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Abstract-Pancreatic islets accumulate the amphiphilic drug, chloroquine, which leads to a marked 
impairment of the insulin production of the B-cells in vitro. In this study the effects of the drug on islet 
lipid metabolism in uitro were investigated. It was found that exposure of islets to chloroquine 
(1W M) for one week induced an increase of D-[U-Wjglucose incorporation into phospholipids 
and triacylglycerols of about two-fold and into diacylglycerols of about six-fold. Furthermore, two- 
dimensional thin-layer chromatography showed an increased rate of D-[%$%$$UCOSe incorporation into 
all major phospholipid classes. A 17% increase of the total islet phospholipid content indicated that an 
accumulation of islet cell phospholipids occurred. Pulse-chase experiments with D-[U-i4C]glucose showed 
that the rate of degradation of islet phospholipids was decreased after prolonged exposure to chloroquine. 
No short-term effects of chloroquine upon either the de nom biosynthesis of islet lipids or upon 
phospholipid degradation could be demonstrated. The present data therefore suggest that chloroquine 
impairs the rate of islet lipid degradation in long-term experiments, which may be a primary lesion in 
the sequence of events leading to functional impairment of the B-cell 

The finding of Dencker et al. [l] that chloroquine, 
the antimalarial and antirheumatic drug, was taken 
up and accumulated by pancreatic islet cells initiated 
further investigations in which the in vitro uptake of 
the drug [2] and its effects on the insulin production 
[3] were studied. Besides functional impairment of 
islets cultured in the presence of chloroquine, mor- 
phological findings of so called ‘myeloid bodies’ were 
made [3]. Since these bodies are a characteristic 
of drug-induced lipidosis [4], it was of interest to 
investigate effects of chloroquine on the lipid metab- 
olism of isolated pancreatic islets maintained in tissue 
culture. 

MATERIALS AND METHODS 

Chemicals. RPM1 1640 was obtained from Flow 
Laboratories, Irvine, Scotland, U.K. and crude col- 
lagenase (Type CLS) from Wo~hin~on Biochemical 
Corp., Freehold, NJ, U.S.A. Calf thymus DNA, 
chloroquine diphosphate, palmitic acid, dipalmi- 
toylglycerol, tripalmitoylglycerol, phosphatidylino- 
sitol (PI), phosphatidic acid (PA), phosphatidyl- 
choline (PC), phosphatidylethanolamine (PE) and 
phosphatidylglycerol (PG) were purchased from 
Sigma Chemical Co., St. Louis, MO, U.S.A. Pho- 
sphatidylserine (PS), lysophosphatidylcholine (LPC) 
and sphingomyelin (Sph) was from Koch-Light Lab- 
oratories Ltd., Colnbrook, Bucks, England, U.K. 
An emulsion of egg-yolk lipids was a kind gift from 
AB Vitrum, Stockholm, Sweden. D-]U-14C]glucose 
was supplied by Amersham International, Amer- 
sham, England, U.K. Malachite green (CL 42 000) 
was from BDH Chemicals Ltd., Poole, England, 
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U.K. and Tween 20 from KEBO AB, Stockholm, 
Sweden. Econofluor was obtained from New Eng- 
land Nuclear, Boston, MA, U.S.A. and Hyamine 
from Packard Instruments Company Inc., Downer’s 
Grove, IL, U.S.A. Organic solvents, 2’,-7’-dichloro- 
fluorescein and inorganic salts were of analytical 
grade and supplied by E. Merck, Darmstadt, FRG. 
Deionized, double-distilled water was used in all 
experiments. 

Animals and islet preparation. Male NMRI mice 
(Anticimex, Sollentuna, Sweden) weighing 25-30 g 
were used. After starvation overnight the animals 
were killed by neck-disiocation. Islets were isolated 
by means of collagenase digestion [S]. 

Met culture. Islets were cultured free-floating [6] 
at 37°C in a humidified atmosphere containing 5% 
CO2 in air for 5-7 days in medium RPM1 1640 
(11 mM glucose) supplemented with antibiotics 
(benzylpenicillin, 100 U/ml and streptomycin, 
0.1 mg/ml) and 10% calf serum with or without addi- 
tion of 10e5 M chloroquine, which also was the con- 
centration of the drug used in all other experiments 
described. The dose-response relationship for 
chloroquine effects on islet B-cell functions in vitro 
has recently been described 131. The culture media 
were changed on days three and five of culture. 

