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Macroautophagy (hereafter referred to as autophagy, a word derived from Greek meaning
“auto-digestion”) is a lysosome-dependent quality control process to degrade and turnover damaged or
senescent organelles and proteins for cellular renewal. This essential process occurs in many eukaryotes
to determine the cellular fitness and tissue homeostasis of organisms. Basal autophagy plays important
roles during development and differentiation. Remarkably, autophagy is also a defense mechanism
employed against environmental stress such as nutrient deprivation, aging, pathogen invasion, and
various disease states [1]. As such, autophagy is an inducible and highly regulated process via a versatile
regulatory network to intimately control several vital cellular responses, including inflammation, cell
death, energy metabolism, organelles’ (mitochondria and others) homeostasis, and aging. Although
the role of autophagy in the maintenance of tissue homeostasis is relatively better documented, its role
during tissue injury and regeneration is still emerging.

In this Special Issue, we focus on the roles of autophagy in systemic, specific tissue (organs and
cells) injury or organ failure associated with sepsis, inflammation, metabolic disorder, toxic chemicals,
ischemic–reperfusion, hypoxic oxidative stress, tissue fibrosis, trauma, nutrient starvation, cancer
biology, and aging. This Special Issue contains 5 research papers and 10 review articles addressing the
impact of autophagy on various organ injuries and homeostasis. Each of the reviews is authored by
experts in their fields and our intention is to provide comprehensive updates in specific areas relating
autophagy to tissue injury and homeostasis in which there has been considerable recent progress.
The knowledge gained from the identification and characterization of new molecular mechanisms will
shed light on biomedical applications for tissue protection through the modulation of autophagy.

Three articles focus on the role of mitochondrial ubiquitin kinase PINK1 and Parkin E3
ubiquitin ligase (PINK1/Parkin)-dependent mitophagy in organ homeostasis. Work by Zhou et al. [2]
demonstrated the role of Notoginsenoside R1 (NGR1), a plant saponin extract, in ameliorating diabetic
retinopathy through the PINK1-dependent activation of mitophagy and inhibition of apoptosis,
oxidative stress in high glucose-stressed cultured rat retinal Müller cells (rMC-1) and retina tissue of
db/db mice. Eid et al.’s [3] pioneering study elucidated the involvement of the PINK1/Parkin-dependent
mitophagy pathway in acute ethanol intake-induced mitochondrial damage in Sertoli cells (SCs),
the somatic cells of the testis which are essential for testis formation and spermatogenesis, in adult
rats. This study is useful for the scientific community as it could help to define new therapeutic
strategies by stimulating Parkin-mediated mitophagy in alcohol-related organ damage. Caloric
restriction (or diet restriction, DR) is the best known strategy to robustly improve health, lifespan, and
age-associated disease [4]. Diet restriction offers benefits against acute kidney injury (AKI) in young
rats; however, such DR benefits are lost in aged animals encountering AKI due to the deterioration in
the autophagy/mitophagy flux [5].

Metformin, a biguanide drug, is the most commonly prescribed drug for the treatment of
type 2 diabetes as a glucose-lowering and insulin-sensitizing agent. Previous work has shown that
metformin disrupts mitochondria energetics and represses the mechanistic target of rapamycin complex
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1 (mTORC1) signaling in cancer cells [6]. Saladini et al. [7] demonstrated that the anti-tumoral action
of metformin is due to the inhibition of glutaminase and autophagy has the potential to improve the
efficacy of chemotherapy. Exosomes (and the containing paracrine factors) derived from mesenchymal
stem/stromal cells (MSCs) have been demonstrated to hold great potential in regenerative medicine [8].
Ebrahim et al. [9] examined how MSC-derived exosomes attenuated diabetic nephropathy in a rat
model of streptozotocin-induced diabetes through a mechanism of enhanced autophagy.

In the review articles, we included topics summarizing the current progress on the cardioprotective
effects of autophagy in sepsis [10]. The specific activation of autophagy initiation factor Beclin-1 in
protecting cardiac mitochondria, attenuating inflammation, and improving cardiac function in septic
injury was discussed [10] (also see the comments in Reference [11]). Autophagy in various lung diseases,
including acute lung injury (ALI), infectious disease, chronic obstructive pulmonary disease (COPD),
idiopathic pulmonary fibrosis (IPF), pulmonary arterial hypertension (PAH), cystic fibrosis (CF), and
tuberculosis are discussed [12]. Lin et al. [13] discussed the current concepts of autophagy and its
molecular pathophysiologies in different kidney cell types with AKI, chronic kidney disease, drug
nephrotoxicity, and aging kidneys. Some therapeutics targeting autophagy in kidney diseases are
also summarized.

Two articles summarized the contribution of autophagy in the homeostasis and pathogenesis
of the intestine, focusing on inflammatory bowel disease (IBD) from the aspects of intestinal innate
immune cells response [14] and the clinical relevance of several autophagy-related genes (ATGs) in the
pathogenesis of IBD [15]. These underscore the connection of autophagy in regulating innate immune
functions such as inflammatory cytokines production and the cross-talk between various immune cells
and intestine cells.

Weiskirchen and Tacke [16] excellently summarized the current knowledge on the role and
mechanisms of autophagy in multiple liver cell types in health and disease. The normal hepatic
functions such as gluconeogenesis, glycogenolysis, fatty acid oxidation, and disorders such as
hereditary liver diseases, alcoholic liver disease, non-alcoholic fatty liver disease, hepatic fibrosis, and
hepatocellular carcinoma (HCC) are discussed. Importantly, the opposing functions of autophagy
in stage-specific pathogenesis in fibrosis and HCC are also discussed. The dual roles of autophagy
in HCC is further supported by Yazdani et al. [17]. Both pro- and anti-tumorigenic autophagy are
described for HCC. Therefore, it is critical to concisely develop autophagy-related pharmacological
target therapies.

Lee et al. [18] offer a timely summarization of autophagy in skeletal muscle regeneration in aging.
As the skeletal muscle is the largest organ in the body with remarkable regenerative capacity
and regulation of energy metabolism and body activities, autophagy critically impacts muscle
physiology. The effects of aging on autophagy, the role of myofibers, satellite (stem) cells as well
as the immune system (mainly macrophages) during muscle repair/regeneration are discussed.
Some rejuvenation strategies that alter autophagy to improve muscle regenerative function are also
proposed. Sanchez et al. [19] reviewed the current knowledge on physical exercise’s role in the regulation
of cellular component turnover through multiple mechanisms involving autophagy, organelles’ quality
control, energy sensors, and anabolic signaling. This knowledge is critical in the design of exercise
regiments and nutritional interventions and the development of countermeasures during illness.

Finally, Wu et al. [20] discussed the recent development of dual roles, both beneficial and
detrimental, of autophagy to neurotrauma after spinal cord and brain injury (SCI/TBI). It is suggested
that impairment of autophagic flux could serve as a secondary injury process of SCI/TBI. Moreover,
modulation of the autophagy–lysosomal pathway could be with therapeutic potential in neurotrauma
and neuroinflammation conditions.

The 15 publications in this Special Issue summarize the significant amount of progress that has
contributed to our understanding of autophagy in normal tissue homeostasis and in disease states
during dysfunction. Importantly, these publications provide future research directions for the design
of therapeutic strategies targeting autophagy to combat disease and tissue injuries. I wish to thank all
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the authors for their contributions, the scientific communities for peer reviewing, and the staff at the
Cells editorial office for their work on this Special Issue.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: This study was conducted to elucidate the involvement of the PINK1-Parkin pathway
in ethanol-induced mitophagy among Sertoli cells (SCs). In the research, adult rats were given
intraperitoneal injections of ethanol (5 gm/kg) and sacrificed at various time periods within 24 h.
Transmission electron microscopy was applied to reveal enhanced mitochondrial damage in SCs of
the ethanol-treated rats (ETRs) in association with a significant increase in numbers of mitophagic
vacuoles (mitophagosomes and autolysosomes) in contrast to very low levels in a control group
treated with phosphate-buffered saline (PBS). This enhancement was ultra-structurally verified
via observation of trapped mitochondria within LC3-labeled membranes, upregulation of LC3
protein levels, colocalization of LC3 and cytochrome c, and reduced expression of mitochondrial
proteins. Importantly, Parkin expression was found to be upregulated in ETR SCs, specifically in
mitochondria and mitophagosomes in addition to colocalization with PINK1 and pan-cathepsin,
indicating augmented mitophagy. Transcription factor EB (TFEB, a transcription factor for autophagy
and mitophagy proteins) was also found to be upregulated in nuclei of ETR SCs and associated
with enhanced expression of iNOS. Enhanced Parkin-related mitophagy in ETR SCs may be
a protective mechanism with therapeutic implications. To the authors’ knowledge, this is the first
report demonstrating the ultrastructural characteristics and molecular mechanisms of Parkin-related
mitophagy in ETR SCs.

Keywords: ethanol; mitochondria; autophagy; LC3; apoptosis; Sertoli cell; Parkin; PINK1; TFEB;
mitophagy; infertility

1. Introduction

Autophagy (or macroautophagy) is a catabolic pathway for lysosomal degradation of most
cellular components under basal conditions and upon exposure to various stressors such as
starvation, oxidative/nitrosative stress, mitochondrial damage, and lipogenic challenge [1–3].
Selective autophagic removal of damaged mitochondria, or mitophagy, is an antiapoptotic mechanism
induced and specifically upregulated as a response to various damaging agents such as protonophore
carbonyl cyanide m-chlorophenyl hydrazine (or CCCP; used for in vitro studies) and ethanol in
animal models [4–6]. The ultrastructural characteristics of mitophagy in hepatocytes [6,7] and Sertoli
cells (SCs) [8,9] of acute ethanol-treated rats (an animal model representing binge-type exposure to

Cells 2019, 8, 283; doi:10.3390/cells8030283 www.mdpi.com/journal/cells5
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ethanol) were recently reported by the authors’ laboratory. These include the engulfment of damaged
mitochondria by microtubule-associated protein 1 light chain3 (LC3)-mediated autophagosomal
membranes forming mitophagosomes that fuse with lysosomes, creating autolysosomes with
perinuclear localization. The PINK1/Parkin mitophagic pathway is characterized by the interplay
of two recessive Parkinson’s-linked genes (PTEN-induced kinase 1 (PINK1) and Parkin (an E3
ubiquitin ligase), which maintain mitochondrial homeostasis and clear dysfunctional mitochondria
via mitophagy. Mutations affecting PINK1-Parkin genes cause Parkinson’s disease (PD). The specific
molecular mechanisms of ethanol-induced hepatic mitophagy were recently reported to be related
to the PINK1-Parkin pathway [6,7,10–13]. In these studies, ethanol-induced mitochondrial damage
via mechanisms related to mitochondrial DNA (mt DNA) damage, oxidative stress, and other factors
caused the stabilization of PINK1 (a sensor of mitochondrial damage) on damaged mitochondria.
This results in Parkin (a specific marker of mitophagy) overexpression and translocation to damaged
mitochondria, protein ubiquitination and subsequent mitochondrial fragmentation, and engulfment of
mitochondria by LC3-mediated autophagosomal membranes. The pro-survival role of Parkin against
ethanol toxicity has recently been reported in a few studies. In ethanol-treated Parkin knock-out (KO)
mice, there was a reduction of mitophagy leading to increased hepatocyte damage and steatosis [12,13].
Parkin deficiency has been found to exacerbate ethanol-induced dopaminergic neurodegeneration in
mice via the reduction of anti-apoptotic mitophagy [14]; on the other hand, Parkin overexpression
protected retinal ganglion cells via mitophagy activation in an experimental glaucoma rat model [15].

Although SCs play essential roles for germ cell survival and fertility maintenance in response to
toxic insults such as binge-type ethanol exposure [16], no studies investigating the mitophagy-related
PINK1-Parkin pathway in SCs have yet been reported. In this study, the authors investigated the
ultrastructural characteristics and specific molecular mechanisms of ethanol-induced mitophagy in SCs
of acute ETRs and the involvement of the PINK1-Parkin pathway as well as associated transcription
factor EB (TFEB) (a master transcription factor for autophagy and Parkin-related mitophagy) [16–18].
Light and electron microscopic techniques along with Western blot analysis showed evidences of
upregulation and mitochondrial translocation of Parkin and PINK1 among ETR SCs in association
with the formation of LC-3 mediated mitophagosomes and nuclear translocation of TFEB.

2. Materials and Methods

2.1. Study Approval

Twelve adult male rats (10 weeks old) with an approximate average weight of 300 g were
purchased from SLC Japan Co. (Shizuoka, Japan). They were treated in keeping with the relevant
Experimental Animal Research Committee of Osaka Medical College guidelines (approved by Animal
Research Committee of Osaka Medical College on 10/28/2013, under code, 25090).

2.2. Antibodies and Kits

The following primary antibodies were used: Rabbit anti-LC3B antibody (PM063)
from MBL, Nagoya, Japan; rabbit anti-PINK1 (BC100-494), rabbit anti-Parkin (NB100-91921),
and mouse anti-p62 (H00008878-M01) antibodies from Novus Biologicals (Briarwood Avenue,
Building IV Centennial, CO, USA); goat anti-pan-cathepsin (sc-6499), mouse anti-Parkin (sc-32282),
mouse anti-Actin (sc-47778), and mouse anti-cytochrome c (7H8):(sc-13560) antibodies from Santa
Cruz Biologicals (Dallas, TX, USA); rabbit anti-inducible nitric oxide synthase (iNOS) (ab15326)
and rabbit anti-iNOS (ab15323) antibodies from Abcam Biologicals (Cambridge, MA, USA);
rabbit anti-TFEB (MBS9125929) from MyBioSource Biologicals (San Diego, CA, USA); and rabbit
anti-Cytochrome c oxidase (COX) IV (3E11) from cell signaling Biologicals (Danvers, MA, USA).
Alexa Fluor 488- or 594-conjugated secondary antibodies (Molecular Probes, Carlsbad, CA, USA) and
VectaFluor™ R.T.U. Antibody Kit DyLight® 488 were used for immunofluorescence (IF) studies
(Vector, CA, USA), while 4′,6-diamidino-2-phenylindole (DAPI) (H-1200) (vector) was used for
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nuclear counterstaining. A TUNEL kit (Roche Diagnostics, Mannheim, Germany) was used for
apoptosis detection. Vectastain ABC Standard Kit (PK-4000) and ImmPACT DAB(SK-4105) from
Vector were used for immunohistochemistry (IHC). Donkey anti-rabbit IgG-HRP (sc-2077) and donkey
anti-mouse IgG-HRP (SC-2096) secondary antibodies from Santa Cruz were used for Western blot.
A total of 15 nm and 6 nm gold-conjugated goat anti-rabbit and anti-mouse antibodies, respectively
(Aurion, Wageningen, The Netherlands), were used for immunoelectron microscopy (IEM). As a rule,
we followed manufacturer’s protocols and our previous publications regarding the use of antibodies
and kits in Western blot, IF, IHC, and IEM.

2.3. Animals and Experimental Procedure

The animals were treated with a single 5 g/kg intraperitoneal dose of ethanol (40% v/v) consistent
with animal models of binge ethanol exposure [6,16,19,20]. A control group received equal volume
of phosphate buffered saline (PBS). Following ethanol administration, the rats were sacrificed by
cervical dislocation at various time points (0, 3, 6, and 24 h). For paraffin embedding, the testes were
divided into small pieces and fixed in 4% paraformaldehyde. Some testicular pieces were fixed in
2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer for embedding in epoxy
and observation under transmission electron microscopy (TEM) as we previously reported [6,8,16].
Fresh samples were frozen in liquid nitrogen for Western blot analysis consistent with our earlier
study [21].

2.4. IHC for LC3, Parkin, PINK1, TFEB, and iNOS

The immunohistochemical labeling methods were performed according to the manufacturer’s
recommendations and our recent studies [6,18,21,22]. Paraffin-embedded sections (4-μm thickness)
underwent a deparaffinization process, antigen retrieval, blocking of endogenous peroxidase activity,
and non-specific antigen binding. The sections were then incubated for 1 hour at room temperature
with the primary antibodies mentioned above. Immunostaining was performed by Vectastain ABC
method. Then, sections were treated with DAB, counterstained with hematoxylin, and observed under
Olympus BX41microscope (BX41, Olympus, Tokyo, Japan). Quantification of LC3, TFEB, and iNOS
immunostaining in SCs was performed on 10–15 seminiferous tubules from ETRs and the control
group. Using Adobe Photoshop, the tubules were captured and saved for computer analysis using
Image J (National Institutes of Health, Bethesda, MA, USA). The intensity of protein expression in SCs
was quantified as recently reported [22].

2.5. IF Single and Double Labeling of Mitophagy Proteins and Mitochondrial and Lysosomal Markers

IF labelling of TFEB was performed on paraffin sections as in IHC. In brief, after deparaffinization,
antigen retrieval, and serum blocking, TFEB antibody was applied for 1 h at room temperature.
The sections were incubated with Alexa Fluor 594-conjugated secondary antibody for 30 min.
For double labeling of LC3 with either cytochrome c (a mitochondrial marker) or p62, we used
a simultaneous application of two primary antibodies followed by Alexa Fluor 594 and 488-conjugated
secondary antibodies [6,23,24]. For double labeling of pan-cathepsin (lysosomal marker) with
either Parkin or LC3, we used a sequential method as previously reported [6,16,21,22]. In brief,
following incubation with primary antibodies for 1 hour, Alexa Fluor 594 and VectaFluor™ R.T.U.
DyLight® 488 were used as secondary reagents (30 minutes). After nuclear counterstaining with DAPI
(blue reaction), the sections were observed under the BX41 fluorescence microscope.

2.6. Line Profile Plots for Co-Localization Analysis of Parkin and Pan-Cathepsin

Line profiles from the two fluorescent channels were analyzed using Image J software as reported
(6,23,24). Line profile plots reflect intensity and colocalization of two different proteins as overlapped
red and green peaks (vertical axis shows intensity of fluorescence while horizontal axis indicates
distance).
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2.7. Terminal Deoxynucleotidyl Transferase dUTP-Mediated Nick-End Labeling (TUNEL) Assay

TUNEL assay for apoptosis detection was performed as previously reported [6,16].
Deparaffinized sections were treated with TUNEL reaction mixture (TdT enzyme and
fluorescent-labeled nucleotides) for 1 h at 37 ◦C. TUNEL positive cells showed green labeling under
fluorescence microscope, while TUNEL negative nuclei appeared blue with DAPI.

2.8. TEM and Quantitative Analysis of Mitophagic Vacuoles (MVs)

Ultrathin sections at 70 nm thickness were cut with a diamond knife, double-stained with
uranyl acetate and lead citrate, and examined under an H-7650 transmission electron microscope
(Hitachi, Tokyo, Japan). For quantification of MVs (mitophagosomes and autolysosomes) in
SCs, 15–20 lower magnification photomicrographs from the testes of controls and ETRs (×2500
magnification, each image containing at least a portion of SC nucleus showing the perinuclear area)
were used as described previously [6,8,16,25].

2.9. Immunogold Labeling for LC3, Parkin, and TFEB and Double Immunogold Labeling of Parkin and PINK1

The method of post embedding immune-gold labeling was based on our previous reports [6,7,26].
Ultrathin sections mounted on nickel grids were etched with either 5% sodium metaperiodate for
15 minutes [27] or 1%–2% H202 for 10 minutes [28]. The sections were then washed in filtered water
and incubated in 3% BSA in PBS for 1 h. After incubation with the same primary for Parkin, LC3,
and TFEB for 2 h at room temperature, the sections were incubated with 15-nm gold-conjugated
goat anti-rabbit secondary antibody according to instructions of the producing company. For double
immunogold labeling of Parkin and PINK1, a mixture of these antibodies was simultaneously applied
for 2 h followed by a mixture of gold-conjugated goat anti-mouse (6 nm) and gold-conjugated goat
anti-rabbit (15 nm) secondary antibodies for 1 h. Grids were washed and briefly stained briefly
with uranyl acetate and lead citrate. For quantification of LC3 and Parkin immunogold particles
(15 nm) in control and ETRs SCs, a total of 15–20 mitochondria from each group were selected and
immunogold particles for each protein were counted [29]. Mitochondria with double PINK1 (15 nm)
and Parkin (6 nm) immunogold labeling were identified and counted using 10–15 higher magnification
photomicrographs from the testes of controls and ETRs. Quantification of nuclear TFEB immunogold
particles was performed on 15–20 images from each group (each image containing at least a portion of
SC nucleus). The Student t-test was used to assess the statistical significance of all these quantifications.

2.10. Western Blot Analysis for LC3, Cytochrome c, Parkin, TFEB, COX IV, and iNOS

After homogenization of whole testicular tissues in a modulated RIPA buffer followed by
centrifugation, the supernatant was electrophoresed on 12% sodium dodecyl sulfate polyacrylamide gel
and transferred onto a polyvinylidene difluoride membrane. Proteins were detected with the specific
primary antibodies for LC3, cytochrome c, Parkin, TFEB, COX IV, and iNOS, and then with specific
peroxidase-labeled secondary antibodies as previously reported [6,21,22]. The relative intensity of
expression of various proteins against actin (43 kDa) was normalized and densitometrically measured
using Image J.

2.11. Statistical Analysis

Statistical analysis was performed by GraphPad Prism 8 Software (8.0.2), San Diego, CA, USA.
Differences between more than two groups were tested by analysis of variance (ANOVA) with p < 0.05
considered as statistically significant. The Student t-test was used for comparison between two groups.
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3. Results

3.1. Enhanced Mitochondrial Damage and Mitophagic Vacuole (MV) Formation in ETR SCs with Predominant
Localization in Perinuclear Areas

The animals were subjected to a single injection of ethanol (5 g/kg) or PBS (for the control
group) and sacrificed at 0, 3, 6, and 24 h after injection (following a model of acute alcohol
toxicity) [6,16,19,20]. As shown in Figure 1a–c, while SCs in the control group exhibited normal
mitochondrial morphology (a smooth outer membrane and an inner membrane contiguous with
a vesicular type of cristae and containing a granular, moderately electron-dense internal matrix)
and distribution over the whole cytoplasm, the mitochondria in ETR SCs (Figure 1d–f) showed
perinuclear aggregation with damaged or lost cristae and a dark matrix, in addition to fragmentation,
along with outer-membrane irregularities. The damaged mitochondria were associated with MVs
including mitophagosomes (Figure 1g–j) and autolysosomes (mitophagolysosomes) (Figure 1e,k).
Multilamellar bodies (Figure 1k) were also frequently observed, indicating enhanced mitochondrial
damage [6,16,26]. This juxtanuclear accumulation of MVs in ETR SCs is shown with low-power
magnification (Figure S1). Importantly, based on TEM and TUNEL (Figure S2), germ cell apoptosis was
frequently observed in ETR testes, but SCs nuclei appeared normal. This indicates that the enhanced
mitophagic response may be anti-apoptotic in nature [6,16]. Quantitative analysis (Figure 1l) and
control-group comparison revealed a significant increase in MV formation for all time periods after
ethanol injection, with a peak at 24 h. With this in mind, the 24-h time point was chosen for analysis in
subsequent experiments. As double-layered membranes in mitophagosomes indicate the involvement
of the LC3-related autophagic mechanism [6,16,22,26], the expression of this protein was investigated.
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.
Figure 1. Ultrastructural characteristics of enhanced mitochondrial damage and mitophagy in
ethanol-treated rats (ETR) Sertoli cells (SCs.) (a–c): control testes; (d–k): ETRs. Quantification of
mitophagy is shown in (l). Note the normal mitochondria (M) in control testes with characteristic
vesicular-type cristae. Broken black arrows (d,e,g) indicate damaged mitochondria in ETR SCs,
while black arrows show autophagosomal membranes engulfing damaged mitochondria (asterisks)
forming mitophagosomes. The double-head arrow indicates damaged fragmented cristae. The long
and short white arrows mark autolysosomes and lysosomes, respectively. White arrow heads mark
multilamellar bodies. LD: lipid droplets; S: SC nucleus. The histogram depicts quantification of
mitophagic vacuoles in the control and ETRs. * p < 0.01 and ** p < 0.001 vs. control (one-way analysis
of variance (ANOVA)).
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3.2. Association of Ethanol-Induced Mitophagosomes in SCs with Increased LC3-II Expression and
Mitochondrial Proteins Reduction

The IHC characteristic in Figure 2A clearly demonstrates enhanced formation of LC3 puncta
(indicating the induction of LC3-II isoform required for maturation of autophagosomal membrane)
in ETR SCs compared to very low levels in the control group, indicating elevated mitophagosome
formation (mediated by LC3-II) as previously reported by other authors [6,16,22,26] and in line with the
TEM findings detailed in Figure 1. Increased LC3 expression was also observed in interstitial cells of
ETRs. Quantitative analysis of LC3 expression in SCs (Figure 2B) demonstrated higher LC3 intensity in
ETRs SCs compared to control group, which was statistically significant. As also shown in Figure 2C,D,
Western blot analysis indicated the upregulation of LC3-II (16 kDa), supporting the findings made
from light-microscope observation. IF double-labeling of LC3 and P62 (an LC3 adaptor molecule)
showed enhanced co-localization in ETR SCs, thereby confirming enhanced mitophagic response
(Figure S3) [30]. Immunoelectron microscopy (IEM; Figure 2E) demonstrated a very low presence of
LC3-II immunogold particles in control SCs. However, a significant increase in LC3-II immunogold
labeling (Figure 2F) was observed within mitophagosomes on autophagosomal membranes in ETR
SCs, indicating the autophagic nature of mitophagosomes [21,26]. Double-labeling with IF LC3 and
cytochrome c revealed enhanced co-localization in ETR SCs (Figure 3A), indicating the formation of
mitophagosomes as reported in past studies [6,10,11,23,24]. Western blot and analysis (Figure 3B,C)
showed a significant reduction of cytochrome c (15 kDa), indicating mitochondrial damage within
MVs [10,11,23,24,31]. Additional Western blot analysis showed that the expression level of COX IV
(17 kDa) (inner mitochondrial membrane protein) was also reduced in testes of ETRs (Figure 2D,E).
Against this background, Parkin expression was investigated to help identify the specific proteins
potentially involved in enhanced MV formation in ETR SCs.
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Figure 2. Enhanced light chain3 (LC3)-II expression in ETR SCs with specific localization to
mitophagosomes (A) immunohistochemistry (IHC) of LC3. The framed areas are magnified in the insets
on the right. LC3-II puncta are marked by long thin arrows, while short thick arrows indicate SCs nuclei.
The green arrow marks expression in interstitial cells. (B) Quantification of LC3 expression in control
and ETR SCs. (C) Western blot of LC3. The relative expression level of the protein is normalized to actin
and expressed as a fold of the control (n = 3) (this normalization applies to blots of other proteins shown
below.) (D) Histogram showing significant increase of LC3-II in ETRs compared to the control. P < 0.05
(t-test). (E) LC3 immunogold labeling in the control (a) and ETR SCs (b–d). Thin arrows indicate LC3
immunogold particles, while thick arrows mark autophagosomal membranes sequestering damaged
mitochondria (asterisks) forming mitophagosomes. (F) Histogram demonstrating significant increase
in the number of LC3-II immunogold particles in mitophagosomes of ETRs SCs compared to the control
group. P < 0.01 (t-test). M: normal mitochondria; S: SC nucleus.
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Figure 3. Enhanced colocalization of LC3 with cytochrome c in SCs of ETRs and reduced expression of
mitochondrial proteins. (A) Immunofluorescence (IF) double-labeling of LC3 (red) and cytochrome
c (CC) (green) with nuclear counterstaining using DAPI (blue). The panels in the middle (b) and
on the right (c) are higher magnifications of those on the left in (a). Orange arrows indicate areas of
colocalization for proteins (yellow-orange), while white arrows indicate LC3 puncta. S: SC nucleus.
(B) Western blot of CC (n = 3). The histogram in (C) shows significant reduction of CC in ETRs.
(D) Western bot of Cytochrome c oxidase (COX) IV (n = 3). The histogram in E shows significant
reduction of the protein in ETRs * p < 0.05 (t-test).

3.3. Ethanol Increased the Expression and Mitochondrial Translocation of Parkin and PINK1 in SCs and Fusion
with Lysosomal Compartment

As shown in Figure 4A–C, IHC showed enhanced expression of Parkin in SCs and Leydig
cells of ETRs as compared to lower levels in control testes. A low level of expression was also
observed in mature sperm (data not shown). Parkin expression was specifically perinuclear,
which was consistent with TEM findings for enhanced MV formation (Figure 1). Consistent with
IHC, Western blotting and analysis revealed significant upregulation of Parkin (52 kDa) in ETRs
testes. As mitochondrial translocation of Parkin is essential for recognition and clearance of
damaged mitochondria by LC3-II-mediated autophagic membranes [6,7,10–13], the authors studied
the subcellular localization of Parkin using IEM (Figure 5). As shown in this figure and in consistency
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with the immunogold labeling of LC3-II in mitophagosomes (Figure 2E), Parkin-immunogold particles
were observed in damaged mitochondria and mitophagosomes in ETR SCs in contrast to very
low levels in the control. This supports the authors’ recent liver research using the same animal
mode [6,7]. As PINK1 accumulation in damaged mitochondria is required for Parkin mitochondrial
translocation [6,7,10,11,26], the co-expression of PINK1 and Parkin at the ultrastructural level was
investigated. As expected, PINK1 and Parkin immunogold particle presence was increased in
damaged mitochondria and mitophagosomes in ETR SCs (Figure 6b–d), while signals were very
weak in the control group (Figure 6a). Statistical analysis (Figure 6e) revealed significant increase
in the number of mitochondria positive for both PINK1-Parkin immunogold labeling in ETRs SCs
compared to control group. This accumulation of PINK1 was verified by IHC (Figure S4). To check
the degradation of mitophagosomes via the lysosomal system, double-labeling of Parkin with
pan-cathepsin was also performed. As shown in Figure 7, the expression levels and colocalization
signals of Parkin with pan-cathepsin in ETR SCs (Figure 7D,E) were higher than control group
(Figure 7A,B), indicating enhanced mitophagic activity and formation of mitophagolysosomes [10].
These findings were confirmed by plot profile analysis (Figure 7C,F) [6,7,23,24] and LC3 and
pan-cathepsin double-labeling (Figure S5), thereby supporting the authors’ previous findings,
indicating the acceleration of autophagic flux [6,16].

Figure 4. Ethanol-related increase in Parkin expression in SCs with predominant perinuclear
localization (A) IHC of Parkin in the control (a) and ETRs (b). The insets are higher magnifications
of the framed areas showing Parkin expression (blue arrows). The lower panels (c,d) are higher
magnifications demonstrating Parkin expression in SCs and Leydig cells (red arrows). S: SC nuclei.
(B) Western blot of Parkin (n = 3). The histogram in (C) shows a significant increase in Parkin expression
in ETRs. ** p < 0.01 (t-test).
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Figure 5. Ultrastructural characteristics of Parkin overexpression and mitochondrial translocation in
ETR SCs. (a) control; (b–d) ETRs. The long black arrows mark Parkin immunogold particles, while the
short black arrows indicate damaged mitochondria. The white arrows mark the autophagosomal
membrane. S: SC nucleus; M: normal mitochondria. (e) Histogram demonstrating significant increase
in the number of Parkin immunogold particles in the mitochondria of ETRs SCs compared to control.
** p < 0.01 (t-test).
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Figure 6. Immunogold double labeling of PINK1 and Parkin in control (a) and ETR SCs (b–d). The long
black arrows indicate PINK1 (labeled with 15 nm gold particles), while short black arrows show
Parkin (6 nm gold particles) localizations to damaged mitochondria (asterisks) of ETRs. The white
arrows indicate autophagosomal membranes. M, mitochondria; S, SC nucleus. (e) Histogram showing
quantification of mitochondria positive for both PINK1 and Parkin. ** p < 0.01 (t-test).

16



Cells 2019, 8, 283

 
Figure 7. Elevated expression and colocalization of Parkin with pan cathepsin in ETRs SCs. (control,
A–C), (ETRs, D–F). The framed areas in (A) and (D) are magnified in (B) and (E), respectively.
Note the enhanced expression and colocalization of Parkin (red, red arrows) and pan-cathepsin
(green, green arrows) upon merging (orange-yellow, orange arrows) in ETR SCs (D,E) compared to
control (A,B). S: SC nucleus. DAPI (blue) was used for nuclear counterstaining. (C,F) Plot profiles
demonstrating the colocalization of Parkin and pan-cathepsin defined as overlapped red and green
peak at the lines positioned in images (cropped from panels B,E) just above the histograms.

3.4. Enhanced Mitophagy in SCs of ETRs is Associated with TFEB Nuclear Translocation and Induction of iNOS

TFEB nuclear translocation is essential for upregulation of autophagy and mitophagy proteins
upon cellular exposure to acute ethanol exposure and other producers of oxidative/nitrosative
stress [16–18]. The authors’ investigation of this protein is shown in Figure 8. Compared to weak
levels in the control group, enhanced expression and nuclear translocation of TFEB was observed in
ETR SCs in IF (Figure 8A), IEM (Figure 8B), Western blot (53 kDa) (Figure 8C,D), and IHC (Figure 8E),
indicating that the protein may mediate upregulated mitophagy in such cases. Quantification of
nuclear TFEB expression (Figure 9A) and nuclear TFEB immunogold labeling (Figure 9B) in SCs
demonstrated a significant increase in ETRs compared to control group. As nuclear translocation of
this protein is related to oxidative/nitrosative stress, the expression of iNOS was investigated as shown
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in Figure 10. It can be seen that IHC (Figure 10A,B) and Western blot (Figure 10C,D) demonstrated
the significant upregulation of iNOS (131 kDa) as observed in SCs and interstitial cells of ETR testes,
compared to lower levels in the control group. This upregulation may be related to increased blood
endotoxin levels and cytokines associated with ethanol toxicity [16].

Figure 8. Elevated expression and nuclear translocation of TFEB in ETR SCs. (A) IF of TFEB expression
in the control (a) and ETRs (b). The insets are higher magnifications of the framed areas. Note the
overexpression of TFEB (white arrows) in SC nuclei of ETRs. (B) Immunogold labeling of TFEB (black
arrows, 15 nm gold particles) in the control (c) and ETR SCs (d). (C) Western blot of TFEB in the control
and ETR testes (n = 3). (D) Histogram showing a significant increase of TFEB expression in ETR testes.
* p < 0.05 (t-test). (E) IHC showing TFEB nuclear translocation in ETR SCs (part of a seminiferous
tubule), confirming the IF and IEM results (A,B). S: SC nucleus; L: Leydig cell.
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Figure 9. Quantitative analysis of nuclear TFEB expression and immunogold labeling in SCs.
(A) Histogram showing significant increase of TFEB nuclear expression in ETRs SCs. (B) Quantification
of nuclear TFEB immunogold particles in SCs. ** p < 0.01 (t-test).

Figure 10. Upregulation of iNOS in ETR SCs. (A) IHC of iNOS in control and ETRs. Note the enhanced
expression in SCs (black arrows) and interstitial cells (red arrows) of ETRs. (B) Quantification of iNOS
expression in SCs. ** p < 0.01 (t-test). (C) Western blot of iNOS expression in control and ETR testes
(n = 3). (D) Histogram demonstrating higher iNOS expression in ETR testes compared to the control.
* p < 0.05 (t-test).

4. Discussion

An accumulating body of data indicates that Parkin-mediated mitophagy is a prosurvival
mechanism for clearance of damaged mitochondria in the liver and brain in response to various
stressors such as acute ethanol exposure, subsequently preventing the release of proapoptotic proteins
and the generation of toxic reactive oxygen species [4,6,12–14,32]. Although SCs play a central role
in germ cell survival, fertility, and maintenance of testicular homeostasis [16,33,34], no studies on
the involvement of the PINK1-Parkin pathway in the enhanced mitophagic response of SCs to acute
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ethanol intake have yet been reported. The novel findings of the current study include enhanced
mitophagic response in ETR SCs, which are associated with Parkin mitochondrial translocation
and colocalization with lysosome, formation of LC3-II-decorated mitophagosomes associated with
reduction of mitochondrial proteins, and nuclear translocation of TFEB. These findings are based on
various methods including TEM, TUNEL, IEM, IHC, IF, and Western blot. This enhanced Parkin-related
mitophagy in ETR SCs seems to be a protective mechanism and may have therapeutic implications for
male fertility.

The TEM findings relating to enhanced mitochondrial damage and MV formation in ETR SCs in
the current study are consistent with the authors’ previous studies [6–9]. While these SCs were loaded
with damaged mitochondria and MVs, they appeared normal based on TEM and TUNEL. In addition,
the specific juxtanuclear accumulation of damaged mitochondria and MVs in ETR SCs indicates
that the PINK1-Parkin pathway may mediate this accumulation and activate mitophagy [6,7,10,11].
Enhanced autophagic clearance of damaged mitochondria within MVs of ETR SCs in the current
study is evidenced by engulfment of these mitochondria by LC3-II-decorated autophagosomal
membranes [26], enhanced co-localization of LC3 with cytochrome c and p62, and reduced cytochrome
c protein levels [6,10,11,23,24,31,35].

A major finding of the current study was Parkin overexpression and mitochondrial translocation
in ETR SCs. This is supported by the authors’ previous studies on rat liver modeling of acute ethanol
exposure [6,7]. However, in the current study, IEM results demonstrated the co-overexpression of
PINK1 and Parkin in damaged mitochondria and mitophagosomes of ETR SCs. This overexpression
may cause a collapse in the normal tubular mitochondrial network, resulting in perinuclear
mitochondrial fragmentation and MV formation as previously reported [10,11]. PINK1 and
Parkin mitochondrial translocation in ETR SCs in the current study may have been induced by
nitrosative/oxidative stress, mt DNA damage (as evidenced by damaged cristae and matrix elements),
mitochondrial depolarization, and other mechanisms [6,7,11,12,35,36]. In addition, Parkin-labeled
mitochondria within mitophagosomes in ETR SCs were targeted as lysosomes for degradation
based on enhanced colocalization of pan-cathepsin with Parkin and LC3-II, indicating enhanced
autolysosome or mitophagolysosome formation [6,11,16,37]. In fact, autophagy is considered essential
for Parkin-mediated mitochondrial clearance, as knocking out ATG5 cells resulted in failure to eliminate
damaged mitochondria even with Parkin recruitment [38].

The current study showed that the very low Parkin-related mitophagy observed in control SCs
was upregulated by ethanol in SCs, indicating that this pathway is mainly activated in response to
stress signals [36]. However, it is not possible to rule out the presence of PINK1-Parkin independent
mitophagic mechanisms such as mitophagy with the receptors NIX, BNIP3, and FUNDC1 and
prohibitins involved in enhanced mitophagy in ETR SCs [6,7,12,13,39]. In addition, Parkin upregulation
in SCs of ETRs may have other functions beyond mitophagy such as mtDNA repair, selective escape
of antiapoptotic proteins from mitochondria to the endoplasmic reticulum during mitophagy,
and suppression of mitochondrial spheroid formation [6,7,31].

Another important finding of the current work was the detection, using light/electronic
microscopic techniques and Western blot, of the overexpression and nuclear translocation of TFEB in
ETR SCs. This translocation has been reported as necessary for the upregulation of autophagy and
mitophagy proteins, specifically under oxidative stress [18]. The current study results indicate that
such translocation may be related to ethanol-induced oxidative/nitrosative stress as evidenced by
upregulation of iNOS [16–18]. A recent study revealed that mitophagy-induced translocation of TFEB
to the nucleus requires both PINK1 and Parkin, in contrast with starvation-induced TFEB translocation,
suggesting that mitochondria and lysosomes impact each other [40].

The enhanced mitophagic response in SCs of ETRs in the current study may be anti-apoptotic
mechanism [6,12,13,16,41], and may suppress the inflammatory response related to mitochondrial
damage, thus maintaining testicular homeostasis [42]. In addition, it may provide lactate
for germ cells via a Warburg-like effect via catabolism of damaged mitochondria [33,34,43].
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Pharmacological activation of PINK1-Parkin-related mitophagy has been reported to improve
mitochondrial function in animal models of Alzheimer’s disease [44,45], while overexpression of
Parkin has been reported to protect retinal ganglion cells in an experimental glaucoma rat model [15]
and to improve cardiac function in rats with myocardial infarction [46] via activation of mitophagy.
Accordingly, Parkin-related therapy may have implications in testicular diseases and infertility
associated with mitochondrial dysfunction. In addition, selective stimulation of Parkin-mediated
mitophagy via the enhancement of its expression and/or mitochondrial translocation using natural or
pharmaceutical products may improve mitochondrial quality as reported in relation to alcoholic liver
and neurodegenerative diseases such as PD [7,45].

5. Conclusions

The results of this study showed morphological and molecular evidence for ethanol-induced
mitophagy in SCs as represented by activation of the PINK1-Parkin pathway and nuclear translocation
of TFEB, which may be mediated by oxidative stress.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/3/283/s1.
Figure S1: Low-power micrograph showing perinuclear accumulation of damaged mitochondria (broken arrows)
and mitophagic vacuoles (arrows) in SC of ETRs. S: SC nucleus; LD: lipid droplet. Figure S2: TUNEL positive
germ cells (green labeling) of ETRs with non-apoptotic. Arrows mark SCs nuclei. Figure S3: Enhanced LC3
(red) and p62 (green) colocalization in SCs of ETRs. The white arrows indicated colocalization signals upon
merging (yellow-orange). Figure S4: Overexpression of PINK1 in ETR SCs. Arrows indicate SCs nuclei. Figure S5:
IF double labeling of LC3 (red) and Pan cathepsin (green) in ETRs. Arrows mark enhanced colocalization signals
(yellow-orange) in SCs. S, SC nucleus.
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Abstract: Accumulating evidence has indicated that inflammation, oxidative stress, apoptosis,
and autophagy in retinal Müller cells are involved in diabetic retinopathy (DR). Notoginsenoside
R1 (NGR1), a novel saponin extracted from Panax notoginseng, posesses pharmacological properties,
including treating diabetic encephalopathy and improving microcirculatory disorders. Nevertheless,
its beneficial effects on DR and the potential mechanism remain to be elucidated. In this study,
we found retinal vascular degeneration, reduced retinal thickness, and impaired retinal function in
db/db mice were all dramatically attenuated by oral treatment with NGR1 (30 mg/kg) for 12 weeks.
NGR1 pretreatment also significantly inhibited apoptosis, markedly suppressed the VEGF expression,
markedly increased PEDF expression and markedly inhibited oxidative stress and inflammation
in rat retinal Müller cells (rMC-1) subjected to high glucose (HG) and in the retinas of db/db
mice. Furthermore, NGR1 pre-treatment upregulated the level of PINK1 and Parkin, increased the
LC3-II/LC3-I ratio, and downregulated the level of p62/SQSTM1 in rMC-1 cells induced by HG
and in the retinas of db/db mice. Moreover, NGR1 administration enhanced the co-localization of
GFP-LC3 puncta and MitoTracker in rMC-1 cells. Importantly, knockdown of PINK1 abolished the
protective effects of NGR1. In conclusion, these phenomena suggested that NGR1 prevented DR via
PINK1-dependent enhancement of mitophagy.

Keywords: diabetic retinopathy; mitophagy; PINK1; Notoginsenoside R1

1. Introduction

Diabetic retinopathy (DR), a severe complication of diabetes, continues to be the main reason for
blindness in working-age individuals on a global scale [1]. The histological features of DR include the
breakdown of the blood-retinal barrier, neovascularization, capillary non-perfusion, pericyte drop out,
loss of endothelial cells, and relentless abnormal fibrovascular proliferation [2]. Although extensive
research has been conducted, the pathophysiology of DR has not been fully elucidated. Numerous
studies have suggested the fact that the pathogenesis of DR is involved in the functional disorder of
Müller cells [3,4]. Müller cells maintain the balance between angiogenic factors, including vascular
endothelial growth factor (VEGF), and antiangiogenic factors, including pigment epithelium-derived
factor (PEDF) [5,6].
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Although strict control of glycaemia, hypertension and hyperlipidaemia is still the main strategy
in the primary treatment of DR, the recommended goals are difficult to achieve in many patients [7].
Current therapies for DR, including laser photocoagulation and anti-VEGF agents, significantly reduces
the incidence of severe vision loss. However, existing therapies are not uniformly successful in halting
visual decline, they are associated with troublesome side effects, and potentially serious complications
may occur [8]. Therefore, novel alternative pharmacological therapies based on the pathophysiological
mechanisms of DR are urgently needed in the clinic. Importantly, the major overlap that has been
observed between traditional Chinese medicine (especially Panax notoginseng) and DR treatment may
highlight additional therapeutic options for better managing DR [9,10].

A previous study reported the use of P. notoginseng from traditional Chinese medicine for the
treatment of DR [11,12]. However, the mechanism of the effect of P. notoginseng remains unclear. NGR1
is a bioactive compound separated from P. notoginseng. Thus, the present study was designed to
evaluate the beneficial effects and mechanism of NGR1 against DR in rat retinal Müller cells (rMC-1)
exposed to high glucose (HG) and in the retinas of db/db mice.

Among the various biochemical pathways implicated in the physiologic abnormalities of
Müller cells in DR, studies have focused on mitochondrial homeostasis and the signal transduction
pathways needed to support mitochondria [13,14]. Mitochondria play a crucial role in the regulation
of inflammation, oxidative stress, autophagy and apoptosis [15–17]. Damaged and dysfunctional
mitochondria accumulate in the retina of diabetic patients and diabetic rodents [18,19]. The efficient
and selective elimination of damaged and dysfunctional mitochondria is critical for maintaining
mitochondrial homeostasis.

Mitophagy, a specialized form of autophagy, is considered the central mechanism in mitochondrial
quality and quantity control [20,21]. To initiate mitophagy, PTEN-induced putative kinase protein 1
(PINK1) expression is elevated on the outer membrane of dysfunctional mitochondria where PINK1
simultaneously raises Parkin, the E3 ubiquitin ligase [22,23]. Parkin subsequently evokes ubiquitin chain
formation on mitochondrial outer membrane proteins. Then, the autophagy receptors are recruited,
such as p62/SQSTM1, and link to the LC3B II autophagophore to form autophagosomes [24,25]. In this
respect, PINK1 might represent an attractive novel therapeutic target for intervention in DR.

Therefore, we sought to further determine whether PINK1-mediated mitophagy involves the
mechanism associated with the protective effects of NGR1.

2. Reagents and Methods

2.1. Materials

NGR1 (molecular weight = 933.15; purity > 98%) was purchased from Shanghai Winherb
Medical S and T Development (Beijing, China). Dulbecco’s modified Eagle’s medium/F12
(DMEM/F12) and foetal bovine serum (FBS) were obtained from Gibco (Grand Island, NY, USA).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and fluorescent dye JC-1 were
acquired from Enzo Life Sciences (New York, NY, USA). ELISA kits for 4-hydroxynonenal (4-HNE),
8-hydroxy-2′-deoxyguanosine (8-OHdG) and protein carbonyl were acquired from Expandbio
(Beijing, China). An Annexin V/propidium iodide (PI) kit, MitoTracker® Red CM-H2XRos and
a MitoSOX™ assay kit purchased from Invitrogen (Grand Island). A terminal deoxynucleotidyl
transferase biotin-dUTP nick end labelling (TUNEL) detection kit was purchased from Roche
Diagnostics GmbH, Mannheim, Germany. Cell protein extraction kits, PINK1 siRNA, and control
siRNA were provided by Santa Cruz Biotechnology (Dallas, TX, USA). Bicinchoninic acid assay kits
were purchased from Pierce Biotechnology (Waltham, MA, USA). The pCMV-G FP-LC3 expression
vector was acquired from Cell Biolabs (San Diego, CA, USA).
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2.2. Cell Culture and Drug

rMC-1 cells were acquired from American Type Culture Collection (ATCC). rMC-1 cells were
cultured in DMEM/F12 supplemented with 5% FBS at 37 ◦C in an incubator. In all experiments,
rMC-1 cells in the exponential phase were used. NGR1 stock solution (1 M) was stocked in DMSO.
HG (60 mM) was prepared in distilled water followed by filtering. The indicated concentrations of
NGR1 and HG were prepared immediately before use.

2.3. Analysis of Cell Viability

The cell viability of rMC-1 cells was evaluated by MTT chemosensitivity testing with a microplate
reader (SpectraFluor, Tecan, Sunrise, Austria). Briefly, rMC-1 cells were cultured in 96-well plates
at a density of 8 × 103 cells/well followed by culturing for 24 h. The cells were pre-incubated with
NGR1 and then induced by HG or co-incubated with NGR1 and HG. The control cells were incubated
in DMEM/F12 that contained an equivalent concentration of DMSO (the highest concentration was
less than 0.1%). The cells were treated with MTT operating fluid (1 mg/mL final concentration) at
37 ◦C for 4 h. Then, 100 μL of DMSO was used to replace the MTT reagent. Cell viability was reflected
by absorbance, which was measured at 570 nm using a microplate reader (SpectraFluor) after 2 min
of shaking. Cell viability was expressed as a percentage of the control value. Each experiment was
performed in quintuplicate using three independent cultures.

2.4. Measurement of Mitochondrial Membrane Potential

JC-1 (Enzo Life Sciences International, New York, NY, USA) staining was conducted to
evaluate the changes in mitochondrial membrane potential by flow cytometry analysis. rMC-1 cells
(1 × 105 cells/mL) were cultured in six-well plates and grown for 24 h. The cells were pre-treated with
NGR1 (20 μM) for 24 h followed by exposure to HG (60 mM) for 48 h. Each group of cells was collected
followed by incubation with JC-1 dye working fluid in the dark for 30 min at 37 ◦C. After rinsing twice,
the stained cells were analysed using FACSCalibur (BD Biosciences, San Jose, CA, USA).

2.5. Detection of the Apoptosis Rate

We evaluated the proportions of viable and apoptotic cells in different treatment groups using the
Annexin V/PI assay kits. rMC-1 cells (1 × 105 cells/well) were planted in six-well plates. NGR1 (20 μM)
was added to co-incubate with cells for 24 h followed by challenge with HG (60 mM) for 48 h. Then the
cells were collected for conditioning with 1 × Annexin V working solution, supplemented with PI
(1 μg/mL), avoiding light for 15 min. Thereafter, 300 mL of 1× binding buffer was added, and samples
were mixed for analyze with a FACSCalibur flow cytometer (BD Biosciences). The results are expressed
and analysed from three independent experiments.

2.6. Evaluation of DNA Fragmentation

Cell apoptosis was examined with a TUNEL staining kit in line with the recommended procedure
(Roche Diagnostics GmbH, Mannheim, Germany). Briefly, after all processes, rMC-1 cells were washed
with PBS, fixed in 4% buffered formaldehyde for 30 min and then incubated with a methanol solution
with 0.3% H2O2. After rinsing with PBS, the cells were incubated with a permeabilizing solution
containing 0.1% Triton X-100 for 10 min. Then, the TUNEL reaction mixture was prepared for
incubation with the cells for 1 h at 37 ◦C in the dark. Thereafter, the rMC-1 cells were washed with PBS
and counterstained with diamidino-2-phenylindole (DAPI). After washing with an equilibration buffer,
photographs were acquired with a fluorescence microscope (Leica DM4000, Frankfurt, Germany).
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2.7. Detection of Caspase-3 Activity

A fluorescence staining kit (BioVision, Milpitas, CA, USA) was used to detect the activation degree
of caspase-3 in rMC-1 cells. Briefly, after all processes, 50 μL of precooled buffer was added to each
group for 10 min; then, 50 μL of 2× reaction buffer (containing 10 mM dithiothreitol) and 5 μL of
DEVD-7-amino-4-trifluoromethylcoumarin were prepared for incubation with the cells at 37 ◦C for 2 h.
Fluorescence intensity was detected at 400 nm excitation wavelength and 505 nm emission wavelength.
Three independent experiments were performed independently.

2.8. Transient Transfection

rMC-1 cells (1 × 105 cells/well) were cultured in six-well plates followed by transient transfection
for 48 h with PINK1 siRNA or corresponding control siRNA or pCMV-GFP-LC3 expression vector
using the GeneJammer reagent (Agilent Stratagene, Palo Alto, CA, USA) in line with the indicated
procedures. PINK1 silencing was determined by RT-PCR and Western blotting.

2.9. Animals

For all experiments, principles were followed to reduce the number of animals used and to
minimize their suffering. The protocol was approved by the Laboratory Animal Ethics Committee
of the Institute of Medicinal Plant Development, Peking Union Medical College, and conformed
to the Guide for the Care and Use of Laboratory Animals (Permit Number: SYXK 2017-0020).
Five-month-old db/db mice (BKS/DB−/−) and age-matched nondiabetic littermates (BKS/DB+/+,
db/m) were purchased from the Animal Laboratory Center of Nanjing University. The temperature
and humidity of the breeding environment were kept within the specified ranges. The mice were
fed until they were 26 weeks old and then randomly assigned to the vehicle-treated db/m (n = 12),
NGR1 (30 mg/kg/day)-treated db/m (n = 12), vehicle-treated db/db mice (n = 12), and NGR1
(30 mg/kg/day)-treated db/db group (n = 12). NGR1 was freshly prepared in saline and administered
by gavage for 12 weeks. The vehicle-treated db/m and db/db mice were given the same amount
of saline. The general health of the mice was carefully monitored, and no significant difference was
found in body weight or food and water intake between the vehicle-treated and NGR1-treated groups.
After being administered by gavage for 12 weeks, retinal function was assessed by detecting OCT and
ERG; two days later, the mice were sacrificed for subsequent experiments.

2.10. Electroretinogram and Visual Evoked Potential

To detect retinal function of the mice, flash electroretinography (FERG), scotopic full-field
electrophysiology, and flash visual evoked potentials (FVEPs) were recorded using the Visual
Electrophysiology Instrument (OPTO-III, Optoprobe, Burnaby, BC, Canada, Canada). Briefly, the mice
were anaesthetized with a mixture of ketamine (100 mg/kg body weight) and xylazine (10 mg/kg
body weight) after overnight adaptation to the dark. The eyes of the mice were dilated with 1%
tropicamide. For ERG recordings, the loop electrode was fixed on the corneal surface of the indicated
eye. Needle electrodes were inserted under the skin of the groin and leg. To detect flash VEPs, a needle
electrode was inserted under the skin between the two ears to replace the loop electrode. Black plaques
were used to cover unstimulated eyes during the experiment. For FERG and FVEP recordings,
stimulus production and data collection were carried out with the Visual Electrophysiology Instrument
(OPTO-III, Optoprobe, Canada). Signals were amplified by 10,000 bandpass filtered (0.5–100 Hz) and
digitized at 300 Hz with 12-bit resolution. Mice were tested at multiple flash intensities (3.0 cd.s.m−2,
four times), and the stimulus interval was 15 s.
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2.11. Optical Coherence Tomography

Retinal thicknesses of the mice were examined using optical coherence tomography (isOCT,
4DISOCT Microscope Imaging System, Optoprobe, Burnaby, BC, Canada). After anaesthetizing,
the eyes of the mice were dilated with 1% tropicamide and coated with viscoelastic material to
form a plano-concave lens. “TruTrack TM Active Eye Tracking” and “Automatic Real Time (ART)”
technologies were used. The images were acquired with the optic nerve head centred on the
corresponding box by altering the position and angle of the mice. Then, retinal thicknesses were
analysed with software (version 2.0) from OptoProbe Research Ltd.

2.12. Transmission Electron Microscopy Analysis

The ultrastructure of retinal Müller cells was analysed by transmission electron microscopy JEOL
JEM1230 (JEOL Ltd., Tokyo, Japan). Briefly, the retinas were fixed in 2.5% glutaraldehyde overnight
and then the samples were processed for 60 min with 0.1 M sodium cacodylate buffer supplemented
with 1% osmium tetroxide. The retinas were then treated with 2% uranyl acetate for 30 min, stimulated
in different gradient concentrations of ethanol, and then embedded in PolyBed 812 resin. Sections
were obtained at 70 nm thickness followed by staining with Venable’s lead citrate to photograph using
a transmission electron microscope (JEOL, Tokyo, Japan).

2.13. HE Staining

Cervical dislocation was used to euthanize the mice, the eyeballs were quickly removed and fixed
in 4% paraformaldehyde, embedded in paraffin and sectioned (5 μm). The eye sections were stained
with haematoxylin and eosin (H and E). Serial sections in close proximity (within 100 μm) to the optic
nerve head were obtained to ensure the parallel comparison of different groups and digital images
were captured under a light microscope (BX51, Olympus Corporation, Tokyo, Japan). The retinal
thickness was determined in vertical sections by measuring the distance from the retinal pigment
epithelium (RPE) layer to the top of the INL.

2.14. Determination of Mitochondrial ROS

The level of mitochondrial ROS in rMC-1 cells and the retinas were determined by the
mitochondria-specific probe MitoSOX™ (Carlsbad, CA, USA) following the steps recommended.
The cells were pre-incubated with NGR1 (20 μM) for 24 h and subjected to HG (60 mM) for 48 h. rMC-1
cells were trypsinized and collected. After anaesthetizing, mice were perfused transcardially followed
by removing eyeballs and detached retinas. The retinal tissues were homogenized in PBS. Subsequently,
the cells and the homogenates were pre-treated with MitoSOX™ (0.2 μM final concentration) at 37 ◦C
avoiding light for 40 min. Images were obtained to evaluate fluorescence intensity using a fluorescence
microplate reader. The excitation and emission wavelengths were 495 and 529 nm, respectively.

2.15. ELISA

The levels of VEGF, PEDF, 4-HNE, protein carbonyl, 8-OHdG, and the inflammatory factors
(MCP-1, TNF-α, IL-6, and ICAM-1) were measured by enzyme-linked immune sorbent assay
(ELISA) kits following the manufacturer’s instructions. ELISA kits for 4-hydroxynonenal (4-HNE),
8-hydroxy-2′-deoxyguanosine (8-OHdG) and protein carbonyl were acquired from Expandbio (Beijing,
China), and ELISA kits for VEGF, PEDF, and the inflammatory factors (MCP-1, TNF-α, IL-6 and
ICAM-1) were acquired from Abcam (Cambridge, MA, USA). The equiponderant retinal tissues
derived from each group were dissociated in RIPA supplemented with phosphatase and protease
inhibitor. The homogenates were centrifuged at 12,000 rpm for 15 min at 4 ◦C, and the supernatants
were collected for ELISA. The rMC-1 cells were harvested and dissociated in lysis buffer. The lysates
were centrifuged at 20,000 rpm for 10 min to obtain the supernatant for ELISA.

29



Cells 2019, 8, 213

2.16. Western Blotting

Western blotting was performed to evaluate the corresponding proteins. Briefly, proteins were
obtained by cell or tissue protein extraction kits supplemented with protease inhibitor and phosphatase
inhibitor (Roche, Penzberg, Upper Bavaria, Germany) and stored at 4 ◦C for 15 min and then
centrifuged at 15,000 rpm for 20 min to acquire the supernatant containing protein. A BCA quantitative
kit was used to measure the protein concentration in each sample. Thereafter, equivalent concentrations
of protein samples from different groups were prepared for electrophoresis and then imprinted onto
a membrane. Next, the membranes were blocked for more than 2 h in non-fat milk powder solution
at approximately 25 ◦C followed by incubation in skimmed milk containing primary and secondary
antibodies according to a certain ratio. Tris-buffered saline and Tween 20 (TBST) were used to wash
the membranes for 15 min, which was repeated three times. Then, the bands were visualized using an
enhanced chemiluminescence solution. Protein expression was observed using Molecular Imager Lab,
and densitometric analysis was performed using Gel Pro software (version 6.3).

2.17. Statistical Analysis

All data are expressed as the mean ± standard deviation (SD). When the data were normally
distributed, they were analysed by unpaired two-tailed Student’s t tests, multiple groups were analysed
by one-way analysis of variance (ANOVA), and multiple groups with two variables were analysed by
two-way ANOVA. Data with equal variances were analysed by post hoc Bonferroni’s test, and data with
unequal variance were analysed by Dunnett’s T3 test. When the data were not normally distributed,
nonparametric tests were used. A p value < 0.05 was considered significant.

3. Results

3.1. NGR1 Pre-Treatment Exerted a Positive Effect on HG-Induced Cell Death in rMC-1 Cells

In our research, the effects of HG on rMC-1 cells were detected. rMC-1 cells treated with
HG (30, 60 and 90 mM) for 12, 24, 48 and 72 h resulted in an obvious decline in cell viability in
a time-dependent manner (Figure 1A). Treatment of rMC-1 cells with HG (60 mM) for 48 h reduced the
cell viability to approximately 50% of the control cell viability (p < 0.01). Therefore, further experiments
were performed using HG (60 mM) and a 48 h treatment period. In contrast, NGR1 had no effect on the
cell viability of rMC-1 cells (Figure 1B; p > 0.05). However, NGR1 (5, 10, 20 and 40 μM) pre-treatment
for 4, 8, 12 and 24 h significantly increased the cell viability of rMC-1 cells (Figure 1C; p < 0.01), followed
by HG (60 mM) incubation. Unexpectedly, co-incubation of NGR1 (5, 10, 20 and 40 μM) with HG for
48 h led to almost no protection (Figure 1D; p > 0.05), which indicated that the protective function of
NGR1 was conferred only when administered as a pre-treatment. In addition, to investigate whether
60 mM HG is toxic to cells due to osmotic pressure, mannitol was used as an osmotic control, and the
effect of HG osmotic pressure on cells was separately investigated. No obvious toxicity was observed,
and these data are provided in the Supplementary Materials (Figure S1).
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Figure 1. NGR1 preconditioning exerted a protective effect on HG-induced cell death in rMC-1 cells.
Cell viability was tested by an MTT reduction assay. (A) HG increased cell death in rMC cells in
concentration- and time-dependent manners. (B) NGR1 showed no effect on the cell viability of
rMC cells. (C) NGR1 preincubation reversed HG-induced cell death in rMC cells in a dose- and
time-dependent manners. (D) NGR1 had no protective effect when co-incubated with HG. The results
were expressed as the means ± SD (n = 10). Two groups were compared by unpaired two-tailed
Student’s t tests, and multiple groups were analysed by one-way analysis of variance (ANOVA);
## indicates a significant difference vs. control cells (p < 0.01). ** indicates significant difference vs. HG
treatment (p < 0.01). (+), treatment with HG; (−), treatment without HG.

