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ABSTRACT

Three areas of research are presented*

Extent of population ex

posure to pyrrolizidine alkaloids was examined by assaying foodstuffs.
Butter and milk specifically, were tested and a small inconsistent
amount of contamination was found in butter only.

Four enzyme func

tions associated with the pulmonary endothelial cell were examined as a
biochemical probe of monocrotaline toxicity; 5 ’-nucleotidase and
angiotensin-converting enzyme (cell surface enzymes), and monoamine
oxidase (intracellular).' In addition, the transport processes for
serotonin and norepinephrine (substrates for monoamine oxidase) were
also examined.

A specific and marked impairment of serotonin transport

was found, being reduced to 33% of control after monocrotaline pretreat
ment.

Two methods of attenuation of monocrotaline toxicity were exam

ined; sulfhydryl replacement and cytochrome P-450 inhibition.

The

cytochrome P-450 inhibitors (SKF 525A and Hetyrapone) proved effective
in eliminating the toxic manifestations of monocrotaline sulfhydryl re
placement was ineffective.

CHAPTER 1

INTRODUCTION

The pyrrolizidine alkaloids (P.A.) are heterocyclic esters of
amino alcohols•

These compounds are widely distributed in the plant

kingdom, being found in several plant families throughout the world.
Once thought to be characteristic of Senecio species (family Compositeae) , pyrrolizidine alkaloids have now been shown to be equally com
mon in Crotalaria species (family Leguminosae) and in species of the
family Boraginaceae (see Table 1).

Their occurrence elsewhere in the

plant kingdom is also much wider than was formerly thought.
Each of the three main botanical groups in which the alkaloids
occur is composed largely of herbaceous species with a few shrubs and
climbers and a small number of trees.

Monocrotaline, the pyrrolizidine

alkaloid mainly used in this thesis research, is derived from the genus
Crotalaria.

This genus is essentially limited to tropical and

sub-tropical areas but the Senecioneae and Boraginaceae are represented
in.the climatic regions and are worldwide in distribution.

It would

seem from the foregoing that there can be few areas in the world where
grazing animals are not exposed to one or more species within these
three main pyrrolizidine-containing groups,
cerned is yery large.

The number of species con

Senecio is considered to have more species,

about 1450, than any other genus of plants.

In Australia, there are

2

Table 1.

*
Botanical Distribution of Pyrrolizidine Alkaloids.

BORAGINACEAE: Heliotropioideae - Heliotropium, Tournefortia. Boraginoideae- Amsinckia5 Cynoglossum, Echium, Lindelofia, Macrotomia, Myosotis, Rindera, Paracaryum, Solenanthus, Trachelanthus9 Trichodesma.
COMPOSITAE: Senecioneae- Brachyglottis, Cacalia, Emilia, Erechtites,
Nardosmia, Petasites, Senecio, Tussilago. Eupatorieae- Eupatorium.
GRAMINEAE: Festuca, LoJ.ium, Thelepogon.
LEGUMINOSAE: Papilionaceae, Genistae- Adenocarpus, Crotalaria, Cytisiis.
ORCHIDACEAE: Chysis.
RHIZOPHORACEAE: Cassipourea.

|

SAKTALACEAE: Thesium.
SAPOTACEAE: Mimusops, Planchonella.

Vc

-

-

- Taken from Bull,,L. B.

'

*

'

•

.

'

*

Culvenor, C. C. J,, Dick, A. T. ;(1968) ^ p / 21.

\
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approximately 50 species of the Senecioneae> 45 Crotalaria species and
87 species of the Boraginaceae (Bull9 Culvenor and Dick 1968).

Chemistry
The foundations of chemical knowledge of the pyrrolizidine
alkaloids were laid in the period 1930-1950, mainly in the laboratories
of Menshikov in Moscow, and Adams in Illinois, through whose efforts
the structures of the amino alcohols heliotridine and retronecine were
elucidated (Menshikov 1937 and Adams and Rogers 1939).

Isolation and

structural studies have continued in these and other laboratories, un
til at the present time, more than one hundred alkaloids are known and
nearly all are structurally characterized.

In general, the hepatotoxic

alkaloids are a fairly uniform group of allylie ester alkaloids (see
below), a feature which has led to the suggestion that hep ato toxi ci ty
is dependent on a capacity for biological alkylation.

Pyrrolizidine

alkaloids of several other structural types are not hepatotoxic (Mat
tocks 1968).
The structure and ring numbering of the pyrrolizidine nucleus
is shown in Figure 1.

Two five-jnembered rings share a common bridge

head nitrogen at position 4 * All the toxic alkaloids are ester deriva
tives of II (1-hydroxymethyl-l:2 dehydropyrrolizine)

(Schoental 1968).

The two rings are inclined towards each other along the C-N axis like
the wings of a butterflyand 7.

Ester linkages are*possible at positions 1

Alkaloids such as Heliotrine (III) are open esters.

In others

such as retrorsine (IV), the esters are formed from a long chain
dicarboxylic acid, and hence form macrocyclic esters.

Only esters of

4

R = H or OH
II

-CHnOH
'CH
OH

CHn-0-C0-

III

Fig. 1.

:h - c h

IV

Ring Numbering and Selected Structures of Pyrrolizidine
Alkaloids.

branched chain acids confer toxicity (Schoental and Mattocks 1960)•
The unsaturated pyrrolizidine nucleus itself (II, Retronecine) is also
toxic.

The nitrogen atom of the nucleus readily undergoes oxidation

and N-oxides of the alkaloids are commonly found together with the alka
loid in plants.
It Is thus well established that there are three essentials for
toxicity:

1) that the ring nucleus contain a double bond at 1:2,

2) that the nucleus carry esterified hydroxyl groups and 3) that at .
least one of the ester side chains contain a branched carbon chain
(McLean 1970).

Metabolism
The pyrrolizidine alkaloids themselves are not the proximate
toxin, and must be bioactivated in the liver to obtain the toxic meta
bolites.
1970).

These metabolites are called pyrroles (Mattocks and White
The structure of monocrotaline and the putative metabolic

scheme are illustrated in Figure 2.
Hydrolysis and hydrogenolysis of the ester groupings are the
main chemical reactions of the hepatotoxic alkaloids.

By these means

the alkaloids are split into their component amino alcohols and esterifying acids or their reduced derivatives.

Of importance is the ready

interconversion of the tertiary base alkaloids and their highly water
soluble, neutral N-oxides, which may be effected metabolically in plants
and a n i m a l s a s well as by in vitro oxidation and reduction.

The N-

oxide form is important because it may constitute over 90 percent of
the alkaloid in some plants and, in these circumstances, would be the

MONOCROTALINE

:=o

:=o
0=

0=1

MONOCROTALINE
N-OXIDE

DEHYDROMONOCROTALINE

DEHYDRORETRONECINE

Fig. 2.

Metabolism of Monocrotalines
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principal form ingested by grazing animals (Bull* Culvenor and Dick
1968).
There may be at least two metabolites of monocrotaline responsi
ble for its toxicity (Figure 2).

The pyrrole dehydroretronecine is one*

another pyrrole (dehydromonocrotaline) can be formed* however, if the
nucleus becomes unsaturated while the ester bonds are left intact.

It

is as yet undetermined which of the two is formed to the greater extent
and which is most responsible for the observed toxicity.
It has been shown that the hepatic metabolism of pyrrolizidine
alkaloids proceeds via a F-450 mixed function oxidase system.

The in

vitro conversion of substrate to pyrrole is increased by phenobarbital
pretreatment while SKF-525A decreases this conversion in microsomal
preparation (Mattocks and White 1971),

Further * as this thesis will

later demonstrate, P-450 oxidase inhibitors are also capable of block
ing the toxic effects of monocrotaline in rats (Eisenstein* Azari and
Huxtable* in press),

Toxicology
. Reports of pyrrolizidine alkaloid poisoning in man generally
fall into the category of acute poisoning.

Cirrhosis is definitely a

late effect of acute poisoning seen in Jamaica (below).

Chronic pyr

rolizidine poisoning* as seen in grazing animals* results in megalocytosis and gradual liver failure and is not reported in man.
kidney lesions have not been reported either.

Lung or

.

Willmot and Robertson (1920) and Selzer and Parker (1951)* saw
patients poisoned by senecio contamination of bread.

The symptoms were

clinically similar to the Budd-Chiari syndrome which is an obstruction
of the trunk or large branches of the hepatic vein.

Their reports

emphasize centrilobular necrosis and hemmorhage in the liver.

In both

studies there was a strong correlation between low economic status and
severity of the attack.

Willmot points out that the poorer the family,

the larger the proportion of the diet eaten as bread, and, assuming
contamination, the larger the dose of senecio.
In Jamaica (Hill, Rhodes and Stafford 1951) an epidemic occurred
among the children.