Incorporation of D-[U-t”C]glucose. These experi- 
ments were carried out essentially as described by 
Berne [7]. Cultured islets were incubated in groups 
of 20 in glass vials containing 100 4 of a salt solution 
(pH 7.4) buffered with bicarbonate [8,9] and in some 
experiments supplemented with 10 mM HEPES. 
Glucose (2.8 or 16.7mM) and 10&i of D-[U-*~C] 
glucose (spec. rad. 269.7mCi/mmole; final spec. 
rad. = 31.7 and .5.3mCi/mmole, respectively) were 
also added. In some experiments chloroquine was 
added to the incubation medium. The vials were 
suspended in 20 ml glass flasks containing 0.5 ml 
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redistilled water and 5% CO* in oxygen. Incubations 
lasted for 120 or 180 min at 37” in a shaking water 
bath (about 100 strokes/min). At the end of the 
incubation, 0.2 ml of isotope-free medium (37”) was 
added to each vial and the incubation was continued 
for another 10 min. Islets were then washed twice in 
an isotope-free incubation medium and transferred 
to glass-tubes containing 100 ~1 Folch’s salt solution 
[lo]. After sonication for 20 set in an MSE Ultrasonic 
Disintegrator, model 60 W (MSE, London, England, 
U.K.) homogenates were stored overnight under NZ 
at -20”. 

‘Pulse-chase’ experiments. In order to determine 
the extent of phospholipid degradation in islets, 
pulse-labelling with [14C]-glucose for 2 hr was per- 
formed with or without the addition of chloroquine 
as described above. After washing twice with iso- 
tope-free medium, islets were transferred to micro- 
vials containing 0.5 ml of RPM1 1640 + 10% calf 
serum, with or without chloroquine. The chase 
period lasted for 3-30 hr under general culture con- 
ditions as described above. 

Separation of major lipid classes. Two ml of chlo- 
roform-methanol (2:l v/v) were added to each 
homogenate. In some of the pulse-chase experiments 
samples of the chase incubation media were treated 
in an identical way. After 2 hr 30 ~1 of a carrier 
solution containing egg-yolk phospholipids, 1,2- 
dipalmitoylglycerol, palmitic acid and tripalmi- 
toylglycerol were added. Four washings were per- 
formed to remove water-soluble substances from 
the lipid extracts [lo]. A sample (1 ml) of the lipid 
extracts was evaporated to dryness under a stream 
of Nz, redissolved in 40~1 of chloroform:methanol 
(2: 1) and 30 ~1 was applied to precoated silica gel H 
plates (20 x 20 cm) (E. Merck, Darmstadt, F.R.G.), 
which had been activated for 1 hr at 120°C before 
use. The solvent solution contained n-hexane-diethyl 
ether-methanol-acetic acid (90:20:2:3, v/v) [ll]. 
After chromatography the lipid spots were sprayed 
with 2’,7’-dichlorofluorescein dissolved in ethanol 
(0.2mg/ml), and identified by U.V. light. The spots 
corresponding to phospholipids, diacylglycerols and 
triacylglycerols were scraped into scintillation vials 
and 150 fl methanol was added to each vial in order 
to dissolve the lipids. Blank scrapings were treated in 
the same way. Scintillation counting was performed 
after addition of 2.5 ml Econofluor@. 

