 :t 26 165 + 27 

Saline + DPEA io-4 M 159 :!" 26 153 + 27 

• 
DPEA Pretreated 225 :- 35 201 + 36 

DPEA �P�r�e�t�r�e�a�~�e�d� + 
DPEA 10- M 196 ± 35 193 + 38 

a. Male, 250 g Sprague-Dawley rats injected with DPEA, 60 mg/kg 
I.P. in saline 60 minutes prior to sacrifice. 

b. The results are expressed as mean ± S.E. of duplicate determinations 
f'rom 3 individual livers. 

c . Inhibitor was preincubated with microsom.es 20 minutes on ice prior 
to the addition of the reactants. Azoreductase activity was 
performed as described in MATERIALS AND METHODS. 
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TABLE 36. 

The Effect of DPF.A. and SKF 525A on the Reduction of Neoprontosil in 
Liver Slices 

Sulfanilamide Formed (npmoles/mg protein/ 
60 min.) 

Air Nitrogen 
Experiment Atmosphere 

Expt. I. 

Control 7.1 21.l 

DPF.A.a 6.7 17.2 

SKF 525Aa 9.0 20.3 

Expt. II. 

Control ll.4 44.2 

DPF.A. 8.8 31.3 

SKF 525A i7.5 44.7 

Expt. III. 

Control 13.4 35.1 

DPFA 5.2 34.6 

SKF 525A 10.2 34.0 

Expt. J.V. 

Control 8.9 20.7 

DPF.A. 6.5 23.0 

SKF 525A 6.2 22.8 

Inhibitors concentration, 3.3 x lo-4 M. a. 
b. 

c. 

The results are expressed as the mean of duplicate determina­
tions of 4 individual livers from ma.le, 300 g Sprague-Dawley 
rats. Liver slices were preincubated with inhibitor 15 minutes 
on ice prior to the addition of neoprontosil (10 umoles). 
Azoreductase activity was performed as described in MATERIALS 
AND METHODS. 
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sulfanilamide formed per mg protein per 30 minutes; whereas, Masters' 

partially purified enzyme had a specific azoreductase activity of 595 

mumoles sulfanilamide formed per mg of protein per 30 minutes. NADPH 

cytochrome c reductase activity was 1026 mu.moles cytochrome c reduced/ 

minute/mg protein for the enzyme of Masters compared to 523 mumoles 

cytochrome c reduced/minute/mg protein for the partially purified 

enzyme prepared in this laboratory. 

1. Effect of Flavin Concentration 

The effect of three concentrations of FMN on azoreductase 

activity of Masters' enzyme is shown in Table 37. FMN (2 x lo-5 M) only 

stinru.lated enzymatic azoreductase activity. Concentrations of FMN 

greater than 2 x lo-5 M stimulated the non-enzymatic and enzymatic 

reduction of neoprontosil. 

2. Effect of FAD, FMN and RF 

FAD, FMN and RF (2 x lo-5 M) stimulated the reduction of 

neoprontosil by the partially purified enzyme of Masters' (Table 38). 

The order of stimulation was RF ) FMN > FAD, which was similar to 

that found earlier (Table 2). 

3. Ef'fect of Enzyme Concentration 

The relationship between enzyme concentration and the ability 

of FMN to stimulate azoreductase is shown in Fig. 27 . .FMN caused a 

constant increase in the rate of reduction of neoprontosil (Append.ix 

Table 10). 

4. Effect of PMS Concentration 

Phenazine methosulfate (2 x io-5 M) stimulated azoreductase 
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TABLE 37 

Effect of Flavin Concentration on the Reduction of Neoprontosil by 
NADPH Cytochrome c Reductase Enzyme Prepared by Ma.stersa 

SuJ.fanilamide Formed 
(Ill)lI!IOles/30 minutes) 

Concen- Total Non-Enzymatic Enzymatic Relative 
Flask tration Activity Activity Activity Activity 

Control 0.69 0.20 o.49 100 

FMN 2x.lo-3M 7.60 0.96 6.64 1360 

FMN 2xl.0-4i.i l.52 0.36 1.16 237 

FMN 2xlo-5r.1 0.96 0.20 0.76 153 

a. Enzyme protein (0.83 mg) that precipitates between 65% and 
�7�5�~� saturation ammonium suli'ate prepared by B.S.S. Masters 
(Masters et al., 1967). 

b. Azoreductaseactivity was measured by the procedure as 
described in MATERIALS AND METHODS. 

c. The data represent the mean of duplicate determinations. 
Similar results were obtained in at least one other experiment. 
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TABLE 38. 

Effect of Flavins on the Reduction of Neoprontosil by NADPH Cytochrome 
c Reductase Eozymea 

Sulfanilamide Formed 'f, 
Drug (ItlllllOles/30 minutes) Difference 

Control 495 

FADb 660 +33 

FMN 759 +53 

Riboflavin 9o8 +83 

a. 

b. 
c. 

Enzyme protein (0.83 mg) that precipitates between 65'-fo and 75'-fo 
saturation ammonium sulfate prepared by B.S.S. Masters (Masters 
et al. , 1967) . 5 Flavin concentration, 2 x 10- M. 
Azoreductase activity was measured according to the procedure as 
described in MATERIALS AND MEI'HODS. 
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a cordir.g to the p::-occdure dc:.cr ·bP.d i.. MAJ:'?'.RIALS AND M.::THODS un.lcr a 
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activity (Table 39). Lowering of the PMS concentration to 2 x 10-7 M 

resulted in negligible non-enzymatic stimulation but enzymatic activity 

was stinntl.ated slightly. 

B. Properties of a Solubilized Microsomal Enzyme Preparation 

A solubilized enzyme complex containing cytochrome P-450 was 

prepared from hepatic microsomes by the procedure of Lu and Coon (1968) 

as described in MATERIALS AND METIDDS. This solubilized enzyme 

preparation converts laurate to GJ-hydroxylaurate and differs from the 

solubilized complex prepared by Ma.cLennan �~� al. , ( 1967) which contained 

P-450 but could not hydroxylate substrates. 

1. NA.DPH ochrome c Reductase Amino yrine Demethylase and 
Cytochrome P- 50 

The ability of the solubilized preparation to N-demethylate 

aminopyrine was investigated (Table 40). No aminopyrine demethylase 

activity was observed. However, this preparation did contain NADPH 

cytochrome c reductase activity and cytochrome P-450 (Table 40) with 

specific activities of the control microsomes. 

2. Azoreductase Activity 

The solubilized enzyme complex of Lu and Coon (1968) had less 

azoreductase activity than the control microsomes, (Table 41). Azo-

reductase and FMN-stimul.ated activity of microsomes prepared in 0.25 M 

sucrose were less active than microsomes prepared in isotonic KCl 

(10-3 M EDTA) (See also Table 3). 

