
F % ~ ~ ~ ~ ~ G I c A L  REVIEWE 
Copyright @ 1973 by The Willisms & Wikins Co . 

V d  26.. No . 1 
Printed in U.X.A. 

Biochemical Formation and Pharmacological9 
Toxicological. and Pathological Properties 
of Hydroxylamines and Hydroxamic Acids 

JOHN H . WEISBURGER AND ELIZABETH K . WEISBURGER 

Nalioml Cancer Institute. Bethesda. Maryland 2 0014 

I . Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A . Natural products containing N-hydroxy derivatives . . . . . . . . . . . . .  
B . Formation of N-hydroxy derivatives of aromatic amines . . . . . . . . .  

I1 . Chemical synthesis and reactions of N-hydroxy compounds . . . . . . . . . .  
A . Aliphatic hydroxylamines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  B . Aromatic hydroxylamines 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C . Reactions of arylhydroxylamines 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  111 . Analysis of N-hydroxy compounds 
IV . Formation of N-hydroxy derivatives by biochemical oxidation-N-hy- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  droxylationinlriuo 
A . Metabolite in urine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 . Evidence for N-hydroxylafed metabolites in urine . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . Modifying factors 

. . . . . . . . . . . . . . . . . . . . . . . . .  3 . N-Hydroxylation of arninoazo dyes 
4 . N-Hydroxylation of urethan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

B . Metabolite8 in bile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C . Metabolites in blood . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
D . Methemoglobin production by N-hydroxy compounds . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  V . N-Hydroxylation in vitro 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . A Species 

B . Tissue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C . Stability and modifiers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
D . Structure requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

VI . Formation of N-hydroxy derivatives by biochemical reduction . . . . . . .  
VII . Formation and reactions of tertiary arnine and heterocyclic N.oxides .. 

VIII . Biochemical reactions of N-hydroxy compounds . . . . . . . . . . . . . . . . . . . .  
A . Formation of glucuronic acid conjugates . . . . . . . . . . . . . . . . . . . . . . .  
B . Formation of 0-acetates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C . Formation of O.ethers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
D . Formation of sulfuric acid conjugates . . . . . . . . . . . . . . . . . . . . . . . . . .  
E . Descylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
F . Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G . Isomerization 
IX . Reaction of N-hydroxy compounds and derivatives with cellular macro- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  molecules 
. . . . . . . . . . . . . . . . . .  A . Reactions with tissue and cellular constituents 

B . Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C . Ribonucleic acids 

D . Polyribonucleotides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



WEISBURGER AND WEISBWQEE 

E. Deoxyribonucleic acids. ...................................... 42 
F. Glycogen.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  46 
G. Conclusions. ............................................... 46 

X Immunological and allergic reactions. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  46 
XI. Carcinogenicity of N-hydroxy compounds. . . . . . . . . . . . . . . . . . . . . . . . .  46 

XII. Mutagenicity of N-hydroxy compounds. . . . . . . . . . . . . . . . . . . . . . . . . . .  49 
XIII. Summary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  52 

I. Introduction 

AROMATIC and aliphatic N-hydroxy com- 
pounds are chemically and metabolically 
quite reactive. Relatively few auch chemicals 
occur naturally in the environment. How- 
ever, N-hydroxylation, especially of aromatic 
amin-, doea proceed readily as part of the 
now established metabolic biochemical hy- 
droxylatione which are so well developed in 
mammalian aptems (224, 332, 439, 471, 
489). Quantitatively, N-hydroxylation ia 
usually a minor reaction, but eignificantly it 
leads to pharmacologically and patho- 
logically very important metabolic interme- 
diates, as will be discussed. Basically, the 
reaction involves substitution of one of the 
hydrogens of an amine with the hydroxy 
group. 

/" 
R-N +R-N 

/OH 

"R' 'Rl 

Like many hydroxylated metabolites, N-hy- 
droxy derivatives are subject to further 
metabolic conversions, such as conjugation 
with glucuronic, sulfuric, and perhaps phos- 
phoric acid, and also to a reduction back to 
the parent amine. 

Whereas moat hydroxylations, like those 
on carbon, lead to "detoxified" readily ex- 
creted metabolites (160, 360), N-hydroxyla- 
tion develop metabolites which are often 
reactive. By virtue of this fact they can exert 
harmful effecta in vivo through combination 
as such, or after further reactions, with es- 
sential life-supporting molecular species. 

Biochemical N-hydroxylation has been al- 
luded to by some pioneers in biochemical 
pharmacology; Heubner (168) first sug- 

geated in 1913 that methemoglobii forma- 
tion due to certain aromatic nminPn like p- 
chlo-e might be due to an N-hydroxy 
metabolite. However, detailed and specific 
research in this area is only about 15 yeam 
old. A reinve&&ption by Kiese of methemo- 
globin formation by aromatic nminPn (22l), 
utdbhg newly developed analytical tech- 
niques (167); led to the dbcovery that thie 
event could be related to the formation of 
arylhydmyhminea or nitroso compounds in 
the nnimnln treated with aromatic aminea 
(222). Furthermore, investigation of the 
metsbolites responsible for the carcinogen- 
icity of certain aromatic amine derivativm, 
more specifically N-Zfluorenylecetamide (or 
Zacetylaminofluorene), revealed that a key 
metabolite waa the N-hydroxy derivative, in 
the form of N-Zfluoreny~hydroxamic 
acid (83). 

Several reviews of both the effect of N- 
hydroxy derivatives of aminea in methemo- 
globin formation and in the metabolic adiva- 
tion of aromatic amine carcinogens are 
available (223, 332,439,485,489). The pur- 
pose of the current paper is to p m t  salient 
recent developments in both areas and to 
develop the biochemical and pharmacological 
perspective of thie important reaction, re- 
sulting more often than not in adverse efTects 
(447). Eventually an understanding of the 
controlling factore in N-hydroxylation may 
permit either the total prevention or a re- 
duction of untoward consequences. 

A. Natural Produds Confaining 
N-Hydrozy Dekxativea 

A number of products of bacterial metab- 
olism contain the N-hydroxy group such as 
muta-aqergillic acid (345), nocardamin 
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FIG. 1. Struotureg of some naturally occurring 
N-hydroxy or Nsxy  compounde. 

(4131, mY celianamide (42, 359), aerobactin 
(132), mycobactin (400, 401), and hadacin 
(210) (fig. 1). For reviews on hydroxamic 
acids of natural origin see Thompson et d. 
(428) and Emery (99). In  addition, there are 
several N-oxidea: iodenine and related struc- 
tures (78, 130), elaiomycin (410), a number 
of products related to slky14oxyquinoline 
N-oxidea (81), pulcherrirninic acid (79), as- 

acid and derivatives (96), and a 
number of cyclic and acyclic antibiotics de- 
scribed by Ochiai (355). Also, naturally oc- 
curring aliphatic nitro compounds are con- 
verted easily into N-oxy acetatea with acetic 
anhydride (409). 

There are three main procedures leading 
to arylhydroxylamines and derivatives, by 
chemical synthesis, by biochemical oxidation 
of arylaminea and derivatives in tho, mostly 
by mammalian systems, and by biochemical 

reduction of nitro compounds by mam- 
malian and microbiological systems. 

11. Chemical Syntheeis and Reactions 
of N-Hydrory Compounds 

Methods, both general and specific, for the 
synthesis of hydroxylamines are presented in 
various reference works (3, 314, 492, 517) 
and in the continuing series by Theilheimer 
(427). Some of the uses of the parent hy- 
droxylamine or of substituted hydroxyla- 
mines in organic syntheses are given in Fieser 
and Fie8er (119, 120). A partial review of 
arylhydroxylamines has been made by 
Utzinger (456), and hydroxamic acids 

0 OH 
II / 

(R-C-N ) have been discussed by 

Yale (504). Majumdar (290) discusses chemi- 
cals related to N-bemylphenylhydroxyl- 
amine which are used mainly as analytical 
reagents for various metals. The reviews in 
Houben-Weyl(517) are very comprehensive 
and cover the various methods of preparing 
aliphatic and aromatic hydroxylaminea, 
some of their reactions, and the products so 
obtained. 

A. Aliphatic Hydroxylumina 

Aliphatic hydroxylarninea can be prepared 
by controlled reduction of nitro- or nitroso- 
alkanes or of oximes. Zinc dust with ammo- 
nium chloride (492), electrochemical methode 
(220,492), controlled catalytic reduction (3), 
amalgams (62), or ammonium sulfide may be 
employed. A more recent method uees di- 
borane to reduce oximes or nitro salts to hy- 
droxylamines (117, 118). 

Controlled oxidation of aminea in which 
the nitrogen is attached to a tertiary carbon 
can be employed to form some hydroxyla- 
mines with Caro's acid (314,492). However, 
in a patent, it was recently claimed that a 
good yield of N-cyclohexylhydroxylamine 
was obtained from cyclohexylamine, using 
30% hydrogen peroxide as the oxi- 
agent (217). 
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Alkylation of hydroxylamine has been 
found useful in some cases (181). Further- 
more, the addition of hydroxylamine to an 
unsaturated conjugated system affords sub- 
stituted hydroxylamines (408, 492). How- 
ever, addition of substituted hydroxylamines 
to such a conjugated system may not always 
be straightforward. Woodman et al. (502) 
showed that phenylhydroxylamine, when 
condensed with hydroxymethylenedesoxy- 
benzoin, did not yield the expected vinylhy- 
droxylamine but benzaylphenylacetanilide 
instead. 

Arylhydroxylamines generally are likewise 
furnished by the controlled reduction of 
aromatic nitro compounds. Zinc dust and 
water with ammonium chloride, aluminum 
a d g a m ,  ammonium or d u m  sulfide, 
phenylhydrazine, or partial catalytic reduc- 
tion have all proved useful. However, not all 
of these agents will give the desired arylhy- 
droxylamines since some of the reactions are 
quite specific and attention must be paid to 
the exact experimental technique. Thus, 
practically all of these methods furnish good 
yields of phenylhydroxylamine from nitro- 
benzene. Ammonium d d e  gives an almost 
quantitative yield of 1-naphthylhydroxyla- 
mine (517) but a t  best a 60 % yield of 2-fluo- 
renylhydroxylamine (276) and about 45 % of 
N-hydroxy-Zanthrylamine (386). Alumi- 
num amalgam furnished a manageable 
amount of 2-naphthylhydroxylamine from 
2-nitronaphthalene (58) or of Phydroxyla- 
minobiphenyl (453), but it failed to give 
more than a trace of 2-fluorenylhydroxyla- 
mine from Znitmfluorene (83, 466). 

Phenylhydrahe, although affording ex- 
cellent yields of hydroxylaminea from nitro- 
anthraquinones or nitropyridine N-oxides 
(356), did not reduce 2-nitrofluorene or 2- 
nitrobiphenyl (466). In certain cases, as with 
purines or quinoliie N-oxides, an activated 
ring chlorine can react with hydroxylamine 
to furnish a heterocyclic N-hydroxylamine 
(357). In the quinoline N-oxide series, the 
partial reduction of the nitro group to hy- 

droxylamino was also accomplished with so- 
dium borohydride (419). 

The N-acyl derivatives of various arylhy- 
droxylamines have been prepared by Miller 
and Miller and their associates (5, 83, 334, 
387) by controlled catalytic hydrogenation 
of the nitro compounds on palladium-char- 
coal in the preaence of triethylamine and an 
acyl anhydride. The procedure generally 
yielded the N ,0-diacyl derivative which was 
hydrolyzed to the N-acyl compound by di- 
lute ammonium hydroxide. Similar methods 
were employed by Yost and Gutmann (516). 
The yields for this general procedure varied 
from about 2 to 36 %, depending on the struc- 
ture of the individual compounds. N-Acyla- 
tion of various phenylhydroxylaminea was 
readily accomplished by the acyl chloride in 
an ether-solid sodium bicarbonate mix- 
ture (397). 

Arylhydroxylamines can be reduced fur- 
ther to the amines or oxidbed by mild agents 
such as ferric ammonium sulfate (276, 515) 
or potassium ferricyanide (453) to the cor- 
responding nitroso compounds. Other useful 
oxidizing agenta for this purpose are diethyl 
azodicarboxylate (63, 423) or in some caees 
nickel peroxide (344). On the other hand, 
stronger oxidizers such as lead tetraacetate 
or potassium permanganate can very rapidly 
deacylate and oxidize the N-acyl derivatives 
of arylhydroxylamines to nitroso derivative 
(31, 495). Biochemically, horseradish perox- 
idaae and hydrogen peroxide were capable of 
forming 2nitmfluorene and N-acetoxy-2- 
fluorenylacetamide from N-hydroxy-2-fluo- 
renylacetsmide. The reaction was presumed 
to go through a nitroxide radical which dis- 
mutated to the producta (28,30). 

Arylhydroxylamines couple with nitroso 
compounds to form azoxybenzenes. This re- 
action often occurs during oxidation of the 
hydroxylaminea to nitroso compounds (116, 
344). Since the nitroso compounds are read- 
ily formed from arylhydroxylamines, even 
during storage, or by a disproportionation 
reaction (390), 
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2 RNHOH -+ RNO + RNHI + H# ArNHOH + HX-tAr-NHs 
I 

the azoxy derivatives may often contaminate X(o, P) 
samples of a ry lh~drox~hmin~ .  Reaction of In our studies on the metabolism of the 
hydl"'xybes with ketones, Or arylhy&oxamic =id N-hy~roxy-2-fluorenyl- 
ketone derivatives furnishes nitrones (for acebmide we bve found some of the 
reviews see 15', 381 and 405) which in turn products of such a rearrangement can appear 
can be oxidized to nitroxidea (11). An un- as &ifacts. especially oc- 
usual nitrone was found from Pnitrobemyl- when hydrolysis with dilute hy&+ 
p~r id in im bromide and phenyhydroxyl- c ~ o r i c  acid was used free conju- 
amhe (376). The nitro group was reduced to of the arylhy&oxamic acid. On the 
nitroso with m w u e n t  elimination of P*- other hand, Stijhrer and Brown (412) 
dine and to yield of thought that S-chloro- and gmethylmer- 
-xY- and mbemenes. Irving (184) re- csptoX8nthhe were urinary rnet,&ofitea of 
ported that aeoxfluorene was formed by bhydroxyxanthhe, a purine N-oxide. They 
incubation of N-hydroxy-Zfluorenylacet- t h e o a  that an activated intermediate, 
amide with rabbit liver micro~omes, pre- like bacetoxyxanthe, reacted with intm- 
mmbly through d=ty1ation, partial oxi- chloride ion or methionine to yield 
dation, and condensation. However, a com- metsbofitea since identical 
munication by Yost (515) ca&s doubt on in me mecwm of 
the identity of the compound reported by this resction been investigated by ~ i ~ d -  
Irving ss 2,2'-amxyfluorene and suggesta et a;1. (4, 44). 
that 2,2'-aeofluorene may be involved. An me model reactions of ced arylhy- 
amxybeneene derivative was also the main droxylamins with thiob to yield m-p- 
product from incubation of p th iodid ine  turic acid derivatives were investigated by 
with rabbit liver microsomes. The primary ~ ~ ~ l ~ ~ d  et d. (56, 57). was postulsted 
&P was N-oxidation to 4 m e t h ~ l m e r a ~ b  that the -tivity of aromatic hydroxyl- 
phenylhydroxyhmine, followed by conden- amine with nucleophilic centers may -lain 

with the mmuent ly  formed the toxicity and carcinogenicity of these 
derivative (384). compounds. 

In acid solution arylhydroxylamines un- within the past few hydn>xyl- 
dergo the Bamberger rearrangement. Ac- derivatives have found h c r d  
cordingly, in concentrated sulfuric acid, as reagents for pptide syn#&, 
P ~ ~ ~ Y ~ ~ Y ~ ~ w ~ ~ ~  gives a good yield (139, 342). Also Neunhoeffer (352) has re- 
pamho~hmol. In dilute hydrochloric acid, poM finding N-hyhoxy peptides derived 
or in m*ol, ethanol, or aniline the tor- largely from lyshe, asp&c acid, 
responding o- and p-substituted chloroani- and m i h e  both in sponbneous 
lines, or anisidines, phenetidines, and semi- from various msmd and in ,,hemid- 
dines are formed, besides varying amounts br virus-induced tumors. me -bility 
of by-products ambemene, wxyben- that N-&lkyl-N-ac ylhyhox yhmine8 may 
mne and nitrosobemme (21-23, 56, 82). serve as specific acyl t-fer in 
In absolute ethanol ~hen~lh~drox~lamine biolodd events was alluded to by Neun- 

reacted with dioxide and rear- hoeffer and Gotbchlich (353). Additionally 
ranged to yield largely o- and p-aminoben- 
zeneaulfonic acid, aniline, phenylsulfamic 

the 0-acyl esters of N-acyl-N-arylhydroxyl- 

acid, and very small amounts of m-amino- aminea appear to be active intermediatea in 

bemneaulfonic acid (98). Although no the reactions of carcinogenic amines with 

m e c G m  was proposed for this lathr re- various t k u e  nucleophiles such DNA, 
action, the results me reminiscent of the RNA, guanosbe, t~rosbe,  t r ~ ~ t o ~ h m ,  me- 
Bamberger rearrangement. thionine, and cysteine (322, 331). These 
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reactions will be discussed elsewhere in this 
article. 

The synthesis of such acyl esters of N-hy- 
droxy-24uorenylscetamide waa readily ac- 
complished by treating the sodium salt of 
the amide with an acyl anhydride or chloride 
(279) or by reacting the arnide with the 
anhydride in pyridine (152), analogous to 
schemes devised by Bamberger (19) or 
Homer and Steppan (173). 

The decomposition rates of several N- 
acetoxy-N-arylacetamides derived from stil- 
bene, phenanthrene, naphthalene, fluorene, 
or biphenyl in aqueous solution, in citrate 
bder, or in mlutions containing methionine 
or guanosine were determined by Scribner 
et al. (387). The compounds which decom- 
posed most slowly also reacted lees with 
methionine or guanosine. However, there 
was no correlation between the decompoai- 
tion rate of the acetoxy derivatives and the 
carcinogenic activity of the parent N-hy- 
dmxy compounds. 

The glucuronide of N-hydroxy-N-Zfluo- 
renylacetamide could not be made syn- 
t h e t i d y  by Irving (185) since it proved too 
labile to alkali. However, the triacetyl 
methyl ester glucuronide of the acetohy- 
dmamic acid could either be synthesized or 
klated from the urine of rabbits fed 2- 
fluorenylacetamide. The true glucuronide 
(or sodium aalt) could only be prepared 
bioaynthetically (169). Further studies with 
this compound (196, 317) showed that it 
reacted with amino acids and nucleic acids 
to a much lower extent than the 0-acyl 
derivatives of N-hydmxy-Zfluorenylacet- 
amide. Furthermore, the sodium or copper 
aalts of the triacetyl methyl ester glucu- 
ronide did not cause tumors, casting doubt 
on the role of glucuronides in the develop 
ment of neoplasis. However, the 0-glucu- 
ronide of the N-Zfluorenylhydroxylamine 
was made in good yield from either the bio- 
synthetically formed sodium (N-acetyl-N-2- 
fluorenylhydroxylamine-0-D-glucoaide) uro- 
nate or its triacetyl methyl ester with 
sodium methoxide in methanol (192). The 
fluorenylhydroxylamine glucuronide reacted 

readily with DNA or RNA in &o and with 
guanorJine 5'-monophosphate but not with 
the 5'-monophoephates from uridine, cyti- 
dine, or adenosine. 

The synthesis of the 0 - d a t e  ester of N- 
hydroxy-2fluorenylacetamide might also be 
feasible by reacting the sodium aalt with 
c h l o d o n i c  acid, sulfuric acid in dirneth- 
y l f o r d d e  (172), or t r i e t h y l a m i n e  
trioxide complex (162). Mechsnistically, the 
0-sulfates of acylarylhydroxylaminea appear 
to be active intermediates in the carcino- 
genic process, as diecuesed elsewhere in this 
review. In view of this implication, a recent 
report merita attention. Maneon (293) in- 
vestigated the formation of o-aminoaryl 
hydrogen sulfates from asylhydroxylamines 
and p~ridine-808 in acetone. He concluded 
that the intermediate aryl N-sulfohydroxyl- 
amine (which could be obtained from pyri- 
dine-SO1 in benzene) formed an intermediate 
aryl N-isopropylidene-N ,0-sulfate with the 
acetone. 

Rearrangement with loss of the isopropyli- 
dene group led to the o-aminoaryl hydrogen 
sulfate. 

Ar /"" 
'OSO.HC*~ 

Whether naturally occurring carbonyl com- 
pounds might thus be involved in the me- 
tabolism of aromatic amines, as proposed by 
Manson, remains an intriguing possibility. 

111. Analyeis of N-Hydrory Compounds 

One of the moet sensitive teds for aryl- 
hydroxylamines is furnished by the reaction 
with sodium pentacyanoamino ferrate which 
generally forms red-violet colored complexes 
(115). However, nitrosobeme and ita 
analogues interfere since they react in a 
similar faahion. Thus this sensitive, rapid 
test cannot be employed if both arylhydrox- 
ylamino and nitro80 compounds are present. 
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Howew, arylhydroxylaminea react with 
aldehydes ~ethylaminobemaldehyde or 
ealicylaldehyde) to yield nitronea which can 
be e.sthted spectrophotometrically. Al- 
though this procedure is less sensitive, it 
can be of value when interfering materials 
are present (58). Boyland and Nery (58) 
have compared the d t i v i t i e s  of three 
testa for arylhydroxylaminea, i.e., salicyl- 
aldehyde, potaesium ferrocyanide, and so- 
dium pentacyanoamino ferrate at  various 
time intervals and pH values. However, 
Brill and Radomeki (64) reported that in the 
preaence of magnesium ion, N-2-naphthyl- 
hydroxylamine reacted quantitatively with 
pentacyanoamino fmate without inter- 
ference from other metabolites, as was not 
the case when magnesium was omitted. 

Weil (462) developed several chromato- 
graphic systems for separation of climb- 
etituted hydroxylamines and the corre- 
aponding nitroxides. Iodine or potassium 
pemmgmate spray were used for detection 
of the compounds. 

For analysis of the actual content of 
2-fluorenylhydroxylamine in an organic 
preparation, reduction with excess titanous 
chloride followed by back-titration with 
ferric ion was employed by Poirier et d. 
(365) according to a technique developed by 
Horner and Steppan (173). 

Although N-acylarylhydroxylamines re- 
act only very slowly with aldehydes in the 
presence of acid to form nitrones (83), they 
can be oxidized readily by agents such aa 
lead tetrametate (31), silver oxide (124), or 
potassium permanganate (495) to the cor- 
responding nitroso compounds. In turn, 
theae can be easily estimated by complex 
formation with pentacyanoamino ferrate. 
Similarly, oxidation of the arylhydroxyl- 
amines to nitroso derivatives and determi- 
nation as such waa employed by Uehleke 
and Nestel (453) in studies on 4-aminobi- 
phenyl. 

A different method for quantitation of 
nitrosobenzene and its analogues formed in 
the blood during metabolism of aniline was 
developed by Herr and Kiese (167), based 

on the observation of Bamberger (20) that 
n i t ro sobem could be diazotized. The 
nitro80 compounds formed were selectively 
extmctd into wbon  tetrachloride, disss 
tized, and coupled with N-(1-naphthy1)- 
ethylenediamine to form a dye which was 
determined spectrophotometrically. 

Theae analytical methods can often be 
advantageously employed for alkylhydrox- 
ylamines or N-hydroxycarbamates. Thus 
Boyland and Nery (59) found pentacyano- 
amino ferrate to be a useful reagent for 
estimation of various alkyl-N-hydroxy com- 
pounds. 

