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INTRODUCTION

Pulmonary phospholipidosis is a lipid storage disorder. It is characterised by the
accumulation of lipo-proteinaceceous material in the alveolar epithelia and the
excess accumulation

of hypertrophied alveolar macrophages in the alveolar

spaces. These hypertrophied alveolar macrophages are also commonly referred
to as foam cells. Ultrastructural evidence indicates that the cytoplasm of such
foam cells is characterised by concentric lamellar inclusion bodies.

In tum

histochemical and biochemical evidence indicate that the inclusion bodies are
lysosomal in origin and predominantly phospholipid in nature':",

The

accumulated lipo-proteinaceous material is of interest to us because of its chemical
similarity to normal pulmonary surfactant and the possible effects it could have
on normal lung function.

Several cationic amphiphilic drugs have been shown to induce pulmonary
phospholipidosis. Understanding how these drugs induce phospholipidosis may
give us a better insight into pulmonary surfactant synthesis and how it may be
altered. Furthermore the model of drug-induced phospholipidosis may prove
useful in allowing us to investigate the functioning of pulmonary surfactant.
Unfortunately little is known about the mechanism of this drug-induced
phenomenon. Most of the work on the aetiology of drug-induced phospholipidosis
has focused on the phospholipid involvement. Thus it is hypothesised that at least
two possible mechanisms can account for the observed accumulation of
phospholipids. Phospholipid accumulation may arise because of the inhibition of
specific lysosomal phospholipases which, in tum, may occur due to direct binding
of the drug to the phospholipases or indirectly by the drug raising the

2
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intralysosomal pH3.4. Secondly, by increased binding of the drug to the
phospholipids,

the drug-phospholipid complex thus formed may inhibit

phospholipase activity'. Significantly it has also been found that differences exist
in the levels of phospholipids induced by different drugs". Such differences may
arise due to differences in the mechanisms by which these drugs cause
phospholipids to accumulate. If this is correct, a detailed analysis of the levels
and type of phospholipids induced by carefully selected drugs may give us a
clearer insight into the mechanism of this drug-induced phenomenon.

One class of drugs implicated in this phenomenon is the anorexigenics eg.
chlorphentermine and fenfluramine. Fenfluramine is still readily available on the
market but how it may produce phospholipidosis has not been studied. As a full
scale clinical study into the aetiology of the drug-induced phenomenon of
pulmonary phospholipidosis at this stage may not be justified, it was decided to
use a rat model to compare the levels of accumulated phospholipids which arise
after treatment with these two anorexigenic drugs. The strategy adopted was to
use a closely related drug viz. chlorphentermine, which is well known to induce
phospholipidosis,

to investigate the mechanism for fenfluramine-induced

phospholipidosis. In doing so, we believe the discerning power of the experiment
was made as sensitive as possible.

The hypothesis for this study was that

fenfluramine would induce the elevation of the same phospholipids as
chlorphentermine, because like chlorphentermine, it also induces phospholipidosis
by either directly inhibiting lysosomal phospholipases and/or binding to the
phospholipid substrate. To test the validity of this hypothesis, it was necessary to
compare phospholipid levels as well as investigate the mechanism of
phospholipase inactivation that could be involved.

3
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LITERATVREBACKGROVND

2.1

PULMONARY PHOSPHOLIPIDOSIS

Phospholipidosis is a phospholipid storage disorder occuring in many
tissues of the body with the lung being severely affected', Lung biopsies
reveal diffuse pathological changes with characteristic cytoplasmic
inclusions in the lung parenchyma cells, including endothelial, alveolar
epithelial and interstitial cells as well as the alveolar macrophages", The
disorder is characterised by a profound accumulation of hypertrophied
alveolar macrophages'. Because of their general microscopic appearance
these hypertrophied alveolar macrophages are also commonly referred to
as "foam" cells.

Ultrastructural evidence indicates that the cytoplasm of such foam cells are
characterised by concentric lamellar inclusion bodies. These inclusion
bodies which have a periodicity of 4-5 nm appear to disintegrate, with
time, into membranous and granular debris'. Because the lamellar
inclusions contain acid phosphatase and (j-glucuronidase activities it is
believed that they are lysosomal in origin'. In addition, the cells are

phagocytic", and their ingested material is associated with the lamellar
inclusions. Further the ultrastructure of the inclusion bodies closely
resembles that of phospholipid micelles in the water phase'.

The accumulated lipo-proteinaceous material contained in the inclusion
bodies closely resembles normal pulmonary surfactant in composition.

5
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Isolated surfactant consists of 90 % phospholipid with neutral lipids and
proteins

making up the rest. The neutral lipids consists of di- and

triglycerides and cholesterol, with cholesterol representing 40-60 % of this
Surfactant

fraction9•10•11•

contains

the

following

phospholipid

components: phosphatidyl choline 51-92 %, phosphatidyl glycerol ca'.
5 %, phosphatidyl ethanolamine ca. 6 %, phosphatidyl inositol and
phosphatidyl serine together ca. 5 % and sphingomyelin ca. 2 % 12. Wide
fluctuation in values for the levels of such phospholipids appear in
literature, probably due to differences in experimental techniques used by
the different investigators.

It may however also reflect species

differences. The phospholipid, phosphatidyl choline contains two saturated
acyl chains, and the DPPCb form predominates

in surfactant". This

phospholipid is the major surface-active component of pulmonary
surfactant that is responsible for decreasing surface tension in the lung".
The lipo-proteinaceous material also contains a number of proteins,
including serum albumin. Four families of lung specific apoprotein have
been described viz. SPC-A, SP-B,

SP-C

and SP-D with

molecular

masses of 35 000, 10000, 10 000 and 43 000 dalton, respectively":".

Lung surfactant is present in two major pools: extracellular and
intracellular pools. Most of the analytical data has been obtained on
extracellular surfactant which are secreted into the alveoli and which can
be isolated by lung lavage". Intracellular lung surfactant,

il

£!.:. = approximately

b

DPPe

C

SP = IUrfactant-uaociated

= L-a-dipa1mitoy1

phospbatidy1

choline

proteiD

6
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present as

lamellar bodies in the alveolar type II cells, has not been studied as
extensively as the extracellular
intracellular

material. When it has been isolated, the

surfactant however showed a similar composition

to that of

the isolated extracellular material".

Evidence indicates that as the alveolar macrophages
total

phospholipid

characterised

content

increases

by phospholipidosis,

elevated simultaneously",
surfactant

preceded

suggested

that surfactant

become larger, their

proportionally".

In

surfactant and macrophage

diseases
levels are

It was found that increasing amounts of alveolar

the influx of macrophages
phospholipids

in the alveoli".

could

induce

This

a chemotactic

movement of macrophages".

Phospholipidosis

have been extensively described,

and may occur as an

inherited disease. Genetically determined specific enzyme deficiencies are
the cause of several lysosomal lipid storage disorders'.

In all cases the

defective or missing enzyme is one specifically required for the catabolism
of a lipid which accumulates in the tissues of the affected individual.
Examples of these diseases include Niemann-Pick
by the accumulation

disease, characterised

of sphingomyelin in the brain, liver, and spleen"

and Tay Sachs disease which is characterised

by the accumulation

of

ganglioside GM2 in the brain". Phospholipidosis

is however also a drug-

induced condition caused by drugs that vary widely in their principle
pharmacological

actions'.

7
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2.2

DRUG-INDUCED PHOSPHOUPIDOSIS

More than 30 xenobiotics, including chloroquine, iprindole, imipramine
and chlorpromazine, have been identified to cause lipid storage disorders
in humans, animals or cultured cells", Frequently, but not always, doses
far exceeding the effective pharmacological dose are required to produce
the lipid accumulation". A common feature of these drugs is their cationic
amphiphilic nature. The cationic-amphiphilic features of these drugs
include the presence of (a) one or several aromatic rings, the hydrophobic
nature of which may be enhanced by an appropriate substitute e.g. halogen
and, (b) a side chain, with an amine group which is highly hydrophilic and
predominantly ionised at the physiological pH (fig 1).

r1

,).-CH-C-NH-R
2 I
3
R2

b

a

Fig 1. Structure of cationic amphiphilic drugs",

dR,.

It, _.

at. -

.ide chaiaa
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For a drug to induce pulmonary phospholipidosis, it must penetrate the
plasmalemma of the target cell readily and concentrate in the lysosomes'.
The penetration rate will depend on (a) the pKa of the amine group and
(b) the degree of hydrophobicity of the entire molecule. If the apolarity

is extremely pronounced, even a protonised amine group will not
completely hinder the penetration of the molecule

through

the

plasmalemma' . The unprotonated form of the drug gains access readily
into the lysosomes by diffusion. Due to the low pH in the lysosomes, the
drug is rapidly protonated and thus trapped in the acidic environment. The
protonated cationic amphiphilic drug binds to the phospholipids, and the
drug-phospholipid interaction creates a concentration gradient for more
diffusion of drug into the lysosome. Accumulation of the drug in the
lysosomes proceeds as long as the pH there remains low (fig 2). The
exact mechanism for the accumulation of the phospholipid is however less
clear.

INTRACELLLLAR

LUMEN

/J
.:> ~;;::e1
/' /r

Low
pH

~R~(o)e

~

(eRNH~./
__
2,/

0<11....-:

_z: \

RNH 2

f

pt<1.

eJ

ioaiIed catioaic IIIIpbipIIiIic

••• ~

LYSOSOMAL
MEMBRANE
pH

-

/

-_:)

Fig.2 Cellular uptake and lysosomal accumulatiorr-'

f NH,· -

Bindinn
("trapped)

cInII
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2.3

MECHANISM OF PHOSPHOLIPID ACCUMULATION

Indeed, it is hypothesised that various mechanisms could account for the
observed accumulation of phospholipids in the alveolar macrophages.

(a)

Inhibition of specific lysosomal phospholipases.
This may occur directly by complexation of the drug to the phospholipases
or indirectly due to the accumulation of the unbound protonated drug in
the lysosomes raising the pH. The raised pH could significantly depress
phospholipase-A and -C activity':'.

(b)

Complex formation between drug and phospholipid.
The

drug-phospholipid

complex

results

in

an

accumulation

of

phospholipids within the lysosomes. Firstly, due to the modification of the
substrate the drug-phospholipid complex inhibits or is resistant to
phospholipase activity. Secondly, a gradient for polar phospholipids is
sustained from the cytosol into the lysosomes, since the drug-phospholipid
complex is removed from the phospholipid diffusion equilibria'.

(c)

Increased phospholipid synthesis which exceeds the degrading capacity of
the phospholipases.

Much work has been done on mechanism (b) and it is postulated that the
interaction between the phospholipid and drug may be due to an
electrostatic attraction between the negatively charged phosphate moiety
of the phospholipid and the positively charged nitrogen atom of the drugs'.

10
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This possibility is strengthened by the fact that no compound with an
anionic side chain has been reported to induce phospholipidosis. In the
second phase of the interaction hydrophobic bonds might cause an
association of the aromatic ring to the hydrophobic moiety of the
phospholipid molecule (or the phospholipid micelle). The tendency to form
an association of this kind can be expected to be enhanced with increasing
apolarity of the ring system'.

It is apparent from the brief discussion above that the etiology of drug-

induced phospholipidosis may well be very complex with several
mechanisms being involved. A number of investigators have to date
illustrated that drug-induced phospholipidosis may be caused by (a)
inhibition of specific lysosomal phospholipases", or (b) an increase
binding of the drug to the phospholipid'. These findings make a
compensatory stimulation of phospholipid synthesis as a consequence of
a functional deficiency unlikely",

If drug-induced phospholipidosis is the result of inhibition by the drug of

a phospholipid-degrading enzyme, it should be possible to demonstrate
both the specific lipid accumulation and the associated enzyme deficiency
in the affected tissue", Animals treated with AY-9944 (trans-l,4-bis[2chlorobenzylaminomethyl] cyclohexane dihydrochloride) presents with
lamellar inclusion bodies in the retina and liver". These morphological
changes are associated with the accumulation of sphingomyelins in the
liver, as well as a 50 to 90 % reduction of sphingomyelinase activities in
various tissues. Concentrations of other liver lipids are essentially

11
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unchanged in the rat after treatment with AY-994423•

Other examples exist of marked accumulation of individual lipids in
association with drug-induced lysosomal inclusions, but the corresponding
enzyme deficiency has not been demonstrated (see figure 3). The most
striking of these occur in the liver of rats receiving the coronary
vasodilator DH (4,4'bis-(di-ethylaminoethoxy».

Analysis of liver tissue

showed marked increases in the content of the acidic phospholipids BMGP
(bis-(monoacylglyceryl)
phosphatidyl glycerol"

phosphate)",

phosphatidyl

and sphingomyelin".

Lesser

inositol",
elevation

of

phosphatidyl choline and phosphatidyl ethanolamine was also observed. In
a study done on the rat kidney after treatment with gentamicin and
chlorphentermine,

the latter produced

significant rises

in

renal

phosphatidyl inositol, phosphatidyl serine, phosphatidyl ethanolamine,
phosphatidyl glycerol and phosphatidyl choline.

Gentamicin in tum

produced significant rises in the phosphatidyl inositol, phosphatidyl serine,
and phosphatidyl choline but no marked alterations in sphingomyelin,
phosphatidyl ethanolamine and phosphatidyl glycerol levels". It appears
that the induction of phospholipidosis by different drugs may result in the
accumulation of different lipid classes, indicating that the effects of these
drugs are not always the same. If this is correct the question may be
asked, why different drugs induce the accumulation of different
phospholipids.

A number of cationic amphiphilic drugs show an increased binding to the
phospholipids in the following order: sphingomyelin = phosphatidyl

12
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choline < phosphatidyl ethanolamine < phosphatidyl serine". It has
been proposed that hydrophobic and hydrophilic binding of drugs to
phospholipids is the most common cause of drug-induced pulmonary
phospholipidosis", Several drugs of varying phospholipidotic capacity were

tested in vitro for their tendency to bind at the hydrophobic and
hydrophilic sites on phosphatidyl choline. Phosphatidyl choline was used
since it is the major component of lung surfactant and

cationic

amphiphilic drugs are known to increase phosphatidyl choline levels to a
greater extent when compared to other phospholipid classes in the lung".
Amiodarone was found to bind strongly to the hydrophobic part and
chlorphentermine strongly to the hydrophilic part of phosphatidyl choline,
whereas trimipramine binds with equal strengths to both the hydrophobic
and hydrophilic parts of the phosphatidyl choline molecule. Chloroquine
on the other hand did not bind to either the hydrophobic or hydrophilic
part of phosphatidyl choline. Chloroquine has however been reported to
have a high affinity for negatively charged phospholipids like phosphatidyl
serine". It is likely that the presence of two amino groups on the polar
side chain of chloroquine creates electrostatic repulsions, from the
positively charged PC molecules. Literature reports indicate that
chloroquine-induced phospholipidosis occurs as a result of inhibition of
lysosomal phospholipases". Different drugs may thus induce the elevated
levels of different phospholipids because of differences in their
mechanisms of phospholipidosis induction.
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Drug

~

Tissue

Phospholipid

Triparanol

Hamster

Adrenal

PS,PI,PA6

DH'

Rat

Liver

BMPGh,PI,PS26

Chloroquine

Rat

Liver

BMPG,PI,ps32

Chlorphentermine

Rat

Lung

PC,SPM ,PE,PS,PI,PG33

l-Chloramitryptiline

Rat

Lung

PA34

RMII0,393

Rat

Lung

PC,PA34

Amiodarone

Human

Lung lavage fluid

PC,PG,PE,BMPG,PS,PI35

Chlorocyclizine

Rat

Lung

PC,PG36

Gentamicin

Rat

Kidney

PI,PS,PC27

Fig 3.

2.4

Induction of specific phospholipids by cationic amphipilic drugs

CHLORPHENTERMINE

Chlorphentermine

(p-chloro-a-dimethylphenethylamine)

is an appetite

suppressant which was marketed in South Africa under the trade name
Pre-Sates.

It is a sympathomimetic agent which is claimed to have little

stimulant effect on the central nervous system. Several years after being
on the market, it was found to increase the pulmonary

arterial blood

pressure

after

and

administration.

alter

the

Mainly

morphology
as a result

of

rat

of this,

lungs

chronic

chlorphentermine

was

withdrawn from the market in many countries",

g

h

DH

OMOP
~,

= 4,4'biJ-(dHchyWniDodhoxy)
= bi"<_yJeIyCC1Y1)
PS

=

phoIpbaIidyl

,lycerol, SPM = apmcOlllyclin,

phospbate,

PC

= phoepbatidyl

1Crioe, PI = phoepbatidyl
PA - phoepbatidic acid.
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cholioe,
inoIit.oI,

PE.
PO

= phospbatidyl
=

phoapbatidyl

2.4.1

DISPOSITION IN THE LUNG

Chlorphentermine
accumulates

is known to be

preferentially

exceptionally

in the lung relative

pneumophilic

and

to other tissues".

It

accumulates in the lung by a sodium dependent uptake process coupled
with a diffusion and binding process. It complexes with phospholipids
and the chlorphentermine

becomes rapidly protonated upon entering the

lysosomes and this forms a slowly effluxable pool. This results in the
avid accumulation and persistence of chlorphentermine

in the lung".

/

Conjugation of chlorphentermine
of metabolism

in the rat.

to a polar metabolite is the major route

The polar metabolite

converted to free chlorphentermine
also

metabolised

phentermine"

more

slowly

by hydrolysis.
than

its

so formed can be
Chlorphentermine

unchlorinated

(see fig 4, page 19). In contrast

is

analog,

to chlorphentermine,

phentermine does not display comparable pharmacokinetics

and does not

accumulate in the lung to any appreciable extent. The marked difference
in the lung accumulation

between these closely related compounds can

only be due to the para-chlorine substitution on the benzene ring, which
increases the amphiphilic nature of chlorphentermine.
the pneumophilicity

The difference in

between these compounds is most probably due to

the difference in affinity of these drugs for the binding sites in the lung.
Thus

the

structural

chlorphentermine
pneumophilicity

appears

requirements
to be quite

may be the reason

anticipated with chlorphentermine

for

the

specific.

accumulation

of

This difference

in

why pulmonary adverse effects are
and not so much with phentermine.
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Chlorphentermine

also has the ability to induce the accumulation

of

pulmonary phospholipids'.

2.4.2

PHOSPHOLIPIDS

INDUCED

Within pulmonary tissue, the ability of chlorphentermine
accumulation of phospholipids

to induce an

principally in the alveolar macrophages

and unlavaged lung is well documented'.

This makes chlorphentermine

a useful drug for the study of drug-induced pulmonary phospholipidosis.
The

extent

of

the

chlorphentermine

cellular

accumulation

administration

of

phospholipids

is dependent on the duration of drug

treatment and the dose at which it is administered'<'r".
administration of approximately

after

Chronic,

50 mg/kg chlorphentermine

daily

for 4 to 8

weeks significantly elevates the concentration of PC, SPMj and PEk in
the unlavaged lung".

With an increase in chlorphentermine

mg/kg, a significant rise in rat lung PIl, PC, and

pam

weeks", At a dose of 30 mg/kg, chlorphentermine

dose to 80

is noted after two

consistently induces

a rise in the PC, PS and PI levels after 4 weeks but at this dose no
D

marked changes were reported in SPM and PE content of the lung".

PC '" phoIpbatidyl choline
SPM
k

= spÏDIomyelin

PB - phoIpbatidyl edwIoIamine
PI - pbosphatidyl inOlitoi

m

PO == pbospbatidylglycerol

D

PS == pbosphatidyl

ICrine
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2.5

FENFLURAMINE

Fenfluramine
widely

used

(N-ethyl-a-methyl-3-trifluoromethyl-phenethylamine)
appetite

suppressant.

It is structurally

is a

related

to

amphetamine but is devoid of the many stimulant side effects such as
anxiety, tremor and excitation characteristic

of amphetamine.

The lack

of central nervous stimulation has been regarded as the major advantage
of fenfluramine over amphetamine and fenfluramine also lacks the drug
abuse potential associated with the latter".

Fenfluramine

shares

common

similarities with chlorphentermine.
difference

which might account,

potency to induce lipidosis-like
moiety of fenfluramine,

therapeutic

actions

and

However it displays one structural
in part, for the

differences

cellular alterations.

in its

The hydrophobic

contains a trifluoromethyl

group in the m-

position, which may be less apolar than the corresponding
chlorphentermine,

chemical

moiety of

namely a chlorine atom located in p-position (figure

4). Thus the amphiphilic character of the fenfluramine molecule will be
less pronounced than that of chlorphentermine".