3.2. NGR1 Inhibited HG-Induced Apoptosis in rMC-1 Cells

DNA fragmentation, phosphatidylserine externalization, mitochondrial membrane potential loss
and caspase-3 activation are characteristic features of rMC-1 cells undergoing HG-induced apoptosis.
In the present study, HG-treated rMC-1 cells exhibited marked increases in the ratio of TUNEL-positive
cells (Figure 2A,D; p < 0.01), the rate of Annexin V/PI double-labelled cells (Figure 2B,E; p < 0.01)
and caspase-3 activity (Figure 2G; p < 0.01). Moreover, HG-treated rMC-1 cells exhibited a significant
decrease in the percentage of JC-1 red to green fluorescence intensity (Figure 2C,F; p < 0.01). However,
NGR1 administration notably reduced the ratio of TUNEL-positive cells and the rate of Annexin V/PI
double-labelled cells, increased the percentage of JC-1 red to green fluorescence intensity and decreased
caspase-3 activity in HG-treated rMC-1 cells (Figure 2; p < 0.01). The above phenomena indicate that
NGR1 could prevent rMC-1 cell apoptosis induced by HG. Additionally, NGR1 administration alone
showed no variation compared with control cells (p > 0.05).
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Figure 2. NGR1 preconditioning significantly inhibited HG-induced apoptosis in rMC-1 cells. NGR1
preconditioning attenuated HG-induced DNA fragmentation (A), Annexin V/PI double staining (B),
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and mitochondrial membrane depolarization (C) in rMC-1 cells. DNA fragmentation in rMC-1 cells
was determined using TUNEL staining (bar = 100 μm). Apoptosis rate was quantified with Annexin
V/PI double staining followed by flow cytometry analysis. Mitochondrial membrane depolarization
was detected by JC-1 staining. The rate of TUNEL-positive cells (D), the quantification of Annexin V/PI
double staining (E), and the percentage of JC-1 red to green fluorescence intensity (F) were quantitatively
analysed, and caspase 3 activity (G) was detected by a fluorescence staining kit. The results are
expressed as the means ± SD (n = 10). ## indicates a significant difference from control cells (p < 0.01).
Two groups were analysed by unpaired two-tailed Student’s t tests, and multiple groups were analysed
by one-way analysis of variance (ANOVA); ** indicates significant difference from HG treatment
(p < 0.01). (+), treatment with HG or NGR1; (−), treatment without HG or NGR1.

3.3. NGR1 Significantly Attenuated DR in db/db Mice

Changes in visual functions, retinal thickness, and retinal vasculature were determined by ERG
and OCT. As shown in Figure 3A, the ERG (from a wave to b wave) and VEP (P2) amplitudes were
markedly decreased in db/db mice compared with db/m mice (p < 0.01). The amplitude of the a-wave
or b-wave in db/db mice was significantly smaller than that in db/m mice, and was elevated in db/db
mice by treatment with NGR1(Figure 3A, p < 0.05). OCT images showed that total retinal thickness,
from the internal limiting membrane (ILM) to the RPE layer, was dramatically decreased in db/db
mice (Figure 3B, p < 0.05). Treatment of db/db mice with NGR1 significantly affected the retinal
thickness (Figure 3B, p < 0.05). Moreover, H&E staining showed that treatment of db/db mice with
NGR1 for 3 months markedly increased the thickness of retinas, especially the ONL and the INL.
The retinal morphology was similar between the db/m and NGR1-treated db/m groups (Figure 3C).
The results of these experiments indicate that NRG1 improves retinal function and inhibits retinopathy
in db/db mice.

3.4. NGR1 Reversed the Imbalance between VEGF and PEDF In Vivo and In Vitro

VEGF and PEDF play vital roles in the pathogenesis of DR. ELISA experiments demonstrated that
HG treatment caused a notable upregulation in VEGF levels (Figure 4C; p < 0.01) and a remarkable
decrease in PEDF levels (Figure 4D; p < 0.01) in rMC-1 cells. As expected, db/db mice showed
a notable upregulation in VEGF levels (Figure 4A; p < 0.01) and a significant decrease in PEDF
expression (Figure 4B; p < 0.01) in the retinas. However, NGR1 administration noticeably reduced the
levels of VEGF and increased the levels of PEDF in HG-treated rMC-1 cells and in the retinas of db/db
mice (Figure 4; p < 0.01).

Figure 3. Cont.
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Figure 3. NGR1 pretreatment significantly attenuated DR in db/db mice. (A) Typical waveforms and
quantitative analysis of ERG and VEPs amplitudes. (B) Retinal thickness was determined by OCT. (C)
Retinal morphology was detected by HE. (D) Corresponding statistics of ERG, VEPs and OCT. The
number of mice in this experiment was 10 (n = 10). The results are expressed as the means ± SD. Two
groups were analysed by unpaired two-tailed Student’s t tests, and multiple groups were analysed
by one-way analysis of variance (ANOVA); # indicates significant difference from the control cells or
db/m mice (p < 0.05); ## indicates a significant difference from control cells or db/m mice (p < 0.01). *
indicates a significant difference from HG treatment or db/db mice (p < 0.05); ** indicates significant
difference from HG treatment or db/db mice (p < 0.01). (+), treatment with NGR1; (−), treatment
without NGR1.
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Figure 4. NGR1 pretreatment significantly attenuated the levels of VEGF and PEDF in vivo and in
intro. The levels of VEGF (A) and PEDF (B) in retinas of db/db mice were determined by ELISA.
The levels of VEGF (C) and PEDF (D) in HG-induced rMC cells were determined by ELISA. The results
are expressed as the means ± SD (n = 10). Two groups were analysed by unpaired two-tailed Student’s
t tests, and multiple groups were analysed by one-way analysis of variance (ANOVA); ## indicates
a significant difference from control cells or db/m mice (p < 0.01). ** indicates a significant difference
from the HG treatment or db/db mice (p < 0.01). (+), treatment with HG or NGR1; (−), treatment
without HG or NGR1.

3.5. NGR1 Inhibited Oxidative Stress In Vivo and In Vitro

Oxidative stress plays an essential role in DR progression. Compared with control cells, HG
caused a notable increase in the level of mitochondrial ROS (Figure 5A; p < 0.01) and in the levels of
4-HNE (Figure 5B; p < 0.01), protein carbonyl (Figure 5C; p < 0.01), and 8-OHdG (Figure 5D; p < 0.01)
in rMC-1 cells. As expected, remarkable increases in the retinal levels of mitochondrial ROS, 4-HNE,
protein carbonyl and 8-OHdG were observed in the retinas of db/db mice (Figure 5E–H; p < 0.01).
However, NGR1 treatment substantially downregulated the levels of mitochondrial ROS, 4-HNE,
protein carbonyl and 8-OHdG in HG-treated rMC cells and in the retinas of db/db mice (Figure 5;
p < 0.01).

3.6. NGR1 Inhibited Inflammation In Vivo and In Vitro

In our study, HG exposure resulted in significantly increased inflammatory factor levels (MCP-1,
TNF-α, IL-6 and ICAM-1) (Figure 6A–D; p < 0.01) in rMC-1 cells. The levels of inflammatory factors
(MCP-1, TNF-α, IL-6 and ICAM-1) were significantly increased in the retina of db/db mice compared
with db/m mice (Figure 6E–H; p < 0.01). NGR1 treatment inhibited the expression of inflammatory
cytokines in HG-treated rMC cells and in the retina of db/db mice (Figure 6; p < 0.01).
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Figure 5. NGR1 pretreatment significantly suppressed oxidative stress in vivo and in intro. NGR1
preconditioning significantly suppressed HG-induced mitochondrial ROS production (A) and the
production of 4-HNE (B), protein carbonyl (C), and 8-OHdG (D) in rMC cells. NGR1 pretreatment
significantly decreased the level of mitochondrial ROS (E), 4-HNE (F), protein carbonyl (G),
and 8-OHdG (H) in the retina of db/db mice. The level of mitochondrial ROS was determined
by MitoSOX™. The production of 4-HNE, protein carbonyl, and 8-OHdG in rMC cells was detected by
ELISA. The results are expressed as the means ± SD (n = 10). ## indicates a significant difference from
the control cells or db/m mice (p < 0.01). ** indicates a significant difference from HG treatment or
db/db mice (p < 0.01). (+), treatment with HG or NGR1; (−), treatment without HG or NGR1.
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Figure 6. NGR1 pretreatment significantly inhibited inflammation in vivo and in intro. NGR1
preconditioning significantly inhibited HG-induced production of MCP-1 (A), TNF-α (B), IL-6 (C),
and ICAM-1 (D) in rMC cells. NGR1 pretreatment significantly decreased the levels of MCP-1 (E),
TNF-α (F), IL-6 (G), and ICAM-1 (H) in the retina of db/db mice. The levels of MCP-1, TNF-α, IL-6,
and ICAM-1 were detected by ELISA. The results are expressed as the means ± SD (n = 10). ## indicates
a significant difference from control cells or db/m mice (p < 0.01). ** indicates a significant difference
from the HG treatment or db/db mice (p < 0.01). (+), treatment with HG or NGR1; (−), treatment
without HG or NGR1.
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3.7. NGR1 Enhanced Mitophagy In Vivo and In Vitro

Strategies directed at enhancing mitophagy could have far-reaching beneficial effects. Therefore,
we further investigated whether NGR1 affected mitophagy. As illustrated in Figure 7, compared with
db/m mice, the number of mitophagy autophagosomes was elevated in the retinas of db/db mice
(Figure 7, p < 0.01). However, more mitophagy autophagosomes were observed in NGR1-treated db/db
mice (p < 0.01). Moreover, NGR1 enhanced mitophagy in rMC-1 cells, as revealed by the increased
co-localization of GFP-LC3 puncta and MitoTracker® Red CM-H2XRos in rMC-1 cells transiently
transfected with the pCMV-GFP-LC3 expression vector (Figure 8, p < 0.01).

The levels of PINK1 and Parkin and the ratio of LC3-II/LC3-I were dramatically increased in the
retinas of db/db mice compared with the retinas of db/m mice (Figure 9, p < 0.01). However, NGR1
treatment even elevated the levels of PINK1 and Parkin and the ratio of LC3-II/LC3-I in the retinas of
db/db mice (Figure 9, p < 0.01). To evaluate whether mitophagy functioned properly in db/db mice,
the p62/SQSTM1 level was examined. The expression of p62/SQSTM1 was decreased in the retinas
of db/db mice (Figure 9A, p < 0.01). Moreover, NGR1 pre-treatment even markedly downregulated
the expression of p62/SQSTM1. In accordance with these results, compared with control cells, rMC-1
cells treated with HG exhibited noticeable increases in PINK1, Parkin, and LC3-II/LC3-I expression
(Figure 9B; p < 0.01). NGR1 pre-treatment significantly enhanced the increased PINK1, Parkin, and the
ratio of LC3-II/LC3-I in rMC-1 cells exposed to HG (Figure 9; p < 0.01). However, the decreased
SQSTM1/p62 level induced by HG was further inhibited by NGR1 pre-treatment (Figure 9, p < 0.01).

Figure 7. NGR1 pretreatment enhanced mitophagy in diabetic db/db mice with diabetic retinopathy.
(A) The mitochondria in retinal Müller cells were analysed by transmission electron microscopy
analysis. (B) Corresponding statistics of mitophagy autophagosomes. The results are expressed as the
means ± SD (n = 5). They were analysed by unpaired two-tailed Student’s t tests, and multiple groups
were analysed by one-way analysis of variance (ANOVA); ## indicates a significant difference from
db/m mice (p < 0.01). ** indicates a significant difference from db/db mice (p < 0.01). (+), treatment
with NGR1; (−), treatment without NGR1.
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Figure 8. NGR1 pre-treatment enhanced mitophagy in HG-induced rMC1 cells. (A) rMC1 cells
transiently transfected with the pCMV-GFP-LC3 expression vector were stained with MitoTracker®

Red CM-H2XRos (Bar = 100 μm). (B) Corresponding statistics of the GFP-LC3 expression level.
The results are expressed as the means ± SD (n = 5). Two groups were analysed by unpaired two-tailed
Student’s t tests, and multiple groups were analysed by one-way analysis of variance (ANOVA);
## indicates a significant difference from control cells (p < 0.01). ** indicates a significant difference
from HG-treated cells (p < 0.01). (+), treatment with HG or NGR1; (−), treatment without HG or NGR1.
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Figure 9. Effects of NGR1 pre-treatment on the expression level of mitophagy proteins in HG-induced
rMC1 cells and in diabetic db/db mice with diabetic retinopathy. (A) PINK1, Parkin, LC3-II/LC3-I,
and p62/SQSTM1 expression in the retina of db/db mice was determined by Western blotting.
(B) The expression of PINK1, Parkin, LC3-II/LC3-I, and p62/SQSTM1 in HG-induced rMC1 cells was
determined by western blotting. The results are expressed as the means ± SD (n = 10). Two groups
were analysed by unpaired two-tailed Student’s t tests, and multiple groups were analysed by one-way
analysis of variance (ANOVA); ## indicates significant difference from the control cells or db/m mice
(p < 0.01). ** indicates a significant difference from HG treatment or db/db mice (p < 0.01). ## indicates
a significant difference from control cells or db/m mice (p < 0.01). ** indicates a significant difference
from HG treatment or db/db mice (p < 0.01). (+), treatment with HG or NGR1; (−), treatment without
HG or NGR1.

3.8. NGR1 Enhanced Mitophagy by Activating PINK1

To explore whether PINK1 was involved in NGR1-mediated mitophagy, rMC-1 cells were
transiently transfected with PINK1 siRNA. As shown in Figure 10, PINK1 siRNA effectively reduced
the expression of PINK1 and Parkin (p < 0.01) and abrogated the increased conversion of LC3-I to LC3-II
induced by NGR1 (p < 0.01). Moreover, the suppression of oxidative stress (Figure 11A), the inhibition
of inflammation (Figure 11B), the balance of VEGF and PEDF (Figure 12A), and the attenuation of
apoptosis (Figure 12B,C) mediated by NGR1 were all abolished by PINK1 siRNA (p < 0.01).
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Figure 10. NGR1 enhanced mitophagy by activating PINK1. rMC cells were transiently transfected
with PINK1 siRNA. (A) The expression of PINK1, Parkin, LC3-II/LC3-I, and p62/SQSTM1 in rMC cells
was determined by Western blotting. (B) Quantitative densitometric analysis of PINK1 (C) and Parkin
expression and (D) LC3-II/LC3-I ratio and (E) p62/SQSTM1 expression. The results are presented as
a percentage of the control. The results are expressed as the means ± SD (n = 10). Two groups were
analysed by unpaired two-tailed Student’s t tests, and multiple groups were analysed by one-way
analysis of variance (ANOVA); ## indicates a significant difference from HG-treated cells transfected
with control siRNA (p < 0.01). ** indicates a significant difference from cells in the NGR1+HG group.
(+), treatment with HG or NGR1; (−), treatment without HG or NGR1.
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Figure 11. NGR1 suppressed oxidative stress inflammation by activating PINK1. rMC cells were
transiently transfected with PINK1 siRNA. (A) The expression of cellular mitochondrial ROS, 4HNE,
protein carbonyl and 8-OHdG. (B) The expression of the inflammatory factors MCP-1, TNF-α, IL-6
and ICAM-1. The results are expressed as the means ± SD (n = 10). Two groups were analysed by
unpaired two-tailed Student’s t tests, and multiple groups were analysed by one-way analysis of
variance (ANOVA); ## indicates a significant difference from HG-treated cells transfected with control
siRNA (p < 0.01). ** indicates a significant difference from cells in the NGR1+HG group. (+), treatment
with HG or NGR1; (−), treatment without HG or NGR1.
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Figure 12. NGR1 attenuated apoptosis via activating PINK1. rMC cells were transiently transfected
with PINK1 siRNA. (A) The expression of VEGF and PEDF; (B) the apoptosis rate and JC-1 ratio;
(C) the caspase-3 activity and cell viability. The results are expressed as the means ± SD (n = 10).
Two groups were analysed by unpaired two-tailed Student’s t tests, and multiple groups were analysed
by one-way analysis of variance (ANOVA); ## indicates a significant difference from HG-treated
cells transfected with control siRNA (p < 0.01). ** indicates a significant difference from cells in the
NGR1+HG group. (+), treatment with HG or NGR1; (−), treatment without HG or NGR1.

4. Discussion

As a serious complication of diabetes, DR is one of the most common cause of visual impairment,
and its prevalence has been increasing worldwide [26]. The current treatment approach for DR based on
anti-oxidative, anti-inflammatory, and anti-angiogenesis drugs and laser photocoagulation is effective
but also induces adverse effects in retinal tissues. Thus, a safe and effective mode of treatment is
needed to control or delay DR. Based on previous evidence, treatment with natural anti-oxidant,
anti-diabetic and anti-tumoral agents may be a promising therapeutic approach for the prevention of
DR. NGR1 possesses a variety of pharmacological properties, including effects of cardiac protection
and neuroprotection. This study was designed to evaluate the beneficial effects of NGR1 against DR
in vivo and in vitro. We further sought to determine whether PINK1-mediated mitophagy is involved
in the mechanism associated with the protective effects of NGR1.

In this study, NGR1 markedly increased the amplitudes of ERG and VEP, retinal thickness and
markedly decreased the retinal vascular degeneration in db/db mice, which suggests that NGR1
significantly attenuated retinal dysfunction in db/db mice. In addition, the inner blood-retinal barrier
(BRB) is a gliovascular unit in which macroglial cells surround capillary endothelial cells and regulate
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retinal capillaries by paracrine interactions. Previous studies suggest that Müller cells play a major role
in the formation of barrier properties in retinal vessels [27]. Müller cells share the ability of astrocytes
to induce the formation of barrier properties by vascular endothelial cells, and modulate vascular
endothelial cells by express various cytokines, which, in turn, affects the retinal microvessels [28].

Studies have shown that during the pathogenesis of DR, long-term stimulation with HG can cause
damage to Müller cells and induce Müller cell apoptosis, oxidative stress, inflammatory response,
overexpression of VEGF [29,30]. In this study, Müller cells were simulated with concentrations of HG
(30-60-90 mM) to evaluate the “in vitro” model. Treatment of rMC-1 cells with HG (60 mM) for 48 h
reduced the cell viability to approximately 50% relative to the viability of control cells, resulting in
oxidative stress, an inflammatory response and excessive production of VEGF. As these mechanisms
of injury are consistent with the reported literature on diabetic pathology, we chose this concentration
to mimic HG injury in vivo. However, some studies have found that diabetes can induce Müller
cell activation and proliferation in db/db mice [31,32].The effects of HG on Müller cells at different
stages of diabetes pathogenesis require further study. In addition, it has been reported that glial cells
are activated in the hippocampus of diabetic mice and sustained HG stimulation leads to glial cell
apoptosis [33], suggesting that in the retina, the state of glial cells may also change over time.

Furthermore, Müller cells span the entire thickness of the retina, and contact and ensheath every
type of neuronal cell body and process [34]. This morphological relationship is reflected by a multitude
of functional interactions between neurons and Müller cells, including a “metabolic symbiosis” and
the processing of visual information. Müller cells are also responsible for maintaining homeostasis of
the retinal extracellular milieu [35]. Therefore, the thinning of the whole retina is most likely related
to the morphology and function of Müller cells. Thus, in an in vitro model, we selected Müller cell
damage induced by HG, and we found that NGR1 had an obvious protective effect.

In DR, retinas express low levels of PEDF and high levels of VEGF in experimental and clinical
settings [36,37]. Therefore, VEGF and PEDF are now accepted as the key factors associated with DR and
can constitute therapeutic targets. NGR1-treated db/db mice had a significantly elevated level of PEDF
and a significantly decreased level of VEGF in retinal tissue. In parallel with these changes, NGR1
significantly increased the production of PEDF and decreased that of VEGF in HG-treated Müller cells.
However, the molecular basis underlying these protective effects of NGR1 remains unknown.

Several lines of evidence raise the possibility that mitochondria dysfunction in Müller cells plays
pivotal roles in oxidative stress, inflammation, and apoptosis in the retinas of patients with DR [4,15,18].
Targeting mitochondrial homeostasis may confer advantages of inhibiting angiogenesis, oxidative
stress, and inflammation, thereby effectively halting the development of DR. Thus mitochondria
might be a potential therapeutic target for DR treatment. In this study, we observed that HG caused
mitochondrial depolarization in Müller cells, resulting in increased mitochondrial ROS generation,
oxidative stress and inflammatory cytokine production. Oxidative stress and inflammation were also
observed in the retinas of db/db mice. The blockade of mitochondrial damage with NGR1 caused
a significant blockage of oxidative stress and inflammation in HG-treated Müller cells and in the retinas
of db/db mice.

PINK1 is a recently described regulator of mitophagy [38]. Mitophagy is a conserved multistep
pathway that selectively degrades and recycles damaged mitochondria [39,40]. Therefore, stimulating
PINK1-mediated mitophagy may represent a novel therapeutic strategy to prevent DR. NGR1 increased
GFP-LC3 puncta and MitoTracker® Red CM-H2XRos co-localization in HG-treated rMC-1 cells.
To elucidate the involvement of PINK1 in NGR1-mediated mitophagy, PINK1 knockdown experiments
were performed, and rMC-1 cells were transiently transfected with PINK1 siRNA. As shown in
Figure 10, PINK1 siRNA abrogated the decreased p62/SQSTM1 induced by NGR1. However,
the relationship between PINK and p62/SQSTM1 requires further detailed investigation. Our results
show that PINK1 siRNA abolished the mitophagy mediated by NGR1. The suppression of oxidative
stress, the balance of VEGF and PEDF, the inhibition of inflammation, and the attenuation of apoptosis
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mediated by NGR1 were all abolished by PINK1 siRNA. Based on the above results, the beneficial
functions of NGR1 were PINK1-dependent.

A recent study showed that the reduced PINK and Parkin expression noted in HK-2 cells subjected
to HG exposure was partially restored by MitoQ, a mitochondria-targeted antioxidant. This effect
was abolished by Nrf2 siRNA and augmented by Keap1 siRNA, which suggests that PINK and
Parkin expression was regulated via Nrf2/Keap1 [41]. Similar results have been confirmed in various
tumour cells [42]. In addition, studies have shown that AKT signalling can selectively regulate PINK1
mitophagy [43]. Previous studies by our team have revealed that R1 pre-treatment can activate the
Nrf2 signalling pathway and affect the phosphorylation level of AKT in a diabetic mouse model [44].
Therefore, whether R1 plays an anti-DR role by activating the Nrf2 signalling pathway or PI3K/AKT
and, thereby, regulating the PINK1/Parkin signalling pathway is worthy of further study.

Moreover, the administration method used in this study was oral administration. Compared to
the intravitreal injection, oral administration has the advantage of being non-invasive and painless,
and the main disadvantage of gavage administration is the uncertainty of the active metabolite of
the drug. To date, no other studies have revealed the active metabolite of NGR1. Whether the active
metabolites of NGR1 are the real contributors to the protective effect of NGR1 in vivo requires further
detailed investigation.

In summary, the discovery of the PINK1 activator NGR1 not only provides a potential candidate
drug for DR treatment but may also increase our understanding of the functions of PINK1 in the
regulation of mitophagy in DR.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/3/213/s1,
Figure S1: 60 mM HG preconditioning exerted no osmotic toxicity on rMC-1 cells.
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The authors wish to make the following corrections to this paper [1]:
In the article “Notoginsenoside R1 Ameliorates Diabetic Retinopathy through PINK1-Dependent

Activation of Mitophagy”, we found that not every batch of mice showed a similar FFA image in the
subsequent experiment. Therefore, we decide to remove the contents (experiments and discussion)
related to FFA measurement (original Figure 3D).

The corrected Figure 3 is shown as follows.
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Figure 3. NGR1 pretreatment significantly attenuated DR in db/db mice. (A) Typical waveforms and
quantitative analysis of ERG and VEPs amplitudes. (B) Retinal thickness was determined by OCT.
(C) Retinal morphology was detected by HE. (D) Corresponding statistics of ERG, VEPs and OCT. The
number of mice in this experiment was 10 (n = 10). The results are expressed as means ± SD. Two
groups were analysed by unpaired two-tailed Student’s t-tests, and multiple groups were analysed by
one-way analysis of variance (ANOVA); # indicates significant difference from the control cells or db/m
mice (p < 0.05); ## indicates a significant difference from control cells or db/m mice (p < 0.01). * indicates
a significant difference from HG treatment or db/db mice (p < 0.05); ** indicates significant difference
from HG treatment or db/db mice (p < 0.01). (+), treatment with NGR1; (−), treatment without NGR1.

Simultaneously, relevant methodologies, conclusions and discussions are deleted.
In Section 2.11, on page 5, the following text is deleted: “2.11. Fundus Fluorescein Angiography.

The retinal vascular changes of the mice were detected by fundus fluorescein angiography (FFA). After
anaesthetising, the eyes of the mice were dilated with 1% tropicamide, and the eyeball was coated with
viscoelastic material and covered with a coverslip to form a plano-concave lens. Fundus examinations
were performed 2 min after intraperitoneal injection of 0.1 mL of 2.5% fluorescein sodium (Alcon,
Houston, TX, USA) using a digital fundus camera (Retinal Imaging System, OptoProbe Research Ltd.,
Burnaby, BC, Canada) until the fifth minute. The fluorescence intensity of the photographs obtained
from each group was analysed by using ImageJ software (version 1.8.0) for statistical analysis and
comparison of the groups. The specific steps performed using the software were as follows: Open the
image, Image→Type→8 bit→Adjust→Threshold, Analyse→Set measurements→Measure. ”

In Section 3.3, on page 9, the following text is deleted: “In addition, the FFA results showed that
fluorescence leakage of microvessels and the formation of microangiomas in retinal were markedly
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increased in db/db mice compared with in db/m mice (Figure 3D; p < 0.01). However, treatment of
db/db mice with NGR1 resulted in significant decreases in the leakage of retinal microvessels and the
formation of microangiomas (Figure 3D, p < 0.01).”

In Section 4, on page 20, the following text is deleted: “Therefore, FFA was performed to
observe microvessels changes under HG or R1 administration. A previous study showed no visible
microvascular change by week 28 [29], our results suggested that fluorescence leakage of microvessels
and the formation of microangiomas in the retinal were markedly increased in 38-week-old db/db
mice compared with in db/m mice. As described by Bhatta, diabetic mice manifest significant retinal
vascular degeneration at 15 months [30]. Therefore, different vascular states may be related to different
time points of observation, the results of our study may further our understanding of the pathogenesis
in the murine model of type 2 diabetes and provide a theoretical basis for clinical research.”

In addition, references [29] and [30] on page 23 are deleted.
The authors would like to apologize for any inconvenience this has caused the readers.
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Abstract: Metformin has been shown to inhibit glutaminase (GLS) activity and ammonia
accumulation thereby reducing the risk of hepatic encephalopathy in type 2 diabetic patients. Since
tumour cells are addicted to glutamine and often show an overexpression of glutaminase, we
hypothesize that the antitumoral mechanism of metformin could be ascribed to inhibition of GLS and
reduction of ammonia and ammonia-induced autophagy. Our results show that, in different tumour
cell lines, micromolar doses of metformin prevent cell growth by reducing glutamate, ammonia
accumulation, autophagy markers such as MAP1LC3B-II and GABARAP as well as degradation of
long-lived proteins. Reduced autophagy is then accompanied by increased BECN1/BCL2 binding
and apoptotic cell death. Interestingly, GLS-silenced cells reproduce the effect of metformin treatment
showing reduced MAP1LC3B-II and GABARAP as well as ammonia accumulation. Since metformin
is used as adjuvant drug to increase the efficacy of cisplatin-based neoadjuvant chemotherapy,
we co-treated tumour cells with micromolar doses of metformin in the presence of cisplatin observing
a marked reduction of MAP1LC3B-II and an increase of caspase 3 cleavage. In conclusion, our work
demonstrates that the anti-tumoral action of metformin is due to the inhibition of glutaminase and
autophagy and could be used to improve the efficacy of chemotherapy.

Keywords: autophagy; cell death; glutaminase; metabolism; molecular rehabilitation.

1. Introduction

Autophagy is a multi-step recycling process that maintains cell and tissue homeostasis regulated
by molecular components encoded by autophagy-related genes (ATGs) [1]. Three principal forms
of autophagy have been identified: microautophagy, macroautophagy and chaperone-mediated
autophagy [2]. In macroautophagy, hereafter referred to as “autophagy,” cellular substrates or “cargo”
are packed into cytosolic vesicles (autophagosomes), which are delivered to lysosomes in order to
form double membrane vesicles (autolysosomes). In these structures, the autophagosomal content
is digested by lysosomal hydrolases and the products are re-cycled back to cytosol in order to build
up new molecules [3]. In mammals, basal autophagy removes damaged macromolecules or refills
intermediate metabolites [4].

Autophagy promotes cancer resistance to radiation and chemotherapic treatments [5–7] and
the abrogation of autophagic machinery renders cervical cancer cells more sensitive to cisplatin [8].
Moreover, a high basal autophagy gives a metabolic advantage to tumours sustaining their elevated
energetic demand that arises from rapid proliferation and inadequate blood supply [9].
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A link between autophagy and metabolism has been shown by the observation that autophagy
can be stimulated also by ammonia, a by-product of glutamine metabolism. Ammonia, in fact, can
act both as autocrine and paracrine modulator of autophagy [10]. Ammonia is generated by the
mitochondrial glutaminolysis in which glutamine is sequentially deaminated into glutamate and
then in α-ketoglutarate entering tricarboxylic acid (TCA) cycle [11]. Notably, it has been shown that
under glucose starvation, tumours can survive in vitro using glutamine instead of glucose to maintain
cellular ATP production [12]. Tumours show a high rate of glutaminolysis that results in high release
of free ammonia. Szeliga et al. [13] observed that glutaminase and glutamate dehydrogenase enzymes,
which catalyse glutamine deaminations, are often overexpressed in tumours. At the same time,
elevated ammonia favours nitrogen incorporation into amino acids through reductive deamination by
glutamate dehydrogenase [14]. In addition, glutaminase inhibition prevents ammonia accumulation
and reduces ammonia-induced autophagy, leading to a metabolic crisis that sensitizing tumour cells to
death [15].

Interestingly, a recent work has shown that metformin, the most widely prescribed drug for type 2
diabetes (T2D) therapy [16], is independently related to overt hepatic encephalopathy in patients with
type 2 diabetes mellitus and high risk of hepatic encephalopathy [17]. Moreover, the same work also
demonstrated that, in vitro, metformin inhibits glutaminase activity and ammonia accumulation [17].

This alternative mechanism of metformin could, as well, accompany the reduction of hepatic
gluconeogenesis through mitochondrial complex I inhibition. In this case, metformin affects
mitochondrial electron transport chain by modifying the AMP:ATP ratio leading to an energetic
imbalance [18] that activates protein kinase AMP-activated (PRKAA2) [19]. Once activated, this
enzyme, which acts as an intracellular fuel gauge, restores cellular energy balance inhibiting anabolic
pathways and promoting glycolysis or fatty acid oxidation [20]. Moreover, activated PRKAA2 is able
to inhibit the mechanistic target of rapamycin (MTOR) pathway which regulates cell autophagy [21].
Beyond of this glucose lowering effect, several epidemiological studies have shown that metformin
reduces cancer incidence and mortality both in diabetic [22] and in not diabetic subjects [23]. Moreover,
diabetic patients with breast cancer cotreated with metformin and neoadjuvant chemotherapy showed
a higher pathological complete response than people with T2D on other diabetic treatments [24].

This potential application of metformin in oncology has been evaluated also in in vitro studies
performed on a wide range of cancer cells [25–31]. However, cancer cells used in these studies have
been treated for short times (2–3 days) with high doses of metformin (up to 10 mM), far above plasma
metformin concentration of people with T2D where the drug achieves a bloody peak at 10–40 μM after
1 h of administration [32].

Starting from these considerations, we explored the effect of metformin on proliferation and
autophagy in breast and cervical cancer cell lines where we observed a reduction of cellular replication
rate correlated to an inhibition of glutamine metabolism, ammonia production and ammonia-induced
autophagy. Moreover, these effects increased when cancer cells were co-incubated with cisplatin.

2. Materials and Methods

2.1. Cell Culture

Breast cancer cell lines, MCF7 (ATCCHTB-22) and MDA-MB-231 (ATCCHTB-26) and cervical
cancer cell line Ca Ski (ATCCCRL-1550) (LGC Standards, Milan, Italy), were grown in RPMI 1640
medium (R0883; Sigma-Aldrich, Milan, Italy). Cervical cancer cell line HeLa was maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM, D5648; Sigma-Aldrich). All media were supplemented
with 10% Foetal Bovine Serum (Sigma-Aldrich, F9665), 2 mM Glutamine (G7513; Sigma-Aldrich),
100 units/mL penicillin and 0.1 mg/mL streptomycin (P0781; Sigma-Aldrich). Adherent cells were
detached by Trypsin-EDTA solution (TA049; Sigma-Aldrich). All cell lines were maintained at 37 ◦C in
a humidified atmosphere of 5% CO2 and 95% air.
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2.2. Treatments Protocols and Antibodies

1,1-Dimethylbiguanide hydrochloride (metformin, D150959; Sigma-Aldrich) was dissolved in
distilled water and added to cells at different concentrations (from 5 μM to 10 mM). When used
at micromolar doses, metformin was added every day up to 20 days to cells without changing
medium. In low-glucose and galactose medium experiments, 2 g/L sodium bicarbonate (E005761;
Sigma-Aldrich) and 10 mM galactose (G0705; Sigma-Aldrich) or glucose (G8270; Sigma-Aldrich) were
added to RPMI 1640 medium without glucose (R1383; Sigma-Aldrich).

Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulphide (BPTES, SML0601; Sigma-Aldrich)
was dissolved in dimethyl sulfoxide (DMSO, D2438; Sigma-Aldrich) and added to a final concentration
of 2 μM. Dimethyl-α-ketoglutarate was synthesized and provided by Prof. Mai (Sapienza University
of Rome, Italy) and added to a final concentration of 1 mM. Bafilomycin A1 (B1793; Sigma-Aldrich)
was dissolved in DMSO and added to a final concentration of 100 nM. NH4Cl (A9434; Sigma-Aldrich)
was dissolved in water and added to a final concentration of 20 mM. cis-Diamineplatinum (II)
dichloride (cisplatin, 479306; Sigma-Aldrich) was dissolved in N,N-dimethylformamide (DMF, D4551;
Sigma-Aldrich) and added to a final concentration of 0.2 μM.

The following primary antibodies were used for western blot analysis: GLS (GTX131263; Gene
Tex, Milan, Italy), PHB (NB600-1292; Novus Biologicals, Abingdon, UK), BAX (sc526; Santa Cruz,
Heidelberg, Germany), CYCS (Novus Biologicals, NB100-56503), BCL2 (BD, 610538), CASP3 cleaved
(9661S; Cell Signalling, Milan, Italy), MAP1LC3B (NB600-1384; Novus Biologicals), GABARAP
(PM037; MBL International Corporation, Heidelberg, Germany), BECN1 (9234S; Cell Signalling),
SQSTM1 (sc-48402; Santa Cruz Biotechnology), phospho-PRKAA2 (Thr172) (PA5-17831; Thermo
Scientific, Milan, Italy), PRKAA2 (Thermo Scientific (PA5-36045), ATG5 (MBL, PM050),Phospho-AKT1
(Ser473) (9271; Cell Signalling), AKT1 (9272S; Cell Signalling), phospho-RPS6KA1 (Thr389) (9234S; Cell
Signalling), RPS6KA1 (2708S; Cell Signalling), ACTB (A5316; Sigma-Aldrich), CDK4 (sc260; Santa
Cruz). Horseradish peroxidase-linked anti-mouse (NA931V) and anti-rabbit (NA934V) were purchased
from GE Healthcare (Chicago, IL, USA).

2.3. Generation of GLS-Silenced Cells

MDA-MB-231 cells were stably transfected with a pLKO.1 vector containing a shRNA insert to
target human GLS (SHCLND-NM 014905; Sigma-Aldrich). Briefly, 200× 103 cells were plated in 35 mm
dishes 24 h before shRNA treatment. The following day the plasmid expressing shRNA GLS (1 μg) was
introduced into cells using FuGENE® transfection reagent (E2691; Promega, Milan, Italy) according
to manufacturer’s protocol. The day after puromycin dihydrochloride (P9620; Sigma-Aldrich,) was
added for selecting stably silenced clones at a final concentration of 1.6 μg/mL.

2.4. Viability Assays

Cell viability after prolonged metformin treatment was assessed with different protocols. In the
clonogenicity assay cells (2 × 103) were plated in 100 mm dishes to allow clones formation. At the end
of metformin incubation, plates were washed twice with a phosphate buffered saline solution (PBS;
79382; Sigma-Aldrich) and fixed with 4% formaldehyde solution in PBS (F8775; Sigma-Aldrich) at
room temperature (rt). After 10 min, dishes were washed twice in PBS and stained for 5 min with 0.5%
crystal violet (C0775; Sigma-Aldrich). Finally, cells were washed with distilled water and air-dried.
The colonies were counted the following day. In trypan blue exclusion assay, cells were seeded on
6-well plates. Following treatments, cells were harvested and stained with 0.4% trypan blue (T8154;
Sigma-Aldrich). The cell suspension was applied to a haemocytometer and counted with a phase
contrast microscopy (NIKON EclipseTE2000U, Nikon Netherlands, Amsterdam, The Netherlands).
Finally, cell viability was checked also by CellTiter96® AQueous Solution Cell Proliferation Assay
(G3580; Promega). Cells were seeded in 96-well plates. Following metformin treatments, 20 μL of
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CellTiter 96® Aqueous Solution was added to 100 μL of culture medium. After 2 h of incubation at
37 ◦C, absorbance at 490 nm was measured with the GloMax®-Multi Detection System (Promega).

2.5. Biochemical Assays

Cellular ATP and ADP levels were measured through the ADP/ATP ratio assay kit (MAK135;
Sigma-Aldrich) accordingly to manufacturer’s protocol. The amount of glutamate and ammonia
produced by cells following metformin treatment was evaluated respectively with Glutamate Assay
Kit (MAK004; Sigma-Aldrich) and Ammonia Assay Kit (AA0100; Sigma-Aldrich) as previously
reported [14]. Absorbance was read through GloMax®-Multi Detection System (Promega). All the
experiments were performed in triplicate and data are representative of 3–5 experiments.

2.6. Propidium Iodide Staining

To evaluate cell death, cells were analysed by flow cytometry. Cells were seeded into 10 mm
dishes and treated with metformin for several days. Cells were next harvested with trypsin-EDTA,
washed twice with ice cold PBS and centrifuged at 800× g for 5 min at 4 ◦C. Samples were stained
with 50 μg/mL Propidium Iodide (PI, P4864; Sigma-Aldrich) in PBS for 2 h at 4 ◦C cover light.
Fluorescence was read by BD FACS Calibur flow cytometer (Becton Dickinson, Milan, Italy). The sub-G1

fraction, which represents the total amount of apoptotic cells, was determined and analysed through
CellQuest™ software.

2.7. Autophagic Proteolysis Assessment

Click-iT metabolic labelling for proteins (C10428; Thermo Fisher Life Technologies, Milan, Italy)
was used to determine autophagic proteolysis of long-lived proteins as previously reported [15]. Cells
(70% confluence) were plated on glass coverslips for confocal microscopy and in 96-well plates for
fluorometric analysis. The day after, cells were washed twice with warm PBS and then incubated in
L-methionine-free medium containing 10% dialyzed foetal bovine serum (26400-036; GIBCO). After
2 h, cells were pulsed for 18 h with 50 μM Click-iT AHA (L-azidohomoalanine), in L-methionine-free
medium containing 10% dialyzed foetal bovine serum. At the end of this incubation, cells were washed
once with PBS + 3% BSA (A2153; Sigma Aldrich) and cultured for 2 h in complete medium to chase
out short-lived proteins. Cells were then treated as indicated in the figure legends. At the end of
the treatments, cells were washed twice with PBS, fixed for 10 min with 4% formaldehyde solution
in PBS and then washed with 3% albumin from bovine serum (BSA, A9418; Sigma-Aldrich) in PBS.
Cells were permeabilized by using 0.2% Triton® X-100 (X100; Sigma-Aldrich) and 0.1 M Tris pH 7.4
(T4661; Sigma-Aldrich) in PBS for 5 min rt. After two washes in 3 % BSA in PBS, alkaline alexafluor
488 (A10267; Thermo Fisher Life Technologies) was added using Click-iT® Reaction Buffer Kit (C10269;
Thermo Fisher Life Technologies). The reaction mix was finally removed and samples were washed
twice with 3% BSA in PBS before fluorescence detection by LSM 510 confocal microscopy (Zeiss, Milan,
Italy) or GloMax®-Multi Detection System.

2.8. Electron Microscopy

MDA-MB-231 wt and GLS shRNA cells were cultured in 10 mm dishes and treated with metformin
30 μM up to 20 days. In addition, in order to reduce autophagic flux, some samples were treated with
NH4Cl 10 mM for the last 17 h in the presence or absence of metformin. Cells were washed with
warm PBS and fixed with 2% glutaraldehyde (G7651; Sigma-Aldrich) in 0.1 M sodium cacodylate
buffer pH 7.3 (C0250; Sigma-Aldrich) at 4 ◦C overnight. The following day, samples were collected,
washed three times with cacodylate buffer and fixed for 2 h rt with 2% osmium tetroxide (75632;
Sigma-Aldrich) in the same buffer. After three washes in distilled water, cells were stained for 15 min
at room temperature with 1% uranyl acetate. Samples were then incubated at 45 ◦C with 3% agarose.
After solidification, agarose blocks were dehydrated with ascending acetone concentration. Blocks
were embedded in Spurr medium and polymerized overnight at 65 ◦C. Samples were finally cut in
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80-nm sections by a Reighert-Jung Ultra cut E ultramicrotome (Leica Microsystems, Wetzlar, Germany)
and picked up on copper grids. The tiny pieces were post-stained in uranyl acetate and bismuth
subnitrate and observed in a Philips CM-10 TEM (Fei Italia, Milan, Italy) and micrographs on Kodak
4489 sheet films (Sigma-Aldrich).

2.9. Lysosomes Labelling

Lysotracker® red DND-99 (L7528; Thermo Fisher Life Technologies) was used to track lysosomes
in cells. Briefly, 300 × 103 cells were cultured on coverslips placed inside 35 mm dishes. After 20 days
of incubation with 30 μM metformin, cells were washed twice with PBS ad incubated for 30 min in
pre-warmed medium containing 50 nM of Lysotracker. Afterwards, fresh medium was replaced and
fluorescence was observed by LSM 510 confocal microscopy (Zeiss).

2.10. JC-1 Staining

5,5′,6,6′-tetrachloro-1,1′,3,3′-tetrathylbenzimidazolyl-carbocyanine iodide (JC-1) dye was used
as indicator of mitochondrial health (T3168; Thermo Fisher Life Technologies). In mitochondria
this cationic probe can exist in a monomeric or in an aggregated form depending on mitochondrial
membrane potential (ΔΨm). In healthy cells, ΔΨm is high and JC-1 polymerizes to form J-aggregates
which show a red fluorescence emission. On the contrary, in unhealthy or apoptotic cells where
mitochondrial integrity is compromised, ΔΨm assumes a lower value. In this condition, JC-1 remains
in a monomeric form showing a green florescence emission. The fluorescence shift from red to green
is an indicator of mitochondrial depolarization. Briefly, cells were grown on glass coverslips (for
confocal analysis) and in 96-well plate for fluorimeter. At the end of metformin treatment, medium
was discarded and 10 μg/mL of JC-1 were added to cells in pre-warmed medium. After 20 min of
incubation, cells were washed in PBS and fluorescence was observed by LSM 510 confocal microscopy
(Zeiss) or quantified by Epics XL-MCL flow cytometer (Beckman Coulter, Pasadena, CA, USA).

2.11. Protein Extraction and Immunoblotting

Cells (2 × 106) for whole cell lysate were centrifuged at 800× g for 10 min at 4 ◦C and pellet
were resuspended in 100 μL of a solution containing 50 mM Tris-Cl (93352; Sigma-Aldrich), 250 mM
sodium chloride (NaCl, S7653; Sigma-Aldrich), 5 mM ethylenediaminetetraacetic acid (EDTA; E6758;
Sigma-Aldrich), 0.1% Triton® X-100 and 0.1 mM Dithiothreitol (DTT, D9163; Sigma-Aldrich) plus
1 mM phenylmethylsulfonyl fluoride (PMSF, 93482; Sigma-Aldrich), Protease inhibitor cocktail (PI;
Sigma-Aldrich, P8340), 1 mM sodium orthovanadate (NA3VO4, S6508; Sigma-Aldrich) and 10 mM
sodium fluoride (NaF, 201154; Sigma-Aldrich) (lysis buffer). After 10 min on ice, samples were
centrifuged at 14,000× g for 10 min at 4 ◦C and the supernatants were collected. Protein concentration
was determined by the Bradford assay (Bio-Rad, Milan, Italy500-0205). Clarified protein lysates (40 μg)
were boiled for 5 min, electrophoresed onto denaturatingSDS-PAGE gel and transferred onto a 0.45 μM
nitrocellulose membrane (162-0115, Bio-Rad). The blotting membranes were blocked with 5% non-fat
dry milk (1706404, Bio-Rad) for 1 h rt and then incubated with primary antibody overnight at 4◦C.
The follow day, membranes were washed three-times with 0.1% Tween® 20 (P9416; Sigma-Aldrich) in
PBS (PBST) for 30 min rt and incubated with the appropriate secondary antibody for 1 h rt. After other
3 washes in PBST, the detection of the relevant protein was assessed by enhanced chemiluminescence
(Lite Ablot® TURBO, EMP012001; Euro Clone, Milan, Italy). Densitometric analysis of the bands,
relative to ACTB, CDK4 or prohibitin (PHB,) was performed using Image J Software v1.51 (NIH,
Bethesda, MD, USA).

2.12. Mitochondrial Isolation

Cells (2 × 103) were grown in 100 mm dishes. Following metformin treatment, cells were
harvested and centrifuged at 700× g at 4 ◦C for 5 min. Pellet was resuspended on ice in 200 μL of
a solution containing 2 mM magnesium chloride (MgCl2, M8266; Sigma-Aldrich), 10 mM potassium

57



Cells 2019, 8, 49

chloride (KCl, P9333; Sigma-Aldrich) and 10 mM Tris pH 7.4. After 10 min, each samples were mixed
with 200 μL of a solution containing 400 mM sucrose (S5390; Sigma-Aldrich), 10 mM Tris pH 7.4,
2 mM EDTA, 2 mM ethylene glycol-bis(2-aminoethylether)-N, N, N’,N’-tetraacetic acid (EGTA, E3889;
Sigma-Aldrich), 2 mM PMSF, 20 mM NaF, 2 mM Na3VO4 and PI. Cells were broken with 50 Dounce
strokes on ice. Homogenates were transferred into 1.5 mL tubes and centrifuged at 900× g for 10 min
at 4 ◦C. Pellet were discarded and supernatant fractions were transferred in new 1.5 mL tubes and
centrifuged at 17,000× g for 30 min at 4 ◦C. Pellet (mitochondrial fractions) were lysed in 20 μL of lysis
buffer and protein concentration determined by the Bradford assay.

2.13. Immunoprecipitation

Proteins were extracted as described above. Protein suspensions (500 μg) were pre-cleared
with 20 μg of protein A/G PLUS-agarose (sc-2003; Santa Cruz) and kept in slow rotation for 1 h
at 4 ◦C. Samples were centrifuged at 500× g for 1 min at 4 ◦C. Supernatants were collected and
agarose pre-cleared resins were discarded. Cleared cell lysates were next incubated with 2 μg of
Beclin1 antibody and kept in slow rotation overnight at 4 ◦C. The following day, 20 μg of protein
A/G PLUS-agarose were added to each tube and kept in rotation for 4 h at 4 ◦C. Samples were then
centrifuged at 500× g for 5 min at 4 ◦C. Pellet fractions, containing the protein-antibody complex, were
washed 5 times with a solution containing 50 mM Tris pH 7.4, 0.5% Triton® X-100 and 150 mM NaCl
and 2 times with 5 mM Tris pH 7.4. At the end of washing, pellet was mixed with 20 μL of Laemmli
buffer (NP0007; Invitrogen, Milan, Italy) and heated for 5 min at 95 ◦C. Samples were electrophoresed
on a SDS-polyacrylamide gel and immunoblotted.

2.14. Immunofluorescence Microscopy

Cells (2 × 103) were seeded onto coverslips inside 35 mm dishes and incubated for 20 days
with metformin. Cells were fixed for 10 min with 4% formaldehyde in PBS, washed twice in PBS
and permeabilized for 5 min in 0.1 M Tris pH 7.4 and 0.2% Triton® X-100. After two washes in PBS,
samples were blocking for 1 h rt with 0.2 mg/mL BSA and incubated for 2 h rt with anti-Glutaminase C
antibody at 1:1000 dilution. Cells were then washed twice with 0.05% Tween® 20 in PBS and incubated
for 1 h with the secondary antibody goat anti-rabbit IgG Alexa Fluor® 555 at 1:1000 dilution (A21429;
Invitrogen). Finally, samples were washed twice with PBS and mounted using ProLong® Diamond
Antifade Mountant (P36961; Thermo Fisher Life Technologies). Fluorescence was observed by LSM
510 confocal microscopy (Zeiss).

2.15. Statistical Analysis

The results are expressed as means ± standard deviations (s.d.) and 95% confidence intervals
(95% CI) of three independent experiments. Before using parametric tests, the assumption of normality
was verified using the Shapiro-Wilk W-test. The Student paired t-test was used to determine any
significant differences before and after treatment. Significance was set at p < 0.05. Statistical software
package SPSS v13.0.1. (SPSS Inc., Chicago, IL, USA) was used for all statistical calculations.

3. Results

3.1. Metformin Inhibits Cancer Cell Proliferation

Metformin has demonstrated an anti-tumoral effect mainly due to the inhibition of mitochondrial
function. However, the doses used in the experimental settings are in the order of mM far above the
5–30 μM measured in tissues of patients taking this drug. For this reason we aimed to unravel if and
how metformin, used at micromolar concentration, still has anti-tumoral activity.

To this effect, breast cancer cell lines MDA-MB-231 and MCF7 as well as cervical cancer cell line Ca
Ski were treated with 5 and 30 μM metformin for up to 20 days. Clonogenic assay showed a reduction
in the number of colonies after metformin treatment (Figure 1A). Moreover, 20 days treatment with
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30 μM metformin reduced cell vitality to 55% in MDA-MB-231, 58% in MCF7 and 63% in Ca Ski cells
(Figure 1B). Similarly, cell titre assay showed a reduction of cell proliferation in the three cell lines used
(Figure 1C). Interestingly, reducing glucose concentration below 10 mM reduced cell proliferation in
both untreated and metformin treated MDA-MB-231 cells (Figure 1D).

Figure 1. Low doses of metformin reduce colony formation and cell viability in tumour cell lines;
(A) MDA-MB-231, MCF7 and Ca Ski cells were seeded at low density (2 × 103) in the presence or
absence of micromolar doses of metformin. After 20 days dishes were washed in PBS and cells fixed
and stained. Number of colonies were counted the following day and the results graphed in the
right side of the figure; (B) MDA-MB-231, MCF7 and Ca Ski cells were either left untreated or treated
with different doses of metformin. Cell viability was measured by trypan blue exclusion as indicated
under Material and Methods; (C) MDA-MB-231, MCF7 and Ca Ski cells were either left untreated
or treated with different doses of metformin. cell growth was measured by CellTiter 96® aqueous
solution cell proliferation assay as indicated under Material and Methods; (D) MDA-MB-231 cells were
grown in growth medium containing different glucose concentration in the presence or absence of
30 μM metformin. Cell growth was measured by CellTiter 96® aqueous solution cell proliferation assay
as indicated under Material and Methods. All experiments in this figure were repeated three times.
* Significantly different from control untreated cells.

3.2. Metformin Impairs Mitochondrial Function and Induces Cell Death

Metformin has been shown to have a direct impact on mitochondrial activity [33]. To test if
metformin has different cellular effects if used at milli- or micromolar concentrations, we treated
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MDA-MB-231 cells with high doses of metformin (mM) for 48 h and low doses (μM) up to 20 days
and then we measured ATP levels. As expected, 0.1–5 mM metformin caused a 36% reduction of
ATP with an increase of ADP:ATP ratio. Surprisingly, we observed an opposite effect when cells
were treated with low doses of metformin for longer times (Figure 2A, lower right). Indeed, in this
condition metformin led to a dose dependent increase of intracellular ATP. However, the ADP:ATP
ratio did not show any change (Figure 2A, lower left). One possibility is that an energetic unbalance
may alter mitochondrial membrane potential (ΔΨm). Therefore, MDA-MB-231 cells were stained with
JC-1 [34]. As shown in Figure 2B, 15 days of metformin treatment induced an increase of depolarized
mitochondria. In fact, flow cytometry analysis measured a decrease in red fluorescence in 18% of cells
treated with metformin compared to the 5% of untreated cells (Figure 2B). Since ΔΨm reduction is
critical for apoptosis, we analysed mitochondrial apoptotic markers such as BAX and cytochrome c
(CYCS). BAX, a pro-apoptotic member of BCL-2 family, under an apoptotic stimulus oligomerizes
to form mitochondrial pores with CYCS release from mitochondria to cytosol, followed by caspase
activation and cell death [35,36]. Our results show a mitochondrial accumulation of BAX at 5 and
10 days of treatment and a decrease of mitochondrial CYCS after 10 day of metformin treatment
without changes in total amount of BAX or CYCS. Similar results were obtained using MCF-7 cells
where, again, 10 days of metformin treatment caused an accumulation of BAX and a release of CYCS
from the mitochondria (Figure 2C, right side). The decrease in Bax observed in the mitochondrial
fraction after 15 and 20 days in cells treated with 30 μM metformin, could be due to the removal of
damaged mitochondria and/or cells after such a long treatment period. In fact, the accumulation of Bax
in the mitochondrial membrane is a rather quick process that is followed by mitochondrial damage.
Furthermore, damaged mitochondria could then be removed by mitophagy thereby diminishing
Bax level. The statistical analysis of Figure 2C is reported in Supplementary Figure S1 showing
a statistically significant accumulation of Bax in the mitochondrial after 5 and 10 days of metformin
treatment accompanied by a decrease of cytochrome c from 10 to 20 days. The purity of mitochondrial
fractions was assessed by using PHB as positive and CDK4 as negative controls as shown in Figure 2C.

Finally, we measured the percentage of MDA-MB-231 cells with sub-G1 DNA content after 15 days
of 30 μM metformin treatment. Figure 2D shows an increase of cell death from 10% of control untreated
cells to 40% of metformin treated cells.

3.3. Metformin Inhibits Glutaminase Activity

Next, we measured the amount of ammonia released by MDA-MB-231 cells. As shown in
Figure 3A, differences in ammonia release started after 15 days of metformin treatment and became
more sustained after 20 days. Figure 3B shows that metformin strongly reduced ammonia levels in
a dose-dependent manner also in MCF7 and Ca Ski cells but not in HeLa cells. Indeed, Xiao et al. [37]
observed that metformin reduces proliferation of Ca Ski and Me180 but not of HeLa cells. These
results suggest that metformin can, directly or indirectly, alter ammonia production in breast and
cervical cancer cells. Since ammonia is generated not only by glutamine deamination but also from
aminoacidic catabolism [38], we used MDA-MB-231 GLS shRNA to demonstrate that ammonia
reduction depends mostly on GLS. We observed that 30 μM metformin inhibited ammonia release in
wild type MDA-MB-231 cells but not in MDA-MB-231 GLS shRNA (Figure 3B). Moreover, the basal
level of ammonia in untreated MDA-MB-231 GLS shRNA cells was lower than in wild type (Figure 3B).
Similar results were obtained in MDA-MB-231 cells co-treated for 15 days with metformin and BPTES,
a potent and selective GLS inhibitor (Figure 3C). To further evaluate the effect of metformin on GLS
activity, we analysed L-glutamate concentration. Our results showed that prolonged metformin
treatments reduced L-glutamate accumulation in MDA-MB-231 cells, an effect that was not observed
in GLS shRNA cells (Figure 3D). Finally, we did not observe any difference in GLS expression between
control and metformin treated cells (Figure 3E). There results were confirmed by immunofluorescence
assay (Figure 3F).
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Figure 2. Metformin activates apoptotic cell death; (A) MDA-MB-231 cells were plated in 96 well
plate and then either left untreated or treated with millimolar (upper graphs) or micromolar (lower
graphs) doses of metformin. ADP/ATP ratio was determined as indicated in Material and Methods;
(B) MDA-MB-231 cells were seeded on glass coverslip and then left untreated or treated with 30 μM
metformin. At the end of the treatment, cells were stained with 10 μg/mL JC-1 as indicated under
Material and Methods. Mitochondria fluorescence was observed by confocal microscopy. First row:
Red fluorescence representing JC1 aggregates. Second row: Green fluorescence representing JC1
monomers. Third row: Merging of the first two rows. Alternatively, cells were treated with 30 μM
metformin and stained with JC-1 as above. Red (FL2H) and green (FL1H) fluorescence intensity was
quantified by Flow Cytometry; (C)upper panel: MDA-MB-231 cells were kept in the presence or
absence of metformin for the time indicated and then processed to obtain mitochondrial fractions.
BAX and CYCS expression levels were determined by Western blot as indicated under Material and
Methods. Densitometric analysis of the gels was performed as indicated under Material and Methods.
PHB and CDK4 were used as loading and purity control, respectively. Lower panel: MDA-MB-231 cells
were kept in the presence or absence of metformin for the time indicated and then processed to obtain
whole cellular extracts. BAX and CYCS expression levels were determined by Western blot as indicated
under Material and Methods. Densitometric analysis of the gels was performed as indicated under
Material and Methods. CDK4 and PHB were used as loading control. Right panel: MCF-7 cells were
kept in the presence or absence of metformin for 20 days and then processed to obtain mitochondrial or
whole cellular extracts. BAX and CYCS expression levels were determined by Western blot as indicated
under Material and Methods. Densitometric analysis of the gels was performed as indicated under
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Material and Methods. PHB and CDK4 were used as purity and loading controls; (D) MDA-MB-231
cells were kept in the presence or absence of metformin for 20 days. At the end of the treatment cells
were harvested and percentage of sub-G1 (M1) cells was determined by propidium iodide staining
as described in the Material and Methods section. All experiments in this figure were repeated three
times. * Significantly different from control untreated cells.

Figure 3. Metformin reduces ammonia and glutamate accumulation by inhibiting glutaminase;
(A) MDA-MB-231 cells were either left untreated or treated with 5 or 30 μM metformin for the time
indicated. Ammonia level in the culture medium was measured as indicated in the Material and
Methods section; (B) MDA-MB-231, MDA-MB-231 GLS shRNA, MCF7, HeLa and Ca Ski cells were
either left untreated or treated with 5 or 30 μM metformin for 20 days. Ammonia level in the culture
medium was measured as indicated in the Material and Methods section. # Significantly different
from untreated MDA-MB-231 wt cells; (C) MDA-MB-231 cells were either left untreated or treated
with 30 μM metformin in the presence or absence of GLS inhibitor 2mM BPTES. Ammonia level in
the culture medium was measured as indicated in the Material and Methods section. # Significantly
different from untreated wt MDA-MB-231 cells; (D) MDA-MB-231 and MDA-MB-231 GLS shRNA
cells were either left untreated or treated with metformin for 20 days. Glutamate level in the culture
medium was measured as indicated in the Material and Methods section. # Significantly different
from 5 μM treatment. § Significantly different from the corresponding treatment in MDA-MB-231 wt
cells; (E) MDA-MB-231 and MDA-MB-231 GLS shRNA cells were either left untreated or treated with
metformin for 20 days. At the end of the treatment cells were harvested to obtain mitochondria and GLS
expression measured by Western blot. Data are representative of at least three separate experiments.
Densitometric analysis of the gels was performed as described under Materials and Methods. PHB
was used as loading control. # Significantly different from similar treatment in MDA-MB-231 wt cells;
(F) MDA-MB-231 and MDA-MB-231 GLS shRNA cells were either left untreated or treated with 30 μM
metformin for 20 days. At the end of the treatment cells were fixed and GLS expression determined by
immunofluorescence. Data are representative of at least three separate experiments. GLS in red. All
experiments in this figure were repeated three times. * Significantly different from control untreated cells.

62



Cells 2019, 8, 49

3.4. Metformin alters Autophagic Flux

The effects of metformin treatment on autophagic flux were evaluated by treating wt and
MDA-MB-231 GLS shRNA cells with 5–30 μM metformin for 20 days. Figure 4A shows that in
wt cells, metformin reduced MAP1LC3B-II, GABARAP, BECN1 and ATG12/ATG5 expression whereas,
in glutaminase-silenced cells there was a reduction of only MAP1LC3B-II. However, in GLS-silenced
cells, MAP1LC3-I expression was higher than in wt cells suggesting an inhibition of autophagy.
Statistical analysis of blots in Figure 4A is reported in Supplementary Figure S2. In addition, we did
not observe an increase in PRKAA2 phosphorylation both in wt and silenced cells (Figure 4A). This is
in accordance with the observation that low doses of metformin did not alter cellular ATP production
(Figure 2A). Afterwards, we checked if the interaction between BCL2 and BECN1 could be altered after
metformin treatment. The BCL2/BECN1 complex represents a molecular bridge linking autophagy to
apoptosis [39,40]. Therefore, we treated MDA-MB-231 cells with 30 μM metformin for 15 days and
then we measured BECN1 and BCL2 binding by immunoprecipitating BECN1 and staining for BCL2
or, on the contrary, by immunoprecipitating BCL2 and staining for BECN1. In both cases, we found
that metformin increased BCL2 and BECN1 binding (Figure 4B and Figure S3).

We next inhibited GLS by co-treating cells with metformin and BPTES (Figure S4A) or with
metformin and dimethyl α-ketoglutarate (DMKGB) (Figure S4B). In both cases we observed an almost
complete inhibition of MAP1LC3B-II. To confirm that the reduction of autophagic markers induced
by metformin was due to an inhibition and not to an increase of the autophagic flux, we added
bafilomycin A1 (BafA1), which inhibits autophagic vacuoles maturation causing autophagy markers
accumulation [41]. As shown in Figure 4C, MAP1LC3B-II levels in MDA-MB-231 cells cotreated with
30 μM metformin and BafA1 were lower compared to BafA1 alone. Similar results were obtained in
MCF7 cells (Figure S5). On the contrary, in MDA-MB-231 GLS shRNA cells we observed a weaker
MAP1LC3B-II accumulation in the presence of BafA1 (Figure 4C and Figure S3).