Separation of phospholipid classes. Extraction was 
performed as described above with minor modi- 
fications. As carrier solution an extract of mouse 
liver lipids was used. In order to increase the total 
amount of labelled phospholipids to be separated by 
TLC, all of the washed lipid extract (about 1.6ml) 
was taken to dryness under Nz. The re-dissolved lipid 
extract was then applied to the plate. Separation of 
phospholipid classes was performed with 2-dimen- 
sional TLC [12]. Prior to use, silica gel H plates 
(10 x 10 cm) were sprayed with 3% (w/v) MgS04 
solution, air dried and activated for 1 hr at 120”. The 
plates were developed in the first dimension with 
chloroform-methanol-28% 
(65:25:5, v/v). After air-drying Fz&?zin thaenzzi 
dimension was developed with chloroform-acetone- 
methanol-acetic acid-water (5:2:1:1:0.5, v/v). Spots 
were visualized with iodine vapors, scraped into scin- 

tillation vials and treated as described above. A 
distinct separation of PS, PI, LPC, Sph, PA and PC 
was obtained. PE and PG were migrating as a single 
spot. In model experiments, identification of each 
phospholipid spot was obtained by development of 
commercial phospholipid standards in parallel with 
the mouse liver lipid extract. 

Determination of total lipid phosphorus. Groups 
of 50 cultured islets were transferred to glass tubes 
containing 125 ~1 of Folch’s salt solution [lo]. Homo- 
genization, lipid extraction and washing procedure 
was performed as described above, with the excep- 
tion that no carrier solution was added. The lipid 
extracts were transferred to glass tubes previously 
washed in dichromate-sulphuric acid solution over- 
night. After evaporation of the solvent, total lipid 
phosphorus was determined calorimetrically by the 
method of Itaya and Ui [13] after phospholipid 
digestion according to Chalvardjian and Rudnicki 
[14]. Perchloric acid (50 ~1: 70%) was added to the 
dried lipid extracts and digestion was performed for 
15 min in a sand bath (type HS42, Gerhardt, Bonn, 
F.R.G.) heated to 230”. The glass tubes were then 
cooled to room temperature and 400~1 of double- 
distilled water were added to each sample, followed 
by 2 ml of an ammonium molybdate malachite green 
reagent solution. After addition of 80 ~11.5% Tween 
20, each sample was shaken and the colour developed 
was read at 660nm in a Zeiss Spectrophotometer, 
model PMQ II. KHzP04 standards containing l- 
10 nmole phosphorus and blank samples were carried 
through the same procedure. 

Determination of DNA content. Duplicate samples 
of 10 ~1 were taken from each homogenate and DNA 
was measured fluorimetrically by the method of Kis- 
sane and Robins [15] as modified by Hinegardner 
[W 

Expression of results. The specific radioactivity 
of the incubation media was used to calculate the 
incorporation rate into the lipid fractions. For that 
purpose triplicate 5 ,ul samples of the incubation 
medium were counted after addition of 250 ~1 Hyam- 
inem, 150~1 methanol and 2.5 ml Econofluor@. 
Results are expressed as means t S.E.M. For stat- 
istical analyses, Student’s t-test for independent data 
was used. If not otherwise stated a two-tailed test 
was performed. 

RESULTS 

Long-term effects of chloroquine on incorporation 
of D-[U-‘4C]gh4COSe into islet major lipid fractions. 
During incubation for 2 hr in a low glucose concen- 
tration (2.8 mM) cultured control islets incorporated 
D-[U-14C]glucose into phospholipids, diacylglycerols 
and triacylglycerols as seen in Fig. 1. A great majority 
(SO-90%) of the radioactivity was found in the islet 
phospholipid fraction (Fig. la) but also the diacyl- 
glycerols (Fig. lb) and triacylglycerols (Fig. lc) con- 
tained some radioactivity. A high glucose con- 
centration (16.7mM) in the incubation medium 
resulted in a 4- to 7-fold increase of the incorporation 
rates into all three lipid fractions. 

Exposure to chloroquine during the one-week cul- 
ture period significantly stimulated the incorporation 
rates into all islet lipids at both glucose con- 
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Fig. 1. Incorporation of D-[U-14C]glucose in the absence of chloroquine into lipid fractions of islets, 
cultured for one week in the absence or presence of 10d5 M chloroquine. The incubation medium (Gey 
and Gey buffer) contained 2.8 mM (open bars) or 16.7 mM glucose (stippled bars). a; phospholipids, 
b; diacylglycerols, c; triacylglycerols. Each bar represents the mean of 9-10 experiments.* P < 0.05, 