FMN stimulation of control azoreductase activity was greater 

than that of the solubilized preparation. carbon monoxide inhibited 
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TABLE 39· 

Effect of Phenazine Methosulfate (PMS) on the Reduction of Neoprontosil 
by NADPH Cytochrome c Reductase Enzyme 

Sulf anilamide Formed 
(.umoles/30 minutes) 

Concen- Total Non-Enzymatic Enzymatic Relative 
Drug tration Activity Activity Activity Activity 

None 0.69 0.20 o.49 100 

PMS �2�x�l�0�-�~� 2.97 1.07 1.90 388 

PMS �2�x�l�0�-�~� 1.32 0.35 0.97 198 

PMS 2xl0-7M 0.83 0.21 0.62 113 

a. Enzyme, 0.83 mg of protein from the fraction that precipitates 
between �6�5�~� and �7�5�~� mmnonium sulfate saturation prepared by Masters 
et al. (1967) as described in MATERIALS AND METHODS. 

b. All-Components were preincubated on ice anaerobically for 5 minutes. 
The complete system was incubated in a nitrogen atmosphere at 37° 
for 30 minutes for azoreductase activity according to the procedure 
described in MATERIALS AND METHODS. 

c. The values represents the mean of duplicate determinations. Similar 
results were obtained in at least one other experiment. 
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TABLE 40. 

Comparison of NADPH Cytochrome c Reductase, Aminopyrine Demethyl.ase and 
Cytochrome P-450 Content of Control Microromes and "Solubilized" Micro­
somal. Enzyme Preparation 

NADPH Cytochrome Aminopyrine Cytochrome 
c Reductase {mµ- Demethylase P-450 
moles cyt c �(�~�l�e�s� HCHO (lil)lilloles/mg 
reduced/min/mg formed/mg pro- protein) 

Flask protein) tein/30 min. ) 

Control Microsomes 24 398 .45 

Solubilized 
Preparation a 18 0 .47 

a . Solubilized enzyme complex prepared by the method of Ill and Coon 
( 1968) as described in MATERIALS AND METHODS. 

b. Enzyme activities and cytochrome P-450 was measured according to 
the procedures described in MATERIALS AND MEI'HODS. 

c. These data are representative of two experiments. 
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azoreductase of control microsomes �(�1�2�~�)� but had no effect on the activity 

of the solubilized preparation (Table 41). The lack of a CO-sensitive 

azoreductase pathway correlates with the inability of this solubilized 

preparation to demethylate aminopyrine (Table 40). 

3. Nitroreductase Activity 

The ability of the solubilized enzyme preparation to reduce 

p-nitrobenzoic acid was investigated (Table 42). Control microsomes 

and the solubilized preparation had nitroreductase activity which was 

stimulated by FMN. In contrast to azoreductase, the nitroreductase 

activity of both preparations was inhibited by CO. This inhibition of 

nitroreductase activity by CO would imply that the cytochrome P-450 

pathway was still intact for the reduction of nitro compounds. 

PART EIGHT - REDUCTIVE ENZYMATIC PATHWAYS IN MICROSOMES FROM HOUSEFLY 
AND RAT 

Microsomes obtained from 6 day old female housefly abdomens, 

Musca domesticus, were compared with liver microsomes from adult, male, 

Sprague-Dawley rats for their ability to reduce an azo compound (l,2-

dimethyl-4-(p-carboxyphenylazo )-5-hydroxybenzene, CPA) an aromatic 

nitre compound (p-nitrobenzoic acid, PNB) and cytochrome c as well as 

for their respective cytochrome P-450 content (Fig. 28). These studies 

indicate that the microsomal. enzymes involved in the reduction of 

xenobiotic compounds show a great universality among animal species. 

A. Requirements for Azoreductase and Nitroreductase Activities in 
Housefly Microsomes 

Microsomes from housefly abdomens required reduced NADPH for 
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TABLE 41. 

Effect of »m on the Reduction of Neoprontosil by a "Solubilized11 Micro­
somal. Enzyme Preparation 

Sulf anilamide Formed 
{I!llDloles/mg protein/30 min.) 

Nitrogen Carbon Monoxide N2-co 
Flask Atmosphere Atmosphere % 

Control Microsomes 96 86 -12 

Control Microsomes 
+ FMN (2xlo-5 M) 111 112 

'f, Difference +16 +30 

Solubilized 
Preparationa 54 56 0 

Solubilized 
Preparation + FMN 
(2x10-5 M) 64 72 

'f, Difference +19 +29 

a. Solubilized enzyme complex prepared by the method of Iu and Coon 
(1968) as described in MATERIALS AND METHODS. 

b. Enzyme activity was measured according to the procedure described 
in MATERIALS AND ME'mODS. 

c. These data are representative of two experiments. 



-139-

TABLE 42. 

Effect of FMN on the Reduction of p-Nitrobenzoic Acid by a 11Solubilized11 

Microsomal Enzyme Preparation 

PABA Formed 
(mµmoles/mg protein/30 min.) 

Nitrogen Carbon Monoxide N2-CO 
Flask Atmosphere Atmosphere 'f, 

Control Microsomes 21 6 -71 

Control Microsomes 
+ FMN (2xlo-5M) 30 13 

'fo Difference +43 +116 

Solubilized 
Preparationa 14 3 -79 

Solubilized 
Preparation 
+ FMN (2x1o-5 M) 17 7 

'/, Difference +21 +133 

a . Solubilized enzyme complex prepared by the method of Lu and Coon 
(1968) as described in MATmIALS AND MErHODS. 

b . Enzyme activity was measured according to the procedure described 
in MATERIALS AND MErIDDS. 

c. These data are the mean of duplicate determinations of a single 
experiment. 
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supernate from housefly homogenates had higher activity than housefly 

microsomes and a NADPH generating system (rat soluble fraction+ NADP++ 

glucose-6-phosphate). The activity of glucose-6-phosphate dehydrogenase 

of fly soluble fraction used in the incubation flask containing fly 

10,000 x g supernatant (Table 43) was 0.83 Kornberg units (1.0 umole 

NADPH reduced/minute) compared to 0.25 Kornberg units for rat liver 

soluble fraction in the incubation flask containing fly microsomes. 

B. NADPR Cytochrome P-450 

Microsomal preparations from both housefly abdomens and rat 

liver had NADPH cytochrome c reductase activity and an observable carbon 

monoxide binding pigment (Table 44). Protein content of the microsomes 

of housefly abdomens was found to be 0.35 to o.4 mg protein per house­

fly abdomen. The specific activity of NADPH cytochrome c reductase when 

based on a mumole/mg protein basis was found to be about equal for both 

rat and fly microsomes. However, the specific activity (nrumoles/mg 

protein) of cytochrome P-450 was lower in microsomes from fly than from 

rat. 

C. Azoreductase and Nitroreductase Activities 

Azoreductase and nitroreductase activities were lower in house­

fly microsomes than in rat hepatic microsomes (Tables 45 and 46). In­

hibition of microsomal reduction of CPA and p-nitrobenzoic acid by CO was 

less in housefly than in rat. Housefly microsomal azoreductase and nitro­

reductase activities were less sensitive to CO inhibition and had less 

cytochrome P-450. 
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Fig . 28. Azoreductase ani �n�i�t�r�o�r�~�j�u�c�t�a�s�e� pathway3 in housefly 
m.tcroso:::c::>. 
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TABLE 43. 

Requirements for Azoreductase a.nd Nitroreductase Activities by Microsomes 
from Housefly Abdomens. 

