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CHLORAL HYDRATE CARDIOTOXICITY IN ADULT
AND NEONATAL RABBIT HEARTS

Chloral hydrate (CH) is one of the most commonly used sedative-hypnotic
agents in pediatric patients. Neonatal patients tend to accumulate CH metabolites
trichloroethanoi (TCE) and trichloroacetic acid (TCA), leading to the concem that CH
administration may contribute to the development of cardiac arrhythmias in this
population. The present investigation has focused, using an in vitro rabbit heart model,
on the mechanism and developmental aspects of cardiotoxicity of clinically relevant
concentrations of CH, TCE and TCA.

The results show that CH, TCE and TCA are general cardiac depressants in the
isolated perfused adult rabbit heart. CH and its metabolites also caused atrio-
ventricular and intra-ventricular conduction delays. This type of phenomenon is
involved in the development of re-entrant cardiac arrhythmias. A number of
arrhythmias, including atrial and ventricular fibrillation, were observed in the hearts
treated with TCE and TCA. The cardiac depressant effects were much less
pronounced in the isolated perfused neonatal rabbit heart. CH, TCE and TCA
produced essentially no conduction delays or serious arrhythmias in the neonatal
heart.

CH and TCA produced increases in thiobarbituric acid reactive substances
(TBARS) in adult cardiac tissue, suggesting that lipid peroxidation is initiated by these
compounds. TBARS levels were also increased following TCE and TCA treatment in
juvenile cardiac tissue. Neonatal myocardium appeared to be protected from the
peroxidative effects of CH and its metabolites, with TBARS levels significantly reduced
in the treated tissue. The reduced lipid peroxidation in neonatal hearts may be related
to significantly increased activities of three antioxidant enzymes in the neonatal
myocardium.

it was demonstrated that the heart is a site of metabolism and accumulation of
chioral hydrate and its two primary metabolites in both neonatal and adult hearts. The
heart therefore appears 10 be capable of producing reactive metabolites of chloral
hydrate which may be involved in lipid peroxidation and subsequent cardiotoxic
effects.

in conclusion, the present investigation has shown that the cardiotoxic effects of
chloral hydrate and its metabolites may be related to myocardial lipid peroxidation.
Myocardial accumulation and metabolism of CH, TCE and TCA may contribute to the
cardiotoxic effects of these compounds. The resistance of the neonatal heart to
cardiotoxic effects of CH and its metabolites may be due to high levels of antioxidant
enzymes in immature versus adult hearts.



Education
April, 1990
Honours
1995

1994
1993
1992

1991
1990

1989
1987-1989
1986
1985
1983
1982

BIOGRAPHICAL

B.S.P. (Great Distinction), University of Saskatchewan

Hoechst-Roussel Canada Incorporated Graduate Award
Alf Pepper Research Award

University of Saskatchewan Graduate Scholarship
Parke-Davis Centennial Pharmacy Research Award
PMAC - HRF Scholarship (2 year award)

Heart & Stroke Foundation Scholarship (declined)
Parke-Davis Centennial Pharmacy Research Award
F.J. Fear Scholarship

PMAC - HRF Scholarship (2 year award)

Dean's Honor Roll

MRC Farquharson Research Scholarships (3)

Dean W.C. MacAulay Memorial Bursary

University Undergraduate Scholarship

Western Machine & Engineering, Limited Book Prize
University Entrance Scholarship

Governor General's Bronze Medal

PUBLICATIONS

Research Articles:

(1) KW Hindmarsh, A Taylor, SL Fandrey. Solvent abuse - changes in attitudes and
knowledge? Submitted to Canadian Society of Forensic Sciences Journal, June

1996.

(2) SL Fandrey, K Prasad, HA Semple, KW Hindmarsh, DKJ Gorecki. Effects of chloral
hydrate and its metabolites in the isolated, perfused adult rabbit heart. Manuscript

in preparation for submission to Journal of Pharmacology and Experimental

Therapeutics, 1996.

(3) SL Fandrey, K Prasad, HA Semple, KW Hindmarsh, DKJ Gorecki. Effects of chloral
hydrate and its metabolites in the isolated, perfused neonatal rabbit heart.

Manuscript in preparation for submission to Journal of Pharmacology and

Experimental Therapeutics, 1996.



@ &

(4) SL Fandrey, HA Semple, KW Hindmarsh, DKJ Gorecki. A comparative study of the
disposition and accumulation of chloral hydrate and its metabolites in adult and
neonatal rabbit hearts. Manuscript in preparation for submission to Drug
Metabolism and Distribution, 1996.

(5) SL Fandrey, SV Mantha, K Prasad, KW Hindmarsh, DKJ Gorecki. Developmental
aspects of chloral hydrate cardiotoxicity: lipid peroxidation and anti-oxidant status.

Manuscript in preparation for submission to Free Radical Biology and Medicine,
1996.

(6) JR Dimmock, JM McColl, SL Wonko (Fandrey), RS Thayer, and DS Hancock.
Evaluation of the thiosemicarbazones of some aryl alkyl ketones and related

compounds for anticonvulsant activities, European Journal of Medicinal Chemistry
26, 528-534, 1991.

(7) JR Dimmock, VK Arora, SL Wonko (Fandrey), NW Hamon, JW Quail, Z Jia, RC
Warrington, WD Fang, and JS Lee. 3,5-bis -Benzylidene-4-piperidones and
related compounds with high activity towards P388 leukemia cells, Drug Design

and Delivery 6, 183-194, 1990.

(8) JR Dimmock, OA Phillips, SL Wonko (Fandrey), RA Hickie, RG Tuer, SJ Ambrose,
RS Reid, B Mutus, and CJ Talpas. Evaluation of some Mannich bases of
conjugated styryl ketones and related compounds vs. the WiDr colon cancer in

vitro, European Journal of Medicinal Chemistry 24, 217-226, 1989.

Abstracts:

(1) SL Fandrey, SV Mantha, K Prasad, DKJ Gorecki, KW Hindmarsh. Developmental
aspects of chloral hydrate cardiotoxicity: lipid peroxidation and anti-oxidant status,

Pharmaceutical Research, accepted for publication July 1996.

(2) SL Fandrey, DKJ Gorecki, KW Hindmarsh, K Prasad. Effects of chloral hydrate and
its metabolites on the isolated, perfused, neonatal rabbit heart, Pharmaceutical
BResearch, 12(9):5S403, 1995.

(3) SL Fandrey, DKJ Gorecki, HA Semple, K Prasad. Disposition and accumulation of
chloral hydrate and its metabolites in the isolated perfused rabbit heart,

Pharmaceutical Research, 10(10):S369, 1993.

(4) SL Fandrey, KW Hindmarsh, DKJ Gorecki, K Prasad. Effects of chloral hydrate and

its metabolites on the isolated, perfused rabbit heart, Pharmaceutical Research,
9(10):S277, 1992.



PERMISSION TO USE

In presenting this thesis in partial fulfillment of the requirements for a
Postgraduate degree from the University of Saskatchewan, | agree that the
Libraries of this University may make it freely available for inspection. | further
agree that permission for copying of this thesis in any manner, in whole or in
par, for scholarly purposes may be granted by the professor or professors who
supervised my thesis work or, in their absence, by the Head of the Department
or the Dean of the College in which my thesis work was done. It is understood
that any copying or publication or use of this thesis or parts thereof for financial
gain shall not be allowed without my written permission. It is also understood
that due recognition shall be given to me and to the University of
Saskatchewan in any scholarly use which may be made of any material in my
thesis.

Requests for permission to copy or to make other use of material in this
thesis in whole or part shouid be addressed to:

Dean of the College of Pharmacy and Nutrition
University of Saskatchewan
110 Science Place
Saskatoon, Saskatchewan
Canada
S7N 5C9



ABSTRACT

Chloral hydrate (CH) is one of the most commonly used sedative-
hypnotic agents in pediatric patients. Previous investigations led to the
concern that accumulation of chioral hydrate metabolites trichloroethanol
(TCE) or trichloroacetic acid (TCA) in neonatal patients may have toxic
potential. Of particular concern is the possibility that CH, TCE and/or TCA may
contribute to the development of cardiac arrhythmias in this population. The
present investigation has focused, using an in vitro rabbit heart model, on the
mechanism and developmental aspects of cardiotoxicity of clinically relevant
concentrations of CH, TCE and TCA.

The results show that CH, TCE and TCA are general cardiac
depressants in the isolated perfused aduit rabbit heart. In the adult rabbit
heart, all three compounds depressed coronary flow, contractility, and
myocardial oxygen consumption over the range of concentrations tested. CH
and its metabolites also caused conduction defects which are consistent with
atrio-ventricular and intra-ventricular conduction delays. This type of
phenomenon is invoived in the development of re-entrant cardiac arrhythmias.
A number of arrhythmias, including atrial and ventricular fibrillation, were
observed in the hearts treated with TCE and TCA.

The cardiac depressant effects were much less pronounced in the
isolated perfused neonatal rabbit heart. CH, TCE and TCA had minimal and
unpredictable effects on left ventricular contractility and oxygen consumption.
Of particular importance was the observation that CH, TCE and TCA produced
essentially ng conduction delays in the neonatal heart. Few serious
arrhythmias could be attributed to factors other than incidental conduction
delays in the neonatal rabbit heart.

Biochemical and pharmacological data suggest the involvement of free
radicals in lipid peroxidation of phospholipid components of the cell
membrane in the adult heart preparations. CH and TCA produced increases
in thiobarbituric acid reactive substances (TBARS) in adult cardiac tissue,



suggesting that lipid peroxidation is initiated by these compounds. TBARS
levels were also increased following TCE and TCA treatment in juvenile
cardiac tissue. Neonatal myocardium appeared to be protected from the
peroxidative effects of CH and its metabolites, with TBARS levels significantly
reduced in the treated tissue. The reduced lipid peroxidation in neonatal
hearts may be related to significantly increased activities of three antioxidant
enzymes - catalase, glutathione peroxidase and superoxide dismutase - in the
neonatal myocardium.

k was demonstrated that the heart is a site of metabolism and
accumuiation of chloral hydrate and its two primary metabolites in both
neonatal and adult hearts. It is axiomatic that the effects of chemically reactive
intermediates tend to be limited to the tissues in which they are formed. Also,
very low concentrations of reactive intermediates have demonstrated
significant toxicity in vivo. Therefore, the heart appears to be capable of
producing reactive metabolites of chloral hydrate which may be invoived in
lipid peroxidation and subsequent cardiotoxic effects.

In conclusion, the present investigation has shown that the cardiotoxic
effects of chloral hydrate and its metabolites may be related to myocardial lipid
peroxidation. Myocardial accumulation and metabolism of CH, TCE and TCA
may contribute to the cardiotoxic effects of these compounds. The resistance
of the neonatal heart to cardiotoxic effects of CH and its metabolites may be
due to high levels of antioxidant enzymes in immature versus adult hearts.
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1. INTRODUCTION

Human fetuses and neonates are constantly exposed to xenobiotics,
either inadvertently via maternal ingestion or exposure, or directly as
therapeutic measures. However, until approximately thirty years ago human
infants were considered pharmacologically to be merely miniature adulits.
That this overly simplistic view is therapeutically untrue was unfortunately
illustrated by several tragedies in children resulting from drug administration.
Therapeutic misadventures such as the “grey baby syndrome” from
chioramphenicol administration led to the concept of the “therapeutic orphan”
(Shirkey, 1968), which described the absoiute void in the area of pediatric
pharmacology in the late 1960's. However, in over 25 years the situation has
improved very little. The pharmacologic information that exists for the neonatal
population consists largely of anecdotal and case reports or studies comprised
of small patient enroliments (Gilman and Gal, 1992). Thus, clinicians are still
frequently forced to rely on information and experience derived from adults to
formulate drug therapies for children.

The very young infant may be vuinerable to the toxic/adverse effects of
xenobiotics by virtue of the biological immaturity of numerous organ systems.
This generalized immaturity results in alterations in both the pharmacokinetic
and pharmacodynamic profiles of many drugs. While it is possible that these
alterations may lead to a reduced toxic potential for a given drug, the converse
situation (for example, enhanced toxicity) is a more likely and more serious
consequence of physiological immaturity.

Investigation of xenobiotics in developing humans is subject to strict
ethical guidelines and restrictions. The issue of informed consent has been
codified in such documents as the Helsinki Declaration (Ward and Green,
1988). Informed consent is especially problematic in the case of minor
subjects. British and American common law dictates that a guardian can act
on behalf of a minor only when that action is in the minor’s best interests (Ward



and Green, 1988). The American Academy of Pediatrics Committee on Drugs
issued ethical guidelines for the evaluation of drugs in children in 1977
(Gilman and Gal, 1992). These guidelines imply that clinical trials with no
direct and immediate therapeutic benefit to the child should not be permitted.
The investigation of potentially hazardous entities in the pediatric population is
thus largely restricted to appropriate animal models.

A particularly difficult regulatory situation arises when certain
“grandfathered” drugs are employed in pediatric patients. These drugs were
introduced into medical practice before extensive therapeutic and toxicologic
screening was mandatory, and because of a long history of use are classified
as “Generally Recognized As Safe” or “GRAS™ (Smith and Whyte, 1988;
Steinberg, 1993). Chioral hydrate belongs to this category of therapeutic
agents. However, the toxic potential of chloral hydrate was recognized shortly
after its introduction into medical use. Chloral hydrate was depicted in 1910
as being the most dangerous of all hypnotics (Hoskins, 1984). Children can
sustain significant toxic effects after ingestion of as little as 1.5 g of chloral
hydrate (Anonymous, 1993; King and England, 1987). Numerous adverse
and toxic effects of this agent in the pediatric popuiation have been
documented (Dean et al., 1991; Granoff et al.,, 1971; Greenberg and Faerber,
1990; Hershenson et al., 1984; Hirsch and Zauder, 1986; Lambert et al., 1990;
Lansky, 1974; Nordenberg et al., 1971; Reimche et al., 1989; Saarnivaara et
al., 1988; Seger and Schwartz, 1994; Silver and Stier, 1971). Because of its
“grandfathered” status and the ethical difficulties associated with pediatric drug
investigations, the actual toxic potential of chloral hydrate in this vuinerable

population remains largely unknown.



2. THE PRESENT INVESTIGATION

2.1 RATIONALE

Chioral hydrate (CH) is the oldest sedative-hypnatic still in clinical use
(Butler, 1970; Hoskins, 1984). While once used extensively in almost all
patient populations, CH administration is now limited almost exclusively to
pediatric and geriatric patients (Cook et al., 1992; Hoskins, 1984; Marx et al.,
1993). A 1992 survey of North American pediatric residency programs
indicated that CH is still the most commonly used sedativs in pediatric practice
(Cook et al., 1992).

Despite an extremely long history of use, details of the disposition of CH
in the pediatric population were virtually nonexistent until very recently
(Gershanik et al., 1981; Gorecki et al., 1990; Hartley et al., 1989; Hindmarsh et
al, 1991; Lambert et al., 1990; Laptook and Rosenfeld, 1984; Mayers, 1992;
Mayers et al., 1991; Reimche et al., 1989). Both single- and multiple-dose
administration have demonstrated significant developmental differences with
respect to metabolism and elimination of CH. Of particular interest is the
persistence of high levels of potentially toxic metabolites, trichloroacetic acid
(TCA) and trichloroethanol (TCE) (Hindmarsh et al, 1991; Mayers, 1992;
Mayers et al., 1991).

A number of serious toxic reactions have been attributed to CH
ingestion. In particular, CH has been plagued by reports of cardiac
arrhythmias, especially in situations of over-dose, in both children and aduits
(Graham et al., 1988; Gustafson et al, 1977; Hirsch and Zauder, 1986;
Marshall, 1977). Few investigations of the cardiotoxic moiety (CH, TCE and/or
TCA), the mechanism of arrhythmias, or the susceptibility of neonates to these
arrhythmias have been reported (Gross and Hoff, 1968; Riggs et al., 1986;
Trulson and Ulissey, 1987; White and Carlson, 1981).



2.2 HYPOTHESIS

It is hypothesized that cardiac arrhythmias induced by CH or its
metabolites (TCE and TCA) are analogous to arrhythmias produced by
halogenated hydrocarbons such as halothane. It has generally been
assumed that halothane cardiotoxicity is due to sensitization of the
myocardium to the effects of endogenous catecholamines (Bowyer and
Glasser, 1980; Brown and Cade, 1980). However, it has recently been
proposed that reductive dehalogenation of halothane, resulting in the
formation of radical and carbanion complexes, may cause lipid peroxidation
and the subsequent cardiotoxic effects (Gibson and Skett, 1986).

It is proposed that local (cardiac) metabolism of CH results in the
formation of reactive species capable of causing lipid peroxidation. This
phenomenon would initiate a number of pathologic sequelae which would be
responsible for the demonstrated cardiotoxic effects of CH and its metabolites.
Susceptibility of the immature myocardium to these arrhythmias may be either
higher or lower with respect to the susceptibility of the mature myocardium. It
is important to determine whether the neonate is more or less sensitive than
the adult to these arrhythmias.

2.3 OBJECTIVES

The objectives of the proposed research were to establish whether:

1. CH or its metabolites are involved in cardiac toxicity or
arrhythmogenicity in adult or neonatal rabbit hearts;

2. there are definable levels of CH and its metabolites which produce
cardiac arrhythmias in adult and neonatal heart models;

3. the myocardial pharmacokinetics of CH and its metabolites correlate
with their cardiotoxic effects;

4. CH and its metabolites are capable of initiating lipid peroxidation in
adult and neonatal hearts;

5. myocardial antioxidant enzyme status is associated with either
enhanced or diminished CH/metabolite-induced cardiac toxicity.
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3. LITERATURE SURVEY
3.1 CHLORAL HYDRATE
3.1.1 Chioral Hydrate Exposure in Humans

3.1.1.1 Therapeutic Use

Chloral hydrate, the first synthetic hypnotic used in medical practice,
has enjoyed an extremely long history of therapeutic use. Justus Liebig first
synthesized chloral hydrate in 1832 (Alstead, 1936; Butler, 1970; Hoskins,
1984; Sourkes, 1992). Controversy exists regarding the recognition of the
hypnotic effects of chloral hydrate - popular opinion attributes the discovery to
Oscar Liebreich (1869). However, the pharmacological effect of chlorai
hydrate had been previously described in 1861 by Rudolf Buchheim (Butler,
1970; Sourkes, 1992). Liebreich was certainly more aware of the therapeutic
potential of chloral hydrate, and published a monograph in 1869
enthusiastically recommending its use in various conditions requiring the use
of a hypnotic agent (Butler, 1970; Sourkes, 1992).
While once employed extensively in almost all patient populations,
chloral hydrate administration is now limited almost exclusively to pediatric
and geriatric patients (Cook et al, 1992; Hoskins, 1984; Marx et al., 1993).
Chloral hydrate currently has five principal uses in medical practice:
1. treatment of insomnia in adults, primarily geriatric individuals
(Hoskins, 1984; Miller and Greenblatt, 1979);

2. treatment of agitation and/or cerebral irritation in neonatal or
pediatric patients (American Academy of Pediatrics, 1993; Hartley et
al., 1989; Hoskins, 1984; Marx et al, 1993; Mayers et al, 1991;
Noerr, 1992);



3. as a sedative for infants and children in ophthalmology and dentistry
(Hoskins, 1984; Moore, 1984);

4. as a surgical premedicant to relieve anxiety and facilitate anesthetic
induction in young children (Anderson et al., 1990);

5. as a sedative-hypnotic agent in pediatric patients to facilitate non-
invasive procedures such as electroencephalography, computed
tombgraphy, magnetic resonance imaging (Cook et al., 1992; Green,
1993; Greenberg et al., 1993; Hoskins, 1984; Keeter et al., 1990).

Most pediatric indications for chloral hydrate administration require
short-term sedation to allow for the successful completion of diagnostic and
therapeutic procedures (American Academy of Pediatrics, 1993). The
recommended dose for pediatric sedation is 25-100 mg/kg, with a dose of 50
mg/kg most commonly employed (Cook et al., 1992; Marx et al., 1993). The
maximum recommended total dose of chloral hydrate in pediatric patients is
1000-1500 mg, regardiess of body weight (Moore, 1984). While chloral
hydrate has a long history of safe and effective use for these indications,
sedation has proven to be inadequate in 30-40% of patients (Green, 1993).
Higher doses (75-100 mg/kg) have been associated with more successful
sedation (Greenberg et al., 1993; Lichenstein et al., 1993; Marti-Bonmati et al.,
1995). Some reports indicate that chloral hydrate is less effective for sedation
of children over 48 months (Greenberg et al., 1993; Lichenstein et al., 1993)
and children with neurologic deficits (Lichenstein et al., 1993; Rumm et al,
1990). Alternative agents for short-term sedation of pediatric patients include
the benzodiazepines, barbiturates and phenothiazines (American Academy of
Pediatrics, 1993; Green, 1993; Nahata, 1988).

Chloral hydrate is often used in multiple-dosing regimens to maintain
prolonged sedation for critically ill neonatal patients undergoing mechanical
ventilation (American Academy of Pediatrics, 1993; Goldsmith, 1994; Hartley
et al., 1989; Laptook and Rosenfeld, 1984; Mayers et al., 1991; Noerr, 1992).
The two most common indications for the use of chloral hydrate sedation in
neonatal patients are to prevent agitated patients from “fighting the ventilator”
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and in chronic cases that invoive bronchopulmonary dysplasia (Goldsmith,
1994). This approach involves the administration of chloral hydrate every 4 to
6 hours over a period of days to weeks (Hartley et al, 1989). |t is
recommended that this type of subchronic multiple dosing regimen with chloral
hydrate be approached with caution because signs of toxicity may appear to
be nonspecific and may not be apparent for some hours after drug
administration (Laptook and Rosenfeid, 1984). Neonates, especially those
who are critically ill and/or premature, may be predisposed to the toxic effects
of chloral hydrate by virtue of their immature elimination processes; therefore,
close monitoring of infants maintained on chloral hydrate sedation for
prolonged periods of time has been recommended (Gershanik et al, 1981;
Goldsmith, 1994; Hartley et al., 1989; Laptook and Rosenfeld, 1984; Noerr,
1992).

Several recent studies have detailed the pharmacokinetic and
pharmacodynamic aspects of chloral hydrate administration in the pediatric
population after both single- and muitiple-dosing regimens (Gershanik et al.,
1981; Gorecki et al, 1990; Hartley et al, 1989; Hindmarsh et al, 1991;
Lambert et al.,, 1990; Laptook and Rosenfeld, 1984; Mayers, 1992; Mayers et
al., 1991; Reimche et al., 1989). Specific information on the pharmacology of
chloral hydrate in pediatric patients has greatly assisted in the rational use of
this agent.

3.1.1.2 Environmental Exposure

While therapeutic administration is the most obvious source of chloral
hydrate ingestion, significant exposure to chloral hydrate and its metabolites
can occur from environmental contamination. Chloral hydrate has been
identified as a by-product of such chlorination processes as the disinfection of
drinking water and the bileaching softwood pulp (Daniel et al., 1992a; Daniel et
al., 1992b; Hrudey et al., 1995; Klinefelter et al., 1995; Larson and Buil, 1992a;
Sanders et al.,, 1982; Steinberg and DeSesso, 1993; U.S. Environmental
Protection Agency, 1975; U.S. Environmental Protection Agency, 1982; Uden



and Miller, 1983). Industrial use of chioral hydrate as an intermediate in the
production of pesticides and plastics also contributes to drinking water
contamination (Daniel et al.,, 1992a; Sanders et al., 1982). The United States
Environmental Protection Agency has measured chloral hydrate in municipal
water supplies at levels of 2-5 ug/litre (National Academy of Sciences, 1977;
U.S. Environmental Protection Agency, 1975). It has been suggested that
trichloroacetic acid, one of the principle metabolites of chloral hydrate, is the
major nonvolatile contaminant produced by water chlorination (Larson and
Bull, 1892a). Trichloroacetic acid concentrations in municipal water supplies
have been reported as ranging between 30-160 ug/ml (Uden and Miller,
1983). The suggested safe level of trichloroacetic acid in drinking water has
been estimated as 0.175 pg/ml (Steinberg and DeSesso, 1993).

Environmental exposure to chloral hydrate may also be secondary to
trichloroethylene exposure, with subsequent metabolic conversion of
trichloroethylene to chloral hydrate (Dekant et al, 1984; Green and Prout,
1985; lkeda et al., 1980; Miller and Guengerich, 1983; Midller et al, 1974;
Mdaller et al., 1982; Sanders et al., 1982; Steinberg and DeSesso, 1993).
Trichloroethylene has been extensively employed in many industrial
applications as a solvent (Dekant et al., 1984; Miller et al., 1982; Saillenfait,
1995; Steinberg and DeSesso, 1993). Exposure to trichloroethylene results
from both contamination in the workplace as well as ground and surface water
pollution (Larson and Bull, 1992b; Saillenfait, 1995; Steinberg and DeSesso,
1993). The United States currently limits trichloroethylene content of potable
water to 5 pg/litre, whereas Canadian drinking water guidelines are 50 ug/litre
(Steinberg and DeSesso, 1993). However, the most significant source of
exposure in urban areas is from the inhalation of ambient of atmospheric
trichloroethylene (Steinberg and DeSesso, 1993). It has been estimated that
approximately 60% of the total global production of trichloroethylene is
released into the atmosphere annually (Mdller et al., 1982).



3.1.2 Elimination

3.1.2.1 Mature Animals

Chloral hydrate is rapidly metabolized in vivo both by reduction to
trichloroethanol (TCE) and by oxidation to trichloroacetic acid (TCA) (Figure 3-
1). When administered to healthy adult volunteers, CH is nearly undetectable
within minutes of administration (Breimer et al., 1974; Gorecki et al., 1990).

o
Cl - 9 - (l3 -OH

Cl OH
Chloral hydrate

Gl 4 G
m-?-Q-OH m-?-g-OH
Cl H clt O
Trichloroethanol Trichloroacetic acid
-G
F-?-Q-Br
F H
Halothane

Figure 3-1.Chemical structures for chloral hydrate, trichloroethanol,
trichloroacetic acid and halothane.

Numerous enzyme/cofactor systems have been proposed as playing
important roles in the metabolism of chloral hydrate (Friedman and Cooper,
1960); however, more recent studies have demonstrated that the reduction of
CH to TCE occurs primarily at extra-hepatic sites, and is catalyzed by
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aldehyde reductase (EC 1.1.1.2). This reductive reaction employs NADPH as
a cofactor (Hobara et al., 1987; lkeda et al., 1981; lkeda et al., 1980; Shultz
and Weiner, 1979; Tabakoff et al., 1974). Alcohol dehydrogenase (EC 1.1.1.1)
is capable of catalyzing the reduction of CH to TCE; however, this reaction
occurs in vivo only with extremely high leveis of NADH (Shultz and Weiner,
1979). While small amounts of TCE are excreted unchanged in the urine,
most of the TCE metabolite undergoes conjugation with glucuronic acid prior
to excretion in the urine (Breimer et al., 1974; lkeda et al., 1984; Sellers et al.,
1978). TCE-glucuronide is excreted in the bile (approximately 5% of an
intravenous dose); however, the absence of TCE or its glucuronide in the
feces has led to the speculation that extensive biliary recycling of the TCE-
glucuronide metabolite occurs (Garrett and Lambert, 1973).

An NAD-dependent aldehyde dehydrogenase (EC 1.2.1.3) is believed
to be primarily responsible for the hepatic oxidation of CH to TCA (Berger and
Weiner, 1977; Breimer et al., 1974). Aldehyde dehydrogenase is aiso located
in extra-hepatic tissues, such as the erythrocyte, brain and heart, and may
contribute to the formation of TCA in these extra-hepatic sites (Berger and
Weiner, 1977; Goedde and Agarwal, 1990; Inoue et al.,, 1979). TCA can also
be formed directly from TCE in a reaction catalyzed by mixed-function
oxidases, possibly employing CH as an intermediary (Breimer et al, 1974;
Kawamoto et al, 1987; Marshall and Owens, 1954). TCA is eventually
excreted unchanged in the urine (Breimer et al., 1974; Sellers et al., 1978). In
vivo studies in both rats and mice have demonstrated biliary excretion of TCA,
suggesting the possibility of hepatic conjugation of this metabolite (Green and
Prout, 1985).

An alternative scheme for the metabolism of CH proposes that a
carbonyl reductase enzyme (EC 1.1.1.184) catalyzes an aldehyde dismutation
reaction with redox cycling of NAD(P) cofactors. Carbonyl reductase activity
has been detected in most mammalian tissues, and is believed to be important
in the detoxification of xenobiotics and in the reductive metabolism of carbonyl
compounds derived from lipid peroxidation. The enzyme apparently oxidizes
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chioral hydrate to TCA using NAD(P)* as the cofactor and reduces chloral (the
unhydrated aldehyde form) to TCE with NAD(P)H. This reaction produces
equimolar amounts of TCE and TCA with little alteration of cofactor levels. The
affinity of carbonyl reductase for CH is higher than that of aldehyde reductase,
leading to speculation that carbonyl reductase acts as a major CH-
metabolizing enzyme (Hara et al, 1991). Figure 3-2 illustrates a metabolic
pathway for chloral hydrate which encompasses the existing evidence
regarding its metabolic fate.

TCE —> TCE-glucuronide

A N\

CH=— CHLORAL URINE

Figure 3-2.A possible pathway for the in vivo biotransformation of chioral
hydrate.

The elimination half-life of TCE is approximately 8-12 hours in the adult
(Breimer et al., 1974; Sellers et al., 1978), and the half-life of the glucuronide
conjugate is about 6-8 hours (Breimer et al., 1974). TCA has an extremely
long half-life, which has been reported to be between 67 and 100 hours
(Breimer et al., 1974; Sellers et al., 1972b; Sellers et al., 1978). It has been
hypothesized that extensive tissue binding of TCA (Garrett and Lambert, 1973;
Mdaller et al., 1974) and/or biliary recycling of a TCA-glucuronic acid conjugate
(Green and Prout, 1985) may account for its very long half-life. The persistence
of TCA has led to concern regarding its toxic potential (Hindmarsh et al.,, 1991;
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Kawamoto et al, 1987; Miller et al., 1974; Sellers et al., 1978; Steinberg,
1993).

3.1.2.2 Immature Animals

Elimination of CH in the neonate is characterized by immaturity of
elimination processes. The activities of most metabolic processes are
markedly depressed for at least two weeks after birth (Morselli, 1989; Reed
and Besunder, 1989). While oxidative capacity of the human newborn is
substantially less than that in the adult, significant levels of xenobiotic
oxidation do occur (Morselli, 1989; Reed and Besunder, 1989). For example,
aldehyde dehydrogenase activity in the fetus is roughly 10-20% of aduit levels
(Perucca, 1987). Two alcohol dehydrogenase isozymes have been detected
in the neonate, with full adult activity being achieved at about five years of age
(Perucca, 1987). Human neonates have cytochrome P450-dependent
reductase activity equivalent to about one-half that of aduits (Juchau, 1990). In
contrast to a relatively well-developed oxidative system in the newborn, phase
Il conjugation reactions, especially glucuronidation, display very low activities
(Besunder et al., 1988; Kandall et al, 1973; Pacifici et al., 1990; Radde,
1985a). Xenobiotics which rely primarily on glucuronidation for elimination
are potentially toxic in neonates because of the compromised activity of this
pathway and because alternate pathways for detoxification and elimination
are generally not adequate (Milsap and Szefler, 1987).

The relative metabolic immaturity observed in neonates would be
expected to after the metabolic fate of CH in this population. However, despite
an extremely long history of use, details of the disposition of CH in the
pediatric population were virtually nonexistent until very recently (Gershanik et
al, 1981; Gorecki et al., 1990; Hartley et al., 1989; Hindmarsh et al, 1991,
Lambert et al., 1990; Laptook and Rosenfeld, 1984; Mayers, 1992; Mayers et
al., 1991; Reimche et al., 1989). Contrary to the situation in the adult, CH was
detectable for several hours after a single oral dose (50 mg/kg) in neonates

12



and young children (Mayers et al, 1991). The persistence of the parent
compound is indicative of reduced metabolic elimination of CH.

Renal elimination processes ara also incompletely developed in human
neonates. Both glomerular filtration and tubular secretion are less efficient in
immature kidneys (Besunder et al, 1988; Kearns and Reed, 1989; Radde,
1985b). Therefore, when drugs which are eliminated primarily by renal
excretion are administered to neonatal subjects they exhibit lower body
clearances and longer elimination half-lives. There is evidence of diminished
elimination of TCE and TCA due to immature renal excretory mechanisms.
The elimination half-lives of both TCE (30-40 h) (Gershanik et al., 1981;
Hindmarsh et al., 1991; Mayers et al., 1991) and TCA (>6 days) (Hindmarsh et
al., 1991; Mayers et al., 1991) are substantially prolonged in neonates when
compared to adult volunteers (8-12 h and 67-100 h, respectively) (Breimer et
al., 1974; Sellers et al., 1972b; Sellers et al., 1978).

The general physiologic immaturity exhibited by human neonates
results in a situation with potential toxicologic significance when chloral
hydrate is administered in this population. [t has been established that
neonates and young children tend to accumulate TCE and TCA, especially in
multiple-dosing situations (Hindmarsh et al., 1991; Reimche et al., 1989). Of
particular concern in the neonatal population is the persistence of TCA, a
potentially toxic metabolite, even after a single oral dose (Hindmarsh et al,
1991; Mayers et al., 1991).

3.1.2.3 Metabolic Activation of Halogen-Containing Compounds

Numerous therapeutic agents rely on the cytochrome P450-dependent
microsomal drug biotransformation system for elimination. The cytochrome
P450 (P450) enzyme superfamily is an ubiquitous mixed-function oxidase
system located in both hepatic and extra-hepatic tissues (George and Farrell,
1991; Parke et al, 1990). All of the P450 enzymes function as
monooxygenases, but they also have the potential to act as oxidases,
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peroxidases and reductases, depending upon the particular reaction
environment involved (Parke et al., 1990; Vaz et al., 1988).

