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SUMMARY

3-Methylindole (skatole) 'is a metabolite of L-tryptophen
formed in the rumen of cattle. | There is consicerable evicdence that
3-methylindole is the cause of fog fever (ecute tovine pulmonary
emphysema) in cattle. Experirentally, administration of 3-methyl-
indole causes acute pulmonary oederma and emphysera in cattle, goat
and sheep. The aim of this studv was to investigate the pharmaco-
kinetics and mechaniem of action of 3-methylindole with special
reference to fog fever, the most irportant rsspiratony disease
problem of grazing adult cattle in Britain.

Samples of ruminal fluid taken from dif<erent animals and
from the same animal on different cays showed corsiderable variations
in their ability to metabolize L-tryptcphen to 3-rmethylindole (8-76%
conversion of L-tryptophan to 3-methylindole, during Z4 hours
incubation). These variaticns provided an explznation for the
consicerable individual variations in the severitv of respiratory
distress seen in cattle after oral administration of L-tryptophan and
observed after sudden change to tetter grazing. . It was suggzested
that the incrsased rate of conversion of L-tryptochen to 3-methylindole,
rather than the excessive intake of the amino acid mzy be resporsitle
for the production of the disease.

Certain carbohydrates (fructose, glucose, lactose, galactose,
sucrose, mannitol, starch and inulin)) substarces related to
carbchydrates (citrate, lactate, acetate and glycerin) and entibacterizl

agents (ampicillin, penicillin, streptomycin, tetracycline, chlorar-
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phenicol, sulfaguanidine;éﬁa sulfamethoxypyridazine) inhibited, to
- different degrees, the conQersion of L-tryptophan to 3-methylindole.

| An oral dose of L-tryotophan (0.5 g/kg body weight) did
not produce respiratory distress in any of four freéted adult cattle.
Fa%lure of L-tryptophan to produce the disease was attributed to
failure of conversion of the amino acid to 3-methylincole which was
not detected . in plasma of the treated cattle. The absorption of
3-methylindole, after oral administration in cattle, is rapid.
S-Methylbxindole is a metabclite of 3-methylindole in cattle. [Mean
plasma half lives of 3-methyloxindole, 3-methylindole and 3-methylindole
metabolites were estimated to be 11, 16 and 48 minutes respectively.
It was concluded that measurement 6F the concentration of 3-methy1—
indole or 3-methylindole metabolites in single plasma semples would
not reflect the magnitude of production of 3-methylindole in the
rumen of cattle.

3-Methylindole (40 pg/ml) and 3-methyloxindole (50 ug/ml)

did not cause the release of mediators of anaphylaxis from chopped
bovine lung preparations (in vitro). 3-Methylindole end 3-methyl-
iﬁdole analogues (3-methyloxindole, 3-phenylindole, 5-methylindole
and 7-methylindole) (5-640 pg/ml) did not cause contraction of the
isolated pulmonary artery, pulmonary vein, trachea O”.. bronchus of
calves. It was concluded that the initial step in the pathogenesis
of the 3-methylindole-induced pulmonary damage does not involve
" an action on the pulmonary vein or the release of mediators of
anaphylaxis in cattle. |

Radicactivity from tritiated 3-methylindole became covalently
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b;und to tissues of severaijﬁrgans when tritiated 3-methylindole wes
administered, intravenously, to calves., Lung tissue showed the highest
concentration of covalently bound metabolites. In vitro studies
shored tﬁat this covalent binding is catalyzed by a microsomal enzyre
system with the classical characteristics of a cytechrome P-450
dependent mixed function oxidase. This enzyme system activates
3-methylindole to a chemically reactive highly electrophilic metabolite
which bsqowes covalently bound to nucleophilic sites on cellular
macromolecules. The 3-methylindole~reactive metabolite can be
detoxified by spontaneous and glutathione-S-transferase-catalyzed
conjugation with glutathione. Pretreatment of sheep with diethyl-
maleate (depletes glutathione) and L-cysteine (increases glutathione)
was shown to increase and decrease, respectively, the severity of
pneunotoxic effect of 3-methylindole.
3-Methyloxindole did not becomre covalently bound to
microsomal proteins, in vitro, and did not cause acutez pulmonary
toxic effects similar to those produced by 3-methylindole, in vivo,
suggesting‘thatthe 3-methylindole-reactive metabolite is intermedizte
between 3-methylindole and 3-methyloxindols.
The liver possess an enzyme system capable of catalyzing
meLabolites

the covalent binding of 3-nethylindole$to microsomal proteins, in
vitro. This enzyme system was qualitatively identical to that of

the lung. The Michaelis constants of the lung and liver systems
Aﬁwere 0.37 and 0.44 nﬂnl.B-nethylindole and maximal velocities of
microsomal alkylation were 100 and 556 pmol covalently bound
3—wethylindéle/mg microsomal protein/minute, respectively. These

findings suggest that the specificity of 3-methylindole towards
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the lung is not due to higher rate of reactive metabolite formation
in the lung, but is probably due to deficiency of the lung in defence

mechanisms against this reactive rmetabolite.
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GENERAL INTRODUCTIOGN

"Fog Fever” or Acute Bovine Pulmonary Empﬁysewa is
prébably the most irportant respiratory disease affecting grazing
adult cattle in the United Kingdom. Until recently, the aetiology
of the disease remained unclear and no suitable experirental model
for the disease was available. However within the last ten yeers
it has béen established that certain indolic cempounds when adminis-
tered to cattle produce a disease syndrome similar, if not identical,
to that produced by "Fog Fever" in the field (Carlson and Dickinscn,
1978; Dickinson and Carlscn, 1978)}. The aim of this work is to
verify the validity of this experimental rodel and to irvestigate:
the w@chanisms by which these indolic compounds bring about their
pulmonary-toxic effect.

The "fog fever-like syndrome” can be experimentally
induced by oral acministration of the amino acid, L-tryotophan, which
bqumes converted in the rumen to 3-methylindole (skatole) which
regults in toxicity in the lung. In this work, the epidemiological,
clinical and pathological features of the naturally-occurring disease
were compared with experimentally-induced disease.

- The hypothesis that excessive ingestion of L-tryptophan in
grass is the cause of fog fever has been challenged because of the
 failure to identify a difference in concentration of L-tryptophan
between pasture where the disease has occurred and normal pasture

4 Wis Camann,
{Mackenzie, Ford and Scott, .1975; Selwan, Breeze, Bogan}and Pirie,
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1977).  Therefore an objgétive of this study was an investigation
of the alternative hypothesis that altered conversicn of L-tryptophen,
rather than the excessive intake of the amino acid, to 3-methylincole WS
JuwfdwsibL€L€Ti%J T
Iwas investigated by studying individual and daily variations in the
abi&ity of ruminal fluid to convert L-tryptophan to 3-methylindole
(in vitro).  Such quantative studies on the production of 3-methyl-
indole by ruminal fluid samgles from different animals might provice
an explanation for the observed individual differences seen in
response fu oral dosing with L-tryptophan or, in the field, the
individual differences seen in a group of animals after sudden change
to better grazing.
The mechanism of production of 3-methylindole from L-tryptophan
. also requires investigation and also the@f#iCa<yof a number of
compounds, including carbohydrate substances and antibiotics, for
possible use as inhibitors of 3-methylindole production.

There are few substances which reproducibily cause specific
pulmonary toxicity when administered by routes other than by
inhalation. The mechanism for the specific organ toxicity of these
suﬁétances has been poorly understood. However during the last few
vears the science of toxicolegy has seen major advances in the
elucidation of the mechanisms by which foreign compounds induce
organ-directed injury. It has become apparent that when a foreign
compound induces specific organ damage this is often the result of
formation of highly reactive metabolites. These reactive metabolites
disrupt integrated biochemical pathways eand/or alkylate cellular
macromolecules in target organs (Gillette, 1974a, b). The reasons

for the improvement in our understanding of these effects of highly
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reactive metabolites are a result of recent technicues fer the isolaticn
of such transient metabolites and/or quantification of macromolecular—
bound metabolite using radiolaktelled precursors. In this present
study, the possibility that 3-rethylindole-induced toxicity is mediated
through reactive'netabélite(s) is investigated in detail. This study
on the mechanism of acticn of 3-methylindole at the molecular level
will assist not only in the elucicdation of the aetieclogy of "fcg fever”
but it will contribute to our understanding in general, of corgan-
directed toxicity where the science cof rmolecular toxicology is still
in its infancy, and the nurter of well documented disease models is
still small. It may also help to identify the possible effects in
man of 3-methylindole which is known to occcur in substantial ancunts.
in the lower gut and in cigarette smoke (Wynder and Hoffran, 18£7).
The possible implication of 3-methylincole in the =zetiology of
pulmonary disease in man has a2lreacdy been suggested (Huang, Carlscn,
Bray and Eradley, 1577).

The effect of 3-methylincole and 3-wethylindéle analcgues
on isolated smooth rmuscles of the lung and on the release of
mediators of anaphylaxis from chopped bovine lung preparations is
also investigated. This work was conducted in view cof suggestions
that the pneurotoxic effect of 3-methylindole is due to pulmonary
venoconstriction or the release of mediators Uf anaphylaxis (Ereeze,

1973; Eyre, 1975).



CHAPTER 1

THE ROLE OF 3-METHYLINDCOLE AND

RELATED INOOLIC COMPOUNCS IN THE

AETIOLOGY OF FOG FEVER



1.1 - FOG FEVER AS A SEPARATE DISEASE ENTIfY

The disease fog fever has been known for a considerable
time. The term fog fever is rmentioned in an English veterinary
textbook written by Topham in the eighteenth century, and was
recognized by Knowlson.in 1819 who described.the disease as a
respiratory distress disorder affecting cattle at pasture in the
autumn. The worﬁ "fog" or "foggage” refers to the fourteenth century
néne of aftermath pasture, a grass that had been regrown after an
earlier éut for hay, as the disease is known to affect cattle grezing
on such a pasture {Breeze, Pirie, Selman and Wiseman, 13876).

The disease has been recognized in Europe for more than
100 years and in North America over the past 30 years under such rtares
‘as Acute Boviné Pulmonary Emphysema, Fulmonary Adenomatosis, Eovine |
Asthma and Panting Diséase (Maki, 1963). In Britain the name Fog
Fever has been widely used. Selman, Wiseman, Pirie and Breeze (1574)
and Pirie, Breeze, Selman and Wiseman (1974) emphasized that fog
fever is a single disease entity. The disease has been cefined as
"a sudden onset respiratory distress syndrome with minimal ccughing
which occurs typically in hungry fat, beef-type cows, in the sutum,
within two weeks of their being moved on to lush pasture® (Pirie,
1979].

The epidemiological, clinical and pathological features of

the disease are discussed briefly below.

“1l.1.1 - Type of animal affected
It has been shown that fog fever, in Britain, is a disease

problem of adult, beef-type cattle (Selman et al, 1974). In a



-recent study, 138 grazingApattle of all ages which were claimed to
be affected by fog Fevef - like conditions of sudden onset - were
examined. Fog fever was confirmed in 43 adult cows, all of which
were beef-type; 13 different pulmonary disorders éccounted for

tHe clinical signs in the other 45 adults (almost all of which were
milking cows), none of which was affected by fog fever. The 50
immature animals, that is, those under two years of age at grass for
the first or second time, which were examined in the same survey were
all cases of parasitic bronchitis (Breeze, Pirie, Selman and Wiseman,
1975a).,  Another study was carried out over a four year period,
during which 30 incidents of fog fever were investigated. Fog
fever was not encountered in animals less than two years of age,

and in most cases, affected cattle were mcre than four years old.

In every instance affected cattle were females of the single
suckling type and most were in extremely good condition. Some

cases were in late gestation or had calves at foot. While most
breeds and/or types encountered in the area in which the investigation
was- carried out were represented, the majority of affected animals
wé;e Herefords or Hereford crosses (Selman et al, 1974). These
results and other work (Gibbons, 19€2; Moulton, Commelius and
Osburn, 1963; Blake and Thomas, 1871) indicate that the disease is
much more prevalent in cattle over two to three years of age. A
possible explanation for the increased incidence in older cattle may
be that repeated insults caused by this and other respiratory diseases
result in a progressive decrease in pulmonary reserve. Consequently

older animals may lose their capacity te resist the disease (Dickinson



and Carlson, 1878). The fact that fog fever appears to be more
‘P%%LVﬁa\eﬂd&433n beef herds may be explained in terms of grazing menagement
since dairy cattle are usually maintained én a fairly uniform type of
grazing and in general they dec not experience the dramatic changes to
which many beef'herdS'a;e éubjected during the later part of the
grazing season {Selman et al, 1974). The incidence of fog fever
is particularly high- . in Hereford or Hereford cross breed cattle
(Barker, 1948, Cates, 1948; Selman et al, 1874). Reports of fog
fever in dairy breeds (Roberts, 1927; Barker, 1948; Begg and
Whiteford, 1948; Roberts, Benson and Jones, 1973) and in animals
less than one year old (Barker, 1348) cannot be confirmed. The
details provided do not excluce other disease possibilities. Selwanl
et al (1874) pointed out that careful examination of cases claimed
to be affected with fog fever in young or dairy breed cattle would

reveal other pulmonary disorders.

1.1.2 - Seasonal occcurrence of the disease and grazing history

of affected herds

The most interesting feature of fog fever is its seascnal
occurrence. Cases occur only in late summer and autumn (Cates, 1948;
Begg and Whiteford, 1948; Roberts et al, 1873, Selman et al, 1974,
Breeze et al, 1976).
Climatic changes claimed to be associated with incidents
were the onset of warm, moist weather following a dry, codl period
" qor‘the occurrence of cool nights following warm days (Roberts et al,

1973}.

Seasonal incidence is apparently due to the practice of



transferring cattle from dry summer range to irproved pastures
in the late summer. This relaticnship to gfazing management has been
reported on many occésions by horth American workers (Scofield,
1948; Goodman, 1956; Blood, 1862; O0'Donoghue, 1860: Moulten,
Harrold and Hormming, 1961; Gibbons, 1862; Tucker and Maki, 1562
Moulton et al, 1963; Blake and Thomss, 1871). In Britain Selren
et al (1874) emphasized the striking asscciation between fog fever
incidents and a rebent abrupt change from poor toc better grazing, the
condition arising within two weeks of such a move. The authors point
out that a change to better grazing could occur on a single field as
a result of a sudden improverent in climatic conditions. Earlier
British literature did not emphasize this relationship (Roberts, 1527,
Barker, 1948; Leslie, 1949; Mackerzle, 1365; Roberts et el, 1973)
ThereAis nc clear relationship between grazing on a
particular plant and thé incidence of the disease. Most freguently
the disease has been reporfed in cattle grazing lush aftermath pasture
(Roberts, 19273 Barker, 1948; Leslie, 1243; Lambie, 1969; Selman
et al, 1374). Cases of the disease have been reported in cattle
grazing rape or stubble-turnips (Selman et al, 1874), con poor moor-
edge grazings ( C o Leslie, 1943), or even

bare fields (Roberts et al, 1973).

1.1.3 - Possible relationship to soil management

Dickinson and Carlson (1878} claimed that marked. differences
“in incidence occur hetween various ranges and water drainages and
suggested that there may be a subtle difference in soil and water

factors which affect plant growth and physiology. Freliminary work



indicated that soil samples from areas with outbreaks were gensrally
lower in phosphorus, potassium and zinc content than those teken
from "non-trouble” areas (Dickinson and Carlson, 1978). Selmen et al
(1974) emphasized that more than 80% of the fields on which fog
fever arvse had received at least one application of artificial
fertilizer during the previous year, although it was mentioned that
the amounts of nitrogen applied were not excessive by Eritish national
sﬁandards. Roberts et al (1873) reported that more than 50% of fog
fever incidents arose on non-fertilized pastures. Hovever, this
cannot be confirmed as this report was based on data obtained lergely
by a retrospective questionnaire survey.

Selman et al (1974) suggested that the way in which the
lush pasture was produced, that iz by irrigation, fertilizaticn,
re-seeding, resting or even sudden improvement in climatic conditions

was less important than the change itself.

--2¢lea- - -=. . .Morbidity.and .mortality

The incidence of the disease in affected hercds is extrersly
variable. [Morbidity rates vary from a single animal to 100%, with
marked variation in the severity of the disease btetween different
affected animals (Tucker and Maki, 1962; Roberts et al, 1973
Selman et al, 1974). lMortality has been reported to vary from
zero to 20%. Deaths usually occur within 72 hours after anpearance
of synptoms (Tucker and Maki, 1882; Ereeze et al, 1976). Full
rumen, pre-existing puinonary lesions and physical exertion would
be expected to worsen the respiratory embarrassment leading to

death. Otherwise spontaneous recovery would occur (Tucker and



Maki, 1862; Dickinson, 18703 Selman et al, 1874; Dickinson and

Carlson, 1878).

1.1.5 - Antemortem signs

Ante-mortem signs of fog fever are fairly characteristic.
Signs usually bécowe apparent within a few days after moving hungry,
adult beef-type cattle from poor to better quality pestures. Severe
respiratory distress serves to draw attention, althougzh the level of
supervision of grazing animals would often be insufficient to detect
earlier or less severe signs. Two clinical forms of fog fever have
been distinguished in Britain. The less severe form of the disease
is characterized by slight tachypnoea and hyperpnoea. In the most
severe form, the clinical signs include severe dyspnoea with a loud
expiratory grunt, frothing from the mouth, mouth breathing and
tachypnoea.  Subcutaneous cedema may be observed in some animals.
Coughing is not a dominant feature among affected individuals nor

among other adults within an affected group (Selman et 21, 1874).

1.1.6 - Pathology of fog fever

Pirie et al (1874) examined the lungs of animals which
were confirmed cases of fog fever. Lungs of fatal cases of the
disease were macroscopically and microscepically different from those
of animals which were severely ill but appeared to be recovering up
to the time when they were slaughtered in order to study the develop-‘
ment of pulmonary lesions. In fatal cases of the disease predominant
features were severe interstitial emphysema and pulmonary oedema.

Additional findings included the presence of abundant frothy fluid



which filled the trachea, lobar and segmental bronchi, petechial and
ecchymotic haerorrhages on and below the epifhelial lining of larynx,
trachea and bronchi.' Congestion and cedema of the lamina prepria

of the conducting airways with accumulation of plasma cells and
lymphocytes in this site. Hyaline mernbranes and early signs of
alveolar epithelial hypérplasia were also obsérved. Non-fatal cases
were further divided into two sub-groups: non-fatal cases with
continuing marked clinical signs ard mildly affected animals in which
aéute clinical signs had abated. The lungs of non-fatal cases of

- the diseaée with continued marked clinical signs were very different
from those of fatal cases. Extensive alveolar epithelial hyper-
plasia and hyaline material were observed in these animals, but
pulmonary oedema was largely absent. Focal lesions of mild pulmcnery
oedema and alvéolar epithelial hyperplasia were seen in the lungs of
mildly affected animals. These lesions were restricted in extent and
degree of severity and weré found to involve some segments in some laobes.
It should be emphasized that Pirie gt al (1974} did not regard the
above-mentioned lesions of fog fever as pathognomonic, but certainly
they were obligatory for diagnosis.

- Further research was directed towards identifying the
hiétogenesis of the alveolar epithelial hyperplasia. Based on the
ultrastructural similarity between the hyperplastic cells and the
type 2 pneumocyte (granular pneumocyte), it has been proposed that
fhe alveolar epithelial hyperplasia, associated with fog fever, is
due to proliferation of type 2 pneumocytes (Breeze, Pirie, Selman

and Wiseman, 1975bl.




Earlier reports of the disease either failed to record the pulmonary
lesions in animals which were claimed to be éases of fog fever
(Roberts, 1827; Barker, 1848; Leslie, 1949; Roberts et al, 1€73)
or used the term "fog fever"” in a wider sense to include other forrs
of respiratory distress (Michel, 13854; Blood, 1962; Mackenzie,
1866). |

Thus "fog fever” is a single disease entity. The term is
reserved for a sudden onset respiratory syndrome with minimal coughing
in adult beef-type cattle in the autumn scon after introduction to
new pasture. The characteristic pulmonary lesions are any combina-
tion of pulmonary congestion, oedema, hyaline membranes, interstitial
emphysema and alveolar epithelial hyperplasia (Selman, Wiseman,
Pirie and Breeze, 1973; Pirie et al, 1974; Selman et al, 1374).

Selman et al (1873), Breeze gt 2l (1875a) and Breeze et _al
(1976) pointed out that several authors used the term "fog fever”
in a wider sense to include all forms of respiratory distress arising
in all ages of cattle either indcors or cutdoors. Confusion akbcut
the disease came from its cobscure asticlogy and also from the fact
that acute respiratory distress is a feature of fog fever. It has
been shown that a widely differing variety of conditions, of diverse
aetiology, such as bovine farmer's lung, parasitic bronchitis,
necrotizing pneumonia and carcinoma of the lung will all cause
clinical signs of respiratory distress. Breeze et al (1975a)
suggested that a new term Acute Respiratory Distress Syndfome might
be useful for any sudden onset respiratory conditions with dyscncea

that is the result of any combination of the following pulmonary



lesions: congestion and(ﬁédema, hyaline membranes, alveolar epithelial
hyperplasia, and interstiﬁial emphysema. (One specific form of acute
respiratory distress syndrome would be fog fever, and it is the most
important condition affecting adult cattle grazing (Pirie, 1977).

| Several review articles on respiratory conditions of cattle
are available (Breeze, 1973; Breeze et al, 1976; Pirie, 1977; Breeze,
Selman, Pirie and Wiseman, 1378). Various theories on the aetiology
of fog fever have recently been discussed (Selman, Wiseman, Breeze

and Pirie, 1876).
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1,2 -~ EXPERIMENTAL INDUCTION OF A RESPIRATORY DISTRESS SYNDROME

!

SIMILAR TO FOG FEVER

1.2.1 - Experimentel induction of a respiratory distress syndrome

similar to fog fever by tryctophan and related indolic

cgggounds

While the disease ¥6g fever was characterized as a separate
epidemiological, clinical and pathological entity, its aetiology
remained unknown. |

In 1865, an observation was made which led to productive
experimentation in the study of the aetiology of fog fever. This
unexpected event came about as a result of studies being performed on
the activities of hepatic tryptophan pyrrolase enzyme in cattle and
sheep. Following orél administration of large doses of the amino acid
D,L-tryptophan, some of the cattle developed acute respiratory
distress symptoms and post-mortem lesions were strikingly similar to
those observed in the naturally cccurring disease asscciated with the
grazing of cattle on certain forage corps, sudden change of ration,
or the feeding of mouldy feeds (Johnson and Dyer, 19€6). These
observations were confirmed by Dickinson, Spencer and Gorhem (19€7)
who made two trials to induce the disease using eight mature cows of
various ages and breeds. In both trials the.cattle were maintained
on a low plane of nutrition for a minimum of 30 days and then given
a single oral dose of D;L—tryptaphan (0.5-0.6 g/kg body weight]).

As early as 24 hours after treatment some of the treated animals

developed symptoms of respiratory distress. This respiratory
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distress was progressive in five animals, but slight in the other
remaining three animals, and feached peak seQerity from four to seven
days following treatment. Pulmonary lesions were found to be ocedema,
hyaline membranes, emphysema, proliferation of alveolar epithelial
cells and infiltration of the lungs by neutrophils and eosinophils.
Pathological changes were generally proportiénal to the clinical
severity of the respiratory distress shown by the animal at the time
of death. It waé shown later that parenteral administration of
t£yptophan does not cause the pulronary disease-indicating that
ruminal Férmentation of tryptophan is required. Oral administration
of D,L-tryptophan (0.7 g/kg) to cows caused interstitial emphysema
36 to 96 hours after treatment. The concentration of tryptophan

in plasma was increased after tryptophan was administered but was
apparently not directly responsible for development of the syndrome.
Similar levels of tryptophan in plasma were produced in cattle

" by intraperitoneal injection and intravenous infusion, but these
cattle did not develop interstitial pulmonary ewphyseﬁa (Carlson,
Dyer and Johnson, 1968). Oral administration of D-tryptophan (0.4
g/kg) did not cause the disease; only the L-isomer (0.35 g/kg) was
effective in producing pulmonary disease (Carlson, Yokoyama and
Dickinson, 13872) and then only by the oral route (Carlson gt al,
1968). Thus it was proposed that a metabolite of L-tryptophan
produced in the rumen is probably the activelprinciple causing
pneunotoxicity in tryptophan-treated cattle (Carlson EE_EE! 1968].
Thus subsequent research attempts were directed towards identifying

a product of ruminal fermentation of L-tryptophan that is capable
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of causing pulmonary oedema and emphysema in cattle.

After incubation in vivo and in vitro with rumen fluid,

L-tryptophan was converted mainly to 3-methylincole with some indole
and indoleacetic acid and this latter substance also formed 3-methyl-
indole after further incubatian (Carlson EE_El' 1872; Yokoyera and .
Carlson, 1974; Yokoyama, Carlson and Dickinson, 1975). Subsequently
it was discerred that oral administration and intravenous infusion
of 3-methylindole led to a pulmonary disease sirdlar, but more acu?g
in onset and course, to that produced by L-iryptophan administration
(Carlson EE_El’ 1972). - Intravernous infusicn of indoleacetic acid
(0,07 g/kg) (Pirie, Breeze, Selmen and VWiseman, 1876} and intraruminal
administration of indole (0.4 g/kg) QYDkoyanE et al, 1975} tryptamine
and 5~hydroxytryptamine (Jarvie, Ereeze, Sélnan and Wiseman, 1877)
did not cause the disease.

Yokoyama et al (1875) measured plasma concentrations of
3-methylindole associated with tryptophan induced pulrmonary
disease. Five Hereford cows were given an intraruminal dose of
L-tryptophan (0.35 g/kg). Three of the cows developed clinical
signs of acute respiratdry cdistress and shcwed severe pulmonary
lesions when post-mortem examination was perforred after 96 hours.
Another cow developed moderate clinical signs and pulmonary lesions,
and the remaining cow had few clinical signs and pulmonary lesions.
3-Methylindole was present in ruminal fluid and plasma within six
hours after administration of tryptophan, and the concentrations
increased to 3 and 9 pg/ml within 12 to 24 hours. Severity of
pulmonary lesions was related to the maximal concentration and

duretion of 3-methylindole in the plasma, Post-mortem examination
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showed gross pathological changes in the lungs characterized by
diffuse pulnnnary‘oedema and interstitial emphysema; and the lungs
were dark red, firm and heavier thgn normal., The predomirant
microscopic lesions included pulmonary oedema, interstitial pulmonary
emphysema and alveolar epithelial hyperplasia. This experiment
clearly demonstrated thét substantial amounts of 3-methylindole are
produced in the rumen oF‘ccws given tryptophen, and concentraticons
comparable with those aftef oral 3-methylincdole treatrment can be
detected in plasma. It'waé stated that the pulronary lesions in
cows given tryptophan or 3-methylindole are gualitatively similar
and the severity is related to the concentretion of 3-methylindole in
the plasma.

Carlson, Dickinson, Yokoyama and Eradley (1975) investigated
the effect of 3-nethyiindole in cattie. In thres heifers given an
intraruminal cdose of 0.2 g/kg of 3-methylincdole, clinical signs of
respiratory disease appeared between 6 and 12 hours after dosing
and death from pulmonary oecema and erphysera occurred at 72 hours.
The mean plasma concentration reached a maximum (18.5 pg/ml) at three
hours. In two cattle given an intraruminal dose of 0.1 g/kg of
3-methylindole signs of acute respiratory distress developed, but
the animals did not die. The mean plasma concentration of 3-methyl-
indole becarme maximal (16.8 pg/ml) at three hours. In three cattle
given 0.06 g of 3-methylindole/kg by infusion into the jugular vein
clinical signs appeared in all cows and one cow died. Post-mortem
examination of these animals showed pulmonary cscdema, interstitial

emphysema and proliferatioh'pf the alveolar epithelial cells.
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Pirie et al (1976) investigated the ability of 3-methylindole
and indoleacetic acid to act as a direct proliferative stimulus on
type 2 pneumocytes.  Twelve one-year-old beef celves were divided
into three equal groups. Two éroups were given a single intravenous
dose (0.07 g/kg) of indoleacetic acid cr 3-methylindole over a twelve
hour period and one group acted as a control group. Alveolar
epithelial hyperplasia of type 2 pneunccytes was found in the lungs of
all the calves in fhe group_treated with 3-rethylindole. Additionéi
findings were interstitial emphysema, pulmonary cedema, focal hyaline
membrane formation, pulmonary congestion, pulmonary eosinophilia,
proliferation of terminal bronchial epithelial cells and numerous
globule leucocytes in the epithelium AF the tracts=a and bronchi.
Alveolar epithelial hyperplasia, interstitial emchysema and pulmonary
oedema were not observed in the lungs of the calves of other groups.
Thus it was concluded that 3-methylindole, but not indoleacetic acid,
can produce a proliFérative alveolitis within 86 hours in the bovine
lung. Eyre (13972) dosed ten cattle with L-tryptophan (0.5 or 1 g/kg)
or a mixture of D,L-tryptophan (0.5-1 g/kgl. Six out of ten animals
treated with either regime showed varying degrees of respiratory
distress. Surprisingly the author found that the most severe clinical
reactions were in four of the youngest animels in the group (approxi-

mately six months old). All those animals of a year or older

developed very mild transient signs or none at all. Animals receiving

the highest dose of D,L-tryptophan (1 g/kgl showed no observable
clinical signs. An elevation of 5-hydroxytryptemine concentration was
demonstrated in plasma of affected and some of the normal animals.

