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Editorial on the Research Topic

Autophagy in Mammalian Development and Differentiation

Autophagy is a cellular degradation and recycling process by which cytoplasmic components,
includingmacromolecules and organelles, are sequestered into specialized autophagosomal vesicles
to be delivered and degraded in lysosomes (Klionsky and Emr, 2000; Levine and Klionsky, 2004; He
andKlionsky, 2009). Autophagy is highly active during the earliest stages of development regulating
stem cell pluripotency and differentiation (Jang et al., 2016; Xu et al., 2020), but also fundamental
to later morphogenetic processes that together with apoptosis are decisive in tissue remodeling and
shaping the embryo’s organization (Qu et al., 2007). Moreover, autophagic process likely protects
cells during metabolic stress and nutrient deprivation that occur during tissue remodeling. It
is therefore evident that the close interplay between autophagy and the processes of cell death,
proliferation, and differentiation determine eukaryotic development.

This Research Topic aimed at providing further context to the role of autophagy in orchestrating
cellular development, differentiation, and aging in both physiological and pathological conditions.

In this context Perrotta et al. reviewed recent findings that further illuminate autophagy’s impact
on differentiation and maintenance of endothelium, muscle, immune system, and brain. Their
detailed description provides a comprehensive framework of emerging results and highlights the
pivotal role of autophagic response in a multitude of tissue functions that critically depend on stem
cell maintenance and differentiation.

Campanario et al. describe two strategies for assessing autophagic activity in satellite cells.
Adult skeletal muscle has the capability to regenerate by virtue of its resident stem cells (satellite
cells). With aging, satellite cell regenerative capacity declines, correlating with loss of autophagy.
Enhancing autophagy in aged satellite cells restores their regenerative functions, underscoring
this proteostatic activity’s relevance for tissue regeneration. Thus, the methods presented in
this study allow a rapid assessment of autophagic flux in muscle stem cells by flow cytometry
and immunofluorescence enabling researchers in investigating the role of autophagy in muscle
homeostasis, regeneration and diseases (Campanario et al.).

Reactivating autophagy in COL6 null mice ameliorates the myopathic phenotype. The findings
by Metti et al. point at the effects of pterostilbene (Pt), a non-toxic polyphenol belonging
to the stilbenoid family, on skeletal muscle homeostasis. The authors show that Pt is an
effective autophagy-inducing nutraceutical for skeletal muscle with great potential in counteracting
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the major pathogenic hallmarks of COL6-related myopathies,
a valuable feature that may be also beneficial in other muscle
pathologies characterized by a defective regulation of the
autophagic machinery.

These data point at Pt as an effective non-toxic, caloric
restriction mimetic that can be exploited for the treatment of
autophagy-deficient pathologies (Metti et al.).

Cui et al. found that miR-204 is highly expressed in
chicken atrophic ovaries promoting granulosa cell apoptosis
via repressing FOXK2 through PI3K/AKT/mTOR pathway and
inhibited autophagy by impeding the TRPM3/AMPK/ULK
pathway. In fact, it is known that ovarian tumor is accompanied
by an increase in follicular atresia, cell apoptosis, and
autophagy (Ma et al., 2019). Functions of miR-204 have been
linked to many biological processes, including maintenance
of joint homeostasis and protection against osteoarthritis,
tumor growth, migration and anoikis of cancer cells, and
autophagy. This study could be useful in identifying the
regulators of miR-204 target genes and their roles in signaling
pathways associated with both the development and function of
the ovary.

Histone deacetylases (HDACs) are a group of enzymes
that remove acetyl groups from both histone and non-
histone proteins Zhan et al. found that HDAC6 regulates the
fusion of autophagosome and lysosome during odontogenesis.
Interestingly, this study provides a new viewpoint into the role
of autophagy in odontoblast differentiation.

In the past few years, our understanding of the interplay
between autophagy and genomic stability has greatly
increased and several papers suggested a molecular
connection between the DNA damage response (DDR)
and autophagy.

Ataxia-telangiectasia mutated kinase (ATM) is the product
of a gene whose mutation leads to the development of a rare
genetic neurodegenerative disorder, Ataxia-telangiectasia (A-T).
Importantly, ATM kinase plays a central role in the DDR and it
can finely tune the balance between senescence and apoptosis:
activated ATM promotes autophagy and sustains the lysosomal–
mitochondrial axis. In the review by Stagni et al., recent
advances in understanding the molecular mechanisms linking
DNA damage, oxidative stress and autophagy to senescence are
summarized, pointing out the role of ATMkinase in these cellular
responses. The significance of this regulation in the pathogenesis
of A-T is also discussed.

Still regarding the role of autophagy in detoxifying the
cellular environment and ensuring cellular survival, we report the
work from Vanasco et al.. The authors identify a novel DRP1-
Parkin1-VMP1 selective autophagy pathway, which mediates the
selective degradation of damaged mitochondria by mitophagy
in acute pancreatitis therefore restoring mitochondrial functions
(Vanasco et al.).

The role of Oleic Acid (OA) in hepatocellular carcinoma
(HCC) through autophagy has been investigated by Giulitti et
al.. OA is one of the most abundant monounsaturated fatty
acid representing the main component of olive oil (70–80%)
that has beneficial effects in counteracting liver steatosis and
cardiovascular diseases (Perez-Martinez et al., 2011; Perdomo
et al., 2015).

The authors report a OA- specific effect on lipid accumulation,
viability, proliferation, migration, and invasion which is partially
due to a reduced autophagy leading to an OA anti-tumor effect
in HCC.

Lastly, it has been observed that autophagy inhibition
through poly (ADP-ribose) polymerase-1 (PARP1) inactivation
protects cardiomyocytes from Myocardial ischemia–
reperfusion injury (MIRI), characterized by post-ischemic
cardiomyocytes death and reperfusion myocardial damage
(Xu et al.)

We hereby thank all the authors that participated in this
Research Topic. Their articles significantly contribute to a more
comprehensive understanding of the roles that autophagy plays
in regulating different aspects of mammalian development and
differentiation and add new concerns to uncovering mechanisms
underlying human disease.

AUTHOR CONTRIBUTIONS

FD and SD conceived and wrote the Editorial. LL and KZ
reviewed and edited the manuscript. All authors contributed to
the article and approved the submitted version.

FUNDING

FD and SD were supported by grants from Italian Ministry
of University and Research. KZ was supported by NIH
grants HL151611 and MH115347. LL was supported by
H2020-MSCA-ITN-2019 grant # 860034 and Ministry of
Health PE-2016-02363049.

REFERENCES

He, C., and Klionsky, D. J. (2009). Regulation mechanisms and

signaling pathways of autophagy. Annu. Rev. Genet. 43, 67–93.

doi: 10.1146/annurev-genet-102808-114910

Jang, J., Wang, Y., Lalli, M. A., Guzman, E., Godshalk, S. E., Zhou, H.,

et al. (2016). Primary cilium-autophagy-Nrf2 (PAN) axis activation commits

human embryonic stem cells to a neuroectoderm fate. Cell 165, 410–420.

doi: 10.1016/j.cell.2016.02.014

Klionsky, D. J., and Emr, S. D. (2000). Autophagy as a regulated pathway of

cellular degradation. Science 290, 1717–1721. doi: 10.1126/science.290.549

7.1717

Levine, B., and Klionsky, D. J. (2004). Development by self-digestion: molecular

mechanisms and biological functions of autophagy. Dev. Cell 6, 463–477.

doi: 10.1016/S1534-5807(04)00099-1

Ma, L., Zheng, Y., Tang, X., Gao, H., Liu, N., Gao, Y., et al. (2019). miR-

21–3p inhibits autophagy of bovine granulosa cells by targeting VEGFA

via PI3K/AKT signaling. Reproduction 158, 441–452. doi: 10.1530/REP-

19-0285

Perdomo, L., Beneit, N., Otero, Y. F., Escribano, O., Diaz-Castroverde,

S., Gomez-Hernandez, A., et al. (2015). Protective role of oleic acid

against cardiovascular insulin resistance and in the early and late cellular

atherosclerotic process. Cardiovasc. Diabetol. 14:75. doi: 10.1186/s12933-015-

0237-9

Frontiers in Cell and Developmental Biology | www.frontiersin.org 2 July 2021 | Volume 9 | Article 7228215

https://doi.org/10.3389/fcell.2020.580933
https://doi.org/10.3389/fcell.2020.580072
https://doi.org/10.3389/fcell.2020.605609
https://doi.org/10.3389/fcell.2020.599048
https://doi.org/10.3389/fcell.2021.640094
https://doi.org/10.3389/fcell.2021.640094
https://doi.org/10.3389/fcell.2021.629182
https://doi.org/10.3389/fcell.2021.621906
https://doi.org/10.1146/annurev-genet-102808-114910
https://doi.org/10.1016/j.cell.2016.02.014
https://doi.org/10.1126/science.290.5497.1717
https://doi.org/10.1016/S1534-5807(04)00099-1
https://doi.org/10.1530/REP-19-0285
https://doi.org/10.1186/s12933-015-0237-9
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


Di Bartolomeo et al. Editorial: Autophagy in Mammalian Development and Differentiation

Perez-Martinez, P., Garcia-Rios, A., Delgado-Lista, J., Perez-Jimenez, F., and

Lopez-Miranda, J. (2011). Mediterranean diet rich in olive oil and obesity,

metabolic syndrome and diabetes mellitus. Curr. Pharm. Des. 17, 769–777.

doi: 10.2174/138161211795428948

Qu, X., Zou, Z., Sun, Q., Luby-Phelps, K., Cheng, P., Hogan, R. N., et al. (2007).

Autophagy gene-dependent clearance of apoptotic cells during embryonic

development. Cell 128, 931–946. doi: 10.1016/j.cell.2006.12.044

Xu, Y., Zhang, Y., Garcia-Canaveras, J. C., Guo, L., Kan, M., Yu, S., et al. (2020).

Chaperone-mediated autophagy regulates the pluripotency of embryonic stem

cells. Science 369, 397–403. doi: 10.1126/science.abb4467

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Di Bartolomeo, Latella, Zarbalis and Di Sano. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 3 July 2021 | Volume 9 | Article 7228216

https://doi.org/10.2174/138161211795428948
https://doi.org/10.1016/j.cell.2006.12.044
https://doi.org/10.1126/science.abb4467
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


fcell-08-580933 December 28, 2020 Time: 11:37 # 1

BRIEF RESEARCH REPORT
published: 29 September 2020
doi: 10.3389/fcell.2020.580933

Edited by:
Sabrina Di Bartolomeo,

University of Molise, Italy

Reviewed by:
Claudia Fuoco,

University of Rome Tor Vergata, Italy
Said Hashemolhosseini,

University of Erlangen Nuremberg,
Germany

*Correspondence:
Paolo Bonaldo

bonaldo@bio.unipd.it

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Cell Death and Survival,
a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 07 July 2020
Accepted: 03 September 2020
Published: 29 September 2020

Citation:
Metti S, Gambarotto L,

Chrisam M, La Spina M, Baraldo M,
Braghetta P, Blaauw B and Bonaldo P

(2020) The Polyphenol Pterostilbene
Ameliorates the Myopathic Phenotype

of Collagen VI Deficient Mice via
Autophagy Induction.

Front. Cell Dev. Biol. 8:580933.
doi: 10.3389/fcell.2020.580933

The Polyphenol Pterostilbene
Ameliorates the Myopathic
Phenotype of Collagen VI Deficient
Mice via Autophagy Induction
Samuele Metti1†, Lisa Gambarotto1†, Martina Chrisam1, Martina La Spina2,
Martina Baraldo2, Paola Braghetta1, Bert Blaauw2,3 and Paolo Bonaldo1,4*

1 Department of Molecular Medicine, University of Padova, Padua, Italy, 2 Department of Biomedical Sciences, University
of Padova, Padua, Italy, 3 Venetian Institute of Molecular Medicine, Padua, Italy, 4 CRIBI Biotechnology Center, University
of Padova, Padua, Italy

The induction of autophagy, the catabolic pathway by which damaged or unnecessary
cellular components are subjected to lysosome-mediated degradation and recycling,
is impaired in Collagen VI (COL6) null mice and COL6-related myopathies. This
autophagic impairment causes an accumulation of dysfunctional mitochondria, which
in turn leads to myofiber degeneration. Our previous work showed that reactivation of
autophagy in COL6-related myopathies is beneficial for muscle structure and function
both in the animal model and in patients. Here we show that pterostilbene (Pt)—a
non-toxic polyphenol, chemically similar to resveratrol but with a higher bioavailability
and metabolic stability—strongly promotes in vivo autophagic flux in the skeletal
muscle of both wild-type and COL6 null mice. Reactivation of autophagy in COL6-
deficient muscles was also paralleled by several beneficial effects, including significantly
decreased incidence of spontaneous apoptosis, recovery of ultrastructural defects and
muscle remodeling. These findings point at Pt as an effective autophagy-inducing
nutraceutical for skeletal muscle with great potential in counteracting the major
pathogenic hallmarks of COL6-related myopathies, a valuable feature that may be
also beneficial in other muscle pathologies characterized by defective regulation of the
autophagic machinery.

Keywords: skeletal muscle, autophagy, muscle remodeling, congenital muscular dystrophies, nutraceutical
agent, Collagen VI

INTRODUCTION

Macroautophagy (hereafter autophagy) is an evolutionarily conserved and multistep self-eating
mechanism, by which damaged or unnecessary intracellular components are engulfed into
specific double-membrane vesicles, called autophagosomes, and subjected to lysosome-mediated
degradation and recycling (Mizushima, 2007). Autophagy is a very dynamic process that needs
to be finely tuned in the different tissues and cell types. Indeed, any perturbation in autophagy
regulation may seriously endanger cell viability and function, especially in post-mitotic cells
(Levine and Kroemer, 2008).
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Skeletal muscle is a highly plastic tissue, able to adapt
its metabolism, mass and strength to several physiological
conditions, via balancing protein synthesis and degradation
(Schiaffino et al., 2013). In particular, the autophagic pathway
plays a crucial role during muscle development and maintains
cellular homeostasis and energy balance in mature fibers
(Bonaldo and Sandri, 2013). Autophagy dysregulation is involved
in the etiopathogenesis of various muscle disorders, such as
muscular dystrophies, congenital myopathies, cachexia and
sarcopenia (Grumati and Bonaldo, 2012; Castets et al., 2016).
A well-characterized model of impaired autophagy induction in
skeletal muscle is the COL6 null (Col6a1−/−) mouse (Bonaldo
et al., 1998; Cescon et al., 2015), in which accumulation
of dysfunctional mitochondria and abnormal organelles in
myofibers leads to muscle wasting and weakness (Irwin et al.,
2003; Grumati et al., 2010). Similar alterations are present
in patients affected by Bethlem myopathy (BM) and Ullrich
congenital muscular dystrophy (UCMD), two rare inherited
muscle disorders caused by mutations of COL6 genes and for
which no cure is yet available (Grumati et al., 2010; Bönnemann,
2011). Of note, defective regulation of autophagy was also
reported in the dystrophin-deficient mdx mouse (De Palma et al.,
2012; Spitali et al., 2013) and in the MTM1 null mouse (Fetalvero
et al., 2013), animal models for Duchenne muscular dystrophy
and X-linked myotubular myopathy, respectively.

In the last decade, targeted approaches aimed at promoting
the autophagic flux gained increasing interest as a novel option
for prospective therapeutic strategies in a range of disorders and
pathological conditions (Rubinsztein et al., 2012). The easiest and
most characterized way to boost autophagy is represented by
caloric or nutritional restriction, which can be elicited by different
means, such as fasting or decreased protein intake (Rubinsztein
et al., 2012; Bagherniya et al., 2018). Regarding COL6-related
myopathies, these approaches were shown to be beneficial both
in preclinical studies in Col6a1−/− mice (Grumati et al., 2010;
Chrisam et al., 2015) and in a pilot clinical trial in UCMD and BM
patients, in which autophagy was successfully promoted through
a 1-year-long low protein diet (Castagnaro et al., 2016). However,
such dietary regimen unavoidably requires a deep and rigorous
lifestyle change that may challenge patients’ compliance and
the bench-to-bedside process. An increasingly attractive option
for autophagy stimulation is represented by a broad range of
nutraceutical compounds that act as caloric restriction mimetics
(Madeo et al., 2019; Maiuri and Kroemer, 2019), such as the
polyamine spermidine (Madeo et al., 2018).

Pterostilbene (trans-3,5-dimethoxy-4′-hydroxystilbene, Pt)
is a non-toxic polyphenol belonging to the stilbenoid family,
naturally found in grapes and berries. Compared to the better-
known stilbenoid resveratrol (3,4′,5-trihydroxystilbene), Pt
has a dimethoxy group that allows it to be more bioavailable,
metabolically stable and, therefore, highly suitable for in vivo
administration (Kapetanovic et al., 2011; Azzolini et al., 2014).
Stilbenes exert several pharmacological activities, including
antiproliferative, anti-inflammatory, antiaging, antidiabetic,
neuroprotective, and cardioprotective properties (Roupe et al.,
2006; Kosuru et al., 2016). The beneficial effects of these
compounds lie in their antioxidant properties and in their

ability to directly or indirectly modulate signaling pathways also
involved in autophagy regulation (Akinwumi et al., 2018).

So far, the proautophagic activity of Pt was mostly investigated
in cancer cell lines and tumorigenic conditions (Lee et al., 2019;
Ma et al., 2019), whereas much less is known about it in other
physiological and pathological conditions. For skeletal muscle,
the studied effects of Pt administration have mainly regarded
insulin sensitivity (Gómez-Zorita et al., 2015; Tastekin et al.,
2018) and muscle adaptation to exercise (Zheng et al., 2020),
but autophagy was not investigated in those studies. In light of
this, we investigated the autophagy-modulating action of Pt in
fibroblast cultures and in skeletal muscle of wild-type and COL6
null mice, and found that Pt treatment potently induces the
autophagic flux and is able to ameliorate the muscle pathology of
COL6 null animals. These data point at Pt as an effective non-
toxic, caloric restriction mimetic that can be exploited for the
treatment of autophagy-deficient pathologies.

METHOD

Animals
Six-month-old wild-type and Col6a1−/− mice in the C57BL/6N
background (Irwin et al., 2003) were used. All mice were housed
in controlled temperature (23◦C) and light (12 h light/12 h dark
cycle) conditions, with ad libitum access to water and food.
Animal procedures were performed according to the Italian laws
and approved by the Animal Ethics Committee of the University
of Padova (OPBA) and by the Italian Ministry of Health (license
protocol n. 480/2019-PR).

Mouse Treatments
Pt (gently provided by Dr. Mario Zoratti) was dissolved at
500 mM in dimethyl sulfoxide (DMSO, Sigma-Aldrich). Pt stock
solution was diluted in distilled water to 90.2 mg/kg body weight
in a final volume of 100 µL. Pt was administered by oral
gavage for 1 or 5 consecutive days. Control mice received a
vehicle solution of DMSO in distilled water. Autophagic flux was
investigated by co-treatment with colchicine (Sigma-Aldrich)
(Klionsky et al., 2016). Colchicine was dissolved in physiological
solution and i.p. injected at 0.4 mg/kg body weight, once a
day for 2 consecutive days (Ju et al., 2010). The day after
the last injection, mice were sacrificed by cervical dislocation.
Once dissected, muscles were quickly frozen in liquid nitrogen-
precooled isopentane and stored at −80◦C for subsequent
histological and biochemical analyses.

Cell Cultures and Treatments
Primary dermal fibroblasts were isolated from C57BL/6N
wild-type mice as described (Takashima, 2001). Briefly,
mice were shaved and back skin was removed, washed in
phosphate-buffered saline (PBS) supplemented with 3%
penicillin-streptomycin (P/S, Life Technologies), and digested
for 30 min in 0.25% trypsin-EDTA solution (Thermo Fisher
Scientific) at 37◦C. Subsequently, the tissue explant was cut into
small pieces and placed in a petri dish. The specimens were
incubated in Dulbecco’s Modified Eagle’s Medium (DMEM,
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Thermo Fisher Scientific) supplemented with 20% fetal bovine
serum (Thermo Fisher Scientific) and 1% P/S, and maintained
at 37◦C in 5% CO2 until fibroblasts reached confluence. Only
P4 to P5 passages from initial fibroblast isolation were used
for the experiments. Fibroblasts were treated in the Petri dish
for 2.5 h with 15 µM Pt or 0.1% DMSO, added to the culture
medium. In order to study the autophagic flux (Klionsky et al.,
2016), fibroblasts were co-treated with 50 µM chloroquine
(Sigma-Aldrich) during the last 2 h of Pt treatment.

Western Blotting
Frozen tibialis anterior (TA) muscle was pulverized by grinding
in liquid nitrogen and lysed in SDS extraction buffer (50 mM
Tris-HCl, pH 7.5; 150 mM NaCl; 10 mM MgCl2; 1 mM
EDTA; 10% glycerol; 0.5 mM DTT; 2% SDS; 1% Triton X-
100) supplemented with protease (Roche) and phosphatase
(Sigma-Aldrich) inhibitors. Primary dermal fibroblasts (0.7× 106

cells) were cultured in 6-well plates. Cells were washed twice
with PBS and scraped in NP-40 lysis buffer (50 mM Tris-
HCl, pH 7.5; 20 mM EDTA; 150 mM NaCl; 0.5% NP-
40) supplemented with protease and phosphatase inhibitors.
SDS-PAGE of protein lysates (10–30µg) was carried out in
12% or 4–12% gradient polyacrylamide Novex NuPAGE Bis-
Tris gels (Invitrogen), according to protein molecular weight,
and electrotransferred onto PVDF membrane (Millipore).
Membranes were saturated for 1 h in 5% non-fat milk
in Tris-buffered saline containing 0.1% Tween 20 (TBS-T)
and incubated overnight at 4◦C with the following primary
antibodies diluted in 2.5% milk in TBS-T: rabbit anti-LC3B
(1:1,000; Thermo Fisher Scientific, PA1-16930); rat anti-LAMP1
(1:300; DSHB, clone 1D4B); guinea pig anti-p62/SQSTM1
(1:300; Santa Cruz Biotechnology, sc-25575); mouse anti-BNIP3
(1:500; Sigma-Aldrich, B7931); mouse anti-GAPDH (1:125,000;
Millipore, MAB374); mouse anti-vinculin (1:1,000; Sigma-
Aldrich, clone VIN-11-5); mouse anti-β-actin (1:1,500; Sigma-
Aldrich, A5316). Horseradish peroxidase-conjugated secondary
antibodies (1:2,000; Bethyl Laboratories) were used in 2.5% milk
in TBS-T. Signal was detected by chemioluminescence using
SuperSignal West Pico (Thermo Fisher Scientific). Densitometric
quantification was carried out by ImageJ software (Schneider
et al., 2012). When needed, membranes were stripped with
an acidic stripping solution (25 mM glycine, 1% SDS, pH 2),
saturated and reprobed.

RNA Extraction and Gene Expression
Analyses
Whole frozen tibialis anterior muscles were grinded in liquid
nitrogen using pestle and mortar. Total RNA was isolated
using TRIzol reagent (Invitrogen), according to manufacturer’s
instructions, quantified using Nanodrop ND2000 (Thermo
Fisher Scientific) and finally retrotranscribed with the
SuperScript III Reverse Transcriptase kit (Thermo Fisher
Scientific) using random hexamers. Quantitative PCR was
performed on a Rotor-Gene Q Thermal cycler instrument
(Qiagen) using SYBR green-containing mastermix (Qiagen).

Primer sequences are detailed in Supplementary Table S1. Actb
was used as a housekeeping gene.

Muscle Histology
Cryosections of TA muscle (10-µm-thick) were stained with
hematoxylin-eosin (Sigma-Aldrich, 51275 and HT110116)
following standard protocols. For picrosirius red staining, TA
cross-sections were fixed for 15 min in 4% PFA, washed in
water and stained for 90 min with Picrosirius Red Stain Kit
(Polysciences). Bright-field images were captured using a Leica
DM-R microscope equipped with a digital camera. Wheat germ
agglutinin (WGA) conjugated with Alexa Fluor 488 (Invitrogen)
was used to stain sarcolemma and the extracellular space.
TA cross-sections (10-µm-thick) were incubated with WGA
(1 µg/mL) and Hoechst 33258 (2.5 µg/mL, Sigma-Aldrich) in
PBS for 20 min at room temperature. Slides were washed twice
in PBS and mounted in 80% glycerol. Partially overlapping
images of the entire muscle section were captured using a Leica
DM5000B microscope equipped with a digital camera and
stitched with ImageJ software. MATLAB application SMASH
(Smith and Barton, 2014) was used to segment the fluorescent
stitched images and to measure the cross-sectional area of each
myofiber. SMASH parameters were chosen to optimize the
segmentation procedure and maintained constant for all the
analyses. Wrong selections were manually corrected. Centrally
nucleated myofibers, embryonic myosin heavy chain (eMHC)-
positive myofibers and the total amount of myofibers per TA
section were counted manually.

Immunofluorescence
Dermal fibroblasts (0.1 × 106 cells) were plated on glass
coverslips pre-coated with 0.1% gelatin (Sigma-Aldrich) in
PBS. At the end of the treatments described above, cells
were washed twice with PBS and incubated in cold 1:1
methanol-acetone solution for 10 min at −20◦C. The same
fixation/permeabilization procedure was performed on 10-µm-
thick cross cryosections of TA muscles. Slides were saturated
with 10% goat serum in PBS for 30 min at room temperature
and incubated overnight with the following antibodies: rat
anti-LAMP1 (1:100; DSHB, clone 1D4B); rabbit anti-LC3B
(1:150; Thermo Fisher Scientific, PA1-16930); guinea pig anti-
p62/SQSTM1 (1:100; Progen, GP62-C); mouse anti-eMHC (1:25;
DSHB, clone F1.652); rabbit anti-Laminin (1:800; Sigma-Aldrich,
clone L9393). Slides were washed in PBS and incubated for
1 h at room temperature with the appropriate secondary
antibodies (Jackson ImmunoResearch). Slides were mounted in
80% glycerol-PBS and images were taken by using a Zeiss LSM700
laser-scanning confocal microscope.

In situ TUNEL Assay
Quantitative determination of apoptotic cells was performed
by terminal deoxynucleotidyl transferase dUTP-mediated nick-
end labeling (TUNEL) assay. TA cross-sections (10-µm-
thick) were air-dried and apoptotic nuclei were detected by
the In situ Cell Death Detection Kit TMR red (Roche),
according to the manufacture’s guidelines. All nuclei were
subsequently counterstained with Hoechst 33258 (Sigma).
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Random fields were selected using a Leica DM5000B microscope
equipped with a digital camera and TUNEL-positive nuclei were
manually counted.

Transmission Electron Microscopy
TA muscles were longitudinally stretched and fixed overnight
at 4◦C with 2.5% glutaraldehyde (Sigma-Aldrich) and 2%
formaldehyde (Sigma-Aldrich) in 0.1 M sodium cacodylate
buffer pH 7.4, and postfixed for 2 h at 4◦C with 1% osmium
tetroxide in 0.1 M sodium cacodylate buffer. After three water
washes, samples were dehydrated in a graded ethanol series
and embedded in an epoxy resin (Sigma-Aldrich). Ultrathin
sections (60–70 nm) were obtained with an Ultrotome V (LKB)
ultramicrotome, counterstained with uranyl acetate and lead
citrate. Images were acquired with a FEI Tecnai 12 transmission
electron microscope (FEI Company) operating at 100 kV and
equipped with a Veleta CCD digital camera (Olympus Soft
Imaging System).

Statistics
Comparisons were made by using a two-tailed unpaired Student’s
t-test and P < 0.05 was considered as statistically significant.
Data are represented as mean ± s.e.m. The number of
biological replicates (always greater than 3) is indicated in
each figure caption.

RESULTS

Pterostilbene Treatment Elicits
Autophagy in Primary Dermal Fibroblasts
and Muscles
The proautophagic properties of Pt had been extensively
investigated in immortalized cell lines, but little is known about
primary cell cultures. For this reason, we first evaluated the
capability of Pt to positively modulate autophagy in primary
dermal fibroblasts prepared from wild-type mice. To monitor the
autophagic flux, we incubated cells with chloroquine, an inhibitor
of lysosome acidification and function (Klionsky et al., 2016).
Western blotting showed a significantly higher chloroquine-
dependent accumulation of LC3B-II, the best-characterized
autophagosome marker, in cultures treated for 2.5 h with Pt
when compared to vehicle-treated cultures (Figures 1A,B),
indicating that Pt promotes autophagosome formation in
primary fibroblasts.

Autophagosome-lysosome fusion represents the final step of
the autophagic flux and is equally important for the entire
process. Indeed, lysosomes play an essential role in cargo
degradation, both in basal condition and during autophagy
induction (Huynh et al., 2007; Zhou et al., 2013). In agreement
with the Pt-dependent induction of the autophagic flux,
primary fibroblasts displayed significantly increased levels of
lysosome-associated membrane protein 1 (LAMP1), a bona fide
marker of the endo-lysosomal compartment, upon Pt treatment
(Figures 1A,C). This result was confirmed by immunostaining
analysis, showing increased LAMP1-positive signal in fibroblasts

upon Pt treatment, when compared to vehicle-treated cells
(Figure 1D). When autophagy is activated, the co-localization
of autophagosomes with lysosomes reflects the trafficking and
degradation of autophagic cargoes. As expected, Pt-treated
fibroblasts showed a distinctive increase in the number of LC3B-
positive puncta, with extensive co-localization with LAMP1,
especially in the perinuclear regions (Figure 1D). Taken together,
these data show that Pt is able to induce autophagic flux in
primary fibroblast cultures.

In order to evaluate the ability of Pt to induce autophagy
in vivo, we treated wild-type mice with a single administration
of Pt or vehicle via oral gavage and collected skeletal muscles
8 h later. Autophagic flux was assessed by i.p. injection of
colchicine, a commonly used alkaloid able to prevent microtubule
polymerization (Klionsky et al., 2016). Western blot analysis
of protein extracts from TA muscle revealed a significantly
higher LC3B lipidation in Pt-treated mice already in basal
conditions, without colchicine injection. In addition, enhanced
colchicine-dependent LC3B-II accumulation was detectable in
Pt-treated mice when compared with vehicle-treated animals
(Figures 1E,F). Altogether these results indicate that Pt promotes
the autophagic flux in skeletal muscle.

Pterostilbene Reactivates the
Autophagic Flux of Col6a1−/− Myopathic
Mice
Considering that defective regulation of autophagy plays a key
role in the muscle pathology of both Col6a1−/− mice and
patients affected by COL6-related myopathies (Grumati et al.,
2010; Castagnaro et al., 2016), and that its reactivation leads
to beneficial effects (Chrisam et al., 2015; Castagnaro et al.,
2016), we investigated the effects elicited by Pt administration
to Col6a1−/− mice. Western blot analysis for LC3B lipidation
showed that a single Pt treatment by oral gavage was able to
elicit a robust increase in LC3B-II protein content in TA muscle
of COL6-deficient mice (Supplementary Figure S1). Based on
these data, we lengthened the treatment time, in order to allow
for muscle remodeling and unravel any phenotypic amelioration.

Autophagic flux analysis on skeletal muscle of Col6a1−/−

mice treated with Pt by oral gavage for 5 days revealed strong
upregulation of autophagy. Indeed, western blotting on protein
extracts from TA muscles showed a significantly higher
colchicine-dependent accumulation of LC3B-II in Col6a1−/−

mice treated with Pt when compared to vehicle-treated
Col6a1−/− animals (Figure 2A). As expected, vehicle-treated
Col6a1−/− mice did not display colchicine-dependent LC3B-II
accumulation (Figure 2A), in agreement with the previously
described autophagy impairment (Grumati et al., 2010).
Together with increased LC3B lipidation, Pt-treated Col6a1−/−

mice showed a significant decrease in p62/SQSTM1 protein
levels when compared to vehicle-treated animals (Figure 2B),
coherently with the higher degradation rate of this autophagic
receptor. Conversely, following autophagy flux blockade
with colchicine, a significant accumulation of p62/SQSTM1
protein was detectable only in samples from mice treated
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FIGURE 1 | Pterostilbene treatment elicits autophagy in primary dermal fibroblasts and in skeletal muscle of wild-type mice. (A) Western blot analysis for
LC3B and LAMP1 in protein extracts of primary dermal fibroblasts from wild-type mice, treated with vehicle or with 15 µM Pt and incubated (+) or not (–) with
chloroquine (CQ). β-actin and vinculin were used as loading controls. (B,C) Densitometric quantifications of LC3B-II vs. β-actin (B) and LAMP1 vs. vinculin (C),
as determined by at least three independent western blot experiments as in (A). Data are shown as mean± s.e.m. (n = 4–6, each condition; *P < 0.05; **P < 0.01). (D)

(Continued)
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FIGURE 1 | Continued
Immunofluorescence confocal images for LAMP1 (red) and LC3B (green) on primary dermal fibroblast cultures from wild-type mice, treated for 2.5 h with 15 µM Pt
or with vehicle. Nuclei were counterstained with Hoechst (blue). The dotted area is shown at higher magnifications on the right. Scale bar, 100 or 10 µm
(magnifications). (E) Western blot analysis for LC3B in protein extracts of TA muscles from wild-type mice treated with a single oral gavage of vehicle or Pt
(90.2 mg/kg body weight) and sacrificed 8 h after the treatment. Autophagic flux was assessed by i.p. injection of colchicine (CCH, +) or physiological solution (–).
GAPDH was used as a loading control. (F) Densitometric quantification of LC3B-II vs. GAPDH, as determined by at least three independent western blot
experiments as in (E). Data are shown as mean ± s.e.m. (n = 3–4, each condition; *P < 0.05). Veh, vehicle.

with Pt (Figure 2B), consistently with the upregulation of
autophagosome formation revealed by LC3B-II lipidation.

Previous studies demonstrated that Col6a1−/− muscles
display a down-regulation of the mitophagy mediator BNIP3
(Grumati et al., 2010). Western blot analysis of TA muscle
showed a significant increase in BNIP3 protein level in Pt-treated
mice compared to the vehicle-treated controls (Figure 2C),
suggesting that Pt may be able to promote also mitophagy in
Col6a1−/− muscles. It has been recently demonstrated that the
lysosomal compartment is strongly affected in cells lacking COL6
(Castagnaro et al., 2018). TA muscles from Pt-treated Col6a1−/−

mice showed a significant increase in LAMP1 protein levels when
compared to vehicle-treated animals (Figure 2D). These findings
are in agreement with autophagy upregulation, as an increase in
lysosomal content leads to a rapid and efficient autophagosome
degradation (Zhou et al., 2013).

The above findings were also confirmed by
immunofluorescence microscopy on TA cross-sections, showing
a reduction of p62/SQSTM1 puncta and an increase of LAMP1-
positive signal in TA sections from Pt-treated Col6a1−/−

mice when compared to vehicle-treated controls (Figure 2E).
Altogether, these data indicate that in vivo Pt administration
leads to an increased rate of autophagosome formation and
degradation in the skeletal muscle of autophagy-deficient
Col6a1−/− mice.

Pterostilbene Remodels COL6-Deficient
Skeletal Muscle
To assess whether the autophagy induction promoted by Pt
administration is accompanied by skeletal muscle remodeling,
we carried out histological and morphometric analyses on
muscles from Pt- and vehicle-treated Col6a1−/− mice. Five
days of Pt treatment led to a significant decrease in the
average cross-sectional area and minimum Feret diameter of
Col6a1−/− myofibers (Figures 3A–C). Accordingly, by plotting
the distribution of cross-sectional area and minimum Feret
diameter among the analyzed myofibers, a shift toward smaller
fiber classes was evident in Pt-treated mice (Figures 3B,C). These
findings support the concept of catabolic effects elicited by Pt in
Col6a1−/− muscles, in line with robust autophagy induction. On
the other side, Pt does not activate an atrophy process mediated
by atrogenes, as highlighted by transcript analysis for Murf-
1/Trim63 and Atrogin-1/Fbxo32 (Supplementary Figure S2A).
Hematoxylin-eosin staining on TA cross-sections did not reveal
any detrimental changes in muscle architecture of Pt-treated
mice (Figure 3D), and Sirius red staining confirmed that
there was no noticeable sign of fibrosis in Pt-treated mice
(Supplementary Figure S2B). Furthermore, the percentage of

centrally nucleated fibers was similar between Pt- and vehicle-
treated animals (Figure 3E), and was consistent with previously
published data for COL6-deficient muscles (Bonaldo et al., 1998).
Interestingly, upon 5 days of Pt treatment Col6a1−/− muscles
displayed a significantly higher number of myofibers per area unit
(Figure 3F) and this was accompanied by a significant increase of
newly formed, eMHC-positive myofibers (Figure 3G).

Altogether these results support the concept that Pt treatment
promotes myofiber remodeling due to both increased autophagy
and enhanced regeneration.

Pterostilbene Treatment Ameliorates the
Myopathic Phenotype of Col6a1−/− Mice
Since the above data showed that Pt promotes autophagy
in vivo and rescues the autophagy impairment of COL6-deficient
skeletal muscle, we evaluated whether Pt treatment is able
to ameliorate the myopathic phenotype of Col6a1−/− mice.
Spontaneous myofiber apoptosis is a typical feature of COL6-
related myopathies and its amelioration is beneficial both in
Col6a1−/− murine model and in BM and UCMD patients
(Chrisam et al., 2015; Castagnaro et al., 2016). TUNEL assay
revealed a significant decrease in the incidence of apoptotic
myonuclei in TA of Col6a1−/− mice treated for 5 days with
Pt (Figures 4A,B), thus showing that Pt is able to counteract
myofiber apoptosis in COL6-deficient muscle.

Abnormal mitochondria with altered cristae and dilated
sarcoplasmic reticulum are distinctive ultrastructural defects
of COL6-deficient muscles (Irwin et al., 2003; Grumati
et al., 2010). Transmission electron microscopy of TA cross-
sections showed that 5 days of Pt treatment led to a strong
amelioration of muscle ultrastructure, with a dramatic decrease
of mitochondrial swelling and dilated sarcoplasmic reticulum in
Pt-treated Col6a1−/− mice when compared to vehicle-treated
animals (Figures 4C–H). Moreover, the muscles of Pt-treated
animals displayed autophagic vacuoles and multivesicular bodies
(Figures 4G,H), supporting autophagy induction and recycling
of damaged organelles triggered by Pt administration (Fader
and Colombo, 2009). Five-day Pt treatment did not lead to any
overt alteration in sarcomeric and sarcolemmal ultrastructure
(Figure 4G and data not shown).

Altogether these data confirm the beneficial effect of Pt in
counteracting the pathogenic hallmarks of Col6a1−/− muscles.

DISCUSSION

Autophagy deregulation is linked to the pathogenesis of
several disorders, including muscle congenital diseases. In
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FIGURE 2 | Pterostilbene reactivates the autophagic flux in the skeletal muscle of Col6a1−/− mice. (A–D) Western blot analysis for LC3B (A), p62/SQSTM1 (B),
BNIP3 (C), and LAMP1 (D) in protein extracts of TA muscles from Col6a1−/− mice treated by oral gavage for 5 days with vehicle or with Pt (90.2 mg/kg body
weight). Autophagic flux was determined by i.p. injection of colchicine (CCH, +) or physiological solution (–). GAPDH was used as a loading control. Densitometric
quantifications, as determined by at least three independent western blot experiments, are shown in the respective bottom panels. Data are shown as
mean ± s.e.m. (n = 4–5, each condition; NS = not significant; *P < 0.05; **P < 0.01; ***P < 0.001). (E) Immunofluorescence confocal images for LAMP1 (red) and
p62/SQSTM1 (green) in TA cross sections from Col6a1−/− mice treated by oral gavage for 5 days with vehicle or with Pt (90.2 mg/kg body weight). Nuclei were
counterstained with Hoechst (blue). The dotted area is shown at higher magnifications in the smaller panels. Orange arrowheads indicate p62/SQSTM1-positive
puncta. Scale bar, 30 or 10 µm (magnifications). Veh, vehicle.
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FIGURE 3 | Pterostilbene remodels COL6-deficient skeletal muscle. (A) Representative fluorescence microscopy images of TA cross sections of Col6a1−/− mice
treated by oral gavage for 5 days with vehicle or with Pt (90.2 mg/kg body weight) and stained with fluorophore-conjugated wheat germ agglutinin (WGA, green) and
Hoechst (blue). Orange arrowheads indicate tiny fibers. Scale bar, 50 µm. (B) Morphometric analysis for average cross-sectional area (left panel) and cross-sectional
area distribution among myofibers (right panel), as determined from reconstructed images taken from entire TA muscle cross sections as in (A). Data are shown as

(Continued)
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FIGURE 3 | Continued
mean ± s.e.m. (n = 4 mice, each condition; *P < 0.05; **P < 0.01). (C) Morphometric analysis for average minimum Feret diameter (left panel) and minimum Feret
diameter distribution among myofibers (right panel), as determined from reconstructed images taken from entire TA muscle cross sections as in (A). Data are shown
as mean ± s.e.m. (n = 4 mice, each condition; *P < 0.05; **P < 0.01; ***P < 0.001). (D) Hematoxylin-eosin staining of TA cross sections from Col6a1−/− mice
treated by oral gavage for 5 days with vehicle or with Pt (90.2 mg/kg body weight). White arrowheads point at centrally located myonuclei. Scale bar, 50 µm. (E,F)
Average percentage of centrally nucleated myofibers per muscle section (E) and average number of myofibers per unit area (F), as determined on reconstructed
images taken from whole TA cross sections as in (D). Data are shown as mean ± s.e.m. (n = 4; NS = not significant;∗*P < 0.01). (G) Representative fluorescence
microscopy images of TA cross sections of Col6a1−/− mice treated by oral gavage for 5 days with vehicle or with Pt (90.2 mg/kg body weight) and stained with
antibodies for eMHC (red) and laminin (green). Nuclei were counterstained with Hoechst (blue). White arrowheads indicate eMHC-positive fibers. On the right,
quantification of eMHC-positive cells per area unit (in mm2). Data are shown as mean ± s.e.m. (n = 6; *, P < 0.05). Scale bar, 50 µm. CSA, cross-sectional area;
MFD, minimum ferret diameter; Veh, vehicle.

FIGURE 4 | Pterostilbene treatment ameliorates the myopathic phenotype of Col6a1−/− mice. (A) Representative fluorescence microscopy images of TA cross
sections of Col6a1−/− mice treated for 5 days with vehicle or with Pt (90.2 mg/kg body weight) and stained for apoptotic nuclei (TUNEL assay, red) and Hoechst
(blue). White arrowheads indicate TUNEL-positive nuclei. Scale bar, 100 µm. (B) Quantification of TUNEL-positive myonuclei in TA cross sections from Col6a1−/−

mice treated with by oral gavage for 5 days with vehicle or with Pt (90.2 mg/kg body weight). Data are shown as mean ± s.e.m. (n = 4; **P < 0.01). (C–H)
Transmission electron microscopy images of TA longitudinal sections from Col6a1−/− mice treated by oral gavage for 5 days with vehicle (C–E) or with Pt
(90.2 mg/kg body weight) (F–H). Scale bar, 1 µm. ap, autophagosome; m, mitochondrion; mvb, multivesicular body; Veh, vehicle.

Col6a1−/− mice, the best-characterized animal model of COL6-
related myopathies, defective regulation of the autophagic
process leads to the accumulation of dysfunctional and
harmful organelles, which dramatically affects myofiber viability

(Grumati et al., 2010). This is exacerbated by impaired muscle
regeneration, as COL6 is a key component of the muscle stem
cell niche and its absence compromises the self-renewal capability
of satellite cells upon muscle injury (Urciuolo et al., 2013).
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Two pharmacological approaches have so far been assessed in
the preclinical setting, based on rapamycin and cyclosporin
A treatments (Grumati et al., 2010; Urciuolo et al., 2013;
Gattazzo et al., 2014). The proautophagic and promyogenic
properties of these two drugs are well known, but their
strong immunosuppressive activity makes them unsuitable
for the long-term chronic treatment of patients affected by
muscular dystrophies (Merlini et al., 2011). To overcome
this unwanted side effect, a drug-free approach, based on
a low protein diet, has been tested both in the preclinical
setting and in a pilot clinical trial, confirming its beneficial
effect in terms of muscle structure and function (Grumati
et al., 2010; Castagnaro et al., 2016). However, this dietary
regimen requires quite a profound change in food habits
and it is not recommended for infants or most severely
affected patients.

A promising way to rescue the myopathic phenotype of COL6
deficient mice consists in the administration of nutraceutical
autophagy-inducing compounds. Nutraceuticals represent non-
toxic molecules, generally found in food, able to provide health
benefits and exploitable as a dietary supplement. The polyamine
spermidine and the polyphenol resveratrol are among the most
characterized ones. Their ability to boost autophagy is well
known, as they act as caloric restriction mimetics through
different but converging molecular pathways (Morselli et al.,
2011). Spermidine was already demonstrated to display beneficial
effects in the myopathic Col6a1−/−mouse model (Chrisam et al.,
2015), however nothing is known about the therapeutic potential
of resveratrol in this myopathic condition.

The major aim of the present study was to investigate
the ability of Pt, a resveratrol analog characterized by higher
bioavailability and chemical stability (Kapetanovic et al., 2011),
to promote autophagy in skeletal muscle. Indeed, this stilbenoid
was previously shown to have antioxidant and pro-autophagic
properties in various pathophysiological conditions (Akinwumi
et al., 2018), however no study has ever exploited its effects
on autophagy in skeletal muscle. Our data in wild-type mice
indicate that Pt exerts a strong promoting effect on the
autophagic flux of skeletal muscle already after 8 h from
oral administration, suggesting that it has a rapid onset of
action, according to the post-translational nature of phagophore
nucleation. Based on these data, we moved forward performing a
5-day-long Pt treatment in COL6 null mice, in which autophagy
activation in skeletal muscle is resistant even to 24-h fasting
(Grumati et al., 2010). Pt strongly reactivates the processes of
autophagosome formation and degradation in Col6a1−/− mice
under fed condition, together with an increase in lysosomal
content, thus highlighting the high pro-autophagic efficacy of
this stilbenoid molecule. These effects, together with the Pt-
induced myofiber regeneration, result in the observed skeletal
muscle remodeling in COL6 null mice, manifesting as a
decreased myofiber size and an increased number of newly
forming myofibers. This suggests a prospective translational
relevance for COL6 pathologies, as stimulating myogenesis in
COL6-deficient muscles is beneficial both in the Col6a1−/−

animal model and in UCMD patients (Merlini et al., 2011;
Gattazzo et al., 2014).

The high incidence of apoptotic myofibers is a well-
characterized feature of COL6-related myopathies (Irwin et al.,
2003; Angelin et al., 2007; Merlini and Bernardi, 2008; Grumati
et al., 2010). Pt has a remarkable effect in decreasing the
incidence of TUNEL-positive nuclei in Col6a1−/− muscle,
pointing at increased myofiber viability in COL6-deficient
muscles following Pt administration. This anti-apoptotic effect of
Pt is likely due to the autophagy-mediated clearance of swollen
mitochondria and dilated sarcoplasmic reticulum, since a marked
recovery of organelle ultrastructure is clearly visible after 5-
day Pt treatment. Indeed, it is well known that a compromised
mitochondrial network is prone to release several proapoptotic
factors, detrimental for cell survival.

Of note, despite the remarkable proautophagic effects of 5-
day Pt treatment in COL6 null mice, muscle ultrastructure was
positively affected, suggesting that the Pt-promoted induction
of the autophagic flux is not excessive, but instead well-
tolerated and with a beneficial outcome in COL6 deficient
muscles. Future work will allow ascertaining the lowest, but
still effective, Pt dosages able to elicit functional outcomes,
as muscle strength recovery, in Col6a1−/− mice under long-
term administration regimens. Furthermore, it will be interesting
to exploit the possible synergistic effects of Pt with other
drugs or natural compounds, such as non-immunosuppressive
cyclosporin A derivatives (Zulian et al., 2014) or spermidine
(Chrisam et al., 2015).

Altogether, our findings point at Pt as a promising autophagy-
inducing nutraceutical for skeletal muscle, able to counteract
the myopathic phenotype of Col6a1−/− mice. Indeed, our data
indicate that Pt is an excellent nutraceutical with a valuable
prospective medical relevance for COL6-related myopathies, as
well as for other pathological conditions characterized by an
autophagy deficiency, such as Duchenne muscular dystrophy and
age-related sarcopenia.
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FIGURE S1 | A single bout of pterostilbene induces LC3B lipidation in Col6a1−/−

mice. Western blot analysis for LC3B (left panel) and relative densitometric
quantification (right panel) in protein extracts of TA muscle from Col6a1−/− mice
treated with a single oral gavage of vehicle or Pt (90.2 mg/kg body weight) and
sacrificed 8 h after the treatment. GAPDH was used as a loading control. Data are
shown as mean ± s.e.m. (n = 3–4; ∗P < 0.05). Veh, vehicle.