In addition, differences

in distribution and metabolism may also playa role",

2.5.1

DISPOSITION IN THE BODY

Fenfluramine is widely distributed to almost all tissues and it is rapidly
converted to its major metabolite norfenfluramine".
intravenous

or oral

doses

of 5 mg/kg

17

https://etd.uwc.ac.za/

In dogs treated with

the percentages

of total

fenfluramine and norfenfluramine in various organs 12 hours after the
initial dose were 10 % in the liver, 3.5 % in the brain and 2.8 % in the
lungs. Studies show that fenfluramine is also extensively metabolised in
the rat lung and liver. Fenfluramine is less pneumophilic than
chlorphentermine, thus the chance of inducing adverse effects in the lung
is greatly reduced". After oral administration, fenfluramine is subject to
extensive first pass metabolism and about 60 % of the dose is
metabolised to norfenfluramine. This metabolite may be detectable in
plasma about 3 hours after ingestion.

There is wide inter-individual

variation in the rates of biotransformation

and elimination of

fenfluramine. Fenfluramine has also been shown to be metabolised to
other compounds which, unlike norfenfluramine, are pharmacologically
inactive.

After initial and extensive dealkylation of fenfluramine to

norfenfluramine,

further

metabolic

transformation

to

3-

trifluoromethylbenzoic acid and subsequent excretion as its glycine
conjugate, 3-trifluoromethylhippuric acid takes place". Fenfluramine also
has the ability to induce the accumulation of pulmonary phospholipids.

2.5.2

PHOSPHOLIPIDS INDUCED

Fenfluramine was found to cause milder cellular alterations, when
compared with chlorphenterrnine". After an extensive literature search
no data was found to indicate which phospholipids may accumulate in the
lung after treatment with fenfluramine. Considering the fact that there are
differences in the phospholipid levels induced by the different cationic
amphiphilic drugs and that such differences may arise due to differences
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AMPHETAMINE

»:».
~2

NH2

eH-tH-eH

3

FENFLURAMINE

CHLORPHENTERMINE
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~-

NH2
CH-t-CH
213
CH3

NORFENFLURAMINE

PHENTERMINE

Figure 4. Structures of some Anorectic Drugs
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e-.

in the mechanisms by which these drugs cause phospholipids to
accumulate, a major objective of this thesis was to analyse the levels and
type of phospholipids induced by fenfluramine. Such information may
give us a clearer insight into the mechanism of this drug-induced
phenomenon.

2.6

MODELS TO STUDY PHOSPHOLIPIDOSIS

Accumulation of phospholipids has been biochemically shown to occur
in animals, cultured cells and humans'(fig 5). The induction of this
disorder in alveolar macrophages by chlorphentermine is species
dependent. The rat and guinea pig are very susceptible while the mouse
is less so and phospholipidosis is induced in the rabbit only after long
periods of treatment, if at all4s• While the basis for the differences in
susceptibility has not been examined, it probably relates to differences in
drug distribution and/or metabolism among these species'. We used two
strains of rats in this investigation viz. Wistar and BD9, to account for
the possibility of the drugs being more or less effective at inducing
phospholipidosis because of the strain of rat used.
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(1)

(2)

(3)

INDUCERS OF LIPIDOSIS IN ANIMALS AND HUMANS

DRUG

CLASSIFICATION

Chloroquine

antimalarial"

Amiodarone

anti-arrythmic","

Perhexiline

anti-anginals

INDUCERS OF LIPIDOSIS IN ANIMALS

DRUG

CLASSIFICA TION

Imipramine

anti-depressant"

Clomipramine

anti-depressant"

Chlorphentermine

anorectic"

Fenfluramine

anorectic"

Triparanol

hypocholesterolemic"

AY-9944

hypocholesterolemic"

Chlorcyclizine

anti-histamines

INDUCERS OF LIPIDOSIS IN CULTURED
LOW LIPIDOSIS-INDUCING

EFFICACY

CELLS WITH
IN WHOLE ANIMALS

DRUG

CLASSIFICATION

Chlopromazine

neuroleptic"

Amitryptyline

antidepressant"

Lysergic acid

psychtropie drug'

Fig. 5

Inducers of lipidosis in humans, animals and cultured cells.
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PLAN OF WORK

The objective of this study was to determine the pulmonary phospholipid levels
as well as investigate the mechanism of phospholipase inactivation induced by
fenfluramine, in the rat. This objective was firmly based on the hypothesis that
fenfluramine like chlorphentermine would induce the elevation of the same
phospholipids, because they each induce phospholipidosis by the same mechanism
i.e. either by directly inhibiting lysosomal phospholipases and/or binding to the
phospholipids. To realise the objective it was necessary to do the following:

(i)

induce phospholipidosis in a suitable test model,

(ii)

determine the effect of fenfluramine on lung phospholipids levels,

(iii)

determine whether fenfluramine inhibits phospholipid degradation by
direct inhibition of phospholipases or by phospholipid-substrate
modification, and

(iv)

assess the extent of fenfluramine binding to the phospholipids.

The general approach adopted in this study was to compare the effects of
fenfluramine to that of chlorphentermine. The latter served as a good control as
it is known to be exceptionally pneumophilic", and induces the formation of foam
cells in the alveolar spaces 1•

After chronic administration of fenfluramine,

chlorphentermine or saline to the rats, the tissue samples obtained from these rats
were used in all the experiments set out below.
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3.1

TEST

MODEL

FOR

DRUG-INDUCED

PULMONARY

PHOSPHOLIPIDOSIS

To assess the effect of fenfluramine we needed a suitable model. The rat
model was chosen for this study since rats were readily available and the
condition under investigation

could be induced in them with relative

ease', We used both BD9 and Wistar rats to ascertain whether this
phenomenon

was also strain dependent.

As evidence

for pulmonary

phospholipidosis we looked for the presence of foam cells in the alveoli
spaces. Consequently

both light and electron microscopic

included in this investigation.

In the light microscopic

studies were
studies the

following stains were used:

(a)

The haemotoxylin and eosin stain to confirm the presence of foam cells
in the alveolar spaces and their distribution throughout the lung tissue
and,

(b)

The Sudan IV stain was used to confirm the increase in total phospholipid
levels in the lungs,
fenfluramine-and

especially

in the alveolar

chlorphentermine-treated

macrophages,

animals

compared

of the
to the

saline-treated controls.

The electron microscopic studies permitted the observation of cell and
tissue structures beyond that seen with the light microscope and use was
made of two types of electron microscopic techniques, viz.
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(i)

scanning electron microscopy (SEM), in which the surface morphology
of the alveolar macrophages could be observed, and

(ii)

transmission electron microscopy (TEM), in which a cross section of the
alveolar macrophages could be observed and evidence for the presence
of lamellar bodies could be found.

Phospholipidosis is characterised by elevated numbers of hyperthrophied
alveolar macrophages in the alveolar spaces', To determine the influence
of fenfluramine on alveolar macrophage levels in the lung, a group of
lungs from fenfluramine-, chlorphentermine-, and saline-treated rats were
consequently also lavaged and the alveolar macrophages in the lavaged
material enumerated by means of a Coulter" counter.

3.2

THE EFFECT OF FENFLURAMINE ON LUNG PHOSPHOLIPIDS

The idea was that by quantitating the individual phospholipid levels
induced by fenfluramine and identifying those phospholipids showing
unusual increases in their concentrations, a clearer insight into the
mechanism of fenfluramine-induced phospholipidosis could be found.
Therefore the lipids were extracted from the freeze-dried lung tissue of
animals treated with fenfluramine, chlorphentermine or saline. The lipids
were extracted according to the method of Radin, which uses hexaneisopropanol (HIP)sl.

The

major advantage of extracting with HIP

instead of the chloroform and methanol used in the method of Folchs2,
is that almost no protein and little non-lipids are extracted from the lung.
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The extracted phospholipids were separated by one dimensional,
layer chromatography

(TLC),

using

'high

performance'

precoated plates. With such plates, both the resolution

thin-

silica

gel

and speed of

separation are improved. The one-dimensional separation further had two
major advantages over two-dimensional

separation, viz. separation could

be obtained in a shorter period of time and more than one sample,
including standards, could be applied to allow for positive identification.

3.3

THE

EFFECT

OF FENFLURAMINE ON

PHOSPHOLIPASE

ACTIVITY

To ascertain whether the increases in phospholipid
fenfluramine

and chlorphentermine

were due to

levels induced by
phospholipase-A

or

phospholipase-C

inhibition, we monitored the effect of these drugs on

phospholipase-A

and phospholipase-C

mediated hydrolyses

of selected

phospholipids. Phospholipase-A consists of a mixture of phospholipase-At
and phopholipase-Aj.
I

position

phospholipid",

and

Phospholipase-At hydrolyses the fatty acid from the

phospholipase-A,

the

2

position

on

the

The process could be monitored by following the fatty

acid production. Phospholipase-C
diacylglycerol

from

hydrolyses the phospholipid into a 1,2

and a phosphobase".

The formed phosphobase

is then

hydrolysed by alkaline phosphatase to liberate the inorganic phosphate.
The inorganic phosphate is then detected colorimetrically.

In order to

minimize interference

samples of

pure phospholipases

and complication

of the procedures,

(instead of lung tissue preparations)

this study. The phospholipids

were used in

used in this study included phosphatidyl

26

https://etd.uwc.ac.za/

choline, phosphatidyl ethanolamine, phosphatidyl serine, phosphatidyl
glycerol, phosphatidyl inositol, phosphatidic acid and sphingomyelin.
Since we wanted to assess whether these drugs would inhibit
phospholipases directly or act by forming a complex with the
phospholipid, and in this way prevent the latter from being metabolised
by the phospholipase, the following protocol was used:

(i)

Phospholipase-A or -C activity was determined in the presence of a
particular phospholipid only,

(ii)

The phospholipid was shaken with fenfluramine or chlorphentermine
allowing for complex formation before phospholipase-A or -C was added,
or

(iii)

Fenfluramine or chlorphentermine was shaken with phospholipase-A or C

to

allow

for

direct

interaction

between

fenfluramine

or

chlorphentermine and the phospholipase, before addition of the
phospholipid.

3.4

ASSESSMENT OF THE EXTENT OF FENFLURAMINE BINDING
TO THE PHOSPHOLIPIDS.

To ascertain whether the mechanism for the increases in phospholipid
levels induced by fenfluramine and chlorphentermine favours the one
involving the complex formation between the drug and phospholipid, we
monitored the effect of these drugs on the phase transition temperature
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of phospholipids. It is reported that the amount of depression of the phase
transition temperature, is dependent on the degree of binding of the drug
to the phospholipid. This inturn is governed by the geometry of the drug
molecules, which determines its orientation and position on the
phospholipid molecule. The phospholipids used in this study included
phosphatidyl choline, phosphatidyl ethanolamine, phosphatidyl serine,
phosphatidyl glycerol, phosphatidyl inositol, phosphatidic acid and
sphingomyelin. Since we wanted to confirm whether these drugs complex
with the individual phospholipids, and in this way prevent the latter from
being metabolised by the phospholipases, the following protocol was
used:

(i)

The phase transition temperature of each particular phospholipid was
determined individually and,

(ii)

The phospholipid was shaken with fenfluramine or chlorphentermine
allowing for complex formation and then the phase transition temperature
was determined.
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MATERIALS

4.1

AND METHODS

MATERIALS. EOUIPMENT AND ACCESSORIES

The following were

the drugs, chemicals, reagents, equipment and

accessories used in the extraction of fenfluramine, the synthesis of
chlorphentermine, the histopathological studies, the separation and
quantitation of the phospholipids and the phospholipase activity studies.

(a)

DRUGS

Fenfluramine hydrochloride
Extracted from Pcnderax'ê tablets (Servier Laboratories) by the
Department of Pharmacology
University of the Western Cape
Bellville, 7530.

Chlorphentermine hydrochloride
Synthesized in the Department of Pharmacology
University of the Western Cape
Bellville, 7530.

(b)

CHEMICALS. REAGENTS AND GASSES

All the chemicals used in this study including those not listed in this
section, were of analytical grade purity.
p-ot-dichlorotoluene
Riedel - de Haen
Aktiengesellschaft, Verkauf LC
Wunstorfer Strabe 40, D-3016.
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Haemotoxylin, eosin, sudan IV, glutaraldehyde fixative, osmium
tetroxide and lead nitrate all from,
Merck
Damstadt, Germany.

Silica Gel TLC Plates 60, 20x20 cm, 0.25 mm thick
Merck
Damstadt, Germany.

Phosphatidyl choline,

phosphatidyl

serine,

phosphatidyl

inositol,

phosphatidyl glycerol, sphingomyelin and phosphatidic acid all from,
Sigma Chemical Company
P.O. Box 14508
ST. Louis, MO,
U.S.A. 63178-9916

Phospholipase-A and Phospholipase-C kits
Boehringer Mannheim GmbH
Biochemica
Sandhofer Stro 116
6800 Mannheim 31
Germany.

ERL 4206 (Vinyl cyclohexane dioxide), DER 736
(Diglycidyl ether of propylene glycol), NSA (Nonenyl succinic
anhydride), S-l catalyst
(Dimethyl aminoethanol) and Beem'" capsules all from,
Wirsam (Pty) Ltd.
Durban
Republic of South Africa.
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Butylated hydroxy toluene (BHT)
Fluka AG

CH-9470 Buchs,
Switzerland

Nitrogen gas
Afrox (Pty) Ltd.
Cape Town
South Africa.

(c)

EQUIPMENT

Shimadzu CS 9000 densitometer
Shimadzu
Japan.

NMR Spectrometer, Model EM 360
Varian Instrument Division
Palo Alto,
California
94303

UV/VIS Spectrophotometer, Model DU40
Beckman Instruments, INC.
Palo Alto,
California,
94304

Centrifuge, Model TJ-6
Beckman Instruments, INC
Palo Alto,
California, 94304
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Coulter Counter
Coulter electronics, INC.
Hialeah,
Florida,
U.S.A.

Freeze dryer, LSL Secfroid SR
Labotee
Cape Town
South Africa

Histokinette automatic tissue processor-Model

E7606

British American Optical Company Ltd.
820 Yeovil Road
Slougen - Bucks - Erigland

Universal sliding microtome
Perehert (Pty) Ltd.
Austria

Tissue embedding centre - Tissue Tek 11
Tech Division
Miles Laboratories,
Naperville, IL 60540

Sorvall MT 5000 ultramicrotome
Sorvall
Switzerland.

Hitachi X650 scanning electron microscope and
Hitachi H800 transmission electron microscope
Hitachi, Japan
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Techne S3 Sample Concentrator
Laboratory and Scientific Equipment (LASEC)
Cape Town
South Africa

Mettler AE163 analytical balance
Mettler Instruments
CH-8606
Greifensee
Zurich
Switzerland.

Ou Pont 910 Differential Scanning Calorimeter (OSC)
Premier Technology
POBox

173

Northriding
Johannesburg
2194, RSA

(d)

RATS

B09 rats
Medical Research Council
Tygerberg
Parow Valley
South Africa.

Wistar rats
Provincial Animal Centre
Private bag X06
Kuils River
South Africa.
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(e)

RAT FOOD

Epol (Pty) Ltd.
P.O. Box 3006
Johannesburg
South Africa

4.2

METHODS

4.2.1

PREPARATION OF THE TEST DRUGS

The fenfluramine and chlorphentermine used in this study were extracted,
synthesized and purified as previously performed in our laboratory".

4.2.1.1 EXTRACTION OF FENFLURAMINE

Ninety Ponderaxê tablets were crushed, and then mixed with 1 litre of
IN HCI, stirred for 24 hours and the resulting mixture allowed to settle
overnight at room temperature (g. 220 C). The aqueous phase was then
decanted into large centrifuge tubes and centrifuged at 1250 g for 15
minutes. The supernatants were combined and filtered. The resulting
solution was alkalinized with sodium hydroxide pellets and extracted with
diethyl ether. The combined ether extracts were subsequently evaporated
to a small volume (g. 100 ml) on a rotary evaporator and dried over
anhydrous sodium sulphate, filtered and stored in the cold room at 40 C
until required for salt formation. To form the hydrochloride salt,
hydrochloric acid gas was bubbled through the ethereal solution which
turned cloudy as the salt was formed. The ether was then evaporated off,
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the remaining residue frozen in a liquid nitrogen bath and freeze-dried.
Before purification the dry crystals were washed with sodium-dried
diethyl ether, filtered and dried in an oven at 50° C for one hour.

4.2.1.2 PURIFICATION OF FENFLURAMINE

Preheated ethanol ( ~

35° C) was added to the fenfluramine HCI

crystals and heated gently until the crystals were dissolved. The resultant
solution was filtered through a preheated Buchner funnel. Diethyl ether
was added dropwise until the crystals started to form. At this stage the
solution was placed in a cold room at 4° C to allow recrystallization to
take place and the salt was isolated by suction filtration and dried in an
oven at 50° C for 1 hour. The resultant dried white crystalline product
had a melting point of 168.8° C.

The NMR spectrum of fenfluramine (CDCI3) is shown in figure 6: 0 1.35
(3H, d, 1 5,5 Hz, CH-C!:L); 1,54 (3H, t, 5,6 Hz, CH2C!:L); 2,7-3,8
(6H, m, PhCH2-CH-NH-CH2);

7,2-7,6 (4H, m, ArH) ppm. The

spectrometer was operated at 200 MHz and the chemical shift (0) values
were calculated downfield from trimethylsilane.

The IR spectrum (KBr) of fenfluramine is shown in figure 7: vmax (KBr)
3454 (NH); 1480 (C=C(aromatic ring», 1338 (C=C(aromatic ring»,
and 1166 (C-F) cm". The LR. spectrum was identical to the published
spectra of fenfluramine".
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4.2.1.3

SYNTHESIS OF CHLORPHENTERMINE

Chlorphentermine

hydrochloride

was

procedure for clortermine hydrochloride,

synthesized

according

1-(0-chlorophenyl)-2-methyl-2-

aminopropane hydrochloride, given in the Pharmaceutical
Bncyclopedia".

The only difference

to the

between

Manufacturing

chlorphentermine

and

clortermine is that in the former compound the chlorine atom is in the
para- instead of the ortho- position on the benzene ring.
synthesis of chlorphentermine,

p-c-dichlorotoluene

starting material instead of o-o-dichlorotolueae

Thus for the

was used as the

as for clortermine.

Eighteen grams of acetone was carefully added to the Grignard reagent
prepared from 50.0 g of p-o-dichlorotoluene
in diethyl ether.

and 7.45 g of magnesium

The reaction mixture was allowed to stand overnight at

room temperature and was then carefully poured onto a mixture of 20 %
sulphuric acid and ice. The organic layer was separated,

washed with

distilled water, an aqueous solution of sodium bicarbonate

and again

distilled water. The organic layer was subsequently dried over anhydrous
magnesium sulphate and evaporated to dryness to yield an oily residue
containing

1-(p-chlorophenyl)-2-methyl-2-propanol

which

was

used

without further purification.

To 29 ml of glacial acetic acid, cooled to 150 C, 11.5 g of sodium
cyanide was added while being stirred.

This was followed

by the

dropwise addition of 32,4 ml of concentrated sulphuric acid dissolved in
29 ml of glacial acetic acid while maintaining the temperature
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of the

reaction mixture at 20° C. The 1-(p-chlorophenyl)-2-methyl-2-propanol
was added to the reaction mixture, allowing the temperature to rise. The
resulting mixture was heated to 70° C while being constantly stirred.
This mixture was then poured onto a mixture of water and ice and the
resulting aqueous mixture was neutralised with sodium bicarbonate and
extracted with three portions of diethyl ether. The combined ethereal
extract was washed with distilled water, dried over anhydrous magnesium
sulphate and evaporated to dryness. The resultant oily residue was mixed
with 100 ml of 6 N aqueous hydrochloric acid and refluxed until a clear
solution was obtained. Aqueous ammonia was added to the extract until
the extract was alkaline ( pH 9). It was again then extracted with three
portions of diethyl ether. The combined ether extract was washed with
distilled water and dried over anhydrous magnesium sulphate. Dry
hydrochloric acid gas was bubbled through the ethereal solution and the
hydrochloride salt of chlorphentermine which precipitated out of the
solution was isolated by suction filtration and recrystalized from ethanol
by the same method as described for fenfluramine (melting point 233.4 °
C).

The NMR spectrum (CDCI3) of chlorphentermine is shown in figure 8:

o 1.4 (6H, s, ClLC-ClL);

3.0 (2H, s, CH2); 7.0-7.4 (6H, m, ArH, NH2)

ppm. The spectrometer was operated at 200 MHz and the chemical shift
(0) values were calculated downfield from trimethylsilane.

The IR spectrum (KBr) of chlorphentermine is shown in figure 9: vmax
3486 (NH); 1492 (C=C(aromatic ring», 1380 (C=C(aromatic ring»,
1049 (C-N stretch) and 820 (C-Cl) cm-I. The I.R. spectrum was identical
to the published spectra of chlorphentermine".
40
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4.2.2

INDUCTION OF PHOSPHOLIPIDOSIS

Wistar and BD9 rats, of both sexes, weighing g., 300 g were used. All
the animals were maintained on standard laboratory feed (i.e. Epol
balanced rations) throughout the experiment, and had free access to
water. Both the BD9 and Wistar rats were divided into groups of 8 per
drug (i.e. chlorphentermine and fenfluramine) and saline controls.
Throughout the treatment the lighting cycle of the animal room was
controlled and set for ca. 10 hours bright light and ca.