Although aryl N-hydroxy compounds mu- 
ally form colored complexes with me*, 
some of these color reactions are not almys 
suitable for analytical determinations. How- 
ever, for compounds of the following type, 
complex formation is quite useful (123,290). 

Overall, it appears that the reaction with 
pentacyanoamino ferrate a£fords the best 
derivative for such purposes. 

Another method of great utility is to form 
the trimethylsilyl ethers of the N-hydroxy 
compound such as N-hydroxy-Zfluorenyl- 
acetamide by reaction with any of several 
silylating agents as bis(trimethylaily1)acet- 
amide (187). These silyl ethera are Btsble 
and can be determined quantitatively by 
gas-liquid chromatography. However, it has 
been observed in our laboratory (141) that 
if any ring-hydroxylated derivative of N-2- 
fluorenylacetamide is present, reaction 
with bis(trimethylsily1)acetsmide led to 
two peaks on gas-liquid chromatography 
from each ring-hydroxylated metabolite. 
Presumably, bis(trimethylsily1)acetamide re- 
acted both with the phenolic hydroxyl 
group and perhaps the amide hydrogen of 
the acetamido moiety. The use of N-tri- 
methylsilylimidazole (Trisilyl Z) as a silyl- 
sting agent obviated the formation of 
double peaks but readily yielded the tri- 
methylsilyl ethers for quantitative determi- 
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nations. Metzler and Neumann (311) made 
an extensive study on the separation of the 
ring and N-hydroxylated metabolites of 
Paminostilbene and Caminobibemy1 by 
gas-liquid chromatography. N-Trimethyl- 
silylacetamide was employed as a silylating 
agent; of the many hydroxylated materials, 
only 3-hydroxy4aminoatilbene gave two 
peaks after treatment with N-trimethyl- 
dylacetamide. 

Due to the appreciable volatility of alkyl 
carbamates and the corresponding N-hy- 
droxy compounds, even the acetyl, as well as 
the trimethylsilyl, derivatives could be em- 
ployed for gas chromatographic determi- 
nations of t h e  materials (348). 

Gas-liquid chromatography was also em- 
ployed by Radomski and Brill (373) to de- 
termine the total N-oxidation products of 1- 
or Bnaphthylamine or 4biphenylamine in 
dog urine. The procedure was based on oxida- 
tion of any N-hydroxylarnine with fenicyan- 
ide to the more volatile nitroso compound 
which was then extracted and meamred 
by gas chromatography. Interestingly, the 
N-1- or-2-naphthylhydroxylamines appeared 
to be converted to the nitroso derivatives 
on the gas chromatographic column. 

The antiinflammatory drug Bufexamac 
(p-butoxyphenylacethydroxamic acid) was 
determined in plasma or urine readily by 
dylation with bis(trimethylsily1)acetamide 
prior to injection into the gas chromato- 
graph (379). 

IV. Formation of N-hydroxy Derivatives 
by Biochemical Oxidation- 

N-Hydroxylation in  Vivo 

A. Metabolites in Urine 

1.  Evidence for N-hydrozykrted metubo- 
2iles in urine. Definitive indication that 
some aromatic amines like aniline are hy- 
droxylated not only on the ring, which had 
been known for a long time, but also on the 
nitrogen under in t h o  conditions was ad- 
duced first in the laboratories of Kiese and 
Uehleke by detecting the corresponding 
hydroxylamino and nitroso derivatives in 
the blood (166, 222, 233). The excretion of 

this type of novel metabolite in urine was 
discovered quite independently by Cramer 
et d. (83) shortly thereafter, in connection 
with studies on the overall metabolism of 
the carcinogen N-2-fluorenylacetamide. This 
bding  aroused considerable interest among 
workers engaged in carcinogenesis research 
because of the demonstration that the N-hy- 
droxylated metabolite was probably involved 
in the carcinogenic process, in contrast to  
the ring-hydroxylated metabolites which 
were inactive. Other investigators concerned 
with the metabolism of arylamines began 
examining urine for this class of metabolite. 
Environmental conditions and factors con- 
trolling the production and excretion of 
N-hydroxy derivatives were also investi- 
gated. 

von Jagow et al. (206) studied the ex- 
cretion of N-hydroxylated metabolites of a 
number of arylamines in the urine of rabbits, 
dogs, and guinea pigs. After intravenous 
injection of as much as 200 rng per kg of 
aniline into rabbits no phenylhydmxyl- 
amine was detected in urine. However, in- 
creasing amounts of arylhydroxylamines, 
measured as the correaponding nitro80 de- 
rivatives, were observed with pchlorani- 
line, pethylaniline, Zfluorenamine, and 
m-aminopropiophenone; the largest amounts 
were seen with Caminobiphenyl, 20% of 
the dose, and with p-aminopropiophenone, 
31 %. Importantly, in most cases the bulk of 
the N-hydroxy metabolites was found in 
the first 4 hr. With paminopropiophenone 
the percentage of dose excreted as N-hy- 
droxy compound was largely independent 
of dose over a range from 1 mg per kg to 
40 mg per kg. After Zfluorenamine the 
urine of rabbits also contained the N-acetyl- 
N-hydroxy derivative as the glucuronide 
which was hydrolyzed by 8-glucuronidase. 
The urine of guinea pig also gave evidence 
of N-hydmxylated metabolites, from 0.5 % 
of dose after Zfluorenamine, 3.2% with 
m-aminopropiophenone, 4.7 % with Camino- 
biphenyl, and 15% with paminopropio- 
phenone, again collected soon after treat- 
ment. Curiously, dogs exhibited the lowest 
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yields of N-hydroxy products with these 
aminea. The data refer to excretion of free 
compounds, except with p-aminopropio- 
phenone, where an additional amount of 
N-hydroxy derivative was liberated after 
incubating the urine in an inert atmosphere 
at  pH 4.5. Addition of 8-glucuronidaae 
failed to release more compound. The in- 
terpretation was that the materiala liberated 
by incubation probably were not 0-but N- 
glucosiduronic acids, presumed unstable at 
pH 4.5. Another poaaib'ility is that mam- 
malim 8-glucuronidase, known to be ex- 
creted in urine, was sufficiently active under 
the conditions of the incubation to releaee 
0-glucuronides. 

Mesidine or 2,4 ,&trimethylaniline, hepa- 
totoxic and a weak carcinogen, is metabo- 
lized chiefly by oxidation of the o- or 
p-methyl groups. However, N-hydroxy- 
meaidine was also detected by careful chro- 
matographic resolution of urine8 of rata 
given meaidine. This metabolite was postu- 
lated as an intermediate in the ultimate for- 
mation of 2,6-dimethylhydroquinone, also 
a metabolite of mesidine (265). 

N-Hydroxylation was not confined to 
amines or amides. Rats fed 2,4 ,&trimethyl- 
acetophenone imine excreted the corre- 
sponding oxime in the urine (361). Its mode 
of formation remains to be clarified. 

Uehleke (444) showed that dogs pretreated 
with phenobarbital and given an oral dose 
of p-phenetidine excreted leas of the un- 
changed drug and more of N-oxidation 
products measured as pnitrwphenetol in 
urine compared to controls without pheno- 
barbital. Burns and Conney (73) found an 
N-hydroxy derivative of phenacetin in the 
urine of dogs or men given phenacetin. 
Uehleke (444), examining the urinary ex- 
cretion of nitromphenetol, found less of this 
product after phenacetin than after similar 
intake of phenetidine, but his method could 
not detect an N-acetyl-N-hydroxy com- 
pound. In rats given p-phenetidine only a 
small amount, approximately 0.1 % of the 
dose, of Cnitrosophenetol was recovered. 
Uehleke believes that there might also be 

glucosiduronic acids which cannot be prop- 
erly quantitated because any liberated 4- 
hydroxylaminophenetd might undergo de- 
composition if attempts were made to 
hydrolyze the glucuronide enzymatically. 
Since it has been established that bacterial 
8-glucuronidase is not inhibited by penta- 
cyanoamino ferrate, it might be useful to 
reexamine the excretion of conjugates by 
performing the incubations in the presence 
of this fairly specific reagent. 

The urinary excretion of the N-hydroxy 
derivative of 4acetylaminobiphenyl (or 4- 
phenylacetanilide) , mostly as glucuronide, 
and conditions affecting the amount of this 
metabolite were reported by Miller et crl. 
(334). Young rats eliminated more metabo- 
lite than older rats, whereas those pretreated 
with N-Zfluorenylacetamide for 10 weeks, 
leading to liver damage and regeneration, 
also excreted larger amounts. However, 
urinary excretion of the N-hydroxyacetyl- 
aminobiphenyl did not increase during 
feeding (fig. 2). In rats, virtually the same 
metabolites were noted when Parninobi- 
phenyl was administered, attesting to the 
facile acetylation of arylaminea in this 
species. On the other hand, as expected, 
this did not occur in dogs and only weak 
evidence for the occurrence of 4-hydmxyl- 
aminobiphenyl could be adduced. Even with 
dogs pretreated with pantothenate and 
riboflavin no acetylation was detected. 
Nonetheless, N-hydroxylation did take 
place, for. dogs given 4acetylaminobiphenyl 
excreted the N-hydroxy derivative. 

After four d m  of 30 mg per kg of 4- 
aminobiphenyl, approximately 0.6 % was 
characterized in the urine of a rhesua monkey 
as N-hydroxy-4-acetylaminobiphenyl, but 
no evidence of an N-hydroxy derivative 
could be gathered after similar dosing with 
Pnitrobiphenyl (102). 

Andersen et al. (5), Baldwin and asso- 
ciates (15, 17, 18), and Metzler and Neu- 
man. (312) showed that, upon injection of 
the highly toxic and carcinogenic kans-4- 
stilbenacetamide, Cstilbenamine, or 4-di- 
methylarninostilbene, rats excreted an N- 
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'4'B'h 
WEEKS COMPOWDS FED 

h a .  2. The urinary excretion of N-hydroxy-4- 
acetylaminobiphenyl (N-HO-AABP) when it or 
4-scetylaminobiphenyl (AABP) wan fed to rats. 

The data for 2-acetylaminofluorene (AAF) are 
given for comparison. Each point represents the 
sversge excretion for 24 hours for four adult male 
nta. Data are corrected for the differences in 
molecular weights (334). 

hydroxy derivative chiefly as a glucuronide. 
Although N , N-dimethyl-4-stilbenamine and 
N-4(4'-fluodbene)acebmide yielded an 
N-hydroxy amine, Pscetylaminobibenzyl 
did not. Again, the N-hydroxylated deriva- 
tives were more carcinogenic than the parent 
compounds. Inasmuch as stilbenaminea 
yield m d y  tumors of the ear duct in rats 
and appear to have relatively little &ect on 
the liver, it might be expectsd that during 
chronic feeding relatively little increase in 
the urinary excretion of the N-hydroxy 
derivative would occur unless this material 
also affected the bacterial flora in the gut, 
an as yet unknown point. As an additional 
correlation between N-hydroxylation and 

biological eiTect, the growth of the Walker 
256 tumor is inhibited by this type of com- 
pound. The N-hydroxy derivative was more 
active than the parent compounds. 

ZNaphthylamine, formerly an important 
industrial dyestuff intermediate, ie no longer 
manufactured on a large s d e  in most coun- 
triea because of its recogni5ed carcinogenicity 
in a n i d  and man (50). It has elicited the 
interest of p h a r m a w 1 ~  for a long time 
inasmuch as a metabolite rather than the 
amine iteelf was suspected as the actual 
carcinogen. For some time 0-hydmylation 
found favor (76). It was only after the N-hy- 
droxylation of N-Zfluorenylacetamide wae 
established that the comqmnding hydroxyl- 
amino and N-acetylhydroxamic acids were 
discovered in the urine of several apeciea 
given 2-naphthylamine. Boyland and Man- 
son (54, 55) defected Znaphthylhydroxyl- 
amine and Znitmonaphthalene in urine of 
dogs but not of guinea pigs, hamsters, 
rabbits, or rata, nor did they find the N- 
acetyl derivative. Just as eeen with the 
arylamines studied by Kim's group, naph- 
thylhydroxylamine was found only in freahly 
collected urine shortly after -tion 
of the amine. It was demonstrated that the 
hydroxylamine was unstable in urine over a 
24-hr period. After feeding Zacetylamino- 
naphthalene the N-hydmxy derivative was 
found, conjugated with g lumnic  acid, in 
the urine of dogs but not in the urine of rate, 
guinea pigs, hamsters, or rabbite. On the 
other hand, admkbtmtion of the N-hydroxy 
derivative of Zacetylsminonaphthalene led 
to the excretion in urine of rata, guinea pigs, 
and rabbite of the correeponding glucosidu- 
ronic acid. 

Enomoto et d. (102) thought that c b  
matogram of urine8 of a rhesua monkey 
given four doses of 30 mg per kg of Znaph- 
thylamine or Zacetylaminonaphthalene ex- 
hibited faint zones of color with a mobility 
like that of authentic N-hydroxy-Zacetyl- 
aminonaphthalene after the relatively ape- 
cific acidic pdimethylaminobenaaldehyde 
reagent. 

Uehleke and Brill (450) also reported 
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that female beagle dogs given Znaphthyl- 
amine orally had in their urine naphthyl- 
hydroxylamine, measured as 2-nitrosonaph- 
thalene. Furthermore, dogs pretreated with 
six dosee of phenobarbital excreted much 
larger amounts of the N-oxidation products, 
and incidentally, also had higher methemo- 
globinemia (445). In this connection, Ueh- 
leke (442) also demonstrated resorption of 
aromatic aminea such as aniline, Znaph- 
thylamine, and Caminobiphenyl as well as 
phenylhydroxylamine and Znaphthylhy- 
droxylamine after instillation into the uri- 
nary bladder of dogs, by messuring their 
blood levels or the occurrence of methemo- 
globinemia. Thus, these carcinogens as well 
as other drugs inserted into this organ may 
not only exert a local effect but could also 
act systemically (67,189). 

Brill and Radomski (65) adduced evi- 
dence that dogs given l-naphthylamine ex- 
creted the hydroxylamino derivative. How- 
ever, Uehleke (445) indicated that with the 
technique of Uehleke and Brill (450), as 
noted, dogs pretreated with phenobarbital 
before one dose of 1-naphthylamine did not 
always excrete 1-naphthylhydroxylamine. 
Uehleke (445) likewise could not find the 
N-hydroxy derivative or the nitm com- 
pound after incubation of 1-naphthylamine 
with micmmea from livers of rabbits pre- 
treated with phenobarbital, a system with 
powerful capability to convert aromatic 
amines to the N-hydroxy derivatives. The 
discrepancy may reaide in a problem of dos- 
age. Thus, Rsdomski and Brill (372, 373) 
found that administration of large doses of 
1- or Znaphthylamine yielded detectable 
amounts of the corresponding hydroxyl- 
aminea in the urine of dogs (fig. 3). On the 
other hand, sdministration of the aminea at 
lower levels, which under chronic conditions 
led to cancer with the 2 isomer, gave rise 
to i denab le  amounts of 2-naphthylhy- 
droxylamine but not of the 1 isomer. Poirier 
et crl. (365) also demonstrated a dose-related 
&ect. Whereas dogs fed 500 mg of Znaph- 
thylacetamide had approximately 0.1 % of 

FIG. 3. Mean cumulative excretion of total 
N-oxidation producta of four beagle doga given 
single dosea (5 mg/kg) of 1-naphthylsmine, 
2-naphthylarnine, or 4-aminobiphenyl; rangee are 
indicated (372). 

the N-hydroxy derivative in urine, none was 
detected when 131 mg were admhishd .  

After a single dose of N-Zfluorenylacet- 
amide rats excrete only small amounta of 
the N-hydroxy derivative in urine, chieily 
as the glucoaiduronic acid. Most of the me- 
tabolites are ring-hydroxylated compounds 
and their conjugates (468, 485). On the 
other hand, there are species dii3erencee in 
respect to the quantity of N-hydroxy me- 
tabolite. Of all animals surveyed the rabbit 
yields the largest amount of the g l d d u -  
ronic acid of N-hydroxy-N-Zfluorenylacet- 
amide in urine (182). In part, thia may be 
due to the fact that with a variety of drugs 
(497), but in particular with the glucmnide 
of N-hydroxy-Zfluorenylacetamide, the rab- 
bit excretes much less in the bile and more 
directly via the renal pathway (200) (see 
table 1). Thus, in the rabbit, there is less 
opportunity for conversion of the metabo- 
lite by gut bacteria and modification by 
the enterohepatic cycle (142,473, 495). 

In addition to rats and rabbita, dogs, 
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TABLE 1 
B i l i a r y  and u r i n a r y  excretion ojwaetabolites of NJ-#uorenylaeetamide and N-hydrozyd-~uormylacstami& 

i n  chokcysfectomized rabbila w i t h  bile duct c a n n u l a *  

Data from ref. 200. 

Cornpaand Injected 

N-2-Fluorenylacetamide . . . . . . . . . . . . . 
N-Hydroxy-2-fluorenylaoetamide. . . . . 

hamsters, cats, mice, mastomys, monkeys, 
and men have been shown to excrete the 
g l u m n i d e  of N-hydroxy-N-2-fluorenylacet- 
amide after single doees of the amide, thus 
demonstrating their capabiity of perform- 
ing this reaction (table 2). 

Of particular interest is the excretion of 
the N-hydroxylated metabolite by human 
beings (475). Five patients given identical 
tracer doses of isotopic N-2-fluorenylacet- 
amide had differing quantities of the N- 
hydroxy derivative in their urine as the 
glumnide.  The other major metabolite 
was the 7-hydroxy derivative. Thus, the 
picture in man was like that in rhesua mon- 
key (102) and rabbit (182). Man also acted 
like these two species, insofar as the major 
portion of the dose was excreted in urine, 
and only small amounta in the stools, sug- 
geeting that with these compounds man has 
relatively little b i i  excretion in contrast 
to dog (365) or rat. Therefore, if human 
beings were ever exposed to auBciently large 
amounts of such carcinogens, they would 
likely exhibit most tumors in the liver or the 
urogenic pathway. The variability in the 
quantities of N-hydroxy-N-Zfluorenylacet- 
amide produced by the five individuals 
tested may find a parallel in the in vitro 
hydroxylation with microsome fractions in 
which Enomoto and Sato (105) found a i d -  
lar quantitative differences. Such variabiity 
was also encountered by Belman et al. 
(35) and Troll and Belman (429) who exam- 
ined the excretion of N-hydroxy derivatives 
by men given large doses of several aromatic 

amines and derivatives. Free N-hydroxy-N- 
acetyl derivatives and the glucuronic acid 
conjugates were determined by a method 
based on the formation of copper chelate 
in a chloroform extract of the urinary me 
tabolites, a method not as specific as the 
chromatographic procedures used by Weis- 
burger et d. (475). Bemidine exhibited the 
highest total excretion of such metabolites, 
amounting to 2 % (range 0.24 to 6.1) of a 
dose of 200 rng per person. Lower levels 
were found with 3 ,3'-dichlorobenaidine, 
1-naphthylamine, Zacetylaminonaphtha- 
lene, acetanilide, Znaphthylarnine, and low- 
est with phenacetin. The individuality in 
N-hydroxylation in Merent persons may 
account for their own peculiar sensitivity or 
resistance to such minogens or agents as 
regards their biological, pharmacological, or 
toxicological response generally. 

By specific chromatographic techniques 
on 24-hr samples of urine, only trace amounts 
of N-hydroxy-N-2-fluorenylacetamide, or 
none, were observed in a strain of steppe 
lemmings (480), guinea  pig^ (324) or rain- 
bow trout (277) administered N-Zfluorenyl- 
acetamide. However, Kiese et d. (232) and 
Kiese and Wiedemann (236) reported the 
occurrence in guinea pig urine of Zfluorenyl- 
hydroxylamine, identiiied as the nitrom 
compound, after large dosea of 2-fluoren- 
amine. The amount found was small, and it 
was present mostly in the first few h o w  
after administration of the amine. Also it 
seemed important to collect the urine freshly 
a t  low temperature and at pH 4.5, where 

Perantageofb8eErcrrtsdin24hr~ 

N-Hydm1y-2-fl110~ Lcetunide 
e h m r o n d  

Urine 

6.9 i 0.64 
12.2 f 1.66 

7 - H e - 2 - 0 1 1  Lat.mi& 
g ~ u m r o ~  

Bile 

2.1 f 0.99 
0 

Urine 

14.1 f 1.72 
1.6 f 0.21 
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TABLE 2 
N-Hydrozyhtion of Nd-flwrenylaeetamide in  seueral spe&a 

After cbronic intake. 

the hydroxylamino derivatives are most 
stable. After injection of N3-fluorenylacet- 
amide into guinea pigs, Kiese and Wiede- 
msnn (235) saw no evidence for excretion of 
the N-hydroxy derivative as such or as 
glucuronide (as also reported by other in- 
vestigators). Again a small portion of the 
dose was present early after the injection aa 
the co~esponding hydroxylamine. Kieae 
and h e r  (231) as well as Irving (1%) 
reported that guinea pig liver poemwes sub- 
Btantial capability to deacetylate N-Zfluo- 
renylacetamide or the N-hydroxy derivative, 
possibly accounting for the excretion of the 
hydroxylamine rather than the N-acetyl 
derivative. 

After dmhistration of 2-fluorenylhy- 
droxylarnine to dogs, no known acetylated 
metabolites were detected in urine by 
Poirier et d. (365), in contrast to the situa- 
tion in rats (481). The former group also 
establiehed that Zfluorenamine failed to 
yield any of the N-acetylated metabolitee, 
in contrast to rats, and furthermore by iso- 
tope techniques confirmed that arylaminea 
cannot be acetylated by dogs which are de- 

ficient in acyltrsnsfersse. The acetyl deriva- 
tive, N-Zfluorenylacetarnide, did undergo 
N-hydroxylation. 
Just as blocking the pposition in aniline 

with chlorine leads to more extensive N-hy- 
droxylation (212, 233), the substitution of 
fluorine in the 7-position in N-2-fluorenyl- 
acetamide, one of the major ring positions 
subject to hydroxylation, also leada to in- 
creased N-hydroxylation and consequently 
enhanced carcinogenicity in rats (316). 
Likewise, N-2-phenanthrylacetamide was 
converted to an N-hydroxy derivative which 
was more carcinogenic than the parent 
compound. 

2. ModiMng faders. With most aromatic 
aminea for which N-hydroxylation was 
demowtrated, there have been relatively 
few additional studies on environmental or 
other factors controlling or modifying N-hy- 
droxylation, except poesibly for teats on the 
d e c t  of myme  inducers such as pheno- 
barbital or methylcholanthrene, or in vitro 
studies with select inhibitors, already de- 
scribed in part. 

However, in respect to the urinary ex- 

p-m 
o f h  

Ezyim 
N-HydroIy 
Denvrtive 

1.5 

5.2 
0 
6 
15-20 
4-14 

2.3 
0.6-2.7 
1.8-2.3 
13-20 

Not de- 
tected 

0.3-16* 
Trace 

Reference 

324, 468 

97 

1 -  
158 

gss 
46 

Species 

Cat 
Chicken 
Dog 
Guinea pig 
Hamster 

Human 

Mestomys 
Monkey 
M o m  
Rabbit 
Rainbow trout 

~ e t  
Steppe lemming 

Cucin enic Effect of 
~ - 3 l n o ~ y l -  

rcet~mde 

+ I + + 
- 
+ 
? 

