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Abstract 
 
Contrasting reports exist in the literature regarding the effect of chloroquine 
treatment on cellular zinc uptake or secretion. Here we tested the effect of 
chloroquine administration in the Drosophila model organism. We show that larvae 
grown on a diet supplemented with 2.5 mg / mL chloroquine lose up to 50% of their 
stored zinc and around 10% of their total potassium content. This defect in 
chloroquine-treated animals correlates with the appearance of abnormal 
autophagolysosomes in the principal cells of the Malpighian tubules, where zinc 
storage granules reside. We further show that the reported increase of Fluozin-3 
fluorescence following treatment of cells with 300 µM chloroquine for one hour may 
not reflect increased zinc accumulation, since a similar treatment in Madin-Darby 
canine kidney cells results in a 36% decrease in their total zinc content. Thus, 
chloroquine should not be considered a zinc ionophore. Zinc supplementation plus 
chloroquine treatment restored zinc content both in vivo and in vitro, without 
correcting autophagic or other ionic alterations, notably in potassium, associated with 
the chloroquine treatment. We suggest that chloroquine or hydroxychloroquine 
administration to patients could reduce intracellular zinc storage pools and be part of 
the drug’s mechanism in of action. 
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Introduction 
 
Chloroquine was the first effective antimalarial drug [1]. Soon after, this substance was 
used to treat autoimmune disorders [2, 3]. Chronic use of chloroquine induces 
myopathy and macular degeneration [4, 5]. Hydroxychloroquine, a less toxic derivative 
of chloroquine, was broadly used at the onset of the Covid19 pandemic to treat SARS-
Cov-2-infected individuals with disappointing results [6]. Nevertheless, 
hydroxychloroquine is regularly prescribed and recommended to this time for all 
patients with lupus erythematosus [7]. It also has many other specialized clinical uses 
[8]. 

 

The mechanism of action of this drug has been an area of many investigations. 
Chloroquine inhibits melanosome formation in tadpoles [9], affects lysosomes and 
autophagic processes and induces myeloid bodies (abnormal intracellular 
multimembrane inclusions) in rat livers [10], and inactivates lysosomal function in 
cultured fibroblasts [11]. Malaria-infected primates exhibited similar alterations upon 
chloroquine administration, primarily affecting Plasmodium trophozoites that 
concentrate hemozoin in a digestive vacuole [12]. A proposal to explain the observed 
effects of chloroquine on lysosomes and related structures, and also the mechanism of 
its cellular uptake and accumulation, was the idea that upon protonation in an acid 
environment, the molecule becomes membrane-impermeable, a property known as 
lyososomotropism [13, 14]. It was further postulated that an increase in lysosomal pH, 
also reported in cells treated with chloroquine [15], could be the direct effect of the 
above-mentioned protonation by simple mass action [13]. This view was subsequently 
challenged on the basis that chloroquine concentrations required for lysosomal 
alkalinization were two orders of magnitude higher than those causing parasite death 
in malaria [16]. Furthermore, direct pH measurements performed on individual 
Plasmodium parasites cultured under physiological conditions showed a drop in 
lysosomal pH upon treatment with chloroquine [17]. Thus, the mechanisms of action 
of chloroquine differ depending on the concentrations applied and the incubation time 
[18]. 

 
Genetics contributed to the study of how chloroquine affects Plasmodium revealing 
that chloroquine-resistant Plasmodium strains result from mutations in a lysosomal 
transporter [19]. Upon mutation, the transporter acquires a novel function to export 
chloroquine from lysosomes [20, 21]. Chloroquine also binds directly to heme and to 
the protein complex in the Plasmodium food vacuole that is required for hemoglobin 
degradation and hemozoin formation [22, 23]. In mammalian cells, chloroquine 
impairs the basal autophagic flux through a decrement of autophagosome-lysosome 
fusion and not by inhibiting lysosomal degradation [24]. These more recent findings 
have not fully resolved the mechanism of action for this drug. 
 
