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I. INTRODUCTION

"Hypoxia'' is a general term for decreased oxygen availability
to cells. The decrease may be small or great (anoxia=without oxygen),
and the resulting physiological variations from normal may be acute
or chronic, reversible or irreversible, innocuous or deadly., Usually
hypoxia is a consequence of or concomitant with other medical prob-
lems. When cells are deprived of oxygen, however, the severity and
duration of deprivation is important in determining the capability of
recovery of normal cellular function, Unraveling mechanisms of cell
injury at the biomolecular level is indeed complex, It requires a
thorough knowledge of oxygen utilizing enzymes and their dependence
upon oxygen. The purpose of this dissertation is to develop a model
for the study of the biochemistry of hypoxia on a cellular level,

Part I, A of this introduction deals with the history of the bio-
chemistry of hypoxia and contains a brief summary of some major
developments of oxygen metabolism and cellular responses to hypoxia,
Part I.B reviews the current knowledge of the biochemistry of hypoxia
and includes theories on the mechanism of hypoxic lesions at the
biomolecular level. Part I.C presents a statement of the problem of

this dissertation.



I. A. History

A comprehensive history of hypoxia is not available, The under-
standing of physiological responses to hypoxia was closely tied to the.
development of the general field of respiratory physiology (Haldane
and Priestley, 1935; Perkins, 1964; van Liere and Stickney, 1963).
The development of the biochemistry of hypoxia was greatly depen-
dent upon understanding of cellular respiration. The treatment here
is a brief overview of major concepts of hypoxia. Additional informa-
tion may be obtained from an excellent book by Keilin (1966), '"The
History of Cell Respiration and Cytochrome, ' and a series of
scientific papers and essays collected by Kalckar (1969), "Biological
Phosphorylations: Development of Concepts.'' A chronology of
discoveries in the broad context of hypoxia is given in Appendix I,

A fundamental step in the history of hypoxia was development
of the concept that oxygen is essential for normal function of the body.
Robert Boyle (1670) published a series of experiments using an air
pump to evacuate a vessel containing small animals. He concluded
that an unknown part of air is necessary for life, Robert Hooke
corroborated this conclusion (1667). He carved away the ribcage of
a dog and pricked tiny holes in the lungs to allow escape of air,

Using a pair of bellows to maintain the lung constantly inflated, he

showed that the dog survived perfectly well so long as there was a



continual supply of fresh air. As soon as the supply stopped, the
animal went into convulsive fits. John Mayow (Medico-Physical
Works, 1674) discussed a 'mitro-aereal' spirit found in the air which
is consumed during animal respiration and during combustion.
Although oxygen itself had not been discovered at this time, two of its
important properties were known, namely, that it is present in air
and that it is required during respiration and combustion.

The preparation of pure oxygen marked a new age of science;
Priestley and Scheele prepared and characterized oxygen indepen-
dently (1771-1774). Lavoisier (1789) utilized this discovery along
with his own quantitative experiments to establish a firm basis for
the development of modern chemistry and extended the observations
of Priestley that oxygen is the component of air essential for life,

Lavoisier made other important contributions to understanding
respiration, notably the use of calorimetry to show that the same
amount of heat is produced during respiration and combustion. He
showed that the quantity of oxygen consumed by an animal is not
affected by concentration changes, but that the quantity consumed is
greatly influenced by exercise, digestion and external temperature
(Keilin, 1966). Thus, he established that oxygen utilization by the
body is determined by the needs of the body and was not merely by

oxygen concentration.



Oxygen consumption was demonstrated to occur in tissues by
Spallanzani (1791), but this work was not published for several years
(Keilin, 1966), Its acceptance was further delayed because it
challenged the accepted view of a central life force. The shift of
scientific thinking followed additional studies by Liebig (1850).
Measurement of oxygen consumption by various tissues was accom-
plished during the period 1910-1930 by improved methods of mano-
metry introduced by Barcroft and Haldane and used widely by Warburg
(Dickens and Simers, 1930; Dixon, 1934; see Section I, B, }.

The concept that oxygen consumption occurs primarily in the
tissues produced the question of how cells in a tissue are supplied
with oxygen. The Kroghs (1919) applied Fick's diffusion theory to
oxygen diffusion through tissue. They measured this diffusion
and studied capillary patterns to provide a description of oxygen
supply to cells in terms of capillaries supplying surrounding tissue
cylinders with oxygen by radial diffusion (Krogh, 1922),

The development of polarographic electrodes which can be used
for measurement of oxygen tension within living tissues has recently
allowed the commencement of a systematic analysis of tissue oxygen
supply. Salomon discovered that oxygen reduction affected the
current of a platinum wire (1897). Its use for oxygen determination
became possible after the development of the polarographic electrode

system (Heyrovsky, 1925), The first accurate tissue oxygen



measurements were made by Davies and Brink (1942) using a

recessed platinum electrode with a collodion film to cover the plati-
num, Clark (1956) introduced a further modification, a membrane-
coated platinum electrode containing a silver-silver chloride reference
electrode. This electrode is valuable for blood and solution oxygen
measurements, but because of its size, is of limited value for tissue
work, A platinum micro-electrode consisting of a 100 pm platinum
core) coated with glass and with an exposed 10 pm platinum tip which
is suitable for tissue oxygen measurements was described by Cater
and Silver (1961).

Introduction of hot air balloons by the Montgolfier brothers
(1783) had a great impact on the study of hypoxia since it produced a
method for rapid induction of altitude sickness without complicating
affects of exercise and dietary changes, Paul Bert (1878) showed that
oxygen deprivation alone was sufficient to cause all manifestations of
altitude sickness., Thus, the study of altitude sickness and mountain
sickness became the study of oxygen deprivation. During the subse-
quent half century the physiology of oxygen deprivation was intensely
" investigated, resulting in a classification of anoxemias by Barcroft
(1920; see Table I-A), and a general understanding of the physiologi-
cal responses to hypoxia (see Haldane and Priestley, 1935).

An understanding of the relationship of cellular energetics to

biological oxidations was essential for a biochemical interpretation of



hypoxia., Liebig (1824) showed that carbohydrates, fats and protein
are burned by the body. The discovery of catalysis by Vogel in 1812
and independently by Davy in 1820, formulated into a theory of cataly-
sis by Berzelius in 1837, led to the view that cells contain a chemical
catalyst responsible for the oxidation of foodstuffs (Keilin, 1966).
Arthur Harden observed that addition of boiled yeast extract to a yeast
extract incubation with glucose greatly stimulated alcoholic fermenta-
tion. Subsequent research (Harden and Young, 1906) established

that the specific effect was due to inorganic phosphate and cozymase
(NAD+). This investigation led to the study of the affect of these sub-
stances on muscle metabolism (Dickens, 1951) and ultimately to an
understanding of glycolysis, the tricarboxylic acid cycle, and oxida-
tive phosphorylation.

The presence of lactic acid in tissues was known at the time
Lavosier established the foundations of modern chemistry, but its
role in metabolism was not understood. Araki (1890) noted that large
quantities of lactate were produced in the body at high altitudes.
Fletcher and Hopkins (1907) found that electrical stimulation of muscle
contraction resulted in an accurnulation of lactate., Embden and co-
workers studied the precursors of lactate; they reasoned from the
work of Harden and Young that sugar phosphates in the presence of
muscle extract should yield lactic acid and inorganic phosphate.

Their results showed this correlation (Kalckar, 1969)., Warburg



(1923) concluded that glycolys'is supplied energy requirements for
mammalian cells in the same manner that carbohydrates are used by
bacteria. Further, the inhibitory effect of oxygen upon fermentation
(glycolysis), originally discovered by Pasteur, was recognized
(Warburg, 1926) as a link between respiration and glycolysis. Hill
and coworkers (1924) and Bang (1935) showed that lactate accumula-
tion during exercise is related to oxygen debt, Lipmann (1941)
explained this phenomenon in terms of a switch between a more effi-
cient aerobic energy yielding system, respiration, and the less
efficient system, glycolysis.

During the years 1912-1922, Wieland and coworkers actively
studied the class of oxido-reductases known as dehydrogenases and
advanced the theory that the oxidative processes in cells are due to
the enzymatic activation of hydrogen and subsequent reaction with a
suitable electron acceptor such as molecular oxygen (Keilin, 1966).
Concomitantly, Warburg searched for a respiratory enzyme contain-
ing iron which could react with oxygen to increase the valence state
of the iron. The iron could then react with organic substances and
revert back to its bivalent state, thus catalyzing respiration. The
conflict between these theories was resolved by Keilin (1929) only six
years after his rediscovery of cytochromes. He showed that these
pigments could undergo oxidation and reduction and proposed that

they act as a link between dehydrogenases and oxygen.



The final segment between pyruvate and the dehydrogenases
was provided by Krebs (1937), He observed the biochemical synthesis
of citric acid from a mixture of oxaloacetic acid and pyruvic acid,
and proposed a cycle commencing with this condensgation and leading
to oxaloacetate (Section I, B.4.).

Adenosine triphosphate and phosphocreatine were isolated from
muscle by Fiske and Subbarow (1927, 1929). Respiratory dependent
phosphorylation by lysed erythrocytes was demonstrated by Englehardt
(1930, 1932) and in iodoacetate poisoned muscle by Lundsgaard (1930).
Kalckar (1937) showed that phosphorylation in renal cortex is propor-
tional to oxygen consumption. Belister and Tsybokova (1939) and
Ochoa (1940) determined ratios of phosphorylation relative to oxygen
consumption of 2 to 3, which suggested that transfer of reducing
equivalents between carriers could be harnessed for phosphorylation
(Kalckar, 1969). The localization of these reactions in mitochondria
was demonstrated by Kennedy and Lehninger (1948).

The central role of ATP in the transfer of energy from oxidative
metabolism to support cellular functions was proposed by Lipmann
(1941). Eggleton and Eggleton (1927) had previously observed that an
acid labile phosphoric ester is rapidly decreased in muscle during
fatigue. Stone, Marshall and Nims (1941) showed that phosphocrea-

tine decreases in the brain during short periods of anoxia, and



9
Gurdjian, Webster and Stone (1949) showed that under severe hypoxia
decomposition of adenosine triphosphate occurs.

The cellular oxygen requirement was accounted for in terms of
oxidative phosphorylation by Chance (1957), However, other oxygen
utilizing enzymes have been known since Bertrand (1894) described
laccase. Mason, Folkes and Peterson (1955) and Hayaishi, Katagiri
and Rothberg (1955) independently used 1802 to show that molecular
oxygen is directly incorporated into enzymatic products. Subse-

quently, numerous oxygen-dependent enzymes have been discovered

and their oxygen dependence studied (Section I.B. ).

I.B. The Biochemistry of Hypoxia

This section contains discussions of 1) the definition and
classification of hypoxias, 2) systemic affects of hypoxia, 3) the
cellular oxygen supply, 4) cellular metabolism of oxygen, 5) biochem-

ical studies of hypoxia, and 6) theories of hypoxic pathophysiology.

I. B. 1. Definition and Classification of Hypoxias

Hypoxia is a condition of oxygen insufficiency in whole animals
or isolated tissues (Bendixen and lL.aver, 1964; Van Liere and
Stickney, 1963)., This definition implies that oxygen tension,
decreased from normal, causes a functional change, A schematic

diagram showing the causal relationship of oxygen deprivation to
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functional changes is presented in Figure I-1, The primary hypoxic
events are probably enzymatic oxygen deficiencies. If oxygen defi-
ciency affects cytochrome oxidase, it alters the available energy sup-

ply or redox state of the cell and is consequently a bioenergetic

hypoxia., If it affects the metabolic incorporation of molecular oxygen

by an oxidase, it is a metabolic hypoxia. Biochemical changes which

occur as a consequence of the primary hypoxia are secondary hypoxic

events, Bioenergetic hypoxia results in decreased ATP, phosphoryl
potential, adenylate energy charge, and a more negative redox poten-
tial. Consequently, effects of these changes upon cell functions such
as protein synthesis, active transport, enzyme reactions, cellular
pH, or muscle contraction, are secondary events characteristic of
bicenergetic hypoxia. Metabolic hypoxia results in decreased rate of
substrate oxygenation and product formation, and may also affect the
redox state of the cell. Secondary consequences may occur by diver-
sion of substrates into alternate pathways, lack of a reaction product
which is needed for another function, or prolonged biological activity
of a hormone or drug due to incapacity for removal,

On a physiological basis, hypoxia is defined operationally with
respect to oxygen tensions found in normal healthy individuals at sea
level, The following may be used as criteria for hypoxia: 1) the

) is

P(OZ) of inspired air is below 154 torr ; 2) the arterial P(O2

below 95 torr ; 3) the median or average P(OZ) for a specific tissue



Figure I-1.

11

Schematic representation of the pedigree of causes
during hypoxia. This scheme relates the hypothetical
sequence of events during hypoxia as described by the
current theory. The simplifying assumption that the
initiating physiological event is an uncomplicated cellular
hypoxia was used. The primary biochemical events are
enzymatic oxygen deficiencies and all other biochemical
and physiological changes occur as a consequence of
these primary hypoxic events.
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is reduced from noermal (see Figure I-3; Kessler et al., 1973;
Losse et al,, 1973; Lubbers, 1973; Schuchhardt, 1973; Vaupel,
Braunbeck and Thews, 1973; Vaupel et al., 1973; Whalen, 1973).

Oxygen tension is not always measurable, and in such cases one
must rely upoh physiological or biochemical changes as criteria for
hypoxia. Since changes occur only as a consequence of decreased
oxygen to an oxidase, the affinity of the oxidase for oxygen will deter-
mine the degree of hypoxia under which the change is elicited (see
Section I. B.4.). Thus, functional changes dependent upon different
oxidages will occur at different oxygen tensions. These changes are
defined by the primary oxidase affected; for example, an altered rate
of norepinephrine synthesis due to oxygen insufficiency to dopamine

p-hydroxylase is termed dopamine f-hydroxylase hypoxia. This usage

defines explicitly the biochemical system and condition. It requires
that the tissue oxygen tension is subnormal and that oxygen depen-
dence is not zero order. It does not reflect in any way whether the
condition is beneficial, innocuous, or harmful.

Two terms for operationally defining the oxygen dependence of

different systems are critical oxygen tension and half maximal

oxygen tension (Chance, 1957; Chance et al., 1962; Cohen, 1972;

Gurdjian, Stone and Webster, 1944; Hill, 1948; Jobsis, 1964;

Stainsby, 1966). Critical oxygen tension means here the oxygen

tengion at which the first observable biochemical change occurs in an
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oxygen-dependent system as the oxygen tension is lowered from an

oxypgen-independent range, i.e., the oxygen tension'at which a zero to

first order oxygen dependence transition begins, This definition is
more general than that usually stated (for instance, see Cohen, 1972,
or Jobsis, 1964), since it allows definition of a critical oxygen ten-
sion for each oxygen dependent function rather than simply for the

overall respiration rate, The half maximal oxygen tension is the

oxygen tension at which a half maximal change occurs in an oxygen
dependent function, This term can be used to describe metabolite
changes, enzyme activities, or other biological parameters. It is

NOT synonymous with Km(O,); it is a more general term which

2

encompasses Km(O,) values and may be used as an apparent Kxn(OZ)

2
only under conditions where é.n enzyme activity can be measured
directly as a function of oxygen tension. The use of critical oxygen
tensions and half maximal oxygen tensions allow comparison of
hypoxic changes in a semiquantitative fashion without regard to
reaction sequences or mechanisms and can be used to relate both
primary and secondary hypoxias.

Other terms often used to describe hypoxic conditions are

hypoxemia, anoxia, anoxemia, anaercbiasis, cyanosis, and ischemia.

Hypoxemia is a subnormal oxygen content in the blood, usually the
arterial blood. Anoxia is an absence of oxygen, and anogxemia is the

corresponding state of blood. Anaerobiasis is complete absence of
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oxygen and is generally applied to in vitro conditions. Cyanosis is a
clinical term for the bluish coloration of skin as in response to
hypoxemia or to decreased capillary circulation in the skin or
mucous membranes. Ischemia refers to partial or total cessation of
blood flow to a tissue or organ due to mechanical obstruction.

A classification of medically important hypoxias based upon
Barcroft's original classification of anoxemias (Barcroft, 1920) is
given in Table I-A, He proposed three types according to the physio-
logical cause: 1) low oxygen pressure in the blood (anoxia type),

2) reduced functional hemoglobin (anemic type), and 3) insufficient

blood supply to the tissues (stagnant type). Peters and Van Slyke

(1932) proposed a fourth type in which cells are supplied with suffi-
cient oxygen but are unable to utilize it because the cells are poisoned

(histotoxic type). Peters and Van Slyke modified their definition of

anoxia (hypoxia) to include this by defining anoxia as ''any condition
which retards the oxidation processes in the tissues.' This defini-
tion has not been accepted in subsequent literature, but the use of
"histotoxic hypoxia' continues (Ditimer and Grebe, 1958; Van Liere
and Stickney, 1963) because the symptoms caused by certain poisons
are similar to the symptoms of some hypoxias. The use of "histo-
toxic hypoxia' should be abandoned for several reasons: 1) It is not
a true hypoxia., 2) It provides the misleading impression that poison-

ing of a cellular component results in an exygen insufficiency such as
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would occur if a tissue oxygen carrier were inhibited (Longmuir and
McCabe, 1965); no such hypoxia has been demonstrated (however,
see Burns and Burtner, 1973; Gurtner and Burns, 1973). 3)Non-
specific metabolic inhibitors may affect respiration by mechanisms
quite unrelated to primary events in hypoxia. Thus, although some
characteristics of inhibition are similar to hypoxia, the remaining
metabolism is not,

A more appropriate term for metabolic disturbances similar

to hypoxia caused by specific inhibitors of oxidases is pseudohypoxia.

For inhibitors which have a low or unknown specificity the name of

the inhibitor is used as an adjective, e.g., cyanide pseudohypoxia.

If the inhibitor is known to be highly specific or if the inhibition of a
specific enzyme is being considered, the name of the enzyme is used
as an adjective in analogy to the naming of enzyme-specific hypoxias,

e.g., dopamine-3-hvdroxylase pseudohypoxia (DPH pseudohypoxia).

I.B.2. Systemic Effects of Hypoxia

Hypoxia is a major factor in the pathophysiology of most circula-
tecry and respiratory defects, These defects have a high incidence of
morbidity and mortality as shown in Tables I-B and I-C.

The U.S. National Center for Health Statistics reported that
over 57% of the deaths in 1973 were due to respiratory and circulatory

causes. The Metropolitan Life Insurance Company reported that in
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discussions of physiological responses to hypoxia are available
(Kronenberg et al., 1972; Tenney and Lamb, 1965; Van Liere and
Stickney, 1963). If physiological adaptations are inadequate to supply
the tissues with sufficient oxygen, muscular weakness, headache,
vomiting, incoordination, mental confusion, hearing problems, visual
problems and coma or death may occur (Van Liere anc¢ Stickney,
1963). The survival times of individual tissues during hypoxia offer
an indication of the extreme variability of the sensitivity of different
tissues to hypoxia. Ultimately, the survival of the entire organism
is dependent upon the individual components, and under various con-
ditions, different tissues may be the ''weakest link.!" Tenney and
Lamb (1964) list the maximum length of time that various tissues can
be revived following acute anoxia. The brain cortex is revivable for
only 5 minutes, while the medulla is revivable up to 15 minutes.
The heart may survive 10 minutes of anoxia and the liver and kidney
about an hour. Skeletal muscle is highly resistant to anoxia and can
survive in the resting state for 8 hours. Thus, in acute anoxia, the
brain is the most susceptible tissue,

The hope of hypoxia research is to identify the susceptible cell
types under the various clinical conditions and to provide a complete
pedigree of causality for hypoxic tissue damage. This knowledge of

sites and mechanisms of hypoxic damage is an essential prerequisite
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for a rational approach to therapy to minimize the morbidity and

mortality,

I. B. 3., Cellular Oxygen Supply

Function of oxygen utilizing systems depends upon the oxygen
tension available to these systems (see Section I. B.4.c.). Deter-
mination of tissue oxygen tensions and the factors affecting them are
consequently important to understanding the function of these systems.
Oxygen tension is a balance between consumption and supply.

Oxygen consumption rateg have been determined for many tissues

(Altman and Dittmer, 1971; Dittmer and Grebe, 1958), Representa-
tive values are found in Table I-D. The rates vary greatly between
tissues and within the same tissue during periods of different func-
tional activity. Skeletal muscle oxygen consumption during exercise
may increase 20-fold over resting values (37OC) of 0,25-1.0 ml
OZ/lOO gm/min (0,11-0.45 mM/min assuming specific gravity = 1;
Kunze, 1968). Gastrointestinal values parallel digestive functions
(Grim, 1965). Kidney Q(Oz)lrises with blood flow because increased

energy is required for absorption (Deetjen, 1968), In contrast, the

brain oxygen consumption is relatively constant (Lubbers, 1968).

1
Q(0O;) means oxygen consumption rate per unit tissue. The standard

physiological unit for oxygen consumption has been ml O, /100 gm
tissue/min, which has been retained in this discussion. However,
concentration units, as recommended by IUB, are included where
practicable,
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Intraorgan variations in Q(O,) are difficult to determine, and

5)
consequently less data are available., Variations have been detected
between working muscle fibers and Purkinje fibers in the heart (Fabel,
1968), grey matter and white matter in brain (Opitz and Schneider,
1950), cortex and medulla in kidney (Deetjen, 1968), and cortex and
medulla in adrenals (Sourkes and Heneage, 1952)., Oxygen consump-
tion also may differ either qualitatively or quantitatively in cells
according to their relationship to the capillary circulation. Mito-
chondrial shape in hepatic parenchymal cells is dependent upon intra-

lobular location (Copenhaver et al., 1971). This suggests a functional

variance which is of particular importance since most analyses of

tissue oxygenation assume homogeneous oxygen consumption. Like-

wise, oxygen consumption is usually considered to be continuous with
time; however, cyclical changes in mitochondrial or cellular oxygen
consumption in intact cells cannot be excluded (Aschoff and Pahl,
1970; Jobsis, 1972)., Delivery of oxygen to cells is influenced by

rate of blood flow, capillary density, capillary flow patterns, and

diffusion properties of the tissue.

Tables of blood flow rates to various tissues in different
organisms are available (Altman, 1959; Altman and Dittmer, 1971).
Measurement of tissue blood flows and factors affecting them are
treated in detail in recent symposia (Bain and Harper, 1967; Lubbers

et al,, 1968) and in three volumes entitled "Circulation, ' edited by
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W.F. Hamilton (1965) and will not be discussed here. A selected
list of bloed flow measurements is given in Table I-D,

As with oxygen consumption, blood flow varies between tissues.
This variation does not parallel oxygen consumption differences,
indicating that for some tissues blood supply to the tissue is not
strictly dependent upon oxygen consumption. Blood supply to differ-
ent parts of an organ also can vary, as evidenced by differences in
medullary and cortical flows in the kidneys (Selkurt, 1971). Blood
flow to a given tissue may be highly variable or relatively constant.
Flow to the liver may double during digestion or fall to 50% of normal
during exercise (Shoemaker and Elwyn, 1969). Blood flow to the brain
is remarkably constant (Opitz and Schneider, 1950).

Local heterogeneity of flow in skeletal muscle has been sug-
gested by Van Liew (1963), based upon regional variations in P(OZ)
and P(COZJ measurements, Lubbers (1973) measured capillary
flow on the surface of guinea pig brain and found local values to vary
from 41 to 200 ml/100 gm/min. Assuming homogeneous cellular
respiration, differences in blood flow could result in major differ-
ences in tissue oxygen tensions.

Capillary density is a second factor in determining delivery of
oxygen to cells, Different expressions of capillary densities in tis-
sues have been used (Altman and Dittmer, 1971): blood volume/

3
tissue mass, number of capillaries/mmz, length of capillaries/mm",
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and intercapillary distance (often expressed as maximum diffusion
distance = 1/2 intercapillary distance), Values for blood volumes,
capillary length/volume and maximum diffusion distances are given
in Table I-D. Blood volumes are crude estimates of capillary
density because of the rapid dilatations and constrictions which can
occur., Some organs, such as the spleen and liver, have a blood
storage function and consequently contain a disproportionate amount,
Estimates of the number of capillaries/cross sectional area have
been made for cardiac or skeletal muscle in some organisms; human
cardiac muscle has about 3350 ca,pillza.ries/rnm2 (Altman and Dittmer,
1971). Resting skeletal muscle has about "('SO/mm2 (Stainsby and
Otis, 1964). Capillary length/volume and maximum diffusion distance
data are easier to use for mathematical treatments and therefore are
preferred. Values for brain, heart, and skeletal muscle are given
in Table I-D, These values are merely averages and do not reflect
tissue variations. Lockard (1973) lists average intercapillary dis-
tannces for several portions of the brain ranging from 21 to 86 micro-
meters. A frequency distribution of intercapillary distances for rat
kidney cortex is given in Figure I-2 (Vaupel et al., 1973). This
shows that intercapillary distances range from less than 20 to over
45 micrometers in the same tissue,

Total capillary length/rnrn3 deoes not provide data for individual

capillary length. Individual capillary length is important because the



Figure I-2.

Frequency distribution of intercapillary distances and
length of capillaries of renal cortex. From Vaupel
et al. (1973).
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diffusion of oxygen out of the blood as it passes through the capillary

results in a lower P(O_) at the venous end rather than at the arterial

5)
end (Borg, 1969). Measures of capillary length provide a frequency
distribution of lengths as shown in Figure I-2 (Vaupel et al.,, 1973).
Average capillary length in rat renal cortex is about 42 pm with a
range from about 20 to over 70 pm.

The liver and spleen have modified capillaries called sinusoids
or sinuses. All parenchymal cells in the liver have at least one
contact surface with a sinusoid {(Copenhaver et al,, 1971); therefore,
the average intercapillary distance is between the diameter, 25 pm,
and twice the diameter, 50 pm.,

Average intercapillary distances or capillary lengths do not
provide a complete model for capillary geometry or blood flow
patterns., Different proposals for capillary geometry and flow pattern
are reviewed briefly by Bruley (1973), The primary model, a capil-
lary passing through a tissue cylinder, was introduced by Krogh and
treated mathematically by Erlang. This model is still of fundamental
importance in understanding oxygen diffusion in tissues; a recent
treatment is given by Boag (1969). The single capillary model has
been extended to multicapillary systems and analyzed with assymetric,
concurrent, and countercurrent flow patterns. Bruley feels these
models need to be critically analyzed and tested for validity by

comparison to experimental measurements, More accurate
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anatomical and physiological parameters are needed, including
consideration of statistical distribution of capillary dimensions,
metabolic rate and hemodynamic characteristics.

Relatively few measurements of oxygen diffusion through tissue
have been made (see Table I-E), With the exception of data by
Longmuir and Bourke (1960) the values are in reasonable agreement,
The mechanism of oxygen diffusion in tissues is still unresolved.
Wittenberg (1970) proposed the role of myoglobin in facilitating
oxygen diffusion in muscle. Longmuir and coworkers (1971) pro-
posed the role of cytochrome P-450 in the facilitation of oxygen diffu-
sion in the liver. Hills (1970) analyzed tissue as a heterogeneous
diffusion medium and concluded that '"the concept of tissue as cells
of irregular shape suspended in a continuous extracellular phase of
much greater permeability would appear to be consistent with data on
the steady-state assimilation of oxygen.'" More extensive studies of
diffusion in tissue are necessary to establish the validity of these
proposals.

Data concerning the factors affecting tissue oxygen tensions are
currently too incomplete to allow a description of oxygen tension in
these terms. The best available assessment of oxygen supply condi-
tions is a direct measure of tissue oxygen tensions. Microelec-
trodes (< 10 pm tip; see Section I. A.) have been used to measure

tensions in a variety of tissues, These values are normally
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expressed as histograms, which show the frequency distribution of
oxygen tension measurements. Histograms for a variety of tissues
are presented in Figure I-3. Tensions vary over a wide range for all
tissues. The distributions of the frequencies are similar for brain
(Lubbers, 1973), liver (Kessler et al., 1973), kidney (Kessler et al.,
1973), skeletal muscle (Sinagowitz et al., 1973), and spleen (Vaupel
et al., 1973) except for a variation in the median, Heart muscle
(Losse et al., 1973; Schuchhardt, 1973), skeletal muscle with sub-
normal arterial P(OZ) (Sinagowitz et al., 1973), and tumors (Vaupel
et al., 1973) have a frequency distribution skewed toward zero
oxygen tension.

Oxygen tension is not randomly distributed in tissues but occurs
as a gradient. Highest values must occur adjacent to the arteriolar
end of the capillaries. Visual representation of oxygen gradients
based upon various models are available (Grunwald, 1973; Hutton,
1973; Mutzger, 1973). It mustbe emphasized that these are only
theoretical constructs. Actual measures of oxygen tension fields
have been determined by insertion of microelectrodes into tissues
(Lubbers, 1968, 1973). A trace of oxygen tension as a function of
distance in cat brain cértex is given in Figure I-4. The remarkable
feature is the great variation in oxygen tension over such small

distances. Other measurements corroborate such large fluctuations

(Bicher, 1973).



Figure I-3,

Histograms of tissue oxygen measurements.
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guinea pig brain (Lubbers, 1973)

dog heart (Losse et al., 1973)

beating guinea pig heart (Schuchhardt, 1973)

rat liver (Kessler et al., 1973)

kidney (Kessler et al., 1973)

renal cortex (Vaupel et al., 1973)

dog skeletal muscle, resting

dog skeletal muscle with arterial hypoxemia
(Singawotz et al., 1973)

spleen (Vaupel, Braunbeck and Thews, 1973)

cat carotid body (Whalen, 1973)
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Figure I-4.
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Oxygen tension field in the cat brain. The oxygen
tension field was measured by insertion of a platinum
needle electrode perpendicularly into the brain. The
solid line represents measurements taken every 50
microns. From Lubbers (1973).
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I.B.4, Cellular Metabolism of Oxygen

The metabolic function of oxygen is discussed in most intro-
ductory biochemistry texts (Mahler and Cordes, 1971; White,
Handler and Smith, 1973). More specific discussions with regard to
hypoxia have been written by Chance (1957, 1965), Cohen (1972), and
Jobsis (1964, 1972, 1974). Enzymatic reactions utilizing oxygen also
have been extensively reviewed (Gunzalus et al., 1975; Hayaishi,
1968, 1969, 1974; Hayaishi and Nozaki, 1969; Mason, 1957, 1965).
The present discussion is limited to 1) primary events of hypoxia in
mammalian metabolism, 2) enzymatic reactions secondarily depen-
dent upon oxidase function, and 3) a theoretical treatment of the
functional dependence of metabolic pathways on oxygen. Experimental
studies of metabolism during hypoxia are treated in the following
section,

Oxidases: The primary events of hypoxia are probably enzyma-
tic oxygen deficiencies. Biological reactions of molecular oxygen

are catalyzed by enzymes known as oxidases (Mason, 1957). A list

ZHayaishi (1974) reserves the term "oxidases' for electron transfer
oxidases of Mason's nomenclature (see text) and terms oxygen trans-
ferring enzymes ''oxygenases.,' With regard to hypoxia, a general
term for all oxygen dependent enzymes is needed. The definition of
l"oxidases'' given by Mason fits this requirement and will be used in
this discussion. The author feels the unfortunate discrepancy in
terminology may be resolved by defining oxidases as enzymes for
which oxygen is a substrate and oxygenases as a subclass of oxi-
dases in which one or two atoms of molecular oxygen are transferred
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of mammalian oxidases and the reactions they catalyze is given in

Table I-F. They have been classified according to the reactions

catalyzed (Mason, 1957): electron transferases catalyze the reduction

of molecular oxygen to water or hydrogen peroxide, mixed function

oxidases transfer one atom of oxygen to substrate and reduce the other

atom to water, and oxygen transferases catalyze the transfer of a

molecule of oxygen to substrate.

The mechanism by which a primary hypoxia may affect metabo-
lism is determined by the oxidases involved., If the oxidase catalyzes
only incorporation of molecular oxygen into a metabolite, the failure
of its function can only result in secondary hypoxia as a consequence
of substrate buildup or product deficiency. Many of the oxygen
transferases, such as tryptophan pyrrolase and homogentisate oxidase,
catalyze this type of reaction. If an oxidase requires both oxygen and
reducing equivalents for oxygen transfer to a substrate, then reduced
function can result in secondary hypoxic changes either as a conse-
quence of substrate or product changes or as a consequence of cellu-
lar redox changes as reflected in the NADI—I:NAD+ ratio or the
NADPI—I:NADPJ'L ratio. This type of reaction is catalyzed by many

mixed function oxidases, such as by the cytochrome P-450

to substrate (see Gunzalus et al,, 1975). Oxygenases may then be
further divided into reactions in which only one atom is transferred
to substrate and the other reduced to water (mixed function oxi-
dases or monooxygenases) and reactions in which both atoms are
transferred to substrate (oxygen transferases or dioxygenases).



Table I-F. Functions of mammalian oxidases,
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Oxidase

Function

Phenylalanine hydroxylase
p-Hydroxyphenylpyruvate oxidase
Homogentistic acid oxidase
Tyrosine 3 hydroxylase
Tyrosinase

Tryptophan pyrrolase

Kynurenine 3 hydroxylase
3~Hydroxyanthranilate oxidase
Tryptophan 5' mono-oxygenase
Cysteine oxidase

Cysteamine oxidase

L-amino acid oxidase

D~amino acid oxidase
Protocollagen proline hydroxylase
Protocollagen lysine hydroxylase
E alkyllysinase

D aspartate oxidase

Sarcosine oxidase

Monoamine oxidase
Diamine oxidase

Spermine oxidase (plasma amine oxidase)

Dopamine- (3 ~hydroxylase

L-gulonolactase oxidase
Meso-inositol oxidase

X anthine oxidase
Uricase (not in man)

Fatty acid desaturase
Glyceryl ether oxidase
Fatty acid w-oxidase
Squalene epoxidase
Sterol demethylase
Steroid 7 ¢ ~hydroxylase
Steroid 12 ¢ ~hydroxylase
Steroid 16« -hydroxylase

(Continued on next page)

Amino acid metabolism

phenylalanine degradation, tyrosine synthesis
tyrosine degradation

tyrosine degradation

catecholamine synthesis

melanogenesis

tryptophan degradation, nicotinic acid synthesis
tryptophan degradation, nicotinic acid synthesis
tryptophan degradation, nicotinic acid synthesis
seratonin synthesis

cysteine degradation

taurine synthesis

L-amino acid degradation

D-amino acid degradation

collagen synthesis

collagen synthesis

E alkyllysine-» lysine

aspartate degradation

sarcosine —» glyoxylate

Amine oxidation

catecholamine, monoamine degradation
histamine, other diamine degradation
spermine, spermidine degradation
norepinephrine and epinephrine synthesis

Carbohydrate metabolism

ascorbate synthesis
inositol ~» glucose

Nucleic acid metabolism

purine catabolism
purine catabolism

Lipid metabolism

desaturation of fatty acids
glyceryl ether = glyceryl ester
drug and fatty acid oxidation
cholesterol synthesis

cholesterol synthesis

bile acid synthesis

bile acid synthesis

bile acid synthesis
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Table I-F, (Continued)

Oxidase Function

Cofactor metabolism

@ Heme oxidase heme catabolism

Y Butyrobetaine hydroxylase carnitine synthesis

B Carotene 15-15' oxygenase retinal formation

Pyridoxamine phosphate oxidase pyridoxamine phosphate ~» pyridoxal phosphate

Hormone metabolism

Steroid 11{ hydroxylase cortisol synthesis

Steroid 17 hydroxylase androgen synthesis

Steroid 21 hydroxylase deoxycorticosterone synthesis

Steroid 18 hydroxylase aldosterone synthesis

Steroid 20 ¢ hydroxylase pregnenolone synthesis

8,11, 14 eicosatrienoic acid oxidase prostaglandin synthesis
Detoxification

Sulfite oxidase cysteine degradation

Aryl 4-hydroxylase analine hydroxylation

Other cytochrome P-450 related oxidases drug detoxification

Miscellaneous

Cytochrome oxidase terminal respiration

Glycollate oxidase glycollate > glycoxylate

Aldehyde oxidase aldehydes —=» acids

Ceruloplasmin p-diphenol —» p-quinone
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system which requires an external source of reducing equivalents in
addition to substrate and oxygen. If the reaction catalyzed ig a trans-
fer of electrons to oxygen, such as occurs with electron transfer oxi-
dases, the effect on metabolism is characteristic of the specific
substrates and products involved. For instance, if the electron
donor is an electron carrier, reduced function may affect the redox
state of the cell. If this electron transfer is coupled to oxidative
phosphorylation, as with cytochrome oxidase, both the redox state and
ATP synthesis can be affected. If the electron donor is a small
metabolite, such as an aldehyde substrate for aldehyde oxidase,
metabolic affects may occur as a consequence of substrate buildup.

If the product of the electron transfer to oxygen is hydrogen peroxide,
metabolism may be affected as a consequence of lack of substrate for
peroxidases. Thus, primary hypoxia can secondarily affect
metabolism in three ways: altered substrate and product levels,
altered redox state, and altered phosphorylation state.3 If the pri-

mary events affect substrate and product levels, the condition is

3Phosphorylation state is a non-rigorous term used in this discussion
to indicate the relative availability of acid labile phosphate in tissue
(i.e., phosphates which may be hydrolyzed with IN acid for 7 min

at 100 "C). It is used in contexts where a general term is required
in place of more specific quantitative terms which are not mathemat-
ically equivalent yet represent the same phenomenological change,
i.e., decreased [ATP] # decreased adenylate energy charge #
decreased phosphorylation state potential, but all represent a
decreased availability of acid labile phosphate and are thus described
adequately by decreased phosphorylation state.
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termed metabolic hypoxia. If the energy charge is affected, it is
bioenergetic hypoxia. An altered redox state can occur with either a
metabolic hypoxia or a bioenergetic hypoxia and therefore is discussed
as the redox component of either type,

I.B.4.a. Primary Oxygen Dependence. Many enzymatic sys-

tems may be affected by primary hypoxia as a result of the occur-
rence of oxidases in these pathways; some of these systems will now
be discussed.

Primary Metabolic Oxygen Dependence: The biological functions
of oxygenases have been reviewed by Hayaishi (1968, 1969, 1974) and
Hayaishi and Nozaki (1969). These discussions must be used with
some caution with regard to mammalian systems because many of
the enzymes discussed are not present in mammals. Oxidases occur
in many metabolic pathways in mammals, but vary between organisms
and cell types. The consideration that many of these enzymes are
important remains teleological; however, genetic defects and meta-
bolic inhibitor studies indicate that the function of some are critical.
Mental retardation in humans has been reported to be associated with
enzymatic defects in sulfite oxidase (Irreverre, 1967; Mudd et al.,
1967), p-hydroxyphenylpyruvate oxidase (Gentz et al., 1965),
phenylalanine hydroxylase (Kauffman and Fisher, 1974), and possibly
with tryptophan pyrrolase (Tada et al., 1963). A reduced kynurenine-

3-hydroxylase activity was reported in a case with an unusual
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scleroderma (Price et al., 1967). Xanthine oxidase deficiency was
found in a woman suffering from phaeochromocytoma and heart failure
(Watts et al., 1964), Deficiency of & -oxidation of phytanic acid was
found in tissue cultures from patients with Refsum's disease, a
disease characterized by atypical retinitis pigmentosa, peripheral
polyneuropathy and cerebellar ataxia (Herndon, Skinberg and Uhlan-
dorf, 1969). Disorders of adrenal steroid biogenesis are reviewed
by Bongiovanni et al. (1967), They discuss a variety of disorders
including 118-, 17- and 21-hydroxylase deficiencies. ILack of
11p-hydroxylase activity is associated with virilization and hyper-
tension. 17-Hydroxylase deficiency occurs with hypertension and
lack of sex hormone production. 21-Hydroxylase deficiency is
associated with virilization and salt loss.