Based on these results, it was suggested that elevaticn in plasrma



15

5-hydroxytryptamine concaﬁtfation acconpanying the excess dietary
intake of tryptophan may be an aetiological factor in the development
of acute bovine pulmonary emphysema of dietary origin. Results of
this study cannot be interpreted with confidence. No histopatﬁological
exémination was carried ocut. The possibility that the respiratory
distress, displayed by these animals, was due to other causes
unrelated to tryptophan cannot be excluded., The technique of
spectrofluorimetric assay of 5-hydroxytryptamine of Anden and Magnusscn
(13867) uéed by the author is very delicate and its specificity in the
case of L-tryptophan-dosed animals is questionable. The method is
based on column chromatographic purification of 5-hydroxytryptamine
followed by its spectrofluorimetric determination. Many indolic
compounds including tryptophan and tryptophan metasbolites have the
same spectrofluorimetric characteristics of 5-hydroxytryptamine
(Udenfriend, 1962; Anden and Magnusson, 1967). The colurmn chroma--
tographic procedure does not eliminate all these compounds (Anden and
Magnussen, 1967). It is noteworthy that the author reported an
‘ianease in plasma 5-hydroxytryptamine not only in cattle with
ciinical signs of respiratory distress but also in apparently normal

animals after tryptophan administration.

1.2,.2 - Variations in the response of cattle to oral administration

of tryptophan

There is a considerable individual and breed variation in the
response of cattle to oral administration of L-tryptophan (Dickinson
et al, 1967; Dickinson, 1970; Dickinsen and Piper, 1971; Yokoyama

et al, 1975). The clinical severity of the respiratory response is
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‘variabley; some individuals show a

leads to death.

very severe response which often

Others have a mild to moderate transitory response

and then apparently recover, whereas still others have little or no

reaction following oral administration of L—tryptoﬁhan (Dickinson

and Piper, 13971).

Reproducibility of the experimental disease in

cattle was apparently influenced by breed susceptibility, dosage

levels of inducing agents, age and

general conditions of the animals,

extent of pre-existing lesions in the lungs and possibly other

factors (Dickinson, 1970).

Monlux, Cutlip and Estes

(1870) attempted to demonstrate

differences in breed susceptibility to the tryptophan-induced lung

damage.

Twenty animals representing five breeds (Hereford, Jersey,

Holstein, Angus and Shorthorn) of cattle were given oral doses of

0,L-tryptophan (0.6 g/kg).

Only Hereford (three out of four

Herefords) and Jersey (two out of four Jerseys) developed the typical

lesions of the disease, indicating
production of pulmonary disease in
0;@1 administration of tryptophan,
mést susceptible. However, it is
induced pulmonary disease has been

and Angus breeds (Dickinson et al,

used by Monlux et al (1970).

1‘2.3 -

that breed differences in the
cattle do exist following the
with the Hereford breed being the
noteworthy that the tryptophen-
reported in Guernsey, Shorthomrmn

1967) at the same dosage level

Pasture levels of tryptophan associated with outbreaks of

fog fever

It has been attempted to

identify a difference in tryptophan

concentration between pasture causing fog fever and normal pastures,



17

and to compare the tryptophan content of this pasture with the
experimentally toxic dose of tryptophan (Mackenzie, Ford and Scott,
18753 Selman, Breeze, Bogan, Wiseman and Pirie, 1877), The smcunt of
tryptophan consumed in the forage during naturally-cccurring fog fever
is not known. ‘The disease usually arises in- hungry cattle after
being introduced to highly digestible lush pasture which they have not
encountered for some time. This would result in a higher then normal
feed intake during the first few days after such a pasture change.
During this time changes in ruminal flora may be occurring to
accommodate the increased amounts and the different type of forage
(Carlson and Dickinson, 1978).

In a study on pasture centent of L-tryptophan, associated
with outbreaks of fog fever, there was no significant difference
in tryptophan content bgtween normal herbage from normal pastures
and from pastures in which outbreaks of fog fever occurred. The
concentration found was about 4 mg tryptophan per gram dry matter
(Mackenzie et al, 1975).

It was concluded on theoretical grounds, based on corrarison
of the tryptophan content of grass, with the quantity of tryptcphan
required as a single dose to produce the experimental "fog fever-like”
condition that ingestion of such grass would not provide suf?icient
tryptophan at a single feed for a direct toxic response. The
minimal toxic amount of L-tryptophan would require to be ingested
over a period of several days (Mackenzie et al, 1975; Selman et

al, 1977).
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1,2,4 -~ Experimental induction of fog fever by a sudden change

of pasture
Selman et al (1877) conducted a trial to induce fog fever by

a pasture change. Eleven adult beef-type cows were introduced to
pasture free from Dictoyocauluslviviparus infection. All animals
developed some evidence of respiratory disturbance. This became
obvious between three and eleven days after the pastﬁre change and
lasted between orie .and five days. 3-Methylindole was present in the
runinal fluid of each animal in amounts ranging from 3.5-2.5 ug/ml |
but it was not detectable in plasme sarples. Fnét—mortem examination
showed pulmonary oedema, interstitial emphysema, alveolar epithelial
hyperplasia and hyperplasia of the terminal bronchiolar epithelium
(Selman et _al, 1977]. |

Terry, Bradley, Hammond, Cummins, Carlson and Dickinson (1976)
demonstrated that 3-methylindole can be produced by rurinal bacteria
from cattle under field conditions and that 3-methylindole is present
in blood plasma and ruminal fluid of cattle which developed acute
bovine pulmonary emphysema under field conditions. Nineteen mature
beef cows were moved Frnﬁ dry autunn range to lush green pasture to
induce the disease. After four days, one cow developed severe and
six cows developed moderate signs of fog fever. These signs regressed
by the tenth day in the six cows with moderste signs. The cow with
the severe signs was slaughtered on the fifth day and had the gross
and microscopic lesions characteristic of the disease. 3-Methylindole
was present in 84% of plasma samples (0.1 pg/mi-0.37 pg/ml) that had

been collected over a one week period after pasture change. Ruminal
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fluid 3-methylincole concentraticns (3.1 ug/ml) in the cow with
severe signs were ten times higher than plasma levels. Cultures
of ruminal fluid from these cows converted indeoleacetic acid and

L-tryptophan to 3-methylincdole.

1.2.5 - Inhibition of production of 3-methylindole, and the
resultant respiratorv distress, by antibiotics after cral
adwdhistrﬁtioa of L~tryptophan or sudden change of pasture

Recently it has been shown that the antimicrotial agents,
chlortefracycline and monensin, reduce 3-methylindole production and
prevent the onset of respiratorv distress after oral administraticn of

L-tryptophan (Hammond, Carlson and Breeze, 1978; Hamrond, Eray,

Curmins, Carlson and Eradley, 1578). Mcnensin reduces ruminal

3—wethylindoie production in cows given access to lush pasture

(Carlson, Hammrond, Bréeze, Potchoiba and Nocerini, 1981).

1.2.6 - Similarities between fog fever and the L-trvptophan-
induced pulmonary disease

Oral administration of L-tryptophan and related incdolic
compounds prnducés a disease similar to "fog fever” in cattle. Thus
an experimental model, which would induce the disease with a reasoneble
reproducibility, has been made evailable, It would be anticipated
that exploitation of this model would allow a more rational approach
to the control, prevention and treatment oFAthe natural disease.
However, a critical guestion is whether the experiwentai procedure
produces a disease the same as that produced under natural conditions.
The following similarities indicate that the experimentally-induced

and the natural disease are identiczl and are the same disease.
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A - Relationship to dietary factors

The experimentally-induced and the natural disease have
a definite relationship to diet. In most outbreaks investigated,
cattle at risk were suddently gble'to consume unlimited amounts of
very lﬁsh gfass of a quality which they had not encountered for at
least several months after abrupt change from poor to better grazing
(Scofield, 1948; Blood, 1962; "0'Donoghue, 1880; Moulton et al,
1961; Gibbons, 1962; Tucker and Maki, 1962; Moulton et al, 1563;.
Blake and Thomas, 1971; Selman et al, 1974). The experimental
disease is produced by an overload of natural food constituents.
L-Tryptophan is present in grass inducing the disease‘in substantial
amounts (Mackenzie et al, 1975, Selman et 21, 1977). Indoleacetic
acid has been regarded as a plant growth-promotirg sukbstance or
"plant hormone” and it is present in rapidly growing plants
(Meister, 1965).

It was calculated that animals would ingest sufficiently
toxic amounts of L-tryptophan over a period of several days. These
calculations are based on comparison of the grass content of
L-tryptophan with the experimentally toxic dose (Mackenzie et al,
1975; Selman et al, 1877). It should be emphasized that the minimal
toxic dose of L-tryptophan is as yet unknown. A fair assessment
of the role of L-tryptophan in the aetiology of fog fever would have
to be based on comparison of the grass content of L-tfyptophan with
the minimum toxic dose of L-tryptophan.

The importance of previous diet has been emphasized for

both the experimentally-induced and the natural cisease. For
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successftul induction of fog fever animals have to be maintained on
a low plane of nutrition for several weeks before dosing with

L-tryptophan or introduction to lush pasture.

B - Similarity in epidemiological, clinical and pathological features
1. Onset: A time lapse of between 1 and 4 days occurs between dosing
with tryptophan and the onset -of clinical signs (Diékinson et al, 1867,
Carlson et al, 1868). Fog fever incidents arise within two weeks |
after moving cattle from dry summer range to improved pastures in the
late sunnér, with the first incidents of the disease occurring as
early as 24 hours after such a move (Selman et al, 1974),

2. Ante-mortem signs: Ante-mortem signs of both the L-tryptophan-

induced and the natural disease are similar. Thase are nanifestatioﬁs
of acute respiratory distress with minimal coughing. In both the
natural and the.L-tryptDphan-induced‘disease, the signs are extremesly
variable and may range from minimal distress to dyspnoea and death
within 24 hours (Tucker and Maki, 1862; Dickinson et al, 1967;
Dickinson, 19703 Dickinson and Piper, 1971; Yokoyama et al, 1975;

Breeze et a1, 1976).

3._ Type of animal: The incidence of fog fever and the susceptibility
to the pneumotoxic effect of orally administered tryptophan is
particularly.high in Hereford and Hereford-cross breed cattle (Barker,
1848; Cates, 1948; Monlux et al, 1970; Dickinson and Piper, 1871;
Selman et al, 1974). The natural disease is much more prevalent

in cattle over two to four years of age (Gibbons, 1962; Moulton et
g}} 1963; Blake and Thomas, 1971; Selman gt al, 1974).  Immature

cattle are less susceptible to the effects of orally administered
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tryptophan (Oickinson and Fiper, 1871).

4., Pathological chenges: In both the natural and the L-tryptophan-

induced disease pathological changes are confined to the lung and

are strikingly similar. Main findings include interstitial enphysema,A
pulmonary ocedema, congestion, hyaline membrenes and alveolar epithelial
hyperplésia due to proliferation of type 2 pneurceytes (Johnson and
Dyer, 1866; Dickinson et al, i987; Firie et al, 1974; Breeze et al,
1975b). ' ‘

g - Relétionship to 3-methylindole

It hés Eeen gstablished that L-tryptorhan has no direct
pulmonary toxic effect; its ruminal metabalite, 3-methylindole, is
responsible for thé pneuwnfoxic effect of orally administered
L-tryptophan. Production of abnormal amounts of 3-methylindole is’
associated with respiratory distress'after abrupt change from poor
to better grazing or oral acdministration of L-tryptophan. In both
cases the severity of symptoms and post-mortem lesions are related
to plasma 3-methylindole concentraticon (Yokcyame et el, 1975

Terry et al, 1976).



CHAPTER 2
STUDIES ON THE METABOLISM OF

L-TRYPTOPHAN TO 3-ETHYLINDOLE IN CATTLE
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2.1 = INTRODUCTION

2.1.1 - The metabolism of L-tryptophan by ruminal microorganisms

A - Incorporation into microbial proteins

Tryptophan becomes incorporated into ruminal microorganisné
probably in the form of micropiel proteins. This incorporation does
not occur to a great extent. Less than 4% of radioactivity was
incorporated into ruminal microcrganisms after incutbation of rumiaél
f1luid for 24 hours with labelled L-tryptophan (Candlish, Devlin
and La Croix, 1870; Yokoyema and Carlson, 1974).

B - Conversion to other indolic compcunds

Lewis and Emery (1962a) divided amino acids into three
groups with regard to their relative rates of deamination by rumen.
microorganisms. Tryptophan was in the group in which deamination
was less pronounced.

The major end products of C,L-tryptophan metabolism in
rumen fluid found in an early study (Lewis and Emery, 1962b, c)
were indole and 3-methylindocle. Using radiolabellecd tryptophan,
it has recently been shown that 3-methylindole and to a lesser extent
indole and indoleacetic acid are the major indolic metabolites
of L-tryptophan fermentation by ruminal microorganisms in vitro.
Indoleacetic acid is metabolized further to 3-methylindole, but not
to indole. Based on these findings Yokoyama and Carlson (1874)
proposed that the major route by which 3-methylindole is formed
from L-tryptophan is by a two step process involving the initial

formation of indoleacetic acic,folleowed bty subsequent decartoxvlaticon
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of indoleacetic acid to 3-methylindole. DB-tryptophan was not
converted to any of these metabolites (Yokoyama and Carléqn, 1974).
Scott, Ward and Ward (1963) showed that incubation of 0,L-tryptophan
in the artificial rumen for one hour resulted in about 3% conversion
to indoleaéetic acid. Schatzmann and Gerber (1972) reported on the .
formation of tryptamine from L-tryptophan by viable ruminal fluid.

The yield was about 0.001% conversion after four hours incubation.

C - Microorganisms involved in the production of 3-methylindole

) Inhibition of conversion of L-tryptophan to 3-methylindole
by antibiotics strongly.suggests that this conversion is due to
bacterial activity. The role of ruminal protozoa aépears to be
far less significant (Yokoyama and Carlson, 1874). A bacterium was
isolated from bovine ruminal fluid which is capsble of decarboxy-
lating indoleacetic acid to 3-methylincole, but it does not metabolize
tryptophan to 3-methylindole. This crganism is a gram positive,
non-motile, non-spore forming bacillus. It is a strict anaerobe.

The organism has been assigned to the genus lactobacillus (Yokoyarma,
Carlson and Holdeman, 1877).

D - Synthesis of tryptophan by ruminal microorganisms

It has been shown that rumen micrcorganisms can synthesize
tryptophan from non-protein nitrogen (ammonium phosphate). Nicotinic
acid is an essential requirement for this synthesis (Piana and Piva,
1969).

Tryptophan synthesis from indoleacetic acid by anaerobic
bacteria from the rumen was demonstrated by Allison and Robinson
(1957)HQh0 reported that radioactivity from radiolabelled indoleacetic

acid became incorporatéd into microbial protein in the form of
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tryptophan.

2.1.2 - Absorption of tryptophan after oral administration in cattle

Ruminal fluid concentration of D,L-tryptophan was not
mafkedly‘reduced until 8-10 hours after oral administration of
D,L-tryptophan in cattle (Lewis and Emery, 1862c). These findings
indicate that tryptophan is not rapidly absorted following oral
administration in cattle.

Plasma tryptophan concentration reached a maximum at 4-8
hours, with some variation in the concentration of tryptophan in
plasma and in the time of maximum concentration after oral admini-
stration of tryptophan (Carlson et al, 1988].' Studies using radio-
labelled tryptophan have shown that the first detectable radioesctivity
appeared in the urine of cows about 2-3 hours after dosing with
labelled tryptophan. More than 50% of the total radicactivity was
excreted by twelve hours after dosing. Most of the radioactivity
had been excreted by 24 hours after dosing. Radicactivity was
excreted in the urine until 42-80 hours after dosing (Yang and
Capison, 1972).

In sheep, when tryptophan was injected into the rumen,
25-70% of the free tryptophan in the rumen was absorbed into portal
blood within three hours. Tryptophan aeppears to be absorbed from the
rumen and reticulum at significant rates and the only epparent limit-
ation to the absorption is the concentration of tryptophan in the rumen

fluid (Candlish, Stranger, Devlin and La Croix, 1970).

2.1.3 - Post-absorption metabolism of tryptophan in cattle
In all mammalian species investigated a major pathway of

tryptophan metabolism is through kynurenine. There are two enzyres
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known to be involved in the conversion of tryptephan to kynurenine.
Tryptophan pyrrolase mediates the cleavage of the pyrrole roiety
of tryptophan. The product of this reaction, N-formylkynurenine,
is converted to kynurenine under the influence of kynurenine
formamidase [?Dfmylasel. Knox -and Mehler (1851) found the latter
enzyme to be in 600-fold excess in liver preparations and indicatsc
that any change in kynurenine formation was therefore due to activity
of the pyrrolase. It has been shown repeatedly that there is an
increased conversion of tryptophanto kynurenine upon administraticn of
tryptophan indicating an adaptive increase in tryptophan pyrrolase.
The kynurenine pathway of tryptophan metabtoclism and tryptophan
pyrrolase adaptation has been extensively studied in man and mono-
gastric animals (Price, Brown and Yess, 1965; Meister, 1865; Brown
and Price, 1956; Leklem, VWoodford and Brown, 19638; Leklem, 1971;
Leklem, Brown, Hankes and Schmeeler, 1971). Other supposedly minor
pathways of tryptophan metabolism include hydroxylation of tryp-
tophan to 5-hydroxytryptophan, then decartoxylation oé 5-hydroxy-
tryptophan to 5-hydroxytryptamine (Udenfriend, Titus, Weissbach and
Peterson, 1956); and decarboxyletion of tryptophan to tryptamine
{Weissbach, King, Sjoerdsma and Udenfriend, 1953); tryptamine
becomes converted to indoleacetaldehyde and then to indoleacetic
acid {(Johnson and Dyer, 1968).

Lacking evidence to the contrary, it has been gssuwed that
the intermediate metasbolism of tryptophan in the ruminant is similar
to that in other organisms. Newer evidence from recent studies

indicates that differences exist between ruminants (bovines and
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ovines) and other animal species with regard to the metabolism of
tryptophan. It has been shown that liver tryptophan pyrrolase
activity is lower in ruminants (bovines and ovines) than ih rats,
and that large doses of predni;olone and tryptophan do not cause
appreciable enzyme induction ig these species within the same time
periocd that is effective in rats (Carlson and DOyer, 1870), Cattle
affected with pulmonary toxicity after oral doses of tryptophan were
found to have a reduced liver tryptophan pyrrolase activity in the
liver. This unexpected effect was attributed to the early toxic
effect UFAorally acgministered tryptoﬁhan in cattle (Johnson and
Dyer, 1966}. |

The results of Johnson and Dyer (1968) and Yang and Carlson -
(1972) cast doubts on the relative importance of the kynurenine B
pathway of tryptophan metabolism in the bovine. Several of the
metabolites from the pathways presumed to be minor were excreted in
as great or greater quantity than was kynurenine following intra-
muscular (Johnson and Dyer, 1€68) and intraruminal (Yang and Carlson,
1972) administration of radiolabelled tryptophan.

Tryptophan, S-Eydroxytryptophan, 5-hydroxytryptamine,
5-hydroxyindoleacetic acid, tryptemine, indoleacetic acid and
kynurenine were excreted in urine following intramuscular adminis-
tration of tryptophan. The pattern of excretion of tryptophan
metabolites in tympanitic cattle was differentifrom that in normal

~cattle (Johnson and Dyer, 1968). Yang and Carlson (1972) investigated
the effect of high doses of L~tryptoﬁhan and different nutritionel

planes on the urinary excretion of tryptophan metabelites in order to
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determine whether specific tryptophan metabolites are associated with
the pneumotoxic effeqt of orally administerea L-tryptophan. Urinary
tryptophan metabolites were examined by ioh exchange chromatography.
In this experiment kynurenine, trypteophan, hydroxyindole derivatives,
picolinic acid,'acetyltryﬁtophan, indole-3-acgtic acid, 5-hydroxy-
indole-3-acetic acid, oxindocle derivatives and indican were identified
in urine after intraruminal acdministraticn of radiolabelled tryptochan.
Thus, products of tryptophan degradation as indole and oxindole
derivatives were excreted in amounts greater than metabolites resulting
from the kynurenine pathway of tryptophan metabolism following oral
administration of tryptophan in cattle. A high dose of tryptecphan
resulted in an increased proportion of the total urinary metabolites
being excreted as tryptophan, kynurenine, acetyltryptophan, 5-hvcroxy-
indole-3-acetic acid and indican in the urine compared with cattle
receiving a low dose. Also indoleacetic acid and 5-hydroxyincole-
3-acetic acid were mecre rapidly excreted in the cow given the high
dose of tryptophan than in the cow given the small dose.
5-Hydroxyindole-3-acetic acid was absent in the urine of
cattle which had bteen maintained on concentrate ration prior to
tryptophan dosing. These cattle excreted more kynurenine and acetyl-
tryptophan than cattle which had been maintained on hay prior to
tryptophan dosing. These latter cattle excreted higher amounts of
5-hydroxyindole-3-acetic acid, hydroxyindole derivatives and two
unidentified metabolites. Thus it was concluded that thé plane of
nutrition and high doses of tryptophan alter the urinary excretion
pattern of tryptophan metabolites in cattle (Yang and Carlscn, 1972).

Pamukcu, Brown and Price (1958) identified and quantitatively
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measured the urinary excreﬁion of q-aminohippuric acid, anthranilic
acid, kynurenine, hydroxykynurenine, kynurenic acid and xanthurenic
acid in healthy cattle and in cattle with urinary bladder tumours.
Except for higher amounts of N-acetylkynurenine in the urine of
cattle with tumours, the levels of most tryptophan metabolites in the
urine were not different between normal and tumour-bearing cattle.

In conclusion, tryptophan metabolism in cattle is different
from monogastric animals. Apart from differences arising from
anatomical peculiarities of cattle, it has been shown that liver
tryptophan pyrrolase activity is lower in ruminants than in mono-
gastric animals (Carlson and Dyer, 1970). This enzyme is a key point
regulating the traffic of tryptophan through various pathways (Knox,
1966). Unlike in monogastric animals, this key enzyme in ruminants

wa PKe d
does not undergoladaptive increase by administration of the appropriate
substrate (Carlson and Oyer, 1970). Therefore the relative
importance of the kynurenine pathway of tryptophan metabolism in
cattle is less than that in monogastric animals (Johnson and Oyer,
1968; Yang and Carlson, 1872). Tympany, bladder turours and ration
afgéct the pattern of urinary excretion of tryptophan metabolites in
cattle (Pamukcu gﬁ_gl, 1959; Johnson and Dyer, 19€8; Yang and

Carlson, 1972).

2.1.4 - The toxic effect of indole and 3-methylindole on ruminal
microorganisms and on certain enteric bacterial species
WOoa, Gunsalué and Urbreit (1947) showed that the metabelism
of tryptophan to indole, by certain enteric bacteria is inhibited

by indole. Tittsler and Sandholzer (1835) and Tittsler, Sandholzer
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and Callahan (1935) found that small concentraticns of indole or
3-methylindole possesses a definite antibacterial action on many of
the enteric bacilli. Various species and even individual strains of
the same species exhibited well defined differences in their tolerance
for indole. Qolsignificant correlation between sensitivity to indecle
and the production of indole by bacterial growth was discovered. The
potency of 3-methylindole was approximately twice that of indole,
Species differences in susceptibility to 3-methylindole were less
marked than those observed with incdole. It was suggested that a
combined action of both indole and 3-methylindole would control the
character of enteric bacterial flora.

Both indole and 3-methylindole cause disruption and
disintegration of rumen protozoa and, because of its higher lipid
solubility, 3-methylindole is more potent than indole (Eadie and
Oxford, 1854; Bailey and Heward, 1362; PBailey end Russel, 1S65]).

It has been suggested that the presence of indole and
3-methylindole in ruminal fluid may provide an explanaticn for the
variation in density and compositicn of ciliate protozoa in the norral

rumen which occur from time to time (Eadie and Oxford, 1854).

2.1.5. - Inducibility of the tryptophanase enzyme of certain
enteric bacteria
Happold and Hoyle (1835) described the preparation of a
non-viable suspension of Escherichia coli which would cchert‘tryﬁtaphan
into indele in the presence -of oxygen. The enzyme involved was named
tryptophanase. The development of tryptophanase by the organism is

controlled in part by the concentration of free tryptophan in the



31

medium.  The tryptophanase enzyme in this preparation sppears to be
different from that of ruminal microorganisms since the tryptophanase

(Escherichia coli) cannot procuce indole from indole pyruvic acid (kecpola

and Hoyle, 1835) while that from ruminal microorganisms can (Yokoyams

and Carlson, 1874).

2.1.6 - The inhibitory effect of antibictics and certain other
compoundé on the production of 3-methylindole by ruminal fluid '
Yokoyama and Carlson (1974) investigated the effect of a '

number of gntibiotics on 3-methylindole production in vitro. Incerper-

ation of polymyxin B, chlorutetracycline and oxytetracycline strengly

inhibited 3-methylindole producticn from L-tryptophan in ruminal fluid.

Oleandomycin, penicillin G, kanamycin and necmycin were less effective,

while streptomycin was not effective. Hammond, Carlson and Breeze ‘

(1978) evaluated the poésible inhibitory effect of the polyether

antibiotics monensin and lasalocid, and a variety of compounds known

to have anti-metabolite properties on the production of 3-methylinccle

in vitro. A concentration of 25 pg/ml of ronensin, lasalocid,

4,4 dimethyldiphenyl idoniun chloride, aiphenylidonium chlorics,

l,l,l-trichlorU-Z—hydroxy-4-pentanone, dichlorolurea, amichloral,

dithicoxamide reduced 3-methylincdele formation in vitro.

In addition monensin was shown to reduce 3-rethylindele formation in vivo

and thereby to prﬁtect cattle against the L-tryptophan-induced acute

respiratory distress. In their study Hammond, Carlson and Ereeze

(1978) divided eight Hereford cows into two groups (four cows each)

and gave 0.35 g of L-tryptoghen/ke of tody weight to induce

acute bovine pulmonary emphysema. One group was treated with
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L-tryptophan alone (cont:oij while each of four cows in the other
group was given 100 mg of monensin in gelatin capsules twice daily
starting one day before and ending four days after the tryptophan cose.
Mean ruminal concentrations of 3-methylindole in'coﬁtrol cows reached
maLimum concentrations (mean = 36.4 Mg/ml) at 12 hours and persisted
at concentrations above 15 ug/ml from 3 to 36 hours after the cows
received tryptophan. Mean concentrations in monensin-treated cows
never exceeded 5.0 ug/ml. Three of the four control cows were
severely affected and had pulmonary lesions of tryptophan-induced
pulmonary disease. The fourth control cow had mild clinical signs
and only focal lesions. None of the monensin-treated animals hed
clinical signs or pulmonary lesions of tryptophan-induced pulmonary
disease. Hammond, Bray, Cummins, Carlson and Bradley (1878)
explored the possible use of chlortetracycline and rmolasses to
prevent the L-tryptophan-induced bovine pulmonary emphysema. Three
groups of cows (six animals each) were used. One group was given
tryptophan (0.35 g/kg) alone, another group was given tryptophan
(0.35 g/kg) and chlortetracycline {4 g 24 hours and 12 hours pricr to
tryptOphan administration followed by 2.5 g every 12 hours for

three days after tryptophan administration), and a third group was
given tryptophan (0.35 g/kg) and molasses (0.7 kg every 12 hours for
four days). Ruminal 3-methylindole concentration reached a maximum
above 15 wg/ml between 18 and 24 hours for the L-tryptophan alone and
the L-tryptophan-molasses-treated cows, but remained less than 1
pg/ml throughout the experiment for the L-tryptophan-chlortetracycline-

treated cows. Three cows from the tryptophan alone treated group
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developed acute respiratgfy;distress and one of these died at five
days after tryptophan administration. Two cows from the L-tryptophan-
molasses-treated group developed clinical signs of acute respiratory
distress and both died at five days. HNone of the cows in the L-
tr&ptophan—ch1ortetracycline-treated group developed any signs of
acute respiratory distress.

It was later shown that monensin can reduce 3-methylindole
production in the ruminal fluid of cows given access to lush pasture
which sﬁggested that it may be effective in preventing naturally
occurring fog fever (Carlson, Hammond, Breeze, Potchoiba and Nocerini,
1981). To investigate this possibility Carlson, Hammond, Breeze, Potchoiba
and Nocerini (19831) divided thirty Hereford cows into two equal groups
and introduced them to lush pasture after they had been maintained on
poor quality hay for three weeks. The test group were given a daily
dose of 200 mg monensin in a gelatin capsule and the control group
were each given a placebo starting one day before introduction to the
lush pasture and continued for eight days. Ruminal 3-methylindole
coqtentrations were significantly lower in the monensin group at all
tiﬁes except at day 10 which was three days after the last monensin dose.
One control cow developed severe clinical signs of fog fever (Carlson,
Hammond, Breeze, Potchoiba and Nocerini, 18981). The effects of
monensin pre-treatment on ruminal 3-methylindole production and
induction of the L-tryptophan-induced pulwnngry disease has recently
been investigated. Results of recent experimental work (Hammond,
Carlson and Breeze, 1981) indicate that for effective prevention of
acute pulnnnéry emphysema, monensin administration must be continued

after initial exposure to L-tryptophan. Oral administration of



monensin (200 mg per animal) for two weeks and ending two days before
tryptophan treatment .did not prevent the onset of acute respiratory
distress after orel administration of L-tryptophan in cattle. It
should be emphasized that antibiotics and idonium compounds are not
restricted in tﬁeir influence to the particular metabolic pathway
leading to the formation of 3-methylindole from L-tryptophan, but are
rather general. Inhibition of degradatien of emino acids by ruminal
microorganisms has bteen reported for POtassium penicillin G (Lewis
and Emery, 1962a) end idonium corgpounds (diphenylidonium chloride and
4;34-dimethyl-phenylidonium chloride) (Chalupa, Patterson, Chow and
Parish, 13976). Also monensin has been reﬁcrted to have some bacterio-
static effects and to reduce feed consurption when given to

cattle (Chalupa, 1878;  Raun, Colley, Rathmacher, Richardson and
Potter, 1974). The improved performance of monensin-fed beef cattle
is probably due to the effect of monensin on the metabolism of
volatile fatty acids by ruminal microorganisms. Monensin increases
the relative proportion of propionic acid compared to acetic acid and
butyric acid production in the ruwen of cettle (Ferry, Eeescn and

Mohler, 1976).