The study presented here was initiated at the onset of the Covid19 pandemic and 
aimed to evaluate the effect of chloroquine on systemic zinc homeostasis in Drosophila 
melanogaster. We previously described that zinc storage in this insect depends on the 
formation of lysosome-related organelles [25]. We also had information on the 
endogenous speciation of zinc within the acid granules of the renal-like Malpighian 
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tubule cells: zinc is complexed predominantly with 3-hydroxy-kynurenine (3HK) and 
chloride ions [26]. Mutations in the vermilion (v) gene, which encodes the single 
tryptophan dioxygenase enzyme in flies, failed to concentrate zinc in the Malpighian 
tubules of the insect [26]. Considering the known reliance of the immune response on 
systemic zinc availability [27], we wondered whether chloroquine’s mechanism of 
action was related to zinc homeostasis in flies [28]. Indeed, 300 µM chloroquine is a 
concentration at the higher end of doses commonly employed and appeared to 
potentiate the internalization of 50 µM zinc chloride in a human ovarian cancer cell 
line [29]. Chloroquine was proposed to be a zinc ionophore on this basis [29]. 
Nevertheless, another report showed that the zinc ionophore clioquinol and 
chloroquine have contrasting effects on cellular zinc homeostasis, calling for an 
explanation [30]. More recently, Kavanagh et al. showed that hydroxychloroquine does 
not bind to zinc in physiological conditions, cannot transport zinc through a liposomal 
membrane in the way known for zinc ionophores, concluding that hydroxychloroquine 
is not a zinc ionophore [31]. 

 
The Drosophila model had been used to study the long-term toxicity of chloroquine 
provoking a myopathy, leading to the discovery that glycogen degradation was 
partially dependent on the autophagic pathway, which chloroquine inhibits [32]. 

Therefore, we reasoned that being chloroquine a zinc ionophore, Drosophila larvae 
grown on chloroquine might accumulate more zinc in their granules and v1 mutant 
larvae might restore their zinc storage capacity. Furthermore, X-ray absorption near 
edge structure (XANES) spectroscopy from the Malpighian tubules should reveal a 
change in zinc speciation corresponding to the newly formed chloroquine-zinc 
complex. Our experiments also included investigations in Madin-Darby Canine Kidney 
(MDCK) cells [33], revealing the strong influence of chloroquine in zinc systemic 
homeostasis and suggesting a surprising additional mechanism of action of 
chloroquine and its derivatives.  
 
Materials and Methods 
 
Chemicals 
 
Chloroquine diphosphate salt (C6628), zinc chloride (229997) and sodium dodecyl 
sulphate (SDS, L5750) were purchased from Sigma-Aldrich.  FluozinTM-3, AM (F24195), 
LysotrackerTM Deep Red (L7528), penicillin and streptomycin (190846), and trypsin-
versene (190510) were purchased from Invitrogen. Metal-free, concentrated (65%) 
Suprapur nitric acid (1004411000) was from Merck. Dulbecco's modified Eagle's 
medium (DMEM, 31600-083) and fetal bovine serum with iron (21300-058) were 
obtained from Life Technologies.  
 
Live material 
 
All experiments were performed with an isogenic Drosophila melanogaster w+ strain, 
which carries no known mutations [25]. Larvae were grown on media with 12.5 % 
molasses, 10 % brewer’s yeast, 1.6 % agar, 0.3 % gelatin, and 1 % propionic acid in 
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water. Chloroquine diphosphate and zinc chloride salts were added at final 
concentrations of 2.5 mg / mL [32] and 1 mM [25], respectively, where indicated. 
 
MDCK cells were grown at 37 °C in an atmosphere of 5% CO₂ and 95% air in DMEM, 
supplemented with penicillin (10,000 units/ml), streptomycin (10 mg/ml), and 10% 
fetal bovine serum with iron. After harvesting with trypsin-versene, cells were plated 
onto multi-well plates (9.6 cm² cell growth area) and incubated for 48 h in 
supplemented DMEM that was later replaced with a fresh medium containing 50 μM 
zinc chloride and/or 300 μM chloroquine and incubated for 1 hour at 37°C with 
continuous agitation.    
                                    