Therapy with monoamine oxidase inhibitors for treatment of
mental depression is associated with increases in brain norepinephrine
and dopamine and can potentiate hypertensive episodes with ingestion
of dietary catecholaminic agents such as tyramine (Horowitz et al.,
1964; Jarvik, 1965; Thompson and Cummins, 1970). Administration
of metyrapone, a cytochrome P-450 inhibitor, reduces cortisol
production by inhibition of adrenal 11p-hydroxylation and may induce
acute adrenal insufficiency in patients with reduced adrenal secretory
capacity (Travis and Sayers, 1965). Administration of a-

methyltyrosine, a tyrosine hydroxylase inhibitor, results in



50
behavioral depression, apparently due to a decrease of catechol-
amine pools (Moore and Dominic, 1971). Allopurinol treatment of
gout patients inhibits xanthine oxidase activity and results in a
beneficial decrease in serum uric acid concentration (Bywater and
Glynn, 1970), but must be used with caution because of its toxicity.

The relatively innocuous consequences of alkaptonuria, a
genetic defect of homogentisate oxidase, indicates that deficient
function of this enzyme is not nearly as critical as those mentioned
above (Milne, 1970). Albinism, a defect in tyrosinase, may
increase susceptability to UV irradiation, but is otherwise non-
debilitating. Consequently, mere presence of an oxidase in a meta-
bolic pathway is no indication that deleterious effects will result from
reduced function,

The following discussion of the role of oxidases in metabolism
is done without regard to whether these roles are critical. It is
intended to provide a basis for a further understanding of the bio-
chemistry of hypoxia by identifying those reactions which are possible
sites of primary hypoxia.

Biogenic Amines: QOxygen is a required substrate for reactions
involved in the synthesis, interconversion, and inactivation of bio-
genic amines, In a review of the biochemistry of catecholamines,
Molinoff and Axelrod (1971) list five oxidases involved in dopamine,

norepinephrine, and epinephrine metabolism (Figure I-5), Synthesis



Figure I-5.

Oxidases in calecholamine metabolism. Enzymes
involved in catecholamine metabolism are

1.
2.
3.
4.
5.
6.
7.
8.
D=

phenylalanine hydroxylase

tyrosine hydroxylase

L-amino acid decarboxylase
dopamine-p -hydroxylase
phenethanolamine~-N-methyltransferase
monoamine oxidase

catechol-O-methyl transferase

alcohol dehydrogenase

aldehyde oxidase

Enzymes 1, 2, 4, 6 and possibly 9 are oxidases.
(From Molinoff and Axelrod, 1971, and Duncan, 1972.)

51
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of dopamine occurs primarily by o-hydroxylation of tyrosine to 3, 4-
dihydroxylphenylalanine and decarboxylation to dopamine. The
hydroxylation is catalyzed by a pterin-requiring oxidase, tyrosine
hydroxylase (Kaufman and Fisher, 1974). Dopamine may also be
formed from tyrosine by decarboxylation to tyramine and subsequent
hydroxylation by an NADPH requiring microsomal oxidase system.
Norepinephrine formation from dopamine is catalyzed by a copper
containing oxidase, dopamine-@-hydroxylase. Epinephrine is formed
from norepinephrine by methylation, and thus the synthesis of both is
dependent upon oxygen. The physiological activity of catecholamines
is apparently initiated by release of these agents from storage gran-
ules and terminated by uptake into presynaptic nerve endings.
Chemical inactivation of the molecules occurs by two reactions,
oxidation of the amine by monoamine oxidase or O-methylation by
catechol-0-methyltransferase. Either reaction may be followed by
further oxidation. The aldehyde product of monoamine oxidase may be
oxidized to the corresponding acid by an aldehyde oxidase. The 0-
methylated amines may be oxidized by monoamine oxidase.

The biosynthesis and degradation of serotonin is remarkably
similar to that of catecholamines (Sirek and Sirek, 1970). Serotonin
is synthesized from tryptophan by hydroxylation to form 5-
hydroxytryptophan and subsequently decarboxylated to 5-

hydroxytryptamine (serotonin). The hydroxylase is a pterin-requiring
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oxidase similar to tyrosine hydroxylase (Kaufman and Fisher, 1974).
Serotonin is degraded primarily by two successive oxidations to 5-
hydroxyindoleacetic acid. These reactions, like those for catechol-
amine inactivation, are catalyzed by monoamine oxidase and aldehyde
oxidase.

Serotonin is also the source of melatonin (N-acetyl-5-
methoxytryptamine) by N-acetylation and 0-methylation (White,
Handler and Smith, 1973). Melatonin is rapidly metabolized by liver
microsomes to 6-hydroxymelatonin and conjugated with either sulfate
or glucuronic acid.

Steroids: The role of oxygenases in steroid metabolism has
been reviewed (Hamberg et al.,, 1974; Hayano, 1962) and will only be
summarized here. Reviews of cholesterol synthesis (Good, 1970),
steroid hormone metabolism (McKerns, 1968; Solomon et al., 1967)
and bile acid synthesis (Danielsson, 1973; Danielsson and Sjovall,
1975) are available.

At least two reactions in cholesterol synthesis are catalyzed by
oxidase systems. Cyclization of squalene is initiated by an NADPH
dependent microsomal mixed function oxidase, squalene epoxidase
(Sano and Granick, 1961)., C-4 demethylation is also catalyzed by a
microsomal system requiring both NADPH and oxygen; C-14 demethyla-

tion is thought to be analogous (Hamberg et al., 1974).
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Cholesterol is utilized for steroid hormone and bile acid synthesis.
Both of these reaction networks involve numerous oxidases. Steroid
hormone biosynthesis occurs in the adrenal cortex, corpus luteum,
ovary, placenta and testis (Hamberg et al., 1974). These tissues con-
tain systems capable of hydroxylating at the 11, 17a, 18, 19 and 21
positions. A 20a@, 22-R dihydroxylating system is also present. In
addition, mixed function oxidases catalyze oxygen dependent side chain
cleavage in the C-17 and C-20 lyase and C-20 and C-22 lyase reactions.
A microsomal mixed function oxidase, placental aromatase, is involved
in the aromatization of androstenedione (Thompson and Siiteri, 1974).
The liver contains oxidases for metabolism and elimination of steroids
from the body. Different steroids can by hydroxylated at different
positions. The reactions include hydroxylations at the 1B, 2a, 2P,
ba, 6B, 7a, 7B, 152, 15B, lbaand 18 positions.

Bile acids are synthesized in the mammalian liver by a series
of reactions involving hydroxylations at the 6B, 7a, 12¢, 24c and 26
positions (Hamberg et al., 1974). These reactions are carbon
monoxide inhibited and therefore thought to be cytochrome P-450
dependent. Bjorkheim and Gustafsson (1974) showed 180 incorporaticn
during w-hydroxylation of the cholesterol side chain by rat liver
mitochondria.

Prostaglandins: The rapid progress in prostaglandin research

has been reviewed frequently (Bergstrom, Carlson and Weeks, 1968;
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Hinman, 1972; Pickles, 1969; Ramwell and Shaw, 1970; Samuelsson
et al., 1975). Oxygen is required in synthesis and possibly in
degradation of these potent humoral agents. The first and rate
limiting reaction in the synthesis of prostaglandins from the essential
fatty acids appears to be an incorporation of both atoms of molecular
oxygen into the substrate (Samuelsson, 1969). The reaction involves
formation of an 11-peroxy-compound and transformation into an
endoperoxide with formation of a 5-carbon ring. A second molecule
of oxygen is required for hydroxylation at the C-15 position.

Prostaglandin degradation occurs primarily in the liver by
p- oxidation andw-hydroxylation (Hamberg, Israelsson and Samuelsson,
1971), The p-oxidation occurs in the mitochondria (Hamberg, 1968)
and may be similar to p-oxidation of fatty acids which do not require
oxygen., The w-hydroxylation occurs in the microsomal fraction
(Israelsson et al,, 1969) and is likely to be similar to the oxygen
dependent w -hydroxylation of fatty acids (Robbins, 1968).

Amino Acids and Protein: The numerous oxygenases involved in
the metabolism of tryptophan have been reviewed by Hayaishi (1974).
The use of tryptophan as a precursor for serotonin and melatonin
has been discussed. Tryptophan is also a precursor for nicotinic
acid through a series of reactions involving three oxidases. The first
reaction is catalyzed by tryptophan pyrrolase, a dioxygenase which

cleaves the pyrrole ring with insertion of two atoms of molecular



58
2-oxoglutarate coupled dioxygenases such as prolyl hydroxylase and
lysyl hydroxylase (Abbott and Udenfriend, 1974), Homogentisate
oxidase requires ferrous ion and a reducing agent for maximal in
vitro activity (Nozaki, 1974). Maleylacetoacetic acid is subsequently
metabolized to tricarboxylic acid cycle intermediates.

Cysteine metabolism occurs primarily by two pathways con-
taining oxidases (Yamaguchi et al,, 1973). An NADPH and oxygen
dependent enzyme, cysteine oxidase, catalyzes the formation of
cysteinesulfinic acid which is rapidly desulfinated or decarboxylated.
Desulfination produces sulfite which is oxidized to sulfate by sulphite
oxidase, Decarboxylation produces hypotaurine which is utilized for
taurine and subsequently taurocholic acid synthesis. Hypotaurine
can also arise from cysteine by initial decarboxylation followed by
oxidation of cysteamine by cysteamine oxidase,

Two 2-oxoglutarate coupled dioxygenases are involved in the
synthesis of collagen (Abbott and Udenfriend, 1974). These enzymes,
prolyl hydroxylase and lysyl hydroxylase, act only upon amino acid
residues which are found in polypeptide chaing, The two activities
have been separated and further characterized. Both require ferrous
ion, reducing agent, 2-oxoglutarate, polypeptide substrate and oxy-
gen. One atom of oxygen is incorporated into substrate and the other

into 2-oxoglutarate.
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Degradation of D-amino acids occurs in the liver and kidney
catalyzed by D-amino acid oxidases. These enzymes have low
specificity with regard to D~amino acids and a relatively high
enzymatic activity. L-amino acid oxidases also occur in these
tissues but have a lower relative activity, Both L- and D-amino
acid oxidases are flavoproteins which catalyze a deamination with
oxidation and produce the corresponding 2-oxoacids and hydrogen
peroxide.

Carbohydrates: Most of the central pathways of monosac-
charides do not directly require oxygen., There are no oxidases in
the glycolytic, gluconeogenic, or pentosephosphate pathways. The
glucuronate-gulonate pathways (Mahler and Cordes, 1971; Figure I-6)
contain two oxidases, myoinositol oxidase and L-gulonolactone
oxidase. Mpyoinositol oxidase catalyzes the non-aromatic ring
cleavage of myoinositol to D-glucuronate, L-gulonolactone oxidase
catalyzes the oxidation of L-gulonolactone to the 2-oxo derivative in
the synthesis of ascorbate. This enzyme is not present in man,
rendering him incapable of ascorbate synthesis. Ascorbate oxidation
is catalyzed by a serum protein, ceruloplasmin (Osaka, Walter and
Frieden, 1963), but the physiological meaning of this reaction, if
any, is not known.,

Fatty Acids; Oxidase catalyzed reactions of lipids and lipid

derived substances have been reviewed (Hamberg et al., 1964;



Figure I-6.

Glucuronate-gulonate pathways. Myoinositol oxidase
catalyzes the oxidation of myoinositol to glucuronate,
and l-gulonolactone oxidase catalyzes the oxidation of
l-gulonclactone to Z2-keto-1-gulonolactone in the
synthesis of ascorbic acid., 1-Gulonolactone oxidase
does not occur in man., (From Mahler and Cordes,
1971.)
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Hayano, 1962); cholesterol synthesis, bile metabolism, steroid
metabolism, and prostaglandin metabolism, have already been dis-
cussed. Saturated fatty acid metabolism is similar to the central
reactions of carbohydrate metabolism in that no oxidases are directly
involved. However, important oxidase catalyzed o-oxidations,
w -oxidations and desaturations, are known., A ratliver mitochon-
drial NADPH dependent mixed function oxidase catalyzes the -
oxidation of phytanic acid (Tsai, Avigan and Steinberg, 1969), A
different ¢-oxidase is found in the microsomal fraction from brain,
w -Oxidation of medium chain fatty acids was shown by Robbins
(1968), and later found for other lipid substances (Hamberg et al.,
1974). This reaction requires NADPH and oxygen and occurs in the
microsomal fraction. Desaturation of stearyl CoA is a mixed func-
tion oxidation thought to be important in the synthesis of unsaturated
fatty acids in mammals.

Nucleotides and Nucleic Acids: In mammals, two oxidases
occur in the degradative pathway of purines, One of these, uric acid
oxidase, is not found in man. The other, xanthine oxidase, is a
flavoprotein which catalyzes two successive reactions: hypoxanthine
to xanthine and xanthine to uric acid, Both reactions require oxygen
and produce hydrogen peroxide and superoxide,

Cofactors and Prosthetic Groups: The requirement of oxygen

for NAD and ascorbate synthesis has already been mentioned. Oxygen
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is also a substrate for reactions involved in heme metabolism,
carnitine formation, and vitamins A and D metabolism. An enzyme
thought to be involved in heme synthesis was partially purified by
Sano and Granick from beef liver mitochondria (Sano, 1966; Sano and
Granick, 1961), The enzyme, coproporphyrinogen oxidase, has a
marked specificity for coproporphyrinogen IlI and requires oxygen,
the initial reaction in heme degradation is catalyzed by an hepatic
microsomal mixed function oxidase, heme oxygenase (Tenhunen et al.,
1969), The reaction is thought to be rate limiting in heme catabolism.,
The ferriprotoporphyrin ring is cleaved at the g-methylene bridge and
the o-bridge carbon is oxidized to carbon monoxide. The product,
bilirubin, is nearly stoichiometrically recovered from parenterally
administered hemoglobin, indicating that this is the primary pathway
of degradation,

Carnitine is an important component of fatty acid metabolism
as a consequence of its role in fatty acid transport across the mito-
chondrial membrane, Carnitine is synthesized in m&om -
butyrobetaine by an oxygen dependent hydroxylation (Abbott and
Udenfriend, 1974; Lindstadt et al,, 1967). The enzyme requires
ferrous ion, a reducing agent and 2-oxoglutarate.

Dietary B-carotene is an important source of vitamin A through
an oxygen dependent cleavage to retinal (Goodman et al., 1967). The

enzyme is found in the intestines and liver. A dioxygenase mechanism
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has been proposed in which molecular oxygen reacts with the two
central carbon atoms of f-carotene and results in the cleavage of
this bond to produce two molecules of retinal,

1, 25-Dihydroxycholecalciferol has recently been found to be a
highly active form of vitamin D. It is formed in the renal cell mito-
chondria by a mixed function oxidase, 25-hydroxycholecalciferol-1-
hydroxylase (Ghazarian, Schones and DeLuca, 1973). Itis NADPH
dependent and inhibited by carbon monoxide. The sensitivity of this
inhibition to monochromatic light of varying wavelengths was studied
by Henry and Norman (1974). Maximal sensitivity was observed at
450 nm, from which they concluded that cytochrome P-450 was
involved. This interpretation was corroborated by inhibitor and
kinetic studies (Ghazarian et al., 1974).

Drugs: The role of cytochrome P-450 catalyzed mixed function
oxidations in hydroxylation of drugs and other compounds foreign in
mammals has been reviewed (see Section V). These reactions occur
in the endoplasmic reticulum and require NADPH. Introduction of
hydroxyl groups increases the polarity of these compounds and facili-
tates renal elimination.

Primary Bioenergetic Oxygen Dependence; Cytochrome oxidase
(Lemberg, 1969; Nicholls and Chance, 1974; Pullman and Schatz,
1967) is an unique oxidase because its function is necessary for

electron flow in the mitochondrial electron transport pathway, to
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which is coupled the chemical energy conserving process known as
oxidative phosphorylation (for reviews see Lardy and Ferguson, 1969;
Lehninger, 1971; Pinchot, 1965). Cytochrome oxidase is the primary
meansg by which reducing equivalents are removed from cells, and
oxidative phosphorylation is the primary source of ATP. Continual
synthesis of ATP from ADP and inorganic phosphate is essential to
maintain a normal phosphorylation state within cells. Phosphoryla-
tion state is expressed quantitatively by the phosphorylation state
potential ({ATP] /[ADP] [Pi]) or by Atkinson (1968) as the adenylate
energy charge (energy charge = [ATP] + 1/2[ADP] /[ATP] +[ADP] +
[AMP]). The primary consequence of diminished cytochrome oxidase
functions are increase in reduced: oxidized forms of electron car-
riers (Chance et al., 1962) and a decrease in energy charge and
phosphorylation state potential. Decreased cytochrome oxidase func-
tion therefore results in a bicenergetic hypoxia.

I.B.4.b. Secondary Oxygen Dependencies. As discussed above,

primary hypoxia may result in alterations in substrate and product
levels, redox state, and energy charge. These changes may in turn
cause secondary hypoxic changes. Without regard to whether these
changes are metabolic or bioenergetic, or deleterious or compen-
satory, some types of changes can be identified:

1. Substrate deficiencies for other enzymatic reactions and

metabolic functions. Failure of ATP dependent functions such as
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muscle contraction during prolonged anoxia are well known.,
Decreased serotonin levels have been proposed to play a role in the
functional affects of mild oxygen deprivation in the brain (Davis

et al,, 1973).

2. Intermediate accumulations resulting in metabolic inter-

ference with other processes, Inability to inactivate dopamine by

oxygen dependent processes within ischemic areas has been proposed
to potentiate the physiclogical effects of dopamine (Zervas et al.,
1974). NADH accumulation perturbs the pyruvate: lactate relationship
resulting in increased lactate and a concomitant acidosis (Huckabee,
1958).

3., Allosteric activation or inactivation., Increased ADP and

decreased ATP are stimulatory on the phosphofructokinase reaction
since ADP is an activator and ATP is an inhibitor of this reaction,

Predicting secondary affects of hypoxia is more difficult than
predicting sites of primary hypoxia, Knowledge of allosteric effectors
and physiological competitive inhibitors is incomplete. Substrate and
product changes during metabolic hypoxia are largely unknown., In
spite of this, many possible sites of secondary affects of hypoxia may
be predicted as a consequence of their dependence on redox potential,
energy charge, or hydrogen peroxide,

Most redox dependent enzymes utilize NADH or NADPH as

electron donors or NAD+ or NADP+ as electron acceptors. Other
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cofactors are utilized, such as lipoate and pteridine, These systems
appear to be coupled to either the NADH;NAD' or NADPH; NADP "
pair by specific oxido-reductases and therefore are probably depen-
dent upon these ratios. The transfer of electrons between the
NADH:NAD+ pair and the NADPH:NADP+ pair is an isoenergetic
reaction catalyzed by an extra-mitochondrial transhydrogenase. The
mitochondrial membrane offers a barrier to NADH diffusion. Sys-
tems for transfer of reducing equivalents across the mitochondrial
membrane have been postulated (Grunnet, 1974; Parilla et al., 1974;
Scholz, Hansen and Scholz, 1973; Simpson and Estabrook, 1968;
Thurman and Scholz, 1969, 1973; Williamson et al., 1969, 1972),
but the rate of transfer may be less than consumption or production
and therefore steady state ratios may not be achieved (van Dam and
Meyer, 1971)., Intraorganelle redox states are doubtlessly important
in control of intraorganelle metabolism, yet methodology permits
direct measurement of only certain total cellular components (Chance
et al., 1962, 1965). Ratios of reduced to oxidized forms have been
estimated from equilibrium constants for dehydrogenase catalyzed
reactions and measurements of oxidized and reduced cosubstrates for
the reactions (Williamson, Lund and Krebs, 1967). Analysis of
reactants of systems localized primarily in the mitochondria and pri-
marily in the cytoplasm show a striking disparity in ratios. Con-

sequently, redox changes in one part of the cell may be much more
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dramatic than in other parts. However, because of the carrier
systems, an altered redox state in one part of the cell is likely to
affect the state in other parts of the cell, Unraveling electron
transfer is under active study and is of great importance in the
biochemistry of hypoxia.

Lists of reactions which require pyridine nucleotides are
available (Barwin, 1969; Enzyme nomenclature, 1965, 1972;

Mahler and Cordes, 1971), Some of these reactions require oxygen
for mixed function oxidations and thus appear in Table I-F. The
function of these enzymes either may be dependent on redox potential
or alter the redox state as a consequence of their function (Moldeus
et al., 1974).

Energy requiring processes in cellular metabolism are also
numerous, diverse, and essential for normal function. ATP plays a
central role in this metabolism, both directly as a substrate and
indirectly through coupling with other high energy compounds. Lists
of reactions which require high energy intermediates are available
(Atkinson and Martin, 1960; Mahler and Cordes, 1971).

Many reactions are dependent upon either ATP concentration or
phosphoryl potential (LADP] [Pi] /[ATP]), and some appear to be
dependent upon ATP, ADP, and AMP, and are related quantitatively
by the energy charge (Atkinson, 1968). ATP, ADP and AMP all act

as allosteric effectors; consequently reactions of enzymes which
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require none of these as substrates may be affected by alterations
in energy charge,

Peroxidases are enzymes which require hydrogen peroxide as
substrate (Paul, 1963). Hydrogen peroxide is thought to arise in vivo
from a two electron reduction of oxygen catalyzed by electron trans-
fer oxidases (Wolff, 1970) or dismutation of superoxide to peroxide
and oxygen by superoxide dismutase (Klebanoff, 1974). Peroxidases
have a limited distribution in mammals (White, Handler and Smith,
1973), yet are thought to be involved in important metabolic processes.

For example, myeloperoxidase is associated with an antimicrobial

system in polymorphonuclear leukocytes (Klebanoff, 1974) and thyroid
peroxidase is involved in the iodination of tyrosyl residues of thyro-
globulin in the synthesis of triiodothyronine and thyroxin (Taurog,
1970).

Tricarboxylic Acid Cycle4: Four dehydrogenases are involved

in the tricarboxylic acid cycle (Table I-G). Succinate dehydrogenase

4This thesis is not intended to provide a comprehensive discussion of
intermediary metabolism, but only to point out some of those reac-
tions which may be secondarily affected by hypoxia and to emphasize
the breadth and complexity of this dependence. In the following dis-
cussion of reactions dependent upon redox state or high-energy
phosphate intermediates no references are given because these
reactions are discribed in secondary textbook sources (Larner,
1971; Lehninger, 1975; Mahler and Cordes, 1971; Stryer, 1974;
White, Handler and Smith, 1973). Some of the pioneering disco-
veries are cited in Section I-A; further information may be obtained
from contemporary reviews: TCA cycle (Lowenstein, 1967; van Dam
and Meyer, 1971); Amino acids (Felig, 1975; Truffa-Bachi and
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requires FAD and the others require NAD! Isocitrate and 2-
oxoglutarate dehydrogenase-catalyzed reactions are essentially
irreversible due to subsequent decarboxylations, The introduction of
substrate from the glycolytic pathway is by the oxidative decarboxyla-
tion of pyruvate and conjugation with coenzyme A to acetyl CoA in a
complicated series of steps requiring NAD+, A second means of
pyruvate entry into the TCA cycle is by the reductive carboxylation of
pyruvate to malate requiring NADH, Pyruvate may also be carboxy-
lated to oxaloacetate in a two-step reaction requiring ATP and acetyl
CoA.

Adenylates are not required for other reactions in the TCA cycle.
However, citrate synthetase, isocitrate dehydrogenase and pyruvate
dehydrogenase are all controlled by energy charge.

Carbohydrate Metabolism: Adenylates and pyridine nucleotides
are either substrates or allosteric modulators for several reactions
involving carbohydrates (Table I-G). In glycolysis, ATP is a sub-
strate for the important control enzyme phosphofructokinase. The
activity of this enzyme is modulated by energy charge and citrate

concentration. ADPis a substrate for both phosphoglycerate kinase

Cohen, 1973); Lipids {(Fulco, 1974; Gatt and Barenhol, 1973; McMur-
ray and McGee, 1972; Stoffel, 1971; Van den Bosch, 1973; Volpe and
Vagelos, 1973); Hormones, cofactors, etc,, {Danielsson and Sjovall,
1975; Hinman, 1972; Samuelsson et al., 1975; Wasserman and
Corradino, 1971; Wasserman and Taylor, 1972); Nucleotides (Tso,
1970).
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Table I-G. Selected redox and phosphorylation state-dependent
reactions of intermediary metabolism.,

Redox (R) or
Pathway Enzyme phosphorylation state
(P) dependence

Tricarboxylic acid cycle
Isocitrate dehydrogenase
2-Oxoglutarate dehydrogenase
Succinate dehydrogenase
Malate dehydrogenase
Pyruvate carboxylase
Malic enzyme
Citrate synthetase
Isocitrate dehydrogenase
Pyruvate dehydrogenase

TR TR I I

Carbohydrate metabolism
Phosphofructokinase
Phosphoglycerate kinase
Pyruvate kinase
Glyceraldehyde-3-phosphate dehydrogenase
Lactate dehydrogenase
Phosphoenolpyruvate carboxykinase
Glucose-6-phosphate dehydrogenase
6-Phosphogluconate dehydrogenase

v IS Il VI B o B v Bt o)

Lipid Metabolism
Thiokinase
Fatty acyl-S-CoA dehydrogenase
p-Hydroxyacyldehydrogenase
Acetyl-S-CoA-carboxylase
p-Hydroxyacyldehydrogenase
Enoyl reductase

oYX

Amino acid, protein metabolism
Glutamate dehydrogenase

Cysteine reductase

Isovaleryl CoA dehydrogenase

Piperidine-2-carboxylic acid reductase

Isobutyryl CoA dehydrogenase

B-Hydroxyisobutyric acid dehydrogenase

Carbamyl phosphate synthesis

Phosphoribosyl pyrophosphate-ATP-
pyrophosphorylase

Glutamine gynthetase

TR INIT

gl
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and pyruvate kinase., NAD+ is electron acceptor for the
glyceraldehyde-3-phosphate dehydrogenase reaction; this reaction is
stoichiometrically balanced during anaerobic metabolism by the NADH
dependent reduction of pyruvate catalyzed by lactate dehydrogenase,

In gluconeogenesis, the pyridine nucleotide dependent reactions
are simply reversed., The pyruvate kinase reaction is replaced by
an ATP dependent carboxylation of pyruvate to oxaloacetate which is
subsequently decarboxylated and phosphorylated in a GTP dependent
reaction, to phosphoenol pyruvate.

A second pathway of carbohydrate catabolism and intercon-
version is the pentose shunt pathway. This pathway is an important
source of cytoplasmic reducing equivalents through two NADP+
dependent reactions., Glucose 6-phosphate dehydrogenase catalyzes
an energetically favorable electron transfer reaction allowing sub-
strate entry into the pathway. An essentially irreversible oxidative
decarboxylation with concomitant NADP+ reduction is catalyzed by
6-phosphogluconate dehydrogenase,

Other bioenergetic dependent reactions occur throughout carbo-
hydrate metabolism but will not be discussed here. These include
reactions in the hiosynthesis of oligo- and polysaccharides such as
hyaluronic acid, chondroitin sulfate, and heparin, and monosaccha-

ride conversions such as ascorbic acid synthesis,
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Lipid Metabolism; As with carbohydrate metabolism, lipid
metabolism is highly dependent upon pyridine nucleotide reduction
states and upon adenylate concentrations (Table I-G). Fatty acids pro-
vide acetyl CoA for mitochondrial ATP production through the g -
oxidation pathway. ATP is required for the cytoplasmic thio-kinase
catalyzed conversion of fatty acid to coenzyme A derivatives. These
are subsequently oxidized and cleaved in the mitochondrion by a
repetitive reaction sequence to the two-carbon acetyl CoA units,
Two dehydrogenase reactions are involved, FAD dependent fatty
acyl-S-CoA dehydrogenase and NAD+dependent B-hydroxyacyl
dehydrogenase.

Fatty acid synthesis occurs from acetyl Coenzyme A by a
separate system in the cytoplasm, ATP is required for citrate and
biotin dependent carboxylation of acetyl-S-CoA to malonyl-S-CoA.
After transfer to an acyl carrier protein, the malonyl unit condenses
with the acyl carrier protein derivative of either acetyl CoA or the
growing fatty acid and simultaneously decarboxylates. Reduction
occurs in two NADPH dependent reactions for each two-carbon
addition,

Synthesis of triglycerides, phospholipids, and sphingolipids
requires oxidation-reduction reactions and high energy intermediates.
Desaturation of fatty acids requires NADPH and molecular oxygen,

Numerous steps in cholesterol synthesis require NAD+, NADPH, or
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ATP. These reactions will not be discussed; however, it should be
clear that lipid metabolism is highly dependent upon the redox state
and high energy intermediates in the cell.

Amino Acids, Proteins: The biosynthesis of nonessential amino
acids consists of largely energy independent reaction pathways inter-
connected with carbohydrate metabolism (Table I-G). Some of the
pathways have NADH dependent steps and most are indirectly depen-
dent on NADH through transamination with glutamate. Glutamate
is formed from 2-oxoglutarate and ammonia by an NADH dependent
reaction catalyzed by glutamate dehydrogenase. Histidine and
arginine both require ATP for synthesis; arginine synthesis is part of
the urea cycle, illustrating that urea synthesis is also an energy
requiring process. Glutamine is an important storage molecule for
ammonium; it is synthesized from glutamate by glutamine synthetase
in an ATP requiring reaction,

Degradation of non-essential amino acids occurs primarily by
the reversal of the synthetic pathways, resulting in formation of
carbohydrate intermediates. Degradation of essential amino acids
occurs by fairly specific nonreversible reaction pathways resulting in
lipid intermediates. The role of 2-oxoglutarate for transamination in
a variety of amino acid degradation pathways must be emphasized.
Thus, the NADH-NAD" dependent interconversion of 2-oxoglutarate

and glutamate is an important control of amino acid degradation.
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Other deamination reactions are possible, especially the oxygen
dependent amino acid oxidase and the amine oxidases which act on
the decarboxylation products of amino acids.

Protein synthesis requires high energy intermediates for
several reactions but apparently has no direct dependence upon the
redox state of the cell,

Nucleotides and Nucleic Acids: Both purine and pyrimidine
nucleotides are synthesized by highly energy consuming reaction path-
ways., NAD+ is required by dihydroorotate dehydrogenation in pyrimi-
dine synthesis and for inosinate dehydrogenation in guanylic acid
synthesis. NADPH is required for the conversion of the ribotyl deri-
vatives to the deoxyribotyl derivatives, NADFPH is also required for
the dihydropyrimidine dehydrogenation in cytosine and thymine
degradation.,

Nucleic acid synthesis is dependent upon the energy state of the
cell as a consequence of the direct utilization of nucleotides in this
synthesis,

Hormones, Cofactors, etc,: The important role of pyridine
nucleotides in cholesterol synthesis has already been mentioned.
NADPH, NAD+ and NADP+ are also cofactors for numerous reactions
in androgen and estrogen metabolism and in corticosteroid metabolism.
Bile acid synthesis and conjugation with glycine or taurine requires

both NADPH and ATP, Synthesis of prostaglandins requires NADPH
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for microsomal hydroxylations, NAD+ and Coenzyme A both require
ATP for synthesis, Heme degradation depends on NADPH,

The complete extent to which metabolism depends on the redox
state and/or chemical energy availability in cells is not currently
understood, and indeed, is one of the major questions in the study of
hypoxia. The importance of the function of cytochrome oxidase is
obvious from the many metabolic processes which are secondarily
dependent upon it. The study of cytochrome oxidase function during
hypoxia does not provide a complete understanding of hypoxia, how-
ever, since many other primary changes may occur. For a complete
understanding of the function of a pathway during hypoxia, the primary
and secondary hypoxic events must be understood.

I.B.4.c. Functional Dependence of Metabolic Pathways upon

Oxygen. A metabolic pathway may have a primary dependence upon
oxygen as a consequence of the presence of an oxidase in the pathway.
It may have a secondary dependence as a consequence of substrate or
cofactor deficiency, competitive inhibition, non-specific inhibition or
allosteric regulation. In addition, modified synthesis or degradation
rates of enzymes may secondarily affect pathways. Given this varied
list of possible affects, it is not possible to predict the function of a
pathway during hypoxia. However, if the discussion is limited to
primary metabolic hypoxia and the redox and phosphorylation state

components of bioenergetic hypoxia, it is possible to consider in a
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general sense the types of changes to be expected in a pathway during
hy poxia.,

Rates of oxidase-catalyzed reactions are functions of oxygen
concentration. A convenient means for comparing oxygen dependen-
cies of oxidases is the Michaelis constant with respect to oxygen

(Km(O, ) ) when other substrate concentrations are saturating. A list

5)
of Km(OZ) values for isolated oxidases is given in Table I-H., These
values vary over a wide range of oxygen tension and indicate that
some oxidases may function in vivo at an oxygen-limited velocity. As
oxygen decreases, the activities of those oxidases with high K.rn(Oz)'s
are likely to be affected first. Cytochrome oxidase has a low Km(Oz)
relative to other oxidases and therefore is likely to be one of the last
affected during hypoxia. Tryptophan hydroxylation decreases before
redox state or adenylate energy charge as oxygen tension is lowered

in rat brain (Davis et al., 1973). The change in redox state precedes
the change in adenylate energy charge (Ballard, 1971; Davis et al,,
1973). Thus, at varying degrees of hypoxia, systems will be differ-
entially affected as a consequence of the Km(Oz) values of oxidases

in those pathways, and their dependency upon redox state or phosphory-
lation state. To iliustrate this, an hypothetical pathway containing

an oxidase with Km(O_) of 20 torr, a mixed function oxidase with

2)

Km(O,) of 5 torr, an NAD+coupled reductase and an ATP dependent

2)
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kinase may be considered:

NADH NAD' O, NADPH NADP' ATP

M@}%M

One can assume the system functions rormally at 40 torr. When

the tissue P(O,) is lowered to 20 torr, the velocity of the reaction

2
catalyzed by the oxidase with a Km(OZ) of 20 torr will be 50% of
normal. A lowered level of C, D, and E and an increased level of A
and B are expected. At5 torr, the mixed function oxidase activity is
reduced to 50% while the activity of the other oxidase is reduced even
more substantially. Thus, crossover points exist now at both B > C
and C =» D. At 2 torr, the redox state is changed due to biocener-
getic hypoxia, A crossover will be seen at the reductase reaction and
possibly a reverse crossover at the mixed function oxidase reaction.
Finally, at 1 torr the phosphorylation state of the cell is decreased
and a crossover occurs at the kinase reaction.

For any actual pathway, kinetic information such as Michaelis
constants for oxygen, redox cofactors, and pyridine nucleotides are
necessary to predict whether crossovers will indeed occur. Allo-

steric affects must be taken into account, In addition, altered meta-

bolite concentrations do not necessarily indicate an altered flux through
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the pathway. For two substrate reactions functioning at submaximal
substrate concentrations, a decrease in one metaholite may be com-
pensated by an increase in the other so that a nearly constant reaction
velocity is maintained.

Finally, with regard to the importance of biochemical changes
during hypoxia, it is currently unclear which changes are causally
involved in hypoxia damage, A priori, there is no reason to suspect
one reaction or pathway over another. There is no indication which
perturbation would be irreversible or whether a change has an evolu-
tionarily protective or regulatory function. Consequently, the function
of different metabolic pathways must be examined under varying
degrees of hypoxia to provide a foundation for an understanding of

hypoxia tissue damage.

I.B.5. Biochemical Studies of Hypoxia

No simple biochemical explanation of hypoxic tissue damage is
possible. Hypoxia is not a unique single state but a series of con-
tinuous states of decreased oxygen availability and their consequences
(I.B. 1. ). It may be systemic, or organ specific (I.B,1.). Tissues
are affected differently as a consequence of variations in oxygeh
supply (I. B.3.). Cells within a tissue are affected differently due to
oxygen tension fields (I. B, 3,), and intracellular organelles within

single cells may be exposed to different oxygen tensions as a
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consequence of intracellular gradients. Numerous physiological
responses (I. B.2.) and biochemical responses (I. B.4,) may attenuate
hypoxia., Most biochemical systems are dependent primarily or
secondarily upon oxygen (I. B.4.). Oxidase dependent systems have
different patterns of responses (e.g., crossover points) due to the

relative affinities of the enzymes for O, pyridine nucleotides,

X
adenylates, etc, (I.B.4,), The time course of oxygen deprivation
may range from acute to chronic, and the onset of pathology may be
insidious or acute, Biochemical, physiological and pathological
changes may be reversible or irreversible. Certain tissues have
specific metabolic vulnerabilities to oxygen deprivation (L. B.2.).
These and other complications require 1) a thorough knowledge of
normal metabolic function, 2) extensive experimentation on different
tissues under varying degrees of oxygen deprivation, and 3) testable
hypotheses to guide experimentation attempting to relate biochemical
consequences of oxygen deprivation to hypoxic damage.

Experimental studies of hypoxia are described from two aspects:
1) methods used in the study of hypoxia, and 2) experimental studies
of hypoxia in individual organs. Theories of hypoxic damage are
treated in Section L B.6,

I.B.5.a. Methods for Studying Hypoxia. Study of hypoxia has

been approached on different levels of crganization ranging from

whole organisms to subcellular fractions, Each of the levels has
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inherent advantages and disadvantages; studies on all levels are
essential to understanding hypoxia.

Intact Organisms; Early studies of hypoxia were performed on
intact animals under conditions of reduced oxygen inspiration.
Various techniques have been developed to produce hypoxia in intact
organisms (van Liere and Stickney, 1963)., The most common methods
are: 1) dilution of oxygen with an inert gas, 2) reducing air pressure
below atmospheric, and 3) continuous air rebreathing from a vessel
containing a carbon dioxide absorbant,

Intact organism studies have an advantage over other approaches
in that the functional interactions of the complete organism are
retained. Cells retain their location-function relationship. Physio-
logic oxygen gradients exist. Few special preparations are required
so that the experimental model is minimally perturbed. Because of
the interacting systems, however, it is difficult to study just one
component, Other than hemic parameters, most functions cannot be
studied continuously., Tissue samples can be taken only at the
termination of the experiment. Single experiments are thus time-
consuming and expensive, Stopping metabolism rapidly in specific
tissues is also difficult. Oxygen supply to specific tissues may be
measured polarographically and controlled by altering inspiratory

P(OZ) (Davis et al., 1973),
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Perfused Organs: Elimination of most humoral and neurogenic
interactions is attained by studying isolated organs supplied with
nutrients and oxygen by perfusion, The perfusion may involve either
single passage of perfusate through the tissue or continuous recycling.
Techniques are available for many different organs (Diczfalusy and
Diczfalusy, 1971). Perfusion systems allow selective control of
individual components, such as oxygen tension. Metabolites can be
monitored continuously in the perfusate; rates of metabolism can be
calculated by measurement of rate of flow and initial and final con-
centrations of metabolites., Cellular values are obtainable only at the
conclusion of the experiment,

With perfusion, cells are not exposed to equal oxygen tensions
due to the oxygen gradients within the organ. On the other hand,
normal location-function relationships of cells are retained.

Tissue Slices: The merits of tissue slices for study of hypoxia,
anoxia and ischemia are discussed by Cohen (1973). A general
description of this approach is available (DeLuca and Cohen, 1964).
Cohen (1973) cites avoidance of sampling difficulties, more stringent
controls, reduction of experimental variables, and shorter time per
experiment as the chief attributes of this approach over perfusion
techniques. Whether there is an actual reduction of experimental
variables or whether the variables are merely different is not obvious.

In the tissue slice procedure a large and variable fraction of the cells
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is destroyed by the slicing, Oxygen gradients within the tissues
exist, but unlike the organ perfusion techniques, these gradients
are no longer similar to the normal physiological gradients.

Cell Suspensions; Cell suspensions have been used to study
metabolism as a function of oxygen tension for unicellular organisms
(Chance, 1957) and ascites tumor cells (Chance, 1965). This
approach has been of limited applicability until recently to normal
mammalian tissues for two reasons: lack of techniques to produce
intact isolated cells from normal tissue and to provide constant
oxygen supply at different oxygen tensions, but recent developments
have obviated these problems (Sections II and III, respectively).