FIGURE S2 | Pterostilbene remodels COL6-deficient skeletal muscle. (A)
Quantitative RT-qPCR analysis of mRNA levels for Atrogin1 (Fbxo32), MURF-1
(Trim63), and Cathepsin L (Ctsl) in RNA extracts of TA muscle from Col6a1−/−

mice treated by oral gavage for 5 days with vehicle or with Pt (90.2 mg/kg body
weight). Data are shown as mean ± s.e.m. (n = 5; ∗P < 0.05). (B) Picrosirius-red
staining of TA cross sections from Col6a1−/− mice treated by oral gavage for
5 days with vehicle or with Pt (90.2 mg/kg body weight). Scale bar,
50 µm. Veh, vehicle.
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High Expression of miR-204 in
Chicken Atrophic Ovaries Promotes
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Chicken atrophic ovaries have decreased volume and are indicative of ovarian
failure, presence of a tumor, or interrupted ovarian blood supply. Ovarian tumor is
accompanied by an increase in follicular atresia, granulosa cell (GC) apoptosis, and
autophagy. In a previous study, we found using high throughput sequencing that
miR-204 is highly expressed in chicken atrophic ovaries. Thus, in the present study,
we further investigated its function in GC apoptosis and autophagy. We found that
overexpression of miR-204 reduced mRNA and protein levels of proliferation-related
genes and increased apoptosis-related genes. Cell counting kit-8 (CCK-8), 5-ethynyl-
2-deoxyuridine (EdU), and flow cytometry assays revealed that miR-204 inhibited GC
proliferation and promoted apoptosis. Furthermore, we confirmed with reporter gene
assays that Forkhead box K2 (FOXK2) was directly targeted by miR-204. FOXK2, as
a downstream regulator of phosphoinositide 3-kinase (PI3K)/AKT/mammalian target
of rapamycin (mTOR) signal pathways, promoted GC proliferation and inhibited
apoptosis. Subsequently, we observed that miR-204 was involved in GC autophagy by
targeting Transient Receptor Potential Melastatin 3 (TRPM3). The luciferase activities
of the two binding sites of TRPM3 were decreased in response to treatment with
a miR-204 mimic, and the autophagic flux was increased after miR-204 inhibition.
However, overexpression of miR-204 had opposite results in autophagosomes and
autolysosomes. miR-204 inhibits GC autophagy by suppressing the protein expression
of TRPM3/AMP-activated protein kinase (AMPK)/ULK signaling pathway components.
Inhibition of miR-204 enhanced autophagy by accumulating and degrading the protein
levels of LC3-II (Microtubule Associated Protein Light Chain 3B) and p62 (Protein of
62 kDa), respectively, whereas miR-204 overexpression was associated with contrary
results. Immunofluorescence staining showed that there was a significant reduction
in the fluorescent intensity of LC3B, whereas p62 protein was increased after
TRPM3 silencing. Collectively, our results indicate that miR-204 is highly expressed
in chicken atrophic ovaries, which promotes GC apoptosis via repressing FOXK2
through the PI3K/AKT/mTOR pathway and inhibits autophagy by impeding the
TRPM3/AMPK/ULK pathway.

Keywords: chicken, atrophic ovary, miR-204, apoptosis, autophagy, signaling pathway
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INTRODUCTION

The ovary plays vital roles in female reproductive performance
(Castagna et al., 2004; Gethoffer et al., 2018; Zhao et al., 2018) by
promoting ovulation (exocrine function) and hormone secretion
(endocrine function) (Sirotkin et al., 2018; Zangirolamo et al.,
2018; Russell, 2019). The ovary is an ideal model for the study
of ovarian biology and follicular development (Bahr, 1991), and
the follicular granulosa cells (GCs) are often regarded as an
important marker of follicular development because of their
unique structural characteristics and important role in follicular
development (Johnson and Woods, 2009). The development and
fate of follicles, maturation or atresia, depend on the state of
GCs in the follicles. Proliferation of GCs promotes maturation
of follicles, while apoptosis led to GC atresia (Matsudaminehata
et al., 2006). Abnormal growth and differentiation of GCs cause
ovarian diseases, such as premature ovarian failure (Shelling,
2010), polycystic ovarian syndrome (Jiang et al., 2015), and GC
tumors (Pilsworth et al., 2018). Atrophic signifies a structure that
is shrunken or diminished in size and function. An atrophic
ovary has decreased ovarian tissue volume and is indicative
of ovarian failure and interrupted ovarian blood supply, which
may therefore affect reproduction in animals. In general, an
atrophic ovary will not generate or produce healthy eggs and may
therefore affect reproduction (Pilsworth et al., 2018).

MicroRNAs (miRNAs) are endogenous 22∼24-nucleotide-
long, small non-coding, single-stranded RNAs (Kim, 2005), many
of which regulate translation by binding to the 3′-untranslated
regions (3′-UTRs) of their target mRNAs to inhibit protein
translation (Lee et al., 1993; Bernstein et al., 2001; Bartel,
2004; Chekulaeva and Filipowicz, 2009). Several studies reported
that miRNAs are involved in a variety of important cellular
biological processes, including cell proliferation, differentiation,
and apoptosis (Ambros, 2004; Valadi et al., 2007; Kosaka
et al., 2010). In the ovary of different animals, many miRNAs
participate in the entire process of ovarian follicle development,
including follicle growth, atresia, ovulation, and regulating GC
proliferation and apoptosis (Baley and Li, 2012; Kim et al., 2013;
Imbar and Eisenberg, 2014). For instance, miR-224 regulated
mouse GC proliferation (Yao et al., 2010), while miR-23a was
differentially expressed in premature ovarian failure patients and
was involved in GC apoptosis (Yang et al., 2012). Meanwhile,
let-7 family members were preferentially expressed in the
ovary, and let-7g promoted follicular GC apoptosis by targeting
transforming growth factor-β1 (TGF-β1) (Zhou et al., 2015).
miR-183-96-182 cluster regulates bovine GC proliferation by
targeting FOXO1 (Gebremedhn et al., 2016); however, miR-10
family members repressed proliferation and induced apoptosis in
ovarian GCs (Jiajie et al., 2017). Some miRNAs, such as miR-21
(Carletti et al., 2010), miR-15a (Sirotkin et al., 2014), miR-383
(Yin et al., 2014), miR-92a (Liu et al., 2014), miR-145 (Yan
et al., 2012), and miR-34a (Tu et al., 2014), were reported to
regulate GC growth. These findings demonstrate that miRNAs
are expressed in the ovary and are actively involved in regulating
animal reproduction.

Functions of miR-204 have been linked to many biological
processes, including maintenance of joint homeostasis and

protection against osteoarthritis (Huang et al., 2019), tumor
growth (Mikhaylova et al., 2012), migration and anoikis of
cancer cells (Sacconi et al., 2012; Zhang et al., 2013), and
autophagy (Xiao et al., 2011; Hall et al., 2014). Recently, we
performed a whole-transcriptome analysis of atrophic ovaries
in broody chickens and found that miR-204 was differentially
expressed between atrophic and normal ovaries (Liu et al.,
2018), suggesting that miR-204 regulates ovarian function.
Therefore, it is imperative to identify the regulators of miR-
204 target genes and their roles in signaling pathways associated
with both the development and function of the ovary. This
should generate information that can be used for improving
reproductive performance by controlling the key factors in the
regulatory networks.

MATERIALS AND METHODS

Animals and Sample Collection
Three hundred eighty-day-old chickens were raised at the Animal
Breeding Farm, Sichuan Agricultural University (SAU) (Ya’an,
China). Each of five egg-laying and broody birds was selected, and
tissues were collected including hypothalamus, pituitary, heart,
liver, spleen, lung, kidney, gizzard, glandular stomach, ovary,
breast muscle, leg muscle, and small intestine. Atrophic ovaries
were collected from broody birds and wrapped in foil, snap-
frozen in liquid nitrogen, and transferred to a -80◦C freezer for
further analyses.

The animal experiments were approved by the Institutional
Animal Care and Use Committee of Sichuan Agricultural
University (Certification No. YCS-B2018102013). All
experiments were conducted in accordance with the SAU
Laboratory Animal Welfare and Ethics guidelines.

Cell Culture and Transfection
All pre-ovulatory follicles were dissected from the ovary and
placed in sterile Hank’s balanced salt solution. The GCs of
follicles were isolated following the method of Gilbert (Gilbert
et al., 1977), and the granular layers were digested using
β-II collagenase (BaiTai Biotechnology, Chengdu, China). Cells
were filtered with 200 mesh cell sieves and then resuspended
in Dulbecco’s modified Eagle medium (DMEM) + 10% fetal
bovine serum (Gibco, Grand Island, NY, United States) + 0.1%
mixture of penicillin–streptomycin (Invitrogen, Carlsbad, CA,
United States). GCs were isolated and cultured in the cell
culture incubator at 37◦C, 5% CO2, and 95% air saturated
humidity for 3 h to ensure cell attachment. Thereafter, the
medium was changed to remove non-adherent cells. All cells
including GCs were further cultured in the cell culture incubator
at 37◦C, 5% CO2, and 95% air saturated humidity, which was
followed by medium being changed every 24 h. Afterward,
the transfection procedure was performed with Forkhead box
K2 (FOXK2) small interfering RNA (Si-FOXK2), Transient
Receptor Potential Melastatin 3 (TRPM3) small interfering
RNA (Si-TRPM3), and a miR-204 mimic or inhibitor using
lipofectamine 3000 reagent (Invitrogen, United States), according
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to the manufacturer’s directions. Oligonucleotide sequences are
provided in Supplementary Table 1.

Quantitative Real-Time PCR
Total RNA was extracted from the tissues and cells using TRIzol
reagent (Takara, Tokyo, Japan) following the manufacturer’s
instructions. Quantitative real-time PCR (qRT-PCR) analysis was
conducted in reaction volumes of 15 µl containing 1.5 µl of
cDNA, 0.3 µl of forward and reverse primers, 6.25 µl of TB
GreenTM Premix (Takara), and 6.65 µl of DNase/RNase-Free
Deionized Water (Tiangen, Beijing, China). Reaction conditions
were based on the manufacturer’s instructions, and the 2−11Ct

method was used to calculate fold changes in gene expression
(Livak and Schmittgen, 2001). The β-actin and U6 genes were
used as internal controls, and primer sequences are listed in
Supplementary Table 2.

Protein Extraction and Western Blot
Analysis
Protein was extracted from the GCs using commercial protein
extraction kits (BestBio Biotech Co., Ltd., Shanghai, China), and
bicinchoninic acid kits (BestBio) were used to determine protein
concentrations. The protein was denatured at 95◦C for 5 min,
and the total volume in each well included 16 µl of protein
sample and 4 µl of reducing loading buffer (4:1). The protein
was successively separated using 5% and 12% sodium dodecyl
sulfate (SDS) polyacrylamide gel electrophoresis (Beyotime,
Shanghai, China) and transferred to polyvinylidene difluoride
membranes activated with methanol. Blocking buffer (Beyotime)
was used to block the membranes at room temperature for 1 h,
and the following primary antibodies were used to probe the
target proteins: anti-FOXK2 [Cell Signaling Technology (CST),
United States], cyclin-dependent kinase 2 (CDK2; ABclonal
Technology, Wuhan, China), proliferating cell nuclear antigen
(PCNA; ABclonal), Bcl-2 (Biorbyt, United Kingdom), caspase-3
(Abcam, Cambridge, United Kingdom), caspase-9 (Bioss, Beijing,
China), phosphoinositide 3-kinase (PI3K; Bioss), Akt (CST),
mammalian target of rapamycin (mTOR; Zen-Bio, Chengdu,
China), TRPM3 (CST), AMP-activated protein kinase (AMPK;
Bioss), ULK1 (Sigma Chemical Co., St. Louis, MO, United States),
LC3 (CST), p62 (CST), and β-actin (Sigma), all overnight at 4◦C.
The membranes were rinsed with Wash Buffer (Beyotime), the
corresponding secondary antibodies were added, and membranes
were incubated for 1.5 h. The antibodies were diluted according
to the manufacturer’s instructions.

Cell Proliferation Assay
Primary GCs were cultured in 96-well plates. After transfection,
cell proliferation was assessed with cell counting kit-8 (CCK-
8; MeilunBio, Dalian, China) and a Cell-LightTM 5-ethynyl-2-
deoxyuridine (EdU) Kit (RiboBio, Guangzhou, China) according
to the manufacturer’s protocols. Then, 10 µl of CCK-8 reagent
was added to each well and incubated in the cell culture
incubator for 2 h after which it was transfected at 12, 24, 36,
and 48 h. The optical density (OD) value for each sample was

detected with a microplate reader (Thermo Fisher, Varioskan
LUX, United States) at 450 nm.

The state of proliferation of the GCs was determined using
EdU kits adhering to the guidelines of the manufacturer. After
addition of 100 µl of 50 µM EdU to each well, cells were
incubated in the cell culture incubator for an additional 3 h.
Cells were then washed with phosphate buffered saline (PBS)
and then fixed with 4% paraformaldehyde for 30 min. Also,
50 µl of 2 mg/ml glycine was used to neutralize excess aldehyde
groups, and 100 µl of 0.5% Triton X-100 PBS was added to
increase the cell membrane permeability. Furthermore, 100 µl
of Apollo was added, and the cells were subsequently incubated
in a dark room at room temperature for 30 min. Afterward,
the cells were washed with PBS, and the nucleus was stained
with 100 ml of Hoechst 33342 reaction solutions, and then dark
room temperature incubation continued for another 30 min.
After the final incubation, a fluorescence microscope (DP80;
Olympus, Japan) was used to visualize and quantify the numbers
of EdU-stained cells. Three fields were randomly selected for
statistical analysis.

Cell Apoptosis Analysis
Cells were washed with PBS, and the concentration was adjusted
to 106 cells/ml. Also, 100 ml of single-cell suspension was
centrifuged at 250 g for 5 min, and the supernatant solution
was discarded, then 20 µl of binding buffer was added for cell
resuspension. Subsequently, the cells were stained using 5 µl
of Annexin V-FITC (Invitrogen, Australia) for 10 min, and
then 10 µl of propidium iodide (PI; Invitrogen) was added for
further staining in the dark at room temperature for 5 min.
GC apoptosis was analyzed using flow cytometry (CytoFLEX,
Backman, United States), and Kaluza 2.1 software was used to
analyze the data.

Dual-Luciferase Reporter Assay
DF-1 cell lines of chicken embryo fibroblast cells (DF-1 cells)
were cultured with DMEM+ 10% fetal bovine serum and seeded
in 48-well plates. The cells were co-transfected with plasmid
(FOXK2 3′UTR wild type or mutant type, TRPM3 3′UTR wild
type or mutant type) and mimic negative control (NC) or miRNA
mimic when cell density coverage reached 70∼80%. After 48 h,
we detected luciferase activity using a luciferase reporter assay
kit (Promega, Madison, WI, United States), according to the
manufacturer’s instruction. The tests were conducted in triplicate.

PI3K/AKT/mTOR Pathway Analysis
LY294002 (PI3K inhibitor) and 740Y-P (PI3K activator) were
used to test the relationship between PI3K and FOXK2. LY294002
and 740Y-P were purchased from Selleck Chemicals (Houston,
Texas, United States) and were preincubated with cells for 2 h (Tu
et al., 2018). CCK-8 assay was used to determine the optimum
concentration of LY294002 and 740Y-P treatments.

Confocal Microscopy
The extent of an autophagic flux was evaluated with an
adenovirus harboring tandem fluorescent mRFP-GFP-LC3
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FIGURE 1 | Sequencing characteristics, expression patterns, and target gene prediction of miR-204 in chicken. (A) The mature sequence (red characters) of
miR-204 among different animal species: gga, chicken; bta, cattle; ptr, chimpanzee; ssc, pig. (B) The target position of the miR-204 seed sequence on the gene
Forkhead box K2 (FOXK2)-3′-untranslated region (UTR) sequence (red characters) was predicted by TargetScan software. (C) The expression patterns of miR-204 in
chicken tissues including hypothalamus, pituitary, heart, liver, spleen, lung, kidney, gizzard, glandular stomach, ovary, breast muscle, leg muscle, and intestine.
(D) The expression levels of miR-204 and FOXK2 in chicken atrophic ovaries and normal ovaries. Data are presented as mean ± standard error (SE); n = 5. miR,
microRNA.

(Hanbio, Shanghai, China). Prior to the autophagic flux
evaluation, the GCs were cultured on cell slides in six-well plates
and transfected with miR-204 mimic and mimic NC or miR-204
inhibitor and inhibitor NC. The adenovirus was later added into
the cells for 6–8 h following the manufacturer’s instructions. The
culture medium was changed, and the GCs were further cultured
for 48 h. Thereafter, the GCs were washed with cold PBS and
later fixed with 4% paraformaldehyde for 30 min. The GCs were
washed again for three consecutive times with PBS, after which
they were observed under a confocal microscope (Olympus,
Melville, NY, United States).

GCs were transfected with an interference vector (Si-TRPM3)
and Si-NC. Later, the cells were washed with PBS for 5 min
and were further fixed in 4% paraformaldehyde for 10 min.
The cells were then washed with PBS, then 0.2% Triton
X-100 was added to the cell, and incubation occurred for
10 min in order to ensure permeability of the cell membrane.
The cells were washed and incubated with primary antibody
rabbit anti-LC3B (CST) and mouse anti-p62 (CST) overnight
at 4◦C. Thereafter, the cells were washed three times and
incubated with fluorescence-labeled secondary antibody in the
dark at room temperature for 1 h. The cells were then washed
three times in Tris-Buffered Saline Tween-20 (TBST), and
then confocal microscopy was used to observe and analyze
fluorescence intensity.

Statistical Analysis
Data collected were subjected to statistical analyses using SPSS
20 Statistical software, and the mean of three replicates was
evaluated and is displayed as mean ± standard error (SE).
Significance was determined using Duncan’s multiple range tests
and presented as P < 0.05 (∗) and P < 0.01 (∗∗).

RESULTS

Bioinformatics Analysis and Target Gene
Prediction of miR-204
Whole-transcriptome sequencing analysis of atrophic ovaries
in broody chickens revealed that miR-204 was expressed
differentially between atrophic and normal ovaries. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) results of target
genes revealed that the enriched pathways involved PI3K–Akt
signaling, cell cycle, AMPK signaling, and apoptosis. We then
found that FOXK2 and TRPM3 are two predicted target genes
of miR-204 and are differentially expressed between atrophic and
normal ovaries (Liu et al., 2018). After performing a sequence
alignment, we found that the seed sequence of chicken miR-
204 was conserved with mammals (Figure 1A). The seed region
of miR-204 was complementary to the 3′UTR of the FOXK2
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gene, as determined using Targetscan software1 (Figure 1B).
Additionally, miR-204 was relatively highly expressed in the
chicken ovary (Figure 1C). The expression of miR-204 in
atrophic ovaries was greater than in normal ovaries, whereas
FOXK2 had an opposite pattern of expression (Figure 1D).

miR-204 Inhibits Chicken Granulosa Cell
Proliferation
To investigate the function of miR-204 in chicken GC
proliferation, a miR-204 overexpression plasmid was transfected
into the GCs and its expression level increased (Figure 2A),
which led to a decrease in the mRNA levels of proliferation-
related genes (CDK2, cyclinD1, and PCNA) (Figure 2E) and
protein abundance of CDK2 and PCNA (Figures 2G,H). CCK-
8 reagent was used to measure the proliferative state of GCs,
and the OD value was significantly decreased after transfection
of a miR-204 mimic (Figure 2C). In addition, we determined the
change in cell numbers by EdU staining. The results indicated
that the quantities of EdU-positive cells were reduced in the
miR-204 mimic group (Figures 2I,K). After transfection of a
miR-204 inhibitor, there was a significant decrease in the levels of
miR-204 expression (Figure 2B), while the mRNA expression of
CDK2, cyclinD1, and PCNA increased significantly (Figure 2F).
However, the protein expressions of PCNA and CDK2 were
similar (Figure 2G). The CCK-8 assay results showed that there
was greater proliferation in response to transfection with the
miR-204 inhibitor than the NC inhibitor (Figure 2D).

The EdU assay revealed an increase in the number of
proliferating cells in response to transfection with a miR-204
inhibitor (Figures 2I,J). Overall, these results demonstrate that
miR-204 inhibits chicken GC proliferation.

miR-204 Promotes Chicken Granulosa
Cell Apoptosis
We investigated the effect of miR-204 on chicken GC apoptosis.
We found that apoptosis was promoted by transfecting a miR-
204 mimic, which was associated with an increase in the
mRNA and cleavage levels of caspase-9 and caspase-3 but
decreased expression of Bcl-2 (Figures 3A,C,D). The miR-204
inhibitor-treated group showed a different expression trend,
where there was a reduction in the expression of caspase-9
and caspase-3 but increase in Bcl-2 expression (Figures 3B–
D). Flow cytometry revealed an increase in the numbers of
apoptotic cells in the miR-204 mimic group compared to the
mimic NC (Figures 3E,F), whereas the increased apoptotic cell
numbers in the miR-204 inhibitor group eventually decreased
slightly after miR-204 inhibitor transfection (Figures 3G,H).
Thus, these results collectively indicate that miR-204 promotes
apoptosis in chicken GCs.

miR-204 Targets the FOXK2 Gene
Dual-luciferase reporter gene assays were performed to ascertain
the direct target relationship between miR-204 and FOXK2. We

1http://www.targetscan.org/vert_72/

found that the luciferase activity value of the FOXK2 wild-type
plasmid in the miR-204 group was decreased compared with
the mutant-type plasmid (Figure 4A). We further analyzed
the mRNA and protein expression of FOXK2 in the GCs of
chickens after transfection of a miR-204 mimic or miR-204
inhibitor. The results show that there was decreased mRNA
(Figure 4B) and protein (Figures 4D,E) expression of FOXK2
in the miR-204 mimic group. However, the group transfected
with miR-204 inhibitor showed a significant increase in the
mRNA and protein expression levels of FOXK2 (Figures 4C–
E). These data demonstrate that FOXK2 is another target gene
of miR-204 in chickens.

FOXK2 Promotes Granulosa Cell
Proliferation via Another
PI3K/AKT/mTOR Regulation Pathway
A recent study linked FOXK2 to regulation of liver cellular
proliferation and apoptosis via the PI3K–Akt pathway
(Sakaguchi et al., 2019). In this study, we examined the role
of FOXK2 knockdown on chicken GC proliferation and
apoptosis. Initially, the mRNA and protein expression of FOXK2
was significantly inhibited after treatment with FOXK2-specific
siRNA (Figures 5A,B). Then, cells in a proliferation state were
identified by CCK-8 and EdU staining, and the numbers of
apoptotic cells were determined using flow cytometry. The
results showed that Si-FOXK2 influenced the decline in the OD
value and EdU-positive cell numbers in the GCs (Figures 5C–E),
while the numbers of early apoptotic cells were higher than
in Si-NC group (Figures 5I,J). Finally, we detected changes in
the expression of proliferation-related genes and proapoptotic
factors. The results showed that the levels of mRNA and protein
expression of caspase-3 and caspase-9 increased significantly,
whereas the expression of Bcl-2, PCNA, and CDK2 decreased
(Figures 5F–H). Thus, FOXK2 promotes the proliferation and
inhibits apoptosis of chicken GCs.

Previous research reported that FoxKs translocation to
the nucleus is dependent on the PI3K–Akt–mTOR pathway
(Sakaguchi et al., 2019). To further explore the role of
FOXK2 in the PI3K signaling pathway, a PI3K inhibitor
(LY294002) and activator (740Y-P) were used. The optimal
concentrations of 740Y-P and LY294002 were tested and found
to be 30 µg/ml and 20 µM, respectively (Figures 6A,B). The
results showed that 740Y-P significantly increased the protein
expression of PI3K. Simultaneously, the protein expressions
of Akt and mTOR were higher than those in the 740Y-
P NC group, which resulted in an increased expression
of FOXK2. On the contrary, LY294002 inhibited PI3K and
also decreased the protein expression of Akt and mTOR,
which led to a reduction in the protein expression of
FOXK2 (Figures 6C,D). Meanwhile, the protein expression
of ULK1 in the 740Y-P group was inhibited, while it was
promoted in the LY294002 group. These results revealed
that both FOXK2 and ULK1 are downstream regulators of
PI3K/Akt/mTOR signal pathways and might be related to cell
proliferation and autophagy.
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FIGURE 2 | miR-204 regulates the proliferation of chicken granulosa cells (GCs). (A) Quantitative real-time PCR (qRT-PCR) was used to determine the miR-204
expression level after transfection of miR-204 overexpression plasmid. (B) The miR-204 expression level after transfection of miR-204 inhibition plasmid. (C) Cell
proliferation curves of chicken GCs were measured with cell counting kit-8 (CCK-8) reagent after overexpression of miR-204. (D) Cell proliferation curves of chicken
GCs were measured with CCK-8 reagent after inhibition of miR-204. (E) Expression abundances of cell proliferation-related genes (PCNA, CDK2, and cyclinD1) were
detected by qRT-PCR after overexpression of miR-204. (F) Expression levels of cell proliferation-related genes inhibited by miR-204. (G, H) The protein expression
levels of cell proliferation-related genes [cyclin-dependent kinase 2 (CDK2) and proliferating cell nuclear antigen (PCNA)] were detected by Western blot analysis after
a gain or loss of miR-204. β-actin was used as a reference gene. (I) 5-Ethynyl-2-deoxyuridine (EdU) staining-positive GCs were detected by EdU kit after
overexpression and inhibition of miR-204. (J, K) The fold change of GC proliferation rates after overexpression and inhibition of miR-204, respectively. EdU (red),
4′,6-diamidino-2-phenylindole (DAPI) (blue); Replications = 3. Data are presented as mean ± SE; *P < 0.05 and **P < 0.01. miR, microRNA; NC, negative control.
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FIGURE 3 | miR-204 regulates the apoptosis of chicken granulosa cells (GCs). (A, B) Expression abundances of cell apoptosis-related genes (Bcl-2, Caspase-9,
and Caspase-3) were detected by quantitative real-time PCR (qRT-PCR) after overexpression and inhibition of miR-204, respectively. (C, D) The Western blot
analysis revealed caspase-3 and caspase-9 cleavage and protein expression of Bcl-2 after a gain or loss of miR-204. β-actin was used as a reference gene.
(E) Apoptotic GCs were detected by annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining flow cytometry after overexpression of miR-204.
(F) The percentages of GC apoptosis were measured after overexpression of miR-204. (G) Apoptotic GCs were detected by annexin V-FITC/PI staining flow
cytometry being inhibited by miR-204. (H) The percentages of GC apoptosis were determined after inhibition of miR-204. Replications = 3. Data are presented as
mean ± SE; *P < 0.05 and **P < 0.01. NC, negative control.

miR-204 Regulates Granulosa Cell
Autophagy by Targeting TRPM3
Two predicted miR-204 binding sites in the TRPM3 3′UTR were
identified by TargetScan (Figure 7A). Dual-luciferase reporter
gene assays were used to validate whether miR-204 can directly

interact with these two binding sites of TRPM3. The results
showed that the luciferase activities of the two binding sites
were decreased in response to miR-204 mimic (Figures 7B,C).
Furthermore, both mRNA and protein expression levels of
TRPM3 were increased by miR-204 inhibition (Figures 7D,F,G),
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FIGURE 4 | Forkhead box K2 (FOXK2) is a target gene of miR-204. (A) Chicken DF-1 cells were co-transfected with FOXK2-3′-untranslated region (UTR) wild or
mutant dual-luciferase vector and the miR-204 mimic or miR-negative control (NC). The relative luciferase activity was assayed 48 h later. (B, C) The mRNA
expression of FOXK2 in chicken granulosa cells (GCs) was detected by quantitative real-time PCR (qRT-PCR) after overexpression and inhibition of miR-204. (D, E)
The protein expression of FOXK2 in chicken GCs was detected by Western blot analysis after a gain or loss of miR-204. Replications = 3. Data are presented as
mean ± SE; *P < 0.05 and **P < 0.01. miR, microRNA.

while overexpression of miR-204 inhibited mRNA and protein
expression of TRPM3 (Figures 7E–G). The results thus
demonstrate that TRPM3 is another target gene of miR-204.

Subsequent experiments were performed to evaluate the
extent of autophagic flux using an adenovirus harboring tandem
fluorescent mRFP-GFP-LC3, which differentiates between
autophagosomes and autolysosomes (Kimura et al., 2007). The
autophagosomes were dotted with both green [green fluorescent
protein (GFP)] and red [monomeric red fluorescent protein
(mRFP)] colors, and overlaid images revealed a yellow color
where there was co-localization. Autolysosomes were dotted
with mRFP but not GFP, and overlaid images showed a red color
(Hariharan et al., 2011). After transfecting a miR-204 mimic, the
dot numbers of GFP and mRFP were decreased (Figures 8A,B).
In the overlaid images, fewer red dots were observed, indicating
decreased autolysosome synthesis (Figures 8A,B). Compared
with the NC inhibitor, the increased red dots reflected an
increased level of autophagic flux after transfection of the
miR-204 inhibitor (Figures 8A,D,E). These data suggest that
miR-204 inhibits GC autophagy by suppressing TRPM3.

miR-204 Impedes the
TRPM3/AMPK/ULK1 Pathway
miR-204 and TRPM3 regulate autophagy through the
AMPK/ULK1 pathway (Hall et al., 2014). After transfection

of a miR-204 mimic, the protein expressions of TRPM3, AMPK,
and ULK were decreased, while mTOR protein expression
was increased. Notably, after the overexpression of miR-204,
the expression of LC3-II was significantly reduced, whereas
p62, a polyubiquitin-binding protein known to be degraded
during autophagy (Bjorkoy et al., 2005; Pankiv et al., 2007), was
significantly increased. In contrast, TRPM3, AMPK, and ULK
protein levels were increased, and mTOR protein expression was
reduced after the knockdown of miR-204. miR-204 inhibition
promotes the accumulation and degradation of LC3-II and p62,
respectively (Figures 8F,G), which enhanced autophagy. These
results confirmed that miR-204 inhibits autophagy by impeding
the TRPM3/AMPK/ULK pathway.

TRPM3 Promotes Granulosa Cell
Autophagy
Recent studies have demonstrated that TRPM3 is involved
in the regulation of autophagy (Hall et al., 2014; Cost and
Czyzykkrzeska, 2015). Therefore, we investigated the effect of
TRPM3 knockdown on GC autophagy using siRNA. The results
showed that the expression of TRPM3 was significantly inhibited
(Figures 9A,B), and the protein expressions of AMPK and ULK1
were reduced, while the expressions of mTOR and p62 increased
significantly. TRPM3 knockdown impeded the accumulation of
LC3-II as compared with the Si-NC group (Figures 9C,D).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 November 2020 | Volume 8 | Article 58007227

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-580072 October 31, 2020 Time: 15:37 # 9

Cui et al. MIR-204 Determines Granulosa Cell Survivability

FIGURE 5 | Forkhead box K2 (FOXK2) regulates chicken granulosa cell (GC) proliferation and apoptosis. (A, B) The mRNA and protein expressions of FOXK2 were
detected after transfection of Si-FOXK2, respectively. (C) Cell proliferation status was detected at 450 nm with cell counting kit-8 (CCK-8) reagent after silencing
FOXK2. (D, E) 5-Ethynyl-2-deoxyuridine (EdU) staining-positive GCs were detected by EdU kit after downregulation of FOXK2. (F) The mRNA expression levels of
cell proliferation-related genes (PCNA, CDK2, and cyclinD1) were detected by quantitative real-time PCR (qRT-PCR) after FOXK2 knockdown. (G) The mRNA
expressions of cell apoptosis-related genes (Bcl-2, Caspase-9, and Caspase-3) were detected by qRT-PCR after downregulation of FOXK2. (H) The protein
expression levels of cell proliferation-related genes (CDK2 and PCNA) and cell apoptosis-related gene (Bcl-2, Caspase-9, and Caspase-3) were detected by Western
blot analysis after FOXK2 knockdown. (I, J) Apoptotic GCs were detected by annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining flow
cytometry following FOXK2 silencing. Replications = 3. Data are presented as mean ± SE; Si, small RNA interference. *P < 0.05 and **P < 0.01.
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FIGURE 6 | Phosphoinositide 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway analysis. (A, B) Cell counting kit-8 (CCK-8) assay method was
employed to determine the optimum concentration of PI3K activator (740Y-P) and PI3K inhibitor (LY294002) treatments. (C, D) The protein expressions of
PI3K/AKT/mTOR pathway (PI3K, AKT, and mTOR) and downstream regulators [Forkhead box K2 (FOXK2) and ULK1] were detected by Western blot after the
treatments of 740Y-P and LY294002. β-actin was used as a reference gene. Replications = 3. Data are presented as mean ± SE; *P < 0.05 and **P < 0.01.

Immunofluorescence showed that the fluorescent intensity
of LC3B reduced significantly (Figures 9E,F), whereas p62
protein presented an opposite pattern after TRPM3 silencing
(Figures 9G,H). Based on these results, we suggest that TRPM3
promotes autophagy in GCs. Thus, miR-204 is associated with
chicken GC apoptosis and autophagy in vivo.

DISCUSSION

Ovarian tumors are associated with a high risk of morbidity
and mortality (Wootipoom et al., 2006; Yamagami et al.,
2017). Atrophic ovary is a common type of ovarian tumor
accompanied by an increase in follicular atresia and GC apoptosis
and autophagy (Fredrickson, 1987; Manabe et al., 2002; Yang
et al., 2017). Our previous research showed that miR-204 was
differentially expressed between chicken atrophic ovaries and
normal ovaries (Liu et al., 2018). Aberrant expression of miR-204
has been frequently reported in cancer studies and correlates with
cell proliferation and autophagy (Jian et al., 2011; Liu et al., 2013;

Zhou et al., 2014; Wu et al., 2015). In this study, we speculated
that miR-204 plays an important role in chicken GC proliferation,
apoptosis, and autophagy. Therefore, series of experiments were
conducted, and the results showed that miR-204 impeded chicken
GC proliferation and promoted apoptosis by targeting FOXK2.

FOXK2 is a member of the Foxk family of forkhead
transcription factors, which is specifically involved in regulating
the balance between proliferation, differentiation, and cell
survival (Der Heide et al., 2015). Previous studies demonstrated
that FOXK2 suppressed the growth of lung cancer cells by
targeting cyclin D1 and CDK4 (Chen et al., 2017) and also
influenced CDKs, which linked it to the regulation of the
cell cycle (Marais et al., 2010). Additionally, FOXK2 was
reported to be involved in cellular processes and important
signaling pathways, such as the p53 pathway (Shan et al.,
2016), Wnt/β-catenin pathway (Wang et al., 2015), and the
PI3K–Akt pathway (Lin et al., 2017). Overexpression of FOXK2
enhanced hepatocellular growth, whereas FOXK2 suppression is
associated with decreased cell survival (Lin et al., 2017). Our
current study showed that overexpression of miR-204 promoted
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FIGURE 7 | Dual-luciferase reporter gene assays confirmed that miR-204 directly interacts with these two binding sites of transient receptor potential melastatin 3
(TRPM3). (A) The target positions of miR-204 seed sequence on TRPM3 and wild or mutant sequence of TRPM3-3′-untranslated region (UTR). (B, C) Chicken DF-1
cells were co-transfected with TRPM3-3′-UTR wild or mutant dual-luciferase vector and the miR-204 mimic or mimic negative control (NC). The relative luciferase
activity was assayed 48 h later. (D, E) The mRNA expression of TRPM3 was detected after overexpression or inhibition of miR-204. (F, G) The protein levels of
TRPM3 in chicken granulosa cells (GCs) were detected after transfection of overexpression or inhibition of miR-204. β-actin was used as a reference gene.
Replications = 3. Data are presented as mean ± SE; *P < 0.05 and **P < 0.01.

GC apoptosis, which was characterized by increasing apoptotic
cell numbers and gene expression of caspase-9 and caspase-3.
Meanwhile, CCK-8 and EdU results indicated that a miR-204
mimic had low cell vitality and numbers of EdU-positive cells,
and the gene expression of PCNA, CDK2, and cyclinD1 was
decreased. Subsequently, the bioinformatics analyses and dual-
luciferase reporter gene assays were performed and demonstrated
that FOXK2 is directly targeted by miR-204. Both mRNA
and protein expressions of FOXK2 were suppressed by miR-
204, and further functional experiments indicated that FOXK2
had the opposite effect of miR-204 on GC proliferation and

apoptosis. After FOXK2 knockdown, we found that proliferation
of GCs was inhibited and the numbers of apoptotic cells
were increased. A similar result was reported in liver cells
(Sakaguchi et al., 2019).

The PI3K/AKT/mTOR signaling pathway contributes to a
variety of processes that are critical in mediating many aspects
of cellular function, including cell proliferation and survival,
gene expression, and metabolic activities (Yu and Cui, 2016).
PI3K plays a key role in regulating cell proliferation, which is
indispensable for cell self-renewal (Mclean et al., 2007; Zhou
et al., 2011). Akt is an important downstream target in the PI3K
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FIGURE 8 | miR-204 regulates granulosa cell (GC) autophagy via transient receptor potential melastatin 3 (TRPM3)/AMP-activated protein kinase (AMPK)/ULK1
pathway. (A) An adenovirus harboring tandem fluorescent mRFP-GFP-LC3 was used to evaluate the extent of autophagic flux after transfection of overexpression or
inhibition of miR-204. (B, D) Mean number of green fluorescent protein (GFP) and monomeric red fluorescent protein (mRFP) dots per cell; nine cells were randomly
selected to count for each field. (C, E) Mean number of autophagosomes and autolysosomes per cell. The autophagosomes were dotted with both green (GFP) and
red (mRFP) color, and overlaid images showed with a yellow color. Autolysosomes were dotted with mRFP but not GFP, and overlaid images showed with a red color.
(F, G) The protein levels of TRPM3/AMPK/ULK1 pathway [AMPK, mammalian target of rapamycin (mTOR), ULK, LC3-II, and p62] were detected after transfection of
overexpression or inhibition of miR-204. β-actin was used as a reference gene. Replications = 3. Data are presented as mean ± SE; *P < 0.05 and **P < 0.01.

signal transduction pathway, which can promote cell survival and
inhibit apoptosis (Tu et al., 2018). As a vital activator for Akt,
mTOR plays a critical role in cell survival and differentiation

(Sugatani and Hruska, 2005; Rao et al., 2010). PI3K/Akt/mTOR
signaling regulated GC proliferation and apoptosis by targeting
its downstream protein FOXK2 (Figure 10).
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FIGURE 9 | Transient receptor potential melastatin 3 (TRPM3) promotes granulosa cell (GC) autophagy. (A, B) The mRNA and protein expressions of TRPM3 were
detected after transfection of Si-TRPM3. (C, D) The protein levels of TRPM3/AMP-activated protein kinase (AMPK)/ULK1 pathway [AMPK, mammalian target of
rapamycin (mTOR), ULK, LC3-II, and p62] were detected after transfection of Si-TRPM3. β-actin was used as a reference gene. (E, F) Immunofluorescence analysis
was performed to test the fluorescence intensity of LC3B after TRPM3 silencing. (G, H) Immunofluorescence analysis was performed to test the fluorescence
intensity of p62 after TRPM3 silencing. Replications = 3. Data are presented as mean ± SE; *P < 0.05 and **P < 0.01.
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FIGURE 10 | Schematic model of miR-204-mediated regulatory mechanism in chicken granulosa cell (GC) proliferation, apoptosis, and autophagy. miR-204
promotes GC apoptosis by repressing Forkhead box K2 (FOXK2) via the phosphoinositide 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) regulation
pathway and inhibits autophagy by impeding the transient receptor potential melastatin 3 (TRPM3)/AMP-activated protein kinase (AMPK)/ULK pathway.

Increased expression of cleaved caspase-3 and caspase-9
led to the inhibition of autophagy and enhanced apoptosis
(Xiong et al., 2015). We found that miR-204 regulated GC
autophagy by targeting TRPM3. Autophagy is a complex cellular
process that is essential for cell homeostasis (Stromhaug and
Klionsky, 2001); therefore, in either extreme or less-extreme
autophagy, cell death can occur (Sadoshima, 2008; Hall et al.,
2014). Autophagy is regulated by many autophagy-related genes
(Atgs), which are involved in autophagosome formation (Nishida
et al., 2009). LC3 (microtubule-associated protein 1 light chain
3, Atg8) is essential for the formation of an autophagosome
(Kabeya et al., 2000). The soluble form of LC3 (LC3-I), which
transforms into the autophagic vesicle-associated form (LC3-II),
is an important marker of effective autophagy (Asanuma et al.,
2003). ULK1 (unc-51 like autophagy activating kinase 1, Atg1)
is an autophagy-initiating kinase; therefore, it initiates autophagy
(Shang and Wang, 2011).

Recently, it was established that miR-204 directly inhibits
the translation of TRPM3, and a loss of miR-204 leads to a
high expression of TRPM3 and stimulates autophagy (Cost and
Czyzykkrzeska, 2015). Similarly, Hall et al. (2014) demonstrated
that miR-204 acts as a critical regulator of autophagy by targeting
TRPM3, and overexpression of TRPM3 leads to activation of

AMPK and ULK1, which forms a connection with the autophagic
pathway (Hall et al., 2014). In our study, we confirmed that
TRPM3 is another target gene of miR-204 and regulates GC
autophagy by targeting the AMPK/ULK1 pathway. AMPK and
mTOR (target of rapamycin) are upstream regulators of ULK1.
AMPK is involved in promoting autophagy by directly activating
ULK1, while the activity of mTOR prevents the activation of
ULK1 and also disrupts the interaction between ULK1 and
AMPK (Kim et al., 2011). Overexpression of miR-204 attenuated
autophagic flux and reduced the protein expression of TRPM3,
AMPK, ULK, and LC3-II; however, it also resulted in increased
protein expression of mTOR and p62. On the contrary, miR-
204 inhibition enhanced autophagic flux in cultured GCs and
led to increased protein expression of TRPM3, AMPK, and ULK
but decreased protein expression of mTOR. miR-204 inhibition
resulted in accumulation and degradation of LC3-II and p62,
indicating that miR-204 inhibited autophagy by impeding the
TRPM3/AMPK/ULK pathway (Figure 10).

In conclusion, these results show that miR-204 is highly
expressed in chicken atrophic ovaries and functions in promoting
GC apoptosis by repressing FOXK2 via the PI3K/AKT/mTOR
regulation pathway and inhibiting autophagy by impeding the
TRPM3/AMPK/ULK pathway.
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Odontoblast differentiation is an important process during tooth development in which

pre-odontoblasts undergo elongation, polarization, and finally become mature secretory

odontoblasts. Many factors have been found to regulate the process, and our previous

studies demonstrated that autophagy plays an important role in tooth development

and promotes odontoblastic differentiation in an inflammatory environment. However,

it remains unclear how autophagy is modulated during odontoblast differentiation. In

this study, we found that HDAC6 was involved in odontoblast differentiation. The

odontoblastic differentiation capacity of human dental papilla cells was impaired upon

HDAC6 inhibition. Moreover, we found that HDAC6 and autophagy exhibited similar

expression patterns during odontoblast differentiation both in vivo and in vitro; the

expression of HDAC6 and the autophagy related proteins ATG5 and LC3 increased as

differentiation progressed. Upon knockdown of HDAC6, LC3 puncta were increased

in cytoplasm and the autophagy substrate P62 was also increased, suggesting that

autophagic flux was affected in human dental papilla cells. Next, we determined the

mechanism during odontoblastic differentiation and found that the HDAC6 substrate

acetylated-Tubulin was up-regulated when HDAC6 was knocked down, and LAMP2,

LC3, and P62 protein levels were increased; however, the levels of ATG5 and Beclin1

showed no obvious change. Autophagosomes accumulated while the number of

autolysosomes was decreased as determined by mRFP-GFP-LC3 plasmid labeling.

This suggested that the fusion between autophagosomes and lysosomes was blocked,

thus affecting the autophagic process during odontoblast differentiation. In conclusion,

HDAC6 regulates the fusion of autophagosomes and lysosomes during odontoblast

differentiation. When HDAC6 is inhibited, autophagosomes can’t fuse with lysosomes,

autophagy activity is decreased, and it leads to down-regulation of odontoblastic

differentiation capacity. This provides a new perspective on the role of autophagy in

odontoblast differentiation.

Keywords: differentiation, odontoblast, lysosome, autophagosome, fusion, HDAC6
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INTRODUCTION

Odontogenesis is a complex process involving reciprocal
interactions between the dental epithelium and mesenchymal
cells (Thesleff and Nieminen, 1996). During this process,
odontoblasts derived from cranial neural crest-originating
mesenchyme cells produce dentin, which makes up the main
portion of the tooth (Ruch et al., 1995; Kawashima and Okiji,
2016). Odontoblasts are a layer of long-living post-mitotic dental
cells aligned in an ordered manner along the dental pulp (Sasaki
and Garant, 1996). During odontoblast differentiation, pre-
odontoblasts exit the cell cycle and then undergo cell growth,
elongation, and polarization to finally become highly complex
polarized secretory odontoblasts (Zhang et al., 2005; Biz et al.,
2010). One major function of odontoblasts is to synthesize
and secrete predentin matrix components, such as collagen
type I, proteoglycans, and non-collagenous proteins like dentin
sialoprotein (DSP) (Ruch et al., 1995; Sasaki and Garant, 1996).
Thus, there are many activities, such as protein synthesis, protein
turnover, and substance transport, taking place in odontoblasts.

Autophagy is an evolutionarily conserved homeostatic process
involved in the degradation and recycling of proteins to maintain
cell homeostasis and supply energy (He and Klionsky, 2009).
Autophagy is initiated by the formation of double membrane
vesicles that encapsulate cargo proteins or organelles to form
mature autophagosomes (Hale et al., 2013). The autophagosomes
go on to fuse with lysosomes to form autophagolysosomes and
degrade their cargo (Zhang et al., 2013). As a recycling system,
autophagy plays an important role in a variety of physiological
process such as cell differentiation (Salemi et al., 2012), cell
pluripotency (Sharif et al., 2017), and cell death (Denton et al.,
2015). Recently, many studies have shown that autophagy is
involved in various physiological process of odontoblasts. For
example, the specific spatiotemporal expression pattern of LC3
in the tooth germ indicates that autophagy is involved in tooth
development (Yang et al., 2013). Additionally, the autophagic-
lysosomal system is involved in odontoblast longevity and aging
(Couve et al., 2013). Autophagy is also thought to play a
dual role in inflamed odontoblasts by modulating odontoblastic
differentiation in the inflammatory microenvironment (Pei et al.,
2016). However, the molecular mechanism by which autophagy
regulates odontoblast differentiation remains largely unknown.

Histone deacetylases (HDACs) are a group of enzymes

that remove acetyl groups from both histone and non-histone

proteins (Gregoretti et al., 2004). HDAC6 is a unique member

of the type II HDACs that is primarily localized in the
cytoplasm; it contains two functional catalytic domains and
a ubiquitin-binding zinc finger domain for the regulation of
ubiquitination-mediated degradation (Hard et al., 2010). In
addition to histones, the substrates of HDAC6 include acetylated-
Tubulin (ac-Tubulin), Cortactin, retinoic acid inducible gene I
(RIG-1), Hsp90, and β-Catenin (Zhang et al., 2015). Given its
unique molecular structure and the diversity of its substrates,
HDAC6 plays a vital role in cell migration, the immune
response, and cell proliferation and differentiation (Hai et al.,
2011; Li et al., 2013; Zheng et al., 2017). Recently, it has been
found that HDAC activity plays a crucial role in osteoblast

maturation (Ehnert et al., 2012). HDAC1 and HDAC3, which
are type I HDACs, are thought to inhibit Runx2 expression
and affect osteoblast differentiation (Schroeder et al., 2004;
Liu et al., 2015). HDAC3 has been shown to interact with
KLF4 during the initiation of odontoblastic induction (Tao
et al., 2019). HDAC6 is also involved in human osteoblast
mechanosensation (Ehnert et al., 2017). However, there are few
studies of HDAC6 in odontoblasts, and the role of HDAC6 in
odontoblast differentiation remains unclear.

Moreover, it has been found that autophagy and HDAC6 are
closely related in many conditions. For example, in human breast
cancer, HDAC6 forms complexes with CDK1 and induces its
P62-dependent autophagy degradation (Galindo-Moreno et al.,
2017). In pancreatic cancer, MicroRNA-221 induces autophagy
through suppressing HDAC6 expression (Yang et al., 2018).
During viral infection, HDAC6 induces stress granule autophagic
degradation by acting as a cargo that is recognized by P62
(Zheng et al., 2020a). In Parkinson’s disease, HDAC6 promotes
autophagosome-lysosome fusion and autophagy (Wang et al.,
2019). This indicates that HDAC6 can either induce or reduce
autophagy in different pathologies. However, whether and how
HDAC6 regulates autophagy in odontoblasts is unclear.

In this study, to further investigate the role of autophagy in
odontoblast differentiation, we explored the role of HDAC6 in
odontoblast differentiation and the relationship of HDAC6 and
autophagy during this process.

MATERIALS AND METHODS

Cell Isolation and Culture
Human dental papilla cells (hDPCs) were isolated from the
dental papilla tissues of the tooth germ of human third molars
(Sonoyama et al., 2006). Dental papilla tissues were obtained
from extracted lower third molar germ of healthy donors (12
years old) with informed consent. All procedures were performed
according to the guidelines of the National Institutes of Health in
regard to the use of human tissues and with permission by the
Ethics Committee of the School and Hospital of Stomatology,
Wuhan University (protocol No. 2018A62). After extraction,
the tissue was washed three times with phosphate-buffered
saline (PBS, HyClone, Logan, UT, United States) containing 2%
penicillin and streptomycin (HyClone). Then, the dental papilla
tissues were cut into small pieces (∼1 mm3 in size). The tissue
pieces were seeded into a T25 cell culture flask in α-modified
Eagle’s medium (α-MEM, HyClone) with 20% fetal bovine serum
(FBS, Gibco, Thornton, NSW, Australia) and 1% penicillin and
streptomycin (HyClone). The growth medium was changed once
a week until the cells grew out, and then it was changed twice
a week. Upon reaching confluence, cells were passaged at a 3-
fold dilution. When the cells were passaged, the culture medium
changed to include 10% fetal bovine serum. Cells between passage
3 and 6 were used in this study.

