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Abstract

Purpose Cardiotoxicity is a well-known side effect of chloroquine. Several studies have proposed chloroquine as a potential anti-
diabetic treatment but do not address this problem. The current study investigated the effect of ex vivo chloroquine treatment on
(1) heart function and glucose uptake, (2) mitochondrial function and (3) in vivo treatment on heart function.

Methods Control or obese male Wistar rats were used throughout. Dose responses of increasing chloroquine concentrations
versus vehicle on cardiac function were measured using isolated, Langendorff-perfused hearts whilst glucose uptake and cell
viability were determined in ventricular cardiomyocytes. Mitochondrial function was assessed with a Clark-type oxygraph
(Hansatech) after ex vivo perfusion with 30 uM chloroquine versus vehicle. Animals were treated orally with 5 mg/kg/day
chloroquine for 6 weeks.

Results Acute chloroquine treatment of 10 uM was sufficient to significantly decrease heart function (p < 0.05) whilst 30 uM
significantly reduced heart rate (p < 0.05). Chloroquine became toxic to isolated cardiomyocytes at high concentrations
(100 uM), and had no effect on cardiomyocyte glucose uptake. Ex vivo treatment did not affect mitochondrial function, but
chronic low-dose in vivo chloroquine treatment significantly decreased aortic output and total work in hearts (p < 0.005).
Conclusion Low and intermediate chloroquine doses administered either chronically or acutely are sufficient to result in myo-
cardial dysfunction.
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Introduction

Chloroquine and its synthetic analogue hydroxychloroquine
are widely used for anti-malarial treatment, and more recently
also for the effective treatment of autoimmune diseases such
as rheumatoid arthritis (RA) and systemic lupus erythemato-
sus (SLE) [1]. Clinical studies have shown that both chloro-
quine and hydroxychloroquine can improve glucose metabo-
lism in patients with insulin-resistant diabetes mellitus [2].
Moreover, patients treated with chloroquine for RA or SLE
showed a decreased incidence of developing diabetes mellitus
[3, 4].
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The metabolic effects of chloroquine include increased insu-
lin secretion, decreased insulin clearance, improved peripheral
glucose uptake and decreased dyslipidaemia [5-7].
Chloroquine is an acidotropic, lysosomotropic agent that pre-
vents endosomal acidification and consequently inhibits
lysosome-autophagosome fusion and degradation [8], effective-
ly protecting insulin against endosomal degradation [9]. The
drug increases cellular glucose uptake through the promotion
of GLUT#4 trafficking to, and fusion with, the cellular plasma
membrane by increasing cellular Ca®* uptake [10]. Moreover,
chloroquine is a potent activator of the insulin-responsive pro-
tein, protein kinase B (PKB, also known as Akt), and signifi-
cantly enhances glycogen synthesis through the phosphoryla-
tion of glycogen synthase kinase 33 (GSK-33), which makes it
an attractive potential anti-diabetic drug [11].

However, chloroquine toxicity has been observed at both
therapeutic and high doses, especially when administered rap-
idly, and include cardiovascular effects such as vasodilation,
hypotension, suppressed myocardial function and cardiac ar-
rhythmias [12]. Moreover, hypoglycaemia has been reported
in non-diabetic patients and is considered a rare, but serious
side effect [13]. Interestingly, low-dose chloroquine treatment
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(3.5 mg/kg twice a week for 8 weeks that equates to approx-
imately 40 mg/kg/week for a 70-kg human) mitigated the
development of atherosclerosis in ApoE " knockout mice
and improved metabolic abnormalities in ob/ob and db/db
mice [14]. Conversely, a more recent study has shown that
chloroquine treatment (10 mg/kg for 14 days) worsened car-
diac performance in type 1 diabetes, whilst hearts from db/db
mice exhibited poorer diastolic function when compared to
hearts obtained from either control or heterozygous db/+ mice
[15]. The study concluded that chloroquine decreased diastol-
ic function in type 2 diabetes (T2D), and noted that this could
be due to suppressed autophagy in the diabetic heart. Left
ventricular (LV) diastolic dysfunction is also prominent in
T2D patients without any history of heart disease [16].
Autophagy plays an important role in cardiovascular
homeostasis [17] and has been found to be upregulated in
cardiac pressure overload (PO) hypertrophy [18].
Moreover, both chloroquine and hydroxychloroquine can
bind phospholipids within myocytes and lead to the accu-
mulation of pathological metabolic products, such as gly-
cogen [19]. Although it has been shown that high dosage
chloroquine treatment can decrease cardiac PO hypertro-
phy, it also resulted in significant impairments in cardiac
relaxation and contractility [18]. On a cellular level, chlo-
roquine treatment increased mitochondrial fragmentation
and cristae destruction which was associated with in-
creased oxidative stress and mitochondrial dysfunction
[18]. Similar results were noted in cortical neurons where
chloroquine treatment significantly increased mitochondri-
al DNA damage, inhibited key mitochondrial functions
and, consequently, resulted in significant alterations in cel-
lular metabolism [20]. When translating the chloroquine
concentrations used by [18, 20] to human doses, using
the body surface area [21] to calculate an equivalent human
dose in milligram per kilogram per day, the dosage used in
these studies are equivalent to 4.05 mg/kg/day and
3.24 mg/kg/day respectively. This falls within the pre-
scribed range of 2.3 mg/kg/day chloroquine and 5 mg/kg/
day for hydroxychloroquine in patients treated for SLE to
prevent the development of retinopathy at higher doses
[22]. However, Kanamori et al. [15] noted diastolic dys-
function in mice treated with a human-equivalent dose of
as little as 0.81 mg/kg/day (10 mg/kg/day in mice), and
raises the question whether the low doses of chloroquine,
as reported by [11, 14], can also induce cardiotoxicity.
More than 70 cases of cardiotoxicity in patients, primarily
due to chloroquine treatment, have been reported in literature
[23], and it is suggested that cardiotoxicity is often not report-
ed due to difficult diagnosis [24]. An increasing number of
chloroquine cardiotoxicity cases at low doses are being report-
ed and have led to the suggestion that an electrocardiogram
(ECQG) should be included with annual ophthalmological
check-ups in patients that use chloroquine for SLE and RA
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[25, 26]. Moreover, detection of chloroquine-induced
cardiotoxicity through ECG can improve the patient outcome,
if detected early [27].