The major advantage of cell suspensions over intact organisms,
perfusion or tissue slices in the study of hypoxia is that all cells have
uniform exposure to oxygen and other metabolites. Metabolite entry
into cells is limited only by transport across the plasma membrane;
uptake of metabolite can thus be assumed to be uniform for all cells.
The advantage of this system over subcellular systems is the integrity
of cellular metabolism and retention of possible intracellular oxygen
gradients. The most serious uncertainty in use of cell preparations
in metabolic studies arises from possible changes due to the isolation
procedure (Section II.C.). Studies with cell suspensions share with
tissue and subcellular systems the advantage of rapid quenchability,

that is, rapid metabolic immobilization. Continuous monitoring is
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possible by physical techniques such as absorption spectroscopy or
by sequential sampling. Intracellular concentrations may be obtained
by direct measurement or indirectly by measuring concentration in
suspending medium and in total incubation.

Subcellular Fractions. The subcellular fractions most exten-
sively utilized in studies of oxygen utilization are mitochondria,
microsomes, and purified oxidases. Studies of these preparations
provide information on the function of individual components free
from interactions with other cellular components. Individual reactions
may be studied more directly and control parameters examined. The
major difficulty with this approach is that information obtained on
isolated systems may not reflect the true intracellular situation. Thus,
results of studies on isolated systems must be interpreted with caution
with relation to hypoxic effects at cellular or tissue levels until it is
confirmed that the function is unchanged in intact cells and tissues.

I.B.5.b. Hypoxic Effects. As indicated by survival times

(Section I. B.2.), different organs have different susceptibilities to
hypoxia due to intrinsic differences in Oz—dependent functions and
metabolism. The present review is limited to biochemical changes in
tissues in the context of primary and secondary hypoxia. It is
intended to serve as a basis for a re-evaluation of hypoxic processes
in this newly defined framework with the hope of ultimately yielding a

better understanding of the pathology of hypoxia. The nervous system,
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heart, and liver are discussed in some detail, and kidneys and other
tissues are briefly discussed.,

Hypoxia of the Central Nervous System: The basis for functional
changes of the central nervous sytem during hypoxic, anoxic and
ischemic conditions has received intensive study as a consequence of
its clinical importance. Nevertheless, an attitude still too frequently
maintained is that ''the higher psychic functions are associated with
biochemical changes so subtle and complex as to render any attempt
to describe them in terms of mere oxygen utilization no more adequate
than to predict the fidelity of a radio by its power requirements"

(Kety and Schmidt, 1948), This is the challenge of research of the
biochemistry of hypoxia--to provide an explanation for those changes
of higher psychic functions in terms of oxygen utilization. It requires
an understanding of enzymatic oxygen utilization and of the depen-
dence of metabolism on oxygen tension. The first requirement is
characterization of those enzymes with primary oxygen dependencies,
i.e., the oxidases. Secondly, the fuaction of these enzymes with
regard to oxygen tension must be determined. Thirdly, the secondary
dependencies upon oxygen tension must be examined, e.g., changes
related to redox and phosphorylation state changes, Finally, control
and supraenzymatic processes must be examined with regard to the
above changes., Hypoxia must be regarded as a continuum between

normoxia and anexia; studies of the direct normoxic-anoxic transitions
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such as those involving arterial ligation are of limited value in under-
standing the complexities of hypoxia. Rather, metabolism must be
examined when the other factors, such as bloed flow and metabolite
supply, are controlled while oxygen tension is selectively reduced.

Techniques have been introduced for such study of brain
metabolism, which I believe mark a turning point in the study of
hypoxia in the brain, Especially important in this regard is the
methodology of Salford, Plum and Siesjo (1973). They introduced
quantitative control to the model of Levine (1960), which uses carotid
artery ligation to control cerebral blood pressure, and controlled

inspiratory gas to control arterial P(O In this manner, they could

2)°
control the degree of hypoxia and separate any ischemic effects. With
the intentional oversight of studies not examining metabolism as a
function of oxygen tension, I will proceed to devote this discussion to
hypoxia of the brain in terms of primary and secondary dependencies
on oxygen and the use of controlled oxygen tension in the study of
brain hypoxia. This approach is partially rationalized by the fact
that an excellent review of the "Biochemistry of Cerebral Anoxia,
Hypoxia and Ischemia'' was recently written by Cohen (1973).

At the outset it must be recognized that the brain is a hetero-
geneous system with regard to cell type, oxygen tension, oxygen con-

sumption, blood supply, metabolic function, etc. This is of utmost

importance in examination of hypoxia, since minimum perturbations
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have been sought to identify those 'first! affects of oxygen depriva-
tion, If one considers the complexity of the neural system, the varia-
bility between organisms, and experimental sampling problems, the
sensitivity of analysis of various parameters is likely to be no better
than ¥ 5%, Thus, for change consequent to hypoxia to be detectable
and experimentally significant, it must be on the order of 5%. How-
ever, since the tissue is heterogeneous, this change is not likely to
reflect a 5% change in all cells, but rather a larger change in a
smaller number of cells. Thus a 5% total change may reflect a 10%
change in 50% of the cells or a 50% change in 10% of the cells. A 10%
change in 10% of the cells or a 100% change in 1% of the cells would
be undetectable. The consequences of this are quite significant with
regard to in vivo response to hypoxia since strategically located
"sensor' cells could trigger responses to hypoxia without detectable
changes in the entire organ, One must be aware, therefore, that

measured metabolic changes as a consequence of arterial P(O,) are

)
only minimally detectable changes.

Several oxidases found in the brain have been identified and are
listed in Table I-J, The small number by comparison to liver and
kidney may reflect the differences in function of the tissues or may be
a consequence af biochemists' preference for those tissues which may

be removed quickly and easily., If the latter is the case, the search

for oxidases in the brain may be fruitful in supplying a further
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Table 1-J, Oxidases in the mammalian brain.

Cytochrome oxidase
Phenylalanine hydroxylase
Tyrosine hydroxylase

Dopamine § hydroxylase
Monoamine oxidase

Tryptophan hydroxylase

D-amino acid oxidase
Protocollagen proline hydroxylase
Squalene epoxidase

C-4 demethylase

Fatty acid a-oxidase
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understanding of both normal function and changes consequent to
hypoxia.

Of the oxidases known f{o cccur in the brain, cytochrome oxidase
is the most widespread (Lubbers, 1968; Ridge, 1967), Estimates
have been made from studies using respiratory inhibitors that it
consumes 90-95% of the total oxygen; however, this may be an over-
estimation because of nonspecificity of the inhibitors. The central
importance of cytochrome oxidase in the cellular requirement for
oxygen was expounded by Chance (1957). Since that time, he and co-
workers have expanded this study to cytochrome oxidase function at
low oxygen tensions. They developed a sensitive procedure (reviewed
by Jobsis, 1972) for measuring the flucrescence of protein bound
NADH and NADPH in the brain as a function of inspiratory oxygen,
They also measured the oxygenation of hemoglobin spectrophoto-
metrically so that the capillary oxygen tension could be estimated
from a standard hemoglobin saturation curve, The percent reduction
of pyridine nucleotides as estimated from the fluorescence is redrawn
in Figure I-7 as a function of capillary oxygen tension as estimated
from the absorbance change and a standard hemoglobin saturation
curve (Marshall and Wyche, 1972). The capillary oxygen tension
providing half maximal change in this estimation of redox state can be
calculated to be approximately 12-13 torr, and the critical capillary

oxygen tension can be estimated to be about 27 torr.
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Pyridine nuclectide reduction and lactate-to-pyruvate
ratio in brain as a function of oxygen tension.

a, Change in fluorescence of protein-bound NADH plus
NADPH in rat brain cortex as a function of capillary
P(OZ), Redrawn from Chance et al. (1965).

b, ILactate to pyruvate ratio in rat brain at measured
tissue and arterial P(O,). Tissue data from Schmal

et al. (1968); P(OZ) values represent rat cortex surface
P(O,). Arterial and venous data from MacMillan and
Siesjo (1971); arterial P(OZ) values were measured and
venous P(OZ) estimated from arterial value.
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A different approach to the estimation of intracellular redox
state was developed by Williamson et al, (1967) relying on enzyme
maintained equilibrium of oxidation-reduction reactions inveolving
pyridine nucleotides., In the cytoplasm, lactic dehydrogenase cata-
lyzes the NADI—I;NAD+ coupled reversible oxidaticn-reduction of the
lactate-pyruvate pair, If this reaction is sufficiently rapid and the
cytoplasmic lactate and pyruvate pools can be measured, an estimate
of NADH: NaD?t can be made. Schmahl et al, (1968) measured the
lactate: pyruvate in cat brain cortex while the animals inspired low

oxygen gas mixtures, The cortex surface P(O,) was measured pol-

2

arographically with a special multiple point electrode. The results

are given in Figure I-7 and show that the critical P(O,) is less than

5)
30 torr. MacMillan and Siesjo also measured the lactate and pyruvate

in the cerebrum after maintenance at constant arterial P(O,) for

2)

30 min, The lactate:pyruvate ratios as a function of arterial and
venous P(OZ) which were reported are shown in Figure I-7., They

estimated that the critical arterial P(O,) for these changes was about

2

50 torr. This corresponds to a critical venous P(O,) of about 35 torr.

5)
The calculation of NADH:NAD+ from lactate: pyruvate is complicated
by the fact that the pH may change during hypoxia. MacMillan and
Siesjo (1971) proposed from estimates of intracellular pH that the
cytoplasmic NADH:NAD+ ratio does not necessarily change even at a

venous P(O,) as low as 10 torr. They concluded (MacMillan and

5)
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Siesjo, 1971b) that the measured increase in the lactate:pyruvate was
"due to an effect of acidosis on the LDH equilibrium and not hypoxia
per se.!" This conclusion does not indicate what the biochemical
basis for the lactate:pyruvate changes really is and does not fit with
the direct observations of Chance et al. (1964) that the reduction of
pyridine nucleotides increases half maximally at capillary P(OZ) of
about 12 torr. Coupled with the inherent difficulty of intracellular pH
determination, these results suggest that the contention that lactate:
pyruvate change is due solely to acidosis is not warranted. I do not
reject the importance of pH changes during hypoxia, but rather suggest
that pH changes are a consequence of primary hypoxia. Similarly,
lactate: pyruvate change is a secondary event of hypoxia. The pri-
mary event is altered oxidase function. In this case, the most
important oxidase is very probably cytochrome oxidase. When the
function of this oxidase is diminished due to oxygen limitation, an
alteration in mitochondrial NADH:NAD+ is likely to occur. This
alteration will affect the cytoplasmic redox state in addition to possible
changes in mitochondrial pH and cytoplasmic pH, The altered redox
state will be reflected in the cytoplasmic NADH:NAD+., The alterations
in this ratio and in the pH can increase the ratio of lactate to pyruvate.
In addition, increased glycolysis will result in an increase in pyru-
vate production so that the observed increase in both pyruvate and

lactate concentrations during hypoxia can be explained (Salford et al.,
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1973). This fact cannot be easily explained simply by a change

in pH.

Another primary affect of diminished oxygen supply to cyto-
chrome oxidase is a change in cellular phosphorylation state. ATP is
synthesized from ADP in the process known as oxidative phosphoryla-
tion, The transfer of elecirons to molecular oxygen catalyzed by
cytochrome oxidase is essential for this function, When oxygen ten-
sion is decreased to a level which affects this function, ATP synthesis
will be diminished, and ATP concentration will decrease. Other
parameters of cellular energetics such as ATP: ADP, phosphorylation
state potential (Wilson, 1974) and adenylate energy charge (Adkinson,
1968) will also reflect a decrease in ATP synthesis. The adenylate
energy charge in rat brain after maintenance at constant arterial
P(Oz) for 30 min was measured by Davis et al. (1973) as shown in
Figure I-8. The critical arterial P(OZ) was about 35 torr. ATP:ADP
as a function of brain surface P{OZ) (Schmahl et al., 1968) is also
shown in Figure I-8. A critical P(Oz) cannot be obtained from these
data, but detectable change occurs at 2 to 3 torr.

Another parameter of cellular energetics that has been meas-
ured during hypoxia is phesphocreatine content., The results deter-
mined by Schmahl et al, (1968) as a function of brain surface P(OZ)
and of MacMillan and Siesjo (1971b) as a function of arterial and

venous P(O,) are given in Figure I~-8., The critical arterial P(OZ) for

2

a decline in phosphocreatine was about 35 torr,
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ATP:ADP and phcsphocreatine content in brain as a
function of oxygen tension.

a. Adenylate energy charge as a function of arterial
P(O,) (Davis et al., 1973).

b. ATP:ADP ratio as a function of brain surface P(OZ)
(from Schmahl et al., 1968).

c. Phosphocreatine content of brain as a function of
brain surface P(Oz) (Schmahl et al., 1968) and arterial
P(O,) (MacMillan and Siesjo, 1971).
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The question of what the tissue oxygen tensions are when
changes in metabolism due to hypoxia are chserved is a matter of much
discussion and conjectu\rea5 Chance and coworkers proposed and have
maintained that since redox and energetic changes are related to
cytochrome oxidase function, the in vivo mitochondrial oxygen tension
under conditions giving altered redox and energétic properties is
related to in vitro mitochondrial respiration as a function of oxygen
tension (see, for instance, Sugano et al.,, 1974). Consequently, they
measured the apparent Km(OZ) for isolated respiring mitochondria
and submitochondrial particles, which they found to be 0.02-0.05 pM
(Chance, 1965). They consequently proposed that there exists a 1000-
4

fold oxygen tension gradient between the capillary and the mitochon-
drion (Sugano et al., 1974), This idea was based upon the assumption
that the conditions for study of isolated mitochondria adequately
simulated in vivo conditions so that metabolism and control were not
grossly perturbed, However, Petersen et al. (1974) showed that the

apparent Km(O,) for mitochondrial respiration is dependent upon the

5)
ratio of ATP: ADP, They showed that in the presence of high ATP: ADP

the apparent Km(Oz) is increased cver the uncoupled state 3 value.

This general discussion of cellular oxygen tensions and tissue oxygen
tension gradients is applicable to all tissues. It is included here
because most of the data concerning intact tissues are for the brain
(presented above). The research on isolated mitochondria by Chance
and others indicates a similarity between mitochondria from various
sources.



101

Thus, data measured on isolated mitochondria do not necessarily
reflect in vivo function unless appropriate conditions are chosen.
Values of 0.25 mM ADP and no ATP do not reflect the 0.5 mM ADP
and 2 mM ATP normally found in vivo, and thus the Krn(OZ) values
measured by Chance and coworkers should not be used to predict

in vivo tissue gradients,

Other approaches are possible to estimate in vivo oxygen gradi-
ents in a semiquantitative fashion without assumptions about the in
vivo affinity of cytochrome oxidase for oxygen. An estimation of an
"average'' oxygen tension gradient from capillaries to tissues can be
made by subtracting the mean capillary oxygen tension from the mean
tissue oxygen tension, The mean capillary oxygen tension is not the
arithmetic mean of the arterial and venous tensions because of the
nature of the oxygen dissociation curve. Rather, the mean capillary
oxygen tension is more closely approximated by the oxygen tension at
which one-half of the difference in arterial and venous oxygen content
has been released. This can be estimated to be about 57 torr using
of 43 torr, pH 7.4, and

an arterial P{O,) of 90 torr, a venous P(O

2) 2)

the oxygen dissociation curve of Marshall and Wyche (1972). The

mean tissue P(O_) in the grey matter can be estimated from the

2)

results of Lubbers (1973) to be about 22 torr., Thus, an "average'

gradient may be considered to be about 35 torr.
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A second estimation of the average oxygen gradient between
capillaries and tissue can be obtained from the independent studies of
the tissue metabolite changes as a function of arterial or venous

P(OZ) and of tissue P(O Lactate/pyruvate measured as a function

2)°
of arterial, venous and tissue surface P(OZ) is presented in Figure
I-7. From this one can estimate that the "average'' capillary to
tissue oxygen gradient is 25-35 torr.

A third estimation can be obtained from theoretical models using
measured values for intercapillary distance, capillary length, blood
flow rate, arterial P(OZ), venous P(OZ) diffusion constant in tissue,
and oxygen consumption rate., Thews' (1967) treatment based upon
the Krogh model allows an estimate of the average capillary tissue
P(OZ) difference of about 15 to 20 torr.

Two additional points need to be mentioned with regard to the
meaning of capillary-tissue gradients. The first is that "average!'
gradients are probably more meaningful than "maximal' gradients
when measuring metabolite levels as a function of oxygen tension
since the metabolite levels are also "average'' tissue measurements
(i.e., a 100% change in 1% of the tissue is usually undetectable, see
above). Secondly, the above estimates say nothing about intracellular
or intramitochondrial oxygen tensions. Thus, in spite of the afore-

mentioned problem with the approach of Chance and coworkers, there

is little other data for these estimations.
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Primary hypoxia has been demonstrated in the brain for the
tryptophan hydroxylation reaction in serotonin synthesis. Davis et al.
(1973) measured the accumulation of cerebral 5-hydroxytroptophan
after decarboxylase inhibition in rats maintained at fixed arterial
oxygen tensions. They found a decreased accumulation of this meta-
bolite below 60 torr (Figure I-9) and concluded that this decrease was
due to a decreased activity of the tryptophan hydroxylase because of
limiting oxygen, They proposed that this substrate deficiency for a
metabolic oxidase may be responsible for behavioral changes of mild
hypoxia. This report provides an important but incomplete analysis
of the affect of mild hypoxia on serotonin metabolism. Serotonin is a
substrate for monoamine oxidase, and at least some of this metabolite
is thought to be oxidized by this enzyme in vivo (Sirek and Sirek,
1970). Thus, diminished P(OZ) might also result in decreased
degradation of serotonin and counteract an affect of decreased
synthesis.

Primary hypoxia also occurs in catecholamine metabolism in
the brain. Two oxidases are involved in epinephrine and norepine-
phrine synthesis, and one oxidase is involved in degradation. Tyrosine
is the primary metabolic precursor for dopamine as demonstrated by

O incorporation into the 3 position of homovanillic acid (Mayevsky
et al., 1973). Dopamine is hydroxylated to norepinephrine by

dopamine B ~hydroxylase in central noradrenergic neurons which
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Figure I-9. Brain tryptophan hydroxylation as a function of arterial
P(OZ). Accumulation of 5-hydroxytryptophan after
maintenance of arterial P(OZ) at designated values for
30 min in the presence of a 5-hydroxytryptophan
decarboxylase inhibitor (from Davis et al., 1973).
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innervate cerebral arteries and arterioles (Hartman, 1973). Norepine-
phrine and its methylated product, epinephrine, are oxidized by
monoamine oxidase, a reaction thought to terminate its physiological
response in the brain (Kriskner, 1968; Wurtman and Zervas, 1974).
Zervas et al, (1974) showed that brain dopamine was significantly
reduced and norepinephrine was moderately reduced 24 hours after
carotid ligature in gerbils, Davis and Carlsson (1973) observed a
decreased accumulation of noradrenaline and dopamine in rat brain
following 1 hour exposure to 5,6% oxygen and a monoamine oxidase
inhibitor. The indication is that a decreased availability of oxygen to
oxidases involved in this metabolism is responsible for these changes.
If this is true, then the general interpretation of the role of monoamine
transmitters following injury to the central nervous system as
described by Wurtman and Zervas (1974) must be expanded to include
these important biochemical events, Thus, in addition to a decrease
in uptake and oxidative deamination of monoamines, there could be
decreased synthesis. This is an important point with regard to over-
all monoamine metabolism during oxygen limiting conditions.

Although information on other oxidases in the central nervous
system is limited, there are sufficient data to speculate on other pri-
mary hypoxias which deserve further investigation. Lipid constitutes
30% of the wet weight of brain white matter (Davison, 1968) and is

therefore likely to play an important role in cerebral function.
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Decreased unsaturated fatty acids in the brain of a patient after
severe hypoxia {(Gerstl, 1963) could be a direct consequence of
decreased desaturation activity due to oxygen limitation to a micro-
somal (mixed function oxidase) desaturase. Cholesterol synthesis has
been shown to occur in the brain (Nicholas and Aexel, 1967) and is
known to involve at least two oxidases (see Section I. B.4.). There-
fore, this synthesis could be impaired during hypoxia. Prostaglandins
are lipophilic hormones which are normal constituents of nervous
tissue (Hinman, 1972), suggesting that synthesis and /or metabolism
may occur in nervous tissue. Since oxygen dependent reactions are
known to be involved in both synthesis and metabolism of prostaglan-
dins, this metabolism may also be sensitive to decreased P(OZ).

In addition to the amino acid oxidases mentioned above, a D-
amino acid oxidase activity has been measured in the diencephalon
part of the brain (Yagi, Nagatsu and Ozawa, 1956), and phenylalanine
hydroxylation in the brain in vivo has been reported (Bagchi and
Zarychi, 1970). Protocollagen proline hydroxylase activity has also
been measured (Cutroneo, Guzman and Sharawy, 1974). These oxi-
dases and other primary oxygen dependent functions may be important
in understaﬁding the complex and perplexing biochemical changes in
hypoxia,.

Secondary effects of hypoxia are too numerous to consider in

this brief discussion; however, data illustrative of the type of
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information valuable to understanding these changes are given in
Figure I1-10., These metabolic changes are dependent upon oxygen
tension only secondarily through the redox state or phosphorylation
state and may have additional indirect effects of great importance.

An example may be seen in the indirect effect of oxygen tension on the
level of vY-aminobutyrate (GABA), a possible neurotransmitter, in the
brain. GABA concentration was found to be increased in the brain
following anoxia (Wood, 1967; Wood and Watson, 1969). The precur-
sor, glutamate, was also elevated. Glutamate may be formed from
2-oxoglutarate by reductive amination, a reaction which is sensitive
to the NADH to NAD+ ratio. Thus, decreased P(OZ) resulting in
elevated NADH:NAD+ could shift the glutamate dehydrogenase
equilibrium toward increased glutamate., The increased glutamate
concentration may then result in increased decarboxylation and an
increase in tissue GABA concentration,

Heart: '"Anoxic damage to myocardial cells alone causes 20 to
25% of all deaths in industrialized nations (Robbins and Angell, 1971).
This statement reveals the medical importance of unraveling the
primary events in myocardial hypoxia so that appropriate therapy
based upon these changes in the affected tissue might be instituted
(Jennings, 1969). Most anoxic damage to the myocardium in man
results from ischemia, a reduction in blood flow by occlusion of the

coronary artery (Opie, 1971/72; Robbins and Angell, 1971).
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Figure I-10. Secondary metabolic changes during hypoxia. Meta-
bolite concentration (millimoles /kg wet weight) in the
brain as a function of arterial P(OZ) (from Salford

et al,, 1973).
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Interpretation of metabolic changes during ischemia are complicated
by the reduction in blood flow which alters substrate supply and
product removal in addition to oxygen supply. Yet oxygen deficiency
is thought to be the primary metabolic disturbance (Case, Nasser
and Crampton, 1969; Jennings, 1969). Most biochemical and patho-
logical studies on myocardial hypoxia use coronary occlusion as an
experimental model. As previously stated, the normoxic-anoxic
transition is of limited value in unraveling the complex events of
oxygen deprivation. In the ischemic model, the problem is further
complicated by perturbations in substrate supply and product removal.
Biochemical studies on the heart with graded hypoxia while blood flow
is normal are needed to eliminate the ambiguities of the ischemic
model.

An important review of metabolism in the hypoxic myocardium
was written by Scheuer (1967). He proposes that when oxygenation is
impaired, '"the primary biochemical lesion occurs at the oxidation
of cytochrome A." This view is consistent with that expounded by
Chance (1957) and Jobsis (1964)., Changes in adenylate concentrations
and in redox state are adequately discussed in either of these papers;
however, Scheuer's review deals most directly with myocardial
hypoxia. Quantitation of these changes in the myocardium as a

function of the degree of oxygen deprivation have not been made.
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Two major mechanisms control myocardial contractility, tonic

and phasic control (Katz, 1975). Tonic control is a slow adaptation

involving synthesis of new protein and resulting in altered ATPase
activity of myosin. Six hour exposure of rats to 4-5% OZ resulted in
no discernible changes in myosin or myosin synthesis (Aschenbrenner

et al., 1971), suggesting that tonic control is of minimal importance

in acute hypoxia. Phasic control involves control of flow of calcium

to the contractile proteins and is a rapid, beat-to-beat control. It
may be affected by biogenic amines and other adenylate cyclase
activators. Neurogenic and humoral controls of heart rate and
ventricular contractility have been related to hypoxia of the central
nervous system and the adrenals (Downing, 1966). Increased release

compared to

of norepinephrine by the heart of rats breathing 6% O‘2

21% O, was postulated to be due to reflex stimulation (Goldman and

2
Harrison, 1970). Specific metabolic alterations within the heart
related to enzymic oxygen deficiencies may also occur. Decreased
catecholamine synthesis may occur due to tyrosine hydroxylase
hypoxia or DRH hypoxia. Potentiation of catecholaminic action can
occur as a consequence of MAO hypoxia, i.e., decreased physiologic
inactivation of catecholamines. Prolonged stimulation by prostaglan-

dins or steroid hormones may occur by similar mechanisms.,

Ischemia or anoxia cause rapid loss of contractility of the

myocardium (Scheuer, 1967). Under aerobic conditions, fatty acids
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are the preferred substrate for energy production, This metabolism
is exclusively aerobic; the myocardium has an abundant supply of
mitochondria (Stenger and Spiro, 1961) and high concentrations of
cytochromes (Biorick, 1956). Lipid accumulates during anoxia
(Jennings and Ganote, 1974; Wartman et al., 1956) as glycolysis takes
over energy production, Chronic hypoxia increases succinate
dehydrogenase activity and is related to a more efficient mitochondrial

function; acute, severe hypoxia (4-5% O,) causes increased degrada-

5)
tion of mitochondrial components (Aschenbrenner et al., 1971).

Depletion of creatine phosphate begins within seconds after
initiation of anoxia and is followed by a slower decrease in ATP
(Feinstein, 1962). As ATP supplies become limiting, electrocardio-
graphic and hemodynamic abnormalities occur (Scheuer, 1967). The
electrical activity requires ATP-dependent pumping of sodium and
potassium to maintain transmembranal gradients. Contractile pro-
teins (actin and myosin) require ATP for interaction,

Increased glycolysis during hypoxia results in reversal of the
normal lactate uptake by the heart (Krasnow et al., 1962) and in
depletion of glycogen (Jennings and Garote, 1974). Adenosine is
released from the cells, perhaps as a consequence of increased ATP

breakdown, and is thought to be a mechanism of coronary vascular

autoregulation (Kukovetz, 1972).
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Scheuer (1967) reports that electrocardiographic changes in
isolated ischemic rat hearts may cccur even in the presence of normal
ATP and creatine phosphate levels. This observation suggests that
cytochrome oxidase function may not supply a complete explanation
of myocardial hypoxia and that other primary biochemical lesions
may be important,

Any oxygen dependent enzyme in the heart may be considered a
possible site for a primary biochemical lesion during hypoxia, but
few have been specifically identified. The sensitivity of the heart to
catecholamines (Downing, 1966) and prostaglandins (Bergstrom,
1967) suggests that synthesis and/or metabolism of these agents may
be important, Other oxidases involved in steroid, cholesterol, fatty
acid and amino acid metabolism are likely to have critical functions
in the heart. Protocollagen prolyl hydroxylase and lysyl hydroxylase
are known to be required for collagen maturation and must function
properly for repair of hypoxic myocardial damage.

The heart is somewhat unique among tissues in its requirement

for oxygen. The histogram of P(O,) values measured in a beating

5)

heart (Figure I-3) shows that much of the tissue has a relatively low
oxygen tension under normal conditions. Some measurements of

P(OZ) are lower than the critical P(O,) for mitochondria (Fabel,

2)

1968). Thus, the heart appears to be extremely susceptible to oxygen

limitation, In addition, a decrease in arterial oxygen tension



115

necessitates an increased heart function to supply sufficient oxygen

to other tissues, such as the brain., Thus, during hypoxia, the heart's
oxygen requirement actually increases. Measurements of function of
the heart during oxygen limitation have been performed on recirculat-
ing perfused hearts (Harris and Gloster, 1971/72; Opie and Mansford,
1970; Scheuer and Stezoski, 1972), however, these studies have used
hemoglobin free perfusates, The omission of hemoglobin in the per-
fusate greatly increases oxygen gradients and alters calibration
curves for tissue oxygen tensions relative to arterial P(OZ). In the
absence of these calibrations, suitable comparisons of the results
cannot be made,.

Liver; The broad spectrum of metabolic function of the liver is
reflected in the large number of oxidase activities which have been
observed in this tissue (Table I[- K), The apparent Km(OZ) has been
measured for many of these enzymes and are given in Table I-H.
Since many of these values occur in the range of normal liver P(OZ)
(Figure I-3), one can assume that this may be a fruitful tissue for
examining metabolic function during hypoxia.

The functions of hepatic oxidases have been discussed (Section
I.B.4.). Itis of interest to briefly review metabolic changes during
hypoxia which have been observed in these pathways. Changes in
amine metabolism and tissue response to amines during hypoxia have

been primarily studied in nervous tissue and muscle and has been
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Table I- K, Oxidases in mammalian liver,

D-amino acid oxidase
L-amino acid oxidase

Aryl 4-hydroxylase
Aldehyde oxidase

a Butyrobetaine hydroxylase
p Carotene 15-15' oxygenase
Cysteine oxidase
Cysteamine oxidase
Diamine oxidase

Fatty acid w -hydroxylase
Fatty acid desaturase
Glyceryl ether oxidase
Glycollate oxidase
Gulonolactone oxidase

a Heme oxidase
Homogentisic acid oxidase

3-Hydroxyanthranilate oxidase

p- Hydroxyphenylpyruvate oxidase

Kynurenine 3-hydroxylase
Monoamine oxidase
Phenylalanine hydroxylase
Protocollagen proline hydroxylase
Sarcosine oxidase

Squalene epoxidase

Steroid 7a-hydroxylase
Steroid 12¢-hydroxylase
Steroid 2B-hydroxylase
Steroid 6p-hydroxylase
Steroid 6 ’{ -hydroxylase
Steroid 16-hydroxylase

Sterol demethylase

Sulfite oxidase

Tryptophan pyrrolase
Tryptophan 5'-monooxygenase

Xanthine oxidase
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discussed above. Metabolism of amino acids is a primary function
of the liver (Bloxam, 1971) and thus numerous oxidases involved in
this metabolism are found in the liver. The Km(OZ) values for these
oxidases range from 2.7 to 760 torr, suggestive of in vivo oxygen
dependent function. Increases in alanine, glutamate, leucine,
phenylalanine and tyrosine were reported during hypoxia in the rat
brain (Tews et al., 1963), These increases may be a result of
increased protein degradation during hypoxia as has been reported in
the heart (Aschenbrenner et al., 1971); however, increased protein
synthesis during hypoxia has also been reported (Smialek and
Hamberger, 1970). A careful overall study of protein synthesis,
protein degradation, amino acid pools and amino acid degradation
during hypoxia will be required to ascertain the importance of oxida-
tive metabolism of amino écids during oxygen limitation,

The impaired function of tryptophan metabolism (tryptophan
pyrrolase, kynurenine-3-hydroxylase) in the synthesis of nicotinic
acid, required for maintenance of the pyridine nucleotide pools, is
suggested by the observation that administration of nicotinic acid
protects rats from hypoxic damage (Calder, 1948). Taurine is syn-
thesized in the liver from cysteine in a pathway involving cysteamine
oxidase (Yamaguchi et al., 1973). Interruption of this pathway during
hypoxia may play a role in the observed disturbance of bile metabo-

lism during hypoxia (van Liere and Stickney, 1963) since taurine is
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an important metabolite for formation of secreted forms of bile acid
such as taurocholic acid. Another possible mode for interruption of
bile metabolism during hypoxia is through the mixed function oxida-
tions required for synthesis of these compounds from cholesterol
(see Section I, B.4.). In this regard, a disturbance in cholesterol
metabolism is apparent from the increased level of cholesterol found
during hypoxia (van Liere and Stickney, 1963). Heme metabolism
during hypoxia has been frequently studied due to the importance of
heme in oxygen transfer and mitochondrial respiration, the first
reaction in heme catabolism is oxygen dependent (Tenhunen, Marver
and Schmid, 1969) and may play an important role in hypoxic changes.

Disturbances of fatty acid metabolism have been observed during
hypoxia (van Liere and Stickney, 1963). While many of these changes
are likely to be a result of secondary hypoxic changes, a primary
hypoxic affect might occur through the mixed function oxidases which
desaturate, demethylate and hydroxylate fatty acids (see Section
I.B.4.). In addition, transfer of fatty acids across the mitochondrial
membrane occurs by a carnityl carrier. Since carnitine is formed
through a pathway containing the oxygen dependent Y-butyrobetaine
hydroxylase, a decreased level of this carrier and subsequently a
depressed lipid mobilization could result from a chronic hypoxia.

The numerous detoxification reactions catalyzed by the

microsomal cytochrome P-450 system, which are so essential in an
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organism's encounter with its environment, may also be impaired
during hypoxia (Sanvordeker and Lambert, 1974). This is of particu-
lar importance in the clinical administration of drugs, since excretion
of many of these compounds is dependent upon hepatic hydroxylation,
Thus, the pharmacologic activity of a drug may be altered in an hypo-
xic patient. Alterations in metabolism or threshhold response have
been reported as a consequence of hypoxia for pentobarbital (Buemel
et al., 1970) and sulfadiazine, isoniazid and p-aminopropiophenone
(Mustala and Azarnoff, 1969),

The anatomical structure of the liver has been discussed by
Block (1970) and Goresky (1973). Unlike other tissues, nearly all
cells in the liver are directly exposed to the blood supply. This
limits the average capillary-to-tissue gradients, but does nct eliminate
the danger due to oxygen limitation since much of the hepatic blood
supply is from the portal vein which contains less oxygen than
arterial blood. Hepatic failure usually occurs during complex hypoxic
crises in the clinical setting (Schaffner, 1970). This has been simpli-
fied experimentally by use of the isolated perfused liver (Brauer et

al., 1965; Tygstrup, 1975). The critical venous P(O,) for respira-

2
tion, ATP:;ADP, and adenylate energy charge, for such a preparation
is about 30 torr (Tygstrup, 1975). Galactose elimination capacity

was found to have a critical venous P(OZ) of about 20-25 torr

(Tygstrup, 1975), The mitochondrial NAD+;NADI-I and adenylate
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energy charge in intact liver of rats respiring various P(OZ) gases
were studied by Ballard (1971). This preparation is not as simple as
the isolated liver because of the interaction with other hypoxic tissues,
and it does not provide a direct measure of hepatic oxygenation.
Cytoplasmic and mitochondrial NAD+:NADH were estimated according
to the method of Williamson et al, {1967) and are reproduced along
with the adenylate energy charge in Figure 1-11. All of these para-
meters are indirect indicators of cytochrorne oxidase function. The

most important observation is that the critical P(O,) values for each

)
of these parameters approximates atmospheric P(OZ). Thus,
respiratory function in the intact rat liver may be oxygen dependent
under normoxic conditions, The physiological and pathological sig-
nificance of this observation is unclear. Perhaps it reflects a
reserve of respiratory function under conditions of metabolic stress
to allow additional ATP synthesis or electron removal., Further
research is necessary to clarify this point. Changes in cytosol
NAD+/NADH roughly parallel mitochondrial NAD+/NADH but both
decrease at higher P(OZ) than adenylate energy charge.

Other Tissues: All mammalian tissues are susceptible to
hypoxic tissue damage, but medical importance and/or ease of
developing an experimental model have resulted in an abundance of
studies on the previously mentioned tissues but relatively fewer

studies on others. Based upon a bicenergetic explanation of hypoxia,
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Figure I-11. Hepatic NAD+:NADH and adenylate energy change in
intact rats at various inspired oxygen (from Ballard,
1971). 1In all experiments animals were exposed to the
particular atmosphere for 5 min before injection and
15 min after injection of 100 pM of lactate (a and b) or
20 pM L-aspartate (c, d and e). Redox values were
calculated as described by Williamson et al. (1967).
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this is acceptable for all tissues which rely largely upon mitochondrial
respiration for maintenance of the energy supply and redox state.
However, if one considers hypoxia in terms of the metabolic oxidases,
tissues with different oxidases will have different primary hypoxias.
Thus, the complicated affect of hypoxia on adrenal cortex and
adrenal medulla functions (van Liere and Stickney, 1963) may in part
be due to the different oxidases present in these tissues. This same
generalization may be éppiied to other specialized functions in other
tissues. Lack of fertility at high altitudes (van Liere and Stickney,
1963) may be a consequence of primary hypoxic lesions in steroid
hormone metabolism in gonads. Decreased thyroid function during
hypoxia (Van Middlesworth van,d Berry, 1951) may be a consequence of
a secondary oxygen reqﬁirement for thyroid peroxidase activity
(Section I. B.4.). The role of oxygen tension in wound healing has
been studied (Brighton and Krebs, 1972; Hunt and Pai, 1972;
Lundgren and Zederfeldt, 1969; Niinikoski and Hunt, 1972; Silver,
1968), and the maturation of collagen p?.rtially related to proline
hydroxylation (Chvapil, Hurych and Ehrlichova, 1968) and lysine
oxidation to allysine (Grant and Prockop, 1972b).

Renal tissue is similar to liver in that numerous metabolic functions

are present. A list of some of the oxidases is given in Table I-L. The

critical P(OZ) for respiration of isolated kidney cells is 16.5 torr (Weiss,
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Table I-L., Oxidases in mammalian kidney.

Cytochrome oxidase

E alkyl lysinase

D aspartate oxidase
Cytochrome P-450

Aldehyde oxidase

Monoamine oxidase
p-Hydrophenylpyruvate hydroxylase
Glycollate oxidase

Urate oxidase
3-Hydroxyanthranilate oxidase
Meso=-inosotol oxidase
Homogentisate oxidase
L-amino acid oxidase

D-amino acid oxidase
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1968). Functions of individual oxidases during hypoxia have not been
studied in renal tissue, however Vogt and Farber (1968) concluded
from a study of renal ischemia that neither ATP nor lactate levels
could be correlated with the irreversibility of changes. Thus,
function of other oxidases may be important in this pathology.

Carotid bodies are of interest because they contain arterial

chemoreceptors and thus play a role in cardiodynamics. They have

a high catecholamine content although the role of these amines in the
chemoreceptor mechanism is unclear. Mills and Slotkin (1975)
measured the catacholamine content of cat carotid bodies after
exposure of animals to 8-40% oxygen (60.8-304 torr) for one hour.
Catecholamine content increased with oxygen tension, which they
interpreted to indicate increased release at lower oxygen tensions.

By analogy to brain studies, they excluded decreased synthesis as a
possible explanation. Further studies will be required to validate this
interpretation, since both decreased synthesis and metabolism of
catecholamines occur in the brain during hypoxia. Long-term

studies are needed to determine if steady-state hypoxic catecholamine

contents are identical to normal values.

I.B.6. Theories of Hypoxic Damage

Hypoxic damage is frequently explained in terms of decreased

available energy for maintenance of cellular functions or structural
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and metabolic denaturation due to decreased pH (Cohen, 1972, 1973;
Jennings, 1969; Sobel, 1974; Vogt and Farber, 1968)., Decreases in
ATP and pH during hypoxia are well documented and can be explained
in terms of altered mitochondrial and glycolytic function (see
references above). The primary biochemical lesion for these
changes is decreased available oxygen to cytochrome oxidase (Chance,
1957). These theories do not supply a total explanation of hypoxic
changes since altered function of other oxidases during hypoxia has
been observed Chvapil et al., 1968; Davis et al., 1973). In addition,
experimental depletion of ATP in the liver and kidney does not dupli-
cate the rapid irreversible changes of hypoxia (Farber, 1971, 1973;
Vogt and Farber, 1968). Lack of a direct relationship of lactate and
pH with irreversible hypoxic changes is clear from the discussion by
Cohen (1972). Further doubt is cast upon the acidosis theory of
hypoxic damage by the recent observation that acidosis protects renal
and cardiac tissues from anoxic damage (Bing, Brooks and Messer,
1973; Penttila and Trump, 1974).