Conditions 

Complete Systema 

Modified System (MS)b 

MS,-N.ADP 

MS, N.AD substituted for NADP 

MS, Glucose-6-phosphate 
dehydrogenase (5 units) 
substituted for rat soluble 
fraction 

PABA Formed 

Azoreductase 

34 

17 

12 

0 

13 

(mµmoles/30 min.) 

Ni troreductase 

46 

15 

6 

5 

8 

a. Enzyme source, 10,000 x g supernatant from homogenates of female 
housefly abdomens (equivalent to 25 abdomens). 

b. Enzyme source, microsomes from female housefly abdomens (equivalent 
to 25 abdomens or 10 mg protein) + rat liver soluble fraction 
(equivalent to 125 mg wet weight). 

c. The incubation mixture contained in a final volume of 2.0 ml: 
0.5 umoles NA.DP+ or NAD+, 50 umoles �~�l�u�c�o�s�e�-�6�-�p�h�o�s�p�h�a�t�e�,� 100 umoles 
nicotinamide, enzyme source (1) + (2), 10 umoles CPA l,2-dimethyl-
4-(p-ca.rboxyphenylazo)-5-hydraxy benzene for azoreductase or 6.0 
umoles p-nitrobenzoic acid for nitroreductase in 0.05 M Na.H2P04-
J<2HP04 buffer, pH 7 .6, (10-3 M EDTA). 

c. Incubations were performed anaerobically at 32° for 30 minutes. 
The reaction was stopped by the addition of 2.0 ml of 10% TCA. 
PABA was measured from 2.0 ml of the TCA supernatant by the 
Bratton and Marshall (1937) procedure described in MATERIALS AND 
ME'l'HODS. 
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TABLE 44. 

Comparison of NADPH Cytochrome c Reductase and Cytochrome P-450 Level 
of Microsomes f'rom Housefly and Rat 

Microsomes NADPH Cytochrome c Cytochrome P-450 
Reductase 

Housefly 24.6a .019C 
b .48d Rat 40.6 

a. rrmnoles /min. /fly abdomen ( 0. 4 rng protein) . 
b. mumoles /min. /mg protein. 
c. mumoles/fly abdomen (o.4 mg protein). 
d. mumoles/mg protein. 

NADPH cytochrome c reductase and cytochrome P-450 were determined 
by the procedure described in MATERIALS AND METHODS. 
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TABLE 45. 

Comparison of Azoreductase Activity of Microsomes from Housefly and 
Rat 

PABA Formed 

Nitrogen 'f, Carbon % 
Atmosphere Dif.f. Monoxide Diff . N2-co 

Microsomes Atmosphere % 

Housefl.y8- 1.o8 1.03 -5 

Housefly + FMN 
(2 x io-5 M) 5.45 +405 3.53 +242 

Ratb 185 51 -72 

Rat + FMN 
(2 x io-5 M) 967 +434 698 +1270 

a. mxmoles/fly/30 minutes. 
b. mum.oles/mg protein/30 minutes. 
c . Conditbns for azoreductase activity in housefly microsomes are 

described on Table 43. Conditions .for azoreductase activity in 
hepatic microsomes of rat are described in MATERIALS AND METIDDS. 

d. The results are representative of two experiments. 



-145-

TABLE 46. 

Comparison of Nitroreductase Activity of Microsomes frcm Housefly 
and Rat 

p-Aminobenzoic Acid Formed 

Nitrogen '/, Carbon Monoxide "P 
Microsomes Atmosphere Diff. Atmosphere Diff. 

Housef lya l.o6 0.77 

Housefly + 
FMN �(�2�x�l�o�-�~�)� 1.95 +84 1.12 +45 

Ratb 139 35 

Rat + Th1N 
(2xJ.o-5M) 266 +91 lo8 +209 

a. mumoles/ny/30 minutes. 
b. mu.moles/mg protein/30 minutes. 

N2-CO 
<f, 

-27 

-75 

c. Conditions for nitroreductase activity in housefly microsomes are 
described in Table 43. Conditions for nitroreductase activity 
in hepatic mi.crosomes of rat are described in MATERIALS AND MEI'HODS. 

d. The results are representative of two experiments. 
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V. DISCUSSION 

The resul.ts of this study have extended the findings of 

Hernandez et al., (1967b) that the reduction of azo compounds by hepatic 

microsomes is due to a complex enzyme system. The data indicate that 

the reductive pathways of hepatic microsomes can be altered in vivo by 

dietary flavins and inducing agents, and �~� vitro by flavins, carbon 

monoxide, SKF 525A and DPF.A. 

The initial studies confirmed the findings of Fouts and 

Brodie (1957) and Fouts et al., (1957) that flavins stimulated the re­

duction of azo compounds by liver homogenates. In addition, these 

studies showed that flavins stimulated azoreductase of the microsomal and 

purified enzyme, NADPH cytochrome c reductase. 

The mechanism by which flavins stimulate azoreductase has been 

shown to be due to an initial rapid reduction of free flavin by the micro­

somal enzyme. The reduced flavin (FMNl12) reduces neoprontosil non­

enzymatically. Similarly, Kamm 8.Ixi Gillette (1963) demonstrated that 

reduced �F�A�D�~� reduced p-nitrobenzoic acid to p-aminobenzoic acid non­

enzymatically under anaerobic conditions. 

Al.though the microsomal or purified enzyme is important for 

the flavin stimulation, an increase in enzyme did not increase the rate 

of reduction of neoprontosil due to FMN (Fig. 8 ). FMN stimulation of 

azoreductase activity was proportional to flavin concentration rather 

than to enzyme concentration. 

Fouts et �~�·� (1957) and Fouts and Brodie {1957) postulated that 

flavins stinru.lated azoreductase and nitroreductase activity by the 

formation of a loosely bound or soluble electron carrier system similar 
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to NADH or NADPH. The isoalloxazine group of the flavin compounds, 

(FAD, FMN and RF) has been shown to form a variety of electronic 

configurations such as quinones, half-reduced forms or tree-radical 

forms (Beinert and Sands, 1961; Massey et al . , 1966; Ehrenberg and 

Hemmerich, 1968). Furthermore, molecular complexes of flavins of the 

charge-transfer type have been implicated as playing an important role 

in the mechanism of flavoprotein catalysis (Massey and Palmer, 1962; 

Ko sower, 1966; Masters et al. , 1965a, b). 

A variety of compounds were investigated in order to obtain 

an indication of the type of flavin-enzyme interaction which occurred 

during flavin-stimulated azoreductase activity. A tree-radical forma­

tion of liMN was discounted since (1) visible light from two, 500 watt 

photoflood. lamps had no effect on azoreductase activity in the presence 

of FMN and (2) tree radical scavenger agents such as DPPH, A.Fr and BHT 

did not inhibit the flavin-stimulated azoreductase activity. 

An alternative flavin-enzyme interaction of a charge-transfer 

complex was considered. A charge-transfer formation of flavo-coenzymes 

has been suggested by Masters et al. , (1965b) as the mechanism for one --
and two-electron transfers catalyzed by NADPH cytochrome c reductase. 

