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Abstract Autophagy is a complex degradation pathway
through which damaged or dysfunctional proteins and orga-
nelles are removed. Its pharmacological modulators have
been extensively used in a wide range of basic research and
preclinical studies. However, the effects of these inhibitors
on metabolism, in addition to autophagy inhibition, are not
fully elucidated. Chloroquine is a clinically relevant com-
pound that inhibits autophagy by preventing the fusion of
autophagosomes with lysosomes. In this study, we aimed to
examine the effect of chloroquine on mitochondrial quality
control and respiratory function by utilizing 3T3-L1 mouse
adipocytes treated with chloroquine at various time points.
We found that chloroquine could disturb genes related to
mitochondrial fission, biogenesis, and mitophagy, leading
to mitochondrial DNA damage. Although the inhibition of
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autophagy by chloroquine resulted in an increased prohibi-
tin expression, respiratory function was downregulated in a
time-dependent manner. Moreover, chloroquine treatment
induced oxidative stress, apoptosis, and metabolic dys-
regulation. These data demonstrated that chloroquine sig-
nificantly affected mitochondrial respiratory function and
metabolism, which was consistent with impaired mitochon-
drial quality associated with autophagy inhibition.

Keywords Obesity - Adipocytes - Mitochondria -
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Introduction

Obesity is described as excessive fat buildup in adipose tis-
sues, leading to a cluster of disorders known as “metabolic
syndrome”, including insulin resistance, type 2 diabetes, and
cardiovascular disease (Van Gaal et al. 2006). The patho-
genesis of obesity-induced metabolic disease is complex
because it involves alterations in metabolic, immune, and
endocrine functions in adipocytes and adipose tissues (Kahn
et al. 2019). Recent research showed autophagy dysregula-
tion in obesity is involved in the regulation of the metabolic
and immune functions of adipose tissues, leading to the
progression of metabolic disorders (Namkoong et al. 2018).
Autophagy is an intracellular defense mechanism to main-
tain homeostasis by clearing damaged and dysfunctional
organelles (Klionsky and Emr 2000). Previous studies on
adipocytes revealed that autophagy is largely involved in
adipocyte differentiation through which autophagy inhibi-
tion hampers adipogenesis (Zhang et al. 2013). Conversely,
the role of autophagy in mature adipocytes has yet to be fully
defined. Notably, autophagy is altered in adipose tissues in
individuals with obesity, but whether the related autophagy
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activity is increased or impaired remains debatable (Clem-
ente-Postigo et al. 2020).

Mitochondria are critical integrators of energy produc-
tion, reactive oxygen species (ROS) generation, signaling
transduction, and apoptosis (Galluzzi et al. 2012). Increasing
evidence has shown that mitochondrial malfunction is a piv-
otal event in disturbing cellular homeostasis and metabolic
adaptation (Bhatti et al. 2017). Mitochondrial homeostasis
is achieved by balancing mitochondrial biosynthesis and
degradation (Altshuler-Keylin and Kajimura 2017). While
several transcriptional regulators, including peroxisome
proliferator-activated receptor gamma coactivator-1 alpha
(PGCla), have been identified as regulators of mitochon-
drial biogenesis (LeBleu et al. 2014), the removal of dys-
functional or unneeded mitochondria relies on mitophagy,
which is a unique autophagy targeting dysfunctional mito-
chondria (Ashrafi and Schwarz 2013). Damaged mitochon-
dria are detected by PTEN-induced putative kinase (PINK1)
and Parkin and engulfed by autophagosomes for subsequent
catabolism by lysosomes (McWilliams and Mugqit, 2017).
Conversely, the inhibition of mitophagy-mediated mitochon-
drial clearance is beneficial to metabolism by enhancing the
transition from white adipocytes to beige adipocytes and
the thermogenic capacity in diet-induced obesity (Altshuler-
Keylin et al. 2016). Given the complex role of autophagy
on mitochondrial homeostasis, further investigation into the
relationship between autophagy and mitochondria should be
performed in terms of metabolic regulation in adipocytes.

Various pharmacological inhibitors of autophagy have
been widely used to provide insights into the protective
and deleterious effects of autophagy (Galluzzi et al. 2017).
Among them, chloroquine is a lysosomotropic weak base
that neutralizes intra-lysosomal acidity and hence arrests
autophagy by preventing the fusion of autophagosomes with
lysosomes (Mauthe et al. 2018). Chloroquine is used as an
FDA-approved drug for malaria therapy in clinical settings
(Coban 2020) and debated for its potential use in COVID-
19 treatment (Zou et al. 2020). In addition to the effects of
chloroquine on autophagy inhibition, the influence of chlo-
roquine on mitochondrial homeostasis in adipocytes remains
unexplored. Thus, identifying the time-dependent effect of
chloroquine on mitochondrial quality control and energetics
in adipocytes may enhance our understanding of the utiliza-
tion of autophagy inhibitors for studying the mechanistic
link between autophagy, mitochondria, and metabolism.