Mason (1964) proposed that the affects of anoxia should be
interpreted in terms of oxidase systems in addition to the mitochon-
drial system, This proposal forms the basis for a new theory of
hypoxic tissue damage: that primary biochemical events of hypoxia
are enzymatic oxygen deficiencies (Figure I~1). These enzymatic

deficiencies result in decreased conversion of substrate to product
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and result in secondary changes due to substrate accumulation and
product deficiency. These secondary changes are adaptive or non-
adaptive and affect metabolism, ultrastructure, and functional chem-

istry producing the characteristic lesions of hypoxia.

I.C. Statement of the Problem

The present research develops a system for the study of hypoxia
on a cellular level and uses this system to study metabolism at low

P(O Isolated rat hepatocytes (Berry and Friend, 1969) were chosen

2)'
for the biological system because 1) metabolism in isolated cells
compares favorably to metabolism in intact liver (Krebs et al.,

1974), 2) oxygen diffusion problems associated with tissues are
eliminated (Berry and Friend, 1969), 3) a useful quantity of cells can
be obtained in a couple of hours, 4) metabolism can be rapidly inter-
rupted and stopped, 5) uptake of substrates and metabolites is uniform
and measurable (Moldeus et al., 1974; Quistorff et al., 1973), 6) intra-
cellular concentrations can be estimated, and 7) cultured mammealian
cells have altered oxidative metabolism. An apparatus was designed

to provide a constant, desired oxygen tension in a suspension of
respiring cells. This apparatus was used to examine drug metabolism
by the cytochrome P-450 system, tyrosine degradation, adenylate

concentrations, and cytoplasmic NADH/NAD+ as a function of oxygen

tension. These studies provide a basis for comparison of oxidative
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metabolism on subcellular systems with that observed on intact
tissues and organisms. In addition, the research provides information
on the relative sensitivities to oxygen limitation of different oxidase
systems and tests the feasibility of the theory that the function of
oxidases other than cytochrome oxidase may be important in the

pathological lesions of hypoxia.
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II. EXPERIMENTAL

11, A, Materials

II.A.1. Reagents

All chemicals were reagent grade unless otherwise indicated.
The following were obtained from Sigma Chemical Company: 2-
oxoglutaric acid, monosodium salt; homogentisic acid, grade 2;
tyrosine HCl; semicarbazide HCl; glycine HCIL; NADlL grade I1I;
NADH, disodium salt, grade III; I‘s’I‘ér@D’F-’f~ sigma grade; ATP, disodium
salt, sigma grade; ADP, sodium salt, asigma grade; AMP, sodium
salt, type III; phospho-(enol)pyruvate trisodium salt, hydrate; pyruvic
acid, sodium salt, type IL L(+) lactic acid, hemi-calcium salt, Grade
L-IV; pyridoxal-5' phosphate; p-hydroxyphenylpyruvic acid; p-
hydroxyphenylacetic acid; DL-p-hydroxyphenyllactic acid; PL-b-
phenyllactic acid; o-hydroxyphenylacetic acid; b-phenylpyruvic acid,
type I, sodium salt; p-hydroxycinnamic acid; L~glutamic acid, sigma
grade; L-ascorbic acid, sodium salt; hexobarbital; bis (trimethylsilyl)
trifluorocacetamide (BSTFA);VZ,B—diphenyloxazole (PPOQ); desiccated
firefly lanterns; keto-enol tautomerase; glutamic dehydrogenase, type
II; lactic dehydrogenase, type I; pyruvate kinase, type I; myokinase,
grade III; collagenase, type I; hyaluronidase, type L 3-

methylcholanthrene. Phenol red and trypan blue were obtained from
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Allied Chemical. Phenyramidol HCl was prepared by Mallinckrodt

Chemical Works, Pharmaceutical Products Division, St., Louis,

Mo., and obtained as a gift from Dr. N. Gerber. Ethyl acetate
(spectrophotometric grade) and toluene (scintillation grade) were
obtained from Mallinckrodt. p-Hydroxybenzoic acid and l-nitroso-2-
napthol were cbtained from Eastman Organic Chemicals,

N, N, N', N'-tetramethyl- P-phenylene~diamineDI HCIl was from K & K
Laboratories. n-Hexane was procured from Merck. Lubrol WX was
procured from I.C.I. Organics, Inc, Medium 199 was obtained from
DIFCO. NCS tissue solubilizer, L-[3,5 3H] tyrosine (49 Ci/mmole),
and L-[U 14C] tyrosine (483 mCi/mole) were purchased from
Amersham-Searle, Alprenolol HCl and [ 31—1] alprenolol HC1 (527

14C] hexobarbital (8. 58

mCi/mmole) were a gift from Hassle., [2-
mCi/mmole) was purchased from New England Nuclear. p-
Hydroxyphenyl-[ carboxy- 14C]-pyruvate was kindly provided by Dr.
J.H. Fellman, bis-(Trimethylsilyl)acetamide (BSTA) was obtained
from Aldrich Chemical Co. L-cysteine HCl was purchased from the
California Foundation for Biochemical Research. p-bis-[2-(5-
Phenyloxazolyl)]~benzene (POPOP) was from Research Products
International Corporation, Lab-trol protein standard was obtained
from Dade. Phenobarbital ("Luminal'') was purchased from Winthrop
Labs. Sodium pentobarbital (''Nembutal')was purchased from Abbott.

Sodium chloride for biological work was obtained from Merck. All

other chemicals were common laboratory reagents.,
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Pyruvic acid, lactic acid, NAD+, NADH, NADP+, NADPH, ATP,
ADP, AMP, POP, firefly lanterns, collagenase, hyaluronidase,
pyridoxal phosphate and pHPP were stored desiccated at 32 ey
Homogentisate, 2-oxoglutarate, phenylpyruvate, BSTFA and BSTA
were stored, desiccated, at 4%, GDH, LDH, PK, MK and keto-enol

tautomerase were stored at 4OC4
II.A.2. Solutions

Distilled and deionized water was used throughout. Solutions
were prepared fresh for each experiment with the exception of phos-
phate buffers, Hank's solution, 2% Trypan Blue, and solutions for
protein determinations by the Lowry method. Phosphate buffers
were prepared from 0.2 M monobasic and 0.2 M dibasic sodium
phosphate. Calcium and glucose free Hank's medium (modified
Hank's medium) was prepared fresh for each preparation from stock
solutions maintained at 4°C containing 1 ml chloroform/liter. Fifty

ml stock A (160 gm NaCl, 8 gm KC1, 4 gm MgSO, ) plus 50 ml stock B

4
(0.96 gm NaZHPO4, 1.2 gm KHZPO4, 7.0 gm NaHCO;) were diluted to
one liter with distilled water then bubbled with 95% oxygen, 5% COZ
for at least 30 minutes to remove the chloroform and to adjust the
pH. A stock solution of 2% trypan blue in 150 mM phosphate buffer

(pH 7.0) was maintained at 4°c. Solutions for protein determination

by the Lowry method (see Section II.B.1.) were maintained at room
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temperature with the exception of the phenol reagent, which was

stored at 40(3.
II. A. 3., Gases

Chemically pure carbon monoxide was obtained from Matheson
Gas Products. All other gases were obtained from Liquid Air, Inc.
Gases used for the oxystat ranged from 95% OZ’ 5% CO2 to 95% NZ’

5% CO, was used for equilibration

5% CO,. Ninety-five percent OZ’ 2

&
of Hank's solution and liver perfusion. One hundred percent OZ was

‘used in the preparation during the second incubation and also for

assay of homogentisic acid oxidase. Air and 1. 98% O.2 were used as

standards for electrode calibration,

11, A.4. Biological Materials

Male Sprague-Dawley rats, 200-300 gm, were used for all
hepatocyte preparations., The rats were maintained at least one week
under constant conditions by the University of Oregon Health Sciences
Center Animal Care prior to use for experimentation. Care was
taken to prevent exposure to antibiotics, pesticides, and disinfec-
tants. Animals were fed ad libitum and maintained in a constant day-
night cycle.

Beef heart was obtained fresh from a local slaughterhouse.

Baker's yeast was a commercial variety purchased locally.
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1I.B. Assays

II. B. 1., Total Protein

Total protein was estimated by the method of Lowry et al.
(1951) on the acid precipitable fraction. Protein was precipitated by
addition of 0.3 ml I—IZSO4 /ml protein solution, and centrifuged. The
precipitate was solubilized by addition of an accurate volume of
1 NaOH, using a volume to give a final protein concentration of about
3 mg/ml. Samples (10 pl) were then diluted to 0.2 ml with distilled
water and protein standards (10-100 ul) were prepared in 0.2 ml
volume, Solution B (1 ml 1% CuSO4'5H20) was then mixed with 1 ml
solution C (2. 6% sodium potassium tartrate-4HZO) and 1 ml of this
mixture rapidly stirred into 50 ml solution A (2% NaL‘CO3 in0.1 N
NaOH) to give solution D. Solution D (1.0 ml) was then added to each
tube containing 0.2 ml standard or sample; the tubes were mixed on a
vortex mixer and allowed to stand 10 min at room temperature before
addition of 0.1 ml phenol reagent (1 M). After incubation for 45 min
at room temperature, optical density was read at 700 nm. Protein

in unknowns was then expressed relative to the Labtrol standard.

II.B. 2. Adenylates

Quantitation of Adenylates. Adenylates were measured by a

modification of the luciferase assay of Stanley and Williams (1969) or
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by the fluorometric method of Williamson and Corkey (1969). Aliquots
were deproteinated by addition of ice cold 2N HZSO4 (0.3 ml/2 ml
sample) and centrifugation., These samples were then frozen in liquid
nitrogen until the day of assaying, when they were thawed and neutral-
ized with 1 N NaOH.

ATP was measured by the luciferase assay by addition of 50 pl
samples to 1 ml 67 mM arsenate buffer containing 26 mM MgSO4 and
crude luciferase (prepared by homogenizing firefly tails, 10 tails /30
ml, directly into buffer and centrifuging 20 min at 16 K in a Sorvall
RC2B). Light emission was measured at 560 mM after 60 sec, in an
Aminco spectrophotofluorometer.

ADP was determined by measuring ATP resulting from pyruvate
kinase canversion of ADP to ATP in the presence of phosphoenol-
pyruvate (PEP), Five hundred pl neutralized sample was incubated
one hour with 100 pl of 250 mM glycylglycine buffer (pH 7.4) containing
0.6 mM MgSO4, 14 mM KCL, 1.75 mg PEP/ml and 75 ug pyruvate
kinase/ml, Five hundred pl of the incubate was mixed with 500 pl
HZO’ added to 1 ml arsenate buffer, and light emission of the ATP
luciferase reaction was measured as above. ADP was quantitated by
subtracting the ATP in the sample (as determined above) from the
measured ATP + ADP. AMP was determined by converting all
adenylates to ATP with pyruvate kinase, myokinase, and PEP, and

measuring with luciferase as above. ATP and ADP values were
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subtracted from total adenylates to give the AMP level. AMP and ADP

were converted to ATP by incubating under the same conditions as for
the ADP alone, except that myokinase (20 pl/incubation) was added.

The fluorometric assay utilized the same enzymes for conver-
sion of AMP and ADP to ATP as for the luciferase assay. The assay
was performed by mixing 10-50 pl samples, 2 ml of 50 mM glycyl-
glycine buffer (pH 7.4) containing 10 mM MgCl2 and 5 mM EDTA,
10 ul of 1 M glucose solution, and 10 pl of NADP+ solution (10 mg/ml).
The fluorescence was then measured (excitation wavelength, 340 nm;
emission wavelength, 465 nM) to serve as blank. Five microliters
of the enzyme solution was then added (hexose, 2 mg/ml glucose-6-
phosphate dehydrogenase, 0.2 mg/ml). The fluorescence change was
then observed until it stabilized (3-4 min) and recorded. Quantitation
was obtained from a standard curve,

To test for the completeness of conversion standard mixtures of
ADP and AMP were incubated and assayed as above. As a further
test for complete conversion and to check the purity of standards,
samples were assayed by thin-layer chromatography according to the
method of Randerath and Randerath (1967). Samples were spotted on
PEI cellulose 300 plates (Brinkman Instruments) and run for two hours
in 1 N LiCl and 1 N acetic acid, then examined under ultraviolet light.

Adenylates were quantitated spectroscopically using the milli-

molar extinction of 15.4 at 259 nm (Bock et al,, 1956) on a Cary 14

recording spectrophotometer.
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1I. B. 3. Lactic Acid

The enzymatic assay of lactic acid described by Loomis (1961)
was used. This assay is based upon the reduction of NAD+ to the
fluorescent NADH by lactate dehydrogenase in the presence of lactate.
Deproteinated samples and standards were added to 20 ml tubes and
brought to 0.1 ml volume., One milliliter 0.1 M glycine buffer (pH
10.5) containing 50 mg semicarbazide /ml, 0.5 mg lactate dehydro-
genase/ml, and 2.0 mg NAD' /ml was added to each tube with mixing
and allowed to stand at room temperature for 90 min. Fifteen milli-
liters of 20 mM NaOH containing 0.1 mM EDTA was then added to
each tube and read in an Aminco Spectrophotofluorometer at 360 nm

excitation and 450 nm emission.

II.B.4. Pyruvic Acid

Pyruvic acid was measured by the method of von Korff (1969).
Deproteinated and neutralized sample (0.1 to 0.5 ml) was added to
0.3 ml phosphate buffer (100 mM, pH 7.4) plus 0.1 ml NADH solution
(4 mg/ml), and sufficient water to give 2.99 ml. Optical density at
340 nm was then recorded. Ten pl phosphate buffer (100 mM, pH
7.4) containing lactic dehydrogenase (1 mg/ml; at least 100 I. U. /mg)
was then added and the change in absorbance at 340 nm observed.

The pyruvate concentration in the samples was then calculated relative
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to similarly run pyruvate standards. A pyruvate standard approxi-

mately 1 mM was used.

II.B.5, Tyrosine and Tyramine

Tyrosine and tyramine were assayed by the fluorometric method
of Waalkes and Udenfriend (1957). For tyrosine, deproteinated
samples were diluted to 1 ml with water. One milliliter
of 0. 1% l-nitroso 2 naphthol in 95% ethanol and 1 ml nitric acid
reagent (24.5 ml of 1:5 nitric acid + 0.5 ml 2.5% NaNOZ) were added.
The tubes were mixed and incubated at 55°C for 30 min., Ten milli-
liters of ethylene dichloride was added to each tube to extract the
unchanged nitrosonaphthol. The tubes were shaken and centrifuged.
The aqueous supernates were decanted and assayed in an Amino-
Bowman spectrophotofluorometer with an activation wavelength of
460 nm and emission wavelength of 570 nm. Quantitation was made
against tyrosine standards in the range of 0.35-15 pg. Tyramine was
initially extracted into 10 volume isoamyl alcohel after adjusting the
pH of the sample to 0.6 as described by Udenfriend and Cooper
(1952). The tyrosine was then returned to an aqueous phase for assay
by adding an equal volume of n-hexane to the isoamyl alcohol and

shaking with 0.2 N HCI.
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1I.B. 6. Gas Chromatography of Phenclic Acids

Cell incubations were deproteinated by addition of 0.15 ml 2 N
I“IZSO4 /ml incubate followed by centrifugation. Phenolic acids were
extracted with three washes of 2 volumes ethyl acetate. The ethyl
acetate was dried with anhydrous sodium sulfate., The solvent was
then evaporated with a flash evaporator until only about 1 ml remained.
This volume was transferred to a small test tube along with two 1-ml
washes of the round bottom flask. The remaining solvent was then
evaporated under a stream of nitrogen gas. Silylation was then per-
formed by addition of 100-200 pl bis(trimethylsilyl) trifluoroacetamide
(BSTFA) directly to the residue and heating for 30 min at 60°C.

Suitable aliquots were chromatographed on an F & M model 810
DR-12 instrument equipped with a 12' SE 30 column and a hydrogen
flame detector. Column temperature was programmed to increase
4° /min from 140°C to 210°C. Quantitation was done relative to
known standards and corrected for losses during extraction by addi-
tion of p-hydroxyphenylacetic acid as an internal standard to the

initial acidified sample.

1I. B. 7. p-Hydroxyphenylpyruvic Acid (pHPP)

pHPP was assayed by gas chromatography as described above

and by the method of Diamondstone (1966). The method of
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Diamondstone is based upon the conversion of p-hydroxyphenylpyruvic
acid to p-hydroxybenzaldehyde in strong alkali. pHPP is extracted
from acidified sample with two washes of 2 velumes ethyl acetate,
pHPP is then returned to the aquecus phase by shaking the organic
phase with 200 mM phosphate buffer (pH 8.0); 0.1 ml NaOH is added
to 1 ml of sample and allowed to stand 30 min at room temperature.
The strongly absorbing p-hydroxybenzaldehyde is then measured at
331 nm. The working millimolar extinction, 19.9, of Diamondstone
was used for quantitation. Assay of standard pHPP and correspon-
dence of this method with the gas chromatographic method confirmed

this value.

1I. B. 8. Homogentisic Acid (HG)

Homogentisic acid was assayed by gas chromatography as
described above and by the colorimetric assay of Fellman et al.
(1972). This assay measures the chromophoric thiazine produced by
the reaction of p-quinones with cysteine,

Homogentisic acid was extracted from incubations by two
washes with 2 volumes ethyl acetate, Homogentisate was then
returned to the aqueous phase by shaking the ethyl acetate with 200 mM
potassium phosphate buffer (pH 8.0). The ethyl acetate was discarded
and 0.2 ml of 1 M KBH, was added to a 1-ml aliquot of the aqueous

4

phase, After 10 min,excess KBH, was destroyed by addition of

4
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0.1 ml of 5 M acetic acid. The chromophoric 1, 4-thiazine was then
formed by the addition of 0.2 ml of 200 mM cysteine and 3 ml of 500
mM potassium phosphate (pH 12.0). After 15 min the optical density
at 390 nm was read. Quantitation was done relative to homogentisate

standard.

II. B.9. Glutamic Acid

Glutamic acid was measured by the fluorometric method of
Williamson and Corkey (1969). This assay is based upon the glutamic

dehydrogenase catalyzed oxidative deamination of L-glutamate to

4

+
4 which is coupled to the reduction of NAD to

2-oxoglutarate and NH
NADH. Buffer (1.9 ml; 0.1 M tris base, 0.4 hydrazine hydrate, 10
mM MgCl,, 5 mM EDTA, pH 8.5) plus 0.1 ml deproteinated sample
and 10 ul NAD+ (80 mg/ml) was mixed in fluorometric cuvette and
fluorescence emission at 450 nm was recorded using 360 nm excita-
tion. Glutamic dehydrogenase (20 pl; 10 mg/ml, 3 U/mg) was then
added and increase of fluorescence recorded. After attaining a
constant reading (5-10 min) an additional 20 pl glutamic dehydrogenase
was added to allow for correction of increased fluorescence due to
binding of NADH to the enzyme. After a constant reading was again
attained, 10 pl standard glutamate solution (0.5 mM) was added, and

glutamate concentration in the sample was calculated relative to the

standard.
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II. B. 10. 2-Oxoglutarate

2-Oxoglutarate was measured by the rnethod of Williamson and
Corkey (1969) based upon the reversible glutamic dehydrogenase
catalyzed oxidative deamination of 1-glutamate to 2-oxoglutarate and
NH;: coupled to the reduction of NAD' to NADH. Buffer (1.9 ml;
100 mM potassium phosphate, pH 7.0}, 100 pl deproteinated sample,

10 pl NADH (1 mg/ml) and 5 pl (NH )SO4 (5 M) were mixed in a

4
cuvette and fluorescence was recorded at 450 nm, with 360 nm
excitation, Ten microliters of glutamic dehydrogenase (20 mg /ml,

3 U/mg) was then added and fluorescence decrease recorded. After
reaching a constant fluorescence, 10 pl of glutamic dehydrogenase
was added to allow for correction of fluorescence due to binding of
NADH to the enzyme, 2-Oxoglutarate standard (1-10 pl; 0.1 mM)
was added and fluorescence recorded. 2-Oxoglutarate concentration
in the sample was calculated relative to the standard.

II.B. 11. Hexobarbital (5-(1-cyclohexen-1-yl)-
1, 5-dimethylbarbituric acid)

Hexobarbital metabolism was measured by the radiochemical
method of Gerber et al. (1971). 14C hexobarbital (8.58 mCi/mmole)
was diluted just prior to use to 61 pCi/mmole with hexobarbital at a
final concentration of 20.5 mM sodium phosphate, pH 11.3. Aliquots

of this stock were then added to incubations to provide the desired
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hexobarbital concentration, Hexobarbital is readily soluble under
these conditions at room temperature but insoluble at 0°C. Autoxida-
tion, followed by decrease in absorbance at 245 nm, was found to
occur under these conditions at 0.78% /hour, thus necessitating fresh
hexobarbital for each experiment, Radiochemical purity of 14C
hexobarbital was determined to be 99% by thin-layer chromatography
on precoated silica gel plates in 9:1 (v/v) chloroform /acetone (Kupfer
and Rosenfeld, 1973). Partitioning of the radiolabel between
1-chlorobutane and 100 mM phosphate buffer (pH 6.8) was found to
be 9.0.

Amount of hexobarbital converted to polar products was meas-
ured by scintillation counting of aliquots of the aqueous phase after
extraction of the polar substrate with 1-chlorobutane. Two to 4 ml
incubation samples were quenched by pipetting into 50 -ml extraction
tubes containing 10 ml l-chlorobutane plus sufficient 100 mM phosphate
buffer, pH 6.8, to give a 131 volume ratio of organic to aqueous
phase, Following vigorous shaking for 1 min, the tubes were centri-
fuged and 6 ml of the organic phases transferred to a second series
of tubes containing 6 ml 100 mM phosphate buifer (pH 6.8), The
remaining l-chlorobutane was aspirated away and 10 ml fresh
1-chlorobutane was added per tube for a second washing, Both series
of tubes were shaken vigorously, centrifuged, and re-extracted in a

similar fashion. The resultant aqueous phase contained polar
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products with 99. 9% of the unreacted substrate removed, and the
resultant 1-chlorobutane phase contained unreacted substrate with
99, 9% of the products removed (Gerber et al., 1971). From eacl, 0.1 ml
of aqueous phase was added to 0.5 ml NCS tissue solubilizer
(Amersham-Searle) and 10 ml toluene-PPO-POPOP in a scintillation
vial, and similarly 4.0 ml of each 1-chlorobutane phase was added
to 10 ml toluene- PPO-POPOP in a scintillation vial. Samples were
counted in a TriCarb Scintillation Counter. Counting efficiency was

. o 14 .
determined by addition of ~~C toluene standards and by automatic

5 s . . . s 14

efficiency ratio determination using quenched ~C toluene standards.
Counting efficiency for aqueous samples was 92, 0% and for 1-
chlorobutane samples was 86.5%. Corrections for metabolite and
substrate partitioning during the washes was made by utilizing parti-
tion coefficients, 9.0 for hexobarbital and 0.09 for ketohexobarbital

(Gerber et al., 1971).

II.B. 12. Phenyramidol (2-(-hydroxyphenethylamine)pyridine)

The metabolism of phenyramidol hydrochloride was measured
by the method of Gerber et al. (1974). Phenyramidol hydrochloride
(0.20 ml, 4,0 mM) was added to 8.0 ml cell suspension (2-3 x 106
cells /ml) and incubated for desired period of time {0-50 min),
Samples (1.0 ml) were then pipetted into 50 ml extraction tubes con-

taining 9 ml 100 mM phosphate buffer (pH 6.8) plus 10 ml



144
1-chlorobutane., Tubes were shaken vigorously for 1 min, centri-
fuged, and 9 ml of the organic phase transferred to an additional
series of tubes containing 2 ml 0,1 N HCl. The tubes were shaken
vigorously for 1 min, centrifuged and the aquecus phase examined
spectrophotometrically between 330 and 280 nm in a Cary 14 spectro-
photometer. The abscrption maximum of phenyramidol at 308 nm
has a millimolar extinction of 6,59 (Gerber, 1974). The amount
metabolized was calculated relative to a zero time control with this
extinction value; 90.9% of the unreacted drug was recovered in the acid
fraction as determined by zero time controls.

II. B. 13, Alprenolol (1-(2-allyl-phencxy)-
3-isopropylaminopropanol)

The metabolism of alprenolol was determined by the method of
Moldeus et al. (1974). 3H alprenolol (0.53 Ci/mmole) was diluted to
1.8 mCi/mmole at a final ceoncentration of 1.4 mM just prior to each
experiment., This stock (0.2 ml) was added to 6,0 ml incubation
mixture to give a final concentration of alprenolol equal to 45 uM.
After incubation, 4.0 ml was pipetted into 1,0 ml 2.5 N NaOH and
stirred on a vortex mixer. Ten milliliters n-hexane was then added,
the tubes shaken vigorously for 1 min and then centrifuged. One
milliliter of the n-hexane phase was then added to a scintillation vial

containing 10 ml toluene-PPO-POPOP cocktail and counted.
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Ninety-five percent of the alprenolol was extracted as determined by
zero time controls. Alprenolol metabolized was calculated by sub-

strate loss relative to zero time samples,

II. B. 14. lLactic Dehydrogenase

Lactic dehydrogenase activity was determined spectrophotomet-
rically by the method of Kornberg (1955). Samples were homogenized
and maintained on ice until assay. A suitable aliquot to give a change
in optical density of 0.02 to 0.05 per minute was added to a 3-ml
cuvette containing 0.1 ml of 10 mM scdium pyruvate, 0.1 ml of 2 mM
NADH, 1.0 ml of 100 mM phosphate buffer (pH 7.4) and water to make
a total volume of 2.0 ml. The rate of change of OD34O was deter-
mined on a Cary 14 recording spectrophotometer and the activity
expressed as the specific activity (units/mg protein) where a unit of
activity is the amount which causes a change of OD of 6,2 /min at

340

room temperature.

II.B. 15. Tyrosire Aminotransferase

Tyrosine aminotransferase activity was measured spectrophoto-
metrically by the method of Lin and Knox (1958). Homogenized sample
(50 pl) was mixed with 3 ml 0,67 M borate buffer (pH 8.0) containing
tyrosine (3,5 mM), diethyldithiocarbamate (3 mM), and keto-

enoltautomerase (0.5 U/ml). 2-Oxoglutarate (7 mM) was added.,
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Homogenized and centrifuged sample (50-100 ul) was mixed and the
rate of increase in optical density at 310 nm due to the formation of the
borate enol complex of p-hydroxyphenylpyruvate was recorded. The
rate of formation of pHPP was then determined using 9850 as the

molar extinction coefficient for this complex.

II. B. 16, p-Hydroxyphenylpyruvic Acid Oxidase

This enzyme was assayed by two methods of Fellman et al.
(1972)., The radiochemical assay based upon the evolution of 14CO2
from p-hydroxy (carboxy—14C)phenylpyruvic acid was performed using
1.25 mM 2, 6-dichloroindophenol and 26 mM GSH as activators.
Aliquots of homogenized cells were incubated for 5 min at 37°C with
activators in 1.5 ml volume in a specially stoppered single-arm
Warburg vessel. The stopper was embedded with a 1.5 cm pin holding
an 11 mm diameter disk of Whatman #4 filter paper moistened with
0.25 ml hyamine hydroxide in methanol. p-Hydroxy{carboxy-
14C)phenylpyruvate (0.5 ml, 2 mM) was then tipped in from the side
arm. The mixture was incubated for 10 min at 37°C and 0.3 ml 2 N
HZSO4 was added, Ten minutes were allowed for equilibration and
the discs were transferred to scintillation vials containing 19 ml
Buhler's solution for counting, The amount of 14CO2 evolved was

then used to calculate the activity of pHPP oxidase in the cells.

Homogentisic acid production from p-hydroxyphenylpyruvic acid was
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assayed by a method based upon the reaction of p-quinones with
cysteine to produce a chromophoric thiazine. Cells or tissue were
homogenized in 100 mM phosphate buffer (pH 7.3). The pH was then
adjusted to 5 with 5 M acetic acid to destroy homogentisate oxidase
activity and readjusted to pH 7.3. The enzyme was then activated by
addition of ascorbate to a final concentration of 3.2 mM 5 min prior
to assay. Suitable aliquots of the homogenate were then diluted to
give 1.5 ml volumes and 0.5 ml of 2 mM pHPP was added imme-
diately prior to incubation at 37°C. After 10 min 0.5 ml 0.8 M
sulfosalicyclic acid was added to each tube to stop the reaction and
deproteinate the incubation. The tubes were centrifuged to remove
protein, and 1 ml of each was transferred to 15 ml extraction tubes
for two extractions each with 2 volumes of ethyl acetate. The
extracts were combined and 1 ml 0.2 M potassium phosphate buffer
(pH 8.0) was added with shaking. The ethyl acetate was discarded
and 0.2 mlof 1 M KBH4 was added., After 10 min, excess KBH4 was
destroyed by addition of 0.1 ml of 5 M acetic acid. The chromophoric
1, 4-thiazine was then formed by the addition of 0.2 ml of 200 mM
cysteine and 3 ml of 500 mM potassium phosphate (pH 12.0). After
15 min the optical density was read at 390 nm against optical density

zero time blanks, Quantitation was done relative to homogentisic

acid standards.
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II.B.17. Homogentisic Acid Oxidase

Homogentisic acid oxidase activity was determined by following
production of maleylacetoacetate. The increase in absorbance at 330
nm upon addition of homogentisic acid (13 mM, 100% OZ’ 200 mM
phosphate buffer, pH 7.2) was measured. The molar absorbance

coefficient of 1.4 x lO4 was used (K. Adachi et al., 1966).

II1. B. 18. Glucose Synthesis from Pyruvate

Rats were starved for 24 hours to deplete the livers of glycogen;
cells were prepared in the normal manner as described below. Cell
suspensions were incubated for 40 min at 37°C in modified Hank's
medium containing bovine serum albumin (15 mg/ml) and 10 mM
pyruvate., Controls were run without pyruvate. The synthesis was
stopped and the suspension deproteinated by addition of 0. 15 ml 2 N
HZSO4/ml, then centrifuged., One milliliter of the suspension was
added to 8.0 ml of 0.2 M KZI—IPO4 and neutralized with 10% NaOH.
The volume was then adjusted to 10 ml with water. Glucose was
determined polarographically with glucose oxidase (1 mg /ml) and
catalase {0.1 mg/ml) or fluorometrically by coupling the reduction of

NADP+to glucose content with hexokinase and glucose-6-phosphate

dehydrogenase (see Quantitation of Adenylates, p. 133).
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1I.C. Preparations

1I.C. 1. Isclated Hepatocytes

Isolated hepatocytes have been prepared for biochemical studies
for many years (Anderson, 1953; Branster and Morton, 1957; Jacob
and Bhargava, 1962; Kaltenback, 1954; Longmuir and Rees, 1956),
but perturbed morphology and metabolism limited their experimental
use., Improvements in methodology, primarily the selection of suit-
able enzymes for cellular dispersal and hydrolysis of connective
tissue (Howard et al., 1967; Lasfargues, 1957) and introduction of
these enzymes by vascular perfusion (Berry and Friend, 1969)
allowed isolation of cells which retain most metabolic functions
present in perfused organs and in vivo. The enzymes collagenase and
hyaluronidase are introduced by continual reperfusion until the liver
cells can be readily dispersed with a blunt spatula. The improved
cell preparation has instilled confidence in the use of isolated hepato-
cytes for metabolic studies (Krebs et al., 1974). Within five years of
the publication of the improved method (Berry and Friend, 1969), the
isolated cells had been used for studies of respiration and energy
metabolism (Berry, 1971; Quistorff et al., 1973; Wilson et al.,

1974), gluconeogenesis (Berry, 1974; Berry and Kun, 1972;
Williamson et al., 1974}, protein synthesis (Ingebratsen and Wagle,

1972; Schreiber and Schreiber, 1972; Weigard et al., 1971), drug
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metabolism (Moldeus et al., 1974), lipid metabolism (Berry and
Werner, 1974; Goodridge, 1973), hormone response (Johnson et al,,
1972), and membranal permeability (Quistorff et al., 1973).

Hepatocytes are complex and fragile; during isolation, they
undergo perturbations due to mechanical, chemical, thermal and
enzymatic insults, Consequently, stringent tests must be applied to
determine their functional integrity, and criteria must be established
to compare preparations from different laboratories. As «previously
stated, hepatocytes compare very well to tissue preparations,
Different laboratories have obtained consistent findings for a variety
of parameters. The properties which have received widest applica-
tion for characterization include 1) trypan blue exclusion, 2} respira-
tory rate, 3) gluconeogenic rate, and 4) lactic dehydrogenase content.
These criteria are not comprehensive, yet they provide at least
minimal characterization of the metabolic integrity of a preparation.

I.C.l.,a. Preparation, Two methods of cell preparation were

tested. The recirculating perfusicn method was found to be superior
to the cell slice method and therefore used in all metabolic studies.

The recirculating perfusion method of Berry and Friend (1969)

was used for cell preparation, Male Sprague-Dawley rats (200-300
gm) were maintained in a constant environment and fed ad libitum for
at least one week prior to use. Cell preparations were routinely

begun between 9 and 10 a.m. Rats were anesthetized with ether; the
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peritoneal cavity was opened, and the portal vein was cannulated.
Perfusion (10 ml/min) was begun immediately with a Sigmamotor
Pump using two tubes through the pumping mechanism with pulsations
out of phase so that pressure fluctuations were eliminated. The per-
fusion medium, modified Hank's buffer, was equilibrated with 95%
02*5% CO2 by continual bubbling through the solution contained in a
beaker held at 37°C in a closed container, The chest was rapidly
opened and the inferior vena cava cut in order to prevent excessive
pressure in the liver. The inferior vena cava was ligated just above
the level of the renal veins, The liver was transferred to a beaker
containing the perfusion medium so that the perfusate was returned to
the beaker and allowed an '"open'' recirculating system. This method
was preferred over a closed system since only one cannulation was
required. The volume of buffer was adjusted to about 100 ml and 50
mg collagenase (Type I, Sigma) and 100 mg hyaluronidase {(Type ],
Sigma) were added. The perfusion was continued for 30 min with

constant bubbling of the solution with 95% OZ~5% CcO The liver was

5
transferred to another beaker containing 50 ml fresh enzyme solution,
readily dispersed into a cell suspension with a blunt spatula, trans-
ferred to an Erlenmeyer flask and incubated for 15 min at 37°C under
100% oxygen in a Gyrotory shaking incubator, The suspension was

filtered through two layers of nylon mesh, centrifuged at 50 g for

3 min, and the pellet was resuspended in ice cold enzyme free
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buffer. The cells were recentrifuged twice; the final suspending media
was that desired for further studies,

Special precautions were required for removal of hemoglobin
from cells for spectral work., Clotted blocd was carefully removed
from the liver after perfusion, and the liver washed externally with
buffer before dispersal. Portions of the liver which appeared
inadequately perfused as judged by a ''reddish'' color were discarded.,
Care was taken not to transfer buffer from the perfusion to the 50 ml
incubation. Red blood cells normally pellet on top of hepatocytes,
so following each centrifugation the top porticn of the pellet was
carefully removed with a spatula and discarded to eliminate red blood
cells which may have remained. These precautions usually provided
hepatocytes free from detectable hemoglobin as measured by the
Hb CO minus Hb O2 absorbance difference at 418 nm,

In the cell slice method (Goodridge, 1973), male Sprague-

Dawley rats (200-400 gm) were fed ad libitum for at least one week
prior to use, Cell preparations were routinely begun between 9 and

10 a.m. Rats were knocked unconscicus and weighed, The peritoneal
cavity was opened and the inferior vena cava cut, The liver was per-
fused through the spleen with 6 ml ice cold medified Hank's buffer
equilibrated with 95% 02—5% COZ’ and containing hyaluronidase

(1 mg/ml), collagenase (0.5 mg/ml) and streptomycin sulfate (0.1 mg /

ml)., The liver was removed, weighed and placed in ice cold modified



Hank's buffer until sliced into 0,75 mm sections (not more than

5 min), The slices were placed into 50 ml Erlenmeyer flasks (2-3
gm /flask) containing 10 ml of the enzyme solution used in the per-
fusion. The flasks were flushed with 95% 02—5% COZ’ sealed loosely,
and placed in a Dubnoff incubator (120 shakes/min) at 37°C.  After

20 min, the flasks were flushed with 100% O_ (the CO2 produced during

2
the incubation is sufficient to maintain buffer below pH 7.4). After
incubating a total of 40 min, the flasks were placed on ice. The tissue
was gently dispersed with a glass rod, filtered through two layers of
nylon mesh and centrifuged at 500 x g. The pellet was resuspended in
ice cold modified Hank's buffer by gentle agitation with a glass rod.
The cells were recentrifuged and washed in this manner a total of
three times. The final pellet was resuspended in 10 ml of the buffer
used in subsequent experiments, transferred to a tared tube for
weighing (to obtain an accurate final volume) and maintained on ice
until use.

Isolation of hepatocytes by the perfusion method became
"routine'' only after about 15 preparations were attempted. The
simpler tissue slice method was attempted a few times and considered
an inferior preparation for the reasons discussed belew. However,
perfusion preparations had aberrant characteristics about 5% of the
time: low cell viabilities, low cell yields, slow centrifugation at

50 g, massive cell debris which continually aggregated upon storage
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on ice, and rapid loss of cell viability upon storage on ice. The cause
was not clear. These preparations were discarded,

The routine preparation took about 2-2 1/2 hours from anesthe-
tizing the animal to obtaining isolated and washed cells. All materials
and equipment were prepared in advance, usually the day before, with
the exception of temperature and gas equilibraticn. The greatest
difficulty in preparation was cannulation of the portal vein, especially
in the phenobarbital and 2-methylcholanthrene treated rats. This
step was simplified by obtaining assistance from other lab members
for tying the cannula in the vein. On occasions when cannulation of the
portal vein was unsuccessful or not possible, cannulation of the
inferior vena cava and ligation of the inferior vena cava superior to
the renal vein was used. This method was as successful as the other
in cell yield and viability, but generally resulted in greater hemoglobin
contamination.

Inclusion of phencl red and streptomycin sulfate in the perfusion
and incubation medium were found to be nonessential if care was
taken in pH control and in surgery. Perhaps most important in
surgery was avoidance of piercing the digestive tract and careful
washing of liver with buffer prior to incubation.

II.C.1l.b, Characterization of Hepatocytes. Initial character-

ization of isolated hepatocytes was performed to determine that

preparations were similar to those reported in the literature and that
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properties from different preparations were consistent, A sample
data sheet for this characterization is given in Appendix II. Results
are given in Table II-A, A comparison of characteristics of cells
prepared by the two prccedures is given in Table II-B.

Light Microscopy: Cells prepared by the perfusion method pre-
viously described were suspended in Kreb's Ringer phosphate buffer
(pH 7,4) containing 0.2% trypan blue. The cell concentration was
about 106 cells /ml, since higher concentrations led to rapid aggrega-
tion of the microscope slide. Micrographs were taken on a Zeiss
light microscope equipped with a2 35 mm camera, at 64X magnifica-
tion (Figure II-1), Cells rapidly aggregated when illuminated for
photography, apparently due to the heat from the lamp.