To further prove this result, we either left untreated or treated daily MDA-MB-231 cells for 20 days
with different metformin concentrations without medium replacement (CAM, cell-aged medium).
At the end of treatments, we applied medium from CAM-cells to a secondary fresh-plated untreated
MDA-MB-231 cultures for 48 h (CCM, cell-conditioned medium). Afterward, we monitored the
autophagic markers in CAM and CCM-cells. As control we used cells where metformin containing
medium was changed every two days for 20 days (fresh CAM). Again, medium from fresh CAM cells
was applied to fresh seeded MDA-MB-231 cells for 48 h (fresh CCM cells). As shown in Figure 4D,
untreated CAM cells presented a higher basal level of autophagy than untreated fresh CAM cells,
an effect that was reduced upon metformin treatment. Interestingly, in CCM cells autophagy induction
followed the trend seen in CAM cells (Figure 4D). In fact, autophagy markers were increased when
using conditioned medium (CM) from control cells and decreased when using CM from metformin-
treated cells (Figure 4D). Statistical analysis is reported in Supplementary Figure S3. Metformin
inhibition of autophagy was MTOR independent as shown in Figure S6 where we did not observe any
significant increase in RPS6KA1Thr389 or AKT1Ser473 phosphorylation neither in CAM nor in CCM cells.
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Figure 4. Metformin alters autophagy response; (A) MDA-MB-231 and MDA-MB-231 GLS shRNA
cells were either left untreated or treated with metformin for 20 days. At the end of the treatment, cells
were processed to obtain whole cellular extracts. Expression level of autophagy markers MAP1LC3B,
GABARAP, BECN1, SQSTM1, pPRKAA2, PRKAA2 and ATG12/ATG5 was determined by Western
blot. ACTB was used as loading control; (B) MDA-MB-231 cells were either left untreated or treated
with 30 μM metformin for 20 days. At the end of the treatment, cells were processed. Cellular extracts
were immunoprecipitated with an anti-BECN1 antibody, electrophoresed on a SDS-polyacrylamide gel
and immunoblotted with and anti-BCL2 or anti-BECN1 antibody as described under Materials and
Methods (upper panel). Alternatively, cellular extracts were immunoprecipitated with an anti-BLC2
and immunoblotted with an anti-BECN1 or anti-BCL2 antibody (lower panel). Densitometric analysis
of the gels was performed as described under Materials and Methods. Data are representative of three
separate experiments. ACTB and IgG heavy chains were used as loading controls; (C) MDA-MB-231
and MDA-MB-231 GLS shRNA cells were either left untreated or treated with metformin for 20 days.
Where indicated in the figure, bafilomycin 100 nM was added for 17 h to the cells. At the end of
the treatment cells were processed to obtain whole cellular extracts. MAP1LC3B expression was
determined by Western blot. CDK4 was used as loading control. densitometric analysis of the gels
was performed as described under Materials and Methods. Data are representative of three separate
experiments; (D) left side: MDA-MB-231 cells were either left untreated or treated with metformin for
20 days (CAM cells). At the end of the treatment, medium from CAM cells was applied to fresh-seeded
MDA-MB-231 cells (CCM cells) for 48 h. Both CAM and CCM cells were processed to obtain whole

64



Cells 2019, 8, 49

cellular extracts. MAP1LC3B expression was determined by Western blot. CDK4 was used as loading
control. densitometric analysis of the gels was performed as described under Materials and Methods;
right side: MDA-MB-231 cells were either left untreated or treated with metformin for 20 days changing
medium every 2 days (fresh CAM cells). At the end of the treatment, medium from fresh CAM cells
was added to fresh plated cell (fresh CCM cells). CAM cells was applied to fresh-seeded MDA-MB-231
cells (fresh CCM cells) for 48 h. Both fresh CAM and fresh CCM cells were processed to obtain whole
cellular extracts. MAP1LC3B expression was determined by Western blot. CDK4 was used as loading
control. Densitometric analysis of the gels was performed as described under Materials and Methods.
All experiments in this figure were repeated three times.

Autophagy inhibition induced by metformin was also quantified by measuring degradation of
long-lived protein through the Click-it AHA technique [42]. Again, we made use of CCM cells, that is,
MDA-MB-231 cells incubated with 20-days old conditioned medium from the same cell line kept in
the presence or absence of 30 μM metformin. After 2 days, CCM cells were plated in L-methionine
free medium in the presence of L-azidohomoalanine (AHA). After 2 h we measured the changes of
AHA fluorescence intensity, which is representative of autophagy-mediated proteolysis. We observed
a decrease of AHA fluorescence in cells incubated with CCM compared to CCM plus metformin
(Figure 5A, left side). Quantification of AHA fluorescence revealed a decrease of about 30% in CCM
cells compared to control cells in fresh medium (Figure 5A, right side). Metformin treatment maintained
AHA fluorescence to levels similar to that of Ctrl cells (Figure 5A, right side). To further confirm these
data, we investigated metformin-mediated autophagy reduction by Transmission Electron Microscopy
(TEM). Figure 5B shows that MDA-MB-231 cells treated with metformin had a lower number of
autophagosomes than untreated cells. This reduction of autophagosomes and autophagolysosomes
was clearer following ammonium chloride treatment, as evidenced in the right panels of Figure 5B.
Importantly, glutaminase-silenced cells showed a reduced basal accumulation of autophagosomes and
autophagolysosomes than wt cells, reproducing results obtained upon metformin treatment. These
results were quantified in the graph on the right side of Figure 5B showing the reduction of autophagy
due to either metformin treatment or glutaminase silencing.

Autophagy was also monitored by labelling MDA-MB-231 wt and GLS-silenced cells with
lysotracker red. At first we observed a reduction of autophagy-associated lysosomes in wt cells
after metformin treatment (Figure 5C, upper right). On the contrary, in GLS-silenced cells we observed
a lower basal level of red fluorescence than wt cells (Figure 5C, lower left) that was not affected by
metformin treatment (Figure 5C, lower right).

We also investigated the effects of high doses of metformin on MDA-MB-231 cells. In fact, when
used at millimolar doses, metformin has been shown to trigger autophagy through PRKAA2/MTOR axis
modulation [21]. For this reason, we analysed PRKAA2Thr172 phosphorylation which is representative
of its activation status, the phosphorylation of RPS6KA1, which is a marker of MTOR complex I activity
(mTORC1), negatively regulated by PRKAA2 [43] as well as MAP1LC3B-II accumulation. Upon 48 h of
metformin treatment, MAP1LC3B and PRKAA2Thr172 increased in a dose-dependent manner (Figure 5D).
Statistical analysis of the blots in Figure 5D is reported in Supplementary Figure S7. Importantly, we did
not observe a reduction of ammonia in the medium of MDA-MB-231 cells treated with millimolar
concentration of metformin (Figure 5E). These findings are in line with the present literature data [44]
and confirm our ATP assay results (Figure 2A). Together, these results suggest that, millimolar doses
of metformin induce an energetic unbalance with ATP reduction leading to PRKAA2 activation and
autophagy without altering ammonia levels.

Finally, some studies have shown that in MDA-MB-231 cells metformin is able to impair the
activity of hexokinase HK1 and HK2 [45]. Therefore, we replaced high glucose medium with galactose
medium before adding metformin. In this case, we treated MDA-MB-231 cells up to 10 days because the
removal of glucose in association with metformin treatment strongly influenced cell proliferation, as
shown in clonogenicity assay in Figure S8A. Again, we observed that metformin inhibited autophagy
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as evidenced by MAP1LC3B, GABARAP and ATG5/ATG12 reduction (Figure S8B) without altering
PRKAA2 phosphorylation.

Figure 5. Metformin or GLS silencing reduces autophagosomes formation; (A) MDA-MB-231 cells
(CCM) were plated in conditioned medium from CAM cells as described in Figure 4D for 48 h to
stimulate autophagy in the presence or absence of metformin. At the same time MDA-MB-231 control
cells (Ctrl) were plated in fresh medium for 48 h. At the end of the treatments, both Ctrl and CCM
cells were labelled with AHA as described under Material and Methods. Cells were then fixed,
permeabilized and stained for 2 h with alkine-Alexa Fluor 488. Fluorescence from long-lived proteins
was observed using aLSM 510 confocal microscopy (Zeiss). MDA-MB-231 cells were placed in a 96 well
plate, treated and labelled as described above. Right side: Fluorescence from long-lived protein was
measured using a GloMax®-Multi Detection System (Promega). # Significantly different from CCM
treated cells.; (B) MDA-MB-231 cells were either left untreated or treated with metformin 30 μM, NH4Cl
10 mM or a combination of the two. Alternatively, MDA-MB-231 GLS shRNA cells were left untreated
or treated with NH4Cl 10 mM. The cells were then processed for electron microscopy as described
under Materials and Methods. Upper left: WT cells showing autophagosomes, (Magnification 15,500×).
Upper middle: WT + metformin cells showing a lower number of autophagosomes (magnification
11,500×). Upper right: WT + NH4Cl cells showing an increase in autophagosomes (magnification
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11,500×). Lower left: WT + metformin + NH4Cl cells showing a reduction in autophagosomes
(magnification 11,500×). Lower middle: GLS shRNA cells showing a low number of autophagosomes
(magnification 15,000×). Lower right: GLS shRNA + NH4Cl cells showing a large autophagosome
(magnification 11,500×). Black arrows point to autophagosomes and autophagolysosomes. Results
were quantified on the graph reported on the right side showing reduction of autophagosomes
following metformin treatment or GLS silencing. Number of autophagosomes were obtained by
counting three different fields for each image from two separate experiments; (C) MDA-MB-231
WT and GLS shRNA cells were either left untreated or treated with metformin 30 μM for 20 days.
At the end of the treatment, 50 nM Lysotracker red was added to the cells for 30 min followed
by a wash in PBS before confocal analysis of lysosome staining as described under materials and
methods. Upper left: WT untreated cells showing lysosomes accumulation. Upper right: reduced
lysosomes in metformin treated cells. Lower left: GLS shRNA cells showing reduced lysosome
staining. Lower right: Metformin treatment did not reduce lysosomes accumulation in GLS shRNA
cells; (D) MDA-MB-231 cells were treated with high doses of metformin from 1 to 10 mM for 48 h.
At the end of the treatment, cells were processed to obtain whole cell lysates. MAP1LC3B, GABARAP,
pPRKAA2Thr172, PRKAA2, pRPS6KA1 and RPS6KA1 expression was determined by Western blot.
ACTB was used as loading control. Densitometric analysis of the gels was performed as described
under Materials and Methods; (E) MDA-MB-231 cells were treated with high doses of metformin from
1 to 10 mM for 48 h. Ammonia level in the culture medium was measured as indicated in the Material
and Methods section. All experiments in this figure were repeated three times. * Significantly different
from control untreated cells.

3.5. Effects of a Combined Metformin and Cisplatin Treatment

Metformin is often used in gynaecological oncology as adjuvant drug to increase the efficacy
of cisplatin-based neoadjuvant (NACT) chemotherapy [24], in neck and cervix cancer [46] and
earlier-stage operable breast cancer [47]. For this reason, we treated cervical and breast cancer cell
lines with low doses of metformin and cisplatin for 15 days. Figure 6A shows that, in MDA-MB-231
cells, the combined metformin/cisplatin treatment did not alter PRKAA2Thr172 phosphorylation. On
the contrary MAP1LC3B-II accumulation was strongly reduced as also evidenced in Supplementary
Figure S9. This trend was less relevant in Ca Ski cell line probably because breast cancer cells are more
sensitive to metformin action than cervical cancer cell lines (Figure 3B). In addition, we observed that
reduction of ammonia levels induced by metformin was intensified when cells were co-treated with
a nontoxic concentration of cisplatin. Once again, this reduction was clearer in MDA-MB-231 cells
than in Ca Ski (Figure 6B). Metformin increased the level of cleaved-CASP3 in both cell lines, an effect
that was also present in cisplatin-treated cells and that was enhanced by the combined metformin
and cisplatin treatment (Figure 6A). This is probably due to the reduced ammonia accumulation and
inhibition of autophagy by metformin as shown in Figure 6B.
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Figure 6. Metformin treatment increases cisplatin effects; (A) MDA-MB-231 and Ca Ski cells were either
left untreated or treated with metformin or cisplatin alone or metformin in combination with cisplatin
for 15 days. At the end of the treatment, cells were processed to obtain whole cell lysates. MAP1LC3B,
pPRKAA2Thr172, PRKAA2 and CASP3 (cleaved) expression was determined by Western blot. ACTB
was used as loading control. Densitometric analysis of the gels was performed as described under
Materials and Methods; (B) MDA-MB-231 and Ca Ski cells were either left untreated or treated with
metformin or cisplatin alone or metformin in combination with cisplatin for 15 days. Ammonia level in
the culture medium was measured as indicated in the Material and Methods section. # Significantly
different from treatment with metformin alone. All experiments in this figure were repeated three
times. * Significantly different from control untreated cells.

4. Discussion

Metformin, a biguanide commonly used for T2D therapy, can reduce the risk of cancer in diabetic
patients compared to other anti-diabetic treatments [48]. Therefore, we aimed to investigate the
molecular mechanism behind the anti-tumoral action of metformin. Our results demonstrate that low
doses (5–30 μM) of metformin have two major effects: i) autophagy inhibition by decreasing glutamine
metabolism and ammonia accumulation, ii) apoptosis induction by altering mitochondrial energization.
Moreover, we also demonstrate that, along this pathway, mitochondrial GLS, involved in the first step
of glutamine metabolism and often overexpressed in tumour cells, is a target of metformin.

We are aware that several groups showed that millimolar doses of metformin can inhibit
Mitochondrial Complex 1, ATP production and tumour cell growth [49]. However, these in vitro
concentrations are far above those measured in tissues from T2D patients assuming metformin.
In fact, this drug rapidly reaches its peak (2 h) with a tissue concentration around 5–30 μM [50].
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Therefore, we decided to incubate cancer cells with micromolar doses of metformin for a longer
time. Surprisingly, we discovered that these doses of metformin still showed an antitumoral effect
(Figure 1) increasing cell death in different tumour cell lines. Moreover, also in our hands, high
doses of metformin reduce ATP levels and activate autophagy, an effect that, then, increases cell
death [49]. In fact, a drop in ATP was observed when treating tumour cells with a dose of 5 mM
metformin (Figure 1A) similarly to what reported using 10 mM metformin [49]. As expected this
drop in ATP was accompanied by AMPK activation (Figure 5D) and autophagy induction with LC3-II
and GABARAP-II accumulation (Figure 5D). By contrast, using low doses of metformin we inhibited
autophagy increasing mitochondrial depolarization and apoptosis (Figure 2). At present, we do not
know the precise mechanisms underneath such divergent effects of low and high metformin dosage
on autophagy. We can speculate that they may be due to off-target effects obtained when using high
doses, that is, above 30 μM, of metformin. Moreover, it is important to consider that these divergent
effects are not a peculiarity of metformin. In fact, many anti-oxidant compounds becomes pro-oxidant
if used at high concentration such as, for example, resveratrol and vitamin C [51,52] depending on
the presence of transition metals or on the fact that they can be oxidized. However, in the case of
metformin, it is interesting to consider that both low and high doses causes cell death by de-regulating
a basic survival process such as autophagy.

However, in light of our observations, herewith, we suggest that low doses of metformin (5–30 μM)
and long times of treatment (up to 20 days) may be the best in vitroconditions necessary to investigate
the molecular mechanism behind the anti-tumoral effect of this drug.

A large number of cancer cells are addicted to glutamine [53] showing a high rate of glutaminolysis.
Glutamine is sequentially deaminated in glutamate and then in α-ketoglutarate, an intermediate
of TCA cycle. Supporting and extending the work by Ampuero et al. [17], we observed that
metformin drastically reduces GLS activity in breast and cervical cancer cells without altering its
cellular expression (Figure 3).

The biological relevancies of the GLS impairment induced by metformin are mainly two. On one
hand, it reduces the support of α-ketoglutarate to TCA cycle leading to a deregulation of tumour cell
metabolism. On the other hand, GLS inhibition reduces cellular ammonia amount. This molecule
normally stimulates cellular catabolism through autophagy activation. Moreover, it can also act in
a paracrine way diffusing in the intercellular space where it triggers autophagy also in neighbouring
cancer cells [10]. GLS is overexpressed in cancer cells [54] and consequently ammonia levels are
higher in tumours than normal tissue [55]. Our study shows that metformin can reduce cellular
ammonia accumulation leading to an impairment of autophagy. In fact, when we daily added
metformin to MDA-MB-231 cells for 20 days, we observed a strong reduction of some autophagic
markers such as MAP1LC3B-II, GABARAP, SQSTM1 (Figure 4). Such a reduction was not due to
an accelerated autophagic flux because blocking autophagosome degradation with BafA1 did not
increase MAP1LC3B-II levels in metformin treated cells (Figure 4C). In fact, metformin treatment,
is accompanied by the reduction of both cellular accumulation of autophagosomes and autophagic
proteolysis of long-lived proteins (Figure 5A,B). to demonstrate the central role of glsin the autophagy
impairment induced by metformin, we silenced the expression of this enzyme through shRNA.
We documented that, compared to wild type cells, GLS silenced cells show reduced ammonia levels
and reduced autophagy. Moreover, to confirm the involvement of the ammonia-induced autophagy
in metformin action, we transferred cellular media of MDA-MB-231 cells treated for 20 days with
metformin (CAM cells) to a secondary culture (CCM cells). Again, in CCM cells we observed the same
autophagy reduction seen in CAM cells treated with metformin. We suppose that this is due to the
reduction of ammonia accumulation impairing autophagy induction. This result is similar to the one
obtained by Eng et al. [10] demonstrating that ammonia accumulating in a conditioned medium of
a culture cell line induces autophagy in a secondary culture [56]. Moreover, such ammonia-induced
autophagy is MTOR-independent [10]. Indeed, RPS6KA1, a marker of MTORC1 activity [57], or AKT,
a marker of MTORC2 activity, [58] were not phosphorylated in CCM cells (Figure S6). Instead, in CAM
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cells we observed that metformin did not induce a phosphorylation of RPS6KA1 but surprisingly
AKT1 seems to be progressively dephosphorylated at Ser 473. AKT1 activity is often increased in
breast cancer and its activation is essential to protect cells against death insults [59]. We supposed that
such AKT1 dephosphorylation is due to the activation of the apoptotic cascade that we observed after
10 days of metformin treatment (Figure 3). In fact, autophagy inhibition observed with low doses of
metformin is accompanied by an increase of apoptosis. In particular, we demonstrated an increase
in BECN1/BCL2 complex formation (Figure 4B) that frees BAX to bind to mitochondria membrane
to induce depolarization and CYCS release (Figure 2). However, we still do not know if the effect of
metformin on BECN1/BCL2 complex are direct or indirect. This is due to the fact that metformin
interferes with both the apoptotic and autophagic mechanisms by impinging on mitochondria function
and ammonia production, respectively. Interestingly, when we added cisplatin to metformin treatment
we observed an additive decrease of ammonia accumulation and autophagy and increase of CASP3
cleavage (Figure 6A). Cisplatin is an anti-neoplastic agent used together with other drugs during the
platinum-based neoadjuvant chemotherapy (NACT) to reduce gynaecological tumours [60]. However,
NACT efficacy is limited by its high toxicity due to serious effects such as renal and liver dysfunctions.
To this effect, metformin could be used in these patients in association with NACT therapy, to lower
the dosage of anti-neoplastic drugs in NACT cocktail without altering its efficacy.

In conclusion, our results suggest that the documented anti-tumoral effect of metformin is due to its
effect on GLS with inhibition of glutamine metabolism and reduction of ammonia-induced autophagy.
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reduces autophagy. Figure S5. Metformin inhibits autophagy in MCF7 cells. Figure S6. Autophagy inhibition by
metformin is MTOR -independent. Figure S7. Densitometric analysis of Western Blots of Figure 5D. Figure S8.
Metformin inhibits autophagy in galactose supplemented medium. Figure S9. Densitometric analysis of Western
Blots of Figure 6A.
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ACTB Actin, b
AHA L-azidohomoalanine
AKT1 Thymoma viral proto-oncogene homolog 1
ATG Autophagy-related
BAX BCL2-associated X protein
BCL2 B-cell CLL/lymphoma 2
BECN1 Beclin 1
BPTES Bis-2-(5-phenylacetamido-1, 3, 4-thiadiazol-2-yl)ethylsulfide
CAM Cell-aged medium
CASP3 Caspase 3
CCM Cell-conditioned medium
CDK4 Cyclin dependent kinase 4
CYCS Cytochrome c
GABARAP GABA(A) receptor-associated protein
GLS Glutaminase
HK Hexokinase
MAP1LC3B Microtubule-associated protein 1 light chain 3 b
MAPK Mitogen-activated protein kinases
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IGF Insulin growth factor
JC-1 5,5′,6,6′-tetrachloro-1,1′3,3′-tetrathylbenzimidazolyl-carbocyanine iodide
mTOR Mechanistic target of rapamycin
mTORC mTOR complex
PHB Prohibitin
PI3K Phosphatidylinositol 3-kinase;
NACT Neoadjuvant chemotherapy
PRKAA2 Protein kinase AMP-activated
RPS6KA1 Ribosomal protein S6 kinase A1
SQSTM1 Sequestosome 1
T2D Type 2 diabetes
TCA Tricarboxylic acid cycle
TEM Transmission electron microscopy
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Abstract: Background: Diabetic nephropathy (DN) is a serious complication of diabetes mellitus and
a common cause of end-stage renal disease. Autophagy has a defensive role against kidney damage
caused by hyperglycemia. Mesenchymal stem cell (MSC)-derived exosomes are currently considered
as a new promising therapy for chronic renal injury. However, the renal-protective mechanism of
exosomes on DN is not completely understood. We examined the potential role of MSC-derived
exosomes for enhancement of autophagy activity and their effect on DN. In our study, we used
five groups of rats: control; DN; DN treated with exosomes; DN treated with 3-methyladenine
(3-MA) and chloroquine (inhibitors of autophagy); and DN treated with 3-methyladenine (3-MA),
chloroquine, and exosome groups. We assessed renal function, morphology, and fibrosis. Moreover,
ratios of the autophagy markers mechanistic target of rapamycin (mTOR), Beclin-1, light chain-3
(LC3-II), and LC3-II/LC3-I were detected. Additionally, electron microscopy was used for detection
of autophagosomes. Results: Exosomes markedly improved renal function and showed histological
restoration of renal tissues, with significant increase of LC3 and Beclin-1, and significant decrease of
mTOR and fibrotic marker expression in renal tissue. All previous effects were partially abolished by
the autophagy inhibitors chloroquine and 3-MA. Conclusion: We conclude that autophagy induction
by exosomes could attenuate DN in a rat model of streptozotocin-induced diabetes mellitus.
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1. Introduction

Diabetic nephropathy (DN) is a devastating complication of diabetes mellitus and a leading
cause of end-stage renal disease (ESRD) worldwide [1]. According to statistics, nearly 347 million
people worldwide have diabetes, and this number is expected to increase to 430 million by 2030.
DN is becoming more prevalent and, to some extent, reaching epidemic proportions [1,2]. Various
functional and structural changes are involved in the pathogenesis of DN, including hemodynamic
changes, oxidative stress, mesangial cell expansion, glomerulosclerosis, and the development of
fibrosis [3]. However, despite conventional therapies, such as those that ameliorate hyperglycemia
and hypertension, effective therapeutic strategies to counteract and reverse the progression of DN are
lacking [4–6].

Current therapeutic modalities for DN are directed at controlling the diabetes-associated metabolic
and hemodynamic changes to slow disease progression, while no therapy exists to repair the imminent
renal damage [7]. Nevertheless, over the past decade, mesenchymal stem cells (MSCs) have gained
increasing interest as a novel regenerative therapy against renal damage [8]. MSCs have the ability to
differentiate into a number of different lineages [9]. The therapeutic impact of applied MSCs largely
relies on released factors, including exosomes [10]. Recently, cell-derived exosomes were demonstrated
to be a unique mechanism of cell-to-cell communication [11]. Exosomes are cell-derived vesicles,
30–100 nm in diameter, and discharged in the microenvironment by several cell types, including
stem cells and their progenitors [12]. Exosomes contain mRNAs, microRNAs (miRNA), and proteins
that could be transferred to target cells inducing genetic and epigenetic changes in target cells [13].
In addition, horizontal transfer of vesicular mRNAs and miRNAs can lead to an angiogenic program
in endothelial cells or regulate the phenotypes of injured cells [14].

Macroautophagy (hereafter referred to as autophagy) is an evolutionarily conserved homeostatic
process that mainly plays a role in damaged organelle degradation and intracellular content
digestion [15]. Autophagy is a tightly regulated process that eliminates cytotoxic protein aggregates
and damaged organelles through lysosomal degradation and allows cells to recycle mitochondrial
energy sources and maintain survival [15]. Impairment of autophagy in renal cells, particularly
podocytes and tubular cells, has been implicated in the pathogenesis of various kidney diseases,
including DN [16]. Therefore, improvement and restoration of autophagy are considered as promising
therapeutic targets for DN [17].

Impairment of autophagy is implicated in the pathogenesis of DN via activation of the mechanistic
target of rapamycin (mTOR) pathway [18]. mTOR exists as two separate signaling complexes, mTOR
complex 1 (mTORC1) and mTORC2, which are regulating autophagic activity. In general, mTORC1
inhibits autophagy via phosphorylation of ULK1. Nutrient starvation induces autophagy primarily
through the inhibition of mTORC1 [19]. Enhanced mTORC1 activity is seen in human and experimental
type 1 and type 2 DN [20–22]. Thus, in the present study, we evaluated the effects of MSC-derived
exosomes in ameliorating histological alterations in DN in order to clarify their role in inducing
autophagy by modulating the mTOR signaling pathway.

2. Materials and Methods

2.1. Experimental Animals

Inbred adult male albino rats (250–270 g), eight weeks of age, were obtained from the Experimental
Animal Unit, Faculty of Veterinary Medicine, Benha University, Egypt. All animals were housed in
clean cages and given a standard diet and clean water ad libitum. Their environment was controlled in
terms of light (12 h cycle starting at 8:00 AM) and room temperature (23 ± 3 ◦C). This study was carried
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out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health (NIH publication 85–23, revised 2011). All protocols were
approved by the institutional review board for animal experiments of the Faculty of Medicine, Benha
University, Egypt.

2.2. Preparation of MSC-Derived Exosomes

MSC-derived exosomes were obtained from the supernatant of MSCs, representing conditioned
media. First, rat bone marrow-derived MSCs (BM-MSCs) were prepared in the Central Lab, Faculty
of Medicine, Benha University [23]. The MSCs were cultured in Dulbecco's Modified Eagle Medium
(DMEM) without fetal bovine serum (FBS), but with 0.5% human serum albumin (HSA) (Sigma-Aldrich,
St. Louis, MO, USA), overnight. The viability of the cells cultured overnight was more than 99%, as
detected by trypan blue exclusion. Cells were plated at 4000 cells/cm2 for 7 days. On day 7, cells were
trypsinized, counted, and replated in expansion medium at a density of 2000 cells/cm2 for another
seven days (end of passage 1). The expansion was performed until the third passage.

The conditioned medium was collected and stored at –80 ◦C. The medium was centrifuged at
2000g for 20 min to remove debris, and then ultracentrifuged at 100,000× g in a SW41 swing rotor
(Beckman Coulter, Fullerton, CA, USA) for 1 hour at 4 ◦C. Exosomes were washed once with serum-free
M199 (Sigma-Aldrich) containing 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
(pH = 7.4), and submitted to a second ultracentrifugation in the same conditions. Exosomes were
labeled with PKH26 fluorescent linker dye to trace them in vivo. Exosomes were stored at –80 ◦C for
the experiment.

2.3. Characterization of MSC-Derived Exosomes

Exosome Labeling with PKH-26

Exosomes were isolated from the supernatant of the first, second, and third passages of MSCs
cultured in α-MEM deprived of FBS. The MSC-derived exosomes were fixed with 2.5% glutaraldehyde
in HSA for 2 h. After they were washed, exosomes were ultracentrifuged and suspended in 100 μL
HSA. A total of 20 μL of exosomes was loaded onto a formvar/carbon-coated grid, negatively stained
with 3% aqueous phosphor-tungstic acid for 1 min, and observed by transmission electron microscopy
(Hitachi H-7650, Hitachi, Tokyo, Japan) [24]. The protein content of the exosome pellet was quantified
by the Bradford method (BioRad, Hercules, CA, USA) [24]. The dose of injected exosomes was adjusted
to 100 μg protein/suspended in 0.2 ml PBS [25]. Additionally, PKH26 (Sigma-Aldrich, St. Louis, MO,
USA) was used to confirm the exosome localization within the renal tissue. The exosome pellet was
diluted with PKH-26 kit solution to 1 mL, and 2 μL of fluorochrome was added to this suspension
and incubated at 38.5 ◦C for 15 min. After that, 7 mL of serum-free HG-DMEM was added to the
suspension, then it was ultracentrifuged for second time at 100,000× g for 1 h at 4 ◦C. The final pellet
was resuspended rapidly in HG-DMEM and stored at −80 ◦C for future injection in experimentally
induced rats [26].

2.4. Western Blot for Characterization of Exosomes

The antibody used was antigen affinity-purified polyclonal sheep IgG anti-rabbit CD81 (Biolegend,
Cat No.: 0349509) and CD63 (Biolegend, cat no.: 0353007). Protein was isolated from isolated exosomes
using RIPA buffer. A total of 20 ng of protein was loaded and separated by SDS-PAGE on 4–20%
polyacrylamide gradient gels. After incubation in 5% nonfat dry milk, Tris-HCL, and 0.1% Tween 20
for 1 h, primary antibodies (CD81 and CD63 polyclonal antibodies, and β-actin antibody) were added
to one of the membranes containing specimen samples and incubated at 4 ◦C overnight with β-actin as
a loading control. After washing the membrane twice with 1× TBST, appropriate secondary antibodies
were then added and incubated for 2 h at room temperature. After being washed twice with 1× TBST,
densitometric analysis of the immunoblots was performed to quantify the amounts of CD81, CD63
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and β-actin against control sample by total protein normalization using image analysis software on
the ChemiDoc MP imaging system (version 3) produced by BioRad (Hercules, CA, USA).

2.5. Experimental Chemicals

Streptozotocin powder was obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
The powder was stored at –20 ◦C, and the amount needed was dissolved in 0.1 mol/L citrate buffer,
pH 4.5, immediately before use.

3-Methyladenine was purchased from Sigma-Aldrich in powder form. The powder was dissolved
in distilled water, and then placed in 50 ◦C bath water.

Chloroquine diphosphate salt was purchased from Sigma-Aldrich in powder form. The powder
was dissolved in distilled water.

2.6. Induction of DN

Type I diabetes was induced in overnight fasted rats by a single intraperitoneal (IP) injection of
freshly prepared STZ (60 mg/kg, dissolved in 0.1 M cold citrate buffer, pH 4.5). After STZ injection,
rats acquired drinking water containing sucrose (15 g/L) for 48 h, to lessen the early death due to
insulin discharge from partially injured pancreatic islets. Seventy-two hours later, rats were checked
for hyperglycemia, and those with fasting blood sugar more than 250 mg/dL were included in the
study. Diabetic rats received long-acting insulin (2–4 U/rat) via subcutaneous injection to maintain
blood glucose levels in a desirable range (350 mg/dL) and to avoid subsequent development of
ketonuria [27].

2.7. Experimental Design and Treatment Protocol

The experimental design is shown in Figure 1. Fifty-six male rats were randomly divided into
five groups as follows:

Group I (control group; n = 21): Rats were fed a regular chow diet for 12 weeks. The rats were
divided equally into three subgroups of 7 rats each:

Subgroup IA: The rats were left without intervention.
Subgroup IB: The rats were injected intraperitoneally with a single dose of 0.25 mL/kg body

weight sodium citrate buffer (vehicle for STZ).
Subgroup IC: The rats were injected intraperitoneally with distilled water for four weeks

(vehicle for chloroquine diphosphate). Simultaneously, they were intravenously injected with 0.2 mL
phosphate-buffered saline (PBS), one injection at the 8th week. and the other injection at the 10th week
of the experiment (vehicle for exosomes).

Group II (DN group; n = 14): DN was induced and the rats were subdivided equally into
two subgroups:

Group IIA: DN was induced and rats were scarified at the end of the 8th week of the experiment
to confirm histological changes of DN.

Group IIB: DN was induced and rats were scarified at the end of the experiment at the 12th week.
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Figure 1. Experimental design and treatment procedure. Rats were divided into five groups: Group I
(control group; n = 21 subdivided into three subgroups, seven rats each), Group II (DN group; n = 14
subdivided into two groups, seven rats each), Group III (DN + 3-MA and chloroquine; n = 7), Group IV
(DN + exosomes; n = 7), and Group V (DN + 3-MA and chloroquine + exosomes; n = 7). Rats of DN
groups were injected with streptozotocin (STZ) without/with treatment by 3-MA and chloroquine,
exosome, or both. On the first day, and at weeks 6, 8, 10, and 12, blood samples were collected from all
rats for biochemical assays, and at weeks 8 and 12, and renal tissues were collected for histological and
molecular biological examinations.

Group III (DN + 3-MA and chloroquine; n = 7): DN was induced and rats were intraperitoneally
injected with 3-MA (10 mg/kg) and chloroquine (40 mg/kg) [28], once per day for four weeks, from
the 8th week until the end of the experiment.

Group IV (DN + exosomes; n = 7): DN was induced and rats were treated with two injections of
exosomes (100 μg/kg/dose suspended in 0.2 ml PBS) through the tail tail vein [25]. once per day for
four weeks, from the 8th week until the end of the experiment.

Group IV (DN + exosomes; n = 7): DN was induced and rats were treated with two injections of
exosomes (100 μg/kg/dose suspended in 0.2 mL PBS) through the tail vein [25]. The first injection
was at the 8th week of the experiment, and the second at the end of the 10th week.

Group V (DN + 3-MA and chloroquine + exosomes; n = 7): DN was induced and rats were
intraperitoneally injected with 3-MA (10 mg/kg) and chloroquine (40 mg/kg), once per day for four
weeks, from the 8th week until the end of the experiment. Simultaneously, exosomes were injected at
the 8th and 10th weeks of the experiment.

2.8. Sampling

Blood samples were obtained from retro-orbital venous plexus on the first day, then the 6th,
8th, 10th, and 12th weeks, to measure blood glucose, serum creatinine, and blood urea nitrogen
(BUN). Serum levels of creatinine and BUN were determined using an auto-analyzer (Hitachi
912 Auto-Analyzer, Hitachi, Tokyo, Japan). Fasting blood glucose was estimated by the glucose
oxidase-peroxidase method (GOD-POD kit from Biodiagnostic, Giza, Egypt). Additionally, rats were
located in metabolic cages for collection of 24 h urine, to measure urinary proteins at the same intervals.
Urinary protein excretion was determined using (Fortress Diagnostics Ltd., Antrim, UK).
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Nephropathy was confirmed in rats at the end of the 6th week by significant increases in protein
in the urine, serum creatinine, and BUN, when compared with controls. Rats having these significant
values were enrolled in the study.

At the end of the 12th week, the rats were anesthetized by sodium thiopental anesthesia (40 mg/kg
IP) after 12 h of fasting. The rats were fixed on an operating table and blood samples were obtained
from retro-orbital venous plexus using a fine-walled Pasteur pipette. Then, vascular perfusion fixation
through the left ventricle with 1% glutaraldehyde was performed. The kidneys were collected from the
rats of all groups for histological and immunohistochemical analysis, transmission electron microscopy,
qPCR study, and Western blot

2.9. Histological Analysis

2.9.1. Light Microscopy Study

The specimens were excised, and paraffin sections of 4–6 μm thickness were created and then
mounted on glass slides for H and E and Masson's trichrome stains [29]. Immunohistochemistry
staining was done for detection of transforming growth factor β (TGF-β). The primary monoclonal
antibody used was rabbit monoclonal antibody to TGF-β (Lab Vision/NeoMarkers, Fremont, CA,
USA). Positive reaction was detected as a brown color in the cytoplasm [30].

2.9.2. Transmission Electron Microscopy Study

Vascular perfusion fixation through the left ventricle with 1% glutaraldehyde was performed,
then the kidneys were dissected and 1 mm3 kidney samples were taken in 0.1 M phosphate-buffered
solution (PBS), pH 7.4, at 4 ◦C for 2 h, then washed three times with PBS (10 min each). Samples were
post fixed in 1% osmic acid for 30 min, then washed three times with PBS (10 min each). Samples
were dehydrated with an ascending series of ethyl alcohol (30, 50, 70, 90%, and absolute alcohol) for
30 min at each concentration. Samples were infiltrated with acetone for 1 h, and then embedded in
Araldite 502 resin. The plastic molds were cut using a Leica UCT ultramicrotome, then stained with
1% toluidine blue. After examination of semithin sections, ultrathin sections (50–60 nm thick) were cut,
stained with uranyl acetate, then counterstained with lead citrate, examined, and photographed using
a JEOL-JEM-100 SX electron microscope (Japan), electron microscope unit, Tanta University [31].

2.10. Morphometric Study

The mean area percentage of collagen fiber deposition by Masson’s trichrome and of TGF-β
expression were quantified in five images from five nonoverlapping fields from each rat of each group
using Image-Pro Plus version 6.0 (Media Cybernetics Inc., Bethesda, MD, USA).

2.10.1. Determination of the Expressions of LC3, mTOR, and Beclin-1 Genes by qPCR

Total RNA Extraction and Reverse Transcription

Total RNA was extracted from frozen kidney tissue samples by TRIzol method (Invitrogen, USA)
using RNeasy Mini Kit (Qiagen, Germany) as previously described [32]. Samples were quantified
using a NanoDrop One spectrophotometer (Thermo Fisher Scientific, USA). RNA (1 μg) was reverse
transcribed using a T100 Thermal Cycler (BioRad, USA) and the Maxima First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific, USA), following the manufacturer’s guidelines [33].

Quantitative Real-Time PCR

Real-time PCR was performed according to the manufacturer’s instructions, using Maxima
SYBR Green/ROX qPCR Master Mix (Thermo Fisher, USA), by Step One Plus Real-Time
PCR System (Life Technologies, USA) [34]. The primer sequences were as follows: GAPDH
forward, TGATTCTACCCACGGCAAGTT; GAPDH reverse, TGATGGGTTTCCCATTGATGA;
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LC3-II forward, ACTGCCGCCCTAAAGGTTAC; LC3-II reverse, CGAGGTCCAACCCACAAAGA;
Beclin-1 forward, CGGCTCCTATTCCATCAAAA; Beclin-1 reverse, AACTGTGAGGACAC
CCAAGC [35]; mTOR forward, TTGAGGTTGCTATGACCAGAGAGAA; and mTOR reverse,
TTACCAGAAAGGACACCAGCCAATG [34]. The mRNA expression of each sample was determined
after correction by GAPDH expression. The relative expression was calculated using the 2–ΔΔCT

method. The results are expressed as the n-fold difference relative to the control group. Each sample
was assayed three times.

2.11. Western Blot

The mTOR, LC3-I, LC3-II, S6K1, p62, fibronectin, TGF-β, and β-actin antibodies used were
purchased from Abcam (anti-fibronectin antibody (ab23750), rabbit polyclonal antibody [36],
anti-TGF beta 1 antibody (ab92486), rabbit polyclonal antibody [37], anti-LC3-I/II antibody (ABC929,
Sigma-Aldrich), rabbit polyclonal antibody [38], anti-S6K1 antibody (ab9366), rabbit polyclonal
antibody [39], anti-SQSTM1/p62 antibody (ab155686), rabbit polyclonal antibody [40] and anti-mTOR
antibody (ab2732), rabbit polyclonal antibody [41]). The proteins of renal tissues were extracted by
RIPA lysis buffer, which was delivered by Bio Basic Inc. (Markham, ON, Canada). Extracted proteins
were separated by SDS-PAGE on 4–20% polyacrylamide gradient gels. After incubation in 5% nonfat
dry milk, Tris-HCL, and 0.1% Tween 20 for 1 h, primary antibodies (fibronectin, TGF-β, mTOR, LC3
II polyclonal antibodies, and β-actin antibody) were added to one of the membranes containing
specimen samples and incubated at 4 ◦C overnight with β-actin as a loading control. After washing
the membrane twice with 1× TBST, appropriate secondary antibodies were then added and incubated
for 2 h at room temperature. After being washed twice with 1× TBST, densitometric analysis of the
immunoblots was performed to quantify the amounts of collagen-I and β-actin against control sample
by total protein normalization using image analysis software on the ChemiDoc MP imaging system
(version 3) produced by BioRad (Hercules, CA, USA).

A statistical analysis was performed using the statistical software package SPSS for Windows
(Version 18.0; SPSS Inc., Chicago, IL, USA). Differences between groups were evaluated using a
one-way ANOVA followed by a Duncan post-hoc test. For each test, all the data are expressed as the
mean ± standard error of mean (SE), and a p value <0.05 was considered significant.

3. Results

3.1. Exosome Characterization

A transmission electron microscopy examination of purified exosomes demonstrated their
characteristic spheroid double-membrane bound morphology with a diameter of 40–100 nm
(Figure 2A). Also, the exosomes were detected in renal tissues by PKH26 dye tracing (Figure 2B). The
amount of purified exosome was significantly (p < 0.05) increased over the passages, and reached
maximum concentration in the third passage, which was used for administration to rats (Figure 2 C,D).
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Figure 2. (A) TEM of exosomes showed spheroid double-membrane bound morphology (arrows) with
a diameter of 40–100 nm. (B) Exosomes were also detected in renal tissues by PKH26. (C) Western blot
for exosome characterization. (D) Histogram of exosome characterization. For CD81 panel, means
with uppercase letters (A, B, and C) indicate significant differences at p < 0.05. For CD63 panel, means
with lowercase letters (a, b, and c) indicate significant differences at p < 0.05. Data are shown as
mean ± SEM, n = 5.

3.2. Biochemical Analysis

Examination of all subgroups of the control group showed similar results regarding biochemical
examinations; therefore, results of subgroup Ia were used to represent this group. Injection of
streptozotocin (STZ) resulted in significant increases in blood glucose, serum creatinine, blood urea
nitrogen (BUN), and urinary proteins excretion at the end of weeks 6, 8, 10, and 12, compared to the
control group (p < 0.05) (Figure 3). Injection of exosomes caused significant decreases (p < 0.05) in
blood glucose, serum creatinine, BUN, and urinary proteins excretion at weeks 10 and 12, compared
with the DN group. On the other hand, treatment of DN with 3-MA and chloroquine aggravated
the effects of injected STZ and reduced the protective effects of exosome, indicated by significant
(p < 0.05) increases in blood glucose, serum creatinine, BUN, and urinary proteins excretion at weeks
10 and 12, when compared with the DN and exosome-treated groups. Similarly, the DN group treated
with 3-MA and chloroquine and exosome showed significant (p < 0.05) increases in blood glucose,
serum creatinine, BUN, and urinary proteins excretion at weeks 10 and 12 when compared with the
exosome-treated group.
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Figure 3. (A) Blood glucose, (B) serum creatinine, (C) blood urea nitrogen (BUN), and (D) urinary
proteins from different experimental groups. Subgroup Ic was used as a control. Different superscripts
(a, b, c, d, and e) at the same checkpoint indicate significant differences at p < 0.05. Data are shown as
mean ± SEM, n = 7.

3.3. Histological Examination

Histological examination of the different subgroups of Group I (control group) showed similar
results; therefore, results of subgroup Ia were used to represent this group.

3.3.1. Light Microscope Examination

Hematoxylin and Eosin

Sections of Group I (control group) revealed renal corpuscles consisting of glomeruli surrounded
by narrow Bowman’s space and Bowman’s capsule. The corpuscles were surrounded by proximal
and distal convoluted tubules (Figure 4A). Group IIa (DN group at the end of week 8): The renal
tissues showed numerous glomeruli with mesangial expansion and glomerular nodular sclerosis
(Kimmelstien–Wilson nodules), which appeared as acidophilic nodules with palisading nuclei at
the periphery of glomeruli. Many tubules demonstrated darkly stained nuclei (Figure 4B). Also,
sections of Group IIb (DN group at the end of week 12) demonstrated shrunken glomeruli with wide
Bowman’s spaces (glomerulosclerosis). The tubules showed swollen epithelial lining obliterating
their lumens, in addition to darkly staining nuclei. Some nuclei were basal, while others were
apical (Figure 4C). The renal corpuscles of Group III (DN + 3-MA and chloroquine) showed marked
shrinkage of glomeruli with obvious widening of the Bowman’s spaces (glomerulosclerosis). The
tubules showed swollen tubular epithelium obliterating the lumen and darkly stained nuclei with
loss of their polarity (some nuclei were basal, while others were apical) (Figure 4D). Glomeruli of
Group IV (DN + exosomes) exhibited decreased mesangial expansion. The tubules showed open
lumens and normal nuclear polarity (basal nuclei) of their lining epithelium (Figure 4E). Group V
(DN + 3-MA and chloroquine + exosomes) demonstrated persistent mesangial expansion with swollen
tubular epithelial lining, obliterated lumens, and darkly staining nuclei with loss of nuclear polarity
(Figure 4F).
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Figure 4. (A) Hematoxylin and eosin (H&E) stained sections of renal tissue of Group I show normal
glomerulus (G) and tubules (T). (B) Group IIa shows mesangial expansion in the glomeruli (G) and
glomerular nodular sclerosis (double arrows). Tubules (T) show obliterated lumens and darkly stained
nuclei with loss of nuclear polarity. (C, D) Groups IIb and III demonstrate shrunken glomeruli (G)
with wide Bowman’s spaces (thin arrows). The tubules (T) show swollen epithelial lining obliterating
the lumens in addition to darkly staining nuclei with loss of polarity. (E) Group IV shows decreased
mesangial expansion in the glomeruli (G). Tubules (T) have open lumens and normal nuclear polarity.
(F) Group V shows persistent mesangial expansion in the glomeruli (G), swollen tubular epithelia (T)
obliterating the lumens, and darkly stained nuclei with loss of polarity.

Masson’s Trichrome Stain

Masson’s trichrome stained sections of Group I (control group) demonstrated minimal amounts
of collagen fibers among the glomerular capillaries and surrounding the renal corpuscles and tubules
(Figure 5A). Groups IIa and IIb (DN groups) and Group III (DN + 3-MA and chloroquine) showed
an obvious increase in the amount of collagen fiber deposition among the glomerular capillaries
and between the tubules, with a greater increase observed in Group III (Figure 5B–D). On the
other hand, Group IV (DN + exosomes) revealed decreased amounts of collagen fibers among the
glomerular capillaries and surrounding the renal corpuscles and tubules (Figure 5E), while Group
V (DN + 3-MA and chloroquine + exosomes) demonstrated a persistent increase in collagen fibers
among the glomerular capillaries and surrounding the renal corpuscles and tubules (Figure 5F).

84



Cells 2018, 7, 226

 

Figure 5. (A) Masson’s trichrome stained sections of renal cortex of Group I show minimal collagen
fibers among the glomerular capillaries (arrowhead) and surrounding the renal corpuscles and tubules
(thin arrows). (B) Group IIa demonstrates accumulation of collagen fibers among the glomerular
capillaries (arrowheads) and surrounding the renal corpuscles and tubules (thin arrows). (C) Group
IIb shows marked accumulations of collagen fibers among the glomerular capillaries (arrowheads)
and surrounding the renal corpuscles and tubules (thin arrows). (D) Group III shows extensive
accumulation of collagen fibers among the glomerular capillaries (arrowhead) and surrounding the
renal corpuscles and tubules (thin arrows). (E) Group IV has few collagen fibers among the glomerular
capillaries (arrowhead) and around the renal corpuscles and tubules (thin arrows). (F) Group V
demonstrates persistent accumulation of collagen fibers among the glomerular capillaries (arrowhead)
and surrounding the renal corpuscles and tubules (thin arrows). (G) A histogram represents the mean
area percentage of collagen fiber deposition in all experimental groups. Different superscripts (a, b, c,
d, e, and f) indicate significant differences among the experimental groups at p < 0.05. Data are shown
as mean ± SEM, n = 6.
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3.4. Immunohistochemical Study

The immunohistochemical reaction for transforming growth factor β (TGF-β) in Group I showed
a minimal positive cytoplasmic reaction in the tubular epithelial cells (Figure 6A). In Group IIa, the
tubular cells showed a moderate positive cytoplasmic reaction (Figure 6B), while the reaction was
strongly positive in tubular cells of Group IIb (Figure 6C). Tubular epithelial cells of Group III showed
an intensely positive cytoplasmic reaction (Figure 6D). On the other hand, Group IV revealed a mildly
positive cytoplasmic reaction (Figure 6E), while Group V showed a moderately positive cytoplasmic
reaction (Figure 6F).

 
Figure 6. Immunohistochemical reaction for transforming growth factor β (TGF-β) in sections of
the renal cortex. (A) Group I shows mild positive cytoplasmic reaction in the tubular epithelial cells
(thin arrows). (B) Group IIa shows tubular cells with a moderate positive cytoplasmic reaction (thin
arrows). (C) Group IIb shows a strong positive reaction in the cytoplasm of the tubular cells (thin
arrows). (D) Group III shows intense positive reactions in the cytoplasm of the tubular cells (thin
arrows). (E) Group IV shows a mild positive cytoplasmic reaction (thin arrows). (F) Group V tubular
cells show a moderate positive cytoplasmic reaction (thin arrows). (G) Histogram representing the
mean area percentage of TGF-β immunoreaction in all experimental groups. Different superscripts (a,
b, c, and d) indicate significant differences among the experimental groups at p < 0.05. Data are shown
as mean ± SEM, n = 6.
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3.5. Morphometric Analysis

The mean area percentage of collagen fiber deposition and TGF-β immunoexpression for all
groups is presented in Figures 4 and 6. The diabetic nephropathy groups (Group IIa and IIb) and
Group III showed a significant increase in the mean area percentage of collagen fiber deposition
and TGF-β immunoexpression compared to the control group. Furthermore, administration of
exosomes caused a significant decrease in the mean area percentage of collagen fiber deposition
and TGF-β immunoexpression compared to both DN groups. On the contrary, administration
of 3-MA and chloroquine caused a significant decrease in the antifibrotic effect of exosomes, as
evidenced by a significant increase in the mean area percentage of collagen fiber deposition and TGF-β
immunoexpression compared to the exosome-treated group.

3.6. Transmission Electron Microscopy Study

The ultrastructure of glomerular filtration barriers of Group I (control group) consisted of thin
fenestrated endothelial cells and thin regular glomerular basement membranes, in addition to the foot
processes of the podocytes (Figure 7A). Groups IIa and IIb (DN groups) demonstrated extensive fusion
and effacement of the foot processes in addition to diffuse thickening of the glomerular basement
membrane (Figure 7B,C). Group III (DN + 3-MA and chloroquine) showed that glomerular basement
membranes had extensive areas of irregular thickening with areas of thickening, fusion, and effacement
of the foot processes (Figure 7D). Group IV (DN + exosomes) revealed thin regular glomerular basement
membranes in addition to the foot processes of the podocytes (Figure 7E). On the other hand, Group V
(DN + 3-MA and chloroquine + exosomes) revealed persistent thickening of the glomerular basement
membranes, and fusion and effacement of podocytes in many areas (Figure 7F).

The proximal tubular epithelial cells of Group I (control group) were seen resting on thin
regular basement membranes. They possessed numerous tightly packed apical microvilli, round
euchromatic nuclei, and numerous mitochondria in the cytoplasm (Figure 8A). Tubular cells of
Group IIa (DN group after 8 weeks) rested on slightly thickened basement membranes. Their
apical microvilli appeared swollen and disrupted, and the nuclei were shrunken. The cytoplasm
contained areas of rarefaction in addition to numerous swollen mitochondria and scattered dense
bodies (Figure 8B). Group IIb (DN group after 12 weeks) revealed increased thickening of the tubular
basement membranes with disrupted apical microvilli and pyknotic nuclei. The cytoplasm contained
multiple variably sized vacuoles, variably sized mitochondria, and few scattered electron-dense bodies
(Figure 8C). Group III (DN + 3-MA and chloroquine) showed tubular epithelial cells resting on a
thickened basement membrane with swollen and disrupted apical microvilli. The cytoplasm contained
numerous swollen mitochondria of various sizes and shapes with few electron-dense bodies. The
nuclei contained peripheral clumps of heterochromatin. Also, the interstitium revealed abundant
collagen fibrils (Figure 8D). Group IV (DN + exosomes) showed the tubular cells resting on thin
basement membranes. The apical microvilli were numerous and tightly packed, and the nuclei
appeared round and euchromatic. The cytoplasm contained numerous autophagosomes containing
cellular debris, numerous scattered electron-dense bodies, and elongated mitochondria (Figure 8E). In
Group V (DN + 3-MA and chloroquine + exosomes), tubular cells showed persistent thickening of the
tubular basement membranes in many areas, swollen apical microvilli, and slightly shrunken nuclei.
The cytoplasm showed areas of rarefication in addition to variably sized mitochondria and scattered
electron-dense bodies (Figure 8F).
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Figure 7. Ultrathin sections showing glomerular filtration barriers of (A) Group I, consisting of thin
fenestrated endothelial cell (E; arrowhead), thin regular glomerular basement membrane (curved
arrow), and the foot processes of the podocytes (short arrow). (B) Group IIa shows extensive fusion
and effacement of the foot processes (short arrows) and diffuse thickening of the glomerular basement
membrane (curved arrows). (C) Group IIb shows complete fusion and effacement of the foot processes
(short arrows) and thickened glomerular basement membrane (curved arrows). (D) Group III shows
areas of fusion and effacement of the podocytes (thin arrows) and diffuse thickening of the glomerular
basement membrane (curved arrow). A vacuole (v) is seen compressing the nucleus of the endothelial
cell. (E) Group IV shows thin regular glomerular basement membrane (curved arrow) and foot
processes of podocytes (thin arrow). (F) Group V shows persistent fusion and effacement of the foot
processes (short arrows) and thickening of the glomerular basement membrane (curved arrows) in
some areas.
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Figure 8. Ultrathin sections showing proximal tubular cells of (A) Group I resting on a thin regular
basement membrane (thin arrow). Apical microvilli (mv) are numerous and tightly packed. The
nucleus (N) appears oval and euchromatic, and the cytoplasm contains numerous mitochondria (m).
(B) Group IIa shows a slightly thickened tubular basement membrane (thin arrow), swollen disrupted
apical microvilli (mv), and a shrunken nucleus (N). The cytoplasm shows areas of rarefaction (white
arrows), numerous swollen mitochondria (m), and scattered electron-dense bodies (d). (C) Group IIb
shows increased thickening of the tubular basement membrane (thin arrow), disrupted apical microvilli
(mv), and a shrunken heterochromatic nucleus (N). The cytoplasm shows multiple variably sized
vacuoles (v), variably sized mitochondria (m), and few scattered electron-dense bodies (d). (D) Group
III shows a tubular cell resting on thickened basement membrane (thin arrow). Apical microvilli (mv)
appear swollen and distorted. The nucleus (N) shows clumps of heterochromatin. The cytoplasm
contains numerous swollen mitochondria (m) of various shapes and sizes. A small electron-dense body
(d) is also observed. Thin collagen fibrils (f) are seen in the interstitium. (E) Group IV shows proximal
tubular cells resting on a thin basement membrane (thin arrow). The apical microvilli (mv) appear
numerous and tightly packed, and the nucleus (N) is round and euchromatic. The cytoplasm contains
numerous autophagosomes (red arrows) containing cellular debris, numerous scattered electron-dense
bodies (d), and elongated mitochondria (m). (F) Group V shows persistent thickening of the tubular
basement membrane in some areas (thin arrow), swollen apical microvilli (mv), and slightly shrunken
nucleus (N). The cytoplasm shows areas of rarefication (white arrows), variably sized mitochondria
(m), and scattered electron-dense bodies (d).
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3.7. Gene Expression Results of LC3-II, mTOR, and Beclin-1 Genes in All Experimental Groups

Gene expressions of LC3-II, mTOR, and Beclin-1 genes are presented in Figure 9. The DN
group showed significant (p < 0.05) downregulation of LC3 and Beclin-1 with significant (p < 0.05)
upregulation in mTOR gene expression in renal tissues compared to the control group. Furthermore,
treatment of DN with exosomes caused significant (p < 0.05) upregulation of Beclin-1 and LC3-II,
as well as significant (p < 0.05) downregulation of mTOR gene expression in renal tissues when
compared with the DN group. On the other hand, injection of both 3-MA and chloroquine caused
significant (p < 0.05) downregulation of autophagy markers Beclin-1 and LC3-II, with significant
(p < 0.05) upregulation of mTOR mRNA in renal tissues compared to the exosome-treated group.

Figure 9. Quantitative analysis of relative light chain-3 (LC3-II), mechanistic target of rapamycin
(mTOR), and Beclin-1 gene expression after treatment with 3-methyladenine (3-MA) and chloroquine
and/or exosomes. Subgroup Ic was used as a control. Different superscript letters (a, b, and c) within
each parameter panel indicate significant differences at p < 0.05. Data are shown as mean ± SEM, n = 5.

3.8. mTOR, LC3-I, LC3-II, S6K1, p62, Fibronectin, TGF-β, and β-Actin Detection by Western Blotting

As shown in Figure 10, protein expressions of mTOR, fibronectin, S6K1 and TGF-β in the DN
group were significantly (p < 0.05) higher than in the control group, and exosome treatment significantly
(p < 0.05) reduced their levels. On the other hand, the ratio of LC3-II and LC3-I as well as p62 protein
expression (Figure 10B) in the DN group decreased significantly when compared with the control
group, while exosome treatment significantly enhanced LC3-II/LC3-I and p62 protein expression
compared to the DN group (p < 0.05). Furthermore, injection of both 3-MA and chloroquine resulted
in significant increases in fibronectin, TGF-β, S6K1, and mTOR protein expression, and a significant
decrease in LC3-II and p62 protein expression compared with the exosome-treated group.
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Figure 10. (A) Western blot assay and downstream target proteins for mTOR, LC3-I, LC3-II, S6K1, p62
fibronectin, TGF-β, and β-actin expression after treatment with 3-MA, chloroquine, and/or exosomes,
and quantified using image analysis software on the ChemiDoc MP imaging system. (B) Histogram
of blotting intensity in different groups Group I (control), Group II (DN), Group III (DN + 3-MA and
chloroquine), Group IV (DN + exosomes), and Group V (DN + 3-MA and chloroquine + exosomes).
Subgroup Ic was used as a control. Different superscript letters (a, b, c, and d) within each parameter
panel indicate significant differences at p < 0.05. Data are shown as mean ± SEM, n = 5

4. Discussion

The rapidly increasing prevalence of diabetes is resulting in a concomitant increase in the
prevalence of DN [42]. Given the large worldwide healthcare burden associated with DN, there
has been much interest in the search for novel treatment targets. Therefore, in recent decades, many
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researchers have been making a great deal of effort to recognize the molecular mechanisms in initiation
and progression of diabetic nephropathy, in order to develop novel therapeutic approaches. However,
end-stage kidney disease, due to DN, is still increasing worldwide. There is an urgent need to find
additional novel therapeutic agents for the prevention of DN [43,44]. The present study demonstrates,
for the first time, that MSC-derived exosomes could ameliorate DN by autophagy regulation through
the mTOR signaling pathway in vivo in kidneys of diabetic rats.

The current study shows marked deterioration of renal function in DN rats, indicated by
significant increases in serum creatinine, BUN, and urinary proteins excretion (Figure 3), supported by
the histological lesions of classical DN, which were demonstrated by light (Figures 4–6) and electron
(Figures 7 and 8) microscopy, in the form of thickening of the glomerular basement membrane and
mesangial expansion, deformity of the filtration barrier, and interstitial fibrosis with diffuse glomerular
sclerosis. These findings coincide with previous reports on patients with DN [45,46]. Glomerular cell
loss is considered to be a result of diabetes-induced nephrotoxicity [47]. Furthermore, diabetes-induced
nephrotoxicity affects the diameter of blood vessels; a vasodilatation effect [48]. Glomerular
vasodilatation could induce podocyte mechanical stretch, leading to foot process effacement and, after
that, cellular detachment. In agreement with what has been published [49,50], podocyte stretch induces
decreased expression of podocyte nephrin, the main slit diaphragm protein, leading to disturbances
in glomerular filtration function and proteinuria. Furthermore, accumulation of edematous fluids in
diabetic patients induces an increase in Bowman's space. The two main causes of glomerular edema
are increased movement of renal fluid from the glomerular pool to the urinary pool and blockade of
the renal tubular system. As described before [51,52], dilated glomerular vessels could increase the
vascular endothelium fenestrae, leading to increased fluid movement from the glomerular pool to the
urinary pool, inducing edema formation. Additionally, Lenoir et al. [53] showed mesangial expansion
and glomerulosclerosis by histological analysis and glomerular basement membrane thickening,
podocyte foot process broadening, and effacement by TEM in endothelial cell-specific Atg5-deficient
diabetic glomeruli.

Autophagy generated by various harmful factors contributes to the maintenance of cell
homeostasis. Autophagy principally serves an adaptive or “programmed cell survival” mechanism to
protect organisms during periods of enhanced cellular distress [54]. In our study, the deterioration
of renal function in the DN group was possibly caused by defect(s) in the autophagy process. We
evaluated LC3, Beclin-1, and mTOR, and conducted TEM examination of autophagosomes as proper
procedures for monitoring autophagy [55]. The present study demonstrated significant downregulation
of autophagy markers LC3II and Beclin-1 in renal tissue, as well as a significant upregulation of mTOR
expression in the DN rats compared with the controls (Figure 9). These outcomes are in concurrence
with those of Fang et al. [56], who found that the renal expression of autophagy-related proteins,
including Beclin-1 and LC3II, was markedly suppressed in rats with DN. Also, the findings of the
present study support the findings of Gödel et al. [22], who reported significant upregulation of
mTOR itself and mTORC1 target genes in human patients with progressive DN, as compared to the
controls. Gödel and colleagues also demonstrated that activation of mTORC1 inhibits diabetes-related
autophagy in renal tissues of diabetic mice and patients. Nowadays, the gold standard for autophagy
monitoring is TEM, the only technique able to elucidate the real presence of subcellular autophagic
structures like autophagosome, lysosome, and autophagolysosome [55,57]. In the current study,
TEM showed rare autophagic vacuoles in the tubular cells of the DN group compared to the
control group (Figures 7 and 8). In line with these results, Lenoir et al. [53] evaluated the role of
autophagy in the endothelial cells of diabetic kidneys using endothelial cell-specific Atg5-deficient mice.
Lenoir explained that the ultrastructural analysis exhibited glomerular endothelial cell cytoplasmic
disorganization and vacuolization, as well as detached cells—most likely endothelial cells—in the
lumen of the capillaries of the glomeruli of endothelial cell-specific Atg5-deficient diabetic mice.

