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EVALUATION OF A MITOCHONDRIAL TEST FOR THE
DETERMINATION OF CHEMICAL TOXICITY

by
Robert David Shannon

(ABSTRACT)

The feasibility of using rat liver mitochondrial respiratory parameters
as a short-term toxicity test was investigated. Mitochondrial fractions were
exposed to six concentrations of five chlorophenols. Respiratory parameters
were measured and compared to control experiments. The toxicity of the
chlorophenols, as measured by the 50% uncoupling concentration (UC50),
increased with increasing chloro substitution.

The UC50 values for the five chlorophenols were compared to six
physicochemical parameters for the same chlorophenols and high degrees of
correlation were found (r 2 0.890). The highest correlation coefficient
obtained was with the octanol—water partition coefficient. UC50 values were
also compared to nine currently existing short-term toxicity tests. High
degrees of correlation were obtained with several of these tests, including
bacterial and fish bioassays.

From the results of these experiments, the measurement and use of
mitochondrial respiratory parameters as a short-term toxicity test appears to

offer an alternative to currently used short-term toxicity tests, particularly

with chemicals having physicochemical characteristics similar to
mitochondrial uncouplers.



I
Descriptions of the equipment, costs, and procedures used with the

mitochondrial test are included, as well as recommendations for future
development of the test.
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II. INTRODUCTION I
Thousands of chemicals presently exist in the environment due to

waste streams from municipal and industrial sources, as well as from
agricultural application, and are often undetected. Many of these chemicals
have been determined to be toxic to living organisms and have been identified
in published lists such as the EPA’s priority pollutant list. The toxicities of
some chemicals have been defined by a wide variety of toxicity tests;
however, the specific toxicities of many known toxicants have not been well-_
defined. The difficulty in determining the toxicity of many of these chemicals
is compounded by the continuing proposal and manufacture of new chemicals,
and by the cost and time consumption inherent in conducting numerous
toxicity tests for any suspected toxicant.

Since the toxic effects exerted by chemicals can be wide-ranging, the
approach to toxicity testing is diverse, and can include both short- (acute) and
long-term (chronic) tests, as well as tests of intermediate length.
Additionally, a chemical’s toxic behavior is also a function of the test
organism, such as the species, sex, age, and level of stress. Given the
enormity of the task in evaluating the toxicity of many chemicals, short-term
tests are frequently used to initially screen or assess chemicals for their toxic
effect. Other considerations are taken into account when assessing a

chemical. These include its physicochemical properties, the toxicity of
structurally related chemicals, and the current and/or proposed use and
distribution of the chemical in question. I

Because short—term toxicity tests can be a valuable tool in assessing a l
chemical’s toxicity, a variety of tests have been developed. The Microtox I

1
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test, which is based on the differential light emission from luminescent
bacteria in response to a toxicant, is one type of short-term test. Other tests
rely on the monitoring of cellular and tissue culture responses, fertilization
processes, and the responses of fish and other organisms. However, many of
these tests have some limitations. Turbidity and color may interfere with the
Microtox test. In other tests, cellular components or biochemical processes
that are not the primary site of the toxicant’s action can impair the accuracy
of the tests. Some tests may require expensive instrumentation, while others
are time consuming. The ideal short-term test would be reliable, accurate
and repeatable, and would also be inexpensive, relatively easy to perform and
interpret, and be conducted in a matter of hours or less. The test would also
need to correlate well with other well established short-term tests.

Electron transport and oxidative phosphorylation occurring in
eucaryotic cell mitochondria are important final steps in the metabolism of
higher organisms. These mitochondrial functions are responsible for cellular

I respiration and energy production, and can be measured in isolated
mitochondrial fractions. Since isolated mitochondria are effectively removed
from their cellular surroundings, the effects of environmental toxicants to
respiring mitochondria can be directly measured. While several studies have
investigated mitochondrial respiratory responses to toxicants, most research
with mitochondria has been conducted to further elucidate the various I
mitochondrial functions and enzyme responses. l

ln this study, mitochondrial research techniques were utilized and |
adapted to develop a short-term toxicity test based on the response of _ l
mitochondrial respiratory functions to a series of related environmental l

toxicants. The objectives in developing this test were to:



l
3 .

1. Measure the effects of the related toxicants on mitochondrial
respiratory functions.

2. Determine the relationships between the physicochemical
properties of the related chemicals and their effects on
mitochondrial respiration.

i
3. Consider the possibility of correlations between the results of

the mitochondrial respiratory tests and other toxicity tests,
based on results with the same or related chemicals.

4. Evaluate the effectiveness of the mitochondrial respiratory test
procedure and results for its potential use as a short-term
toxicity test.
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H. LITERATURE REVIEW

BIOCHEMISTRY OF THE MITOCHONDRION

_ This section summarizes the fundamental biochemistry of
mitochondrial metabolic functions; general and more specialized details of
these functions can be found in the work of Tzagoloff (1) and Lehninger (2).
The mitochondrion is a specialized eucaryotic cell organelle that is currently
known to contain all of the components and enzymes of the tricarboxylic acid
cycle and electron transport system. It is a relatively uniform oval shape in
all eucaryotes, ranging from 1 to 2 microns in length and 0.5 to 1 micron in
width. Morphologically, the mitochondrion is a double membrane structure
with the inner membrane having a larger surface area. This large inner
membrane surface area is obtained by folds or invaginations of the inner
membrane, which are known as cristae. The cristae protrude into the
interior or matrix of the mitochondrion. The membranes are composed
primarily of proteins and phospholipids. The outer membrane of rat liver
mitochondria contain approximately 5 percent of the total mitochondrial

proteins while the inner membrane contains 21 percent of the proteins. The
remainder of the mitochondrial proteins are soluble and located in the matrix.
The distribution of mitochondrial proteins, as well as the ratio of inner to
outer membrane, varies from tissue to tissue and is related to the need of the .
tissue for metabolically derived adenosine triphosphate (ATP). As the l
proteins involved with oxidative phosphorylation are located in the inner l
membrane, it is a general rule that tissues with greater demand for
ATP,suchas the heart or muscle, will have a higher ratio of inner to outer 1

_ 1
4



5 . /
membrane, also reflected by a higher number of more densely packed cristae.
(1,2)

The Tricarboxylic Acid Cycle
The tricarboxylic acid (TCA) cycle enzymes, with one exception, are

soluble proteins located exclusively in the mitochondrial matrix. These
enzymes are responsible for cyclicly catalyzing the oxidation of substrates
derived from the linear glycolysis of carbohydrates, ß-oxidation of fatty acids,
and transamination of amino acids, The TCA cycle is shown in Figure 1, as
described below.

A two carbon acetyl-CoA enters the cycle from one of the three above
reaction sequences, and along with oxaloacetic acid (4 carbons), is condensed
by the enzyme citrate synthase to form the 6 carbon citric acid, regenerating
coenzyme A in the process. The next two steps of the cycle (citric acid + cis-
aconitic acid and cis—aconitic acid -> isocitric acid) are reactions catalyzed by
aconitase and involve the elimination and reincorporation of water. Isocitric
acid is then oxidized to oxalosuccinic acid by the enzyme isocitric
dehydrogenase, using the oxidized coenzyme nicotinamide adenine
dinucleotide (NAD+) as the hydrogen acceptor. Isocitric dehydrogenase also
catalyzes the subsequent decarboxylation (loss of carbon dioxide (CO2)) of

oxalosuccinic acid to the 5 carbon a-ketoglutaric acid. The a-ketoglutarate
dehydrogenase multi—enzyme complex then catalyzes, through a series of
reactions, the oxidation and decarboxylation of a-ketoglutaric acid to 4 carbon

succinyl-CoA. This non—reversible step liberates CO2 and uses NAD+ as the
hydrogen acceptor. Succinyl-CoA is hydrolyzed to succinic acid by succinyl-

CoA synthetase in an exergonic reaction yielding sufficient free energy to
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drive the substrate-level phosphorylation of guanosine diphosphate (GDP) to
guanosine triphosphate (GTP). The oxidation of succinic acid to fumaric acid
is catalyzed by succinate dehydrogenase, a soluble protein loosely associated
with the succinate—coenzyme Q reductase complex. The oxidized coenzyme
flavin adenine dinucleotide (FAD+) is the hydrogen acceptor in this reaction.
Water is then added to fumaric acid by the catalytic action of the enzyme

l

fumarase, thereby forming L-malic acid. Malic acid dehydrogenase catalyzes
the oxidation of malic acid to oxaloacetic acid, with the coenzyme NAD+
serving as the hydrogen acceptor. This step completes the sequences of the
TCA cycle, as the condensation of oxaloacetic acid with acetyl—CoA entering
the cycle to form citric acid begins the cycle again. (1,2)

The Electron Transport System
Intermediate TCA cycle substrates (isocitrate, a-ketoglutarate,

succinate, and malate) as well as pyruvate formed from glycolysis are linked
to the energy yielding (ATP formation) reactions through the electron
transport system. The substrates above are enzymatically oxidized by
dehydrogenases and their coenzymes in the form of NAD4- or FAD+ (in the
case of succinate) to form NADH + H+ or FADH2. These hydrogen
accepting coenzymes are the first step in the electron transport system, which
proceeds through a series of oxidation—reduction reactions to the terminal
hydrogen acceptor, molecular oxygen (O2), with water as the end product.
The second equally important function of the electron transport system is the
use of the free energy derived from TCA cycle substrate oxidation and the
subsequent oxidation-reduction reactions to phosphorylate adenosine



diphosphate (ADP) into ATP. The coupling of these two functions is known
as oxidative phosphorylation.

The electron transport mechanism by which this process occurs is not
completely understood, A current representation of the system is presented

in Figure 2. There are four electron transport complexes within the system,
and the proteins associated with these complexes are structural components
of the mitochondrial inner membrane. The first complex, Complex I as
shown in Figure 2, is the NADH·Coenzyme Q reductase complex. This
complex consists of a NADH dehydrogenase enzyme linked to a prosthetic
flavin mononucleotide (FMN) and four associated non-heme iron sulfur
centered proteins (FeS). Complex I accepts hydrogen atoms from NADH
(reduced by the catalyzed oxidation of TCA cycle substrates) and transfers

those atoms to coenzyme Q, reducing it to coenzyme QH2.
Complex II is the succinate-coenzyme Q reductase complex. This

complex, which also catalyzes the oxidation of succinate in the TCA cycle,
contains the coenzyme FAD as a prosthetic group of succinate dehydrogenase,

and two known iron-sulfur centered proteins. The complex accepts hydrogen
atoms from the oxidation of succinate and transfers them to coenzyme Q,
reducing _it to coenzyme QH2. Coenzyme Q(H2) serves as a transition
electron acceptor (or donor) between complex I or complex II and complex III.

Complex III, known as the coenzyme QH2-cytochrome c reductase

complex, C0¤t&iIlS Cyt0Ch!‘0m€S bT, bK, and cl. These cytochromes are protein

enzymes that contain ferro protoporphyrin prosthetic groups. Their exact

mode of oxidative-reductive functions is not well understood, but involves
valence changes in the central iron heme group that transfer electrons

reversibly from coenzyme Q(H2) to cytochrome c. Cytochrome c, like
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coenzyme Q, is not connected with a respiratory enzyme complex, but
transfers electrons between complex III and complex IV. Cytochrome c also
has a ferro protoporphyrin prosthetic group that transfers electrons to
complex IV by undergoing a valence change in its iron heme group.

Complex IV is the terminal or .cytochrome oxidase complex, consisting
of cytochromes a and a3. These protein enzymes contain a heme a prosthetic
group which differs from the proto porphyrin prosthetic groups of the other
cytochromes. Cytochrome a3 is the only cytochrome with an iron heme group
that can bind with oxygen, causing the reduction of oxygen to water. Copper
is also a component of cytochromes a and ag, and undergoes valence changes
similar to iron during oxidation-reduction reactions. (1,2)

Oxidative Phosphorylation
As shown above, the transfer of hydrogen ions and/or the transfer of

electrons through the four respiratory complexes of the electron transport
system accomplishes the oxidation of TCA cycle substrates linked through a
chain of oxidation-reduction reactions to the reduction of oxygen to water.
This series of electron transfers is accompanied by a large drop in free energy
(approx. 1.14 volts), which if dissipated at one time would cause cellular
damage. However, the four respiratory complexes split the free energy drop
into a series of smaller energy changes that can then be utilized for the
coupled phosphorylation of ADP to ATP. Since the esterification of ADP to
ATP requires a free energy change of approximately 158 millivolts, any

respiratory complex capable of generating this free energy change can
phosphorylate one molecule of ADP to ATP. Measurements of free energy
change in the four respiratory complexes have shown that complexes I, III,
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and IV are capable of generating this free energy change (385 mV, 195 mV,
and 520 mV, respectively), while complex II (65 mV) is not. From these
measurements, as well as the measurements of mitochondrial respiration in
the presence of ADP (shown later), it is known that the reduction of one atom
of oxygen from the oxidation of NAD-linked TCA cycle substrates (complex I
-> III + IV) allows the formation of three moles of ATP. The formation of one
oxygen atom from the oxidation of FAD-linked TCA cycle substrates such as
succinate (complex II -» III —» IV) bypasses complex I; therefore two moles of
ATP are formed per atom of oxygen reduced.(1,2) Figure 2 shows the three _
sites of ATP formation in the electron transport system. There are several
hypotheses to explain the oxidative phosphorylation mechanism by which the
energy generated by mitochondrial substrate oxidation and subsequent
electron transport reactions is harnessed for the coupled ADP phosphorylation
reactions. The chemical hypothesis, first introduced by E. Slater in 1953 (3)
suggests that electron carrier oxidation creates the formation of a high energy
intermediate that later reacts with ADP and inorganic phosphate to form
ATP, and regenerates the electron carrier and the intermediate in a non-
energized state.

The lack of evidence supporting the existence and form of the chemical
intermediate has caused the chemical hypothesis to be challenged by the
more widely accepted chemiosmotic hypothesis. Proposed by P. Mitchell in
1961 (4), the hypothesis suggests that the inner mitochondrial membrane is
permeable to certain ions, and that the oxidation-reduction reactions of
electron transport generate a force that transports protons and electrons

”

through the membrane. This protonmotive force creates an electrical
gradient that serves as the energy source for ADP phosphorylation. ATP



synthesis is coupled to a reversible ATPase (synthetase) that discharges the
protonmotive gradient during synthesis. The chemiosmotic hypothesis has
been supported by substantial experimental evidence (1,2,5), including
measurements of membrane potential and medium acidification during active
mitochondrial TCA cycle substrate oxidation and respiration.

HISTORICAL ASPECTS OF MITOCHONDRIAL RESPIRATION
The elucidation of the TCA cycle, the electron transport system, and

their various components, as well as their locations within the mitochondrion
is an important part of biochemical history. These early studies have stood
the test of time in that the information obtained from them still serves as the
basis for much of what is currently known about mitochondrial functions.
Additionally, many of the in vitro experimental techniques developed during
this period are still used today, often with little or no improvement.

It was not until the 1920’s and 30’s that Keilin (6) and Keilin and
« Hartree (7) were able to describe and refine the cytochrome system of the

electron transport system. Using spectroscopic techniques, the authors

determined that the cytochrome components of the electron transport system
were in the order b + c —> a -> ag. Both Tzagaloff (1) and Lehninger (2)
recognize Otto Warburg’s research determining that NAD+ and flavoproteins
were coenzymes involved in oxidation-reduction reactions prior to the
cytochromes in the electron transport system. The combination of these

studies indicated that the correct sequence of the electron transport system
was NADH + flavoprotein -> cytochromes b + c + a —> ag -» O2. _

The complete sequence of the tricarboxylic acid cycle was first
determined in 1937 by Krebs and Johnson (8). Their research, using muscle
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suspensions, built on previous work with muscle suspensions that determined
several intermediate steps in the cycle. ln an article recounting the
elucidation of the TCA cycle (9), Krebs cites the research of Szent-Gyorgyi
(10), who uncovered the oxidative sequence of succinate —» fumarate -> malate
-» oxaloacetate in 1935, and Martins and Knoop (11), who subsequentlyI
determined the oxidative sequence of citrate + isocitrate —» oxalosuccinate ->
succinate. Krebs and Johnson then determined the cyclic nature of these
oxidations by showing that oxaloacetate and pyruvate were condensed to
form citrate. They also demonstrated that the intermediate oxidative
reaction rates in the cycle could explain the total pyruvate and oxygen
consumption by the muscle suspension, and concluded that the TCA cycle is
the primary pathway of aerobic carbohydrate oxidation.

Identification of Mitochondrial Fractions as Respiratory Sites
While the mechanisms of the electron transport system and the TCA

cycle had been uncovered by the 1940’s, the majority of the metabolic

research had been conducted using undifferentiated cellular or tissue
suspensions. lt was not until subcellular fractionation techniques were
developed and refined in the 1940’s that the location of the TCA cycle,
electron transport system, and oxidative phosphorylation could be
determined. By using differential centrifugation techniques with mammalian
liver homogenates, A. Claude (12) was able to isolate a "large granule"

fraction containing both succinoxidase and cytochrome oxidase activity that

was not found in other fractions. A subsequent study by Schneider et al. (13) 1
confirmed this initial finding by Claude and also determined that cytochrome :
c was found primarily in the "large granule" fraction. Water and isotonic :

2
lJ 1
1
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saline (O.145 molar (M) sodium chloride (NaCl)) were used as the isolation
and supporting media in these studies, and under these conditions the
microscopically examined (x1100) granules were swollen and did not stain

_ with Janus Green B dye. As morphologically intact mitochondria are
predominantly rod-shaped (non-swollen) and stain with Janus Green B dye,
these studies were not able to definitively identify the "large granule"
fraction as mitochondria. In 1948, Hogebloom et al. (14) compared the large
granule fraction isolated in water and isotonic saline with the same fraction
isolated in hypertonic sucrose (0.88 M) and found that the latter was non-
swollen and stained with Janus Green B, indicating that the fraction
contained morphologically intact mitochondria. Additionally, this
mitochondria] fraction was responsible for the majority of the succinoxidase
activity of the various fractions. Schneider and Hogebloom (15) later isolated
a mitochondria] fraction in both 0.88 M and 0.25 M sucrose, and
demonstrated that the majority of succinoxidase and cytochrome c activity of
the various fractions was located in the mitochondrion.