In this study, we hypothesized that the pharmacologi-
cal inhibition of autophagy by chloroquine in adipocytes
altered the mitochondrial quality control machinery,
thereby impairing adipocyte metabolism. We found that
chloroquine-treated adipocytes presented dysfunctional
mitochondria with decreased respiratory functions. As a
result, redox homeostasis was disrupted, and apoptotic
activity was enhanced. In these adipocytes, glucose uptake
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and lipid metabolism were impaired, suggesting that chloro-
quine-mediated autophagy inhibition affected mitochondrial
integrity, thus leading to adipocyte dysregulation.

Materials and methods
3T3-L1 culture and treatment

3T3-L1 cells (ATCC, Manassas, VA, USA) were cultured
as previously described (Javaid et al. 2021). Briefly, preadi-
pocytes were cultured in high-glucose Dulbecco’s modified
Eagle medium (DMEM; Gibco, Carlsbad, CA, USA) sup-
plemented with 10% fetal bovine serum (FBS; HyClone;
Logan, UT, USA) and 1% penicillin/streptomycin and incu-
bated at 37 °C with 5% CO,. Two days after reaching 100%
confluency (day 0), the cells were incubated in differentia-
tion media containing insulin, dexamethasone, 3-isobutyl-
I-methylxanthine, and rosiglitazone. On day 8, mature
adipocytes were treated with 30 uM chloroquine (C6628,
Sigma; Saint Louis, MO, USA) for subsequent experiments.

Oxygen consumption rate

Briefly, 3T3-L1 cells were grown and differentiated in
XFe96 well plates coated with gelatin. On the assay day, the
cell culture medium was changed to Seahorse XF DMEM
supplemented with 1 mM pyruvate, 2 mM glutamate, and 10
mM glucose. The plate was incubated in a non-CO, incuba-
tor at 37 °C for 1 h after oligomycin (2 uM), FCCP (2 uM),
and rotenone/antimycin (1 pM) were added to their respec-
tive ports prior to the assay. After cartridge calibration,
the cells were placed in XFe96 analyzer (Agilent Seahorse
Bioscience, Santa Clara, CA, USA) to measure the oxygen
consumption rate.

Ocxidative stress measurement

Hydrogen peroxide was measured using a commercially
available ROS-Glo H,0, assay kit (G8820, Promega;
Madison, WI, USA) in accordance with the manufacturer’s
instructions. Briefly, after the cells were treated, H,O, sub-
strate was added in the last 6 h of treatment at a final concen-
tration of 25 M. ROS-Glo detection reagent was added to
measure luminescence by using a microplate reader.

Caspase-3 activity assay

Caspase-3 activity in cells was measured using a commer-
cially available Caspase-Glo 3/7 assay kit (G8090, Promega)
in accordance with the manufacturer’s instructions. Briefly,
after the cells were treated, caspase-3 reagent was added to
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each well, and luminescence was measured using a micro-
plate reader.

Glucose uptake assay

Glucose uptake was measured using a commercially avail-
able Glucose Uptake-Glo assay kit (J1341, Promega) in
accordance with the manufacturer’s instructions. After the
cells were treated, the medium was removed and washed
with PBS to remove any glucose. After 1 mM 2-deoxyglu-
cose (2DG) was added per well, the plate was incubated at
room temperature for 10 min. Stop buffer and neutraliza-
tion buffer were sequentially added. Then, 2-deoxyglucose-
6-phosphate (2DG6P) detection reagent was added, and
luminescence was measured using a microplate reader.

Antioxidant activity assay

Total glutathione (GSH) level was determined using a GSH
assay kit (CS0260, Sigma). Lysate (20 ug) was treated with
5% (w/v) sulfosalicylic acid at 4 °C for 10 min and centrifu-
gated at 10,000 X g for 10 min. The supernatant and stand-
ard solution (40 pl) were transferred to 96-well plates, and
150 pl working solution was added. After 5 min of incuba-
tion at room temperature, 50 pl of the reduced nicotinamide
adenine dinucleotide phosphate (NADPH) was added to
each well, and the change in the absorbance of 5,5'-dithio-
bis-2-nitrobenzoic acid (DTNB) was monitored at 412 nm
induced by glutathione oxidation. GSH level was calculated
in accordance with the manufacturer’s instructions.

