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I. INTRODUCTION AND HISTORICAL BACKGROUND 

The existence of significant levels of potentially dangerous oxidants in cells 
and tissues under physiological conditions has frequently been proposed but had 
previously received little quantitative support. Current approaches to the direct 
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measurement of the intracellular concentration of hydrogen peroxide, together 
with a better understanding of the experimental and theoretical basis for hydro- 
gen peroxide generation and utilization in cells and tissues, now afford an 
appropriate background for a review of the physiological and biochemical as- 
pects of intracellular hydroperoxide metabolism in mammalian systems. 

Although carbon monoxide- and cyanide-insensitive respiration, which 
bypasses the sequential reduction of oxygen via the respiratory carriers with 
the concomitant phosphorylation of ADP to ATP, has long been established, 
the physiological significance of a number of intermediates of oxygen reduction, 
produced in this or other intracellular reactions, has been recognized only in the 
last decade. This review focuses on hydrogen peroxide generation and utiliza- 
tion, emphasizing the function of catalase, the enzyme chiefly responsible for 
the intracellular regulation of H202. The reactions of glutathione peroxidase 
with H,O, and organic hydroperoxides are evaluated, as is the role of super- 
oxide dismutase in converting the superoxide anion 02- to H202. The overall 
scheme of Figure 1, showing the interaction of these pathways, serves as the 
background for this study. 

The metabolic implications of the continuous production of hydroperoxides, 
including the physiological role of catalase in the oxidation of methanol, ethanol, 

/F 
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NADPH + H+ D 

FIG. 1. General scheme of roles of catalase, glutathione peroxidase, and superoxide dismutase 
in different subcellular locations. Concentrations and formation rates of oxygen metabolites are 
estimated. UQH l , ubiquinone radical; GSSG, oxidized glutathione; GSH, reduced glutathione; 
DH, and D, a nonspecified NADP reducing system; SOD, superoxide dismutase; NADPH and 
NADP, nicotinamide adenine dinucleotide phosphate; O,- superoxide anion; HO l , hydroxyl radical; 
ROOH, an alkyl hydroperoxide; GPer, glutathione peroxidase; Cat, catalase; B and BH2, hydrogen 
donors of a specificity appropriate to catalase, such as ethanol. 
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etc., in its peroxidatic mode, and the relation of the glutathione peroxidase 
reaction to the thiol and NADPH systems of the cell are discussed. The contribu- 
tion of oxygen metabolites to a number of biological phenomena such as oxygen 
toxicity, radiation sensitivity, phagocytosis, and senescence is considered. 

Much of the new information on H,O, metabolism has been acquired by an 
approach based on optical techniques with catalase used as an indicator of intra- 
cellular HZOZ. This enzyme forms an intermediate, compound I, discovered 
by Chance in 1947 (84) that has distinctive optical properties (see sect. II, AI). 
Compound I was soon observed in living bacterial cells (Micrococcus Zysodeikti- 
CUS) where the intracellular H,O, concentration was estimated to be low8 M 
under the usual growth conditions and “about four times as much peroxide 
was decomposed catalatically as peroxidatically in the respiring cell” (93). These 
studies were extended to mammalian tissues by Sies and Chance (476) using 
absorption spectrophotometry of isolated perfused rat liver, and compound I is 
now employed as an intracellular indicator of H,Oz concentration even in the 
intact organ in situ (395). At present, there is ample evidence that univalent 
and divalent reduction of oxygen is a universal attribute of aerobic life and that 
powerful metabolic activities have been developed to deal with the potentially 
harmful intermediates, in some cases utilizing them for cellular function such 
as alcohol oxidation or phagocytosis. 

The study of enzyme-substrate compounds has been of the greatest im- 
portance in biochemical studies of the mechanism of enzyme reactions and now 
has an essential role in organ physiology. This is appropriate since, from the 
historical point of view, the exploration of enzyme reactions began in physiol- 
ogy. The beginnings of enzymology were accompanied in the early years of the 
twentieth century by formulations of mechanisms of enzyme action by Henri 
(220) in 1903 and by Michaelis and Menten (349) in 1913 that were based on 
the concept of the combination of enzyme with substrate to form intermediate 
compounds. 

More sophisticated reaction mechanisms, proposed by Briggs and Haldane 
in 1925 (70), were considered particularly appropriate for enzymes utilizing H202, 
termed “hydroperoxidases” by Theorell (517). Keilin and Mann (269), Stern 
(499), and Theorell (516) all identified intermediates in the reactions of hydro- 
peroxidases with peroxides that they believed to be related to the “enzyme- 
substrate compounds” proposed by Henri and by Michaelis and Menten. 

Kinetic studies revealed the true nature and function of these intermediates. 
Two types, primary and secondary, are involved in peroxidase reactions, 
whereas only the primary type has been found to be functional in the reactions 
of catalase (86, 87, 93, 113). Early in vivo experiments with lMicrococc~s 
Zysodeikticus (93) demonstrated the pri mary intermediate of catalase and 
hydrogen peroxide in living cells and its reactions with ethanol , nitrite, and 
formate. These observations of the catalase compound lay fallow for nearly 
20 years, until improved techniques for the study of perfused organs 9 a greater 
interest in intracellul .ar H202, and the development 
tation led to similar observations of ’ the primary 

of more sensitive instrumen- 
catalase-H,O, intermediate 
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in the perfused liver (392, 393, 475, 476). These studies have been followed 
by investigations of HzOz generation in isolated organelles (66), which identified 
the microsomes and mitochondria, as well as the peroxisomes studied by 
de Duve (X3-145), as significant contributors to this phenomenon. The dis- 
covery of the role of the mitochondria in peroxide generation (63,66, 108,317) 
was the most surprising and affords the conceptual basis for a revolution in our 
consideration of the problem of hydrogen-transfer reactions in mitochondria 
and the mechanism of intracellular H202 generation. 

The concept of direct hydrogen transfer to oxygen with the concomitant 
generation of hydrogen peroxide had its proponents and opponents among the 
giants of biochemistry and physiology 50 years ago: Thunberg, Wieland, 
Willstitter, Warburg, Keilin, and others. The controversy centered about the 
mechanisms and relative significance of hydrogen transfer and electron transfer 
in biological oxidations. Wieland and Mitchell (550,551) favored a theory of sub- 
strate activation in which hydrogen atoms from the substrate molecule com- 
bined with oxygen to form hydrogen peroxide. Warburg’s concept of oxygen 
activation (537, 538), together with Keilin’s proposal of electron transfer through 
a cytochrome chain (266), suggested that electrons were transferred to OxYgen, 
which is then completely reduced and combines with hydrogen ions to form 
water only at the last step. 

Finally, in 1929 Warburg’s “atmungsfemtent” (540) could be identified with 
Keilin’s cytochrome c oxidase, and this component was recognized as the gener- 
alized, carbon monoxide- and cyanide-sensitive, oxygen-consuming catalyst of 
the respiratory chain. This landmark discovery eclipsed for several decades the 
investigation of univalent oxygen reduction leading to the superoxide anion 02- 
or divalent reduction leading to H20e. The eclipse was due in part to the lack 
of adequate methods for the direct demonstration of hydrogen peroxide genera- 
tion in the cell and in part to Warburg’s opposition to the idea. He is believed 
to have stated that Wieland has processed whole dogs and has not found one drop 
of H202! 

A test of Wieland’s hypothesis depended on the direct demonstration of 
HeOz formation in substrate oxidation in vivo and in model systems. Despite 
numerous attempts, Wieland (550) was never able to identify H,O, in animal 
tissues. This probably was not so much a fault of the analytical technique as a 
failure to comprehend how rapidly H,O, disappears in tissues after an animal 
is killed. Tissue &hernia causes liver H,O, to fall essentially to zero in less than 
30 s, as determined by direct observations of the decrease of the concentration 
of the catalase-H,Oe intermediate (476). 

A number of hints that the Warburg-Keilin scheme did not account fully 
for all the cellular oxygen reduction were provided by the cyanide- and antimycin 
A-insensitive respiration observed to a limited extent in mitochondria isolated 
from eukaryotic cells (488) and as a major pathway in bacterial respiratory 
sy&ems and in mitochondria from higher plants (223,312). In some plants the 
magnitude of the cyanide-insensitive respiration is so great, accounting for as 
much as 6O-95% of the total respiration (50, 102), that it can scarcely be at- 
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tributed to incomplete inhibition of the cytochrome oxidase system by cyanide, 
strongly suggesting the involvement of alternative pathways for oxygen reduc- 
tion. The possibility that the antimycin-insensitive respiration of mitochondria 
may be generally related to the formation of hydrogen peroxide has recently 
been verified for animal as well as for plant mitochondria, with the use of a 
sensitive method for the detection of H,O, by its binding to yeast peroxi- 
dase (60, 63; 442). 

As early as 1946, Michaelis (348) proposed that the oxidation of bivalent 
organic molecules proceeds in two compulsory univalent steps, the intermediate 
being a free radical; according to this theory, intermediates of oxygen reduc- 
tion would be a universal attribute of aerobic life, which must have developed 
effective mechanisms to deal with the highly reactive toxic products O,- and 
H,Oz. It thus has been a matter of great interest to discover why cytochrome 
oxidase, which controls the main pathway of cellular oxygen reduction, has not 
been shown to generate significant amounts of such intermediates, although 
there have been intense searches for its interaction with 02- and H,O, and its 
potential for generating radical intermediates is known (184). On the basis 
of optical studies of oxy- and peroxycytochrome oxidase (110, ill), it is now 
clear that the intermediates of oxygen reduction remain within the active site 
of cytochrome oxidase until the final reaction stage of water is achieved (110). 
It is possible of course that cytochrome oxidase is distinguished from most other 
oxidases by its unique coupling of oxygen reduction to the formation of ATP (374) 
and that for this reason, as well as for protection against cellular intoxication, 
the intermediates remain within the active site. 

II. ENZYMES METABOLIZING OXYGEN-REDUCTION PRODUCTS 

A. Enzymes Utilizing Free Hydroperoxides 

I. Catalase 

Catalase is present in virtually all mammalian cell types. A wide range of 
catalase concentrations is observed, and it is difficult to identify a mammalian 
cell in which no catalase is present (517). In many cases, the enzyme is localized 
in subcellular organelles such as the peroxisomes (microbodies) of liver and 
kidney or in much smaller aggregates such as the microperoxisomes found in 
a variety of other cells (144, 145, 382). 

The chemical properties of catalases from different sources and of their 
functional enzyme-substrate compounds have been reviewed by Chance (87), 
Nicholls and Schonbaum (373), Brill (72), Deisseroth and Dounce (146), and, 
most recently, Schonbaum and Chance (459). The basic features of the catalase 
molecule are set forth in Table 1. 
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TABLE 1. Selected enxymological features of catalase, glutathione 
peroxidase, and superoxide dismutase of rat liver 

Glutathione Peroxidase 

Catalase Se dependent S-transferase B Dikutase 

Non Se dependent; 
glutathione Superoxide 

Enzyme structure 
Molecular weight 
Subunits 
Active center 

group 

Enzyme function 
Reaction 

Subcellular 
distribution 

Rate constants 

240,000 
4 
Fe3+-protoporphyrin 

H,Os + H,O* 3 ZH,O + O2 ROOH + 2GSH + 202- + 2H+ + 
(catalatic) ROH + H,O + GSSG H,Os + 0, 

H,O, + AH2 --* ZH,O + A 
(peroxidatic) 

Peroxisome, cytosol? Cytosol, mitochondrial matrix 

5 x lO’M-‘*s-l 

Cytosol, mite 
chondrial matrix 

2.4 x lO’M-’ s-l k, = 1.7 x lO’M-‘s-l 
& = 2.6 x lO’M-’ as-’ 
kr= .2 - 1 x 103M-‘s-l 

76,000 
4 
Selenium 

46,000 
2 

33,000 
2 
Copper-zinc 

(cytosol) 
Manganese 

(mitochondria) 

The need for a thorough understanding of the catalase reaction mechanism 
is underlined by the confusion that has arisen from inadequate comprehension 
of its enzymatic action. Catalase appears to be the only enzyme that exhibits 
dual activities with completely different kinetic characteristics. The principal 
reactions relevant to the biological function of catalase are based on the spectro- 
scopic and kinetic evidence for the active intermediate, compound I. The simple 
sequence of consecutive reactions for the catalase mechanism proposed some 
time ago (84) still seems to represent the most accurate description of catalase 
action (see 459). The three key steps below provide at present a complete 
description of the kinetics of catalase in the catalatic (Eqs. 1 and 2) and peroxidatic 
(Eqs. 1 and 3) function: 

k 
catalase-Fe 3+ + H,O, d compound I 

k I 
compound I + H,Oz 2 catalase-Fe3+ + 2Hz0 + 0, (2.) 

k 
compound I + AH2 2 catalase-Fe3+ + 2H,O + A 

(donor) 
(3) 

In these equations, the intermediate compound I is not given a formal chemical 
structure. Although it is undoubtedly an oxidation product of the reaction of iron 
and peroxide, the tendency of the electrons of the ferric iron to delocalize 
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to the periphery of the porphyrin, and probably toward the,peroxide to varying 
extents, by analogy with oxyhemoglobin (34, Sl), makes an exact structure 
meaningless. Thus a ferric peroxide (Fe3+-HOOH) and a covalently bonded 
Fe5+=0 afford examples of no electron transfer between the donor, Fe3+, and 
the acceptor, HzOz, on the one hand and complete charge separation on the other. 
The green compound I observed in cells and tissues involves the transfer of two 
electrons from the iron to the peroxide, and thus peroxide is reduced and can 
no longer be dissociated. Compound I may have as yet undetected precursor 
such as Fe3+ -HOOH, containing ferric iron and the unaltered peroxide mole- 
cule. Such an intermediate must have a very short lifetime since it has eluded all 
kinetic methods so far applied to the study of this interesting enzyme-substrate 
interaction. 

The optical spectra of the free enzyme and its enzyme-substrate compound 
are illustrated in Figure 2. The decrease in absorbance at 405 nm in the region 
of the y-band or Soret band (84) and the red shift of the a-band to 660 nm (92) 
are characteristic of the “primary” green enzyme-substrate compounds of the 
hydroperoxidases. These types of spectral shifts are characteristic of heme com- 
pounds in which the porphyrin ring is affected. The distinct spectroscopic 
properties of compound I that aided in its discovery have also been pivotal 
in the detection of H,O, in intact tissues. 

A more generalized scheme for the chemistry of the catalase reaction is 
shown in Figure 3, which indicates two cycles of catalase: the upper portion 
indicates the catalatic cycle, and the lower portion indicates the peroxidatic 

1 
Catolase 

8. 
6 
e 0.8- 
3 
2 - 

Co take 

0’ 01 
360 400 440 480 600 640 680 

Wavelength (nm) Wavelength (nm) 

FIG. 2. Absolute spectra of purified catalase from rat liver. Catalase-H,O, (compound I) 
as generated from glucose plus glucose oxidase systems exhibits characteristic absorbance changes 
in Soret band (left) and near infrared (right) spectral regions. [From Sies et al. (476).] 
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Catalatic reaction 
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/ 
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OH 

I \ ---y 1 
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Compound I 

R. CHO 
R.CH20H 
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L 

t &‘H 
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H I 

Ii 1 

’ Peroxidotic reaction 
0 

FIG. 3. Proposed mechanism of the reactions of catalase compound I. [Modified from Schonbaum 
and Chance (459).] 

cycle. The formation of compound I by reaction with peroxide is indicated across 
the middle of the diagram; it is structured here as a peroxide compound involv- 
ing a substrate binding site on the protein molecule, X. The catalatic reaction 
with the second molecule of H,02 forms an as yet unidentified ternary inter- 
mediate from the remnants of the two molecules of peroxide. Free catalase 
is regenerated and molecular oxygen is released. Evolved oxygen is in the 
ground triplet state; less than 0.5% of the total is released as singlet molecular 
oxygen (419). 
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The peroxidatic reaction involves the formation of a similar unidentified 
intermediate of compound I and the alcohol RCHzOH. In this case, the product 
is the aldehyde. Similar mechanisms apply to the oxidation of other substrates. 
Catalase is remarkable in that a common intermediate serves the two pathways. 

The specificity of catalase for peroxides is high; only hydrogen, methyl, 
and ethyl hydroperoxides give appreciable activity. It i.s especially noteworthy 
that t-butyl peroxide does not react with cat&se, but is a substrate of glutathione 
peroxidase. Hydrogen donors for cataiase include a similar sequence of aliphatic 
alcohols, with high activities for methyl and ethyl and low activities for butyl 
and higher homologues. However, some unusual alcohols are also oxidized 
(see Table 2). 

All four catalase hemes can combine with H20, to form compound I. 
However, the unique feature of the consecutive reactions of Equations I and 2 
is that compound I is in a steady state with H,O, acting as both oxidizing and 
reducing substrate. Thus, at any mom.ent only a fraction of the catalase heme 
is bound to H202 in the form of compound I, any that fraction reaches a maximal 
level determined by the ratio of the rate constants kl and Xc**. This ratio can be 
calculated from Eqaudima 1,2, an.d 9 as shown below. The development of these 
equations can be found in previous work (101, 109); they are included here in 
simplified form since they form the basis for the discussion that follows. 

d[compound Ijldt = k,[H,O&fiee catalase] 

- k4’.[N202]~eompound I] - k,[donor][com,pound I] (4) 

d(H,O,]Jdt = 
d[H202]ge~erated 

dt 

- k,(H&]Ifree catalase] - Ic,‘[H,O,][compound I] (5) 

d[donor] 
= -k,[donor][compound I] (6) 

dt 

The following relations were developed on the assumption that the rate 
constant for the .dissociation of compound I was negligible, as required by the 

TABLE 2. Reduction of compound I by two-, three-, and four-carbon alcohols 

Alcd~ol 

Ethyl P.W)Yl Butyl Ally1 fropargy~ 

k, app, Me1 *s-l 1020 6.5 0.4 330 2500 

Compound I: horse erythroqte cat&we, 5 mM phosphate, pH 7,25OC. [From Ekhonbaum and 
Chance (459). ] 
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nature of the compound in which electrons are transferred from the iron to the 
peroxide. For the steady state of compound I and of the rate of H,O, genera- 
tion, the fraction of total catalase heme existing as compound I is given by: 

[compound I]/[total catalase heme],,,,, state 

= (1 + kJk, + k4[donor]/k,[H,0,1)-1 (7) 

Equation 7 indicates that the catalatic reaction does not have a Michaelis 
constant (K,) since the term k,‘lk, is independent of the H,O, concentration. 
The next term inside the parentheses, identified with the peroxidatic reaction, 
does not give a unique K, for the donor since [H202] is a variable. Where 
k,[H,O,] 9 k,[donor], the reaction is largely catalatic and the occupancy of 
catalase heme in the form of compound I is given by: 

[compound I] maximal/[total catalase heme] = (1 + k4’Ikl)-1 (8) 

Thus a simple relationship exists between the maximal heme occupancy at the 
maximal rate of H,02 utilization and the second-order rate constants for the 
formation and catalatic degradation of compound I. Values for maximal heme 
occupancy range from 0.3 to 0.5 (101). 

Another useful relationship describes the peroxidatic reaction of catalase 
when the donor concentration is chosen to give half-maximal heme occupancy 
(109). In the steady state, this donor concentration, [donor],I, or [A]1,2, is directly 
proportional to the steady-state turnover number of catalase: 

[donor1 I,2 = constant. 
steady-state rate of H,O, generation 

[total catalase heme] 
(9) 

where the constant is: 

3(k,‘/k,) + 1 k -l 

2(k,‘/k1 + 1)’ l 4 

Equation 9 is perhaps the most useful one for the studies of catalase function 
in situ, since the donor concentration that decreases the concentration of com- 
pound I from maximal to half-maximal is readily determined by a titration of the 
system with donor, as described in detail below (sect. IIIA). The steady-state 
rate of H,O, production in the system is the sum of the rates from all the sources 
of H202 generation that are available to catalase. 

A further equation can be derived to specify the steady-state H,O, concen- 
tration for the condition that the catalase is “saturated” with H202. Equation IO 
is of special significance in physiological systems since it shows that a given rate 
of H202 utilization will be consistent with a wide range of catalase and H,O, con- 
centrations; the lower the catalase concentration, the higher the H,O, concen- 
tration and vice versa: 
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-d[H,O,]/dt = 2Ic,‘[H,0,3[compound I] = 2Ic,[H,Ozl[free catalase] (10) 

Thus, the physiological or pathological variation of catalase concentration 
in different organs and tissues will lead to different steady-state levels of H,O, 
concentration for the same rate of H,O, generation. For example, one expects 
a low H,O, concentration in those organs having a high catalase content, such as 
liver and kidney, and a much higher H,O, concentration in other organs, such 
as heart and brain, possessing a low catalase content (393, 515). Apparently 
catalase is uniquely fitted to provide a homeostasis of H,O, concentration ac- 
cording to Equation 10, as a consequence of the catalatic mode of action in which, 
as the rate of HZOZ generation for a given catalase concentration increases, 
the amount of free H,O, also increases. Whereas in Michaelis-Menten enzyme 
systems this rise of substrate concentration could exceed the Michaelis constant 
for the system so that saturation of the enzyme activity would occur, we can see 
from Equations 7 and 8 that no Michaelis constant exists for the catalatic reac- 
tion. Thus, the enzyme activity will increase linearly with the available H,O, 
concentration over wide ranges, thereby maintaining a controlled intracellular 
H,O, concentration. This safety feature of catalase regulation is a unique prop- 
erty of the consecutive reaction of two molecules of H,Oz with the enzyme. 

The primary effect of inhibiting the enzyme by azide or cyanide is to diminish 
the effective enzyme concentration available for catalatic function, causing a 
correlated increase of the steady-state H,O, concentration (Eq. 10). This in turn 
increases the turnover number of residual catalase and diminishes somewhat 
the fraction of H,Oz that is expended in hydrogen donor oxidation, but leaves 
the overall situation largely unchanged. 

A general quantitation of the partitioning of catalase activity between the 
catalatic and peroxidatic modes is explained by Equations 11 and 12, which 
embrace the empirical observations of Keilin and Hartree (267,268) on coupled 
oxidations. Similar equations have been derived both by ourselves (104, 109) 
and by Clayton (123). 

-d[H,O,]/dt = 2k,‘[H,OJ[compound I] + Fc,[donor][compound I] (11) 

This equation contains both a catalatic term, k,‘[H,0,][cmpd I], and a 
peroxidatic term, Ic,[donor][cmpd I]. When [H202] is low, the peroxidatic path- 
way will predominate; when [H,OJ is high, the catalatic pathway will predominate. 

These two functions are illustrated in Figure 4, where the rate of ethanol 
oxidation is plotted against the rate of H,Oz generation at different initial 
concentrations of ethanol. The peroxidatic pathway predominates at low rates 
of H,Oz formation and therefore at low steady-state turnover numbers of catalase, 
as well as at high concentrations of ethanol. 

An explicit formulation of the partitioning of activities between the catalatic 
and peroxidatic pathways is provided by the simplified formulation of Equa- 
tion 1% The efficiency, F, is defined as the ratio of the rate of hydrogen donor 
oxidation, d[donor]/dt, to the rate of total H,O, utilization, d[H,O,]/dt. Thus, 
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FIG. 4. Partitioning of H,O, 
decomposition by catalase between 
peroxidatic and &a&k reactions. 
Production of NADH from ethanol 
(plotted on ordinate) is shown as 
a function of H,O, production 
(plotted on abscissa) at different 
initial concentrations of ethanol as 
indicated. [From Oshino et al. 
(394% I 

loo%cQtabtii 
Rote af H202 prodhon(p~~min) 

as F approaches 1, the peroxidatic pathway predominates; as F approaches 0, 
the catalatic pathway predominates. The formula that correlates heme occu- 
pancy with efficiency is given by 

[compound II/total catalase heme = (1 - F)/(2.5 + 0.5F) (12) 

with kJk, = 1.5 for rat liver catalase (109, Eqs. 4&j). 

of 
A second type of useful equation is expressed 

maximal saturation of catalase with H,Oz 
terms of the percentage 

% maximal saturation = (1 - F)/(l + 0.2F) 

Thus, the value of F at [A]l,z, the hydrogen donor concentration giving 50% 
saturation, corresponds to a peroxidatic efficiency of 7’9 or 45%. An efficiency 
of 90% requires a saturation value of about 8%. 

These relationships are plotted in Figure 5A, together with the experi- 
mental data obtained in vitro. The most efficient utilization of H,O, for the 
peroxidatic oxidation of hydrogendonors is at low heme occupancy or, as above, 
at low steady-state turnover numbers. A 50% efficiency is obtained when the 
heme occupancy is 45% of maximal (396). The graph in Figure 5A emphasizes 
low ethanol concentrations, whereas that in Figure 5B plots the equation in 
semilogarithmic coordinates and thus covers a wider range of alcohol concentra- 
tions. At the higher concentrations of alcohol, the amount l of corn .pound I present 
is very small, and a decrease of av pailable catalase heme due to added inhibitor 
or to a physiological change will cause a relatively small decrease in the efficiency, 
as pointed out above for Equation IO. The relationship depends on the value 
of k, for the particular alcohol used (see also sect. VIIIB). 

a) Assay of catdase activity. The rate of H,O, decomposition in catalatic 
activity is directly proportional to the amount of enzyme at a fixed H,O, con- 
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[Modified from Chance and Oshino (109) and Oshino et al. (396). ] 
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FIG. 5. Efficiency of alcohol oxidation and its relationship to the level of catalase compound I. 

centration and obeys first-order kinetics with respect to H,O, concentration. 
For this reason, both the assay conditions and the expression of the results 
must be stated precisely in order to permit comparisons. The rate constant (Ic) 
for the overall H,O, utilization is given by k = (2.3/t) log [H202]&H20J tP where 
[H20& and [H,OJt are the Hz02 concentrations at t = 0 and after a time t, 

respectively; k is related to the catalase content of the sample as k = k l’[e], 
where ICI’ = 4.6 x lo7 M-l l s-l (475) and [e] is the catalase heme concentration. 
The breakdown of H,O, may be determined by following spectrophotometrically 
the decrease of absorbance at 240 nm or polarographically in terms of oxygen 
evolution (3,91,95,103). An apparent k l’ is calculated by dividing k by a suitable 
reference unit, i.e., milligrams of protein or milliliters of blood. Detailed descrip- 
tions of catalase assays have been published elsewhere (3, 95). 

2. Glutathione pwoxidase 

a) Biochemical function of glutathione peroxidase. Glutathione peroxi- 
dase, discovered in 1957 by Mills (354), catalyzes the reaction of hydroperoxides 
with reduced glutathione (GSH) to form oxidized glutathione disulfide (GSSG) 
and the reduction product of the hydroperoxide 

ROOH + 2GSH + ROH + GSSG + H,O 04) 

This enzyme is found in high activity in liver and erythrocytes, where it was 
first discovered; in moderate activity in heart and lung; and in low activity in 
muscle (118,355). Glutathione peroxidase is specific for its hydrogen donor, GSH, 
and nonspecific for the hydroperoxide. This notable lack of substrate specificity 
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extends the range of substrates from H,Oz to organic hydroperoxides, among 
which fatty acid hydroperoxides of various structures and nucleotide- or steroid- 
derived hydroperoxides are of particular interest. Thus, although glutathione 
peroxidase shares the substrate H,Oz with catalase, it alone can react effectively 
with organic hydroperoxides as well. 

The protein chemistry and kinetic mechanism of glutathione peroxidase 
have been described in detail in recent years, and surveys have been presented 
by Flohe (167, 169) and by Ganther et al. (187). Some features are presented 
in Table 1. The enzyme contains selenium (170), most probably as part of the 
active center, but no other prosthetic groups such as heme, flavin, or other 
metal constituents. The native enzyme is made up of four subunits and contains 
four atoms of selenium per molecule. Little is known at present about the state 
and nature of the selenium compound in the active center, although Wendel 
et al. (545) demonstrated that the selenium moiety can undergo substrate-linked 
redox changes. The X-ray photoelectron spectroscopic signal of the 3d electrons 
of enzyme-bound selenium shifts from 54.4 to 58.0 eV on addition of HZ02 and 
shifts back to 54.4 eV on addition of reduced glutathione. These observations 
are in accord with a functional role for selenium in the active center, but require 
furth .er chemical support. No selenium-containing peptides have yet been iso- 
lated from purified enzyme. N ‘evertheless, a 2.5-A X-ray cry stallographic st UdY 
revealed subunit symmetry (295) and the precise coordinates of the four selenium 
atoms in the tetrameric enzyme molecule (294). 

The kinetic mechanism of glutathione peroxidase formally resembles that 
of heme peroxidases. The initial velocity pattern of glutathione peroxidase 
from bovine blood and rat liver is in agreement with a sequential reaction 
mechanism (171) 

ROOH ROH, H,O 2GSH GSSG 
L f L 7 

E red l Eox l Ered (15) 

Thus, the maximum velocity of the reaction at a given concentration of GSH 
is independent of the nature of the hydroperoxide, as has been experimentally 
verified with H,O, and ethyl, t-butyl, and cumene hydroperoxides (205). The 
rate cons tant, k 1, for the reaction of reduced glutathione peroxidase with H,O, 
has been found to be approximately 5 x lo7 M-l s-l (glutathione peroxidase 
subunit concentration), similar to that found with catalase. 

The subcellular distribution of glutathione peroxidase in rat liver is comple- 
mentary to that of catalase; two-thirds of the enzyme is in the cytosol and one- 
third in the mitochondria, and there is no glutathione peroxidase in the peroxi- 
somes (172). Thus, the characteristic sharing of H202 metabolism between 
glutathione peroxidase and catalase has a basis in the distribution of the two 
enzymes. Diffusion of glutathione peroxidase within the cell is required in order 
for it to reach the hydrophobic lipid hydroperoxide 
membrane structures. However, recent observation 

ubstrates associated with 
(334) have failed to detect 
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hydroxy fatty acids, the expected product, in the phospholipids of mitochondria 
and microsomes. 

In the steady state, regeneration of GSH by reduction of GSSG is required. 
The NADPH-dependent GSSG reductase has a subcellular distribution similar 
to that of glutathione peroxidase (172). Oxidationof NADPH (see Fig. 1 and 
sect. V, CZ) links the operation of glutathione peroxidase with the NADPH- 
linked substrates. 

b) Assay of glutathione peroxidase activity. Glutathione peroxidase- is 
usually determined by following spectrophotometrically or fluorometrically the 
rate of NADPH oxidation coupled to glutathione peroxidase activity in a reaction 
mixture containing NADPH, excess glutathione reductase, GSH, t-butyl or 
cumene hydroperoxide, and the sample 
301, 412). Activity is expressed in units 

. 
in 
of 

the presence of sodium azide (204, 
micromoles per minute referred to 

milligrams of protein, nanograms of hemoglobin, or grams of tis lsue. This assay 
includes measurement of the activity of glutathione peroxi .dase and of the non- 
selenium-dependent activity of glutathione transferases (204, 301). 

3. Heme peroxidases 

Heme peroxidases are among the most extensively studied enzymes be- 
cause of their wide distribution (especially in plant tissues), their chemical 
stability, and the colored enzyme-substrate intermediates of their catalytic 
action. Horseradish peroxidase has been the prototype heme peroxidase for the 
investigation of reaction rates and mechanisms (87, 88, 91). A detailed review 
of peroxidases has been done by Saunders et al. (457) and, more recently, by 
Yamazaki (555); in the present review the properties of the major heme peroxi- 
dases of mammalian origin are briefly summarized. 

Mammalian peroxidases seem to have prosthetic groups different from 
protoheme and the heme is tightly bound to the apoprotein (555). This binding 
is considered to be covalent, except in thyroid peroxidases, where heme can be 
extracted and then reconstituted with full restoration of enzyme activity (288). 

Lactoperoxidase, which is present in the mammary and salivary glands 
(366), utilizes common hydrogen donors such as pyrogallol, guaiacol, ascorbic 
acid, and benzidine (457) and can iodinate tyrosine (43). Since lactoperoxidase, 
peroxide, and halides can inhibit the aerobic growth of some microorganisms 
(251), it has been suggested that this peroxidase may be a growth inhibitor 
for oral bacteria (366). 

Peroxidases from eosinophils (17) and intestinal mucosa (498) have spectral 
properties similar to those of lactoperoxidase. Although it has been claimed 
that the various peroxidases isolated from animal tissue, with the exception 
of thyroid peroxidase and myeloperoxidase, are simply a single enzyme carried 
to the tissues by the eosinophils (453), more recent reports (121, 319) indicate 
an organ origin, at least for uterine peroxidase. Uterine peroxidase activity 
is known to be markedly increased by estrogen or luteinizing hormone adminis- 
tration (11, 318, 319). 
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Thyroid peroxidase is firmly bound to the particulate fraction of thyroid 
homogenates and catalyzes the oxidation of iodide to iodine in the gland, playing 
an important role in the synthesis of thyroid hormones (457). 

Myeloperoxidase, which is found in neutrophils, has unique spectral prop- 
erties (462). Unlike other peroxidases, it contains two iron atoms per molecule 
(10, 387), with heme groups that are similar to heme a and exhibit different 
reactivities toward H,Oz (10) and cyanide (388). Myeloperoxidase utilizes 
phenols, quinols, ascorbic acid, etc. as hydrogen donors and has a slight catalase 
activity (9). Although the biochemical details of phagocytosis are still being 
debated, there is no doubt that myeloperoxidase has a physiological function 

the phagocytic cells (see sect. VIIIA). in 

B< 

I. 

Enzymes Utilizing Bound Hydroperoxides 

Cytochrome oxidase 

Cytochrome a3 is the terminal oxidase of the main pathway of cellular 
respiration. The nature and mechanism of the oxygen reaction of this hemopro- 
tein, first revealed as such by Warburg’s immortal photochemical action spectrum 
of its CO compound, until recently have remained an enigma. Although the 
Warburg photochemical action spectrum (540) and subsequent photodissociation 
difference spectra (83,94) clearly identified Keilin’s “cytochrome oxidase” (265) 
as a heme that forms photodissociable compounds with CO, no evidence for 
an “oxycytochrome oxidase” with a dissociable oxygen was obtained until 1 ow- 
temperature studies of the photoly sis reactions of cytochrome oxid .ase in the 
frozen state in the presence of oxygen revealed a highly dissociated oxy com- 
pound, termed compound A, which is quite stable below - 100°C (110). The 
kinetics of formation of this compound and of a series of subsequent intermedi- 
ates in which oxygen is partially reduced and cytochrome oxidase partially 
oxidized (compounds B and C) illustrate possible steps in the reaction seq 
Compound B oxidizes cytochrome c and appears to be an intermediate 

uence. 
in the 

much more rapid oxidation reaction observed at room temperature (96). 
The role of peroxides in the oxidase reactions is relevant here. It is known 

that catalase does not inhibit the cytochrome oxidase reactions and further that 
peroxid 
oxygen 

.es are not 
reduction 

a substrate for cytochrome 
occurs within the active site 

oxidase action 
of cytochrome 

(90). Apparently 
oxidase, but the 

evidence for intermediates of oxygen reduction demonstrates that, at least at 
low temperatures, oxygen reduction is not a concerted reaction but rather a 
stepwise electron transfer from the iron and copper components of cytochrome 
oxidase to reduce oxygen ultimately to water. One intermediate, compound B, 
is of special interest: it appears to contain both oxidized iron and oxidized copper, 
as judged from optical and electron paramagnetic resonance signals, and is 
presumably a peroxy compound (110). The peroxide is tightly bound to the heme 
of the oxidase until its eventual reduction to water, suggesting that the tight 
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binding of cytochrome oxidase to peroxide prevents the release of the danger- 
ous oxygen-reduction products that, if released into the external medium 
at the rates characteristic of cytochrome oxidase action, would surely lead to a 
sufficiently high level of radical intermediates leading to lipid peroxidation 
to be deleterious to cell function. However, some minor portion of the radical 
intermediates escapes from the active site of cytochrome oxidase and initiates 
the radical-dependent sulfite oxidation (184). 