Electron Microscopy: Isolated hepatocytes were prepared as
previously described. The final pellet of isolated cells was sus-
pended in 70 mM cacodylate buffer (pH 7.4, OOC) containing 1.4%
glutaraldehyde, 1% para-formaldehyde, 3% glucose and 25 mg%h
CaClz, and allowed to stand on ice for 15 min with occasional gentle
swirling. Cells were allowed to settle, the supernatant was decanted,
and cells were washed in 50 mM cacodylate buffer (pH 7.4, OOC) con-
taining 4.5% glucose, The supernatant was decanted and the cells
were fixed for 1 hour in the same buffered glucose solution containing
1% osmium tetroxide, The supernatant was removed and the cells

dehydrated stepwise with 50, 70, 90 and 100% ethanol. Cells were
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Figure II-1. Light micrographs of hepatocytes. Cells suspended in
modified Hank's medium containing 0.2% trypan blue.
(X300)
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infiltrated with 100% propylene oxide overnight, and Epon 812 was
added in steps to give a 50% Epon mixtare for 1 hour, a 75% Epon
mixture for 3 hours, and finally 100% Epon overnight. Cells were
centrifuged to form a pellet and heated at 60°C for 1 week, Thick
sections were cut on a LKB Ultratome with glass knives for examina-
tion by light microscopy. Thin sections were cut with glass knives as
above or with a diamond knife on a Porter-Blum microtome. Thin
sections were mounted on 200 mesh copper grids, stained with 1%
uranyl acetate, and lead citrate, and studied on a RCA EMU 3-G
electron microscope and a Phillips 200 electron microscope (Figure
1I-2).

The preparation yielded almost entirely parenchymal cells;
there was less than 1% contamination by other cell types. Approxi-
mately 92% (385/418) of the cells quantitated were intact as judged
by cytoplasmic density and membranal integrity (92. 9% excluded
trypan blue for this preparation). Damaged cells had disrupted mem-
branes, distorted organelles and low cytoplasmic density. Of the
intact cells, 9% had small regions of contact with other cells., In
intact cells there were no apparent breaks in the plasma membrane.
The mitochondria, nuclei, lysosomes, Golgi apparatus and endo-
plasmic reticulum appeared intact. Occasional dilatation of Golgi

complex and small periferal vacucles were present,
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Figure II-2, Electron micrographs of isclated hepatocytes, Cells
were prepared for examination as described in text.

(X6800)
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Cell Quantitation and Viability: Total cell number was obtained
by counting on a hemocytometer in the presence of 0.2% trypan blue
or 0. 1% toluidine blue.,. The percentage of cells excluding the vital
dye, trypan blue, is used as an indicator of cell "viability."

Cell yield for the perfusion method calculated for 26 cell prepa-
rations was 2,03 x 108 cells/liver. The range of cell yields was
6.90 x 107/liver to 6,93 x 108 cells/liver. The yield was routinely
greater than 108 cells/liver after selective removal of unperfused
lobes before dispersal and of red blood cells during the three wash-
ings with modified Hank's solution. Greater yields could be effected
by more vigorous dispersal or by elimination of the steps for removal
of red blood cell contamination. However, these changes resulted in
a more heterogeneous preparatioh,k Cell yield by the tissue slice
method was 5.36 1 3,00 x 107 cells for five preparations, and was
usually contaminated with hemoglobin even though the livers were
perfused with buffer and externally washed prior to preparation. The
range was 1.20-6.60 x 107 cells/liver,

Trypan blue exclusion was always tested within an hour after
after preparation and usually done as scon as the cells were prepared.
The attrition rate of cells stored on ice was found to be 2% /hour.

The percent of cells excluding trypan blue for cells prepared by the
perfusion technique was 90.6 1t 2,9 for 26 preparations. The range

was from 83.3% to 95, 1%. Initial viability of 88.0% was the cutoff
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value for use of cell preparations for metabolic studies. The percent
of cells excluding trypan blue for the tissue slice method was 65.4 F
5,5 for five cell preparations, with a range of 60-74%.

The protein content of the isolated hepatocytes was measured by
the method of Lowry et al, (1951) on the acid precipitable fraction
(see Section II. B, 1.). The determination of protein on the acid pre-
cipitable fraction eliminates many of the acid scluble metabolites
which also give a color reaction with the phenol reagent, In addition,
solubilization with NaOH eliminates errors in pipetting due to the
presence of particulate matter in the sample, The protein content of
hepatocytes isolated by the perfusion method for 28 cell preparations
was 1.59 ¥ 0.13 mg/lO6 cells with a range of 1.36-1.,75 mg/lO6 cells.
The protein content for five cell preparations using the tissue slice
method was 1.51 1 0,18 rrlg/lO6 cells with a range of 1,33 to 1.76
rng/lO6 cells.

Lactic Dehydrogenase Content; Leakage of cytoplasmic
enzymes is characteristic of mechanically damaged cells (Berry and
Friend, 1969). The specific activity of lactic dehydrogenase in
hepatocytes from four preparations by the perfusion method was
10.7 ¥ 2.7 units/mg protein (Kornberg, 1955). After incubation at
37°C for 1 hour the cells contained 92.6 ¥ 2,1% of the original LLDH
content.

Glucose Synthesis: A more stringent test for metabolic integrity
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is the synthesis of glucose from pyruvate (Hems et al., 1966) in hepa-
tocytes prepared from 24 hour starved rats. Cells isolated by the
perfusion method were found to synthesize glucose at the rate of
0.314 p grn/lO6 cells/min (1.74 rm:rlolc-:‘/lo6 cells /min).

Respiratory Rate: The respiration rate is an important criterion
for characterization of hepatocytes and for experimental work at fixed
oxygen tensions. The QOZ for hepatocytes (see Table II-B) at 37°C
in modified Hank's solution for six preparations (perfusion method)
was 20.1 % 3,4 pul 02/106 cells/hr (0.90 ¥ 0.15 ,unole/lo6 cells /hr),
The range was 16.0 to 23.7 pl 02/106 cells/hr (0.714 to 1.06 pmole/
106 cells/hr). Calculated according to protein content the QOZ was
13.8 2.2 .t Oz/mg protein/hr (0.62 0,05 pmole /mg protein /hr)
with a range of 12.4 to 16.0 pl O2 /mg protein/hr (0.554 to 0.714
umole /mg protein/hr). The QOZ for four cell preparations under the

same conditions prepared by the tissue slice method (Table II-B) was

18.1 ¥ 4,1 pl 02/106 cells/hr (0,808 T 0,183 p.lrnole/lo6 cells /hr) or

i+

11.8 * 3.2 pl O, /mg protein/hr (0,527 1 0,143 pmole/mg protein/hr).

Integrity of the glycolytic pathway was examined by measuring
the effect of added pyruvate on respiration. The reasoning was that a
disturbance of this pathway may be reflected by a decreased substrate
for oxidative phosphorylation (see Berry and Friend, 1969). No

stimulation of respiration was observed upon addition of 10 mM

pyruvate to cells prepared by the perfusion method. The intactness
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of the cellular membrane and respiratory system is further suggested
by the fact that addition of 0.5 mM ADP did not stimulate oxygen
consumption.

Isolated hepatocytes from animals starved or treated with
phenobarbital or 3-methylcholanthrene were prepared as above. Food
was removed from rats 24 hours prior to cell preparation to starve
the animals. Phenobarbital induced animals received injections
(100 mg phenobarbital (Laminel)/kg) daily at5 p.m. fer four consecu-
tive days followed by a day with no injection and preparation of cells
at 9 a.m. on the subsequent day. Thus, the final injection was 40 hours
prior to cell preparation. 3-Methylcholanthrene induction was per-
formed similarly with three daily injections (25 mg 3-methylcholan-
threne in corn oil (12.5 mg/ml)/kg).

Extensive characterization of hepatocytes isolated from rats
starved or treated with phenobarbital or 3-methylcholanthrene was
not performed. A comparison of cell yields, viatilities, and protein
content of cells from rats given these various treatments is given in
Table II-C. Average cell yields were 25 to 40% below the average for
fed, non-treated rats. Cell viabilities were comparable for starved
and phenobarbital induced, but slightly lower for 3-methylcholanthrene
treated rats, The protein content for cells from 3-methylcholanthrene
and phenobarbital treated rats was higher than for fed, non- treated

rats, while that for cells from starved rats was lower,
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II.C.2. Microsomes

Microsomes were prepared essentially by the method of Omura
and Sato (1964). Rats were sacrificed by a blow on the head. The
inferior vena cava was cut and the liver perfused with a 6-ml ice
cold normal saline, The liver was removed, washed in isotonic KCI1
and minced in four volumes KCl with scissors. The mince was
homogenized with a Teflon pestle homogenizer and centrifuged 25 min
at 10,000 x g in a Sorvall centrifuge. The supernatant was then
centrifuged at 100,000 x g in a Spinco Model 2 ultracentrifuge, The
pellet was resuspended in isotonic KCl by homogenization and re-
pelleted as above. The pellet was resuspended, diluted 1:10 in
50 mM phosphate buffer (pH 7.5), containing 25% glycerol and 1%

Lubrol WX, and frozen in liquid nitrogen until needed.

II.C.3. Beef Heart Submitochondrial Particles

Submitochondrial particles containing cytochrome oxidase were
prepared by a combination of techniques of Smith (1955) and King
(1967). Fresh beef heart was obtained from a local slaughterhouse,
minced, and washed six times in cold tapwater. Mince (400 gm) was
further washed with 2 liters 0.1 M phosphate buffer (Sorenson's type),
pH 7.4, for 1 hour at 4°C and subsequently with 4 liters deionized

water. Mince was then homogenized in a Waring blender for 7 min in
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1 liter 0.05 M phosphate buffer (pH 7.4). Homogenate was centrifuged
20 min at 2000 x g in a refrigerated centrifuge. The supernatant
was decanted and adjusted to pH 5.6 with 10% acetic acid and centri-
fuged at 1500 x g for 30 min. The pellet was suspended in 50 mM Tris
sulfate (pH 8.0) containing 0.66 M sucrose and 1 mM histidine, and
centrifuged at 78,000 x g for 10 mir, The pellet was resuspended and
centrifuged twice before freezing in liquid nitrogen. Particles were
maintained at -20°C until needed and then thawed and diluted 1:10 in

50 mM phosphate (pH 7.5) containing 25% glycerol and 1% Luabrol WX.

II. D. Uptake and Partitioning of Metabolites

Because of the numerous biological functions of liver, isolated
parenchymal cells can be used in diverse research areas. Many
involve affects of added substances upon cellular metabolism as meas-
ured by metabolite levels or product formation, For interpretation of
results three basic factors must be considered: kinetics of uptake
of added substances, kinetics of release of metabolites and other
products, and possible multiplicity of pathways involved. As an
example, consider the relationship of cellular [pyruvate] to cellular
[alanine]. Alanine can be formed from pyruvate by transamination;
glutamate is the amine donor and 2-oxoglutarate is the product., Cells
may be incubated in media containing varying concentrations of pyru-

vate, and alanine concentration can be measured after a fixed time.
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The results would probably reveal little about the relationship of
interest because of factors illustrated by the following equations:
+ [alan'me]

[alanine] = [alanine]

total cellular extracellular

[pyruvate] = [pyruvate] [pyruvate]

total cellular u extracellular

Measured alanine in the suspension would represent the total and not
the cellular alanine., Cellalar [ pyruvate] is not likely to be equal to
the added extracellular [pyruvate] due to cell permeability limitations.
Further, the intracellular concentration may not have a linear relation-
ship to added [pyruvate], Therefore, the kinetics of uptake must be
investigated to determine the time required for the intracellular and
extracellular pools to stabilize (i.e., approach equilibrium or steady
state). In addition, the relationship of the cellular to extracellular
pools must be determined. This may be accomplished by centrifuga-
tion (Quistorff et al., 1973) or by special sampling techniques

(Meijer and Williamson, 1974; Wilson et al., 1974).

Finally, even after the intracellular relationship between
[pyruvate] and [ alanine] is determined, the interpretation of this
relationship in terms of kinetics of the transaminase reaction may
not be simple. KExogenous [pyruvate] may be enzymatically converted
to oxalacetate or acetyl CoA, both of which are substrates for the
tricarboxylic acid cycle and thus can alter the 2-oxoglutarate level.

Since 2-oxoglutarate is also a reactant in the transaminase reaction,
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added pyruvate could have an indirect affect by this pathway. Thus, in
a complex system such as isolated cells, studies of kinetics of specific
reactions or reaction sequences must be considered in relationship to
the overall metabolism.,

In the present work, exogenous substrates were limited to
hexobarbital, alprenolol, phenyramidol and tyrosine, The three
drugs are relatively hydrophobic and rapidly equilibrate between cells
and suspending media (Section V). Tyrcsine is not as permeable and
therefore uptake measurements were required. Radiolabeled tyrosine
was added to isolated hepatocytes at 37°C and incubated for varying
lengths of time before sarﬁpling (Section VI.C.). Two methods were
used to separate cells from the incubating medium, rapid filtration on
millipore filters and centrifugation. Neither method was totally
satisfactory., Millipore filters had a small capacity for cells and a
background count due to the inclusion volume of the filter, Centrifuga-
tion was slow, allowing a minimal time point of three minutes.

Partitioning of metabolites between cells and incubating
medium was determined by two methods: centrifugation and {iltration.
For centrifugation, isolated cells (3 x 106 cells/ml) were incubated
under air at 37°C. The initial tyrosine concentration was 0.25 mM in
Ringer-phosphate buffer (pH 7.4). After 30 min the suspension was
transferred to a centrifuge tube and cooled to 0°C in ice. The

samples were then centrifuged at 50 x g for 3 min. The supernatant
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was decanted, and both supernatant and pellet assayed for tyrosine,
pHPP, HG, ATP, lactate, pyruvate, 2-oxoglutarate, and glutamate,
as described (Section II. B. ).

A special filtration capsule was designed for rapid separation of
cells from incubation medium so that metabolite concentrations in
cells could be estimated from the difference between the total incuba-
tion and suspending medium metabolite levels. The requirement that
the cells be removed completely and rapidly (1-2 sec) without damage
was met by the capsule shown in Figure II-3 after testing a series of
designs.,

A 6-ml monoject disposable syringe (Sherwood Medical
Industries, Inc.) was cut off at the 4 ml mark. Two glass fiber
filters (ReeveAngel, grade 934ah) were cut into dis¢s with a diameter
of 1.3 cm and inserted into the bottom of the syringe. A lqose pack
of glass wool was added to fill to the 3 ml mark., The rubber disc
from the syringe plunger was removed from the plunger and a small
hole cut in the center so that a 20 gauge syringe needle (12 c¢m long)
could be inserted. The rubber disc with needle was then inserted
into the syringe and another 20 gauge needle (1-5 cm long) placed on
the other end (in the normal position).

The capsule is used as follows; the short syringe needle is
inserted through a serum cap on the test tube or vial in which the

sample is to be collected. An aspirator is connected to the test tube
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Figure II-3. Filtration capsule design. See text for description
of construction.
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to create a negative pressure in the tube for pulling in a sample. The
long syringe needle is inserted into the gas phase of the incubation
vessel and finally into the liquid phase. About 2 ml of the mediam is
collected in the test tube, and the tube is removed and placed in an ice
bath. A measured sample is then transferred to another tube and
acidified with 2 N HZSO4. A sample of the incubation containing both
cells and medium is also taken so that the concentration in the cells

can be calculated.

II. E., Optical and ESR Spectroscopy

Isolated cells offer the opportunity for spectroscopic study of
many oxidation-reduction reactions in their normal cellular environ-
ment. Isolated mitochondria and microsomes have received extensive
optical and ESR investigation. Their study in hepatocytes is difficult
because of interference of other chromophores and low attainable
concentrations. Optical spectroscopy is further complicated by
increased light scattering and sedimentation of cells.

Spectral work with isolated hepatocytes has been limited to use
of optical changes for measurement of specific metabolic properties.
Moldeus et al. (1974) used the spectrum of cytochrome P-450 drug
complexes to follow cellular drug uptake. Wilson et al, (1974) used

change in absorbance in the difference, OD -OD

550 540, as a measure
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of cytochrome ¢ reduction. The validity of these methods is indicated
by correlation with properties of isclated subcellular fractions.

Optical Spectroscopy: A room temperature difference spectrum

Figure II-4. Cells were solubilized in 50 mM phosphate buffer (pH
7.0) containing 25% glycerol and 1% Lubrel WX, and concentration
adjusted to 2.3 mg protein/ml. A baseline from 650 to 400 pm was
recorded on a Cary Model 14 recording spectrophotometer. A few
crystals of sodium dithionite were added to the sample cuvette, and
the contents were mixed gently with a Teflon stirring rod. After 6
min the spectrum was recorded. A mixture of mitochondrial and
microsomal chromophores is apparent. The 605 nm absorbance
maximum is the a region of cytochrome a + 2, (Vanneste, 1966). The
absorbance between 550 and 560 nm represents the a ~regions of

cytochrome b_ (556 nm; Estabrook et al., 1972), P-450 (55 nm;

5
Ichikawa and Yamano, 1970), ¢ (550 nm; Chance and Hagihara, 1963),

and ¢, (554 nm; Chance and Hagihara, 1963). The [ absorbances of

p ¢
cytochromes bS’ ¢ and < occur as a broad band at about 520 nms,
The Soret band of cytochrome a + 2, is at 445 nm. The Soret bands

of cytochromes b, b_, c, <, and P-450 appear as one peak in the

5
420-430 nm region,

Spectral examination of intact hepatocytes at room temperature

was difficult because of light scattering and settling of cells from
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Figure II-4. Room temperature difference spectrum (dithionite-
reduced minus air oxidized) of isolated hepatocytes.

See text for details.
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suspension. The scattering problem was alleviated by use of a
scattered transmission accessory for the Cary 14 spectrophotometer.
Settling of cells was eliminated by using an isopycnic suspending
medium {modified Hank's medium containing 25% Ficoll 400; a
comparison of cells suspended for 1 hour in modified Hank's medium
with and without 25% Ficoll 400 showed that it does not alter survival
rate as judged by trypan blue exclusion). Under these conditions a
relatively flat baseline was attained, and difference spectra (dithionite
minus air, anaerobic minus aerobic) were recorded. However, both
anaerobicity and dithionite caused cellular aggregation so that reliable
spectra were not obtainable. The qualitative features were identical
to Figure 1I-4 when recordings were made immediately after reduc-
tion,

Increased resolution of absorbance maxima was attained by
observing cells frozen in liquid nitrogen (77OK), Cells (9 mg protein/
ml) were pipetted into low-temperature cuvettes (3.2 mM, lucite
windows) maintained in a T-cuvette holder. A few crystals of dithio-
nite were added to the sample cuvette and a crystal of potassium
ferricyanide was added to the reference cuvette, The contents were
mixed by inversion and frozen immediately in liquid nitrogen. The
cuvette holder was transferred to a Dewar flask equipped with optical
windows and filled with liquid nitrogen. Spéctra were recorded from

650 to 450 nm (Figure II-5)., Baselines were obtained similarly
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Figure II-5. Low temperature difference spectrum (dithionite-
reduced minus ferricyanide-oxidized) of isolated
hepatocytes. See text for details.
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without addition of oxidizing and reducing agents. The results reveal
the individual chromophores more clearly and allows resolution of
the @-band of cytochrome @ from cytochromes b5 and P-450.
Cytochrome ¢ is apparent only as a shoulder on the cytochrome <,
peak, In a cell, the measure used for cytochrome ¢ oxidation-
reduction (Wilson et al., 1974) may be affected by rather large con-
tribution from cytochrome 25 due to proximity of absorbance maxima,
This complication requires that application of spectroscopic methods
to the complex system of isolated hepatocytes be applied conserva-
tively., A comprehensive study of redox and substrate dependent opti-
cal changes will be essential to determine optimum conditions for
measurement of specific chromophores with minimal interference
from others.

ESR Spectroscopy: Preliminary ESR spectroscopy was per-
formed to determine the feasibility of observing oxygen dependent
spectral changes. The low concentration of chromophores in intact
cells necessitated high cell concentrations. The concentration of
packed cells (~¥20 x g, 5 min) is about 4.3 x 107 cells/ml. However,
these cells cannot be transferred between vessels. The maximum
concentration of cells that can be transferred accurately and without
damage to the cells is about 2.3 x 107 cells/ml. At this concentration
between 20 and 37°C oxygen consumption due to respiration is so rapid

that cells become anaerocbic within a few seconds. Consequently,
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aerobic samples must be cooled prior to concentration. Anaerobic
samples can be prepared easily by raising the temperature of cells in
an anaerobic EPR tube to 37°C for 5 min; however, the usual precau-
tion of serial evacuation and flushing (6 x) with ultra-pure argon
(Matheson Gas Products, 99.999%) was performed, Aerobic and
anaerobic spectra (Figure II-6) were recorded with a Varian V-4502
spectrometer at -165°C. Conditions were: modulation amplitude,
8.0 gauss; microwave power, 25 mW; microwave frequency, 9.15
GHZ; time constant, 1 sec.

The aerobic spectrum had several peaks, including g = 2,24
and Sm = 2.43 characteristic of oxidized, low spin cytochrome P-450
(Ichikawa and Yamano, 1969). An absorbance atg = 1. 93 may repre-
sent either g = 1.91 of cytochrome P-450 (Ichikawa and Yamano, 1969)
or g = 1.93 of non-heme iron proteins (Orme-Johnson et al., 1973).
This signal remains after cells are made anaerobic, whereas the
g =2.24 and Sm = 2.43 signals are greatly diminished, suggesting that
a large portion of this signal is not due to cytochrome P-450. A
large signal at g = 2.00, present in both aerobic and anaerobic
samples, is due to free radicals. Other smaller absorbances occur-
ring in both aerobic and anaerobic cells were at g = 2,03, g =2.08,
g=2,14, and g = 2.17. After reduction with sodium dithionite,
absorbances remained at g = 1. 92, g = 2.08, g = 2.13 and g = 2, 16,

Spectra of modified Hank's medium had none of these absorbances.
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EPR spectra of isolated hepatocytes., Cells were
suspended in modified Hank's medium (2,3 x 107 cells/
ml) equilibrated with 95% 02, 5% CO, and frozen
immediately in liquid nitrogen for aerobic sample.
Anaerobic sample was serially evacuated and flushed
with yltrapure argon prior to freezing. Temperature
was -165°C,
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II.E. 1., Cytochrome Oxidase Determination in
Submitochondrial Particles

Submitochondrial particles were suspended by homogenization
in 50 mM phosphate buffer (pH 7.5) containing 25% glycerol and 1%
Lubrol WX. The protein concentration was adjusted to about 2 mg/ml
and 3 ml aliquots added to matched 1 cm cuvettes. A baseline was
recorded for the wavelength span 650 to 580 nm on a Cary model 14
recording spectrophotometer. A few crystals of dithionite was added
to the sample cuvette, and a few crystals of ferricyanide added to the
reference cuvette, Both were stirred gently with a cuvette stirring
bar and the spectrum from 650 to 580 nm was recorded. Heme a
content was calculated using the extinction value 13.38 mM-1 crn_1
(Vanneste, 1966).

Cytochrome 2, was determined from the carbon monoxide
difference spectrum of the dithionite reduced particles. Particles
were suspended in the Lubrol solution as above; 3 ml aliquots were
placed in each of two cuvettes and a baseline recorded from 470 nm
to 400 nm, Carbon monoxide was then bubbled through the sample
cuvette for 1 min followed by addition of a few crystals of dithionite
to both sample and reference cuvettes. The spectrum was recorded
and the cytochrome 2, content estimated from the extinction coefficient

1

136 mM crn_1 for the 428.5-445 nm absorbance difference (Vanneste,

1966).
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II.E.2. Cvytochrome P-450 Determination
in Microsomes

Washed microsomes were suspended by homogenization in
50 mM phosphate buffer (pH 7.5) containing 25% glycerol and 1%
Lubrol WX, to a final protein concentration of about 0.5 mg/ml. Three
ml aliquots were placed in matched 1 cm cuvettes and a baseline
recorded from 500 nm to 400 nm., Carbon monoxide was then bubbled
through the sample cuvette for 1 min, and a few crystals of dithionite
were added to each cuvette. The spectrum was then recorded from
500 to 400 nm. The cytochrome P-450 content was estimated with
the extinction value of 91 rnM“1 crn_1 (Omura and Sato, 1964) for the

450-490 nm wavelength pair.

1. E. 3. Hemoglobin

Contamination of preparations by hemoglobin was examined by
absorption spectroscopy. The difference spectrum of carbon
monoxyhemoglobin minus oxyhemoglobin has an absorption maximum
of 418 nm (Estabrook et al., 1372), and can be observed without inter-
ference from cytochrome _@3~—CO or cytochrome P-450-CO if no
reducing agent is added, Thus, 3 ml aliquots of microsome, sub-
mitochondrial particles, or cells, were placed in each of two cuvettes,
and a baseline recorded (450-400 nm). Carbon monoxide was then

bubbled through the sample cuvette and the spectrum again recorded.
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With care in preparation, negligible contamination by hemoglobin

was attained.

II. E. 4. Cytochrome a, and Cytochrome P-450
Determination in Isolated Hepatocytes

Cytochrome a, content in isolated

II.E.4.a. Cytochrome a 2

3°
hepatocytes was determined from the carbon monoxide difference
spectrum of the reduced compound using a method of additions. Beef
heart submitochondrial particles were prepared as described above
and solubilized by homogenization in 50 mM phosphate buffer (pH 7.5)
containing 25% glycerol and 1% Lubrol WX. Cytochrome 2, content
was determined from the CO difference spectrum of the reduced
form on a Cary model 14 spectrophotometer (extinction coefficient of
Vanneste, 1966)., Cells were solubilized in the same manner as

the submitochondrial particles and brought to a final concentration of
1.3-1.5 mg protein/ml containing additions of submitochondrial par-
ticles to give 0-0,5 nmoles cytochrome 2, /ml. Three ml samples
were transferred to sample and reference cuvettes. The sample
cuvette was bubbled with CO for 1 min and 25 pl ascorbate (1 M,

pH 7.0) and 30 pl TMPD (15 mM) added to both sample and reference
cuvettes. After 30 min, the difference spectrum was recorded from

500 to 400 nm, The X- intercept of a plot of 40D a

428.5-445 >°

function of mitochondrial additions gives a direct measure of cyto-

chrome a5 content in isolated hepatocytes.,
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II.E.4.b. Cytochrome P-450: Method of Additions with

Submitochondrial Particles. Using the cellular cytochrome a_ con-

3
centration determined above, the contribution of cytochrome 2, to the
A0D (CO-dithionite minus dithionite difference spectrum)

450~-490
was determined by extrapclation to zero cytochrome 2,e Cells and
submitochondrial particles were prepared; after bubbling the sample
cuvette With CO for 1 min, a few crystals of dithionite were added to
each cuvette, Spectra were recorded after 15 min from 500 to 420
nm; AOD, was plotted as a function of cytochrome a, addition

450-490 3

and extrapolated to zero cytochrome a_ to give a corrected AOD

3 450-490

for cytochrome P~-450. This corrected L\OD450_490 was then used

with Omura and Sato's extinction coefficient of 91 mM—1 cm ~ to give
the concentration of cytochrome P-450 in the cells.

A simplified approach without the method of additions was
devised for the rapid determination of cytochrome P-450 using a
minimal amount of material, based upon the selective reduction of
cytochrome 2g One milliliter of solubilized cells (1.5-2.0 mg/ml
protein) was pipetted into 1 ml sample and reference cu\;rettes.
Carbon monoxide was bubbled through the sample cuvette for 1 min
followed by additions of 10 pl ascorbate (1 M, pH 7.0) and 10 pl
TMPD (15 mM) to both cuvettes., After 30 min the spectrum was

recorded from 500 to 420 nm. A few crystals of dithionite were then

added to each cuvette and after 15 min the spectrum was again
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recorded. The OD4bO—49O for the first spectrum was then sub

tracted from that for the second spectrum. This "corrected AOD"

was then used with the extinction of 91 rnl\/I-=1 crn_1 to give cytochrome

P-450 content,

II.E.4.c. Cytochrome P-450 (Ghazarian et al., 1974). This

method is based upon the selective reduction of cytochrome 2, with
ascorbate + TMPD in the presence of cytochrome P-450, in the
reference cuvette, The cytochrome a, + CO is subtracted from the

cytochrome P-450 + CO + cytochrome a_-CO formed in the sample

3
cuvette upon the addition cof dithionite resulting in a difference spec-
trum largely due to CO- cytochrome P-450. To test this assay for
quantitation of cytochrome P-450 in isolated hepatocytes, the method

of additions was used with both washed microsomes and submitochon-
drial particles.

Cytochrome P-450 content of washed microsomes was deter-
mined by the method of Omura and Sato (1964). Cells were solubilized
and suspended to a final concentration of approximately 0.5 mg protein/
m] containing added microsomes to give 0, 0.65, 1.3 or 1.95 pM
P-450. CO was bubbled through both sample and reference cuvettes.
Additions of 25 pl ascorbate (1 M, pH 7.0) and 30 pl TMPD (15 mM)
were made to the reference and sample cuveties, followed by a few

crystals of dithionite to the sample cuvette. Spectra were recorded

after 30 min from 500 to 400 nm (Ghazarian et al., 1974), The
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X-intercept of a plot of AOD45O_490 as a function of known micro-

somal cytochrome P-450 additions gives the cellular cytochrome
P-450 content. The effective extinction coefficient for cytochrome
1 =4

P-450 using this assay in isolated hepatocytes was 76 mM ~ cm = for

O .
8 D450-490

II.F. Oxygen Ternsion and Respiration Rate

Oxygen tension was measured polarographically with a Clark-
type oxyg.en electrode (Beckman Polarographic Oxygen Sensor used in
conjunction with the Model 777 Oxygen Analyzer). The gold cathode
and silver anodes were washed thoroughly with household cleanser
approximately every two weeks of operation. Beckman oxygen
electrolyte gel and Teflon membrane (#77948) were used for charging.
The electrode was '"zeroed" with prepurified nitrogen (O2 less than
8 ppm), dithionite, or ascorbate plus copper sulfate. Calibration
was performed at 37% routinely with distilled water equilibrated

with air and with distilled water equilibrated with 1. 98 T, 01%

O balance N

> 2 (Industrial Air Products, certified grade). Complete

calibration over the operating range 0-150 torr was performed by
initially equilibrating distilled water with prepurified nitrogen followed
by additions of aliquots of distilled water equilibrated with air with a

Hamilton gas-tight syringe,
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Oxygen tensions are routinely expressed in terms of the partial
pressure of oxygen (1l torr = 1 mm mercury) with which the incubation
is equilibrated at 8T G Using the Bunsen solubility value for oxygen
at 37 C of 0.0239 (Umbreit et al., 1964), 100% O2 = 760 torr = 760 mm

mercury = 0.0239 ml O2 /ml= 1,07 mM O Therefore, P(O

2" 2)
values determined at 37°C expressed in torr can be readily converted

3
to oxygen concentration: 1.07 x 10 x P(OZ)(torr)/760 = O, (pM).

2

The respiration rate was obtained from the slope of a polaro-
graphic tracing of oxygen tension against time at 37°C in modified
Hank's solution containing bovine serum albumin (15 mg /ml) unless
otherwise indicated. Rates were obtained immediately after prepara-
tion of cells (about 90 min after start of preparation). Cell concen-
tration was about 2-4 x 106 cells/ml. Rates are expressed as
Q%ezll (pl O, uptake/106 cells /hr) or as Q%rzo (ul O, uptake /mg
protein/hr). The affect of pyruvate (10 mM) and ADP (0.5 mM) on
respiration was determined by adding the substrates to the incubation
media. The affect of COZ evolution on the pH during determination of
the oxygen consumption was monitored by using a double electrode cell
containing both a pH electrode and an oxygen electrode.

Regpiration rate as a function of oxygen tension was deter-
mined using the above polarographic system connected on~line

through an analog-digital converter to a PDP-11 computer (Digital

Electronics Corporation). Oxygen tension recordings were registered
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at 10 sec = with 10 point averaging to give 1 sec = data. The rate was
then determined from consecutive OZ values to give OZ/seC and

plotted with an 11 point smoothing routine (see belaw) as a function

{ \
of P\OZ}.

1I. G, Computer Analyses

All computer analysis of data was performed on a PDP-11
computer (Digital Electronics Corporation) with Focal 11 program-
ming. Pertinent programs for on-line determination of respiration
rate, linear least squares, data plotting, curve smoothing, mean and
standard deviation, and double reciprocal plots are given in Appendix
IV. Curve smoothing was done according to Savitzky and Golay

(1964).



195

III, THE OXYSTAT

11I. A. Basis for Design

A number of different approaches to the study of metabolism as
a function of oxygen tension has been made, A simple method has

been suspension of O_~-consuming material in a vessel in which the

2
liquid is in continual equilibrium with the gas phase. A specific
metabolite accumulation or loss is measured as a function of time at
different constant oxygen tensions to give metabolic rates as functions
of P(Oz). The necessary conditions for this technique to be effective
are that the rate of oxygen consumption (R) be small relative to the
rate of oxygen transfer (Vt) from the gas to the liquid, and the oxygen
content of the gas and R must not vary markedly‘ during the measure-
ment. This method is used most widely for kinetic studies on isolated
enzymes and can suitably be performed with a Warburg apparatus
{(Umbreit et al., 1964).

A second method is a continuous polarographic recording of
oxygen tension as a function of time for a closed, oxygen consuming
system., The continuous slope of this tracing is then plotted for the
oxygen tension at which the slope was measured to provide the rate as
a function of oxygen tension. The requirements for this method are
that the oxygen consumption must occur primarily by one system and

that the polarograph response must be rapid enough to reflect the true
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oxygen tension within the time course of measurement. This method
has received greatest application to the study of cytochrome oxidase
in whole cells (Longmuir, 1964) and mitochondrial preparations
(Chance, 1957; Chance et al., 1964), and cytochrome P-450 in micro-
somes (Choi, 1971; Kerekiarto and Staudinger, 1966),

An improved approach to study of mitochondrial respiratory
pigments at low oxygen tensions essentially in steady state conditions
has been developed by Degn and Wohlrab (1971), namely, a respiro-
graph for providing a gas mixture linearly increasing in P(OZ) with
time. When this flow is applied to a reaction vessel equipped with a
polarographic electrode and optical windows, relative oxidation
states of respiratory pigments as a function of oxygen tension can be
measured. The major difficulty is that only rapidly regponding
systems are in steady state and the condition of steady state cannot be
established by a linear decrease in oxygen tension, The respirograph
has been applied only to purified enzymes and mitochondrial prepara-
tions (Degn and Wohlrab, 1971) although application to study of
spectral changes in intact cells appears possible.

None of these methods are generally applicable to the study of
cellular metabolism under hypoxic conditions because of one or more
limitations. The first method requires that R is small relative to
Vt or that R remain relatively constant, Incubations of isolated

hepatocytes at sufficient concentrations to allow metabolite assay
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respire too rapidly to permit equilibration across the gas-liquid
interface, In addition, because of cellular attrition, R continually
decreases., The second and third methods do not allow steady state
oxygen tension in solution te be maintained for slowly respondin
systems so that metabolism at a specific oxygen tension can be meas-
ured. Consequently, a new apparatus was required to allow the
desired experimentation,

The basic requirement for maintenance of constant oxygen con-
centration in an oxygen consuming system is that rate of oxygen supply
be equal to rate of oxygen consumption. This may theoretically be
achieved either by addition of a solution containing oxygen (analogous
to the manner in which a chemostat supplies nutrients) or by introduc-
tion of sufficient oxygen into the gas phase. The high oxygen consump-
tion rate of hepatocytes would require significant dilution during an
experiment and introduce uncontrollable variables. Therefore, the
introduction of oxygen through the gas phase was chosen for further
consideration.

An open system with continuous flow of oxygen containing gas
through the system was preferred over a closed system into which
oxygen gas is injected, because carbon dicxide would accumulate in
the closed system. In an open system, gas pressure can be main-
tained at one atmosphere, and under constant conditions a steady

state oxygen concentration in solution can be attained which is
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described by

k. C - R
N amne (11I-1)

2

{(Myers and Matsen, 19%5) where C£ is concentration of oxygen in
solution (pl/ml), Cg is concentration of oxygen in gas (pl/ml), kl and
kz are rate constants for transfer of oxygen into and out of solution
{ml/min), and R is the respiration rate (ul/ml/min)., Under steady
state cqnditions, the rate of oxygen consumption must be equal to the

rate of oxygen entry into solution, R = vt, where Vt is the rate of

oxygen entry in ul/ml/min. Equation III-1 can be rearranged to

R = k,C_ - kC (1I1-2)

g £ "
By definition, kl /k2 is the Bunsen solubility constant, «, so that the

right-hand side can be rearranged to

= 2 =3
R (o Cg Cf) kZ (111-3)
or
R = (C - o -
( g Ct/a) kz o (I11-4)
Cg and Cf/af can be converted to P(OZ)g and P(Oz)f’ respectively, by

multiplication by 76Q torr /1000 pul/ml. The expression, k:zoz can be

redefined as a constant {K), and the steady state equation written

1 « (III-5)

K is the oxygen transfer constant (Degn and Wohlrab, 1971) and is
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dependent upon surface area, volume, temperature, stirring rate and
composition of the liquid phase. It can be determined directly for
a vessel under specified conditions with a solution of known R under

Alternatively, the

fixed P(OZ)g by measuring steady state of P(Oz)f’

rate of oxygen transfer, v can be measured for solution where
R = 0 according to the equation

v, = K[P(Oz)g . P(Oz)f] (1II-6)

(Degn and Wohlrab, 1971), Deoxygenated distilled water is most

convenient since P(Oz) is initially zero., Gas of known oxygen content

f

can be introduced and the oxygen tension in solution measured polaro-
graphically as a function of time. The initial slope is then equal to L

when P(O is zero, and K is equal to vt/P(O

2t Z)g'

From Equation III-5, one can see that sequential studies at

different P(OZ) could be performed by systematically changing R, K

£

or P(O R can be changed by varying cell concentration, however,

Z)g'
extensive controls would be required to determine if variation in cell
concentration over a relatively large range would have any affect on
measured metabolism. K can be varied by changing surface area to
volume ratio or by changing stirring rate. Changing the surface area
to volume ratio can be done simply by altering the volume if the vessel
is an elliptic cylinder and the surface area is constant. However, this

does not provide sufficient change in K to allow control of P(O over

Z)f

a large range, Variation of the stirring rate cannot be used for control
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of K because of the relatively small range which will allow adequate
mixing without excessive damage to the cells., Variation of P(OZ)g is

the easiest and most suitable method for controlling P(OZ)£°

The oxygen tension in an incubation of isolated hepatocytes

(3 x 106 cells /ml) exposed to constant P(O is given in Figure III-1.

Z)g
For an oxygen consuming system, a steady state solution oxygen
tension will occur when oxygen consumption and supply are balanced,
However, isolated hepatocytes die at a rate high enough to significantly
affect the oxygen consumption rate and consequently with constant

P(OZ)g the solution P(OZ) continually increases (Figure III-1). Thus,

an instrument is required to regulate P(O to maintain constant

Z)g

P(O Preliminary studies showed that control of P(OZ)g by manual

Z)f'
regulation of flow of high P(OZ) and low P(OZ) gases through a flow-

meter was difficult and not very accurate, A system was developed

to provide control of P(O automatically so that a desired P(OZ)

Z)g £

could be maintained in a respiring system.,

II. B. Components of the Oxystat

An oxystat was designed to maintain specified oxygen tensions
in systems with high oxygen consumption rates, Commercially
available oxygen controlling systems (e.g., Dissolved‘Oxygen
Controller, New Brunswick Corp.) were found to be constructed for

large volume industrial or microbiological incubations and did not
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Oxygen tension in respiring hepatocyte preparation
with constant O, input. Isolated hepatocytes were
incubated in the special vessel at4.12 x 106 cells /ml
in 8 ml total volume. The temperature was 37°C and
a hydrated gas mixture initially containing 53.5% O,
was passed over the aqueous phase at a flow rate of
34 ml/min. Oxygen tension was recorded polaro-
graphically as a function of time.
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Figure III-2,
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Schematic design of the oxystat.

A‘
B.