The clinical picture consisted of severe abdominal

enlargement of acute onset with hepatosplenomegaly, ascites and the de
velopment of collateral venous channels over the abdomen.

Liver biopsy

revealed a collagenous occlusion of the small branches of the hepatic
venous tree.

Liver biopsy at the most acute stages of the disease

showed massive centrilobular congestion and necrosis.

This syndrome

was subsequently named veno-occlusive disease (Bras, Jellife and Stuart
1954).
In 1957, Stuart and Bras made a follow-up of a sample of these
patients.

Fifty percent recovered completely from acute attack, 20

percent died of liver failure during the acture attack and 30 percent
went on to a subacute form of veno-occlusive disease.

Of the latter

30 percent, two-thirds made a complete recovery and one-third progressed
to cirrhosis and died with haemtemesis.
was 30 percent.

Thus, overall, the mortality

The proportion of this problem in Jamaica was acknowl

edged in a 1961 report-(Bras, Brooks and Walter 1961) which stated

that cirrhosis due to pyrrolizidine alkaloid intoxication accounted in
1961 for one-third of the cirrhosis seen at autopsy in Jamaica.
The method by which pyrrolizidine alkaloids get into the human
diet in Jamaica is of special interest to us in southern Arizona.

A

"bush tea" is made and drunk regularly by all the poorer sections (i.e.,
70%) of the population (Sterling, Bras and Urquhart 1962).

It consists

of a hot water infusion of leaves picked from the surrounding areas
(the "bush").

The great majority of leaves so picked are harmless.

It

is doubtful whether pyrrolizidine teas are drunk as a regular part of
the diet due to the bitter taste of such preparations.

When a child

had a cold (anything from "sniffles" to gastroenteritis) he was given
an herbal medicine in the form of a tea.

The most common pyrrolizidine

containing plant used is Crotalaria fulva containing the hepatotoxic
alkaloid fulvine.

This is used as a medicine for children.

The danger

of these plants is now recognized by the government and successful pic
torial campaigns have been waged against their use.
Our laboratory focused public attention upon a similar problem,
as was seen in Jamaica, here in Tucson (Stillman et al. 1977; Huxtable,
Stillman and Ciaramitaro 197,7) . In 1976, a 6 month old female infant was
admitted to Tucson Medical Center.
abdomen

The child presented with a distended

and a prominant abdominal venous pattern.

tention coincided with the presence of ascites.

The abdominal dis

The patient had been

fed large quantities of tea prepared by infusion of a locally marketed
herb known as Gordolobo yerba.

This tea is widely used as a gargle and

cough remedy by the Mexican-Amerlcan population.

The herb was
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identified as Senecio longilobus, a plant indigenous to the deserts of
the southwest United States and northern Mexico•
Another infant (2 month old male) in Phoenix was admitted to
the hospital with pyrrolizidine induced hepatic veno-occlusive disease
(Stillman et al. 1977)»

The patient had been fed

tea for five days prior to admission.
admission.

longilobus as a

The child died six days after

Because of these cases, we have encouraged and succeeded in

the removal of this tea from the local market.
The Tucson and Jamaica incidents are examples of what is a
ubiquitous problem.

Recent reports have shown that this disorder oc

curred on a large scale in northwestern Afghanistan (Mohabbet et al.
1976) and also in central India (Tandon, Tandon and Tandon 1976).

An

isolated case of a similar poisoning was reported in Equador (Lyford,
Vergara and Moeller 1976),
The initial threat to life of pyrrolizidine containing plants
was first observed as a veterinary problem.

Cattle were among the

earliest to be investigated (Cushny 1911) when the farmers of Nova
Scotia noted that their cows fell ill after eating the imported weed
Stinking Willie (S . jacobea) .
animals the senecio.

The symptoms were reproduced by feeding

Cattle generally succumb within a month.

The com

mon signs are violent diarrhea with wasting, a straddled gait, inability
to stand and death.

The threat to livestock is severe in the Pacific

Northwest where Tansy Ragwort (Senecio jacobea) has resulted in exten
sive losses in recent years (Cheeke 1977) .

This plant is resistant to

nearly all attempts at extermination thus far.

11

'

Many variables can affect the toxic manifestations following
consumption of the raw plant.
of Senecio (Bull at al. 1968).

Sheep are virtually immune to the effects
It is believed that the rumen of sheep

is capable of detoxifying the alkaloid prior to absorption.

This is in

contrast to the resistance of the guinea pig (Chesney and Allen 1973)
which results from the lack of a hepatic dehydrogenase enzyme neces
sary for pyrrole formation.
The toxic signs in horses are predominantly neurological, though
stomach and esophogeal lesions are also reported (McLean 1970).

Gard

iner, Royce and Bokor (1965) investigated TTwalk-about,T disease of horses
and found that it distributed oyer the same areas as Crotalaria retusa.
The symptoms are compulsive walking in a straight line and butting the
head against any obstacle encountered.
duced the illness.

Feeding of the

retusa repro

The onset of neurological symptoms coincided with a

steep rise of blood ammonia.
in the liver at death.

Severe pathological changes were recorded

Chickens and turkeys poisoned with Crotalaria

spectabilis. seeds (Monocrotaline) died from lesions in the liver, lung
and muscle (Allen, Childs and Cravens 1960; Allen 1963).
Senecio poisoning in pigs produces liver, lung and kidney
lesions (Harding et al. 1964).

In dogs, heliotrope alkaloids give rise

to liver failure in which ascites is the most prominent feature (Khanin
1956).
In the laboratory, dosing can be rigidly controlled.

The pat

tern of toxicity in the rat varies with the dosing schedule used.

Table

2 lists the L D ^ values in rats for the more common toxic alkaloids.
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Table 2»

Comparative Toxicities of Selected Pyrrolizidine Alkaloids
in the Rat.

ALKALOID

Monocrotaline

^Rats:

TOXICITY (LD50 - mg/kg)*

175

Retrorsine

35

Senecionine

85

Seneciphylline

77

Deaths within 72 hours of an intraperitoneal dose.
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It is evident that toxicity varies considerably among the alkaloids.
The rat provides an excellent model for studying the toxic effects of
the alkaloids such as monocrotaline and is used in all experiments in
this thesis.
The rat demonstrates a clear contrast between acute and chronic
toxicity.

A single massive dose of monocrotaline will result in severe

hepatic necrosis and pulmonary arteritis.

Chronic dosing (i.e., 20

mg/liter of drinking water for 3 weeks) results in lung and right heart
hypertrophy with increases in pulmonary arterial and right heart blood
pressures.

The organ hypertrophy provides a convenient and highly re

producible means by which toxicity can be monitored and quantified
(Huxtable, Ciaramitaro and Eisenstein 1978).
The aim of this thesis is twofold.

First, the possibility for

human exposure to pyrrolizidine alkaloids via the foodstuffs (i.e.,
milk, cheese, honey, butter, beef and eggs) will be examined.
much evidence favoring this kind of contamination.

There is

In Washington state,

pyrrolizidine alkaloids were found in honey in concentrations up to 1.4
parts per million (Deinzer et al. 1977).

Washington investigators also

reported finding pyrrolizidines in milk from cattle fed Senecio jacobea
in a total dose of 16 mg/kg animal weight/day.

The milk contained 9.4

to 16.7 micrograms/100 mis (Dickinson, Cooke and King 1976).

The possi

bility that poisoned cattle would lead to contamination of beef was
raised by Mattocks and White (1970) because rats dosed with pyrrolizi
dines retain the toxic metabolites in various tissues.

The possibility

of human intoxication by milk contamination is given credence by the

14
work of Schoental (1950),

Lactating rats were given solutions of Lasio-

carpine (total dose 25-40 mg) and retrorsine (total dose 21-335 mg/kg)
by stomach tubes or intraperitoneal injection.

The suckling infants

were killed at various times and their livers biopsied.

Hemmorhagic

areas and thickening of the walls of the central veins (narrowing of
their lumina) were found.
The second aim of the thesis is to examine ,the toxicity of monocrotaline on lung and heart and present possible techniques for the
pharmacologiGfal intervention (i.e., attenuation) in the toxic processes.

CHAPTER 2

METHODS

Extraction of Moriocirotaline
Seeds of the plant Crotalafia‘spectabilis (approximately 200
grams) are finely ground in a hand operated coffee seed grinder and ex
tracted with a Sohxlet extractor with a rheostat controlled heating
mantle.

The ground seeds are placed in an extraction thimble arid the

round bottom flask of the Sohxlet is filled with 500 mis of 95% ethanol.
The portion of the apparatus containing the seeds is covered with alumi
num foil to minimize heat loss as the ethanol moves through the ground
seeds.

After 24 hours, the ethanol is removed and replaced with 500 mis

of fresh ethanol.