X-ray absorption experiments 
 
The Malpighian tubules of 22 third instar larvae that were fed during 72 h on a regular 
diet supplemented with 2.5 mg / mL chloroquine were dissected in a 0.25 M sucrose 
solution and transferred to a drop of 0.25 M sucrose placed in a Kapton-covered acrylic 
glass holder. The chloroquine-zinc complex powder was also placed in a similar setup. 
The sealed holders were frozen in liquid nitrogen and transported to the synchrotron 
in a pre-chilled Dewar. Other reference samples that appear as key comparators in the 
figures (Malpighian tubules from control-fed w+ larvae and the complex of zinc with 3-
hydroxy-kynurenine and chloride) were handled in the same way and measured during 
the same beamline session in July 2020 but have been reported before [26]. X-ray 
absorption spectroscopy (XAS) measurements at the Zn K-edge were performed at the 
SuperXAS 2.9 T superbending-magnet beamline of the Swiss Light Source (Villigen, 
Switzerland). The 2.4 GeV storage ring was operated in top-up mode (400 mA) [34]. 
The source beam was collimated by a Si coated mirror at 2.9 mrad pitch, which also 
served to reduce higher harmonics, and subsequently monochromatized by a liquid 
nitrogen cooled channel-cut Si[111] crystal for scanning of the excitation energy. The 
X-ray beam was focused using a Rh-coated toroidal mirror to a spot size on the sample 
of 1.5 × 0.3 mm. An energy-resolving five-elements silicon drift detector (RaySpec), 
shielded by 10 μm Cu foil against scattered incident X-rays was used to determine 
fluorescence-detected dead time-corrected spectra (one scan of ∼20-min duration per 
sample spot). Samples were cooled by a stream of liquid nitrogen vapor at ∼100 K. The 
monochromator energy axis was calibrated using the first inflection point at 9659 eV in 
the simultaneously measured absorption spectrum of a Zn foil as a standard (accuracy 
± 0.1 eV). Averaging (three to six scans per sample), normalization, and extraction of 
extended X-ray absorption fine structure (EXAFS) oscillations and conversion of the 
energy scale to the wave-vector (k) scale were performed as previously described [35]. 
 
Metal ion measurements 
 
Metal ions were determined using inductively coupled plasma optical emission 
spectrometry (ICP-OES). Larvae were grown on control and treatment diets as 
indicated and adult flies of mixed sex were collected between 4 and 7 days after 
eclosing from pupae. The insects were freeze dried for 8 h to remove water. MDCK 
cells plated on 9.6 cm² cell growth area (250,000 cells/cm²) were washed 2 times with 
calcium-free phosphate buffered saline (PBS) after incubation with 50 μM zinc chloride 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/advance-article/doi/10.1093/m

tom
cs/m

fac075/6713624 by guest on 25 Septem
ber 2022



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

and/or 300 μM chloroquine and then extracted in 0.2 ml of 1% sodium dodecyl 
sulphate (SDS). 
 
Twenty milligrams of dry sample (insect bodies) or 0.2 mL of cellular lysate were 
digested in 1 mL of concentrated (65%) metal-free Suprapur nitric acid at 200 °C for 15 
min in closed vessels of the MARS6 microwave digestion system (CEM Corporation). 
Samples were diluted with Milli-Q water to 5 mL. For the latter set of samples, the 
blank included 0.2 mL of 1% SDS. Metal ion concentrations were measured against 
calibration curves and a digestion blank in a PerkinElmer Optima 8300 instrument. 
Calibration curves were performed for iron and zinc between 0.1 and 5 ppm, for 
magnesium between 0.5 and 25 ppm, and for potassium between 2 and 100 ppm, so 
as the measurements to fall within the verified linear range of the respective 
calibration curves. 
 
Fluorescence imaging 
 
MDCK cells grown on glass coverslips in multi-well plates, were washed 2 times with 
supplemented DMEM after incubation with 50 μM zinc chloride and/or 300 μM 
chloroquine and incubated with fresh medium containing 50 nM Lysotracker and 1 μM 
Fluozin-3 for 30 minutes at 37°C with continuous agitation. After incubation, cells were 
washed 2 more times with supplemented DMEM and incubated in this medium for 
additional 30 minutes at 37°C. Cells were then washed 2 times with PBS and mounted 
in this medium for direct imaging on a TCS SP8 laser confocal microscope (Leica 
Microsystems). Image processing was on the ImageJ platform. 
 
Freshly dissected Malpighian tubules were incubated for 30 minutes at room 
temperature in a solution of PBS containing 50 nM Lysotracker, 1 μM Fluozin-3, and 
1% fetal bovine serum with iron, washed 2 times with PBS and imaged directly 
mounted in the same media and imaged in the TCS SP8 laser confocal microscope. 
 
Results 
 
X-ray absorption spectroscopy suggests that chloroquine administration in 
Drosophila reduces zinc stores 
 
Twenty-two pairs of Malpighian tubules were dissected out of control w+ and mutant 
v1 larvae grown on normal diet with or without a 2.5 mg / mL chloroquine treatment 
and were analyzed by XAS (Figure 1). XAS spectra of the chloroquine-treated w+ 
genotype Malpighian tubules suggested significantly lower zinc content (-55.2%) 
compared to their untreated controls (Figure 1A, B). A similar trend of apparent lower 
zinc content due to chloroquine treatment was also observed in the v1 genotype (-
34.2%), whose Malpighian tubules show approximately 7.3% of zinc content compared 
to the w+ controls under normal conditions (Figure 1B). 
 
