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Effect of Chronic Chloroquine Administration on
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ABSTRACT. The ability of chloroquine to alter iron loading in the liver, spleen, and alveolar macrophages was
investigated in iron-loaded or -depleted rats. Chloroquine significantly reduced incorporation of iron into the
liver, spleen, and alveolar macrophages of animals loaded in vivo with iron dextran. The ability of these
macrophages to respond to oxidative stress was assayed by their capacity to release reactive nitrogen
intermediates after lipopolysaccharide (LPS) stimulation. A significant reduction in nitrite release was observed
in primary cultures of macrophages isolated from chloroquine/iron dextran-administered rats in comparison to
macrophages lavaged from rats iron-loaded alone. Macrophages isolated from iron-deficient rats showed a
significant increase in nitrite after LPS stimulation, whereas nitrite release in the macrophages lavaged from the
rats which had also received chloroquine during the iron depletion regime was much lower. These results
indicate that the use of agents which decrease the iron content and diminish the oxidative response of the cell
to altered iron status may be of therapeutic value in patients with iron loading, particularly of the
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reticuloendothelial system.
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Macrophages are phagocytic cells which accumulate at the
site of infection or inflammation to eliminate pathogenic
agents. The macrophage will bind to and ingest only certain
particles, depending on the chemical composition and
properties of the particle surface. This is accomplished by a
course of metabolic events known as the respiratory burst,
where a number of powerful oxidising agents, including
hydrogen peroxide and hypochlorous acid together with a
battery of highly reactive free radicals such as hydroxyl
radicals and nitric oxide [1, 2], are released to combat the
foreign agent. Various substances, such as iron and ethanol,
have been shown to adversely effect this respiratory burst in
vivo [3].

There is a moderate increase of iron in the RES! under
certain inflammatory (e.g. rheumatoid arthritis) or infec-
tious (e.g. HIV) conditions [4-6]. This is accompanied by
the so-called “anaemia of chronic diseases”. Much higher
amounts of iron accumulate in the RES secondary to
iron-loading diseases that principally affect the RES, such
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as various haemoglobinopathies (e.g. thalassaemia) and
Bantu siderosis, or to the requirement for regular red cell
transfusion [7]. Such an accumulation of iron may be
detrimental to the normal functioning of the macrophages
and may enhance the risk of certain infections [8]. Thera-
peutic intervention to prevent such iron accumulation
might therefore have some clinical benefit.

Various agents have been demonstrated to dramatically
alter intracellular trafficking, primarily by altering the
intraorganelle pH of specific organelles such as lysosomes
and endosomes. These acidic organelles are known to be
involved in receptor-mediated endocytosis, a system known
to be utilised by the transferrin—transferrin receptor path-
way [9]. Chloroquine affects acidic vesicles, such as lyso-
somes and endosomes, and crosses membranes in its non-
protonated form so that the vesicles become hyperosmotic,
with water diffusing into the cytoplasm to restore the
osmotic equilibrium, thereby increasing the intravesicle pH
[10]. Previous in wivo studies which have investigated the
effects of an acute chloroquine administration on ferritin
trafficking showed that the release of endogenous ferritin
was inhibited in normal rats, whereas the biliary ferritin
concentration was decreased in iron-loaded rats [11].

Therefore, in the following studies, the effect of chronic
chloroquine administration was assessed on both the accu-
mulation of iron in specific tissues of rats of differing iron
status, as well as on the alveolar macrophage function with
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FIG. 1. Haematological parameters in rats after iron loading or
depletion (A) and after supplementation with chloroquine dur-
ing the iron loading and depletion period (B) with differing iron
loadings supplemented or not with chloroquine.

regard to the activity of SOD and the release of RNI after
stimulation with LPS.

METHODS

Groups of male Wistar rats, 70—80 g, N = 10 in each
group, were either overloaded with iron dextran (Vifor
Pharmaceuticals), which was administered intraperitone-
ally 3X/week for 4 weeks, total dose = 125 mg Fe/kg, or
depleted of iron by the administration of a diet (Iffa Credo)
deficient in iron (<0.001 pg Fe/kg) for a 5-week period.
One week prior to the iron-loading or -depleting schedule,
injections of chloroquine diphosphate (Sigma) were admin-
istered (5X/week) at a dose of 15 mg/kg. The administra-
tion of chloroquine was continued for the entire period of
iron loading or depletion.

