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Abstract
Chloroquine (CQ) has a long clinical history as an anti-malarial agent and also being used for the treatment of other infec-
tions and autoimmune diseases. Recently, this lysosomotropic agent and its derivatives are also been tested as adjuncts 
alongside conventional anti-cancer treatments in combinatorial therapies. However, their reported cardiotoxicity tends to 
raise concern over their indiscriminate use. Even though the influence of CQ and its derivatives on cardiac mitochondria 
is extensively studied in disease models, their impact on cardiac mitochondrial respiration under physiological conditions 
remains inconclusive. In this study, we aimed to evaluate the impact of CQ on cardiac mitochondrial respiration using both 
in-vitro and in-vivo model systems. Using high-resolution respirometry in isolated cardiac mitochondria from male C57BL/6 
mice treated with intraperitoneal injection of 10 mg/kg/day of CQ for 14 days, CQ was found to impair substrate-mediated 
mitochondrial respiration in cardiac tissue. In an in-vitro model of H9C2 cardiomyoblasts, incubation with 50 µM of CQ for 
24 h disrupted mitochondrial membrane potential, produced mitochondrial fragmentation, decreased mitochondrial respira-
tion and induced superoxide generation. Altogether, our study results indicate that CQ has a deleterious impact on cardiac 
mitochondrial bioenergetics which in turn suggests that CQ treatment could be an added burden, especially in patients affected 
with diseases with underlying cardiac complications. As CQ is an inhibitor of the lysosomal pathway, the observed effect 
could be an outcome of the accumulation of dysfunctional mitochondria due to autophagy inhibition.
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Introduction

CQ and its derivatives are the only FDA-approved drugs that 
have a direct inhibitory effect on autophagic flux [1–3]. Due 
to their weak basic nature, they are believed to get trapped 
into acidic cellular compartments such as endo-lysosomes, 
Golgi apparatus, etc., which provides a strong rationale 
for their use against various intracellular pathogens [4]. 
These properties also make them a potential choice for drug 

repurposing against various viral pathogens and as combi-
natorial therapies alongside anticancer agents [5–7].

Numerous reports have shown cardiac complications 
attributed to the use of CQ and its derivatives [8], even with 
minor daily dosage contributing towards mild to severe con-
duction disorders and cardio-vascular complications includ-
ing vasodilation, hypotension, myocardial dysfunction, and 
arrhythmias [8–10]. Acute high-dose CQ as well as chronic 
low-dose CQ treatment for various disease conditions has 
been shown to cause a significant decline in myocardial effi-
ciency with decreased aortic output [9, 11].

Terminally differentiated myocardial cells preserve their 
homeostasis through the intricate harmonization of vari-
ous quality control pathways, the most important one being 
autophagy [12–14]. Any derangement in these pathways 
would affect mitochondrial homeostasis and can thus result 
in metabolic derangement. Impairment of the autophagic 
process has been linked to cardiac dysfunction associated 
with CQ [15]. In the subcellular context, CQ and its deriva-
tives are shown to induce structural as well as functional 
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abnormalities in mitochondria [16–20] in various model sys-
tems. Since heart tissue is heavily reliant on mitochondrial 
metabolism, any derangements to mitochondrial homeosta-
sis could affect mitochondrial function and would ultimately 
result in cardiac complications [21]. However, the impact 
of CQ on mitochondrial respiration in healthy heart tissue 
remains unexplored. Therefore, this study largely aimed 
to assess the impact of CQ on mitochondrial function in a 
physiologically normal heart by targeting key parameters of 
mitochondrial respiratory functions using both in-vivo and 
in-vitro model systems. We found that CQ treatment altered 
the mitochondrial quality resulting in a decline in respiratory 
functions in cardiac cells.