Figure 6 attempts to rationalize the tight binding of peroxide to the active 
site of cytochrome oxidase by postulating a “pocket” or “crypt” in the active 
site in which radical intermediates are retained until water is formed. Indeed, 
the fact that oxycytochrome oxidase is formed in a oxygen-dependent bimolecu- 
lar reaction even at -1OOOC suggests a pocket in the molecule that is isolated 
from the surrounding frozen environment. The reaction sequence is depicted to be 

a3*+ + O2 - a3*+.02- a33+*02- 
(reduced oxidase) (compound A) (compound A’) 

WV 

However, even at these low temperatures, one of the two copper atoms of 
cytochrome oxidase is oxidized: 

a,*+Cul+ + 0, __I) a3*+ l O2 l Cul+ -  

a33+. O , * -  .  Cu*+ W) 
(reduced oxidase) (compound A) (compound B) 

Cytochrome Oxidase in Membranes 

Cyto a3 

2 

H V + 
H Inside 

50A ) Membrane 

FIG. 6. Generation of bound oxygen intermediates at active site of cytochrome oxidase. 
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Thus, the radical intermediates are further reduced immediately and bound 
as in Equation 17. The further reduction of peroxide to water is made possible 
by the two additional heme iron and copper components of cytochrome oxidase 

4H+ + (u*+Cu,‘+) . (Use+. 02*-. Cu,,*+) -+ (u3+Cu,*+). (u~~+CU,,~+) + 2H20 (18) 
(compound B) (oxidized oxidase) 

Thus, the four reducing equivalents of cytochrome oxidase are available to com- 
plete the reduction of oxygen to water without the release of O,- or H202. 
The overall process requires only very low oxygen concentrations (10D7 l&I) 
for maximal activity. 

The functional role of the partially reduced oxidase in cytochrome c oxidation 
has been demonstrated (112). The kinetics of the oxidation of reduced 
cytochrome c by compound B at -90°C suggest that a peroxidase-type reaction 
ensues and that cytochrome a and Cu, are nonfunctional at low temperatures 
and at higher temperatures may serve as an electron reserve or ballast to ensure 
the rapid reduction of cytochrome oxidase intermediates (112). 

The valency states of iron and copper in these intermediates are not conclu- 
sively established, and they are further complicated by the equilibrium of cyto- 
chrome c with cytochrome a and its associated copper atom. Nevertheless, 
cytochromes c and c1 and an associated iron-sulfur protein add to the reducing 
capability of cytochrome oxidase and the associated respiratory carriers. Many 
other properties of these electron carriers are relevant to ATP formation, 
a topic beyond the scope of this review. It suffices to say that the oxidase is a 
large molecule (-240,000 daltons for the dimeric unit), located in the membrane 
as indicated in Figure 6, with hemes perpendicular to the plane of the membrane 
and presumably near enough to cytochrome c and to each other to permit 
electron transfer by thermally assisted electron tunneling (107). 

2. Cytochrome P,,, 

The electron transfer chain from NADPH to cytochrome PdSO, localized 
in the endoplasmic reticulum membrane of liver and also in the mitochondria 
of the adrenal cortex and other organs, catalyzes monooxygenation reactions 
of endogenous substrates or foreign substances such as drugs. This field has 
been recently reviewed by Orrenius and Ernster (390) and Gunsalus et al. (203). 
There is now evidence for a peroxide intermediate, R+ l Fe3+ l O,*- (159), as indi‘- 
cated in the proposed mechanism of Figure 7; the remaining intermediates are 
hypothetical. The activated oxygen is bound to the terminal oxidase, cyto- 
chrome P,,,. Hamilton (211) and Ullrich (525) propose an oxene or oxenoid 
mechanism. In contrast to cytochrome oxidase, PdSO releases 02- or Hz02 under 
certain conditions (227, 379, 489). 

Organic hydroperoxides such as cumene hydroperoxide (259,430) and the 
inorganic compounds NaIO and NaC102 (241) support monooxidation catalyzed 
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(NADPH) 

FIG. 7. Reaction mechanism 
of cytochrome PdJo. [From Esta- 
brook and Werringloer (160).] 

R-OH 
a--..* 

H,O --- Fe+2B 
I 

co 

(NADH or 
NADPH) 

by cytochrome P 450 in the absence of oxygen, lending further support for the 
role of peroxidic intermediates in the catalytic mechanism. Hydroperoxide can 
be utilized as oxidant for alcohol in a reaction catalyzed by rat liver microsomes 
(431). Cumene hydroperoxide forms the peroxide intermediate of Figure 7 more 
effectively than does H,O, (431). 

C. Enzymes Utilizing Superoxide Anion 

I. Superoxide dismutase 

Superoxide anion dismutase [superoxide dismutase (SOD)] is a widely 
distributed enzyme that, unlike catalase, exists in a variety of forms (183, 186). 
This copper- and zinc-containing enzyme found in the cytosol of eukaryotic cells 
is identical to the long-recognized proteins termed erythrocupreins, hepato- 
cupreins, cerebrocupreins, etc. Its enzymatic activity was discovered by McCord 
and Fridovich in 1969 (338). This form of the enzyme, also found in erythrocytes 
as well as in the mitochondrial intermembrane space, is sensitive to high con- 
centrations of cyanide. Mitochondria also contain, in the matrix space, a distinc- 
tive cyanide-insensitive manganese enzyme similar to that found in prokaryotes 
(182). In addition, a ferrienzyme has been identified in bacteria (426, 559) that 
appears to be located at the periplasmic space (202). 

The dismutation of superoxide anion leads to the formation of H,O, and O2 
by a reaction that occurs spontaneously and is also catalyzed by superoxide 
dismutase: 
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SOD 
20,- + 2H+ _II_+ H,O, + 0, (19) 

Thus, SOD and catalase share the property of a sequential pathway involving 
consecutive reactions in which two identical substrate molecules dismutate 
to higher and lower oxidation states. Superoxide anions dismutate non- 
enzymatically in a second-order reaction that is pH dependent due to the 
charged and uncharged forms of these radicals; the reaction has an observed 
half time of about 7 s at pH 9.5, as measured after pulse radiolysis at an O,- con- 
centration of 1.5-2.0 x 10B7 M (280). These decay times decrease to approxi- 
mately 015 ms in the presence of 3.5 x 10B7 M SOD (280) due to the high second- 
order velocity constant for the pH-independent SOD-catalyzed reaction (1.8-2.4 
x log M-l. s-l) (165, 280, 450), which is apparently diffusion limited (450). 

Some data for the copper-zinc enzyme are given in Table 1. The mechanism 
of action of this enzyme involves successive reduction and oxidation of copper (165) 

E-Cu2+ + 0 2- + E-Cul+ + O2 (W 

E-Cul+ + 02- + 2H+ --) E-Cu2+ + H,O, (21) 

As shown above, the copper moiety is alternately reduced by one superoxide 
anion and oxidized by the next. These reactions may be compared with those 
of catalase shown in Equations 1 and 2, which are in the opposite sequence, 
i.e., the metal is alternately oxidized and reduced. Presumably, as an intermedi- 
ate has been identified in the SOD reaction, it should follow that this reaction 
mechanism shares other characteristics with the catalase reaction mechanism: 
partial occupancy of the enzyme by the substrate, the lack of a Michaelis con- 
stant, and a linear increase of enzyme activity with increasing substrate con- 
centration (450). The reaction mechanism may also resemble those of copper ions 
and Cu2+-amino acid complexes (256, 427) in solution, which also can catalyze 
the dismutation reaction; however, the SOD reaction, with the protein-bound 
copper ions, is more effective by orders of magnitude. The back reaction (the 
reverse of that shown in Eq. 21) is observed at high concentrations (in the mM 
range) of Hz02 that inactivate SOD (69). 

Superoxide dismutase activity appears to be present in those subcellular 
compartments where O,- formation may occur. Several groups of investigators 
(400, 407, 524, 543, 544) have shown that the greater part of the SOD activity 
in rat and chicken liver is in the cytosol, with between 15% and 20% in the 
particulate fraction. The particulate activity is associated with the mitochondria, 
with half of it confined to the matrix space and the other half between the inner 
and outer membranes. At variance with an earlier report (523), peroxisomes 
showed no SOD activity (407, 524). 

a) Assay of superoxide dismutase activity. Assays for SOD activity 
are usually based on the inhibition of a reaction in which superoxide 
anion is a reactant. Xanthine oxidase is the most commonly used source of 02- 
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and the most widely used detection systems are adrenochrome formation and 
cytochrome c reduction (see sect. IIIB). Epinephrine oxidation at alkaline pH 
provides a system in which no supplemental source of 02- is needed. Superoxide 
dismutase may also be assayed by its ability to increase the rate of the riboflavin- 
sensitized photooxidation of o-dianisidine (362). In all cases; the expression 
of enzyme activity may be made in terms of “units” (one unit is the amount of . 
enzyme that causes 50% inhibition of the detection reaction) or, more adequately, 
as equivalent to an absolute enzyme concentration by referring the determined 
inhibition to concentration-effect curves (176, 338). For further information 
on SOD assay methods, see Fridovich (183, 186). 

III. METHODS FOR DETERMINING OXYGEN-REDUCTION PRODUCTS AND 

RELATED CHEMICAL SPECIES IN BIOLOGICAL SYSTEMS 

The low physiological levels of H20, and 02- maintained by the enzyme 
systems that actively metabolize them, together with their rapid disappearance 
in anoxic tissue, render virtually impossible the direct measurement of ,the 
steady-state concentrations of these metabolites in biological systems, as indeed 
Wieland’s negative results (550) testify. Although the presence of catalase, 
glutathione peroxidase, or superoxide dismutase prevents direct chemical 
analysis, these enzymes afford the direct and indirect chemical approaches 
described below. 

A. Determination of Hydrogen Peroxide 

The methods that follow may be considered quantitative, and some may be 
used intracellularly. Table 3 lists examples for applications in biological systems. 
They may be divided into those that employ direct spectroscopic measurement 
of the enzyme-substrate compounds of catalase and peroxidases and those that 
measure the appearance of the oxidation product or the consumption of the 
hydrogen donor for these enzyme systems. The almost irreversible reaction 
of enzyme and substrate, combined with the intense absorption bands of hemo- 
proteins, makes the enzyme-substrate compound a uniquely sensitive detector 
of Hz02. However, methods that use the reaction product can be arranged 
so that the product accumulates over a period of time, thus amplifying the re- 
sponse and increasing the sensitivity. 

1. Indication of intracellular hydrogen peroxide 

Optical detection of redox states of electron carriers and of enzyme-substrate 
compounds is a direct consequence of the greatly increased sensitivity of optical 
measurements made possible by the double-beam or dual-wavelength spectro- 
photometric technique in which light-scattering changes are largely canceled (89). 
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TABLE 3. Detection of formation of hydrogen peroxide in 
living cells and subcellular fractions 

Cell or Subcellular 
Fraction Source Detection by Ref. 

Bacteria 

worms 

Blood cells 

Liver 

Micrococcus 
lysodeikticus 

Catalase compound I 93 

Ascaris lumbricoides Manometry, polarography 73, 115 

Leukocytes Diacetyldichlorofluorescein, 
horseradish peroxidase 

Scopoletin, horseradish peroxidase 

402 

445 

Liver slices and 
homogenates 

Isolated perfused rat 
liver 

In situ organ, anes- 
thetized rat 

Liver (rat) 

[ 14C]formate-14C02 421 

Catalase compound I 392,475,476 

Catalase compound I 395 

Mitochondria Catalase compound I 
Cytochrome c peroxidase 
Scopoletin, horseradish peroxidase 
Cytochrome c peroxidase 
Scopoletin, horseradish peroxidase 
Cytochrome c peroxidase 

66, 108 
66 

317 
63 

158 
59 

Heart (pigeon) 

Yeast (S. cewvGze) 

Protozoa 
C.fasciculata 
T. cruzi 

Plant (P. aureus) 

Microsomes Liver (rat) 

Cytochrome c peroxidase 293 
Horseradish peroxidase 67 
Cytochrome c peroxidase 442 

Peroxisomes 

Cytosol 

Submitochondrial 
particles 

Scopoletin, horseradish peroxidase 519 
Cytochrome c peroxidase 66, 519 

Liver (rat) Cytochrome c peroxidase 66 

Liver 

Heart 

b.-) 

(beef) 

Cytochrome c peroxidase 66 

Diacetyldichlorofluorescein, 
horseradish peroxidase 

Scopoletin, horseradish peroxidase 
Polarography 
Cytochrome c peroxidase 

228 

314,315,377 
253 

61, 62 

[Modified from Sies (470), with additional references.] 

a) Direct monitoring of catalase intermediate. The direct optical measure- 
ment of the steady-state concentration of catalase compound I in any given 
system, be it isolated catalase, catalase-containing organelles, perfused organs, 
or organs in situ, has both quantitative and qualitative advantages for indicating 
H,O, concentrations and production rates. This method has been used exten- 
sively with perfused organs, in which the catalase intermediate is monitored, 
for example, through a liver lobe or through the cortical region of the kidney. 
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The obvious advantage of the method is its specificity, i.e., the compound being 
measured is in direct steady-state equilibrium with cellular H202, so that rapid 
changes in H,Oz generation rates, or indeed in hydrogen donor concentration, 
may be measured continuously. Furthermore, by plotting the profile of the 
intermediate concentration versus the concentration of added donor, a great 
deal of information on the total system can be obtained. 

The data obtained in this way are at present our best estimates of the intra- 
cellular H,Oz concentration reacting directly with catalase. This is a highly 
relevant parameter, particularly when H,O, is generated in the peroxisome. 
The question of whether the cellular H,O, concentration is uniform or whether 
severe concentration gradients exist requires two H,Oz-detecting systems in 
different parts of the cell, as provided by catalase and glutathione peroxidase (376). 

The rationale of the method is based on the fact that heme occupancy 
of catalase, i.e., the total catalase heme present in the form of compound I, 
depends in a characteristic way on the rate of H,O, formation (d[H,O,]ldt), 
the total catalase heme concentration ([cat]) and the hydrogen donor concentra- 
tion ([A]). The hydrogen donor concentration required for half-maximal steady- 
state occupancy ([A]& is related simply to d[H,O,]/dt and [cat] (see sect. II, 

Eq. 9). For the particular condition of A being methanol or ethanol and for the 
perfused rat liver 

d[Hg02]/dt = [A],,,[cat] (32 x lo3 M-l .min+) 

[A],,2 is detected experimentally by titration of the catalase intermediate, with 
double-beam (dual-wavelength) spectrophotometry of suspensions of subcellular 
organelles, isolated cells, or intact organs. The total catalase heme concentra- 
tion [cat] is readily determined by the conversion of catalase to the cyanide 
compound (85,393). Figure 8 illustrates the method for the quantitative deter- 
mination of the intracellular H,O, generation rate. The methanol titration of the 
catalase intermediate gives the critical parameter, [A],,,. The addition of a series 
of methanol concentrations to the perfused liver, starting with a concentration 
high enough to diminish the level of the catalase intermediate nearly to zero and 
following with decreasing methanol concentrations (-2 mM gives 96% efficiency), 
causes successive increases of the absorbancy at 660 nm relative to 640 nm that 
represent increasing concentrations of the catalase intermediate. It can be 
readily determined from the chart or from the graph derived from it that 0.16 mM 
methanol, or a 45% peroxidatic reaction (see sect. II, Al), corresponds to the 
[Al l/2 value. Complete conversion to catalase-H202 is assumed to be obtained 
on infusion of glycolate, giving a completely catalatic reaction with F’ = 0. 
This value of [A]1,2 corresponds to a catalase turnover of 5.1 min-l and, with a 
normal catalase heme content of 20 nmol/g tissue, to a rate of 102 nmol H202/ 
min per g of tissue, as shown in Figure 8B or calculated from Equation 9 (109). 
An in situ control of the method is afforded by the balance between the oxida- 
tion rate of added urate and the extra H202 formation rate calculated with this 
method (Fig. 9). 
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12 

FIG. 8. Recording of catalase-H,O, (compound I) from a lobe of perfused liver by dual- 
wavelength absorbance spectrophotometry at 640-660 nm. Trace represents methanol titration 
for determination of A,,, from intact organ (compare Eq. 22). [From Oshino et al. (393).] 

b) Hydrogen donor oxidation. Measuremen t of substrate oxidation by the 
catalase-H,O, intermediate provides a useful approach, particularly when 
catalase is the only enzyme dealing with the substrate and when endogenous 
substrates for catalase are at levels sufficiently low that they do not compete 
with the added substrate. M Iethanol and formate have been used ., and as the con- 
centration of these donors is increased the eficiency of the peroxidatic reaction 
approaches 100%. Thus, Mannering et al. (323,513,528) and Aebi et al. (4,421) 
have measured the oxidation of [ 14C]methanol and [ 14C]formate, respectively, 
to form 14C02 in various tissues ranging from liver slices to intact animals. 
Extrapolation to 100% efficiency may be necessary but difficult to achieve in 
intact organs. An error is possible, however, since the lO=formyltetrahydrofolate 
dehydrogenase pathway, for example, also participates in the conversion of 
formate to CO, in intact cells (287) and organs (533a). Other donors of higher 
activity, such as propargyl alcohol (Table 2), may also be useful. 

2. Measurement of hydrogen peroxide release 

The methods described below measure the H,O, released from the enzymes 
or subcellular organelles into the reaction medium, or from the tissue into the 
perfusate, and may underestimate the rate of H,O, formation for two reasons: 
a) the presence of competing hydrogen donors in the sample or in the perfusion 
medium; b) the intervention of intracellular or intraorganelle enzymes such as 
catalase or glutathione peroxidase, which actively metabolize H,O, and permit 
only a fraction to diffuse from the sample to. the indicator. The methods de- 
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FIG. 9. Balance between rate 
of uric acid oxidation and extra 
H,O, production rate calculated 
according to Equation 22 in per- 
fused rat liver. [From Oshino 
et al. (394). ] 

H202 Production 
(nmoles/min/g Liver) 

scribed here have been utilized mostly with subcellular fractions and are not 
appropriate to intact systems. 

a) Cytochrome c peroxidase. Cytochrome c peroxidase reacts with H202 
to form a stable enzyme-substrate compound (557, 558) that has an absorption 
maximum at 419 nm, whereas that of the free enzyme is at 407 nm (E419-407 
= 50 mM+ cm-l). The formation of the intermediate is studied by dual- 
wavelength spectrophotometry (66) at 419-407 nm or, for more sensitivity, 
at 424-400 nm (Fig. 10). Thus, H,O, formation rates as low as 0.1 pM/min 
can be determined with accuracy because of the essentially irreversible reaction 
of enzyme and substrate (K, - 10m8 M). Cytochrome c peroxidase offers the 
advantages of stability of the peroxidase-H,Oz compound and high specificity 
for its hydrogen donor, reduced cytochrome c. 

This method has been applied to the determination of H,O, production 
in subcellular fractions of rat liver (66) and in various mitochondrial prepara- 
tions (63, 65, 66, 78, 293, 442). Catalase present in the sample can be inhibited 
with azide without interference with the assay (66); alternatively, if enough 
catalase is present, its interference with the determination of HzOz generation 
can be evaluated by measurement of the amount of catalase present (cf. 66, 
Appendix). In cases where the wavelengths 419-407 nm are inconvenient due to 
interfering pigments, the cytochrome c peroxidase reaction can also be used to 
measure H,O, production in the presence of catalytic amounts of cytochrome c 
peroxidase and substrate amounts of reduced cytochrome c. Such samples must 
be free of cytochrome oxidase or cytochrome c reductase and indeed of 02-, 
which also reduces cytochrome c. 

b) Horseradish peroxidase and coupled oxidation of hydrogen donors. 
Horseradish peroxidase oxidizes various hydrogen donors in the presence 
of H202. Photometric determination of the concentration of such hydrogen 
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FIG. 10. Formation of H,O, 
in pigeon heart mitochondria as 
detected by cytochrome c peroxi- 
dase method. [From Chance et al. 
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donors is widely used, e.g., in the clinical assay of glucose where the addition 
of glucose oxidase leads to the formation of a molar amount of H,O, equivalent 
to the molar amount of glucose present (52). Many hydrogen donors have been 
used for measuring H,O, formation in biological systems, e.g., benzidine, 
guaiacol, o-dianisidine, etc. (5, 20). 

Fluorescent hydrogen donors or oxidation products are particularly suitable 
for such measurements in samples with low H,O, formation rates. Scopoletin, 
which was introduced as a fluorescent hydrogen donor by Andreae in 1955 (16) 
and further studied by Perschke and Broda (408), is a coumarin derivative with 
excitation and emission maxima at about 360 and 450 nm, respectively; it loses 
its fluorescence when oxidized in the peroxidase reaction. The fluorometric 
method can be calibrated with appropriate systems such as glucose and glucose 
oxidase or urate and uricase, and rates of H,O, formation in the range of 
1 pM/min can be detected easily. This method has been applied to the measure- 
ment of H,Oz production in isolated mitochondrial and microsomal fractions 
(65,314,317,519) and in leukocytes during phagocytosis (445). Diacetyldichloro- 
fluorescin is oxidized by the peroxidase reaction to a fluorescent product (272); 
this assay has been applied to submitochondrial particles (228). 

Formation of horseradish peroxidase compound II can also be studied as an 
indication of Hz02 generation (65,66) with peroxidase preparations that are free 
of endogenous hydrogen donor. However, the broader specificity of the horse- 
radish enzyme for various hydrogen donors, compared with cytochrome c peroxi- 
dase, may cause underestimation, and controls with cytochrome c peroxidase 
are advisable (65). Catalase interference may be evaluated by determining the 
peroxidase-to-catalase heme ratio (65). 

c) Glutathione peroxidase and glutathione disuljide reductase. Release of 
H,O, from biological samples can be coupled to NADPH oxidation through 
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glutathione peroxidase and glutathione disulfide reductase. The assay can be 
used in the presence of cyanide (313), but in many preparations cyanide- 
insensitive NADPH oxidase activity may present experimental obstacles. 

d) Oxygen fomzation by catalatic reaction. In catalase-free biological 
samples generating H202, the addition of catalase leads to the formation of 
oxygen by the catalatic reaction (see sect. II, Eqs. 1 and 2). This approach 
may be used with catalase-free subcellular fractions or tissues; in the latter case, 
it requires perfusion of the organ with catalase and the oxygen evolution may 
be measured polarographically in the effluent. The method is useful if sufficient 
H,O, is being generated and in the presence of low concentrations of hydrogen 
donors; with high concentrations of hydrogen donors the technique is only 
semiquantitative because peroxidatic activity (see sect. II, Eqs. 1 and‘s) leads 
to an underestimation of the H,O, present. Because of these difficulties, methods 
employing peroxidases are preferable. 

3. Other methods 

The assays below do not provide adequately quantitative information, 
but in some cases they may be useful. 

a) Myoglobin conversion. Myoglobin can be used as an indicator of cellular 
H,O, generation by studying the conversion to the H202 compound “ferryl” 
myoglobin. This indication is rather slow because of the slow reaction of myo- 
globin with H202, and the steady-state accumulation of the ferry1 compound 
may be slight due to the very active reductase present. However, Kaplan- 
Bresler (262) has used this approach to detect H,Oz in muscle tissue. The ferry1 
compound is slow to react with hydrogen donors, and therefore it is difficult 
to quantitate the H,O, generation by titration. 

b) Aminotriaxole inhibition ofcatalase activity. Since compound I, rather 
than free catalase, reacts with 1,2,4-aminotriazole to be converted to an inactive 
alkylated derivative (217,325), this inhibition depends on the presence of intra- 
cellular H,O, and therefore may be used for assaying H,O, generation (217,325). 

B. Determination of Superoxide Anion 

The steady-state concentration of O,- can be measured directly by ultra- 
violet absorption (165, 280, 450) or by integration of the spectrum obtained 
by electron paramagnetic resonance (EPR) spectroscopy of frozen samples (31, 
165). However, these assays can scarcely be employed with biological systems 
because of the low steady-state concentrations of O,- in the presence of even 
minimal amounts of SOD. The spontaneous decay of 02- also contributes to the 
failure of direct physical methods for its detection. Unfortunately, there is no 
available assay for 02- based on a spectroscopically detectable intermediate of 
02- with any of the dismutases, similar to the assay for H,O, with the catalase 
intermediate in cells and tissues; it is necessary to fall back on assays of the 
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rate of 02- generation either by detection of OzW itself or by detection of H,O, as 
the product of the dismutation reaction. 

The chemical methods integratively measure the rates of 02- formation 
by trapping it with suitable spectrophotometric indicators in reactions that are 
sensitive to SOD addition. The concentration of the trapping agent is adjusted 
to compete effectively with the dismutation reaction so that nearly all the O,- 
can be detected. 

The reduction of cytochrome c, which was used in the discovery of SOD 
activity (338), is most often employed. Superoxide anions actively reduce cyto- 
chrome c; some details of the process are known (77, 283, 465), as well as the 
second-order velocity constant of the reaction (1.1 x lo5 M-l. s-l) at pH 8.5 
(297). The use of acetylated cytochrome c (23) has the advantage of being 
applicable to samples having cytochrome c reductase and cytochrome oxidase 
activities. The sensitivity of the assay is reasonably good, allowing detection 
of O,- at concentrations of 10-7-10-8 M. 

The irreversible oxidation of epinephrine to .adrenochrome, which is con- 
veniently monitored spectrophotometrically at 480 nm, or better at 480-575 nm 
by double-beam spectrophotometry, provides a sensitive assay for O,- at con- 
centrations in the range of lo-’ M (78, 360). However, the specificity of the 
reaction appears to be rather poor. Formation of the rather stable semiquinone 
of another &echo1 compound, Tiron (1,2-dihydroxybenzene-3,5=disulfonic acid), 
by 02-‘allowed kinetic studies by EPR (353a, 35313). The reduction of nitroblue 
tetrazolium allows the determination of 02- levels of lo-* M due to the large 
absorption change (EdW = 100 mM-l cm-l), but the assay appears to be some- 
what unspecific, since only partial inhibition by superoxide dismutase has been 
noted (13, 47, 357, 552). Other methods monitor nitroformate accumulation 
(140, 428), dichlorophenol reduction (177), nitrite formation (156), etc. 

The chemiluminescence from the reactions of oxidized luminol(l97,233,316) 
or luciferin (221, 222) with superoxide anions, which can be measured in a 
scintillation counter, provides highly sensitive assays. It has been claimed that 
the luminol assay is reliable at 02- concentrations below lo-lo M (426) and that 
luciferin is even more sensitive than luminol(221). Concerning luminol at least, 
the specificity of the reaction is rather poor, and the inv.olvement of HO l radicals 
is likely (44, 233). 

C. Detection of Hydroxyl Radical 

Gas chromatographic analysis of the generation of ethylene from methionine 
as an assay for hydroxyl radicals (48, 57) is doubtful due to the unspecific 
fragmentation of the thioether (424a). Alternatively, the use of methionine in 
the presence of pyridoxal phosphate has been proposed (280a). The sensitive 
bleaching of p-nitrosodimethylaniline (p-NDA), with e44o = 34 mM-l l cm+ (45, 
286), can be used only in aqueous systems since the nitroso compound binds 
covalently to lipids (173a). Optimal systems may well be the spin trapping of 
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hydroxyl radicals by nitroso compounds in combination with EPR detection 
(252a, 296a) or identification of hydroxylation products (78a, 207a). 

D. Determination of Lipid and Organic Peroxides 

The total steady-state concentrations of lipid and other organic peroxides 
can be evaluated after extraction with chloroform-methanol or t-butanol and 
subsequent analysis of the iodine formation from a KI solution in acidic medium 
(353). The oxidation of leucodyes (236) or of Fe*+ (356) may also provide a suitable 
assay for extracted peroxides. Malonaldehyde is formed in extensive lipid 
peroxidation after rupture of the carbon chain of unsaturated fatty acids, 
especially linolenic acid; it usually is determined calorimetrically by the thio- 
barbiturate reaction (53, 398). Malonaldehyde is not the major degradation 
product, accounting for’only about 10% of the total oxygen uptake by the lipid 
(232); however, this relatively simple and sensitive method for determining 
a minor by-product has provided a major analytical tool for the study of lipid 
peroxidation in biological systems through the last three decades. A compre- 
hensive review of the method, its applications, and its limitations has been 
given by Barber and Bernheim (32). Lipid peroxides can also be measured by 
the formation of conjugated diene hydroperoxides that show an increased ab- 
sorption at 230-235 nm (331). In the presence of proteins having free amino 
groups, lipid peroxides form fluorescent products of the Schiff-base type after 
prolonged incubation (510). 

The glutathione peroxidase turnover, which can be estimated from the 
efflux of glutathione disulfide from the cell (477, 478, 484), might be developed 
into a sensitive assay for lipid peroxide production in biological systems such as 
intact cells and perfused organs (74,391). The specificity of glutathione peroxi- 
dase allows this assay to extend from lipid peroxides (119) to other hydro- 
peroxides such as those of nucleic acids (120) and steroids (311); on the other 
hand, since H202 is also a substrate for glutathione peroxidase, H,O, genera- 
tion must also be determined in this assay. In order to establish the relative 
contributions of lipid and hydrogen peroxides in the turnover of glutathione 
peroxidase, an independent measurement of H,O, generation with the catalase 
intermediate must be made (376). 

The rate of generation of the saturated hydrocarbons ethane, propane, and 
pentane evolved on lipid peroxidation (148,281,316,443) that can be measured 
in the expired air may provide adequately quantitative data on the rates of lipid 
peroxidation occurring in the intact animal under physiological conditions. 

E. Detection of Singlet Molecular Oxygen 

The difficulty in identifying singlet oxygen (lo,), the electronic excited 
state of oxygen, in biological systems is due chiefly to the quenching effect 
of water; ‘0, in aqueous solution decays to the triplet ground state with a half- 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



556 CHANCE, SIES; AND BOVERIS Volume 59 

life of 2 ps (15, 175, 192, 290, 375). The observation that D,O increases the 
lifetime of singlet oxygen by a factor of 10 (375) suggests better assay conditions. 
Singlet oxygen is also quenched by such specific substances as carotenoids (14) 
and by diazabicyclooctane (175). Various furan derivatives scavenge singlet 
oxygen (270, 276, 419). The chromatographic determination of the reaction 
product (270,399,419,541) is a sensitive assay procedure. When singlet oxygen 
decays to the ground state in aqueous solution, photoemission occurs at 634, 
703, $070, and 1,269 nm (273,274,466) with a very weak band at. 578 nm (466). 
Light emission at the 578- to 580-nm band is favored in the presence of lipids, 
such as in microsomal preparations and liposomes (368, 501). The very weak 
light emission observed from organs in situ may be due to the production of 
singlet oxygen in vivo (511, 512), but further studies are needed (162a). 

IV. CELLULARSOURCESOFHYDROGEN PEROXIDE 

A number of enzymes of rat liver catalyze univalent or divalent reduction 
of oxygen; they are listed in Table 4 and their subcellular location is indicated. 
Similar lists have been compiled by others (58, 150, 219), but a complete and 
detailed identification of enzymes and substrates that form H,Oz is not yet pos- 
sible. However, the maximal relative contribution from the various sources can 
be estimated from the rates of H,Oz formation by isolated subcellular fractions. 
Mitochondria, microsomes, peroxisomes, and cytosolic enzymes have all been 
recognized as effective HZOZ generators, contributing in rat liver, respectively, 
15%, 45%, 35%, and 5% to the cytosolic H,O, level at a PO, of 158 mmHg when 
fully supplemented by their substrates (66). 

TABLE 4. Liver enzymes producing hydrogen peroxide or superoxide anion 
and their subcellular localization 

EC Number Enzyme (Trivial Name) Localization 

1.1.3.1 Glycolate oxidase 
1.1.3a L-ar-Hydroxyacid oxidase 
1.1.3.8 LGulonolactone oxidase 
1.2.3.1 Aldehyde oxidase 
1.2.3.2 Xanthine oxidase 
1.4.3.3 &Amino-acid oxidase 
1.4.3.4 -Monoamine’ oxidase 
1.4.3.5 Pyridoxamine oxidase 
1.4.3.6 Diamine oxidase 
1.6.99.1 NADPH-cytochrome c reductase 
1.6.99.3 NADH-cytochrome c reductase 
1.7.3.3 Urate oxidase 
1.15.1.1 Superoxide dismutase 

Peroxisome 
Peroxisome 

Cytosol 
Peroxisome 
Mitochondrial outer membrane 

Endoplasmic reticulum 
Endoplasmic reticulum 

Peroxisome “core” 
Cytosol, mitochondrial matrix 

[From Sies (470).] 
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A. Subcellular Fractions 

I. Mitochondria 

Mitochondrial membranes were recognized as a possible physiological source 
of H,O, when submitochondrial particles obtained by sonication or alkaline 
treatment showed the production of minute amounts of H,Oz (228,253). Further 
studies with the peroxisomal-mitochondrial fraction of rat liver showed that 
mitochondrial substrates and inhibitors were effective modulators of the level of 
the peroxisomal catalase intermediate (108). However, the cytochrome c peroxi- 
dase and horseradish peroxidase-scopoletin assays for H,Oz were required in 
order to elucidate the properties of mitochondrial H,Oz generation. 

Isolated.mitochondria produce H,O, at rates that depend primarily on their 
metabolic state. Under physiological conditions, Hz02 generation is greatest 
in the controlled state 4 (63, 317), characterized by a high degree of reduction 
of the respiratory carriers; here, the respiratory rate is determined by the 
availability of the phosphate acceptor, ADP (114). In the presence of either 
NAD-linked substrates or succinate, state 4 mitochondria from rat liver or from 
rat or pigeon heart generate about 0.3-0.6 nmol H,OJmin per mg of protein 
(63, 66, 377). This H202 generation represents approximately 2% of the total 
oxygen utilization under these conditions (100). Formation of H,O, in isolated 
mitochondria is increased severalfold in the presence of antimycin A, in which 
case it accounts for most of the oxygen consumption (63,100,317); it is inhibited 
by rotenone when supported by NAD-linked substrates (63,66) and is increased 
under alkaline conditions (63, 317). These findings apply to prot.ozoan and to 
plant mitochondria as well (67, 293, 442). 

Surprisingly, no H,O, (or O,-> production or catalase activity was reported 
for brain mitochondria (492). However, a subsequent report identified both O,- 
production and SOD activity in brain mitochondria (179). The flavoprotein 
dihydroorotate dehydrogenase is also a source of 02- in rat liver mitochondria 
(177, 178). 

Submitochondrial particles from rat and beef heart are effective sources 
of H,Oz (61,228,314-316,377). These particles are devoid of auxiliary dehydro- 
genases, such as the flavoproteins of fatty acid oxidation, so that H,Oz formation 
can be directly related to the components of the respiratory chain. Since the 
transition from two-electron to one-electron transfer takes place in the succinate 
dehydrogenase-cytochrome b segment of the respiratory chain, the formation 
of O,- as a primary product of oxygen reduction at this site has been investigated. 
In the presence of succinate and antimycin A, submitochondrial particles washed 
extensively to remove SOD generate from 4 to 7 nmol OJmin per mg of protein, 
giving 0,~/H,O, ratios of 1.5-2.1 (60-62, 149, 316) and indicating that O,- is 
indeed an almost stoichiometric precursor of mitochondrial H,O,. Accordingly, 
mitochondrial membranes must produce about 24 nmol OJmin per g of tissue in 
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the liver to account for the measured HZ02 production (66) and are apparently 
one of the main physiological sources of superoxide anions. Most of these super- 
oxide anions are readily converted to Hz& by SOD, maintaining an estimated 
intramitochondrial steady-state 02- concentration of 8 x lo-l2 M or greater (524). 