? + + 
- (Minimal) 

+ - 

Reference 

184 
184 
184 
184,271 
184,271 

106 
184 

184,nl 
48, 183, 184, n1 
277 

184, ni 

Reference 

479 

366 
324 
324 
478 
475 

509 
97, 102 
324,328 
182 
277 

328 
4-80 

N - H y h -  

$ky"::O 
by Liver 

+ + + 
0 
+ 
+ 
0 

+ + 
Not de- 

tected 
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cretion of N-hydroxylated metabolites, a 
major effort was exerted with the carcinogen 
N-Zfluorenyl8cetamide and related com- 
pounds to relate N-hydroxylation to the 
biological effect. As mentioned previously, 
a single dose of N-Zfluorenylacetamide re- 
sults in the urinary excretion of only small 
amounts of N-hydroxylated derivative. 
However, upon continuing intake of the 
carcinogen, iWer  et al. (328) found pro- 
gressively larger amounts as glucuronic acid 
conjugates in urine. Interestingly, in rats 
the simultaneous administration of 3-meth- 
ylcholanthrene failed to yield this increase; 
the amount of N-hydroxy derivative re- 
mained low, whereas some of the ring-hy- 
droxylated, particularly the 3- and 5-hy- 
droxy, derivatives were increased appreci- 
ably (fig. 4). This same picture also pre- 
vailed when 2-fluorenamine as well as the 
more carcinogenic N-(7-fluoro-2fluorenyl)- 
scetamide were fed to rats. In both cases 
methylcholanthrene prevented the increased 
excretion of N-hydroxy derivative. The 
slightly carcinogenic N-2-fluorenylform- 

AAF 

WEEKS 

FIG. 4. Urinary excretion of the hydroxy deri- 
vativea of N-2-fluorenylacetamide (AAF) during 
feeding the oarcinogen, with or without the addi- 
tion of 3-methylcholanthrene. 

Each figure repreeents the average excretion for 
24 hr for four rats (328). 

amide gave only low levels of N-hydroxy 
derivative, with or without additional 
3-methylcholanthrene. 

In contrast to the situation seen with 
N-2-fluorenylacetamide in rate, decreasing 
levels were found when rats were fed 4acet- 
ylaminobiphenyl or even the N-hydroxy 
derivative itself (334) (see fig. 2). Moreover, 
the urinary level of N-hydroxy derivative 
was not dected by the joint admhktration 
of dietary methylchohthrene which has 
such a pronounced influence with N-2- 
fluorenylacetam.de, as discussed previously. 
Confirming these metabolic data, the addi- 
tion of methylcholanthrene has only slight 
modifying action on the carcinogenicity of 
4acetylaminobiphenyl and its N-hydroxy 
derivative, in contrast to the sharp depres- 
sion with the fluorene carcinogen. 

Rsbbita a h  excreted more N-hydroxy 
metabolite upon chronic intake of N-Zfluo- 
renylacetamide, with a peak between daya 
3 and 23 (182). On the other hand, although 
mice eliminated appreciable amounts of the 
N-hydroxy compound after a single dose, 
the amounts did not increase much upon 
continuing intake nor were they influenced 
greatly by the preaence or absence of dietary 
methylcholanthrene. Of considerable inter- 
est is the fact that, whereas hamsters ex- 
creted an appreciable fraction of a doee of 
N-Zfluorenylacetamide as the glucuronide 
conjugate of the N-hydroxy derivative 
(478), admhistration of methylcholanthrene 
increased quite considerably the amount of 
N-hydroxy derivative found in urine ac- 
cording to Lotlikar et d. (271) and Enomoto 
et al. (104). These workers also found that 
continued feeding gave increasing levels of 
the N-hydroxy derivative at several time 
intervsls over a %week period and some- 
what lower levels thereafter. During the 
first 12 weeb simultaneous intake of methyl- 
cholanthrene also increased the excretion of 
the N-hydroxy derivative. Methylchoh- 
threne or N-2-fluorenylacetamide pretreat- 
ment of hamstere increased appreciably the 
in vitro yield of N-hydroxy metabolite with 
rnicmmes or a 9000 X g supernatant of 
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hamster liver. As may be expected, there- 
fore, in contrast to the eituation with rats, 
the joint admkbtration of methylcholan- 
threne and N-Bfluorenylacetamide increased 
the yield of tumors in hamsters (104). The 
mechanism of the differential effect of 
methylcholanthrene in rats, hamsters, or 
other W e s  is not clear. 

Chronic phenobarbital intake (503) or 
injection for 7 days (301) increased the ex- 
cretion of hydroxylated metabolites of 
N-Zfluorenyhcetamide but particularly of 
the N-hydroxy compound. Microsomes ob- 
tsiaed from rata given phenobarbital for 7 
daye yielded more than twice the amount of 
N-hydroxy derivative in viEro. Nonethelm, 
we found that the amount of label from 
[9-'FIN-Zfluorenylacetamide in the liver 
or bound to DNA, RNA, or protein8 of 
phenobarbital-treated rats was about 50% 
that of the control rsts. The key dect ap- 
pears to be induction of glucuronyltrans- 
ferase, inmeaakg the excretion in urine of 
glucdduronic acids, particularly that of 
N-hydroxy-N-Zfiuorenylacetamide. Sulfate 
esters, in contmst, are lower. In poesible 
conformity, Wyatt and Cramer (503) and 
Peraino et al. (362) reported that the pheno- 
barbital treatment dhbbhed the carcino- 
genicity of the agent. Curiously, phenobar- 
bital following carcinogen increased carcino- 
genicity (362). An inhibitory effect on the 
carcinogenicity of both N-2-fluorenylacef- 
amide and N-hydroxy-2-fluorenylacetamide 
was also found with the antioxidant bu- 
tylated hydroxytoluene. Biochemical studies 
conhmed that, as with phenobarbital, much 
larger amounts of the N-hydroxy derivative 
were excreted more rapidly as the glucuro- 
nide (455). 

The siaable production of the N-hydroxy 
derivative of N-Zfluorenylacetsmide in 
rate pretreated with this agent led to the 
queetion whether N- and ring-hydroxyla- 
tion involved the N-acetyl compound as 
such or whether prior hydrolysis to the amine 
took place (328). Indeed, in connection with 
sfudiee of the metabolism of N-Znaphthyl- 
acetamide, it had been thought that the 

6-hydroxy derivative arose from hydroxyla- 
tion of the acetylamino derivative but that 
the 1-hydroxy derivative was derived from 
hydroxylation of the amine (496, p. 462). 
By determining the dilution of the label 
from acetyl-labeled N-Zfluorenylacetamide 
in the hydroxylated derivatives found in 
urine of rate prefed unlabeled compound, it 
was concluded that the major portion of the 
hydroxylated derivatives resulted from the 
direct hydroxylation of the amide. Thus, the 
urinary N-Zfluorenylacetsmide and the N-, 
3-, 5-, and 7-hydroxy derivatives retained 
half or more of the radioactive acetyl group. 
The 1-hydroxy compound had only one- 
third, possibly resulting somewhat more 
from the hydroxylation of the amine. How- 
ever, it was also shown that the o-hydroxy 
derivatives may in part atem from an isom- 
erization of the N-hydroxy derivative, as 
discuseed elsewhere in this review. 

Increased levels of urinary N-hydroxy de- 
rivatives of N-2-fluorenylacetamide were 
also noted in rata with liver damage caused 
by a variety of agenta such as thioacetamide, 
ethionine, 3'-methyl4dixnethylaminoam- 
benzene, or even N-Zfluorenylacetamide 
(294), or after partial hepatectomy, after 
protein starvation followed by refeeding of 
bigh protein diet, after ingestion of ther- 
mally oxid id  oils (which also increased the 
carcinogenicity (415), and also more in 
young compared to older rats. Ring-hy- 
droxylation, especially at  the 7--position, was 
also bigher after these treatments but not 
as much and not invariably. Margreth et al. 
(294) noted relatively little increase after 
repeated small doses of carbon tetrachloride, 
but Weiaburger and Weisburger (486) noted 
a doubling of the level of N-hydroxy deriva- 
tive after a large dose of carbon tetrachloride. 
Simultaneou~ admhbhtion of carbon tetra- 
chloride and N-2fluorenylacetamide induced 
liver tumors faster than carcinogen alone 
(483,488). 

The increasing levele of N-hydroxylated 
metabolites of N-Zfluorenylacetamide ex- 
creted in urine upon continuing intake may 
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in part be due to progwdve liver damage 
induced by this agent itself. 

Also supporting this concept is the fact 
that continuing ingeation of other aryl- 
h e s  which do not exert a direct hepato- 
toxic effect, such aa 4acetylaminobipheny1, 
failed to increase but rather decreased levels 
of N-hydroxy metabolites in urine. However, 
in addition the action of the bacterial flora 
in the gut needs to be considered. The d e c t  
of 4-acetylaminobiphenyl on bacterial flora 
is not known. However, N-Zfluorenyl- 
mtamide and the N-hydroxy derivative 
are bacteriostatic. Therefore, during con- 
tinuing intake of the carcinogen there were 
eisable alterations in the bacterial flora in 
the lower inteatine (495). Inasmuch aa the 
bacterial flora participate to a considerable 
extent in the metabolism of the carcinogen, 
specifically with respect to hydrolysis of the 
g l u d d m n i c  acid and reduction of the 
N-hydroxy derivative (see fig. 5), it has 
been postulated that these changea a h  
influence the excretory pattern of metabo- 
lites in urine, as well as the circulating levels 
of metabolites available to target tissues. 
With the noncarcinogenic ace td ide  there 
were changea in the pattern of urinsry me- 
tabolites and biding to DNA, RNA, or 
protein of rata following chronic ingestion 
verw a single dose. However, no evidence 
for urinary excretion of N-hydroxyacetan- 
ilide waa found even after continued feed- 
ing (144). 

&Hydroxyquinoline moderated the car- 
cinogenicity of N-2-fluorenylacetamide (512) 
probably because of lowered N-hydroxyla- 
tion (212). This finding deserves further 
investigation in light of the possible inter- 
ference of this chelating agent with hemo- 
protein syntheeis, and hence perhaps cyto- 
chrome P-450 levels. The development of 
enzyme activity for the N-hydroxylation of 
pchloroaniline with in- age of fetal 
and newborn rata follow8 that of P-450, 
thus implying aome connection (454). Other 
data indicate, however, that N-hydroxyla- 
tion may be P-450 independent (304,448). 

Hormonal factors have sizable effects in 
modifying the carcinogenicity of agents 
like N-24uorenylacetamide (467, 486). For 
this reason a number of etudiee were under- 
taken to relate such effects to the metabo- 
lism of the carcinogen and more particularly 
on the lev& of N-hydroxylated derivatives. 
L o t l i b  et al. (270) noted decreased levels 
of N-hydnary-N-2-fluorenylacetamide in 
urine of adrenalectomized, hypophysecto- 
d e d ,  young rats given N-Zfluorenylacet- 
amide or diacetamide. Thyroidedomy had 
less effect. Although ligation of the bile duct 
of rats c a d  a Zfold increase in urinary 
excretion of the N-hydroxy derivative after 
a dose of N-%fluorenylacetami&, adrenal- 
ectomized-ligated rsta excreted levels only 
slightly higher than did controls (272). Re- 
placement therapy with cortieone, deoxy- 
corticosterone, or adrenocorticotropic hor- 

FIG. 6. Dehydroxylation of N-hydroq-N-2-fluorenyl808tdde (N-OH-FAA) by bdemd Gltrate of 
rat cecal contenta at 30'. Substrate waa reintroduced at 0,4, and 8 hr after ether extraction for memure- 
ment of 1-hr rate changes. 

Note the progreeaive increane in 1-hr rate of dehydroxylation ss exposure time increases (4%). 
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mone partially restored the excretion of 
N-hydroxy derivative. Weisburger et al. 
(476) also noted that the increasing levels of 
urinary N-hydroxy-N-2-fluorenylacetamide 
seen when N-2-fluorenylacetamide was fed 
to normal animals did not occur or took 
place to a decreased extent with hypophy- 
aectomieed rats. The effect of these hor- 
monal manipulations which reduce the car- 
cinogenicity of N-Zfluorenylacetamide may 
be mediated by lower conversion to or 
maintenance of inadequate levels of the 
N-hydroxy derivative. As discussed else- 
where in this review, the ultimate activation 
step, d a t e  ester formation (332), is also 
controlled by hormonal factors. 

On the ba& of the obaemation by Firm- 
inger and associates (358, 371) that the ad- 
ministration of relatively large amounts (2 % 
in the diet) of chloramphenicol inhibited the 
carcinogenicity of N-Zfluorenyldiacetamide, 
the convemion of this agent to urinary 
N-hydroxy-N-2-fluorenylacetamide was ex- 
amined. After intake over a &week period 
of carcinogen or carcinogen plus chloram- 
phenicol, the latter group excreted 133 % of 
the glucoaiduronic acid of the N-hydroxy 
derivative compared to the controls fed 
carcinogen alone (484). More recently it was 
found that in rata prefed chloramphenicol 
alone for 4 weeks and given a single dose of 
carcinogen there were increased levels of 
N-hydroxy derivative as in untreated con- 
trols. In this case the changes may have 
been due to a dual effect on liver and on gut 
bacterial flora (143, 303). 
As a sequel to these studies the effect of 

acetanilide and related anilines on the tox- 
icity, carcinogenicity, and metabolism of 
N-2-fluorenylacetamide was determined 
(145, 507, 508). Thus, after feeding 0.8% 
acetanilide to rats, a single dose of N-2- 
fluorenylacetamide yielded a slightly in- 
creased excretion of N-hydroxy-N-Zfluo- 
renylacetamide glucuronide in urine com- 
pared to untreated controls. However, after 
consuming a mixture of 0.8% acetanilide 
and 0.02% of the carcinogen, much lower 
levels of the N-hydroxy derivative were 
found in urine, compared to rats fed N-2- 

fluorenylacetamide alone (see fig. 6). It 
seems, therefore, that acetanilide given 
chronically may have a dual effect. It can 
increase N-hydroxylation of a small amount 
of other amides such as N-2-fluorenylacet- 
amide. Under chronic conditions it protecta 
the liver from extensive damage, thus re- 
ducing the extent of N-hydroxylation of the 
carcinogen, and it possibly competes suc- 
cessfully against limited amounts of another 
aromatic amine. Adminkitration of the mix- 
ture of N-2-fluorenylacetamide and acetan- 
ilide decreased the toxicity of the carcino- 
gen and delayed considerably the expression 
of the carcinogenic effect (508), as did sev- 
eral related toluidines and aminobenmic 
acids (507). Relevant to the protective etrect 
may be the discovery that aniline exerts a 
severe inhibitory effect on an acetyltrans- 
ferase involved in converting an N-acetyl 
to a reactive O-acetyl arylamine (29, 241). 
Acetanilide and ita metabolite 4hydroxy- 
acetanilide also inhibited mammary tumors 
in female rats from either N-Zfluorenyl- 
acetamide or the N-hydroxy derivative. 
Although a protective d e c t  on the liver 
was also seen in mice and hamatere fed the 
carcinogens, forestomach and bladder tu- 
mors were not inhibited (490). 

3. N-Hydroxylation of aminoazo dyes. A 
number of aminom dyes has been exten- 
sively studied because of their carcinogenic 
properties. One of the oldest known carcino- 
genic azo dyes, o-aminomtoluene, presuma- 
bly undergoes N-hydroxylation just as has 
been described for the classic arylamine de- 
rivatives. However, many compounds de- 
rived from p-aminoazobenzene are carcino- 
genic only if they bear at least one N-methyl 
group. An exception is the o-methoxy de- 
rivative of 4aminoazobemene, which is 
mainly active in extrahepatic tissues. Most 
of the dyes, typified by N ,N-dimethyl-4- 
amino~eobenzene (or N , N-dimethyl-pphen- 
ylazoaniline) affect chiefly rat liver. A num- 
ber of earlier hypotheses on the activation 
of such carcinogens involved oxidation of 
the N-methyl group to hydroxymethyl 
(320), but a N ,N-dialkyl-N-oxide haa also 
been proposed (424). The N-oxide is as 
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0 F A A  + A A  

F A A  

SULFATE # 

N-OH-FAA 7-OH-FAA 5-OH-FAA 
FIG. 6. Main etheraoluble metabolites, as determined by paper chromatography, in groups of ratd 

fed 0.8% acetanilide (M), 0.8% acetanilide + O.m% N-2-fluorenylaeetdde (FAA + M), 0.02% N-2- 
fluorenylsaetrrmide (FAA), or control diet (contrc!) for 6 weeke, followed by a mngle dose of isotopic 
FM. 

N-Hydroxy-N3-fiuorenylecetamide (N-OH-FAA) and 6-hydroxy-2-fluomnyl-tamide are excreted 
largely as gluauronida. 7-Hydroxy-2-fluorenylacetamide (7-OH-FAA) is present both as a glucuronide 
and as a sulfate (196). 

carcinogenic as but not more than the 
N ,Ndimethylarnino compound iteelf. 

Injection of N , N-dimethyl-4-aminoazo- 
benzene or the monomethyl dye into rsts 
led to excretion of small amounts as an 
N-acetyl-N-hydroxy derivative (382). 
Slightly larger amounts were noted after 
giving the N-acetylrw, dye but not much 
more when the N-acetyl-N-hydroxy com- 
pound itself was injected, indicating that 
thie metabolite is itaelf quickly converted to 
other materials. Mice or hamstera given the 
N-acetyl compound eliminated lsrger quan- 
titiea of the N-hydroxy compounds than 
rats, paralleling their capability in this re- 
spect with the fluorene compounds. How- 
ever, the N-acetyl or the N-acetyl-N-hy- 
droxy metabolites of the azo dyea were not 
carcinogenic in rate. Therefore, N-hydroxyla- 
tion with the simultaneous 108s of the N- 
methyl groups doee not constitute a meta- 
bolic activation pathway with this class of 
liver carcinogens. As discussed elsewhere, an 

unstable N-hydroxy-N-methyl am dye is 
the likely carcinogenic intermediate. Just 
as with the f l u o d e  derivatives, ad- 
ministration of a large molar excess of 
acetsnilide inhibits the carcinogenicity of 
aeo dyes (369,506). 

4. N-Hydroxy2ditna of zcrethan. After the 
discovery of the importance of N-hydroxyls- 
tion for the wcinogenicity and biochemical 
reactivity of certain aromatic aminea, this 
concept was extended to urethan or ethyl 
carbamate. Testa with N-hydroxymthan 
ahowed this compound to be aa carcinogenic, 
or perhaps slightly lesa active, than urethan 
itself (36, 328). However, the situation is 
not clear, as reviewed by Mirvish (335). 
Metabolism studies, after injection of the 
N-hydroxy compound, led to the conclusion 
that urethan was the more prevalent prod- 
uct. On the other hand, N-hydroxyurethan, 
but not urethan itself, poeeeeees mutagenic 
activity and biochemical reactivity and 
leads to methemoglobin formation (350). 
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Thus, the N-hydroxy compound and the 
N-acetoxy derivative reacted with nucleic 
acids and proteins. In this case the base 
attacked was chiefly cytosine (347). The 
salient reaction may be the conversion of 
urethan to an active intermediate, perhaps 
the N-hydroxy derivative, which could give 
an activated ethoxy carbonyl leaving group 
capable of interacting with molecular tar- 
gets in the cell (51, 60). Such reactions are 
also postulated for certain of the carcino- 
genic pyrrolizidine alkaloids (84, 85, 307, 
354, 385). 

B. Metabolites in BiIe 
Excretion of metabolites of N-Zfluorenyl- 

acetamide in bide in sizable amounts was 
firrJt reported by Weisburger et al. (469), and 
Irving et al. (200) have determined the 
b i  metabolites present as a function of 
time. The bile of rats injected with a single 
dose of N-2-fluorenylacetamide contained a 
fair proportion of the dose as the glucuro- 
nide of the N-hydroxy derivative. In con- 
trast, under the same conditions only a 
small fraction of the dose was excreted in 
the urine as this conjugate. Likewise, after 
injection of the N-hydroxy derivative vir- 
tually all of the metabolite in the bile was 
the glucuronide of the N-hydroxy deriva- 
tive. Furthermore, subcutaneous injection of 
the glucosiduronic acid of N-hydroxy-2- 
fluorenylacetamide resulted in the excretion 
in bile of rats of almost all of the injected 
compound, but in the urine only 64% was 
present as this material. After oral intake of 
the glucuronide, an even lower proportion 
of the total metabolites in urine was in the . . 
form of the compound admm&ered (198). 
Adult male or female rats excreted about 
30 % of a doee of N-hydroxy4scetylamino- 
biphenyl in bile in 24 hr as the glucosidu- 
mnic acid. Under aimilar experimental con- 
ditions only about 20% of the analogous 
fluorenyl conjugate was found (193). 

The metaboliem and b i i  excretion of 
N-Zfluorenylacetamide in rats was stimu- 
lated by pretreatment with benzo(a)pyrene 
but inhibited by piperonyl butoxide. How- 
ever, neither agent Muenced the biliary 

excretion of intravenously injected N-hy- 
droxy-2fluorenylacetamide (259). Thus, m e  
tabolism to a hydroxylated product was a 
key reaction modified by enzyme inducers 
or inhibitors, and this in turn controlled the 
b i y  secretion of metabolites. 

In the rabbit, injection of either N-Zfluo- 
renylacetamide or the N-hydroxy derivative 
led to the excretion in bile of only small 
amounta of metabolites, in contrast to the 
rat. Williams et al. (497) have demonstrated 
that b i i  excretion of drug metabolites 
in rats is in part a function of the molecular 
size and shape of the drug (398). The larger 
the molecule the more is excreted, often as 
glucuronic acid conjugates (315, 398). On 
the other hand, not many comparative 
studies have been performed in the rabbit. 

von Jagow et al. (206) found 0.6% of a 
dose of 40 mg per kg of paminopropiophe- 
none as a glucuronic acid conjugate of the 
hydroxylamino derivative, and only a small 
amount as free compound, in the bile of 
rabbits. The bulk again was excreted in the 
1st hr. On the other hand no N-hydroxy 
derivative was seen after aniline, p-ethyl- 
aniline, or pchloroaniline. Also, quite un- 
expectedly, considering the low urinary ex- 
cretion of N-hydroxylated metabolites in 
urine, no N-hydroxy derivative was seen in 
the bile of dogs after pchloroaniline or 
paminopropiophenone. Thus, one would 
surmise that the major portion of many 
drugs would not undergo b i  excretion in 
rabbits and rather would be eh imted  from 
the liver via the blood, subsequent to which 
step renal filtration would transfer metabo- 
lites to the urine. This species difference 
may account for the fact that agents like 
N-2-fluorenylacetamide and the N-hydroxy 
derivative yield more cancer in the urogenic 
system in the rabbit, as compared to what 
holds in most strains of rat. 

C.  M e t a b o l h  in Blood 

The pioneering discoveries of N-hydroxy 
compounds derived from aromatic aminea 
and circulating in blood were made by 
Kiese and his aeaociates and by Uehleke 



20 WEISBURGER AND WEISBURGER 

who have published comprehensive reviews 
on this subject (224,439). 

Hustedt and Kiese (178) injected aniline 
intravenously into cats and dogs. About 20 
min later they found the d m a l  amount of 
nitrosobenzene in the blood of cats which 
decreased relatively rapidly, reaching low 
levels 6 hr later. In doga the concentration 
of nitrosobenzene dropped somewhat less 
rapidly. Likewise, after injection of acetani- 
lide into cats or of N-acetylphenylhydroxyl- 
amine into dogs or cats nitrosobenzene was 
also noted in the blood. These tests provided 
the first instance of an oxidation of an 
aromatic amine or an aromatic amine 
derivative on the nitrogen. One comment 
on these results is baaed on the fact that 
the nitroso derivative wss readily observed 
shortly after injection of an amine but 
became undetectable in a relatively short 
period. Also, the pattern cited reflected the 
sum of phenylhydroxylamine plus nitroso- 
benzene for the analytical technique of 
Herr and Kiem (167) used did not discrimi- 
nate between these N-oxidation products. 