The XANES region (Figure 1C left) is very sensitive to small changes in the electronic 
and geometric structure of zinc and its immediate surrounding. As such, XANES gives 
great insight into relative changes in zinc speciation as well as new zinc complexes at 
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physiologically relevant concentrations (>5%). The lower intensity in normalized XANES 
(white-line) spectra of the v1 control, as compared to the w+ control (Figure 1C), is due 
to the absence of 3HK-zinc-chloride complexes in v1 mutants [26]. On the other hand, 
normalized XANES in w+ and v1 mutants exhibit a reduced white-line intensity after 
chloroquine treatment compared to the controls. Similarly, EXAFS, which reflects the 
first and second sphere coordination surrounding zinc, is different between genotypes 
but less different between same genotype samples following the chloroquine 
treatment (Figure 1C right). The induced changes attributed to chloroquine treatment 
in the spectra could be due to (i) a change in relative zinc speciation due to the 
resulting reduction in total zinc, which may reflect the varied zinc speciation present in 
different cellular components [36], or (ii) the formation of a new zinc complex with 
lower white line intensity. However, comparing spectra of chloroquine-zinc complexes 
analyzed by the same methodology failed to provide evidence for the appearance of 
zinc-chloroquine complexes at physiologically relevant concentrations (Figure S1) [37].  
 

 
 
Figure 1. Zinc K-edge X-ray absorption spectra of dissected Malpighian tubules from w+ and v1 
Drosophila melanogaster larvae grown in the absence (control, CTL) or presence (chloroquine, CQ) of 
2.5 mg / mL chloroquine. A) XANES without normalization as a measure of relative zinc quantity in the 
sample. Signal intensity corresponds to fluorescent emission divided by beam intensity prior to sample 
multiplied by 100000 and background corrected. B) Integral of XANES intensity from A between 9900eV 
and 10100eV normalized to the w+ control integral. Relative intensity is indicated for clarity. C) 
Normalized XANES (left), EXAFS (top right) and Fourier transformed EXAFS spectra (bottom right). 
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Elemental analysis of Drosophila adult flies confirms that chloroquine induced loss of 
total body zinc 
 
To verify the finding that chloroquine-treated w+ Malpighian tubules have 
approximately half zinc content to their controls, we performed elemental analysis on 
adult flies grown with or without chloroquine. Results of this experiment showed a 
37% decrease in total zinc content of flies fed with chloroquine at a concentration of 
2.5 mg / mL (Figure 2A). Iron and potassium ions were slightly affected by the same 
treatment, showing decreases of 7% and 5%, respectively, while magnesium ions were 
unaffected (Figure 2B-D). These results suggested that the treatment differentially 
affects zinc storage pools compared to other metal ions. Furthermore, considering that 
two thirds (67%) of total body zinc content are stored in Malpighian tubules [25, 26], a 
55% decrease observed from the synchrotron quantification from the organ-only 
sample (Figure 1A) expressed as a percent decrease of 67% of the total body zinc, gives 
a 37% decrease in total body zinc, which fits perfectly with the experimentally 
observed value (Figure 2A). 

 
Figure 2. Chloroquine treatment during larval growth results in flies with reduced zinc stores. ICP-OES 
analysis of whole flies grown on a standard diet (CTL) with or without addition of 2.5 mg / mL 
chloroquine (CQ). A) The proportion of zinc to phosphorus was diminished by 37% in the chloroquine 
treatment. B) The proportion of iron to phosphorus was 7% lower in the chloroquine-treated flies. C) 
The proportion of potassium to phosphorus was 5% lower in the chloroquine-treated flies. D) The 
proportion of magnesium to phosphorus remained unaffected by the chloroquine treatment. The 
results from independent batches of lies are shown. Statistical analysis was by unpaired two-tailed t-
student test. Three asterisks indicate p < 0.001, two asterisks p < 0.01. 
 
