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Cationic amphiphilic drugs produce profound 
changes in phospholipid metabolism when admin- 
istered in high doses over an extended period of time 
[l]. In a variety of tissues of animals and man and 
also in cultured cells they form microscopically vis- 
ible lamellar bodies within the cell. These bodies 
have been identified as lysosomes containing excess 
membrane phospholipids. Analyses of the accumu- 
lated individual phospholipids have shown a dispro- 
portionally high content of acidic phospholipids. It 
has been speculated that cationic drugs including 
tricyclic antidepressants change the physico-chemical 
properties of phospholipids in biological membranes 
by complex formation which alters their turnover 
rates. Thus, these drugs could interfere with 
membrane-linked phenomena such as fusion of ves- 
icles, permeability and receptor functions [2]; e.g. 
tricyclic antidepressants have been shown to reduce 
the number of beta-adrenergic receptor sites in brain 
and peripheral organs of rats as part of their regular 
drug effects [3]. 

Two different mechanisms have been discussed to 
explain lysosomal phospholipid accumulation in 
drug-treated cells. One involves storage of drug- 
phospholipid complexes in the lysosomes as the 
result of a decreased breakdown of these phospho- 
lipids [l, 4, 51. 

The other hypothesis suggests a drug-induced 
increase of the selective synthesis of acidic phospho- 
lipids together with an inhibition of lysosomal 
phospholipid degradation [6,7]. 

In the present paper the effect of desipramine 
(DMI) on the phospholipid metabolism in cultured 
human skin fibroblasts was studied using [14C]-gly- 
cerol and [3H]-inositol as markers for phospholipids. 
The aim of the study was to differentiate between 
possible hypothetic mechanisms of drug effects lead- 
ing to phospholipid accumulation in living cells. 

MATERIALS AND METHODS 

Tissue culture. Skin biopsies for fibroblast cultures 
were obtained after informed consent from healthy 
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persons at occasion of minor surgery. Fibroblasts 
were grown from the biopsies and cultured as pre- 
viously described [8]. Fibroblast stock cultures were 
maintained as monolayers in 75cm2 Falcon tissue 
culture flasks. The cultures were fed twice a week 
with Eagle MEM supplemented with 10% fetal calf 
serum, nonessential amino acids, penicillin 100 U/ml 
and aureomycin 15 pg/ml. The medium was buffered 
at pH 7.4 with 15 mM NaHC03 and 5% CO2 in air. 
The stock cultures were grown to confluency at 37” 
in a C02-incubator. Cultures were subcultured every 
8 days at a subculture ratio of 1: 2. 

For experiments cells were used between the 5th 
and 10th subculture. 3.2 X lo5 cells suspended in 
4 ml of culture medium were seeded into 60 mm 0 
Falcon Petri dishes and grown to confluency for 6 
days and fed 3 and 1 days before beginning of the 
experiment. 

Experimental cultures. [2-14C]-glycerol (16.5 mCi/ 
mmol) and myo-[2-3H]-inositol (12.5 Ci/mmol) were 
obtained in sterile aqueous or ethanol/water sol- 
utions. These were diluted directly with the culture 
medium. 1 &i of radioactive phospholipid precursor 
in 4ml medium was added to each Petri dish. A 
stock solution of 1 mM DMI was prepared in culture 
medium and sterilized by Millipore filtration. Ali- 
quots were then diluted with the radiolabelled incu- 
bation medium to a final concentration of lo,30 and 
50 PM DMI, respectively. After the incubation the 
culture medium was removed, the monolayer washed 
twice with ice-cold Hank’s solution and scraped with 
a rubber “policeman” into a 50 ml Falcon tube. The 
suspension was centrifuged at 1OOOg for 5 min, the 
supernatant discarded and the pellet homogenized 
by ultrasonication in a Branson ultrasonicator in 1 ml 
of distilled water. Aliquots of the homogenate were 
used for protein determination according to the 
method of Lowry et al. [9] and for DNA measure- 
ment according to the method of Hinegardner et al. 