In order to identify the source of reducing equivalents for the generation 
of superoxide anions, succinate dehydrogenase has been detached by alkaline 
treatment; the depleted membranes generated H202, thus ruling out a major 
role for the succinate dehydrogenase flavoprotein in H202 production (62,315). 
On the other hand, acetone extraction and supplementation with exogenous 
ubiquinones gave preparations in which the rate of H202 production was linearly 
related to the amount of reducible quinone in the membranes (62, 63). Both 
NADH-ubiquinone reductase and ubiquinol-cytochrome c reductase, which 
have ubiquinone as the main common component, generate 02- and H,O,; this 
activity is rotenone-sensitive in the NADH-ubiquinone reductase (78). It has 
been proposed that ubisemiquinone and ubiquinol are chiefly responsible for 
mitochondrial peroxide generation in a nonenzymatic reaction (60, 62, 78). The 
energy-conserving reactions involving cytochrome b,,, have been postulated 
to be involved in H,O, formation either directly or indirectly (314,315), but seem 
less important than the reduced forms of ubiquinone. 

2. Peroxisomes 

Peroxisomes of liver and other organs contain a number of H202-generating 
enzymes, including some flavoproteins, D-amino-acid oxidase, L-cw-hydroxyacid 
oxidase, fatty acyl-CoA oxidase, and, in nonprimates, the copper enzyme 
urate oxidase. Table 5 gives some properties of these enzymes and a more com- 
prehensive list is given in the recent review by Masters and Holmes (327). 

The recent observation by Lazarow and de Duve (305) of a palmitoyl- 
CoA-dependent formation of H202 in isolated peroxisomal fractions of rat liver 

TABLE 5. Properties of peroxisomal oxidases of rat liver 

Activity Content at 3’7”C, Peroxisomd Rate in O,/ 
Enzyme PmoYmin per g liver Protein, 96 Kill Rate in Air 

Urate oxidase 3.1 10 (core) Urate, 0.02 mM 1.8 

ecu-hydroxyacid 
oxidase 

1.1 3 Glycolate, 0.25 - 5 mM K,(O,) 
= 0.4 mM car-OH-isocaproate, 

3.4 mM 

D-Amino-acid 
oxidase 

1.4 2 Pnorvaline, 0.06 mM 
D-alanine, 1.8 mM 

(kidney enzyme) 

2.4 

[Modified from Sies (471); original data from additional references (151,292,305-307,321,340, 
394). ] 
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adds fatty acids to the list of important potential substrates in peroxisomes. 
The rate of H,O, formation was similar to that of urate oxidation, 3.5 pmol/min 
per g of liver at 37OC. However, clofibrate and other hypolipodemic drugs that 
increase the number of hepatic peroxisomes cause an ll- to l&fold increase in 
the rate of palmitoyl-CoA oxidation by liver homogenates (302). 

Earlier reports of H,O, formation on addition of octanoate to the perfusate 
(393) as shown in Table 6 may suggest that H,O, generation also occurs with 
fatty acids of medium chain length in the intact organ. The principal peroxisomal 
substrate in the rat liver, uric acid, is continuously formed in the purine deg- 
radation pathway; its concentration in rat liver cytosol is 70-100 PM (66, 154). 
In isolated peroxisomal preparations, catalase destroys most of the H,O, formed 
by urate oxidase within the organelle, but between 11% and 42% of the HzOz 
diffuses to the external medium (66). A thegretical consideration of the prop- 
erties of intact peroxisomes sets the diffused H,O, at 2% of that generated 
within the organelle (417). The discrepancy between the observed and calculated 
rates of H,O, release may reflect the degree of damage suffered by the peroxi- 
some during isolation. There has been no report of O,- formation in peroxisomal 
H,O, generation. 

3. Endoplasmic reticulum 

The membranes of the endoplasmic reticulum were early associated with 
H,O, generation by Gillette et al. (191). Microsomes produce H202 when sup- 
plemented with NADH or, more actively, with NADPH, where rates of 6-15 
nmol H,Oz/min per mg of protein in control and phenobarbital-treated rats, 
respectively, are reported (66, 227, 519). This is a factor of considerable im- 

TABLE 6. Rates of hydrogen peroxide production in isolated 
hemoglobin-free perfused rat liver from measurement 
of catalase heme occupancy 

dx,/dt, 
nmol H,O, /min A,,, for Methanol, (dx,/dt)-(l/e), 

Substrates or Inhibitors turnover number/min per g liver wet wt 

Lactate, 2 mM; 
pyruvate, 0.3 mM 

+ Antimycin A, 8 PM 
+ Octanoate, 0.3 mM 
+ Octanoate, 0.03 mM; 

antimycin A, 8 PM 
+ Oleate, 0.1 mM 
+ Xylitol, 5.2 mM 
+ Urate, 1 mM 
+ Glycolate, 3 mM 

0.12 
(0.09-o. 16) 

0.18 
0.40 
0.24 

0.16 
0.15 

3.8 49 

5.8 75 
13.0 170 
7.4 96 

5.1 
4.8 

54* 
34* 

66 
62 

* Titration performed with 0.6 mM methanol initially present. [From Oshino et al. (393).] 
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portance in evaluating the ethanol-oxidizing capabilities of isolated catalase- 
containing microsomal fractions (see sect. VIII&. However, so far there is little 
conclusive evidence of HZOZ formation by the endoplasmic reticulum in intact 
cells (394, 474). 

The autoxidation of cytochrome PJSO provides 02-, and recent reports 
indicate that isolated microsomes produce considerable amounts of 02-, with 
rates of the order of 2-10 nmol/min per mg of protein (38, 160, 356). The 
flavoprotein-NADPH-cytochrome c reductase system and cytochrome PdSO are 
the most likely sources of H,O, and 02- in these membranes (227, 379, 489). 

4. Cytosolic enzymes 

Cytosolic enzymes such as xanthine oxidase and aldehyde oxidase may 
contribute to the cellular production of H202. Although quantitation of their 
activity in the supernatant after cell fractionation sets their relative contribution 
at about 5% of the cellular H,Oz production (66), it is difficult to evaluate their 
activity under physiological conditions. The contribution of xanthine oxidase is 
verified by the observed accumulation of its product, uric acid, in homogenates 
after separation of the uricase-containing peroxisomes (66). The H,O, production 
supported by endogenous substrate in perfused rat liver, compared with liver 
in situ (Table 7), suggests that extrahepatic substrates contribute to H202 
production in the liver. 

Xanthine oxidase and aldehyde oxidase produce a minor fraction of cellular 
O,-; moreover, xanthine oxidase activity is only partially expressed as O,- 
formation (185). 

5. Nucleus 

The observation of respiratory activity in isolated nuclei is at variance with 
the recognized biological function of the nucleus. However, consistent reports 
seem to indicate that, at least in calf and rat thymus, nuclei can catalyze a slow 

TABLE 7. Rates of hydrogen peroxide production in the rat in vivo 

Conditions Assay Method 

H202 Production, 
pmoYmin 

per100gbodywt Ref. 

Anesthetized, air 
Anesthetized, glycolate, 100% 0, 
Germfree rat 
After contamination with intestinal flora 
Intact rat 

Cat&se compound I 
Catalase compound I 
[14C]f0rmate-14C02 
[ 14C JformateJ4C0, 
[ 14C]methanol-14C0, 

1.45* 395 
5.32* 395 
1.88 30 
2.27 30 
1.24t 323 

* H,O, production in liver only.’ t Calculated from V,,, of methanol oxidation; however, 
recovery of H,O, in methanol oxidation seems not to be 100%. 
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energy-yielding respiratory activity (134). The nuclear fraction isolated from rat 
liver (133) and ascites tumor cells (36) seems to contain flavins and cytochromes. 
In ascites tumor cell nuclei, where a microsomal type of electron transfer takes 
place (36), respiratory activity is associated with the. production of 02-, at a rate 
of 3.2 nmol OJmin per mg of protein (37), and H202. Superoxide dismutase 
activity has also been detected (37). 

6. Nonenxymatic sources of hydrogen peroxide 

Autoxidation of thiols (358) or other soluble reduced cell constituents are 
of unknown importance under physiological conditions. 

B. Hydrogen Peroxide Production at Different Oxygen Concentrations 

I. Hydrogen peroxide in normoxia 

The rates of H,O, production observed in normoxia in isolated organelles, 
perfused liver, and liver in situ in anesthetized rats are in agreement. The 
measured rate of 380 nmol H,O,/min per g of liver in the normal anesthetized 
rat (395) corresponds approximately with the rate of 160 nmol/min per g of liver 
at 22OC calculated from the isolated subcellular fractions fully supplemented 
with their substrates (66). Production of HZ02 in perfused liver is only a fraction 
of that in the liver in situ, about 50-80 nmol/min per g of liver (Tables 6 and 8), 
possibly indicating the depletion of the perfused organ due to lack of both 
hepatic substrates and hormonal stimuli. In the perfused liver, H202 production 

TABLE 8. Production of hydrogen peroxide in rat liver 
under normal and hyperoxic conditions 

H,O, Production, nmoYmin per g of liver wet wt 

Substrate and Oxygen Subcellular fractions Perfused liver Anesthetized rat 

Endogenous 
+ 0.2 atm 0, 
+ 1 atm 0, 
+ 6 atm O2 

160 82” 380b 
200 102a 
260 102a*C 340 

2 mM glycolate 
+ 0.2 atm 0, 600 760 
+ 1 atm 0, 860 740-1,070d 1,330 
+ 6 atm 0, 1280 820c- 1,420d 1,180 

Assay methods were: direct H,O, assay for subcellular fractions and methanol oxidation via 
catalase-H,Oz for perfused liver and anesthetized rat. a Perfused with 1 mM lactate, 0.15 mM 
pyruvate. b Tissue PO, = 50 mmHg. c 5 atm Oz. d Perfused with a mixture of urate, 
glycolate, octanoate, lactate, and pyruvate. [From Boveris and Chance (64), Boveris et al. (66), 
and Oshino et al. (394, 395).] 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



562 CHANCE, SIES, AND BOVERIS Volume 59 

can be stimulated up to E-fold depending on the substrate added; e.g., urate 
addition (Table 6) causes generation of 750 nmol H202/min per g of liver at 30°C. 
Under such conditions, as much as half the oxygen utilized in the liver may be 
converted to H,O, and used in alcohol oxidation, compared with the small frac- 
tion in the absence of added substrates. 

Production of H,O, in the intact animal, measured by the rate of [14C]formate 
oxidation (323,421), is of the same order of magnitude as that in the liver in situ. 
Table 7 summarizes the results obtained with labeled hydrogen donors and 
direct spectroscopy .of the catalase-H,O, intermediate. Although absorption 
spectrophotometry is more difficult in the blood-perfused liver, the value of 
1,450 nmol H,Oz/min per 100-g rat would indicate that about 75% of the total 
H,O, generated by the animal may be attributed to the liver (395). 

In summary, a considerable fraction of the oxygen consumed in the liver 
is converted to H202. In the perfused liver, the value of this fraction ranges 
between 5 and 50% depending on the supply of peroxisomal substrates (393, 
477) and in the liver in situ it accounts for about lo-15% of the total oxygen 
uptake (395). 

2. Hydrogen peroxide production in hypoxia 

Since the oxygen affinity of cytochrome oxidase [k&02) = 0.01-l PM] 
is much greater than those of the isolated microsomal and peroxisomal oxidases, 
the flux through the latter might be expected to be more sensitive to hypoxia 
than the flux through cytochrome oxidase. However, the activities of all three 
systems in the perfused liver are diminished to roughly the same extent in 
hypoxia~(394, 471, 472). With glycolate as substrate, H,O, generation in the 
perfused liver is halved at an intracellular PO, that caused a 10% increase in the 
level of reduction of cytochrome c; the k o.5 value of glycolate oxidase for oxygen 
has been reported to be 0.4 mM (394), whereas that of cytochrome oxidase 
is less than 0.1 PM. With lactate-pyruvate as substrate, the half-maximal 
rate of H,O, formation was observed at an intracellular PO, that caused nearly 
the same (40%) increase in cytochrome c reduction (394,472). Similarly, removal 
of urate from the perfusate, indicating uricase activity, exhibits an oxygen 
dependency similar to that of cytochrome oxidase during stationary states of 
hypoxia (Fig. 11). 

The dichotomy of the in vitro and in vivo results can be explained by 
the steepness of the oxygen gradient that may cause enzymes of vastly dsferent 
oxygen affinities to appear to have the same oxygen affinity. The oxygen gradi- 
ent in the intercapillary space of the Krogh tissue cylinder is so steep 
that there is either sufficient oxygen for the operation of most of the enzymes or 
insufficient oxygen for the operation of any of them. The existence of intra- or 
intercellular oxygen gradients may similarly explain the experimental observa- 
tions. In isolated hepatocytes, where intercellular oxygen gradients are 
diminished, the rate of urate removal is substantially diminished during a slight 
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FIG. 11. Relationship between rate of urate re- 
moval and degree of reduction of cytochrome oxidase 
in isolated hepatocytes (0) and in perfused liver (0). 
Data are interpreted to indicate steep O2 gradients 
during hypoxia in perfused liver. [Sies (471, 472).] 

hypoxia that leads to only a small reduction of cytoehrome oxidase (Fig. ll), a 
result that supports the possibility of marked o xygen gradients within the liver 

0 50 

Reduced Cytochrorne Oxidase 1%) 

sinusoid along the lobule from the periportal to the pericentral region (471,472). 
Similar results have been obtained in rat heart, with oxymyoglobin and cyto- 
chrome c used as indicators (97, 509). Thus the steepness of tissue oxygen 
gradients causes oxidases of dissimilar K, values to behave as if their K, values 
were identical. 

3. Hydrogen peroxide production in hyperoxia 

Table 8 shows rates of H,O, formation in various rat liver preparations 
under normal and hyperoxic conditions. Isolated pigeon heart and rat liver 
mitochondria show a marked increase in H,O, generation when exposed to 
oxygen under high pressure (63, 64), in agreement with the almost linear de- 
pendence of mitochondrial OzB production on oxygen tension (60). Moderate 
increases of HzOz production in hyperoxia are also measured in the peroxisomal 
fraction of rat liver in the presence of endogenous substrate or when supple- 
mented with glycolate (64). On the other hand, microsomal H,O, formation 
is not affected by hyperoxia. Pure oxygen and hyperbaric oxygen enhance H,O, 
generation at the subcellular level and in isolated liver cells from 60% to 200% 
(98). The effect is less marked, about 15% to 40%, in the perfused liver of normal 
and tocopherol-deficient rats (376). 

The hyperbaric response appears to be greatly diminished at the organ 
level in vivo (395). The tissue oxygen level may be limited by the microvascular 
response or the endogenous rate of H202 generation may be substrate limited. 
The rate of H202 production in the liver in situ was not increased by hyperbaric 
oxygenation (395). When the peroxisomal fraction, the perfused liver, or the 
liver in situ is supplemented with glycolate, there is a large increase in H,O, 
formation under hyperbaric oxygenation (Table 8) and* the majority of liver 
respiration leads to H20z formation. 
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V. INTRACELLULAR REGULATION OF OXYGEN-REDUCTION PRODUCTS 

A. Steady-State Zntracellular Concentrations of Hydrogen 
Peroxide and Superoxide Anion 

Although present in low concentrations, hydrogen peroxide and superoxide 
anion are normal metabolites in the aerobic cell. A remarkable multiplicity of 
cellular sources is found (see Fig. 1). The level of superoxide anion, the more 
reactive species, is maintained at 10 -12-10-11 M by SOD (524), whereas the level 
of hydrogen peroxide, which is less reactive, is regulated at concentrations up 
to 3 orders of magnitude greater, 1O-s-1O-7 M, depending on the H202 produc- 
tion (393). Since these values have been calculated for HzOz in equilibrium with 
peroxisomal catalase, they may slightly overestimate the actual concentration 
in the presence of glutathione peroxidase. The panoply of cellular sources 
for H,O, is modulated by a series of controls, both physiological and biochemical, 
such as the transition from the resting state 4 to the active state 3 and the supply 
of oxygen or substrate. 

There has been much discussion as to whether catalase or glutathione 
peroxidase is the predominant enzyme in regulating intracellular H,O, levels. 
Both fulfill important metabolic functions in controlling H,O, concentrations at 
different levels and in different parts of the cell. Catalase is especially effective 
as a “safety valve” for dealing with the large amounts of H,O, that may be 
generated in the peroxisomes. Glutathione peroxidase is capable not only of 
utilizing hydroperoxides but also of metabolizing H,O, in both the cytosolic and 
mitochondrial compartments. In fact, no enzymatic pathway is used completely 
to the exclusion of the other in metabolizing H202. In rat liver, with a GSH con- 
centration of about 10 mM the relative reaction rates for catalase and glutathione 
peroxidase depend on the localized concentrations of both enzymes and of H,O, 
within the cell. The compartmentation of catalase in the peroxisomes and of 
glutathione peroxidase in the cytosol and the mitochondria facilitates their effec- 
tive collaboration in H202 metabolism, each enzyme being chiefly responsible 
for the decomposition of H,O, generated at the intracellular site at which the 
enzyme is located. However, it has been shown that addition of the peroxisomal 
substrate glycolate to perfused liver activates glutathione peroxidase (391,479). 
This response could indicate the presence of cytosolic glycolate oxidase or the 
existence of at least minimal intracellular H,O, gradients from the peroxisome 
to the cytosol. 

The steady-state levels of H202 in the cytosol may allow a portion to diffuse 
out of the cell into the interstitial fluid and subsequently to blood catalase. 
Such diffusion provides an efficient defense mechanism for those organs low in 
catalase, such as brain, lung, and heart (334, 515), or those lacking effective 
concentrations of glutathione peroxidase, such as muscle (355). Biological mem- 
branes are highly permeable to H202; the permeability constants of 0.2 cm/min 
for peroxisomal membranes (143) and 0.04 cm/min for erythrocyte plasma mem- 
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branes (371) may be compared with those for water in a wide variety of cell 
membranes, which range from 0.02 to 0.42 cm/mm (147). The HzOz permeability 
of the erythrocyte membrane is higher than that for most nonelectrolytes; it is 
close to that for methanol and lower than the oxygen permeability (166,371). 

Superoxide anion may be generated by flavin enzymes and iron-sulfur pro- 
teins (Table 3; 186, 219, 326, 359). The rates of 02- generation in subcellular 
fractions suggest that cytosolic enzymes such as xanthine oxidase and aldehyde 
oxidase are minor contributors to the total cellular 02- production. Conversely, 
the rates of 02- generation in the mitochondrial and microsomal fractions indi- 
cate that the membrane-bound multienzyme redox systems are the chief sources 
of 02- in the cell. 

B. Levels of Enzyme Activity 

For all three enzymes -catalase, glutathione peroxidase, and superoxide 
dismutase -different factors influencing the level of enzyme activity have been 
recognized. Although the mechanisms underlying the control of enzyme synthe- 
sis and the regulation of steady-state levels are not completely understood at 
present, the presence of the appropriate substrate usually is regarded to be the 
inducer of increased enzyme synthesis. However, complex metabolic pathways 
make the causes of enzyme induction difficult to assign. Thus the following 
discussion may be considered a report of a variety of observations on these 
three enzymes. 

I. Catalase 

a) Bacteria. Anaerobic bacteria show very low or no catalase activity, 
whereas aerobic bacteria have significant catalase levels (80, 339). The ability 
of the aerobic microorganisms to survive when exposed to air or H,O, is related 
to their catalase activity (342, 343). Some facultative anaerobes, such as the 
eukaryote Sacchaomyces cerevisiae (201) and the Escherichiu coli K-12 his- (200), 
show higher catalase levels when grown under aerobic conditions. On the other 
hand, E. coli B and Streptococcus fizecalis show similar catalase concentrations 
whether grown under aerobic or anaerobic conditions, but they do show differ- 
ent SOD levels (199). Catalase synthesis is induced in anaerobically grown 
Rhodopseudomonus spheroides on contact with air and also after addition of H,O, 
(124,125), a substrate that appears to induce its enzyme (125). Adaptation studies in 
bacteria should cover the three related enzymes, catalase, glutathione peroxidase, 
and SOD, in order to achieve full physiological meaning. 

b) Peroxisomes. The content of catalase and other enzymes in the peroxi- 
somes of the liver cell depends on numerous hormonal, nutritional, and pharma- 
cological influences (239,502,503); nevertheless, the coordination of the enzyme 
assembly may occur in the peroxisome itself (145,303,304). A number of hypo- 
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Epidemic agents, e.g., clofibrate (4-ethyl-2-p-chlorophenoxyisobutyrate), in- 
crease the percentage of peroxisome volume in the liver cell from about 2% to 
about 17% (302, 434, 502). The number of peroxisomes (502) as well as the . 
amount of antigen reacting with anticatalase serum (434) both increase; i.e., the 
total amount of catalase protein is increased. An increase in the number of 
peroxisomes is also obtained when catalase synthesis is inhibited by allylisopropyl- 
acetamide (433). However, the activity of some H,Oz-forming oxidases is un- 
changed after clofibrate treatment (21). Thus, a complex and as yet unresolved 
array of factors appears to participate in the regulation of the steady-state 
enzyme content of the peroxisomes. Recently, proliferation of a peroxisome- 
associated polypeptide in rat liver has been reported (435). 

Biogenesis of the peroxisome has been studied in considerable detail by 
de Duve’s group (144, 303, 304, 383, 418), but the mechanism is not yet fully 
elucidated. The peroxisome in toto is subject to a relatively rapid turnover; 
its measured half-life is approximately 1.5-2 days (418, 422). Labeling studies 
support the hypothesis that catalase is formed within the peroxisome from 
extraperoxisomally synthesized precursors (144, 303, 304). The apomonomer 
for catalase, with a half-life of 14 min, is transferred into the peroxisomes 
in an unknown manner and receives its heme group there. The apomonomer 
and the monomer account for 1.6% and 0.5% of the total catalase, respectively 
(303,304). There have been conflicting reports on the existence of intact extra- 
peroxisomal catalase (226,235,264,438,454), due to the fragility of the peroxi- 
somes. In species other than the rat, considerable catalase activity has been re- 
ported in the soluble cytoplasmic space of the liver (235). 

The “peroxisome concept” of de Duve and Baudhuin (145), implying the 
close association of product-specific oxidases with catalase in these organelles, 
has been treated in detail in a number of reviews (42, 145, 239, 327, 470). 
In recent years, peroxisomelike structures have been demonstrated in almost 
every type of mammalian cell in which they have been sought. The analytical 
tool for such histochemical determinations is the oxidation of diaminobenzidine 
(DAB). The peroxisome concept is based on studies of rat liver and kidney, 
where the microbodies are about 0.5-1.0 pm in diameter. Rat liver contains 
about 400 peroxisomes (Fig. 12A) per hepatocyte, with a slight preponderance 
in the centrilobular as contrasted with the periportal regions of the lobule. 
In 1972 Novikoff and Novikoff (384) described another category of DAB-oxidizing 
particles, terming them “microperoxisomes” (Fig. 12B) because of their smaller 
diameter (0.2-0.3 pm). Although the identity of catalase with the DAB-oxidizing 
activity of these particles has not yet been completely established, several 
lines of evidence support a close relationship to the peroxisomes of liver and 
kidney: a) the occurrence of D-amino acid oxidase activity in microperoxisome- 
containing fractions of mouse heart muscle (225) and in epithelial cells of guinea 
pig small intestine (132), b) the limitation that only the glutaraldehyde-f!xed sam- 
ples exhibit DAB activity, and c) the sensitivity of the reaction to aminotriazole. 

Table 9 lists tissues that contain peroxisomes and microperoxisomes and 
also provides a summary of the metabolic function on which the assignments 
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FIG. 12. Peroxisome from rat liver (A), and microperoxisomes from mouse myocardium (B). 
Microperoxisomes are stained with DAB procedure. [Courtesy of Prof. F. Miller and 
Priv. Doz. V. Herzog.] 

of these structures to cellular processes are based. As noted initially by Novikoff 
and Shin (383), there seems to be a close relationship between lipid metabolism 
and the prevalence of peroxisomes, as in Zellweger’s disease (194, 532), or an 
increase in microbody number, as in Reye’s syndrome (461,514; see, however, 504). 

c) Assay of peroxisomal activity. The peroxidatic activity of biological 
samples can be assayed conveniently by the formation of histochemically demon- 
strable oxidation products of the hydrogen donor 3,3’-diaminobenzidine(bi- 
phenyltetramine) (DAB). Since localized peroxidatic activities can be altered by 
simple changes in incubation conditions, it is possible to distinguish, for example, 
between the DAB oxidase activities of mitochondrial inner membranes and 
those of peroxisomes. The latter activity occurs under alkaline conditions and 
has been used extensively to indicate the peroxidatic activity of catalase (161, 
381). The hydrogen donor activity of DAB with catalase is not a property of the 
native enzyme but is conferred on the hemoprotein by fixation with glutaralde- 
hyde. The cross-linked enzyme both in situ in the peroxisome and in the isolated 
state (224) can react with the bulky hydrogen donor (480). The DAB oxidase 
activity of the mitochondrial membrane has been attributed to cytochrome 
oxidase (467). 
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TABLE 9. Tissues containing peroxisomes or micyoperoxisomes 
and selected metabolic functions 

Tissue Cell Function Ref. 

Liver 

Kidney 

Glands 
Adrenal 
Pancreas 
Lacrimal 
Parotid 
Thyroid 
Harder’s 
Meibomian 
Preputial 

Muscle 
Heart 
Skeletal 
Smooth (aorta) 

Nerve 
Cerebrum 
Cerebellum 
Retina 
Dorsal root ganglion 

Testis 

ovary 

Corpus luteum 

Placenta 

Lung 

Intestine 

Interscapular fat body 

Hepatocyte 
Sinus-lining cells 

Cortical Steroid production 46, 55 
Acinar Exocrine 208 

Epithelial 
Sebaceous 

Cortical 
Cortical 
Pigment, epithelial 
Neuron, Schwann 

Leydig 

Stromal 

Luteal 

Decidua 

Alveolar 

Epithelial 

Brown fat cells 

Fatty acid oxidation 451 
161 

208 
Lipid production 

Lipid oxidation? 209,225 

469 

Esterification of vit. A 

Steroid production 

308 
122 

436 

56 

Phagocytosis 

Thermogenesis 

410 

132,384 

12 

[Modified from Hruban et al. (240), with additional references.] 

d) Acatalasemia. Disorders of the catalase level, particularly in the eryth- 
rocyte, are known as acatalasia or acatalasemia, and were first observed by 
Takahara in 1952 (507,508). Acatalasemia, a genetic defect leading to a decrease 
of catalase activity early in the life of the erythrocyte to about 1% of that in the 
control, measured by the catalatic reaction in erythrocytes, has been of con- 
siderable interest in hematology and in catalase enzymology (8,. 508). The 
acatalasemic erythrocytes show increased methemoglobin formation on oxida- 
tive stress (6), indicating the role of catalase in H,O, removal. The mutation 
has been shown by Aebi et al. (8) to consist of a thermolabile variant of catalase 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



Julg l&v’9 HYDROPEROXIDE METABOLISM 569 

with a half-life of 18 min at 37”C, compared with 68 min for active catalase. 
The defect occurs only in the erythrocyte; however, it is compensated for by 
enhanced rates of catalase synthesis in the liver, causing a 40% increase in the 
liver catalase level compared with that in the control. So far, no catalase-free 
mouse has been obtained; presumably, such a mutation would be lethal. Thus, 
the presence of catalase in liver and presumably in kidney as well, together 
with residual catalase and other enzymes of the erythrocyte, protects acatalase- 
mic patients, in accord with clinical observations. 

2. Glutathione peroxidase 

The level of glutathione peroxidase in tissues apparently undergoes changes 
on alterations in the substrate supply, as suggested by the increased activity 
in intestinal mucosa and liver after oral administration of peroxidized lipids 
(437) and in lung after lipid peroxidation due to exposure to ozone (118) or to 
85.90% oxygen for 14 days (275). Moreover, the relationship’of the glutathione 
peroxidase level in rat liver to the estrogen cycle, or to the estrogen supply 
in ovariectomized rats (413), may be a result of a change in the profile of poly- 
unsaturated lipids. A clinical genetic defect in which the glutathione peroxidase 
level decreases to one-fourth of the control value in the erythrocytes of patients 
homozygous for the trait has been reported (369). As in acatalasemia, there 
were no overt pathological symptoms, but the tendency to hemolysis was in- 
creased in the presence of oxidizing agents (369). The 50% increase in the 
glutathione peroxidase activity in erythrocytes from trisomy 21 patients sug- 
gests a localization of the gene for glutathione peroxidase on chromosome 21(487). 

Disorders of the enzyme level are also observed in selenium deficiency, 
since glutathione peroxidase is a selenoenzyme. Schwarz and Foltz (464) in 1957 
discovered the essential role of selenium as a trace element in mammals because 
of its prophylactic action on dietary liver necrosis in rats. Since then, numerous 
symptoms, ranging from degenerative lesions in pancreas, heart, liver, muscle, 
and skin to kwashiorkor in man, have been attributed to selenium deficiency (75, 
169). Thus, although the experimental models of glutathione peroxidase de- 
ficiency induced by a selenium-deficient diet can provide useful information 
on the physiological role of this enzyme, additional functions of selenium, such 
as its postulated relationship to vitamin E, unsaturated lipids, and sulfur- 
containing amino acids (234), render this approach more complex. Two gluta- 
thione peroxidase activities have been described in rat liver. The recent obser- 
vation of hydroperoxide removal concomitant with selenium deficiency in the rat 
(74,301) indicates that this reaction is catalyzed by a selenium-independent gluta- 
thione peroxidase. This enzyme has been identified as glutathione transferase B 
(423). Although the GSSG level in selenium-deficient rats does not respond to 
H,Oz infusion into the perfused liver, GSSG is released with infusion of t-butyl 
hydroperoxide as substrate for the transferase (74). Furthermore, the distribu- 
tion of selenium-dependent and selenium-independent enzymes varies widely in 
different organs and animal species (300). 
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S. Superoxide dismutase 

Correlations of the SOD level with biological phenomena that would be 
expected to increase the 02- level within the cell provide the current rationale 
for an understanding of the physiological role of this enzyme. McCord et al. (339) 
noted that the aerobic bacteria contain both SOD and catalase, whereas aero- 
tolerant anaerobes have ample SOD and low catalase activity. Obligate anaerobes 
appear to lack both enzymes, suggesting that in the aerobic or aerotolerant 
bacteria the stress of toxic reaction products causes an increased concentration 
of the two enzymes that deal with the oxygen intermediates. However, excep- 
tions have been noted (339), and the determination of enzyme activity must be 
supplemented with direct measurements of H,O, and O,- production. 

An increase in the oxygen tension from anaerobic to hyperbaric levels has 
been correlated with an increased SOD activity suggesting increased intracellu- 
lar levels of O,- in S. jiicalti, E. coli, Pseudomonas leiognuthi, and S. cerevisiae 
(199-202425). Paralleling the increase in dismutase activity, ranging from 6- to 
20-fold in the various microorganisms, there is an increase in the resistance to hyper- 
baric oxygen (199-201). Paraquat-supplemented E. coZi exposed to normal 
oxygen tension also shows an enhanced synthesis of SOD and an increased re- 
sistance to hyperbaric oxygen (216). Since paraquat is an O,- generator and 
since oxygen tension was not increased, biosynthesis of SOD in E. coLi appears 
to result from increased intracellular concentrations of OZW or of a closely 
related substance (216). 

Mammalian tissues apparently lack this marked response. After a %day 
exposure to 85% oxygen, a 45% increase in dismutase activity was found in rat 
lung and a 12% increase in rat brain (138); no change in dismutase activity 
was observed in heart, kidney, liver, or blood, presumably because the tissue 
Paz was not increased. The phenomenon was not seen in hamsters and was 
less marked in guinea pigsand mice (138). The proliferation of alveolar type II 
cells (1) may explain the increase of SOD activity in the lung. Conflicting re- 
ports indicate specific increases in either the mitochondrial (275, 500) or the 
cytosolic (137) enzyme. Exposed rats show enhanced resistance to further 
hyperoxic exposure (138). Neonatal rat lung is particularly responsive to 
hyperoxia, showing a 40-70% increase in SOD activity after both in vivo and 
in vitro exposures to 95% oxygen (500). Trysomy 21 causes increased SOD levels 
in human erythrocytes -and in the cytosol of blood platelets (486). 

C. Cellular Redox State 

I. Zntracellular glutathione 

The oxidation-reduction state of the reduced glutathione -oxidized gluta- 
thione couple is of major importance in cellular metabolism since, at about 
5 pmol/g of rat liver, it is the largest mobile thiol redox system of the cell. 
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For a full discussion of the metabolic role of glutathione, the reader is referred 
to the proceedings of five symposia (18, 131, 139, 168,485), two recent reviews 
(51, 344), and a monograph (255). 

Several groups have reported that up to one-third of the total cellular 
glutathione is present as mixed disulfides (215, 365), among which those of 
coenzyme A,(496), cysteine, proteins such as hemoglobin or albumin, and pro- 
teins from the crystalline lens have been specifically identified (51, 344). The 
enzymatic reduction of such mixed disulfides is catalyzed by several routes, 
either directly, at the expense of NADPH, by glutathione reductase or CoA-SSG 
reductase, or indirectly by thiol transferases with GSH, which is regenerated 
from GSSG by NADPH-dependent glutathione reductase. The first of the thiol 
transferases was described by Racker in 1955 (429), and a short review on this 
field has been *provided by Mannervik and Eriksson (324). 

The oxidation of reduced glutathione is related to the reduction of hydro- 
peroxides by glutathione peroxidase activity (see sect. II, AZ), and oxidized 
glutathione is reduced by the NADPH-dependent glutathione reductase. 
Hydroperoxide utilization is thus coupled to NADPH oxidation (Fig. 13; 479) 
and, by the transhydrogenase pathway, to the mitochondrial redox state. The 
NADPH-generating reactions include the pentose phosphate pathway, the iso- 
citrate dehydrogenase, and the malic enzyme. In turn, these may affect such 
NADPH-consuming processes as lipogenesis, monooxygenations, and ureogene- 
sis. The major metabolic impact of perturbing the redox state of free thiols 
is just beginning to be elucidated, but it is clearly mediated by enzymatic and 
nonenzymatic reactions linked to mixed disulfides and involving thiol transfer- 
ases and transhydrogenases. Several complex biological phenomena have been 
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FIG. 13. Oxidation of NADPH in isolated hepatocytes on addition of t-butyl hydroperoxide. 
Time for recovery is increased with higher hydroperoxide concentrations, which also are associated 
with higher rates of lipid peroxidation detectable as thiobarbiturate-reactive material. [From Sies 
and Summer (482).] 
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correlated with the thiol redox state, including cell division (35), protein synthe- 
sis (284), hormone release (218), and neurotransmitter release and memory 
(284). Further, it was proposed that the binding of insulin to its receptors 
triggers the oxidation of specific sulfhydryl groups in a membrane component 
involved in the regulation of fat cell hexose transport to the active disulfide 
form (141). Guanylate cyclase activation can be promoted by peroxides, hydro- 
peroxides, free radicals, and dehydroascorbic acid and can be prevented by 
glutathione and other thiols (193). 