In vitro Odontoblastic Differentiation and

Tubacin Treatment
For odontoblastic induction, cells were cultured as described
previously (Chen et al., 2005; Pei et al., 2016). hDPCs were
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seeded in 6-well plates at a density of 2 × 105 cells per well and
cultured in mineralization-inducing medium (MM), which was
α-MEM with 10% FBS, 1% penicillin and streptomycin, 10mM
sodium β-glycerophosphate (Sigma, St Louis, MO, USA), 50
mg/ml ascorbic acid (Sigma) and 10 nM dexamethasone (Sigma).
MM was changed every 2 days. Cells were harvested 2 weeks
after induction and underwent Alizarin Red-S staining to analyze
calcified nodule formation. Proteins were harvested at different
time points for western blots and were extracted at 2 weeks for
alkaline phosphatase activity assays.

To inhibit the HDAC6 activity, Tubacin (Item No. 13691,
Cayman Chemical Company, Michigan, United States) was
added in the culture medium in a final concentration of 7.5
µmol/L of the cells with or without MM (Haggarty et al., 2003).

Small Interfering RNA and mRFP-GFP-LC3

Plasmid Transfection
For functional knock-down of HDAC6, an HDAC6-targeting
small interfering RNA (siRNA; siHDAC6, Sigma) and the
universal negative control siRNA were transfected into hDPCs.
Cells were seeded into 6-well plates and then transfected with
siRNA using Lipo2000 (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, United States) according to the manufacturer’s
instructions (Tao et al., 2019). Knockdown efficacy was confirmed
by western blot. Odontoblastic differentiation was induced 48 h
after transfection. For the tracing of autophagic flux, mRFP-
GFP-LC3 plasmid (plasmid 21074; Addgene) was transfected into
hDPCs following transfection with siRNA prior to the induction
of odontoblastic differentiation using Lipo2000 according to the
manufacturer’s instructions(Kimura et al., 2007).

Double and Triple Immunofluorescence

Staining
Double and triple immunofluorescence staining was performed
as previously described (Pei et al., 2016). The lower mandibles
of postnatal day 2.5 mice were dissected and fixed in 4%
buffered paraformaldehyde, rinsed overnight, demineralized in
10% EDTA for 1 week, and then embedded in paraffin after
being dehydrated. The paraffin block–embedded tissue was
cut into 5µm sections. After deparaffinizing, rehydrating, and
undergoing antigen retrieval using a microwave, the tissues
were blocked with 2.5% bovine serum albumin (BSA, Sigma–
Aldrich, St Louis, MO, United States) for 1 h at 37◦C, then
incubated with anti-HDAC6 (1:100, Proteintech, Chicago, IL,
USA) overnight at 4◦C, and then incubated with Alexa Fluor
594 conjugated secondary antibody (CWBIO, Beijing, China)
for 1 h. Next, the slides were again blocked with 2.5% BSA.
Slides were incubated for 1 h at 37◦C with primary antibodies
against DSP (1:100, Santa Cruz, Biotechnology, Inc., Dallas,
TX, USA) and ATG5 (1:100, Proteintech) were, followed by
incubation with Alexa Fluor 488 conjugated secondary antibody

following counterstaining with 4
′

,6-diamidino-2-phenylindole
(DAPI, ZSGB-BIO, Beijing, China).

Cells were seeded on coverslips and transfected with siHDAC6
after attachment. After inducing odontoblastic differentiation,
the coverslips were washed with PBS and fixed with 4%
paraformaldehyde or methyl alcohol at room temperature for

15min. After being washed three times with PBS, the coverslips
were blocked with 2.5% BSA for 1 h at 37◦C, and then incubated
with anti-HDAC6 primary antibody for double staining and
both anti-ac-Tubulin (1:100, Proteintech) and anti-LC3 (1:100,
Medical & Biological LaboratoriesCo., MBL, Nagoya, Japan)
primary antibodies simultaneously for triple staining at 4◦C
overnight. Coverslips were then incubated with secondary
antibodies conjugated with Alexa Fluor 488 or both Alexa Fluor
488 and Cy3 for 1 h. Next, the coverslips were again blocked
with 2.5% BSA. After that the second primary antibodies against
LC3 and HDAC6 were incubated for 1 h at 37◦C, and coverslips
were then incubated with Cy3- or Alexa Fluor 674-conjugated

secondary antibodies, followed by counterstaining with 4
′

,6-
diamidino-2-phenylindole (DAPI).

Tissues sections and cells were observed and photographed
using a fluorescence microscope (Leica, Wetzlar, Germany) or by
confocal fluorescence microscopy (Leica, Solms, Germany).

For mRFP-GFP-LC3 observation, cells were seeded on
coverslips and transfected with siHDAC6 and mRFP-GFP-
LC3 plasmid after attachment. Following the induction of
odontoblastic differentiation, coverslips were washed in PBS and
fixed with 4% paraformaldehyde for 15min at room temperature.
After being washed three times with PBS, cells were stained with

4
′

,6-diamidino-2-phenylindole (DAPI) and were then directly
observed by confocal fluorescence microscopy (Leica, Solms,
Germany). The intensity of single red fluorescence (that not
colocalized with green) and yellow fluorescence was quantified
by Image Pro Plus (Media Cybernetics, Rockville, USA). The
intensity was average of four random areas.

Western Blot Analysis
Cells were harvested at different time points and lysed in lysis
buffer with protease and phosphatase inhibitor on ice for 3min.
Protein supernatants were harvested following centrifugation at
13,000 rpm for 10min. Protein concentration was measured
and standardized using the BCA Protein Assay Kit (Pierce
Biotechnology, Rockford, IL, USA). Twenty-five microgram
total protein samples were loaded and separated by 8 or
12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and then transferred to polyvinylidene fluoride membranes
(Merck Millipore, Darmstadt, Germany). Membranes were
immediately blocked with 5% nonfat milk for 1 h at room
temperature and then incubated with the following primary
antibodies: anti-HDAC6 (1:1,000, Proteintech), anti-DMP1
(1:4,000, Abcam, Cambridge, MA, USA), anti-DSP (1:1,000,
Santa Cruz), anti-OSX (1:1,000, Santa Cruz), anti-GAPDH
(1:8,000, Proteintech), anti-Beclin1 (1:1,000, Proteintech), anti-
ATG5 (1:5,000, Abam), anti-P62 (1:1,000, Proteintech), anti-
LAMP2 (1:1,000, GeneTex, Irvine, California, USA), anti-LC3
(1:1,000, MBL), anti-ac-Tubulin (1:1,000, Proteintech), and anti-
Tubulin (1:1,000, Antgene, Wuhan, China) overnight at 4◦C.
Next, membranes were incubated with goat anti–rabbit or goat
anti–mouse peroxidase–conjugated secondary antibody for 1 h
at room temperature. Relative protein levels were determined
by densitometry quantification using ImageJ (National Institutes
of Health, Bethesda, MD, USA), and GAPDH was used as the
loading control.
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Alizarin Red Staining
Alizarin red staining was performed as previously described
(Pei et al., 2016). Briefly, after hDPCs were cultured in MM
for 14 days, the cells were fixed with 95% ethanol for 10min
after being washed with PBS. Cells were then stained with
1% Alizarin red (Sigma-Aldrich) solution for 20min at room
temperature. Then, cells were washed to remove residual Alizarin
red and were photographed with an inverted phase contrast
microscope (OLYMPUS IX41, Olympus, Shinjuku-ku, Tokyo,
Japan) and themineral alizarin red staining(AR-S) from each well
was quantified. Stained cells were incubated in cetylpyridinium
chloride (CPC, Solarbio Science Technology Co, Beijing, China)
buffer (10% w/v) in 10mM Na2HPO4 (PH7) at 37◦C for
12 h to extract the mineralized tissue and then the OD550nm
was measured using a microplate reader. Mineralized nodule
formation was represented as nmol AR-S per µg of total cellular
protein. Total cellular protein content was determined by the
BCA Protein Assay Kit. Two samples were used for each
condition and the experiments were repeated three times.

Alkaline Phosphatase (ALPase) Activity

Assay
Alkaline phosphatase is an enzyme produced by cells and is
a marker of osteoblastic/odontogenic differentiation. Alkaline
phosphatase enzyme activity of the cells in different groups
was measured using the Alkaline Phosphatase Assay kit (Cat.
A059-2 Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions. The ALP substrate,
the disodium phenyl phosphate, can be decomposed by the
alkaline phosphatase in cell lysate and produce free phenol, free
phenol can be further oxidized to red quinone derivatives which
represent the amount of enzyme in cell lysate (Datta et al.,
2005). Briefly, the cell lysate was added to a transparent 96-
well plate with 100 µl ALP substrate solution and the plate was
incubated for∼15min at 37◦C in the dark. After incubation, 150
µl color development agent was added and the absorbance was
measured at 520 nm using a multi-well plate reader. ALP activity
was normalized to protein concentration (measured by the BCA
Protein Assay Kit). Samples were run in triplicate and compared
against phenol standards. ALP activity was calculated as 1mol of
phenol per mg protein.

Statistical Analysis
All data are presented as the mean ± SEM. GraphPad Prism 5.0
(GraphPad Software, La Jolla, CA, USA) was used to analyze
and visualize the data. One-way ANOVA followed by Tukey’s
Multiple Comparison Test was used to analyze ALP activity and
Alizarin red staining quantification in theMM,MM+ siNC,MM
+ siHDAC6, MM + Tubacin treated hDPC groups compared to
the control group. Experiments were all repeated independently
three times. P < 0.05 was considered to be statistically significant.

RESULTS

HDAC6 Expression Increases During

Odontoblast Differentiation
To observe the expression of HDAC6 during odontoblast
differentiation, we first detected the protein expression pattern

of HDAC6 during odontoblast differentiation in mouse molars
and incisors. In mouse molars, HDAC6 was highly expressed
in differentiated odontoblasts (Figure 1A2) when compared
to undifferentiated cells in the apical region (Figure 1A1).
HDAC6 colocalized with DSP in differentiated odontoblasts
(Figure 1A2). In mouse incisors, which show the odontoblast
differentiation process, HDAC6 exhibited a similar expression
pattern. HDAC6 and the odontoblast differentiation maker
DSP showed intense expression in differentiated odontoblasts
(Figure 1B). Meanwhile, hDPCs were cultured in MM for
7 days to achieve odontoblastic differentiation in vitro. The
protein levels of DSP, DMP1, and OSX increased during the
differentiation process, and HDAC6 was also up-regulated in
a time-dependent manner during odontoblastic differentiation
(Figures 1C,D). This suggested that HDAC6 is involved in
odontoblast differentiation both in vivo and in vitro.

HDAC6 Inhibition Inhibits Odontoblastic

Differentiation in hDPCs
To further confirm the role of HDAC6 in odontoblast
differentiation, siHDAC6 or an inhibitor (Tubacin) was used
to inhibit HDAC6 in hDPCs. Alizarin red staining revealed
that the formation of mineralization nodules was clearly
decreased in MM with both the siHDAC6 (MM + siHDAC6)
and Tubacin (MM + Tubacin) groups when compared to
that of the MM group (Figure 2A). We then quantified
the mineralized tissue using CPC buffer; the amount of
mineralized tissue was increased in cells cultured in MM
while it was significantly reduced following HDAC6 inhibition
with siHDAC6 or Tubacin (Figure 2B). Expression of the
odontoblast differentiation markers DSP, DMP1, and OSX
increased with MM culture, consistent with the above results.
However, HDAC6 protein expression and the expression of
odontoblast differentiation markers were decreased when cells
were treated with siHDAC6 or Tubacin (Figure 2C). ALP
activity was also up-regulated in the MM group but was
down-regulated upon HDAC6 inhibition (Figure 2D). These
results demonstrated that HDAC6 played a vital role in
odontoblast differentiation, andHDAC6 inhibition would inhibit
the odontoblastic differentiation of hDPCs.

HDAC6 Affects Autophagic Flux in hDPCs
Given that we previously found that autophagy could regulate
odontoblast differentiation for inflammatory defense (Pei et al.,
2016) and in tooth development, autophagy activation was
detected in differentiated odontoblasts (Yang et al., 2013). To
investigate the relationship between HDAC6 and autophagy
during odontoblast differentiation, we detected the expression
of HDAC6 and the autophagy related molecules ATG5 and LC3
in a mouse incisor model using immunofluorescence staining.
HDAC6 and ATG5 were both highly expressed in differentiated
odontoblasts and were colocalized in the cytoplasm (Figure 3A).
LC3 also colocalized with HDAC6 and was more highly
expressed in differentiated odontoblasts than in undifferentiated
cells (Figure 3B). The expression of LC3 II and ATG5 was
increased during odontoblastic differentiation and peaked at
5 days (Figure 3C). While the expression of HDAC6 showed
slightly change in the early time, its expression was also
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FIGURE 1 | HDAC6 expression increases during odontoblast differentiation. HDAC6 expression during odontoblast differentiation in vivo of mouse molar (A) and

incisor (B) models as detected by HDAC6 and DSP double immunofluorescence staining. DAPI counterstaining (blue) indicates nuclei, green fluorescence represents

DSP (A) or HDAC6 (B), and red fluorescence represents HDAC6 (A) or DSP (B). Scale bars = 25µm. (C,D) The protein expression levels of HDAC6, DSP, DMP1,

and OSX in hDPCs were analyzed following mineralized induction for 0–7 days.

FIGURE 2 | Inhibition of HDAC6 impairs the odontoblastic differentiation of hDPCs in vitro. hDPCs were cultured in complete medium (Ctrl), mineralization-inducing

medium (MM), MM with siHDAC6 transfection (MM + siHDAC6), and MM with the HDAC6 inhibitor Tubacin (MM + Tubacin) for 14 days. (A) Alizarin red S was used

to stain mineralization with red in the dishes and (B) cetylpyridinium chloride (CPC) was used to quantitative the relative levels of Alizarin red staining. (C) The

expression of DSP, DMP1, and OSX was examined by western blotting. (D) ALP activity was tested in different groups. Results are representative of three

independent experiments with similar results ± SD. Data were analyzed using one-way ANOVA with Tukey’s multiple comparison test. ***P < 0.001, **P < 0.01.
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FIGURE 3 | HDAC6 and autophagy related proteins show similar expression patterns during odontoblast differentiation and HDAC6 affects autophagic flux. (A) The

expression of HDAC6 and ATG5 in mouse incisors was detected by double immunofluorescence staining. DAPI counterstaining (blue) shows nuclei, green

fluorescence represents ATG5, and red fluorescence represents HDAC6. Scale bars = 25µm. (B) The expression of HDAC6 and LC3 in mouse incisors were

detected by double immunofluorescence staining. DAPI counterstaining (blue) shows nuclei, green fluorescence represents LC3, and red fluorescence represents

HDAC6. Scale bars = 25µm. (C) The protein expression levels of HDAC6 and the autophagy related molecules ATG5 and LC3II/I were analyzed following mineralized

induction for 0–7 days and were quantified using densitometry (right panel). (D) The expression and localizatoin of HDAC6 and LC3 were detected by double

immunofluorescence staining. DAPI counterstaining (blue) shows nuclei, green fluorescence represents HDAC6, and red fluorescence represents LC3. Scale bars =

50µm. (E) The expression levels of HDAC6, ATG5, Beclin1, P62, and LAMP2, and the ratio of LC3II/I were examined by western blotting. Experiments were repeated

in triplicate.

increased during odontoblast differentiation and peaked at
5 days (Figure 3C). These suggested HDAC6 and autophagy
participated in odontoblastic differentiation and had close
relationship. Next, to explore the relationship between HDAC6
and autophagy, we observed autophagic flux after knocking down
HDAC6 in hDPCs. We found HDAC6 expression to be reduced
after transfection with siHDAC6, while the signal from LC3
puncta became stronger (Figure 3D). The ratio of LC3II/LC3I
was up-regulated (Figure 3E). It suggested the accumulation of
autophagosomes. However, more autophagosomes don’t equate
with increased autophagy. A block in trafficking to lysosomes
will also lead to autophagosomes accumulation, which actually
indicates autophagy down-regulation (Klionsky et al., 2016).
So we further detected changes in protein levels to confirm
the change in autophagic flux. Interestingly, the level of the
autophagy degradative substrate P62 increased followingHDAC6
inhibition, suggesting that autophagy degradation was inhibited.

Meanwhile Beclin1 and ATG5, which are involved in the
autophagy initiation and elongation stages, showed no obvious
changes, and the expression of the lysosome marker LAMP2
increased (Figure 3E). These results revealed that knocking down
HDAC6 blocked autophagic flux, autophagosomes accumulated
with HDAC6 inhibition in hDPCs.

HDAC6 Deficiency Inhibits

Autophagosome and Lysosome Fusion

During Odontoblastic Differentiation
To investigate the mechanisms by which HDAC6 regulates
autophagic flux during odontoblast differentiation, we
first detected the expression of the HDAC6 substrate ac-
Tubulin during odontoblast differentiation. We found
that the level of ac-Tubulin increased when HDAC6 was
knocked down (Figures 4A,B). Next, we performed multiple
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FIGURE 4 | HDAC6 regulates tubulin networks during odontoblast differentiation. hDPCs were cultured in complete medium (Ctrl), mineralization-inducing medium

(MM), MM following siNC (negative control) transfection, and MM following siHDAC6 transfection. (A) The protein levels of HDAC6, acetylated-tubulin (ac-Tubulin), and

tubulin were detected, and their relative levels (B) were quantified and normalized to GAPDH using Image J. Data are presented as mean ± SD. Data were analyzed

using one-way ANOVA with Tukey’ multiple comparison test. ***P < 0.001, **P < 0.01. (C) Triple immunofluorescence staining showed the distribution of HDAC6,

ac-Tubulin, and LC3 in different conditions. DAPI counterstaining (gray) shows nuclei, green fluorescence represents ac-Tubulin, red fluorescence represents LC3, and

blue fluorescence represents HDAC6. Scale bars = 25µm.

immunofluorescence staining to visualize the distribution
of HDAC6, ac-Tubulin, and LC3 during odontoblast
differentiation. HDAC6 was distributed widely in the cytoplasm
and its immunofluorescence signal became stronger upon
mineralization induction (Figure 4C1,C2). Ac-Tubulin,
representing the cytoskeleton, was more highly expressed and
exhibited a wider distribution in the siHDAC6 transfected
group than the siNC transfected group (Figure 4C3,C4). LC3
was localized as puncta among ac-Tubulin (Figure 4C), and
the LC3 puncta increased following HDAC6 knockdown
(Figure 4C3,C4). These results indicated that HDAC6 regulated
autophagic flux and ac-Tubulin.

To further confirm the specific stage at which HDAC6
is involved in autophagy, we detected autophagy during
odontoblastic differentiation. We found the protein levels
of HDAC6 and ATG5, and the ratio of LC3II/I increased
when hDPCs were induced by MM (Figures 5A,B). This was
consistent with their expression in vivo. Upon HDAC6 knocking
down, ATG5 expression showed no obvious change, while P62
protein level increased, along with that of LAMP2 and the
ratio of LC3II/I (Figures 5A,B). It suggested autophagsomes
accumulation, and the decreased degradation. That illustrated
the increased atuophagosomes was not because of increased
autophagy induction, in contrast, it was due to autophagy
process inhibition. Moreover, cells were transfected with
mRFP-GFP-LC3 plasmid to trace autophagic flux. The GFP
signal is sensitive to the acidic conditions of the lysosome
lumen whereas mRFP is more stable. Therefore, colocalization
of both GFP and mRFP fluorescence (yellow fluorescence)

indicates autophagosmes have not fused with lysosomes, while
a mRFP signal without GFP corresponds to autolysosomes
(autophagosomes fused with lysosomes) (Klionsky et al., 2016).
First, basic autophagy was observed in hDPCs without induction
(Figure 5C1). Upon mineralization induction, mRFP fluorescent
puncta increased, indicating that autophagy was increased and
autophagic flux was occurring (Figures 5C2, D). When HDAC6
was knocked down, yellow fluorescent puncta increased in the
cytoplasm, but red fluorescent (without GFP) puncta decreased
(Figures 5C3,C4, D), indicating that autophagosomes were
formed, but the fusion of autophagosomes and lysosomes was
blocked, the autophagy activity was reduced. Ultimately, this
indicated that knocking down of HDAC6 inhibited the fusion of
autophagosomes and lysosomes and lead to decreased autophagy.
These results indicated that HDAC6 regulated odontoblast
differentiation by maintaining the fusion of autophagosomes and
lysosomes through influencing the microtubule system within
the cytoplasm.

DISCUSSION

HDAC6 is involved in a number of cellular processes due to its
cytoplasmic localization and the various functions of its diverse
substrates. HDAC6 is a component of the signaling pathway
that regulates cell morphology and maturation (Destaing et al.,
2005). Recently, HDAC6 has been shown to be involved in
osteoblast differentiation in several osteoblastic cell lines (Ozaki
et al., 2013; Wang et al., 2020) and valvular interstitial cells
(Fu et al., 2019). However, there has been limited investigation
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FIGURE 5 | HDAC6 affects the fusion of autophagosomes and lysosomes during odontoblast differentiation. hDPCs were cultured in complete medium (Ctrl),

mineralization-inducing medium (MM), MM following siNC (negative control) transfection, and MM following siHDAC6 transfection. The expression levels of HDAC6,

ATG5, P62, LAMP2, and LC3II/I were examined (A) and quantified using GAPDH as a loading control with Image J (B). Results are representative of three

independent experiments with similar results ± SD. Data were analyzed using one-way ANOVA with Tukey’s multiple comparison test. ***P < 0.001, **P < 0.01, *P <

0.05. (C) mRFP-GFP-LC3 plasmid was transfected into hDPCs prior to MM induction to trace autophagosomes and lysosomes. mRFP (red) indicated autolysosomes

and yellow indicates autophagosomes. Scale bars =50µm. (D) The ration of autolysosomes (sole red fluorescence without GFP) vs. autophagosomes (yellow

fluorescence) was quantified by Image Pro Plus and analyzed using one-way ANOVA with Tukey’s multiple comparison test. ***P < 0.001.

of its role in odontoblast differentiation. Our study found that
HDAC6wasmore highly expressed in differentiated odontoblasts
in vivo. HDAC6 expression also increased during odontoblast
differentiation of hDPCs in vitro. Further, we found that
knocking down HDAC6 in hDPCs impaired their odontoblastic
differentiation ability. This illustrates that HDAC6 is involved in
odontoblast differentiation.

Autophagy is important for proteins turnover and
cell homeostasis, and participates in the maintenance of
stem-like features and the remodeling of cells undergoing
differentiation (Sotthibundhu et al., 2018). The role of
autophagy in odontoblasts has recently been explored.
Autophagy was detected in differentiated odontoblasts during
embryonic and postnatal stages (Yang et al., 2013). In our
studies, we found ATG5 and LC3 to be highly expressed in
differentiated odontoblasts in incisors. Expression of LC3
and ATG5 also increased during odontoblast differentiation
in vitro. Additionally, recent studies have also found the
autophagic machinery to be involved in autophagy-dependent
secretion of many proteins, such as TGF-beta, IL-1beta and
some extracellular matrix components (New and Thomas,
2019). Many activities, such as protein transport, organelle
recycling, and secretory activities, occur during odontoblast

differentiation that are closely with autophagy activation. It is
clear that autophagy is highly activated and required during
odontoblast differentiation.

Recently, HDACs were found to regulate autophagy at
multiple levels, such as regulating transcription factors to
modulate autophagy, modifying the acetylation status and
activity of autophagy proteins, and affecting cytoskeletal proteins
to modulate the autophagy environment (Bánréti et al., 2013).
We found that HDAC6 exhibited a similar expression pattern
as autophagy molecules during odontoblast differentiation.
HDAC6, ATG5 and LC3 were colocalized in differentiated
odontoblasts in mouse incisors. The expression of HDAC6,
ATG5, and LC3II increased during mineralization induction of
hDPCs in vitro, suggesting that HDAC6 was closely associated
with autophagy during odontoblast differentiation. Interestingly,
LC3 puncta increased in the cytoplasm following HDAC6
knocking down in hDPCs. Additionally, following HDAC6
knocking down, ATG5 and Beclin1, proteins associated
with the autophagy initiation stage, showed no change,
while the autophagosome and lysosome markers LC3 and
LAMP2 increased, along with autophagy substrate P62.
This demonstrated that autophagic flux was affected by
HDAC6 inhibition.
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HDAC6 exhibits special characteristics when compared
with other HDACs, beyond the canonical roles in epigenetic
modification of histones and transcriptional activity. The
deacetylation role of HDACs has been explored in cell
differentiation. Our previous study showed that acetylation
was involved in dentinogenesis, and HDAC3 regulated histone
acetylation during odontoblast differentiation (Tao et al., 2019).
HDAC6 could also deacetylate histones related to Runx2 (Ozaki
et al., 2013) and acted as a co-repressor for Runx2 transcription
to suppress the osteoblastic differentiation of MC3T3 cells (Zhu
et al., 2011). However, recent studies have found that HDAC6
regulates the acetylation of some proteins, such as Cortactin and
ac-Tubulin, and has weak histone deacetylase activity. HDAC6
deacetylates ac-Tubulin, which is involved in the transport of
cargos along microtubule tracks (Boyault et al., 2007; Valenzuela-
Fernández et al., 2008). Lee point out that HDAC6 could also
promote autophagy by recruiting actin-remodeling machinery
and assembling the F-actin network (Lee et al., 2010). In our
study, the formation and distribution of ac-Tubulin increased
after HDAC6 was inhibited with siRNA during odontoblast
differentiation, LC3 puncta increased and localized along ac-
Tubulin, suggesting that HDAC6 regulated microtubule and
autophagosome transport during odontoblastic differentiation.
Our results indicated that HDAC6 could regulate autophagy
through the cytoskeleton and may be involved in autophagy
machinery transport.

The role of autophagy depends on the autophagic flux,
which includes the formation of autophagosomes in cells, their
fusion with lysosomes, and then the degradation of cargos
(Zhang et al., 2013). In our study, LC3II/I ratio up-regulated
and LC3 puncta increased after HDAC6 was inhibited, which
suggested autophagosomes accumulation. While, the autophagy
initiation protein ATG5 and Beclin1 showed no obvious change,
autophagy substrate P62 increased with HDAC6 inhibition.
It illustrated increased autophagsosomes was not because
of increased autophagy activation, but blocked autophagy
flux. We also detected autophagic flux using the mRFP-
GFP-LC3 plasmid, which enabled visualization of autophagic
flux during odontoblast differentiation. When HDAC6 was
inhibited, the number of autolysosomes was decreased but
that of autophagosomes was increased. This suggested HDAC6
inhibition would block the fusion stage of autophagosome
and lysosome, then lead to decreased autophagy activity.
However Zheng et al. (2020b) found that HDAC6 inhibition
restored autophagy flux in axonal regeneration and Li et al.
(2019) found HDAC6 inhibition induced autophagy flux in
BMSCs. As HDAC6 regulates autophagy at multiple levels,
it influences autophagy differently due to the cell type and
the environment. It facilitated the fusion of autophagosomes
to lysosomes by promting F-actin remodeling in MEFs (Lee
et al., 2010). It also promoted autophagosome-lysosome fusion
and autophagy by deacetylating Cortactin in mouse embryonic
fibroblasts (Wang et al., 2019). What is more, it showed that
HDAC6 inhibition downregulated autophagy in differentiated
breast cancer cells but upregulated autophagy in cancer stem-
like cells (Sharif et al., 2019). It is complex of HDAC6

in regulating autophagy. So, as we found in our study,
in odontoblasts, HDAC6 could keep autophagy process by
maintaining the fusion between autophagosomes and lysosomes
during odontoblast differentiation.

Further, odontoblasts are able to recognize the pathogen-
associated molecular patterns released by bacteria from carious
lesions and produce pro-inflammatory mediators in response
(Farges et al., 2013). Odontoblast is important in inflammation
defense. Our previous study also found autophagy played
an important role in inflammatory defense in odontoblasts
(Pei et al., 2016). As such, our study on the role of
HDAC6 in regulating odontoblast differentiation and the
relationship of HDAC6 and autophagy during odontoblast
differentiation also provides a new perspective on the treatment
of caries.

In conclusion, through investigating the role of HDAC6
in odontoblast differentiation and its relationship with
autophagy during this process, we find that HDAC6 affects
the fusion of autophagosomes and lysosomes to maintain
autophagy flux, keep autophagy activity to involve in
odontoblast differentiation. When HDAC6 is inhibited,
autophagosomes can’t fuse with lysosome, autophagy activity
is decreased, which leads to down-regulation of odontoblastic
differentiation capacity.
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Autophagy is a constitutive pathway that allows the lysosomal degradation of damaged
components. This conserved process is essential for metabolic plasticity and tissue
homeostasis and is crucial for mammalian post-mitotic cells. Autophagy also controls
stem cell fate and defective autophagy is involved in many pathophysiological
processes. In this review, we focus on established and recent breakthroughs aimed
at elucidating the impact of autophagy in differentiation and homeostasis maintenance
of endothelium, muscle, immune system, and brain providing a suitable framework of
the emerging results and highlighting the pivotal role of autophagic response in tissue
functions, stem cell dynamics and differentiation rates.

Keywords: autophagy, tissue homeostasis, tissue differentiation, tissue remodeling, tissue pathophysiology

INTRODUCTION

In the 1990s, the discovery of Atg genes paved the way to the awareness of the role of autophagy in
embryonic differentiation and development of both invertebrates and vertebrates (Mizushima and
Levine, 2010; Agnello et al., 2015). Actually, autophagy is an evolutionarily conserved process, and
the orthologs of most Atg genes, originally discovered in Saccharomyces cerevisiae (Ohsumi, 2001),
have been isolated and functionally characterized in higher eukaryotes. Genetic knockout of Atg
genes has revealed the dependence on autophagy for the formation of spores in yeast (Tsukada and
Ohsumi, 1993) and dauer larvae in Caenorhabditis elegans (Melendez et al., 2003), and for insect
metamorphosis in Lepidoptera and Drosophila melanogaster (Romanelli et al., 2016). Systemic and
tissue-specific knockout of Atg genes in murine models has proven the involvement of autophagy
also in mammalian development and differentiation (Mizushima and Levine, 2010).

Autophagy process can be distinguished according to how cargo enters the lysosome
compartment. Consistently, three different pathways can be recognized: chaperone-mediated
autophagy (CMA), microautophagy and macroautophagy. In CMA, proteins with a specific
motif, that are typically subjected to unfolding or denaturation, are recognized by molecular
chaperones and directly driven into lysosomes. In microautophagy, cytoplasmic components are
directly engulfed into the lysosomal compartment, while in macroautophagy, autophagosomes,
characterized by a double membrane structure, surround the cytoplasmic components (Mizushima
et al., 2008) and fuse with lysosomes, where their content is degraded. Macroautophagy, commonly
and hereafter referred to as autophagy, provides amino acids and energy from the bulk degradation
and recycling of intracellular components (Klionsky, 2007).

At first autophagy activation was identified as the response to starvation (Mortimore and
Schworer, 1977); currently, we know that autophagy is activated in response to different
cellular stressors including exercise, endoplasmic reticulum stress, infection, and hypoxia
(Kroemer et al., 2010). Autophagy is a multi-step process with an ordered sequence of events that
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include induction, nucleation of a phagophore structure,
formation and maturation of autophagosome, and finally
autophagosome fusion with lysosome to degrade and recycle
nutrients (Mizushima, 2007). The proper execution of autophagy
relies on the formation of two crucial protein complexes
and two sequential conjugation steps. The UNC51-like kinase
1 (ULK1) kinase protein complex is responsible for the
initiation step of the process and it is directly regulated by
the nutrient-sensing mammalian target of rapamycin (mTOR)
that, phosphorylating ULK1, prevents its interaction with
the energy-sensing AMP-activated protein kinase (AMPK)
and blocks the complex assembling. Moreover, AMPK can
directly phosphorylate ULK1 promoting the formation of the
complex (Kim et al., 2011) that additionally requires Atg13
phosphorylation and the scaffold protein FAK family kinase
interacting protein of 200 kDa (FIP200) resulting in a multi-
protein complex composed of ULK1-Atg13-FIP200-ATG101.
This accounts for the activation of another multi-protein system,
the phosphatidylinositol 3-kinase (PI3K) complex. This complex
consists of VPS34, VPS15, beclin-1, Atg14L, and AMBRA1
and is involved in autophagosomes biogenesis (Simonsen and
Tooze, 2009). The PI3K complex provides phosphatidylinositol
3-phosphate (PI(3)P) enrichment at specific membrane sites
called omegasomes or phagophore assembly site (PAS), that
are dynamically connected to the endoplasmic reticulum (ER).
Omegasomes are in contact with both conjugation systems
and are well-suited for nucleation step, while the connection
with ER ensures a good source of the lipids that are used
in the conjugation step; moreover, omegasomes are important
for recruiting effectors such as Atg18, Atg20, Atg21 (Axe
et al., 2008). However, not only ER but other different
organelles have been suggested to supply membrane to form
phagophores, including plasma membrane, Golgi, mitochondria,
and recycling endosomes.

The occurrence of ubiquitin-like conjugation reactions is
crucial for elongation and closure of autophagosomes. There
are two ubiquitin-like Atg conjugation systems, Atg5–Atg12 and
microtubule-associated protein 1 light chain 3 (LC3/Atg8). The
conjugation of Atg12 and Atg5 is mediated by Atg7 and Atg10.
Next, Atg12-Atg5 associates with Atg16L1 forming a complex
that acts as an E3-like ligase. LC3 is first cleaved by Atg4,
then in response to autophagy induction is conjugated with
phosphatidylethanolamine, by Atg7 together with Atg3 and the
complex Atg5–Atg12:Atg16L1. This lipidated form of LC3, also
known as LC3II, is incorporated into the autophagosomes during
the elongation process (Mehrpour et al., 2010) and it is a common
marker of autophagy induction.

Finally, autophagosomes, carrying cytosolic components and
dysfunctional organelles, fuse with lysosomes with a mechanism
that requires SNARE, Rab and membrane tethering proteins;
however, they can also merge with endocytic compartments
before reaching the lysosomes. In the lysosomes, the content
of autophagosomes is degraded and exported back to the
cytosol to fuel new nutrients. Several molecular signals drive
and control this complex process including the transcription
factors c-Jun N-terminal kinase (JNK), NFKappaB, Hypoxia-
Inducible Factor 1(HIF-1), E2F Transcription Factor 1 (E2F1),

Forkhead Box proteins (FoxOs) and p53 (Mehrpour et al., 2010)
that act at nuclear levels regulating the expression of genes
important for autophagy.

Under normal conditions, autophagy enables long-lived
protein breakdown, therefore complementing proteasomal
activity on short-lived proteins and helps the cell to remove
damaged organelles, such as mitochondria. However, autophagy
functions can be extended beyond and here we review its
essential role in maintaining cell survival and tissue homeostasis
under physiological or stressed conditions focusing on how
modification of its levels can be useful for tissues adaptations or
detrimental, altering their functions.

In this review, we explore autophagy process in endothelium,
muscle, immune system, and brain providing a suitable
framework of the emerging results and highlighting the pivotal
role of autophagic response in tissue differentiation, functions,
and remodeling after stimuli.

AUTOPHAGY AND ENDOTHELIUM
HOMEOSTASIS

The ability of autophagy to drive rapid cellular changes and
tissue remodeling in response to environmental and hormonal
cues favors the main role of this process in the formation
of new blood vessels and vascular homeostasis. A strictly
regulated cellular and tissue remodeling is indeed required either
for vasculogenesis - that is the differentiation of endothelial
precursor cells into endothelial cells (ECs) and de novo formation
of a primitive vascular network that remodels to acquire tissue-
and organ-specific functionality – or angiogenesis, the growth
of new blood vessels from pre-existing ones via sprouting
or intussusception. Specific ECs can also derive from local
progenitors in different organs or tissues, further enhancing the
complexity and diversity of the endothelial response to injury
and regenerative capacity (Marcu et al., 2018). Nonetheless, albeit
the phenotypical plasticity characterizing ECs is suggestive of
a key role for autophagy in development, differentiation and
homeostasis of the endothelium, knowledge about this issue is
still sparse and incomplete. Table 1 summarizes the present
understanding on the role of autophagy in endothelial behavior,
focusing on the genetic or pharmacological approaches currently
available to modulate the autophagic process both in vitro and
in vivo. All the data presented in Table 1 are deeply discussed in
the sections below.

Autophagy and Vasculogenesis
The formation of blood vessels via vasculogenesis is critical
for the development of any new tissue during embryogenesis
(Sweeney and Foldes, 2018). The early identifiable vessels arise in
the yolk sac where primitive ECs - derived from the mesodermal
layer of the embryo and expressing endothelial markers including
Vascular Endothelial Growth Factor Receptor (VEGFR), VE-
cadherin and CD31 (Breier et al., 1996) – aggregate to form blood
islands, and then migrate to the fetus where vascular networks
are formed. The expression of Atg7, Atg8, and beclin-1 has
been described in the vascular plexus of the chick yolk sac and
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TABLE 1 | A summary of the current knowledge on the role of autophagy in the maintenance of endothelial behavior and functions.

In vitro genetic or pharmacological
modulation

Autophagy Cell type Biological effect References

Atg3 silencing ↓ ECs Decrease eNOS expression, and increase ROS and inflammation Bharath et al., 2014

Resveratrol ↑ ECs Reduce vascular inflammation Chen et al., 2013

Rapamycin ↑ ECs Increase hemodynamic shear stress-induced eNOS expression Guo et al., 2014

Atg5 overexpression ↑ ECs Increase sprouting Du et al., 2012

Atg5 silencing or 3-MA treatment ↓ ECs Reduce sprouting Du et al., 2012

ULK1 silencing ↓ ECs Reduce VEGF- or AGGF1-induced sprouting Lu Q. L. et al., 2016;
Spengler et al., 2020

Beclin-1 silencing ↓ ECs Reduce EC-haematopoiesis supporting ability Lyu et al., 2020

3-MA ↓ MSCs Favor stemness maintenance Chang et al., 2015

Rapamycin ↑ MSCs Exert a protective effect against senescence Zhang et al., 2020

Increase VEGF secretion and angiogenesis An et al., 2018

Beclin-1 silencing ↓ MSCs Reduce VEGF-proangiogenic effect An et al., 2018

In vivo genetic or

pharmacological modulation

EC-selective Atg7 knock out ↓ Mice Reduce postnatal microvessel brain density Zhuang et al., 2017

ApoE–/–
mice

Favor development of atherosclerotic lesions Torisu et al., 2016

EC-selective Atg5 knock out or
chloroquine

↓ Mice No effect in retinal vasculogenesis Sprott et al., 2019;
Zhao et al., 2019

Mice Larger atherosclerotic lesions in area exposed to shear stress Vion et al., 2017

Chloroquine ↓ Melanoma
mouse
model

Normalize tumoral vessels Maes et al., 2014

Preconditioning hypoxia or atorvastatin ↑ Engrafted
MSCs

Promote survival Zhang Y. et al., 2012

chorioallantoic membrane, and developing chick embryos reveal
a hemorrhage phenotype – due to failure of capillary endothelium
- when exposed to either inducer or inhibitor of autophagy (Lu
W. H. et al., 2016). A reduced brain microvessel density has been
reported in transgenic mice with endothelial-selective knockout
of Atg7 (Zhuang et al., 2017). This inhibitory effect on cerebral
vascular density seems to mostly rely, however, on defective
postnatal angiogenesis rather than embryonal vasculogenesis
(Zhuang et al., 2017). More recently, it has been observed that
the physiological development of retinal vasculature is unaffected
by endothelium-specific Atg5 deletion (Sprott et al., 2019) or
by pharmacological inhibition of autophagy (Zhao et al., 2019).
Therefore, the role of autophagy in vasculogenesis is still obscure,
and further studies will be required to fully understand its impact
on embryonic vascularization.

Autophagy and Angiogenesis
Blood vessels carry oxygen, nutrients, and immune cells to
all the body’s tissues and are crucial for tissue growth and
physiology also in adult vertebrates. In healthy organisms, ECs
lining blood vessels are quiescent but still retain the ability
to respond to micro-environmental changes or pro-angiogenic
signals to form new blood vessels. Inadequate vessel formation
and maintenance as well as abnormal vascular remodeling
underlie various diseases including myocardial infarct, stroke,
cancer, and inflammatory disorders.

Several findings in cellular and animal models suggest
that autophagy may critically regulate vascular sprouting.

Overexpression of the Atg5 gene induces in vitro tubulogenesis
whereas Atg5 silencing or drug-induced inhibition of autophagy
suppress sprouting (Du et al., 2012). Functional autophagy is
required for in vitro angiogenesis induced by VEGF (Spengler
et al., 2020) or by the angiogenic factor AGGF1 (Lu Q. L.
et al., 2016), even if different molecular pathways are engaged
by the two factors to activate autophagy. Notably, the expression
of AGGF1 is induced in ischemic myocardium, and AGGF1
knockout mice show reduced autophagy and angiogenesis and
larger damaged areas after myocardial infarction (Lu Q. L.
et al., 2016). Angiogenic factors can therefore induce autophagy,
and autophagy, acting upstream of angiogenesis, is essential for
neovascularization. Angiogenesis also relies on EC autophagy in
a rat model of burn wound (Liang et al., 2018). Consequently,
induction of autophagy might provide a novel approach to boost
the efficacy of therapeutic angiogenesis in ischemic diseases and
tissue regeneration.

Autophagy and the Angiogenic Potential
of Stem Cells
Different types of stem cells (SCs), especially mesenchymal
stem/stromal cells (MSCs), have been extensively investigated
for proangiogenic cell therapy in hypo-vascular injuries, such
as peripheral artery disease, myocardial infarction, and stroke
(Bronckaers et al., 2014). A crucial issue in SC biology
concerns the balance between stemness and differentiation,
and accumulating evidence suggests that autophagy is critical
for the maintenance of self-renewal properties of long-lived
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SCs and for the differentiation of either embryonic or adult
SCs (Ho et al., 2017; Boya et al., 2018; Chen X. H. et al.,
2018; Chang, 2020). Likewise, stemness and differentiation are
regulated by autophagy in MSCs (Sbrana et al., 2016; Jakovljevic
et al., 2018) with the autophagic activity of old bone marrow-
derived MSCs reduced in comparison with young MSCs (Ma
et al., 2018). However, the relationship between autophagy and
senescence has not been totally elucidated in MSCs (Rastaldo
et al., 2020). The pharmacological inhibition of autophagy by
3-methyladenine (3-MA) maintains stemness in high glucose-
treated MSCs (Chang et al., 2015). Accordingly, upregulation
of autophagy in hyperglycemic conditions correlates with ROS
accumulation and premature senescence (Chang et al., 2015),
and increased levels of autophagy-related genes have been found
in senescent MSCs (Fafian-Labora et al., 2019). At variance, a
protective role for rapamycin-induced autophagy accompanied
by a decrease in ROS production has been shown in a D-
galactose-mediated model of MSC aging (Zhang et al., 2020),
and the autophagic flux is compromised in other models of
acute senescence, suggesting that functional autophagy may
be required to counteract detrimental pathways whereas its
negative modulation favors the establishment of cellular aging
(Song et al., 2014; Capasso et al., 2015). The protective effect
of autophagy may be decisive when MSCs are engrafted in
regions characterized by a severe oxidative environment, such
as infarcted hearts, where most of transplanted MSCs die in
a few days due to hypoxic stress-induced apoptosis (Miao
et al., 2017). Notably, induction of autophagy by preconditioning
MSCs with brief hypoxia prior to transplantation in ischemic
myocardium promotes their survival (Zhang Q. et al., 2012).
Also drugs that activate autophagy, such as atorvastatin, decrease
hypoxia-induced apoptosis and enhance survival of transplanted
MSCs (Zhang Q. et al., 2012). Remarkably, hypoxic priming
of MSCs before transplantation improves viability and pro-
angiogenic potential of engrafted MSCs also in the treatment
of diabetic complications such as lower limb ischemia (Qadura
et al., 2018). Collectively, all these studies suggest that modulation
of autophagy may be a general approach to protect MSCs
from external/internal stressors, thus enhancing their survival in
engrafted tissues, and finally their regenerative and therapeutic
potential (Ceccariglia et al., 2020). The pro-angiogenic potential
of MSCs is also controlled by their paracrine activities that
are due to all the factors released from cells, collectively
defined as secretome (Maacha et al., 2020). Rapamycin-induced
autophagy increases VEGF secretion from MSCs and accelerates
regeneration in a murine model of wound healing whereas
beclin-1 silencing blunts VEGF-mediated MSC pro-angiogenic
effects (An et al., 2018). Consequently, the ability of autophagy
to influence secretome may represent a further level of control
of the regenerative/therapeutic potential of MSCs. It is therefore
possible to summarize that autophagy favors revascularization of
ischemic areas either by directly promoting angiogenesis or by
supporting the angiogenic potential of MSCs through multiple
mechanisms.

Endothelial cells are also essential elements of the
hematopoietic SC (HSC) niche by providing critical signals
to support blood cell production in the bone marrow

(Mendelson and Frenette, 2014). Again, autophagy has been
proposed as a key regulator of this process because beclin-1
knockdown reduces the hematopoiesis-supporting ability of ECs
that can be restored by beclin-1 upregulation (Lyu et al., 2020).
Notably, a prospective case-control study illustrates that defective
autophagy of ECs in the HSC niche may be involved in the post-
allotransplant pancytopenia characteristic of poor graft function
(PGF), suggesting the possibility of treating PGF patients with
drugs able to promote autophagy (for example, rapamycin).

Autophagy and the Physiopathology of
ECs
At variance with post-ischemic angiogenesis, that restores
blood flow in hypo-vascularized areas, overgrowth of abnormal
vessels results in pathological angiogenesis and underlies various
diseases including retinopathies, cancer, and inflammatory
disorders. Endothelium-specific deletion of Atg5 reduces
pathological neo-vascularization in a mouse model of retinopathy
(Sprott et al., 2019), and the retinal vascular hyper-sprouting
phenotype induced by PKA deficiency is partially rescued by
inhibition of autophagy or endothelium-specific Atg5 deletion
(Zhao et al., 2019). Outstanding, defective autophagy does not
harm physiological development of retinal vasculature in both
the models. Thus, blocking autophagy may be useful to selectively
target pathological neo-vascularization, at the retina as well as in
tumors, where the formation of new blood vessels is essential for
cancer progression. Tumor-associated blood vessels are highly
permeable and unstable, and these anomalies promote a stressful
environment – characterized by hypoxia, nutrient deprivation
and inflammation - that results in enhanced autophagy and
resistance to hypoxia-induced cell death in tumoral ECs
compared to normal ECs (Filippi et al., 2018). Hypoxia drives not
only autophagy but also angiogenesis via increased expression
of VEGF due to stabilization and activation of the hypoxia-
inducible factor HIF. Tumors in hemizygous beclin-1 mice show
higher angiogenic potential under hypoxia in comparison to
wild type animals (Lee et al., 2011), thus supporting the view
that hypoxia-induced autophagy may restrain pathological
angiogenesis in the tumoral microenvironment.

The aberrant structure and function of peritumoral vessels
supports malignancy by establishing an abnormal tumoral
microenvironment that facilitates disease progression and
reduces the efficacy of antiblastic therapies. Hypoxia makes
cancer cells more aggressive and favors angiogenesis and
immunosuppression, while leaky vessels give tumor cells passage
to metastasize. It has been hypothesized that normalization
of tumor vessels can improve their functions by relieving
microenvironmental hypoxia and improving delivery and
outcome of anti-cancer drugs (Martin et al., 2019). Remarkably,
the autophagy blocker chloroquine (CQ) normalizes tumor vessel
structure and function and increases perfusion in a mouse model
of melanoma (Maes et al., 2014). Through the alteration of acidic
pH in endothelial late endosomes or lysosomes, CQ disrupts
endosomal and autophagic cargo degradation, followed by the
activation of Notch signaling and negative regulation of tip cell
during sprouting angiogenesis. Notch signaling has also been
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implicated in vessel stability by regulating the function of vascular
mural cells (Kofler et al., 2011). In addition, the CQ-mediated
reduction of tumor hypoxia favors the establishment of a less
pro-angiogenic microenvironment (Maes et al., 2014). Besides
autophagy, CQ improves the immunosuppressive function of the
tumoral micro-environment by enhancing the switch of tumor-
associated macrophages from tumor-promoting M2 to tumor-
killing M1 phenotype (Chen D. et al., 2018) – a mechanism that
has been related to normalization of tumor vascular network
(Jarosz-Biej et al., 2018). Notably, pleiotropic effects of CQ
on tumoral vessels are not phenocopied by loss of Atg5, and
more generally, results obtained by genetically interfering with
the expression of autophagy-related genes do not routinely
overlapped to the effects of pharmacological modulation of the
endo-lysosomal system (Schaaf et al., 2019). Thus, it is possible to
speculate that autophagy might be modulated by complementary
approaches – acting at different steps of the autophagic process –
to control pathological angiogenesis. It is, however, crucial to
further study whether and how these mechanisms intersect not
only at the level of ECs but also in other cell types belonging to
the tumoral microenvironment.

