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LIPIDOSIS INDUCED BY A~PHIPHILIC CATIONIC DRUGS 
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Many drugs are accumulated by different tissues to 
a remarkable degree. Expressed as tissue/medium 
ratios (or tissue/plasma ratios) the accumulation can 
amount to more than 1Wfold after repeated drug 
ad~nistrat~on [l]. Among others, amphiphilic com- 
pounds, which consist of a basic amine group 
attached over a short side chain to a hydrophobic 
moiety, belong to these drugs. A strong accumulation 

of a drug within cells presupposes that the compound 
in question can easily penetrate the plasmalemma 
thus getting access to the large surface of the intracei- 
lular membranes to which it mainly becomes 
adsorbed. The penetration rate will depend (a) on the 
pK, of the amine group: the non-protonized form 
will facilitate the penetration, the protonized form will 
reduce it; and (b) on the degree of hydrophobicity 
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Fig. 1. Diagrammatic presentation of cellular uptake, Iysosomal accumulation, and membranous 
adsorption of an amphiphilic cationic drug during the initial phase of exposure. The ply, of the amine 
group is considered to be above 7. After penetration through the plasmalemma (PL) the drug will 
be subjected to two competing processes: (I) The protonized form will become adsorbed to lipid-water 
interphases such as the huge surface of cytomembranes. (2) The non-protonized form will penetrate 
into the lysosomes and becomes trapped because of high proton concentration (pH around 4.5). Within 
the lysosomes, the cationic amphiphiiic drug forms complexes with polar lipids. Since the complexes 
are removed from the diffusion equilibria, continuous gradients both for the amphiphilic drug and 
for the polar lipids are sustained leading to a gradual piling-up of drug-lipid complexes. The rate 
of lysosomal accumulation of a drug will depend, among others, upon the initial ratio between the 
two competing intracellular events (a), and (b). Cationic amphiphilic drugs that are not readily adsorbed 
(process(b) small as compared with (a)) will display particularly high initial rates of lysosomal accumu- 
lation. This may even lead to lysosomal swelling due to osmotic pressure, probably because the supply 
of polar lipids lags behind, which would complex with the drug and there-with remove it from the 
osmotic equilibrium. Chloroquine can be considered as an example for such drugs. In the case of 
other amphiphilic drugs that are readily adsorbed (process (b) considerably competing with process 
(a)) lysosomal accumulation may proceed at a relatively low rate without producing appreciable 
lysosomal swelling. Upon long-lasting exposure the adsorption process (b) will be saturated and will 

no longer compete with lysosomal accumulation (a). 

Symbols: Q ? 
-NE amphiphik drug ; pttosphofipid 

,,N\\ 

$ and u hydrophobic moiety of the respecfive molecules 

1103 



1104 H. LBLLMANN. R. LULLMANN-RAUCH and 0. WASSEKMANN 

of the entire molecule: if the apolarity is extremely 
pronounced, even a protonized amine group will not 
completely hinder the penetration of the molecule 
through the plasmalemma. 

Intracellularly, an amphiphilic cationic compound 
will not be evenly distributed, since the drug displays 
varying affinities for the cellular compartments depen- 
dent upon the milieus present therein. Of particular 
interest is the compartment that is represented by 
lysosomes. They are membrane-limited vesicles dis- 
tinguished by an unusually high intravesicular proton 
concentration (pH about 4.5) [2]. The amphiphilic 
amines present in the cytosol will penetrate into the 
lysosomes, become protonized and thus trapped in 
the acid milieu, as schematically depicted in Fig. 1. 
The intralysosomal accumulation of several amphi- 
philic amines and some basic dyes has been demon- 
strated, e.g. for chloroquine [2,3], mepacrine [4,5], 
chlorpromazine [6], chlorphentermine [7]. neutral red 
[3,5,8], acridine orange [9,10]. De Duve and co- 
workers [2] have coined the term “lysosomotropic 
drugs” for this kind of compounds. It should be men- 
tioned that the accumulation proceeds as long as the 
pH of the lysosomes is kept low. 