2.1.7 - Possible modification of 3-methylindole production by
carbohydrates
A recent study (Yokoyama and Carlson, 1974} has shown that
addition of glucose to ruminal fluid caused a marked reduction in
the formation of both 3-methylindole and incdole from L-tryptophan.
Earlier literature reported that several bacterial enzymes of diverse

properties are affected when bacterial cells are grown in a glucose
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‘containing medium, and thé£ this effect is not specific to glucose,
but shared by other fermentable carbohydrates.

Presence of glucose in the incubation medium caused inhibition
of the tryptophanase activity of Escherichia coli tHappold and Hoyle,
léSB). Evans, Handley and Happold (1942) claimed that the trypto-
phanase system is adaptive, and that the previous nutriticnal history
of the cell during growth determines its activity. The authors found
that incorporation of arabinose, lactose, glucose, fructose, mannitol
and potéssium d-gluconate in the incubation medium of Escherichia coli
caused inhibition of indole production with a reduction in the pH. It
was concluded that inhibition of the tryptophanase activity was not

due to pH changes because acid production without marked inhibition

of indole production was cobtained with rhamnose, glucosamine hydrochloride,

xylose, sorbitol, galactose, d-ribose and mannose. Bacteria grown on
carbohydrates {glucose, lactose, xylose or maltose) displayed a
markedly reduced tryptophanase activity. Tryptophanase activity

of such cells could be restored by the addition of certain amino

acid mixtures, but not by vitamin B, which would indicate that

éérbohydrate utilization resulted in prevention of tryptophanase
formation directly or indirectly by causing a deficiency in an essential
nitrogen source concermed in enzyme synthesis (Boyd and Lichstein, 1855).
Fildes (1838) reported that the tryptophanase of Escherichia coli can

be divided into a small constitutive portion and a large adaptive

- portion, and that the presence of glucose during growth inhibits the

formation of the adaptive portion of the enzyme.

Kendal and Farmer (1912, 1913) showed that on growing cultures
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of a nurber of different bacterial species the ammonia liberated from
protein digests decreases or even disappears when carbohydrate is
present. Kendall (1922) suggested that tﬁis effect was due to ths
protein sparing action of carbohydrate. Berman and Rettger (1818)
showed that the'excretipn of protease by Proteus vulgaris is also
inhibited by the presence of carbohydrate in the medium, but since

the effect is less marked with an organism such as Bacillus suttilis
which produces little acid from glucose, they suczgested that the effect
was due to production of acid from fermentation of the carbehydrate.
The addition of buffer to thes medium decreased the inhibitory effect of
glucose and this supports the theory that the effect is one of pH.
Raistrick and Clark (1821) pointed out that the growth of many
bacterial specigs is much greater in the presence of glucose in the
medium and suggested that the greater yield of cell nitrogen accounts
for some of the missing ammonia nitrogen, but this factor was
insufficient to explain the discrepency in rost cases.

Stephenson and Gale (1937} found that the addition of glucose
to a washed suspension of Escherichia coli grown in the absence of
glucose has no significant effect on activity of the glycine, alanine
and glutamic acid deaminases, but if the suspension is growm in the
presence of 2% glucose, the resulting suspension will have only 10-20%
of the deaminase activities of those grown in its absence. The
effect of élucose is therefore not on the course of the enzyme acticn
after growth is conplete but inhibits the formation of the deaminasss:
during growth. These results were also obtained with dl-serine

deaminase (Gale and Stephenson, 1938) and aspartase (Gale, 1538).
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Epps and Gale (1842) reported that in the presence of glucose in the
growth medium of Bacillus caoli, the enzyme glucozymase anergoes
adaptive increase. The enzymes hydrogénase, catalase, arginine, lysine
and histidine decarboxylases are hot affected, while the formation
of thé enzgwes ornithin.decarboxylase, alanine, glutemic acid and
serine deaminases, aspartase, formic, succinic and alcohol dehydro-
genases and tryptophanase are-suppressed. The reduction of activity
of these enzymes as a result of growth in glucose is not a permanent
change in the enzyme constitution of the cell as the effect is
removed immediately wheﬁ growth takes place in the absence of ferment-
able carbohydrates. MNeutralization of the Ferwentafion acids during
growth in glucose does not alter the ‘degree of inhibition of

deaminase formation prcduced by the glucose. {foreover the reductiqn
in aspartic acid deaminase activity in cells harvested from a medium
containing glucose has been shown not to be specific to this sugar,
but rather is shared with other fermentable carbohydrates; the
results obtained with citrate were particularly revealing for it
exerted a definite inhibitory action on the aspartate deaminase
activity in spite of the fact that there was an increase in pH during
growth rather than a decrease as is noted with the other carbohydrates
utilized by the organism. The nature of the medium (pH) had little
effect on the deaminase activity of the cells or on the inhibitory
action of the added carbohydrates (Boyd and Lichstein, 1853). EBoyd
and Lichstein (1951) showed that glucose inhibition of aspartic acid,
threonine and serine deaminases is not primary on apcnenzyme production
since a large'excess aof preformed co-enzyme or co-enzyme precursors

when added to the glucose-containing medium caused at least partial
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restoration of the lost dééminase activity. These results are
consistent with an interpretation that the presence of gluccse during
growth either prevents the formation of the co-enzyme of these ceaminases

or causes its destruction.

\
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2.2 - EXPERIMENTAL .

2.2.1 - Introduction

It has previpusly been shown that the L-tryptophan-induced
pulmonary cisease is similar to fog fever (see Chapter 1). However
the theory that pasture L-tryptophan is the cause of naturally
occurring fog fever has been frustrated by failure to identify
sufficiently high amounts of soluble tryptophan, in grass, that would
allow the animal to ingest at a single feed quantities of tryptophan
comparable to the experirmental toxic dose of the amino acid inducing
the disease (Mackenzie et al, 1975; Selman et al, 1977). An
accurate assessment for the aetiological role of L-tryptophan, in
naturally ocecurring fog fever, would have to consicer the follcwing:

1) The grass content of L-tryptophan comparec with the minimal
gffective dose. The minimal effective dose which is not establishec
is difficult to determine since the response of cattle to orally
administered L-tryptophan is extremely variable (Cickinson et al,
1967; Dickinson, 1870; @Cickinson and Piper, 1871; Yokoyama et al,
1875).

2) L-tryptophan has no direct pulmonary toxic effect (Carlson,
Dyer and Johnson, 1968). 3-Methylindole, a ruminal metabolite of
L-tryptophan, is responsible Tor the pulmonary toxic effect of orally A
administered L-tryptophan (Carlson et al, 1972; Yokoyame and Carlson,
1874; Yokoyama et al, 1875). Studying the kinetics of conversion
of the non-toxic parent compound L-tryptophan to the toxic metabolite

3-methylindole would provide a better assessment of the role of
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of L-tryptophan in the aetiology of fog fever and would help to explain
the variable response of cattle to orally administered tfyptophan or
sudden change to 5etter grazing.

Ip this investigatiomn the conversion eof L-tryptophan to
3-methylindole by ruminal fluld samples from different animals was
measured,

3) It has been shown that é-wethylindole is toxic to ruminal
protozoa and enteric bacilli (Tittsler, Sancholzer and Callahan, 1935;
Eadie and Oxford, 1954; »Eéiley and Howard, 19€2; Beiley and Russel,

1965). Using 1%

C-labelled tryptophan as a substrate? the effect of
3-methylindole on the conversien of L-tryptophan to 3-methvlindole
was measured,

4) One of the possible methods of prevention of fog fever would
be to inhibit the conQersion of L-tryptophan to 3-methylindole. In
this study the observations of Yokoyara and Carlson (1574) that scme
antibiotics and glucose inhibit ruminal preduction of 3-methylincole
from L-tryptophan were extended to examine the rercentage inhibition
of conversion at different entibiotic concentraticns and with other
carbohydrates and carbohydrate related compounds.

- 5) Although t-tryptophan is well docurented as preducing a
"fog fever-like" syndrome when acministered orally tc cattle by other
workers, this had not been successfully achievec in the Glasgow
Veterinary School or in any other British establishment. A trial was
therefore mounted to examine whether L-tryptophan would induce such
a syndrome under the conditions prevailing in thes United Kingdom. This

experiment was conducted in collaboration with the Department of
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Veterinary Medicine.

2.2.2 - Materials

Indole, 3-nethylindn¥e, L-tryptophan, indoleacetic acid,
penicillin G sodium, streptcnyéin sulphate, ampicillin, tetracycliﬁe ‘
hydrochloride, chloramphenicol, sulfaguanidine and sulfamethoxy-
pyridazine were obtained from Sigrma Chemical Co. Ltd;, London.
N-hexane, mannitol, inulin, starch, galactose, glucose, fructose,
lactose, sucrose, glycerin, - trisodium citrate, scdium acetate, sodiﬁm
lactate, silica gel G type 60, cyclohexane, chloroform, diethylamine,
P-dimethylaminobenzaldehyde, formaldyhyde and trichloroacetic acid were
obtained from BDH Chemicals Ltd., Poole, Dorset, England.  "Cremophor-EL”
was a gift from Victor Blagden & Co., Croydon, Surrey, England. The
liquid scintillation cocktail LSES3 was obtained from Koch-Light Ltd.,
Colnbrook, Buckinghamshire, England. | Radiolabelled tryptophan was
obtained from the Radiochemical Centre, Amersham, Buckinghamshire,

England.

2.2.3 - Ruminal fluid

Ruminal fluid was obtained from three cows (4-6 years old,
Hereford-cross breed, designated A, B end C) with permanent ruminal
fistulae, and maintained on hay and ccmmercial cencentrate mixture. The
cows were housed indoors and had been maintained on this diet for a
period of six months prior to the experimental period. Samples of
ruminal fluid were obtaiﬁed at 10 a.m. Ruminal fluid was strained
through four layers cf cheess cloth and used immediately for the
experimental work. B

Boiled ruminal fluid was prepared by beoiling ruminal fluid
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for fifteen minutes (boiling water bath).

2.2.4 - Incubationlconditions

Incubation of ruminal fluid was carried out in 25 ml capacity
conical flasks.. Each flask was fitted with a rubber stopper through
which two needles (gauge No. 16) were insertéd. Flasks were attached
in groups of four (Fig. 2.1). All incubations were done under
anaerobic conditions (carbon dioxide gassing for 30 minutes) in a
sﬁaking water bath at 37°C. Samples were taken by breaking the seal.
Carbon dioxide regassing for 30 minutes was carried out after taking
samples.  B85% phosphoric acid was added to samples (one drop/ml),
mixed and stored (-20°C) until determination of 3-methylindole which

was made within three days.

2.2.5 - GOGas liquid chromatographic determination of 3-methylindole in

ruminal fluid and plasma

A sample (1 ml) of ruminal fluid or plasma vas transferred
to a 12 ml glass stoppered test tube, 10 ml of redistilled n-hexane
were added and the extraction tube was rotated for five minutes
{mechanical shaker). 5 ml from the upper hexane layer were transferred
to a graduated centrifuge tube and evapcrated to 0.5 ml under an
atmosphere of nitrogen at 40°c, 5 ul were used for injection into
the gas chromatograph. 3-Methylindole concentrations were quantified
from known standards.

Gas-1liquid chrematographic determination of 3-methylindole
was made according to the procedure of Bradley and Carlson (1874)

as described by Atkinson, Bogan, Breeze and Selman (1977) as follows:
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‘a Pye 104 gas-liquid ch;bﬁétograph equipped with a hycrogen flame
ionization detector and a‘glass column (1 m x 5 mm) packed with 10%
DC200 on Gas-Chrom @ (100-200 mesh) was used at a colurn temperature
of 130°C and detector temperature of 250°C.  The ﬁarrier gas was
n{trogen at a flow rate of 60 ml/minute. A series of standard
solutions of indole and 3-methylindole were prepared in redistilled
n-hexane. A 5 pl aliquot was injected into the chromatograph. The

standard curve was prepared using the height of the peaks.

Recovériés

Four different concentrations of 3-methylindole in ruminal
fluid or plasma (5, 10, 20 and 40 pg/ml) were prepared by dilution
from a stock solution of 3-methylindole contaeining 100 pyg/ml in 1%
érewophor~EL in distilled water. Duplicate 1 ml sarples of theée
solutions were treated and 3-methylindole determinaticns were conducted

as described above and recovery of 3-methylindole was calculated.

Results

A typical gas chromategram for a standard solution
cﬁntaining 3-methylindole and indole in hexane is shown in Fig. 2.2.
The resolution of indole and 3-methylindole was excellent. The
recorder response (peak heights) was linear for various concentrations
of 3-methylindole (Fig. 2.2). As shown in Fig. 2.3, none of the
constituents of ruminal fluid or plasma interfered with the assay.

Recovery of 3-methylindole from ruminal fluid was 84 + 1%
(mean * S.E.M.). Recoveries of 3-methylindole from ruminal fluid and

plasma are shown in Tables 2.1 and 2.2 respectively.
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Fig. 2.1 An assemt:ly for anaerobic incubation

of ruminal +luid
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Fig. 2.2 A gas-chromatogram of a standard solution
of a mixture of 3-methylindole (3MI) and indole
(I} in n-hexane and a series of standard

solutions of 3-methylindole in n-hexane
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A gas-chromatogram of 3-methylindole (3MI)

recovered from rumen fluid and plasma
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TABLE 2.1 RECOVERY OF 3-METHYLINDOLE ADDED TO RUMEN FLUID

3-methylindole 3—wathylindolé Ratio of
added measured S.E.M. assayed
ug ug Mean £ S.E. % to added
5 4.8 " 4.8 %01 1 0.95
4,7 |
10 9.0 9.3 + 0.3 3 0.93
8.5
20 18.0 18.5'+ 0.5 3 0.93
19.0
40 37.0 38.0 * 1.0 3 0.95

33.0




TABLE 2.2

RECOVERY OF 3-METHYLINDOLE

ABCDED TC BOVINE PLASMA

3-methylindole 3-methylindole Ratio of
added measured E assayed
e g Mean * S.E. % to added
5 4,7 4,7 + 0,1 1 0.94
4.6
10 8.9 . 9.1 0.2 2 0.81
» 9.2
20 17.1 17.8 £ 0.7 4 0.89
18.5
a0 .35.0 + 2.0 5 0.93

39.0

37.0
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1

2,2,6 - Individual and deily variations in the rate of conversion of

L-tryptophan to 3-methylindole by ruminal Fluid/

The rate of conversion of L—tfyptophan to 3-methylindole by
samples of fresh ruminal Fluiq from three cows (designated cows A, B
and C) were compared in three experiments. Semples were collected at
10 a.m. on three different days (designated day 1, day 2 and day 3) at
ten day intervals. In each experiment duplicate sénples (19 ml
strained ruminal fluid) from each cow were incubated with L-tryptophan
(1 uwnl/ml,'added in 1 ml O.1N NaOH) under anaerobic conditions at
37°C in a shaking water bath for 24 hours. Control incubations of
fresh ruminal fluid containing no L-tryptophan and béiled rurinal
fluid containing L—tryptOphan were included. 1 ml samples were

taken every six hours for 3-methylindole determination.

Results
| As shown in Fig. 2.4, the rate of production of 3-methylindole

from L-tryptophan véried in rumen fluid sarples from different cows
and in rumen fluid samples from the same cow obtained on different
days. The extent of conversion of L-tryptophan ta 3-methylindole
varied from 8 to 78% in 24 hours incubation.

3-Methylindole production was observed in all control ruminal
fluid samples containing no L-tryptophan and never exceeded a
concentration of 2 pg/ml after 24 hours incubation.

Indole was detected in incubations of alive ruminal fluid
with L-tryptophan in all cases. However it was not detectable in
control incubations.

Only traces of 3-methylindole were detectable prior to
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Mean 3-methylincole (3MI} concentration in
ruminal fluid sarples during 24 hours incubatgon
with L-tryptophan (1 pmol/ml).  Samples of
ruminal fluid were obtained from three fistulated
cows (A, B and C) on three different days.
Samples were taken at 10 a.m. each day. Each
value represents the rean of duplicate samples,

the standard error of the rean was small and

was less than 5% of the mean in all cases.
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‘incubation (<0.2 ng/ml). f

2.2.7 - The effect of certain carbohydrates ﬁn the conversion of
L-tryptophan to 3-methylindole
| The effect of different concentrations of glucose, fructose,
galactose, mannitol, sucrose, lactose, starch and inulin on the
conversion of L-tryptophan to 3-methylindole by ruminal fluid was
evaluated in three experiments. These substances are natural
constituents of plants and animal food and there are speculations that
deFicienCy of these carbohydrates in grass can be a factor in the
aetiology of fog fever (Selman et al, 1876). There are several
references indicating that these substances would affect the metabolism
of tryptophan and other amino acids by bacterial species (see 2.1.7).
Duplicate samples of strained ruminal fluid (19 ml) were
incubated with L-tryptophan (1 umol/ml, added in 1 ml 0.1N NaOH), and
the appropriate carbohydrate (added as a powder).  Incubations were
done in a shéking water bath at 37°C under an atrosphere of carton
dioxide, as described previously. 1 ml samples of ruminal fluid
were taken every six hours for 3-methylindole determination. The.
pH of ruminal fluid was measured before and after the 24 hours

incubation peried, and pH changes were measured.

Results

Mannitol (10, 50 and 70 ymol/ml) and starch (2.5, 5 and 10%
w/v) caused a decrease in the pH of ruminal fluid with only slight:
inhibition of 3-methylindole productien. Other carbohydrates caused

different dégrees of inhibition of 3-methylindole production at
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Fig. 2.5 The production of 3-methylindole (3MI) in mixtures
of ruminal fluid incubated with L-tryptophan
{1 ymol/ml} and various carbohydrates or with
L-tryptophan alecne with no carbchycrate added (control)
The concentration of inulin (1) and inulin (2} was
0.5 and 1% (w/v) respectively, the concentration of
other carbchyvdrates was 7C ﬁnol/ml. Each value
represented the mean of duplicate samples, the
standard error of the mean was small and was less

than 8% of the mean in all cases.



3S0HINS
~ 3S010Nyy §
3sS0aNT9

s

L

2 NITNNI l
¢ NIINNG B
315010V1 pg-—

3S01aVIVO @

<o
w

JOLINNVI
TOYLNOD

i

00l

IONVLSANS 1S3l

(1w/6¥) NOILVYINIONOD IWE



Fig. 2.6.
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The production of 3-methylindole (3MI) in mixtures
of ruminal fluid incubated with L-tryptophan

(1 ymol/ml) and various cartohydrates or with
L-tryptophan alone with no carbohydrate added
(control). The concentration of starch and inulin
was 10% and 2.5% (w/v) respectively, concentration
of other carbohydrates was 50 ymol/ml.  Each value
represents the mean of duplicate samples, the
standard error was small and was less than 8% of

the mean in all cases.
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The proauction of 3-methylincole (3tMI) in mixtures
of ruminal fluid incubated with L-tryptozhan

(1 wrol/ml) end verious carbohydrates or with
L-tryptophan alone with no carbohydrate added
(control). Concentraticn of starch and inulin was
5% (w/v]), concentration of other carbohydrates was
10 pmol/ml.  Each value represents the mean of
duplicate serples. The standard error of the mean
was small and was less than 8% of the mean in all

CcCases.
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TABLE 2,3  INHIBITION OF 3-METHYLINDOLE PRODUCTION AND DECREASE
IN pH IN MIXTURES OF RUMINAL FLUID INCUEBATED WITH
L~-TRYPTOPRAN AND VARIOUS CARBOHYDRATES

Carbohydrate Concentration Decrease in pH %
Narme {wro /D {(pH units) Inhibition
Fructose 10 0.6 25
50 0.8 100
70 2.1 100
Glucose - .10 0.6 30 ,
80 0.9 100
70 2.1 100
Lactose 10 0.6 ' 25
50 l.4 84
70 ) 2.4 75
Galactose _ 10 0.7 30
' 50 0.9 83
70 1.9 68
Sucrose ' 10 0.6 38
50 1.6 100
70 2.6 100
Mannitol 10 0.6
SU DIB
70 1.5
Starch 5 1.1
10 1.3
Inulin ' 0.5 1.5 80
1 1.6 B84

2.5 1.6 100
5 1.9 100
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different carbohydrate cqnééntrations and a decrease in the pH of
ruminal fluid. The effecf of different carbohydrates on 3-methyl-
indolé production is shown in Figs. 2.5, 2.6 and 2.7. The percentage
inhibition of 3-methylindole production and decréasé in pH is shown

in\Table 2.3.

2.2.8 - The effect of certain substances related to carbohydrates
on the metabolism of L-tryptophan to 3-methylindole

The effect of different concentrations of trisodium citrate,
sodium acetate and sodium lactate and glycerin on the conversion of
L-tryptophan to 3-methylindole by ruminal fluid was investigated.
These substanceé are intermediates in carbohydrate metabolism and there
are several references indicating that tﬁese substances would affect
a%ino acid metabolism by bacterial species (see 2.1.7).

Duplicate samples of strained ruminal fluid (19 ml) were
incubated with L-tryptophan (1 pmol/ml, added in 1 ml of 0.1W NaOH),
and the approhriate carbohydrate (added as powder) as described
preyiously. 3-Methylindole concentration was determined at the end
of. the 24 hours incubation period. pH was measured before and at

the end of the incubation.

Results

As shown in Table 2.4 only trisodium citrate (100 pmol/ml)
caused marked inhibition of 3-methylindole production (100%). AA
lower concentration of trisodium citrate (25 ymol/ml) caused 15%
inhibition of 3-methylindole production. Other substances (sodium

lactate, sodium acetate and glycerin) at concentrations of 25 and
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100 pmol/ml caused only a slight inhibition of 3-methylindole
production (0-3% inhibition). Trisodium citrate, sodium lactate and
sodium acetate (25 and 100 umol/m;)'caused a slight rise in pH of
ruﬁﬁﬁal fluid (+ 0.2-1.1 pk units). Glycerin caused a decrease in

the pH (- 0.3-0.4 pH units) of ruminal fluid during 24 hours incubation.

2.2,9 - Effect of glucose on the production of 3-methylindole from
indoleacetic acid by ruminal fluid ‘
Triplicate samples of strained ruminal fluid (19 ml) were

incubated with indoleacetic acid (1 pmol/ml, added in 1 ml 0.1N NaOH)

and the appropriate amount of glucose (70 ymol/ml, added as powder).,

Flasks containing alive rurinal fluid without indoleacetic acid or

boiled ruminal Fluid with indoleacetic acid werz included as controls.

Sarples of ruminal fluid (1 ml] were taken for 3-methylindole

determination. Incubation conditions and 3-methylindole determin-

ation were as described previously.

Results

Indoleacetic acid was almost quantitatively converted to
3-methylindole in flasks containing a mixture of alive ruminal fluid
and indoleacetic acid (98% conversion). The presence of glucose
(70 ymol/ml) inhibited this conversion.

3-Methylindole was detected only in trace amounts in
incubation of alive ruminal fluid containing no indoleacetic acid.
3-Methylindole was notAdetected in incubaticns of boiled ruminal
fluid with indoleacetic acid, Results of the experiment are

summarized in Table 2,5."
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TABLE 2.4  INHIBITION OF 3-METHYLINDCLE PRODUCTION AND pH CHANGES
IN INCUBATION MIXTURES CONTAINIIG L-TRYPTOFHAN AND
VARIOUS SUBSTANCES.  VALUES REPRESENT THE MEAN OF
TRIPLICATE EXPERIMENTS,. S.E.M. WAS LESS THAN 5% OF THE
- MEAN
Substance Concentration pk changé %
Name (urol/ml} (ph units) Inhibition
Trisodium citrafe 25 1.0 15
130 . 1.1 100
Sodium lactate 25 0.6 2
120 0.7 1
Sodium acetate 25 0.2 3
100 0.3 2
Glycerin 25 0.3 0
100 0.4 1
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TABLE 2.5 PRODUCTION OF 3-METHYLINDOLE IN INCUEATION MIXTURES
CONTAINING INDOLEACETIC ACID ALONE OR INDOLEACETIC
ACID AND GLUCOSE

3-Methylindole concentration (ug/ml)

*
Incubation mixture pH 8 hours 18 hours 24 hours

Boiled ruminal fluid +

- indoleacetic acid 0 0 (8]

Ruminal fluid +
distilled water 6.2 2.0 2.0 2.0
+ 0.1 + 0.2 + 0.2

Ruminal fluid +
indoleacetic acid B.3 80 124 129
0.4 3.2 0.0

+
I+
I+

As above +
glucose 5.3 1.0 1.0 1.0
C.1 + 0.1

+
4

‘* Initial pH = B.7, values are final pH at the end of incutation.
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»2.2.10 - The effect of antibiotics and sulphonamides cn the
conversion of L-tryptophan to 3-methylindole

Three experiments were done to evaluate the inhibitory eftect
of a number of antibiotics (penicillin, streptomycin, tetracycline,
ampicillin and chlor%ﬁphenicol) and sulfonamides (sulfaguanidine and
sulfamethoxypyridazine) on the production of 3-methylindole from
L-tryptophan by ruminal fluid. In the first two experiments the
appropriate amount of antibiotic or sulfonamide was incubated with
ruminal fluid (19 ml) and L-tryptephan (1 pmol/ml, added in 1 ml C.1u
NaOH). In the third experiment the effect of pre-treatment of
ruminal fluid with antibiotics was investigated., Ruminal fluid was
incubated with antibiotics Ffor 12 hours, L-tryptophen was added
(1 ymol/ml, added in 1 ml O.1N NaCt) and incubaticn continued for a
further 12 hours after which aliquots were taken for 3-methylincole
determination. The appropriate amount of antibiotic or sulfonamics
was added as a dry powder. Duplicate sarples were usec. Control
flasks with L-tryptophan without antitiotic were ircluded. All
incubations were carried out at 37°C in a shaking water bath under a

carbon dioxide atmosphere.

Results

Results of the first experiment (Fig. 2.8) showed that
chloramphenicol and tetracycline hydrochloride at a concentration of
500 ug/ml caused almost complete inhibition (99%) of 3-methylindole
production. Ampicillin and penicillin G sodium (500 pg/ml) caused
strong inhibition, whereas sulfaguanidine, sulfamethoxypyridazine

and streptomycin sulphate (500 pg/ml) caused only slight inhibitioen.
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Therefore in the second experiment, lower concentrations of
chloramphenicol and tetracycline hydrochloride were used (250 pg/ml)
and higher concentrations (1 mg/ml) of other antimicreobial agents were
used. In this second experiment sulfaguanidine and streptomycin
sulphate (1 mg/ml) caused very little inhibition of 3-methylindole
production. Sulfawethbxypyriﬁazine (1 mg/ml) caused moderate
inhibition of 3-methylindole production. Chloramphenicol, ampicillin,
penicillin G‘sudiuﬁ and tgﬁracycline hydrochlorice (258 ug/ml) causéd
strong inhibition of 3-methylindole production. Results of this
experiment are summarized in Fig. 2.8. Results of the first and
second experiments are summarized in Table 2.6.

The first and second experi%ents (Figs. 2.8 and 2.9)
indicate that in the presence of certain antimicrobial agents, in
incubation mixtures of alive ruminal fluid with L-tryptophan, most
3-methylindole production occurs during thz first twelve hours of
incubation, after which 3-methylindole production does not occur to a
significant extent, suggesting that antimicrobial agents need to act
on ruminal microcrganisms, for a ceriod of time, before these anti-
microbial agents can inhibit conversion of L-tryptophan to 3-methyl-
indole by ruminal microorganisms. The effect cof pre-treatment of
ruminal fluid with antimicrobial agents on 3-methylindole production
was, therefore, investigated in the third experirent. Concentrations
of 50, 100 and 200 pg/ml of those antimicrobial egents which had
caused inhibition of 3-methylindole production in the first two
experiments were used in this third experiment. Tetracycline hycro-

chloride pre-treatment was the most effective followed by chleramphenicol.
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The producticn of 3-methylindole (3MI) in mixtures
of rurinal fluid incubated with L-tryptoghan alons
(control) or with L-tryctonhan and varicus anti-
microbial agents. Antimicrcbial agents were in the
form of sulfaguanidine, sulfamethoxypyridazine,
ampicillin, penicillin G sodium, chloremphenicol and
tetracycline hydrochloride, at a concentraticn of
500 pg/ml.  Each value represents the mean of
duplicate serples. The standard error of the mean

was less than 8% of the mean in all cases.
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Fig. 2.8 The production of 3-methylindole (3MI) in mixtures
of ruminal fluid incubated with L-tryptophan alcne
(control) or with L-tryptophan and various |
antibioticé and sulfonamides. Concentration of
penicillin G sodium, ampicillin, strgptomycin
sulphate, sulfaguanidine and sulfamethoxypyridazine
was 1 mg/ml and that of tetracycline hydrochloride
and chloramphenicol was 250 ug/ml. The standard

error of the mean was small and was less than 8%

of the mean in all cases.
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TABLE 2.6  EFFECT DF‘ANTIBIDTICS (% INHIBITiDN) ON THE PROBUCTICH
OF 3-METHYLINDOLE FROM L-TRYPTOPHAN BY RUMINAL FLUID

Concentration (ug/ml)

Antibiotic 1000 500 250
Penicillin G sodium 90 B1
Pﬁpicillin 90 81
Tetracycline hydrochloride 99 g4
Chloramphenicol 99 85
Sulfaguanidine 0 2
Sulfamethoxypyridazine 72 11

Streptomycin sulphate 16 11
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TABLE 2.7  3-METHYLINDOLE PROBUCTION IN ANTIBIOTIC-PRETREATED
RUMINAL FLUID COMPARED WITH NON-ANTIEIOTIC-PRETREATED
(CONTROL) RUMINAL FLUID.  VALUES REPRESENT ThHE I"EAL
OF DUPLICATE EXPERIMENTS #* S.E.M.