Heringlake et d. (166) extended these 
d t s  to a study of the fate of 2-naphthyl- 
amine in dogs and cats. Utilizing a spec- 
trophotometric assay method 2-nitroso- 
naphthalene was found in the blood shortly 
after an injection of large doses of the 
amine. 

Nitrosobenzene was also detected in a 
perfusate containing aniline and red cells, 
not only through isolated livers but also 
lungs of cats (233). B d e r  et d. (12) re- 
ported that the level of amines and of nitro- 
wbemene derivative8 in the blood of dogs 
injected with aniline or substituted anilinea 
increased somewhat more rapidly with 
&month- than with &month-old animals 
and also decreased more quickly in the 
younger group. Methemoglobin concentra- 
tions in the blood of doga incubated with 
phenacetin or with phenetidine were a 
function of age, but here older dogs ex- 
hibited higher levels. In part, this finding 
may be related to the amount of N-hydroxy 
derivative formed, but the rate of elimina- 

tion of the amine or the N-oxidation products 
seems to be more important. Thus, Bayerl 
and Kiese (32) noted that the blood level of 
nitrosobenzene rose more rapidly in dogs 
than in rabbits after intravenous infusion of 
phenylhydroxylamine, reflecting a higher 
rate of elimination of them compounds 
from the blood of rabbits, chiefly by reduc- 
tion to aniline (234). Kiem and Renner 
(230) demonstrated unambiguouqly the 
presence of pchloronitrosobemene in the 
blood of dogs injected with pchloroaniline 
with several analytical techniques. Kiese 
(223) extended these &ta to a number of 
aniline derivatives. As with aniline itself 
the highest concentration of nitrosotoluene 
was seen shortly after intravenous injection 
into dogs of m-toluidine. The p iaomer 
yielded lower amounts per ml of blood, but 
with the o-, m-, and pchloroanilines the 
para isomer gave the highest levels of 
nitroso derivative. Because o-chloroaniline 
was not extractable from the carbon tetra- 
chloride solution by acid as required by the 
procedure of Herr and Kiese (167), the 
presence of oxidation products in blood 
could be detected only indirectly by methe- 
moglobii formation, which was highest with 
p- and lowest with the o-chlorosniline. 
Likewise, the determination of nitroso de- 
rivatives waa mot performed with p-amino- 
propio- and butyrophenonee, isomeric 
acetylaminophenylallyl ethers, or N-@- 
hydroxyethy1)aniline. The N-oxidation of 
these arylaminee waa also estimated indi- 
rectly by the presence of oxidized hemo- 
globin. pArninopropiophenone was an ex- 
cellent inducer of methemoglobinernia (140), 
but the ortho and meta derivatives had 
very low potency. Perhaps more sensitive 
analytical techniques, such ss gas chroma- 
tography and maea spectrometry, would be 
helpful to detect and quantitate N-oxida- 
tion products of some of the arylaminee for 
which the existing colorimetric techniques 
failed (126). 

The procedure of detecting the presence 
of arylhydroxylaminea or nitrosobenzene 
derivatives in blood by evaluating the 
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amount of methemoglobin present requires 
a word of caution. Indeed, it must be noted 
that some aromatic amhes, even t h w  
subject to N-hydroxylation at an exteneive 
rate, are not highly active in leading to 
methemoglobin formation. For example, 
4(Zmethoxyethoxy)-3-acetylaniline and 
m-aminopropiophenone, even though readily 
hydroxylated, are relatively sluggish in 
methemoglobin formation in the dog again 
because under in vivo conditions facile re- 
duction to the aminea may occur (228). 

von Jagow et d. (206) studied the blood 
levels of nitroso compounds after administra- 
tion of p-ethylaniline, Zfluorenamine, and 
Caminobiphenyl to dogs and the same 
compounds plue paminopropiophenone in 
rabbits. Shortly after the intravenous in- 
jection of the amines the correeponding 
nitroeo compounds accumulated in blood. 
The rate of formation and maximum levels 
of nitroeo compounds attained varied de- 
pending on the compounds and the speciea 
(Qp. 7 and 8). 

The N-oxidation of the carcinogen 
4aminobiphenyl, which had been an im- 
portant industrial chemical, was examined 
in detail by Uehleke and Nestel (453). The 
nitroso derivative was readily detected, 
although relatively low levels were present, 
in the blood of cats given large amounts of 

this amhe. By M a r  techniques, Uehleke 
(444) h v e r e d  pnitrosophenetol in the 
blood of dogs fed the analgesic drug 
pphenetidine. Increased levels were noted 
in dogs pretreated with phenobarbital. 

A detailed study deals with the metabo- 
lites of the carcinogen N-Zfluorenylaceta- 
mide and the N-hydroxy derivative in the 
blood of rats (482). h addition to the 
presence of small amounta of free N-hy- 
droxylation products, evidence was produced 
that the blood contained g lumnic  acid 
conjugates of the N-hydroxy metabolite, 
possibly in some looee combinstion with 
plasma proteins. Bahl and Gutmann (13) 
and Deckere et d. (92, 93) noted that 
albumin and a-globulins were labeled after . . 
admumhation of the lGlabeled N-hydroxy 
compound. The red cells contained lower 
amounts of the conjugate and sigdcantly 
also of the free N-hydroxy derivative than 
the plasma. Rspid reduction of N-hydroxy- 
Zfluorenyhcetamide to Zfluorenylacetac 
mide was observed in the red cell. Such 
reductive prowem were demibed . with 
many N-oxy derivatives by Kieae and as- 
d t e s  (225, 229) and by Uehleke (444, 
453). Radioactivity from the labeled car- 
cinogen was bound to p h m a  prokina as 
well as proteins obtained after lysis of the 
red cells. Esrlier Jackson and Thompson 

60 min 120 30 60 min 120 

FIG. 7. Concentration of N-hydroxy derivatives and nitroso analogues (determined aa nitroso com- 
pounds) and concentration of ferrihemoglobin in the blood of d w  after the intravenoue injection of 
aromatic amines (206). 

X, p-ethylsniline, 75 mg/kg, five experimente; 0,2-aminofluorene, 100 mg/kg, one experiment; @, 
4-aminobiphenyl, 80 mg/kg, one experiment. 



WEISBWQER AND WEISBURGEE 

30 min 60 30 min 60 
FIG. 8. Concentration of N-hydroxy derivative8 and nitroao analogues (determined M nitroso com- 

pounds) and aoncentration of ferrihemoglobin in the blood of rabbite after the intravenous injeation of 
some aromatic aminee (208). 

X,  p-ethylaniline, 60 -/kg, one experiment; 0,2-aminofluorene, 100 -/kg, four experiments; , 
4-aminobiphenyl, 100 mg/kg, two experiments; 0, p-aminopropiophenone, 30 rq&, four experiment& 

(205) noted that label from isotopic p-iodo- 
phenylhydroxylamine was combined with 
red cell components. Uehleke and associates 
thought slso that oxidative processes in 
blood, and particularly the red cell, led to 
the dieappearance of arylhydroxylamine 
derivatives from the circulation. Beutler 
(38) recently summarized drug-induced 
anemias. 

D. Methemoglobin Production b y  
N-Hydrozy C a m p o u ~  

It has been long known that aniline or 
nitroeo-e caw methemoglobin for- 
mation in tho,  particularly under conditions 
of chronic axpoeure. However, the under- 
lying mechaniem did not become clear until 
the concept waa developed that a major 
reason for the methemoglobinemia with 
them compounds was their biochemical 
c o n d o n  to N-hydroxy derivatives (224, 
439). Methemoglobin formation is a func- 
tion of the apecific compound admhtered,  
of the species, and of environmental con- 
ditions modulating the main variants. In 

turn, explanations for differences in methe- 
moglobin formation reaide in the relative 
susceptibility of the compounds admin- 
istered to conversion to N-hydroxy deriva- 
tives. Methemoglobin formation will be 
higher when there is higher production of 
arylhydroxylamines, although aminophenola 
or quinones can also lead to methemoglobin. 
Furthermore, an important conaideration 
is the relative rate of the subsequent me- 
taboliem of arylhydroxylaminea. For ex- 
ample, conjugation with glucuronic acid 
withdraws a compound from the pool of 
etrective matmid which may be either the 
free compound or a more reactive ester 
form. While in aome cases methemoglobin 
formation has been seen with nitroeosryl 
derivatives, present evidence euggeete that 
the nitmeo compounds are active chiefly 
after reduction to the hydroxylamines. 

The cat appear8 to be most susceptible to 
methemoglobin formation, possibly becauae 
of a deficient glucuronyltransfeme eysfem, 
so that more of the arylhydroxylamine circu- 
lates in reactive forms. The dog is likewiee 
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fairly susceptible, perhaps because of ita 
well known low acetylation capability. The 
rabbit, the rat, and the mouse yield lower 
methemoglobin titera as a result of their 
capacity to reduce methemoglobii. The 
respowe of man appears to be variable 
(389). Methemoglobin formation is often 
deecribed in clinical case reports on acci- 
dental exposure to nitrobenzene or aryl- 
amhe derivatives or analogues. 

Under select experimental conditions 
some arylhydroxylaminea are better methe- 
moglobin formers than others. In part, such 
Merenoes may be due to detoxification 
reactions to which these compounds are 
eubject prior to reaching the center of 
methemoglobin production. Such reactions 
could be conjugation with glucuronic acid, 
acetylation, or reduction to the srylaminea. 
We have noted that erythrocytes readily 
convert N-hydroxy-N-Zfluorenylacetarnide 
to N-Zfluorenylacetamide. Also, in con- 
traat to aniline, with acetanilide itself, there 
appeare to be a self-limiting effect on 
methemoglobin formation, although in tbie 
case the mechanism haa been ascribed to a 
depletion of the peroxide pool, thue giving 
methemoglobin indirectly. 

Nitrosobenaene was demonstrated in the 
blood of cat. shortly after intravenoue in- 
jection of aniline or of acetanilide. Coinci- 

dentally there was considerable methemo- 
globinemia, more with m W d e  than 
with aniline (178). Phenylhydroxylamine, 
but much less so N-acetylphenylhydroxyl- 
amhe (phenylacetohydroxamic acid) 
formed methemoglobin in &TO with red 
cells of ox, man, or dog in the presence of 
glucose and air. In cab and in dogs similar 
levels of nitrosobenzene and of methemo- 
globim formation were observed after injec- 
tion of phenylhydroxylamine or N-acetyl- 
phenylhydmxylamine. This indicates that 
the acetyl group is readily removed in both 
species, although the reaction ie somewhat 
elower in dogs. 

Addition of a homogenate of liver in- 
creased enormously the rate of methemo- 
globin formation with phenylhydmxylamine 
or with the acetyl derivative. The reason 
may be that reductive enzymea enhanced 
the rate of arylhydroxyhmine formation 
from the nitroso derivative. Under theae 
conditions the cyclic oxidation-reduction 
ayatema giving rise to oxidized hemoglobii 
were facilitated (234). 

m-Toluidine was converted to the n i h  
derivative as was the p isomer (223). How- 
ever, whereas methemoglobin formation 
after o- and m-toluidine wse like that of 
aniline, the p isomer gave very little in- 
crease (%. 9). Likewise, pchloroaniline 

FIG. 9. Concentration of hemoglobin in the blood of dogs after the intravenous injection of 111.1 mg 
of toluidine hydrochloride per kg. 

The symbols indicate the meana of experiments on four doga (a). 0-0, o-toluidine; @-a, 
p-toluidine; X-X , m-toluidine. 
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gave appreciable levels of p-chloronitroso- 
b e m e  but relatively low titera of methe- 
moglobin. On the other hand, whereas 
paminopropiophenone or the corresponding 
butyro compound led to considerable 
methemoglobiemia, no N-oxidation prod- 
ucte could be detected in blood. Curiously, 
o- and m-aminopropio- or butyrophenones 
yielded only low methemoglobi values. 
Therefore, N-oxidation does not always 
parallel methemoglobi formation (228). 

In dogs phemcetin and p-phenetidine 
yielded higher levels of methemoglobi com- 
pared to phydroxyacetanilide. The effect 
with these druge and also with aniline waa 
more pronounced in older dogs than in 
young animals. p-Nitrosophenetol was ob- 
served in the blood of dogs injected with 
phenetidine (12). CArninobiphenyl, given 
o r d y  to dogs, was moet effective in de- 
veloping methemoglobinemia, whereas an 
equivalent dose of Znaphthylamine waa 
much lea  active. 1-Naphthylamine produced 
only negligible levels of methemoglobi 
(373). 

Following numerow reporta (68, 69, 73, 
227, 370) dealing with the mechanism of 
the iatrogenic effects seen with the im- 
portant drugs phenacetin and pphenetidiie, 
Uehleke (444) documented the preaence of 
N-hydroxylated metabolites in blood and 
urine of dogs given phenetidine. Pretreat- 
ment with phenobarbital increased the 
extent of the reaction. Although rate ex- 
hibited methemoglobiemia, they excreted 
little N-hydroxy metabolite in urine. N-Hy- 
droxylation a h  occurred with liver or 
kidney m i c m m e  from rabbits, and thia 
reaction likewise was higher if the rabbits 
were injected previously with phenobarbital. 
Confirming Kieae et d. (234) with nitroeo- 
benzene, the observation was made that 
pnitroaophenetol ca ta lpa  the rapid oxi- 
dation of hemoglobin in ox erythrocytes in 
the presence of rnicrosomea or of a soluble 
fraction of liver with NADPH. In 5 min 1 
moleoule of nitroeophenetol led to the for- 
mation of 44 molecule8 of methemoglobi. 
Uehleke (444, 446) related the effects of 

phenacetin and phenetidine on the kidneys 
in sensitive aubjecta to the production of 
antigenic substances in this organ, by 
combit ion of reactive N-oxidized me- 
tabolites with macromolecules. 

The preaence of Znitroeonaphthalene 
waa detected in the blood of dogs and cats 
after an injection of large amounta of 
Znaphthylamine (166). This amine was l ea  
effective in methemoglobin formation than 
phenylhydroxylamine, perhaps because of 
the greater degree of secondary reactions 
with the red cells. 4Nitrosobiphenyl and 
methemoglobi were noted in the blood of 
cats injected with large doees of Pamino- 
biphenyl (453). Under in vitro conditions 
4-nitrosobiphenyl led to methemoglobin 
formation in red cells of ox and cat, but 
again to a leseer degree than n i t r o s o w e .  
Miller et al. (334) described the rapid onset 
of methemoglobinemia after intraperitoneal 
injection into rats of N-hydmxy-4-acetyl- 
aminobiphenyl, but not after Cacetylamino- 
biphenyl. Lower levels of methemoglobin 
were noted upon continuing intake of the 
N-hydroxy compound. 

It was reported recently that of certain 
substituted anilines, methemoglobi for- 
mation was most rapid with N-hydroxy- 
metidine, a metabolite actually demon- 
strated in the urine of rate given mesidine 
Another metabolite of meaidine, 2 , 6  
dimethylbemoquinone, postulated aa arising 
from the N-hydroxy derivatives, a h  ex- 
hibited appreciable methemoglobin-forming 
ability. Mesidine and peeudocumidine gave 
lower level8 of methemoglobi after a lag 
period, probably becauee of delayed forms- 
tion of N-hydroxy metabolites. The 2,4-, 
2,5-, and 2,6-xylidines had decreasing 
potency in forming methemoglobin (265). 

McLean et d. (309) examined methemo- 
globi  formation in cats injected intra- 
venously with a large number of eubetituted 
aniline derivatives, including the 2-, 3-, 
4methyl and ethyl derivative, a number of 
dimethyl analogues aa well aa the fluom- 
trifluoromethyl-, chloro-, bromo-, and poly- 
halogenated aniline, the isomeric methoxy 
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and ethoxy and hydroxymethyl com- 
pounds. In part the level of methemo- 
globinemia, which usually peaked a t  1 to 
3 hr after administration of the amine, was 
related to the rate of N-hydroxylation of 
the compounds. However, there were ad- 
ditional considerations such aa the relative 
ease of conversion between nitroao- and 
hydroxylamine derivative and the reac- 
tivity of these compounds in the hemoglobim- 
methemoglobin equilibrium. With most of 
these compounds the effect waa dose-related. 
The activity of aniline was enhanced by 
substitution a t  the Pcarbon except with 
methyl or methoxy which presumably gave 
rise to the less potent a m i n o b i c  acid or 
other derivatives. Ortho or meta substitu- 
tion made little ditrerence or decreased 
potency, w h e w  polysubstitution uaually 
reduced the dec t .  SKF-525A failed to 
alter the methemoglobin level after aniline, 
suggeeting further that enzymic N-hy- 
droxylation is distinct from ring-hydroxyb 
tion of aromatic molecules. McLean et d. 
(309) did not feel that steric effects around 
the amino group were important. None- 
theleee, whereas 2,4,6trimethylaniline ia 
hepatotoxic and powibly carcinogenic, the 
N-acetyl derivative is not, presumably due 
to steric effects involving N-hydroxylation 
(472). Pril&e was found to be a potent 
methemoglobii former in man (170). There 
were important individual variational but 
the mean peak value8 were dose-related. 
Methylene blue, but not ascorbic acid, 
prevented methemoglobinemia or reduced 
the level of oxidized hemoglobin. 

Methemoglobin formation by aniline 
derivatives waa dected by other agents. 
A n e a t h a  cats exhibited lower methemo- 
globin levels than unaneathded cats 
treated with certain aromatic amines (308) 
because the aneathetic agents used induced 
enzymes which activated G rather than 
N-hydroxylation. Therefore, a given dose of 
arylamine yielded lower levels of arylhy- 
droxylarnines which in turn formed less 
methemoglobin. Heins body formation a p  
peared to be based on a Merent mechanism 

from methemoglobii production. Ascorbic 
acid injected into rats a t  the same time as 
aniline reduced the maximal methemoglobii 
levels somewhat but increased aigdicantly 
Heins body formation (286). In vitro as- 
corbic acid also failed to d e c t  methemo- 
globin formation by phenylhydroxylamine 
(46) 

Methemoglobin levels depended not only 
on the rate of synthesis but also on the rate 
of reduction. In part these processes are 
controlled by systems involved in glucose 
metabolism which indirectly d e c t  the levels 
of cofactors, NADPH and ATP, required 
for methemoglobin formation (71, 72, 451). 
For example, in pigs methemoglobin for- 
mation was low because of a poor rate of 
glucose utilhtion, whereas in the cow the 
limiting factor was a deficient enzyme ac- 
tivity controlled by depressed NADPH and 
ATP levels (459). There are coupled cyclic 
p- whereby aryInitr080 and hydroxyl- 
amino derivative8 in the presence of oxygen 
evoke methemoglobin formation in the 
presence of an energy source. Thua, under 
suitable conditions, a amall amount of 
arylhydroxylamine can give sizable amounts 
of methemoglobin. Occasionally methemo- 
globinemia can be an important adverse 
reaction in susceptible patients adrnin- 
istered drugs containing aromatic amine 
p u p a  which can t d o r m  into arylhy- 
droxylamines (171). In addition to the 
direct demonstration of N-hydroxylation 
in man (35, 475), the occurrence of methe- 
moglobinemia provides highly suggestive 
evidence for the production and preaence of 
arylhydroxylamine derivative8 in man ex- 
p o d  to the amines. 

Methemoglobin formation is often a good 
index of the production of N-hydroxy deriv- 
atives of aminea under in vitro conditions 
(437, 438). N-Oxidation of sulfanilamide 
or of dapsone (4,4'-diaminodiphenyld- 
fone) was also followed by the develop 
ment of methemoglobii in added bovine 
red cells (426). Dapsone was about twice ss 
active as miline (171, 425). By incubation 
with a microsoma1 fraction of rat liver (203), 
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dapsone waa converted to a hydroxylamino 
derivative which was a potent methemo- 
globin former. This latter reaction was even 
faster in the presence of glutathione or of 
NADPH (245). A series of related psub- 
stituted diphenylsulfones were all less 
active. In do*, the 4,4'-dihydroxylamino- 
diphenylsulfone was a most active gen- 
erator of methemoglobin, as might be 
expected (500). The in vitro N-oxidation 
mediated by mucots from pig bladder of 
pchloroaniline, 4aminobipheny1, Znaph- 
thylamine, aniline, and Zfluorenamine de- 
creased in that order as measured by met- 
hemoglobin formation in bovine red cells. 
This system waa a simple detector for 
N-oxidation of phenetidine with rabbit 
liver micmmes (440,444). 

Aliphatic N-hydroxy derivatives, typified 
by ethyl N-hydroxycarbamate (or N-hy- 
droxyurethan) alao led to methemoglobin 
formation in ah but not in an inert at- 
mosphere (350). The reaction proceeded 
only in the presence of the N-hydroxy 
compound, but the concentration of the 
chemical remained constant. Even so, the 
rate of methemoglobin formation waa pro- 
portional to the concentration of ethyl 
N-hydroxycarbamate, A number of related 
N-hydroxycarbamatee, like the methyl or 
the n-propyl esters had similar catalytic 
propertiee, but hydroxyurea did not. In- 
cubation of human or dog hemoglobin with 
urethan failed to give methemoglobin un- 
less mouse or rat hver slices were also 
present, perhaps indirect evidence for the 
formation of the N-hydroxy derivative 
under these conditions. 

V. N-Hydroxylation in Vitro 

This subject haa been discussed exten- 
sively in several recent reviews (10, 187, 
448, 489). Hence only a brief summary of 
the d e n t  features of N-hydroxylation of 
aromatic aminea in vitro is presented here. 
Like other biochemical hydroxylation re- 
actions, N-hydroxylation of aromatic aminea 
and derivatives is mediated by a complex 
enzyme system located on and bound to 
the endoplasmic reticulum of cells. When 

cells are broken by homogenbation tech- 
niques, the enzymes are found mainly in 
the microsomal fraction. They require the 
presence of NADPH, or less &ectively a 
NADPH-generating system, and exhibit an 
optimum reaction rate about pH 7.5 to 8 
in a buffer system such as Trie or phoephate. 
I n  d r o  hydroxylations are ueually linear 
with time for 30 min or lees. 

m e  systems performing N-hy-la- 
tion are alao highly inducible. Of sll in- 
ducers, phenobarbital pretreatment appea~e 
beat. Next are DDT and imilnr chlorinated 
hydrocarbons, and least &ective as inducers 
are polycyclic aromatic hydrooa.rbons like 
3-methylcholanthrene. Phenobarbital yields 
the highest levels of N-hydmxylation en- 
zymea in hamsters and rabbits but ia eome- 
what less dective in other rodents like 
mice. 

The ensyme system performing N-hy- 
droxylation of aromatic axnines appeare to 
be somewhat different from other such 
oxidation reactions in a number of re8pect~. 

A. Species 
Relstively few arylamines or derivative8 

have been studied in many epecies. How- 
ever, typically microsomal fractions of 
livers from hsmatere or rabbite are moet 
active; those of dogs, chickens, pigs, mice, 
rate, cab, and oxen are derxeaeingly active 
(54, 87). With eome eubstratee, but not 
with others, liver microsomea from guinea 
pig exhibited some activity (87, 232, 271, 
446), and more reaearch on this point is 
deab le .  Microsomes from human liver 
appear to be very variable, depending on as 
yet unclear factors (table 2). 

Depending on species, liver is usually the 
most dective tissue, but some activity is 
also sssociated with microsom- of kidney, 
lung, bladder, and small inkdine (435,443). 