Within the lysosomes a second event takes place 
which is considered to play a key role for inducing 
lipid storage as observed upon treatment with amphi- 
philic cationic drugs. As shown by NMR-spectros- 
copy [ll, 123 a strong interaction occurs between 
cationic amphiphilic drugs and certain polar lipids 
resulting in complexes formed by hydrophobic and 
electrostatic forces. The presence of phospholipids in 
this complexed form bears far-reaching consequences: 
they are protected against enzymatic attack by phos- 
pholipases, since these require the substrate to be 
present in negatively charged form [ 13, 141. Reduc- 
tion of this negative charge of lipid micelles by cations 
considerably reduces the enzymatic efficacy. This has 
been demonstrated for some lipidosis-inducing drugs 
by using liposomes [ 15, 161. 

The complexation between amphiphilic drugs and 
polar lipids will result in an accumulation of lipids 
within the lysosomes by two mechanisms: (a) a gra- 
dient for polar lipids is sustained from the cytoso) 
into the lysosome; and (b) the lipid-drug complex can 
no longer enzymatically be degraded. As soon as the 
concentration of the polar lipids has attained a cer- 
tain level, they arrange themselves in a typical order 
giving rise to the formation of lamellated or crystal- 
loid structures, which seem to emanate from the hom- 
ogenous lysosomal matrix (Fig. 2a). With time the 
lamellated or crystalloid bodies grow, still possessing 
the limiting membrane (Fig. 2b) and acid phosphatase 
activity [ 171. Upon further exposure or continued 
treatment the inclusion bodies loose their limiting 
membrane and the cytochemically demonstrable ac- 
tivity of acid phosphatase thus representing telolyso- 
somes (Fig. 2~). 

The formation of lamellated and of crystalloid 
bodies can be induced by amphiphilic drugs in cul- 
tured cells within several hours, as shown for example 
in peritoneal macrophages [ 17. 181 and in ganglion 
cells [6, 197. The use of cultured cells is particularly 
suitable for studying structure activity relationships, 
since such a simple system lacks complications in- 
duced by distribution phenomena and by drug meta- 

bolism. The situation in uivo is much more compli- 
cated: (a) the drug must be devoid of high acute 
toxicity to warrant doses high enough to interact with 
polar lipids on an approximately equimolar base; (b) 
a rapid biotransformation into polar metabolites 
greatly reduces the efficacy to induce lipidosis; (c) 
pharmacokinetic properties of the drugs may cause 
preferences for certain organs. 

A list of drugs so far reported to induce lipidosis, 
either in cultured cells or both under in vitro and 
in uivo conditions, is given in Table 1. For four drugs 
lipidosis-like alterations have been reported to occur 
not only in experimental animals but also in humans. 

In principle, drug-induced lipidosis is a generalized 
phenomenon not restricted to certain tissues. Ac- 
cumulation of phospholipids has been demonstrated 
biochemically to occur in cultured fibroblasts [20] as 
well as in several organs of chronically treated ani- 
mals, e.g. in lung [21-231, in liver [24-301, in kidney 
[27], in adrenal glands [22] and in spleen [26]. A 
review of the morphological findings has been given 
elsewhere [31]. In animals chronically treated with a 
potent inducer of lipidosis many organs show histo- 
chemical and ultrastructural symptoms of severe lipid 
storage. Among these organs are the lung, various 
endocrine glands, lymphatic organs, white blood cells. 
Hepatocytes can be severely affected, too, dependent 
on the species-specific metabolic fate of the drug. Of 
practical interest are the lipidosis-like alterations in 
white blood cells, particularly in lymphocytes: (a) they 
are easily available from humans for ultrastructural 
examination; (b) the lymphocytes seem to be particu- 
larly sensitive to most lipidosis-inducing drugs show- 
ing lamellated inclusions already before or concomi- 
tantly with generalization of lipid storage [32.33]. 

Several lipidosis-inducing drugs affect the central 
nervous system, while others do not [34,35]. This 
variability might be the consequence of differing drug 
distribution. When the central nervous system is 
affected by a given drug, great differences are found 
among the various parts and neuron types [35,36]. 
Such diversities might tentatively be explained by 
quantitative and qualitative differences concerning the 
intracellular turnover of polar lipids, such that a dis- 
turbed lipid catabolism has further-reaching conse- 
quences for some types of neurons than it has for 
others. Most lipidosis-inducing drugs are known to 
cause conspicuous storage in autonomic and sensory 
ganglia. irrespective of their ability to affect the cen- 
tral nervous system. 