Materials and methods

Animal experiment

Male C57BL/6 mice aged 8 weeks and body weight 30–40 g 
were included in the study and maintained in a specific 
pathogen-free facility with recommended temperature and 
humidity, on a 12:12 h light–dark cycle, with free access to 
standard diet and water. 10 mg/kg/day of CQ, equivalent to 
a human dose of 0.81 mg/kg/day [11] was injected intra-
peritoneally for 14 days, while the control group received 
saline. On completion of the intervention period, animals 
were euthanized and whole heart was extracted in ice-cold 
biopsy preservation solution (BIOPS) buffer followed by 
mitochondrial isolation [22]. Freshly isolated mitochondria 
were used for respiration measurements. Animal experi-
ments were conducted with the approval of the Committee 
for the Purpose of Control and Supervision of Experiments 
on Animals (CPCSEA), Government of India, and the Insti-
tutional Animal Ethics Committee of Sree Chitra Tirunal 
Institute for Medical Sciences and Technology (SCTIMST), 
Trivandrum.

High‑resolution respirometry with isolated 
mitochondria

Mitochondrial respiration measurements were performed 
using Oxygraph-O2k, High-Resolution Respirometry (HRR) 
(Oroboros Instruments, Austria). All assays were performed 
at 37 °C with a stirring speed of 750 rpm. Amplified signals 
from the oxygen sensor were recorded at sampling intervals 
of 2 s using DatLab-6.1 Software (Oroboros). Air calibration 
of the respirometer at specific media was performed at air 
saturation before the commencement of each experiment. 
Substrates, uncouplers, and specific inhibitors of mitochon-
drial electron transfer system (ETS) complexes were manu-
ally added using Hamilton syringes.

For cardiac mitochondrial respiration measurements, 
fresh mitochondrial isolate from the whole heart tissue was 
resuspended in mitochondrial respiration buffer (MiRO 
5) consisting of 110 mM sucrose, 60 mM K-lactobionate, 
20 mM taurine, 10 mM monobasic potassium phosphate, 
3 mM magnesium chloride, 20 mM HEPES, 1 mM EGTA 
and 0.1% (w/v) BSA at pH 7.1. Since both carbohydrate and 
fatty acids can compete as a source of substrate for mito-
chondrial oxidative energy production [23], two different 
Substrate-Uncoupler-Inhibitor Titration (SUIT) protocols 
namely fatty acid + carbohydrate substrates and carbohydrate 
substrates alone were employed [24].

In the fatty acid + carbohydrate protocol (Fig. 1A), the 
substrates Palmitoyl Carnitine (25 μM), Malate (2 mM), 
Pyruvate (5  mM), Glutamate (5  mM), and Succinate 
(10 mM) were added successively at a saturating concen-
tration of 5 mM ADP (state 3 respiration), while in the 
carbohydrate alone protocol (Fig. 1B), Palmitoyl Carni-
tine was excluded. Complex-II dependent respiration was 
measured by inhibiting complex-I respiration using 0.1 µM 
Rotenone. Finally, Antimycin-A (2.5 µM) was added to 
inhibit Complex-III-mediated respiration, giving residual 
oxygen consumption (ROX). For all HRR measurements, 
Oxygen Consumption Rate (OCR) was expressed in pmol. 
 s−1  mg−1 of the protein and all the values represented were 
ROX-corrected.

Cell culture, cytotoxicity, and cell death analysis 
with CQ treatment

H9c2, rat embryonic cardiomyoblast cells were maintained 
in High-Glucose DMEM supplemented with 10% FBS in 
an atmosphere of 37 °C and 5%  CO2. Cytotoxicity of CQ 
was assessed using Lactate Dehydrogenase (LDH) assay kit 
(CytoScan, G-Biosciences, USA) and cell death was visual-
ized by fluorescence microscopy (Carl Zeiss AxioObserver 
7, Germany) after staining with Hoechst/PI.

