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The role of Garbon-Gºntºrbil rindliºnle in the metabolism of alkyl
hydbrºnzámºs by Cytochromº P-450 systems

Mark David Watanabe

AIBSTRACT

The use of alkyl hydrazine derivatives as effective medical
pharmacotherapy is standard practice in the treatment of infectious and
neoplastic diseases, hypertension, and depressive disorders. Historically,
such use has been limited by the potential development of serious side
effects, including hepatic necrosis, carcinogenesis, and autoimmune
reactions. Considerable evidence in the literature suggests that metabolic
activation of a medicinal hydrazine is necessary to convert the parent
°onnpound to a highly reactive chemical entity, e.g., an electrophilic cation
9* radical, which is ultimately responsible for most of the deleterious
*ffects. The formation of radicals has been well documented in numerous
biological systems, including the in vitro metabolism of known toxic drugs.
Alkyl hydrazines, in particular, are susceptible to biological and chemical
oxidation processes which lead to the sequential generation of diazene
* termediates and carbon-centered radicals. The present studies
*Pecifically examined the in vitro and in vivo metabolism of some model
alkyl hydrazines in order to characterize how the nascent radical flux

*cts metabolite formation and the destruction of cytochrome P-450. The
*Perimental results demonstrate that all of the observed alkyl hydrazine
**tabolites can be rationalized by invoking the intermediacy of free
**icals. The metabolism of the alkyl hydrazines under investigation also
leads to loss of hepatic microsomal cytochrome P-450 in a process which is
**endent on catalytic turnover. Empiric data suggest an association of
free radical generation with this phenomenon. The collected findings
**Fort the contention that significant production of free radicals occurs in
the Inetabolism of model alkyl hydrazines, and these radicals are likely
*tributors to the toxic sequelae associated with the therapeutic hydrazines
ancil hydrazides currently available.
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l,00INTRODUCTION

Hydrazine derivatives have found widespread uses as part of the

Pharmacotherapeutic armamentarium. Among them are medicinal

agents prescribed for the treatment of infectious and neoplastic diseases,

hypertension, and depressive disorders (Figure 1.0.1). Yet, the benefits of
their administration are often limited by the development of serious side

effects. Animal models demonstrate that hydrazines are associated with

hepatic necrosis (Nelson et al., 1978; Bahri et al., 1981) and carcinogenesis
(Preussmann et al., 1969; Toth, 1975). The clinical literature reflects this

through reports of hepatitis and severe liver function impairment
(Garibaldi et al., 1972; Mitchell et al., 1976b); hydrazo compounds have also

been known to trigger the onset of systemic lupus erythematosus (Alarcón

Segovia, 1976). The molecular basis of these toxicities has never been

clearly delineated, and, in general, thorough characterizations of the

*etabolic pathways of most of these agents have been lacking. However,
*■ nificant evidence exists to suggest that oxidative metabolic activation and

**bsequent generation of highly reactive free radical species may contribute

to the damage to normal cellular and physiological function.

**The role of cytochrome P450 intoxicology

Mammalian cytochromes P-450 are generally classified into two
**tegories: the biosynthetic isozymes which turn over endogenous or

Phy siological substrates, and the xenobiotic isozymes which process
***senous or xenobiotic substrates. The latter mixed function oxidase
*Ystem is characterized by minimal substrate specificity, as it is capable of
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*netabolizing a diverse array of structurally different compounds via a

Variety of oxidative transformations. In the context of molecular toxicology,

Cytochrome P-450 expedites the elimination of potentially harmful

hydrophobic substances by converting them to more polar metabolites
through oxidation and subsequent conjugation reactions (mediated by, for

example, glutathione transferases, epoxide hydrases, sulfotransferases,

and glucuronyl transferases). The water-soluble conjugates are then more

readily eliminated, and the risk of toxicity secondary to accumulation of the

parent drug is thereby reduced.

Another characteristic of mammalian cytochromes P-450 is that they

are membrane-bound proteins that tend to be found in the highest

°oncentrations in the more highly perfused organs, e.g., the liver, lung,

kidney, adrenals, brain, and intestines (Sato, 1978), which are also exposed

directly or indirectly to chemicals in the environment. The lipid membrane

*vironment of the enzyme, in addition to the hydrophobic active site of the

*zyme itself, probably facilitates its relative selectivity for hydrophobic
*olecules (Hansch, 1972). In hepatocytes, cytochrome P-450 is
*ncentrated in the smooth and rough endoplasmic reticulum. When the
*ells are mechanically destroyed and differentially centrifuged, the

**doplasmic reticulum loses its integrity and is transformed into small

**sicles called microsomes. Cytochrome P-450 constitutes up to 15% of the
*icrosomal protein (Estabrook et al., 1971). The liver microsomal fraction

***ains the essential electron transport components for substrate oxidation

"ithin its lipid matrix. The presence of NADPH-cytochrome P-450
r ***actase and cytochrome b5/cytochrome b5 reductase allows electron

****sfer from NADPH and NADH, respectively, to cytochrome P-450 (vide



infra). The use of microsomal preparations for in vitro investigations of

drug metabolism has therefore been proven to be a useful procedure.
The concept of metabolic transformation of a xenobiotic compound

into an ultimately toxic entity has been invoked for numerous
environmentally and pharmacologically important agents. Chemicals as

diverse as acetaminophen, procarbazine, and carbon tetrachloride may be
processed by the mixed function oxidase (cytochromes P-450) system to

produce reactive, electrophilic species, e.g., free radicals. Participation of

free radicals in biological catalysis in general has been clearly established
in the literature (Stubbe, 1988). However, cellular damage per se does not
distinguish between free-radical intermediates and other types of reactive
*enobiotic metabolites such as aldehydes, epoxides, and carbocations. In

°rder to demonstrate that toxic injury is caused specifically by an
intermediate free radical metabolite, certain criteria should be met which

*e corroborated by experimental pathological, metabolic, and biochemical

findi ngs.

**Cytochrome P450 Aprimer

“Cytochrome P-450” actually refers to a family of hemoprotein

**zymes which contain iron protoporphyrin IX as the prosthetic group

*itical to their specific functions. The name refers to the unusual

*Peetroscopic feature of the ferrous form when combined with carbon

*or oxide, a unique Soret band at 450 nm (Garfinkel, 1958; Klingenberg,

195s) instead of the absorption at 420 nm characteristic of other

***ocarbonyl heme compounds (Hardman et al., 1966). Forms of
C - - -**echrome P-450 are ubiquitous in nature and have been identified in



*nimals, plants, and microorganisms. Reflecting their ability to catalyze

ºnany oxidation-reduction reactions, they are most widely recognized as the

terminal oxidase of the “mixed function oxidase” or “mono-oxygenase”

System, a series of electron transport and redox proteins capable of

Catalyzing the overall two-electron oxidation of bound substrates described

by the following stoichiometry:
RH + O2 + NADPH + H' —- ROH + H2O + NADP”

Figure 1.2.1 presents in schematic form the rudimentary elements of the
Cytochrome P-450 catalytic cycle. Binding of the substrate is followed by

transfer of the first electron from cytochrome P-450 reductase, a flavin

°ontaining protein responsible for shuttling reducing equivalents from

NADPH (Guengerich et al., 1975). The resulting Fell-cytochrome P-450

**bstrate complex binds molecular oxygen rapidly in a two-step sequence
with reported rate constants for the first and second steps (for the isozyme

P-450LM, [P450IIB1]) of >60,000 and 210 min-1, respectively (Guengerich et

*... 1976). The ferrous dioxygen species is a branchpoint in the cycle. It can

**toxidize to the native ferric enzyme either by loss of a superoxide anion or
by acceptance of another electron followed by dissociation of hydrogen

Peroxide. The release of superoxide has been demonstrated in both hepatic
*icrosomes from phenobarbital-pretreated rats and in reconstituted P-450
*ystems (Debey and Balny, 1973; Auclair et al., 1978), as has the formation

of hydrogen peroxide under similar experimental conditions (Hildebrandt

and Roots, 1975; Nordbloom and Coon, 1977). The autoxidation can occur

t’■■ o. transfer of an electron to oxidized cytochrome b5 (Noshiro et al., 1981;

**pon and Coon, 1984) or by acceptance of a second electron to form a

**oxide-cytochrome P-450-substrate complex. The source of the second



electron can either be reduced cytochrome b5 (Hildebrandt and Estabrook,
1971) or cytochrome P-450 reductase (Matsubara et al., 1976).

In the catalytic cycle (cf. Figure 1.2.1), it is at the point of the second

electron reduction and cleavage of iron-bound molecular oxygen that the
“activated oxygen” intermediate, along with a molecule of H2O, is

generated. Electronically, this complex is equivalent to an iron-oxo species

(Fe"=O) which is thought to be the ultimate initiator of substrate oxidation

(Ortiz de Montellano, 1986). The precise nature of the oxygen cleavage and
activation phenomena continues to be the focus of intensive study, for this

critical step remains relatively uncharacterized. However, consideration of

the mechanism of the “activated oxygen” in performing substrate

ºxidations leads to questions on whether the oxygen transfer involves
*tepwise (radical) or concerted (paired-electron) steps.

1-3/The evidence for free radical formation in metabolic activation

Z-3. I Studies of carbon hydroxylation

The historical arguments for a concerted, two-electron process rested

* the observation that hydrocarbon hydroxylation was associated with
**tention of stereochemistry (Bergstrom et al., 1958; Corey et al., 1958;

*cMahon et al., 1969; Hamberg and Björkhem, 1971) and on the relatively

low values observed for the primary kinetic isotope effects (Björkhem and

*arnberg, 1972; Thompson and Holtzman, 1974). However, such methods

**ranot always accurately measure the intrinsic isotope effect of

hy‘lroxylation if there are other rate-determining steps involved in the

**telytic reaction. When this confounding factor was avoided by measuring
t - - - - -he intrinsic isotope effect of hydroxylation using a substrate with available
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Figure 1.2.1 The rudimentary features of the cytochrome P-450 cycle.



Carbon-hydrogen and carbon-deuterium bonds at equivalent sites on the

Same molecule, the values obtained were considerably larger. For

example, classical hydrocarbon hydroxylation studies using

tetradeuterated norbornane (Groves et al., 1978) and [1,1-2H]-1,3-

diphenylpropane (Hjelmeland et al., 1977) yielded kH/kD values of 11.5 and

11, respectively.

Complementary and compelling support for the formation of a

radical intermediate is found in studies assessing the conservation of

substrate stereochemistry during hydroxylation. Interpretation of the
earlier, previously cited reports led to the conclusion that a concerted

reaction had taken place only if it is assumed that stereochemical

°onservation is not imposed somehow by the active site. The loss of

*tereochemistry can only be reconciled by invoking the formation of an
intermediate, and, by implication, a non-concerted mechanism (Ortiz de

Montellano, 1986). Groves et al. (1978), for example, studied the

hydroxylation of exo, exo, exo, exo-2,3,5,6-tetradeuterated norbornane by
**bbit liver microsomes. They found evidence for stereochemical
**rambling by the detection of tetradeuterio-exo-5-hydroxynorbornane and
*ideuterio-endo-5-hydroxynorbornane among the reaction products (Figure

l. 3. 1). In another examination of the hydroxylation of ethylbenzene, which

Was originally reported by McMahon et al. (1969) to result in retention of

**nfiguration, White et al. (1985) found nearly complete loss of

**ereochemistry with a large isotope effect.

Hydrocarbon hydroxylation that results in regiochemical scrambling

*host plausibly rationalized by isomerization or rearrangement of an allylic
***ical intermediate has been demonstrated. Groves and Subramanian
(19s-4) found that allylic hydroxylation of 3,3,6,6-tetradeuteriocyclohexene,
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Figure 1.3.1 Hydroxylation of exo, exo, exo,exo-2,3,5,6-tetradeuterionorbornane by
cytochrome P-450. The percent yields of each alcohol are calculated from the total yield of
the alcohol. The per cent yields in the parentheses are the relative yields of endo or exo
alcohol products (Groves et al., 1978).
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methylenecyclohexane, and 3-pinene occurs with both phenobarbital

induced rat liver microsomal cytochrome P-450 (P-450LM2 [P450IIB1]) and

with iron porphyrin and chromium porphyrin model systems. Allylic

rearrangements of double bonds following microsome-catalyzed oxidations

have also been shown during the hydroxylation of 3,4,5,6-

tetrachlorocyclohexene (Tanaka et al., 1979) and the oxidation of (5-methyl

2-(1-methylethylidene)cyclohexanone (pulegone) to 4,5,6,7-tetrahydro-3,6-

dimethylbenzofuran (menthofuran) (McClanahan et al., 1988) (Figure

1.3.2).

Another method used to evaluate the intermediate formation of a

carbon-centered radical has been attachment of a cyclopropyl ring to the

hydroxylated carbon of the substrate. One-electron oxidation at the carbon

would result in a cyclopropylmethyl radical, which is known to rapidly

rearrange to the isomeric 3-butenyl form (k = 1.3 x 108 s−1, 25°C) (Griller and

Ingold, 1980b). Earlier attempts to use the cyclopropylmethyl radical as a

mechanistic probe were unsuccessful (White et al., 1979; Sligaret al., 1984).

More recently, Ortiz de Montellano and Stearns (1987) exploited the

cyclopropylmethyl “radical clock” concept in characterizing microsomal

oxidation products of the ring-strained probe bicyclo[2.1.0]pentane.

NADPH-dependent oxidation of this compound, which unmasks a

cyclopropylmethyl-like radical upon hydrogen abstraction (Figure 1.3.3)

yields a mixture of 2-hydroxybicyclo[2.1.0]pentane (“ring-closed”) and 3

cyclopentenol (“ring-opened") metabolites in ratios ranging from 6:1 to 10:1.

The presence of both metabolites reflects that isomerization of a radical

intermediate has indeed taken place. Bowry et al. (1989) subsequently

measured the specific rate of rearrangement of the bicyclo[2.1.0]pent-2-yl
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Figure 1.3.2 Proposed mechanism for the oxidation of pulegone (A) to menthofuran (B).
[Fe0]** represents the activated ferryl oxygen of cytochrome P-450 (McClanahan et al.,
1988).
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radical recombination in cytochrome P-450 catalysis. The rate of the hydroxyl transfer
(recombination) reaction (kt = 2.0 x 1010 sºl) is calculated from the ratio of the rearranged
to unrearranged alcohol products and the known rate of the rearrangement reaction (kr =
2.9 x 109s-4) (Ortiz de Montellano and Stearns, 1987; Bowry et al., 1989).



radical ring opening and found it occurs with an effective rate constant of 2

x 1010 S-1 at 37°C.

The implication of oxygen rebound occurring on the order of 1010s-1 is

that the intermediate carbon radical formed by hydrogen abstraction should

be efficiently trapped by the “activated oxygen” before it can diffuse away

from the active site. Yet, the propensity to escape the fate of recombination

probably also depends, in part, on the chemical nature of the carbon

centered radical itself. Delocalization of the unpaired electron over the

molecular structure may enhance radical stability and lifetime to allow for

inversion of stereochemistry or expulsion into the medium (Ortiz de

Montellano, 1989).

1.3.2 Studies of nitrogen oxidation

Support for the formation of radical cation intermediates is also

derived from studies of cytochrome P-450-mediated nitrogen oxidation. The

putative mechanism (Figure 1.3.4) begins with abstraction of an electron

from the nitrogen by the iron-oxo species, forming an iron-hydroxy radical

(FeTV-O) and a nitrogen radical cation. Oxygen rebound would then lead to

nitrogen oxygenation, whereas loss of an o proton would yield a carbon

centered radical. Cyclopropylamine analogs have been particularly useful

substrates in characterizing the nature of nitrogen radical cation

intermediates. Hanzlik et al. (1979) reported that a series of para

substituted N-benzylcyclopropylamines were mechanism-based inhibitors

(“suicide substrates”) of cytochrome P-450; these compounds were among

the first saturated inactivators of this enzyme. The time-dependent P-450

inactivation required NADPH and was inhibited by carbon monoxide,

lending confirmatory support for the requirement of cytochrome P-450
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Figure 1.3.4 Proposed mechanism for nitrogen oxidation by cytochrome P-450.



turnover for inhibition. These investigators proposed that a

cyclopropyliminium Schiff base ion, a dehydration product of a

cyclopropylcarbinolamine intermediate, was the ultimate electrophilic

inactivator of the enzyme (Figure 1.3.5).

However, the finding that N-benzyl-1-methylcyclopropylamine,

which precludes the loss of an o proton to form the carbinolamine, was also

an effective inactivator of cytochrome P-450 (Hanzlik and Tullman, 1982;

Macdonald et al., 1982) prompted a reconsideration of the mechanism.

Macdonald et al. (1982) suggested that the inhibition was the consequence of

initial amine nitrogen oxidation to generate a radical cation, followed by a

rapid ring opening in the enzyme cavity to form a highly reactive carbon

centered radical (Figure 1.3.6). They invoked a precedent in the known ring

opening rates of similar cyclopropylamine radicals which were too fast to

measure via kinetic ESR spectroscopy (k25°C > 5 x 108 s−1) (Maeda and Ingold

1980). These are interrelated to the proposed radical cation intermediates

by simple protonation:

(cH2).cHNR
+

(cH2).cHRHR
The rates of suicidal inactivation have been found to be a function of the

oxidation potential of the cyclopropyl heteroatoms (Guengerich et al., 1984).

Confirmation of the electrophilic attack on a protein residue, indicative of

covalent attachment, was subsequently provided by this group (Bondon et

al., 1989).