At present, no unequivocal statement can be made about the redox state 
of glutathione. The equilibrium constant for the reaction of glutathione reductase 
(531) is K = ([GSSG][NADPH])/([GSH2][NADP+]) = 0.02 M-l (pH 7.0, 38”C, 
ionic strength = 0.25 M), corresponding to a midpoint potential of -291 mV. Due to 
this exceptionally high midpoint potential for an NADP-linked system, and to the 
fact that [GSH] is present to the second power in the equilibrium expression, 
the cellular ratio of [GSH]/[GSSG] would be roughly lo6 at the usual NADPH 
redox potential of approximately -400 mV (473), if thermodynamic equilibrium 
prevails in the reaction. Reports of GSSG levels ranging from 1% to 3% of the 
GSH level (520, 546) indicate large deviations from equilibrium, perhaps as a 
result of rate limitations by glutathione reductase (533) or by the NADPH 
supply. Possibly glutathione reductase does not operate at sufficiently high 
activity in situ to maintain equilibrium concentrations; when assayed at 0.3 mM 
NADPH and 2.5 mM GSSG, the glutathione reductase activity is 7-10 pmol 
GSSG reduced/min per g of liver at 30°C. The K, of isolated glutathione reduc- 
tase from rat liver is 50 PM for GSSG and 3 PM for NADPH (364). 

2. Glutathione disul!$de release 

Addition of hydroperoxides leads to an increased release of GSSG from iso- 
lated cells and perfused organs (477, 493, 495); t-butyl and cumene hydro- 
peroxides are especially effective and have been used with isolated perfused 
rat liver (477,482,487), intact. isolated hepatocytes (391,478), and erythrocytes 
(493). Release of GSSG also occurs when glutathione is oxidized by nonenzy- 
matic reactions (285, 495). Under normal conditions? it is assumed that the 
oxidized glutathione release reflects the intracellular oxidation of GSH by gluta- 
thione peroxidase. Reduced glutathione (347) and cytosolic enzymes such as 
lactic dehydrogenase (477,482) are not released from the cell in excess of a basal 
rate (39) on hydroperoxide addition, indicating that the cell membrane is not 
damaged. Whereas there is an approximately linear relationship between GSSG 
release and hydroperoxide reduction (Fig. 14), a further correlation with intra- 
cellular concentrations of GSH and GSSG would be very useful. In liver, GSSG 
release occurs into bile (484). Thus GSSG appears to be acted on by the biliary 
excretory system as the “glutathione-S-conjugate of glutathione.” On the other 
hand, GSH release occurs into the caval perfusate. Release of GSSG has been 
correlated with glutathione turnover in erythrocytes (490). Perfused rat liver 
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FIG. 14. Rate of glutathione di- 
sulfide (GSSG) release from perfused 
liver as a function of rate of hydro- 
peroxide infusion. Hydroperoxide not 
reactive with catalase [t-butyl hydro- 
peroxide (o)] shows approximately 
linear dependence, whereas HzOz (A) 

exhibits saturation of effect due to 
action of catalase. [Modified from Sies 
and Summer (482).] 
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releases from 1 to 2 nmol GSSG/min per g of liver (391, 478, 482) and about 
10 nmol GSH/min per g of liver (39), possibly reflecting the normal aerobic 
turnover of glutathione. 

3. Reduced nicotinamide adenine dinucleotide phosphate 

As shown in Figure 13, the addition of a small amount of an organic hydro- 
peroxide, such as t-butyl hydroperoxide, to perfused liver or to isolated hepato- 
cytes leads to a rapid and substantial temporary decrease of pyridine nucleotide 
absorption, which is mainly due to oxidation of NADPH (391, 477, 478, 483), 
with a subsequent recovery. This sequence would be expected from the scheme 
of Figure 1. With higher concentrations of added hydroperoxide, NADPH is 
largely oxidized and its concentration falls to the minimal steady-state level 
observed in intact cells; at this level secondary effects, such as lipid peroxidation 
(shown by the accumulation of malondialdehyde), set in (482). Furthermore, the 
time required for pyridine nucleotide to regain the original steady-state level 
of reduction depends in part on the presence of glucose, indicating the role of 
the pentose phosphate pathway in providing reducing equivalents (482). These 
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and other observations suggest that the addition of organic hydroperoxides, 
applied with due caution (391, 482), may afford a useful approach to a number 
of experimental problems in intact biological systems. Recent studies with 
t-butyl hydroperoxide-supplemented rat liver mitochondria (481) have shown 
effects of the glutathione peroxidase of the matrix space on the pattern of sub- 
strate oxidations; ketoacid oxidases, dependent on coenzyme A and lipoamide, 
were the main target sites. In view of the known steady-state formation of 
mitochondrial 02- and H202, a connection between the resulting oxidation of 
mitochondrial GSH and NADPH and the regulation of mitochondrial substrate 
oxidations was proposed. 

4. Pentose phosphate pathway 

Oxidation of glutathione increases the flux through the pentose phosphate 
pathway (154,250); increased turnover of this pathway also occurs under oxida- 
tive stress in erythrocytes (354), liver (482), ascites tumor cells (238), leukocytes 
(439), lens (414, 494), and lung (40). This pathway is of particular interest in 
the erythrocyte, where it is the only NADPH-regenerating system; other reac- 
tions contribute to NADPH production in liver cells. The role of glutathione 
in regulating the pentose phosphate pathway seems to be exerted at the level 
of the enzyme glucose-6-phosphate dehydrogenase. Eggleston and Krebs (154) 
have suggested that GSSG counteracts the inhibition of glucose-6-phosphate 
dehydrogenase by NADPH, thus controlling the first enzyme in this pathway. 
The glutathione peroxidase reaction stimulates the pentose phosphate pathway 
both by relieving the inhibition of the dehydrogenase and by contributing the 
cofactor, NADP+. 

VI. OXYGEN TOXICITY AND DEFENSE AGAINST OXYGEN-REDUCTION PRODUCTS 

A. Oxygen Toxicity 

The phenomenon of oxygen toxicity was first noted a century ago by Bert 
(54). Oxygen toxicity develops in animals exposed to oxygen tensions above 2 or 
3 atm; the first overt symptoms are the appearance of generalized convulsions 
(468, 497, 527), followed by severe pulmonary damage (252, 526, 554). Some 
years ago, Gerschman et al. (189., 190) proposed that an increase of oxidizing 
free radicals to toxic levels in cells and tissues was the cause of the toxicity 
of both X irradiation and oxygen. Recent data on the rates of generation and 
decomposition of the intermediates of oxygen reduction and on their specific 
effects on cellular components fill some of the gaps in the earlier work. A review 
of the effects of hyperoxia on hydroperoxide metabolism has been recently 
provided by Chance and Boveris (98). In spite of microvascular control of the 
tissue oxygen levels, oxygen pressurization increases the generation of O,- 
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[implicated by Fridovich (186)] and H202, leading to an increased steady-state 
concentration of these intermediates (Table 8). The response, which may be 
limited by the substrate supply, is intrinsically immediate (63, 64). The effect 
of hyperbaric oxygen on 02- and H,O, production has been considered in 
section IV, B8. 

Nishiki et al. (376) have given some quantitative data on the enhanced turn- 
over of glutathione peroxidase caused by hyperbaric oxygen (Fig. EA). 
On pressurization to 4.1 atm oxygen over a 15.min interval, the release of GSSG 
increases by about 4 nmol/min per g of liver, corresponding (if one assumes 
that titration curves made by infusing t-butyl hydroperoxide may apply) to 100 
nmol ROOH/min per g in control (air) and 196 nmol ROOH/min per g under 
hyperbaric oxygenation; the situation is similar in perfused lung (Fig. 15B). 
The organs of tocopheroldeficient animals are much more sensitive, the increase 
in GSSG release being equivalent to 320 nmol ROOH/min and 540-610 nmol/min 
per g of weight in the perfused liver and lung, respectively. 

These results agree with previous reports of increased lipid peroxidation 
correlated with increasing oxygen pressure in vivo in brain (254) and erythro- 
cytes (257), where the process was also enhanced in starved and vitamin E- 
deficient animals (345, 346, 522). 

The immediate release of GSSG on oxygen pressurization may indicate that 
increased lipid peroxidation is a primary metabolic change, leading as well to 
NADPH oxidation (Fig. 1). Another primary biochemical change, observed in 
a variety of intact organs after oxygen pressurization, is the oxidation of pyridine 

A 

Time After 4 x IO’ Pa (mid 

3.01 B 

FIG. 15. The effect of diet on GSSG release from 2 perfused organs exposed to hyperbaric 
oxygenation. Ordinate, pressure in Pascal units; ~&%wz, GSSG release per unit time. 
Glutathione release from control and tocopherol-deficient rat liver (A) and lung (B ). A: o normal 
starvedi pressurized; l tocopheroldeficient, pressurized livers. B: A normal fed, not pressurized; 
o normal fed, pressurized (same results obtained with starved); l tocopheroldeficient fed; A 

tocopheroldeficient starved. [From Nishiki et al. (376).] 
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nucleotide (105, 106). Studies with a time-sharing fluorometer-reflectometer 
for measuring the redox state of pyridine nucleotides on the cortex of the brain 
of the intact unanesthetized rat, combined with electroencephalographic record- 
ings of electrical activity, establish that NAD(P)H oxidation precedes modified 
electrical activity by about 7 min and the onset of convulsions by about 15 min 
(333). Intracellular metabolite changes secondary to the increased concentration 
of oxygen intermediates and lipid peroxides apparently lead to enhanced 
neuronal membrane permeability, especially to K+ ions, giving first an alert 
response on the electrocorticogram and later a typical grand ma1 activity with 
generalized convulsions (332). 

I. Toxicity of hydrogen peroxide and superoxide anion 

The toxic action of H,Oz and O,- apparently is due to the capacity of these 
intermediates of oxygen reduction to generate other reactive oxygen species 
such as the hydroxyl radical and singlet oxygen, which then initiate a radical 
chain reaction leading to extensive lipid and organic peroxide formation. 
Besides being effective enzyme inhibitors, lipoperoxides affect ‘membrane-bound 
multienzyme systems and membrane permeability (see sect. VIIA). 

Hydrogen peroxide itself seems to be quite unreactive; it does not induce 
lipid peroxidation (561), high-amplitude swelling (370), or inhibition of respira- 
tory control (22) in isolated mitochondrial membranes. On the other hand, 
H,Oz reportedly inactivates transforming DNA, the effect being apparent after 
10 min with 2 mM H,O, (180, 181); it induces chromosomal aberrations after 
a 16. to 36-h incubation of ascites tumor cells in 100 mM H,O, (460) and pro- 
duces base liberation and backbone breakage of DNA (441). These points may 
be relevant to theories of aging (see below). However, the last reaction (441) 
is extremely slow, with a half-time of 40 h at 50 mM H,O,; the effects have been 
attributed to oxygen-radical formation (441), since Fe3+ ions were present 
(181, 337, 534). 

Superoxide radicals produced by autoxidation of photoreduced FMN or by 
the xanthine oxidase reaction inactivate a protein (ribonuclease), a lipoprotein 
(lysine tRNA ligase), and a ribonucleoprotein (bacteriophage R-17) (299, 351) 
and kill bacteria (299) and myoblasts (351, 352). 

2. Radiation sensitivity 

The biological action of ionizing radiation seems to consist of the primary 
formation of a series of unstable chemical species and radicals derived from 
water radiolysis, such as hydrated electrons, hydrogen atoms, and hydroxyl 
radicals (26). The oxygen-enhancing effect may be partially due to 02- 
formation by the reaction of hydrated electrons or hydrogen atoms with oxygen 
(136, 361), and it may also be due to the addition of oxygen to OH-induced 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



July 19?‘9 HYDROPEROXIDE METABOLISM 577 

radicals with the formation of peroxy radicals (456a). Aebi et al. (2, 5) have 
shown that X irradiation of neutral aqueous solutions produces H202 as a stable 
product at about 3-4 PM/ kR; these rates increase slightly in the presence of 
certain amino acids. Apparently, radiation toxicity involves essentially the same 
oxygen intermediates that are responsible for oxygen toxicity (189, 190, 346, 
361), but the details of the effects may differ according to the experimental 
systems studied. 

3. Artificial hydrogen peroxide and superoxide anion generators 

It has been known since the early experiments of Battelli and Stern (41) 
and of Wieland and Mitchell (551) that supplementing respiratory systems with 
autoxidizable electron acceptors such as methylene blue affords an efficient 
cyanide-insensitive source of HZ02. The general reactions may be formu- 
lated as follows, where Q represents an unidentified and autoxidizable 
quinoid redox catalyst, with a midpotential of approximately -40 to +40 mV 

NAD(P)H, + Q + NAD(P) + QH, (23) 

Q& + 0, + Q + HA (24) 

QH, + 0, + QH* + H+ + 02- (25) 

The quinone reductase reaction is readily catalyzed by mitochondrial and micro- 
somal membranes, in which NADH and NADPH are the specific reductants 
(231, 452). If the redox potential of the quinone is high enough, succinate may 
also act as reducing agent. Quinol oxidation occurs, yielding H202, or 02-, or 
both (359). Structural requirements for monovalent or bivalent electron transfer 
in this reaction have been shown (78). 

A long series of substances may fit in this chemical scheme, but only some 
of those that are biologically active are considered here. Some antibiotics are 
typical: streptonigrin (182,186,231,549), t.oxoflavin (298), and pyocyanin, active 
only in aerobic cultures, exert their action by generating 02- and H,O,; mitomycin 
is an H,O, generator (521); and P-lapachone, an antimicrobial agent, generates 
both 02- and H,O, (152).. Some toxic substances appear to function according 
to this mechanism as well: the antitumor drug adriamycin, an 02- generator, 
causes lipid peroxidation and cardiotoxicity (25, 195, 367, 515); paraquat, another 
02- generator, produces lipid peroxidation and lung fibrosis (19, 76, .216). 
Menadione, a generator of 02- and H,O, (78,359), increases the rate of alcohol 
oxidation when added to microsomes (397). Menadione and Sinkavit, the phos- 
phate derivative of the quinol form, have been reported as active radiosensi- 
tizers in isolated cell cultures and human tumors (363). A rational chemotherapy 
may be approached by designing drugs with 02-- or H,O,-generating capabilities, 
depending on the content of catalase or SOD of the target cell type. 
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4. Senescence 

A widely discussed theory of aging, first proposed by Szilard (505) and 
extended by Orgel (389), considers the process in terms of the accumulation of 
molecular damage to informational molecules. This damage may well be pro- 
duced by free radicals, especially oxygen intermediates such as 02- and HO. 
(157, 186, 214), which randomly alter DNA molecules or other components of 
the protein-synthesizing system. Although most of the damage induced by the 
oxygen intermediates would be dealt with by specialized systems for genetic 
repair, the glutathione peroxidase reaction reducing thymine hydroperoxide 
(120) might constitute an additional defense. Some support for the theory of 
aging as a result of informational damage produced by continuous oxidative 
stress and cumulative errors of the antioxidant defense could be claimed from 
the fact that administration of antioxidants, such as 2=mercaptoethylamine, 
butylated hydroxytoluene (213, 214), and 2-ethyl-6-methylhydroxypyridine 
(157), increases the life-span in mice. 

Lipoticsin, which accumulates in heart, brain, testes, etc., from unsaturated 
lipids, was suggested to be an “age pigment” many years ago (212). The fluores- 
cence properties of lipofucsin are similar to those of the reaction product of 
malonaldehyde with proteins or nucleic acids. Speculation that deposited lipo- 
fucsin represents the sites where in vivo lipid peroxidation has taken place (510) 
has led .to a number of correlations between Schiff-base fluorescence properties, 
lipofucsin content, and lipid peroxidation. Especially in rat testes, which ac- 
cumulate fairly large amounts of lipofucsin (440), fluorescent products of lipid 
peroxidation are deposited even on a nutritionally complete and “antioxidant- 
sufficient” diet (510). Since there is apparently no mechanism for degrading 
lipofucsin into harmless metabolic debris, its accumulation could be integratively 
proportional to the occurrence of lipid peroxidation. However, there are several 
theories of aging, and it is not clear whether lipid peroxidation is a cause or an 
effect or whether vitamin E is oxidized before or after lipid peroxidation in 
“antioxidant-sufficient” cells and tissues. 

5. Tumors 

The cells from experimental tumors show a low level of activity of the 
enzymes dealing with oxygen intermediates and hydroperoxides, probably be- 
cause of loss of cellular differentiation. Catalase (68, 198,536, 539), superoxide 
dismutase (68, 149, 409), and glutathione peroxidase (68, 409) are diminished 
in neoplastic tissue. Catalase activity has been reported lowered also in the 
normal tissues of tumor-bearing animals (198). 

B. Defense Against Toxic Products of Oxygen Reduction 

The principal defense against toxic products of oxygen reduction lies at the 
level of the tissue oxygen tension, which is maintained at rather low levels, 
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first by the microvascular system and then by the steep tissue oxygen gradient 
(97). The arterioles are sensitive to high oxygen pressure and cause a decrease 
in the blood circulation to the organ in question, e.g., to the brain,. so that the 
effects of hyperbaric oxygen are greatly decreased in organs other than the lung. 

Second, the high affinity of cytochrome oxidase for oxygen, together with 
the relatively large intercapillary distances for active organs such as brain and 
heart, leads to oxygen tension gradients from the capillary to the “lethal corner” 
of the Krogh tissue cylinder (291) that may diminish the oxygen concentra- 
tion 100.fold or even l,OOO-fold from that of the blood vessel. 

A further and as yet unrecognized protection against toxic oxygen-reduction 
products is shown by new evidence for the mechanism of cellular oxygen reduc- 
tion by the main chain of electron transfer in the mitochondria. This evidence 
suggests that there is a site in cytochrome oxidase that retains the intermediates 
of oxygen reduction until water is formed (110, 111). 

Furthermore, the evidence suggests not only that the intermediates are 
retained by the enzyme, but also that there is a “pocket” capable of retaining 
a number of oxygen molecules, and presumably their intermediate reaction 
products as well, without communication to the external medium. These data 
are supplemented by spectroscopic studies at low temperature that identify 
cytochrome oxidase and two other intermediates that may well involve bound 
oxygen-reduction products. Thus, in mitochondria it is not the oxidase but 
rather the ubiquinone-cytochrome b region of the respiratory chain that is con- 
sidered, especially in state 4, to generate O,- (63). 

The specific enzymes that deal with oxygen-reduction products released 
from mitochondria and other intracellular sources are superoxide dismutase, 
catalase, and glutathione peroxidase (Fig. 1). A key feature of this set of de- 
fenses is that they seem to be localized at the sites where their appropriate 
intermediates accumulate. For example, in the peroxisomes, catalase deals so 
efficiently with H,O, generated by uricase that no H,O, is detected by cytosolic 
and mitochondrial glutathione peroxidase during urate oxidation (391, 478). 
Similarly, H,O, infused into the liver is largely decomposed by glutathione 
peroxidase and is unable to reach the peroxisomes. Mitochondrial SOD readily 
converts the bulk of mitochondrial O,- to H202. The recent report of catalase 
in the matrix space of rat heart mitochondria (378) suggests that this catalase 
may add a special “safety valve” for regulating the intramitochondrial HZOZ con- 
centration in a tissue that is relatively deficient in catalase (225, 515). 

VII. LIPID PEROXIDATION 

A. Lipid and Organic Peroxide Formation 

Although direct evidence for the occurrence of lipid peroxidation in intact 
biological systems is scarce, extensive peroxidation is readily observed after 
tissue disruption. The phenomenon is easily demonstrated on aerobic incubation 
of homogenates or subcellular fractions, and in recent years the peroxidation 
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of membrane structures has been associated with a number of pathological 
phenomena (415). The aerobic environment involves a potential threat for 
polyunsaturated lipids. Since the major polyunsaturated fatty acids implicated 
in lipid peroxide formation are linolenic and arachidonic acids, the degree of 
possible peroxidation damage depends on the fatty acid profile of the phospho- 
lipids and other membrane components. Direct comparisons between different 
types of membranes therefore must take into account the amount of total poly- 
unsaturated lipids. Other cell components, such as nucleic acids, are also prone 
to peroxidation through similar reactions. 

I. Radical Chain Reaction 

Although the chemical details of the chain reaction that leads to lipoperoxide 
formation and later to extensive lipoperoxidation are not satisfactorily under- . 
stood at present, the initial steps apparently involve the formation of an organic 
free radical by hydrogen abstraction at the allylic position, subsequent diene 
conjugation, and formation of the corresponding peroxide radical by incorpora- 
tion of molecular oxygen (424). The stable products of this process are the 
hydroperoxides (32,142,424), as shown in Figure 16. Molecular oxygen, singlet 
oxygen, superoxide anion, hydroxyl radical, and hydrogen peroxide concentra- 
tions have been proposed by various workers as rate limiting in the process 
of lipid peroxidation. It seems likely that all these molecular species participate 
in the free-radical chain reaction that produces lipid peroxidation and that the 
chemical and kinetic details of the chain reaction differ in the variety of bio- 
logical systems in which lipoperoxidation occurs. Hence, lipoperoxide formation 
will not depend on the appearance of a single oxidizing species, but rather will 
include all species in variable proportions in different systems. 

A direct effect of molecular oxygen, probably mediated through nonspecific 
catalysts initiating and propagating the free-radical reaction, has been proposed 
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to explain the effect of high-pressure oxygen on glutathione disulfide release 
from perfused organs (376). Hydrogen peroxide is capable of reacting with 
unsaturated alkyl ‘chains introducing peroxide groups (535), but this property 
apparently is not expressed under conditions that lead to lipoperoxidation in 
biomembranes (561). 

The protective effect of SOD in a variety of experimental situations strongly 
indicates a major role for the superoxide anion in the lipoperoxidation process 
(76, 127, 270, 403, 404, 561). Different. interpretations have been offered for 
this effect, with superoxide anions (403), hydroxyl radicals (174, 174a, 270,271, 
276, 561), or singlet oxygen (76, 270, 271, 561) being proposed as the actual 
initiator of the radical chain. 

The hypothesis that the formation of hydroxyl radical and singlet oxygen 
may be the rate-limiting steps in the chain reaction that, in its various modalities, 
leads to lipoperoxidation in biological systems could fit most of the data. Hydroxyl 
radicals chiefly generat.ed by a catalyzed Haber-Weiss react.ion (206, 207b, 337) 
would account for the protective effect of catalase (270, 271, 403, 561), SOD 
(270,271,403,404,561), and hydroxyl radical scavengers such as mannitol(174) 
or benzoate (174). Singlet oxygen as an intermediate rather than inducing lipid 
peroxidation (368, 501, 501a) may be quenched by P-carotene (15) or trapped 
by furan derivatives (270, 404, 29613). 

Singlet oxygen produced by photosensitization or radiofrequency discharge 
does cause peroxidation of liposomes by a process that can be prevented by 
P-carotene (15); the p-carotene does not, however, seem very effective in in- 
hibiting lipoperoxidation in microsomal preparations and linolenic acid suspen- 
sion (270, 368, 501). The thermodynamic (281a) and kinetic (282) feasibilities of 
‘0, formation have been evaluated. 

Hydroxyl radical formation is almost exclusively considered in terms of its 
generation through the Haber-Weiss reaction: 

H,O, + O,- --) 0, + HO- + HO* (26) 

Although attempts to demonstrate a reaction between 02- and H202 have failed 
(207, 335, 444), metal catalysis, especially porphyrin iron, might make HO= 
radical generation in biological systems a reality. The formation of complexed 
superoxide anion (Fe 3+-O,-), similar to cytochrome oxidase intermediate 
compound A’ (see sect. II, BI), and complexed H,O, (Fe3+-H,Os) may be 
kinetically efficient in consuming H,O, and 02-, respectively, yielding effective 
rates of HO. generation (246, 282). Recently, McCord and Day (337) and 
Halliwell (207b) have shown that ethylenediaminetetraacetate (EDTA)- 
chelated iron indeed catalyzes the Haber-Weiss reaction with hydroxyl radical 
formation. The efficiency of the process, in terms of HO l formed per O,- con- 
sumed, was at least 8% in the presence of 5 PM iron and 30 PM H,Oz. 
Since OS- and H,Oz compete for EDTA-Fe2+, the effective electron donor for 
the homolytic breakdown of H202, a somewhat lower efficiency may be expected 
at lower H202 concentrations. After considering the rate of O,- production and 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



582 CHANCE, SIES, SAND BOVERIS Volume 59 

the H,O, concentration, HO l generation in rat liver cytosol may be estimated 
to be on the order of lo- 1*-10-9 M/s . This rate is at least 3 orders of magnitude 
smaller than the best estimates of the rate of lipid peroxide formation (see 
below), implying that the radical chain reaction (Fig. 16) acts as an amplifica- 
tion factor. 

2. Rate of lipid and organic hydroperoxide formation 

Since the very existence of lipid peroxidation is still under debate, at pres- 
ent only very approximate estimations can be made of the rate at which this 
process occurs. Nevertheless, ethane formation and glutathione release provide 
promising approaches to the problem. Ethane formation can be monitored in the 
expired air (see below); this may be an optimal approach for studying lipid 
peroxidation in intact systems. Perfused rat liver releases l-2 nmol GSSGl 
min per g of liver (39, 391, 478), a value corresponding to approximately 
30-60 nmoles ROOH/min per g of liver on the basis that GSSG release reflects 
about 3% of the turnover of glutathione peroxidase (391, 482). 

B. Biochemical Consequences of Lipid Peroxidation 

The breakdown pathways for peroxidized lipids are even less clearly estab- 
lished than the mechanisms of their formation. It suffices here to note that the 
stable end products include ethane, propane, and pentane (148, 281, 310, 443) 
and malonaldehyde (32). 

The sequels of polyunsaturated fatty acid peroxidation include a) perturba- 
tion of membrane microarchitecture due to the introduction of hydrophilic func- 
tions, even after reduction to the corresponding hydroxylipid; b) inhibition of 
enzyme activity by hydroperoxides; and c) subsequent reactions of the break- 
down products, such as aldehydes. Oxygenated derivatives of fatty acids 
assembled as membrane constituents will produce an alteration of membrane 
structure. In addition, the lipoperoxide-inducing oxidizing free-radical reaction 
will rupture the carbon chain of membrane constituents. The cumulative effect 
may be the pathological alteration of membrane permeability. 

Isocitrate dehydrogenase activity, which is sensitive to inhibition by linoleic 
acid hydroperoxide (196,385), is completely abolished during the lipid peroxida- 
tion of liver mitochondria induced by ferrous ions (341). Modification of sulfhydryl 
groups and/or a methionine residue have been shown to be the cause of this loss 
of activity (129, 130). Some other enzyme activities have also been shown to 
decrease during lipid peroxidation (33, 117, 230, 341). Note that lipoperoxide- 
induced enzyme inactivation is apparently a rather slow process (196). 

Breakdown products may have a bearing on what are considered to be the 
toxic effects of lipid peroxidation. There are two possible pathways for 
malondialdehyde degradation: oxidation by aldehyde dehydrogenase with 
further metabolic conversion (237, 4i6, 432) and the formation of Schiff bases, 
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e.g., with a-amino groups of lysine. The latter has been studied intensively 
by Tappel and his colleagues (116, 117, 510), who have demonstrated cross- 
linking in a number of enzymes; for example, ribonuclease A becomes cross- 
linked in the presence of either peroxidizing lipid or added malonaldehyde. 
Albumin generally develops such cross-linking on storage, since a large portion 
of lipids bound to it are polyunsaturated. Experimentally, such cross-linking 
of polypeptide chains is indicated by specific fluorescence properties with excita- 
tion maxima around 350 nm and emission maxima around 430 nm. The fluorescent 
chromophore is generally considered to be an N,N’-disubstituted 1-amino-3- 
iminopropene, R-N=CH-CH=CH-NIIdR (MO), resulting from the 
reaction of malondialdehyde with amino compounds; thus, other typs of amino 
compounds such as amines, RNA, DNA, and phospholipids may also form such 
products. It is of particular interest that the fluorescence properties of such 
cross-linked products resemble those of lipofucsin, the “age pigment.” Lipofucsin 
granulae have been observed cytochemically to be in close proximity to micro- 
peroxisomes in human hepatocytes (382). 

Lipid hydroperoxide formation is much more likely in membranes of animals 
that have been on diets deficient of vitamin E (tocopherol) or selenium. The 
antioxidant capability of selenium is due to its role in glutathione peroxidase, 
but the recognized effectiveness of tocopherol as an antioxidant is not so well 
understood; thus far, no regenerating reaction that reduces the product, 
tocoquinone, has been found. In addition to breaking or preventing radical. 
chains (510), tocopherol may participate in ubiquinone metabolism (463). Under 
physiological conditions, the presence of catalase, glutathione peroxidase, and 
SOD may diminish the flux of radicals sufficiently that the small amounts of 
vitamin E [-1 per 1,000 molecules of polyunsaturated fatty acid (510)] operate 
as a second line of defense, dealing with unusual “overflows” of radicals. 

C. Physiological Consequences of Lipid Peroxidation 

I. Membrane damage 

a) Hemolysis. Lipid peroxides, H202, and perhaps 02- and other oxidants 
contribute to the instability of the erythrocyte cell membrane. Catalase and 
glutathione peroxidase probably play complementary roles in protecting the 
erythrocyte from hemolysis due to H202, since their rate constants are roughly 
equal (Table 1) and since a calculation based on the content of the two enzymes 
in the erythrocyte shows that the rates of H202 decomposition by the two 
systems are comparable (7, 372). However, human erythrocytes deficient in 
glutathione peroxidase are more fragile than those from acatalasemic subjects 
when exposed to oxidative stress, suggesting that lipid hydroperoxides are 
more important than HzOz in causing hemolysis. Thus, reduction of unsaturated 
membrane lipid hydroperoxides by glutathione peroxidase is important in 
counteracting hemolytic damage. Fee and Teitelbaum (164), working with 
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erythrocytes from vitamin E-deficient rats, showed that SOD plays a protective 
role against hemolysis induced by dialuric acid and that catalase plus SOD 
provided the highest degree of protection, suggesting that the hydroxyl radical 
may be a factor in membrane lipid peroxidati0n.l The Haber-Weiss reaction 
(206) has often been regarded as a causative agent in hemolysis, most recently 
by Cohen and Heikkila (127) and by Kellogg and Fridovich (271), but the partici- 
pation of hydroxyl radical and/or singlet oxygen in the hemolytic process has 
not been unanimously accepted. In fact, Fee et al. (163) specifically exclude 
the Haber-Weiss reaction from the dialurate-induced hemolysis in vitamin E- 
deficient red cells, suggesting instead that reactive dialurate-derived com- 
pounds, such as a peroxy derivative (491) or the dialurate radical (296), might 
react with the membrane or serve as precursors of the active substance. On this 
basis, the protective effect of superoxide dismutase could be to protect catalase 
from reacting with 02- to form compound III (386); interestingly enough, 
Fee et al. (163) propose that catalase reacts directly with the unknown deleterious 
intermediate, implying a catalytic function for catalase in addition to the known 
catalatic and peroxidatic modes of action. 

The enhanced hemolytic sensitivity of erythrocytes deficient either in 
glucose-6-phosphate dehydrogenase (126, 128) or in tocopherol(l26) indicates 
the protective roles of the NADPH-linked pentose phosphate shunt and gluta- 
thione peroxidase activity and vitamin E in the erythrocyte membrane (126). 

b) Mitochondria, Zysosomes, and microsomes. The functions of catalase, 
glutathione peroxidase, and superoxide dismutase as protective agents have 
been further studied in model systems. The role of lipid peroxidation in the 
“high-amplitude” swelling of isolated rat liver mitochondria has been elucidated 
(173, 245), and it has been shown that the phenomenon can be prevented by 
these three enzymes. For example, GSH-induced swelling has been shown to be 
prevented by the addition of glutathione peroxidase (370). 

Catalase and glutathione peroxidase have a partially protective effe.ct on 
isolated mitochondrial inner membranes, and SOD substantially delays oxida- 
tive damage (561). The effect is greater than linear with added enzymes, indi- 
eating that reactive intermediates such as the HO l radical may participate in 
lipid peroxidation. Similar results have been obtained with isol .ated lysosomes 
(174) protected by HO* scavengers such as ethanol, benzoate, or mannitol. 

The mechanism of microsomal lipid peroxidation has been extensively 
investigated, notably by McCay and co-workers (174, 276, 328-330, 411) and 
Pederson and Aust (403-406), following the early work of Hochstein and 
Ernster (229, 232), who showed that isolated microsomal fractions from rat 
liver undergo lipid peroxidation concomitant with an enhanced oxygen uptake 
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and an oxidation of NADPH on addition of ADP complexed with Fe3+. Super- 
oxide anions have been considered to initiate microsomal lipoperoxidation 
by producing either singlet oxygen (403, 404) or hydroxyl radicals (174, 276). 
Alkoxy radicals have also been proposed as the main chain propagator (405). 

Isolated rat liver microsomes metabolize hydroperoxides via an NADPH- 
dependent peroxidaselike reaction (242-244) involving cytochrome PdsO, which 
accounts for about half the hydroperoxides decomposed; the other half is probably 
removed nonenzymatically in the form of lipid peroxidation (482). Cytochrome 
b, becomes fully oxidized on addition of hydroperoxides, probably by interaction 
with cytochrome PdsO; this effect is also observed in isolated hepatocytes, even 
though lipid peroxidation is largely suppressed by glutathione peroxidase and 
other defense systems (478,479). Cytochrome P,,, can produce O,- by autoxida- 
tion (227, 379, 489), and added hydroperoxides have been shown to support 
cytochrome P,,,- dependent hydroxylations (155, 259, 430). However, hydro- 
peroxides lead to the destruction of the heme groups of cytochrome PdsO, so that 
such experiments are feasible for only a few minutes. 

2. Toxicity of administered lipid peroxides 

Although the beneficial effects of polyunsaturated fatty acids in counter- 
acting high cholesterol levels and atheromatous disease have been highly 
publicized, little note has been taken of the fact that ingestion of such sub- 
stances increases the capacity for forming lipid peroxides. Organic peroxides, 
hydroperoxides, and autoxidized unsaturated fatty acids are quite toxic, with 
LD,, for mice of 4-20 pmol/mouse (236). Feeding autoxidized fats to laboratory 
animals produces toxic and possibly carcinogenic effects; decreasing the amount 
and degree of unsaturated fats in the diet decreased mortality in mice (214). The 
dietary use of fatty acids prone to oxidation has therefore been questioned (548). 

VIII. HYDROGEN PEROXIDE AS A USEFUL METABOLITE 

The hypothesis that hydrogen peroxide may be a useful metabolite involves 
a dichotomy of viewpoints. On the one hand, H,O, can be considered a dangerous 
substance: injections of glucose oxidase into the bloodstream and the consequent 
H,O, generation can be lethal, due to the continuous conversion of hemoglobin 
to methemoglobin. Much of the cell machinery is geared to the control of the 
H,O, level; for example, catalas le, one of the m .ost potent enzymes, is present 
in high localized concentrations and exhibits kinetics appropriate to the regula- 
tion of H,O, levels: i.e., the rate of H,O, decomposition proceeds linearly through 
the higher physiological and pathological range of H,O, concentrations. A further 
back-up regulation is provided by glutathione peroxidase. With this multiplicity 
of controls, it is scarcely conceivable that H,O, performs a beneficial metabolic 
function. On the other hand, it was suggested early in the study of catalase 
reactions that the peroxidatic reaction in particular (268) might be useful to cell 
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function, and indeed this reaction appears in phagocytosis and in several synthe- 
ses, particularly those of thyroid hormones (457) and probably those of prosta- 
glandins (210, 420, 529, 553). A fuller understanding of catalase function re- 
quired the development of better instrumentation, and recent results shed new 
light on its role in phagocytosis and alcohol oxidation. 