While enzyme-catalyzed metabolism of xenobiotics is usually
associated with detoxification and accelerated elimination, the converse
situation (i.e. enhanced toxicity) may also occur, resulting in the formation of
reactive intermediates. Indirect evidence suggests the generation of free
radical intermediates at several stages of the catalytic cycle of cytochrome
P450 (George and Farrell, 1991; Vaz et al, 1988). Quinone production,
reduction and dehalogenation reactions have been especially associated with
the formation of reactive radical species (Angus et al, 1990; Parke et al.,
1990).

Cytochrome P450-mediated reactions have been implicated in the
metabolic activation of CH and its metabolites (Larson and Buil, 1992a; Ni et
al., 1996). Specifically, cytochrome P450lE1 (CYP2E1) is believed to be the
major enzyme which catalyzes the metabolic activation of CH, TCE and TCA in
an in vitro hepatic microsomal system (Ni et al, 1996). Figure 3-3 illustrates
the metabolic scheme proposed to describe the CYP2E1-catalyzed formation
of reactive intermediates of chloral hydrate (Ni et al, 1996). The authors
believe that the primary route for radical formation seems to be via the
formation of TCA from CH, aithough other activation pathways resulting in the
formation of different radical species may also be involved (Ni et al, 1996).
The CYP2E isozyme is known to readily generate oxygen free radical species
by oxygenating substrates (i.e. ethanol) by a nonenzymatic radical mechanism
rather than by direct insertion of active oxygen from the cytochrome (George
and Farrell, 1991; Parke et al, 1990; Vaz et al, 1988). The potential of
CYP2E1 to form free radical species is greater than that of any other P450
protein (George and Farrell, 1991). It is known that CYP2E1 is the primary
isozyme responsible for the biotransformation of other low molecular weight
halogen-containing chemicals, such as carbon tetrachloride, chloroform, 1,1,1-
trichloroethane and trichloroethylene (Ni et al, 1996). There is a very high
degree of functional homology of CYP2E1 proteins between species, lending
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credence to the extrapolation of the results of in vivo toxicity studies in
experimental animals to humans (George and Farrell, 1991).

TCE » [X]
/ \ \ Malondialdehyde
F idehyde
cr =% TcA —» [CI,CCO, [Cl.C] YLE2 . acetaideny:

— —p» Acetaldehyde

.. 9 Propionaldehyde
Sedl - Acetone

*[Y]

CYTOTOXICITY

Figure 3-3.Metabolic scheme proposed to describe the CYPIIE1-catalyzed
formation of reactive intermediates of chloral hydrate (adapted
from Ni et al., 1996).

Experimental evidence suggests that xenobiotic metabolism may be
profoundly affected by tissue oxygenation (Angus et al., 1990). Oxygen is a
substrate for P450 during oxidation reactions, and cellular redox state, as
measured by the NAD(P)H:NAD(P)* ratio, is an important determinant of
numerous drug biotransformations (Angus et al, 1990). A high
NAD(P)H:NAD(P)* ratio is indicative of celiular hypoxia, and would be
predicted to favor reductive metaboiic reactions during anaerobic conditions
(Angus et al., 1990; Gibson and Skett, 1986). The formation of reductive
metabolites is believed to be important in the cytotoxicity of a number of
chemical agents (Angus et al., 1990; Dargel, 1992; Gibson and Skett, 1986).
There appears to be a link between the electrophilicity of halogenated
hydrocarbon compounds and their propensity to form free radical
intermediates through reductive biotransformation (Crebelli et al, 1995). A
metabolic scheme showing the reductive dehalogenation of TCA with
subsequent oxidative peroxyl radical formation has been proposed (Larson
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and Bull, 1992a). The first step in the metabolism of TCA could be a P450-
mediated one electron reduction and homolytic cleavage vyielding the
dichloroacetyl (DCA) radical (Figure 3-4). The DCA radical could
subsequently abstract a hydrogen from lipid yielding DCA, or could form the
dichloroacetylperoxyl radical following reaction with molecular oxygen (Larson
and Bull, 1992a). Halogenated peroxyl radicals are very good oxidants, and
are believed to be responsible for tissue injury in vivo (Asmus et al., 1988).

(I)l e- Cl CI

Cl-?'COZH%' C COZH-PCFW H- C COZH
Cl NADPH CI Cl
TCA o DCA radical DCA\

CO,

ci HO o

o
'0-0- c COH ——3 Cl- &-COZHL—. HO -&-coH

C| decomposition hydrolysis

DCA peroxyl radical Oxalic acid

Figure 3-4.Metabolic scheme illustrating the reductive dehalogenation of
trichloroacetic acid and oxidative peroxyl radical formation
(adapted from Larson and Bull, 1992). TCA=trichloroacetic acid;
DCA=dichloroacetic acid

Thus, metabolic activation of CH and its metabolites can occur by either
oxidative or reductive mechanisms, resulting in radical species capable of

causing tissue injury in vivo.
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3.1.3 Toxic Effects

3.1.3.1 Introduction

Chloral hydrate belongs to the group of “grandfathered” drugs for which
the current standard of evaluation has not been met due to a long history of
medical use (Smith and Whyte, 1988). These drugs fall into the category
“Generally Recognized As Safe” or “GRAS” (Steinberg, 1993). However, the
toxic potential of chioral hydrate was recognized shortly after its introduction
into medical use. Leibreich himself described both acute and chronic chioral
hydrate-related fatalities as early as 1871. Forty-four chiloral hydrate-induced
deaths were described in 1890, of which 22 occurred between 1871 and
1872. Chloral hydrate was depicted in 1910 as being the most dangerous of
all hypnotics (Hoskins, 1984). Clinicians were not, however, unanimous in the
condemnation of chloral hydrate (Alstead, 1936).

3.1.3.2 Adverse Effects

Chioral hydrate is generally believed to have a wide margin of safety in
both pediatric and adult medicine, especially when administered for acute
indications (Hoskins, 1984; Moore, 1984). An epidemiological study of 1618
patients in 1969 revealed a low incidence of adverse events after
administration of chloral hydrate. Serious reactions proved toc be rare, and all
adverse effects were resoived completely (Hoskins, 1984). A more recent
study of the adverse effects of chloral hydrate administration in 5435 adult
patients also demonstrated a very low occurrence of adverse reactions (Miller
and Greenblatt, 1979). These authors determined that undesirable CNS
depression was the most prevalent adverse reaction (1.1%). The next most
common adverse reactions were sensitivity reactions (0.3%) and
gastrointestinal disturbances (0.3%). Paradoxical CNS excitation, headache,
hepatic decompensation, coagulation disturbances and  various
cardiovascular complaints were encountered rarely. Only 3 patients exhibited
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life-threatening reactions which could be at least partially attributed to chioral
hydrate ingestion, all of whom recovered fully (Miller and Greenbiatt, 1979).

A clinical evaluation of the use of chloral hydrate in pediatric dentistry
found doses in the 40-60 mg/kg range to be relatively safe and effective. The
main risks associated with recommended doses of chloral hydrate appeared
to be minimal, and included tissue irritability, gastric upset and over-sedation.
Dose related reactions such as prolonged CNS depression and vomiting
seemed to be more prevalent in pediatric patients. Several factors were
suggested to increase the risk of using chioral hydrate in the pediatric
population: age (<2 years) and weight (<35 pounds); dose (>40-60 mg/kg);
drug combinations (barbiturates, alcohol, nitrous oxide or benzodiazepines);
and physical status (marked renal, hepatic or cardiac impairment) (Moore,
1984). Another pediatric study of 140 children (age 0-36 months) given
chloral hydrate (average dose 87 mg/kg) as an oral premedicant prior to
echocardiography revealed that 18% of patients experienced paradoxical
excitement before sedation occurred, and all patients demonstrated motor and
affective changes after sedation. The authors concluded, however, that chioral
hydrate was a safe and effective pediatric sedative agent (Lipshitz et al.,
1993). Of 131 pediatric patients undergoing MRI or CT scans who were
administered chloral hydrate as a premedicant, 19% experienced excessive
sedation and 3% exhibited agitation (Merola et al, 1995). Acute
administration of chioral hydrate in pediatric patients appears to be both safe
and effective, with minor adverse reactions being relatively infrequent.

3.1.3.3 Drug Interactions

Chloral hydrate has been implicated in numerous drug interactions.
The most frequently reported interactions invoive additive CNS depressant
effects when chloral hydrate is co-administered with other sedative agents
(Moore, 1984). This effect has been exploited in clinical situations to allow for
a reduction in the doses of both chioral hydrate and promethazine, thereby
minimizing the occurrence of nausea and vomiting experienced with either
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drug given alone (Moore, 1984). Serious CNS depression can occur,
however, and close supervision of patients is recommended when chioral
hydrate is administered with other CNS depressant agents (Moore, 1984).

The notorious combination of chioral hydrate with ethanol is thought to
cause a supra-additive drug interaction (Moore, 1984). This effect - referred to
as the “Mickey Finn” - is reputed to cause an enhanced CNS depressant effect
of ethanol, along with tachycardia, facial flushing and headache in some
cases (Sellers et al, 1972a). It has been suggested that the metabolic
conversion of chloral hydrate to trichloroethanol (the putative CNS-active
metabolite) is enhanced by ethanol, while trichloroethanol competitively
inhibits the metabolism of ethanol by alcohol dehydrogenase (Moore, 1984;
Shuitz and Weiner, 1979). However, an immediate “knock-out” effect of
chloral hydrate and ethanol co-administration has not been demonstrated in
controlled scientific studies in man (Sellers et al., 1972a).

Trichloroacetic acid has long been implicated in drug interactions
involving drug displacement from binding to albumin. The activities of oral
anticoagulants bis-hydroxycoumarin and sodium warfarin are affected by
chioral hydrate administration (Moore, 1984). The activity of bis-
hydroxycoumarin is apparently inhibited after repeated doses of chioral
hydrate, possibly resulting from reduced plasma concentrations of the
anticoagulant (Breimer, 1977; Moore, 1984). Sodium warfarin appears to be
displaced from serum binding sites after chloral hydrate administration,
causing excessive hypoprothrombinemia (Breimer, 1977; Moore, 1984).
While chloral hydrate should be used with caution in patients taking oral
anticoagulant agents, it is believed that the interactions may be clinically
insignificant, especially with single dose administration of chloral hydrate
(Hoskins, 1984; Moore, 1984).

An interaction has aiso been reported between chloral hydrate and
furosemide, which is characterized by transient diaphoresis, hot flashes,
variable blood pressure, tachycardia and hypertension (Dean et al, 1991;
Malach and Berman, 1975). This reaction is said to occur when an
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intravenous bolus dose of furosemide is preceded 8-24 hours by chloral
hydrate (Moore, 1984). This reaction is believed to involve the displacement
of trichloroacetic acid from plasma protein binding sites by furosemide,
followed by displacement of protein bound thyroxin by free trichloroacetic acid
(Malach and Berman, 1975). However, a recent study of the protein binding
characteristics of trichloroacetic acid in adult, neonatal cord and neonatal
exchange transfusion plasma showed that clinically relevant concentrations of
furosemide did not affect the plasma protein binding of trichloroacetic acid
(Mayers, 1992).

Chloral hydrate administration has been reported to reduce the in vivo
plasma protein binding of sulfamethoxazole (Imamura et al, 1984). This
interaction is believed to proceed indirectly through the formation of
trichloroacetic acid. Trichloroacetic acid directly displaces suifamethoxazole
from binding sites, while the increased availability of the parent drug to drug
metabolizing enzymes resuits in enhanced metabolite formation, which also
competes with sulfamethoxazole for plasma protein binding sites.

Chloral hydrate administration in neonatal patients has also been
associated with the development of direct (unconjugated) (Lambert et al.,
1990) and indirect (conjugated) (Reimche et al, 1989) hyperbilirubinemia.
Displacement of conjugated bilirubin from plasma protein binding sites by
trichloroacetic acid may produce direct hyperbilirubinemia (Lambert et al.,
1990; Onks et al, 1992). Indirect hyperbilirubinemia may result from
competitive inhibition of bilirubin conjugation with glucuronic acid by
trichloroethanol (Onks et al., 1992; Reimche et al., 1989). It is suggested that
prolonged chloral hydrate administration in critically ill neonates should be
approached with caution to avoid the development of jaundice or kernicterus
(Lambert et al., 1990; Onks et al., 1992; Reimche et al., 1989).

Several reports have implicated chloral hydrate in the competitive
inhibition of various aldehyde dehydrogenase isozymes (Berger and Weiner,
1977; Inoue et al.,, 1979; Maki and Sladek, 1993; Sharpe and Carter, 1993).
Aldehyde dehydrogenase catalyzes the oxidative biotransformation of
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aldehydes to acids, and is located in the liver, erythrocytes, kidney, intestine,
stomach, brain and heart (Berger and Weiner, 1977; Goedde and Agarwal,
1990; Inoue et al., 1979). Acetaldehyde is one of the most important substrates
for this reaction (Berger and Weiner, 1977; Goedde and Agarwal, 1990). The
aldehyde substrates are formed from the metabolism of ingested alcohols
such as ethanol, or from endogenous amines like serotonin (Berger and
Weiner, 1977; Goedde and Agarwal, 1990). Significant amounts of various
aldehydes, including acetaldehyde, are also formed during lipid peroxidation
of cellular membranes (Goedde and Agarwal, 1990). Biogenic aidehydes are
known to be highly reactive substances as a result of their carbonyl group
(Goedde and Agarwal, 1990). For example, acetaldehyde covalently binds to
numerous proteins resulting in altered organ structure and function (Goedde
and Agarwal, 1990). Therefore, efficient detoxification of these compounds is
a requirement for the maintenance of normal cell function (Goedde and
Agarwal, 1990). The inhibition of aldehyde dehydrogenase by chloral hydrate
is of particular concern since chloral hydrate is utilized therapeutically in the
treatment of withdrawal syndromes associated with certain drugs and
insomnia in alcoholic patients (Berger and Weiner, 1977). Inhibition of
acetaldehyde metabolism may be responsible for many of the peripheral
symptoms of the ethanol/chioral hydrate interaction (facial flushing,
tachycardia, palpitation and headache) (Goedde and Agarwal, 1990; Maki and
Sladek, 1993).

3.1.3.4 Caustic Reactions

Both chloral hydrate and trichloroacetic acid are caustic in nature
(Windholiz, 1983), and have been demonstrated to be skin and mucous
membrane irritants in humans (Ganepola, 1992; Granoff et al, 1971; Rall,
1990). Irritation of the mouth, edema of the larynx, ulceration and strictures of
the esophagus and ulceration of the stomach, as well as corrosive burns to the
face, mouth, pharynx and larynx have been reported (Ganepola, 1992).
Chloral hydrate administration commonly causes gastric irritation when
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administered orally (Miller and Greenblatt, 1979; Silverman and Muir, 1993).
General visceral inflammatory reactions with intra-peritoneal administration of
chloral hydrate in animals have been documented. These reactions include
adynamic ileus, ileitis, intestinal obstruction, peritonitis and gastric ulcers
(Anyebuno and Rosenfeld, 1991; Silverman and Muir, 1993). A case report of
neonatal intoxication attributed the occurrence of adynamic ileus and bladder
atony to chioral hydrate administration. These authors, however, suggest
parasympathetic inhibition or sympathetic potentiation as the toxic mechanism
(Anyebuno and Rosenfeld, 1991).

3.1.3.5 Acute Systemic Toxicity

The vast majority of acute toxic reactions to chloral hydrate have
occurred as a result of deliberate or inadvertent overdose (Moore, 1984).
Chioral hydrate fatalities are still reported for both aduit and pediatric patients.
The acute toxic dose of chloral hydrate in adults is believed to be 10 g (Rall,
1990); however, the range of doses associated with chloral hydrate toxicity is
quite wide. In adults, as little as 3-4 g has resuited in death, whereas patients
have survived after doses as large as 50 g (Baselt ot al, 1975; King and
England, 1987). Children can sustain significant toxic effects after ingestion of
as little as three capsules (1.5 g) (Anonymous, 1993; King and England,
1987), while an ingestion of 8 g in a six-year-old child caused no untoward
effects (Mindham, 1968). Since the half-life of chloral hydrate is very short,
trichloroethanol levels are commonly measured in suspected chloral hydrate
intoxication. The toxic blood concentration of trichloroethanol is reported to be
>100 pug/ml (range 100-640 ug/ml) (Baselt et al., 1975). Fatal chloral hydrate
intoxications have resulted in trichloroethanol blood concentrations of 32.6-
127 ug/ml (Heller et al., 1992; Jastak and Pallasch, 1988; Jindrich, 1977;
Meyer et al., 1995).

Acute chloral hydrate intoxication is characterized by depression of the
central nervous, respiratory and cardiovascular systems (Hoskins, 1984). A
typical clinical scenario of chloral hydrate overdose would include coma,
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hypotension, and hypoventilation, with supraventricular and ventricular
arrhythmias frequently present (Hoskins, 1984; Moore, 1984). Death after a
fatal dose of chloral hydrate usually resuits from resistant cardiac arrhythmias
(Graham et al, 1988). The recommended approach to chloral hydrate
overdose is symptomatic treatment, and hemodialysis/hemoperfusion
(Hoskins, 1984; Moore, 1984), or exchange transfusion in neonatal patients
(Anyebuno and Rosenfeld, 1991).

3.1.3.5.1 Central Nervous System Toxicity

A retrospective study of 5435 medical patients who received chioral
hydrate in the course of their hospital stay cited central nervous system (CNS)
depression as the most frequently reported adverse reaction in this population.
Undesirable CNS depression was more common with increasing dosage in
older (>50 years) patients, in patients who died during hospitalization, in
patients who were co-administered benzodiazepine anxiolytics and in patients
whose blood urea nitrogen level was elevated (Miller and Greenblatt, 1979).
The central-depressant effects of chloral hydrate have generally been
attributed to its reduced metabolite trichloroethanol (Marshall and Owens,
1954; Rall, 1990). However, a recent investigation of the sedative/hypnotic
effects of chloral hydrate in neonates suggests that the parent drug may play
an important therapeutic role in this population. It is possible that chloral
hydrate induces the immediate sedative effects, with trichloroethano! providing
the prolonged sedation observed in some patients (Mayers et al., 1992).

The CNS depressant effects of chloral hydrate are dose-dependent,
with more pronounced depression progressing from relaxation, lethargy,
drowsiness and hypnosis to loss of consciousness and coma (Moore, 1984).
Symptoms of toxic-metabolic encephalopathy induced by chloral hydrate
include: miosis with conservation of pupillary reflexes; reduced or absent
oculocephalic responses; absence of oculovestibular (caloric) responses; loss
of deep-tendon reflexes; and muscle flacidity (Lansky, 1974). In most clinical
situations the coma produced by inadvertent or deliberate overdose of chloral
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hydrate resolves upon withdrawal of the drug (Lansky, 1974; Laptook and
Rosenfeld, 1984; Miller and Greenblatt, 1979).

Paradoxical central nervous excitation reactions have also been
observed with chloral hydrate use. These reactions typically manifest as
agitation, restlessness, hallucination, nervousness, hyperactivity or nightmares
(Miller and Greenblatt, 1979). Some patients display a rare idiosyncratic
response, in which they may become disoriented, incoherent and possibly
exhibit paranoid behavior (Rall, 1990). While it is believed that the CNS
excitation reactions occur primarily in older patients (Miller and Greenblatt,
1979), similar responses have been observed in pediatric patients (Lipshitz et
al., 1993; Merola et al., 1995).

3.1.3.5.2 Respiratory Toxicity

Chloral hydrate is a popular sedative in studies of respiratory
mechanics because of its apparent lack of effect on any respiratory parameter
(Biban et al., 1993; Rall, 1990). A systematic investigation of the effects of
chloral hydrate on the ventilatory response to hypercarbia or hypoxia in
unanesthetized adult rabbits determined that chioral hydrate had no effect on
chemical inspiratory drive (Hunt et al, 1982). Chioral hydrate has been
reported, however, to cause respiratory depression in infants recovering from
acute viral bronchiolitis (Biban et al, 1993). Two cases of respiratory
insufficiency in children with Leigh’'s syndrome (subacute necrotizing
encephalomyelopathy) were attributed to a further depression at the level of
the brainstem caused by chloral hydrate (Greenberg and Faerber, 1990).

Several reports of adverse respiratory events occurring in pediatric
patients predisposed to obstructive sleep apnea after therapeutic doses of
chioral hydrate have appeared in the literature. @A 22-month-old infant
experienced a near-fatal case of acute obstruction of the upper airway
immediately following administration of chioral hydrate elixir. The presumed
cause of the obstruction in this case was acute laryngospasm, secondary to
chloral hydrate aspiration (Granoff et al, 1971). A second case involved a
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three-year-old child who experienced obstructive sleep apnea and a near-fatal
airway obstruction followed by respiratory arrest after chloral hydrate
administration (Hershenson et al., 1984). An in vivo investigation in cats and
rabbits was subsequently carried out to determine the possible mechanism of
the chloral hydrate-associated airway obstruction in this case. The authors
reported that chloral hydrate at normal hypnotic doses may preferentially
depress genioglossus activity as compared with diaphragmatic activity,
thereby predisposing the subject to serious airway obstruction due to a failure
of the airway maintaining muscuiature (Hershenson et al., 1984). Two further
cases of respiratory failure after chloral hydrate administration in two 24-
month-old children with suspected obstructive sleep apnea have been
reported (Biban et al, 1993). Chloral hydrate was believed to contribute to
depression of airway maintaining muscles and impairment of related
compensatory mechanisms in these cases. The authors conclude that
children affected by obstructive sleep apnea could experience life-threatening
respiratory obstruction following sedation with chloral hydrate; therefore,
continuous monitoring of vital parameters and oxygen saturation is
recommended during sedation (Biban et al., 1993).

3.1.3.5.3 Cardiovascular Toxicity

Chloral hydrate ingestion has long been associated with the
development of arrhythmias, especially in cases of overdose (Bowyer and
Glasser, 1980; Brown and Cade, 1980; Byatt and Volans, 1984; DiGiovanni,
1969; Gleich et al, 1967; Graham et al, 1988; Gross and Hoff, 1968;
Gustafson et al,, 1977; Hirsch and Zauder, 1986; Jastak and Pallasch, 1988;
Laptook and Rosenfeld, 1984; Marshall, 1977; Nordenberg et al., 1971; Silver
and Stier, 1971; Stalker et al., 1978; Vaziri et al., 1977; Wiseman and Hampel,
1978, Young et al., 1986). A report published in 1936 sought to address the
potential for cardiovascular toxicity with the use of chioral hydrate (Alstead,
1936). The author of that study concluded: “Chloral hydrate in therapeutic
doses has no harmful effect upon the heart” (Alstead, 1936). The lack of a
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control group and a questionable experimental design limit the value of this
early investigation. Tables 3-1 and 3-2 describe reports of chloral hydrate-
related cardiac toxicity in pediatrics and adults, respectively. I has been
estimated that approximately 25% of chloral hydrate intoxications will result in
extrasystoles (Wiseman and Hampel, 1978).

Table 3-1. Chloral hydrate-associated cardiotoxicity reported in pediatric
subjects (adapted from Mayers, 1992).

DOSE AGE |SEX| CARDIAC SYMPTOMS REFERENCE

15g 28 mo| M PVC Nordenberg et al., 1971
96 _mg/kg/d 9y | F SvT Hirsch & Zauder, 1986
14 g 30mo| F Svr Hirsch & Zauder, 1986
<500 mg/kg/dj10 mo| M SvT Hirsch & Zauder, 1986
283 mg/kg/d | Smo | M SvTr Hirsch & Zauder, 1986
=1875g |59 y| ? VEB Saarnivaara et al. , 1988
=1875 g |59 y|? VEB Saarnivaara etal. , 1988

1 g/d? 8y | M ST Dean etal. , 1991
1g° 4y | F PVC, VB Seger & Schwartz, 1994

2 Chiloral hydrate was coadministered with furosemide.
b Chloral hydrate was administered 7.5 h after an accidental caffeine ingestion.

PVC: Premature ventricular contraction
ST: Sinus tachycardia

SVT: Supraventricular tachycardia

VB: Ventricular bigeminy

VEB: Ventricular ectopic beat
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Table 3-2. Chioral hydrate-associated cardiotoxicity reported in aduit
subjects (adapted from Mayers, 1992).
DOSE AGE |SEX| CARDIAC SYMPTOMS REFERENCE
18 g 66y | F VT, VF Gleich et al. , 1967
18 g 48y | M SVT, PVC, VT, VF DiGiovanni, 1969
=30 g 38y | F PAC, PVC Gustafson etal. , 1977
=25 g 51y | M vr Gustafson etal. , 1977
=20 g 21y | F vr Gustafson etal. , 1977
15 g 29y | F vr Marshall, 1977
10-20 ¢ 62y | F vr Marshall, 1977
175 g i9y | F ST,PVC Vaziri et al. , 1977
38 g 38y | F PC Stalker et al ., 1978
14 g 17y | M vr Bowyer & Glasser, 1980
30g 67y | F vr Bowyer & Glasser, 1980
10 g 29y | F ST, VT, VEB Brown & Cade, 1980
375 g 36 F \"13 Brown & Cade, 1980
225 g 57 F \"1§ Brown & Cade, 1980
15 ¢ 30 y | F | PVC, SVT, torsade de pointes Young etal. , 1986
? 42y | M VF, VT Graham etal. , 1988
? 25y | F ST, VEB, VT Graham etal. , 1988
=15 g 26y | F ST, VEB, VT Graham etal. , 1988
? 25y} F ST,VEB, VT Graham etal. , 1988
? 20y | F ST, VEB Graham etal. , 1988
? 46y | F ST, VEB, VT Graham etal. , 1988
? 27y | F ST, VEB, VT Graham etal. , 1988
? 23y | F ST, VEB, VT Graham etal. , 1988
? 45 y | F | sinus rhythm, single VEB Graham etal. , 1988
? 28 y | F | ST, VT, torsade de pointes Graham etal. , 1988
? 42y | M ST, VEB Graham etal. , 1988
=8 g 42y | F PVC, VB Jonville et al. , 1991
70 g 29y | M VT, VF Ludwigs etal. , 1996
PAC: Premature atrial contraction
PVC: Premature ventricular contraction
ST: Sinus tachycardia
SVT: Supraventricular tachycardia
VB: Ventricular bigeminy
VEB: Ventricular ectopic beat
VF. Ventricular fibrillation
VT: Ventricular tachycardia
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it has been postulated that the arrhythmogenic effect of chioral hydrate
may be related to its structure and metabolism (Bowyer and Glasser, 1980;
Brown and Cade, 1980). Chloral hydrate, trichloroethanol and trichloroacetic
acid are all halogenated hydrocarbons, a number of which are known to have
cardiotoxic effects (Figure 3-1). The mechanism of halothane-induced
arrhythmias has generally been assumed to be sensitization of the
myocardium to the effects of endogenous catecholamines (Jastak and
Pallasch, 1988; Johnston et al., 1976; Katz and Epstein, 1968; Marshall and

Longnecker, 1990; Steward, 1985). Since B-adrenergic blocking agents have

been shown clinically to consistently and specifically reverse halothane-
induced arrhythmias, as well as those produced by chloral hydrate ingestion in
patients, chloral hydrate and its metabolites are presumed to act in a manner
similar to halothane in the production of arrhythmias (Bowyer and Glasser,
1980; Brown and Cade, 1980; Byatt and Volans, 1984; DiGiovanni, 1969;
Graham et al., 1988; Gustafson et al,, 1977; Hirsch and Zauder, 1986; Katz
and Epstein, 1968; Komai et al., 1991; Marshall, 1977). It has recently been
proposed, however, that reductive dehalogenation of halothane, resulting in
the formation of radical and carbanion complexes, may cause lipid
peroxidation and the subsequent cardiotoxic effects (Gibson and Skett, 1986;
Kharasch et al., 1995; Spracklin et al, 1995). Recent investigations have
established that chloral hydrate, trichloroethanol and trichloroacetic acid
generate free radicals with subsequent lipid peroxidation in an in vitro hepatic
microsomal system (Ni et al, 1995; Ni et al, 1994; Ni et al, 1996). The
reductive dehalogenation of TCA with subsequent oxidative peroxy! radical
formation and lipid peroxidation has also been proposed (Larson and Bull,
1992a). It is possible, then, that chloral hydrate-related arrhythmias result from
free-radical mediated lipid peroxidation in the heart. Aiternatively, chloral
hydrate and/or one of its metabolites may act directly to enhance automaticity
of supraventricular and ventricular pacemaker cells (Gustafson et al., 1977).
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There have been few scientific investigations of the potential of chloral
hydrate to produce cardiac toxicity. An early study of the effects of chloral
hydrate on the hearts of both dogs and horses proposed a primarily vagal
mechanism in the development of arrhythmias (Gross and Hoff, 1968). These
investigators proposed that the etiology of chloral hydrate-associated
arrhythmias is related to secondary metabolic derangement which contributes
to the cardiac toxicity (Gross and Hoff, 1968). Other investigators examined
the arrhythmogenicity of trichloroethylene and its metabolites (trichloroethanol
and trichloroacetic acid). They conciuded that trichloroethylene, rather than its
metabolites, sensitized the myocardium to epinephrine-induced arrhythmias
(White and Carison, 1981). No significant deterioration of a rat heart
preparation was found when chloral hydrate (300 mg/kg) was used as the
anesthetic agent prior to excision of the hearts (Riggs et al., 1986). Another
study of the anesthetic effects of chloral hydrate (300 and 400 mg/kg) in intact
rats demonstrated that it severely depressed both the cardiovascular and
respiratory systems (Field et al., 1993). Recently, histochemical and enzymatic
alterations in the heart following acute chloral hydrate administration were
examined. The results of this investigation indicate that non-toxic doses of
chlorai hydrate can impair the metabolism of coronary vascular smooth muscle
by attacking the rate-limiting enzymes of both aerobic and anaerobic
metabolism in the coronary vasculature. Unfortunately, no attempt was made
to determine chloral hydrate-metabolite concentrations (Trulson and Ulissey,
1987).

3.1.3.6 Subacute and Chronic Toxicity

3.1.3.6.1 Neurological Toxicity

A nove!l hypothesis implicating chloral hydrate in the development of
neurodegenerative diseases such as Parkinson’s disease has been recently
described. A putative B-carboline neurotoxin (TaClo) is a structural analog of

the known neurotoxin MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)
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and is believed to be derived from the spontaneous reaction of tryptamine (Ta)
and chloral (Clo) in vivo. TaClo has recently been shown to form after
administration of its precursor substances to rats. The neurotoxic potential of
this compound on the dopaminergic system has been substantiated, and
includes such effects as altered nigrostriatal dopamine metabolism, behavioral
modification, and a decline in the population of dopaminergic neurons
(Bringmann et al, 1995). This finding has tremendous toxicological
implications given the rather ubiquitous nature of chloral hydrate as both a
therapeutic agent as well as an environmental contaminant.

3.1.3.6.2 Reproductive and Developmental Toxicity

A number of drinking water by-products have recently been implicated
in a variety of adverse reproductive outcomes, such as inability to conceive,
spontaneous abortion, and low birth weight (Klinefelter et al., 1995). However,
few of the specific contaminants have undergone reproductive toxicity testing.
Dichloroacetic acid, a minor metabolite of both chloral hydrate and
trichloroacetic acid (Larson and Bull, 1992a), has been shown to significantly
affect epididymal sperm motility after chronic exposure (70 days) (Toth et al.,
1992). Dichloroacetic acid also appears to aiter spermatogenesis (Toth et al.,
1992). A recent chronic (52-week) reproductive toxicity study demonstrated
that daily exposure to 188 mg/kg chioral hydrate in F344 rats significantly
reduced both the percentage of motile and progressively motile sperm. The
fact that the adverse reproductive endpoints were observed prior to evidence
of tumor development indicates that these endpoints may be more sensitive
than tumorigenicity in the risk assessment of chioral hydrate and other drinking
water byproducts (Klinefelter et al., 1995).

The embryotoxicity of chioral hydrate, trichloroacetic acid and
dichloroacetic acid has recently been assessed using a rat embryo model
(Saillenfait, 1995). All three compounds produced concentration-dependent
reductions in growth and differentiation and increases in the incidence of
morphological abnormalities. Trichloroacetic acid and dichloroacetic acid
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were roughly equipotent in this study, while chloral hydrate was slightly more
potent (Saillenfait, 1995). Both trichlorocacetic acid and dichloroacetic acid
have been found to be teratogenic after oral administration in the rat
(Saillenfait, 1995). A previous report indicated that there is an apparent
increase in congenital cardiac maiformations in children of mothers who live in
areas with significant levels of halogenated hydrocarbon contamination of
water supplies (Goldberg et al, 1990). Substantiation of many of these
developmental effects is lacking in humans. However, when used in the
chronic management of convulsions in neonatal patients, chloral hydrate was
found to restrict newborn weight gain (Moore, 1984).

3.1.3.6.3 Carcinogenicity

Chioral hydrate has been shown to be mutagenic in Salmonella tester
strain TA100, yeast, fungi and Drosophila (Daniel et al., 1992a). Aneuploidy
has been reported following very high doses of chloral hydrate, leading to
concerns of a carcinogenic potential in humans (American Academy of
Pediatrics, 1993; Steinberg, 1993). Aneuploidy and sister chromatid
exchanges have also been observed in human lymphocytes, cuitured hamster
ovary cells, and in mouse spermatogonia (Daniel et al., 1992a; Fahrig et al.,
1995). Chloral hydrate exhibits a colchicine-like effect in rat hepatic
microsomes, reversibly arresting cells in mitosis in a dose-dependent fashion
(Steinberg, 1993). Oral administration of chloral hydrate has been shown to
produce an increased incidence of single-strand hepatic DNA breaks in male
B6C3F1 mice and Sprague-Dawley rats (American Academy of Pediatrics,
1993). However, the genotoxic potential of chloral hydrate is believed by
some investigators to be minimal because it fails to induce cross-linking of
DNA or proteins even at very high doses (Steinberg, 1993).