[lOI. 
Extraction and separation of lipids. Lipids were 

extracted from the homo enized 
7 

cells with 
chloroform/methanol, 2: 1 (v v) as described by 
Folch et al. [ 111. The chloroform layer was collected, 
evaporated to dryness under a stream of N2, redis- 
solved in chloroform/methanol, 1: 1 (v/v) and stored 
at -20” under N2. Aliquots were taken for counting 
total lipid radioactivity and for lipid phosphorus 
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determination using a test kit (Boehringer GmbH, 
Mannheim, Germany). 

Individual lipids were separated by TLC on Silica 
gel G plates. Prior to the use, the plates were acti- 
vated for 1 hr at 120”. The samples were applied to 
the plates together with authentic phospholipid stan- 
dards. TLC was performed in paperlined chroma- 
tography tanks which were allowed to pre-equilibrate 
for 1 hr. Neutral lipids, free fatty acids and phospho- 
lipids, were separated by one-dimensional TLC using 
chloroform/methanol, 95 : 5 (v/v) as solvent. Individ- 
ual phospholipids were separated by two-dimen- 
sional TLC. After developing in solvent system I 
with chloroform/methanol/water/concentrated 
ammonia, 130 : 70: 8 : 0.5 (v/v) the plates were dried 
with a stream of N2 at room temperature for 30 min. 
The plates were then developed in the second 
dimension with chloroform/acetone/methanol/acetic 
acid/water, 100 : 40 : 40 : 20 : 10 (v/v). Individual lipids 
were detected with iodine vapour and identified 
according to the co-chromatographed standards. The 
areas representing the respective lipids were scraped 
into counting vials and 10ml of Aquassure was 
added. Measurement of radioactivity was performed 
in an Intertechnique liquid-scintillation counter 
equipped with an absolute activity analyser. 

Materials. Radioactive compounds and Aquassure 
for scintillation counting were purchased from NEN 
Chemicals GmbH, Dreieichenhain, Germany, lipid 
standards were obtained from Supelco S.A. Crans, 
Switzerland, fetal calf serum and the test kit for 
phosphorus determination were from Boehringer 
GmbH, Mannheim, Germany. Eagle MEM was 
obtained from Gibco, Base& Switzerland and tryp- 
sine was from North America Biologicals, Miami, 
Florida, U.S.A. 

All disposable cell culture material was obtained 
from Becton Dickinson AG, Base& Switzerland. 
Reagents of purest grade available and Silica gel G 
TLC plates were purchased from Merck AG, Darms- 
tadt, Germany. 

RESULTS 

Effect of DMI on the labelling of total lipids 

Incubation of confluent fibroblast cultures with 
medium containing 10, 30 and 50 @I DMI, respec- 
tively for 48 hr increased the total cellular protein 
and DNA content per culture. In control cultures 
protein and DNA remained constant throughout the 
experimental period. The protein/DNA ratio 
remained unchanged in treated and in control cul- 
tures. This increased cellular growth exerted by 10 
or 30 PM DMI became evident after 24 hr. The effect 
was less pronounced or even suppressed in presence 
of 50 PM (results not illustrated). 

Total lipid phosphorus per mg of protein increased 
during the DMI exposure. This phospholipid-accu- 
mulation appeared after 12 hr and was dose-depen- 
dent (Fig. 1). Simultaneously a change of the cellular 
morphology occurred. The cells became increasingly 
granulated as shown in Fig. 2. After removal of the 
DMI-containing media and incubation with normal 
culture medium the granulation within the cells per- 
sisted for several days and concomitantly the 
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Fig. 1, Phospholipid accumulation in DMI-treated cultured 
human fibroblasts. Replicate confluent cultures were incu- 
bated with medium containing 10, 30 or 50 ,uM DMI up to 
48 hr. Lipid phosphorus was determined in aliauots of the 
FOLCH-extiacts-and referred to cellular protein. 0, Con- 
trol: 0. 10 uM DMI: a. 30 UM DMI and 0.50 uM DMI. 
Each symbbl repres% the mean of three’separate cul- 
tures. All determinations were made in duplicate. Standard 
deviations of the mean values were calculated for each 
experiment and were found to be generally within the size 

of the symbols (Figs. l-8). 

phospholipid content remained elevated as long as 
the granulation was visible. 