The parallels between the cyclopropylaminyl radical and the

previously mentioned “radical clock” cyclopropylmethyl radical are

striking. The notion that the ring-opened carbon-center radical, as an

electrophile with protein alkylation potential, is a major candidate for



16

H

“–6,
inactivation of P-450

activation by P-450

OH +“-g
-

ex-in-3

Figure 1.3.5 An early proposed mechanism for a typical cytochrome P-450-mediated
inactivation process (Hanzlik et al., 1979).

e -

Bz– NH P-450 heme destruction

P-450 (-1e")

• + R + Rcº-º;
*-

er-in-2

Figure 1.3.6 An alternative mechanism for a typical cytochrome P-450-mediated
inactivation process (Macdonald et al., 1982).
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enzyme inhibition is supported by the effects of cyclopropylamines on

monoamine oxidase activity (cf. Chapter 2).

Using both rat liver microsomes and purified liver microsomal

cytochrome P-450, Griffin and coworkers (Ashley and Griffin, 1981; Griffin

et al., 1980) initially proposed that the oxidation of aminopyrine and 4

aminoantipyrine supported by cumene hydroperoxide proceeded through a

nitrogen-centered radical cation intermediate. A subsequent study

(Griffin, 1982) suggested that formation of the radical cation depended

significantly on oxidation by an intermediate cumyloxy radical instead of a

direct cytochrome P-450-mediated process. The presence of the cumyloxy

radical was confirmed by spin-trapping techniques, both by the detection of

the direct cumyloxy radical adduct and by formation of a parallel methyl

radical adduct. The latter may be justified by 3-scission of a cumyloxy

radical to yield acetophenone and a methyl radical. Augusto et al. (1982a)

examined the microsomal metabolism of several 4-substituted 3,5-

bis(ethoxycarbonyl)-2,6-dimethyl-1,4-dihydropyridine mechanism-based

inhibitors, and found a correlation between the ability to destroy cytochrome

P-450 and the stability of the 4-substituent as a radical. Evidence for the

release of the 4-substituent radicals was based on their capture by the spin

trap, O-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN). A mechanism was

therefore invoked in which the dihydropyridine substrate is oxidized to the

radical cation, which then aromatizes to release the 4-alkyl radical (Figure

1.3.7). This proposal was later supported by the experiments of Lee et al.

(1988), which also determined that incubations of 4-alkyl-1,4-

dihydropyridines, including 3,5-bis(ethoxycarbonyl)-4-ethyl-2,6-dimethyl

1,4-dihydropyridine (DDEP), with microsomal and purified cytochrome P

450 released the 4-alkyl group as a spin-trappable radical. However, the
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Figure 1.3.7 A proposed mechanism for the release of radicals via one-electron
oxidation of dihydropyridines (Augusto et al., 1982b).



recent studies of Kennedy and Mason (1990) presented evidence for trace

transition metal-catalyzed microsomal oxidations of DDEP driven by

hydrogen peroxide as the predominant source of ESR-detectable radicals in

the experimental medium. These findings do not preclude radical-induced

heme alkylation and destruction of cytochrome P-450 as demonstrated by

Augusto et al. (1982a). Precise definition of the extent of direct participation

of cytochrome P-450 in the generation of either nitrogen radical cations or

carbon-centered radicals therefore remains elusive.

1.4/Hydrazines: A chemical perspective

The susceptibility of alkyl hydrazines to oxidation has long been

supported in the chemical literature. Aliphatic hydrazines are particularly

unstable to oxidative conditions; reactions with halogens, hypohalites,

peroxides, periodates, lead tetraacetate, mercuric oxide, molecular oxygen

or air, nitric acid, and N-bromosuccinimide lead to facile conversion to the

corresponding azo compounds (Newbold, 1975). Quantitative

spectrophotometric measurements of aryldiazenes generated from

ferricyanide-induced oxidation of arylhydrazines have also been performed

(Mannen and Itano, 1973). Eberson and Persson (1962) examined the

cupric ion catalyzed autoxidation of 3-phenylisopropylhydrazine (PIH) and

other hydrazines by preparative and kinetic methods in a phosphate buffer

at pH 7.4. The measured stoichiometry was found to agree fairly well with

the formation of reaction products and the release of nitrogen gas. Because

the hydrazine exists partly as the hydrazinium ion at pH 7.4, the reaction

was followed by measuring the rate of proton liberation and the reaction

products were isolated, chromatographically analyzed, and identified.



Their conclusion was that auto-oxidation occurs essentially as a first-order

process leading to the production of hydrocarbons and alcohols consistent

with a postulated radical intermediate.

Aliphatic azo compounds, apparently, can easily generate alkyl free

radicals. Tsuji and Kosower (1971) were the first to generate a series of

identifiable monosubstituted alkyldiazenes and characterize their chemical

and physical properties. All of the alkyldiazenes examined rapidly

disappeared after exposure to oxygen. They postulate that traces of oxygen

or other oxidizing impurities might initiate chain reactions, and that

unless molecules capable of competing with alkyldiazenes for free radicals

are present, the product of the chain reaction is the hydrocarbon (Equation

1.4.1). The estimated pKa of tert-butyldiazene, a representative

alkyldiazene, was determined to be between 19 and 21, thereby suggesting

the basis for an alternative two-step base-catalyzed formation of

hydrocarbon: reversible formation of the alkyldiazenyl anion (Equation

1.4.2) followed by loss of nitrogen from the diazenyl anion with capture of a

proton (Equation 1.4.3). These results provide chemically rational

arguments for either one- or two-electron processes in the mechanism of

hydrocarbon formation from a putative alkyldiazene intermediate.

Equation 1.4.1

RN=NH + Re — RH + RN=N*

RN=N* — Re 4. N2

Equation 1.4.2

RN=NH + B – RN=N* + BH

Equation 1.4.3

RN=N* – N2 + R

R" + H+ → RH
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1.5/Hydrazines: Abiochemical and toxicological perspective

The effects of alkyl hydrazine derivatives on biological systems most

likely derive from their diverse chemical properties, e.g., their basicity and

reducing capabilities. In principle, monosubstituted hydrazines that are

oxidized to their respective diazenes may (a) decompose to the

corresponding hydrocarbon via a radical intermediate, (b) tautomerize to a

hydrazone, or (c) undergo further oxidation to form a diazonium derivative

(Figure 1.5.1). One of the more biologically relevant reactions involves

condensation of hydrazines which have a free amino function with the

carbonyl functions of aldehydes and ketones to form the corresponding

hydrazones. For example, a rapid and non-enzymatic reaction with

pyridoxal phosphate results in inhibition of many pyridoxal-dependent

enzymes such as transaminases, decarboxylases, dehydrases, and certain

racemases (Shifrin et al., 1966). This particular interaction has been

proposed as the explanation for a number of toxic sequelae associated with

hydrazine derivatives. One favorable argument for this hypothesis is found

in the observation that a clinically significant side effect of isoniazid or

hydralazine administration is the development of peripheral neuritis,

manifested by paresthesia, numbness, burning pain, and weakness. The

neuritis syndrome resembles that produced by the vitamin B6 antagonist,

desoxypyridoxine, and is prevented or reversed by, respectively,

prophylactic or supplemental pyridoxal treatment (Biehl and Vilter, 1954;

Raskin and Fishman, 1965). Another toxic effect of hydrazine derivatives

for which the importance of pyridoxal hydrazone formation is less clear is

the ability of these compounds to induce convulsant activity at higher doses.

One model posits that the neuronal levels of serotonin (5-
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Figure 1.5.1 The alternative pathways of the metabolic oxidation of monosubstituted
hydrazines.



hydroxytryptamine), a potential inhibitor of neuronal excitability, are

lowered by medicinal hydrazines (Haigler and Aghajanian, 1977). A key

pyridoxal phosphate-dependent enzyme, 5-hydroxytryptophan

decarboxylase, is required for the conversion of 5-hydroxytryptophan to

serotonin and is inhibited by phenelzine (Dubnick et al., 1962). However,

when this concept was explicitly tested, no direct correlation was found

between the extent of 5-hydroxytryptophan decarboxylase inhibition and

phenelzine-induced convulsions (Feldstein and Sidel, 1966). When viewed

in the context of current understanding of the multiplicity of serotonin

receptor subtypes and functions (Peroutka et al., 1989), the relationship

between medicinal hydrazines and epileptogenic potential may be much

more complex.

Other clinically relevant phenomena suggest the interference of

hydrazine derivatives with biochemical and physiologic homeostasis. As

previously mentioned, several of these agents have been found to be

carcinogenic in laboratory animals (Toth, 1975). Assessment of

mutagenicity by the Ames test with or without metabolic activation has

yielded inconsistent results (Tosk et al., 1979; Moriya et al., 1980; Zeiger and

Guthrie, 1981). Metabolism of the antineoplastic drug, procarbazine (N-

isopropyl-o'-[2-methylhydrazino]-p-toluamide HCl) results in incorporation

of its methyl group into nucleic acids to form N7-methylguanine adducts

(Kreis, 1970). Although it appears to be a cytochrome P-450-mediated

process (Dunn et al., 1979), the actual mechanism of transfer has not been

clearly established (Weinkam and Shiba, 1978; Wiebkin and Prough, 1980).

The 2-phenylethyl radical generated during oxidation of phenelzine in the

presence of ferricyanide preferentially attacks DNA at guanine bases with

evidence for covalent binding by radiolabelling experiments (Leite and



Augusto, 1989). This provides a supportive chemical model which

implicates the reactivity of radicals in DNA alterations.

Disruptions in energy metabolism are often seen after medicinal

hydrazine administration in the form of hypoglycemia and inhibition of

gluconeogenesis (Weiss et al., 1959). Phenelzine appears to cause these

effects in a dose-dependent manner (Kleineke et al., 1979), and it was

speculated that the possible etiologies included inhibition of the pyridoxal

phosphate-dependent enzyme, aspartate aminotransferase (alteration of

the L-aspartate shuttle); inhibition of pyruvate oxidation (decrease in

available substrates for the Krebs tricarboxylic acid cycle); non-competitive

inhibition of the nucleotide-dependent phosphoenolpyruvate carboxykinase

(decrease in gluconeogenesis by depletion of available oxaloacetate)(Ray et

al., 1970); and direct depletion of oxaloacetate via the formation of a

hydrazone. From an organic chemistry perspective, phenylhydrazine and

other substituted hydrazines combine with monosaccharides and other

carbohydrates containing a free sugar group to form hydrazones and

osazones with facility (March, 1985). Similarly, hydrazone formation can

occur nonenzymatically as shown in the reactions between isoniazid and

pyruvate (Dauphinee et al., 1975) and between phenelzine and several ot

keto acids, such as oxaloacetate (Kleineke et al., 1979).

Other effects that have been noted with medicinal hydrazines include

hyperammonemia in the form of increased amino acid levels in blood and

spinal fluid by isoniazid (McKennis and Weatherby, 1956), blockade of urea

synthesis by phenelzine (Kleineke et al., 1979), decreases in protein

synthesis by procarbazine (Koblet and Diggelman, 1968), and drug-induced

systemic lupus erythematosus by hydralazine (Perry and Schroeder, 1954;

Alarcón-Segovia, 1976), isoniazid (Hothersall et al., 1968), and phenelzine



(Swartz, 1978). A comprehensive biochemical explanation for these

findings which clearly implicates the presence of a hydrazino function has

not yet been formulated.

1.6/Biological consequences of hydrazine oxidation: Mechanism-based

inhibition and free radical generation

In a broader scope, alkyl hydrazines have been shown to inhibit the

activity of numerous biologically important redox-active proteins in vitro.

The list includes the heme-containing proteins hemoglobin and myoglobin

(Saito and Itano, 1981), horseradish peroxidase (Hidaka and Udenfriend,

1970; Ator and Ortiz de Montellano, 1987; Ator et al., 1987), catalase (Ortiz

de Montellano and Kerr, 1983), lactoperoxidase (Allison et al., 1973), and

cytochrome P-450 (q.v. Ortiz de Montellano, 1986; vide supra); the flavin

containing mitochondrial proteins monoamine oxidase (Patek and

Hellerman, 1974) and trimethylamine dehydrogenase (Nagy et al., 1979);

and the copper-containing proteins catechol oxidase (Lerner et al., 1971),

plasma amine oxidase (Lindström et al., 1974), and dopamine 3

hydroxylase (Fitzpatrick and Villafranca, 1986). Probably the interactions

best characterized in clinical toxicology involve the effect of hydrazine

derivatives on hemoglobin, monoamine oxidase, and cytochrome P-450.

The propensity of phenylhydrazine, when oxidized in the presence of

oxyhemoglobin, to cause heme degradation and formation of Heinz

inclusion bodies in erythrocytes has been documented in the literature for

several years (Heinz, 1890; Beaven and White, 1954). As the development of

Heinz bodies effectively diminishes the ability of erythrocytes to efficiently

transport molecular oxygen in vivo, tissue oxygenation is impaired,



hemoglobin is degraded, and hemolytic anemia ensues. Studies on the

mechanism of Heinz-body formation have determined that the observed

conversion of the prosthetic heme to a “green pigment” may be a

consequence of covalent binding of a phenyl group to both the intact heme

(Ortiz de Montellano and Kunze, 1981a; Augusto et al., 1982b) and biliverdin

IX.o. (Saito and Itano, 1981). Additionally, covalent binding of the phenyl

group to the globin moiety has been shown (Peisach et al., 1975). A

mechanism which assumes oxidation of the parent hydrazine to the

diazene intermediate has been proposed (Ortiz de Montellano and Kerr,

1983) to account for the presumed electrophilic reactant (Figure 1.6.1).

A similar mechanism of interaction may involve the oxidized

products of hydrazines and the flavin moiety of monoamine oxidase. Patek

and Hellerman (1974), in their seminal studies on the inhibition of purified

mitochondrial monoamine oxidase by phenylhydrazine and

aralkylhydrazines, found that under aerobic conditions the enzyme was

irreversibly inhibited by catalytic turnover of phenylhydrazine and 1

methyl-2-phenylethylhydrazine (pheniprazine) with accompanying loss of

flavin absorbance. The inhibitory action of exogenous phenyldiazene,

although inherently more effective, resembled spectrophotometrically that

of phenylhydrazine. Incubations of benzylhydrazine and 2

phenylethylhydrazine with monoamine oxidase resulted in substantial

tautomerization of their diazenes to hydrazones, which were ineffective as

enzyme inhibitors. These investigators found similarities between the

spectral characteristics of inhibition to those of reductively alkylated

flavins, and proposed this as the ultimate mechanism of inactivation.

One of the earliest reports on the metabolism of alkyl hydrazines that

implicated cytochrome P-450 metabolism-dependent free radical production
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as a potential source of toxicity was that of Dost et al. (1966).

Intraperitoneally administered 14C-labelled monomethylhydrazine and 1,1-

dimethylhydrazine in rats resulted in radioactive respiration of gases

which included the unequivocal formation of methane. Given the chemical

structure of the substrates, the most likely scenario includes oxidation of

the hydrazine moiety to extrude a hydrogen-abstracting methyl radical.

Evidence for the requirement of hepatic metabolism for the conversion of

some monoalkylhydrazines (methyl-, ethyl-, n-propyl-, isopropyl-, and n

butylhydrazine) to their parent hydrocarbons was provided by Prough et al.

(1969). Using rat liver microsomes, these investigators found that the

conversions required viable microsomes, oxygen and an NADPH

regenerating system, or, in the absence of an NADPH-regenerating system,

the oxidized forms of NADP+ or the flavins FAD and FMN. The rates of

reactivity were otherwise independent of the nature of the alkyl group.

Some structure-activity relationships have been demonstrated for the

inhibition of microsomal metabolism itself. Kato et al. (1969) found that

hydrazines of increasing lipophilicity showed enhanced inhibitory capacity.

Metabolism of the medicinal hydrazides isoniazid, an important

pharmacotherapeutic agent for tuberculosis, and iproniazid, an

antidepressant no longer in clinical use due to a high incidence of

associated liver injury, leads to the formation of acetylhydrazine and

isopropylhydrazine, respectively. These metabolic intermediates have been

implicated as direct causes of the hepatic lesions (Mitchell et al., 1976).

Nelson et al. (1976) found that incubation of radiolabeled isoniazid and

iproniazid in both rat and human liver microsomes led to the oxygen- and

NADPH-dependent formation of electrophilic metabolites which were
covalently bound to microsomal tissue. When [14C]-carbonyl- and [3H]-
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methyl-labeled acetylhydrazine were incubated, equivalent amounts of each

label were bound to the microsomes, indicating that both carbon atoms of

the acetyl group were retained. In a similar experiment, mixtures of

isopropyl-[2-14C)-hydrazine and isopropyl-[2-9H]-hydrazine yielded

equivalent amounts of binding for both isotopes, as well as propane, which

also retained the isotopes in amounts equivalent to the substrate mixture.

Production of the alkane offered strong support for the intermediacy of alkyl

radicals in the oxidative metabolism of the precursor hydrazine. Covalent

binding of these electrophilic species appeared to parallel hepatic cellular

necrosis (cf. Figure 1.6.2).

1.7/The analytical utility of the “spin-trapping” technique

The technique of “spin-trapping” has been critical in probing

biological systems for indirect evidence of free radical formation in specific

processes. Because radicals themselves are highly reactive and have short

half-lives, any method by which they may be trapped to form more stable

adducts has potential analytical utility for identifying the reactant radical

itself. Chemically, alkyl radical additions to N-oxide (nitrone) or nitroso

functions result in stable and ESR-persistent nitroxide radical adducts

(Terabe and Konaka, 1969) (Figure 1.7.1). Early studies showed that both

nitroso and nitrone compounds are able to trap most “non-stabilized”

carbon-centered radicals, i.e., those radicals that are not sterically

protected by bulky substituents nor highly resonance stabilized. Among the

first spin traps used were 2-nitroso-2-methylpropane (Chalfont et al., 1968;

Forshult et al., 1969; Leaver and Ramsay, 1969), nitrosobenzene (Terabe and
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R 1 - + R2N=O R4R2N-O- (EQ 1)
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Figure 1.7.1 Formation of stable nitroxide radicals (“spin adducts”) by radical
additions to C-nitroso compounds (EQ 1) and nitrones (EQ 2) (“spin traps").