As a central element for signaling cell growth and enhancing protein translation, mammalian
target of rapamycin (mTOR), when inhibited, induces autophagy. Likewise, as a critical feedback
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mechanism, reactivation of mTOR terminates autophagy and initiates lysosome reformation [54]. In our
study, we found that rats with DN showed significant upregulation of mTOR mRNA, as well as protein
expression. This upregulation is aggravated by 3-MA and chloroquine administration, and alleviated
by exosome treatment (Figures 9 and 10). Numerous studies have revealed that hyperactivation of
the mTOR pathway in DN has an essential role in glomerular and tubular cell hypertrophy [58,59],
and is related to injury of podocytes and decline of glomerular filtration rates. A growing number of
studies have suggested that mTORC1 pathway inhibition with rapamycin has renoprotective effects
on DN progression in models of type 1 [60] and type 2 [61] diabetes. Overactivation of mTOR resulted
from prolonged exposure to hyperglycemia, which is a crucial factor in diabetic kidney injury [62,63].
These studies demonstrated that overactivation of mTOR in the podocytes results in albuminuria, due
to the widening of glomerular basement membrane, mesangial expansion, and collagen deposition.
Also, they showed that mTORC1 hyperactivity in podocytes disrupts localization of the proteins
constructing the filtration slits, with eventual increased glomerular permeability to macromolecules.
Additionally, other studies attributed progressive renal tissue injury to activation of mTORC1 and
suppression of autophagy, and explained this issue by different mechanisms. First, defective autophagy
impairs clearance of advanced glycation end products (AGEs) [64] and damages mitochondria in
podocytes [17]. Second, autophagic insufficiency further increases hypoxia and endoplasmic reticulum
(ER) stress, thus increasing the vulnerability of tubular cells [44,64]. Third, suppressed autophagy
leads to collagen accumulation due to defective degradation [17].

More importantly, suppression of autophagy due to mTOR activation was studied by
Fang et al. [56], who reported that autophagy initiation is triggered by the action of unc-51-like
kinase 1 (ULK1) (mammalian ortholog of the yeast Atg1), which binds to and phosphorylates other
autophagy essential proteins such as ribosome protein subunit 6 kinase 1 (S6K1) and eIF4E-binding
protein 1 (4EBP-1), to inhibit autophagy through affecting the transcription and translation of related
proteins [65]. However, exposure to hyperglycemia leads to activation of mTORC1 which, in turn,
phosphorylates and inactivates ULK1, thus preventing initiation of autophagosome formation [66].
Of note, mTORC1 activation not only inhibits autophagy, but also is implicated in the synthesis of
proteins and other macromolecules. It has been reported that activated mTOR enhances interstitial
fibrosis in diabetic kidneys [20]. These findings are parallel to those of the present study, as we
demonstrated a significant increase in TGF-β1 and fibronectin protein expression (Figure 10), and
collagen fiber deposition among the glomerular capillaries and surrounding the renal corpuscles and
tubules in renal specimens stained by Masson's trichrome in DN rats, as compared to controls (Figure 5).
It has been suggested that hyperglycemia-activated mTORC1 stimulates fibroblast proliferation and
collagen synthesis. Furthermore, it enhances the expression of profibrotic cytokines, such as TGF-β1
and connective tissue growth factor, resulting in progressive fibrosis and tubulointerstitial changes in
DN [20]. Fibrosis considered as a noteworthy step of the pathogenesis of DN. Myofibroblasts assume
an imperative job in the initiation of fibrosis in both the glomerulus and renal tubulointerstitium.
Epithelial-to-mesenchymal transition (EMT) is a main source of myofibroblasts in podocytes and
proximal tubular cells in DN. TGF-β has directly targeted several signaling pathways involving not
only EMT induction, but also the synthesis of extracellular matrix molecules, such as fibronectin,
collagen type I, and laminin, causing renal fibrosis. Therefore, regulation of TGF-β is a potential
therapeutic target for DN cells [67].

The results of the present study also demonstrate that multiple injections of exosomes in Group
IV significantly improved renal function in the DN group, indicated by significant decreases in serum
creatinine, BUN, and urinary proteins (Figure 3). Moreover, renal histological changes improved in the
form of decreased mesangial expansion and open-walled tubules (Figure 4), with a significant decrease
in collagen expression by Masson’s trichrome staining and TGF-β immunoexpression (Figure 5). These
results were supported by TEM, which demonstrated multiple autophagic vacuoles, euchromatic
nuclei, scattered mitochondria, and closely packed apical microvilli, in proximal tubule epithelial
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cells (PTECs). Also, there were nearly normal glomerular basement membranes with nearly normal
podocytes, and more thinning of the glomerular filtration barrier (Figures 6 and 7).

These results were in accordance with Nassar et al. [68], who demonstrated that
MSC administration could reverse DN through paracrine mechanisms, rather than by MSC
transdifferentiation. MSC-derived exosomes might be such a paracrine mechanism for cell-to-cell
communication. Evidence from previous studies indicate that MSCs mediate their paracrine effects via
release of exosomes that deliver their cargo of various mRNAs, miRNAs, and proteins to recipient
cells [23]. Additionally, Nagaishi et al. [67] proved that kidney that received exosome injection exhibited
improvement in the histological picture of DN in the form of decreased degeneration, vacuolation,
atrophic changes, and inflammatory cell infiltration of PTEC, confirmed by H and E staining, with
decreased fibrous components, as confirmed by Azan staining.

The nephroprotective effect of exosomes was explained by Bruno et al. [23], who found that the
exosomes got from MSCs exhibit defensive impacts in acute renal damage through the transportation
of a particular subset of cell mRNAs, which are associated with the mesenchymal phenotype and with
the control of transcription, proliferation, and immunoregulation. Furthermore, Bruno et al. revealed
that exosomes initiated a proliferative program of PTEC and hindered apoptosis through inducing the
synthesis of hepatocyte growth factor and macrophage-stimulating protein by the horizontal transfer
of mRNAs packed in the exosomes.

However, the accumulation of autophagic vacuoles did not always mean increased
autophagosome formation and may denote inhibited autolysosome maturation, so LC3-II detection via
Western blotting was valuable in monitoring the autophagosome number [44]; therefore, we detected
the autophagosome formation-related proteins (LC3 conversion and Beclin-1). We also detected the
autophagic flux by measuring the protein expression of p62 that serves as a connection between
LC3 and ubiquitinated substrates [69]. We found that the DN group showed significant decreases
in the expression level of LC3 and Beclin-1 compared with control. Additionally, accumulation of
p62 protein has been observed DN group, indicating a deficiency in autophagy. Exosome-treated DN
rats significantly increased the expression of Beclin-1 mRNA as well as the LC3-II/LC3-I and p62
protein expression ratio, indicating increased autophagosome formation (Figure 10). Accordingly, our
results revealed that injections of exosomes upregulated the expression of the autophagy markers
LC3 and Beclin-1, and downregulated mTOR and S6K1 in Group IV as compared to rats of the
DN group, suggesting that exosomes may activate autophagy by decreasing mTOR. These results
run parallel to an earlier study that reported that genetic reduction of mTOR levels in mTORC1
knockout mice significantly reduced the effects of mTOR hyperactivation in renal tissues and
suppressed the progression of DN in diabetic animals [61]. As a limitation of our study, the
expression of phosphorylated products of mTOR and S6K1 were not included during monitoring of
autophagic activity in various study groups, however; therefore, it is recommended to be addressed in
further studies.

In this context, our data were in accordance with earlier results of Liu and colleagues [70],
who showed that MSC-derived exosomes significantly reduced the expression of phosphorylated
mTOR/mTOR in rat cardiomyocytes after ischemia reperfusion injury. They attributed the enhanced
autophagic activities in exosome-treated cells partly to inhibition of the mTOR pathway. These results
provide a possible explanation for the improved biochemical and histological features of DN in
Group IV.

Regarding the effects of exosomes on renal fibrosis induced by diabetes, repeated injection of
MSC-derived exosomes in Group IV caused a significant decrease in the immunoexpression of TGF-β1
and collagen fiber deposition between glomeruli and tubules of renal samples stained by Masson’s
trichrome, and these findings were confirmed by a significant decrease in protein expression of
TGF-β and fibronectin by Western blot. Such results suggest that multiple injections of exosomes
exhibit a potent antifibrotic effect and, therefore, may improve renal function indirectly by reducing
disease-associated fibrosis. These outcomes run parallel to former reports [65]. suggesting that
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barricading the mTOR pathway decreased TGF-β1 in kidney. Previous studies showed that exosomes
with selective microRNA patterns improved renal function and reversed TGF-β1 morphological
changes in renal cells [67]. Thus, MSC-derived exosomes provide a new, potentially effective
therapeutic approach to slow down the progression of renal disease and improve renal function,
by modulating autophagy.

To confirm the role of autophagy in mediating the protective impact of exosomes on DN,
we used both 3-MA and chloroquine, autophagy inhibitors, in Groups III and V. Our study
demonstrated that both 3-MA and chloroquine (CQ) are beneficial in inhibiting the process of
autophagy (Group III). 3-MA is an early autophagy inhibitor, which could suppress the activity of type
III of phosphoinositide-3-kinase (PI3K) and the formation of autophagosome to inhibit autophagy [71],
while chloroquine reverses autophagy by inhibiting lysosomal acidification, resulting in lysosome
accumulation and autophagy blockade [28]. We used both 3-MA and chloroquine to be sure of
autophagy inhibition, because a previous study revealed that, in nutrient-rich conditions such as ours,
3-MA may even stimulate autophagy flux instead of blocking it [72].

Treatment of DN rats with chloroquine and 3-MA (Group III) resulted in significant
downregulation of LC3 and Beclin-1 (Figure 9). In addition, there was a reduction in the number of
autophagic vacuoles, confirmed by TEM, when compared to the exosome-treated group (Figures 7
and 8), indicating that autophagy was inhibited by 3-MA and chloroquine. Furthermore, pretreatment
with chloroquine and 3-MA exacerbated renal insult, manifested by significant increases in serum
creatinine, BUN, and urinary proteins (Figure 3), in parallel with deterioration of renal histology
(Figures 4 and 5). Such deterioration was evidenced by persistent mesangial expansion, swollen
tubular epithelial lining with obliteration of their lumens, and darkly staining nuclei with loss of their
polarity. Inhibition of autophagy by chloroquine not only decreased the protective effect of exosomes
on renal function (Group V), but also decreased their antifibrotic effect, indicated by a significant
increase in the protein expression of TGF-β (Figure 6) and fibronectin (Figure 10) with collagen fiber
deposition (Figure 5), leading to persistent thickening of the glomerular basement membranes in many
areas when compared to the exosome-treated group. In this context, our data were in accordance
with earlier results of Verschooten and colleagues, who showed that chloroquine is an autophagy
inhibitor enhancing the cell death-inducing effect of the flavonoid luteolin in metastatic squamous cell
carcinoma cells. In our study, combined treatment of chloroquine and 3-MA with exosomes in Group
V alleviated what was found in Group III [73].

5. Conclusions

In conclusion, the potential nephroprotective effects of MSC-derived exosomes in a diabetic
nephropathy model are based on their ability to upregulate autophagy associated with suppression of
mTOR pathway, and by their antifibrotic effect. These findings provide a basis for the future use of
exosomes as a new biological therapeutic approach for DN.
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Abstract: Dietary restriction (DR) is one of the most efficient approaches ameliorating the severity
of different pathological conditions including aging. We investigated the protective potential of
short-term DR in the model of acute kidney injury (AKI) in young and old rats. In kidney tissue,
the levels of autophagy and mitophagy were examined, and proliferative properties of renal cells
obtained from rats of different age were compared. DR afforded a significant nephroprotection to
ischemic kidneys of young rats. However, in old rats, DR did not provide such beneficial effect.
On the assessment of the autophagy marker, the LC3 II/LC3 I ratio, and after staining the tissue
with LysoTracker Green, we concluded that in old rats activity of the autophagic-lysosomal system
decreased. Mitophagy, as assessed by the levels of PINK-1, was also deteriorated in old animals.
Renal cells from old rats showed impaired proliferative capacity, a worse rate of recovery after
ischemic injury, increased levels of oxidative stress, accumulation of lipofuscin granules and lower
mitochondria membrane potential. The results suggest that the loss of DR benefits in old animals
could be due to deterioration in the autophagy/mitophagy flux.

Keywords: aging; dietary restriction; acute kidney injury; mitochondria; autophagy; mitophagy;
ischemia; renal tubular cells

1. Introduction

Caloric or dietary restriction (DR), defined as a reduced food intake without evident signs of
malnutrition, is an approach which for many organisms has shown an increase in lifespan and a
slowdown in the manifestation of age-associated diseases [1]. DR improves the functioning of organs
and tissues including those of old animals. For instance, even a short-term DR postpones the onset of
age-dependent changes in the heart, brain, liver, and kidneys [2–5]. Moreover, DR affords increased
tolerance to such harmful challenges as myocardial infarction [6], brain diseases [7], hypertension [8],
and diabetes mellitus [9]. Recently, several studies have been initiated to verify the beneficial effects of
DR on longevity and the attenuation of pathologies in humans [10,11].

A broad study of the mechanisms underlying the beneficial effects of DR pointed to autophagy
as a key element of the protective mechanism [12]. In particular, due to the activation of autophagy
mechanisms, one can expect a decrease in the levels of damaged macromolecules and organelles,
for example, mitochondria. However, with age, the processes of autophagy gradually deteriorate,
which leads to a disruption in the quality control of macromolecules and organelles [13]. DR at least
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partially can restore the ability of the aging organism’s cells to eliminate damaged components and to
improve tolerance to various damaging factors, which results in the “rejuvenation” of tissues [1].

Even though the protective effect of DR has been revealed quite a long time ago and has been
intensively studying [1,14], there is too little data covering its beneficial effects in the kidney tissue.
Nevertheless, previous studies have shown that DR exhibits a protective effect in acute cisplatin
and cadmium nephrotoxicity [15–17], as well as in the model of chronic kidney disease and diabetic
nephropathy [18,19], i.e., DR affects both acute and chronic kidney injuries.

Acute kidney injury (AKI) is a widespread pathology affecting more than 20% of hospitalized
patients in developed countries [20]. Approximately 90% of patients with this disease are individuals
of 64+ years of age [21]. Since the majority of patients with AKI are elderly, it is essential to study the
tolerance of the kidneys specifically in old organisms. It should be considered that with age, the kidney
tissue becomes more sensitive to various damaging factors due to progressive molecular, structural
and functional deleterious rearrangements [22].

Since available methods for the treatment of AKI are scarce and applied strategies are mostly
symptomatic and mostly limited by the use of hemodialysis, the development of alternative specific
approaches for therapy is needed [23]. However, the effectiveness of these elaborated approaches
should be tested both in young and old animals, since approaches that have been shown to be efficient
in young organisms, not always retained their protective effects in the elderly [24]. In particular,
ischemic pre- and postconditioning, demonstrating a significant reduction of the severity of ischemic
injury in the renal tissue of young animals, had no effect in old animals [25,26].

Since the proven ability of DR to reduce the severity of AKI after ischemia/reperfusion (I/R)
has been obtained in rodents of a young age [27–29], the goal of our study was to compare the
therapeutic potential of DR in animals of different age and to assess the mechanisms of ischemic
tolerance underlying the beneficial effects of DR, particularly the autophagic pathway.

2. Materials and Methods

2.1. Animals

Experiments were performed on male outbred rats of different ages: young (3–4 month old,
300–400 g), adult (12 months old, 500–600 g) and old rats (20–23 months old, 550–700 g). The animal
protocols were evaluated and approved by the animal ethics committee of A.N. Belozersky Institute
of Physico-Chemical Biology (Protocol 2/13 from 8 April 2013). They were in accordance with the
Federation of Laboratory Animal Science Associations (FELASA) guidelines.

2.2. Dietary Protocol

The amount of food consumed ad libitum (AL) was approximately 25 g/day for young rats and
30–33 g/day for adult and old rats, as measured by weighing the remaining food for two weeks.
DR was performed for 4 weeks by limiting the amount of food by 35% (35% DR) or by 25% (25% DR)
of the daily intake. Food was administered once daily at 2:00 pm. Fasting (100% DR) lasted for 3 days
without any access to food. After kidney I/R, ad libitum administration of food was restored. For all
groups, the free access to water was implemented.

2.3. Kidney I/R Protocol

Rats were anesthetized with chloralhydrate (300 mg/kg, i.p.) and subjected to 40-min warm
ischemia of the left kidney as previously described [30]. Briefly, the renal vascular bundle was occluded
with a microvascular clip for 40 min. Circulation was restored by removing the clip. The lack of blood
flow during ischemia and its restoration during reperfusion were assessed visually. Nephrectomy of
the right kidney was performed simultaneously with the ischemia of the left one. During operation,
the body temperature of the rats maintained at 37 ± 0.5 ◦C. Blood samples were taken 48 h after I/R
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from the carotid artery to determine the blood urea nitrogen (BUN) and serum creatinine (SCr) using
AU480 Chemistry System (Beckman Coulter, Brea, CA, USA).

2.4. Western Blotting

Rats were sacrificed and kidneys were taken 48 h after I/R. Kidney tissue was homogenized
with a glass-Teflon homogenizer in a PBS buffer, containing 10 mM phenylmethylsulfonylfluoride at
4 ◦C. Kidney samples were loaded onto 15% Tris–glycine polyacrylamide gels (10 μg protein/lane).
After electrophoresis, gels were blotted onto PVDF membranes (Sigma-Aldrich, St. Louis, MO,
USA). Membranes were blocked with 5% non-fat milk in PBS with 0.05% Tween-20 and subsequently
incubated with primary antibodies: anti-LC3 A/B monoclonal rabbit 1:1000 (Cell Signaling, Danvers,
MA, USA), anti-ubiquitin polyclonal rabbit 1:1000 (Abcam, Cambridge, MA, USA), anti-PINK1
polyclonal rabbit 1:1000 (Abcam, Cambridge, MA, USA), anti-SIRT-3 monoclonal rabbit 1:2000 (Cell
Signaling, Danvers, MA, USA), anti-β-actin monoclonal mouse 1:1500 (Sigma-Aldrich, St. Louis, MO,
USA), and anti-COX IV monoclonal mouse 1:1500 (Abcam, Cambridge, MA, USA). Membranes were
stained with secondary antibodies: anti-rabbit IgG or anti-mouse IgG conjugated with horseradish
peroxidase 1:7500 (Jackson ImmunoResearch, Ely, UKUSA). Detection was performed by a Chemidoc
MP (BioRad, Hercules, CA, USA). Protein concentration was measured by bicinchoninic acid assay
(Sigma-Aldrich, St. Louis, MO, USA).

Since on western blots LC3 is represented by several bands, some of the young rats were
subjected to chloroquine (20 mg/kg/day, i.p.) for 3 days to localize the position of the LC3 II band,
which increases after chloroquine inhibition of its lysosomal degradation.

The rat kidney mitochondria for western blotting were isolated by differential centrifugation in
the medium containing 0.25 M sucrose, 10 mM HEPES, 1 mM EDTA, 0.1% BSA, with a pH 7.4.

2.5. Lysosomes Imaging

Kidneys were excised 24 h after I/R and placed in the incubation medium (DMEM/F12 without
sodium bicarbonate) to wash the blood out. Then, 100–150 μm thick sections through the cortical zone
of the kidneys were made. Vital tissue slices were washed using the incubation medium (all procedures
and incubation were done at 25 ◦C) and loaded for 30 min with 1 μM LysoTracker Green (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA). Kidney slices were imaged with an LSM510 inverted
confocal microscope (Carl Zeiss, Jena, Germany). Images were processed using ImageJ software (NIH,
Bethesda, MD, USA).

2.6. Primary Culture of Renal Tubular Cells (RTCs)

Kidneys from young and old intact rats were excised under aseptic conditions. The cortex of
the kidneys was ground, carefully washed from blood, and dissociated by type II collagenase (0.25%,
30 min at 37 ◦C; Gibco, Thermo Fisher Scientific, Waltham, MA, USA). Pieces of tissue were removed,
and the suspension was centrifuged for 5 min at 100× g after which the renal tubules were pelleted
and the dissociated cells remaining in the suspension were discarded. The pellet was resuspended in
a complete culture medium (DMEM/F12 with 10% FCS and 10 ng/mL EGF (Invitrogen, USA)) and
seeded onto 6-well plates, or special iCelligence 8-well plates, or 35-mm glass-bottom Petri dishes
(FluoroDish, WPI, Sarasota, Florida, USA). Cultures were kept at 37 ◦C under 5% CO2 in a humidified
atmosphere. The culture medium was changed after 48 h in order to eliminate non-adherent cells and
residual cellular fragments. RTCs formed confluent monolayers 5 days after plating, therefore, all
procedures were carried out on 2–4 days in vitro.

Cultures of RTCs were loaded with 1 μM MitoTracker Red (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA). Incubation was conducted in DMEM/F12 without sodium bicarbonate for
30 min at 37 ◦C. Then, RTCs were washed with saline and dissociated with 0.05% Trypsin-EDTA.
Cells were resuspended in 1.5 mL DMEM/F12. The fluorescence intensity was evaluated by flow
cytometry as described below.
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To evaluate the autophagy activation, RTCs were incubated with 500 nM rapamycin (Sigma-Aldrich,
St. Louis, MO, USA) and 30 μM chloroquine (Sigma-Aldrich, St. Louis, MO, USA). Rapamycin
and chloroquine were dissolved in a complete medium (DMEM/F12 with 10% FCS). Incubation was
performed for 3 h, after which RTCs were washed with saline and loaded with 2 μM Cyto-ID (Enzo Life
Sciences, New York, NY, USA). Further steps were the same as for MitoTracker Red staining.

2.7. Non-Cultured Renal Tubular Cells (NC-RTCs) from the Kidneys of Young and Old Rats

In addition to primary cell cultures of RTCs, we also used NC-RTCs, which were in situ isolated
from kidneys of young and old rats. Cell suspensions were analyzed in situ without any growth in the
culture medium, i.e., immediately after isolation.

Similar to RTCs preparation, pieces of cortex were ground and dissociated by type II collagenase
(0.25%, 30 min at 37 ◦C). The pieces of tissue were repeatedly resuspended and kept for 2 min to
pellet large pieces. The supernatant was centrifuged for 5 min at 100× g after which the renal tubules
were precipitated. The supernatant was discarded and tubules were again incubated with type II
collagenase (0.25%, 10 min at 37 ◦C) one more time, after which the suspension was intensively
pipetted. Then, the suspension was centrifuged for 5 min at 100× g for sedimentation of undissociated
tubules, the resulting supernatant was centrifuged for 5 min at 600× g to pellet the cells. The resulted
suspensions of NC-RTCs were diluted to concentration 1 × 106 cells/mL and incubated for 30 min
with 1 μM MitoTracker Green (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), 1 μM
MitoTracker Red (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), or 10 μM DCF-H2
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) at 37 ◦C. The fluorescence intensity in cells
was analyzed by flow cytometry.

2.8. Flow Cytometry

Flow cytometry was performed by using Cytomics FC500 (Beckman Coulter, Brea, CA, USA).
Primary cultures of RTCs and NC-RTCs were obtained and stained as described above. Cyto-ID,
MitoTracker Green and DCF-mediated fluorescence were measured on the FL1 channel, while
MitoTracker Red-mediated fluorescence was evaluated on the FL3 channel. Argon laser with λex

= 488 nm was used to excite the fluorescence.

2.9. Real-Time Cell Proliferation Monitoring

Analysis of cells growth kinetics was performed using an RTCA iCELLigence™ instrument
(ACEA, San Diego, CA, USA). This method is based on using electrical impedance of cell-covered
electrodes [31] and may be used in particular for studies of RTCs proliferation and death [32].
The iCELLigence RTCA instrument was placed in a humidified incubator at 37 ◦C and 5% CO2.
RTCs from young and old rats were seeded on 8-well plates with microelectrodes; 48 h after,
the medium was changed to dispose of unattached and dead cells. After the next 24 h, cells were
subjected to 17 h of oxygen-glucose deprivation (OGD): the medium was changed to DPBS (Dulbecco’s
phosphate-buffered saline) and oxygen was replaced with N2 in multi-gas incubator Galaxy 170R
(Eppendorf/NewBrunswick, Hamburg, Germany). After OGD, the DPBS was changed back to the
culture medium with a normoxic O2 content. Proliferation rates were detected during 48 h after OGD.

2.10. Lipofuscin Detection

RTCs from young and old rats were obtained and cultured as described above. A neonatal culture
of RTCs was prepared from kidneys of 7-days-old rats by the same protocol as for young and old rats,
but with a less prolonged incubation with collagenase type II (0.125%, 15 min at 37 ◦C). On the 2nd
day in vitro, cells were washed with saline and fixed in a 10% neutral buffered formalin solution for
15 min, washed out, and lipofuscin red autofluorescence was analyzed by an LSM510 inverted confocal
microscope (Carl Zeiss, Jena, Germany). Analysis of fluorescence was performed in glass-bottom
dishes with the excitation at 488 nm and 543 nm and emission collected beyond 585 nm.
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Lipofuscin red autofluorescence was also measured by flow cytometry using Cytomics FC500
(Beckman Coulter, Brea, CA, USA). On the 3rd day in vitro, RTCs were washed, dissociated with
0.05% Trypsin-EDTA and suspension was centrifuged for 5 min at 600× g. The pellet was resuspended
in 2 mL of DMEM/F12 without sodium bicarbonate. The autofluorescence of unstained RTCs was
detected on FL5 channel with λex = 635 nm.

2.11. Statistics

Values are presented as mean ± SEM. Comparisons between groups were made using the
Mann–Whitney U-test. Data were analyzed in Microsoft Excel.

3. Results

3.1. Effect of DR on the Severity of AKI in Young and Old Rats

Since ischemic injury is the most common factor leading to AKI [23], we used kidney I/R as a
model, evaluating AKI severity by BUN and SCr measuring. There was about an 8-fold increase of
BUN 48 h after I/R in young AL rats (55.1 mM ± 5.4 mM of BUN vs. 7.1 mM ± 0.2 mM in intact young
rats) (Figure 1A). In adult and old rats, BUN increased up to 71.3 mM ± 3.6 mM and n, correspondingly
(Figure 1B,C).

Figure 1. The evaluation of kidney function by the blood urea nitrogen (BUN) and serum creatinine
(SCr) in young, adult, and old rats kept on an ad libitum (AL) diet or using different protocols of
dietary restriction (DR). (A) Assessment of renal function in young (3–4 months) control days (100%
DR). Evaluation of the severity of acute kidney injury (AKI) in these groups of rats 48 hours after I/R;
(B) Assessment of kidney function and severity of AKI 48 hours after I/R in adult (12 months) rats;
(C) Assessment of kidney function and severity of AKI 48 hours after I/R in old (20–23 months) rats;
(D–F) Evaluation of SCr concentration in young, adult, and old rats on AL or DR 48 hours after I/R.
Control groups contained more than 3 rats, while groups with I/R included more than 6 rats. * p < 0.05
compared to AL, ** p < 0.05 compared to AL + I/R.
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In young rats, we tried different protocols of DR; 25% DR and 35% DR significantly reduced BUN
48 h after I/R compared to the AL group. However, 35% DR decreased BUN twice more effective
than 25% DR which resulted in a drop of BUN by 39% against the AL group (33.6 mM ± 3.8 mM and
55.1 mM ± 5.4 mM, respectively), whereas 35% DR reduced BUN to 18.6 mM ± 2.4 mM compared to
55.1 mM ± 5.4 mM in the AL group. Fasting for 3 days (100% DR) did not cause a significant change
in the severity of AKI in young rats.

In adult and old rats, we only tested 35% DR since it showed a higher efficiency in young rats.
Some decrease of the BUN level in the 35% DR group was found in adult rats (aged 12 months) 48 h
after I/R: 53.2 mM ± 6.7 mM as compared to 71.3 mM ± 3.6 mM in the AL group (Figure 1B). In contrast
to young and adult animals, in old rats, 35% DR did not result in any significant nephroprotective
effect (Figure 1C). Of note, no morbidity or mortality was observed as a result of different DR protocols.

Changes in renal functions were proven by detecting SCr concentrations. We evaluated SCr levels
in all experimental groups of rats and observed the same tendencies as when we measured the BUN
(Figure 1D–F).

3.2. Autophagy in Renal Tissue of Young and Old Rats

It is well known that DR is a strong factor that stimulates the processes of autophagy [33]. Indeed,
we found an increase in the LC3 II/LC3 I ratio in the kidneys of young rats after 4 weeks of 35% DR.
On the other hand, 25% DR did not result in a significant increase of the LC3 II/LC3 I ratio (Figure 2A).
In contrast to the young rats, in old rats, 35% DR did not cause an augmentation of the LC3 II/LC3 I
ratio compared to the AL old rats (Figure 2B).

Figure 2. The assessment of autophagic activity in young and old rats. (A,B) LC3 II/LC3 I ratio
in kidney homogenates of young and old control rats on AL or DR; (C,D) LC3 II/LC3 I ratio in
kidney homogenates of young and old rats on AL or DR 48 hours after I/R; (E) LC3 II/LC3 I ratio in
kidney homogenates of young rats after the injections of chloroquine (20 mg/kg/day) for 3 days; (F,G)
Autophagic flux in primary cultures of renal tubular cells (RTCs) obtained from the kidneys of young
and old rats, after incubation with rapamycin and chloroquine.

I/R is also able to activate autophagic signaling pathways [34]. In the kidneys of young rats taken
48 h after I/R, we observed an increased LC3 II/LC3 I ratio (Figure 2C). The ratio increased even
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more in the group of rats that underwent 35% DR before exposure to I/R (Figure 2C). In old rats, such
changes of LC3 II/LC3 I were not revealed: in these animals, the ratio remained the same in all groups
(Figure 2D).

Since on western blots LC3 is represented by several bands, some of the young rats were subjected
to chloroquine for 3 days to localize the position of the LC3 II band. A relatively low concentration of
chloroquine was chosen because higher doses of chloroquine caused a decrease in rats’ food intake.
The band that appeared after chloroquine treatment was assumed as LC3 II (Figure 2E).

A stronger activation of autophagy in young rats than in old ones was confirmed by examination
of primary RTCs cultures with Cyto-ID which is selectively accumulated in autophagosomes and
autophagolysosomes [35]. The aggregate effect of the autophagy activator, rapamycin, and the inhibitor
of the late stages of autophagy, chloroquine, resulted in a great increase in the fluorescence intensity
of Cyto-ID in RTCs from young rats (Figure 2F). RTCs from old rats did not show any increase in
Cyto-ID fluorescence in response to rapamycin and chloroquine (Figure 2G). Moreover, RTCs from
old rats at the baseline showed a weaker intensity of Cyto-ID fluorescence than RTCs from young rats
(Figure 2F,G).

For the analysis of lysosomal function, vital slices that were obtained from the kidneys of AL
and 35% DR rats were loaded with LysoTracker Green. We observed an increase in LysoTracker
Green fluorescence intensity in kidney slices from young rats exposed to 35% DR compared to AL
rats (Figure 3A). The levels of fluorescence in young AL group were the same as in old AL rats.
However, the kidney slices from old rats did not demonstrate any increase in fluorescence intensity
of LysoTracker Green after 35% DR (Figure 3B). Besides the estimation of average intensity, we also
analyzed the coefficient of kurtosis, which measures the sharpness of the peak of dye distribution
and can indirectly characterize the heterogeneity of the tubules regarding the lysosomes’ function.
In young rats, the degree of kurtosis was low which could indicate that the fluorescence intensity
of the tubules on the slices was distributed evenly. In old rats, the degree of kurtosis was higher,
especially in the 35% DR group, indicating an increase in the heterogeneity of lysosomal activity among
the tubules (Figure 3C).

Figure 3. The staining of vital renal cortex slices of young and old rats fed AL or subjected to 35% DR
with LysoTracker Green. (A) Confocal microscopy after LysoTracker Green staining. The scale bar
indicates 100 μm. (B) Quantification of LysoTracker Green fluorescence intensity on the vital renal
slices of young and old rats; (C) Quantification of the coefficient of kurtosis of LysoTracker Green
distribution on the vital renal slices of young and old rats. * p < 0.05 compared to the AL group of
young rats, ** p < 0.05 compared to the AL group of old rats.
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3.3. Deterioration of Mitophagy and Mitochondrial Functions in the Kidneys of Old Rats

We assessed the function of mitochondria and the intensity of mitophagy in the kidneys of young
and old rats. One of the proteins responsible for mitophagy is PTEN-induced putative kinase 1
(PINK-1). PINK-1 binds to mitochondria carrying a low membrane potential and such mitochondria
become labeled by ubiquitin ligase Parkin and further eliminated in autophagolysosomes [36].

In our experiments, we isolated mitochondria from the kidneys of rats kept on normal or restricted
diets and evaluated the amount of bound PINK-1 by western blotting. We found that the level of
PINK-1 dropped in the mitochondria of the young 35% DR group (Figure 4A), which might indicate the
elimination of a population of poorly functioning mitochondria during 4 weeks of DR. Mitochondria
in kidneys of old rats from AL group contained lower levels of PINK-1 than mitochondria from
young rats. Moreover, the levels of PINK-1 did not decrease in old rats kept on 35% DR (Figure 4A),
which might be a consequence of impairments in the autophagic signaling pathways in the kidneys of
old rats.

Figure 4. The comparison of the mitophagic activity, the level of SIRT-3, and the mitochondrial
membrane potential in the kidneys of young and old rats fed AL or subjected to 35% DR. (A) Level of
PTEN-induced kinase 1 (PINK-1) in isolated mitochondria from the kidneys of young and old rats;
(B) Levels of SIRT-3 in kidney homogenates of young and old rats; (C) Flow cytometry of primary
cultures of RTCs obtained from the kidneys of young and old rats, which were loaded with MitoTracker
Red; (D) Flow cytometry of non-cultured renal tubular cells (NC-RTCs) obtained from the kidneys
of young and old rats and in situ stained with MitoTracker Green; (E) Quantification of MitoTracker
Red/MitoTracker Green ratio in NC-RTCs from the kidneys of young and old rats. * p < 0.05 compared
to the AL group of young rats, ** p < 0.05 compared to the AL group of old rats.

We analyzed the levels of mitochondrial deacetylase SIRT-3 in the kidneys of young and old
rats. In young rats, 35% DR induced an increase in the amount of SIRT-3 compared to the AL group.
Old AL-rats were initially characterized by a significantly lower SIRT-3 level than in young animals.
However, after 4 weeks of maintenance on 35% DR, the levels of SIRT-3 increased (Figure 4B).
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We used flow cytometry to estimate the number of mitochondria and the mitochondrial potential
as measured by the accumulation of MitoTracker Green and MitoTracker Red probes. The primary
cultures of RTCs obtained from young animals demonstrated a higher MitoTracker Red intensity
meaning that their mitochondria had higher mitochondrial potential, compared to RTCs from old
animals (Figure 4C). NC-RTCs obtained directly from the kidneys of old rats and loaded with
MitoTracker Green demonstrated two populations (Figure 4D), indicating the presence of cells with
a small number of mitochondria. In young rats, such a segregation into two populations was not
observed. Nevertheless, the MitoTracker Red/MitoTracker Green ratio revealed that NC-RTCs from
the old kidneys had a lower mitochondrial membrane potential than NC-RTCs from young rats.

3.4. Proliferative Capacity of Primary Cultures of RTCs Obtained from Young and Old Rats

We assessed the proliferative capacity of primary cultures of RTCs obtained from young and old
kidneys by the real-time monitoring of the cell growth rate (Figure 5A). The analysis was performed by
using iCELLigence, which has already been used for studying proliferation and the death of RTCs [32].
We found that RTCs isolated from the kidneys of young rats characterized by a more rapid growth
rate exceeding the growth of old cells by more than 4 fold (Figure 5B). After 2 days in vitro, RTCs
were subjected to OGD. This method simulates I/R by depriving cells of both oxygen and nutrients.
During OGD, some cells died, which could be observed by the decrease of the cell index in those wells
(Figure 5A). The proliferation of RTCs resumed after restoration normoxic conditions, but RTCs from
old kidneys proliferated about 3 times slower after OGD than RTCs from young animals (Figure 5C).

Figure 5. The proliferation of primary cultures of RTCs obtained from kidneys of young and old
rats, and the rate of recovery after oxygen-glucose deprivation (OGD). (A) Kinetics of proliferation
of primary cultures of RTCs evaluated by iCelligence, including growth under normoxic conditions,
death during OGD, and the recovery of RTCs after the restoration of oxygen supply and complete
culture medium; (B) Growth rate of RTCs under standard conditions; (C) Growth rate after OGD; (D,E)
Phase-contrast microscopy images of the primary cultures of RTCs obtained from kidneys of young
and old rats. The scale bar indicates 100 μm. * p < 0.05 compared to young rats.

Data from iCELLigence was visually confirmed by phase-contrast microscopy. RTC cultures were
monitored every day and we verified that RTCs obtained from the kidneys of young rats proliferated
more intensively and reached a higher density in a shorter time (Figure 5D,E).
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3.5. Oxidative Stress and the Accumulation of Lipofuscin

It is well known that aging is associated with the accumulation of lipofuscin granules in all tissues
including renal tissue [37], so we analyzed the content of lipofuscin in RTCs taken from animals of
different ages. Indeed, analysis of RTCs by flow cytometry revealed that primary cell cultures isolated
from old kidneys exhibited a higher red autofluorescence (Figure 6A,B), which might indicate a greater
content of lipofuscin. These data were confirmed by comparison of the confocal images of RTCs.
We observed that the number of lipofuscin granules was significantly higher in RTCs from old rats
rather than in RTCs of neonatal cells (Figure 6C,D).

Figure 6. The comparison of lipofuscin content and the level of oxidative stress in cells obtained from
the kidneys of young and old rats. (A,B) Flow cytometry of primary cultures of RTCs for the assessment
of red autofluorescence, and its quantification for young and old rats; (C,D) Confocal images of RTCs
from neonatal and old rats, and red autofluorescence emission analysis. The scale bar indicates 100 μm;
(E,F) Flow cytometry of non-cultured renal tubular cells (NC-RTCs) of young and old rats and stained
with DCF-H2.

Cells from the kidneys of different ages were also compared by the levels of oxidative stress.
Staining with DCF, a reactive oxygen species (ROS)-sensitive probe showed that in old kidneys cells
DCF fluorescence is more than 2 times higher than in cells from young kidneys (Figure 6E,F).

4. Discussion

Beneficial properties of DR were discovered as early as in 1935 and since then the mechanisms
of DR have been intensively studied [1]. In 2010, for the first time, a protective effect of a short-term
DR was demonstrated against the deleterious action of renal I/R in young mice [27]. In our study,
DR maintained for 4 weeks had a significant nephroprotective effect against renal I/R in young rats,
however, it did not afford protection in the old rats.

The loss of protective effects of DR with age is gradual: in the adult, but not old, rats some
beneficial effect of the DR was still observed. Probably, the manifestation of a nephroprotective effect
of DR correlates with the percentage of weight loss during DR. Old rats might need longer exposure to
DR to achieve a nephroprotective effect from I/R. Recent work revealed that old rats needed to be
exposed to 40% DR for 8 weeks to provide a protective effect from cisplatin nephrotoxicity [15], while
young animals were afforded protection after exposure to DR for 4 weeks [16]. It should be noted
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that in the study on mice, 100% DR for 3 days was almost as effective as 40% DR for 4 weeks [27].
However, in another study, 100% DR for 1 day did not cause any activation of the autophagic system
in old mice, although in young mice even such a short period of fasting increased the amount of LC3 II
in the kidney tissue [38]. We were also unable to find any nephroprotection under conditions of 100%
DR both in young and old mice.

Previously, a similar loss of protective effects in old animals was reported when attempted to apply
ischemic pre- and postconditioning to aged kidneys and hearts [25,26,39,40]. Such loss of effectiveness
can partly be explained by the fact that during aging tissue accumulate various age-dependent
alterations affecting the functioning of organs [41]. Additionally, in the kidney, structural changes
ultimately expressed in the lower number of functional nephrons, degenerative changes in proximal
tubules, glomerulosclerosis, as well as changes at the molecular level, are observed [42]. The aging of
the kidney modulates the expression of various genes, e.g., the levels of mRNA of claudin-7, KIM-1,
and metalloproteinase MMP-7, which are good markers associated with renal injury and various
kidney pathologies. Prolonged DR normalizes the expression of these genes [43] and prevents the
accumulation of age-dependent changes in the kidney [44]. However, even shorter periods of DR were
reported to reduce age-dependent changes in the kidney [45].

Besides the disturbances in expression patterns of several genes, deterioration in the work of
the autophagic system has been well documented [13]. In our experiments, we did not detect the
decrease in the LC3 II/LC3 I ratio in the kidneys of old intact rats, compared to the young rats, as
well as found no changes in lysosomal activity. Similar results were obtained earlier in mice [44].
This data suggests that lysosomal dysfunction rather than a decrease in autophagosome biogenesis
occurs within advanced age [24]. However, we evaluated some abnormality in the biogenesis of
autophagosomes in the primary culture of RTCs from old kidneys while treating cells with rapamycin
and chloroquine. We subjected RTCs from young and old kidneys to incubation with rapamycin,
the activator of biogenesis of autophagosomes, and chloroquine, the inhibitor of the late stages of
autophagy, leading to the maximal accumulation of autophagosomes in cells. Probably, there were
some changes at the biogenesis level while such treatment did not provide a significant increase in
Cyto-ID fluorescence intensity in the culture of RTCs from old rats.

The pivotal role of autophagy in the normal functioning of the kidney was recently evidenced
by the experiments with the knockouts of autophagy-associated genes. For instance, the deletion of
Atg5 in the podocytes led to glomerulosclerosis, proteinuria, and other abnormalities typical for the
aging kidney, e.g., lipofuscin accumulation, the presence of damaged mitochondria, and oxidize or
ubiquitinated proteins [46]. Genetically modified mice with tamoxifen-induced inhibition of Atg5 in the
proximal tubules demonstrated renal failure, the atrophy of kidney tissue, mitochondrial dysfunction,
and an increase in oxidative stress products in the kidney [47].

It is believed that I/R stimulates autophagic cascades which provide the elimination
of intracellular proteinaceous aggregates and damaged organelles formed during I/R [34].
These processes play an important role after renal I/R since the knockout of Atg5 and Atg7 leads
to a more severe AKI [48]. Relying on the LC3 II/LC3 I ratio, we may assume that, in old rats,
autophagy is activated not as effectively as it takes place in young animals. Earlier, we demonstrated
impaired autophagy in response to the damaging effect of I/R in premature senescent OXYS rats [25];
that could be another argument in favor of the dysfunction of the autophagic system caused by
aging. In our experiments, even a preliminary exposure to DR, which is one of the most powerful
autophagy-stimulating factors, did not restore the effective work of that system in old rats after I/R.
On the contrary, in young animals, DR increased the LC3 II/LC3 I ratio and the amount of lysosomes
that correlated with a decrease in the severity of AKI.

The deterioration of autophagy with aging also worsens the functioning of mitophagy, which is
the only mechanism for mitochondrial degradation [49]. The elimination of mitochondria with low
membrane potential is very important for the cells since dysfunctional mitochondria may be the source
of pathological ROS [50]. For instance, in mice with a knockout of Atg5, an elevated accumulation
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of damaged mitochondria after I/R was shown, which correlated with an increased AKI [48]. It is
also suggested that the accumulation of damaged mitochondria as a result of the ineffective work
of mitophagy leads to the progression of tissue aging [51]. In many organisms, aging is associated
with the morphological alterations and the increased size of mitochondria [52], as well as with the
accumulation of age-associated proteins [53].

In this study, we evaluated the intensity of mitophagy by the levels of PINK1 in isolated
mitochondria. This protein is considered to be the marker of damaged mitochondria and the initiator
of mitophagy. PINK1 carries a mitochondrial address and is delivered into mitochondria. When the
mitochondrial membrane potential decreases, this protein is unable to penetrate into the mitochondria
and cannot be cleaved by presenilin-associated rhomboid-like protein (PARL). Consequently, PINK1
remains located on the outer membrane of the mitochondria with a low potential, where it is marked
by the ubiquitin ligase Parkin, which serves as a signal for the onset of mitophagy [54].

An increase in the levels of PINK1 is usually associated with the accumulation of damaged
mitochondria in the cell. For instance, a high-calorie diet causes the rise in the levels of PINK1 whereas
DR decreases the amount of this protein in mitochondria [55]. In our experiments, we observed a
two-fold decrease in PINK1 levels in the mitochondrial fraction after 4 weeks of 35% DR in young
rats, which shows the result of the effective elimination of low functional mitochondria. In old rats,
the PINK1 levels were initially lower than in young animals, and DR did not affect the levels of
PINK1. We speculate that the lower content of PINK1 in older rats may indicate a deficiency in this
protein and the malfunctioning of the mechanism of mitophagy. A similar decrease of the PINK1
levels was observed in lung tissue with aging [56] and was accompanied by a pulmonary pathology.
Moreover, the decrease in PINK1 activity was described in many pathological conditions, for example,
in cells of patients with Parkinson’s disease [57]. It was shown that decreased PINK1 synthesis
led to the fragmentation of mitochondria, decrease of the mitochondrial membrane potential [58],
the development of fibrosis [59], which indicates the importance of the PINK1 protein in the normal
functioning of mitochondria.

Since mitophagy is the only way to eliminate poorly functioning mitochondria, deterioration in
the work of this system must inevitably lead to the accumulation of mitochondria with low membrane
potentials [60]. Indeed, a large number of studies have demonstrated that mitochondria isolated from
the tissues of old organisms had lower membrane potentials than mitochondria from young [52,61].
Taken together with higher levels of ROS in the tissues of old animals, it is assumed that age impacts
either on the functioning of mitochondria or on the process of their quality control [50]. Our findings
fit this assumption as we showed a lower mitochondrial membrane potential in kidney cells isolated
from old rats, as well as a higher heterogeneity in mitochondria of cells obtained from old rats’
kidneys revealed by flow cytometry. A similar heterogeneity of mitochondrial membrane potential
was observed in hepatocytes from old rats [62]. Earlier, the phenomenon of the augmentation of the
mitochondrial membrane potential heterogeneity in the kidney tissue after I/R was reported [63].
We also revealed an increase in LysoTracker Green distribution heterogeneity in the tubules of old rats.
Probably, the increase in heterogeneity is a process that accompanies the aging of tissues.

Another important factor reflecting the state of mitochondria is the activity of deacetylase SIRT-3.
This NAD+-dependent deacetylase is localized predominantly in mitochondria and is considered to be
a mitochondrial stress sensor that can modulate the activity of several mitochondrial proteins involved
in metabolism and oxidative stress regulatory pathways [64]. SIRT-3 is suggested to be one of the
mediators of the protective effect of DR [65]. In this study, DR increased the levels of SIRT-3 more than
2 times in the kidneys of young rats. In kidneys of old rats, the levels of SIRT-3 were significantly lower
than in young, while DR significantly increased the content of this deacetylase. An age-associated drop
of mitochondrial SIRT-3 was previously reported for some tissues of old people and old animals [66,67].
Contrarily, some variants of the SIRT-3 gene were associated with longevity in humans [68], proving
the key role of this deacetylase in the aging process.
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Recent studies have demonstrated that increased levels of SIRT-3 protect the kidney from cisplatin
nephrotoxicity [69], whereas the knockout of SIRT-3 led to more severe damage after myocardial
infarction [70]. The levels of SIRT-3 depended on physical activity and diet, e.g., the levels of the
deacetylase rose in muscles after exercise [71] and in cells exposed to decreased glucose concentration
in culture medium [72]. In addition, the knockout of SIRT-3 in the kidneys of mice caused fibrosis,
increased in the TGF-β1 level and the hyperacetylation of the kinase of glycogen synthase 3β (GSK3β)
that adversely affected its phosphorylating activity [73]. Similarly, another deacetylase, SIRT-1, was
detected to be lower in old animals, while 12-month-long DR increased the levels of this enzyme [44].

Our experiments with cell cultures showed that primary RTCs obtained from kidneys of old rats
proliferated 4 times slower compared to cells from the kidneys of young rats. Such a dependence
of proliferation rate on the age of the donor was demonstrated for various cells. For instance,
hematopoietic stem cells derived from neonatal rats proliferated much better, and, unlike stem cells
derived from adult rats, they were able to exhibit protective properties under myocardial I/R [74].
Although cardiomyocytes obtained from adult animals are thought to represent processes in the tissue
better than neonatal cardiomyocytes, they proliferate much more slowly in culture [75].

Furthermore, primary kidney cells from old rats not only proliferated worse than those of
young rats, but we also observed their less pronounced recovering ability after OGD. We believe
that this impairment could be explained by deterioration in the functioning of the autophagy system,
which could lead to the accumulation of lipofuscin, as well as to more pronounced oxidative stress.

5. Conclusions

In this study, we showed that a short-term 35% DR for 4 weeks has a significant nephroprotective
effect against renal I/R in young rats, but DR does not provide such a beneficial effect in old rats.
The lack of effectiveness in old animals can be explained by the deterioration in the work of both
autophagy and mitophagy. Impairment in these recycling mechanisms results in accumulation of
poorly functioning mitochondria, lipofuscin granules, and increased levels of oxidative stress. All these
processes affect the normal functioning of the kidney and lead to a decrease in the ischemic tolerance of
renal tissue. Molecular and structural alterations occurring in aging renal tissue make the manifestation
of beneficial effects of DR in aged kidneys not as pronounced. Thus, an important problem is to develop
approaches that would be helpful in the therapy of elderly patients.
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Abstract: Autophagy is a cellular recycling process involving self-degradation and reconstruction
of damaged organelles and proteins. Current evidence suggests that autophagy is critical in kidney
physiology and homeostasis. In clinical studies, autophagy activations and inhibitions are linked to
acute kidney injuries, chronic kidney diseases, diabetic nephropathies, and polycystic kidney diseases.
Oxidative stress, inflammation, and mitochondrial dysfunction, which are implicated as important
mechanisms underlying many kidney diseases, modulate the autophagy activation and inhibition and
lead to cellular recycling dysfunction. Abnormal autophagy function can induce loss of podocytes,
damage proximal tubular cells, and glomerulosclerosis. After acute kidney injuries, activated
autophagy protects tubular cells from apoptosis and enhances cellular regeneration. Patients with
chronic kidney diseases have impaired autophagy that cannot be reversed by hemodialysis. Multiple
nephrotoxic medications also alter the autophagy signaling, by which the mechanistic insights of the
drugs are revealed, thus providing the unique opportunity to manage the nephrotoxicity of these
drugs. In this review, we summarize the current concepts of autophagy and its molecular aspects in
different kidney cells pathophysiology. We also discuss the current evidence of autophagy in acute
kidney injury, chronic kidney disease, toxic effects of drugs, and aging kidneys. In addition, we
examine therapeutic possibilities targeting the autophagy system in kidney diseases.

Keywords: autophagy; kidney diseases; oxidative stress; inflammation; mitochondria

1. Introduction

Autophagy is a dynamic cellular balancing mechanism for energy and resource. The word
autophagy is derived from the Greek word, where auto means “self” and phagy means “eating”.
This “self-eating” process helps cells recycle their endogenous materials and build essential
macromolecules to maintain cellular homeostasis and reutilize energy [1,2]. Autophagy was initially
referred to the catabolic process that could provide nutrition and energy to cells during starvation.
Recently, more evidence has shown that autophagy plays a critical role in synthesis and degradation
and has complex cross-talks to apoptosis and cell cycle regulations [3]. Thus, autophagy acts as a
protective mechanism in living organisms and can interfere in pathogenesis [4,5].

In 1963, Christian de Duve first described the autophagy as the degradation process that
occurred after cytoplasmic materials were delivered to the lysosome. In the 1990′s the autophagy
research bloomed after the team of Dr. Yoshinori Ohsumi identified the important genes related to
the autophagy-defective mutants in yeasts called the autophagy-related gene (Atg) and its related
protein [6]. Soon after, the research advances that focused on the genetic aspects and several Atg
proteins were discovered [4,5], providing a better understanding of the function and mechanisms of
autophagy. Recently, autophagy has been widely implicated not only in yeasts and animal models
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but also in human pathophysiological processes [5,7]. In 2016, Yoshinori Ohsumi was awarded the
Nobel Prize in Physiology or Medicine in recognition for his work on laying the foundation for a better
understanding of the ability of cells to manage starvation, stress, and diseases [4].

Autophagy works through intracellular lysosomal degradation and recycling, and in turn,
helps to maintain cellular integrity more efficiently by regenerating metabolic precursors and
clearing subcellular debris [5]. Autophagy is a series of catabolic processes, starting with a small
membrane phagophore in the cytoplasm and elongating to form a cup-shaped structure. It then
matures and becomes a double-membrane structure called autophagosome that engulfs the damaged
components. The autophagosome then fuses with lysosomes to form autophagolysosome [4,8]
(Figure 1). After forming the autophagolysosome, the mTOR (mammalian target of rapamycin)
signaling is activated to degenerate the intercellular components and transport back to the cytoplasm
to reuse the macromolecule [9].

 

Figure 1. Schematic overview of the normal autophagy function in the kidney. Multiple steps in
autophagy are modulated in kidney diseases, including autophagy initiation, elongation, maturation,
fusion, and final degradation and recycling.

Defective autophagy signaling is now found in multiple diseases, such as autoimmune diseases,
infectious diseases, metabolic diseases, muscular disorders, neurodegenerative diseases, cardiovascular
and pulmonary diseases [5,7,10]. Many pathophysiologic mechanisms, including ischemic, toxic,
infection, oxidative stress, circadian rhythm, and aging, are also confirmed to have close interactions
with autophagy. In certain stressed situations, selective autophagy occurs in order to remove toxic
materials within cells and organs [1,11]. Currently, only a few studies review the relationship
between kidney diseases and autophagy. Therefore, our aim is to summarize the recent advances in
understanding the role of autophagy in acute and chronic kidney disease patients [12].

2. Autophagy in Normal Kidney

Previous studies from human and animals provide the evidence that autophagy has a great impact
on the maintenance of renal functions and homeostasis [13]. However, autophagy is nonessential for
embryonic renal development. The embryonic Atg5 knockout mice show no significant impairment of
glomerular development, no change in podocyte maturation, normal tubular function, and normal
nephrons development [3,14]. In terms of kidney physiology in adult animals, the autophagy affects
different renal cell types and helps maintain kidney pathophysiology and homeostasis [13].

2.1. Autophagy in Glomerular Mesangial Cells

Glomerular mesangial cells are located in the mesangium of the glomerulus, in the centrilobular
region of the kidneys. Mesangial cells are specialized pericytes with contractile activities. They regulate
glomerular filtration and act as primary producers of the extracellular matrix that constitutes the
mesangium, thus playing a vital role in maintaining mesangial matrix homeostasis [3]. Autophagy
plays dual roles in modulating mesangial cell survival. After mesangial cells are exposed to stress,
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autophagy is activated and directed to type II programmed cell death. At the same time, autophagy
can also serve as a protective role through transforming growth factor-β1 (TGF-β1) activation and
inhibit mesangial cells from apoptosis and necrosis [3].

The advanced glycation end-products (AGEs) induced mesangial cells injury is one of the leading
causes of glomerular dysfunction in diabetic nephropathy [15]. Autophagy could serve as a protective
manner through increased LC3 cleavage (LC3-II/LC3-I ratio), enhanced Atg5 protein expression,
and decreased p62 level in mesangial cells in dose- and time-dependent manners after exposed to
AGEs. Also, inhibition of Atg5 expression could aggravate AGEs related mesangial cells injury [16].
This indicates that autophagy may protect mesangial cells from apoptosis. Previous studies suggest
that the AGEs could induce autophagy through a RAGE/PI3K/AKT/mTOR signaling pathway in
cardiomyocytes [17].

After the environmental toxin cadmium exposure, the reactive oxygen species (ROS) increases
and activates glycogen synthase kinase-3β (GSK-3β) to trigger autophagy that promotes mesangial
cells death [3,18]. Cadmium exposure can also increase autophagy through Ca2+ signaling and
mitochondrial depolarization pathway and serve as a housekeeping process to protect the kidney and
an early biomarker for cadmium toxicity [18] (Figure 2A).

(A) 

Figure 2. Cont.
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(B) 

 
(C) 

Figure 2. (A). Autophagy in glomerular mesangial cells. AGEs: advanced glycation end-products; Akt:
also stand for PKB (Protein kinase B); GSK-3β: glycogen synthase kinase-3β; PI3K: Phosphoinositide
3-kinase; ROS: reactive oxygen species; TGF-β1: transforming growth factor-β1; ER stress: endoplasmic
reticulum stress; (B). Autophagy in podocytes. PI3K: Phosphoinositide 3-kinase; AMPK: AMP-activated
protein kinase Akt: also stand for PKB (Protein kinase B); ROS: reactive oxygen species; ER stress:
endoplasmic reticulum stress; (C). Autophagy in proximal tubular cells. IRI: ischemic reperfusion
injury; ROS: reactive oxygen species; ER stress: endoplasmic reticulum stress; PI3K: Phosphoinositide
3-kinase; BUN, blood urea nitrogen; sCr, serum creatinine.
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2.2. Autophagy in Podocytes

Autophagy is vital in post-mitotic cells, such as neuron cells and podocytes. [19]. Podocytes
are highly differentiated epithelial cells located in the visceral site of the Bowman’s capsule and
surrounding capillaries of the glomerulus. Podocytes have characteristic foot processes called pedicles
that wrap around the capillaries and extend into them to form a filtration slit diaphragm. The podocyte
foot processes and slit diaphragm control the selective permeability of the glomerular filtration barrier
that filters circulating blood to form urine [20]. Podocytes can also act as glomerular filtration rate
regulators through contraction and filtration slit closure [21]. Podocyte injuries are typical hallmarks
of acute kidney injury and can cause proteinuria and nutrient loss [19,20]. The degree of podocytes
damages parallels the severity of glomerulosclerosis, proteinuria, and kidney injury [22].

Studies in mice suggested that podocytes exhibit a high basal level of autophagy with abundant
autophagosomes [3]. Nine-week-old mice with podocyte-specific deletion of Class III PI3K vacuolar
protein sorting 34 (Vps34), which helps to maintain autophagic regulation, develop early proteinuria,
progressive glomerulosclerosis, and renal failure [3]. The podocyte-specific depletion of the Atg5 gene
leads to glomerulopathy in aging mice, whose oxidative and ubiquitinated protein accumulation and
podocyte endoplasmic reticulum stress eventually lead to loss of podocytes, increased proteinuria, and
glomerulosclerosis [20,22]. Moreover, the inadvertently increased autophagosomes in podocytes can
be found in different glomerular diseases such as IgA nephropathy, membranous glomerulonephritis,
and focal segmental glomerulosclerosis [20,23].

The autophagy activated by mTOR pathway protects podocytes from apoptosis, foot process
effacement, and chronic kidney diseases progression [24]. In podocyte-specific mTor knockout mice,
the proteinuria and end-stage renal diseases (ESRD) occur in 3–5 weeks. Their podocytes accumulate
with autophagosomes, microtubule-associated protein 1A/1B-light chain 3 (LC3), and damaged
mitochondria [25]. The evidence suggest that autophagy could be regulated through the mTOR
pathway in podocytes in both rat models and human. The physiologic level of mTOR activity inhibits
autophagy and maintains autophagosomes at a basal level to remove damaged organelles, excessive
lipids, and long-lived or misfolded proteins in podocytes. The decrease of growth factor signal or
exogenous stimulation such as starvation or rapamycin could inhibit mTOR pathway and upregulate
autophagy function (Figure 2B). The activation of autophagy as demonstrated by increase LC3 and
Lysotracker markers enhanced autophagosome and autophagolysosomes formation [25]. The renal
biopsy study demonstrates that podocyte markers such as synaptopodin, podocin, CD2AP, and
nephrin were also decreased after being treated with sirolimus in podocytes [26]. Although the
mechanism is not completely understood, the evidence indicates that autophagy plays a major role in
maintaining podocyte homeostasis and renal function.

2.3. Autophagy in Renal Tubular Cells

Autophagy is important in proximal tubular cells. Proximal tubular cells consume much
energy during electrolyte reabsorption, which requires high lysosomal activity and mitochondrial
turnover [27]. The Atg5 deletion in both proximal and distal tubules results in severe tubular
damage and renal dysfunction. However, distal tubules only-specific Atg5 knockout mice show
no tubular damage and have normal renal functions [20,28,29]. This indicates that autophagy is critical
and integral in proximal tubule function while distal tubular cells rely less on autophagy for their
homeostasis due to its function being more passive and less energy dependent [30]. The tubular cells
are vulnerable to renal toxic agents, such as cisplatin, cyclosporin, and cadmium [3,31]. Autophagy
activation protects renal tubular cells from these renal toxic agents and eliminates the damaged proteins
and DNA [3,11]. Selective tubular cell Atg5 and Atg7 knockout mice develop more severe tubular
cells damages and acute kidney injury (AKI) after ischemia-reperfusion injury [30]. Another study
that applied PI3K inhibitor 3-MA to reduced autophagosome sequestration, revealed that it can
significantly reduce autophagy function and cause more severe elevation of BUN and serum Cr
while rapamycin treatments showed the opposite effect after ischemia-reperfusion injury in vivo and
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in vitro [8] (Figure 2C). Moreover, constant autophagy activations lead to tubular cells atrophy and
promote kidney fibrosis. A delicate balance of the autophagy effects will be required to protect the
renal proximal tubular cells from nephrotoxicity drugs and ischemic-reperfusion injury [13].

3. Autophagy in Acute Kidney Injury

AKI is a common clinical condition in critical care units. It presents as an abrupt decline of kidney
function and imbalance of water, electrolytes, and protein homeostasis [9]. Patients with AKI are
associated with higher morbidity and mortality. Major causes of AKI are infections, nephrotoxins, and
ischemia-reperfusion injury all inducing inflammation. These diseases will result in direct tubular cell
damage, accumulation of oxidative stress (ROS), and endothelium microvasculature dysfunction [9].
Among all, the ischemia-reperfusion injury is considered the most frequent and important etiology
that usually causes severe injury to the renal tubular cells [32,33].