Antibiotic 3MI Con- % Inhibition
Name Concentration centration of 3MI
(pg/ml) (ug/ml) production
Control 39 + 0.5
Chloramphenicol 50 26 + 1.6 33
' 100 16 + 0.8 57
200 7 + 0,0 82
Tetracycline hydrochloride 50 6 * 0.0 84
100 ] 100
200 0 150
Penicillin G sodium 50 38 + 0.5 3
100 30 + 0.5 24
200 18 + 0.6 45
Ampicillin 50 38 = 1.6 3
s 100 22 + 1.6 43
200 18 + 0.0 55
Sulfamethoxypyridazine 500 38 £ 2.0 3
750 22 1.8 43
1000 - 18 £ 0.0 55
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‘

Penicillin G sodium, ampicillin and sulfamethoxypyridazine were less
effective in inhibiting 3-methylindole production. The effect of
pre-treatment of ruminal fluid with antibacterial agents on 3-methyl-

indole production is shown in Table 2.7.

2.2.11 - Studies on the metabolism of L—(nethylene—14CJ tryptophan

by ruminal fluid in’vitro |

L—(methylene—l4C} tryptophan (specific activity 52 uCi/
mmol) was'obtained from the Radicchemical Centre, Amersham, Buckingham-
shire, England. The compound had a radiochemical purity of 98% as
shown by thin layer chromatography in three solvent s&stems.

D~ (methylene-12C) tryptophan content by dilution analysis with
D-tryptophan was <3%. L—(methylene—léc] tryptophan was dilutea with
unlabelled'L—tryptophan to & specific activity of 62.5 pCi/mmol and
stored as a solﬁtion (20 wncl/mmol in O.IN KaOH) at —ZDOC, and was used
within seven days of dilution. The radiochemical purity of the
compound was determined at the end of the seven day experimental period
using thin layer chromatograchy on silica gel plates in a solvent
system of cyclohexang-chlorcform-diethylamine (4:5:1, v/v/v), as
described below. There was no change in the radiochemical purity of
the compound durinz the experimental period.

Extraction of metabolites and counting technioues

n-hexane extraction:

A 2 ml sample of ruminal fluid was taken into a centrifuge
tube, two drops of 85% phosphoric acid were added to stop further
metabolism of radiolabelled tryptophan, and the sample was centrifuged

at 2000 rpm for 30 minutes. The supematant was filtered (Sarterius-
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Merbran-filter GMBH, pore size 0.45u), 1 ml of the clear

filtrate was taken into an extraction tube and 10 ml n-hexane were added,
rotated for 10 minutes and left undisturbed for 5 minutes to separate
into lower agueous and upper o}ganic solvent layers. 1 ml from the‘
hexane and 0.5 ml from the rumen fluid layers were transferred to

liquid scintillation vials. .10 ml of the liquicd scintillation cocktail
ELS93 were added and the radiocactivity in the sarples counted using

a Packard Tri-carb liguid scintillation spectrometer rodel 3255. Under
these conditions counting etficiency was about 70%. All values

were corrected for baquround radioactivity and quenching (internal
standard of 14C~toluene).

4
Extraction of radicactivity from L—(methylene—l'C] tryptophan by

n-hexane

An amount of radioclabelled fryptoghan containing about 180,000
disintegrations per minute (dpm) was made up to 1 ml with ruminal
f1luid, and subjected inmediately to n-hexans extraction. The racdio-
activity in the hexane and ruminal fluid lavers were dete;wdned. The
distribution of radioactivity between aguecus and organic phases was
calculated. Less than 0.2% of the radicactivity partitioned into
thé hexane layer.

Methylene chloride extraction

Indolic metaboclites were extracted uéing methylene chloride

~ (Perley and Stowe, 1966}, The ph of ruminal fluid was adjusted to

pHZ with 85% phosphoric acid and extracted with three volumss of
methylene chloride to remove the neutral and acidic indolic metatolites.

The methylene chlorice phaSBLWas drawn off. The pH of the ruminal
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fluid layer was readjusted to pH8 (saturated potassium carbonatel.
Basic metabolites were extracted with three volumes of methylene
chloride. The methylene chloride fractions were combined and
evaporated to 0.2 ml (under nifrogen, 40°c). The concentrated
methylene chloride extract was subjected to thin layer chromatographyL

Thin layer chromatograchy of indolic metabolites

Thin layer chrowatography of indolic compcunds was performed
according to the procedure of Haecock and Mahon (1862b) as Follows:“
Plates: Glass plates (20 cm x 5 cm) were coated with silica gel G.

A slurry of silica gel was prepared by mixing 30 g of:silica gel and
60 ml distilled water. The slurry was spread (2001 thickness) and
left to dry for 10 minutes at room te&perature, then at 120°C for
one hour and stored in a desiccator.

Solvent systems

Cyclohexane-chloroform-diethylamine (4:5:1, v/v/v) and
1-butanol-acetic acid—water (12:3:5, v/v/v) were used.

Ehrlich's reagent was used to visualize indolic spots.
This reagent was pfepared by disselving p-dimethylaminobenzaldehyde
(1g) in a mixture of concentrated hydrochloric acid (25 ml) and
methanol (75 ml).

The metabolism of L-(rethylene--2C) tryotophan by ruminal fluid

Ruminal fluid (19 ml) incubated with L—(wethylene-l4C]
tryptophan (20 ymol of specific activity 62.5 uCi/mmol) added
in solution in 1 ml of O.IN NaOH. Incubation was conducted for 24
hours as described previously. Duplicate samples were taken every
six hours. All samples wéﬁé subjected to the hexane extraction

procedure and aliquots of hexane and ruminal fluid were taken for
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radioactivity measurement. 10 ml of the combined hexane extract was
evaporated to 0.2 ml tunder nitrogen) and 10 ul was spotted on silica
gel thin layer plates., The plates were developed for one hour in a
solvent system of cyclohexane-chleroform-diethylamine (4:5:1, v/v/v].
Metaholites were visualized by Ehrlich's spray. The distance betwszen
the point of application and the selvent front was divided into twenty
equal porticns. Each portion was scraped into a separate scintililation
viél, 10 ml of the liquid scintillator ELSS3 were added and the
radioactivity in each vial counted. Authentic samples (10 pl) of
indole and 3-methylindole (1 mg/ml, in n-hexane) were run on the

same plate.

Samples taken after 12 hours incubation were further exarinec
using the methylene chloride extraction procedure. Indolic metabolites
were extracted using wefhylene chloride. The corbined methylene
chloride fractions were éQaporated to 0.2 ml. Thirn layer chrometo-
graphy on silica gel thin layer plates in a solvent system of l-butennl-
acetic acid-water (12:3:5, v/v/v) was performed on the concentrated
methylene chloride extract as described for the n-hexane extract.
Authentic samples of indoleacetic acid and L-tryptophan were dissoclved
in ethanol (1 mg/ml).

Results:

n-Hexane extraction

As shown in Fig. 2.10 hexane-extractable 14C increased to
62% of the total radioactivity over 24 hours incubation. Total
radioactivity decreased and there was a loss of 31% of the radioactivity

during the 24 hours incubation. These changes were cbserved only in
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Conversion of L (methylen8—140) tryptophan to hexane
extractable metabolites and decrease in total radio-
activity during incubation with ruminal fluid. Sample
of incubation mixture (1 ml} was extracted with hexane.
Radiocactivity in hexane (hexane extractable 148] and

in runinal fluid (hexane non-extractable 14C) was

measured). Values represent the mean of duplicate

© samples., Standard error of the mean was less than

7% in all cases.
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Fig., 2.11
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Hexane extractable L-(methylene—ldﬂl tryptaophan
metabolites. Ruminal fluid was incubated with
L—(Uethylene-l4C) tryptophan. [ietabolites were
extracted with hexane and separated by thin layer
chromategrarhy.  The thin layer plate was

divided into 20 equal fractions. Fractions were
scraped and radiocactivity in each fraction measured

by liquid scintillation counting.

(3MI = 3-methylindole).
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Fig., 2.12
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Methylerne chloride extractable L-(nethylene-14CJ
tryptophan rmetabolites. Ruminal fluid was incubated
with L-(methylene-17C) tryptophan. Metabolites were
extracted with methylene chlorice and separated by
thin layer chromotography. The thin layer plate was
divided into 20 equal fractions. Fractions were
scraped and rédioactivity in each fraction measured by

liquid scintillation counting.

(TRYP - Tryptophan
IAA = Indoleacetic acid
3MI = 3-methylindole}
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incubation flasks contaiﬁiné alive ruminal fluid., On thin layer
plates there were twc'sbots corresponding to indole and 3-methylindole
with Ehtlich's reagent; 3-methylindole geve a violet coloured spot

(Rﬁ value 0.7) and indole gave a red spot (RF value 0.6). As shown
in Fig. 2.11 more than 90% of the radioactivity extracted by n-hexane
appeared in the 3-methylindole spot.

Methylene chloride extraction

The methylene chloride extract of boiled rumen fluid gave
only one spot with RF value (RF = 0.45) and colour reaction {purple)
similar to an authentic tryptophan sample.

Methylene chloride extract of ruminal fluid gave three
spots, one purple spot identical to tryptophan (RF = 0.45) and two
dQerlapping spots, one purple (RF = 0.7) identical to indoleacetic
acid and one violet spot (RF = 0.78) identical to 3-methylindole.
Typical radiocactivity in different thin layer chromatoplate fractions

is shown in Fig. 2.12.

2.?‘12 - Effect of 3-methylindole on the rate of conversion of
*' L-(wethylene-l4c) tryptophan to (methyl~14C) 3-methylincole
By runinal fluid
This experiment was conducted to investigate the effect of

the presence of 3-methylindole (10 and 100 pg/ml) on the extent of
metabolism of L—fryptophan to 3-methylindole. 20 Mmol of L-{methylene-
) 14C) tryptophan (specific activity 62.5 uUCi/mmol) dissolved in 1 ml
0.1IN NaOH and the appropriate emount of 3-methylindole dissolved in

0.5 ml of 10% "Cremophor-EL" were added to 19 ml strained ruminal

f1luid and incubated as described previously. In control flasks, only
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the vehicle of 3-methylindole or cistilled water was acded. Boiled
ruminal fluid controls were alsc included. 1 rl sarples were taken
every six hours.

As the difference iniconcentration of 3-methylindole acded
to different incubation flasks would affect the efficiency of
3-methylindole extraction, 0.2 ml of 5% ‘Cremophor-EL in distilled
water, containing the appropriate amount of 3-methylindole was acded
to each sample so that the final concentration of 3-methylindole in
each sample was 100 ug/mlhg 3-methylincole croduced during incubation.
All samples were subjected to the hexane extraction procedure. Hexane
extractable 148 was calculated as a percentace of total radiocactivity
in btoth the aqueous angd hexane layers; Frevious results (Fig. 2.11).
indicate that the hexane extracticn procedure is specific for 3-methyl-
indole. More than QD% of radicactivity extracted in n-hexane
appeared in the 3-methylindole spot.

Results:

As shown in Fig. 2.13 hexane extrzctatle 14C increased to a
maximum of 38.2% of total radioactivity over 24 hours incubation in
mixtures containing alive ruminal fluid, reciclebellec tryptophan and
distilled water. In incubation mixtures containing Cremophor—-EL"
or 3-methylindole at concentrations of 10 or 100 vg/ml instead of
distilled water the hexane extractable 14C reached a raximum of 35.5,
33.3 and 29.8% of the total radicectivity respectively. These results
indicate that concentrations of 15 and 100 pg/ml of 3-methylindole caused
13 and 22% inhibition of 3-methylindole procuction rescectively. The

vehicle of 3-methyiindole, Crewophor—EL, caused 7% inhibition of
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The effect of Cremophor-EL and 3-methylindole (3MI) on the
conversion of L-(nethylene-14c) tryptophan to hexane
extractable metabolites by ruminal fluid. Incubation
mixtures contained alive ruminal fluid, radiclabelled
tryptophan and distilled water (control) or Cremcphor-EL
or a solution of 3-methylindole in Cremecphor-£L.
Incubation of boiled ruminal fluid (boiled) contained
boiled ruminal fluid, radiolabelled tryptophan and
distilled watér. Incubation mixture was extracted

with hexane, Radioactivity was measured in hexane and
ruminal fluid layers. Radioactivity in hexane was
expressed as percentage of the total radiocactivity

14

(% hexane extractable ~ CJ).
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3-methylindole prﬂductica,;

2.2.13 - The effect of oral dosing with L-tryptophan in cattle

In this experiment adult (more than three years qld) Hereford
ard Hereford cross cows were used. Animals were clinically normal
prior to the start of the experiment. Hay and water were freely
offered to all cattle during the experimeﬁtal period. Cattle were fed
poor quality hay ad libitum but no concentrates for six weeks prior to
dosing with L-tryptophan. Four test (500-600 kg body weight) cattle
were housed for five days before dosing until the end of the experiment.
L-tryptophan (0.5 g/kg) was administered through a stomach tube as a
suspension in five litres of water; control cattle each received
five litres of water by the same route.

Respiratory rates recorded here were obtained during the
daily clinical examination which was made at 10.00 hours from the
day prior to dosing for eight days. Observations were carried out
several times daily over this period.

Heparinized blood samples were collected at two hour
iﬁ%ervals for 36 hours and then at 44, 48, 54 and 72 hours after
t;yptophan dosing. Plasma was separated and stored at -20°C until
analysis for 3-methylindole and tryptophan,”  Analysis for 3-methyl- -
indole was.conducted as desc;ﬁbéd previously.

Analysis for tryptophan was made wiﬁhin 24 hours after
collecting the sample, as described below.

Assay of tryptophan in bovine plasma

Tryptophan was determined in bovine plasma using a procedure

based on a method for spectrofluorometric determination of tryptophan
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in human serum, by Guilhault and Froehlich (1873). This assay is
based on the facile reaction of tryptophan with aqueous formaldehyce.
The condensation products have a lower fluorescence quantum yield and
so the éoncentration of the amino acid can be measured by the reducticn
ié fluorescence as the reaction proceeds.
Reagents

The following reagents were used:

1) Trichloroacetic acid solution: 10% trichloroacetic acid {(w/v)
in-distilled water.

2) Formaldehyde reagent: two volumes of commercial formaldehyde
solution (37-40%) diluted with one volume of water. The pH
was adjusted to 7.3 using 0.1N NaOH and the reagent filtered.

3) 5% sodium bicarbonate solution in water (w/v).

4) Distilled water adjusted to pH 7.3 using 0.1N NaOH.

Procedures

1 ml of plasma was mixed with 1 ml of water and 5 ml of
trichloroacetic acid solution (10%). The mixture was shaken for
.Fiyé minutes to ensure total deproteinization. The precipitate wes
Peﬁoved by centrifugation (2000 rpm for 30 minutes). 2 ml‘UF the
supernatant liquid were pipetted and transferred to a graduated test
tube (10 ml cépacity) and 3 ml of 5% sodium bicarbonate solution were
added dropwise (to prevent loss of the sample due to the violent
effervescence) with frequent shaking. The pH of the sample was
measured. If the pH was less than 7.3, additional sodium bicartonate
was added to adjust the pH to 7.3-7.4. |\ater (pH 7.3) was added

to make up the sarple volume to 10 ml.
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. 1.5 ml were pipetted into the spectrofluorimeter
cuvette (4 ml capacity). The following steps were accurately timed
using a laboratory stop watch, in the following sequence:

Time (seconds)
1

0: 1.5 ml formaldehyde reagent were added to the sample in
the cuvatte,
11 to 15: The cuvette was placed in the spectrofluorimeter.
16 to 30: The spectrofluorimeter reading stabilized over this
period and was read at 30 seconds.
30 to 90: The decrease in the spectrofluorimeter reading was
recorded over this period.
The spectrofluorimeter (Farrand spectrofluorimeter MK-1, Farrand
Optical Co. Inc., New York) was set at 280 pm excitation and 360 um
emission wavelength.
Standards
A series of 12 tryptophan solutions, ranging in concentration
fraom 1-200 ug/ml were prepared in distilled water and treated as
deécribed in the assay procedure. The change in fluorescence was
plotted against the concentration.
Blank
A blank of water was run with no change in the signal from
the spectrofluorimeter over é period of three minutes.
Results:

Clinical findings

No obvious depression was noted in the animals after cosing.

Day-to-day changes in respiratory rate were minimal and no significant
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TABLE 2.8 RESPIRATORY RATES OF CATTLE AFTER ORAL ADMINISTRATION
OF L-TRYPTOPHAN IN CATTLE '

i

L-tryptophan dosed cows Control cows
Day A B C D E F
0 24 24 24 30 30 30
1 24 24 24 30 30 30
2 30 24 . 24 30 30 30
3 24 30 24 36 24 24
4 24 24 24 30 24 24
5 30 24 26 ag 30 30
6 30 - 24 24 30 30 30
7 24 24 24 30 30 30

8 24 24 24 30 30 30
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Fig. 2.14 Concentration of tryptophan in plasma of four cows
given an oral dose of 0.5 g/kg body weight of

L-tryptophan
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'

increase was detected in any of the test cattle. Respiratory rates
of test and control cattle are shown in Table 2.8. '

Concentration of 3-methylindole in plasma

3-Methylindole was not detectable in any of the plasma
samples. The limit of detection of the 3-methylindole assay was
0.01 pg/ml.

Concentration of tryptophan in plasma

t

Plasna tfyptophan concentration rose gradually., Maximal
concentrations in plasma_wefe reached at 14 hours after tryptophan
adninistration. Plasma concentrations of tryptophan.returned to
pre-administration levels 34 hours after oral administration of

L-tryptophan. Plasma tryptcphan concentrations are shown in Fig. 2.14.

2.3 - DISCUSSION

It has previously been established that oral administration
of tryptophan produces a disease similar to fog fever in cattle (Dickinson
et al, 1867; Dickinson, 19705 Dickinson and Piper, 1871; Yokoyama
et al, 1975). The parent compound L-tryptophan has no pulmonary toxic
effect (Carlson et al, 1568); its ruminal metabolite 3-methylindole
is probably responsible for the pulmonary toxic effects of orally
administered L-tryptophan (Carlson gt al, 1872; Yokoyama and Carlson,
1974; Yokoyama et al, 1975). FProduction of abnormal amounts of
3-methylindole have been asscciated with both tﬁe naturally occurring
and the L-tryptophan induced pulmonary cisease.{Yokoyama et al, 1975;
Terry et al, 1976). The response of cattle to sudden change of
pasture and to orally adninistered L-tryptophan is extremely varieble

(Dickinson et al, 1967; Dickinson, 1870; Dickinson end Piper, 1871;
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Sélnan et al, 1974, Yoko&aéa et al, 1875). Results of the present
work étrongly suggest that these variations arise from variations in the
rate of conversion of L-trypgtophan to its metabolite 3-methylindole by
ruTinal ﬁicrﬂorganisns. Samples of ruminal Fluid from different animals
or from the same animal on different days displayed marked differences
in their ability to convert L-tryptophan to 3-methylindole. The extent
of conversion of tryptophan varied from 8 to 87% conversion to
3-nmthylindole in different samples of ruminal fluid after a period of
24 hours of incubation (Fig. 2.4.).

A dose of 0.35 g/kg of L-tryptophan given orally has been
used previously to induce pulmonary disease. This dose usually results
in the development of severe respiratory distress and/&r death in
approximately 50% of cows within four days after dosing (Carlson EﬁLEﬂy
1872; Yokoyama gﬁ_g}, 1375; Hammond, Carlson and Breeze, 1878;
Hammond, Bray, Cummins, Carlson and Bradley, 1878). In this present
s£udy a dose of 0.5 g/kg of L-tryptophan did not cause respiratory
distress in any of four cows. This indicates that within certain
dosghlimits the incidence and severity of pulmonary disease is not
necessarily dependent on the size of the dose.

After oral administration of L-tryptophan (0.5 g/kg bocdy
weight) 3-methylindole was not detected in plasma of any of the four
cows. An increase in L-tryptophan concentration was detected in the
plasma of these cows. Maximum concentrations of L-tryptophan in plasma
were reached 6-14 hours éFter administration of L-tryptophan given
orally and retumed to pre-administration concentrations 32-36 hours

after oral administration of L-tryptophan (Fig. 2.14). Thus failure
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of L-tryptophan to induce pulmonary distress was due to failure of
ruminal microorganisns-fo convert L-tryptophan'to 3-methylindole.

The site of absorption of tryptophan, in cattle, is not
kn?wn. Studies in sheep indicate that absomption of tryptophan occurs
from the rumen and reticulum at significant rates (Candlish, Stranger,
Devlin and La Croix, 1870).

Results of this present study and of other studies (Lewis
and Emery, 1862a, b, c; Scott et al, 1863; Carlson et al, 1868;
Schatzman and Gerber, 1872; Yang and Carlson, 1972; Yokoyama and
Carlson, 1974) indicate that the fate of L-tryptophan in cattle follow-
ing oral administration involves several competing pathways. Tryptochan
can be available for: absecrption and utilization by the animal bcdy;
utilization and incorporation into ruminal microorganisms, probably
for synthesis of microbial protein; or its metabolism into other
compounds including 3-methylindole. The amounts of 3-methylindole
formed would depend on the relative rates of different metabolic rcutes
for L-tryptophan and on factors directly affecting the metabolic
patﬁway leading to 3-methylindole formation. Possible sources anc
metabolic fates of L-tryptophan in the rumen of cattle are summarized
in Fig. 2.15.

Mackenzie et al (1875) bhave failed to identify a difference
between the tryptophan content of normal pasture and pasture inducing
fog fever in Britain. These observations do not exclude the possibility
that tryptophan is the fog fever inducing agent in this pasture, since
enhanced conversion of L-tryptophan to 3-methylindole, rather than the

intake of abnormal amounts of the emino acid, may be resgonsible fer the
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disease.

Previous studies have been centred on the tryptophan
content of grass as a possible precursor of 3-methylindole (ilackenzie
et al, 1875; Gelman 23_523;1977). These studies ignored other
possible indolic substrates convertible to 3-methylindole. In tﬁis
present study indoleacetic acid, which is a natural plant constituent
(Meister, 19651 was almost guantatively (88.5%) converted to
3-methylindole by ruminal fluid (Table 2.5). Ruminal fluid ccn
also convertindole pyruvate, indoleacetaldehyde and indolealdshyde to
3-methylindole (Yokoyama and Carlsen, 1874), It ‘would apgear
however that the arcunts of these three other possible precursors
are alsc insufficient in zrass to account for the concentrations of
3-methylindole required.

Apart from dietary sources of soluble tryptophan,
tryptophan can also be synthesized by ruminal microcrganisms from
non-protein nitrogenous substances in the presencé of nicotinic
acid (Piana and Piva, 19€63). It would also ke possible to
produce solubtle tryptophan from dietary orotein by enzymatic hycrolysis,
since ruminal microorganis#s possess preteolytic activity (Wamer,
1856).

Studies with radiolabelled tryptophan indicate that there
was a continuous loss of radicactivity during incubation of
L-(methylene -1%C) tryptophan with ruminal fluid. 31% of the

total radicactivity was lost during 24 hours incubation (Fig. 2.10).
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This confirms a previously published observation by Yokéyana and
Cerlson (18974) who proposed}that loss of radiocactivity wes
possibly due to complete deéradation of the lzbelled tryptophan
to carbon dioxide. Radio-thin laver chromatograrhic studies
indicate that indoleacetic acid and 3~methy1indolé were formed
from L-tryptophan by ruminal microorganisws (Figs. 2.11 and 2.12).
Indole production was detected by gas-licuid chromatography in
incubafions of L-tryptophan with ruminal fluic. Indoleacetic
acid was converted to 3-methylindole (Table 2.5). These
results are in a good agreement with the findings of Yokoyama
and Carlson (1974) who proposed that incdoleacstic ecid is

formed from L-tryptophan as an intermediete tetween L-tryptophan
and 3-methylindole. The putative.retabolic route leading to
the formation of 3-methylindole from L-trypto-han is shown in
Fig. 2.168. 3-Methylincole at a concentration of 12 pg/ml and
100 pg/ml caused 13 and 22% inhibition, respectively of
3-methylindole producﬁion from labelled L-tryctophen. Crermochor-tL,
_the vehicle used for solubilizing 3-methylindele, caused 7%
inhibition of 3-methylindole production (Fig. 2.13)}. The

hexane extraction procedure used to guantify 3-methylincole
production in experiments using radiolabelied tryptophan (Figs.

2.10 and 2.13) was specific for 3-methylindole. More than
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Fig. 2.16 Putative metabolic route of tryptophan to

3-methylindole in the ruren of cattle
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90% of radicactivity extracteble by hexane appeared in the 3-methylindole
spot using thin layer chromatograpghy (Fig. 2,11}. Indole ‘did not
interfere with the procedure as the methylene 140 of tryptophan is lost.
Therefore hexane extractable IQE (Figs. 2.10 and 2.13) represented
3-methylindole.

A previous study (Yokoyama and Carlson, 1974) cshowed that
glucose can inhibit the conversion of L-tryptophan to 3-methylindole
(in vitro)., In tﬁis preseqt study the inhibition of S-WBthylindolé

production by glucose has been shown not to be specific to this sugar

. but shared by many carbohydrates (Figs. 2.5, 2.6 and 2.7) and substances

related to carbohydrates (Table 2.4). This inhibitory effect does not
appear to be due to osmotic or pH chaﬁges. The molar concentration
of mannitol which showed no inhibition was equal to that of other
carbohydrates showing substantial inhibition of 3-methylindole production.
Results obtained with citrate (Table 2.4) were particularly revealing
for it éxerted a deFinite inhibitory action on the conversion of
L-tryptophan to 3-methylindole in spite of the fact that there was an
increase in the pH during incubation rather than a decrease as is noted
with other carbohydrates. Starch lowered the pH of ruminal fluid,
but did not cause inhibition of 3-wethylindole production (Table 2.3).
It has been proposed that the conversion of L-tryptophan to

3-methylindole occurs in two steps involving conversien of L-tryptophan

to indoleacetic acid followed by the subsequent decartoxylation of

indoleacetic acid to 3-methylindole and that glucose acts by preventing
the conversion of indoleacetic acid to 3-methylindole (Yokoyama and

Carlscn, 1974). In the_préSént study glucose inhibited the conversion
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of both L-tryptophan and indoleacetic acid to 3-methylindole (Tables
2.3 and 2.5). Results of studies with carbohydrates in vitro should
be interpreted with caution. In a trial in vive oral administration
of molasses (0.7 kg/cow) every 12 hours) did not prevent the onset
of respiratory distress in cattle after oral administration of
L-tryptophan (Hammond, Bray, Cummins, Carlscn and Bradley, 1876).

It has been suggested that carbchydrate content of grass is
possibly an iwportént Factof in modulating 3-methylindole productioﬁifrom
L-tryptophan in the rumen of cattle under field conditions. This
hypothesis i1s based on speculation that fertilization regires of grass
inducing fog fever are expected toc deplete carbohydrate reserves of
this grass (Selman et al, 1S78). In'vitro studies indicate that the
conversicn of L-tryptophan to 3-methylindole is due to bacterial activity,
The role of ruminal protozoa is less significant since many antibac-
terial agents strongly inhibited 3-methylincdole production (Figs. 2.8
and 2.9 and Tables 2;6. and 2.7). Results obtained with tetracycline
were particularly premising; it exhibited strong inhibition of
3-methylindole production in low concentrations (50 pg tetracycline
hydrochloride/ml), Assuming that the rumen comprises 20% of the weight
of a mature cow; then a dose of 1 g/100 kg btody weight would achieve
this concentration in the ruren. Results of in vive trials by other
investigators (Hammond, Bray, Cummins, Carlsen and Bradley, 1978) have
shown that oral administration of chlortetracycline (4 g every 12 hours
for one day,then 2:.5¢ for three days) for four days starting one day
before L-tryptophan administration reduced ruminal 3-methylindole

production and prevented_thé:bnset of respiratory distress
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after adninistration of L-tryptophan. For effective inhibition of
3-methylindele production, in vivo, orel antibiotic administraticn
would have to commence before L-tryptophan administration and be
continuéd for several days after administration‘of an oral dose of
L-Lryptoghan. In vitro studies indicate that antibacterial agents
require to act on ruminal microorganisms for 6-12 hours before
achieving substantial inhibition of 3-methylindole production (Figs.
2.8 and 2.9), In vivo studies conducted by Hammond, Carleon and Breeze
(1978) indicate that oral administration of monensin (100 mg/cow, twice
daily for five days, starting 24 hours before L-tryptophan adminis-
tration) reduced ruminal 3-methylindole production and prevented the
onset of respiratory distress after oral administration of L-tryptophan
in cattle. Furthermore, monensin reduced 3-methylindole production
in the rumen of cattle after abrupt change to lush pasture (Carlson,
Hammond, Breeze, Fotchpiba and Nocerini, 1881).. For effective
prevention of the L-tryptophan induced respiratory distress, morensin
administration has to be continued after L-tryptophan administration.
Drai administration of monensin (200 mg/cow/day) for two weeks ending
48 hours before tryptophan administration did not protect cattle
against the L-tryptophan induced pulmonary disease (Hammond, Carlson
and Breeze, 1581}, |

The use of oral administration of antibacterial agents
to prevent fog fever under field conditions would be prohibited by
Afhe impracticability of repeated oral dosing of grazing cattle.
However with poorly soluble compounds a single oral dose could maintain

sufficiently high concentrations of the compound for several days.



gl

In this study the poorly soluble sulfonamides, sulfaguanidine and
sulfamethoxypyridazine, were evaluated. It was disappointing that
none of these compounds caused substantial inhibition of 3-methylindole
production at reasonable concentrations. Failure to induce respiratory
distress by oral administration of tryptophan prevented the in vivo |
evaulation of conpounds.showing strong inhibition of 3-methylindole
production, in vitro, in this study.

kaoyawé, Carl;én and Holdeman (1977) have isclated a
gram positive lactobacillus involved in the conversion of indoleacetic acid
to 3-methylindole. However it is not known whether this is an
important organism involved in the formation of 3-methylindole and whether
it is the only organism involved in tﬁé conversion. It is interesting
that streptomycin was without effect in inhibiting the conversion
suggesting that gram negative organisms are not being involved in the
conversion, It might be hypothesized that the conversion is carried
out'by a number of ofganisws because the most effective antibiotics
were the broad spectrum antibiotics tetracyciine and chloramphemicol,
while penicillin which is highly active against gram positive species

was of lesser effect.