Konaka, 1971); and o-phenyl-tert-butyl nitrone (PBN) (Janzen and

Blackburn, 1968).

Identification of the structure of the trapped radical is usually

determined from features of the ESR spectrum. Characteristics which lead

to assignment of a structure for a spin adduct include the splitting pattern,

the value of the nitrogen and other nuclear hyperfine splitting constants,

the g-value, and the line widths of individual lines (Janzen, 1971). For a

typical alkyl carbon radical-POBN spin adduct stable enough to be purified

and characterized, the ESR spectrum consists of six lines, reflecting

splitting by the nitrogen (triplet, an = 15.7 G) and a proton (doublet, ah = 2.7

G) (Figure 1.7.2). In terms of sensitivity, a theoretical lower limit of free

radical detection by ESR is a steady-state concentration of about 10-6 M

(Borg, 1976).

1.8/Free radicals in toxicology: Another primer

The preponderance of available data suggests that the metabolism of

alkyl hydrazines generates highly reactive chemical entities that are

ultimately responsible for the toxic effects, especially in hepatic tissue.

Arguments for the likelihood that these are free radicals have been

presented. However, the difficulty of unequivocally establishing a free

radical mechanism for the etiology of tissue injury cannot be understated.

Reynolds and Moslen (1980) outlined proposed criteria for the involvement
of free-radical intermediates which address this issue. These are divided

into two broad categories: direct and indirect evidence. Unambiguous

detection of the putative radical intermediate in the damaged organ via
their ESR signals at a magnitude correlating to the severity of the injury
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Figure 1.7.2 Typical ESR spectrum of a carbon radical-POBN spin adduct: The 2
phenylethyl radical adduct (triplet, a N = 15.7 G and doublet, opi = 2.7 G).



would constitute the strongest “direct” evidence. Yet, the low

concentrations at which these nascent radicals must be formed might not

generate a strong enough ESR signal to avoid being masked by the

background level of free radical signals normally present in biological

materials. For the most part, the present ability of ESR spectroscopy to

detect biochemically-generated free radicals is limited by the low absolute

sensitivity of the technique (Borg, 1976). The mere presence of an ESR

signal must have corroborating information to substantiate its true

relevance in a given reaction pathway.

More indirect evidence is generally available to implicate the role of

free radical intermediates in biochemical toxicology. Reynolds and Moslen

(1980) defined three major forms. One is the analysis of reaction products,

e.g., metabolites or chemically modified cellular components, whereby an a

posteriori assessment of the products can best be rationalized by the

presumption of a radical intermediate. Another is to perform studies

designed to modulate the potential toxic response to a free radical by

addition of agents, e.g., antioxidants, which would be expected to defuse the

injurious intermediate. A third approach is to compare the effects of

related homologues in structure-toxicity evaluations, and to correlate them

with physico-chemical properties such as molecular polarization, steric

hindrance, and relative bond strengths. These factors affect the

intramolecular bond most readily broken or weakened, and thus may

enhance or hinder the formation of specific free radical intermediates. As

in the case of obtaining “direct” evidence, reliance on any one form of

indirect evidence may lead to multiple interpretations. Hence, several

approaches and lines of support for the free radical intermediate hypothesis

should ideally be sought.



The consequences of free radical release through biotransformation

are exemplified by a model hepatotoxin, carbon tetrachloride (CCl4).

Membrane denaturation of the endoplasmic reticulum in hepatocytes is

observed within the first hour of CCl4 administration (Reynolds and Ree,

1971). Because of the localization of the damage, interest has focused on the

participation of the microsomal mixed function oxidase system. The

importance of cytochrome P-450 was first established in two independent in

vitro studies using liver microsomes. Sipes et al. (1977) described how

oxidative and reductive bioactivation of 14C-labeled carbon tetrachloride,

chloroform, and bromomethane led to covalent binding of radiolabel to

microsomal protein. The deleterious effects of radical-induced lipid

peroxidation on cellular membranes have been well documented (Mead,

1976). Masuda and Morano (1977) measured the extent of CCl4-induced

lipid peroxidation by directly monitoring associated malondialdehyde

production. Both studies determined that conditions which diminished the

activity of cytochrome P-450 also tended to diminish the extent of damage

caused by the halogenated hydrocarbon toxins. Attempts to correlate the

extent of formation of these reaction products with injury have led to

inconclusive results; for example, hypoxia significantly enhances the

covalent binding of reactive CCl4 species to macromolecular lipids and

proteins in vitro (Uehleke and Werner, 1975), but in vivo no such

enhancement occurs during CCl4 exposure under hypoxic conditions

(Suarez et al., 1972). During the reductive microsomal metabolism of

carbon tetrachloride, spin trapping was used to show the partial formation

of the trichloromethyl radical-PBN adduct, as well as a possible PBN-lipid

adduct (Poyer et al., 1978).



1.9/Proposal

The participation of toxic free radical intermediates formed by

metabolic activation of alkyl hydrazine derivatives is suggested by the

conclusions of several studies in the chemical and biochemical literature.

The purpose of the presently reported studies is to further define, via

appropriate experimental probes, the extent of carbon-centered free radical

generation from the metabolism of alkyl hydrazines. A basic assumption is

that such information may be gleaned from examinations of metabolite

formation and the catalytic competency of rat hepatic microsomal

cytochrome P-450.
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3.0DoTHIS IMIIPORTANCl3. (OIF IFIREIR: IRAIDICAL INTERMIBIDIATES

IN THIR, MIISTABOLISMI (OIF AN AILKYIL, IETYDRAZINE

2.1/Phenelzine: A model therapeutic hydrazine

Phenelzine (2-phenylethylhydrazine) is a mono-substituted alkyl

hydrazine which has been used in clinical medicine as pharmacotherapy

for depressive disorders and hypertension. Its principal mode of action is

its ability to irreversibly inhibit the enzyme, monoamine oxidase (MAO), a

physiologically important flavoprotein which maintains neurotransmitter

homeostasis by converting neuroactive amines into inactive aldehydes.

Neither the pharmacokinetics of phenelzine nor the correlation between

plasma or serum concentrations and therapeutic effects has been clearly

defined. However, there is some evidence that clinical efficacy and side

effects may be related to the “acetylator status” of patients, i.e., the ability of

their endogenous N-acetyltransferase to mediate the acetylation of the

parent hydrazine (Evans et al., 1965; Tilstone et al., 1979). Generally, severe

adverse effects, as described in Chapter 1, are more common among slow

acetylators treated with phenelzine than among rapid acetylators on the

same treatment schedule; this identifies acetylation as an important

detoxification pathway. Because phenelzine is representative of mono

alkylated hydrazines, an appreciation of its mechanism of action and

metabolic consequences may lead to an improved understanding of the

Source of the therapeutic and toxic effects of all medicinal hydrazines.



2.2/The mechanism of monoamine oxidase

There are two known forms of MAO, MAO-A and MAO-B, which

have different substrate specificities and inhibitor sensitivities and are

immunologically distinct (Youdim, 1973). MAO-A, which is sensitive to

clorgyline inhibition, oxidatively deaminates tyramine and 5

hydroxytryptamine (5-HT; serotonin); MAO-B is relatively insensitive to

clorgyline inhibition and oxidizes tyramine but not 5-HT. In the cell, MAO

is tightly bound to the mitochondrial outer membrane, and the proportions

of the two forms have been found to vary widely among different organ

tissues (Neff and Goridis, 1972). Several steps in the oxidative mechanism

have been characterized (Figure 2.2.1). The first oxidation of the amine to

the iminium ion occurs simultaneously with reduction of the flavin

cofactor, and was, until recently, the least well characterized step of the

reaction pathway (Silverman et al., 1980). The iminium ion is then

hydrolyzed to the aldehyde, while the reduced flavin is reoxidized

enzymatically with molecular oxygen (Houslay and Tipton, 1973).

Apparently, the oxidation of the amine requires that it be in the free base

form (McEwen et al., 1969).

Many known MAO inhibitors rely on catalytic turnover to effect

irreversible inactivation. Some of the evidence for mechanism-based

inhibition derives from studies using N-benzylcyclopropylamines, which

resemble the previously mentioned work characterizing the inactivation of

cytochrome P-450 by such substrates (cf. Chapter 1). Silverman and

colleagues have been instrumental in determining how MAO may be

inactivated by a ring-opened terminal carbon-centered radical alkylating

the protein. Silverman and Yamasaki (1984; q.v. Silverman, 1983) used
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three different radioactively labeled N-(1-methylcyclopropyl)-benzylamines

to show which atoms of these inactivators actually bound to MAO after

enzymatic turnover. After inactivation and subsequent dialysis, the benzyl

substituent is lost, while the methyl and cyclopropyl carbons are covalently

attached to the enzyme. When the inactivated enzyme was treated with

sodium cyanoborohydride prior to dialysis, the benzyl group was retained,

reflecting the presence of an imine linkage. The presence of an O-methyl

group on the benzyl methylene was found to shift the partition ratio in favor

of enzyme inactivation over metabolite formation (Silverman, 1984). A later

study using radiolabeled N-cyclopropylbenzylamine (Vazquez and

Silverman, 1985) supported a mechanism for enzyme inactivation in which

the substrate is oxidized by one electron to the amine radical cation,

followed by homolytic cyclopropyl ring cleavage and attachment to an active

site residue (Figure 2.2.2).

Although the nature of the indirect evidence was strong, more direct

detection of the formation of a radical intermediate in MAO-catalyzed

oxidations had remained elusive until a recent report by Yelekci et al.

(1989). Using 1-amino-1-benzocyclobutane as substrate and O-phenyl N-tert

butylnitrone (PBN) as the radical spin trap, these investigators

demonstrated the in vitro formation of an ESR spectrum consistent with a

proposed ring-expanded adduct (Figure 2.2.3). No ESR signals were

detected under the following control conditions: MAO absent or inactivated,

substrate omitted, bovine serum albumin or flavin mononucleotide

substituted for MAO, or benzylamine substituted for the cyclobutane

analog. The contribution of a trace contaminant of cytochrome P-450

towards the formation of the ESR signal was ruled out by pretreatment of

the MAO preparation with the cytochrome P-450 inactivator, acetylene
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(Ortiz de Montellano et al., 1982), as well as by addition of increasing and

potentially inhibitory amounts of PBN affecting P-450 activity; no effect on

the generation of the signal was seen in either case. While the precise

chemical identity of the spin adduct was not elucidated, these results

constitute the first direct evidence for a radical intermediate in the MAO

catalyzed oxidation of a substrate amine. They also substantiate the

contention that the initial oxidation of the amine is most likely the

formation of a nitrogen-centered radical cation precursor to the Schiff base

iminium ion.

2.3/Hydrazine-induced inhibition of metabolism

In terms of structure-activity relationships, potent MAO inhibitors

have been found among four classes of hydrazine derivatives:

alkylhydrazines, aminoalkylhydrazines, aralkylhydrazines, and

hydrazides (Petracek et al., 1978). Of these, the most potent MAO inhibitors

are of the aralkylhydrazine class (Table 2.3.1). In this series, nuclear or

side-chain substitution with hydroxy or methoxy groups markedly

decreases CNS activity, as does replacement of the phenyl group with

heterocyclic moieties such as pyridyl, furyl, thienyl, or benzodioxane rings.

In general, optimal activity is achieved in the aralkylhydrazine group when

there is an unsubstituted phenyl ring, an ethyl or propyl side chain between

the phenyl and hydrazine moieties with a methyl group on the ot-carbon,

and a monosubstituted hydrazine group (Petracek et al., 1978).

Phenelzine, as a monoamine oxidase inhibitor, apparently requires

catalytic turnover to enhance its effectiveness in eliminating MAO activity

irreversibly (Horita, 1965; Clineschmidt and Horita, 1969a; Clineschmidt
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and Horita, 1969b). Phenelzine is also metabolized by the microsomal FAD

containing mono-oxygenase (Prough et al., 1981) and dopamine 3

hydroxylase (Fitzpatrick and Villafranca, 1986); the latter enzyme is also

inhibited by this substrate in what appears to be a radical-mediated process

(Fitzpatrick and Villafranca, 1986). Interestingly, in vivo administration of

2-(1,1,2,2-2H-phenethyl)-hydrazine, a tetradeuterated analog of phenelzine,

demonstrates that deuterium substitution potentiates the biochemical and

behavioral effects of monoamine oxidase inhibition in rodent models (Dyck

et al., 1983; Dourish et al., 1983). A recent report by Yu and Tipton (1989)

suggests that the metabolism of [1,1-2H]phenelzine by monoamine oxidase
exhibits a deuterium isotope effect (q.v. Section 2.7).

Historically, it has been observed that the clinical effects of some

opiate analgesics, when administered concomitantly with phenelzine, may

be augmented due to inhibition of their metabolism (Jounela and Mattila,

1968; Jounela, 1968). Two groups (Muakkassah and Yang, 1981; Bélanger

and Atitsé-Gbeassor, 1982) confirmed this phenomenon by demonstrating

that inactivation of cytochrome P-450 was an event associated with

inhibition of analgesic metabolism both in vivo and in vitro. An initial

rapid decrease in cytochrome P-450 after addition of phenelzine to the

microsomal incubation was found to be due to its direct coordination to the

ferrous prosthetic heme. Further decreases in the cytochrome, reflected by

a loss of the heme content, occurred upon incubation of the microsomes

with phenelzine in the presence of NADPH. Phenelzine-induced

destruction of cytochrome P-450 could be partially inhibited by a competitive

substrate, aminopyrine, or a microsomal enzyme inhibitor, metyrapone.

Inactivation of cytochrome P-450 could certainly account for the decreased



metabolism and enhanced pharmacological effects of concomitant

medications.

Strong support for the implication that a reactive metabolic

intermediate of phenelzine is responsible for cytochrome P-450 destruction

surfaced in a study by Ortiz de Montellano et al. (1983). Oxidative

microsomal metabolism of this substrate resulted in the formation of an

isolable heme adduct, a metal-free porphyrin derived from the prosthetic

heme group that was identified as N-(2-phenylethyl)-protoporphyrin IX.

The generation of a 2-phenylethyl radical metabolite was proposed on the

basis of three findings: The isolation and identification of the heme adduct

(by NMR and mass spectrometry), the isolation and identification of a 2

phenylethyl radical spin-trap (POBN) adduct (by ESR and mass

spectrometry), and the formation of the hydrocarbon, ethylbenzene (by GLC

and mass spectrometry). On the basis of this unequivocal detection of

metabolically-generated carbon-centered radicals, the utility of phenelzine

as a model hydrazine source for such reactive species was confirmed.

24/The use of radical spin traps in previous studies of hydrazine derivative

metabolism

Evidence of the production of carbon-centered radicals from the

metabolism of alkyl hydrazines came from studies by Ortiz de Montellano

and colleagues (Augusto et al., 1981; Ortiz de Montellano et al., 1983).

Using liver microsomes from phenobarbital-pretreated rats, it was

established that incubation of acetylhydrazine and ethylhydrazine led to

both NADPH- and oxygen-enhanced destruction of the heme of cytochrome

P-450 and formation of radicals which could be detected by their
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sequestration by appropriate spin-trapping agents (Augusto, Ortiz de

Montellano et al. 1981). The identity of the ethyl radical spin-adduct was

determined by comparison of its electron spin resonance (ESR) spectrum

with that of spin-trapped radicals produced by CuCl2-catalyzed auto

oxidation of ethylhydrazine in the presence of o-phenyl-tert-butylnitrone

(PBN). The chemical oxidation of acetylhydrazine under identical

conditions also resulted in an expected six-line ESR spectrum

corresponding to that seen from the microsomal incubations. However, it

was determined not to be due to an acetyl radical-PBN adduct, since the

observed ESR parameters did not match those reported in the literature for

this particular adduct.

In a second study, Ortiz de Montellano et al. (1983) used 2

phenylethylhydrazine (phenelzine) and benzylhydrazine as the principal

substrates. Both inactivated cytochrome P-450 as mechanism-based

inhibitors. Spin-trapped radicals were again detected using ot-(4-pyridyl-1-

oxide) N-tert-butyl nitrone (POBN) as the trapping agent. In this instance,

mass spectral analysis of the isolated radical from phenelzine incubations

provided unequivocal proof of the formation of the 2-phenylethyl radical

POBN adduct. While control incubations utilizing classical cytochrome P

450 inhibitors, i.e., carbon monoxide and SKF 525A, diminished the

concentration of the spin-trapped radical in microsomes, a significant

fraction of signal was not eliminated. Withholding NADPH, substrate, or

spin-trap were the only conditions in which a spin-trapped radical was not

detected. Addition of catalase or superoxide dismutase to the incubations

had no effect on the ESR signal vis-à-vis incubations with all necessary

components for catalytic activity, most likely reflecting the minimal

contribution of hydrogen peroxide and superoxide ion to the radical flux.



As radical formation was found to continue at a reduced rate after

cytochrome P-450 inactivation by phenelzine, cytochrome P-450-independent

processes were clearly present but were not identified in this study.