A crucial role for autophagy has also been proven in terminally
differentiated cells, such as ECs lining blood vessels, where
a constant renewal of cytoplasmic contents and organelles
is essential for the maintenance of homeostasis and cellular
health (Mizushima and Komatsu, 2011). An impairment in
EC functions – the so-called endothelial dysfunction (ED) - is
associated with all the common cardiovascular risk factors and
stressors, such as for example aging, smoking, hypertension,
diabetes, and low physical activity. ED is triggered by a loss
in the endothelial Nitric Oxide Synthase (eNOS) enzymatic
activity with a consequent decrease in nitric oxide (NO)
availability and accumulation of damaging ROS (Li et al., 2013).
Persistent oxidative stress alters mitochondrial structure and
function but the efficient degradation and recycling of damaged
organelles via autophagy/mitophagy results in cellular survival
and homeostasis. At variance, the partial/incomplete degradation
of mitochondria due to ineffective autophagy can cause a further
increase in oxidative stress, and finally cell death (Yan and Finkel,
2017). Consequently, the activation of autophagy in response
to oxidative stress, but also to other vascular stressors such
as high glucose, oxidized low-density lipoproteins or advanced
glycation end products, exerts a protective effect on ECs, and
any alteration in the autophagic flux can elicit detrimental
effects (Chen F. et al., 2014; Torisu et al., 2016; Yan and
Finkel, 2017). In addition, some vasculo-protective compounds
have been shown to stimulate autophagy, thereby reinforcing
EC resistance to cellular stress (Chen et al., 2013; Kim H. S.
et al., 2013). Hemodynamic shear stress, the mechanical force
generated by blood flow on vascular ECs, is essential for
endothelial homeostasis under physiological conditions (Hsieh
et al., 2014). Pulsatile laminar shear stress upregulates the
expression and activity of eNOS, and pretreatment with the
autophagy activator rapamycin further enhances shear stress-
induced eNOS expression (Guo et al., 2014). Likewise, either
autophagy markers or eNOS activity increase in response
to physiological levels of laminar flow, and silencing of the

Atg3 protein impairs eNOS function and generates ROS and
inflammatory cytokines (Bharath et al., 2014). Thus, autophagy
sustains pleiotropic functions of NO in the control of barrier
integrity, vessel dilation, leukocyte adhesion, platelet aggregation,
and finally angiogenesis, by favoring its formation in response
to physiological shear stress. In contrast, ECs exposed to low
levels of shear stress are characterized by inefficient autophagy
and by a proinflammatory, apoptotic, and senescent phenotype
(Vion et al., 2017). Similarly, perturbed/unstable flow impairs
p62-mediated clearance of autophagosomes and promotes ED
(Vion et al., 2017).

The autophagy process has typically been studied in cultured
ECs, which are proliferative cells at variance with quiescent cells
within the vasculature. However, a protective role for autophagy
has also been confirmed in vivo where the genetic inactivation of
the Atg7 gene favors the development of atherosclerotic lesions
in murine models (Torisu et al., 2016). Likewise, atherosclerosis-
prone mice bearing an endothelial-specific deletion of Atg5
develop larger atherosclerotic lesions, specifically in areas
exposed to high shear stress (Vion et al., 2017), that commonly
remain lesion-free since atherosclerosis favorably develops at
arterial bifurcations and at the inner part of curvatures where
blood flow is low or disturbed (Hsieh et al., 2014). The
translational relevance of these findings has been confirmed by
an increase in autophagic markers and NO production in human
ECs collected from the radial artery of subjects after dynamic
handgrip exercises (Park et al., 2019). At variance, reduction
in autophagic markers and impaired eNOS activation have
been observed in peripheral venous ECs from diabetic patients
showing a lower brachial artery flow-mediated dilation suggestive
of ED (Fetterman et al., 2016). It can therefore be assumed that:
(i) a defect in endothelial autophagy enhances pro-atherogenic
responses; (ii) the activation of the autophagic flux by adequate
shear stress acts as athero-protective mechanism. Enhancing
endothelial autophagy within the vasculature might therefore
represent a novel and attractive target for the prevention
and/or treatment of atherosclerosis and cardiovascular disease
(Hughes et al., 2020).

AUTOPHAGY AND SKELETAL MUSCLE
HOMEOSTASIS

Skeletal muscle is a plastic tissue that is continuously adapting
and changing to physical and metabolic demands. To sustain the
increased energy needs or cope with catabolic conditions, skeletal
muscle can mobilize proteins, reorganize organelles networks,
and change the nuclei setting. Autophagy is the major reservoir
of energy and the mouse model expressing fluorescent LC3 shows
that muscles have one of the highest rates of autophagy during
fasting (Mizushima et al., 2004). Basal autophagy is regulated
by metabolic properties of muscle, indeed a negative correlation
between fiber oxidative capacity and autophagy flux exists and
both basal and stimulated autophagy are greater in glycolytic
muscles as compared with the oxidative ones (Mofarrahi et al.,
2013). These differences are associated with different activation
of the AMPK pathway and inhibition of the AKT and mTOR
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signaling (Mofarrahi et al., 2013) that are more evident in low
oxidative muscles.

Autophagy and Muscle Mass
Maintenance
Autophagy maintains healthy muscle homeostasis and
physiology (Masiero et al., 2009), exerting a beneficial role in
controlling muscle mass. Muscle-specific deficiencies in essential
autophagy factors such as Atg5, Atg7, VPS15, ULK1, AMPK, and
mTOR result in abnormal mitochondrial morphology, oxidative
stress, sarcomere alterations, accumulation of ubiquitylated
products, and induction of unfolded protein response that
can contribute to great muscle loss and weakness leading to
myofibers degeneration (Raben et al., 2008; Masiero et al.,
2009; Castets et al., 2013; Nemazanyy et al., 2013; Bujak et al.,
2015; Fuqua et al., 2019). Similarly, AMBRA1 deletion results
in a severe myopathy with loss of muscle fibers, sarcomere
disorganization, and mitochondria alterations (Skobo et al.,
2014). AMBRA1 interacts with Tripartite motif-containing
32 (TRIM32) (Di Rienzo et al., 2019) that is crucial as well,
and indeed its deletion causes myopathy with neurological
complications, both superimposable with the phenotype
observed in patients with limb-girdle muscular dystrophy 2H
(LGMD2H) (Saccone et al., 2008). Recently, the autophagic
lysosome reformation (ALR) pathway has also emerged as an
important regulator for muscle homeostasis. Hence, the deletion
of the phosphatase regulating the PI(4,5)P2 to PI(4)P conversion,
i.e., the inositol polyphosphate 5-phosphatase (INPP5K), causes
a progressive muscle disease associated with lysosomes depletion
and autophagy impairment (McGrath et al., 2020). Whether
in other systems the Transcription Factor EB (TFEB) is able
to restore lysosomal homeostasis and autophagy (Spampanato
et al., 2013), in this model TFEB-dependent lysosomal biogenesis
is not sufficient to compensate the defective ALR, indicating its
fundamental role in replenishing lysosomes during autophagy.

Interestingly, mild perturbation of autophagy does not cause
a severe muscular phenotype. Muscle appears normal despite
a slight, but non-significant, reduction of its mass and a small
decrease in fibers size regardless of type (Paolini et al., 2018),
highlighting the differences between models in which autophagy
is completely blocked or only mild attenuated. In this model,
muscle loss is evident after a starvation period suggesting that the
absence of inducible autophagic response speeds up the process
reducing protein synthesis and increasing ubiquitylated products
and confirms how a normal autophagic process is essential for
maintaining muscle mass (Paolini et al., 2018).

The preservation of muscle mass could be achieved by
the maintenance of Sestrins levels, which appear strongly
downregulated in the atrophic muscle (Segales et al., 2020)
and aged-subjects (Zeng et al., 2018). Sestrins is able to
enhance autophagy preserving organelles quality, and in turn
muscle mass, through a double mechanism: it inhibits FoxO-
dependent expression of atrogenes by increasing Akt, and
sustains autophagy, by activating AMPK and blocking mTORC1
(Segales et al., 2020). Other factors are emerging as important
for controlling and averting atrophy; especially, recent evidence

points out that TRIM32 is required for autophagy induction
in atrophic conditions promoting ULK1 activity. This improves
the functional maintenance of muscle cells via reduction of
ROS production and induction of muscle ring finger-1 (MuRF1)
(Di Rienzo et al., 2019).

Of note, whether the absence of autophagy is harmful,
its excessive induction is detrimental too. For instance, the
upregulation of FoxO3 transcription factor enhances autophagy
and is enough to induce muscle fibers atrophy (Mammucari
et al., 2007). Similarly, mice lacking the nutrient-deprivation
autophagy factor-1 (NAF-1), an endoplasmic reticulum (ER)
protein required for blocking beclin-dependent autophagy,
display muscle weakness accompanied by increased autophagy
(Chang et al., 2012). Consistently, a high autophagy rate
exacerbates muscle atrophy induced by several conditions. The
lesson from these results is complex, indicating a dual role for
autophagy and suggesting that a proper autophagic process is
crucial for muscle homeostasis.

Autophagy and Exercise
Autophagy is also important for skeletal muscle remodeling after
stimuli like contraction/exercise. Exercise can help to improve
muscle quality in old and frail people (Cadore et al., 2014).
Consistently, a recent study sheds light on the effects of acute
and chronic exercise on autophagy in frail elderly subjects. The
authors establish that autophagy is activated after a session
of strength training in unexercised subjects. By contrast, in
exercised subjects performing the same training, this response
is completely blunted, suggesting that the results of this physical
activity depend on the subjects’ training status (Aas et al., 2020).
Similarly, resistance exercise enhances autophagy in untrained
young men, but it is absent in aged-subjects (Hentila et al., 2018).
This last result partially contrasts the work of Aas et al. (2020),
suggesting that the autophagic response to strength training
needs to be further investigated.

Defective stimulation of basal autophagy impairs metabolic
adaptations induced by exercise training, such as mitochondrial
biogenesis and angiogenesis, without interfering with the fiber
type switch distinctive of contractile adaptations (Lira et al.,
2013). This confirms the existence of a link between oxidative
phenotype and basal autophagy flux, as well as demonstrates
that chronic contractile activity is not sufficient to affect basal
autophagy flux (Lira et al., 2013).

Hence, exercise is considered a stimulus that induces
autophagy in vivo (Grumati et al., 2011; He et al., 2012) and
a described mechanism involves the disruption of the BCL2–
beclin-1 complex (He et al., 2012). Knock-in mutation in
BLC2 phosphorylation site generates mice with normal basal
autophagy but defective stimulus-induced autophagy. These
mice display normal cardiac and skeletal muscle features at
baseline; conversely, they show impaired exercise-enhanced
insulin sensitivity and fail to exhibit increased plasma membrane
GLUT4 localization, both dictated by low AMPK activation
(He et al., 2012). These mice have a much worse running
performance and are not protected against high fat diet-
induced glucose intolerance (He et al., 2012). However,
another study reports exactly opposite results demonstrating
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that muscle-specific autophagy knockout mice have an
improved metabolic profile, including glucose homeostasis,
associated with the release of the mitokine FGF21 triggered
by dysfunctional mitochondria (Kim K. H. et al., 2013).
Consistently, in the same muscle-specific inducible model,
the inhibition of autophagy immediately before training does
not impact on physical performance, glucose homeostasis, or
PRKAA1/AMPK signaling. By contrast, autophagy accounts
for the preservation of mitochondrial function during muscle
contraction, revealing its important role for muscle injury
repair (Lo Verso et al., 2014). Besides, these data uncover
the differences between a general inhibition of autophagy
with respect to tissue-specific blocking, suggesting a potential
cell-autonomous regulation.

Autophagy and Muscle Regeneration
The finding that autophagy is important in muscle repair has
been deeply investigated. The regenerative capacity of muscle is a
crucial process that allows the recovery after damage and requires
the effort of different cell types.

Autophagy is rapidly induced at the onset of regeneration
process showing a role in sarcomeric disassembly but
not in nutrient recycling. Autophagy inhibition causes
the accumulation of sarcomeric remnants and prevents
the proper organization of sarcomere during regeneration
(Saera-Vila et al., 2016).

In case of injury, autophagy is required to maintain
sarcolemma integrity, as demonstrated in mice with decreased
Atg16 function (Atg16L1 mice) and exposed to cardiotoxin
(CTX) damage. In absence of autophagy and with low
CTX levels, fibers become leaky and are infiltrated by
circulating immunoglobulins, but are able to buffer calcium rise
preventing their necrosis and death. Otherwise, whether the local
concentration of CTX is high, fibers cannot buffer calcium and
die; overall, these effects result in attenuated muscle regeneration
in Atg16L1 mice (Paolini et al., 2018).

Autophagy can also contribute to mitochondrial regeneration
during muscle repair and chronic treatment with an autophagy
inhibitor negatively affects mitochondrial activity and recovery
after injury (Nichenko et al., 2016). Similarly, the muscle-specific
deletion of the ULK1 gene, which is essential for mitophagy
(mitochondrial-specific autophagy), causes impaired functional
recovery of muscle associated with altered respiratory complexes
levels (Call et al., 2017). Specifically, ULK1 is important for
the reorganization of the mitochondrial network after damage
and this event is crucial for the optimal recovery of muscle
(Call et al., 2017).

A role for autophagy in muscle regeneration can be also
drawn from the recent discoveries in satellite cells that are
functional adult stem cells with the ability to proliferate and
undergo myogenesis. Autophagy is essential for satellite cells to
come out of their quiescent state, indeed this activation is a
metabolic demanding process and autophagy can provide the
required nutrients favoring the transition between quiescent
to the activated state (Tang and Rando, 2014). In agreement,
committed myogenic progenitors are mostly positive for LC3
in contrast to the self-renewal population, suggesting that the

presence of LC3 positive satellite cells overlaps with a strong
regenerative response after injury (Fiacco et al., 2016).

Autophagy is also important to control cell senescence and
its decline is responsible for the rapid entry of satellite cells into
senescence accounting for the exhaustion of stem cells pool and
defective muscle regeneration. Physiologically, this occurs with
aging: indeed, old satellite cells show autophagy decline and are
more prone to senescence (Garcia-Prat et al., 2016). The link
between autophagy and muscle cell senescence is challenging and
it has been further expanded. Stimuli that strongly upregulate
autophagy, such as repeated amino acids and serum withdrawal,
do not trigger senescence features. Conversely, senescence-
associated with mild toxic stress is limited in Atg7-deficient cells
for increasing cell death (Bloemberg and Quadrilatero, 2020).
This suggests that massive induction of autophagy prevents
senescence, whereas autophagy-defective myoblasts do not
develop senescence, but die (Bloemberg and Quadrilatero, 2020).

Besides, autophagy controls the effectiveness of GH-IGF1
axis in muscle affecting the proliferative capacity and the
differentiation potential of satellite cells and influencing muscle
development, with severe post-natal muscle growth retard in
condition of autophagy disruption (Zecchini et al., 2019).

The exact role of autophagy in muscle regeneration is complex
considering the different cell types involved in the process.
However, the induction of autophagy seems to be beneficial for
repairing after damage as well as for exercise adaptations.

Autophagy and Muscle Disorders
Another proof of concept of the role of autophagy in
muscle homeostasis comes from the evidence that many
pathophysiological conditions of muscle are associated with
disrupted autophagic process including muscular dystrophies
(Grumati et al., 2010; De Palma et al., 2012, 2014; Fiacco
et al., 2016), type II diabetes mellitus and insulin resistance
(He et al., 2012), sarcopenia (Fan et al., 2016) and cancer
cachexia (de Castro et al., 2019). Moreover, genetic defects
affecting each phase of autophagy underlie skeletal muscle illness
and the severity of the phenotype depends on whether the
mutation disrupts basal or inducible autophagy (Jokl and Blanco,
2016). Interestingly, upregulation as well as downregulation of
autophagy, are associated with muscle disorders, confirming
the importance of a proper autophagic flux. For instance, in
Pompe disease, an excessive autophagic buildup occurs and
compromises enzyme replacement therapy (Fukuda et al., 2006;
Raben et al., 2008).

In myotonic dystrophy type 1 (DM1), which affects
adults causing atrophy and myotonia, autophagy levels are
enhanced (Bargiela et al., 2015) and counteracting autophagy
by mTOR stimulation improves satellite cells proliferation
(Song et al., 2020).

Conversely, in the Vici syndrome, the causative genetic
mutation leads to an autophagic block resulting in a clearance
defect with accumulation of autolysosomes (Cullup et al., 2013).
Autophagy signaling is also impaired in muscular dystrophies
as shown in dystrophin or collagen VI deficient muscles and
the forced reactivation of the process improves both dystrophic
phenotypes (Grumati et al., 2010; De Palma et al., 2012;
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Fiacco et al., 2016). Specifically, in collagen VI deficient patients a
dietary approach for reactivating autophagy has been attempted
in a pilot clinical trial, obtaining beneficial effects (Castagnaro
et al., 2016). Similarly, the administration of nutraceutical
compounds, such as pterostilbene in collagen 6 null mice
promotes a proper autophagic flux exerting favorable outcomes
on muscle (Metti et al., 2020).

Defective autophagy is also detected in LGDM2H due to
impaired interaction between mutated TRIM32 and ULK1 which
results in the accumulation of autophagy cargo receptors, ROS
production, and MuRF1 upregulation (Di Rienzo et al., 2019).
The efficient reactivation of autophagy is also useful in Emery–
Dreifuss muscular dystrophy (Ramos et al., 2012); by contrast, in
laminin alpha2 chain-deficient muscle autophagy is upregulated
and its inhibition has beneficial effects on dystrophic phenotype
(Carmignac et al., 2011). In this regard, many other examples
indicate that muscle is particularly susceptible to autophagy
dysregulation (Dobrowolny et al., 2008; Sarparanta et al., 2012;
Fetalvero et al., 2013). Therefore, undoubtedly, autophagy is a
key process whose alteration affects development, homeostasis
and remodeling of skeletal muscle and whose normalization is
essential for the physiology of skeletal muscle as well as for
ameliorating muscular diseases, as summarized in Table 2.

AUTOPHAGY AND IMMUNE SYSTEM
HOMEOSTASIS

Autophagy is an essential process in the regulation of
homeostasis of immune cells involved in innate and adaptive
immune responses, such as monocytes, macrophages, dendritic
cells (DCs), T and B lymphocytes, by influencing their
proliferation, differentiation, activation, survival and cytokine
release (Harris, 2011).

Monocytes and macrophages are pivotal effectors and
regulators of the innate immune response (Italiani and Boraschi,
2014). DCs, as antigen-presenting cells (APCs), trigger and
modulate the activation of naive T cells, and have a central role in
the development and maintenance of immune tolerance (Patente
et al., 2018). T cells have diverse jobs: (i) they activate other
immune cells (T helper cells) (Glimcher and Murphy, 2000); (ii)
they detect and destroy infected and tumor cells (cytotoxic T
cells) (Andersen et al., 2006); (iii) they can “remember” a previous
encounter with a specific microbe and start a quick response upon
pathogen re-exposure (memory T cells) (Omilusik and Goldrath,
2017); (iv) they can regulate or suppress other cells in the
immune system (regulatory T cells: Treg) (Vignali et al., 2008).
B cells are mainly responsible for mediating the production of
antigen-specific antibodies directed against invasive pathogens
(Eibel et al., 2014). Autophagy has been demonstrated to be
central in all these cells, as it modulates cell signaling and
metabolism, antigen presentation, proteostasis, mitochondrial
function and reactive oxygen species (ROS) production and
ER stress (Rathmell, 2012; Gkikas et al., 2018; Smith, 2018;
Valecka et al., 2018; Macian, 2019). An overview of the effects of
autophagy changes on immune cells is reported in Table 3 and
discussed in the sections below.

Autophagy and Macrophages
Autophagy plays a key role in different stages of macrophage life,
including differentiation from monocytes and polarization into
pro-inflammatory and anti-inflammatory and tissue repairing
macrophages (i.e., M1 and M2 cells) (Vergadi et al., 2017).
Monocytes originate in the bone marrow from a myeloid
progenitor and then they are released into the peripheral blood.
In response to inflammation, monocytes migrate into tissues and
can differentiate into macrophages or die by caspase-dependent
apoptosis. Both the cytokines colony-stimulating factor 1 and
2 (CSF1 – CSF2) are able to promote monocyte survival and
differentiation into macrophages via autophagy (Jacquel et al.,
2012; Zhang Y. et al., 2012). CSF1 contributes to increased
induction of autophagy by activating the ULK1 pathway (Jacquel
et al., 2012; Obba et al., 2015), while CSF2 acts through
JNK/beclin-1 and the block of Atg5 cleavage (Zhang Y. et al.,
2012). Of note, the pharmacological blockade of autophagy in
CSF2 treated monocytes by 3-MA and CQ leads to the promotion
of apoptosis and the inhibition of differentiation and cytokine
release, thus corroborating the role of autophagy in these events
(Zhang Y. et al., 2012).

To date, it is clear that autophagy is also fundamental in
macrophage polarization, i.e., the process by which macrophages
develop a peculiar functional phenotype as a reaction to
specific signals. Depending on the stimulus that macrophages
receive they can acquire an M1 or an M2 phenotype (Murray
et al., 2014); however, how autophagy affects these events,
especially M1 polarization, is still under debate, because of
discrepancy in published data that can be explained by
differences in the backgrounds of the macrophages studied
and in the experimental settings. The first study addressing
directly this issue demonstrated that molecular inhibition
of autophagy, by targeting Atg5 gene in C57Bl/6 mice,
boosts M1 polarization in vitro by significantly increasing
M1 markers and proinflammatory cytokine release including
TNF-alpha, CCL5, IL6, CCL2, and IL1beta (Liu et al., 2015).
These data were confirmed by a following paper showing
a lower activation of autophagy in M1 macrophages when
compared with M2 and demonstrating that the pharmacological
inhibitor of autophagy CQ repolarizes M2 macrophages to
an M1 phenotype (Guo et al., 2019). Of notice, once
acquired an M1 phenotype, macrophages reduce autophagy
and increase glycolysis (Matta and Kumar, 2015). In this
context, the role of AKT/mTOR pathway seems to be
significant in both autophagy and metabolism. Indeed, in
M1 polarized macrophages AKT activation mediates the
switch to glycolytic metabolism that leads to suppression
of autophagy (Matta and Kumar, 2015). However, in 2017
Esteban-Martinez and collaborators by using a different mouse
model (i.e., peritoneal elicited macrophages in CD1 mice)
stated that mitophagy contributes to macrophage polarization
toward the proinflammatory and more glycolytic M1 phenotype
by eliminating mitochondria, but not to M2 macrophage
polarization that relies mainly on oxidative phosphorylation
(Esteban-Martinez et al., 2017). On the other hand, it seems clear
that induction of autophagy supports M2 polarization involving
AKT/PI3K pathway, STAT6 and Atg7 (Kapoor et al., 2015;
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TABLE 2 | A summary of the current knowledge on the role of autophagy in the maintenance of muscle behavior and functions.

In vitro genetic or
pharmacological modulation

Autophagy Model Biological effect References

3-MA or Chloroquine
Atg5 or Atg7 silencing

↓ SC Inhibition of SC activation Tang and Rando, 2014

In vivo genetic or

pharmacological modulation

Muscle-specific knock out
models for:
Atg5-Atg7-VPS15-ULK1-AMPK-
mTOR-AMBRA1

↓ Mice Mitochondria dysfunctions, sarcomere alterations, muscle
loss, weakness, and myofibers degeneration.

Raben et al., 2008;
Masiero et al., 2009;
Castets et al., 2013;
Nemazanyy et al., 2013;
Skobo et al., 2014;
Bujak et al., 2015;
Fuqua et al., 2019

Muscle-specific TRIM32 knockout ↓ Mice Myopathy with neurological alterations. Mutations in TRIM32
are responsible for LGMD2H

Saccone et al., 2008

Muscle-specific INPP5K knockout ↓ Mice INPP5K deletion causes muscular dystrophy McGrath et al., 2020

Muscle-specific FoxO3 upregulation ↑ Mice Muscle atrophy Mammucari et al., 2007

Muscle-specific NAF-1 knockout ↑ Mice Muscle weakness Chang et al., 2012

Muscle-specific Atg16L1 ↓ (mild) Mice Impaired regeneration after injury Paolini et al., 2018

Muscle-specific UlK1 knockout ↓ (mitophagy) Mice Impaired regeneration after injury Call et al., 2017

Muscle stem cell-specific Atg7
knockout

↓ Mice Impairment of GH-IGF1 axis and severe muscle growth
retard.
Altered proliferation and differentiation of muscle stem cells

Zecchini et al., 2019

Atg6 knockout Defective stimulus-
induced autophagy

Mice Defective adaptations to endurance exercise training Lira et al., 2013

Knock-in mutations in BCL2
phosphorylation sites (Bcl2AAA)

Defective stimulus-
induced autophagy

Mice Decreased performance and altered glucose metabolism
during acute exercise. Impaired exercise-mediated
protection against high-fat-diet-induced glucose intolerance

He et al., 2012

3-MA ↓ Mice Impaired mitochondrial activity and muscle regeneration after
injury

Nichenko et al., 2016

Low protein diet ↑ COLL6 deficient
patients

mdx mice

Autophagy recovery and amelioration of dystrophic
phenotype.
Autophagy recovery and amelioration of dystrophic
phenotype

De Palma et al., 2012;
Castagnaro et al., 2016

Pterostilbene ↑ COLL6 knockout
mice

Autophagy recovery and amelioration of dystrophic
phenotype

Metti et al., 2020

Vergadi et al., 2017; Sanjurjo et al., 2018; Wen et al., 2019;
Bo et al., 2020).

Recently, it has been demonstrated that autophagy plays a
key role in cytokine production by macrophages. The lack of
autophagy, obtained by the genetic depletion of Atg16L1, beclin-
1, and LC3, indeed enhances the secretion of interleukin 1beta
(IL-1beta) and IL-18 in response to lipopolysaccharide (LPS)
and other pathogen-associated molecular patterns (Saitoh et al.,
2008; Nakahira et al., 2011). In macrophages, the secretion of IL-
1beta and IL-18 is controlled by the signaling platform known
as the inflammasome via the release of mitochondrial DNA
(mtDNA) and ROS production and the ensuing cleavage and
activation of caspase-1. Autophagy by controlling the elimination
of dysfunctional mitochondria and the translocation of mtDNA
into the cytosol inhibits mitochondrial ROS generation and exerts
an anti-inflammatory effect (Nakahira et al., 2011).

Autophagy and Dendritic Cells
Little is known about the role of autophagy in the generation of
DCs. While it does not seem to have a role in the development of
immature DCs, however, it seems to contribute to the activation

and function of mature DCs, thus indicating autophagy as a
key player in the physiological and pathological processes that
rely on DCs. Targeting of Atg16L1, a gene associated with
inflammatory bowel disease has been demonstrated to boost
the immunostimulatory capability of murine mature DCs by
increasing the expression of co-stimulatory molecules on the
cell surface (Hubbard-Lucey et al., 2014). Autophagy dependent
degradation of intracellular materials, including phagocytosed
antigens, has been described as a key route for endogenous
and exogenous antigens to reach the MHC-II presentation
machinery in DCs and activate CD4+ T cells (Dengjel et al.,
2005; Munz, 2009; Lee et al., 2010; Keller et al., 2017). Thus
autophagy, by regulating MHC-II presentation in DCs, might
shape the self-tolerance of CD4+ T cells and trigger CD4+ T
cell responses against pathogens and tumors. Moreover, it is
clear that autophagy in DCs is required for Treg homeostasis
and function both in normal and pathological conditions,
as for instance in the development of autoimmune diseases
(Niven et al., 2019). In this context, it has to be noted that
Treg cells themselves may suppress CD4+ T cell-dependent
autoimmune responses through inhibition of autophagy in DCs
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TABLE 3 | A summary of the current knowledge on the role of autophagy in the maintenance of immune cells behavior and functions.

In vitro genetic or
pharmacological modulation

Autophagy Model Biological effect References

3-MA or chloroquine ↓ Monocytes Promotion of apoptosis, inhibition of differentiation and of
cytokine release

Zhang Y. et al., 2012

Chloroquine ↓ Macrophages M2 repolarization to M1 Guo et al., 2019

3-MA or cyclosporine A ↓ Macrophages M1 polarization Esteban-Martinez et al., 2017

3-MA ↓ Macrophages Inhibition of M2 polarization Bo et al., 2020

3-MA or beclin-1 and Atg7
silencing

↓ T cells Resistance to cell death of Th2 cells Li et al., 2006

Beclin-1 silencing ↓ ECs Reduce EC-haematopoiesis supporting ability Lyu et al., 2020

In vivo genetic or

pharmacological modulation

Atg5 knock out ↓ Macrophages Increase of M1 marker expression and cytokine release Liu et al., 2015

3-MA ↓ Macrophages Inhibition of M2 polarization Bo et al., 2020

Atg16L1 knock out ↓ Macrophages Increase of secretion of IL-1β and IL-18 Saitoh et al., 2008

Beclin-1 knock out or LC3
knock out

↓ Macrophages Increase of secretion of IL-1β and IL-18 Nakahira et al., 2011

Atg16L1 knock out ↓ Dendritic cells Boost of the immunostimulatory capability of murine mature DCs Hubbard-Lucey et al., 2014

Atg5 knock out ↓ T cells Inhibition of cell survival and proliferation Pua et al., 2007

Beclin-1 knock out ↓ T cells Increase of cell death Kovacs et al., 2012

Plasma cells Atg5 selective
knock out

↓ B cells Plasma cells maintenance and humoral immunity Pengo et al., 2013

Plasma cells Atg5 selective
knock out

↓ B cells B cell receptor trafficking Arbogast et al., 2019

in a cytotoxic T-lymphocyte-associated protein 4-dependent
(CTLA4-dependent) manner (Alissafi et al., 2017).

Autophagy and T Cells
Lymphocytes (T and B cells) are the essential mediators of
the adaptive immune system. All lymphocytes originate from
a common progenitor [common lymphoid progenitor (CLP)],
derived from the hematopoietic stem cell. In naïve T cells,
macroautophagy is active and constitutes a key mechanism for
preserving cells homeostasis and survival and adapting cells to
intracellular or extracellular environment modifications (Li et al.,
2006; Pua et al., 2007). This has been addressed in autophagy
gene-deficient T cells, such as cell lacking Atg5, Atg7, beclin-1,
or VPS34 (Li et al., 2006; Pua et al., 2007, 2009; Kovacs et al.,
2012; Willinger and Flavell, 2012). Indeed, mice with autophagy-
deficient T cells displayed a strong decrease in both mature CD4+
and CD8+ cells and the remaining T cells failed to proliferate
upon T cell receptor (TCR) stimulation (Pua et al., 2009). In T
cells, autophagy acts as a pro-survival process also by eliminating
the excess of organelles such as mitochondria and ER. Defective
mitophagy in T cells contributes to increase of mitochondrial
mass and the ensuing ROS production, therefore prompting the
cells to cell death via apoptosis (Pua et al., 2009; Jia and He, 2011).
Moreover, the genetic deletion of Atg3, Atg5, and Atg7 results in
expanded ER compartments containing increased calcium stores
that cannot be depleted properly, thus causing defective calcium
influx inside the cells (Jia and He, 2011; Jia et al., 2011). Several
studies provided evidence that TCR engagement in CD4+ and
CD8+ T cells triggers autophagy activation to support energetic
demands for proliferation and cytokines production (Li et al.,
2006; Arnold et al., 2014; Botbol et al., 2015; Bantug et al., 2018).

Pharmacological or genetic (Atg3, Atg5, or Atg7) inhibition of
autophagy has been reported to affect proliferative responses in
both CD4+ and CD8+ T cells (Pua et al., 2007; Hubbard et al.,
2010). The molecular mechanisms that may induce autophagy in
activated T cells are still not completely understood, but multiple
pathways seem to be involved. Li et al. (2006) demonstrated
that autophagy in TCR activated T cells is affected by 3-MA,
an inhibitor of PI3K, as well as JNK inhibitors, and can be
enhanced by rapamycin (inhibitor of the mTOR pathway) and
zVAD (inhibitor of caspase activity), suggesting a role for all
these pathways. More recently, Botbol et al. (2015) reported that
intracellular signaling of cytokines such as IL2, IL4, IL7, and
IL15 can induce autophagy in CD4+ T cells and demonstrated
the involvement of Janus kinase 3 (JAK3). Autophagy has been
shown to control also Treg stability and function (Wei et al.,
2016). Treg cells have higher autophagy activity than naive CD4+
T cells and Treg cells- specific deletion of Atg7 or Atg5, results
in increased cell apoptosis and therefore in the development of
autoimmune and inflammatory disorders or tumor resistance
(Zhang et al., 2019).

Autophagy and B Cells
Autophagy has recently emerged as crucial for the maintenance of
memory B cells and plasma cells, while its role in the development
and survival of naïve B cells needs further elucidation. By using
two new mouse models of conditional Atg5 deletion, one under
the control of a promoter active early during B-cell development
and the other active in mature B cells, Arnold and collaborators
drawn the conclusion that basal levels of autophagy are necessary
to maintain a normal number of peripheral B cells and central
during development of B-1a B cells, tissue-resident, innate-like
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B cells (Arnold et al., 2016). Subsequently, it has been also
demonstrated that B1a B cells have active glycolysis and fatty
acid synthesis and depend on autophagy to survive and self-
renew (Clarke et al., 2018). Following appropriate stimulation,
peripheral B cells in lymphoid follicles may differentiate in the
germinal center (GC) B cells, which generate either plasma cells
or memory B cells. It has been recently reported that GC B
cells are the most active B cells in processing autophagy, which
appears to be non-canonical autophagy independent of Atg genes
(Martinez-Martin et al., 2017).

Both plasma cells and memory B cells display high levels
of autophagy. The elevated secretory activity of plasma cells
makes them particularly susceptible to ER stress thus determining
the activation of the unfolded protein response (UPR), whose
principal aim is to restore ER homeostasis (Li et al., 2019).
In response to the challenge of misfolded proteins, autophagy
may function as an adaptive ‘self-eating’ process by which
excessive intracellular components are encapsulated within
autophagosomes and degraded. Pengo et al. (2013), in autophagy-
deficient (Atg5f/fCD19-Cre) plasma cells, discovered that
autophagy is required for plasma cells maintenance and humoral
immunity, by limiting ER expansion and immunoglobulin
synthesis while sustaining energy metabolism and viability. In
memory B cells autophagy deficiency leads to a significant decline
of cell number accompanied by accumulation of abnormal
mitochondria, excessive ROS production and oxidative damage
and Ab-dependent immunological memory (Chen M. et al.,
2014; Chen et al., 2015). Of notice, autophagy is dispensable
for the initial formation of memory B cells, but it is necessary
for their long-term maintenance, via the upregulation of the
expression of BCL2 and autophagy genes, starting from the
transcription factors FoxO1 and FoxO3 (Chen et al., 2015).
Finally, autophagy has been demonstrated to be central in MHC-
II-dependent antigen presentation by B cells to CD4+ T cells.
In their role of APCs B cells can induce T cell tolerance and,
in case of presenting self-antigens, they can be involved in the
development of autoimmune diseases. Moreover, priming of
helper T cells by B cells provides instructive signals for B cells
terminal differentiation into memory or plasma cells secreting
high-affinity antibodies (Rodriguez-Pinto, 2005). In B cells as
APCs, autophagy is indeed implicated in the processing of
viral antigens for MHC-II-mediated presentation (Paludan et al.,
2005), and optimizes B cell receptor signaling in response to
nucleic acid antigens (Chaturvedi et al., 2008). Recently, it has
been reported that Atg5 is involved in B cell receptor trafficking
and in the recruitment of lysosomes and MHC-II compartment
in B cells, thus suggesting that autophagy may control the B
cell activation steps required for the humoral immune response
against particulate antigens (Arbogast et al., 2019).

AUTOPHAGY AND BRAIN
HOMEOSTASIS

It is well known that the development, survival and function of
nervous system strongly depend on autophagy, which plays a
crucial role to maintain neuronal homeostasis and functioning

(Yamamoto and Yue, 2014; Ariosa and Klionsky, 2016). In fact, as
post-mitotic cells, neurons cannot remove dysfunctional cellular
components by cell division. Conversely, they require specific
processes aimed to preserve their viability during lifetime. To
better understand the importance of autophagy for neurons,
we have to consider that differently from frequently replaced
cells, most of the neurons are generated during embryogenesis
and have to maintain their functionality for the entire lifespan
of the individual. The critical relationship between neurons
and autophagy is demonstrated by the detrimental impact of
the deletion from the neural lineage of specific Atg genes,
which results in cytoplasmic inclusions and increased risk
of neurodegeneration, even without concomitant pathological
processes. Moreover, growing evidence suggests the involvement
of autophagy in several pathologies characterized by neuronal
dysfunction without cell death. In line with these observations,
a better knowledge of the mechanisms underlying autophagy
in neurons would be crucial to develop potential therapeutic
strategies able to preserve and/or protect neuronal health.
Although in this review we aim to specifically describe the
involvement of autophagy in neuronal health and function, we
have to be aware that other cells of the nervous systems such
as glial populations, i.e., astrocytes, oligodendrocytes, Schwann
cells and microglia cells are under the control of this process
[for review (Kulkarni et al., 2018)]. The comprehension of the
mechanisms by which autophagy occurs within the nervous
system, both in neurons and in non-neuronal cells, may provide
crucial information to address autophagy as potential therapeutic
target. Table 4 summarizes the present understanding on the
role of autophagy in brain homeostasis, focusing on the genetic
or pharmacological approaches used to modulate the autophagic
process both in vitro and in vivo. All the data presented in Table 4
are deeply discussed in the sections below.

Autophagy and Neuronal Survival
The role of autophagy in neuronal survival has been
demonstrated by using mice and/or other models with whole-
body or conditional/selective knockouts of Atg genes. For
example, deletion of genes codifying proteins involved in the
formation of autophagosome within the nervous system such as
Atg5 and Atg7 caused axon swelling and neuron death (Hara
et al., 2006; Komatsu et al., 2006). Specifically, neuronal loss
was detected in the Purkinje cell layer of the cerebellum as well
as in the pyramidal cells of cerebral cortex and hippocampus
(Hara et al., 2006; Komatsu et al., 2006). Interestingly, inhibition
of autophagy was paralleled by increased ubiquitin-positive
aggregates, an effect restricted to neurons with no impact on the
surrounding glia (Hara et al., 2006; Komatsu et al., 2006). It is
important to note that the loss of autophagy differently affects the
various brain regions. For example, despite their susceptibility to
the consequences of compromised autophagy, Purkinje cells were
not characterized by aggregates (Hara et al., 2006). Degeneration
and death of Purkinje cells have been also observed in response
to neural-specific deletion of FIP200, a protein required for the
initiation of autophagosome formation (Hara et al., 2008). The
negative impact of autophagy loss was associated with behavioral
alterations such as cerebellar ataxia, motor deficits and even
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TABLE 4 | A summary of the current knowledge on the role of autophagy in the maintenance of brain behavior and functions.

In vitro genetic or
pharmacological modulation

Autophagy Cell type Biological effect References

FIP200–/– mouse embryonic
fibroblasts

↓ Embryonic fibroblasts Reduced autophagosome formation, cell degeneration Hara et al., 2008

Lymphoblastoid cell lines of ataxia
patients

↓ Lymphoblastoid cell lines ATG5 mutation Kim et al., 2016

ATG5 silencing ↓ Cortical neural progenitor
cells

Inhibited differentiation Lv et al., 2014

ATG7 or ATG16L1 silencing ↓ HEK cells Modulation of Notch signaling and stem cell differentiation Wu et al., 2016

In vivo genetic or

pharmacological modulation

Brain ATG5–/– mice ↓ Several brain regions Cerebral cortex atrophy, neuronal loss, motor and
behavioral deficits

Komatsu et al., 2006

Neural-cell-specific ATG5–/– mice ↓ Several brain regions Cell degeneration, protein aggregation, neurological
phenotype

Hara et al., 2006

Neural-specific conditional
FIP200–/– mice

↓ Cerebellum Reduced autophagosome formation, cell degeneration,
apoptosis, neuronal loss, protein aggregation,
mitochondrial impairment, cerebellar ataxia, animal lethality

Liang et al., 2010

Purkinje cell-specific conditional
ATG5–/– mice

↓ Purkinje cell Axonal swelling, autophagosome-like vesicles
accumulation, cell degeneration, ataxia

Nishiyama et al., 2007

Purkinje cell-specific conditional
ATG7–/– mice

↓ Cerebellum,
Purkinje cell

Axonal dystrophy, cell death, locomotion and motor
coordination impairment

Komatsu et al., 2007

ATG3–/– mice, ATG12–/– mice,
ATG16L1 mutant mice

↓ – Animal lethality Saitoh et al., 2008;
Sou et al., 2008;
Malhotra et al., 2015

ATG5–/– mice with re-expression of
ATG5 in the brain

– Brain Rescue of ATG5–/– mice Yoshii et al., 2016

Eva1a–/– mice ↓ Brain Impaired neurogenesis Wu et al., 2016

WDFY3 mutant mice ↓ Mitochondria Mitophagy, impaired mitochondrial function Napoli et al., 2018

Brain of ASds patients ↓ Temporal lobe, layer V
pyramidal neurons

Increased dendritic spine density, reduced developmental
spine pruning

Tang et al., 2014

Conditional neuronal ATG7–/– mice ↓ Pyramidal neurons Spine pruning defect, increased dendritic spines Tang et al., 2014

Dopamine neuron-specific ATG7–/–
mice

↓ Corticostriatal slices,
dopaminergic neurons

Abnormally large dopaminergic axonal profiles, increased
neurotransmitter release, rapid presynaptic recovery

Hernandez et al., 2012

Microglia-specific ATG7–/– mice ↓ Brain ASDs-like phenotype, increased dendritic spines and
synaptic markers, altered connectivity between brain
regions

Kim et al., 2017

Systemic administration of young
plasma into aged mice

↑ Hippocampal neurons Recovery memory deficits Glatigny et al., 2019

Drosophila brain ↓ Drosophila learning center
(mushroom body)

Memory impairment, increased metaplasticity Bhukel et al., 2019

Amitriptyline treated mice ↓ Hippocampal lysosomes Sphingomyelin accumulation, ceramide increase Gulbins et al., 2018

animal lethality (Hara et al., 2006; Komatsu et al., 2006; Liang
et al., 2010). Since Atg5 or Atg7 deletion affects both neuron
and glial cell precursors, neuron-specific knockout mice were
developed. Specifically, Atg5 or Atg7 genetic inactivation within
Purkinje cells caused gradual axon degeneration and neuronal
death paralleled by deficit in motor coordination (Komatsu
et al., 2007; Nishiyama et al., 2007). One of the most frequent
behavioral consequences of neuronal autophagy deficiency in
mice is neonatal lethality, an effect observed not only in response
to Atg5 deletion, but also in Atg3, Atg7, Atg12, and Atg16L1
null mice (Komatsu et al., 2005; Saitoh et al., 2008; Sou et al.,
2008; Malhotra et al., 2015). Recently, it has been demonstrated
that an almost complete rescue from neonatal lethality was
possible by re-expressing Atg5 only in neuron, suggestive of
neuronal dysfunction as the primary cause of neonatal lethality
(Yoshii et al., 2016).

As previously mentioned, in human autophagy deficiency
cell death has been associated with neurodegenerative disorders.
For example, childhood ataxia, a movement disorder linked
with degeneration of cerebellar Purkinje cells has been recently
demonstrated to be caused by a mutation in Atg5 that is able to
reduce autophagic flux (Kim et al., 2016). Similarly, mutations
in autophagy receptors and/or regulatory proteins have been
linked to several neurodegenerative diseases (Frake et al., 2015).
Most of these disorders such as Amyotrophic Lateral Sclerosis,
Alzheimer’s, Parkinson’s, and Huntington’s Diseases have been
characterized by neuronal autophagosomes accumulation (Nixon
et al., 2005; Son et al., 2012; Menzies et al., 2017). This effect
might be due to an unbalance between autophagosome formation
and clearance. Although the specific mechanism is currently
unknown, the latter hypothesis seems more feasible. Indeed,
neurodegenerative experimental models showed compromised

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 December 2020 | Volume 8 | Article 60290159

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-602901 December 5, 2020 Time: 21:23 # 13

Perrotta et al. Autophagy and Tissue Homeostasis

axonal transport and defective lysosomal function, alterations
that may affect the clearance ability leading to neuronal death
(Millecamps and Julien, 2013; Maday and Holzbaur, 2014;
Gowrishankar et al., 2015).

Autophagy and Neurogenesis
In the last years, there has been a growing interest in
the role of autophagy in the maintenance of neuronal stem
cells as well as in the proliferation of neural progenitors.
In particular, it has been reported that the developing
central nervous system (CNS) expresses core autophagy genes
(Wu et al., 2013) and that neurogenesis in the developing
embryo is regulated by autophagy (Kuma et al., 2017).
Specifically, neural progenitor cells (NPCs) in the embryonic
mouse cortex express Atg genes, whose silencing results in
reduced neuronal proliferation, altered growth and branching
of cortical neurons, increased cells in the subventricular
(SVZ) and ventricular zones (Lv et al., 2014). A similar
effect was found in another study using Atg16L1 mice, in
which reduced cortical plate and enlarged SVZ were observed
(Wu et al., 2016). Several mediators are thought potential
players of these effects. Specifically, it has been suggested
the involvement of the lysosome and ER- associated protein
EVA1 (transmembrane protein 166, TMEM166 protein) largely
distributed in the brain during neurogenesis and involved in
autophagy and apoptosis (Li et al., 2016). Loss of Nestin-
expressing neuronal stem cells (NSCs) and decreased self-
renewal and differentiation were observed in the cortex of EVA1
conditional knockout mice, effect due to the activation of mTOR
pathway (Li et al., 2016).

The role of autophagy in neurogenesis is supported by the
autosomal dominant human microcephaly observed in response
to mutations of specific autophagy genes (Kadir et al., 2016).
Specifically, the mutations are identified on a scaffolding protein
responsible for the degradation of ubiquitinated aggregate-prone
proteins by autophagy (Filimonenko et al., 2010) and clearance of
mitochondria via mitophagy (Napoli et al., 2018). Interestingly,
studies in Drosophila, reported that the expression of the mutant
protein is paralleled by a marked reduction of the brain volume
(Kadir et al., 2016).

Moreover, mild non-specific neurodevelopmental delay has
been associated with further mutations that result in truncated
proteins or missense heterozygous mutations and may lead to
microcephaly or macrocephaly, autism spectrum disorder, and
attention deficit hyperactivity disorder depending on the protein
domain in which the mutation occurs (Le Duc et al., 2019).

Interestingly, the main clinical abnormalities associated with
genetic mutations in autophagy genes are developmental delay,
cognitive decline, and functional deficits while only minor
structural alterations were observed [for detailed examination,
(Fleming and Rubinsztein, 2020)]. Nevertheless, further studies
are demanded to clarify the mechanisms underlying the impact
of these mutations.

Autophagy and Neuronal Plasticity
Despite the contribution of autophagy in the regulation of
developing nervous system, this process is critical also for

the mature nervous system. In particular, autophagy exerts
an important role in the maintenance of the so-called
neuronal plasticity: the ability of the neuronal cells to perceive,
respond and adapt to any internal or external, beneficial, or
detrimental stimulus. It is well-known that a variety of functions
require this capability: learning and memory, cognition, several
intellectual abilities, adaptive behaviors, injury repair. All these
behaviors involve structural remodeling of the neuron itself
and the circuits in which is involved trough axonal growth,
synaptic assembly, dendritic spine formation, and pruning
(Lieberman and Sulzer, 2020).

Again, major findings on the role of autophagy in neuronal
plasticity derive from studies with mutant animals for core
autophagy genes. For example, conditional knockout mice
with neuronal Atg7 deletion display pyramidal neurons with
increased dendritic spines due to spine pruning defect (Tang
et al., 2014). Moreover, Atg7 deletion in mouse dopaminergic
neurons induces not only structural alteration such as larger
axonal profiles but also enhanced stimulus-evoked dopamine
release and rapid presynaptic recovery, suggesting a potential
regulation of synaptic vesicle turnover (Hernandez et al., 2012).
As previously mentioned, given the mutual regulation between
neurons and glia, glial cells are involved in the synaptic
effect of autophagy.

Specifically, conditional Atg7-knockout mice shown impaired
synaptosome degradation, increased dendritic spines and
synaptic markers, and altered connectivity paralleled by
loss of microglial autophagy (Kim et al., 2017). The mutual
influence between autophagy and synaptic machinery has been
demonstrated by studies indicating that gain of function or
loss of function of the synaptic protein Bassoon may suppress
or enhance autophagy through direct interaction with Atg5
(Okerlund et al., 2017; Vanhauwaert et al., 2017). Moreover,
blockade of autophagy at the presynaptic terminal may be
obtained by deletion of the synaptic protein synaptojanin
(Okerlund et al., 2017; Vanhauwaert et al., 2017).

In support of the involvement of autophagy in memory,
it has been reported that it is possible to partially recover
memory deficit in aged animals by inducing autophagy. In
particular, the administration to old animals of plasma obtained
from young animals improved memory decline with the
involvement of bone-derived osteocalcin, a hormonal regulator
of hippocampal memory (Glatigny et al., 2019). A similar
effect was observed in Drosophila, where autophagy protects
from the memory impairment associated with the expansion
of the presynaptic active zone (Bhukel et al., 2019). Despite
these observations, exaggerate increased autophagy may be
deleterious, as suggested by the loss of pre- and post-synaptic
markers – index of proper synaptic function – in response to
the hyperactivation of the positive autophagy regulator, AMPK
(Domise et al., 2019). Further studies could be important to
clarify this issue, however, we have to keep in mind that
autophagy proteins may have a non-canonical function leading
to microtubule instability that may affect synaptic structural
plasticity (Negrete-Hurtado et al., 2020).