The effect of DMI on the incorporation of [‘“Cl- 
glycerol into phospholipids and triglycerides of con- 
fluent fibroblasts is shown in Fig. 3(a). DMI was 
added together with the [14C]-labelled glycerol. In 
control cultures the incorporation rate into phospho- 
lipids was linear only for about 3-6 hr. In DMI- 
treated cultures the [14C]-glycerol incorporation was 
same as in the control up to 6 hr. However, a sig- 
nificant increase of [‘4C]-labelled phospholipids after 
24 hr of incubation (P < 0.005) resulted from pro- 
longed linearity of the incorporation. The incorpor- 
ation of [14C]-glycerol into neutral lipids (triglycer- 
ides and cholesterolesters) was similar in DMI- 
treated and control cells. The specific labelling of 
phospholipids, [‘4C]-glycerol/total phospholipid con- 
tent, in DMI-treated and in control cultures was the 
same during the incubation (Fig. 3b) indicating a 
true increase of phospholipid content after drug 
treatment. 

In cultures that were preincubated for 3 and 7 days 
with lo@4 DMI before they were labelled with 
[14C]-glycerol in the presence of 10pM DMI, the 
specific radioactivity of the phospholipids in the 
DMI-pretreated cultures were lower than in control 
cultures and in cultures that received DMI during 
the labelling only (Fig. 4). 

The effect of DMI on the rate of disappearance 
of [14C]-glycerol labelled phospholipids from con- 
fluent fibroblast cultures is shown in Fig. 5. After 
pretreatment of the cultures with medium containing 
[14C]-glycerol, the medium was removed and the cells 
incubated up to 48 hr with fresh medium containing 
0, lo,30 or 50 @I DMI. In control cells [‘4C]-glycerol 
labelled phospholipids had a half-life of about 24 hr. 



Inhibition of phospholipid degradation and changes of the phospholipid-pattern 

Fig. 2. Morphology of DMI-treated cultured human fibroblasts. Original magnification x400. Phoc 
graphs were taken after a 48-hr exposure to drug. (a) Control: (b) 10 I’M DMI. 

DMI, regardless of the concentration doubled the 
half-life of the phospholipids (P < 0.001) (Fig. 5a). 
The specific radioactivity of the phospholipids, how- 
ever, decreased in the same way in control and in 
DMI-treated cultures (Fig. 5b). 

Other cultures were preincubated for 3 and for 7 
days, respectively with 10 PM DMI and then labelled 
with [14C]-glycerol for 24 hr still in the presence of 
10 PM DMI. In drug-pretreated cultures the specific 
radioactivity of the phospholipids was again lower 
than in control cultures. The decrease of specific 
phospholipid radioactivity during a subsequent 48 hr 
chase period was slower the longer the cultures had 
been pretreated with the drug (Fig. 5~). 

Effect of DMI on the label&g of individual 
phospholipids 

[14C]-glycerol labelled phospholipids were sep- 
arated into the major individual phospholipids by 
thin layer chromatography and their percent distri- 
bution and their individual radiolabelling were cal- 
culated (Fig. 6). Up to 6 hr the rate of [14C]-glycerol 
incorporation into individual phospholipids was 
approximately the same in presence and absence of 
30 ,uM DMI. The incorporation of [‘4C]-glycerol 
increased linearly in control and drug treated 
cultures. 

The highest incorporation was observed into phos- 
phatidylcholine (PC) and phosphatidylethanolamine 
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Fig. 3. (a) Effect of DMI on [“‘Cl-glycerol incorporation into phospholipids (PL) and triglycerides (TG) 
of cultured human fibroblasts. Radioactivity was measured in the chloroform phase of the FOLCH 
extract and calculated for PL and TG according to the percent distribution obtained by one-dimensional 
TLC. These data are referred to cellular protein. 0, Control; 0, 10 ,uM DMI; A, 30 PM DMI and 
0, 50 PM DMI. Each symbol represents the mean of three separate cultures. All determinations were 
made in duplicate. (b) Effect of DMI on the specific radioactivity of [%I-glycerol labelled PL in 
cultured human fibroblasts. Conditions and calculations as in Fig. 3(a), lipid phosphorus determination 