14 hours dim

light at room temperature ( ca. 220 C).

4.2.2.1 DRUG ADMINISTRATION AND DOSING

During the dosing period the rats were

weighed on Mondays,

Wednesdays, and Fridays and their masses recorded. Chlorphentermine
(CP) and fenfluramine (FF), reconstituted in physiological saline, were
injected intraperitoneally (i.p.) for six days per week at a dose of 40
mg/kg body weight for 6 weeks":".

The animals were injected

intraperitoneally early in the morning (7h (0). Depending on their initial
mass the control rats, both Wistar and BD9, received a corresponding
volume of physiological saline.

4.2.3

ANALYSIS OF RAT LUNGS

From each group (ie. fenfluramine, chlorphentermine and saline) four
rats were randomly selected and grouped, as indicated in the flowchart
(see figure 10), for the isolation and analysis of,

(i)

Unlavaged lungs and

(ii)

Lungs lavaged to isolate macrophages
43
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ANALYSIS OF RAT LUNG

WI STAR AND BD9 RATS
f-

TREATMENT WITH:
* CHLORPHENTERMINE (40MG/KG)
* FENFLURAMINE (40MG/KG)
* SALINE

- GROUPING OF RATS
* LUNGS TO BE LAVAVGED
, * LUNGS NOT TO BE LAVAVGED

-

"LAVAGED LUNGS"

"UNLAVAGED· LUNGS

Perfused to remove
excess blood

I--

Perfused to remove
excess blood

I-

-

In situ lavaging to
Isolate alveolar
macrophages

- Isolation of sections
for light and electron
microscopy

-

Weighed wet lung

i-

-

Weighed dried lung

- Freeze dried lung

-

Weighed freeze dried
lung

r-

Weighed freeze
dried lung

I-

Extraction of
phospholipids

I-

Extraction of
Phospholipid

,

Weighed wet lung

EXTRACT OF
PHOSPHOLIPIDS

~

TLC separation and quantItatIon

,Ir

LEVELS OF INDIVIDUAL PHOSPHOLIPIDS

Fig 10. Flow-chart of the Analysis of Treated and Untreated Rat Lungs.
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4.2.3.1 PROCEDURE FOR UNLAVAGED LUNGS

Twenty-four hours after the final injection of the drug or saline the
animals were sacrificed under ether anesthesia. The chest was opened and
the lungs perfused with 30 ml of saline introduced via the right ventricle
after which the lungs were surgically removed. Excess blood vessels and
connective tissue as well as the trachea were trimmed away. Two small
portions of the middle lobe of the right lung were then used for the
histological studies (see 4.2.3.1.1). The rest of the unlavaged lungs were
then blotted dry with gauze, accurately weighed on a fine balance and cut
into smaller pieces with a Mc-Ilvain tissue slicer. The slices were placed
in a tarred glass tube, frozen on a dry ice-acetone bath and then freezedried to a constant weight. The freeze-dried lung was weighed and stored
in an amber bottle in a vacuum dessicator, until further investigation.

4.2.3.1.1

HISTOLOGICAL STUDIES

The histological studies included both light microscopy and electron
microscopy.

4.2.3.1.1.1

LIGHT MICROSCOPY

The aim of the light microscopic study was to observe

any

morphological changes which may have occurred in the lungs of the
treated animals as compared to the lungs of the saline controls. For
the sake of uniformity, two small portions of the middle lobe of the
right lung were used for the histological examination.
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4.2.3.1.1.1.2

FIXING OF LUNG PORTIONS

Each lung portion was fixed for 24 hours in 10 % v/v neutral
buffered formalin (pH 7.0)55

Formula."

Sodium dihydrogen phosphate (anhydrous)

3.5 g

Disodium hydrogen phosphate (anhydrous)

6.5 g

40 % w/v Formaldehyde

100 ml

Distilled water

900 ml

The specimen could remain in the fixative indefinitely.

4.2.3.1.1.1.3

PROCESSING PROCEDURE

After the specimen was fixed in 10 % neutral buffered formalin for
two hours the specimen was dehydrated through exposure to a series
of ascending grades of alcohol to remove all the water in the
specimen.
impregnated

Thereafter

the specimen

was cleared

in xylene and

with molten paraffin wax. All this was done on an

automatic tissue processor,

the Histokinnette'[.

specimen was exposed to the following
indicated:
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In each case the

solutions for the times

10%

Buffered formalin

2 hours

60%

Alcohol

2 hours

70 %

Alcohol

2 hours

80 %

Alcohol

2 hours

90 %

Alcohol

x 2

2 hours

100%

Alcohol

x 2

1.5 hours

Xylene

x 2

2 hours
2 hours

Paraffin wax bath

The specimens were then embedded in fresh paraffin wax, placed in
a freezer for half an hour and allowed to set. Thereafter 3 JLm
sections were cut on a Universal sliding microtome, floated out on
a waterbath, picked up with a slide and fixed in an incubator at 700
C for one hour. These sections were subsequently stained with
haematoxylin and eosin, and Sudan IV58•

4.2.3.1.1.1.4

SPECIAL STAINING OF LUNG SECTIONS

4.2.3.1.1.1.4.1 REAGENTS

The following reagents were used for the staining of the lung
sections.

Mayer's acid alum haemotoxylin

Haemotoxylin is used to stain cell nuclei blue- black. The stain
was prepared by dissolving

1 g of haemotoxylin and 50 g of

potassium aluminium sulphate, (KAl(S04)2.12H20), in one litre of
47
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distilled water with the aid of gentle heat. Sodium iodate (0.2 g)
was added to the latter solution and the mixture was left overnight
at room temperature. The following day 50 g of chloral hydrate
and 1 g of citric acid were added, the resulting mixture boiled for
5 minutes and then cooled to room temperature. The chloral
hydrate was used as a preservative and citric acid to sharpen the
nuclear staining. This mixture was allowed to stand for two weeks
in order to mature".

This is a red dye used to stain connective tissue and cytoplasm in
varying proportions and shades of pink, orange and red and is
used as a counter-stain stain. A 5 % stock solution was prepared
in distilled water and a 1 % solution was used as the working
solution",

Scott's tap water

This solution was used for the blueing of haemotoxylin. It was
prepared by dissolving 3.5 g of sodium bicarbonate and 20 g of
magnesium sulphate in one litre of tap water.

1% Acid alcohol solution

This solution was prepared by adding 20 ml of concentrated
hydrochloric acid to 1.5 litre of 90 % alcohol and 480 ml of
distilled water. The solution was used to differentiate the nuclei to
48
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the desired degree.

Sudan IV

To prepare the stain 0.7 g of Sudan IV was dissolved in 100 ml
propylene glycol solution (85 % in water), by adding small
amounts at a time and the mixture heated to 100 - 1100 C for ten
minutes. Care was taken that the temperature of propylene glycol
did not exceed 1100 C since a gelatinous suspension would then
form. The solution was filtered through Whatman No.2 paper,
cooled and then filtered again through a fritted glass filter under
vacuum.

4.2.3.1.1.1.4.2 PROCEDURE FOR HAEMOTOXYLIN AND EOSIN STAIN

The specimen slides were placed in a slide washing tray and
dewaxed in xylene. They were then hydrated by passing them
through a series of descending grades of alcohol to water. The
slides were placed in Mayer's haemotoxylin and stained for ten
minutes, removed, the excess haemotoxylin drained off and
washed with tap water. Each section was decolourised by dipping
it three times, for ten seconds each, into a 1 % acid alcohol
solution followed by a water wash. Following this the slides were
blued in Scott's tap water for 30 seconds, again washed with water
and subsequently viewed under a low power staining microscope
to inspect whether sufficient differentiation had occurred.
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The specimen

slides were counter stained by transferring

sections to 1 % eosin solution for 60 seconds,

the

before being

washed again with water. Thereafter they were dehydrated through
a series of ascending grades of alcohol and cleared in xylene for
fifteen seconds.

The sections were tested for clarity by viewing

them against a dark background with light striking them.
these circumstances

any patches containing

Under

water had a milky

appearance and such sections were returned to absolute alcohol for
a further 30 seconds.

The fully prepared sections were mounted

in Depex (DPX) and examined
headed light microscope,

systematically

under a double

at XlO, X40 and XlOO

objective

magnification.

The haemotoxylin and eosin stain was used to identify foam cells
in the alveolar sacs and to observe any morphological changes of
the lungs of rats treated with fenfluramine,
saline'.
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chlorphentermine

or

4.2.3.1.1.1.4.3

PROCEDURE

FOR SUDAN IV

Calcium was added to the formalin used to fix the lung portions
for the Sudan IV stain to help contain phospholipids within cells.

The formal-calcium consisted of:

40 %

Formaldehyde

10 ml

10%

Calcium chloride aqueous solution

10 ml

Distilled water

80 ml

The specimens could remain in this fixative indefinitely.

We

further used the frozen section (cryostat) technique to avoid the
extraction of fats from these tissue specimens which can occur
when alcohol, paraffin solvents or heat is used.

Specifically, the tissue was placed on a moist blockholder , rapidly
frozen with CO2 and thereafter cut into 15 ILm sections. The 15
ILm

frozen sections were washed in water for two minutes and then

placed in propylene glycol solution twice for three minutes each
time. The sections were stained for five minutes each in Sudan VI.
They were then placed in 85 % propylene glycol for five minutes
and washed in distilled water for five minutes. The sections were
mounted on a slide in glycerine jelly and examined systematically
under a double headed light microscope, at X1O, X40 and XlOO
objective magnification.
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This stain was used to confirm the increase in the total
phospholipid concentration in the lungs, especially the alveolar
macrophages of treated animals as compared to the saline controls.

4.2.3.1.1.2

ELECTRON MICROSCOPY

The electron microscope permitted the observation of cell and
tissue structure beyond that seen with the light microscope. Both
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used in this study.

4.2.3.1.1.2.1

REAGENTS

(a)

MILLONIG'S BUFFER

41.5 ml

2.26 % NaH2P04.H20

8.5 ml

2.52 % NaOH

The fixative was brought to pH 7.3 with 1 N NaOH.

(b)

GLUTARALDEHYDE FIXATIVE

8 ml 25 % Glutaraldehyde
32 ml 2.26 % NaH2P04.H20

The solution was brought to pH 7.3 with 1 N NaOH.
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(c)

OSMIUM TETROXIDE

(OS04) FIXATIVE

The osmium tetroxide fixative was made up as follows:

45 ml of

Millonig's buffer was added to an amber bottle, the label from the
OS04 ampoule

removed,

and the ampoule

scored in a fume

cupboard. The entire ampoule with crystals was then placed into
the bottle containing the buffer, the OS04 crystals were allowed to
dissolve overnight and finally 5 ml of 5.4 % glucose solution
added.

(d)

SPURR'S RESIN

Spurr's resin was made up as follows:

ERL 4206

10 g

(Vinyl cyclohexane dioxide)
DER 736

6 g

(Diglycidyl ether of propylene glycol)

mA

Ug

(Nonenyl succinic anhydride)

S-l catalyst

0.4 g

(Dimethyl aminoethanol)
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(e)

PREPARATION OF REYNOLD'S LEAD CITRATE STAIN

1.33 g

Lead nitrate

1.76 g

Sodium citrate (Na3(C6Hs02)·2H20

30 ml

Distilled water (freshly boiled to remove carbon
dioxide)

To a 100 ml beaker the lead nitrate, sodium citrate and 30 ml
boiled distilled water was added, and the mixture allowed to stand
for 30 minutes with intermittent shaking, to ensure complete
conversion of lead nitrate to lead citrate. Thereafter the mixture
was quantitatively transferred to a 50 ml volumetric flask, 8 ml of
1 N NaOH added, and made up to 50 ml with boiled distilled
water and mixed by inversion".

4.2.3.1.1.2.2

PROCEDURES COMMON TO SEM AND TEM

For the sake of uniformity a small portion of the middle lobe of
the right lung was used for electron microscopic examination. On
excision of this portion of lung a piece of connective tissue was
left on each specimen. The material was then handled or
transferred by holding onto the connective tissue with a forceps
without touching that part of the specimen that eventually was
studied.
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Immediately upon collection the specimen tissue was placed in
glutaraldehyde fixative (pH 7.3) for twelve hours. Thereafter it
was trimmed into smaller pieces with a razor blade. The cut tissue
pieces were washed for thirty minutes in Millonig' s buffer and
post-fixed in osmium tetroxide (OS04)for one hour. The specimen
was then washed again in Millonig's buffer for fifteen minutes and
exposed through a series of ascending grades of alcohol for the
following periods,

(1)

70 % Alcohol

15 minutes

(2)

90 % Alcohol

15 minutes

(3)

95 % Alcohol

15 minutes

(4)

Absolute alcohol

15 minutes

(5)

Absolute alcohol

30 minutes

It was now ready to be processed further for either SEM or TEM.

4.2.3.1.1.2.3

PROCEDURE FOR SEM

For SEM each specimen (ca. 2 mm thickness) was critical point
dried, immediately stored in a dessicator and later, but soon
afterwards, mounted and gold coated. The specimens were
mounted by attaching them to stubs with the aid of double sided
Scotch-tape. Since the tape is not conductive care was taken that
it did not extend beyond the border of the stub. Also a dab of
conductive cement (silver conductive paint) was applied to
electrically connect the specimen to the metal of the stub.
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Gold was used to coat the specimen surfaces. The gold was
deposited slowly by means of a sputter coater to ensure thorough
and even coating. The coated specimens were kept in a dessicator
shielded from dust and vapours. Finally the stub with coated
specimen was attached onto a mounting rod and inserted into the
SEM port, the specimen located and the field searched for areas
of interest. The latter was magnified X3 000, viewed and
photographed .

4.2.3.1.1.2.4

PROCEDURE FOR TEM

Following the dehydration procedure described in 4.2.3.1.1.2.2,
the specimens for TEM were further treated with,

30 min

(1)

Propylene oxide(P.O.) x 2

(2)

Spurr's resin

(3)

Spurr's resin

60 min

(4)

Spurr's resin

60 min

+

P.O.(1:1)

30 min

Strips of paper containing identification codes were placed in the
Beem" capsules and then filled with Spurr's resin. The specimen
was placed in the centre of the resin-filled capsule, and allowed to
sink to the bottom. The capsules were placed in an oven at 70° C
for 8 hours to polymerise.

Thereafter the Beem'" capsule was removed, the area of interest
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identified on the block and this area

trimmed

on

the

ultramicrotome in the form of a trapezium. The 1 J.'m sections
were cut with specially made glass knives. The boat on the glass
knife was filled with water, and the 1 J.'m sections were picked up
with the aid of a bacteriological loop and placed onto a glass slide.
The glass slide was heated gently with a spirits burner to evaporate
off the water. Thereafter the specimen was stained with

1 %

toluidine blue for five minutes and rinsed with distilled water. The
resultant product was viewed under a light microscope. Upon
confirmation that the area of interest had been isolated, ultrathin
70-80 nm sections were cut. The ultrathin sections were floated
out in the boat, picked up onto grids, and stored in petri dishes.

4.2.3.1.1.2.5

PROCEDURE FOR DOUBLE STAINING OF ULTRATHIN
SECTIONS

One drop of freshly prepared saturated uranyl acetate in 50 %
alcohol was placed onto the specimen-containing grids for fifteen
minutes at room temperature ~.22°

C). The grids were then

immersed in 50 % alcohol for fifteen minutes and then in distilled
water for a further fifteen minutes.

One drop of freshly prepared Reynold's lead citrate solution was
placed onto the grids, for fifteen minutes at room temperature (ca.
220 C), before the grids were immersed in distilled water for one
minute. One drop of 0.02 N NaOH was then placed onto the grids
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and the grids left to stand for ten minutes before being rinsed with
distilled water again.

The stained grids

were stored in an

appropriately labelled petri dish, ready for viewing. To view, the
stained grids were placed onto a mounting rod and inserted into
the TEM port. Thereafter the specimen was located and the field
searched for areas of interest. The latter were magnified X
10 000, viewed and photographed.

4.2.3.2

PROCEDURE FOR LAVAGED LUNGS

4.2.3.2.1 ISOLATION OF ALVEOLAR MACROPHAGES

Twenty four hours after the final injection of drug or saline, the animals
were sacrificed under ether anesthesia and the lungs lavaged in situ. The
trachea was sealed off, the chest opened and the lungs perfused with 30
ml of saline introduced via the right ventricle. The trachea was
cannulated with polyethylene tubing which was connected via a spinal
needle to a 20 ml syringe. The lungs were then lavaged with 10 ml
aliqouts of warm (370 C), calcium- and magnesium- free Hank's
balanced salt solution (pH ca. 7.6)(4.2.3.2.2)

until100 ml of the lavage

fluid was collected. The latter lavage fluid was kept on ice until
centrifugation.
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4.2.3.2.2 HANK'S BALANCED SALT SOLUTION37:

MOLECULAR

COMPONENT

FORMULA

NaCI

Sodium Chloride

8000mg

KCI

Potassium Chloride

400mg

N~HP04.2H20

Sodium Phosphate

60mg

KH2P04

Potassium Phosphate

60mg

Anhydrous dextrose

l000mg

or Glucose
Water to

lOOml

To the above stock solution .was added 10 ml of 0.2 % phenol red
solution and 0.4 ml of chloroform and the resultant solution stored at
room temperature. The final solution was made by diluting the stock
solution 1 : 10 with distilled water and autoclaving 20 ml quantities
together with 0.5 ml of 1.4 % sodium bicarbonate solution in McCartney
bottles. The resultant solution was stored in a fridge with the caps partly
unscrewed to allow equilibration at pH ca. 7.6.

4.2.3.2.3 ENUMERATION OP THE MACROPHAGES

An automatic electronic cell counter viz. the Coulters counter, which
operates on the principle that cells are poor conductors of electrical
current, compared to saline solution, was used to enumerate the alveolar
macrophages'" .

59

https://etd.uwc.ac.za/

After collection of the lavage fluid the alveolar macrophages were
recovered by centrifuging the lavage fluid at 500 g for ten minutes at a
temperature of 40 C61,62.

The supernatant was pipetted off and the

pellet resuspended in 0.5 ml of physiological saline by vortexing for one
minute. Forty microliters of the suspension was diluted to 2 ml with
normal saline, and 0.5 ml aliqouts were passed through the counter.
Three readings were recorded per fenfluramine, chlorphentermine and
saline sample and the data recorded as number of macrophages/lung.

The data were analysed statisticaly using the Student's t-test for the
grouped data and significant differences between mean values were
indicated when the P -s 0.05. After the alvoelar macrophages were
isolated, the lavaged lungs were treated and freeze dried in exactly the
same manner as the unlavaged lungs discussed earlier, and stored until
further investigation.

4.2.3.3 PROCEDURES

COMMON

TO

BOTH

UNLAVAGED

AND

LAVAGED LUNGS

4.2.3.3.1 EXTRACTION OF LIPIDS

Throughout the procedures for the extraction of the lipids, the following
precautionary measures were strictly followed:

(a)

The use of plastic containers or apparatus, other than those made of
Teflon was strictly avoided, as plasticisers could leach from them and
might appear as peaks on the chromatograms.
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(b)

To prevent auto-oxidation

of lipids samples were, wherever possible,

handled in an atmosphere of nitrogen and an antioxidant e.g. butylated
hydroxy toluene (BHT 50-100 mgllitre of solvent) was added to the
extraction, thin layer chromatography

(c)

Before use solvents were also

and spray solvents.

flushed with nitrogen to displace any

dissolved oxygen.

(d)

Both tissue and tissue extracts were always

0

stored at -20

C under

nitrogen".

4.2.3.3.1.1

EXTRACTION

Extraction

PROCEDURE:

of the lipid content from the lung tissue,

was done

according to the method of Radin". The extraction solvent used was
a mixture of hexane-isopropanol

(HIP 3:2) v/v. To 100 mg of freeze-

dried lung tissue 8 ml HIP (3:2) was added and the mixture vortexed
for one minute and centrifuged at 6000 g for five minutes with a
Beckman, Model TJ-6 centrifuge. Three milliliter of the supernatant
was then transferred to a clean test tube. The lung tissue residue was
re-extracted by adding 4 ml of HIP (3:2), vortexing for one minute
and centrifuging at 6000 g for five minutes. Two milliliter of the
supernatant was pipetted off and combined with the initial HIP (3:2)
supernatant. The tissue residue was re-extracted
this manner.
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two more times in

To remove small amounts of non-lipids in the HIP extracts, two
milliliter "washing solution" was added to the combined supernatants.
The "washing solution" consisted of 10 g anhydrous sodium sulphate
in 150 ml water. The mixture was vortexed for one minute and
centrifuged at 6000 g for two minutes. Eight milliliters of the
supernatant was transferred to a tarred test tube.