Of particular interest are lipidosis-like alterations 
in ocular tissues, since two amphiphilic drugs (chloro- 
quine, amiodarone) have become ill-famous because 
of their ocular side effects in humans (see below). 
Many lipidosis-inducing drugs have been shown in 
animal experiments to cause considerable lipid stor- 
age in retinal pigment epithelium and/or in sensory 
retina [3740]. in the cornea and in the lens which 
then can develop a cataract [41]. 

Finally, axonal and muscular changes should be 
mentioned. which are often associated with genera- 
lized lipidosis, while their cytological character is not 
entirely identical with that of the alterations in other 
cells and does not obviously reflect lysosomal storage 
of polar lipids. Particularly the preterminal and ter- 
minal parts of all kinds of peripheral axons show 
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Fig. 2. Electron micrographs showing drug-induced cytoplasmic inclusion bodies. (a) Adrenocortical 
cell of a rat sacrificed 24 hr after a single oral application of iprindole (100 mg,/kg). Arrows point to 
lysosomal bodies which contain lamellated material. M. mitochondrium x 61.500. (b). Inclusions with 
lamellated or crystalloid patterns from a chromaffin cell of a rat treated with I-chioro-amitriptyline 
(120 mg/kg p.o., IO wk) x 78.400. (c). Lamellated inclusions from a retinal ganglion cell of a rat treated 

with 4.4’.diethyl-aminoethoxyhexestrol (75 mg/kg p.0.. 5 wk) x 28.500. 

massive accumulation of polymorphous osmiophilic sis-like cellular alterations in humans: chloroquine, 
material [34,42,43]. In skeletal muscle various 4,4’-diethyl-aminoethoxyhexestrol, amiodarone, and 
degenerative symptoms including fibre necrosis are perhexiline. The clinical symptoms which have led to 
seen [34,44,45]. Pathogenesis of this drug-induced laboratory investigations are various: visual impair- 
neuro-myopathy remains to be further elucidated. ment due to retinal alterations (chloroquine, [46]) 

Side eficts in humans. Four amphiphilic cationic and cornea1 opacities (chloroquine. [47]; amio- 
drugs have so far been demonstrated to induce lipido- darone, [48]), hepatosplenomegaly and abnormalities 
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Table I. List of amphiphilic drugs known to induce lipidosis 

(1). Inducers of generalized lipidosis as demonstrated in humans and in animals 
Chloroquinc antimalarial drug 

4,4’-diethylamino- antianginal drug 
ethoxyhexestrol 
Amiodarone” antianginal drug 
Perhexiline antianginat drug 

(2). inducers of generalized lioidosis as demonstrated in animals 

19, 21, 34, 36-38, 
47, 51. 55 
24-28. 49 

48. 56 
50, 52. 51 

ImipraGne ’ 
Clomipraminc 
Iprindole 
I-ChIoro-amitriptyline 
Zimelidine 
Clozapine 
Chlorphentermine 
Fenfluramine 
Triparanol 

AY-9944 

Azacosterol 

Chlorcyclizine 
AC-3579 

antidepressant 
antidepressant 
antidepressant 
antidepressant 
antidepres~nt 

neurolepti? drug 
anorectic drug 
anorectic drug 

hypocholesterolemic 
drug 

hypocholesterolemic 
drug 

hypocholesterolemic 
drug 

antihistaminich drug 
tranquillizer 

antileucemic drug 

31, 32, 35, 39 

56 
58 
1, 21-23. 31. 33, 35, 39, 41 
59 
60, 61 

30,40, 61 

61 

62 
20. 29, 63, 64 

I, 65 Mepacrine antimalarial drug 
(3). Drugs with low lipidosis-inducing efficacy in whole animals but having pronounced efficacy in cultured 
cells 

Chlorpromazine neuroleptic drug 6, 17, 32 
Amitriptyline antidepressant 17, 32 
Noxiptiline antidepres~nt 17. 32 
Lysergic acid psychotropic drug 66 
diethylamid&’ 

” In humans onlv cornea1 cells have so far been demonstrated to develop lipidosis-like alterations; 
in rats. however, Icpidosis is generalized. 