A flavin mononucleotide complex such as �F�M�N�H �· �~� has been described by 

Gibson et al., (1962). However, compounds such as chlorpromazine, sero­

tonin or tetracycline which form complexes with flavins did not inhibit 

FMN-stimulated azoreductase activity. Although these studies did not 

suggest a flavin-flavin interaction of the charge-transfer type, the 

most probable mechanism for tree flavins to interact with microsomal 

fla.voprotein enzymes would be by this type of molecular complex. A 
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unique characteristic of a charge transfer complex is that the light 

absorption is different from either of the components of the complex 

(Kosower, 1966). Thus, spectroscopic evidence would be direct evidence 

for flavoprotein interaction. 
+2 +2 +2 

Transitional metals such as Fe , Cu , Mo , had no effect 

on flavin-stimulated azoreductase activity, Mahler et al. (1955) and 

Rajagopalan and Handler (1968) have described a number of flavoprotein 

enzymes such as xanthine oxidase which possess a metal in association 

with the flavin prosthetic group. The purified enzyme, NADPH cytochrome 

c reductase is a metal-free flavoprotein enzyme (Masters et al. , 1965a). 

Although m:?tals did not inhibit the :t'unction of this enzyme, these 

studies confirmed the findings of Hernandez �~� al., (1967a) that EDTA 

or boiled supernatant stimulates azoreductase activity. We have no 

explanation for this phenomenon. 

Electron donors such as cysteine and ascorbic acid did not 

substitute for NADPH nor affect flavin-stimulation of azoreductase. 

Purified enzyme has been shown by Williams and Kamin (1962) and Phillips 

and Langdon (1962) to be specific for NADPH. However, FMN stimulated 

the NADH microsomal pathway (via cytochrome b5 reductase) of azoreductase. 

The combination of NA.DH and NADPH generating systems when used with the 

microsomal enzyme showed additive azoreductase stimulation by FMN 

(Table 7) . These findings suggest that flavins stimulate azoreductase 

activity by acting at more than one f'lavoprotein site in hepatic 

microsomes. 

The specificity of flavin-stimulated azoreductase by the 

microsomal and purified enzyme was examined. Other redox agents such 
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as phenazine methosulfate (PMS), menadione, cresyl violet stinru.lated 

azoreductase activity. However, these agents generally stimulated the 

non-enzymatic reduction of neoprontosil as well as the enzymatic 

reduction which implies a lack of specificity for the enzyme. Flsvins 

demonstrated a greater specificity for stimulating the enzymatic reduction 

of neoprontosil than did PMS. First, a concentration of flavin (2 x lo-5 

M) was found that stiml.ated the enzymatic azoreductase activity but did 

not affect the non-enzymatic activity. In contrast, the PMS concentration 

could be lowered until only a stimulation af the non-enzymatic reduction 

of neoprontosil was observed. Studi€S on the effect of temperature 

indicated that for each 1<1' increase, microsomal enzyme activity doubled 

with a proportional increase in FMN stimulated activity. FMN did not 

affect the non-enzymatic reduction of neoprontosil (Fig. 9) . PMS 

stimulated the enzymatic reduction of the azo dye similar to that of 

FMN (Fig. 15). However, at higher temperatures PMS greatly stimulated 

the non-enzymatic reduction of neoprontosil. This is probably due to 

increased availability of reduced NADPH as a result of the increased 

activity of glucose-6-phosphate dehydrogenase. Thus, NADPH can :reduce 

PMS directly which in turn reduces neoprontosiL Moreover, Conant and 

Pratt (1926) demonstrated that reduced indigo disulfonate reduced several 

azo dyes including diam.ino-azobenzene and azobenzene disulfonate. 

The reduction of the azo linkage is not reversible and therefore 

neoprontosil is a final electron acceptor. Conant and Pratt (1926) have 

shown an apparent red.ox potential from o.35v to o.45v for the reduction 

of various azo dyes. Redox agents which stinru.late enzymatic reduction 

of neoprontosil in vitro would be expected to (1) have a reduction potential 
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between NADP+ /NADPH ( -0. 32v) and the reduction of the azo bond ( 2) be 

easily reduced and rapidly oxidized in order to stimulate the flow of 

electrons and (3) have some affinity for the enzyme so that a proper 

structural sequence for electron transport is obtained. The redox 

agents which stiIIUlated azoreductase activity fulfilled these criteria, 

(Table 9). 

Microsomal NT diaphorase and azoreductase are similar since 

they are both sensitive to oxygen and some activity was lost upon 

solubilization (Williams and Kamin, 1962; Hernandez et al., 1967a). 

The effect of flavins on microsomal and purified NT diaphorase activity 

was different, (Table 16). Flavins had no effect on microsomal NT 

diaphorase activity. However, purified NT diaphorase was inhibited by 

flavins in air but stimulated under nitrogen. Oxygen probably inhibits 

the flavin stimulation of purified NT diaphorase by successfully competing 

for the electrons from the reduced �~� (Gibson and Hastings, 1962). 

Neotetrazolium has a low affinity for the purified enzyme (Km, infinity) 

as does neoprontosil (Km, 4 x 10-3 M) (Hernandez et al. , 1967a). Thus, 

purified NT diaphorase activity was inhibited in air due to auto-oxidation 

of reduced �~� which removed available hydrogens from reduced NADPH. 

However, under anaerobic conditions, flavin stimulated diaphorase activity 

since no aerobic auto-oxidation of flavin occurs. 

Cytochrome c has a very high aff'inity for the purified enzyme 

(Km, 6.2 x io-6 M) (Hernandez et al., 1967a). Flavins did not compete 

for hydrogens f:rom reduced NADPH so that no inhibition of NADPH cyto­

chrome c reductase was observed under aerobic conditions. 

The reason for the greater stil!Illlation by RF than FMN or FAD 
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on purified azoreductase and NT diaphorase is not clear. This pattern 

of stinru.lation was observed by Singer and Kearny (1950) in the 

reduction of cytochrome c. Singer and Kearney (1950) suggested that 

these differences may be due to differences in the intrinsic physico­

chemical properties of the flavins and not to differences in their 

redox potentials. In intact microsomes, several pathways for the 

reduction of azo compounds and neotetrazolium have been described 

(Williams and Kamin, 1962; Hernandez et aJ.., 1967b). Flavins can there­

fore effect enzymes in microsomes other than NADPH cytochrome c 

reductase. Previous reports indicated that NADPH cytochrome c reductase 

was not the rate-limiting step in microsomes (Gillette, 1967) and there­

fore the three flavins, FAD, FMN and RF exerted similar activity in the 

microsomal preparation. 

In addition to azo and nitre reductases, flavins stimulated 

microsomal sulfoxide reductases, such as the reduction of chlorproma.zine 

and diaminGdiphenyl sulfoxides (Katzen and Mazel, 1968). The induction 

experiments (Tables 17 and 18) confirmed the findings of Hernandez et al. 

(1967b) that PB induced a CO-sensitive microsomal azoreductase pathway; 

whereas, 3MC induced a CO-insensitive pathway. The stimulation by FMN 

of microsomal azoreductase from PB pretreated rats was less under a 

nitrogen atmosphere but was the same as the control under CO (Fig. 17). 

The addition of FMN to microsomes f'rom 3MC pretreated rats caused a 

stimulation of azoreductase activity greater than that of control (Fig. 

17). 1b.ese findings are interpreted to mean that the sensitivity of 

microsoma.l azoreductase to FMN was the same in control and PB pretreated 

rats; whereas, microsomes from 3MC pretreated rats were more sensitive 
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to flavin stimulation. 