C. shbdity and Modm8 
The enzyme system is fairly a b l e  when 

microsomal h t i o n s  are stored at low 
temperature. Usually the reaction is inde- 
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pendent of carbon monoxide, SKF-525A, 
or 2,4dichlorophenol. However, 8-hydroxy- 
quinoline, iproniazid, and metyrapon (2- 
methyl - 1,2 - di(3 - pyridyl) - 1 - propanone) 
(449) are strong inhibitors, whereas cyclo- 
h e m e  is less effective (452). a, a-Dipyridyl, 
penicillamine, cupric chloride, or pchloro- 
mercuribenzoate have small inhibitory capa- 
bility (6, 211, 213-215, 436, 437). Of all 
the enzyme inducers studied, phenobarbital, 
especially after repeated administration, 
stimulates N-hydroxylation very consider- 
ably, mostly with rabbit liver and to some 
extent with rat, dog, and cat liver (256, 257, 
441, 444). Although pretreatment of rats 
with 3-methylcholanthrene also stimulated 
N-hydroxylation of 2-fluorenylacetamide by 
liver microeomes, ring-hydroxylation was 
increased to a greater extent (268). However 
the eituation was reversed in hamatera where 
N-hydroxylation was greater (304). Toxic 
agents, for example, thioacetamide, can 
decrease siepificantly the various enzyme 
levela and the cytochromes P-450 and bs 
(24). 

D. Structure Requirements 

N-Hydroxylation is highly stereospecific. 
With the same microsome preparation from 
a given species and tissue the structure of 
the arylamine substrate largely determines 
the quantitative aspects of the reaction. 
Further substitution of the arylamine by a 
group in a para or equivalent position 
makes a better substrate than an ortho 
substituted amine (441, 448). Bulky ortho 
subatituenta as in 2,6dimethylaceWde, 
decreased the reactivity, while on the 
other hand, a blocked para position reducing 
ring-hydroxylation a t  that point increased 
N-hydroxylation as in p-chloroaniline or 
7-fluoro-N-2-fluorenylacetamide (1%). N- 
Hydroxylation has in common with other 
biochemical oxidation reactions the fact that 
modifying treatments may also specifically 
affect N-hydroxylation. However, difTer- 
ential effects are apparent which are dig- 
cussed in detail elsewhere (134,489). Not all 
cytochrome systems, for example, may be 
involved directly to the same extent in 

N- and C-hydroxylation, as are for example, 
cytochrome bs or the ethyl isocyanide-reac- 
tive compounds 430 or 434. There is even 
some controversy whether cytochrome P-450 
is part of the chain leading to N-hydroxyla- 
tion (257). 

We feel that the new concept that these 
membrane-bound enzyme systems effecting 
a variety of biochemical oxidations, in- 
cluding N-hydroxylations, might be con- 
stituted by a series of isowe-like systems 
deserves further investigation. Certainly 
in the field of the soluble enzymes. like 
lactic dehydrogenase, aldolase, and pyruvic 
kinaae, enzyme systems with varying ki- 
netic and substrate specificities have been 
demonstrated. In view of the prog;rer~e in 
solubilieing some portions of the mem- 
bme-bound oxidative enzyme systems 
(128, 282-284), the p d b l e  existence of 
such' isozymes can be investigated. Such 
studies are potentially rewarding, especially 
for those systems relating to N-hydroxyla- 
tion of aromatic amines, which is an im- 
portant activation reaction leading d y  
to products with adverse effects in Isnimnl 
and human systems. Precise knowledge of 
the mechanisms controlling these reactions 
may lead to practical ways of controlling 
their deleterious actions. 

VI. Formation of N-Hydroxy 
Derivatives by Biochemical 

Reduction 

N-Oxidation is one important method of 
production of N-hydroxy derivatives of 
aromatic arnines. Other ways of obtaining 
them are briefly discussed, especially those 
corresponding to arylamines. This subject 
area haa been reviewed in detail elsewhere 
(133, 489). 

It had been known for a long time that 
exposure of animals or man to nitrobenzene 
derivative8 was followed by disturbanma 
of the hematopoietic system similar to those 
seen with the aromatic amines. It was 
thought that the reason was a reduction of 
the nitro compounds to the amines. How- 
ever, newer views indicate that the active 
entity is actually an arylhydroxylamine. 
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Experimental evidence demonstrated that 
nitro compounds are reduced stepwise to 
arylamines viu nitroso and hydroxylamino 
derivatives. Judged by a biological or 
pathological &at, the nitro analogues of 
the axminogenic aromatic aminea are also 
carcinogens and often exhibit about the 
same organotropism and effects aa the . . 
amines when admustered under similar 
conditions. In addition, and typically, the 
nitro compounds induce tumors of the 
foreatomach upon feeding to rodents, sug- 
gesting that reduction to active intermedi- 
atea like the hydroxylamino derivatives can 
occur in the stomach. In addition, reduction 
of aromatic nitro compounds by micro- 
organisms in the gut haa alao been demon- 
strated (383). 

Many studies on the mechanism of the 
reduction were performed with rat liver. 
It waa first believed that reductaae activity 
converting nitrobensene derivatives to aryl- 
amines waa present in the soluble fraction 
of a rat liver homogenate. However, sub- 
sequent teete documented that the reduc- 
tion involved a t  leaat a two-step sequence, 
involving both a microsomal and a soluble 
fraction. 

Because of the ease of analysis many 
experiments utilize pnitrobemoic acid. 
However, this substrate haa a low pK,, 
and is fully ionized under most conditions. 
Membrane tramport and similar features 
may develop an impreasion of lower enzyme 
activities with this material than with leas 
polar nitro compounds, typified by drugs, 
carcinogens, and the like. 

With rat liver microsomes and under 
anaerobic conditions, NADPH acts aa a 
cofactor, but the reaction is stimulated by 
flavine mononucleotide and is inhibited 
severely by oxygen. When the cofactor is 
NADH, little reduction of nitro compound 
is seen with microsomea but when the 
hydroxylamino compound is the substrate, 
the arylamine is formed. In the latter re- 
duction, flavine mononucleotide exerta rela- 
tively little effect. 

Investigation of the rate of reduction of 

nitroaryl compounds by the 10,000 X g 
supernatant fraction from rat liver indi- 
cated that this conversion was much dower 
than the further reduction of the correapond- 
ing hydroxylamino derivatives to the aryl- 
aminea. Thus, with these substrates, it is 
diEcult to demonstrate the presence of 
the intermediary arylhydroxylamines (368). 
In contrast, with 4nitroquinoline-l-oxide, 
the situation is the reverse, and the hydroxyl- 
amino compound accumulates. The micro- 
soma1 reduction to both hydroxyamino and 
amino derivatives is enhanced by pheno- 
barbital or methylcholanthrene pretreat- 
ment in the NADPH-microsome but not the 
NADH-microsome mediated reaction. Re- 
duction by the supernatant fraction with 
either cofactor waa not stimulated. 

The carcinogen 4nitroquinoline-l-oxide is 
reduced ale0 to a hydroxylamino deriva- 
tive, the probable active carcinogenic inter- 
mediate, which in turn goes on to the amine, 
aa is true with model compounds such ar, 
nitrobenaoic acid. Further, an enzyme 
with the properties of liver "DT- 
diaphorase," present mainly in soluble frac- 
tions (llo), reduces thie compound. An 
excellent summary of chemical, biophysical, 
metabolic, and various biological studies 
with 4-nitroquinoline-l-oxide and related 
compounds, including the hydroxyamino- 
quinoline-l-oxides, is now available (101). 

Not much is known on the biochemical 
reduction of aliphatic nitro compounds but 
it would seem logical that such chemicals 
undergo reduction by &pa analogous to 
those seen with the aryl compounds. A h ,  
these biochemical reactions may be related 
to the well known inorganic nitrogen cycle 
between nitrate, nitrite, hydroxylamine, 
and ammonia best studied in microbiologic 
systems. 

MI. Formation and Reactions of 
Tertiary Amine and Heterocyclic 

N-oxidea 

The synthesis, chemical, physical, and 
pharmacological properties of aromatic 
N-oxides, with emphaais on heterocyclic 
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N-oxides, is a field in which Ochiai (355) 
and collaborators have pioneered. Also, 
the biochemistry of naturally occurring 
N-oxides, the pharmacology and toxicology 
of N-oxides, the formation of such com- 
pounds during drug metabolism, and the 
various processes involved in metabolism 
of N-oxide drugs have been discussed 
recently (39, 41, 66, 101, 310, 489, 518). 
In some cases, N-oxides were postulated aa 
intermediate in the dealkylation of N, N- 
dialkylarylamines, but aa discussed else- 
where this concept appears untenable. The 
oxidation of dialkylarylamines to the cor- 
responding N-oxides involves a microsomal 
liver preparation, requiring NADPH and 
oxygen. In rats, most of the enzyme ac- 
tivity waa located in the liver, but in pigs 
activity was seen in kidney and lung. The 
livers of other species such as calf, rabbit, 
cat, bat, armadillo, brown squirrel, opossum, 
racoons, and a number of reptiles and birds 
also had N-oxidase activity. Several types 
of fish, frogs, and the English sparrow were 
less active. Cytochrome P450 content 
failed to parallel the extent of N-oxide 
formation and the reaction in vitro and in 
vivo was not sensitive to SIW-525A, but 
the subsequent Ndealkylation step was, 
thus dowing N-oxides to accumulate. 
However, SKF-525A failed to alter the 
amount of N-oxides in urine when the 
N , N-dialkylaminoaryl N-oxides themselves 
were injected. 

The enzyme system from pork liver 
microsomes was purified by a series of steps, 
including Triton extraction, protamine pre- 
cipitation of contaminating proteins, am- 
monium sulfate precipitation steps, and 
finally a Sephadex column fractionation 
(518). The oxidaae is a flavoprotein, with 
FAD as a prosthetic group, and requires 
NADPH and oxygen. Cytochrome P-450 
and monoamine oxidaae activity were ab- 
sent, and the cytochrome b5 content waa 
small, variable, and of uncertain specificity. 
It is probable but not fully established that 
this system is dissimilar from the enzymes 

performing N-hydroxylation of primary or 
secondary arylamines or amides (8, 40). 

VIII. Biochemical Reactions of 
N -Hydroxy Compounds 

A. Formation of Glucuronic Acid Canjugah 

Just aa is true for phenolic compounds or 
aryl ring-hydroxylated derivatives, N-hy- 
droxy derivatives conjugate readily with 
glucuronic acid, presumably through a re- 
action catalyzed by glucuronyltransferase 
to form glumsiduronic acids (187, 188). 
Thie type of conversion predominate in all 
species investigated except cab, where it 
occurs only to a small extent (479). 

In addition to N-hydroxylation the for- 
mation of polar derivatives was noted when 
a 9000 X g supernatant of rabbit liver 
instead of washed microsome preparations 
was incubated with N-Zfluorenyhtamide 
(184). These polar derivatives yielded 
the N-hydroxy derivative after hydrolyaia 
with B-glucuronidaae. It must be assumed 
that in this instance the formation of the 
glucosiduronic acid waa competitive with 
other side reactions such as deacetylation 
or reduction of the N-hydroxy compound. 
Species and other host factors controlling 
glucuronide formation with N-hydroxy 
derivatives may depend on the relative 
rates of theae competing reactions. With 
other substrates and enzyme sources the 
desired N-hydroxy product is often reduced 
to the amine by a rapid reaction catalyzed 
by a soluble enzyme system in a 9000 X g 
fraction of liver (223, 232, 438). Also, 
Booth and Boyland (48) have described a 
soluble isomerase which converts N- to 
o-hydroxy amines. 

The glucosiduronic acids of N-hydroxy 
derivatives of arylamines can be hydrolyzed 
readily by mammalian or bacterial 8-glu- 
curonidaee under conditions similar to those 
under which ring-hydroxylated glucosidu- 
ronic acids are split (83, 179, 184, 495). No 
attempts are recorded to hydrolyze such 
glucosiduronic acids by the older acid 
procedures, probably because acid hy- 
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drolysis would give undesirable, unstable 
by-products, consequent to formation of 
reactive arylhydmylamines. 
Irving and Wisemsn (198) reported that 

when labeled biosynthetic glucosiduronic 
acid of N-hydroxy-Zfluorenylacetsmide was 
dven to rats subcutaneously or intra- 
peritoneally approximately 50% of the 
doee waa in urine and 20% in feces. How- 
ever, after oral intake only 33% was in 
urine and almost 40% in the feces. Thus 
the specific metabolites were related to the 
route of intake; the least alteration was 
seen after subcutsneow injection. This 
dependence on the path of entry is ex- 
plained satisfactorily by the d e m o ~ t i o n  
by Winiams et al. (495) that the glucosidu- 
ronic acid is hydrolyzed readily by the 
bscterisl flora in the gut and that the com- 
pound liberated undergoes substantial fur- 
ther changea. Among othera reduction of 
the N-hydroxy derivative of N-Zfluorenyl- 
acetamide and resorption in the lower por- 
tion of the gastrointestinal tract lead to 
further metabolian. The data of Irving 
and Wiseman (198) and of Weisburger et a2. 
(473) suggest that the glucoeiduronic acid 
is abeorbed from the gastrointesthal tmt 
much lesa readily than the free unconju- 
gated compounde. The mode of transport 
across tissue and cell membranes of glu- 
k d u r o n i c  acids is not well known, but 
considering the biological and pharma- 
cological importance of these metabolites, 
i t  d m e s  detailed examination. 

B. F o n n a t h  of 0-Acetate8 
Apart from the high carcinogenicity of 

N-acetoxy-N-Zfluorenylacetamide, thb syn- 
thetic compound has also proved useful aa a 
model for investigations on the reactivity of 
such agenta towards potential molecular 
and cellular targets (331-333). 

A comparative study by Lotlikar and 
Luha (273) on the nonenzymic acylation 
of N-hydroxy-Zfluorenylacetamide by acetyl 
coemyme A, carbamoyl phosphate, or 
acetyl phosphate showed acetyl coenzyme 
A waa by far the beat acylating agent. Sub- 

stantial evidence was adduced that the 
product formed was N-acetoxy-Zfluorenyl- 
acetamide (!274). In contraat, with N-hy- 
droxyamidea derived from stilbene, phenan- 
threne, or naphthalene, the reaction went 
several times better with carbamoyl phos- 
phate than with acetyl memyme A (83).  

The enzymic egterification of N-hydroxy- 
N-Zfluorenylacetamide and other hydroxa- 
mic acide by rat liver cytoeol apparently 
varied markedly with the hormonal statue 
of the animals. Liver from male rate had 
twice the activity of that from female; 
hypophysectomy d d  the level to 
that usually eked in female rat liver. 
Other endocrine ablations or treatments 
were leea effective (269). These w y m i c  
studies reinforce the report by Goodall 
(136) who found that hypophysectomy in- 
hibited liver csncer induction by N-hydroxy- 
Zfluoreny lacetamide. 

Ditrerent from the system of Lotlikar 
(273, 274) seems to be one described by 
Booth (47) who reported on a specific en- 
zyme system which could transfer acetyl 
groups from N-hydroxy-N-acetylarylamines 
to arylamines. The w e ,  found in the 
soluble fraction of rat liver, exhibited a 
broad pH optimum between 6 and 7.5 and 
required cystine or a fhiol for maximal ac- 
tivity. N-Acetylphenylhydroxylamine had 
only slight activity but the N-acetyl-N- 
hydroxy derivatives of naphthylamine, 
Caminobiphenyl, and 4 and ZaminG 
fluorene were active donors. On the other 
hand, acetyl coenzyme A was inactive with 
the rat liver aystem. Polynudear aromatic 
arnine were better receptom than aniline 
or substituted nnilines. Relevant to the 
system of Booth may be the o h t i o n  
that N-hydmxylation of arylamines facili- 
tated the release of N-acyl group (292). 

Recently, a novel N- to 0-tramacetyla- 
tion reaction by a soluble enzyme system 
from rat liver waa deecribed (29, 241). 
This enzyme converts N-hydroxy-N-acetyl- 
aminoaryl derivative8 to reactive 0-acetyl- 
hydroxylamino compounds which can aryl- 
amidate appropriate nucleophilic receptors 
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in cells such as membranes, proteins, and 
nucleic acids. The relationship of this en- 
zyme eyetern to the one deecribed by Booth 
(47) nee& cMcation. The product of the 
reaction with a nucleic acid would be the 
aminoaryl derivative, which would mimic, 
in part, the situation found after in vivo 
studies on DNA. The transacetylase occurs 
in liver and, to a leeaer extent, in kidneys and 
other tissues. Interestingly, the enzyme is 
inhibited by aniline (241), which may be 
related to the inhibition of carcinogenicity 
of N-hydroxy-N-Zfluorenylacetamide by 
acetanilide (491). 

0-Eaters of aromatic N-oxy compounds 
were shown to be generators of relatively 
stable free radicals (7). On a related topic 
(244) phenylhydroxylamine waa a very 
active initiator of squalene autoxidation, 
usually inhibited by an antioxidant such as 
2,W-tert-butylcresol. I t  was postulated 
that oxidation of free phenylhydroxylamine 
was the rate-determining initial step leading 
to radical formation. 

C. F~nncrtiOn of 0 - E W S  
0-Methylation of N-hydroxy-N-2-fluo- 

renylacetamide and other related N-hydroxy 
derivatives could be performed by a soluble 
fraction of rat liver with Sadenoeyl-L- 
methionine as a methyl donor in the pres- 
ence of cysteine; Me+ was not required 
(267). This reaction appeared specific for 
N-hydroxy but not phenolic compounds. 
The enzyme system was different from 
catechol 0-methyltransfemse methylating, 
for example, epinephrine, which requirea 
Mgz+, ,but not cysteine. Rat liver had most 
activity, but some was also aeen in kidney. 
The order of activity as a function of spe- 
cies was: rat > hamster > rabbit > mouse 
> guinea pig. The &n%cance of this 
reaction in the biological effect of N-hydroxy 
derivatives remains to be established. 

D. F m a t i a  of Sulfuric Acid Conjugates 

Evidence for the formation of sulfuric- 
acid esters of N-hydmxyarylamine deriva- 
tives is indirect. The synthetic sulfuric 

acid eater derived from the carcinogen N- 
hydroxy-N-2fluorenylacetamide waa not 
carcinogenic after injection into rate, prob- 
ably because the half-life of thia eater in 
water was of the order of seconds (332). 

This limited lifeapan in aqueous media 
and the fact that this hydrophilic compound 
very likely would exhibit low transfer 
potential across cellular membranea would 
account for the lack of carcinogenicity. 
Yet thia compound was highly mutagenic in 
bscterial systems (287). Sulfate eetera of 
other arylhydroxylamines have been re- 
ported as urinary metabolitea of arylamines. 
In view of the now known high reactivity 
of such compounds, claims of their occur- 
rence in an aqueous system must generally 
be diflcounted. 

That the formation of eatera may be re- 
lated to the biological properties of N- 
hydroxy derivatives waa first suspected 
on the basis of the following arguments. 

Whereaa the relationship between car- 
cinogenicity of aromatic arninea and bio- 
chemical activation haa been explained 
to some extent by the first activation etep, 
that is N-hydroxylation, there are in- 
stances where thia has not provided a 
satisfactory answer. For example, it is 
well known that the hormonal environment 
affects the carcinogenicity of N-2-fluorenyl- 
acetamide. Male rata are much more sus- 
ceptible, at least with respect to liver cancer 
formation, than female rats. Yet, there 
was relatively little difference in the amount 
of circulating N-hydroxy derivative in 
male and female rats or in the amount of 
the-bound carcinogen (467, 470). In 
fact, female rata excreted more gluooeidu- 
ronic acid of the N-hydroxy derivative 
than male rsts. W h m o r e ,  while the level 
of this glucosiduronic acid waa lower in 
hypophysectombed rats than in conven- 
tional controls, the difference did not eeem 
to account for the sizable d i s s i i t y  in 
biological effect. Thus, emphasis turned to a 
subsequent activation step, esteri6orttion 
of N-hydroxy derivatives. In thia connec- 
tion, De Baun el d. (88, 89) recently pro- 
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vided an additional rational explanation 
for the varying carcinogenicity as a function 
of sex or species by detailed study of the 
sulfotransferase reaction under these con- 
ditions. Male rats exhibited considerably 
bigher levels of the enzyme system mediat- 
ing thia activation step than female rats. 
Hamsters, mice, rabbits, and guinea pigs 
had lower levels than the rat, in general 
agreement with the biological properties. 

Although discuesed as an appealing 
possibility (89, 327, 331), the actual demon- 
stration that the sulfate ester of N-hydroxy- 
N-2fluorenylacetamide is moat likely the 
reactive "ultimate carcinogen" derived 
from N-2fluorenylacetamide waa based on 
the inhibition of the carcinogenicity of thk 
material by acetanilide (491). Acefsnilide 
is metabolized mainly to the p-hydroxy 
derivative, although N-hydroxylation also 
occurs to a emall extent. Biich et al. (70) 
reported that in rata phydroxyacetanilide 
is excreted as a glucuronide and a sulfuric 
acid ester. With increasing dosage the glu- 
curonide production remained relatively 
constant, but the sulfate eater formation 
increased and was limited only by the 
availability of inorganic sulfate or dietary 
eulfur. It was postulated therefore that 
one reason for the inhibition of carcino- 

genicity of N-2-fluorenylacetamide by large 
amounts of acetanilide was the unavail- 
ability of sulfate (327). That sulfate is a 
factor involved in the toxicity of N-hydroxy- 
N-2-fluorenylacetamide was demonstrated 
by De Baun et d. (88) who also noted that 
the amount of fluorene reaidue bound to 
protein, RNA, or DNA depended heavily 
on the presence of sulfate ion but not of 
other inorganic ions. Webburger et d. 
(491) extended these findings to carcino- 
genicity by their observation that excess 
sulfate ion failed to restore this effect in 
animals fed N-Zfluorenylacetamide plua 
acetanilide (fig. 10, tables 3 and 4). In 
this situation a c e w d e  inhibited the N- 
hydroxylation of fluorenylacetamide (145). 
However, most eignificsntly sulfate ion did 
r&re carcinogenicity in rata given the N- 
hydroxy derivative and acetanilide. Thus, 
it would appear that the complex biological 
decta of N-Zfluorenylacetamide rest first 
on N-hydroxylation, a very well established 
reaction, and m n d  on eaterification of the 
N-hydroxy derivative with d a t e ,  a rest- 

tion reasonably well documented but for 
which additional support would be deair- 
able. 

For example, we found (490) that the 
metabolite of acetsnilide responsible for 

FIG. 10. Possible mechanism of interference by acetanilide metabolitee with N-hydroxy amidea (491). 
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TABLE 3 
Effect of dietary sodium &fate on inhibition of hcpatocarcinogenesis in rats by N-2-$wenylacetamid6 or 

b y  N-hydrozy-N-#-puoren ylacetamide* 

Group of 6-week-old male Fiecher F344 strain rata were fed the experimental diets containing car- 
cinogens with or without acetanilide for 16 weeks, then continued on the control regimen of Wayne 
Laboratory Blox meal for 10 weeks longer (from ref. 491). 

t Ingredients added in following concentrations: FAA, N-2-fluorenylacetamide, 0.03%; N-OH-FAA, 
N-hydmxy-N-2-fluorenylacetamide, 0.032%; AA, acetanilide, 0.8%; SO4-, sodium sulfate, 0.84%. 

$ Eight rata on FAA died from toxicity within 3 to 5 weeka. Toxicity of 0.03% FAA in Fiecher rata 
wae noted previously. 

Weight f rtanderd error of the mean. 
7 Tpro rats on N-OH-FAA died from toxicity at 5 and 8 weeke. 