Another important in vitro study which specifically examined the

oxidation of therapeutic hydrazines to form reactive free radical

intermediates was reported by Sinha (1983). Using ram seminal vesicle

microsomes and the spin traps 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) or

2-methyl-2-nitrosopropane (MNP), the enzymatic activation of hydralazine,

isoniazid, iproniazid, and phenylhydrazine was observed and the ESR

spectra compared to similar incubations of identical substrates with

horseradish peroxidase/hydrogen peroxide and prostaglandin

synthetase/arachidonic acid. Analyses of the resulting ESR spectra, based

on further comparisons of ESR parameters to chemically-oxidized spin

adducts reported in the literature, led to the identification of hydralazyl,

phenyl, and isopropyl radicals formed from the oxidation of hydralazine,

phenylhydrazine, and iproniazid, respectively. Enzymatic activation of

iproniazid also led to the formation of a hydroperoxy radical, the formation

of which was not prevented by superoxide dismutase. The peroxidative

activation of isoniazid by horseradish peroxidase yielded two different

carbon-centered radicals which could not be clearly identified by their ESR

spectra. These findings, coupled with the previous demonstration of

radical formation in the liver microsomal metabolism of phenelzine (Ortiz

de Montellano et al., 1983), suggest that microsomal oxidation of

therapeutic hydrazines as a source of free radicals is a generalized

phenomenon. The successes of prior spin trapping experiments provided

the impetus for utilization of this technique in the present studies.



2.5/The choice of phenelzine as a model therapeutic hydrazine for

metabolism studies

The extensive metabolism of phenelzine was demonstrated in a

report by Caddy et al. (1978), which showed that oral administration to

patients resulted in urinary excretion of small amounts of the drug in

forms that retain the hydrazine function. The precise pathways

responsible for its metabolism are unclear. Previous qualitative studies

have shown that phenelzine is converted by MAO to 2-phenylacetaldehyde

(Tipton and Spires, 1972), by cytosolic fractions of rat and human liver to the

N-acetyl derivative (Tilstone et al., 1979), by rat liver homogenates to 2

phenylacetic acid (Clineschmidt and Horita, 1969a), by rat liver microsomes

to phenylacetaldehyde and ethylbenzene (Ortiz de Montellano et al., 1983),

and in vivo to phenylacetic acid (Clineschmidt and Horita, 1969b; Dyck et

al., 1985) and 2-phenylethylamine (Dyck et al., 1985). Since deuteration of

the nitrogen-substituted ot-carbon enhances some of the behavioral and

biochemical effects of phenelzine, whereas deuterium substitution should

weaken its intrinsic activity as a monoamine oxidase inhibitor (vide supra),

the increased pharmacological activity caused by deuterium substitution

appears to be related to changes in the metabolism or distribution of

phenelzine. This study was conducted to evaluate the importance of the

free radical pathway in the metabolism of phenelzine and to determine the

influence of deuterium substitution on the metabolic profile.



2.6/Experimental results

All experimental syntheses and procedures for Chapter 2 are

outlined in detail in Chapter 5, Section 5.1.

2.6.1 The identification of phenelzine metabolites from microsomal

incubations

Using hepatic microsomes prepared from phenobarbital-pretreated

rats (Ortiz de Montellano et al., 1981b), six metabolites have been identified

in incubations of phenelzine. Figure 2.6.1 shows a typical gas-liquid

chromatographic analysis of the products formed. Comparisons of the gas

chromatographic retention times and mass spectra of the metabolites with

authentic standards identify the metabolites as toluene, ethylbenzene (A),

benzaldehyde (B), benzyl alcohol (C), phenylacetaldehyde (D), and 2

phenylethanol (E). Confirmation was also provided by co-elution on GLC of

the metabolites with injected standards. The formation of ethylbenzene,

phenylacetaldehyde, and 2-phenylethanol has been reported (Ortiz de

Montellano et al., 1983), but toluene, benzaldehyde, and benzyl alcohol have

not been identified previously as phenelzine metabolites; these represent the

first report of carbon-carbon bond cleavage in phenelzine metabolism. The

rates of formation of four of these metabolites during the first 5 min of

incubation are shown in Figures 2.6.2. The listed metabolites, except for

phenylacetaldehyde, were not formed in detectable amounts in the absence

of NADPH under these incubation conditions. Phenylacetaldehyde,

however, is generated in the absence of NADPH (45 nmol/10 min), albeit at

a lower rate than in the presence of this cofactor (67 nmol/10 min). Overall,

in terms of absolute amounts of metabolite recovered through extraction,



51

Q)
Q
c
O
Q.
00
Sº
S
* E
§ A D
§ B C

I-I-T-I-T-I-T-I-T-
O 6 12 18

Time (min)

Figure 2.6.1 Gas-liquid chromatographic analysis of the products formed in incubations
of phenelzine with hepatic microsomes from phenobarbital-pretreated rats in the presence
of NADPH. The identities of the peaks in the chromatograms are as follows: A,
ethylbenzene; B, benzaldehyde; C, benzyl alcohol; D, phenylacetaldehyde; and E, 2
phenylethanol. Toluene, the sixth metabolite, eluted with the solvent with this system.
Toluene analyses were therefore carried out by capillary gas-liquid chromatography
using different conditions, as described in the text.
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Figure 2.6.2 Formation of the major metabolites from phenelzine (o) and (1,1%h]
phenelzine (A) as a function of time. The four metabolites (deuterated in the case of [1,1-2H]
phenelzine) are ethylbenzene, benzaldehyde, phenylacetaldehyde, and 2-phenylethanol.
The values given are averages of three independent incubations, and the standard
deviations are indicated by the vertical bars.



ethylbenzene and 2-phenylethanol were formed in the greatest amounts (ca.

100 nmol after 5 minutes); benzaldehyde and phenylacetaldehyde, in

contrast, were formed more rapidly but to a much lesser extent, with

maximal amounts being present after only approximately 2 minutes of

incubation time.

2.6.2 Microsomal metabolism of [1,1-2H]phenelzine
The same metabolites are observed when [1,1-2H]phenelzine is

substituted for phenelzine, but deuterium substitution detectably alters the

rates of formation of two of the four major metabolites (cf. Figure 2.6.2).

The formation of ethylbenzene and 2-phenylethanol is not significantly

altered by deuteration, but the formation of benzaldehyde is increased and

that of the phenylacetaldehyde is decreased. The metabolic formation of

benzaldehyde is thus subject to an inverse isotope effect, whereas that of

phenylacetaldehyde is subject to a normal isotope effect.

In terms of the nature of deuterium incorporation into the respective

metabolites, Figure 2.6.3 shows a representative gas chromatographic

mass spectrometric analysis of the organic extract obtained from in vitro

incubations of [1,1-2H]phenelzine. The individual mass spectra of the
major metabolites (Figure 2.6.4) show that ethylbenzene (not shown) and 2

phenylethanol each retain two deuteriums from the parent hydrazine, and

the phenylacetaldehyde is only recovered with an aldehyde deuterium. As

benzaldehyde lacks the second carbon to which the original deuteriums

were bound, no changes in its mass spectrum were noted.
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Figure 2.6.3 A representative gas chromatographic-mass spectrometric analysis of
microsomal incubations of (1,1-2H] phenelzine. The identity of the noted peaks: A, [1,1-
*H]-ethylbenzene; B, benzaldehyde; C, [1-2H]-phenylacetaldehyde; D, 1,1-2H-2-
phenylethanol; E, 3-phenylpropanol (internal standard). Analytical conditions are
described in Chapter 5.
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Figure 2.6.4 Mass spectra of deuterium-containing metabolites from microsomal
incubations of [1,1-2H) phenelzine (phenylacetaldehyde, left; 2-phenylethanol, right).



2.6.3 Destruction of cytochrome P-450 by phenelzine and [1, 1

*HJphenelzine

The chromophore of cytochrome P-450, confirming a previous report

(Ortiz de Montellano et al., 1983), is rapidly destroyed when hepatic

microsomes are incubated with phenelzine in the presence of NADPH

(Figure 2.6.5). Maximum chromophore loss is observed within the first 10

min. The destruction of cytochrome P-450 by [1,1-2H]phenelzine follows a
virtually identical time course, a result that clearly demonstrates the

absence of a primary isotope effect in the destruction reaction. The results

are also consistent with the premise that the species responsible for

inactivation of cytochrome P-450 is most likely the 2-phenylethyl radical,

rather than an intermediate formed in an isotopically sensitive step. At

best, only a secondary isotope effect might have been expected as the radical

is being formed from the hydrazine, for this has been observed with some

unsymmetrical disubstituted azo compounds (Seltzer and Dunne, 1965).

However, this is not the case here, and enzyme destruction is clearly

dissociated from any mechanism involving C-H bond cleavage at the O

position.

2.6.4 Spin-trapping of chemically and enzymatically generated 2

phenylethyl radicals

POBN was chosen as the spin trap for this investigation because its

success in sequestering the 2-phenylethyl radical was demonstrated in

earlier studies (Augusto et al., 1982a; Ortiz de Montellano et al., 1983). The

purpose of this series of experiments was to ascertain whether deuterium

substitution of phenelzine affected the radical flux, reflected by differential

changes in the ESR spectra of the resultant POBN spin adducts. Figure
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Figure 2.6.5 Destruction of the cytochrome P-450 chromophore by phenelzine (o) and [1,1-
*H) phenelzine (x). The data points include small corrections for time-dependent
chromophore losses observed in incubations with NADPH but no phenelzine. The
concentration of cytochrome P-450 in these incubations was approximately 3 nmol/mL.
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2.6.6 illustrates the straightforward reaction of a 2-phenylethyl radical with

POBN. Again, it would be difficult to argue for the possibility of a primary

kinetic isotope effect, but a secondary effect might be conceivable in the

adduct formation. This procedure was also designed to provide assurance

that the efficiency of trapping of 2-phenylethyl radicals does not differ

significantly with or without deuterium substitution on the radical.

Standards were prepared by in vitro incubations in which 2

phenylethyl radicals were chemically generated by CuCl2 from phenelzine

or [1,1-2H]phenelzine in the presence of POBN. The ESR spectrum of the
adduct exhibits the expected six-line pattern. Tracking the time course of

the ESR signal height under these conditions proved to be difficult because

of reduction of the resultant nitroxide radical within the first 30 minutes

(reflected by a weakening ESR signal), followed by gradual re-oxidation

(and regeneration of the signal) over a more extended period of time (ca. 2

hours). This tendency did not differ significantly between incubations of

either phenelzine or its deuterated analog.

Comparison of the rates of accumulation of spin-trapped radicals in

microsomal incubations of phenelzine and [1,1-2H]phenelzine shows that
the 2-phenylethyl radical is formed at approximately equal rates from the
two substrates (Figure 2.6.7). Radical formation, assuming the reaction
Partly depends on catalytic turnover of cytochrome P-450, levels off after
about 5 min, the time required to inactivate the enzyme (Figure 2.6.5).

9nlike the case for the chemical oxidation system, the changes in ESR

signal height for the microsomal incubations were fairly reproducible. In
*9, there was no supporting evidence for a primary isotope effect on the
8°neration of an ESR-active species; the data were not sufficiently accurate

to determine the presence of a significant secondary isotope effect.
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Figure 2.6.7 Spin-trapping of the 2-phenylethyl radical by POBN in microsomal
incubations of phenelzine (o) and [1,1-2H] phenelzine (x). The ESR instrument
Parameters were as follows: microwave power (20 mW), modulation amplitude (2.0 G),
**onstant (0.250 sec), scan time (2 min), scan range (100 G), and gain (1.25 x 10*).
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2.6.5 Metabolite incorporation of molecular oxygen

Experiments were performed to determine the extent of molecular

oxygen incorporation into the metabolites. Standard microsomal

suspensions were prepared from phenobarbital-induced Sprague-Dawley

rats, and incubations of [1,1-2H]phenelzine were carried out under a closed

system in which the intended predominant source of oxygen gas contained

99.8% 18O2. Aliquots were removed and analyzed by gas chromatography

mass spectrometry. Not surprisingly, the aldehyde metabolite mass

spectra show no evidence of 18O incorporation, presumably due to rapid

exchange with the aqueous medium. A typical mass spectrum of the 2

phenylethanol metabolite, however (Figure 2.6.8), revealed significant 18O

incorporation, i.e., the hydroxyl group derives largely from molecular

oxygen. Quantitative mass spectrometric analysis of the 2-phenylethanol

obtained in two independent experiments indicated that 49% and 31% of the

oxygen, respectively, was 18O-labeled. The less than quantitative

incorporation of label presumably reflects dilution of the 18O2 by residual

16O2, but the alternative possibility that some of the label derives from water

cannot be excluded. The unlabeled alcohol is not obtained by reduction of

unlabeled phenylacetaldehyde, because the alcohol derived from [1,1-

*H]phenelzine retains both deuterium atoms (Figure 2.6.8).

2.6.6 Microsomal metabolism of 2-phenylethylhydroperoxide

Generation of a 2-phenylethyl radical suggests that, under aerobic

conditions, trapping of molecular oxygen to form the alkylperoxy radical is

a distinct possibility. Incubation of synthetic 2-phenylethylhydroperoxide, a

putative intermediate in the metabolic pathways of phenelzine, with liver
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Figure 2.6.8 Mass spectrum of 2-phenylethanol extracted from microsomal incubations
of [1,1-?H] phenelzine performed in an atmosphere containing 1802.



microsomes in the presence of NADPH and its regenerating system results

in the formation of 2-phenylethanol, phenylacetaldehyde, benzyl alcohol,

and benzaldehyde (Figure 2.6.9). Metabolite identification was based on

comparison of chromatogram characteristics to those of standards.

Without NADPH, only benzaldehyde, benzyl alcohol, and 2-phenylethanol

are formed. The same product distribution is obtained with the 1,1-

dideuterated analogue, but it has not been possible to reliably determine the

kinetic effects of deuterium substitution due to the high variability in

product yields.

2.6.7 Metabolic incubations using ABT-inactivated microsomes

1-aminobenzotriazole (ABT) is a potent mechanism-based

cytochrome P-450 inhibitor; presumably this is due to the intermediate

catalytic formation of a highly reactive benzyne equivalent which adds to

the prosthetic heme group to generate an N,N-bridged species (Ortiz de

Montellano and Mathews, 1981; Ortiz de Montellano et al., 1984; Costa and

Ortiz de Montellano, 1985). ABT apparently inactivates multiple

cytochrome P-450 isozymes. Hepatic microsomes prepared from

phenobarbital- and ABT-pretreated rats were used for incubations of

phenelzine. Incubations were carried out aerobically using NADPH as an

electron donor. The identification of metabolites from this set of

experiments was also based on gas-liquid chromatographic evidence. The

use of ABT/phenobarbital-pretreated animals in the presence of NADPH/O2

substantially diminished the production of all four major metabolites to the

point where they were not easily quantifiable (Figure 2.6.10). By inference,

these results demonstrate the critical role that cytochrome P-450 plays in
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Figure 2.6.9 Gas-liquid chromatographic analysis of the products formed in incubations
of 2-phenylethylhydroperoxide with hepatic microsomes from phenobarbital-pretreated
rats in the presence and absence of NADPH. The metabolic products are: A, benzaldehyde;
B, benzyl alcohol; C, phenylacetaldehyde; and D, 2-phenylethanol.



Figure 2.6.10 Gas-liquid chromatographic analysis of the negligible amounts of products
formed in incubations of phenelzine with hepatic microsomes from ABT/phenobarbital
pretreated rats: A, ethylbenzene; B, n-propylbenzene (internal standard); C,
benzaldehyde; D, phenylacetaldehyde; E, 2-phenylethanol



the formation of benzaldehyde, ethylbenzene, phenylacetaldehyde, and 2

phenylethanol when phenelzine is metabolized in vitro.

2.7/Discussion

An analysis of the results must account for the two homologous

groups of metabolites that are formed when phenelzine is incubated with

liver microsomes from phenobarbital-pretreated rats. The first group

consists of ethylbenzene, 2-phenylethanol, and phenylacetaldehyde, and the

second of toluene, benzyl alcohol, and benzaldehyde. The first group thus

consists of the hydrocarbon, alcohol, and aldehyde with the two-carbon side

chain of phenelzine intact while the second group consists of the same

three products with the side chain shortened by one carbon. An

understanding of the mechanism by which the carbon-carbon bond of

phenelzine is cleaved and how the hydrocarbon, alcohol, and aldehyde

metabolites are obtained is therefore essential for a complete

characterization of the in vitro microsomal metabolism of phenelzine.

2.7.1 The formation of 2-phenylethanol

The two deuterium atoms of [1,1-2H]phenelzine are quantitatively

retained in the 2-phenylethanol product. This result precludes derivation of

the alcohol from phenylacetaldehyde, as reduction of phenylacetaldehyde to

2-phenylethanol would have resulted in a monodeuterated product. The

finding that the oxygen of 2-phenylethanol derives to a large extent from

molecular oxygen also argues that the alcohol is not predominantly formed

by addition of water to the 2-phenylethyl cation. A significant contribution

from such a pathway cannot be ruled out, however, because some *O-
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alcohol is found in the product obtained under an 18O2 atmosphere.

Another potentially supportive argument for a reaction which involves a

cationic intermediate would have been the formation of styrene due to

proton elimination. Under the conditions of the present study, the presence

of styrene was not detected, which argues for a non-cationic pathway.

However, in another recent investigation (Yumibe and Thompson, 1988), an

in vitro microsomal system which generated 2-phenylethyl radicals during

the one-electron reduction of a 4-alkyl-1,4-peroxyquinol yielded styrene as

an additional metabolic product. These authors proposed that a plausible

explanation might be the further oxidation of the 2-phenylethyl radical to

the corresponding cation, which would then be susceptible to proton

elimination (forming styrene) or hydration (forming 2-phenylethanol).