These differences in flavin-sensitive azoreductase activity in 

microsomes from PB and 3MC pretreated rats were confirmed by the studies 

on induction in RF deficient rats (Figs. 21 and 22). Hepatic microsomes 

from RF deficient rats had less f'lavins, lower NADPH cytochrome c re­

ductase and lower azoreductase than microsomes from normal diet rats. 

In addition, azoreductase activity of microsomes from RF deficient 

animals were more sensitive to CO inhibition than microsomes from normal 

diet rats. 

The CO-sensitive pathway of microsomal azoreductase which was 

induced by PB was demonstrated by Hernandez et!!·' (1967b) to be related 

to the microsomal cytochrome P-450 content. In contrast, 3MC induced a 

CO-insensitive microsomal azoreductase activity which was unrelated to 

microsomal cytochrome P-450 content. Hepatic microsomes from RF deficient 

rats had the same cytochrome P-450 levels as did normal diet animals. 

These findings implied that the CO-insensitive pathway of microsomal 

azoreductase was depressed during RF deficiency. Thus, PB induced azo­

reductase activity, whereas, 3MC did not induce azoreductase in RF 

deficient animals. 

PB and 3MC pretreatment did not significantly alter microsomal 

flavin content in the livers of each group of rats (Tables 23 and 27). 

Therefore, 3MC induction required a minimum of flavin; whereas, PB 

induction did not have a minimum flavin requirement. 'lbese findings 

implied that PB and 3MC pretreatment may cause a shift in the flavin 

compartment of the microsomes. 

Assuming that the flavins, FMN and FAD, are the active moieties 
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of the microsomal drug-metabolizing enzymes, then it is possible that in­

duction by 3MC and PB may be due to a favorable shift in the configura­

tion of the flavin-prosthetic groups of the enzyme to expose more active 

centers. The fact that 3MC induced microsomal azoreductase activity 

that was stiIID.llated by FMN in vitro to a greater extent than was PB and 

control animals indicating that 3MC exposed more flavin prosthetic groups 

thus permitting more flavin-flavin interactions. While studying the 

mechanism of NADPH cytochrome c reducta.se, Masters et al. (1965b) were 

unable to get consistent flavin to protein ratios in order to determine 

whether this enzyme had one or two molecules of FAD per molecule enzyme. 

Although there is a considerable amount of flavin (FAD and FMN) present 

in microsomes only a small portion accounts for known flavoprotein enzyme 

activities, i.e. , NADH cytochrome b5 reductase and NADPH cytochrome c 

reductase (Estabrook, pers. commun. ). 

The utilization of hepatic microsomes from RF deficient rats 

demonstrated the presence of at least two oxidative drug metabolizing 

systems. The ability of hepatic microsomal enzymes to S-demethylate 

methylthiopurine (Table 29) or N-demethylate aminopyrine (Fig. 20) was 

independent of the flavin content of the liver . Moreover, cytochrome 

P-450 content was the same in microsomes from RF deficient and normal 

diet rats. Both S- and N-dea.lkylations were demonstrated by Gillette 

(1967) to be sensitive to CO inhibition which implied the participation 

of cytochrome P-450 in this oxidative pathway. Furthermore, NADPH 

cytochrome c reductase activity was depressed in RF deficiency which 

suggested that this flavoprotein enzyme was not rate-limiting in the 

oxidative pathways. 
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The ability of hepatic microsomes to hydroxylate 3,4-benzpyrene 

was depressed by RF deficiency (Table 29). With increasing microsmal 

flavin content, benzpyrene hydroxylase activity increased. This finding 

indicated that the oxidative microsomal pathway which hydroxylates, 3,4-

benzpyrene was depended upon a flavoprotein enzyme which was the rate 

limiting step. Benzpyrene hydroxylase activity was not induced in RF 

deficient rats by 3MC pretreatment. Moreover, the ability to induce 

benzpyrene hydroxylase by 3MC pretreatment increased with increasing 

microsomal flavin. 

Studies with the inhibitors: DPEA and SKF 525A denx:>nstrated 

a third possible mechanism for affecting the microsomal reduction of 

azo compounds. Gillette (1967) and Gignon �~�a�l �. �,� (1968) postulated that 

the reduction of cytochrome P-450 might be the rate-limiting step in 

microsomal oxidations. Our data demonstrated that DPF.A. and SKF 525A 

altered azoreductase activity by influencing the reduction of cytochrome 

P-450 since: (1) co·which blocks cytochrome P-450 blocked the effect of 

DPEA and SKF 525A on microsomal azoreductase, (2) DPEA and SKF 525A did 

not block NADPH cytochrome c reductase (Cooper et al . J 1954) and (3) 

DPEA and SKF 525A had no effect on azoreductase activity of the partially 

purified enzyme. Furthermore, our findings that SKF 525A stimulated 

microsomal azoreductase activity and DPEA depressed activity agree with 

the findings of Gignon et al., (1968) that SKF 525A increased cytochrome . 
P-450 reductase activity; whereas, DPEA. depressed cytochrome P-450 re-

ductase activity. 

Flavins affected microsomal azoreductase activity at a site 

on the electron transport chain that differed f'rom the site for DPEA or 

SKF 525A. Stimulation of microsomal azoreductase activity by both SKF 

525A and FMN in vitro was greater than for each compound alone (Table 33). 
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DPEA depressed azoreductase activity but did not depress FMN-stimulated 

activity. The fact that CO inhibited the influence of both DPEA and 

SKF 525A indicated that these compounds acted at similar sites as CO. 

The effect of DPEA and SKF 525A on microsomal azoreductase 

activity of PB or 3MC pretreated rats demonstrated differences in the 

induced microsomal enzyme pathways (Figs. 24 and 25). Microsomal azo-

reductase activity induced by PB was inhibited by DPEA to a greater 

extent than was the DP.FA inhibition of controls and 3MC pretreated rats. 

In contrast, SKF 525A stimulated microsomal azoreductase activity 

induced by PB to a greater extent than was the stimulation by SKF 525A 

from controls and 3MC pretreated rats. Takemori and Mannering (1958) 

found that SKF 525A inhibited morphine demethylase which was not induced 

by 3MC. SKF 525A did not affect the demethylation of 3-methyl-4-mono-

methyla.minoazobenzene, which was induced by 3MC. Our findings indicates 

that DPEA. inhibited and SKF 525A stimulated the CO-sensitive pathway 

of microsomal. azoreductase induced by PB. These inhibitors had little 

effect on the CO-insensitive microsomal azoreductase induced by 3MC. 

A summary of the pathways for the reduction of azo compounds 

by the hepatic microsomal electron transport system can be presented: 

NT 
R' N = NR11 

t 
NADPH Flavoprotein Reduced Cyt P-450 �R�'�~� + �R �1�1 �~� 

NADP �X�R�~�~�~�e�d� x �O�x�:�:�:�~�e�d� x �R�e�d�:�:�~�d� x R 'N = NR" 
Flavoprotein Cyt P-450 

+ Jf 
R'N = NR" CO 
Cyt c 
NT 
Flavins 
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RF deficiency decreased (l) and (2) but did not affect (3). 