Green et al. (16) demonstrated that the TCA cycle enzymes were
located in a particulate fraction of both liver and kidney homogenates.
Lehninger and Kennedy (17) also demonstrated that a similar particulate
fraction contained fatty acid oxidation enzymes. This fraction was also
suspected by Loomis and Lipmann (18) to be the site of oxidative
phosphorylation. Using 0.25 M sucrose, Schneider (19) later determined that

the oxidation of octanoic acid (a fatty acid) was associated with the

mitochondria] fraction. It should also be noted that the differential
centrifugation procedure used to isolate the rat liver mitochondria} fraction in I

Schneider’s study is essentially the same procedure currently used to isolate i
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the rat liver mitochondrial fraction. In 1949, Kennedy and Lehninger (20)
confirmed much of this earlier research by demonstrating that the rat liver
mitochondrial fraction isolated in sucrose was the location of fatty acid
oxidation and the TCA cycle.

By the mid-1950’s, it was tacitly implied that the mitochondrion was
the site of the electron transport chain and oxidative phosphorylation. Using
intact rat and guinea pig liver mitochondria, Chance and Williams (21)
measured the difference spectra of the oxidized and reduced states of the
known electron transport carriers, thereby establishing their sequence within
the mitochondrial fraction. Initial studies of the link between the
mitochondrial electron transport system and oxidative phosphorylation were
conducted by both Lardy and Wellman (22) and Chance and Williams (23).
Using manometric techniques, Lardy and Wellman determined that rat liver
mitochondria respiring in a 0.25 M sucrose medium fortified with ATP,
magnesium, and phosphate buffer oxidized TCA cycle substrates at a very
slow rate. With the addition of a phosphate acceptor (ADP, or glucose and
hexokinase), the rate of substrate oxidation was greatly increased in a
constant linear fashion. This phenomenon of increased mitochondrial
respiration linked to addition of phosphate acceptor was defined as
"coupling", and is also known as respiratory control. The authors also
observed that after the addition of a known amount of phosphate, the
mitochondrial respiration rate increased linearly and then decreased after all
the inorganic phosphate in the system had been phosphorylated. Addition of
a second aliquot of inorganic phosphate caused the immediate resumption of
the initial high respiration rate. The authors suggested that this response to
limiting phosphate concentrations met "the requirements of a physiological
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control mechanism." By measuring inorganic phosphate uptake by phosphate
acceptors as a function of oxygen consumption in the respiring mitochondrial
system, the authors determined that P:O ratios of approximately 3 (3
micromoles (pmoles) of inorganic phosphate phosphorylated: 1 microatom
(patom) of oxygen consumed) were obtained when TCA cycle substrates
(citrate, 0.-ketoglutarate, and pyruvate) were oxidized.

Oxygen Electrode Use in Measuring Mitochondrial Functions
The first use of oxygen electrodes to measure TCA cycle substrate

oxidation in phosphorylating and non—phosphorylating mitochondrial
suspensions is attributed to Chance and Williams (23, 24), although oxygen
electrodes had been used to measure cellular respiration since the late 1930’s
(25). The authors used a Vibrating platinum electrode with a polarizing
Voltage of -0.6 Volts connected to a chart recorder. The mitochondrial
preparation was added to an air·saturated reaction medium without a TCA
cycle substrate present, after which a known aliquot of ADP was added. The
endogenous respiration rate increased briefly and then returned to its initial
rate, indicating that the endogenous substrate had been oxidized. Addition of
a TCA cycle substrate increased the respiration rate until the initial amount P

of ADP was exhausted. With excess substrate present, a second addition of
ADP initiated the rapid respiration rate that proceeded linearly until the
ADP had been phosphorylated to ATP. This experiment, with one
subsequent addition of ADP, proceeded over the course of approximately five
minutes until all dissolved oxygen in the respiratory medium was consumed
and the system became anaerobic. The authors compared the initial amount

of oxygen consumed upon addition of the first aliquot of ADP (without
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substrate) plus the additional oxygen consumed upon addition of substrate to
the total oxygen consumed by a second addition of an identical aliquot of

ADP and found the oxygen consumption to be similar. This inferred that
negligible amounts of ADP were utilized by non-respiratory systems during
mitochondrial respiration.

Subsequent experiments by Chance and Williams (24) determined that
the Michaelis constant (Km) for ADP was about 20 to 30 micromolar (pM).
Additionally, the authors obtained ADP:O ratios of approximately 3 for TCA
cycle substrates, with the exception of succinate, which had an ADP:O ratio
of approximately 2. The authors concluded that due to the high affinity of
ADP for respiring mitochondria and the negligible amount of ADP used for
non-respiratory processes in the mitochondrial system, their ADP:O ratios
could be regarded as P:O ratios, with no correction. These results reaffirmed
Lardy and Wellman’s research efforts with manometric techniques, and also
indicated that intact, tightly coupled mitochondrial oxidative phosphorylation
systems could be measured with a relatively simple, rapidly responding
oxygen probe.

CURRENTLY USED METHODS OF MEASURING MITOCHONDRIAL

RESPIRATION
The development of the oxygen probe or electrode and adaptation of its

use has largely replaced manometric techniques for the measurement of rapid
mitochondrial oxidative phosphorylation reactions. The oxygen electrode
system simplifies the addition of various reagents (substrates, ADP, etc.) over
the course of an experiment, requires a short equilibration time, and responds
rapidly to minor fluctuations in mitochondrial respiration (26). Several types
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of oxygen electrodes have been developed, including the vibrating electrode,
the rotating electrode, and the Clark-type electrode. The Clark-type oxygen
electrode, initially designed by L. C. Clark in 1956, is typically used for
mitochondrial respiration studies and consists of a combined platinum
cathode-silver anode covered by an oxygen permeable membrane such as
Teflon, held firmly in place by a rubber O-ring. The advantages of the Clark-
type electrode arise from the membrane covering which isolates the electrode
from the medium, reducing aging of the electrode and increasing its stability
(27). The cathode and anode are typically both encased in an epoxy or glass
casing, with the metal surfaces exposed to an electrolyte such as 50 percent

potassium chloride (KCI) over which the membrane is tightly stretched. The
power supply is typically -0.6 to -0.9 volts, causing an electrolytic reduction of
O2 which is equal to the dissolved oxygen activity or tension in the external
respiratory medium and proportional to the current. The current through the
electrode is amplified and recorded on a strip chart recorder so that
mitochondrial respiration rates can be measured. Since response time of the

membrane-covered electrode to changes in oxygen tension in the external
medium is related to oxygen diffusion through the membrane, Clark-type
electrodes are designed with thin membranes (about 25 microns) and the
reaction cell is stirred at a constant rate to prevent a zone of lowered oxygen
tension or activity near the electrode. Typical response times to changes in

respiration rates for Clark-type electrodes used to measure mitochondrial

respiration are approximately 90 percent of the final response within 10

seconds (27-29).
Because of the popularity of the Clark-type electrode for measuring

mitochondrial respiration, commercial electrodes and respiratory monitoring
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systems are available, and the components of these systems are very similar
(29, 30). A known volume of mitochondrial fraction and respiratory medium
are placed in a small fixed or variable volume (approx. 1 to 5 milliliters (mL))
reaction cell, into which the oxygen electrode is sealed. This system is semi-
closed, with substrates and other reagents introduced into the cell through a
small diameter capillary bore stopper with a microsyringe. Once the system
is semi-closed, external air cannot diffuse into the reaction cell during the
time period of the experiment (5 to 15 minutes) at a rate that significantly
affects the oxygen concentration of the respiratory medium (29,30). The _
reaction cell and all media, substrates and other reagents are maintained at a
constant temperature, usually 25 to 37 degrees Celsius (C), which is
accomplished by enclosure of the reaction cell in a water jacket attached to a
constant temperature bath, or by direct immersion of the cell into a water
bath (26). A glass or teflon enclosed stir bar is placed in the electrode-
reaction cell assembly, which rests on a magnetic stirrer set to keep the
mitochondrial fraction—respiratory medium mixture circulated past the
electrode at a constant rate.

The Respiratory Medium
The measurement of respiratory functions in intact, well coupled

mitochondrial fractions is achieved through the use of an isotonic medium
that supports mitochondrial respiration. Sucrose (0.25 to 0.30 M) is the most
widely used osmotic agent in mitochondrial respiratory media. An ionic
medium, usually 0.10 to 0.15 M KCI is used occasionally, but the high ionic ”

strength of this medium may affect the cytochrome c in the mitochondria.
Other essential ingredients for a medium capable of supporting rat liver
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mitochondrial respiration include: K+ (usually as KC], 10-20 millimolar
(mM)) to preserve membrane potential; ethylenediamine tetracetic acid
(EDTA, 1-2 mM), to chelate calcium and other divalent cations capable of
uncoupling mitochondria; magnesium (Mg+ +, usually as MgCl2 or MgSO4,
about 5 mM) as an essential co-factor, binding to ADP and ATP to form Mg-
ADP and Mg—ATP complexes; and inorganic phosphate (PO42', about 5 mM),
which is necessary for ATP synthesis from ADP (31, 32).

Oxygen Solubility in the Respiratory Medium
The oxygen electrode of the electrode-reaction cell system measures

changes in oxygen tension or activity in the medium due to mitochondrial
respiration; however, most mitochondrial respiration research requires the
determination of absolute mitochondrial respiration rates and often requires
the calculation of P:O (ADP:O) ratios. Respiration rates are most commonly

calculated as nanoatoms O (or nanomoles O2)/minute/mg mitochondrial
protein (natoms O or nmoles O2/min/mg protein). Therefore, the oxygen
solubility or concentration in the specific medium used must be known. The
presence of non-ionic (sucrose) and ionic (KCI, MgSO4, etc.) substances in the
reaction medium significantly affects oxygen solubility and activity. Little
oxygen solubility data presently exist for commonly used mitochondrial
respiratory media, and many researchers rely on the well-documented :
solubility of oxygen in water or aqueous NaCl or KCL solutions (33, 34). E

One direct method of determining oxygen solubility in a liquid istheASTM
standard test for fixed gases in a liquid (35), which requires a

gasextractionapparatus not found in most biochemistry laboratories. There

areseveraldirect methods of measuring oxygen solubility that utilize the{

EIn
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equipment routinely used to measure mitochondrial respiration. Estabrook
and Mackler (36) and Chappell (37) used lysed mitochondria to catalyze the
stoichiometric oxidation of NADH, with the change in electrode current as
shown by the trace on a strip chart recorder equal to a known amount of
oxygen reduced by the lysed mitochondria. Robinson and Cooper (38)
developed a similar method that is more rapid by avoiding the use of
mitochondria. A known quantity of NADH is oxidized by phenazine
methosulfate, which is in turn oxidized by oxygen, forming hydrogen
peroxide. The hydrogen peroxide is broken down by catalase to form water
and one oxygen atom. The authors found that their experimental results
compared favorably with Estabrook and Macklers’ results.

Several indirect methods of calculating oxygen solubility in an aqueous
sucrose medium are available in the literature as well. Hikita et al. (39)
measured the oxygen solubility of different sucrose solutions (0 to 1.98 M) at
temperatures from 15 to 45 degrees C and one atmosphere of total pressure.
They found that their solubility data at all sucrose concentrations and
temperatures fit the equation: log (C/CW) = -0.205 CS, where C/CW is the
ratio of oxygen solubility in the sucrose solution to oxygen solubility in pure
water, and CS is the molar concentration of the sucrose solution. R. Zander
(40) investigated the oxygen solubility in aqueous solutions of thirty different

organic substances, including sucrose, at 37 degrees C. and obtained results
similar to Hikita et al. The relationship of the oxygen solubility in distilled |
water was defined by the equation : Co/CW = e'KC. CO/CW is the ratio of :
oxygen solubility in the organic solution to that of distilled water, -K is a l
constant specific to the organic substance, and C is the concentration

oforganicsubstance in grams/100 mL. These two empirically derived formulas l
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compare favorably and can be used to indirectly determine the approximate
solubility of oxygen in sucrose-based mitochondrial respiratory media, since
charts and nomographs giving precise distilled °water oxygen solubilities at a
wide range of temperatures are available (33, 34). Barometric pressure
differences must also be accounted for by using similar standard conversions.

The Respiratory States
Mitochondrial respiration occurring in the reaction cell is reflected by

the electrode current tracing onto the strip chart recorder. In Figure 3, a

typical control experiment with rat liver mitochondria is shown, indicating
the changes in respiration rates that can be obtained with intact, well
coupled mitochondria. Air-saturated, respiratory medium is placed in the
reaction cell, which is represented by a straight, horizontal tracing near the
top of the strip chart. The introduction of the rat liver mitochondrial fraction
causes an immediate deflection of the trace, caused by the relatively
anaerobic respiring mitochondria. When the mitochondria reach an
equilibrium with the respiratory medium, the tracing returns to near
horizontal, indicating a slow rate of endogenous respiration, or respiration in
the absence of substrate or ADP. The addition of a small amount of a TCA
cycle substrate, in this case succinate, causes the mitochondria to respire at a
slow linear rate. This rate, due to TCA cycle substrate oxidation in the
absence of ADP, is called state 4 respiration. After recording state 4
respiration for two to three minutes, a known aliquot of ADP is added to
thesystem,causing an immediate linear increase in the respiration rate. This ‘

increased rate, called state 3 respiration, is indicative of the coupling of the l n
l

energy created by substrate oxidation to the phosphorylation of ADP. The
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Figure 3. Recording from a Typical Control Experiment Using Rat Liver

Mitochondria in an Oxygen Electrode—Reaction Cell System.
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duration of state 3 respiration is dependent on the amount of ADP added to
the system. After the added ADP has been phosphorylated, the
mitochondrial respiration returns to the state 4 respiration rate. Respiration
will continue in the system until all oxygen in the medium has been
consumed. This is reflected by the horizontal tracing near the bottom of the
strip chart. These experiments proceed to anaerobic conditions in five to
fifteen minutes due to the small volume of the reaction cell and the fixed
concentration of oxygen in the respiratory medium, and can be controlled by
adjusting the volume of mitochondrial fraction initially added to the reaction
cell (32, 41).

The Respiratory Control Ratio
State 4 and state 3 respiration rates are not dependent on the oxygen

concentration in the reaction cell and can be measured by the linear slopes of
the tracings for the two states. Chance and Williams (23) first defined the
ratio of the two states (state 3/state 4) as the respiratory control ratio (RCR),
and it is measured by using the state 4 respiration rate after the
corresponding state 3 rate. The relative RCR is an indication of the degree of
intactness, quality, or tightness of coupling of the mitochondrial fraction, and
varies for intact mitochondria depending on the tissue from which the
mitochondria are isolated as well as the TCA cycle substrate oxidized. Rat
liver mitochondria respiring on NAD-linked substrates and succinate are
generally considered to be intact if the RCR is greater than 4 and 3
respectively for in vitro respiratory experiments. The RCR can be much
higher (> 10) in intact cells, so that no upper limit is placed on RCR values
for intact mitochondria (32).
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P:O Ratio
Another measure of the intactness of mitochondrial fractions is the P:O

ratio. As indicated previously, the theoretical P:O ratio for NAD-linked TCA
cycle substrates is 3, and for succinate and other FAD-linked substrates, is 2.
However, in mitochondrial respiration experiments, the RCR is a better
indicator of mitochondrial fraction intactness because high P:O ratios are
often measured in mitochondria with low RCR values (41). Additionally, the
measurement of P:O ratios is dependent on the absolute concentration of
ADP added to the system, as well as the absolute amount of oxygen reduced
during state 3 respiration , so that low P:O ratios can be more a reflection of
the accuracy of measuring these parameters than the actual intactness of the
mitochondrial fraction (32). Therefore, P:O literature values for intact
mitochondria in control experiments using succinate as a substrate range
from 1.50 to 2.00, and are frequently not measured in deference to the more
reliable RCR values. Chance and Williams (23) and Hagihara (42) have
reported several methods for calculating these ratios from electrode tracings.

Categories of Mitochondrial Toxicants
The substrate oxidation and phosphorylation functions of intact

mitochondrial fractions are very labile, and the recognition of this was
concomitant with the realization that different chemicals could exert toxic
effects on these functions. These toxicants have been useful in determining
the sequences of electron carriers in the electron transport system (43), as
well as the sites and mechanism of oxidative phosphorylation coupled to the
respiratory complexes (22, 44, 45). Due to this initial research, several
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categories of mitochondrial toxicants have been identified. The categories are
defined by the toxicant’s effect on in vitro mitochondrial respiratory
functions, as described below and as shown in Figure 4.

Electron Transport Inhibitors
A

These inhibitors prevent the flow of electrons through the electron
transport system, which in mitochondrial experiments is indicated by a
decrease in state 3 and state 4 respiration rates, and possibly the P:O ratio.
Figure 4(b) shows the effect of an electron transport inhibitor on
mitochondrial respiration. These mitochondrial toxicants are known to act on
one of the respiratory complexes by binding to an electron carrier. Rotenone
is known to inhibit electron transport in complex I, so that NAD-linked
substrate oxidation is inhibited, but not FAD-linked substrate oxidation.
Antimycin A is a known inhibitor of complex III, while cyanide, azide, and
carbon monoxide are known inhibitors of cytochrome oxidase (complex IV)

(32, 41).

Oxidative Phosphorylation Inhibitors
These inhibitors allow substrate oxidation and electron transport to

continue, but prevent the coupled phosphorylation of ADP to ATP during
state 3 respiration. Figure 4(c) shows a typical response of mitochondrial
respiration to an oxidative phosphorylation inhibitor. State 4 respiration is
not affected, but state 3 respiration is reduced to the state 4 rate. These
toxicants, such as oligomycin and tributyltin chloride, are thought to prevent
the utilization of state 4 energy production for ATP synthesis by blocking a
terminal phosphorylation step in the ATPase/synthetase complex (32, 41).
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Figure 4. Categories of Mitochondrial Toxicants (a) Control Experiment;
(b) Electron Transport Inhibitor; (c) Oxidative Phosphorylation
Inhibitor; (d) Uncoupler.
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Uncouplers
Several uncoupling chemicals, such as 2,4-Dinitrophenol (DNP) and

Carbonyl cyanide m-chlorophenyl hydrazone (CCCP), have been known for
several decades and have been used in basic mitochondrial respiratory
research for nearly as long (46, 47). These uncouplers are frequently called
classical uncouplers because they exhibit a defined set of characteristics when
introduced to respiring mitochondria. Typically, the classical uncouplers
stimulate state 4 respiration, induce ATPase activity, increase state 3
respiration inhibited by the oxidative phosphorylation inhibitor oligomycin,
inhibit intact mitochondrial exchange reactions between ADP, inorganic
phosphate, ATP, and water, and cause osmotic swelling of mitochondria in
the presence of substrate, phosphate, and ADP (47, 48). Classical uncouplers
are typically moderately weak acids with an acid dissociation constant (pKa)
in the range of 4 to 8. Existing predominantly as anions at neutral
physiological pH values, they are thought to transport hydrogen ions (H+)
through mitochondrial membranes, thus eliminating the normal energy
producing proton gradient of intact, state 4 respiring mitochondria. This
energy dissipating proton transport capability releases the respiratory control
normally exerted by ADP phosphorylation in state 3 respiration, and is seen
as evidence for the chemiosmotic hypothesis for oxidative phosphorylation as
proposed by P. Mitchell (4). Uncouplers are not site selective and effect the
three ADP phosphorylation sites equally.