3.1. The Kidney Ischemia-Reperfusion Injury and Autophagy

The ischemia-reperfusion injury occurs when an organ is exposed to a prolonged duration of
blood flow restriction with subsequent restoration of perfusion. The reoxygenation after ischemia
will exacerbate the tissue injury and inflammation response [34]. This pathophysiological process is
common in many diseases, such as myocardial infarction [35], ischemic stroke, acute kidney injury,
trauma, sleep apnea, hypovolemic shock, surgery, and organ dysfunction after transplantation [34].
After ischemia-reperfusion occurs, reactive oxygen species (ROS) in mitochondria will increase
and alter cell cycle, damage DNA, and lead to cell dysfunction and death [36]. These ROS and
damaged mitochondria are the major upstream cellular signals for the autophagy during renal
injury [37,38]. Previous data suggested that ischemia-reperfusion injury to the renal tubular cells
results in upregulating the autophagic activity [20,28]. The accumulation of apoptotic cells also
activates the autophagy. The activation of autophagy after ischemia is rapid and proceeds to tissue
damages or tubular apoptosis [39]. However, newer evidence suggested that prolonged autophagy
activations may have adverse effects after ischemic injury in mice. The persistent autophagy activation
may trigger renal cell death pathways and exaggerate the kidney damage [9,20]. Although the exact
mechanism responsible for the autophagy activation after AKI is still controversial, the autophagy
activation after AKI is crucial for the renal protections after AKI.

3.2. Autophagy Protects the Renal Cells from Acute Injury

Many studies have proven that the autophagy has renoprotective effects on the proximal tubular
cells during AKI [37,39]. Deletion of global Atg5 in mice results in a more vulnerable tubular cell
phenotype after exposure to hypoxemia and ROS [27]. Mice with the proximal tubules-specific Atg5
knockout exhibits an accumulation of the damaged organelles and proteins in the proximal tubules and
irreversible kidney injury [30,40]. The proximal tubule-specific Atg7 knockout mice also have increased
renal injuries [31]. Renal protective role of autophagy has also been shown in cisplatin-induced AKI
and sepsis-induced AKI. During the resolution phase of the AKI, modulation of autophagy can
promote tubular cell regeneration and repair [8,27]. Moreover, the severity of AKI is associated with
the possibility to progress to chronic kidney disease (CKD). Around 15% to 20% of patients with AKI
advance to end-stage renal disease [41]. It is important to study the role of autophagy affecting the
transition from AKI to CKD.

4. Autophagy in Chronic Kidney Disease

The incidence and prevalence of the CKD are increasing in the past two decades [32,42,43].
The CKD is a multifactorial disease with two major causes of CKD being diabetes and hypertension [43].
Other common causes of CKD include glomerulonephritis, polycystic kidney disease, kidney stones,
urinary infections, drugs, and nephrotoxins [44]. The increasing prevalence of CKD has become a
great burden to the healthcare system worldwide [32,44].
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4.1. Pathophysiology

Currently, the exact mechanism of CKD is still unknown. The final common pathway of CKD
involves glomerulosclerosis, vascular sclerosis, and tubulointerstitial fibrosis. The progression of the
CKD involves complex mechanisms, including glomerular hypertension, renin-angiotensin-aldosterone
signaling, podocyte homeostasis, dyslipidemia, tubulointerstitial fibrosis, and genetic factors.
Recent advances also show that autophagy has an important role in CKD [45–47]. CKD patients
have elevated oxidative stress and increased ROS production in mitochondria in addition to altered
body homeostasis, protein aggregation, and inflammation. Autophagy is essential in keeping the
balance of body homeostasis and protein recycling. Autophagy activation is critical in inflammatory
responses. Moreover, oxidative stress and ROS are both important regulators of autophagy. Clinical
data also show that patients with CKD have altered autophagy responses [48].

4.2. Our Previous Research

According to the 2016 guideline for autophagy monitoring, there is no absolute criteria that are
applicable in every clinical or experimental context for determining autophagic status. Although some
autophagy markers have been used to estimate the autophagic activity in patients, such as increase
synthesis or lipidation of LC3 and increase autophagosomes formation [49]. However, it is difficult to
measure the exact autophagy flux in clinical settings.

In 2013, we have designed a method to measure the autophagic function in leukocytes from
patients. LC3 proteins are involved in phagophore formation and characterized as autophagosome
markers. A cytosolic form of LC3 (LC3-I) is conjugated to phosphatidylethanolamine to form
LC3-II, which usually reflects the formation of autophagosomes. Previous studies showed that
the LC3-I level is very stable during starvation and that the LC3-II level is reflective of changes in
the autophagic function and flow. We, therefore, postulated that LC3-I can serve as an ideal control
in human leukocytes. The ratio of the 14 kDa LC3-II versus the 16 kDa LC3-I (LC3-II/LC3-I) in
leukocytes can serve as an indicator of autophagy flux. The ratio of LC3-II/LC3-I after fasting for
12 h (LC3-II/LC3-I-AC) versus LC3-II/LC3-I 2 h after breakfast (LC3-II/LC3-I-PC) in the same subject
can be calculated as γLC3 and regarded as an indicator of autophagy flux or activation. We enrolled
60 patients diagnosed with stages 4–5 CKD (30 with hemodialysis and 30 without hemodialysis),
and 30 healthy volunteers as the control group who were sex- and age-matched. In the CKD with
hemodialysis group, the blood sample was collected one day after hemodialysis. Using γLC3 as the
marker, we have measured the autophagy flux in CKD patients. The isolated LC3-I or LC3-II after
fasting or feeding showed no significant associations with healthy subjects and CKD patients with
or without hemodialysis. Overnight fasting increased autophagy flux and γLC3 in healthy subjects,
which were nearly absent in CKD patients. Moreover, hemodialysis could not correct the autophagy
flux deficiency in CKD patients. The Atg5 and Beclin-1 transcript levels also increased after starvation in
the healthy group, while there were no significant changes in the CKD group. Our data thus provided
the direct evidence supporting that CKD patients have impaired autophagy activation and could not
be reversed by hemodialysis. The γLC3 was a better autophagic activity indicator then the isolated
LC3-I or LC3-II [48].

We also highlighted the relationship between cardiovascular diseases in CKD patients using
echocardiography to measure the cardiac functions and structures. The γLC3 was negatively associated
with left atrial sizes; changes of the Atg5 transcript were negatively associated with LVEDD, and;
changes of the Beclin-1 transcript were negatively associated with diastolic mitral inflow E- and
A-wave values. The different autophagy markers are associated with different echocardiographic
parameters [48]. Because the increased LA size correlates with the increased incidence of atrial
fibrillation, stroke, acute myocardial infarction, and congestive heart failure [50], our observation
suggested a close relationship of autophagy and CKD-related cardiovascular diseases. The exact
mechanism of how CKD has autophagy deficiency is still unclear and will require further studies.
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4.3. Diabetic Nephropathy

Diabetic nephropathy is a major cause of CKD and end-stage renal disease worldwide [51,52].
Olivia Lenoir and colleagues have reported that high glucose concentration environs activated
autophagy in podocytes and protected the podocytes from hyperglycemia-related apoptosis [47].
Deficiency of autophagy activation by knockout Atg5 in diabetic mice resulted in more severe
proteinuria and impaired renal function [52,53]. Impaired autophagy in the kidney also resulted
in podocyte loss and massive proteinuria in diabetic nephropathy [54]. Decreased mTORC1 activation
in diabetic mice could stimulate autophagy and decrease glomerulosclerosis, proteinuria, and podocyte
loss to slow down progression to diabetic nephropathy [55].

However, there were some studies suggesting the opposite effect of high glucose on podocyte.
Through CASP3 activation, high glucose lead to podocyte apoptosis [56]. With the high glucose
stimulation, human podocytes exhibited a dramatically reduced LC3-II and Beclin-1 and decreased
autophagy activation [57]. The controversies are still unsolved, and more evidence is needed for
making the conclusion.

Currently, only a few studies have described the relationship between autophagic markers
and podocyte-specific proteins. The podocin protein is a key protein of the slit diaphragm of
podocytes. In patients with diabetic nephropathy and severe proteinuria, their kidney biopsy
samples express podocin with a granular and irregularly scattered pattern under immunofluorescent
study, whereas intense accumulation of p62 proteins is presented in glomeruli. In the 50-week-old
diabetic nephropathy rats model with massive proteinuria, the podocytes showed a reduction in
podocin-positive areas, p62 accumulation, a decrease of LC3-II, and alteration of foot processes.
These suggest that the insufficient autophagic function could cause podocytes injury in diabetic
nephropathy with severe proteinuria [58].

Autophagy also protects mesangial cells from undergoing apoptosis in diabetic nephropathy
after induced by TGF-β1 via TAK1 and PI3K–AKT-dependent pathways [55]. In proximal tubular
cells, autophagy activation is reduced by hyperglycemia while p62 is increased in both type 1 and
type 2 diabetes animal models [59,60]. Studies indicated that diabetic nephropathy is associated
with decreased autophagy activity and increased apoptosis [54,55,61]. These evidence support that
autophagy can be a therapeutic target for diabetic nephropathy [60].

4.4. Autoimmune Kidney Disease

Autophagy may regulate autoimmune responses by modulating innate immunity and lymphocyte
homeostasis [62]. Several studies have manifested the relationship between autoimmune diseases and
autophagy in both animal models and human studies. Autophagy helps to understand the mechanism
of autoimmune diseases and open the possible therapeutic strategies in systemic lupus erythematosus
(SLE), Sjögren’s syndrome, Crohn’s disease, rheumatoid arthritis, multiple sclerosis, and type 1
diabetes mellitus. [63,64]. The Lupus nephritis is the most common of all and manifested as severe
complications of the SLE. Severe lupus nephritis can lead to end-stage renal disease and is an important
predictor of mortality in SLE patients [65]. The lupus nephritis results from complement activation,
autoantibody formation, immune complexes formation, and dysfunctional adaptive immune responses.
The autophagy interacts with these processes and preserves renal function [66]. Some SLE patients
have activated autophagic genes, such as Atg5 and Atg7. They also have increased autophagic vacuoles
in B cells, T cells, and macrophage in peripheral blood mononuclear cells [64,67]. Current evidence
suggest that lupus nephritis may be associated with renal Epstein–Barr virus infection, which can
induce autophagy in B cells in a dose-dependent manner [68,69]. In the mice lupus nephritis model,
podocytes exhibit autophagy activation that protects renal function from deterioration. The mice
podocytes from lupus nephritis have increased autophagosomes, increased LC3-II/LC3-I ratios, and
decreased p62 [70]. The aggregated lupus autoantibodies can assist injured podocytes being degraded
by autophagy activation [71]. Several drugs given to SLE patients are mTOR inhibitors which can
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induce the autophagy activity, suggesting autoimmune diseases are related to autophagy dysfunction
and therefore give rise to future possible therapeutic intervention options [64].

4.5. Infection

Severe systemic infection and sepsis induce a cytokine storm and influence multiple tissues and
organs including the kidney. Autophagy is up-regulated early after sepsis and protects organs from
pathogen by modulating the immune systems and regulating macrophage, dendritic cells, B cells,
CD4+, and CD8+ T cells functions. [63,72]. Autophagy has been suggested to protect kidneys against
septic kidney injury [41,66,73]. In the cecal ligation and puncture mice model, the sepsis induced
by the peritoneal infections activates the autophagy. The activated autophagy protects the kidney
function by decreasing circulating cytokines and endothelial activation [41]. In a sepsis rat model, the
decline of autophagy response is associated with the development of kidney injury. Knockdown of
Atg7 decreases tumor necrosis factor α-related proximal tubular cell death, which can be reversed
with rapamycin [73]. Autophagy harbors the capacity to both pro- and anti-inflammatory responses
to suppress sepsis-induced kidney injury through regulation of infection and through targeting
inflammasome and type I interferon responses [66]. These observations suggest that autophagy may
be a therapeutic target to protect kidney injury from sepsis.

4.6. Renal Tubulointerstitial Diseases and Ureter Obstruction

On 2010, Li and colleagues demonstrated that autophagy was significantly activated in a unilateral
ureteral obstruction mice model. The conversion of LC3-I to LC3-II, activation of Beclin-1, and
accumulation of autophagosomes with massive autophagic vesicles were observed in atrophic tubules
with tubulointerstitial injury [74]. Mice with LC3B knockout exhibited a deficit in autophagy activation
and severe tubulointerstitial fibrosis after ureter obstruction [75]. The development of tubular atrophy
and nephron loss correlated with autophagy in a time-dependent manner [13]. However, persistent
activation of autophagy in kidney tubular cells would promote renal interstitial fibrosis through
fibroblast growth factor 2 [76]. These studies suggested that the balance of autophagy activation
is important in regulating the tubulointerstitial function and renal fibrosis in obstructive kidney
disease [27].

4.7. Toxic Effects of Drugs

Nephrotoxicity of many therapeutic medications can cause acute kidney injuries and worsening
renal function in patients with CKD. The non-steroidal anti-inflammatory drugs, iodinated
contrast medium, and cisplatin are important drugs causing nephrotoxicity related acute kidney
injuries. Recently, in vitro studies have shown that iodinated contrast leads to enhancement of
mitophagy, and may protect kidneys from iodinated contrast related renal tubular epithelial injury.
The mitophagy is one type of the autophagy that can selectively remove the damaged mitochondria [77].
Cisplatin-induced AKI involves multiple mechanisms, including proximal tubular injury, oxidative
stress, inflammation, and vascular injury. The injury is predominantly acute tubular necrosis in
the proximal tubules [78–80]. Previous studies suggest that the autophagic responses to cisplatin
treatment may protect many types of cancer cells and result in cisplatin resistance [78]. Cisplatin
also activated autophagy in the proximal tubules with massive autophagosome formation and LC3-II
accumulation for protection purpose [79,81]. Also, in proximal tubule-specific Atg5-knockout mice,
cisplatin prompted more severe DNA damage and p53 activation, as well as accumulated more protein
aggregates in proximal tubules [79,82]. Furthermore, rapamycin, an mTOR inhibitor, could treat the
cisplatin-induced AKI in mice to improve renal function [78,79]. Oral anti-diabetic agents, metformin,
also activated the autophagy and protected against cisplatin-induced tubular injury by activating
autophagy cascades and slowing down the apoptosis of tubular cells [83]. These data indicated that
autophagy can protect renal tubule injury against cisplatin [29].
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The Adriamycin- and Puromycin aminonucleoside-induced podocyte apoptosis is widely used for
studying the pathophysiology of glomerular diseases in vitro and in vivo. The activation of autophagy
with rapamycin could suppress the Adriamycin-induced apoptosis while inhibiting autophagy with
chloroquine enhanced apoptosis. The podocyte-specific Atg7 knockout mouse model described
the aggravated podocyte injury, glomerulopathy, and proteinuria after adriamycin treatment [84].
The upregulation of LC3-positive autophagosomes protects puromycin aminonucleoside-induced
nephrosis in rats in vivo and immortalized mouse podocytes in vitro [85]. Puromycin aminonucleoside
reduces the autophagy in human podocytes with the activation of mTORC1. When inhibiting
autophagy with the 3-methyladenine or chloroquine, the podocyte apoptosis increased significantly
along with the elevation of active caspase-3 [86]. The rapamycin activated autophagy led to decreased
proteinuria and less severe foot-process effacement [87] (Figure 3). Collectively, this evidence supports
autophagy may be an early adaptive cytoprotective mechanism for podocytes under Adriamycin and
puromycin aminonucleoside-induced apoptosis intervention.

Although evidence has explicated the relationship between toxin/drug and the autophagy in the
kidney, future studies are still necessary to investigate the mechanism of autophagy in many other
nephrotoxic agents.

 

Figure 3. Overview of the different medications that regulate autophagy in different steps, including
Rapamycin, Adriamycin, Puromycin, 3-methyladenine and Chloroquine.

4.8. Cystic Disease (Polycystic Kidney Disease)

Autosomal dominant polycystic kidney disease (ADPKD) is one of the most prevalent inherited
renal cyst diseases and frequently leads to end-stage renal disease. The main cause of this disease
is gene mutation. Approximately 85% of the mutations in ADPKD occur in the pkd1 gene encoding
for polycystin-1, and 10–15% in its interaction partner pkd2, encoding for polycystin-2. These ciliary
proteins are involved in cellular repair and growth mechanisms [88].

Both in vitro and in vivo studies have shown that multiple autophagic molecular parameters and
signaling pathways are involved in ADPKD, including mTOR, cyclic adenosine monophosphate, and
several growth factors [89]. The current evidence suggests that autophagy processes may relate to
the cystic formation and size growth by activating the mTOR signaling pathway [89,90]. ADPKD
is a cilia-related disease and autophagy activation is essential in ciliogenesis [12]. Studies revealed
that autophagy regulates cilia length by modulating protein synthesis and degradation. Through
modulating autophagy activation, the primary cilium controls epithelial cell volume in a fluid
flow dependent manner [91]. The ADPKD exhibiting autophagosome increases with LC3-II and
Beclin-1 overexpression in tubular cyst-lining cells, suggesting autophagic flux dysregulation [1]. In a
mice model with mutated PKD1 and patients with ADPKD, autophagy activation is impaired [92].
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Polycystin-1 negatively regulates polycystin-2 via the autophagosomes-dependent pathway. Failure of
pathogenic polycystin-1 mutants to induce this function may lead to ADPKD [93]. All this evidence
suggests that the ADPKD may be present with dysfunctional autophagy [1,94]. Currently, the
regulation of autophagy in ADPKD is incompletely understood. Autophagy may be one of the
therapeutic targets in the future.

4.9. Autophagy in Aging-Associated CKD

Aging is associated with a deterioration and imbalance of the general homeostasis ability, which
results in loss of the compensation mechanism in the kidneys. In the elderly population, the prevalence
of non-dialysis CKD is markedly higher. The normal aging kidneys exhibit decreases in renal
mass, increases in parenchymal tissue fibrosis and fat deposition, and accumulation of glomerular
sclerosis [95,96]. Development of CKD is a major risk factor of ESRD in the elderly population.
The mortality among the age of 75 with CKD is double compared to the healthy population [97,98].

The podocyte-specific Atg5 knockout mice develop glomerulopathy gradually during aging.
The podocytes without Atg5 have decreased organelles turnover with the accumulation of
ubiquitinated and oxidative protein. The deficiency of autophagy and proteasome pathways leads to
proteinuria, loss of podocytes, and development of glomerulosclerosis in aging mice [22]. In aging
mice, podocyte-specific autophagy-deficient mice have mild forms of glomerulosclerosis compared
with tubular cell-specific autophagy-deficient mice [66]. Yamamoto and colleagues demonstrated
that proximal tubule-specific deletion of Atg5 in mice resulted in significant deteriorations of kidney
function and fibrosis at 24 months of age [99]. These results indicate that tubular cells play an
important role in aging-related autophagy regulation of kidney function. The inability of older
mice to recover from AKI has been attributed to an age-dependent loss of autophagy resulting in
CKD [41]. These results suggest that autophagy is vital for maintaining kidney tissue homeostasis and
aging-associated injury [3].

Caloric restriction has been shown to strongly induce autophagy in kidneys and slow down the
process of interstitial fibrosis and tubular atrophy [100]. Moreover, caloric restriction prolongs lifespan
in animals and decreases the age-related mitochondrial oxidative damage and the kidney tissue injury
by enhancing autophagy [101,102]. Caloric restriction in AKI with rats of different ages suggests that
the caloric restriction can significantly increase autophagy activation by increasing LC3-I/LC3-II ratio
and improving renal function. The nephroprotection effects gradually decline with the age due to
deteriorations of the autophagic system [103]. The mTOR pathway acts as a two-way regulator during
starvation and caloric restriction in rat. At first, the mTOR inhibition activates autophagy to form
autophagolysosome and breakdown the cellular content for regeneration to further protect the kidney
function. However, prolonged starvation will reactivate the mTOR pathway and inhibit autophagy
by negative feedback and accumulation of autophagolysosome degradation content. [104]. Therefore,
a balanced caloric restriction strategy taking into consideration of the autophagy activation is one of
the therapeutic options to delay the progression of CKD among elderly patients [100].

5. Autophagy in Dialysis and Renal Transplantation

The end-stage renal disease is the most severe outcome of CKD and can only be treated with
dialysis or renal transplantation. Patients with end-stage renal disease have increased risks of
cardiovascular disease, cerebrovascular accident, infection, and cognitive impairment [44].

Until recently, very few studies have investigated the relationship between dialysis and autophagy.
Our previous study indicated that autophagy flux could not be rescued by hemodialysis in patients
with end-stage renal disease, suggesting that hemodialysis has no role of modulating autophagy [48].
When it comes to peritoneal dialysis (PD), one study suggests that autophagy stimulates the fibrosis
and apoptosis in peritoneal mesothelium cells due to long-term exposure to the high-glucose peritoneal
dialysis solution. The activation of Beclin 1-dependent autophagy results in decreases of the viability
of peritoneal mesothelium cells and finally PD failure [105]. Another study, however, suggests that
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the PD solution promotes autophagosome formation and decreases cells death to maintain the PD
function [106]. Therefore, future studies are required to understand the exact relationship of dialysis
and autophagy regulation.

Renal transplantation is considered as the definitive treatment to ESRD. Currently, some evidence
supports the connections between autophagy and renal transplantation. The mTOR inhibitor is
frequently used in renal transplantation as an immunosuppressant, including rapamycin, sirolimus,
and everolimus. Rapamycin inhibits T cell proliferation and activates autophagy to maintain the renal
homeostasis [107,108]. Cyclosporine is another immunosuppressive drug commonly used in renal
transplantation patients [109]. Cyclosporine induces autophagy in primary cultured renal tubular cells.
After treatment of cyclosporine in mice, the kidney proximal tubule cells exhibit an increase in numbers
and sizes of autophagosomes and autophagy flow [110]. Deficiency in autophagy function will lead
to an exacerbation of cyclosporine-related endoplasmic reticulum stress and renal injury [110,111].
Another indirect clue is that a kidney from elderly donors is now considered to have a higher risk
of post-transplant ischemic injury, which may be due to the decline of autophagy activation with
aging [107,112].

6. Therapeutic Consideration and Conclusion

Autophagy defects can occur at different stages of the pathway in CKD, and this may influence
treatment strategies. Early studies examine the rapamycin through upregulating autophagy to enable
the clearance of intracytoplasmic aggregation-prone proteins. Rapamycin is currently the only drug
that could be used to target autophagy in CKD treatments. However, the long-term side effects of
rapamycin should be taken into consideration [7]. Some studies have used the rapamycin under
intermittent dosing protocols in mice that could create pulsatile upregulation of autophagosome
formations. This gives us a possible therapeutic regimen to reduce rapamycin side effects in patients.

6.1. Future Therapeutic Considerations

Several candidate drugs targeting autophagy have been shown to inhibit or activate the autophagy
function. However, many of them are still under animal trials or early phase clinical trials and
are not ready to be used clinically. Some drugs that are used clinically for other diseases also
are found to have the potential to regulate autophagy through different autophagic pathways.
The psychotropic drug lithium, carbamazepine, and valproic acid can activate autophagy through the
phosphatidylinositol signaling pathway. The clonidine and rilmenidine act as the imidazoline receptor
agonists to enhance autophagy. Verapamil targets L-type Ca2+ channels to modulate autophagic flux.
Metformin upregulates AMPK signaling and induces autophagy function. In contrary, chloroquine
is a lysosomotropic agent that inhibits autophagosome-lysosome fusion and lead to autophagy
downregulation [113]. Ultimately, whether autophagy represents a useful target in CKD prevention or
treatment will need to be addressed by conducting clinical trials in patients in the future.

6.2. Conclusions

We summarize the autophagy pathophysiology in chronic kidney disease (Figure 4). The exposure
of normal kidneys to selective stresses, such as ischemic-reperfusion injury, toxin, and sepsis, will
result in acute kidney injury, ROS accumulation, and autophagy activation. The protective mechanisms
of autophagy take place in podocytes, mesangial cells, and tubular cells, help repair and regenerate
the damaged kidneys. After several episodes of stresses, the balancing by the autophagic repair
mechanism cannot keep up and CKD ensues. Different CKDs also modulate autophagy in diverse
pathways and help to slow down the progression to ESRD as in Table 1.
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Figure 4. Diagram depicting the roles of autophagy in various chronic kidney disease. DN: diabetic
nephropathy; LN: lupus nephropathy; APCKD: adult polycystic kidney disease.

Table 1. Overview of the autophagy in chronic kidney diseases (CKD).

CKD Categories Reference

Diabetes
Nephropathy

(DN)

Increase

• High glucose environment activates autophagy in podocytes [47]

• Atg5 knockout mice with DM result in more severe proteinuria and
renal failure

[52,53]

• Reduced mTORC1 activation stimulates autophagy and protects
DN progression

[55]

• DN activates TGF-β1 via TAK1 and PI3K–AKT-dependent pathways
and protects mesangial cells from apoptosis

[55]

Decrease

• High glucose activates CASP3 and leads to podocyte apoptosis [56]

• High glucose reduces LC3-II and Beclin-1 in podocytes and decreases
autophagy activity

[57]

• High glucose reduces autophagy activity in proximal tubular cells [59,60]

• DN decreases autophagy activity and increase apoptosis [54,55,61]

Lupus nephritis
(LN)

Increase

• SLE activates autophagic genes (Atg5 and Atg7) and increases
autophagic vacuoles in B cells, T cells and macrophage in peripheral
blood mononuclear cells

[64,67]

• EBV related LN induces autophagy in B cells in a
dose-dependent manner

[68,69]

• Podocytes increase autophagosomes, increase LC3-II/LC3-I ratios,
and decrease p62 to protect renal function

[70]

• mTOR inhibitor improves LN by inducing autophagy activity [64]

Infection

Increase

• Early autophagy up-regulation after infection modulates the immune
system and regulates immune cells function including macrophage,
dendritic cells, B cells and CD4+, and CD8+ T cells.

[63,72]

• Cecal ligation and puncture mice model activates autophagy to
protect renal function

[41]

• Atg7 knockout mice increase tumor necrosis factor-α promote tubular
cells death. Rapamycin may reverse the effect.

[73]

• Autophagy regulates infection through targeting inflammasome and
type I interferon responses

[66]
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Table 1. Cont.

CKD Categories Reference

Tubulointerstitial
injury

Protect

• UUO increases conversion of LC3-I to LC3-II, activation of Beclin-1,
and accumulation of autophagosomes

[74]

• LC3B knockout mice have more severe tubulointerstitial injury [75]

• Tubular atrophy and nephron loss correlate with autophagy in a
time-dependent manner

[13]

Damage

• Persistent activation of autophagy promotes interstitial fibrosis
through fibroblast growth factor 2

[75]

Toxic/Drugs

Iodinated contrast

• Enhance mitophagy protects kidneys from tubular epithelial injury [77]

Cisplatin

• Autophagic activation protects some cancer cells and results in
cisplatin resistance

[78]

• Cisplatin activates autophagy in the proximal tubules with
autophagosome formation and LC3-II accumulation

[79,81]

• Atg5 deficiency results in more severe tubular damage and can be
reversed by rapamycin

[78,79,82]

• Metformin increases autophagy and protects renal from
cisplatin-induced tubular injury

[83]

• Adriamycin/Puromycin aminonucleoside

• Adriamycin and Puromycin aminonucleoside activate mTOR
pathway to inhibit autophagy causing podocyte apoptosis

[84,85]

Autosomal
dominant

polycystic kidney
disease

(ADPKD)

Dysregulation

• Autophagy is related to the cystic formation and size growth by
activating the mTOR signaling pathway. Autophagy regulates cilia
length by modulating protein synthesis and degradation

[89–91]

• Increased autophagosome formation and LC3-II/Beclin-1
overexpression in tubular cyst-lining cells;ADPKD may present with
dysfunctional autophagy

[1,94]

Aging-Associated
CKD

Deficiency

• Autophagy deficiency leads to proteinuria, loss of podocytes, and
development of glomerulosclerosis in aging mice

[22]

• Proximal tubule-specific Atg5 deletion mice result in significant
deteriorations of kidney function and fibrosis at 24 months of age

[99]

• Inability of older mice to recover from AKI in an
age-dependent manner

[41]

• Caloric restriction prolongs lifespan and decreases kidney tissue
injury by enhancing autophagy

[101,102]

At the turning point of autophagy research in the early 1990s with the identification of
the autophagy-related gene, many researchers have devoted their efforts to finding the potential
therapeutic use of autophagy in human diseases. The relationships between autophagy and kidney
diseases are well-founded, but there is still no clinically useable agent targeting the autophagic pathway
for patients with CKD or AKI. The complex nature of CKD or AKI further complicates the development
of therapeutic advancement. The evidence from mice or cells have provided us with comprehensive
mechanistic insights into the etiology and pathophysiology of the disease. Since autophagic machinery
has a vital role in controlling immunity, it will be crucial for clinicians to monitor the occurrence of
infection and autoimmune diseases with autophagy inducers or inhibitors [104]. Besides, inhibition
or activation of the autophagy will impact multiple aspects of organism physiology with various
effects [114–116]. Therefore, it is necessary to take these diverse interactions into consideration
when developing autophagy-targeting drugs. In the end, medications developed by tackling these
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mechanistic pathways still require prospective and randomized trials to verify their therapeutic
potentials and adverse events when administered in humans.
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Abstract: Autophagy is a physiological process that helps maintain a balance between the manufacture
of cellular components and breakdown of damaged organelles and other toxic cellular constituents.
Changes in autophagic markers are readily detectable in the spinal cord and brain following
neurotrauma, including traumatic spinal cord and brain injury (SCI/TBI). However, the role of
autophagy in neurotrauma remains less clear. Whether autophagy is good or bad is under debate,
with strong support for both a beneficial and detrimental role for autophagy in experimental models
of neurotrauma. Emerging data suggest that autophagic flux, a measure of autophagic degradation
activity, is impaired in injured central nervous systems (CNS), and interventions that stimulate
autophagic flux may provide neuroprotection in SCI/TBI models. Recent data demonstrating that
neurotrauma can cause lysosomal membrane damage resulting in pathological autophagosome
accumulation in the spinal cord and brain further supports the idea that the impairment of the
autophagy–lysosome pathway may be a part of secondary injury processes of SCI/TBI. Here, we review
experimental work on the complex and varied responses of autophagy in terms of both the beneficial
and detrimental effects in SCI and TBI models. We also discuss the existing and developing therapeutic
options aimed at reducing the disruption of autophagy to protect the CNS after injuries.

Keywords: spinal cord injury; traumatic brain injury; autophagy; autophagic flux; neuronal cell
death; lysosomal damage

1. Introduction

The role of autophagy after the central nervous system (CNS) insults is under perusal,
as investigation has begun to determine how autophagy and related pathways contribute to secondary
injury and functional recovery following neurotrauma [1–5], including spinal cord injury (SCI) and
traumatic brain injury (TBI). Whether detected autophagic responses to injury are protective or
detrimental remains controversial, with experimental reports revealing protective effects of both
enhancing and hindering autophagy [1,6].

Autophagy is a vital intracellular degradation pathway that delivers cytoplasmic constituents to the
lysosomes for degradation [7]. There are three different types of autophagy that have been descripted
so far, including macroautophagy, microautophagy, and chaperone-mediated autophagy [8–10].
In addition, several types of targeted autophagy have been described, including mitophagy, which
is a selective form of macroautophagy that specifically targets and degrades damaged mitochondria.
Macroautophagy involves the formation of a cytoplasmic membrane that engulfs cargo and eventually
elongates to form double-membrane vesicles termed autophagosomes. It culminates in the fusion of
cargo-containing autophagosomes to the lysosomes and the degradation of the cargo by lysosomal
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hydrolases [11]. As macroautophagy is the best characterized form of autophagy, hereafter, the term
autophagy refers to macroautophagy unless otherwise specified. Under normal conditions, autophagy
is an essential physiological process that maintains a balance between the manufacture of cellular
components and breakdown of damaged organelles and other toxic cellular constituents. Its processing
is strictly regulated under physiological conditions [12]. Recent considerable progress has demonstrated
that autophagy is dysregulated in injured CNS following trauma, and may play either beneficial
or detrimental functions after injury, depending on the context and the mechanisms leading to its
perturbation [1,6,13,14]. Emerging data also suggest that the restoration and/or augmentation of proper
autophagy function, for example by inducing lysosomal biogenesis, may be a potential therapeutic
target for TBI and SCI.

This review explores the current research on the function and mechanisms of autophagy in two
models of CNS injury: SCI and TBI. Cell-type specific responses of autophagy are discussed according
to different locations, severity, and time windows of traumatic injury. We discuss recent findings
suggesting that impairment of the autophagy–lysosomal pathway may be part of the secondary injury
processes of SCI/TBI. We also review recent studies and novel mechanistic discoveries on cytosolic
phospholipase A2 (cPLA2) participation in lysosomal damage, and provide therapeutic options,
with an emphasis on the pharmacological modulation of autophagy and lysosomal biogenesis for
neuroprotection and the prevention of neuroinflammation after CNS trauma.

2. Traumatic Spinal Cord and Brain Injury and Their Injury Mechanisms

According to the National Spinal Cord Injury Statistical Center [NSCISC, 2018], in the United States
(U.S.), there are approximately 288,000 people living with SCI, and 17,000 new SCI cases occur each
year. The impact of these injuries is devastating for individuals, and the health care costs associated
with the injury are some of the highest in the U.S. [15,16]. Experimental and clinical studies [17–21]
have indicated that acute SCI is a two-step process involving primary and secondary mechanisms.
Primary injury of the spinal cord refers to the initial mechanical tissue damage. It also includes
ruptured microvessels in the spinal cord, and subsequent hemorrhage and edema that are associated
with secondary injury. SCI-mediated secondary injury processes include a cascade of biochemical
and cellular events [22], such as free-radical formation, excitatory amino acid release, axonal damage,
neuronal and oligodendroglial cell death, the infiltration of macrophages and peripheral immune cells,
microglia, and astrocyte activation/glial scar formation. These delayed secondary injury processes can
occur over hours, days, and months after initial impact [23,24], contributing to progressive neuronal
degeneration and neurological dysfunction. Despite considerable research over the past 30 years,
there is still no established effective treatment to improve recovery following SCI. In part, this reflects
an incomplete understanding of the complex secondary pathobiological mechanisms involved.

TBI represents a major public health problem, with more than 1.7 million new cases annually
in the United States [25] and accounting for 60% of all trauma deaths in the U.S. [26]. Similar
to SCI, TBI causes cell loss and neurological functional deficits through both the direct physical
damage of tissue (primary injury), and through subsequent biochemical changes (secondary injury).
The latter reflects delayed and potentially reversible molecular and cellular pathophysiological
mechanisms [27,28], which begin within seconds to minutes after the primary insult, and may continue
for months to years [29,30]. Such secondary injury processes, similar in SCI, lead to cellular changes
that include neuronal and oligodendroglial cell death, as well as microglia and astrocyte activation
and glial scar formation. Although most of the research to date has been directed at early cellular
and molecular events, both experimental and clinical evidence suggests that CNS trauma-mediated
pathophysiological changes may continue for years [30–33], leading to chronic post-mitotic cell loss
and microglial/astrocytes activation, and contributing to chronic functional deficits.

Cell death after neurotrauma is a major cause of neurological deficits and mortality. Although CNS
injury induces changes in multiple cell types such as neurons and oligodendrocytes, the mechanisms
of neuronal cell death have been the predominant focus. There are multiple cell death mechanisms
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in injured CNS following trauma [34,35]. Three main morphological types of cell death include
apoptosis, autophagic cell death, and necrosis. Molecular and biochemical pathways that are
involved in cell death after both TBI and SCI include, among others, caspases-dependent apoptosis
(the Bcl-2 family), cell cycle activation-dependent pathways, the autophagy-related (ATG) protein
family-mediated cell death (autophagy), caspase-independent programmed cell death [including
extracellular-signal-regulated kinase 2 (ERK2), poly[Adenosine diphosphate (ADP)-ribose] polymerase
(PARP)-1, apoptosis-inducing factor (AIF)], calpains and cathepsis-mediated calcium-dependent
cell death, and the c-Jun N-terminal kinase-mediated non-apoptotic cell death (oncosis) [34,36,37].
Interestingly, apoptosis and autophagy share many regulatory factors, including the Bcl-2 family
proteins [38]. The pro-apoptotic B-cell lymphoma 2 (Bcl-2) proteins Bim, Bid, and Bax, are known
mediators of lysosomal membrane permeabilization (LMP) [39–42], while the anti-apoptotic Bcl-1 and
Mcl-1 negatively regulate autophagy through interaction with Beclin 1. Additionally, necroptosis, the
regulated receptor interacting protein kinase (RIPK)-dependent necrosis pathway, may also contribute
to secondary neuronal cell death after CNS insults [3,43,44]. Obstacles to successful therapy against
neurotrauma-induced neuronal cell death include the diversity of cell death pathways, which have
both overlapping and distinct molecular mechanisms, and the narrow therapeutic windows for some
types of neuronal cell death [34,45]. Thus, we emphasize that the effective neuroprotective strategies
will need to concurrently modulate multiple signaling pathways to reflect the spatial and temporal
changes underlying the diversity of neuronal cell death.

Stimulation by pro-inflammatory cytokines, chemokines, or alterations in the CNS environment
induces microglial activation and the attraction of macrophages to the injury site [46,47]. Activated
microglia undergo a transition from a resting, ramified phenotype to a phagocytosis-capable,
‘macrophage-like’ phenotype that is virtually indistinguishable from blood-borne macrophages [48–50].
Microglia and macrophages are found in the injured CNS within 12 to 24 h post-injury, with maximal
concentration at four to eight days post-injury [49,51]. These cells produce free radicals, nitric oxide,
and arachidonic acid derivatives, as well as a number of cytokines and chemokines in an effort to
remove debris and dysfunctional cells. However, excessive inflammation may also result in the death
of neighboring undamaged cells [52–56]. It is reported [57] that the activation of microglia-associated
inflammatory factors may continue indefinitely after CNS trauma: certainly, it lasts for many months
in rodents.

3. Autophagy, Autophagy Flux, and the Lysosomal Functions in Neurotrauma

3.1. Autophagy and Autophagy Flux

The process of autophagy includes several essential steps, including the induction, sequestration of
cargo within the autophagosomal membrane, maturation of the autophagosomes, and degradation [12,58].
While baseline autophagy proceeds at all times, in adverse conditions such as environmental stress,
nutrient starvation, or acute cellular injury, it is further activated. Cytoplasmic components including
damaged organelles and toxic protein aggregates are sequestered by a unique membrane called the
phagophore or isolation membrane. Complete sequestration by the elongating phagophore results
in the formation of the autophagosome, which is typically a double-membraned vesicle. Then,
autophagosomes are transported within the cell and fuse with lysosomes. Then, the inner membrane
of the autophagosome and the cytoplasm-derived materials contained in the autophagosome are
degraded by lysosomal hydrolases. The whole process of autophagy is referred to autophagic flux [7],
which represents the dynamic process of autophagy from cargo sequestration to its degradation.

Completion of the autophagic flux requires the coordinated activity of various members of
the autophagy-related (ATG) protein family [59,60]. For example, ATG13, ATG101, and FIP200
(homolog of yeast ATG17) are part of the ULK1 kinase complex that initiates autophagy. ATG9 also
mediates an essential function in early autophagosome formation. Expansion of the autophagosomal
membrane depends on two ubiquitin-like conjugating systems: the ATG12–ATG5–ATG16L system
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and the phosphatidylethanolamine (PE)–LC3 system. LC3 is the commonly used name for
microtubule-associated protein 1 light chain 3β (MAP1LC3B). Upon activation of the autophagic
pathway, the cytosolic, proteolytically processed form of LC3 (termed LC3-I) is lipidated to form LC3–PE
(termed LC3-II), which is specifically recruited to the phagophore membrane. LC3-II accumulates on
autophagosomal membranes and—through interaction with adaptor proteins—helps recruit substrates
that are tagged for autophagic degradation. Thus, LC-II levels correlate well with autophagosome
numbers. In addition, rapamycin complex 1 (MTORC1) operates as a central suppressor of autophagy.
Conversely, beclin 1 (BECN1), a regulatory subunit of the type III phosphatidylinositol (PI) 3 kinase,
promotes autophagy by promoting the formation of phosphatidylinositol 3 phosphate, which is
necessary for autophagosome formation [60]. Moreover, ubiquitylated structures, including protein
aggregated and in some cases mitochondria, are bound by the autophagic adaptor sequestosome 1
(SQSTM1; also known as p62), which enables their uptake by autophagosomes through LC3-II [61].
p62/SQSTM1 is one of several factors that target specific cargoes for autophagy, also including
NBR1 [neighbor of breast cancer type 1 (BRCA1) gene], NDP52 (nuclear domain 10 protein 52), and
OPTN (optineurin).

A number of methods are currently utilized to assess autophagic flux [62]. Transmission electron
microscopy can be used for the partial analysis of the autophagosome pool size in vitro and in vivo
without a time dimension. One of the most common ways to monitor autophagy is by measuring
LC3-II protein turnover, which is incorporated into autophagosomes and then degraded in the
lysosome. There are many different ways to measure LC3-II protein levels, including Western blot
and immunofluorescent microscopy. However, these methods are complicated by the LC3-II levels
increasing with autophagy induction due to increased autophagosomal formation, but also decreasing
as these autophagosomes are turned over. Thus, a more reliable way to accurately monitor LC3-II
levels is with a flux assay that uncouples autophagosome formation from its degradation by using
lysosomal inhibitors such as bafilomycin-A1 (V-ATPase inhibitor) or chloroquine (a lysosomotropic
compound that neutralizes lysosomal pH). As the flux is a rate, an analysis of both LC3-II and p62
levels over time in the presence and absence of lysosomal inhibitor is required. Another possibility
in vitro is monitoring the half-life of labeled long-lived proteins that are known to be degraded via
autophagy [63]. Fluorescence microscopy is an extremely valuable tool for the assessment of autophagic
flux and the autophagosome pool size per cell. Use of the green fluorescent protein (GFP)–LC3 reporter
allowing direct visualization of autophagosomes has been especially valuable. It is widely used for the
evaluation of autophagy flux in vitro via image-based flux assay and live cell microscopy, and of the
autophagosome pool in vivo using transgenic GFP-LC3 reporter mice. Recent developments of the
dual RFP-GFP-LC3 reporter further improved the evaluation of autophagy flux. It takes advantage of
differential pH sensitivity of GFP (acid labile) and RFP (acid stable) to directly assess the fusion of
autophagosomes (red and green) with lysosomes to form autolysosomes (red only) [62]. However,
it remains challenging to employ these techniques in vivo in a manner that uniformly expresses
autophagic flux quantitatively and assesses the magnitude of change in flux.

3.2. Impairment of Autophagy Flux in SCI and TBI

Increased markers of autophagy have been observed in different experimental SCI models [64–68].
Several reports indicate that the accumulation of autophagosomes is initiated very early during
secondary injury, in some cases within hours after the initial impact. In SCI, depending on the injury
models and severities as well as different species and sex, some reported significant increases in
expression levels of the autophagosome marker LC3-II during the first 24 h after SCI [3,4,67,69,70],
whereas others have only detected a delayed increase of this marker three to seven days after
injury [64,65,68,71–73]. In some cases, the expression of Beclin 1, a key protein in the initiation of
autophagy [74], has been reported to increase after SCI, supporting the hypothesis that SCI may lead
to an increase of autophagy initiation [64,65,73,75,76]. However, other works have reported unaltered
levels of Beclin 1 and other upstream mediators and regulators of autophagy [4,68], suggesting that
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increased autophagy initiation is unlikely to account for an increase in the number of autophagosomes.
The p62/SQSTM1 protein, similar to all autophagy cargo adaptors, is degraded by autophagy along
with its cargo. Therefore, provided no changes in transcription/synthesis are observed, p62 levels
can be often used to approximate the autophagy-dependent degradation rate, with low levels of
p62 protein associated with high autophagy flux (high degradation) and high p62 levels associated
with low autophagy flux (inhibited degradation). Most reports describe the accumulation of both
LC3 and p62 in the damaged spinal cord tissues [3,4,68]. Since p62/Sqstm1 mRNA expression is not
changed after SCI, this suggests that an accumulation of autophagosomes after SCI is likely a result of
inhibited autophagy flux rather than its increased initiation [1]. This includes diverse injury models
such as acute contusion SCI in male rat [4] and male mouse [3] and chronic spinal cord compression in
both sexes [66,77]. The inhibition of autophagy flux was also recently reported following moderate
contusion SCI in GFP–LC3 male mice [3], and demonstrated the accumulation of both GFP–LC3
positive autophagosomes and p62 in the same cells near the injury site. Although autophagic changes
in response to SCI show some discrepancies observed among studies, species, injury models, and
injury severities, the vast majority of data support the inhibition of autophagic flux in the damaged
spinal cord.

Increased markers of autophagy, including LC3-II, beclin1, p62, and autophagosomes, have
been reported in human TBI autopsy samples [78,79], as well as in cerebrospinal fluid (CSF) [80].
TBI-mediated accumulation of p62 in both brain autopsy samples [78] and CSF [80] is associated with
injury severity and worse recovery [80], and likely reflects an impairment of autophagic flux. Similarly,
in experimental models of TBI, LC3-II expression levels as well as the accumulation of autophagosomes
observed by electron microscope [81] has been demonstrated in the injured brain [79,82–84]. However,
autophagy flux has not been directly assessed until more recently [62]. Interestingly, these data indicate
that unlike in the spinal cord, in the brain, the autophagic flux capacity may be dependent on injury
severity [14]. Supporting this possibility, the accumulation of p62 appears most pronounced at or
near the lesion area after moderate to severe injury in both rodent TBI models [5,85] and human
TBI brain samples [78]. The initiation of autophagy is not changed after moderate/severe injury in a
controlled cortical impact (CCI) model [85]. Recently, an inhibition of autophagy flux was also reported
in GFP–LC3 mice after moderate CCI [5], and further confirmed by ex vivo flux assay in organotypic
brain slices in the presence or absence of a lysosomal inhibitor (chloroquine). Conversely, in a mild
CCI model [85], p62 was reduced in the ipsilateral cortex accompanied by increased beclin 1, ATG5,
and ATG12, suggesting the enhancement of autophagy initiation. Increased autophagy has also been
reported in rat models of TBI following a fluid percussion injury [83] and CCI [86,87]. Bayir et al. [88]
reported that increased LC3-II after moderate CCI injury on postnatal day 17 rats is more prominent
in male versus female rats, suggesting that trauma-induced autophagy is not limited to the mature
mammalian brain, and that similar to nutrient deprivation studies in vitro [89], there are sex-dependent
differences in the autophagic response. The divergent findings in autophagy flux following TBI may
be explained by the different lesion paradigms and tissue sampling or time windows after injury.
Nonetheless, autophagy flux is impaired in most models of moderate to severe brain injury.

3.3. Lysosomal Functions In Neurotrauma

Lysosomes are membrane-enclosed organelles that contain an array of enzymes that are capable
of breaking down all types of biological polymers: proteins, nucleic acids, carbohydrates, and
lipids [90–93]. Lysosomes function as the digestive system of the cell, serving both to degrade
material taken up from outside the cell and the obsolete or superfluous components of the cell itself.
Autophagic degradation is dependent on lysosomal proteases. Defects in the lysosomal function
have been demonstrated in various neurodegenerative diseases and aging. In many of these disease
paradigms, lysosomal dysfunction can be caused by the increase in lysosomal membrane permeability
(LMP) [94–99]. We and others [3–5,100] demonstrated that decreased protein levels and activity of
lysosomal enzymes accompanied the inhibition of autophagy flux in both TBI and SCI. The altered
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intracellular localization of soluble lysosomal enzymes including cathepsin D (CTSD) diffuse rather
than discrete punctate, which further suggests the possibility that LMP allows the leakage of CTSD
into cytosol, resulting in decreased lysosomal activity and the inhibition of autophagy flux after
neurotrauma. In addition to its detrimental effect on autophagy, the leakage of the highly degradative
lysosomal enzymes into the cytosol could lead to significant damage to other cellular components.

Similar to most cellular organelles, lysosomes are surrounded by a single-layer phospholipid
membrane. Therefore, they are vulnerable to the activation of phospholipases. There are three major
phospholipases present in the CNS: namely, calcium-dependent secretory phospholipase A2 (sPLA2),
calcium-dependent cytosolic phospholipase A2 (cPLA2), and calcium-independent phospholipase
A2 (iPLA2) [101,102]. Among these, cPLA2 is considered to be the most important PLA2 isoform,
because it exhibits a strong preference for the deacylation of arachidonic acid (AA) over other fatty
acids, and has been implicated as an effector in the receptor-mediated release of AA [103,104].
Both the expression levels and activity of cPLA2 are increased in several neurodegenerative
diseases [101,105–108] as well as following SCI [109,110] and TBI [111]. cPLA2 cleaves the fatty
acyl linkage of glycerophospholipids at the sn-2 position, releasing AA and leaving lysophospholipids
remaining in the membrane [101,102,112–115]. Then, AA is oxygenated and further transformed into
a variety of products such as prostaglandins, leukotrienes, and thromboxanes, which mediate or
modulate inflammatory reactions. The accumulation of lysophospholids can affect the membrane
properties, including its fluidity and permeability [112,113,115]. Although the signaling function of
cPLA2 metabolites has been widely studied, the consequences of its action on the properties of the
affected membranes and organelles are less well understood.

We recently used mass spectrometry (MS)-based in vivo lysosomal lipidomics to demonstrate an
increase in several classes of lysosophospholipids, which are the products of phospholipases A (PLAs),
as well as the accumulation of PLA activators and ceramides in lysosomes purified from the injured
brain [111] and spinal cord [110]. Further in vitro and in vivo data indicated that cPLA2-mediated
LMP leads to release of lysosomal enzymes into the cytosol, the inhibition of autophagy flux, and
neuronal cell death. Taken together, our data implicate cPLA2 in the mediation of the lysosomal
defects observed in the pathophysiology of neurotrauma. cPLA2-mediated lysosomal damage in turn
causes the inhibition of autophagy flux and autophagosome accumulation, which are associated with
neuronal cell death (Figure 1). Interestingly, our in vitro results indicate that the inhibition of cPLA2
can also limit amyloid-β-induced LMP and the inhibition of autophagy [111], suggesting that similar
mechanisms may also contribute to Alzheimer’s and potentially other neurodegenerative diseases.

Figure 1. Spinal cord injury (SCI) and traumatic brain injury (TBI) activate cytosolic phospholipase
A2 (cPLA2), mediating increased lysosomal membrane permeability (LMP), and leading to lysosomal
damage and the inhibition of autophagy after SCI and TBI.
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4. Beneficial or Detrimental Effects of Autophagy in CNS Cells After Trauma

4.1. Function of Autophagy in Neurons after Neurotrauma

Neurons, the fundamental units of the CNS, are post-mitotic cells, and most neurons have a cell
body, an axon, and dendrites. CNS trauma causes progressive secondary injury processes including
neuronal cell death and axonal damage, contributing to neurological dysfunction. Neurons are also
the cell type that are most commonly associated with dysregulated autophagy after both TBI and
SCI [1]. Afterwards, TBI markers of autophagy are predominantly reported in the neurons of the
ipsilateral cortex and hippocampus, and appear within 24 h after injury [5,79,83]. In a mouse closed
head injury model, Diskin et al. [82] reported that 17–37% of Beclin-1+ neurons were also terminal
deoxynucleotidyl transferase dUTP (2’-deoxyuridine 5’-triphosphate) nick end labeling (TUNEL)
positive, suggesting that cell death was associated with autophagy. In agreement with this observation,
we observed significant numbers of GFP-LC3+ and p62+ neurons expressing cleaved caspase-3 in
the injured cortex at day (d) 1 and 3 after injury in a mouse controlled cortical impact CCI model [5].
In addition, neuronal GFP-LC3 and p62 also co-localized with markers of caspase-independent cell
death (such as AIF), indicating that impaired autophagy flux may contribute to both apoptotic and
non-apoptotic neuronal cell death.

In SCI, changes in neuronal autophagy appear to be dependent on both the injury model and
neuronal subtype. In rat and mouse contusion SCI models, the accumulation of both LC3 and p62 was
greater in the ventral horn motor neurons as compared to the dorsal horn sensory neurons, despite
the latter being located closer to the impact site [3,4,68]. This suggests that motor neurons may be
relatively more vulnerable to the disruption of autophagy flux. Moreover, in these models, motor
neurons with impaired autophagy also expressed higher levels of caspase12 and cleaved caspase 3 [4],
supporting a role for impaired autophagy in mediating neuronal apoptosis. However, the inhibition of
autophagy flux in the dorsal horn neurons was observed in spinal nerve ligation, which is a model of
neuropathic pain [116,117], suggesting that neuronal subclasses may respond differentially to specific
types of injury. That autophagy flux was inhibited even in this mild injury model also suggests that
overall, spinal cord neurons may be more prone to the inhibition of autophagy flux as compared to
brain neurons.

Endoplasmic reticulum (ER) stress induces a variety of neuronal cell death pathways, and has
been implicated in the secondary injury processes after CNS trauma [118,119], but its mechanisms
remain unclear. The induction of ER stress and activation of caspase 12 following TBI and SCI have
been previously reported [4,5,118]. ER stress is a potent inducer of autophagy [120,121], and autophagy
can protect cells from ER stress-mediated cell death [122]. Consistently, several studies indicate that
markers of inhibited autophagy flux after injury correlate with the exacerbation of ER stress, suggesting
a connection between the inhibition of autophagy and induction of ER stress-mediated neuronal cell
death after neurotrauma [4,5] (Figure 2).

Necroptosis is a programmed form of necrosis, or inflammatory cell death, mediated by the
RIPK1/RIPK3 complex [123]. The inhibition of necroptosis can improve functional recovery after both
SCI and TBI, suggesting that it is involved in the mediation of the secondary injury [43,44]. A recent
study [3] demonstrated the accumulation of markers of necroptosis specifically in neurons displaying
signs of autophagy flux inhibition and lysosomal damage, pointing to a previously unexplored link
between the inhibition of the autophagy-lysosomal pathway and the induction of neuronal necroptosis
after SCI. Additionally, the inhibition of lysosomal function in vitro resulted in the accumulation
of necroptosis mediators RIPK1 and RIPK3. Therefore, the inhibition of lysosomal function and
autophagy in CNS trauma could also contribute to neuronal necroptosis (Figure 2).
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Figure 2. Lysosomal damage after spinal cord injury (SCI) and traumatic brain injury (TBI) cause
endoplasmic reticulum (ER) stress and the accumulation of receptor interacting protein kinases
(RIPK1/RIPK3), leading to neuronal apoptosis and necroptosis.

Recent findings have identified another type of cell death called ‘autosis’, which is an
autophagy-dependent non-apoptotic form of cell death with unique features. It is characterized
by enhanced cell-substrate adhesion, focal ballooning of the perinuclear space, and the dilation and
fragmentation of ER. Autosis is mediated by the Na+, K+-ATPase pump in the mitochondria, and
it is triggered by autophagy-inducing peptides, starvation, and neonatal cerebral hypoxia–ischemia.
Whether or not autophagy-dependent autosis participates in neuronal cell death in injured CNS is
unknown. While it’s known that autophagy can mediate the execution of cell death in the absence
of other death pathways, it is difficult to determine in vivo whether cell death is caused by high
autophagy or if it is the by-product of other processes that happen alongside autophagy.

In addition to neuronal cell bodies, autophagosome accumulation has been reported to occur in
damaged axons after both TBI and SCI [68,79,124]. While autophagy has been proposed to participate
in the process of axonal degeneration in vitro, it is currently not known whether it is involved in axonal
damage after neurotrauma. Another possibility is that axonal accumulation of autophagosomes could
reflect the inhibition of autophagy flux due to lysosomal defects and cytoskeletal collapse, similar to
what is observed in neurodegenerative diseases.

4.2. Role of Autophagy in Oligodendrocyte Survival after Neurotrauma

Oligodendrocytes (OLs), also called oligodendroglia, are a type of neuroglia whose main functions
are to provide support and insulation to axons, and are the myelinating cells of the CNS [125]. Mature
OLs are the end product of oligodendrocyte precursor cells (OPCs), which have to undergo a complex
and precisely timed program of proliferation, migration, differentiation, and myelination to finally
produce the insulating sheath of axons. Due to this complex differentiation program, and due to
their unique metabolism and physiology, OLs count among the most vulnerable cells of the CNS.
It is known that OLs undergo apoptosis following CNS trauma, thus the loss and demyelination of
OLs contribute as major pathological processes to secondary damages after injury [126]. Increased
numbers of autophagosomes have been reported in OLs after both TBI and SCI [4,5,65,66,68,127].
The accumulation of phagophores and autophagosomes in OLs was observed at three to seven
days post-injury [4,5,68], which is later than in neurons in most reports. In a mouse contusion SCI
model [127], myelin fractions purified from injured spinal cord tissues at eight days post-injury showed
enrichment in autophagic proteins, including LC3-II, Atg5, and beclin 1. This study [127] has also

146



Cells 2019, 8, 693

demonstrated the increased co-localization of p62 with Olig2 at 3 days post-SCI, indicating impaired
autophagic flux in OLs. Additionally, after TBI, increased LC3+ cells have been observed not only in
mature OLs, but also in NG2+ OPCs [5].

While the current data strongly support changes in autophagy in OLs during functional recovery
after CNS trauma, much less is known about either the mechanisms or the function of autophagy in OL
and OPC cells. It has been previously demonstrated in a rat model of demyelination that autophagy is
necessary to support oligodendrocyte precursor survival and myelin development [128]. Thus, it is
possible that autophagy in OPCs/OLs may play a similar function after CNS trauma. Using transgenic
mice with OL-specific loss of the essential autophagy gene Atg5, Saraswat et al. reported [127] that the
loss of autophagy in OLs exacerbates the inhibition of the autophagic flux in OLs and correlates with
worse functional recovery after SCI and greater myelin loss.

ER stress is also a potent inducer of autophagy in OLs [127]. In vitro, a pharmacological blockade
of ER stress-induced autophagy in OPCs increases survival. Atg5 deletion specifically in OLs increased
ER stress and reduced cell viability in vitro and in vivo after SCI, indicating a critical regulation of ER
stress by autophagy in OLs. This is consistent with the beneficial contribution of Atg5 and autophagy
to OPC/OL health after SCI. Whether or not Atg5 and ER stress in OLs/OPCs play a similar function
following TBI needs to be determined.

4.3. Function of Autophagy in Microglia and Astrocytes after CNS Trauma

Microglia are a type of glial cell that is located throughout the CNS. They account for 10–15% of all
cells found within the brain. As the resident macrophage cells, microglia act as the first and main form of
active immune defense in the CNS. Microglia are activated in response to injury and are one of the main
drivers of inflammatory responses after both TBI and SCI [129]. An increase in markers of autophagy
has been reported in microglia after both TBI and SCI [4,5,66]. Interestingly, only the most activated
CD68-expressing microglia with amoeboid morphology were reported to accumulate autophagosomes
and p62 after TBI in a mouse CCI model [5]. This is consistent with the recently discovered function
for autophagy in the regulation of inflammatory responses in macrophages and other immune
cells [130,131], including microglia [132]. In general, high levels of autophagy flux are associated
with anti-inflammatory properties and the inhibition of flux, with pro-inflammatory phenotypes [133].
Several autophagy genes are also linked to inflammatory and autoimmune diseases [133,134]. On the
mechanistic level, autophagy is thought to control the activity of the inflammasomes, both directly
by degrading components of activated NLRP3 (nucleotide-binding oligomerization domain, leucine
rich repeat and pyrin domain containing 3) and AIM2 (absent in melanoma 2) inflammasomes, and
indirectly by limiting mitochondrial damage and reactive oxygen species (ROS) production [135–137].
Additionally, autophagy can modulate inflammatory polarization through its influence on NFκB
(nuclear factor kappa B subunit) activity by directly targeting the RELA/p65 protein and by affecting
the availability of the p62 protein, which is needed for NFκB activation [138–140]. Conversely,
a pro-inflammatory environment may also regulate levels of autophagy, as in primary cultured
mouse microglia, where interleukin 1 Beta (IL-1β) induced the accumulation of many acidic vesicles
loaded with autophagic markers (p62 and LC3) [141]. It is possible that autophagy may similarly be
regulated by and contribute to the regulation of inflammatory responses in microglia and/or infiltrating
macrophages after CNS injury.

Astrocytes are the largest and most numerous types of glial cells in the CNS, and are known to
have a wide variety of physiological functions, including the maintenance of neurons, formation of
the blood–brain barrier, and regulation of synaptic function. Similarly, to microglia, in response to
injury, astrocytes are activated and become hypertrophic. Several groups reported that glial fibrillary
acid protein (GFAP)-positive astrocytes accumulate autophagosomes after neurotrauma [65,66,82,84].
In mouse contusion SCI, reactive astrocytes accumulated phagophores and autophagosomes at seven
d post-injury. Unlike other cell types, this was associated with increased autophagy initiation rather
than its inhibition [68]. Much less is known about either the mechanisms or the function of autophagy
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in astrocytes. Autophagy has been implicated in protective cellular responses in astrocytes [142–144];
however, further work will be necessary to determine how it may affect astrocyte survival and function
after CNS trauma.

4.4. Beneficial or Detrimental Effects of Autophagy Activation in Neurotrauma

Defects in autophagy are thought to contribute to Parkinson’s disease [145], Alzheimer’s
disease [146], and other age-related dementias. The accumulated evidence suggests that autophagy
deficiency contributes to neurodegenerative diseases by perturbing protein homeostasis, as well
as by directly contributing to neuronal cell death, axonal degeneration, and synaptic dysfunction.
Conversely, the upregulation of autophagy has been proposed as a potential therapeutic strategy
and shows considerable promise in both pre-clinical and clinical studies. However, the function of
autophagy in neurodegeneration after traumatic CNS injury has been more controversial [1], with both
beneficial and detrimental roles proposed. This may reflect that, as discussed above, either the
induction or inhibition of autophagy flux may occur after acute CNS injury, especially in the brain.
Since the function of autophagy is dependent on its flux, in cases where flux is inhibited, such as
moderate to severe TBI or most cases of SCI, it would be expected to contribute to neuronal cell death
and exacerbate other pathological phenotypes. Conversely, in cases where autophagy flux is increased,
such as mild TBI, it would be expected to promote cell survival and improve outcomes. Thus, in each
neurotrauma model, it is pertinent to ascertain whether observed changes in autophagy are the result
of its induction or the inhibition of flux.