***p < 0.001. 

centrations. At the high glucose concentration the diacylglycerol and triacylglycerol fractions, respect- 
drug-induced increment of the incorporation was ively (P < 0.001 and P < 0.01 when diacylglycerol 
most pronounced in the diacylglycerol fraction. was tested versus phospholipids or triacylglycerol; 
Thus, on a paired basis the ratios between drug- N = 5). 
exposed and control islets were 2.07 k 0.22, Long-term effects of chloroquine on incorporation 
6.68 5 1.03 and 2.35 2 0.56 for the phospholipid, of D-[U-14C]glucose into islet phospholipid classes. 
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The possibility that long-term chloroquine exposure 
may cause an altered incorporation of D-[U-‘~C] 
glucose into some of the different islet phospholipid 
classes was investigated in a separate series of experi- 
ments. Using 2-dimensional TLC for separation of 
islet phospholipid classes, detectable amounts of 
radioactivity were present in PS, PI, PC and 
PE + PG in cultured islets after an incubation for 
2 hr in the presence of D-[U-‘4C]ghCOSe (Table 1). 
The incorporation of the isotope into LPC, Sph and 
PA of these islets was too small to be detected. 
Exposure of the islets to chloroquine during the 
culture period significantly increased the incor- 
poration of the isotope into PS (160%), PI (218%), 
PC (139%) and PE + PG (165%). Exposure to chlo- 
roquine during culture also increased the incor- 
poration of the isotope into Sph to a level higher 
than blank values. 

Total isletphospholipid and DNA content. In some 
groups of islets cultured in the presence or absence 
of chloroquine the total islet phospholipid content 
was estimated by measurements of total lipid phos- 
phorus. In islets cultured in RPM1 1640, the total 
phospholipid content was 4.1 ? 0.2 &,ug DNA (N = 
10). Exposure to chloroquine during culture in- 
creased this value to 4.8 * 0.3 pg$g DNA (N = 
10); (P < 0.05). No difference in the islet DNA con- 
tent of the two experimental groups was observed. 
Thus, chloroquine-exposed islets contained 
1.18 ? 0.09 and the controls 1.12 * 0.09 pg DNA/SO 
islets (N = 10). 

Effect of chloroquine on ‘pulse-chase’ labelling of 
islet phospholipids with D-[U-14C]glucose. To deter- 
mine the rate of phospholipid degradation in cultured 
islets, the radioactivity incorporated at 16.7 mM glu- 
cose into islet phospholipids was chased for another 
3-30 hr in isotope-free culture medium. It was found 
that in islets cultured in RPM1 1640 the degradation 
of phospholipids progressed slowly (Fig. 2). After 
6 hr, 71% and 30 hr, 57% of the incorporated radio- 
activity was still to be found in the phospholipid 
fraction. However, there was no statistically sig- 
nificant degradation of phospholipids even after 30 hr 
in islets that had been exposed to chloroquine during 
the culture period despite the fact that chloroquine 
had been omitted from the chase-medium. No 14C- 
labelled phospholipids could be detected in the dif- 
ferent incubation media at the end of the chase 
period. 

In a similar series of ‘pulse-chase’ labelling experi- 
ments, islets were cultured in RPM1 1640 without 
additions and, after incubation with the isotope, the 
radioactivity incorporated at 16.7 mM glucose into 
phospholipids was chased for 30 hr in culture- 
medium with or without addition of chloroquine. 
Under these circumstances it was found that expo- 
sure to chloroquine during the chase period did not 
influence the islet phospholipid content. Thus, 
9.37 ? 0.75 (N = 15) and 9.26 +- 0.59 (N = 15) 
pmole glucose/20 islets were still incorporated in 
the phospholipids of chloroquine exposed islets and 
controls after the chase period. 