In light of the role of chloroquine in glucose metabolism,
improvement in metabolic syndrome symptoms in obesity
and calls in literature for further investigation into the drug
as a potential therapeutic agent for insulin resistance [11, 28],
this study aimed to (1) evaluate the effects of chloroquine on
(1) heart function and (ii) cardiomyocytes of young, lean male
Wistar rats; (2) evaluate ex vivo low-dose treatment of the
heart on mitochondrial function in diet-induced obese male
Wistar rats as a potential underlying mechanism for cardiovas-
cular dysfunction; and (3) examine the effect of low-dose,
chronic treatment of rats on a high caloric diet on cardiac
function.

Materials

Chloroquine diphosphate salt (C6628), insulin (16634),
propidium iodide (PI; P4864) and phloretin (P7912) were pur-
chased from Sigma Aldrich. 2-Deoxy-D-[*H] glucose (2-DG;
NET549005MC) was purchased from Perkin Elmer. Sodium
pentobarbitone (Eutha-naze) was obtained from Bayer.

Methods
Animals

Adult male Wistar rats were housed at the Central Research
Facility (Stellenbosch University) in a temperature-controlled
(~23 °C) environment with a 12-h light/dark cycle. The rats
were divided into three groups according to the aims: (1)
Baseline controls consisting of adult male Wistar rats fed stan-
dard rat chow (bodyweight 200-300 g; n=31), (2) male
Wistar rats of approximately 7 weeks old weighing 190 +
10 g fed either a high-sugar diet (DIO n=17) or (3) a high-
sugar plus high-fat diet (HFD n=9) for 16 weeks and their
age-matched controls fed standard rat chow for the duration
(AMC DIO, n=15 and AMC HFD n=10 (Table 1). Only
male rats were used during this study, based on the observa-
tion by [14] that low-dose chloroquine treatment did not result
in any sex-based differences in their study that made use of
both male and female mice.

Experimental Design

The animals were randomly assigned to control and diet
groups. Within the baseline control group, animals were
assigned to cardiomyocyte preparation for cell viability deter-
mination (n =3), glucose uptake (n=3) and acute ex vivo
chloroquine perfusion to determine contractile strength and
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Table 1  Compositions of the control, DIO and HFD
Fat (g/100 g)  Cholesterol (mg/100 g)  Protein (%)  CHO (%) Sugar (g/100 g)  Fructose (g/100 g)  Energy (kJ/100 g)
Rat chow 4.8 - 17.1 34.6 6.6 - 1272
DIO 11.5 8.3 42.0 24.4 - 1354
HFD 279 6.4 14.6 29.5 13.3 11.0 1829

CHO, carbohydrates; DIO, diet-induced obesity; HFD, high-fat diet

heart rate at increasing chloroquine concentrations (untreated
n=7,10 uM, n="7; 30 uM, n="7; and 50 uM, n=4).

Mitochondrial dysfunction in response to acute, ex vivo
chloroquine treatment was determined in DIO with known
insulin resistance that was randomly assigned to treated
(30 uM chloroquine, n =8) or non-treated (vehicle control
n = 8) groups, whilst their age-matched controls were divided
into treated (30 uM, n=9) and non-treated (vehicle control
n=7) groups.