5. Therapeutic Potential of Autophagy–Lysosomal Pathway Modulation in Neurotrauma

5.1. Neuroprotection

The most common drugs used to manipulate autophagy in vivo are the mTOR (mechanistic
target of Rapamycin kinase) inhibitor rapamycin, which is used to stimulate autophagy, and the
type III PI3 kinase inhibitor 3-methyladenine (3-MA), which inhibits autophagosome formation.
In general, pharmacological modulations that promote autophagy flux have been shown to provide
neuroprotection in both TBI and SCI. However, in addition to autophagy, rapamycin is known to affect
other cellular functions such protein synthesis, cell proliferation, and immune responses. Therefore, it is
important to confirm that the neuroprotective effects of rapamycin are mediated via the restoration of
the autophagy–lysosomal pathway. In a neonatal hypoxia–ischemia injury model, the protective effects
of rapamycin were attenuated in animals treated with 3-MA [147]. Rapamycin-induced neuroprotection
was also attenuated by AKT1 inhibition, suggesting that both autophagy and AKT1 signaling may be
involved downstream of mTOR. Involvement of this pathway in TBI and SCI remains to be confirmed.
However, as an improvement in functional recovery was reported after both pharmacologically
enhancing [64,148] or blocking autophagy [149,150] after a thoracic SCI, further studies are warranted.

Another complicated factor is that activity of the target of rapamycin, mTOR, plays a vital role in
oligodendrocyte differentiation [151] and myelination, and is also involved in axonal sprouting [152],
which are both necessary for functional recovery after CNS injury, especially in the spinal cord.
Therefore, the inhibition of mTOR may not be optimal as a treatment for CNS injury in general, and
SCI in particular. In agreement with this, some [127,149] reported no effects of rapamycin on functional
recovery after SCI. This suggests that drugs that are able to promote autophagy flux without inhibiting
mTOR function may offer the best therapeutic benefits after neurotrauma. Trehalose is a naturally
occurring sugar containing two glucose molecules, and has been reported as a novel mTOR-independent
autophagy enhancer [153,154]. Trehalose has been shown to improve outcomes in rodent models of
neurodegenerative diseases [155,156] and in a rabbit model of spinal cord ischemia [157]. However,
trehalose is known to also act as a chemical chaperone [153], which could attenuate injury and improve
recovery independently of autophagy. A specific mTOR inhibitor, Torin 1 [158,159], has been reported
to increase autophagy flux. Both trehalose and Torin 1 induce lysosomal biogenesis via activation of
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the transcriptional factor E-box (TFEB) [160] and increase autophagy flux but are known to act through
different molecular pathways (mTOR-independent and mTOR-dependent, respectively). However,
whether or not a combination of trehalose and Torin 1 is able to overcome the block of autophagy flux
after neurotrauma and lead to improved functional outcomes needs to be investigated.

As lysosomal function is necessary to support autophagy flux, increasing lysosomal biogenesis has
been shown to augment autophagy flux and improve outcomes in animal models of neurodegenerative
diseases [161]. Enhancing lysosomal function by reducing lysosomal damage or promoting lysosomal
biogenesis may also provide an attractive approach for therapy after neurotrauma. In both contusion
TBI and SCI mice models, we recently demonstrated that the early administration of cPLA2 inhibitor
arachidonyl trifluoromethyl ketone (AACOCF3) reduced lysosomal damage, improved autophagy
flux, limited neuronal cell death, and improved functional outcomes [110,111]. Another possibility is
the enhancing activity of the transcription factor EB (TFEB). TFEB is the master regulator of lysosomal
biogenesis and is negatively regulated by mTOR [162]. The enhancement of autophagic flux by
activating TFEB is protective in experimental brain injuries produced by cadmium [163]. This supports
the notion that enhancing autophagy flux by stimulating lysosomal biogenesis may represent a potential
treatment strategy after neurotrauma.

There are also other autophagy inducers reported in the context of neurotruama. Baicalin
(7-D-glucuronic acid-5,6-dihydroxyflavone) is a major flavonoid in traditional Chinese medicinal herb
isolated from the radix of Scutellaria baicalensis that was found to increase expression levels of LC3,
Beclin 1, and p62 at 24 h following the weight-drop TBI model in mice [164]. Salubrinal is the selective
phosphatase inhibitor of p-eIF2α. Wang et al. reported [165] that salubrinal reduced the expression
of the ER stress marker as well as the number of CHOP+/TUNEL+ and CHOP+/LC3+ cells at 48
h after mouse TBI, which was associated with neuroprotection and improved recovery. Omega-3
polyunsaturated fatty acids (ω-3 PUFA) are known to have anti-oxidative and anti-inflammatory effects.
ω-3 PUFA supplementation increased Beclin-1 deacetylation and its nuclear export, and induced
direct interactions between cytoplasmic Beclin-1 and Bcl-2 by increasing the sirtuin family of proteins
(SIRT1) activity following a weight-drop TBI model in rat [166]. Valproic acid (VPA), a class I/II histone
deacetylase inhibitor, is able to significantly increase expression levels of the autophagic markers
(LC3-II, Beclin, ATG-3, and ATG-7) at one day after TBI in rat [167]. These data are consistent with the
notion that enhancing autophagy may be beneficial after neurotrauma. However, while the treatments
affected the expression of autophagy markers after neurotrauma, their influence on autophagy flux
remains to be assessed. Additionally, none of the compounds used are specific for autophagy, and
have many additional cellular and organismal effects. Therefore, it remains to be determined if their
beneficial effects are in fact dependent on autophagy.

5.2. Neuroinflammation

The crosstalk between autophagy and inflammation has been reported [168] in diseases associated
with inflammation, such as inflammatory bowel diseases [169], type 2 diabetes [170], cardiac
disorders [171], and cystic fibrosis [172]. Autophagy is known to be involved in the development,
homeostasis, and survival of all inflammatory cells, including macrophages, neutrophils, and
lymphocytes, thus playing critical roles in the development and pathogenesis of inflammation.
In a mouse Alzheimer’s disease model, a recent study [173] demonstrated positive correlation between
Beclin-1, IL-1β, and TNF-α (tumor necrosis factor alpha) in the cortex and/or hippocampus, suggesting
a relationship between inflammatory responses and autophagy. It remains to be determined whether
a similar relationship exists after neurotrauma, and whether enhancing autophagy can be used to
manipulate neuroinflammatory responses in this context. Conversely, as inflammation can affect
cellular autophagy [1], the anti-inflammatory treatments could also improve autophagy flux.

Neurotrauma-induced neuroinflammation can cause the excessive generation of reactive
oxygen species (ROS), which non-selectively damages neurons and glia, and thus participates in
pathophysiology [174]. ROS can also regulate autophagy in both a positive and negative manner,
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depending on the levels and context [175,176]. Excessive ROS as well as reactive nitrogen species (RNS)
can inhibit autophagy through the S-nitrosylation of proteins in the JNK (c-Jun N-terminal kinase) and
mTOR pathways, which are important for the regulation of autophagy [177]. Lysosomal membranes
can also be directly subjected to oxidative damage, leading to LMP. This suggests that ROS could be
an important factor contributing to alterations in autophagy levels after neurotrauma. Conversely,
autophagy can also be stimulated by ROS through its influence on ATG4 activity. Therefore, depending
on the injury severity and mechanism, CNS injury-mediated ROS and RNS could either stimulate or
inhibit autophagy flux.

6. Conclusions and Perspectives

When the CNS is injured, many cellular processes are activated that attempt to heal the damage.
The activation of other cellular responses can increase damage over time. In case of autophagy,
both protective and pathological functions are possible. Although we need to more thoroughly
understand the complex and heterogeneous autophagic response triggered by the CNS trauma,
in general, the enhancement of autophagy is considered protective in many injury paradigms, and
helps restore homeostasis. Autophagy-enhancing drugs could positively affect multiple cell types,
promoting neuron and oligodendrocyte survival, oligodendrocyte differentiation, and decreasing
neuroinflammation. So, while we need to understand the mechanisms in more detail, the enhancement
of autophagy after TBI and SCI carries a promise of a potential pleiotropic treatment that could target
multiple cell types and pathways.
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Abstract: Significant progress has expanded our knowledge of the signaling pathways coordinating
muscle protein turnover during various conditions including exercise. In this manuscript, the multiple
mechanisms that govern the turnover of cellular components are reviewed, and their overall roles
in adaptations to exercise training are discussed. Recent studies have highlighted the central role of
the energy sensor (AMP)-activated protein kinase (AMPK), forkhead box class O subfamily protein
(FOXO) transcription factors and the kinase mechanistic (or mammalian) target of rapamycin complex
(MTOR) in the regulation of autophagy for organelle maintenance during exercise. A new cellular
trafficking involving the lysosome was also revealed for full activation of MTOR and protein synthesis
during recovery. Other emerging candidates have been found to be relevant in organelle turnover,
especially Parkin and the mitochondrial E3 ubiquitin protein ligase (Mul1) pathways for mitochondrial
turnover, and the glycerolipids diacylglycerol (DAG) for protein translation and FOXO regulation.
Recent experiments with autophagy and mitophagy flux assessment have also provided important
insights concerning mitochondrial turnover during ageing and chronic exercise. However, data in
humans are often controversial and further investigations are needed to clarify the involvement of
autophagy in exercise performed with additional stresses, such as hypoxia, and to understand the
influence of exercise modality. Improving our knowledge of these pathways should help develop
therapeutic ways to counteract muscle disorders in pathological conditions.

Keywords: autophagy; mitophagy; mitochondria; exercise; AMPK; FOXO; MTOR; parkin

1. Introduction

Skeletal muscles are fundamental to the body’s maintenance, and disorders in their function or
metabolism are related to numerous diseases. Improved skeletal muscle activity has a significant effect
on major processes in the body, such as the regulation of glucose homeostasis, contributing to enhanced
health. Importantly, our capacity to recover from illness also depends on skeletal muscle oxidative
capacity. Hence, skeletal muscle displays noteworthy adaptive responses from several stimuli, such as
contractile activity, nutritional interventions, and environmental factors like hypoxia. These conditions
may induce a transitory cellular stress leading to numerous adaptations, such as modifications in fiber
composition, improvements of cell ability to renew cellular proteins and organelles, and modifications
of muscle size [1–3].

Among the molecular sensors involved in adaptations to training, the adenosine monophosphate
(AMP)-activated protein kinase (AMPK) is an enzyme composed of two regulatory domains
(i.e., AMPK-ß, AMPK-γ) and a catalytic domain (i.e., AMPK-α). AMPK is a critical enzyme for
preserving cellular homeostasis under conditions of low energy [4,5]. AMPK activity is increased by
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several energy stresses, including hypoxia/ischemia [6,7], electrical-stimulated muscle contraction [8,9],
starvation [10], and physical exercise [11–13]. When cellular ATP is depleted, AMP modulates AMPK
activity in an allosteric way, thereby promoting the phosphorylation of a threonine residue (Thr-172)
within the α subunit by other enzymes called the “AMPK kinases” (AMPKK) [14]. There are three
AMPKK proposed to date, the Ca2+/calmodulin- dependent protein kinase ß (CaMKKß) [15,16],
the liver kinase B1 (LKB1) [17,18], and the transforming growth factor ß-activated kinase 1 (TAK-1) [19].
Of note, the binding of ADP, like AMP, prevents AMPK Thr-172 dephosphorylation [20]. On the
contrary, AMPK is inhibited by ATP and glycogen [21,22]. AMPK is involved in cell metabolism and
several data have highlighted the physiological relevance of its activation in skeletal muscle [4,23].
Thus, AMPK promotes energy production through the anaerobic and aerobic systems (i.e., glycolysis
and oxidation of fatty acids) and, conversely, inhibits glycogenesis and cholesterol synthesis [5,24–28].
AMPK enhances mitochondrial biogenesis by stimulating PGC-1α (peroxisome proliferator-activated
receptor gamma coactivator 1 alpha) expression [29]. A study by Jager et al. also showed that AMPK
phosphorylates PGC-1α on two residues (Thr-117 and Ser-538) in vitro and in cells [30]. PGC-1α
consecutively regulates the activity of PPARs (peroxisome proliferator-activated receptors) and NRFs
(nuclear respiratory factors), leading to mitochondrial adaptations [30–32].

AMPK’s biological functions are not limited to energy metabolism. In the last decade, AMPK
was found to coordinate cell component turnover. AMPK decreases protein translation by reducing
the activity of the mechanistic (or mammalian) target of rapamycin complex 1 (MTORC1) signaling,
and promotes protein breakdown by regulating several component of the ubiquitin-proteasome and
autophagosome-lysosome systems [5]. Major targets of AMPK are the forkhead box class O subfamily
proteins 1 and 3 (FOXO1 and FOXO3, respectively). FOXO proteins are important transcription factors
highly conserved through evolution and their various functions in skeletal muscle (i.e., cell cycle,
DNA damage repair, apoptosis, energy metabolism, and oxidative stress resistance) have been recently
reviewed [33]. In recent years, the AMPK-FOXO3 axis has been extensively studied with an important
focus on processes regulating organelle turnover, especially mitophagy.

In this review, recent discoveries on AMPK-MTORC1 and AMPK-FOXO axes in the coordination
of muscle organelle renewal and the importance of physical exercise on both acute and chronic
adaptations are discussed. The multiple modes of regulation of these sensors are detailed, as their
implication in the regulation of skeletal muscle protein and organelle turnover, especially mitophagy.
Apparent discrepancies between the data are discussed in regard to the methodology used to access
autophagy or mitophagy activity. The functions of newly identified actors in protein and organelle
quality control, specifically the diacylglycerol kinase ζ (DGKζ), Parkin (RING-between-RING E3
ligase), and Mul1 (mitochondrial E3 ubiquitin protein ligase), are also presented. We finally discuss the
impact of exercise modality, hypoxia, and examine the current limitations in the literature to suggest
other perspectives.

2. AMPK and MTORC1 Pathways

2.1. AMPK/MTORC1 Axis in Organelle Quality Control during Exercise

Protein synthesis machinery is globally decreased during exercise. The MTORC1 pathway is
a central regulator of protein turnover under conditions of increased external loading by the regulation
of ribosomal translation. Thus, the kinase MTOR modulates mRNA translation and protein synthesis
by regulating major regulators of ribosomal activity, 4E-BP1 (eukaryotic translation initiation factor
4E-binding protein 1) and S6K1 (ribosomal protein S6 kinase 1). MTOR phosphorylates S6K1 at
Thr-389 (its hydrophobic motif), which, in turn, phosphorylates translational effectors such as rpS6
(ribosomal protein S6) and eIF4B (eukaryotic translation initiation factor 4B) [34,35]. In addition, PDK1
(phosphoinositide-dependent kinase-1) phosphorylates S6K1 at Thr-229 provides its full activation [36,37].
4E-BP1 phosphorylation by MTOR on Thr-37/46 provides its disconnection from the preinitiation complex
(PIC) promoting the transcription of protein-coding genes [38,39]. In a study conducted in mice, moderate
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endurance exercise decreased the phosphorylation state of MTORC1 signaling (i.e., MTOR, S6K1, rpS6,
and 4E-BP1) from 90 min [40]. These modulations were concomitant with a raise of the phosphorylation
state of eiF2α (Ser-51), an indicator of endoplasmic reticulum stress and AMPK activation. The AMPK
mediates inhibition of MTORC1 through phosphorylation of MTOR at Thr-2446 [41], of the tuberous
sclerosis complex 2 (TSC2) at Thr-1227 and Ser-1345 [42] and the associated regulatory protein of MTOR
complex-1 (RPTOR) on two well-conserved serine residues (Ser-722/792) [43,44] leads to the sequestration
of the raptor by 14-3-3 proteins [44]. These events promote the inhibition of Rheb (Ras homolog enriched
in brain) and overall MTORC1 inhibition (Figure 1). However, data on the involvement of AMPK/RPTOR
axis for MTORC1 inhibition during endurance exercise are lacking.

mitophagy

E3 ligases genes
ATG genes
Other genes

ribophagy

Figure 1. (AMP)-activated protein kinase (AMPK), forkhead box class O subfamily protein (FOXO), and
mechanistic (or mammalian) target of rapamycin complex 1 (MTORC1) in the regulation of protein and
organelle turnover. FOXO proteins increase the transcription of the E3 ubiquitin protein ligases muscle
atrophy F-box (MAFbx)/atrogin-1, muscle RING finger 1 (MuRF1), mitochondrial E3 ubiquitin protein
ligase (Mul1), several autophagic genes (Atgs), and BCL2/adenovirus E1B 19 kDa protein-interacting
protein 3 (BNIP3) in muscle cells. MTOR and AMPK differentially modulate autophagy initiation
by phosphorylation of the Unc-51-like kinase (ULK1). AMPK also activates FOXO1 and FOXO3
and tuberous sclerosis complex 2 (TSC)1/TSC2 complex, and inhibits MTORC1 complex through
phosphorylation of the associated regulatory protein of MTOR complex-1 (RPTOR). MAFbx/atrogin-1
and MuRF1 target sarcomeric proteins. MAFbx/atrogin-1 also targets factors involved in cell growth
including the transcription factors Myogenin and MyoD, and the eukaryotic initiation factor 3f (eIF3f).
PTEN-induced putative kinase protein 1 (PINK1)/Parkin and Mul1 axes enhance mitophagy through
ubiquitination of mitochondrial proteins.

A single bout of exercise may lead to a strong stimulation of muscle protein synthesis during the
recovery period. Synthesis of myofibrillar proteins is elevated after resistance exercise [45–47] and seems
to become more pronounced in trained athletes compared to untrained individuals [48]. Endurance
training also increases protein synthesis during the recovery since the MTORC1 pathway is altered in
response to this type of exercise. Indeed, increased phosphorylation of several MTOR targets occur in
both mice and humans after moderate and exhaustive endurance exercises [40,49,50]. However, selective
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activation of MTORC1 by specific intracellular signaling pathways is involved according to the exercise
modality. Acute sprint exercise or electrical stimulation at high frequency increases PKB (protein kinase
B or Akt) and MTOR phosphorylation during recovery [51,52]. Importantly, a recent study conducted
in rats compared different resistance exercise models and suggested that hypertrophic response is
correlated with the phosphorylation level of MTOR and its regulators or targets (i.e., Akt, the extracellular
signal-regulated kinases ERKs, p38, the mitogen-activated protein kinases MAPKs, 4E-BP1) [53]. Finally,
the study by Ogasawara highlighted that both rapamycin-sensitive and rapamycin-insensitive MTOR
signaling regulate MTOR-dependent muscle protein synthesis during resistance exercise [54]. Concerning
endurance exercise, several studies failed to observe modulation of Akt during recovery, whatever
exercise intensity [52,55]. Thus, it has been proposed that an AMPK-Akt switch may be involved in
the occurrence of specific adaptations to resistance and endurance training [55], with a more specific
contribution of Akt/TSC1/TSC2 cascade for resistance, strength, and sprint exercises. This also means
that Akt is not essential for MTORC1 activation and protein synthesis during endurance exercise. AMPK
activation also contributes to decrease the rate of protein production during resistance exercise. However,
protein translation augments from 1 h post-exercise even if AMPK activity becomes less pronounced from
2 h [56]. Finally, in individuals accustomed to training, MTORC1 signaling appears preferably involved
for hypertrophy-inducing exercises and the AMPK axis seems to be more specific to endurance training
adaptations [57]. It is interesting to note that a combination of endurance and resistance training may
affect protein synthesis differentially. Indeed, AMPK activation via endurance exercise may negatively
affect MTORC1 activation induced by resistance training. This effect is increased when the endurance
exercise is carried-out after a bout of resistance exercise [58].

2.2. MTORC1 Regulators and Exercise: Recent Data on DGKs, FOXO, eIF3f and Cellular Trafficking

Among MTORC1 regulators, the PI3K (phosphoinositide 3-kinase)/Akt axis is notably modulated
by exogenous nutrients and the release of growth factors [59–62]. MTOR phosphorylation during
mechanical overload, and at the early phase of recovery, is related to MEK/ERK signaling through
phosphorylation of TSC2 at Ser-664 but not to PI3K/Akt signaling [63]. ERK1/2 also regulates nuclear
transcriptional factors, such as Elk-1 (E-26-like protein 1), c-Myc, c-Jun, and c-Fos that play a role in
muscle growth [64]. Activation of ERK1/2 and MTORC1 seems to be required for full stimulation
of protein synthesis in humans [65]. However, none of these MTORC1 regulators are recognized as
critical actors for fiber hypertrophy during resistance exercise [59–61].

It is also recognized that mechanical stimulus enhances the activation of PLD (phospholipase D) and
production of PA (phosphatidic acid), promoting activation of MTORC1. PA is a lipid messenger that
binds to MTOR’s FKBP12- rapamycin binding domain, favoring its activation [61,66–68]. Nonetheless,
PLD activity modulation does not seem only implicated in PA production or MTORC1 activation [69].
Thus, studies from Hornberger’s lab investigated the role of diacylglycerol (DAG) and DAG kinases
(DGKs) in PA production during mechanical stimulation. DGKζ (DAG zeta) is known to be involved
in PA accumulation via DAG phosphorylation and was strongly suggested to be essential for PA
production and enhanced MTORC1 activity during mechanical stimulation. More recently, the same
group explored the importance of DGKζ in muscle adaptations in vivo with a hypertrophic model
of mechanical loading [70]. Thus, the authors reported that DGKζ isoform is the most highly raised
and is of importance for muscle growth and hypertrophy. Studies on the mechanisms underlying
these adaptations highlighted that DGKζ also suppresses FOXO3 activity, leading to a decline of
MAFbx (muscle atrophy F-box)/atrogin-1 and MuRF1 (muscle RING finger 1) induction. Conversely,
the expression of these E3 ligases during exercise was increased in DGKζ knock-out muscles, confirming
the role of DGKζ in limiting protein breakdown during mechanical overload. Even if the precise
mechanism needs to be identified, DGKζ relocation in the nucleus seems to be essential for inhibiting
FOXO3 transcriptional activity during mechanical overload. Interestingly, the authors also found
that mechanical overload increases expression of the eukaryotic initiation factor 3 subunit f (eIF3f),
and this increase is totally blunted in DGKζ knock-out muscles. Given the importance of eIF3f
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in protein translation process, it can be hypothesized that DGKζ-dependent alteration of FOXO
pathway during mechanical overload may also have effects on the translational machinery. Indeed,
the FOXO-dependent E3 ligase MAFbx/atrogin-1 is well known to target eIF3f leading to its proteasomal
degradation [71].

The role of eIF3f and MTORC1 intracellular trafficking in adaptation to exercise has been also
recently investigated. eIF3f belongs to the translation initiation factor complex eIF3f among its 13
subunits involved in mRNA translation initiation. In the last two decades, studies from Leibovitch’s
lab highlighted eIF3f’s involvement in skeletal muscle protein synthesis and hypertrophy [72]. It was
demonstrated that a TOS (TOR signaling) motif in eIF3f operates as a scaffold to connect MTORC1 with
its translational substrates and to support the initiation of cap-dependent translation [73]. Starvation
muscle atrophy is suppressed when an eIF3f mutant insensitive to polyubiquitination by MAFbx is
overexpressed, showing its critical role in muscle homeostasis during such a stress [74]. More recently,
eIF3f was found to be essential for mouse embryonic development and its partial depletion reduces
adult skeletal mass and amplifies muscle loss during disuse by mainly modulating protein synthesis [75].
Concerning exercise, an increase of eIF3f expression was evidenced during overload [70], suggesting
a role in adaptations to exercise. Studies in human tissue model that used immunofluorescence
approaches identified a type of cellular trafficking involving eIF3f that occurs during a single bout
of resistance exercise [76]. Thus, the complex composed of MTORC1/eIF3f was found to co-localize
with the lysosome, where the GTPase Rheb is known to trigger the kinase activity of MTOR enhancing
MTORC1 substrates phosphorylation [77]. In accordance, studies in vitro and in animals highlighted
that MTORC1 recruitment to the lysosome surface is critical to raise MTOR kinase activity [78,79].
After resistance exercise, the MTORC1/LAMP2 complex was found to rapidly translocate at the cell
membrane in close proximity to capillaries [76]. Importantly, TSC2 abundance at the cell membrane
was also reduced with a dissociation from Rheb, suggesting a decrease of MTOR inhibition favorable
to its full activation. These innovative results suggest that, at least in humans, MTORC1 is recruited
and activated at the cell periphery following resistance exercise. Interestingly, a protein–carbohydrate
beverage post-exercise does not alter MTORC1/eIF3f translocation but increases the interaction between
MTOR and eIF3f [76], an association well recognized to drive MTORC1 activation and enhance MTOR
target activity [72]. Thus, a bout of resistance exercise may enhance mRNA translational capacity
through the association and the translocation to the cell periphery of MTOR and its positive regulators
eIF3f and Rheb.

Interestingly, nonprotein dietary factors also influence post-exercise myofibrillar protein synthesis.
In humans, it was recently reported that the ingestion of egg whites alone results in lower myofibrillar
protein synthesis activation than the ingestion of whole eggs during the recovery from resistance
exercise [80]. In accordance, whole egg ingestion increases the phosphorylation level of MTOR, 4E-BP1,
rpS6 to a greater extent than egg white ingestion. Whole egg ingestion was also found to increase
MTORC1 co-localization with the lysosome after resistance exercise, and this result was correlated
with higher rates of myofibrillar protein synthesis [81]. This observation suggests a better mRNA
translational capacity after whole egg consumption than after egg white consumption. The underlying
mechanisms have been partially studied and PA was proposed to have a role among the potential
factors involved in MTORC1 recruitment to the lysosome. Egg yolk contains phosphatidylcholine
and oleic acid that can be converted to PA via de novo synthesis, and DAG [82–84]. In addition,
the egg yolk is enriched in low-density lipoprotein (LDL)-derived cholesterol that was shown to play
a role in MTORC1 recruitment to the lysosome in a SLC38A9-Niemann-Pick C1 (a sterol transport
system) signaling complex fashion [85]. In summary, these results highlighted the importance of a new
intracellular trafficking mechanism and nonprotein dietary factors that drive optimal myofibrillar
protein synthesis after resistance exercise (Figure 2).
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Figure 2. Cellular trafficking of mechanistic (or mammalian) target of rapamycin complex 1 (MTORC1)
and lysosome after resistance exercise. In response to resistance exercise, MTORC1 co-localizes with
the lysosome and translocates at the cell membrane. MTORC1 recruitment to the lysosome surface is
critical to increase MTOR kinase activity. Contractions lead to a decrease of tuberous sclerosis complex
2 (TSC2) abundance and, conversely, to the activation of MTOR by the GTPase Ras homolog enriched in
brain (Rheb). A protein-carbohydrate beverage post-exercise increases the interaction between MTOR
and eukaryotic initiation factor 3f (eIF3f) without altering MTORC1/eIF3f translocation. Whole eggs
ingestion enhances MTORC1 co-localization to the lysosome after resistance exercise.

3. AMPK and FOXO Transcription Factors

3.1. FOXO Homologues in Energy Metabolism and Post-Translational Modifications

Four FOXO members (FOXO1/3/4/6) are expressed in muscle. FOXO6 represses PGC-1α expression
and low intensity exercise reduces FOXO6 induction [86], suggesting that exercise-induced PGC-1α
may be partially dependent on FOXO6. Nonetheless, data concerning this factor remain limited in
this tissue. FOXO1, 3, and 4 have been more extensively investigated, notably due to their important
roles in cell cycle, apoptosis, muscle growth, and muscle regeneration [33]. FOXO3 regulates MyoD
(an essential myogenic differentiation factor) transcription [87]. FOXO1 and FOXO3 play critical roles
in energy homeostasis by favoring mitochondrial metabolism, inhibiting glycolysis, and enhancing
lipolytic flux [88–91]. FOXO3 plays a role in the regulation of mitochondrial genome through AMPK
and the mitochondrial Sirtuin 3 (SIRT3) [92,93]. FOXO1 and FOXO3 also regulate exercise-induced
angiogenesis. FOXOs contribute to the repression of muscle angiogenic response through the induction
of thrombospondin 1 (THBS1) during the first days of chronic exercise. Importantly, FOXO repression
is critical for long term adaptations to endurance training, especially for angiogenesis [94,95].

FOXO proteins are regulated by several post-translational mechanisms, and numerous enzymes have
been identified as kinases of FOXO, including AMPK, Akt, and, more recently, DGKζ. In muscle cells,
AMPK activates FOXO3 by phosphorylation at Ser413/588 [23,96]. We recently found that AMPK
activation by 5-aminoimidazole-4-carboxamide-1-ß-d-ribofuranoside (AICAR) extends the FOXO3
protein half-life in skeletal muscle primary cells [97]. AMPK also increases the cellular NAD+ level,
thus enhancing the activity of histone deacetylase Sirtuin 1 (SIRT1) [98]. This process induces the
deacetylation of FOXO1 and 3 leading to their activation [98]. Conversely, Akt, when inhibited by the
phosphatidylinositol 3-kinase (PI3K), is responsible for FOXO1 protein translocation from the nucleus
to the cytoplasm, leading to its inactivation [99]. Akt phosphorylates FOXO3 on several residues
(Thr-32, Ser-253/315), and the phosphorylation of residues Thr-32 and Ser-253 promotes its cytoplasmic
retention by a mechanism involving the 14-3-3 chaperone protein [100]. FOXO regulation by Akt induces
a decrease in the binding between FOXO and its DNA sequences targets and, consequently, decreases
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FOXO transcriptional activity [101,102]. In addition, FOXO3 is targeted by the histone acetyl-transferase
p300 for its ubiquitination by Mdm2 (E3 ligase murine double minute 2) and subsequent degradation
by the proteasome [103]. In muscle, p300 alters differentially the expression of FOXO 1 and 4 without
affecting the expression of FOXO3 [104]. Furthermore, p300 alters FOXO3 and FOXO4 activity but
increases the nuclear localization of FOXO1 and the transcription of FOXO1-dependant genes underlining
the differential regulation of the FOXO homologues [104]. Finally, DGKζ has been recently found to
suppress FOXO3 activity in skeletal muscle [70], extending the role of the DGK to the regulation of
catabolism (Figure 3).

Insulin, growth hormone

IGF-I axis

Cytosol

Nucleus

Figure 3. (AMP)-activated protein kinase AMPK and forkhead box class O subfamily protein FOXO
regulation in skeletal muscle. FOXO proteins are phosphorylated and inhibited by protein kinase B
(PKB or Akt) in response to insulin or growth factor. Under the condition of energy stress, AMPK, which
is activated by the AMPK kinases (AMPKK) Ca2+/calmodulin- dependent protein kinase ß (CaMKKß),
liver kinase B1 (LKB1), and transforming growth factor ß-activated kinase 1 (TAK-1), phosphorylates
and increases FOXO3 activity. AMPK is also involved in FOXO deacetylation through Sirtuin 1 (SIRT1)
and Sirtuin 3 (SIRT3). AMPK activation by 5-aminoimidazole-4-carboxamide-1-ß-D-ribofuranoside
(AICAR) stabilizes FOXO3 by increasing its protein half-life. Moreover, AMPK favors the association
between FOXO3 and mitochondrial DNA through SIRT3, mediating the transcription of mitochondrial
genes. During mechanical overload, FOXO3 transcriptional activity is inhibited by diacylglycerol
kinase ζ (DGKζ) by a mechanism independent of DGKζ kinase activity within the nucleus.
Cytosolic FOXO3 is targeted by E3 ligase murine double minute 2 (Mdm2) for degradation via the
ubiquitin-proteasome system. FOXO3 and FOXO4 are acetylated by the histone acetyltransferase p300.
Abbreviations undefined in the main text: IRS1, insulin receptor substrate 1; PIP2, phosphatidylinositol
4,5-bisphosphate; PIP3, phosphatidylinositol 3,4,5-triphosphate.
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3.2. AMPK/FOXO Axis in Organelle Quality Control during Exercise

In addition to its role in muscle metabolism, AMPK/FOXO axis represents a major actor in
cellular components turnover via the ubiquitin-proteasome and autophagosome-lysosome proteolytic
systems. The ubiquitin-proteasome pathway involves E3 ubiquitin-ligases that target substrates
to the 26S proteasome for degradation after poly-ubiquitination. FOXO1 and FOXO3 regulate
the transcription of crucial ubiquitin ligases, including MuRF1, Trim32 (tripartite motif-containing
protein 32), and MAFbx/atrogin-1, implicated in myofibrillar protein removal (i.e., myosin light
chain 1 and 2, myosin heavy chain protein, myosin-binding protein C, actin, tropomyosin, troponins,
alpha-actinin, desmin, Z-bands, thin filaments), and myogenic/growth factors (i.e., MyoD, myogenin,
eIF3f) [71,89,99,105–116]. Autophagy is a critical stress response that allows the replacement of protein,
organelles, and other cellular components. In the first stage, proteins or other cellular constituents
(e.g., mitochondria, ribosomes, peroxisomes, endoplasmic reticulum, lipids, polysaccharides) are
incorporated in a double-membrane vesicle called the autophagosome. Then, the content of the
autophagosome is removed by another vesicle named the lysosome that contents acid hydrolases.
FOXO3 promotes the transcription of a plethora of autophagy genes (ATGs) involved in autophagosome
biogenesis and maturation, including ATG4B, ATG12L, Beclin, BNIP3 (BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3), GABARAPL1 (GABA Type A Receptor Associated Protein Like 1),
LC3 (microtubule-associated protein light chain 3), PI3KIII, ULK2 (Unc-51-like kinase) [106,117].
Of note, BNIP3/BNIP3L are involved in mitophagy since BNIP3 is a mitochondrial receptor that directly
connects to the Atg8 homolog LC3 and GABARAP, leading to the recruitment of autophagosome
to damaged mitochondria [118–120]. FOXO1 also activates the lysosomal protease cathepsin L in
skeletal muscle [121]. In mice, several autophagy markers are more expressed in slow-twitch muscles
but basal autophagy flux appears to be higher in glycolytic muscles, suggesting that autophagy in
glycolytic muscle might be more tightly regulated [122]. Importantly, AMPK and MTOR differentially
regulate the initiator of autophagy ULK1 (Atg1) through phosphorylation [123–125], noticeably in
skeletal muscle [5,23,126]. AMPK phosphorylates ULK1 at several residues (Ser-317/467/555/777)
leading to autophagy initiation in condition of energy stress. Conversely, MTOR inhibits ULK1 by
phosphorylating Ser-757 when nutrients are plentiful.

In the last decade, studies have revealed that acute endurance exercise affect the expression
and phosphorylation level of markers involved in protein and organelle removal. FOXO1 and
FOXO3 level increases after exhaustive exercises [33], and it was found that several proteolytic actors
(i.e., MAFbx/atrogin-1, MuRF1, LC3B-II, and Atg12 expression, etc.) and proteasome β2 subunit activity
may be enhanced after marathon or ultra-endurance exercise [127,128]. Some of these modulations
were also reported in response to exercise performed at moderate intensity [129–131]. Increases in
protein breakdown may be useful to favor cell component turnover during recovery, or, alternatively,
amino acids can serve as substrates when exercise is prolonged. Interestingly, the enhanced muscle
protein anabolic response with ingestion of essential amino acids and carbohydrates during the
recovery of resistance exercise seems primarily due to an increase in protein translation compared
to modulation of protein degradation [132]. More conventional endurance exercise may augment
the expression of autophagy markers according to exercise intensity and the nutritional state. When
performed in a fasted state, exercise promotes more important increases of autophagy markers (LC3B,
GABARAPL1 lipidation, cATG12 protein level, p62 mRNA level) and more specific inductions of
actors involved in mitophagy (BNIP3 and Parkin expression) compared to exercise conducted in
a fed state [133]. Consistently, rises in DRP1 (dynamin related protein 1) phosphorylation, a GTPase
involved in fission of mitochondria, quickly occurs during exercise, including endurance exercise
conducted at moderate intensity (40–50% of

.
VO2max) in sedentary rodents [40]. Exercise at moderate

intensity quickly increases phosphorylation of AMPK and induces initiation of the autophagy pathway
through ULK1 [40]. An increase in autophagy markers (i.e., LC3 lipidation and p62 expression) can
be observed near to exhaustion [40]. Importantly, the modulation of autophagy markers during
endurance exercise differs between rodent and human muscles. Indeed, regarding LC3 lipidation or
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p62 expression, acute endurance exercise seems to promote enhanced autophagosome content in mice,
while the opposite can be found in humans [134,135]. However, 60 min of cycling exercise at moderate
intensity increases ULK1 phosphorylation concomitantly to a decrease in LC3 lipidation in human
skeletal muscle, suggesting an initiation of autophagy [129]. It will be necessary to define if these
contradictive results found in humans can be explained by a decrease in autophagy or alternatively by
a fast degradation of the autophagosome by the lysosome because of an abrupt induction of overall
system. Development of valid markers of autophagic flux in humans should contribute to a better
understanding of this pathway.

Autophagy is an essential system for muscle maintenance since chronic autophagy deficiency leads
to increased proportion of centralized nuclei and pro-apoptotic markers, reduced force, altered twitch
kinetics in glycolytic muscle, as well as enhanced calpain and proteasomal enzymatic activity [122].
In cardiac and skeletal muscles, autophagy plays a role in the exercise-related metabolic effects [130,131].
Disruption in autophagy decreases endurance performance and alters glucose metabolism. In addition,
autophagy failure results in mitochondria degeneration, sarcoplasmic reticulum distension and
disorganization of sarcomere [136], confirming the critical role of autophagy in mitochondria and
myofiber homeostasis. In response to chronic exercise, autophagy appears to be needed for exercise
training-induced mitochondrial remodeling and fiber-type transition [137].

3.3. Exercise and Autophagy/Mitophagy Flux

The majority of the aforementioned studies investigated autophagy at the transcriptional or
translational level. However, these approaches are not suitable for the interpretation of autophagy
activity. The “autophagic flux assay”, an accurate method to access autophagy activity, is based on the
turnover of LC3 and p62. Inhibitors of autophagy (colchicine, chloroquine, NH4Cl, or bafilomycin A1)
are used to block the incorporation of the autophagosomes into the lysosome or to reduce the activity of
lysosomal enzymes. This method avoids incorrect analysis of LC3-II or p62 protein level. For example,
LC3-II content can be increased when autophagy activity is enhanced but also when the latter stages
of the process (e.g., fusion between autophagosome and lysosome) is altered. Per contra, a decrease
of LC3-II levels could mean either a decrease or, when lysosomal degradation is fast, an elevation
in autophagy activity. Experiments with autophagy flux are lacking, especially in the evaluation of
the responses to chronic exercise in vivo. However, in a recent investigation [138], the authors used
colchicine treatment to establish a link between autophagy modulation during endurance training and
mitochondrial biogenesis in mice skeletal muscle. Thus, autophagy suppression by colchicine abrogated
mitochondrial adaptations linked to training. More recently, studies from Hood’s lab examined the
impact of ageing and chronic contractile activity on basal muscle autophagy and mitophagy flux. In these
experiments, mitophagy flux was assessed on isolated mitochondria. The authors found that aged
muscles present accelerated basal mitophagy flux, especially in intermyofibrillar mitochondria [139,140].
This result indicates that, during ageing, autophagy activity is increased to promote the targeting
of damaged organelles, especially mitochondria. Importantly, chronic contractile activity decreases
mitophagy flux in both aged and young muscles [139,140]. Hence, one might hypothesize that, in this
context, chronic contractile activity improves mitochondria quality and decreases the necessity to recycle
them through the autophagosome-lysosome pathway. Additional investigation using mitophagy flux
experiments is needed to examine the effect of exercise training on basal mitochondria turnover in vivo.
Importantly, the same group also reported that contractile activity may normalize autophagy flux and
reverse mitochondrial abnormalities during autophagy suppression [141]. In that respect, exercise may
represent an effective therapeutic issue to counterbalance diseases with defects in organelle replacement.
However, to date, no data have been made available on the effect of exercise on the turnover of other
organelles such as ribosomes or endoplasmic reticulum that represent crucial components in muscle
protein homeostasis.
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4. The Emerging Roles of Parkin and FOXO3-Dependant Mul1 Pathway in Organelle Turnover
and Adaptations to Exercise

In the last decades, the E3-ubiquitin ligase Parkin has been implicated in the control of mitophagy
with a particular focus on neuronal degeneration, especially during Parkinson disease (PD) [142–144].
PINK1 (PTEN- induced putative kinase protein 1) is a mitochondrial serine/threonine protein kinase
that is activated by the depolarization of mitochondrial membrane. PINK1 phosphorylates and
enhances Parkin activity [144]. Data highlighted that Parkin phosphorylation at Ser-65 is necessary for
its mitochondrial translocation, leading to the degradation of several actors involved in mitochondrial
dynamics and motility [142,145]. Parkin is known to ubiquitinate TOMM20 (translocase of outer
mitochondrial membrane 20), the mitochondrial fusion protein Mitofusin 1/2 (Mfn2 1/2), DRP1,
Fis1, Miro, and VDAC (voltage-dependent anion channel) [146–151], leading to the translocation of
autophagy receptors to mitochondria (i.e., LC3, SQSTM1/p62 and NBR1/autophagy cargo receptor) [152]
(Figure 1). In addition to its roles in mitophagy and mitochondrial dynamics, Parkin targets the
transcriptional repressor of PGC-1α PARIS (ZNF746, zinc finger protein 746), favoring mitochondrial
biogenesis [153]. Finally, a role of Parkin in the production of mitochondrial-derived vesicles playing
a role in mitochondrial quality control has also been revealed [154–158].

A recent study investigated the involvement of Parkin in the muscle phenotype of PD [159].
The authors reported that the mitochondrial uncoupler carbonyl cyanide m-chlorophenylhydrazone
(CCCP) promotes PINK1/Parkin-mediated mitophagy in C2C12 cells, and myotube atrophy. Ablation of
Parkin resulted in accumulation of dysfunctional mitochondria and myotubular atrophy, suggesting that
Parkin plays a role in skeletal muscle mitochondrial removal. More recently, Gouspillou and co-workers
highlighted, for the first time, the critical role of Parkin in contractile and mitochondrial properties of
healthy muscle [160]. The authors found that Parkin ablation causes muscle contractile dysfunction
associated with higher cross-sectional area of type-IIb fibers. Importantly, Parkin ablation results
in mitochondrial dysfunction with reduced maximal mitochondrial respiration and mitochondrial
uncoupling but without alteration of mitochondrial content. This study has also suggested that
Parkin ablation favors oxidative stress, decreases mitochondrial fusion, and increases mitochondrial
fission. Even if specific mitophagy flux has not been assessed, the authors also found an increase of
autophagy markers in Parkin−/− muscles. Thus, these data are consistent with global mitochondria
alteration and Parkin appears to be a critical actor in maintaining contractile properties efficiency in
normal skeletal muscle. In addition, a recent study from Hood’s lab [161] revealed that Parkin and
mitophagy are of importance for training-induced mitochondrial adaptations. However, in this study,
the authors showed that Parkin ablation does not significantly affect basal mitophagy flux. In response
to a single bout of endurance exercise, enhanced mitophagy flux and alterations of PGC-1α signaling
were observed in Parkin deficient mice, but mitochondrial content was increased in a similar extension
to the wild-type population. This result indicates that Parkin/PGC-1α axis seems unessential for
mitochondrial biogenesis during exercise. Importantly, the authors demonstrated that acute endurance
exercise elevates mitophagy flux and training attenuates this elevation in wild-type but not in Parkin
deficient animals. However, training does not alter basal mitophagy flux, even if the presence of Parkin
to mitochondrial membrane is enhanced in the basal state. These data seem to indicate that a lower
rate of mitophagy may occur thanks to training adaptations that may lead to a better mitochondria
quality. In agreement, the authors also found that training increased mitochondrial content in Parkin
knock-out mice, but these mitochondria showed several dysfunctions.

The E3-ligase Mul1 (or MULAN/GIDE/MAPL) was recently proposed to be associated to the
AMPK-FOXO3 signaling pathway in muscle [97]. Mul1 plays a role in the control of mitochondrial
quality by coordinating mitochondrial removal and dynamics but also apoptosis [162–164]. Mul1 is
upregulated by AMPK activation in primary myotubes [97] and AMPK could block the preservative
effects of IGF-1 on contractility of sensory-innervated muscle cells through Mul1 enhancement [165].
In skeletal muscle, changes in Mul1 expression lead to the degradation of Mfn2 and mitochondrial
fission, inducing mitochondrial elimination [166]. Mul1 also favors the fragmentation of mitochondria
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through DRP1 stabilization [167]. Interestingly, Mul1 was also found to stabilize ULK1 in HeLa
cells [163]. However, these recent findings have not yet been evaluated in muscle cells. Even if these
data highlight a role of Mul1 in mitochondrial turnover and muscle atrophy, data on exercise are still
limited and there is a need to examine the implication of Mul1 in adaptations to training. A recent study
revealed that Mul1 and the mitophagy pathway seems not to be involved in adaptations to training
in muscle of patients with type 2 diabetes [168]. However, an increase of Mul1 protein expression,
but not mRNA level, has been observed during acute endurance exercise in the muscles of healthy
rodents [40], indicating a potential role for Mul1 during such a stress.

5. Exercise in Hypoxia

Athletes currently use training under hypoxia as a method to enhance performance at sea level or
to prepare competitions at altitude. The addition of hypoxia during training elicits higher metabolic
stress and can promote selective adaptive responses for aerobic performance [169,170]. Recently, it was
found that repeated-sprint training in hypoxia also enhances repeated sprint ability in swimming
and team-sports [171–173]. Another protocol in which high-intensity exercises were conducted under
hypoxia and recoveries in normoxia, was also proposed for highly-trained athletes to provide additional
effects on endurance performance [174]. The most recognized effects of training under hypoxia on
skeletal muscle are related to oxidative capacity, capillary density, mitochondrial density, and enhanced
blood glucose utilization [170,175,176]. However, occurrence of adaptations depends on several
factors (e.g., hypoxic dose and duration) [177], and studies also reported no further positive effect on
performance at sea level [178–180].

Acute exposition to normobaric hypoxia was found to modulate basal protein turnover markers.
However, the majority of the works on hypoxia mainly focused on the modulation of protein translation
markers [181–184] and data on the effect of exercise conducted under hypoxia on protein balance are
lacking. Nevertheless, studies from Deldique’s lab recently suggested that acute exposition to hypoxia
increases or does not have effect on the MTORC1 pathway [185,186]. This discrepancy between studies
could be explained by differences in the nutritional pattern that affect insulin (or catecholamines)
concentration. Indeed, high plasma insulin concentration may upregulate the MTORC1 pathway
during exposure to hypoxia [185]. Concerning autophagy, recent studies from Masschlelein and
co-workers investigated its regulation during acute normobaric hypoxia in humans [186]. The authors
observed a raise in the LC3-II/I ratio and a reduction of p62 expression at rest, suggesting enhanced
autophagy. In addition, moderate cycling exercise increased the BNIP3 mRNA level, a marker of
mitophagy [186]. However, no study has performed autophagy flux measurement in response to both
acute and chronic hypoxia, limiting possible interpretations. Finally, concerning resistance training
in humans, a recent study from Deldique’s lab [187] highlighted that hypoxia (FiO2: 14%) blunts
the activation of protein synthesis and down-regulates the transcriptional program of autophagy.
Importantly, resistance exercise performed in hypoxia seems to initiate the transcription of genes
involved in satellite cell incorporation that potentially participate in gains of force production observed
in the long term [187]. Additional studies are also required to evaluate the gains in muscle mass and
force production compared to normoxia.

Although studies on the acute effects of hypoxia on protein turnover are emerging, chronic
adaptations to altitude or normobaric hypoxic training remain largely unexplored. It is documented
that chronic hypoxia can cause skeletal muscle atrophy in rodent through a downregulation of
protein translation and enhanced proteolysis, as well as alterations in oxidative metabolism [188–190].
In humans, high altitude hypoxia exposure (4559 m) for 7–9 days induces a decline of iron
transport-related protein expression, tricarboxylic acid cycle, oxidative phosphorylation, and oxidative
stress [191]. Moreover, MTOR level may be reduced in such a condition [191], suggesting alteration
in protein translation. However, the effects of ambient hypoxia on both others proteins synthesis
markers (i.e., translational initiation markers) and catabolic signaling pathways (i.e., autophagy)
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remain to be clarified in humans, especially in combination with exercise training and nutritional
strategies [185,192].

6. Muscle Contraction Regimens and Cell Component Turnover

Numerous investigations have shown that resistance training with eccentric actions performed
at high intensities may have higher benefits for muscle strength and hypertrophy compared to
concentric or isometric contraction modes [193]. In addition, early adaptations have been reported
with eccentric overload training [194]. Protein turnover pathways can be affected by different modes
of contraction and the higher effects of eccentric mode on muscle growth seems to be associated with
a greater activation of MTORC1 pathway [195]. However, contraction mode appears less influential on
muscle hypertrophy with prolonged high-volume resistance training and protein and carbohydrate
supplementation becomes more critical factors to further increase muscle mass [195]. Furthermore,
when the magnitude of the force–time integral is normalized, studies in both rodents and humans found
that eccentric mode induces similar anabolic responses to concentric mode [196,197]. From a molecular
viewpoint, MTORC1 activation after eccentric contractions seems more related to PA synthesis than
the PI3K/Akt signaling pathway [198]. Even if muscular hypertrophy involves the MTORC1 pathway
during the post-exercise period [199], many weeks of training do not necessarily induce major changes
on the basal MTORC1 pathway [195]. Under the same force–time integral, with regard to proteolytic
markers (i.e., FOXO3 and ULK1 phosphorylation, LC3B-II/I ratio, and MAFbx/atrogin-1, MuRF1 and
p62 expression), the study from Ato and co-workers suggests that the contraction mode does not
appear as a factor that may differentially regulate proteolytic pathways in the early phase of muscle
contractions [200]. During exercise, a study from Sandri’s lab highlighted that autophagy seems
important to preserve mitochondrial function during damaging muscle eccentric contractions [201].
Altogether, these data still suggest that the magnitude of force–time integral should be the main factor
to explain differences in anabolic or catabolic response. The energy cost of eccentric actions is lower
compared with concentric contractions, and eccentric exercise allows one to develop higher loads
during a training session. In addition, autophagy flux experiments remain to be performed to avoid
misinterpretation of the modulation of autophagy or mitophagy according to contraction mode. Thus,
from our point of view, further studies have to consider these features.

Some studies explored the response to the combination of eccentric endurance exercise and
hypoxia in skeletal muscle. Thus, the study from Klarod and co-workers suggests that downhill
walking performed at a low altitude may present some advantages for physical fitness in pre-diabetic
men [202]. In this study, eccentric endurance exercise training at a low altitude (from 850 to 1360 m)
was shown to improve aerobic performance. At a moderate altitude (from 2000 to 2447 m), the same
exercise training program increased the biological antioxidant activity of plasma. In rodents, the study
from Rizo-Roca investigated if intermittent hypobaric hypoxia combined with aerobic exercise may
be beneficial for recovery from eccentric-damaging exercises. The authors found that this strategy
may reverse the signs of muscle damages and reinforce or preserve the fiber oxidative phenotype in
response to several weeks of training [203]. The same group reported that this strategy may improve
important mitochondrial aspects (i.e., fission/fusion markers and the expression of actors involved
in mitochondrial biogenesis) during recovery from eccentric exercises [204]. These results open
important perspectives on the use of hypoxia combined with aerobic exercise as a recovery method
from damaging exercises in both athletes and patients. However, to provide further recommendations
and better understand cellular adaptations, more studies have to be developed, especially studies
on myofibrillar protein synthesis and mitochondria remodeling, in response to the eccentric exercise
performed in hypoxia.

7. Conclusions and Perspectives

The preservation of muscle mass and oxidative capacity are essential for maintaining quality of
life. In the past few years, advances have expanded our understanding on the impact of exercise on
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the events that govern organelle turnover and the role played by crucial factors, especially AMPK,
MTORC1, and FOXO. Concerning protein synthesis, a major discovery of this last decade is that
DGKζ appears as a key regulator of MTORC1 during overload. Importantly, the modulation and
trafficking of eIF3f and its potential regulation through DGKζ/FOXO3 axis has been, for the first time,
pointed out in the context of exercise. In addition, our knowledge on the physiological significance
of MTORC1 recruitment to the lysosome and to the cell periphery has been significantly improved
by using immunofluorescence approaches. Concerning protein breakdown during exercise, Parkin
and Mul1 have been recognized as critical E3-ligases for normal skeletal muscle and mitochondria
maintenance. Parkin appears essential for mitochondrial adaptations to endurance training and the
maintenance of functioning mitochondria. However, the potential role of Mul1 in mitochondrial
adaptations to chronic exercise has to be addressed. Furthermore, studies on hypoxia highlighted that
hypoxic stress may blunt the MTORC1 pathway after resistance training but compensative mechanisms
(i.e., transcription of satellite cells regulators) are potentially involved in hypertrophy and strength
gains. Studies have to be initiated, in particular, with measurements of autophagy/mitophagy flux to
reinforce our knowledge on the effects of training in hypoxia on organelle quality control. Regarding
the mode of contraction, eccentric exercises lead to a greater activation of the MTORC1 pathway,
probably through a PA-dependent mechanism. Finally, further studies on this topic and the impact of
nutritional interventions have to be developed, to better understand skeletal muscle adaptations to
training, thanks to organelle quality, and to develop countermeasures during illness.
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Abstract: Skeletal muscle has remarkable regenerative capacity, relying on precise coordination
between resident muscle stem cells (satellite cells) and the immune system. The age-related decline in
skeletal muscle regenerative capacity contributes to the onset of sarcopenia, prolonged hospitalization,
and loss of autonomy. Although several age-sensitive pathways have been identified, further
investigation is needed to define targets of cellular dysfunction. Autophagy, a process of cellular
catabolism, is emerging as a key regulator of muscle regeneration affecting stem cell, immune cell,
and myofiber function. Muscle stem cell senescence is associated with a suppression of autophagy
during key phases of the regenerative program. Macrophages, a key immune cell involved in
muscle repair, also rely on autophagy to aid in tissue repair. This review will focus on the role of
autophagy in various aspects of the regenerative program, including adult skeletal muscle stem
cells, monocytes/macrophages, and corresponding age-associated dysfunction. Furthermore, we
will highlight rejuvenation strategies that alter autophagy to improve muscle regenerative function.

Keywords: muscle regeneration; aging; stem cell; immune; macrophage; senescence; exercise;
caloric restriction

1. Introduction

The physiological process of aging consists of diverse cellular changes including proliferation,
metabolism, inflammation, and apoptosis. To identify and provide new therapeutic targets and
approaches to counteract the physiological decline of advanced age, a thorough understanding of
cellular processes involved is paramount. Autophagy has emerged over the years as an important
regulator of age-related changes in various tissues including skeletal muscle. Aging is directly
associated with adverse changes to skeletal muscle including a decline in functional capacity which
contributes to lower quality of life, reduced independence, and greater mortality in the elderly.
The capacity of skeletal muscle to regenerate following injury is, likewise, negatively affected by aging
and appears to be associated with alterations in cellular autophagy [1,2]. The regenerative properties
of muscle are dictated by the efficient removal and clearance of damaged tissue and the myogenic
ability of resident, adult muscle stem cells to replace mature myofibers. Not only does regeneration
require autophagy to resolve properly, but in leveraging autophagy, it appears possible to attenuate
the age-related decline in skeletal muscle regenerative function.
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2. Molecular Process of Autophagy

Macroautophagy (hereafter referred to as autophagy and distinct from micro- and chaperone-mediated
autophagy as reviewed in [3]) was originally characterized as the apparent self-consumption of
mitochondria by the lysosome in mouse kidney cells [4]. Currently, autophagy is understood as a
broad process that regulates the delivery of a wide range of proteins and organelles into the lysosome
for catabolic degradation. Under pathophysiological conditions, autophagy dysfunction is generally
characterized by its insufficiency to remove damaged organelles or debris. Autophagy activation
was originally identified as a response to nutrient deprivation in eukaryotic systems [5,6]. We now
know that autophagy is activated during various cellular stressors including exercise, endoplasmic
reticulum stress, infection, and hypoxia [7]. A functional role of autophagy is expanding to include
energy production, cellular remodeling/differentiation and influence over apoptosis [8–12]. Numerous
preclinical and clinical efforts target autophagy to treat pathologies such as cardiovascular disease,
cancer, and neurodegeneration among others [13]. The process is regulated by a highly-conserved
family of proteins referred to as autophagy-related genes (Atgs). Atgs facilitate specific stages in the
autophagic process such as initiation, formation, elongation, and fusion [14].

A number of molecular signals are involved in the coordination and control of the process
(readers are referred to a previous review [14]). Transcriptional regulation of autophagy includes
the transcription factors JNK [15], NFKappaB [16], HIF-1 [17], and FOXOs [18]. Of key interest is
autophagy regulation by the mTOR complexes (mTORC1 and mTORC2) [19]. At high nutrient
concentrations, mTOR phosphorylates and inactivates UNC-51-like kinase 1 (ULK1) and Atg13
to prevent the initiation of autophagosome formation [20]. Under starvation conditions, or when
autophagy is favored for proteostatic maintenance [21], mTOR dissociation allows the formation
of the ULK1:Atg13:FIP200 to initiate autophagy [20]. Subsequent formation and maturation of
autophagosomes involves the Beclin1:Vps34 complex, which is negatively regulated by interactions
involving the apoptosis promoting members of the Bcl-2 family of proteins [15]. Elongation of the
autophagosome membrane utilizes Atg5:Atg12 conjugation and the conversion of cytosolic LC3
(LC3-I) into a membrane-associated PE-conjugated LC3 (LC3-II) facing the interior and exterior of
the autophagosome [22]. A summary of the molecular events involved in the autophagy process is
illustrated in Figure 1. Once the autophagosome fuses with the lysosome, the contents are broken down
into constituent macromolecular precursors that can be reused as raw “bio” material or, alternatively,
metabolized. Biochemical markers suggesting this process has been resolved include protein expression
patterns of LC3 isoforms and the autophagosome targeting molecule p62.

Aging is a complex process associated with diminished ability for tissues to maintain biological
homeostasis. This is especially relevant in tissues that exhibit age-related changes in autophagic
function. In numerous cell types tested, autophagy upregulation is capable of mitigating aging-induced
apoptosis and necrosis [23]. Proliferating cells (including stem cells) tend to utilize autophagy
for metabolite generation, improved genomic stability and limit oncogenic transformations while
postmitotic cells (such as myocytes) rely on autophagy to remove dysfunctional or mutated
mitochondria and protein aggregates formed over time [23]. Even in simple eukaryotic models such as
Saccharomyces cerevisiae, screens for short-lived mutants include various autophagy loss-of-function
Atg mutants [24]. Similar findings were extended to Unc-51 mutant Ceanorhabditis elegans [25] and
Beclin mutant Drosophila melanogaster [26]. In humans, autophagy downregulation is coincident with
numerous pathologies associated with advanced age. Chronic diseases often display reductions
in autophagy as demonstrated in brain tissue [27], circulating mononuclear cells [28], connective
tissue [29], and cardiac muscle [30]. Wound repair is another relatively unexplored area where
age-related changes in autophagy may play an important role [31]. Taken together, these lines of
evidence show how autophagy is intricately related to biological aging and senescence.
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Figure 1. Molecular Events of Autophagy and related Signaling Pathways. Autophagy is a
highly-conserved cellular process across eukaryotes from yeast to human. The initiation membrane
matures and develops into a phagophore around cytoplasmic compartments containing a variety of
macromolecules, organelles, and other cytoplasmic contents. Once fully enclosed, the autophagosome
will fuse with the lysosome exposing the contents of the autophagosome to an acidic pH and various
digestive enzymes of the lysosome. Following degradation of the contents of the autolysosome, the
resulting molecules become available for cytoplasmic utilization (including amino acids, carbon fuel
substrates, nucleotides, and reducing cofactors). This process simultaneously allows the cell to undergo
drastic and rapid remodeling. Previous research has specifically shown the interaction of mTOR and
AMPK in the initial steps of the autophagy process through phosphorylation interaction with the
ULK1:Atg13:FIP200 complex.

3. Autophagy Effects on Skeletal Muscle Homeostasis, Regeneration, and Aging

Skeletal muscle is a dynamic tissue that is constantly adapting and changing to physical and
metabolic demands. As such, autophagy seems to be a key step in healthy muscle homeostasis and
physiology [32]. Pathophysiological conditions of muscle that implicate maladaptive autophagy
including Duchenne’s muscular dystrophy [33], type II diabetes mellitus/insulin resistance [34],
sarcopenia [35], cancer-induced wasting [36], and myotube regeneration [37]; however, the origin of
signals inducing autophagy for each scenario seems to differ. In the case of sarcopenia and cachexia,
autophagy seems to be an outcome of systemic inflammation signals and dietary hypophagia that
contributes to a skeletal muscle phenotype [35,36,38,39]. In other instances, cellular remodeling or
tissue repair is seen in dystrophic muscle, and autophagy helps to clear damaged cellular components
including myofibrillar components and sequestered cytoplasm [33,37]. These claims are supported
when muscle-specific Atg7 knockout in mice resulted in abnormal mitochondrial morphology,
oxidative stress, and sarcomeric alterations [32]. Moreover, high-fat diets alter vesicle membrane
composition which can also impact rates of autophagy implicating obesity as a modulator of muscle
autophagy [40].