There are also a wide variety of non—classical uncouplers that, while
not exhibiting all the characteristics typical of classical uncouplers,
nevertheless functionally uncouple mitochondrial state 3 and state 4
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respiration. Classical and non—classical uncouplers alike exhibit similar
effects on mitochondrial respiration in the electrode-reaction cell system.
This is indicated in Figure 4(d) by the increase in state 4 respiration rate
which, with the addition of an uncoupler, can reach the state 3 (ADP
induced) respiration rate. Uncoupling, therefore, is indicated by a decrease in
the RCR due to the state 4 respiration rate increase, with no or less decline
in the state 3 respiration rate. The P:O ratio can also decrease in a dose-
dependent fashion.

MITOCHONDRIAL RESPONSES TO ENVIRONMENTAL
TOXICANTS

Mitochondrial electron transport and coupled oxidative phosphorylation
driven by the oxidation of carbohydrates, fatty acids, and amino acids provide
the primary source of energy for cellular reactions. Organs such as the heart,
kidney, liver, and brain that by their function have a higher energy demand
by necessity contain a greater number of mitochondria than do organs or
tissues with lesser energy demands (47). The toxicological implications of
chemicals that affect the cellular functions of organs with high energy
demands are that the mitochondrial functions of these cells and organs may
also be affected. Within the past ten to fifteen years, interest in the effect of
environmental toxicants on mitochondrial respiratory functions has
developed. Several different groups of environmental toxicants, as
summarized below, are known to affect mitochondrial electron transport and
oxidative phosphorylation. A large proportion of research in this area has i

been conducted with rat liver mitochondria due to the liver being the primary
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target of many environmental toxicants, and due to the ease of isolation and
purity relative to mitochondria obtained from other organs (32).

Aromatic Aldehydes
Wolf et al. (49) examined the effects of a number of aromatic aldehydes

on rat liver mitochondria. They found that both succinate and pyruvate-
malate mediated electron transport were inhibited to some degree by
aldehyde concentrations of 0.5 to 1.0 mM. P—nitro and p-chlorobenzaldehyde
(1 mM) completely uncoupled and inhibited succinate-mediated respiration,
and these two, as well as benzaldehyde and p-carboxybenzaldehyde
completely ' uncoupled and inhibited pyruvate-malate respiration at
concentrations of 0.5 mM.

Cadmium
The effects of cadmium on various organs have been long known and

include kidney damage, proteinuria, chronic obstructive lung disease, and
osteomalacia (50). Its long half-life and ability to accumulate in several
organs, including the liver, have prompted researchers to investigate
cadmium’s effect on mitochondrial functions. In 1956, Jacobs et al. (51) used
manometric techniques to determine that cadmium concentrations as low as 5
pM completely uncoupled rat liver mitochondria oxidizing either citrate or
succinate. Concentrations higher than 10 pM inhibited electron transport.
EDTA and dithiols added to the cadmium treated mitochondria reversed this
uncoupling and inhibition. The authors hypothesized that either cadmium
displaces a cation essential for phosphorylation from its active site, or that
cadmium blocks a free active site, and that enzyme-bound disulfide groups, as
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demonstrated by the addition of dithiols, are capable of reversibly binding
with cadmium.

Using oxygen electrode techniques, Diamond and Kench (52) confirmed

the in vitro uncoupling effect of cadmium on rat liver mitochondria at low
concentrations (1 to 33 pM), and the inhibition of respiration at higherA
concentrations. EDTA was again shown to reverse these effects. The
authors also isolated liver mitochondria from rats injected intraperitoneally
with cadmium chloride (1 mg/Kg body weight/day) for 21 and 35 days. They
found a progressive diminution of the RCR that corresponded with the length
of the injections; respiratory control was completely abolished by 35 days of
treatment. Analysis of the differential absorption spectra of cadmium-
poisoned mitochondrial cytochromes indicated that the cytochromes were
reduced by succinate oxidation with up to 10'5 M Cadmium concentrations.
Concentrationg of 10°4 M cadmium allowed the cytochromes to remain
oxidized, and the authors speculated that cadmium may affect succinate
dehydrogenase, an enzyme with thiol groups sensitive to heavy metals that
occurs prior to the cytochrome sequences in the electron transport system.

Sato et al. (53, 54) obtained similar results, finding the cadmium
concentrations up to 3 pM uncoupled mitochondrial respiration by increasing
the state 4 respiration rate, but caused progressive inhibition of both state 3
and state 4 respiration at higher concentrations. Differential absorption
spectra measurements indicated that the separate addition of 3 pM cadmium
(an uncoupling concentration) and ADP similarly caused the slight oxidation
of cytochrome b in rat liver mitochondria, while the addition of 50 |.1M
cadmium (an inhibiting concentration) caused near complete reduction of
cytochrome b as well as cytochromes c, a, a3, and the flavin enzymes. In vitro
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mitochondrial enzyme assays by Toury et al. (55) also pointed to high
cadmium concentrations inhibiting respiration due to interaction with
succinate dehydrogenase and associated flavoprotein or dithiol groups.
However, enzyme assays of mitochondrial cytochrome oxidase of cadmium-fed

I

rats indicated that an indirect respiratory inhibition occurred due to the effect
of cadmium on a constituent common to all cytochromes. ·

Fungicides
Nelson (56) investigated the effects of the fungicides captan and folpet

on rat liver mitochondria. He determined that captan and folpet in 47 pM
concentrations inhibited state 3 and state 4 respiration of mitochondria
oxidizing either a-ketoglutarate or ß-hydroxybutyrate (NAD-linked
substrates), but that succinate oxidation in the presence of captan and folpet
became uncoupled, primarily due to an increase in state 4 respiration. NAD-
linked substrate oxidation was inhibited by the fungicides’ actions on NADH
dehydrogenase. Both fungicides activated ATPase activity, but prolonged
incubation with captan inhibited this activity.

Cyclodiene Pesticides
Nelson (57) also studied the in vitro effects of cyclodiene pesticides on

rat liver mitochondria. In preliminary experiments, he found that the effects
of these pesticides were dependent on the pesticide
concentration/mitochondrial protein ratio (nmoles/mg protein), not the
absolute concentration (pM) of the pesticide. The cyclodienes (a- and ß-

chlordane, aldrin, dieldrin, endosulfan, heptachlor, and heptachlorepoxide)affected

mitochondrial respiration in a near identical fashion. State 3



33
l

respiration was inhibited by cyclodiene concentrations up to approximately
20 nmoles/mg protein, followed by uncoupling at higher concentrations, which
was indicated by stimulation of state 4 respiration and continued inhibition of
state 3 respiration. Maximal uncoupling was achieved at 30 to 35 nmoles/mg
protein. Nelson found that much higher concentrations of cyclodienes were
necessary to inhibit electron transport or ATPase activity, suggesting, along
with the previous findings, that the similar stereochemical properties of these
cyclodienes induce a specific effect on the mitochondrial membrane and
restrict ion movement through it at concentrations less than 20 nmoles/mg
protein. Uncoupling concentrations (20 to 35 nmoles/mg protein) were shown
to be related to mitochondrial swelling and membrane lysis.

Polychlorinated Biphenyls
Polychlorinated biphenyls (PCBS) are pervasive toxicants which, due to

their hydrophobicity and resistance to degradation, have a global
environmental distribution. Concerns with the bioaccumulation properties of
PCBs have lead to investigations of their effects on mitochondrial respiration.
Nishihara (58) and Nishihara and Utsumi (59) first investigated biphenyl and
a variety of PCBs, including Kanechlor-200 (20 percent chlorination), -300
(30 percent), -400 (40 percent), -500 (50 percent), and -600 (60 percent), at

concentrations ranging from 0 to 60 ug/mL and using succinate and a-
ketoglutarate as the substrates. With succinate as the substrate, he found
that Kanechlors -300 through -500 inhibited state 3 respiration nearly
equally, Kanechlor-600 and -200 inhibitions were less, and biphenyl induced
the least amount of inhibition. State 4 respiration was stimulated by

biphenyl and Kanechlors in the order of biphenyl > Kanechlor-200 >
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Kanechlor-300 > Kanechlor-400 > Kanechlor-500, while Kanechlor-600 did
not stimulate state 4 respiration. When a-ketoglutarate was the substrate,
state 3 respiration decreased with an increase in chlorine content. State 4
respiration was stimulated, with the greatest increase in Kanechlor-200, -
300, and -400, a lesser increase in biphenyl and Kanechlor-500, and the least
increase in Kanechlor-600.

Looking specifically at Kanechlor—400, Nishihara (60) determined that
state 3 respiration was inhibited most when succinate was the substrate, to a
lesser degree when a-ketoglutarate/malate was used as the substrate, and no
inhibition occurred when ascorbate/N,N,N,N—tetramethylphenylenediamine
(TMPD) was used as the substrate, The degree of state 4 respiratory
stimulation was increased by the use of the substrates a-ketoglutarate and
ascorbate/TMPD. The greater inhibitory effect of Kanechlor-400 on
succinate-mediated state 3 respiration and lesser stimulation of succinate-
mediated state 4 respiration when compared with the other substrates was
supported by enzymatic analysis. Kanechlor-400 was shown to inhibit
succinate dehydrogenase activity and the coenzyme Q-cytochrome c region of
electron transport, as well as the latent ATPase activity. This greater
inhibition as compared to NAD-linked substrate partially masked the
uncoupling effect when succinate was the substrate,

Nishihara (60) further investigated the uncoupling mechanism of
Kanechlor-400. Kanechlor-400 does not have the properties of classical
uncouplers because it is a mixture of neutral compounds that do not possess

an acid dissociable group. The author found that Kanechlor-400 uncouples by
altering the permeability of the inner mitochondrial membrane, as evidenced

in his studies by increased release of endogenous potassium, as well as the
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increased oxidation of exogenous NADH, which normally cannot penetrate
the inner membrane. The increased membrane permeability dissipates the
energy producing membrane potential, thereby uncoupling mitochondrial
respiration.

Nishihara et al. (61) compared the chemical structure of
tetrachlorobiphenyls (TCBs) with their ability to change mitochondrial
respiration. They determined that TCB isomers with chlorine atoms attached
equally to inside (ortho, ortho') and outside (meta, para; meta', para')
positions of the biphenyl ring were more potent inhibitors of state 3
respiration, while isomers with all chlorine atoms located exclusively on the
inside or outside of the biphenyl ring were less potent. State 4 respiration
was stimulated with isomers containing chlorine atoms in the ortho, ortho'
positions, leading the authors to suggest that the steric hindrance of chlorine
atoms in these positions causes the TCBs to be incorporated into the lipid
phase of the mitochondrial membrane. TCBs with chlorine atoms in the
para, para' position do not stimulate state 4 respiration due to the coplanar
structure caused by the increased double bond character of the C1—C 1 ' bond.

Phthalate Esters _
Phthalate esters, compounds used as plasticizers in food packaging, are

widely distributed in the environment due to their ability to leach, and are
lipophilic. The capability for phthalate esters to bioaccumulate in the liver
has prompted several studies assessing the effects on rat liver mitochondrial

' respiration. Ohyama (62) found that a variety of dialkyl phthalates inhibited

both state 3 and state 4 succinate-mediated respiration at concentrations of
0.8 mM, and that the degree of inhibition was related to the length of the
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alkyl chains. Di—n-butyl phthalate (4 carbon alkyl group) caused the most
significant inhibition of both state 3 and state 4 respiration, with less
inhibition being caused by di-alkyl phthalates with fewer than or greater
than four carbons in the alkyl groups.

Takahashi (63) conducted similar experime-nts with both mono- and di-
alkyl phthalates. For mono-alkyl phthalates, the state 3 inhibition increased
with the length of the alkyl chain up to Mono-heptyl phthalate, while state 4
respiration was unaffected. Results for state 3 di-alkyl phthalate inhibition
were similar to Ohyama’s results, with the exception that di—propyl phthalate
was the most inhibitory. However, unlike Ohyama, Takahashi found that
the state 4 respiration rates were not increased in a manner identical to the
state 3 respiration rates. The state 4 respiration remained similar to the
control experiments, again with the exception that di-n-butyl phthalate state
4 respiration increased. The author attributed this state 4 increase to the
different amounts of mitochondrial fraction used (2.0 to 2.8 mg protein in her
work versus 1.0 mg protein in Ohyama’s work); the stimulated state 4
respiration rate became inhibited when she decreased the mitochondrial
protein in the reaction to 1.0 mg.

Inoue et al. (64) used 4.8 to 5.7 mg protein in the reaction cell when
investigating the effects of di-alkyl phthalates on mitochondrial succinate
oxidation and obtained results similar to Takahashi. Phthalate esters with
di-alkyl groups of three to four carbons strongly inhibited state 3 respiration
and stimulated state 4 respiration. Additional studies with di—n—butyl
phthalate indicated that it acted as an uncoupler at low concentrations (0.05
to 0.5 mM) by increasing latent ATPase activity and dissipating the
membrane potential, and by making the membrane more permeable to
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cations such as K+ and H+. Higher concentrations caused progressive
inhibition of both state 3 and state 4 respiration.

Melnick and Schiller (65) found that both Mono(2-ethylhexyl)
phthalate and Di-n-butyl phthalate in concentrations of 0.1 to 1.0 mM were
potent uncouplers of succinate-mediated mitochondrial respiration, decreasing
state 3 respiration while increasing state 4 respiration. An assay of
succinate-cytochrome c reductase indicated that 1.0 mM concentrations of
these two phthalate esters inhibited succinate dehydrogenase activity, which
induced the electron transport inhibition manifested by a decreased state 3
respiration rate. Additional experiments that measured potassium uptake,
mitochondrial swelling, and protein release from mitochondria indicated that
Mono(2-ethylhexyl) phthalate and Di-n-butyl phthalate did not uncouple rat
liver mitochondria by damaging the inner membrane, but that the chemicals
partitioned into the lipid portion of the inner membrane and caused a
conformational change that made the membrane more permeable to H+ and
other small ions.

Substituted Toluene
Citing an incident of environmental contamination to well water by

3,5-Dinitro-4-chloro- a,a,a—trif1uorotoluene (DNCTT) and its structural
similarity to the classical uncoupler 2,4-Dinitrophenol, Schiller (66)
investigated the effect of DNCTT on succinate-mediated rat liver
mitochondrial respiration. The author determined that unlike 2,4-
Dinitrophenol, DNCTT in concentrations of 0.25 to 1.0 mM inhibited both

state 3 and state 4 respiration. Enzyme assays revealed that succinate
dehydrogenase activity was inhibited by DNCTT while cytochrome oxidase
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activity was not. Additionally, DNCTT inhibited 2,4-Dinitr0phenol-
stimulated state 4 respiration and did not effect ATPase activity of the
mitochondria, indicating that DNCTT inhibits electron transport by its
inhibitory effect on the enzyme succinate dehydrogenase.

Tannic Acid
Tannic acid, a water soluble polyphenol found in plants, has protein

aggregating, astringent and antibacterial qualities. The occurrence of tannic
acid in oriental medicinal plants and concern for its potential effect on the
liver caused Adachi et al. (67) to study the effect of tannic acid on rat liver
mitochondrial respiration. They found that with 50 pg/mL concentrations,
the RCR decreased by 50 percent while the P:O ratio remained the same.
Tannic acid concentrations greater than 100 pg/mL caused respiratory control
to disappear and the P:O ratio could not be measured. These differences
indicated that at low concentrations (< 100 pg/mL), electron transport was
inhibited without inhibition of oxidative phosphorylation, and at high
concentrations (> 100 pg/mL), electron transport inhibition was accompanied
by oxidative phosphorylation inhibition due to membrane structural damage.
The authors determined that tannic acid inhibited both NADH
dehydrogenase and succinate dehydrogenase activity, but not cytochrome
oxidase activity.

Prudhoc Bay Crude Oil Extracts
Khan et al. (68) used mitochondrial respiratory functions to assess the

acute toxicity of Prudhoe Bay crude oil extract and its aromatic, heterocyclic
and aliphatic fractions. The crude oil extract (100 to 500 pg/2 mL) inhibited
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state 3 respiration and increased state 4 respiration when succinate and ß-
hydroxybutyrate were the substrates. The aromatic fraction of the crude oil
extract was the most potent fraction, significantly decreasing state 3
respiration and increasing state 4 respiration at concentrations of 25 pg/2 mL.
The heterocyclic fraction decreased state 3 respiration only (100 pg/2 mL),
while the aliphatic fraction had no significant effect on the respiratory states.
Further study of enzyme activities indicated that the Prudhoe Bay crude oil
extract and the aromatic fraction exerted their inhibitory effect on both ß-
hydroxybutyrate dehydrogenase and succinate dehydrogenase. The authors
did not determine the mechanism for the uncoupling action (increase in state
4 respiration) these fractions exhibited; however, they suggested that the
mechanism was different from the classical uncouplers due to the absence of
an acid dissociable group.

USE OF MITOCHONDRIAL RESPONSES TO CATEGORIZE ‘

TOXICITY
Most environmental toxicant studies using changes in mitochondrial

respiration as a measure of toxicity have focused on one group of related
chemicals. Few studies or reports have attempted to categorize the effects on
mitochondrial respiration caused by environmental toxicants. In a brief
literature review, Ogata et al. (69) classified a wide variety of inorganic and
organic environmental pollutants based on their effect on mitochondrial
respiration. The authors suggested that mitochondrial respiration and/or

oxidative phosphorylation impairment can be classified in three ways:
electron transfer inhibition, oxidative phosphorylation uncoupling, and energy

transfer inhibition. These classifications can be determined by changes in
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mitochondrial state 3 and state 4 respiration rates, RCR values, and P:O
ratios. Further studies, such as those examining electron transport enzyme

activity, ATPase activity, and potassium release can then be conducted to
determine the specific toxic mechanism of an environmental pollutant.