A. Phagocytosis 

Biochemically and clinically oriented research groups have clearly demon- 
strated that polymorphonuclear leukocytes (24,24a; 142a, 248,402,444a, 445) 
and alveolar macrophages (188) produce HZOZ, 102, and HO l in a process that is 
stimulated dramatically during phagocytosis. The importance of this biological 
mechanism is emphasized by the enhanced susceptibility to infection of patients 
with dysfunction of leukocyte HZOZ generation, as in chronic granulomatous 
disease (27), myeloperoxidase deficiency (279), and leukocyte glucose-6- 
phosphate dehydrogenase deficiency (29, 135). 

The longstanding observation (248, 402, 445) that H,O, is formed during 
the large increase of cyanide-insensitive oxygen uptake and increased pentose 
phosphate shunt activity (49, 458) accompanying phagocytosis is frequently 
associated with the suggestion that NAD(P)H oxidation is a source of H,O, 
(28,79,249,263,449,458,552). More recently, it has been shown that O,- is also 
produced during phagocytosis (24b, 153, 277-279, 455, 456, 560) and that 
glutathione reductase activity is also increased (380, 439). The localization of 
NADPH oxidase and its activation in phagocytosis strongly suggest that HZ02 
is involved in killing the bacteria, but the exact chemical species involved are 
not yet clarified; the participation of 02-, 102, and HO* radicals has also been 
suggested (277, 279, 289, 447, 560). It has been proposed%hat 02? production 
by polymorphonucleates may account for synovial fluid deterioration in inflam- 
matory arthritis (336). 

Increased NADPH activity is also shown by cytosolic (28) and granular 
(401, 448) fractions. The granular fraction isolated from phagocytizing leukocytes 
shows a lo-fold increase in HZ02 production compared with granules isolated 
from resting cells (260). The fact that after isolation the granules retain the 
stimulated condition suggests an imprinted message, The isolated granules also 
produce OZW in an amount that corresponds to 24% of the HzO, generated (260), 
and they contain a cyanide-insensitive component spectroscopically identical to 
myeloperoxidase (261). The peroxide generator has not yet been identified, 
although a peroxidase-oxidase mechanism involving the granule myeloperoxidase- 
NADPH oxidase complex has been proposed (261, 555, 556). In addition, 
myeloperoxidase and halide ions provide a bactericidal system (278), but 
halogenation is not bactericidal per se (446), and the exact role of myeloperoxi- 
dase in phagocytosis is not yet understood. 

Scavengers for singlet oxygen and hydroxyl radical (258, 278) partially 
impair the destruction of bacteria, which takes place within a phagocytic vesicle. 
This phagosome is formed by fusion of the myeloperoxidase-containing granules 
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with invaginations of the plasma membrane (71, 351, 506) that contains the 
NADPH oxidase that is apparently the major source of H,O, and O,- (Fig. 1’7; 
24, 24a). Phagocytosis in the presence of catalase or superoxide dismutase ex- 
hibits reduced bactericidal action (258, 322) but at the same time allows pro- 
longed life of the leukocytes (456). Catalase activity was strongly correlated 
with mouse lethality on exposure to 15 strains of Staphylococcus aureus, 
whereas there was no apparent relation between virulence and SOD activity in 
the same strains (322). 

It is clear that oxygen metabolites, highly toxic in mammalian cells, do 
indeed fulfill a useful function in phagocytosis. Compartments for phagocytosis 
may exist within the leukocyte, since catalase and SOD are located in the cytosol 
of the phagocyte (455) and presumably protect the cell from O,- and H202 damage; 
nevertheless, bactericidal action leads the leukocyte to an early death. 

B. Alcohol Oxidation 

Keys to the useful peroxidations of catalase may be found in its high local- 
ized concentration, so that the turnover number of the enzyme, the H,O, con- 
centration, and the fractional saturation of catalase are low and the efficiency 
of H202 in peroxidatic oxidations approaches 100%. Such conditions might be 
obtained with H,O, generated in the mitochondria and diffusing throughout the 
cell at low and uniform concentrations to the peroxisomes, where it could be 
efficiently used in ethanol oxidation (99). If, however, H,O, were generated 
directly in the peroxisomes at a high rate (as, e.g., by uric acid oxidation), then 
the H,O, level would be controlled locally by the catalatic reactions and the 

FIG. 17. Proposed role of “superoxide anion synthetase” and oxygen intermediates in phago- 
cytosis. [From Michelson (351).] 
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increment of cytosolic H,O, would be small. Under these conditions, the efficiency 
of ethanol oxidation by peroxisomal catalase might be low. 

One of the puzzling inconsistencies of nature’s design is that catalase is re- 
stricted to react only with H202. If, indeed, teleology and autonomy were first 
principles, catalase should be capable of decomposing lipid peroxides as well as 
hydrogen peroxide and short-chain peroxides. Instead, another enzyme - 
glutathione peroxid ase -decomposes long-chain peroxid .es, and glutathione 
peroxidase and catalase together cover the gamut of peroxide reactions of the 
cell. This obligatory collaboration is all the more puzzling when it is remembered 
that both the mitochondria and the peroxisomes generate H202. However, 
exclusive subcellular localization may be the guiding principle, providing for 
catalase in the peroxisomes and glutathione peroxidase in the cytosol and the 
mitochondria. 

One use for catalase is the oxidation of ethanol without the formation of 
large amounts of NADH in the liver cytosol(518). The redox imbalance caused 
by excessive alcohol intake is thought to be at least a starting point for a wide 
variety of pathological consequences of alcoholism. In the liver, catalase seems 
to provide an innocuous metabolic pathway for alcohol oxidation. The dependence 
on thi s and other pathways can be determined in vivo by use of appropriate 
levels of substituted pyrazoles that inhibit the alcohol dehydrogenase pathway 
and leave the 

Although 
alternate 
pyrazole 

pathways of alcohol oxidation unchanged (518). 
studies do not delineate the alternate pathways , the 

directly observed reaction of the catalase-H202 compound with alcohol in the 
liver in vivo affords firm evidence of its function in tissues and is strongly 
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FIG. 18. Schematic representation of free-radical chain reaction leading to lipid peroxidation, 
possible pathophysiological implications, and protective mechanisms. [Modified from F’lohh 
et al. (169).] 
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supported by classic experiments with formate and methanol. Lieber and his 
colleagues (309) have been the nearly exclusive supporters of the view that 
a microsomal ethanol-oxidizing system is functional in the intact liver (247,397, 
519, 530, 547). However, the evidence in favor of this pathway lacks both 
quantitative in vitro studies, with a highly purified system under controlled 
conditions, and a clear demonstration of increased .NADPH oxidation in the liver 
in situ metabolizing alcohol. This need for further study, together with con- 
siderations of the complicated mechanism for controlling the NADPH/NADP 
redox state, suggests that whatever the upshot of the controversy over a micro- 
somal ethanol-oxidizing system may be, the system does not offer a pathway of 
alcohol oxidation that prevents overreduction in the cytosol. 

The question of whether a significant amount of unknown hydrogen donor 
exists in the metabolizing liver is largely resolved by the extrapolation of 
methanol and ethanol titrations in the perfused and intact organ. Generally, 
these titrations indicate that the endogenous donor is present at concentrations 
of less than 30 PM (393) in ethanol equivalents. However, the nature of such 
endogenous donors is not known, and indeed many important pathways could 
be affected by catalase reacting with such pathways in vivo. 

IX. CONCLUSION 

The cell employs several lines of defense against the toxic products of oxygen 
reduction (Fig. 18). The first is systemic protection against high oxygen tensions 
at the cellular level. The second is the intracellular localization of the enzymes 
appropriate to the decomposition of the toxic intermediates at or near the site 
where they are generated, together with steep gradients of the reactive 1 species 
themselves. A third line of defense is provided by radical scavengers such as 
cu-tocopherol and p-carotene, which also have the advantage of being appropri- 
ately distributed in the membranes where lipid peroxidation might occur. 
A fourth level of protection is provided by glutathione peroxidase, which reacts 
directly with lipid peroxides. 

Finally, recent understanding of the beneficial action of H,O, in phagocytosis 
and in ethanol oxidation suggests caution in condemning any metabolite as use- 
less until its functions in toto are thoroughly understood. 

This work was supported by grants from the National Institutes of Health (GM 12202 and 
HL-SCOR-15061), from the Scientific Affairs Division of NATO (Grant 416), and by Deutsche 
Forschungsgemeinschaft, Sonderforschungsbereich 51 “Medizinische Molekularbiologie und 
Biochemie” (Grant D/8). 

REFERENCES 

1. ADAMSON, I. Y., H. BOWDEN, AND J. P. WYATT. 
Oxygen poisoning in mice. Ultrastructural and surfactant 
studies during exposure and recovery. Arch. P&d. 90: 
463-470, 1970. 

2. AEBI, H. Detection and fixation of radiation-produced 
peroxide by enzymes. Radiat. Res. Suppl. 3: 130-162, 
1963. 

3. AEBI, H. Catalase. In: Methods of Enzymatic Analysis, 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



590 CHANCE, SIES; AND BOVERIS Volume 59 

edited by H. U. Bergmeyer. Weinheim: Verlag Chemie, 
1974, p. 673-684. 

4. AEBI, H., F. FREI, R. KNAB, AND P. SIEGENTHALER. 
Untersuchungen iiber die Formiatoxydation in der Leber. 
Helv. Physiol. Phurmacol. Actu 15: 150-167, 1957. 

5. AEBI, H., A. TEMPERLI, R. GRESSLY, R. OES- 
TREICHER, AND A. ZUPPINGER. Oxydation von 
o-Dianisidin durch Roentgen-Strahlen bzw. H,O, in 
Gegenwart von Peroxydase and anderen Haeminver- 
bindungen. Helv. Chim. Actu 18: 1714-1727, 1960. 

6. AEBI, H., AND H. SUTER. Uber die peroxydempfindlich- 
keit von Akatalasie-Erythrocyten. Humungenetik 2: 328- 
343,1966. 

7. AEBI, H., AND H. SUTER. Protective function of reduced 
glutathione (GSH) against the effect of prooxidativel sub 
stances and of irradiation in the red cell. In: Glutathiune, 
edited by L. Flohe, H. C. Benohr, H. Sies, H. D. Waller, 
and A. Wendel. Stuttgart: Thieme, 1974, p. 192-199. 

8. AEBI, H., H. SUTER, AND R. N. FEINSTEIN. Activity 
and stability of catalase in blood and tissues of normal 
and acatalasemic mice. Biochem. Genet. 2: 245-257,1968. 

9. AGNER, K. Verdoperoxidase. Adv. Enzymol. 3: 137- 148, 
1943. 

10. AGNER, K. Studies on myeloperoxidase activity. Spectro- 
photometry of the MPO-H202 compound. Actu Chem. 
Stand. 17, Suppl.: 332-338, 1963. 

11. AGRAWAL, P., AND M. M. LALORAYA. Induction of 
peroxidase in corpora lutea of rat ovary by lutropin. Bio- 
them. J. 166: 4-8, 1977. 

12. AHLABO, I., AND T .  BARNARD. Observations on peroxi- 
somes in brown adipose tissue of the rat. J. Hi&o&m. 
Cytochem. 19: 670-675, 1971. 

13. AMANO, D., Y. KAGOSAKI, T. USUI, S. YAMAMOTO, 
AND 0. HAYAISHI. Inhibitory effects of superoxide 
dismutases and various other proteins on the nitroblue 
tetrazolium reduction by phagocytizing guinea pig poly- 
morphonuclear leukocytes. Biochem. Biophys. Res. 
Commun. 66: 272-279, 1975. 

14. ANDERSON, S. M., AND N. I. KRINSKY. Protective 
action of carotenoid pigments against photodynamic damage 
to liposomes. Photo&em. Photobiol. 18: 403-408, 1973. 

15. ANDERSON, S. M., N. I. KRINSKY, M. J. STONE, 
AND D. C. CLAGE’M’. Effect of singlet oxygen quenchers 
on oxidative damage to liposomes initiated by photo- 
sensitization or by radiofrequency discharge. Photo&em. 
Photobiol. 20: 65-69, 1974. 

16. ANDREAE, W. A. A sensitive method for the estimation 
of hydrogen peroxide in biological materials. Nature 175: 
859-860, 1955. 

17. ARCHER, G. T., G. AIR, M. JACKAS, AND D. B. 
MORELL. Studies on rat eosinophil peroxidase. Biochim. 
Biophys. Actu 99: 96-101, 1965. 

18. ARIAS, I. M., AND W. B. JAKOBY (Editors). Glutathione: 
Metabolism and Function. New York: Raven, 1976. 

19. AUTOR, A. P. Reduction of paraquat toxicity by super- 
oxide dismutase. Lifi Sci. 14: 1309-1319, 1974. 

20. AVI-DOR, Y., E. CUTOLO, AND K. G. PAUL. The assay 
of hydrogen peroxide in small quantities with horseradish 
peroxidase as catalyst. Acta Physiol. Stand. 32: 314-319, 
1954. 

21. AZARNOFF, D. L., AND D. R. TUCKER. The effects of 
clofibrate on liver enzymes and substrates (abstr.). 
Federation Proc. 25: 388, 1965. 

22. AZZI, A., G. LOSCHEN, AND L. FLOHE. Structural 
and functional aspects of H,O, formation in the mito- 
chondrial membrane. In: Glutathione, edited by L. Flohe, 
H. C. Benohr, H. Sies, H. D. Waller, and A. Wendel. 
Stuttgart: Thieme, 1974, p. 237-242. 

23. AZZI, A., C. MONTECUCCO, AND C. RICHTER. The 
use of acetylated ferricytochrome c for the detection of 
superoxide radicals produced in biological membranes. 
Biochem. Biophys. Res. Commun. 65: 597-603, 1975. 

24. BABIOR, B. M., J. T. CURNU’ITE, AND B. J. 
McMURRICH. The particulate superoxideforming system 
from human neutrophils. Properties of the system and 
further evidence supporting its participation in the respira- 
tory burst. J. Clin. Invest. 58: 989-996, 1976. 

24a.BABIOR, B. M., AND R. S. KIPNES. Superoxide- 
forming enzyme from human neutrophils: evidence for a 
flavin requirement. Blood 50: 517-524, 1977. 

24b.BABIOR, B., R. KIPNES, AND J. CURNU’ITE. Biologi- 
cal defense mechanisms. The production of leukocytes of 
superoxide, a potential bactericidal agent. J. Clin. Invest. 
52: 741-744, 1973. 

25. BACHUR, N. R., S. L. GORDON, AND M. V. GEE. 
Anthracycline antibiotic augmentation of microsomal elec- 
tron transport and free radical formation. Mol. Phwmocol. 
13: 901-910, 1977. 

26. BACQ, Z. M., AND P. ALEXANDER. Fundamentals of 
Radiobiology. Oxford: Pergamon, 1961. 

27. BAEHNER, R. L. Disorders of leukocytes leading to re- 
current infection. Pediutr. Clin. North Am. 19: 935-956, 
1972. 

28. BAEHNER, R. L., N. GILMAN, AND M. L. KARNOVSKY. 
Respiration and glucose oxidation in human and guinea pig 
leukocytes: comparative studies. J. Clin. Invest. 49: 
692-700, 1970. 

29. BAEHNER, R. L., R. B. JOHNSON, AND D. G. NATHAN. 
Comparative study of the metabolic and bactericidal 
characteristics of severely glucose&phosphate dehydro- 
genase deficient polymorphonuclear leukocytes and leuko- 
cytes from children with chronic granulomatous disease. 
J. Reticuloend-otheliul Sot. 12: 150-169, 1972. 

30. BAGGIOLINI, M., H. AEBI, E. SAQUET, AND 
H. CHARLIER. Beteiligung der Darmflora an peroxida- 
tischen Umsetzungen (Formiatoxidation) bei der Ratte. 
Helv. Physiol. Actu 22: 53-65, 1964. 

31. BALLOU, D., G. PALMER, AND V. MASSEY. Direct 
demonstration of superoxide anion production during the 
oxidation of reduced flavin and of its catalytic decomposi- 
tion by erythrocuprein. Biochem. Biophys. Res. Commun. 
36: 898-904, 1969. 

32. BARBER, A. A, AND F. BERNHEIM. Lipid peroxidation: 
its measurement, occurrence and significance in animal 
tissue. Adv. Gewmtol. Res. 2: 355-403, 1967. 

33. BARBER, A. A., AND A. OTI’OLENGHI. Effect of 
ethylenediamine tetraacetate on lipid peroxide formation 
and succinate oxidase inactivation by ultraviolet light. 
Proc. Sot. Exp. Biol. Med. 96: 471-473, 1957. 

34. BARLOW, C. H., J. C. MAXWELL, W. J. WALLACE, 
AND W. S. CAUGHEY. Elucidation of the mode of binding 
of oxygen to iron in oxyhemoglobin by infrared spectros- 
copy. Biochem. Biophys. Res. Commun. 55: 91-95,1963. 

35. BARRON, E. S. G. Thiol groups of biological importance. 
Adv. Enzymol. 11: 201-266, 1951. 

36. BARTOLI, G. M., A. DANI, T. GALEOTI’I, M. RUSSO, 
AND T. TERRANOVA. Respiratory activity of Ehrlich 
ascites tumor cell nuclei. 2. Krebaforsch. 83: 223-231, 
1975. 

37. BARTOLI, G. M., T. GALEOTI’I, AND A. AZZI. Produc- 
tion of superoxide anions and hydrogen peroxide in E hrlich 
ascites tumor cell nuclei. Biochem. Biophys. Actu 497: 
622-626, 1977. 

38. BARTOLI, G. M., T. GALEOTI’I, G. PALOMBINI, 
G. PARISI, AND A. AZZI. Different contributions of rat 
liver microsomal pigments in the formation of superoxide 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



July 1979 HYDROPEROXIDE METABOLISM 591 

anions and hydrogen peroxide during development. Arch. 
Biochem. Biophys. 184: 276-281, 1977. 

39. BARTOLI, G. M., AND H. SIES. Reduced and oxi- 
dized glutathione efflux from liver. FEBS L&t. 86: 89-91, 
1978. 

40. BASSETT, D. J. P., AND A. FISHER. Pentose cycle 
activity of the isolated perfused rat lung. Am. J. Physiol. 
231: 1527-1532, 1976. 

41. BATI’ELLI, F., AND L. STERN. Die Oxidationsfermente. 
Ergeb. Physiol; Biol. Chem. Exp. Pharmakol. w. 96-268, 
1912. 

42. BAUDHUIN, P. Peroxisomes (microbodies, glyoxysomes). 
In: Handbodk of Molecular Cytology, edited by A. Limade 
Faria. Amsterdam: North-Holland, 1969, p. 1179- 1195. 

43. BAYSE, G. S., A. W. MICHAELS, ANDM. MORRISON. 
Lactoperoxidase-catalyzed iodination of tyrosine peptides. 
Biochim. Biophys. Acta 284: 30-33, 1972. 

44. BAXENDALE, J. H. Pulse radiolysis study of the chemi- 
luminescence from luminol. J. Chem. Sot. Faraday T~VDUI. 1 
69: 1665-1677, 1973. 

45. BAXENDALE, J. H., AND A. A KHAN. The pulse radioly- 
sis of p-nitrosodimethylaniline in aqueous solution. Int. J. 
Radiat. Phys. Chem. 1: 11-24, 1969. 

46. BEARD, M. E. Identification of peroxisomes in the rat 
adrenal cortex. J. Hi&o&em. Cytochem. 20: 173-179, 
1972. 

47. BEAUCHAMP, C., AND I. FRIDOVICH. Superoxide 
dismutase: improved assays and an assay applicable to 
acrylamide gels. Anal. B&hem. 44: 276-287, 1971. 

48. BEAUCHAMP, C., AND I. FRIDOVICH. A mechanism 
for the production of ethylene from methional. J. Biol. 
Chem. 245: 4641-4646, 1970. 

49. BECK, W. S. Occurrence and control of the phospho 
gluconate oxidation pathway in normal and leukemic leuko- 
cytes. J. Biol. Chem. 232: 271-283,1958. 

50. BENDALL, D. S., AND W. D. BONNER, JR. Cyanide- 
insensitive respiration in plant mitochondria. Plant 
Physiol. 47: 236-245, 1971. 

51. BENC)HR, H. C., AND H. D. WALLER. Glutathione. 
Win. Wochenschr. 53:‘789-I362,1Y75. 

52. BERGMEYER, H. U., ANDE. BERNT. BGlucose:deter- 
mination with glucose oxidase and peroxidase. In: Methods 
of Enzymatic Analysis. Weinheim: Verlag Chemie, 1963, 
p. 123-130. 

53. BERNHEIM, F., M. L. C. BERNHEIM, AND K. M. 
WILBUR. The reaction between thiobarbituric acid and 
the oxidation products of certain lipids. J. Biol. Chem. 
174: 257-264, 1948. 

54. BERT, P. Barometric Pressure: Researches in ExF.- 
mental Ph$#iology, translated by M. A. and F. A. Hitchock. 
Columbus, OH: College Book Co., 1943, p. 709-851. 

55. BLACK, V. H., AND B. I. BOGART. Peroxisomes in inner 
adrenocortical cells of fetal and adult guinea pigs. J. Cell 
Biol. 57: 345-358, 1973. 

56. BOCK, P. Peroxysomen im Ovar der Maus. 2. Zellforsch. 
133: 131- 140, 1972. 

57. BORS, W., E. LENGFELDER, M. SARAN, C. FUCHS, 
AND C. MICHEL. Reactions of oxygen radical species 
with methionah a pulse radiolysis study. Biochzvn. Biophys. 
Res. Commun. 70: 81-87, 1976. 

58. BORS, W., M. SARAN, E. LENGFELDER, H. SP@ITL, 
AND C. MICHEL. The relevance of the super-oxide radical 
in biological systems. Curr. Top. Radiat. Res. Q. 9: 247- 
309, 1974. 

59. BOVERIS, A. Mitochondrial production of hydrogen per- 
oxide in Sacchamyces cerevisiae. Acta Physiol. Lat. Am. 
26: 303-309, 1976. 

66. BOVERIS, A. Mitochondrial production of superoxide 

radical and hydrogen peroxide. In: Tissue Hypoxia and 
Zschemia, edited by M. Reivich, R. Coburn, S. Lahiri, 
and B. Chance. New York Plenum, 1977, p. 67-82. 

61. BOVERIS, A., AND E. CADENAS. Mitochondrial produc- 
tion of superoxide anions and its relationship to the anti- 
mycin insensitive respiration. FEBS Lett. 54: 311-314, 
1975. 

62. BOVERIS, A., E. CADENAS, ANDA. 0. M. STOPPANI. 
Role of ubiquinone in the mitochondrial generation of hydra 
gen peroxide. Biochem. J. 156: 435-444, 1976. 

63. BOVERIS, A., AND B. CHANCE. The mitochondrial 
generation of hydrogen peroxide. General properties and 
effect of hyperbaric oxygen. B&hem. J. 134: 707-716, 
1973. 

64. BOVERIS, A., AND B. CHANCE. Optimal rates of hydra 
gen peroxide production in hyperbaric oxygen. In: Alcohol 
and AZdehyde Metabolizing Systems, edited by R. G. 
Thurman, T. Yonetani, J. R. Williamson, and B. Chance. 
New York: Academic, 1974, p. 207-214. 

65. BOVERIS, A., E. MARTINO, ANDA. 0. M. STOPPANI. 
Evaluation of the horseradish peroxidase-seopoletin 
method for the measurements of hydrogen peroxide forma- 
tion in biological systems. Anal. Biochem. 80: 145-158, 
1977. 

66. BOVERIS, A., N. OSHINO, ANDB. CHANCE. Thecellu- 
lar production of hydrogen peroxide. B&hem. J. 128: 
617-630, 1972. 

67. BOVERIS, A., AND A. 0. M. STOPPANI. Hydrogen per- 
oxide generation in Trypanosoma cruzi. Experientia 33: 
X306- 1308, 1977. 

68. BOZZI, A., I. MOVELLI, A. FiNAZZI AGRO, R. STROM, 
A. M. WOLF, B. MONDOVI, ANDG. ROTILIO. Enzyme 
defense against reactive oxygen derivatives II. Erythre 
cytes and tumor cells. Mol. Cell. Biochem. 10: ll- 16,1976. 

69. BRAY, R. C., S. A. COCKLE, E. M. FIELDEN, P. B. 
RQBERTS, G. ROTILIO, AND L. CALABRESE. Reduc- 
tion and inactivation of superoxide dismutase by hydrogen 
peroxide. Biochem. J. 139: 43-48, 1974. 

70. BRIGGS, G. E., AND J. B. C. HALDANE. A note on the 
kin&ics of enzyme action. .B J. 19: 338-339, .l925. 

71. BRIGGS, R. T. ,  D. B. DRATH, k. L. KARNOVSKY, 
AND M. J. KARNOVSKY. Localization of NADH ox&se 
on the surface of human polymorphonuclear leukocytes by 
a new cytochemical method. J. Cell Biol. 67: 566-568, 
1975. 

72. BRILL, A. S. Peroxidases and catalase. In: Comprehen- 
sive Biochemistry, edited by M. Florkin and E. H. Stotz. 
Amsterdam: Elsevier, 1966, p. 447-479. 

73. BUEDING, E., AND B. CHARMS. Cytochrome c, cyto- 
chrome oxidase and succinoxidase activities of helminths. 
J. Biol. Chem. 196: 615-627, 1952. 

74. BURK, R. F., JR., K. NISHIKI, R. A. LAWRENCE, 
AND B. CHANCE. Peroxide removal by seIenium- 
dependent and selenium-independent glutathione peroxi- 
dases in hemoglobin-free perfused rat liver. J. Bid. Chem. 
253: 43-46, 1978. 

75. BURK, R. J., JR., W. N. PEARSON, R. P. WOOD, AND 
F. VITERI. Blood selenium levels and in vitro red blood 
cell uptake of 75Se in kwashiorkor. Am. 6. Clin. Nuts. 20: 
723-733,1967. 

76. BUS, J. S., S. D. AUST, AND J. E. GIBSON. Superoxide- 
and singlet oxygen+&alyzed lipid peroxidation as a po&ble 
mechanism for paraquat (methyl viologen) toxicity. 
Biochem. Biophys. Res. Commun. 581 749-755, 1974. 

77. BUTLER, J., G. G. JAYSON, AND A. J. SWALLOW. 
The reaction between the superoxide anion radical and 
cytochromec. B&him. Biophys. A& 408: 215-222,1975. 

78. CADENAS, E., A. BOVERIS, C. I. RAGAN, AND 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



592 CHANCE, SIES, AND BOVERIS Volume 59 

A. 0. M. STOPPANI. Production of superoxide radicals 
and hydrogen peroxide by NADH-ubiquinone reductase 
and ubiquinol-cytochrome c reductase from beef heart 
mitochondria. Amh. Biochem. Biophys. 180: 248-257, 
1977. 

78a.CADET, J., AND R. TEOULE. Comparative study of 

79. 

80. 

81. 

82. 

83. 

84. 

85. 

86. 

88 

89 

90. 

91. 

92. 

93. 

94. 

95. 

96. 

oxidation of nucleic acid components by hydroxyh-adicals, 
singlet oxygen and superoxide anion radicals. Photo&m. 
Photobiol. 28: 661-665, 1978. 
CAGAN, R. H., AND' M. L. KARNOVSKY. Enzymatic 
basis of the respiratory stimulation during phagocytosis. 
Nature 204: 255-256, 1964. 
CALLOW, A. B. On catalase in bacteria and its relation 
to anaerobiosis. J. Pathol. Bactwiol. 26: 320-325, 1923. 
CARDONIO, M., A. CONGIO-CASTELLANO, F. 
MONGO, B. PISPESA, G. L. ROMANI, AND& VITALE. 
Magnetic properties of oxyhemoglobin. Proc. Natl. Acad. 
Sci. USA 74: 398-400, 1977. 
CARTER, E. A., AND K. J. ISSELBACHER. Hepatic 
microsomal ethanol oxidation. Mechanism and physiologicaI 
significance. Lab. Invest. 27: 283-286, 1972. 
CASTOR, L. N., AND B. CHANCE. Photochemical action 
spectra of carbon monoxide-inhibited respiration. J. Biol. 
Chem. 217: 453-465, 1955. 
CHANCE, B. An intermediate compound in the catalase- 
hydrogen peroxide reaction. Acta Chem. Stand. 1: 236- 
267, 1947. 
CHANCE, B. The reaction of catalase and cyanide. J. Biol. 
Chem. 179: 1299-1309, 1949. 
CHANCE, B. The primary and secondary compounds of 
cataIase and methyl or ethyl hydrogen peroxide II. Kinetics 
and activity. J. Biol. Chem. 179: 1341-1369, 1949. 
CHANCE, B. The iron~ntaining enzymes. C. The enzyme- 
substrate compounds and mechanism of action of the hydra 
peroxidases. In: The Enzymes, edited by J. B. Summer 
and U. Myrback. New York: Academic, 1951, p. 428-453. 
CHANCE, B. Enzyme-substrate compounds. Adv. 
Enzymol. 12: 153-190, 1951. 
CHANCE, B. Rapid and sensitive spectrophotometry. III. 
A double beam apparatus. Rev. Sci. In&urn. 22: 634- 
638, 1951. 
CHANCE, B. Spectra and reaction kinetics of respiratory 
pigments of homogenized and intact cells. Nature 169: 
215-221, 1952. 
CHANCE, B. The identification of enzyme-substrate com- 
pounds. In: Modern Trends in Physiology and Biochemis- 
try, edited by E. S. G. Barron. New York: Academic, 1952, 
p. 25-46. 
CHANCE, B. The spectra of the enzyme-substrate com- 
plexes of cat&se and peroxidase. Awh. Biochem. Biquhys. 
41: 404-415, 1952. 
CHANCE, B. The state of catalase in the respiring bac- 
terial cell. Science 116: 202-203, 1952. 
CHANCE, B. The carbon monoxide compounds of the 
cytochrome oxidases. II. Photodissociation spectra J. Biol. 
Chem. 202: 397-406, 1953. 
CHANCE, B. Special methods. In: Methods of Biochemi- 
cal Analysis, edited by D. GIick. New York: Interscience, 
1954, p. 408-424. 
CHANCE, B. Kinetic, thermodynamic and computer 
simulation studies of site III electron transport and 
energy coupling as studied at normal and subzero tem- 
peratures. In: Molecular Basis of Electron Transw, 
edited by J. F. Woessner, Jr. and F. Huijing. New York: 
Academic. 1972. D. 65-89. 

97. CHANCE, B. Pyridine nucleotide as an indicator of the 
oxygen requirements for energy-linked functions of mito- 
chondria. Circ. Res. Suppl. 38, I: 31-38, 1976. 

98. CHANCE, B., AND A. BOVERIS. Hyperoxia and 
hydroperoxide metabolism. In: Extrapulmonury Mani- 

festations of Respiratory DiSea.se, edited by E. D. Robin. 

99. 

100. 

101. 

102. 

103. 

104. 

105. 

106. 

107. 

108. 

109. 

New York: Dekker, 1978, p. 185-237. 
CHANCE, B., A. BOVERIS, AND N. OSHINO. Peroxide 
generation in mitochondria and utilization by catalase. In: 
Alcohol and Aldehyde Metabolizing Systems, edited by 
R. G. Thurman, J. R. Williamson, H. R. Drott, and 
B. Chance. New York: Academic, 1977, p. 261-274. 
CHANCE, B., A. BOVERIS, N. OSHINO, AND 
G. LOSCHEN. The nature of the cataIase intermediate 
in its biological function. In: Oxiduses and Related Redox 
Systems, edited by T. E. King, H. S. Mason, and M. Morrison. 
Baltimore: University Park Press, 1973, p. 350-353. 
CHANCE, B., D. S. GREENSTEIN, AND F. J. W. 
ROUGHTON. The mechanism of catalase action. Arch. 
Biochem. Biophys. 37: 301-339, 1952. 
CHANCE, B., AND D. P. HACKETT. The electron 
transfer system of skunk cabbage mitochondria. Plant 
Physiol. 34: 33-49, 1959. 
CHANCE, B., AND D. HERBERT. The enzyme substrate 
compounds of bacterial cataIase and peroxides. B&hem. J. 
46: 402-414, 1950. 
CHANCE, B., AND J. J. HIGGINS. Peroxidase kinetics 
coupled oxidation; an experimental and theoretical study. 
Arch. B&hem. Biophys. 41: 432-441, 1952. 
CHANCE, B., D. JAMIESON, AND H. COLES. Energy- 
linked pyridine nucleotide reduction: inhibitory effects of 
hyperbaric oxygen in vitro and in vivo. Nature 206: 257- 
263,1965. 
CHANCE, B., D. JAMIESON, AND J. R. WILLIAMSON. 
Control of the oxidation-reduction state of reduced pyridine 
nucleotides in vivo and in vitro. In: Proceedings of the 
Sr& Internutional Conference of Hyperbaric Medicine, 
edited by I. W. Brown and B. G. Cox. Washington, D. C.: 
Natl. Acad. Sci., 1966, p. 15-41. . 
CHANCE, B., J. S. LEIGH, AND A. WARING. Structure 
and function of cytochrome oxidase and its intermediate 
compounds with oxygen reduction products. In: Structure 
and Function of Energy-Trawducing Membranes, edited 
by K. Van Dam and B. F. Van Gelder. Amsterdam: 
Elsevier, 1977, p. l- 10. 
CHANCE, B., AND N. OSHINO. Kinetics and mechanisms 
of catalase in peroxisomes of the mitochondrial fraction. 
Biochem. J. 122: 225-233, 1971. 
CHANCE, B., AND N. OSHINO. Analysis of the cataIase- 
hydrogen peroxide intermediate in coupled oxidation. 
Biochem. J. 131: 564-567, 1973. 

110: CHANCE, B., C. SARONIO, AND J. S. LEIGH, JR. 
Functional intermediates in the reaction of membrane 
bound cytochrome oxidase with oxygen. J. Biol. Chem. 
259: 9926-9232, 1975. 

111. CHANCE, B., C. SARONIO, AND J. S. LEIGH, JR. 
Functional intermediates in reaction of cytochrome oxidase 
with oxygen. Proc. Natl. Acad. Sci. USA 72: X35-1640, 
1975. 

112. CHANCE, B., C. SARONIO, A. WARING, AND J. S. 
LEIGH, JR. Cyfochrome c-cytochrome oxidase interaction 
at subzero temperatures. Biochim. Biophys. Acta 503: 
37-55, 1978. 

113. CHANCE, B., AND G. R. SCHONBAUM. The nature of 
the primary complex of catalase. J. Biol. Chem. 237: 
2391-2395, 1962. 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



July 1979 HYDROPEROXIDE METABOLISM 593 

114. CHANCE, B., AND G. R. WILLIAMS. The respiratory 
chain and oxidative phosphorylation. Adv. Enzymol. 17: 
65-134,1956. 

115. CHEAH, K. S., AND B. CHANCE. The oxidase systems 
of Ascuria muscle mitochondria. Biochim. Biophys. Acta 
223: 55-69, 1970. 

116. CHIO, K. S., AND A. L. TAPPEL. Synthesis and charac- 
terization of the fluorescent products derived from malon- 
aldehyde and amino acids. Biochemistry 8: 2821-282’7, 
1969. 

117. CHIO, K. S., AND A. L. TAPPEL. Inactivation of ribo- 
nuclease and other enzymes by peroxidizing lipids and by 
malonaldehyde. Biochemistry 8: 282’7-2832, 1969. 

118. CHOW, C. K., AND A. L. TAPPEL. An enzymatic protec- 
tive mechanism vs. lipid peroxidation damage to lungs of 
oxygen exposed rats. Lipids 7: 518-524, 1972. 