CHAPTER 3
KINETICS OF 3-METHYLINDOLE AND 3-METHYLOXINDOLE

IN CATTLE
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3.1 - THE METABOLISM OF 3-METHYLINDOLE AND RELATED IMDOLIC COMPCUNEGE

3.1.1 - The metabolism of Pertain indolic corpouncs, related to

: 3-methylindole in laboratcry animals

Excretion of radioactivity from (2-2%C) indole when fed to
rats was fairly rapid and in two days an average of 81% apreared in
the urine, 11% in the faeces and 2.4% as carbon cdioxice in the expirec
air, Radioactivity was excretec in the urine es incoxvl sulphate
(50% of the dose), indoxyl glucuronids (11%), oxindole (1.4%, isatin
(5.8%), 5-hydroxyindole conjugated (3.1%), H—forwylaﬁthranilio acid
(0.5%) and unchanged indole {0.07%) (King, Farke and ¥Williems, 1968).

Rats metabolized indoxyl into N-formylanthrenilic acid
and anthranilic acid, and oxindols into 5-hydroxyoxindole (King et el,
1966; Beckett and Morton, 1966). Thus it has been propesed that the
rat metabolizes indole through tvo routes. A wajor route is via
indoxyl to isatin, N~-formylanthranilic acid and anthranilic acid,
and the other via oxindocle to 5-hydroxvoxyindole and cessibly to
U-aminophenylacetic acid and anthranilic acid (King et al, 1866).

In vitro studies indicate that rat liver microsocres, under
aerobic conditions, metabolize incole to indoxyl, oxindole, possibly
isatin, N-formylanthranilic acid ancd anthranilic acid, but under
anaerobic conditions only oxindole is produced (King et al, 1868).

"~ Other workers (Beckett and lMorton, 1565) reported that incubaticon of
indole with rat liver microsomes yielced only oxindole. Rabbit liver
microsomes, on the cther hand, did not yield oxindole, but yielded

indoxyl (Beckett and Mofton, 1866; FPosner, Mitcea and Udenfriend,
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1961). Oxindole was metabolized to 5-hydroxyoxindole, [-methyl-
oxindole to S-hydroxy-K—wethyloxindole and 3-methyloxindole to
5-hydroxy-3-methyloxindole by rat, guinea pig and rabbit liver
microsomes (Beckett and Morton, 1886). These studies indicate that
the hydroxylation of indole cccurs at positioﬁ 3 and of oxindole,
N-methyloxindole and 3-methyloxincdole occurs at position 5 of the
indole or oxindole ring (Beckett and Morton, 1866; King et al, 18686}
but not at position 6 as was previcusly reported by King, Parke and
Williams (1963),

Ichihara, Sakamoto, Inarori and Sakamoto (1857) reported
the 5-hydroxylation of indoles by liver microsomes, but no evidence
for this conversion was founcd in later work by Jepson, Ucdenfriend and
Zaltzmann (1959), Udenfriend, Cleveling, Posner, Redfield, Daly
and Witkop (1959) and Posner et al (1961).

Contradictory Findings on the metabolism of indoles can be
explained because work on these corpounds is complicated by their

relative chemical instability leacing to chemical artefacts.

3.1.2.- Oxidases catalyzing the oxidation of indolic compounds

An enzyme pyrrolooxygenase with the characteristics of
mixed function oxidases has been isolated from rat liver microsomres.
Pyrrolooxygenase oxidizes the pyrrole moiety qF indolic compounds
converting them mainly to 2-formamidophenacyl derivatives and
oxidizes alkylpyrroles with the formation of substituted pyrrolin-
2-ones. The difference in specificity for different substrates
allowéd classification of the pyrrolooxygenases into skatole

pyrrolooxygenase and tryptophan pyrrolooxygenase. Skatole pyrrolo-
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oxygenase catalyzes the oxidation of 3-methylindole (skatole) to
mainly 2-formamidoacetophenone, and 3-methyloxincdole, fhe 2,3-indole-
epoxide has been pfoposed as the first intermediate in this conversion
of 3-methylindole to 3-methy10xind$le. However suggestions about the
formation of this epoxide are speculative. Authors of this work
(Frydman, Tomaro and Frydman, 1972; Frydman, Frydman and Tomaro,

1973) did not attempt to isolaée_the epoxide because it is highly
unstable.  They state that this type of epoxide has never been

isolated in indole chemistry.

3.1.3 - The pneumotoxic effect and metabolism of 3-methylindole in
goats

Hamrond, Carlson and Willett (1872) investigated the metabolism
of 3-methylindole in goats. Goats were given an infusion into the
Jjugular vein of [14C) 3-methylindole. Most of the radioactivity
was excreted in the urine which confained 87 to 82% of the administered
radioactivity in three days. Negligible arounts of radioactivity
were excreted in expired air (0.4 to 0.8%) and fzeces. Cocmposite
urine samples were fractionated into ten pesks by ion exchange chroma-
tography which represented €0% of the total urinary radicactivity.
This study has shown that a major route of metabolism involved
formation of 3-methyloxindole and it was proposed that a mixed function
oxidase, pyrrolcoxygenase, way be the najor‘wétabmlic system involved
- and that a minor route of metabolism involved oxidaticn of the methyl
carbon. Also this study of Hammond, Carlscn and Willett (1872) revealed

many differences between ths metabolism of 3-methvlindole by goats anc
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indole, a closely related corpound, by rats.” While the major
metabolic pathway of indole metabclism in the rat is through arcmatic
hydroxylation (King et al, 1868), in the case of 3-methylindole,
however, the occurrence of the analogous aromatic hydroxylated
compounds or their suiphate esters in the urine of goats was not
demonstrated after infusion of 3-methylindole. The major metabolic
pathway of 3-methylindole was the oxindole route (hammond, Carlson
and Willett, 1979). Another difference was the extent of excretion
of conjugated metébolites from 3-methylindole and indole. Less

than 20% of the recovered radioactivity in the urine of goats infused
with 3-methylindole was in the form of conjugated 3-methylindole
metabolites (Hammend, Carlscn and Willett, 1979). In the rat indole
was excreted mainly as sulphate and glucuronide conjugates (King et
al, 1966).

Recent studies'SUggest that-the pneumotoxic eftect of
3-methylindole results from the retabolism of 3-methylindole by mixed
function oxidases. Bray and Carlson (1873%a) have shown that
pretreatment with piperonyl butoxide (a mixed function oxidase
inhibitor) prevented the onset of acute pulmonary oedera and
prolonged the plasma half-life of radicactivity, whereas phencbarbital
(a mixed function oxidase inducer) pretreatment caused more severe
lesions and a shortened plasma half-life of radioactivity in goats
-after infusion of radiolabelled 3-methylindole compared to goats
receiving 3-methylindole alone. In vitro studies indicate that
the metabolism of 3-methylincdole by goat microsomal preparations may
involve the formation of reactive metabolites which begqne cavalently

bound to microsomal proteins (Bray and Carlson, 1979b). .
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The results of Hammond, Carlson and Willett (1979) show that

a major pathway of 3-methylindole metabolism begins with the formation

3-methyloX imdofe . . ) )
of .. -and a minor pathway begins with the formation of
indole-3-carboxylic acid as early metabolites, It has been attepted
to determine whether £hese pathways are involved in the 3-methylincole-
induced pneumotoxicity (Potchoita, Carlson and Breeze, 1981).
Administration of 3-methyloxindole or indole-3-carbinol dic nct cause
clinical signs or pathological lesions similar to 3-methylincole-
induced pulmonary damage. Urinary metabolites of 3-methyloxindels

cochromatographed with 3-methylindole metabolites while urinary
metabolites of indole-3-carbinol did not cochromatograph with eny rajor
3-methylindole metabolites.  These results confirmed the hyrothssis
that the oxindole pathway represents a major route of 3-methylindole
metabolism whereas the ‘carboxylic acid pathway represents a mincr
route of metabolism of 3-methylindole in goats and strongly suggests
that the 3-methylindole-pneumotoxicity probably results from an
early step in the metabolism of 3-methylindele prior to 3-rethvl-
oxindole or indole-3~carboxylic acid formation (Fotchoiba, Carlscn

and Breeze, 1981).

3.2 - EXPERIMENTAL
3.2.1 - Introduction

Much of the available evidence From.other species suggests
that the pulmonary toxicity of 3-methylindole in cattle Wéy be cue
to its metabolic activation to a highly reactive metabolite which
alkylates cellular macromolecules causing cellular darage (Chepter
6). However the metabolism of 3-methylindole has nct been investi-

gated in cattle although it might be anticipated that ﬁﬁé_wetatclisw
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1

of 3-methylindole in cattle would be similar to that in goats reported
by Hammond, Carlson and Willett (1978), viz that 3-methylindole is
metabolised via 3-methyloxindole to a great extent.

In this series of e&periments:

1} 3-Methyloxindole was investigated as a possible metabolite
of 3-methylindole in cattle.  Its half-life in plasma of calves was
measured,

2) The_half—iiFe of 3-methylindole and radioactivity in plasmé
of calves after administration of radiolabelled 3-methylindole were

also investigated.

3.2.2 - Materials

t-Butyl alcohol and N-bromosucecinimice were obtained Froh
BOH Chemicals Ltd., Poole, England. The liquid scintillator
Unisolve 1 was obtained from Koch-lLight Ltd., Colnbrecok, Bucks.,
England.

Tritiated 3-methylindole was prepared as cescribed in
Chapter 6. Other chemicals were commercially available and were of

analytical grade.

3.2.3 -~ Preparation of 3-methyloxindole

3-Methyloxindole was prepared according to the method of
Hinman and Bauman (18E4), viz:

To a solution of 16.4 g of 3-methylindole in 815 ml of
85% t-butyl alcohol was adcded 22.25 g of N-bromosuccinimide with
stirring over a period of 18 minutes. The reaction mixture was

kept under nitrogen and at a tesperature of 20°C., After 2.5 hours
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the solution was concentrated under reduced hressure at rocom
temperature to a volume of a few ml, 30 ml of water was added, and
the mixture was extracted with three 125 ml portions of ethyl acetate.
The extract was washed with saturated sodium chloride solution,

dried over sodium sulphéte and evaporated. The residue was
recrystallized from water and then twice recrystallized from en
acetone-hexane mixture (2:1). Several crops of 3-methyloxincols
giving a

=

crystals were collected from the acetone-hexane solvent,
total of 3.7 g (23% recovery).

The identity of 3-methyloxindole was confirmed using thin
layer chromatography, gas liquid chromatography and by gas liquid

chromatography-mass spectrometry.

3.2.4 - Thin layer chromatography of 3-methyloxindole
Silica gel G (type 60) were prepared as describsd previcusly
(Chapter 2).

Solvent systers

Solvent 1l: DBi-isopropyl ether

Solvent 2: Chloroform-ethyl alcohol (19:1)

Solvent 3: Chloroform-acetone (5:4).
These three solvent systems have been used for thin layer chromatograchy
of indoles (Haecock and Mshon, 1963a; Beckett and Morton, 188E).
Detection

Ehrlich's reagent was used for detection of indolic spots

and was prepared as described in Chapter 2.
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Procedure

5-10 ul aliéubts of a solution of 3—ﬁethyloxindole in
ethylacetate (1 mg/ml) were spotted on thin layer plates. The plates -
were developed for 30 minutes.
Results

3-Methyloxindole reacted very slowly with Erhlich’s reagent
giving an orange yellow spot after 24 hours. The Rf values of
3-methyloxindole were 0.25, 0.71 and 0.82 in the solvent systems 1,

2 and 3 respectively.

3.2.5 - Gas-liquid chromatograprhicdetermination of Bfwethyloxindole
in bovine plasma
There is no method available in the literature for determin-

ation of 3-methyloxindole. In this present work gas-liquid chroma-
tography was adopted for determination of 3-methyloxindole in plasma
of cattle.

- 1 ml of plasma was extracted with 10 ml of ethylacetate in
15 ml test tubes (glass stoppered). The test tubes were shaken
(St%inutes) on a rotary mechanical shaker and the phases were allowed
to separate for 5 minutes.. The plasma was pipetted off and the
ethylacetate : layer was dried (solvent washed anhydrous sodium
sulphate), 5 ml was concentrated under nitrogen at 50°C to 0.5 ml
and a 5 gl aliquot was injected into the gas éhrﬁnetograph.
3-Methyloxindole concentrations were quantified from known standards
in ethylacetate. |
Instrument

As described previously (Chapter 2) for determination of
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3-methylindole.  Column terperature was 150°C or 180°C.
Standards , . '

A series of standard soclutions were prepared using 3-methyl-
oxindole dissclved in ethylacefate.' 5 ul aliquots were injected into
the chromatograph. The standard curve was prepered using the height.
of the peaks ottained.

Results

Dn,gas—liquid chrpwatography 3-methyloxindole gave a singie
peak. A typical gas chromatogram for a standard solution of 3-methyl-
oxindole and 3-methylindole is shcwn in Fig. 3.1. The resolution of
3-methylindole and 3-methyloxindele was goed. The recorder response
(height of the peaks) was linearlv reiaLed to the concentration of
3-methyloxindole.

Fig. 3.1 shows a gas chromatcgram for 3-methyloxindole
recovered from bovine plasma and of two stancard solutions of 3-methyl-
oxindole. None of fhe constituents of bovine plasme interfered with
the assay.

Recoveries

Various concentrations of 3-methyloxindole were prepared
in bovine plasma, Plasma samples were stored for one week at -20°C.
3-Methyloxindole concentration was determined in different plasma
samples and the recovery was calculated.

Results

Recoveries of different concentrations of 3-methyloxindole
from bovine plasma are shown in Table 3.1.

The ethylacetate extraction procecure used in the present

method gave high recovery of 3-methyloxindole (mean * SEM = 95 % 3%)
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Fig. 3.1 PRight panel: A gas chromatogram of a standard solution
of a mixture of 3-methvlindole (3 MI) and 3-methyloxindoie
(3M0I) in ethylacetate (gas-chromatograph cperated at

150°C column oven temperature).

Left panel: A gas-chromatogram of 3-methyloxindole
recovered from plasma (Plasra) and of two standard solutions
of 3-mzthyloxindole in ethylacetate (gas-chromatograph

operated at 180°C column oven temperature).
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TABLE 3.1 RECOVERY OF 3-METHYLOXINDOLE ADDED TD EOVINE' PLASMA

!

3-methyl- 3-methyl- f ’ SEM as Ratio of
oxindole oxindole % of assayed
added measured Mean * SE mean to added
ug ug
5 4.8 : 4:7 + 0.1 2 0.94
5 4.6
10 10.2 9.8 + 0.4 4 , G.99
10 9.5
20 18.5 . 18.1 + 0.5 3 0.91
20 17.6
40 38.1 37.8 * 0.3 1 0.95
40 37.5
80 77.2 76.2 £ 1,1 1 0.95

80 75.1
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3.2.6 - Gas-liquid chromatography-mass spectrometry of 3-methyloxindole

Gas-liquid chromatography-mass spectrometry was performed on
a standard solution of 3-methyloxindole in diethyl ether (1 mg/ml).
Results , . ;

Results of gas-liquid chromatography-mass spectrometric
examination confirmed the iden?ity of 3-methyloxindole. The base peask
corresponded to molecular ion peak (parent peak) and had an m/e ratio
of 147 (S—methyloxindole = CBHQDN = 147). A mess spectrogram of

3-methyloxindole is shown in Fig. 3.2.

3.2.7 - Concentrations of 3-methylindole and 3*methydoxindole in

plasma after administration of 3-methylindole in cattle

This experiment was conducted in collaboration with the
Department of Veterinary Medicine.

Cattle used in this experiment were adult Hereford and
Hereford cross breed. females, 500-800 kg body weight, designated A, B,
C, D and E, Cattle A, B, C and D each had a permanent tracheal fistula.

Cattle were housed in an open court five days before dosing
and during the experimental periocd. Hay and water were freely offered
to all cattle during the experimental period.

3-Methylindole (0.2 g/kg body weight) was acministered through
a stomach tube as a slurry in appreximately 5 litres of water, to
animals A, B, C and D; the control animal E réceived 5 litres of water
" by the same route.

Clinical examinations were carried out several times daily
over this period. Respiratqry rates were obtained during the daily

clinical examination which was mace at 10 a.m. from the day prior to
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Fig. 3.2 A mass spectrogram of 3-methyloxindole
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dosing. Heparinized bleood samples were collected at hourly intervals
for the first seven hours, then at 24 and 48 hours after 3-methylincole
dosing. FPlasma was separated and stored at -20°C until analysis within
seven days.

3-Methylindole and 3-methyloxincole were determined in plasma,
as described previously, using gas-liquid chromatography.

The aliquots of the ethylacetate extract of plasma remaining
after determination of 3-methyloxindole were pooled. 10 ml were
evaporated to 0.5 ml under nitrogen, then dried (anhydrous scdium
sulphate) and filtered. Aliquots of 15 ul were spotted on silica gel
G thin layer plates and cochromatographed with 3-methylindole and
3-methyloxindole standards as described btefore. The ethylacetate
extract was also subjected to gas-chromatography-mass spectrometric
examination,

Results

3-Methylincdole and 3-methyloxindole were identifiecd in plasma
of 3-methylindole cosed cows. Thin layer chrometoplates of the
combined ethylacetate of plasma samples of these cows showed two spots
with Rf values and colour reections icentical with those of authentic
samples of 3-methylindole and 3-methyloxindole.

Gas~1liquid chromatography of ethylacetate extract of plasma
samples showed two peaks with retention times identical to authentic
_ samples of 3-methylindole and 3-methyloxindole.

The identity of 3-methyloxincdole recovered from bovine
plasma was confirmed by gas-liquid chrematography-mass spectrometry,

and gave a mass spectrum identical with that of authentic sarples of
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é-methyloxindole.

Concentrations of 3-methylindole and.3—methyloxindole in
plasma, after administration of 3-methylindole in four cows are shown
in\Fig. 3.3.ame theP compound. was. . / detectgﬁdk%in plasma of the
control cow dosed with water alone. Maximal concentrations of
3-methylindole in plasma were reached eight hours after administration
of 3-“methylindole to the four cows, whereas the time for maximal
concentration of 3-methyloxindole in plasma varied in different cows.

~The main clinical findings in cows dosed with 3-methylindole
are set out in‘Table 3.2, In the first 12 hours after dosing each
cow given 3-methylindole demonstrated to varying degrees signs of
dullness, reduced appetite, trembling, excessive salivation and
féchypnoea. Cows A and B developed tachypnoea and hyperpnoea invthe
12-96 hours period pest dosing, but always remained alert and retained
a mild interest in food. Respiratory abnermalities in these animals
became less marked over the next few days (96-168 hours) and by
the eighth day afger do§ing tachypnoea was no longer detected in any
ofj{hem. The cattle were considered to be clinically normal at this
time. The other two cattle C and D, however, developed tachypnoea
and hyperpnoea in the first 24 hours after dosing and proceeded to
deteriorate with-respiratory distress becoming more marked 48-60 hours
after injection. Cow C died 84 hours after dosing and D died 72 hours

after dosing. ‘

Respiratory rates of 3-methylindole dosed and control cattle

are shown in Table 3.3.
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Fig. 3.3 Plasma 3-methylindole (3!1I) and 3-methyloxindole (3MOI)
concentrations after oral administration of 3-methylindole

(0.2 g/kg) to four cows



T
< wn
—

| ¥ 1 T 1 ] ¥ L] L
vy = wn (=4 wy =3 W = w
2 o bl L] o~ o~ - -

ad

-

pn

-
I L3 L] L] L] ¥ L L I ] L} L]
v < v =3 w 1= v v =1 ) L] v
-~ Ll o~ ~ - - © L) o o~ -

(1wrBe) NOILVYLINIONOD 10WE ONV INE YWSV1d

6

24

48

36

(hours)

TIME



108

.

pajos3ap AjITewrIouqge oy —Pa3os3sp A3TTEWIOude O pajoajep AjTiewrouqe oN pajoajzap Aatrewrcuqge oy 3
sxnoy 2/ 38 yjesp
‘ssal}stp Alogeatdsag eaoudAyoey
&IBABS ‘8A0GR SY eaoudAyoey ‘anoge sy 3nq ‘snode sy a
SIn0Y %8
1e yjesp “ssallsip eacudiadAy _
Azojeatdsaa ‘eaoudiadAy ajeaspow ‘esoudAyoey
) pasJIew eaoudiadAy payaew aI8Nas ‘UDTIeATITRS
paoudAyoe] 3uTsesout eacudAyoey BATSSBIX3 ‘0TXaI0UB
‘oTxaqoue ‘1inp Azap ‘arxazoue ‘TTnp Alop ‘QurTqusas payuew ‘TIng 0
BADOR Sy anAoge sy anoqge sy anoge sy g
) eacudiadAy .
a33eJapou eaoudAyoey YBIIs
eacudAyoey eaoudAyor] BUTsSEaIouUT fUOTIBATTRS OATSSBIX3
paonpax eaoudAyoe] duisealsap ‘alijadde ‘a3r3edde psonpax ‘ajtqadde paonpax
‘s373adde poo3d “quyBtag durseaout ‘jaaty ‘3a81e 3ng ‘TINg  ‘3UITqUAI] paxIew ‘11N v
sIN0Y g9T-96 sanoy 86-BY sInoY gy-vZ sInoy $2-0 MOJ
3NOW &31VM N3AIO (3) MOJ TI04INOD V 40
ONY (2%/3 2'0) FI0ONITAHLIN-E 40 NOILYYISINIWOY w0 Y314y (0 ‘0 ‘G°Y) SMOJ ¥N04 40 SANIONI4 TYOINITO NIVW  Z°E 38vl



108

RESPIRATORY RATES CF FOUR COWS (A, B, C, D)} AFTER ORAL

TABLE 3.3
ADMINISTRATION OF 3-METHYLINDOLE (0.2 g/kg) AND OF A
CONTROL COW (E) GIVEN WATER ALONE
Respiratory Rate
Time B;nvethylindole dosed Control
(hours) A B C D E
0 20 - 20 20 20 20
'12 40 40 53 60 20
24 40 40 70 80 20
36 50 50 70 80 20
48 60 60 70 100 20
80 60 SD_ | 90 100 20
72 60 50 1090 Death 20
84 50 40 Death 20
96 50 40 20
1d8 40 30 20
120 40 30 20
144 30 20 20
168 30 20 20
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5.2.8 - Kinetics of 3~mét5yloxindole in calves

Three Ayrshire breed calves (42, 50 and 56 kg body weight,
designated 1, 2 and 3 respectively) were used.

| | Animals were anaesthetized with pentobarbitone (20 mg/kg

body weight, given intravenously). 3-Methyloxindole was dissolved in
10% Cremophor-EL in distilled water at a concentration of 20 mg/ml.
Infusions of 3-methyloxindole were made into the feroral vein via an
indwelling cannula and blood sampling for 3-methyloxindole determination
was made from the other femoral vein. Each calf was given a dose of
10 mg/kg body weight of 3-methyloxindole. Heparinized blood samples
were collected at intervals after 3-methyloxindole injection. Plasma
was separated and stored at -20°C until analysed within seven days.
34Methyloxindole determination was made using gas-ligquid chromatography
as described before.
Results

The plasma concentrations -of 3-methyloxindole are shown in
Fig. 3.4. The plasma half-lives of 3-methyloxindole were 10.2, 11.6
and 11.6 in calves 1, 2 and 3 respectively (mean * SEM = 11.1 + 0.7

minutes.

3.29 ~ Kinetics of tritiated 3-methylindole in calves
Two Ayrshire breed calves (designated 1 and 2, 36 and 50 kg
body weight respectively) were anaesthetized Qith pentobarbitone (20 mg/
- kg, intravenously) with additional 2 mg/kg doses given as required
throughout the course of the experiment to maintain anaesthesia.
Infusions were made into the feroral vein via an indwelling

cannula and blood sanpling was from the other femoral vein. (G—SH]
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3-methylindole of specific activity 0.15 uCi/mg was dissolved in 10%
Cremophor-EL in distilled water (30 mg/ml}. Each dose was infused over
one minute, with the subsequent cese given after 30 minutes. Blood
samples were taken using hepaﬁinizéd syringes at 2, 5, 10, 20 and 30
minutes after sach infusion., Plasma was separated and aliquots weré
taken for determination of te?al radioactivity and 3-methylindole
concentrations.

Total rédioactivity in plasra was measured by mixing b.Suml
plasma with 10 ml of the liculd scintillation cocktail ynisclve 1 in a
liquid scintillation vial anc radioactivity was determined using a
FPackard-Tricarb liquid scintillation spectrometer Model 3255. All
values were corrected for background‘radioactivity (less than 10 counfs
per minute) and quenching (internal standardization method).

Determination of 3-methylincdole in plasma was done using gas-
liquid chrowatography as describec before, end 3-methylindole
concentrations were‘converted into eguivalent rediocactivity.
Results

Radicactivity accounted for as 3-methylindole and total
radiocactivity concentrations in plasma after successive increasing
doses of tritiated 3-methylindole are shown in Figs. 3.5 and 3.6.

Plasma half-lives of 3-methylindole in calves 1 and 2 were
15 + 3 minutes and 17 # 5 minutes respectively (mean = 16 minutes).

Plasma halF-lives of total redicactivity were 43 * 15 minutes

and 52 * 15 minutes in calves 1 and 2 respectively (rean = 48 minutes).
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Fig. 3.4 Plasma concentrations of 3-methyloxindole (3MDI)} after
intravenous injection of a dose of 10 mg .

3-methyloxindole/kg in three celves
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Fig. 3.5
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Radicactivity accounted as 3-methylindole (3MI)

and total radicactivity (Total) in plasma of

Calf 1 after repeatec intravencus infusions of
tritiated B-methylindale; Arrows mark the time of
injection. A, B, C, Dand Ewere 1, 1, 2, 4 and
12 mg/kg intravenous doses of 3-methylindole,

respectively.
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Fig. 3.6
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Radivactivity accounted as 3-methylindole (3MI)

and total radioactivity (Total) in plasma of

Calf 2 after repeated intravenous infusions of
tritiated 3-methylindole. Arrows mark the time of
injection. A, B, C, D, Eand F were 1, 1, 2, 4, 8
and 4 mg/kg intravencus Eoses of 3-methylindole,

respectively.
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3.3 - DISCUSSION

Results of tﬁé present work show thaf the absorption of
J-methylindole is rapid after oral administration in cattle. Maximal -
concentrations of 3-methylindole in plasma were achieved 2-3 hours after
oral administration of a dose of 0.2 g/kg of 3-methylindole in four
cattle (Fig. 3.3). Rapid absorption of 3-methylindole is probably
due to its high lipid solubility. An earlier investigation (Carlsocn,
Dickinson, Yokoyama and Bradley, 1875) of 3-mgthylindole absorption was
not satis?éctary in that the first blood sample was not taken until
three hours after 3-methylindole administration was completed which,
from these results, is after the time at which 3-methylindole
concentrations in plasma are maximal.

i The plasma half-lives of 3-methylindole and 3—methy10xiﬁdole
were remarkably short (16 and 11 minutes respectively) in cattle.
Elimination of metabolites of 3-methylindole in cattle is rapid as
shown by the rapid decline of radioactivity in plasma after intravenous
administration of tritiated 3-methylindole (plasma half-life = 48
minﬁtes).

Because absorption and eliminaticn of 3-methylindole is
raﬁid relative to the rate of production by ruminal microorganisms,
it is clear that measurement of either ruminal fluid or plasma
concentrations of 3-methylindole in single sarples taken under field
conditions would not provide any indication of either the rate or
extent of 3-methylindole production, Changes in the concentration of
3-methyloxindole in plasma generally paralleled changes in 3-methylindole

concentrations. Maintenance of the concentration of 3-methyloxindole
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éetected in this study (Fiéi 3.3) in plasma, of 3-methylindole cosed
cattle, would require'the conversion of substantial amounts of
3-methylindole to 3-methyloxindole, since the plasma half-life of
S-Tethyléxindole is short (11 minutes). Therefore this data suggests
that 3-methyloxindole is a major metabolite of 3-methylindole in
cattle as it is in goats (Hammond, Carlson and Willett, 1979).

Studies (King et al, 1966) on the metabolism of indole
indicate that the rat metabolizes indole via two routes, a major route
beginning with indoxyl and a minor route beginning with the formation
of oxindole. With 3-methylindole, however, Hanmmond, Carlson and
Willett (1979) suggested that the indoxyl route would be blocked by
the methyl group and the oxindole route of degradation prevails.

Pyrrolooxygenase, an enzyre system with the characteristics
of mixed function oxidases, has been isolated from rat liver micrescmes.
3-Methylindole (skatole) pyrrolooxygenase converts 3-methylindole tc
3-methyloxindole, 2-formamidoacetophenons and Z-aminocacetophenone.
The 2,3-indoleepoxide has been proposed as the first intermediate in
the:enzymatio oxidation of indolic substrates by pyrroloxygenase
(Frydman, Tomaro and Frydman, 1972). This epoxide is highly unstable
and cannot be isolated. Isolation and identification of 3-methyl-
oxindole in plasma of 3-methylindole dosed cattle would suggest the
formation of 3-methyl-2,3-indoleepoxide as an intermediate between
3-methylindole and 3-methyloxindole., The toxoclogical implicaticns
of epoxide formation are discussed in Chapter 6.

Clinical observations on 3-methylindole dosed cattle reported

in this study and in other studies (Carlson, Dickinson, Yokoyama and
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Bradley, 1875) indicate that 3-methylindole dosed cattle continue
to deteriorate while the plasma concentration of 3-methylindole

was declining, suggesting that 3-methylindole is not acting through

a reversible mechanism.



CHAPTER 4
EFFECTS OF 3-METHYLINOCLE Ai:D 3-METHYLINDOLE
ANALOGUES O ISOLATED EOVIKE PULFMONARY SMOOTH
MUSCLES ANb AN INVESTIGATION OF 3-METHYLINDOLE
AND 3-METHYLOXINDOLE AS POSSIBLE RELEASERS OF

MEDIATORS OF ANAPHYLAXIS
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4.1 INTROCUCTION
The following approaches can be exploited in the investigation
of the mechanism of action of substances which are suspected of

releasing substances mediating anaphylaxis in cattle.