Given the role of compromised neuronal plasticity in
the etiopathology of several psychiatric disorders, deficit
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FIGURE 1 | Schematic representation of the role of autophagy in muscle, immune system, endothelium, and brain. Autophagy is a multi-step process that involves
phagophore formation from the endoplasmic reticulum-associated structure called omegasome or phagophore assembly site (PAS). This structure grows around the
material to be eliminated and forms a characteristic double-membrane vesicle called autophagosome. Mature autophagosome fuses with lysosomes to form
autolysosome wherein the material is digested by lysosomal hydrolases. Autophagy regulates many functions in each tissue analyzed, it is important for their
remodeling after stimuli or stress conditions and it is altered in many pathologic conditions.

in autophagy has been postulated to contribute to these
diseases. In this context, it has been evaluated the ability
of antidepressant drugs to modulate autophagy in different
preclinical settings. For example, it has been reported that the
Selective Serotonin Reuptake Inhibitor (SSRI) fluoxetine, as well
as the TriCyclic Antidepressant (TCA) amitriptyline, stimulate
autophagy through a mechanism involving the accumulation of
sphingomyelin in lysosomes and Golgi membranes and ceramide
in the ER (Gulbins et al., 2018). On the other hand, drugs able
to induce autophagy display in mice antidepressant properties,
suggesting that the ability to modulate the mood action might
also depend on autophagy (Kara et al., 2013). Other drugs, able
to reduce IP3 such as the mood stabilizers valproate, lithium,
and carbamazepine, induce autophagy via the same mechanism
(Sarkar et al., 2005).

As previously mentioned, this evidence clearly supports the
potential of autophagy as pharmacological target for several
diseases of the nervous systems, not only neurodegenerative but
also psychiatric.

CONCLUSIONS

Autophagy is often considered as a cell death mechanism in the
mammalian system, however, in the last decade, the thorough
characterization of macroautophagy at molecular level and the
development of reliable methods to monitor and manipulate
autophagic activity both in vitro and in vivo have led to
outstanding results in understanding the role of autophagy on
tissue pathophysiology.

As reported in this review, it is now clear that autophagy is
an essential process for the homeostasis of several tissues driving
their development, differentiation and ability to remodel after
stimuli or under stress conditions. Of note, autophagy alterations
are associated with many diseases in each tissue analyzed
uncovering the cardinal importance of both basal and inducible
autophagy for the maintenance of tissue homeostasis. With this
review, we provide a suitable framework of the importance of
autophagy in endothelium, muscle, immune systems and brain,
as schematically reported in Figure 1. These are very different
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tissues with a diverse organization and activity and it is worth
mentioning that, in each of these, autophagy is relevant and
crucial; thereby this should drive scientists to continue studying
autophagy in still unexplored fields or deepen some preliminary
observations to fully understand autophagy’s role.
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Increasing evidence suggests a strong interplay between autophagy and genomic
stability. Recently, several papers have demonstrated a molecular connection between
the DNA Damage Response (DDR) and autophagy and have explored how this link
influences cell fate and the choice between apoptosis and senescence in response to
different stimuli. The aberrant deregulation of this interplay is linked to the development
of pathologies, including cancer and neurodegeneration. Ataxia-telangiectasia mutated
kinase (ATM) is the product of a gene that is lost in Ataxia-Telangiectasia (A-T),
a rare genetic disorder characterized by ataxia and cerebellar neurodegeneration,
defects in the immune response, higher incidence of lymphoma development, and
premature aging. Importantly, ATM kinase plays a central role in the DDR, and it can
finely tune the balance between senescence and apoptosis: activated ATM promotes
autophagy and in particular sustains the lysosomal-mitochondrial axis, which in turn
promotes senescence and inhibits apoptosis. Therefore, ATM is the key factor that
enables cells to escape apoptosis by entering senescence through modulation of
autophagy. Importantly, unlike apoptotic cells, senescent cells are viable and have the
ability to secrete proinflammatory and mitogenic factors, thus influencing the cellular
environment. In this review we aim to summarize recent advances in the understanding
of molecular mechanisms linking DDR and autophagy to senescence, pointing out the
role of ATM kinase in these cellular responses. The significance of this regulation in the
pathogenesis of Ataxia-Telangiectasia will be discussed.

Keywords: ATM kinase, autophagy, senescence, ataxia-telangiectasia, DDR

INTRODUCTION

Autophagy is a highly conserved catabolic pathway necessary for the maintenance of cellular
homeostasis (Rubinsztein et al., 2011). Physiologically, autophagy acts as a quality control pathway
that eliminates damaged proteins and organelles. Instead, under stress conditions, it could induce
a programmed cell death called “autophagy-dependent cell death” (ADCD) (Rubinsztein et al.,
2011). Among autophagic pathways, selective mitochondrial degradation (mitophagy) and selective
peroxisome degradation (pexophagy), have emerged as important homeostatic mechanisms
(Wang and Wang, 2019). Overall, the autophagic pathway deregulation appears to be related
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to many biologic processes as cancer, cardiovascular diseases,
aging, and neurodegeneration, (Levine and Kroemer, 2008).

DNA damage response (DDR) is another essential pathway
in the control of cellular homeostasis (Jackson and Bartek,
2009). In response to DNA damage, cells activate a highly
conserved and complex kinase-based signaling network, to
safeguard genomic integrity (Jackson and Bartek, 2009). The
DDR pathway consists of a series of tightly regulated events,
starting from the detection of DNA damage, accumulation of
DNA repair factors at the site of damage, and finally physical
repair of the lesion. When DNA repair is unsuccessful, the
same DDR network that directs repair can induce senescence
or cell death (d’Adda di Fagagna, 2008; Ribezzo et al., 2016).
Deficiency of the DDR pathway underlies many human diseases,
including developmental disorders, neurodegeneration, cancer,
and immune disorders. Moreover, pharmacological inhibition of
DDR is often used in cancer treatment (Helleday et al., 2008).

Accumulating evidence has demonstrated a strong connection
between autophagy and DDR in the maintenance of cellular
homeostasis (Eliopoulos et al., 2016). Autophagy acts as a source
of energy during cell cycle arrest and during repair mechanisms,
under DNA damage conditions (Eliopoulos et al., 2016). On the
other hand, alterations in autophagy can enhance DNA damage
and can promote the onset of neurodegenerative disorders as
well as tumor development, highlighting the importance of
the crosstalk between autophagy and DDR pathways in the
maintenance of genomic stability (Eliopoulos et al., 2016). In
particular, activation of autophagy during DDR seems to play
an essential role in the outcome of senescence, disfavoring
the apoptotic response (Herranz and Gil, 2018). Conversely,
autophagy defects are linked to alteration of DDR, in particular
in senescence response (Hewitt and Korolchuk, 2017).

Ataxia-telangiectasia mutated (ATM) protein, a 350 kDa
evolutionarily conserved serine/threonine protein kinase, was
first identified as a central player in the DDR pathway (Shiloh
and Ziv, 2013). Now it is well known that ATM kinase is
activated also by several stimuli different from DNA damage
such as reactive oxygen species (ROS), reactive nitrogen species
(RNS), and starvation (Shiloh, 2014). Consistently, recent
evidence demonstrates critical cytoplasmic functions of ATM,
in addition to the classical functions in the nucleus in response
to DDR (Ditch and Paull, 2012). In the cytoplasm, ATM
has been shown to be located in peroxisomes, mitochondria,
and endosomes, and it participates in sensing oxidative
stress and in regulating cell metabolism and autophagy (Lee
and Paull, 2020). Consistently, among DDR kinases, the
ATM protein kinase has a unique, intriguing connection to
autophagy (Stagni et al., 2018; Liang et al., 2019). ATM
regulates autophagy not only upon DDR induction but
also in ROS-induced autophagy, mitophagy, and pexophagy
(Stagni et al., 2018). Interestingly, accumulating evidence
shows that ATM regulates cellular homeostasis upon DDR
and ROS induction through the autophagy-senescence axis
(Liang et al., 2019).

Here, we focus on the link between DDR and senescence,
pointing out the role of ATM kinase in the modulation of
autophagy as a bridging point between these cellular responses.

The significance of the deregulation of this equilibrium in the
pathogenesis of Ataxia Telangiectasia will also be discussed.

CROSSTALK BETWEEN DDR AND
AUTOPHAGY

As described above, it is well documented that autophagy is
induced by DNA damage, and it is required for several functional
outcomes of the DDR, such as DNA repair, senescence, and
cytokine secretion (Hewitt and Korolchuk, 2017). On the other
hand, alterations of autophagy have been shown to increase DNA
damage and to promote cancer and neurodegenerative disease
occurrence (Hewitt and Korolchuk, 2017).

On the molecular level, it is well demonstrated that the
DDR can trigger a rapid early induction of autophagy
mediated by posttranslational modifications (PTMs),
such as phosphorylation, ubiquitination, and acetylation
(McEwan and Dikic, 2011). Interestingly, recent papers
also report a slower, later induction of autophagy by DDR,
mediated by transcriptional or posttranscriptional programs
(Chen et al., 2020).

The first molecular player to be discovered between the
DDR and autophagy was p53 (White, 2016). p53 is a well-
known actor in the DDR pathway, and its role in this pathway
has been largely reviewed elsewhere (Shiloh and Ziv, 2013),
so it will not be discussed in this review. Recently, it has
been discovered that p53 has a dual function in the control of
autophagy: it can either activate or repress autophagy (White,
2016), depending on p53’s subcellular localization (Maiuri et al.,
2010). Nuclear p53 can induce autophagy through the inhibition
of mTOR by transcriptional upregulation of targets such as
AMPK, PTEN, and Sestrins (Tang et al., 2015). Conversely,
cytoplasmic p53 may inhibit autophagy through activation of
AMP-dependent kinase (AMPK) and the consequent activation
of mTOR independently of its transcriptional activity (Tasdemir
et al., 2008a,b). Autophagy, in turn, represses p53 levels and
function, significantly promoting tumorigenesis (White et al.,
2015). For example, in a mouse model of hereditary breast
cancer, allelic loss of Atg6/Beclin1 extends mouse survival and
suppresses tumor development, only when p53 is functional
(Huo et al., 2013).

Another important player of the DDR that is also strongly
involved in autophagy regulation is ATM kinase. Activation of
ATM after exposure to genotoxic and oxidizing agents causes
the repression of mTORC1 and the subsequent induction of
autophagy (Alexander et al., 2010a,b). Moreover, upon DNA
damage, ATM phosphorylates PTEN, promoting its nuclear
localization and inducing autophagy as well (Chen et al.,
2015). In addition, ATM sustains autophagy in breast cancer
stem cells as it can promote the expression of ATG4C
mRNA and protein (Antonelli et al., 2017). Consistent with
the positive role of ATM on autophagy induction, ATM
phosphorylates CHK2 and promotes FOXK nuclear export,
following DNA damage, as has been recently demonstrated.
In the process, phosphorylation prevents the inhibitory effect
of ATM on the expression of autophagic genes and provides
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a novel mechanism that activates transcription of ATGs
(Chen et al., 2020).

Interestingly, it has been demonstrated that the activation
of ATM in the cytosol plays an essential role in the regulation
of the autophagic response as well (Stagni et al., 2018). ATM
is activated in the cytosol by ROS and hypoxia and can
modulate autophagy through multiple molecular mechanisms.
For example, in hypoxic conditions ATM inhibits mTORC1
by the regulation of the hypoxia-inducible factor (HIF-1α)
transcription factor (Cam et al., 2010), while in response to ROS
ATM can regulate pexophagy, through the phosphorylation of
Pex5 (Zhang et al., 2015), and mitophagy through the modulation
of Beclin-1 (Valentin-Vega et al., 2012; Guo et al., 2020). Overall,
this evidence suggests that cytosolic functions of ATM are more
related to autophagy regulation than to the canonical nuclear
role, but how the balance between nuclear and cytosolic ATM
functions is regulated is still unknown.

While the regulation of autophagy by DDR proteins is well
documented, the molecular mechanisms behind the regulation
of DDR protein functions by autophagy still remain a matter
of debate (Eliopoulos et al., 2016). Some evidence suggests that
autophagy inhibits the DDR by eliminating misfolded protein
and damaged organelles (like mitochondria and peroxisome) that
could trigger DNA damage, genome instability, and metabolic
stress (Eliopoulos et al., 2016). Consistently, autophagy-deficient
cells accumulate ROS and mitochondrial dysfunction together
with DNA replication stress (Gomes et al., 2017). Moreover,
defective autophagy sensitizes cells to metabolic stress and
increases DNA damage (Rabinowitz and White, 2010; Gomes
et al., 2017). At the molecular level it has been shown that
loss of autophagy increases proteasomal activity resulting in
an enhanced degradation of checkpoint kinase 1 (CHK1), a
key enzyme for homologous recombination (HR) and increased
micronuclei and sub-G1 DNA, markers of diminished genomic
integrity (Liu et al., 2015). In addition, autophagy impairment-
dependent accumulation of p62 promotes a direct binding of p62
to DDR proteins to inhibit the recruitment of the DNA repair
proteins (Wang et al., 2016). Although the detailed molecular
mechanism involved in autophagy-dependent regulation of DDR
proteins is still largely unknown, a strong crosstalk occurs
between DDR signaling and autophagy in the regulation of
cellular homeostasis.

THE AUTOPHAGY-SENESCENCE
CONNECTION IN THE DDR: ROLE OF
ATM KINASE

The link between the DDR and senescence was first associated
with replication exhaustion at the end of the cellular lifespan, a
process called replicative senescence (d’Adda di Fagagna, 2008;
Rossiello et al., 2014). Telomere shortening is sensed by the
cells as a double strand of DNA breaks and thereby triggers
the activation of the ATM-p53 axis to elicit cell-cycle arrest
and to execute senescence. The same link was identified also
during persistent oncogenic signaling that triggers a powerful
senescence response, known as oncogene-induced senescence

(OIS) (Herranz and Gil, 2018). Enforced DNA replication
induced by oncogene activation results in DDR and ATM
kinase activation followed by activation of senescence, which
must be considered a barrier to transformation (Liu et al.,
2018). Interestingly, persistent DDR signaling mediated by ATM
activation has been reported to contribute also to the acquisition
of a proinflammatory senescence-associated secretory phenotype
(SASP). It has been recently demonstrated in a model of naturally
aged mice that activation of the ATM-NEMO-NF-κB axis is
necessary for senescence induction and SASP, which in turn
elicits DDR and SASP activation also in neighboring cells, thereby
creating a proinflammatory environment (Zhao et al., 2020).
Genetic or pharmacological inhibition of ATM reduces the
adverse effects of chronic DNA damage, impinging on cellular
senescence, improving stem cell functionality and extending
health span. Consistently, by using high-throughput screening
(HTS), the ATM inhibitor KU-60019 has been identified as
an inhibitor of senescence in normal aging cells, which shows
the importance of ATM kinase as an essential modulator of
senescence (Kang et al., 2017; Kuk et al., 2019).

It is clear that ATM kinase plays a central role in connecting
DDR to autophagy and DDR to senescence response, but whether
autophagy is connected to senescence through ATM kinase is still
debated. It has been demonstrated that the ATM-autophagy axis
is responsible for the induction of senescence and the protection
of cells against apoptosis upon DDR induction by anti-cancer
drugs (Beauvarlet et al., 2019). Indeed, ATM activation upon
G-quadruplex ligands (G4L) treatment drives cells to senescence
to prevent cell death through activation of the autophagic
pathway, pointing out the importance of ATM kinase as a
modulator of senescence response through the regulation of
autophagy (Beauvarlet et al., 2019). Consistently, disruption of
either ATM or autophagy following G4L treatment impairs the
induction of senescence and drives cells to apoptotic cell death
(Beauvarlet et al., 2019).

Conversely, ATM was demonstrated to promote the
acquisition of a senescent-associated secretory phenotype,
SASP, by inhibiting the selective autophagy of the transcription
factor GATA4 (Kang et al., 2015). Therefore, ATM could
promote cell senescence through activation or inhibition of
autophagy, probably depending on the cell type and on upstream
stimuli (Figure 1).

Interestingly, another point of complexity in this regulation
is that ATM kinase is essential for the regulation of autophagy
not only upon DDR but also upon oxidative stress, as
described above. The intracellular accumulation of oxidative
damage triggered by ROS is considered a major determinant
of senescence (Chandrasekaran et al., 2017). Recently it
has been reported that ATM could be necessary in ROS-
dependent senescence response induced by inhibitors of Vascular
Endothelial Growth Factor (Mongiardi et al., 2019). Interestingly,
autophagy is essential for the regulation of senescence upon
ROS induction (Cordani et al., 2019). High ROS levels induce
mitochondrial dysfunction and autophagy inhibition, which in
turn promote cell senescence and generate vicious loop cycles
in ROS production (Cordani et al., 2019). Given the central
role of ATM in autophagy regulation upon ROS induction we
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FIGURE 1 | ATM kinase induces senescence. DNA damage or ROS
stimulation activates ATM kinase respectively in the nucleus, to repair DNA
damage, and in the cytoplasm, to maintain intracellular homeostasis by
promoting the removal of damaged proteins and organelles. Both nuclear and
cytoplasmic ATM has been shown to be involved in the regulation of
autophagy either in a positive or negative way. ATM-dependent autophagy
results in senescence induction.

could speculate that this ATM-autophagy axis could regulate
senescence response also upon oxidative stress, but there is still
no experimental evidence about this possible connection.

In conclusion, ATM kinase could link DNA damage and
oxidative stress to autophagy, and this could be responsible for
the senescence outcome (Figure 1).

CONCLUSION

Ataxia-telangiectasia mutated is functionally inactivated in
a genetic rare disorder called Ataxia-telangiectasia (A-T)
(OMIM:208900). As we discussed above, it is clear that ATM
kinase, by regulating autophagy, plays a central role in the
induction of senescence and the suppression of apoptosis, both
upon DNA damage and oxidative stress. What is the role of
these pathways and of senescence in the development of the
A-T pathology?

Ataxia-Telangiectasia (A-T) is an autosomal recessive disorder
characterized by cancer susceptibility, radiation sensitivity,
cerebellar degeneration, and telangiectasia (Shiloh and Ziv,
2013). Importantly, neurodegeneration and immune system
defects in A-T have been regarded as a reflection of premature
aging observed in A-T patients [reviewed in Shiloh and
Lederman (2017)]. Evidence is growing that senescent cells
accumulate during aging, promote chronic inflammation, and
are associated with many age-related pathologies, including
cancer and neurodegenerative disorders. Despite the fact that
ATM kinase has been shown to promote senescence, the
loss of ATM expression in A-T cells triggers a senescent-like
phenotype as well (Table 1), including decreased replication

TABLE 1 | Summary of the key characteristics of senescent cells in A-T.

Senescent
phenotype in A-T

References

Decreased replication Shiloh et al., 1982; Metcalfe et al., 1996; Xia et al.,
1996; Smilenov et al., 1997; Wood et al., 2001; Naka
et al., 2004; Shiloh and Lederman, 2017

Telomeres shortening Shiloh et al., 1982; Metcalfe et al., 1996; Xia et al.,
1996; Smilenov et al., 1997; Wood et al., 2001; Naka
et al., 2004; Shiloh and Lederman, 2017

Increased IL-6, IL-8 McGrath-Morrow et al., 2016

Elevated Type-I
interferon levels

McGrath-Morrow et al., 2018

Chronic inflammation Zaki-Dizaji et al., 2018

SASP phenotype Gatei et al., 2001; Stern et al., 2002; Weizman et al.,
2003; Rashi-Elkeles et al., 2006.

capacity and shortening telomeres, as reported by several
studies (Shiloh et al., 1982; Metcalfe et al., 1996; Xia et al.,
1996; Smilenov et al., 1997; Wood et al., 2001; Naka et al.,
2004; Shiloh and Lederman, 2017). In addition, A-T patients
show increased levels of cytokines including IL-6 and IL-
8 (McGrath-Morrow et al., 2016), elevated levels of Type
I interferons (McGrath-Morrow et al., 2018), and chronic
inflammation (Zaki-Dizaji et al., 2018). More recently, the
upregulation of several genes associated with senescence and
malignancy in A-T cells has been reported (McGrath-Morrow
et al., 2020), consistently with the SASP phenotype and
with premature senescence in A-T (Gatei et al., 2001; Stern
et al., 2002; Weizman et al., 2003; Rashi-Elkeles et al., 2006;
Shiloh and Lederman, 2017; Table 1). Interestingly, anti-
inflammatory agents, such as betamethasone, can generate short-
term improvement in A-T symptoms (Leuzzi et al., 2015;
Hui et al., 2018).

Why do A-T cells show a senescent phenotype? The apparent
paradox between the role of ATM in the promotion of senescence
and the senescent phenotype of A-T cells may be explained by the
central role of ATM in the maintenance of cellular homeostasis
upon different stress induction, as previously outlined.

The senescent phenotype could be explained in part by the
fact that ATM-deficient tissues and cultured cells exhibit signs
of chronic stress and low-level DDR that could contribute to
SASP and senescence (Shiloh and Lederman, 2017; Sunderland
et al., 2020). In addition, although A-T is considered a genome
instability or DNA damage response syndrome and ATM is
predominantly present in the nucleus of most mammalian cells,
where it acts as an essential regulator of the DDR (Shiloh,
2014); several studies also supported the presence of ATM in
the cytoplasmic compartment, including cytoplasmic vesicles,
mitochondria, and peroxisomes, where ATM acts as a major
regulator of proteostasis upon its oxidative stress-dependent
cytosolic activation (Ditch and Paull, 2012; Lee and Paull, 2020).
Given the role of ATM in the regulation of autophagy upon ROS
induction (Stagni et al., 2018), we could hypothesize that not only
persistent DNA damage, but also high ROS in A-T cells could
contribute to premature senescence. The loss of ATM expression
in A-T, resulting in an aberrant response to stress, dramatically
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breaks the ATM-autophagy axis and therefore unbalances this
equilibrium, causing an accumulation of ROS, DNA damage, and
senescence. These features may contribute to the overall loss of
proteostasis and homeostasis control associated to this disorder
(Lee and Paull, 2020).

The investigation of the molecular interconnection between
ATM-autophagy and senescence will therefore support the
comprehension of A-T pathogenesis and may also contribute to
identify novel strategies to ameliorate patient’s management.
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The skeletal muscle tissue in the adult is relatively stable under normal conditions
but retains a striking ability to regenerate by its resident stem cells (satellite cells).
Satellite cells exist in a quiescent (G0) state; however, in response to an injury, they
reenter the cell cycle and start proliferating to provide sufficient progeny to form
new myofibers or undergo self-renewal and returning to quiescence. Maintenance of
satellite cell quiescence and entry of satellite cells into the activation state requires
autophagy, a fundamental degradative and recycling process that preserves cellular
proteostasis. With aging, satellite cell regenerative capacity declines, correlating with
loss of autophagy. Enhancing autophagy in aged satellite cells restores their regenerative
functions, underscoring this proteostatic activity’s relevance for tissue regeneration.
Here we describe two strategies for assessing autophagic activity in satellite cells from
GFP-LC3 reporter mice, which allows direct autophagosome labeling, or from non-
transgenic (wild-type) mice, where autophagosomes can be immunostained. Treatment
of GFP-LC3 or WT satellite cells with compounds that interfere with autophagosome-
lysosome fusion enables measurement of autophagic activity by flow cytometry and
immunofluorescence. Thus, the methods presented permit a relatively rapid assessment
of autophagy in stem cells from skeletal muscle in homeostasis and in different
pathological scenarios such as regeneration, aging or disease.

Keywords: autophagy, stem cell, satellite cell, skeletal muscle, regeneration, quiescence, flow cytometry,
immunofluorescence

INTRODUCTION

Skeletal muscle is formed by multinucleated myofibers and exhibits a remarkable capacity to
regenerate thanks to its resident stem cells, also called satellite cells (SCs) (Mauro, 1961).
These cells are characterized by the expression of the paired-box transcription factor Pax7
(Seale et al., 2004), and constitute the main source of new myonuclei for myofiber growth
and regeneration. In homeostasis, SCs are in a reversible G0 arrest state called quiescence and
present low transcriptional and metabolic activities. In response to muscle injury, SCs activate and
orchestrate a myogenic program to regenerate the damaged muscle (see detailed myogenic states
and markers in Figure 1). Activated SCs rapidly proliferate, and differentiate and fuse to form new
regenerating myofibers and reconstitute the muscle tissue. Alternatively, SCs undergo self-renewal
to replenish the quiescent stem-cell pool (revised in Evano and Tajbakhsh, 2018; Feige et al., 2018).
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FIGURE 1 | Scheme of the satellite cell myogenic program. SCs are normally in quiescence and enter a myogenic cycle upon stress conditions such as injury. In the
steady-state, they express Pax7. Activation of SCs can be determined by the co-expression of Pax7 and the myogenic regulatory factor MyoD. Proliferating SCs
later differentiate into differentiated/committed progenitors characterized by the downregulation of Pax7 expression and the induction of Myog expression. These
differentiated cells will eventually fuse into myofibers. A subset of the proliferating SCs will return to quiescence through the process of self-renewal.

SC regenerative functions decline with aging, and this decline
is maximal at geriatric age (Sousa-Victor et al., 2014). Likewise,
SC functions are altered in muscle diseases such as in the
severe Duchene muscular dystrophy (DMD) (Dumont et al.,
2015; Chang et al., 2018). Maintenance of the SC quiescent
state needs basal surveillance mechanisms to maintain the
cell’s proteome quality and overall homeostasis. The entrance
of SCs into an activated state in response to local muscle
damage requires rapid protein composition changes, eliminating
proteins involved in maintaining the quiescent state and
supplying new proteins involved in cell-cycle regulation and
differentiation. In particular, SC quiescence and activation
after injury both require macroautophagy (Tang and Rando,
2014; García-Prat et al., 2016). Macroautophagy (hereafter
called autophagy) is a regulated recycling mechanism that
dismantles unnecessary or dysfunctional cell components,
ranging from small macromolecules to full-sized organelles
(Mizushima and Komatsu, 2011).

The autophagy process is divided into sequential steps:
initiation and nucleation, elongation, maturation, fusion and
degradation (Figure 2). At the initiation of autophagy, a flat
membrane sheet known as phagophore surrounds cytosolic
components. This phagophore then elongates and seals
itself forming a double-membrane bound vesicle called the
autophagosome. Upon subsequent fusion with the lysosome, it
gives rise to the autolysosome, whose intracellular components
are rapidly degraded by the lysosomal hydrolases (Kroemer et al.,
2010; Pyo et al., 2012). Several autophagy-related genes (Atg)
products including the Atg8/Map1lc3b protein (microtubule-
associated protein 1 light-chain 3, hereafter referred to as
LC3) regulate autophagosome formation and maturation into
autolysosomes. LC3 is a cytosolic protein that is cleaved and
conjugated to phosphatidylethanolamine (PE) giving rise to
the membrane-bound form of LC3, also referred to as LC3-II,
the level of which is known to be correlated with the number
of autophagosomes (Lee and Lee, 2016). Moreover, LC3-II in
the autophagosome interacts with autophagy adaptors, such
as p62/Sqstm1, Ndp52, Optn, Nbr1, or Tax1bp1, that act as a

linkage between autophagosome and the substrate (Kirkin and
Rogov, 2019). In sum, through the autophagy process, targeted
cytoplasmic constituents are degraded in lysosomes.

Under metabolic stress, autophagy-mediated degradation of
cytoplasmic constituents supports energy balance (Klionsky,
2005; Klionsky et al., 2010; Mizushima and Komatsu, 2011).
Although autophagy was described in the beginning as a cellular
process induced by stress, it also functions at baseline under
quiescence in resting SCs, and this constitutive autophagic
activity appears to be indispensable for maintaining stemness
(García-Prat et al., 2016). Disruption of the autophagic
capacity by Atg7 genetic deletion in young SCs leads to
an increased accumulation of impaired mitochondria that
cause high ROS levels, provoking further damage to proteins
and DNA (García-Prat et al., 2016). Of interest, autophagy
induction is also observed during SC activation in vivo, and
blocking autophagy delays cell-cycle entry from the quiescent
state, with consequences for muscle regeneration (Tang and
Rando, 2014). Notably, the reported phenotype in autophagy-
deficient murine SCs from young animals partly recapitulates
the one observed in chronologically aged SCs (García-Prat
et al., 2016). In fact, in contrast to young SCs, old SCs
show defective autophagic activity. This autophagy failure ends
up in a progressive accumulation of harmful intracellular
waste, mainly composed of altered mitochondrial material,
which produces high oxidative stress and DNA damage,
leading to muscle stem cell senescence in very old (geriatric)
mice (Sousa-Victor et al., 2014; García-Prat et al., 2016).
Fiacco et al., recently showed that autophagy is induced
during the early, compensatory regenerative stages of DMD.
A gradual decline was observed throughout disease progression
in dystrophic mdx mice, coinciding with the functional
exhaustion of SC-mediated regeneration and accumulation of
fibrosis. Furthermore, pharmacological modulation of autophagy
could influence disease progression in mdx mutant mice.
In support of this notion, interventions that prolong the
activation of autophagy might be beneficial in treating DMD
(Fiacco et al., 2016).
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FIGURE 2 | Schematic model of the autophagy process. The process of autophagy includes four steps: (i) initiation/nucleation where the phagophore is formed and
starts engulfing the cargo, (ii) formation of the phagosome by elongation and maturation of the phagophore, (iii) fusion of the phagosome with the lysosome, and (iv)
degradation of the internal material by lysosomal hydrolases. Bafilomycin A1 is used to measure autophagy flux through the inhibition of autophagolysosome
formation.

Because quiescent SCs exist in low numbers in resting muscles,
are small in size, and have a low proportion of cytoplasm/nucleus
(consistent with their quiescent state), the study of dynamic
cytoplasmic processes, such as autophagy, in these cells is
therefore challenging. Here, we show different methods to study
autophagy in SCs, focusing on their quiescence state.

MATERIALS AND METHODS

Mice
C57BL/6 (wild type, WT) and GFP-LC3 (Mizushima et al., 2004)
mice were used in this study. All experiments were carried in
young (3–4 months old) male mice. Mice were kept in standard
cages with food and water ad libitum. All animals were sacrificed
between 9:00 and 10:00 am by cervical dislocation to avoid
circadian changes in autophagy (Solanas et al., 2017). All animal
experiments were approved by the Ethics Committee of the
Barcelona Biomedical Research Park (PRBB) and by the Catalan
Government, by the Animal Care and Ethics Committee of the
Spanish National Cardiovascular Research Center (CNIC) and,
by the Regional Authorities.

Satellite Cell Isolation by
Fluorescence-Activated Cell Sorting
Muscles were collected from fore and hind limbs in cold
DMEM (Gibco 41965-039) with 1% Penicillium/Streptomycin
(P/S) (15140-122) into 50 mL Falcon tubes. Any visible fat

and connective tissue were removed before mincing muscles
with scissors. Cleaned and minced muscles were collected into
a M tube (Miltelnyi Biotec, GentleMACSTM) and digestion
medium (8 mL) was added. Digestion medium was freshly
prepared with DMEM containing Liberase 0.1 mg/g muscle
weight (Roche, 5401127001), Dispase 0.3% (Sigma-Aldrich,
D4693-1G), 1% P/S, 0.4 µM CaCl2 and 5 µM MgCl2. M tubes
were placed onto Miltelnyi tissue dissociator under the program
37C_mr_SMDK_1. Once it finished, tubes were kept 5 min on ice
to sediment the sample and 5 mL of FBS (Sigma-Aldrich F7524)
was added to block the enzymatic digestion. Next, digested
muscles were transferred to a 50 mL Falcon tube and rinsed up to
40 mL with cold DMEM 1% P/S (Optional: cold DMEM can be
used to rinse M tubes in order to collect leftovers and transferred
to the same Falcon tube). Muscle homogenates were filtered
through 100 and 70 µm cell strainers (SPL Lifescience, 93100
and 93070) consecutively and centrifuged at 50 × g for 10 min
at 4◦C. The supernatant was collected in a new Falcon tube
and centrifuged at 600 × g for 10 min at 4◦C. The supernatant
was then discarded and the pellet was incubated for 10 min on
ice (protected from light) with 1 mL of 1X RBC lysis buffer
(eBioscience, 00-4333-57) to eliminate the excess of erythrocytes.
To stop the lysis, 30 mL of 1X PBS was added and filtered
through a 40 µm cell strainer (SPL Lifescience, 93040. Filtered
cell suspension was centrifuged at 600× g for 10 min at 4◦C and
after discarding the supernatant, the cell pellet was resuspended
in 1 mL of DMEM with 1% P/S to count the number of cells
for each sample.
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For antibody staining, cell suspension was centrifuged at
600 × g for 10 min at 4◦C and resuspended in cold FACS
buffer (1% P/S, 5% Goat Serum (Gibco, 16210-064) in 1X PBS)
containing antibody mixture at a ratio of 1 × 106 cells/100
µL antibody mixture for 1 h at 4◦C (protected from light).
The antibody mixture contained antibodies for negative and
positive selection of QSCs in FACS buffer. PE-Cy7-conjugated
anti-CD45 (Biolegend 103114), anti-Sca-1 (Biolegend 108114)
and anti-CD31 (Biolegend 102418) antibodies were used for
lineage-negative selection at a ratio of 0.5 µL antibody/100
µL FACS buffer. Alexa Fluor 647-conjugated anti-CD34 (BD
Pharmigen 560230) and PE-conjugated anti-α7-integrin (AbLab
AB10STMW215) were used for double-positive staining of QSCs
at a ratio of 3 µL/100 µL and 1 µL/100 µL FACS buffer
respectively. Optionally, single staining and FMO controls can be
included to set up correctly the gates. After staining, samples were
rinsed up to 30 mL of FACS buffer and centrifuged at 600 × g
for 10 min at 4◦C to wash the excess of antibodies. Samples
were then resuspended in 300 µL FACS buffer with DAPI
(1 µg/mL) (Invitrogen, D1306) to exclude dead cells. Finally,
Sca1−/CD31−/CD45−/CD34+/α7-integrin+ SCs were collected
into Eppendorf tubes containing 100 µL of collection medium
(Ham’s F10 (Biowest L0140-500), 1% P/S, 1% Glutamine (Lonza,
17-605E), 20% FBS) at 4◦C using a FACS Aria II (BD Biosciences).

Drug Treatment for Autophagy Flux
Determination in Quiescent Satellite
Cells
Prior to antibody staining and quiescent SC isolation by FACS,
samples (already resuspended in 1 mL of DMEM with 1% P/S)
were centrifuged at 600× g for 10 min at 4◦C. The cell pellet was
resuspended in 1 mL of collection medium. Each sample was split
into two new 2 mL Eppendorf tubes for Bafilomycin A1 (10 nM;
Sigma, B1793) or DMSO (vehicle; Sigma, D2540) treatment for
4 h at 37◦C 5% CO2. After drug treatment, antibody staining for
SC isolation was performed as mentioned above.

Drug Treatment for Autophagic Flux
Determination in Activated and
Proliferating Satellite Cells
Freshly sorted SCs were cultured on 15-well plastic slides
(µ-Slide Angiogenesis ibiTreat: Ibidi, 81506) previously coated
with collagen type I (Corning, 354236) in growth medium
[GM; collection medium supplemented with recombinant bFGF
(Preprotech, 100-18B, 0.0025 µg/mL)]. A total number of 3000
SCs per well were homogenously distributed plated. After 20 or
68 h in culture, cells were treated with Bafilomycin A1 at 10 nM
or DMSO during the last 4 h for activation and proliferation SCs
states. Cells were then fixed at 24 and 72 h respectively.

Flow Cytometry Analysis of Autophagy in
Quiescent Satellite Cells
Using GFP-LC3 reporter mice, GFP fluorescence signal was
recorded from at least 10.000 Sca1−/CD31−/CD45−/CD34+/α7-
integrin+ SCs in each sample. GFP-LC3 fluorescence positive
signal was determined comparing to the corresponding negative

control sample (wild-type sample without GFP fluorescence).
Median fluorescence intensity (MFI) of the whole GFP histogram
signal for SCs was analyzed. Autophagy flux was determined
as the relative change of GFP-LC3 MFI between DMSO and
Bafilomycin A1 treated samples.

Immunofluorescence and Image
Acquisition of Satellite Cells
Isolated quiescent SCs were plated onto 15-well plastic slides
(µ-Slide Angiogenesis ibiTreat: Ibidi, 81506). Prior to SC plating,
slides were coated with 0.1% Poli-L-Lysin (Sigma, P8920) in
distilled water (it can be reused) for 30 min at room temperature
(RT) and air-dried. For each sample, 3000 SCs per well were
seeded into the 15-well slides. Eventually, 1X PBS can be added
to the wells in order to ensure that the cell suspension is equally
distributed. To cytospin the cells, the slides were then centrifuged
at 50× g for 10 min.

For both cultured and quiescent SCs, the supernatant was
removed and cells were fixed with 30 µL of 4% PFA for 10 min
at RT. After fixation, two washes with 1X PBS were performed.
At this time point, slides can be stored with 1X PBS 0.05% azide
at 4◦C. It is recommended to fill completely each well and cover
them with parafilm to avoid PBS evaporation.

After fixation, slides were permeabilized with 0.5% Triton
X-100 (Sigma, T8787) for 15 min at RT and washed three times
with 1X PBS. Next, wells were incubated 30 min at RT with
blocking solution containing BSA (Sigma, A7906, 3 mg/mL) in
1X PBS. Primary antibodies (Table 1) were diluted in blocking
solution and incubated for 2 h at RT or overnight (O/N) at 4◦C.
Antibodies were removed and wells were washed three times with
1X PBS. Slides were incubated with secondary antibody solution
for 1 h at RT (Table 1). DAPI (1 µg/mL) or SytoxTM Green
(Invitrogen, S7020, 1/15000) were used for nuclear staining. Each
well was extensively washed three times with 1X PBS and finally

TABLE 1 | List of antibodies used in this article.

Antibody Company Reference Source Dilution

Anti-CD45 PE-Cy7 Biolegend 103114 Rat 0.5/100*

Anti-Sca-1 PE-Cy7 Biolegend 108114 Rat 0.5/100*

Anti-CD31 PE-Cy7 Biolegend 102418 Rat 0.5/100*

Anti-CD34 Alexa
Fluor-647

BD Pharmigen 560230 Rat 3/100*

Anti- α7-integrin PE AbLab AB10STMW215 Rat 1/100*

Anti-GFP Aves labs GFP-1020 Chicken 1/200

Anti-LC3 Nanotools 5F10 Mouse 1/100

Anti-MyoD Dako M3512 Mouse 1/200

Anti-Ki67 Abcam ab15580 Rabbit 1/200

Anti-Chicken FITC Aves Labs F-1005 Goat 1/500

Anti-Chicken Alexa
Fluor-405

Life Technologies Ab175674 Goat 1/500

Anti-Mouse Alexa
Fluor-647

Life Technologies A-31571 Donkey 1/500

Anti-Rabbit Alexa
Fluor-647

Life Technologies A-21245 Donkey 1/500

*SCs were previously diluted in a ratio of 1 × 106 cells/100 µL.
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Fluoromount-G R© (SouthernBiotech, 0100-01) mounting media
was added. Optionally, a drop of mineral oil can be added to the
top of the well for long-term storage.

Image Acquisition and Analysis of
Autophagy in Satellite Cells
Digital images were acquired using a Zeiss LSM 700 confocal
microscope with a Plan-Apochromat 63x/1.4 NA oil objective.
At least 25–30 SCs per sample were imaged using confocal
z-stack (0.5 µm interval). Zeiss LSM software Zen Black was
used for digital acquisition and Fiji software was used for further
image processing. As image preprocessing, gaussian smoothing
(radius = 0.4) and background subtraction (ball radius = 20)
were applied to the whole z-stack. Then, autophagosomes per
cell defined as GFP-LC3+ puncta were identified as individual
3D objects using the 3D Roi Manager plugin (Ollion et al., 2013).
Whenever possible, measurements were performed blindly.

Statistical Analysis
GraphPad Prism (GraphPad Software, Inc) software was used
for all statistical analysis. Data are presented as the mean ± the
standard deviation of the mean. Sample size (n) of each
experimental group was described in the corresponding figure
legend and all experiments were done with at least three
biological replicates. Normality was analyzed in each experiment
using Shapiro-Wilk tests and homoscedasticity to test variances
distribution was checked using the Fisher test. For normally
distributed data, two-tail unpaired Student’s t-test was performed.
Statistical significance was set at ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.

RESULTS AND DISCUSSION

Satellite Cell Isolation by FACS
The proper isolation of SCs is crucial for characterizing the
mechanisms involved in stem-cell quiescence maintenance
and/or regenerative functions. Several methods based on
fluorescence-activated cell sorting (FACS) using different cell
surface markers for positive and negative cell selection have been
optimized to isolate SCs (Sherwood et al., 2004; Joe et al., 2010;
Pasut et al., 2012; Liu et al., 2013). Here, we used a FACS protocol
based on CD45/CD31/Sca1 negative (Lin−) cells and µ7-
integrin/CD34 double positive cells (Lin−/µ7-integrin+/CD34+)
to isolate quiescent SCs from resting muscle (Figure 3A).

Autophagy Flux Determination in
Quiescent Satellite Cells
As autophagy is a multistep process (see Figure 2), identification
and quantification of autophagosomes within a cell at a
given time-point is insufficient to report this dynamic process.
Instead, the balance between the rate of autophagosome
generation and its incorporation into autolysosomes (i.e.,
autophagic flux) is the optimal way to assess autophagy
(Mizushima et al., 2010). Autophagy flux assays use inhibitors
of autophagosome incorporation into the lysosome to discern

between autophagosome formation and clearance. We have
used Bafilomycin A1 (BafA1), a vacuolar H+-ATPase inhibitor
that blocks vesicle acidification as well as fusion between
autophagosomes and lysosomes (Mauvezin et al., 2015).

The autophagy flux can be assessed by measuring relative
levels of p62 or measuring the ratio between the lipidated form of
LC3 (LC3-II) and the unconjugated form (LC3-I) (Kabeya, 2004)
from protein extracts (granted that enough material is available
to perform standard Western blotting). Unfortunately, the low
numbers of freshly isolated SCs per mg of muscle tissue and their
reduced cytoplasmic content, and therefore, low protein content,
make this option unfeasible unless the starting material is scaled
up (pooling tissue from several mice per experiment).

As quiescent SCs have a low cytoplasmic content, the
identification of autophagosomes within the cytoplasm is a
challenging task. We have set up an autophagy flux protocol
in SCs isolated from a GFP-LC3 reporter mouse line, in which
autophagosomes are labeled with GFP (green florescent protein).
Although freshly isolated SCs from steady-state skeletal muscle
are considered quiescent cells, one important point to consider
when studying the quiescent state ex vivo is the potential changes
induced in freshly isolated cells during the tissue’s mechano-
enzymatic disruption and subsequent isolation procedures,
particularly at the transcriptional level (Machado et al., 2017; van
Velthoven et al., 2017). Digested muscle was treated with BafA1
or vehicle (DMSO) for 4 h prior to quiescent SC isolation by
FACS (see “Drug Treatment for Autophagy Flux Determination
in Quiescent Satellite Cells” and scheme in Figure 3A for further
details). After SC isolation, the autophagy flux in quiescent SCs
was determined by monitoring the GFP-LC3 fluorescence levels
by flow cytometry. We observed an increase in the GFP-LC3
intensity upon BafA1 treatment (Figure 3B). To assess whether
this increase is due to an accumulation of autophagosomes,
we quantified the number of GFP+-autophagosomes in BafA1-
treated quiescent SCs by immunofluorescence, and found that
the number of GFP+-autophagosomes was increased in BafA1-
treated compared to vehicle-treated quiescent SCs (Figure 4A).

As GFP-LC3 reporter mouse strains may not be always
available, we determined the autophagy flux in quiescent SCs
isolated from WT mice by immunostaining the endogenous
LC3 in cells treated or not with BafA1 (Figure 4B). As for
GFP-LC3 reporter SCs, the number of autophagosomes was
increased in BafA1-treated compared to vehicle-treated quiescent
SCs (Figure 4C); moreover, similar autophagy flux ratios were
found in GFP-LC3 reporter and WT quiescent SCs (Figure 4C)
despite the higher background observed in endogenous LC3-
staining conditions. Of note, it should be feasible to combine
the GFP-LC3 fluorescence or the endogenous LC3 staining with
other autophagy markers such as p62 (adaptor protein) and
ubiquitin (in the cargo) aggregates to assess their potential
colocalization. Since p62 is a marker of damaged organelles to
be eliminated by autophagy and ubiquitin marks substrates for
elimination by autophagy or the ubiquitin-proteasome system
(UPS) (reviewed in Liu et al., 2016), the colocalization of LC3 with
these markers may serve to further assess autophagy defects or
autophagy flux impairments. Other lysosomal inhibitors can also
be used for the assessment of autophagy flux, including lysosomal
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FIGURE 3 | Satellite cell isolation by FACS and subsequent analysis of autophagy through flow cytometry. (A) Representative example of the FACS strategy and
gating scheme to isolate quiescent SCs (QSCs) rom resting muscles. (B) Representative example of histogram of LC3-GFP intensity (left panel) and analysis of the
mean fluorescence intensity (MFI) by flow cytometry (right panel) in QSCs treated for 4 h with vehicle (DMSO) or BafA1 prior to their isolation by FACS (n = 4).
Mean ± SD; two-tailed unpaired t-test. *p < 0.05.
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FIGURE 4 | Autophagy flux analysis in quiescent satellite cells by immunofluorescence. (A) Representative images of GFP+-autophagosomes (green) and nuclei
(blue) in freshly isolated QSCs from GFP-LC3 reporter mice (left panel) with the corresponding quantification of GFP-LC3+ puncta per cell (right panel). Treatment
with vehicle (DMSO) or BafA1 was performed for 4 h prior QSC isolation by FACS (n = 4). Scale bar, 2 µm. (B) Representative images of LC3-stained
autophagosomes and nuclei (blue) in freshly isolated QSCs from WT mice (left panel) with its corresponding quantification of LC3+ puncta per cell (right panel).
Treatment with vehicle (DMSO) or BafA1 was performed for 4 h prior QSC isolation by FACS (n = 3). Scale bar, 2 µm. (C) Comparison of autophagy flux in GFP-LC3
or WT QSCs. Autophagy flux was determined as the ratio of the number of autophagosome puncta in BafA1 treated QSCs divided by the number of
autophagosome puncta in vehicle (DMSO) treated QSCs (for GFP-LC3: n = 4; for WT: n = 3). Means ± SD; two-tailed unpaired t-test. ****p < 0.0001.

lumen “alkalizers” such as chloroquine or NH4Cl, as well as acid
protease inhibitors such as leupeptin (Yang et al., 2013).

Autophagy Flux Determination in
Activated and Proliferating Satellite Cells
We next analyzed the differences in autophagy flux in activated
and proliferating SCs compared to quiescent cells. Freshly FACS-
isolated SCs carrying the GFP-LC3 reporter were cultured for 24
and 72 h, corresponding to activation and proliferation states,
respectively (Figure 5A). At 24 h, the cell cycle marker Ki67
is only expressed in around 10% of SCs, indicating that most
SCs have not yet achieved the full proliferation state at this time
point. Concurrently, SCs start to express the myogenic regulatory
factor MyoD (Figure 5A). In contrast, at 72 h, most SCs (95%)
are actively proliferating and become immunopositive for Ki67
(Figure 5A). Cells were treated with vehicle or BafA1 for 4 h prior
to fixation and autophagy flux was measured by counting GFP-
LC3 autophagosomes in activated SCs (MyoD+ cells, after 24 h
culture) and in proliferating SCs (Ki67+ cells, after 72 h culture)
(Figures 5B,C). Autophagy flux was estimated as the difference
between autophagosome formation and degradation at a given
time-window. Since SCs differ in their cellular size along the
distinct myogenic stages, the number of autophagosomes upon

BafA1 treatment was divided by the number of autophagosomes
upon DMSO treatment for autophagy flux normalization, thus
reducing cell size-induced variability. We found that autophagy
flux was increased upon SC activation from quiescence, and this
increase was even higher at the proliferation stage (Figure 5D).

Autophagy flux was also analyzed in WT freshly FACS-isolated
SCs cultured for 24 and 72 h following the approach described in
Figure 5A. Immunostaining of endogenous LC3 was performed
for autophagosome detection and autophagy flux measurement
in SCs treated with vehicle or BafA1, showing an increase in the
number of autophagosomes in BafA1-treated SCs (Figures 5E,F).
Moreover, similar to what is observed in transgenic SCs
expressing the GFP-LC3 reporter, the highest autophagy flux
was found at the proliferation stage (Figures 5D,G). However,
although WT SCs showed a trend to increase their autophagy
flux upon activation, we did not obtain significant differences in
activated SCs with respect to their quiescent state (Figure 5G).
Of note, the ratios for autophagy flux during activation and
proliferation were smaller in WT SCs compared to transgenic SCs
(Figures 5D,G).