Our initial experiments were performed with the concentration of chloroquine used 
previously in the Drosophila model [32]. To ask if the response of the Malpighian 
tubules to dietary chloroquine was dose-responsive, we also fed larvae with increasing 
concentrations of chloroquine and measured zinc and other ions under these 
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conditions. The results showed that chloroquine causes a response in a dose-
dependent manner (Figure 3A). The experiment served as an independent biological 
replicate at the concentration of 2.5 mg / mL chloroquine, where the decrease of the 
zinc to phosphorus ratio was 34%. In the same experiment, the iron to phosphorus 
ratio showed no changes in response to chloroquine (Figure 3B). There was a trend to 
lowering total potassium, which reached an 18% drop at 2.5 mg / mL chloroquine 
(Figure 3C). Magnesium to phosphorus was found 6% lower at the same concentration 
(Figure 3D). Overall, these results confirm that total body zinc content is highly 
sensitive to chloroquine concentration in the diet, while potassium ions are also likely 
affected in whole flies.  
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Figure 3. Chloroquine treatment during larval growth results in flies with reduced zinc stores in a 
dose-dependent manner. ICP-OES analysis of whole flies grown on a standard diet with increasing 
concentrations of chloroquine. Equations and R2 values shown are the result of linear regression analysis 
applied to the data. The percentages indicated show the change with respect to the standard diet at 2.5 
mg / mL chloroquine concentration. A) Zinc to phosphorus ratio. B) Iron to phosphorus ratio. C) 
Potassium to phosphorus ration. D) Magnesium to phosphorus ratio. 
 
 
Chloroquine treatment of MDCK cells shows an increase in Fluozin-3 fluorescence 
despite a concomitant loss of intracellular zinc 
 
Our XAS and ICP-OES results call in question whether chloroquine could be a zinc 
ionophore. This claim resulted from the treatment of a human ovarian cancer cell line 
with chloroquine and zinc chloride, where zinc concentration was estimated using the 
Fluozin-3 reporter [29]. Fluorescence from the Fluozin-3-zinc complex is, however, 
quenched by low pH [38]. Thus, the increase in Fluozin-3 fluorescence intensity 
following chloroquine treatment could have been the result of a change in pH within 
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the cellular compartments that contain zinc, a known effect of chloroquine treatment 
[15, 16]. To address this question, we repeated chloroquine treatments at 300 µM 
concentration applied to MDCK cells (Figure 4). Our observations confirmed the 
findings of the previous study, namely that treatment of MDCK cells with 50 µM zinc 
chloride for one hour had minimal effect on Fluozin-3 fluorescence (Figure 4A, C), in 
contrast to combined treatment of 300 µM chloroquine and zinc chloride, which 
resulted in a stark increase of Fluozin-3 fluorescence (Figure 4A, D). We also tested 300 
µM chloroquine without addition of exogenous zinc to the cultured media and found 
that chloroquine alone was sufficient to induce a stark increase of Fluozin-3 
fluorescence (Figure 4A, B). A quantification of Fluozin-3 fluorescence showed that its 
intensity was dependent on chloroquine, but not on exogenous zinc (Figure 5A). 
Channels are also shown separately to better observe changes of Lysotracker 
fluorescence upon the respective treatments (Figure S2).  
 

 
Figure 4. Chloroquine treatment intensifies Fluozin-3 fluorescence observed in subcellular 
compartments of MDCK cells. A) MDCK cells incubated with Fluozin-3 to observe intracellular zinc and 
with Lysotracker to monitor acidic intracellular compartments. Note that little colocalization is observed. 
B) MDCK cells treated for one hour with 300 µM chloroquine. Lysotracker fluorescence appears reduced 
whereas Fluozin-3 fluorescence is intensified. C) MDCK cells treated for one hour with 50 µM zinc 
chloride. Fluozin-3 fluorescence is not enhanced. Scale bar is common to all panels. D) MDCK cells 
treated for one hour with 300 µM chloroquine and 50 µM zinc chloride. Under these conditions Fluozin-
3 fluorescence intensifies. 
 
We wondered whether the chloroquine-dependent increase in fluorescence from the 
reporter could have occurred despite a significant loss of zinc from the zinc storage 
granule; sufficient zinc remaining in place to still saturate the probe. To address this 
point, we performed elemental analysis on cell pellets from the same treatments of 
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MDCK cell cultures. It was immediately evident that cellular zinc concentration was 
largely decreased by 36% upon exposure of cells with 300 µM chloroquine for one 
hour (Figure 5B), as observed also in the experiments with whole animals above. 
Interestingly, treatment with 50 µM zinc chloride for one hour was not sufficient to 
alter zinc stores in the cells. However, in the presence of such extracellular zinc the 
treatment with 300 µM chloroquine did not affect intracellular zinc stores (Figure 5B). 
A comparison of the Fluozin-3 fluorescence quantification (Figure 5A) with the total 
zinc content of cells (Figure 5B) demonstrates that, on this specific case, the 
fluorescence of the probe is not primarily determined by cellular zinc concentrations. 

The results also show that chloroquine should not be considered as a zinc ionophore, 
as has also been suggested by other investigators [31, 39]. 
 