C.
D.

fils P

thermostatted incubation vessel (see Figure III-4 )
oxygen electrode (Beckman Polarographic Oxygen
Sensor)

amplifier (Beckman, Model 777 Oxygen Analyzer)
recorder (Texas Instruments Servoriter, Model
MWS)

millivolt transmitter (Rochester Instrument
Systems, Model SC-1306)

controller (The Hays Corp., Universal Electronic
Controller Model 854)

needle valve (Hoke, Model 1666 with electro-
mechanical valve actuator #012F2E)

carrier gas

controlled gas

gas hydrating towers

gas flowmeter (Matheson, Models 600 and 601)
and mixer (Matheson, Model 665)
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an oxygen electrode, have a suitable mode for continual gentle mixing,
have a gas phase with inlet and outlet, have an easily accessible
sampling port, and be temperature controlled. Two flask construc-
tions with different modes of stirring were studied to determine which
was less destructive to cells. A tonometer equipped with an oxygen
electrode was considered. The tonometer swirling rate was adjusted
to 108 rpm {approx,. 2 sec mixing time) and 92 rpm (approx. 3 sec
mixing time) for measuring the death rate of isolated hepatocytes.
Hepatocytes (8 ml, 3 x 10(3 cells/ml) in modified Hank's medium
were pipetted into a 50 ml round bottom flask and swirled at 37°¢C
under 95% DZ’ 5% CO2 for 10, 20, and 30 min, The percentage of
cells excluding trypan blue were measured initially and after each time
interval as shown in Figure III-3. At 108 rpm, hepatocyte attrition
was 13.5% /30 min and at 92 rpm it was 10.8% /30 min. These values
were considered too high for experiments requiring 15-20 min; how-
ever, slower mixing rates would not provide adequate agitation for
polarograph function. A vessel utilizing magnetic stirring was
therefore preferred.

The death rate of cells using magnetic stirring was examined,
Cells (8 ml, 3 x 106 cells /ml) were incubated at 37°C with stirring
under 95% OZ, 5% CO2 in a 25 ml Erlenmeyer flask, Stirring was

adjusted to give complete mixing in 3 sec with a2 1.0 cm cylindrical

stirring disc (Radiometer, #D4030). The death rate was found to be
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Attrition of hepatocytes during incubation in tonometer
and special incubation vessel. Eight milliliters of
isolated suspension (3 x 106 cells/ml) was incubated at
37°C under 95% Oy, 5% CO, in the vessels described.
The suspension medium was modified Hank's solution.,
Cells were examined in 0.2% trypan blue after vary-
ing periods of incubation, and results are expressed as
percent excluding trypan blue as a function of time.
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significantly less, 4,8% /30 min and to be within a tolerable range.
Details of the design were refined with the collaboration of Mr.
Gunther Weiss (Portland, Oregon), the glassblower who constructed
the vessel. The design is shown in Figure II1-4, Stirring was
accomplished with Micro-V magnetic stirrer (Cole, Parmer,
Chicago), modified by attachment of a circular magnet extended
vertically 4.4 cm above internal stirring mechanism, The sampling
port was the screw cap portion of a 13 x 100 culture tube, A 1 mm
hole was drilled into the screw cap, and the Teflon cap liner was
replaced with a gas chromatograph septum (Hewlett- Packard, part
#5080-5022). The temperature was controlled at 37°C with a Haake
type F circulating temperature control unit,

The vessel was mounted with an Aeroseal clamp on a firm
support so that movements during incubations did not cccur, yet the
vessel could be readily removed if necessary. The opening for the
oxygen electrode was selected so that the electrode would fit tightly
with appropriate O-rings. The gas inlet and outlet were equipped
with stopcocks to allow sealing off the vessel when required. The
inlet was connected to the gas supply by a gas-tight ball joint (12 /2)
containing an O-ring and secured with a Thomas ball joint clamp

(#12 A),



Figure III-4.

Design of thermostatted polarographic incubation
vessel. Drawn to scale, See text for details.
A, front view

B. right side view
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II11. B.2. Oxygen Analyzer

The oxfgen analyzer was a polarographic system with a Clark-
type oxygen electrode (Beckman Polarographic Oxygen Sensor used
in conjunction with the Model 777 Oxygen Analyzer)., The gold cathode
and silver anodes were washed thoroughly with household cleanser
approximately every two weeks of operation, Beckman oxygen electro-
lyte gel and Teflon membrane (#77948) were used for charging,
Routine calibration of the oxygen electrode was performed at 37°C

with distilled water equilibrated with air or 1.98% O 98.02% NZ'

2
Complete calibration over the operating range 0-150 torr was per-
formed by initially equilibrating distilled water with prepurified
nitrogen followed by additions of aliquots, with a Hamilton gas-tight
syringe, of distilled water equilibrated with air (Figure III-5),
Sodium dithionite, ascorbate plus copper sulfate, or prepurified
nitrogen (OZ less than 8 ppm) was used to cobtain a "'zero.'" A con-
tinuous recorder tracing was obtained with a Texas Instrument
Servoriter recorder (Model PWS). Additional amplification of signal
from the oxygen analyzer was attained by a Variable Recorder
Amplifier {Instruments and Communications, Inc., Wilton, Conn. ).
Optimum performance was obtained after the entire polarographic

system was equilibrated for 3 hours. A signal to noise ratio of at

least 50 was maintained abeove 10 torr. At oxygen tensions below



Figure III-5.
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Oxygen electrode calibration. Distilled deionized water
was boiled 30 min, then cooled under prepurified
nitrogen gas, Nitrogen was bubbled through con-
tinuously for 6 hours., A 2.5 ml volume was trans-
ferred to a polarographic vessel which had been
flushed with nitrogen. The transfer was made through
butyl-rubber tubing with a syringe needle on each end
using pressure from N, in the bubbling flask to pro-
vide a positive pressure for flow. Aliquots of distilled
water equilibrated with air at 25°C were then added
and the electrode response recorded. The calibration
with air at 37°C relative to the dithionite zero is also
shown.,
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10 torr noise was about 0.2 torr. The electrode noise is included in
the more useful term, % fluctuation, for analysis of oxystat function

(see below),

II1. B. 3., Oxygen Controller

The 0-50 mV output from the oxygen analyzer was converted to
a 1-5 mA signal with a millivolt transmitter (Model SC-1306,
Rochester Instrument Systems, Inc., Rochester, N.Y.) to be com-
patible with the controller, a Universal Electronic Controller (Model
854, The Hays Corporation, Michigan City, Indiana) with three mode
control. The output from the controller signaled the position of the
gas controlling valve (Hoke, Model 1666 series micromite metering

valve) through a Hoke Electromechanical valve actuator (#012F2E).

I1I. B. 4. Oxygen Supply System

Variable OZzNZ mixtures containing 5% CQ2 were obtained
commercially. For a given experiment, two tanks were chosen with
O2 contents as described by calibration curves to allow control of
oxygen tension in solutions over the range of 0-150 torr. Both gases
passed through three hydrating towers and a water droplet trap at
37°C prior to mixing. The gas flow from the tank with the lower

oxygen content, termed ‘carrier gas, '' was regulated and monitored

by a Matheson flowmeter, model #600. The gas flow from the other
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tank, the "controlled gas,' was initially set with a Matheson flow-
meter, model #601, with the valve completely open, and controlled by
the valve. The gases were mixed in a model 665 gas proportioner
(Matheson Gas Products), then passed into the incubation vessel.

All tubing was low oxygen permeability butyl rubber (Fisher Scientific
Cat. #14-168A) thermally insulated with mylar tape.

Flowmeter calibration was performed by measuring volume
displacement of water as a function of time at various flowmeter
settings, The results for the controlled gas flowmeter (#601) are
shown in Figure III-6a, and the results for the carrier gas flowmeter
(#600) are shown in Figure III-6b. The calibration of flow through the
Hoke valve at different valve settings is given in Figure III-7. The
valve makes 18 1/2 full turns from open to closed. With valve com-
pletely open a flow rate was measured. Then the valve was closed
successively 10% of the full range as measured on the controller

valve setting indicator and flow again measured.

II1I.C. Characterization

II[.C.1l. Incubation Vessel Characteristics

The total voelume of the incubation vessel is 24 ml, and the
liquid volume can range from 3 to 20 ml. The primary limit to

volume is maintenance of adequate mixing time without excessive
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Flowmeter calibration curves. Flowmeters were
calibrated for operating conditions involving a minimal
pressure differential across the flowmeter. Gas flow
at given flowmeter settings was measured by volume
displacement of water.

a. controlled gas flowmeter (Matheson #601)

b. carrier gas flowmeter (Matheson #600)
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Figure III-7., Gas flow as a function of valve setting., Initial gas
flow with valve completely open was set to 94, 60 and
35 ml/min. Valve was closed successively 10% of the
full range for each of the initial flow rates, and the
flows determined from Figuyre III-6a or measured by
volume displacement of water.
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Figure 1I1-10.
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Oxygen transfer constant at different solution volumes.
Modified Hank's solution (4, 6, 8 or 10 ml) was
placed in the incubation vessel at 37°C with stirring
rate adjusted to give about a 2 sec mixing time,
Through the vessel was passed 95% NZ’ 5% CO, until
the solution P(O,) was near zero. Then 20% O3,

5% COZ’ 75% N2 was passed through the vessel and
the oxygen tension in solution measured as a function
of time. The initial slope, known P(O,), and meas-
ured initial P(OZ)f were used to calculate K (see
text). Calculated values for K are expressed as a
function of liquid volume in the incubation vessel.
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was found to have no effect on K. Variations in stirring rate also had

no effect over the narrow tolerable range of stirring rates,

III. C. 3. Steady State Oxypgen Tensions in Solution

As a check of the oxygen transfer constant and a further charac-
terizgtion of the incubation vessel, yeast solutions with known respira-
tory rates were incubated under constant input percent oxygen and
the steady state oxygen tension in solution measured. Dry baker's
yeast (0.8 gm) was dissolved in 50 ml 100 mM sodium phosphate
buffer (pH 7.0) containing 10 mM glucose. Oxygen consumption was
measured polarographically at 37°C after 6 x dilution in additional
buffer and found to be 12.3 pl O2 /mg dry weight/hr (0.55 pmole OZ/
mg hr). Dilutions of the stock yeast solution were then made so that
solutions with respiration rates from 10 to 70 pl Oz/ml/hr {(0.45-3.13
mM /hr) were obtained. Eight milliliter aliquots were placed in the
incubation vessel and gas of known percent oxygen passed through the
vessel. The results are shown in Figure III-11 along with the
theoretical steady state solution oxygen tensions using the measured
rate constant and Equation III-5,

Experiments were performed with constant dilutions of yeast of
known respiratory rate as above to determine the steady state solu-

tion oxygen tension as a function of input percent oxygen., Steady state

solution oxygen tensions were measured polarographically at known



Figure III-11,
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Steady state oxygen tension in respiring yeast
solutionsg as a function of respiration rate at fixed
input percent oxygen, Yeast solutions with respira-
tion rates between 10 and 70 pl O, /ml/hr (0.45-

3.13 mM/hr) were placed in the incubation vessel and
equilibrated to 57, Incubating medium was 100 mM
sodium phosphate buffer (pH 7.0) containing 10 mM
glucose. Total aqueous volume was 8 ml., For each
incubation, a gas mixture containing 24, 33, 42, or
52% oxygen (182, 250, 319 or 395 torr) was passed
through the vessel, The oxygen tension in solution
was measured polarographically. After about 15
min, a steady state solution oxygen tension was
attained, This value is expressed in the figure as a
function of the respiration rate and according to the
input percent oxygen. The solid lines are theoretical
lines drawn from the equation R = K x (P(O;), -
P(Oz)f) using the measured value of K and the fixed
input P(OZ)g values,



232

RESPIRATORY RATE
(4l 05/ml/hr]

(%) NOISN3IJSNS NI
¢o 3IVIS AQV3ILS



233

percent oxygen in the gas phase. The results are shown in Figure
III-12. Results are consistent with measured rate constant and
Equatipn III-5 as demonstrated by theoretical curves drawn for the

respiratory rates used.

1L C.4. Input P(O,)

To achieve optimal control of oxygen tension in solution a
minimum difference in percent of oxygen between the carrier and
controlled gases is required. The minimum difference is limited by
the range of solution oxygen tensions desired and the rate of oxygen
consumption in solution, The percent oxygen input to give a desired
solution oxygen tension at a specified respiration rate is given below.
Once the desired range of input percent oxygen is determined,
Figure III-13 can be used to determine the valvé position required to
give a desired input percent oxygen at preset carrier and controlled
gas flow rates. Curves in Figure III-13 were calculated from the gas
flow as a function of valve position for the controlled gas given in
Figure III-7, the known percent oxygen in the controlled gas, the
flow rate for the carrier gas, and the known percent oxygen in the
carrier gas.

The measured oxygen transfer constant can be used with the
Equation III-5 to calculate the required input percent oxygen to give

a desired solution oxygen tension at a specified respiration rate, A
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Figure III-12. Steady state oxygen tension in respiring yeast
solutions as a function of input percent oxygen,
Conditions are the same as Figure III-11 except that
R is fixed to 17.7, 30, 46.6 or 80 pl Oy /ml/hr
(0.79, 1.34, 2.08 or 3.57 mM/hr) and input P(O

2)
varied by mixing 100% N2 and 100% OZ°
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Figure III-13. Percent oxygen in mixed gas as a function of valve
position for variocus controlled and carrier gases.
Points were calculated from the defined percent
oxygen in the controlled and carrier gases, the flow
rate for the carrier gas, and the flow rate of the
controlled gas as a function of valve position (Figure
1II-12) according to the equations

(% O, carrier) x (flow rate carrier)
+ (% Oy controlled)
x (flow rate controlled)
(flow rate carrier)
+ (flow rate controlled)

% O, mixed =

A, 30% O, carrier gas (20 ml/min), 95% O, controlled
gas (94 ml/min)

B. 20% O carrier gas (20 ml/min), 70% O, con-
trolled gas (94 ml/min)

C. 20% Oy carrier gas (30 ml/min), 70% Op con-
trolled gas (60 ml/min)

D. 0% O, carrier gas (30 ml/min), 70% O, con-
trolled gas (60 ml/min)

E. 0% O, carrier gas (20 ml/min), 35% O, con-
trolled gas (94 ml/min)
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typical relationship is shown in Figure III-14. Thus, if one has a
suspension consuming oxygen at a rate of 60 ul/ml/hr (2,9 mM/hr)
and desires to control the exygen in the range of 0-20% (0-152 torr)
solution oxygen, the percent oxygen input must be controlled between
35 and 55% oxygen, One can then choose carrier and controlled gases
with oxygen tensions that span this range, e,g., carrier gas = 20%
OZ’ controlled gas = 70% OZ° Using Figure III-13, gas flow can be set
so that the controller will function over the desired range.

Since oxygen transfer content can be varied by manipulating
sample volume, it is of interest to examine the control parameters as a
function of K. The percent of oxygen in the gas phase required to
maintain a solution exygen tension of 38 torr at constant rates of
oxygen consumption as a function of K is gi.ven in Figure 1II-15, In
Figure 1II- 16, the percent oxygen in the gas phase which is required
to give solution oxygen tensions of 152, 76, 38, 7.6 and 0 torr, ata
respiration rate of 60 pl O2 /ml/hr (2.9 mM /hr) is given as a function
of K. From the graphs one can see that the lower the rate of oxygen
consumption, the lower the acceptable oxygen transfer constant, The
oxygen consumption rates of interest for this work were in the range
of 40-80 ul OZ /ml/hr (1.79~3.57 mM /hr). Thus, a transfer constant
of 5 or larger is adequate. The percent oxygen input required to

maintain solution P(O,) of 38 torr as a function of oxygen consumption

2

rate for the vessel with an oxygen transfer constant of 6,71 is shown



Figure 1II-14.
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Calculated input percent oxygen required to give a
desired solution oxygen tension at a specified
respiration rate., This series of curves was com-
puter drawn accordin§ to the equation III-5. K was
set equal to 6,71 hr™ *, P(O,). was set equal to 0,
2,5,10 or 20% (0, 15.2, 38, 76, or 152 torr), and
P(OZ) calculated as a function of R and expressed in
terms”of percentage O,. R was assumed to be
independent of P(OZ)F'
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Figure III-15.
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Percent oxygen input required to maintain solution
P(O,) equal to 38 torr as a function of oxygen transfer
constant at fixed respiration rates. This series of
curves was computer drawn according to the Equation
III-5. R was fixed at 20, 40, 60, or 80 pl OZ /ml/hr
(0.89, 1.79, 2.68, or 3.57 mM /hr). P(Oz)f was set
at 5% O2 (38 torr). P(OZ) was calculated as a
function of K between 0 ang 16 hr -,
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Figure III-16. Percent oxygen input required to give 0-20% oxygen
in a respiring suspension at different values of the
oxygen transfer constant, This series of curves was
computer drawn to 60 pl O, /ml/hr (2.68 mM/hr).
P(OZ) was set at 0, 1, 5, 10, or 20% O2 (0. 7.6,
38, 76, or 152 torr). Percent oxygen in gas phase
was calculated as a function of K from 0 to 15 hr'l.
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in Figure III-17., Curves for other values of K are also given, and
used in conjunction with Figure III-10, allow calculation of the maxi-
mal incubation volume for the incubation vessel at a known rate of
oxygen consumption, Figure III-18 shows the percent oxygen in solu-
tion as a function of percent oxygen input at defined values of K and

60 pl O, consumption/ml/hr (2.9 mM/hr). Using this graph, correc-

2
tions can be made during an experiment for errors in respiration
rate estimation to adjust control into the desired solution oxygen
tension range. For example, if an error were made in estimation of
oxygen consumption rate such that the oxystat was equilibrated with
carrier and controlled gases which could not provide control at the
desired solution P(OZ)’ the simplest correction is to use this graph
to determine a value of K which will provide control and then use
Figure III-10 to determine the appropriate aqueous volume. This
approach can also be used to extend the oxygen tension range over

which solution oxygen tension control can be achieved at constant

oxygen consumption rate without changing carrier or controclled gases.,

11I.D. Operation

Detailed operation instructions for the oxystat are given in
Appendix III. The determination of proper controller settings is
described in the Hays model 854 Universal Solid State controller

instruction manual. Determination of optimum settings requires
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Figure III-17. Percent oxygen input required to maintain a solution
P(OZ) of 38 torr as a function of respiration rate.
This series of curves was computer drawn using the
Equation III-5. K was set equal to 3, 6.71, 12 or
24 hr-1l, P(O,), was set equal to 38 torr, Percent
Oy input was calculated as a function of O, consump-
tion rate over the range 0-100 pl O, /ml/hr (0-4.46
mM /hr).
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Figure III-18. Percent oxygen in solution as a function of percent
oxygen input at various values of K. This series of
curves was calculated using the Equation III-5. R
was set at 60 pl O, /ml/hr (2.68 mM /hr). K was set
equal to 3, 6.71, 12, 24 hr~1 or infinity. P(O,); was
calculated as a function of P(Oz)g. R was assumed
independent of P(Oz)f.
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obtaining a balance between speed of response and accuracy of

response., The proportional band, expressed as a percent of the full

oxygen range, determines the amount the valve will move for a given
deviation from the desired oxygen tengion. Greatest accuracy is
attained at high proportional band settings; however, these high set-
tings have the poorest speed of response., For short term experi-
ments (e.g., less than 1 hr), a sacrifice must be made in accuracy to
provide rapid control. The rate control is an anticipation factor which
examines the first derivative of approach to set point. The system
did not have a large lag in response and this control was not needed.
Reset controls the rate of valve position change as determined by the
| proportional band, It is expressed in repeats per minute. The high-
est possible setting which does not produce oscillations gives the
fastest system response. Settings which provide optimum response
and optimum control for a system with an oxygen transfer constant
of 6.71 hr_ 1, an oxygen consumption rate of 40-70 pl O, /ml/hr
(1.79-3.13 mM/hr), and a solution oxygen tension of 1-150 torr
(1.4-210 uM) were as follows: proportional band at 500%, rate off,
and reset at 0.1 rpm. Dead band was adjusted to the minimum
possible value. These settings were obtained empirically starting
with rate and reset off and 'proportional band at 70%. The proportional
band was then increased stepwise until oscillations ceased. The

oxygen tension in solution under such conditions would attain a
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constant value; however, this value did not necessarily approach the
set point, so reset was introduced stepwise until oscillations again
appeared. Then the reset was reduced one step to give the optimal
setting.

The controller was tested to determine its ability to maintain a
constant solution P(OZ) for different rates of oxygen consumption
using the above settings. The results are given in Figure III-19 for
two different sets of carrier and controlled gases. The set point in

either case was 76 torr (106 uM). Control of P(OZ) is approximately

3
1 7% as long as the valve is operating 60-90% open even over the
broad range of oxygen consumption rates shown, Drift in solution

P(O,) occurs at lower rates of oxygen consumption and oscillations

5)
occur at higher rates of oxygen consumption.

Oxygen control experiments reported in Sections IV, V, and
VI were done under the following conditions: 40-70 pl OZ consumption/
ml/hr (1.79-3.13 mM/hr), 37°C, 8 ml aqueous volume, and rate con-

stant equal to 6.71. Solution tensions were controlled from 0.2 torr

(0.28 pM} to 150 torr (210 pM). Carrier gas was usually 20% O

2’
5% COZ’ 75% N2 and controlled gas was 70% OZ’ 5% COZ’ 25% NZ.
Under some circumstances 5% COZ’ 95% N2 and 35% OZ’ 5% CO2

and 60% N2 were used. The percent fluctuations of the solution

oxygen tension at the different oxygen tensions is given in Figure

III-20. The maximum deviations about the average were measured,



Figure III- 19,
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Controller function at different respiration rates.
Yeast suspensions with oxygen consumption rates of
10-100 pl O, /ml/hr (0.45-4.5 mM /hr) were placed in
the incubating vessel., Incubation medium was
sodium phosphate buffer (50 mM,. pH 7.0), containing
glucose (10 mM). Total volume was 8 ml in each
case, Temperature was 37°C. Incubations were
maintained for 20 min after control was attained or a
maximum of 30 min. Controlled gas was 30% OZ’
70% N, with 100% N2 as carrier gas, or 100% 02. with
compressed air as carrier gas. The set point was

76 torr. The range of fluctuation of P(O,) about

the average value is expressed by the bars.
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divided by the average, multiplied by 100% and then by 0.5 to express
as ¥ percent fluctuation. From this figure, one can see that the
average percent fluctuation is 1 20% at 1 torr (1.4 uM), 4 15% at 2 torr
(2.8 pM), t 11% at 3 torr (4.2 pM), and less than t 7% at 4 torr
(5.6-210 pM).

Rapid approach to a desired steady state solution P(OZ) was
obtained by dilution of cells into solutions equilibrated with low oxygen
tensions at 37°C. This solution was then pipetted into the incubation
vesgssel, and the oxygen analyzing system turned on. The vessel was

or 95% N_, 5% CO, until the

then flushed with 95% OZ’ 5% COZ 5 >

desired oxygen tension was approached (1-3 min). Gas flow through
the oxystat was then started with the valve preset to give the desired
P(OZ) in solution. After 2-3 min, the controller mode was switched

from manual to automatic and steady state maintained.
III. E. Discussion

High oxygen consumption rates by isolated mammalian cells
makes study of cellular metabolism as a function of oxygen tension
technically difficult (Wilson et al., 1974). Development of an instru-

ment that can maintain constant P(O,) in cellular suspensions is an

5)
important breakthrough in research of hypoxia and oxygen metabo-

lism. The oxystat allows study of oxygen utilizing systems in intact

cells as a function of oxygen tensions even though the system under
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investigation consumes only a very small fraction of the total oxygen.
In addition, it allows direct analysis of metabolite levels in cells at
different steady state oxygen tensions. The intracellular function and
control of oxidases may be examined under highly defined conditions.
Oxygen tension is measured continually throughout the incubation and
can be maintained at a predetermined value. The approach to this
value is rapid, and once attained can be maintained indefinitely,

The carbon dioxide concentration can be established at a constant
value by inclusion of CO2 at the same percentage in both carriers and
controlled gases.

The instrument as described has been tested over the oxygen
tension range of 0,2-150 torr (2.8-210 pM) with isolated rat hepato-
cytes. Incubations below 1 torr (1.4 pM) are of limited value because
of relatively large P(OZ) fluctuations., Inclusion of hemoglobin or
myoglobin (2 mg/ml) increases the apparent solubility of oxygen and
improves performance below 1 torr; however, these additions may
interfere with the assay of cellular metabolism, The ability of the
instrument to perform to 1 torr (1.4 pM) with isolated hepatocytes is
probably due to reduced oxygen consumption rate at this low oxygen
tension (Longmuir, 1957; see Section IV). The instrument may also
be useful for hyperoxia studies ( > 150 torr; > 210 pM) and is limited
only by the oxygen transfer constant, The theoretical upper limit for

P(O in a system of known R at atmospheric pressure can be

2)£
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calculated for this instrument using Equation III-5 with K between
12 and 5 (4-10 ml volume),

The carrier and controlled gases were chosen for the experi-
ments reported (Sections IV, V and VI) so that oxygen tension could
be preset at any value between 1 and 150 torr (1.4 and 210 pM).

Repetitive experiments at a single desired P(O can be performed

2)s
with much less variability by choosing carrier and controlled gases
with a much smaller difference in oxygen content,

The ability of the instrument to maintain constant P(OZ)f was
demonstrated for an 8 ml volume with oxygen consumption rate between
10 and 80 pl/ml/hr (0.45 and 3.57 mM/hr), At lower oxygen con-

sumption rates maintenance of constant P(O becomes progressively

Z)f

easier as P(Oz)

¢ approaches P(Oz)g’ Above 80 pl Oz/ml/hr, control

becomes increasingly difficult.

Although only cellular systems were examined, the instrument
is likely to be useful for oxygen consuming enzymatic or chemical
systems, It has greater versatility and control than manometric
systems, closed polarographic systems or the respirograph. In
addition, the principle may be applicable to studies of perfused

organs or to oxygenation of bleod by heart-lung machines.
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IV. RESPIRATION AND ENERGETICS OF
ISOLATED HEPATOCYTES

Changes in adenylate concentrations and lactate/pyruvate occur
during hypoxia and have been implicated in altered cell function and
subsequent pathology (Section I. B. ). Many parameters may be used
as indicators of cellular energetics. Some of those which are most
commonly used are: ATP concentration, the ratio of ATP to ADP,
the phosphorylation state potential ((ATP]/[ADP][Pi]), adenylate
energy charge ([AaTPl+ 12[aDP] )/ ([ATF] +[ADP] +[AMB)])), cytoplasmic
NADH/NAD' and mitochondrial NADH/NAD. Because of varying
experimental circumstances, no single parameter is universally
measurable or useful. However, all of these parameters appear to
be qualitatively related under most physiological situations. A list
of these values under oxygenated conditions is given in Table IV-A.
Oxygen consumption by isolated hepatocytes is given in Table IV-B.

Decreased oxygen availability to hepatocytes alters these para-
meters in predictable directions. Decreased rate of oxygen consump-
tion occurs when oxygen tension is lowered below the critical oxygen
tension (Chance et al., 1964; Jobsis, 1972). Total cellular redox state
becomes more negative as reflected in a greater degree of reduction
of reducible components {(Ballard, 1971; Chance et al., 1962). ATP
concentration decreases and AMP increases with decreased P(OZ)
(Atkinson, 1968; Ballard, 1970).
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Table IV-A. Metabolite levels in isolated hepatocytes (mmole/kg).

ATP

ADP

AMP

Pi (1 mM Pi incubating
medium)

Lactate /pyruvate
(intact liver)

B-Hydroxybutyrate/
acetoacetate

2,57
2.12
2.21

2:.28 %5,

0,87
0.32
0.48
fe ¥
6.77

.35
.- 34
.49
. 35

o O O o

Krebs et al., 1974
Meijer and Williamson, 1974

This research

Krebs et al., 1974
Wilson et al., 1974

Meijer and Williamson, 1974

Krebs et al., 1974

Wilson et al., 1974

Veech et al., 1970

Wilson et al., 1974

Meijer and Williamson, 1974
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Table IV-B. Oxygen consumption by isolated hepatocytes. Conditions
as listed; all were at 37°C,
pmole O, /F'hr;-lin/gm
(wet weight)
Endogenous, fasted 1.94 ¥ 0,05 Berry, 1974
Endogenous, fed 2.5 Wilson, 1974
0.7 - 2.2 Quistorff et al., 1973
Endogenous, fed 1.88 ¥ 0.31 This research
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Determination of the oxygen dependence of mitochondrial respira-

tion in the liver (Section I.B.5.b,) has been studied at three levels of
organization: intact liver, isolated cells, and isoclated mitochondria.
Ballard (1970, 1971) measured redox and energetic changes in the
liver in intact animals as a function of inspired oxygen. These data
are discussed in Section I.B.5.b. Longmuir (1957) measured oxygen
consumption by isolated hepatocytes as a function of oxygen tension
and observed a respiratory ”Km(OZ)” of about 0. 38 torr (0.5 pM).
This measurement provides an indication of the oxygen tension at
which energetic changes due to oxygen concentration may occur.
However, the cells may have been damaged due to the method of
preparation, Measurements of adenylate and redox changes were not
made so these energetic parameters are not available, Studies on
oxygen consumption, pyridine nucleotide reduction, and cytochrome c¢
reduction in isolated mitochondria show that P(OZ) at half maximal
changes for these functions occur at 0.02-0.2 torr (0,03-0.3 uM)
(Sugano et al., 1974). Mitochondrial oxygen consumption has been
shown to be dependent upon ATP and ADP concentrations (Christensen
et al., 1971) and the redox state has been shown to be related to
cytoplasmic energetics (Wilson et al,, 1974a, b). The direct applica-
bility of mitochondrial values to cellular metabolism is doubtful
because of the altered metabolic envircnment of the subcellular

fraction. The present research on isolated cells provides a continuity
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between studies on subcellular and intact liver. It examines

the adenylate pool, lactate/pyruvate, and oxygen consumption as a
function of oxygen tension and provides reference values to which
other hypoxic changes can be compared.

IV, A, Respiratory Rate as a Function
of Oxygen Tension

The oxygen tension tracing as a function of time for an incuba-
tion of isolated hepatocytes is given in Figure IV-1. An estimation
of the first derivative of this plot is given as the AP(OZ)/second as

a function of P(O,) in Figure IV~2. From this and similar tracings,

5)
the oxygen tension for half maximal respiration by isolated hepato-
cytes was determined to be 1.45 T 0.21 torr (2.03 L 0.29 uM) (N = 6).
The P(OZ) at which deviation from zero order with regard to oxygen
consumption could be observed was 14 torr (19.6 pM).

The double reciprocal plot of the rate of oxygen consumption as
a function of oxygen tension is given in Figure IV-3. The linear least

squares line for these points gives an apparent Km(O,) equal to 1.36

2)
1 0.13 torr (1.90 L 0.18 pM), and a maximal respiration equal to
20.8 pl O2 /mg protein/hr (29.1 uM/hr). The theoretical curve for

this system assuming Michaelis kinetics is shown in Figure IV-2.



Figure IV-1.
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Polarographic tracing of oxygen consumption by iso-
lated hepatocytes. Isolated hepatocytes (3 x lO6 cells/
ml) were placed in thermostatted polarographic cell
equipped with Clark-type electrode connected through
amplifier and analog-digital converter to PDP-11
computer. Oxygen tension recordings were registered
at 10 sec - and averaged to give 1/sec data.
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Figure IV-2,
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Hepatocyte respiration rate as a function of oxXygen
tension. Isolated hepatocytes (3 x 10" cells/ml)
were placed in thermostatted polarographic cells
equipped with Clark- type electrode connected through
amplifier and analog-digital converter to PDP-11
computer. Oxygen tension recordings were registered
at 10 sec™! ang averaged to give 1 sec data. The
change in P(OZ)/sec was then plotted as a function of
P(Oz) with an 11 point smoothing routine (see
Appendix IV). The data thus represent the rate of
oXygen consumption as a function of oxygen tension,
the solid line represents oxygen consumption with

the measured Qo, and Km(O;) = 1.3 torr (1.8 pM)
assuming Michaefis kinetics are applicable.
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Figure IV-3. Double reciprocal plot of oxygen consumption rate and
oxygen tension. Data same as Figure IV-2 and plotted
by computer (see Appendix IV).
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IV.B. Lactate and Pyruvate Concentrations as
a Function of Oxygen Tension

IV.B.1l. Lactate and Pyruvate Partitioning
between Hepatocytes and Medium

Estimation of the fraction of total incubation lactate and pyruvate
that was contained in the cells was performed by separation of the
cells from the suspending volume and assaying the levels in the sus-
pending medium or cell fraction relative to the total incubation (see
Section II, D), The partitioning of lactate and pyruvate in four differ-
ent cell preparations is shown in Table IV-C and IV-D. Cells were
isolated by the perfusion method, incubated at 37°C for 30 min under

20% OZ’ 5% CO 5% NZ' Cell concentration was 3 x 106 cells /ml

o
in 8 ml modified Hank's medium. Incubation mixtures were centri-
fuged at 50 g for 3 min and supernatant decanted. To 6 ml of super-
natant was added 1 ml 2 N HZSO4, The pellet volume was estimated
from tube plus pellet weight minus tube weight assuming the density
for cells to be 1.07 gm/ml (Krebs et al., 1974). Volume of cells
was estimated from cell count and 7.25 p.l/lO6 cells (Krebs et al.,
1974). Concentration in cells was calculated from total pellet con-
centration using calculated cell volume as a percent of total cell

volume and the supernatant concentration as an estimate for packing

volume concentration

Ccells a Vcells & Csupernatantx Vpa.cking B Cpellel: + Vpellet’
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Table IV-D. Pyruvate partitioning between cells and suspending
medium (see Table IV-C),

Pyruvate (mM)

Cells/supernatant % of Total in

Cells Supernatant (P /S) pellet

CP4-11 0.241 0.130 1.85 65.0
CP4-14 0.206 0.109 1.89 65.4
CP4-15 0.177 0.096 1.84 64.8
CP4-16 0.228 0.126 1.81 64.4
Avg. 0.213 0.115 1. 85 64.9
*0.028  T0.016 +0.03 T 0.4
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where C refers to concentration and V refers to volume of the
various components. The cell volume ranged from 63-72% of the
pellet volume. The percent of the total lactic acid which was found
in the cells was 71.8 ¥ 2,6, For pyruvic acid the value was 64.9
10.4%.

IV.B.2. Lactic Acid Concentration in Hepatocytes
as a Function of Oxygen Tension

The lactic acid concentration in incubation mixtures containing
3 x 106 hepatocytes/ml in modified Hank's medium was measured
after maintenance at 37°C at fixed oxygen tensions. The oxygen
tensions ranged from zero to 150 torr (210 uM). After 10 min at

constant solution P(O_) the system was quenched by injection of 2 N

)
HZSO4' The protein was removed by centrifugation and the lactic acid
measured fluorometrically., The partitioning value determined above
for the same cell concentration was used to calculate the lactic acid
concentration in the cells as a function of oxygen tension. The results
from three cell preparations are shown in Figure IV-4. The initial
increase in lactic acid concentration above 0.5 mM is observed as

oxygen tension is lowered below about 20 torr (28 pM). Half maximal

change occurs around 9 torr (12.6 pM),



Figure IV-4,
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Cellular lactate and pyruvate concentrations as a
function of solution P(O,). Isolated hepatocytes

(3 x 106 cells /ml) were incubated in modified

Hank's medium at fixed oxygen tensions for 10 min

at 37°C, then quenched by injection of 2 N H;SO,.
Lactate was measured by an enzymatic assay utilizing
lactate dehydrogenase and measuring the increase in
fluorescence of NADH due to addition of lactate.
Pyruvate was measured by an enzymatic assay utiliz-
ing lactate dehydrogenase and measuring the decrease
in absorbance due to loss of NADH upon addition of
pyruvate. Data are expressed as intracellular con-
centration after correction for differences in cellular
and suspending medium concentrations. Data from
three cell preparations, n = 15.
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IV.B. 3. Pyruvic Acid Concentration in Hepatocytes
as a Function of Oxvgen Tension

Pyruvic acid concentration as a function of oxygen tension was
measured spectrophotometrically on the deproteinated cell suspen-
sions used for lactic acid determinations (Section IV.B.2.). The
partitioning data for pyruvate given in Section IV.B. 1. were used for
calculation of cellular concentrations as given in Figure IV-4, Above
20 torr (28 uM), pyruvate concentration was about 0.4 x 10“4 M. An
increase in pyruvate concentration was observed at 16 torr (22.4 pM)
and a half maximal change at about 8 torr (11.2 pM]).

IV.B.4., Cellular Lactate to Pyruvate and

Cytoplasmic NADT to NADH Ratios
as a Function of Oxygen Tension

The ratio of cellular concentrations of lactate and pyruvate as a
function of oxygen tension was calculated from the data in Section
IV.B.2. and IV.B.3. The results are given in Figure IV-5, The
average lactate:pyruvate for oxygen tensions above 25 torr (35 pM)
was 11.9 1 0,2, The oxygen tension at which a detectable increase in
this ratio occurred was 20 torr (28 uM). The half maximal change in
lactate: pyruvate ratio occurred at about 9 torr (12.6 uM).

The cytoplasmic NAD+:NADH ratio was calculated from the
lactate to pyruvate ratio using the measured equilibrium constant,

1l x 10-4 M, determined by Williamson et al. (1967) for the lactic
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Figure IV-5. Lactate to pyruvate ratio in isolated hepatocytes as a
function of solution oxygen tension. Data from
Figure IV-4 expressed as ratio of intracellular
lactate to intracellular pyruvate.
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dehydrogenase catalyzed reaction and assuming that the reaction was

at equilibrium at pH 7.0,

_ [pyruvatel [NADHJ_[_I—IJr]
" [lactate] [NADY]

K
The results are shown in Figure IV-6, The average NAD+:
NADH measured for oxygen tension above 25 torr (35 pM) was 763
% 44, The critical P(OZ) and P(OZ) for half maximal change are the
same as those for the lactate:pyruvate ratio,

IV.C. Adenylate Concentrations as a Function
of Oxygen Tension

IVv.C.1l. ATP Partitioning between
Cells and Medium

Isolated hepatocytes were incubated at 37°C for 30 min in
modified Hank's medium under 20% OZ’ 5% COZ, 75% N2° The cells

were centrifuged for 3 min at 50 x g and the supernatant removed.

Each fraction was deproteinated with 2 N HZSO and assayed by the

4
luciferase assay for ATP., The cellular ATP concentration was found
to be 2.40 ¥ 0.34 mM for four cell preparations after corrections were
applied for extracellular packing volume as discussed in Section
IV.B.1. The average suspending medium concentration was 0.0089

10.0031 mM. The percent of total incubation ATP estimated to

occur intracellularly was 99.2 to.3.
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Figure IV-6. Cytoplasmic NAD+/NADH as a function of solution
P(OZ)' Calculated according to Williamson et al.
(1967) from data in Figure IV-5, Line represents
three point smoothing.
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IV.C.2, ATP, ADP and AMP Concentrations
as a Function of Oxygen Tension

Isolated hepatocytes were incubated at 37°C in modified Hank's
medium at constant incubation oxygen tensions containing 5% COZ,
Oxygen tensions were maintained with the oxystat, Cell concentration

6 : :
was 3 x 10 /ml in a total volume of 8 ml. Incubations were quenched

after 10 min at constant oxygen tension with 1 ml 2 N HZSO Protein

4°
was removed by centrifugation and the adenylates assayed as
described in Section II. Data from three cell preparations are given
in Figure IV-7. ATP, ADP and AMP concentrations in the suspen-
sion at oxygen tension above 20 torr (28 uM) were 48.6 1 1.0 uM,

8.2 ¥ 0,4 pM and 2.6 T 0.6 pM. Using the estimation of Krebs et al.
that the average hepatocyte volume is 7.25 x 103 pl, and the above
determination that >99% of ATP is intracellular, [ATP] is 2.24 mM.
Assuming that both ADP and AMP are similarly partitioned, the intra-
cellular ADP concentration is about 0.36 mM and that for AMP is
about 0. 12 mM. ATP concentration decreases at 10 torr (1.4 pM)

and below while ADP and AMP concentrations increase, The most

dramatic changes occur in ATP and AMP concentrations; half maxi-

mal changes occur for both at about 3 torr (4.2 pM).