4,1,1 - To demonstrate that the substance mimics the effects of

anaphylaxis or known releasers of mediator substances in

intact cattle

This approach may be complicated by other actions of the
administered substances unrelated to the release of mediator substances.
For example, compound 48/80 which releases histamine and 5-hydroxy-
tryptamine produces an initial rise in blood pressure in calves
(Lewis and Eyre, 1272b) which was interpreted as being due to
catecholamine release (Lewis and Eyre, 1872b) as reported by Rocha
E. Silva (1959). Consistent changes essociated with experirentally
induced anaphylactic shock induced by challenge with - specific
antigen in sensitized calves were dyspnoea, coughing, pulmonary
h?bertension, systemic hypotension and increased salivation, lacrimation
and nasal discharges. The pathological changes producec by anachylaxis
after administration of specific antigens to sensitized calves are
largely confined to the respiratory system and included intra-
alveolar and interstitial oedema and ewphysené and intra-alveolar
haemorrhage. Petechiae were observed on the epithelial lining of

the tracheaand on the visceral and parietal pleura. The trachea and

major bronchi * contained a cream-coloured, frothy fluid which wes
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often blood-stained (Aitken and Sanford, 1869b; Eyre, Lewis and
Wells, 1973). ' o :

Sensitized calves developed rapid tolerance to repeated challenge
with specific antigen and calves did not respond to a third dose of
antigen (Eyre, Lewis and Wells, 1573). Haematological changes in Caives
undergoing experiwentaliy incu?ed anaphylaxis were characterized by
increased packed cell volure (haerocconcentration), increased potassium
concentration (hypérkalaemia} and a severe decrease in neutrophils ”
(neutropenia) (Wells, Eyre énd Lursden, 1973).

Infusion of compound 48/50 to calves caused an initial rise
in systemic blood pressure followed by a hypotension leading to death.
Pulmonary arterial hypertensicn and réspiratory e%barrasswent were also
recorded. A combination of mepyramine and methysergide protected
calves against the eFFécts of compound 48/80 suggesting that the major
part of its toxic effect is caused by the release of histamine and
5-hydr0xytryptamine.A Pathologically, congestion and engorgerment of
the liver were the only lesions observed in calves after fatal doses of
compound 48/80 (Lewis and Eyre, 1972b). The effects of mediators cf
anaphylaxis on circulatory and resciratory parameters are summarized
in Table 4.1.

Syrmptoms cbserved after acministration of histamine and
5-hydroxytryptamine to conscious calves inclucde: respiratory changes
(tachypnoea, dyspnoea and coughing) congestion of the cenjunctival
mucosa and muzzle and lacfination. Depression and increased
salivary and nasal secretionwere marked after histamine, whereas only

S-hydroxytryptamine caused staggering and sneezing. Recovery was
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observed within less than one hour following acdministraticn of non-
fatal doses of histamine and 5-hydroxytryptamine (Aitken and Senford,
1972). Post-mortem examination of calves after acdministration of
histamine revealed severe pulmonary ocedema. Less sévere cedera was
observed in calves whiﬁh had received bradykinin, whereas S5-hydroxy-
tryptamine caused only minimal oecema (Aitken and Sanford, 1972).
Intradermal injection of "bovine slow reacting substance
of anaphylaxis” caused dose dependent vascular permeability chenges
in the skin of calves. These permeability changes caused well
defined indurations similar to weals induced by histamine but

different from those induced by prostaglandin E;, (Burka and Eyre,

1977a).

4.1.2 - To demonstrate that the suspected mediator releaser causes
changes in blood and tissue concentrations of mediator
substances similar to those produced by anaphylaxis or
following administraticn of known chemical feleasers of
mediator substances

Inmunological and chemical release of mediators of ansphylaxis
would be expected to increase the concentrations of these mediators

in blood and to deplete tissue stores of pre-formed rmediators.

However this approach is often corplicated by considerable individual

variation in the concentrations of tissue mediator (e.g. histamine)

- which tends to mask any changes due to anaphylaxis (Aitkeg, 1370).

In calves undergoing anaphylaxis, plasma concentration
increased during anaphylaxis whereas whole blood histamine concentration

fell sharply. This decrease in total blood histamine wes attrituted
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to severe leucopenia accompanying anaphylactic shock (Eyre et al,
1973). Most of the blood histamine is present in formed elements
principally the leucocytes of tovines (Helroyde and Eyre, 1975) as
in other animal species (Greaves and Mongar, 1968].

Studies on fiésue histemine concentration indicate that there
is a marked individual variation in tissue histamine in cattle. These
individual variations made it impossible to draw any conclusions as
to changes in tissue histamine concentration or mast cell nmorphology in
calves undergoing anaphylaxis (Aitken, 1870; Eyre et al, 1973} and
following the administration of compound 48/80 (Lewis and Eyre,
1972b}. 5-Hydroxytryptamine did not show significant changes during
anaphylaxis (Eyre et al, 1973}.

Infusion of compound 48/80 in calves caused a significant
increase in the concentrations of histamine in whole blood and
5-hydroxytryptamine in pléSWe (Lewis and Eyre, 1972b]}.

Production of kinins following bovine anachylactic shock
has been demonstrated. Challenge of sensitized calves with specific
antigen resulted in an increase in bloed kinin activity. The kinin
activity in blocd was correlated well with the fall in systemic blood
pressure seen in these calves after intravenous injection of the

specific antigen (Eyre and Lewis, 1972),

4.1.3 - To demonstrate that antagonists of mediators of anaphylaxis
alleviate effects of the suspected mediator releaser
Table 4.2 lists antaegonists of known mediators of anaphylaxis
in cattle. The effects of these antagonists is often difficult to

interpret as many of these antagonists, e.g. sodium meclofenamate, have
y g
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Aé diverse effect and arefcgpable of antagonizing several mediators
(Table 4.2).

It has been shown that meclofenamate pre-treatment regularly
preventéd collapse and respiratory distress in sensitized conscious
calves after challenge with specific antigen. Cyproheptadine and
methysergide did not modify the anaphylactic response, while atropine
and mepyramine reduced lacrimal and other secretions but did not
affect collapse and dyspnoea (Aitken and Sanford, 196%a).

‘Meclofenamate, phenylbutazone, acetylsalicyclic acid and
indomethacin protected calves from anaphylactic cardiovascular shock,
whereas SC-18220, polyphloretin phosphate and diethylcarbamazine
citrate afforded only weak protection against systemic anaphylaxis
(Burka and Eyre, 1874a). Based on these findings it has been -
suggested that prostaglandins are relatively important mediators in
cattle (Burka and Eyre, 1974a) since aspirin, indomethacin, phenyl-
butazone and meclofenamate are all known to ke inhibitors of
prostaglandin synthesis (Vane, 1871; Flower, Gryglewski, Hertacynska-
Ceero and Vane, 1972).

Mepyramine did not inhibit the anaphylactic reacticn of
sensitized calves to intravenous injection of specific antigen.
Methysergide and diethylcarbamazine eech suppressed the reaction bty
about 50%. Disodium cromoglycate alone did not inhibit the anaghylactic
response but was synergistic with diethylcarbamazine (Eyre et _al,
1873).

Haemoconcentration and hyperkalsemia accompanying

anaphylaxis in calves were strongly inhibited by sodium meclofenamate
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and by disodium cromoglycate given simultaneously with diethylcartamazine
Sodium meclofenarate strongly inhibited the pathclogical changes
associated with anaphylaxis but disodium crcmoglycate and diethyl-
carbamazine reduced these chanzes only slightly. Antihistemine and
anti-5-hydroxytryptamine crugs were not effective in preventing
hasmatological or pathological changes associated with anaphylaxis in

calves (Wells et al, 1273). .

4,1.4 -~ To demonstrate that the test substances release rediztcr
substances from lung tissue or leucocytes in vitrg

Chopped lung tissue and suspensions of lsucccytes have bEeen
successfully used to demonstrate the release of mediators of anapﬁylaxis
in vitro by immunological and chemical stimuli, Specific antigen'
and compound 48/80 released dcpamine (Eyre, 1871b), histamine (Evre,
1971a) and S-hydroxytryptamine (Eyre, 1872) from chorped lung tissue
of sensitized celves. In addition specific antizen czused the
release of "slow reacting substance of anaphylaxis; from sensitized
lung (Burka and Eyre, 1974b).

These results contracdict the findings of Aitken (1E73) who
- reported that only tissues from the skin of the ruzzle and ear of
sensitized calves released histamine into the supernétant fluid when
challenged with specific antigen. Tissues»?rom the lung, pleure and
liver capsule did not show evidence of release of histemine.
5-Hydroxytryptamine was not detectable in supernatant fluid after
incubation of chopped lung tissue from sensitized calves with sgecitic
antigen for 60 minutes. Furthermere Aitken {1970) reportec that

incubation of chopped lung tissue with 5-hydroxytryptamine resulted
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in a progressive decrease in the concentratien of 5-hvdroxytryptamine
indicating that it was removed by lung tissue from the incubation
fluid.

Incubation of fragrents of tissue frem the liver cepsule,
pleura and skin of muzzle and ear with the coﬁpound 48/80 caused the
release of histamine into the supernatent fluid (Aitken, 1873).

The chopped lung preparation has been shown to be a useful
model for evaluation of anti-anaphylactic drugs. The anti-znaphvlactic
drugs PR-D"92-EA and M & B8 22,848 effectively inhibited the irmunclogic
release of the"slow reacting substances of anaphylaxis” from chepred
lung preparations. Chlorgphenesin and diethylcarbarazine citrate were
effective also but only at high concentrations, wherses rezlcfenarate
and aspirin potentiated the release of the "slow reacting substance
of anaphylaxis"”.

The iwmunologicél release of histemine from suscensions of
polyrorphonuclear leucocytes of sensitized calves has been dsmonstrated
(Holroyde and Eyre, 1975).

Attempts to use the isolated perfused bovine lung es an
experimental model to investigate the releese of mediator substances
by immunological stimuli have met with little success. No increese in
the concentration of histamine and 5-hydroxytryptamine in the perfusion
fluid was observed when isolated perfused lungs from sensitized balveé
were exposed to specific antigen (Eyre et al, 1873}. It has been
claimed that challenge of perfused isolated lung preparations with
specific antigen resulted in the release of histamine, kinin and other

unidentified mediator substances (Aitken, 1970).
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4.2 - EXPERIMENTAL
4.2.1 - Introduction , .

Intravenous injection of 3-methylindole is followed by
circulatory‘and respiratory changes similar to those observed during
experimental anaphylaxis in cattle. These changes are characterized
by systemic hypotension, pulrmonary arterial hypertension and respiratory
embarrassment, rapid developreét of tolerance on repeating the initial
dose of 3—nethy1indole and feduction or abolition of the effects of
3-methylindole by antagcn?sfs to known mediators of anaphylaxis.

Based on these observations it has been suggested that 3-methylindole
is acting through release of mediators of anaphylaxis (Atkinson, Bogan,
Breeze and Selman, 1977). |

Another hypothesis (Eyre, 1875) on the mechanism of the
pathogenesis of the L-fryptophan induced pulronary disease suggests
that 3-methylindole and cther tryptamine analogues absorbed from the
rumen are acting directly on the bovine pulmonary vein causing a
primary hydrodynaric irbalance faveuring transudation over reabscrption
resulting in pulmonary oedema. This hypothesis is based on observations
that tryptamine analogues contract the pulronary vein.  The concen-
trations of 3-methylindole used in this study (Eyre, 1975) were considerably
higher than those reported as being present in the plasma of cattle
receiving toxic oral doses of 3-methylindole.

In the following exgeriments the effects of 3-methylindole

and 3-methylindole analogues including 3-methyloxindole on isclated

smooth muscle preparations from the vasculature and airways of. the

bovine lung were investigated. Also the possibility that 3-methylincole
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or 3-rmethyloxindole are causing release of mediator substances was

investigated using chopped lung preparations.

4.,2.2 - Materials

5-Methylindole end 7-methylindole were obtained from Aldrich
Chemical Company Inc., Gillinghar, Dorset, Enéland.

3-Phenylindole was obtained from Crgenisch Chem. Inst. T.N.O.,
Utrecht, Holland.

5-Hydroxytryptamine-creatinine sulphate, histamine cihydro-
chloride, isoamylalcohol, corgpound 48/80 and O-phthaldialdehycde were
obtained from Sigma Chemical Co. Ltd., Loncon.

Prostaglandin F, tromethamine was obtained from Upjchn Limitec,
Agricultural Veterinary Division, Flering \way, Crawley, Sussex, Englend.
3-Methyloxindole. was prepared as described in Chapter 3.

Other chemicals were obtained from commercial sources as
described previcusly and Qefe cf analytical grace.
The chermical structures of 3-rethylincele and 2-methylinccle

analogues are illustrated in Fig, 4.1.

4,2.3 - Effects of 3-methylindole analogues on isolated bovine
pulmonary smooth muscle preparetions
Isolated srooth muscle preparaticns were obtained from six
calves (Ayrshire , 3-12 nonths old). Both lungs atteched to the tese -
of the heart were obtained irmediately efter sleaughter, placed in
cold Krebs - Henseleit solution and transported to the latoratcry.
The isolated bovine pulronary vein was prepared as described by Aitken

(1870). The principal pulmonary veins cof both lungs were carefully
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Fig. 4.1 Chemical structures of 3-methylindole and

3-methylincole analogues



3-methylindole

3-methyloxindole

3-phenylindole

5-methyl indole

7-methyl indole
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dissected, removed and placed in Krebs-Henseleit solutien.  The vein
was cut into a single strip, approximately 3-5 mm wicth and 3-5 cm
length, and set up in a 75 ml isolated organ bath at 37°C in Krebs-
Henseleit solution aereated with 5% carbon dioxide in oxygen, at a
resting tension of abaut 2 g. The principal pulmonary artery was
similarly prepared and set ug.

The tracheal muscle was set up as descrited by Offermeier
and Ariens (1866). A tracheal ring was dissected from the trachea.
The tracheal muscle was carefully dissected from the insice of the
ring, and set up in an isolated organ bath as cescribed fer the
pulmonary vein. A bronchus (approx. 5 mm diareter) was carefully cissec-
ted, cut spirally into a single strip (4 cm long) (Aitken, 187C;

Burka and Eyre, 1977a) and set up as described for the pulmonery vein.
Contractions of isolated sraooth ruscle preparations were recorded
isctonically using a linear rotion transducer and pen recorder.

Tissues were allowed to equilibrate for 45 minutes before
application of drugs. Doses of 3-rethylindole analogues (5, 10,

20, 40, 80, 160, 320 and 640 pg/rl) were allowed to act for 15 minutes.
Doses of 5-hydroxytryptamine were allewed to act for 5 minutes or
for 15 minutes for the bronchus which needed a longer tire to contract,
or until maximal contractions were reached.  5-Hydrexytryptamine-
creatinine sulphate was dissolvec in Krebs-Henseleit solution.
3-Methylindole, 3-methyloxindole, 3-phenylindole, 5-rethyl-
indole and 7-methylindole were dissolved in 10% "Cremophor EL" in
Krebs-Henseleit solution.

The effects of each compound were investigated on isolated
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pulronary vein, pulmonary artery, tracheal muscle and bronchial strip
from each of the six calves. ‘ :
Results ,

Doses of 3-methylindole, 3-methyloxindole, 3-phenylindole,
5-methylindole and 7-methylindole of 5-640 pg/ml did not cause
contraction or relaxation in any of the isolated smooth muscle
preparations. 5-Hydroxytryptamire-creatinine sulphate caused dose
dependent contraction of tﬁe tracheal muscle (0.04-5.12 pg/ml), the
pulmonary ‘vein (0.04-1.28 ﬁg/ml}. pulmonary artery (g, 32-20 pg/ml) end

bronchus (0.015-5.12 pg/ml).

4.2.4 - TInvestigation of 3-methylincdole and 3-methyloxindole as
possible releasers of rediator substances from chopped
bovine lung preparations

A total of six experiments was carried out. The effect
of each of 3-methylindole and 3-rethyloxindole was assessed on chopped
lung preparations from three calves {Ayrshire, 3-12 ronths old).

Lung tissue from one calf was used in each experiment:. Chopped

bovine lung preperations were prepared according to the technique of

Eyre (1971a).

Animals were stunned using a captive polt pistol, pithed
with a light cane, and immediately exsanguinated by jugular section.
Lungs were removed as soon as possible and placed in chilled Tyrode
solution (4°C). Lungs showing macroscopic abnormalities were discarded.
Lung tissue was chopped into pieces approximately 4 nm in diameter

with a pair of scissors. - The chopped tissue was placed in an excess
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of Tyrode solution and left to wash for one hour at 4°C with three
changes of Tyrode. , !

Pieces of tissue were b;otted on filter paper, weighed as
accurately as possible and 2 g aliquots suspencded in 4,5 ml Tyrode
solution in conical flasks (25 ml capacity). A total ef 15 flasks was
prepared in this way aﬁd diviged into three equal groups for incubation
with Tyrode alone, Tyrode centaining compound 48/80 and Tyrode
containing 3*ﬁethylindolg‘mr 3-methyloxindole (which were tried in.
separate experirents). Flasks were incubated in a shaking water bath
at 37°C with continuous oxygenation (a mixture of 5% carbon dioxide
in oxygen was bubbled through the flasks slowly to avoid excessive
frothing in flasks containing "Crewebhor—EL") for 20 minutes.
Incubation commenced by adding 0.5 ml of Tyrode alone or Tyrode
containing the compound 48/20 (4 mg/ml) or Tyrode containing 3-methyl-
indole (200 ug/ml) or 3-methyloxindole (250 pg/ml) and left te
incubate for a Furfher 20 minutes. After incubation, supernatants
were removed (Pasteur pipette) and centrifuged (2000 rpm for 20 minutes).

Supematants and chopped lung tissue of cne flask from each
group were separated for spectroflucrimetric assay cof histamine.
Hydrochloric acid was added to these samples irrediately to stabilize
histamine. 0.5 ml 0.1N HCl was added to 4 ml supernatant and chopped
lung tissue (2 g) was diced in 1 ml GO.1N HCl.,  Acidified tissue
and supernatants were stored at -20°C until spectrofluorimetric
determination of histamine within seven days. The remaining chopped
tissue was discarded and supernatants of each group pocled for

bioassay. Bioassay of suﬁernatants on the isolated guinea pig ileum
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was carried out on the same day and on the isclated rat uterus in

oestrus next day and were stored overnight at -20°C.

4,2.5 - Investigations on ﬁediaﬁor substances released from chopped
lung tissue f

Mediator substances in supernatants were examined by studyiﬁg
the effect of supernataﬁts of chopped lung preparetions on the isolated
guinea pig ileum which is sensitive to histemine (Wugman and Rocha E.
Silva, 186E) and “élow reacfing substance” (Chekravarty, 1959) and
on the isolated rat uterus thch is sensitive to S5-hydroxytryptamine
(Offormeier and Ariens, 1866) and prostaglandins (Orange and Austen,
1969}, Histemine release wes determined using a spectrofluorimetric

technique.

4,2.,6 - Action of supernatants of chopped lung preparations on the
isolated guinea pig ilsum

A guinea pig (200 g spproximately) was killed with a blow on
the head and bled from the jugular vein. The abdomen was opened
through a midline incision, the abdominal contents exposed and the
ileoceacal junction idenfified. The terminal portion of the ileumn was
taken out (about 10 cm) and its lumen caerefully washed with warm
Tyrode solution. After washing, a small piece of the gut (2-3 cm) was
cut, Both énds of the piece were cut oblicuely so that the cut ends
could be tied while leaving both ends open, allowing perfusion fluid to
flow freely in and out of the gut. One end was tied to the bottom
of the organ bath while the cther end was tied to the lever of a linear

motion transducer. Tyrode scluticn was used as the perfusion fluid at
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37°C in a 10 ml organ bath with an overflow connection. Oxyzen was
continuously bubbled through the bath throughcut the excerirent.

Doses of equal volumes of supernatants of chopeed lung
preparations were applied in a rancdom fashion {Latin square cesign) anc
the height of .the contractions caused by these supernatants were
measured,  Atropine sulphate (C.1 pg/ml} and mepyramine raleate
(1 pg/ml) were used as antazonists to identify redizstors.

The height of contractions of the guinea pig ilsum proccuced Cuw
different supernatants was corparsd using analysis of veriance.

The height of contracticns produced by supernastants of choppsc
lung containing 3-methylindole, 3-methyloxincecle or corcound 48/20 wes
each corparsd with those produced by supernatents of ceontrol ch:tcéd
lung incubated in Tyrode alone using a paired Student t-test.

The effect of 3-methylindole (2 pg/ml) and 3-rethylexindole
(2.5 pyg/ml) on the response of the isclated guinea pig ilsuwm to
histamine was examined by ccmparing (peired Student t-test) the height
of contractions produced by snual volures of two stagdard =gluticns,
one of histamine (200 ng/ml) elcone in Tyrode solution anc the cther
of histamine (200 ng/ml) in Tyrcds solution containing 3-methviincole
(40 pg/ml) or 3-rethyloxindole (50 ug/ml).

Results

Supernatants of chopped lung preparations caused contracticn
of the isolated guinea pig ileum. The height of contractions caused
by supernatants of chdpped lung preparations incubated in Tvroce
solution alone or with compound 48/80; 3-methylindole or 3-rethyleox-

indole is shown in Teble 4.3. Analysis of varience showed a siznificant
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t

difference (P <0.D1) tetween the height of contractions produced by
different supernatants. Closer analysis using paired Studant t-test
showed no significant difference between the height of cogtrections
produced by supernatants of chopped lung preparations incubated in
Tryodersolﬁtion alone and those produced by supernatants of chepped .
lung preparations incubated in Tyrode solution containing 3w=rethyl-
indole or 3-methyloxindole, but supernatants of chopped lurg preparations
incubated in compound 48/80 produced significantly higher (I* <0,05)
contractions than those produced by supernatants of chopped lung
preparations incubated in Tyrode solution alone.

Supermatants of chopped lung preparations incubaiﬁd in Tyrode
solution alone or in Tyrode solution .containing 3-methylincele or
3-methyloxindole did not cause contraction of the guinea pi. ileumlin
the presence of a mixture of atroping sulphate (0.1 pg/ml] 2nd mepyramine
maleate (1 pg/ml). Also mepyramine maleate (1 pg/ml} alore tlocked
these contractions.. -This mixture of antagonists decreasec the height,
but did not block completely contractions caused by superratants of
compound 48/80 incubated chepped lung preparations.

The presence of 3-rethylindole (2 pg/ml) and 3-me:Syloxindole

(2.5 ug/ml) did not alter the response of the guinea pig fZaum to
histamine.
4,2.7 - Action of supernatant of chopped lung preparati~rs on

the isolated oestrus rat uterus
Rats were pre-treated with oestrogen (oestradiGlA:@nzoaté ,‘
0.1 mg/kg, s.c., in 0.1 ml ethanol) 18 hours before the biz=ssay. Rats

were killed with & blow on the head and bled from the jugulimr vein.
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The abdomen was opened through a mid line incision and the uterus
dissected out and suspended in a 10 ml organ bath, The perfusion
fluid used was de Jalon's solution, gassed with 5% carbon dioxide in
oxygen at 32°C. Only preparations showing no spontaneous activity
under the bioaséay conditions described were used. Different doses of
supernatants of 3-methylindole, 3-rmethyloxindole and Tyrcde incubated
chopped lung and two standard solutions of 5-hydroxytryptemine-
creatinine sulphate and prostaglandin an tromethamine were allowed

to act for two minutes.

Prostaglendins in the supernatants were concentrated by
extraction with ethyl acetate and resuspensiem in a smaller volume
of de Jalon solution. Supernatants of 3-methylincole, 3-methyloxindole
and Tyrode incubated chopped lung rreparaticns (10 rl) were acidified with
5.758 HC1 (0.5 ml) and immediately extracted twice with a2n equal volume
of ethyl acetate. The combined ethyl acetate phases were evaporated
to dryness under nitrogen at 50°C (Gilmere, Vane and Wyllie, 1868).

The residue was suspended in de Jalon solution (2 ml) before bioassay
on the oestrus rat uterus. Doses of the ethyl acetate extract and

a standard solution of prostaglandin an tromethamine were allowecd to
act for two minutes.

Results

BCoses of 0.5 and 1 ml of supernatants of 3-methylindole,
3-methyloxindole end Tyrode solution incubated chopped lung preparaticns
and of ethyl acetate extracts of supernatants did nect cause contraction
or relaxation of the ocestrus rat uterus. 5-Hydroxytryptamine (10 ng/ml)
and prostaglandin de (5 ng/ml) caused contraction of the cestrus

rat uterus.
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4,2.8 - Spectrofluorimetric determination of histamine in chopped

lung tissue and in supernatants of chopped lung preparetions

Histamine in supernatants and chopped lung tissue was determined
b o

using the spectrofluorimetric assay of Anton and Sayre

(1969). 1In this method histamine was selectively extracted into isoamyl

alcohol, a fluorophar was- formed by a reactien between histamine and

O-phthaldialdehyde at alkaline pii, and the fluorescence of the fluorophcor

was maximized in the presence of citric acid.
Reagents

Washed isoarmyl alcohol was prepared by washing iscamyl alcohol
once with 1/5 volumes of 1IN hydrochloric acid, then three times with
equal volumes of water and dried over anhydrous sodium sulphate. Zﬁ
Citric acid was prepared using distilled water. 0-Phaldialdehyde was
twice recrystallized from redistilled n-hexane. 0-Phthaldialdehyde
reagent was prepared by disselving O-phaldialdehyde in methanol
(5 mg/ml).
Extractioﬁ

Extraction was carried out in 50 ml glass-stopnered glass
test tubes. Centrifugation was carried out at 2003 rpm for five
minutes in a refrigerated centrifuge unless otherwise indicated. Lung
tissue (2 g) was homogenized in 4 ml of 0.4N perchloric acid in a glass-
glass homogenizer submerged in ice. The hormogenate was centrifuged .
at 3000 rpm for 20 minutes. The supernatant was reroved as completely
as possible, the residue resuspended in perchloric acid (4 ml), shaken
vigorously, and the centrifugation repeated. The supernatant

fractions of the perchloric acid extract were pooled in a 10 ml
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~-measuring cylinder. Watér was added to rake a volume of 10 ml.
2 ml were transferfed,té é 50 ml test tube containing 2 ml water.

In the case of supernatants of chopped lung preparations,
4 ml were pipetted to a 50 ml test tube.

\ 3.5 g of dipotassium monohydrogen phosphate (anhydrous)
and 20 ml of isocamyl alcohol were added to the perchloric acid
extract of the chopped lung tissue or to the supernatants of chopped
lung preparations. Test tubes were shaken and centrifuged. The
organic phase was transferrec intc a 50 ml test tube containing 4 ml
0.0IN hydrochloric acid and 15 ml heptane, shaken and then centrifuged.
The crganic phase was aspirated and discarded.

3.5 ml of the acid extract were transferred into a 50 ml
centrifuge tube containing 0.5 ml 10N sodium hydroxide, mixed well
and 2.5 g of sodium chloride and 20 ml chloroform were added. The
test tubes were shaken and centrifuged.

The washed extract (top aqueous layer) was transferred to
a centrifuge tube, 1.5 g of sodium chloride were added and mixed well,
then 20 ml of the washed isoamyl alcohol were added. The test
tﬁges were shaken and centrifuged.

20 ml of the organic phase were transferred to a 50 ml
test tube containing 2 ml of 0.1IN hydrochloric acid and 15 ml heptane
and were shaken and centrifuged. The organic phase was discarded
and the aqueous layer was transferred to a small test tube (5 ml
capacity).

Fluorcphor formation

Fluorophor formation was carried out in 5 ml test tukes.

Mixing was carried out after adding each of the following:
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0.7 ml sample ﬁ-:

0.3 ml 0.1N HC1

0.2 ml 1N NaOH

0.05 ml O-phthaldialdehyde reagent
Eiactly four minutes after addition of the 0-phthaldialdehyde reegent 0.1
ml of 2M citric acid was added. As fluorophor formation does not
oceur at acidic pH, fluorophor formation was prevented in blanks by
adding citric acid before the O0-phthaldialdehyde reagent.
BElank  Vas prepared by adding the Following:

0.7 ml sample

0.3 ml 0.1IN HC1

0.2 ml 1IN NaCH

0.1 ml 2N citric acid

0.05 ml O-phthaldialdehyde reagent
F luorescence assay was made using a Farrand MK-1 spectrofluorometer
(Farrand Optical Co. Inc., New York) at 358 and 446 mu excitation
and emission wavelengths respectively.

Standard histamine solutions were prepared by dissolving
histamine dihydrochloride in O0.1N hydrochloric acid.
Recovery

A standard solution of histamine (1 pg/ml) was prepared
with each group of sarples. The standard solution was assayed in
the same way as the samples. The percentage recovery of histamine
was determined.
Specificity

3-Methylindole and 3-methyloxindole are strongly fluorescent
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substances, The possibility of interference with the fluorescence
assay caused by the presence of these substances was investigated.

2 ml of supernatants from each of experiment 2 (contained
3-rethylindole) and 4 (contained 3-methyloxindole) were combined and
carried through the extraction‘procedure and fluorophor formation.
Excitation and emission spectra of chopped lung supernatants were
examined and compared with an’authentic histamine sﬁlution (about

50 ng/ml). ‘ o - .

Results

Recovery, linearity anc specificity

The recovery of histamine from standard solutions is shown
in Table 4.4.

The percehtage recovery of each experiment was used to
correct the histamine estimations on lung tissue and supernatants
obtained during that experirent. The mean recovery in six
experiments was 83 * 1.3%,

The fluorescent assay was linear over a wide range of
concentretions (from 2 ng/ml to 10 ug/ml).