The only route to 2-phenylethanol fully consistent with the results of

the present study appears to be reaction of the 2-phenylethyl radical with

oxygen followed by abstraction of a hydrogen atom to give 2

phenylethylhydroperoxide (Figure 2.7.1). Heterolysis of the hydroperoxide

or homolysis followed by hydrogen abstraction then yields the alcohol.

Evidence exists that cytochrome P-450 promotes competitive heterolytic and

homolytic cleavage of alkyl hydroperoxides (Ashley and Griffin, 1981;

McCarthy and White, 1983b; Thompson and Wand, 1985), the former

reaction leading to alcohols and the latter to carbon-carbon or carbon

hydrogen bond cleavage products (Wand and Thompson, 1986). Therefore,

the reduction of 2-phenylethylhydroperoxide to 2-phenylethanol very likely

reflects heterolytic scission of the oxygen-oxygen bond. Additional support

for the hydroperoxide route to the alcohol was provided by the observation

that hepatic microsomes generated 2-phenylethanol from authentic 2

phenylethylhydroperoxide (cf. Figure 2.7.1), by unambiguous spin-trapping
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Figure 2.7.1 Proposed microsomal metabolic pathways of phenelzine.



of the 2-phenyl radical in microsomal incubations of phenelzine (cf. Figure

2.6.7) (Ortiz de Montellano et al., 1983), and by the concomitant formation of

ethylbenzene.

2.7.2 The formation of phenylacetaldehyde

Three alternative metabolic routes to phenylacetaldehyde are

conceptually feasible: (a) oxidation of 2-phenylethanol, (b) oxidation of the

hydrazine to the hydrazone followed by hydrolytic release of the aldehyde,

and (c) elimination of a hydrogen after homolysis of the 2

phenylethylhydroperoxide oxygen-oxygen bond (Figure 2.7.2). The first

possibility is ruled out by the finding that the aldehyde is not produced in

significant amounts when 2-phenylethanol is incubated with hepatic

microsomes. Unfortunately, the relative contributions of the latter two

mechanisms are not readily differentiated. In the absence of NADPH, the

hydrazone is probably the precursor of the aldehyde formed because

radical-derived products are not simultaneously generated. The hydrazone

has also been invoked as a precursor to the aldehyde in mitochondria

because phenelzine is both a substrate and an inhibitor of monoamine

oxidase (Tipton and Spires, 1972). The origin of the aldehyde produced by

the NADPH-dependent mechanism is more ambiguous. Efforts to

determine the origin of the oxygen atom in the aldehyde, which would

distinguish hydrolytic from oxidative mechanisms, were frustrated by

rapid exchange of the aldehyde oxygen with oxygen from the medium. The

isotope effect observed with [1,1-2H]phenelzine in phenylacetaldehyde

formation (cf. Figure 2.6.2) was of little diagnostic utility because it is

consistent with both mechanisms. However, metabolism of 2

phenylethylhydroperoxide by hepatic microsomes clearly resulted in the
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cf. Figure 2.7.1
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Figure 2.7.2 Alternative metabolic pathways resulting in the formation of
phenylacetaldehyde.
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formation of phenylacetaldehyde, which suggests that at least a fraction of

the phenylacetaldehyde derives from the hydroperoxide.

2.7.3 Evidence for carbon-carbon bond cleavage in phenelzine metabolism

The formation of toluene, benzyl alcohol, and benzaldehyde suggests

that a benzyl radical is released as a result of a carbon-carbon bond

cleavage reaction. The benzyl radical would then be expected to give rise to

the observed metabolites by reactions similar to those just described for the

2-phenylethyl radical, i.e., abstraction of a hydrogen by the benzyl radical

would give toluene, whereas reaction of the radical with oxygen would yield

the hydroperoxide. As in the case for 2-phenylethylhydroperoxide,

benzylhydroperoxide can be converted by heterolytic dioxygen cleavage to

benzyl alcohol and by homolytic dioxygen cleavage to benzaldehyde. Unlike

the case for phenylacetaldehyde, no ambiguity exists concerning the

pathway to benzaldehyde because a hydrazone cannot be invoked as an

alternative precursor.

Evidence presented to this point is consistent with the pivotal position

proposed for 2-phenylethylhydroperoxide in the microsomal metabolism of

phenelzine. Cytochrome P-450-catalyzed homolysis of the hydroperoxide, a

reaction particularly associated with this enzyme (McCarthy and White,

1983a), would yield the 2-phenylethoxy radical. The 2-phenylethoxy radical,

as expected from the propensity of alkoxy radicals to 3-elimination

reactions (Kochi, 1973), has actually been shown to fragment rapidly to the

benzyl radical and formaldehyde (Ledwith et al., 1973; Walling and Clark,

1974; Mendenhall et al., 1982). This becomes the primary rationale for the

carbon-carbon bond cleavage in the present study. B-Elimination to give the

benzyl radical is thermodynamically favored over hydrogen elimination to



give phenylacetaldehyde (Kochi, 1973). The microsomal formation of

benzaldehyde from 2-phenylethylhydroperoxide is thus consistent with the

expected chemical behavior of the hydroperoxide.

2.7.4 The effects of deuterium substitution on phenelzine metabolism and

pharmacological effects

The time courses of product formation from phenelzine and [1,1-2H]

phenelzine show that deuteration decreases the formation of

phenylacetaldehyde (a normal isotope effect), increases the formation of

benzaldehyde (an inverse isotope effect), and has little effect on the

formation of ethylbenzene and 2-phenylethanol. The inverse deuterium

isotope effect on the formation of benzaldehyde, which indicates that

deuterium substitution increases the substrate flux toward the benzyl

radical, supports the proposal that elimination of a hydrogen from the 2

phenylethoxy radical competes with cleavage of the carbon-carbon bond.

Deuterium substitution, as found, should slow the hydrogen elimination

reaction and thus channel more of the alkoxy radical into the carbon

carbon cleavage pathway. A normal isotope effect is found, as predicted by

this model, for the formation of phenylacetaldehyde. As a caveat, the

interpretation of this latter observation is not straightforward, because the

aldehyde is generated by multiple pathways that are not differentiated by

the isotope effect. The formation of ethylbenzene would not be expected to be

subject to a measurable isotope effect because no deuterium bond is broken

in the reaction. The absence of a deuterium isotope effect on the production

of 2-phenylethanol is consistent with heterolysis but not homolysis of the

hydroperoxide because homolysis should have given rise to a small inverse

isotope effect analogous to that seen in the carbon-carbon bond cleavage



reaction. The inability to accurately quantify the amounts of toluene and

benzyl alcohol formed prevented analysis of the effect of deuterium

substitution on these metabolites. Yet, the available isotope effect data fully

support the proposed metabolic scheme.

Overall, microsomal incubation of deuterated phenelzine only

modestly alters the rate of appearance of some of the metabolites without

changing the rate of destruction of the cytochrome P-450 chromophore or

the rate at which the parent 2-phenylethyl radical is formed. These

perturbations alone do not appear large enough to account for the enhanced

in vivo pharmacological activity of [1,1-2H]phenelzine as reported by Dyck et

al. (Dourish et al., 1983; Dyck et al., 1985). The previously mentioned work

by Yu and Tipton (1989) specifically studied the deuterium isotope effect of

[1,1-2H]phenelzine on the inhibition of rat liver mitochondrial MAO activity.

These investigators not only found time-dependent irreversible inhibition of

MAO by phenelzine which was enhanced by deuterium substitution, but

also a primary deuterium isotope effect (VH/VD = 3.1) in the formation of

phenylacetaldehyde. While the latter result is consistent with the present

findings, the former one differs from the observation that the destruction of

the cytochrome P-450 chromophore, and presumably subsequent

inactivation of the enzyme, occurs at the same rate without regard to the

nature of isotopic substitution. In addition, Yu and Tipton did not address

the MAO-catalyzed formation of other potential metabolites nor the

participation of intermediate radicals, which limits further comparison to

the rat liver microsomal cytochrome P-450 system. A comprehensive

explanation for the in vivo biochemical and pharmacological effects of

deuterated phenelzine, then, has not yet been formulated.
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2.7.5 An assessment of radical flux in the microsomal metabolism of

phenelzine

It has been previously established that catalytic turnover of

phenelzine by cytochrome P-450 produces a flux of 2-phenylethyl radicals

and results in covalent attachment of the 2-phenylethyl group to the

prosthetic heme group (Ortiz de Montellano et al., 1983). The 2-phenylethyl

radical presumably derives from 2-phenylethyldiazene. Consider the

scheme offered in Figure 2.7.1: If a competition exists within the active site

of the enzyme between oxidation of the hydrazine to the diazene or the

hydrazone, 1,1-dideuteration should increase the proportion of metabolic

turnovers that yield the diazene and thus should increase the flux of 2

phenylethyl radicals. The shift from one to the other of two competing

catalytic outcomes, or “metabolic switching,” is well documented (Harada

et al., 1984). Recall that deuterium substitution does not discernibly alter

the accumulation of spin-trapped carbon radicals or the rate of loss of the

cytochrome P-450 chromophore. The fact that neither of these two

processes is sensitive to deuterium substitution specifically argues (a) that

the oxygen is not inserted by the enzyme into the carbon-hydrogen bond and

(b) that catalytically generated nitrogen radical-cation intermediates do not

partition between the diazene and the hydrazone. The data therefore

support the postulate that the diazene is the precursor of all the metabolites

dependent upon the formation of intermediate radicals.

The present results indicate that the 2-phenylethyl radical is the

precursor of all the microsomal phenelzine metabolites except for a fraction

of the phenylacetaldehyde, which could alternatively be derived from

hydrolysis of the corresponding hydrazone tautomer of the diazene. The 2

phenylethyl radical then generates a family of secondary radicals that



75

includes the 2-phenylethylhydroperoxy, 2-phenylethoxy, benzyl,

benzylhydroperoxy, and benzyloxy radicals. The metabolism of phenelzine

by hepatic microsomes therefore appears to proceed primarily via free

radical pathways. Even though phenelzine may be metabolized by

alternative mechanisms in other tissues or cell compartments, it is likely

that the radical cascade associated with metabolism by cytochrome P-450 is

related to the carcinogenic and hepatotoxic properties of phenelzine and

other alkyl hydrazines. The biological impact is reflected in reports that the

carbon radical derived from phenelzine causes DNA strand-scission and

alkylation (Augusto et al., 1984; Leite and Augusto, 1989). The formation of

hydrocarbon metabolites from other alkyl hydrazines, which implies the

formation of carbon radicals, is already well established (Prough et al.,

1969; Nelson et al., 1976).
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3.1/The conceptual utility of “radical clocks”

As stated in Chapter 1, accumulating unequivocal evidence for the

presence of radical intermediates in biologically relevant systems is a

nontrivial task. Direct observation of free radicals by ESR spectroscopy,

while the most informative method, requires their concentration to be

sufficient to allow detection (Borg, 1976) This may be precluded in the case

of radicals which must diffuse a considerable distance from the site of their

production before they can be detected without interference. These

potentially unstable intermediates, if formed at a site well internalized into

the protein tertiary structure, are more likely to react with proximally

available species, resulting in the quenching of their paramagnetic nature.

A more indirect procedure involves the use of modified substrates

which, upon catalytic turnover, yield products that are clearly indicative of

a radical rearrangement along the reaction pathway. This is exemplified

by the enzymatic processing of "radical clock" substrates. These are

compounds which are metabolized to free radical intermediates known to

rearrange in a unimolecular fashion within a well characterized time

frame. Griller and Ingold (1980b) have reported a number of calibrated

“clock reactions” of primary alkyl radicals and their experimentally

measured kinetic parameters. This approach was developed in order to

address the need of organic and biological chemists to know the

approximate rate of novel radical reactions. In one method of calibrating a

clock reaction, (Griller and Ingold, 1980a) the radical which is to be
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monitored is generated photochemically in an inert solvent directly in the

cavity of an ESR spectrometer. The temperature of the sample is then

adjusted until the spectra of both the parent radical and its rearranged

product can be observed simultaneously. The rate constants are then

measured over a range of temperatures to yield the Arrhenius parameters,

so the clock reaction can be used in studies carried out at temperatures

other than those at which the original clock calibration was performed.

Kinetic data generated from this procedure yielded a “horlogerie” (French

for a clockmaker's shop) or collection of calibrated clock reactions which

covers a wide range of time scales (Griller and Ingold 1980b). The

horlogerie of primary alkyl free radicals consists of about a dozen such

intermediates whose room-temperature rearrangement rate constants

span more than seven orders of magnitude (cf. Table 3.1.1).

3.2/Application of “radical clocks” in mechanistic studies: The use of 5

hexenyl and cyclopropylmethyl radicals

Of the many radical clocks listed in Table 3.1.1, the cyclization of 5

hexenyl to cyclopentylmethyl (Reaction 1) has been widely used as a kinetic

standard and mechanistic probe. The ambient temperature rate constant

of rearrangement and the Arrhenius constants of the 5-hexenyl radical

were among the first kinetic parameters to be estimated (Carlsson and

Ingold, 1968; Lal et al., 1974). Because this clock was well calibrated, it has

been used in evaluating the timing of various reactions of primary alkyl

radicals with cupric acetate (Jenkins and Kochi, 1972), chromium (II) salts

(Kochi and Powers, 1970), protonated heteroaromatic bases (Citterio et al.,

1977), and 1,4-benzoquinone (Citterio, 1978; Citterio et al., 1979).



Schmid and Ingold (1978) measured rate constants for the addition of

primary alkyl radicals to many of the commonly used spin traps with the

[1-18CJ-5-hexenyl radical as the prototype standard. Since both 5-hexenyl

and cyclopentylmethyl radicals are primary alkyls, the spin adducts that

they form with any particular spin trap will normally have similar

properties in terms of both kinetic and thermodynamic stabilities as well as

indistinguishable ESR spectra. However, this latter problem was

circumvented by these investigators by labelling the 5-hexenyl radical with

carbon-13 (I = 1/2) in the 1 position. The spin adduct of the uncyclized

radical then showed an additional ESR hyperfine splitting due to the

neighboring 13C, whereas the adduct of the cyclized radical did not because

the 19C was too remote from the radical center (Figure 3.2.1). The ratio of

the ESR peak heights of the two adducts yielded the ratio of the

concentrations of the two radicals, and the rate constants calculated for

trapping by 2-methyl-2-nitrosopropane (NtB) and phenyl-N-tert-butyl

nitrone (PBN) at 40°C in benzene were found to be 9 x 106 and 1 x 105 M-1 s−1,

respectively.

3.3/The use of “radical clock” hydrazines as metabolic probes

3.3.1 Elucidation of metabolic profiles: Two “radical clock” hydrazines

The present study was undertaken to apply this method to further

extend the hypothesis that in vitro hepatic metabolism of hydrazines

generates a prominent free radical flux. Recall that in the case of

cytochrome P-450, a carbon radical can combine with the activated oxygen

species at a rate of the order of 1010s-1 (Ortiz de Montellano and Stearns,

1987). The rate of the recombination step may be slowed by delocalization or
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cf. Table 3.1.1

Figure 3.2.1 Scheme for distinguishing 5-hexenyl radical spin adducts through 13C1
isotopic labeling [* = radiolabelled carbon] (Schmid and Ingold, 1978).
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rearrangement of the unpaired electron away from the ferryl oxygen. This

would theoretically increase the chances of the nascent radical diffusing

into the medium and forming detectable metabolites. By using alkyl

hydrazines which are likely to be metabolically oxidized to primary alkyl

“radical clocks” as substrates, a clearer determination of the half-lives of

free radicals in hydrazine metabolism may be obtained from the ultimate

metabolite profile. The kinetic characteristics of two specific “clocks” were

exploited in the present study: the ring opening of the cyclopropylmethyl

radical to the 3-butenyl radical, and the ring closure of the 5-hexenyl

radical to the cyclopentylmethyl radical.

3.3.2 The use of a “radical clock” hydrazine to time mechanism-based

inactivation of cytochrome P-450 by heme alkylation

A significant body of evidence exists to support the concept that

irreversible inactivation of cytochrome P-450 can occur via covalent

attachment of a metabolically processed inhibitor to the prosthetic heme

group (Ortiz de Montellano, 1986). Phenelzine, the model alkyl hydrazine of
Chapter 2, is probably the best characterized hydrazine inactivator of

cytochrome P-450. Incubations of phenelzine with rat hepatic microsomes
under catalytic conditions have been shown to result in an approximately

equimolar loss of enzyme and heme (Muakkassah and Yang, 1981). This
occurs concomitantly with the formation of a prosthetic heme adduct

unequivocally identified as N-(2-phenylethyl)protoporphyrin DK (Ortiz de
Montellano et al., 1983). Since spin-trapping experiments demonstrated the

clear formation of 2-phenylethyl radicals in microsomal incubations (cf.

Chapter 2), such radicals may be implicated in the formation of the heme



adduct. However, no direct experimental support for this scenario has been

obtained to date.

Preliminary evidence does suggest that when phenelzine and

purified P-450b (P450IIB1) are incubated together, an unstable complex with

a Soret band at 490 nm is initially formed which is consistent with the

presence of an iron-carbon o-bond (Drs. B. A. Swanson and P. R. Ortiz de

Montellano, unpublished observations). This finding provides the basis for

the postulate that the alkyl group moiety initially binds to iron, then

oxidatively shifts to a neighboring pyrrole nitrogen to become covalently

attached to the prosthetic heme. Precedence for both radical production

and the iron-to-nitrogen shift phenomenon is found in the analogous

inactivation of hemoglobin by arylhydrazines, resulting in the formation of

N-phenylprotoporphyrin DK (Goldberg and Stern, 1977; Hill and Thornalley,

1981; Ortiz de Montellano and Kunze, 1981a; Augusto et al., 1982b). Part of

the present study was designed to probe the hypothesis that if microsomal

metabolism of “radical clock” hydrazines results in N-alkylation of the

prosthetic heme, the structural form of the alkyl moiety may lend insight
into the time frame of formation of the initial iron-alkyl complex.