Quantitative real‑time PCR

For mitochondrial copy number analysis, total DNA from 
cells was extracted using the Smart Extract DNA Kit (Euro-
gentec, Belgium) and the mitochondrial DNA content was 
assessed by quantitative real-time PCR [25]. For gene 
expression analysis of the transcription factors related to 
mitochondrial biogenesis, the total RNA from CQ treated 
cells for 12 h was isolated using TriXtract (G-Biosciences, 
USA) and used for cDNA synthesis (iScript cDNA Synthe-
sis Kit, Bio-Rad, USA). qPCR analysis of TFAM, NRF1, 
NRF2A, NRF2B, TFB1, and TFB2 was done using SYBR 
GREEN chemistry (TB Green Premix Ex Taq II, Takara) 
and normalized to β-actin [26]. The assay protocol was 
optimized and performed in CFX96 Touch Real-Time PCR 
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System. Livak method was applied to calculate the normal-
ized expression level of the target gene [27].

Measurement of mitochondrial membrane potential 
and mitochondrial superoxide production

Mitochondrial Membrane Potential (MMP) was assessed 
using TMRE Mitochondrial Membrane Potential Assay 
(G-Biosciences, USA), and ROS generation from mitochon-
dria was determined using MitoSox Red (Invitrogen, USA). 
For both assays, CQ-treated cells along with their respective 
controls were stained as per the manufacturer’s protocols and 
directly subjected to flow-cytometry analysis using BD FAC-
SJazz™ (BD Biosciences, USA) with fluorescence intensity 
recorded with PE emission channel. Cell debris was gated 
out by distinct forward and side scatter.

Analysis of mitochondrial morphology

Mitochondrial morphology was assessed with MitoTracker 
Deep Red FM (Invitrogen, USA). The distribution of fluo-
rescence was imaged at 590 nm excitation/650 nm emission 
wavelengths using a fluorescence microscope (Carl Zeiss 
Axio Observer 7, Germany). Images were binarized and 
the threshold was adjusted for resolving individual mito-
chondria. Semiquantitative measurements of mitochondrial 
morphology were done using ImageJ Macro designed by 
Dagda et al. [28].

Immunoblot analysis

Whole-cell lysate was prepared in ice-cold RIPA buffer 
with protease inhibitors (Pierce Biotechnology, USA), 
followed by protein quantification using BCA-assay kit 

Fig. 1  Substrate-mediated mitochondrial respiration in isolated car-
diac mitochondria, post Chloroquine treatment: High-resolution 
respirometry was utilized to analyze respiration in isolated mito-
chondria from whole heart of mice using two SUIT protocols, Fatty 
acid + carbohydrate protocol (A) and Carbohydrate alone protocol 
(B). In the fatty acid + carbohydrate protocol, the substrates were 
added as follows: Palmitoyl Carnitine (25  μM), Malate (2  mM), 
Pyruvate (5  mM), Glutamate (5  mM), and Succinate (10  mM) in 
a sequential manner at saturating concentration of ADP (5  mM), 
while in the carbohydrate alone protocol, Palmitoyl Carnitine was 
excluded. With both the protocols state 3 respiration was assessed. 
C State 3 respiration following Fatty acid substrates (Palmitoyl car-

nitine + Malate), Fatty acid + Carbohydrate substrates (Palmitoyl car-
nitine + Malate + Pyruvate + Glutamate), Fatty acid + carbohydrate 
substrates for Complex-I and -II (Palmitoyl carnitine + Malate + Pyru-
vate + Glutamate + Succinate) and state 3 with the sequential addi-
tion of Rotenone, Complex-II—linked respiration alone. D State 
3 respiration following Carbohydrate substrates for Complex-I 
(Glutamate + Malate & Glutamate + Malate + Pyruvate), Carbohy-
drate substrates for Complex-I and -II (Glutamate + Malate + Pyru-
vate + Succinate), and state3 with the sequential addition of Rote-
none, Complex-II—linked respiration alone. The bar graphs represent 
values ± SD. (n = 4) (p value ≤ 0.05 as * and p value ≤ 0.001 as #)
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(Pierce Biotechnology, USA). The lysates were resolved in 
SDS-PAGE and transferred onto a PVDF membrane and 
blocked in 5% skimmed milk in Tris-buffered saline with 
0.1% Tween-20. Appropriate dilutions of primary (1:1000 
for LC3B, 1:2000 for Vinculin in 3% BSA-TBST) and HRP 
conjugated secondary antibodies (1:5000 anti-Rabbit IgG) 
were used, following which the signal was detected using 
ClarityMax ECL Kit and documented in Gel Doc™ XR 
Imaging System (Bio-Rad, USA). ImageJ version 1.49a was 
used for quantification.