Total superoxide dismutase (SOD) activity was deter-
mined using a superoxide dismutase activity assay kit
(ab65354; Abcam, Cambridge, UK). Lysate (10 pg) was
mixed with water-soluble tetrazolium salt (WST-1) work-
ing solution and enzyme working solution and incubated at
37 °C for 20 min. SOD inhibited the reduction of WST-1,
and the inhibition rate of WST-1 reduction was calculated as
the SOD activity. To further detect MnSOD activity, 2 mM
potassium cyanide was added at 37 °C for 40 min to inhibit
Cu/ZnSOD (Traba et al. 2017). The absorbance of WST-1
formazan, which is a form of reduced WST-1, was monitored
at 450 nm by using SpectraMax iD3 (Molecular Devices,
San Jose, CA, USA), and each absorbance was subtracted
by initial absorbance.

Oil Red O staining

Preadipocytes and mature adipocytes were fixed with 10%
formalin for 30 min. A stock solution of 0.5% Oil Red O
solution (00625, Sigma) was prepared in isoproprano-
lol, filtered, and diluted with distilled water to prepare a
0.3% working solution. The fixed cells were stained with
the working solution for 1 h. After the cells were washed

with distilled water, representative images were taken with a
Leica ICC50 HD microscope (Leica Microsystems, Waltzer,
Germany).

Immunofluorescence staining

Cells were fixed with 4% periodate-lysine-paraformaldehyde
buffer for 15 min and blocked for 1 h. Primary antibodies
LC3I/II (#12741; Cell Signaling Technology, Danvers, MA,
USA) and perilipinl (#4854; Vala Sciences, San Diego, CA,
USA) were incubated at room temperature for 2 h. Then,
secondary antibodies Alexa Fluor 555 (#4413; Cell Sign-
aling Technology) and m-IgGBP-FITC (sc-516140; Santa
Cruz Biotechnology, Texas, CA, USA) were incubated for
1 h. Images were acquired using a LSM 980 confocal micro-
scope (Carl Zeiss Microscopy, Germany).

Western blot

Cells were lysed in RIPA buffer (#89900; Thermo Scien-
tific, Rockford, IL, USA). Proteins (50 pg) were separated
by sodium dodecyl-sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) and then transferred to polyvinylidene
fluoride membranes. These membranes were incubated with
primary antibodies at 4 °C overnight. LC3I/II (#12741), p62
(#5114), HSL (#4107), ATGL (#2138), PPARY (#2435),
C/EBPa (#8178), FABP4 (#3544), and p-tubulin (#2146)
antibodies were from Cell Signaling Technology. Prohibitin
(sc-377037) and anti-rabbit IgG-HRP (sc-2004) from Santa
Cruz Biotechnology, PINK1 (23274-1-AP) from Proteintech
(Rosemont, IL, USA), and OXPHOS (45-8099) from Invit-
rogen (Waltham, MA, USA) were used. Blot intensity was
measured using LAS-4000 (Fuji photo film, Tokyo, Japan).
Values were normalized to B-tubulin as a housekeeping
protein.

Gene expression analysis

Total RNAs were extracted from the cells by using Trizol
reagent (TR118; MRC, Cincinnati, OH, USA). cDNAs
were synthesized using total RNAs and TOPscriptTM
RT DryMIX (Enzynomics; Daejeon, South Korea).
mRNA levels were observed via real-time PCR by using
Rotor-Gene Q (QIAGEN; Hilden, Germany) with a 10 pl
reaction volume consisting of cDNA transcripts in TOP-
real SYBR Green PCR kit (Enzynomics; Daejeon, South
Korea) with the following primer sets: p62 5'-AGATGC
CAGAATCGGAAGGG-3' (forward) and 5'-GAGGGA
CTCAATCAGCCG-3' (reverse); BECLIN1 5'-GCCTCT
GAAACTGGACACGA-3' (forward) and 5-TAGCCT
CTTCCTCCTGGGTC-3' (reverse); PINK1 5-GTGGGA
CTCAGATGGCTGTC-3' (forward) and 5'-GCACATTTG
CAGCTAAGCGT-3' (reverse); PARKIN 5'-AGCCAG