Ogata et al. (70) also graphically depicted, using two methods, the
relative effect of environmental pollutants on rat liver mitochondrial
respiration. By plotting the concentration of a variety of chemicals against
the percent inhibition of the RCR, they determined that in general, metals

inhibited the RCR by 50 percent at lower
concentrations than organic pollutants. The authors conceded that by using
only the RCR as an indicator of toxicity, they could not determine the type of'

toxic action. They devised a three-dimensional graph that further defined the
toxicants effects on mitochondrial respiration by showing the state 3 and
state 4 respiration effects at certain concentrations. The X axis indicated the
chemical concentration that increased state 4 respiration by 150 percent over
a control, the Y axis indicated the concentration that decreased state 3
respiration to 75 percent of the control, and the Z axis indicated the
concentration that decreased state 4 respiration to 50 percent of the control.
The position of environmental pollutants on the graph allowed them to be
classified in the three ways previously mentioned: electron transport
inhibitors inhibited state 3 and state 4 respiration, oxidative phosphorylation
uncouplers increased state 4 respiration alone, and energy transfer inhibitors
decreased state 3 respiration alone. The authors proposed a fourth category
for chemicals that caused both an increase in state 4 respiration and a
decrease in state 3 respiration, and were, therefore, both uncouplers and
energy transfer inhibitors. The authors proposed that the changes in l

l
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mitochondrial state 3 and state 4 respiration rates and the RCR could be
used to assess the potential toxicity of new chemicals to humans and animals.
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III. METHODS AND MATERIALS

_ This chapter contains a detailed description of the various media,
substrates, equipment and procedural aspects of the mitochondrial
respiratory experiments used to indicate and predict the relative toxicity of
the chemicals analyzed. Rat liver mitochondria are very labile and are
susceptible to damage during isolation procedures; therefore, considerable
time and effort was initially expended in obtaining and practicing a protocol
for isolating mitochondrial fractions that exhibited consistently, high levels of
coupling as indicated by high RCR values, as well as high yields as
determined by the mitochondrial protein concentrations. Additionally,
different methods of media preparation and storage were examined, as were
minor variations in the equipment and procedural aspects of the
mitochondrial respiratory experiments.

All mitochondrial respiratory experiments were conducted on a daily
basis. Mitochondrial isolation procedures were completed in the morning and
the respiratory experiments immediately thereafter. The experimental
analysis of one chemical could be completed in an afternoon; this analysis
included three replicate trials at five or six toxicant concentrations to give a
range of mitochondrial respiratory responses, as well as three control trials
spread throughout the afternoon to measure the respiratory integrity of the
mitochondrial fraction. The responses of mitochondrial respiration to the
toxicants could then be compared to those observed during the control
experiments and the statistical significance determined.

42



43PREPARATIONAND TYPES OF MEDIA
The initial mitochondrial isolation medium was 0.25 M sucrose (Fisher

Scientific Co., Fairlawn, N.J.) in distilled water with the pH adjusted to 7.40
by dropwise addition of 1 M potassium hydroxide (KOH) (71). This medium
was stored in a 1 liter Nalgene bottle (Nalge Co., Rochester, N.Y.) at 4
degrees C for up to two weeks. Concern for declining RCR values and P:O
ratios revealed that the medium pH decreased to 6.38 over a two week
period. A second isolation medium, 0.25 M sucrose and 5 mM
Tris(hydroxymethyl)aminomethane (THAM, alkametric standard, Fisher
Scientific Co.) in distilled water was evaluated (32). The pH of the medium
was initially adjusted to 7.40 with the dropwise addition of 1 M HCI, and pH
values that remained consistent for two weeks were obtained. Control
respiration rates, RCR values and P:O ratios remained relatively consistent
after changing to this mediumr This medium was used for all subsequent
mitochondrial isolations, which include those necessary for the experiments
mentioned in this report. To prevent possible interferences from biological
growth in the sucrose-based medium, fresh medium was prepared weekly (or
more frequently as needed) and stored in a 1 liter Nalgene bottle at 4 degrees
C.

The respiratory medium in which the respiration of isolated
mitochondria was supported during the individual trials consisted of 0.200 M
sucrose, 10 mM monobasic potassium phosphate (KHZPO4), 10 mM
potassium chloride (KCI), 5 mM magnesium sulfate (MgSO4), and 2 mM

disodium EDTA, in distilled water. All chemicals for the ·~dium were
reagent grade obtained from Fisher Scientific Co., with the exception of
analytical grade KHQPO4 obtained from Mallinckrodt, Inc. (St.Louis, MO).
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The medium pH was adjusted to 7.40 with 1 M KOH and remained stable for
two weeks. This medium, while initially stored at 4 degrees C in a 1 liter
Nalgene bottle, was later frozen in small aliquots (60 to 250 mL) to prevent

biological growth and stored until used. For daily use in the respiratory
assay, an aliquot of the medium was thawed, warmed to 30 degrees C in a
water bath, and manually aerated by frequently shaking the bottle. Unused
warmed and aerated medium was discarded at the end of each day’s
experiments. This medium contained the constituents necessary to support

the respiration of well—coupled mitochondria (31, 32) and was shown to do so

in the experiments.

PREPARATION OF TCA CYCLE SUBSTRATE AND ADP
Succinate was the TCA cycle substrate used to initiate state 4

respiration in all mitochondria} respiratory experiments. Succinic Acid
(disodium salt, hexahydrate, crystalline, Sigma Chemical Co.) was prepared

in the respiratory medium (pH 7.40) and stored frozen in 1.5 mL aliquots in

1.5 mL, plastic microcentrifuge tubes. An individual tube of' the succinate
solution, thawed and warmed to 30 degrees C, was used for one day.’s set of

experiments and then was discarded. Succinate (10 pL) was added to the
reaction cell with a 50 pL Hamilton microsyringe (Reno, NV) for a final

concentration of' 5 mM.
A stock solution of approximately 0.1 M adenosine 5’·diphosphate

(ADP, di(monocyclohexylammonium) salt, crystalline, Grade VI, Sigma

Chemical Co.) was prepared in the respiratory medium (pH 7.40). The ADP

stock solution was stored at 4 degrees C in a 20 mL glass scintillation vial I

(Kimble, Toledo, OH). An aliquot of the stock solution was diluted 1:10 in
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respiratory medium prior to the daily experiments to prepare a 0.01 M ADP
solution. This solution was warmed to 30 degrees C prior to the experiments.
To initiate state 4 respiration in the respiring mitochondrial fraction, a 40 pL

volume of ADP was injected into the reaction cell providing the addition of
400 nmoles ADP to the respiring mitochondrial fraction. Because the
absolute number of moles of ADP was critical in determining the P:O ratios
of the respiring mitochondria, the ADP concentration was
spectrophotometrically standardized daily by measuring the absorbance on a
Guilford Model 250 UV/Vis Spectrophotometer (Oberlin, OH) set at a
wavelength of 259 nm. A 3 mL, quartz glass cuvette was used for this
reading, and a molar absorption coefficient of 15.4 L/mmole/cm was used to
determine the ADP concentration (32).

DETERMINATION OF OXYGEN CONCENTRATION OF
RESPIRATORY MEDIUM ’

The necessity of determining the absolute respiration rates for
mitochondrial oxygen consumption required knowledge of the oxygen
concentration in the respiratory medium. Two procedures, one direct and one
indirect, were used calculate this value. The direct procedure, which used
phenazine methosulfate (PMS), reduced NADH, and catalase, was a method
proposed by Robinson and Cooper (38). These chemicals were purchased
from Fisher Scientific Co. The reactions were:

PMS + NADH + H+ + PMSH2 + NAD+
PMSH2 + O2 ·> + I‘I202

H202 + catalase -» H20 + 202 l
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In these reactions, the moles of NADH oxidized were stoichiometrically
related to the amount of atomic oxygen reduced by a 1:1 ratio. The reactions
were initiated by injecting 10 to 20 pl, of 0.01 M NADH (disodium salt,
Grade III, Sigma Chemical Co.) into the closed reaction vessel containing the
other reagents in the respiratory medium. The.PMS (Sigma Chemical Co.)
and catalase (2000 units/mg, Sigma Chemical Co.) concentrations were 6.67
pg/mL and 266.67 units/mL respectively. „NADH was spectrophotometrically
standardized several times throughout the duration of these experiments by
measuring the absorbance at a wavelength of 340 nm, and using a molar
absorption coefficient of 6.23 L/mmole/cm. The deflection of the electrode
current tracing caused by the oxidation of NADH and reduction of oxygen
was related to the absolute concentration of oxygen in the medium. This
experiment was conducted after all reagents and the respiratory medium
were equilibrated at 30 degrees C, and was conducted several times over a 16
day period. The oxygen concentration of the respiratory medium remained
stable during this period and was calculated to be approximately 201.6 pM

The indirect procedure for respiratory medium oxygen concentration
was based on experiments by Hikita et al. (39) and R. Zander (40). The
authors directly determined the solubility of oxygen in aqueous sucrose
solutions of varying concentrations and developed equations that related
oxygen solubility to sucrose concentration (see page 21). Using the literature
values for air-saturated water at 30 degrees C and one atmosphere pressure,
and the literature values for non-standard atmospheric corrections (34), the

authors’ equations yielded oxygen concentrations of 198.8 pM and 201.4 pM,

respectively, for the respiratory medium used in this report. These values
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were calculated using 0.200 M (6.846 grams/100 mL) sucrose in the
equations.

Based on the direct and indirect methods for determining the oxygen
concentration of the respiratory medium, the oxygen concentration of 200 pM
was used to determine absolute mitochondrial respiration rates and P:O
ratios for all experiments in this report.

MITOCHONDRIAL ISOLATION PROCEDURE
An adaptation of the rat liver mitochondrial isolation procedure of

Sottocasa et al. (71) was initially used; however, this procedure was more
time consuming than others and yielded an unacceptable mitochondrial
protein concentration (< 10 mg protein/mL). Subsequent use of the
procedure of Johnson and Lardy (70) both reduced the time requirements of
the procedure and significantly increased the mitochondrial protein
concentration (16 to 24 mg protein/mL). This procedure, with minor
adaptations, was employed to isolate the mitochondrial fractions used in all
respiratory experiments. Figure 5 summarizes the isolation procedure
detailed below.

During the entire isolation procedure, every effort was made to keep

the liver and its respective fractions chilled (0 to 4 degrees C) by keeping
them on ice. The inherent lability of the mitochondrial fraction required that
the isolation steps proceed rapidly and without interruption. The
temperature of the Sorvall Superspeed RCB-2 centrifuge with a SS-34 rotor
(Norwalk, CT) was set to 0 to 4 degrees C prior to other steps to allow time
for cooling. One female Sprague-Dawley rat (190 to 260 grams) that had
been fasted for 15 to 18 hours was sacrificed with a guillotine (Harvard
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Apparatus Co.,Inc., Millis, MA). After blood flow had stopped, the liver was
immediately removed with surgical scissors and forceps, attached veins or
connective tissue were carefully removed, and the liver was placed in 50 to
70 mL of chilled isolation medium in a beaker on ice. The liver was chilled
for several minutes, then rapidly removed from the medium, blotted dry and
weighed (5 to 8 grams). It was then placed in a second beaker with 25 to 30
mL of fresh, chilled isolation medium (on ice) and diced with scissors. The
bloody medium was decanted from the diced liver and replaced with the same
amount of fresh, chilled medium, and the dicing was continued until the liver
was completely reduced to small uniformly sized pieces generally less than 5
millimeters in size. The second aliquot of medium was decanted and a
volume of fresh, chilled medium 2.5 to 3.0 times the fresh liver weight was
added to the diced liver (15 to 18 mL medium added to the 6 grams liver).

The diced liver in the isolation medium was then poured into a 45 mL
Potter-Elvehjem tissue homogenizer (Model #24, Kontes Glass Co., Vineland,
N.J.) that had been chilled in an ice bucket. Homogenization of the diced
liver was achieved by using a matched, Teflon pestle attached to a vertical
drill press and slowly moving the homogenizer up and down past the pestle.
The drill press was set at 800 to 1000 rpm during this procedure, and the
homogenizer was immersed in a bucket or plastic beaker filled with ice. Each
up and down pass of the pestle took approximately five seconds and the drill
press was turned off once in the middle of the procedure to prevent warming
of the homogenate. Homogenization was terminated when liver tissue was no
longer evident. Excessive homogenization, which can damage mitochondria,
was avoided.
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The homogenate was then poured equally into four, 50 mL, Nalgene
polycarbonate centrifuge tubes previously chilled in ice. The volumes were
visually balanced, and an additional volume of chilled isolation buffer (12 to
14 mL) was added to each tube with a chilled graduated cylinder. The four
tubes were centrifuged at 600 x g (2218 rpm for SS-34 rotor) for 10 minutes,S
then removed from the centrifuge and placed on ice. The supernatant
fractions of the four tubes were slowly_ decanted into a single chilled beaker
(on ice) and saved, carefully avoiding contamination of the supernatant with
unconsolidated pellet debris by sacrificing the last portion of supernatant.
Isolation medium (5 mL) was added to each of the four centrifuge tubes
containing the remaining pellets, and the pellets were resuspended by several
short (5 to 10 seconds) spins on a Vortex—Genie mixer (Scientific Products,
Lawn Park, IL). The resuspended pellets were combined into two centrifuge
tubes and centrifuged at 600 x g for 10 minutes. The supernatants were
carefully decanted as before and combined with the original supernatant,
while the pellets were discarded.

The combined supernatants were evenly distributed between four
clean, chilled centrifuge tubes. The paired tubes were quickly balanced to
within 0.01 grams, placed in the centrifuge, and spun at 15,000 x g (11,179
rpm) for 5 minutes. After removing the tubes from the centrifuge, the
supernatants were decanted, with the exception of several mL of the
supernatants left covering the mitochondrial pellets. These remaining
supernatants were gently swirled over the pellets to remove the lightly

packed, white—pink microsomes, and then removed from the tubes with a
pasteur pipette. The mitochondrial pellets were removed from the four

centrifuge tubes by adding 2.5 mL of chilled isolation medium to each tube,
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gently loosening the pellet with the Teflon pestle from a 10 mL homogenizer,
aspirating the pellet and medium into a chilled pasteur pipette, and placing
the pellet-medium mixture into a clean, chilled Potter-Elvehjem homogenizer
(Model #24, as before). The pellet removal step was repeated with a second
2.5 mL addition of medium to each centrifuge tube so that any remaining
pellets were removed from the tubes.

The combined pellets were manually resuspended in the homogenizer
by slowly moving the matched pestle up and down three to five times, just
enough to break up the pellet "clumps" in the medium. The resuspended
mitochondrial fraction was then poured into one clean, chilled centrifuge tube
which was balanced to within 0.01 grams against a blank centrifuge
containing water. These tubes were centrifuged at 15,000 x g for 5 minutes,
removed, and placed on ice. The supernatant was aspirated using a pasteur
pipette, and the final mitochondrial pellet was washed with 3 to 5 mL of
fresh, chilled isolation medium. The medium was gently swirled over the
pellet to remove any loose impurities, and then removed as before. This

washing procedure was repeated twice. The final pellet was removed from

the centrifuge tube and placed in a chilled 10 mL Potter-Elvehjem tissue
homogenizer (Wheaton Scientific, Millville, N.J.). The total volume of

medium used to remove the pellet was 0.5 mL of medium/gram of original
liver (6 grams liver = 3 mL medium); this was accomplished in a two step
procedure as described earlier, using one half the total volume ofisolationmedium

with each step. The final pellet/medium mixture was manually ,

resuspended in the homogenizer with five or six slow passes of the matched
:

pestle, and then placed in a chilled, 20 mL, scintillation vial and kept on ice. li
Prepared in this way, the final mitochondrial fraction yielded approximately

i
l
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16 to 24 mg of mitochondrial protein/mL of pellet-medium mixture, and was
ready for use in the respiratory experiments. The entire isolation procedure,
from removal of the rat liver to obtaining the final mitochondrial fraction,
could be completed in about 1.5 to 2 hours.

MITOCHONDRIAL PROTEIN DETERMINATION
The protein concentrations of the final mitochondrial fractions were

determined by the colorimetric protein assay devised by Lowry et al. (73).
All reagents for the assay were reagent grade purchased from Fisher
Scientific Co. (Fairlawn, N.J.), and were prepared in the following manner:

Reagent A — 20 grams sodium carbonate were dissolved in 1 liter
(final volume) of 0.1 M sodium hydroxide.

Reagent B — 1 gram copper sulfate was dissolved in 100 mL
(final volume) of distilled water.

Reagent C — 2 grams sodium potassium tartrate were dissolved
in 100 mL (final volume) of distilled water.

Reagent D - 1 mL of Reagent B and 1 mL of Reagent C were
mixed with 100 mL of Reagent A. This was done
daily prior to the assay.

Reagent E - Equal volumes of Folin-Ciocalteu reagent and
distilled water were mixed prior to the assay.

A standard curve was prepared with each protein assay, using a blank
test tube (1 mL distilled water) and a stock (1 mg/mL) bovine serum albumin
(BSA) standard. The stock BSA standard was diluted with distilled water
(1.0 mL total volume) so that the BSA standard concentration in the set of
test tubes ranged from 0 to 100 pg. A set of test tubes with an appropriate
aliquot of mitochondrial protein and distilled water (1 mL total volume) was
prepared so that the amount of protein fell within the range of the standard
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curve. Reagent D (5 mL) was then added to each blank, standard, and
mitochondrial protein test tube and mixed immediately with a Vortex—Genie
mixer. This mixture stood for 10 minutes, then 0.5 mL of Reagent E was
added and the mixture was again mixed immediately. The absorbance of
each sample was determined after 30 minutes on a Beckman Instruments,
Inc. DU-6 UV/Vis spectrophotometer (Irvine, CA) set at a wavelength of 750
nm. Duplicate blank, standard, and mitochondrial protein test tubes were
prepared, as were four dilutions of the mitochondrial protein tubes that fell

_ within the standard curve range. The mean of the four protein concentration
values was used to obtain the final protein concentration of a given
mitochondrial fraction,

THE MITOCHONDRIAL RESPIRATORY SYSTEM
The respiratory system consisted of a constant temperature bath,

water-jacketed reaction cell, and the oxygen electrode-recorder components.
The recirculating, constant temperature bath (P.M. Tasman, Holland) was
set at 30 degrees C for all experiments and the respiratory medium,
succinate, ADP and chemicals applied to the respiratory system were stored
in the bath during the course of the daily experiments. The bath was
connected to the reaction cell with two sections of Tygon tubing. The fixed

volume, 2.0 mL, water-jacketed glass reaction cell was manufactured by
Gilson Medical Electronics (Middleton, WI), and was closed with a ground
glass capillary bore stopper. The respiratory medium, mitochondrial fraction,

and other reagents introduced into the reaction vessel were constantly stirred

by a 2 mm x 7 mm Teflon-coated stirring bar driven by a Cole-Parmer Micro-

V magnetic stirrer (Chicago, IL) with a control setting between 5 and 6. The
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water-jacketed reaction cell was clamped on top of the stirrer in a stationary
position.