This is repeated at 48 hours.

At 72 hours the final

volume of ethanol is added to the two previous batches to yield 1.5
liters of ethanol extract,
A cation exchange column (50cm X 2cm) is prepared with Bio-Rad
AG 50W-X8 200-400 mesh resin.

The ethanol extract is filtered to remove

particulate matter and is passed through the column.
main on the column and the eluent is discarded.

The alkaloids re

The mono cro ta line is

then washed off the column with 2 liters of 0,1 N NH^OH..

The NH^OH

eluent is extracted 3 times, with an equal volume of chloroform in a 2
liter separatory funnel.

The chloroform is dried over sodium sulfate.

The chloroform is again filtered to remove the sodium sulfate and is
15
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then evaporated on a Buchi rotary evaporator under vacuum.

This gives

a crude preparation from which monocrotaline is crystallized using etha
nol.

The crystals (after several recrystallizations) are collected on

a tared filter paper disc and dried overnight under vacuum in a dessicator.

The approximate yield of monocrotaline is 5% (m.p. 1970-198°C).

Colorimetric Assay for Pyrroles
Mattocks (1967) developed what has proven to be an invaluable
test for the presence of pyrroles, the toxic metabolite of the pyrrolizidine alkaloids.

It is a three step test that will convert the basic

pyrrolizidine to its N-oxide form and then via dehydrogenation to the
pyrrole.
The-reagents needed are as follows:
solved in 30%
acetic anhydride.

sodium pyrophosphate dis

to a final concentration of 5mg/ml.
Ehrlich reagent:

diluted to lOOmls in ethanol.

2ml borontrifloufide etherate is

Two grams of 4-dimethylaminobenzaldehyde

is added and the solution is kept in a dark bottle.
ene glycol dimethyl ether).

Redistilled

Acetone.

Diglyme (dimethyl

The procedure is as follows:

1) 0.5 mis

of the #2^2 solution is added to the dried aliquot of the

chloroform

solution containing the alkaloid. The tube is boiled for

30 minutes

in water.

2) One ml of diglyme is added followed by 0.1 ml

of acetic anhydride and boiled for

1 minute. 3) After cooling, 1 ml

Ehrlich reagent is added and heated at 55-60°*C for 4-5 minutes.

of

The

final colored solution (deep purple) may be diluted as necessary with
acetone.

The solution is read spectropfiotometrically at 565nm.

crotaline has an extinction coefficient of approximately .40,000

Mono

17
2
-1
cm mole .

The procedure is calibrated with 0-100 micrograms of mono-

crotaline.

This procedure will detect pyrrolizidines9 N-oxides and

pyrroles.

To detect pyrroles only, sept 3 was performed.

To detect

pyrroles plus N-oxides, steps 2 and 3 were performed.

Assay Procedure for Foodstuffs
To work out the efficiency of extraction of the assay procedure,
a known quantity of monocrotaline (0.1 mg) were added to each foodstuff.
Percent recoveries are reported in the results section.
butter were analyzed:

Seven brands of

Seal of Arizona, Carnation, Shamrock, Select,

Lucerne, Shady Lane .and Dairy Fresh.

All of these brands are derived

from milk from local dairy herds.
Seven brands of milk from local dairy herds were analyzed:
Blossom Time, Lucerne, Olson, Shamrock, Carnation, Globe Brand and
Dairy-Fresh.

Assay procedures for honey, cheese and beef were designed

and the efficiency of extraction determined.

Actual sample analyses

were not performed however.

Honey
One hundred ml of honey and distilled H^O were homogenized
thoroughly on a polytron.

To convert the alkaloid to the neutral form

for extraction, sodium carbonate solution was added to basify to pH 8.5.
The solution was extracted 3 times with an equal volume of CHCl^.
CHClg to dryness and perform the Ehrlich test.

To the remaining aqueous

phase, lower the pH to 3.5 with HC1 and add zinc dust.
utes.

Bring

Heat for 30 min

This reduces all water soluble N-oxides to the tertiary bases.

Rebasify the solution and extract as before.
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Milk
Acidify one quart of milk with HC1 to pH 3.5.
ids 3 times with a 2:1 solution of CHCl^:MeOH.
aqueous fraction and extract as with honey.

Extract the lip

Basify the remaining

Reduce the N-oxides with

zinc dust and HCl as under honey.

Cheese
Grate one— quarter pound of cheese as fine as possible.
equal volume of distilled H^O and acidify to pH 3.5.
Waring blender until smooth.
the aqueous supernatant.

Add an

Homogenize in a

Centrifuge at 20K X 30 minutes and remove

Assay now proceeds step for step the same as

in the milk assay.

Butter
Melt one-quarter pound butter over low heat.

Add an equal

volume of hot distilled H^O and acidify with HCl to pH 3.5.
low heat for 2 hours.

Stir on

Allow layers to separate in a separatory funnel.

Remove the aqueous layer and follow the procedure as under milk.

Beef
To one-quarter pound ground meat, add an equal volume of dis
tilled H^O and acidify to pH 3.5.

Thoroughly homogenize.

at 20K X 30 minutes and remove the aqueous layer.
milk.

Centrifuge

Follow procedure for
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Procedures for Animal Experiments
Lung Perfusions
Radiochemicals.

(1,2—^H) Serotonin, (H^) AMP and (7-^^C) Nore

pinephrine were purchased from New England Nuclear*

Hippuryl histidyl

leucine (HHL) was purchased from Vega-Fox Biochemicals.
Rats.

Wistar strain male rats (.125 gram) were housed four to a

cage in a laminer flow hood except during food and water consumption
experiments, when they were housed individually.
Monocrotallne Administration* Monocrotaline (as the free base)
was placed in the drinking water at a concentration of 20 mg/liter.
Animals were placed on monocrotaline at various intervals after attain
ing 50 grams body weight such that, regardless of length of exposure to
monocrotallne, all animals were the same age at sacrifice.
Organ Dissection. At selected times, the rats were sacrificed
by decapitation*

Blood was partially removed by perfusion of a saline

solution (0.9%) through the right ventricle, a samll incision being
made in the right atrium for outflow.
and weighed immediately.

Organs were then rapidly removed,

The septum and the right and left ventricular

walls of the heart were dissected separately at ambient temperature,
and weighed immediately.
Measurement of Blood Pressure.
by Ryan Huxtable and James Laugharn.

These experiments were performed

Rats were anesthetized with

chloral hydrate, intubated and placed in a respirator.

The chest was

opened and retracted, and 20 gauge teflon catheters inserted into the
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ventricles.

The catheters were connected via a transducer to a record

ing physiograph9 and the pressures were recorded.

The catheter in the

right ventricle was then gently moved into the pulmonary artery9 and the
pressures similarly recorded.
Isolation of Lungs for Perfusion.
with nembutal (50 mg/kg).
tracheostomy performed.

Each rat was anesthetized

The animal was secured to a rat board and a
The cannula was attached to a respirator venti

lating the animal at a rate of 45 per minute with a stroke volume of 2
mis.

A midline incision through the peritoneum was made, and two inci

sions parallel to the costal margins to the flank.
was continued to the neck.
i
blunt-dissected free.
artery.

The midline incision

The chest wall was retracted and the thymus

A 3-0 suture was placed around the pulmonary

PE 190 tubing was inserted through the right ventricle and

into the pulmonary artery9 where it was ligated into place.

The heart

was then cut away, the lungs removed, and placed in the perfusion appa
ratus .
Perfusion Apparatus.. Krebs-Ringer bicarbonate buffer (Huxtable
et al. 1978) was used, containing 5.5 mM glucose and 5% albumin in addi
tion to the normal salts.

Lungs, were ventilated with room" air and main

tained in a

humidified chamber.

The lungs were

single pass

system was employed, at a rate of 7

Perfusion of Radiochemicals.
at a level of 0.05 microCi/ml buffer.
strate free

ml/min.

Radioactive substrates were used
Lungs were perfused with sub-

buffer for 5 minutes, then with the

labeled substrate at a

perfused at 22°C and a

buffer containingradio-

concentration of 0.1 micromole.

Perfusionwas .
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continued for a further 10 minutes and 0.5 minute fractions of lung
eluate collected.

At this time, perfusion media was changed back to the

substrate-free Kreb s-Ringer solution.

Dehydro re tronecine perfusions

were run in a similar manner, except that dehydroretronecine (ImM) was
present in the buffer along with the substrate (i.e., coperfusion), and
substrate perfusion was continued for 20 minutes instead of 10.
Analysis of Fractions.

Aliquots of fractions were counted di

rectly in a liquid scintillation counter.

Substrate and metabolites

were separated on an ion-exchange column.

For serotonin and AMP, an AG

1 chloride form anion exchange column (0.5 cm X 6 cm) was used.