@ Springer



H. M. A. Javaid et al.

AGGTCCAGTTAAACC-3' (forward) and 5'-TTCGAG
CAGTGAGTCGCAAT-3' (reverse); PGC1A 5'-TCGATG
TGTCGCCTTCTTGC-3' (forward) and 5-ACGAGA
GCGCATCCTTTGG-3" (reverse); mtTFA 5'-CGTGAG
ACGAACCGGACGGC-3' (forward) and 5'-GCACAT
CTCGACCCCCGTGC-3' (reverse); mtDNA 5'-CCACTT
CATCTTACCATTTA-3' (forward) and 5'-ATCTGCATC
TGAGTTTAATC-3' (reverse); MFN1 5-GACGGAGTG
AGTGTCCGCT-3" (forward) and 5-TTGTGTGACCAA
TCCCGCTG-3' (reverse); DRP-1 5'- GCCTCAGATCGT
CGTAGTGG-3' (forward) and 5'-TTTTCCATGTGGCAG
GGTCA-3' (reverse); PRDX3 5'-GCGGCTGCGGGAAGG
TTGCT-3' (forward) and 5-TGCTGGGTGACAGCAGGG
GT-3' (reverse); CPT1A 5'-ACCACTGGCCGCATGTCA
AG-3' (forward) and 5'-AGCGAGTAGCGCATAGTCAT-3'
(reverse); MnSOD 5'- GTGGTGGAGAACCCAAAGGA-3’
(forward) and 5'-AACCTTGGACTCCCACAGACA-3’
(reverse); GPX1 5'-AGTCCACCGTGTATGCCTTC-3’
(forward) and 5'-GAGAAGCGACATTCAATG-3' (reverse);
GPX2 5'-CCAAGTCGTTCTACGATCTC-3' (forward) and
5'-CACATTCTCAATCAGCACAG-3' (reverse); GPX3
5'"-TGTGCTGTCCTAGAATGAA-3' (forward) and 5-CAG
AAGCTTCAGCTAGTTAT-3' (reverse); GPX4 5-ACCAAC
GTGGCCTCGCAATG-3' (forward) and 5'-CCTGCCTCC
CAAACTGGTTGC-3' (reverse); and 18 S 5'-CGAAAGCAT
TTGCCAAGAAT-3' (forward) and 5'-AGTCGGCATCGT
TTATGGTC-3' (reverse). Gene expression levels were nor-
malized against 18 S rRNA.

Statistical analysis

Data were statistically analyzed using Statview v5.0 (SAS
Institute Inc., Cary, NC, USA) and reported as mean + stand-
ard error of the mean of triplicate experiments. The mean
values obtained from each group were compared through
one-way analysis of variance (ANOVA) followed by Fisher’s
protected least significant difference post hoc test. Graphs
were constructed using GraphPad Prism 8.0 (San Diego,
CA, USA). P <0.05 was considered statistically significant.

Results

Effects of autophagy inhibition on mitochondrial
quality control in adipocytes

The protein expression of adipogenic markers was meas-
ured in preadipocytes and mature adipocytes to confirm the
identity of adipocytes. PPARy, C/EBPa, and FABP4 protein
expression levels were significantly upregulated in mature
adipocytes compared to preadipocytes (Fig. S1A). Oil Red
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O staining revealed that lipid accumulated in mature adipo-
cytes only (Fig. S1B).

Autophagy is necessary to eliminate malfunctioning
mitochondria, but excessive autophagy can result in the
reduced number of mitochondria and thus the downregula-
tion of cellular oxidative capacity. To gain insights into the
effects of autophagy on mitochondrial quality control in
adipocytes, we treated mature 3T3-L1 adipocytes with the
autophagy inhibitor chloroquine. In differentiated 3T3-L1
adipocytes, the protein expression levels of LC3II and p62
significantly increased from 3 h after chloroquine treat-
ment in a time-dependent manner, indicating a reduction
in macroautophagy (Fig. 1A). Consistent with the protein
expression, the mRNA expression level of p62 increased
6 and 24 h after chloroquine treatment (Fig. 1B), indicat-
ing that the transcriptional upregulation of p62 might also
increase its protein expression (Yang et al. 2017). Interest-
ingly, autophagy inhibition by chloroquine resulted in a
decreased mitochondrial DNA (mtDNA) content from 6 h
after the treatment in a time-dependent manner (Fig. 1C),
implying that autophagy suppression by chloroquine
induced mtDNA damage.