Cellular bioenergetic analysis

H9c2 cells cultured with or without CQ treatment for 24 h 
were harvested using 0.1% Trypsin–EDTA, washed & resus-
pended in respiration media, and added to the 2 ml glass 
chambers (1.5–2 million cells/ml) of O2k-Respirometer.

Intact cell respiration was measured using serum-free 
cell-culture media. In accordance with Oroboros guidelines 
[29], coupling control protocol for intact cells was used and 
the respiration in different coupling control states—ROU-
TINE (R), LEAK (L), and Maximal respiratory capacity of 
electron transfer system (E) was derived from the  O2 flux 
values. ‘R’ corresponding to the physiological respiration of 
intact cells with endogenous substrates was analyzed after 
adding cells to the chambers and stabilization of the  O2 flux. 
Oligomycin (2.5 μM), a complex-V inhibitor, was used to 
measure leak-state (L), the residual respiration independent 
of ATP synthesis and corresponds to the proton leak, proton 
slip and cation cycling across the inner mitochondrial mem-
brane. Further, the Oligomycin sensitive respiration, i.e., the 
difference between ‘R’ and ‘L’ (R–L), represents the ATP-
linked respiration. Hereafter, the maximal respiration ‘E’ 
was attained by stepwise titration of CCCP (Carbonyl cya-
nide 3-chlorophenylhydrazone), 0.5 μM each time. Spare-
capacity of mitochondria was calculated as the difference 
between the Maximal-capacity and the Routine respiration 
(E–R). Finally Rotenone (0.1 μM), an inhibitor of Complex-
I, and Antimycin A (2.5 μM), an inhibitor of Complex-III 
were added to the system to inhibit mitochondrial oxygen 
consumption giving ROX.

Analysis of mitochondrial function following exog-
enously adminitered substrates in permeabilized cells was 
carried out in mitochondrial respiration buffer (MiRO5). For 
the assessment of respiration linked to individual mitochon-
drial complexes (state 3 respiration), specific substrates and 
the inhibitors that feed and/or inhibit each complex were 
used sequentially. For Complex-I linked respiration, Pyru-
vate (5 mM), Glutamate (5 mM), and Malate (2 mM) were 
added followed by Rotenone (0.1 μM). This was followed by 
the addition of complex-II substrate (10 mM Succinate) and 
then its inhibitor (Malonate 5 mM) to assay for Complex-II 
linked respiration; then Antimycin (2.5 μM) was added to 

inhibit Complex-III, followed by N,N,N,N-Tetramethyl-p-
phenylenediamine dihydrochloride (TMPD) (0.5 mM) in the 
presence of Ascorbate (2 mM), a substrate for Complex-IV 
and Sodium azide (100 mM) its inhibitor.

Statistical analysis

Parametric statistics were applied for all data with Student’s 
unpaired t test used for identifying significant differences 
unless otherwise specified. All tests were performed with 
the assumptions of two-tailed and homoscedastic sample 
distribution with data being represented as mean ± stand-
ard deviation (SD) from a minimum of three independent 
experiments. A p value of < 0.05 was considered significant.