Adeno

sine (the eluent) was counted for AMP and unchanged serotonin (the eluent) was counted.

+

An AG 50 H

cation exchange column was used with

norepinephrine. *Mandelic acid (the metabolite) was eluted and counted.
Perfusion of HHL.

To measure the activity of angiotensin-

converting enzyme s the analog hippuryl-histidy1-leucine was used as sub
strate,

The rate of reaction was followed by spectrophotometric

measurement of hippuric acid.

Lungs were perfused with buffer contain

ing 0.5 mM HHL in the manner described above.

To remove albumin, eluate

fractions' were boiled for 5 minutes and centrifuged at 40,000 X g for 30
minutes.

Supernatants were then extracted with ethyl acetate (1.5 ml).

The ethyl acetate was evaporated with nitrogen, and the residue dis
solved in 1 ml water.

The absorbance at 228nm was determined (extinc-

4
tion coefficient, 1.48 X 10 ),

The extraction step removed 91% of the

hippuric acid, but values were corrected to 100%.
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Synthesis of Behydroretronecine,

This was prepared by the

:

method of Mattocks (1969).

Attenuation of Toxicity
For all of these studies s male Sprague-Dawley rats of either 50
or 100 grams were used.

Animals were housed in a laminar flow hood and

maintained on a 12 hour day/night cycle.

Food and water were available

ad libitum.
Sulfhydryl Compounds.

Dichlbrobenzehethiol (DCBT) was obtained

from Aldrich Chemical Company.

Cysteine was obtained from Mallinckrodt

and glutathione (GSH) from Matheson, Coleman and Bell.
Measurement of GSH Levels in the Liver.

5*5*-Dithiobis-(2-

nitro)-benzoic acid (DTNB) was obtained from Sigma Chemical Company.
Two grams of liver and/or kidney were homogenized in 6mls 0.05 M tris*
pH 7.4 and 10 ^M EDTA.

The homogenate (0.5 ml) was taken and 4.5 mis

of 0.05M tris* pH 7.4 + 10 ^M EDTA were added.
TCA was added and the protein was pelleted.

To this* 0.2ml of 50%

To 1 ml of supernatant * 4

ml of 0.2 M tris, pH 7.9 + 10 ^M EDTA was added.

Lastly* 100 micro

liters of 0.01 M DTNB (99 mg DTNB in 25 ml absolute methanol) was added.
The absorbance at 412nm was measured within 5 minutes (Sedlak and Lind
say 1968).
Administration of Diethylmaleate.
from Sigma.

Diethylmaleate was obtained

Fifty gram S/D rats were divided*into 4 groups* 3 rats each

and were injected as follows:

control* 1 ml i.p. of 0.9% saline* mono-

crotaline 60 mg/kg i.p. * DEM 0.6 ml/kg i.p.* and DEM + mono cro taline 0.6
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ml/kg and 60 mg/kg respectively •
monocrotaline injection.

DEM was injected 3 hours prior to

Rats were weighed every third day.

Metabolic Inhibitors.

2-diethylaminoethyl-2,2-di-phenylvalerate

hydrochloride (SKF-525A) and allyl isopropyl acetamide (;
AIA) were ob
tained from Smith, Kline and French." Metyrapone (2-methyl-l,2-di-3
pyridyl-l-propanone) was obtained from Aldrich Chemical Company.
Sulfhydryl Replacement arid'Inhibitor Treatment.

In each experi

ment rats were divided into 4 groups, and injected as follows:
trol (1ml of 0.9% saline i.p.).

1) con

2) monocrotaline (60 mg/kg i.p.).

3) test compound and 4) test compound 4- monocrotaline (60 mg/kg i.p.).
Test compounds were administered as follows:

SKF 525A and metyrapone

were given as 2 doses of 75 mg/kg i.p. each.

The first was given 8 hours

prior to the monocrotaline injection.
with monocrotaline.

The second was given concurrently

AIA (300 mg/kg" i.p. each dose) was given 48 and 24

hours prior and concurrent with.monocrotaline.

DCBT (10 mg/kg i.p.) and

GSH (200 mg/kg i.p.) were given 0.5 hours prior to monocrotaline and an
equal amount was given 1 hour afterwards.

Cysteine (325 mg/kg i.p.) was

given concurrent with, and 15 minutes and 2 hours after monocrotaline
control animals were similarly injected with saline.

Each rat was

weighed every 2-3 days and experiments were terminated on either the
tenth or fourteenth day.

Rats were sacrificed by cervical fracture.

Wet organ weights were determined immediately after sacrifice.

To ob

tain the dry weights, organ samples were oven-dried at 750C for 2 days.

CHAPTER 3

RESULTS

Analysis of Foodstuffs
To determine efficiency of extraction, 0.1 mg of monocrotaline
was added to a foodstuff .and the percent recovery determined.

This per

cent recovery may then be used as a correction factor when calculating
the extent of contamination of a foodstuff.

Table 3 shows the percent

recovery- from the foods listed. ' Lipids appear to interfere partially
with the recovery process.
covery.

Honey, with ho lipid, permitted complete re

Beef and cheese, having the highest protein content, had the

lowest recovery.

As mentioned in Chapter 2, only milk and butter were

actually analyzed.

The reason for this is that these foods are pro

duced from local cattle which graze in areas that contain Senecio Longilobus.

We felt that these products were therefore more likely to con

tain pyrrolizidine alkaloids.

The other foods will eventually be

analyzed by our laboratory.
Table 4 shows the results from 3.brands of butters which were
possibly contaminated.

The Ehrlich reagent described in Chapter 2, has

an absorption maximum at 562 mn.

Whenever color developed in the final

sample, a spectrophotometrie scan was performed to ascertain that the
color was due to alkaloid contamination (i.e,, absorbance maximum at
562 nm) .

Shamrock^ had the highest level of contamination with 0.28
2 4

.
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Table 3.

Percent Recovery of 1 mg of Monocrotaline from Various
Foodstuffs, 3:1k

Foodstuff

Percent Recovered

Honey

100 ± 2

Milk

56

± 8

Cheese

12

± 2

Butter

75

± 12

Beef

21

+ 1

aAll values..are means + S.D.
■v

All analyses were performed on 1/4 pound of food except for honey
of which 100 ml were used.
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Table 4»

Assay for Pyrrolizidine Alkaloids in Butter.

Brand0 9e

Peak at
562 nm

Parts/Million3-

Micromole/ga>^

Carnation^

N.D,d

0.2+0.02

4.8 + 0.3

Camationg

Yes

0,09 + 0.01

2.8 + 0.1

Shamrock^

Yes

0.3 + 0.04

55.8 + 1.0

Shamrock^,

No

0.2 + 0.004

6.7 + 0.1

Seal of Arizona^

N.D.

0.03 + 0.008

0.8 + 0.3

Seal of Arizona^

No

0.2 + 0.01

7.0 + 0.00031

aAll values are means

d

S.D.

^All values are % 10^.
C^:.and ^ indicate 2 separate assays.
^N.D.: not determined.
eFor each brand9 1/4 pound was analyzed and the mean of 8 samples is
shown.
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parts per million.

This is well below the 1.4 parts per million found

by Deinzer et al. (1977) in Washington state honey.

A second examina

tion of a different sample of Shamrock was negative.
not show a peak at 562 nm are not contaminated.

Samples which did

The ppm was calculated

based on the spectrophoiometrie reading and has no real meaning.

Trace

amounts of serotonin, which reacts with the Ehrlich reagent, may be re
sponsible for color development in uncontaminated samples.
All milks examined were free of contamination.

Color develop

ment occurred in some of the samples of milk but no absorbance maxima
were seen at 562 nm.

Effect of Monocrotaline on Body Weight
and Organ Weight
The toxic effects of monocrotaline on the rat may be used as
model of pulmonary arterial hypertension and right, ventricular hyper
trophy.

Rats were maintained on drinking water containing monocrotaline

(20 mg/L).

Over a 21 day period of exposure, total monocrotaline con

sumption was 7.6 + 0.3 mg per rat (3.6 mg/kg/day).

Figure 3 shows the

rate of weight gain in monocrotaline treated versus control rats.

It

can be seen that after approximately 10 days, the rate of weight gain
decreases in the treated group.
begin to die after 4 weeks.

Animals in the latter group usually

Over the 3 week period of treatment, the

lung/body weight ratio began to increase from the ninth day onward, ap
proximately doubling after 20 days.

Five days subsequent to the in

crease in lung mass, there was an increase in the right ventricular/body
mass,ratio.

After 2 weeks of treatment, the right ventricular weight

(g)

CONTROL

150

MONOCROTALINE

BODY

WEIGHT

200

100

TIME (DAY)
Fig. 3

Effect of Chronic Monocrotaline Treatment Upon Rate of Weight Gain in Male
Rats. — 20 mg/1 drinking water.
N)
OO
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was significantly elevated as shown in Figure 4.