GFP-LC3 can be incorporated into protein aggregates (Hara
et al., 2006; Komatsu et al., 2006), and given that protein synthesis
(and probably protein aggregates) increases upon cell division,
the transgene would be more prone to be incorporated into
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FIGURE 5 | Autophagy flux analysis in activated and proliferating satellite cells by immunofluorescence. (A) Right panel: Scheme of the process followed for
autophagy flux assessment in (1) activated SCs (ASCs), characterized by the presence of MyoD protein and still lacking cell-cycle proteins such as Ki67, and (2)
proliferating SCs (PSCs), marked by the expression of the proliferative marker Ki67. Left panels: quantification of the percentage of MyoD+ and Ki67+ cultured SCs
at 24 and 72 h time points. (B,C) Representative images of GFP+-autophagosomes (green) and nuclei (blue) in ASCs (B) and PSCs (C) from GFP-LC3 reporter mice
(left panels) with the corresponding quantification of GFP-LC3+ puncta per cell (right panels). Treatment with vehicle (DMSO) or BafA1 was performed for 4 h prior
fixation (n = 3). Scale bar, 2 µm. (D) Autophagy flux represented as the ratio of GFP-LC3+ puncta in BafA1 and vehicle (DMSO) along SC myogenesis in vitro
(n = 3–6). (E,F) Representative images of LC3 + -autophagosomes (gray scale) and nuclei (blue) in ASCs (E) and PSCs (F) from WT mice (left panels) with the
corresponding quantification of LC3+ puncta per cell (right panels). Treatment with vehicle (DMSO) or BafA1 was performed as in panels (B,C) (n = 4). Scale bar, 2
µm. (G) Autophagy flux, depicted as the ratio of LC3+ puncta in BafA1 and vehicle (DMSO), along SC myogenesis in vitro (n = 4). Means ± SD; two-tail unpaired
t-test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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these aggregates in activated and proliferating SCs, mainly if the
reporter’s cellular levels are high. This possibility could explain
why the differences in autophagy flux ratios in WT and transgenic
SCs are higher upon SC cell cycle entry while remaining
more similar at quiescence. Moreover, the distinct background
observed with endogenous LC3 staining may also influence
autophagosome detection and subsequent ratio determinations.

In summary, despite the slight differences in determining
autophagy flux with both approaches, the autophagy activity
increases upon SC activation and consequent proliferation.
Therefore, the use of either GFP-LC3 reporter or endogenous
LC3 staining provides an easy and robust way to analyze
autophagy during SC myogenesis in vitro. Indeed, these results
are in agreement with previous observations demonstrating
a role for autophagy in quiescence maintenance and in
supporting cell survival and metabolic demands upon stem-
cell exit from quiescence and entrance into proliferation to
ensure successful muscle regeneration (Tang and Rando, 2014;
García-Prat et al., 2016).

CONCLUSION

The small proportion of SCs present in steady-state skeletal
muscle and their reduced cytoplasm in the quiescent state after
sorting, challenges the monitoring of autophagy in these cells.
The protocols reported here enable quiescent SC isolation by
FACS from resting murine skeletal muscle tissue using standard
laboratory equipment and allows us to study their autophagy
activity at distinct myogenic stages. We describe different
experimental strategies for autophagy flux determination by
either flow cytometry or immunofluorescence in quiescent SCs
and their activated and proliferating progeny. These methods
provide the scientific community with useful approaches
for assessing autophagy in scenarios in which autophagy is
genetically altered or in aging and disease conditions.
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Oleic acid (OA) is a component of the olive oil. Beneficial health effects of olive oil are

well-known, such as protection against liver steatosis and against some cancer types.

In the present study, we focused on OA effects in hepatocellular carcinoma (HCC),

investigating responses to OA treatment (50–300µM) in HCC cell lines (Hep3B and

Huh7.5) and in a healthy liver-derived human cell line (THLE-2). Upon OA administration

higher lipid accumulation, perilipin-2 increase, and autophagy reduction were observed

in HCC cells as compared to healthy cells. OA in the presence of 10% FBS significantly

reduced viability of HCC cell lines at 300µM through Alamar Blue staining evaluation,

and reduced cyclin D1 expression in a dose-dependent manner while it was ineffective

on healthy hepatocytes. Furthermore, OA increased cell death by about 30%, inducing

apoptosis and necrosis in HCC cells but not in healthy hepatocytes at 300µM dosage.

Moreover, OA induced senescence in Hep3B, reduced P-ERK in both HCC cell lines

and significantly inhibited the antiapoptotic proteins c-Flip and Bcl-2 in HCC cells but

not in healthy hepatocytes. All these results led us to conclude that different cell death

processes occur in these two HCC cell lines upon OA treatment. Furthermore, 300µM

OA significantly reduced the migration and invasion of both HCC cell lines, while it has

no effects on healthy cells. Finally, we investigated autophagy role in OA-dependent

effects by using the autophagy inducer torin-1. Combined OA/torin-1 treatment reduced

lipid accumulation and cell death as compared to single OA treatment. We therefore

concluded that OA effects in HCC cells lines are, at least, in part dependent on

OA-induced autophagy reduction. In conclusion, we report for the first time an autophagy

dependent relevant anti-cancer effect of OA in human hepatocellular carcinoma cell lines.

Keywords: lipid droplets, autophagy, fatty acids, cell death, cancer

INTRODUCTION

In the last years different research groups investigated the relationships between fatty acids and
solid tumors. Fatty acids are major components of biological membranes and play important
roles in the intracellular signaling pathways. They are chemically classified as saturated and
unsaturated (monounsaturated and polyunsaturated) fatty acids and their structure affects
their biological effects. One of the most abundant fatty acid is the monounsaturated fatty
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acid Oleic Acid (OA), representing the main component of olive
oil (70–80%). Olive oil has beneficial effects in counteracting
liver steatosis and cardiovascular diseases (Perez-Martinez et al.,
2011; Perdomo et al., 2015; Zeng et al., 2020). OA effects on
cancer cells are not completely elucidated although they seem
to be different depending on cancer cell types (Sales-Campos
et al., 2013; Maan et al., 2018). Upon OA administration in in
vitro set up, lipid droplets (LD) formation occurs within the cells
(Rohwedder et al., 2014) and inside these compartments neutral
lipids are concentrated with mechanisms still largely unclear
(Fujimoto et al., 2006). Most eukaryotic cells can store excess
neutral lipids within LD (consisting mainly of triglycerides and
cholesteryl esters), and release them when necessary, depending
on cellular needs. This property is particularly important in cells
exposed to feeding periods followed by starvation periods, such
as cancer cells (Jarc and Petan, 2019). In the present study we
investigated in vitro the effects of OA in HCC models. Previous
works have shown that OA treatment leads to a massive lipid
accumulation in hepatocytes cell lines (i.e., LO2 andHepG2 cells)
associated with cell viability reduction (Yao et al., 2011). We
tested whether OA affects lipid accumulation, autophagy and
cell death in different HCC cell lines compared to immortalized
healthy hepatocytes. Autophagy is a catabolic process essential
to maintain cellular homeostasis; it allows the turnover of
cellular components including LD (Giampietri et al., 2017).
In the autophagy-mediated lipolytic process, LD are associated
with the autophagosome protein microtubule-associated protein
light chain 3 (LC3) and then are delivered to lysosomes (Singh
et al., 2009). Therefore, autophagy plays a crucial role in LD
degradation regulating fatty acids mobilization. On the contrary,
autophagy impairment, achieved by genetic knockdown of
autophagy genes (i.e., atg5 or atg7), significantly increases hepatic
lipid stores (Amir and Czaja, 2011). Autophagy is the main
cellular response to nutrients deprivation (Denton et al., 2012)
and plays a dual role in neoplastic transformations (Mizushima,
2007; D’Arcangelo et al., 2018). Autophagy upregulation under
chemotherapy treatment may increase cancer cell survival (Ding
et al., 2011). Autophagy inhibition leads to cell death promotion
and cell growth inhibition, and its activation induces cell
proliferation in HCC (Chava et al., 2017). For such reasons
inhibiting the autophagy pathways might be crucial to induce
cancer cell death (Tomaipitinca et al., 2019). Relatively little
is known about the molecular mechanisms underlying the OA
effects in liver cancer cells and the role of autophagy (Li et al.,
2014; Maan et al., 2018). Evidences exist showing an inverse
relation in liver between levels of autophagy and perilipin-2, a
constitutive protein of LD. High levels of Perilipin-2 inhibit LD
degradation by decreasing autophagy while perilipin-2 deficiency
increases autophagy leading to LD breakdown (Singh et al., 2009;
Sanchez-Martinez et al., 2015; Tsai et al., 2017). Further evidences
demonstrated a direct relationship between OA and perilipin-
2 accumulation in tumors such as glioblastoma, confirming the
relationship between OA and LD storage (Taib et al., 2019).
Conversely, the role LD store plays on controlling HCC growth
is still partially unknown. In the present work we investigated
LD accumulation in HCC cell lines (Hep3B and Huh7.5) vs.
immortalized healthy hepatocytes (THLE-2) after OA treatment,
with a focus on autophagy role. We report an anti-tumor action

of OA in HCC and a specific OA effect on lipid accumulation,
viability, proliferation, migration and invasion, at least partially
dependent on reduced autophagy.

MATERIALS AND METHODS

Cells Culture and Reagents
Hep3B and Huh7.5 cell lines were kindly donated by Professor
Maria Rosa Ciriolo “Tor Vergata” University of Rome.

The two HCC cell lines display respectively deletion (i.e.,
Hep3B) or point p53 mutation (i.e., Huh7.5) as tumor suppressor
p53 is one of the most frequently mutated genes in liver
cancer (Rebouissou and Nault, 2020). Cells were cultured in
DMEM (Gibco-Invitrogen, Carlsbad, CA, USA) containing high
glucose enriched with 10% fetal bovine serum, glutamine (2
mmol/l), in presence of penicillin (100 U/ml) and streptomycin
(100µg/ml). Cells were maintained at 37◦C in a humidified
5% CO2 atmosphere. OA was purchased from Sigma-Aldrich
(Milano, Italy) and diluted with 0.1% NaOH, 10% delipidated
BSA (Sigma-Aldrich).

Control cell line (THLE-2) was purchased from the American
Type Culture Collection (ATCC, Manasses, VA, USA). THLE-
2 cells show phenotypic characteristics of normal adult
hepatocytes, are non-tumorigenic when injected into athymic
nude mice and do not express alpha-fetoprotein (Pfeifer
et al., 1993). THLE-2 were cultured with BEGM Bullet Kit
(Catalog No. CC-3170) from Lonza (East Rutherford, NJ,
USA). The Bullet Kit contains BEBM Basal Medium (CC-
3171 Lonza) and supplements. The final growth medium
consists of BEBM supplemented with 10% FCS, bovine pituitary
gland extract, hydrocortisone, epidermal growth factor (EGF),
insulin, triiodothyronine, transferrin, retinoic acid, 6 ng/
ml human recombinant EGF (Sigma-Aldrich) and 80 ng/
ml o-phosphorylethanolamine (Sigma-Aldrich). THLE-2 cells
require a special flask coating medium that consists of the
following reagents: a mixture of 0.01 mg/mL fibronectin from
human plasma (Sigma-Aldrich), 0.03 mg/mL bovine collagen
type I (Sigma-Aldrich) and 0.01 mg/mL bovine serum albumin
(Sigma-Aldrich) in BEBM medium.Before seeding, 3ml of
coating medium for a T-75 flask and 1ml of coating medium for
one 6-well plate were applied for 2min and then aspirated.

ATCC guidelines for culturing THLE-2 are available at:
https://www.lgcstandards-atcc.org/products/all/CRL-2706.aspx?
geo_country=it#culturemethod.

Hep3B, Huh7.5 and THLE-2 cells were cultured in T-75 flasks
and experiments were performed in 6-well plates. The day after
plating, cells were treated with OA at different concentration (50,
150, and 300µMOA) for the indicated time. Bafilomycin A1 was
purchased from Sigma-Aldrich and was used at 100 nM during
the last 3 h treatment. Torin-1 was purchased from (Tocris,
Bristol, UK) and was used during the last 4 h treatment at the
concentration of 250 nM for Hep3B and 500 nM for Huh7.5
cell lines.

Western Blotting
Cells were washed two times with pre-chilled PBS (Phosphate
Buffered Saline) purchased from Sigma-Aldrich and lysed. Lysis
Buffer 10x (Cell Signaling, Danvers, MA, USA) was diluted

Frontiers in Cell and Developmental Biology | www.frontiersin.org 2 February 2021 | Volume 9 | Article 62918285

https://www.lgcstandards-atcc.org/products/all/CRL-2706.aspx?geo_country=it#culturemethod
https://www.lgcstandards-atcc.org/products/all/CRL-2706.aspx?geo_country=it#culturemethod
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


Giulitti et al. Oleic Acid Counteracts Hepatocellular Carcinoma

in the presence of 2% SDS (Sodium Dodecyl Sulfate) and
proteases’ inhibitors (Sigma-Aldrich). Lysates were also sonicated
through a sonicator (Branson, Danbury, USA) for 10 s at 50%
amplitude. Lysates were then incubated for 10min on ice and
then centrifuged at 4◦C for 15min at 14,000 g to remove
cell debris.

Protein concentration was determined by micro BCA assay
(Pierce, Thermo Scientific, Rockford, IL, USA) and samples were
boiled at 95◦C for 5min following Laemmli Buffer addition
(0,04% Bromophenol blue, 40% Glycerol, 2% SDS, 20% ß-
mercaptoethanol, 250mM Tris HCl pH.6.8, all purchased from
Sigma-Aldrich) (Giampietri et al., 2006).

Proteins were separated by SDS–PAGE and transferred on
Polyvinylidene fluoride (PVDF) or Nitrocellulose membranes
(Amersham Bioscience, Piscataway, NJ, USA). Membranes
were probed using the following antibodies: anti-β-Actin-
HRP (Sigma-Aldrich 1:10,000); anti-Tubulin (Sigma-Aldrich
1:10,000); anti-LC3 (Cell Signaling 1:1,000); anti-Perilipin-2
(Sigma-Aldrich 1:500); anti-Cleaved caspase-3 (Cell Signaling
1:700); anti-PARP (Cell Signaling 1:1,000); anti-pERK (Cell
Signaling 1:1,000); anti-ERK2 (Santa Cruz, Santa Cruz, CA, USA
1:1,000); anti-Bcl-2 (Santa Cruz 1:500); anti-Flip (Cell Signaling
1:1,000); anti-Cyclin D1 (Santa Cruz 1:500); anti-PCNA (Santa
Cruz 1:500); anti-Srebp-1 (Santa Cruz sc-13551 1:50); anti PPAR-
gamma (Cell Signaling 2443 1:500).

Secondary antibodies were horseradish peroxidase-
conjugated anti-mouse or anti-rabbit (Bio-Rad, Hercules,
CA, USA). Membranes were washed with Tris-buffered saline
(Medicago, Uppsala, Sweden) with 0.1% Tween-20 (Sigma-
Aldrich) and developed through the chemiluminescence system
(Amersham Bioscience) on the ChemiDoc image analyser
(Bio-Rad, Hercules, CA, USA), Image lab software was used for
densitometric quantifications.

Oil-Red O Staining
Briefly, a stock oil red solution was prepared diluting 0.7 g Oil
Red O with 200mL isopropanol. A working dilution was then
obtained by mixing 6 parts Oil-Red O stock with 4 parts dH2O.
Cells were fixed with 10% formalin 5min at room temperature.
Then fresh formalin was added and incubated 1 h. After formalin
removal, cells were washed with 60% isopropanol 5min at
room temperature. After isopropanol removal, oil red working
solution was added for 10min. Cells were then washed with H2O
and analyzed immediately by light microscopy. The Axioskop
2 plus microscope (Carl Zeiss Microimaging, Inc., Milan,
Italy) was used. Images were obtained at room temperature
using AxioCamHRC camera (Carl Zeiss Microimaging, Inc.) by
Axiovision software (version 3.1, Carl Zeiss Microimaging, Inc.).
Then, the stained lipid droplets were dissolved in 1.5ml 100%
isopropanol 5min at room temperature and the absorbance was
measured at 500 nm to quantify neutral lipid accumulation.

Alamar Blue Assay
Alamar blue assay was performed using Resazurin sodium
salt solution (Sigma-Aldrich). Cells were cultured and treated
in 96-well plates as previously described, washed and then
Resazurin sodium salt solution was added for 4 h. The solution

was collected and detected using a luminometer (Promega,
Madison, WIS, USA) using 580–640 nm emission filter and
520 nm excitation filter.

Cell Viability Assay
Cell viability was performed by counting cells in the presence of
trypan blue. Cells were seeded on 6-well plates and incubated
at 37◦C in 5% CO2 overnight, then treated with different doses
of OA. After OA incubation, cells were detached, volume mixed
1:1 with trypan blue and counted. The percentage of trypan blue
positive-dead cells respect to the total cell number was expressed
as the viability rate.

Flow Cytometry Cell Cycle and Cell Death

Analysis
For cell cycle analysis, cells were treated with OA at a
concentration of 300µM for 48 h and then the cells were fixed
with 70% ethanol, washed three times with PBS and stained for
3 h at room temperature with PBS containing 20µg/mL RNase
A and 50µg/mL propidium iodide (PI). Around 10,000 cells
were analyzed using a CyAn ADP flow cytometer (Beckman
Coulter, Brea, CA, USA) and FCS express 5 (De Novo software,
Glendale, CA, USA). The experiment was performed three times
with consistent results.

Annexin Pacific Blue /PI kit (Termo Fisher Scientific,
Rockford, IL, USA) was employed for the detection of percentage
of cell death according to manufacturer’s instructions. Cells were
treated with OA at the different concentrations into a 6-well plate
at the density of 1 × 105 cells/well for 24 h. Double staining
was used to identify the cell membrane phosphatidylserine
externalization and PI uptake. The results are from three
independent experiments (n = 3). Samples were run on the
CyAnADP flow cytometer (Beckman Coulter) and analyzed with
FlowJo software, version 10.5.3.

Wound-Healing Assay
To evaluate cell migration we performed the wound-healing
assay using double well culture inserts (Ibidi GmbH,Martinsried,
Germany). Each insert was placed in a 24-well plate, 3.5 ×

104 cells were plated into both wells of each insert with 70 µL
medium containing 10% FBS. When cells were confluent, the
culture inserts were gently removed and cells were fed with
1% FBS DMEM (CTRL) or treated with OA 300µM (in the
presence of 1% FBS DMEM). Each well was photographed at
10× magnification immediately after insert removal, for the
measurement of the wound (cell-free) area (T0 area considered
as 100%), and after 24 and 48 h with a Nikon DS-Fi1 camera
(Nikon Corporation, Tokyo, Japan). The mean percentage of
residual open area compared with the respective cell-free space
taken at T0 was calculated using ImageJ v 1.47 h software. For
each experimental condition, three independent experiments
were performed.

Invasion Assay
To determine the invasion ability of HCC cell lines, transwell
membrane filters (8µM pore size) (Falcon, Corning, NY, USA)
coated by reduced growth factor matrigel (BD, Franklin Lakes,
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NJ, USA) were used. 1 × 105 cells were seeded in the upper
chamber with 1% FBS medium, 20% FBS medium was added
to the bottom chamber. Following 48 h incubation, the cells
were removed from the top surface of the membrane. The
invasive cells adhering to the bottom surface of the membrane
were fixed using 4% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA, USA) and stained with 600 nM DAPI
(Thermo Fisher Scientific, Rockford, IL, USA). The total number
of DAPI-stained nuclei of invading cells were counted under
a fluorescence microscopy by using ImageJ software in five
randomly chosen macroscopic fields per membrane. Each
experiment was performed in triplicate and was repeated at least
three times.

β-galactosidase Assay
All the experiments were performed using the beta-galactosidase
staining kit according to manufacturer’s instructions (Cell
Signaling Technologies - USA, Danvers, MA).

Briefly, 100,000 cells were plated on 35mm Petri dishes at
37◦C in 5% CO2 overnight, then treated with 300µM OA

for up to 48 h. Cells were fixed at 48 h, then 1ml of beta-
galactosidase staining solution was applied to each dish. Cells
were incubated overnight in a dry, CO2-free incubator, then were
examined under light microscope at 200x magnification. For the
quantification of β-galactosidase positive cells, a score from 1 to
3 was assigned to each cell based on color intensity. The average
of the scores of three microscopic fields from each Petri dish was
calculated and the values were divided by the overall number of
analyzed cells. Each experiment was performed in triplicate and
was repeated at least three times.

Statistical Analysis
All the experiments were repeated at least 3 times. Statistical
analysis was performed using Prism software (GraphPad). Values
are expressed as mean, with individual experiments data points
plotting. The statistical significance was determined performing
unpaired Student t-tests or One-Way Analysis of variance
(ANOVA). Student’s t-test was used for statistical comparison
between means where appropriate (two groups) and One-Way

FIGURE 1 | Neutral lipid accumulation upon OA treatment. Control (THLE-2), Hep3B and Huh7.5 cell lines treated with OA. In the left panels: images of the three cell

lines: Control, Hep3B and Huh7.5 stained with Oil-Red O after treatment with increasing doses of OA (50, 150, and 300µM). In the right end panels: quantification of

Oil-Red O eluates/cell number, upon treatment with increasing doses of OA (n = 3; *p < 0.05).
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FIGURE 2 | Autophagic flux and perilipin-2 modulation upon OA treatment in Hep3B, Huh7.5 and THLE-2 cell lines. (A) Control (THLE-2), Hep3B and Huh7.5 and cell

lines treated with OA increasing doses in the presence of bafilomycin A1. LC3II quantification reveals a significant reduction of autophagic flux upon high OA doses in

both HCC cell lines, but not in the healthy hepatocyte cell line. (B) Western blot analyses for perilipin-2, were performed. Perilipin-2 levels in both HCC cell lines are

increased in a dose dependent manner, while in Control cells perilipin-2 levels do not significantly increase upon 48 h OA treatment (n = 3; *p < 0.05; **p < 0.01).

ANOVA (three or more groups); P ≤ 0.05 was considered
statistically significant.

RESULTS

Lipid Accumulation Induced by OA

Administration
In order to evaluate the involvement of OA in the modulation of
neutral lipid accumulation in human hepatocellular carcinoma
and hepatocyte cell lines, we treated Control cell line (THLE-2),
Hep3B and Huh7.5 with increasing doses of OA (50, 150, and
300µM). Upon 24 h treatment, cells were fixed and stained with
Oil-Red O dye, which binds neutral lipids, such as triglycerides
and cholesterol esters. As shown by optical microscopy analyses,
the treatment with increasing doses of OA induced a consistent
relevant and dose-dependent Oil-Red O accumulation compared
to the basal level into the cytoplasm of bothHCC cell lines. Only a
slight Oil-RedO staining increase was observed in the control cell
line (Figure 1). Oil-Red O quantification by eluate absorbance

normalized by cell number, showed a dose dependent increase
with a significant value at 300µMOA vs. untreated cells in HCC.

Supplementary Figure 1 shows a similar increase of oil-red
staining at 48 h, suggesting that there is not a delay in lipid
accumulation, rather, a permanent increase is present in cancer
cells at 24 and 48 h.

Autophagic Flux and Perilipin-2 Modulation

Upon OA Treatment
Since autophagy is known to be involved in tumor metabolism
and in LD break-down, we investigated OA effect on autophagy.
We treated Control, Hep3B, Huh7.5 with increasing doses
of OA and bafilomycin A1. The presence of bafilomycin A1
allows to evaluate the autophagic flux (Klionsky et al., 2016)
by blocking the fusion between autophagosome and lysosome
and inducing autophagosomes accumulation. As shown in
Figure 2A, increasing doses of OA reduce the autophagic flux
in a dose dependent manner, in both HCC cell lines. On the
contrary, in the control cell line (THLE-2) OA shows no effect.
We speculate that the reduction observed in Figure 2 on Hep3B
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FIGURE 3 | OA reduces viability, cyclin D1 and PCNA in HCC cell lines. Cell viability assays and western blot analyses for Cyclin D1 and PCNA were performed. (A)

OA induced a significant dose-dependent reduction of cellular viability in HCC cell lines but not in healthy hepatocyte cell line, measured by Alamar Blue assay. (B)

Western blot Cyclin D1 and PCNA analyses showed that OA treatment induced a significant reduction of Cyclin D1 and PCNA levels in HCC cell lines, but not in

healthy hepatocytes cell line (n = 3; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).

and Huh7.5 may be associated with the parallel increase observed
in Figure 1, while the lack of effect in control cell line is
consistent in Figures 1, 2. In order to better understand the
relation between LD accumulation and autophagy, the levels
of perilipin-2 were investigated by western blot analyses upon
48 h OA administration. Perilipin-2 is located in LD peripheral
zone and its abundance is inversely related to autophagy level
in liver (Tsai et al., 2017). In Figure 2B perilipin-2 levels in

Control, Hep3B, and Huh7.5 cell lines are shown. 48 h OA
treatment led to a significant and dose-dependent increase
of perilipin-2 levels in both HCC cell lines. Metabolic and
inflammation related targets (Zhong et al., 2018; Gnoni et al.,
2019) were differently modulated in HCC cells as compared
to control cells thus indicating that OA exerts different effects
in healthy vs. HCC cells as a consequence of different lipid
accumulation (Supplementary Figure 2).
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FIGURE 4 |

(Continued)
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FIGURE 4 | OA increases cell death in HCC cell lines but not in healthy hepatocyte cell line. Dead/total cells percentage ratio, western blot analysis for the cleaved

forms of caspase-3 and PARP, cytofluorimetric analysis for Ann V/PI as well as β-galactosidase staining were performed. (A) Trypan blue staining showed that OA

treatment induced cell death in both HCC cell lines, but not in healthy hepatocytes cell line. (B) Western blot analysis for the cleaved forms of caspase-3 and PARP

(Continued)
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FIGURE 4 | proteins showed that 300µM OA induced apoptotic cell death in Huh7.5 cell line. (C,D) Cytofluorimetric analysis for Ann V/PI staining of Hep3B and

Huh7.5 cell lines cultured with different concentration of OA (50, 150, and 300µM). The strategy of cytometric analysis is showed on the left: representative dot plots

from five different experiments, by using PI staining alone for gating Ann V + / PI + cells. On the right, histograms of Ann V – / PI + necrotic cells (fold increase) of

Hep3B and Huh7.5 cell lines showed that 300µM OA significantly induces necrosis in Hep3B (n = 3; *p < 0.05; **p < 0.01). (E) β-galactosidase staining for Control

cell line and Hep3B was performed. Images and graphs revealed that 300µM OA treatment induced significant increase of senescence phenotype in Hep3B but not

in Control (n = 3; *p < 0.05).

These results show that OA treatment directly affects
perilipin-2 expression in hepatocellular carcinoma cell lines,
correlating with both neutral lipid accumulation and autophagic
flux reduction.

Viability and Cell Death Upon OA Treatment
Control, Hep3B and Huh7.5 cells were treated with OA for 48 h
to investigate OA effects on viability and cell death. Alamar Blue
assay showed a specific dose-dependent reduction of cellular
viability in both HCC cell lines (Figure 3A). Also, OA-dose-
dependently reduced the expression of the proliferation markers
cyclin D1 and PCNA in both HCC cell lines but not in healthy
controls (Figure 3B).

Then, we evaluated cell death by trypan blue cell staining.
Forty-eight hours OA treatment induced a significant cell
death in both HCC cell lines, but not in the Control cell
line (Figure 4A). Finally, we investigated two markers of the
apoptotic pathway, namely, caspase-3 and PARP. Western
blot analyses show that both Caspase-3 and PARP are
activated by cleavage in Huh7.5 cell line upon 300µM OA
treatment (Figure 4B). Conversely in Hep3B and in Control
cells no increase of the active form of Caspase-3 proteins
has been observed. Nevertheless, a small sub-G1 population
is observed through Flow Cytometry cell cycle analysis after
PI staining, suggesting a week apoptotic response in Hep3B
(Supplementary Figure 3).

We also carried out cytofluorimetric analyses with Annexin
V-FITC/PI. As shown in Figures 4C,D, increasing doses of
OA significantly increase necrosis in Hep3B but not in in
Huh7.5. Necrosis appears as a dose dependent effect of OA
treatment in Hep3B but not in Huh7.5. Finally, as shown
in Figure 4E, 300µM OA treatment significantly induced a
senescence phenotype in Hep3B cell line, but not in Control
cell line.

We therefore concluded that OA may induce cell death and
senescence pathways in HCC cell lines.

p-ERK and Anti-apoptotic Proteins

Modulation Upon OA Treatment
We then investigated p44/p42 MAPK (ERK1/2) phosphorylation
after 48 h OA treatment since reduction of ERK phosphorylation
in the Thr202/Tyr204 has been related to reduced proliferation
and increased cell death (Hennig et al., 2010). Western blot
analyses (Figure 5A) show that increasing OA concentrations
dose-dependently reduce p-ERK in both HCC cell lines but not
in the healthy controls.

To further investigate OA-induced cell death pathways, we
treated Control, Hep3B and Huh7.5 cell lines for 48 h with
300µMOA.Western blot analyses revealed that OA significantly

down-regulated the expression of anti-apoptotic proteins c-Flip
(Figure 5B) and Bcl-2 (Figure 5C) in both HCC cell lines but
not in the heathy cells. These data highlight OA as a possible
inducer of cell death processes in HCC by modulating cell death
regulators (Tsujimoto et al., 1997; Giampietri et al., 2014). Our
results are in agreement and extend previous results obtained
in different cellular models showing Bcl-2 reduction upon OA
treatment (Jiang et al., 2017).

OA Reduces Migration and Invasion of

Both HCC Cell Lines
We then performed wound-healing assays to evaluate cell
migration. Representative images are shown in Figure 6 at
different times after wound scratch. The percentage of uncovered
area at different time points represents the different wound
recovery ability of Control, Hep3B and Huh7.5 cell lines.
Hep3B cells display higher ability to cover the plate as
compared to Huh7.5. Such result is in agreement with previous
data demonstrating higher Hep3B cell line aggressiveness as
compared to other HCC cell lines (Slany et al., 2010; Qiu et al.,
2015). OA (300µM) significantly reduces the migration of both
HCC cell lines (Figures 6B,C) as compared to healthy cells
(Figure 6A). OA appears to be more potent on Hep3B cells, thus
indicating the potential utility of OA in aggressive setup.

We then evaluated the OA effect on invasiveness in transwell
invasion assays. As shown in Figure 6D, a significant 70-to-80%
reduction of invasion after 300µM OA treatment is observed in
both HCC cell lines.

The Autophagy Activator Torin-1 Reduces

OA-Induced Lipid Accumulation and Cell

Death
We then further analyzed the autophagy under OA treatment.
Hep3B and Huh7.5 cells were treated with OA combined with
torin-1 in the presence of bafilomycin A1. As expected, combined
OA/torin-1 treatment increases the autophagic marker LC3II
in both HCC cell lines as compared to OA alone (Figure 7A).
A significant reduction of neutral lipid accumulation was
observed, as compared to single OA treatment in HCC cell lines
(Figure 7B). Interestingly, the neutral lipid storage reduction
parallels the significant cell death decrease (Figure 7C).

We concluded that OA-induced neutral lipid accumulation
and cell death are both dependent on autophagy impairment
since the combined OA/torin-1 treatment is able to reduce
lipid accumulation and cell death; therefore, OA-dependent anti-
tumor effects are dependent, at least in part, on autophagy
reduction in HCC cell lines.
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FIGURE 5 | OA significantly reduces ERK phosphorylation and anti-apoptotic proteins in HCC cell lines. (A) Western blot analyses show that p-ERK levels are

significantly decreased upon 300µM OA treatment in both HCC cell lines, but not in Control cell line. (B) c-Flip levels are significantly reduced in both HCC cell lines,

but not in the healthy cells. (C) Bcl-2 protein expression is significantly decreased in both HCC cell lines but not in the healthy cells. (n = 3; *p < 0.05).
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FIGURE 6 |

(Continued)
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FIGURE 6 | OA reduces migration and invasion of both hepatocarcinoma cell lines. Wound-healing assay on Control (A), Hep3B (B), and Huh7.5 (C) cell lines were

performed. Representative phase-contrast images wound-healing assay (scratch test) taken at different time points (0, 24, and 48 h) after 300µM OA treatment are

shown. Quantitative analysis of the percentage of uncovered area at 48 h revealed a statistical significance difference in both HCC cell lines after OA treatment, while

no differences in Control cell line were observed upon OA treatment (n = 3; *p < 0.05; **p < 0.01). (D) Invasion assay of Hep3B and Huh7.5 cell lines was performed.

Top: significant reduction of invading cells percentage after 48 h OA treatment in both HCC cell lines. Bottom: Representative images of Hep3b and Huh7.5

DAPI-stained nuclei after 300µM OA treatment are shown (n = 3; ***p < 0.001; ****p < 0.0001).

DISCUSSION

In the last recent years different studies highlighted the role of
lipids in tumor progression, namely, in hepatocellular carcinoma.
This cancer type, like other tumors, exploits lipid reservoirs to
promote its progression (Borchers and Pieler, 2010). OA displays
important beneficial effects on the liver, by reducing hepatic
steatosis and fibrogenesis. OA plays a positive role in the primary
prevention of non-alcoholic fatty liver disease (NAFLD). Intake
of monounsaturated fatty acids such as OA, may be beneficial for
NAFLD patients, as opposed to the intake of carbohydrates, thus
reducing the potential risk to develop HCC (Assy et al., 2009). In
addition, the effects of OA in different cancer processes are well-
known. OA promotes the growth of highly metastatic tumors (Li
et al., 2014) while it induces cell death in low metastatic tumors
(Carrillo et al., 2012). OA has been also shown to exert anti-
cancer effects in tumors inducing lipotoxicity (Yao et al., 2011).
In the present study we investigated the involvement of OA in

counteracting HCC growth with a particular focus on autophagy.

We addressed this issue on two different HCC cell lines vs.
healthy hepatocytes. The two HCC cell lines differ in their
morphology, growth and cisplatin sensitivity (Qin and Ng, 2002).

Since fatty acids are able to determine LD accumulation in

HCC (Jarc and Petan, 2019), we evaluated neutral lipids and
LD content. Surprisingly, we observed (Figure 1) a significant
increase in neutral lipid storage in both HCC cell lines, but not in
the healthy hepatocyte cell line at 300µM OA, assayed through
Oil-Red O staining. We therefore concluded that HCC cell lines

display higher attitude to accumulate neutral lipids in LD as
compared to healthy cells. As shown in Figure 2 we also found a
specific reduction of autophagy marker LC3II and increased LD
marker perilipin-2 in HCC thus hypothesizing that autophagy
reduction underlies higher LD and neutral lipid accumulation in
HCC upon OA administration. An inverse relationship between
perilipin-2 and autophagy levels is known to occur in the liver
(Tsai et al., 2017) in agreement with our OA-induced effects.

Reduced Alamar Blue staining in both HCC cell lines upon
OA treatment as well as significant cyclin-D1 and PCNA decrease
in both HCC cell lines (Figure 3) suggest the role of OA as a
negative regulator of proliferation in HCC cell lines. Previous
studies reported cell proliferation inhibition and apoptosis
induction after OA administration in carcinoma cells (Carrillo
et al., 2012). In previous works unsaturated fatty acid oleate
(an oleic acid-derived salt) induces (Vinciguerra et al., 2009;
Park et al., 2018) or inhibits (Arous et al., 2011; Li et al., 2013)
HepG2 cell proliferation in a concentration-dependent manner,
with a mechanism only partially elucidated. We report here that
increasing doses of OA reduce viability and increase cell death
(Figure 4) in both HCC cell lines. OA activates the apoptotic
process in Huh7.5 but not in Hep3B and increases necrotic
cell percentage in Hep3B but not in Huh7.5. Such data agree
with previous observations indicating that OA, among many
beneficial functions, can induce cell death through apoptotic
(Jiang et al., 2017) and non-apoptotic pathways (Yamakami et al.,
2014). Remarkably, as described by Magtanong et al. (2016)
there are several non-apoptotic cell death pathways activated
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FIGURE 7 | Torin-1 partially reverts the OA-induced effects in HCC cell lines. (A) Autophagic flux modulation upon combined OA and torin-1 treatment in both HCC

cell lines. Western blot analyses for HCC cell lines treated with 300µM OA plus torin-1 in the presence of bafilomycin A1 were performed. LC3II quantification

confirms that torin-1 activates the autophagic flux after OA treatment in both HCC cell lines. (B) Hep3B and Huh7.5 cell lines were treated with OA (300µM) and

torin-1. Oil-Red O-eluates/cell number of Hep3B and Huh7.5 cell lines are shown. OA induced a significant accumulation of neutral lipids in both HCC cell lines; the

simultaneous presence of torin-1 significantly decreased the accumulation in both HCC cell lines. (C) Cell counts with trypan blue staining were performed. Dead/total

cell percentage ratio showed that OA treatment induced cell death in both HCC cell lines; the simultaneous presence of torin-1 significantly reduced the percentage of

dead cells in both HCC cell lines (n = 3; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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by OA, such as necroptosis. OA is known to modulate cell
death by altering lipid metabolism or by altering membrane lipid
composition (Fontana et al., 2013; Ning et al., 2019).

Recently, Bosc et al. (2020) demonstrated that autophagy
regulates fatty acids availability through mitochondria-
endoplasmic reticulum contact sites and this event occurs
mainly in cancer cells. The metastatic potential of cancer cells is
related to genes involved in fatty acids synthesis and intracellular
lipids storage. Therefore, modulation of lipid accumulation,
function of enzymes dedicated to LD digestion, and fatty
acids availability play together a role in tumor progression
(Sanchez-Martinez et al., 2015; Giampietri et al., 2020). In
fact, lipid metabolism generates a high energy support used
by cancer cells to grow and metastasize. It is important to
note that OA accumulates inside the cell as triglycerides and
cholesterol esters, resulting in LD formation, i.e., cellular
organelles important in lipotoxicity control (Wen et al., 2013;
Petan et al., 2018). Interfering with LD accumulation leads to cell
death in fibroblasts exposed to the otherwise non-toxic oleate
(Listenberger et al., 2003).

We report here a senescent phenotype in β-galactosidase
stained Hep3B after OA treatment (Figure 4). This result is
in accordance with our data showing that Hep3B cell line
does not undergo apoptosis but necrosis after OA treatment.
Different factors are known to regulate cellular senescence
and cells displaying G1 or G2 phase increase with S-phase
reduction may enter a senescent state becoming resistant to
apoptotic signals and undergoing necrosis (Kastan and Bartek,
2004; Gire and Dulic, 2015). Furthermore, senescence observed
on OA-treated Hep3B is in accordance with previous reports
demonstrating OA as a mild senescence inducer (Iwasa et al.,
2003; Yamakami et al., 2014). Further studies are underway to
further evaluate cell death processes induced by OA in HCC
cell lines. We therefore concluded that in our experimental
setup OA activates both apoptotic (Jiang et al., 2017) and
non-apoptotic pathways (Assy et al., 2009), depending on
cell type.

We observed that OA treatment displays significant reduction
of c-Flip and Bcl-2 in both HCC cell lines but not in the
healthy hepatocyte cell line (Figure 5). Wang et al. described the
anti-apoptotic role of both these proteins in the liver (Wang,
2015). It is well-known that c-Flip has multiple roles, modulating
apoptosis, autophagy and necrosis (Safa, 2013). Its up-regulation
was correlated with a poor clinical outcome in many pathological
conditions including cancer. Moreover, agents or molecules
able to inhibit c-Flip expression are of potential therapeutic
interest (Safa, 2013). Bcl-2 is known for its properties in cell
death modulation and OA has been shown to reduce Bcl-2
expression levels in tongue squamous carcinoma cells (Jiang et al.,
2017). In accordance with our results showing OA-dependent
cyclin D1 decrease and cell death activation, we also found
dose-dependent OA p-ERK reduction, reported in Figure 5.
This finding parallels results obtained in tongue squamous cell
carcinoma cells, where dose-dependent OA treatment reduced p-
ERK1/2 (Jiang et al., 2017). In the present study OA significantly

reduced the migratory capability of HCC cells as compared to
Control cells (THLE-2) and reduced the number of invading
cells in both HCC cell lines (Figure 6). Hep3B cells display
higher ability to cover the scratch respect to Huh7.5 cells.
This difference between the two cell lines is in agreement with
previous data indicating higher aggressiveness of Hep3B cell line
vs. other HCC cell lines. Taken together these data supported
the hypothesis that OA, by negatively modulating the autophagic
flux, counteracts the aggressiveness and invasiveness of Hep3B
and Huh7.5 cell lines.

OA treatment in hepatic cell lines like HepG2 or immortalized
hepatocytes induces lipid accumulation and represents an in vitro
model of liver disease (Lim et al., 2020). Under our experimental
conditions, OA treatment induces lipid accumulation as expected
in healthy cells (THLE-2), although at a lower extent as compared
to cancer cells (Hep3B and Huh7.5). This suggests a beneficial
role of OA in cancers cells since the higher lipid accumulation
observed in cancer cells leads to cell death and to reduced
proliferation, migration, and invasion. We demonstrate that this
is likely related to autophagy flux reduction in cancer cells. These
results agree with Li et al. (2013), who demonstrated that reduced
invasiveness of HCC cells (HepG2 and BEL7402) is related
to a negative modulation of autophagy. To verify the role of
autophagy in OA-dependent effects, HCC cells were treated with
OA and analyzed for LD content in the presence of the autophagy
inducer Torin-1 (a mTOR kinase inhibitor). The results shown
in Figure 7 led us to conclude that 300µM OA-induced
LD accumulation and cell death are both, at least partially,
dependent on autophagy impairment since the combined
torin-1/OA treatment reduces LD and cell death. Previous
studies demonstrated that OA treatment reduces autophagy in
Hepa1c1c7 mouse hepatoma cell line (Ning et al., 2019); also
the saturated palmitic acid (PA) impairs autophagic-flux in a
time-dependent manner in liver HepG2 cells (Korovila et al.,
2020). Furthermore, OA was previously shown to exert different
effects in HepG2 cells at different concentrations (Pang et al.,
2018). In particular LD accumulation and apoptosis induction
was reported at concentrations ranging from 0.1 to 2mM OA
while LD reduction was found at 400µM OA treatment. The
Authors concluded that these concentration-dependent effects
are strictly related to autophagy since autophagy is able to prevent
400µMOA-induced HepG2 apoptosis.

Results of the present study achieved on three human cell
lines-based in vitro systems, confirm the pivotal role of autophagy
reduction in promoting OA-dependent LD accumulation, cell
death and reduced aggressiveness/invasiveness. Additional
studies are needed to further clarify the underlying molecular
mechanisms. We conclude that OA stimulates HCC cell death
via autophagy reduction while it does not impair autophagy
level in healthy cells thus leading us to hypothesize that
fine autophagy regulation preserves healthy hepatocytes
resistance to toxicity caused by high levels of neutral
lipids. LD accumulation in association with autophagic
flux reduction after OA treatments in Hep3B and Huh7.5
cell lines, promote cell death through apoptosis in Huh7.5
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and also non-apoptotic pathway in Hep3B cell line. Such
differences in cell death mechanisms are currently under
further investigation.

In conclusion, we present here several evidences indicating
OA specific antitumor effects in HCC in an autophagy-
dependent manner.
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Mitophagy and zymophagy are selective autophagy pathways early induced in acute
pancreatitis that may explain the mild, auto limited, and more frequent clinical
presentation of this disease. Adequate mitochondrial bioenergetics is necessary for
cellular restoration mechanisms that are triggered during the mild disease. However,
mitochondria and zymogen contents are direct targets of damage in acute pancreatitis.
Cellular survival depends on the recovering possibility of mitochondrial function and
efficient clearance of damaged mitochondria. This work aimed to analyze mitochondrial
dynamics and function during selective autophagy in pancreatic acinar cells during mild
experimental pancreatitis in rats. Also, using a cell model under the hyperstimulation of
the G-coupled receptor for CCK (CCK-R), we aimed to investigate the mechanisms
involved in these processes in the context of zymophagy. We found that during
acute pancreatitis, mitochondrial O2 consumption and ATP production significantly
decreased early after induction of acute pancreatitis, with a consequent decrease in the
ATP/O ratio. Mitochondrial dysfunction was accompanied by changes in mitochondrial
dynamics evidenced by optic atrophy 1 (OPA-1) and dynamin-related protein 1 (DRP-1)
differential expression and ultrastructural features of mitochondrial fission, mitochondrial
elongation, and mitophagy during the acute phase of experimental mild pancreatitis in
rats. Mitophagy was also evaluated by confocal assay after transfection with the pMITO-
RFP-GFP plasmid that specifically labels autophagic degradation of mitochondria
and the expression and redistribution of the ubiquitin ligase Parkin1. Moreover, we
report for the first time that vacuole membrane protein-1 (VMP1) is involved and
required in the mitophagy process during acute pancreatitis, observable not only
by repositioning around specific mitochondrial populations, but also by detection of
mitochondria in autophagosomes specifically isolated with anti-VMP1 antibodies as
well. Also, VMP1 downregulation avoided mitochondrial degradation confirming that
VMP1 expression is required for mitophagy during acute pancreatitis. In conclusion, we
identified a novel DRP1-Parkin1-VMP1 selective autophagy pathway, which mediates
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the selective degradation of damaged mitochondria by mitophagy in acute pancreatitis.
The understanding of the molecular mechanisms involved to restore mitochondrial
function, such as mitochondrial dynamics and mitophagy, could be relevant in the
development of novel therapeutic strategies in acute pancreatitis.

Keywords: pancreatitis, autophagy, mitophagy, VMP1, mitochondrial dynamics, mitochondrial function, Parkin1,
DRP1

HIGHLIGHTS

- The novel DRP1-Parkin1-VMP1 autophagy pathway, which
mediates the selective degradation of damaged mitochondria
by mitophagy, was unraveled in acute pancreatitis.

- Mitochondrial O2 consumption and ATP production
significantly decreased early after induction of acute
pancreatitis, with a consequent decrease in the ATP/O ratio.

- Mitochondrial fission, mitochondrial elongation, and
mitophagy are rapidly activated in pancreatic acinar cells
during experimental mild pancreatitis in rats.

INTRODUCTION

Acute pancreatitis (AP) is a pancreatic inflammatory condition
whose global estimates of incidence and mortality are between
33 and 74 cases per 100,000 person-years, with 1–60 deaths per
100,000 person-years for AP (Xiao et al., 2016). Most patients
develop a mild and auto limited form of the disease, but
about 20% of them suffer a severe disease presenting pancreatic
necrosis, which can spread within the same pancreatic tissue
and be accompanied by injury to other organs. Moreover, within
deaths associated with AP, half of them occur during the first
week due to multiple organ failure (Mukherjee et al., 2008).
Despite recent advances, the pathogenesis of cellular damage
occurring during inflammation in the severe form of the disease is
unclear and no adequate specific treatments have been developed
(Maléth et al., 2013).

Previous studies of our laboratory identified VMP1
(NM_138839) as a novel autophagy-related protein in which its
expression is induced in the human pancreas with pancreatitis
and in experimental pancreatitis under the G-coupled receptor
CCK-R hyperstimulation (Ropolo et al., 2007; Vaccaro et al.,
2008; Grasso et al., 2011). We also described the selective
autophagic pathway, zymophagy, as an early protective
mechanism in AP preventing acinar cell death (Grasso et al.,
2011). Zymophagy is a selective type of autophagy that occurs
during AP. It may be induced by CCK-R hyperstimulation,
mediated by VMP1 expression, which recognizes and sequesters
those zymogen granules that are initially activated by the disease.
We propose that zymophagy is a protective mechanism set up by

Abbreviations: AP, acute pancreatitis; CAE, caerulein; CG, control group; DRP1,
dynamin-related protein 1; FAEEs, fatty acid ethyl esters; LC3, microtubule
associated protein 1 light chain 3; Mnf, Mitofusin; OPA1, optic atrophy 1; PEI,
polyethylenimine; PINK1, PTEN-induced kinase 1; RCR, respiratory control ratio;
ROS, reactive oxygen species; VMP1, vacuole membrane protein 1 (NM_138839).

the acinar cell, and that may account for the self-limited form of
AP (Vaccaro, 2012).

The relevance of autophagy as a protective mechanism
in pancreatitis has been further confirmed in mice using
pancreas-specific autophagy-related proteins (ATG) ATG5
or ATG7 knockout mice. These animals developed severe
pancreatitis, with trypsinogen activation, fibrosis, inflammation,
acinar-to-ductal metaplasia, and pancreas atrophy (Antonucci
et al., 2015; Diakopoulos et al., 2015). In this context,
mitochondria are essential players, not only as the main
source of ATP and other biomolecules required during
autophagy processes, but also in the regulation of intracellular
Ca2+ homeostasis in the acinar cells. Therefore, a normal
mitochondrial function could be necessary for zymophagy
in response to AP. In this sense, it was described that
mitochondria-deficient cells exhibit attenuated autophagic
gene induction and autophagic flux in response to starvation
(Graef and Nunnari, 2011). Even more, mitochondria
are direct targets of damage during AP, since fatty acid
ethyl esters (FAEEs) that have been reported increased
in AP patients and in several models of AP tend to
accumulate in the inner mitochondrial membrane affecting
the mitochondrial polarization, producing uncoupling of
oxidative phosphorylation, and inhibiting ATP production
(Mukherjee et al., 2008). Therefore, cellular survival depends on
the recovered mitochondrial function and efficient clearance of
dysfunctional mitochondria.