At the conclusion of the experiment, the rats were
injected with a sublethal dose of Nembutal, sodium pent-
abarbitone, 0.6 mg/kg. The trachea of the rats was exposed
and a midline incision made to expose the heart and lungs.
After insertion of a tube via the trachea into the lungs, the
alveolar macrophages were recovered by five lavages, each
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with 10 mL PBS. The lungs were observed during this
procedure to ensure that there was no leakage of PBS. An
aliquot of the cells was taken for the preparation of primary
cultures for the ex vivo stimulation experiments, while the
remaining cell suspensions were utilised for the assay of iron
content and the activity of total SOD. The primary cultures
of the macrophages were prepared as described in our
previous article [3] as were the methods for estimation of
SOD and the release of RNI from primary cultures of
alveolar macrophages after stimulation with LPS.

Haematological parameters were assayed in the blood,
collected by cardiac puncture on completion of the alveolar
lavage, by standard laboratory analyses.

RESULTS

Chloroquine administration to the controls and iron-
loaded rats did not adversely affect the rate of growth, the
weight of each group of rats at the completion of the
experiment being similar (302 = 15 g). The growth of the
iron-depleted rats was slightly impeded by the iron defi-
ciency, although the mean weight of both groups of rats at
the completion of the study was 260 = 23 g.

Figure la shows the mean serum iron concentration
together with the mean transferrin saturation for the three
groups of rats of differing iron status. The changes in each
of these parameters paralleled the iron status. Iron loading
for four weeks with iron dextran significantly increased the
concentration of iron in the tissues investigated, namely
the liver (12-fold), the spleen (45-fold), and the alveolar
macrophages (4-fold). In the iron-depleted rats, a 4-fold
decrease in iron content was evident in the liver, while
neither the spleen nor alveolar macrophage content was
significantly altered (Table 1).

Figure 1b shows the haematological parameters after
chloroquine was administered during the periods of iron
loading and depletion. Comparable changes in the iron
status were again observed, although the values obtained

TABLE 1. Effect of chronic chloroquine administration on
iron loading and depletion in the liver, spleen, and alveolar
macrophages

- +
Chloroquine Chloroquine
Controls
Liver 202 + 38 119 = 227
Spleen 182 = 14 126 + 247
Alveolar macrophages 6.1 1.6 5.7+093
Iron-loaded
Liver 2364 + 224 1992 =+ 164*
Spleen 8210 * 167 6468 += 1100*
Alveolar macrophages 234 +89 7.02 + 1.6*
Iron-depleted
Liver 42 43 35+ 3.3%
Spleen 139 £ 17 143 +2
Alveolar macrophages 7.8 +2.1 7.6 0.3

Results are presented as ug/g tissue for liver and spleen and ng/ug for macrophages.
*P < 0.05 and TP < 0.01, statistical analyses by ANOVA.
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TABLE 2. Total superoxide dismutase activity in
bronchoalveolar macrophages isolated from iron-loaded, iron-
deficient, and control rats

SOD activity (U/pg protein)

Rat Chloroquine
Control (N = 6) 0.024 = 0.01
Iron-loaded (N = 6) 0.050 = 0.001*
Iron-depleted (N = 5) 0.053 = 0.04

Results are presented as means * SE. Statistical analysis by ANOVA.
*P < 0.05 and refers to Fe versus control.

were diminished by comparison to those rats which did not
receive this lypotrotrophic agent (Fig. 1a). In addition, the
iron content of a number of these tissues decreased (Table
1). In the liver, the iron content was decreased by 40% in
control rats (P < 0.001), and by 16% in both the
iron-loaded (P < 0.04) and iron-deficient rats (P <
0.02), (Table 1). In the spleen (Table 1), chloroquine
administration diminished the iron content by 31% in
control rats (P < 0.01) and by 21% in iron-loaded rats
(P < 0.05). However, no effect was detectable in iron-
deficient rats. Furthermore, the iron content of alveolar
macrophages obtained from iron-loaded rats was decreased
to levels of the controls (P = 0.04), while no effect of this
weak base on iron content was evident in macrophages
from either control or iron-deficient rats (Table 1).