Thus, ventricular

hypertrophy occurred after the increase in lung mass (Figure 5).

There

was no corresponding alteration in left ventricular/body weight ratio
over the duration of monocrotaline treatment.
The alterations in weight ratios shown in Figures 3 and 4 were
not due to alterations in wet/dry tissue weight ratio.

The percentage

of water in tissues did not vary in either the right or left ventricule
or in the lungs over the period of treatment.

Although changes in organ

size are reported in terms of organ/body weight ratios? absolute weights
vary in the same manner (see Table 5).

No alterations in liver/body

weight ratio occurred over the course of monocrotaline treatment (Fig
ure 5) .

Effect of Dehydroretronecine on Organ Weights
Dehy dro re trone cine (DHR) is a putative metabolite of monocrota
line which is believed to be produced in the liver (Figure 2).

This

metabolite is thought to be responsible for the toxic effects of mono
crotaline.

To :test its effects on the cardiopulmonary, system, DHR was

administered for 2 weeks by.daily injection of 4 mg/kg subcutaneously
to 100 gram rats.

This dose is equivalent to the amount of monocrota

line a rat receives per day in its drinking water.

Table 6 shows that

DHR is indeed capable of producing the same toxic effects as monocrota
line to the same extent over a 2 week, period.

12

8

TISSUE

/ BODY

WEIGHT

RATIO

16

4
5

10

15

20

TIME (DAY)
Fig. 4.

Effect of Monocrotaline On Right and Left Ventricular Weight Ratios. --Data shown as
free ventricular wall/body weight ratio X 10 , means + S.E., 6 samples per point.
*P < 0.05 compared to untreated groups. #= right ventricle; A = left ventricle. The
data are typical of a number of similar experiments.
^

12

RATIO

6

ORGAN/BODY

8

WEIGHT

10

4
2

5

10

15

20

' TIME (DAY)
Fig. 5.

Effect of Monocrotaline on Liver and Lung Weights. — Data shown as wet weight
ratios. ▲= liver/body weight ratio X 100. 9-10 samples per point, standard errors
are too narrow to depict. 8= lung/body weight ratio X 10^. 6 samples per point,
shown as mean + S.E. *p < 0.05 compared to untreated group.
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Table 5»

Effect of Monocrotaline on Organ Weights.^

Days on Monocrotaline
0

10 •

20

Number of animals

28

9

36

Body weight (g)

183 + 4

170 + 9

151 + 3°

Lung dry weight (mg)

174 + 6

192 + 13

286 + 7°

Right ventricular/
body weight3

1.63 + 0.06

1.68 + 0.18

3.41 + 0.11°

Left ventricular/
body weight3

5.74 + 0.11

5.78 + 0.22

5.82 + 0.12

Right/left ventricle

0.285 + 0.010

0.308 + 0.029

0.561 + 0.024°

. 0.184 + 0.008

0.185 + 0.032

0.182 + 0.015

4.514 + 0.140

4.014 + 0.270

4,184 + 0.361

Dry lung/wet lung
weight
Liver/body weight*3

a
Dry ventricular weights have been used.
b

Wet liver weight has been used.
X 102.

Four animals per group.

Cp < .001 relative to day 0 values.
^Data shown as means + SEM.

4
Ratios are X 10 .
Ratios are
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Table 6.

Effect of Two Week Exposure to Dehydroretronecine on Organ
Weights-a

Control

Dehydroretronecine

Body Weight (g)

191 + 4

121 + 9d

Eight gentricle/body
weight

2.08 + 0.22

4,54 + 0.49d

Left ventricle/body
weight*35c

5.20 + 0.26

5.60 + 0.18

Right/left ventricles

0.40 + 0.05

0.82 + 6.11d

Lung (mg) (dry weight)

186 + 8

242 + 7d

a10Q g rats were injected 4 mg/kg subcutaneously with dehydroretronecine
each day for 14 days. Animals were sacrificed 24 hours after final
injection.' Three animals were used per group, the data are shown as
mean + SEEL
kRatios X 10^.
CSep turn is included in left'ventricle weight.
%

< 0.025 relative to control.
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Effect of Monocrotaline on Blood Pressure
This work was done by others in our laboratory.

There is a pro

gressive increase in pulmonary blood pressure with duration of exposure
to monocrotaline (Table 7).

After 22 days of treatment9 systolic pres

sures in the pulmonary artery and right ventricle were markedly and
significantly elevated.

No change was observed in left ventricular

systolic pressure relative to control animals.
Our laboratory submitted treated lungs for histological exami
nation.

Medial hypertrophy of the pulmonary arteries was detectable by

14 days and was marked by 21 days..

These changes developed without any

signs of necrotizing arteritis or myocarditis..

Such inflammatory

changes have been observed following single injections of monocrotaline
in doses high enough to produce right ventricular hypertrophy (Hayashi
and Lalich 1967).

Monocrotaline-induced Changes in
Endothelial Cell Membrane Function
In the data that follows s I performed the AMP and HHL perfusions
and the data on norepinephrine and serotonin is presented for the sake
of completeness.
Enzymatic and transport functions were examined in the isolated
perfused lungs of animals pretreated with monocrotaline.

Radiolabeled

substrates were perfused through the lung, and the effluent analyzed
for substrates and metabolites, (see Chapter 2) .
The perfusion apparatus and procedure have been described in
Chapter 2.

Lungs from monocrotaline-treated animals were examined for

Table 7.

Effect of Monocrotaline on Blood Pressure,

Pulmonary Arterial
Pressure (mm Hg)

Treatment

Control

Monocrotaline

Right .
Ventricular
Pressure'
(mm Hg)

Right
Ventricular/
Body Weight
Ratio

Pulse Rate
(beats/min)

Length.
.(Days)

Systole

Diastole

Systole

14

18.4 ± 1.7

10.8 + 1.0

21.8 + 1.0

7.02 + 0.35

330 + 14

22

20.2 + 1.9

14.7 + 1.4

24.4 + 5.6

7.00 + 0.30

350 + 59

14

26.5 + 3.6

14.1 + 2.8

28.3 ± 3.2

8.01 + 0.55

378 + 19

22

34.7 + 4.6a

20.4 + 3.0

42.2 + 1.8a

14.50 + 0.60a

286 + 21

ap < ,05 relative to control group for day 22, No alterations occurred in left ventricular pres
sures. Right ventricular diastolic pressures were not significantly elevated in treated
groups. 6 animals per group. Ventricular to body weight ratios expressed as wet weight X

io\

u>
Ui
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their ability to metabolize norepinephrine$ serotonin, AMP and HHL.
Rats were treated with monocrotaline for either 10 or 21 days»

The

characterisitcs of these animals have been summarized in Table 5.

Norepinephrine
Norepinephrine, like serotonin, is metabolized intracellularly,
and must be transported across the cell membrane.

A pool of norepine

phrine plus metabolites is formed within the cell, and release into
perfusate occurs from this pool»
After 10 days of exposure to monocrotaline, there was no impair
ment of the lungs1 ability to metabolize norepinephrine (Table 8),

Af

ter 21 days of treatment., however, a more complex situation was observed
(Table 9) .

The percentage of the perfused substrate that underwent

metabolism remained unchanged, but the rate of metabolism— that is to
say the rate of conversion per gram lung— was markedly decreased.

The

monocrptaline-treated animals had a rate of. metabolism only 65% of that
of the controls.

Therefore, although metabolism per total lung was un

changed, the metabolism per gram of lung was decreased due to the in
crease of tissue mass.

Furthermore, the retention of norepinephrine

and its metabolites by the lung was unaltered (Table 9), and MAO activ
ity in lung homogenates was not depressed after 21 days of mono cro taline
pretreatment.

Serotonin
When serotonin was perfused, the concentration of metabolites
in the perfusate was decreased along with the rate of metabolism per
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Table 8.

Effect of 10 Day Monocrotaline Treatment on Norepinephrine
Metabolism.
Control

Treated

Number of animals

9

8

Concentration of
metabolites (pH)

0.032 + 0.002

0.040 + 0.002

Rate of Metabolism
(nmole/min/g dry
weight lung)

1.350 + 0.126

1.514 + 0.096

initial

20.8 + 4.3

19.9 + 2.6

final

22.8+4.5

21.7 + 2.8

Perfusion pressure
(cm H20)

^Data are mean + SEM
^Treated rats (120 g body weight) were exposed to monocrotaline for
-7
10 days, before lungs were removed and perfused with 1 X 10 M nor
epinephrine, No significant differences between control and treat
ed groups were found.

Table 9.