In addition to maintaining muscle homeostasis, the activation of autophagy becomes an important
factor for skeletal muscle remodeling after stimuli like contractile activity/exercise [41,42]. Not
only is autophagy required for skeletal muscle adaptations to physical activity, but autophagy also
contributes to improvements in whole body insulin sensitivity [42]. Conversely, mice that maintain
basal autophagy rates but lack BCL2-inducible autophagy do not show insulin resistance or alterations
in muscle size compared to littermates that are able to activate autophagy above basal levels [34].
The molecular signals responsible include the BCL2-dependent upregulation of Beclin1 as well as
AMPK phosphorylation of ULK1 [34,41]. These studies help to define an important role for autophagy
signaling in skeletal muscle metabolism and chronic diseases; however, less is known about the
function autophagy plays in regeneration.
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Skeletal muscle has extensive regenerative capabilities due to resident stem cell functions and
a highly coordinated interaction with hematopoietic/immune cells during the repair process. This
complex, yet efficient process results in complete return of morphology and function in healthy muscle.
Blocking autophagy by genetic (Atg5, Beclin1) or pharmacological (chloroquine) methods causes
accumulation of sarcomeric and nuclear debris following muscle damage in zebrafish showing the
key role autophagy plays in the repair process [37]. In the mouse, treatment with a pharmacological
inhibitor of global autophagy such as 3-methyladenine (3-MA) after injury slows functional recovery
14 days postinjury [43]. Similarly, mice treated with hydroxy chloroquine (CQ), another chemical
inhibitor of autophagy, perturbs muscle regeneration and exacerbates the pathology of mdx mice [44].
Genetic inhibition of autophagy through whole body knockdown of Atg16 results in impaired
regeneration following cardiotoxin-induced injury [45]. While the importance of autophagy in the
regenerative programs have been shown largely using whole body blockage of autophagy, limited
investigation has focused on myofiber-specific manipulation of autophagy. Knockout of ULK1 under
a myogenin promoter (muscle cell specific) in mice prevents the initiation of autophagy, which
impairs the recovery of force production following both cardiotoxin and ischemia/reperfusion-induced
damage [46]. These data suggest a possible role for autophagy to clear damaged proteins and organelles
to allow myofiber regeneration. Moreover, work in C2C12 cells show autophagy is required for
successful differentiation of C2C12 myoblasts, in part by protecting differentiating myoblasts from
apoptosis [47]. Together, autophagy may regulate various processes in the regenerating myofiber
including proteostasis and survival mechanisms.

Successful muscle regeneration requires a coordinated effort from various other cell types
including mast cells, neutrophils, T regulatory cells, eosinophils, and CD8+ T cells [48]. While
each of these cell types contributes specifically to muscle recovery, two cell types that have been
studied extensively related to autophagy mechanisms are the muscle satellite cell and the macrophage.
The following sections will discuss how autophagy regulates their function and direct or theoretical
contributions to muscle regeneration.

4. Muscle Satellite Cells

Adult skeletal muscle maintains a relatively remarkable ability to regenerate and recover following
mild damage or insult throughout much of the lifespan [49]. The functional adult stem cell of skeletal
muscle is the satellite cell [50]. Termed this way based on its appearance at the periphery of muscle
fibers, the satellite cell is the source of replenishment of myonuclei following damage and is called
upon to meet the transient demands of myofiber hypertrophy and repair [51–54]. Quiescent satellite
cells are identified as Pax7+/Myod− cells that are capable of asymmetric cell division and forming
mature myonuclei when transplanted into injured muscle. Successful regeneration requires two
stages of satellite cell function: proliferation and fusion/myogenesis. Both phases of repair show
evidence of dysfunction with advanced age. The function of satellite cells is measured by their ability
to activate from quiescence and undergo asymmetric proliferation into (1) daughter cells that are
capable of further proliferation and differentiation into mature muscle fibers and (2) daughter cells
that are capable of reentering quiescence. Therefore, we refer to satellite cell function as their ability to
proliferate and/or undergo myogenesis. A summary of the general mechanism of myogenesis and
myofibrillar regeneration is shown in Figure 2.
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Figure 2. Activation of the Muscle Stem Cell. Adult, resident skeletal muscle stem cells—termed
satellite cells—were originally identified in the hind limb muscle of frogs and rats by electron
microscopy by 1961 [55]. These cells lie in a quiescent state; dormant with low metabolic flux and
little cytoplasm (low energy demand/low energy storage). Following damage by mechanical or
chemical stimuli, an activated satellite cell will hypertrophy to accommodate cytosolic machinery
and organelle requirements for proliferation. This key functional step leaves the (recently quiescent
and still relatively small) satellite cell with little in the way of energy stores or metabolic machinery
(i.e., mitochondria) but an extremely high demand for energy substrates, metabolic intermediates, and
amino acids. This state of high energy demand/low energy storage in accompanied by a simultaneous
remodeling of the cell architecture. By using autophagy as a process to remove aged, unnecessary,
or damaged components, the young/healthy activated satellite cell is capable of recycling those
components into the building blocks needed to further proliferate. The proliferated satellite cells will
asymmetrically divide allowing the self-renewal of the activated stem cell into the quiescent state;
likewise requiring significant cytoplasmic reorganization and remodeling. The satellite cell progeny
will undergo subsequent differentiation into mature myogenic cells that are able to fuse with the
damaged myofibers accomplishing successful and complete regeneration.

4.1. Satellite Cells in Health and Aging

Aging has long been known to be inversely related to the proliferative potential of satellite
cells [56–58]. Depletion of satellite cells drastically inhibits proper muscle regeneration in response to
damaging stimuli in old and young mice [59]. Early investigation used eccentric contraction-induced
injury in animals combined with irradiation (a method to prevent satellite cell proliferation) to
demonstrate a contribution of satellite cells to hypertrophy and recovery. In irradiated mice, isometric
torque recovery was reduced by ~25% in mice that were irradiated and damaged compared to
nonirradiated controls [60]. Similarly, stretch-induced damage was able to upregulate key myogenic
regulatory factors, including Mrf4, MyoD, and myogenein in quail muscle; however, myogenin
gene expression was reduced if the muscle had been irradiated prior to stretch overload [61]. These
studies suggest that satellite cells contribute to recovery from physiological forms of injury such as
contraction and overload, which are translatable to injuries observed in the elderly or sarcopenic [62].
Conditional ablation of Pax7-expressing satellite cells suggests a minimal role in the development
of sarcopenia (under sedentary conditions) as measured by specific force and muscle morphology
comparing young (~5 months) and aged (~22 months) mice [63]. Similarly, the Pax7-dependent
contribution of BrdU to myofiber nuclei was also shown to be minimal in unchallenged muscle [63].
While these studies demonstrate a role for Pax7 positive satellite cells in regeneration, several groups
have reported age-associated decrements in the number of satellite cells [64–66]. Not only is the number
of satellite cells reduced in aged muscle but the ability of the cell to exit quiescence and activate is
negatively impacted [67]. The mechanism(s) directing the age-related impairments in satellite cell
function are uncertain; however, there is evidence for systemic, intercellular, and niche-associated
contributors [68–70].
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Satellite cells isolated from aged mice can be transplanted into injured muscles of young recipients
and contribute to regeneration but fail to repair myofibers and replenish the quiescent resident stem cell
pool to a similar extent of young donor cells [2,71]. This model has repeatedly shown the limited ability
of satellite cells from aged donors to expand, self-renew, and fuse into myofibers regardless of host age
supporting some intrinsic change in the satellite cell that cannot be reversed by engraftment into a
youthful environment [71,72]. Several reports have elucidated cellular mechanisms responsible for
age-associated dysfunction which include p38α/β mitogen-activated protein kinase (MAPK) signaling
axis, FGFR-Sprouty1 signaling axis, JAK2-STAT3 signaling axis, and p16Ink4a [56,67,70,71]. Recently
published evidence further highlights a function for the tumor suppressor gene p53 in regulating
cell cycle progression in activated muscle stem cells which is decreased in aged mice and leads to
reduced proliferative and regenerative function [73]. Alterations in the satellite cell niche of older mice
alters Notch signals [57] which, in turn, upregulates Mdm2 and limits p53 protein. This results in a
propensity for impaired satellite cell proliferation and regenerative decline [73]. Age-related intrinsic
changes can activate and/or repress many of the pathways mentioned, resulting in a limited ability to
self-renew, and successfully differentiate into mature myofibers.

4.2. Autophagy and Muscle Satellite Cells

The importance of skeletal muscle autophagy is evident as impairments in autophagy in
muscle tissue cause myopathy [32], altered regeneration [46], and accelerated aging [74]. The role
of autophagy in satellite cell biology is less clear but several studies have helped to elucidate a
better understanding in this area. Reports from our group [2] and others [1,75] have demonstrated
that autophagy plays a crucial regulatory role in satellite cell quiescence, activation, differentiation
and apoptosis. Advanced aged demonstrates a clear reduction in autophagy markers in isolated
MuSCs [1,2]. Tang and Rando [76] show that autophagy is critical for activation and proliferation by
acting as a temporary energy source to fuel initiation of proliferation. This is necessary because the
relatively sparse cytoplasm and mitochondria of the satellite cell provide meager energy substrate
when exiting quiescence; therefore, relying on autophagy to produce new biomass [77]. Conversely,
aging muscle stem cells have a reduction in autophagy which, when rescued, has a rejuvenating effect
and suppresses senescence [1]. In addition, impairment of autophagy in young satellite cells leads
to a reduction in proliferation and myogenesis similar to what is observed in aged cells [1]. Aged
satellite cells are inherently susceptible to apoptosis following cellular stress compared to healthy cells
demonstrating a shift from autophagy to apoptosis with aging [78]. Recently published work by our
group shows advanced age drives muscle stem cell dysfunction, in part through impairments in the
AMPK/p27Kip1 pathway [2]. MuSC activation requires the induction of AMPK/p27Kip1 signaling to
promote autophagy and subsequent proliferative/myogenic function. Aged MuSCs had suppressed
AMPK/p27Kip1 signaling associated with reductions in autophagy and proliferation with increased
apoptosis and senescence. Genetic or pharmacological activation of AMPK or p27Kip1 was effective
in inducing autophagy and returning myogenic potential of aged MuSCs in addition to blocking the
induction of senescence markers [2]. A summary of autophagy associated mechanisms in the satellite
cell and approaches used to manipulate autophagy are shown in Figure 3. Although these studies
suggest a key role for autophagy in satellite cell activation and regeneration, further investigation
is warranted. Specifically, if autophagy is required to meet the energetic demands of satellite cell
activation, then which autophagy-derived substrates are necessary for successful activation and
how are these substrate concentrations affected in aged MuSCs? Furthermore, does the age-related
reduction in MuSC autophagy contribute to the loss in satellite cell number with age?
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Figure 3. Aging and Autophagy Directly Impact Muscle Stem Cell Activation. Autophagy in the
muscle stem cell can directly affect cell fate decisions including the maintenance of quiescence or
entering into senescence. These can be controlled by aging, exercise, and caloric restriction or by direct
manipulators of autophagy such as rapamycin and genetic ablation of the Atg system. Similarly, muscle
stem cell activation requires sufficient energy substrate that can be limiting when autophagy is reduced
(i.e., aging or with the autophagy inhibitiors chloroquine or 3-MA). Restoring the energetic signaling
through AMPK activation (AICAR) or by supplementing the energy stores through pyruvate can help
to replenish stem cell activation.

5. Monocytes and Macrophages

Alongside satellite cells, the innate immune system, specifically myeloid cells, plays a principal
role in development, homeostasis, and regeneration of skeletal muscle [79–82]. Following damage,
muscle exhibits traditional inflammatory responses including rapid and dramatic infiltration of
monocytes and macrophages. Monocytes are derived from a hematopoietic stem cell (HSC) lineage
and are activated and recruited to tissues where they differentiate into macrophages [83]. Recently,
the importance of monocytes throughout the muscle repair process has become clear from early
migration and removal of damaged tissue, inflammatory vs. anti-inflammatory macrophage roles, and
physiological impacts of aging on regenerative potential [84,85]. Monocytes are key intermediaries
between the innate and adaptive immunity and the role of autophagy is pertinent to all functions of the
monocyte. Monocytes are critical in directing immune responses and the repair and maintenance of
tissues throughout the body. This is done by chemotaxis towards inflammation such as tissue damage
and infection where they can aid and orchestrate the repair process. Monocytes are a short-lived
(t1/2 = 3 days) and highly mobile cell residing in the blood and spleen which respond to inflammation
by differentiation into macrophages and dendritic cells as well as tissue specific cells such as the
Kupffer cells of the liver. The process of differentiating from a monocyte to a macrophage dictates
the extent and duration of both immune responses and tissue remodeling. Without appropriate
stimulation to differentiate, monocytes undergo apoptotic cell death and are cleared from the system.
Here we will focus on the role autophagy plays on monocyte differentiation with age and the impact
this has on macrophage function during regeneration. In order to fully appreciate the regenerative
function of these immune cells, one must appreciate the phenotypic spectrum and heterogeneity of the
macrophage population recruited during the regenerative process.
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5.1. Autophagy in Monocyte Development and Macrophage Differentiation

Monocytes are derived from quiescent HSCs found in the hypoxic bone marrow environment.
This environment limits oxidative metabolism and nutrient availability to HSCs which are typical
activators of the autophagic process [86–88]. In fact, evidence shows that basal autophagy is elevated
in human HSCs [89]. The importance of autophagy in quiescent of HSCs is partly due to a greater
need for catabolism to remove damaged cellular components/organelles that are not actively removed
by cell division [90]. Others have shown the value of autophagy as a source for ATP and to mitigate
production of ROS through mitochondrial clearance by mitophagy [91,92]. FOXO3A and Atg7 are
specific mechanistic pathways that have each been shown to contribute to quiescent maintenance
through autophagy in HSCs [93,94]. Furthermore, evidence implicates an age-related decline in HSC
autophagy [95] and function which can be rejuvenated by rapamycin treatment in mice [96]. This
is highlighted through use of Tsc1-deficient HSC mice with constitutive activation of mTOR which
show upregulated mitochondrial biogenesis, ROS production, and HSC activation that can be reversed
by rapamycin treatment [97]. Additionally, Akt activation results in loss of HSC populations and
increased cycling leading to leukemia in mice [98]. These studies have helped to establish a key role for
autophagy in the maintenance of HSC quiescence as well as activation through an mTOR dependent
route. However, the importance of autophagy extends beyond the HSC to the monocyte–macrophage
differentiation process.

Monocytes are short-lived in circulation and undergo apoptosis unless stimulated by
inflammatory factors such as TNF to upregulate survival pathways. Upon activation by inflammatory
signals, monocytes use autophagy as a means to differentiate into macrophages or dendritic cells [99].
The specific signals stimulating the monocyte–macrophage transition have been shown to require
autophagy in an ULK1- and Atg7-dependent manner in human and mouse primary cells [100,101].
Using both pharmacological inhibition of Atg7-/- mouse cells, monocytes were unable to differentiate
when stimulated by CSF1 [100]. CSF2 stimulation of monocyte differentiation also appears to depend
on autophagy through a Beclin1/Bcl2 interaction mechanism [99]. In addition to monocytes triggering
towards a macrophage fate, autophagy can impact the polarization of the subsequent cell.

5.2. Monocyte and Macrophage Heterogeneity

During the early stages of the recovery process (roughly 0–48 h post injury), neutrophils help to
condition the tissue environment at the site of injury helping to direct subsequent regenerative immune
events. Monocyte extravasation in to the muscle is controlled by chemotaxis towards pro-inflammatory
cytokines such as interferon-γ (IFNγ) and tumor necrosis factor (TNF). Following classical activation
and recruitment to the damaged muscle, monocyte differentiation will lean towards a pro-inflammatory
macrophage (M1) designed to ingest cellular debris and necrotic tissue to combat the initial insult
and direct the subsequent immune response. Following the initial M1 response, monocytes will
begin to differentiate towards alternatively activated, anti-inflammatory macrophages (M2), which
reduces local inflammation and tampers the immune response to promote tissue remodeling (see
Figure 4). The characterization of macrophages as M1 versus M2 phenotypes is an approach which
fails to account for the diverse continuum of macrophage phenotypes [102]. In some scenarios,
macrophages isolated from damaged muscle can express transcripts associated with either/both M1
and M2 phenotypes and the change in expression of these transcripts can be highly transient [103–105].
NF-κB transcriptional control of selective autophagy appears to be responsible for some aspects
of M2 polarization [106]. Through inhibition of autophagy, NF-κB activity can force M2-polarized
macrophages to secrete relevant levels of M1-cytokines [107]. Others have found that autophagy
activation through rapamycin treatment leads to the classical M1 phenotype in macrophages from
human blood [108]. These studies suggest that greater autophagy activation is directly related to the
differential polarization of macrophages in response to stimuli [109]; however, a knowledge gap still
exists in the field supporting autophagy as a direct contributor to either macrophage phenotype. Many
of these studies rely on transcriptional control of NF-κB on autophagy or pharmaceutical modulators of
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autophagy each of which could have many confounding effects in the cell. Further evidence is needed
to solidify a causative relationship between cellular autophagy and remodeling in macrophages,
especially in the context of muscle regeneration and aging.

Figure 4. Development of Bone Marrow-derived Macrophages. Hematopoietic stem cells (HSCs)
reside in their hypoxic niche within the bone marrow and maintain a quiescent state. When activated,
the HSC can generate daughter cells of the common myeloid progenitor lineage and subsequently,
into circulating monocytes. When stimulated by inflammatory cytokines (i.e., IL-6 or TNF, such as
following muscle damage), monocytes undergo transcriptional changes that prevent apoptosis and
enhance autophagy machinery during the differentiation into a macrophage. Mature macrophages
(both classical and alterative) rely heavily on autophagy to aid in their function of clearing the damaged
tissue and cellular debris that is the result of muscle injury.

5.3. Autophagy and Macrophage Function and Phenotype

It is clear that autophagy is a critical component to the efficient function of immune cells to clear
pathogens or cellular debris. This is highlighted by macrophage function during skeletal muscle
repair [110,111]. We refer to macrophage function as the ability of the cell to ingest and eliminate
debris from a site of injury while aiding in the coordination of inflammation/resolution through
cytokine production and excretion. In mature macrophages lacking ATG7, fewer autophagosomes are
formed; there is a reduction in functional surface receptors, increased glycolytic flux, and greater basal
inflammation [112]. ATG7 is essential to the elongation of the phagosomal membrane and lysosome
function so this alters the inherent function of macrophages to use lysosomal means to degrade
phagocytosed cellular debris. This implies macrophage autophagy is needed to clear away damaged
muscle tissue and when this is prolonged, inflammatory cytokine production will persist. Others
have used similar Atg-deficient mouse models to show that there is a need for effective autophagy to
promote an anti-inflammatory environment through LC3-associated phagocytosis and appropriate
cytokine signal release [113,114].

In addition to regulating macrophage function, autophagy appears to play a role in phenotype as
well. By using a LysM-Cre recombinase system with Atg7fl/fl mice, macrophage-specific autophagy was
shown to play a role in M1/M2 polarization potential. When differentiated macrophages are unable to
use autophagy, the macrophage population shifts towards a proinflammatory M1 phenotype along
with greater glycolytic metabolism [115]. Conversely, the proportion of M2 macrophages was reduced
by limiting fatty acid oxidation through lysosomal acid lipase—a portion of the autophagic degradation
system [116]. The interaction between autophagy and macrophage polarization is unsurprising because
of the initial ULK1 signal in monocytes initiating the differentiation response. ULK1 directly interacts
with mTOR and autophagy is inhibited when nutrient stimulation of mTOR is high [117]. When mTOR
is constitutively active, IL-4-stimulated macrophage polarization is tilted towards an inflammatory M1
phenotype [118,119].

193



Cells 2019, 8, 183

5.4. Age-Associated Suppression of Monocyte/Macrophage Function

Immune cells are subjected to an age-associated decline in effective response, termed
immunesenescence [120]. Although all aspects of immunity are affected by age, the impact to the
innate system is particularly significant [121]. Aging of the innate immune system is accompanied by
an increased number of circulating monocytes which have reduced effector functions (i.e., chemotaxis,
phagocytosis, and antigen presentation) [121]. Evidence demonstrates age-related deterioration of
NO burst, fewer toll-like receptor antigen recognition particles, and greater inflammatory cytokine
release by macrophages [122–125]. Accompanying this is an increased level of chronic systemic
inflammation that is in part associated with innate immunesenescence [126]. The complex mechanisms
responsible for immunesenescence are unclear but the reduced immune effector function and
increased low level inflammation contribute to reduced tissue homeostasis and repair after damaging
insult. These deficiencies of innate immunity can result in age-related frailty and greater mortality
for the elderly [127,128]. Interestingly, many of the key roles for autophagy in macrophages
become dysregulated with advanced age unveiling a key link between aging and macrophage
function [127–129].

Evidence supports age-associated changes in macrophage function across the lifespan. Early
studies showed altered response and expression of toll-like receptors in aged mice compared to
young [123]. Monocytes isolated from young and old mice that are then stimulated ex vivo with LPS
show an age-related reduction in the secretion of pro-inflammatory (M1) cytokines including IL-6,
IL-1β, and TNF-α [130]. Similarly, when stimulated with IFN-γ and IL-4, aged monocytes expressed
the markers Arg1, Ym1, and FIZZ1 to a lesser extent than young counterparts [130]. This series of
experiments indicates that macrophages from old mice (>2 years) produce fewer cytokines than young
mice both under situations of pro-inflammatory and anti-inflammatory stimuli. Moreover, some
investigations into human inflammatory markers have shown an imbalance in the circulating IFNγ-
and IL-4-related markers in elderly humans (81–100 years) compared to young [131]. Age-associated
changes to macrophage function and related effects of autophagy manipulation are summarized in
Figure 5.

 
Figure 5. Aging Negatively Effects Macrophage Autophagy and Associated Phenotype/Function. The
mature macrophage uses autophagy as part of the cell’s inherent function to phagocytose and eliminate
pathogens or debris. The aged macrophages tend to have impairments in the autophagic functions,
phagocytosis, and chemotaxis. While aged individuals tend to have elevated circulating inflammatory
markers, aged M1 and M2 macrophages show reductions in iNOS and Arg1, respectively. By limiting
autophagy through Atg7 genetic ablation or constitutive mTOR activation, M2 macrophages show a
shift towards M1 cytokine secretion.
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6. Rejuvenation of Autophagy for Muscle Regeneration

After having established the importance of autophagy in various aspects of skeletal muscle
repair, autophagy, and related pathways present an obvious therapeutic target to enhance muscle
function and regenerative capacity. Exercise and caloric restriction (CR) are two established methods
shown to induce autophagy in several tissues [42,132–135]. In addition, exercise and CR enhance
cellular function of both MuSCs and macrophages [136–140]. The following sections will discuss how
autophagy may play a role for each approach.

6.1. Rejuvenation of Satellite Cells through Exercise and CR

6.1.1. Exercise

Exercise is an established method to prevent the onset of sarcopenia. In addition, exercise may
also aid to enhance regenerative capacity in aged muscle. Moderate intensity treadmill running is
capable of increasing the number of MuSCs isolated from hindlimb muscles in young and old mice
while increasing aged MuSC proliferative function [64,141]. In regard to signaling, voluntary wheel
running upregulated Wnt/β-catenin activity, irrespective of structural damage [142]. Thus, suggesting
a possible mechanism to explain why exercise can increase satellite cells numbers of young and old
muscle. To the best of our knowledge, the effects of physical activity on satellite cell autophagy have
not been investigated in satellite cells/MuSCs. Considering exercise is able to induce autophagy in
peripheral tissues that are not actively performing contraction [133], satellite cells may receive some
exercise-induced signals to increase autophagy similar to what was observed in nonmuscle tissue [133].
Well-controlled studies directly linking exercise with enhanced satellite cell autophagy are needed.
An increase in satellite cell autophagy could help to explain a mechanism for enhanced satellite cell
number and function with exercise.

6.1.2. Caloric Restriction

An additional intervention shown to induce global autophagy and related extension in
health/lifespan is caloric restriction [143]. The benefits of longevity through moderate reductions
in caloric intake have been shown in numerous models [136,137,143,144]. Moreover, CR has shown
beneficial effects on adult stem cell function across various tissues [145]. Even short term (12 weeks)
CR improves the number and proliferative function of satellite cells in young mice (eight weeks)
with the benefits extending to aged mice (21 months old) [146]. In addition to improved regenerative
capacity, CR also enhances engraftment capability of MuSCs isolated from ad libitum fed donors [146].
The contribution of autophagy to the pro-regenerative effects of CR is unclear as yet; however,
Cerletti et al. [146] show improvements in oxidative characteristics and mitochondrial markers
suggesting altered energy status of the MuSC [147]. Extending upon these results, a similar CR
regiment in aged mice resulted in a greater phosphorylation of AMPK and p27Kip1 in activating aged
MuSCs [2]. These data suggest CR may “prime” the aged MuSC to initiate autophagy upon activation.
Further investigation is certainly warranted to understand CR-sensitive pathways in quiescent and
activated satellite cells/MuSCs.

6.2. Rejuvenation of Macrophages through Exercise and CR

6.2.1. Exercise

Little has been shown on how exercise training might improve immune function in the elderly
or mitigate the immunosenescent phenotype. Early studies have shown a connection between
exercise and macrophage phagocytic function in athletes [148]. A 10-week exercise program with
varying exercise intensities improves immune function compared to pre-exercise measurements [149].
In addition, exercise increased neutrophil migratory function in old adults [150]. In the mouse,
aging reduced the cytokine production and function of both M1 and M2 macrophages; exercise
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training appears to sensitize macrophages to LPS-induced cytokine production [151]. Long-term
treadmill running in mice has been shown to elevate markers on M2 macrophages (higher CD163
and lower TLR4) in high-fat diet-fed mice adipose tissue suggesting an exercise-induced alternative
macrophage promoting phenotype. While these data showed a correction of high-fat diet-induced
M1 markers by exercise (Cd11c and ICAM-1), exercise training in healthy mice did not have any
effect on the macrophage phenotype [152]. To date, no study has investigated the association between
immune cell autophagy and exercise. However, autophagy regulates macrophage differentiation and
therefore exercise could enhance muscle regeneration by promoting the transition between pro and
anti-inflammatory macrophages.

6.2.2. Caloric Restriction

Similar to the MuSC, macrophage polarization and function seems to be sensitive to caloric
restriction [153]. Greater M2 macrophage-related cytokine production and cellular markers were
measured in the adipose tissue of caloric restricted mice [153]. It remains unclear if these changes
are associated with alterations in cellular autophagy. Caloric restriction has been shown to enhance
the anti-inflammatory characteristics of macrophages, but it remains unclear how this might relate to
autophagy function in the context of muscle regeneration.

6.3. Pharmacological Inducers of Autophagy

As has been alluded to, the pharmacological induction of autophagy represents a promising
strategy to improve stress resistance and regeneration of skeletal muscle. Spermidine and rapamycin
are two examples of drugs that have been studied for their autophagy-inducing effects and lifespan
extension in rodent models [154,155]. While rapamycin acts directly on mTOR, spermidine’s polyamine
effects on histone acetylation status upregulates various autophagy-related transcripts and suppresses
necrosis [156]. The positive benefits of spermidine in muscle tissues of mice and rats have been shown
by mitigating age-related muscular atrophy as well as functional myopathies that originate from
autophagy failure [157,158]. The autophagy-inducing effects of spermidine and rapamycin have also
been detailed specifically within the muscle stem cell [1,159,160]. Satellite cells were isolated from aged
mice and treated ex vivo with either rapamycin or spermidine and a dramatic increase in autophagy
was measured by immunofluorescence of LC3 puncta. Gracia-Prat et al. further demonstrated that the
pharmacological induction of autophagy reverses age-related declines in mitochondrial morphology
and regenerative function [1]. Spermidine also modulates macrophage polarization in mice towards
reduced inflammation, though some evidence suggests the autophagy inducing effects of rapamycin
more directly target T lymphocytes [161,162]. Taken together, these agents act as “caloric restriction
mimetics” to induce autophagy and contribute to improvements in lifespan of mice. Specifically,
the effects of autophagy induction show promise as it related to therapies targeting muscle stem cell
myogenic capacity. Figure 6 illustrates general age-related differences across various components of
the regenerative process in addition to known lifespan/healthspan approaches and their common
effects to enhance tissue regeneration.
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Figure 6. Rejuvenation of Muscle Stem cell autophagy. Left: Chart summarizing various physiological
and functional parameters involved in skeletal muscle regeneration and how they are susceptible
to age-related alterations. Right: Conceptualization of the rejuvenation potential targeting stem cell
autophagy and how various cellular functions are affected. Caloric restriction, physical activity, and
certain pharmaceuticals are known to affect stem cell autophagy. The role of autophagy in the stem cell
is multifaceted with implications in quiescence vs. senescence, activation/proliferation vs. apoptosis,
and differentiation outcomes. A substantial contribution of autophagy in the function of a muscle stem
cell is alterations in the cellular metabolic landscape or energetics.

7. Conclusions and Future Perspectives

The ability to repair damaged tissue and continuously respond to stressful stimuli is essential
to preserve whole body function throughout life. Muscle stem cells and macrophages are an integral
part of this process and their loss of function with age contributes to degenerative diseases. This
review highlights how muscle stem cells and monocytes/macrophages are essential for skeletal
muscle homeostasis and regeneration. A common theme among these cell populations is the idea that
autophagy is a key process that is altered in aged cells leading to functional decline. Autophagy is no
longer an emerging regulator of cellular function but has consistently been shown to play a central
and important role, especially in the context of aging. Stem cells, in particular, show dysfunctional
autophagy during initial stages of activation while caloric restriction and physical activity allow a
sensitization to autophagy with beneficial outcomes in cellular activation and function. The exact role
for autophagy in muscle regeneration will be complex considering the temporal nature and diverse
cell types contributing to the regenerative program. However, global induction of autophagy appears
beneficial to the regenerative capacity in the aged muscle. Continuing to uncover the molecular events
responsible for age-related perturbations in these pathways is critical for exposing pharmaceutical
targets to combat the aging process and improve tissue regeneration in aged individuals.
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Abstract: Sepsis is a leading cause of death in intensive care units, and cardiac dysfunction is
an identified serious component of the multi-organ failure associated with this critical condition.
This review summarized the current discoveries and hypotheses of how autophagy changes in the
heart during sepsis and the underlying mechanisms. Recent investigations suggest that specific
activation of autophagy initiation factor Beclin-1 has a potential to protect cardiac mitochondria,
attenuate inflammation, and improve cardiac function in sepsis. Accordingly, pharmacological
interventions targeting this pathway have a potential to become an effective approach to control sepsis
outcomes. The role of autophagy during sepsis pathogenesis has been under intensive investigation
in recent years. It is expected that developing therapeutic approaches with specificities targeting at
autophagy regulatory factors may provide new opportunities to alleviate organ dysfunction caused
by maladaptive autophagy during sepsis.
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1. Introduction

Sepsis is a leading cause of death in intensive care units worldwide [1]. This devastating condition
presents a life-threatening organ dysfunction caused by dysfunctional host response to infection [2].
Despite improvements in antibiotic therapies and critical care techniques [3], the reported incidence of
sepsis is still increasing, most likely reflecting ageing populations with more comorbidities and greater
recognition [4,5]. Further, patients who survive sepsis often bear long term disabilities with significant
health care and social implications [6]. Sepsis has become a major public health concern. According to
the Centers for Disease Control and Prevention (CDC), sepsis was accounted for over twenty billion
dollars (about 5%) of total US hospital costs in 2011. It was named as the most expensive in-patient cost
in US hospitals in 2014, averaging more than $18,000 per hospital stay [7]. In 2017, the CDC launched a
national educational campaign, “Get Ahead of Sepsis”, which aims to raise awareness and knowledge
about prevention, early recognition, and timely treatment of sepsis among the public and among
healthcare providers. Though sepsis has been a subject of intensive research for decades, current
management for sepsis remains to be supportive care, and most attempts of molecule-based treatments
have failed clinically [8,9]. Clearly, investigation of the pathological mechanisms and exploration
of new therapeutic interventions are urgently needed to advance the treatment of this devastating
clinical condition.

Cardiac dysfunction is an identified serious component of the sepsis-induced multi-organ failure,
and it is associated with adverse outcomes and higher mortality [10,11]. The mechanisms that
underlie sepsis-induced cardiomyopathy are not well-known; exuberated inflammation, comprised
metabolism, and impaired beta-adrenergic response are identified potential driving forces [12]. Because
mitochondria comprise about 30% of myocardial volume [13], the pathophysiologic mechanisms of
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sepsis-induced cardiomyopathy via mitochondrial signaling has been a focused area of investigation.
In vitro and in vivo studies using preclinical sepsis models demonstrated that sepsis triggers
impairments in the structure and function of mitochondria, which abnormality leads to not only
a deficiency in energy supply but also an overproduction of mitochondria-derived danger-associated
molecular patterns (DAMPs), such as reactive oxygen species (mtROS) [14], fragmented mitochondrial
DNA (mtDNA) [15–18], N-formyl peptides [19], cardiolipin [20], ATP [21], mitochondrial transcription
factor A [22], and cytochrome c [23]. These harmful molecules exacerbate myocardial inflammation
and sequential cardiomyopathy during sepsis [14–17,24].

Inflammation has been center-staged in the field of sepsis research in the past. It is now clear
that sepsis is a multifaceted host response to pathogens, involving the early activation of both pro-
and anti-inflammatory responses, along with major changes in nonimmunologic pathways [2]. Along
this line, the sepsis-associated increase in autophagy, a lysosome-dependent process of removing
damaged proteins and organelles [25], was recognized in both preclinical and clinical samples [26–30].
Accumulating evidence indicates that sepsis triggers autophagy in multiple organs including the
heart [27–29]. To date, the role of autophagy in the pathogenesis of sepsis is not yet well understood.
This short review is focused on a discussion of sepsis-induced changes in cardiac autophagy and the
potential of targeting autophagy as a therapeutic intervention to attenuate organ dysfunction in sepsis.

2. Autophagy Changes Dynamically During Sepsis

Autophagy is considered to provide cellular quality control to promote survival, and is therefore
adaptive, under physiological responses or mild stress. However, under severe or chronic stress,
excessive or inadequate autophagy causes massive self-degradation or accumulation of toxic materials;
both are maladaptive and eventually provoke cell death [31,32]. Both adaptive and maladaptive
features of cardiac autophagy under the condition of septic challenge were observed in published
studies. For example, investigations in vivo using a mouse cecal ligation and puncture (CLP) sepsis
model [33] and in vitro using cultured, lipopolysaccharide (LPS)-challenged cardiomyocytes [34]
indicated that stimulating autophagy pharmacologically protects the myocardium, thus suggesting
that autophagy is an adaptive response. Conversely, reducing autophagy directly via an autophagy
inhibitor or indirectly via antioxidants improved cardiac contractility in a mouse model of LPS-induced
endotoxemia, and thus supporting the conclusion that autophagy is maladaptive [35]. The discrepancy
of these observations may be due to the differences in experimental settings, in which the severity of
sepsis, drug specificity, and timing of delivery differed.

A recent investigation suggested a status that cardiac autophagy changes dynamically in response
to the severity of sepsis. The study examined the degree of autophagic responses in the heart tissue
of mice challenged with LPS-induced endotoxemia and found that LPS triggered a dose-dependent
autophagic response [36]. When LPS was given at low doses, modeling mild sepsis, autophagy
increased proportionally to the magnitude of the insult. However, under conditions of severe sepsis,
this capability declined proportionally to the severity of the insult. Further, it was detected that the
failure of autophagy induction at high-dose LPS challenges correlated with the activation of mTOR
signaling and the appearance of clinical signs of pathogenesis, manifested as a decline in cardiac
function, elevation in inflammation and cardiac tissue injury. These observations of cardiac autophagy
are consistent with previous reports in the liver showing increased autophagy in the early phases of
sepsis followed by a decline near late-stage organ failure in the mouse CLP sepsis model [28,37]. Thus,
these changes documented in the heart may mimic the progression of a systemic multi-organ failure
during sepsis. It is speculated that, during the beginning phase of sepsis or mild sepsis, autophagy
is adaptive; it provides a level of control to promote survival and sustain normal function of organs.
However, with sepsis progresses to severe conditions, the autophagic responses become inadequate
and therefore leads to a maladaptive outcome.

The mTOR pathway is a well-known upstream nodal point that acts to inhibit autophagy [38].
In the experimental settings described above, significant decreases in the activation status of mTOR
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complex were not detectable in the heart of animals challenged by low-dose LPS, compared with shams.
However, the attenuation of autophagy in response to high-dose LPS is clearly associated with mTOR
activation [36]. These results suggest that mTOR activation inhibits beneficial autophagic activities
during severe stages of sepsis. The data also suggests that the activation of autophagy in early sepsis
may be independent of mTOR. Though mTOR has long been considered a conventional regulatory
switch for turning on and off autophagy, recent studies have discovered a number of autophagy
stimulatory pathways whose actions do not involve mTOR. Signals in this category include the
intracellular inositol-IP3 pathway [39], Ca2+-calpain pathway [40], cAMP-exchange protein activated
by cAMP (Epac)-PLCε-IP3 pathway [40], leucine-rich repeat kinase 2 [41], and trehalose [42], etc.
However, whether sepsis utilizes any of these signals or other unknown mechanisms to operate
autophagy machinery in the heart as well as in other organs remains to be investigated. Future
studies in this area will potentially identify new targets for the development of autophagy-based
therapeutic approaches.

3. Beclin-1-Dependent Autophagy Protects the Heart During Sepsis

Beclin-1 is one of the first mammalian autophagy effectors identified [43,44]. This protein is
ubiquitously expressed, and homozygous deletion of the beclin-1 gene results in early embryonic
lethality [45]. Beclin-1 functions as an autophagy initiation factor through interaction with
PtdIns(3)-kinase (Vps34) [46]. Together, this protein complex initiates the nucleation step of autophagy
to begin autophagic flux and also participates in later steps involving the fusion of autophagosomes to
lysosomes [47–49].

Genetic mouse models with altered expression of Beclin-1 were applied to determine the
role of cardiac autophagy in response to LPS-induced endotoxemia [36]. Transgenic mice with
cardiac-specific overexpression of Beclin-1 and heterozygous deficiency were used to increase and
decrease Beclin-1 in vivo. Forced overexpression of Beclin-1 attenuated cardiac inflammation and
fibrotic injury, preserved mitochondrial quality, and ultimately improved cardiac performance in
response to LPS-challenge. Additionally, the activation of mTOR was blunted in the hearts with
Beclin-1 overexpression in response to high-dose LPS challenge [36]. Since the activation of mTOR is
inversely correlated with autophagic activities, the result suggests that enhancing Beclin-1 signaling
can suppress mTOR activation, thereby sustaining autophagy even under conditions of severe sepsis.
In parallel, Beclin-1-dependent activation of AMP-activated protein kinase (AMPK) and Unc-51
like-autophagy-activating kinase 1 (ULK1) was also observed. It has been a general understanding
that mTOR suppresses autophagy by inhibiting ULK1, a autophagy activating kinase that functions
upstream of Beclin-1 [50]. The newly obtained data described above suggest a notion that Beclin-1
may involve a positive feedback regulation of autophagy by enhancing AMPK and ULK1 in the heart
in response to the challenge by endotoxemia.

Beclin-1 mediated protection in sepsis was also suggested by a study of carbon monoxide therapy
(CO) in the mouse CLP sepsis model [51]. Knockdown Beclin-1 abolished the beneficial effects of
CO on attenuation of inflammation and reduction of bacteremia. Beclin-1 is also required for the
CO-dependent enhancement of phagocytosis by macrophages. Thus, the protection by Beclin-1 during
sepsis does not seem to be restricted to the heart. However, the regulatory function of Beclin-1 in
various cell types and tissues under the pathological condition of sepsis remain further investigation.

4. Beclin-1-Dependent Protection of Cardiac Mitochondria

Sepsis induces mitochondrial damage, releasing mitochondrial DAMPs that aggravate myocardial
inflammation and cardiac dysfunction [14–18,52]. During endotoxemia, LPS causes a disruption of
mitochondrial structure, reduction in metabolic function, and the release of mtDNA fragments to the
cytosol in the heart tissue. These manifestations of mitochondrial damage following LPS challenge
were attenuated in the heart of mice with transgenic overexpression of Beclin-1, suggesting a critical
function of Beclin-1 in the protection of cardiac mitochondria in sepsis [36].
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As dysfunctional mitochondria can be segregated and eliminated through autophagy [25,53],
a process termed mitophagy, Beclin-1-mediated quality control of cardiac mitochondria during
endotoxemia is expected to be a product of an upregulated mitophagy. Indeed, overexpression
of Beclin-1 leads to more formation of mitophagosomes/mitolysosomes in the heart tissue [36].
It is known that mitophagy occurs via multiple pathways. One route is regulated by PTEN-induced
putative kinase 1 (PINK1) and E3 ubiquitin ligase Parkin, which target mitochondria with
lost membrane potential and subsequently bring these mitochondria to autophagosomes for
degradation [54,55]. Alternatively, mitophagy can be initiated via outer mitochondrial membranes
(OMM)-located receptors, such as BNIP3L/NIX, BNIP3, and FUNDC1, and these receptors connect
mitochondria to autophagosomes [56]. Interestingly, not all mitophagy seems to be created equal;
and signals to activate mitophagy are selectively utilized in response to distinct stimuli. In the hearts
of animals challenged by endotoxemia, Beclin-1 stimulates a striking difference in the spectrum
of mitochondria-localized mitophagy factors, indicating a differential regulation of mitophagy
pathways [36]. In response to LPS, Beclin-1 stimulates mitophagy, and this action is accompanied by a
selective increase in the recruitment of PINK1 and Parkin to mitochondria, while strongly suppressing
the receptor proteins BNIP3L and BNIP3. These data suggest that Beclin-1 protects mitochondria via
a selective activation of a particular mitophagy pathway, instead of a bulk induction of all types of
mitophagy. The data also support that PINK1-Parkin mitophagy is cardiac-protective, an adaptive
response, during sepsis. Similar adaptive features of PINK1-Parkin mitophagy in the heart are also
supported by previous published results [57,58].

The signal transduction pathway of whether and how Beclin-1 targets PINK1-Parkin mitophagy
has not been fully understood. Several lines of investigation suggest that PINK1 recruits Parkin to
damaged mitochondria via phosphorylated mitofusin 2 (Mfn2) [59–61]. In the experimental setting of
endotoxemia described above [36], phosphorylated form of either Parkin or Mfn2 was not detectable
in the heart tissue of mice with Beclin-1 overexpression using the published approach of Phos-tag
Western blotting [59,60]. However, it is worthy to note that the detection of phosphorylated Parkin or
Mfn2 was accomplished in cultured cells with an overexpression of protein targets [59,60]. The current
method may have a limitation in detecting low contents of phosphorylation in in vivo models when
PINK1, Parkin and Mfn2 are expressed at endogenous physiological levels. It is also speculated that the
stimulation of PINK1-Parkin mitophagy by Beclin-1 may involve mitochondria-associated membranes
(MAMs). MAMs are specialized subcellular domains that physically link mitochondria with the
endoplasmic reticulum (ER) [62], and they are essential to mitochondrial health [63,64]. Beclin-1 and
PINK1 are found to re-localize to MAMs during mitophagy initiation, and via direct interaction, they
promote ER-mitochondria tethering and the formation of autophagosome precursors to facilitate
mitophagy [65,66]. Beclin-1 was found to interact with Parkin, and this association is required for
the progress of PINK1-Parkin mitophagy [67]. Thus, the PINK1-Parkin mitophagy pathway is more
accessible for activation when Beclin-1 signaling is upregulated.

In addition to remove damaged mitochondria by mitophagy, Beclin-1 may promote mitochondrial
biogenesis via the upregulation of PINK1/Parkin and/or AMPK/ULK1 [68–73]. Recent studies
have shown that Parkin can positively regulate mitochondrial biogenesis through proteasomal
degradation of its substrate PARIS, a zinc-finger protein [69,70]. In neuroblastoma cells, increases
in mitochondrial and lysosomal biogenesis via transcription factor Nrf2 and TFEB were detected
following PINK1-Parkin mitophagy [71]. In vivo, a lack of Parkin expression in the ventral midbrain
resulted in decreases in mitochondrial size, number, and mitochondrial biogenesis makers, together
with declines in mitochondrial respiration, implicating that Parkin is required for the production
of new, healthy mitochondria [69]. In cultured human endothelial cells and mouse aortas, AMPK
phosphorylates epigenetic factors of DNA methyltransferase DNMT1, histone acetyltransferase HAT1,
and retinoblastoma binding protein 7 (RBBP7), which in turn activates the transcription of nuclear
DNA encoded genes of mitochondrial biogenesis and energy production [72]. To date, whether similar
mechanisms are utilized to regulate mitochondria in septic hearts remains for further investigation.
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The mechanism for how Beclin-1 suppresses BNIP3 signaling also remains to be determined.
Similar to the due-function of PINK1-Parkin, BNIP3 also functions as a dual regulator in mitochondria.
It is regulated transcriptionally via hypoxia-inducible factor 1 [74] and FOXO3a [75] and/or by
posttranslational oxidation via ROS [76]. Upon activation, BNIP3 prompts the opening of the
mitochondrial permeability transition pore (mPTP), recruits LC3 for autophagosome formation,
and initiates mitophagy [77–79]. This protein also causes mitochondrial dysfunction and subsequently
induces cell death via the activation of downstream effectors Bax/Bak under stress conditions [80].
Both BINP3-induced mitophagy and mitochondrial damage were observed in the myocardium [77,81].
It was further revealed that transcriptional upregulation of BNIP3 by FOXO3a caused a decrease in
mitochondrial membrane potential and an increase in mitochondrial Ca2+, leading to mitochondrial
fragmentation and apoptosis of cardiomyocytes [75]. Hence, the effect of BNIP3 accumulation on
mitochondria is a result of the balance between its double actions. In the hearts of LPS-challenged
mice, the increase in mitochondrial BNIP3 may aggravate detrimental mitochondrial deficiency
while the induced mitophagy is not strong enough to clear damaged mitochondria, and Beclin-1
may have a control to mitigate BNIP3 signaling [36]. BNIP3 signaling stimulates pathological
responses under conditions of hypoxia [80] and ischemia/reperfusion [76], however, whether BNIP3
is pathological in sepsis-induced cardiac dysfunction and how Beclin-1 interacts with BNIP3 require
further investigation.

Taken all together, the improved status of the mitochondria in the hearts by Beclin-1 is likely the
result of several folds of signaling regulations. While Beclin-1 selectively facilitate PINK1-Parkin
mitophagy for the clearance of damaged mitochondria, Beclin-1 also promotes mitochondrial
biogenesis via PINK1/Parkin as well as AMPK/ULK1 [68–73]. These effects act together, leading to a
preservation of the mass of functional mitochondria during sepsis when Beclin-1 signal is enhanced.
In contrast, under septic challenge, a stronger mitochondrial BNIP3 signal and low levels of AMPK and
ULK1 activation, together with the overwhelming inflammatory responses, aggravate the deterioration
of cardiac mitochondria when the signal of Beclin-1 is not sufficiently available.

5. Autophagy/Mitophagy and Inflammation in Cardiac Dysfunction During Sepsis

Autophagy presents a control over inflammation by limiting the availability of inflammasome
activators and/or components [82], and by reducing mitochondrial DAMPs via mitophagy [52].
On the other hand, an increase in autophagy under certain severe or prolonged stress may exacerbate
unwanted outcomes due to deregulated degradation of cellular components, resulting in aggressive
inflammation [83,84].

The influence of mitochondria and mitophagy on the regulation of inflammation has received
intensive attention in recent years. It is now discovered that cytosolic mtDNA binds to intracellular
TLR9 and activates inflammatory factor NF-κB [85]. Cytosolic mtDNA fragments also stimulate
the DNA sensor cGAS and promote STING-IRF3-dependent pathway [86]. Furthermore, newly
synthesized and oxidized mtDNA activates NLRP3-containing inflammasome by direct binding during
innate immune response [87]. Therefore, mitophagy is expected to be an effective tool to remove
dysfunctional mitochondria and hence reduce mitochondrial DAMPs such as mtDNA. A strong
evidence comes from a recent investigation in animal models lacking mitophagy factor Parkin or
PINK1. Under the stress condition of exhaustive excursive, inflammation resulted from accumulation
of cytosolic mtDNA was abolished by loss of STING, supporting an important role of PINK1/Parkin
mitophagy in restraining innate immunity [88].

Previous research indicates that cardiac inflammation during sepsis and trauma condition such
as burn injury is mediated at least by the activation of toll-like receptor 4 (TLR4)/CD14 complex [24]
and the increase in mitochondrial DAMPs [14,16]. In the model of LPS-induced endotoxemia,
increasing Beclin-1-dependent autophagy improved cardiac outcomes and attenuated the production
of cytokines [36]. However, this benefit comes with certain limitations, since in response to high-dose
LPS (10 mg/kg), overwhelming inflammation still occurs in Beclin-1 overexpressed mice even when
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significant autophagic activity was provided. Thus, inflammation remains, at least in part, a major
cause of cardiac dysfunction in these mice. Additionally, the possibility that the increase in autophagy
itself may contribute to the heart failure can’t be excluded. Signaling crosstalk between autophagy and
inflammation happens dynamically throughout the development of various disease conditions [84].
How autophagy alters individual inflammation pathways via inflammasomes, caspases, NF-κB and/or
MAPKs, etc. at different stages of sepsis remains to be defined.

LPS triggers cytokine production via binding to the TLR4/CD14/MD2 receptor complex on
cellular membranes and/or to caspase inside of cells, resulting in the activation of NF-κB and
inflammasomes [89,90]. This action sequentially causes the release of DAMPs from activated, injured,
or necrotic cells [91,92]. LPS also stimulates mtROS overproduction, leading to mitochondrial
damage [93] and a release of mitochondrial DAMPs including mtDNA fragments [18], N-formyl
peptides [19], mtROS [14], cardiolipin [20], ATP [21], mitochondrial transcription factor A [22],
and cytochrome c [23]. Since combined signals from PAMPs and DAMPs stimulate inflammation in
the heart during endotoxemia, it is not a surprise that levels of cytosolic mtDNA measured are not
proportional to the production of total cytokines in the heart tissue [36]. As commented in a recent
review [94], the investigation of Beclin-1-mediated cardiac protection during endotoxemia suggests
that enhancing Beclin-1 signal in cardiomyocytes mitigates inflammation by suppressing the release of
mitochondrial DAMPs via PINK1/Parkin mitophagy, which may in turn interrupt local inflammatory
circuitries, reduce neutrophil infiltration, and inhibit further cytokine production by leukocytes and
non-myocytes such as fibroblasts.

LPS triggers an aggressive accelerated overall mitochondrial deterioration that contributes
to the animals’ rapid decline in cardiac performance via multiple pathways [36]. In addition to
inflammation, other types of consequences of mitochondrial damage such as a deficiency in energy
supply and alterations in mitochondrial metabolisms, are considered noninflammatory factors that
may significantly impact cardiac dysfunction under septic challenge. Whether Beclin-1 presents
regulation in these aspects of mitochondria properties remains to be determined.

6. Autophagy-Based Therapeutic Opportunities for Sepsis

Changes in autophagy are associated with a number of pathological disorders, ranging from
inflammatory and autoimmune conditions to neurodegeneration, neuronal injury, cardiovascular
diseases, cancer, hepatic and metabolic disorders. Accordingly, pharmacological modulators of
autophagy are expected to provide a control over pathogenesis in disease models. Indeed, new
interventions are being developed and tested at various stages [95]. However, at the current time,
autophagy-based therapies have not yet been available for clinical treatments. Although certain
FDA-approved drugs, such as rapamycin, chloroquine, and metformin, have effects to activate or
deactivate autophagy, they were not developed for the purpose to adjust autophagy and these
drugs have broad-spectrum impacts in vivo. For example, rapamycin is an inhibitor of mTOR,
a serine/threonine kinase that negatively regulates autophagy [96]. mTOR is also involved in functions
outside of autophagy, such as protein turnover, metabolism, energy balance, and stress responses [96].
Therefore, due to the complexity of mTOR signaling, rapamycin may cause unwanted toxicity, which
is likely the reason of inconsistent test results of rapamycin in preclinical sepsis models [33,97–100].
Rapamycin was shown to improved cardiac performance [33], reduced cognitive impairments [97] in
a mouse CLP-induced sepsis model. However, adverse effects of rapamycin on the survival of mice
subjected to CLP sepsis [101] and on the lung injury of mice upon LPS-induced endotoxemia were
also reported [99,100]. Due to the rapamycin’s lack of specificity to autophagy, it becomes difficult to
draw a conclusion regarding the pathological role of autophagy in sepsis. To date, the pathways of
how sepsis incites autophagic responses are not fully understood. Future success in the research of this
area will greatly facilitate the development of novel pharmacological interventions that specifically
target autophagy factors, which may become a much-improved approach to combat sepsis.
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In recent years, emerging drug development effort has been deliciated to regulatory factors of the
autophagic machinery but with limited roles in cellular processes other than autophagy. As results, new
autophagy inhibitors and activators are identified. Small molecules that inhibit autophagy by targeting
autophagy-related 4B cysteine peptidase (ATG4B), UNC-51-like autophagy-activating enzymes (ULK1),
and LC3-associated phagocytosis (LAP) have yield promising results in in vitro studies using cultured
cancer cells [102–104]. However, their application in specific animal disease models await further
investigation. A significant leap in the development of autophagy-inducing therapy is the discovery of
a cell-permeable Beclin-1 activating peptide, Tat-Beclin-1 peptide (TB peptide). TB peptide contains
18 amino acids of the BARA domain of Beclin-1, and thus induces autophagy by competitively binding
of the endogenous Beclin-1 to its negative regulator, Golgi-associated plant pathogenesis-related
protein 1 [105]. This peptide has demonstrated therapeutic benefits in disease models related
to reducing viral infection [105], improving cardiac performance during pressure overload [106],
and enhancing the effectiveness of chemotherapy [107]. Additionally, three novel small molecules
with the feature of autophagy inducer have been identified by a method of high-throughput screen
lately [108]. These molecules block the binding of Beclin-1 to its downstream inhibitor Bcl2 and
therefore stimulate autophagic flux. Their specificity and capability to induce autophagy was confirmed
in cultured cells [108].

The therapeutic potential of TB peptide in sepsis is suggested by a recent preclinical evaluation
in the mouse model of LPS-induced endotoxemia [36]. TB peptide was given in mice subjected to
LPS challenge. The dose of TB peptide was chosen based on published results [105–107] to find
which dose induced sufficient autophagic flux without causing detectable toxicity in both sham
and LPS-challenged mice [36]. This treatment significantly improved cardiac function and reduced
circulating cytokines, especially TNF-α, IFN-γ, IL-17α, and IL-6, following LPS. Additional data
showed that the peptide rescued the phonotypes in mice with heterozygous knockdown of Beclin1,
including a significant improvement in survival in response to a lethal dose of LPS. The results further
demonstrated that the peptide’s mechanism of action is mediated though a directly targeted stimulation
of Beclin-1. Future evaluation of TB peptide in other sepsis models, such as CLP-induced sepsis
and infection-induced sepsis, will provide essential evidence to estimate the therapeutic potential
of this drug in sepsis. In addition, whether the effects of this peptide are tissue- or cell-specific
warranties further investigation. Nonetheless, current evidence suggests that autophagy inducers such
as TB-peptide, used by itself or in combination with other therapies, may holds an exciting therapeutic
potential for the control of sepsis.

7. Summary

Autophagy plays an important role in sepsis-induced pathology of organ dysfunction.
Accumulating evidence indicates that autophagy dynamically changes during the progress of sepsis,
with insufficient and maladaptive autophagy occurs at the later stage of sepsis. This deficiency
is associated with an upregulation of mTOR signaling, and the ineffectiveness of removing
dysfunctional organelles and toxic materials intracellularly results in an overwhelming accumulation
of DAMPs. Specific targeting autophagy factors offers an opportunity of developing novel therapeutic
interventions for sepsis. For example, a newly developed cell permeable peptide, TB peptide that
activates Beclin-1, showed therapeutic promise in a mouse model of LPS-induced endotoxemia [36].
Important questions await to be addressed, such as cell type or tissue-specific autophagic responses
and their changes during the course of sepsis development. Additionally, evaluation of a potential
therapy needs to be further validated in multiple preclinical models. Future investigations to answer
these questions and new discoveries of sepsis-associated pathways of autophagy will provide a great
potential to identify additional therapeutic targets for sepsis.
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Abstract: Autophagy is a highly conserved catabolic process involving autolysosomal degradation
of cellular components, including protein aggregates, damaged organelles (such as mitochondria,
endoplasmic reticulum, and others), as well as various pathogens. Thus, the autophagy pathway
represents a major adaptive response for the maintenance of cellular and tissue homeostasis in
response to numerous cellular stressors. A growing body of evidence suggests that autophagy is
closely associated with diverse human diseases. Specifically, acute lung injury (ALI) and inflammatory
responses caused by bacterial infection or xenobiotic inhalation (e.g., chlorine and cigarette smoke)
have been reported to involve a spectrum of alterations in autophagy phenotypes. The role of
autophagy in pulmonary infection and inflammatory diseases could be protective or harmful
dependent on the conditions. In this review, we describe recent advances regarding the protective
features of autophagy in pulmonary diseases, with a focus on ALI, idiopathic pulmonary fibrosis
(IPF), chronic obstructive pulmonary disease (COPD), tuberculosis, pulmonary arterial hypertension
(PAH) and cystic fibrosis.

Keywords: Autophagy; inflammation; acute lung injury; idiopathic pulmonary fibrosis; COPD;
tuberculosis; PAH; cystic fibrosis

1. Introduction

Macroautophagy (henceforth referred to as autophagy) is an evolutionarily conserved process by
which intracellular materials are sequestered by double-membrane autophagosomes and then delivered
to lysosomes for degradation and recycling in various physiological and pathological conditions [1]. The
degradation substrates include aggregate–prone proteins, lipids, organelles (including mitochondria,
endoplasmic reticulum, peroxisomes, etc.), and intracellular pathogens (bacteria and viruses) [2,3]. The
digestion of these autophagy cargoes can maintain cellular homeostasis by facilitating the quality control
of the cytoplasm, recycling intracellular components (amino acids, fatty acids, and carbohydrates) to
fuel anabolic pathways and energy generation, or by enabling pathogen clearance [2,4]. Therefore, the
autophagy process appears to serve as a cellular protective mechanism to counter diverse diseases,
including cancer, neurodegenerative diseases, and infectious diseases [3,5]. Conversely, dysregulation
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of autophagy is also known to exacerbate the disease progression under certain conditions, suggesting
that the role of autophagy in human diseases is complex [3,5].

The lung is the primary organ for gas exchange, delivering O2 from the atmosphere to the
bloodstream and releasing CO2 into the atmosphere. During respiration, the lung is continuously
exposed to various harmful environmental stimuli, including pathogens (such as viruses and bacteria)
and xenobiotics (such as cigarette smoke and particles) [6]. Acute or chronic exposure to these
harmful agents can cause damage to the lung, resulting in respiratory dysfunction and pulmonary
diseases [6,7]. Both acute lung injury (ALI) and chronic pulmonary diseases are associated with high
morbidity and mortality with limited effective therapeutics, thus representing major public health
problems worldwide [7,8]. In coping with these outside threats, the lung has evolved various defense
mechanisms (such as innate and adaptive immune responses) to maintain its normal function. During
the past decade, altered autophagy phenotypes in lung cells have been observed in response to these
harmful stimuli [9]. Autophagy is capable of eliminating pathogens, degrading damaged organelles,
and regulating inflammatory responses or apoptosis. Thus, autophagy is primarily characterized as
a novel defense mechanism for lung injury [10–12]. However, autophagy dysfunction has also been
reported to represent a harmful event that promotes the progression of pulmonary diseases [11,12].
This seemingly contradictory role of autophagy in pulmonary diseases underlies the lack of an in-depth
understanding of the complex autophagy mechanisms in lung injury and pulmonary diseases. In this
review, we will summarize the current knowledge of the protective features of autophagy in pulmonary
infection and inflammatory diseases, and discuss the perspective of targeting autophagy for the clinical
intervention for lung diseases.

2. Molecular Regulation of the Autophagy Process

The autophagy process involves a sequence of molecular events, including initiation (the formation
of phagophore), elongation/closure (the formation of autophagosome), and maturation (the fusion
of autophagosome with lysosome) [5] (Figure 1). The initiation of autophagosome biogenesis is
triggered by the activation of the UNC51-like kinase (ULK) complex (also called the preinitiation
complex), which is composed of ULK1/2, ATG13, FIP200, and ATG101 [4]. The ULK complex can be
activated by inactivation of the mammalian target of rapamycin complex 1 (mTORC1), in response to
nutrient starvation or the activation of 5′-AMP-activated protein kinase (AMPK) under energy-deprived
conditions, to transmit stress signals for autophagosome formation [13]. Meanwhile, in addition to
AMPK and mTORC1, the activity of the ULK complex can be regulated by other signals [4]. In turn,
the activation of the ULK complex stimulates the class III phosphatidylinositol-3-kinase (class III PI3K)
complex (also termed the VPS34 complex or initiation complex), which consists of VPS34, VPS15,
Beclin 1, ATG14L, and AMBRA1 [14]. The dissociation of Beclin 1 from Bcl-2/xL anti-apoptotic proteins
is a prerequisite for the formation and activation of the class III PI3K complex [14]. This class III PI3K
complex enables the conversion of phosphatidylinositol to generate phosphatidylinositol-3-phosphate
(PI3P) required for the nucleation of phagophore [15].

The phagophore then elongates and closes up to form the double-membrane autophagosome, which is
tightly regulated by PI3P-binding proteins, such as the WD-repeat protein interacting with phosphoinosides
(WIPI) family of proteins and two ubiquitin-like (UBL) protein conjugation systems. The completion
of the first ubiquitin–like conjugation system leads to the formation of the ATG12/ATG5/ATG16L1
complex, which marks the sites of autophagosome formation and acts as a E3-like ligase for the second
conjugation system to generate LC3-II (LC3-PE, the phosphatidylethanolamine-conjugated LC3) from
the ATG4–mediated proteolytic cleavage of LC3 [4,16]. The lipidated LC3-II is closely associated with
the elongation of the phagophore for autophagosome formation [17]. Following the completion of
autophagosome formation, the autophagosome will fuse with a lysosome to form an autolysosome, in
which the sequestered contents are degraded by a variety of lysosomal acid hydrolases and released
into the cytosol for recycling [18,19].
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Figure 1. Autophagy machinery. The autophagy process involves initiation, elongation/closure and
maturation. The autophagy process is initiated by autophagosome biogenesis to form phagophore,
which is regulated by the activation of the preinitiation complex (also known as the ULK complex,
containing ULK1/2, ATG13, FIP200, and ATG101) and subsequent activation of the initiation complex
(also called the class III PI3K complex, consisting of VPS34, VPS15, Beclin 1, ATG14L, and AMBRA1).
The phagophore is then elongated and closed to form a double-membrane autophagosome, which is
tightly regulated by the ubiquitin–like (UBL) conjugation systems. The autophagosome will fuse
with a lysosome to form an autolysosome for degradation. The SNARE-like proteins may play
important roles in autophagosome–lysosome degradation. AMPK—5′-AMP-activated protein kinase;
mTOR—the mammalian target of rapamycin; ULK1—UNC51-like kinase 1; class III PI3K—the class
III phosphatidylinositol-3-kinase.