 

Figure 5. Fluozin-3 fluorescence does not match zinc concentration changes in chloroquine-treated 
MDCK cells. A) Quantification of Fluozin-3 fluorescence intensity from the experiment shown in Figure 
4. Chloroquine treatment induced Fluozin-3 intensity in the presence or absence of additional zinc. 
Mean fluorescence intensity increased in the chloroquine-only group by 80%. B) Quantification of zinc 
by ICP-OES in cellular pellets from the same experiment shown in Figure 4. Chloroquine-treated cells 
showed on average a 36% decrease in their zinc to phosphorus ratio. Zinc chloride treated cells showed 
no change in intracellular zinc content. Combined treatment of cells with chloroquine and zinc chloride 
prevented the loss of zinc seen in the chloroquine-only group. C) The iron to phosphorus ratio remained 
unchanged in all treatments. D) Chloroquine treatment caused a 48% decrease in intracellular 
potassium ion concentration. Addition of zinc chloride exacerbated this effect. E) As with iron, 
magnesium to phosphorus treatment remained unaffected in all MDCK cell treatments. Statistical 
analysis was by one-way ANOVA followed by a Tukey post-hoc test. Different letters indicate statistically 
significant results (α < 0.05). 
 
Elemental analysis further revealed that 300 µM chloroquine had potent effects on 
intracellular potassium concentration, which was significantly decreased 
independently of the presence of extracellular zinc chloride (Figure 5D). Iron and 
magnesium ions, on the other hand, were unaffected by chloroquine or zinc chloride 
(Figure 5C, E). We were intrigued from the finding that in the presence of extracellular 
zinc, and despite a clear effect of chloroquine disrupting the lysosomes as illustrated 
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from Lysotracker fluorescence (Figure 4D, Figure S2), and on potassium ions (Figure 
5C), cellular zinc levels remained unaffected (Figure 5B). We therefore decided to test 
whether something similar occurred in the Drosophila model. 
 
 
Zinc supplementation in parallel with chloroquine corrects intracellular zinc content 
without reverting chloroquine-induced autophagic defects 
 
We repeated the treatments already applied above (with or without addition 2.5 mg / 
mL chloroquine) but this time also in the presence of 1 mM zinc chloride added to the 
diet (Figure 6). In this experiment, exposure of the animals to the chemicals was again 
throughout larval development and into adulthood, when the flies were collected and 
analyzed by ICP-OES. As expected, zinc depletion was observed in the chloroquine only 
group (-46%), but also an increase in zinc storage (+74%) was found in the zinc only 
group (Figure 6A), the latter finding also expected from a previous report [25]. 
Interestingly, parallel treatment of 2.5 mg / mL chloroquine and 1 mM zinc chloride 
resulted in flies that had similar zinc stores to flies grown on normal food (Figure 6A). 
The ability of zinc supplementation to prevent loss of intracellular zinc from 
chloroquine, as also supported with the findings from MDCK cells (Figure 5B), suggests 
that extracellular zinc can compensate or revert the activity of chloroquine to lower 
intracellular zinc storage.  
 

 
Figure 6. Dietary zinc supplementation of Drosophila reverts the loss of intracellular zinc stores caused 
by chloroquine. A) Chloroquine treatment (2.5 mg / mL) lowered total body zinc (expressed in relation 
to phosphorus) by 46% but this effect was fully reversed in animals also fed with 1 mM zinc chloride. 
Larvae exposed to the zinc chloride treatment on its own turned into adults showing a 74% increase in 
total body zinc content. B) Chloroquine treatment also lowered total body iron by 22% but this effect 
was not abrogated in the combined treatment group. C) Potassium ions showed a similar pattern to 
iron, with chloroquine treatment leading to a 6% drop in their whole-body concentration. D) Magnesium 
ions were only marginally affected by the treatments. Statistical analysis was by one-way ANOVA 
followed by a Tukey post-hoc test. Different letters indicate statistically significant results (α < 0.05). 
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In these whole-fly elemental analysis experiments, total iron concentration was 
decreased by -22% (Figure 6B) compared to -7% (Figure 2B) and +1% (Figure 3B) in the 
previous two independent replicates. Total potassium ion concentration was 
decreased by -6% (Figure 6C) compared to -5% (Figure 2C) and -18% (Figure 3C). 
Chloroquine treatment did not lead to statistically significant changes to magnesium 
content (Figure 6D), as also seen in Figure 2D. We also note that the chloroquine-
induced decrease in potassium and iron content was also present in the group of flies 
that were simultaneously treated with 2.5 mg / mL chloroquine and 1 mM zinc 
chloride (Figure 6B, C). 
 