3.4/Experimental results

All experimental syntheses and procedures for Chapter 3 are

outlined in detail in Chapter 5, Section 5.2.



3.4.1 Identification and quantification of “radical clock” hydrazine

metabolites

Three types of metabolites (an alcohol, an aldehyde, and a

hydrocarbon) have been identified from each set of incubations of “radical

clock” alkyl hydrazines with liver microsomes from phenobarbital

pretreated rats. The metabolites were identified by comparisons with gas

liquid chromatographic tracings and mass spectra of authentic standards.

Extractions of incubations using 5-hexenylhydrazine as substrate yielded 5

he xen - 1 - ol, cyclope n tyl me than ol, 5 - he xen - 1 - a l,

cyclopentanecarboxaldehyde, 1-hexene, and methylcyclopentane as

metabolites. Figure 3.4.1 shows a typical gas-liquid chromatographic

analysis of the products detected. Clearly, the lifetime of the parent 5

hexenyl radical was sufficiently long for the radical to cyclize en route to

generation of the various metabolites.

Quantification of the extractable metabolites provided evidence for

time-dependent increases in the alcohol and aldehyde metabolites of 5

hexenylhydrazine (Figures 3.4.2A-3.4.2D). Although there does not appear

to be a strict NADPH-dependence in their formation, greater amounts of

these metabolites are generated in the presence of this cofactor. In

addition, the aldehyde metabolites are consistently the minor components

whose formation lags behind the respective alcohol counterparts. The

amounts of alcohol metabolites formed appear to level off after about 5 min.

The hydrocarbon metabolites of 5-hexenylhydrazine, i.e., 1-hexene and

methylcyclopentane, could not be similarly quantitated because of the

inability to generate a linear standard curve under similar experimental

conditions. This is most likely due to their greater relative volatility, which

results in inconsistent loss of the standard compounds during analysis.
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Figure 3.4.1 Gas-liquid chromatographic analysis of the products formed in incubations
of 5-hexenylhydrazine with hepatic microsomes from phenobarbital-pretreated rats in the
presence of NADPH. The identities of the major peaks in the chromatogram are as
follows: A, 1-hexene; B, cyclopentanecarboxaldehyde; C, cyclopentylmethanol; D, 5
hexen-1-al, E, 5-hexen-1-ol; F, 1-bromo-5-hexene (internal standard)
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However, both compounds were qualitatively found to be formed in the

presence and absence of NADPH as determined by gas chromatography

mass spectrometry. The possible hydrocarbon metabolites of

cyclopropylmethylhydrazine (CPMH), i.e., 1-butene and

methylcyclopropane, are gaseous compounds that could not be detected by

this technique. No cyclopropylmethanol nor cyclopropanecarboxaldehyde

could be detected from any of the incubations. The time-dependent course of

the formation of 3-buten-1-ol is shown in Figure 3.4.3. No significant

amounts of 3-buten-1-al were observed under the described conditions.

Note: While the nature of the detected metabolites is entirely

consistent with the intermediate formation of a carbon-centered radical,

secondary confirmation was attempted by spin-trapping experiments. The

intended goal was to generate, isolate, and characterize spin adducts of the

incipient radicals with available spin traps as had been done successfully

in incubations of phenelzine with POBN. Initial experiments with CPMH

also utilized POBN, and the presence of an EPR signal in aliquots of these

chemical incubations with CuCl2 was observed within minutes (Figure

3.4.4). However, the chemically-generated spin adduct required as a

standard for structural identification could not be isolated and structurally

characterized. For unknown reasons, the nascent CPMH-POBN adduct

was unstable to the conditions outlined in Chapter 5. Attempts to use an

alternative spin trap, 4-phenyl-2,2,5-trimethylpyrroline-1-oxide (4-phenyl

TMPO; generously synthesized and provided by Dr. D. G. Tew), were

equally futile. While this agent was shown to trap ethyl radicals effectively

from both the chemical (copper-catalyzed) and biological (microsomal)

oxidation of ethylhydrazine (unpublished observations from this study),

analogous incubations of 4-phenyl-TMPO with either CPMH or 3
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Figure 3.4.4 ESR spectra obtained from copper-catalyzed oxidation of CPMH in the
ISresence of POBN. The ESR instrument parameters were as follows: microwave power,
*O mW; modulation amplitude, 2.5 G, time constant, 0.250 sec; scan time, 4 min; scan
range, 50 G, gain 8 x 108.



butenylhydrazine resulted in only small amounts of extractable ESR-active

Products in quantities insufficient for structural analysis.

-3-4.2 Cytochrome P-450 destruction as measured by Soret chromophore

Zoss

Incubation of both CPMH and 5-hexenylhydrazine results in

ISTADPH- and substrate-dependent loss of cytochrome P-450. At 37°C,
clestruction of susceptible cytochrome P-450 is virtually complete within the

first 2 min for both “radical clock” hydrazines (Figures 3.4.5A and 3.4.5B).

EHowever, when the incubation temperature is dropped to 20°C, time
< lependent destruction is observed over the course of 10 min, at which time

the per cent amount of cytochrome P-450 remaining reaches a value
isientical to that obtained at 37°C (Figures 3.4.6A and 3.4.6B), suggesting a
*=lear temperature dependence on the kinetics of the destruction. In terms

*>f the extent of destruction which occurs, maximal inactivation appears to

*><><ur at the shortest time point at 2 min; the value for CPMH hovers about

*5% destruction, while the corresponding value for 5-hexenylhydrazine is
35–40%.

*-*--3 Isolation and characterization of “radical clock” alkylated heme

*Czazzects

The UV/VIS spectra of heme adducts isolated from rats

*****inistered “radical clock" hydrazines are similar to those of previously

**E*orted N-alkylated protoporphyrin DK species (Ortiz de Montellano et al.,

LS7. S; Ortiz de Montellano et al., 1979). Representative spectra of the zinc
*****plexed and free base forms are shown in Figure 3.4.7. The major
irr, **ediment to unambiguous assignment of chemical structure(s) by NMR
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and mass spectroscopy was the persistent inability to recover an adequate

armount of adduct to analyze. The only useful NMR data, shown in Figure

3 -4.8, was obtained by combining two isomeric peaks from HPLC

Ipurification of the porphyrin adducts in the free base form. Expansions of

the vinyl resonances at 8.2 ppm show a multiplet pattern implicating the

Predominance of C/D ring alkylation; A/B ring alkylation results in a

clistinct pair of multiplets in this region (Kunze and Ortiz de Montellano

IL381). Integration of key peaks relative to the four meso protons at 10.3 ppm

confirm that the two upfield peaks at -5 and -0.7 ppm represent two protons

each. If the presence of a ring-opened C4H 7- moiety attached to a

IGrotoporphyrin IX is invoked, then a tentative assignment of a methylene

= roup 3 to a pyrrolic nitrogen at -0.7 ppm (with the O. methylenes attached

*Hirectly to the nitrogen at -5 ppm) could be justified compared to similar
*assignments found in other identified heme adducts of an alkyl group with

** two-carbon side chain (Ortiz de Montellano et al., 1983). A ring-closed

*>4H1- moiety is unlikely, as all protons on the cyclopropane ring (including
the 3 methine proton) would probably be shifted; their presence would then

be obscured by the resonances between 0 and 2 ppm. Decoupling

*PRIOeriments, although not definitive, suggest coupling between the protons

*t these resonances (Figure 3.4.9). The location of the resonances for the

olefinic protons, assuming a 3-butenyl adduct, could not be identified in the

INT INTR spectrum.

Additional experimental support obtained for the formation of an N

*llsylated porphyrin is provided by the mass spectrum of the free base form

*** own in Figure 3.4.10. The spectrum was obtained on a Kratos MS 50

**strument operating in the liquid matrix secondary positive ion mode

S^\tor et al., 1987); the sample was dissolved in acetone and placed in a
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Figure 3.4.10 Molecular ion region of the mass spectrum of the free base porphyrin adduct
isolated from CPMH-pretreated phenobarbital-induced rats. The molecular ion
corresponds to the molecular weight of protoporphyrin DK dimethyl ester + C4H1 + H.



thioglycerol + HCl matrix. Of interest is the presence of a strong molecular

ion + H(M + 1) peak at m/z = 646, with secondary peaks corresponding to

rmono- and dithioglycerol adducts of the isolated porphyrin. Taken together,

this constitutes strong evidence that the adduct had a molecular weight

equivalent to protoporphyrin IX + C4H1 with no incorporation of an oxygen

at Om.

An alternative approach designed to address this problem of NMR

resonance assignment was to biochemically generate the 3-butenyl adduct

£zz Livo by experimentally substituting 3-butenylhydrazine for CPMH. The

irraplicit assumption made here was that if an N-alkylated porphyrin were

formed by the intermediate formation of a hydrazine-generated carbon

ceratered radical, and the incipient 3-butenyl radical would lack the

thermodynamic driving force to recyclize, then the expected product would
be the 3-butenyl (“ring-opened”) N-alkylated adduct. As in the case of
CPMH, however, in vivo administration of 3-butenylhydrazine results in a
low yield of adduct, for which neither a useful NMR nor mass spectrum

°ould be obtained. Substituting the second “radical clock” hydrazine under
**udy, 5-hexenylhydrazine, as a potential substrate for cytochrome P-450
*diated heme alkylation also provided a very low yield of adduct as judged
by UV spectrophotometry.

3-4-4 Isozyme specificity of cytochrome P-450 inactivation and heme
**ylation by “radical clock” hydrazines

All of the “radical clock” hydrazines tested in the present study, then,

Yºvere characterized by low yields of alkylated porphyrin adducts when

***ministered in vivo to phenobarbital-induced rats. The specific
C *tochrome P-450 isozyme(s) responsible for the mechanism of “suicide"



inactivation by the hydrazine remained unidentified. In order to address

this problem, testosterone metabolism was assayed using microsomal P-450

Pre-incubated with each of the “radical clock” inactivators. Regio- and
stereoselective metabolism of testosterone by specific purified rat hepatic

cytochrome P-450 isozymes generates characteristic metabolite profiles that

carn be evaluated by a standardized HPLC assay (Wood et al., 1983). In

Principle, inactivation of the specific isozyme(s) primarily responsible for

the formation of certain metabolites would produce decreases in the

armounts of those metabolites relative to quantities found in control

incubations. Figure 3.4.11 shows a summary schematic for the oxidative

Inetabolism of testosterone and androstenedione catalyzed by five purified

rat cytochrome P-450 isozymes (adapted from Wood et al., 1983).

The experimental chromatograms are shown in Figure 3.4.12. Pre

incubation with 5-hexenylhydrazine qualitatively results in decreased
formation of two major metabolites, 16-3-hydroxytestosterone and 16-3-

hydroxyandrostenedione. Because these metabolites are generated by a
multiplicity of isozymes, the data cannot be interpreted unambiguously.
*nalysis of the metabolite profile generated by microsomal pre-incubation
With CPMH yields little additional information because of the metabolites
**uld not be clearly identified or quantified under the described
*Perimental conditions. The identity of the particular cytochrome P-450
*sozymes which significantly process the experimental “radical clock”

hy drazines to potentially inactivating species therefore remains unclear.
**owever, it does appear that the “radical clock” hydrazines exhibit some

*electivity for isozyme inactivation. Analogous assays incorporating

**etreatment with phenelzine, while not performed in this study, might

*ovide useful comparative information in this regard.
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Figure 3.4.11 Selected reactions of the oxidative metabolism of testosterone and
**drostenedione catalyzed by five cytochrome P-450 isozymes isolated from the
jºlasmic reticulum of immature male Long-Evans rats (adapted from Wood et al.,

83). OHT = hydroxytestosterone; OHA = hydroxyandrostenedione.
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Figure 3.4.12 HPLC tracings from testosterone metabolism assays performed using rat
hepatic microsomes pre-treated with (A) control incubations (no hydrazine pre
*cubation); (B) CPMH; (C) 5-hexenylhydrazine. Peaks noted: A, testosterone [T]; B,
androstenedione [A]; C, 163-OH T [P450b,e]; D, 16o-OH T [P450b,e,b]; E, 163-OH A
[P450b,d,e]; F, 70-OHT or 63-OH T (??). Equivalent gene families are: P450a [P450ILA1],
P450b (P450IIB1), P450c [P450A1), P450d [P450IA2], P450e [P450IIB2), P450f■ P450IIC7]
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3-5/Discussion

-3-5.1 “Radical clock” rearrangements in the formulation of a metabolic

scheme

The potential for using "radical clock" rearrangement reactions as

rrnechanistic probes in quantitative kinetic studies was realized in the

Iphysical organic chemistry literature as early as 1968 (Carlsson and

Ingold, 1968; Lal et al., 1974). The general concept of using modified

substrates whose products must have been formed via a radical

rearrangement process has provided evidence for intermediate radicals in

biological catalysis by cytochrome P-450 (Ortiz de Montellano and Stearns,

1987). The present study was intended to meld the two approaches in order
to better characterize the metabolic fate of carbon-centered radicals derived

from alkyl hydrazines.

Interpretation of the results hinges on the development of a plausible

scheme to rationalize the production of the observed metabolites. One such
scheme is presented in Figure 3.5.1 for the in vitro hepatic metabolism of 5
hexenylhydrazine. It incorporates the fact that incubation of a “ring

°Pened” substituted hydrazine leads to both “ring-opened” and “ring-closed”
**-carbon metabolites. Each of the steps is consistent with the findings of

***r previous study on the analogous metabolism of phenelzine (cf. Chapter

2). The conversion of the alkyl hydrazine to the corresponding diazene
**termediate by cytochrome P-450 is followed by extrusion of the free alkyl

**dical and liberation of dinitrogen (Step A). The unmasked “radical clock”

is then able to kinetically rearrange (Step B) to establish two parallel
*Pathways for metabolite formation. Simple hydrogen extraction at this
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point (Step C) yields the corresponding hydrocarbons. The primary source

of the oxygen atom in the alcohol metabolites is presumably due to radical

trapping of molecular oxygen, by analogy with the presence of 18O in the
alcohols formed in incubations of phenelzine carried out in an 18O2

environment (q.v. Chapter 2)(Step D). An additional hydrogen atom

abstraction gives the intermediate alkyl hydroperoxide (Step E), which

vvould be susceptible to either heterolytic cleavage of the oxygen-oxygen bond

to the alcohol (Step F) or homolysis of the same bond coupled with hydrogen

elimination to give the aldehyde (Steps G and H)(Kochi, 1973). The

contribution of an alternative pathway to the aldehydes,

i-e-, tautomerization of the diazene to the corresponding hydrazone, followed

by hydrolysis (Step I) cannot be differentially evaluated by the present

results. However, this route of formation would not lead to the clearly

identified ring-closed aldehydes. Therefore, the intermediate participation

of alkyl radicals and hydroperoxides is clearly indicated.

A critical point of analysis is examination of radical rearrangement

at Step B for the two “radical clocks.” The rate constant of the ring-opening

of the cyclopropylmethyl radical to the 1-butenyl radical has been measured
*s 1.3 x 108 s−1 (25°C)(Maillard et al., 1976) whereas that of the slower ring

closure of 5-hexenyl to cyclopentylmethyl has a calibrated value of 1.0 x 105

** (25°C)(Lalet al., 1974). From the present results, it is apparent that the
**ng-opening of the cyclopropylmethyl radical occurs too rapidly for the

*etectable formation of any metabolites with intact cyclopropylmethyl

**bstitution. In contrast, metabolites derived from the 5-hexenyl radical

*eflect a clear divergence into parallel pathways. The profiles of the

**etabolites identified should reflect the propensity of the presumed alkyl

**dical intermediate to rearrange after it is formed. The cyclopropylmethyl
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radical is the more rapid “radical clock” of the two species under

investigation in this study, and one might expect a preponderence of

rmetabolites derived from the “ring-opened” 3-butenyl radical. This was

indeed found to be the case, as 3-buten-1-ol was the only significant

Innetabolite found in CPMH incubations. Rearrangement of the 5-hexenyl

radical, in contrast, results in ring closure to the cyclopentylmethyl radical

at a much slower rate. In support of this, the metabolic profile from 5

Hexenylhydrazine incubations includes compounds dependent on the

formation of both “ring-opened” and “ring-closed” intermediates.

These results suggest that, at least in the case of 5-hexenylhydrazine,

the radical species that are formed persist long enough to undergo kinetic

rearrangement prior to forming additional oxidation products, i.e. alcohols

and aldehydes. Given the calibrated kinetic rate constant for the cyclization

of 5-hexenyl of 105 s-1 at 25°C, and the observation that roughly equivalent

announts of the “ring-closed” (5-hexen-1-ol) and “ring-opened.”

(cyclopentylmethanol) alcohols are formed in the presence of NADPH

within a reaction time of 2 min, a half-life of at most 10-5 s may be estimated
for the radical intermediate. Within this time frame, any

°yclopropylmethyl radical (k25ec=10.8 s−1) generated from analogous

*zymatic processing would completely convert to the 3-butenyl form. The
inability to detect any soluble cyclopropylmethyl substituted metabolites in

the experimental incubations corroborates this assumption. The value of

lo-5 s for the radical half-life may be more correctly associated in this study

Yith the chromophoric destruction of microsomal cytochrome P-450

*bserved during incubations that were carried out at 20°C, a temperature

Sloser to the 25°C at which the calibrated kinetic rate constant was first

*etermined. Raising the temperature to 37°C was not sufficient to result in
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a more rapid and complete rearrangement of the 5-hexenyl radical.