Results

CQ impairs cardiac mitochondrial respiration

Cardiotoxic effects of CQ have been studied in various dis-
ease models. However, its impact on mitochondria in nor-
mal cardiac tissue remains to be documented completely. 
We have demonstrated the effects of CQ on isolated cardiac 
mitochondria using high-resolution respirometry by sequen-
tial addition of various respiratory substrates of ETS com-
plexes in two different protocols. In the fatty acid plus car-
bohydrate protocol, palmitoyl carnitine, malate, glutamate, 
and pyruvate-dependent state 3 respiration was found to be 
similar between CQ-treated and control groups (Fig. 1C). 
But with carbohydrates alone protocol, the state 3 respira-
tion induced by successive addition of glutamate, malate, 
and pyruvate was significantly lower in CQ treated group 
(Fig. 1D). Interestingly, in both the protocols, addition of 
succinate enhanced mitochondrial respiration within as well 
as between the groups. This implies the significance of mito-
chondrial complex II in fueling heart tissue as well as the 
possibility of CQ’s detrimental effect on cardiac mitochon-
dria by largely affecting complex II of ETS. This succinate-
specific effect was also substantiated by inhibiting the com-
plex I-linked respiration with rotenone.

CQ alters mitochondrial metabolism in vitro

CQ impaired cardiac mitochondrial respiration in vivo. 
Thus, to explore the mechanistic basis of how CQ impacts 
mitochondria under normal conditions, H9c2 cardiomyo-
blasts were used.CQ treatment for 24 h at 50 µM was cho-
sen for subsequent studies based on preliminary experiments 
done studying cell viability and autophagosome accumula-
tion as determined by LDH release assay and LC3-II levels, 
respectively (Fig. 2A–C).
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The cellular bioenergetic capacity was significantly 
reduced by CQ as evidenced by decreased mitochondrial 
respiratory parameters i.e. Routine, Maximal, ATP-linked, 
and Spare capacity (Fig. 3A, B). This could be due to either 
a reduction in the availability of metabolic intermediates 
and/or a decline in the mitochondrial complex function. The 
Leak to Routine (L/R) and Leak to ETS capacity (L/E) ratio 
of CQ group compared to control suggests that CQ increased 
mitochondrial leakiness. Simultaneously, CQ reduced mito-
chondrial coupling efficiency as indicated by decreased 
(R-L)/R ratio. In addition, an increase in the fraction of net 
Routine to ETS capacity i.e., (R-L)/E ratio also indicates a 
reduction in ETS capacity by CQ (Fig. 3C). The latter cal-
culation was further validated by the observed decrease in 
complex-I, -III, and –IV dependent respiration induced by 
their respective substrates on digitonin-permeabilized cells 
(Fig. 3D).

CQ increases mitochondrial DNA copy number

The significant decline in mitochondrial respiratory function 
observed with 24 h exposure to CQ could be due to either a 

decline in mitochondrial quality or quantity. To resolve this, 
we analyzed mitochondrial DNA content and genes involved 
in mitochondrial biogenesis by qPCR. The levels of mito-
chondrial DNA and the expression of transcription factors 
associated with mitochondrial biogenesis such as TFAM, 
TFB1, TFB2, NRF1, NRF2A, and NRF2B were found to 
be increased in CQ-treated cells (Fig. 4A, B) irrespective of 
reduced mitochondrial respiratory capacity.

CQ reduces mitochondrial membrane potential 
and increase mitochondrial ROS levels

Mitochondrial coupling efficiency is directly associated 
with its membrane potential as it is the driving force for 
ATP production by ATP-synthase. To understand the basis 
of mitochondrial respiratory dysfunction by CQ, MMP was 
measured by staining cells with TMRM, a cationic dye that 
accumulates in the mitochondria based on their membrane 
potential. MMP was found to be reduced in CQ-treated cells 
irrespective of elevated expression of the genes involved in 
mitochondrial biogenesis as well as increased mtDNA copy 
number (Fig. 4C, D). Conversely, MitoSox staining revealed 

Fig. 2  Cytotoxicity and LC3—II accumulation with CQ treatment 
in H9C2 cardiomyoblasts: The cells were exposed for 24 h to High 
Glucose Media with and without CQ (50 μM) treatments. Cell death 
and cytotoxicity were analysed by Hoechst/Propidium iodide (H/PI) 
staining and LDH assay, and LC3 II accumulation assessed through 
immunoblots was used as a readout for autophagy inhibition. A 
Representative fluorescence images of H/PI staining of H9c2 cells 
(n = 3). Hoechst/Propidium Iodide imaging shows no cell death at 