Lastly, the study aimed to determine the effect of chronic
low dosage chloroquine treatment in a diet that induces insulin
resistance. The animals were treated as follows: HFD (n=4)
and AMC _HFD (n = 6) received 5 mg/kg/day chloroquine in
jelly cubes, whilst the non-treatment controls HFD (n = 5) and
AMC HFD (n=4) received jelly cubes without chloroquine
during the last 6 weeks of the diet.

Biometric Data Collection

The animals were anaesthetized with an intra-peritoneal ad-
ministered overdose of 160 mg/kg sodium pentobarbitone and
euthanized by exsanguination. Once the animals showed no
pedal reflex following a foot pinch, the hearts were rapidly
excised and arrested in ice-cold (4 °C) Krebs-Henseleit buffer
(KHB; pH 7.4 containing in millimolar; 119 NaCl, 24.9
NaHCOs, 4.7 KCl, 1.2 KH,PO,4, 0.6 MgSO,47H,0, 0.59
Na,SOy4, 1.25 CaCl,-12H,0 and 10 glucose). After
anaesthetizing, the animals were weighed and non-fasting glu-
cose was measured by means of a tail prick and glucometer.

Table2  Adiposity index and non-fasting glucose levels of the HFD and
DIO diets compared to their age-matched controls (AMC). Biometric data
for animals that were either fed with a HFD/DIO diet and their age-

Visceral (perirenal and perigonadal) fat deposits were re-
moved and weighed post-exsanguination. The adiposity index
was calculated as the ratio of visceral fat mass to total body
mass (visceral fat/body mass) in grams and expressed as per-
centage (Table 2).

Oral glucose tolerance tests (OGTTs) were performed at
week 10 on the HFD animals and AMC_HFD to determine
insulin sensitivity prior to chloroquine treatment. Animals
were fasted overnight; basal glucose levels for each rat were
taken by means of a tail prick and glucometer prior to being
gavaged with sucrose (1 g/kg). Glucose levels were monitored
at intervals for a period of 2 h using blood from the same prick
(Fig. 4).

Cell Viability Determination

Cell viability was determined with a PI staining assay in re-
sponse to increasing chloroquine concentrations. Briefly, ven-
tricular cardiomyocytes were isolated from basal, control
hearts (n =3). Isolated cardiomyocytes were prepared essen-
tially as previously reported [29]. In brief, rats were anaesthe-
tized with sodium pentobarbital (160 mg/kg); the hearts were
quickly removed and retrogradely perfused with a calcium-
free medium (HEPES buffer 6 mM KCI, 1 mM Na,HPO,,
0.2 mM NaH,POy,, 1.4 mM MgSQ,, 128 mM NaCl, 10 mM
HEPES, 5.5 mM glucose, 2 mM pyruvate, pH 7.4, 37 °C,
equilibrated with oxygen) for 5 min. The perfusion was then
switched to the second medium (HEPES buffer containing
0.7% bovine serum albumin (BSA), fraction V, fatty acid free,

matched controls, as well as chronically treated chloroquine HFD and
AMC biometric data is included

AMC HFD DIO
p value p value

Adiposity index (%) Untreated 2.56+0.88 526+1.77 <0.0001° 521 +1.05 <0.0001*

Chq 3.01+0.67 4.08+1.10 0.0106"

p value 0.1279 0.0678
Non-fasting glucose level (mmol/L) Untreated 7.80+1.73 8.04+1.28 0.6220" 8.01 £0.39 0.7409"

Chq 7.47+0.68 7.88+£1.17 0.3767¢

p value 0.5768" 0.7474

Chgq, 5 mg/kg/day chloroquine treatment for 6 weeks; a: p-value between HFD or DIO and AMC; b: p-value between Chq and Untreated

@ Springer



Cardiovasc Drugs Ther (2019) 33:1-11

1.1 mg collagenase/mL and 15 mM 2,3-butanedione
monoxime (BDM)) for 15 min after which the calcium con-
centration was raised in two steps to 200 pM over the next
10 min. Perfusion was continued to a total time of approxi-
mately 35 min. The ventricles were then carefully separated
from the atria, minced with tweezers and suspended in the
second medium given above but containing 1% BSA, 1%
BSA fraction V, fatty acid free and half the concentration of
collagenase and BDM. The suspension was placed in a cell
culture flask in a shaking benchtop incubator (37 °C) and
digested for a further 15 min, where after the calcium concen-
tration was gradually raised to 1.25 mM over the next 5 mi-
nutes. The isolated cells were filtered through a nylon net
(mesh size 200 x 200 wm) and gently spun down (3 min,
100 rpm). The pellet obtained was re-suspended in HEPES
buffer containing 1.25 mM CaCl,, 2% BSA (fraction V, fatty
acid free) and the cells allowed to settle for 3—4 min. The
supernatant was carefully aspirated, and the loose pellet re-
suspended in the same buffer and allowed to recover from the
trauma of isolation for 1 h before experimentation. The via-
bility of the isolated cardiomyocytes routinely exceeded 80%
as determined by the trypan blue exclusion method. The cells
were treated with 10 uM (low dose), 50 uM (intermediate
dose) and 100 uM (high dose) chloroquine for 45 min in
duplicate. The use ofa 100 uM chloroquine was chosen based
on previous studies that showed that chloroquine can act as a
potent activator of Akt and promote glucose uptake in vitro in
L6-muscle cells [11, 14]. Pellets, obtained by gentle centrifu-
gation, were re-suspended in fresh HEPES buffer prior to the
addition of 5 pM PI. The samples were incubated in the dark
at room temperature (~23 °C) for 15 min before fluorescence
was measured. Twenty thousand events were acquired per
condition using flow channel two of a Becton Dickinson
FACSCalibur (BD Biosciences).