The principal target for chiloral hydrate toxicity appears to be the liver,
with large doses producing hepatic disease in all animal species studied
(Daniel et al, 1992a; Daniel et al, 1992b; Sanders et al., 1982; Steinberg,
1993). Hepatocellular necrosis and hepatocellular carcinomas induced
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following very high chronic (2 year) doses of chloral hydrate in male (C57BL/6
X C3H)F; mice were similar to those observed after chronic trichloroethylene
exposure (Daniel et al, 1992a). Since two common metabolites of
trichloroethylene and chloral hydrate (trichloroacetic acid and dichloroacetic
acid) have been shown to cause liver tumors in the male B6C3F1 mouse, it is
believed that these metabolic products may be responsible for chioral hydrate-
induced hepatic tumorigenicity (Daniel et al, 1992a; Daniel et al, 1992b;
Herren-Freund et al., 1987; Larson and Bull, 1992b).

Several theories to explain the mechanism of the hepaiotoxicity of
chloral hydrate and its metabolites have been proposed. It has been
suggested that the hepatocarcinogenicity of chloral hydrate may be related to
the ability of trichloroacetic acid to inhibit gap junction-mediated intercellular
communication. The gap junctions in plasma membranes permit the
intercellular diffusion of low molecular weight molecules and ions, and appear
to be required for regulation of cellular functions, including cell growth
(Klaunig et al, 1989). Metabolic activation of chloral hydrate by either
reductive dehalogenation or CYP2E1-mediated oxidation to free radical
intermediates appears to be an important determinant of hepatic toxicity,
including tumorigenicity (Larson and Bull, 1992a; Ni et al, 1996). The
involvement of radical-induced lipid peroxidation in the etiology of the
hepatotoxic effects of chloral hydrate and its metabolites has been well
documented (Larson and Bull, 1992a; Ni et al., 1995; Ni et al., 1994; Ni et al.,
1996). Induction of hepatic peroxisomes by trichloroacetic acid and/or
dichloroacetic acid radical species may also be a determining factor in the
development of hepatocarcinogenesis. The oxidative stress produced by
peroxisome proliferation would be expected to contribute to free radical-
mediated cellular damage (Larson and Bull, 1992a; Larson and Bull, 1992b;
Prout et al., 1985).

The dose-response relationship for the carcinogenicity of chloral
hydrate and its metabolites has been shown to be nonlinear in rodents.
Chronic administration of disproportionately large doses of these agents are
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required before the induction of malignancies is demonstrated (Daniel et al.,
1992a; Daniel et al, 1992b; Steinberg, 1993). Additionally,
hepatocarcinogenicity in female rodents and most strains of rat has not been
documented (Daniel et al.,, 1992a; Daniel et al., 1992b; Sanders et al., 1982).
This gender/species difference may be related to a differential rate and/or
extent of metabolism to trichloroacetic acid in susceptible mammals (Daniel et
al., 1992a; Daniel et al., 1992b; Klaunig et al., 1989; Larson and Bull, 1992a;
Larson and Bull, 1992b; Prout et al., 1985). _

Trichloroethylene was banned from use in foods, drugs and cosmetic
cleaning fluids after the discovery that very high chronic exposure induced
malignancies in rodents (Steinberg, 1993). The recent demonstration of the
tumorigenic and genotoxic effects of chloral hydrate and/or its metabolites in
rodents has now resulted in efforts to restrict or ban the use of chloral hydrate
as a therapeutic agent. However, the risk assessment for chloral hydrate
carcinogenicity is based solely on in vivo studies carried out in rodents, and
concern has been raised that linear extrapolation from chronic high dose
exposure studies in rodents to humans may not be appropriate (American
Academy of Pediatrics, 1993; Steinberg, 1993; Steinberg and DeSesso,
1993). Instead, it has been suggested that a threshold model for the medicinal
use of chloral hydrate would be more relevant (Steinberg, 1993).

Consideration of the risks and benefits of a particular therapeutic agent
should always be part of the medical decision-making process. Possible
modifications in the use of chloral hydrate to achieve an acceptably low level
of risk would include: avoiding prolonged sedation in neonates to prevent
hyperbilirubinemia, excessive sedation and acidosis; restricting the use of
chronic high doses of chloral hydrate in the pediatric population; limiting the
use of chioral hydrate in patients with hepatocellular disease; and selecting
alternative sedative agents when appropriate (American Academy of
Pediatrics, 1993; Steinberg, 1993).
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3.2 FREE RADICAL-MEDIATED TOXICITY IN THE HEART
3.2.1 Introduction

3.2.1.1 General Aspects of Free Radical Chemistry

A free radical is defined as “any species capable of independent
existence that contains one or more unpaired electrons” (Halliwell, 1994). The
simplest free radical, for example, is an atom of the element hydrogen, which
contains one proton and a single electron. ‘Reactive oxygen species’ (ROS) is
a general term that is widely used to refer to free radicals as well as molecular
species that do not contain unpaired electrons, but which are instrumental in
the generation of free radical species (Darley-Usmar and Halliwell, 1996;
Halliwell, 1994). The generation of potentially deleterious oxygen free
radicals is a natural consequence of aerobic life (Dargel, 1992; Halliwell,
1994). The formation of biologically reactive oxygen species (Figure 3-5)
occurs as molecular oxygen is reduced by a series of electron transfer steps
(Dargel, 1992; Loesser et al., 1991; Yu, 1994). This process is believed to
account for approximately 5% of the total celiular oxygen consumption
(Rubanyi, 1988). Several reactive oxygen species are produced, each
possessing a different degree of chemical reactivity (Dargel, 1992; Halliwell,
1994; Yu, 1994).

20, + e—» 20,

0,” + H, O —» HO,” + OH"
20, + 2e + 2H* ——» H,0,
H,0, + & + H* —» 2 OH
OH + & + HH—»H,0

Figure 3-5. Formation of reactive oxygen species during the univalent
reduction of molecular oxygen, where e=electron; H*=proton;
O,=molecular oxygen; O, =superoxide anion; HO,=
hydroperoxyl radical; OH =hydroxyl anion; H,O.,=hydrogen
peroxide; ‘OH=hydroxyl radical; H,O=water (adapted from
Loesser, 1991; Yu, 1994).
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The first intermediate in the sequential univalent reduction of oxygen is
the superoxide anion. A unique aspect of the superoxide anion is that while it
reacts selectively with cellular targets, it can also lead to the formation of a
variety of other ROS including the hydroxyl radical, hydrogen peroxide, singlet
oxygen and the hydroperoxyl radical (Yu, 1994). Superoxide anion is
produced for physiological purposes in phagocytic cells, where it assists in the
inactivation of foreign microorganisms, and possibly in lymphocytes and
fibroblasts, where it may be involved in intercellular signalling and growth
regulation (Halliwell, 1994; Yu, 1994).

The hydroxy! radical is a highly reactive free radical which attacks
almost all molecules in a diffusion-controlled fashion. Because of its reactive
nature, the hydroxyl radical has a half-life measured in microseconds and
generally damages molecules immediately adjacent to its site of formation
(Halliwell, 1989; Halliwell, 1994; Yu, 1994). Hydroxyl radicals are formed
primarily from the following reactions in vivo (Rubanyi, 1988; Yu, 1994):

Fe** + H,0, —» Fe* + 'OH + OH (Fenton reaction)
O,” + H,0, —» O, + H,0 + 'OH (Haber-Weiss reaction)

The toxicological significance of this radical is reiated to its ability to propagate
free radical chain reactions (Halliwell, 1989).

Hydrogen peroxide can be formed by either the spontaneous or
enzymatic dismutation of two superoxide anions (Yu, 1994). Hydrogen
peroxide is a non-radical ROS which, because of its nonionized state, is very
diffusable within and between cells (Halliwell, 1994; Rubanyi, 1988; Yu, 1994).
This diffusability, coupled with the potential to generate the highly reactive
hydroxyl radical, make hydrogen peroxide a very important cellular oxidant
(Yu, 1994).

Pathological cellular production of free radicals can originate from
either the impact of radiation (ionizing, ultraviolet, visible or thermal) or various
electron transfer processes (catalyzed by transition metals or enzymes)
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(Dargel, 1992). Certain pathophysiologic conditions can shift the normal
metabolism of oxygen to univalent reductions with production of ROS (Loesser
et al., 1991). Specific sources of biologically important ROS inciude:

1. Xaaothine/Xanthine Oxidase

* Xanthine oxidase is a covalently modified form of the enzyme xanthine
dehydrogenase which catalyzes the univalent oxidation of purine
substrates with the concomitant production of the superoxide anion and
possibly singlet oxygen (Loesser et al., 1991; Prasad et al., 1992a; Prasad
et al., 1989; Rubanyi, 1988; Willson, 1989; Yu, 1994).

* Xanthine oxidase has been implicated in the pathophysiology of the
ischemia/reperfusion phenomenon (Loesser et al., 1991; Yu, 1994).

2. Stimuylated Neutrophils

* NADPH oxidase contained in the plasma membrane of activated
neutrophils reduces oxygen to superoxide anion (Dargel, 1992; Loesser et
al., 1991; Willson, 1989).

* Hydrogen peroxide formed from the dismutation of superoxide anion
combines with chioride ion in the presence of myeloperoxidase to form
hypochlorous acid. This highly reactive acid interacts with nitrogenous
compounds to generate monochloramines, which are stable ROS capable
of diffusing across plasma membranes (Dargel, 1992; Loesser et al., 1991).

3. Electron Transport Systems

* A potential source of both superoxide anion and hydrogen peroxide is the
electron transport chain in the mitochondria (Dargel, 1992; Halliwell, 1994;
Loesser et al, 1991; Rubanyi, 1988; Yu, 1994). While only a small
percentage of the reducing equivalents are believed to be diverted from
mitochondrial energy production, this amount may be significant in terms of
cellular toxicity (Halliwell, 1994).
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* The electron transport systems of cytochromes P450 and bs, contained in
the microsomal and nuclear membranes, are also potential sources of
superoxide anion and hydrogen peroxide (Dargel, 1992; Rubanyi, 1988;
Willson, 1989; Yu, 1994).

4. Auto-oxidation R .
* Pathological production of superoxide anion results from auto-oxidation
reactions in which certain compounds (i.e. catecholamines,
tetrahydrofolate, reduced flavins) react directly with molecular oxygen to
form the superoxide anion (Halliwell, 1994; Loesser et al., 1991; Singal et
al., 1982).

5. Metaboli f Arachidonic Acid

* One of the enzymatic activities of prostaglandin H, synthase is as a
hydroperoxidase which is responsible for the conversion of arachidonic
acid to prostaglandin H,. This process has been shown to generate a
number of free radical species, including superoxide anion and singlet
oxygen (Dargel, 1992; Loesser et al., 1991; Rubanyi, 1988).

6. Calcium Overload

* It has been suggested that influx of calcium into the cell initiates free
radical production (Loesser et al, 1991). Calcium overload is known to
damage cardiac mitochondria which may result in the diversion of
molecular oxygen to univalent reduction pathways with the subsequent
production of ROS (Loesser et al., 1991).

* The calcium paradox is a phenomenon whereby reperfusion of previously
ischemic myocardium with calcium immediately causes severe tissue
damage. This phenomenon has been associated with the liberation of
arachidonic acid from the plasma membrane, with subsequent production
of free radicals (Loesser et al., 1991).
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Numerous cellular events have been identified as being consequences
of ROS in vivo. Oxygen free radicals are chemically reactive species which
can attack a variety of subcellular structures causing altered cellular
metabolism and structure, and ultimately leading to cell death and necrosis
(Loesser et al., 1991). The categories of free radical mediated cellular damage
include: covalent modification of biological structures like proteins or nucleic
acids, which in many cases can only be corrected by resynthesis of the
affected component; aiterations of membrane structure and function as a result
of peroxidation of the polyunsaturated fatty acid components of the plasma
membrane; lipid peroxidation-associated generation of toxic non-radical
products which have specific intracellular targets (Dargel, 1992; Halliwell,
1994; Loesser et al., 1991; Yu, 1994).

3.2.1.2 Free Radicals and Oxidative Injury

It has become evident that protein molecules are highly sensitive to
oxidative modification (Yu, 1994). The physical changes associated with
oxidation of amino acid residues of proteins include fragmentation,
aggregation and increased susceptibility to proteolytic digestion (Bolli, 1991;
Dargel, 1992; Yu, 1994). Aggregation occurs by oxidative denaturation of the
protein molecule, and may be related to the ability of the hydroxyl radical to
form cross-linkages (Yu, 1994). Denatured proteins are more susceptible to
degradation by proteolytic enzymes due to gross conformational changes
(Halliwell, 1994; Yu, 1994). The interaction of free radicals with proteins
and/or amino acids has serious physiological consequences. Covalent
binding of free radicals to enzymes and receptors would be expected to alter
cellular homeostatic mechanisms, thus contributing to cellular dysfunction and
eventually cell death (Bolli, 1991; Dargel, 1992; Halliwell, 1989).

Nucleic acids are also very susceptible to oxidative attack by free
radicals and ROS. Alteration of DNA molecules has obvious implications in
the development of neoplastic transformations (Dargel, 1992). Oxygen free
radicals may act as both direct and indirect carcinogens. Direct oxidative
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damage of DNA induced by the hydroxyl radical includes both base alterations
and strand breaks, with thymine and cytosine residues being most susceptible
to oxidative attack (Yu, 1994). Indirect mechanisms of tumor induction include
ROS-associated lipid peroxidation with subsequent production of potentially
carcinogenic compounds (i.e. malondialdehyde), and depletion of intracellular
antioxidant compounds (Yu, 1994).

Free radical-mediated membrane damage is perhaps the most
important feature of oxidative injury. Peroxidative attack of the
polyunsaturated fatty acid (PUFA) side-chains of membrane lipids involves the
processes of initiation, propagation and termination (Dargel, 1992; Halliwell,
1989; Halliwell, 1994; Yu, 1994). Initiation of lipid peroxidation occurs
following the attack of any species (i.e. a free radical) which is capable of
abstracting a hydrogen atom from a PUFA side chain, with the coincident
production of a carbon-centred radical (Halliwell, 1994; Yu, 1994).
Propagation of peroxidation depends on the reaction of carbon-centred
radicals with molecular oxygen to form the peroxyl radical, which can then
attack adjacent PUFA side-chains and propagate the chain reaction (Dargel,
1992; Halliwell, 1994; Yu, 1994). Termination of a peroxidative chain reaction
generally depends on the intervention of various components of the cellular
antioxidant defense system.

Membrane damage associated with free radical attack includes:
covalent binding of the free radical to membrane-associated enzymes and/or
receptors; covalent binding of the radical to various membrane components;
disturbance of membrane transport processes; initiation of peroxidation of
PUFA side-chains of membrane lipids (Slater, 1984). These processes lead to
degradation of the lipid membrane, interaction of degradation products with
intra- and extracellular targets and generation of ROS during the lipid
peroxidation chain reaction (Dargel, 1992). The non-radical products of lipid
peroxidation consist primarily of alkanes, alkanals, alkenals and
hydroxyalkenals, including malondialdehyde and 4-hydroxynonenal (Dargel,
1992; Darley-Usmar and Halliwell, 1296; Nair et al, 1986; Slater, 1984;
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Ungemach, 1987). These aldeyhydes react with both the sulfhydryl groups of
thiols (protein and nonprotein) and the amino groups of proteins (Dargel,
1992; Nair et al., 1986; Slater, 1984). Microsomal glucose-6-phosphatase and
cytochrome P450 appear to be preferential targets of these lipid degradation
products (Dargel, 1992). Alkenals also react with DNA, inhibit DNA repair,
inhibit protein and RNA synthesis, and bind to glutathione (Dargel, 1992).

Free radical-mediated oxidative damage has been implicated in
numerous clinical disorders, and is believed to be causally related to the
development of atherosclerosis, rheumatoid arthritis, some forms of adult
respiratory distress syndrome, the familial dominant form of amyotrophic
lateral sclerosis, reoxygenation injury and traumatic or ischemic damage to the
central nervous system (Halliwell, 1989; Halliwell, 1994). The susceptibility of
a particular organ or tissue to the damaging effects of lipid peroxidation will
vary depending on a number of factors, including: the architecture of the
organ or tissue; the complex cellular composition; and the structural and
functional properties of individual cell types (Dargel, 1992; Halliwell, 1994).
Several disorders associated specifically with lipid peroxidation are:
inflammation; carcinogenesis; atherogenesis; toxic cell injury; retinopathy of
prematurity; ischemia and reperfusion of organs; myocardial injury (Dargel,
1992; Darley-Usmar and Halliwell, 1996; Halliwell, 1994). However, the
causal relationship of lipid peroxidation in the pathogenesis of various
diseases has not been rigorously established.

3.2.2 Myocardial Effects of Oxygen Free Radicals

It has been proposed that oxidative damage represents a fundamentai
mechanism of myocardial injury (Loesser et al, 1991). Peroxidation of both
proteins and lipids could be important factors in the etiology of cardiac toxicity
(Bolli, 1991; Yu, 1994). Since myocytes have a limited ability to enzymatically
detoxify ROS, the heart is particularly sensitive to ROS-induced damage (Milei
et al., 1986). Free radical-induced cardiomyopathy is associated with the
development of ultrastructural damage, abnormal metabolism, transient
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contractile failure (or myocardial stunning), arrhythmias and cell death (Singal
et al., 1982; Thollon et al, 1995). The ischemia/reperfusion phenomenon is
the most thoroughly investigated free radical-mediated myocardial pathology.
Reperfusion injury refers to a variety of pathophysiologic derangements which
manifest as cellular damage and dysfunction following the post-occlusion re-
establishment of coronary blood flow (Bolli, 1991; Hudson, 1994). Other
radical-induced cardiac pathologies share a number of features with the
ischemia/reperfusion phenomenon, including the development of myocardial
stunning, arrhythmias and cell death (Bolli, 1991; Jeroudi et al., 1994). The
ischemia/reperfusion related cardiotoxic effects can be used to illustrate the
general pathogenesis of other radical-induced mechanisms of myocardial
toxicity.

Ultrastructural damage which has been attributed to free radical-
induced lipid peroxidation includes: early signs of fibrosis; vacuolization and
granulation; cellular and mitochondrial swelling; loss of myofibrils; cellular
necrosis; and infiltration of necrotic areas by polymorphonuclear leukocytes
(Hearse et al.,, 1989; Hudson, 1994; Singal et al, 1982). The morphologic
disturbances associated with adriamycin-induced lipid peroxidation consist of
vacuolization of myocardial fibers which leads to severe myocytolysis (Milei et
al., 1986).

Intracellular calcium overload, which appears to be a consequence of
peroxidation of the plasma and/or sarcoplasmic reticulum membranes, causes
depletion of high-energy phosphates due to the activation of calcium-
dependent ATPases and impairment of mitochondrial energy production (Bolli,
1991; Hudson, 1994; Singal et al., 1982). Additionally, pathological processes
which produce tissue hypoxia or anoxia promote anaerobic metabolism,
leading to the accumulation of toxic metabolic by-products (Hudson, 1994).
Anaerobic metabolism also depletes cellular stores of glycogen and ATP, with
a concomitant inhibition of ATP-dependent membrane ion pumps (Hudson,
1994).
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Myocardial stunning is a radical-mediated manifestation of myocardial
injury (Bolli, 1991; Loesser et al., 1991; Prasad et al, 1992a; Prasad et al.,
1989). This mechanical dysfunction occurs in the absence of irreversible
damage, and persists after reperfusion of previously ischemic tissue (Bolli,
1994; Hudson, 1994; Jeroudi et al, 1994; Loesser et al, 1991). Both the
hydroxy! radical (Bolli, 1991; Jeroudi et al, 1994) and singlet oxygen (Hearse
et al., 1989; Loesser et al., 1991) have been implicated in the pathogenesis of
myocardial stunning. There has been a consistent association between the
prevention of ROS generation and attenuation of myocardial stunning (Bolli,
1991). Free radical-induced myocardial dysfunction may be initiated by
peroxidation of sarcolemmal lipids, which then resuits in excitation-contraction
uncoupling and intracellular caicium overload (Bolli, 1991; Jeroudi et al.,
1994; Loesser et al., 1991; Prasad et al., 1992a).

The extent of mechanical and electrophysiological disturbances
following oxidative stress has been found to be correlated with the production
of malondialdehyde (Nakaya et al., 1987). The electromechanical alterations
observed are also very suggestive of disturbed calcium homeostasis (Thollon
et al., 1995). It has thus been proposed that ventricular arrhythmias induced
by free radical mechanisms may be initiated by a sudden burst of oxidative
stress, which damages membrane lipids and proteins, leading to ionic
imbalances and electrical instability (Cerbai et al, 1991; Curtis et al., 1993;
Hearse et al., 1989; Jeroudi et al, 1994; Loesser et al, 1991). Myocyte
intracellular caicium overload produces oscillations in transmembrane
potential (or afterdepolarizations), reductions in the arrhythmogenic thresholds
and abnormal automaticity, all of which predispose the myocardium to various
ventricular arrhythmias (Hudson, 1994; Jeroudi et al., 1994; Nakaya et al.,
1987; Tholion et al., 1995). These processes are all attenuated by antioxidant
pretreatment (Cerbai et al, 1991; Jeroudi et al., 1994; Nakaya et al., 1987).
The available evidence suggests that there may be multiple types of cardiac
injury caused by ROS, which possibly depend on the amount and/or type of
ROS generated (Cerbai et al., 1991).
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Activated neutrophils have been implicated as mediators of tissue injury
resulting in myocardial necrosis (Bolli, 1991). i has been postulated that
massive infiltration of neutrophils in previously ischemic myocardium persists
for extended periods of time, and could provide an ongoing source of oxygen
free radicals (Bolli, 1991). Other investigators have suggested that
peroxidative damage of the mitochondrial membrane results in disruption of
the mitochondrial electrochemical gradient, with subsequent inhibition of ATP
resynthesis. This process is believed to be integral in the development of
irreversible cell injury during oxidative stress (Carini et al, 1992). However,
the role of ROS in the development of irreversible myocardial injury and
necrosis is controversial (Bolli, 1991).

3.2.3 Cellular Defenses Against Oxidative Injury

Rising atmospheric oxygen tension caused a shift from primarily
anaerobic life to the evolution of aerobic organisms which developed
antioxidant defense systems to protect against the toxic effects of oxygen
(Dargel, 1992; Halliwell, 1994; Parke et al., 1990). These defense systems
have evolved to provide adequate protection against 21% atmospheric
oxygen, but are ineffective at higher oxygen tensions (Halliwell, 1994).
Because the antioxidant defense systems are not completely effective, they
work in concert with various repair systems which repair molecules that have
sustained oxidative damage (Haliiwell, 1994). Maximum protection against
oxidative stress is provided by a multiplicity of both enzymatic and
nonenzymatic systems capable of scavenging a variety of different ROS (Yu,
1994).

3.2.3.1 Enzymatic Antioxidants

3.2.3.1.1 Superoxide Dismutase

Superoxide dismutase (SOD) is an ubiquitous family of mammalian
enzymes which catalyze the inactivation of excess superoxide anion with the
subsequent generation of hydrogen peroxide and oxygen (Darley-Usmar and
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Halliwell, 1996; Halliwell, 1994; Loesser et al., 1991; Yu, 1994). This enzyme-
catalyzed reaction proceeds approximately 10,000 times faster than the
nonenzymatic chemical dismutation (Halliwell, 1994; Loesser et al., 1991; Yu,
1994).

There are three classes of SOD enzymes, each with a distinct metal ion
content. Mitochondrial SOD contains an essential manganese ion at its active
site (MnSOD), while cyotsolic SOD has copper and zinc ions (Cu/ZnSOD) at
its active site (Halliwell, 1994; Yu, 1994). An iron-containing SOD (FeSOD) is
found primarily in the plasma (Yu, 1994).

SOD activity varies among various tissues, with the highest levels found
in the liver, adrenal gland, kidney and spleen (Yu, 1994). Induction of the
biosynthesis of SOD is regulated by tissue oxygenation and the presence of
oxidant compounds (Yu, 1994).

Due to the generation of hydrogen peroxide, SOD enzymes work in
collaboration with the hydrogen peroxide eliminating enzymes catalase and
glutathione peroxidase (Halliwell, 1994; Yu, 1994).

3.2.3.1.2 Catalase

Catalase has an extensive tissue distribution, with particularly high
activities demonstrated in the liver, kidney and erythrocytes (Yu, 1994).
Catalase activity varies not only between tissues, but also within the cell (Yu,
1994). The highest intracellular activity of catalase is found in the
peroxisomes (Halliwell, 1994; Yu, 1994).

The primary function of catalase enzymes is to convert hydrogen
peroxide into water and oxygen; however, catalase is also responsible for the
reduction of methyl and ethyl hydroperoxides (Halliwell, 1994; Loesser et al.,
1991; Yu, 1994). This biological function is shared with the glutathione
peroxidase enzymes; however, catalase and glutathione peroxidase have
different substrate specificities and affinities (Yu, 1994). Catalase is
principally responsible for the metabolism of organic peroxides in the
presence of high hydrogen peroxide concentrations (Yu, 1994).
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3.2.3.1.3 Glutathione Peroxidase

The glutathione peroxidases (GSH-Px) are believed to be the most
important family of hydrogen peroxide removing enzymes (Halliwell, 1994;
Loesser et al,, 1991). Along with catalase, GSH-Px serves to catalyze the
reduction of hydrogen peroxide, as well as various hydroperoxide species
(lipid peroxides and lipoxygenase products), especially in the presence of low
hydrogen peroxide levels (Yu, 1994).

The selenium-dependent GSH-Px enzymes contain an essential
selenocysteine residue at the enzyme’s active site (Halliwell, 1994). These
cytosolic isozymes have a low capacity for the reduction of hydrogen peroxide,
and may be involved in the degradation of phospholipid hydroperoxides (Yu,
1994). Selenium-independent GSH-Px preferentially utilize organic
hydroperoxides as substrates (Yu, 1994).

The enzymatic reduction of hydrogen peroxide to water catalyzed by
GSH-Px involves the concomitant oxidation of two molecules of glutathione.
Oxidized glutathione is subsequently reduced by the enzyme glutathione
reductase (Halliwell, 1994). Glutathione reductase is a flavoprotein which
utilizes NADPH as a reducing equivalent in the regeneration of glutathione
(Halliwell, 1994).

3.2.3.2 Non-enzymatic Antioxidants

3.2.3.2.1 a-Tocopherol

The generic term ‘vitamin E’ encompasses at least eight structural
isomers of tocopherol, of which o-tocopherol exhibits the most potent

antioxidant activity (Halliwell, 1989; Halliwell, 1994; Yu, 1994). Vitamin E is a
lipophilic vitamin that is ubiquitously distributed in both the animal and plant

kingdoms (Yu, 1994). The tissue distribution of «a-tocopherol reflects its

lipophilic nature, with the highest levels found in adrenal glands, heart, testes
and liver (Yu, 1994).
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The lipophilic nature of a-tocopherol allows it to distribute very widely in

the body, especially within the lipid membranes of the mitochondria and
endoplasmic reticulum, where it functions as the primary free radical chain
terminator in the lipophilic environment (Dargel, 1992; Halliwell, 1989;

Halliwell, 1994; Yu, 1994). «-Tocopherol is also responsible for the
conversion of superoxide anion, hydroxyl radical and lipid peroxyl radicals to
less reactive forms (Yu, 1994).

While controversy exists regarding the inherent status of a-tocopherol
as either an antioxidant or pro-oxidant, it is generally believed that a-
tocopherol provides a net antioxidant function in the cell (Dargel, 1992;
Darley-Usmar and Halliwell, 1996). The controversy has arisen because a-

tocopherol has some reducing properties, and also forms a short-lived radical
species which is recycled in vivo by ascorbic acid, glutathione and/or
ubiquinol (Dargel, 1992; Darley-Usmar and Halliwell, 1996; Halliwell, 1989;
Halliwell, 1994). ’

3.2.3.2.2 p-Carotene

p-Carotene is a metabolic precursor of the fat-soluble vitamin A (Yu,

1994). Like a-tocopherol, B-carotene is located primarily within the lipophilic

membranes of tissues (Yu, 1994).
Carotenoids, including B-carotene, are capable of directly quenching

various ROS, notably singlet oxygen, superoxide anion and peroxyl radicals
(Dargel, 1992; Milei et al, 1986; Yu, 1994). The long chain of conjugated

double bonds of B-carotene suggests its facilty as a free radical scavenger

(Yu, 1994). pB-Carotene is particularly effective in the prevention of lipid

peroxidation induced by xanthine oxidase (Yu, 1994).
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Like a-tocopherol, B-carotene appears to possess both antioxidant and
pro-oxidant activities (Yu, 1994). Pro-oxidant effects are demonstrated
particularly at high oxygen partial pressures (Yu, 1994).

3.2.3.2.3 Ascorbic Acid

Ascorbic acid, or vitamin C, is a hydrophilic vitamin which has a wide
distribution in intracellular and extraceliular fluids (Halliwell, 1994; Yu, 1994).
The ascorbate anion is the predominant form at physiological pH (Yu, 1994).
Relatively high levels of ascorbate are found in the adrenal and pituitary
glands, and lower concentrations are found in the liver, spleen, pancreas and
brain (Yu, 1994).

Ascorbate is a reducing agent and antioxidant, which directly
scavenges superoxide anion, singlet oxygen, hydroxyl radical and various
lipid hydroperoxides (Dargel, 1992; Halliwell, 1994; Yu, 1994). Ascorbate is
known to provide the most effective protection against plasma lipid
peroxidation (Yu, 1994). As mentioned previously, one of the primary

functions of ascorbate is to recycle the a-tocopherol radical (Darley-Usmar
and Halliwell, 1996; Halliwell, 1994; Yu, 1994).

Excess amounts of ascorbic acid may have pro-oxidant activity in the
presence of transition metals by generating superoxide anion, hydrogen
peroxide and hydroxy! radical with subsequent induction of lipid peroxidation
(Halliwell, 1994; Yu, 1994). It has been suggested that the concentration and
the subcellular distribution are the major determinants of the pro-oxidant

nature of ascorbate (Yu, 1994).

3.2.3.2.4 Glutathione

Glutathione (GSH) is a tiipeptide, y-glutamyl-cysteine-glycine, which is
present in virtually all mammalian cells (Bray and Taylor, 1993; Dargel, 1992;
Yu, 1994). The fy-glutamyl bond confers resistance to peptidase attack (Yu,

1994). GSH has a primarily intracellular distribution (concentrations 0.5-10
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mM), aithough it is also located in the alveoli of the lung (Dargel, 1992; Yu,
1994). Under normal physiologic conditions less than 5% of cellular
glutathione exists in its oxidized (GSSG) form, and constant regeneration of
reduced GSH by glutathione reductase is essential for cellular integrity
(Dargel, 1992).

The ability of GSH to react with both electrophiles and oxidants makes
it an especially versatile component of the cellular detoxification system (Bray
and Taylor, 1993; Yu, 1994). Depletion of intracellular GSH by various
chemical interventions predisposes the cell to lipid peroxidation and cellular
injury (Dargel, 1992). In addition to its role as a substrate for GSH-Px
enzymes, reduced glutathione is capable of directly scavenging free radicals,
particularly hydroxyl and carbon-centred radicals (Halliwell, 1994; Yu, 1994).
Another important function of GSH is related to the detoxification of the
degradation products of lipid peroxidation, a reaction catalyzed by the enzyme
glutathione S-transferase (Darley-Usmar and Halliwell, 1996; Yu, 1994).

3.2.3.2.5 Other Antioxidant Compounds

The antioxidant activity of uric acid, an end product of purine
metabolism in primates, has recently been recognized (Halliwell, 1989; Yu,
1994). At physiological pH, the anion form (urate) predominates. Urate has a
wide physiological distribution, acting as a major extra- and intracellular
component of the antioxidant defense system (Yu, 1994). Urate is capable of
scavenging the hydroxyl radical, superoxide anion, oxoheme oxidants and
peroxyl radicals (Yu, 1994). The ability of urate to complex transition metals
may be involved in its sparing action on plasma ascorbate (Yu, 1994).

Glucose is an ubiquitous carbohydrate which is utilized as a primary
energy source in mammalian systems. The antioxidant activity of glucose
stems from its ability to scavenge the hydroxyl radical in vivo (Yu, 1994).

Cysteine is a widely distributed amino acid which is capable of reducing
a variety of organic compounds by the donation of an electron from its
sulfhydryl group (Yu, 1994).
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Histidine may function as a scavenger of singlet oxygen in vivo (Hearse
et al., 1989).

Bilirubin, a product of hemoprotein catabolism, functions as a chain-
breaking antioxidant by reacting with peroxyl radicals (Halliwell, 1989; Yu,
1994).

3.3 DEVELOPMENTAL ASPECTS OF MYOCARDIAL RESPONSE

3.3.1 Introduction

Investigations in neconatal animals strongly suggest that the neonatal
heart undergoes physiological and morphological changes after birth which
are both extensive and important (Brus and Jacobowitz, 1972; Case et al,
1989; Chen et al., 1979; Ezrin et al., 1983; Ferrer, 1977; Friedman, 1972;
Friedman et al., 1968; Geis et al., 1975; Nakanishi and Jarmakani, 1984; Olley
and Rabinovitch, 1985; Pappano, 1977; Roffi and Motelica-Heino, 1975;
Rosen and Hordof, 1977). This period of transition is characterized by
enhanced sensitivity of the developing myocardiUm to numerous exogenous
stimuli, including the administration of pharmacologic agents (Ferrer, 1977).
Endogenous disturbances such as hypoxemia, acidosis and metabolic or ionic
derangements can also contribute to the excessive lability of the heart in the
immediate postnatal period (Ferrer, 1977).