The "washing solution" was back extracted with 3 ml of HIP (7:2)
by vortexing for one minute and centrifuging at 6000 g for two
minutes. Thereafter 2.5 ml HIP (7:2) was withdrawn and combined
with the 8 ml HIP (3:2) and the combined extract evaporated under
a stream of N2 to a visually dry, oily residue with the aid of a
Techne sample concentrator. The oily residue was weighed on a
Mettler AE163 analytical balance, made up to 200 1-'1 chloroform:
methanol (2: 1), subsequently transfered to an amber screw cap bottle
and stored in a freezer at -200 C.

4.2.3.3.2

CHROMATOGRAPHY

The phospholipids were analysed by thin layer chromatography
(TLC) using Merck 'high performance' silica gel precoated plates 20

x 20 cm, and 0.25 mm thick.

4.2.3.3.2.1

SOLVENT SYSTEMS

The phospholipids were separated by employing a two step one
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dimensional procedure".

The two solvent systems used in this

procedure were equilibrated in the developing tanks several hours
before use and consisted of,

Solvent system A:

Denaturated

ethanol-chloroform-ammonium

hydroxide (50:6:6. v/v/v) and

Solvent system B:

Methyl

acetate-n-propanol-chloroform-

methanol-0.25 % aqueous potassium chloride
(25:25:28: 10:7 v/v/v/v/v).

4.2.3.3.2.2

SAMPLE

APPLICATION

AND

CHROMATOGRAPHIC

SEPARATION

The plates were prewashed in chloroform-methanol-water (60:35:8
v/v/v), up to the top of the plate, to remove interfering substances
intrinsic to the plates before being dried for one hour at 1l0°C6s•
Ten microliter aliqouts of the samples and appropriate standards were
applied to the plates and concentrated in a small spot by evaporating
the solvent to dryness under a stream of nitrogen".

The samples

were applied, at intervals of 15 mm on a baseline 10 mm from the
bottom of the plate, and 10 mm from the side edge. The plates were
developed in vertical chambers. Chamber one contained solvent
system A, and the solvent front was allowed to migrate 30 mm from
the baseline. Thereafter the plate was removed, the solvents
evaporated with a hairdryer and the plate placed in an oven at 180°
C for one minute to remove any residual solvents. The plate was

63

https://etd.uwc.ac.za/

then cooled at room temperature ( ca. 240 C) for 10 minutes and
placed in chamber two which contained solvent system B.

The

solvent front was allowed to migrate till 10 mm from the top of the
plate before the plate was removed, the solvents evaporated with a
hairdryer and the residual solvents removed by placing the plate in
an oven at 1800 C for one minute. Again the plate was allowed to
cool for 10 minutes. The spots were visualized by spraying the
plate to transparency, with 10 % cupric sulphate in 8 % phosphoric
acid", and then charring them at 1800 C for 5 minutes. Each sample
separation was done in duplicate.

4.2.3.3.2.3. DENSITOMETRY

The plates were scanned within 48 hours after charring, using a
Shimadzu'" CS 9000 densitometer.

They were scanned in a

horizontal mode parallel to the baseline using the position of the
separated phospholipid standards as a guide for the scanning lane.
Each lane was scanned three times and the average values of the
three scans determined.

4.2.3.3.2.4

OUANTITATION OF PHOSPHOLIPIDS

In order to quantitate the separated phospholipids a standard curve of
concentration (p.gl p.l) vs area was drawn for all the phospholipids.
The concentrations spotted for the standards were 2 p.gl p.l, 5 p.gl p.l,
10 p.gl p.l and 20 p.gl p.l. Each standard phospholipid was weighed and
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made up to 200 JLIwith chloroform-methanol (2: 1). Concentrations
of the standards were spotted in duplicate and separated by a two
step one dimensional procedure. Each lane representing the Y-axes
was scanned three times.

The data for the lung samples and standard curves was analysed
statistically using the Student's t-test for the grouped data and
significant differences between mean + standard deviation values
were indicated when the P < 0.05. Each data point obtained is the
mean of three readings.

4.2.4

ASSAY FOR PHOSPHOLIPASE ACTIVITY

Phospholipase A activity was measured by using Boehringer Mannheim
test kits and the phospholipase C activity according to the method of
Krog et al'".

4.2.4.1 REAGENTS

(a)

For phopholipase A activity determination

(1)

Buffer solution:
Tris, 125 mmol!l, pH 8.0; CaCI2, 4 mmolIl (bottle one).

(2)

Phospholipase-A (PL-A) from porcine pancreas (bottle two).

(3)

Stop reagent:
EDTA, 12 mmol/l; phosphate buffer, 50 mmol!l, pH 5.5 (bottle
three).
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(b)

For free fatty acid determination

(1)

Modified Dole's extraction medium:
isopropanol: heptane: 2 N sulphuric acid (40: 10:1)

(2)

Copper reagent:
7 ml triethanolamine, 0.3 ml glacial acetic acid, 3.25 g
Cu(N03h.3H20, 6.25 g K2S04, 17 g Na2S04 and water to give a
final volume of 100 ml.

(c)

(3)

Sodium diethyldithiocarbamate: 0.1 % (w/v) in n-butanol

(4)

0.01 N sulphuric acid

For phospholipase-C activity determination

(1)

0.4 M Tris-HCI, pH 7.3 at 37° C.

(2)

50 mM Calcium chloride (CaCI2)

(3)

1 mglml Bovine serum albumin

(4)

0.2 M Ammonium sulphate

(5)

2 % Sodium dodecyl sulphate

(6)

1 mM Zinc chloride (ZnCI2)

(7)

One bottle containing alkaline phosphatase ~ 100 Ulml

and

phospholipase-C > 160 UIml.

(d)

For inorganic phosphate determination

(1)

0.6 M sulphuric acid (H2S04)

(2)

Molybdate solution:
2g of ammonium molybdate dissolved in 1 liter of H2S04, Stable
indefinitely.
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(3)

Tween 80:
One volume of Tween 80 mixed with two volumes of water.

(4)

Working reagent:
100 ml of molybdate solution with mixed 0.9 ml of the diluted
Tween 80. Use after 30 minutes.

(5)

Stock phosphate standard

10 mg/loo

ml 439 mg of KH2P04

dissolved in water and dilute to 100 ml. Added a few drops of
chloroform as a preservative.

(6)

Working phosphate standard:
Diluted 5 ml of the stock standard to 100 ml with water.

4.2.4.2

PHOSPHOLIPASE-A

ACTIVITY

PRINCIPLE

Phospholipids are hydrolysed to lyso-phospholipid
phopholipase-A
quantitatively

and free fatty acid by

(PL-A). The formed free fatty acids can be measured
using a colorimetric

assay".

The

PL-A

activity

is

calculated from the amount of fatty acids that are set free per unit of
time.

4.2.4.3

PREPARATION

OP SOLUTIONS

(a)

Phospholipid micelles

The phospholipid micelles were prepared for each phospholipid by using
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100 ILlof phosphatidyl choline (PC), sphingomyelin (SPM), phosphatidyl
ethanolamine (PE), phosphatidyl glycerol (PG), phoshatidyl serine
(PS),phosphatidyl

inositol

(PI)

or

phosphatidic

acid

(PA)

in

chloroform:methanol (2: 1) at a concentration of 5 ILg/lO ILleach and
drying the sample under a stream of nitrogen. Thereafter ten microliters
of Triton X-WOwas added to each phospholipid sample and the mixtures'
were warmed to 40° C for 15 minutes and vortexed for 15 seconds,
several times until a clear solution was obtained".

(b)

PL-A stock solution

The PL-A stock solution was prepared by adding 3 ml of distilled water
to the freeze dried PL-A, resulting in a final PL-A concentration of 12.5
UIL Stable up to the expiry date specified, when stored in a fridge at

+

4°C.

(c)

The contents of bottles one and three (see 4.2.4.1 (a» were used
undiluted.

(d)

Fenfluramine and chlorphentermine in distilled water were prepared at
a concentration of 0.45 mM21•

(e)

Phospholipid-dru~ complex formation

The prepared phospholipid micelles (see 4.2.4.3 (a» were each vortexed
for 60 seconds with 300 ILl of chlorphentermine or fenfluramine
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solution, respectively, to allow for complex formation. The control
phospholipid micelles were vortexed with 300 JLlof distilled water.

(f)

PL-A-dru2 complex formation

To 300JLlof fenfluramine or chlorphentermine, 100JLlof PL-A solution
was added and vortexed for 60 seconds to allow for enzyme-drug
complex formation.

4.2.4.4 HYDROLYSIS OP PHOSPHOLIPID

4.2.4.4.1 Protocol

The following protocol was used for the determination of PL-A activity
viz. (i) phospholipase-A activity was determined in the presence of the
phospholipid only, (ii) the phospholipid was shaken up with fenfluramine
or chlorphentermine, allowing complex formation before PL-A was
added, and (iii) fenfluramine or chlorphentermine shaken up with PL-A
to allow for direct interaction between drug and enzyme, before the
addition of the phospholipid.

4.2.4.4.2 PROCEDURE

All the experiments were conducted in a shaking waterbath at 37° C and
in triplicate (see figure 11, flowchart). One hundred microliters of the
PL-A solution were added to (a) the phospholipid micelles, previously

69

https://etd.uwc.ac.za/

prepared (see 4.2.4.3 (a»,
complexes

(see 4.2.4.3

(b) the phospholipid micelle-fenfluramine

(e)

or

(c) the phospholipid

micelle-

chlorphentermine complexes (see 4.2.4.3 (e», and then vortexed for 30
seconds and and the resulting reaction mixtures placed in a waterbath.

In the other series of experiments, to the previously prepared
phospholipid micelles (see 4.2.4.3 (a» we quantitatively transferred,(d)
the PL-A-fenfluramine complexes (see 4.2.4.3

(f)

or (e) PL-A-

chlorphentermine complexes (see 4.2.4.3 (f), this was vortexed for 30
seconds and the resulting, reaction mixtures placed in a waterbath.

Once the various reaction mixtures were placed in the waterbath, the
stopwatch was immediately started (time = 0) and after 30 minutes, 100
ILlfrom each reaction mixture were transferred to test tubes containing
50 ILlstop reagent, these tubes were vortexed for 30 seconds and placed
in an ice bath at +40 C. These were then further analysed for the
liberated fatty acids.

4.2.4.5 DETERMINATION OF THE LIBERATED FATrY ACIDS

Method

The liberated free fatty acids (FFA) were determined according to the
method of Lauwerys". The one hundred and fifty microliter of sample
plus stop reagent were vortexed for 60 seconds with 4 ml modified
Dole's extraction mixture. To this was added 6 ml heptane and 4 ml
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water and the mixture vortexed again for 60 seconds. Five millilitres of
the upper heptane layer were transferred to another test tube and vortexed
for 60 seconds with 5 ml of 0.01 N sulphuric acid. Three millilitre of the
upper heptane layer were transferred to a test tube containing 3 ml
chloroform and 3 ml copper reagent, vortexed for 60 seconds and
centrifuged at 800 g for ten minutes. Three millilitre aliquots of the
upper chloroform-heptane phase were transferred to another test tube
containing 0.5 ml diethyl-dithiocarbamate reagent. This was mixed and
allowed to stand for 30 minutes and the absorbance was read at 440 nm
against a reference of 3 ml chloroform:heptane (1: 1) and 0.5 ml
diethyldithiocarbamate reagent. The amount of liberated fatty acid was
read off from the standard curve of the fatty acid concentration vs
absorbance relationship (see 4.2.4.6).

4.2.4.6 OUANTITATION OF FATTY ACID CONCENTRATION.

PL-A

ACTIVITY AND % INHIBITION OF PL-A ACTIVITY

Palmitic acid was used as a standard to quantitate the fatty acids liberated
by means of a standard curve of concentration (p.gl p.l) vs absorbance.
The concentrations used for the standard curve were 2 p.gl p.l, 5 p.gl p.l, 10
p.gl p.l and 20 p.gl p.l and this was done in triplicate. The PL-A activity
was calculated from the amount of free fatty acid set free per unit time,
according to the following formula.

PL-A activity

=

(Jlg FFA 100 JlI

-1

xJlg FFA 100JlI -1 sample
30 min
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FIG. 11

FLOW CHART OF THE HYDROLYSIS OF PHOSPHOLIPIDS
AND THE DETERMINATION OF PL-A ACTIVITY.
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The percentage reduction in the PL-A activity, viz. % inhibition arising
under the two test conditions i.e. phospholipid-drug complex and PL-Adrug complex was then calculated.

% Inhibi tion

=

PL-Aactivity
cont:rol - PL-A activity
PL-Aactivity
cont:rol

test

x 100

The differences from the % inhibition of the different samples were
analysed statistically using the Student's t- test for the grouped data and
the level of significance set at P ~ 0.05. Each data point obtained is the
mean of three readings.

4.2.4.7 PHOSPHOLIPASE-C ACTIVITY

PRINCIPLE

Phospholipids are hydrolysed to 1,2 diacylglycerol and a phosphobase by
phospholipase-C (PL-C). The formed phosphobase can then be
hydrolysed by alkaline phosphatase to liberate the inorganic phosphate
and the latter detected colorimetrically. Finally the PL-C activity can be
calculated from the amount of inorganic phosphate that are set free per
unit time",
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4.2.4.7.1 PREPARATION OF SOLUTIONS

(a)

Phospholipid micelles were prepared as previously stated (see 4.2.4.3(a».

(b)

PL-C stock solution

The PL-C stock solution was used undiluted. It contained phospholipaseC > 160 U/ml and alkaline phosphatase

je

100 U/ml. Stable up to the

expiry date specified, when stored in a fridge at

(c)

+

40 C.

Fenfluramine and chlorphentermine in distilled water were prepared at
a concentration of 0.45 mM21•

(d)

Phospholipid-drug complex formation.

The prepared phospholipid micelles i.e. PC, SPM, PI, PG, PS, PE and
PA were vortexed for 60 seconds with 300 ILl of fenfluramine and
chlorphentermine solution, respectively, to allow for complex formation.
The control phospholipid micelles were each vortexed with 300 ILlof
distilled water.

(e)

PL-C-drug complex formation

To 300 ILlof fenfluramine or chlorphentermine solution, 10 ILlof PL-C
solution was added and vortexed for 60 seconds to allow for complex
formation.
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4.2.4.8

4.2.4.8.1

HYDROLYSIS

OF PHOSPHOLIPID

Protocol

The protocol used for the determination of PL-C activity was the same
as that used for the PL-A activity (see 4.2.4.4)

4.2.4.8.2

Procedure

0

All the experiments were conducted in a shaking water bath at 37 C and
in triplicate (see figure 12, flowchart).
previously prepared (see 4.2.4.7.1
fenfluramine

complexes,

micelle-chlorphentermine

To (a) the phospholipid micelles,

(a», (b) the phospholipid

(see 4.2.4.7.1.

(d)

micelle-

or (c) the phospholipid

complexes, (see 4.2.4.7.1.

(d) the following

reagents were then added: 5 #LITris-HCl, 52 #LIcalcium chloride, 40 #LI
zinc chloride,

53 #LI bovine serum albumin and 144 #LI ammonium

sulphate. Ten microliters of PL-C stock solution (see 4.2.4.7.1

(b) was

then added to the above reaction mixtures, this was then vortexed for 30
seconds and placed in a water bath.

In the other series of experiments,
phospholipid micelles (see 4.2.4.7.1

to all the previously

prepared

(a» the same reagent mixture

viz.

5 #LITris-HCl, 52 #LIcalcium chloride, 40 #LIzinc chloride, 53 #LIbovine
serum albumin and 144 #LI ammonium

sulphate was added.

resulting

transferred

mixtures,

we

quantitatively

(d)

the

To the
PL-C-

fenfluramine complexes (see 4.2.4.7.1 (e» or (e) PL-C-chlorphentermine
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complex (see 4.2.7. 1 (ej), the tubes vortexed for 30 seconds and the
mixture placed in a waterbath.

The stopwatch was immediately started (time = 0) and after 30 minutes
the reaction was terminated by adding 200 J'l of 2 % sodium dodecyl
sulphate to the reaction vials70. This reaction mixture was then ready
for further analysis.

4.2.4.9 DETERMINATION OF LIBERATED INORGANIC PHOSPHATE

Principle

The liberated inorganic phosphate was determined according to the
method of Daly et al" which is based on the following principle:
Phosphate reacts with molybdate in a strong acidic medium to form a
complex. The absorbance of this complex in the near UV range is
directly proportional to the phosphate concentration".

4.2.4.9.1 Method

To 10 J'l microliters of each reaction mixture above, 1000 J'l of working
reagent (molybdate solution) (see 4.2.4.1 (d)(4)) was added. These
reaction mixtures were then vortexed for 60 seconds at 220 C and the
absorbance determined within 60 minutes at 340 nm using a Beckman
DU40 spectrophotometerê,
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4.2.4.9.2

Calculation of inor~anic phosphorus concentration.

The absorbance (A) of the sample and standard (see 4.2.4.1 (d)(5)) was
read against a reagent blank. The concentration of inorganic phosphorous
was calculated from the following formula".
C(~g/100 ul ) = 10 x

dA sample
dA standard

The PL-C activity was calculated from the amount of inorganic phosphate
(lP) set free per unit time according to the following formula:
PL-C activity

=

(~g lP 100 ~l

-1

sample min-i)

x~g lP 100~1 -1 sample
30 min

The percentage reduction in the PL-C activity i.e. % inhibition arising
under the two test conditions i.e. phospholipid-drug

complex and PL-C-

drug complex was then calculated.

% lnhibi tion

=

PL-C activity
control - PL-C activity
PL-C acti vi ty control

77

https://etd.uwc.ac.za/

test

x 100
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FIG. 12

FLOW CHART OF THE HYDROLYSIS OF PHOSPHOLIPIDS AND
THE DETERMINATION OF PL-C ACTIVITY.
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The differences in the % inhibition among the different samples were
analysed statistically using the Student's t-test for the grouped data and level
of significance was set at p

:5

0.05. Each data point obtained is the mean of

three readings.

4.2.5

DIFFERENTIAL
DETERMINATION

SCANNING

CALORIMETRIC

CDSC)

OF THE PHOSPHOLIPID PHASE TRANSITION

TEMPERATURE

PRINCIPLE

Measurement of the differential power (heat input) necessary to keep a sample
and a reference substance isothermal as temperature is changed (scanned)
linearly is the basis of DSC. In DSC, the sample and a reference substance
is subjected to a continously increasing temperature. The added heat
compensates for that lost or gained as a result of endothermic or exothermic
reactions occuring in the sample. A scanning calorimeter provides a
convenient means for the precise determination of impurity limits in highpurity organic compounds, through observation of melting point depression.
We wanted to use a DSC to measure the phase transition temperature of the
phospholipid and phospholipid-drug complexes. It is postulated that the extent
to which the phase transition temperature of the phospholipid is depressed by
the drug (chlorphentermine or fenfluramine) may depend on the concentration
of the drug within the phospholipid micelle, i.e. the extent of binding and/or
on intrinsic ability of the intercalated drug molecules to perturb the
arrangement of the adjacent phospholipids".

79

https://etd.uwc.ac.za/

4.2.5.1 REAGENTS

14 mM Tris-HCI, pH 6.0 at 220 C.

4.2.5.2 PREPARATION OF SOLUTIONS

(a)

Phospholipid micelles were prepared as previously stated (see 4.2.4.3 (a».

(b)

Fenfluramine and chlorphentermine in distilled water were prepared at a
concentration of 0.45 mM21

(c)

Phospholipid-drug complex formation

The prepared phospholipid micelles (see 4.2.4.3 (a» were vortexed for 60
seconds with 300 JLI of fenfluramine and chlorphentermine solution,
respectively, to allow for complex formation. The control phospholipid
micelles were each vortexed with 300 JLIof distilled water.

4.2.5.3 DETERMINATION OF THE PHOSPHOLIPID PHASE TRANSITION
TEMPERATURE

(PTT)

4.2.5.3.1 Protocol

The following protocol was used for the determination of the phase transition
temperature viz. (i) phase transition temperature was determined in the
presence of the phospholipid only, (ii) the phospholipid was shaken up with
fenfluramine or chlorphentermine, allowing complex formation before the
phase transition temperature was determined.
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4.2.5.3.2 Procedure

All the experiments were conducted in a shaking water bath at 50°C and in
triplicate. After evaporating the solvents under a stream of N2 from (a) the
phospholipid micelles, previously prepared (see 4.2.4.3

(a»,

(b) the

phospholipid micelle-fenfluramine complexes, (see 4.2.5.2 (c) and (c) the
phospholipid micelle-chlorphentermine complexes, (see 4.2.5.2 (c) with the
aid of a Techne S3~ sample concentrator, the dry samples were resuspended
in 100 1-'1of a 14 mM Tris-HCl buffer (adjusted to pH 6). Thereafter the
phospholipid-micelles

and

phospholipid-micelle-drug

complexes

were

constantly shaken for 2 hours. Every 30 minutes the samples were vortexed
for 15 seconds to assure effective mixing.