The Yellow Springs Instruments Model #LN1001 Clark-type oxygen
electrode (Yellow Springs, OH) was sealed into the reaction cell by a rubber
O-ring that also held the Teflon membrane (YSI #5775) covering the
electrode in place. The electrode was plugged into a 1.5, volt battery-driven,
power supply box which furnished a polarizing voltage of -0.8 volts to the
electrode. The power supply box was connected to a Houston Instruments
Microscribe strip chart recorder (Model #4500, Austin, TX) which recorded
the electrode current signal. The recorder, set at 10 mV, provided a near
full-scale pen deflection that depicted the difference between the air—saturated
respiratory medium and the oxygen depleted medium. During all respiratory
experiments, the strip chart recorder was set at a speed of 1 cm/minute.

DETERMINATION OF RESPIRATORY PARAMETERS ”

The results of a typical control experiment are shown in Figure 6. An
aliquot of air-saturated respiratory medium (typically 1.90 to 1.95 mL) was
pipetted into the open reaction vessel, and the electrode signal was allowed to
equilibrate for 1 to 2 minutes. Solvent for the control experiments (20 pL
total) or chemicals and any additional solvent (20 pL total) were injected into
the cell at the end of this period. The chilled mitochondrial fraction (50 to
100 pL) was pipetted into the open cell, which was immediately closed with
the insertion of the ground glass capillary bore stopper. The stopper was

I placed carefully to prevent the inclusion of air bubbles into the closed system,
as they would affect the current reading of the electrode during the
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Figure 6. Typical Control Experiment Showing Addition of Substrate,

ADP, and Respxratory Parameters.
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experiment. The mixture in the reaction cell typically rose into the capillary
tube 1/4 to 1/2 its length.

After adding the mitochondrial fraction and closing the cell with the
stopper, a slow, endogenous respiration rate was attained. Two minutes
after adding the mitochondrial fraction, 10 |.1L of 1 M succinate was added to
the cell through the capillary bore. Within several seconds, the linear,
substrate-mediated state 4 respiration rate was initiated. State 4 respiration
was allowed to continue for 2 minutes; then 40 pL of 0.01 M ADP was
injected through the capillary bore. Again within several seconds, the linear,
state 3 respiration rate was initiated and continued until the ADP injected
had been phosphorylated to ATP, at which time the slower state 4
respiration was resumed. When sufficient state 4 respiration had occurred to
obtain a measurably linear rate, the stopper was removed and several
crystals of sodium hydrosulfite (purified grade, Fisher Scientific Co.) were
added to accelerate the reduction of dissolved oxygen in the cell to zero.

Respiratory parameters - state 3 and state 4 respiration rates, RCR,
and P:O ratio - were all calculated from the electrode tracing created by each
respiratory experiment. State 3 and state 4 respiration rates were
determined by using a straight edge to draw a line through the linear
portions of the respective states. Because absolute mitochondrial respiration
rates are most frequently recorded as nanoatoms O/min/mg protein, the strip
chart graph and tracing were used to determine the amount of trace
deflection in one minute (in both states 3 and 4). Previous determination of
the air-saturated oxygen concentration of the medium (200 pM O2 or 800
natoms O/2 mL) allowed the amount of trace deflection in one minute to be
related to the absolute oxygen concentration of the medium. The resultant
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oxygen depletion value (natoms O/min) could then be divided by the product
of the mitochondrial protein concentration (mg protein/mL) and the volume of
the specific fraction pipetted into the reaction cell, to yield an absolute
respiration rate in natoms O/min/mg protein.

RCR values were calculated by dividing the state 3 respiration rate by
the state 4 respiration rate (state 3/state 4) obtained from a single
experimental electrode tracing. Relative rates (number of graph
divisions/minute or natoms O/min) or absolute rates for both state 3 and state
4 respiration could be used to calculate RCR values. ‘

P:O ratios were calculated according to the time—honored descriptions of
Chance and William (23) and Hagihara (42), and as described in detail by
Estabrook (41). Oxygen atoms reduced during state 3 respiration were
calculated from the experimental electrode tracings as shown in Figure 6.
The slopes of the state 3 and state 4 respiration rates were extended, and the
intersects of these lines were used to determine the number of graph paper
divisions (X) between the two intersects. The deflection of recorder divisions
(Y) represented the air-saturated oxygen concentration of the medium (800
natoms O/2 mL) so that oxygen reduced in state 3 respiration was calculated
as follows:

800 natoms O/2 mL x X/Y x 2 mL medium =
natoms O reduced in state 3

The volume and concentration of ADP added to the reaction cell to initiate
state 3 respiration were known values, allowing nmoles of ADP added to be
calculated. The P:O ratio was then determined from nmoles ADP
added/natoms of O reduced in state 3.
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CHEMICALS ASSESSED FOR TOXICITY TO MITOCHONDRIAL
RESPIRATION

Two known mitochondrial toxicants-potassium cyanide (KCN) and 2,4-
Dinitrophenol- and five chlorophenols were applied to the mitochondrial
respiratory system. All chemicals were warmed to 30 degrees C and injected
into the reaction cell with a 25 pL Hamilton syringe immediately before the
mitochondrial fraction was pipetted into the cell. Potassium cyanide, an
electron transport inhibitor, was obtained from Fisher Chemical Co. (reagent
grade, Fairlawn, N.J.), and was dissolved in distilled water to form 10 mL of

a 0.005 M stock solution. The solution was stored at 4 degrees C. in a glass
scintillation vial with a Teflon-lined cap. Volumes of KCN injected into the
reaction cell ranged from 0 to 80 pl (4 percent of the total reaction cell

volume). 2,4-Dinitrophenol and the five chlorophenols were obtained from
the U.S. Environmental Protection Agency’s Pesticides and Industrial
Chemicals Repository (Research Triangle Park, N.C.) (74). These chemicals

were dissolved in spectrophotometric grade dimethyl sulfoxide (DMSO)
obtained from Aldrich Chemical .Co. (St. Louis, MO). Stock solutions were
stored in foil-wrapped 2 mL glass vials with Teflon-lined caps. Stock
solutions of 2,4-Dinitrophenol and the chlorophenols were prepared in several
concentrations as indicated in Appendix Table 1.

These stock solutions were prepared so that the total volume of the
chemical/DMSO solutions injected into the reaction cell could be maintained
at a constant 1 percent (20 pL) of the total volume of the reaction cell. This
was done to minimize any effect the solvent might have on the respiring
mitochondrial fraction and on the oxygen electrode and membrane (48).

Aliquots of 20 pL DMSO were injected into the control experiments (those
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without toxicants) to normalize any solvent effect differences between the
controls and experiments with 20 pL of chemical/DMSO mixture added. Trial
experiments were conducted with each toxicant to initially determine the
chemical concentrations that would exert a range of toxic effects on the
respiring mitochondria. The mitochondrial system was exposed to six
concentrations of each chemical, with the exception of tive concentrations for
KCN, and each chemical concentration injected was, with a few exceptions,
double the previous concentration injected into the reaction cell.



IV. RESULTS

In this section, the data from the mitochondrial respiratory
experiments with each chemical will be summarized and presented in tabular
form. A table listing the raw data from each individual experimental trial can
be found in Appendix Table 2. Figures are also used throughout this section
to emphasize the salient features of each set of experiments with a given
chemical.

POTASSIUM CYANIDE (KCN)
pPotassium cyanide was injected into the respiring mitochondrial system

in five concentrations ranging from 10 to 200 pM. The effects of these KCN
concentrations on the respiratory parameters (state 3 and state 4 respiration

rates, RCR, and P:O ratio), as well as control experimental results, are shown
in Table 1. State 3 respiration was progressively inhibited throughout the
range of KCN applied, decreasing from a control (0 pM KCN) rate of 183.6
natoms O/min/mg protein to 5.4 natoms/min/mg protein at 200 pM KCN.
State 4 respiration was inhibited in a similar fashion, decreasing from 32.6
natoms/min/mg protein (control) to 5.4 natoms/min/mg protein (200 pM
KCN). The RCR values also decreased from 5.64 (control) to 1.00 (200 pM
KCN), although a slight increase in the RCR over the control (6.12 with 10
pM KCN) should be noted. P:O ratios decreased from a control value of 1.55
to 1.27 at 50 pM KCN. The P:O ratio at 100 pM and 200 pM KCN was
undetected. The progressive inhibitions of state 3 and state 4 respiration
rates and corresponding decrease in RCR values are graphically depicted in

Figure 7. The two respiration rates can be seen to decrease to an identical

60
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Table 1. Effects of Potassium Cyanide on State 3 and State 4
Respiration Rates, RCR, and P:O ratiol

Respiöation Rates
(natoms /min/mg protein)

Conc. (pM) State 3 State 4 RCR P:O Ratio

0 (control) 183.6 : 9.3 32.6 :1.5 5.64 :0.48 1.55 :0.03
10 133.1 :10.3* 21.9 :1.4* 6.12 :0.70 1.58 :0.05
25 55.1 1 6.7* 16.7 :1.3* 3.32 :0.24* 1.46 :0.02*
50 27.7 : 2.2* 12.9 :1.0* 2.14 :0.14* 1.27 :0.04*
100 12.8 : 1.4* 9.7 :1.0* 1.31 :0.06* -------
200 ( 5.4 1 0.6* 5.4 10.6* 1.00* -------
IAII data are means : the standard error of 10 trials on four separate days.
* denotes statistically different results compared to the control values (p S0.05). Mitochondrial protein ranged from 0.92 to 1.43 mg.
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5.4 natoms/min/mg protein, at 200 pM KCN. The RCR reaches unity
at this same concentration, and it should be noted that this occurs whenever
state 3 and state 4 respiration rates are identical, regardless of the absolute
rate at which it occurs.

A comparison of the RCR values, depicted as percent of control RCR,
and corresponding concentrations of KCN is shown in Figure 8. This figure
was used to determine the concentration at which the mitochondrial fraction
lost one-half of its respiratory control, and is shown as the IC50 (50 percent

_ inhibiting concentration). The IC50 for KCN was 25 pM.

2,4-DINITROPHENOL (DNP)

Six concentrations of DNP, ranging from 1.25 to 40 pM, were injected
into the mitochondrial system. Table 2 shows the results of the controls and
the effects of DNP on the respiratory parameters. State 3 respiration rates
were significantly (p S 0.05) and progressively inhibited at DNP
concentrations Z 2.5 pM, decreasing from 186.7 natoms O/min/mg protein
(control) to 117.4 natoms O/min/mg protein at 40 pM DNP.Staterespiration

rates were significantly (p S 0.05) stimulated, increasing from
33.0 natoms O/min/mg protein (control) to 117.4 natoms O/min/mg protein at
40 pM DNP. The RCR values decreased from 5.67 (control) to 1.00 (40 pM
DNP) over the range of DNP concentrations. P:O ratios decreased from a
control value of 1.43 to 0.74 at 20 pM DNP, while the P:O ratio at 40 pM
DNP was undetected.

l The respective inhibition and stimulation of state 3 and state 4
respiration rates and the decrease in RCR as a result of increasing DNP

concentration is shown in Figure 9. The state 3 and state 4 respiration rates



7
64

120

' I!

100

0: B0
..|
OQ:1*.ZOU 60
u.O
I*• SIZuJ
U
EJ 40
O.

gn
20

E

010 100 2 1000
CONCENTRFITION OF POTFISSIUM CYFINIOE (pM)

· Figure 8. Effect of Potassium Cyanide on the Respiratory
Control Ratio, as Percent of Control RCR.



' 65

Table 2. Effects of 2,4—Dinitrophenol on State 3 and State 4
Respiration Rates, RCR, and P:O ratiol

Respiration Rates
(natoms O/min/mg protein)

Conc. (|.1M) State 3 State 4 RCR P:O Ratio

0 (control) 186.7 :4.5 33.0 :1.7 5.67 :0.19 1.43 :0.04
1.25 183.2 :3.1 39.2 :1.0* 4.67 :0.12* 1.38 :0.04*
2.5 177.2 :6.6* 44.8 :0.2* 3.96 :0.12* 1.35 :0.04*
5.0 172.0 :7.5* 53.2 :0.6* 3.23 :0.10* 1.24 :0.02* ·

10 162.8 :8.0* 69.0 :1.6* 2.36 :0.06* 1.09 :0.01*
20 145.6 :2.4* 88.6 :1.6* 1.62 :0.01* 0.74 :0.01*
40 117.4 :1.7* 117.4 :1.7** 1.00** ---·---

IAII data are means : the standard error of 3 trials. * denotes statistically
different results compared to the control values (p j_ 0.05). Mitochondrial
protein = 1.10 mg.
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merge at an identical rate (117.4 natoms/min/mg protein) at a concentration
of 40 pM DNP; respiratory control is completely eliminated as the RCR
decreases to 1.00 at this same concentration. Figure 10 shows the decrease
in RCR, as percent of control RCR, with increasing DNP concentration. The
UC50 value for DNP is shown as 4.32 pM. —

2·CHLOROPHENOL .
Six 2-Chlorophenol concentrations ranging from 200 to 4000 pM were

injected into the mitochondria] system. The control experiments and the
effects of these concentrations on the respiring mitochondria are shown in
Table 3. State 3 respiration rates were significantly inhibited (p i 0.05)
with 2-Chlorophenol concentrations 2 800 pM ,decreasing from 198.3 natoms
O/min/mg protein (control) to 74.2 natoms O/min/mg protein at 4000 pM 2-
Chlorophenol. State 4 respiration rates were significantly stimulated with 2- ”

Chlorophenol concentrations 2 400 pM, increasing from 33.5 natoms
O/min/mg protein (control) to 107.5 natoms O/min/mg protein at a 2-
Chlorophenol concentration of 3200 pM. Beyond 3200 pM 2-Chlorophenol,
the state 4 respiration rate declined to 74.2 natoms O/min/mg protein at
4000 pM 2-Chlorophenol. The RCR values steadily declined from a control
value of 5.91 to 1.00 at concentrations of 3200 and 4000 pM 2-Chlorophenol.
P:O ratios also declined significantly at concentrations 2 400 pM, going from
a control value of 1.55 to 1.13 at 1600 pM 2-Chlorophenol, while P:O ratios
at 3200 and 4000 pM 2-Chlorophenol were undetected.

The decline in state 3 respiration rates and the steady increase and
subsequent decline in state 4 respiration rates are shown in Figure 11, along
with the corresponding decrease in RCR. Respiratory control was abolished
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Table 3. Effects of 2-Chlorophenol on State 3 and State 4
Respiration Rates, RCR, and P:O ratiol

Respiration Rates V
(natoms O/min/mg protein)

Conc. (pM) State 3 State 4 RCR P:0 Ratio

0 (control) 198.3 :14.1 33.5 :2.0 5.91 :0.10 1.55 :0.03
200 183.3 :19.8 37.2 :3.6 4.92 :0.19* 1.52 :0.05
400 180.7 :14.9 43.6 :1.0* 4.11 :0.22* 1.46 :0.04*
800 160.6 : 6.6* 52.2 :2.7* 3.08 :0.17* 1.37 :0.03*
1600 121.6 : 6.4* 59.6 :1.1* 2.04 :0.07* 1.13 :0.04*
3200 107.5 : 1.6* 107.5 :1.6* 1.00* -------
4000 74.2 : 7.0* 74.2 :7.0* 1.00* -----..
IAll data are means : the standard error of 3 trials. * denotes statistically
different results compared to the control values (p j 0.05). Mitochondrial
protein = 0.89 mg.
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at 3200 pM 2-Chlorophenol, where state 3 and state 4 respiration rates
became identical (107.5 natoms O/min/mg protein) and the RCR declined to
1.00. The identical state 3 and state 4 rates decreased from 3200 pM to
4000 |.1M 2-Chlorophenol, while the completely uncoupled mitochondrial
fraction maintained an RCR of 1.00. Figure 12 shows the linear relationship
between RCR as percent of control RCR and 2-Chlorophenol concentration.
The UC50 (50 percent uncoupling concentration) value was 599 pM 2-
Chlorophenol.

2,6-DICHLOROPHENOL
Six 2,6-Dichlorophenol concentrations (40 to 1000 pM) were injected

into the mitochondrial system. Table 4 shows the effects of these
concentrations, and the control experiment, on the respiring mitochondria.
All respiratory parameters were significantly different from the control (p §_
0.05) with the first concentration of 2,6-Dichlorophenol. State 3 respiration
rates declined progressively from 206.0 natoms O/min/mg protein (control) to
117.2 natoms O/min/mg protein throughout the range of 2,6-Dichlorophenol
applied; conversely, state 4 rates increased steadily from 37.5 natoms
O/min/mg protein to 74.4 natoms O/min/mg protein throughout the same
range. RCR values decreased from 5.50 (control) to 1.58 at the final
concentration, 1000 |.•M 2,6-Dichlorophenol. P:O ratios dropped as well,
declining from 1.55 (control) to 1.10 at 1000 pM 2,6-Dichlorophenol.

Figure 13 shows the decreasing state 3 and increasing state 4
respiration rates throughout the range of 2,6-Dichlorophenol applied, as well
as the decreasing RCR. It should be noted that state 3 and state 4
respiration rates did not merge into an identical rate within the range of
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' Table 4. Effects of 2,6-Dichlorophenol on State 3 and State 4
Respiration Rates, RC R, and P:O ratiol

Respiration Rates
(natoms O/min/mg protein)

Conc. (|.1M) State 3 State 4 RCR P:O Ratio

0 (control) 206.0 :4.6 37.5 :1.6 5.50 :0.17 1.55 :0.02
40 197.8 :4.2* 40.5 :1.2* 4.89 :0.19* 1.51 :0.01*
80 191.0 :0.9* 44.9 :1.4* 4.26 :0.13* 1.50 :0.03*
160 176.8 :3.3* 50.6 :0.4* 3.50 :0.06* 1.45 :0.01*

320 155.5 :1.6* 57.0 :0.2* 2.72 :0.02* 1.36 :0.01*
640 130.4 :2.0* 64.6 :0.4* 2.02 :0.06* 1.22 :0.02*
1000 117.2 :1.3* 74.4 :1.7* 1.58 :0.04* 1.10 :0.03*

IAII data are means : the standard error of 3 trials. * denotes statistically
different results compared to the control values (p i 0.05). Mitochondrial
protein = 0.93 mg.
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concentrations analyzed; nor did the RCR decline to 1.00. A linear log-
normal relationship can be seen in Figure 14, where the RCR, converted to
percent of control RCR, is compared to 2,6—Dichlorophenol concentrations.
The UC50 value was 203 pM 2,6-Dichlorophenol.