Increased cardiac monitoring in neonatal patients has focused attention
on the incidence of arrhythmias in this population. Contrary to previous
beliefs, dysrhythmias in neonates, especially premature neonates, are
relatively common (Case et al.,, 1989; Church et al., 1967; Grifka and Garson,
1991; Morgan et al, 1965; Rogers and Richmond, 1978; Valimaki, 1969).
Hypoxia, acidosis and electrolyte disturbances all contribute the development
of arrhythmias in the neonatal population (Olley and Rabinovitch, 1985). It has
been observed that virtually all newborn infants experience sinus tachycardia,
which is believed to be the predominant rhythm in the immediate postnatal
period (Church et al., 1967; Morgan et al., 1965; Morgan and Guntheroth,
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1965; Rogers and Richmond, 1978). Sinus bradycardia with or without nodal
escape is also quite common, especially in premature neonates (Church et al.,
1967, Morgan et al, 1965; Morgan and Guntheroth, 1965). Autonomic
immaturity is believed to contribute to the high incidence of ectopic beats (both
atrial and ventricular) and supra-ventricular tachycardia in newborn infants
(Morgan et al., 1965; Morgan and Guntheroth, 1965; Rogers and Richmond,
1978). The most common neonatal arrhythmias have been shown to be
premature atrial contractions, premature ventricular contractions,
supraventricular tachycardia and atrial flutter (Grifka and Garson, 1991). The
premature or asphyxiated infant is especially vulnerable to the development of
more serious arrhythmias (Rogers and Richmond, 1978).

An understanding of the basis of the developmental differences
observed in the neonatal myocardium is crucial for the rational implementation
of therapeutic interventions. The developmental aspects of the myocardial
response to therapeutic and toxicologic agents include immaturity of structural,
biochemical and physiological components of the myocardium.

3.3.2 Anatomical Differences

Growth rates of various cardiac morphological parameters (mitral valve
ring dimension, tricuspid valve ring dimension and total cardiac dimension)
demonstrate that continuous myocardial growth occurs from the fetal stage to
approximately 3 1/2 years of age (Ishii et al, 1990). Myocardial growth is
thought to significantly exceed development of the neonatal guinea pig
coronary bed (Achterberg et al., 1988). It has been further demonstrated that
age-dependent aiterations in the topology of the intercellular junctions
responsible for electrical (gap junctions) and mechanical (fascize adherentes)
coupling continue until about 6 years of age. These spatial modifications
appear to parallel the changing ventricular functional requirements by
accomodating an initial need for rapid growth-dependent remodeling, and
gradually evolving to a relatively stable and rapidly conducting adult
myocardium (Peters et al., 1994; Spach, 1994).
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Immature myocytes are smaller than adult myocytes, and contain a
higher proportion of non-contractile (i.e. mitochondria, nuclei and surface
membranes) to contractile (i.e. myofilaments) elements (Achterberg et al,
1988; Friedman, 1972; Nakanishi and Jarmakani, 1984; Olley and
Rabinovitch, 1985). The contractile elements of the adult heart comprise
approximately 60% of the total muscie mass, compared with only 30% in the
neonatal heart (Friedman, 1972). Reduced myofibrillar volume in neonatal
myocytes is accompanied by a relative disorganization of the myofibrillar units
and the extracellular matrix network. Age-dependent maturation of these
mechanical and structural components in the developing myocyte contributes
to increased mechanical efficiency of the myofibrils (Vannier et al., 1996). The
developing rabbit heart contains a slow skeletal muscle isoform of troponin |,
in addition to the normal cardiac isoform, that is not found in aduit myocytes.
The slow skeletal troponin remains the predominant isoform throughout fetal
life, being replaced by the cardiac isoform by about 9 months of postnatal
development. This altered developmental troponin expression would be
expected to confer different contractile properties on the immature myocardium
(Sasse et al.,, 1993; Vannier et al., 1996).

A higher water and protein content (on a per gram basis) makes the
structure of the immature myocardium relatively denser than that of the mature
heart (Hammon, 1995). Neonatal myocytes are also comprised of an
assembly of immature and nonhomogenous sarcomeres (Olley and
Rabinovitch, 1985). These structural differences may account for the reduced
compliance and lower preload reserve noted in neonatal hearts (Friedman,
1972; Hammon, 1995; Olley and Rabinovitch, 1985).

3.3.3 Biochemical Differences

3.3.3.1 Energy Catabolism

The endogenous glycogen stores in the immature myocardium are
plentiful, leading to an increased use of glucose metabolism from
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glycogenolysis for its energy requirements (Hammon, 1995; Lopaschuk et al.,
1992). Additionally, the neonatal heart demonstrates more effective anaerobic
metabolism than does the adult heart (Achterberg et al, 1988; Chiu and
Bindon, 1987; Hammon, 1995; Lopaschuk et al, 1992). The increase in
glycolytic capacity in neonatal mycocardium may be related to increased
activities of key glycolytic enzymes (Lopaschuk et al., 1992).

The oxidative capacity of the developing rat ventricle (as estimated by
the oxygen consumption or maximal respiration rate) is lower in immature rat
ventricles than in mature ventricles (Lopaschuk et al., 1992; Vannier et al,
1996). Creatine does not stimulate respiration in immature rat ventricles,
which implies a lack of coupling between oxidative phosphorylation and
mitochondrial creatine kinase in immature tissue (Vannier et al., 1996).

A relative deficiency of 5-nucleotidase in the immature myocardium
contributes to enhanced high-energy phosphate homeostasis. (Achterberg et
al., 1988; Grosso et al., 1992; Hammon, 1995). 5'-Nucleotidase is responsible
for the metabolic conversion of adenosine monophosphate (which is
nondiffusible) to adenosine (which is freely diffusable). Maintenance of
intracellular purine levels would contribute to the preservation of the high-
energy phosphate pool (Grosso et al., 1992).

The reduced activity of calcium adenosine triphosphatase in the
sarcoplasmic reticulum results in lower intracellular calcium sequestration in
immature hearts. Calcium-mediated excitation-contraction coupling in the
neonatal myocardium is thus more dependent on extracellular calcium stores
than in the adult heart (Hammon, 1995; Hatem et al., 1995; Nakanishi and
Jarmakani, 1984). Calcium sensitivity of myofibrillar force development is
higher in newborn rat ventricles than in adult ventricles (Vannier et al., 1996).
This may be a result of developmental alterations of troponin | isoforms (Sasse
et al., 1993; Vannier et al., 1996).
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3.3.3.2 Endogenous Cellular Defenses

Aging has long been associated with increased susceptibility to
oxidative attack (Cusack et al, 1991; Scarpa et al, 1987). Antioxidant
defenses are known to diminish in aging mammals. It has been suggested
that age-dependent reduction in the levels of reduced glutathione may be
related to an age-related increase in the cellular oxidation rate, or to a
reduction in the overall GSH turnover (increased degradation and/or reduced
biosynthesis) (Cusack et al, 1991; Yu, 1994). An age-related reduction in
glutathione peroxidase activity would contribute to the decreased availability
of glutathione (Cusack et al., 1991). However, neonatal animals may actually
be provided with enhanced antioxidant defenses as a preparation for the
transition from a relatively hypoxic environment in utero to the oxygen-rich
postnatal atmosphere (Frank and Groseclose, 1984; Scarpa et al., 1987;
Stevens and Autor, 1977). For example, the activities of superoxide
dismutase, catalase and/or glutathione peroxidase exhibit a similar
maturational increase in the final 3-5 days prior to parturition in the developing
lung (Frank and Groseclose, 1984; Stevens and Autor, 1977), liver (Yang et
al., 1993) and brain (Juchau, 1990; Scarpa et al., 1987).

A recent investigation of oxidative injury in neonatal rats has shown that
the immature myocardium has multiple protective mechanisms, including:
reduced oxidant production resulting from lower xanthine oxidase activity;
enhanced ROS scavenging activity (specifically catalase activity); and
increased expression of certain heat shock proteins (HSP72), which are
associated with myocardial protection from a wide range of stressful stimuli
(Rowland et al., 1995).

The activity of xanthine oxidase has been reported to be roughly five
times lower in neonatal versus adult rat hearts (Achterberg et al., 1988;
Rowland et al, 1995). Both cardiac and hepatic xanthine oxidase exhibit
linear postnatal increases in activity (Achterberg et al., 1988; Schoutsen and
de Jong, 1987). The potential benefits of reduced xanthine oxidase activity in
neonatal hearts would include: higher hypoxanthine levels, which would
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result in more efficient reincorporation of purine bases into the myocardial ATP
pool; and reduced generation of ROS under conditions of myocardial ischemia
and toxic insult (Achterberg et al., 1988).

3.3.4 Physiological Differences
3.3.4.1 Autonomic Nervous System

3.3.4.1.1 Sympathetic Nervous System

Sympathetic innervation is either incomplete or functionally immature in
the fetus and early newborn (Brus and Jacobowitz, 1972; Ezrin et al., 1983;
Ferrer, 1977; Friedman, 1972; Friedman et al, 1968; Geis et al, 1975;
Gennser and Nilsson, 1970; Pappano, 1977; Partanen and Korkala, 1974;
Roberts, 1991). Evidence from experimental animals suggests that
norepinephrine stores are lower in the immature heart, and are located
primarily in the preterminal nerve trunks rather than in the terminal nerve
endings (Friedman, 1972; Friedman et al, 1968; Gennser and von Studnitz,
1975; Mirkin, 1972; Olley and Rabinovitch, 1985; Papka, 1974). Adult levels of
cardiac catecholamines are achieved by approximately the third postnatal
week (Roberts, 1991). The adrenal glands at a comparable developmental
stage contain significant catecholamine stores, suggesting that adrenal
release of catecholamines may play a critical role in the maintenance of
ventricular contractility in the immature myocardium (Friedman, 1972;
Friedman et al., 1968; Geis et al., 1975; Roffi and Motelica-Heino, 1975).

While extrinsic sympathetic innervation occurs relatively late in the
developmental process, considerable evidence suggests that not only are f1-
adrenergic receptors fully functional early in pregnancy, but they aiso exist in
dramatically greater numbers in the immediate postnatal period than in
aduithood (Brus and Jacobowitz, 1972; Chen et al., 1979; Geis et al., 1975;
Gennser and Nilsson, 1970; Olley and Rabinovitch, 1985; Pappano, 1977;
Rane, 1980; Steinberg et al., 1991). There is evidence, however, that the
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coupling of B-adrenergic receptors to adenylate cyclase in neonatal

myocardium is functionally incomplete (Artman et al, 1988). The increase in
neonatal receptor density parallels the marked increase in myocardial
sensitivity to catecholamines, which has been referred to as “denervation
hypersensitivity.” The immature myocardium is more sensitive to both the
positive chronotropic and positive inotropic effects of noradrenaline and
adrenaline than is the aduit myocardium (Ezrin et al., 1983; Friedman, 1972;
Geis et al., 1975; Olley and Rabinovitch, 1985; Rogers and Richmond, 1978;
Rosen and Hordof, 1977). The degree of adrenergic supersensitivity in
immature hearts declines in the first week(s) after birth until adult responses
are attained (Rogers and Richmond, 1978).

3.3.4.1.2 Parasympathetic Nervous System

Ontogenesis of the parasympathetic nervous system is qualitatively
similar to the sympathetic nervous system, with the post-synaptic components
(i.e. receptors) appearing prior to the presynaptic components (i.e. efferent
nerves) (Pappano, 1977; Schwieler et al, 1970). The parasympathetic
nervous system, however, develops significantly faster than the sympathetic
nervous system (Pappano, 1977).

The response of the neonatal myocardium appears to be similar to that
of the aduit myocardium, suggesting that the parasympathetic nervous system
(PNS) is fully functional at birth (Friedman, 1972; Olley and Rabinovitch,
1985). Functional inhibition of fetal cholinergic receptors in the sino-atrial
node has been demonstrated after atropine administration to pregnant women
(Rane, 1980). However, the immature contractile response to exogenously
administered cholinergic agents is lower than that of the adult myocardium
(Coltart et al., 1971). Additionally, certain investigators have shown that the
resting vagal tone is lower in the neonatal versus the adult heart (Geis et al.,
1975).

Cholinergic innervation of the atrium, sino-atrial node, atrio-ventricular
node and ventricles is comparable in immature and mature myocardium
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(Friedman, 1972; Gardner and O'Rahilly, 1976). However, the functional
response of the sino-atrial node to the inhibitory effects of acetyicholine
increases with postnatal age until a maximal adult level is attained (Pappano,
1977). The enhanced sensitivity of the neonatal pacemaker to the negative
chronotropic effects of acetyicholine have been attributed to lower levels of
acetylcholinesterase, which would prolong the effects of cholinergic
stimulation (Pappano, 1977).

3.3.4.2 Cellular Electrophysiology

There are developmental differences in cardiac action potentials that
are reflected by postnatal changes in cellular electrophysiology and drug
responsiveness (Case et al, 1989; Ezrin et al., 1983). The resting and action
potential amplitudes from both atrial and ventricular myocytes are lower in
immature hearts compared to adult hearts (Coltart et al., 1971; Ezrin et al.,
1983; Rosen et al., 1977). Developmental alterations in the shape, duration,
and rate-dependence of the duration in neonatal atrial action potentials have
been observed (Crumb et al., 1995; Rosen et al., 1977).

It has been proposed that action potentials from immature myocytes
reflect an ongoing ionic maturational process (Ezrin et al, 1983). There are
significant differences in the cardiac excitation and repolarization processes in
immature hearts. An increased density of sodium channels (associated with
excitatory events) may be responsible for a steeper membrane-
responsiveness curve in neonatal rabbit Purkinje fibers (Ezrin et al, 1983).
The transient outward potassium current in human neonatal atria and
ventricles is much less dense than that found in adult ventricular myocytes.
Substantial postnatal increases in the inwardly rectifying potassium current
have also been demonstrated in both rat and rabbit ventricular myocytes.
(Crumb et al.,, 1995). These developmental differences in the potassium
currents would be expected to significantly contribute to aiterations in the
repolarization processes in neonatal hearts.
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The electrophysiologic processes regulating excitation-contraction
coupling also undergo important maturational changes. It has been
suggested that, due to immaturity of the L-type calicium channel, initiation of
contraction is mediated largely by influx of calcium via the sodium/calcium
exchanger (Hatem et al, 1995). However, calcium-induced sarcoplasmic
reticular caicium release has been documented as early as the third postnatal
day (Hatem et al., 1995).

3.3.4.3 Functional Responses

Investigations of the developmental aspects of myocardial mechanical
function in fetal, neonatal and aduilt rabbit hearts have demonstrated that the
immature myocardium develops less force than the adult heart (Artman et al.,
1988; Friedman, 1972). It has been suggested that this lesser force of
contraction may be related to reduced intracellular calcium concentration,
myofibrillar content and ATPase activity in the immature heart (Friedman,
1972; Nakanishi and Jarmakani, 1984). The dependency of the immature
myocardium on extracellular calcium for excitation-contraction coupling is
illustrated by the exaggerated depressant effect of calcium channel blockers in
neonates (Hammon, 1995). Normal immature hearts also have a lower rate of
maximum tension development and reduced inotropic reserve, and tend to
operate under maximal adrenergic stimulation (Hammon, 1995; Nakanishi
and Jarmakani, 1984; Olley and Rabinovitch, 1985). These factors contribute
to the enhanced inotropic response of the immature heart to anesthetic agents
and the unpredictable response to pressor agents (Hammon, 1995; Mirkin,
1972). The different response of developing myocardium to B-adrenergic

stimulation may be at least partially attributed to the postnatal transition from a
predominantly slow skeletal muscle troponin | isoform to the exclusive
expression of the cardiac troponin | in older hearts (Sasse et al., 1993). The

extent of B-adrenergic blockade following administration of B-adrenergic

blocking agents is similar in immature and adult hearts (Friedman, 1972).
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It is generally believed that the immature myocardium is more tolerant to
the effects of hypoxia and ischemia compared to the adult heart. Neonatal
hearts demonstrate better recovery of contractile function, less creatine kinase
release and lower left ventricular end diastolic pressure versus adult hearts
(Rowland et al., 1995). Tolerance of immature hearts to the effects of hypoxia
and ischemia may be related to: increased glycogen stores; better anaerobic
glycolytic capacity; improved maintenance of ischemic calcium exchange;
higher concentrations of ATP substrates; lower activity of 5’-nucleotidase; and
better amino acid substrate utilization (Grosso et al., 1992; Hammon, 1995;
Lopaschuk et al,, 1992; Rowland et al., 1995). Recent studies, however, have
suggested that myocardial lactate accumulation resulting from anaerobic
metabolism during global ischemia may contribute to toxicity in neonatal
patients. The neonatal myocardium would still be expected to be resistant to
the deleterious effects of hypoxia, since the preservation of coronary flow
would ensure adequate washout of excess lactate (Chiu and Bindon, 1987).
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4. EFFECTS OF CHLORAL HYDRATE & ITS METABOLITES
ON THE ISOLATED PERFUSED ADULT RABBIT HEART

4.1 INTRODUCTION

Chloral hydrate (CH) is the oldest sedative-hypnotic still in clinical use
(Butler, 1970; Hoskins, 1984). While once employed extensively in almost all
patient populations, CH administration is now limited almost exclusively to
pediatric and geriatric patients (Cook et al., 1992; Hoskins, 1984; Marx et al.,
1993). In addition to therapeutic administration, significant environmental
exposure to CH and TCA can occur inadvertently due to drinking water
contamination in chlorine disinfected water supplies (U.S. Environmental
Protection Agency, 1975; U.S. Environmental Protection Agency, 1982; Uden
and Miller, 1983).

Chloral hydrate is rapidly metabolized in vivo both by reduction to
trichloroethanol and by oxidation to trichloroacetic acid. When administered to
healthy adult volunteers, CH is nearly undetectable within minutes of
administration (Breimer et al, 1974; Gorecki et al, 1990). TCE is
glucuronidated prior to excretion in the urine (Breimer et al., 1974; Sellers et
al., 1978). The elimination half-life of TCE is approximately 8-12 hours; that of
the glucuronide conjugate is about 6-8 hours (Breimer et al., 1974; Sellers et
al., 1978). TCA, a potentially toxic metabolite, has a half-life of 67-100 hours
(Breimer et al., 1974; Sellers et al., 1978), leading to the concern that it may
persist in the body (Hindmarsh et al., 1991; Miller et al., 1974; Sellers et al.,
1978).

A number of serious toxic reactions have been attributed to CH
ingestion. In particular, CH has been plagued by anecdotal and case reports
of cardiac arrhythmias, especially in situations of overdose (Graham et al.,
1988; Gustafson et al., 1977; Hirsch and Zauder, 1986; Marshall, 1977). It has
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been estimated that approximately 25% of CH intoxications will result in
extrasystoles (Wiseman and Hampel, 1978). Few investigations of the direct
effects of CH and/or its metabolites (TCE and TCA) on the heart have been
reported (Gross and Hoff, 1968; Riggs et al., 1986; Trulson and Ulissey, 1987;
White and Carison, 1981).

The present investigation used the isolated perfused aduilt rabbit heart
as a model system to determine the cardiotoxic potential of CH and/or its
metabolites, and to elucidate the levels of these compounds associated with
cardiotoxicity.

4.2 EXPERIMENTAL
4.2.1 Materials

4.2.1.1 Chemicals

Chloral hydrate was obtained from Bristol-Myers Squibb Canada, Inc.
(Montreal, PQ), trichloroacetic acid was purchased from Fluka Chemicals,
Terochem Laboratories Lid. (Edmonton, AB), and trichloroethanol was
obtained from Aldrich Chemical Co. (Milwaukee, WI). All other chemicals were
purchased from either Sigma Chemical Co. (St. Louis, MO) or BDH Chemicals
(Toronto, ON). All chemicals used were of reagent grade.

4.2.1.2 Animals

New Zealand adult white rabbits (2-3 kg) of either sex were obtained
from the licensed breeding facility at the Animal Resources Centre, University
of Saskatchewan (see Appendix A, Table A-2). All animals were housed in
stainless-steel cages with access to standard rabbit laboratory chow and tap
water ad libitum, in accordance with the recommendations of the Canadian
Council on Animal Care (CCAC).
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4.2.2 Methods

4.2.2.1 Heart Perfusion

Animals were sacrificed by cervical dislocation according to accepted
CCAC protocols. Anesthetic exposure was avoided to prevent any potential
for interaction with the subsequent drug (CH, TCE, or TCA) treatments. The
hearts were rapidly excised and immediately placed in ice-cold perfusion
buffer. The aorta was cannulated as quickly as possible (within 1-2 minutes)
and Langendorff perfusion (Langendorff, 1895) was initiated at a high flow rate
to clean the coronary arteries. Once the arteries were sufficiently flushed, the
heart was perfused as described previously (Prasad et al, 1992b).
Retrograde perfusion was maintained at a constant pressure of 100 cmH,O
with a bicarbonate buffer, pH 7.4, of the following composition (in mM):
sodium chloride, 154.0; potassium chloride, 5.63; sodium bicarbonate, 5.95;
calcium chioride, 2.16; and glucose, 5.55. The buffer passed through an in-
line filter prior to heart perfusion, was equilibrated with a gas mixture of 95%
O, and 5% CO, and was maintained at 37°C.

A small incision was made in the left atrium, and a balloon catheter was
introduced into the left ventricle through the mitral valve. The balloon was
filed with normal saline solution with a volume sufficient to raise the left
ventricular end-diastolic pressure to 5§ mmHg. The catheter was attached to a
Gould pressure transducer (Gould Inc. Cardiovascular Products Division,
Oxnard, CA) and a Beckman R411 dynograph recorder. Lead Il ECG was
monitored and recorded simultaneously. The heart was perfused at a rate of
11.6 £ 0.6 mL/minute, and was allowed to stabilize for at least 45 minutes prior

to any interventions.

4.2.2.2 Myocardial Assessment

The mechanical parameters determined from the recordings were: left
ventricular developed pressure (LVDP = LVSP - LVEDP; mmHg); dP/dT
(mmHg/min; a reflection of myocardial contractility); and 4) index of myocardial
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oxygen consumption (MVO, = LVSP x HR; mmHg/min). The first derivative of
LVDP (dP/dT) was used to assess left ventricular contractility in the isolated
perfused heart. These parameters were determined every 10 minutes
throughout the protocol. Coronary flow (CF; mL/min) was determined by
collecting the perfusate over one minute.

Lead Il ECG was monitored for the assessment of cardiac arrhythmias.
The diagnostic ECG parameters were: heart rate (beats/min); P-R interval
(seconds; an indication of atrio-ventricular conduction); QRS duration
(seconds; an indication of conduction within the ventricles); ectopic beats
(atrial and ventricular); ventricular tachycardia; and ventricular fibrillation
(which was considered to be the end point of arrhythmia). These parameters
were recorded every 10 minutes throughout the experimental protocol, and
more frequently if the situation warranted close monitoring.

4.2.2.3 Drug Administration

Drug solutions (CH 50, 100, 200 ug/ml or 0.30, 0.61, 1.2 mM; TCE 25,
50, 100, 150 ug/mi or 0.17, 0.34, 0.67, 1.0 mM; and TCA 25, 50, 100, 150
pug/mlor0.15, 0.31, 0.61, 0.92 mM) were prepared fresh daily using the buffer
as solvent. The perfusion apparatus was connected such that separate
reservoirs for pure buffer and drug/buffer solutions could be employed. Drug
administration via the buffer solution was initiated after stabilization of the
heart and continued for 60 minutes (treatment phase). Following the treatment
phase, the perfusion was switched back to pure buffer and the heart was
monitored for an additional 60 minutes (recovery phase). Ten control
experiments (with treatment and recovery phases analogous to treated hearts)
were performed, while the drug interventions were repeated 6-7 times for each
dosing level (see Appendix A, Table A-1).
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4.2.2.4 Expression of Resuits

Individual experimental parameters were time-averaged over the
course of the treatment and recovery phases (responses were calculated
every 10 minutes during the protocol), by calculating the areas under the
response vs. time curve (AUC's) using Lagrange interpolation (Rocci and
Jusko, 1983). The AUC's for the treatment phase (Tx) and recovery phase
(Rec.) were determined for each parameter in every experiment, and the mean
values were presented as the percentage of control means. Normalized data
for adult heart experiments are summarized in Tables B-1 to B-13 (Appendix
B).

4.2.2.5 Statistical Analysis

Results were analyzed by one-way analysis of variance (SuperANOVA,
Abacus Concepts Inc.,, 1989). If the analysis of variance demonstrated
significant results, appropriate post hoc tests (Dunnett's two-tailed multiple
comparison procedure) were used to compare the treatment means to the
control mean (Ludbrook, 1991). Correlation between dose and incidence of
ectopic beats was determined by the standard least-squares regression
technique. The level of significance was accepted as p < 0.05.

4.3 RESULTS
4.3.1 Mechanical Parameters

4.3.1.1 Coronary flow

Coronary flow (CF) was maintained at levels at least 85% of baseline
throughout the experimental protocol in all control experiments (Appendix B).
CH 100 pg/ml (7.5%; p<0.05 vs. control) and TCE 100 ug/mi (8%; p<0.05 vs.
control) produced modest reductions in CF in the treatment phase and
recovery phase, respectively (Figure 4-1). CH 200 ug/mi (p<0.001vs. control)
and TCA 50-150 ug/ml (p<0.01 vs. control) caused reductions of about
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Figure 4-1.The effects of (A) chioral hydrate (0, 50, 100, 200 ug/ml), (B)
trichloroethanol (0, 25, 50, 100, 150 ug/ml) and (C) trichloroacetic
acid (0, 25, 50, 100, 150 ug/ml) on coronary flow (CF Response)
in isolated, perfused adult rabbit hearts. (Results are expressed
as per cent of control values for treatment and recovery phases.
Error bars indicate standard error of the group means. 'p<0.05;
2p<0.01; 3p<0.001; p<0.0001 versus respective control values.)
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approximately 15% in CF in the treatment phase, which were not restored in
the recovery phase.

4.3.1.2 Myocardial oxygen consumption

Every treatment (with the exception of TCE 25 ug/ml) produced
statistically significant, dose-related reductions in myocardial oxygen
consumption (MVO,) (Figure 4-2). TCE administration (150 ug/ml) produced a
reduction of 30% (p<0.01 vs. control). Maximal impairment of MVO, was noted
with CH (200 upg/mi, p<0.001vs. control) and TCA (150 ug/ml, p<0.01vs.
control) administration, each producing 32% reductions in oxygen
consumption. Recovery of oxygen consumption was minimal for low to
moderate concentrations of CH, TCE and TCA, while the remainder of the drug
treatments remained significantly lower than controls during the recovery
phase.

4.3.1.3 Left ventricular contractility

Treatment with CH, TCE, and TCA produced significant impairment of
myocardial contractility, as measured by dP/dT (Figure 4-3) . CH 50-200 ug/ml
caused reductions in contractility of approximately 30-33% (p<0.01 vs.
control). Recovery of contractility failed to occur in the CH 200 ug/ml treatment
group (p<0.01). TCE induced a profound dose-dependent depression in
contractility, with the highest concentration (150ug/mi) producing a 40%
reduction of dP/dT (p<0.001). However, pre-treatment (control) levels of dP/dT
were re-established for all but 50 ug/mi TCE. TCA 50 and 150 ug/mi produced
significant reductions in myocardial contractility, depressing dP/dT by 20%
(p<0.05vs. control) and 35% (p<0.001) respectively. Depressed contractility
did not recover for the TCA 50-150 ug/mi groups, and was even further
reduced at concentrations of 50 (p<0.001 vs. control) and 150 pg/mi
(p<0.0001).

65



E Treatment Phase S Recovery Phase

.
-
N
n

-
o
o

~
wn

50 ;

(% of Control)

25 1

MVO:Response 3

0 50 100 200
Concentration (ug/mL)

1285

100

75 1

50 1

MVO, Response
(% of Control)

25 1

0 25 50 100 150
Concentration (ug/mL)

0

125

100

75 1

50 ]

MVO, Response
(% of Control)

25 1

o 25 50 100
Concentration (pg/mlL)

Figure 4-2.The effects of (A) chioral hydrate (0, 50, 100, 200 ug/ml), (B)
trichloroethanol (0, 25, 50, 100, 150 ug/mi) and (C) trichloroacetic
acid (0, 25, 50, 100, 150 ug/mi) on myocardial oxygen
consumption (MVO, Response) in isolated, perfused adult rabbit
hearts. (Results are expressed as per cent of control values for
treatment and recovery phases. Error bars indicate standard
error of the group means. 'p<0.05; 2p<0.01; 3p<0.001; “p<0.0001
versus respective control values.)
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Figure 4-3.The effects of (A) chloral hydrate (0, 50, 100, 200 ug/mi), (B)
trichloroethanol (0, 25, 50, 100, 150 ug/ml) and (C) trichloroacetic
acid (0, 25, 50, 100, 150 ug/ml) on left ventricular contractility
(dP/dT Response) in isolated, perfused aduit rabbit hearts.
(Results are expressed as per cent of control values for treatment
and recovery phases. Error bars indicate standard error of the
group means. 'p<0.05; 2p<0.01; 3p<0.001; “p<0.0001 versus
respective control values.)
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4.3.2 Electrocardiographic Parameters

4.3.2.1 Heart rate

CH, TCE, and TCA produced significant dose-related reductions in
heart rate in the isolated hearts (Table 4-1). CH (50-200 ug/ml) reduced heart
rate by 10-20% (p<0.05 vs. control). Minimal reversal of bradycardia was seen
during the recovery phase. At the two highest concentrations, TCE caused
moderate bradycardia (heart rate 85% of control, p<0.01 vs. control). Heart
rates were also reduced during the recovery phase for the 25 ug/ml and 150
ug/ml treatments (79% and 68% of control, respectively; p<0.0001). TCA
treatment produced significant bradycardia at concentrations of 50-150 ug/ml
(heart rates 85-77% of control; p<0.05). Recovery of normal heart rate was not
observed at the 50 and 150 ug/ml concentrations (p<0.01 vs. control).

4.3.2.2 Atrio-ventricular conduction (P-R interval)

Table 4-1 illustrates the effects of CH, TCE and TCA on atrio-ventricular
conduction, as measured by the P-R interval of the ECG. CH (50-200 pg/ml)
and TCE (25,100 and 150 ug/mi) markedly delayed atrio-ventricular
conduction, with P-R intervals ranging from 115 to 125% of control values
(p<0.05). However, the conduction delay persisted only in the TCE 150 ug/ml
group (p<0.01 vs. control). @ TCA profoundly delayed atrio-ventricular
conduction, increasing the P-R interval to 125 to 141% of control values
(p<0.001). The conduction delays produced by TCA 50-150 ug/ml persisted
throughout the recovery phase, remaining at between 123 and 162% of
control values (p<0.05).

4.3.2.3 Intra-ventricular conduction (QRS duration)

Table 4-1 shows the effects of CH, TCE and TCA on intra-ventricular
conduction, as measured by the duration of the QRS complex. CH 200 ug/ml
and TCE 25 ug/ml produced persistent conduction delays, with QRS durations
increased to 115-119% of control levels (p<0.05) throughout the
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experimental protocol. TCE 100 ug/ml caused a modest increase in the QRS
duration (111%, p<0.05 vs. control) in the treatment phase only. TCA induced
significant and persistent intra-ventricular conduction delays at all
concentrations tested. During the treatment phase, the QRS duration ranged
from 110 to 123% of control values (p<0.05), and QRS duration remained
between 112 and 127% of the control levels for the recovery phase (p<0.05).

4.3.2.4 Cardiac arrhythmias

The incidence of ectopic beats arising in either the atria or ventricles
was determined, and the results are illustrated in Figure 4-4. CH significantly
increased the number of ectopic beats per minute in a dose-dependent
fashion in the treatment (r*=0.9824; p=0.0002) and recovery (r’=0.9164;
p=0.0012) phases. While no clear dose-response relationship can be
detected for TCE and TCA treatments at the concentrations tested, it is
apparent that these compounds significantly increased the number of
conduction disturbances per minute in both treatment and recovery phases
(p<0.05 vs. controls). It is possible that a dose-response relationship between
TCE or TCA treatment and the incidence of ectopic beats exists for
concentrations less than 25 ug/ml. Overall, the apparent potency for initiating
ectopic beats was TCA>TCE>CH.