The mitochondrial population is highly dynamic within
cells, mitochondria form networks continually undergo fusion
and fission events during cell life (Bereiter-Hahn and Voth,
1994). In mammals, mitochondrial fusion is mainly regulated
by OPA1 proteins (optic atrophy 1, an internal mitochondrial
membrane GTPase) (Cipolat et al., 2004), and by outer
membrane GTPases or Mitofusin 1 and 2 (Mnf) (Santel and
Fuller, 2001). Mitochondrial fission is mainly controlled by
the cytosolic GTPase protein DRP1 (dynamin-related protein
1), whose translocation from cytoplasm to mitochondria is an
essential step at the beginning of mitochondrial fragmentation
(Smirnova et al., 2001). It is postulated that mitochondrial
dynamics respond to cellular energy requirements (Liesa and
Shirihai, 2013) triggered by other intracellular processes such
as redox changes and autophagy (Willems et al., 2015; Cid-
Castro et al., 2018; Ježek et al., 2018). Mitophagy, a selective
form of autophagy, is a major route for the removal of
damaged mitochondria. During mitophagy, mitochondria are
sequestered in double-membrane vesicles and delivered to
lysosomes for degradation. Narendra et al. (2008, 2010) found
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that the decrease of mitochondrial membrane potential leads
to PTEN-induced kinase 1 (PINK1) accumulation in the
mitochondrial outer membrane, leading to the ubiquitination
of damaged mitochondria by Parkin1, consequently carrying
out autophagic degradation of dysfunctional mitochondria
(Vincow et al., 2013). Therefore, it is important to unravel
the mechanisms involved in the recovery of mitochondrial
function that might be relevant in cellular and tissue recovery
processes during mild AP.

Mitochondrial dysfunction has been reported in various
models of severe AP in which loss of mitochondrial membrane
potential and mitochondrial fragmentation seems to be
involved (Shalbueva et al., 2013; Mukherjee et al., 2016;
Biczo et al., 2018). Regardless of the underlying mechanisms,
genetic or pharmacological prevention of mitochondrial
depolarization resulted in the restoration of mitochondrial
function, with a large decrease in local and systemic pathological
responses in models of experimental severe pancreatitis
(Shalbueva et al., 2013; Mukherjee et al., 2016; Biczo et al.,
2018). However, the relevance of mitochondria function and
dynamics in experimental models of mild pancreatitis are
poorly elucidated.

In this work, we analyzed mitochondrial function,
mitochondrial dynamics, and mitophagy in pancreatic acinar
cells during experimental early pancreatitis in rats and in
a cell model under the hyperstimulation of the G-coupled
receptor for CCK (CCK-R). We have identified a VMP1
mediating pathway in mitophagy, which selectively sequesters
and degrades damaged mitochondria during the initial steps of
experimental pancreatitis.

MATERIALS AND METHODS

Drugs and Chemicals
Caerulein (CAE) was purchased from Sigma-Aldrich (St. Louis,
MO, United States). Rabbit monoclonal antibodies against
OPA1 (ab157457, Abcam Plc, Cambridge, United Kingdom),
DRP1 (D6C7 rabbit mAb; Cell Signaling), LC3B [LC3B antibody
(2775)]; Cell Signaling Technology, MA, United States),
p62 [SQSTM1 (P-15): sc-10117; Santa Cruz Biotechnology,
Santa Cruz, CA, United States)], VMP1 (D1y3E, Cell
Signaling Technology, MA, United States); mouse monoclonal
antibodies against Parkin (P6248, Sigma-Aldrich, St. Louis,
MO, United States), V5 [13202 V5-Tag (D3H8Q) rabbit
mAB-Cell Signaling)], β-actin [β-actin (C4): sc-47778; Santa
Cruz Biotechnology, Santa Cruz, CA, United States)], beta
tubulin (ab131205, Abcam Plc, Cambridge, United Kingdom);
rabbit anti-goat antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, United States); goat policlonal antibodies against
VDAC-1 (D-16 sc-32063; Santa Cruz Biotechnology, Santa
Cruz, CA, United States); rabbit anti-mouse antibody
[(315-035-048) Jackson InmunoResearch, Baltimore Pike,
United States]; goat anti-rabbit antibody [(GAR):170-
5046; Bio-Rad, CA, United States]. Other reagents,
enzymes, and chemicals were of reagent grade and also
from Sigma-Aldrich.

Animal Model (in vivo Model)
AP was induced through the use of supramaximal dose of CAE,
which is a CCK homologue, leading to the activation of the
intracellular proteolytic enzyme characteristic of this syndrome
(Williams, 2008). Female Sprague-Dawley rats (between 40 to
50 days old) were treated with seven i.p. injections of 50 mg of
CAE per kg body weight in 1 h intervals. Treated groups studied:
CAE 1, animals sacrificed one hour after the first injection; CAE
3, animals sacrificed after 3 h of treatment; CAE 24 and CAE
48, animals injected and sacrificed at 24 and 48 h, respectively.
Control groups (CG) were injected with vehicles following
the same scheme as treated groups. Animal experiments
were approved by the Animal Care and Research Committee
of the School of Pharmacy and Biochemistry, University of
Buenos Aires (CICUAL; Exp. 0039150/15), and strictly followed
the International Guiding Principles for Biomedical Involving
Animals (ICLAS).

Pancreatic Mitochondria Isolation
Rats were euthanized in CO2 chamber and pancreas was excised
and placed in ice-cold isolation buffer [58 mM sucrose, 192 mM
mannitol, 2 mM Tris/HCl, 0.5 mM EDTA, 0.5% BSA, pH 7.4
(Hodârnâu et al., 1973)]. The tissue was homogenized in 15 ml
of isolation buffer with 1 µg/ml pepstatin, 1 µg/ml aprotinin,
1 µg/ml leupeptin, and 0.4 mM PMSF (phenylmethanesulfonyl
fluoride) using a glass/Teflon homogenizer. Homogenates were
centrifuged at 650 g for 10 min, and the sediment which
contains nuclei and cell debris was discarded. The supernatant
was centrifuged at 8,000 g for 10 min to precipitate mitochondria.
The mitochondrial pellet was then washed twice, and finally
resuspended in the isolation buffer, according to Hordanau
modified (Hodârnâu et al., 1973). To assay the purity of
isolated mitochondria, the lactate dehydrogenase activity was
measured and only mitochondria with less than 5% impurity
were used (Cadenas and Boveris, 1980). Protein quantification
was performed with the Folin reagent with bovine serum
albumin as standard.

Mitochondrial Oxygen Uptake
Mitochondrial oxygen consumption was measured as described
before (Vico et al., 2019), using a Clark-type oxygen electrode
for high-resolution respirometry (Hansatech Oxygraph,
Norfolk, United Kingdom). Briefly, 0.3–0.4 mg/ml of freshly
pancreatic mitochondria were incubated in a respiration medium
containing 120 mM KCl, 5 mM KH2PO4, 1 mM EGTA, 3 mM
HEPES, 1 mg/ml BSA, 2 mM malate, and 5 mM glutamate,
pH 7.2 at 25◦C. Resting respiration rate (state 4) was measured
in this condition. In order to measure an active respiration
rate (state 3), 1 mM ADP was added (Vanasco et al., 2014).
Respiratory control ratio (RCR) was calculated as the ratio
between state 3/state 4 respiration rates. Results were expressed
as ng-at O/min. mg protein.

Mitochondrial ATP Production Rate
ATP production rate was measured by the luciferin-
luciferase chemiluminescent method in a liquid scintillation

Frontiers in Cell and Developmental Biology | www.frontiersin.org 3 March 2021 | Volume 9 | Article 640094102

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-640094 March 12, 2021 Time: 16:13 # 4

Vanasco et al. VMP1-Related Mitophagy in Acute Pancreatitis

counter LKB Wallac 1209 Rackbeta. Freshly pancreatic
mitochondria (30–50 µg) were incubated at 28◦C in a
reaction medium containing 120 mM KCl, 20 mM Tris–
HCl, 1.6 mM EDTA, 0.08% BSA, 8 mM K2HPO4/KH2PO4,
0.08 mM MgCl2, pH 7.4, 40 µM luciferine, 1 µg/ml
luciferase. As substrates, 6 mM malate, 6 mM glutamate,
and 0.1 mM ADP were added (Vives-Bauza et al., 2007).
As control, ATP production rate in the presence of 2 µg/ml
oligomycin was determined, and a calibration curve was
performed with ATP as standard (0–20 nmoles). Results
were expressed as nmol ATP/min. mg protein. As a marker
of mitochondrial efficiency, the ATP/O ratio was calculated
as ATP production rate/state 3 oxygen consumption ratio
(Vanasco et al., 2012).

Western Blot Analysis
Pancreas were removed and homogenized in 1 ml of ice-cold
lysis buffer with 50 mM Hepes, 100 mM NaCl, 1 mM EDTA,
20 mM NaF, 20 mM Na4P2O7, 1 mM NaVO3, 1% Triton x-100,
1% SDS, pH 7.4; plus the addition of a mix of proteases inhibitors
(1 µg/ml peptatin, 1 µg/ml aprotinin, 1 µg/ml leupeptin, and
0.4 mM phenylmethanesulfonyl fluoride). After an incubation
for 10 min at 2◦C, the sample was sonicated twice (30 s
with 1 min interval) and centrifuged at 800 g for 20 min.
The supernatant was then used for the western blot analysis
(Towbin et al., 1979).

Equal amounts of proteins (80 µg) were separated by SDS-
PAGE (7.5, 10, or 12%) and blotted into nitrocellulose films. Non-
specific binding was blocked by incubation of the membranes
with 5% nonfat dry milk in PBS for 1 h at room temperature.
Membranes were incubated with the corresponding primary
antibody at a dilution of 1:500 overnight at 4◦C (Towbin
et al., 1979). After incubation, nitrocellulose membrane was
washed three times with PBS-Tween and then incubated with
the respective secondary antibody conjugated with horseradish
peroxidase (dilution between 1:10,000 and 1:5,000) for 60 min
under continuous agitation. Membranes were revealed with ECL
reagent. Band images were quantified by the ImageJ Software.
Results were expressed as relative to β-actin/β-tubulin expression.

Processing of Samples for Analysis by
Electron Microscopy and Micrograph
Analysis
Animals were euthanized in a CO2 chamber and pancreas was
rapidly removed and washed with 0.1 M K2HPO4/KH2PO4,
pH 7.4, and cut into cube of 1 mm3. Tissue sample was fixed
with 2.5% glutaraldehyde in 0.1 M K2HPO4/KH2PO4 (pH 7.4)
for 2 h, and post-fixed in 1% osmium tetroxide in 0.1 M
K2HPO4/KH2PO4 at 0◦C for 90 min. Afterwards, samples were
contrasted with 5% uranyl acetate at 0◦C for 2 h, dehydrated,
and embedded in Durcupan resin (Fluka AG, Switzerland) at
60◦C for 72 h. Ultrathin sections were cut and observed with
a Zeiss EM 109 transmission electron microscope (Oberkochen,
Germany) and representative digital images were captured using
a CCD GATAN ES1000W camera (CA, United States). Damaged
mitochondria and mitochondria with swelling were analyzed.

Cells Culture, Differentiation, Treatment,
and Transfection
AR42J pancreatic acinar cells were grown in a high glucose
DMEM medium GlutaMAXTM supplement, supplemented with
10% fetal bovine serum and 100 µg/ml streptomycin. Cells were
differentiated using 100 nM dexamethasone for 48 h.

In order to develop a model for studying the direct effect
of hyperstimulation of CCK-R, differentiated AR42J cells were
treated with 7.4 µM caerulein at different time intervals
(from 0 to 60 min) (Grasso et al., 2011). Polyethylenimine
(PEI) transfection Reagent (Sigma) was used to perform the
transfection of AR42J cells with different plasmids: (a) RFP-
LC3 plasmid which codes for the LC3 protein, involved in
autophagy (Ropolo et al., 2007), (b) GFP-VMP1 plasmid (Dusetti
et al., 2002), which codes to VMP1 protein involved in
selective autophagy (Grasso et al., 2011), (c) pcDNA4/V5-His-
rVMP1 expression plasmid (Ropolo et al., 2007), which encodes
VMP1 protein and V5 as carboxyl-terminal tag, (d) pMITO, a
tandem-tagged RFP-EGFP chimeric plasmid pAT016 encoding
a mitochondrial targeting signal sequence fused in-frame with
RFP and EGFP genes, as a mitophagy reporter plasmid (GFP-
RFP-pMITO) (Kim et al., 2013; Ojeda et al., 2018). This plasmid
loses the green color at acidic pH, which makes a sophisticated
marker of mitochondrial input to the autolysosome, that is, a
good marker of mitophagy (Kim et al., 2013). (e) GFP-sh-VMP1
plasmid for VMP1 down-regulation designed by Ropolo et al.
(2020).

Confocal Microscopy
After GFP-RFP-pMITO transfection, treated AR42J cells
were observed by the inverted confocal microscope Olympus
FV1000 (PLAPON/1.42) to quantify mitophagy. The area of
mitochondria per cell localized in autolysosomes (RFP-MITO)
was quantified using the Fiji-win64 software.

To analyze mitochondria and lysosomes localization, treated
AR42J cells were incubated with 200 nM of MitoTracker Red
CMXRos and 50 nM of LysoTracker Blue DND-22 (Invitrogen)
for 30 min at 37◦C and subsequently washing them three times
with PBS. Cells images were acquired through an Olympus
Confocal Microscope FV1000 and images were acquired using
the Zen Blue software (Zeiss) and processed on the AxioVision
4.2 software (Carl Zeiss). To analyze lysosomal area per cell,
treated AR42J cells labeled with LysoTracker were analyzed in an
Olympus Confocal Microscope FV1000 and quantified using the
Fiji-win64 software in arbitrary units.

Immunofluorescence
AR42J cells were fixed for 15 min with 4% p-formaldehyde
in PBS and immediately washed three times with PBS. Then,
cells were treated with triton X-100 0.1% in PBS for 5 min,
washed three times with PBS, and incubated in FBS 10% in
PBS for 60 min. Later, cells were incubated with polyclonal
antibodies against Parkin1 (P6248, Sigma-Aldrich; 1:100 diluted)
overnight at 4◦C. Rabbit anti-mouse Alexa Fluor 590 (Molecular
Probe) antibody was used for immunofluorescence. Samples were
mounted in DABCO (Sigma-Aldrich). The cell images were
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acquired through an Olympus Confocal Microscope FV1000 with
Spectral Detection System by Diffraction Network. Images were
acquired using the Zen Blue software (Zeiss) and processed on
the AxioVision 4.2 software (Carl Zeiss).

Immunoisolation of Autophagosomes
Autophagosomes were immuno-isolated using magnetic beads
fused to anti-VMP1 or anti-V5 monoclonal antibodies, according
to the previously described method (Ropolo et al., 2019). The
presence of VDAC, as a mitochondrial marker, was evaluated
by Western blot in autophagosome fractions isolated from
caerulein-treated AR42J cells transfected with pcDNA4/V5-His-
rVMP1.

Mitochondrial Membrane Potential
Gradient and Mitochondrial Mass Assay
in AR42J Cells
AR42J were incubated in the dark at 37◦C and 5% of CO2
for 15 min in 500 nM of tetramethylrhodamine methyl ester
(TMRM, Invitrogen, California, United States), a potentiometric
cationic probe red-orange-fluorescent dye that is permeable
in active mitochondria with intact membrane potential, or
with 100 nM MitoTrakerTM Deep Red (MTDR, Invitrogen,
CA, United States) that reflexes mitochondrial mass. After the
incubation, cells were acquired by a FACSCanto (BDBiosciences)
equipped with a 488 and 640 nm argon laser. To exclude debris,
samples were gated based on light-scattering properties, and
30,000 events per sample were collected. Emission of TMRM
and MTDR were measured in the PE and APC channel and
the mitochondrial depolarization and mass were calculated by
measuring the decrease or increase in the fluorescence intensity
ratio, respectively. Autofluorescence was evaluated in the samples
without probe. Total depolarization induced by 2 µM m-CCCP
was used as a positive control.

Statistics
Results were expressed as mean values ± SEM and represent
the mean of, at least, five independent experiments. ANOVA
followed by the Dunnett test was used to analyze differences
among experimental groups. When two variables were analyzed,
a Two-way ANOVA followed by the Tukey test was used.
Statistical significance was considered at p < 0.05.

RESULTS

In vivo Model of AP
Mitochondrial Function Is Early Affected in the Rat
Model of AP
With the aim of analyzing pancreatic mitochondrial function
during mild pancreatitis, two different approaches were used
in the animal model: O2 consumption and ATP production
rates which were measured in the isolated mitochondria.
Figure 1A shows a representative trace of mitochondrial O2
consumption in control conditions. The first slope represents
the O2 consumption corresponding to the mitochondrial resting

respiration (state 4) in the presence of substrates, and the
second slope represents the maximal physiological rate of
O2 uptake (state 3) in the presence of substrates plus ADP.
Figures 1B,C show the results obtained in rats with AP. While
no significant differences between experimental pancreatitis
and controls were found in resting respiration (Figure 1B), a
significant decrease of O2 consumption in state 3 was found
during the first 24 h of experimental pancreatitis (CG: 40 ± 5
ng-atO/min.mg protein, p < 0.01) (Figure 1C). Respiratory
control ratio (RCR), calculated as the ratio between state 3/state
4 respiration rates, are shown in Figure 1D. RCR was found
significantly decreased in experimental pancreatitis, without
recovering after 24 h of the first CAE injection (Figure 1D),
evidencing uncoupling of the mitochondrial respiratory chain
from ATP production. Interestingly, RCR returned to control
values after 48 h. Figure 1E shows a significant decrease (40–
60%) of mitochondrial ATP production rates in the experimental
model compared to controls (control value: 86.9 ± 0.9 nmol
ATP/min mg protein, p < 0.05). These mitochondrial parameters
spontaneously recovered by 48 h post the first CAE injection.
To analyze mitochondrial efficiency, ATP/O ratio was measured,
and data are shown in Figure 1F. ATP/O ratio was significantly
reduced during the first 3 h after the CAE first injection,
while it was completely recovered to control values at 24 h of
treatment. These findings show that mitochondrial function is
significantly affected during the acute phase of the experimental
pancreatitis, but it is recovered after 48 h suggesting the induction
of mitochondrial restoration mechanisms.

Mitochondrial Dynamics Changes Induced by
Experimental AP
In order to evaluate mitochondrial dynamics, the expression
of OPA1 (a marker of mitochondrial fusion) and DRP1 (a
marker of mitochondrial fission) were analyzed using Western
blot as shown in Figure 2A. Figure 2Ai shows a dramatic
reduction of DRP1 being undetectable after 30 min of the
first injection of CAE and remaining undetectable at 24 h.
OPA1 expression was significantly decreased after 30 min of
pancreatitis (Figure 2Ai). After 3 h of the first injection of CAE,
OPA1 values returned to basal values. Although DRP1 suddenly
increased, it remained lower than basal values (Figure 2Ai),
probably due to the regulation of the sustained OPA1-dependent
mitochondrial fusion effect. Western blots quantification is
shown in Figures 2Aii,iii. Taking into account that we
found significant changes in the expression of mitochondrial
dynamics proteins after 30 min of CAE treatment, we analyzed
ultrastructural changes in pancreas tissue during the early stage
of AP. Figure 2B shows the electron microscopy ultrastructural
analysis of pancreas tissue from the control (Figure 2B, panels
a and b) and from animals subjected to experimental AP
(Figure 2B, panels c to i). In control animals, pancreatic
acinar cells cytosol appears normal, with zymogen granules and
mitochondria embedded in a defined and compact endoplasmic
reticulum area, and no lysosomes are observed. On the contrary,
characteristics that resemble endoplasmic reticulum stress and
mitochondrial dynamics were observed in animals with AP after
CAE treatment, accompanied with an increase in the amount
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FIGURE 1 | Experimental pancreatitis produces mitochondrial dysfunction in rats. (A) Representative traces obtained during the assessment of pancreatic
mitochondrial O2 consumption in rest (state 4) and active (state 3) metabolic state, and after the addition of 2 µM oligomycin (state 4o) and 2 µM m-CCCP (state 3u)
to the reaction chamber, in the control animal. Pancreatic mitochondria respiration in the control and CAE-treated animals in state 4 (B) and state 3 (C), ***p < 0.001
with respect to control group by ANOVA-Dunnett test, n = 5. (D) As a marker of mitochondrial coupling, respiratory control rate (RCR) was calculated as state
4/state 3. *p < 0.05 with respect to the control group by ANOVA-Dunnett test, n = 5; **p < 0.01 with respect to the control group by ANOVA-Dunnett test, n = 5;
***p < 0.001 with respect to the control group by ANOVA-Dunnett test, n = 5. (E) ATP production rate in pancreatic mitochondria from the control and CAE-treated
rats. Malate plus glutamate were used as substrates. **p < 0.01 with respect to the control group by ANOVA-Dunnett test, n = 5; ***p < 0.001 as compared with
the control group, ANOVA-Dunnett test. (F). As a marker of mitochondrial efficiency, ATP/O rate was calculated as ATP production rate/state3 oxygen consumption
ratio, *p < 0.05 with respect to the control group by ANOVA-Dunnett test, n = 5; **p < 0.01 with respect to the control group by ANOVA-Dunnett test, n = 5.

and size of lysosomal structures (Figure 2B, panels c to i). These
results demonstrate a dysregulation of mitochondrial dynamics
during the development of AP, accompanied by endoplasmic
reticulum stress and increased lysosomal activity.

Mitophagy Is Induced in the Rat Model of AP
We evaluated the autophagy process in the animal model in
order to have the temporal relationship between mitochondrial
function and dynamics. Autophagic flux was evaluated by
analyzing protein expression of p62, LC3, and VMP1. Figure 3A
shows a significant increase in LC3-II expression and a
significant decrease in p62 expression in AP. These results were
accompanied by an increase in VMP1 expression, which is
compatible with the occurrence of VMP1-dependent autophagy
(Ropolo et al., 2007). Western blots quantification is shown
in Figure 3A, panels i to iii. Changes in the mitochondrial
ultrastructure and its relationship with the lysosome during the
occurrence of AP were evaluated. In Figure 3B, panels a and b,
representative electron microscopy of control pancreatic tissue is
shown. Characteristic lamellar shape of acinar cell mitochondria
can be observed. The conserved mitochondrial ultrastructure can
be clearly distinguished, given by the integrity of the outer and

the internal membranes which form the mitochondrial crests.
However, in animals treated with CAE for 60 min, mitochondrial
swelling (evidenced by its roundness, clearance of the matrix,
separation and disruption of mitochondrial crests) were observed
(Figure 3B, panels c and e). In addition, structurally polarized
mitochondria were observed; characteristically divided by
intramitochondrial septa that separates the deeply damaged
from normal mitochondrial portions (Figure 3B, panels c and
e). Moreover, presence of autophagic vesicles with engulfed
mitochondria (Figure 3B, panels d and f), and “isolation
membrane” structures that partially surround mitochondria were
found in the pancreas from the experimental model after 60 min
of pancreatitis (Figure 3B, panels e and f). After 48 h of the
first CAE injection, mitochondrial morphology has no differences
with respect to the normal pancreas. These data are consistent
with the occurrence of mitophagy of damaged mitochondria
during the acute phase of experimental mild pancreatitis in rats.

In vitro Model of AP
Using an in vitro model previously described by the authors
(Grasso et al., 2011), we defined the molecular mechanism
involved in mitophagy of damaged mitochondria during
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FIGURE 2 | Mitochondrial dynamics during experimental AP in rats. (A) Panel (i) shows typical examples of Western blots of pancreatic homogenates samples.
ß-Actin was used as loading control. Bars in panel (ii) represent densitometric analysis of OPA1/ß-actin ratio. Bars in panel (iii) represent densitometric analysis of
DRP1/ß-actin ratio blot measurements. **p < 0.01 as compared with the control group by ANOVA-Dunnett test; ***p < 0.001 as compared with the control group
by ANOVA-Dunnett test, n = 4. (B) Representative transmission electron micrographs shows the ultrastructure of acinar pancreatic tissue. A typical normal
appearance of cytosolic acinar cell, with mitochondria (mt) and zymogens granules (ZG), included in a compact and defined area of endoplasmic reticulum (ER) is
observed in control animals (a). No lysosomal structures are observed in this tissue (a,b). The ultrastructure corresponding to animals treated with CAE (b–i) showed
a disorganization and swelling of endoplasmic reticulum (compatible with reticulum stress) and it is evident that an increase in lysosomal structures is a time
dependent manner (b–i). Scale bars: 1 µm in panels (a,h); 0.5 µm in panels (b,c), 0.4 µm in panels (d,e,f,g,i).

pancreatitis next. For this goal, we have evaluated mitochondrial
function, dynamics, and mitophagy at the cellular level in AR42J
pancreatic acinar cells under hyperstimulation of the G-coupled
receptor of CCK, a model for early cellular events in AP
(Grasso et al., 2011).

Mitochondrial Dynamics Induced by CCK-R
Hyperstimulation in AR42J Cells
Given that mitochondrial dysfunction can lead to changes
in mitochondrial dynamics (Ferree and Shirihai, 2012),
markers of mitochondrial dynamics such as the expression
of DRP1 (mitochondrial fission) and OPA1 (mitochondrial

fusion), as markers of mitochondrial dynamics, as well as
the mitochondrial morphology, were evaluated. Figure 4Ai
shows representative DRP1 and OPA1 Western blots.
An earlier increase of DRP1 expression was found after
30 min, while OPA1 increased after 60 min of CAE
treatment (Figure 4A, panels ii and iii). Consistent with
these results, morphological images using the MitoTracker
probe showed two mitochondrial populations: a small and
rounded mitochondrial population after 30 min of treatment
and a marked elongated mitochondrial population after
60 min of treatment (Figure 4B). As a whole, these results
support the occurrence of mitochondrial fission after 30 min
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FIGURE 3 | Experimental pancreatitis induces autophagy and mitophagy in rats. (A) Changes in mitochondrial autophagy proteins expression during experimental
AP. Panel (i) shows typical Western blots of pancreatic homogenates samples. ß-Actin was used as loading control. Bars in panel (ii) represent densitometric analysis
of PG62/ß-actin ratio. Bars in panel (iii) represent densitometric analysis of LC3-II/LC3-I ratio blot measurements. Bars in panel (iv) represent densitometric analysis
of VMP1/ß-actin ratio. *p < 0.05 as compared with the control group, ANOVA-Dunnett test; **p < 0.01 as compared with the control group, ANOVA-Dunnett test;
***p < 0.001 as compared with the control group, ANOVA-Dunnett test; n = 4. (B) Representative transmission electron micrographs of pancreas from control (a,b)
and CAE 60 min treated animals (c–f). (a,b): control animals displayed normal mitochondria morphology. Typical organization of mitochondria (mt) clearly displayed
the inner membrane (im) comprizing of cristae and well defined mitochondrial outer membrane (om). (c–f): 1 h after CAE administration, mitochondria displayed
several abnormalities, such as loss and/or disruption of cristae, clearer matrix, and swelling [black arrows, in panels (c,e)]. On the other hand, “isolation membranes”
(IM) can be observed that partially surround mitochondria (e,f) and visible autolysosomes (AL) with remains of mitochondrial structures in their interior (d,f), both
structures compatible with mitophagy. Scale bars: 1 µm in panel (a); 0.2 µm in panel (b); 0.5 µm in panels (c,f); 200 nm in panel (d); and 0.4 µm in panel (e).

accompanied by mitochondrial elongation after 60 min of
CCK-R hyperstimulation.

Mitophagy Is Induced by CCK-R Hyperstimulation in
AR42J Cells
We evaluated autophagy in cells transfected with RFP-LC3 as an
autophagy marker. Figure 5A shows a time-dependent increase
in autophagosome formation after CCK-R hyperstimulation
evidenced by LC3 recruitment. In order to identify mitophagy,
AR42J cells treated with CAE were transfected with the

specific tandem probe pMITO-RFP-GFP. Using confocal
analysis (Figure 5B), control cells exhibited a mitochondrial
population mostly labeled in yellow indicating healthy
organelles. On the contrary, two separate mitochondrial
populations were observed after CCK-R hyperstimulation.
One of them remained labeled in yellow, and the other
one located in the apical area of the cytoplasm, labeled
in red, indicating their autolysosome location. Therefore,
confocal analysis using the specific tandem probe confirmed
the occurrence of mitophagy in the cell model of AP.
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FIGURE 4 | Mitochondrial dynamics in AR42J cells under CCK-R hyperstimulation. (A) OPA1 and DRP 1 protein expression of AR42J pancreatic acinar cells treated
with vehicle and CAE. Panel (i) shows typical examples of Western blots of pancreatic homogenates samples. ß-tubulin was used as loading control. Bars in panel
(ii) represent densitometric analysis of OPA1/ß-tubulin ratio. Bars in panel (iii) represent densitometric analysis of DRP1/ß-tubulin ratio blot measurements. *p < 0.05
as compared with control group, ANOVA-Dunnett test, n = 4. (B) Red-MitoTracker probe was used to mark the mitochondrial population. Control, CAE 15 min, CAE
30 min, and CAE 60 min representative images are shown. Populations of shortened mitochondria [panel (B), CAE 30 min] and elongated mitochondria [panel (B),
CAE 60 min], morphologies compatible with changes in mitochondrial dynamics (mitochondrial fission and fusion), are observed in cells treated with CAE. Scale bar
represents 15 µm.

Figure 5C shows that mitophagy is significantly increased
under hyperstimulation of CCK-R.

Then, the subcellular distribution of healthy mitochondria
(labeled with Red-MitoTracker) and lysosomes (labeled with
blue-LysoTracker) was evaluated. Figure 5D shows healthy
mitochondria labeled in red that did not localize with tenuous
and small lysosomes appearing in the basal area of the control
cells. While, under CCK-R hyperstimulation, the presence of
large lysosomes was clearly evident (Figure 5D). Lysosomal
area per cell was quantified and it is shown in Figure 5E.
This “lysosomal pocket” coincided with the apical area where
mitophagy was observed in Figure 5B, evidencing the presence of
autolysosomes with damaged and degraded mitochondria inside
that were not able to be labeled with the MitoTracker.

CCK-R-Hyperstimulation Induced Mitochondrial
Dysfunction and Mitophagy in Pancreatic Acinar Cells
To determine mitochondrial function in AR42J cells that were
submitted to CCK-R hyperstimulation, mitochondrial inner

membrane potential was analyzed by flow cytometry using the
TMRM potentiometric probe. Figure 6Ai shows representative
time-dependent course histograms of hyperstimulation as a
function of TMRM fluorescence intensity; panel Aii shows
histograms quantification, represented as the percent of
AR42J cells that preserve the inner membrane mitochondrial
potential. In Figure 6Aii, a significant decrease in mitochondrial
internal membrane potential was observed after 60 min
of CCK-R hyperstimulation, indicating that mitochondrial
damage in this cellular model of pancreatitis. Besides,
to estimate the mitochondrial degradation in pancreatic
cells submitted to CCK-R-hyperstimulation, an MTDR
probe that remains inside intact mitochondria was used.
Figure 6B is a representative histogram showing a time-
dependent variation in the mitochondrial mass as a function
of MTDR fluorescence intensity showing a significant
decrease in MTDR fluorescence after 30 and 60 min of
CAE hyperstimulation. These data suggest that pancreatitis
not only affects mitochondrial function but also induces
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FIGURE 5 | Mitophagy is induced in AR42J cells under CCK-R hyperstimulation. (A) Representative confocal microscopy images of AR42J cells transfected with
plasmid encoding for RFP-LC3 (control, CAE 15 min, CAE 30 min, and CAE 60 min). (B) AR42J cells treated with CAE and transfected with plasmids encoding for
RFP-GFP-pMITO. The GFP signal is quenched at the lower pH of lysosomes, while RFP can be consistently visualized. Yellow fluorescence (RFP merged with GFP)
indicates normal mitochondria population, whereas red fluorescence (RFP) indicates population of mitochondria undergoing mitophagy. (C) Quantification of the
percentage of the mitochondrial population found in mitophagy. ***p < 0.001 compared with the control group, ANOVA-Dunnett test. (D) Representative confocal
micrographs showing mitochondria detected with Red-MitoTracker and lysosome detected with Blue-LysoTracker in treated pancreatic AR42J cells (control, CAE
15 min, CAE 30 min, and CAE 60 min). Scale bar represents 15 µm. (E) Lysosomal area quantification per cell (in arbitrary units). ***p < 0.001 compared with the
control group, ANOVA-Dunnett test.

early and significant degradation of damaged mitochondria
as well.

Together with Mnf2, Parkin1 is one of the proteins that
associates to the external mitochondrial membrane when
mitochondrial membrane potential decreases. Parkin1 is
a ubiquitin ligase that labels proteins of mitochondrial
outer membrane to serve as substrates of autophagy-
cargo recognition molecules such as p62, which interacts
with LC3 to initiate selective autophagy. Figure 6C shows
that under CCK-R hyperstimulation, Parkin1 expression
assayed by western blot showed a rapid and significant
increase under CCK-R hyperstimulation. Moreover,
Figure 6D shows that while Parkin1 labeling is light
and located in the cytosol in control cells, a marked
translocation of Parkin1 from cytosol to mitochondria was
observed after CCK-R hyperstimulation. These findings
suggest that during AP, Parkin1 recognizes and recruits
to damaged mitochondria in order to label them for
autophagic degradation.

VMP1-Mediated Mitochondrial Degradation Is
Induced in Pancreatic Acinar Cells Under
CCK-R-Hyperstimulation
To investigate if VMP1 is involved in the selective autophagic
degradation of damaged mitochondria during pancreatitis,
the cells were transfected with EGFP-VMP1 and labeled

mitochondria with red-MitoTracker. Figure 7A shows that
in control cells, healthy mitochondria were labeled in red
and did not localize with green VMP1. On the contrary,
a dramatic redistribution of VMP1, now surrounding
rounded mitochondria, can be observed after CCK-R
hyperstimulation. Taking into account that VMP1 is a
transmembrane protein of the autophagosomes, we isolated
autophagosomes using magnetic beads fused to anti-
VMP1 antibody, or anti-V5 antibody from AR42J cells
expressing VMP1-V5. Both methods showed that after CCK-
R hyperstimulation, autophagosome fractions contained
mitochondrial VDAC markers. These data further confirm that
VMP1 is involved in mitophagy during AP (Figure 7B).
To investigate if VMP1 is required for mitochondrial
degradation during pancreatitis, VMP1 expression was
downregulated using a dual sh-VMP1 plasmid labeled with
GFP allowing to distinguish two cellular outcomes after
transfection and exclude by gating GFP negative cells.
GFP positive cells were analyzed by flow cytometry to
estimate mitochondrial degradation during experimental
pancreatitis. As shown in Figure 7C, an increase in the
MTDR+ population was observed in all cells transfected
with sh-VMP1 plasmid compared to non-transfected cells,
for each treatment time. Furthermore, no significant changes
were observed between the different treatment times in sh-
VMP1 transfected cells. These results suggest that VMP1
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FIGURE 6 | Mitochondrial depolarization induces parkin-dependent mitophagy during CCK-R hyperstimulation. (A) Mitochondrial inner membrane potential
evaluated by flow cytometry using TMRM probe (i) Overlaid histograms of mitochondrial event versus TMRM fluorescence intensity. Control (light blue), CAE 30 min
(orange), CAE 60 min (red), and autofluorescence (full black). (ii) % TMRM+ cells quantification. **p < 0.01 compared with the control group, ANOVA-Dunnett test.
(B) Mitochondrial mass evaluated by flow cytometry used MTDR. (i) Overlaid histograms of mitochondrial events versus MTDR fluorescence intensity. Control (light
blue), CAE 30 min (orange), CAE 60 min (red), and autofluorescence (full black). (ii) % MTDR+ cells quantification. **p < 0.01 compared with the control group,
ANOVA-Dunnett test. (C) Parkin expression by Western Blot assay in AR42J cells treated with CAE at different times. Panel (i) shows typical Western Blots of
pancreatic homogenates samples. ß-actin was used as the loading control. Bars in panel (ii) represent densitometric analysis of parkin/ß-actin ratio. *p < 0.05 as
compared with the control group, ANOVA-Dunnett test, n = 4. (D) Representative confocal microscopy images of AR42J cells treated with CAE showing intracellular
changes distribution of mitochondria (detected with Red-MitoTracker probe) and Parkin (detected by immunofluorescence in green).

inhibition preserves mitochondrial mass by inhibiting
mitophagy. Together, these results show that VMP1 mediates
the selective autophagy of damaged mitochondria during
experimental pancreatitis. The fact that mitochondrial mass
is preserved, even in control cells, suggests that VMP1-
mediated mitophagy might also function as a homeostatic
process regulating mitochondria function in pancreatic
acinar cells.

DISCUSSION

AP is an inflammatory disease for which its pathogenesis is
poorly understood and lacks a specific treatment. However,
most of the cases are mild and self-limited forms and pancreas
morphology and physiology is totally recovered. During
the development of AP, pancreatic intracellular trypsinogen
activation, mitochondrial damage with the consequent ATP
depletion and inflammatory response are characteristic
pathophysiological features (Maléth et al., 2013). This work
is focused on the comprehensive study of mitophagy, its

molecular mechanisms and its relationship with mitochondrial
dynamics in two experimental models of AP. We have analyzed
mitochondrial fusion and fission, as well as mitophagy, using two
models: an in vitro cellular model, and in vivo model of mild and
self-limited form of AP. These processes, which were historically
described separately, lead to structural morphological changes
necessary to maintain or restore mitochondrial function under
physiological and pathological conditions.

While OPA1 is the protein related to mitochondrial fusion and
elongation, DRP1 is a key molecule in the mitochondrial fission,
a mechanism considered necessary to obtain mitochondrial
fragments that are sequestered and degraded by autophagy
(Gomes et al., 2011). Li et al. (2019) shows that DRP1 nitration
(due to the increase of the powerful oxidant ONOO-) promotes
its assembly and its recruitment to the mitochondrial outer
membrane and induces the process of mitophagy mediated by the
Pink1/Parkin1 pathway. This mechanism is relevant in the cell
response to human pathologies. For instance, deficiency of OPA1
expression is accompanied by an excessive increase in fragmented
mitochondria and a dysregulated mitophagy in mitochondrial
optic neuropathies (Liao et al., 2017). Therefore, changes in DRP1
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FIGURE 7 | Identification of the novel VMP1 pathway mediating selective mitophagy in experimental pancreatitis. (A) AR42J transfected cells with plasmid encoding
for GFP-VMP1 and treated with CAE. Red-MitoTracker was used to show mitochondrial population. (B) Western Blot of isolated autophagosomes by magnetic
beads linked to anti V5 or VMP1 antibodies from AR42J CAE-treated cells. The presence of the mitochondrial protein VDAC is observed only in the cells treated with
CAE. (C) VMP1 inhibition attenuates mitophagy during pancreatitis, evaluated by flow cytometry using MTDR. AR42J cells were transfected with GFP-shVMP1
plasmid 48 h before CAE treatment. Overlaid histograms of AR42J events versus MTDR fluorescence intensity. shVMP1-transfected population and not transfected
in panel (i) control, (ii) CAE 30 min, and (iii) CAE 60 min. (iv) MTDR fluorescence quantification, *p < 0.01 as compared to the same treatment without transfection;
#p < 0.01 as compared to the control group Two-way ANOVA-Tukey test.

and OPA1 expression are not only involved in mitochondrial
dynamics but also in the clearance of damaged mitochondria by
autophagy (Jin and Youle, 2012). In the present study, using the
in vivo model of AP in rats, we found mitochondrial damage
along with altered mitochondrial dynamics and autophagic
degradation of mitochondria. These features were evidenced
by the 24 h time course changes in DRP1 and OPA1 values
and the simultaneous increase in autophagic markers such
as LC3 and p62, as well as high expression of the selective
autophagy marker VMP1 (Grasso et al., 2011). Mitochondrial
dynamics changes were confirmed by electron microscopy,
which showed ultrastructural damage such as polarized (fission)
and elongated (fusion) mitochondria. Furthermore, significant
increases in lysosomal structures were observed with internalized
mitochondrial structures in degradation processes. Interestingly,
the expression of proteins involved in fusion, fission, and
autophagy returned to control values after 48 h, along with
functional recovery of mitochondria.

In order to understand the molecular pathway of the
selective degradation of damaged mitochondria in pancreatitis,
we studied mitophagy in pancreatic cells under CCK-R
hyperstimulation. Using this in vitro model, we observed an
increase in Parkin1 expression, previously reported in AP by
Biczo et al. (2018). Moreover, we observed the redistribution
of Parkin1 from a cytosolic location to damaged mitochondria
areas. Also, the increment of large lysosomes containing
degraded mitochondria are in agreement with the described
mitophagy. Using the GFP-RFP-pMITO tandem probe, we
demonstrated that mitophagy is early induced in the pancreatic
cell model under CCK-R hyperstimulation and remains
activated during 60 min. Interestingly, two mitochondrial
populations morphologically distinguishable were observed
simultaneously. Those polarized after fission of damaged
mitochondria, and the elongated ones after fusion of the healthy
mitochondria, suggesting a selective mechanism of degradation
of damaged mitochondria allowing the recovery of energetic
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status. Pink1 is a protein located in the mitochondrial outer
membrane, where it is continuously degraded by various
processes (Bingol and Sheng, 2016). However, mitochondrial
depolarization or malformed proteins accumulation in its matrix
(both signs of mitochondrial damage) trigger mechanisms
that stabilize Pink1 with its consequent accumulation in
mitochondria (Geisler et al., 2010; Vives-Bauza et al., 2010).
This Pink1 accumulation is Parkin’s recruitment signal to
the outer mitochondrial membrane, a signal recognized
by the autophagic machinery for the degradation of these
damaged mitochondria. Moreover, for the first time, here
we are reporting the VMP1 involvement in the mitophagy
process during AP, observable not only by repositioning
around damaged mitochondrial populations, but also by the
detection of mitochondria in autophagosomes specifically
isolated with anti-VMP1 antibodies. Downregulation of VMP1
avoided mitochondrial degradation and confirmed that VMP1
expression is required for mitophagy during AP. We present
evidence of a novel DRP1-Parkin1-VMP1 pathway, which
mediates the selective degradation of damaged mitochondria by
mitophagy in AP.

Furthermore, our results confirmed the early decrease of
mitochondrial function in the mild model of pancreatitis
through the determination of mitochondrial ATP production

rate and the mitochondrial O2 consumption and ATP/O
ratio, as it was previously reported (Mukherjee et al., 2016).
Mitochondrial dysfunction in pancreatitis has been described
through decreased mitochondrial membrane potential, increased
calcium uptake; decreased ATP levels, considering the latter as
a marker of ATP synthase activity; or indirect determinations
of ATP synthase activity in submitochondrial particles (Biczo
et al., 2018). To our knowledge, direct assessment of the ATP
production rate in intact mitochondria, as well as ATP/O ratio
allows a better understanding of the degree of mitochondria
dysfunction during AP.

In physiological conditions, more than 90–95% of the O2
consumed by living beings is reduced to H2O through the
mitochondrial respiratory chain, by oxidative phosphorylation to
produce ATP. Moreover, between 1 and 2% of the O2 consumed
is partially reduced to O·−2 and H2O2 in the mitochondria,
being the main source of active oxygen species as signaling
molecules (Boveris and Cadenas, 1982). We found that both
the mitochondrial O2 consumption rate and the mitochondrial
ATP production were significantly decreased (39 and 50%,
respectively) up to 24 h of experimental AP. These results
together with an abrupt decrease in ATP/O rate, as a marker
of mitochondrial efficiency (Vanasco et al., 2012), suggest that
part of the O2 consumed is not used for ATP production, and

FIGURE 8 | Proposed mechanism: Mitophagy as a cellular rescue mechanism during pancreatitis. During AP, mitochondrial failure is able to induce phenotypic
changes in acinar cells (OPA1, DRP1, Parkin1, and VMP1 expressions) that triggers mitochondrial remodeling processes. These changes include fusion events
(through OPA1) which allow internal rearrangement of their structure; and fission events (through DRP1) that originate new functional mitochondria as well as
damaged and depolarized mitochondria. The latter are labeled by Parkin1, and through the VMP1-dependent autophagic pathway, are selectively detected and
degraded by mitophagy within the lysosomes.
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it is used in other metabolic pathways such as in mitochondrial
ROS generation instead. An increase in mitochondrial ROS has
been observed by Booth et al. (2011b), during bile acid injury of
pancreatic acinar cells. Moreover, MitoQ (an antioxidant targeted
to mitochondria) reduces both inflammation and the presence of
edema in acinar cells treated with caerulein (Huang et al., 2015).
On the other hand, the decrease in ATP availability may lead
to the inefficiency of the Ca2+ (ATP-dependent) pumps (Booth
et al., 2011a), responsible for restoring basal Ca2+ cytosolic levels.
In this way, apoptosis might also be compromised, since caspase
activation is an ATP-dependent process, leading cells to necrosis.

The central role of mitochondrial dysfunction and impaired
autophagy were reported in different animal models of
severe AP such as in mice treated with L-arginine-induced
pancreatitis (Biczo et al., 2018). In these models, mitochondrial
dysfunction causes pancreatic ER stress, impaired autophagy, and
deregulation of lipid metabolism. However, the administration
of trehalose, an autophagy inductor, prevents intracellular
trypsinogen activation, necrosis, and other parameters of
pancreatic injury (Biczo et al., 2018). Also, we previously
demonstrated that the induction of autophagy in the pancreas
by the transgenic expression of VMP1 does not only induce
pancreatitis but also prevents intracellular trypsinogen activation,
necrosis, and other parameters of pancreatic injury in the mouse
caerulein model of pancreatitis (Grasso et al., 2011). Interestingly,
in the rat model of mild pancreatitis, we showed that the
mitochondrial function is spontaneously and completely restored
when pancreas tissue is also recovered, after 48 h of caerulein
treatment. These findings suggest that the acinar cell can set up
molecular mechanisms to restore cellular bioenergetics leading
to the pancreas recovering.

Taking our results together, we hypothesize that during
AP, mitochondrial failure can induce phenotypic changes in
acinar cells (OPA1, DRP1, Parkin1, and VMP1 expressions)
that triggers mitochondrial remodeling processes. These changes
include fusion events (through OPA1) which allow internal
rearrangement of their structure; and fission events (through
DRP1) that originate new functional mitochondria as well as
damaged and depolarized mitochondria. The latter, labeled by
Parkin1 and through the VMP1-dependent autophagic pathway,
is selectively detected and degraded by mitophagy within the
lysosomes (Figure 8). A better understanding of the molecular
mechanisms involved to restore mitochondrial function, such

as changes in mitochondrial dynamics and mitophagy, could be
relevant in the development of therapeutic strategies in AP.
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Myocardial ischemia–reperfusion injury (MIRI), characterized by post-ischemic
cardiomyocytes death and reperfusion myocardial damage, is a lethal yet unresolved
complication in the treatment of acute myocardial infarction (AMI). Previous studies
have demonstrated that poly(ADP-ribose) polymerase-1 (PARP1) participates in the
progression of various cardiovascular diseases, and various reports have proved that
PARP1 can be a therapeutic target in these diseases, but whether it plays a role
in MIRI is still unknown. Therefore, in this study, we aimed to explore the role and
mechanism of PARP1 in the development of MIRI. Firstly, we demonstrated that PARP1
was activated during MIRI-induced myocardial autophagy in vitro. Moreover, PARP1
inhibition protected cardiomyocytes from MIRI through the inhibition of autophagy.
Next, we discovered that specificity protein1 (Sp1), as a transcription factor of PARP1,
regulates its target gene PARP1 through binding to its target gene promoter during
transcription. Furthermore, silencing Sp1 protected cardiomyocytes from MIRI via the
inhibition of PARP1. Finally, the functions and mechanisms of PARP1 in the development
of MIRI were also verified in vivo with SD rats model. Based on these findings,
we concluded that PARP1 inhibition protects cardiomyocytes from MIRI through the
inhibition of autophagy, which is targeted by Sp1 suppression. Therefore, the utilization
of PARP1 exhibits great therapeutic potential for MIRI treatment in future.

Keywords: myocardial ischemia-reperfusion injury, oxygen-glucose deprivation/reperfusion, PARP1, Sp1,
autophagy

Abbreviations: AD, adenovirus; AMI, acute myocardial infarction; BEZ235, NVP-BEZ235; ChIP, chromatin
immunoprecipitation; DAPI-4,6, diamidino-2-phenylindole; ECG, electrocardiogram; FS, fractional shortening; H&E
staining, hematoxylin and eosin staining; LAD, left anterior descending coronary artery; LC3, micro-tubule-associated
protein1 light chain 3; LVEF, left ventricular ejection fraction; MIRI, myocardial ischemic-reperfusion injury; NC, negative
control; OGD/R, oxygen-glucose deprivation/reperfusion; PARP1, poly(ADP-ribose) polymerase-1; PCI, percutaneous
coronary intervention; Real-time PCR, real-time polymerase chain reaction; ROS, reactive oxygen species; Sp1, specificity
protein 1; TF, transcription factor; TUNEL, terminal dexynucleotidyl transferase (TdT)-mediated dUTP nick end labeling;
3′UTR, 3′untranslated regions.
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INTRODUCTION

Acute myocardial infarction (AMI), associated with high
mortality and morbidity, is one of the major causes of death
in the world (Penna et al., 2013; Pu et al., 2014). With
the application of reperfusion therapies, such as percutaneous
coronary intervention (PCI) and thrombolysis, that restore the
blood flow to the ischemic area, the impaired myocardium
can be salvaged (Xuan and Jian, 2016; González-Montero
et al., 2018). However, myocardial reperfusion is likely to
cause an excessive production of reactive oxygen species (ROS),
contributing to the activation of autophagy, the induction
of post-ischemic cardiomyocyte death, and the generation of
cardiac dysfunction, which was termed as myocardial ischemia-
reperfusion injury (MIRI) (Movassagh and Foo, 2008; Gustafsson
and Gottlieb, 2009; Morales et al., 2014). Accompanied
by clinical complications like reperfusion arrhythmias, lethal
reperfusion, myocardial stunning and no-reflow (González-
Montero et al., 2018), MIRI is a common yet fatal clinical
disease which remains to be solved. Therefore, it is of urgent
demand to explore the molecular mechanisms of MIRI and
to develop novel molecular interventions that may reduce the
occurrence of MIRI and improve the prognosis of AMI patients
(He et al., 2014).