Handling of Norepinephrine and Serotonin after 3 Weeks Monocrotaline Treatment.

Norepinephrine^
..■ Control........ . Treated

Serotonin^
........Control

Treated

Number of animals

10

10

9

9

Concentraction of
metabolites (yM)

0.040 + .001

0.041 + .002

0.029 + .001

0.010

Rate of metabolism
(nmole/min/g dry
weight lung)

1.722 + 0.092

1,117 + 0.045a

1.265 +0.019

0.629 + 0.010a

Metabolism
(.% control)

64,9

+ .oooa

49.7

Rate/lung

0.327 + 0.017

0.298 + 0,012

0.221 + 0 , 0 0 3 a

0.165 + 0.003a

Residual in lung
(dpm/g dry weight
X 10-3)

306 + 112

263 ± 66

447 + 65

148 + 30a

Perfusion pressure
(cm H-0) •
initial

23.0 + 3.4

26,5 + 4.4 '

16,6 + 2.1

21.2 + 1.1

31.4 + 5.6

31.4 + 5 . 6 ...

15,6 + 4,6 ■-•

21.4 + 1.0

final
a p < .001
b

Lungs were perfused with 1 X 10

Source:

-7 3
M H- serotonin or ^^C-norepinephrine

Eisenstein, D., Ciaramitaro, D ,, .Huxtable, R. (1978),.
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gram of lung (Table 9).

Thus, the ability of the whole lung to metabo

lize serotonin was decreased by the monocrotaline pretreatment,

Total

organ activity was reduced to 65% of control, and the rate of metabolism
per gram of lung was reduced to 50% of control.

Retention of serotonin

and its metabolites by the lung was reduced to one-third of control.

AMP and HHL
Changes in metabolism in the mono crot aline-treated lung were
closer to those found with norepinephrine than serotonin.

The percent

age of conversion of substrate to metabolite was unchanged by the alka
loid treatment, although the rate of metabolism per gram of lung was
decreased.

Thus, total converting ability in the whole lung was un

changed (see Table 10).

- Changes over the Course of Perfusion
The data presented above were derived by consideration of the
average rate of metabolism between 2 and 10 minutes of perfusion.

Fig

ure 6 shows the changes in metabolite production over the course of the
perfusion.

Metabolite production from AMP showed the pattern to be ex

pected for a substrate which is metabolized at the endothelial cell
surface.

By 2 minutes,

a constant rateofmetaboliteproduction had

been established in the perfusate, which remainedunchanged
rest of the perfusion period.

for the

With serotonin, the pattern conformed to

that of a substrate that undergoes transport within the endothelial c'
cell before metabolism may occur.

Thus the rate of release of metabo

lites into the perfusate increased monotonically over the period of

Table 10.

Handling of Vasoactive Materials after 3 Weeks of Monocrotaline Treatment.

AMPd

'

Control

HHLd
Treated

Control

Number of animals

6

6

4

Concentration of.
metabolites (yM)

0.029 + .001

0.029 + .001

18.72 + 0.73

Rate of metabolism
(nmole/min/g dry
weight lung)

2.612 + 0.07

1.580 + 0.036a

950 + 73°

Metabolism
(% control)
Rate/lung.

Treated
4

.

17.68 + 0.72

705 + 92b,C

74.2

60,5
0.376 + .01

0.431 + .01

165 + 13

153 + 20

20.2 + 2.7

24.2 + 2.0

15.0 + 2.4

19.5 + 4 . 2

15.8 + 2 . 3

. 1 23.5 + 5.7

Residual in lung
(dpm/g dry weight
X 10-3)
Perfusion pressure
(cm H_0)
initial
final

18.0 + 2.4

. 24.0 + 2.2.

3 p < .001
k p < .05
0 units are ymole/min/g dry weight lung
^ Lungs were perfused with 1 X 10

^H-AMP or with 5 X 10

HHL,

dry

weight)

i!

METABOLITES

(nmole/min/g

o—

T

1

Fig. 6.

d

2

4

6

8

10

12

TIME (MINUTES)
Rate of Appearance of Metabolites in Perfusate.— Perfusion with radioactive substrate
was initiated at 0 min, and changed to substrate-free buffer at 10 min. Substrate per
fused: 0-0 0.1 yM norepinephrine (means of 20 experiments); A - A = 0.1 pM AMP (means of
10 experiments); •-•= 0.1 yM serotonin (means of 10 experiments). Standard errors are
omitted for clarity. None of above animals were treated with monocrotaline.
h->
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.perfusion.

Norepinephrine, a compound that is also metabolized intra

cellular ly, showed yet a third pattern of behavior.

That is, an apparent

bimodal dependence on time in the rate of metabolite appearance.

Dehydroretronecine and Endothelial Cell Function
The effects of coperfused DHR on AMP, HHL, and serotonin metabo
lism are shown in Table 11.

Metabolite production was increased 34%

with serotonin and decreased 18% with AMP and HHL.

Retention of activ

ity within the lungs was unchanged with AMP, but decreased 44% for
serotonin.

Attenuation of Toxicity
Effect of Sulfhydryl Containing Compounds
One hundred gram male rats were injected with 60 mg/kg monocrotaline

(i.p.) and a sulfhydryl compound as described in Chapter 2.
There was no significant effect of

measured parameters.

DCBT, GSH or cysteine on

any

The rate of weight gain in rats treated with

either monocrotaline + GSH, monocrotaline + DCBT or monocrotaline +
cysteine was the same as monocrotaline alone.
Table 12 illustrates the effects of sulhydryl compounds on
monocrotaline-induced lung and right ventricular hypertrophy.

No sig

nificant differences were found between monocrotaline alone and monocro
taline + sulfhydryl compounds.

Effect

of Mixed Function Oxidase

(P-450) Inhibitors

For all three inhibitors examined,

the group receiving monocro

taline -f inhibitor had a rate of body weight gain similar to control

Table 11.

Effect of Dehydroretronecine Coperfuslon on the Metabolism of AMP, Serotonin and HHL.

AMP

Serotonin
Control .... Treated
Number of animals

7

'7

.Control

Treated .

HHL
Control
Treated

7

10

3

3

2.677+0.23a

2,205+0.18la

857+90b

720+87b

Rate of metabolism 1.221+0.067a

1.633+0.124a,e

Percent of control

133.7

Residual activity
in lungs (dpm/g_r
dry weight X 10 ) 14.64+3.09

8.24+2.19

1.12+0.33

1.20+0,21

Perfusion pressure
(cm H„0)
initial 20.2+4.3

22.3+1.7

19:5+1.8^

19.3+2.5d

16.0+4.5

10.7+0.6

23.0+2.0

19.1+1.8

18.7+2.2,

16.0 +2.2

9.7+0,6

final

17.6+3.3

units:

nmole/min/g dry weight lung

kunits:

ymole/min/g dry weight lung

82.4

84

0group size 17 animals
^group size 14 animals
6 p •< .001
^Lungs were perfused with ^H-AMP, or ^H-serotonin (1 X 10 ^M) or 1 X 10 ^M HHL in the presence of
1 X 10“^:dehydroretronecine for 20 mihtites,

Table 12.

Effect of Sulfhydryl Compounds on Monocrotaline-induced
Lung and Right.Ventricular Hypertrophy.a ’

Organ Weight/Body Weight

3

Group

N

Control

6

1.72 + 0.10

10.55 4* 1.03

0.300 + 0.023

Monocrotaline

4

2.04 + 0.53

22.59 + 10.16

0.378 + 0.063

Dichlorobenzene
thiol + mohocrot. 5

2.04 + 0.36

20.56 + 5.33

0.358 + 0.056

Glutathione +
monocrotaline

2.18 + 0.20

19.92 + 6.88

0.372 + 0.028

5

. Right Ventricle

Organ dry weights are used. Data are X 10
+ S .D.

L u n g ......... RV/LVC

4

and are reported as means

^Dose schedule: Dichlorobenzenethiol 10 mg/kg i.p. 0.5 hr before and
1 hr after monocrotaline (60 mg/kg i.p.)
Glutathione 200 mg/kg i.p. 0.5 hr before and 1 hr after monocrotal
ine (60 mg/kg i.p.)
-^Right/Left ventricle weight ratio.
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animals„

Rats receiving monocrotaline alone show a steady decrease in

weight gain terminating in death after about 2 weeks.
Pyrrolizidine alkaloids cause damage to lung endothelial cells
and induce pulmonary hypertension.
creased pre-load on the right heart.

Pulmonary hypertension causes an in
The characteristic right heart hy

pertrophy may therefore be the result of increased pulmonary resistance
and can be used as a convenient quantitative parameter of toxicity (Kay
and Heath 1970).

Tables 13 and 14 show the effects of three mixed-

function oxidase inhibitors upon monocrotaline-induced right heart hy
pertrophy, and lung hypertrophy in 100 gram rats and 50 gram rats
respectively.