2,4—DICHLOROPHENOL .
The effects of six 2,4-Dichlorophenol concentrations (10 to 160 pM) on

mitochondrial respiratory parameters, and the control experiments, are
depicted in Table 5. State 3 respiration rates were significantly inhibited (p

S 0.05) with 2,4-Dichlorophenol concentrations Z 20 pM, and decreased
from 215.7 natoms O/min/mg protein (control) to 51.6 natoms O/min/mg
protein at the final 2,4-Dichlorophenol concentration of 160 pM. State 4
respiration rates were significantly stimulated (p S 0.05) for all 2,4-
Dichlorophenol concentrations, increasing from 36.9 natoms O/min/mg protein
(control) to 143.8 natoms O/min/mg protein at 100 pM 2,4-Dichlorophenol.
State 4 respiration then decreased to 51.6 natoms O/min/mg protein at the
final concentration of 160 pM 2,4-Dichlorophenol. The RCR decreased
significantly (p S 0.05) below the control at all concentrations, declining from
a control value of 5.85 to 1.00 at 100 pM 2,4-Dichlorophenol and remaining
at 1.00 at the final dichlorophenol concentration (160 pM). The P:O ratio
decreased significantly at concentrations Z 20 pM, declining from 1.51
(control) to 1.00 at 80 pM 2,4-Dichlorophenol, after which the P:O ratio was
undetected at higher concentrations (100 and 160 pM 2,4-Dichlorophenol).

Figure 15 shows the decrease in state 3 respiration rates with
increasing 2,4-Dichlorophenol concentrations, as well as the increase and
subsequent decrease in state 4 respiration rates. State 3 and state 4 rates
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Table 5. Effects of 2,4-Dichlorophenol on State 3 and State 4
Respiration Rates, RCR, and P:O ratiol

Respiration Rates
(natoms O/min/mg protein)

Conc. (|.1M) State 3 State 4 RCR P:O Ratio

0 (control) 215.7 $2.6 36.9 $1.4 5.85 $0.17 1.51 $0.04
10 213.1 $5.2 41.5 $0.7** 5.14 $0.18* 1.46 $0.02
20 204.7 46.7* 46.3 40.6* 4.52 40.07* 1.44 40.06*
40 195.5 $1.5* 63.7 40.6* 3.07 40.06* 1.32 40.02*
80 169.3 $6.4** 98.1 $1.1** 1.73 $0.05** 1.00 $0.04*
100 143.8 46.4* 143.8 46.4* 1.00* -------
160 51.6 $3.3* 51.6 $3.3* 1.00** -------

IAII data are means $ the standard error of 3 trials. * denotes statistically
different results compared to the control values (p g_ 0.05). Mitochondrial
protein = 1.17 mg.
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merged and were identical (143.8 natoms O/min/mg protein at 100 pM 2,4-
Dichlorophenol. The two identical state 3 and state 4 rates then declined to
51.6 natoms O/min/mg protein at the final concentration of 160 pM 2,4-
dichlorophenol. The merging of the two respiratory states, or abolishment of
respiratory control is also reflected the RCR, which declined from 5.85
(control) to 1.00 at 100 pM 2,4-Dichlorophenol. The RCR of the completely
uncoupled mitochondrial fraction remained at 1.00. for the final 2,4-
Dichlorophenol concentration (160 pM). Figure 16 shows the linear
relationship between the RCR, as percent of control RCR, and 2,4-
Dichlorophenol concentration. The UC50 value determined from this figure
was 34.2 pM 2,4-Dichlorophenol.

2,4,6-TRICHLOROPHENOL
The effects of six 2,4,6-Trichlorophenol concentrations on mitochondrial

respiratory parameters, and the control experiments, are shown in Table 6.
All parameters, with the exception of the P:O ratio, were significantly
different from the controls (p S 0.05) with all trichlorophenol concentrations.
State 3 respiration rates declined from 211.1 natoms O/min/mg protein
(control) to 59.0 natoms O/min/mg protein at the highest 2,4,6-
Trichlorophenol concentration applied (80 pM). State 4 respiration rates
increased from 36.8 natoms O/min/mg protein (control) to 66.7 natoms
O/min/mg protein at 40 pM trichlorophenol. From 40 pM to 80 pM
trichlorophenol, the state 4 respiration rate declined slightly to 59.0 natoms
O/min/mg protein. The RCR decreased from 5.73 (control) to 1.00 at a
concentration of 80 pM 2,4,6—Trichlorophenol. The P:O ratio was significantly
different than the control (p S 0.05) at 10 pM 2,4,6-Trichlorophenol (P:O =
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Table 6. Effects of 2,4,6—Trichlorophenol on State 3 and State 4
Respiration Rates, RCR, and P:O ratiol

Respiration Rates *
(natoms O/min/mg protein)

Conc. (|.1M) State 3 State 4 RCR P:O Ratio

0 (control) 211.1 : 2.6 36.8 :1.8 5.73 :0.23 1.56 :0.03
2.5 199.5 : 4.5* 43.2 :1.0* 4.62 :0.21* 1.53 :0.03
5.0 196.9 : 3.8* 50.5 :1.1* 3.89 :0.06* 1.48 :0.05
10 175.5 :14.7* 57.6 :0.8* 3.05 :0.30* 1.43 :0.03*
20 141.0 : 3.0* 66.0 :1.0* 2.13 :0.02* 1.47 :0.06
40 108.0 : 2.6* 66.7 :2.0* 1.62 :0.02* 1.29 :0.06*
80 59.0 : 1.7* 59.0 :1.7* 1.00* -------
IAII data are means : the standard error of 3 trials. * denotes statistically
different results compared to the control values (p i 0.05). Mitochondrial
protein = 0.99 mg.
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1.43). However, the P:O ratio at 20 pM trichlorophenol (P:O = 1.47) was
significantly higher than at 10 pM, and was not significantly lower than the
control (P:O = 1.56). The P:O ratio of 1.29 at the next trichlorophenol
concentration (40 pM) was significantly lower than both the P:O ratios for the
control and at 20 pM 2,4,6-Trichlorophenol.

It can be seen from Figure 17 that the state 3 respiration rate
, declined relatively slowly, but significantly, with increasing 2,4,6-

Trichlorophenol concentrations up to 5.0 pM, after which the state 3 rate
declined at a more rapid rate. The state 4 respiration rate increased steadily
with increasing concentrations of 2,4,6-Trichlorophenol up to 20 pM, then
leveled off between 20 and 40 pM 2,4,6-Trichlorophenol before declining at
the fmal concentration of 80 pM 2,4,6-Trichlorophenol. The application of 80
|.¤M 2,4,6-Trichlorophenol abolished respiratory control, as the state 3 and
state 4 respiration rates merged and became identical (59.0 natoms
O/min/mg protein) at this final concentration. The RCR declined steadily,
reaching the minimum ratio of 1.00 at 80 pM 2,4,6-Trichlorophenol.

Figure 18 shows the RCR, as percent of control RCR, linearly
decreasing with an increase in 2,4,6-Trichlorophenol concentration. The
UC50 value calculated from the regression line on the graph was 7.43 pM
2,4,6-Trichlorophenol.

PENTACHLOROPHENOL
Six concentrations of Pentachlorophenol ranging from 0.050 to 1.0 pM

were injected into the respiring mitochondrial system. The control
experiments and the effects of these concentrations on respiratory parameters

are reported in Table 7. All respiratory parameters, with the exception of



S‘ 83 *

1636) 01166 1061NOJ A6016616$36
Q Q Q Q Q Q Q(D LD vr (O N Q: OOcm

(Ü T 6

E E - Q
GZ <I cz E1 M
F F LJ

___ *5U7 LD Z Q1:
J

—Q 2ua EI o Q0.. $3
c 8 Qg vz.:
E ä¤=

~ I-I{5 ·6"ä
71 *1n Q (Q E Q

vz gg°‘ 2*3Qä
$22°‘* Qwr

E v:.
Un2 "’Té

u 1 :• Q °„
c.: Bz 338 Ea?

3 2 0 _
E:

H 1 3
ä' 21 3 an

: *4 z: Q E .c> c> c> c> o cgua o ua c> ua
N N •'• •··•

01131066 Qw/Nlw/0 $w016N1 $3166 N0116616$36



I

100

B0
U

Ii

O:UD:

-' u
E 60
I-ZOU
I;.O
}- L!
Z 40I;J
U .0:I;J
Q

II

20

I
= 7.43 MM

I 01 10 100
CONCENTRHTION OF 235-TRICHLOROPHENOL (;4M)

Figure 18. Effect of 2,4,6—Trichlorophenol on the Respiratory
Control Ratio, as Percent of Control RCR.



85 ”

Table 7. Effects of Pentachlorophenol on State 3 and State 4
Respiration Rates, RCR, and P:O ratiol

Respiration Rates
(natoms O/min/mg protein)

Conc. (pM) State 3 State 4 RCR P:0 Ratio

0 (control) 181.0 : 5.5 36.9 : 1.7 4.92 :0.37 1.51 :0.03
0.060 174.0 :11.3 46.7 : 0.2* 3.72 :0.26* 1.44 :0.02*
0.10 170.1 :14.1* 53.5 : 1.6* 3.18 :0.17* 1.37 :0.06*
0.20 150.1 :10.2* 64.3 : 1.4* 2.33 :0.11* 1.29 :0.02*
0.40 126.1 :12.6* 74.5 : 6.6* 1.69 :0.06* 1.28 :0.06*
0.80 114.4 :11.6* 114.4 :11.6* 1.00* -------
1.0 100.4 : 6.9* 100.4 : 6.9* 1.00* -------
IAII data are means : the standard error of 3 trials. * denotes statistically
different results compared to the control values (p i 0.05). Mitochondrial
protein = 0.80 mg.
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state 3 respiration rates, were significantly different from the control (p S
0.05) for all Pentachlorophenol concentrations applied. State 3 respiration
rates were significantly different from the control at Pentachlorophenol
concentrations Z 0.10_pM, decreasing from 181.0 natoms O/min/mg protein
(control) to 100.4 natoms O/min/mg protein at the final Pentachlorophenol
concentration of 1.0 pM. State 4 respiration rates increased from 36.9
natoms O/min/mg protein (control) to 114.4 natoms O/min/mg protein at the
0.80 pM Pentachlorophenol concentration, then decreased to 100.4 natoms
O/min/mg protein at the final 1.0 pM Pentachlorophenol concentration. The
RCR declined throughout the range of Pentachlorophenol concentrations,
dropping from 4.92 (control) to 1.00 at 0.80 pM Pentachlorophenol and
remaining at 1.00 at 1.0 pM Pentachlorophenol. The P:O ratio declined from
a control value of 1.51 to 1.28 at a Pentachlorophenol concentration of 0.40
pM. The P:O ratios at higher Pentachlorophenol concentrations (0.80 and 1.0
pM) were undetected.

Figure 19 shows the significant decline in state 3 respiration rates and
RCR, as well as the increase in state 4 respiration rates. The state 4
respiration rate was stimulated by Pentachlorophenol concentrations up to
0.80 |.1M where it merged with the state 3 respiration rate (114.4 natoms
O/min/mg protein), and then declined with the final Pentachlorophenol
concentration of 1.0 pM. The loss of respiratory control at the two highest
Pentachlorophenol concentrations (0.80 and 1.0 pM) was also indicated by the
RCR declining from the control value (4.92) to 1.00 at the same two highest
concentrations.
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Figure 20 shows the linear decrease in the RCR, as percent of control
RCR, with increasing Pentachlorophenol concentration. The UC50 value was
0.110 pM Pentachlorophenol.
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V. DISCUSSION

The wide variety of experimental techniques used in mitochondrial
respiratory research (with any toxicant) make comparisons with the
literature difficult; changes in temperature, substrate, times of injection,
strain of rat, type of respiratory medium used and other variables can alter
mitochondrial responses from experiment to experiment.

During this study an attempt was made to keep these variables
constant so that the chemicals effects could be compared to each other on a
uniform basis. Most mitochondrial research report mitochondrial respiratory
results as a percentage of the control and often report the 100 percent
uncoupling concentration. In a report on uncoupler research, Heytler (48)
states, "A more meaningful endpoint is the concentration at which 50
percent of the maximal response in the specified criterion is obtained." In
keeping with this recommendation this study determined, for each chemical,
the concentration that decreased the RCR to 50 percent of the control RCR
value and called it the UC50 (50 percent uncoupling concentration),or in the n
case of potassium cyanide, the IC50 (50 percent inhibiting concentration).
This UC50 value became, then, the basis by which the chlorophenols in this
study were compared.

POTASSIUM CYANIDE
Potassium cyanide (KCN) is an electron transport inhibitor known to

prevent the flow of electrons through complex IV (cytochrome oxidase) of the
electron transport system, and is thought to bind with the iron and copper
atoms contained in this complex (46, 75). It was applied to the respiring

90
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mitochondrial system in this study as a control toxicant, a toxicant that
produces a known effect. The results of this study indicated that KCN acted
on the respiring mitochondria as an electron transport inhibitor; all
respiratory parameters (state 3 and 4 respiration rates, RCR, and P:O ratio)
were progressively inhibited by increasing concentrations of KCN. One
anomalous increase in the RCR occurred at the first concentration of KCN
applied (10 pM); however, this was due to the initial, more rapid decline in
the state 4 rate compared to the decline in the state 3 rate from the control
to 10 pM KCN.

2,4·DINITROPHENOL
2,4-Dinitrophenol was also used as a control toxicant, for two reasons.

It is a known, classical uncoupler of mitochondrial electron transport and
oxidative phosphorylation (48), and it is structurally similar to the
chlorophenols analyzed for their toxic effect on the respiring mitochondria. In
this study, the mitochondrial uncoupling ability of 2,4-Dinitrophenol was
demonstrated and defined by the significant progressive stimulation of the
state 4 respiration rate with increasing concentrations of 2,4-Dinitrophenol.
Both the stimulated state 4 respiration and the inhibited state 3 respiration
contributed to the decrease in the RCR to 1.00 and the corresponding
complete uncoupling of mitochondrial respiration at 40 pM 2,4—Dinitrophenol.
The state 3 inhibition did not overshadow this uncoupler effect, but was
probably a result of state 3 oxaloacetate inhibition at the higher 2,4-

Dinitrophenol concentrations (32, 76). Toxicants were injected at the

onset of each experimental trial so that both state 3 and state 4 respiration

responses to the injected toxicant concentration could be read in one
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experimental trace, whereas in many uncoupler studies, only the stimulated
state 4 respiration rate is analyzed in detail. Even with the large number of
variables in mitochondrial respiratory studies with 2,4-Dinitrophenol, the
range of 50 percent to 100 percent uncoupling concentrations or maximum
increase in state 4 respiration reported is generally 5 to 50 pM (48, 75-77).
The UC50 and 100 percent uncoupling concentrations in this study were 4.32
pM and 40 pM respectively, and were comparable to the. literature values
cited.

CHLOROPHENOLS
The five chlorophenols used in this study elicited mitochondrial

respiratory responses similar to the classical uncoupler 2,4-Dinitrophenol,
indicating that the chlorophenols exerted an uncoupling effect on the
mitochondria as well. This was determined by the progressive stimulation in
state 4 respiration observed with applications of increasing concentrations of
the five chlorophenols. As with 2,4-Dinitrophenol, the stimulation of state 4
respiration and the simultaneous decrease in state 3 respiration both
contributed to the diminution of the RCR, for each of the five chlorophenols.
Additionally, the P:O ratios decreased with increasing concentrations of the
chlorophenols analyzed in the mitochondrial respiratory system, indicating a
decreased phosphorylation efficiency with increased uncoupling.

The UC values determined for the five chlorophenols analyzed with the
mitochondrial respiratory system indicated an inverse relationship between
chlorine content and the UC50 values of the chlorophenols. The five
chlorophenols and the toxicity of each, as indicated by UC50, are shown in
order of increasing toxicity:
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2-Chlorophenol UC50 = 599 pM
2,6—Dichlorophenol UC50 = 203 pM
2,4-Dichlorophenol UC50 = 34.2 pM
2,4,6-Trichlorophenol UC50 = 7.43 pM
Pentachlorophenol UC50 = 0.110 pM

COMPARISON OF CHLOROPHENOL TOXICITY AND
PHYSICOCHEMICAL PARAMETERS

The UC50 values of the five chlorophenols were correlated with a
variety of physicochemical parameters, as listed in Table 8. UC50 values
were converted to log (1/UC50), where UC50 is expressed as a molar (M)
concentration. The physicochemical parameters were obtained from a variety
of sources. The logarithms of the octanol-water partition coefficients (Log P),
a measure of a chemical’s hydrophobicity (lipophilicity) were obtained from
Hansch and Leo (79). Acid dissociation constants (pKa), a measure of a
chemical’s ionization potential, were obtained from Callahan (80), and
melting points were obtained from Weast and Astle (81). The first order,
molecular connectivity index (lx) ranks molecules according to their size and
specific molecular fragments by assigning values to specific atoms and
connecting sigma bonds within the molecule. These IX Values Were Gbtairléd
from Benoit-Guyod et al. (82), who calculated these values from the
respective research of Hall and Kier (83) and Taillandier et al. (84). The
perimeter of the efficient section (ED) parameter represents the sum of the
distances between the various substituents in an aromatic molecule, and-
these values were obtained from Benoit-Guyod et al. (82). The Hammett
constants (G1) were also obtained from Benoit-Guyod et al. (82), and were
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. Table 8. Mitochondrial Toxicity [Log (1/UC50)] and

Physicochemical Parameters for Five Chlorophenols.1

‘ Chem. Log Log P pKa M.P. lx ED G1
(1/UC59)

2C 3.22 2.17 8.52- 9 2.653 2.315 0.23
24C 4.47 3.08 7.85 45 3.165 2.499 0.46
26C 3.69 2.86 6.80 68.5 3.171 2.480 0.46

246T 5.13 3.69 5.99 69.5 3.684 2.664 0.69
5P 6.96 5.01 4.74 174 4.733 2.881 1.43

lChemicals are: 2C, 2—Chlorophenol; 24C, 2,4-Dichlorophenol; 26C, 2,6-
Dichlorophenol; 246T, 2,4,6-Trichlorophenol; and 5P, Pentachlorophenol.
UC50 values are in moles/Liter. Other parameters are: Log P, octanol-water
partition coefficient (79); pKa, acid dissociation constant (80); M.P., meltingpoint, C, (81); lx, molecular connectivity index (first order)(82); ED,perimeter of efficient section (82); and 0*1, Hammett constant (79).
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calculated by the authors from Hansch and Leo (79). This parameter (61) is
an electronic parameter that indicates electron withdrawal (when positive)
from the aromatic ring by the substituent.