The disappearance of the different labelled 
phospholipids in islets exposed to chloroquine during 
culture was determined in a separate series of experi- 
ments after a 30 hr ‘chase’-period following the 



Chloroquine and islet lipid metabolism 1469 

1. 
10 20 

* 
3o time fh) 

Fig. 2. Disappearance of radioactively labelled phospho- 
lipids from pulse-labelled islets cultured for one week in 
the absence (closed circles) or presence (open circles) of 
10e5 M chlor&quine. Pulse-iabeliing was performed in Gey 
and Gey buffer containing 16.7 mM glucose for 2 hr, fol- 
lowed by culture in RPM1 1640 and in the absence of 
chloroquine for another 3-30 hr. Each circle represents the 
mean of 4-10 exueriments. *‘P < 0.01 and *P < 0.05 (one- 

tailed test)*when tested vs non-chased controls. 

incubation with the isotope (Table 1, lower part). In 
islets exposed to chloroquine, there were sig- 
nificantly higher levels of radioactivity still present 
in PS (133%), PI (262%), PC (159%) and PE + PG 
(206%) as compared to control islets. Furthermore, 
detectable amounts of radioactivity were found in 
Sph of chloroquine-exposed islets. 

Eflect of chloroquine on islet lipid biosynthesis. In 
an attempt to estimate a possible effect of chlo- 
roquine on the de novo biosynthesis of islet lipids, 
one-week-cultured islets (RPM1 1640) were incu- 
bated for 3 hr in the presence of D-[U-14C]glucose 
and chloroquine. No stimulatory effect of chlo- 
roquine on the glucose incorporation into the major 
islet-lipid fractions was seen, as compared with islets 
incubated in the absence of the drug (Table 2). After 
the 3 hr incubation period, most of the radioactivity 
was still found in the phospholipid fraction. At this 
time point there was, however, more radioactivity 
incorporated into triacylglycerols than into diacyl- 
glycerols, as compared with the 2 hr incubations (cf. 
Figs lb, c). 

DISCUSSION 

The present study shows that exposure of pan- 
creatic islets to chloroquine for 7 days in vitro causes 
an increased incorporation of radioactive glucose 
into the major lipid classes and an impaired degra- 
dation rate of the islet phospholipids. As evidenced 
by determinations of the total islet phospholipid 
content this led to an accumulation of phospholipids 
in the ~hloroquine-exposed islets. In a previous study 
it was found that culture of islets in the presence of 
chloroquine caused a marked decrease of insulin 
biosynthesis and secretion as well as the oxidation 
rate of glucose [3]. Furthermore, the B-cells of the 
chloroquine-exposed islets contained an abundance 
of ‘myeloid bodies’, which were absent in control- 
cultured islets. Altogether these findings indicate 
that chloroquine induces a lipidosis-like condition in 
the islets, which has earlier been observed in several 
other tissues, e.g. fibroblasts 1171, hepatocytes [18], 
leucocytes [19], pancreatic exocrine cells 1191 and 
retinal ganglion cells [20]. 

The chloroquine molecule is a weak base known 
to accumulate within lysosomes, probably by proton 
trapping due to its amphiphilic properties [21]. Due 
to the buffering capacity of the lysosomes or, more 
probably, the action of a proton pump in the lyso- 
somal membrane, the intra-lysosomal concentration 
of the drug may finally reach a level of thousand 
times higher than the surrounding medium [22]. The 
final steady-state concentration within lysosomes 
takes, however, considerably longer time to develop 
as compared to the rapid cytoplasmatic uptake [21]. 
The initial phase of chloroquine uptake into pan- 
creatic islets is known to be rapid and still linear after 
90 min [2]. The time-course for the slower, second 
phase accumulation of the drug into the lysosomal 
compartment of pancreatic islet cells is, however, to 
our knowledge, unknown. Nevertheless, the biphasic 
pattern of chloroquine uptake offers an explanation 
for the discrepancies in this study between the short- 
term and long-term effects of the drug. Thus, chloro- 
quine exposure of the islets in short-term experi- 
ments affected neither the incorporation rate of ‘4c- 
glucose into phospholipids (3 hr) nor the degradation 
rate of phosphofipids (30 hr). On the other hand, 
after culture in the presence of chloro 

9 
uine for a 

week, there was an increased rate of the [ 4C]gIucose 
incorporation and a delayed degradation rate of 
phospholipids. 