119. CHRISTOPHERSEN, B. 0. Formation of monohydroxy- 
polyenic fatty acids from lipid peroxides by glutathione 
peroxidase. B&him. Biophy8. Acta 164: 35-46, 1968. 

120. CHRISTOPHERSEN, B. 0. Reduction of X-ray induced 
DNA and thymine hydroperoxides by rat liver glutathione 
peroxidase. Biochim. Biophys. Acta 186: 387-389, 1969. 

121. CHURG, A., AND W. A. ANDERSON. Induction of endo 
metrial peroxidase synthesis and secretion by estrogen and 
estrogen antagonist. J. Cell Biol. 62: 449-459, 1974. 

122. CITKOWITZ, E., AND E. HOLTZMAN. Peroxisomes in 
dorsal root ganglia. J. Hi&o&em. Cytochem. 21: 34-41, 
1973. 

123. CLAYTON, R. K. Hydrogen donors and peroxide concen- 
tration in a respiring cell containing catalase. Biochem. 
Biophys. Res. Commun. 1: 191-193, 1959. 

124. CLAYTON, R. K. Physiology of induced catalase synthe- 
sis in Rhodopseudomonas spheroides. J. Cell. Comp. 
Physiol. 55: l-8, 1960. 

125. CLAYTON, R. K. An intermediate stage in the H,O, 
induced synthesis of catalase in Rhodopseudomonas 
spheroide~. J. Cell. Comp. Physiol. 55: 9-14, 1960. 

126. COHEN, G. Unusual defense mechanisms ,against H,O, 
cytotoxicity in erytm deficient in glucose-&phosphate 
dehydrogenase or tocopherol. In: Progress in Clinical and 
Biologicul Research, edited by G. Brewer. New York: Liss, 
1975, p. 685-698. 

127. COHEN, G., AND R. E. HEIKKILA. The generation of 
hydrogen peroxide, superoxide radical and hydroxyl radi- 
cal by 6hydroxydopamine, dialuric acid and related cyta- 
toxic agents. J. Biol. Chem. 249: 2447-2452, 1974. 

128. COHEN, G., AND P. HOCHSTEIN. Glucose&-phosphate 
dehydrogenase and detoxification of hydrogen peroxide in 
human erythrocytes. Science 134: 1756-1757, 1961. 

129. COLMAN, R. F. Effect of modi6cation of methionyl residue 
on the kinetic and molecular properties of isocitrate de- 
hydrogenase. J. Biol. Chem. 243: 2454-2464, 1968. 

130, COLMAN, R, F. The role of sulfhydryl groups in the 
catalytic function of isocitrate dehydrogenase. I. Reaction 
with 5,5’-dithiobis (Z-nitrobenzoic acid). Biochemistry 8: 
888-898, 1969. 

131. COLOWICK, S., A. LAZAROW, E. RACKER, D. R. 
SCHWARZ, E. STADTMAN, AND H. WAELSCH 
(Editors). Glutathione. New York: Academic, 1954. 

132. CONNOCK, M. J., P. R. KIRK, AND A. P. STURDEE. 
A zonal rotor method for the preparation of microperoxi- 
somes from epithelial cells of guinea pig small intestine. 
J. Cell Biol. 61: 123-133, 1975. 

133. CONOVER, T. E., AND G. SIEBERT. On the occurrence 
of respiratory components in rat liver nuclei. Biochim. 
Biophys. Actu 99: l- 12, 1965. 

134. CONOVER, T. E. Respiration and adenosine triphosphate 
synthesis in nuclei. CWT. Top Bioenerg. 2: 235-265,1967. 

135. COOPER, M. R., L. R. DECHATELET, C. E. MCCALL, 
M. F. LAVIA, C. L. SPURR, AND R. BAEHNER. 
Complete deficiency of leukocyte glucose+phosphate de- 
hydrogenase with defective bactericidal activity. J. Clin. 
Invest. 15: 769-778, 1972. 

136. CRAMP, W. A., P. K. WATKINS, AND J. COLLINS. 
Effects of ionizing radiation on bacterial DNA-membrane 
complexes. Nature New Biol. 235: 76-77, 1972. 

137. CRAPO, J. D., AND J. M. McCORD. Oxygen induced- 
changes in pulmonary superoxide dismutase assayed by 
antibody titrations. Am. J. Physiol. 231: 1196- 1203,1976. 

138. CRAPO, J. D., AND D. F. TIERNEY. Superoxide dismutase 
and oxygen toxicity in eucaryotes. Am. J. Physiol. 226: 
1401- 1466, 1974. 

139. CROOK, E. M. (Editor). Glututhione. Cambridge: Cam- 
bridge Univ. Press, 1959. 

140. CZAPSKI, G. H., AND B. H. J. BIELSKI. The formation 
and decay of H,O, and HO, in electron irradiated aqueous 
solutions. J. Phys. Chem. 67: 2180-2184, 1963. 

141. CZECH, M. P. Molecular basis of insulin action. Annu. 
Rev. Biochem. 46: 359-384, 1977. 

142. DAHLE, L. K., E. G. HILL, AND R. T. HOLMAN. The 
thiobarbituric acid reaction and the autoxidations of poly- 
unsaturated fatty acid methyl esters. Arch. Biochem. 
Biophys. 98: 253-261, 1962. 

142a.DECHATELET, L. R. Oxidative bactericidal mechanisms 
of polymorphonuclear leucocytes. J. Znjixt. Diseases 131: 
295-303, 1975. 

143. DE DUVE, C. The separation and characterization of sub- 
cellular particles. Harvey Lect. Ser. 59: 48-87, 1965. 

144. DE DUVE, C. Biochemical studies on the occurrence, bio- 
genesis and life history of mammalian peroxisomes. 
J. Hi&o&m. Cytochem. 21: 941-948, 1973. 

145. DE DUVE, C., AND P. BAUDHUIN. Peroxisomes (micro- 
bodies and related particles). Physiol. Rev. 46: 323-357, 
1966. 

146. DEISSEROTH, A., AND A. L. DOUNCE. Catalase; physi- 
cal and chemical properties, mechanism of catalysis, and 
physiological role. Physiol. Rev. 50: 319-375, 1970. 

147. DICK, D. A. T. The permeability coefficient of water in the 
cell membrane and the diffusion coefficient in the cell in- 
terior. J. Theoret. Biol. 7: 504-531, 1964. 

148. DILLARD, C. J., E. E. DUMELIN, AND A. L. TAPPEL. 
Effect of dietary vitamin E on expiration of pentane and 
ethane by the rat. Lipids 12: 109-114, 1977. 

149. DIONISI, O., T. GALEOTI’I, T. TERRANOVA, AND 
A. AZZI. Superoxide radicals and hydrogen peroxide for- 
mation in mitochondria from normal and neoplastic tissues. 
Biochim. Biophys. Actu 403: 292-301, 1975. 

150. DIXON, M. The acceptor specificity of flavins and flavo 
proteins. III. Flavoproteins. Biochim. Biophys. Actu 226: 
269-284, 1971. 

151. DIXON, M., AND D. KLEPPE. D-Amino acid oxidase. II. 
Specificity, competitive inhibition and reaction sequence. 
Biochim. Biophys. Actu 96: 368-382, 1965. 

152. DOCAMPO, R., F. S. CRUZ, A. BOVERIS, R. P. MUNIZ, 
AND D. M. S. ESQUIVEL. Lipid peroxidation and the 
generation of free radicals, superoxide anion and hydrogen 
peroxide in plapachone-treated ??-ypunoaomu cruzi 
epimastigotes. Arch. Biochem. Biophys. 186: 292-297, 
1978. 

153. DRATH, D. B., AND M. L. KARNOVSKY. Superoxide 
production by phagocytic leukocytes. J. Exp. Med. 141: 
257-262, 1975. 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



CHANCE, SIES, AND BOVERIS Volume 59 

154. EGGLESTON, L. V., AND H. A. KREBS. Regulation of 
the pentose phosphate cycle. Biochem. J. 138: 425-435, 
1974, 

155. ELLIN, A,, AND S. ORRENIUS. Hydroperoxide- 
supported qtochrome P-456Iinked fatty acid hydroxylation 
in liver microsomes. FEBS L&t. 50: 378-381, 1975. 

156. ELSTNER, E. F., AND A, HENPEL. Inhibition of nitrite 
formation from hydroxylammonium chloride: a simple assay 
for superoxide dismutase. Anal. Biochem. 70: 616-620, 
1976. 

157. EMANUEL, N. M. Free radicals and the action of inhibi- 
tors of radical processes under pathological states and aging 
in living organisms and in man. Q. Rev. Biophys. 9: 283- 
368,1976. 

158. ERECINSKA, M., N, OSHINO, P. LOH, AND 
L. BROCKLEHURST, In vitro studies of yeast cyto 
chrome c peroxidase and its possible function in the elec- 
tron transfer and energy coupling reactions. Biochim. 
Biophys. Acta 292~ I-12, 1973. 

159. ESTABROOK, R. W., A. G. HILDEBRANDT, J. BARON, 
K. J. NETTER, AND K. LEIBMAN. A new spectral inter- 
mediate associated with cytochrome P-456 function in liver 
microsomes. Biochsm. Biuphys. Res. Commun. 42: X32- 
139, 1971. 

160. ESTABROOK, R. W., AND J. WERRINGLOER. The 
oxygen sensing characteristics of microsomal enzymes. In: 
Tiseue Hypoxia and Ischemia, edited by M. Reivich, 
R. Coburn, S. Lahiri, and B. Chance. New York Plenum, 
1977, p. 19-35. 

161. FAHIMI, H. D. Fine-structural cytochemical locahzation 
of peroxidatic activity of cat&se. Tech. Biochem. Biophgs. 
MoTphl.2: 197-245,1975. 

162. FAHIMI, H. D., B. A. GRAY, AND V. K. HERZOG. 
Cytochemical localization of cat&se and peroxidase in 
sinusoidal cells of rat liver. Lab. Invest. 34: 192-201, 1976. 

162a.FARIA OLIVEIRA, 0. M. M., M. HAUN, N. DURAN, 
P. J. O’BRIEN, C. R. O’BRIEN, E. J. H. BECHARA, 
AND G. CILENTO. Enzyme-generated electronically 
excited carbonyl compounds. Acetone phosphorescence 
during the peroxidase-catalyzed aerobic oxidation of iso- 
butanol. J. Bioi. Chem. 253: 4707-4712, 1978. 

163. FEE, J. A., R. BERGAMINI, ANDR. G. BRIGGS. Obser- 
vations on the mechanism of the oxygen/dialuric acid- 
induced hemolysis of vitamin Edeficient rat red blood eelIs 
and the protective roles of cataIase and superoxide 
dismutase. Arch. B&hem. Biuphyla. 169: W-167,1975. 

164. FEE, J. A., ANDD. TEITELBAUM. Evidence that super- 
oxide dismutase plays a role in protecting red blood cells 
against peroxidative hemolysis. B&hem. Biuphys. Res. 
Commun. 49: GO-158,1972. 

165. FIELDEN, E. M., P. B. ROBERTS, R. C. BRAY, D. J. 
LOWE, G. N. MAUTZNER, G. ROTILIO, AND 
L. CALABRESE. Mechanism of action of superoxide 
dismutase from pulse radiolysis and electron paramagnetic 
resonance. Evidence that only half the active site functions 
in c&alysis. Biochem. J. 139: 49-69,1974. 

166. FISCHKOFF, S., AND J. M. VANDERKOOI. Oxygen 
diffusion in biological and artificial membrane determined 
by the ftuorochrome pyrene. J. Gen. Physiol. 65: 663-676, 
1975. 

167. FLOHE, L. Die GIutathionperoxidase: Enzymologie und 
biologische Aspekte. Klin. Wochenschr. 49: 669-683, 
1971. 

168. FLOHfi, L., H. C. BENOHR, H. SIES, H. D. WALLER, 
AND A. WENDEL (Editors). Glutathione. Stuttgart: 
Thieme, 1974. 

169. FLOHE, L., W. A. GUNZLER, ANDR. LADENSTEIN. 
Glutathione peroxidase. In: Glututhione: Metabolism and 

Function, edited by I. M. Arias and W. B. Jakoby. New 
York: Raven, 1976, p. 115-135. 

170. FLOHE, L., W. A. GUNZLER, AND H. H. SCHOCK. 
Glutathione peroxidase: a seleno-enzyme. FEBS L&t. 32: 
x32- 134, 1973. 

171. FLOHE, L., G. LOSCHEN, W. A. GUNZLER, AND 
E. EJCHELE. Glutathione peroxidase. V. The kinetic 
mechanism. Hoppe-Seyler’s 2. Physiok Chem. 353: 987- 
999,1972. 

172. FLOHE, L., AND W. SCHLEGEL. GIutathion-peroxidq 
IV. Hoppe-Seyler’s 2. Physiol. Chem. 352: 1401-1410, 
1971. 

173. FLOHE, L., AND R. ZIMMERMAN. GSH-induced high- 
amplitude swelling of mitochondria In: G1utathion.q edited 
by L. FIohe, H. C. Beniihr, H. Sies, H. D. Wailer, and 
A. Wendel. Stuttgart: Thieme, 1974, p. 245-259. 

173a.FLOYD, R. A., L. M. SOONG, M. A. STUART, AND 
D. L. REIGH. Free radicals and carcinogenesis. Some 
properties of the nitroxyl free radicals produced by 
covaIent binding of 2-nitrosofluorene to unsaturated lipids 
of membranes. Arch. Biochem. Biophys. 135: 450-457, 
1978. 

174. FONG, K.-L., P. B. McCAY, J. L. POYER, B. B. KEELE, 
AND H. MISRA. Evidence that peroxidation of IysosomaI 
membranes is initiated by hydroxyl free radicals produced 
during flavin enzyme activity. J. Biol. Chem. 248: 7792- 
7797,1973. 

174a.FONG, K.-L., P. B. McCAY, J. L. POYER, H. P. 
MISRA, AND B. B. KEELE. Evidence for superoxide- 
dependent reduction of F@+ and its role in enzyzne- 
generated hydroxyl radicaI formation. Chem. Biol. inter- 
a&15:77-89,1976. 

175. FOOTE, C. S. Mechanisms of photosensitized oxidation. 
Science 162: 963470, 1968. 

176.’ FORMAN, H. J., AND I. FRIDOVICH. Superoxide 
dismutase: a comparison of rate constants. Arch. Biochena. 
Biophys. 158: 396-400, 19’73. 

177. FORMAN, H. J., AND J. A. KENNEDY. Role of super- 
oxide radical in mitochondria1 dehydrogenase reactions. 
B&hem. Biophys. Res. Commun. 60; 1U44-UO~ 1974. 

178. FORMAN, H. J., ANDJ. KENNEDY. Superoxideproduc- 
tion and electron transport in mitochondrial oxidation of 
dihydroorotic acid. J. Biol. Chem. 250: 4322-4326, 1975. 

179. FORMAN, H. J., AND J. KENNEDY. Dihydroorotate- 
dependent superoxide production in rat brain and liver. 
A function of the primary dehydrogenase. Arch. Biochem. 
Biophys. 173: 219-224, 1976. 

180. FREESE, E., AND E. B. FREESE. The oxygen effect of 
deoxyribonucleic acid inactivation by hydroxylamines. 
Biochemistry 4: 2419-2433, 1965. 

181. FREESE, E. B., J. GERSON, H. TABER, H. RHAESE, 
AND E. FREESE. Inactivating DNA alterations induced 
by peroxides and peroxide producing agents. Mutat. Res. 
4:517-531, 1967. 

182. FRIDOVICH, I. Superoxide and evolution. Horizons B~Q- 
them. Biuphys. 1: l-37, 1974. 

183. FRIDOVICH, I. Superoxide dismutases. Annu. Rev. Bi+ 
&em. 44: 147-159, 1975. 

184. FRIDOVICH, I., AND P. HANDLER. Detection of free 
radicals generated during enzymic oxidation by the initia- 
tion of sulfite oxidation. J. Biol. Chem. 236: 1836-1840, 
1961. 

185. FRIDOVICH, J. Quantitative aspects of the production 
of superoxide anion radical by milk xanthine oxidase. 
J. Biol. Chem. 245: 4053-4057, 1970. 

186. FRIDOVICH, J. Superoxide dismutases. Adv. Enzymol. 
4135~97374. 

187. GANTHER, H. E., D. G. HAFEMAN, R. A. LAWRENCE, 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



July 1979 HYDROPEROXIDE METABOLISM 595 

R. E. SERFASS, AND W. G. HOEKSTRA. Selenium and 
glutathione peroxidase in health and disease: a review. In: 
Tn;lce Elements in Human Health and Disease-Essential 
and Toxic Elements, edited by A. S. prasad and D. Oberleas. 
New York: Academic, 1976, vol. 2, p. 165-234. 

188. GEE, J. B. L., C. L. VASALLO, P. BELL, J. KASKIN, 
R. E. BASFORD, AND J. B. FIELD. Catalasedependent 
peroxidative metabolism in alveolar macrophages during 
phagocytosis. J. Clin. Invest. 49: 1280-1287, 1970. 

189. GERSCHMAN; R. Biological effects of oxygen. In: Owgen 
in the Animal Organism, edited by F. Dickens and E. Neil. 
London: Pergamon, 1964, p. 475-494. 

190. GERSCHMAN, R., D. L. GILBERT, S. W. NYE, 
P. DWYER, AND W. 0. FENN. Oxygen poisoning and 
X-irradiation: a mechanism in common. Science 119: 623- 
626, 1954. 

191. GILLETTE, J. R., B. B. BRODIE, ANDB. N. LADU. The 
oxidation of drugs by liver microsomes: on the role of TPNH 
and oxygen. J. Pharmacol. Exp. Ther. 119: 532-543,1957. 

192. GODA, K., T. KIMURA, A. L. THAYER, K. KEES, AND 
A. P. SCHAAP. Singlet molecular oxygen in biological 
systems: non quenching of singlet oxygen-mediated chemi- 
luminescence by superoxide dismutase. Biochem. Bkphys. 
Res. Commun. 58: 666-666,1974. 

193. GOLDBERG, N. D., AND M. K. HADDOX. Cyclic GMP 
metabolism and involvement in biological regulation. 
Annu. Rev. Biochem. 46: 823-896, 1977. 

194. GOLDFISCHER, S., C. L. MOORE, A. B. JOHNSON, 
A. J. SPIRO, M. P. VALSAMIS, H. K. WISNIEWSKI, 
D. H. RITCH, W. T. NORTON, J. RAPIN, AND L. M. 
GARTNER. PeroxisomaI and mitochondrial defects in the 
cerebra-hepato-renal-syndrome. Science 182: 62-64,1973. 

195. GOODMAN, J., AND P. HOCHSTEIN. Generation of free 
radicals and lipid peroxidation by redox cycling of adria- 
mycin and daunomycin. Biochem. Biophys. Res. Commun. 
77: 797-803, 1977. 

196. GREEN, R. C., C. LITTLE, AND P. J. O’BRIEN. The 
inactivation of isocitrate dehydrogenase by lipid peroxide. 
Arch. Biochem. Biophys. 142: 598405, 1971. 

197. GREENLEE, L., I. FRIDOVICH, AND P. HANDLER. 
Chemiluminescence induced by operation of iron-flavopro- 
teins. Biochemistry 1: 779-783, 1962. 

198. GREENSTEIN, J. P. Biochemistry ofcancer. New York: 
Academic, 1947, p. 202-205, 321-329. 

199. GREGORY, E. M., AND I. FRIDOVICH. Induction of 
superoxide dismutase by molecular oxygen. J. Bacterial. 
114: 543-548, 1973. 

200. GREGORY, E. M., AND I. FRIDOVICH. Oxygen toxicity 
and the superoxide dismutase. J. Bacterial. 114: 1193- 
1197, 1973. 

201. GREGORY, E. M., S. A. GOSCIN, AND I. FRIDOVICH. 
Superoxide dismutase and oxygen toxicity in an eukaryote. 
J. Bacterial. 117: 456-460, 1974. 

202. GREGORY, E. M., F. J. YOST, AND I. FRIDOVICH. 
Superoxide dismutases of E. coli: intracellular localization 
and functions. J. Bacterial. 115: 987-991, 1973. 

203. GUNSALUS, I. C., T. C. PEDERSON, AND S. G. SLIGAR. 
Oxygenase-catalyzed biological hydroxylations. Annu. 
Rev. B&hem. 44: 377-407, 1975. 

264. GUNZLER, W. A., H. KREMERS, AND L. FLOHE. 
An improved coupled test procedure for glutathione per- 
oxidase (EC 1.11.1.9) in blood. 2. Klin. Chem. Klin. 
B&hem. 12: 444-448, 1974. 

205. GUNZLER, W. A., H. VERGIN, I. MULLER, AND 
L. FLOHE. Glutathione peroxidase. VI. Die Reaktion 
der Glutathion-peroxidase mit verschiedenen Hydra 
peroxiden. Hoppe-Seyler’s 2. Physiol. Chem. 353: lOOl- 
1004, 1972. 

266. HABER, F., AND J. WEISS. The cataIytic decomposition 
of hydrogen peroxide by iron salts. Proc. R. Sot. London 
Ser. A 147: 332-351, 1934. 

207. HALLIWELL, B. An attempt to demonstrate a reaction 
between superoxide and hydrogen peroxide. FEBS L&t. 
72: 8-10, 1976. 

207a.HALLIWELL, B. Hydroxylation of aromatic compounds 
by NADH and phenazine methosulfate requires H,O, and 
hydroxyl radicals, but not superoxide. Biochem. J. 167: 
317-320, 1977. 

207b.HALLIWELL, B. Superoxide-dependent formation of 
hydroxyl radicals in the presence of iron chelates. FEBS 
Lett. 92: 321-326, 1978. 

268. HAND, A. R. Morphologic and cytochemical identification 
of peroxisomes in the rat parotid and other exocrine glands. 
J. Hi&o&em. Cytachem. 21: 131-141, 1972. 

209. HAND, A. R. Peroxisomes (microbodies) in striated musc.Ie 
cells. J. Histochem. Cytochem. 22: 207-209, 1974. 

210. HAMBERG, M., J. SVENSSON, AND B. SAMUELSSON. 
Prostaglandin endoperoxides. A new concept concerning 
the mode of action and release of prostaglandins. Proc. 
Natl. Acad. Sci. USA 71: 3824-3828, 1974. 

211. HAMILTON, G. A. Chemical models and mechanisms for 
oxygenases. In: Molecular Mechanisms of Oxygen Activa- 
tion, edited by 0. Hayaishi. New York: Academic, 1974, 
p. 405-457. 

212. HAMPERL, H. Die Fluorezsemmikroskopie menschhcher 
Gewebe. Virchcws Arch. 292: 1-51, 1934. 

213. HARMAN, D. Prolongation of the normal life-span and 
inhibition of spontaneous cancer by antioxidants. J. -1. 
16: 247-254,196l. 

214. HARMAN, D. Prolongation of life: role of free radical reac- 
tions in aging. J. Am. Geriatr. Sot. 17: 721-735, 1969. 

215. HARRAP, K. R., R. C. JACKSON, P. G. RICHES, C. A. 
SMITH, AND B. T. HILL. The occurrence of protein- 
bound mixed distides in rat tissues. Biochim. Biophys. 
Acta 310: 104-110, 1973. 

216. HASSAN, A. M., AND I. FRIDOVICH. Regulation of the 
synthesis of superoxide dismutase in Escherichia coli. 
J. Biol. Chem. 252: 7667-7672, 1977. 

217. HEIKKILA, R. E., AND G. COHEN. In tivo generation 
of hydrogen peroxide from 6hydroxydopamine. Expkentia 
28: 1197-1198, 1972. 

218. HELLMAN, B., L. A. IDAHL, A. LERNMARK, 
J. SEHLIN, AND I. B. TALJEDAL. Stimulation of insulin 
release by thiols. Biochim. Biophys. Acta 392: 101-109, 
1975. 

219. HEMMERICH, P., G. NAGELSCHNEIDER, AND 
C. VEEGER. Chemistry and molecular biology of flavins 
and flavoproteins. FEBS Lett. 8: 69-83, 1970. 

220. HENRI, V. Lois generales de l’action des diastases. Paris: 
1963. 

221. HENRY, J. P., M. F. ISAMBERT, AND A. M.MICHELSON. 
Studies in bioluminescence. IX. Mechanism of the Pholas 
dactylus system. Biochimie 55: 83-89, 1973. 

222. HENRY, J. P., AND A. M. MICHELSON. Studies in 
bioluminescence. VII I. Chemically induced luminescence 
of Pholas dactylus luciferin. Biochimie 55: 75-81, 1973. 

223. HENRY, M. R., AND E. J. NYNS. Cyanide-insensitive 
respiration. An alternative mitochondrial pathway. Sub- 
Cell. Biochem. 4: l-65, 1975. 

224. HERZOG, V., AND H. D. FAHIMI. The effect of glutar- 
aldehyde on catalase. Biochemical and cytochemical studies 
with beef liver catalase and rat liver peroxisomes. J. Cell 
Biol. 60: 303-311, 1974. 

225. HERZOG, V., AND H. D. FAHIMI. Microbodies (peroxi- 
somes) containing catalase in myocardium: morphological 
and biochemical evidence. Science 185: 271-273, 1974. 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



596 CHANCE, SIE$., AND BOVERIS Volume 59 

226. HIGASHI, T., AND T. PETERS. Studies on rat liver 
catalase. I. Combined immunochemical and enzymatic 
determination of catalase in liver cell fractions. J. Biol. 
them. 238: 3945-3956,1963. 

227. HILDEBRANDT, A. G., AND I. ROOTS. Reduced nicotin- 
amide adenine dinucleotide phosphate (NADPH) de- 
pendent formation and breakdown of hydrogen peroxide 
during mixed function oxidation reactions in liver micro- 
somes. Arch. Biochen+ Biophys. 171: 386-397, 1975. 

228. HINKLE, P. C., R. A. BUTOW, E. RACKER, AND 
B. CHANCE. Partial resolution of the enzymes catalyzing 
oxidative phosphorylation. J. Biol. Chem. 242: 5169-5173, 
1967. 

229. HOCHSTEIN, P., AND L. ERNSTER. ADP-activated 
lipid peroxidation coupled to the TPNH oxidase system of 
microsomes. Biochem. Biophys. Res. Commun. 12: 388- 
394,1963. 

230. HOCHSTEIN, P., AND L. ERNSTER. Microsomal per- 
oxidation of lipids and its possible role in cellular injury. 
In: Ciba Found. Symp. Cellular Injury, edited by A. V. S. 
de Reuck and J. Knight. Boston: Little, Brown, 1964, 
p. 123-135. 

231. HOCHSTEIN, P., J. LASZLO, AND D. MILLER. 
A unique, dicoumatol sensitive, non-phosphorylating oxida- 
tion of DPNH and TPNH catalyzed by streptonigrin. 
Biochem. Biophys. Res. Commun. 19: 289-295, 1965. 

232. HOCHSTEIN, P., K. NORDENBRAND, AND L. 
ERNSTER. Evidence for the involvement of iron in the 
ADP-activated peroxidation of lipids in microsomes and 
mitochondria. Biochem. Biophys. Res. Commun. 14: 323- 
328,1964. 

233. HODGSON, E. K., AND I. FRIDOVICH. The accumula- 
tion of superoxide radical during the aerobic action of 
xanthine oxidase. A requiem for H,O,-. Biochim. Biophys. 
Acta 430: 182-188, 1976. 

234. HOEKSTRA, W. G. Biochemical role of selenium. In: Tnwe 
Element Metabolism in Animals, edited by W. G. 
Hoekstra, J. W. Suttie, H. E. Ganther, and W. Mertz. 
Baltimore: University Park Press, 1974, vol. 2, p. 61-76. 

235. HOLMES, R. S., AND C. J. MASTERS. Species specific 
features of the distribution and multiplicity of mammalian 
liver catalase. Arch. B&hem. Biophys. 148: 217-223, 
1972. 

243. HRYCAY, E. G., AND P. J. O’BRIEN. Microsomal electron 
transport. II. Reduced nicotinamide adenine dinucleotide- 
cytochrome bS reductase and cytochrome P-456 as electron 
carriers in microsomal NADH-peroxidase activity. Amh. 
Biochem. Biophys. 160: 230-245, 1974. 

244. HRYCAY, E. G., AND R. A. PROUGH. Reduced nicotin- 

236. HORGAN, V. J., J. S. L. PHILPOT, B. W. PORTER, 
AND D. B. ROODYN. Toxicity of autoxidized squalene and 
linoleic acid and of simpler peroxides in relation to toxicity 253. 
of radiation. Biochem. J. 67: 551-558, 1967. 

237. HORTON, A. A., AND L. PACKER. Interactions between 
malondialdehyde and rat liver mitochondria. J. Gemntol. 
25: X%204,1970. 254. 

238. HOSODA, S., AND W. NAKAMURA. Role of glutathione 
in regulation of hexose monophosphate in Ehrlich ascites 
tumor cells. B&him. Biophys. Actu 222: 53-64, 1970. 

239. HRUBAN, Z., AND M. RECHCIGL, JR. Microbodies and 255 
related particles. Morphology, biochemistry and physiol- 
ogy. ht. Rev. Cytol. Suppl 1: l-296,1969. 256, 

240. HRUBAN, Z., E. L. VIGIL, A. SLESERS, AND 
E. HOPKINS. Microbodies. Constituent organelles of ani- 
mal cells. Lab. Invest. 27: 184-191, 1972. 257. 

241. HRYCAY, E. G., J. A. GUSTAFSSON, M. INGELMAN- 
SUNDBER, AND L. ERNSTER. The involvement of cyto- 
chrome P-456 in hepatic microsomal steroid hydroxylation 258. 
reactions supported by sodium periodate, sodium chlolite 
and organic hydroperoxides. Eur. J. Biochem. 61: 43-52, 
1976. 

242. HRYCAY, E. G., AND P. J. O’BRIEN. Cytochrome P-456 
as a microsomal peroxidase utilizing a lipid peroxide sub- 
strate. Arch. Biochem. ??iophys. 147: 14-27, 1971. 259< 

amide adenine dinucleotide-cytochrome bD reductase and 
cytochrome b, as electron carriers in NADH-supported 
cytochrome P-45Odependent enzyme activities in liver 
microsomes. Arch. B&hem. Biophys. 165: 331-339,1974. 

245. HUNTER, F. E., JR., A. SCOTT, P. E. HOFFSTEN, 
F. GUERRA, J. WEINSTEIN, A. SCHNEIDER, 
B. SCHUTZ, J. FINK, L. FORD, ANDE. SMITH. Studies 
on the mechanism of ascorbate-induced swelling and lysis 
of isolated liver mitochondria. J. Biol. Chem. 239: 604- 
613, 1964. 

246. ILAN, Y. A., AND G. CZAPSKI. The reaction of super- 
oxide radical with iron complexes of EDTA studied by 
pulse radiolysis. Biochim. Biophys. Acta 498: 386-394, 
1977. 

247. ISSELBACHER, K. J., AND R. A. CARTER. Ethanol 
oxidations by liver microsomes: evidence against a separate 
and distinct enzyme system. Biochem. Biuphys. Res. 
Commun. 39: 530-537, 1970. 

248. IYER, G. Y. N., D. M. F. ISLAM, ANDJ. H. QUASTEL. 
Biochemical aspects of phagocytosis. Nature London 192: 
535~541,1961. 

249. IYER, G. Y. N., AND J. H. QUASTEL. NADPH and 
NADH oxidation by guinea pig polymorphonuclear leuko- 
cytes. Can. J. Biochem. Physiol. 41: 427-434, 1967. 

250. JACOB, H. S., AND J. H. JANDL. Effects of sulfhydryl 
inhibition on red blood cells. III. Glutathione in the regula- 
tion of the hexose monophosphate pathway. J. Biol. Chem. 
241: 4243-4256, 1966. 

251. JAGO, G. R., AND M. MORRISON. Anti-streptococcal 
activity of lactoperoxidase. Proc. Sot. Exp. Biol. Med. 
111: 585-588, 1962. 

252. JAMIESON, D., AND N. CASS. CNS and pulmonary 
damage in anesthetized rats exposed to hyperbaric oxygen. 
J. Appl. Physiol. 23: 235-242, 1967. 

252a.JANZEN, E. G., Y. Y. WANG, AND R. V. SHE’M’Y. 
Spin-trapping with a-pyridyl-1-oxide-N-tert.-butyl ni- 
trones in aqueous solutions. A unique ESR spectrum for 
the hydroxyl radical adduct. J. Am. Chem. Sot. 100: 
2923-2925, 1978. 
JENSEN, P. K. Antimycin-insensitive oxidation of suc- 
cinate and reduced nicotinamide adenine dinucleotide in 
electron transport particles. Biochim. Biophys. Actu 122: 
157- 166, 1966. 

JERRE’IT, S. A., D. JEFFERSON, AND C. E. MENGEL. 
Seizures, H,O, formation and lipid peroxide in brain during 
exposure to oxygen under high pressure. Aerosp. Med. 
44: 40-44, 1973. 
JOCELYN, P. C. Biochemi8try of the SH Gmup. New 
York: Academic, 1972. 
JOESl’ER, K E., G. JUNG, U. WEBER, AND U. WESER. 
Superoxide dismutase activity of Cu*+-amino acid chelates. 
FEBS L&t. 25: 25-28, 1972. 
JOHNSON, W. P., D. JEFFERSON, AND C. E. MENGEL. 
In vivo formation of H202 in red cells during exposure to 
hyperoxia. J. Clin. Invest. 51: 2211-2213, 1972. 
JOHNSTON, R. B., JR., B. B. KEELE, JR, H. P. MISRA, 
L. S. WEBB, J. E. LEHMEYER, AND K. V. RAJAGOPA- 
LAN. Superoxide anion generation and phagocytic bac- 
tericidal activity. In: The Phqocytic Cell in Host Resist- 
ance, edited by J. A. Bellanti and D. H. Dayton. New 
York: Raven, 1975, p. 61-75. 
KADLUBAR, F. F., K. C. MORTON, AND D. M. 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



July 1979 HYDROPERQXIDE METABOLISM 597 

ZIEGLER. Microsomal-catalyzed hydroperoxide-depend- 
ent C-oxidation of amines. Biochem. Biophys. Res. 
Commun. 54: 1255-1261, 1973. 

260. KAKINUMA, K., A. BOVERIS, AND B. CHANCE. H202 
generation in subcellular fractions of leukocytes assayed 
by cytochrome c peroxidase method. FEBS Lett. 74: 295- 
299, 1977. 

261. KAKINUMA, K., AND B. CHANCE. Spectrophotometric 
studies on NAD(P)H oxidase of leukocytes. I. The relation- 
ship between granule-NAD(P)H oxidase and myeloperoxi- 
dase. Biochim. Biophys. Acta 486: 96-103, 1977. 

262. KAPLAN-BRESLER, A. Metmyoglobin oxidation during 
electron transport reactions in mitochondria. J. Gen. 
Physiol. 48: 685-698, 1965. 

263. KARNOVSKY, M. L., J. LAZDINS, ANDS. R. SIMONS. 
In: Mononuclear Phagocytes in Immunity, Infection, and 
Pathology, edited by R. Van Furth. London: Blackwell, 
1975, p. 423-438. 

264. KASHIWAGI, K., T. TOBE, AND T. HIGASHI. Studies 
on rat liver catalase. V. Incorporation of 14C-leucine into 
catalase by isolated rat liver ribosomes. J. Biochem. 
70: 785-793, 1971. 

265. KEILIN, D. On cytochrome, a respiratory pigment, com- 
mon to animals, yeast and higher plants. Proc. R. Sot. 
London Ser. B 98: 312-339, 1925. 