The oxidative tone of the macrophages of differing iron
status was assessed by the measurement of SOD activity. In
iron-loaded macrophages, SOD activity increased signifi-
cantly compared to control rats (P < 0.05), which
correlated with the increased iron content in these cells
(Table 2). SOD activity in macrophages lavaged from
iron-deficient rats, although higher than the control value,
did not reach statistical significance, as the range of results
was high. Attempts to assay SOD activity in the macro-
phages isolated from the rats treated with chloroquine was
not possible, as the presence of chloroquine in the samples
interfered with the superoxide-generating system of the
assay.

After stimulation of the primary cultures of the alveolar
macrophages with LPS, there was a small decrease in NO,
release in the iron-loaded macrophages in comparison to
controls, as previously described [3]. In the macrophages
isolated from the iron-depleted rats, there was a significant
increase in NO, release, despite the fact that their iron
content was similar to controls (Fig. 2).

Chloroquine administration to the three groups of rats
during the iron-loading or depletion regime induced signif-
icant and comparable changes in NO, release by the
macrophages; the iron content of each of the alveolar
macrophage preparations was now similar. However, the
extent of NO, release before and after stimulation with LPS
was markedly reduced, by approximately 10-fold (Fig. 2).
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DISCUSSION

Chloroquine and its analogue hydroxychloroquine have
been utilised for decades as antimalarial drugs and as
anti-inflammatory drugs in diseases such as rheumatoid
arthritis or lupus. In these very diverse disease indications,
the exact mechanism of action of chloroquine is still
debated [12, 13]. However, it is clear that the weak base
chloroquine accumulates in the acidic organelles of the cell,
where it blocks acidification [10]. Such an alteration in the
pH of the endosomal vesicle prevents the release of iron
from the transferrin—transferrin receptor complex, ulti-
mately decreasing iron uptake via this pathway. However,
other pathways exist for the entry of iron into the cell,
including endocytosis [14] as well as the ferritin receptor
pathway [15].

Five weeks of chloroquine administration significantly
reduced the liver and splenic iron content in both the
control and iron-loaded rats, while in the iron-deficient
rats, a significant decrease in iron was only evident in the
liver. In the control animals, chloroquine decreased the
uptake of iron into the liver by 40% and into the spleen by
30%. In contrast, in the iron-overloaded animals, the
chloroquine-induced reduction in iron uptake by both the
liver and spleen was only 20%, possibly indicating that the
major pathway for the uptake of excessive amounts of iron
from iron dextran in these heterogeneous tissues was not
via the transferrin receptor but by phagocytosis. An impor-
tant effect of chloroquine observed in the present study was
its ability to reduce the uptake of iron by the bronchoal-
veolar macrophages after iron dextran loading. Indeed, the
iron content was substantially lower, i.e. approximately
400%, in rats treated with chloroquine. Chloroquine reput-
edly alters both the transferrin—transferrin receptor path-
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FIG. 2. NO, release from bronchoalveolar macrophages isolated
from normal, iron-loaded, and iron-deficient rats after ex vivo
stimulation with LPS (1 pg/mL) in the absence and presence of
chloroquine supplementation. Results are presented as means *+
standard deviation for 6 rats. Significance calculated (%) by
comparison to controls, P < 0.01, and by comparison to rats not
supplemented with chloroquine during the iron loading and
depletion periods (3%) P < 0.001.
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way and phagocytosis. Indeed, this antimalarial drug signif-
icantly inhibits the uptake of radioactive iron in a dose-
dependent fashion in both neuronal and glial cells in witro
[16], this being thought to be an exclusive transferrin—iron
transport system. On the other hand, macrophages obtain
their iron by a variety of processes which are dependent
upon the form in which it is supplied: by the transferrin—
transferrin receptor pathway, by endocytosis, or by phago-
cytosis. However, the exact explanation as to why chloro-
quine decreases the degree of tissular accumulation of iron
due to iron dextran remains to be elucidated.