’ Studied only in cell culture. 

of liver function (4,4’-dicthylaminoethoxyhexestrol, 
[24,25,49-j; perhexiline, [SO]). neuro-myopathies 
(chloroquinet [Sl] ; perhexiline, [52]). Most clinical 
symptoms are associated with lipidosis-like alter- 
ations in the respective organs, and in most cases 
these cytological changes can be reproduced in ani- 
mal experiments with the respective drug. 

Reversibility. In principle, the storage of polar lipids 
is reversible by withdrawing the drug. Upon lowering 
the drug concentration in the extracellular space, the 
diffusion gradient will be reversed and the drug-lipid 
complexes will slowly dissociate. The lipids will regain 
their normal properties and will re-enter their normal 
fate, namely degradation or utilization. The rate of 
reversibility will be determined by the aflinity of a 
given drug towards the lipids. Excessive lipid storage 
may cause secondary cellular changes, the reversibi- 
lity of which will depend on the regenerative abilities 
of the affected cell type. 

Ofhtar possihlc ~~~chut~i.~lizs c~?7tri~utit7~ to drq- 
induced l~.~oso~i~u~ storage. Experiments on cultured 
fibroblasts have yielded evidence that chloroquine in- 
hibits the degradation of proteins and of mucopoly- 
saccharides [3,53]. After chronic administration of 
chloroquine to whole animals, however, polar lipids 
seem to be the major storage material. The signifi- 
cance of the above findings from in citro experiments 
for the chloroquine-induced storage syndroms seen 
under in rive conditions remains to be elucidated. 

Redirection of phospholipid biosynthesis towards 
acidic phospholipids has been proposed as the mech- 
anism accounting for lipid storage induced by amphi- 
philic cationic drugs [54]. This may contribute to the 
increase of total phospholipids and may be the reason 
for accumulation of unusual acidic phospholipids as 
found in humans and in rats treated with 4,4’-diethyl- 
aminoethoxyhexestrol[24--271 or with chloro- 
quine [27]. On the other hand. the occurrence of 
these nevertheless minor fractions, while very interest- 
ing under the aspect of lipid biosynthesis, should not 
be overestimated quantitatively. Absolutely, the lar- 
gest amounts are contributed by those phospholipids 
that form the major fractions also under normal con- 
ditions. irrespectively of whether their relative propor- 
tions may be unchanged or even slightly lowered [27]. 

Drug-induced lipidosis can be looked upon under 
two aspects, (a) as a drug side effect, and (b) as a 
cytological phenomenon which might be a useful tool 
in cell biology. 

(a) A causal relationship between the clinical symp- 
toms and the associated lipidosis-like cellular alter- 
ations seen in humans (see above) appears very likely. 
Thus drug-jnduced lipidosis can indeed gain practical 
significance. Obviously, the therapeutic risk of apply- 
ing a lipidosis-inducing drug should be balanced 
against the risk of the disease. In this context, it 
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should be mentioned that the introduction of halogen 
atoms into the hydrophobic moiety of drug mol- 
ecules, a procedure commonly applied to alter phar- 
macokinetic properties, may enhance the lipidosis- 
inducing potency. 

(b) Drug-induced lipidosis might prove to be useful 
for studying the cytological events of lysosomal stor- 
age of endogenous material. Furthermore, if it were 
possible, by means of physicochemical methods, to 
establish the spectrum of polar lipids preferentially 
interacting with a given drug, some insight into polar 
lipid turnover of a given cell type might be gained 
from the observation of absence or presence of lipid 
storage after chronic treatment. 

Finally we should like to stress the following point. 
We do not believe that drug-induced lipidosis as dis- 
cussed in this commentary is an appropriate experi- 
mental model for studying the inherited lipidoses of 
man as has been proposed [30]. According to the 
concept outlined above, it is a fairly unspecific alter- 
ation of substrates rather than an inhibition or a 
reduction of a particular enzyme that leads to intraly- 
sosomal accumulation of polar lipids. The result is, 
quite in contrast to the inherited storage diseases, 
storage of a whole spectrum of polar lipids, depending 
on the cell type and its peculiarities of lipid turnover, 
and on the affinities of the drug to different polar 
lipids. 
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