The cardiac arrhythmias observed during drug treatments included
those of atrial, junctional and ventricular origin. Table 4-2 outlines the various
ECG abnormalities detected for each of the treatment groups. Brady-tachy
syndrome (a manifestation of the sick sinus syndrome) was observed only with
TCE (50 and 100 ug/ml) treatment. Disturbances of the atrial and ventricular
conduction pathways were quite common in all treatment groups. Type |
second-degree atrioventricular block (2° AV block - Type 1) predominated in
CH and TCE treatments, while type Il 2° AV block and the more severe third-
degree AV block occurred principally in the TCA treatments. Various bundle
branch blocks were common in all of the treatments. Premature atrial
contractions (PAC’s) and paroxysmal supraventricular tachycardia (PSVT)
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were observed with about the same frequency in all treatments. Junctional
escape beats (JEB's) and ectopic pacemakers were observed only in TCE and
TCA treated hearts. Premature ventricular contractions (PVC’s) were seen in
all treatment groups. While PVC’s occurred during control protocols, the
occurrences were infrequent and isolated. Ventricular tachycardia (v.
tachycardia) and ventricular fibrillation (v. fibrillation; considered the endpoint
of arrhythmia in this protocol) were observed only in TCA treated hearts.
Electrocardiographic tracings illustrating specific cardiac arrhythmias are
located in Appendix B (Figures B-1 to B-5).
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Figure 4-4.Incidence of ectopic beats in (A) chloral hydrate (0, 50, 100, 200

pg/ml), (B) trichloroethanol (0, 25, 50, 100, 150 ug/mi) and (C)
trichloroacetic acid (0, 25, 50, 100, 150 ug/ml) treated isolated,
perfused aduilt rabbit hearts. (Resuits are expressed as number
of ectopic beats observed per minute in treatment and recovery
phases. Error bars indicate the standard error of the group
means. *p<0.05 versus the respective control values.)
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4.4 DISCUSSION AND CONCLUSIONS

This study was undertaken to investigate the effects of CH, TCE and
TCA on the isolated perfused adult rabbit heart in an effort to elucidate the
direct cardiotoxic potential of these agents. Species variation in the
magnitude of response to pharmacologic agents is quite common; however,
the therapeutic plasma concentration of a particular agent observed in animals
is usually comparable to that seen in humans (Baggot, 1992). For this reason,
concentrations of CH, TCE and TCA selected for this investigation were based
on the range of plasma concentrations observed in human pharmacokinetic
studies (Hindmarsh et al, 1991; Mayers, 1992). The perfused heart
preparation is a valuable tool for the evaluation of interventions that, in the
intact organism, may have direct and/or indirect actions on the heart (Henry et
al., 1977). Since the rabbit heart has been widely employed for studies of
cardiac function (Roberts, 1991), and since drugs tend to induce similar
qualitative effects in different species (Weiner and Newberne, 1977), this
model system was selected for this investigation.

The patency of the coronary vasculature was not detrimentally affected
by the experimental protocol itself, as evidenced by the maintenance of CF
throughout the control protocols (Appendix B, Table B-1). Only CH (200 pug/mi)
and TCA (50-150 pg/ml) produced persistent reductions in CF, which may be
indicative of irreversible damage to the coronary vasculature. This effect is not
surprising, given the well-known caustic nature of these compounds
(Windholz, 1983). There is a close relationship, even in the isolated heart,
between the level of myocardial metabolic activity and the magnitude of CF
(Berne and Levy, 1993b; Neely et al,, 1967). Thus, reduced CF would be
predicted to depress metabolic activity of the myocardium. Decreased CF can
also produce diminished washout of coronary vasculature, resulting in an
accumulation of metabolic products (Neely et al., 1967). It could be assumed
that drugs (CH, TCE and TCA) would also accumulate in the ischemic region,
providing increased opportunities for metabolism and/or toxic effects.
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It would be predicted in an isolated heart system that a decrease in CF
(ischemia) would resuit in tissue hypoxia (Berne and Levy, 1993b). In
addition, it has been shown that CH impairs the rate-limiting enzymes of both
aerobic and anaerobic metabolism in the coronary vasculature (Truison and
Ulissey, 1987). Relative tissue hypoxia, combined with inhibition of coronary
metabolism, would be predicted to diminish myocardial oxygen consumption.
This was observed with CH, TCE and TCA administration, all of which caused
significant, dose-related reductions in myocardial oxygen consumption. The
MVO, remained significantly depressed in the recovery phase for most
treatments. It has been estimated that irreversible damage to the myocardium
occurs after less than an hour of ischemia (Neely et al, 1967). Thus,
irreversible myocardial damage is likely after CH, TCE or TCA treatments in
this protocol.

Ventricular contracture is a characteristic response of the myocardium
following ischemic insult. An increase of 5§ mmHg in left ventricular end-
diastolic pressure is considered to be a reasonable indication of ventricular
contracture (Quantz et al,, 1992). Ventricular contracture was observed in the
recovery phase for certain experiments, including: CH 50, 100 ug/mi; TCE 25,
50, 150 ug/ml; TCA 25, 50, 100, 150 ug/ml (data not shown). This
phenomenon was not observed in a consistent fashion for any of the
treatments; however, the occurrence of contracture during the recovery phases
of these experiments is suggestive of the ischemia/reperfusion phenomenon.

The rate of rise of left ventricular pressure (dP/dT) is affected by preload,
afterload, contractility and heart rate (Prasad et al, 1991). However, this
parameter constitutes a reasonable index of myocardial contractility in the
isolated heart system since preload and afterload are fixed (Berne and Levy,
1993a; Henry et al., 1977; Riggs et al., 1986). The dP/dT has been found to
correlate with left ventricular oxygen consumption (Berne and Levy, 1993b);
thus, impairment of myocardial contractility by CH, TCE and TCA would be
anticipated. However, dP/dT was depressed to a greater extent than MVO, in
all treatments. Additionally, improvement of contractility occurred during the
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recovery phase for CH (50 and 100 pug/mi), TCE (25, 100 and 150 pg/ml) and
TCA (25 ug/ml) treatments. It is unlikely, then, that the reduction in MVO, is
completely responsible for the impairment of myocardial contractility in either
the treatment or recovery phases of the protocols (Parrish et al., 1987).

CH, TCE and TCA produced significant dose-related reductions in heart
rate in the isolated hearts. In all cases, heart rate was reduced to a greater
extent than coronary flow; therefore, these compounds can be presumed to
cause a direct bradycardic effect. The most likely causes of bradycardia would
be sinus bradycardia, atrio-ventricular block (second- or third-degree) or atrio-
ventricular junctional escape rhythm. Several instances of TCE-induced
bradycardia occurred aiternately with tachycardia. This “brady-tachy
syndrome” is a subset of the sick sinus syndrome in which tachyarrhythmias
occur in an alternating fashion with bradyarrhythmias (Goldberger and
Goldberger, 1990b).

All three compounds caused significant impairment of atrio-ventricular
and intra-ventricular conduction, which is associated with the development of
re-entry and resultant arrhythmias (Katz, 1992). TCA produced the most
significant and persistent conduction delays of both atrio-ventricular and intra-
ventricular origin. Ventricular tachycardia (including torsade de pointes) and
ventricular fibrillation were observed only in TCA-treated hearts. Torsade de
pointes has been previously observed in a patient who ingested an over-dose
of CH. TCA was suggested to have been the causative factor leading to the
arrhythmia, as the prolonged arrhythmia seemed to parallel the long half-life of
TCA (Young et al., 1986).

With the exception of ectopic beats, all results have been expressed as
time-averaged values encompassing the treatment and recovery phases,
respectively. This approach was used to enable the assessment of the
differences of the physiological parameters from their control values over time.
The cardiovascular effects of anesthetic agents are known to be time-
dependent; thus, it is believed that measurements observed at a single time
point can be misleading in their study. Therefore, the investigation of such
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agents is thought to be incomplete without including the effects over time in the
overall assessment of toxicity (Eger et al., 1970). Since CH and its active
metabolite TCE appear to exert their cardiotoxic effects in a fashion analogous
to halothane (Brown and Cade, 1980), the effects exerted over time may be of
importance in toxicity assessment. Use of time-averaged data for treatment
and recovery phases also allowed for the assessment of the overall effects of
the drug/metabolite, minimizing the impact of normal physiological variation
over time on the interpretation of the results. This approach should provide
more relevant information than the assessment of various effects for each ten
minute interval (Urquhart, 1981).

Certain investigators have undertaken limited examinations of the
potential of CH to produce cardiac toxicity. An early study of the effects of
chloral hydrate on the hearts of both dogs and horses appeared to show a
primarily vagal mechanism in the development of arrhythmias (Gross and Hoff,
1968). Others examined the arrhythmogenicity of trichioroethylene and its
metabolites (TCE and TCA). They concluded that trichioroethylene, rather
than its metabolites, sensitized the myocardium to epinephrine-induced
arrhythmias (White and Carlson, 1981). No significant deterioration of a rat
heart preparation was found when CH (300 mg/kg) was used as the anesthetic
agent prior to excision of the hearts (Riggs et al, 1986). Recently,
histochemical and enzymatic alterations in the heart following acute CH
administration were examined. The results of this investigation indicate that
non-toxic doses of CH can impair the metabolism of coronary vascular smooth
muscle by attacking key cardiac enzymes. Unfortunately, no attempt was
made to determine metabolite concentrations (Trulson and Ulissey, 1987).
None of the preceding investigations examined the specific cardiotoxic
potential of CH and its two major metabolites TCE and TCA on both
mechanical and electrocardiographic parameters.

The present investigation has demonstrated that CH, TCE and TCA all
have general cardiac depressant effects in the isolated perfused adult rabbit
heart at concentrations routinely encountered in clinical situations. The
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depressant effects of these agents on the CF, MVO,, dP/dT, and HR appear to
be largely dose-related. More importantly, TCA produced severe and
persistent conduction disturbances, resulting ultimately in ventricular
tachycardia and/or ventricular fibrillation at all concentrations tested.
Ventricular tachyarrhythmias (ventricular fibrillation or a sustained type of
ventricular tachycardia) are characteristic ECG patterns associated with
cardiac arrest (Goldberger and Goldberger, 1990a). These findings are
especially significant when one considers the persistence of TCA in humans
following administration of CH (Hindmarsh et al, 1991; Miller et al, 1974,
Sellers et al., 1978). In situations of increased production and/or reduced
clearance of TCA, there exists the possibility for significant cardiac toxicity,
including the development of potentially life-threatening arrhythmias, to occur
following CH administration.
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5. EFFECTS OF CHLORAL HYDRATE & ITS METABOLITES
ON THE ISOLATED PERFUSED NEONATAL RABBIT
HEART

5.1 INTRODUCTION

While chiloral hydrate (Noctec®; CH) does not currently enjoy its former
extensive use in the general population, it is still one of the most commonly
used sedatives in pediatric practice (American Academy of Pediatrics, 1993;
Cook et al., 1992; Green, 1993). CH is used as a maintenance sedative for the
management of agitation in critically ill newborns, especially those treated with
positive pressure ventilation (Hartley et al., 1989; Mayers et al.,, 1991; Noerr,
1992). CH is also used in acute situations to provide sedation for non-invasive
pediatric diagnostic procedures and in pediatric dentistry (Cook et al., 1992;
Lichenstein et al., 1993; Marx et al., 1993; Zarifi et al., 1995).

Chloral hydrate is rapidly metabolized in adult subjects both by
reduction to trichloroethanol and by oxidation to trichloroacetic acid. TCE is
further conjugated with giucuronic acid prior to excretion in the urine (Breimer
et al., 1974; Sellers et al, 1978). When administered to heaithy adult
volunteers, CH is nearly undetectable within minutes of administration
(Breimer et al., 1974; Gorecki et al., 1990). However, metabolism of CH in the
neonate is characterized by immaturity of hepatic and renal elimination
processes. Contrary to the situation in the adult, CH was detectable for
several hours after a single oral dose (50 mg/kg) in neonates and young
children (Mayers et al., 1991). The elimination half-lives of both TCE (30-40 h)
(Gershanik et al., 1981; Hindmarsh et al., 1991; Mayers et al., 1991) and TCA
(>6 days) (Hindmarsh et al., 1991; Mayers et al, 1991) are substantially
prolonged in neonates when compared to aduilt volunteers (8-12 h and 67-100
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h, respectively) (Breimer ot al., 1974; Sellers et al., 1972b; Sellers et al., 1978).
It has been established that neonates and young children tend to accumulate
TCE and TCA, especially in multiple-dosing situations (Hindmarsh et al.,
1991). Of particular concern in the neonatal population is the persistence of
TCA, a potentially toxic metabolite, even after a single oral dose (Hindmarsh et
al., 1991; Mayers et al., 1991).

Previous investigations in this laboratory have demonstrated that CH,
TCE and TCA, in clinically achievable concentrations, are cardiac depressants
and have definite arrhythmogenic potential (Fandrey et al., 1992; Chapter 4).
However, the cardiotoxic and arrhythmogenic potentials of CH, TCE and TCA
remain unknown in the vuinerable neonatal population. The present
investigation was performed to elucidate whether CH and/or its metabolites
are involved in cardiac toxicity in the isolated, perfused neonatal rabbit heart.

5.2 EXPERIMENTAL
5.2.1 Materials

5.2.1.1 Chemicals

Chloral hydrate was obtained from Bristol-Myers Squibb Canada, Inc.
(Montreal, PQ), trichloroacetic acid was purchased from Fluka Chemicals,
Terochem Laboratories Ltd. (Edmonton, AB), and trichloroethanol was
obtained from Aldrich Chemical Co. (Milwaukee, WI). All other chemicais were
purchased from either Sigma Chemical Co. (St. Louis, MO) or BDH Chemicals
(Toronto, ON). All chemicals used were of reagent grade.

5.2.1.2 Animals

Newborn New Zealand white rabbits (7-10 day) of either sex were
obtained from the licensed breeding facility at the Animal Resources Centre,
University of Saskatchewan (see Appendix A, Table A-2). Animals were
obtained on the morning of the experiment, and were housed in a warm (30-
35°C), dark environment prior to use. Animals used in this research were
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cared for in accordance with the recommendations of the Canadian Council
on Animal Care (CCAC).

5.2.2 Methods
5.2.2.1 Experimental Protocol

5.2.2.1.1 Heart Perfusion

Animals were sacrificed by decapitation according to accepted CCAC
protocols. Anesthetic exposure was avoided to prevent any potential for
interaction with the subsequent drug (CH, TCE, or TCA) treatments. The
hearts were rapidly excised and placed immediately in ice-cold perfusion
buffer. The aorta was cannulated quickly (within 1 minute) and Langendorff
perfusion (Langendorff, 1895) was initiated at a high flow rate to clean the
coronary arteries. Once the arteries were sufficiently flushed, the heart was
perfused as described previously (Prasad et al., 1992b). Retrograde perfusion
was maintained at a constant perfusion pressure of 100 cmH,O with a
bicarbonate buffer, pH 7.4, of the following composition (in mM): sodium
chioride, 154.0; potassium chloride, 5.63; sodium bicarbonate, 5.95; calcium
chloride, 2.16; and glucose, 5.55. The buffer passed through an in-line filter
prior to heart perfusion, was equilibrated with a gas mixture of 95% O, and 5%
CO, and was maintained at 37° C.

A small incision was made in the left atrium, and a balloon catheter was
introduced into the left ventricle through the mitral valve. The balloon was
filled with a volume of saline solution sufficient to raise the left ventricular end-
diastolic pressure (LVEDP) to 20 mmHg. The catheter was attached to a
Gould pressure transducer (Gould Inc. Cardiovascular Products Division,
Oxnard, CA) and a Beckman R411 dynograph recorder. Lead Il ECG was
monitored and recorded simultaneously. The heart was perfused at a rate of
8.4 + 0.4 ml/minute, and was allowed to stabilize for at least 45 minutes

before any interventions.
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5.2.2.1.2 Myocardial Assessment

The mechanical parameters determined from the recordings were: left
ventricular developed pressure (LVDP = LVSP - LVEDP; mmHg); dP/dT
(mmHg/s; a reflection of myocardial contractility); and index of myocardial
oxygen consumption (MVO, = LVSP x HR; mmHg/min). LVDP and its first
derivative (dP/dT) were used to assess left ventricular compliance and
contractility, respectively, in the isolated perfused heart. Coronary flow (CF;
mL/min) was determined by collecting the perfusate over one minute.

Lead Il ECG was monitored for the assessment of cardiac arrhythmias.
The diagnostic ECG parameters were: heart rate (HR; beats/min); P-R interval
(seconds; an indication of atrio-ventricular conduction); QRS duration
(seconds; an indication of conduction within the ventricles); ectopic beats
(atrial and ventricular); ventricular tachycardia; and ventricular fibrillation
(which was considered to be the end point of arrhythmia). These parameters
were monitored every 10 minutes throughout the experimental protocol, and
more frequently if the situation warranted close monitoring.

5.2.2.1.3 Drug Administration

Drug solutions (CH 50, 100, 200 ug/ml or 0.30, 0.61, 1.2 mM; TCE 25,
50, 100, 150 pg/ml or 0.17, 0.34, 0.67, 1.0 mM; and TCA 25, 50, 100, 150
ug/mior 0.15, 0.31, 0.61, 0.92 mM) were prepared fresh daily using the buffer
as solvent. The perfusion apparatus was connected such that separate
reservoirs for pure buffer and drug/buffer solutions could be employed. Drug
administration via the buffer solution was initiated after stabilization of the
heart and continued for 60 minutes (treatment phase). Following the treatment
phase, the perfusion was switched back to pure buffer and the heart was
monitored for an additional 60 minutes (recovery phase). Ten control
experiments were performed, while drug interventions were repeated 6-7
times for each dosing level (see Appendix A, Table A-2).
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5.2.2.1.4 Expression of Results

Individual experimental parameters were time-averaged over the
course of the treatment and recovery phases (responses were calculated
every 10 minutes during the protocol), by calculating the areas under the
response vs. time curve (AUC’'s) using Lagrange interpolation (Rocci and
Jusko, 1983). The AUC's for the treatment phase (Tx) and recovery phase
(Rec.) were determined for each parameter in every experiment, and the mean
values were presented as the percentage of control means. Normalized data
for neonatal heart experiments are summarized in Tables C-1 to C-13
(Appendix C).

5.2.2.1.5 Statistical Analysis

Resuits were analysed by one-way analysis of variance (SuperANOVA,
Abacus Concepts Inc., 1989). If the analysis of variance demonstrated
significant results, appropriate post hoc tests (Dunnett's two-tailed multiple
comparison procedure) were used to compare the treatment means to the
control mean (Ludbrook, 1991). Correlations between dose and incidence of
ectopic beats were determined by the standard least-squares regression
technique. The level of significance was accepted as p < 0.05.

83



5.3 RESULTS
5.3.1 Mechanical Parameters

5.3.1.1 Coronary flow

Coronary flow was maintained at levels at least 90% of baseline
throughout the experimental protocol in all control experiments (Appendix C,
Table C-1). Only CH 50 ug/ml and TCA 100 ug/ml had significant effects on
the coronary flow during the treatment phase, producing 32% (p<0.0001 vs.
control) and 12% (p <0.05 vs. control) reductions in CF, respectively. In all
other treatment groups, the CF was between 89 and 99% of control values
(Figure 5-1).

5.3.1.2 Myocardial oxygen consumption

Figure 5-2 illustrates the effects of CH, TCE and TCA on myocardial
oxygen consumption (MVO,) during the treatment and recovery phases of the
experimental protocol. TCE treatment caused no significant alterations in
MVO,. CH administration appeared to cause a slight trend towards reduced
MVO, during the treatment phase. This effect, however, was significant only
for the 50 ug/ml treatment which produced an 18% reduction in MVO, (p<0.05
vs. control). During the recovery phase of the CH 50 ug/mi treatment, MVO,
was significantly increased (130% of control; p<0.05). Both the CH 100 and
200 ug/ml groups showed significant reductions in MVO, (18 and 20%
respectively; p<0.05) during their recovery phases. TCA 100 ug/ml produced a
15% decrease (p<0.05 vs. control) in MVO, during the treatment phase; MVO,
was further reduced (68% of control; p<0.001) in the recovery phase.
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The effects of (A) chloral hydrate (0, 50, 100, 200 ug/mil), (B)
trichloroethanol (0, 25, 50, 100, 150 ug/ml) and (C) trichloroacetic
acid (0, 25, 50, 100, 150 ug/ml) on coronary flow (CF Response)
in isolated, perfused neonatal rabbit hearts. (Results are
expressed as per cent of control values for treatment and
recovery phases. Error bars indicate standard error of the group
means. 'p<0.05; 2p<0.01; 3p<0.001; 4p<0.0001 versus respective
control values.)
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standard error of the group means. 'p<0.05; 2p<0.01; 3p<0.001;
4p<0.0001 versus respective control values.)
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5.3.1.3 Left ventricular developed pressure

Left ventricular compliance, as estimated by the left ventricular
developed pressure (LVDP), was stable during the treatment phases of all
treatment groups. However, the effects of various drug treatments appeared to
be manifested during the recovery phase of the protocols (Figure 5-3). CH
100 ug/mi produced a 23% reduction (p<0.05 vs. control) during the recovery
phase. TCE 100 ug/ml produced a significant increase in LVDP (125% of
control; p<0.05) during the recovery phase. Both TCA 25 and 50 ug/ml groups
reduced LVDP by 27 and 30%, respectively (p<0.05 and 0.01).

5.3.1.4 Left ventricular contractility

Left ventricular contractility has been assessed by determining the first
derivative of the LVDP (dP/dT). Like the LVDP, dP/dT was affected only in the
recovery phases of the treatment protocols (Figure 5-4). CH 50 ug/ml and TCE
50 ug/ml caused increases in dP/dT of 17 and 26%, respectively (p<0.05 and
0.01 vs. control), during their recovery phases. TCA 25 ug/ml produced a
reduction in dP/dT of 38% (p<0.01 vs. control) during the recovery phase.
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Figure 5-3.The effects of (A) chloral hydrate (0, 50, 100, 200 ug/mi), (B)
trichloroethanol (0, 25, 50, 100, 150 ug/ml) and (C) trichloroacetic
acid (0, 25, 50, 100, 150 ug/mi) on left ventricular developed
pressure (DP Response) in isolated, perfused neonatal rabbit
hearts. (Results are expressed as per cent of control values for
treatment and recovery phases.
error of the group means. 'p<0.05; 2p<0.01; 3p<0.001; 4p<0.0001
versus respective control values.)
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5.3.2 Electrocardiographic Parameters

5.3.2.1 Heart rate

Table 5-1 shows the effects of drug treatment on heart rate (HR) for the
treatment and recovery phases of the protocol. CH 100 ug/ml produced a
significant decrease in HR (82% of control, p<0.001), which was sustained
during the recovery phase (89% of control, p<0.01). TCE produced only a
minor reduction in HR during the 100 pg/ml treatment (p<0.05 vs. control), and
TCA treatment caused no significant alterations in HR.

5.3.2.2 Atrio-ventricular conduction

The P-R interval of the ECG provides a good estimate of atrio-
ventricular conduction. None of the drug treatments caused any alteration in
the P-R interval during treatment or recovery phases (Table 5-1).

5.3.2.3 Intra-ventricular conduction

Intra-ventricular conduction is estimated by measuring the duration of
the QRS interval on the ECG. Table 5-1 shows the effects of CH, TCE and
TCA on the QRS duration for treatment and recovery phases of the protocol.
TCE 100 ug/ml produced a slight increase in the QRS duration (105% of
control, p<0.05); however, this effect was not likely physiologically relevant.
None of the other drug treatments produced significant changes in the QRS

duration.

5.3.2.4 Cardiac arrhythmias

Figure 5-5 illustrates the effects of CH, TCE and TCA on the incidence
of ectopic beats that occurred during the treatment and recovery phases of the
protocol. An increase in the incidence of ectopic beats during the treatment
phase was paralleled in virtually all groups by a comparable increase during
the recovery phase. CH significantly increased the number of conduction
defects per minute in a dose-dependent fashion in the treatment (P=0.7412;

p=0.0001) and recovery (r’=0.7974; p=0.0002) phases.
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Figure 5-5.Incidence of ectopic beats in (A) chloral hydrate (0, 50, 100, 200

ng/mi), (B) trichloroethanol (0, 25, 50, 100, 150 ug/ml) and (C)
trichloroacetic acid (0, 25, 50, 100, 150 pg/ml) treated isolated,
perfused neonatal rabbit hearts. (Results are expressed as
number of ectopic beats observed per minute in treatment and
recovery phases. Error bars indicate the standard error of the
group means. *p<0.05 versus the respective control values.)
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While no clear dose-response relationship can be detected for TCE and TCA
treatments at the concentrations tested, it is apparent that these compounds
significantly increased the number of conduction disturbances per minute in
both treatment and recovery phases (p<0.05 vs. controls). It is possible that a
dose-response relationship between TCE or TCA treatment and the incidence
of ectopic beats exists for concentrations less than 25 ug/mi. CH 100 and 200
ug/ml caused significant increases in the incidence of conduction defects
during both the treatment and recovery phases (p<0.05 vs. controls). All
concentrations of TCE tested produced significantly more conduction defects
than did the controi protocol (p<0.05 vs. controls). TCA 25 ug/ml caused a
large increase in the number of conduction defects observed in both treatment
and recovery phases (p<0.05 vs. controis). TCA 100 and 150 pug/ml treatments
produced more moderate increases in conduction defects (p<0.05 vs.
controls).

Table 5-2 summarizes the various ECG abnormalities detected for each
of the treatment groups. Control hearts were found to be relatively free of
rhythm disturbances, with the only exceptions being very infrequent premature
atrial and ventricular contractions (PAC's and PVC's). Generally, atrio-
ventricular (AV) conduction blocks were not observed in CH and TCA groups.
However, TCE (50 and 100 pg/ml) caused Mobitz type | second-degree AV
block. In one TCE treatment group (100 ug/ml) evidence of an ectopic
pacemaker was found. Bundle branch blocks were rarely encountered in CH,
TCE and TCE treated hearts. Premature contractions occurred quite
frequently in all treatment groups; however, PVC’s were especially evident in
CH and TCE treated hearts. Atrial and ventricular bigeminy were observed
only in CH and TCE groups, although the occurrences were relatively
infrequent. In all instances of premature beats (PAC/atrial bigeminy,
PVC/ventricular bigeminy), the episodes were of a limited nature. Paroxysmal
supra-ventricular tachycardia occurred occasionally in TCE and TCA treated
hearts. Brady-tachy syndrome (a manifestation of the sick sinus syndrome)
was observed only with TCA 150 ug/mi treatment.
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Electrocardiographic tracings illustrating specific examples of cardiac
arrhythmias observed in neonatal rabbit hearts are located in Figures C-1 to

C-5 (Appendix C).

5.4 DISCUSSION AND CONCLUSIONS

CH-related arrhythmias in the pediatric population have been
documented (Anyebuno and Rosenfeid, 1991; Hirsch and Zauder, 1986;
Nordenberg et al., 1971; Silver and Stier, 1971). No effort has been made,
however, to determine the relative susceptibility of neonates to this toxic effect
of CH. Determination of the relative cardiac toxicity in this vulnerable
population is especially important in light of the accumulation of TCE and TCA
in immature patients, especially after muitiple dosing (Hindmarsh et al., 1991;
Mayers et al., 1991).

Previous investigations in this laboratory have demonstrated that CH,
TCE and TCA have general cardiac depressant effects in the isolated,
perfused aduit rabbit heart at concentrations routinely encountered in clinical
situations (Fandrey et al., 1992). More importantly, TCA produced severe and
persistent conduction disturbances, resulting ultimately in ventricular
tachycardia and/or ventricular fibrillation at all concentrations tested in this
model system.

The present investigation was undertaken to determine whether the
cardiac toxicity demonstrated in the adult heart model would be observed in
the neonatal rabbit heart. Species variation in the magnitude of response to
pharmacologic agents is quite common; however, the therapeutic plasma
concentration of a particular agent observed in animals is usually comparable
to that seen in humans (Baggot, 1992). For this reason, concentrations of CH,
TCE and TCA selected for this investigation were based on the range of
plasma concentrations observed in human neonatal pharmacokinetic studies
(Hindmarsh et al., 1991; Mayers, 1992). The perfused heart preparation is a
valuable tool for the evaluation of interventions that, in the intact organism,
may have direct and/or indirect actions on the heart (Henry et al., 1977). Since
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the rabbit heart has been widely employed for studies of cardiac function and
development (Roberts, 1991), and since drugs tend to induce similar
qualitative effects in different species (Weiner and Newberne, 1977), this
model system should provide valuable information regarding the potential for
direct cardiotoxic effects of CH, TCE and TCA in the developing heart.

The patency of the coronary vasculature was not detrimentally affected
by the experimental protocol itself, as evidenced by the maintenance of CF
throughout the control protocols (Appendix C, Table C-1). Only CH (50 pg/mi)
and TCA (100ug/ml) produced modest reductions in CF. The fact that the
alterations produced by CH and TCA on CF were both relatively minor and
also reversible suggests that this effect was not likely instrumental in any
observed cardiac toxicity.

CH 50 pg/mi produced a slight inhibition of myocardial oxygen
consumption in the treatment phase of the protocol, while the corresponding
recovery phase for this group demonstrated a significant increase in MVO,.
The response in the recovery phase most likely represents a rebound effect
following a period of relative tissue hypoxia produced by the decreased CF
(ischemia) during the treatment phase. This phenomenon was not observed
in any other treatment group. TCE proved to be devoid of any effect on the
MVO,. TCA (100 ug/ml), however, produced a reduction in MVO, that was
progressive throughout both the treatment and recovery phases.

Ventricular performance was assessed by estimating the left ventricular
compliance (LVDP) and contractility (dP/dT). The rate of rise of left ventricular
pressure is affected by preload, afterload, contractility and HR (Prasad et al.,
1991). However, this parameter constitutes a reasonable index of myocardial
contractility in the isolated heart system since preload and afterload are fixed
(Berne and Levy, 1993a; Henry et al, 1977; Riggs et al, 1986). Both
compliance and contractility were maintained throughout the treatment phases
for CH, TCE and TCA. All treatments, however, produced alterations in
ventricular performance that were manifested in their respective recovery
phases. These effects, however, were unpredictable and did not appear to be
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dose-related. In fact, the highest concentrations tested for each of the
compounds failed to produce any change in ventricular performance. CH (100
ug/ml) and TCA (25 and 100 pg/mi) reduced LVDP (increased compliance) in
the recovery phase. In the case of TCA treatment, this alteration was
paralieled by reduced dP/dT in the same treatment groups. These alterations,
along with the previously mentioned reduction in MVO,, would appear to
reflect a progressive deterioration of tissue viability. The degree of ischemia
produced by the TCA treatments does not appear to be sufficient to account for
the progressive deterioration of these parameters. It is possible that these
effects are mediated through a direct action of TCA on the coronary vascular
endothelium. TCA has a well documented corrosive nature (Windhoiz, 1983).
Disruption of the coronary endothelium may prevent the transfer of oxygen
from the buffer soiution to the myocardium in the absence of frank ischemia.
Tissue hypoxia would be predicted to adversely affect ventricular performance.
Both CH (50 pug/ml) and TCE (50 pg/ml) displayed positive inotropism in their
recovery phases. This could indicate a rebound response to reversible
myocardial damage incurred during the drug treatments.

Isolated neonatal rabbit hearts proved to be remarkably resistant to
alterations of myocardial rhythm and conduction. The highest concentration of
CH (200 pg/mi) produced moderate bradycardia, which was sustained through
the recovery phase. The most likely cause of the reduced heart rate would be
sinus bradycardia, since atrio-ventricular blocks and atrio-ventricular
junctional escape rhythms were not observed. TCE (100 pg/ml) produced a
very slight reduction in HR in the treatment phase only. TCA had no effect on
heart rate at any concentration tested. None of the compounds produced any
attenuation of the atrio-ventricular conduction velocity, as estimated by the P-R
interval. A very slight increase in QRS duration, representing intra-ventricular
conduction, was observed in one TCE (100 ug/mi) group. None of the other
interventions produced any delay in intra-ventricular conduction.

While CH, TCE and TCA produced no notable alterations in the major
myocardial conduction pathways, a number of conduction defects (primarily
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representing atrial and ventricular ectopic beats) were observed in the treated
hearts. The conduction disturbances elicited by CH and its metabolites
consisted largely of premature contractions, of both atrial (PAC/atrial bigeminy)
and ventricular (PVC/ventricular bigeminy) origin. The incidence of atrial
premature beats was approximately equal for each of the three compounds
investigated. PVC'’s, however, appeared to be more prevalent in CH and TCE
treated hearts. Generally, atrio-ventricular blocks were not seen, with the only
exception being type | second-degree AV block that occurred in TCE (50 and
100 ng/ml) treated hearts. Bundle branch blocks were observed rarely in the
treated hearts. Brady-tachy syndrome is a term used to describe a subset of
the sick sinus syndrome in which tachyarrhythmias occur in an alternating
fashion with bradyarrhythmias (Goldberger and Goldberger, 1990b). This
syndrome of alternating bradycardia and tachycardia was observed only with
TCA treatment. Paroxysmal supraventricular tachycardia was occasionally
present in TCE and TCA treated hearts, while ventricular tachycardia occurred
in isolated bursts with all drug interventions. Ventricular fibrillation, which was
considered the endpoint of arrhythmia, occurred only with the highest
concentration of TCA. No clear pattern of rhythm and conduction disturbances
is evident; however, TCE appeared to cause the broadest range of
dysrhythmias. [t is of note that all conduction disturbances occurred as
isolated events.

With the exception of conduction defects, all results have been
expressed as time-averaged values encompassing the treatment and recovery
phases, respectively. This approach was used to enable the assessment of
the differences of the physiological parameters from their control values over
time. The cardiovascular effects of anesthetic agents are known to be time-
dependent; thus, measurements observed at a single time point can be
misleading in the study of such effects. Therefore, the investigation of
anesthetic agents may be incomplete without including the effects of time in
the overall assessment of toxicity (Eger et al, 1970). Since there is evidence
that CH and its active metabolite TCE exert their cardiotoxic effects in a fashion
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analogous to halothane (Brown and Cade, 1980), then the effects exerted over
time would be of importance in their toxicity assessment. Use of time-
averaged data for treatment and recovery phases also allowed for the
assessment of the overall effects of the drug/metabolite, minimizing the impact
of normal physiological variation over time on the interpretation of the results.
This approach should provide more relevant information than the assessment
of various effects for each ten minute interval (Urquhart, 1981).