Flavins in vitro stimulated (1) and (2). The CO-insensitive pathway 

(2) was induced by 3MC. However, 3MC induced (3) which was unrelated 

to induced azoreductase activity. The CO-sensitive pathway (3) was 

induced by PB. Moreover, PB induced {l) which was unrelated to induced 

azoreductase activity. DPEA and CO inhibited (3); whereas, SKF 525A 

stimulated (3) . The fact that (2) was stimulated by flavins in vitro, 

decreased by RF deficiency and induced by 3MC identifies (2) as a 

flavoprotein enzyme. 

There are similarities between the reductive enzyme systems 

and the oxidative systems for microsomal hydroxylations. For example, 

hydroxylation of testosterone at the 7o\ position was three times less 

sensitive to CO inhibition than was hydroxylation at the 16o\ position 

(Kilntzman et al. , 1968). Furthermore, 7o<. -hydroxylation of testosterone 

was induced by 3MC; whereas, 16 0\-hydroxylation of testosterone was 

induced by PB. Thus, Kuntzman et al. 1968, found two steroid hydroxy­

lase pathways in liver microsomes; one pathway (7P<.-OH) was CO-in­

sensitive and inducible by 3MC and the other (16P<-OH) was CO-sensitive 

and inducible by PB. 

The studies on solubilized microsomal enzyme, containing 

NADPH cytochrome c reductase, confirmed the findings of Hernandez et al. 

(1967a) that azoreductase was closely associated with this flavoprotein. 

NADPH cytochrome c reductase purified by Masters (Masters et al., 1967) 

had azoreductase activity that was stimulated by flavins and PMS. The 

solubilized microsomal particle prepared by the method of Lu and Coon (1968) 

had azoreductase, nitroreductase and NADPH cytochrome c reductase activity 
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as well as cytochrome P-450. FMN stimulated both azoreductase and nitro­

reductase activities (Tables 41 and 42). Demethylation of aminopyrine 

and CO-inhibition of azoreductase activity was not observed in the 

solubilized microsomal preparation. Lu and Coon's (1968) solubilized 

microsomal preparation �h�a�d �~ �-�h�y�d�r�o�x�y�l�a�s�e� activity and our finding 

that CO inhibited nitroreductase indicated that an intact oxidative 

system was present. Th.is system contained cytochrome P-450 which differed 

from the N-demethylase system. Gaylor and Mason (1968) solubilized an 

enzyme from triton-treated microsomes using sodium deoxycholate. The 

solubilized enzyme did not contain cytochrome P-450 but demethylateo.4-

methyl-sterol. Thus, studies on solubilized microsomal enzyme preparations 

have demonstrated the existence of several enzyme pathways in hepatic 

microsomes for the oxidation and reduction of drugs. 

The studies on the reductive enzyme systems in housefly 

microsomes have indicated that the metabolism of xe1'X>biotic compounds 

1s not unique in vertebrate systems. Adamson et al. ( 1965) described 

azoreductase activity in various vertebrates from fish to mammals. 

Oxidative enzyme systems requiring NADPH and o2 which are in housefly 

microsomes have been reported by Ray (1967) for the re-oxidation of 

ald.rin and by Tsukamoto and Casida (1967) for the metabolism of methyl­

carbamate insecticides. Ray (1967) reported that cytochrome P-450 and 

cytochrome b5 are present in housefly microsomes. 

The studies indicated that the insect microsomal preparation 

was qualitatively similar to the rat hepatic microsomal system for the 

reduction of cytochrome c, p-nitrobenzoic acid and CPA. 

Furthermore, CO inhibition of azoreductase, nitroreductase 
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and the presence of cytochrome P-450 suggested the presence of a CO­

sensi tive pathway. Moreover, flavins �i�n�~� stinru.lated both azo­

reductase and nitroreductase activity of housefly microsomes. 
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VI • SUMMA.RY 

Previous studies have shown that the incidence of hepatic 

tumors following the administration of carcinogenic azo-dyes as well 

as the metabolism of these dyes in vitro and in vivo was related to 

hepatic flavin levels. 

These observations and others stimulated an investigation 

into (1) the mechanism of flavin stimulation of azoreductase, (2) the 

relationship between dietary flavins and induction by 3-methychol­

antbrene and phenobarbital and (3) the influence of inhibitors on the 

cytochrome P-450 pathway of azoreductase. Azoreductase activity of 

hepatic microsomes was shown to be a composite of several enzymatic 

pathways. A generaJ. scheme for the microsomal electron transport 

system involved in the reduction of azo compound was developed. 

Redox compounds such as flavins, phenazine methosulfate and 

cresyl violet which are rapidly reduced and re-oxidized stimulated azo­

reductase activity in vitro. Flavins were more specific in stimulating 

the enzymatic reduction of the azo compound, neoprontosil than was 

phenazine methosulfate. The reduction of neoprontosil, a 4-electron 

acceptor, required 4 moles of reduced NADPH to one mole of azo dye. 

This indicated that only one-electron equivalent was transferred at 

a. time. 

A variety of compounds including transitional metals, free 

radical scavenger agents and complexing agents did not affect flavin 

stimulated azoreductase. Moreover, flavins stimulated both NADH and 

NADPH pathways of microsomal azoreductase. 
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Flavin stimul.ation of azoreductase depended upon the forma­

tion of a complex with the flavoprotein enzymes of the microsomes by 

a flavin-flavin interaction. Pa.rt of the mechanism for induction of 

azoreductase by 3-methylcholanthrene was due to an induced change in 

the structure of the microsomal flavoprotein enzymes by exposing more 

flavocoenzyme active centers. This was supported by: (1) Induction 

by 3-methylcholanthrene augmented the ability of FMN to stimulate 

microsomal azoreductase .!.!! vitro, (2) Increased microsomal enzyme 

activity due to 3-methylcholanthrene induction was not compensated. by 

an increase in microsoma.l flavin and (3) Induction of azoreductase by 

3-methylcholanthrene in riboflavin deficient rats required a minimal 

flavin level. 

In riboflavin deficient animals, the CO-insensitive micro­

somal azoreductase pathway, normally induced by 3-methylcholanthrene, 

was decreased. The CO-sensitive azoreductase pathway was unaffected 

by riboflavin deficiency since: (1) Microsomal cytochrome P-450 levels 

of normal and deficient rats were the same, (2) N- and S-demethylase 

in riboflavin deficient rats were similar to those of normal diet rats 

and (3) Phenobarbital pretreatment of riboflavin deficient rats induced 

the oxidative and reductive microsomal enzymes. 

Furthermore, riboflavin deficiency studies indicated that N­

and S-demethylase activity was independent of microsomal flavin levels; 

whereas, benzpy.rene hydroxylase activity was decreased. 

Studies with the inhibitors, DPEA (2,4 dichloro-6-phenoxy­

ethylamine) and SKF 525A �(�~�-�d�i�e�t�h�y�l�a�m�i�n�o�e�t�h�y�l� diphenylpropylacetate) 

demonstrated that the rate of reduction of azo dyes was altered by an 
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interaction with cytochrome P-450, in vitro . Induction studies 

indicated that both of the inhibitors acted at the carbon monoxide 

sensitive pathway which was induced by phenobarbital. DPFA inhibited 

azoreductase; whereas, SKF 525A stimulated activity at the carbon 

monoxide sensitive site. 