50 µM concentration while with increasing concentrations the cellu-
lar toxicity increases. B The bar graph shows the % cytotoxicity of 
CQ at different concentrations. 75 µM and 100 µM CQ caused signifi-
cant cytotoxicity compared to control, values shown as means ± SD 
(n = 3). C Representative immunoblot for the assessment of LC3 II 
accumulation. The bar graph shows that 50  µM CQ caused signifi-
cant autophagic cessation, values shown as means ± SD (n = 3). (p 
value ≤ 0.05 as * and p value ≤ 0.001 as #)
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an elevated mitochondrial superoxide level in the presence 
of CQ (Fig. 5A).

Fragmentation of mitochondria by CQ treatment

With our results pointing towards a defective mitochondrial 
function with CQ treatment, we went on to assess mitochon-
drial structure using MitoTracker Deep Red FM-stained 
cells with a custom-designed macro for NIH ImageJ [28]. 
This helped in tracing the individual mitochondrial units in 
an unbiased way and estimating the indices of mitochon-
drial interconnectivity and mitochondrial elongation. CQ 
treatment decreased mitochondrial interconnectivity and 
elongation scores compared to control cells (Fig. 5B, C) 

corroborated by significant change in the levels of mitochon-
drial fusion protein, OPA-1 (Supplementary Fig. 1).

Discussion

CQ aids in accumulating dysfunctional mitochondria in vari-
ous disease states possibly due to its effects on autophagy 
inhibition [19, 30]. Our present study reiterates the same but 
under normal conditions and at lower daily dosages. Nota-
bly, CQ largely impairs succinate-mediated respiration in 
isolated cardiac mitochondria more than other substrates’ 
mediated respiration (Fig. 1). It has been reported that suc-
cinate accumulates in the ischemic heart and enhances ROS 
generation by undergoing reverse electron transfer during 

Fig. 3  CQ treatment results in the deterioration of cellular bioenerget-
ics: The H9c2 cells were given treatments of CQ (50 µM) for 24 h 
along with respective controls, and the intact cell respiration was 
measured following resuspension of cells in serum free DMEM in 
Oroboros Oxygraph. A illustration of the experiment as well as the 
respiratory states measured. B Shows the changes in Routine respira-
tion (R), Maximal respiration (E) following uncoupling with CCCP, 
ATP linked respiration/ATP turnover (R-L) & Reserve capacity/Spare 
respiratory capacity (E-R). C Shows Coupling control ratios (L/R), 

(L/E), (R-L)/R & (R-L)/E. D Activity of the individual complexes of 
respiratory chain in the presence of exogenous substrates. Complex-I 
linked respiration with Pyruvate, Glutamate and Malate followed by 
Rotenone, Complex-II linked respiration following the addition of 
Succinate and then inhibitor, Malonate, and Complex-IV linked respi-
ration with Ascorbate (2 mM) followed by TMPD, and Sodium azide. 
The Bar graphs represent values ± SD (n = 4). (p value ≤ 0.05 as * and 
p value ≤ 0.001 as #)
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reperfusion [31]. However, succinate-mediated oxygen con-
sumption was not significantly altered in the presence or 
absence of complex I as well as reverse electron transfer 
inhibitor, rotenone (Fig. 1). This suggests that CQ largely 
compromised forward electron transfer in isolated mito-
chondria under normal conditions. Alternatively, defective 
succinate utilization induces mitochondrial fragmentation 
through its release and activation of MFF and Drp1 by 
inducing GPR91 signaling at the plasma membrane [32]. 
To demonstrate these possibilities, we have incubated H9c2 
cardiomyoblasts with CQ for 24 h and it is observed that 
CQ compromises routine, maximal, ATP-linked, and spare 
mitochondrial respiratory capacity (Fig. 3B, C) as well as 
complex specific mitochondrial respiration (Fig. 3D). This 
overall decline in the respiratory capacity of mitochondria 
is associated with reduced MMP (Fig. 4C, D), increased 
mitochondrial fragmentation, and ROS levels (Fig. 5A–C) 
irrespective of the counteractive induction of mitochondrial 
biogenesis as evidenced by elevated mRNA levels of tran-
scription factors related to mitochondrial biogenesis, and an 
increase in the mitochondrial DNA copy number (Fig. 4A, 
B).