is given in Methods. 
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Fig. 4. Effect of DMI-pretreatment on the specific radio- 
activity of [‘4C]-glycerol labelled PL in cultured human 
fibroblasts. Replicate confluent cultures were pretreated 
for 3 and 7 days with one or two changes of medium 
containing 1OpM DMI. Then the medium was removed 
and 4 ml of incubation medium containing 10 PM DMI 
together with 1 j&i [2-‘4C]glycerol was added for up to 
48 hr. Analytical procedures and calculation as in Figs. 3(a) 
and (b). Lipid phosphorus determination is given in Meth- 
ods. 0, Control; 0, no DMI-pretreatment; A, 3 days 

DMt-nretreatment and n . 7 davs DMI-uretreatment. 

(PE) whereas the labelling of phosphatidylinositol 
(PI) and phosphatidylserine (PS) was 5-6 times 
lower. After 12 hr of incubation, the incorporation 
rate of the label into PI and PE decreased in control 
cultures while it remained almost constant in DMI 
treated cultures. Therefore, at 48 hr the incorpora- 
tion of label into PI reached 200% of the controls. 
For PC and PS the increase was only 120-130% and 
for PE 150% over control values. 

The effect of DMI on the disappearance rate of 
[14C]-glycerol label from individual phospholipids is 
shown in Fig. 7. In control cells PC and PS as well 
as PI had an estimated half-life of 24 hr as calculated 
for total phospholipids whereas the half-life for PE 
ranged between 24 and 48 hr. DMI had no significant 
effect on the half-life of PC and PS, relatively little 
effect on PE, but a marked immediate effect on PI 
which appeared to be dose related. There was an 
immediate temporary increase in labelling of PI and 
a markedly decreased disappearance rate. 

Similar labelling kinetics as for the incorporation 
and the disappearance of [14C]-glycerol in PI were 
obtained by labelling the fibroblast cultures with 
myo-[3H]-inositol as shown in Figs. B(a) and (b). 

DISCUSSION 

DMI is a metabolite of imipramine. Both drugs 
are widely used as antidepressants. They are tricyclic 
compounds and are cationic and amphiphilic in 
nature. Imipramine was shown to produce phospho- 
lipidosis in animals as a side-effect upon prolonged 
administration [12]. Similar side-effects have been 
described for many other amphiphilic drugs [12] in 
animals and in man as well as in cultured cells 141. 
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Fig. 5. (a) Effect of DMI on the rate of disappearance of [i4C]-glycerol labelled PL from confluent 
human fibroblast cultures. Replicate confluent fibroblast cultures were each incubated with 4ml of 
medium containing 1 MCi [V’C]-glycerol for 24 hr. Then the medium was removed, the monolayer 
washed twice with 5 ml HANK’S balanced salt solution and incubated with fresh medium with or 
without DMI up to 48 hr. At times indicated, cells were harvested, lipids were extracted, and PL were 
separated from TG by one-dimensional TLC. Radioactivity was measured in the chloroform phase of 
the FOLCH extract calculated according to the percent distribution obtained by TLC and referred to 
protein values obtained from aliquots of the homogenized cells. 0, Control; 0, 10 PM DMI; A, 30 PM 
DMI and Cl,50 PM DMI. Each symbol represents the mean of three separate cultures. All determinations 
were made in duplicate. (bj Effect of DMI on the specific radioactivity of [“‘C]-glycerol labelled PL of 
cultured human fibroblasts during a 48 hr “chase” period. Experimental and analytical procedure, 
calculation, and symbols as in Fig. 5(a), radioactivity was referred to lipid phosphorus values obtained 
from aliquots of the chloroform phase of the Folch extract. (c) Effect of DMI-pretreatment on the 
specific radioactivity of [2-‘%I-glycerol labelled PL during a 48 hr “chase” period. Replicate confluent 
cultures were pretreated for 3 and 7 days with one and two changes of medium containing 10 @l DMI. 
Then the medium was removed and 4 ml of medium containing 1 PCi [2-‘4C]-glycerol together with or 
without 10 PM DMI was added for 24 hr. Then again the medium was discharged, the monolayer 
washed twice with HANK’S solution, and cells were incubated with fresh medium only or with medium 
supplemented with 10 @VI DMI. Analytical procedure and calculation as in Fig. 5(b). 0, Control; 0, 
10 @l DMI added only during 48 hr chase period, A, 10 PM DMJ pretreatment for 3 days (B 7 days) 