In search of mechanisms related to changes in mtDNA
content, we measured the markers of mitophagy, mito-
chondrial dynamics, and mitochondrial biogenesis. The
protein expression of the mitochondrial damage sensor
PINKI1, which is a critical regulator of mitophagy, was
unchanged by chloroquine treatment (Fig. 1D). However,
the gene expression levels of PINK1 and Parkin, a signal
amplifier in mitochondrial polyubiquitination, significantly
decreased 3 h after chloroquine treatment (Fig. 1E). Inter-
estingly, the mRNA expression of Parkin significantly
increased at 6 h, indicating the possible activation of feed-
back machinery. Consistent with the downregulation of
mitophagy-related genes, the mitochondrial fission-related
gene dynamin-related protein 1 (DRP1) also decreased at
3 h, while the mitochondrial fusion-related gene mitofu-
sin 1 (MFN1) remained unchanged (Fig. 1F), implying
a shift in the dynamic balance after chloroquine treat-
ment. In contrast to early responses in genes related to
mitophagy and dynamics, the upregulation of PGCla, a
master regulator of mitochondrial biogenesis, occurred
6 h after chloroquine treatment. This result suggested an
adaptive response to restore mtDNA levels. However, after
24 h of chloroquine treatment, the gene expression lev-
els of PGCla and mitochondrial transcription factor A
(mtTFA) significantly decreased, indicating a failure in
mitochondrial biogenesis machinery. These results indi-
cated that chloroquine-induced autophagy dysregulation
altered mitochondrial homeostasis by affecting mitophagy
and dynamics at an early time point while suppressing
biogenesis after a long-term treatment.



Inhibition of autophagy with chloroquine dysregulates mitochondrial quality control and...

I
1

H*

w
1
*

p62/3-tubulin
N
1
*

-
1

A 5
— £ 44
TEEREE | 3
23
- == == w
|.- = |p62 S,
[ ===| B-tubulin 8
0 1 3 6 12 24 Chloroquine (h) -~ 1-ﬂ
04

1

O, 0,0, 0,0

O, 10,0, 0,0

N0 o Nk
B HE Control c D
3 3h 1.5
2.5- g g4hh 1.5+
c c _ c
@ @ 1.0 § 1.09
5_1.5 5 | —— — — — e B-tubulm oy
x X £
o, . LY 0 1 3 6 12 24 Chloroquine(h) T
< 1.0 < 0s- q (h) X 0.5
%M— % a
0.0 0.0- 0.0 Q| T T T 1T
p62 N
E Mitophagy F Dynamics G Biogenesis
2.51mm Control * 1.5 2.5
c = 3h c c *
9 2.04= 6h 9 Q 2.0
2" = 2 2 o 2
2 15 2" 2 45
g a g
x x x
@ 1.0- o @ 10-
< < 0.5 <
zZ z zZ
nE! 0.54 I I % Ig 0.5 I
0.0- 0.0- 0.0-

2 - Y
PINK1 PARKIN MFN1

DRP1 PGC1A mtTFA

Fig. 1 Chloroquine-induced autophagy inhibition alters mitochondrial integrity. A, D Representative Western blot picture and quantification of
autophagy-related proteins LC3, p62 and mitophagy-related protein PINK1. Quantifications were normalized to B-tubulin. Gene expressions of
(B) p62 (C) mitochondrial DNA (E) mitophagy (F) dynamics, and (G) biogenesis markers were measured using real-time PCR. Quantifications
were normalized to 18 S rRNA for each target. Values are presented as mean + standard error of the mean (n=3). * p <0.05 compared with con-

trol

Effects of autophagy inhibition on mitochondrial
complex expression in adipocytes

The protein expression of prohibitin was measured to
examine whether mitochondrial abundancy was affected
by chloroquine treatment (Fig. 2A-B). Chloroquine treat-
ment for 48 and 72 h resulted in the upregulation of the
prohibitin expression, suggesting that mitochondria
accumulated because of autophagy inhibition. The mito-
chondria mainly produce ATP by oxidizing glucose and
lipids, and oxidative phosphorylation (OXPHOS) enzymes
mainly participate in the metabolic pathway (Patti and
Corvera 2010). Therefore, we evaluated the abundance of

OXPHOS enzymes. Normalizing the complex expression
by B-tubulin expression did not result in any change by
chloroquine treatment. However, normalizing their expres-
sion by prohibitin expression resulted in the downregu-
lation of OXPHOS complex expression by chloroquine,
which was more evident after 72 h treatment. These results
implied that while mitochondrial mass was increased by
chloroquine-mediated autophagy inhibition, OXPHOS
enzymes per mitochondrion decreased, indicating defi-
ciencies in the mitochondrial electron transport chain.
Together with the reduced mtDNA levels, these obser-
vations were consistent with a decrease in mitochondrial
quality.
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Effects of autophagy inhibition on mitochondrial
respiratory function in adipocytes

The metabolic function of the mitochondria was exam-
ined using the Seahorse XF analyzer 24, 48, and 72 h after
chloroquine treatment in adipocytes (Fig. 3A). While the
downregulation of basal respiration was only observed at
72 h (Fig. 3B), the maximal respiration and ATP produc-
tion were significantly downregulated 24, 48, and 72 h after
chloroquine treatment (Fig. 3C, D). Therefore, chloroquine-
induced autophagy inhibition could disrupt the mitochon-
drial respiratory functions by altering the oxidative phos-
phorylation of the electron transport chain.