Although a precise estimation of the alkyl radical half-lives cannot be

determined here based solely on the distribution of the metabolites detected,

the presence of those metabolites dependent on radical rearrangement

provide compelling evidence that a radical intermediate must have

contributed to their formation.

It is an interesting observation that significant radical-mediated

rinetabolites are formed, to a lesser extent, in the absence of the NADPH

cofactor necessary for endogenous cytochrome P-450 turnover. This is a

phenomenon that has been previously reported (Ortiz de Montellano et al.,

1983), and underscores the fact that cytochrome P-450-independent

processes are significant in the metabolism of alkyl hydrazines. Diazene

intermediates can undergo thermal decomposition reactions to produce the

alkyl radical (Koga et al., 1975; Kosower, 1971), which can then combine

with molecular oxygen in a diffusion-controlled manner. Subsequent

hydrogen abstraction by the resultant alkyl hydroperoxy radical leads to the
Corresponding alkyl hydroperoxide. Processing of the alkyl hydroperoxide

intermediate by cytochrome P-450 may lead to either heterolytic or

homolytic cleavage of the peroxide bond (McCarthy and White 1983b).

Attempts to perform spin-trapping experiments in microsomal

*ncubations with cyclopropylmethylhydrazine and 5-hexenylhydrazine as

**bstrates and 4-phenyl-2,2,5-trimethylpyrroline-1-oxide (4-phenyl-TMPO)
‘’* *-(4-pyridyl-1-oxide) N-tert-butyl nitrone (POBN) failed to demonstrate
*ignificant ESR signals after an incubation period of 10 min (vide supra).

*Having established that radical species are indeed formed in the metabolic

*eaction, it appears that either the spin-traps used are not efficient enough
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to trap the species of interest or that the radicals are not entering the milieu

of the spin trap at a detectable rate.

3.5.2 An unresolved issue: Timing of a putative catalysis-dependent iron

alkyl complex formation

The attempts to isolate heme adducts formed from in vivo

administration of “radical clock” hydrazines yielded interesting, but only

circumstantial, results. Although the preliminary evidence from NMR

structural analysis of the recovered CPMH-prosthetic heme adduct

suggests that the N-alkylated moiety is the ring-opened 3-butenyl group,

unequivocal assignment of the pertinent vinyl resonances was precluded by

insufficient amounts of sample. The mass spectrum of the isolated adduct

provided the most convincing support for at least the formation of a C4H1

protoporphyrin IX species, with suggestive evidence provided by the

UV/VIS and NMR spectra. If the assumption that initial formation of an

iron-carbon o-bond involving the metal and the side carbon of a “ring

closed" cyclopropylmethyl substituent is valid, then the present results

suggest that the iron-carbon bond formation probably has a rate constant

which exceeds 108s-1.

The consistent finding that in vivo CPMH, 3-butenylhydrazine, and 5

hexenylhydrazine metabolism leads to minimal amounts of recoverable

alkylated heme products leads to speculation regarding the basis for this

phenomenon. One plausible explanation, that of a relative lack of isozyme

specificity during the inactivation process, was tested by a standard assay of

testosterone metabolism. Pre-incubation of microsomes with both CPMH

and 5-hexenylhydrazine led to decreased formation of several testosterone

and androstenedione metabolites, reflecting decreased functioning of more
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than a single isozyme type of purified rat liver cytochrome P-450. Another

explanation consistent with both observations, i.e., the significant level of

enzyme inactivation and the paucity of heme alkylation, invokes a more

regiochemical argument: It may be possible that extrusion of the alkyl

group of the monosubstituted diazene positions the radical in such an

orientation that the likelihood of inactivation by interaction with a protein

residue is greater than that by heme alkylation. The contribution of either

hypothesis could not be determined from the reported experimental

conditions. In any case, the present study has demonstrated that the

kinetics of heme alkylation could not be clearly defined by specific use of the

“radical clock” hydrazines, CPMH and 5-hexenylhydrazine.
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4.(DoC(O)N(CLUSIONS

This report has generally substantiated the working hypothesis that

significant free radical generation occurs during the hepatic metabolism of

alkyl hydrazines. Much of the evidence was derived from the systematic

identification of the metabolites formed from microsomal incubations of

phenelzine, cyclopropylmethylhydrazine, and 5-hexenylhydrazine. The

presence of hydrocarbons and isomeric oxidation products in the respective

incubation extracts clearly implicate the intermediacy of radicals in the

metabolic pathways under study. Moreover, the consistent production of an

ESR-active signal in microsomal spin-trapping experiments provided a

compelling argument for radical release under the described experimental

conditions. A recent communication by Kennedy and Mason (1990)

proposed that radical signals in microsomal incubations could be initiated

by peroxide-dependent trace transition metal-catalyzed reactions as well as

by cytochrome P-450 turnover. While this finding may confound the

interpretation of an ESR signal in microsomal systems, it has not been

directly associated with the events of heme alkylation and cytochrome P-450

destruction described herein. The extent to which the hydrazine-generated

radical flux correlates with the toxic destruction of cytochrome P-450,

unfortunately, has proved difficult to quantify. However, the fact that heme

adducts formed via mechanism-based inhibition by alkyl hydrazines could

be isolated and partially characterized is suggestive of an electrophilic

attack at the catalytic site. While the experimental data offered only limited

Support in this regard, the possibility of radical rearrangement during the

heme alkylation process is intriguing, and this may warrant further

investigation in pursuit of unequivocal confirmation. In the context of the
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present study, the repeated demonstration that alkyl hydrazine metabolism tº

o
is distinguished by concomitant free radical production lends credence to º■

4.

the belief that these highly reactive intermediates are likely contributors to
-

the clinical toxic effects of therapeutic hydrazine derivatives. sº
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5.1/Experimental procedures for Chapter 2

Materials -- Phenelzine was obtained from ICN Pharmaceuticals

(Plainview, NY), NADP, glucose-6-phosphate, DETAPAC, hydrogen

peroxide, and glucose-6-phosphate dehydrogenase were puchased from

Sigma Chemical Company (St. Louis, MO); sodium phenobarbital was from

J.T. Baker Chemical Company (Phillipsburg, NJ); POBN was from Aldrich

Chemical Company (Milwaukee, WI); 99.8% 18O-labeled molecular oxygen
was from MSD Isotopes (St. Louis, MO); and all HPLC solvents were

purchased from Mallinckrodt (Paris, KY), with the tetrahydrofuran freshly

distilled over calcium hydride immediately prior to use.

Instrumental methods -- Proton NMR spectra were obtained in deuterated

chloroform on a Varian FT-80 NMR spectrometer. Chemical shifts are

given in ppm relative to an internal tetramethylsilane standard. Gas-liquid

chromatographic analyses were carried out on a Varian model 2100 packed

column instrument or on a Hewlett-Packard model 5890 capillary gas

chromatograph. Both were equipped with flame ionization detectors and

Hewlett-Packard 3390A integrators. A Kratos MS-25 instrument in line

with a Varian model 3700 gas chromatograph was equipped with a DB-1

column. A Varian E-104 EPR spectrometer was employed to monitor the

concentration of spin-trapped radicals. Additional specific

chromatographic or spectrophotometric procedures are described in the

appropriate sections.
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Synthesis of [1,1-2H]-2-phenylethanol -- Lithium aluminum deuteride (2 g,
0.0476 mol) was added to 80 mL of stirred dry tetrahydrofuran under a

nitrogen atmosphere in a three-neck, 250-mL flask equipped with a reflux

condenser. Ethyl phenylacetate (15.5 g, 0.0942 mol) in 10 mL of dry

tetrahydrofuran was then added dropwise to the stirred suspension (the

mixture refluxed as the ester was added). The suspension was allowed to

stir at room temperature for an additional 6 hr after the refluxing stopped.

The reaction was carefully quenched by slowly adding a 1:1 (v/v) mixture of

tetrahydrofuran and water. Cold water and 10% H2SO4 were then added to

dissolve the precipitated aluminum salts, and the mixture was extracted

with diethyl ether. Drying the combined extracts over anhydrous sodium

sulfate and removal of the solvent under vacuum yielded 10.23 g (87.5%

yield) of a clear, pale yellow liquid: "H-NMR 7.27 (m, 5H, phenyl protons),
2.82 (s, 2H, PhCH2-), and 1.83 ppm (s, D2O exchangeable). The deuterium

content by mass spectrometric analysis was greater than 95%.

Synthesis of [1,1-2H]-2-phenylethylhydrazine -- Chlorotrimethylsilane (31.3

mL, 26.8 g., 0.246 mol) and sodium iodide (49.3 g, 0.329 mol) were added to a

solution of [1,1-2H]-2-phenylethanol (10.2 g, 0.082 mol) in 150 mL of reagent
grade acetonitrile and the resulting mixture was stirred at 70°C for 90 min.
The mixture was cooled to room temperature and was then poured into 600

mL of 10% sodium thiosulfate solution to remove the excess iodine. A

yellow precipitate formed. The mixture was extracted with ether. Solvent

removal from the combined ether fractions (filtration was required after

partial solvent removal) yielded 8.36 g (44%) of clear, pale yellow liquid: "H-
NMR 7.25 (m, 5H, phenyl protons) and 3.15 ppm (s, 2H, PhCH2-).
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The deuterated iodide (8.36 g, 0.036 mol) was stirred 4 hr with 40 mL

of hydrazine monohydrate (Caution: carcinogen!) under a nitrogen

atmosphere in a flask shielded by aluminum foil from light. Extraction

with ether, drying of the combined ether layers (sodium sulfate), and

removal of the ether on a rotary evaporator provided 3.35 g (67.3% crude

yield) of a pale yellow oil: 1H-NMR 7.24 (m, 5H, phenyl protons), 2.96 (s,
NHNH2), and 2.79 ppm (s, 2H, PhCH2-). The overall crude yield from ethyl

phenylacetate is 25.9%. The hydrochloride salt was prepared by dropwise

addition of a saturated ether solution of hydrogen chloride to an ether

solution of the deuterated phenelzine. Recrystallization of the precipitated

salt from methanol yielded 1.75 g of crystals.

Synthesis of 2-phenylethylhydroperoxide -- Freshly distilled pyridine (17

mL, ca. 200 mmol) was added dropwise to a cooled (ice bath) mixture of

methanesulfonyl chloride (7.75 mL, 11.45 g, 0.1 mol) and either 2

phenylethanol or [1,1-2H]-2-phenylethanol (12.21 g, 0.1 mol). The rate of
addition was such that the temperature of the solution did not rise above

5°C. The final reaction mixture was poured into 60 mL of ice-cold 10% HCl

and was extracted twice with 40 mL of diethyl ether. The combined ether

extracts were washed sequentially with water and saturated aqueous

Sodium bicarbonate before they were dried over potassium carbonate.

Removal of the ether on a rotary evaporator yielded a turbid yellow oil that

was purified by vacuum distillation. 2-Phenylethylmesylate (4.64 g, 23.1%

yield) was thus obtained: 1+I-NMR 7.26 (m, 5H, phenyl protons), 4.39 (t, 2H,
-CH2O-), 3.02 (t, 2H, PhCH2-), and 2.79 ppm (s, 3H, -SO2N■ e).

A solution of 2-phenylethylmesylate (0.50 g, 2.5 mmol) in 5 mL of

methanol was cooled to 0°C before 0.567 mL of 30% hydrogen peroxide
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solution (5 mmol) followed by 160 mL of 50% KOH was added. The mixture

was stirred for 24 hr at room temperature before it was cooled to 0°C and 5
mL of 50% KOH were added. The mixture was extracted twice with diethyl

ether (5 mL) and the organic layers were set aside. The aqueous layer was

recooled to 0°C, neutralized to pH 7 with concentrated HCl, and re-extracted

twice with ether (5 mL). The two sets of ether extracts were combined and

washed twice with 25% KOH (5 mL). The aqueous layer was cooled to 0°C,
neutralized with concentrated HCl, and extracted with ether. The ether

was added to 1 mL of glass-distilled water and the ether was allowed to

evaporate. The peroxide activity of the turbid solution that was obtained

was assayed by a standard procedure (Pesez and Bartos, 1974), and the

identity of the peroxide was confirmed by low resolution mass spectrometry

(the analysis was performed on the final ethereal extract described above):

m/z 138 (M+), 122 (M+-O), 120 (M+ - H2O), 105 (M+ - HO2), 92 (M+ - CH2O2),

and 91 (M* - CH2O2H).

Metabolism of phenelzine by microsomal cytochrome P-450 -- Hepatic

microsomes were prepared from 250-300 g male Sprague-Dawley rats after

intraperitoneal injection of sodium phenobarbital (80 mg/kg/day) once a day

for 4 days (Ortiz de Montellano, Mico et al. 1981b). Standard 10 mL

incubation mixtures contained the following in 0.1 M phosphate buffer (pH

7.4): cytochrome P-450 (ca. 3 nmol/mL), DETAPAC (1.5 mM), NADP (0.5

mM), glucose-6-phosphate dehydrogenase (1 unit/mL), MgCl2 (2 mM), KCl

(150 mM), and phenelzine (5 mM). The mixtures were incubated at 379C in

a reciprocating water bath for the time indicated in the text and were

terminated by immersion in an ice-water mixture. The incubation

mixtures were centrifuged to remove precipitated protein and known
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concentrations of internal standards (3-phenylpropanol or n-propylbenzene)

were added to the supernatants. The supernatants were extracted with 5

mL of HPLC-grade hexane and the extracts were analyzed by gas-liquid

chromatography on a 6-foot glass column packed with 10% Carbowax 20M

on 120/140 mesh Chrom Q or, in studies of toluene formation, by capillary

gas-liquid chromatography on a 30 m DB-5 column. The chromatography

columns in both systems were programmed to rise from 50°C to 150°C at a
rate of 5°/min. Toluene eluted with the solvent from the packed column
system but had a retention time of 6.07 min in the capillary column system.

The quantitative metabolite yields were calculated from the

chromatographic peak areas by comparison with standard curves prepared

for each of the metabolites. Standard curves were constructed by

correlating the peak areas obtained from known mixtures of the authentic

compounds with the appropriate internal standard (3-phenylpropanol or n

propylbenzene). Selected samples were also analyzed by capillary gas

liquid chromatography/mass spectrometry. Mass spectra for all major

metabolites and the synthesized 2-phenylethylhydroperoxide are shown in

Figures 5.1.1.

Destruction of microsomal cytochrome P-450 by phenelzine -- Quadruplicate

10 mL incubations were employed in each set of experiments to directly

compare the NADPH-dependent destruction of cytochrome P-450 by

phenelzine and [1,1-2H]phenelzine. The microsomal mixtures, excluding
NADPH and the substrate, were preincubated at 37°C for 5 min before the

reactions were started by adding the microsomal mixtures to vials

containing the hydrazine substrate and NADPH-regenerating system. The

reactions were quenched by saturation with carbon monoxide. The
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cytochrome P-450 concentrations were determined by difference

spectrophotometry on an Aminco DW-2A instrument, employing 100 mM-1
cm−1 as the molar extinction coefficient for the 450 to 490 nm absorbance

difference between the dithionite-reduced CO-saturated sample and

unreduced CO-saturated microsomes (Estabrook et al., 1972).

Chemical and biological generation of 2-phenylethyl radicals from

phenelzine -- Phenelzine-POBN spin adducts were generated chemically in

10 mL incubation mixtures containing 9 mL 0.05 M sodium carbonate

(adjusted to pH 10), 1 mL of 1 mM CuCl2, 39 mg (0.2 mM) of POBN, and 52

mg (5 mM) of phenelzine or its labeled analogue. The biological

investigation of spin adduct formation was carried out in standard 10 mL

rat liver microsomal incubations containing 5 mM phenelzine or [1,1-

*H]phenelzine. The incubations were stirred at room temperature rather

than 37°C and were protected by aluminum foil from light. Aliquots (25
mL) were periodically removed and examined by EPR spectroscopy. The

concentration of radical adduct was taken to be proportional to the height of

the central field signal.

Incorporation of molecular oxygen into the metabolites -- Approximately

100 mL of a microsomal suspension containing 3.5 nmol/mL of cytochrome

P-450, 88 mg (5 mM) phenelzine, and the other components of the standard

incubation mixture, except for the NADPH-regenerating system, were

placed in a 500 mL flask. The flask was equipped with valves leading to a

vacuum pump, a nitrogen inlet, a balloon, and a 100 mL break-seal ampule

containing 99.8% 18O2. A flask containing the standard NADPH

regenerating system was also attached to the vacuum system. The system
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was alternately evacuated and filled with nitrogen six times. The break

seal of the 1802 ampule was then broken and the incubation was initiated

by adding the NADPH-regenerating system to the microsomal mixture.

The incubation was quenched with trichloroacetic acid and the resulting

mixture extracted with hexane. The hexane extracts were analyzed by gas

liquid chromatography/mass spectrometry as described above.

Metabolic incubations using ABT-inactivated microsomes -- Hepatic

microsomes were prepared from phenobarbital-pretreated male Sprague

Dawley rats which were additionally injected with 50 mg/kg ABT in

multiple doses prior to sacrifice. Standard 10 mL incubations were

performed which compared phenelzine metabolism by phenobarbital

pretreated and ABT/phenobarbital-pretreated rat liver microsomes. The

reaction was quenched after 10 min; work-up and analysis proceeded in the

usual fashion.