Glucose Uptake (2-DG)

Radiolabelled 2-deoxy glucose (2-DG) uptake by isolated
cardiomyocytes was determined essentially as previously de-
scribed [29]. After recovery, the cells were spun down into a
loose pellet (3 min at 100 rpm), washed twice and suspended
in a suitable volume of the substrate-free assay medium.
Cardiomyocytes (approximately 0.5 mg protein) were assayed
in a total volume of 750 pl of oxygenated medium containing
(in mmol/L) KCl 6, Na,HPO, 1, NaH,PO,4 0.2, MgSO, 1.4,
NaCl 128, HEPES 10, CaCl, 1.25 plus 2% bovine serum
albumin, fraction V, and fatty acid free (pH 7.4). The cells
were pre-incubated for 15 min in a shaking benchtop incuba-
tor (37 °C) with or without phloretin (400 uM) for measure-
ment of non-carrier-mediated glucose uptake. Phloretin was
dissolved in DMSO and stored as 6.4 mM stock solution and
diluted with medium immediately before use. Each experi-
mental series was then incubated with or without 100 nM
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insulin or 10, 50 and 100 uM chloroquine under the same
conditions for 30 min after which glucose uptake was initiated
by addition of 2-deoxy-D-[*H]glucose (1.5 uCi/ml; final con-
centration 1.8 uM) (2-DG). Glucose uptake was allowed to
progress for a further 30 min before the reaction was stopped
by adding 50 ul phloretin to give a final concentration of
400 uM. The cells were then microfuged for 1 min; the pellet
was washed twice in medium to remove extracellular 2-DG
and dissolved in 1 M NaOH. Afterwards, samples were dilut-
ed with dH,O to 0.5 M NaOH. Fifty microlitre of this was
used to assay protein of every aliquot with 3 technical repeats
by the method of Lowry et al. [30] whilst the rest was counted
for radioactivity. The specific activity of the radiolabelled so-
lution was determined and the 2-DG uptake calculated as pi-
comole 2DG/mg prot/30 min. Decay was counted with an LS
6500 multi-purpose scintillation counter (Beckman) (in dupli-
cate). Uptake of 2-DG was calculated as ratio to basal values.

Rate Pressure Product and Heart Rate

Excised hearts from baseline, control animals were cannulated
via the aorta and perfused retrogradely with KHB gassed with
95% oxygen and 5% carbon dioxide at a constant pressure of
100 cm H,O. A syringe inflatable balloon, constructed from
compliant and non-elastic plastic cling wrap, was inserted into
the left ventricle via the pulmonary vein and left atrium. The
balloon was inflated with distilled water to achieve an end
diastolic pressure of 10 mmHg. A pressure transducer con-
nected to the balloon enabled the measurement of heart rate
and pressure throughout the experiments. Hearts were
stabilised for 20 min, after which they were perfused in a
recirculating manner with KHB (untreated group, n=7) or
10 uM (n=7), 30 uM (n=7) and 50 uM (n =4) chloroquine
for 10 min. Left ventricular developed pressure (LVDevP;
diastolic pressure subtracted from systolic pressure) and rate
pressure product (RPP; LVdevP multiplied by heart rate) were
calculated.

Mitochondrial Function Analysis
Langendorff Perfusions (for Mitochondrial Analysis)

Excised hearts from the DIO and AMC DIO were cannu-
lated and perfused with KHB gassed with 95% oxygen and
5% carbon dioxide at a constant pressure of 100 cm H,O.
Hearts were stabilised for 20 min, after which they were
perfused in a recirculating manner with KHB: AMC_DIO,
n="7; DIO, n=9; or 30 uM chloroquine: AMC_DIO, n=
8; DIO, n =8 for 20 min. Perfusions were performed using
sodium light due to chloroquine’s reported light sensitivity.
Protein determination for the mitochondrial data was per-
formed with a Lowry assay [30].
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Mitochondrial Isolation and Oxidative Phosphorylation
Determination

Immediately following the perfusion period, the atria were
removed and the ventricles were placed in ice-old mitochon-
drial isolation buffer (0.018 M KCI, 0.01 M EDTA, pH 7.4).
Mitochondrial isolation was performed with a standard differ-
ential centrifugation protocol [31]. Briefly, the heart tissue was
homogenised with a Heidolph SilentCrusher M, followed by a
slow centrifugation step (755%g for 10 min at 4 °C) in order to
obtain a pellet containing the nuclei, cell membranes and re-
maining tissue. The supernatant was transferred to a clean
centrifuge tube and centrifuged at 18800xg for 10 min at
4 °C to obtain a mitochondrial pellet. The pellet was re-
suspended in ice-cold mitochondrial isolation buffer with a
2 cm’ Potter-Elvehjem glass-teflon homogeniser and stored
on ice until use.