A final question was what Fluozin-3 and Lysotracker fluorescence would look like along 
the Malpighian tubules in the different treatment groups of w+ larvae. This was 
particularly interesting given that the combined treatment group restored total body 
zinc content in adult flies (Figure 6A). Although images of Fluozin-3 fluorescence have 
been published before from primary cells of Malpighian tubules [25, 26], a description 
of the fluorescence pattern is lacking in different functional segments of the 
Malpighian tubules [39, 40]. The initial segment typically lacks Fluozin-3 fluorescence, 
so we present here images taken from the transitional and main segments (Figure 7). It 
is evident that different cell types in different regions along the Malpighian tubules 
show contrasting patterns of Fluozin-3 and Lysotracker fluorescence. The distal part of 
the transitional segment shows a few cells with large Fluozin-3 fluorescent granules, 
followed by a more typical pattern of Fluozin-3 fluorescence, interrupted by a few cells 
with only Lysotracker fluorescence (Figure 7A). The main segment is characterized by 
two different patterns of fluorescence in primary cells, which either show Fluozin-3 
fluorescence (Figure 7E) or Lysotracker fluorescence (Figure 7I). In both these areas of 
the main segment, stellate cells show cytosolic Fluozin-3 fluorescence. The effect of 
2.5 mg / mL chloroquine is most evident with the Lysotracker pattern, showing the 
accumulation of large autophagic vacuoles (Figure 7B, F, J), consistent with the defects 
in autophagic flux previously reported by this treatment in Drosophila [32] and other 
systems [10-12, 18, 24]. In some cases, Fluozin-3 and Lysotracker staining colocalize in 
the enlarged autophagolysosomes, something not frequently observed in Malpighian 
tubules from larvae grown on standard diet. Growing larvae in 1 mM zinc chloride 
leads to a Fluozin-3 pattern that is largely similar to that of control larvae, although 
more intense fluorescence is noted and granules appear to be larger in size (Figure 7C, 
G, K). Importantly, the double treatment with 2.5 mg / mL chloroquine and 1 mM zinc 
chloride still showed a large number of enlarged autophagolysomes throughout the 
Malpighian tubules, but also showed a much greater extent of Fluozin-3 staining within 
these abnormal structures (Figure 7D, H, L). From the cytological findings shown in 
Figure 7, we conclude that the recovery of zinc content in the chloroquine-treated 
animals supplemented with zinc occurs despite a disrupted autophagy. 
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Figure 7. Fluozin-3 and Lysotracker fluorescence in live Malpighian tubules from chloroquine and zinc 
chloride fed third instar larvae. A) Transitional segment of a w+ larvae grown under standard diet (CTL). 
The green bar underlines the region of large zinc storage granules in this region. The red bar underlines 
the few cells that show exclusively Lysotracker signal. B) Transitional segment of a w+ larvae grown with 
2.5 mg / mL chloroquine (CQ). Note the loss of large zinc storage granules and the abnormal Lysotracker 
signal indicative of defects in autophagy [32]. C) Transitional segment of a w+ larvae grown with 1 mM 
zinc chloride (ZnCl2). The Fluozin-3 and Lysotracker patterns appear similar to CTL, except that zinc 
storage granules appear larger (green bar). D) Transitional segment of a w+ larvae that received the 
combined treatment. Zinc granules are still clearly observable in the distal part of the segment, albeit 
now colocalizing with Lysotracker fluorescence. The white scale bar representing 40 µM is common for 
all images taken under the same magnification. E-H) Same treatments as above, this time for the portion 
of the main segment of the Malpighian tubule where Fluozin-3 fluorescence is normally detected. The 
autophagic defects of chloroquine are observable by the enlarged size of the Lysotracker positive 
granules and are not rescued by zinc chloride. I-L) All animals also showed part of the main segment of 
the Malpighian tubules where no or little Fluozin-3 fluorescence could be seen, except for its presence 
in stellate cells (indicated with asterisks). In this part of the tubule, the predominant signal is 
Lysotracker. Once again, the presence of chloroquine in the diet is revealed by the enlarged 
autophagolysosomes independently of whether the animals were supplemented with zinc chloride or 
not.  
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Discussion 
 
Chloroquine is not a zinc ionophore 
 
The original proposal that chloroquine functions to raise intracellular zinc was based 
on the increased fluorescence observed by the Fluozin-3 reporter in chloroquine-
treated cells [29]. Fluozin-3 remains one of the most utilized reporters for intracellular 
zinc, but as with any fluorescent probe used to quantify metal ions, its utilization 
requires certain precautionary considerations [38]. It is prudent to consider the probe´s 
affinity and specificity for the metal ion and whether fluorescence is dependent on the 
probe’s concentration and on other chemical interferences, such as changes in pH [38].  
 