The physicochemical/toxicity equations and correlation coefficients
based on the above parameters for the five chlorophenols, as shown in Table
9, exhibited

ai
high degree of correlation with mitochondrial Log (1/UC50)

values. These linear relationships are depicted in Appendix Figures 1
through 6. Among the equations shown in Table 9, Log P gives the highest
correlation coefficient (r = 0.991). The correlation coefficients for the other
structural parameters, in descending order, were as listed: molecular
connectivity index (lx), r = 0.981; perimeter of efficient section (ED), r =
0.979; the Hammett constant (61), r = 0.973; melting point (M.P.), r =
0.925; and pKa, r = -0.890.

The difiiculty in comparing the relative significance of the structural
parameters to mitochondrial uncoupling is compounded by the high
correlations obtained, as well as by the uncertainty about the precise
mechanisms of uncoupling in mitochondria, and the small data set (n = 5)
analyzed. However, certain general conclusions can be drawn from the data
and the available literature on uncoupling.

The high correlation between the mitochondrial uncoupling ability of
the chlorophenols and the octanol-water partition coefficient (Log P, r =
0.991) is supported by the literature on classical, anionic, aromatic

uncouplers. Uncouplers are thought to exert their effect by partitioning into
the phospholipids of mitochondrial membranes and dissipating the energy
gradient by transporting protons through the membrane (77, 78). This high
correlation is also supported by other bioassay research that has correlated
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Table 9. Relationships between Mitochondrial Log (1/UC50) Values

I

and Physicochemical Parameters for Five Chlorophenolsl

Physicochem. Mitochondrial Log (1/UC50) = rParameter
1. Log P 0.138 + 1.355(Log P) 0.991
2. lx -1.636 + 1.818(1x) 0.981
3. ED -12.469 + 6.684(ED) 0.979
4. 01 2.685 + 3.072(o1) 0.973
5. M.P. 3.084 + 0.022(M.P.) 0.925
6. pKa 10.591 - 0.870(pKa) -0.890

Iuoöo values are in moles/Liter. Physicpchemical Parameters are: _Log P logoctanol-water partition coefficient (79); >§, molecu ar COHHBCÜIVIISY mdex (first
order)(82); ED, perimeter of efiicient section (82); ol, Hammet constant (79);
M.P., melting point,C (81); pKa, acid dissociation constant (80). r =correlation coefficient.
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structure/toxicity relationships for chlorophenols and have shown similar high
correlations between the specific toxic response to chlorophenols and Log P
for the same chlorophenols (82, 85, 86, 87).

The high correlation coefficients of the two parameters related to the
steric positioning of chloro substituents on the phenol molecule (lx and ED)

and mitochondrial UC50 values may be related to the partitioning ability of
the chlorophenols, as a high level of intercorrelation exists between Log P and
lx (r = 0.996) and log P and ED (r = 0.995), as well as between IX and ED
(r = 0.991). These high intercorrelations are supported by research with
identical and similar chlorophenols (82, 86). It is also suggested by Benoit-

Guyod et al. (82) that ED expresses both the capacity for a molecule to pass
through membranes and the given geometry of the molecule, which in light of
the high correlation between UC50 and Log P, lx, and ED in this study,
would seem plausible f'or both lx and ED.

l

The Hammett constant (61), melting point, and pKa parameters show
lesser, but good correlations with UC50 values for the five chlorophenols.
These parameters may be overshadowed by the significance of the ability of
the hydrophobic chlorophenols to partition into mitochondrial membranes (as
shown by Log P) in determining chlorophenol toxicity. Additionally, the
Hammett constant does not take steric effects exerted by ortho substituents

into consideration (79), and this may result in the somewhat lower correlation
seen in this study.

The correlation between mitochondrial UC50 values and pKa valuesforthe
five chlorophenols was the lowest of thephysicochemical/toxicityrelationships

(r = -0.890). The lower correlation appears to indicatethatother

parameters, particularly Log P, lx, and ED, play a larger role in
i
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determining the toxicity of chlorophenols to mitochondrial respiration, and
that the ionic state of the chlorophenol has a lesser, but still significant role.
To further investigate the role of the ionized and neutral states of
chlorophenols on mitochondrial uncoupling, the Henderson-Hasselbalch
equation was used to correct the UC50 values for ionization and correlate the
adjusted values to Log P. The correction was done according to the methods
of Fujita (88) and Saarikoski and Viluksela (87) by adjusting log (1/UC50) to :

nog (1/UC50) + nog (10(pH”pK3) + 1>.
~ This correction adjusts the toxicity to account for the toxicity of the unionized

chlorophenol. The regression coefficient obtained with the correlation of this
adjusted UC50 to Log P is 0.993, approximately the same as the non-adjusted
UC;-,0-log P correlation coefiicient (r = 0.991). This does not mean that the
unionized chlorophenol is solely responsible for mitochondrial uncoupling;
however, it does suggest that chlorophenol toxicity to mitochondria may not
only be due to the chlorophenate ion, and that the unionized chlorophenol
may play a larger role in the uncoupling of oxidative phosphorylation than
was previously thought.

This observation is supported by the early research of Weinbach and
Garbus (89), as well as by a later report by Terada (78), who suggested that
both the anionic and the neutral form of the uncoupler may have a tendency
to interact and bind with the mitochondrial membrane. Additionally, specific
proteins in the inner mitochondrial membrane are thought to contribute to
the uncoupling of oxidative phosphorylation by binding with undissociated
and/ordissociated species of uncouplers (77, 89).

It is significant to note that the two chlorophenol isomers investigated
in this study (2,4- and 2,6-Dichlorophenol) exhibited two significantly
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different UC50 values of 34.2 and 203 pM, respectively. The higher UC50 for
2,6-dichlorophenol is also reflected in the Log P and ED parameters. Other
studies (85, 86, 90, 91.) have shown a similar lesser toxic effect with
chlorophenols having a greater number of chloro substituents in the ortho
positions. It is suggested that this "ortho effect" may be due to hydrogen
bonding and shielding of the phenol OH group by the adjacent chloro
substituents in the ortho position (85, 86). The shielding of the OH group
may in turn reduce the ionization potential of the OH group and, therefore,
decrease the chlorophenol’s ability to transport protons through the
mitochondrial (or other) membranes.

COMPARISON OF MITOCHONDRIAL TOXICITY TO OTHER
TOXICITY TESTS

Chlorophenol UC50 values from the mitochondrial toxicity experiments
were correlated with other toxicity tests from the literature that had
analyzed the same set of chlorophenols. Table 10 summarizes the toxicity
data from these various tests, while the linear equations and respective
correlations are listed in Table 11 and graphically depicted in Appendix
Figures 7 through 15. As can be seen from Table 11, all but one of the tests
correlate well (r > 0.900) with the mitochondrial UC50 values, indicating a
trend of increasing toxicity with increasing chlorine substitution on the
phenols.

The notable exception was the acute oral LD50 data for mice (r =
0.776) (92). This was the only acute oral toxicity test correlated with the
mitochondrial UC50 values; the relatively poor correlation could be due to the
dissimilarities between the acute oral test and the other tests, including the
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Table 10. Mitochondrial Log (1/UC50) Values and Other Toxicity
Test Log (1/EÜ50) Values for Five Chlorophenols.l

Log (1/UC50) Log (l/EC5())
Chem. Mitochon. Microtox Guppy Bacillus Daphnia Bact. BF·2 Minnow Mice Seeds

2C 3.22 3.58 3.97 2.26 3.86 3.09 2.62 4.12 2.57 2.84

24C 4.47 4.47 4.47 3.34 4.78 3.53 3.29 4.29 2.08 3.42

26C 3.69 4.09 4.32 2.47 4.24 3.40 —··· ---- 1.89 3.49

246T 5.13 4.41 4.94 2.98 4.56 3.67 3.32 4.41 ---- 4.09

5P 6.96 6.71 6.78 4.47 6.54 4.10 3.77 4.53 3.36 --·-

1Chemicals are: 2C, 2·Chlorophenol; 24C, 2,4-Dichlorophenol; 26C, 2,6-Dichlorophenol;
246T, 2,4,6·Trichlorophenol; 5P, Pentachlorophenol. All UC5() and EC50 values are in
moles/Liter, with exception of mice data (mg/Kg). Toxicity Tests are: Mitochon.,
Mitochondrial Toxicity Test; Microtox, 30-min EC50 assay (85); Guppy, 96 hr. semistatic
assay with Lebistes reticulatus (87); Bacillus, 50% inhibition of activated sludge bacterial
dehydrogenase activity (91); Daphnia, 24 hr acute Daphnia maglia assay (86); Bact.,
inhibition of phenol degradation of activated sludge bacteria (90); BF·2, cytotoxicity to
Bluegill Sunfish BF·2 cell tissue cultures (95); Minnow, 48 hr static Fathead Minnow assay
(94); Mice, acute oral LD50 (92); Seeds, 96 hr test of millet seed growth (96).
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Ä Table 11. Relationships between Mitochondrial Log (1/UC50) Values
and Other Toxicity Test Log (1/EC50) Values for Five ·
Chlorophenols. 1

Toxicity Test Mitochondrial Log (1/UC50) = r

1. Bact. -9.069 + 3.868[Log (1/EC50)] 0.982

2. Minnow -32.779 + 8.697[Log (1/EC50)] 0,976

3. Guppy -1.599 + 1.285[Log (1/EC50)] 0,975

4. BF-2 -5.322 + 3.159[Log (1/EC50)] 0,960

5. Microtox -0.722 + 1.164[Log (1/EC50)] 0.958

6. Daphnia -1.790 + 1.352[Log (1/EC50)] 0.957

7. Bacillus -0.259 + 1.596[Log (1/EC50)] 0.953

8. Seed -1.026 + 1.489[Log (1/EC50)] 0.901

9. Mice -0.289 + 1.970[Log (1/EC50)] 0.776

1uc5„ and EC50 values are in moles/Liter, with exception of mice (mg/Kg).
Other toxicity tests are: 1. Bact., inhibition of phenol degradation of
activated sludge bacteria (90); 2. Minnow, 48 hr. static Fathead Minnow
assay (94); 3. Guppy, 96 hr. semistatic assay with Lebistes reticulatus (87);
4. BF-2, cytotoxicity to Bluegill Sunfish BF-2 cell txssue cultures (95); 5.
Microtox, 30 min. assay (85); 6. Daphnia, 24 hr. acute Da hnia ma a assay
(86); 7. Bacillus, inhibition of activated sludge bactemal dehyärogenase
activity (91); 8. Seeds, 96 hr. millet seed growth test (96); 9. Mice, acute oral
LD60 (92).
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mitochondrial toxicity test. The other tests involved cellular assays, lower
organisms such as bacteria or fish, or seedling growth, all of which are not
subject to the complex interactions of mammalian metabolic systems. This
lack of correlation between distinctly different types of test organisms is

h supported by Kenaga (93), who found significant differences between acute
oral toxicity tests and acute toxicity tests with fish and arthropods.

Three of the four highest toxicity test correlations with the
mitochondrial UC50 values were fish bioassays or a fish cell culture bioassay.
The highest correlation (r = 0.982) was with a test measuring chlorophenol
inhibition of phenol degrading microorganisms in activated sludge (90), the
second and third highest test correlations were obtained with a 48 hour static
Fathead Minnow assay (r = 0.976) (94) and a 96 hour semistatic bioassay
with guppys (r = 0.975) (87). The fourth highest toxicity test correlation (r

= 0.960) was with a Bluegill Sunfish BF—2 cell assay (95). j

The correlation between the Microtox 30 minute-EC50 test and the
mitochondrial toxicity test is interesting to note. A high correlation between
the two tests was both expected and obtained (r = 0.958), as both tests
measure toxicity due to an acute effect on the electron transport system and

coupled oxidative phosphorylation.

EVALUATION OF THE MITOCHONDRIAL TOXICITY TEST
The mitochondrial toxicity test developed and used in this study

correlated well with both the physicochemical parameters and the other
short-term toxicity tests analyzed with five chlorophenols. Based on the
results of this study, further evaluation and refinement of the mitochondrial
test appears to be warranted, and other groups of toxicants should be tested
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and compared to their structural parameters, as well as to other toxicity tests
conducted with the same chemicals.

While individual groups of several toxicants have been assessed with
the mitochondrial test, there is a paucity of information concerning the
relative ability of this test to predict toxicity and its correlative value relative
to other toxicity tests. Additionally, correlations between toxicity and
structural parameters could provide further insight into the still questionable
mechanisms of oxidative phosphorylation. The mitochondrial test should
also provide significant toxicity data for new chemicals that are structurally
similar to known uncouplers of the weak aromatic acid type.

Relative to most other short-term toxicity tests, the mitochondrial test
requires considerable knowledge of cellular biochemistry and metabolic
interactions. Because this test is in the developmental stage and a standard
accepted protocol has not been developed, the mitochondrial test requires
personal judgement when one chooses among the various methodologies
pertaining to the test.

For instance, several isolation procedures have been reported in the

literature, and each procedure produces functionally intact mitochondria,

based on the rather loosely defined criteria for well—coupled mitochondria,
Isolation and respiratory media constituents also vary considerably in the
literature, requiring additional judgement in these choices. This study
attempted to utilize the most widely accepted procedures reported, and the

relative uniformity of the control experiments, and the high control RCR
values indicate that these choices were good ones. A summary of
recommendations for the procedural aspects of this study include the

following:
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1. Sucrose-based isolation and respiratory media should be used.
Additional constituents should be kept to the minimum
necessary to support well-coupled mitochondrial respiratory
functions.

2. Every precaution must be taken to ensure that the
mitochondrial fraction is kept on ice at all times, both during
isolation and during the respiratory experiments.

3. The relatively low P:O ratios for control experiments in this
study warrant further investigation of methods to determine the
air-saturated O2 concentration of the respiratory medium.

4. The oxygen electrode membrane should be replaced daily, and
the electrode periodically cleaned to ensure consistency in the
rapid response of the electrode current tracing.

Additional information on specific procedural aspects of oxygen
electrode—based mitochondrial respiratory experiments can be found in two

excellent review articles by Estabrook (41) and Cain and Skilleter (32) and in

the Methods and Materials section of this study.
As mentioned previously, the lability of the rat liver mitochondrial

fraction required that respiratory experiments be conducted on the same day
as the isolation procedure. An attempt to assess the period of time that
mitochondrial fractions remain well-coupled was not made in this study;
however, the experiments indicated that the isolated fraction began to slowly
lose respiratory control shortly, if not immediately, after isolation was
completed. The utility and convenience of the mitochondrial toxicity test
could be improved if the mitochondrial fraction isolated could be stored and
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then used at the leisure of the investigator, rather than immediately after
isolation. To this end, Fleischer (96) has developed a low temperature, long-
term storage procedure for rat liver mitochondria that should be investigated
for use with the mitochondrial toxicity test.

Equipment costs for using the mitochondrial toxicity test can range
widely, depending on the complexity of the system. Clark-type oxygen
electrodes can currently (1988) be purchased for approximately $150-$300, _

while commercially manufactured reaction cells can be purchased for $200-
$1000. Purchase of a commercially manufactured oxygraph or amplifier-
voltage supply can range from $2500 to more than $4000. These costs can

be avoided if a voltage supply-sensitivity control unit can be constructed in-
house. Schematic representations of the unit, similar to the one used in this
study, have been detailed (71, 97), but may require considerable knowledge of
electronics. A strip-chart recorder to record the electrode current signal is
required for the in-house unit and some of the commercial units. Close
proximity to a rat supply facility and a controlled environment for housing
the animals are obviously necessary. In this study, the cost of a rat was
about $6.00. Assuming that equipment standard to most biochemical
laboratories is available, the estimated costs for the analysis (similar to those
done in this study) of one chemical are listed below:

1. Capital costs for equipment
Oxygen Electrode .......................................... $200.00
Reaction Cell-voltage supply unit................. $3000.00
(Commercial Unit)

2. Personne] (for one experiment)
One person for 12 hours................................. $120.00

3. Miscellaneous Costs
One Rat...............................................................$6.00
Chemicals, Reagents, etc.................................$200.00

Total: .................................$3526.00
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The equipment costs for the mitochondrial toxicity test would appear to
be less expensive or comparable to other short-term toxicity tests. Microtox,

for example, requires an initial investment in expensive instrumentation,
while other tests, such as static fish or Daphnia bioassays may require less
costly equipment.



VI. Summary and Conclusions

The mitochondrial respiratory experiments conducted in this study
were developed to determine their potential for use as a short-term toxicity
test. Rat liver mitochondrial fractions were isolated by using established
differential centrifugation techniques. Respiratory parameters (state 3 and
state 4 respiration rates, RCR values and P:O ratios) were then measured
using an oxygen electrode-reaction cell system both before and after the
application of two control toxicants known to elicit different mitochondrial
respiratory responses. The toxicities of five chlorophenols were then
determined using an identical procedure with the mitochondrial respiratory
system. The effects of these five chemicals on mitochondrial respiratory
parameters were assessed to determine the short—term toxicity test potential.

Potassium cyanide, a known mitochondrial electron transport inhibitor,
was shown to decrease all respiratory parameters between 0 and 200 pM. A
classical uncoupler of mitochondrial oxidative phosphorylation, 2,4-
Dinitrophenol increasingly stimulated state 4 respiration rates and depressed
state 3 respiration rates with the application of 0 to 40 pM. The RCR and
P:O ratio both decreased with increasing concentrations of 2,4—Dinitrophenol,
with complete uncoupling occurring at 40 pM. The 50 percent uncoupling
concentration, or UC50 for 2,4-Dinitrophenol was determined to be 4.32 pM.