Mitochondrial oxygen consumption was analysed with a
Clarke-type oxygraph (Hansatech, as described by Maarman
et al. [31]) immediately following isolation. Two chambers
containing a glutamate or palmitoyl-L-carnitine assay buffer
(250 mM sucrose, 10 mM TRIS-HCI (pH 7.4), 8.5 mM
K,HPO4-3H,0, 2 mM malate and 5 mM glutamate or
5 mM palmitoyl-L-carnitine; pH 7.4), equilibrated to ambient
oxygen levels at 25 °C, were analysed in parallel. Data was
captured with Hansatech Plus software. Oxygen consumption
in the presence of ADP (state 3), oxygen consumption after
complete utilisation of ADP (state 4) and state 3 oxygen con-
sumption after 20 min anoxia followed by reoxygenation were
noted.

Work Heart Perfusions

Aortic output (mL/min) and total work (mWatts) were deter-
mined with Morgan work heart perfusions. Briefly, excised
hearts from insulin-resistant rats and their age-matched con-
trols (HFD and AMC HFD groups) that were treated with
5 mg/kg/day chloroquine over a 6-week period were mounted
on a working heart perfusion system. After a 10-min
stabilisation period in the retrograde mode, the hearts were
perfused in working mode for 10 min. Working heart perfu-
sion was performed at a preload of 15 cm H,0 and an
afterload of 100 cm H,0. A pressure transducer connected
to the aortic line was used to determine heart rate and pressure
development whilst aortic and cardiac output was measured
manually and total work performed was calculated as de-
scribed by Kannengiesser et al. [32].

Statistical Analysis
Data is presented as the mean + standard deviation. Statistical

analyses were performed using unpaired Student’s ¢ tests, one-
way analysis of variance (ANOVA) or two-way ANOVA with

a Bonferroni post hoc test in GraphPad Prism 6.0. Differences
with a p value of less than 0.05 were considered significant.

Results

The Effect of Chloroquine on Isolated Cardiomyocyte
Viability and Glucose Uptake

This study tested chloroquine-induced cardiotoxicity (10 uM,
50 uM and 100 uM) on isolated adult ventricular
cardiomyocytes. The cardiomyocytes were treated with in-
creasing concentrations of chloroquine and stained with PI
to determine cell viability (n =4). Compared to the untreated
group, the low (10 uM) and intermediate (50 uM) chloro-
quine concentrations had no effect on cell viability, expressed
as percentage increase in PI uptake (107 +4.6%, p = 0.20 and
105.3 £3.0%, p = 0.15 respectively). Treatment with 100 uM
chloroquine significantly decreased cell viability of isolated
cardiomyocytes when compared to the untreated group
(106.8 £2.1%, p=0.03) (Fig. 1a).
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Fig. 1 a Percentage change in propidium iodide uptake in isolated
ventricular cardiomyocytes in response to increasing concentrations of
chloroquine (Ch). Asterisk indicates p =0.03 versus untreated with
unpaired # test (n =3). b Glucose uptake, expressed relative to the basal
group, in isolated ventricular cardiomyocytes in response to insulin and
increasing chloroquine concentrations. Double asterisks indicate p =
0.009 versus untreated with one-way ANOVA (n =3)
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Glucose uptake was measured in response to increasing
chloroquine concentrations (10 uM, 50 uM and 100 uM) in
isolated ventricular cardiomyocytes (z = 3). Insulin was used
as a positive control (1.72 +0.15 fold-change relative to un-
treated, p = 0.009). Chloroquine concentrations had no effect
on 2-DG uptake (Fig. 1b) when compared to the control

group.

Acute Ex Vivo Chloroquine Treatment Decrease Heart
Rate Pressure Product and Heart Rate

Langendorff perfusions, using the balloon model, were
conducted on hearts from control animals to assess car-
diac function during drug delivery. Cardiac function was
significantly reduced after 10 min of treatment with each
of the chloroquine concentrations (n=7 per group except
50 uM chloroquine treatment, n=4) compared to the
untreated vehicle group (n=7) (Fig. 2a). The decrease
in rate pressure product (RPP) was caused by a decrease
in left ventricular developed pressure and heart rate (Fig.
2b, c respectively). Fifty percent of the hearts treated
with 50 pM chloroquine ceased to function within the
first 5 min of treatment and we therefore omitted the
highest chloroquine concentration, namely 100 uM, from
the perfusion experiments. We included an intermediate
chloroquine concentration (30 uM) that resulted in a sig-
nificant decrease in RPP, whilst maintaining heart
function.