drug remaining in the culture medium to the end of experiment. 
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Fig. 6. Effect of DMI on the incorporation of [r“C]-glycerol into the four major phospholipids of 
cultured human fibroblasts. Replicate confluent cultures were incubated in the presence of 1 &i 
[2-%I-glycerol with and without 30 @VI DMI up to 48 hr. Cells were harvested, lipids were extracted, 
and individual phospholipids separated as in Methods. Radioactivity in the individual phospholipids 
was calculated from total phospholipid radioactivity according to the percent distribution obtained by 
two-dimensional TLC. Phosphatidylcholine (PC), Phosphatidylserin (PS), Phosphatidylethanolamine 
(PE), Phosphatidylinositol (PI). 0, Control; 0,30 PM DMI; each symbol represents the mean of three 

separate cultures. All determinations were made in duplicate. 
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Fig. 7. Effect of DMI on the disappearance of [i4C]-glycerol label from individual major PL. Replicate 
confluent fibroblast cultures were incubated with 4 ml of medium containing 1 &i [Z-“Cl-glycerol for 
24 hr. Then medium was removed, cells were washed twice with HANK’S solution and incubated with 
fresh medium with and without DMI up to 48 hr. Cells were harvested, lipids extracted. and PL 
separated as in Methods. Total PL radioactivity was taken as 100%. The amount of radioactivity in the 
individual PL was calculated from total phospholipid radioactivity according to the percent distribution 
obtained by TLC. 0, Control; 0, 10 PM DMI; A, 30 @I DMI and 0, 50 FM DMI. Each symbol 
represents the mean of three separate cultures. All determinations were made in duplicate. Phospha- 

tidylcholine and -serine, phosphatidylethanolamine, phospha~idyIinosito1. 
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Fig. 8. (a) Effect of DMI on the incorporation of myo-[3H]-inositoI into PI. Replicate confluent cultures 
were incubated with medium containing about 1 @Zi [2-3H]-. mositol with and without DMI. Cells were 
harvested and lipids extracted as given in Methods. Two-dimensional TLC showed that label occurred 
only in PI. Radioactivity measured in the FOLCH extract was referred to total cellular protein. 0, 
Control; 0, 1OpM DMI; A, 3OpM DMI and U 50 FM DMI. Each symbol represents the mean of 
three separate cultures. All determinations were made in duplicate. (b) Effect of DMI on the disap 
pearance rate of myo-[Z3H]-inositol-label from PI of cultured human fibroblasts. Replicate confluent 
cultures were incubated with 4 ml of medium containing about 1 yCi of myo-[2-3H]-inositol for 24 hr. 
Then the labelled medium was removed, the cells washed twice with HANKS solution, and incubated 
with fresh medium with and without DMI up to 48 hr. At times indicated cells were harvested, lipids 
were extracted and the radioactivity measured in the FOLCH extract and referred to cellular protein. 

The value obtained after the 24 hr labelling period was taken as 100%. Symbols as in Fig. 8(a). 
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The excessive phospholipid accumulation in the cells 
appears to be exclusively located in lysosomes [13]. 

DMI is avidly taken up by the fibroblasts from the 
incubation medium and already after 30 min a steady 
state is reached.* 

Initially the drug may be bound to membrane 
phospholipids [14] but after l-2 hr the drug became 
concentrated within lysosomes.* 