Microsomal incubations with 2-phenylethylhydroperoxide -- Standard

microsomal incubations were carried out in duplicate with 0.1 mM 2

phenylethylhydroperoxide as the substrate. NADPH was added to initiate

the incubation reactions. The incubations were quenched at 0°C and n
propylbenzene was added as an internal standard. The incubations were

then extracted with hexane and the extracts were concentrated and

analyzed by HPLC for the presence of benzaldehyde, phenylacetaldehyde,

and 2-phenylethanol. These analyses were done by HPLC because the three

products are artifactually formed by thermal decomposition of the excess

hydroperoxide in the gas chromatograph. The analysis for benzyl alcohol,

in contrast, was done by gas-liquid chromatography because it is not
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observed when the hydroperoxide itself is injected into the gas

chormatograph. HPLC analyses were done on a normal phase Partisil-10

(Whatman) column eluted isocratically with 5% tetrahydrofuran/95%

hexanes at a flow rate of 0.5 mL/min. The column effluent was monitored

at 240 nm with a variable wavelength detector connected to a Hewlett

Packard 3390A integrator. Gas chromatography was carried out as already

described.

5.2/Experimental procedures for Chapter3

M a te ri a l s
--

1-bromo-3-butene, 1-bromo-5-hexene, 1

(bromomethyl)cyclopropane, 3-buten-1-ol, cyclopentylmethanol,

cyclopropylmethanol, 5-hexen-1-ol, hydrazine monohydrate, and

anhydrous oxalic acid were purchased from Aldrich Chemical Company

(Milwaukee, WI). Glucose 6-phosphate, glucose 6-phosphate

dehydrogenase, DETAPAC, and NADPH were obtained from Sigma

Chemical Company (St. Louis, MO). The potassium chloride, sodium

phosphate monobasic, and sodium phosphate dibasic (anhydrous) used in

all phosphate buffers came from Mallinckrodt (Paris, KY). Various other

metabolite standards, not commercially available, were synthesized as

described below.

Synthesis of "radical clock" alkyl hydrazines -- The procedure followed was

based on a one-step literature preparation (Kametani et al., 1973). For the

synthesis of cyclopropylmethylhydrazine (CPMH), 1.2 mL (0.0131 mol) 1

(bromomethyl)cyclopropane was added dropwise into a stoppered round

bottom flask containing 2 mL (0.0581 mol) hydrazine monohydrate



(Caution: carcinogen!) over the course of 1 hr and with constant stirring

under nitrogen. The reaction mixture was allowed to stir an additional 2

hr at room temperature (24-25°C). The flask was then placed in a water
bath which was gradually heated over 1 hr to a temperature of 50°C. Heat
was removed at the end of this period. The reaction mixture, noted to be

colorless and slightly cloudy in appearance, was extracted with anhydrous

diethyl ether. The ether was evaporated under a steady stream of nitrogen

gas. This procedure yielded 587 mg of a clear, colorless oil (52%). 1R-NMR
(in CDCl3): 3.46 ppm (broad s, NHNH2, D2O exchangeable), 2.45 ppm (m,

NCH2), 0-1.5 ppm (m, cyclopropane ring protons). Analysis by positive

mode liquid secondary ion mass spectrometry (LSIMSI+])showed an

expected MH-- peak at m/z=87. For the synthesis of 5-hexenylhydrazine,

4.71 g (0.03 mol) 1-bromo-5-hexene was added to the stirring 10 ml

hydrazine monohydrate at room temperature and allowed to react for 24 hr.

The subsequent ether extraction and concentration left 3.04 g (0.027 mol;

90%) of a clear, colorless oil. 1H-NMR (in CDCl3): 5.70 ppm (m, internal

olefinic proton), 4.86 ppm (m, terminal olefinic protons), 3.04 ppm (broad s,

NHNH2, D2O exchangeable), 2.53 ppm (m, CH2NH), 2.11 ppm (m,

methylene protons 6 to nitrogen), 1.2-1.5 ppm (grouped m, methylene

protons 3 and Y to nitrogen). LSIMSI+]: MH+ peak was seen at m/z=115.

For the synthesis of 3-butenylhydrazine, 5.0 g (0.037 mol) of 1-bromo-3-

butene was used, and the reaction time was 6 hr. 1.43 g (0.017 mol; 45%) of

an oil was recovered. 1 H-NMR (in CDCl3). 5.67 ppm (m, internal olefinic

proton), 4.96 ppm (m, terminal olefinic protons), 3.17 ppm (broad s,

NHNH2, D2O exchangeble), 2.1-2.9 ppm (complex m, methylene protons).

LSIMSI+]: MH+ peak at m/z=87. Each of the "radical clock" alkyl

hydrazines was converted to its oxalate salt by combining an equimolar
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amount of anhydrous oxalic acid dissolved in methanol with a methanolic

solution of the alkyl hydrazine. The resulting precipitate was recrystallized

in methanol.

Synthesis of pyridinium chlorochromate --The synthesis of this reagent,

which efficiently oxidizes primary alcohols to their corresponding

aldehydes, was carried out by the procedure of Corey and Suggs (1975). To

184 mL of 6 M HCl (1.1 mol) was added 100 g (1 mol) of CrO3 rapidly, with

stirring at room temperature. After 5 min the homogeneous solution is

cooled to 0°C and freshly distilled pyridine (79.1 g, 1 mol) was carefully
added over 10 min. Recooling to 0°C gave a yellow-orange solid which was
collected on a Buchner funnel and dried overnight in vacuo. The yield was

177 g (82.1%), and these crystals were used in the preparation of the

following aldehyde metabolite standards, also using the cited procedure of

Corey and Suggs.

Synthesis of "radical clock" alkyl hydrazine metabolite standards:

Formation of corresponding aldehydes -- A representative procedure is

outlined for the case of 3-buten-1-al. 18.79 g (0.087 mol) pyridinium

chlorochromate was suspended in 30 mL of dichloromethane at room

temperature. 5 mL (4.19 g; 0.058 mol) of 3-buten-1-ol was dissolved in 5 mL

of dichloromethane, and this organic solution was added dropwise to the

stirring suspension of pyridinium chlorochromate at room temperature.

After 2 hr, the reaction was considered complete by thin-layer

chromatography monitoring. The dark brown residue was washed several

times with anhydrous diethyl ether. The organic layers were collected and

filtered twice through Florisil before the dichlorochromate/ether solvent



mixture was driven off by simple distillation. The product yield was 0.54 g

of a clear liquid (13%). Analysis by Fourier transform infrared

spectroscopy showed characteristic C=O stretching at 1732 cm-1 and an
aldehyde C-H stretching at 2715 cm−1. 1 H-NMR (in CDCl3): 9.72 ppm (t,

aldehyde proton), 5.80 ppm (m, internal olefinic proton), 5.1-5.3 ppm (m,

terminal olefinic protons), 4.84 ppm (m, o methylene protons). Analysis by

gas chromatography/mass spectrometry showed a weak molecular ion

peak at m/z 70 (M*).

The general procedure described for the synthesis of 3-buten-1-al was

followed for the syntheses of the remaining standards of the proposed

aldehylic CPMH and 5-hexenylhydrazine metabolites. In each case, a 1.5-

fold molar excess of pyridinium chlorochromate was used over the

corresponding alcohol. The work-up procedure was also identical, with

passage of the organic solvents through Florisil and their subsequent

removal by distillation performed in each case. Characterizations and

yields of each of the products is as follows: (1) cyclopropanecarboxaldehyde

(0.96 g; 22%) -- FTIR: C=O stretch at 1711 cm−1, C-H stretch at 2735 cm-1;
1H-NMR (in CDCl3): 8.93 ppm (d, aldehyde proton), 1.0-2.2 ppm (m,

cyclopropyl ring protons); GC/MS: molecular ion (M*) at m/z 70 (2) 5-hexen

1-al (0.37 g; 31%) -- FTIR: C=O stretch at 1721 cm−1, C-H stretch at 2720 cm
1; 1H-NMR (in CDCl3): 9.85 ppm (t, aldehyde proton), 5.78 ppm (m, internal

olefinic proton), 4.0-4.3 ppm (m, terminal olefinic protons), 2.42 ppm (t,

methylene protons of to carbonyl), 2.05 ppm (m, methylene protons Y to

carbonyl), 1.72 ppm (m, methylene protons 3 to carbonyl); GC/MS:

molecular ion (M*) at m/z 98 (3) cyclopentanecarboxaldehyde (0.62 g; 17%) --

FTIR: C=O stretch at 1725 cm−1, C-H stretch at 2716 cm-1; 1 FI-NMR (in
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CDCl3): 9.12 ppm (d, aldehyde proton), 3.20 ppm (m, a methine proton), 1.4-

2.2 ppm (m, cyclopentyl ring protons); GC/MS: molecular ion (M+) at m/z

98.

Metabolite identification -- Rat hepatic microsomes were obtained as

described elsewhere (Ortiz de Montellano et al., 1981b) from 250-300 g male

Sprague-Dawley rats after pretreatment with sodium phenobarbital (80

mg/kg/day) for 4 days. Standard incubation mixtures contained the

following: cytochrome P450 (ca. 3 nmol/mL), DETAPAC (1.5 mM), NADP

(0.5 mM), glucose 6-phosphate (3 mM), glucose 6-phosphate dehydrogenase

(1 unit/mL), MgCl2 (2 mM), and KCl (150 mM), all in 0.1 M phosphate

buffer (pH 7.4) which was batch-mixed for several hours with Chelex 100

resin (Bio-Rad Laboratories; Richmond, CA) prior to use. The NADPH

generating system was not included in control incubations. The

concentration of each hydrazine substrate used was 5 mM, and the

incubation volume, unless otherwise indicated, was 50 mL. The

incubations were normally carried out in duplicate at 37°C in a
reciprocating water bath after pre-incubation with substrate for 2 min

before t-0. At the appropriate time point, the reactions were terminated by

adding trichloroacetic acid (5% w/v final concentration). The mixtures

were centrifuged to remove the precipitated protein and the supernatants

were immediately extracted with approximately 100 mL anhydrous diethyl

ether. Standard curve mixtures were prepared by adding known amounts

of expected metabolites and extracting them under identical conditions.

Aliquots of internal standard solutions were added after the extractions into

ether (either 1-(bromomethyl)cyclopropane for the CPMH incubations or 1

bromo-5-hexene for the 5-hexenylhydrazine incubations). The ether



extracts were analyzed by capillary gas-liquid chromatography using a 30

m DB-5 column and a Hewlett-Packard model 5890A gas chromatograph

equipped with flame ionization detectors and a Hewlett-Packard model

3390A calculating integrator. The column temperature, initially at 40°C,
was programmed to rise to 80°C at 4°C/min upon injection of the sample,
then to hold at 80°C for an additional 20 min. The identities of the

metabolite peaks were confirmed by injection of samples into a 30 m

capillary DB-5 gas-liquid chromatographic column interfaced with a Kratos

MS-25 mass spectrometer under identical column conditions. The electron

impact (70 eV) mass spectra so obtained were compared with those of

authentic samples.

Cytochrome P450 inactivation and loss of the Soret band -- Rat hepatic

microsomal suspensions were prepared as described above. Each

incubation was 20 ml in volume and warmed to the chosen temperature in

a circulating water bath. Addition of 5 mM of the appropriate hydrazine

substrate marked the start of a 2 min preincubation period. At t=0, a

volume of NADPH-generating system solution was added, such that the

final concentrations of the components were identical to those described in

the metabolite experiments. One set of controls consisted of microsomes

only, where addition of NADPH was withheld. An additional set of controls

which contained microsomes and NADPH, but no substrate, was included

for analysis in order to assess the viability of the microsomal batch under

conditions which promote lipid peroxidation. Aliquots were withdrawn

from the incubations at various time points in the respective experiments

and their cytochrome P-450 content was determined by difference

spectrophotometry on an Aminco DW-2A instrument (Ortiz de Montellano



et al., 1981b). A molar absorbance of 100 mM-1 cm-1 was used for the

absorbance difference peak at 450 nm and the asymptotic baseline at

approximately 490 nm of dithionite-reduced CO-saturated versus

unreduced CO-saturated microsomes to calculate the cytochrome P-450

concentrations. These procedures were carried out at both 20°C and 37°C
as a test for temperature-dependent effects.

Isolation of heme adduct from in vivo administration of “radical clock”

hydrazines -- In any given experiment, 18 to 30 phenobarbital-pretreated

male Sprague-Dawley rats were injected intraperitoneally with a DMSO

solution of CPMH or 3-butenylhydrazine oxalate at a dose of 100 mg/kg/rat.

The rats were sacrificed 3 to 4 hours after initial treatment. (Note: the

administration of either CPMH or 3-butenylhydrazine alone was non-lethal

at this dose.) Rat livers were perfused with 1.15% KCl Q 4°C until

blanched, rinsed thoroughly with ice-cold KCl, and placed in a Waring

blender for homogenization. Approximately 200 mL of cold 5% sulfuric acid

in methanol was added to the homogenate. The total mixture was again

placed in a Waring blender and homogenized before storage overnight at

4°C in a foil-wrapped flask. The resultant H2SO4/CH3OH mixture was then

vacuum filtered using a large Büchner funnel. The filtrate was diluted 1:1

(v/v) with distilled water and extracted twice with an equal volume of

dichloromethane. The CH2Cl2 extract was washed with distilled water

until the aqueous wash layers were no longer acidic. After drying over

anhydrous sodium sulfate, the organic layer was concentrated to dryness

by rotary evaporation after addition of a small volume of zinc acetate

solution (1 mg/rat in 1-2 mL CH3OH). The residue was brought up in a

small amount of acetone and plated on 2000 pum Silica Gel G preparatory



thin-layer chromatography plates (Analtech). Successful development

occurred in a solvent system of 3:1 chloroform: acetone for the first plating,

and 1:2 THF: hexane for the second plating. The presence of alkylated

porphyrin products was detected by inspection for red fluorescent bands

under long-wavelength UV light. Final purification was achieved by

passing the residue through a Partisil PXS 5/25 PAC (Whatman) HPLC

column (0-100% methanol gradient vs. 1:1 THF:hexanes over 60 minutes).

The sample was then prepared for either GN-500 NMR or MS-50 mass

spectral analysis. In some cases, the zinc complex was converted to the

free base form in attempts to isolate the individual isomers for NMR/mass

spectral analysis. Purification of this form was accomplished using HPLC

(Whatman Partisil 5 PAC column using an isocratic 4:98:98

CH3OH:THF:hexanes solvent system).

Attempted isolation and characterization of “radical clock” hydrazine

CPMH-POBN/CMPH-4-phenyl-TMPO spin adducts -- The chemical

oxidation of CPMH in the presence of the spin trap POBN should, in

principle, form a stable nitroxide spin adduct which may be isolated and

characterized as previously reported (Ortiz de Montellano et al., 1983).

Recrystallized CPMH oxalate (56 mg; 3x10-4 mol) and POBN (39 mg; 2x10-4

mol) were dissolved in 9 mL 0.05 M Na2CO3 (adjusted to pH 10).

Immediately thereafter, 1 mL of 1 mM CuCl2 was added to the solution to

prime the chemical oxidation. The total time of reaction was 30 minutes.

The neutralized solution was transferred to a round-bottom flask and

lyophilized overnight. The solid which remained was extracted with ca. 15

mL acetone, which was later driven off by evaporation under vacuum. The

resultant residue was taken up in 1 mL methanol and placed in an EPR



spectrometer for detection of a positive, six-line signal. The methanolic

solution was then placed on a preparatory thin-layer chromatographic

plate (Analtech Silica GF, 1000 pum) and developed in a 10% CH3OH/90%

CH2Cl2 solvent system. The band with the positive EPR signal still

remaining (Rf = 9-12 cm) was eluted with acetone and replated on a second

TLC plate in 20% CH3OH/80% CH2Cl2. Final purification of the presumed

adduct (determined by UV spectra monitoring only, as the EPR signal was

completely lost at this point) was attempted by placement on a LOBAR

column (EM Reagents: LiChroprep Si 60 Size B) with a solvent system of

10% CH3OH/90% CH2Cl2 and a flow rate of 10 mL/min. Subsequent

analysis by both low-resolution electron impact mass spectrometry and gas

chromatography/mass spectrometry techniques showed no evidence for a

molecular ion peak of the putative spin adduct at m/z = 249. Several

attempts to alter these conditions in order to isolate and purify the desired

CPMH-POBN spin adduct for NMR and MS analysis were unsuccessful.

Similar reagent concentrations were used in the attempted preparation of a

CPMH-4-phenyl-TMPO adduct; as stated in Chapter 3, insufficient

quantities were obtained for unequivocal structural identification.

Isozyme specificity in the destruction of cytochrome P-450 by “radical clock”

hydrazines -- Microsomes were prepared as previously described from rats

untreated with any inducing agents. Three sets of duplicate microsomal

incubations were prepared in the following groups: (1) Microsomes only /

(+) NADPH, (2) Microsomes / (+) CPMH / (+) NADPH, (3) Microsomes / (+)

5-hexenylhydrazine / (+) NADPH. The concentration of cytochrome P-450

in each pre-incubation set was 10 nmol/mL. The concentration of the

respective alkyl hydrazine was 5 mM. The pre-incubations were carried



out at 37°C for 10 minutes, at which time an aliquot (200 pull from an initial 1

mL pre-incubation) was transferred to a waiting testosterone assay

mixture. The final concentration of testosterone was 0.2 mM, the final

concentration of P-450 was 2 nmol/mL, and the volume of each incubation

was 1 mL. Each of the testosterone incubations was allowed to react for a

total of 10 additional minutes, after which the reaction was quenched by

immediate extraction with dichloromethane. The organic layer was drawn

off after centifugation and subjected to standard HPLC analysis (LC-18

column using a system-specific concave gradient derived by Dr. J. S. Lee in

an adaptation from Wood et al. (1983).
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