CH and its metabolites appear to be general cardiac depressants with
arrhythmogenic potential in an adult rabbit heart model (Fandrey et al., 1992).
However, these same compounds produce only minimal cardiotoxic effects in
neonatal rabbit hearts. Resistance to cardiac toxicity in fetal and neonatal
mammals is not without precedent. The resistance of the neonatal
myocardium to deleterious effects of ischemia and subsequent reperfusion is
well-established (Grice et al, 1987; McCully et al., 1994; Murashita et al.,
1992). Fetal and neonatal hearts have also been shown to be resistant to the
cardiotoxic effects of B-adrenoceptor agonists (analogs of isoproterenol) used

in tocolytic therapy. It has been postulated that the latter effect is due to
immature sympathetic innervation in the perinatal heart (Kast and Hermer,
1993). The response of the isolated neonatal rabbit heart to CH and its
metabolites apparently reflects another situation in which physiological
immaturity serves to protect the target organ from drug toxicity.
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6. A COMPARATIVE STUDY OF THE DISPOSITION AND
ACCUMULATION OF CHLORAL HYDRATE AND ITS
METABOLITES IN ISOLATED PERFUSED ADULT AND
NEONATAL RABBIT HEARTS

6.1 INTRODUCTION

Chloral hydrate is a commonly used sedative in pediatric and geriatric
patients (Cook et al., 1992; Hoskins, 1984; Marx et al., 1993). Throughout its
extremely long history of use, a number of serious toxic effects have been
attributed to CH ingestion (Ganepola, 1992; Graham et al, 1988; Hoskins,
1984, Steinberg, 1993). In particular, CH use has been plagued by reports of
cardiac arrhythmias, especially in situations of over-dose, in both children and
adults (Graham et al., 1988; Gustafson et al., 1977; Hirsch and Zauder, 1986;
Marshalil, 1977). Few investigations of the direct effects of CH and/or its
metabolites (TCE and TCA) on the heart have been reported (Gross and Hoff,
1968; Riggs et al., 1986; Truison and Ulissey, 1987; White and Carlson, 1981).
Previous investigations suggest that CH and its phase | metabolites
trichloroethanol and trichloroacetic acid are myocardial depressants, and
produce conduction defects which may lead to cardiac arrhythmias in a rabbit
heart model (Fandrey et al., 1992).

Chiloral hydrate is rapidly metabolized in adult subjects both by
reduction to trichloroethanol and by oxidation to trichloroacetic acid. TCE is
further conjugated with glucuronic acid prior to excretion in the urine (Breimer
et al., 1974; Sellers et al, 1978). When administered to healthy aduit
volunteers, CH is nearly undetectable within minutes of administration
(Breimer et al., 1974; Gorecki et al., 1990). However, metabolism of CH in the
neonate is characterized by immaturity of hepatic and renal elimination
processes. Contrary to the situation in the adult, CH was detectable for
several hours after a single oral dose (50 mg/kg) in neonates and young
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children (Mayers et al., 1991). The elimination half-lives of both TCE (30-40 h)
(Gershanik et al., 1981; Hindmarsh et al., 1991; Mayers et al., 1991) and TCA
(>6 days) (Hindmarsh et al, 1991; Mayers et al, 1991) are substantially
prolonged in neonates when compared to adult volunteers (8-12 h and 67-100
h, respectively) (Breimer et al., 1974; Sellers et al., 1972b; Sellers et al., 1978).
Of particular concem in the neonatal population is the persistence of TCA, a
potentially toxic metabolite, even after a single oral dose (Hindmarsh et al.,
1991; Mayers et al., 1991).

The present investigation utilized isolated, perfused aduit and neonatal
rabbit heart models to determine whether sequestration of CH and/or one of its
metabolites occurs, and to estimate the non-compartmental pharmacokinetic
parameters associated with their myocardial disposition. Since drug-induced
toxicity is frequently related to the accumulation of an agent in a particular
organ, the elucidation of tissue accumulation kinetics in the target organ
should provide important insights in determining the pathogenesis of CH-
induced toxicity in adult and neconatal hearts.

6.2 EXPERIMENTAL
6.2.1 Materials

6.2.1.1 Chemicals

Chloral hydrate was supplied by Bristol-Myers Squibb Canada, Inc.
(Montreal, PQ). Trichloroacetic acid was obtained from Fluka Chemicals,
Terochem Laboratories Ltd. (Edmonton, AB). Both CH and TCA were dried
overnight under vacuum prior to use. Trichloroethanol, methy! trichloroacetic
acid (MTCA) and the internal standard, 1,2,3-trichloropropane (TCP), were
purchased from Aldrich Chemical Co. (Milwaukee, WI). N-methyl-N-nitroso-p-
toluene sulfonamide (Diazald) was obtained from Sigma Chemical Co. (St.
Louis, MO). Analytical grade diethyl ether was purchased from Fisher
Scientific (Fair Lawn, NJ), and was freshly distilled prior to use. All other

101



reagents and solvents were purchased from either Sigma Chemical Co. (St.
Louis, MO) or BDH Chemicals (Toronto, ON), and were of analytical grade.

6.2.1.2 Animals

New Zealand neonatal (7-10 day) and adult white rabbits (2-3 kg) of
either sex were obtained from the licensed breeding facility at the Animal
Resources Centre, University of Saskatchewan (see Appendix A, Tables A-1
and A-2). Neonatal rabbits were obtained on the morning of the experiment,
and were housed in a warm (30-35°C), dark environment prior to use. All
aduit rabbits were housed in stainless-steel cages with access to standard
rabbit laboratory chow and tap water ad libitum, in accordance with the
recommendations of the Canadian Council on Animal Care (CCAC).

6.2.2 Methods

6.2.2.1 Heart Perfusion

Adult rabbits were sacrificed by cervical dislocation and neonatal
rabbits were sacrificed by decapitation according to accepted CCAC protocols.
Anesthetic exposure was avoided to prevent any potential for interaction with
the subsequent drug (CH, TCE, or TCA) treatments. The hearts were rapidly
excised and immediately placed in ice-coid perfusion buffer. The aorta was
cannulated as quickly as possible (within 1-2 minutes) and Langendorff
perfusion (Langendorff, 1895) was initiated at a high flow rate to clean the
coronary arteries. Once the arteries were sufficiently flushed, the heart was
perfused as described previously (Prasad et al,, 1992b). Retrograde perfusion
was maintained at a constant pressure of 100 cmH,O with a bicarbonate
buffer, pH 7.4, of the following composition (in mM): sodium chloride, 154.0;
potassium chloride, 5.63; sodium bicarbonate, 5.95; caicium chloride, 2.16;
and glucose, 5.55. The buffer passed through an in-line fiiter prior to heart
perfusion, and was equilibrated with a gas mixture of 95% O, and 5% CO, and
maintained at 37°C throughout the experimental protocol. The rates of
perfusion were 8.4 + 0.4 and 11.6 £ 0.6 miL/minute for neonatal and adult
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hearts, respectively. All heart preparations were allowed to stabilize for at
least 45 minutes prior to any interventions.

6.2.2.2 Drug Administration

Drug solutions (CH 50, 100, and 200 ug/mi; TCE and TCA 25, 50, 100,
150 ug/ml) were prepared fresh daily using the buffer as solvent. The
perfusion apparatus was connected such that separate reservoirs for pure
buffer and drug/buffer solutions could be employed. Drug administration via
the buffer solution was initiated after stabilization of the heart and continued for
60 minutes (treatment phase). Following the treatment phase, the perfusion
was switched back to pure buffer and the heart was monitored for an
additional 60 minutes (recovery phase). Ten control experiments were
performed, while the drug interventions were repeated 6-7 times for each
dosing level. Perfusate samples (1 ml) were collected every 10 minutes
throughout the experimental protocol, and were subsequently stored at -70°C
with appropriate standard and quality control samples until analysis.

6.2.2.3 Gas Chromatographic Analysis

Analysis of CH and its metabolites (TCE and TCA) was carried out as
described previously (Gorecki et al., 1990). Briefly, aliquots (50 ul) of buffer
(either standards or samples) and internal standard (TCP; 500 ug/mil) were
treated with sulfuric acid (250 ul; 3 M) and subsequently extracted into freshly
distilled diethyl ether (5.0 mi). An aliquot (2 ml) of the ether layer was
derivitized with ethereal diazomethane to facilitate the methylation of the TCA
metabolite (MTCA). Aliquots (1 pl) of the resulting mixture were injected into
the gas chromatograph. Representative chromatograms for the determination
of CH, MTCA and TCE are found in Appendix D (Figures D-1 and D-2).

Gas chromatographic analysis was carried out on a Varian Model 3700
gas chromatograph (Varian Assoc., Palo Alto, CA) equipped with a ®Ni
electron-capture detector and a coiled-glass column (2.44 m x 2 mm i.d.)
packed with Supelco GP 10% SP-1200/1% H;PO, on 80-100 mesh
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Chromosorb W AW (Supelco, Bellefonte, PA). Isothermal analysis was carried
out with injection port, column oven and detector temperatures of 160, 115 and
300°C, respectively. Argon-methane (95:5) was used as the carrier gas at a
flow-rate of 12.0 mi/min. Peak-height determination and quantitation was
obtained with the use of a Shimadzu Model C-R3A Chromatopac integrator-
recorder (Shimadzu, Kyoto, Japan).

Analytical recoveries of CH, MTCA and TCE from aqueous buffer were
determined by comparison of the peak height ratios of standard to internal
standard obtained from extracted spiked buffer to those obtained from direct
injection of standards containing equivalent amounts of the analytes. The
recoveries expressed as percent (S.E.M.) for CH, MTCA and TCE were 108.1
(6.3), 99.2 (5.3) and 85.6 (5.2) respectively. Recovery data for CH, MTCA and
TCE are summarized in Figure D-4 (Appendix D). Interday variation of peak
height ratios was less than 10% for individual sample/standard injections.
Intraday variability and stability data are illustrated graphically in Figure D-3
(Appendix D).

Calibration curves in the range of 0.1-200 pg/ml (CH) and 0.1-150 ug/ml
(TCE and MTCA) were generated using perfusion buffer as the solvent. These
ranges were extended beyond those previously reported, and resuited in
nonlinear ECD responses for CH and TCE analytes. The calibration curves
(constructed by plotting the ratios of peak height of the respective analyte to
that of the internal standard against the analyte concentration) for CH and TCE
were thus fitted using a logarithmic-logarithmic (“power™) curve-fitting
procedure (Iny = In B + M In x; Hewlett Packard 27S Scientific calculator). The
MTCA calibration curve was adequately described by a linear regression
procedure. Correlation coefficients for calibration curves were 0.999, 0.999
and 0.998 for CH, TCE and MTCA respectively (Appendix D, Figures D-5 and
D-6).
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6.2.2.4 Pharmacokinetic Analysis

Myocardial pharmacokinetic parameters were determined using
standard non-compartmental techniques (Gibaldi and Perrier, 1982; Gillespie,
1991b). Area under the buffer concentration-time curve (AUC; ug/m! x min)
and its first moment (AUMC; pg/ml x min?) were determined by Lagrange
interpolation (Rocci and Jusko, 1983). These parameters were used to
calculate the mean residence times (MRTs; min) for the drug infusions (where
T is time of drug infusion in minutes) according the following relationship
(Gibaldi and Perrier, 1982):

MRT = (AUMC 7 AUC) - T/2 (6-1)
Clearance (CL; mlI/min) was determined from the input rate (k,; mi/min) and
concentration at steady-state (Cgg; ug/mi) (Gillespie, 1991b):
CL=k,/Cgs (6-2)
The apparent volume of distribution at steady-state (Vgg; ml) was calculated
using k,, time of drug infusion (T; min), AUC and AUMC (Gibaldi and Perrier,
1982):
Ves=ko T AUMC _ koT? (6-3)
AUC? 2AUC
The amount of drug sequestered in the heart at steady-state (Agg) was
calculated using the following relationship (Gillespie, 1991b):
Ass =Vss X Css (6-4)
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6.2.2.5 Statistical Analysis

Results were analysed by one- (within each age group) or two-way (to
test treatment and age effects) analysis of variance (SuperANOVA, Abacus
Concepts Inc., 1989). [f the analysis of variance demonstrated significant
results, appropriate post hoc tests (Bonferroni/Dunn all means multiple
comparison procedure) were used to identify significant treatments (Ludbrook,
1991). Correlation between variables was determined by the standard least-
squares regression technique. A p < 0.05 was considered to be statistically
significant.

6.3 RESULTS

Figures 6-1 and 6-2 represent the mean log concentration-time profiles
for various concentrations of CH (A), TCE (B) and TCA (C) in adult and
neonatal rabbit hearts, respectively. Steady-state was established within 20-
30 minutes of initiation of drug administration in all treatments. Following
cessation of drug administration, drug concentrations in the perfusate solution
declined in a bi-exponential fashion for all groups, with the exception of TCE
150 ug/ml adult group (see Figure 6-1B), in which elimination appeared to be
mono-exponential.

The mean log concentration-time plots were used to estimate various
non-compartmental pharmacokinetic parameters (Tables 6-1 and 6-2). Two-
way ANOVA demonstrated that the neonatal hearts achieved significantly
higher concentrations at steady-state (Cgg) than the corresponding adult heart
groups (p<0.0001). Cgg increased in a linear fashion with respect to dose in all
treatment groups  (r = 0.9960-0.9995; p<0.01); however, CH and TCA in the
adult hearts displayed disproportionately increased Cgg at higher perfusate
concentrations. The amount of drug in the hearts at steady-state (Agg) also
displayed disproportionate increases at higher doses of CH and TCE in the
adult hearts. In the case of CH, this increase was exponential in nature
(Figure 6-3A). Accumulation of CH and TCA in the neonatal hearts was linear
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and directly proportional to administered dose; however, accumulation of TCE
appeared to approach a plateau with increasing dose (Figure 6-3B).

One-way ANOVA of apparent volume of distribution at steady-state (Vgg)
showed that this parameter was not significantly different between treatments
within the adult and neonatal groups, respectively (Tables 6-1 and 6-2).
However, the average Vgg of the aduit hearts was significantly greater than that
of the neonatal hearts (p<0.0001).

Mean residence times (MRTs) were equivalent for CH, TCE and TCA
within the adult (Table 6-1) and neonatal (Table 6-2) groups. The MRTs in the
adult hearts, however, were significantly less than those observed in neonatal
hearts (p<0.0001). Clearance values for CH, TCE and TCA were significantly
enhanced in adult vs. neonatal hearts (p<0.0001). While CH and TCA
clearance in both adult and neonatal hearts demonstrated a slight tendency
towards nonlinearity at higher doses, assessment of the slopes of the plots of
clearance vs. dose revealed that none of the slopes was significantly different
from zero
Figure 6-4

Tables 6-3 and 6-4 describe the relevant pharmacokinetic parameters
for metabolite formation after CH, TCE and TCA administration in adult and
neonatal hearts, respectively.  Metabolism in individual hearts was highly
variable and unpredictable; therefore, no attempt has been made to assess
mass-balance for any of the treatments. It is evident, however, that the heart is
a site of metabolism for all three compounds.
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Figure 6-1. The mean log concentration-time profiles for (A) chloral hydrate

(50, 100 and 200 ug/ml), (B) trichioroethanol (25, 50, 100 and
150 ug/ml) and (C) trichloroacetic acid (25, 50, 100 and 150 pug/ml)
in isolated, perfused adult rabbit hearts. Each point represents
the average of 4-5 experiments.
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Figure 6-2. The mean log concentration-time profiles for (A) chloral hydrate
(50, 100 and 200 ug/ml), (B) trichloroethanol (25, 50, 100 and 150
pg/mi) and (c) trichloroacetic acid (25, 50, 100 and 150 pg/ml) in
isolated, perfused neonatal rabbit hearts. Each point represents
the average of 4-5 experiments.
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Figure 6-3.The amounts of chioral hydrate (50, 100 and 200 ug/ml_),
trichloroethanol (25, 50, 100 and 150 ug/ml) and trichloroacet.nc
acid (25, 50, 100 and 150 ug/mi) accumulated at steady-state in
isolated, perfused adult (A) and neonatal (B) rabbit hearts. Each
point represents the average of 4-5 experiments. Curves were
fitted by standard regression techniques, and are displayed with
their respective regression coefficients.
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6.4 DISCUSSION AND CONCLUSIONS

Isolated organ systems have long been an integral part of the study of
the direct effects of endogenous and exogenous chemicals. More recently,
pharmacokinetic analysis of drug disposition in a target organ has been
utilized as an additional source of information to clarify both the therapeutic
effects of drugs (Askhoit and Nielsen-Kudsk, 1986; Nielsen-Kudsk and
Askholt, 1981; Nielsen-Kudsk and Askholt, 1987) as well as the pathogenesis
of drug toxicity (He et al., 1991; Tanigawara et al., 1991). The present study
applied the principles of non-compartmental pharmacokinetic analysis in an
effort to delineate certain aspects of the disposition of CH, TCE and TCA in
adult and neonatal hearts which may have important implications in their
cardiac toxicity.

While equivalent concentrations of CH, TCE and TCA were
administered in both adult and neonatal groups, the drug input rates for all
treatments were proportionately lower in the neonatal groups because of the
reduced flow rate required in the much smaller neonatal hearts. A lower rate
of input would be predicted to proportionately decrease the concentration of
drug at steady-state. This was not observed for any neonatal treatment group.
Steady-state concentrations of CH, TCE and TCA were all significantly higher
in neonatal hearts when compared to aduit hearts. However, because
clearance is inversely related to Cgg, a lower clearance would produce a
proportionate increase in Cgs. The minimal rate of myocardial clearance of
CH, TCE and TCA in neonatal hearts results in output concentrations only
slightly less than their input concentrations. Lower apparent volumes of
distribution for CH, TCE and TCA would also contribute to the relatively higher
Css of these compounds observed in the neonatal hearts.

Mean residence time (or turn over time) is equal to the time required for
approximately 63.2% of the administered dose of a drug to be eliminated from
the body (Gibaldi and Perrier, 1982). The single pass MRT in an isolated
organ is a function of the rate constants associated with transfer out of the
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organ; therefore, the tissue retention properties of drugs can be described by
their mean residence times (He et al, 1991; Tanigawara et al., 1991). The
MRTs of CH, TCE and TCA did not differ from each other in either the adult or
the neonatal hearts. The average MRTs were, however, significantly lower in
the adult groups. More effective drug clearance is likely responsibie for the
reduced retention of these compounds in the adult hearts.

Myocardial accumulation has been estimated by the molar amounts of
CH, TCE and TCA in the hearts at steady-state. The accumulation of CH, TCA
and, to a lesser extent, TCE in the neonatal hearts is directly proportional to
administered dose. The accumuiation of CH and TCE in the aduit hearts,
however, exhibited disproportionate increases at higher doses. The increase
in CH accumulation was exponential in nature. This property of CH and TCE
is possibly related to their relatively high lipid solubilities (Kow 41.04 and
26.17 for CH and TCE, respectively) which would allow unrestricted diffusion
of these compounds across lipid membranes (Griner et al., 1973). While the
absolute amounts (umoles) of CH, TCE or TCA accumulated are roughly
equivalent between the adult and neonatal groups, accumulation of these
compounds in neonatal hearts was greater than that in adult hearts when Agg
was expressed on a per tissue weight basis. This observation is not easily
explained; however, greater accumulation of these compounds in neonatal
hearts may be related to developmental differences in the composition of
cardiac tissue.

There was no difference in the rates of myocardial clearance for CH,
TCE or TCA in either the adult or neonatal hearts. The clearances were,
however, significantly greater in the adult versus neonatal hearts. At least a
portion of the myocardial clearance of CH, TCE and TCA can be attributed to
local metabolism of these compounds. The extent of metabolism of CH in the
adult hearts appeared to be greater than that observed in neonatal hearts.
However, since metabolism in individual hearts was highly variable and
unpredictable no attempt was made to assess mass-balance for any of the

treatments.
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Non-compartmental analysis of pharmacokinetic data has gained
increased acceptance in recent years (Gibaldi and Perrier, 1982; Gillespie,
1991a). The main reason for the increased use of these techniques is that
summary parameter estimation can be accomplished without the necessity of
nonlinear regression of the experimental data. However, the assumptions
associated with the use of non-compartmental parameter estimation impose
certain restrictions upon their use. It is assumed that the drug in question
undergoes constant clearance, has linear first-order pharmacokinetic
properties, and exhibits a terminal mono-exponential elimination phase
(Gillespie, 1991a). While the clearance of CH and TCA in both adult and
neonatal hearts demonstrated a slight tendency towards nonlinearity at higher
doses, the slopes of the plots of clearance versus dose were not statistically
different from zero. Therefore, the use of non-compartmental pharmacokinetic
methods employing AUC and its first moment (AUMC) should provide
reasonable estimates of pharmacokinetic parameters for these compounds.

The results of the present investigation indicate that the heart is a site of
both accumulation and metabolism of CH, TCE and TCA in isolated, perfused
adult and neonatal rabbit hearts. The ability of the heart to generate both
oxidative and reductive metabolites may offer some insight into the
mechanism of cardiac toxicity for CH. It is possible that the local oxidative and
reductive metabolism of CH and its metabolites produces various free-radical
species. Free-radicals derived from reductive dehalogenation have been
implicated in the hepatic toxicity of TCA in rats and mice (Larson and Bull,
1992a; Larson and Bull, 1992b). The mutagenic potential of CH and TCA in
mice has been associated with oxidative production of free-radical
intermediates (Ni et al., 1995; Ni et al, 1994; Ni et al, 1996). Lipid
peroxidation resulting from free-radical attack has been described as being a
fundamental mechanism of myocardial injury (Dargel, 1992; Halliwell, 1989,
Loesser et al., 1991; Prasad et al., 1989; Thollon et al., 1995). It is axiomatic
that the effects of chemically reactive intermediates tend to be limited to the
tissues in which they are formed. Also, very low concentrations of reactive
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intermediates have demonstrated significant toxicity in vivo. Thus, the
myocardial accumulation and local metabolism of CH, TCE and TCA may be
related to the cardiac toxicity previously demonstrated in the adult rabbit heart
(Fandrey et al., 1992; Chapter 4).

Of particular interest, however, is the fact that cardiac toxicity was not
appreciable in a similar neonatal heart model (refer to Chapter 5). The greater
potential for accumulation in neonatal hearts as a result of compromised
myocardial clearance would seem to suggest a potential for enhanced cardiac
toxicity. Attenuation of cardiac toxicity in fetal and neonatal mammals is not,
however, without precedent. The resistance of the neonatal myocardium to
deleterious peroxidative effects of ischemia and subsequent reperfusion is
well-established (Grice et al., 1987; McCully et al., 1994; Murashita et al.,
1992). Investigations aimed at confirming the mechanism of the apparent
resistance of neonatal hearts to the cardiotoxic effects of CH and its
metabolites have been undertaken (Chapter 7). Enhanced activities of key
myocardial antioxidant enzymes may ameliorate the cytotoxic effects of CH
and its metabolites in immature rabbit hearts.
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7. DEVELOPMENTAL ASPECTS OF CHLORAL HYDRATE
CARDIOTOXICITY: LIPID PEROXIDATION AND ANTI-
OXIDANT STATUS

7.1 INTRODUCTION

Chloral hydrate is the oldest sedative-hypnotic still in clinical use
(Butler, 1970; Hoskins, 1984). While once employed extensively in aimost all
patient populations, CH administration is now limited almost exclusively to
pediatric and geriatric patients (Cook et al, 1992; Hoskins, 1984; Marx et al.,
1993). However, in addition to therapeutic administration, significant
environmental exposure to CH and TCA can occur inadvertently due to
drinking water contamination in chlorine disinfected water supplies (U.S.
Environmental Protection Agency, 1975; U.S. Environmental Protection
Agency, 1982; Uden and Miller, 1983).

CH ingestion has long been associated with the development of cardiac
arrhythmias, especially in situations of overdose (Graham et al, 1988;
Gustafson et al., 1977, Hirsch and Zauder, 1986; Marshall, 1977). It has been
estimated that approximately 25% of CH intoxications will result in
extrasystoles (Wiseman and Hampel, 1978). However, few investigations of
the direct effects of CH and/or its metabolites on the heart have been reported
(Gross and Hoff, 1968; Riggs et al., 1986; Trulson and Ulissey, 1987; White
and Carlson, 1981).

It has been hypothesized that cardiac arrhythmias induced by CH or its
metabolites may be analogous to arrhythmias produced by halogenated
hydrocarbons such as halothane (Bowyer and Glasser, 1980; Brown and
Cade, 1980). The mechanism of halothane-induced arrhythmias has
generally been assumed to be due to sensitization of the myocardium to the
effects of endogenous catecholamines (Johnston et al., 1976; Steward, 1985).
However, it has recently been proposed that reductive dehalogenation of
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halothane, resulting in the formation of radical and carbanion complexes, may
cause lipid peroxidation and the subsequent cardiotoxic effects (Gibson and
Skett, 1986; Kharasch et al, 1995; Sprackiin et al, 1995). Recent
investigations have established that CH and its two phase | metabolites
trichloroethanol (TCE) and trichloroacetic acid (TCA) generate free radicals
with subsequent lipid peroxidation in an in vitro hepatic microsomal system (Ni
etal., 1996). ltis possible that CH-related arrhythmias result from free-radical
mediated lipid peroxidation in the heart.

CH, TCE and TCA all possess cardiac depressant and arrhythmogenic
properties in the adult rabbit heart (Fandrey et al, 1993). However, the
neonatal rabbit heart is remarkably resistant to the cardiotoxic effects of these
compounds (refer to Chapter 5). The objectives of the present investigation,
therefore, were to determine whether cardiac arrhythmias induced by CH or its
metabolites are due to formation of reactive species (ie. free radicais) in the
heart, and to determine if the reduced susceptibility of immature myocardium is
due to reduced induction of lipid peroxidation and/or increased activity of key
myocardial antioxidant enzymes.

7.2 EXPERIMENTAL
7.2.1 Materials

7.2.1.1 Chemicals

Chioral hydrate was supplied by Bristol-Myers Squibb Canada, Inc.
(Montreal, PQ). Trichloroacetic acid was obtained from Fluka Chemicals,
Terochem Laboratories Ltd. (Edmonton, AB). Both CH and TCA were dried
overnight under vacuum prior to use. Trichloroethanol was purchased from
Aldrich Chemical Co. (Milwaukee, WI). All other reagents and solvents were
purchased from either Sigma Chemical Co. (St. Louis, MO) or BDH Chemicals
(Toronto, ON), and were of analytical grade.
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7.2.1.2 Animals

New Zealand neonatal (7-10 day) and adult white rabbits (2-3 kg) of
either sex were obtained from the licensed breeding facility at the Animal
Resources Centre, University of Saskatchewan (see Appendix A, Tables A-1
and A-2). Neonatal rabbits were obtained on the morning of the experiment,
and were housed in a warm (30-35°C), dark environment prior to use. All
aduilt rabbits were housed in stainless-steel cages with access to standard
rabbit laboratory chow and tap water ad libitum, in accordance with the
recommendations of the Canadian Council on Animal Care (CCAC).

7.2.2 Methods

7.2.2.1 Cytotoxicity of CH and its metabolites

The cytotoxicity of CH, TCE and TCA versus K562 lymphocytes was
assessed, as previously described, using the Trypan blue dye exclusion
method (Prasad et al., 1994). This model system was selected based on the
availability and positive growth characteristics of the K562 lymphocyte cell
line. Cells were incubated with CH, TCE and TCA (0, 25, 75 and 150 ug/ml)
for periods of 1 and 18-20 hours. Ten microlitres of 0.2% Trypan blue in
phosphate buffer was added to 10 ul of a suspension of 1 x 10® cells/ml and
the cells were examined in a hemocytometer under light microscopy. Viable
cells exclude the Trypan blue dye, while dead cells take up the dye and
appear blue stained under light microscopy. Cytotoxicity of CH and its
metabolites is expressed as the percent of dead cells for each treatment. Each
treatment was repeated in quadruplicate.

7.2.2.2 In vitro incubation

Adult rabbits were sacrificed by cervical dislocation and neonatal
rabbits were sacrificed by decapitation according to accepted CCAC protocols.
The hearts were rapidly excised, blotted dry, and placed immediately on ice.
Myocardial tissue was maintained at 4° C until incubation. Tissue from both
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the left and right ventricles was minced and added to 10 volumes of 50 mM
phosphate buffer (pH 7.4). The heart tissue was homogenized with a Polytron
homogenizer (PT-10, Brinkman Instruments, Rexdale, ON, Canada) for two
periods of 10 seconds each. The homogenate was filtered through gauze,
and the resulting fitrate was used for in vitro incubations, protein
determinations, and enzyme measurements.

Sufficient volumes of CH (150 ul of a 1 g/ml solution), TCA (150 ul of a 1
g/ml solution), or TCE (98 ul of a 1.557 g/mi solution diluted to 150 pl with
phosphate buffer) were added to 1.35 ml of filtered homogenate to make a
final drug concentration of 100 ug/ml (in disposable borosilicate test tubes
fitted with plastic caps). Following addition of drug solution, the homogenates
were vortexed and placed in a 37°C shaking water bath for a period of 60
minutes. Control incubations (150 ul phosphate buffer added) were
undertaken with each group of drug incubations.

7.2.2.3 Thiobarbituric acid-reactive substances

After the 60 minute incubation, aliquots of the incubation mixtures were
assayed for thiobarbituric acid-reactive substances using a modification of the
method of Prasad et al. (Prasad et al.,, 1992b) Briefly, 50 uL of the incubation
mixture was diluted with 0.75 mL of distilled deionized water, to which was
added 200 uL sodium dodecyl sulfate (8.1 % w/v) and 3.0 mL of TBA reagent
(a 1:1 mixture of an aqueous 0.67% thiobarbituric acid solution and glacial
acetic acid). The reaction mixture was heated at 95° C for 60 minutes. After
cooling, 1.0 mL of distilled water and 5.0 ml of n-butanol:pyridine (15:1) were
added, the tubes were shaken for 2 minutes using a multi-tube vortex, and
were subsequently centrifuged at 3000 rpm for 15 minutes. The organic layer
was used for fluorometric measurement at 553 nm with an excitation
wavelength of 515 nm. Tetraethoxypropane was used as an external standard
and the results were expressed as nmoles of thiobarbituric acid-reactive
substances (TBARS).
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7.2.2.4 Antioxidant enzyme activities

Fresh myocardial homogenate was centrifuged for 5 min at 400 x g
using a refrigerated centrifuge (Beckman model J2-21). The resulting
supernatant was used for the measurement of thein vitro activities of catalase
(CAT), glutathione peroxidase (GSH-Px) and superoxide dismutase (SOD).
Enzyme activities were determined according to the method of Prasad et al.
(1992b). Measurement of CAT activity was made using a Pye Unicam SP6-
550 ultraviolet spectrophotometer. GSH-Px and SOD activities were
determined using a Unicam SP1800 ultraviolet spectrophotometer with a
Unicam AR25 linear recorder attached. All measurements were made at
ambient temperature.

The activity of CAT was expressed as K+102+sec™'mg protein™!, where K
is a first order rate constant for the decomposition of added hydrogen peroxide
at 240 nm. GSH-Px activity was expressed as nmoles NADPH oxidized to
NADP*/minute/mg of protein (using an extinction coefficient of 6.22 x 10%) in a
reaction system containing glutathione, glutathione reductase and disodium
ethylenediaminetetraacetic acid with varying volumes of supernatant. One
unit of SOD activity is defined as the amount of protein that inhibits the
reduction of added nitro biue tetrazolium by 50%, and was determined with the

use of a standard curve.

7.2.2.5 Protocols

Rabbits were divided into 3 groups: neonatal (7-10 day), juvenile (1-2
month) and adult (5-7 month). Drug and control incubations were performed
on myocardial homogenates, with 19, 11, and 12 replicates for the neonatal,
juvenile and aduit hearts, respectively. Enzyme activities were determined in
duplicate for each heart used for drug/control incubations (N=10 neonatal,
N=4 juvenile and N=4 adult). Protein determination for the control incubations
and for the supernatant used in the analysis of enzyme activities was carried
out according to the Biuret method (Gornall et al., 1949).
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TBARS results are expressed as a percentage of the respective
(neonatal, juvenile or adult) control values.

7.2.2.6 Statistical Analysis

Data are presented as the mean + S.E.M. for each group. Results were
analysed by one-way or two-way (to test treatment and age effects) analysis of
variance (SuperANOVA, Abacus Concepts Inc., 1989). If the analysis of
variance demonstrated significant results, appropriate post hoc tests
(Dunnett’'s two-tailed multiple comparison procedure and individual means
comparisons) were used to identify significant treatments (Ludbrook, 1991).
Correlation between variables was determined by the standard least-squares
regression technique. The level of significance was accepted as p < 0.05.

7.3 RESULTS

7.3.1 Cytotoxicity of CH, TCE and TCA to K562 lymphocytes

The cytotoxic potential of various concentrations (0, 25, 75 and 150
ug/mi) of CH, TCE and TCA in K562 lymphocytes was evaluated by regression
analysis (Figure 7-1). One hour exposure of K562 lymphocytes to increasing
concentrations of CH did not significantly affect the percentage of dead cells;
however, 18-20 hour exposure produced a significant increase in cytotoxicity
with increasing CH concentration (p=0.008; Figure 7-1A). TCE produced a
concentration-dependent increase in cytotoxicity after both 1 hour and 18-20
hour exposure in K562 lymphocytes (p=0.019 and 0.002, respectively; Figure
7-1B). One hour and 18-20 hour exposure of K562 lymphocytes to increasing
concentrations of TCA also resulted in significantly enhanced cytotoxicity
(p=0.027 and 0.011, respectively; Figure 7-1C).

7.3.2 Myocardial lipid peroxidation

Figure 7-2 illustrates the effects of CH, TCE and TCA (100 ug/ml) on the
development of lipid peroxidation (as estimated by TBARS formation) in adult,
juvenile and neonatal ventricular homogenates. Both CH (150.2% of control)
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Figure 7-1.Regression analysis of the cytotoxic effects of chloral hydrate,
trichloroethanol and trichloroacetic acid (0, 25, 75 and 150 ug/ml)
towards K562 lymphocytes. Error bars represent the standard

error of the group mean (N=4).
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and TCA (186.4% of control) produced significant increases in lipid
peroxidation in adult hearts (p<0.0001). TCE and TCA were approximately
equipotent with respect to lipid peroxidative effects in juvenile heart
homogenates, producing increases of 223.1 and 219.6% in TBARS formation
respectively (p<0.0001 vs. juvenile control). Incubation of neonatal ventricular
homogenates with CH, TCE and TCA produced reductions in lipid
peroxidation of 34.3, 82.4, and 83.6% respectively (p<0.0001 vs. control).