As shown in Fig. 4.2 sarples of supernatants of chopged
lung (from preparations containing 3-methylindole and 3-methyloxindole)
showed strong peaks having excitaticn and flucrescence maxima at
wavelengths of 358 and 446 mu rescectively. The excitation and emission

spectra were identical with those of an autheﬁtic solution of histamine.

4.2.9 - Histemine concentraticn in chopped lung tissue and in
supernatants
Incubation of chopced lung with Tyrods solution alcne cr

Tyrode solution containing 3-methylincole or 3-methyloxindole resulted
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TABLE 4.4  RECOVERY OF HISTAMINE FROM STANDARD SOLUTIONS CONTAINING

\ 1 ypg HISTAMINE IN 1 ml DISTILLED WATER

Experiment No.  Recovered histamine % Recovery
1 0.80 80
2 0.78 78
3 0.82 82
4 0.78 79
5 0.81 8l
6 0.80 80

. Mean + S.E. 0.8 = 0.01 80 + 1.3
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Fig. 4.2 Excitaticn (right) and fluorescence (1eft) spectra
of histamine extracted f-om sunematants of chocced lung

(A) and of an authentic sarple of histamine (B)
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in release of 1.9-8% of total tissue histamine to the supermatant.
Incubation in Tyrode solution containing compound 48/B0 resulted in
release of 10-30% of total tissue histemine to the supermetant.
Tissugz histamine concentration in calf lungs was variable, ranging
from 2.5 to 8.8 pg histamine/g lung tissue.

In all lung serples compcund 48/80 consistently released
significant amounts of histamine. Incubation with 3-methylindole
or with 3-methyloxindole did not increasse the release of histarine
from chopped calf lung. Table 4.5 shows the release of histamine from
chopped calf lung incubated with Tyrode alone, Tyrode containing

compound 48/80 and Tyrode containing 3—me£hy1indole or 3-rethyloxincole

in six experiments.

4,3 - DISCUSSION
4,3.1 - Methodological considerations

The chopped boviﬁé lung preperaticn has been used rost
successtully as a test preparstion to deronstrate the relesse of
mediators of anaphylaxis by antigen-antibody reactions ard by the
chemical mediator releaser corpound 48/80 (Eyre, 1971a, b, and 1872;
Burka and Eyre, 1974b). Other methods for studying the effect of
mediator releasers, e.g. measuring changes in tissue and plasma
concentrations of histamine during anaphylaxis or using perfused lung
preparaﬁions or suspensions of leucccytes have often met with little
or no success (Aitken, 1970). The wide variation in tissue histamine
levels between different calves (Aitken, 1970; Eyre et al, 1873}
and in the free histamine concentrations in plasma on repeated serpling

from individual animals (Aitken, 1870) made it difficult to draw
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tonclusions as to Changeg'fn plasma and tissue histamine occurring
as a result of anaphylaxié (Aitken, 1870; Eyre et al, 1973). 1In
this present study lung tissue from only one animal was used in each
experiment to avoid animal to animal variations in tissue histamine
co%centration.

The bioassay used in this study offers several advantages.
It is the only possible method for measuring "slow reacting substance
of anaphylaxis”, which is considered an irportant mediator in cattle
(Burka and Eyvre, 1974a) and a valuable tool when screening for
autopharmacodynamically active substances. The sample capacity for
prostaglandins, which is relatively an important mediator in bovine
anaphylaxis (Burka and Eyre, 1874a), was increased by extracting
prostaglandins in ethyl acetate ancd resuspending them in a smaller
volume of perfusion fluid.  Another advantage of this technioue
is that it gives almost complete recovery for prostaglandins and
extracts only traces of other pharmacologically active substances
(Gilmore et al, 1868).

It has been shown that sodium meclofenamate, which is a
bfﬁad spectrum mediator antagonist (Burka and Eyre, 1874a), is
capable of protecting calves against the 3-methylindole induced
anaphylactoid reaction (Atkinson et al, 1977). This strongly suggests
the possible involvement of several mediators in the pathogenesis
of the 3-methylindole induced pulmonary disease. The guinea pig
ileum and ocestrus rat uterus offer a model sensitive to a wide range
of mediators of anaphylaxis. The guinea pig ileum is the recommended

preparation for the biocassay of "slow reacting substances of anaphylaxis”
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(Chakravarty, 1959), and histamine (Vugman and Roche E. Silva, 1966).
The isolated rat uterus and isolated guinea pig ileum, on which
5-hydroxytryptamine causes contraction, have been used most frecguently
as a test object for 5-hydroxytryptamine (Offermeier and Ariens, 1988];
A survey by Orange and Austen (1S639) showed that the cestrus rat
uterus can be wsed for the biocassay of bradykinin and prestaglandins

E. and F

1 200 °

3-Methylindole in the concentration used in the present work
(2 yg/ml) was found not to interfere with the response of the guinea
pig ileum to histamine, and it would be reasonable to assume that
3-methylindole, in small concentrations, does not interfere with the

bioassay of other mediators.

4,3,2 - Failure of 3-methylindole and 3-methyloxindole to contract

bovine pulmonary smooth muscles in vitro

It has been reﬁofted that 3-rethylindole causes contraction
of the bovine and relaxaticn of the ovine pulmonary vein in vitro
(Eyre, 1875)., Eased on these findings and on species differences in
response to orally administered L-tryptophan, which causes pulmonary
lesions in cattle, but not in sheep (Carlson et al, 12€8), Eyre (1975)
suggested that the mechanism of action of 3-methylindole involves a
direct action cn the bovine pulmonary vein (Eyre, 1875). In this
present study 3-methylindole and 3-methyloxindole (5-640 ug/ml) had
no effect on isolated bovine pulronary smooth muscle preparations.
Apart from failure of this present study to confirm Eyre's (1875}
observations, the fincings of Bradley et al (1978) that 3-methylindole

induces pulmonary damage in sheep similar to that in cattle, whereas
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Eyre (1575) has shown that 3-methylindole relaxes the ovine pulmonary
vein, also argues agginst Evre's (1975) hypothesis. Therefore the
apparent difference in susceptibility to L;tryptophan induced disease
in these species does not reflect a difference in target organ
response, but is probably due to difference in the quantity of
3-methylindole produced from L-tryptophan in.the rumen (Eradley et el,
1978).

It shouid be noted that the report of Eyre (1275) does not
s%ate the vehicle used for acdditicn of 3-methylindole tec isolated
organ preparations and since 3-rethylindole is not sufficiently
soluble in water and electrolyte solutions to give the concentrations
used, an action caused by the unspecified solvent for 3-methylindole
cannot he excluded.

Concentrations of 3-methylindole used by Eyre (1975) were
considerably higher than those found in plasma of 3-methylindole
dosed cattle displaying syrptoms of severe acute respirstory distress.
Concentrations of 3-methvlincole znd 3-methylexindole ﬁever exceeded
35 pg/ml end 17 pg/ml resgectively in plasma of 3-methylindole dosed
cattle (Chapter 3). Concentraticns of 3-methylindcle and 3-methyl-

oxindole used in this present study ranged from 5 teo 640 pg/ml.

4.,3.3 - Failure of 3-methylindole and 3-rethyloxindole to release
mediators of anaphylaxis from the chopped bovine lung
The supernatants of chopped bovine lung caused contraction

of the guinea pig ileum. The contractions of the guines pig ileum

in the case of supernatants of chopped lung incubated with Tyrode
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solution alone or Tyrode containing 3-methylinceole or 3-rethyloxinoole
were due solely to the presence of histemine in the incubation media
since they were blocked completely by the antihistamine mepyramine.
Incubation of chopped lung with 3-methylindole or 3-methyloxindole

did not increase.the guinea pig ileum contracting activity of the
supernatants of incubation mecia. Results of the spectrofluorimetric
determination of histamine incicate that incutation of cheopped lung
with 3-methylindole or 3-methyloxindole does not cause the release

of histamine. Chopred lung preparations incubated with 3-methylindele
or 3-methyloxindole released quantities of histamine similar to those
released spontaneously from chopped lung preparations incubated with
Tyrode alone. The presence of 3-methylindole or 3-methyloxincole

did not cause additional release of histamine. The ekperivental
system was sufficiently sensitive to demonstrate clearly the release
of mediator substances from chopped lung by compcund 48/EC.

Incubation of chopped lung with compound 48/80 consistently increased
the concentration of histamine ancd guirea pig ileum contracting
activity of supernatants of chopped lung preparations. Contractions
caused by these supernatants were only partially antagonized by
mepyramine. Thus compound 46/80 caused not only the release of
histamine but alsc released other mediator substances. The nature of
these mediators was not identified. It has been shewn that compound - -
48/80 releases histamine (Eyre, 1871a) and S-hydroxytryptamine (Eyre,
1872), both of which cause contraction of the guinea pig ileum, and
dopamine (Evre, 1371b) from the chopped bovine lung. No evidence was

obtained for the release of "slew reacting substance of ansphylaxis”
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a putative mediator of bovine anephylaxis (Burka and Eyre, 1974a, b)
using the chopped lung preparations. The isolated guinea pig ileum
is the recommended test preperation for biocassay of "slow reacting
substance of anaphylaxis"” (Chakravarty, 1859).

The Félease‘c? "slow reacting substance of anephylaxis”,
histamine, 5-hydroxytrvptamine anc dopamine, from sensitized chopped
bovine lung, after exposure to specific antigen, has been cemonstrated
(Eyre, 1871a, b, 1872; Burka and Eyre, 1974t).

-Lung tissue concentration of histerine and sponteneous release
of histamine detected in this study (Table 4.5) varied between different
animals consistent with the results of previous work in cattle

(Aitken, 1970; Eyre, 1971a).

4.,3.4 - Mediators of anaphylaxis and pulmonary vesno-constriction

as aetiologiéal factors in bovine pulmonary disease

It has been hypofhesized that the pulrmonary vein is a primary
target tissue in bovine enaphylaxis (Eyre, 1971c) and in naturally
occurring and experimentally induced acute pulronary bovine ocedema
and ermphysema (Breeze, 1873; Eyre, 1875). This hyvpcthesis holds
that contraction of the pulmonary vein, in response to tryptamine
analogues absorbed from dietary tryptophan or due to the action of
mediator substances released into the blood as a result of antigen-
antibody interaction, would increase capillary hydrostatic pressure
enhancing transudation from the pulmonary capillary bed léading to
pulmonary cedema. This hypothesis is based on results of in vitro

studies indicating that the pulmonary vein is considerably more
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sensitive than the artery to the effect of mediators of anaphylaxis
(Eyre, 1875; Burka and Eyre, 1977b). Also since pulwoha;y oedema
is a feature both ef anaphylaxis (Aitken.and Sanford, 1868t) and
naturally and experimentally;imducéd acute bovine pulmonary emphysema,
this hypothésis has‘been faveured (Breeze, 1973). Pulmonary venous
constriction which causes increased capillary hydrostatic pressure
would more readily explain the'developwent of pulmonary congestion and
cedema than pulmonary arterial spasm which would tend to have the
opposite effect on the capillary ted. However evidence from other
studies on pulmonary haeﬁodynamics argus against this‘hypothesis.
Firstly, experimental hasmodvnamic manoeuvrés involving
obstruction to the left side of the heart have been unsuccessful in
the production of pulmonary cedema.  Eriefly Dickinsen (1376)
stated: "It is not possible to produce pulmonary oecdema in the rabbit,
or in any other mammals by anv obstruction to the left side of the
heart, even with a ligature tied round the proximal acrta. All that
happens is that the animal diss of acute circuletory failure - what
used to ke descrited as 'forward fzilure' of the heart. The lungs
are not pathologically engorged with blood at necropsy. Partial
degrees of left ventricular or aortic obstruction are no more
successful. Fulmonary oedera can nonetheless easily be produced in
the rabbit, as in other marmmals, by sufficiently large and rapid infusions
of blood, plasma or saline - most easily with saline”. Pecause the
normal adult pulmonary vessels are highly distensible any increase
in driving pressure or in terminal pressure e.g. as a result of

pulmonary veno-constriction would result in a precipitous fall of
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pulmonary vascular resistance (Williems, 1854; Borst, Berglund and
McGregor, 1857).  Therefore pulmonary venous obstructidn’tends to
result in only a small rise in ar%erial‘pressure, a probable lowering
of resistance and a high risk.of éardiac failure.

éecondlv, altﬁough pulronary ocedema was cobserved following
administration of mediator substances in cattle (Hull, 1985; Aitken
and Sanford, 1872) this cedema was only transient. Rapid recovery
was observed following administration of histamine, bradykinin,
5-hydroxytryptamine and prostaglandin El’EZ and FZa (Aitken and
Sanford, 13872; Burka aﬁd Evre, 1874a). The effect of mediators of
anaphylaxis on the bovine lung requires further inveétigation.
Detailed studies in the dog have shown that histamine, bradykinin,
endotoxin and cormpound 48/80C cause bronchial venules to become highly
permeable to larger molecules without apparent effect on pulwonary.
capillary permeability. The period of increased venular permeability
is transient. Leakage consistently stopped within 10 minutes after
histamine or bradykinin administration (Peitra, Szidon, Leventhzal
and Fishmen, 1971; Pietra, Szidon, Carpenter and Fishman, 1874).
The mechanism by whiéh histamine and bradykinin exert this selective
effect on the endothelium of the brenchial venules is speculative,
the most attractive being the idea of opening interendothelial juncticns
by contractions of the endothelial fibrils with which bronchial
venular endothelium is richly encowed (Pietra et al, 1874).

Thirdly, the effects reported for mediators of anaphylaxis
on pulmonary haemodynamics are inconsistent. In the kovine Eurka

and Eyre (1974a) and Hull (1865) reported a fall in pulmonary
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arterial pressure Followiné administration of histamine, while Aitken
and Sanford (1872), Lewis and Eyre (1972b) and Desliens (1558)
~reported a rise. Similar results were obtained with other species.
In human subjects a dose of histamine which was large enough to

cause a fall in systemic blood pressure had no effect on the pulmonary
circulation (Nemir, Stone, Mackrell and Hawthome, 1954). Similar
observations were reported by Spitzbarth, Gersmeyer, Weyland and
Gasteyer (13957) whereas others obtained either a decrease (Helander,
LLindell, Soderholm and Westling, 1962; \Westling, 1963), or a rise
(Larmbertini, Lanari and Zubiauyr, 1860) in pulmonary arterial pressure.
The effects of histamine in dogs (Friedlberg, Katz and Steinitz, 1943;
Peters and Horton, 1944; Delaunois, Kordecki, Polet and Ryzewski,
1959; Paulet and Bernard, 1963) also revealedtrends similar to those
observed in man., The effects of 5-hydroxytryptamine on the pulmonary
arterial pressure of the bovine is equally inconsistent. Burxa and
Eyre (1874a) reported reduction in pulmonary arterial pressure
following injection of S5-hydroxytryptamine in calves, while Aitken
and Sanford (1972) and Lewis and Eyre (1972t) recorced an incresse.
Céntinuous infusion of S5-hydroxytryptamine caused increased pulmonary
-arterial pressure in dogs (Rudolph and Paul, 1857; Aviado, 196C)

and its direct injection into the pulmonary artery caused marked
vaso-constriction (Rose and Lazaro, 1858). The principal site of
the increased resistance to flow through the lungs appeared to ke

in the precapillary veséels. Osdema was not observed even after
repeated doses of 5-hydroxytryptamine (Shepherd, Donald, Linder and

Swan, 1959)}
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Despite the expéﬁted vaso-constrictor effect of 5-hydroxy-
- tryptamine, chronic injection of the drug in rats was not regarded as
a useful method for the production of pulmonary hypertension.
Pressure recordings gave inconsistent right ventricular systolic
prgssure between 8 and 43 nm Hg (Blank, Miller and Darmann, 1961).

The effect of bradykinin on pulmonary arterial pressure is
also inconsistent. Burka and Eyre (1974a) reported reduction while
Aitken and Sanford (1872) reported a rise in pulmonary artery pressure
followiﬁg.infusion of bradykinin in calves. In dogs bradykinin caused
a fall in both systemic and pulmonary arterial pressure (Maxwell,
Elliott and Kneebone, 1862; Rowe, Afonso, Castillo, Lloy, Lugo and
Crumpton, 1963). In human subjects it was concluded that bradykinin
causes no significant changes in pulmonary vascular resistance.

The effects of prostaglandins on pulmonary arterial pressure
are also variable, Prostaglandin El’ E2 and an were reported to
increase pulmonary arterial pressure (Lewis and Eyre, 19728; Burka and
Eyre, 1974a; Aitken and Sanford, 1975), while Aitken and Sanford (1975)
and Burka and Eyre (1874a) obtained a reduction following prostaglandin
Ei'and E, infusion in calves. In dogs prostaglandin By caused mild
active vasodilation while prostaglandin FZa resulted in mild active
vaso-constriction in the lung. Prostaglandin E1 and Al caused
passive shrinkage of the pulmonary vascular bed secondary to a shift
of blood to the peripheral circulation (Nakano and McCurdy, 1968;
Alpert, Haynes, Knuston, Dalen and Dexter, 1973). Nakano and Cole

(1969) have consistently observed increases in pulmonary arterial

pressure together with decreases in pulmonary resistance in dogs with
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intravenous injection ofgbrﬁstaglandins El and Al. Other workers
" (Hauge, Lunde and Waaler, 1966; Maxwell, 1967) have found no
significant changes in pulmonary arterial pressure during intravenous
inFusion'DF prostaglandin E,.

| Most of the conclusions concerning the actions of mediators
of anaphylaxis on the pulmonary circulation have been made on the
basis of pulmonary artery pressures and cardiac cutputs elone. The
results of these studies have varied from investigator to investizator.
Yu (1868) has pointed out the necessity of measuring simultaneous
pressure and volume in determining whether an agent or manceuvre has an
active or merely a passive effect on the pulmonary vasculature. Thus
parallel increases or decreases in pulmonary distending pressure and
pulmonary bleod volume represent passive vascular distension or
shrinkage usually secondary to major changes in cardiac or peripheral
vascular haemodynamics. Changes in opposite directions by pressure
and capacity parameters are indicative of active pulmonary vasomotion
(Yu, 1963},

The evidence suﬁporting the local pulmonary vaso-constricter
effects of mediators of anaphylaxis are derived from perfusion experi-
ments of lung, and from studies on isolated pulronary smooth muscle
preparaticns. In the bovine, increase in pulmonary perfusion
pressure and ventilation resistance was reported following infusion
of the isolated lung with histamine, 5-hydroxytryptamine (Lewis and
Eyre, 1972bsy Eyre gz_gi, 1873) and bradykinin (Eyre et al, 1973).

Frostaglandin an produced only slightly increased arterieal perfusion

pressure; air overflow was not affected even at high doses.
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érostaglandin El and E2 fédhced the resistance to perfusion, but
airflow was unaltered (Lewis and Eyre, 1872a). Purified "slow
reacting substance of anaphylaxis” caused contraction of the pulmonary
vein, tfacheal muscle, bronchial preparation, buf not the pulmonary

|

artery (Burka and Eyre, 1877b). Prostaglandin F,_ caused contrection

2o
of the pulmonary artery, vein and bronchus, prostaglandin E1 relaxed
the artery and bronchus, while prostaglandin E2 caused contracticn of
the pulmonary artery and bronchus or at higher concentrations
relaxation of the contracted bronchus {(Burka and Eyre, 1574cs Aitken

and Sanford, 1875). The effect of prostaglandin E, and E, on the

1 2
pulmonary vein is inconclusive. Aitken and Sanford (1975) reported
that prostaglandin E1 and E, caused contraction of the pulmonary vein,
while Burka and Eyre (1874c) reported that prostaglandin Eq consis-
tently evoked dose-related relaxation of the vein and prostaglandin
E, caused relaxation at low concentration and induced contraction at
higher concentrations.

FHistamine and 5-hydroxytryptamine cause contraction of the
boyine pulmonary vein, artery, tracheal muscle and bronchus (Aitken
and Sanford, 1970; Eyre, 197lc and 1975).

| Further evidence against the possible implication of
pulmonary veno-constriction as a primary event in the pathogenesis of
the 3-methylindole induced pulmonary disease is that the spasmogenic
activity of different tryptamine analogues on the bovine pulmonary
vein does not correlate Qith the ability of individual tryptamine

analogues to produce pulmonary disease. Only 3-methylindole produced

acute pulmonary oedema and emphysema in cattle, while stronger vaso-
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active amines, tryptamine and 5-hydroxytryptamine, did not (Jarvie
et al, 1977). Furthermore post-rmortem examination of calves,
aftter fatal daoses of the chemical rediator releaser compound 48/80
revealed congestion and engorgement of the liver in scme calves, but
no other gross anatomical changes were observed (Lewis and Eyre, 1572b]}.
In conclusion an effect on the pulmonary vein or the "non-
cytotoxic” release of mediators of anaphylaxis is not enough to explain
the pulmonary damage caused by 3-methylindole. Results of recent
work have shovm ultrastructurel evidence of early cell injury to the
membranous pneumocyte prececding ths development of pulmonary cedema
after administration of 3-methylincdole in goats (Huang et al, 12877)..
Thus pulmonary oedema ray nct be a prirery lesion in the 3-methylinccle
induced pulmonary disease. The disease process starts with specific
cellular injury probably es a result of cytochrome P-450 mediated
metabolic activation of 3-methylincole to a highly electrcphilic
metabolite (Chapter B). This specific cellular injury stirulates the
release of rediators of anaphylaxis("cytotoxic releasse”) causing
immediate anaphylactoid reaction, and provckes en inflemmatory reaction
in the lung. This hypothesis is consistent with: a) Meclofenamate
protects calves aegainst the acute effects of 3-methylindole (Atkinscn
et al, 1877); b) The secuence of ultrastructural changes showing
that signs of cellular injury occurs as early as two hours after
3-methylindole administretion. {“eticulous examinaticn of epithelizal
and endothelial cell junctions has failed to ideﬁtify unigue changes
in alveolar capillary rembranes, except damaged merbranous pneurocytes,

that could be indicted as the initial event in a pathogenstic
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sequence leading to lung oedema in 3-methylindole dosed goats and

it was concluded that the pulmonary oedema may represent the vascular
phase of the inflammatcry response to membranous pneurmocyte injury
(Huang et al, 1877). In the dog detailed ultrestructural and
physiological studies have failed to elucidate the mechanism of
pathogenesis of pulmonafy oedeTa atter endotoxin shock and it was
concluded that lung injury after endotoxin shock cannct be attributed
to increasedAcapiliary pe;méability as a primary event (Peitra gﬁ_gi,
1974).

c) Results of the present work indicate that 3-methylindole and
3-methyloxindole have no direct effect on bovine pulmonary smooth
muscles excluding the possibility cf é orimary hycrodynamic imbalance
in the normal equilibrium of forces across the alveo capillary membrane
resulting in excess filtretion over resbsorpticn.

d)} Metabolism of 3-methylincdole by cytochrome P-450 dependent mixed
function oxidase involves the forration of reactive metabolites which
arylate cellular macrorclecules (Chapter 6). Alkylating and arylating
foreign compounds are endowed with potent specific cytotoxic effects
and are capable of causing cell necrosis.

Chemical substances which consistzntly produce lung demage
when administered by routes cther than inhalation are relatively rare.
The mechanism of action of these pneumotoxic substances is poorly
understood. A current view is that pulmonarv cedema and emphysema

produced by these substances represent secondary events.
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EFFECTS OF 3-METHYLINDOLE AND 3-METHYLINDOLE ANALOGUES
- " ON ANAESTHETIZED CALVES
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5.1 INTRODUCTION

The studies presented in Chapter 6 suggest that the pulronary
toxic effect of 3-methylindole is probably due to its metabolic
activation to a highly electrophilic metabolite.  However the mechanism
of metabolic activation of 3-methylindole remains unclear. Direct
approach by chemical isolation end icdentification of reactive metabolites
is probably not feasible because of the instability of the reteabolite.
However an investigation into the structure-activity relaticnship of
3-methylindole analogues and retabolites would assist in uncerstanding
the mechanism of metabolic activation of 3-methylindole.

In this present work the acute pulrmonary effects of 3-phenyl-
indole, 5-methylindole, 7-methylincole and 3-methyloxindole are investigated
and compared with those preduced by 3-methylindole.

Other workers have shown that 3-methylindole produces acute
pulmonary toxic effects which cen be measured by rhysiological recording
systems. Immediately after the infusion of small doseslof 3-methylindole
calves displayed signs of respiratory embarrassment, pulmenary erterial
hypertension and systemic hypotension (Atkinson et al, 1977). Previous
work on other 3-methylindole analogues, viz indoleecetic acid (intra- °
venously), indole, tryptamine and 5-hydroxytryptamine (erally) indicate
that these compounds do not preduce acute pulmonary erphysema in cattle .
(Pirie et al, 1876; Jarvie et al, 1877; Hammond, Carlson and Ereeze,

1980).

5.2 EXPERIMENTAL
5.2.1 - Materials

3-Methyloxindole was precered as described in Chepter 3.



163

Other chemicals were obtained from commercial sources as cescribed

previously.

5.2, - Animals
Six calves (Ayrshire breed), 60 to 100 kg body weight, were

designated 1 to B. Food was withheld 12 hours before exceriments.

5.2.3 =~ Recording and measurerent of physiological peramsters

Calves were anaesthetizec by intravenous injection of sodium
pentecbarbitone (Abbott Ltd.) as E% solution at a dose rate of 20 mg/kg,
with additional 2 mg/kg doses intravencusly given as required throughout
the course of the experiments to raintain anaesthesia. A cannula was
introduced into the rumen to prevent the risk of ruminal tympany.

An endotracheal tube was introduced through the mouth and
was attached via a Fleisch pneumotachograph (Metabo Epalinges,
Lausanne) to a di?@erentiél’pressure transducer. From the record
obtained respiratory rate could be read and changes in respiratory depth
were measured. Heart rate was measured via a Neilson instantaneous
heart rate meter (Cevices Ltd.} driven by a signal frem an electro-
cardiograph (Devices Ltd.) using standard lirmb lead II.,  Polythene
or nylon catheters and cannulae (Portex Ltd., external diareter of
2 to 3mm) were used to catheterize blood vessels to monitor blood
pressure changes. The cannulee were filled with anticoagulant
heparin solution (Boots Pure Drug Co.) containing 1000 units per ml
‘before insertion into the blood vessels. Systemic blood pressuré
was measured from a cannula introduced into a carotid artery and

connected to a Bell and Howell pressure transducer {(Type 4-422-0001).
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The pressure transducer wés;adjusted to the elevation of the
anaesthetized animal and calibrated before each experiment by means of
a nerﬁury manometer.

Pulmonary blood pressure was measured éimilarly atter
ca%heterization of the pulmonary artery. This was carried out by
introducing a catheter into the jugular vein until a length of
catheter approximately equal to the distance between the point of
insertion in the neck and the third rib had been passed into the vein.
At this point the catheter was judged to have reached the heart,
Examination of the pressure changes being recorded allowed assessment
of péssage of the catheter on into the right ventricle and finally into
the pulmonary artery. In every case the position of the catheter was
verified at post-mortem examination. All parameters were measured
using an B—ﬁhannel physiological pen recorder (Type M19 Devices Ltd.)

Mean arterial pressure was calculated from the formula MAP =

Pd + EE—%~EQ where Pd = mean diastolic pressure and Ps = mean systolic

]

pressure.

Infusions were made into a recufrent tarsal vein via an
inawelling cannula. 5 ml of saline containing 10 units heparin per
ml were injected following administration of each dose. All infusions
were administered over a period of one minute with a subsequent dose

given after one hour.

5.2,4 - Preparation of solutions of 3-methylindole and 3-methylindole
analogues
All indolic conpounds were administered as a 20 mg/ml sclution

in 10% "Cremophor-EL" in physiological saline. This solvent dissolves
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“3-methylindole and 3-me§hgiindole analogues well, is miscible with
water and plasma and 3-methylindole analogues -do not precipitate out
on infusion.

Propylene glycol, the solvent used for aaministration of
SJWBthylindole by other workers (Carlson et al, 1975) has been showm
to produce significant cardiorespiratory changes and haemolysis in
calves (Gross, Kitzman and Adams, 19738) and is unsuitable for recid

intravenous administration because of its high viscosity.

Results

Effects of "Cremophor-EL"

A dose of the solvent (10% "Cremophor-EL"” in physiological
saline solution) ecual to that used to deliver the dose of 3-methylindole
analogues (30-50 ml) caused a small (about 5 rm Hg) transient (lésting
for 1-3 minutes) rise in pulmonary arterial blood pressure in Calves
1, 2 and 3.

Effect of 3-methylindole and 3-methvlindole enalogues

Doses of 10 mg/kg of 3-methyloxindole, 3-phenylindole,
Sfﬁethylindole ancd 7-methylindole caused rises in pulmonary arterial
blood pressure. This was transient, lasting fer 1-3 minutes after
which pulrmonary arterial pressure returned to pre-injection values.

No other changes were observed during a one hour observation period after
the administration of each compound. All calves reacted to 3-methyl-
indole. Administration of a dose of 1 mg/kg of 3-methylindole was
followed (within 1-2 miﬁutes) by simultaneous onset of pulmonary

arterial hypertension, a marked fall in carotid arterial pressure,

apnoea followed by prolonged period of tachypnoea and hyperpnoea.
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TAELE 5.1 EFFECTS OF B—NETBYLINDDLE {(3MI), 3-METHYLOXIKDOLE (3M0I),
3-PHENYLINOOLE (3PI), S5-METHYLINDOLE (EMI) AND
7-METHYLINDOLE (7MI) ON ANAESTHETIZED CALVES

Effects o n

A ' B C D

Calf Compound Dose Respiration Pulmonary Carotid

Na. (mg/kg) artery pressure

pressure
1 3M0I 10 0 5 0
3MI 1 50 13 80
2 3MoI 10 0 ‘5 0
G K 1& 100 15 120
3 3MoI 10 0 6 0
3T 1F 100 13 106
4 5MI 10 0 0 0
3PI 10 0 5 0
7MI 10 ] 0 0
3IMI 1 71 15 60
5 7MI 10 0 ’ 0 0
5MI 10 0 10

3PI 10 (B 0 0
3MI 1 40 10 40
6 3PI 10 a 7 0
' 5MI 10 0 0 0
7MI 10 0 0 0
3MI 1 60 15 80

A - Corpounds administered as the order listed, with next compound

injected after one hour. Intravenous infusicorns were nade over
one minute. '

B - Respiration: Respiratory depth maximal decreass (%).