To compensate for the smaller body mass of the monocro-

taline treated animals, organ weight/body weight ratios are used.

The

right/left ventricular weight ratios are indicative of specific hyper
trophy' of the right heart as opposed to a general cardiac hypertrophy.
Both SKF 525A and metyrapone offered significant protection
against right ventricular and lung hypertrophy as well as the decline
in rate of weight gain in 100 gram rats.

The right/left ventricular

weight ratios of these groups were the same as control.

Hepatic Sulfhydryl Levels
Hepatic sulfhydryl levels were measured to determine if SKF 525A
and metyrapone would decrease binding of the pyrrolic metabolite to
liver sulfhydryl groups.

The results are shown in Table 15.

It can be

seen that the GSH levels are lowest in monocirotaline-treated animals.
In both groups receiving monocirotaline + inhibitor, there were

Table 13.

Effect of Cytochrome P-450 Inhibitors on Monocrotaline-induced Lung and Right
Ventricular Hypertrophy in 100 Gram Rats, e

Group

Monocrotaline0

Initial
Body Weight

n

R.V. Weighta,b
Body Weight

Lung Weighta,b
Body Weight

L.V. Weighta,b
Body Weight

100

6

2.29 + 0.51

33.89 + 11.66

0.466 + 0.071

Control^

100

11

1.94+0.14

11.08 + 1.31

0.333 + 0.019

SKF 525Ad +
Monocrotaline

100

9

1.98 + 0.11

13.92 + 1 . 7 1

0.338 + 0.011

Metyrapone^ +
Monocrotaline

100

12

2.04 + 0.21

16.30 + 3.81

0.33,6 + 0.034

-

Dry weights were used
^All values are X 10^ and are + S.D.
Significantly different from control, SKF 525A, and Metyrapone groups (p <0.05).
^No significant difference between these groups.
eDose schedule; SKF, Metyrapone:
Source:

75 mg/kg i.p. 8 hrs. prior to and concurrent with monocrotaline.

Eisenstein, D., Huxtable, R., (in press).

.

•o

Table 14.

Effect of P-450 Inhibitors on Monocrotaline-induced Lung and Right Ventricular
Hypertrophy in 50 Gram Rats.. a

Group

Initial
Body Weight

n

R.V. Weightb,C
Body Weight

Lung Weightb,C
Body Weight

L.V. Weightb,C
Body Weight

Mono crotaline

50

9

3.15 + 0.76

26.78 + 8.17

0.464 + 0.102

Control

50

14

1.85 + 0.26

13.31 + 1.56

0.296 + 0.044

SKF 525A

50

2

2.28 + 0.40

16.68 + 1.34

0.344 + 0.076

Metyrapone

50

2

1.92 + 0.04

17.04 + 1.22

0.296 + 0.016

Allyl Isopropyl
Acetamide

50

5

3.10 + 0.62

16.98+ 2.62

0.492 + 0.110

aDose schedule; SKF 525A, Metyrapone: 75 mg/kg i.p. 8 hrs. prior to and concurrent with
monocrotaline. Allyl Isopropyl Acetamide: 300 mg/kg i.p. 48, 24 hrs. prior
to and concurrent with monocrotaline injection.
^Dry weights were used.
'

CA U values are X 10

and are + S ,D.

Table 15.

Effect of Monocrotaline and Cytochrome P—450 Inhibitors upon Liver and Kidney■
Glutathione Levels.

Group

n

Weight (g)
Liver
Kidney

Glutathione (ymole/g)
Kidney
Liver

Glutathione
(ymole/organ)
Liver.

Control

3

12.40+ 2.41a

3.74 + 1.44

0.59 + 0.03°

0.72 + 0.01

7.32 + 0.37°

Mono crotaline

3

7.25 + 1.99

4.50 + 0.40

0.44 + 0.02b

0.71 + 0.02

3.19 + 0.14b

Metyrapone

3

13.80 + 2.60

4.06 + 2.08

0.64 + 0.02

0.76 + 0.04

8.83 + 0.28

Metyrapone +
Monocrotaline

3

11.60 + 1.67

3.94 + 1.76

0.73 + 0.09

0.74 + 0.07

8.47 + 1.04

11.95 + 3.28

4.04 + 1.95

0.65 + 0.06

0.79 + 0.04

7.77 + 0.72

11.06 + 2.33

4.09 + 1.96

0.56 + 0.05

0.52 + 0.03

6.19 + 0.55

SKF 525A
SKF 525A +
Monocrotaline

3

aAll values are means + S.D.
^Significantly different from all other groups (p < 0.05).
CNo significant difference from any group except monocrotaline.

significant increases compared to monocrotaline alone5 but no difference
compared to untreated animals.

Effect of Diethylmaleate
If the pyrrolic metabolite binds to free sulfhydryl in the liver
as mentioned above3 then a sulfhydryl depleting agent, such as DEM,
should increase the toxic effects (i.e., decrease the LD^^) of monocrotaline.

Rats given 0.6 ml/kg DEM 3 hours prior to monocrotaline

(60 mg/kg) were dead after 3 days (Figure 7).

This is compared to the

usual 2 weeks before death occurs with mono cro taline alone at this dose.

100

CONTROL

DEM

WEIGHT

(g)

MONOCROTALINE

#

0

4 ALL DEAD

DEM + MONOCROTALINE

4

2

6

TIME (DAYS)
Fig. 7.

Effect of Diethylmaleate (DEM) upon the Toxicity of Monocrotaline. —
Monocrotaline; 60 mg/kg i.p. S.D. too small to be shown,

DEM; 0.6 ml/kg

In

O

CHAPTER 4

DISCUSSION

Analysis of Foodstuffs
Caution should be used in interpreting the results presented
above.

The contamination found in butter was extremely low.

ppm found in Shamrock butter is equivalent to 55.8 x 10

4

The 0.28

micromole/gram.

Assuming that the contaminant is Seneciphylline, one of the alkaloids in
Senecio longilobus which grows around Tucson (M.W. = 333.18), this con
tamination would amount to 0.8396 mg/pound of butter.
seneciphylline is 77 mg/kg (Table 2).

The L D ^ for

This means that a person would

have to eat 91.7 pounds of butter in a short period of time to reach
this toxic level.

Also, the contamination found was not consistent

from brand to brand or even within any one brand.

This is not intended

to minimize the potential danger of food contamination of this, however.
The/ long-term consumption of food contaminated by toxins, even when
present in only trace amounts, must be viewed with caution.

The pyr-

rolizidine alkaloids in particular are known to form active metabolites
and bind irreversibly to sites on the liver and other vital organs
(Mattocks 1972), and their effects are accumulative.

A Model for Moriocrotaline-induced
Heart and Lung Damage
Large single doses of monbcrotaline (95 mg/kg i.p.) produce
pulmonary hypertension'and right ventricular hypertrophy.
51

In addition,

however, severe liver damage occurs 9 and rats will develop pulmonary
arteritis and a myocarditis affecting the right septal wall (Hayashi
and Lalich 1967).
A method is presented of monocrotaline administration that pro
duces right ventricular hypertrophy without accompanying inflammatory
changes.

Young rats given free access to drinking water containing

monocrotaline in a concentration of 20 mg/1 develop a mild right ven
tricular hypertrophy and a pulmonary hypertension over a 2-3 week per
iod.

After 5 weeks of receiving monocrotaline in this manner, the

animals have no signs of myocarditis or arteritis.
not occur.

Hepatomegaly does

In contrast, single doses of monocrotaline large enough to

cause pulmonary changes produce marked^liver damage and hypertrophy.
The ventricular hypertrophy and pulmonary hypertension produced by our
procedure are highly reproducible.

The finding that in the rat, contin

ual exposure to small quantities of monocrotaline over a 3-week period
produces primarily cardiopulmonary damage, unaccompanied by edema,
: whereas-a large single dose mainly produces liver damage (Mattocks 1972)
is consonant with the hypothesis that monocrotaline is converted in the
liver to pyrrole metabolites which are responsible for the toxic effects
(Mattocks 1968).

As pointed out above, production of large quantities

of pyrroles lead to profound impairment of liver function because of the
ability of pyrroles to form covalent bonds with hucleophilic sites such
as *sulfhydryls.

Lower levels-of pyrroles may be minimally damaging to

the liver, and be released into the blood stream to affect the next
organ in line— the lung.
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The affect of monocrotaline on blood pressure is consistent with
the above findings.

Proliferation of the endothelial lining of the pul

monary vasculature would result in decreased blood flow with concomminant increased perfusion pressure.

This increased resistance would

be directly translated into increased pulmonary arterial and right
ventricular pressure as was seen.