Effects of lysosomotropic drugs can be con- 
veniently studied in cultured human fibroblasts 
[15,16,17]. In these cells little or no drug metabolism 
is to be expected. In cultured fibroblasts [14C]-gly- 
cerol is specifically incorporated into the glycerol 
moiety of phospholipids and neutral lipids [18]. 
[‘%I-glycerol is incorporated into phospholipids by 
de novo synthesis in microsomes and transferred to 
other intracellular membranes which lack the 
capacity for de novo synthesis of phospholipids. 
During the initial labelling period with [14C]-gly- 
cerol DMI had no apparent effect on total and/or 
individual phospholipid synthesis and on the specific 
phospholipid radioactivity. Neither did pretreatment 
of the cultures with DMI increase the synthesis of 
subsequently labelled phospholipids, although it 
increased the total content of phospholipids. After 
incubation longer than 612 hr there was an apparent 
accumulation of [‘4C]-glycerol labelled total 
phospholipids, especially of PI and PE. The 
phospholipid accumulation was dependent on the 
dose and on the number of repetitive exposures to 
the drug. At no time and at none of the concentra- 
tions of DMI used, could a change of the rate of 
synthesis of triglycerides be observed in the fibro- 
blasts. The “chase” experiments demonstrated that 
the accumulation of [‘4C]-glycerol labelled phospho- 
lipids was due to a decrease in the breakdown of 
phospholipids in the presence of DMI. DMI pro- 
longed the overall half-life of phospholipids from 
24-48 hr. For non-labelled phospholipid accumula- 
tion it took about 24-48 hr to become measurably 
increased according to the DMI concentration. 

In most cases of drug-induced phospholipidosis, 
as well as in our experiments, a disproportionate 
accumulation of acidic phospholipids, e.g. PI has 
been observed. 

Different hypotheses have been formulated to 
explain this phenomenon. 
(1) Acidic phospholipids may preferentially form 
non-degradable complexes with cationic drugs [4] 
and specific phospholipases for acidic phospholipids 
may be preferentially inhibited by cationic drugs 
[191. 
(2) Acidic phospholipids may be accumulated by 
drug-induced redirection of phospholipid synthesis 
by a partial inhibition of the phosphatidyl phos- 
phohydrolase [2, 7, 201. Thereby, the synthesis of 
the more acidic phospholipids would be favoured at 
the expense of the synthesis of the neutral phospho- 
lipids and of the triglycerides. In addition, drug- 
phospholipid compiexes formed may be resistant to 
degradation in lysosomes [20]. 

The observed increase of PI among the accumu- 
lating phospholipids in DMI-treated fibroblasts does 

* U. Honegger et al., submitted for publication. 

not favour the latter hypothesis. There is no evidence 
for increased synthesis although a DMI dose-depen- 
dent instant increase of PI in both [14C]-glycerol and 
in [3H]-inositol labelled cultures has been observed. 
In the chase experiments with [14C]-glycerol prela- 
belled cultures, a relative increase and in [3H]-inos- 
itol prelabelled cultures even an absolute increase 
of PI was almost instantly observed in the presence 
of DMI. This immediate change in the disappearance 
rate of the label is unique for PI and is not seen for 
the other phospholipids. 

This observation is compatible with the inhibition 
by DMI of the rapid turnover of PI. A rapid turnover 
of PI has been described to be stimulated by numer- 
ous agents, among them by growth-promoting sub- 
stances like fetal calf serum [21]. The products of 
this rapid turnover are diacylglycerol and inositol- 
phosphate. Both appear to be reutilized for the syn- 
thesis of PI via phosphatidic acid [21]. DMI could 
interfere with the breakdown of PI most likely by 
inhibition of phospholipase C. This enzyme isolated 
from rat liver lysosomes has been shown to act pref- 
erentially on PI and to a lesser extent on other 
phospholipids [13]. A rapid lysosomal turnover of 
labelled PI with partial reutilization of the labelled 
degradation products [14C]-glycerol and [3H]-inositol 
[22] would result in a much slower apparent overall 
turnover similar to the one of the other phospho- 
lipids. The inhibition of phospholipase C by DMI 
and possibly by other cationic drugs would explain 
both the non-proportional increase of PI as well as 
the overall increase of phospholipids in cultured 
human fibroblasts treated by such drugs. 

In conclusion, our results suggest that DMI inhibits 
phospholipid degradation in the lysosomes. Since 
phosphatidylinositol appears to have much faster 
turnover rates than other phospholipids a rapid 
increase of phosphatidylinositol is resulting from 
inhibition of lysosomal phospholipases, confirming 
the work of Matsuzawa and Hostettler (191. 
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