Autophagy recycles fragmented and dysfunctional mito-
chondria by engulfing and forming autophagosomes [33]. 
CQ increases lysosomal pH and thus inhibits autophagic 

flux by inhibiting the fusion between autophagosomes and 
lysosomes. This was corroborated by increased accumula-
tion of autophagosomes and decreased autophagic flux as 
indicated by increased levels of LC3-II and p62, respec-
tively [34]. Likewise, we have also noted increased levels 
of LC3-II in CQ-treated cells (Fig. 2C) with an accumula-
tion of fragmented mitochondria (Fig. 5) possibly due to 
defective autophagic flux. Besides autophagic clearance of 
dysfunctional and fragmented mitochondria, the increase in 
mitochondrial fusion also ameliorates the mito-toxic effects 
by supplementing and compensating the defects among frag-
mented mitochondrial populations. This depends on the pro-
teins regulating mitochondrial fusion dynamics such as OPA 
-1 which was found to be significantly decreased with CQ 
treatment (Supplementary Fig. 1). Additionally, it has been 
reported that increased levels of cholesterol alters biophysi-
cal characteristics of mitochondrial membrane by decreasing 
its fluidity [35]. Since CQ-mediated lysosomal modulation 
has recently been reported to alter cholesterol distribution 
in the membrane of the cellular organelle [34], the observed 
accumulation of fragmented mitochondria could be a result 
of decreased membrane fluidity and its associated effects 
on mitochondrial fusion. Recently, Mauthe et al. also dem-
onstrated that CQ and its derivatives affect the intracellular 
vesicular transport as well as induce severe disorganization 

Fig. 4  Analysis of Mitochondrial DNA content, expression of tran-
scription factors related to mitochondrial biogenesis and mitochon-
drial membrane potential following CQ treatment: Following CQ 
(50  µM) treatment, relative mitochondrial content as well as the 
mRNA expression of transcription factors related to mitochondrial 
biogenesis was measured by qPCR assay. A Mitochondrial content 
was determined through the quantification of mitochondrial DNA 
copy number and the bar graph represents the Mitochondrial DNA 
content normalized to nuclear DNA content as mean ± SD (n = 5). 

B Bar graphs represent mRNA expression of transcription factors 
related to mitochondrial biogenesis estimated by qPCR as mean ± SD 
(n = 5). C Representative fluorescence micrographs of H9c2 cells 
stained with TMRE showing decline in the fluorescence intensity fol-
lowing CQ treatment. D The bar graphs represent the fold change in 
mean values of fluorescence intensity, relative to control, obtained 
through flow cytometric analysis from three independent experiments 
(n = 3) as means ± SD. (p value ≤ 0.05 as * and p value ≤ 0.001 as #)
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of the Golgi and endo-lysosomal systems at the cellular level 
in-vitro and in-vivo; probably a similar mechanism by which 
CQ is causing fragmentation and affecting the mitochon-
drial network [30]. Also, in concordance with our results that 
show abnormal mitochondrial fission and deterioration in 
function, CQ and its derivatives have been shown to induce 
pathologic responses at the cellular level together with ultra-
structural changes like the formation of myeloid and curvi-
linear inclusion bodies that are shared between cardiopathy 
and neuropathy [18, 36, 37].