Endothelial Cell Function— -Mbnocfdtalihe
To examine the hypothesis that the cardiopulmonary changes pro
duced by monocrotaline were due to the reaction of pyrrole metabolites
with the endothelial cells of the lung vasculature, we studied in the
isolated perfused lung four metabolic functions of endothelial cells.
I looked at two of these, 5 ^nucleotidase and angiotensis coverting
enzyme (HHL) , while serotonin and norepinephrine .(MAO) were studied by
others in the lab.

Two of these functions, angiotensin-conyerting en

zyme and 5 1-nucleotidase, exist on the luminal surface of the endothe
lial cell (Fishman and Pietra 1974).

Substrate is metabolized without

prior transport into the cell, and is perfused through the lung without
retention.

HHL was used as a substrate for the first enzyme and AMP as

substrate for the second.
cellular.

The other two activities examined are intra

These are serotonin and norepinephrine (metabolized by MAO)

which must be transported into the cell prior to metabolism.

The metab

olites are released over a period of time back into the circulation.
These functions can thus be used as probes of endothelial cell function
in the isolated perfused lung.
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After 3 weeks of monocrotaline treatment, gross changes have
occurred in the lungs.

Among these changes is endothelial proliferation

(Hayashi and Lalich 1967).

Of the four biochemical markers of endothe

lial cell function we have examined, the only one to be specifically
impaired is serotonin transport.

This is concluded from the finding

that monocrotaline-treated lungs are less efficient in extracting sero
tonin from the perfusate.

Radioactivity within the lung after serotonin

perfusion is down to 33% of control and MAO activity within the lung is
unchanged.

Both serotonin and norepinephrine are degraded by MAO.

The activities of the cell surface enzymes, 57-nucleotidase and

(
angiotensin-converting enzyme, were unaffected as was the transport sys
tem. for norepinephrine.

Endothelial Cell Function— Dehydroretfonecine
As mentioned above, the toxic effects of pyrrolizidine alkaloids
have been suggested to be due to the production of pyrrole metabolites
(Mattocks 1968).

Dehydroretronecine has been reported to be the major

metabolite, of monocrotaline, although pyrrolic esters may be more im
portant metabolites (White and Mattocks 1976).

When given intraven

ously to rats for 14 days, dehydroretronecine produced the same effects
on the cardiopulmonary system as did monocrotaline (Table 6).
The effects of dehydroretronecine coperfusion on endothelial
cell function differed from those of monocrotaline pretreatment in that
the effects were less specific.

Dehydroretronecine was chemically modi

fied on perfusion, in that a high percentage of the pyrrolic chromaphore
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was destroyed.

Furthermore* dehydroretronecine bound to lung tissue at

the rate of 0.3 micromole/min/g dry weight.
AMP and HHL hydrolysis occurred (16%) .

A significant decrease in

The metabolism of serotonin,

however, was significantly increased by 34%,
tion of

No alteration in reten-

3
H-AMP occurred, but pyrrole-perfused lungs showed a 44% de

crease in retention of tritium from serotonin (Table 10).

Perfusion of

lungs with high concentrations of reactive pyrrole results, therefore,
in relatively nonspecific damage to luminal enzymes and cell permea
bility.
Perfusion of monocrotaline through isolated lungs caused no
alteration in endothelial function.
The foregoing information has some disturbing implications for
public health.

The finding that low levels of a pyrrolizidine alkaloid

can produce impairment of pulmonary non-respiratory functions and gross
cardiopulmonary damage is important.

We have shown that certain ethnic

groups in the U.S. have been exposed to pyrrolizidine alkaloids as a
result of drinking herbal teas (Stillman et.al, 1977).

There is in

creasing concern that low levels of these alkaloids may be present in
food supplies (Deinzer et al. 1977;

Dickinson et al. 1976).

Exposure

levels may be far below those at which clinical symptoms appear, yet
cryptic damage to the lungs may occur.

Attenuation of Toxicity
Sulfhydryl Replacement
Alkylation is a mechanism of toxicity common to many agents in
which an electrophilic intermediate is formed which binds to
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nucleophilic sulfhydryl groups thereby inactivating essential proteins
and enzymes.

Acetaminophen is a common drug which exhibits this mecha

nism of toxicity,

Mitchell et al. (1973) have found that excess sulfhy

dryl in the form of cysteine and/or glutathione, will decrease acetam
inophen toxicity as measured by hepatic necrosis.

Schoental (1968) has

reported that the pyrrolic metabolites of pyrrolizidine alkaloids bind
to liver sulfhydryl groups.

Buckmaster, Cheeke and Shull (1976) found

that inclusion of 1%. cysteine in the diet increased the survival time
of rats that were fed the pyrrolizidine containing plants Senecio
jacobea (5% weight of diet) and Senecio vulgaris (5% of diet).
cent methionine was without effect.

One per

South African workers found that

10 grams of crystalline methionine administered i.v. to race horses re
sulted in improvement of the symptoms of senecio poisoning (Retief 1962).
The protective effects of dichlorobenzenethiol«, cysteine and
glutathione upon the toxicity of a single injection of monocrotaline
(60 mg/kg i.p.) were examined.

The finding that there was no signifi

cant effect of DCBT, GSH or cysteine can be explained in a number of
ways.

The dosing schedule used (Table 12) may not have been adequate.

Also, the sulfhydryl compound may not have reached the site of action
(liver) .

Another possibility is that the -SH moiety may have formed

disulfide linkages prior to reaching the liver.

Metabolic Inhibitors
The evidence accumulated in recent years indicates that pyrro
lizidine alkaloids are bioactivated in the liver to their toxic metabo
lites.

Mattocks (1968) found that liver slices are able to form

yrroles from alkaloidal substrates. Liver microsomes have been shown
to be capable of producing pyrrole derivatives.

McLean (1970) reported

that prior administration of phenobarbital (a microsomal enzyme inducer)
to the rat increases the quantity of pyrrole formed by rat liver micro
somes .
The rationale in the foregoing experiments was to intervene in
the microsomal bioactivation process by use of mixed-function cytochrome
P-450 oxidase inhibitors.

Table 13 indicates that both metyrapone and

SKF 525A offered significant protection in 100 gram rats.

The right to

left ventricular weight ratios of the groups receiving monocrotaline 4inhibitor were -the same as control.

The differences observed’between

the 50 gram (no protection) and 100 gram animals (significant protec
tion) are consistent with studies showing that a given dose of pyrrolizidine alkaloid has-a greater toxic effect in you rats (Schoental
1950).
This study indicates that the cardiopulmonary toxicity of the
-pyrrQlizidine alkaloids can be prevented by drugs that have a-primary
action on the liver.

Further* it appears that, of the two sites avail

able for attenuation of toxicity* namely mixed function oxidase (P-450)
inhibition and sulfhydryl replacement* the former is more amrnenable to
treatment (i.e.* prevention of the cardiopulmonary effects).

Hepatic Sulfhydryl Levels
The relationship between pyrrole toxicity and hepatic sulfhydryl
levels was examined by measuring -SH levels and by observing the changes
in toxicity with changes in the hepatic -SH levels.

Table 15 shows that
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the two compounds which offered the greatest prophylaxis (metyrapone
and SKF 525A) , were also able to protect liver glutathione levels in
the presence of monocrotaline.

This is consistent with the hypothesis

that pyrrole toxicity is not manifested until liver glutathione has been
depleted (Mattocks 1968),
- This finding is further confirmed by administration of the
hepatic GSH depletor diethylmaleate (DEM).

As would be expected, rats

whose GSH levels have been depleted by DEM pretreatment have a greatly
reduced survival time when challenged with a single dose of monocrota
line (Figure 7).

Summary
This thesis has provided the following information:

there is

at least some danger of local foodstuffs being contaminated with pyr-=
rolizidine alkaloids.

The assay procedures are now available for con

tinuing these investigationso

The lung endothelial enzymes, particu

larly serotonin, may provide a sensitive probe into the biochemical
effects of monocrotaline and related alkaloids.

Therapeutic interven

tion in the toxic process is possible by inhibition of bioactivation of
the alkaloidal substrate to its toxic pyrrole.

This procedure was also

found to protect.the hepatic glutathione levels.
Future research must concern itself with finding the precise
metabolite(s) responsible for the toxic effects of pyrrolizidine alka
loids,

The exact location and mechanism by which these alkaloids exert

their toxic effects must be further investigated.

Once these goals

have been met, perhaps a highly specific therapeutic agent can be
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developed to both protect against poisoning in high probability environ
ments (man and animal) and reverse or prevent damage from already in
gested pyrrolizidine alkaloids.
Great effort is currently being exerted to eradicate the plant
tansy ragwort (Senecio jacobea) in the Pacific Northwest which has
claimed large numbers of grazing cattle (Cheeke 1977).
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