Chloroquine had a dramatic effect upon the production
of reactive nitrogen species after stimulation of the macro-
phages with LPS. In our previous studies, we had clearly
shown that in vivo iron loading significantly decreases the
release of RNI from macrophages stimulated with both LPS
and interferon-y [3]. The present communication confirms
this, as well as showing that iron depletion of the animal
significantly increases the release of RNI from alveolar
macrophages, even though the total iron content of these
cells is not altered. Similarly, in our previous study of
ethanol-loaded rats [3], a reduction in NO, release was
observed, despite there being no detectable change in iron
content of the macrophages. The significant reduction in
NO, release after ex wivo stimulation of macrophages
obtained from the rats of differing iron status, which had
been administered chloroquine for five weeks, was achieved
despite the lack of change in macrophage iron content.
Kremsner et al. [17] also showed that chloroquine, in a
dose-dependent manner, inhibits both interferon-y and
malaria antigen-induced RNI production in murine macro-
phages in vitro. In contrast, Anstey et al. [18] showed that
chloroquine had no effect on nitric oxide synthase activity.
Very recently, chloroquine was shown to upregulate nitric
oxide production in endothelial cells in vitro by limiting the
availability of iron, but the authors did not provide results
on macrophage cells [19]. Exactly how the reduction in
RNI production observed in our study is achieved remains
unclear, but chloroquine is known to inhibit the produc-
tion of several monokines that are influential in the
induction of RNI production by iNOS [20, 21].

The increased activity of SOD after iron loading alone
may indicate that there is an increase in superoxide
production with the formation of the reactive oxygen
messenger, hydrogen peroxide. This could have a variety of
actions on the iron homeostatic mechanisms of the cell and
on cytokine production. Firstly, hydrogen peroxide can
influence the 4Fe 4S structure of iron responsive protein 1,
reducing it to the OFe-4S cluster in a relatively short time
period, i.e. 15 min in vitro [22]. This would increase the
uptake of iron via transferrin receptors. Secondly, hydrogen
peroxide can act as a messenger for the activation of NFkB
in the cell. Preliminary results from our laboratory clearly
show the activation of NFkB in iron-loaded macrophages
but not in iron-depleted cells.* Further studies are needed

* Legssyer R and Piret B, unpublished observations.
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to ascertain what effects chloroquine has upon SOD activ-
ity using a method which is not adversely affected by the
presence of chloroquine in the samples.

Our ex wvivo data on the effect of iron status on RNI
release therefore confirm what had previously been shown
in vitro on the J774 murine macrophage cell line [23].
Whether there is a mechanism for the transcriptional
regulation of iNOS expression by iron remains unknown.
However, it was recently reported [24] that iron status
modulates the binding affinities of at least two transcription
factors to different sites in the iNOS promoter region, these
inducible transcription factors being STATI1-a (signal
transducer activators of transcription) and the LPS-induc-
ible NFkB.

It has become increasingly clear in recent decades that
iron overload predisposes to a variety of infections, partic-
ularly when iron loading principally affects the RES. This
has been shown both experimentally and clinically [25, 26,
4, 8, 27]. A drug such as chloroquine which on chronic
administration was shown in the present study to prevent
loading of tissular macrophages with iron during experi-
mental administration of iron dextran, might therefore play
some role in preventing infection associated with iron
overload. Indeed, chloroquine has been shown experimen-
tally to inhibit the intracellular multiplication of both
Legionella pneumophila and Histoplasma capsulatum by limit-
ing the availability of iron to the microorganism [28, 29].
Chloroquine was also effective in inhibiting the growth of
Mycobacterium tuberculosis in the human monocyte [30] and
enhanced the resistance to Cryptococcus neoformans infec-
tion in vivo [31, 32]. However, in the latter type of
infection, the effect of chloroquine does not seem to be
mediated via restriction of iron acquisition. Finally, chlo-
roquine or its derivative hydroxychloroquine has been
reported to inhibit HIV-1 both in vitro and in vivo [33-35].
The effect of chloroquine in the latter situation is reported
to result from an inhibition of posttranscriptional modifi-
cations of the virus. However, in view of the fact that iron
loading of cells increases HIV-1 transcription [36], one may
speculate that chloroquine might also benefit by virtue of
limiting iron accumulation in macrophages due to the
chronic inflammatory process. In the present study, iron
loading was achieved through administration of iron dex-
tran, and chloroquine was shown to limit iron loading in
macrophages. It was clear that the release of NO, from the
stimulated macrophages isolated from the non-chloro-
quine-supplemented animals inversely related to their iron
content. We do not know at present whether chronic
chloroquine administration will also impair chronic iron
loading in macrophages, which is the hallmark of chronic
inflammation.
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