4.2.5.3.3 Phase transition temperature measurement CC)

The phase transition temperature (PTf) for each sample was determined with
a Du Pont DSC~ apparatus. The instrument was calibrated using an indium
standard. Ten microliters of the above mixtures were transferred into an
aluminium pan, frozen at -70°C for 5 minutes and placed in the Du Pont
DSC~ apparatus, and which was measured against a blank aluminium pan
containing 10 1-'1buffer only, also frozen at -70°C

for 5 minutes.

Thermograms were established over a temperature range from 0 to 100 °C
for (a) the phospholipid micelles (b) the phospholipid micelle-fenf1uramine
complexes and (c) the phospholipid micelle-chlorphentermine complexes, at
a heating rate of 5° C min-I and a sensitivity range of 0.5 meal sec-'.
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4.2.5.4

ANALYSIS OP THE PHASE TRANSITION

The phase transition
phospholipid-drug

temperature

TEMPERATURE

for the individual

phospholipids

and

complexes were recorded in degrees centigrade CC), and

performed in triplicate. The data for the phase transition temperature

were

analysed statistically using the Student's t-test for the grouped data and the
level of significant difference between the mean

+

standard deviation values

were indicated when p ~ 0.05. We then calculated the difference

in the

phase transition temperature (~T) from the values for the phospholipid control
and phospholipid-drug

complex, using the following formula,

liT

=

Phospholipid

control

- Phospholipid-drug

complex

as well as the relative percentage change in the phase transition temperature
(~T%), using the following formula for the latter.

liT% = __=-~~

__~~li~T~~~

PTTof phospholipid

~
control
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x

100
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RESULTS AND DISCUSSION

5.1

BODY MASS AND FOOD INTAKE

The mean body mass for Wistar and BD9 rats recorded during and at the
end of the experiment after chronic dosing with fenfluramine (40 mg/kg),
chlorphentermine (40 mg/kg) or saline are shown in tables 1 and 2 and
figures

13 and

14.

Two of the initial 8 fenfluramine

and

chlorphentermine treated Wistar rats died after the first week of
treatment, the rest survived till the end of the experiment. Three of the
initial 8 chlorphentermine treated BD9 rats died after the first week of
treatment, and one of the initial fenfluramine treated BD9 rats died after
the first week of treatment. The dead rats in all instances were replaced,
and new rats brought into the experiment. The mean body mass of the
fenfluramine-treated Wistar (table 1) and BD9 (table 2) rats dropped
rapidly at first and then remained relatively constant. The same applies
to the chlorphentermine- treated Wistar and BD9 rats, the mean body
mass dropped rapidly at first and then remained relatively constant
throughout the period of treatment. The saline-treated Wistar and BD9
rats showed a steady increase in mass. After chronically dosing the rats
with either fenfluramine, chlorphentermine or saline for six weeks, the
mean final body mass of the Wistar rats treated with fenfluramine
decreased by 17 g from the initial mean body mass while that of the
chlorphentermine- and saline-treated rats increased by 6 g and 81 g
respectively. The mean final body mass of the BD9 rats treated with
fenfluramine or chlorphentermine decreased by 26 g and 48 g respectively
while that of the saline-treated rats increased by 55 g.
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TABLE 1:

MASS

OF

WISTAR

RATS

CHLORPHENTERMINE,

AFTER

CHRONIC

FENFLURAMINE

EACH MASS IS THE MEAN

±

ADMINISTRATION

OR SALINE

OF

FOR SIX WEEKS.

SO OF 8 RATS.

MASS OF WIST AR RATS (g)

...

o

237

±

55.06

274

±

45.52

202

±

61.50

6

231

±

44.76

259

±

46.77

242

±

48.50

18

241

±

32.96

256

±

44.03

259

±

41.16

27

243

± 32.97

257

± 43.95

270

± 40.82

42

243

±

257

±

283

±

TABLE 2:

MASS

OF

B09

32.40

RATS

CHLORPHENTERMINE,

AFTER

CHRONIC

FENFLURAMINE

EACH MASS IS THE MEAN

±

44.01

39.73

ADMINISTRATION

OR SALINE

FOR SIX WEEKS.

SO OF 8 RATS.

MASS OF B09 RATS (g)

.;.,

DURATION OF .'.'I'" ">'' '
TREATMENT
(DAYS)

'._:::-.:,.

;'CHLORPHENTERMINE
. 1·.·,·<
, ',.

FENFLURAMINE

> ...•.••.

::..-. ......

I

SALINE

0

293

± 51.07

345

± 47.78

399

± 89.43

6

258

± 52.12

325

± 46.98

426

± 95.86

18

252

± 49.97

321

± 45.45

430

± 84.86

27

246

± 46.01

320

± 45.27

442

± 83.25

42

245

± 45.77

319

± 45.96

454

± 84.97
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OF

Mass (g)
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Chlorphentermlne
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~s
~

aIIne

Figure 13. Bar graph of the mean body mass of Wistar rats after
chronic

administration

of

chlorphentermine,

fenfluramine, or saline as a function of the duration
of treatment.
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Mass (g)

500

400

300
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6
Duration

..

27

18

Chlorphentermine

of Treatment
~
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(days)

Fenfluramine

1'<:,):1

Saline

Figure 14. Bar graph of the mean body mass of BD9 rats after
chronic

administration

of

chlorphentermine,

fenfluramine, or saline as a function of the duration
of treatment.
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In addition the administration of the drugs to the rat induced a behavioural
syndrome of tremor and rigidity within three to five minutes following
intraperitoneal injection. Trulson et al" reported the same effect after
administration of 5-15 mg/kg doses of fenfluramine to rats. Their
investigation revealed that this syndrome was a reflection of the potent
stimulation of the postsynaptic serotonergic receptors by fenfluramine. These
effects soon disappeared and the rats then became sedated. Tolerance,
however, appeared to develop to these effects upon further administration of
the drugs. The chlorphentermine- or fenfluramine-treated Wistar or BD9
rats became extremely agitated and aggressive and had frequent fights
amongst themselves while the control rats did not behave in this manner.

Together the above results indicate that fenfluramine and chlorphentermine
were effective anorexigenic agents in the rats at the dosage used in this study.
Rodney et al" showed that chlorphentermine plasma concentration of 0.3 0.7 #Lg/mlproduce anoretic effects in rats. Previous studies done in our
laboratory has shown that at the dosage used, we expect plasma
chlorphentermine levels of 3.8 - 6.4 #Lg/mI39.Chlorphentermine and
fenfluramine also appeared to be more effective as anorexigenic agents in the
BD9 rats compared to the Wistar rats.

5.2

IDENTIFICATION OF FOAM CELLS IN THE ALVEOLAR SACS

The results of the microscopic studies are shown in (figures 15 to 31). Light
microscopic examination showed that after chronic administration of
fenfluramine (n

=

4) or chlorphentermine (n = 4) to the Wistar and BD9

rats, foam cells (figures 16 to 17) were present in almost all the alveolar sacs
of the examined lungs of the rats treated with the latter drugs. Such foam
cells were found in the lungs of all the chlorphentermine-and

the

fenfluramine-treated Wistar and BD9 rats. No foam cells were encountered
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in the alveolar sacs of all the examined lungs of the control (saline-treated)
rats (figure 15).

Structurally, the foam cells appeared to be oval, large and contained a bluishpurple stained nucleus. They were not evenly distributed throughout the lung
tissue portions and in some sections they filled the entire alveolar sac whereas
in others few foam cells were present or occured singly. The foam cells found
in the lungs of the chlorphentermine-

and fenfluramine-treated

BD9 rats were

more than those in the lungs of the Wistar rats.

The lungs of the Wistar and BD9 rats were also microscopically examined for
their phospholipid distribution. The phospholipids in the lung stain blue-black
after treatment with Sudan IV . The slides prepared from lungs of the fenfluramineand chlorphentermine-treated

Wi star and BD9 rats (figures 19 to 20) showed

the presence of abundant phospholipids in the walls of the alveoli, the alveoli
spaces and in the foam cells. No prominent evidence of phospholipid

were

evident in the walls of the alveoli, the alvoeli spaces and the macrophages
isolated from the lungs of the control, saline-treated rats. (Fig. 18)
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Fig 15.

Lung section of control rats (Wistar or BD9) treated
with saline for 6 weeks.

Note that no foam cells are

present in the alveolar spaces (A). Haemotoxylin and
Eosin stain. Magnification

400X
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a

b
Fig 16.

Alveolar macrophages (AM) "foam cells" in the alveolar spaces (A) of Wi star rats treated
with either fenfluramine (a) or chlorphentermine
for six weeks.

Haemotoxylin and Eosin stain.

Magnification

400X

(b) at a dose of 40mglkg body weight
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a

Fig 17.

b

Alveolar macrophages (AM)"foam cells" in the alveolar spaces (A) of BD9 rats treated
with either fentluramine (a) or chlorphentermine (b) at a dose of 40mglkg body weight
for six weeks. Haemotoxylin and Eosin stain.
Magnification 400X
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Fig 18.

No prominent evidence of phospholipid distribution in
the alveolar epithelia (AE) and alveolar spaces (A) of
the saline control rats (Wistar or BD9) after six week
treatment.

Sudan IV stain.

Magnification
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1000X

a

b
Fig 19.

Distribution of phospholipids (P) in the alveolar epithelia (AB), alveolar spaces (A) and
alveolar macrophages (AM) of Wistar rats treated with fenfluramine (a) or
chlorphentermine (b) at a dose of 40mglkg body weight for six weeks. Sudan IV stain.
Magnification lOOOX
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a

b
Fig 20.

Distribution of phospholipids (P) in the alveolar epithelia (AB), alveolar spaces (A) and
alveolar macrophages (AM) of BD9 rats treated with fenfluramine

(a) or

cblorphentermine (b) at a dose of 40mglkg body weight for six weeks. Sudan IV stain.
Magnification lOOOX
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Ultrastructurally, the scanning electron micrographs of the alveolar
macrophages of fenf1uramine- and chlorphentermine-treated Wistar and
BD9 rats (figures

21 to 25), showed they had ruffled surface

morphologies. This was also evident in the saline-treated Wistar and
BD9 rats (figure 21).

The transmission electron micrographs of the

macrophages isolated from the

fenfluramine- and chlorphentermine-

treated Wistar and BD9 rats (figures 26 to 31) also showed that these
cells contained prorninant vacuoles, some of which were empty but others
filled with concentrically arranged lamellar bodies. Fewer vacuoles and
lamellar bodies were evident in the macrophages isolated from the salinetreated Wistar or BD9 rats (figure 26).

All in all the histological investigation of the lungs produced striking
evidence of the presence of foam cells in the alveolar sacs of the
fenfluramine- and chlorphentermine- treated Wistar and BD9 rats. These
drugs thus induced pulmonary phospholipidosis in the Wistar and BD9
rats.

In a similar study Liillman-Rauch et al" demonstrated that fenfluramine
at a dosage of 40mg/kg/day induced foam cells in the lung alveoli of
Sprague-Dawley rats. After treatment for two weeks, a few foam cells
were observed, however, after four to six weeks of treatment they
became more conspicuous. After ten weeks of treatment, the foam cells
were found to be comparable in number to those seen in rats after six
weeks of treatment, suggesting that a peak in the number of foam cells
was reached by six weeks after initiation of therapy. The same study also
revealed that guinea-pigs were less susceptible than rats to fenfluramineinduced phospholipidosis.
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According to our study their is no evidence to indicate that fenfluramine
or chlorphentermine
of the alveolar

treatment causes changes to the surface morphology

macrophage

compared

to the saline

treated

cells.

Takemura et al76 observed that chronic exposure to inorganic dust e.g.
coal, asbestos
macrophage.

and silica caused surface

alterations

These include increased rufflings,

vesicles and subplasmalemmal

to the alveolar

filopodia,

linear densities.

It has been repeatedly demonstrated that chlorphentermine
cells in the alveolar
chlorphentermine

sacs of rats.

After chronic

to the Sprague-Dawley

blood concentration

pinocytotic

induces foam

administration

of

rats, the increase in the lung to

ratio of chlorphentermine

with time approximately

parallelled the formation of cellular inclusion bodies and the increase in
phospholipid content of the lung.34,n

Kew and Narbaitz"

observed that

foam cells and large macrophages were present as early as 24 hours after
the oral administration of 60 mg/kg body weight chlorphentermine

to the

Sprague-Dawley rat. Continuation of the regimen for 3 days increased the
number of both free and attached hypertrophic

macrophages

pulmonary tissue. The foam cells increased progressively
experimental

within the

throughout the

period until a peak was reached by the first week after

initiation of therapy. Continuation of therapy for a further 14 days did not
produce a further augmentation in the number of foam cells. In another
study,

Reasor

chlorphentermine

et

al'

treated

Long

Evans

hooded

rats

for 4 weeks at a dose of 30 mg/kg intraperitoneally

examined the phospholipid

content of the alveolar macrophages

with
and
as a

function of cell size. It was found that as the cells became larger the total
phospholipid content increased proportionally.

Thus the number and size

of the foam cells are dependent on the dose of the administered drug and
the duration of treatment. The interaction of chlorphentermine
phospholipid is specific, since phentermine,
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differing from

with the

Fig 21.

Scanning

electron

micrograph

of

an

alveolar

macrophage (AM) in the alveolar spaces (A) of control
rats (Wistar or BD9) treated with saline for six weeks.
The surface morphology shows ruffled surfaces (RS)o.
Magnification 1500X

o

R

=

Red blood cell
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Fig 22.

Scanning electron micrograph of alveolar macrophages
(AM) "foam cells" in the alveolar spaces (A) of Wistar
rats treated with fenfluramine

at a dose of 40mg/kg

body weight for six weeks. The surface morphology
shows ruffled surfaces (RS). Magnification
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7 OOOX.

Fig 23.

Scanning electron micrograph of alveolar macrophages
(AM) "foam cells" in the alveolar spaces (A) of Wistar

rats treated with chlorphentermine
40mg/kg

body weight for six weeks.

at a dose of
The surface

morphology shows ruffled surfaces (RS). Magnification
2000X.

100

https://etd.uwc.ac.za/

Fig 24.

Scanning electron micrograph of alveolar macrophages
(AM)P "foam cells" in the alveolar spaces (A) of BD9

rats treated with fenfluramine

at a dose of 40mg/kg

body weight for six weeks. The surface morphology
shows ruffled surfaces (RS). Magnification

P

PD = pseudopodia
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7 OOOX.

Fig 25.

Scanning electron micrograph of alveolar macrophages
(AM)q "foam cells" in the alveolar spaces (A) of BD9

rats treated with chlorphentermine

at a dose of

40mg/kg body weight for six weeks. The surface
morphology shows ruffled surfaces (RS).
Magnification
q

R

=

5 OOOX.

Red blood cell
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Fig 26.

Transmission electron micrograph of an alveolar
macrophage (AM) of a control rat (Wistar or BD9 )
treated with saline.

The alveolar macrophage is

positioned on the blood-air barrier (B), is actively
ingesting surfactant (S). Phagosomes are evident in the
cytoplasm of the macrophage. Lamellar bodies (LB)
are also evident. Magnification 9000X.
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Fig 27.

Transmission electron micrograph of phospholipid rich
lamellar bodies (LB), as it occurs in the alveolar
macrophages .
Magnification

30 OOOX
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Fig 28.

Transmission

electron

micrograph

of an alveolar

macrophage (AMY "foam cell" in the alveolar spaces
(A) of Wi star rats treated with fenfluramine at a dose
of 40mg/kg body weight for six weeks. The foam cell
contains many phospholipid rich lamellar bodies (LB).
Magnification

r

PO = pseudopodia

8 OOOX

R = Red blood eeU
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Fig 29. Transmission electron micrograph ofan alveolar macrophage (AM) "foam
cell" in the alveolar spaces (A) of Wistar rats treated with
chlorphentermine at a dose of 40mg/kg body weight for six weeks. The
foam eell contains many vacoules (V)'.
Magnification

S

LB

=

4 OOOX

Lamellar body
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Fig 30.

Transmission

electron

micrograph

of an alveolar

macrophage (AM)t "foam cell" in the alveolar spaces
(A) of BD9 rats treated with fenfluramine at a dose of
40mg/kg body weight for six weeks. The foam cell
contains

phospholipid

Magnification

t

rich

lamellar

5 OOOX

PO = pseudopodia
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bodies

(LB).

Fig 31. Transmission electron micrograph of an alveolar macrophage (AM) "foam
cell"

in

the alveolar

spaces (A) of BD9

rats

treated

with

chlorphentermine at a dose of 40mg/kg body weight for six weeks. The
foam cell contains many vacoules (V).
Magnification

6 OOOX
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chlorphentermine only by the lack of a chlorine atom in the para-position,
did not induce phospholipidosis". The results found in our study is in
general agreement with that found in the above mentioned studies.

5.3

ENUMERATION OF ALVEOLAR MACROPHAGES

Following the last dose of fenfluramine, chlorphentermine or saline the
Wistar and BD9 rats were sacrificed and the lungs lavaged. The alveolar
macrophages isolated from the treated and untreated rats were enumerated
with a Coulters counter. The results are summarised in tables 3 and 4.
The Coulter" counter's aperture allows the reading of macrophage of
sizes < 100 JLm. The typical alveolar macrophage has a diameter of 1525 JLm79•

From these results, the percentage increase in macrophage counts of the
treated rats, compared to the saline-treated rats was calculated (see tables
3 and 4). In the fenfluramine-treated Wistar and BD9 rats there were,
compared to the saline-treated Wistar and BD9 rats, a 200 % and 235 %
increase in macrophage counts, respectively (t-test; p ~ 0.(5).

In the

chlorphentermine-treated Wistar and BD9 rats there were, compared to
the saline-treated Wistar and BD9 rats, a 700 % and 965 % increase in
macrophage counts, respectively. In the chlorphentermine-treated rats
significantly higher (t-test; p < 0.05) macrophage counts was observed
for Wistar rats (1.6 x 109) and BD9 rats (2.l3 x
obtained for the fenfluramine-treated
rats (0.67 x 10~. This difference

1(9)

compared to that

Wistar rats (0.6 x 109) and BD9
may be due to differences in the

pharmacokinetics of fenfluramine and chlorphentermine, which may lead
to differences in the extents of their accumulation in the lung" or it may
indicate actual differences in the effects that each has on the macrophages
of the two rat strains.
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In general 85-90% of the free cells washed from the lungs of rabbits, rats
and mice have characteristics which allow them to be identified as
alveolar macrophages". In guinea pigs, hamsters and monkeys it is
reported that a lower percentage of cells
macrophages".

removed are alveolar

Differences in macrophage counts between species may

be due to actual differences in the free cell population in the alveoli,
damages associated with the lavage procedure

which increases

contamination from the capillaries, or undetected respiratory infection in
the animals.

TABLE 3.

MACROPHAGE COUNTS FOR LAVAGED LUNGS OF WISTAR
RATS

AFTER

TREATMENT

WITH

CHLORPHENTERMINE,

FENFLURAMINE AND SALINE.

CHLORPHENTERMINE

1.6

± 0.000 '"

FENFLURAMINE

0.6

±

0.100 '"

SALINE

0.2

±

0.058

TABLE 4.

MACROPHAGES COUNTS FOR LAVAGED LUNGS OF BD9 RATS
AFTER

TREATMENT

WITH

CHLORPHENTERMINE,

FENFLURAMINE AND SALINE.

CHLORPHENTERMINE

2.13

±

0.154

FENFLURAMINE

0.67

±

0.153 '"

SALINE

0.2

u

...

significantly

differeot

±

",u

0.126

from value for sa1ine treated animals.
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(t-test; p :!ó: 0,05)

One characteristic of the foam cell response is that the cells in the alveoli
are quite variable in size', By comparison, alveolar macrophages from
normal animals are relatively uniform in size. Reasor et al" treated rats
with chlorphentermine for 4 weeks and examined the phospholipid content
of alveolar macrophages as a function of cell size. Using centrifugal
elutriation, alveolar macrophages were separated into 4 subpopulations of
increasing cell size. It was found that as the cells become larger, the total
phospholipid content increases proportionally.

The subpopulation of the largest cells had a phospholipid content of 24
J.'mol phospholipid/ 107 cells compared to control alveolar macrophages
which contained 0.4 J.'mol phospholipid/Iff

cells illustrating striking

accumulation of phospholipids which occurs in some of the cells. It was
therefore anticipated that the elevated number of hypertropied alveolar
macrophages

seen

after

the

administration

of

fenfluramine

or

chlorphentermine in this study would also be accompanied by raised
phospholipid levels in the lung.