7.3.3 Antioxidant enzyme activities

The activities of catalase, glutathione peroxidase (GSH-Px) and
superoxide dismutase (SOD) in neonatal, juvenile and adult ventricular tissue
are described in Table 7-1. The adult and juvenile myocardial activities of
catalase, GSH-Px and SOD were not significantly different from each other.
However, neonatal myocardial activities of all three enzyme systems were
significantly greater than the activities in the adult or juvenile groups
(p<0.0001).

Table 7-1. Antioxidant enzyme activites in homogenates of neonatal,
juvenile and adult myocardial tissue. Results are expressed as
the average [S.E.M.].

Catalase Activity GSH-Px Activity SOD Activity
(K/sec/mg protein x 103) (umole NADPH/min/mg protein) (U/mg protein)

Neonate 25.54 [0.89] 0.165 [0.007] 100.53 [3.10]
(7-10 day)
Juvenile 7.19 [0.75] 0.080 [0.002] 78.30 [2.14]
(1-2 month)

Adult 7.72 [0.79] 0.112 [0.014] 74.78 [2.55]
(5-7 month)
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Figure 7-3 illustrates the correlations between drug-induced lipid
peroxidation and age-related enzyme activities for catalase, GSH-Px and
SOD respectively (A, B, and C, respectively). Lipid peroxidation induced by
TCA treatment showed significant correlations with catalase, GSH-Px and
SOD activities (p<0.05). TCE-induced lipid peroxidation was also significantly
correlated with myocardial GSH-Px activity (Figure 7-3B; p<0.05).
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Figure 7-3.Analysis of the correlations between drug-induced lipid

peroxidation (Relative TBARS concentration) and age-related
enzyme activities for catalase (A), glutathione peroxidase (B) and
superoxide dismutase (C). TBARS results are expressed as a
percentage of the respective control values (N=4 adult, N=4
juvenile and N=19 neonatal experiments) .
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7.4 DISCUSSION AND CONCLUSIONS

Lipid peroxidation resulting from free-radical attack has been described
as being a fundamental mechanism of myocardial injury (Dargel, 1992;
Halliwell, 1989; Loesser et al., 1991; Prasad et al., 1989; Thollon et al., 1995).
For example, radical-induced lipid peroxidation has been implicated in the
cardiotoxicity and arrhythmogenicity of a number of chemicals, including
halothane (Gibson and Skett, 1986), adriamycin (Milei et al, 1986), and
isoproterenol (Singal et al., 1982). Reactive oxygen species are also believed
to be involved in cardiac toxicity associated with the ischemia/reperfusion
phenomenon (Aiello et al, 1995; Blasig et al., 1994; Jeroudi et al, 1994;
Prasad et al., 1992b).

Local cardiac metabolism and accumulation of CH, TCE and TCA has
been observed in isolated, perfused aduit rabbit hearts (Fandrey et al., 1993).
The neonatal rabbit heart is also a site of metabolism and accumulation of CH,
TCE and TCA (refer to Chapter 6). It is axiomatic that the effects of chemically
reactive intermediates tend to be limited to the tissues in which they are
formed. Additionally, very low concentrations of reactive intermediates have
demonstrated significant toxicity in vivo. Thus, the rabbit heart appears to be
capable of producing reactive metabolites of CH, TCE and TCA which may be
involved in lipid peroxidation, and subsequent cardiotoxic effects.

Plasma membrane integrity and cellular viability following chemical
insult are frequently assessed by determining the ability of cultured cells to
exclude trypan blue dye (Hyslop et al, 1986). Initial assessment of the
cytotoxic potential of CH, TCE and TCA, using the Trypan blue dye exclusion
technique, demonstrated that these compounds exert concentration- and time-
dependent cytotoxicity versus the K562 lymphocyte. These results suggest
that CH, TCE and TCA adversely affect plasma membrane integrity, enabling
the dye to penetrate into the cell’s interior. Possible membrane-related effects
include oxidative attack of polyunsaturated fatty acid side chains of the lipid

bilayer.

131



Interaction of CH, TCE and TCA with plasma membranes has been
shown to initiate lipid peroxidation in an in vitro hepatocyte model (Ni et al.,
1994; Ni et al., 1996). TCA has also been shown to cause lipid peroxidation in
rats and mice (Larson and Bull, 1992a). The lipid peroxidative effects of CH,
TCE and TCA appear to be confirmed in the present investigation. Lipid
peroxidation has been estimated by the level of thiobarbituric acid-reactive
substances (TBARS) produced by the myocardial homogenates following
various treatments. TBARS are a heterogeneous group of compounds formed
in the decomposition of lipid peroxides, and include various aldehydes such
as malondialdehyde, formaldehyde, acetaldehyde and propionaldehyde
(Halliwell, 1989; Ni et al., 1996). While the TBARS assay is not specific for a
particular lipid peroxidation byproduct, it is sufficiently sensitive to assess the
general level of lipid peroxidation produced by a chemical intervention
(Ungemach, 1987).

Lipid peroxidation in the adult ventricular homogenates was most
pronounced following TCA treatment. CH also produced a significant increase
in the in vitro lipid peroxidation. TCE, however, did not appear to have any
effect on lipid peroxidation in the aduit tissue. Metabolic activation of TCE to
TCA may be required for lipid peroxidation to occur. If levels of active
metabolite (i.e., TCA) were very low following TCE administration, lipid
peroxidation would not be evident. Juvenile tissue appeared to be the most
susceptible to the lipoperoxidative effects of TCE and TCA. CH induced
virtually no lipid peroxidation in the juvenile group. If myocardial metabolism
of CH to either TCE or TCA occurred, some lipid peroxidative effects would be
anticipated. This would seem to suggest that metabolic activation of CH in
juvenile cardiac tissue is minimal or non-existent in this age group. It has
been proposed that the lipid peroxidative effects of CH are mediated primarily
through the TCA metabolite (Ni et al, 1995; Ni et al., 1996). TCA can be
formed from oxidation of either CH or TCE (Breimer et al., 1974; Marshall and
Owens, 1954); therefore, TCA could mediate the lipid peroxidation occurring in
either CH or TCE treatments. The strong correlation of TCA-induced lipid
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peroxidation with myocardial antioxidant enzyme activities at different levels of
cardiac maturity would seem to support the role of TCA as the primary
mediator of oxidative injury in this model system.

Exposure of neonatal heart tissue to CH, TCE or TCA appeared to be
associated with protection of the tissue from initiation of lipid peroxidation,
with substantially lower TBARS formation in treated homogenates than in the
control experiments.  Attenuation of oxidative injury in the neonatal
myocardium is not without precedent. Neonatal hearts appear to be raesistant
to the deleterious peroxidative effects of ischemia and subsequent reperfusion
(Grice et al., 1987; McCully et al., 1994; Murashita et al., 1992). The apparent
protective effect observed in the present investigation may be related to
increased activities of catalase, glutathione peroxidase and superoxide
dismutase in neonatal tissue. The mechanism of tolerance of immature
myocardium to ischemia is believed to be at least partially due to the
enhanced radical-scavenging capacity provided by catalase (Rowland et al.,
1995). Higher activities of antioxidant enzyme systems have also been
reported in immature lung (Frank and Groseclose, 1984; Stevens and Autor,
1977), brain (Juchau, 1990; Scarpa et al., 1987), and liver (Yang et al., 1993).

It may be that local (cardiac) metabolism of CH and its metabolites
results in the formation of reactive species capable of causing lipid
peroxidation. This phenomenon would result in a number of pathological
sequelae, including intracellular calcium ion overload, which would be
responsible for the demonstrated cardiotoxic effects of CH and its metabolites
(Janero et al., 1988; Pascoe and Reed, 1989; Trump and Berezesky, 1995).
Susceptibility of the immature myocardium to these arrhythmias appears to be
lower than the susceptibility of the mature myocardium. | is possible that
increased myocardial antioxidant enzyme activity may play a role in the lower
cardiotoxic potential of CH and its metabolites in the neonatal heart.
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8. GENERAL DISCUSSION

Chioral hydrate has been described as being one of the most
commonly prescribed sedative-hypnotic agents in pediatric medicine
(American Academy of Pediatrics, 1993; Cook et al, 1992; Green, 1993).
While chioral hydrate has had a reputation as a safe therapeutic agent,
anecdotal and case reports have suggested that its use in adults may be
associated with the development of arrhythmias, especially in over-dose
situations (Graham et al., 1988; Gustafson et al., 1977; Hirsch and Zauder,
1986; Marshall, 1977). Chloral hydrate-induced arrhythmias have also been
documented in the pediatric population (Dean et al., 1991; Hirsch and Zauder,
1986; Nordenberg et al., 1971; Saarnivaara et al., 1988; Seger and Schwartz,
1994). The arrhythmogenic potential of chloral hydrate, however, is unknown
for either adult or pediatric patients. The present investigation was undertaken
to determine the direct cardiotoxic potential of chloral hydrate in an isolated
rabbit heart model, and to assess the relative susceptibility of the immature
myocardium to chloral hydrate-induced cardiotoxic effects.

Any assessment of the relative vulnerability of the immature
myocardium to chloral hydrate-induced arrhythmias requires knowledge of the
cardiotoxic effects of this agent in mature hearts. Since the cardiotoxic
potential of chloral hydrate is largely unresolved, an initial evaluation of the
cardiotoxicity of the parent drug and its two primary metabolites in an isolated
perfused adult rabbit heart model was carried out. This investigation
demonstrated that CH, TCE and TCA all have general cardiac depressant
effects in the isolated perfused aduilt rabbit heart at concentrations routinely
encountered in clinical situations (Hindmarsh et al., 1991; Mayers, 1992). The
depressant effects of these agents on the coronary flow, myocardial oxygen
consumption, contractility, and heart rate appeared to be largely dose-related.
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All three compounds also caused significant impairment of atrio-ventricular
and intra-ventricular conduction, which is associated with the development of
re-entry and resuitant arrhythmias (Katz, 1992). TCA administration produced
the most significant and persistent conduction delays, and resulted uftimately
in ventricular tachycardia and/or ventricular fibrillation at all concentrations
tested. The types of ventricular tachyarrhythmias observed following TCA
administration represent ECG patterns which are associated with cardiac
arrest (Goldberger and Goldberger, 1990a). These findings are especially
significant when one considers the persistence of TCA in humans following
administration of CH (Hindmarsh et al., 1991; Mdiler et al., 1974; Sellers et al.,
1978).

it would be predicted from the adult heart study that situations of
increased production and/or reduced clearance of TCA may be associated
with significant cardiac toxicity, including the development of potentially life-
threatening arrhythmias. This possibility is of particular relevance for neonatal
patients, given the significant persistence of TCA in this population even after
a single oral dose of chloral hydrate (Mayers et al., 1991). However, while CH
and its metabolites appear to be general cardiac depressants in the aduit
rabbit heart, these same compounds produced only minimal myocardial
depression in immature hearts. Isolated neonatal rabbit hearts also proved to
be remarkably resistant to alterations of myocardial rhythm and conduction.
While CH, TCE and TCA produced no notable alterations in the major
myocardial conduction pathways, a number of conduction defects were
observed in the neonatal hearts. These atrial and ventricular ectopic beats
may be related to autonomic immaturity, which is known to contribute to a
relatively high incidence of ectopic beats in human newborns (Morgan et al.,
1965; Morgan and Guntheroth, 1965; Rogers and Richmond, 1978). It is of
note that all conduction disturbances observed in neonatal hearts occurred as
isolated events.

It was hypothesized that the differential toxicity of CH, TCE and TCA in
adult and neonatal rabbit hearts may be due to developmental differences in
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the disposition and accumulation of these compounds in the myocardium. A
study of the myocardial pharmacokinetics of CH, TCE and TCA demonstrated
that the heart is a site of both accumulation and metabolism of these
compounds. Myocardial accumulation was estimated by the molar amounts of
CH, TCE and TCA in the hearts at steady-state. The accumulation of CH, TCA
and, to a lesser extent, TCE in the neonatal hearts was directly proportional to
administered dose. The accumulation of CH and TCE in the adult hearts,
however, exhibited disproportionate increases at higher doses. While the
absolute molar amounts of CH, TCE or TCA accumulated were roughly
equivalent between the aduit and neonatal groups, accumulation of these
compounds in neonatal hearts was greater than that in adult hearts when
expressed on a per tissue weight basis. There was no difference in the rates
of myocardial clearance for CH, TCE or TCA in either the adult or neonatal
hearts. The clearances were, however, significantly greater in the adult than
the neonatal hearts. At least a portion of the myocardial clearance of CH, TCE
and TCA can be attributed to local metabolism of these compounds. The
extent of metabolism of CH in the adult hearts appeared to be greater than that
observed in neonatal hearts. Thus, the only pharmacokinetic basis for the
enhanced cardiotoxicity of CH and its metabolites in adult rabbit hearts would
appear to be the greater metabolic capacity of the mature myocardium.

The pathogenesis of chioral hydrate-associated arrhythmias has been
traditionally assumed to be similar to that of halothane (Bowyer and Glasser,
1980; Brown and Cade, 1980; Byatt and Volans, 1984; DiGiovanni, 1969;
Graham et al., 1988; Gustafson et al., 1977; Hirsch and Zauder, 1986; Katz
and Epstein, 1968; Komai et al.,, 1991; Marshall, 1977). The mechanism of
halothane-induced arrhythmias was generally believed to be related to
sensitization of the myocardium to the effects of endogenous catecholamines
(Jastak and Pallasch, 1988; Johnston et al, 1976; Katz and Epstein, 1968;
Marshall, 1977; Steward, 1985). k has been demonstrated that the
hypersensitivity of the newborn heart to the effects of endogenous and
exogenous catecholamines commonly results in the development of
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arrhythmias (Ezrin et al., 1983; Friedman, 1972; Geis et al., 1975; Olley and
Rabinovitch, 1985; Rogers and Richmond, 1978; Rosen et al., 1977).
Immature hearts in the present investigation, however, proved to be highly
resistant to arrhythmias and conduction disturbances following CH, TCE or
TCA administration. It is unlikely, then, that sensitization of the myocardium to
catecholamines plays a significant role in the development of arrhythmias
induced by chloral hydrate and its metabolites. It has recently been proposed
that the formation of radical and carbanion complexes with subsequent lipid
peroxidation may be responsible for the cardiotoxic effects of halothane
(Gibson and Skett, 1986; Kharasch et al., 1995; Spracklin et al., 1995). It is
possible, then, that chloral hydrate-related arrhythmias result from free radical-
mediated lipid peroxidation in the heart.

The ability of the heart to generate both oxidative and reductive
metabolites offered some insight into the mechanism of cardiac toxicity for CH.
The local oxidative and reductive metabolism of CH and its metabolites
appears to produce various free-radical species. Generation of free radical
species has been demonstrated for CH, TCE and TCA in various animal
models (Larson and Bull, 1992a; Larson and Bull, 1992b; Ni et al., 1995: Ni et
al, 1994; Ni et al., 1996). I has been suggested that free radical-mediated
lipid peroxidation represents a fundamental mechanism of myocardial injury
(Dargel, 1992; Halliwell, 1989; Loesser et al, 1991; Prasad et al., 1989;
Thollon et al,, 1995). The lipid peroxidative effects of CH, TCE and TCA
appear to be confirmed in the present investigation. Significant increases in
lipid peroxidation were observed following incubation of mature myocardial
tissue with chloral hydrate or its metabolites. Lipid peroxidation in the adult
ventricular homogenates was most pronounced following TCA or CH
treatment, while juvenile homogenates were most susceptible to the
peroxidative effects of TCA and TCE. It has been proposed that the lipid
peroxidative effects of CH are mediated primarily through the TCA metabolite
(Ni et al., 1995; Ni et al., 1996). TCA can be formed from oxidation of either
CH or TCE (Breimer et al., 1974; Marshall and Owens, 1954); therefore, TCA
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could mediate the lipid peroxidation occurring in either CH or TCE treatments.
The strong correlation of TCA-induced lipid peroxidation with myocardial
antioxidant enzyme activities at different levels of cardiac maturity would seem
to support the role of TCA as the primary mediator of oxidative injury in this
model system.

Exposure of neonatal heart tissue to CH, TCE or TCA was associated
with significant inhibition of lipid peroxidation compared with control
experiments. Attenuation of oxidative injury in the neonatal myocardium is not
without precedent. Neonatal hearts appear to be resistant to the deleterious
peroxidative effects of ischemia and subsequent reperfusion (Grice et al.,
1987; McCully et al., 1994; Murashita et al,, 1992). The apparent protective
effect observed in the present investigation may be related to the higher
activities of catalase, glutathione peroxidase and superoxide dismutase
observed in the neonatal myocardium. The mechanism of resistance of the
immature myocardium to ischemia is believed to be at least partially due to the
enhanced radical-scavenging capacity provided by catalase (Rowland et al.,
1995). Perinatal induction of antioxidant enzyme systems has also been
reported in immature lung (Frank and Groseclose, 1984; Stevens and Autor,
1977), brain (Juchau, 1990; Scarpa et al., 1987), and liver (Yang et al., 1993).

It is widely accepted that lipid peroxidation resulting from free-radical
attack represents a fundamental mechanism of myocardial injury (Dargel,
1992; Halliwell, 1989; Loesser et al,, 1991; Prasad et al., 1989; Thollon et al.,
1995). Free radical-induced lipid peroxidation has been implicated in the
cardiotoxicity and arrhythmogenicity of a number of chemicals, including
halothane (Gibson and Skett, 1986), adriamycin (Milei et al, 1986), and
isoproterenoi (Singal et al., 1982). Reactive oxygen species are also believed
to be involved in cardiac toxicity associated with the ischemia/reperfusion
phenomenon (Aiello et al., 1995; Blasig et al., 1994; Jeroudi et al, 1994,
Prasad et al., 1992b). Several features of radical-induced cardiomyopathies
and arrhythmias appear to be very similar to those produced by chioral
hydrate and its metabolites. Myocardial stunning is believed to be a radical-
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mediated manifestation of myocardial injury (Bolli, 1991; Loesser et al., 1991;
Prasad et al., 1992a; Prasad et al, 1989). CH, TCE and TCA all produced
contractile dysfunction in adult rabbit hearts which appears to be analogous to
the myocardial stunning observed following reperfusion of previously ischemic
myocardial tissue (Bolli, 1991; Hudson, 1994; Jeroudi et al, 1994; Loesser et
al., 1991). The conduction disturbances and arrhythmias produced by CH,
TCE and TCA are consistent with electrophysiologic phenomena associated
with free radical-mediated lipid peroxidation. These electrophysiological
alterations include oscillations in transmembrane potential, reductions in the
arrhythmogenic threshoids and abnormal automaticity, all of which predispose
the myocardium to various ventricular arrhythmias (Hudson, 1994; Jeroudi et
al., 1994; Nakaya et al., 1987; Thollon et al., 1995).

Attack of subcellular targets other than lipid membranes by free radical
species generated by CH, TCE and TCA would be expected to contribute to
the overall cardiotoxicity of these compounds. Oxidative denaturation of
protein molecules by TCA is utilized in various biochemical applications to
precipitate proteins from biological preparations (Windholz, 1983). Covalent
modification of protein molecules in vivo, however, would be expected to aiter
cellular homeostatic mechanisms and contribute to cellular dysfunction and
eventually cell death (Bolli, 1991; Dargel, 1992; Halliwell, 1989).

Generation of non-radical products of lipid peroxidation by chioral
hydrate and its metabolites could result in additional cardiotoxic effects. These
toxic non-radical species consist largely of various aldehyde compounds,
including acetaldehyde, malondialdehyde and 4-hydroxynonenal, which react
with both the sulfhydryl groups of thiols and the amino groups of proteins
(Dargel, 1992; Goedde and Agarwal, 1990; Nair et al., 1986; Slater, 1984).
Efficient detoxification of these carbonyl compounds is required for the
maintenance of normal cell function (Goedde and Agarwal, 1990). Chiloral
hydrate has been shown to competitively inhibit aldehyde dehydrogenase, the
enzyme primarily responsible for the oxidative biotransformation of aldehydes
to acids (Berger and Weiner, 1977; Inoue et al., 1979; Maki and Sladek, 1993;
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Sharpe and Carter, 1993). Competitive inhibition of this important
detoxification pathway would be predicted to result in the intracellular
accumulation of dangerous levels of toxic carbonyl compounds which wouid
contribute to the overall myocardial toxicity of chloral hydrate. The toxic insulit
initiated by chloral hydrate-mediated lipid peroxidation would thus be
exacerbated by the increased production and reduced metabolic inactivation
of potentially cytotoxic aldehydes.

The evidence for the involvement of chloral hydrate and/or its
metabolites in free radical-mediated lipid peroxidation and subsequent
cardiac toxicity in the mature heart is quite persuasive. Of particular interest,
however, is the fact that radical-induced lipid peroxidation with subsequent
cardiac toxicity was not appreciable in a similar neonatal heart model. The
developing heart is usually characterized by excessive sensitivity to
exogenous stimuli in the immediate postnatal period (Ferrer, 1977). However,
a number of developmental differences in the neonatal myocardium, including
immaturity of structural, biochemical and physiological components, could
contribute to an overall protective effect against arrhythmias induced by CH
and its metabolites. The resistance of the neonatal myocardium to deleterious
peroxidative effects of ischemia and subsequent reperfusion is well-
established (Grice et al., 1987; McCully et al., 1994; Murashita et al., 1992).
Neonatal hearts demonstrate better recovery of contractile function, reduced
creatine kinase release and decreased left ventricular end diastolic pressure
compared with adult hearts (Rowland et al., 1995). The reduced susceptibility
of the neonatal hearts to the cardiotoxic effects of CH, TCE or TCA appears to
be analogous to the tolerance of immature myocardium to reperfusion injury.
The resistance to oxidative injury in fetal and neonatal mammals is thought to
be related to the activation of antioxidant defenses in the days immediately
prior to parturition (Frank and Groseclose, 1984; Scarpa et al,, 1987; Stevens
and Autor, 1977). For instance, improved tolerance to reperfusion toxicity is at
least partially due to enhanced activity of catalase in the neonatal myocardium
(Rowland et al, 1995). it would seem that enhanced activities of key
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myocardial antioxidant enzymes may be responsible for the amelioration of
the cytotoxic effects of CH and its metabolites in immature rabbit hearts.
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9. SUMMARY AND CONCLUSIONS

Chioral hydrate, trichloroethanol and trichloroacetic acid all exhibit
cardiac depressant and arrhythmogenic properties in the isolated adult rabbit
heart. Cardiac accumulation and metabolism of CH and its metabolites
appears to resuit in the formation of reactive species capable of causing lipid
peroxidation in the mature rabbit heart. This phenomenon would result in a
number of pathological sequelae, including intracellular calcium ion overioad,
which would be responsible for the demonstrated cardiotoxic effects of CH and
its metabolites (Janero et al, 1988; Pascoe and Reed, 1989; Trump and
Berezesky, 1995). The relative susceptibility of the immature myocardium to
CH/metabolite-induced cardiotoxicity appears to be less than that of the
mature myocardium. It is possible that the demonstrated increase in the
activities of several key myocardial antioxidant enzymes may play a role in the
diminished neonatal cardiotoxicity of CH and its metabolites.

The resistance of healthy, term neonatal hearts to the cardiotoxic effects
of chloral hydrate and its phase | metabolites may have important clinical
implications. The continued use of CH as a sedative/hypnotic agent in
pediatric patients would seem to pose no additional health risks for healthy
patients for whom CH is administered as a single dose or in infrequent dosing
regimens. It is, however, well-established that multiple-dosing of CH leads to
accumulation of both TCE and TCA in immature subjects (Hindmarsh et al.,
1991; Reimche et al,, 1989). The most common indication for medium to long
term use of CH is to control agitation in critically ill newborns undergoing
mechanical ventilation using intermittent positive pressure (Hartley et al.,
1989; Mayers et al., 1991; Noerr, 1992). The potential for toxic manifestations
of CH in these patients cannot be considered in isolation from their general
physiological immaturity and possible pre-existing medical conditions.
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Of the documented CH-induced arrhythmias in the pediatric population,
most invoived children with compromised cardiovascular and/or pulmonary
status (Hirsch and Zauder, 1986; Nordenberg et al, 1971; Silver and Stier,
1971). One must consider the possibility that there exists a sub-population of
pediatric patients that is susceptible to the arrhythmogenic effects of CH by
virtue of pre-existing medical conditions (Hirsch and Zauder, 1986; King and
England, 1987). The evidence presented establishing the cardiotoxicity of CH
and its metabolites in an aduit rabbit heart model would suggest that caution in
the use of CH in pediatric patients with compromised cardiovascular and/or
pulmonary function would be advisable.
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10. FURTHER RESEARCH

While the isolated perfused heart model utilized in the present
investigations has provided important insight into the direct cardiotoxic
potential of CH and its metabolites, substantiation of this cardiac toxicity in an
in vivo model should be attempted. There are numerous factors in the intact
organism which can modify its response to xenobiotics. For instance,
cardiovascular reflexes may mitigate all or some of the toxicity demonstrated
for chioral hydrate and its metabolites in the isolated adult rabbit heart.

The rabbit is a reasonable model for the study of developmental
biotransformation of xenobiotics because its long gestational period, with
concomitant early differentiation of oxidative metabolism, closely resembles
the situation observed in developing humans. The rabbit is also an important
model for investigation of cardiac function, specifically for the investigation of
the developmental aspects of drug-related cardiotoxicity in vivo.
Demonstration of cardiotoxic effects of CH, TCE and TCA in the intact rabbit
would substantiate the resuits obtained in the isolated perfused rabbit hearts.
Of particular interest would be the relative susceptibility of the intact neonatal
rabbit to the cardiotoxic effect of CH and its metabolites. These studies would
provide information about the cardiotoxic potential of CH, TCE and TCA which
could be extrapolated to the human clinical situation.

The specific objectives of the proposed research would be to determine:
whether CH or its metabolites are involved in cardiac toxicity in intact adult and
neonatal rabbits; if cardiac arrhythmias induced by CH or its metabolites in the
intact rabbit are associated with the formation of reactive species (ie. free
radicals) in the heart; and whether intracellular calcium ion overload is the
final common pathway of the myocardial toxicity of CH and its metabolites.
Clinically relevant doses/concentrations of CH, TCE and TCA should be
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utilized. These have been determined either from previous human and animal
studies, or from the literature.

The in vivo cardiotoxic potential of CH, TCE and TCA could be
determined in anesthetized adult and neonatal rabbits. Aortic pressure and
left ventricular pressure would be recorded to assess cardiovascular
performance, and lead I ECG would be recorded to assess arrhythmias.
Concentration vs. time profiles would be constructed for these agents over a
24 hour period. The concentrations of these agents which produce arrhythmia
or cardiac depression would be determined to ascertain their potency for
inducing arrhythmogenic effects. Control studies to assess the effect of the
anesthetic agent on cardiac parameters would also be carried out. This study
would provide information as to which of the these agents are arrhythmogenic
in the intact rabbit. The relative susceptibility of the immature rabbit to the
cardiotoxic effects of CH and its metabolites would also be established.

The role of myocardial lipid peroxidation and antioxidant status in the
cardiac toxicity of CH, TCE, and TCA could be determined using hearts from
the in vivo study of cardiac toxicity. Lipid peroxidation could be estimated as
the level of thiobarbituric acid-reactive substances (TBARS) by the method of
Prasad et al. (Prasad et al., 1992b). [f reactive oxygen species are responsible
for the cardiotoxicity of CH, TCE, and TCA, then TBARS levels should be
higher in hearts from treated animals compared to leveis from corresponding
control hearts. Additionally, the effects of pre-treatment with known free-
radical scavengers on the cardiac toxicity of CH and its metabolites could be
assessed. Aduit rabbits would be pre-treated with appropriate doses of a-

tocopherol and/or ascorbate. These animals would subsequently be treated
with toxic doses of CH, TCE, or TCA, and the protective effects of the

administered antioxidant(s) determined. Protection by «-tocopherol and/or

ascorbate against CH/metabolite-induced cardiac toxicity would implicate free
radical-mediated lipid peroxidation in their mechanism of toxicity.
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The role of calcium ion (Ca®*) in the cardiac toxicity of CH, TCE, and
TCA could be determined in isolated perfused adult rabbit hearts. These
hearts would be pre-treated with appropriate concentrations of calcium-
channel blockers (amlodipine and ryanodine), phenothiazines
(chlorpromazine) and caicium overload protective agents (R56865) prior to
administration of toxic concentrations of CH, TCE or TCA to determine the role
of intracellular Ca® in the cardiotoxic effects of these compounds. These
studies would also elucidate the role of voitage-gated calcium channels on the
possible intracellular accumulation of Ca?".

While in vivo studies may provide evidence of cardiotoxic effects of
chloral hydrate and its metabolites in intact animals, the clinical significance of
this information would be inconclusive. Documentation of the cardiotoxic
potential of chioral hydrate in human subjects, especially pediatric patients, is
required. Ethical constraints imposed on the study of potentially toxic
substances in pediatric patients would preclude randomized trials of chloral
hydrate in this population. However, intense cardiac monitoring of pediatric
patients following multiple-dose administration of chloral hydrate would allow
clinicians to assess the incidence of chioral hydrate-related arrhythmias and
cardiac toxicity.
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11. FUTURE DIRECTIONS

Toxicity in neonates is often a consequence of their unique
pharmacokinetic processes, of which xenobiotic biotransformation is of
particular importance. The ability of the developing fetus to oxidize
xenobiotics relatively early in gestation may be of considerable significance
with respect to toxic effects. The formation of chemically reactive intermediates
(ie. free radicals, reactive oxygen species) has been implicated in the
pathogenesis of numerous disease states, including:' toxic necrosis;
mutagenesis; teratogenesis; and chemical carcinogenesis (Radde, 1985a).

The fact that the neonatal rabbit heart demonstrates higher enzyme
activities for key antioxidant enzymes is of particular interest. Whether this
phenomenon is observed in other neonatal (or fetal) tissues remains to be
determined. The antioxidant status of the developing human may play a key
role in predicting toxicity of compounds that are capable of producing reactive
oxygen species in their metabolism.
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APPENDIX A

¢ EXPERIMENTAL SUBJECTS
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Table A-1. Subject data for adult rabbit experiments
(PD=pharmacodynamic; PK=pharmacokinetic).

Treatment Weight (sem) Heart weight (sem) PD Expts PK Expts
(ka] [q] [N] [N]
Control 2.56 (0.12) 7.44 (0.25) 10 N/A
CH 50 pg/mL 3.09 (0.20) 9.33 (0.03) 7 4
CH 100 ug/mL 2.94 (0.21) 8.03 (0.60) 7 5
CH 200 png/mL  2.95 (0.20) 8.47 (1.00) 6 4
TCE 25 ug/mL. 2.88 (0.33) 8.48 (1.36) 6 5
TCE 50 ug/mL 3.34 (0.24) 7.21 (0.54) 7 4
TCE 100 ug/mL  2.84 (0.25) 7.04 (0.24) 7 4
TCE 150 pg/mL 2.76 (0.22) 6.83 (0.45) 6 5
TCA 25 pg/mL  2.64 (0.10) 6.75 (0.27) 6 5
TCA 50 pug/mL 2.64 (0.22) 6.18 (0.40) 7 4
TCA 100 pg/mL  2.83 (0.39) 7.24 (0.58) 6 4
TCA 150 ug/mL  2.78 (0.16) 6.53 (0.45) 6 5
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Table A-2. Subject data for neonatal rabbit experiments
(PD=pharmacodynamic; PK=pharmacokinetic).