Solubilized microsomal enzyme preparations had. azoreductase 

which was associated with NADPH cytochrome c reductase and was stimulated 

in vitro by flavins. 

Microsomal enzymes from houseflies were qualitatively similar 

to rat hepatic microsomes in their ability to reduce azo and nitro 

compounds, stimulatiot. by flavins and inhibition by carbon monoxide. 

Both microsomal preparations contained cytochrome P-450 and NADPH 

cytochrome c reductase. Studies on insect microsomes demonstrated the 

ubiquity of these enzymes for reducing drugs. 

The studies indicated the existence of at least two microsomal 

pathways for the reduction of azo compounds: (1) A flavoprotein enzyme 

pathway that was decreased in riboflavin deficiency, induced by 3-

methylcholanthrene, insensitive to carbon monoxide and DPFA inhibition, 

insensitive to SKF 525A stimulation and sensitive to flavin stimulation. 

(2) A pathway that was unaffected by riboflavin deficiency, induced by 

phenobarbital, sensitive to carbon monoxide and DPFA inhibition, 

sensitive to SKF 525A stimulation and insensitive to flavin stimulation. 
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VII . APPENDIX 

This section is devoted to the presentation of experimental 

data not shown in the text of the thesis. 
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TABLE 1. 

Influence of :EMN on the Reduction of Neoprontosil by Hepatic Microsomes. 

Sulfanilamide Formed (nmoles/30 minutes) 

Flavin Total Non-Enzymatic Enzymatic Relative 
Flask Concentration Activity Activity Activity Activity 

Nitrogen Atmosphere 

Control 1.93 0.20 1.73 100 

FMN 2 z 10-2 M 8.05 2.66 5.39 312 

FMN 2 x 10-3 M 8.71 1.32 7.39 427 

FMN 2 x 10-4 M 6.40 o.44 5.96 345 

FMN 2 x 10-5 M 2.43 0.25 2.18 126 

FMN 2 x 10-6 M 1.95 0.20 1.75 101 

FMN 2 x io-7 M 1.91 0.20 1.71 99 

Carbon Monoxide Atmosphere 

Control 1.58 0.20 i.38 100 

FMN 2 x io-2 M 7.85 2.57 5.28 383 

FMN 2 x 10-3 M 8.38 1.12 7 .26 526 

FMN 2 x 10-4 M 4.42 0 .42 4.00 290 

FMN 2 x io-5 M 2.13 0.25 1.88 136 

-6 1.57 0.20 FMN 2 x 10 M 1.37 99 

FMN 2 x lo-7 M 1.50 0.20 1.30 94 

All components were preincubated on ice anaerobically for 5 minutes. 
The complete system containing m.icrosomes and/or soluble fraction 
equivalent to 250 mg. liver was incubated at 37° for 30 minutes for 
azoreductase activity as described in MATERIALS AND METHODS. 
The results a.re representative of two experiments. 
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TABLE 2. 

Influence of FMN on the Reduction of Neoprontosil by Partially Purified 
Enzyem. 

Sulfanilamide Formed (}.l.Uloles/30 minutes 

Flavin Total Non-Enzymatic Enzymatic Relative 
Flask Concentration Activity Activity Activity Activity 

Expt. r+ 

Control 0.53 0.31 0.22 100 

FMN 2 x 10-3 M 5.17 3.34 1.83 832 

FMN 2 x lo-4 M 1.78 0.74 1.04 473 

FMN 2 x 10-5 M 0.63 0.36 0.27 123 

Expt. II 

Control 0.73 0.20 0.53 100 

.FMN 2 x 10-3 M 1.02 0.99 6.03 1137 

FMN 

FMN 

2 x io-4 M 1.75 0.38 1.37 

2 x 10-5 M 0.92 0.20 0.72 

Enzyme protein that precipitates between �4�0�~� and 80% ammonium 
sulfate saturation; + 0.50 mg protein; 0.93 mg protein. 
All components were preincubated on ice anaerobically for 5 
minutes. The complete system contained enzyme and/or soluble 
fractio1 (equivalent to 250 mg liver) was incubated in a 
nitrogen atmosphere at 37° for 30 minutes as described in 
MATERIALS AND METHODS. 
The results represent the mean of duplicate determinations. 

358 

136 
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TABLE 3 

Influence of Microsomal Enzyme and FMN on the Reduction of Neoprontosil. 

Sulf anilamide Formed 

Microsomes Specificb 
Flask {g wet wt liver) .J,lliloles/30 min. Activity Rate Diff .c 

Control .050 .38 7.60 

�~� .050 .48 9.60 2.00 

Control .125 .63 5.03 

FMN .125 .93 7.45 2.42 

Control .250 1.24 4.95 

FMN .250 1.70 6.80 1.85 

Control .500 2.13 4.26 

FMN .500 3.24 6.48 2.22 

Control .750 2.79 3.73 

FMN .750 4.03 5.36 i.63 

Control l.000 3.19 3.19 

FMN 1.000 4.70 4.70 1.51 

a. .FMN concentration, 4 x io-4 M. 
b. 
c. 

Specific activity, urwles/g liver/30 minutes. 
Rate difference, difference in specific activity due to :FMN. 
Azoreductase activity was measured as described in MATERIALS 
AND METHODS using a nitrogen atmosphere. All values are 
corrected from non-enzymatic activity. 
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TABLE 4. 

Influence of Partia.l.ly Purified Enzyme and FMN on the Reduction of 
Neoprontosil. 

Sulfanilamide Formed 

Protein Specificc 
Rate Diff.d Flask {mg) ).JI.loles/30 min. Activity 

Expt. Ib 

Control 1.25 .38 3o4 

FM?f l.25 .59 475 171 

Control 0.50 .15 298 

FMN 0.50 .24 478 180 

Control 0.25 .05 200 

FMN 0.25 .10 400 200 

Expt. IIb 

Control 2.32 1.29 470 

FMN 2.32 1.85 711 241 

Control 0.93 0.73 568 

FMN 0.93 0.92 773 205 

Control o.47 0.50 632 

FMN o.47 0.59 843 211 

a. FMN, 2 x io-5 M. 
b. Enzyme, protein from fraction that precipitates between 4ci to 

80% ammonium sulfate saturation. 
c. Specific activity, r:nJJrt:Jles/mg protein/30 minutes. 
d. Rate difference, difference in specific activity due to FMN. 

Azoreductase activity was measured as described in MATERIALS 
AND MEI'HODS using a nitrogen atmosphere. All values are 
corrected from �n�o�n�-�e�n�z�y�m�a�t�~�c� activity. 



TABLE 5. 

Effect of FMN on the Reduction of Various Azo Dyes by Hepatic Microsomes. 

Product Formed (.umoles/30 minutes) 

Nitrogen Atmosphere Carbon Monoxide Atmosphere 

Total Non-Enzymatic Enzymatic Total Non-Enzymatic Enzymatic ·'f, 
Flask Activity Activity Activity Activity Activity Activity N2-co 

Neoprontosil 2.15 0.22 1.93 1.68 0.25 1.43 

Neoprontosil + 
FMN 2.97 0.27 2.70 2.44 0.30 2.14 -26 

'/, Difference + 40 + 50 

Prontosil 0.50 0.09 o.41 o.4o 0.10 0.30 -27 

Prontosil + FMN l.09 0.16 0.93 0.96 0.17 0.79 

<f, Difference + 127 + 163 

Phenylazopyridine 0.55 0.12 o.43 0.55 0.12 o.43 0 

Phenylazopyridine + 
FMN 1.32 0.12 1.20 l.02 0.12 0.90 

°f, Difference + 179 + 109 

. 