Rats 
yith 
kver 

NeopLmu 

% 
100 
10 
0 

la 
10 
60 

0 
0 

P . ' trl dietst 

FAA 
F A A + M  
F A A + M + S 0 4 -  
N-OH-FAA 
N-OH-FM+AA 
N-OH-FM+AA+ 

80.- 
AA 
80,- 

binding d a t e  (70), phydroxyacetanilide, 
is a leaa efEcient inhibitor of the carcino- 
genicity of N-hydroxy-N-Zfluorenylaceta- 
mide (513) which moreover is influenced 
less by exogenous sulfate. Hence, the re- 
cently proposed acetyltransferase reaction, 
leading to active 0-acetyl esters, may also 
be involved (29, 241). Of interest in this 
connection is the fact that this t r a n s f e w  
is inhibited by aniline (241), which may 
explain the more effective lowering of the 
carcinogenicity by acetanilide than by the 
phydroxy metabolite. Very likely, all of 
the biochemical reactions are involved in 
yielding active metabolites, or ultimate 
carcinogens, for liver cancer induction 
(47 1). 

Whether these same processes hold for 
other organs or other carcinogenic aromatic 
aminea will have to be investigated. Thus, 
Irving et d. (190) found that the d o -  
tranafersee levels in the mammary gland 

and Zymbal's gland (sebaceous gland of the 
auditory c a d )  of the rat were negligible 
Yet tumors are readily induced a t  these 
sites by Zfluorenylacetamide and the N- 
hydroxy derivative. Other reactive inter- 
mediates may be acting in extrahepatic 
tissues. For example, Lotlikaft and Waaser- 
man (280) adduced that kacetoxy-2- 
fluorenylacetamide and inorganic phosphate 
yielded an unreactive ring phosphate eater 
derived most likely from 5-hydroxy-2-fluor- 
enylacetamide and a reactive N-phosphate. 
However, the actual synthesis of such an N- 
phosphate has not been achieved. Phosphate 
esters of aminonaphthols have been identi- 
fied as metabolites of 2-naphthylamine in 
both human beings and dogs (431, 434). 

RaCs 

2% 
10 
10 
87 
10 
10 

6 
5 

Enzymic removal of the acetyl group, a 
metabolic pathway of aromatic acetamidea, 
was also noted with N-hydroxy acetamidea 

Body 
Weight 

I 

260 f 80 
315 f 13 
298f7 
237 f 4 
287f7 
291f 5 

311 f 17 
312 f 9 

Liver weight 

Liver Histology 

I 

19.2 f 0.6 
12.2 f 0.8 
10.8f0.4 
18.6 f 0.8 
11.6f0.4 
12.1f 0.3 

9.2 f 0.6 
9.4 f 0.4 

8% 

7.3 
3.8 
3.6 
7.8 
4.1 
4.3 

2.9 
3.0 

HyperpIuia Hep.t- 

No 

6 
5 

F+ m 
nodule 

------- 

1 

2 
1 

Area 

9 
10 

9 

Nodular 

3 1  

Small 

1 1 4  

Imgc 

2 

6 
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TABLE 4 
Redoration by didary  dfde of liver carcinogenceis in rate in inhibited syelem acelanilids 

+ N-hydrozy-N-8-$uorenylacctami&* 

* The protocols were like those described in table 3, except for higher levels of carcinogen, additions 
of sodium sulfate or sodium phosphate in some group, and a lengthened holding period of 16 weeks 
instead of 10 weeks on the control diet (from ref. 491). 

t Ingredients were added in the following concentrations: N-OH-FAA, N-hydroxy-N-2-fluomnyl- 
wtamide, 0.032%; M ,  acetanilide, 0.8%; Sod', sodium sulfate, 0.84%; 8 0 4 '  (X 3), sodium sulfate, 
2.w0; POF, dieodium hydrogen phosphate, 2.26%. 

$ Four rats died after 4 weeks on the diet; five others died after 24 weeks on experiment with enlarged 
liven and large hepatocellular carcinomas. 

Weighta f standard error of the mean. 

in a number of species. There appear to be 
two types of enzymes; one is a soluble 
deacylase (147, 152, 276) and another a 
microsomd enzyme (186). The microsoma1 
enzyme was very high in the guinea pig 
and hamster, lower in the rabbit, and least 
in the rat with N-hydroxy-N-Zfluorenyl- 
acetsmide aa substrate. With acetanilide 
there was higher activity in the rat than 
in the guinea pig. The guinea pig micro- 
aomal enzyme was inhibited by SKF-525A, 
by fluoride, and diethyl-pnitmphenylphw 
phate. On the other hand, pentacyano- 
amino ferrate, a reagent utilized to sssess 
the product Zfluorenylhydroxylamine, had 
little d e c t  on the guinea pig enzyme and 
appeared to stimulate the rat and the rabbit 
enzyme. There was some activity in many 
h e s  of the guinea pig, but kidney and, 

above dl, liver excelled. Irving visuslised 
the deacetylation aystem as an esterase. 
It could a h  be akin to an a-oxidative eye- 
tem leading to more readily hydrolysed 
oxalyl derivatives (126, 226). J W e n  et d. 
(208) have isolated from guinea pig liver 
micrommes two enzymea capable of hy- 
drolyzing N-hydroxy-2-fluoren-tamide 
and the parent amide. Partial purification 
was sccomplished by chromatography on 
Sephadex and hydroxylapatite or DEAE 
cellulose. Ensyme I, of higher mol& 
weight, hydrolysed the hydroxyamide 265 
times faster than did the lower molecular 
weight emyme 11. Confirming Irving'e 
premise, both enzymw hydrolyzed eeter 
substrates such as 1-naphthylacetate very 
readily. 

In connection with bioassays of deriva- 

Body 
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I 
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334f6 
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10.8f0.4 
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23.8f 0.8 
10.4 f 0.4 
10.7 f 0.2 
10.2 f 0.4 
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9.7 2 6 100 
17 

3.6 9 1 1 1 2 3  

3.7 4 6 3 67 

1 8.3 

9.1 6 100 
8.3 6 100 
2.9 6 

* 
0 

2.8 6 0 
2.8 6 0 
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tives of N-hydroxy-N-%fluorenylscetamide, 
it was observed that the N-acetoxy deriva- 
tive was even more carcinogenic than the 
N-hydroxy derivative, especially at the 
site of injection. This r d t  provided one 
of the cornerstones for the concept that 
eatedication of the N-hydroxy derivative 
was a second key activation reaction of a 
carcinogenic aromatic amine. Previously 
in view of the eaay deacylation of N- 
hydroxy-N-acyl derivatives by soluble as 
well aa micmmal preparations, it had 
been speculated that the hydroxylamine 
compounds or the corresponding nitroso 
derivative were the relevant intermediates. 
The latter materials cannot yet be com- 
pletely ruled out for at least two reasons. 
In rat liver DNA the main receptor was 
guanylic acid, and the residue attached to it 
appeared to be the amine rather than the 
acetylamino derivative. I t  had been sug- 
gested, therefore, that a glucuronide of 
the hydroxyhmino derivative may react 
with DNA. Perhaps the newly discovered 
N ,O-txanaacetylase discussed above plays a 
role in leading the relative ratios of aminel 
acetylamine bound (317,326). Alternatively, 
binding to macromolecular receptors, par- 
ticularly DNA, may occur during relertse of 
Zfluorenylhydroxylamine from the N-acetyl 
compound by action of a deacylase syatem 
in the soluble portion of rat liver (238). 
2Nitrmfluorene did not participate. Bind- 
ing to DNA under phosphorylating and 
especially d a t i n g  conditions resulted in 
larger retention of the acetyl group, so that 
in vivo binding to macromolecular reactants 
may involve all of thee mechanisms. Fur- 
thermore, in most species, while coensyme 
A-mediated acetylation converta adminis- 
tered a ryh ines  to the acetyl derivatives 
(481), the dog is deficient in thie reaction. 
Yet, many aromatic axnines which are 
carcinogenic in other species are also car- 
cinogenic in the dog. Thus, in this species 
which can convert arylaminea to the corre- 
sponding hydroxylamines, the ultimate 
reactant must involve a derivative of the 

arylhydroxybmine other than the acem- 
hydroxarnic acid. 

Weisburger et d. (481) demonstrated that 
in the rat, as noted above for the rabbit, 
the reverse reaction, N-acetylation of 
aromatic N-hydroxylarninea, occurred to a 
substantial extent. Thus, after intraperi- 
toneal injection of synthetic N-2-fluorenyl- 
hydroxylamine, male and female rste 
excreted in the urine substantially RimilRr 
amounts and types of urinary metabolites as 
when the N-acetyl derivative, N-hydroxy- 
N-Zfluorenylacetamide, waa injected. Ae 
with the latter compound (467), malea ex- 
creted less of a dose as glucoeiduronic 
acids and more as sulfuric acid esters com- 
pared to females. Further &ve con- 
version to ring-hydroxylated metabolites 
was noted, probably because of the opera- 
tion of the enterohepatic cycle. 

Enzymic atudies on N-2-fluorenylhy- 
droxylamine in the presence of acetyl- 
coemyme A and liver cytoml indicated 
the rabbit, of all species tested, aa moat 
active in N-acetylation of the hydroxyl 
amine (276). However, emymic reduction to 
aminofluorene with subsequent acetylation 
to form N-2-fluorenylacetamide appeared 
to be the predominant reaction. 

F. Reduction 
A typical arylhydroxylamine, N-hydroxy- 

N-Zfluorenylacetamide, can be reduced to 
the amide by a soluble fraction of rat liver 
which also contains a deacylase (147, 276). 
Thus, an incubation mixture of the sub- 
strate usually yielded N-Zfluorenylaceta- 
mide and %fluorensmine. The deacylase was 
inhibited s u b t i a l l y  by fluoride, for 
under these conditions, the main product 
waa N-Zfluorenylacetamide. Methylcholan- 
threne pretreatment failed to alter deacylase 
or dehydroxylase activity. On the other 
hand, Sh- et al. (391-394) found that 
rats with an altered balance of pituitary 
hormonea exhibited decreased capability of 
dehydroxylating N-hydroxy compounde in 
proportion to the excess pituitary hormone 
level. The exact mechanism is not known, 



36 WEISBURGER AND WEIISBURQER 

but Wileon (4B, 499) reported that pitui- 
tary hormonea decreased a number of drug- 
metaboliaing enzyme systems, and that 
adrenab and gonada were not nece-ssarily 
involved. On the other hand, Arrhenius 
(9) observed that prednisolone stimulated 
microsoma1 oxidation, which may a h  be 
relevant in the h a 1  balance of metabolites 
eeen. 

Ehyme systems which can reduce N- 
hydroxy compounds to the amides or 
aminea are also elaborated by the bacterial 
flora in the lower intestinal tract. After an 
injection of N-hydroxy-N-2-fluorenylaceta- 
mide into germ-free rata, larger amounts 
of the glucuronide conjugate of this com- 
pound were eliminated in urine and some 
also in feces (142, 473). In contraat, con- 
ventional animals excreted lower amounts 
of the N-hydroxylated derivative in urine 
and only the reduced product, N-Zfluorenyl- 
acetamide, in feces. Coliform bacteria, 
and possibly other microbiological systems 
can convert N-hydroxy derivatives to the 
reduced components (495). The bacterial 
flora in the gut plays a substantial role in 
the over-d metabolism of numerous com- 
pounds. Thus, many conjugates such as 
glucuronidea or sulfates delivered to the 
integtinal tract via the bide are hydrolyzed 
in the lower intestinal tract by cecal bac- 
teria; then the aglycones are reduced to 
aminea or amidea. Absorption of the re- 
duced compounds from the lower portion 
of the gut leads to further mammalian 
metabolism. Thus, enterohepatic circula- 
tion probably does not involve the excretion 
in the bile of metabolites which are then 
m r b e d  as such. 

Additional experirnenta are required on 
the identity and possible similarity of the 
family of enzymes which reduce nitroben- 
mic derivative to the arylhydroxylamines 
and hydroxylaminea to aminea and also 
bacterial nitrate reductases or bacterial or 
mammalian reductasea which convert azo 
dyes to aromatic arnines. 

Red blood cells can reduce N-oxy com- 
pounds rather quickly. Thus, red cells 

from guinea pigs or cattle produced 2- 
fluorenamine from 2-n i t~ f luorene  in vitro 
a t  the same time as hemoglobin was oxi- 
diced (236). Likewise, the red cells of eeveral 
species reduced nitmbenzene or nitro- 
sonaphthalene (166). The reaction also 
occurred in cats. Shortly after an intra- 
venous injection of N-hydroxy-N-Zfluore- 
nylacetamide in rats, &able amounta of 
the reduced N-Zfluorenylacetamide were 
present (282). Several coupled cyclic ensyme 
systems which participate in the reduction 
of methemoglobin are also instrumental in 
the oxidation-reduction step between ni- 
t m  compounds and arylhydroxylaminea 
and may be connected with the reduction of 
N-hydroxy derivatives (71, 72, 399, 451, 
459). 

Reductive dehydroxylation of N-hydroxy 
derivatives occurs also with arylhydroxamic 
acids such as anthranil- or other mbetitutsd 
bemhydroxamatea (37, 306) and also 
arylacetohydroxamic acids including the 
important anti-inflammatory drug 4 n  
butoxyphenylacetohydroxamic acid (49,122, 
380). The connection between syetems 
reducing this type of hydroxamic acid and 
those involved in the reduction of N- 
hydroxyarylamine derivativea remains to be 
investigated. 

Administration to rata of unlabeled N- 
hydroxy-N-2-fluorenylscetamide together 
with 9-14Glabeled N-Zfluorenylacetamide 
resulted in the urinary excretion of deriva- 
tives hydroxylated at  the 5- and 7-positions 
of the fluorene ring with very little de- 
crease in the specific activity (321, 328). 
However, the 3-hydroxy derivative and 
especially the 1-hydroxy derivative had 
epecific activities much lower than that of 
the compound administered. It was con- 
cluded that the N-hydroxy derivative served 
as a precursor for the ring-hydroxylated 
compounds, more particularly the 1-hydroxy 
derivative, and that N-hydroxy compounds 
could undergo isomerization to o-substi- 
tuted derivatives. 
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The underlying biochemical reaction was 
firet atudied by Booth and Boyland (48). A 
soluble fraction of rabbit liver converted N- 
hydroxyacetmilide (N-phenylacetohydrox- 
amic acid) to o-acetamidophenol, N-hy- 
droxy-2-acetaminonaphthalene to Zaceta- 
mido-1-naphthol, N-hydroxy-4-acetamido- 
biphenyl to Pacetamido-3-hydroxybiphenyl, 
and N-hydroxy-2-fluorenylacetamide to 1- 
hydroxy-2fluorenylacetamide. NAD+, NA- 
DH, or NADPH served equally well as 
cofactore. While no data were given, they 
indicated that the soluble fraction from 
rat liver could also isomerk the N-hydroxy 
compounds. 

Gutmann and Erickson (152) examined 
the ieomerbation reaction in detail. With 
N-hydroxy-N-2-fluorenylacetamide as sub- 
etrate, they observed no reaction with 
liver fractions from male adult Holtzman 
rats. However, injection of 3-methylcholan- 
threne or other m y m e  inducers such as 
benso(a)pyrene, dibem(a,h)anthrme, and 
phenothiazine, in decreasing order of eE- 
ciency, 24 hr prior to isolation of liver 
fractions gave measurable isomerbation. 
&veral other enzyme inducers of the bar- 
biturate type or male hormones were in- 
effective. 

Under conditions where no ring-hydroxyl- 
ation occurred (as when blocked by SKF- 
525A, or in the absence of components 
nemswy for aromatic hydroxylation) the 
conversion yielded approximately twice 
aa much N-(1-hydroxy-Zfluoreny1)aceta- 
mide than the 3 isomer when a 600 X g 
supernatant fraction was used. N-Acetoxy- 
N-Zfluorenylacetamide could serve as sub- 
atrate as well. 

Apparently two steps were involved in 
the isomerbation. The inducible enzyme 
was located in the microsomal fraction, 
because a soluble fraction from an untreated 
rat gave the same level of conversion as did 
a 600 X g supernatant fraction from a 
methylcholanthrene-treated rat. Ethionine 
injection blocked induction demonstrating 
that the microsomal portion of the two- 

step enzyme system was the inducible 
component. 

Remlution of the soluble fraction by 
DEAE-cellulose chromatography gave five 
fractions with activity but failed to resolve 
the component facilitating isomerization 
from a soluble N-hydroxy reductme. By 
use of '80-labeled N-hydroxy-N-2-fluorenyl- 
acetamide, Gutmann and Erickson (153) 
demonstrated that after incubation with 
the induced enzyme the hydroxy group was 
transferred intact to the carbons located 
ortho to the nitrogen. The isotopic content 
of either product, the 1-hydroxy- or 3- 
hydroxy-N-2-fluorenylacetamide isolated, 
was the eame as that of the labeled N- 
['sO]hydroxyfluorenylacetamide. Thus, an 
intramolecular rearrangement appeared re- 
sponsible for the enzymic isomerization 
of this arylhydroxamic acid. Previously, a 
reactive amidonium ion was postulated as 
an intermediate. The fact that under con- 
ditions of N-dehydroxylation by a soluble 
fraction alone no evidence of attack by 
nucleophilic targets such as serum proteins 
was noted (147, 482) also favors the intra- 
molecular rearrangement rather than an 
amidonium ion. 

IX. Reaction of N-Hydroxy Compounds 
and Derivatives with Cellular 

Macromolecules 

A. Reactions with Tissue and Cellular 
Constituents 

There are few fields of pharmacology, in 
the broad sense of the word, in which so 
much information has accumulated on the 
interaction between exogenous "drugs" 
and tissue receptors as in the field of chem- 
ical minogenesis. The obvious aim of 
such studies is to gather leads on the mode 
of action of these agents. Inasmuch as 
many of the chemicals discussed in this 
review on N-hydroxylation are carcinogens 
derived from arylamines or certain azo 
dyes, there now exists a sizable body of 
knowledge on molecular interactions be- 
tween N-hydroxy derivatives and cellular 
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receptors. Since such data may be useful 
to thoee i n t e d  in the general mechanism 
of drug action, some aapectg of the present 
status of this area will be discussed (175). 

B. Proteim 
That chemical carcinogens of the am 

dye and aromatic amhe type combine 
with proteins has been known for a long 
time (319,469). By means of the N-acetoxy 
derivative of N-Zfluorenylacetsmide and 
the N-benzoyloxy derivative of N-methyl- 
Caminoambenzene, it bas been possible 
to study this interaction in some detail. 

Methionine, cysteine, tryptophan, and 
tyroeine in proteins appeared to be the 

main reactive centers. With the carcino- 
genic amino dyea the so-called "polax 
dyea" were the d t  of the reaction of an 
aa yet unknown active N-hydroxy interme- 
diate with such groups in proteins in uwo. 
Model studies have revealed the specific 
structures of such polar dyes synth& 
from N-beneoyloxy-N-methyl-4-amino~o- 
benzene and the amino acids named above 
(262-264, 300, 367, 382, 416, 424). Upon 
hydrolysis of proteins containing such am 
dye adducta or after reaction with meth- 
ionine a new azo dye metabolite, 3-meth- 
ylmercapto - N - methyl - 4 - aminom- 
benzene, was obtained (fig. 11). Ketterer 
and Cristudoulidea (219) atudied two eolu- 

N-BENZOY LOXY - MAB 

- ,cH3 

ON"">& + WcP0 7-7 + "+ 

H' ' N H ~  
3-MElHYLM€RCAPTO-MAB HOMOSERINE LACTONE 

FIG. 11. Poeeible meohanisms for the reaction of N-benroyloxy-N-methyl-4-aminoarobensene 
(N-benroyloxy-MAB) with methionine (367). 
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ble liver proteins which bound azo dye 
metabolites, a larger basic protein where 
biding appeared to occur chiefly through 
cysteinyl groups and a smaller protein 
where methionyl residues seemed to be 
the receptor sites. 

With N-2fluorenylacetamide and in par- 
ticular the model ester derived therefrom, 
N-scetoxy-N-2-fluorenylacetamide, similar 
combinations with proteins were obtained 
(279, 331, 332). Also under conditions 
favoring in viYo or enzymic formation of the 
sulfuric acid ester like interactions were 
noted (88, 89). The reaction of methionine 
and the scetoxy compound, after elimina- 
tion of homoserine and rearrangement, 
yielded two new sulfur-containing metabo- 
lites, the isomeric 1- and 3-methylmercapto 
derivatives of N-Zfluorenylaeetamide. They 
were alao obtained by the mild hydrolysis 
of liver proteins from rats fed the carcino- 
gen, thus providing evidence for the reality 
of these reactions in w o .  Sulfotransferase 
levels in liver were correlated with the 
levels of protein-bound material and the 
carcinogenicity of N-hydroxy-2-fluorenyl- 
acetamide to the liver of various species 
(88, 90). Sorof et al. (402-404) had observed 
that certain claasea of soluble liver proteins, 
h*, were labeled more specifically when the 
carcinogen was fed chronically than when 
only a single dose was adminiRtered. After 
adminktration of N-hydroxy-N-Zfluorenyl- 
acetamide the soluble proteins of rat liver 
were resolved into five fractions (26). One 
of the fractions carried relatively more of 
the metabolitea, but all of them yielded 
N - (o - methylmercapto - 2 - fluorenyl) - 
acetamide upon alkaline hydrolysis. Evi- 
dence was also obtained that some binding 
to proteins arose vzia 2-fluorenylhydroxyl- 
amine or the Z n i t m  compound (25). In 
this connection Miller et al. (318) demon- 
strated that nitrosobenzene, 2-nitrosotol- 
uene, and Znitrosofluorene inhibited incor- 
poration of amino acids in an in uitro 
syetem, but the N-hydroxy compounds 
were indective (see also 176 and 177). 

Only 2-nitrosofluorene was carcinogenic 
(163), the other two compounds were not. 

It has been demonstrated that a basic 
protein which bound azo dye was similar 
to or even identical with the cortisol- 
binding protein (218, 266, 395). This may 
constitute evidence for overlapping sites of 
action of carcinogens and corticoateroids. 
However, the select proteins of Barry et d. 
(26) binding metabolites from N-Zfluorenyl- 
acetamide were Merent. It may be worth 
asking whether these interesting proteins 
serve as specific carriers of carcinogens and 
metabolites within the cell. For example, 
they might stabilize the reactive estere of 
N-hydroxy-N-2-fluorenylacetamide pro- 
duced in the cytoplasm and tmneport 
them to the nucleus where they can react 
with receptors such as DNA. In the serum, 
only albumin, and to a lesser extent al- 
globulins, carried metabolites (93). Becsuae 
the active metabolites also bound to these 
proteins, there is usually found in animds 
chronically treated with these carcinogens, 
such as aromatic amines and am dyes, a 
substantial enlargement of the liver due to 
the functional demand to produce more 
serum proteins (92, 281). Liver carcinogens 
which do not appear to thus bind to serum 
proteins, such as diethylnitrosamine, fail 
to enlarge the liver. Evidence for the reac- 
tivity of the aromatic amine metabolites 
comes also from the fact that the methyl- 
mercapto derivative of N-2-fluorenylaceta- 
mide was detected in the blood of rats 
injected with this agent or its N-hydroxy 
metabolite (482). Its mechanism of forma- 
tion stems from a reaction with methionine 
as such or in peptide linkage, followed by 
hydrolysis of the adduct. 

The binding of N-hydroxy-2-fluorenyl- 
acetamide to the basic proteins or histones 
and acidic proteins of rat liver nuclei 
has been investigated by several groups. 
Lotlikar and Paik (278) reported that the 
compound was bound preferentially to the 
acidic nuclear proteins. Jungmann and 
Schweppe (209), who studied the time 
course of binding to hiatones and nuclear 
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acidic proteins, reported that one of the 
histone fractions had much higher label 
even after various treatments to remove 
possible contaminants. Previously, Barry 
et d. (27) had also implicated the histones, 
specifically those rich in arginine, in the 
biding of N-2-fluorenylacetamide to the 
nuclear proteins of rat liver. 