Effects of autophagy inhibition on redox
homeostasis in adipocytes

Mitochondrial dysfunction is closely related to oxidative
stress in adipocytes (Furukawa et al. 2004). Our results
showed that chloroquine changed the mitochondrial genes
and mitochondrial respiratory function; therefore, we
examined whether this treatment affected redox homeosta-
sis in adipocytes. H,O, levels were unchanged at 24 h but
were upregulated 48 and 72 h after chloroquine treatment
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(Fig. 4A). Along with changes in H,0, levels, the total GSH
significantly increased at 48 and 72 h of chloroquine treat-
ment in adipocytes (Fig. 4B). In addition, the gene expres-
sion of glutathione peroxidases (GPXs), which downregulate
H,0, through a glutathione-dependent reaction (Kobayashi
et al. 2009), showed that GPX3 and GPX4 were signifi-
cantly upregulated while GPX1 and GPX2 gene expression
remained unchanged (Fig. 4E); these results implied a com-
pensatory increase in the glutathione system to counteract
the oxidative stress by chloroquine treatment. In contrast to
the increase in GSH levels, the SOD antioxidant activity was
downregulated after 72 h of chloroquine treatment (Fig. 4C).
Next, MnSOD activity was measured to examine whether the
effect of chloroquine was mitochondrion specific. MnSOD
was decreased significantly in 48 h chloroquine-treated
group with a similar trend in 72 h (Fig. 4D). In addition, the
gene expression of the mitochondrial antioxidant PRDX3
significantly decreased in chloroquine-treated adipocytes
(Fig. 4E). Together, these results indicate a mitochondrial
redox imbalance in chloroquine-treated adipocytes.

Defect in mitochondrial oxidative stress is closely related
to apoptotic cell death (Ott et al. 2007). Beclin1, which plays
an anti-apoptotic role, was downregulated by chloroquine
treatment (Fig. 4F). The activity of the apoptotic effector
caspase-3 was also induced by apoptotic cell death after 48
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pared with control

and 72 h of chloroquine treatment (Fig. 4G). These results
implied that chloroquine-mediated mitochondrial dysregula-
tion was associated with oxidative stress by disrupting the
mitochondrial redox balance, leading to apoptotic cell death.

Effects of autophagy inhibition on glucose uptake
and lipid metabolism

Mitochondrial dysfunction in adipocytes is associated with
the impairment of adipose tissue function, leading to the
development of metabolic disorders (Kusminski and Scherer
2012; Lee et al. 2019). Therefore, we examined whether
chloroquine-mediated mitochondrial dysregulation altered
the metabolic functions of adipocytes. The gene expression
of CPT1A significantly decreased after chloroquine treat-
ment, indicating that fatty acid oxidation was suppressed
(Fig. 5A). The glucose uptake activity of adipocytes was
also significantly downregulated by chloroquine (Fig. 5B).
Lipophagy is a distinct autophagy form, which regulates
intracellular lipid stores via autophagosome-mediated
triacylglycerol hydrolysis (Singh et al. 2009a). In Fig. 5C,
the protein expression levels of adipose triglyceride lipase
(ATGL) and total hormone-sensitive lipase (HSL) were sig-
nificantly downregulated by chloroquine. For more direct
evidence, co-localization of LC3 and perilipinl, a major

protein implicated in adipocyte lipid droplet (LD) coating,
was observed. As shown in Fig. 5D, chloroquine treatment
enhanced the punctuated LC3 signal compared with that in
the control, confirming the western blot results shown in
Fig. 1A. Furthermore, LC3 and perilipinl were co-localized
in the chloroquine-treated group, suggesting that lipophagy
could be blocked by chloroquine in adipocytes. These results
imply that impairment in mitochondrial quality control by
chloroquine results in metabolic dysregulation in adipocytes.