I 
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TABLE 5. 

Total. Non-Enzymatic Enzymatic Total Non-Enzyme.tic Enzymatic 

"' Flask Activity Activity Activity Activity Activity Activity N2-co 

CPA 0.26 o.o6 0.20 O.l.O 0.05 0.05 -75 

CPA + Thrn 0.82 0.09 0.71 0.67 0.09 0.58 

'/, Difference + 255 + lo60 

p-Phenylazophenol 
(PAP) 2.77 o.43 2 .34 2.03 0.28 1. 75 -25 

p-Phenylazophenol 
+ ]!MN 3 .5]. 0.52 2.99 2.65 o.49 2.16 

i Difference + 28 + 23 

FMN concentration, 2 x io-5 M. 
The products from the reduced azo dyes (sulfanilamide from prontosil and neoprontosil; PABA 
from CPA and aniline from phenylazopyridine and p -phenylazophenol by the Bratton and Marshall 
(1937) method. Incubation conditions and assay for azoreductase activity are described in 
MATERIALS AND METHODS . 

I 
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TABLE 6. 

Effect of Riboflavin Deficiency and Phenobarbital Pretreatment on 
Microsomal N-Demethylation and Cytochrome P-450. 

Aminopyrine 
Der.:iethylase Cytochrome 
( ole HCID P-450 
formed/mg % (WJ,ltlOles/ <f, 

Treatment protein/30 Diff. mg protein) Diff. 
min.) 

Riboflavin Deficient 
Diet --
Control (4) 289 :!:" 28 .56 ± .06 

Phenoba.rbi tal (3) 561 ± 36 +94 1.58 ± .11 +182 

Riboflavin (4) 241 ± 23 .36 t .03 

Riboflavin + 
Phenobarbital (4) 7o4 t 82 +192 .75 + .07 +lo8 -

Normal Diet 

Control (3) 319 ± 27 .67 ± .05 

Phenobarbital (4) 764 :±' 39 +139 1.27 :!; .o6 + 90 

Phenobarbital. (90 mg/kg) and/or riboflavin (10 mg/kg) in saline 
I.P. for 3 days. 
The results are expressed as the mean ± S.E. of the values 
obtained from (3) or (4) separate groups of 2 pooled livers per 
group. 
Measurement of aminopyrine demethylase and cytochrome P-450 
content a.re described in MATERIALS AND METHODS. 
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TABLE 7. 

Effect of Riboflavin Deficiency and Phenobarbital Pretreatment on FMN 
Stimulation of Microsomal Azoreductase. 

Sulfanilamide Formed 
(lI!Jlnl.Oles/30 min. /mg protein) 

Carbon 1o Nitrogen 
"' Treatment Atmosphere Diff. Monoxide Diff. �~�(�N �2 �-�c�o�)� 

Atmosphere 

Riboflavin Deficient 
Diet --
Control (4) 59 ± 5 19 ± 1 -67 

Control + FMN 93 ± 6 + 58 43 ± 4 + 126 

Phenobarbital (3) 184 :t 14 52 ± 4 -71 

Phenobarbital + FMN 289 ± 17 + 58 93 :! 7 + 79 

Riboflavin (4) 86 + 10 54 :!: 10 -38 

Riboflavin + FMN 113 :!: 11 + 31 81 ± 2 + 50 

Riboflavin + 
Phenobarbital (4) 178 ± 16 65 ± 5 -63 

Riboflavin + 
Phenobarbital + 
FMN 212 ± 16 + 20 100 ± 10 + 53 

Normal Diet 

Control (3) 170 ± 7 93 ± 5 -45 

Control + .FMN 219 ± 10 + 29 145 ± 9 + 55 

Phenobarbital (3) 231 :!: 9 88 ! 7 -62 

Phenobarbital + FMN 268 + 17 + 16 137 ± 10 + 55 

FMN, 2 x 10-5 M. 
Phenobarbital (90 mg/kg) and/or riboflavin (10 mg/kg) I.P. for 3 days. 
The results are expressed as the mean ± S.E. of the values obtained 
from ( 3) or ( 4) separate group of 2 pooled livers per group. 
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TABLE 9. 

Effect of Riboflavin Deficiency and 3-Methylcholanthrene Pretreatment 
on :FMN Stimulation of Microsomal. Azoreductase. 

Sulfanilamide Formed (mµmoles/30 min./mg protein 

Nitrogen cf, Carbon Monoxide cf, % 
Treatment Atmosphere Diff. Atmosphere Diff. N2-co 

Riboflavin 
Deficient Diet 

Control 129 "!: 8 45 :t 4 -65 

Control + FMN 175 ± 2 + 36 86 ± 8 + 91 

3-Metbylcholan-
threne 1o6 :!: 7 53 :!: 5 -50 

3-Methylcholan-
threne + :FMN 185 ± 24 + 75 133 ± 14 +150 

Riboflavin 142 ± 4 98 ± 20 -44 

Riboflavin + FMN 201 ± 19 + 42 146 ! 20 + 44 

Riboflavin + 
3-Methylcholan- 158 :!: 18 threne 203 :!: 17 -54 

Riboflavin + 
3-Methylcholan-
threne 3o6 "!: 23 + 50 243 :t 23 + 54 

Normal Diet 

Control 195 : 17 135 �~� 16 -31 

Control + n1N 260 ± 17 + 33 212 ± 21 + 57 

3-Methylcholan- 286 ± 16 threne 312 ± 21 -9 

3-Methylcholan-
threne 446 + 37 + 43 406 ± 14 + 42 

3-Methylcholanthrene, (40 mg/kg) I.P., in corn oil and/or riboflavin 
(10 mg/kg) I.P. in saline for 3 days. 
The results a.re expressed as the mean i S.E. of the values obtained 
.P...nm h. c:i:>nR'!"J:l+.i:> tn"t"ll1nc: nf' �~� 't'lrv"ll Pn 1 ;.,o,..c: ,..,o ... ,,..,..,....,"' 
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TABLE 10. 

Influence of Enzyme Prepared by Masters and FMN on the Reduction 
Neoprontos.i.l 

Sulf anilamide Formed 

Specific 
Flask Protein (Mg) µmoles/30 min. Activity Rate Diff. 

Control 1.7 l.25 621 

:FMN 1.7 1.73 903 282 

Control 0.83 0.69 596 

FMN 0.83 0.96 914 318 

Control o.42 o.46 629 

FMN o.42 0.59 943 216 

Specific activity, mumoles/mg protein/30 minutes. 
Rate difference, difference in specific activity due to FMN. 
Enzyme protein that precipitates between 65% and 75% saturation 
ammonium sulfate prepared by B.S.S. Masters (Masters et al., 
1967). 
Azoreductase activity was measured according to the procedure as 
described in MATERIALS AND METHODS. 
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