Boyland et al. (56, 57) noted that phenyl- 
and naphthylhydroxylamine reacted with 
thiols such as cysteine or N-acetylcysteine 
to yield a number of adducts which con- 
verted readily to the corresponding mercap- 
turic acids. Glutathionine also was sensitive 
to arylhydroxylamines, with formation of 
the corresponding glutathione derivative. 
N - H y h y  derivatives of carcinogenic 
arylaminea acted together with thiol rea- 
gents to effectuate an ATP-mediated mito- 
chondrial swelling (157). N-Hydroxylation 
also appeared to be a key reaction in the 
acetaminophen-caused hepatic necrosis in 
rate (337). Eneyrne inducers favoring N- 
hydroxylation also enhanced the necrosis. 
Covalent binding of isotope from labeled 
acetaminophen to tissue proteins required 
micmme-mediated oxidative reactions in 
w o  and in vitro, and the binding reaction 
was inhibited by glutathione, acting as a 
nucleopbilic trap for a reactive electro- 
philic reagent, evolved from acetaminophen 
by metabolism. In this sense, the behavior 
of this drug is very much like that of typical 
aromatic amine carcinogens. 

Boyland and Nery (60) also observed 
that after reaction with cysteine N-hydroxy- 
urethan yielded an S-carbethoxycysteine 
by degradation. The reaction of proteins 
with the urethm metabolite thus might 
involve transfer of a carbethoxy link (347). 
In  this case, N-hydroxylation can be re- 
garded as an activation step in that it 
facilitates the leaving of the carbethoxy 
group, just as acyl cleavage is facilitated by 
N-hydroxylation of arylamides (292). As 
an alternative, the reaction with proteins 
could also occur vicr an 0-ester of the N- 
hydroxy derivative. The most extensive 
biding in vitro to bovine plasma albumin 

(or salmon sperm DNA or yeast RNA) 
occurred with N-acetoxyphmwetin of a 
number of labeled phenacetin derivatives 
(349). It appears that "protein-binding," 
subject of numerous studies in the field of 
chemical csrcinogenesis, is the result of 
conversion of aromatic amines to their N- 
hydroxy derivatives which are activated 
in yiyo and then interact with select amino 
acid residues on protein. However caution 
is necessary in interpreting the results of 
such studies. The level of "protein-biding" 
in an organ may not correlate with the 
susceptibility of the t i m e  to the carcino- 
genic action or other pathological effect of 
an aromatic amine or its N-hydroxy deriva- 
tive (207, 474). Likewise, Roberta and War- 
wick (378) observed that there was no 
clearcut correlation between binding of 
radioactivity from the labeled noncarcino- 
gen aniline or the carcinogens 2-naphthyl- 
arnine and Fdimethylaminoazobeneene to 
rat liver or spleen proteins. Biding of the 
am dye to guinea pig liver proteins occurred 
a t  the same level as in rat liver, even though 
the guinea pig is resistant to development 
of hepatornas on feeding the dye. 

Recently, in a comparative study on the 
interaction between oxidation products of a 
model tertiary amine, N , N-dimethylaniline, 
or of a carcinogenic primary amine, 2- 
fluoremmine, this was dewribed in relation 
to both N-oxidation and the subsequent 
reaction with proteins. With both agents 
N-oxidation was required for protein bind- . . 
ing, but it was vmahed that the biding 
resulted from transition atate intermediatea 
rather than activated metabolites (33). 

C. Ribonucleic Acids 

Combination of derivatives of aryl- 
amines, usually measured by isotope tech- 
niques, with total RNA has been demon- 
strated for N-2-fiuorenylacetamide and 
for 4dimethylamino820benmne under in 
vwo conditions (114). Investigation of these 
interactions under in vitto conditions yielded 
a greater insight into the mechanism. 
Kriek (246) observed that 2-fluorenyl- 
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hydroxylamine reacted with RNA at low 
pH, although much less at  pH 7, chiefly 
with IL guanylic acid residue. In contrast to 
what is seen with carbonium ions derived 
from the carcinogenic dSkyInitrossmines 
and indeed with other e l a t i n g  agents 
which attack the 7-position (285, 457), the 
fluorene derivative waa unambiously 
traced to the &carbon atom (251). Thie 
interaction waa a h  obaewed a t  neutral 
pH with the model ace- derivative in 
oitro and haa been demonstrated in vivo 
under conditions where specific activation 
of N-oxy eatere with sulfuric acid or perhaps 
phoephoric acid could be implicated. Sub- 
stitution at the 8-position stabilizes the 
guanine-ribose link, whereas mbetitution at 
the 7-position weakens it (430, 432, 433). 
The meaning of this crucial difference in 
reactivity of the adduct of guanylic acid and 
two typee of carcinogen8 both affecting 
the liver remains to be explained. 

At neutral pH, 2-fluorenylhydroxylamine 
r d  with rRNA, DNA, or poly(G) but 
on continued incubation l w  of the 8-(N-2- 
fluoreny1amino)guanine moiety occurred to a 
considerable extent in RNA, leaa in poly (G), 
and least of all in DNA (240). This reaction 
may represent a mechaniam by which re- 
lease of the bound carcinogen leads to an 
altered nucleic acid, with ae yet unknown 
physiological or pathological consequences. 
S i i c a n t l y ,  this changed nucleic acid no 
longer carried the carcinogen reaidue. 
Hence, analytical techniques u t ihhg  tagged 
carcinogen as a marker would fail to detect 
this poaeibly crucial d e d  receptor. 

Study of the reaction of N-acetoxy-N-2- 
fluorenylacetamide with tRNA in vitro 
has been intensively pursued by Weinatein 
and asocbtea (463). W c a t i o n  of the 
tRNA (from Eachwichicr di) after the 
reaction indicated that 1 to 2 acetsmino- 
fluorene residues were bound per molecule 
of tRNA (465), a level approximating 
that for the binding to DNR. Thie altered 
tRNA ahowed changes in the ability to ac- 
cept amino acids in the amhoacyl-tRNA 
synthetase reaction and selective decream 

in the ability of the tRNA to recognize the 
normal codons (149,463,464). 

Another in vitro study (519) compared 
the extent of biding of N-hydroxy-2- 
fluorenylacetamide, a strong liver car- 
cinogen, and N-hydroxy-3-fluorenylaceta- 
mide, a mammary carcinogen but not a 
hepatocarcinogen, to yeast tRNA in the 
presence of soluble rat liver proteins. 
Whereas the 2 isomer bound to tRNA and 
its acetoxy derivative formed an adduct 
with methionhe, the 3 isomer waa unreac- 
tive and bound to tRNA to a negligible 
extent. Thus, the biding seemed to corre- 
late with the hepatocarcinogenic activity. 
Furthermore, Irving and Vwey (195) de- 
termined that, in male rats which are more 
susceptible to liver cancer induction by 
Zfluorenylacsfamide than females, higher 
levels of the carcinogens were bound to 
tRNA or rRNA in male rat liver than in 
females. Although DNA-bound carcinogen 
levels were the aame in males and females, 
there were differences between them in the 
retention of the acetyl group on the bound 
fluorenylamine reddue. 

In the case of guanylic acid and of tRNA 
it would seem quite certain that attach- 
ment of fluorenylacetamide residues to the 
&position has sizable stereochemical && 
in specifically modifying the conformation 
of the polymers. Thee c h a q p  may be 
expected to affect rather appreciably the 
transcriptional or translational properties 
of the resulting DNA and RNAe, respec- 
tively (150). Additional inveatigatiom with 
mch carcinogens will not only provide an 
accounting for their carcinogenicity on the 
bseie of specific molecular interactions but 
will also lead to an understanding of how 
chemicals interact with vital macromolecules 
in cells and membranes to yield their phar- 
macological and pathological &eats. 

Marroquin and Coyote (296) firet re- 
ported that N-hydroxy-2-fluorenylacetamide 
bound to different polyribonucleotides in 
small amounts, appreciably to poly(G) and 
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even more to poly(G:U), probably a t  the 
f a d  &position of guanosine. However, 
Kriek and RRiteema (252) found that 
N-ace~-2-fluorenylacetamide could also 
react with the pyrimidine ring of adenine 
if the poly(A) were in the form of a stacking 
coil. When the poly(A) was in the double 
helical form, binding waa greatly decreased 
(148) * 

It has been emphasized that conforma- 
tional changea are necessary for the &posi- 
tion of guanoeine to react (148, 216, 313). 
Rotational distortion of the modified guano- 
sine about the glycosidic bond followed by 
etacking of the fluorenylamine residue with 
the baae adjacent to the guanine was sug- 
gested as one possible mode (346). Incor- 
poration of the fluorenylamine residue into 
polynucleotides such as p l y  (Ua , G) , p l y -  
(U*,A), or AAG inactivated the ability of 
the triplets to stimulate ribosomal binding 
of their respective aminoscyl transfer 
RNAe. I n  a protein-synthesieing system, the 
modified poly(U8, G) blocked incorporation 
of d i n e  or phenylalanine into polypeptides 
(149). The conclusion was that in the modi- 
fied fluorenylamine-contctining synthetic 
mRNb translation was impaired because 
don-anticodon interaction was inhibited. 

The evidence from in vivo studies indi- 
cates that the active metabolites of thia 
type of carcinogen react mainly with 
guanylic acid reaidues in nucleic acids and to 
a much leeser extent with adenylic acid 
residues. Recently it was demonstrated in a 
model aytdem that N-acetoxy-N-2-fluorenyl- 
acetamide reacted with polyadenylic acid in 
which the major portion of the adenosine 
residues was altered. Although this modi- 
fying polymer did complex with p l y -  
uridylic and polyinosinic acids, it did not 
form structures such aa those seen with 
polyadenylic acid itself. Furthermore, the 
complex was changed by long wavelength 
ultraviolet irradiation to a fluorescent ma- 
terial. Likewise, DNA-containing carcinogen 
residues were susceptible to similar changes 
by ultraviolet irradiation which appear to 
be the result of cross-linking (313). 

The data suggest that the oarcinogen ia 
phased in DNA in a geometry such that it ia 
perpendicular to the axb of the helix and 
thus parallel to the base psire, a feature also 
postulated independently as a reault of 
observation of circulsr dichroimn qmba 
(148). 

Under in vivo conditiom the reaction of 
active metabolites of arylhydroxylamine8 
with DNA has been somewhat more diffi- 
cult to demonstrate than with RNA be- 
c a w  i t  d y  occurs to a lesser extent 
(94, 180, 197, 297, 302, 332, 422). However, 
although the combinations with proteins or 
with RNA have a limited half-life, the 
combination of carcinogen metabolites with 
DNA is more stable. N-2-Fluorenylacets- 
mide was the model agent used in most 
such studies (fig. 12). Electron rnicmecopy 
and ultraviolet spectroecopy provided evi- 
dence of a considerable alteration of DNA- 
bound carcinogen (107). A h ,  in contrast to 
RNA, where acetamidofluorene wse the 
residue bound, on DNA more than 70% 
of the entity attached to the &arbon of 
guanylic acid was aminofluorene, i.e., a lose 
of acetyl had occurred (196, 238, 248). 
The component responsible for the pereistent 
binding to DNA has been partially char- 
scterieed (250). The major component 
(80%) of bound carcinogen, N-(deoxy- 
guanosine-8-y1)-%fluorenylacetamide, had a 
half-life of 7 days but the other 20% re- 
mained on the DNA for period0 of up to 8 
weeks. Although this material was also 
apparently bound to guanine, the amino 
nitrogen of fluorenylscetamide may not be 
involved, inferring posaible attachment a t  
the 1 or 3 positions on the fluorene molecule. 

With N-hydroxy-N-acetyl-4-aminobi- 
phenyl more of the RNA-bound material 
was deacetylated than was the caae with 
the N-hydroxy-2-fluorenylacetamide (249). 
For DNA-bound material, the level of re- 
tention of the N-acetyl group was almost 
the same for either carcinogen. However, 
the overall binding of the biphenyl deriva- 
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FIG. 12. Carcinogen bound to DNA after 2 and 10 weeks of feeding 160 ppm of [9-"C] N-hydroxy-N-2- 

fluox.snylscetamide in the diet and maintenance on control diet for the time ahown on absciees (418). 

tive was much lower than that of the 
fluorene compound, implying a lower reac- 
tivity of the intermediate or a lower rate of 
formation of an activated intermediate. 
DNA, particularly at  higher pH values, 
mimicked the relative relationship of amino- 
fluorene verm acetylaminofluorene residues 
bound to the &position of the guanylic 
acid as found in DNA after in vivo testa 
(194, 196, 248). However, agumenta have 
been preeented again& the direct involve- 
ment of this particular main metabolite of 
N-hydroxy-N-Zfluorenylacetmnide in the 
r d o n  leading to nucleic acid-bound 
metabolite. Nonetheless, the glucoeiduronic 
acid (192) or the N-acetoxy derivative (29, 
241) of the corresponding hydroxylamine, 
highly reactive, needs further scrutiny in 
fhis regard. The glucoaiduronic acid from 
N-hydroxy-4-acetylaminobiphenyl was less 
reactive than that of the fluorene derivative 
(193), just as the corresponding 0-8cetoxy 
compound wm also of lower activity (387). 

Of interest is the higher stability of the 
glumnide of the biphenyl mm that of 
the fluorene compound with increasing 
pH, which may be related to the greater 
tendency of the fluorene compound to lose 
N-acetyl with production of the highly 
reactive fluorenylhydroxylamine g l u m -  
nide. In favor of this concept is the finding 
that incubation of tRNA with the gluouro- 
nide of N-hydroxy-N-4acetylaminobiphenyl 
followed by enzymic degradation of the 
adduct led to a guanylic acid with at- 
tached aminobiphenyl rather than acetyl- 
aminobiphenyl, also implicating the deacetyl 
compound as the reactive species. 

4Nitroquinolinel-oxide combined in vitro 
with DNA, probably by intercalation, and 
did eo also with poly(A) and poly(dAT) 
but not with poly(CG) and only minhdly 
with denaturated DNA. However, under 
in vivo conditions, or with c d h  in culture, a 
metabolite of 4nitroquinoline-l-oxide, iden- 
tified aa the hydroxylamino derivative, was 
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firmly bound to DNA. Under these condi- 
tions the agent cauaed atrand scission in the 
DNA. When treated DNA was used as 
template for the biosynthetlis of RNA more 
but shorter molecules of RNA were produced 
(101). Chemical degradation of the DNA or 
RNA 4nitroquinoline-1-oxide adducts indi- 
cated that guanine and adenine were the 
purine bases involved (420). 

After a single dose, metabolites from 
aniline or acetanilide bound only slightly to 
DNA (378). However, after dietary intake 
of labeled acetanilide, incrwing amounts 
of isotope were firmly bound to DNA of rat 
liver (144). The significance of this inter- 
action is not clear, for acetanilide appears 
to have no adverse effect on rat liver even 
in lifetime tests. In  any case, the nature of 
the aryl residue plays a key role in the re- 
activity of the "activated intermediates" 
and may relate in an important but as yet 
unknown way to the biological properties, 
including the organotropism of the car- 
cinogen. Extrapolation of such findings to 
the field of structure-activity relationships 
in the general area of pharmacology sug- 
gests that apparently minor changes in 
molecular structure may exert pronounced 
effects on activated forms of drugs, in- 
fluencing their pharmacodynamic action. 

Active DNA replication, induced by 
partial hepatectomy, did not influence the 
rate of removal of the Zfluorenylacetamide 
moiety from DNA after administration of 
labeled N-hydroxy-2-fluorenylacetamide to 
rata (501). S h h l y  Jackson and Irving 
(204) found that there was no predominant 
binding of N-hydroxy-2-fluorenylacetamide 
to newly synthesized DNA but that the 
bulk of the bound carcinogen was on the 
nonreplicating DNA. 

Feeding 3-methylcholanthrene in the diet 
of rata did not influence the extent of per- 
sistent binding of metabolites of either 
2fluorenylacetamide or N-hydrox y-Zfluo- 
renylacetamide to DNA 4 weeks after single 
injections of these compounds. However, 
when methylcholanthrene was fed prior to 
injection of either compound, there was a 

sizable decrease in the of Zfluorenyl- 
acetamide to rRNA and DNA but no de- 
crease in binding of N-hydroxy-Zfluorenyl- 
acetamide (191). These results mbstmtiate 
the fact that feeding of methylcholanthrene 
inhibits the carcinogenicity of Zfluorenyl- 
acetamide but not that of N-hydroxy-2- 
fluorenylacetamide (328). 

Model experiments with N-acetoxy-N-2- 
fluorenylacetamide and DNA in &o 
showed no loss of acetyl residue (251). 
With the glucosiduronic acid ester of 
N-hydroxy-N-2-fluorenylacetsmide, how- 
ever, in d r o  reaction with tRNA and witb 
DNA at  pH 7.4ledto a 65 to 80% loss of 
acetyl groups. Between pH 7.0 and 9.5 
the proportion of nucleic acid-bound fluorene 
residues with N-acetyl groups decreased 
from 44 % to 1 % (196). Furthermore, King 
and PhiUips (238) noted that binding of 
metabolite to DNA under deacetylating 
conditions led to almost complete loss of 
acetyl group on the fluorene residue bound 
to DNA and also to protein; under phos- 
phorylating conditions some acetyl re- 
tained, and under sulfating conditions most 
was incorporated. However, there are 
complications in relating the in d r o  tea& 
to the in w o  situation. Kriek (248) an6 
King and Phillips (239, 240) reported that 
nucleic acid residues containing the fluo- 
renylamine group lost the fluorene moiety 
to yield an unknown guanylic acid residue, 
although the relative proportion of baeea in 
the nucleic acid was unchanged. The adduct 
obtained with guanosine and N-hydroxy- 
N-2-fluorenylacetamide under deacetylating 
conditions (or with the hydroxylamine) on 
the one hand, or under phosphorylating, 
sulfating or acetylating conditions on the 
other, was different as measured by mo- 
biity on thin layer chromatograms, fluo- 
rescence, ultraviolet absorption, and content 
of acetyl group. Thus, differences in the 
loss of carcinogen bound to macromolecular 
constituents in vivo may be due not only to 
the intrinsic W-life of the macromolec~lle 
or the operation of repair enzymw hut, also 
to the chemical stability of the add11ctR. 
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In attempts to develop information of 
the mechanisms of DNA repair following 
damage of human lymphocytes by alkylating 
agents or proximate carcinogens like 
N-acetoxy-N-2-fluorenylacetamide or the 
N-hydroxy derivative, Lieberman et al. 
(260, 261) found that such treatment led to 
unscheduled DNA synthesis measured by 
thymidine incorporation in the presence of 
hydroxyurea. Most of the thymidine was in 
the DNA and was d y  internal and not 
much the result of terminal addition. Pro- 
carcinogens like N-2-fluorenylacetamide 
did not stimulate such unscheduled DNA 
synthesis. More information is needed on the 
preciee mechanisms underlying these in- 
tereating findings, for the DNA synthesis 
involved mainly pyrimidine, not purine, 
incorporation, whereas current data indi- 
cate carcinogens like N-acetoxy-N-Zfluo- 
renylacetamide attack mainly the purines. 
Another approach deals with the systematic 
diesection of the complex repair process by 
isolating the various responsible enzymes, 
such as was done with an endonuclease from 
rat liver cytosol which can operate on DNA 
modified by N-acetoxy-N-2-fluorenylaceta- 
mide (458). Repair mechanisms for DNA 
are deficient in cells from xeroderma pig- 
mentoeurn patients. Exposure of such cells 
to 4nitroquinoline-1-oxide in culture showed 
the repairdeficient cells had a 10-fold excess 
of chromowme aberrations over the level of 
normal skin cells (411). After N-acetoxy- 
N-2-fluorenylacetamide such cells had lower 
unscheduled DNA synthesis, just as they 
would after ultraviolet irradiation damage 
(388). 

Contemporary evidence suggests that 
the hepatocarcinogenic azo dyes combine 
with macromolecular receptors, in particular 
DNA, by similar mechanisms, namely 
N-hydroxylation followed by further acti- 
vation forming a reactive N-0 ester (332, 
367). Additional reactions can occur how- 
ever with other arylamino carcinogens. 
For example, wheress fluorene carcinogens 
react chidy with guanylic acid and very 
slightly with adenylic acid in DNA or 

RNA, appreciable reaction with adenylic 
and cytidylic acid was detected with deriva- 
tives of Paminostilbene and 4hydroxyl- 
aminoquinolinel-oxide (322). Furthermore, 
in addition to reacting with the guanine 
residue a t  the C-8 position, N-acetoxy 
amines from aminobiphenyl and amino- 
phenanthrene appeared to yield an acetyl- 
ated guanosine derivative (331). The amino- 
stilbene derivative dorded still another in- 
completely characterized adduct. On the 
other hand N-acetoxy-1- and Znaphthyl- 
acetamide failed to alter DNA according to 
Troll and Berkowitz (432). These com- 
pounds all possess an individual tumor 
spectrum as regards organotropy, which 
may or may not be related to the individual 
chmterist ic reactivities with cellular 
macromolecules. Such specificities may 
assist in ultimately relating biological dect 
and biochemical interaction (258). 

A similar diversity of ideas abounds as to 
the speci6c cellular targets in relation to 
biological action, including toxicity and 
carcinogenicity. Most of the developments 
refer to events in liver, the organ most 
studied since it is affected quite often but 
not exclusively by the agents discussed here 
(331). Thus emphasized but not necessarily 
as sole receptor system are proteins (129, 
364, 402, 424), RNA (114), rRNA (191, 
247, 248), tRNA (4, 121, 463), DNA (51, 
303, 406, 432, 460), or others such as gly- 
cogen (108, 114). 

The consequences of attachment of 
carcinogen metabolites to nucleic acids are 
manifold. There are changes in the absorp- 
tion spectrum, the melting curve, buoyant 
density, the susceptibility to nuclease ac- 
tion, and the priming ability for RNA syn- 
thesis which in turn is reflected in the bio- 
chemical specificity of cellular and enzymic 
reactions (34, 127, 129, 287, 406, 432). 

The carcinogenicity of N-hydroxyaryl- 
amines like that derived from N-2-fluo- 
renylacetamide is usually expressed only 
after chronic treatment of animals. However, 
even a single dose exerts important effects on 
macromolecular synthesis in target organs 



46 TVEISBURGER AND WEISBURGER 

such as the liver, especially when this 
normally &tic organ is forced into division 
as after partial hepatectomy. Thus, 
N-hydroxy-N-Zfluorenylacetamide inhibits 
incorporation of labeled precursors into 
liver RNA and DNA (298). A carcinogenic 
am dye incresaee DNA repair synthesis 
(137). Previously a number of investigators 
had shown by nonisotopic technique8 that 
mitosis in liver after partial hepatectomy 
was severely depressed after sdministration 
of such carcinogens (289). Even the rate of 
regeneration as measured by the liver weight 
increase was lower (131). The role played 
by this inhibition at the tissue and at the 
molecular level requires further study to 
explain the tordc and carcinogenic effects of 
these agents. Also relevant to this question 
are well documented findings that the liver 
of newborn animals (243) or liver after 
partial hepatedomy is sensitive and 
eventually develops cancer with agents 
which do not sect adult liver. Examples 
are urethan (74, 255), polycyclic aromatic 
hydrocarbons (242), or Bpropiolactone 
(75). 