Effect of Acute Single-Dose Chloroquine Treatment
on Complex I-Linked Mitochondrial Respiration
in Obesity

This study investigated the effect of a single, intermediate
dose (30 uM) chloroquine on oxidative phosphorylation
of hearts obtained from obese (as determined with
adiposity index; Table 2), DIO male Wistar rats. Neither
diet nor acute, intermediate-dose ex vivo chloroquine
treatment (30 uM) altered the respiratory control index
(RCI, state 3/state 4; Fig. 3a) or the ATP synthesis rate
(Fig. 3b). Interestingly, chloroquine treatment significant-
ly (p<0.001) reduced complex I-linked respiration (state
3 oxygen consumption; glutamate plus malate [GM] buft-
er) in isolated mitochondria from obese hearts (DIO)
when compared to chloroquine-treated controls
(AMC DIO, Fig. 3c). No significant differences were
seen in fatty acid oxidation with palmitoyl-L-carnitine
and malate (PCM) as a substrate (Fig. 3d).

Biometric Data

Animals in the HFD group were found to be insulin re-
sistant after 10 weeks on the high-fat diet compared to
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animals in the AMC_HFD group (Fig. 4). Both the HFD
and the DIO diets caused a significant (p <0.0001) in-
crease in the adiposity index when compared to the rele-
vant AMC groups (Table 2). Chloroquine treatment did
not decrease the significant increase observed in the adi-
posity index (thus could not decrease visceral fat) in the
HFD animals compared to AMC (p <0.0106); however,
within HFD animals, chloroquine treatment reduced the
adiposity index, albeit not significantly (p <0.0678). No
differences were seen in adiposity index or non-fasting
glucose levels after 6 weeks of chloroquine treatment in
the HFD group.
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Fig. 2 Cardiac function following treatment of hearts with increasing
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(RCR). b ATP synthesis rate in a glutamate+malate (GM) or palmitoyl-
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The Effect Chronic Chloroquine Treatment on Cardiac
Function

In order to investigate the effect of long-term, low-dose chlo-
roquine treatment in obese, insulin-resistant animals, aortic
output and total work were determined as indicators of heart
function. Low-dose chronic chloroquine treatment resulted in
significantly reduced aortic output (Fig. 5a) and total work
(Fig. 5b) in both the AMC_HFD and HFD groups.
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Fig.4 Oral glucose tolerance tests were performed on untreated HFD and
untreated AMC_HFD male Wistar rats at 10 weeks of diet prior to
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Discussion

Chloroquine and hydroxychloroquine treatment have previ-
ously been reported to improve lipoprotein metabolism abnor-
malities [6] as well as lower blood glucose in non-insulin—
dependent diabetes mellitus in obese patients treated chroni-
cally for up to 18 months [33] or acutely (3 days, [6]).
However, a small but significant reduction in fasting blood
glucose levels (hypoglycaemia) was also noted in control pa-
tients compared to diabetic patients [2], and severe
cardiotoxicity has been reported in SLE and RA patients
[23, 24] as well as children with malaria [34] that were treated
with chloroquine. Most studies that observed cardiotoxicity in
animal models evaluated high chloroquine dosages, which
correspond well with previous literature that reports
cardiotoxicity in patients at high doses. Nonetheless, very
few of the animal studies concerned with chloroquine-
induced glucose uptake take the effect of heart function and
different diets in account, and this study therefore aimed to
address this. Moreover, a recent report of diastolic dysfunction
has been noted in a type 2 diabetes mouse model [15] at a very
low dose of chloroquine equivalent to a human dose of
0.81 mg/kg/day.

The DIO (high-sugar diet) is known to induce insulin re-
sistance and have been associated with cardiovascular dys-
function [35], whilst the high-fat, high-sugar diet (HFD in
our study) is strongly associated with metabolic alterations
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such as obesity and insulin resistance which can lead to car-
diovascular dysfunction in mice [36]. Moreover, the chronic
intake of high-fat compared to high-sucrose—fed mice results
in different types of glucose intolerance [37], which highlights
the importance of diet in drug evaluation studies. In this study,
obesity was induced (as measured with an adiposity index) in
both DIO and HFD rats, possibly due to the hyperphagic na-
ture of the diets which result in increased caloric intake.
Chronic chloroquine intake did not improve the non-fasting
blood glucose levels in the treated HFD animals compared to
their age-matched controls, but it did slightly improve the
adiposity index of treated HFD animals compared to non-
treated HFD animals (p =0.0678; Table 2), albeit not
significantly.