The five chlorophenols were shown to be uncouplers of mitochondrial
oxidative phosphorylation, exhibiting effects on respiratory parameters in a

fashion similar to 2,4-Dinitrophenol. The relative and absolute toxicities of

the five chlorophenols, as measured by the individual UC50 values, increased
with increasing chloro substitution on the parent phenol molecule. These

107
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values ranged from 599 pM for 2-Chlorophenol to 0.110 pM for
Pentachlorophenol. Two structural isomers analyzed, 2,4—Dichlorophenol and
2,6—Dichlorophenol, had UC50 values of 34.2 pM and 203 pM, respectively,
indicating that chlorophenols with increased ortho substitution were less toxic
to mitochondrial respiration.

The UC50 values of the five chlorophenols were then compared to six
physicochemical parameters for the same chlorophenols to determine if any
relationships existed. These parameters exhibited a high degree of correla-
tion with the UC50 values (r Z 0.89). The three highest correlation
coefficients obtained were for the octanol-water partition coefficient (r =
0.991), the molecular connectivity index (r = 0.981), and the perimeter of

the efficient section parameter (r = 0.979). These parameters also exhibited
a high degree of intercorrelation. The five chlorophenol UC50 values
were also compared to 50 percent effective concentrations of the same

chlorophenols for nine different short-term toxicity tests. Correlation

coefficients for these comparisons ranged from r = 0.776 to r = 0.982. The

four highest correlation coefficients were associated with a test measuring the
inhibition of chlorophenols on phenol-degrading sludge bacteria (r = 0.982), a
48 hour static fathead minnow bioassay (r = 0.976), a 96 hour semistatic
guppy bioassay (r = 0.975), and a Bluegill Sunfish BF-2 cell culture test (r

= 0.960). The lowest correlation coefficient obtained was with an acute oral
LD50 test with mice (r = 0.776).

Based on the development of the mitochondrial toxicity test and the

comparison of the results with physicochemical parameters and with current
short-term toxicity tests, the following conclusions were reached:
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1. Mitochondrial respiratory parameters can be determined with
the oxygen electrode-reaction cell system and used to indicate
the effects of specific environmental toxicants. Toxicant effects
on respiratory parameters appear to be manifested in a dose
dependent fashion, for both electron transport inhibitors and

O

uncouplers of mitochondrial respiration. _
2. The degree of mitochondrial uncoupling is highly correlated with

the uncoupler’s octanol-water partition coefficient, as well as
other physicochemical parameters.

3. The degree of mitochondrial uncoupling is highly correlated to
the uncoupler’s toxicity as determined in several currently used
short—term toxicity tests, such as fish and phenol—degrading
bacterial bioassays. Other tests, such as an acute oral test with
mice, exhibit a lesser degree of correlation.

4. From these preliminary experiments, the mitochondrial toxicity

test appears to be a strong indicator of an uncoupler’s

environmental toxicity. Further investigation of this test is
warranted, and should include the analysis of larger numbers of
similarly structured chemicals.
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Appendix Table 1. Preparation of 2,4-Dinitrophenol and
Chlorophenol Solutions.

2,4·Dinitrophenol (>99 percent)
3.26 mg were dissolved in 1.753 mL DMSO to give a 0.01 M stock

solution. This stock solution was diluted 1:2 (0.75 mL in 0.75 mL DMSO) to
‘ yield a 0.005 M second solution.

2-Chlorophenol (99.9 percent)
' 62.21 mg were dissolved in 1.208 mL DMSO, and 27.57 mg were

dissolved in 2.141 mL DMSO to form stock solutions of 0.4 M and 0.1 M
respectively.

2,6-Dichlorophenol (99.0 percent)
23.35 mg were dissolved in 1.418 mL DMSO to yield a stock solution

concentration of 0.1 M. This solution was diluted 1:10 (0.15 mL into 1.35
mL DMSO) to yield a second stock solution concentration of 0.01 M.

2,4-Dichlorophenol (99.8 percent) _
25.86 mg were dissolved in 1.583 mL DMSO to yield a stock solution

. with a concentration of 0.1 M. This solution was diluted 1:10 as above to
yield a second stock solution of 0.01 M.

2,4,6·Trichlorophenol (98.9 percent)

29.94 mg were dissolved in 1.357 mL DMSO to yield a 0.1 M stock
solution. Two serial 1:10 dilutions of the stock solution were prepared as
above to yield 0.01 M and 0.001 M solutions.

Pentachlorophenol (99.73 percent) ”

3.98 mg were dissolved in 1.489 mL DMSO to yield a 0.01 stock
solution. Two serial 1:10 dilutions of the stock solution were prepared as
above to yield 0.001 M and 0.1 mM solutions.
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Appendix Table 2. Data for Individual Mitochondrial Toxicity
Experiments.]

Chem. C0nc.(gM) Dax Reg. State 3 State 4 RCR P:O

KCN 0 1 1 192.2 29.8 6.46 1.53
KCN 0 1 2 191.6 31.3 6.12 1.52
KCN 0 2 1 193.1 32.9 5.87 1.54
KCN 0 2 2 196.8 31.6 6.22 1.58
KCN 0 3 1 186.1 34.3 5.42 1.56
KCN 0 3 2 182.5 32.2 5.66 1.50
KCN 0 3 3 172.8 33.0 5.24 1.53
KCN 0 4_ 1 175.3 32.8 5.33 1.59
KCN 0 4 2 169.1 . 33.0 5.12 1.55
KCN 0 4 3 176.3 35.5 4.96 1.59
KCN 10 1 1 159.9 20.6 7.44 1.56
KCN 10 1 2 143.4 19.3 7.44 1.53
KCN 10 2 1 124.8 21.1 5.90 1.57
KCN 10 2 2 121.4 20.5 5.94 1.60
KCN 10 3 1 136.5 23.3 5.87 1.56
KCN 10 3 2 139.6 23.2 6.02 1.54
KCN 10 3 3 139.1 22.4 6.21 1.55
KCN 10 4 1 128.0 23.4 5.50 1.6’4
KCN 10 4 2 125.6 23.1 5.54 1.68
KCN 10 4 3 119.4 22.2 5.38 1.52
KCN 25 1 1 58.8 15.2 3.86 1.46
KCN 25 1 2 59.5 16.2 3.67 1.46
KCN 25 2 1 50.4 16.1 3.13 1.46
KCN 25 2 2 47.9 14.1 3.39 1.44
KCN 25 3 1 57.0 18.3 3.12 1.43
KCN 25 3 2 55.1 17.0 3.24 1.41
KCN 25 3 3 57.0 17.0 3.36 1.44
KCN 25 4 1 51.5 16.3 3.16 1.47
KCN 25 4 2 56.6 18.0 3.15 1.47
KCN 25 4 3 57.4 18.3 3.15 1.42
KCN 50 1 1 29.2 11.5 2.53 1.34
KCN 50 1 2 26.4 12.4 2.12 1.30
KCN 50 2 1 23.8 11.9 2.00 1.24
KCN 50 2 2 24.0 12.0 2.00 1.23
KCN 50 3 1 29.6 14.2 2.08 1.25
KCN 50 3 2 28.0 13.7 2.05 1.25
KCN 50 3 3 28.0 13.0 2.16 1.26
KCN 50 4 1 31.0 14.5 2.14 1.35‘ KCN 50 4 2 28.8 13.4 2.15 1.26
KCN 50 4 3 28.3 12.8 2.21 1.26
KCN 100 1 1 12.2 8.4 1.45
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Appendix Table 2, Continued.
Chem. C0nc.(gM) Dax Reg. State 3 State 4 RCR P:O

KCN 100 1 2 11.8 9.4 1.24
KCN 100 2 1 11.2 8.4 1.34
KCN 100 2 2 10.6 8.5 1.25
KCN 100 3 1 14.2 10.2 1.39
KCN 100 3 2 13.0 10.2 1.27
KCN 100 3 3 12.1 9.4 1.28
KCN 100 4 1 13.9 10.6 1.31
KCN 100 4 2 14.8 11.4 1.29
KCN 100 4 3 14.1 10.8 1.31
KCN 200 1 1 4.6 4.6 - 1.00
KCN 200 1 2 4.7 4.7 1.00
KCN 200 2 1 5.0 5.0 1.00
KCN 200 2 2 5.0 5.0 1.00
KCN 200 3 1 5.1 5.1 1.00
KCN 200 3 2 5.4 5.4 1.00
KCN 200 3 3 5.5 5.5 1.()0
KCN 200 4 1 6.0 6.0 1.00
KCN 200 4. 2 6.1 6.1 1.00
KCN 200 4 3 6.1 6.1 1.00

DNP 0 5 1 183.9 31.2 5.89 1.48
DNP 0 5 2 191.9 34.6 5.55 1.41
DNP 0 5 3 184.3 33.1 5.53 1.41
DNP 1.25 5 1 186.2 39.1 4.76 1.41
DNP 1.25 5 2 183.2 38.3 4.78 1.39
DNP 1.25 5 3 180.1 40.3 4.46 1.33
DNP 2.5 5 1 181.8 44.2 4.11 1.38
DNP 2.5 5 2 178.8 44.5 4.02 1.35
DNP 2.5 5 3 171.0 45.7 3.75 1.31
DNP 5.0 5 1 171.0 53.3 3.21 1.26
DNP 5.0 5 2 179.9 53.7 3.34 1.24
DNP 5.0 5 3 165.1 52.5 3.14 1.21
DNP 10 5 1 161.3 69.3 2.33 1.09
DNP 10 5 2 171.7 70.4 2.43 1.10
DNP 10 5 3 155.5 67.2 2.31 1.09
DNP 20 5 1 148.5
DNP 20 5 2 146.3 89.6 1.63 0.73
DNP 20 5 3 141.9 87.5 1.62 0.74
DNP 40 5 1 115.8 115.8 1.00
DNP 40 5 2 119.2 1.19.2 1.00
DNP 40 5 3 117.2 117.2 1.00
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Appendix Table 2, Continued.

Chem. C0nc.(gM) Dax Reg. State 3 State 4 RCR P:O

2C 0 6 1 200.4 33.4 6.00 1.58
2C 0 6 2 211.3 35.6 5.94 1.53
2C 0 6 3 183.3 31.6 5.80 1.54
2C 200 6 1 181.4 35.4 5.11 1.56
2C 200 6 2 203.9 41.4 4.92 1.47
2C 200 6 3 164.5 34.8 4.73 1.52
2C 400 6 1 195.3 44.1 4.33 1.46
2C 400 6 2 181.4 44.3 4.10 1.50
2C 400 6 3 165.5 42.4 3.90 1.43
2C 800 6 1 153.0 51.0 3.00 1.35
2C 800 6 2 164.9 50.3 3.28 1.40
2C 800 6 3 163.8 55.3 2.96 1.35
2C 1600 6 1 129.0 60.8 2.12 1.17
2C 1600 6 2 117.4 59.2 1.98 1.11
2C 1600 6 3 118.5 58.7 2.02 1.10
2C 3200 6 1 106.3 106.3 1.00
2C 3200 6 2 107.3 107.3 1.00
2C 3200 6 3 108.9 108.9 1.00
2C 4000 6 1 76.9 76.9 1.00
2C 4000 6 2 66.2 66.2 1.00
2C 4000 6 3 79.6 79.6 1.00

24C 0 7 1 213.3 35.3 6.04 1.55
24C 0 7 2 218.5 37.7 5.79 1.47
24C 0 7 3 215.3 37.7 5.71 1.51
24C 10 7 1 215.2 42.1 5.11 1.48
24C 10 7 2 217.0 40.7 5.33 1.44
24C 10 7 3 207.2 41.6 4.98 1.47
24C 20 7 1 211.2 46.9 4.50 1.47
24C 20 7 2 208.1 45.4 4.59 1.42
24C 20 7 3 194.8 46.5 4.46 1.44
24C 40 7 1 194.1 63.9 . 3.04 1.33
24C 40 7 2 197.0 63.9 3.09 1.33
24C 40 7 3 195.5 63.3 3.09 1.29
24C 80 7 1 176.4 99.1 1.78 1.02
24C 80 7 2 167.4 98.1 1.71 1.03
24C 80 7 3 164.0 97.0 1.69 0.96
24C 100 7 1 143.3 143.3 1.00
24C 100 7 2 147.5 147.5 1.00
24C 100 7 3 140.7 140.7 1.00
24C 160 7 1 53.3 53.3 1.00
24C 160 7 _ 2 47.8 47.8 1.00
24C 160 7 3 53.6 53.6 1.00
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Appendix Table 2, Continued.
Chem. Conc.(pM) Dax Rep. State 3 State 4 RCR P:O

26C 0 8 1 206.6 36.4 5.68 1.5326C 0 8 2 201.2 36.9 5.46 1.56
26C 0 8 3 210.3 39.3 5.35 1.57
26C 40 8 1 197.0 39.2 5.02 1.51
26C 40 8 2 202.3 40.7 4.98 1.50 ·
26C 40 8 3 194.1 41.6 4.67 1.51
26C 80 8 1 191.8 44.3 4.33 1.52
26C 80 8 2 190.0 43.8 4.34 1.47
26C 80 8 3 191.2 46.5 4.11 1.5026C 160 8 1 175.9 50.1 3.51 1.45
26C 160 8 2 180.5 50.9 3.55 1.44
26C 160 8 3 174.1 50.7 3.43 1.45
26C 320 8 1 156.5 57.4 2.72 1.37
26C 320 8 2 156.4 56.8 2.75 1.37
26C 320 8 3 1.53.6 56.8 2.70 1.35
26C 640 8 1 132.4 64.2 2.06 1.24
26C 640 8 2 131.8 64.9 2.04 1.22
26C 640 8 3 127.1 64.6 1.97 1.20
26C 1000 8 1 115.7 74.2 1.56 1.10
26C 1000 8 2 117.7 72.8 1.62 1.08
26C 1000 8 3 118.2 76.1 1.55 1.13

246T 0 9 1 208.1 35.1 5.92 1.59
246T 0 9 2 214.0 36.9 5.80 1.54
246T 0 9 3 211.2 38.6 5.48 1.54
246T 2.5 9 1 203.0 42.6 4.77 1.55
246T 2.5 9 2 194.4 44.4 4.38 1.50
246T 2.5 9 3 201.2 42.6 4.72 1.53
246T 5.0 9 1 195.0 51.0 3.82 1.53
246T 5.0 9 2 201.3 51.3 3.93 1.44
246T 5.0 9 3 194.5 49.3 3.92 1.46
246T 10 9 1 191.7 56.9 3.37 1.46
246T 10 9 2 163.1 58.4 2.79 1.41
246T 10 9 3 171.7 57.5 2.98 1.42
246T 20 9 1 143.3 67.0 2.14 1.42
246T 20 9 2 142.0 65.9 2.15 1.53
246T 20 9 3 137.6 65.1 2.11 1.47
246T 40 9 1 110.5 69.0 1.6() 1.22
246T 40 9 2 107.9 66.0 1.63 1.34
246T 40 9 3 105.5 65.1 1.62 1.31.
246T 80 9 1 60.9 60.9 1.00
246T 80 9 2 57.5 57.5 1.00
246T 80 9 3 58.6 58.6 1.00
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Appendix Table 2, Continued.
Chem. Conc.(EM) Dax Rep. State 3 State 4 RCR P:O

5P 0 10 1 185.5 35.3 5.26 1.54
5P 0 10 2 182.6 36.8 4.97 1.50
5P 0 10 3 174.9 38.6 4.53 1.49
5P 0.050 10 1 185.6 46.7 3.98 1.46
5P 0.050 10 2 173.5 46.5 3.72 1.42
5P 0.050 10 3 163.0 46.9 3.47 1.45
5P 0.10 10 1 183.1 54.8 3.34 1.40
5P 0.10 10 2 172.2 53.9 3.20 1.34
5P 0.10 10 3 155.1 51.7 3.00 1.38
5P 0.20 10 1 161.1 65.8 2.45 1.28
5P 0.20 10 2 148.5 64.0 2.32 1.31

· 5P 0.20 10 3 140.8 63.1 2.23 1.27
5P 0.40 10 1 139.9 80.6 1.74 1.31
5P 0.40 10 2 122.1 71.9 1.70 1.28
5P 0.40 10 3 116.2 71.1 1.63 1.25
5P 0.80 10 1 126.8 126.8 1.00
5P 0.80 10 2 111.7 111.7 1.00
5P 0.80 10 3 104.6 104.6 1.00
5P 1.00 10 1 104.7 104.7 1.00
5P 1.00 10 2 99.3 99.3 1.00
5P 1.00 10 3 97.1 97.1 1.00

1Chemicals are: KCN, Potassium Cyanide; DNP, 2,4-Dinitrophenol; 2C, 2-
Chlorophenol; 24C, 2,4-Dichlorophenol; 26C, 2,6-Dichlorophenol; 246T, 2,4,6-
Trichlorophenol; 5P, Pentachlorophenol. State 3 and State 4 are
Mitochondrial Respiration Rates, in natoms O/min/mg protein. RCR and P:O
are the Respiratory Control Ratio and P:O ratio, respectively.
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Appendix Figure 1. Regression Line of Mitochondrial Log (1/UC50)
and Log P for Five Chlorophenols.
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Appendix Figure 2. Regression Line of Mitochondrial Log (1/UC5°)

and pK, for Five Chlorophenols.
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Appendix Figure 3. Regression Line of Mitochondrial Log (1/UC50)

and Melting Point for Five Chlorophenols.
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and lx for Five Chlorophenols.
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Appendix Figure 5. Regression Line of Mitochondrial Log (1/UC5°)
and ED for Five Chlorophenols.
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Appendix Figure 7. Regression Line of Mitochondrial Log (1/UC5o)
and Microtox Test for Five Chlorophenols.
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Appendix Figure 8. Regression Line of Mitochondrial Log (1/UC 50)
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for Five Chlorophenols.
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Appendix Figure 9. Regression Line of Mitochondrial Log (1/UC50)
and Activated Sludge Bacterial Dehydrogenase
lnhibition for Five Chlorophenols.
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Appendix Figure 10. Regression Line of Mitochondrial Log (1/UC5o)

and 24 Hour Daphnia magga Assay for Five
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Chlorophenols.
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Appendix Figure 11. Regression Line of Mitochondrial Log (1/UC50)

and Phenol Degration of Activated Sludge
Bacteria for Five Chlorophenols.
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Appendix Figure 12. Regression Line of Mitochondrial Log (1/UC50)

and Bluegill Sunfish BF-2 Cell Assay for
Five Chlorophenols.
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Appendix Figure 13. Regression Line of Mitochondrial Log (1/UC50)

and 48 Hour Fathead Minnow Bioassay tor
Five Chlorophenols.
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Appendix Figure 15. Regression Line of Mitochondrial Log (1/UC50)

and 96 Hour Millet Seed Growth Test for
Five Chlorophenols.