Discussion

In obesity, mitochondrial dysfunction is correlated with
inflammation and increased oxidative stress. Similarly,
autophagy plays a major role in the immune and metabolic
function of adipose tissues. Nevertheless, studies have yet to
clarify how autophagy regulates mitochondrial integrity and
respiration in mature adipocytes. This study elucidated the
effects of chloroquine on adipocyte mitochondrial quality
control and metabolism. The results showed that autophagy
inhibition by chloroquine caused the accumulation of dam-
aged mitochondria, as evidenced by the impaired mitochon-
drial integrity with the decreased mtDNA and downregula-
tion of oxidative phosphorylation. Changes in mitochondria
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led to increased oxidative stress, apoptosis, and impaired
metabolism in adipocytes.

Is autophagy advantageous or disadvantageous for adi-
pocyte metabolism? Adipose tissue autophagy increases in
human obesity and type 2 diabetes (Kovsan et al. 2011).
In addition, adipose tissue phenotypes in animals that lack
autophagy-related genes, including Atg5, Atg7, and Parkin,
showed that mice are protected from high-fat diet-induced
obesity (Baerga et al. 2009; Zhang et al. 2009; Kim et al.
2011). Further studies have shown that blocking mitophagy
expands the oxidative capacity of beige adipocytes, and
autophagy inhibition increases brown fat mass by controlling
white adipocyte differentiation (Singh et al. 2009b); these
results suggest that autophagy inhibition can be beneficial
to metabolism. Conversely, the autophagy proteins Atg3 and
Atgl6L1 are required for proper mitochondrial function in
mature adipocytes (Cai et al. 2018). Moreover, the post-
developmental impairment of autophagy causes mitochon-
drial dysfunction, adipose inflammation, and whole-body
insulin resistance (Son et al. 2020). In our study, we aimed to
clarify this controversy by observing the effect of autophagy
inhibition on adipocytes in a cell-autonomous manner. As
a result of disruption in autophagy, the prohibitin expres-
sion increased while the mtDNA content and mitochondrial
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respiratory function were impaired in chloroquine-treated
adipocytes, suggesting the accumulation of damaged mito-
chondria. These results demonstrated that autophagy is
necessary for the maintenance of mitochondrial integrity in
adipocytes under normal circumstances. Hence, the upregu-
lation of autophagy markers in the adipose tissue of humans
with obesity can be a compensatory response (Ferhat et al.
2019). Consistently, autophagic flux is downregulated in
adipocytes from humans and animals with obesity (Soussi
et al. 2015; Cai et al. 2018).

Our study has some strengths. For instance, through chlo-
roquine treatment at various time points, we could distin-
guish the time-dependent effect of autophagy inhibition on
adipocytes. Chloroquine treatment for 3 h downregulated
the mRNA expression levels of PINK1, Parkin, and DRP1,
indicating the downregulation of mitophagy and mito-
chondrial fission, which were important means for elimi-
nating damaged mitochondria. PGCla was upregulated at
6 h, implying an adaptive effort to overcome the decreased
mtDNA. Despite the effort, mtDNA was further suppressed
24 h after treatment; furthermore, the PGCla and mtTFA
levels decreased, indicating an overall defect in mitochon-
drial integrity. The prolonged chloroquine treatment resulted
in a time-dependent decrease in mitochondrial respiratory
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function, as evidenced by the decreased basal/maximal
respiration and ATP production. Similarly, a tamoxifen-
inducible knockout system has been utilized to identify the
time-dependent effects of deletion of Beclinl, a core mol-
ecule in autophagosome formation (Son et al. 2020). While
mitochondrial protein levels increased 3 days after tamoxifen
induction, the loss of Beclinl for 2 weeks resulted in the
accumulation of defective autophagosomes/autolysosomes
in adipocytes resembling “frustrated autophagy,” thereby
reducing mitochondrial content and integrity in adipose
tissues. A dose-dependent effect of mitophagy has been
demonstrated, and low palmitic acid (PA) concentrations
induce PINK1 and Parkin to exert their protective roles,
whereas high PA concentrations inhibit their expression
(Cui et al. 2018). These results emphasized the importance
of time- and dose-dependent responses related to autophagy
regulation, which could account for controversies in various
studies. Our study also has a limitation; that is, results were

generated in the whole cell fraction rather than the mito-
chondrial fraction since white adipocytes contain a small
number of mitochondria (Boudina and Graham 2014), thus
making the isolation of mitochondria challenging for further
analysis. To overcome the limitation and gain evidence, we
provided multiple levels of data regarding mitochondria,
including the gene and protein expression and activity.
Among known autophagy inhibitors, chloroquine changes
the lysosomal pH, thereby inhibiting autophagic degrada-
tion in lysosomes (Homewood et al. 1972). While the direct
effects of chloroquine on mitochondria have not been exten-
sively studied in adipocytes, autophagy inhibition by chlo-
roquine in primary neurons affects cellular bioenergetics
and metabolism, consistent with decreased mitochondrial
quality (Redmann et al. 2017). Notably, chloroquine induces
the accumulation of p62, an autophagic cargo adapter that
recruits ubiquitinated proteins and organelles to autophago-
somes (Yang et al. 2017). In contrast to phenotypes observed