Previous research showed that chloroquine treatment arrested autophagy in adult 
retinal pigment epithelial cells, but the zinc ionophore clioquinol attenuated 
autophagolysosomal formations in a zinc-dependent manner [30]. Contrasting findings 
between clioquinol and chloroquine treatments were also reported more recently in 
lung epithelial cells [31]. Application of extracellular zinc with clioquinol was lethal to 
these cells, whereas hydroxychloroquine treatment had no observable adverse effect 
[31]. Zinc binds to chloroquine with low affinity and its mode of coordination depends 
on chemical environment [37]. Experiments with purified liposomes showed no 
evidence for ionophore activity, in the context of crossing a phospholipid bilayer, 
leading others to conclude that hydroxychloroquine is not a zinc ionophore [31]. 

Moreover, while African green monkey kidney cells treated with chloroquine showed 
increased Fluozin-3 fluorescence, they showed no change in fluorescence with the 
cytosolic Zinquin fluorophore, suggesting that chloroquine was not acting as a zinc 
ionophore [39]. The actual quantifications of the zinc metal ion in chloroquine-treated 
cells presented here settle this issue conclusively, as chloroquine treatment was found 
to cause, in fact, significant loss of intracellularly stored zinc, an inconsistent result 
with the proposal that chloroquine acts as a zinc ionophore. Conversely, our findings 
are consistent with all the experiments reported above, considering the fluorescent 
properties of the Fluozin-3-zinc complex [38]. One aspect that requires further 
investigation is the detailed mechanism of release for zinc from cells [41, 42].  

 
Chloroquine treatment disrupts intracellular storage of zinc and other ions 
 
Drosophila melanogaster adult flies grown as larvae on media with 2.5 mg / mL 
chloroquine were invariably found to contain less total body zinc. The magnitude of 
this loss varied between 34-46% between independent experiments. Interestingly, a 
one-hour treatment of MDCK cells with 300 µM chloroquine also resulted in a similar 
36% loss of total zinc. In MDCK cells treated with chloroquine, potassium ions were 
also greatly affected to an even greater level of -48%. A recent medical case of a child 
that accidentally ingested 10 g of hydroxychloroquine resulted in hypokalemia [43], a 
well-documented effect for high dosages of chloroquine [44]. The proposed 
mechanism for chloroquine’s action in causing hypokalemia is its direct binding and 
inhibition of potassium channels [45-47], or by Na⁺K⁺-ATPase inhibition [48, 49]. With 
respect to the latter mechanism, chloroquine has been shown to affect binding of the 
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Na⁺K⁺-ATPase inhibitor ouabain to the pump and affect the recovery of cells from 
ouabain treatments [50, 51]. In the present study, we have not focused on the effects 
of chloroquine on potassium ions, but it is worth noting that, along with zinc, 
potassium was the only other ion that was decreased in all three experiments in our in 
vivo model, consistent with what was already known from medical experience.  
 
Hydroxychloroquine treatment may lead to depleted intracellular zinc stores 
 
The main outcome of this study is that chloroquine treatment leads to the depletion of 
zinc from intracellular storage sites. This conclusion has implications for the 
mechanism of action of the drug in disease and may help explain early findings during 
the use hydroxychloroquine as an antiviral agent in Covid19, where zinc 
supplementation seemed to offer a certain level of protection from lethality [52, 53]. 
Of particular interest, however, is to address whether co-supplementation of zinc and 
potassium would improve the effectiveness of hydroxychloroquine in its common use 
against autoimmune disease [7, 8]. In this respect, it was recently proposed that 
kynurenine may act as a peripheral signal to remove zinc from circulation into 
intracellular deposits [26]. This proposal comes primarily from work in Drosophila and 
still needs to be tested in the context of human physiology, but it is notable that 
patients with lupus erythematosus show increased kynurenine concentration in their 
blood [54-57] and lower zinc serum concentration [58-60]. Although the etiology of 
autoimmune disease is complex [61-63], our findings here suggest that the therapeutic 
mechanism of action of hydroxychloroquine might be through direct counteracting of 
the newly proposed kynurenine activity with respect to systemic zinc homeostasis [26]. 
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