266. KEILIN, D. Cytochrome and respiratory enzymes. Proc. 
R. Sot. London Ser. B 104: 266-252, 1929. 

267. KEILIN, D., AND E. F. HARTREE. Coupled oxidation 
ofalcohol. Proc. R. Sot. London&r. B 119: 141-159,1936. 

268. KEILIN, D., AND E. F. HARTREE. Properties of cataIase. 
Catalysis of coupled oxidation of alcohols. Biochem. J. 
39: 293-301, 1945. 

269. KEILIN, D., AND T. MANN. On the haematin compound 
of peroxidase. Proc. R. Sot. London Ser. B. 122: 119-133, 
1937. 

270. KELLOGG, E. W., III, AND I. FRIDOVICH. Superoxide, 
hydrogen peroxide and singlet oxygen in lipid peroxidation 
by a xanthine oxidase system. J. Bial. Chem. 256: 8812- 
8817, 1975. 

271. KELLOGG, E. W., III, AND I. FRIDOVICH. Liposome 
oxidation and erythrocyte lysis by enzymically generated 
superoxide and hydrogen peroxide. J. Biol. Chem. 252: 
6721-6728, 1977. 

272. KESTON, A. S., AND R. BRANDT. The fluorometric 
analysis of ultramicro quantities of hydrogen peroxide. 
Anal. Biochem. 11: l-5, 1965. 

273. KHAN, A. U., AND M. KASHA. Red chemiluminescence 
of molecular oxygen in aqueous solution. J. Chem. Phys. 
39: 2105-2106, 1963. 

274. KHAN, A. U., AND M. KASHA. Physical theory of chemi- 
luminescence in systems evolving molecular oxygen. 
J. Am. Chem. Sot. 88: 1574-1576, 1966. 

275. KIMBALL, R. E., K. REDDY, T. H. PIERCE, L. W. 
SCHWARTZ, M. G. MUSTAFA, AND C. E. CROSS. 
Oxygen toxicity: augmentation of antioxidant defense 
mechanisms in rat lung. Am. J. Physiol. 230: 1425-1431, 
1976. 

276. KING, M. M., E. K. LAI, AND P. B. McCAY. Singlet 
oxygen production associated with enzyme-catalyzed lipid 
peroxidation in liver microsomes. J. Biol. Chem. 250: 
6496-6562, 1975. 

277. KLEBANOFF, S. J. Role of the superoxide anion in the 
myeloperoxidase-mediated antimicrobial system. J. Biol. 
Chem. 249: 3724-3728, 1974. 

278. KLEBANOFF, S. J. Antimicrobial action of myeloperoxi- 
dase. In: The Phagocytic Cell in Host Resistance, edited 
by J. A. Bellanti and D. H. Dayton. New York: Raven, 
1975, p. 45-56. 

279. KLEBANOFF, S. J. Antimicrobial mechanisms in neutro- 
philic polymorphonuclear leukocytes. Semin. Hematol. 12: 
117- 142, 1975. 

280. KLUG, D., I. RABANI, AND I. FRIDOVICH. A direct 
demonstration of the catalytic action of superoxide dismutase 
through the use of pulse radiolysis. J. Biol. Chem. 247: 
4839-4842, 1972. 

28Oa.KONZE, J. R., AND E. F. ELSTNER. Pyridoxalphos- 
phate-dependent ethylene production from methionine by 
isolated chloroplasts. FEBS Lett. 66: 8-11, 1976. 

281. KONZE, J. R., AND E. F. ELSTNER. Ethane and 
ethylene formation by mitochondria as indication of aerobic 
lipid degradation in response to wounding of plant tissue. 
Biochim. Biophys. Acta 528: 213-221, 1978. 

281a.KOPPENOL, W. H. Reactions involving singlet oxygen 
and the superoxide anion. Nature London 262: 420-421, 
1976. 

282. KOPPENOL, W. H., AND J. BUTLER. Mechanism of 
reactions involving singlet oxygen and the superoxide 
anion. FEBS Lett. 83: l-6, 1977. 

283. KOPPENOL, W. H., K. J. H. VAN BUREN, J. BUTLER, 
AND R. BRAAMS. The kinetics of the reduction of cyto- 
chrome c by the superoxide anion radical. Biochim. 
Biophys. Acta 449: 157-168, 1976. 

284. KOSOWER, E. M. A molecular basis for learning and 
memory. Proc. Natl. Acad. Sci. USA 69: 3292-3296,1974. 

285. KOSOWER, N. S., E. M. KOSOWER, AND B. WER- 
THEIM. Diamide, a new reagent for the intracellular 
oxidation of glutathione to the disuI6de. Biochem. Biophys. 
Res. Commun. 37: 593-596, 1969. 

286. KRALJIC, E., AND C. N. TRUMBORE. p-Nitrosodi- 
methylaniline as an OH radical scavenger in radiation 
chemistry. J. Am. Chem. Sot. 87: 2547-2550, 1965. 

287. KREBS, H. A., R. HEMS, AND B. TYLER. The regula- 
tion of folate and methionine metabolism. Biochem. J. 158: 
341-353, 1976. 

288. KRINSKY, M. M., AND N. M. ALEXANDER. Thyroid 
peroxidase. Nature of the heme binding to apoperoxidase. 
J. Biol. Chem. 246: 4755-4758, 1971. 

289. KRINSKY, N. I. Singlet excited oxygen as a mediator of 
the antibacterial action of leukocytes. Science 186: 363- 
365, 1974. 

290. KRINSKY, N. I. Singlet oxygen in biological systems. 
Trends Biochem. Sci. 2: 35-38, 1977. 

291. KROGH, A. The Anatomy and Physiology of Capillaries 
(2nd ea.). New Haven: Yale Univ. Press, 1929. 

292. KUN, E., J. M. DECHARY, AND H. C. PITOT. The oxi- 
dation of glycolic acid by a liver enzyme. J. Biol. Chem. 
210: 269-280, 1954. 

293. KUSEL, J. P., A. BOVERIS, AND B. T. STOREY. 
H,O, production and cytochrome c peroxidase activity in 
mitochondria isolated from the trypansomatid hemo- 
flagellate Crithidia fasciculata. Arch. Biochem. Biophys. 
158: 799-805, 1973. 

294. LADENSTEIN, R., 0. EPP, K. BARTELS, A. JONES, 
R. HUBER, AND A. WENDEL. Structure analysis and 
molecular model of the selenoenzyme glutathione peroxi- 
dase at 2.8 A resolution. J. Mol. Biol. In press. 

295. LADENSTEIN, R., AND A. WENDEL. Crystallographic 
data of the selenoenzyme glutathione peroxidase. J. Mol. 
Biol. 104: 877-882, 1976. 

296. LAGERCRANTZ, C., AND M. YHLANA. Free radicals 
in the reaction of alloxan with glutathione and ascorbic 
acid. Acta Chem. Stand. 17: 1677-1682, 1963. 

296a.LA1, C.-S., AND L. H. PIETTE. Spin-trapping studies 
of hydroxyl radical production involved in lipid peroxida- 
tion. Arch. Biochem. Biophys. 190: 27-38, 1978. 

296bLA1, E. K., K.-L. FONG, AND P. B. McCAY. Studies 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



598 CHANCE, SIES, AND BOVERIS votu?ne 59 

on the properties of the singlet-oxygen-like factor produced 
during lipid peroxidation. Biochim. Biophys. A& 528: 
497-506, 1978. 

297. LAND, E. J., AND A. J. SWALLOW. One-electron reac- 
tions in biochemical systems as studied by pulse radiolysis. 
V. Cytochrome c. Arch. Biochem. Biophys. 145: 365-372, 
1971. 

298. LATUASAN, H. E., AND W. BERENDS. On the origin 
of the toxicity of toxoflavin. B&him. Biophys. Acta 52: 
502-508, 1961. 

299. LAVELLE, F., A. M. MICHELSON, AND L. DIMITRI- 
JEVICH. Biological protection by superoxide dismutase. 
Biochem. Biophys. Res. Commun. 55: 350-357, 1973. 

300. LAWRENCE, R. A., AND R. F. BURK. Species, tissue 
and subceIIuIar distribution of non Se-dependent glutathione 
peroxidase activity. J. Nutr. 108: 211-215, 1978. 

301. LAWRENCE, R. A., AND R. F. BURK. Glutathione per- 
oxidase activity in selenium-deficient rat liver. Biochem. 
Bibphys. Res. Commun. 71: 952-958, 1976. 

302. LAZAROW, P. B. Three hypolipidemic drugs increase 
hepatic palmitoyl-coenzyme A in the rat. Science 197: 
58O-581,1977. 

303. LAZAROW, P. B., AND C. DE DUVE. The synthesis and 
turnover of rat liver peroxisomes. IV. Biochemical pathway 
of catalase synthesis. J. Cell Biol. 59: 491-506, 1973. 

364. LAZAROW, P. B., AND C. DE DUVE. The synthesis and 
turnover of rat liver peroxisomes. V. Intracellular path- 
ways of catalase synthesis. J. Cell Biol. 59: 507-524,1973. 

305. LAZAROW, P. B., AND C. DE DUVE. A fatty acyl-CoA 
oxidizing system in rat liver peroxisomes: enhancement 
by clofibrate, a hypolipidemic drug. Proc. Natl. Acud. 
Sci. USA 73: 2043-2046, 1976. 

396. LEIGHTON, F., B. POOLE, H. BEAUFAY, P. BAUD- 
HUIN, J. W. COFFEY, S. FOWLER, AND C. DE 
DUVE. The large scale separation of peroxisomes, mito- 
chondria and lysosomes from the livers of rats injected 
with Triton WR-1339. J. Cell Biol. 37: 482-513, 1968. 

307. LEIGHTON, F., B. POOLE, P. B. LAZAROW, AND 
C. DE DUVE. The synthesis and turnover of rat liver 
peroxisomes. J. Cell Biol. 41: 521-535, 1969. 

308. LEUENBERGER, P. M., AND A. B. NOVIKOFF. Studies 
on microperoxisomes. VII. Pigment epithelial cells and 
other cell types in the retina of rodents. J. Cell Biol. 
65: 324-334, 1975. 

309. LIEBER, C. S., AND L. M. DE CARLI. Hepatic micro- 
somal ethanol-oxidizing systems. In vitro characteristics 
and adaptative properties in vivo. J. Biol. Chem. 245: 
2505-2512, 1970. 

310. LINDSTROM, T. D., AND M. W. ANDERS. Effects of 
agents known to alter carbon tetrachloride hepatotoxicity 
and cytochrome P-456 levels on carbon tetrachloride- 
stimulated lipid peroxidation and ethane expiration in the 
intact rat. Biochem. Phurmucol. 27: 563-567, 1978. 

311. LITTLE, C. Steroid hydroperoxides as substrates for 
glutathione peroxidase. Biochim. Biophys. Acta 284: 375- 
381, 1972. 

312. LLOYD, D., AND S. W. EDWARDS. Electron transport 
pathways alternative to the main phosphorylating respira- 
tory chain. In: Functions of Alternative Terminal Oxi- 
ties, edited by H. Degn, D. Lloyd, and G. C. Hill. Oxford: 
Pergamon, 1978, p. l- 10. 

313. LOSCHEN, G. Wassersto~d und Sauers~~~ 
in der Atmungskette (PhD Thesis). University of Ttibingen, 
1975. 

314. LOSCHEN, G., A. AZZI, AND L. FLOHE. Mitochondrial 
H,O, formation: relationship with energy conservation. 
FEBS L&t. 33: 84-88,1973. 

315. LOSCHEN, G., A. AZZI, AND L. FLOHE. Mitochondrial 
hydrogen peroxide formation. In: Alcohol and Aldehyde 
Metabolizing Systems, edited by R. G. Thurman, 
T. Yonetani, J. R. Williamson, and B. Chance. New York: 
Academic, 1974, p. 215-229. 

316. LOSCHEN, G., A. AZZI, C. RICHTER, ANDL. FLOHE. 
Superoxide radicals as precursors of mitochondrial hydra 
gen peroxide. FEBS Lett. 42: 68-72, 1974. 

317. LOSCHEN, G., L. FLOHE, AND B. CHANCE. Respira- 
tory chain linked H,O, production in pigeon heart mito- 
chondria. FEBS L&t. 18: 261-264, 1971. 

318. LUCAS, F. V., H. A. NEUFELD, J. G. UTTERBACK, 
A. P. MARTIN, AND E. STOTZ. The effect of estrogen 
on the production of a peroxidase in the rat uterus. 
J. Biol. Chem. 214: 775-789, 1955. 

318a.LYNCH, R. E., AND I. FRIDOVICH. Effects of super- 
oxide on the erythrocyte. J. Biol. Chem. 253: 1838-1845, 
1978. 

319. LY’ITLE, C. R., AND E. R. DESOMBRE. Generahty of 
oestrogen stimulation of peroxide activity in growth re- 
sponsive tissues. Nature 268: 337-339, 1977. 

320. LY’ITLE, C. R., AND P. H. JELLINCK. S&cellular 
localization of oestrogen-induced uterine peroxidase. Bio- 
them. J. 160: 237-241, 1976. 

321. MAHLER, H. Uricase. In: The Enzymes (2nd ed.), edited 
by P. D. Boyer, H. Lardy, and K. My&&k. New York: 
Academic, 1963, vol. 8, p. 285-296. 

322. MANDELL, G. L. CataIase, superoxide dismutase and 
virulence of Staphyloccus aureus. J. Clin. Invest. 55: 561- 
566,1975. 

323., MANNERING, G. J., D. R. VAN HARKEN, A. B. 
MAKAR, T. R. TEPHLY, W. D. WATKINS, AND J. I. 
GOODMAN. Role of intracellular distribution of hepatic 
catalase in the peroxidative oxidation of methanol. Ann. 
NY Acad. Sci. 168: 265-280,1969. 

324. MANNERVIK, B., AND S. A. ERIKSSON. Enzymatic 
reduction of mixed disuI6des and thiosulfate esters. In: 
Glututhione, edited by L. Flohe, H. C. Ben&, H. Sies, 
H. D. Wailer, and A. Wendel. Stuttgart: Thieme, 1974. 

325. MARGOLIASH, E., A. NOVOGRODSKY, AND 
A. SCHEJTER. Irreversible reaction of 3-aminol,2,4- 
triazole and related inhibitors with the protein of cat&se. 
Biochem. J. 74: 339-350, 1969. 

326. MASSEY, V., S. STRICKLAND, S. G. MAYHEW, L. G. 
HOWELL, P. C. ENGEL, R. G. MATTHEWS, M. SCHU- 
MAN, AND P. A. SULLIVAN. The production of super- 
oxide anion radicals in the reaction of reduced flavins and 
flavoproteins with molecular oxygen. Biochem. Biophys. 
Res. Commun. 36: 891-897, 1969. 

327. MASTERS, C., AND R. HOLMES. Peroxisomes: new 
aspects of cell physiology and biochemistry. Physiol. Rev. 
57: 816-882, 1977. 

328. MAY, H. E., AND P. B. McCAY. Reduced triphos- 
phopyridine nucleotide oxidase-catalyzed alterations of 
membrane phospholipids. I. Nature of the lipid alterations. 
J. Biol. Chem. 243: 2288-2295, 1968. 

329. MAY, H. E., AND P. B. McCAY. Reduced triphospho 
pyridine nucleotide oxidase-catalyzed alterations of mem- 
brane phospholipids. II. Enzymic properties and stoichiom 
etry. J. Biol. Chem. 243: 2296-2305, 1968. 

330. MAY, H. E., J. I. POYER, AND P. B. McCAY. Lipid 
alterations occurring in microsomes during the enzymic 
oxidation of TPNH. Biochem. Biophys. Res. Commun. 
19: 166-170, 1965. 

331. MAY, H. E., AND D. J. REED. A kinetic assay of TPHN- 
dependent microsomal lipid peroxidation by changes in dif- 
ference spectra. Anal. Biochem. 55: 331-337, 1973. 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



July 1979 HYDROPEROXIDE METABOLISM 

332. MAYEVSKY, A. The effect of trimethadione on brain 
energy metabohsm and EEG activity of the conscious rat 
exposed to HPO. J. Neuroxi. Res. 1: 131-142, 1975. 

333. MAYEVSKY, A., D. JAMIESON, AND B. CHANCE. 
Oxygen poisoning in the unanesthetized brain: correlations 
of the oxidation-reduction state of pyridine nucieotide 
with electrical activity. Brain Res. 76: 481-491, 1974. 

334. McCAY, P. B., D. D. GIBSON, K. L. FONG, ANI) K. R. 
HORNBROOK. Effect of giutathione peroxidase activity 
on lipid peroxidation in bio1ogicaI membranes. Biuchim. 
Biophys. Acta 431: 459-468, 1976. 

335. 

336. 

337. 

338. 

339. 

340. 

341. 

342. 

343. 

344, 

346 

347. 

348. 

349. 

350. 

351. 

McbLUNE, G. J., AND J. A. FEE. Stopped flow spectra 
photometric observation of superoxide dismutation in 
aqueous solution. FEBS Lett. 67: 294-298, 1976. 
McCORD, J. M. Free radicals and inflammation: protection 
of synovial fluid by superoxide dismutase. Stim 185: 
529-531,1974. 
McCORD, 3. M., AND E. D. DAY, JR Superoxide- 
dependent production of hydroxyl radical cataIyzed by 
iron-EDTA complex. FEBS L&t. 86: 139-142, 1978. 
McCORD, J. M., AND I. FRIDOVICH. Superoxide 
dismutase. An enzymic function for erythrocuprein (hem+ 
cuprein). J. Biol. Chem. 244: 6049-6066, 1969. 
McCORD, J. M., B. B. KEELE, JR, AND I. FRIDOVICH. 
An enzyme based theory of obligatory anaerobiosis: the 
physiological function of superoxide dismutase. Pm. Natl. 
Acad. Sci. USA 68: 10!24-102’7,197l. 
McGROARTY, E., B. HSIEH, D. M. WIED, R. GEE, 
AND N. E. TOLBERT. Alpha hydroxy acid oxidation by 
peroxisomes. Arch. Biochem. Biophys. 161: 194-210, 
1974. 

McKNIGHT, R. C., AND F. E. HUNTER, JR. Mito- 
chondriaI membrane ghosts produced by lipid peroxidation 
induced by ferrous ion. II. Composition and enzymatic 
activity. J. Biol. Chem. 241: 27572765, 1966. 
McLEOD, J. W., AND J. GORDON. The problem of intol- 
exance of oxygen by anaerobic ba&eria J. Path&. Baderid. 
26: 332-343,19B. 
McLEOD, J. W., AND J. GORDON. CataIase protection 
and sensitiveness to hydrogen peroxide amongst bacteria: 
with a scheme, of clarification based on these properties. 
L Pathol. Bacterial. 2% 326~331,1923. 
MEISTER, A. Biochemistry of giutathione. In: Metabolic 
Puthzuuys, edited by D. M. Greenberg. New York: Aca- 
demic, 1975, vol. 7, p. 101-188. 
MENGEL, C. E. The effects of hyperoxia on red cells 
as related to tocopherol deficiency. Ann. NY Accui. Sci. 
203: 163-171, 1972. 
MENZEL, D. B. Toxicity of ozone, oxygen and radiation. 
Annu. Rev. Ptirmacol. 10: 379-394, 1970. 
MENZEL, H. U~hu~ zum gtmkm 
Peroxiddo~chsel unter in viva Bedingungtm (PhD 
Thesis). Ttibingen University, 1973. 
MICHAELIS, L. FundamenfaIs of oxidation and reduction. 
In: Curre&a in Biochemical RetJearch, edited by D. E. 
Green. New York: Interscience, 1946, p. 207-22’7. 
MICHAELIS, L., AND M. L. MENTEN. Die Kinetik der 
Invertinwirkung. Biochem. 2. 4% 333-369, 1913. 
MICHAELS, H. B., AND J. W. HUNT. Determination of 
peroxides and hydroperoxides in irradiated solutions of 
nudeic acid constituents and DNA. And. Biochem. 87: 
135- 140, 1978. 
MICHELSON, A. M. Role biologique du radical anion 
superoxyde et des superoxyde-dismutases dans Ie metabol- 
isme ceIIuIaire. C. R. Seances Sot. Bid. Pti 170: 1137- 
1146. 1976. 

352. MICHELSON, A. M., ANDM. E. BUCKINGHAM. Effect 
of superoxide radicaIs on myoblast growth and differentia- 
tion. Biochem. Biophys. Res. Commun. 58: 1079-1086, 
1974. 

353. MILAS, N. A., R. S. HARRIS, AND A. GOLUBOVIC. 
Detection, separation and identification of organic per- 
oxides. Radiat. Res. Suppl. 3: 71-92, 1963. 

353a.MILLER, R. W., AND F. D. H. MAcDOWALL. The tiron 
free radical as a sensitive indicator of chloroplast photo- 
autoxidation. Biochim. Biophys. Acta 381: 176-18’7,1975. 

353b.MILLER, R. W., AND U. RAPP. The oxidation of cat+ 

354. 

355. 

356. 

357. 

358. 

359. 

360. 

361. 

362. 

363. 

364. 

365. 

366. 

367. 

368. 

chols by reduced flavins and dehydrogenases. An ESR 
study of the kinetics and initial products of oxidation. 
J. Biol. Chem. 248~ 60&l-6090,1973. 
MILLS, G. C. Hemoglobin catabolism. I. Glutathione 
peroxidase, an erythrocyte enzyme which protects hemo- 
globin from oxidative breakdown. J. Bid. Chem. 229: 
189- 197, 1957. 
MILLS, G. C. GIutathione peroxidase and the destruction 
of hydrogen peroxide in animal tissues. Arch. B&&em, 
Biophys. 86: l-5,1960. 
MISHIN, V., A. POKROVSKY, AND V. V. LYAKOVICH. 
Interactions of some acceptors with super-oxide anion 
radicaIs formed by the NADPH-specific flavoprotein in rat 
liver microsomal fractions. Biochem. J. 154: W-310, 
1976. 
MISHIN, V. M., A. G. POKROVSKII, AND V. V. 
LYAKOVICH. Interaction of various acceptors with 
oxygen anion-radicals in liver microsomes. Biochemidvy 
USSR 41: 627-630,1976. 
MISRA, H. P. Generation of superoxide radical during the 
autooxidation of thiols. J. Biol. Chem. 24% 2151-2155, 
1974. 
MISRA, H. P., AND I. FRIDOVICH. The univalent reduc- 
tion of oxygen by reduced flavins and quinones. J. Bid. 
them. 247: 188-192,1972. 
MISRA, H. P., AND I. FRIDOYICH. The role of super- 
oxide anion in the autooxidation of epinephrine and a simpIe 
assay for superoxide dismutase. J. Biol. Chem. 247: 
3170-3175, 1972. 
MISRA, H. P., AND I. FRIDOVICH. m dismutase 
and the oxygen enhancement of radiation lethality. Arch. 
Biochem, Biophys. 176 577-581, 1976. 
MISRA, H. P., AND I. FRIDOVICH. &peroxide 
dismutase: a photochemical augmentation assay. Arch. 
Biochem. Biophys. 181: 368-312, 1977. 
MITCHELL, J. S., AM) D. H. MARRIAN. Ra&sensitiza- 
tion of &is by a derivative of !&methyl-1.4naphthoq&one. 
In: Biochemistry of Q&nones, edited by R. A. Morton. 
London: Academic, 1965, p. 503-541. 
MIZE, C. E., AND R. G. LANGDON. Hepatic gIutathione 
reductase. J. Biol. Chem. 237: 1589-K&5,1962. 
MODIG, H. Cellular mixed disulfide between thiols and 
proteins and their possible implication for radiation protec- 
tion. Biochem. Phawzucol. 17: 177-U%, 1968. 
MORRISON, M., P. Z. ALLEN, J. BRIGHT, AND 
W. JAYASINGHE. Lactoperoxidase. Identification and 
isolation of Iactoperoxidase from salivary gIand, Arch. 
Biochem. Biophys. 111: 126-133, 1965. 
MYERS, C. E., W. P. McGUIRE, R. H. LISS, I. IFRIM, 
K. GROTZINGER, AND R. C. YOUNG. Adriamycin: the 
role of lipid peroxidation in cardiac toxicity and tumor 
response. Scim lm X5-167, 1977. 
NAKANO, M., T. NOGUCHI, K. SUGIOKA, .H. FUKU- 
YAMA, M. SATO, Y. SHIMIZU, Y. TSUJI, AND 
H. INABA. Spectroscopic evidence for the generation of 
singlet oxvgen in the reduced nicotinamide adenine dinu- 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



600 CHANCE, SIES, AND BOVERIS Volume 59 

cleotide phosphate-dependent microsomal lipid peroxida- 
tion system. J. Biol. Chem. 250: 2404-2406, 1975. 

369. NECHELES, T. F. The clinical spectrum of glutathione- 
peroxidase deficiency. In: Glututhione, edited by L. Flohe, 
H. C. Beniihr, H. Sies, H. D. Waller, and A. Wendel. 
Stuttgart: Thieme, 1974, p. 173-180. 

370. NEUBERT, D., A. B. WOJTCZAK, AND A. L. LEHN- 
INGER. Purification and enzymatic identity of mito- 
chondrial contraction-factors I and II. Proc. Nutl. Acud. 
Sci. USA 48: 1651~1658, 1962. 

371. NICHOLLS, P. Activity of catalase in the red cell. 
Biochim. Biophys. Actu 99: 286-297, 1965. 

372. NICHOLLS, P. Contributions of catalase and glutathione 
peroxidase to red cell peroxide removal. Biochim. Biophys. 
Acta 279: 306-309, 1972. 

373. NICHOLLS, P., AND G. R. SCHONBAUM. Catalases. 
In: The Enzymes, edited by P. Boyer, H. A. Lardy, and 
K. Myrback. New York: Academic, 1963, vol. 8, p. 147- 
225. 

374. NIELSON, S. O., AND A. L. LEHNINGER. Oxidative 
phosphorylation in the cytochrome system of mitochondria. 
J. Am. Chem. Sot. 76: 3860, 1954. 

375. NILSON, R., AND D. R. KEARNS. Role of singlet oxygen 
in some chemiluminescence and enzyme oxidation reactions. 
J. Phys. Chem. 78: 1681-1683, 1974. 

376. NISHIKI, K., N. OSHINO, D. JAMIESON, AND 
B. CHANCE. Oxygen toxicity in the perfused rat liver and 
lung under hyperbaric conditions. Biochem. J. 160: 343- 
355, 1976. 

377. NOHL, H., AND D. HEGNER. Do mitochondria produce 
oxygen radicals in vivo? Eur. J. Biochem. 82: 563-567, 
1978. 

3’78. NOHL, H., AND D. HEGNER. Evidence for the existence 
of catalase in the matrix space of rat heart mitochondria. 
FEBS Lett. 89: 126-130, 1978. 

379. NORDBLOM, G. D., AND M. J. COON. Hydrogen peroxide 
formation and stoichiometry of hydroxylation reactions 
catalyzed by highly purified microsomal cytochrome P-456. 
Arch. Biochem. Biophys. 180: 343-347, 1977. 

380. NOSEWORTHY, J., AND M. L. KARNOVSKY. Role of 
peroxide in the stimulation of the hexose monophosphate 
shunt during phagocytosis by polymorphonuclear leuko- 
cytes. Enzyme 13: 110-131, 1972. 

381. NOVIKOFF, A. B., AND S. GOLDFISCHER. Visualiza- 
tion of microbodies for light and electron microscopy. 
J. Histochem. Cytochem. 16: 507, 1968. 

382. NOVIKOFF, A. B., P. M. NOVIKOFF, N. QUINTANA, 
AND C. DAVIS. Studies on microperoxisomes. IV. Inter- 
relations of microperoxisomes, endoplasmatic reticulum 
and lipofuscin granules. J. Histochem. Cytochem. 21: 
lOlO- 1020, 1973. 

383. NOVIKOFF, A. B., AND W. Y. SHIN. The endoplasmic 
reticulum in the Golgi zone and its relations to microbodies, 
Golgi apparatus and autophagic vacuoles in rat liver cells. 
J. Microsc. 3: 187-206, 1964. 

384. NOVIKOFF, P. M., AND A. B. NOVIKOFF. Peroxisomes 
in absorptive cells of mammalian small intestine. J. Cell 
Biol. 53: 532-560, 1972. 

385. O’BRIEN, P. J., AND R. C. GREEN. The effects of lipid 
peroxide on intracellular metabolism. Biochem. J. 103: 
l-32, 1967. 

386. ODAJIMA, T., AND I. YAMAZAKI. Myeloperoxidase of 
the leukocyte of normal blood. III. The reaction of ferric 
myeloperoxidase with superoxide anion. Biochim. Biophys. 
Acta 284: 355-359, 1972. 

387. ODAJIMA, T., AND I. YAMAZAKI. Myeloperoxidase of 
the leukocyte of normal blood. IV. Some physicochemical 
nronerties. B&him. Biovhus. Acta 284: 360-367. 1972. 

388. ODAJIMA, T., AND I. YAMAZAKI. Myeloperoxidase of 
the leukocyte of normal blood. V. The spectral conversion 
of myeloperoxidase to a cytochrome oxidaselike derivative. 
Biochim. Biophys. Acta 284: 368-374, 1972. 

389. ORGEL, L. The maintenance of accuracy of protein syn- 
thesis and its relevance to aging. Proc. N&l. Acud. Sci. 
USA 49: 519-525, 1963. 

390. ORRENIUS, S., AND L. ERNSTER. Microsomal cyto- 
chrome P-450-linked monooxygenase systems in mam- 
malian tissue. In: Molecular Mechanisms in Oxygen 
Activation, edited by 0. Hayaishi. New York: Academic, 
1974, p. 215-244.’ 

391. OSHINO, N., AND B. CHANCE. Properties of glutathione 
release observed during reduction of organic hydroperoxide, 
demethylation of aminopyrine and oxidation of some sub- 
stances in perfused rat liver and their implications for the 
physiological function of catalase. Biochem. J. 162: 509- 
525, 1977. 

392. OSHINO, N., B. CHANCE, AND H. SIES. The properties 
of the second catalase-peroxide complex (compound II) in 
the hemoglobin-free perfused rat liver. Arch. Biochem. 
Biophys. 159: 704-711, 1973. 

393. OSHINO, N., B. CHANCE, H. SIES, AND T. BUCHER. 
The role of H,O, generation in perfused rat liver and the 
reaction of catalase compound I and hydrogen donors. 
Arch. B&hem. Biophys. 154: 117-131, 1973. 

394. OSHINO, N., D. JAMIESON, AND B. CHANCE. The 
properties of hydrogen peroxide production under hyper- 
oxic and hypoxic conditions of perfused rat liver. Biochem. J. 
146: 53-65, 1975. 

395. OSHINO, N., D. JAMIESON, T. SUGANO, AND 
B. CHANCE. Optical measurement of the catalase- 
hydrogen peroxide intermediate (compound I) in the liver 
of anaesthetized rats and its implication to hydrogen per- 
oxide production in situ. Biochem. J. 146: 67-77, 1975. 

396. OSHINO, N., R. OSHINO, AND B. CHANCE. The charac- 
teristics of the “peroxidatic” reaction of catalase in ethanol 
oxidation. Biochem. J. 131: 555-567, 1973. 

397. OSHINO, N., R. OSHINO, AND B. CHANCE. The prop- 
erties of catalase “peroxidatic” reaction and its relationship 
to microsomal methanol oxidation. In: Alcohol and Alde- 
hyde Metabolizing Systems, edited by R. G. Thurman, 
T. Yonetani, J. R. Williamson, and B. Chance. New York: 
Academic, 1974, p. 231-242. 

398. O’I”I’OLENGHI, A. Interaction of ascorbic acid and mito- 
chondrial lipids. Arch. Biochem. Biophys. 79: 355-363, 
1959. 

399. OUANNES, C., AND T. WILSON. Quenching of singlet 
oxygen by tertiary aliphatic amines. Effect of DABCO. 
J. Am. Chem. Sot. 90: 6527-6528, 1968. 

400. PANCHENKO, L. F., 0. S. BRUSOV, A. M. GERASI- 
MOV, AND T. D. LOKTAEVA. Intramitochondrial 
localization and release of rat liver superoxide dismutase. 
FEBS Lett. 55: 84-87, 1975. 

401. PATRIARCA, P., R. CRAMER, S. MONCALVO, 
F. ROSSI, AND D. ROMEO. Enzymatic basis of metabolic 
stimulation in leucocytes during phagocytosis: the role of 
activated NADPH oxidase. Arch. Biochem. Biophys. 145: 
255-262, 1971. 

402. PAUL, B., AND A. J. SBARRA. The role of phagocyte 
in host parasite interactions. XIII. The direct quantitative 
estimation of H,O, in phagocytising cells. Biochim. Biuphys. 
Acta 156: 168-178, 1968. 

403. PEDERSON, T. C., AND S. D. AUST. NADPHdependent 
lipid peroxidation catalyzed by purified NADPH-cyto- 
chrome c reductase from rat liver microsomes. Biochem. 
Biophys. Res. Commun. 48: 789-795, 1972. 

404. PEDERSON. T. C.. AND S. D. AUST. The role of super- 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



July 1979 HYDROPEROXIDE METABOLISM 601 

405. 

466. 

407. 

408. 

469. 

410. 

411. 

412. 

413. 

414. 

415. 

416. 

417. 

418. 

419. 

420. 

421. 

422. 

oxide and singlet oxygen in lipid peroxidation promoted 
by xanthine oxidase. Biochem. Biophys. Res. Commun. 
52: 1071- 1078, 1973. 
PEDERSON, T. C., AND S. D. AUST. The mechanism of 
liver microsomaI lipid peroxidation. Biachim. Biophya. Actu 
385: 232-241, 1975. 
PEDERSON, T. C., J. A. BUEGE, AND S. D. AUST. 
Microsomal electron transport. The role of reduced nicotin- 
amide adenine dinucleotiode phosphate-cytochrome c re- 
ductase in liver microsomal lipid peroxidation. J. Biol. 
Chem. 248: 7143-7141, 1973. 
PEETERSJORIS, C., A. M. VANDEVOORDE, AND 
P. BAUDHUIN. Subcellular localization of superoxide 
dismutase in rat liver. Biochem. J. 150: 31-39, 1975. 
PERSCHKE, H., AND E. BRODA. Determination of very 
small amounts of hydrogen peroxide. Nature 190: 257- 
258,X%1. 
PESKIN, A. V., Y. M. KOEN, AND I. B. ZBARSKY. 
Superoxide dismutase and glutathione peroxidase activities 
in tumors. FEBS Lett. 78: 41-45, 1977. 
PETRIK, P. Fine structural identification of peroxisomes 
in mouse and rat bronchiolar and alveolar epithelium. 
J. His&hem. Cytochem. 19: 339-348, 1971. 
PFEIFER, P. M., AND P. B. McCAY. Reduced triphos- 
phopyridine nucleotide oxidase-catalyzed alterations of 
membrane phospholipids. V. Use of erythrocytes to demon- 
strate enzyme-dependent production of a component with 
the properties of a free radical. J. Biol. Chem. 246: 
6401-6408, 1971. 
PINTO, R. E., AND W. BARTLEY. The effect of age and 
sex on glutathione reductase and glutathione peroxidase 
activities and on aerobic glutathione oxidation in rat liver 
homogenates. Biochem. J. 112: 109- 115, 1969. 
PINTO, R. E., AND W. BARTLEY. The nature of the sex- 
linked differences in glutathione peroxidase activity and 
aerobic oxidation of glutathione in male and female rat 
liver. Biochem. J. 115: 449-456, 1969. 
PIRIE, A. Glutathione peroxidase in lens and a source of 
hydrogen peroxide in aqueous humour. Biochem. J. 96: 
244-253, 1965. 
PLAA, G. L., AND H. WITSCHI. Chemicals, drugs and 
lipid peroxidation. Annu. Rev. Phamcacol. 16: 125-141, 
1976. 
PLACER, Z., A. VESELKOVA, AND R. RATH. Kinetik 
des Malondialdehydes im Organismus. Eqxwientia 21: 19- 
20, 1965. 
POOLE, B. Diffusion effects in the metabolism of hydro- 
gen peroxide by rat liver peroxisomes. J. Theoret. Bid. 
51: 149-167, 1975. 
POOLE, B., F. LEIGHTON, AND C. DE DUVE. The syn- 
thesis and turnover of rat liver peroxisomes. II. Turnover 
of peroxisome proteins. J. Cell Biol. 41: 536-546, 1969. 
PORTER, D. J. T., AND L. L. INGRAHAM. Concerning 
the formation of singlet 0, during the decomposition of 
H,O, by catalase. B&him. Biophys. Acta 334: 97-102, 
1974. 
PORTER, N. A., M. 0. FUNK, D. W. GILMORE, S. R. 
ISAAC, D. B. MENZEL, J, R. NIXON, AND J. H. 
ROYCROFT. Model studies of pru&gIandir~ biosynthesis 
and pharmacological properties of cyclic peroxides. In: 
Biachemid Aspecta of Pmtugl4mdin.v and TImmLboltanes, 
edited by N. Kharasch and J. Fried. New York: Academic, 
1977, p. 39-53. 
PORTWICH, F., AND H. AEBI. Erfassung der Per- 
oxydbildung tierischer Gewebe mittels peroxydatischer 
Umsetzungen. Helv. Phyaiol. Acta 18: 312-327, 1960. 
PRICE, V. E., W. R. STERLING, V. A. TARANTOLA, 
R. W. HARTLEY, AND M. RECHCIGL. The kinetics of 

catalase synthesis and destruction in vivo. J. Biol. Chem. 
237: 3468-3475, 1962. 