Figure IV-T7.
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Concentration of ATP, ADP, and AMP as a function
of solution P(OZ). Isolated hepatocytes (3 x 106 cells/
ml) were incubated in modified Hank's solution at
fixed oxygen tensions for 10 min at 37OC, then
quenched by injection of 2 N HZSO4. ATP, ADP, and
AMP were measured by the luciferase assay and are
expressed as concentration in total incubation, Data
from three cell preparations, n = 15,
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IV.C.3. ATP:ADP and Adenylate Energy Charge
as a Function of Oxygen Tensgion

The ATP to ADP ratio as a function of oxygen tension was
calculated from the data in the previous section and is ;hown in
Figure IV-8. This ratio was found to be 5.9 T 0,3 for oxygen tensions
greater than 20 torr (28 pM), The first decrease in this ratio was
cbserved at about 10 torr (14 pM) so that the critical P(OZ) is between
10 and 20 torr (14 and 28 pM). The P(OZ) at half maximal change in
this ratio was 5 torr (7 pM),

The adenylate energy charge was calculated from the above
data using the equation of Atkinson (1968):

_[aTP] + 1/2[ADP]
"[ATP] +[ADP] +[ AMP]

E.C.

The energy charge as a function of oxygen tension is given in Figure
IV-9. The critical P(OZ) was approximately 20 torr (28 pM) and the

half maximal change was observed to be about 2 torr (2.8 pM), The

energy charge above 20 torr (28 pM) was found to be 0,89 To.01.
IV.D. Discussion

Longmuir (1957) measured respiration by isolated liver cells at

low oxygen concentrations and obtained an apparent Km(O, ) equal to

2

0.5 pM at 40°c. Improved methodology for hepatocyte preparation

(Berry and Friend, 1969; Section II) necessitated reexamination of this



Figure IV-8,
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ATP to ADP ratio as a function of oxygen tension.
Isolated hepatocytes (3 x 10° cells/ml) were incubated
in modified Hank's solution at fixed oxygen tensions
for 10 min at 37°C, then quenched by injection of

2 N HZSO4. ATP and ADP were measured by the
luciferase assay in the suspension. Computer drawn
line represents three point smoothing.
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Figure IV-9.
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Adenylate energy charge as a function of oxygen
tension. Isolated hepatocytes (3 x 10° cells/ml) were
incubated in modified Hank's medium at fixed oxygen
tensions for 10 min at 37°C, then quenched by
injection of 2 N H,S0,. ATP, ADP and AMP were
measured by the luciéerase assay. Adenylate

energy charge is expressed as (ATP + 1/2 ADP) /
(ATP + ADP + AMP). Data from three cell prepara-
tions, n = 15, Computer drawn line represents three
point smoothing.
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value and yielded the higher value, 1,36-1,45 torr. Corresponding
changes in adenylate pools and lactate/pyruvate indicate their close
dependence upon cellular oxygen consumption, The results are in
marked contrast to the oxygen dependence of respiration by isolated
mitochondria and submitochondrial particles which have an apparent
Km(OZ) of 0.02 to 0.05 pM (Chance, 1957, 1965: Chance et al,,

1965; Sugano et al,, 1974)., This difference is probably due to both
intracellular oxygen tension gradient (Boag, 1970) and to a difference
between respiratory control in isclated mitochondria and intact cells.

Petersen et al. (1974) showed that the apparent Km(O,) for mito-

5)
chondrial respiration is dependent upon the ratio ATP:ADP; the
apparent Krn(Oz) in the presence of high ATP:ADP is increased over
the uncoupled state 3 value. Since respiratory studies on isolated
mitochondria are frequently performed with low ATP:ADP, reported

values may not reflect the in vivo oxygen dependence of mitochondrial

respiration (Section I. B. ).
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V. DRUG METABOLISM BY THE CYTOCHROME P-450 SYSTEM

Cytochrome P-450 is a carbon monoxide binding hemoprotein
(Garfinkel, 1958; Klingenberg, 1958; Omura and Sato, 1964) which
occurs in mammalian hepatic microsomes and is a component of a
system involved in a variety of metabolic mixed function oxidations
(for reviews, see Gillette, 1971; Gillette, Davis and Sasame, 1972:
Gunzalus et al., 1974; Orrenius and Ernster, 1974). The multiple
activities are involved in normal endogenocus metabolism and in
modifications of xenobiotics (Mason, North and Venneste, 1965).

The reactions include 'the oxidation of alkanes and aromatic com-
pounds, the epoxidation of alkenes, polycyclic hydrocarbons, and
halogenated benzenes, the dealkylation of the secondary and tertiary
amines, the conversion of amines to N-oxide, hydroxylamine, and
nitroso derivatives, the oxidative cleavage of ethers and organic thio-
phosphate esters, and the conversion of phosphothionates to their
phosphate derivatives. In addition, these enzymes may catalyze the
reduction of azo-compounds and nitro-compounds to primary aromatic
amines and possibly the reductive cleavage of halogenated alkanes,
such as carbon tetrachloride, to free radicals' (Gillette et al., 1972).

The hepatic cytochrome P-450 system contains several com-
ponents which interact in a complex and only partially resolved

fashion. This is illustrated schematically in Figure V-1 for the
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Figure V-1, Cytochrome P-450 reaction scheme. Proposal 1.
A proposal for the mixed function oxidase process
catalyzed by the NADPH-cytochrome P-450
reductase/cytochrome P-450 system (Mason, 1973).
See text for details.



293

+e EO 3--290 mV

P-450 Fed's Fe?’s h.s. P-450
h.s.
Fi Ho /FoH: 0,
+
= NADP

FiHo/Fp F OZS

NADPH
P-450 Fe*' Is.  F H/F ]
[Fe3 02I S]

+e Eo g~ =& Tl mV

SOH %
& 2- 3 2=
0 [Fe 0, 8]



294
NADPH-cytochrome P-450 system. Oxidized cytochrome P-450

binds substrate to undergo a low spin to high spin transition which can
be observed spectrally (Schenkman, Remmer and Estabrook, 1967).
This complex may then undergo a one-electron reduction, perhaps by
an electron donation from a low potential flavin in NADPH-cytochrome
P-450 reductase (Iyanagi, Makino and Mason, 1974). The reduced
substrate complex combines with oxygen and undergoes a subsequent
one-electron reduction with production of products and regeneration
of low-spin ferric cytochrome P-450. Presence of a 418 nm
absorbance following introduction of oxygen to the reduced-substrate

bound Pseudomonas cytochrome P-450 has been interpreted to indicate

the oxygenated species (Gunsalus, Tyson and Lipscomb, 1973). The
second electron may be passed to the complex from the reductase in

the half-reduced form with the production of the O_ stable flavoprotein

2
semiquinone (Iyanagi et al., 1974). The two-electron reduction of the
flavoprotein by NADPH then completes the reaction cycle.

An alternative proposal (Figure V-2) has been made based upon
the requirement of two electrons per molecule for reduction of
cytochrome P-450 under anaerobic conditions (Guengerich, Ballon
and Coon, 1975). Substrate binds to the oxidized form and undergoes
a two-electron reduction (the second electron acceptor is represented
by C in the figure). This complex binds oxygen with-consequent

hydroxylation of substrate and release of water, leaving the oxidized

form of the enzyme,



Figure V-2,

Cytochrome P-450 reaction scheme. Proposal 2.
A proposed scheme for hydroxylation reactions
catalyzed by liver microsomal cytochrome P-450
(Guenerich et al., 1975). RH represents substrate,
and C represents unknown electron acceptor.

295
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The numerous detoxification reactions catalyzed by the micro-
somal cytochrome P-450 system, which are so essential in an orga-
nism's encounter with its environment, may be impaired during hypoxia
(Sanvordeker and Lambert, 1974). This is of particular importance in
the clinical administration of drugs, since excretion of many of these
compounds is dependent upon hepatic hydroxylation. Thus, the
pharmacologic activity of a drug may be altered in an hypoxic patient.
Alterations in metabolism or threshold response have been reported
as a consequence of hypoxia for pentobarbital (Buemel et al., 1970)
and sulfadiazine, isoniazid and p-aminopropiophenone (Mustala and
Azarnoff, 1969),

The oxygen dependence of cytochrome P-450 oxidations has been

studied for hepatic microsomes, perfused rat liver, and the Pseudo-

monas putida cytochrome P-450 system; apparent Km(OZ) values
(Table V-A) range from 1-5.4 pM (0.76-4.1 torr) for hepatic micro-
somes. The relationship of these values to intracellular function has
not been established. Microsomes have a high rate of autoxidation
which is oxygen dependent and interferes with the Km determination
(Choi, 1971; Kerekjarto and Staudinger, 1966), In addition, metabolic
controls existing in cells may be lost in microsomes. Finally, if a
significant intracellular oxygen tension gradient exists, drug metabo-
lism in cells and intact tissue could be oxygen dependent at oxygen

tensions much above the 1-5 pyM range determined for microsomes.
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The purpose of this research is to determine the functional
dependence of drug metabolism on oxygen tension in intact isolated
hepatocytes.

Drug metabolism by hepatocytes isolated by the enzymatic method
{Section II} has recently been reported (Moldeus et al., 1964). They
observed that the need for added cofactors is eliminated and that meta-
bolism occurs at a rate comparable to microsomes plus an NADPH
generating system. Further, uptake of alprenolol and hexobarbital by
these cells was shown to be rapid (van Bahr et al., 1974) so that up-
take is not limiting for metabolism. Metabolism of alprenolol and
hexobarbital were chosen for examination because of the background
work available on substrate uptake and metabolism in hepatocytes and
measurements of the apparent Km of these substrates. The apparent
Michaelis constant for alprenolol metabolism is about 10 pM (Moldeus
et al., 1974) and for hexobarbital in microsomes is 0. 145 mM {Gil-
lette, 1971; Wolf et al., 1974). Phenyramidol was chosen as a sub-
strate because of the availability of a simple and rapid assay system
(Gerber et al., 1974). Experiments were performed on the oxygen
dependence of hexobarbital, phenyramidol and alprenolol metabolism
at saturating substrate concentrations in cells from non-induced rats.
Additional experiments at subsaturating hexobarbital concentration and
in phenobarbital-induced and 3-methylcholanthrene induced hepatocytes
were performed to obtain information on the physiological importance
of this oxygen dependence and on the multiplicity of cytochrome P-450,

Available methods were used for quantitation of cytochrome P-450 in
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hepatocytes, and new methods based upon addition of submitochondrial
particles containing cytochrome 23, and microsomes containing cyto-

chrome P-450 were developed (Section II.E.4. ),

V.A. Quantitation of Cytochrome a, and
Cytochrome P-450 in Hepatocvytes

V.A.1l. Quantitation of Cytochrome as
with Method of Additions

The cytochrome 2, content of isolated hepatocytes was estimated
from plots of the AOD428.5_455 for the CO asc TMPD minus asc
TMPD difference spectrum with additions of mitochondrial particles
containing known amounts of cytochrome a3 (Section III.E.4.a.). Fig-
ure V-3a shows the difference spectrum of cells and cells plus incre-
ments of cytochrome 2s. Final ascorbate concentration was 8.2 mM,
and TMPD concentration was 0. 15 mM. The plot of AOD428- 5-445 28
a function of additions is given in Figure V-3b. The x-intercept of
this plot gives a direct measure of the cytochrome a3 content of the

hépatocytes. The cytochrome 23 content of four preparations (Table

V-B) was found to be 0.058 T 0.001 nmoles /mg protein.

V.A.2, Quantitation of Cvtochrome P-450
with Additions of Cytochrome aj

The carbon monoxide difference spectrum of dithionite reduced
hepatocytes with added increments of cytochrome a3 is given in
Figure V-4a. The A.OD450_490 is plotted as a function of cytochrome

aj additions in Figure V-4b., Extrapolation of AOD45O_490 to zero



Figure V-3,
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Carbon monoxide difference spectrum of ascorbate
plus TMPD reduced isolated hepatocytes with addi-
tions of submitochondrial particles. Cells were
solubilized by homogenization in 50 mM phosphate
buffer (pH 7.5) containing 25% glycerocl and 1% Lubrol
WX. Final concentration of cells was adjusted to
give 1.3-1.5 mg protein/ml containing additions of
submitochondrial particles to give 0-0.5 nmole
cytochrome aj;/ml. Three ml fractions were trans-
ferred to sample and reference cuvettes and a base-
line recorded. The sample cuvette was then bubbled
with CO for 1 min followed by addition of 25 ul
ascorbate (1 M, pH 7.0) and 30 pl TMPD (15 mM) to
both sample and reference cuvettes. After 30 min
the difference spectrum was recorded as shown in

a. The AOD42805__445 as a function of mitochondrial
cytochrome 23 additions is presented in b,
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Figure V-4,
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Carbon monoxide difference spectrum of dithionite
reduced isolated hepatocytes with additions of sub-
mitochondrial particles. Cells and submitochondrial
particles were prepared as in Figure V-3, The
sample cuvette was bubbled with CO for 1 min and a
few crystals of dithionite were added to each cuvette,
Spectra were recorded after 15 min (a) and A OD

490 Plotted as a function of mitochondrial additions
(b). Extrapolation to zero cytochrome a3 concen-
tration determined in Figure V-3 allowed calculation
of cytochrome P-450 concentration (see text).

Cell concentration was 2. 75 mg pro/ml.
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using the cytochrome a, content determined in Section

cytochrome a 3

3

V.A. 1 gives the AOD contributed from cytochrome P-450

450-490
assuming no other chromophores contribute to this absorbance dif-
ference. The extinction value 91 rnM“1 cm (Amura and Sato,
1964) was used with this corrected AOD45O_490 to obtain cellular
cytochrome P-450 content. The results from four preparations
(Table V-B) gave 0.22 ¥ 0,01 nmoles cytochrome P-450/mg protein,
A simplified method for cytochrome P-450 estimation was per-
formed by subtracting the AOD45O__490 for the carbon monoxide
difference spectrum of the ascorbate + TMPD reduced form from the
carbon monoxide difference spectrum of the dithionite reduced form
(see Section II.E.4.b.). The resulting A OD was used with the extine-
tion value of Omura and Sato to calculate the P-450 content. The
results from four non-induced cell preparations, given in Table V-B,
had an average equal to 0.21 ¥ 0,02 nmoles cytochrome P-450/mg
protein.

V.A.3. Quantitation of Cytochrome P-450
by Method of Additions with Microsomes

The method of Ghazarian et al. (1974) for selective visualiza-
tion of cytochrome P-450 in the presence of cytochrome a, was used
with a method of additions of microsomes. A typical series of

spectra is given in Figure V-5a. The x-intercept of a plot of



Figure V-5,
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Cytochrome P-450 determination in hepatocytes by
the method of Ghazarian et al. (1974). Cells were
solubilized by homogenization in 50 mM phosphate
buffer (pH 7.5) containing 25% glycerol and 1% Lubrol
WX. Final concentrations of cells (a and b) were
adjusted to give 0.5 mg protein/ml containing added
microsomes to give 0, 0.65, 1.3 or 1.95 nmole
added cytochrome P-450. Three milliliter fractions
were transferred to sample and reference cuvettes
and the baseline recorded. CO was bubbled for

1 min through each cuvette. Additions of 25 pl
ascorbate (1 M, pH 7.0) and 30 pl TMPD (15 mM)
were made to the reference and sample cuvettes,
followed by a few crystals of dithionite to the sample
cuvette., After 30 min, spectra were recorded (a).
The plot of AOD450_490 as a function of microsomal
additions (b) may then be used to calculate cytochrome
P-450 concentration., Dithionite minus ascorbate

+ TMPD difference spectrum (c) was recorded from
650 to 400 nm with 2,3 mg protein/mi,
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A OD450_490 as a function of known microsomal cytochrome P-450
additions (Figure V-5b) gives the cellular cytochrome P-450 content,
The results of four non-induced hepatocyte preparations, given in
Table V-B, was 0.22 % 0.01 nmoles cytochrome P-450/mg protein,
The effective extinction coefficient for cytochrome P-450 calculated
from the /_\OD450_490 and the extrapolated cytochrome P-450 content
was 76 rnI\/I-l crn—1 for isolated non-induced hepatocytes.

To test the affect of mitochondrial components on the AOD450_
490 for this assay, the method of additions with submitochondrial
particles was used. The results showed that components
present in mitochondria which are reduced by dithionite

but not by ascorbate + TMPD also affect the A OD Thisg

450-490°
is confirmed by the absorbance change at 450 in the dithionite minus

ascorbate + TMPD difference spectrum (Figure V-5¢).

V.B. Metabolism of Phenyramidol HC1

V.B.1l. Determination of Optimal Con-
ditions for Incubations

Metabolism of phenyramidol as a function of time by isolated
hepatocytes is shown in Figure V-6 for non-induced and phencbarbital
induced rats. Cells were incubated at 3 x lO6 cells/ml (modified

Hank's medium, 19 ml total volume, 37°C under 95% O,, 5% COZ) in

23

a plastic, 125-ml Erlenmeyer flask in a gyrotory shaker, After
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Phenyramidol metabolism by isolated hepatocytes.
Non-induced cells were incubated at 3 x 106 cells/
ml (modified Hank's medium, 37°C ander 95% 0,,
5% CO,) in a plastic 125 ml Erlenmeyer flask (0 and
X) or in special incubation vessel (Aand o ).
Phenobarbital induced cells were incubated at 3 x
100 cells/ml (modified Hank's medium, 37°C under
95% O,, 5% CO,) in a plastic 125 ml Erlenmeyer
flask. Suspension volume was 19 ml in Erlenmeyer
flask and 8 ml in special vessel. After 5 min
equilibration, substrate was added to give a concen-
tration of 0. 1 mM. Samples were removed at
indicated times and assayed for substrate loss as
described in text,
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5 min equilibration, 1 ml phenyramidol solution (2 mM in modified

Hank's medium, equilibrated to 37°C under 95% O., 5% CO,) was

2
added. Aliquots were removed at designated times and pipetted into
9 ml 100 mM phosphate buffer, pH 6.8 plus 10 ml butyl chloride for
assay. Metabolism was linear for 30-50 min in all preparations
examined. Metabolism per mg protein is independent of cell concen-
tration in this concentration range (Figure V-7).

Since in the assay of phenyramidol metabolism, loss of substrate
is measured, a minimal initial substrate concentration is required
for optimal measurement. Consequently, the metabolism as a func-
tion of substrate concentration was measured as shown in Figure V-8.
Aliquots of isolated hepatocyte suspensions (7.6 ml, 2 x 106 cells/ml
modified Hank's medium) were incubated in 25 ml Erlenmeyer flasks
in a gyrotory shaker (37°C; 95% OZ.’ 5% COZ) for 5 min. Modified
Hank's medium (0.4 ml) containing phenyramidol HC1 to give final
concentrations of 2-100 mM was added. After 5 min incubations,
1 ml from each flask was pipetted into 10 ml butyl chloride plus 9 ml
100 mM phosphate buffer (pH 6.8) for extraction and assay. The
apparent cellular Km for this metabolism in below 10 pM; a reasonable
approximation from these data is about 3-5 pM. The measured spec-
tral binding constant for phenyramidcl by microsomes is 5 pM

(Figure V-9). An initial concentration of phenyramidol which would

provide substrate saturation throughout the incubation, but allow
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Figure V-7, Phenyramidol metabolism as a function of cell
concentration. Incubation conditions and assay as
described in Figure V-8 with varied cell concentra-
tion and initial phenyramidol concentration equal to
0.1 mM.
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Figure V-8.
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Phenyramidel metabolism by isoclated hepatocytes

as a function of initial phenyramidol concentration,
Aliquots (7.6 ml) of isolated hepatocyte suspensions
(2 x 10~ cells/ml modified Hank's medium) were
incubated in 25 ml Erlenmeyer flasks in a gyrotory
shaker (37°C; 95% O,, 5% CO,) for 5 min. Modified
Hank's medium (0.4 ml) containing phenyramidol
HCI1 to give final concentrations of 2-100 mM was
added. Initially, and after 5 min, 1 ml samples were
removed and assayed to determine rate of substrate
concentration decrease as described in the text,
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Figure V-9,
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Phenyramidol induced difference spectrum in micro-
somes. Microsomes were prepared and solubilized
as described in text. One to 10 pl aliquots of
phenyramidol solution (4.7 mM) were added to 1 ml
microsomes in the sample cuvette and an equivalent
volume of distilled water added to the microsomes in
the reference cuvette, The baseline was subtracted
(2) and the double reciprocal plot (b) of AOD385_419
nm against phenyramidol concentration used to cal-
culate the apparent spectral binding constant.
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optimal quantitation of metabolite loss was chosen to be
0.1 mM.

The binding of phenyramidel by cytochrome P-450 in isolated
hepatocytes is very rapid; maximal absorbance change occurred within
the time required for mixing and observation with the Cary 14 (about
15 sec). The difference spectrum (microsomes + drug) - (microsomes)
was typical of a type 1 compound: absorbance maximum at 385 nm,
minimum at 419 nm.

Since preliminary characterization of drug metabolism for
phenyramidol, hexobarbital, and alprenolol was performed in
Erlenmeyer flasks with gyrotory shaking but the metabolism relative
to oxygen tension was to be performed in a special incubation vessel,
an experiment to compare the two systems was performed. The
results (Figure V-6) were identical. Addition of bovine serum albumin
(15 mg /ml) had little effect during a 30 min incubation. At 40 and 50
min, however, metabolism without BSA decreased slightly relative to
the incubation containing BSA.

To determine if any phenyramidol metabolism was oxygen
independent, cells were incubated in the special incubation vessel

under 95% NZ’ 5% CO. until anaerobicity, as measured by the oxygen

2

electrode. Phenyramidol (0.4 ml, 2.1 mM) in modified Hank's

5% CO, was then added to 8 ml in

medium equilibrated to 95% NZ’ 5

the vessel. One milliliter aliquots were removed with a gas-tight
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Hamilton syringe after 0, 10, 20 and 30 min and assayed by the extrac-
tion and spectrophotometric method. There was no oxygen independent
metabolism (Figure V-6).

To determine the stability of drug metabolism as a function of
length of hepatocyte storage at OOC, hepatocytes were assayed for
phenyramidol metabolism after 0, 1, 2, 3, 4, and 5 hours at 0°c.
Metabolism decreased little for 3 hr; the loss averaged less than 2%
per hr for 5 hr storage (Figure V-10).

V.B.2. Metabolism as a Function
of Oxygen Tension

Eight milliliter total volume samples non-induced hepatocyte
suspension (2 x 106 cells /ml in modified Hank's medium) were
pipetted into the special incubation vessel. Oxygen tension was
brought to desired value and 0.4 ml phenyramidol solution (2. 1 mM
phenyramidol in modified Hank's medium, equilibrated with 95% NZ’

5% CO,) was added. After 10 min at desired P(OZ), 1 ml samples

2)
were removed and assayed for rate of substrate loss. Each cell
preparation was observed at 4-6 different oxygen tensions, along
with zero time and anaerobic incubations. Metabolic rates as a
function of oxygen tension for 20 incubations are shown in Figure V-11.

The critical P(OZ) was approximately 11 torr (15.4 uM). The P(OZ)

at half-maximal metabolic rate was 2,6 torr (3.6 yM). The apparent
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Figure V-10. Metabolism of phenyramidol by hepatocytes as a
function of length of storage of hepatocytes at 0°C.
Hepatocytes were prepared as previously described
and stored at about 107 cells/ml modified Hank's
solution at 0°C. Phenyramidol metabolism was
assayed as in Figure V-6 and expressed as nmole

metabolized /mg protein/hr as a function of storage
time.
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Figure V-11, Phenyramidol metabolism by isolated hepatocytes as
a function of oxygen tension, Hepatocytes (2 x 10
cells/ml, 8 ml volume) were brought to a desired
P(O,). Phenyramidol was added to give 100 pM.,
After 10 min, 1 ml was pipetted into 9 ml phosphate
buffer (100 mM, pH 6.8) plus 10 ml butyl chloride
and unmetabolized substrate extracted. Metabolic
rate was calculated from substrate loss. Data from
four cell preparations, n = 20,
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maximal metabolic rate was 46.0 ¥ 4.0 nmoles /mg protein/hr. The
turnover number was calculated to be 0.058 sec_l.,

The double reciprocal plot, | phenyramidol metabolic rate as a
function of oxygen tension (Figure V-12), points fitted by the linear
least squares method had an intercept corresponding to an apparent
cellular Km(OZ) = 2,6 torr (3.6 pM) with a standard error of estimate
of 0.4 torr (0.56 pM). Apparent cellular Vmax was 56 nmoles/mg
protein. The Michaelis plot using these values for Km and Vmax is
given in Figure V-11.

V.C. Metabolism of Hexobarbital by
Isolated Hepatocytes

V.C.1l. Metabolism as a Function of Time

The metabolism of hexobarbital by isolated hepatocytes from
non-induced rats at 0.5 mM hexobarbital is given in Figure V-13.
Cells were incubated at 2.3 x 106 cells/ml modified Hank's medium
in a gyrotory shaker at 37°C., Hexobarbital was added to give a final
concentration of 0.5 mM and samples taken at 0', 10', 20', and 30'.
Results are expressed as nmole product/mg protein and nmole
substrate loss /mg protein after corrections with the measured par-

tition coefficients of Gerber et al. (1971).
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Figure V-12, Double reciprocal plot of rate of phenyramidol
metabolism as a function of solution P(Oz) (data of
Figure V-11).
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Figure V-13.
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Hexobarbital metabolism as a function of time.
Isolated hepatocytes (24 ml, 3.6 x 10~ cells/ml)
were incubated in a 125 ml Erlenmeyer flask at 37 C
in a gyrotory shaker under 95% O,, 5% CO,. Hexo-
barbital was added (final concentration of 0.5 mM)
and 2 ml samples taken at 0, 5, 10, 15, 20, 30 and
40 min for assay as described in text. Line is linear
least squares fit for first five points.
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V.C.2. Metabolism by Non-induced Hepatocytes
as a Function of Oxygen Tension
with 0.5 mM Hexobarbital

Isolated hepatocytes were suspended to a final concentration of
Zis 3 106/ml in modified Hank's medium. FEight milliliter samples
were transferred to the special incubation vessel and equilibrated to

37°C and the desired solution P(O ) with gases containing 5% CO

2 z"

Hexobarbital solution (0.2 ml) was added. The suspension P(OZ) Was
maintained with the oxystat for 10 min at desired values. A 4 ml
aliquot was then removed and mixed with 6 ml 100 mM phosphate
buffer (pH 6.8) plus 10 ml butylchloride and extracted. Results,
expressed as nmole product formed/mg protein/hr relative to zero
time controls for 20 incubations from six cell preparations, are given

in Figure V-14., The P(O,) at half maximal metabolic rate was about

5)
3.5 torr (4.9 pM) and the critical P(OZ) was 14 torr (19.6 pM). The
maximal velocity was 84.4 1 4.3 nmole /mg protein/hr. The double
reciprocal plot of rate against oxygen tension is given in Figure V-15.
The apparent cellular Km(OZ) as determined by the x-intercept of

the linear least squares fit curve is 4.6 torr (6.4 pM) and the standard
error of estimate is ¥ 1,2 torr (1.7 uM). The apparent cellular

Vmax is 99.9 nmole /mg protein/hr. The turnover number was

calculated to be 0.10 sec 1.,
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Hexobarbital metabolism by non-induced hepatocytes
as a function of P(0,). Cells (2.3 x 10° cells/ml,

8 ml total volume) were brought to desired P(O;).
Hexobarbital was then added to give 0.5 mM. After
10 min, 4 ml was removed and rapidly pipetted into 6
ml 100 mM phosphate buffer (pH 6.8) plus 10 ml butyl
chloride. For details of extraction see text. Data
represent hydroxylated products remaining in aqueous
phase after extraction. Data from six cell prepara-
tions, n = 20.
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Figure V-15, Double reciprocal plot of hexobarbital metabolism by
non-induced hepatocytes and solution P(OZ)’ Data
same as in Figure V-14,
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V.C.3., Metabolism by Non-induced Hepatocytes
as a Function of Oxygen Tension
with 0,1 mM Hexcbarbital

Cells (2 x 106 cells /ml) were preincubated as above, and after

desired P(O,) was achieved, hexobarbital was added to give a final

2)
concentration of 0,1 mM. The metabolism as a function of oxygen
tension is given in Figure V-16, The estimated P(OZ) for half maximal
metabolism was 1,7 torr (2.4 pM); the critical P(OZ) was about 5 torr
(7 pM). Hexobarbital was metabolized at saturating oxygen tensions

at a rate of 51.6 ¥ 2.0 nmole /mg/protein/hr.

V.C.4. Metabolism as a Function of Oxygen

Tension by Phenobarbital
Induced Hepatocytes

Rats were injected with phenobarbital as described in Section
II. C and hepatocytes prepared. Cells (8 ml total volume, 2.3 x 106

cells/ml) were brought to desired P(O Hexobarbital (0.2 ml) was

2)'
then added to a final concentration of 0.5 mM. After 10 min at con-
stant oxygen tension, 4 ml was removed, extracted, and assayed for
product formed. The results from four preparations are given in
Figure V-17. The critical P(OZ) was about 10 torr (14 pM) and the

P(OZ) at half maximal velocity was about 0,5 torr (0.7 pM). The

maximal velocity was 147 ¥ 7 mole /mg protein/hr.



Figure V-16.

337

Hexobarbital metabolism by isolated hepatocytes as a
function of P(Oz) at 0.1 mM hexobarbital. Cells
were suspended in 8§ ml total volume modified Hank's
medium at approximately 2.0 x 10~ /ml and equili-
brated to the desired oxygen tension. Hexobarbital
was then added to 0.1 mM. After 10 min, 4 ml was
removed and pipetted into 10 ml BuCl + 6 ml 100 mM
phosphate buffer (pH 6.8) for extraction.
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Hexobarbital metabolism by phenobarbital induced rat
hepatocytes as a function of P(O;). Cells (2.3 x 10
cells/ml, 8 ml total volume) were brought to desired
P(Oz). Hexobarbital was then added to give 0.5 mM,
After 10 min, 4 ml was removed and rapidly pipetted
into 6 ml 100 mM phosphate buffer (pH 6.8) plus 10 ml
butyl chloride. For details of extraction see text.
Data represent hydroxylated products remaining in
aqueous phase after extraction. Data from four cell
preparations, n = 15.
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V.C.5. Metabolism as a Function of Oxygen
Tension by 3-Methylcholanthrene
Induced Hepatocytes

Rats were injected with 3-methylcholanthrene as described in
section II. C,. l.a.. and cells prepared by the perfusion method. Cells
(Z2n3 3 lO6 cells/ml) were incubated as above at desired constant
oxygen tensions with 0.5 mM hexobarbital. After 10 min 4 m] was
removed, extracted, and assayed for product formed. The results
from four preparations are given in Figure V-18. The critical P(OZ)
was 12 torr (17 uM), and the P(OZ) at half maximal metabolic rate
was 2.6 torr (3.6 uM). The maximal velocity was 101 ¥ 5,¢ nmole /
mg protein /hr,

V.D. Metabolism of Alprenolol by
Isolated Hepatocytes

V.D.1l, Metabolism as a Function of Time

Isolated hepatocytes from non-induced rats were prepared by
the perfusion method as previously described. Twenty milliliter
volumes of cells (2.3 x 106 cells /ml) were incubated in a 125 ml
Erlenmeyer flask in a gyrotory shaker at 37°C under 95% 02’ 5%
COZ' After 5 min, alprenolol was added to final concentration,

44 pM. Samples were removed for assay of substrate loss at 0, 5,

10, 15, 20, 25 and 30 min. The results are shown in Figure V-19.



Figure V-18.

342

Hexobarbital metabolism by 3-methylcholanthrene
induced isolated hepatocytes as a function of P(O,).
Cells (2.3 x 10~ cells/ml, 8 ml total volume) were
brought to desired P(Oz). Hexobarbital was then
added to give 0.5 mM. After 10 min, 4 ml was
removed and rapidly pipetted into 6 ml 100 mM phos-
phate buffer (pH 6.8) plus 10 ml butyl chloride. For
details of extraction see text., Data represent hydrox-
ylated products remaining in aqueous phase after
extraction. Data from four cell preparations, n = 12.
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Figure V-19.
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Alprenolol metabolism by isolated hepatocytes.
Isolated hepatocytes (20 ml total volume; 2.3 x 106
cells/ml) from non-induced rats were incubated in a
125 ml plastic Erlenmeyer flask in a gyrotory shaker
at 37°C in modified Hank's medium under 95% O3,

5% CO,. After 5 min, alprenolol was added to give a
final concentration of 44 pM. Samples were removed
for assay of substrate loss at zero time and subse-
quently at 5 min intervals. Results were expressed
as nmoles/mg protein,
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Metabolism is expressed in nmole /mg protein and was linear for

about 25 min,

V.D.2. Metabolism as a Function
of Oxygen Tension

Isolated hepatocytes (2.3 x 106 cells/ml) were pipetted into the
special incubation vessel and brought to the desired P(OZ) as pre-
viously described. Alprenolol was added to 44 uM, and the oxygen
tension was maintained constant for 10 min. An aliquot of 4 ml was
transferred to an extraction tube containing 1 ml 10 N NaOH and the
unreacted substrate removed by extraction with 10 ml n-hexane. The
metabolic rate for alprenolol as measured by substrate loss is plotted
as a function of oxygen tension in Figure V-20. The data represent
15 incubations from five cell preparations. The critical P(OZ) was

24 torr (33.6 pM) and the P(O,) at half maximal metabolic rate was

5)
7 torr (9.8 pM). Maximal metabolism was 14.2 T 1,0 nmole /mg

protein/hr. The calculated turnover number was 0.018 sec 1.
V.E, Discussion

Metabolism rates of alprenolol, hexobarbital and phenyramidol
by isclated intact cells without added cofactors are comparable to
rates for isolated microsomes plus cofactors (Gerber et al., 1972,

1974; Moldeus et al., 1974). The oxygen dependencies of the
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Alprenolol metabolism by isolated hepatocytes as a
function of P(0,). Cells (2.3 x 10° cells/ml, 8 ml
total volume) were brought to desired P(OZ)‘
Alprenolol was then added to give 44 uM. After 10
min, 4 ml was removed and rapidly pipetted into tube
containing 1 ml 10 N NaOH; 10 ml n-hexane was
then added to extract unreacted substrate as described
in text, Metabolic rate was determined from the rate
of substrate disappearance. Data from five cell
preparations, n = 15,
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metabolism of these substrates {Table VII-C) are similar to values
reported for isolated microsomes (Table V-A), This suggests that
there is no difference in control of the two systems and only a minimal
oxygen tension gradient between the suspending medium and the
endoplasmic reticulum. It is not clear whether the apparent cellular
Km(OZ) represents a true affinity of the cytochrome(s) for oxygen, a
kinetic limitation in the multistep reaction sequence, a diffusion
limited process, or a decreased availability of reducing equivalents
due to failure of energy dependent transhydrogenation.

The occurrence of Km(OZ) values in the same range as cyto-
chrome oxidase (Section IV) and in the lower "normal' cellular oxygen
tension (Section I) indicates that hepatic mixed function oxidation may
be oxygen dependent under normal in vivo conditions., This may be
important in control of oxygen utilizing pathways and lead to decreased
function during hypoxia. The clinical manifestations of such an oxygen
dependence in hypoxic patients is obvious (Section I).

Whether multiple specificity and spectral characteristics of
cytochromes P-450 are due to different forms of one protein or due to
different proteins with similar properties has been a matter of query
for several'years. Hangen, van der Hoeven and Coon (1975) recently
separated and characterized multiple forms of cytochrome P-450,
They showed that these forms have different electrophoretic mobilities

in polyacrylamide gels in the presence of sodium dodecyl sulfate and
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that they have different oxidative activities with different substrates.
This provides strong evidence that cytochrome P-450 in hepatic
microsomes is a group of enzymes rather than a single enzyme and
thus limits the interpretation of experiments based upon physical
techniques, such as optical and ESR spectroscopy, and of activity
studies on the mixture of forms. The lower apparent cellular Km(OZ)
for 0.1 mM compared to 0.5 mM hexobarbital concentration suggests
that either two cytochrome systems with different OZ affinities are
operative or that the system functions more efficiently at low sub-
strate concentrations. The decrease in apparent cellular Km(OZ)
due to phenobarbital induction suggests induction of a protein with
greater oxygen affinity or induction of a component rate controlling

in the process. The increase in apparent cellular Km(QO,) due to

2)
3-MC induction indicates induction of a low affinity component or a
less efficient reductase system. Change in cytochrome P-450 and
reductase components due to induction are known (Gillette et al.,
1972; Haugen et al,, 1975) so that either or both explanations may
prove to be correct,

The typical method of cytochrome P-450 quantitation using the
carbon monoxide difference spectrum of the dithionite reduced
compound and the extinction coefficient of Omura and Sato (1964) is

not valid if other carbon monoxide binding pigments which absorb

in the 450 to 490 nm region are present. Reduced cytochrome 2,
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present in mitochondria binds carbon monoxide to produce a strong
negative absorption with a peak at 445 nm (Vanneste, 1966; Vanneste
and Vanneste, 1965). Since cytochrome oxidase is frequently present
in systems in which cytochrome P-450 quantitation is desired, a
simple method without interference is needed. This is of particular
importance in studies of cytochrome P-450 in isolated cells or mito-
chondria, In the reduced CO minus reduced difference spectrum of

cytochrome a_, the negative absorbance at 460 nm is only 4% of that

3
at 445 nm while the cytochrome P-450 absorbance is 52% of that at
450 nm (Kowal, Simpson and Estabrook, 1970). Consequently, the
absorbance change at 460 nm minus 490 nm was used to quantitate
cytochrome P-450 content in cultured adrenal cells. Mason, Esta-
brook and Purvis (1973), using the same technique, expressed the
adjusted extinction of the dithionite reduced carbon monoxide differ-
ence spectrum of cytochrome P-450 as 52 mM”1 cm-l. They added
increasing amounts of cytochrome 24 to microsomes and showed a
peak shift from 450 to 460 nm as well as a dramatic reduction in

peak height., The A OD also showed a decrease as cytochrome

460-490

a+ 2, was increased. Thus, this technique for cytochrome P-450

quantitation is not useful without previous knowledge of cytochrome

_@_3 concentration, and with this knowledge, requires modification of

the effective extinction coefficient to correct for the contribution from

cytochrome 2,
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A different approach to observing cytochrome P-450 in the

presence of cytochrome a, was used by Ghazarian et al. (1974) for

3
isolated renal mitochondria, They utilized the difference in redox
potentials of the carbon monoxide complexes of cytochrome a, and
cytochrome P-450 to provide a difference spectrum of cytochrome
P-450 without interference from cytochrome 2, Malate (or
dithionite) in the presence of carbon monoxide produces the reduced
CO species of both cytochromes in the sample cuvette while ascorbate
and TMPD (in the presence of antimycin A) produces only CO -
cytochrome 2, in the reference cuvette, The difference spectrum
shows a large 450 nm absorbance which is apparently primarily due
to cytochrome P-450. However, this spectrum is not necessarily
valid for P-450 quantitation with Omura and Sato's extinction value
since other chromophores with redox potentials between or near
malate and ascorbate are present in mitochondria and may be con-
tributing to this difference. In the present work, the applicability of
these methods to cytochrome P-450 quantitation in isolated hepatocytes
was examined. The method of additions allowed accurate quantita-
tion of cytochrome P-450 by extrapolating to zero cytochrome 2, con-
centration.