Poly(ADP-ribose) polymerase-1 (PARP1), characterized by
attaching ADP-ribose polymer chains to the target proteins
and promoting DNA repair, is a post-translational modification
enzyme (Kim et al., 2004, 2005; Pirrotta, 2004). Previous studies
have shown that PARP1 is associated with many cardiovascular
diseases, including hypertension, atherosclerosis, myocardial
hypertrophy and circulatory shockn (Molnár et al., 2006; Pacher
and Szabó, 2007; Esposito and Cuzzocrea, 2009; Xu et al., 2014). It
has been demonstrated that PARP1 can be activated by starvation
(Wang H. et al., 2018), angiotensin II (Wang et al., 2013) and
high glucose (Jagtap and Szabo, 2005). Additionally, evidence
showed that PARP1 overexpression can bring about damage to
cardiac structure and cardiac function during the progression
of heart failure (Pillai et al., 2005), whereas PARP1 inhibition
can prevent cardiac remodeling (Pillai et al., 2006), apoptosis,
fibrosis and inflammation (Gilad et al., 1997; Wayman et al.,
2001; Jagtap and Szabo, 2005; Wang et al., 2013; Wang H.
et al., 2018). Therefore, PARP1 inhibition was proved to be
cardiac-protective in heart failure and post-infarction myocardial
remodeling (Halmosi et al., 2016), but whether it is involved in
MIRI is unknown.

Specificity protein 1(Sp1) transcription factor (TF) is a
member of the Sp/Kruppel-like factor family, which is involved
in embryonic development and cell cycle regulation (Safe et al.,
2014). Generally, the biological function of Sp1 is activated when
it is binding to its target DNA binding sites (Chintharlapalli
et al., 2007). Furthermore, it was reported that down-regulation
of Sp1 and Sp1-related genes are considered as drug-dependent
(Abdelrahim et al., 2007). It has been reported that Sp1 is
closely related to cancers, and high level of Sp1 in human
blood is perceived as a negative prognostic factor to cancers
(Mertens-Talcott et al., 2007; Chadalapaka et al., 2008, 2013;
Chintharlapalli et al., 2009, 2011; Papineni et al., 2009; Colon

et al., 2011). However, the role of Sp1 in the progression of MIRI
remains unclear.

Autophagy, also nominated as type II programmed cell
death, plays an essential role in the pathophysiological
progression of MIRI (Thapalia et al., 2014). It is a process
of transporting damaged, denatured or aged organelles to
lysosomes for degradation, and the formation of double-
membraned autophagosomes are the symbol of autophagy,
during which the activation of Beclin1, LC3 (Micro-tubule-
associated protein1 light chain 3) and ATG12 are characteristic
biomarkers to trigger this process (Ma et al., 2012; Zou et al.,
2019). Under physiological conditions, autophagy maintains
intracellular homeostasis, and thus it assists in preserving
normal function and survival of cells; while under pathological
circumstances, autophagy leads to a variety of diseases, such
as inflammation (Virgin and Levine, 2009), aging (Rubinsztein
et al., 2011), cancer (Yang et al., 2011), metabolic syndrome
(Codogno and Meijer, 2010), liver disease (Hidvegi et al.,
2010) and heart disease (Nakai et al., 2007). When it comes to
ischemic heart diseases, autophagy is beneficial and adaptive
during ischemia, but harmful and fatal during reperfusion. As
expected, MIRI is the result of this autophagy, which is out of
control. In the previous ischemic area, the existence of coronary
microvascular occlusion sustains for 48 h, while the autophagy
effect lasts for 72 h. Due to the intracellular autophagy, the final
clinical manifestation of MIRI is presented as expanded infarct
myocardium size, deteriorated left ventricular ejection fraction,
aggravated left ventricular remodeling and worse clinical
prognosis (Thapalia et al., 2014). Therefore, the regulation of
autophagy is an potential target for the intervention of MIRI.

In this study, we have discovered the role and mechanism
of PARP1 in the progression of MIRI. Function experiments
indicated that PARP1 was activated by MIRI-induced myocardial
autophagy. By in vivo and in vitro experiments, we demonstrated
that inhibiting PARP1 could alleviate myocardial injury triggered
by MIRI whereas promoting autophagy could reverse the
myocardial protection effect of PARP1 inhibition. Further
exploration of the mechanism identified that PARP1 inhibition
protects cardiomyocytes from MIRI through inhibition of
autophagy, which is targeted by Sp1 suppression.

MATERIALS AND METHODS

Cell Culture and Establishment of
Oxygen-Glucose
Deprivation/Reperfusion (OGD/R) Model
A cellular model of Oxygen-Glucose Deprivation/Reperfusion
(OGD/R) was adopted to simulate in vivo myocardial ischemia
reperfusion. Briefly, embryonic rat heart-derived H9c2 cells were
cultured in 6-well plates in a humidified and 5% CO2 atmosphere
at 37◦C, with DMEM supplemented with 10% FBS. When the
cells grew to about 80% density, the medium of the OGD/R group
was replaced with sugar-free medium that had been prefilled
with 95% N2 and 5% CO2 for 30 min to replace the oxygen
in the solution, and then the cells were placed in an anoxic

Frontiers in Cell and Developmental Biology | www.frontiersin.org 2 May 2021 | Volume 9 | Article 621906117

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-621906 May 25, 2021 Time: 17:37 # 3

Xu et al. PARP1 Inhibition Can Protect Cardiomyocytes

incubator, filled with 95% N2 and 5% CO2 mixed gas. After 6 h
of OGD, the cells were transferred into the regular incubator for
reperfusion, placed for 2 h, and then collected for subsequent
assays (Supplementary Figure 1).

Cell Transfection
H9c2 cells were seeded in 60 mm cell culture dishes and cultured
in medium without antibiotics overnight. To knockdown the
expression of Sp1, cells at 40% confluence were transfected
with Sp1 shRNA, using Lipofectamine 2000 reagent according
to the manufacturer’s instructions. At 36 h after transfection,
H9c2 cells were incubated in ischemic conditions for 12 h, as
previously described.

Real-Time PCR
Total RNA was isolated from H9c2 cells with TRIzol Reagent
(Ambion, 15596026, Texas, United States). PrimeScriptTM RT
reagent Kit (TAKARA, RR037A, Takara Bio, Otsu, Japan) was
adopted to determine the mRNA expression level. According to
the manufacturer’s instructions, real-time PCR was performed
with related forward and reverse primers with SYBR R© Premix
Ex TaqTM II (Takara, RR420A, Takara Bio, Otsu, Japan)
in real-time system (Roche, LightCycler R© 96, Switzerland).
The relative mRNA expression levels were calculated using
2−11Ct method and were presented as fold changes relatively
to the expression levels of the control group. The following
primers were used in the real-time PCR: GAPDH forward,
5′-CCTGCACCACCAACTGCTTA-3′ and reverse, 5′-CATCAC
GCCACAGCTTTCCA-3′; PARP1 forward, 5′-ACCACGCACA
ATGCCTATGA-3′ and reverse, 5′-AGTCTCCGGTTGTGAAG
CTG-3′; Beclin-1 forward, 5′-AGCCTCTGAAACTGGACACG-
3′ and reverse, 5′-CCTCTTCCTCCTGGCTCTCT-3′; LC3
forward, 5′-CCGTAGTTCGCTGTACGAGG-3′ and reverse, 5′-
CCGTAGTTCGCTGTACGAGG-3′; ATG-12 forward, 5′-GCTG
AAGGCTGTAGGAGACAC-3′ and reverse, 5′-GGAAGGGGCA
AAGGACTGATT-3′; Gabarapl-1 forward, 5′-AGAGGACCAC
CCCTTCGAATA-3′ and reverse, 5′-GAGCCTTCTCCACGATG
ACC-3′.

Western Blot Analysis
Total protein was extracted from H9c2 cells with RIPA lysis
buffer (dilution:1:1000, Beyotime, P0013B, Nan Tong, China)
supplemented with PMSF (Amresco, 329-98-6, United States).
The protein lysates were resolved with SDS-PAGE gels and
electro-transferred onto a nitrocellulose membrane (Millipore,
HATF00010, Germany). At room temperature, TBST buffer
with 5% non-fat milk powder (Sangon Biotech, NB0669-250g,
Shanghai, China) was used to block the membranes for 1.5 h.
At 4◦C, related primary antibodies were incubated with the
membrane overnight. At room temperature, the membrane
was washed with PBS (Genom, GNM20012, Hangzhou, China)
and incubated with a horseradish peroxidase labeled secondary
antibody (Beyotime, A0208, A0216, Nantong China) for 1 h.
The membrane was analyzed with the Chemiluminescence
imaging system (Clinx, ChemiQ4600, Shanghai, China).
The relative protein expression levels were presented as fold
changes relative to the expression levels of the control group.

Antibodies against Cleaved PARP1 (Abcam, ab32064, 1:1000,
Cambridge, United Kingdom), Beclin1 (Abcam, ab207612,
1:2000, Cambridge, United Kingdom), Gabarapl1 (Abcam,
ab86497, 1:1000, Cambridge, United Kingdom), ATG12
(Abcam, ab155589, 1:1000, Cambridge, United Kingdom),
LC3A/B (Cell Signaling Technology CST, 12741, 1:1000,
MA, United States), GATA1 (Abbexa, abx121608, 1:10,
United Kingdom), Sp1(Abcam, ab13370, 1:10, Cambridge,
United Kingdom), YYI (Abcam, ab109237, 1:10, Cambridge,
United Kingdom), CTCF (Abcam, ab70303, 1:10, Cambridge,
United Kingdom), β-actin (Abcam, ab8227, 1:5000, Cambridge,
United Kingdom), GAPDH (Abcam, ab181602, 1:10000,
Cambridge, United Kingdom) were used as primary antibodies.
Cleaved PARP1 is an active form of PARP1 and was used in this
study to represent the expression of PARP1.

Immunofluorescence Microscopy
The H9c2 cells were seeded onto sterilized coverslips, and
cultured in the 5% CO2 incubator (Corning, Wuxi, China) at
37 ◦C for about 6 h. The cells were then rinsed with PBS,
fixed with 4% paraformaldehyde (Sinopharm, Shanghai, China)
for 60 min, treated with 0.5% TritonX-100 for 20 min, and
blocked with 3% H2O2 for 15 min, all at room temperature.
Afterward, related primary antibodies were incubated with the
cells overnight at 4◦C. At room temperature, the cells were
washed with PBS and incubated with fluorescent secondary
antibodies for 2 h, followed by staining with DAPI (10 µg/ml,
Beyotime, Nantong, China) for 5 min. Cells were observed and
imaged with a fluorescence microscope (Leica, Germany).

Flow Cytometry
The H9c2 cell culture medium was sucked out into a suitable
centrifuge tube. Then the adherent H9c2 cells were washed
by PBS once and digested by trypsin cell digestion solution,
which contained EDTA (Solarbio, T1300-100, Beijing, China).
After incubation at room temperature, we added the cell culture
medium which was collected before, and transfered it to the
centrifugal tube, then centrifuged 1000 g for 5 min (Bioridge,
TDZ4-WS, Shanghai, China). The H9c2 cells were centrifuged
and resuspended with 195 µl Annexin V-FITC binding solution
and 5 µl Annexin V-FITC (Beyotime, C1062, Nantong, China),
incubated at 4◦C for 15 min. Then, the cells were centrifuged
again and resuspended with 190 µl Annexin V-FITC binding
solution and 10 µl propidium iodide staining solution (Beyotime,
Nantong, China), incubated at 4◦C for 5 min. The fluorescence
was detected by flow cytometer (BD, Accuri C6, United States).

MTT Assay
The H9c2 cells were cultured with 96-well plates. After the
treatments of each experimental group, the culture medium was
replaced with 20 µl MTT solution (Beyotime, Nantong, China).
After incubation at 37◦C for 4 h, the supernatant in each well was
removed, replaced with 150 µl DMSO (Sigma, Germany). The
plate was shaken for 10 min at a low speed to fully dissolve the
crystals. The absorbance was measured at 490 nm by plate reader
(Thermo, Carlsbad, CA, United States).
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Chromatin Immunoprecipitation (ChIP)
Proteins and DNA of proliferating H9c2 cells were crosslinked
at room temperature for 10 min with 10 ml Fix Buffer (10 mM
HEPES pH = 7.6, 1 M sucrose, 5 mM KCl, 5 mM MgCl2,
1% formaldehyde, 14 mM mercaptoethanol, 0.6% TritonX-100,
and 0.4 mM PMSF, all from Sangon Biotech and Sinopharm).
To terminate the crosslinking, 0.8 ml 2 M Glycine (Sigma,
Germany) was added. The cells were placed on ice for 30 min
before being scraped down and transferred to a pre-cooled
centrifugal tube, centrifuged for 20 min at 4 000 rpm, 4◦C. The
supernatant was removed and cells were resuspended with 1 mL
pre-cooled Extraction Buffer (0.4 M sucrose, 10 mM MgCl2,
5 mM mercaptoethanol, 10 nM Tris-HCl pH = 8.0, and 1%
proteinase inhibitor; Tris-HCl and proteinase inhibitor were
from Sigma, Germany). The sample was crushed by ultrasonic
(Sonics, United States). The pyrolysis solution was diluted by 10
times with pre-cooled Chip Buffer (1.1%TritonX-100, 1.2 mM
EDTA, 16.7 mM Tris-HCl pH = 8.0, and 167 mM NaCl from
Sinopharm, Shanghai, China). Protein A agarose beads (Cell
Signaling Technology, MA, United States) were prepared with
salmon sperm DNA (Sigma, Germany), and rinsed for three
times with Chip Buffer. Then the pyrolysis solution was mixed
with Chip Buffer, centrifuged at 4◦C, 13000 rpm for 30 s.
The pyrolysis solution was preserved at –20◦C for Input. TE
Buffer (10 mM Tris-HCl, 1 mM EDTA pH = 8.0), NaCl, SDS
(Sinopharm, Shanghai, China) were added to Input. Protein K
(TIANGEN, Beijing, China) was added to immune complex.
The supernatant was extracted by adding chloroform (Sangon
Biotech, Shanghai, China) of equal volume at room temperature
and centrifuging at 13000 rpm for 15 min. DNA samples were
added to the centrifugal tube overnight at −20◦C with NaAc
(Aladdin, Shanghai, China), ethanol (Sangon Biotech, Shanghai,
China) and glycogen (Sinopharm, Shanghai, China). The DNA
sample was washed with 70% ethanol, dried in incubator at 37 ◦C
and precipitated with 50 µl 10 mM Tris-HCl (pH = 7.5), before
its concentration was determined and adjusted for the subsequent
qRT-PCR experiment.

Dual-Luciferase Reporter Assay
Due to the high transfection efficiency of 293T cells, 293T cells
were used and incubated on 24-well plates at 37◦C. When the
cells grew to about 70–80% density, the medium was replaced
with serum-free MEM (Gibco, Carlsbad, CA, United States)
without antibiotics, incubated overnight. The plasmid and
LipofectamineTM 2000 (Invitrogen, Carlsbad, CA, United States)
were, respectively, diluted with MEM, and incubated at room
temperature for 5 min. Then they were fully mixed and placed
at room temperature for 20 min. The medium in the 24-well
plate was replaced with the mixture. After 4–6 h of incubation,
the transfection solution was replaced with MEM containing
10% FBS. After 48 h of transfection, the cells were fully lysed.
Bright-LumiTM II Firefly Luciferase Reporter Gene Assay Kit and
Renilla-LumiTM Luciferase Reporter Gene Assay Kit (Beyotime,
Nantong, China) and the fluorescein enzyme detection buffer of
sea kidney (Beyotime, Nantong, China) were used to detect the
luciferase activity with a plate reader (Promega, United States).

The RLU (relative light unit) was determined by mixing 100 µl
samples with 100 µl reagent solution. Cell lysate without regent
was used as blank control.

Establishment of the Rat MIRI Model
The study was conducted on 42 male SD rats (2 ± 1 months
of age, weighing 220 ± 20g) bought from Shanghai SLAC
Laboratory Animal Co., Ltd (project number SCXK 2017-
0005). The rats were anesthetized with isoflurane. A four-limb
electrocardiogram (ECG) was recorded to monitor ST segment
amplitude changes. After removing the hair on the chest of
rats, the thorax was opened, and the heart was exposed via left
thoracotomy in the fourth intercostal space. A 6–0 silk ligature
(Solarbio, Beijing, China) was used to ligate the left anterior
descending coronary artery (LAD). Ischemia was monitored and
confirmed visually via the ST segment elevation on ECG and
prompt and sustained pallor of the anterior wall distal to the
ligation site. After 45 min of ischemia, the ligature was loosened
for 24 h, and reperfusion was confirmed by prompt return of
color to the myocardium. Sham control group rats were treated
with the same surgical procedures except the ligation of the left
coronary artery. The AD vector packed with PARP1. The Control
group and the I/R group were administered with the intragastrical
injection of Sp1 shRNA NC. In contrast, the I/R + Sp1 shRNA
and I/R+ AD-PARP1 group were given a 30 µl injection of
recombinant Sp1 shRNA and AD-PARP1 around the infarction
region, respectively.

The rats were randomly divided into seven groups (n = 5
for each groups). The groups were assigned as follows: (1)
sham (0.9% normal saline, Sham group), (2) I/R (0.9% normal
saline, I/R group), (3) I/R + AG-14361 at a dose of 5 mg/kg
(Intraperitoneal injection once a day for 5 days), (4) I/R +AG-
14361+BEZ235 at a dose of 50 mg/kg (Intraperitoneal injection),
(5) I/R +SP1 shRNA NC (108 CFU/100 g weight), (6) I/R +SP1
shRNA (108 CFU/100 g weight), (7) I/R + AD-PARP1 (108

CFU/100 g weight).

Masson’s Trichrome Staining
Masson’s trichrome staining was done with Masson’s Trichrome
Stain Kit (Shanghai Xinfan Biotechnology Co., Ltd, Shanghai,
China), according to the manufacturer’s instructions. The
Sections were fixed in 4% formaldehyde and embedded in
paraffin. The stains of sections were observed and imaged with
optical microscopy (Olympus, Japan).

Hematoxylin and Eosin (H&E) Staining
The myocardial tissues were fixed, dehydrated, transparent,
soaked in wax, embedded in paraffin and sectioned. Then they
were stained with hematoxylin and eosin (Sinopharm, Shanghai,
China), clarified with xylene (Beijing Leagene Co., Ltd, Beijing,
China) and sealed with neutral balsam (Sinopharm, Shanghai,
China). The sections were observed and imaged with optical
microscopy (Olympus, Japan).

TUNEL Assay
According to the manufacturer’s instructions (KeyGEN
BioTECH, Nanjing, China), cells were fixed in 4%
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paraformaldehyde solution for 30 min at room temperature,
and counterstained with DAPI (10 µg/ml, Beyotime, Nantong,
China). The slides were sealed and visualized by fluorescence
microscopy (Leica, Germany).

Statistical Analysis
All data were presented as means ± standard deviation, and all
the experiments were performed at least three times. Statistics
were done with SPSS version 22.0. The one way-ANOVA
test was used for comparison between multiple groups, while
multiple intra-groups comparisons were achieved through SNK
test. When P-value is below 0.05, the change is considered
statistically significant.

RESULTS

PARP1 Was Activated by OGD/R Induced
Myocardial Autophagy
A cell model of oxygen-glucose deprivation/reperfusion
(OGD/R) was adopted to simulate MIRI in vitro and induce
autophagy. H9c2 cells were cultured in an oxygen-glucose-
deprived incubator for 6 h, and then reperfused by oxygen
and glucose for 2 h to cultivate the OGD/R model. Real-time
PCR analysis showed that the mRNA expression of PARP1
increased in the OGD/R model, compared to control group
(Figure 1A). Meanwhile, the result of western blot also showed
the expression of PARP1 was increased, compared to that in
control group (Figure 1B).

PARP1 Inhibition Protected
Cardiomyocytes From OGD/R Through
Inhibition of Autophagy
To examine whether PARP1 inhibition could protect
cardiomyocytes from MIRI, we used PARP1 inhibitor AG-14361
(S2178, Selleck Chemicals) to suppress the expression of PARP1
(Smith et al., 2016). After treating H9c2 cells with OGD/R
model, western blot showed that compared to control group,
the expression of PARP1 and autophagy related proteins such
as LC3 and Beclin1 increased, indicating that the autophagy
related cardiac injury was induced by OGD/R. However, treating

cardiomyocytes with 10 µM AG-14361 for 1 h (Vazquez-
Ortiz et al., 2015; Deng and Mi, 2016), we observed that the
expression of PARP1 and autophagy related proteins were
downregulated (Figure 2A). Simultaneously, we observed
that in the GFP-LC3 assay, compared to control group, the
number of GFP puncta increased in H9c2 cells when exposed
to OGD/R, but reduced when treating cardiomyocytes with
AG-14361 (Figure 2B). It was also detected by flow cytometry
that the number of necrotic and apoptotic H9c2 cells increased
when exposed to OGD/R. Treating cardiomyocytes with AG-
14361, we discovered that the percentage of apoptotic cells
decreased (Figure 2C). Therefore, PARP1 inhibition protected
cardiomyocytes from OGD/R.

To further study the way that PARP1 inhibition protect
cardiomyocytes from MIRI, we use NVP-BEZ235 (Selleck
Chemicals), a novel autophagy promoter, to increase the effect
of autophagy related cardiac injury (Liu et al., 2018). After
treating H9c2 cells with 0.25 µM BEZ235 for 24 h, western blot
analysis indicated that the expression of PARP1 and autophagy-
related proteins (LC3 and Beclin1) increased again, compared
to the group in which cardiomyocytes were treated with AG-
14361 (Figure 2D). Identically, GFP-LC3 assay, which assessed
autophagic flux, confirmed the same result. Compared to control
group, the number of GFP puncta increased in H9c2 cells
when exposed to OGD/R, indicating that autophagic flux was
upregulated under OGD/R treatment. Treating cardiomyocytes
with AG-14361, we observed that GFP puncta reduced, whereas
treating cardiomyocytes with BEZ235, GFP puncta increased
again (Figure 2E). At the same time, flow cytometry analysis
revealed that the number of necrotic and apoptotic H9c2 cells
increased when exposed to OGD/R, compared to control group.
Treating cardiomyocytes with AG-14361, we detected that the
percentage of necrotic and apoptotic cells reduced, whereas
treating cardiomyocytes with BEZ235, the percentage of necrotic
and apoptotic cells was increased again (Figure 2F). Accordingly,
as showed in MTT assay, the cell viability of H9c2 cells decreased
when exposed to OGD/R, compared to control group. Treating
cardiomyocytes with AG-14361, we identified that the cell
viability of H9c2 cells increased, whereas treated with BEZ235,
the cell viability of H9c2 cells decreased again (Figure 2G). As
is mentioned above, treating cardiomyocytes with BEZ235 could
reverse the myocardial protection effect of PARP1 inhibition.

FIGURE 1 | PARP1 was activated by OGD/R-induced myocardial autophagy. H9c2 cells were cultured in an oxygen/glucose-deprived incubator for 6 h, and then
reperfused by oxygen and glucose for 2 h to cultivate an OGD/R model. (A) Real-time PCR showed the mRNA level of PARP1 increased when H9c2 cells were
exposed to OGD/R. (B) Western blot showed the protein level of PARP1 also rose when H9c2 cells were exposed to OGD/R. Compared with control group,
**P < 0.01. N = 4 for each group.
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FIGURE 2 | PARP1 inhibition protected cardiomyocytes from OGD/R through inhibition of autophagy. The OGD/R-modeled H9c2 cells were treated with PARP1
inhibitor AG-14361 (10 µM) for 1 h and a novel autophagy promoter NVP-BEZ235 (0.25 µM) for 24 h. (A) Western blot showed the expression of PARP1 and
autophagy related proteins rose when H9c2 cells were treated with AG-1436. (B) GFP-LC3 assay showed the different level of GFP puncta between control group
and other groups. Magnification: 630×. (C) Flow cytometry analysis assessed the apoptotic rate of control group and other groups. (D) Western blot assessed the
expression of PARP1 and autophagy related proteins when H9c2 cells was treated with PARP1 inhibitor and BEZ235. (E) GFP-LC3 assay showed the different level
of GFP puncta between control group and other groups. Magnification: 630×. (F) Flow cytometry analysis showed the apoptotic rate of control group and other
groups. (G) MTT assay showed the OD value of cells in control group and other groups. Compared with control group, *P < 0.05, **P < 0.01; compared with
OGD/R group, #P < 0.05, ##P < 0.01; Compared with AG-14361 group, $P < 0.05, $$P < 0.01. N = 4 for each group.

Taken together, these results demonstrated that PARP1
inhibition can protect cardiomyocytes from OGD/R through
inhibition of autophagy.

Sp1 Is a Transcription Factor of PARP1
That Regulates Its Expression During
Transcription
According to bioinformatics analysis1, Sp1, YY1, CTCF, GATA-
1 were selected as transcription factors of PARP1. To determine

1https://bigd.big.ac.cn/databasecommons/

whether there exists a targeted regulation between Sp1 and
PARP1, ChIP assay was conducted. We used IgG as negative
control and input as positive control. After ChIP verification, IgG
did not show any band. The DNA fragment size of target protein
antibody PARP1 and input group IP were 100–200 bp, which
matched with the requirements of ChIP experiment (Figure 3A).
Furthermore, Western blot analysis indicated that when exposed
to OGD/R model, the expression of Sp1 was the highest among
these transcription factors (Figure 3B). We also performed real-
time PCR to show that compared with control group, the mRNA
expression of PARP1 recruited by all these transcription factors
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FIGURE 3 | Sp1 is a transcription factor of PARP1 that regulates the target gene of PARP1 during transcription. (A) In ChIP assays, the DNA fragment size of target
protein antibody PARP1 and input group IP were 100-200 bp. IgG was served as a negative control and input was a positive control. (B) Western blot analysis
showed the expression of different transcription factors. Compared with control group, *P < 0.05, **P < 0.01. (C) Real-time PCR showed the mRNA expressions of
PARP1 which were recruited by different transcription factors. Compared with control group, *P < 0.05, **P < 0.01; compared with control IgG group, ##P < 0.01;
compared with OGD/R group, $$P < 0.01. (D) The fluorescein value in the dual-luciferase reporter assay decreased significantly after mutation of PARP1, indicating
that there was a targeted regulation between Sp1 and PARP1. Compared with control group, **P < 0.01. (E) Western blot was performed in nuclear extract level,
cytoplasm extract level and cell total extract level to show different protein expression levels of Sp1. Compared with control group, *P < 0.05, **P < 0.01; compared
with OGD/R-2 h group, #P < 0.05, ##P < 0.01; compared with OGD/R-4 h group, $P < 0.05, $$P < 0.01. N = 4 for each group.

was the highest when exposed to OGD/R model (Figure 3C).
To confirm the relationship between PARP1 and Sp1, dual-
luciferase reporter assay was performed. The results showed that
the fluorescence decreased significantly after mutation of PARP1,
indicating that there was a targeted regulation between Sp1
and PARP1 (Figure 3D). To further confirm that it was during
transcription that Sp1 regulate the biological effect of PARP1,
western blot was performed in nuclear extract level, cytoplasm
extract level and cell total extract level. The results showed that in
nuclear extracts from OGD/R-exposed H9c2 cells, the expression
of Sp1 significantly increased with time and reached the peak at
6 h, whereas it simultaneously decreased with time and hit the
bottom at 6 h in cytoplasm extracts. At the same time, in cell

total extract level, the expression of Sp1 was almost constant over
time (Figure 3E). Therefore, Sp1 regulates the biological effect
of PARP1 during transcription, as the transcription occurs in
nuclear level (Mollion et al., 2018).

Altogether, these results supported that Sp1 is a transcription
factor of PARP1, and it regulates the target gene of PARP1
during transcription.

Silencing Sp1 Prevented
Cardiomyocytes From OGD/R
Though we have confirmed that Sp1 is a transcription factor of
PARP1, whether Sp1 has similar biological effect as PARP1 in the
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pathophysiological progression of OGD/R-induced H9c2 cells is
still unknown. Therefore, we transfected H9c2 cells with Sp1
shRNA and negative control of Sp1 shRNA-NC for 72 h to explore
the role of Sp1 in OGD/R.

Western blot analysis showed that the expression level of
Sp1 was evidently increased when exposed to OGD/R, whereas
transfecting H9c2 cells with Sp1 shRNA could decrease the
expression level of Sp1, compared to the Sp1 shRNA-NC-
transfected cells (Figure 4A).

Furthermore, we performed western blot to demonstrated
that compared to control group, the expression of PARP1 and
autophagy related proteins increased when H9c2 cells were
exposed to OGD/R, while treating H9c2 cells with Sp1 shRNA,
we observed that the expression of PARP1 and autophagy
related proteins decreased, compared to Sp1 shRNA-NC group
(Figure 4B). Consistently, in GFP-LC3 assay, compared to
control group, the number of GFP puncta rose in H9c2 cells
when exposed to OGD/R, and declined when treating H9c2
cells with Sp1 shRNA, compared to Sp1 shRNA-NC group
(Figure 4C). We also observed by flow cytometry that compared
to control group, the number of necrotic and apoptotic H9c2
cells increased when exposed to OGD/R, while treating H9c2 cells
with Sp1 shRNA, the number dropped compared to Sp1 shRNA-
NC group (Figure 4D). Therefore, silencing Sp1 prevented
cardiomyocytes from OGD/R.

Sp1 Suppression Prevented
Cardiomyocytes From OGD/R Through
PARP1 Inhibition
We have demonstrated that silencing Sp1 can prevent
cardiomyocytes from OGD/R, but the potential mechanism
under this phenomenon remains unclear. Since we have
proved that there was a targeted regulation between Sp1
and PARP1, we still transfected H9c2 cells with Sp1
shRNA as well as Sp1 shRNA-NC for 72 h and treating
cardiomyocytes with 10 uM AG-14361 for 1 h to explore the
association between Sp1 and PARP1 in the development of
OGD/R in H9c2 cells.

Flow cytometry analysis showed that the percentages of
necrotic and apoptotic cells was decreased in Sp1 shRNA or
AG-14361 transfected cells, whereas treating cardiomyocytes
with Sp1 shRNA-NC, the percentages of necrotic and apoptotic
cells was increased again (Figure 5A). In support of this, MTT
assay was performed to analyze the cell viability of H9c2 cells.
Results showed that the cell viability of Sp1 shRNA or AG-
14361 transfected cells increased, whereas treated with Sp1
shRNA-NC, the cell viability of H9c2 cells were decreased again
(Figure 5B). Accordingly, immunofluorescence showed that the
positive rate of Sp1 in control group was lower than that in
other groups, while the positive rate of Sp1 in OGD/R group
and OGD/R+Sp1 shRNA-NC group was significantly higher.
Furthermore, the positive rate of Sp1 in OGD/R+Sp1 shRNA
group and OGD/R+AG-14361 group was significantly lower
than that in OGD/R group and OGD/R+Sp1 shRNA-NC group
(Figure 5C). These three results all demonstrated that both Sp1
suppression and PARP1 inhibition can prevent cardiomyocytes

from OGD/R. Additionally, the regulation between Sp1 and
PARP1 was positive.

To further confirm the regulation between Sp1 and PARP1,
we infected H9c2 cells with Sp1 shRNA to downregulate
Sp1 and AD-PARP1 adenovirus (MOI = 25) for 72 h to
upregulate PARP1. Western blot analysis showed that under
OGD/R exposition, the expression of PARP1 and autophagy-
related proteins increased. However, when transfected H9c2 cells
with Sp1 shRNA, the expression of PARP1 and autophagy-
related proteins decreased, whereas infecting H9c2 cells with
AD-PARP1 adenovirus upregulated the expression of PARP1 and
autophagy-related proteins again (Figure 5D). In line with this,
we performed real-time PCR. Results showed that compared
to the OGD/R group, the expression of PARP1 mRNA and
autophagy-related protein mRNAs decreased when H9c2 cells
were transfected with Sp1 shRNA, while infecting H9c2 cells
with AD-PARP1 adenovirus increased the expression of PARP1
mRNA and autophagy-related protein mRNAs (Figure 5E). As
is mentioned above, treating cardiomyocytes with AD-PARP1
adenovirus could reverse the myocardial protection effect of
Sp1 suppression. Taken together, Sp1 suppression prevented
cardiomyocytes from OGD/R through PARP1 inhibition.

PARP1 Inhibition Protected
Cardiomyocytes From MIRI Through
Inhibition of Autophagy, Which Was
Targeted by Sp1 Suppression
To confirm the role and mechanism of PARP1 in the
development of MIRI, we established a MIRI animal model by
45 min of ischemia via ligating left anterior descending branch
(LAD) of the SD rats, and then reperfused for 24 h. The model
was considered successfully established when electrocardiogram
showed that the ST-segment elevated during myocardial ischemia
period and dropped at least 50% during reperfusion period.
Furthermore, the expressions of PARP1 and Sp1 in MIRI
tissues are both significantly higher than those in control group,
which were examined by immunofluorescence (Supplementary
Figure 2). Then, we transfected Sp1 shRNA, negative control Sp1
shRNA-NC and AD-PARP1 adenovirus (MOI = 25) all for 72 h in
SD rats, and used 10 µM AG-14361 for 1 h and 0.25 µM BEZ235
for 24 h to confirm the results from in vitro experiments.

Electrocardiogram showed that the ST-segment elevated
when exposed to MIRI, compared to control group. The
elevated ST-segment dropped after treating rats with AG-14361,
whereas using BEZ235 elevated the ST-segment again. Moreover,
compared to Sp1 shRNA-NC group, electrocardiogram showed
that the ST-segment dropped in rats transfected with Sp1 shRNA,
whereas infecting rats with AD-PARP1 adenovirus elevated the
ST-segment again (Figure 6A). Consistently, echocardiography
result showed that compared to control group, left ventricular
ejection fraction (LVEF%) and fractional shortening (FS%)
significantly decreased when exposed to MIRI. After treating
rats with AG-14361, LVEF% and FS% increased, whereas using
BEZ235 deteriorated LVEF% and FS% again. Furthermore,
echocardiography revealed that LVEF% and FS% was increased
in rats transfected with Sp1 shRNA, whereas infecting rats
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FIGURE 4 | Silencing Sp1 prevented cardiomyocytes from OGD/R. The OGD/R-modeled H9c2 cells were treated with Sp1 shRNA-NC and Sp1 shRNA.
(A) Western blot assay showed the expression level of Sp1 when transfecting H9c2 cells with Sp1 shRNA and Sp1 shRNA-NC. (B) Western blot showed the
expression of PARP1 and autophagy related proteins when treating H9c2 cells with Sp1 shRNA and Sp1 shRNA-NC. (C) GFP-LC3 assay showed the number of
GFP puncta in H9c2 cells when treating H9c2 cells with Sp1 shRNA and Sp1 shRNA-NC. Magnification: 630×. (D) Flow cytometry analysis showed the number of
necrotic and apoptotic H9c2 cells when treating H9c2 cells with Sp1 shRNA and Sp1 shRNA-NC. Compared with control group, *P < 0.05, **P < 0.01; compared
with OGD/R group, #P < 0.05, ##P < 0.01. N = 4 for each group.

FIGURE 5 | Sp1 suppression prevented cardiomyocytes from OGD/R through PARP1 inhibition. The OGD/R-modeled H9c2 cells were treated with Sp1 shRNA-NC,
Sp1 shRNA, PARP1 inhibitor AG-14361 and AD-PARP1 adenovirus. (A) Flow cytometry analysis showed that the percentages of necrotic and apoptotic cells when
treating H9c2 cells with Sp1 shRNA, Sp1 shRNA-NC and AG-14361. (B) MTT assay was performed to analyze the cell viability of H9c2 cells when treating H9c2
cells with Sp1 shRNA, Sp1 shRNA-NC and AG-14361. (C) Immunofluorescence showed the positive rate of Sp1 when treating H9c2 cells with Sp1 shRNA, Sp1
shRNA-NC and AG-14361. Magnification: 200×. (D) Western blot showed the expression of PARP1 and autophagy related proteins when treating H9c2 cells with
Sp1 shRNA, Sp1 shRNA-NC and AD-PARP1 adenovirus. (E) Real-time PCR showed the mRNA level of PARP1 and autophagy related proteins when treating H9c2
cells with Sp1 shRNA, Sp1 shRNA-NC and AD-PARP1 adenovirus. Compared with control group, *P < 0.05, **P < 0.01; compared with OGD/R group, #P < 0.05,
##P < 0.01; compared with OGD/R+AG-14361 group, $P < 0.05, $$P < 0.01. N = 4 for each group.
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FIGURE 6 | PARP1 inhibition protected cardiomyocytes from MIRI in vivo via inhibition of autophagy, which is targeted by Sp1 suppression. An MIRI rat model was
established by 45 min of ischemia via ligating left anterior descending branch (LAD), and then refused for 24 h. MIRI-modeled SD rats were treated with Sp1
shRNA-NC, Sp1 shRNA, PARP1 inhibitor AG-14361 and AD-PARP1 adenovirus. (A) Electrocardiogram showed the ST-segment variation of SD rats when treated
with Sp1 shRNA-NC, Sp1 shRNA, PARP1 inhibitor AG-14361 and AD-PARP1 adenovirus under MRI model. (B) Echocardiography showed the different left
ventricular ejection fraction (LVEF%) and fractional shortening (FS%) of SD rats when treated with Sp1 shRNA-NC, Sp1 shRNA, PARP1 inhibitor AG-14361 and
AD-PARP1 adenovirus under MIRI model. (C,D) Hematoxylin and eosin (H&E) and Masson trichrome staining were performed to assess myocardial fibrosis of SD
rats when treated with Sp1 shRNA-NC, Sp1 shRNA, PARP1 inhibitor AG-14361 and AD-PARP1 adenovirus under MIRI model. Magnification: 100×. (E) Western
blot analysis showed the expression of PARP1 and autophagy-related proteins of SD rats when treated with Sp1 shRNA-NC, Sp1 shRNA, PARP1 inhibitor
AG-14361 and AD-PARP1 adenovirus under MIRI model. (F) Real-time PCR analysis showed the mRNA expression of PARP1 and autophagy-related proteins of SD
rats when treated with Sp1 shRNA-NC, Sp1 shRNA, PARP1 inhibitor AG-14361 and AD-PARP1 adenovirus under MIRI model. (G) TUNEL assay showed the
different apoptotic rate of SD rats when treated with Sp1 shRNA-NC, Sp1 shRNA, PARP1 inhibitor AG-14361 and AD-PARP1 adenovirus under MIRI model.
Magnification: 100×. Compared with control group, *P < 0.05, **P < 0.01; compared with OGD/R group, #P < 0.05, ##P < 0.01; compared with
OGD/R+AG-14361 group, $P < 0.05, $$P < 0.01; compared with BEZ235+OGD/R+AG-14361 group, &P < 0.05, &&P < 0.01. N = 4 for each group.
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with Sp1 shRNA and AD-PARP1 adenovirus deteriorated FS%,
compared to Sp1 shRNA-NC group (Figure 6B). Sp1 shRNA
and AD-PARP1 showed less effect on LVEF% compared to
Sp1 shRNA-NC group. Then, H&E and Masson trichrome
staining were performed to assess myocardial fibrosis after
MIRI. Compared with control group, the expression of fibrosis
increased when exposed to MIRI. When rats were treated with
AG-14361 or infecting rats with Sp1 shRNA, myocardial fibrosis
was attenuated. However, using BEZ235 or infecting rats with
Sp1 shRNA and AD-PARP1 adenovirus aggravated myocardial
fibrosis (Figures 6C,D). According to western blot results, the
expression of PARP1 and autophagy-related proteins decreased
when rats were treated with AG-14361 or transfected with Sp1
shRNA, whereas rats were treated with BEZ235 or infected with
Sp1 shRNA and AD-PARP1 adenovirus increased the expression
of PARP1 and autophagy-related proteins again (Figure 6E).
Consistently, real-time PCR showed that the expression of PARP1
and autophagy-related mRNAs decreased when rats were treated
with AG-14361 or Sp1 shRNA, whereas BEZ235 or Sp1 shRNA
and AD-PARP1 adenovirus increased the expression of PARP1
and autophagy-related mRNAs again (Figure 6F). Furthermore,
TUNEL assay showed that the apoptotic rate decreased when rats
were treated with AG-14361 or Sp1 shRNA, whereas BEZ235 or
Sp1 shRNA and AD-PARP1 adenovirus increased the apoptotic
rate (Figure 6G).

Taken together, these results demonstrated that
PARP1 inhibition protects cardiomyocytes from myocardial
ischemia-reperfusion injury through inhibition of autophagy by
Sp1 suppression.

DISCUSSION

Myocardial ischemia-reperfusion injury (MIRI) has been
reported to be associated with autophagy, and this disease can
increase the level of autophagy in cardiomyocytes (Kloner and
Jennings, 2001; Rochitte et al., 1998; Baines, 2011; Thapalia
et al., 2014). It has been reported that autophagy, mitochondrial
damage and endoplasmic reticulum stress (ERs) are important
mechanisms of ischemia-reperfusion injury. Previous studies
suggest that moderate autophagy can protect myocardium,
while excessive autophagy can promote apoptosis and damage
myocardial function (Thapalia et al., 2014). However, how to
alleviate MIRI through targeting the pathway of autophagy
remains elusive. In this work, we provide original findings on the
mechanism underlying MIRI and autophagy. In our experiments,
a cell model of oxygen-glucose deprivation/reperfusion (OGD/R)
was adopted to simulate MIRI in vitro. We confirmed that PARP1
was activated by MIRI-induced myocardial autophagy. Treating
cardiomyocytes with PARP1 inhibitor AG-14361, we observed
that cardiac injury triggered by OGD/R was alleviated, whereas
treating cardiomyocytes with NVP-BEZ235, a novel autophagy
promoter, could reverse the myocardial protection effect that
was mediated by PARP1 inhibition. Thus, PARP1 inhibition
protected cardiomyocytes from OGD/R through inhibition of
autophagy. Further exploration of the mechanism revealed Sp1 as
a transcription factor of PARP1, which regulated the target gene

of PARP1 through binding to its promoter during transcription.
Additionally, silencing Sp1 prevented cardiomyocytes from
OGD/R. Furthermore, we demonstrated that it was via PARP1
inhibition that Sp1 suppression prevented cardiomyocytes from
OGD/R. In vivo, we established an MIRI animal model, and
the same role and mechanism of PARP1 in the progression
of MIRI have been verified. These results justified that Sp1
targeted PARP1 inhibition protected cardiomyocytes from MIRI
via downregulation of autophagy. Therefore, PARP1 may be a
therapeutic target for MIRI in the future.

Recent studies have proved that PARP1 inhibition can
protect diabetic heart via activating SIRT1-PGC1 alpha axis
(Waldman et al., 2018); Through activating SIRT1-induced
inhibition of PARP1, post myocardial infarction infammation
and cardiac remodeling can be prevented (Eid et al., 2020).
Apart from cardiovascular diseases, deficiency of PARP1 can also
alleviate pulmonary fibrosis (Zhang et al., 2018), while PARP1
overactivation can lead to hepatic fibrosis (Mukhopadhyay et al.,
2014). Their results indicated that PARP1 inhibition can be a
therapeutic target for the treatment of cardiovascular diseases.
In our study, we are dedicated to exploring the effect of PARP1
inhibition in MIRI, which has rarely been studied before. OGD/R
model was adopted to simulate MIRI in vitro. Our results showed
that PARP1 was activated in OGD/R model (Figure 1). Moreover,
it was demonstrated that PARP1 was inhibited by AG-14361, and
PARP1 inhibition could protect cardiomyocytes from OGD/R
(Figures 2A–C).

Autophagy begins in the early stage of myocardial ischemia
and persists or even exacerbates in the late stage of reperfusion
(Thapalia et al., 2014). Furthermore, autophagy is not only a
pathophysiological process during MIRI, but also a potential
regulated target to affect the progression of MIRI. Wang et al.
reported that via regulating autophagy, PARP1 inhibition can
attenuate cardiac fibrosis which is induced by myocardial
infarction (Wang C. et al., 2018). Huang et al. indicated that
DNA damage response 1 overexpression protected against the
development of post-MI heart failure by enhancing autophagy
and reducing apoptosis via the mTOR signaling pathway
(Huang et al., 2019). In our study, autophagy was successfully
induced by OGD/R model (Figures 2A–C). Then, a series
of rescue experiments were conducted to prove that through
downregulation of autophagy, PARP1 inhibition can protect
cardiomyocytes from OGD/R. AG-14361 was used to suppress
the expression of PARP1, while BEZ235 was used to increase the
effect of autophagy related cardiac injury. We discovered that
PARP1 inhibition could alleviate the cardiac damage of OGD/R,
while increasing the extent of autophagy could reverse the
myocardial protection effect of PARP1 inhibition (Figures 2D–
G). Therefore, PARP1 inhibition can protect cardiomyocytes
from OGD/R through inhibition of autophagy.

It has been reported that Sp1 is a transcription factor of the
Sp/Kruppel-like factor family, and it plays an important role
in apoptosis, differentiation and cell growth (Vizcaíno et al.,
2015). Furthermore, Sp1 can regulate the gene expression via
activating the transcription of many cellular genes which contain
Sp1 binding sites in their promoters (Safe et al., 2014). Our
research showed that Sp1 was selected as a transcription factor
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of PARP1, and there was a targeted regulation between Sp1
and PARP1. Here, we also verified that Sp1 could regulate
the target gene of PARP1 through binding to its target gene
promoter during transcription (Figures 3D,E). Wei et al.
argued that downregulate Sp1 could decrease the progression
of carcinogenesis in pancreatic cancer (Wei et al., 2004).
Additionally, previous researches have demonstrated that Sp1
is a drug target. A number of antineoplastic agents inhibit the
expression of Sp1 (Safe et al., 2014), which are effective on
tumors. Therefore, we speculate that Sp1 suppression might have
myocardial protective effect in MIRI. We transfected H9c2 cells
with Sp1 shRNA to inhibit Sp1 and infected H9c2 cells with
AD-PARP1 adenovirus to upregulate PARP1. Sp1 suppression
attenuated cell autophagy and alleviated cell apoptosis, showing a
myocardial protective effect (Figures 4B,D). Suppressing Sp1 can
lead to PARP1 inhibition, which induces autophagy inhibition,
and finally results in cardioprotection from MIRI (Figure 5).

Consistently, we also observed the same myocardial protective
effect in vivo by inhibiting Sp1. Furthermore, Sp1 suppression
could also protect the cardiac function of MIRI rats and palliate
their cardiac remodeling.

There are also limits in our research such as LC3
immunofluorescence only represented the autophagosome
formation, not the autophagy flux, and mRFP-GFP-LC3 label
should be used in the experiment. Furthermore, H9c2 cells were
used in all experiments in vitro, and the cultured neonatal rat
cardiomyocytes were not involved in the present study. In vivo,
the experiments of detecting quantification of heart infarct size
and fibrosis were not performed. Further investigations should
aim at those unsettled obstacles, and these will be a part of our
future research.

In conclusion, we have discovered the role and mechanism
of PARP1 in the progression of MIRI. For the first time, we
demonstrated that PARP1 inhibition protected cardiomyocytes
from MIRI through inhibition of autophagy, which was targeted
by Sp1 suppression. This exposits a promising therapeutic target
in treating myocardial reperfusion injury in the future.
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According to OGD real-time PCR analysis, the mRNA expression of autophagy
related genes increased to the peak at 6 h and then decreased, compared to
control group (Supplementary Figure 1A). Therefore, 6 h was chosen as the
model OGD time. Identically, OGD/R real-time PCR analysis confirmed that the
mRNA expression of autophagy-related genes increased to the peak at 2 h and
then decreased, compared to control group (Supplementary Figure 1B).
Therefore, 2 h of reoxygenation was chosen as the model time.

The expression of Sp1 and PARP1 were both confirmed in sham control and MIRI
tissues by immunofluorescence. Our results showed that the expressions of
PARP1 and Sp1 in MIRI tissues are both significantly higher than those in control
group (Supplementary Figure 2).

A model depicting the mechanism of Sp1 targeted PARP1 inhibition protects
cardiomyocytes from myocardial ischemia–reperfusion injury via downregulation of
autophagy was added as a Graphical Abstract.

Supplementary Figure 1 | H9c2 cells were cultured in an
oxygen/glucose-deprived incubator for 6 h, and then reperfused by oxygen and
glucose for 2 h to cultivate an OGD/R model. (A) Real-time PCR showed that
when OGD was 6 h, the mRNA expression of each autophagy related genes was
the highest. (B) Real-time PCR showed that when OGD/R was 2 h, the mRNA
expression of each autophagy related genes was the highest. Compared with
control group, ∗P < 0.05, ∗∗P < 0.01. N = 4 for each group.

Supplementary Figure 2 | Immunofluorescence examined the expression of Sp1
and PARP1 in sham control and MIRI tissues. (A) The expression of PARP1 was
significantly higher in MIRI tissues than that in sham control group. (B) Compared
to sham control group, the expression of Sp1 expression was conspicuously
increased in MIRI tissues. Magnification: 200×. N = 4 for each group.

Supplementary Graphical Abstract | A model depicting the mechanism of Sp1
targeted PARP1 inhibition protects cardiomyocytes from myocardial
ischemia–reperfusion injury via downregulation of autophagy.
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