F.  Glycogen 

It was observed that hyperplastic nodules, 
precursors of liver cancer in animals fed 
N-Zfluorenylacetamide or the N-hydroxy 
derivative, contained k b l e  amounts of 
glycogen (108, 114). After fasting the ad- 
joining normal liver exhibited no glycogen. 
The glycogen in nodules was not as suscepti- 
ble to enzymic hydrolysis as normal gly- 
cogen, and it appeared to contain a bound 
derivative of N-hydroxy-N-2fluorenylacets- 
mide. The specific nature of this interaction 
remains to be estsblished. However, the 
stability of the modified glycogen suggeets 
that bonds in the molecule normally sus- 
ceptible to hydrolytic splitting become un- 
available, perhaps bemuse they have r e  
acted with the d v e  carcinogenic inter- 
mediate, or are in the vicinity of a carbo- 
hydrate-carcinogen adduct. 

G. Conclusions 
It  appears fairly certain that formation of 

N-hydroxylated derivatives is a necessary 
but not d ic ien t  reaction for converting 
mylamines, certain azo dyea, Cnitroquino- 
line-1-oxide compounds, and perhaps ethyl 
carbamate (urethan) to a biologically re- 
active compound. The exact nature of the 
subsequent activation step most likely is 
esterification of the N-oxy compound by 
acetylation (274, 27.9, trsnsscetylation 
(29, 241), glucuronic acid conjugation 
(187, 193, 196, 317), sulfuric acid conjuga- 
tion (88, 90, 491), phosphoric acid conjuga- 
tion (237, 238, 280, 421), conversion to 
arylhydroxylamine by descetylation (238, 
246, 481), or ion and radical formation 
(7, 152, 343, 493), or of course, a combina- 
tion of these or other mechanisms. 

X. Immunological and 
Allergic Remtioxu 

N-Oxy derivative8 of carcinogenic or 
noncarcinogenic aromatic axnines are re- 
active materials. Thus, under eome condi- 
tions, certain of their interactions in vivo 
with proteins or membranes may yield 
specific antigens which lead to immuno- 
logical reactions. This scheme probably 
accounts for allergies occasionally en- 
countered in sensitive individuals exposed 
to aromatic nitro compounde or arylamines, 
both of which can be converted to N-hy- 
droxy compounds (305, 446). A h ,  adrnin- 
istration of some of these compounds, 
mostly carcinogenic am dyes or arylamine 
derivatives which are known to require 
biochemical activation to N-hydroxy de- 
rivatives, leads to a derepxwsion of the 
syntheaia of fetal proteins shortly after 
exposure or when the induced tumors a p  
pear. There are several discusaiom and r e  
views on this topic (1, 2, 14, 16, 91, 202, 
253, 461). 

XI. Carcinogenicity of N-Hydrory 
Compounds 

Since recent overviews on the literature 
in thie field are available (77, 151, 327, 332, 
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471), only a few relevant points will be made. 
Because carcinogenic aromatic amines rarely 
give cancer at  the point of application, it 
was assumed that the compounds themselves 
were not the active carcinogenic principles. 
After the importance of N-hydroxylation 
was reahzed in the case of N-Zfluorenyl- 
acetamide, it was demonstrated that N-hy- 
droxylation was a key activation reaction 
with other carcinogenic aromatic amines 
and am dyes. The N-hydroxy derivative, in 
contrast to the amide itself, did cause sub- 
cutaneous sarcomas at  the point of injec- 
tion or cutaneous carcinomas in the area of 
application to the skin (325). The N-hydroxy 
derivative is somewhat more acidic than 
the corresponding 7- or Shydroxylated 
c*mpounds but less so than the o-hydroxy 
metabolites (146). Metal chelates were 
prepared and their complexing constants 
evaluated (477), but when tested they 
usually exhibited local oncogenic propertiea 
inversely related to their solubility (35, 
329, 366, 407). A h ,  species, for example 
guinea pigs, not susceptible to the car- 
cinogenicity of N-Zfluorenylacetamide or of 
fluorensmine probably are so because they 
do not form or accumulate N-hydroxy 
derivatives in sufficient amounts. Such 
speciea were responsive when treated with 
large amounts of the N-hydroxy derivative. 

N-Hydroxylation b a necesssry but not 
d c i e n t  biochemical reaction to elicit 
carcinogenic properties in aromatic aminea. 
Although aniline or acetanilide were sub- 
ject to N-hydroxylation in a number of 
species, adequate testg revealed that aniline, 
acetanilide, even phenylhydroxyke,  
N-phenylacetohydrodc acid (35, 151, 
316), or N-acetoxy-4-acetylaminobibenzyl 
(351) were not carcinogenic. However, as 
discussed elsewhere, aniline exhibits ap- 
preciable pathological effects, particularly 
in the hematopoietic system because of 
N-hydroxylation. 

Further evidence for the importance of 
N-hydroxylation is derived from the fact 
that aromatic aminea such as Zbiphenyl- 
arnine (138), l-naphthylamine (372, 373), 

and l-fluorenamine which for as yet un- 
known reasons apparently do not undergo 
significant N-hydroxylation are also not 
carcinogenic. On the other hand, the cor- 
responding synthetic N-hydroxy compounds 
are active (35, 154-156, 291, 516). In fact, 
Radomski et al. (374) obtained tumors in 
rats with 1-naphthylhydroxylamine while 
the 2 isomer had no effect, but Belman et d. 
(35) reported both isomers of naphthyl- 
hydroxylamine to be active carcinogens. 
However, in neonatal mice, as had been 
shown by Boyland et al. (52), 2-naphthyl- 
hydroxylamine was active. Moreover in 
dogs 2-naphthylhydroxylamine was de- 
cidedly more potent as a bladder carcinogen 
than the parent 2-naphthylamine. 

Within the interesting series of the iso- 
meric arylamines, it has been generally 
found that when the amino group was ortho 
to another ring substitution, such as in 
Zbiphenylamine, l-naphthylamine, l-fluo- 
renamine, and Cfluorenamine, they were 
generally not carcinogenic. On the other 
hand, para-substituted agents, or broadly 
speaking, molecules where the amino group is 
not ortho to the adjoining ring, are car- 
cinogenic (487). As discussed elsewhere in 
thia review, it is quite certain now that the 
underlying reason stems from the stereo- 
specscity of the biochemical N-hydroxyla- 
tion reaction, which requires further ex- 
ploration. The main documentation for this 
concept reats on the fact that the corre- 
sponding synthetic N-hydroxyarylamines or 
properly substituted arylhydroxylamines 
like N-acyl derivatives are carcinogenic. 
The best known series of analogous and 
isomeric chemicals is that of the arylamines 
derived from fluorene. 2-Fluoremmine and 
related compounds are all carcinogenic 
because they are converted to the proxi- 
mate carcinogen 2-fluorenylhydroxylamine 
and derivatives. While the I-, 3-, and 
4fluorenamine compounds are not active, 
the N-hydroxy-3-fluorenylacetamide b an 
excellent carcinogen for the mammary 
gland in female and even in male rats (155, 
156). Parenthetically, it is a poor carcinogen 
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for liver, which suggests that either this 
agent does not reach the liver in adequate 
concentration, an unlikely supposition, or 
that the sulfotransfeme apparently in- 
volved in liver carcinogenesk also requires 
certain stereochemical arrangements of 
substrate. The N-hydroxy derivative of 
3-fluorenylacetamide may not be a good 
substrate. Of further interest is the fact that 
the N-hydroxy derivative of 1-fluorenyl- 
acetamide was an even less active carcinogen 
than the companding 3 isomer, which was 
in turn less potent than the well known 2 
isomer. This was true also when the acyl 
substituent was beneoyl rather than acetyl. 
On the other hand, within the seriea of 
compounds derived from psubstituted 
arylamines such rts Zfluorenamine or 
4biphenylamine, the N-hydroxy deriva- 
tives of the N-bemy1 or N-tosyl derivatives 
were quite powerful mammary carcinogens. 
Some of these agents were also active at 
the point of injection, suggesting that these 
molecules were close to the ultimate car- 
cinogen. 

Agents like the N-hydroxy-N-2-fluorenyl- 
beneenesulfonamide readily underwent de- 
acylation with conversion to similar me- 
tabolites as found after injection of the 
better known N-acyl derivatives. Thus, 
chemical N-hydroxylation weakens the 
N-acyl link and subjects it to biochemical 
attack, helping to account for the car- 
cinogenicity of these compounds. There is 
good evidence that the potent synthetic 
carcinogen, N-hydroxy-Zfluorenylbenzene- 
sulfonamide, was desulfonylated in w o  
to N-Zfluorenylhydroxylsmine which was 
presumed to be the actual carcinogenic 
intermediate (291). Further evidence for 
this premise came from the fact that 
N- phenyl- 2 - fluorenylhydroxylamine and 
N-phenyl-4-biphenylylhydroxylamine were 
only weakly active or inactive as car- 
cinogens. On the other hand, the synthetic 
0-glucuronide of N-2-fluorenylhydroxyl- 
amine was only marginally active (199). 
The carcinogenicity of the 0-glucuronide 
of N-hydroxy-Zfluorenylacetamide de- 

pended on the vehicle used; it yielded no 
tumors when injected in tricaprylin but 
produced tumors when injected in physi- 
ological saline solution (199). 

As noted, Gutmann and associates (155, 
156) reported that amides from Zfluorena- 
mine which exhibited low or indeed no 
carcinogenicity, l i e  the N-bemyl or 
N-benzenesulfonamido derivatives, were 
converted to highly potent carcinogens 
when the N-hydroxy group was inserted 
into these molecules by chemical synthesis. 
Previously it was presumed that the reason 
for the low carcinogenicity of these com- 
pounds stemmed from their resistance to 
the hydrolytic enzymes which could liberate 
Zfluorenamine (472). The real reason now 
appears to be that the benzoyl or tosyl and 
related derivatives do not N-hydroxylate 
readily. 

The N-hydroxy derivative of 4amino- 
stilbene showed pronounced carcinogenic 
activity at the target tissues such as mam- 
mary gland and ear duct but a h  induced 
tumors in the forestomach, intestine, or at 
subcutaneous injection sites (5, 15). After 
oral dosing both N-acetoxy- and N-hydroxy- 
4acetylaminostilbene produced ear duct 
tumors (351). Furthermore, the tumor in- 
hibitory properties of the stilbenamine 
derivativea were found to be largely due to 
the N-hydroxy metabolite. 

The carcinogenic activity of 4nitro- 
quinoline-1-oxide is probably mediated 
through the reduced form 4hydmxyamino- 
quinoline-1-oxide (for review see 101). 
Presumably the active form may be an 
0,O-diacetyl derivative (106), analogous 
to the situation with N-acetoxy-Zfluo- 
renylacetamide. However, teets of the two 
quinoline compounds in mice and rate showed 
that the carcinogenicity of either 4hy- 
droxyaminoquinolinel-oxide and ita diacetyl 
derivative was equivalent in mice; the latter 
compound was much leas active than the 
parent hydroxylamine as an inducer of 
subcutaneous sarcomas in rafs (103). The 
diacetyl compound may be too reactive to 
reach the proper target organ. 
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4Hydroxyaminoquinoline-1-oxide is a 
fairly potent carcinogen, producing various 
types of tumors in many organs, depending 
on the mode of adminietration and the 
type of animal used. For example, skin 
painting gives papillomas and carcinomas, 
subcutaneous injection sarcomas (101, 103), 
intragastric instillation atrorded stomach 
and intestinal tumors (338, 339), and a 
single intravenous injection in young 
Sprague-Dawley rata yielded benign exo- 
crine pancreatic tumors, a type rare in ex- 
perimental animals, but of importance in 
man (161). 

Whether the carcinogenic action of 
urethan can be ascribed to metabolic con- 
version to N-hydroxyurethan remains open 
(335, 336), particularly since the N-hydroxy 
compound was not appreciably more active 
than the parent urethan. Pretreatment of 
mice with various enzyme inducers such as 
phenobarbital or chlordane lowered lung 
tumor response after urethan (511). A re- 
lated N-hydroxy compound, hydroxyurea, a 
useful drug in cancer chemotherapy because 
it specifically atrecta the mitotic cycle in S 
phase, ie not carcinogenic (336, 341, 510), 
nor is N-hydroxysuccinimide (86). 

With the carcinogenic a m  dyea derived 
from 4methylamin08aobenzene (N-methyl- 
pphenylasoaniline) it has been long known 
that the N-methyl group was required for 
the expreseion of carcinogenicity (330). 
Nonetheleas, this dye or the parent amino- 
azobenzene ia metabolized to an N-hydroxy 
derivative in rata, mice, and hamsters and 
excreted in urine as a conjugate (382). 
However, bioaeaaya of N-hydroxy-4amino- 
ambenzene, N-hydroxy-4-acetylaminoazo- 
benzene, or the N-acetoxy derivative, as such 
or as the cupric chelate, uniformly failed to 
yield tumors. It was not poeaible to prepare 
the postulated intermediate N-methyl-N- 
hydroxyaminoazobenzene from 4methyl- 
aminoaaobeneene, but the N-bemyloxy 
eater could be synthesized chemically (367). 
This compound was highly carcinogenic a t  
the site of injection and yielded a number 
of cancers a t  remote sitea. Taken together 

with other evidence, it would appear that 
the mechanism of activation of carcinogenic 
azo dyes involves a monodealkylation of 
the N, N-dialkyl derivative, followed by 
N-oxidation and esterification, just as is 
true for the aromatic amines. The specific 
requirement for an N-methyl group for the 
carcinogenicity of these azo dyes is not yet 
clear. On the other hand, o-aminoazotoluene 
(3,2'-dimethyl-4-aminoazobeneene) ia car- 
cinogenic without N-methyl substitution, 
and there is evidence of direct N-hydroxyla- 
tion with this dye (299). 

There is suspicion that certain tryptophan 
metabolites or tryptophan itaelf, particu- 
larly when present in abnormal amounta, 
may have some carcinogenic or cocar- 
cinogenic d e c t  (375). Since the discovery of 
N-hydroxylation of arylaminea, attention 
was directed to similar metabolites of 
tryptophan. However, Boyland and Fahmy 
(53) observed that Zhydroxylaminobenzoic 
acid wae not present in the urine of rats or 
rabbits given anthranilic acid or tryptophan. 
On the contrary, these species metabolked 
the a d m i .  N-hydroxylamino deriva- 
tive to the same metabolites seen after 
anthranilic acid, indicating that the bulk of 
the material was reduced. 

XII. Mutagenicity of N-Hydroxy 
Compounds 

If the mechanism of the carcinogenic 
process should involve a direct permanent 
alteration of a cellular or molecular con- 
stituent which is heritable, ib follows that 
carcinogens might also be mutagens. Early 
testa of this concept failed, for a number of 
chemical carcinogens were not mutagenic 
in microbiological systems aa well as in the 
classic fruit fly (Drosophila) teste. It ia 
now clear that these historic experiments 
failed &ply because the materiala tested 
were not the active carcinogenic entities, 
and the indicator systems were devoid of 
biochemical activation mechanisms. Recent 
approaches utilizing not the parent aminea 
but p r o h t e  or ultimate carcinogem did 
reveal that such compounds proved to be 
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excellent mutagenic agents in a variety of 
system. 
Thus, the synthetic ~ulfate, acetate, or 

benzoate e m  of N-hydroxy-N-2-fluo- 
renylacetamide or the benzoate eater of 
N-oxy-4-methylaminmobenzene exhibited 
mutagenic effect on transforming DNA for 
BuciUua subtilis (287) (fig. 13). The glu- 
coaiduronic acid of N-hydroxy-N-2-fluo- 
renylacetamide, or the free N-hydroxy 
compound iteelf as well as nitrosofluorene or 
Zfluorenylhydroxylamine were inactive. 
Other active compounds included the sul- 
furic acid ester of N-hydroxy-4-acetylamino- 
biphenyl and the acetyl derivatives of 
N-hydroxy-4acetylarninobipheny1, N-hy- 
droxy-4acetylaminostilbene, and N-hy- 
droxy-Zscetylaminophenanthrene (238). 
The parent amidea or aminea, N-hydroxy- 
smides, and N-hydroxyaminea had little 
or no effect on inactivation or mutation of 
the transforming DNA under similar con- 
ditions. 

Using a different indicator, bacteriophage 
T4, Corbett et d. (80) determined the 
mutagenic activity and types of mutational 
events produced for numerous carcinogens 

I I I I I 1  

0 5 1 0 1 5 2 0 2 5 3 0  
DOSE (MINUTES) 

FI~. 13. Inactivation of Bacillw aublilia SB 19 
DNA as essayed by ita ability to transform the 
tryptophan-requiring strain T3, in the presence of 
various derivatives of N-2-fluorenylacetamide 
(AAF) or of methylaminoazobenzene (MAB) 
(287 1. 

and some noncsrcinogenic analogs. Various 
N-hydroxylamines (N-hydroxy-1- and 
Znaphthylamine, N-hydroxy-2-aminofluo- 
rene) were toxic but not mutagenic. How- 
ever, N-acetoxy-Zfluorenylacetamide and 
7 - fluoro - N - acetoxy - 2 - fluorenylaceta- 
mide were active mutagens, producing 
adenine,'/thymine -, guaninellcytosine baae 
pair transitions and frameshift mutations. 
Of various nitroquinolinel-oxide deriva- 
tives, only 4hydroxylaminoquinolinel- 
oxide markedly affected phage T4 (201). 

On the other hand, in a related test 
system, prophage induction in lysogenic 
Escherichia wli, N-acetoxy-N-Zfluorenyl- 
acetamide and N-hydroxy-2-fluorenylaceta- 
mide were not active, even a t  very high 
concentrations. Simpler hydroxylamines 
such as N-hydroxy-1-naphthylamine (but 
not N-hydroxy-2-naphthylamine) and ox- 
amylhydroxamic acid were most effective in 
prophage induction (165). Since phage in- 
duction has been advocated aa a method for 
detection of mutagenic, carcinogenic, and 
other toxic materials (100, 164), the dis- 
crepancy demonstratea the need for con- 
tinued efforts on this problem. Undoubtedly, 
a teat system in which mutagenicity of any 
substance could be correlated with its 
carcinogenic activity would be a great 
boon for rapid detection of carcinogens. 
However, an ideal teat system has not yet 
been devised (323,396). Many future efforte 
to assess mutagenicity-carcinogenicity r e  
lationships are in order. Very likely a num- 
ber of mutagenic assays will, however, serve 
as reasonably good yet rapid prescreens of 
the vast number of environmental chemicals 
for their carcinogenic potential. 

Teats of various aromatic amine deriva- 
tives on yeast cells, Saccharomyces m e ,  
also led to the conclusion that only the 
N-acetoxy compounds among the amino- 
fluorenes or stilbenea were strongly active 
in inducing mitotic gene conversion (295). 
On the other hand, ptolylhydroxylamine 
was more effective than N-acetoxyaceto-p 
toluidide, N-hydroxyaceto-ptoluidide, and 
pnitrosotoluene in causing gene conversion. 
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RNA, or protein synthesis in hamster 
embryo or HeLa cells in culture. Additional 
studies demonstrated that not only was 
N-acetoxyfluorenylacetamide capable of 
transforming cells but it was sLso highly 
mutagenic to Chinese hamster cells. Neither 
2-fluorenylacetamide nor N-hydroxy-Zfluo- 
renylacetamide had any mutagenic effect in 
this mammalian system (174). 

Although neither urethan nor N-hydrox y- 
urethan had any effect in vitro, urethan was 
significantly active tramplacentally, demon- 
strating the need for metabolic activation. 
Upon treatment with a variety of car- 
cinogens, among them N-hydroxy-N-2- 
fluorenylacetamide, epithelial rat liver cells 
in long term culture were transformed to 
cells which led to tumors upon injection 
into syngeneic hosts (494). 

Another mutagen, 4hydroxylaminoquino- 
line-1-oxide (log), was fairly active in 
transforming hamster embryo cells in vitro 
to mdignant lines, as defined by morpho- 
logical alteration and the tumorigenicity of 
these altered cells (254, 514). The earliest 
dec t s  of the hydroxylaminoquinoline-l- 
oxide were to induce chromosomal gaps, 
breaks, and deletion, followed by heteroploid 
and polyploid karyotypic changes. This 
compound likewise inactivated SalmoneUrr 
lyphimurium phage P22 in vitro whereas the 
parent 4nitroquinoline-1-oxide did not, 
pointing toward the hydroxylamine as the 
active intermediate responsible for the 
carcinogenic activity of 4nitroquinoliie- 
1-oxide (505). 

XIII. Summary 

I .  the past most metabolic reactions on 
exogenous materials were conaidered to be 
detoxification reactions. However, during 
investigations on adverse effects of aro- 
matic amines and related materials, it was 
discovered in the last 15 years that certain 
of these chemicals have pronounced effects 
on the hematopoietic system, are car- 
cinogenic, or have other pharmacological or 
pathological properties because of a novel 
toxication reaction. This reaction consists 

in substituting one hydrogen on the amine 
nitrogen with a hydroxyl group, N-hy- 
droxylation. N-Hydmxyhtion has been 
studied extensively both in tho and in 
vitro. N-Hydroxy compounds can be pro- 
duced by a number of methods. Chemically, 
selective reduction of the corresponding 
nitro compounds under conditions where 
the hydmxylamine can be isolated is gen- 
erally most useful. Similarly, nitroaryl 
compounds can serve as substrates for an 
in vwo or in vitro biochemical reduction in 
mammalian as well as in bacterial systems. 

Biochemically N-hydroxy compounds are 
generally the product of specific N-hy- 
droxylation reactions on the corresponding 
aromatic amines. In a few instances aliphatic 
amines were so studied, but relatively little 
success was achieved in demonstmting 
N-hydroxylation except by indirect criteria. 

Biochemical N-hydroxylation is subject 
to a number of limitations. With aryl 
amines N-hydroxylation generally proceeds 
better when there are no substituents 
ortho to the amino group. Many speciea 
including man have varying capability to 
perform N-hydroxylation, but the guinea 
pig and the steppe lemming have the least 
capability. Furthermore, although many 
tissues can N-hydroxylate in vitro, the 
liver usually excels in this respect. In many 
but not all instances chronic administration 
of an arylamine yields increasing levels of 
an N-hydroxy derivative. In some caaes 
this increase hss been attributed to the 
higher production of N-hydroxy compounds 
by damaged tissue such as liver. Although 
there are relatively minor effects due to sex, 
endocrine-modified animals do sometimes 
exhibit Merent capacities for N-hydroxyla- 
tion. 

N-Hydroxylation appears to be performed 
by membrane-bound eruyrnea on the endo- 
plasmic reticulum just as are other types of 
biochemical hydroxylations. However, more 
information is needed on certain differences 
between C- and N-hydroxylation. Carbon 
monoxide and other selective inhibitors 
have less effect on N-hydmxylation than 
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on some types of C-hydroxylation, Thus, 
it is not yet establiehed that the now claasic 
cytochrome P-450 system is involved in all 
types of N-hydroxylation reactions. 

As with other hydroxylated derivatives, 
N-hydroxy compounds are good substrates 
for further conjugation reactions with 
glucuronic or sulfuric acid. Thus, N-hydroxy 
compounds are transported in vivo and are 
excreted into urine chiefly as glucuronic 
acid conjugates, which probably are de- 
toxification forms. On the other hand, there 
is evidence that sulfate &r formation 
yields unstable activated metabolites which 
are r d v e  entities. These compounds can 
be mutagenic, carcinogenic, and highly 
toxic. Other eetera like 0-acetates are simi- 
larly endowed. However, the effect on the 
hematopoietic system appeara to be medi- 
ated by arylhydroxylaminea reacting di- 
rectly with select constituents of this 

or acting as catalysts in transferring 
oxygen to form methemoglobin. 
Thus, N-hydroxylstion is a key reaction 

accounting for many of the phsrmacologi- 
cal, pathologid, and othier adverse effects 
of aromatic nitro compounds, aromatic 
amines, and their derivatives. 
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