In measurement of total cytochrome P-450 in microsomes
(Omura and Sato, 1964) the carbon monoxide difference spectrum of

the dithionite reduced form has an extinction coefficient of 91 rnM_l
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VI. TYROSINE DEGRADATION

Tyrosine is degraded in mammals primarily by a single multi-
enzyme pathway as shown in Figure VI-1. The high activities of
these enzymes in the liver relative to other tissues suggests that the
hepatic function determines the ability of the entire organism to carry
out this metabolism (Fellman et al., 1972; Lin and Knox, 1958).
The first enzyme, tyrosine aminotransferase (TAT; EC 2.6.1.5),
catalyzes the transfer of the amine group on tyrosine to 2-oxoglutarate
with formation of p-hydroxyphenylpyruvate and glutamate. The
reaction is reversible and has a ping-pong mechanism (Litwack and
Cleland, 1968; Rosenberg and Litwack, 1970). The p-
hydroxyphenylpyruvate (pHPP) is oxidized to homogentisate (HG) by
p-hydroxyphenylpyruvate oxidase (pHPPO; EC 1.14.2.2). The oxygen-
dependent reaction involves an interesting side chain transfer, a
decarboxylation, and an hydroxylation (oxygen incorporation from
molecular oxygen; Lindblad, Lindstedt and Lindstedt, 1970;
Yasunobu et al., 1958). The mechanism is thought to be analogous
to the 2-oxo acid-dependent oxidases (Lindblad et al., 1970). Homo-
gentisate is oxidized to maleylacetoacetate by an oxygen-dependent
ring-cleavage catalyzed by homogentisate oxidase (HGO; EC 1.13.1.5).
The reaction requires ferrous ion and results in incorporation of a

molecule of oxygen into the product (Crandall et al., 1960).



Figure VI-1,
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Phenylalanine and tyrosine degradation and possible
side reactions. Dark arrows indicate normal pathway.
Enzymes are indicated by numbers: 1, phenylalanine
hydroxylase; 2, tyrosine amino transferase; 2a,
L-amino acid oxidase; 3, p-hydroxyphenylpyruvic acid
oxidase; 4, homogentisic acid oxidase; 5, phenylala-
nine amino transferase.
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Intracellular control of tyrosine metabolism is not fully under-
stood (Figure VI-2). TAT has the lowest specific activities of the
three enzymes. This suggests that TAT is the rate limiting enzyme
in the pathway, However, the TAT reaction is reversible, and it is
possible that the pHPPO reaction could be rate limiting if its rate is
submaximal. The metabolite, pHFP, could itself modulate TAT
activity by product inhibition or by a shift in the TAT reaction
equilibrium (David, Dairman and Udenfriend, 1974). Modulation of
tyrosine degradation may also occur through inhibition of TAT by HG
(Civin, Wilson and Brown, 1970). Thus, if decreased HGO activity
resulted in an increased level of HG, the rate of tyrosine conversion
to pHPP could be decreased by TAT inhibition. Both pHPPO and
HGO are oxygen dependent enzymes, and therefore, their in vivo

function may be modulated by cellular P(O The apparent Km(O

2)‘ 2)

of pHPPO is about 10_4 M (76 torr) (Fellman et al., 1972), and the
apparent Km(OZ) of HGO is about 10_3 M (760 torr) (Flamm and
Crandall, 1963). Since normal liver oxygen tensions appear to range
from about 1-40 torr (Lubbers, 1973), oxygen tension must have an
important affect on the activity of these oxidases in vivo, Decreased
function is likely to result in accumulation of either pHPP or HG,
which could have an inhibitory affect on tyrosine degradation. In
addition, 2-oxoglutarate or glutamate concentrations, or their ratio,

may control the process through the TAT reaction.



Figure VI-2.
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Metabolic control of tyrosine degradation.

1. Substrate level control may be exerted by both
2-oxoglutarate and tyrosine since both have subsaturat-
ing concentrations in vivo for the TAT reaction.

2. Glutamate and pHPP concentrations may affect
the overall reaction rate by the reverse reaction,

3. If the TAT reaction is at or near equilibrium,
then all four reactants are important to rate control.
Under this condition the degradative rate is deter-
mined by [ pHPP], [02] and pHPPO activity.

4. O; may exert control by:
a. altered mitochondrial function. Redox state
becomes more reduced, thereby altering glutamic
dehydrogenase equilibrium., Increased glutamate/
2-oxoglutarate could cause increased reverse
TAT reaction,

b. Decreased pHPPO reaction. The resultant
decrease could diminish overall rate if TAT
reaction is at equilibrium and pHPPO reaction is
rate determining. Alternatively, pHPP could
decrease overall rate by product inhibition of
TAT or by increasing reverse TAT reaction.

c. Decreased HGO reaction. The resultant HG
inhibits TAT and thus could decrease overall
degradation rate if TAT is rate determining.
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The use of isolated cells to study the affect of oxygen tension on
tyrosine degradation seemed advantageous since use of cells elimi-
nates tissue diffusion problems yet retains metabolic integrity. In
this research the suitability of hepatocytes for the study of tyrosine
degradation and the affect of oxygen tension on this metabolism is
examined.

VI. A, Specific Activities of Tyrosine Degradative
Enzymes in Hepatocytes

Hepatocytes were prepared from fed, non-induced rats, homo-
genized and assayed for tyrosine aminotransferase, p- |
hydroxyphenylpyruvate oxidase, and homogentisate oxidase activities
under conditions chosen to approximate maximum activities (Section
II.B.). The results are expressed in Table VI-A as pmole product
formed/hr /mg total cellular protein. Also shown are the activities
as measured in liver homogenate.

VI.B. Tyrosine, pHPP, and HG Partitioning
between Cells and Incubation Medium

Estimation of the fraction of tyrosine, pHPP, and HG in the
total incubation mixture that was contained in the cells was performed
by separation of the cells from the suspending medium by centrifuga-
tion at 50 x g for 3 min, and assaying the metabolites in both the pellet

(cells) and supernatant (suspending medium). Corrections were then
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Table VI-A., Specific activities of enzymes involved in tyrosine
degradation in isclated cells and intact liver. Values
are expressed in umoles product formed/mg protein/
hr. All assays were run at 37°C under conditions
assumed to give maximal activity. Values expressed
are the averages ¥ 1 S.D. for multiple determinations
on at least three rat livers. Numbers in parentheses
are the total number of determinations.

Enzyme Cells Liver

TAT 0.501 ¥ 0.130 0.406 T 0.043

(6) (4)

pHPPO 0.232 T 0.021 0.256 1 0.011

(6) (3)
HGO 1.96 T 0.30 2.09 to.26

(6) (3)
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made for packing volume as described in Section IV. B.1l. The cell

. 6 . e ;
concentration was 3.0 x 10 cells/ml in modified Hank's medium con-
taining 0.22 mM tyrosine. Incubations were maintained at 37°C under

20% O,, 5% CO.,, 75% N

5 5 for 30 min prior to centrifugation. The

2

results are given in Table VI-B.

VI.C. Tyrosine Uptake by Isclated Hepatocytes

To determine the rate of tyrosine uptake by isolated rat liver
cells, 3H tyrosine (3.3 mCi/mmole) was added to isolated cells and
aliquots removed at 1-4 min intervals for collection of cells on 0.45 p
millipore filters. The incubations were performed in the special
incubation vessel (Section III) at 37°C with gentle stirring. Medium
199 was used as the incubating medium. The initial tyrosine concen-
tration was 0.3 mM. Millipore filters with collected cells were
incubated overnight in 0.5 ml NCS tissue solubilizer and counted in
toluene- PPO-POPOP. Counts on filters were plotted as a function of
time. The intercept of a linear least squares analysis of the initial
time points was subtracted from each value to correct for counts
retained in the volume of the filter. These data were divided by cell
concentration and plotted as a function of time (Figure VI-3). The
initial rate of label uptake corresponded to 19.2 nmole tyrosine/hr/
106 cells or 12.8 nmole /hr/mg protein. After about 10 min, this

rapid phase of label uptake subsided and no further uptake was

apparent for the remainder of the experiment,.



Table VI-B.
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Partitioning of metabolites between pellet and sus pending
medium. Cells were incubated 30 min under 20% Oy, 5%
CO, at 37°C, centrifuged 2 min at 600 rpm (50 x g),
supernatant decanted and both fractions deproteinated
with I—IZSO4 and centrifugation. Metabolites determined
and expressed in terms of concentration in the volume of
each fraction. Incubation medium was modified Hank's
medium.

Average % of Total

A let
verage pelle supernatant as pellet

HG
pPHPP
Tyrosine

Glutamate

£

15.5 T 4.2 uM .o %o.84uM 88.2%2.0

1+
i
1+

0.101 - 0.069 mM 0.013 - 0,007 mM 91.6 ~ 1.9

-
8
4

0.41 - 0.08 mM 0.22 2 0.0l mM 62.2 71,6

-+
I+
I+

1.30 < 0.18 mM 0.54 - 0.20 mM 69.2 < 6,9
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Figure VI-3. Tyrosine uptake by isolated hepatocytes, 3I-I tyrosine
was added to isolated hepatocytes suspension and
uptake of radiolabel by the cells assayed as a function
of time., See text for details.
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To check these results, 1 ml aliquots were taken at 3, 10 and
22 min from incubation as above, centrifuged for 3 min and super-
natants decanted. Metabolism was stopped by addition of HZSO4.
Fractions were centrifuged to remove the protein, and assayed for
tyrosine content and radioactivity. The results are given in Table
VI-C. These results indicate that by 13 min equilibration of label is
nearly complete, It further shows that the tyrosine concentration in
the cells is not the same as the concentration in the medium.
Incorporation of 3H tyrosine into protein was assayed in incuba-
tions as above at 10 and 20 min. One milliliter samples were acidified
with 0.15 ml 2 N HZSO4 and centrifuged. The protein was collected
on millipore filters (0,45 p) and the filters placed in scintillation
vials. NCS tissue solubilizer (0.5 ml) was added and the vials
sealed and shaken for 20 hr, Ten milliliter toluene- PPO-POPOP
was added and samples were counted after 24 hr. There was no sig-
nificant incorporation of radiolabel into the acid precipitable fraction
under these conditions. This indicates that incorporation of tyrosine
into protein during this short incubation is insignificant relative to
tyrosine uptake and degradation rates (see below).

VI.D. pHPP Concentration as a Function
of Oxvegen Tension

Isolated hepatocytes (3 x 106 cells /ml) in modified Hank's
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medium containing 0,22 mM tyrosine were pipetted into the incubation

vessel and equilibrated to 37°C and the desired P(O Ten minutes

2)'
was allowed for equilibration followed by control of oxygen tension

for 10 min with the oxystat. One milliliter 2 N HZSO4 was then
injected to quench the system, Protein was removed by centrifuga-
tion, and pHPP was extracted with 2 volumes ethyl acetate. The
ethyl acetate was then re-extracted with 3 ml 200 mM phosphate
buffer (pH 8.0). NaOH (0.1 ml 10 N) was then added/ml buffer to
convert the pHPP to the corresponding benzaldehyde. The benzalde-
hyde was measured spectrophotometrically at 331 nm. The results
are shown in Figure VI-4 as pHPP concentration in suspension as a
function of oxygen tension. Using the partitioning information deter-
mined above, the intracellular concentration as a function of oxygen
tension can be calculated as on the right hand axis. The half maximal
change in pHPP concentration as a function of oxygen tension occurred
at approximately 7 torr (9.8 uM). A detectable increase was
observable at 50 torr (70 pM).

VI.E. HG Concentration as a Function
of Oxygen Tension

Isolated hepatocytes were incubated and extracted as described
in Section VI, D. Homogentisate content in the phosphate buffer

extract was measured by the colorimetric assay of Fellman et al.



Figure VI-4.
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p-Hydroxyphenyipyruvate concentration in hepatocyte
suspension ag a function of oxygen tension. Hepato-
cytes (3 x 10~ cells/ml, 6 ml total volume) were
incubated in medified Hank's medium containing

0.22 mM tyrosine at 37°C for 10 min at the desired
P(OZ). The system was quenched with 1 ml 2 N
H,SO,, centrifuged to remove the protein, and 5 ml
extracted with 2 volumes of ethylacetate to remove
pHPP. The ethyl acetate was then reextracted with
3 ml phosphate buffer (200 mM, pH 8.0). The pHPP
was converted to the corresponding benzaldehyde by
addition of NaOH, which was measured spectro-
photometrically at 331 nm. Data are expressed as
pHPP concentration (uM) as a function of partial
pressure of oxygen. Solid line represents three point
smoothing, Dotted line is limit of detectability.
Data from three preparations, n = 15,
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(1972)., The HG content in the incubation as a function of oxygen
tension is given in Figure VI-5. Using the partitioning data in Section
VI.B, the intracellular content can be estimated as shown on the
right hand axis. The half maximal change in HG concentration as a
function of oxygen tension was 15 torr (21 pM); however, a detectable

increase in concentration was observed at 50 torr (70 pM)]).

VI.F. Rate of Tyrosine Loss as a Function
of Oxygen Tension

Isolated hepatocytes were incubated as described in Section
VI.D, The acidified incubation mixture was assayed for tyrosine
content by the fluorometric method of Waalkes and Udenfriend (1957).
Tyrosine loss was calculated relative to a zero time control for the
10 min incubation and is shown in Figure VI-6 as nmole loss/mg
protein/hr as a function of oxygen tension, As seen in this graph,
tyrosine degradation increased as oxygen tension decreased from
150 torr (210 pM) to 12 torr (16.8 pM), then decreased as oxygen
tension approached zero. The maximal measured rate of loss was
72 nmole /mg protein/hr; this value is much less than the maximal
values measured for the individual enzymes.

An iterative process with the PDP 11 was used to calculate
Km(Oz), Km(pHPP) and Vmax for the enzyme to provide a best fit of

the rate of pHPPO reaction with measured pHPPA and oxygen



Figure VI-5.
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Homogentisic acid concentration in solution as a
function of oxygen tension. Hepatocytes (3 x 106
cells/ml, 6 ml total volume) were incubated in modi-
fied Hank's medium containing 0,22 mM tyrosine at
37°C for 10 min at the desired P(OZ), The

system was then quenched with 1 ml 2 N HZSO4,

The acidified mixture was centrifuged to remove
protein and 5 ml removed for extraction of homogenti-
sate with 2 volumes ethyl acetate. Nine milliliters of
the ethyl acetate phase was then reextracted with 3 ml
phosphate buffer (200 mM, pH 8.0). Homogentisate
concentration was estimated by the colorimetric
assay of Fellman et al. (1972) relative to homogenti-
sate standards. Data are expressed as homogentisate
concentration (pM) as a function of partial pressure of
oxygen, Computer drawn line represents three point
smoothing, Data from three cell preparations, n =
15,
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Figure VI-6,

Tyrosine degradation by isolated hepatocytes as a
function of oxygen tension. Cells were incubated at

3 x 10" cells/ml in modified Hank's solution containing
0.22 mM tyrosine. Oxygen tension was brought to
desired level and maintained for 10 min before
quenching with H,SO4. Data represent tyrosine loss
during 10 min relative to zero time tyrosine concen-
tration, Computer drawn line connects points for
oxygen tension below 12 torr and represents three
point smoothing above 12 torr.
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concentrations to the measured rates of tyrosine degradation. This
program is given in Appendix IV and assumes independent additions of
the two substrates. The best fit was found to have a Km(OZ) of
38 torr, Km(pHPP) of 198 uM and Vmax of 612 nmole /mg protein/
hr, and is shown in Figure VI-7, curve a. A better visual fit was
obtained with the measured Vmax of 232 nmole /mg protein/hr as
shown in curve b. This fit was obtained using a Km(pHPP) of 70 uM

and a Km(OZ) of 7.6 torr.
VI.G. Discussion

Isolated intact hepatocytes allow study of tyrosine degradation
with intracellular control parameters maintained. The cells have
normal enzyme contents and are only moderately permeable to
tyrosine, pHPP, HG and glutamate, Thus, the pathway from tyrosine
to maleylacetoacetic acid is intact and may be used for specific
metabolic studies, e.g., hypoxia. Intracellular pools of metabolites
can be measured, and overall rate of tyrosine loss estimated.

Tyrosine loss at oxygen tensions 70 torr (98 pM) or greater is
about 0,030 pmole /mg protein/hr. Maximal activities of TAT,
pHPPO, and HGO are all greater than 0.20 pmole /mg protein/hr.
This low rate of degradation compared to maximal activities suggests
that this pathway is functioning submaximally under normal conditions.

This may occur as a consequence of low tyrosine concentration



Figure VI-7,
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Computer estimated tyrosine degradation rate. Cir-
cles represent actual measured degradation rate as
in Figure VI-6, Curve a is predicted rate using
measured pHPP concentrations, and values for
Km(O,), Km(pHPP) and Vmax obtained by an iterative
process to provide a best fit between predicted rates
and actual rates. Curve b is drawn using measured
Vmax value and a visual best fit by varying

Km(pHPP) and Km(OZ) from their reported literature
values. See text for details.
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(0.44 mM), compared to the Km for tyrosine (1.5 mM; Jakoby and
La Du, 1964). Alternatively, if the TAT reaction is at equilibrium,
the low rate could be a consequence of low pHPP concentration
(< 10 pM) relative to the Km of pHPPO for pHPP (50 pM, Fellman
et al,, 1972).

This research demonstrates the dependence of tyrosine degrada-
tion on oxygen tension in the normal hepatic oxygen tension range
(1-40 torr; 1.4-56 uM). Metabolite concentrations and overall rate
of tyrosine loss are both affected. The precise method of control is
not clear and may involve one or more of the factors presented in
Figure VI-2, Computer simulation (Figure VI-7) suggests that O2
dependent function of pHPPO may be important. The increased
concentration of pHPP and HG at oxygen tensions at which lactate or
pyruvate remained unchanged (Section IV) indicates that redox
independent metabolic control exists,

The greater sensitivity to oxygen limitation of tyrosine degrada-
tion compared to mitochondrial function supports the hypothesis that
primary metabolic oxygen deficiencies may be important in the
pathology of hypoxia (section I.B.). Although no direct studies on this
possibility are available for the tyrosine pathway, interference of
metabolic processes may occur, e.g., p-hydroxyphenylpyruvate
(2 mM) is a potent inhibitor of sterol synthesis in rat liver

(Ranganathan and Ramasarma, 1973), and phenylpyruvate (a close
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structural analog of pHPP) is a potent inhibitor of gluconeogenesis
(Arinze and Patel, 1973). This provides a plausible mechanism for
metabolic changes during hypoxia and indicates a need for further

studies on metabolic oxidases during hypoxia.



381

VII. SUMMARY AND CONCLUSIONS

The introduction of this dissertation provides an operational
definition, a brief history, and a review of the biochemistry of hypoxia.
The central role of oxygen utilizing enzymes in metabolism is dis-
cussed. A new theory of hypoxic pathology is proposed that includes
metabolic in addition to bicenergetic changes, The major points of
the theory are;

1) The primary biochemical events in hypoxia are enzymic
oxygen deficiencies.

2) All physiologicai and pathological changes must be related
to these primary changes. They can be related by three biochemical
parameters (Figure I-1), concentration changes of substrate or
products of oxidases, ATP (or other high energy intermediate)
deficiency, or more negative redox potential,

3) Oxidases are selectively affected depending upon their
oxygen affinity, conveniently expressed in terms of apparent Km(OZ).

4) Not all metabolic changes due to hypoxia are deleterious
(e.g., decreased pH is protective against anoxic damage; Bing et al.,
1973; Pentilla and Trump, 1974).

A model system for the study of hypoxia on a cellular level is
developed in this research to examine the feasilibity of this theory,

Isolated intact rat hepatocytes were used so that all cells are
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exposed to the same oxygen tension during incubation. The cells were
extensively characterized (summarized in Table VII-A) and maintain
properties similar to normal intact tissue,

An oxystat was designed which provides a desired oxygen ten-
sion (1-150 torr; 1.4-210 pM) in a suspension of respiring hepatocytes.
Characteristics of the system are summarized in Table VII-B,

Metabolite levels and enzyme catalyzed reaction rates were
used as indicators of metabolic function at fixed oxygen tensions.

P(0, ) at half maximal metabolic change and at first detectable meta-

2

bolic change (critical P(O,) ) are summarized in Table VII-C. Cellu-

5)
lar respiration, adenylate energy charge and cytoplasmic redox
potential had roughly the same dependence upon oxygen. Drug
metabolism and tyrosine degradation were more sensitive to oxygen
limitation than these bioenergetic changes. This supports the hypothe-
sis that metabolic changes other than those related to cytochrome
oxidase function may be important in hypoxia.

The major conclusions of this research are;

1} The study of metabolism of isolated hepatocytes as a function
of oxygen tension with the aid of newly developed oxystat provides a
useful model for examining the biochemistry of hypoxia,

2) Decreased respiration and altered adenylate concentrations

and redox state are apparent at only moderately hypoxic oxygen

tensions in spite of the extremely low values of respiratory Km(Oz)
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Table VII-B. Summary of oxystat characteristics,
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Aqueous volume
Mixing time

Oxygen transfer constant (K)
8 ml volume

ty s2 for gas-liquid O, equilibration

Rate of water evaporation (gas
flow - 65 ml min'l)

Loss of hepatocyte viability
(modified Hank's medium
+ 15 mg BSA/ml)

Washout time for gas
(80 ml min~ 1)

Aqueous P(OZ) range
Respiratory rate range

Time required to reach steady state
Fluctuation at steady state

{(4-150 torr)

(3 torr)

(2 torr)

(1 torr)

3-20 ml

2 sec

6.71 T 0.07 hr~!

2.9 min

1.28 % hr~ !

2.9 % /30 min

30 sec

1-150 torr
(1.4-210 pM)

10-80 pl O, /ml/hr
(0.12-1.00 pM/sec)

2-3 min

T 79,
T 11%
t15%
+20%
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Table VII-C, Summary of critical P(OZ) and half maximal P(Oz) values.
Values with asterisk represent least squares intercept of
double reciprocal plot of data t standard error of esti-
mate. Other data ¥ 1 S.D. All experiments at 37°¢
in modified Hank's medium.

Half maximal Critical P(OZ)

2 ing
Parameter Condition P(0y) (torr) (torr)
Respiration rate 1.45 i 0.21 14
1.36 - 0. 3%

ATP 3 20
ADP = N
AMP 3 20
ATP/ADP B 20
ATP + 1/2ADP/ATP + ADP + AMP) ¥ % 20
Lactate 9 20
Pyruvate 8 16
Lactate /pyruvate 9 20
NADH/NAD?" 9 20
Hexobarbital metabolism

0.5 mM hex, non-induced 4.5 T 1.2% 14

0.1 mM hex, non-induced 1:7 5
Alprenolol metabolism

44 mM alp, non-induced 7.0 & 1.0% 24
Phenyramidol metabolism

0.1 mM phen, non-induced 2.6 T 0,4% 11
Hexobarbital metabolism

0.5 mM hex, phenobarbital induced 0.5 10

0.5 mM hex, 3-MC induced 2.6 12
pHPP

0.22 mM tyrosine 7 50
HG

0.22 mM tyrosine 15 50
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reported for isolated mitochondria. This is interpreted to suggest
that mitochondrial function in intact cells is under strong metabolic
regulation which is not present in isolated mitochondria,

3) The oxygen dependence of drug hydroxylation in hepatocytes
is similar to that observed in microsomes suggesting a minimal
oxygen tension gradient from extracellular space to endoplasmic
reticulum and lack of non-endoplasmic reticulum metabolic controls.
A direct oxygen dependence is also apparent under moderately
hypoxic conditions indicating that drug metabolism may be altered in
clinical cases of hypoxia.

4) Isolated cells may be used to study tyrosine degradation if
suitable controls regarding substrate uptake and metabolite partition-
ing are observed. Tyrosine degradation is operating submaximally
in hepatocytes relative to maximal activities of individual enzymes
in this pathway. The rate of degradation and metabolite levels as a
function of oxygen tension suggest substrate level control, Additional
modes of control are discussed; oxygen concentration may affect this
pathway directly as a substrate at submaximal concentration or
indirectly through metabolite changes related to redox changes.

5) Metabolic dependence upon oxygen occurs over a wide range
of oxygen tension {(e.g., 0-50 torr for pHPP), including that considered
"mormoxia' (1-40 torr). Therefore, alterations in metabolism due to

oxygen tensions may have a regulatory function.
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6) Different oxidase systems in intact cells (e.g., cytochrome
P-450 and tyrosine degradative pathway) have different dependencies
upon oxygen. This confirms data on isolated enzymes and suggests
that each metabolic system must be considered separately with regard
to function during hypoxia. Many metabolic oxidases are more
sensitive to oxygen deprivation than cytochrome oxidase and there-

fore should be considered separately in hypoxic pathology.
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APPENDIX 1

A CHRONOLOGY OF DISCOVERIES RELEVANT TO THE

PHYSIOLOGY AND BIOCHEMISTRY OF HYPOXIA

Fabricus described valves in arteries.
Harvey formulated idea of circulation.

Swammerdam described red blood cells (not published until
1738); Malpighi independently described red blood cells in
1665,

Malpighi described alveoli of lungs; Malpighi described
closed capillary circulation.

Boyle used air-pump to evacuate a vessel containing sparrow
or candle; concluded that some anonymous component of

air was necessary for life; obtained "air'" from blood using
vacuum pump.

Robert Hooke used bellows to keep air passing through the
lungs of a dog to show that the physical motion of breathing
was not necessary for life, but rather only continual fresh
air was necessary.

Hooke noted that blood exposed to air became brighter red.

Lower demonstrated blood in pulmonary vein is of arterial
color before it reaches the heart.

Mayow concludes that a single substance is required for
both combustion and life.

Joseph Black established ''fixed air'' (COZ) was given off by
animals and by burning charcoal.

Priestley showed that a sprig of mint restores foul air.
Rutherford found that after '"fixed air' was removed from

vitiated air, a large portion remains which cannot support
life (discovery of nitrogen).
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Scheele and Priestley independently produced oxygen.
Scheele called it 'fire air' and interpreted it in terms of the
phlogiston theory. Priestley showed it is consumed by
animals and produced by plants. Also showed it turns blood
bright red.

Lavoisier demonstrated that during respiration and combus-
tion the same amount of heat is produced for the same amount
of "eminently respirable air'' (oxygen) consumed. He and
Seguin found that the same amount of oxygen is consumed
whether an animal breathed more or less oxygen than is
present in the atmosphere. They found that oxygen consump-
tion is influenced by exercise, digestion and external
temperature.

Montgolfier brothers developed hot air balloon.
Spallanzani showed oxygen consumed by tissue sections,
COy produced. Not published until 1808 under the name of
Senebier. Confirmed by Liebig (1850) and Pfluger (1872)
but not generally accepted until 1890's.

Robertson reached 26,000 ft in balloon and was greatly
affected by altitude sickness.

Wollaston demonstrated guaiacum turns blue in presence of
oxygen and light (also shown by Brande in 1806).

Planche showed that horse radish roots turned guaiacum
blue.

Vogel showed that Hy and O, can combine at low tempera-
tures in the presence of charcoal.

Legallois discovered respiratory center; Hering discovered
self regulation of breathing.

Thenard discovered hydrogen peroxide.

Liebig showed that carbohydrates, fats and protein are
combusted by the body.

Berzelius formulated theory of catalysis and suggested its
role in living tissues.
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Magnus developed blood-gas apparatus.
Schonbein discovered ozone,
Hutchinson obtained pressure-volume curves for human lung.
Liebig studied muscle respiration and concluded respiration
occurs in muscle tissue; that blood acts only as a carrier

of oxygen, CO2 .

Hoppe-Seyler showed quantity of oxygen in blood did not
follow Henry's law of solution.

Claude Bernard showed CO displaces oxygen from blood.

Glaisher and Coxwell made 29, 000 ft trip in balloon.
Glaisher described symptoms of altitude sickness.

Hoppe-Seyler determined oxy-hemoglobin absorption
spectrum.

Holmgren found oxygen content of venous blood is less than
arterial blood.

Stokes determined deoxy-hemoglobin absorption spectrums.

Pfluger showed both CO, excess and oxygen deficiency
stimulated breathing,

Paul Bert obtained a first oxy-hemoglobin dissociation curve.

Tissandier made balloon flight in which two scientists died
from oxygen deprivation,

Hcppe-Seyler showed cyanide inhibits tissue oxygen consump-
tion.

Walter showed that poisoning by acid stimulates respiration,
Oertmann found that frogs with their blood replaced by nor-

mal saline consumed as much oxygen and released as much
CO, as normal frogs.
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1878 Paul Bert showed that physiological affects of high altitudes
were due to oxygen deprivation; points out that acclimatization
to decreased oxygen partial pressure occurs; verified that
the oxygen carrying capacity of the blood is increased in

hypoxia.
1882 Zuntz formulated concept of residual volume in the lung.
1885 Miescher-Rusch produced evidence that resting ventilation is

primarily regulated by COZa

1886 MacMunn described histohaematin and myohaematin.

1890 Araki found lactic acid production during hypoxia.

1890~ Vialt showed that the number of red corpuscles/unit volume
1891 of blood is increased at high altitudes.

1891 Rubner showed that the law of conservation of energy applies

to the living body.

1893 Haldane showed quantitative role of CO, in regulation of
respiration,

1894 Bertrand described laccase.

1896 Bertrand described tyrosinase.

1897 Spitzer studied indophenol oxidase reaction; Solomon dis-
covered that oxygen reduction affected current of platinum
wire,

1898 Linossier demonstrated blueing of guaiacum by extracts of
plants and animals in presence of HZOZ; termed actiyity
peroxidase.

1901 Loew established catalase decomposes peroxide.

1904 Bohr, Hasselbach and Krogh discovered that addition of CO2
to blood decreases affinity for oxygen.

1906 Zuntz and coworkers showed that respiratory volume
increased during acclimatization to hypoxia.
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Harden and Young discovered stimulatory affect of inorganic
phosphate and NAD on alcoholic fermentation.

Fletcher and Hopkins found accumulation of lactic acid in
muscle following electrical stimulation of contraction.

Henderson applied mass action law to CO,-bicarbonate
systems,

Warburg used improved manometric methods to study tissue
respiration; searched for oxygen activating ferment.

Sorenson developed electrometric methods for measuring
blood acidity.

Kroghs showed that diffusion alone was sufficient to account
for oxygen uptake by the lungs. '

Battelli and Stern studied succinate and p-phenylenediamine
oxidation.

Wieland advanced theory of hydrogen activation by dehydro-
genases.

Pikes Peak expedition: found that hemoglobin increase
parallels red blood cell increase during acclimatization.

Hasselbalch introduced log version of mass action law and
clarified the relationship between pH, CO2 tension, total

COZ and bicarbonate in the blood.

Krogh studied diffusion of oxygen through tissue.

Barcroft classified types of oxygen deficiencies.

Haggard and Henderson found that increased breathing during
hypoxia resulted in alkalosis with a consequent decrease in
urinary excretion of ammonia and acid.

Krogh described in detail the anatomy and physiology of
capillaries.

Lumsden showed caudal pons responsible for sustained
ingpiratory drive.
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Warburg concluded that glycolysis supplied energy require-
ments in mammalian cells analogous to fermentation in
bacteria.
Keilin rediscovered histohaematins (cytochromes) and demon-
strated changes in their oxidation state during respiratory

activity.

Hill and coworkers showed lactic acid accumulation during
exercise is related to oxygen debt (also shown by Bang,
1935},

Heyrovsky developed polarographic electrode system.

Heymans and Heymans showed reflex stimulation of breathing
during hypoxia.

Warburg recognized '""Pasteur effect!’ as link between respira-
tion and glycolysis.

DeCastro described microscopic anatomy of the carotid body
and suggested that it is involved in respiratory control.

Eggleton and Eggleton observed that acid labile phesphoric
ester is decreased in muscle fatigue.

Keilin proposed that cytochromes function as a link between
the dehydrogenases and oxygen consumption.

Fiske and Subbarow isolated ATP from muscle.

Engelhardt discovered that phosphorylation is coupled to
respiration.

Szent-Gyorgyi showed the catalytic effect of dicarboxylic
acids on respiration.

Kalckar showed that phosphorylation is related to oxygen
consumption.

Krebs proposed the tricarboxylic acid cycle,

Belitster and Tsybokova and, independently, Ochoa, deter-
mined P:0 ratios.
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1939- Lipmann suggested that ATP plays a central role in the
1941 transfer of energy.,
1941 Marshall and Nims showed that phosphocreatine decreases

in brain during short periods of anoxia.

1942 Davies and Brink made first accurate tissue oxygen tension
measurement,
1948 Kennedy and Lehninger showed that the tricarboxylic acid

cycle occurs in the mitochondria.

1949 Gardjian, Webster and Stone showed ATP decrease during
severe hypoxia.

1951 Lehninger demonstrated that oxidative phosphorylation is
coupled to electron transport in the respiratory chain.

1952 - Chance used platinum electrode and sensitive spectrophoto-

1957 metric methods to study oxygen utilization and cytochrome
kinetics; provided a biochemical basis for tissue oxygen
requirements.

1955 Mason and Hayaishi independently showed enzymatic
incorporation of molecular oxygen into metabolites.

1959- Wittenberg and Scholander independently discovered the

1960 facilitation of oxygen diffusion in solution by myoglobin and
hemoglobin.
1961 Cater and Silver developed micro-oxygen-electrode for

tissue studies.
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Cell Preparation Data Sheet
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/ CP 3-29
Cell t
Rat weight Q78 ¢ prepara en .
Date 1o /2(7 /73
Liver weight | /0.5 S~
Time /0 A M
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APPENDIX III

OPERATION INSTRUCTIONS FOR THE OXYSTAT

A. General

Operator should be familiar with principles of control as
described in Instrumentation Handbook published by the Hays
Corporation. Determination of optimum controller settings is
described in the instruction manual for the Hays Model 854 Universal
Solid State Controller which would be consulted if settings other than
those described below are needed.,

B. Determination of Liguid Volume,
Carrier and Controlled Gases

i Mehasure or estimate the rate of oxygen consumption for the
degired incubation mixture,

2. Consult Figure 1 to determine the permissible range of
oxygen transfer constants for desired oxygen consumption rates.

3, Use Figure 2 toc determine a suitable incubation volume to
provide an acceptable oxygen transfer constant.

4, Use Figure 3 to calculate maximum and minimum percent
oxygen inputs required so that carrier and controlled gas mixtures
can be chosen. Draw a line from the origin to the value of K on the
top or right margin. Draw a second line parallel to this line inter-

secting the ordinate at the percent oxygen corresponding to the
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maximum desired percent oxygen in solution, Now, draw a vertical
line corresponding to the desired oxygen consumption rate, The
points at which this vertical line intersects the diagonal lines when
read on the ordinate correspond to the maximum and minimum inputs
percent oxygen to allow control over the desired range.

5. Using Figure 4, one can now choose the oxygen content of

carrier and controlled gases and suitable flow rates for oxystat

function in the desired range.

C. Operation of the Oxystat

1. Turn on water bath for bubbling towers and adjust to 37°C.

2. Start flow of carrier and controlled gases through the bub-
bling towers at about 80-100 ml/min. At least 2 hr should be allowed
for equilibration.

3. Turn on oxygen analyzer and temperature control for water
jacketed incubation vessel,

4. 7Place distilled, deionized water in incubation vessel and
turn on magnetic stirrer to moderate speed. Allow 1-2 hr for
equilibration and stabilization, or longer if electrode is freshly
recharged. Oxygen electrode must be charged every four to five
experiments or roughly every 2-3 weeks of continual experimentation.
Calibration with known oxygen standards and determination of a

zero!' oxygen tension is essential for every day of experimentation,
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The 'zero' is determined by addition of a few crystals of sodium
dithionite. The oxygen standards may be either air or certified
oxygen mixtures, air (21% OZ) and 2% O2 (certified standard) are
suitable.

5) Adjust zero on oxygen analyzer to give zero on controller
process meter,

6. Calibrate oxygen analyzer so that air at 37°C on the 25%
scale reads 100 on the process meter. Zero to 100 on the process
meter now represents 0-159 torr on the 25% scale, and 0-636 on the
100% scale.

7. Turn on recorder and adjust to span the desired O2 range,
and calibrate with standards and dithionite,

8. Adjust gas flows as determined from Figure 4,

9. Check controller settings (proportional band at 500%, rate
is off, and reset is at 0.1 rpm).

10. Set valve manually to position to give desired input percent
oxygen (Figure 4).

11. Adjust set point to desired value.

12, Pipet solution into incubation vessel. Attempts should be
made to have solution as near as possible to final desired incubation
oxygen tension to minimize the time required to attain a constant
solution tension. This may be achieved by dilution of the oxygen

consuming component into solutions preequilibrated with various
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oxygen tensions. Alternatively, the solution may be flushed with

hydrated N2 or O, to rapidly approach the desired value,

2
13. As the solution oxygen tension approaches the desired value
on the process meter, the mode is switched from manual to auto.
14. If the valve moves more than 1/2 turn, the set point
should be readjusted to prevent any further movement,

15. Oxygen tension in solution should stabilize within 5-10 min

to the desired value.

D. Trouble Shooting

1. Oxystat functions best with valve between 60 and 90% open.
Control below 60 may have some drift and above 90 may have
oscillations,

2. Drift of steady state value normally indicates too little
change in input oxygen as a result of deviation from set point. This
may be caused by several factors:

a. valve is operating below 50% open

b. carrier flow is too high relative to controlled air flow

c. set point oxygen tension is outside the permissible control
range for given conditions (see section B).

d. proportion band setting too high,

e. reset value too slow

3. Oscillations may result from a variety of factors. These
oscillations may be continuous or damped, but for short term experi-

ments neither can be tolerated.
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a. proportional band setting too low
b. reset valve too fast
c. rate too high
d. valve operating above 90% open
e. carrier flow too low relative to controlled air flow

f. difference in percent oxygen content of carrier and con-
trolled gases is too great

4. Switching mode from manual to automatic too soon can result
in over-regponsge of controller. This will initially result in a reversal
of the direction of oxygen tension excursion followed by an evershoot.
This problem can be corrected by returning to manual for about

a minute before returning to automatic or by readjustment of set point.
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Percent oxygen input required to maintain solu-
tion P(O,) equal to 38 torr (53 pM) as a function
of oxygen transfer constant at fixed respiration
rates. This series of curves was computer drawn
according to the equation R = K(P(O;), - P(O;)¢)-
R was fixed at 20, 40, 60, or 80 pl Oz%ml/hr
(0.89, 1.79, 2.68, or 3.57 mM/hr). P(O;); was
set at 5% O, (38 torr, 53 pM). P(O,), was cal-
culated as a function of K between 0 aRd 15 hr™1,
To determine K for experiments, choose curve
drawn with R closest to desired respiration rate,
Determine point on curve where slope is -1 and
draw vertical line through this point intersecting
the abscissa. This abscissa value is the mini-
mum value of K to maintain solution oxygen
tension between 1 and 150 torr (1.4-140 uM).
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Appendix Figure 2. Oxygen transfer constant at different solution
volumes.
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Appendix Figure 3.
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Percent oxygen input required to maintain a
solution P(O,) as a function of respiration rate,
Draw a line from the origin to the desired value
of K on upper or right margin. Draw a second
line parallel to this line intersecting the ordinate
at the maximum desired percent oxygen solution.
Draw a vertical line corresponding to the desired
oxygen consumption rate. The points at which
the vertical line intersects the diagonal lines
corresponds to the maximum and minimum input
oxygen when read on the ordinate.
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Appendix Figure 4.

Percent oxygen in mixed gas as a function of
valve position for various controlled and
carrier gases. Points were calculated from the
defined percent oxygen in the controlled and
carrier gases, the flow rate for the carrier gas,
and the flow rate of the controlled gas as a function
of valve position according to the equation:

(% O, carrier)

x: (flow rate carrier)

+ (% OZ controlled)

x (flow rate controlled)

%/0; Hdxed (flow rate carrier)
+ (flow rate controlled)
A = 30% O, carrier gas (20 ml/min, 95% O

controlled gas (94 ml/min)

B = 20% O carrier gas (20 ml/min, 70% Oy
controlled gas (94 ml/min)

C = 20% O, carrier gas (30 ml/min), 70% O,
controlled gas (60 ml/min)

D= 0% O, carrier gas (30 ml/min), 70% O,
controlled gas (60 ml/min)

E = 0% O carrier gas (20 ml/min), 35% O,
controlled gas (94 ml/min)
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APPENDIX IV

COMPUTER PROGRAMS
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