5.4

PHOSPHOLIPID COMPOSITION OF UNLA VAGED AND LAVAGED
LUNGS

Following the last dose, the Wistar and BD9 rats were sacrificed and the
phospholipids extracted from the lavaged lungs of the fenfluramine,
chlorphentermine- or saline-treated rats. The extracted phospholipids were
separated by thin layer chromatography and quantified by means of a
densitometer. The results are summarised in tables 5 to 8.
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Both drugs caused an increase in pulmonary phospholipids" in the two
species of rats. In the fenfluramine-treated Wistar and BD9 rats there were
a 198.95 % and 38.79 % increase in total phospholipids (see tables 5 and
6) respectively (compared to the saline-treated Wistar and BD9 control
rats), while chlorphentermine induced a 168.25 % and 86.28 % increase
in total phospholipids in the Wistar and BD9 rats (see tables 5 and 6),
respectively (compared to the saline-treated Wistar and BD9 control rats).

In both instances the Wistar rat appeared to be more sensitive to the druginduced effect. Fenfluramine compared to chlorphentermine however
caused a 30.70 % greater increase in total lung phospholipid levels in the
Wistar rats while in the BD9 rats the situation was reversed with
chlorphentermine, causing a 47.49 % greater increase in total lung
phospholipid levels. These data prove that differences in the induction of
individual phospholipids in the different strains may occur. We used two
strains of rats in this investigation viz. Wistar and BD9, to account for the
possibility of the drugs being more or less effective at inducing
phospholipidosis because of the rat strain used.

The data obtained

confirmed that this had been a wise decision.

The ability of chlorphentermine to induce an accumulation of phospholipids
principally in the alveolar macrophages and unlavaged lung is well
documented", The extent of the cellular accumulation of phospholipids after

V

= Phosphatidyl choline, PE = Phosphatidyl ethanolamine, PI = Phosphatidyl inositol, PS
Phosphatidyl serine, PO = Phosphatidyl glycerol, SPM = Sphingomyelin and PA =
Phosphatidic acid.
PC

=
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chlorphentermine

administration

is dependent

on the duration of drug

treatment and the dose at which it is administered".
that

chronic

daily

chlorphentermine

administration

of

Seiler et al" found

approximately

50

mg/kg

for 4 to 8 weeks significantly elevates the levels of PC,

SPM and PE in the unlavaged lung. The results found in these quoted
studies are consistent

with what was found in the present

study for

chlorphentermine.

Lavaging of the lungs considerably

reduced the levels of phospholipids

remaining in the lung and the differences between the treated and untreated
animals became less striking (tables 7 and 8). The total phospholipid levels
found in the Wistar and BD9 rats after fenfluramine treatment were now
found to be elevated by 84.73.% and 4.19 % (tables 7 and 8) respectively,
and the corresponding

values for the chlorphentermine-treated

rats were

36.21 % and 31.62 % (tables 7 and 8) higher respectively, compared to the
saline-treated Wistar and BD9 control rats. Collectively these data confirm
that most of the accumulated phospholipids

were located in the alveolar

spaces in both Wistar and BD9 rats.

After an extensive literature search no data was found to indicate which
phospholipids
fenfluramine.

may accumulate

in the rat lung after

treatment

If we consider the fact that there are differences

with
in the

phospholipid levels induced by the different cationic amphiphilic drugs and
that such differences may arise due to differences in the mechanisms by
which these drugs cause phospholipids to accumulate, a major objective of
this thesis was to analyse the levels and type of phospholipids induced by
fenfluramine.

Such information

may give us a clearer insight into the

mechanism of this drug-induced phenomenon.
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PHOSPHOLIPID

TABLE 5:

OF

WIST AR

RATS

FENFLURAMINE

TREATED

30.12

PE
%A
%B

1.17

WITH

PG
%A
%B

0.61

PI
%A
%B

0.47

± 1.20 *y
62.1
+216

28.95

± 0.05 *

2.75

9.53

± 0.15 *

1.02

1.12

± 0.25

w

± 0.03 *

0.41

± 0.00
2.3

48.50
100
+168

54.05
100
+199

18.08
100

=

X

% increase compared to saline level

100

=

[phospholipid) after treatment - [phospholipid) after saline
X 100

[phospholipid) after saline

...

± 0.27
30

0.9
+22

[total phospholipid) after treatment

Y

± 0.29
1.38

1.8
+110

[phospholipid) after treatment
% of total phospholipid

0.25

5.50

0.50

± 0.00
1.3

± 1.40 *
36
+252

± 0.02 *

0.86

0.23

0.9
+96
19.37

± 0.21
6.3

± 0.94 *

0.49

± 1.05 *
31
+174

PA
%A
%B

1.14

1.6
+278

0.4
-16
15.06

± 0.02

± 0.02 *

0.87

1
+104

± 0.04
5.6

2.1
-2

± 0.01 *

SPM
%A
%B

52.7

5.1
+170

± 0.02 *

0.21

± 1.07

± 3.87 *
53.6
+204

1.3
-46

TOTAL
PHOSPHOLIPID
%A
%B

CHLORPHENTERMINE,

....•..

2.4
+15

PS
%A
%B

SO) IN UNLAV AGED LUNGS

OR SALINE FOR SIX WEEKS

1l.:;;4i
PC
%A'"
%B'

±

(mg/g DRY LUNG

LEVELS

significantly different from value for saline treated animals (Helt; p S 0,05)
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TABLE 6:

PHOSPHOLIPID

LEVELS

±

(mg/g DRY LUNG

SD) IN UNLAVAGED

OF BD9 RATS TREATED WITH CHLORPHENTERMINE,

LUNGS

FENFLURAMINEOR

SALINE FOR SIX WEEKS.

...... ...

...

\1

C:HLORPHENTE~~

YPHOSPHOLIPm·

..

.

.........

:.'

.

47.64

PE

SALINE

F

0=4

* bb

30.48

±

*

1.62

1.11
62
+106

1.39

0.20
1.8
+9

±

0.34

%A
%B

··n

k

±

%A
%B
PG

.:

0.78

%A
%B

±

0.03
1.0
+63

%A
%B
SPM

25.85

%A
%B
PA

0.12

%A
%B
TOTAL
PHOSPHOLIPID

*

*

0.26

*

± 0.01
0.16
-43

*

23.29

0.17

1.1

± 0.02

...

significantly

±

0.21

0.01

0.11

0.5

± 0.85
41
+54

*

15.16

±

± 0.02 *

0.21

± 0.00

0.3
-19

0.5

56.85
100
+39

40.96
100

after treatment
after treatment

=
after saline

after saline

different from value for saline treated animals (t-test ; p
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S

1.10

37

X 100

bb

±

0.48

1.2

..
[phospholipid)

± 0.20

0.44

X 100

after treatment - [phospholipid)

0.04

3.1

± 0.04

=
[total phospholipid)

[phospholipid)

±

1.28

0.5
+24

± 0.81
33.9
+71

% increase compared to saline level

23.18 ± 1.85
56.6

1.2
+44

[phospholipid)

% of total phospholipid

±

± 0.02 *

0.69

6.3
100
+86

%A
%B

*

:.

./:.:.
........ :

0.6
-23

0.18 ± 0.16
0.24
-14

PS

± 3.99
53.6
+32

0.34

0.04

li

4········· ..•....·.·..··.•·•..

0.05
2.9
+26

0.4
-23

PI

. • ) .. »

FtooitJRAMlNE

··.·.·n.··=.4·
...•.....

..

0,05)

.

PHOSPHOLIPID

TABLE 7:

(mg/g DRY LUNG

LEVELS

WISTAR RATS TREATED

± SO) IN LAVAGED LUNGS OF

WITH CHLORPHENTERMINE,

FENFLURAMINE

OR SALINE FOR SIX WEEKS.

PC
%ACC
%Bdd

10.51

PE
%A
%B

0.81

±

±

16.29

2.25

3.05
47
+98

40

+28

± 0.13
3.2
+16

PG
%A
%B

0.08

±

PI
%A
%B

0.49

±

0.05
2
+81

*

0.70

0.14

±

0.00·
0.4
-62

0.37

0.43

±

0.27

0.21

13.12

± 1.24·
51
+46

16.83

0.43

±

0.25

0.25

SPM
%A
%B
PA
%A
%B

cc

[phospholipid)

% of total phospholipid

0.20

0.15

0.13

0.03 •
0.7
+108

after treatment
100

after treatment

cid

[phospholipid)

[phospholipid)

oe

•

=

after treatment - [phospholipid)

significantly

after saline
X 100

after saline

different from value for saline treated animal.

(I-lelt;
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0.04

±

0.04

±

0.01

18.86
100

X

% increase compared to saline level

±

0.7

34.84
100
+84

[total phospholipid)

± 0.01
1.96

8.98 ± 1.81
47.6

±

=

0.15

1.0

± 1.24 •
48
+87.4

0.05 •
1.7
+230

±

1.4

0.6
+5

25.69
100
+36

TOTAL
PHOSPHOLIPID
%A
%B

±

3.20

3.7

0.07·
1.2
+59

± 0.07
Q.9
+25

PS
%A
%B

±
44

± 0.17
2
-1.4

0.69

0.02·
0.3
78

8.21

eee

P S 0.05)

TABLE 8:

PHOSPHOLIPID

LEVELS

BD9 RATS TREATED

±

(mg/g DRY LUNG

SD) IN LA VAGED LUNGS OF

WITH CHLORPHENTERMINE,

FENFLURAMINE

OR

SALINE

>

<
.' PHOSPHOLIPID>

..•...••••••

.•..••.•.....•...

G~O ..••.•..
R
.........•.•
p
.......•.
HO.•..••E.
=N
.•.
·.:F.

PC
%AIf
%BU

8.39

PE
%A
%B

1.04

~fNE ,--;ENFLURAMINE'
.n~ti
I

± 2.42
35.4
+39

5.09

± 0.10

0.83

± 1.38

0.12

SPM
%A
%B

13.31

PA
%A
%B

0.18

± 2.07'"

11. 79

± 0.01 '"
0.75
+12.5

[phospholipid)

1.95

0.13

1.1

± 1. 81 '"

± 0.00 '"

[phospholipid)

bh

'"

significantly

17.90

100

after treatment

after saline
X 100

after saline

different from value for .. line treated animals (Helt;
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± 0.01

18.65
100
+4.2

=

- (phospholipid)

0.16

0.89

U

after treatment

± 1.90

0.7
-19

X
[total phospholipid)

[phospholipid)

9.81

55

after treatment

=

% increase compared to saline level

± 0.03

0.21

63
+20

23.72
100
+31.6

% of total phospholipid

± 0.02

0.35

1.1
0

56
+35.7

If

± 0.02

0.43

2.4

± 0.28

0.21

0.5
-43

TOTAL
PHOSPHOLIPID
%A
%B

>fohb

1.9
0

± 0.02 '"

PS
%A
%B

5

± 0.02

0.35

± 1.52

± 0.06

0.91

1.3
0

1.4
-43

.

33.7

± 0.02

0.25

± 0.11

0.33

0=4'

6.03

± 0.10

1.5
-5.7

PI
%A
%B

SALINE

4
-8.8

± 0.02 '"

0.35

1/

27.3
-16

4
+14

PG
%A
%B

I.

p S 0.05)

Indeed, at the dosage used in this study, definite trends appear to have
emerged with respect to the accumulated phospholipids (see tables 5 to 8). In
the unlavaged lungs from the Wistar rats, significant increases occured in all
phospholipids after treatment with both drugs, except PO and PS in the
chlorphentermine-treated rats and PO in the fenfluramine-treated rats. This
may suggest that there is a subtle difference in the mechanism of phospholipid
accumulation induced with fenfluramine and chlorphentermine in this rat
specie. This however must be seen against the background fact that PS and
PO only constituted 1.7 % of the total phospholipid for chlorphenterminetreated Wistar rats vs 3.0 % for the fenfluramine-treated Wistar rats. It
therefore appears that in the Wistar rats fenfluramine and chlorphentermine
may cause the same phospholipids to accumulate in the lung and probably by
similar mechanisms. With respect to the unlavaged lungs of the BD9 rats, the
levels of all the phospholipids were found to be significantly higher after
treatment with both drugs, except that of PO, PS and PA (compared to the
saline-treated BD9 controls). This again may suggest that there is a subtle
difference in the mechanism of phospholipid accumulation induced with
fenfluramine and chlorphentermine in this species of rat but, if one, again
considers the fact that these phospholipids (PS, PO and PA) together only
constitute 1.4 % of the total phospholipid after fenfluramine treatment and 0.8
% of the total phospholipid after chlorphentermine treatment in the unlavaged

rats (table 6), the evidence for a difference in the mechanism of phospholipid
accumulation after fenfluramine or chlorphentermine treatment is however not
too strong. It therefore appears that in both Wistar and BD9 rats fenfluramine
and chlorphentermine cause the same phospholipids to accumulate in the lung
and probably by similar mechanisms. Small quantitative differences in these
similar mechanisms (e.g. differences in the degree of binding), rather than
different mechanisms would, in my opinion, be the most likely to account for
the small differences in elevated phospholipids obtained in this study.
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The aetiology of drug-induced phospholipidosis may well be very complex
with several mechanisms being involved. It would thus be of interest to
ascertain whether the elevation of specific pulmonary phospholipids found in
the present study, are due to

(a) direct inhibition of phospholipases by

chlorphentermine or fenfluramine or (b) the result of inhibition of the
phospholipases by the specific drug-phospholipid complexes.

5.5

EFFECTS OF CHLORPHENTERMINE

AND FENFLURAMINE

ON

PHOSPHOLIPASE ACTIVITY

The results of the studies of the effect of chlorphentermine and fenfluramine
on phospholipase-A- and -C-mediated hydrolyses of all the phospholipids" are
depicted in tables 9 to 22.

(a)

PHOSPHOLIPASE-A ACTIVITY

All the phospholipids were substrates for determining the phospholipase-A
(PL-A) activity. Values for PL-A mediated- hydrolyses ranged from a
minimum of 0.811 to a maximum of 4.04 f.Lg FFA f.L1-t sample min-t, for the
range of substrates used.

As suspected might happen, the addition of chlorphentermine or fenfluramine
whether directly to the enzyme or in association with the phospholipid
resulted in significant decreases in the PL-A mediated hydrolyses of virtually
all the phospholipids. To ascertain whether there is a preference for one of
these two modes of inhibition eg. direct inhibition of the enzyme or
phospholipid substrate-drug complex-mediated inhibition to prevail, we
compared the % inhibition obtained for the PL-A-chlorphentermine complex

u

PL

=

phospholipid
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vs that for the phospholipid substrate-chlorphenterrnine complex. In the case
of the PL-A-drug complexes a small but significantly greater degree of
inhibition of the hydrolysis of all the phospholipids except PI and PA (see
tables 9 to 22) compared to that for the corresponding phospholipid-drug
complex was obtained. Intum for PI- and PA, the phospholipid-drug
complexes induced a significantly greater inhibition compared to that for the
PL-A-drug complexes. Although statistically different, the above differences
were (apart from the PI and PA) however not of such a magnitude to serve
as conclusive proof that the one mode of inhibition is more likely to prevail
than the other.

For fenfluramine, in the case of phospholipids PI, PS and PA, the %
inhibition via the phospholipid substrate-drug complex mechanism was
significantly higher than that for the PL-A-drug complex mechanism (see
tables 12, 13 and 15). The PL-A-drug complexes intum showed a
significantly greater inhibition of the hydrolysis of the PC and SPM (see table
9 and 14). No differences were found between the PL-A-drug and
phospholipid substrate-drug complexes for PE and PG. It would thus appear
that the fenflurarnine-induced accumulation of PI, PS and PA may be the
result of phospholipid substrate modification. On the otherhand the
accumulation of PC and SPM may be the result of a direct inhibition of PL-A
activity. Although statistically different the above differences, for PC and
SPM were however also not of such a magnitude to serve as conclusive proof
that the one mode of inhibition is more likely than the other.
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PL-A ACTIVITY FOLLOWING THE ENZYMATIC BREAKDOWN OF

TABLE 9

PHOSPHATIDYL CHOLINE
,
.. .
.:<::::>:-.. I··, ..
..
·1,'
.
.
.....
..
I·
t· ,..
% INHIBITION>
.•.Jlg FFA~ Jlt .SAMPLE min- ±..SD·

SAMPLE

,

..

I

<>

<,<•.•.

....:
...:.:.,-.

..

.<

-n •.=··3

,.

>:

.

:.".

.:/

...•.. ,.

PC CONTROL kk

4.77 ± 0.0001

PC + CP COMPLEXu

0.307 ± 0.0002

*mm

93.56

PC + FF COMPLEX

0.263 ± 0.0001

*

94.48

PC + CP ENZYME'"'

0.204 ± 0.0003

*

95.72

PC + FF ENZYME

0.216 ± 0.0002

*

95.47

TABLE 10.

PL-A ACTIVITY FOLLOWING THE ENZYMATIC BREAKDOWN OF
PHOSPHATIDYL ETHANOLAMINE

ii

PE CONTROL

1.89 ± 0.002

PE + CP COMPLEX

0.21 ± 0.001

*

88.89

PE + FF COMPLEX

0.15 ± 0.000

*

92.06

PE + CP ENZYME

0.12 ± 0.000

*

93.65

PE + FF ENZYME

0.15 ± 0.001

*

92.06

FFA = free fatty acid

=

PL-CONTROL

u

FF COMPLEX

mm

on

*

phospholipid

and CP COMPLEX

significantly

FF ENZYME

micelles vortexed with 300 ~ water.

=

Drug substrate complex

different from value for saline treated animals (Helt; p

and CP ENZYME

=

Drug enzyme complex
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s

0.0.5)

TABLE 11.

PL-A ACTIVITY FOLLOWING THE ENZYMATIC BREAKDOWN OF
PHOSPHATIDYL GLYCEROL

PG CONTROL

4.04

±

0.004

PG + CP COMPLEX

0.34

±

0.002 *00

91.58

PG + FF COMPLEX

0.15

±

0.001 *

96.29

PG + CP ENZYME

0.21

±

0.002 *

94.80

PG + FF ENZYME

0.167

TABLE 12.

±

0.002 *

95.86

PL-A ACTIVITY FOLLOWING THE ENZYMATIC BREAKDOWN OF
PHOSPHATIDYL INOSITOL

00

PI CONTROL

0.798

±

0.0006

PI + CP COMPLEX

0.202

±

0.002 *

74.69

PI + FF COMPLEX

0.110

±

0.0007 *

86.22

PI + CP ENZYME

0.453

±

0.001

43.23

PI + FF ENZYME

0.223

±

0.001 *

72.06

*

significantly different from value for saline treated animala (Heat;
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p S 0,05)

TABLE 13:

PL-A ACTIVITY FOLLOWING THE ENZYMATIC
PHOSPHATIDYL

BREAKDOWN

OF

SERINE

\F· F···A:·:···l,S·····AM··:··P:···L<E··.
,. t±<S···O··
% INHIBITION····
.mm:..•......... ".

··.1"8' ,..... "Jl. ~..... . . ..

1.223

PSCONTROL

±

0.0007

PS

+

CP COMPLEX

0.17

±

*

86.10

PS

+

FF COMPLEX

0.11

± 0.0004 *

91.01

PS

+

CP ENZYME

0.12

± 0.001 *

90.18

PS

+

FF ENZYME

0.19

±

TABLE 14:

0.0005

0.0005

*

84.46

PL-A ACTIVITY FOLLOWING THE ENZYMATIC

BREAKDOWN

SPHINGOMYELIN

SPM CONTROL

3.560

±

0.009

*

SPM

+

CP COMPLEX

0.215

±

0.002

SPM

+

FF COMPLEX

0.127

±

0.0006

*

95.78

SPM

+

CP ENZYME

0.171

±

0.0004

*

95.20

SPM

+

FF ENZYME

0.15

±

0.0007
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*

93.96

96.43

OF

TABLE 15:

PL-A ACTIVITY FOLLOWING THE ENZYMATIC BREAKDOWN OF
PHOSPHATIDIC ACID

SAMPLE

J.'g FFA J.'I-I SAMPLE min:'

±. SD

% INHIBITION

n=3
PA CONTROL

0.811

± 0.001

PA + CP COMPLEX

0.22

± 0.0007

PA + FF COMPLEX

0.18 ± 0.002 *

77.81

PA + CP ENZYME

0.30

*

63.01

PA + FF ENZYME

0.391

Phosphatidyl ethanolamine

± 0.003

± 0.003

72.87

*pp

51.79

*

and PG appear to accumulate

to a similar

extent due to both direct inhibition of PL-A activity and inhibition via the
phospholipid

substrate-drug

complex.

From all the above considered

collectively, it is thus not possible to declare either direct inhibition of the
PL-A

or phospholipid

substrate

modification

as

the

more

mechanism for either chlorphentermine or fenfluramine-induced

likely

inhibition

of PL-A.

(b) PHOSPHOLIPASE-C

All the phospholipids
phospholipase-C

ACTIVITY

were found to be substrates for determining

(PL-C)

activity.

Values

for

the

PL-C

the

mediated

hydrolyses ranged from a minimum of 0.023 to a maximum of 0.827 #Jog
lP 100 #Jol-tsample min-t, for the range of substrates used.

Again we analysed the data to ascertain whether there was a preference
for one of the two modes of inhibition i.e. direct inhibition of the enzyme
or

pp

Ifc

phospholipid

substrate-drug

complex-mediated

significantly different from value for saline treated animal. (t-
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test; p

:S

0,05)

inhibition.