Previous studies have found that chloroquine can im-
prove symptoms of metabolic syndrome in obesity [14],
as well as increase cellular glucose uptake [10] and
insulin-mediated PKB/Akt activity in HFD, insulin-
resistant rats at low doses (7 mg/kg/week) [11].
Moreover, low-dose chloroquine treatment (7 mg/kg/
week) has been shown to improve glucose tolerance, in-
sulin sensitivity and hepatic PKB/Akt signalling, although
it did not affect serum metabolites nor fasting blood glu-
cose in rats fed a Western diet (42% fat-containing diet)
for 8 weeks. Interestingly, the same study found that chlo-
roquine could significantly decrease total aortic and aortic
root atherosclerosis in an ApoE™ atherosclerotic mouse
model [28]. The dosages used in these studies are very
low when equating it to the human-equivalent dose
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(39.73 mg/week) [21], and would suggest that the current
clinical doses used for SLE and RA can be reduced con-
siderably to induce anti-diabetic effects.

However, in light of the cardiotoxicity reported at low [15]
and clinically relevant doses [18], the question remains wheth-
er cardiovascular dysfunction can be observed at the reported
human equivalent low dose of 0.81 mg/kg/week [15] in an
insulin resistant high-fat—fed rat model. The animal-based
studies that have proposed the use of chloroquine as an anti-
diabetic drug [11, 28] did not report on the cardiotoxic effect
in either HFD, western diet—fed or age-matched control ani-
mals. This study did not aim to evaluate the efficacy of chlo-
roquine as an anti-diabetic drug but rather compare heart func-
tion between chloroquine-treated obese, insulin-resistant and
their age-matched controls. Due to the reported
hypoglycaemic effect of chloroquine in non-diabetic patients,
this study evaluated chronic, low-dose chloroquine treatment
in a known, insulin-resistant (Fig. 4) obese male Wistar rat
model (Table 2) with a human-equivalent dose of
0.81 mg/kg/day.

This study shows that chloroquine may only become
cardiotoxic at high concentrations (100 uM), when adminis-
tered in a single dose to isolated cardiomyocytes (Fig. 1a).
Interestingly, chloroquine had no effect on cardiomyocyte glu-
cose uptake (2DG) at low (10 uM), intermediate (50 uM) or
high (100 uM) concentrations (Fig. 1a), in contrast to previous
reports that showed a significant increase in glucose uptake in
insulin-treated L6 myoblasts when compared to controls [11].
Similarly to the current study, a more recent report found that
chloroquine did not increase glucose uptake in C2C12 cells,
but rather resulted in decreased intracellular Ca®* which was
associated with a concomitant decrease in glucose transport
[38]. This suggests that the increased glucose uptake observed
by Halaby et al. [11] was mediated by the combination of
chloroquine and insulin treatment rather than chloroquine
alone, which, albeit sufficient to activate hepatic and muscle
PKB/Akt [11, 28, 38], does not stimulate insulin secretion, as
previously suggested [5]. The disparity between the use of
high doses of chloroquine in vitro, compared to the effects
seen in vivo at low dosages, was highlighted in a study that
investigated the prevention of endosomal degradation of insu-
lin [9] and suggested that the endosomal accumulation of
chloroquine in vivo can result in micromole concentrations
that would allow it to elicit the effects seen in vitro.

Increased PKB/Akt and GSK-3f activation were only
measured in animals that were fed either a HFD [11] or
Western diet [28] and were not compared to low-dose chloro-
quine treatment (3.5 mg/kg/day) in control animals. This
study set out to determine whether a single dose of chloro-
quine is sufficient to influence heart function in chow-fed
control male Wistar rats, and found that low (10 uM), inter-
mediate (30 uM) and high (50 uM) chloroquine treatment
significantly reduced heart rate and left ventricular pressure
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(presented as rate pressure product) in a Langendorft balloon
model (Fig. 3). Interestingly, it has been suggested that the
hypoglycaemic effect of most anti-malarial drugs is due to
the closure of pancreatic beta cell K* ATP channels which
increases insulin secretion [39]. On the other hand, activation
of these channels has been associated with cardioprotection
[40]. It has also been suggested that the severe cardiac effects
of anti-malarial drugs are due to their ion channel blocking
properties, which in the case of chloroquine is on the transient
outward K* current in isolated ventricular cardiomyocytes
[34, 41]. Moreover, the repolarisation of ventricular
cardiomyocytes is mainly through outward currents of K*
ions, which, when impaired, can lead to an intracellular accu-
mulation of K* ions and a delay in polarisation resulting in a
prolongation of the QT interval [34]. This could possibly ex-
plain the reduction in contractility that we observed in re-
sponse to chloroquine treatment (Fig. 2).