423. PROHASKA, J. R., AND H. E. GANTHER. Glutathione 
peroxidase activity of glutathione-S-transferases purified 
from rat liver. Biochem. Biophys. Res. Commun. 76: 
437-445, 1977. 

424. PRYOR, W. A. Free radical reactions and their importance 
in biochemical systems. Federation Proc. 32: 1862-1869, 
1973. 

425. 

426. 

427. 

424a,PRYOR, W. A., AND R. H. TANG. Ethylene formation 
from methional. Biochem. Biophys. Res. Commun. 81: 
498403, 1978. 
PUGET, K., AND A. M. MICHELSON. Isolation of a new 
copper-containing superoxide dismutase bacteriocuprein. 
Biochem. Biophys. Res. Commun. 5&‘830-838, 1974. 
PUGET, K., AND.A. M. MICHELSON. Iron-containing 
superoxide dismutases from luminous bacteria. Biochimie 
56: 1255-1267, 1974. 
RABANI, J., D. KLUG-ROTH, AND J. LILIE. Pulse 
radiolytic investigations of the catalyzed disproportionation 
of peroxy radicals. Aqueous cupric ions. J. Phys. Chem. 
77: 1169- 1175, 1973. 
RABANI, J., W. A. MULAC, AND M. S. MATHESON. 
The pulse radiolysis of aqueous tetranitromethane. J. P&s. 
Chem. 69: 53-70, 1965. 
RACKER, E. Glutathione-homocystine tsanshydrogenase. 
J. Biol. Chem. 217: 867-874, 1955. 
RAHIMTULA, A. D., AND P. J. O’BRIEN. Hydroperoxide 
catalyzed liver microsomal aromatic hydroxylation reac- 
tions involving cytochrome P-459. Biochem. Biophys. Re8. 
Commun. 60: 440-447, 1974. 

428. 

429. 

430. 

431. 

432. 

433. 

434. 

435. 

436. 

437. 

438. 

439. 

440. 

441. 

RAHIMTULA, A. D., AND P. J. O’BRIEN. The role of 
cytochrome P-450 in the hydroperoxide-catalyzed oxidation 
of alcohols by rat-liver microsomes. Eur. J. Biochem. 77: 
201-208, 1977. 
RECKNAGEL, R. O., AND A. K. GHOSHAL. Lipoperoxi- 
dation as a vector in carbon tetrachloride hepatotoxicity. 
Lab. Invest. 15: 132-146, 1966. 
REDDY, J., M. CHIGA, S. BUNYARATRE, AND 
D. SVOBODA Microbodies in experimentally altered cells. 
J. Cell Biol. 44: 226-239, 1970. 
REDDY, J., M. CHIGA, AND D. SVOBODA. Stimulation 
of liver catalase synthesis in rats by ethyl-a-p-chlorophen- 
oxyisobutyrate. Biochem. Biophys. Res. Commun. 43: 
318-324, 1971. 
REDDY, J., AND N. S. KUMAR. The peroxisome pro- 
liferation-associated polypeptide in rat liver. Biochem. 
Biophys. Res. Commun. 77: 824-829, 1977. 
REDDY, J., AND D. SVOBODA. Microbodies (peroxi- 
somes) in the interstitial cells of rodent testes. Lab. Invest. 
26: 657-665, 1972. 
REDDY, J. K., AND A. L. TAPPEL. Effect of dietary 
selenium and autoxidized lipids on the glutathione peroxi- 
dase system of gastrointestinal tract and other tissues in 
the rat. J. Nutr. 104: 1069-1078, 1974. 
REDMAN, C. M., D. J. GRAB, AND R. JRUKULLA. 
The intracellular pathway of newly formed rat liver cata- 
lase. Arch. Biochem. Biophys. 152: 496-501, 1972. 
REED, P. W. Glutathione and the hexose monophosphate 
shunt in phagocytizing and hydrogen peroxide-treated rat 
leukocytes. J. Bid. Chem. 244: 2459-2464, 1969. 
REICHEL, W. Lipofuscin pigment accumulation and dis- 
tribution in rat organs as a function of age. J. Gerontd. 
23: 145-153, 1968. 
RHAESE, H., AND E. FREESE. Chemical analysis of 
DNA alterations. I. Base liberation and backbone breakage 
of DNA and oligodeoxvadenvlic acid induced bv hvdronen 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



602 CHANCE, SIES, AND BOVERIS Volume 59 

peroxide and hydroxylamine. Biochim. Biuphys. Acta 155: 
4?6-490,1968. 

442. RICH, P. A., A. BOVERIS, W. D. BONNER, JR., AND 
A. L. MOORE. Hydrogen peroxide generation by the 
alternate oxidase of higher plants. B&hem. Biophys. Res. 
Commaan. 71: 695-?03,1976. 

443. RIELY, C. A., G. COHEN, AND M. LIEBERMAN. 
Ethane evolution: a new index of lipid peroxidation. 
scienct? 183: 20%210, 1974. 

444. RIGO, A., R. STEVANATO, A. FINAZZI-ARGO, AND 
G. ROTILIO. An attempt to evaIuate the rate of the Haber- 
Weiss reaction by using HO* radical scavengers. FEBS 
Lett. 80: 130-132, 1977. 

444a.ROOS, D. Oxidative killing of microorganisms by phago- 

445. 

446. 

447 

448 

449 

450 

451 

452 

453. 

cytic cells. T& B&hem. Sci. 2: 61-64,19??. 
ROOT, R. K., J. METCALF, N. OSHINO, AND 
B. CHANCE. H,O, release from human granulocytes dur- 
ing phagocytosis. I. Documentation, quantitation, and 
some regulatory factors. J. Clin. Inuest. 55: 945-955, 
1975. 
ROOT, R. K., AND T. P. STOSSEL. Myeloperoxidase- 
mediated iodination by granulocytes. Intracellular site of 
operation and some regulating &ctors. J. Clin. Invest. 
33: 1267-1215, 1974. 
ROSEN, H., AND S. J. KLEBANOFF. Formation of 
singlet oxygen by the myeloperoxidase-mediated anti- 
microbial system. J. Biol. Chem. 252: 4803-4810, 19??. 
ROSSI, F., D. ROMEO, AND P. PATRIARCA. Mechanim 
of phagocytosis associated oxidative metabohsm in poty- 
morphonuclear leukocytes and macrophages. J. Reticulo- 
endothelial sot. 12: m-149, 1972. 
ROSSI, F., AND M. ZATI’I. Changes in the metabolic 
pattern of polymorphonuclear leukocytes during phago- 
cytosis. Br. J. Exp. Pa#wl. 45: 548-558,1364. 
ROTILIO, G., R. C. BRAY, AND E. M. FIELDEN. A pulse 
radiolysis study of superoxide dismutase. Biochim. Bio- 
phys. Acta 268: 605-609, 1972. 
ROUILLER, C., AND W. BERNHARD. “Microbodies” 
and the problem of mitochondrid regeneration of liver 
cells. J. Biophys. Biochem. Cytol. Suppl. 2: 355~360,1956. 
RUZICKA, F. L., AND F. L. CRANE. Quinone interaction 
with the respiratory chain-linked NADH dehydrogenase 
of beef heart mitochondria. II. Duroquinone reductase 
activity. B&him. Biophys. Acta 226: 221-223, 1971. 
RYTOMAA, T., AND H. TEIR. Relationship between tis- 
sue eosinophils and peroxidase activity. ZVatum London 
192: 2?1-2?2, 1961. 

451. SAKAMORO, T., AND T. HIGASHI. Studies on rat liver 
ctatabe. VI. Biosynthesis of cat&se by &ee and membrane 
bound polysomes. J. Biuchem. 73: 1083-1088,19?3. 

455. SALIN, M. L., m J. M. McCORD. Superoxidedismutases 
in polymorphonuclear leukocytes. J. Clin. Znwest. 54: 
1005-1669,1974. 

472. SIES, H. Oxygen gradients during hypoxic steady states 
in liver. Urate oxidase and cytochrome oxidase as intra- 
cellular-Oop indicators. ZZoppe-Seyler’s 2. Phytil. Chem. 
358: 1021-1032, 1977. 

456. SALIN, M. L., AND J. M. McCORD. Free radicals and 
inflammation. Protection of phagocytising leukocytes by 
superoxide dismutase. J. Clin. Invest. 56: 1319-1323, 
1975. 

473. SIES, H., T .  P. M. AKERBOOM, AND J. M. TAGER. 
Mitochondrial and cytolic NADPH systems and isocitrate 
dehydrogenase indicator metabolites during ureogenesis 
from ammonia in isolated rat hepatocytes. Eur. J. Bio- 
them. 72: 301-367,19??. 

456a.SAMUN1, A., M. CHEVION, Y.  S. HALPERN, Y.  A. 
ILAN, AND G. CZAPSKI. Radiation-induced damage in 
T4 bacteriophage: the effect of superoxide radicals and 
molecular oxygen. Radiat. Res. 75: 439-496, 1978. 

457. SAUNDERS, B. C., A. G. HOLMES-SIEDLE, ANDB. P. 
STARK. Perotie. Washington, DC: Butterworths, 
1964. 

474. SIES, H., G. M. BARTOLI, R. F. BURK, AND 
C. WAYDHAS. Glutathione efflux from perfused rat liver 
after phenobarbital treatment during drug oxidations, and 
in selenium deficiency. Eur. J. Biochem. 89: 113-118, 
1978. 

475. SIES, H., T. BUCHER, N. OSHINO, AND B. CHANCE. 
Heme occupancy of catalase in hemoglobin-free perfused 
rat liver and of isolated rat liver c&&se. Arch. Biochem. 
Biophys. 154: 106-116, 1973. 

453. SBARRA, A. J., AND M. L. KARNOVSKY. The meta- 476. SIES, H., AND B. CHANCE. The steady state level of 
bolic basis of phagocytosis. J. Biol. Chem. 234: 1355-1362, catalase compound I in isolated hemoglobin-free perfused 
195s. rat liver. FEBS Lett. 11: 1?2- 176, 1970. 

459. SCHONBAUM, G. R., AND l3. CHANCE. Catahe. In: 
The Enzvs (2nd ed.), edited by P. D. Boyer. New York 
Academic, 1976, vol. XIII, p. 363-468. 

466. SCHONEICH, J. The induction of chromosomal aberra- 
tions by hydrogen peroxide in strains of ascites tumors 
in mice. MUM. Res. 4: 385-388,196?. 

461. SCHUBERT, W. K., J. C. PARTIN, ANDJ. S. PARTIN. 
Encephalopathy and fatty liver (Reye’s syndrome). Progr. 
Liver LX.& 4: 489-510, 1972. 

462. SCHULTZ, J., AND H. W. SHMUCKLER. Myeloperoxi- 
dase of the leucocyte of normal human blood. Isolation, 
spectrophotometry and atnino acid analysis. Biochemistry 
3: 1234-1238,1964. 

463. SCHWARZ, K. The cellular mechanisms of #amin E 
action: direct and indirect effects of a-tocopherol on mito- 
chondrial respiration. Ann. NY Acad. Sci. W45-52,19?2. 

464. SCHWARZ, K., AND C. M. FOLTZ. Selenium as an inte- 
gral part of factor 3 against dietary necrotic liver degenera- 
tion. J, Am. Chem. Sec. 79: 3292-3293, 1957. 

465. SEKI, H., Y. A. ILAN, Y. ILAN, AND G. STEIN. 
Reactions of the ferri-ferrocytochrome c system with 
superoxide/oxygen and CO,-/CO, studied by fast pulse 
radiolysis. B&him. Biophys. Acta 440: 573-586, 1976. 

466. SELIGER, H. H. Chemiluminescence of HtO,-NaOCl solu- 
tions. J. Chem. Phys. 40: 3133-3134, 1964. 

467. SELIGMAN, A. M., M. J. KARNOVSKY, H. L. 
WASSERKRUG, AND J. S. HANKER. Nondroplet ultra- 
structural demonstration of cytochrome oxidase activity 
with a polymerizing osmiophilic reagent, diaminobenxidine 
(DAB). J. Cell Biol. 38 1-14, 1968. 

468. SHILLING, C. W., AND B. H. ADAMS. A study of the 
convulsive seizures caused by breathing oxygen at high 
pressure. US Nav. Med. Bull. 31: 112-121, 1933. 

469. SHIO, H., M. G. FARQUHAR, AND C. DE DUVE. Lyso- 
somes of the arterial wall. Cytochemical localization of 
acid phosphatase and catalase in smooth muscle cells and 
foam ceils from rabbit atheromatous aorta. Am. J. Path&. 
76: l-10, 1974. 

470. SIES, H. Biochemistry of the perogisome in the liver cell. 
Angw. Chem. Znt. Ed. En& 13: 706-?18,1974. (Biochimie 
des Peroxysomes in der Lebemelle. Angew. Chem. 86: 
739-301, 1974.) 

471. SIES, H. Pero-xisomai enzymes and oxygen metabolism in 
liver. In: Hypoxia and Zschemia, edited by B. Chance, 
R. Coburn, M. Reivich, and R. Lahiri. New York: Plenum, 
1977, p. 51-66. 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



July 1979 HYDROPEROXIDE METABOLISM 603 

477. 

478. 

479. 

480. 

481. 

482. 

483. 

486. 

487. 

SIES, H., C. GERSTENECKER, H. MENZEL, AND 
L. FLOHE. Oxidation in the NADP system and the re- 
lease of GSSG from hemoglobin-free perfused rat liver 
during peroxidatic oxidation of glutathione by hydra 
peroxides.FEBS Lett. 27: 1’71-1’75, 1972. 
SIES, H., C. GERSTENECKER, K. H. SUMMER, 
H. MENZEL, AND L. FLOHE. Glutathione-dependent 
hydroperoxide metabolism and associated metabolic transi- 
tions in hemoglobin&e perfused rat liver. In: GlutaUlione, 
edited by L. Flohe, C. Benohr, H. Sies, H. D. Wailer, and 
A. Wendel. Stuttgart: Thieme, 1973, p. 261-275. 
SIES, H., AND M. GROSSKOPF. Oxidation of cytochrome 
b, and hydroperoxides in rat liver. Eur. J. Biochem. 5’7: 
513-520, 1975. 
SIES, H., V. HERZOG, AND F. MILLER. Electron 
microscopic and spectrophotometric studies on mito- 
chondrial and peroxisomal reactions with diaminobenzidine 
in hemoglobin-free perfused rat liver. In: Proc. 5th Eur. 
Congr. Electron Microscopy. 1972, p. 274-275. 
SIES, H., AND K. M. MOSS. A role of mitochondrial 
glutathione-peroxidase in modulating mitochondrial oxida- 
tions in liver. Eur. J. Bioch-em. 84: 377-383, 1978. 
SIES, H., AND K. H. SUMMER. Hydroperoxide metabohz 
ing systems in rat liver. Eur. J. Biochem. 57: 593-512, 
1975. 

Kidney Tubules in Metabolic Studies, edited by J. M. 

SIES, H., K. H. SUMMER, AND M. GROSSKOPF. 
Hydroperoxide-linked perturbation of glutathione redox 
state and its use in the study of NADPH-dependent path- 
ways in liver cells. In: Use of Isolated Liver Cells and 

494. 

495. 

496. 

497. 

498. 

499. 

500. 

501. 

SRIVASTAVA, S. K., AND E. BEUTLER. Cataract pro- 
duced by tyrosinase and tyrosine systems in rabbit lens 
in vitro. Biochem. J. 112: 421-425, 1969. 

SRIVASTAVA, S. K., AND E. BEUTLER. The transport 
of oxidized glutathione from the erythrocytes of various 
species in the presence of chromate. Biochem. J. 114: 833- 
837, 1969. 
STADTMAN, E. R., AND A. KORNBERG. The purifica- 
tion of coenzyme A by ion exchange chromatography. 
J. Biol. Chem. 203: 47-54, 1953. 
STEIN, S. N., AND R. R. SONNENSCHEIN. Electrical 
activity and oxygen tensions of brain during hyperoxic 
convulsions: experimental methods and results. J. Aviut. 
Med. 21: 401-404, 1950. 
STELMASZYNSKA, T., AND J. M. ZGLICZYNSKI. 
Studies on hog intestine mucosa peroxidase. Eur. J. Bio- 
them. 19: 56-63, 1971. 
STERN, K. G. On the mechanism of enzyme action. A study 
of the decomposition of monoethyl hydrogen peroxide by 
catalase and of an intermediate enzyme-substrate com- 
pound. J. Biol. Chem. 114: 473-494, 1936. 
STEVENS, J. B., AND A. P. AUTOR. Induction of super- 
oxide dismutase by oxygen in neonatal rat lung. J. Biol. 
Chem. 252: 3509-3514, 1977. 
SUGIOKA, K., AND M. NAKANO. A possible mechanism 
for the generation of singlet molecular oxygen in NADPH- 
dependent microsomal lipid peroxidation. Biochim. Bio- 
phys. Acta 423: 203-216, 1976. 

Tager, H. D. Soling, and J. R. Williamson. Amsterdam: 
North-Holland, 1976, p. 317-322. 
SIES, H., A. WAHLLANDER, I. LINKE, AND 
A. MARKLSTORFER. Glutathione d&hide (GSSG) efaux 
from liver occurs via excretion into bile. Hoppe-Seylds 
2. Physiol. Chem. 359: 1151, 1978. 
SIES, H., AND A. WENDEL (Editors). Functions of Glu- 
tathione in Liverand Kidney. New York: Springer, 1978. 
SINET, P. M., F. LAVELLE, A. M. MICHELSON,AND 
H. JEROME. Superoxide dismutase activities of blood 
platelets in trisomy-21. Biochem. Biophys. Res. Commun. 
67: 904-909, 1975. 
SINET, P. M., A. M. MICHELSON; A. BAZIN, 
J. LEJEUNE, AND H. JEROME. Increase in glutathione 
peroxidase activity in erythrocytes from trisomy-21 sub 
jects. B&hem. Biophys. Res. Commun. 67: 910-915, 
1975. 

peroxidation by EDTA-chelated iron. Federation Proc. 
5Ola.SVINGEN, B. A., AND S. D. AUST. Propagation of lipid 

37: 1706, 1978. 

SLATER, E. C. Application of inhibitors and uncouplers 
for a study of oxidative phosphoryIation. &fet%u& Enzymul. 
lo: 48-57, 1966. 
SLIGAR, S. G., J. D. LIPSCOMB, P. G. DEBRUNNER, 
AND J. C. GUNSALUS. Superoxide anion production by 
the autoxidation of cytochrome P-450,,,. Biochem. 
Biophys. Res. Commun. 61: 296-296, 1974. 
SMITH, J. E. Relationship of in vivo erythrocyte gluta- 
thione flux to the oxidized glutathione transport system. 
J. Lab. Clin. Med. 83: 444-450, 1974. 
SOMERSON, N. L., B. E. WALLS, AND R. M. CHANOCK. 
Hemolysin of Mycoplasmu pneumoniae: tentative identifi- 
cation as a peroxide. Science 150: 226-228, 1965. 
SORGATO, M. C., L. SARTORELLI, G. LOSCHEN, 
AND A. AZZI. Oxygen radicals and hydrogen peroxide in 
rat brain mitochondria. FEBS L&t. 45: 92-95, 1974. 
SRIVASTAVA, S. K., Y. S. AWASTHI, AND 
E. BEUTLER. Useful agents for the study of glutathione 
metabolism in erythrocytes. B&hem. J. 139: 289-295, 
1974. 

502. 

503. 

504. 

505. 

506. 

507. 

508. 

509. 

510. 

511. 

512. 

SVOBODA, D. J., AND D. L. AZARNOFF. Response of 
hepatic microbodies to a hypolipidemic agent, ethyl chloro 
phenoxyisobutyrate (CPIB). J. Cell Biol. 30: 442-450, 
1966. 
SVOBODA, D. J., AND D. L. AZARNOFF. Effects of 
selected hypolipidemic drugs on cell ultrastructure. 
Federation Proc. 30: 841-847, 1971. 
SVOBODA, D. J., AND J. K. REDDY. Pathology of the 
liver in Reye’s syndrome. Lab. Invest. 32: 571-579, 1975. 
SZILARD, L. On the nature of the aging process. Proc. 
Natl. Acad. Sci. USA 45: 30-45, 1959. 
TAKANAKA, K., AND P. J. 0’BRIEN:Mechanisms of 
H,O, formation by leukocytes. Arch. B&hem. Biophys. 
169: 428-435, 1975. 
TAKAHARA, S. Progressive oral gangrene probably due 
to lack of catalase in the blood (acatalasemia).. Lancet 2: 
1101-1104, 1952. 
TAKAHARA, S. Acatalasemia in Japan. In: Hereditary 
Disor&ers of Eqtknyte Metabolism, edited by E. BeutIer. 
New York: Grune & Stratton, 1968, p. 21-40. 
TAMURA, M., N. OSHINO, AND B. CHANCE. The myo- 
globin probed optical studies of myocardial energy metab- 
olism. In: Oxygen Transport to Tissue-III, edited by I. A. 
Silver, M. Erecinska, and H. I. Bicher. New York Plenum, 
1978, p. 85-91. 
TAPPEL, A. L. Lipid peroxidation damage to ceII com- 
ponents. Federation Proc. 32: 1870-1874, 1973. 
TARUSOV, V. N., A. I. POLIVODA, AND A. I. 
ZHURAVLEV. Detection of chemiluminescence in the 
mouse liver. Radiobiologiya 1: X0-151, 1961. 
TARUSOV, B. N., A. I. POLIVODA, A. I. ZHURAVLEV, 
AND E. N. SEKAMOVA. Ultra-weak spontaneous 
luminescence of animal tissues. Tsitologiya 4: 696-699, 
1962. 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



604 CHANCE, SIES, AND BOVERIS Volume 59 

512a,TAUBER, A. I., AND B. M. BABIOR. Evidence for phosphate in the cytoplasm of rat liver. Biochem. J. 115: 
hydroxyl radical production by human neutrophils. J. Clin. 609-619, 1969. 
Invest. 60: 374-379, 1977. 532. VERSMOLD, H. T., H. J. BREMER, V. HERZOG, 

513. TEPHLY, T. R., R. E. PARKS, AND G. J. MANNERING. G. SIEGEL, D. B. BASSEWITZ, H. VOSS, I. LOMBECK, 
Methanol metabolism in the rat. J. Phurmacol. Exp. Ther. AND B. BRAUSER. A metabolic disorder similar to 
143: 292-300,1964. Zellweger syndrome with hepatic and absence of peroxi- 

514. THALER, M. M., F. W. BRUHN, M. N. APPLEBAUM, somes, altered content and redox state of cytochromes, 
AND J. GOODMAN. Reye’s syndrome in twins. J. Pediutr. acatalasia and infantile cirrhosis with hemosiderosis. 
77: 638-646, 1970. Eur. J. Pediutr. 124: 261-275, 1977. 

515. THAYER, W. S. Adriamycin-stimulated superoxide for- 533. VINA, J., R. HEMS, AND H. A. KREBS. Maintenance 
mation in submitochondrial particles. Chem. Btil. Interwct. of glutathione content of isolated hepatocytes. Biochem. J. 
19: 265-278, 1977. 170: 627-630, 1978. 

516. THEORELL, H. Crystalline peroxidase. Enzymologia 10: 533a.WAYDHAS, C., K. WEIGL, AND H. SIES. The dispo- 
250-252, 1942. sition of formaldehyde and formate arising from drug 

517. THEORELL, H. The iron-containing enzymes B. ca&lases N-demethylations dependent on cytochrome P-456 in 
and peroxidases. Hydroperoxidases. In: The Enzymes, hepatocytes and in perfused rat liver. Eur. J. Biochem. 
edited by J. B. Sumner and K. Myrback. New York: . 89: 143-150, 1978. 
Academic, 1951, vol. II, p. 397-427. 

518. THEORELL, H., B. CHANCE, T. YONETANI, AND 
N. OSHINO. The combustion of alcohol and its inhibition 
by 4-methyl-pyrazole in per&& rat livers. A-h. Biochem. 
Biophys. 151: 434-444, 1972. 

519. THURMAN, R. G., H. G. LEY, AND R. SCHOLZ. Hepatic 
microsomal ethanol oxidation, hydrogen peroxide forma- 
tion and the role of catalase. Eur. J. Biochem. 25: 420-430, 
1972. 

520. TIETZE, F. Enzymic method for quantitative determina- 
tion of nanogram amounts of total and oxidized glutathione. 
Anal. Biochem. 27: 502-522, 1969. 

521. TOMASZ, M. H,O, generation during the redox cycle of 
mitomycin C and DNA-bound mitomycin C. Chem. Biol. 
Interact. 13: 89-97, 1976. 

522. TSEN, C. C., AND G. B. COLLIER. The protective action 
of tocopherol against hemolysis of rat erythrocytes by 
dialuric acid. Can. J. Biochem. Physiol. 38: 957-964,196O. 

523. TYLER, D. D. Presence and function of superoxide dismu- 
tase in mitochondria. In: Abstr. 9th Znt. Congr. Biochem. 
Stockholm. 1973, abstr. 4e, p. 28. 

524. TYLER, D. D. Polarographic assay and intracellular dis- 
tribution of superoxide dismutase in rat liver. Biochem. J. 
147: 493-504, 1975. 

525. ULLRICH, V. Enzymatic hydroxylations with molecular 
oxygen. Angew. Chem. Znt. Ed. Engl. 11: 701-712,1972. 

526. VAN DEN BRENK, H. A. S., AND D. JAMIESON. 
Pulmonary damage due to high pressure oxygen breathing 
in rats. Au&. J. Exp. Biol. Med. Sci. 40: 37-50, 1962. 

527. VAN DEN BRENK, H. A. S., AND D. JAMIESON. Brain 
damage and paralysis in animals exposed to high pressure 
oxygen. Pharmacological and biochemical observations. 
Biochem. Phurmaeol. 13: 165-182, 1964. 

528. VAN HARKEN, D. R., T. R. TEPHLY, AND G. R. 
MANNERING. Methanol metabolism in the isolated per- 
fused rat liver. J. P~LWWUNO~. Exp. Ther. 149: 36-42,1965. 

529. VARGAFI’IG, B. B., I. TRANIER, AND M. CHIGNARD. 
Blockage by metal complexing agents and by catalase of the 
effects of arachidonic acid on platelets: relevance to the 
study of anti-inflammatory mechanisms: Eur. J. Phurma- 
col. 33: 19-29, 1975. 

530. VATSIS, K. P., AND M. J. COON. On the question of 
whether cytochrome P-456 catalyzes ethanol oxidation: 
studies with purified forms of the cytochrome from rabbit 
liver microsomes. In: Alcohol and Aldehyde Metabolizing 
Systems, edited by R. G. Thurman, J. R. Williamson, 
H. R. Drott, and B. Chance. New York: Academic, 1977, 
vol. II, p. 307-3221 

531. VEECH, R. L., L. V. EGGLESTON, ANDH. A. KREBS. 

534. WALLING, C. Free Radicals in Solution (2nd ed.). New 
York: Wiley, 1963, p. 565. 

535. WALLING, C. Chemistry of the organic peroxides. Rudiut. 
Res. Suppl. 3: 3-16, 1963. 

536. WARBURG, 0. Uber die antikatalytische Wirkung der 
Blausiiure. B&hem. 2. 136: 266-277, 1923. 

537. WARBURG, 0. Uber die Grundlagen der Wielandschen 
Atmungstheorie. Biochem. 2. 142: 518-523, 1923. 

538. WARBURG, 0. Uber Eisen, den sauertofffbertragenden 
Bestandteil des Atmungsferments. B&hem. 2. 152: 479- 
494,1924. 

539. WARBURG, 0. Partielle Anaerobiose der Krebszehen und 
Wirkung der Riintgenstrahlen auf Krebszellen. Nuturwis- 
senschu. 46: 25-29, 1959. 

540. WARBURG, O., AND E. NEGELEIN. Uber das Absorp- 
tionsspektrum des Atmungsferments. Biochem. 2. 214: 
64-100,1929. 

541. WASSERMAN, H. H., AND J. R. SHEFFER. Singlet 
oxygen reactions from photoperoxides. J. Am. Chem. Sot. 
89: 3073-3075, 1967. 

542. WEIGL, K., AND H. SIES. Drug oxidations dependent 
on cytochrome P-456 in isolated hepatocytes. The role of 
the tricarboxylates and the aminotransferases in NADPH 
supply. Eur. J. Biochem. 77: 401-408, 1977. 

543. WEISIGER, R. A., AND I. FRIDOVICH. Superoxide 
dismutase. Organelle specificity. J. Biol. Chem. 248: 3582- 
3592, 1973. 

544. WEISIGER, R. A., AND I. FRIDOVICH. MitochondriaI 
superoxide dismutase. Site of synthesis and intramito- 
chondrial localization. J. Biol. Chem. 248: 4793-4796, 
1973. 

545. WENDEL, A., W. PILZ, R. LADENSI‘EIN, G. SAWAT- 
ZKI, AND U. WESER. Substrate-induced redox change 
of selenium in glutathione peroxidase studied by X-ray 
photoelectron spectroscopy. B&him. Biuphys. Actu 377: 
211-215, 1975. 

546. WENDELL, P. L. Measurement of oxidized glutathione 
and total glutathione in the perfused rat heart. Biochem. J. 
117: 661-665, 1970. 

547. WERRINGLOER, J., N. CHACOS, R. W. ESIABROOK, 
I. ROOTS, AND A. G. HILDEBRANDT. Microsomal 
electron transport reactions: the formation and utilization 
of hydrogen peroxide as related to alcohol metabohsm. 
In: Alcohol and Aldehyde Metabolizing Systems, edited 
by R. G. Thurman, J. R. Williamson, H. R. Drott, and 
B. Chance. New York: Academic, 1977, vol. II, p. 351- 
366. 

548. WEST, C. E., AND T. G. REDGRAVE. Reservations on 
the use of polyunsaturated fats in human nutrition. Search 

The redox state of free nicotinamide-adenine dinucleotide 5: 90-94, 1974. 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.



July 19?‘9 HYDROPEROXIDE METABOLISM 605 

649. 

550. 

551. 

552. 

553. 

664. 

555. 

WHITE, H. L., AND J. R. WHITE. Lethal action and 556. 
metabolic effects of streptonigrin on &derichia coli. Mol. 
Phurm.ucol. 4: 549-657, 1968. 
WIELAND, H. Uber den Mechanismus der Oxidations- ~7, 
vorgiinge. 9. Liebig’e Ann. 446: 181-201, 1925. 
WIELAND, H., AND W. MITCHELL. Uber den 
Mechanismus der Oxidationsvorgiinge. 29. Dehydrogenat- 
ing enzymes of milk. Liebig’s Ann. 492: 166-182, 1932. 
WILKINSON, R. W., D. R. POWARS, AND P. HOCH- 
STEIN. New evidence for the role of NADH oxidase in 

558 
’ 

phagocytosis by human granulocytes. Biochem. Med. 13: 
83-88,1975. 
WLODAWER, P., H. KINDAHL, AND M. HAMBERG. 55g’ 
Biosynthesis of prostaglandin F% from arachidonic acid 
and prostaglandin endoperoxides in the uterus. Biochim. 
Biophye. Acta 431: 603-614, 1976. 560. 

WOOD, J. D., AND G. F. PERKINS. Factors influencing 
hypertension and pulmonary edema produced by hyper- 
baric oxygen. Aeroap. Med. 41: 869-872, 1970. 561. 
YAMAZAKI, I. Peroxidase. In: Mok.&wMechanisms of 
Oxygen Activation, edited by 0. Hayaishi. New York: 
Academic, 1974, p. 535-558. 

NOTE ADDED IN PROOF 

Additional references relevant to the scope of this review are: 
Oxygen Free Radicals and Tkue Damqp. Ciba Found. Symp. OHTAKI, S., K. MASHIMO, AND I. YAMASAKI. Hydrogen 
65 (New Ser.), in press. peroxide generating system in hog thyroid microsomes. 
FLOHE, L., Glutathione peroxidase: fact and Action. In: B&him. Biophy8. Acta 292: 825~833,1973. 
Owgen Free Radicals and Tiswre Damage. Ciba Found. SIES, H., A. WENDEL, AND R. BURK. Se- and non-Se 
Symp. No. 66 (New Ser.), in press. glutathione peroxidases: enzymology and cell physiology. In: 
FLOWER, R. J. Biosynthesis of prostaglandins. In: Oylgen O*ee and Related Redoz Systems 111, edited by T. E. King, 
Free Radicals and Tisw Damage. Ciba Found. Symp. No. H. S. Mason, and M. Morrison. New York: Academic, in press. 
66 (New Ser.), in press. 

YAMAZAKI, I., AND L. H. PIETTE. The mechanism 
of aerobic oxidase reaction catalyzed by peroxidase. 
Biochim. Biophys. Acta 77: 47-64, 1963. 

YONETANI, T. Studies on cytochrome c peroxidase. II. 
Stoichiometry between enzyme, H209 and ferrocyto- 
chrome c and enzymic determination of extinction coef- 
ficients of cytochrome c. J. Biol. Chem. 240: 4509-4514, 
1965. 

YONETANI, T., AND G. S. RAY. Studies on cytochrome 
c peroxidase. I. Purification and some properties. J. Biol. 
Chem. 240: 4503-4508, 1965. 

YOST, F. J., JR., AND I. FRIDOVICH. An iron-containing 
superoxide dismutase from Edwrichia coli. J. Biol. Chem. 
248: 4905-4908, 1973. 

YOST, F., AND I. FRIDOVICH. Superoxide radicals and 
phagocytosis. Arch. Biochem. Biophys. 161: 395-401, 
1974. 
ZIMMERMANN, R., L. FLOHE, U. WESER, ANDH. J. 
HARTMANN. Inhibition of lipid peroxidation in isolated 
inner membrane of rat liver mitochondria by superoxide 
dismutase. FEBS Ldt. 29: 117-120, 1973. 

Downloaded from journals.physiology.org/journal/physrev (182.053.171.138) on June 15, 2024.