For

chlorphentermine the use of the phospholipid substrate-drug complexes
resulted in a significantly greater inhibition for all phospholipids except
SPM, compared to that for the PL-C-drug complexes (see tables 16 to
22). Inturn the PL-C-drug complex induced a significantly greater degree
of inhibition of the hydrolysis of SPM (see table 21). It would thus
appear that the chlorphentermine-induced accumulation of PC, PE, PG,
PI, PS and PA may be the result of phospholipid substrate modification
and SPM accumulation the result of a direct inhibition of PL-C.

In the case of fenfluramine, the phospholipid substrate-drug complexes
again resulted in a significantly greater inhibition of the PL-C mediated
hydrolyses of all phospholipids (except PE, PS and SPM), compared to
the PL-C-drug complexes (see tables 16 to 22). The PL-C-drug complex
inturn resulted in a significantly greater degree of inhibition of the
hydrolyses of PE, PS and SPM (see tables 17, 20 and 21). It therefore
appears that the fenfluramine-induced accumulation of PC, PG, PI and
PA may be the result of phospholipid-substrate modification, and PE, PS
and SPM due to the direct inhibition of PL-C activity.

Overall our data thus shows that both drugs have the ability to inhibit the
PL-A activity by greater than 80 % by both direct complexation for all
phospholipids (except in the case of PI and PA) and by the phospholipiddrug complexation mechanisms, again for all the phospholipids (except
in the case of PA and Pl-fenfluramine complex). On the otherhand the
direct inhibition of PL-C, by both drugs, does not appear to have a
significant influence on the inhibition of the hydrolyses of any of the
phospholipids studied, except PE. Collectively, it is evident that our data
supports the notion that both fenfluramine- and chlorphentermineinduced accumulation of phospholipids in the treated Wistar and BD9 rats
(see section 5.4), most likely occur via similar mechanisms of inhibition
of phospholipase activity.
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TABLE 16:

PL-C ACTIVITY FOLLOWING THE ENZYMATIC

BREAKDOWN OF

PHOSPHATIDYL CHOLINE

0.342

± 0.010

+ CP COMPLEX

0.026

± 0.004

PC + FF COMPLEX

0.085

± 0.005 *

75.15

PC CONTROL
PC

tr

*'"

92.40

PC

+ CP ENZYME

0.319

± 0.010

6.73

PC

+ FF ENZYME

0.314

± 0.011

8.18

TABLE 17:

PL-C ACTIVITY FOLLOWING THE ENZYMATIC

BREAKDOWN OF

PHOSPHATIDYL ETHANOLAMINE

PE CONTROL

0.391

± 0.006

PE

+ CP COMPLEX

0.042

± 0.001 *

89.26

PE

+ FF COMPLEX

0.046

± 0,002 *

88.24

PE

+ CP ENZYME

0.059

± 0.001 *

84.91

PE

+ FF ENZYME

0.040

± 0.002 *

89.77

""

lP "" inorganic phosphate

rT

PL-CONTROL

.. *

significantly

=

phospholipid

micelles vortexed with 300 j.d water.

different from value for saline treated animals (He.' ; p :s; 0.05)
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TABLE 18:

PL-C ACTIVITY FOLLOWING THE ENZYMATIC

BREAKDOWN OF

PHOSPHATIDYL GLYCEROL

.I'g lP J001'1.1.SAMPLE mUfl
.

>.D;::::3··

± SD .

PG CONTROL

0.451

±

0.021

PG + CP COMPLEX

0.154

±

0.005

*

65.85

PG

+ FF COMPLEX

0.127

±

0.001 *

71.84

PG

+ CP ENZYME

0.397

±

0.024

11.97

PG

+ FF ENZYME

0.383

±

0.012

15.10

TABLE 19:

PL-C ACTIVITY FOLLOWING THE ENZYMATIC

BREAKDOWN OF

PHOSPHATIDYL INOSITOL

,'-:

':,-:::'>::.":>:'

........ :-::-: ..".

.. ".

...
',',"

::::>:.<-.::.--

PI CONTROL

0.135

±

0.004

PI

+ CP COMPLEX

0.076

± 0.004

PI

+ FF COMPLEX

0.023

±

0.023

PI

+ CP ENZYME

0.077

±

0.003

42.96

PI + FF ENZYME

0.094

± 0.005

30.37

43.70

*
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82.96

TABLE 20:

PL-C ACTIVITY FOLLOWING THE ENZYMATIC

BREAKDOWN OF

PHOSPHATIDYL SERINE

PS CONTROL

0.342

± 0.006

±

PS

+ CP COMPLEX

0.023

PS

+ FF COMPLEX

0.197 ± 0.006

PS + CP ENZYME

0.147

± 0.007

PS + FF ENZYME

0.185

±

TABLE 21:

93.27

0.005 ~

42.39

*

57.02
45.91

0.011

PL-C ACTIVITY FOLLOWING THE ENZYMATIC

BREAKDOWN OF

SPHINGOMYELIN

0.367

± 0.003

+ CP COMPLEX

0.264

±

SPM + FF COMPLEX

0.349

± 0.002

4.9

SPM + CP ENZYME

0.212

±

0.016

42.23

+ FF ENZYME

0.219

± 0.001

40.33

SPM CONTROL
SPM

SPM

ti

*

28.07

0.006

significantly different from value for saline treated animals

(I-telt ;
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P S O.OS)

TABLE 22:

PL-C ACTIVITY FOLLOWING
PHOSPHATIDIC

PACONTROL

THE ENZYMATIC

BREAKDOWN

ACID

0.827 ± 0.010

PA

+ CP COMPLEX

0.479 ±0.012*uu

42.08

PA

+ FF

0.480 ± 0.030*

41.96

PA

+ CP ENZYME

0.787 ± 0.023

4.84

PA

+

0.794 ± 0.012

3.90

COMPLEX

FF ENZYME

OF

Studies done by UHlman et all showed that cationic amphiphilic drugs (of
which fenfluramine and chlorphentermine are examples) bind to
phospholipids and that the resulting complexes are resistant to
phospholipase action. Exactly how fenfluramine or chlorphentermine
becomes bound to alveolar phospholipids is not known but Seydel and
Wasserman" with the aid of NMRVV studies provided evidence of such
drug-phospholipid binding. To investigate further this most likely
mechanism for the elevated lung phospholipids levels induced by
fenfluramine and chlorphentermine viz. the one of complex formation
between the drug and the phospholipid, we monitored the effect of these
drugs on the phase transition temperature of the phospholipids. It is
reported that the amount of depression of the phase transition
temperature, is dependent on the degree of binding of the drug to the
phospholipid.

W

vv

*

significantly different from value for saline treated animal.

NMR

=

(\-Ie.

Nuclear magnetic resonance
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5.6

EFFECTS OF CHLORPHENTERMINE AND FENFLURAMINE ON
THE PHASE TRANSITION TEMPERATURE OF PHOSPHOLIPIDS

The results of studies of the effect of chlorphentermine and fenfluramine
on the phase transition temperature of all the phospholipids are shown in
tables 23 to 29. The phase transition temperatures for the phospholipid
controls ranged from a minimum of 34.81 °C to a maximum of 94.65 °C
(see tables 23 to 29). After an extensive literature search only the values
for the phase transition temperatures of PC, PO and PA were obtained,
and these were 41, 42 and 63 °C respectively". Our data obtained for
the phospholipid controls PC, PO and PA (see tables 23, 25 and 29) do
not correspond to these values reported in the literature. A possible
explanation for this discrepancy between the reported data and our
controls, may be the difference in the method of phospholipid substrate
preparation. We used Triton X-loo for the preparation of the mixed
micelles, since this was used in the preparation of the mixed micelles in
the PL-A and PL-C enzyme studies, while in the literature-reported
studies phospholipid liposomes were prepared without the use of Triton
X-loo.

After an extensive literature search no phase transition studies

could in fact be found where Triton X-I 00 was used in the preparation
of the liposomes.

In general the phase transition temperature varies with the charge carried
by the phospholipid head groups. Phospholipids with negatively charged
headgroups favour a fluid phase, leading to a lower phase transition
temperature

than that of an uncharged,

but otherwise

similar

phospholipid. The bulky head group of PC confers unto this phospholipid
a lower phase transition temperature than it would, to a similar
phospholipid containing a smaller head group. For example the phase
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transition temperature of PC is 41°C while that of PE is 63 °C85• How
Triton X-l00 would influence the above considerations is not entirely
clear but, even if the inclusion of Triton X-I 00 affected the phase
transition of the phospholipids (through one or more of the above
considerations), it can still be argued that the effect of each of the drugs
i.e. chlorphentermine or fenfluramine on the phase transition temperature,
if produced in a similar way, would most likely be similarly affected and
thus the inclusion of the Triton X-l00 should not affect the conclusions
drawn in these studies.

The phase transition temperatures for all the chlorphenterminephospholipid complexes showed a significant downward shift compared
to the phospholipid controls (see tables 23 to 29). This is in agreement
with studies done by Mohr et al73,86 who showed that chlorphentermine
caused a depression of the phase transition temperature for phospholipids
compared to the controls. They postulated that the extent to which the
phase transition temperature is depressed by a drug may depend on the
concentration of drug within the phospholipid micelle. The location of the
charged cationic-amphiphilic drug molecule (see figure 1) will be
governed by the electrostatic attraction between the negatively charged
phosphate moiety of the phospholipid and the positively charged nitrogen
atom of the drug".

In the second phase of the interaction hydrophobic

bonds might cause an association of the aromatic ring of the drug to the
hydrophobic moiety of the phospholipid molecule (or phospholipid
micelle). The tendency to form an association of this kind can be
expected to be enhanced with increasing apolarity (hydrophobicity) of the
ring structure",
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TABLE 23.

PHASE

TRANSITION

TEMPERATURE

OF

PHOSPHATIDYL

CHOLINE

1 ::>

'

.'.

P1T"'"" ± SO
n =.:'3

SAMPLE

.....

I

·····A~
;::.::< -', '.';::

AT%Y>'

PC CONTROL

34.81

±

0.015

-

-

PC + FF COMPLEX

24.32

±

0.266

10.49

30.14

PC+CP

COMPLEX

29.08

± 0.021

5.73

16.46

PHASE

TRANSITION

TABLE 24.

TEMPERATURE

OF

PHOSPHATIDYL

ETHANOLAMINE

, I·'

.

D..

I

-:

..

1

>

<

I'..

PTT ± SO
n.=3

SAMPLE

I <

..

-,

I

AT

AT%'"

PE CONTROL

88.08

±

0.006

-

-

PE + FF COMPLEX

73.85

±

0.006

14.23

16.16

PE + CP COMPLEX

76.67

±

0.026

11.41

12.95

TABLE 25:

PHASE

TRANSITION

TEMPERATURE

OF

PHOSPHATIDYL

GLYCEROL

I·:

'.

1< .

, ..

1/

1

k::::':

··'SAMPLE

1 (:

••••••
.'

•••••

.'

I

.PTT±SO···
··.··'[1··=3···.·:·

<
. ::'

I

1

AT>.·

1

i

AT%

..

PG CONTROL

74.15

±

0.006

-

-

PG + FF COMPLEX

70.44

±

0.037

3.71

5

PG +CP COMPLEX

63.10

±

0.006

11.05

14.9

PIT

= PHASE TRANSITION

xx

AT

=

Y>'

AT %

TEMPERATURE

(0C)

The difference in the transition temperature between the phospholipid control and
the phospholipid-drug complex. (0 C)

=

The relative change in the phase tranaition temperature.
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TABLE 26:

PHASE

TRANSITION

TEMPERATURE

OF

PHOSPHATIDYL

INOSITOL
,
,

:

SAMPLE
.

t

,

".

":

..

P'IT"". ± SO
0=3

~T%

~T":'*
,

'.

...... C >

'.

PI CONTROL

90.47 ± 0.010

-

-

PI+FF COMPLEX

83.24 ± 0.010

7.23

7.99

PI+CP COMPLEX

85.19 ± 0.005

5.28

5.84

TABLE 27:

PHASE TRANSITION TEMPERATURE OF PHOSPHATIDYL SERINE

..

.

,

I

, ,

·sAMPLE

,

II'·

-:

...
.

:' :

,

!.

AT

PTr±SO·
0=3

AT.%
.

PS CONTROL

94.65 ± 0.049

-

-

PS + FF COMPLEX

88.90 ± 0.006

5.75

6.08

PS + CP COMPLEX

78.92 ± 0.020

15.73

16.62

TABLE 28:

PHASE TRANSITION TEMPERATURE OF SPHINGOMYELIN

...

SAMPLE

.:,>

,

<

..
..

"

,

•••••

P1T±.SO···
Il =.3

~T>:'·:

>:.:
,.:

~T%

. :,. <

..'.

.

, ....

••••••••••••••

SPM CONTROL

38.37 ± 0.017

-

-

SPM + FF COMPLEX

37.85 ± 0.010

0.52

1.36

SPM +CP COMPLEX

30.38 ± 0.011

7.99

20.82

..

PIT = PHASE ~SITION

...

.IT

=

TEMPERATURE (0C)

The difference in the tranaition temperature between the phospholipid control and the phospholipiddrug complex. (0C).
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TABLE 29:

PHASE TRANSITION TEMPERATURE OF PHOSPHATIDIC ACID

/PTf .•..±.SD>
':':..·••
0

=;Ji··..·······

PA CONTROL

92.56

± 0.015

PA + FF COMPLEX

86.11

±

0.005

6.45

6.97

PA +CP COMPLEX

84.45

±

0.006

8.11

8.76

All phospholipids have a negative charge at the phosphate group at pH 7;
the pKa of the phospholipids is in the range of 1 to 2. One has to
distinguish between the binding of drugs to zwitterionic polar lipids (PC,
PE and SPM) not possesing a nett electric charge, and to polar lipids with
a negative nett electric charge (PI, PG, PS and PA) see figure 32. The
zwitterionic structure provides strong electrostatic attraction between
hydrophilic head groups, maintaining a close knit structure". Ionisation
of the amine base depends on the hydrogen ion concentration and the pKa
of the base; for most basic drugs the pKa falls in the range of 8 and
above", An extension of this principle leads to the conclusion that
cationic amphiphilic drugs will find their most favourable environment
associated with anionic phospholipids. The positive charge of the drug
located in the region of the negative head groups will diminish the
repulsion between the polar moieties of the lipid molecules and thus
reduce the space for intercalation. Such an effect has already been
demonstrated for inorganic cations".

At the drug/phospholipid molar ratios used in the present experiment ie.
for PC=1.98, PG=2.00 and PA=1.75 the literature reports phase
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COO

SI!NNI!·

transition temperatures of 32, 31 and 29

0

C for chlorphentermine-

phospholipid complexes, respectively resulting in dT of 9, Il and 340 C
respectively". Although our data for PG agreed with this, it did not for
the PC and PA, respectively (see tables 23, 25 and 29).

Based on the

literature reports we expected a greater dT for the polar phospholipids
(PC, PE and SPM), since the zwitterionic structure provides strong
electrostatic attraction between hydrophilic head groups.

From our data we individually observed a higher dT for PC, PE, SPM,
PG and PS compared to PI and PA which are in agreement with our
expectation. Literature reports indicate that PG, although not a
zwitterionic phospholipid, after complex formation with chlorphentermine
causes a phase transition depression quantitatively similar to that of PC86•
PS on the otherhand is a phospholipid with a nett negative charge at pH
7 but nevertheless binds strongly to chlorphentermine. The relative phase
transition temperature depressions observed for all the individual
phospholipid substrate-chlorphentermine complexes, are thus in agreement
with those expected for these phospholipids.

We also wanted to compare the effects of fenfluramine on the phase
transition temperature of the phospholipid-drug complex to that of
chlorphentermine.

Similar to the case of the chlorphentermine-

phospholipid complexes, the phase transition temperature for the
fenfluramine-phospholipid complexes all showed a significant downward
shift compared to the phospholipid controls (see tables 23 to 29). After
an extensive literature search no data was found to indicate the phase
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transition temperatures after fenfluramine complex formation with
individual phospholipids. In the absence of literature values and studies
for fenfluramine, one would have to compare the fenfluramine results
with that of chlorphentermine. We observed a higher ..1Tfor PC and PE
(see tables 23 and 24), compared to PI and PA (see tables 26 and 29),
which is in agreement with our expectations, based on literature reports
for chlorphentermine. This observed behaviour of the SPM-, PG- and
PS-fenfluramine complexes may be related to the greater polarity of the
fenfluramine molecule. The relative phase transition

temperature

depression for the fenfluramine-PC, PE, PI and PA complexes observed
is in agreement with those expected for these phospholipids, but not for
SPM, PG and PS.

Chlorphentermine, compared to fenfluramine, caused a significantly
greater downward shift of the phase transition temperature for all
phospholipids except PC, PE and PI (see tables 25 to 29). From our data
it would appear that chlorphentermine binds more effectively than
fenfluramine to these phospholipids. On the other hand fenfluramine
caused a significantly greater downward shift of the phase transition
temperature

for

phospholipids

PC,

PE

and

PI

compared

to

chlorphentermine. It would thus appear that fenfluramine might bind
more effectively than chlorphentermine to these particular phospholipids.
When comparing the effects of chlorphentermine

with that of

fenfluramine, we indeed found that chlorphentermine caused a greater
depression of the phase transition temperature for PG, PS, SPM and PA.
Fenfluramine, compared to chlorphentermine, intum caused a greater
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depression of the phase transition temperature for PC, PE and PI.

The differences between fenfluramine and chlorphentermine
to the depression of the phase transition temperature

with respect

of the individual

phospholipids may indicate differences in the binding capacities of these
drugs. Studies done by Kursch et alS7 showed that the introduction of a
chlorine atom into the aromatic ring enhanced the binding capacity of
chlorphentermine

compared to phentermine to PC. This finding suggest

that electrostatic

forces may also determine binding capacities.

Slight

differences in electrostatic or hydrophobic attraction may result in subtle
differences

in the binding of fenfluramine

phospholipid.

The hydrophobic

or chlorphentermine

moiety of fenfluramine

to the

(see figure 4),

contains a trifluoromethyl group in the the m-position, which may be less
apolar than the corresponding

moiety of chlorphentermine,

chlorine atom, located in the p-position.
electronegativity

namely a

This is due to the greater

of the flourine atom compared to the chlorine atom on

the aromatic ring structure. The secondary amine of fenfluramine is also
less polar i.e. more hydrophobic than the corresponding
of chlorphentermine.

primary amine

Thus the amphiphilic character (i.e. hydrophilic and

hydrophobic nature) of the fenfluramine molecule will be less pronounced
than that of chlorphenterrnine",

These subtle differences may inturn

be

responsible for the differences in magnitude of the changes in the phase
transition temperature observed with the two drugs.
correlation

between the differences

(chlorphentermine

A more conclusive

in the effects that the two drugs

and fenfluramine) had on the depression of the phase

transition temperature

of the individual phospholipids
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is however not

easily discernible from the present data. Nevertheless our results appear
to support the notion that both chlorphentermine and fenfluramine
complex with individual phospholipids, and in this way might prevent the
phospholipids from being metabolised by phospholipases.

5.6.1

CORRELATION OF THE EFFECTS OF CHLORPHENTERMINE
FENFLURAMINE

ON THE PHASE TRANSITION

AND

TEMPERATURE.

PHOSPHOLIPASE INHIBITION AND LUNG PHOSPHOLIPID LEVELS.

The express aim of this study was to establish whether the accumulation
of phospholipids within the lung lysosomes, induced by chlorphentermine
and fenfluramine is due to direct inhibition of PL-A or PL-C or by
increased binding of the drug to the phospholipid. We further specifically
investigated the differences between the two drugs with respect to the
drug-phospholipid binding mechanism (of inhibition of phospholipaseinduced hydrolysis) by observing the phase transition temperatures for the
phospholipid substrate-drug complexes for each drug. It would be
expected that differences in the degree of inhibition of the phospholipases
by

the

phospholipid

substrate-drug

complexes,

for

individual

phospholipids, might be reflected in differences in the degree of binding
of each drug, to the individual phospholipids and hence the degree to
which each drug may lower the phase transition temperature of the
particular phospholipid complex (see tables 30 and 31).