Chloroquine has also been suggested to decrease metabolic
syndrome symptoms associated with obesity. However, chlo-
roquine is an autophagic inhibitor and can potentially result in
the accumulation of dysfunctional mitochondria. This study
thus set out to determine whether chloroquine can influence
myocardial oxidative phosphorylation in obesity. Acute low-
dose chloroquine treatment (30 uM) did not result in mito-
chondrial dysfunction in either AMC DIO or DIO hearts (Fig.
3). This was unexpected in light of the role of chloroquine in
autophagic suppression and the previously observed decrease
in ATP content [15]. However, chloroquine treatment signifi-
cantly (p < 0.001) reduced complex I-linked respiration (state
3 oxygen consumption; glutamate plus malate buffer) in iso-
lated mitochondria from obese hearts (DIO) when compared
to chloroquine-treated controls (AMC_DIO, Fig. 3c). No sig-
nificant differences were seen in fatty acid oxidation with
palmitoyl-carnitine and malate as a substrate (Fig. 3d). This
could suggest a potential mechanism for the side effects ob-
served in lean control patients such as hypoglycaemia, which
is not observed in obese patients.

Chloroquine treatment is, however, often accumulative
over time and can be prescribed for extensive periods in the
case of RA and SLE. It has been argued that long-term chlo-
roquine treatment can result in the accumulation of patholog-
ical metabolic products within lysosomes which contribute
towards cardiovascular dysfunction [19]. Moreover, chloro-
quine is commonly used as an inhibitor of autophagy in the
laboratory and was found to worsen cardiac function in both
type 1 and T2D [15]. The suppression of autophagy, which
plays an important role in cardiovascular homeostasis and
insulin signalling in myocardial metabolism [17], has been
associated with the development of diabetic cardiomyopathy.
Kanamori et al. [15] showed that both AMPK activity as well
as ATP content was reduced in T2D (db/db) mouse hearts
when treated with chloroquine (10 mg/kg/day) for 14 days,
and also found that it exacerbated insulin resistance, increased

LV end diastolic pressure, dilated LV dimension and worsened
both systolic and diastolic dysfunction. However, the latter
study found that chloroquine did not significantly influence
cardiac function in db/+ non-diabetic mice. Conversely to this,
we found that chronic low-dose chloroquine (5 mg/kg/day)
over a 6-week period significantly decreased heart function
irrespective of diet (Fig. 5). The dose used in the study by
Kanamori et al. [15] on mice, when adjusted to a human dose
[21], is the same as the dose that was used in this study, when
adjusted to an equivalent human dose (0.81 mg/kg/day).

Our results suggest that both low and intermediate chloro-
quine doses administered either chronically or acutely are suf-
ficient to result in myocardial dysfunction, but not mitochon-
drial dysfunction irrespective of diet. We did, however, ob-
serve a significant increase in NADH-linked respiration (state
3, glutamate-malate substrate) in myocardial mitochondria
from age-matched obese rats, which was not associated with
an increase in the ATP synthesis rate (QO, state3). Although
this was not linked with mitochondrial dysfunction (as an
output of the respiratory control index), it does suggest that
an acute treatment of chloroquine can result in uncoupling in
mitochondria from control but not obese rats. Moreover, the
accumulative effect of chloroquine over a long term as well as
autophagic suppression cannot be disregarded.

Conclusion

This study shows that single-dose chloroquine treatment only
becomes cardiotoxic to isolated cardiomyocytes at high con-
centrations (100 uM, Fig. 2a), but has no effect on cardiomyo-
cyte glucose uptake (2DG) at low (10 uM), intermediate
(50 uM) or high (100 uM) concentrations (Fig. 2b).
However, in line with previously reported suppressed myocar-
dial function, we show that chronic low-dose chloroquine sig-
nificantly decreases heart function irrespective of diet, and this
highlights the need to include control as well as Western or
HFD animal models when evaluating the effect of chloroquine
treatment. Moreover, a single, intermediate chloroquine dose
(30 uM) significantly decreased RPP in control hearts, but did
not result in mitochondrial dysfunction in either AMC_DIO or
DIO hearts. Although the chronic low-dose administered in
this study is higher than was previously reported to alleviate
insulin resistance [11] and metabolic syndrome [14], it is con-
siderably lower than the current clinical dose prescribed for
RA and SLE, and suggests that further research should be
done with regard to clinically relevant chronic doses that can
alleviate metabolic syndrome without resulting in cardiovas-
cular dysfunction.

In conclusion, the role of chloroquine in cardiac toxicity
still remains to be elucidated. Literature suggests that there are
two potential mechanisms: short-term blockage of the K*
channels and accumulation of Ca®* that can result in decreased
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heart function, tachycardia and prolongation of the QT inter-
val; and long-term effects such as the accumulation of meta-
bolic products and autophagy suppression that can result in
mitochondrial dysfunction. These effects also appear to be diet
dependent, and therefore, we suggest that chloroquine might
not be a “one-size-fits all” anti-diabetic drug.
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