A plausible explanation for the accumulation of 
radioactive glucose in islet phospholipids is a chloro- 
quine-induced impairment of phospholipid degra- 
dation. Thus, the reduced degradation leads to a 

Table 2. Incorporation of D-[U-14C]glucose into lipid fractions of islets cultured in RPM1 
1640 for one week in the absence of chloroquine and subsequently incubated at 16.7 mhl 

glucose in Gey and Gey buffer with or without 10e5 M chloroquine 

Additions Phospholipids Diacylglycerols Triacylglycerols 

None 37.0 4 3.7 [15] 
Chloroquine 1O-s M 39.5 rt 4.4 [15] 

2.3 c 0.4 [13] 4.0 ” 0.7 [13] 
2.8 * 0.5 [14] 4.6 2 0.7 [14] 

Incubation with the isotope was carried out for 3 hr. Means +- S.E.M. are given and 
data are expressed as pmoie glucose/20 islets x 3 hr. Number of experiments are given 
within parentheses. 
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decreased rate of re-utilization of non-labeiled pre- 
cursors [23] which favours the incorporation of [‘“Cl- 
glucose, which is mainly incorporated as glycerol 
phosphate and to a minor extent as fatty acids in 
mouse pancreatic islets [7]. Our present findings 
therefore are compatible with the idea that the slow 
but extensive lysosomal accumulation of chloroquine 
is the causative factor behind the delayed degra- 
dation of phospholipids. In favour of this view, 
Matsuzawa and Hostetler 1241 have recently demon- 
strated that chloroquine in mM-concentrations 
inhibits phosphoiipase A and C in isolated rat liver 
lysosomes by a direct interaction with the enzymes 
and by increasing the lysosomal pH. 

In cultured control islets a high glucose con- 
centration during the incubation period markedly 
increased the incorporation of [14C]glucose into 
phospholipids, diacylglycerols and triacylglycerols as 
previously reported [7]. After culture in the presence 
of chloroquine, there was an additive effect of the 
drug on the incorporation rate into all three major 
lipid fractions. This drug-induced increment of the 
incorporation rate was of the same magnitude in the 
low and high glucose concentration, thus suggesting 
that the action of chloroquine is not directly linked 
to changes of the glucose metabolism of the islets. 
The reduced glucose oxidation rate of pancreatic 
islets cultured in low5 M chloroquine [3] raises the 

uestion of whether the increased inco~oration of 
?Wgl ucose into different lipids after 5-7 days of 
chloroquine exposure reflects shunting of the isotope 
into lipids after the glycolytic conversion of glucose 
to glyceraldehyde phosphate and glycerol phosphate. 
It was, however, also found that islets exposed to 
10W4M chloroquine for only 90min showed a sig- 
nificantly reduced oxidation rate of glucose. Since 
we in the present study were unable to detect an 
increased in~o~oration of f’4C]glucose into lipids 
during 3 hr of chloroquine exposure, a shunting 
mechanism seems unlikely. The exact location of the 
chloroquine-induced inhibition of glucose oxidation 
in pancreatic islets is, however, still unknown. It is 
noteworthy that the flux of glucose through glycolysis 
in erythrocytes has been shown to be unaffected by 
exposure to 1 mM chloroquine for 1 hr [25], 

The accumulation of radioactive glucose after 
chloroquine exposure was increased not only into all 
major phospholipid classes but also into di- and 
triacylglycerols. Indeed, chloroquine increased the 
incorporation of [‘4Cfglucose into diacylglycerols 
more than into phospholipids of the long-term ex- 
posed islets. Since diacylglycerol is the immediate 
precursor in the biosynthesis of some phospholipids 
(PC, PE, PS) an inhibited degradation of these lipids 
could effect a feedback inhibition of their biosyn- 
thesis with a corresponding accumulation of 
diacylglycerol. 

TO what extent the derangement of the phospho- 
lipid metabolism induces the marked impairment of 
insulin production in the chloroquine exposed B- 
cells [3] is difficult to assess. To our knowledge 

there are no previous reports on the influence of 
disturbances of the islet phospholipid metabolism on 
the insulin production. It is, however, tempting to 
believe that changes in the membrane turnover of 
the rough endoplasmic reticulum leads to a deterio- 
ration of the intracellular insulin processing (biosyn- 
thesis, storage, release and degradation), which 
finally gives the severe functional impairment. 
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