The attempts to include CQ and its derivatives as a 
treatment modality or as an adjuvant has been fraught 
with controversies and complications, mostly because of 

CQ’s reported cardiotoxicity [10]. Recently, observations 
of cardiac arrhythmias and prolongation of the QT interval 
associated with CQ treatments have led to caution against 
the indiscriminate use of these drugs [10, 38, 39]. Gen-
erally, cardiotoxicity associated with CQ is studied with 
high doses of CQ in animal models, which correlates well 
with the cardiotoxic effect of CQ seen in patients given 
high doses. But Kanamori et al., 2015 have shown that CQ 
exerts cardiotoxicity in diabetic models (Type 1 & Type 
2) even at a lower dosage (10 mg/kg/day) that is clinically 
relevant and echoes the question of cardiovascular safety 
in humans [11]. Even though our study is limited to the 
mito-toxic effects of CQ in cardiac cells, we believe that 
it would add to the knowledge and is clinically significant, 
as CQ is a potential choice for drug repurposing against 
various viral pathogens and as combinatorial therapies 
alongside anticancer agents.

In summary, CQ affects substrate-mediated mitochon-
drial respiration in cardiac cells and causes the deterio-
ration of a healthy mitochondrial population. This could 
aggravate the pre-existing disproportion in metabolic 
demand and cardiac output, as observed in conditions like 
cancer chemotherapeutics-induced heart ailments, rheu-
matic heart disease, COVID-19, etc., with accompanying 
cardiopulmonary derangement. This warrants the need for 
more in-depth and detailed studies in in-vivo systems to 
unravel the cardiotoxicity of CQ and its derivatives. We 
further acknowledge the limitations of this study—the 
effects of CQ on the functional aspect of cardiac tissue 
need to be studied and correlated, along with the explora-
tion of other plausible pathways involved in the impair-
ment of mitochondrial quality control with CQ treatment. 
Nevertheless, our study suggests that CQ causes mitochon-
drial toxicity in healthy cardiac cells and this would be an 
added burden in conditions with metabolic abnormalities, 
thus cautioning against the indiscriminate use of this drug.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11010- 023- 04740-0.

Acknowledgements The authors acknowledge Dr. Nandini R. 
J., Department of Biochemistry, SCTIMST, and Dr. Tamilselvan 
Jayavelu, Assistant Professor, Department of Biotechnology. Anna 
University, Chennai, for their valuable inputs and recommendations. 
The authors acknowledge Dr. Praveen K S, SERB Research scientist, 
SCTIMST for the generous gift of the H9c2 cell line, procured from 
ATCC. The authors also acknowledge fellowship support from CSIR 
(09/523(0084)/2016-EMR-I), Government of India, granted to Ashok 
Sivasailam; DST-INSPIRE (IF110342), Government of India, granted 
to Raji Sasikala Rajendran; and infrastructure support by SCTIMST, 
Trivandrum.

Author contributions The authors confirm their contribution to the 
paper as follows:Study conception and design: SA and GS; Data collec-
tion: SA and SRR; Analysis and interpretation of results: SA, and SM; 
Draft manuscript preparation: SA, SM, and GS.All authors reviewed 
the results and approved the final version of the manuscript.

Fig. 5  CQ treatment results in elevated mitochondrial ROS and mito-
chondrial fragmentation: A Flow cytometry analysis using MitoSox 
Red shows an increased Mitochondrial superoxide production follow-
ing CQ treatment. The graphical representation of the flow cytometric 
data of MitoSox fluorescence are from three independent experiments 
(n = 3) as means ± SD. H9c2 cells given treatments of CQ (50 µM) for 
24 h in 8-well chambered coverslips were stained with MitoTracker 
Red and the Mitochondrial network inter-connectivity and mitochon-
drial fragmentation was assessed semi-quantitatively. B Epifluores-
cence micrographs of H9c2 cells stained with MitoTracker Red. C 
The bar graphs represent the Mitochondrial network inter-connec-
tivity and mitochondrial elongation indices as mean ± SD (n = 5). (p 
value ≤ 0.05 as * and p value ≤ 0.001 as #)
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