All the individual phospholipid substrate-chlorphentermine complexes,
showed a greater than 70 % inhibition of PL-A induced phospholipid
hydrolysis, whereas only the chlorphentermine-PC,
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-PE and -PS

complexes inhibited the PL-C activity by greater than 70 % (see table
31). These phospholipid substrate-drug complexes intum, showed a
downward shift in the phase transition temperature, compared to that of
the controls. This appears to confirm the notion that these resulting
phospholipid substrate-drug complexes have the ability to inhibit both PLA and PL-C activity. Therefore these phospholipids should most likely be
elevated in the lung. In the unlavaged chlorphentermine-treated Wistar
and BD9 rats PC and PE are indeed elevated but not so for PS (see tables
5 and 6). The data obtained from the treated Wistar and BD9 rats for PC
and PE thus appear to support the hypothesis that the extent of
chlorphentermine binding to these phospholipids in the lung might cause
them to be resistant to PL-A and PL-C. On the otherhand the
chlorphentermine-PG, -PI, -SPM and -PA-complexes most likely inhibit
the PL-A activity to a greater extent than it does PL-C activity (see table
31). These phospholipid substrate-drug complexes also, caused a
downward shift in the phase transition temperature. Furthermore, in the
unlavaged chlorphentermine-treated Wistar rats, PI, SPM and PA were
all elevated respectively, (except PG) compared to the levels in the saline
treated rats. In the unlavaged chlorphentermine-treated BD9 rats, PG
again together with PA were not elevated. The data obtained from the
treated Wistar and BD9 rats for PI, SPM and PA (except PA in the BD9
rats) thus appear to support the notion that the extent of chlorphentermine
binding to these phospholipids in the lung might cause them to be
resistant to PL-A. In general the full interpretation of the above results
are however not easy due inpart to the confounding influence that the
species differences might have had and the fact that a single drug
concentration as opposed to concentration ranges were used in our study
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and the differences in the phospholipid substrate affinities of the
phospholipases thus not accomodated. Furthermore the use of pure
phospholipase samples, instead of phospholipases isolated from the lungs
of Wistar and BD9 rats may also have influenced our data. This latter
approach regarding the phospholipases was decided on to minimise
interference and complication of the procedure. A clear conclusive
correlation between the drug-induced changes in lung phospholipid levels
(where many factors play a role), the degree of inhibition of the
phospholipase-mediated

hydrolysis of activity

by

the

individual

phospholipids and the degree to which the phase transition temperature
is lowered after complexing with chlorphentermine is thus not easily
discernible.

Similar results were found in the case of fenfluramine. The phospholipid
substrate- fenfluramine complexes showed a greater than 70 % inhibition
of both PL-A- and PL-C-induced phospholipid hydrolyses (except PS,
SPM and PA in the case of PL-C) of all the individual phospholipids (see
table 31). This appears to confirm the notion that the above phospholipid
substrate-drug binding complexes have the ability to inhibit both PL-A
and PL-C activity. These phospholipid substrate-drug complexes inturn
caused a downward shift in the phase transition temperature (see tables
23 to 26). Therefore these phospholipids should be elevated in the lung.
In the unlavaged Wistar and BD9 rats, all the above phospholipids were
indeed elevated (except PG). The data obtained from the treated Wistar
and BD9 rats for PC, PE, and PI appears to confirm the notion that the
extent of fenfluramine binding to these phospholipids in the lung might
cause them to be resistant to PL-A and PL-C. The fenfluramine-PS, -
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SPM, and -PA complexes, respectively showed a significantly greater
inhibition of PL-A-induced phospholipid hydrolysis compared to
inhibition for the PL-C induced phospholipid hydrolysis (see table 31).
These phospholipid substrate-drug complexes inturn, caused a downward
shift in the phase transition temperature (see tables 27 to 29) compared
to the controls. Thus we can conclude that the fenfluramine-PS, -SPM
and -PA complexes would most likely inhibit PL-A to a greater extent
than they do PL-C. Therefore these phospholipids should most likely
also be elevated in the lung. In the unlavaged fenfluramine-treated Wistar
and B09 rats the above phospholipids were all elevated except PAin the
B09 rats (see tables 5 and 6). The data obtained from the treated Wistar
and B09 rats for PS, SPM and PA (except PA in the B09 rats) appear
to support the notion that the extent of fenfluramine binding to these
phospholipids in the lung might cause them to be resistant to PL-A.
Similar to the case of the chlorphentermine-treated Wistar and B09 rats,
no clear conclusive correlation between the drug-induced changes in lung
phospholipid levels, the degree of inhibition of the phospholipase activity
of the individual phospholipids and the degree to which the phase
transition temperature is lowered after complexing with fenfluramine is
easily discernible.

Finally, besides the effects of chlorphentermine and fenfluramine on the
individual phospholipid levels, be it via direct complexation with PL-A
or PL-C, or due to substrate modification, the influence of these drugs on
the ratios of PC/SPM

and PG/PI levels may also be important. Changes

in the PC/SPM and PG/PI ratios may indicate the possible occurence of
respiratory distress syndrome or lung injury".
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The PC/SPM

ratio is

TABLE 30:

COMPARISON OF THE PHASE TRANSITION TEMPERATURE AND
PERCENTAGE INHIBITION OF PL-A AND PL-C AFTER COMPLEX
FORMATION

BETWEEN

FENFLURAMINE

AND

VARIOUS

PHOSPHOLIPIDS.

··~••••
IN~ilim8~
••••••
••••••
···~.·
• ••iN~fuffi()~••••••
•.••...•......
?7jft~

i.··

.•.>OFPL~A •.•••.•••••••••••...
<
PC

94.5

75.0

10.49

PE

92.1

88.0

14.23

PG

96.3

72.0

3.71

PI

86.0

83.0

7.23

PS

92.0

42.0

5.75

SPM

96.0

5.0

0.52

PA

77.0

42.0

6.45

TABLE 31:

COMPARISON OF THE PHASE TRANSITION TEMPERATURE AND
PERCENT AGE INHIBITION OF PL-A AND PL-C AFTER COMPLEX
FORMATION BETWEEN CHLORPHENTERMINE AND VARIOUS
PHOSPHOLIPIDS.
•...

.c .

. %INHIBITION
. PHOSPHOLIPID •. %INHIBmON>
OF Ph-A ..........
• / OEPL·C·
.

I/

...

.....

<

>

..•.••••.............•.....
I••••...•.. <
c ..•.••

\< .

JI· ''..

AroC

.••..< I··.· •••.

PC

93.5

92.0

5.73

PE

88.8

89.0

11.41

PG

91.5

66.0

11.05

PI

75.5

43.0

5.28

PS

86.0

93.0

15.73

SPM

94.0

28.0

7.99

PA

72.0

42.0

8.11
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less than one prior to about the 31 st week of pregnancy in humans, then
rises to about 2 by the 34th week and 8 at 39 weeks". This results from
an increase in PC synthesis, rather than a decrease in SPM formation.
The PG/PI ratio intum has been shown to be a more accurate predictor
of respiratory distress syndrome". A decrease in the PG/PI ratio similar
to that seen after exposure to 100% oxygen, is observed during
incidences of impaired surfactant production in various species", and
changes in the phospholipid composition. This indicates that in the
ventilated primates, like in humans with respiratory failure, the PG/PI
ratio can be used as early predictor of lung injury", Thus when PG is
present in detectable amounts in fetal lung, respiratory distress rarely
occurs despite a low PC/SPM

ratio. Literature reports also indicate that

changes in the PG/PI ratios have been observed after treatment with Nnitroso- N-methylurethane,

4-aminopyrazolo-(3, 4-d)-pyrimidine

and

bleomycin". In the present study, decreased lung levels of PG and
increased levels of PI was found for both fenfluramine-

and

chlorphentermine-treated Wistar and BD9 rats compared to the salinetreated rats. This resulted in a decrease in the PG/PI ratios following
fenfluramine or chlorphentermine treatment compared to the saline. For
Wistar rats the PG/PI

ratios for saline, chlorphentermine

and

fenfluramine are 5, 1.30 and 1.29 vs 0.9, 0.4 and 0.5 for the BD9 rats.
The data for the Wistar rats show a sharp decrease in the PG/PI ratio for
the chlorphentermine- and fenfluramine-treated rats compared to the
saline rats. The decrease in the PG/PI ratios for the BD9 rats is less
striking for the chlorphentermine- and fenfluramine-treated rats compared
to the saline. We can thus conclude that changes in the PG/PI ratios may
be a sensitive index for these drug-induced effects.
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Because of the confounding nature of these results, obtained when looking
at the phospholipids collectively, we decided to repeat the analysis by
looking at just one lung phospholipid viz. PC. Several literature reports
exist on the influence of chlorphentermine on pulmonary levels of PC and
on the interaction of chlorphentermine with PC. In the present study both
drugs caused an increase in pulmonary PC in the two species of rats (see
tables 5 and 6). Chlorphentermine compared to fenfluramine however
caused a 12 % greater increase in pulmonary levels in the Wistar rats
•

while in the BD9 rats it caused a 74 % greater increase in pulmonary
levels. In both instances the Wistar rats appeared to be more sensitive at
elevating PC levels. The data thus indicate that strain differences in the
induction of individual phospholipids may occur.

As far as the effect of the chlorphentermine and fenfluramine on PL-A
and PL-C activity was concerned, the chlorphentermine-PC complex
showed a 93.5 % and 92.0 % inhibition of PL-A and PL-C activity
respectively (see table 31). This appears to confirm the notion that the
chlorphentermine-PC complex has the ability to inhibit both PL-A and
PL-C activity. The fenfluramine-PC complex inturn displayed a 94.5 %
and 75 % inhibition of PL-A and PL-C activity respectively (see table
30). Similar to the chlorphentermine-PC complex, the fenfluramine-PC
complex also appears to have the ability to inhibit both PL-A and PL-C
activity albeit at different rates. Therefore one could expect PC to be
elevated in the lung as has been found (see tables 5 and 6). But does
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fenfluramine differ from chlorphentermine in the way in which it inhibits
the PL-A and PL-C hydrolysis of PC?

Our data does not suggest so

particularly as far as the one mechanism (i.e. that of phospholipid
substrate-drug

mediated

inhibition)

IS

concerned.

Both

the

chlorphentermine-PC complexes and fenfluramine-PC complexes, inturn
showed a significant downward shift in the phase transition temperature
i.e. 29.08 and 24.32 °C compared to the control 34.81 °C (see table 23).
With reference to the direct inhibition of PL-A or PL-C by
chlorphentermine and fenfluramine the PL-A-chlorphentermine complex
showed a 95.75

% inhibition of PL-A activity and the PL-C-

chlorphentermine complex showed a 6.73 % inhibition of PL-C activity
(see tables 9 and 16). This appears to support the notion that
chlorphentermine has the ability to inhibit PL-A directly to a greater
extent than PL-C. The PL-A-fenfluramine complex showed a 95.47 %
inhibition of PL-A activity and the PL-C-fenfluramine complex a 8.18 %
inhibition of PL-C activity (see tables 9 and 16). This also appears to
support the notion that fenfluramine has the ability to inhibit PL-A
directly to a greater extent than PL-C.

By just looking at PC (as opposed to many phospholipids), a more clear
conclusive correlation can be seen. The correlation between the druginduced changes in lung PC levels, the degree of inhibition of the
phospholipase activity and the degree to which the phase transition
temperature is lowered after complexing with chlorphentermine or
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fenfluramine is more clearly evident. If any, only small quantitative
differences is likely to exist between the effects of the two drugs.

Collectively the data obtained in this study strongly indicate that both
fenfluramine and chlorphentermine administration to Wistar and BD9 rats
are likely to cause phospholipids to accumulate in the lung by similar
mechanisms. The etiology of drug-induced phospholipidosis may well be
very complex with several mechanisms being involved.

Subtle

quantitative differences in these similar mechanisms e.g. differences in
the degree of binding, rather than different mechanisms would, in my
opinion, however most likely account for the differences in the elevated
phospholipids obtained in this study.
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CONCLUSION

The objective of this study was to investigate the mechanism of fenfluramineinduced phospholipidosis. It was proposed to do this by histological examination
of the lungs, comparative analysis of the phospholipids that accumulate in the
lungs of Wistar and BD9 rats after chronic treatment with fenfluramine or
chlorphentermine

and by investigating the mechanism of phospholipase

inactivation. The primary hypothesis to be tested was that fenfluramine would
induce the elevation of the same phospholipids as chlorphentermine, because like
chlorphentermine, it also induces phospholipidosis by either directly inhibiting
phospholipases or by binding to the individual phospholipid substrate, a process
which renders the phospholipids less susceptible to hydrolysis by the
phospholipases. The following major conclusions may be drawn from the results
of this investigation:

(1)

The phospholipidosis induced by fenfluramine

in the lungs of both

Wistar and BD9 rats are histologically similar to that induced by
chlorphentennine. Light and electron microscopy confirmed the presence
of "foam cells" in the alveolar spaces and their distribution throughout the
lung tissue and elevated "foam cell" counts were found in both
fenfluramine- and chlorphentermine-treated Wistar and BD9 rats.

(2)

Fenflutamine

induced

the

elevation

of

essentUllly the

same

phospholipids and, by implication, most likely via similar mechanisms
compared to that induced by chlorphentennine in both Wistar and BD9
rats. This conclusion is drawn despite the observed presence of a strain
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dependency seen for example in the Wistar rats being more susceptible
to both fenfluramine

and chlorphentermine

treatment compared

to the

BD9 rats and differences in the levels of phospholipids in the lavaged and
unlavaged lungs being observed.

In the unlavaged lungs fenfluramine, like chlorphentermine,

induced the

elevation of all the test phospholipids in the Wistar rats, except PG in the
fenfluramine-treated

and PG and PS in the chlorphentermine-treated

rats.

The PG and PS however only constituted a small percentage of the total
lung phospholipids

and the combined

evidence

was insufficient

to

conclude that there was a difference in the effects of the two drugs.
Similarly in the unlavaged lungs of the BD9 rats, fenfluramine,
chlorphentermine,

like

also induced the elevation of all the test phospholipids,

except PS, PG and PAin

both fenfluramine-

and chlorphentermine-

treated rats. Again it must be stated that the PS, PG and PA only
constituted a small percentage of the total lung phospholipids
combined

evidence

was insufficient

to conclude

that there

and the
was a

difference in the effects of the two drugs.

In all cases lavaging of the lung significantly
phospholipids

present

in the lung,

confirming

lowered
that

the level of
most

of

the

accumulation occurs in the alveolar spaces and macrophages.

(3)

Only subtle differences exist in the mechanism of phospholipidosis
induced by fenfluramine

and chlorphentennine.

supported by:
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This conclusion

is

(a) the finding that essentially similar phospholipids were induced by both
fenfluramine

and

chlorphentermine

in

the

rats,

and

(b)

the

inconclusiveness of the data to clearly indicate whether the accumulation
of phospholipids may occur exclusively via either direct inhibition or
phospholipid-substrate

complex-

mediated

inhibition

of

the

phospholipases.

In the case of fenfluramine the inhibition of PL-A activity could be
ascribed exclusively to neither direct inhibition of the enzyme nor reduced
susceptibility of the phospholipid substrate-drug complex, while the PL-C
activity appeared to be inhibited to a greater extent via the phospholipid
substrate-drug complex rather than by direct inhibition. On the otherhand
chlorphentermine induced a small but significantly greater degree of
inhibition of PL-A activity more via direct inhibition than via the
phospholipid substrate-drug complex, while the PL-C activity appeared
to be inhibited to a greater extent via phospholipid substrate-drug
complexation rather than by direct inhibition.

Further, the phase transition temperature studies, which was undertaken
to detect possible differences in the extent of drug-phospholipid binding
of the two drugs, seemed to support the idea that, for both drugs in both
Wistar and BD9 rats, the elevation of PC, PE, PI, PS, SPM and PA
(except PA in the BD9 rats) in the unlavaged lungs can be the result of
phospholipid substrate modification rather than direct inhibition.

151

https://etd.uwc.ac.za/

Collectively the results tend to indicate that small differences in
essentially similar mechanisms, could most likely explain the differences
in the phospholipidosis induced byfenflutamine and chlorphentennine.

Finally, a major finding of this study is the confirmation that the alveolar spaces
and macrophages are the major sites for drug-induced phospholipid accumulation.
Since the alveolar spaces are crucial sites for gas exchange, and the macrophages
part of an essential protective system in the healthy lung, changes in the lung
phospholipid composition, may thus be a useful early indicator of the respiratory
complications that have been found to occur in phospholipidosis. The effect of
drug-induced phospholipidosis on respiratory mechanics and on the optimal
functioning of the alveolar macrophages needs to be further investigated. A
preliminary study on the effect of phospholipidosis on respiratory mechanics has
just been completed".
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SUMMARY

The aim of this study was to investigate the mechanism of fenfluramine-induced
pulmonary phospholipidosis, by comparing the profile and levels of induced
phospholipids in the rat and the mode of phospholipase inactivation, both relative
to that produced by chlorphentermine.

Wistar and BD9 rats were injected with fenfluramine (FF) and chlorphentermine
(CP) intra-peritoneally daily over a six week period to induce phospholipidosis.
The lungs isolated from such treated and untreated animals, were grouped into
unlavaged lungs and lungs to be lavaged and from the latter group the alveolar
macrophages were isolated. Small sections of the unlavaged lungs were
microscopically examined to verify the induction of phospholipidosis. Further the
levels of phosphatidyl choline (PC),

spingomyelin (SPM),

phosphatidyl

ethanolamine (PE), phosphatidyl glycerol (PG), phosphatidyl inositol (PI),
phosphatidyl serine (PS) and phosphatidic acid (PA) were determined in both
groups of lungs using a TLC method. To assess whether the drug-mediated
inactivation of the phospholipases (PL) occurred via direct inhibition of the
enzymes or via the drug-phospholipid complex, the hydrolysis of the above
phospholipids by PL-A or PL-C were monitored using colorimetric methods. The
feasibility of the phospholipid-drug complex-mediated mechanism was further
explored, by assessing the effect the two drugs had on the phase transition
temperature of the phospholipids.

Electron microscopy revealed the presence of hypertrophied and elevated counts
of alveolar macrophages in the treated-Wistar and -BD9 rats. In the FF- and CPtreated Wistar and BD9 rats there were, compared to the saline-treated rats, a 200
% and 235 % increase in macrophage counts, respectively, for the FF-treated rats
and a 700 % and 965 % increase in macrophage counts, respectively, for the CPtreated rats. The levels of all the phospholipids in the unlavaged lungs of both rat
strains were elevated, except that for PG, PS and PA. In both rat strains following
the treatment with both drugs the PG levels were not elevated and the PS levels
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were not elevated following CP treatment. Following the treatment for both drugs,
the PA levels were also not elevated in the BD9 rats. Relative to the levels found
in the unlavaged lungs of the control rats, the increases ranged from a minimum
of 9 to a maximum of 216 %. In general, Wistar rats appeared to be more
susceptible to both FF and CP treatment. In both rat strains, lavaging of the lungs
considerably reduced the levels of phospholipids remaining in the lung and the
differences between the treated and untreated animals became less striking. The
addition of FF or CP, whether directly to the enzyme, or in the form of the drugphospholipid complex, resulted in significant decreases in the PL-A-mediated or
PL-C-mediated hydrolysis of virtualy all the test phospholipids. The average
1
decrease ranged from 0.811 to 4.04 ,.,.gFFAbbb ,.,.1-sample
min-I, for the PL-A

1
activity and 0.023 to 0.827 ,.,.gIp'CC100 ,.,.1-sample
min-I, for the PL-C activity.

In the case of FF, the inhibition of PL-A activity could not be ascribed exclusively
to either direct inhibition of the enzyme or reduced susceptibility of the
phospholipid substrate-drug complex. The PL-C activity appeared to be inhibited
to a greater extent via the phospholipid substrate-drug complex rather than by
direct inhibition. On the other hand, CP induced a small, but significantly greater
degree of inhibition of PL-A activity, more via direct inhibition, rather than by the
phospholipid substrate-drug complex. The PL-C activity appeared to be inhibited
to a greater extent via phospholipid substrate-drug complexation than by direct
inhibition. From the above data, considered collectively, it was not possible to
declare either of the two possible mechanisms as the more likely one for FF or
CP-induced inhibition of the phospholipases. The feasibility of the indirect mode
was further explored, by determining the phase transition temperatures for the
phospholipid-drug complexes of each drug. The addition of each drug caused a

bbb

FFA = free fatty acid

ccc

lP

=

inorganic phosphate
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depression of the phase transition temperature of all the phospholipids with a
.1T'dd ranging from 0.52 to 15.73 °C. This appears to support the notion that

both drugs bind to the phospholipids and the differences in the extent of the phase
transition temperature depression of the individual phospholipids may indicate
differences in the binding capacities of these drugs.

The following major conclusions may be drawn from the results of this
investigation. Fenfluramine induces a phospholipidosis syndrome in the lungs of
Wistar and BD9 rats that are histologically similar to that induced by CP. It
induces the elevation of essentially the same phospholipids as CP, primarily in the
alveolar spaces and macrophages, and by implication, most likely via similar
mechanisms. For both FF and CP, both direct inhibition and phospholipid-drug
complex-mediated inhibition of phospholipases were found to be a viable
mechanism for this syndrome. The mechanism for FF-induced pulmonary
phospholipidosis thus appears to be similar to that of CP; small quantitative
differences in essentially similar mechanisms, may explain the differences in the
levels of induced phospholipidosis found in this study.

ddd

.£IT =

The difference in the phase transition temperature between the phospholipid control
and the phospholipid-drug complex.
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