@ Springer



H. M. A. Javaid et al.

in Atg5 or Atg12 knockout mice, an impaired mitochondrial
function in adipose tissues with decreased insulin sensitivity
is observed in p62 knockout mice (Muller et al. 2013). These
apparently conflicting phenotypes can be explained by the
role of p62 in various signaling pathways, including those
of nuclear factor kB, extracellular signal-regulated kinase 1,
and nuclear factor erythroid 2-related factor 2 (Moscat and
Diaz-Meco 2009; Katsuragi et al. 2015).

Chloroquine elicits detrimental effects on the mitochon-
dria; conversely, rapamycin, a pharmacological inducer of
autophagy (Sarkar et al. 2009), can ameliorate mitochondrial
diseases by restoring the autophagic flux and removing dam-
aged mitochondria (Civiletto et al. 2018; Li et al. 2018).
Rapamycin also upregulates the gene and protein expres-
sion of mitochondrial biogenesis, dynamics, and mitophagy-
relevant markers, thereby preventing transition from brown
to white adipocytes (Huwatibieke et al. 2021). However,
studies have yet to explore whether rapamycin can regulate
mitochondrial bioenergetics and prevent metabolic dysregu-
lations in an autophagy-dependent manner in adipocytes.
Our results on chloroquine suggested that rapamycin would
exert therapeutic effects on autophagy-mediated mitochon-
drial quality control in adipocytes.

The increased ROS production in adipocytes is associ-
ated with the suppression of antioxidant enzymes (Furu-
kawa et al. 2004). Our results showed that chloroquine
inhibited MnSOD but increased the total GSH levels and
GPX expression. Glutathione is an intracellular antioxidant
(Kwon et al. 2019), and its increase has been suggested as
a compensatory response against oxidative stress in obese
adipose tissues (Kobayashi et al. 2009; Ma et al. 2022). We
also observed an increase in GPX3 and GPX4 expression by
chloroquine treatment; this finding was consistent with our
previous study, which demonstrated that GPX4 gene expres-
sion increases in response to inflammation and oxidative
stress in the adipose tissue of high-fat diet mice (Ma et al.
2022). Since GPX3 and GPX4 exert protective effects on
adipocytes (Lee et al. 2008; Schwarzler et al. 2022), our
results implied a compensatory increase in the glutathione
system to counteract mitochondrial oxidative stress by chlo-
roquine treatment.

Interestingly, the expression levels of ATGL and HSL,
which are the major enzymes responsible for lipolysis, were
downregulated by chloroquine. Lipid droplet-selective
autophagy, defined as lipophagy, is an essential catabolic
mechanism of LD breakdown in adipocytes (Singh and
Cuervo 2012). ATGL promotes lipophagy, suggesting that
cytosolic lipase-dependent lipolysis and autophagy-mediated
LD catabolism exhibit complementarity and cooperatively
work toward lipolysis in adipose tissues and the liver (Mar-
tinez-Lopez et al. 2016; Sathyanarayan et al. 2017). Simi-
larly, HSL phosphorylation is downregulated in Beclinl-
deficient brown adipose tissue (Son et al. 2020). The authors
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suggested that lipophagy and cytosolic lipolysis must be
simultaneously activated for an efficient lipid catabolism
and LD homeostasis in vivo. Consistently, we found that an
LC3-stained autophagosome and the LD protein perilipinl
were co-localized when autophagy was blocked by chlo-
roquine, indicating that autophagy was responsible for LD
degradation; this result provided further evidence support-
ing the connection between lipolysis and autophagy. Future
studies should explore whether changes in lipolytic enzyme
expression are directly or indirectly related to alterations in
mitochondrial functions.

In summary, chloroquine-mediated autophagy inhibition
in mature adipocytes caused defects in mitochondrial qual-
ity control and energetics, leading to oxidative stress and
metabolic dysregulation. Our study expanded the current
knowledge of the association of autophagy with mitochon-
drial function. Given that patients who took chloroquine for
long periods experience ocular, cardiac, and neuro toxici-
ties (Zou et al. 2020), our results may provide mechanistic
evidence on the existence of metabolic toxicity. However,
further studies should be performed to reveal the detailed
mechanisms of chloroquine and other pharmacological com-
pounds and their interplay with metabolism in adipocytes.
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