C - Pulmonary artery pressure: Meean pulmonary arterial pressure,
maxiral increase (mm Hgl.

0O - Carotid pressure: HMean carotid arterial tlood rressure, maximel
decrease (mm Hg).

E - Injections made over 0.5 minute period, followec by death within
two minutes.
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Figure 5.1 Effects of 3-methylindole (3MI), 3-methyloxindole
(31M01), 3-phenylindole (3PI), 5-methylincole (EMI)

and 7-methylindole (7MI) on anaesthetized calves



§ § v CON 410

2013

PIRES v y
[T S S Ll PR Ll oAt 54 P

N/
| A : oo Jivd LHV3IH
._J.: _,,.___.u..%'\x/ .
o : ' ...a ' .M,.ty‘. v

052

0ol

.mI QI
d'd DINILSAS

0se

B rww
0§ ‘d'8 ANVYNOWINd

00}

SNOILV¥IdS3Y

:: c}_% o Al sesEy
_ E_:E:: H W g u




168

Animals which died showed a recurrence of apnoea about 1-2 minutes
after the initial period of apnoea, making irregular gasping
respiratory efforts before death., Table 5.1 and Fig. 5.1 show the

effects of 3-methylindole analogues on six anaesthetized calves.

5.3 DISCUSSION

Apart from a small rise in pulmonary arterial blood pressure
which can, at leasf in part, be attributed to the solvent, no toxic
B#Fects were noticed after the rapid agrninistration of doses of
10 mg/kg body weight of 3-methyloxindole, 5-methylincole, 7-methylincole
or 3-phenylindole intravenously in calves. 3-Methylindole in a much
smaller dose (1 mg/kg body weight) was extremely toxic causing pulmonary
hypertension, systemic hypotension, respiratory embarrassment and
even death. intravenous doses of 3-methylindole were delivered
over a .pericd of one miﬁute in four calves, and the calves survived
3-methylindole infusions, | Yhen the same dose of 3-methylincole was
given over a shorter period (0,5 minutes) in two calves, it was
followed by death. Previous work on 3-methylindole (Atkinson et al,
1977) reported similar effects to those reported here.

5-Methylindole, 7-methylindole, 3-methyloxindole and
7~-phenylindole did not produce the acute pulronary toxic effects of
3-methylindole. It has been shown that the metabolism of indole
involves two routes, a major route through conversion to incoxyl and a
minor route through oxindole formation(King et al, 1965].. The
formation of indoxyl from 3-methylindole is blocked by the 3-methyl
group. Thus the effect of the 3-rethyl group is to shift the

metabolism of 3-methylindole towards the oxindole route (Hammond,
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Carlson and Willett, 1973), 7-Methylindole ‘and 5-methylindole would
be expected, like indole, to be metabolized mainly through indoxyl
formation. | Failure of 3-methyloxindole, the major metabolite of
3-methylindole (Chapter 3), to produce acute pulmonary toxicity is
consistent with the Finﬁing that 3-mrethyloxindole does not become
enzymatically converted to reactive metabolite(s) (Chapter 6). Thus
the pulmonary toxicity of 3-rethylindole in cattle involvas a metasbolite
intermediate between 3-methylindole and 3-methyloxindole or, less
likely, a metabolite produced by some minor route nct involving
3-methyloxindole. Work with furano compounds indicates that the
furan moiety of these compounds is essential for the pulmonary toxic.
effect produced by certain merbers of this group of compounds, viz
3-methylfuran and 4-ipomeancl. Replacing the furan moiety with a
methyl or a phenyl substituent resulted in loss of both the pulsonary
toxic effect and the ébility of these compounds to becore enzyratically
converted to reactive metabolites {Boyd, Burka, Wilson.and Saszre,
1978; Boyd and Burka, 1978). Different furano compounds exhibit
specificity towards different organs, e.g. furosemide produces

hepatic and renal lesions (Jollow and Mitchell, 1973; Mitchell,
Fotter and Jollow, 1973) whereas 2-methylfuran and 4-ipcreancl causs
lung lesions (Boyd, 1976; Boyd, Stathem, Franklin end Mitchell, 187%).
Therefore results of this present work should be interpreted with
caution. Indolic corpounds failing to produce acute pulmonary
toxicity may cause extrapulmonary lesions. Resulte of recent work
(Hammond, Carlson and Ereeze, 1883) have shovm that indole produces

renal lesions in cattle. The nephrotoxic effect of incole was
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attributed to haemoglobinu%ic nephrosis resulting from haemolysis
which was observed after oral administration of indole in cattle.
The possibility that the nephrotoxic effect of indole is, like, furosemide,

c?used by a reactive metabolite (Mitchell, Potter and Jollow, 1S73)

should be evaluated.



CHAPTER B

THE CONVALENT BINDING OF 3-METHYLINDOLE

TO EOVINE TISSUES
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6.1 INTRODUCTION

6.1.1 - Metabolic activation of foreign cormpounds to cytotoxic -
| chemically reactive metabolites

Drugs and other foreign compounds are most frequently
metabolized by the host organism in order that they may be excreted
more easily. In general metabolism converts parent drugs into less
lipid soluble corpounds. These less lipid soluble metabolites are
usually wﬁre water soluble and most frequently less pharmacologically active
than the parent drug. In some instances, however, metabolites are
more pharmacologically active and in some instances are more toxic
than the parent compound.  Where metabolism leads to increased
activity (whether toxic or pharmacologically valuable) in the majority
of cases the metabolite combines reversibly with action sites in
tissues. In a nurber of instances, however, drugs and other foreign
compounds become converted to chemically reactive metabolites.

The concept of metabolic activation of drugs and foreign
'co;pounds to chemically reactive metabolites was first introduced
by Miller and Miller (1966) and Magee and Barnes (1S67) to explain
the mechanism of carcinogenicity of certain chemicals. This
hypothesis holds that chemicals bring about their carcinogenic effect
by combining covalently with nucleic acids and other tissue macro-
molecules or become converted to chemically reactive metabolites which
in turmn corbine covalently with nucleic acids (Miller and Miller,
19663 Magee and Barmes, 1867; Miller, 1970; Weisburger and

Weisburger, 1973). More recently the concept of metabolic activation
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of faredgn compounds to chemically reactive metebolites has been further
extended to explain the production of tissue necrosis produced by
certain toxic corpounds. Chemica;ly reactive metabolites of these
compounds produce cellular necrosis by combining with a variety of
cellular macromolecules essential for life (Gillette et al, 1974).
Evaluation of this hypofhesis has been difficult; sore new pharmaco-
kipetic principles had to be intrcduced. Conventional pharmacokinetic
studies deal with éxamples.in which the parent drug molecule or
pharmacologically activeA&efabolite produce its effects by combining
reversibly with receptor sites. In this case the response is usually
proportional te the drug or ective metebolite plasma concentration.
Thus their pharmacological activity can be evaluated by measuring the‘
concentration of the drug or the active metabolite in plasma

(Baggot, 1977a). HerveP when the response is tissue darage caused
by covalent binding of chemically reactive metabolites to tissue
macromolecules, it would not be logical to expect a relationship
between the plasra level of the active metebtolite and the severity of
the lesions (Gillette et al, 1974). Furtherrore with highly reective
metabolites, little or none reaches the plasma, since much of the
metabolite often decomposes, reacts with cellular constituents, or

is further metabolized before it can be isclated in body fluids cr
urine (Mitchell and Jollow, 1874}, One approach to the problem would
be to determine whether radiclabelled toxic substances become
covalently bound to nacrﬁnmlecules in tissues which become necrotic
and to evaluate the correlation between the severity cof lesions in
target tissues, and the'awuﬁnt of covalently bound metebolites

(Gillette, 1974a, b).
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6.1.2 - Target macromolecules for covalent binding with reactive
metabolites ',

The specificity of reactive metabolites for binding
covalently‘to a specific target substance depends on the chemical nature
of the reaétive‘metabolite being studied (Gillette, 1574a, b). Some
reactive metabolites pérticularly those having relatively low chemical
reactivities are extrerely spécific and become preferentially bound to
certain racromolecules 5y Pirst combining reversibly with active
centres on a specific ﬁaérbwolecule to form a complex that rearrenges
to form a covalently bound conjugate. This mechanism is the basis
of the specific inhibition of choline esterases by organophésphate
insecticides. With highly reactive'retabolites, however, it is
difficult to identify target macromolecules because they react with
many different celluiar constituents  including proteins, lipids and
nucleic acids and lead to diverse toxicities- (Miller and Miller, 1966;
Magee and Earnes, 1967; Miller, 1870; Weisbureer and Weisburger,
1873}. It would be difficult to determine whether cellular toxicity
results from the covalent binding of the reactive metasbolite to a
single kind of macromolecule or from the concerted action originating
from multiple biochemical lesions caused by the covalent binding of
the reactive metabolite to several kinds of cellular macromolecules.
Therefore there is little value in selecting a particular type of
macromolecule as the basis of a general test system for determining
whether a toxicity causéd by @ given foreign compound is mediated
by a reactive metabolite. It is not sufficient to deronstrate

covalent binding to cellular macromolecules of a chemically reactive
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1

metabolite«forming toxic foreign compound. Binding could occur to
cellular macromolecules not essential to cell life or Fuﬁction or the
biochemical lesioné caused by covalent biﬁding of the reactive metabolite
may be rapidly recognized and nepaired by repair mechanisms (Gillette,
1974a, b). | For toxicity to be considered the result of covalent
binding of reactive metabolites the toxicity should be roughly propor-
tional to the nurter of target-macromolecule—reactive metabolite
conjugates formed in the tissue after administration of the toxic
substance.. AFurther, in fhépresenceof drug-metabolizing enzyme
inducers and inhibit0r§,’the incidence and severity of lesions should
also parallel the extent of covalent binding to celluiar macromolecules
if the reactive metabolite is to be considered the cause of the toxigify

(Gillette, 1874a, b).

6.1.3 - Hepatotoxic drugs as models for the investigation of the

nechanismlof foreizn cormpound incuced tissue injury

The majority of current knowledge on the toxicity of reactive
metabolites derives from studies made with hepatotoxic drugs in
particular halobenzenes and ecetaminophen.  Additionally comparetive
studies on the hepatotoxicity éF pyrrolizidine alkaloids represent an
example of a naturally occurring toxic hazard to grezing animals. The
studies on these three groups of compounds are briefly reviewed here,

1) Halobenzenes

A - Correlation between covalent binding and severity of toxicity

Halobenzenes are relatively chemically inert compounds and do
not react covalently with tissue mecromolecules.  However halobenzenes

undergo metabolic activation:by cytochrome-P450 dependent mixed functian
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oxidases to a highly reactive, electrophilic, intermediate which in
turm reacts covalently with nucleophilic’sites on cellular macrorolecules
of hepatic cells éausing cellular necrosis (Brodie, Reid, Cho, Sipes,
Krishna and Gillette, 1871; Jollow, Mitchell, Zampaglione and

Gillette, 1872; Jollow, Mitchell, Zampaglione and Gillette, 1874),

Thus pre-treatment of rats with phenobarbital, which induces the
activity of cytochrome P-450 ih the liver, increases the covalent
binding of radiolabelled brorobenzene to liver tissue proteins, the
severity of fhe liver necfoéis anc also increases the rate of disacpear—
ance of brormobenzene from the body (Reid, Christie, Krishna, Mitchell,
Moskowitz and Brodie, 1871; Feid end Krishna, 1873; Zampaglione, Jollow,
Mitchell, Stripp, Hamirck and Gillette, 1973). In contrast pre-
treatment of rats with EKF 525-A cr piperonyl butoxide compounds
which inhibit microsomel drug metabolizing enzymes in the liver,
decrease both covalent binding of radiclabelled bromobenzene to liver
proteins and severity of the liver necrosis and decrease the rate of
disappearance of bromobenzene from the body after administration of
radiolabelled bromobenzene from the bocy (Mitchell et al, 1871;

Reid et al, 1871; Jollow et a1, 1872; Reid and Krishna, 1873;
Zampaglione et al, 1973). Thus the severity of hepatic dsmage
correlates well with the extent of covelent binding of metabolite(s)

of radiolabelled bromobenzene. FPre-treatments which alter the
magnitude of covalent binding of bromobenzene to tissue macromolecules
in vivo cause parallel cﬁanges in the severity of hepatic lesions.

B - Structure activity relationship of halcbenzenes

Structure activi£y~relationship studies on halobenzenes have
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shown a good correlation between the extent to which individual
members of this group of corpounds become covalently boﬁnq to liver
proteins and the éeverity of hepatic lesions. In rats doses of

1 mmol/kg of radiolabelled chlprcﬁenzene, bromobenzene, iodobenzene
and U—dichiorobenzene cause liver necrosis and become covalently bound
to a considerable extent to liver proteins whereas ecuimolar doses

of fluorobenzene and p-dichlofﬁbenzene do not cause liver necrosis
and do not become covalently bound to liver proteins (Brodie st al,’
1971; Reid, 1973, Reid and Krishna, 1973).

C - Dose-response reletiorships for bromebenzere

There is a threshold for the hepatotoxic effect of bromo-
benzene. Beyond this threshold cose bromobenzene becomes covalently
bound to a considerable extent and causes liver necrcsis. Covalent
binding te liver protéins remains low until a dose between 1.2 and
2.15 mmol/kg is used. Above this critical dose the proportion of
the dose that becomes covalently bound to liver proteins is nearly
dout:led and liver necrusis is manifested (Reid, 1973; Reid and
Krishna, 1873 ).

Studies on the metebolism of bromobenzene have provided
an answer for this threshold dose phencrenon. The collective data
on the metabolism of bromobenzene (Brodie et al, 1971;

Zampaglione et al, 1973; Jollow et al, 1974) show that bromobenzene
is metabolized to a great extent to a cytotoxic reactive metabolite,
3,4-bromobenzene epoxideQ This epoxide can be detoxified by
undergoing non-enzymatic rearrangement to form p-bromephencl or

becoming hydrated to a dihydrodiol derivative under the influence of
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the enzyme epoxide hycratase or tecoming conjugated with glutathione.
The formation of the epoxide-glutathione conjugate can occur
spontaneously or énzyvatically catalyzed by glutathicne S-epoxide
transfgrase. The steady state coﬁcentration of the epoxide would
depend on the balance between the rate of epoxide formation and the
rates at which this epoxide is converted into the phenol, glutathione
conjugate and the dihydrodiol.. Covalent binding to cellular
macrormolecules of hepatié cells doess not oceur until liver glutathiﬁne
stores of these cells are depleted (Gillette, 1973; Jollow et al,
1974). The lev=l of glutathione would depend on the balance between
the rate of glutathione synthesis and the rate at which glutathione
is consumed in the formation of the bromobenzene glutathione conjugate;
With high doses of brorohbenzene the rate of formation of the breomo-
benzene-glutathione conjugate is sufficiently high to deplete liver
g lutathione stores and excess epoxide reacts covalently with cellular
macromolecules,  In contrast, in animals receiving either low doses
of bromobenzene (below the threshcld dose) or, alternstively, high
doses of bromobenzene aftter pre-treatment with SKF 525-A, the rate
of the bromobenzene epoxide formation is slow, the formation of the
epoxide-glutathione conjugate is slow and liver levels of glutathione
are never depleted. Consequently the covalent binding of the bromo-
benzene reactive retabolite to cellular macromolecules remains minimal
and hepatotoxicity is almost completely prevented (Reid and Krishna,
1973). ’

2) The acetaminophen hepatotoxicitv model

A - Correlation of changes in the extent of covalant binding
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with changes infseverity of toxicity

Acetaminophen {paracetamol) is an analgesic drug. High doses of
acetaminophen cause centrilobular hepatic necrosis‘in man (Prescott,
Wright,'RDscoe and Brown, 1871}, rats (Boyd and.Bereczky, 1966,
Mi%chell, Jollow, Potter, Davis, Gillette and Erodie, 1973) and
mice (Mitchell, Jollow, Potter, Bavis, Gillette and Brodie, 1973).
Studies on the mechanism of the hepatotoxic effect of acetaminophen
have shown that administration of radiolabelled acetaminophen
(300—7SG mg/kg), in mice, causes necrosis of hepatic cells and that
radiocactivity from acetaminophen became covalently bound to liver
proteins., Pre-treatment of animals with mixed function oxidase
inhibitor, viz piperonylbutoxide or cobaltous chloride decreased
both the severity of liver necrosis and the extent of covalent
binding of radicactivity to liver proteins. In contrast, pre-treatment
of the animals with phenobarbitone, a mixed function oxidase inducer,
increased the severity of the necrosis and also increased the amount
of covalently bound acetaminophen metabolites. Both covalent binding
and hepatic necrosis were dose dependent. After administration of
a)ﬁon-toxic dose of rediolabelled acetaminophen (0.01 mg/kg) only
insignificant amunts of covalently bound racicactivity were found
in liver. Autoradiographic studies have shown preferential
accurnulation of covalently bound radiocactivity, from radioclabelled
acetaminophen, in the centrilobular hepatic cells. Thus the
severity of hepatic lesions induced by acetaminophen correlate with
the extent of covalent binding of aceteminophen metabolites to liver

proteins. The extent of covalent binding to severely affected
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hepatic cells is greater than that to apparently normal cells. Also
covalent binding was greater toc the drug metabolizing subcellular
fraction, viz the microsomal fraction. Lesser amounts of covalently
bound metabolites were found in nuclei and mitochondria (Jollow,
Mitchell, Potter, Davis, Gillette and Ercdie, 1973).

B - Metabolic pathway catalyzing the biactivation of aceta-

minophen to an elsctrochilic metahbolite

In vitro studies (Potter, Davis, Mitchell, Jollow, Gillette
and Brodie, 1973) indicate that the covalent binding of aceteminoghen
to cellular macromolecules is catalyzed by a cytochrome P-450
dependent mixed function oxidase., Covalent binding of radicactivity,
from radiolabelled acetamincchen, to protein of microsomzal preparations
required the presence of reduced nicotinamide adenine dinuclectide
phosphate and oxygen and was inhibited by carbon monoxide.. The
acetaminophen reactive metabclite is thought to be an N-hydroxy
derivative (Potter, Davis, Mitchell, Jollow, Gillette anc Brodis,
1973). This metabolite is highly electrophilic. “t forms conjugetes
with nucleophilic compounds such as glutathicne, cysteine and
N-acetyl-L-cysteine. The formation of these conjugastes can occur
spontaneously (non-enzymaticellyl). However with glutathione the
reaction may occur spontaneously or be catalyzed by a cytoplasmic
enzyme glutathicne S-transferase. Thus addition of glutathions,
L-cysteine or N-acetyl-L-cysteine to microscmal preparations, in vitro
inhibits the covalent biﬁding of the acetaminophen retabolite to
microsomal protein by providing alternative nucleophilic sites for

binding the reactive metabolite. The decrease in cecvalent binding
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to microsomal proteins péfélleled an ‘increase in the formation of
conjugate between aceﬁaﬁinophen and the nucleobhilic agent added
(Rollins and Buckpitt, 1978). A method for isolation and quantitative
determiﬁation of the glutathione, cysteine and N-acetyl-L-cysteine
coLjugates of acetaminophen by high pressure ligquid chromatography

has been described (Buckpitt, Rollins, Nelson, Franklin and Mitchell,
1977).

C- Dose-response relationship and detoxifying pathway for

acetaminophen

The cytotoxic chemically reactive metabolite of acetaminophen
is detoxified by reacting preferentially with glutathione. Covalent
binding of this metabolite to hepatic macromolecules does not occur
until the availability of glutathione is exhausted through conjugétion
with the metabolite. Consistent with this view is that no covalent
binding of radiolabelled acetaminophen to liver protein and no
necrosis affects hepatic cells unless the liver glutathione is
severely cepleted. The extent of covalent binding of radiolabelled
aceﬁéminophen to liver protein and the decrease in liver glutathiore
levels correlates very well with the severity of necrotic changes
affecting the liver (Jollow, Mitchell, Potter, Davis, Gillette and
Brodie, 1973; Mitchell, Jollow, Potter, Gillette and Brodie, 1973;
Potter, Davis, Mitchell, Jollow, Gillette and Brodie, 1873).
Pre-treatment of rats with cysteine, a precursor of glutathione, or
with cysteamine or~dimercéprol,which presumably offer alternative
nucleophilic sites for reaction with the acetaminophen reactive

metabolite, decrease the covalent binding of the acetaminophen metabolite
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to liver protein and the severity of hepatic lesions (Mitchell,
Jollow, Potter, Gillette and Erodie, 1873; Mitchell, Jollow, Gillette
and Brodie, 1973). In contrast, pre-treastment cof rats with
diethylmaleate, a compound which depletes liver glutathione (Poylend
and Chasseaud, 1870), increases the extent of covalent binding of
acetaminophen to liver proteiqs and increases the severity of liver
necrosis (Mitchell, Jollow, Fctter, Gillette and Brodie 1973).
Acetamiﬁophen diép}ayed a threshold dose phenomenon similar
to that described previously for brometenzene. The critical dose for
acetaminophen in mice is abcut 300 mg/kg.  Necrosis coes not occur
in rouse liver, unless the mice are treated with a deose grester than
300 mg/kg (Mitchell, Jollow, Pottsr,.Davis, Gillette and Erodie,
1973},

3) Pyrrolizidine alkaloids

Pyrrolizidine alkealoids represent a naturally occurring hazard
to livestecck as they are present in certain poisonous plants, including

Racwort (Senecio Jacobeaeal. The rost impertant toxic effects caused by

these alkeloids is their pneumotoxic and hepatotoxic actions (Hooper,
1978). These alkaloics appsar to cause tissue damage by becoming converted
to highly electrophilic pyrrolic metatolites which alkylate tissue recro-
molecules, In support of this view, it has been demonstrated that the
hepatotoxic effect of these alkaloids correlates well with the arounts

of pyrrolic wetabolites found in livers of rats given the alkaloids.
Pre-treatment of rats with SKF 525-A, an inhibitor of drug microsoral
enzymes, or pre-feeding sucrose decreases both the hepatotoxicity

and the concentration of liver pyrroles after retrosine administration.
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On the other hend, pre-treatment of rats with phencbarbital, an
inducer of microsomal ehzynes, increased: the susceptibiliﬂy of female
rats, but decreased the susceptibility of males to retrosine
(Mattocks, '1572). Increasing:or decreasing the concentration of
liver glutathione by administration of cysteine or chloroethanol
decreased or increased, respsctively, the susceptibility of male
rats to the hepatotoxic effect of retrosine. - This indicates that
the hegpatotoxic metabielite of retrosine is electrophilic and

therefore it was surprising to find that retrosine did not deplete

liver glutathione in rats (Lhite, 1976).

6.1.4 - Metabolic activation of foreign compounds to chemically.
reactive pneumotoxic retabolites

The hepatotoxic effect of many xenobiotic compounds is based
on metabolic conversion of these chemically inert foreign compounds
to chemically reactive intermedietes which alkylate or arylate cellular
macromolecules of hepatocytes precducing cellular injury. The
realisation that the lung pcssesses microscrmal enzyre systems similar
to those catalyzing the metabolic activation of hepatotoxic substances
to chemically reactive metabolites has stimulated considerable interest
in the possibility thet chemically-induced pulmcnary diseases mizht
also be mediated by reactive metabolites. There is no doubt that
the liver is quantitatively the rost irportant organ involved in
biochemical defence against voreign compounds.  The lung is exposed
to two sources of foreign compounds; those present in inspired sir
and those carried to the lumg with blood stream. Furthermore the

lung is the only vascular structure which receives - all of the
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cardiac output during each circulation.

6.1.4.1 - The presence of xenatiotic conﬁound—netabolizing ENZyE
systems in the lung
The mammalian lung possesses enzyme systems capable of
performing the following biotransformation réactions:

1) Mixed function oxidation

In vitro studies on rabbits (Gram, Litterst and Mimrnaugh,
1974) have shown that the lung possesses a mixed functicn oxicase
system(s) gualitatively similar te that of the liver. PMixed
function oxicase activity was loceted in the microschal fractions in
both the lung and liver. Other subcellular fractions such as the
nuclear and mitochondrial frecticns exhibited only very low mixed
function oxidase activity which wes attributed to microscral
contamination. Quantifatively the overall activity of the mixed
function oxidase (biphenyl hydroxylase) was about the sare in the
lung and liver. However, the cytochrome P-450, a corponent of
the electron transfer chain of the enzyrme system, content of liver
microsomes was almost eight times that of the lung in rebbits.

Requirements for optimel activity of mixed function cxidese
activity of the lung and liver microsores of rabbits were essentially
the same. EBoth systems required reduced nicotinamide ecenine
dinucleotide phosphate or reduced nicotinamide adenine dinucleotice
phosphate-generating system and oxygen and were inhibited.by carton
monoxide, cytochrome ¢ and SKF 525-A (Eend; Hook, Easterling, Gram
and Fouts, 1872; Gram et al, 1874). Mixed function oxicdase activity

of microscmal preparations from the lung were less than 3% of those
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from the liver in man [néésﬁred with benz-pyrene, phenacetin and
7-ethoxycoumarin, as substrates .(McManus, Boobis, Pacifici, Frempong,
Brodie, Kahn, Whyte and Cavies, 1980). Examination of products of
metabolism of polyecyclic hydrocarbons benz (a) anthracene, benz (&)
pyLene and 7-methyl benz (a) anthracene by microsomal preparations
indicates that epoxides are formed from these corpounds by cytochrorme
P-450 dependent mixed function oxidases of the lung and liver of
rats., Microscmal preparations from the rat lung were at least as
active és those from the rat liver in the metabolism of polycyclic
hydrocarbons to chemically reactive epoxides (Grover, 1974; Grover,

Hewer and Sims, 1874).

2) Conjugation reactions

A = Glucuronic acid conjugation

Glucuronic acid conjugation is an extremely important
biotransformation reaction. Compounds undergoing this resaction
include alcohols, phenols, carboxylic acids, amines, amides and thiols.
This reaction proceeds in two steps. First the activation of glucurcnic
acid to form uridine diphosphate glucuronic acid, then the transfer
of glucuronic acid from this activated nucleotide to an acceptor
molecule to form glucuronide. The synthesis of the‘glucuronide is

“mediated by a microsomal enzyme, glucuronyl transferase (Baggot, 1877bl.

Uridine dinucleotide phosphate-glucurconyl transferase
activity in lung microsomal preparations was non-detectable (p-nitro-
phenol or phenolphthalein as substrates) or detectable in much lower
amounts (0-aminophencl as substrate) than that in liver microsomal

preparationslfrom rabbits (Gram et al, 1974).
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B - HN-Acetylation

This reaction involves acetylation of amino groups of
foreign compounds such as arcmatic amines, sulfonamides and aromatic
amino acids. The active acetylating agent is acetyl-Coh, which
reacts with free aminé'groups on the drug to form an amide bond.
The reaction is catalyzed by the microsomal enzyme N-acetyl transferase.
fN-Acetyl transferase activity towards para-amino benzoic acid in lung
microsomal preparations was comperable to that of the liver. On the
other hand, the activity in the lung when measured with sulfadiazine
was much lower than that of the liver (Gram et al, 1974).

C - Methylation

Methyltransferases transter msthyl groups from S-adenosyl-
methionine to a phenolic hydroxyl group, to a sulfydryl group or to
various amino groups.

In vitro studies indicate that primary amines (e.g. dasdimethyl-
imipramine) are slowly methylated, whereas secondary amines (e.g.
nortriptyline and desmethylimipramine) ere repidly methylated by an
enzyre in the soluble fractien of rabbit lung (Bingell and Sanders,
1866).  An enzyre catalyzing the transfer of the methyl grouwp of
S-adenosylmethionine to phenol has been demonstrated in microscmal
preparations from lung and liver of rabbits and guinea pigs (Axelrod
and Baly, 1968).

D - Glutethione conjucztion

Glutathione S-transferases catalyze the conjugation of
glutathione with a wide variety of foreign cormpounds and play an

essential role in the detoxicetion of foreign compcunds., The role of



186

glutathione S-transferaeses in biochemical defence and distribution

of these enzymes in diFferent tissues will te discuseed i detail (see
5.1.5)-

3) Epoxide hydrase [

This reaction is catalyzed by epoxide hydrase enzyme. The
distribution of this enzyme in different tissues and its role in
detoxicaticn of epoxides will be discussed (see 6.1.5.)} This metabolic
aspect of the lung.and itshpcssible irplication in the aetioclogy 0?‘
pulmonary diseases is inadequately investigated. There are only a
few known examples of foreign chericals which cause specific pneuno-
toxicity when administered by routes other than inhalation. Among
these chemicals are the halotenzenes énd furano compounds.  The
mechanism of action of these two groups of compounds towards the

lung is discussed below.

6.1.4.2 - Examples of reactive metabolite-mediated pneumotoxicities

1) Pulmonary toxicitv caused by halobenzenes

Halobenzenes cause hepatotoxicity by becoming converted to
chemically reactive cytotoxic retzbolites. This led Reid, Ilett,
Glick and Krishna (1873), who chserved that these compounds also
caused lung lesions, to investigate the possibility that the halokbenzene-
pneumotoxicity is also mediated by a reactive metabolite. These
investigators found that a single intreperitconeal dose of bromobenzene
(4.85 rmol/kg) | chlorobenzene (5.3 mmol/kg) | naphthalene (2.75
mmol/kg) or O-dichlorobenzene (6.8 nmol/mg) caused severe pulronary

lesions in mice, whereas doses of up to 31 mmol/kg of P-dichlorctenzene



187

did not produce pathological changes in lung of mice. Rats were
considerably more resistant to the pneurotoxic effect of bromobenzenes
than mice with some inter-indivicuel veriations. A high dose of
bromobenzene (8.3 mrol/kg) incuced pulronary lesions, similar to those
observed in mice, in less than 20% of treated: rats.

Radioacti