Treatment Weight (sem) Heart weight (sem) PD Expts PK Expts

[ka] (9] [N] [N]
Control 146.1 (10.8) 0.96 (0.07) 12 N/A
CH 50 pg/mL  124.5 (11.1) 0.98 (0.06) 6 4
CH 100 pg/mL  135.9 (20.0) 0.91 (0.08) 6 4
CH 200 pg/mL  175.7 (13.9) 0.96 (0.05) 7 5
TCE 25 ug/mL  132.7 (11.0) 0.89 (0.08) 6 4
TCE 50 ug/mL  141.0 (9.4) 0.78 (0.07) 6 4
TCE 100 pg/mL  151.9 (9.4) 0.92 (0.05) 6 4
TCE 150 pg/mL  134.9 (17.4) 0.83 (0.09) 7 4
TCA25pug/mL  189.8 (11.4) 1.00 (0.06) 6 4
TCA 50 ug/mL  167.0 (5.2) 0.89 (0.03) 6 4
TCA 100 pg/mL  135.8 (4.9) 0.74 (0.03) 7 4
TCA 150 pg/mL  213.1 (26.3) 1.17 (0.13) 7 4
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APPENDIX B

¢ REPRESENTATIVE ADULT PHYSIOLOGIC TRACINGS
¢ SUMMARIES OF ADULT PHYSIOLOGIC PARAMETERS
¢ MaxiMAL ADULT PHARMACODYNAMIC EFFECTS
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Figure B-1. Simultaneous left ventricular pressure (a) and lead | ECG
(b) tracings of a representative chloral hydrate treated (200 ug/mi)
adult rabbit heart (sensitivity=100 mV/mm; chart speed=50 mm/s
in #1 and 25 mm/s in #2). 1(a) and (b) Pressure and ECG indices
are normal at T=0 min. of the protocol. 2(b) Note the development
of multifocal premature ventricular contractions at T=100-110 min.
of the protocol.
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Figure B-2. Simultaneous left ventricular pressure (a) and lead | ECG
(b) tracings of a representative trichloroethanol treated (100 ug/ml)
adult rabbit heart (sensitivity=100 mV/mm; chart speed=50 mmy/s in
#1 and 25 mm/s in #2). 1(a) and (b) illustrate normal pressure and
ECG indices at T=0 of the protocol. 2(b) Note the development of
sinus bradycardia at T=15 min. of the protocol.
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Figure B-3. Simultaneous left ventricular pressure (a) and lead | ECG
(b) tracings of a representative trichloroacetic acid treated (50
ug/ml) adult rabbit heart in which serious ventricular arrhythmias
developed (sensitivity=100 mV/mm; chart speed= 25 mm/s). 1(b)
Ventricular tachycardia @ T=60 min. 2(b) Torsade de pointes @
T=65 min. 3(b) Ventricular bigeminy @ T=75 min.
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Figure B-4. Simultaneous left ventricular pressure (a) and lead | ECG
(b) tracings of a representative trichloroacetic acid treated (50
pg/mi) adult rabbit heart (sensitivity=100 mV/mm; chart speed= 25
mm/s). 1(a) and (b) illustrate normal pressure and ECG indices at
T=0 of the protocol. 2(b) Triggered activity with PVC’s @ T=20 min.
3(b) Ventricular fibrillation which converted to ventricular
tachycardia @ T=70-75 min.
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Figure B-5. Simultaneous left ventricular pressure (a) and lead | ECG
(b) tracings of a representative trichloroacetic acid treated (150
pg/mi) adult rabbit heart (sensitivity=100 mV/mm; chart speed=25
mm/s) in which serious ventricular arrhythmias developed. 1(a)
and (b) illustrate normal pressure and ECG indices at T=0 of the
protocol. 2(b) Note the development of ventricular tachycardia at
T=35 min. of the protocol.
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Table B-13. Maximal adult pharmacodynamic effects for control, chloral
hydrate (50, 100 and 200 pg/ml), trichloroethanol (25, 50, 100
and 150 ug/ml) and trichloroacetic acid (25, 50, 100 and 150
ug/mi) experiments.$

Experimen CF HR DP MVO, | dP/dT PR QRS

Ave.
S SE SE

§ Maximal effects were determined in the treatment phase of the protocol only,
and are expressed fractions of the respective baseline values.
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APPENDIX C

o REPRESENTATIVE NEONATAL PHYSIOLOGIC TRACINGS
¢ SUMMARIES OF NEONATAL PHYSIOLOGIC PARAMETERS
o MaxiMAL NEONATAL PHARMACODYNAMIC EFFECTS

192



o L LA A

b)

S

\N\V,\w\_w\«/\ﬂ/i_/\—\/\‘\,‘\_\_)

Figure C-1. Simultaneous left ventricular pressure (a) and lead | ECG (b)
tracings of a representative chioral hydrate treated (100 pg/mi) neonatal
rabbit heart (sensitivity=100 mV/mm; chart speed= 25 mm/s). 1(a) and
(b) illustrate normal pressure and ECG indices at T=0 of the protocol.
2(b) Note the occurrence of premature ventricular contractions at T=25
min. of the protocol.
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Figure C-2. Simultaneous left ventricular pressure (a) and lead | ECG (b)
tracings of a representative chloral hydrate treated (200 pg/ml) neonatal
rabbit heart (sensitivity=100 mV/mm; chart speed= 25 mmy/s). 1(a) and
(b) illustrate normal pressure and ECG indices at T=0 of the protocol
(slight ST segment depression and T wave inversion are normal for this
preparation). 2(b) Note the development of ventricular tachycardia at
T=60 min. of the protocol.
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Figure C-3. Simultaneous left ventricular pressure (a) and lead | ECG (b)
tracings of a representative trichlocroethanol treated (150 ug/mil)
neonatal rabbit heart (sensitivity=100 mV/mm; chart speed= 25 mnvs).
1(a) and (b) illustrate normal pressure and ECG indices at T=0 of the
protocol (slight ST segment depression and T wave inversion are

normal for this preparation). 2(b) Note the presence of an ectopic beat
at T=30 min. of the protocol.
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Figure C-4. Simultaneous left ventricular pressure (a) and lead | ECG (b)
tracings of a representative trichoroacetic acid treated (25 pg/ml)
neonatal rabbit heart (sensitivity=100 mV/mm; chart speed= 25 mm/s).
1(a) and (b) illustrate normal pressure and ECG indices at T=0 of the
protocol (slight ST segment depression and T wave inversion are

normal for this preparation). 2(b) Note the development of ectopic beats
at T=50 min. of the protocol.
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NOTE TO USERS

Some page(s) were not included in the original manuscript
and are unavailable from the author or university. The
manuscript was microfilmed as received.

197



. m.m AAN:

(Z1=N) senjeA aujjeseq
Jo uoyioey) & se pesseidxe ‘sjuswiedxe 01)uod [ereuceu Joj sieleweled [eojbojoisAyd ey jo Alewwng *1-9 ejqel

198



8E0°0 9€0°I

v€0°0 920"t |2€L°0 L6L°L [SLZL°0 612°L [¥¥L'0 6¥L° L [$90°0 990°t 16680°0 8280 ocli
€€0°0 290°L |€€0°0 <200°} J2SI'0 922 [S61L°0 SBc b |29+ 0 64c | [850°0 9S0°1 [Z80°0 888°0) 011
¢v0°0 ¥I0°F [HE0°0 SO00°} |6Z1°0 0Z2'F [BE20 2IE't [Z81°0 €62+ |090°0 SSO°¢1 8v0°0 €88°0 | 001
£20°0 ¢/6°0 [820°0 €.6°0 [6SL°0 262°| [SGC'0 C9E F |26+ 0 9bc t |8S0°0 S80°'L [Z€0°0 616°0 06
8€0°0 886°0 |€v0°0 21O |SEL'0O 1SC'L [62L°0 692'L [82L 0 bP2 L |PvD O ZEO'F |vp00 926°0 o8
SE0'0 €/6°0 |ev0°0 LE6°0 [OLL'O €S2°L [2Z1°0 62+ |LZFO 892 F |1v00 €101 [260°0 v9601 ©02Z
LEO'0 900°} [960°0 9SL'L |[281°0 6.6°0 [¥91°0 998°0 |61 0 ¢.60 |620°0 S68°0 |Sv0 0 SLZO 09
1700 OEO0'F [660°0 ZPI T [202°0 100+ [991°0 2880 991°0 S00°L J0E0°'0 1.8°0 [€EE0'0 0020 OS
620°0 600°F J€10°0 €E1L°L [921°0 £LSO0°1 |2S51°0 +¥6°0 |09L 0O 8BFO' | |2€0°0 0060 |800°0 289°0 ot
690°0 096°0 {220°0 0€0°L [/91°0 060°L [82L'0 2S6°0 |6EL'0 ZPO'I |6€0°0 ¥i6°0 |6€0°0 8v¥.'0] O€

se pessesdxe 'siuewiedxe jw/6r 0g eyeipAy jei0|yd feleuosu o} siele

"(9=N) sen|ea sujjeseq jo uonoey} e
wezed (eaibojoisAyd ey jo Arewwng *z-9 ejqey

199



8€0°0 9€0°} [¥E0'0 920°L [2EL°0 L6L'L [SZL'O 6l | bvi’0 6¥1°L [¥90°0 990°L [6£0°0 828°01 02 ¢

£€0°0 £90°1 _mmoo Noop—wm—o oNN—_mm—o mmwp_mwpo mpmp_mmoo wmo—_nmoc mmmc_ oLt _

BRIV _f,.:?, ,2 ?c e.a.;i% zgéﬁ, ;..cs,%?._..;s.a.,ﬁs., i sfg;wzg L ,u;a%u a_-gfiag ri, _,r/;,? Rl &\

/T.r. v uy ! YL YA (VAVEY ._ LAV I VI VAR LR ‘ A e e N R I VRS [V A S B VAVAR LY ’ .
: “ "y T T a Igrs .41113. (1. L2 IQ“ c I a4 25 !ﬂ‘ _
m -m,s; R e Ef.e.:wv_ R Pt oINS ot 11 M .wna....ﬂ_:..., ; mz, g N ,u?.n.u..: lﬂ AE AN R |
e ...... .\ N .. . O P . BTN . ‘.. ... |
Lo . .o N . ...ﬂ . SO - RIS ..-.. ) . ., AR RO . u &.‘ﬂﬁu .. ...v
w . ._._l.,_..:...u..... .ﬂi. ..:E.&aiw&; g i .C?.:. K i o UL L

"(9=N) senjea sujjeseq Jo uoyoel} e se
pesseidxe ‘sjuewyedxe jw/Br 00| eleipAy fel0jyd fejeuceu Joj sielewesed [eajBojoisAyd ey) jo Alewwng ‘g-9 ejqeL




9€0°0 8v0°L [8¥0°0 0L6°0 [SZ0°0 186°0 [820°0 2/.°0 ] 140°0 SSZ 0 ¥¥0'0 28670 [6€0°0 88 0 ozt
6€0°0 980°L |6S0°0 /96°0 |[880°0 GEO't |8Z0°0 v8Z 0 [SZ0 0 SLL°0 |LE0'0 2/6°0 [9E0°0 6920 ott
20°0 L€0°L [LZ0°0 /v6°0 [160°0 ¥vO'F |[F80°0 €18°0 [180°0 018°0 [E¥0°0 2.6°0 [820°0 28Z 0] 00t
SE0°0 6€0°L [8S0'0 ¥E6'0 [260°0 600 L |OLL O 80B O |00L°0 ZZZ°0 Lv0'0 966°0 [#E0'0 918°0] 06
9v0°0 6.0°L [9¥0°0 vv6'0 [€80°0 €660 [€80°0 92 0 |Z80°0 ¥SZ'0 IS0'0 8S6°0 [E¥0'0 898°0| 08
€50°0 8S0°L [€90°0 O0¥6°0 [1Z0°0 O0CO'F |2t1 0 9180 ]S60°0 SZZ O €50°0 +00°L J9€0°0 906°0| 0Z
b€0'0 1S0°L [8¥0°0 196°0 [€EL0°0 S06°0 |880°0 9920 |260°0 6080 §20°0 806°0 [6¥0°0 8¥8°0] 09
LEO'0 €40°L |€90°0 €S6°0 [8L0°0 5660 |860°0 €680 |080°0 ¥S8°0 0S0°0 0€6°0 |S20°0 0v8°0| OS
7100 2c0'F (6500 €960 |050°0 950°¢ [0F1°0 988°0 [060°0 126°0 [€S0°0 L16°0 [¥20°0 6¥80| OV
620°0 ¥S0'L |S¥0°0 SO0°L [690°0 9260 |960°0 €180 |160°0 298°0 |090°0 806°0 |6¥0°0 288°0| OF€
£€0°0 690} 098°0 |S60°0 /88°0 [850°0 6€6°0 |ZZ00 1c60| 02
SE0°0 LlO°1 666°0 |€90°0 ¥86°0 |[€20°0 8260 |[Z200 tc60| O
000°0 000°I 000°t {000°0 000°t [000°0 000'F |000'0 000 & 0

pesseidxe ‘siuewuedxe jw/Bt 00| eleIpAy |eI0|YD (BJRUOBU 10} SI

'(9=N) senjeA sujjeseq jo uopoeyy e se
ejewesed [eojbojoisAud ey} jo Alewwng *g-9 e|qe]

200



8E0°0 166°0

€v0°0 960°1 |221'0 1+¥8'0 [2EL'0 LSL'0 [9G1°0 €£06°0 [S20°0 1060 12700 vc6’'0] oct
610°0 0€6°0 [020°0 680°L [ELL'0O 9P8B°0 |8FL O BYZ O [9Z1°0 1Z8°0|5E0°0 L68°0 |0Y0°'0 826°0 ] 0Lt
92¢0°0 $96°0 16200 ./80°L [F0L°0 (180 [ZI1 O 2820|2810 9060 2r00 016°0 |SE0'0 €E¥6'0| 0O
6v0°0 220} [120°0 ¥SO't |[9L1°0 2€8°0 [#60°0 SPZ O |ZZL 0 G660 [250°0 1G8°0 [6€0°0 €¥6'0| 06
§¥0°0 ¥96°0 [820°0 S€0°'| [SBL'0 820°L [6VFI 0 8580 |202°0 200t |pE00 €.8°0 |SE0'0 S/6°0| 08
L¥0°0 €66°0 [220°0 <90°1 [L91°0 986°0 [821°0 88Z0|4t2 0 S20°f [S90°0 96.°0 |8E0°0 E10°L ]| 02
9€0°0 1260 |[¥€0'0 SSO'L [¥2L°0 986°0 [LOF O PEZ O [S6L°0 820°L [890°0 9%.°0 [220°0 888°0| 09
€20°0 6€6'0 [8S2°0 6S2°) [9EL'0 860 |60 0 BEZ 0 |281°0 €201 [890°0 EFZ 0 ¥20°'0 906'0) O0S
bv0°0 2860 [6S0°0 FEO'L [0OSIL'0 600°F |9PF 0 v080 [88L 0 2Z0°f |850°0 0FZ0 1220°0 €E68°0| OF

pesseldxe ‘sjuewuedxe |w/Br 00z erespAy jeI0)Y0 [elRUOBU 10} s1

'(£=N) senjeA sujjeseq Jo uojoes; e se
eleweJed [eaibojoisAyd ey jo Arewwing *p-9 ejqe)

201



LE0°0 SS6°0 |0€0°0 S60°L [S9L'0 9¥0'| [BBO'0 9€6°'0 |¥PL1L O 6VO0 L 0S0°0 016°0 |[€EE0°0 268°0| 02C )
0v0°0 900°t [I¥0°0 950 |Z0L'0 9S60 [20L 0 €460 JOEL 0 ZZ0°1 L20°0 €16°0 [LE0'0 680 OLt
190°0 9.6°0 [820°0 6S0°L [601°0 2Ok [9Z0°0 1SO T [€2L'0 SEL- 1 195070 S¥6°0 |820°0 €€6°0| 00t
620°0 €€6°0 [I¥0'0 <290°1 [921°0 8660 |62+ 0 €FO f |9VE O 8VO1 €€0°0 900°1 |020'0 ¥16°0] 06
§€0°0 SS6°0 |020°0 9€0°t [ 16070 ZOO'f | 1600 POL'L |20L 0 921 % vv0'0 .86°0 |2¥0°0 260 08
§20°0 1€6°0 [LE0'0O SvO'L [€20°0 €00't |[660°0 Z90'F |Z60°0 00L I 950°0 L./6°0 [#20°0 6960] 0Z
610°0 ¢96°0 [0¥0°0 890 [S90°0 ¥i60 [2900 6v80 [£60°0 8960 6v0°0 168°0 |220'0 L28°0| 09
¥S0°0 166°0 [LEO'0 110°L [€E0L'0 €60 |E¥PO0 2v6°0 |060°0 S10 L |Z50°0 8¥6°0 [220'0 €S8°0| O0S
¢S0°0 910°1 [9G0°0 L9670 [8Z0°0 t¥O'F |¥S0'0 2660 |€80°0 2Z0'L |S90°0 Ly6°0 1220°0 898°0| OF
€50°0 120°} |8E0°0 L20'L |[890°0 €90°| |SZ0°0 6460 |890°0 2501 690°0 0v¥6°0 [220°0 L06°0| O€
§20°0 9€6°0 |9S50°0 900°t [290°0 2SIk |2Z0°0 Z60'F |00+ 0 Zvl 1 ]iS0°0 8960 ¢c0'0 9060 02
¥20°0 S86°0 [BE0'0 190°t |280°0 086°0 |¥90°0 €v0 L |9G0°0 ZS0't |Z€0°0 S86°0 {L00°0 Le6'0| O

pessaidxe ‘sjusiyedxe |w/Brl G2 joueyleosojyous [ejeuceu o} sie

'(9=N) senjea suijeseq jo uonoey; e se

tewesed jeoibojoisAyd eys jo Arewwng *g- ejqel

202



ESL0 vyiI't

b1e’0 €92°1 [0S0 2LL'L [6¥1°0 9¥1'L |BS00 €460 [2800 0260 OLL
€1¢°0 9S€’L [v2l'0 ISL'L 2210 LZL'| [£S0°0 6860 [120°0 6760 001
b1e’0 €SE°L |[EEL'0 8¥L'L [621°0 ISLL |Z¥0'0 6660|9200 SZ60| 06
092°0 6¥¥°I [€90°0 Ovi'L [SLO'0 291°L [€€0°0 Z86'0 |v20'0 1660 08
0E2'0 22¥'L |60L°0 202°) |20L°0 E€LIL'L [290°0 OEO0't [+€00 ZtOt | 02
€EL°0 890°1 1280°0 100'L [680°0 ¥PO'L [¥SO'0 2960 [P20'0 0060 09
b91°0 221’ [00L'0 2960 [SOL'0 0.6°0 [0S0°0 S66°0 | €00 ¥680| OS
091°0 6Z1°1 JO¥1°0 820°t [2€L°0 ZZ1°L |090°0 v06'0 |[620°0 1260 OF
vie'0 90€’l [L21'0 200t [9EL'0 9GS0°L [0¥0'0 6¥6°0 |Z20°0 ¥F6°0| 0€
L60°0 620°} [¥21°0 LE6°0 |60L°0 290°t mvo.o 698'0 |020°0 6S6'0| 0¢C
€50°0 €60°1 [2S0°0 SLI'} [€S0°0 12L°1 [800°0 S66°0 |Z20°0 SB6°0] Ot
000°0 o0o00°t

pesseidxe ‘syuswyedxe jw/Br oG joueyleoio)you} [eleuceu 10} 18}

"(9=N) senjea sujeseq jo uoloely e se

ewesed |edj6ojoisAyd ey} jo Arewwng *9-9 ejqel

203



EV0°0 S20°) [211°0 S61°L [260°0 VLLO [LEL'O 968°0 [LLLO BFO F |PHO O SZ80 9600 G680 1 021
6v0°0 080"} [10L°0 821} [2HL'0 9€8°0 [11270 902 F [ctc 0 682+ |020°0 ve6 0 [1€00 Si60 1 01T
£c0°0 820°} [801°0 2EL'L [OLL'O 6€8°0 [0BL O 62L F [2BF O f2e F |920°0 1260|2200 Sc6°01 001
0€0°0 ¥SO0°L [LL1°0 €¥L'F [OLL'O B86L°0 [PSL0 2Z0°F [FZL O 861 F |S520°0 0060 |PE00 Sv601 06
0€0°0 950°} [880°0 221} [160°0 1S8°0 [Z6F0 FOC F |8¥2 0 60V F |€50°0 92870 [S20°0 06601 08
EE0'0 ¥60°L [8€1°0 SBL'L [LEL'0O €96°0 [€92°0 ¥Se F |162°0 166t |050°0 8Z6°0 |810°0 S660| 0Z
EE0°0 ¥¥0°'L 1021°0 IEL'L |OLL'O ¥IB0 [912°0 660+ [¥Sc 0 SSe'tf [0S0°0 9680 |S100 96801 09
#0°0 620°1 [Z11°0 91L1°L [OSL'0 82870 |922°0 PEO | [SE2 0 GGI F |ZG0°0 9060 (1200 81601 ©0¢
€90°0 690°F [8¥2 0 cte | [€SF 0 2580 |Sec 0 €v6 0 [292°0 S52°1 |560°0 2620 1620°0 92601 0
BEO'0 vEO'L [8EL°0 621} [¥SL°0 958°0 [ZZIO ¥P80[Flec O Z8O'F |Z800 G180 |610°0 8560 OF
SE0°0 ¥¥6'0 [Z0L°0 980°L [OEL'0 12/°0 [evF O 1080 |[0SF O v06°0[S90°0 £06°0 [Sr0°0 2960 02
810°0 160°F [€20°0 v00°} [1L0°0 €€6°0 [KSO'0 080 [¥E0'0 860t {8200 1860 [820°0 7860 01
000°0 000°¢ |000°0 000°F [000°0 000°L [000°0 000"} [000°0 000+ |000°0 000+ |000°0 000t | o

pesseidxe ‘siuewuedxs |w/6t 0oL joueyl8oIO|yoL) |BJRUOBU O} S)

"(9=N) senjea eujeseq jo uojoel; e se
ejewesed |eoibojoisAyd ey} jo Klewwng *2-9 ejqey

204



"(£=N) senjea sujjeseq Jo uojioe)} e se
pesseidxe ‘syuswuedxe |w/6r 0G| JourYI80IO0|YOL} [BIBUOBU O} SiBleweled [eaiBojoisAuyd ey jo Alewwng *g-9 ejqey

205



8v0°0

piLo'L

120°0

900°L {1600 6.9°0 €E0°0 ¢9.°0| ozt
Ly0°0 ¢SO0'F (Z10°0 LeO't |[920°0 0/9°0 8EO'0 ¥EBO| OL L
SS0°0 ¢e0°t |020'0 ¥EO0°L |[680°0 869°0 9¢0'0 S€8°0| 0O
LEO'0 6E0°L [¥20°0 820°L [¥0OL'0 6LL°0 SE0°0 6180 06
9€0°0 €L0°L {E10°0 166°0 [22L'0 L18°0 G¢0°0 288°0| o8
¢S0'0 210°L |[120°0 v96°0 |[¥0L°0 G6.°0 Iv0°0 O¥8°0| 0L
£€S0°0 200°L |0E0'0 686°0 |80L°0 698°0 ¢c0'0 v6.°0] 09
8S50°0 0L0°} [620°0 €00°) |2ct'0 /88°0 €00 cc8’'0| OS
€€0'0 SLI'L |090°0 SE€6°0 [¥0L°0 106°0 €E€0°0 6¢8°0| OF
890°0 €60°t [910°0 /96°0 [92}+'0 990°1 v¥0°0 098°0| O€
b»0'0 1660 |9€0°0 L0O'L |€80°0 026°0 8¥0°0 188°0| 02
0v0°0 9€0°L |Z€E0°0 IV0°L |690°0 €26°0 ct0’0 Sv6'0| O

‘(9=N) senjea sujjeseq jo uojoel; e se pessaidxe
‘sjuewpedxe |w/61 Gz pioe 01180B0I0JYDL) [BJeUOBU IO} Siejewered [eoibojoisAyd ey jo Alewwng *6-9 ojqel

206




0£0°0 £€66°0 [0¥0'0 #E€0°I [0GS0'0 Nwm..c ¢90°0 v¥8°0 [280°0 166°0 [6S0°0 298°0 [¥S0'0 8080 | 02t
b$0°0 1S0°L |€E0°0 €10} [6S0°0 6980 |S¥Y0 0 1060 |880°0 6201 6v0°0 v68°0 |6¥0°0 9S8°0 | OL L
6€0°0 980" [/60°0 S66°0 [980°0 088°0 |8FO' 0 ©¥8 0 |v60°0 S86°0 0v0°0 280 |IS00 ¥S80] 001
¢¥0'0 1S0°L 16¥0°0 LEO') |BBO'0O 6€6°0 [¥G0'0 2880 |660°0 81O} |250°0 ¢68°0 |SS0°0 9S8°0 06
020°0 0¥0°L 19¥0°0 €90°L [LLL'0 YEO'L [€90°0 I¥6°0 |Z0F O 8YO I [EV0 0 G16°0 |9¥0°0 968°0| 08
€v0°0 920°L |ZE0°0 810°L |OLL'O 0L6°0 |880°0 068°0 [ZL+ O ZZ6°0 |Z€0'0 L26°0 |#90°0 8.6°0 0L
¢90°0 ¢SO0t §890°0 va..— vL0°0 1¢8°0 |S90°0 228°0 |90L°0 €96°0 [8¥0°0 ZZ8'0 |090°0 6€8°0 09
¢50°0 1S0°L |Se20°0 600°F |ZS0°0 LE6'0 |6E00 2160 [8S0°0 vZ6'0 |120°0 ev6'0 |LY0°'0 G/8°0 0S
S§90°0 ¥20°I [8L0°0 €€0°'L [0L0'0 €G0'| [8E0°0 6560 [0S0°0 820t |£€20°0 Ly6°0 |8EO0'0 S88°0 oy
6€0°0 SI0°L [9¥0°0 920°t [890°0 +88°0 [IS0°0 9S8°0 |[€20°0 £68°0 |2£0°0 ¥¥6°0 {SE0'0 S68°0 0¢
¥90°0 966°0 [2¥0°'0 290°t [880°0 8¥8°0 [¥OFL' 0 ¥6Z°0 |90L 0 E&v8 O tc0'0 LE6°0 |LY0'0 816°0 0¢
0¢0°0 186°0 |LEO'0 €90°I [8E0°0 910°L [€20°0 2660 [920°0 050t [0£0°0 8v6°0 16200 €68°0| O
000°0 000°L |000°0 000} [000°0 000°F [000°0 000t [000'0 000t |000°0 000°t |000°0 000} 0
Kaleng: Sue:

'(9=N) senjea euljeseq jo uopoel e se passeldxe
‘sluewiedxe |w/BH og ploe oneoceoio|you) [ejeucsu 10 sislewesed |eoibojoisAyd ey jo Aewwng -gL-9 ejqey

207



610°0 6S0°1L |980°0 990°I [2+0°0 899°0

¢€0°0 9.6°0 [LL0°0 2.0°l {2¥0°0 9.0 [€€0°0 0.2 0 |0S00 2290 |Z£00 9060 |250°0 608°0[ OLL
§€0°0 996°0 [0S0°0 990°} [190°0 .¥.0 [¥EO'0 060 |SPO'O €89°0 |LE0 O G660 |1SO0 $28°0 001
v€0°0 066°0 |SL0°0 160°L [S¥0'0 S..°0 [€€0°0 86/°0 800 LOZ O |SFPO O €660 |$S0°0 €es’'0| 06
610°0 ¢56°0 [€S0'0 PbO'L [8¥0'0 96.°0 [€EE0°0 9€8°0 | 1600 €¥Z 0 |230°0 2960 |1S0°0 298 0 08
v€0°0 8/6°0 [€60°0 €2L°L [90L°0 LI6°0 |[0VO'O Ov8'0 |960°0 SEZ 0 |00 0 9860 |PP0°0 S06°0 0L
050°0 €¥0°} [v60°0 981°L [SOL'0 826°0 |O¥O'0O SP8'0 | ZE0°0 28Z 0 |Lt0 0 9v60 |Ev00 OE80 09
9¢0°0 9€0°L [¥0L°0 SSI'L [811°0 SO0} [E¥0'0 G980 [SE0 0 Z080 [Z10°0 Z56°0 JZv0'0 lc8'0| 0S
€€0°0 ¥00°1 |vS0°0 L20'F [0LL'0 2E0°} [IPO'0 6870 | LEO'0 2£8°0 |¥20°0 296°0 [960°0 8680 0D
6¥0°0 SE0'F |0E0'0 €€0°t [LL0°0 clO'l [2¥0°0 688°0 |0E0°0 ¥S8 0 |P20° 0 2S6°0 |Z60°0 8E8 0| O¢E
L¥0°0 v8O°'L 1920°0 2€0°L [620°0 2960 [9€0°0 SE6°0 |620°0 8E6°0 |[€10°0 956°0 |£€20°0 668°0 oc
9¢0°0 O¥0°L |L20°0 966°0 [€20°0 9€6°0 [I¥0°0 2G6°0 |620°0 6960 | V100 vS6°0 [920°0 1260 0ol

(

/=N) senjeA euljeseq j0 uoioel} e se pessaidxe
‘sjuswyedxe jw/Brl 0ot pioe oledeOIO|YOU) [BJRUOBU JO} SieleWwesed feoibojoisAyd ey} jo Ailewwng 1= ajqeyL

208



090 1 L 12600 chI T |SZ00 6660]680°0 9801
SE0°0 2EO'} [B10°0 6VO'L [€E600 BZF | 8500 1660 |F80°0 160} [260°0 916°0 ]250°0 S350 1 01
L€0°0 100"t [120°0 O¥O'V |STF0 102 F [€200 1901 [8Z0°0 6211 |010°0 66670 [950°0 00601 001
6v0°0 066°0 [620°0 8SO'F [OLI0 8l F |990°0 901 T 800 Zvi t [t20°0 2960135070 1660 06
¢90°0 €10°1 [Lb0°0 BZO'L [¥OF O S6F F 6200 SZO'T |960°0 $Z0't [S20°0 00T [620°0 %6601 08
0v0°0 2E0°} [LE0°0 2LO'V [290°0 BLOF |[ZV0 O SGO'I |pZ0°0 V90V [620°0 €00°1 |960°0 €00 T | 02
¢v0°'0 160°L |[¥€0'0 690°L [€90°0 LOO'L | SO0 920°L |0B0'0 6601 ¢t0’'0 9¥6°0 |S¥0'0 988°0] 09
BEO'0 SCI't [F20°0 690°F [€90°0 200 |ZG0°0 20T |180°0 62071 [$20°0 S56°0 [260°0 20501 0%
L€0°0 L¥0'L [220°0 @80 [0Z00 cvO F |[FZ0'0 OCO T |20+ 0 ZZ0'T |0€0°0 8960 [$50°0 81601 0%
¢80°0 CII'L [BE00 6S0°F |[EE0°0 GOV T |1G00 BEOT [2Z0°0 160°L [260°0 19670 |6€0°0 22601 OF
080°0 610°L [0¥0O'0 S90°F |[BEO'0 GEO V 9500 6660 [920°0 8v0° L |020°0 6560 |pE0°0 25601 03
L€0°0 €20°1 [L10°0 Z86°0 |€G0°0 v0O'I [620°0 00t |2v0'0 680°1 |220°0 v86°0 |6€0°0 95601 01
000°0 000"+ [000°0 000°F [000°0 000+ [000°0 000 F {0000 000°L |000°0 0001 |000°0 00011 o
5 S

"(Z=N) senjeA sujjeseq F uoljoely e se passeidxe
‘sjuewpedxe |w/Bt gL ploe o)ede0I0|YOU) [RYRUOBU 10} sieyeweled jeoibojoisAuyd ey} jo Llewwng -ziL-9 ejqer

209



Table C-13. Maximal neonatal pharmacodynamic effects for control, chloral
hydrate (50, 100 and 200 pg/ml), trichloroethanol (25, 50, 100
and 150 pg/ml) and trichloroacetic acid (25, 50, 100 and 150
pg/mi) experiments.$

Experiment CF HR DP
Ave. Ave. Ave.
SE S &
NEOCONTROL|
NEOCH 50} 0.651 | 0.860 | 0.828 | 0.760 | 0.836 | 1.183 | 1.091
[ng/mi] 0.018 0.030 0.079 0.070 0.067 0.028 0.030
100f 0.813 | 0.840 | 0.765 { 0.757 | 0.806 | 1.061 | 1.139
0.029 0.051 0.094 0.090 0.063 0.060 0.034
200} 0.864 | 0.698 | 0.863 | 0.689 | 0.841 1.111 | 1.063
0.018 0.067 0.087 0.100 0.091 0.034 0.024
NEOTCE 25] 0.826 | 0.855 | 0.925 | 0.830 { 0.876 | 1.113 1.054]
[ug/mli] 0.022 0.045 0.078 0.062 0.068 0.029 0.044
50] 0.882 | 0.813 | 0.880 | 0.735 | 0.811 1.188 | 1.067 I
0.024 0.041 0.101 0.110 0.084 0.058 0.030
1 OOH 0.860 | 0.801 | 0.782 | 0.688 | 0.613 | 1.147 | 1.108 I
0.013 0.081 0.138 0.125 0.111 0.069 0.031
150] 0.830 | 0.847 | 0.806 | 0.736 | 0.871 1.106 | 1.111
0.044 0.029 0.047 0.045 0.038 0.012 0.045
NEOTCA 25| 0.768 | 0.916 | 0.761 | 0.750 | 0.710 | 1.073 | 1.117 |
[ng/mi] 0.029 0.028 0.101 0.046 0.086 0.037 0.038
50] 0.796 | 0.849 | 0.829 | 0.739 | 0.776 | 1.158 | 1.105

§ Maximal effects were determined in the treatment phase of the protocol only,
and are expressed fractions of the respective baseline values.
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APPENDIX D

¢ REPRESENTATIVE CHROMATOGRAMS
¢ ASSAY VALIDATION
¢ GC STANDARD CURVES
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Figure D-1. Model chromatograms for (A) 2 ul freshly distilled diethyl ether;
(B) 1 ul extracted blank buffer and 1,2,3-trichloropropane (TCP - internal
standard); (C) 1ul derivatized and extracted blank buffer with TCP.
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Figure D-2. Model chromatograms for derivatized extracts (from buffer) of
(A) 10 ug/mi standards; (B) 25 pg/ml standards (CH=chloral hydrate;
MTCA=methyl trichloroacetate; TCP=trichloropropane; TCE=trichloro-
ethanol).
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Figure D-3. Intraday variability and stability data for 5 and 50 pg/ml chloral
hydrate (A), trichloroethanol (B) and trichloroacetic acid (C) standards.
Samples were analyzed following storage at -70° C for periods ranging
from O days (freshly prepared standards) to 24 months. Ermor bars
represent the standard error of the group means. N=5-8 for each group.
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A. Chioral Hydrate Recovery
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Figure D-4. Recovery data for 0.5, 1.0, 10.0, 50.0 and 100.0 ug/ml chioral
hydrate (A), methyl trichloroacetate (B) and trichloroethanol {C)
standards. Standards were either extracted and analyzed gas
chromatographically as described, or equivalent amounts of each
analyte (with internal standard) were prepared in absolute ethanol and
directly injected onto the gas chromatograph. The slope of the linear
regression line reflects the proportionate error of the analytical method,
while the y-intercept is indicative of method bias (slope=1 and y-
intercept=0 for a method with 100% recovery). N=5-10 per group.
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