Autophagy-mediated degradation was previously recognized as a nonspecific process to remove
cellular debris. Recently, increasing evidence suggests that autophagic encapsulation and degradation
in some cases could be highly selective for specific substrates (termed ‘selective autophagy’) [2,3].
For example, autophagy can selectively digest damaged or depolarized mitochondria for the
maintenance of mitochondrial homeostasis (mitophagy), remove invading pathogens (i.e., bacteria) to
enhance host defense (xenophagy), clear polyubiquitinated protein for protein turnover (aggrephagy),
and so on [12,20,21]. These types of selective autophagy act as cell survival mechanisms in most
cases and are reported to play protective roles in pulmonary infection and inflammatory diseases [22].
Interestingly, mitophagy might also be cytotoxic if it is excessively induced to degrade even functional
mitochondria [23,24]. In addition, emerging studies found that several pathogens, such as hepatitis B
virus or hepatitis C virus, can adapt to autophagy induction, or even employ autophagy machinery
to facilitate their replication [25–27]. The length of airway epithelial cilia can also be regulated by
autophagic degradation (ciliophagy) [12]. Cilia shortening, mediated by ciliophagy, can impair
the clearance ability of the airway against invading pathogens, thereby exacerbating pulmonary
infection [28,29]. The double-edged sword role of autophagy in pulmonary diseases might be attributed
to different cell types and different types of diseases.

3. The Protective Roles of Autophagy in Acute Lung Injury (ALI)

Acute lung injury (ALI) is a common and severe clinical syndrome with high morbidity and
mortality [7]. ALI is characterized with increased alveolar–capillary permeability, noncardiogenic
pulmonary edema, neutrophil recruitment and diffuse alveolar damage, and represents a major cause
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of acute respiratory failure [11,30]. The intrapulmonary inflammatory response with the release of
proinflammatory cytokines could be observed before and during the process of ALI, and has been
intensively investigated recently [30,31]. However, the mechanisms underlying the pathogenesis
and resolution of ALI remain largely unclear. Accumulating evidence suggests that autophagy is
stimulated in response to diverse stimuli of ALI, including bacterial infection, lipopolysaccharide (LPS),
sepsis, hyperoxia, and chlorine, etc. [32]. In addition, the loss of autophagy-related (ATG) genes, such
as Atg7, Atg5 and Atg4b, significantly aggravates the development of ALI in mice [11,32], suggesting
that autophagy may exert protective effects for the initiation and progression of ALI in certain contexts
(Figure 2).

 

Figure 2. The protective mechanisms of autophagy in lung diseases. Autophagy may provide a
protective role in the pathogenesis of various lung diseases (including ALI, IPF, COPD, tuberculosis,
PAH, cystic fibrosis, etc.), through regulating diverse biological events, including inflammatory
response, redox balance, DNA damage repair, apoptosis, pyroptosis, cellular senescence, NETs
formation, mitochondrial homeostasis, pathogen or aggresome clearance, etc. ALI—acute lung injury;
IPF—idiopathic pulmonary fibrosis; COPD—chronic obstructive pulmonary disease; PAH—pulmonary
arterial hypertension; TFEB—transcription factor EB; AMs—alveolar macrophages; NETs—neutrophil
extracellular traps; AJ integrity—adherens junctional integrity; P. aeruginosa—Pseudomonas aeruginosa;
K. pneumoniae—Klebsiella pneumoniae; LPS—lipopolysaccharide.

3.1. The Protective Roles of Autophagy in Bacteria–Induced ALI

Pseudomonas aeruginosa (P. aeruginosa), an opportunistic Gram–negative human pathogen, was
reported to induce autophagosome formation and subsequent autolysosomal degradation in alveolar
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macrophages (AMs), which are known as part of the first line of host defense in the lung [33]. The
P. aeruginosa-induced autophagy is partially mediated by the Annexin A2 (ANXA2)–Akt1–mTOR–
ULK1/2 and Beclin-1–ATG7–ATG5 signaling pathways [33,34]. Anxa2 knockout mice exhibit elevated
inflammatory cytokines, decreased bacterial clearance, increased lung injury and mortality [34]. How
autophagy enhances host defense against P. aeruginosa remains largely to be investigated. We have
recently found that following P. aeruginosa infection, toll-like receptor 2 (TLR2) initiates the phagocytic
process in AMs and activates the Src kinase Lyn, which in turn delivers bacteria to lysosomes for
degradation through xenophagy [35]. In addition to Lyn, the Wnt5A–Rac1–Disheveled pathway is also
required for inducing xenophagy in AMs [36]. We also reported that regulation of redox balance and
inflammatory response is involved in autophagy-mediated eradication of P. aeruginosa. Atg7 deficiency
promotes the release of reactive oxygen species (ROS) but limits NO production through inhibiting
JAK2/STAT1α/NOS2 signaling, leading to the intracellular redox imbalance, elevated inflammatory
cytokines, enhanced apoptosis of AMs, exaggerated lung infection and aggravated lung injury in
mice [37]. Interestingly, P. aeruginosa-mediated autophagy induction and inflammasome activation
can be mutually regulated to subtly orchestrate the host defense. For example, P. aeruginosa infection
triggers protective autophagy by activating TLR4-TRIP signaling in bone marrow-derived macrophages
(BMDMs). Meanwhile, the NLRC4 inflammasome can be activated, leading to caspase-1-mediated TRIF
cleavage, and subsequent autophagy inhibition, thereby reducing bacterial clearance [38]. Autophagy, in
turn, abrogates the activation of NLRC4 inflammasome by selectively removing damaged mitochondria
(mitophagy) in BMDMs, leading to increased bacterial clearance [39]. Thus, autophagy induction
and NLRC4 inflammasome activation may constitute a negative feedback loop in BMDMs following
P. aeruginosa infection, which might facilitate the development of novel therapeutic options for the
treatment of P. aeruginosa infection. However, whether this negative feedback loop is present in
P. aeruginosa-infected AMs remains to be further investigated.

Klebsiella pneumoniae (K. pneumoniae) is another Gram-negative bacterium that can activate the
autophagy process in AMs [40]. It has been reported that Atg7 deficiency significantly elevates the levels
of inflammatory cytokines and superoxide, leading to increased susceptibility to K. pneumoniae infection
in mice, suggesting that ATG7-mediated autophagy may represent a major resistance mechanism
to K. pneumoniae infection [40]. Further study found that ATG7 can directly bind phosphorylated
IκBα (p-IκBα). In Atg7–deficient AMs with K. pneumoniae infection, the binding of p-IκBα switches
from ATG7 to ubiquitin, leading to the ubiquitin-mediated degradation of IκBα, activation of NF-κB,
intensified inflammation, and decreased bacterial clearance [41]. Similar to P. aeruginosa infection,
the TLR2–Lyn– or Wnt5A–Rac1–Disheveled-mediated xenophagy in AMs also contributes to the
degradation and clearance of K. pneumoniae [35,36]. In addition to AMs, neutrophils also play important
roles in the anti-bacterial host defense in the lung. In response to bacterial infection, the recruited
neutrophils can release decondensed chromatin fibrils to form neutrophil extracellular traps (NETs)
in a highly oxidative milieu, in order to trap, neutralize, and destroy microbes extracellularly [42].
It has been reported that TRPM2–AMPK–p38– or Mincle–mediated induction of autophagy is required
for NETs formation following K. pneumoniae infection in a ROS–dependent or independent manner,
respectively [43,44]. Future studies are needed for understanding the molecular mechanism underlying
autophagy–regulated NETs formation during bacterial infection.

3.2. The Protective Roles of Autophagy in LPS–Induced ALI

The outer membrane of Gram–negative bacteria is composed predominantly of LPS (also known
as endotoxin), which is a pathogen-associated molecular pattern (PAMP) that enables the recognition of
bacterial invasion and activates innate immune system [45]. It has been reported that LPS stimulation
can regulate autophagy in lung epithelial cells, pulmonary endothelial cells and AMs. For example,
LPS induces autophagy in mice lung tissues and bronchial epithelial cells. Atg4b deficiency significantly
increases the susceptibility of the lung to LPS–mediated injury by impairing ATF3 activity, suggesting a
protective role of autophagy in LPS–induced lung injury [46]. The LPS–induced protective autophagy
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may be due to the involvement of endoplasmic reticulum (ER) stress [47]. Interestingly, LPS was
also reported to inhibit autophagy through TLR4– or AMPK inactivation–mediated mTOR activation
in bronchial or alveolar epithelial cells [48,49]. MTOR knockdown, AMPK activation or autophagy
stimulation significantly attenuates LPS-induced airway inflammation and injury, suggesting that
autophagy functions as a protective mechanism to LPS–induced lung injury [48,49]. The inconsistent
effects of LPS on the induction of autophagy may be due to different cell types and different sources of
LPS. Despite this inconsistency, it can be concluded that autophagy in general confers a cytoprotective
role in LPS–induced lung injury.

In addition to lung epithelial cells, LPS also induces autophagy in pulmonary endothelial cells.
The inhibition of autophagy by siATG5, siATG7 or chloroquine markedly reduces the permeability
of human pulmonary microvascular endothelial cells and attenuates LPS-induced lung injury in
mice, in part through restricting the injury of lung microvascular barrier, suggesting a protective
role of autophagy in LPS–induced lung injury [50]. Mechanistically, RAB26, a newly identified small
GTPase, can induce autophagic degradation of active SRC and the resultant CDH5 dephosphorylation,
leading to the maintenance of lung vascular permeability and the protection of adherens junctional
integrity in LPS–induced ALI [51]. In contrast, it was reported in another recent study that the
inhibition of autophagy by 3-methyladenine (3-MA) significantly disrupts the endothelial barrier in
human pulmonary artery endothelial cells and ameliorates lung vascular injury upon LPS treatment,
suggesting that autophagy promotes LPS–induced lung injury [52]. This contradictory outcome of
autophagy in LPS–induced lung injury might be due to the use of different autophagy inhibitors in
different types of endothelial cells.

LPS was also reported to induce autophagy in macrophages during LPS treatment. In response
to LPS stimulation, the activated calcium/calmodulin-dependent protein kinase Iα (CaMKIα) can
phosphorylate AMPK to form the CaMKIα–AMPK–ATG7 complex that contributes to autophagy
induction in an mTOR–independent manner. The CaMKIα–AMPK–ATG7 signaling-mediated
autophagy markedly attenuates LPS–induced lung neutrophilic inflammation [53]. Stimulation of
autophagy by BML-111, a lipoxin A4 receptor agonist, significantly inhibits apoptosis, reduces the
levels of proinflammatory cytokines, and ameliorates the LPS–induced lung injury [54]. These studies
suggest that autophagy in macrophages confers the resolution of LPS–induced ALI, and may represent
a potential therapeutic target.

3.3. The Protective Roles of Autophagy in Sepsis–Induced ALI

Sepsis is a syndrome of excessive inflammatory response to infection with high morbidity
commonly leading to ALI [55]. However, the pathogenesis of sepsis still remains largely unclear.
Emerging evidence suggests a critical role of autophagy in preventing sepsis, and the modulation of
autophagy may provide novel insights for the treatment of sepsis. For example, in the cecal ligation
puncture (CLP)—induced sepsis mice model, the levels of LC3-II, ATG5, and ATG7 are downregulated
in the lung of mice with sepsis, suggesting that sepsis may suppress autophagy. Stimulation of
autophagy using rapamycin or activated protein C (APC) results in reduced inflammation and
attenuated lung injury [56]. Interestingly, another group found that the LC3-II level is markedly
increased in the lung of septic mice. The increased LC3-II level is due to autophagosome accumulation
caused by the retarded autophagosome–lysosome fusion. Transgenic mice overexpressing the LC3 gene
exhibit accelerated fusion of autophagosome with lysosome, and survive longer after CLP [57]. This
study suggests that the role of autophagy in CLP-induced sepsis might depend on the autophagic flux:
the preservation of autophagic flux is cytoprotective to sepsis, while autophagosome accumulation due
to impaired autophagic flux may contribute to lung injury in the late stage of sepsis. The discrepancy
in LC3-II level observed in the same sepsis model in these two studies may be due to the ignorance of
the LC3-II/LC3-I ratio, or the different detection time periods.

Mitochondrial dysfunction is recognized as an important mediator of sepsis pathogenesis.
It was recently shown that the deficiency of kinase MKK3 ameliorates mitochondrial injury by
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lowering ROS levels and stimulating mitophagy, and increases mitochondrial biogenesis in pulmonary
endothelial cells, leading to reduced septic lung injury [58]. Although the mechanism underlying the
upstream signaling for mitophagy initiation remains to be defined, mitophagy may help provide novel
therapeutic window for the treatment of sepsis. In addition to mitochondrial quality control, autophagy
can also regulate inflammasome during sepsis. In a P. aeruginosa-induced sepsis mice model, Atg7
deficiency significantly intensifies inflammasome activation and provokes pyroptosis in AMs, leading
to impaired pathogen clearance and aggravated lung injury [59]. In addition, autophagy was found
to be activated in neutrophils from both patients who survived sepsis or septic mice. Interestingly,
autophagy augmentation in neutrophils leads to the formation of NETs in order to protect mice from
lethal sepsis [60].

Considerable efforts have been made to develop autophagy–modulating strategies for the
treatment of sepsis. For example, miR-155 was found to induce autophagy by inhibiting transforming
growth factor-β (TGF-β)-activated kinase-1-binding protein 2 (TAB2), resulting in the alleviation of
inflammation in septic lung injury [61]. In addition, it has been reported that the clinically approved
anthracyclines at low doses can effectively confer disease tolerance to severe sepsis in mice via
activation of DNA damage response and the stimulation of autophagy pathways in the lung [62].
Notably, carbon monoxide (CO) administered at low physiologic doses was reported to promote the
Beclin 1–dependent autophagy process in lung epithelial cells through mitochondrial ROS generation,
thereby increasing the survival of septic mice [63,64]. These studies suggest that CO exhibits a
protective effect on sepsis, supporting the potential therapeutic application of CO for sepsis treatment.

3.4. The Protective Roles of Autophagy in Hyperoxia–Induced ALI

Hyperoxia (high levels of oxygen) exposure is commonly used for critically ill patients, including
those with acute respiratory distress syndrome and chronic obstructive pulmonary disease (COPD) [65].
However, prolonged hyperoxia treatment induces the generation of excessive ROS, DNA damage and
inflammatory response, leading to ALI and even respiratory failure [66]. The injury of pulmonary
epithelium and subsequent apoptotic cell death is one of the major effects of hyperoxia [66]. It has been
reported that hyperoxia upregulates ATG7, and induces LC3 turnover and autophagosome formation
by activating c-Jun N-terminal kinase (JNK). Under hyperoxia, LC3 can interact with Fas by associating
with caveolin-1 in lipid rafts to prevent apoptosis facilitating the survival of lung epithelial cells [67]. The
hyperoxia–induced increased interaction of LC3 with Fas is due to the dissociation of LC3 with p62, an
autophagic adaptor linking ubiquitinated substrates to the autophagy pathway for degradation [68].
Hyperoxia–mediated LC3 activation was also found to promote the accumulation of surfactant protein
C (SP-C) in type II alveolar epithelial cells (AECIIs) and inhibit the transdifferentiation of AECIIs to
type I alveolar epithelial cells (AECIs) [69,70]. In addition, hyperoxia—induced ROS accumulation
causes DNA damage in lung epithelial cells, which could be repaired by 8-oxoguanine-DNA glycosylase
(OGG-1). Through regulating ATG7 promoter, OGG-1 links DNA damage with autophagy in stimulating
NF-κB–mediated inflammatory response to protect hyperoxia–induced epithelial injury [71]. Hyperoxia
also causes a morphological change in mitochondria accomplished with increased expression of
mitophagy–associated markers (PINK1 and PARK2) in lung epithelial cells, implying that mitophagy
might play a role in protecting epithelial cells from hyperoxia–induced injury [72]. It is worth noting that
the hyperoxia–induced ROS accumulation, mitochondrial damage and autophagy were also observed
in pulmonary endothelial cells [73,74]. It has recently been reported that PINK1–mediated mitophagy
is required for the ability of pulmonary endothelial cells to resist to hyperoxia [75]. It remains to be
investigated whether autophagy functions in other types of lung cells under hyperoxia.

3.5. The Protective Roles of Autophagy in Chlorine–Induced ALI

Chlorine (Cl2), which is extensively used in industrial applications worldwide, is a common
toxic inhalant [76]. Cl2 inhalation, depending on the dose and duration of exposure, may cause
ALI and respiratory failure, and represents a significant public health problem [77]. Cl2 exposure to
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lung epithelial cells leads to mitochondrial dysfunction and ROS accumulation, which might be a
major cause of lung injury [77]. Interestingly, autophagy can be induced to prevent mitochondrial
damage, decrease inflammation, and ameliorate Cl2 toxicity [78]. This study suggests a protective
role of autophagy in Cl2–induced lung injury, and implies that autophagy might represent a potential
therapeutic target for the treatment of toxic Cl2 exposure. However, it lacks evidence of mitophagy in
maintaining mitochondrial homeostasis, which merits further investigation. Moreover, autophagic
alterations in Cl2–challenged pulmonary endothelial cells or AMs and their underlying mechanisms
may also be critical to prevent lung injury, and remain poorly defined.

4. The Protective Roles of Autophagy in Idiopathic Pulmonary Fibrosis (IPF)

Idiopathic pulmonary fibrosis (IPF) is a chronic and fatal lung disease of unknown cause
characterized by chronic lung inflammation, diffuse alveolar damage, the accumulation of
fibroblasts and myofibroblasts, abundant collagen deposition and extracellular matrix proteins [79].
Decreased LC3-II expression and mTOR overactivation were observed in alveolar epithelial cells in
bleomycin–induced pulmonary fibrosis mice model, as well as lung tissues from IPF patients compared
to normal counterparts, suggesting impaired autophagic activity in IPF [80–83]. The compromised
autophagy is due, in part, to the activation of IL-17A in lung epithelial cells during the fibrotic process.
IL-17A stimulation activates the PI3K-glycogen synthase kinase 3β (GSK-3β) signaling pathway to
inhibit Bcl-2 degradation, leading to the suppression of autophagy. Neutralization of IL-17A effectively
induces autophagy, enhances collagen degradation, and decreases bleomycin–induced pulmonary
fibrosis [84,85]. Moreover, Atg4b–deficient mice display reduced autophagy induction, increased
inflammatory response, augmented apoptosis and hyperproliferation of alveolar and bronchiolar
epithelial cells, thereby increasing collagen accumulation and exaggerating bleomycin–induced
pulmonary fibrosis [86]. In addition, Atg7 deficiency in endothelial cells impairs autophagic flux,
upregulates TGF-β signaling, and promotes the endothelial-to-mesenchymal transition for fibroblast
formation, leading to more extensive and severe fibrosis in bleomycin–challenged mice [87]. These
studies suggest a protective role of autophagy in IPF.

Indeed, stimulation of autophagy by rapamycin (an mTOR inhibitor promoting autophagic flux)
significantly inhibits the fibrotic phenotype in bleomycin-induced pulmonary fibrosis. However, this
protective effect of rapamycin can be partially reversed by chloroquine (an inhibitor of autolysosome
formation blocking autophagic flux) [80,81,84,88]. Our recent findings suggest that bleomycin can
directly bind ANXA2 in lung epithelial cells to prevent the translocation of transcription factor EB
(TFEB) into the nucleus, leading to TFEB inactivation and impeded autophagic flux, thereby inducing
pulmonary fibrosis. Pharmacological activation of TFEB using Torin 1 accelerates autophagic flux and
significantly ameliorates bleomycin–induced pulmonary fibrosis [83]. These studies suggest that the
autophagic flux might be inhibited to facilitate fibrotic progression in lung endothelial and epithelial
cells. Further studies are required to investigate the upstream mechanisms by which autophagic flux
is dysregulated in lung endothelial and epithelial cells in IPF.

Autophagy alteration in fibroblasts has also been reported to be critical in human IPF pathogenesis.
Interestingly, human IPF fibroblasts show reduced autophagy induction and decreased autophagic
flux, due to mTOR activation or reduced FoxO3a–mediated LC3 transcription [89–91]. The defective
autophagy is required for maintaining the cell death-resistant phenotype for the fibroblasts on
collagen-rich matrix [90,91]. Considering the profibrotic role of autophagy in IPF fibroblasts, the
use of autophagy activators for IPF treatment should be re-evaluated in a context–specific manner.

Emerging evidence reveals the critical roles of deregulated mitochondrial homeostasis in AECIIs,
fibroblasts or AMs in the pathogenesis of IPF. For example, it was reported that dysmorphic
and dysfunctional mitochondria are accumulated in AECIIs in the lungs of IPF patients [92].
The impaired mitochondria in AECIIs are associated with decreased levels of PINK1 and defective
mitophagy in AECIIs. PINK1–deficient mice exhibit deregulated mitochondrial homeostasis and
development of pulmonary fibrosis [92]. The expression of PARK2, another mitophagy–associated
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protein, is downregulated in the lung fibroblasts of IPF patients. PARK2 deficiency aggravates
bleomycin–induced pulmonary fibrosis in mice through promoting PDGFR-PI3K-Akt-mediated
myofibroblast differentiation and proliferation [93]. Pirfenidone, an FDA–approved agent for IPF
treatment, exerts its anti-fibrotic effect partially by inducing PARK2–mediated mitophagy and
inhibiting myofibroblast differentiation [94]. Different from the protective role of mitophagy in AECIIs
or fibroblasts for IPF, mitophagy is increased in IPF AMs and is required for the development of
pulmonary fibrosis. During fibrosis, Akt1 in AMs is activated to induce the generation of mitochondrial
ROS, leading to stimulation of PARK2–mediated mitophagy [95]. The Akt1–mediated mitophagy
induction contributes to apoptosis resistance of AMs, enables the expression of macrophage–derived
TGF-β1, and ultimately promotes fibroblast differentiation and progression of pulmonary fibrosis [95].
Given the contrary effects of mitophagy of different cell types in IPF pathogenesis, the manipulation of
cell type–specific mitophagy, rather than global mitophagy, may achieve better therapeutic outcome
for IPF treatment.

5. The Protective and Deleterious Roles of Autophagy in COPD

COPD is a pulmonary disorder characterized by excessive inflammation and airway obstruction
(i.e., chronic bronchitis and emphysema) [96]. Cigarette smoke (CS) remains the key risk factor
for COPD worldwide [96]. The molecular mechanisms underlying COPD pathogenesis remain
incompletely understood. It has been shown that the expression of ATG proteins, such as LC3,
is increased in lung tissues from COPD patients and mouse lung tissues subjected to CS exposure,
suggesting an increase of autophagosome formation in COPD [97,98]. The increased autophagosome
formation is correlated with a cumulative increase in autophagic flux, suggesting that the autophagy
pathway in lung epithelial cells is activated in COPD [28,99]. The increased activity of autophagy
caused by CS exposure is at least partially due to the decreased histone deacetylase (HDAC) –mediated
Egr-1 inhibition, elevated PGF–JNK1–p38–TSC2–mediated mTOR inhibition, or upregulation of
oxidative stress-induced growth inhibitor 1 (OSGIN1) [98,100–102]. In response to CS exposure,
LC3 dissociates from the extrinsic apoptotic factor Fas, leading to apoptotic cell death of lung
epithelial cells for emphysema progression [103]. The activation of autophagy is also observed in
particulate matter (PM) –induced experimental COPD model, and Atg7 deficiency protects mice from
PM–induced COPD [104]. In addition to lung epithelial cells, increased autophagy was also observed
in CS-treated neutrophils. CS exposure induces autophagic cell death of neutrophils by activating
PAFR–HMGB1–Beclin-1–Bcl-2 signaling, leading to the development of emphysema [105]. These
studies indicate that autophagy stimulation with increased autophagic flux, either in lung epithelial
cells or neutrophils, contributes to the development of COPD.

Interestingly, autophagy has been reported to regulate bronchial epithelial cell senescence in
CS–induced senescence–associated COPD. CS exposure leads to autophagy inhibition in COPD
patients, which might be, in part, due to the activation of the SIRT6–IGF–Akt–mTOR signaling
pathway [106,107]. Autophagy inhibition by 3-MA results in increased senescence in human bronchial
epithelial cells, whereas autophagy activation by Torin 1 significantly inhibits cell senescence,
indicating that the insufficient autophagy accelerates bronchial epithelial cell senescence in COPD [106].
The CS–impaired autophagy is characterized by the enhanced formation of aggresome and resultant
insufficient autophagic clearance (impaired aggrephagy) [106,108,109]. A possible mechanism of
CS–impaired autophagy is the perinuclear aggresome sequestration of TFEB, the master regulator
of autophagy. Activation of TFEB using gemfibrozil significantly decreases CS–induced formation
of aggresome, resulting in the mitigation of COPD progression [110]. These studies suggest that CS
exposure promotes the accumulation of aggresome bodies and consequent autophagy impairment,
which accelerates bronchial epithelial cell senescence and exacerbates the development of COPD.

The pathogenesis of CS–induced COPD is also associated with elevated levels of ROS caused by
mitochondrial damage [111]. PARK2 deficiency results in increased mitochondrial damage, enhanced
ROS accumulation, and accelerated senescence of lung epithelial cells under CS exposure, suggesting
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that CS–induced PARK2–mediated mitophagy may attenuate cellular senescence and inhibit the
progression of COPD [111,112]. However, a study from another group indicates that PINK1–regulated
mitophagy promotes necroptosis and cell death in lung epithelial cells, thereby contributing to COPD
development [23]. The different outcomes of mitophagy in regulating senescence or necroptosis
probably depend on the injury degree in response to CS [23,111]. In addition to damaged mitochondria,
CS–induced autophagy also regulates cilia length by selective consumption of cilia components
(ciliophagy) in respiratory epithelial cells in COPD pathogenesis [28,29]. In contrast to mitophagy
and ciliophagy, CS exposure leads to autophagy inhibition and xenophagy impairment in AMs. In
smokers’ AMs, the autophagy degradation is defective as evidenced by the accumulation of both LC3
and p62, which may explain the clinical issue of recurrent infections for smokers [113].

Collectively, it seems that different autophagy machineries are involved in COPD pathogenesis,
and the roles of autophagy in COPD pathogenesis vary in different reports. One possibility is that
autophagy machineries in different types of lung cells are differentially regulated. In addition, the
period of CS exposure in animals or the stages in humans might also be critical to the roles of autophagy
in CS–induced COPD. Further studies are needed to decipher the precise roles of autophagy in COPD.

6. The Protective Roles of Autophagy in Tuberculosis

Extensive studies have demonstrated the critical roles of autophagy in the pathogenesis of
tuberculosis caused by Mycobacterium tuberculosis (Mtb) infection. Mtb could interfere with the
fusion of autophagosome with lysosome to prevent autophagosome maturation and subsequent
autolysosomal degradation in macrophages [114,115]. Stimulation of autophagy by rapamycin, IFN-γ
or vitamin D promotes autophagic flux, enabling autophagy–mediated clearance of Mtb [114,116].
In addition to suppressing Mtb growth, autophagy also contributes to the resolution of damaging
inflammation [117]. Interestingly, autophagy in monocytes is also involved in Mtb defense, and
induction of autophagy in monocytes could enhance the antimicrobial activity against Mtb [118,119].
Moreover, the Mtb–eradicating role of autophagy was observed in dendritic cells and lung epithelial
cells [120–122]. However, a recent study shows that myeloid cell–specific deficiency of Atg5, but
not other ATG genes (including Atg3, Atg7, Atg12, Atg14L and Atg16L1), significantly provokes Mtb
infection and hampers the survival of infected mice [123]. This study suggests that the canonical
autophagy pathway may not play a major role in the pathogenesis of tuberculosis. Instead of autophagy
induction, Atg5 functions in a protective manner for Mtb infection by preventing polymorphonuclear
cell (PMN)–mediated immunopathology [123]. Therefore, a more in-depth evaluation of the role of
autophagy in tuberculosis pathogenesis is needed.

7. The Protective Roles of Autophagy in Cystic Fibrosis (CF)

Cystic fibrosis (CF) is a life–threatening lung disease caused by a loss-of-function mutation of cystic
fibrosis transmembrane conductance regulator (CFTR, F508del) [124,125]. It has been reported that CFTR
deficiency causes defective autophagic flux in both human airway epithelial cells and nasal biopsies
from CF patients, leading to the formation of aggresome through the production of ROS, upregulation of
tissue transglutaminase (TG2), sequestration of the class III PI3K complex and subsequent accumulation
of p62 [126,127]. This disruption of autophagic clearance also heightens the inflammatory response in
CFTR–mutant cells [128]. In addition to the airway epithelial cells, defective autophagic degradation
was also observed in macrophages with CFTR mutation. The decreased autophagic clearance subverts
the bactericidal function of macrophages, consequently resulting in pathogen infection, such as
Nontuberculous mycobacteria (NTM) and Burkholderia cenocepacia (B. cepacia) [129,130]. Induction of
autophagy by rapamycin or clearance of aggresome by p62 deletion could markedly enhance the
elimination of pathogens and ameliorate the associated inflammation [130,131]. Together, these studies
suggest that autophagy is a survival mechanism in the pathogenesis of CF, and pharmacological
induction of autophagy might be a promising strategy to delay CF progression.
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8. The Protective Roles of Autophagy in Pulmonary Arterial Hypertension (PAH)

Pulmonary arterial hypertension (PAH) is a lethal syndrome characterized by elevated pulmonary
arterial pressure with unclear etiology [132]. Hypoxia is known as a common cause of PAH. It has
been reported that human lungs with PAH reveal elevated LC3B levels and increased autophagosomes
compared to normal lungs. In addition, autophagy induction is promoted following hypoxia treatment
in human pulmonary artery endothelial cells (PAECs). In a chronic hypoxia–induced PH model,
LC3B knockout mice show apparent PAH phenotypes relative to wild-type mice [133]. These results
suggest a protective function of autophagy in PAH pathogenesis. The stimulation of autophagy was
also observed in pulmonary artery smooth muscle cells (PASMCs) in a rat PAH model induced by
monocrotaline or hypoxia. Paradoxically, the inhibition of autophagy by chloroquine or κ-opioid
receptor exerts beneficial effects for PAH [134,135], implying that autophagy may contribute to the
pathogenesis of PAH. The various roles of autophagy in PAH pathogenesis might be explained by the
different cell types, approaches and models used in these studies.

9. Conclusions and Perspectives

Accumulating evidence demonstrates that autophagy is involved in the regulation of diverse
biological functions, such as inflammatory response, redox balance, DNA damage repair, apoptosis, and
necroptosis in different cell types in the lung, and thus plays crucial roles in pulmonary infection and
inflammatory diseases, including ALI, IPF, COPD, tuberculosis, PAH, CF, etc. (Figure 2). Autophagy is
initially known as a protective process in the pathogenesis of most lung diseases. Recent findings also
support the notion that autophagy may promote the pathogenesis of lung diseases in certain contexts.
The diverse roles of autophagy in lung disease pathogenesis might be due to the different types of lung
diseases (ALI, IPF, COPD, tuberculosis, PAH, CF, etc.), the diverse stressors for the etiology (infection,
CS exposure, the stimulus intensity, etc.), the various cell types in the lung (epithelial cells, endothelial
cells, fibroblasts, neutrophils, AMs, etc.), and the different mechanisms underlying disease initiation and
progression (cell death such as apoptosis and necroptosis, cellular senescence, fibroblast differentiation,
DNA damage, etc.). In addition, the analysis methods, experimental approaches, reagents, and models
with different cells and animals (e.g., age, sex) all contribute to the variations in the laboratories.
Furthermore, selective autophagy, such as mitophagy, xenophagy, aggrephagy, and ciliophagy, has
recently attracted much attention in the pathogenesis of human lung diseases. It remains unclear
how cells orchestrate nonselective autophagy and selective autophagy during disease initiation and
progression, and whether nonselective autophagy cross-talks with selective autophagy [22]. Moreover,
the lack of autophagy inhibitors to specifically target nonselective autophagy and selective autophagy
in a given lung cell type also remains a major challenge for therapeutic intervention. Finally, some
of the previous studies (especially those in vivo studies) only examined LC3-II accumulation which
might be a result of the activation or inhibition of autophagic flux–mediated degradation. Therefore,
the non-unified interpretation of autophagy activation and suppression remains a major problem
for the evaluation of the exact roles of autophagy in pathological or therapeutic aspects. Careful
consideration of the autophagy activity is needed to achieve a better and deeper understanding of the
role of autophagy in lung disease pathogenesis for the development of potential therapeutic strategies.
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Abstract: Autophagy is a highly conserved intracellular process for the ordered degradation
and recycling of cellular components in lysosomes. In the liver, parenchymal cells (i.e., mainly
hepatocytes) utilize autophagy to provide amino acids, glucose, and free fatty acids as sources
of energy and biosynthesis functions, but also for recycling and controlling organelles such as
mitochondria. Non-parenchymal cells of the liver, including endothelial cells, macrophages (Kupffer
cells), and hepatic stellate cells (HSC), also employ autophagy, either for maintaining cellular
homeostasis (macrophages, endothelium) or for providing energy for their activation (stellate cells).
In hepatocytes, autophagy contributes to essential homeostatic functions (e.g., gluconeogenesis,
glycogenolysis, fatty acid oxidation), but is also implicated in diseases. For instance, storage disorders
(alpha 1 antitrypsin deficiency, Wilson’s disease), metabolic (non-alcoholic steatohepatitis, NASH),
and toxic (alcohol) liver diseases may benefit from augmenting autophagy in hepatocytes. In hepatic
fibrosis, autophagy has been implicated in the fibrogenic activation of HSC to collagen-producing
myofibroblasts. In hepatocellular carcinoma (HCC), autophagy may contribute to tumor surveillance
as well as invasiveness, indicating a dual and stage-dependent function in cancer. As many drugs
directly or indirectly modulate autophagy, it is intriguing to investigate autophagy-targeting, possibly
even cell type-directed strategies for the treatment of hereditary liver diseases, NASH, fibrosis,
and HCC.

Keywords: hepatocytes; hepatic stellate cells; sinusoidal endothelial cells; macrophages; fibrosis;
cirrhosis; hepatocellular carcinoma; biomarkers

1. Introduction

The term autophagy summarizes the processes involved in the orderly degradation and recycling
of worn, abnormal, or malfunctional cellular components. It is commonly accepted today that the term
“autophagy” was first introduced in 1963 by the Belgian cytologist and biochemistry Christian René de
Duve, who also coined the terms “endocytosis” and “phagocytosis” to designate pathways bringing
substrates for digestion in lysosomes [1]. However, the terms autophagy/autophagy/autophagia were
in fact already used a century earlier and published in 1859 in a French journal [2]. The importance
of autophagy was prominently acknowledged in 2016, when Yoshinori Ohsumi was awarded the
Nobel Prize for Physiology or Medicine for his discoveries of mechanisms for autophagy. Autophagy
is nowadays considered as a dynamic recycling system, which is essential for cellular renovation
and homeostasis [3]. As such, the resultant degradation products can be used for new protein
synthesis, energy production, and gluconeogenesis. There are three classes of autophagy, namely
macroautophagy, microautophagy, and chaperone-mediated autophagy, requiring different sets
of autophagy-related genes and cellular compounds [3] (Figure 1). Macroautophagy is the most
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prevalent form of autophagy. It is dependent on the “autophagosome”, a spherical vesicle appearing
randomly throughout the cytoplasm with the capacity to traffic along microtubules towards the
microtubule-organizing center, where lysosomes are concentrated [4]. These ring-shaped structures
are majorly formed by the “AuTophaGy” (ATGs) genes that are evolutionarily conserved from yeast to
higher eukaryotes. This cellular compartment has the capacity to sequester small portions of cytoplasm
enriched in soluble materials and organelles and to fuse with lysosomes forming the autolysosome,
in which the material is finally degraded. On the contrary, microautophagy is a more diverse type of
autophagy, in which cytoplasmic compounds or spontaneous formed vesicles are directly engulfed
by lysosomes. Recent studies demonstrate that this pathway is of particular relevance for cells
under amino acid starvation [5]. Based on the finding that vascular membranes and endosomes
can also incorporate or capture peroxisomes or lysosome-derived organelles, it was proposed
that this autophagy branch should be classified in three distinct subtypes of microautophagy [6].
Chaperone-mediated autophagy is more selective and not associated with membrane reorganization [3].
Instead, chaperone and co-chaperone proteins recognize cytosolic proteins that carry specific peptide
recognition sites and are then targeted to receptors on lysosomes, which subsequently internalize
these proteins for degradation (Figure 1). This pathway majorly contributes to the maintenance of
cellular homeostasis by facilitating degrading of proteins and recycling of amino acids. However,
transgenic mouse models have shown that this pathway participates in the regulation of glucose and
lipid metabolism, DNA repair, cellular reprogramming, and cellular response to stress [7].

With regards to the liver, there is strong evidence that the process of macroautophagy in particular
is the most important for maintaining hepatic homeostasis and suppressing spontaneous tumorigenesis.
The systemic mosaic deletion of Atg5 in mice resulted in multiple benign tumors that developed only
in the liver but not in other tissues [8]. On the other side, host-specific deletion of Atg7 impaired the
growth of multiple allografted tumors in mice, most likely by inducing release of arginosuccinate
synthase 1 from the liver and degradation of circulating arginine, which is essential for tumor
growth [9]. These inverse findings demonstrate that autophagy plays a dual role in cancer cells
with potential to both inhibit and promote tumor progression and promotion.

In the present review, we will highlight some principal and cell-type specific functions of
autophagy in the liver, its role in hepatic homeostasis, and its impact on the pathogenesis of liver
diseases. In addition, we will discuss how the present knowledge in autophagy research might
influence future directions in therapy of liver diseases.
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Figure 1. Simplified models of autophagy pathways in the liver. Macroautophagy involves the
formation of a double-membrane vesicle, in which the substrates to be degraded are included.
This vesicle called the autophagosome is then fused with the lysosome, allowing the degradation of
the products. Three distinct types of microautophagy exist. In one type, the lysosome forms arm-like
protrusions capable of engulfing substances. In a second branch, the lysosome can form invaginations,
in which substrates (e.g., lipids) can be wrapped. The most important pathway in microautophagy
involves the late endosome. In this compartment, substrates such as proteins carrying the pentapeptide
lysine-phenylalanine-glutamic acid-arginine-glutamine (KFERQ)-like motifs are internalized and
degraded. In chaperone-mediated autophagy, substrates with a KFERQ-like motif are first recognized
by the cytosolic chaperone. Subsequently, this complex is recognized by chaperone-mediated autophagy
associated receptors located at the lysosomal compartment. After internalization, the incorporated
substances are degraded. The three autophagy pathways serve as a dynamic recycling system that
produces new building blocks and provides energy necessary to guarantee cellular homeostasis. ER:
endoplasmic reticulum; HSC70: heat-shock 70-Kd protein; MTC: multimeric translocation complex.

2. Principal Functions and Molecular Mechanisms of Autophagy

Autophagy is an important conserved recycling process necessary to maintain energy balance
in the cells. In the liver, the activity of this cellular autophagy activity is enhanced or reduced in
response to environmental changes and cellular needs [10]. It is not only essential for replenishing
the free pool of amino acids through protein breakdown, but it also contributes to mobilization and
hydrolysis of lipid stores and glycogen, thereby significantly contributing to the cellular energetics and
energetic flux through different metabolic pathways [10]. The occurrence of three different types of
autophagy provides a high functional variety of possible breakdown and recycling processes, which are
particularly relevant for the liver, which represents the central organ in the control of organismal energy
balance (Figure 1). Consequently, alteration in proper autophagy function can result in severe metabolic
disorders such as obesity, fatty liver, diabetes, and other metabolic age-related disorders [11,12]. Recent
findings further suggest autophagy as a critical mechanism in regulating the “liver clock” and circadian
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glucose metabolism by timely degrading core circadian repressor clock proteins such as crytochrome 1
(CRY1), resulting in gluconeogenesis and increased blood glucose levels [13]. Interestingly, high-fat
feeding decreased CRY1 protein expression in an autophagy-dependent manner, while restoring
hepatic CRY1 reversed obesity-associated hyperglycemia, suggesting that this regulatory network is
a potential attractive target for therapy of obesity-associated hyperglycemia [13].

There is also first evidence that autophagy in liver aggravates the oxidative stress response during
acute liver injury. In particular, autophagy maintains liver endothelial cell homeostasis and protects
against cellular dysfunction, intrahepatic nitric oxide accumulation, and a liver microenvironment that
promotes fibrosis [14]. Similarly, the blockade of autophagy by the autophagy inhibitor LY294002 or
small interfering RNAs (siRNAs) targeting Atg5 attenuated drug-induced anti-inflammatory effects in
hepatic stellate cells and on liver fibrosis [15].

Mechanistically, there is experimental evidence showing the PI3K/Akt/mTOR pathway to be
critically involved in the activation of autophagy, thereby preventing cell death, promoting anticancer
effects of therapeutic drugs, and reducing tumor growth [16]. On the contrary, in hepatocellular
carcinoma (HCC) cells, the induction of the PI3K/Akt/mTOR pathway by α-fetoprotein (AFP) resulted
in reduced cell autophagy and more malignant behavior [17]. These opposite findings demonstrate that
the same autophagy-associated pathway are highly dynamic and can have pro-tumor or anti-tumor
effects. Hence, the role of autophagy in HCC development is dependent on the context of liver cells,
the hepatic microenvironment, stage of tumor development, or many other unrecognized factors.
It is most likely that autophagy plays an anti-tumor role in normal liver cells by maintaining cell
homeostasis, while it promotes the survival of HCC cells within the tumor microenvironment once the
tumor is formed [18].

3. Autophagy in Homeostasis of the Liver—Implications for Hereditary Liver Diseases

The importance of autophagy for the maintenance of liver homeostasis is best exemplified in
conditions, in which large quantities of misfolded proteins are formed that lead to an overburden
of the proteolytic pathway involved in autophagy. Prototypically, patients suffering from classical
α1-antitrypsin (α1AT) deficiency synthesize large quantities of mutant α1AT Z (ATZ) protein in
which a point mutation results in a substitution of lysine for glutamate at residue 342 [19]. While the
normal α1AT protein (M protein) is rapidly secreted into the blood, the missense mutation results
in a polymerized mutant α1AT protein (Z protein) that is retained in the endoplasmic reticulum
of hepatocytes rather than secreted in the body fluids where its physiological function is to inhibit
neutrophil proteases [19,20]. Hepatocytes deal with the burden of insoluble aggregates by activating
endoplasmic reticulum-associated proteasomal degradation pathways and by macroautophagy [21].
However, in most homozygous individuals these countermeasures are insufficient to overcome
the overload with insoluble proteins, provoking cell death and chronic liver damage. The clinical
manifestation of liver disease associated with α1AT deficiency is highly variable, and there is currently
no specific treatment of α1AT-related liver disease [22]. Enhancing cellular degradation pathways,
particularly autophagy, for mutant ATZ proteins may therefore represent a realistic option in the
near future [23]. Independent experimental studies have shown that the induction of autophagic
degradation of mutant polymerized Z protein by hepatic gene transfer of master autophagy regulators
or by autophagy-enhancing drugs such as carbamazepine, rapamycin, or 24-norursodeoxycholic acid
(norUDCA) can significantly reduce liver injury [21,24–26]. These approaches, along other targets (e.g.,
blocking mutant ATZ production by siRNA), are currently under clinical evaluation,

Another inherited disorder reflecting the importance of autophagy in liver homeostasis is Wilson’s
disease, also known as hepatolenticular degeneration or “copper storage disease”. It represents a rare
autosomal recessive disorder caused by mutation in the ATPase copper transporting protein ATP7B,
preventing the body from removing excess copper and leading to accumulation of this trace metal in
liver and brain [27]. Recently, it was shown that ATP7B-deficient cells showed significant increased
expression of autophagy-associated genes when compared to control cells. Furthermore, hepatocytes
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derived from patients suffering from Wilson’s disease, as well as hepatocytes derived from Atp7b null
mice and rats, contained elevated quantities of autophagosomes [28]. Interestingly, the pharmacological
inhibition of ATG7 and ATG13 accelerated cell death in the hepatoma cell line HepG2 when depleted
for ATP7B expression, suggesting that autophagy protects against metal toxicity and copper-induced
cell death in the setting of Wilson’s disease [28].

Alcohol abuse is a third condition in which the importance of autophagy for liver homeostasis
is well documented. Alcoholic liver disease (ALD) is a global healthcare problem associated with
fatty liver, alcoholic hepatitis, fibrosis, and cirrhosis. During chronic ethanol consumption, the rates of
autophagy are retarded in the liver, because ethanol is thought to cause faulty lysosome biogenesis
and slower breakdown of lipid droplets [29]. A recent experimental study found that liver tissue
from mice fed with ethanol displayed lower expression levels of total and nuclear transcription factor
EB (TFEB) compared with control mice, alongside decreased parenchymal lysosome biogenesis and
autophagy [30]. When the hepatic expression of the transcription factor TFEB was increased by
administration of torin-1, representing an effective inducer of autophagy, or by administration of
an adenoviral vector expressing TFEB, mice showed decreased steatosis and liver injury induced by
ethanol, while the knock down of TFEB using an adenovirus small hairpin RNA (shRNA) approach
resulted in more severe liver disease [30]. These experiments demonstrate the fundamental protective
role of autophagy in formation of ALD.

Collectively, these findings from hereditary and toxic liver diseases corroborate that autophagy as
a cellular degradation and clearance pathway is critical for maintaining liver homeostasis, especially
in conditions of hepatic insults.

4. Autophagy in Liver Metabolism and Fatty Liver Disease

The most common liver disease worldwide is non-alcoholic fatty liver disease (NAFLD),
that is characterized by extrahepatic features of the metabolic syndrome (obesity, type 2 diabetes,
dyslipidemia) and distinct hepatic histological features [31]. A fraction of these patients develop
non-alcoholic steatohepatitis (NASH), characterized by steatosis, inflammation, and hepatocyte
ballooning, and are at a particular risk for progressing towards fibrosis, cirrhosis, and HCC [32].
Autophagy is a central “recycling mechanism” in hepatocytes, evolutionarily evolved to provide energy
and to salvage key metabolites for sustaining anabolism [33]. Autophagy is therefore a key mediator
of liver metabolism and is dysregulated in NAFLD [10]. For instance, autophagy provides amino
acids to cellular processes via protein degradation and recycling of cell organelles [33,34], mobilizes
intracellular glycogen storages (“glycophagy”) in case of starvation [33], and breaks down lipid
droplets (“lipophagy”), which increases intracellular triglyceride and free fatty acid concentrations [35].
High levels of energy substrates (e.g., ATP), insulin, or free fatty acids negatively regulate autophagy,
while starvation is one of the strongest physiological activators of autophagy in hepatocytes [10].
Importantly, hepatic autophagy is decreased overall in association with conditions that predispose to
NAFLD such as obesity and aging [36]. Although an extensive body of literature suggests that the
pharmacological modulation of either autophagy directly or autophagy-related up- or downstream
pathways could hold therapeutic potential in obesity, metabolic syndrome, or NAFLD/NASH [37],
lifestyle interventions including fasting, dietary changes, and exercise may also be very potent inducers
of beneficial autophagy-related changes in metabolism [38,39].

The multidomain adaptor protein p62/SQSTM1 is an important substrate for autophagy in
hepatocytes, as it can interact with a large set of ligands, such as arginylated substrates [40].
More recent work indicates that p62/SQSTM1 is phosphorylated and accumulated upon lipotoxic
stimuli, aggravating steatohepatitis and autophagy defects [41].

Due to the central role of autophagy for hepatocyte metabolism, relatively fewer data exist on
the role of autophagy in non-parenchymal cells during NAFLD. However, autophagy is certainly one
contributing factor in the inflammatory and pro-fibrogenic (see below) environment. For instance,
fatty acids, particularly palmitic acid, are capable of activating hepatic macrophages via the
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transcription factor hypoxia-inducible factor 1 alpha (HIF-1α), leading to impaired autophagy and
a more inflammatory macrophage phenotype (e.g., interleukin-1β) [42]. Thus, impaired autophagy
may not only affect hepatocyte metabolism, but also aggravate inflammation in fatty liver disease.

5. Autophagy in Liver Fibrosis and Cirrhosis

The liver responds to chronic tissue injury by organ scarring, termed fibrosis, which may result in
end-stage cirrhosis [43]. Liver fibrosis is characterized by concerted actions of non-parenchymal cells
of the liver, particularly hepatic stellate cells, macrophages (including Kupffer cells), and endothelial
cells [44]. Autophagy appears to be critically involved in the development of liver fibrosis, but has
very different, opposing functions in specific cell types [45] (Figure 2).

The activation of hepatic stellate cells (HSCs) is central for liver fibrogenesis, because these cells
transdifferentiate into myofibroblasts and represent the major extracellular matrix producing cells in
the liver [46]. Activation of HSC depends on autophagy, because the autophagy-mediated degradation
of lipid droplets stored in these cells provides energy supply and promotes fibrogenic cell functions [47].
Some of the molecular mechanisms have now been clarified. For instance, the micro-RNA miR-16
inhibits the expression of guanine nucleotide-binding α-subunit 12 (Gα12). During fibrogenesis,
Gα12 is overexpressed and facilitates autophagy through ATG12-5 formation, thereby activating
stellate cells [48]. Similar to hepatocytes, p62 is an autophagy substrate and thus negatively controls
HSC activation [49]. Mechanistically, p62 promotes the formation of heterodimers between the vitamin
D receptor (VDR) and retinoid X receptor-alpha (RXRα) that suppresses the fibrogenic response in
HSC [49].

Autophagy-pathways in stellate cells can be induced via several signals. These include
hypoxia-inducible factor-1alpha (Hif-1α) [50] and the potent fibrogenic cytokine transforming growth
factor β1 (TGF-β1) [51], as well as the danger-associated pattern molecule high-mobility group box-1
(HMGB-1) [52]. Importantly, stellate cells also induce autophagy-related and fibrogenic genes in
response to endoplasmatic reticulum (ER) stress signals [53], suggesting that autophagy indeed
represents a central pathway of fibrogenic HSC activation. Consequently, the HSC-specific deletion
of Atg7 in mice attenuated liver fibrosis in chronic injury models [54]. Inhibiting autophagy by
bafilomycin A1 decreased the proliferation and activation of primary mouse HSC in vitro, suggesting
that autophagy inhibition in HSC could be an interesting therapeutic strategy [47].

While autophagy is profibrogenic in HSCs, autophagy seems to exert the opposite (i.e.,
antifibrotic) function in hepatic macrophages (Figure 2), the key cellular component of innate
immune responses in the liver, during hepatofibrogenesis [55]. In mouse models of fibrosis,
the macrophage-specific deletion of Atg5 attenuated fibrogenesis [56]. Mechanistically, autophagy
prevented the release of inflammatory cytokines, particularly interleukin-1, from hepatic macrophages,
which subsequently reduced HSC activation [56]. Similarly, suppression of Atg5 by a siRNA-approach
confirmed that autophagy-deficient liver macrophages promote liver inflammation and fibrosis by
enhancing mitochondrial ROS/NF-κB/IL-1α/β pathways [57]. Autophagy in hepatic macrophages
is counteracted by the enzyme monoacylglycerol lipase that metabolises 2-arachidonoylglycerol into
arachidonic acid for inflammatory macrophage activation [58].

Autophagy is also important for liver sinusoidal endothelial cells, which are a highly specialized
endothelial cells separating the hepatocytes and hepatic stellate cells from the sinusoidal blood.
These endothelial cells maintain the vascular tone, keep the stellate cells in a quiescent state,
and promote tolerance in homeostasis [59] (Figure 2). Studies on isolated primary liver endothelial cells
from either control or Atg7-deficient mice emphasized that autophagy is important for maintaining
endothelial homeostasis [14]. In mouse and rat models of fibrosis induction, the selective loss
of endothelial autophagy aggravated fibrosis by reduction in intrahepatic nitric oxide (NO) and
impairment in handling oxidative stress, suggesting that autophagy is important for endothelial cell
functions during chronic liver injury [14].
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Figure 2. Cell type-specific functions of autophagy in liver fibrosis. Hepatic stellate cells (HSCs)
transdifferentiate into collagen-producing myofibroblasts (MFB) in liver fibrosis. This process depends
on macroautophagy, which provides energy for the HSC activation. On the contrary, autophagy
maintains cellular homeostasis in hepatocytes, Kupffer cells (macrophages), and liver sinusoidal
endothelial cells, thereby counteracting fibrogenesis in the liver.

6. Autophagy in Liver Cancer

Autophagy is important for hepatocyte homeostasis, as protein aggregates, lipid droplets,
or organelles are eliminated via this pathway [60]. The lack of autophagy is associated with the
development of spontaneous liver tumors (Figure 3), as demonstrated in liver- or hepatocyte-specific
Atg5- and Atg7-knock-out mice [8]. These tumors indeed originate from autophagy-deficient
hepatocytes and are characterized by aberrant p62 protein aggregation and mitochondrial swelling
as well as increased genomic damage and oxidative stress responses [8]. On a molecular level,
the elimination of p62 is a well-recognized anti-tumor function of autophagy [61], particularly in
HCC [62]. In hepatoma cells, p62 accumulates, resulting in the persistent activation of nuclear
factor (erythroid-derived 2)-like 2 (Nrf2) [63], which drives tumorigenesis in the liver in vivo [64].
Functionally, p62 not only activates Nrf2, but also mTORC1 and c-Myc, collectively promoting the
survival of HCC-initiating cells [40].

Similarly, the oncogenic cell cycle regulator cyclin D1 is degraded by autophagy; defects in
autophagy-dependent cyclin D1 degradation have been found in patients with HCC and confirmed
in experimental HCC models in mice [65]. Autophagy also degrades the micro-RNA 224 (miR-224),
which is linked to HCC development and poor prognosis in patients with hepatitis B virus
(HBV) infections [66]. Moreover, autophagy-deficient hepatocytes release HMGB-1, which drives
a proliferative ductular reaction as well as promotes tumorigenesis via the receptor for advanced
glycation end product (RAGE) [67]. The exact molecular pathways of autophagy for HCC biology are
the subject of many ongoing studies, which are summarized elsewhere [60,68,69].
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Figure 3. Stage-dependent functions of autophagy in hepatocellular carcinoma (HCC). Experimental
data indicate opposing, stage-dependent functions of autophagy in HCC. At early stages, autophagy
activation may reduce genotoxic stress and prevent tumor formation. At advanced stages with
established tumors, autophagy is related to malignant proliferation and metastatic invasion.

There are controversial reports on the effects of drugs used in HCC regarding autophagy. An early
study reported that sorafenib, a tyrosine-kinase inhibitor approved for the treatment of HCC, induced
autophagy in HCC cell-lines [70]. However, autophagy has also been linked to sorafenib resistance [71,
72]. Accordingly, the expression of autophagic markers in samples from HCC patients strongly
correlate with annexin A3, which confers resistance to sorafenib as well as regorafenib [73]. Importantly,
while autophagy apparently suppresses hepatocarcinogenesis, it is a pro-survival factor for cells and
can therefore be also linked to tumor progression (Figure 3). This became evident from mouse models
of metastatic liver cancer, in which autophagy favored disease progression [74,75]. Tumor cells may
gain energy through autophagy, which favors their survival and migratory properties. Moreover,
autophagy is associated with changes in the expression of cell adhesion molecules, which may facilitate
the migration and invasiveness of malignantly transformed hepatocytes [69].

In addition to specific effects on hepatocarcinogenesis, autophagy in hepatocytes is also important
for tumor surveillance in the whole body. However, while autophagy in hepatocytes mainly suppresses
tumor formation in the liver [64], hepatocytic autophagy in general supports tumor growth [76].
This became evident in mice with a liver-specific deletion of either Atg5 or Atg7 that demonstrated
an impaired growth of multiple allografted tumors. This observation was linked to the release of
arginosuccinate synthase 1 from the liver and the subsequent degradation of circulating arginine,
which is essential for tumor growth [9].

While most studies focused on the roles of autophagy in parenchymal cells for liver cancer,
relatively little is known about the contribution of autophagy in non-parenchymal cells for HCC.
During the preneoplastic state, autophagy in liver macrophages was found to suppress experimental
hepatocarcinogenesis, mainly due to the anti-inflammatory role of autophagy in macrophages [57].

7. Therapeutic Implications and Outlook

Autophagy is a highly conserved process for degradation or recycling of cellular components and
mobilization of energy substrates. Many drugs target directly or indirectly such processes, including the
autophagy inducers carbamazepine, rapamycin, resveratrol, metformin, amitryptiline, or citalopram as
well as inhibitors like choloroquine or hydroxycholoroquine. Many other more specific compounds are
currently under development for various disease areas [77]. As described in our review, autophagy has
both positive and negative roles in liver diseases, making it attractive but challenging to manipulate
autophagy as a therapeutic approach in liver diseases. In this regard, two very exciting areas of research
regarding autophagy-modulating therapies are metabolic [37] and malignant diseases [78]. Enhancing
autophagy as a physiological process of reducing hepatocytic lipid accumulation and cellular stress
signals emerges as an attractive target in NAFLD and NASH [10]. This could potentially include the
repurposing of “known drugs” with an excellent safety profile. For instance, the autophagy activators
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carbamazepine and rapamycin decreased steatosis, dyslipidemia and insulin resistance in NAFLD
mouse models [79]. However, enhancing autophagy should, ideally, target specifically parenchymal
cells in the liver, muscle, and adipose tissue, to avoid the activation of fibrogenic HSC [54].

For liver fibrosis, many pharmacological approaches are currently being evaluated [80], but none
of these approaches directly targets autophagy, likely due to the complex and cell type-specific role
of autophagy during liver fibrosis. Based on the solid body of experimental data, the augmentation
of autophagy in liver sinusoidal endothelial cells [14] as well as in macrophages [56] should be
beneficial for fibrogenesis, particularly in early stages of the disease. On the other hand, autophagy is
a key mechanism for the activation of hepatic stellate cells [46]. Thus, the HSC-specific inhibition of
autophagy may be a potent antifibrotic strategy [47].

For HCC, it is intriguing to speculate that pharmacological induction of autophagy could limit
tumor development. There are indications from mouse models that the pharmacological inducers
amiodarone and rapamycin can prevent experimental hepatocarcinogenesis [66]. However, given the
concomitant tumor-promoting functions of hepatocytic autophagy, it might be more advisable to target
downstream effects, such as inhibiting phosphorylated p62-dependent Nrf2 activation [62]. In patients
with metastatic HCC, it might be even advisable to inhibit autophagy, as this would likely increase the
susceptibility to chemotherapy [45].

8. Conclusions

The deep mechanistic understanding of autophagy in the liver has uncovered a complex network
of related molecular processes and the central role of autophagy for homeostasis and response to
threats in the liver. Given the broad range of potential pharmacological and non-pharmacological
(e.g., nutritional) interventions to target autophagy, it is intriguing to speculate on how to translate
these findings into new therapeutics. Not surprisingly, autophagy is involved in disease-promoting
as well as disease-limiting functions in a broad range of hepatological disorders. Cell-type- or
disease-stage dependent effects can explain large parts of the dual functionality of autophagy. Thus,
any autophagy-modulating intervention needs to be tailored to target the essential parenchymal or
non-parenchymal cell type in the liver at the right moment of disease pathogenesis. With this caveat in
mind, manifold options targeting autophagy for the treatment of hereditary, metabolic, toxic, fibrotic,
or malignant liver disease may be anticipated in the future.
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Abstract: Autophagy is an evolutionary conserved intracellular mechanism which helps eukaryotic
cells in maintaining their metabolic state to afford high-efficiency energy requirements. In the
physiology of a normal liver and the pathogenesis of liver diseases, autophagy plays a crucial
role. Autophagy has been found to be both upregulated and downregulated in different cancers
providing the evidence that autophagy plays a dual role in suppressing and promoting cell survival.
Hepatocellular carcinoma (HCC) is the most common primary liver cancer and the major leading
cause of cancer mortality worldwide. In light of its high complexity and poor prognosis, it is essential
to improve our understanding of autophagy’s role in HCC. In this review, we summarize the dual
mechanism of autophagy in the development of HCC and elucidate the currently used therapeutic
strategies for anti-HCC therapy.

Keywords: hepatocellular carcinoma; inflammation; mitophagy; oxidative stress; HCC therapy

1. Introduction

Autophagy (macroautophagy) is the fundamental cellular process in maintaining cell homeostasis
by targeting damaged intracellular organelles and misfolded proteins to lysosomal degradation [1].
It is a conserved evolutionary process that takes part in all mammalian cells under basal conditions
and generates building block molecules to support essential cellular processes [2]. Autophagy is a
multistep process including membrane rearrangement in forming a double-membrane bond structure
known as autophagosomes. The vesicle fusion of these autophagosomes with lytic compartments
generates autolysosomes where lysosomal enzymatic degradation of contents is recycled and releases
nucleotides, fatty acids, and amino acids to refuel the cells with energy to maintain necessary molecular
synthesis [2].

The role of autophagy is complex and differs from organ to organ. An organ such as muscles
and the liver requires autophagy to remove excessive protein aggregation, lipid accumulation, and
damaged mitochondria to prevent excessive ROS generation leading to oxidative stress [3,4]. Defects in
autophagy have shown to contributes in several pathogeneses of human diseases ranging from
neurodegenerative and metabolic diseases to cancers [5]. The dysregulation of autophagy has been
increasingly indicated to play a role in liver diseases such as alcoholic liver disease, non-alcoholic
fatty liver disease (NAFLD), hepatosteatosis, hepatomegaly, and primary liver malignancies such as
hepatocellular carcinoma (HCC) [6,7].

Hepatocellular carcinoma is a serious threat towards human health. It is the sixth most malignant
cancer worldwide and the fifth most common malignancy in men [8]. Despite recent advances in
treatments and surgical resection, the five-year survival rate remains unsatisfactory [9]. The most
common identified risk factors for HCC development are the consequences of unresolved oxidative
stress, persistent inflammation, viral infections, metabolic dysfunction, liver alcohol disease, and fatty
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liver disease. Autophagy may serve as a protective mechanism against the initial and persistent liver
injury in these disease states but autophagy may also play a significant role in the development and
growth of hepatic tumor cells in this inflammatory environment [10,11]. The link between autophagy
and cancer has been long proposed. The underlying mechanisms regulating the autophagic response
in HCC requires further understanding to develop effective treatment strategies.

2. Role of Autophagy in Normal Liver Homeostasis

Autophagy is involved in diverse physiology and pathophysiology of the liver. The liver
displays a complex metabolism with a variety of functions including protein and lipid synthesis
and secretion of bile acid. Increased accumulation of ubiquitin proteins aggregation observed
in the liver-specific Atg7 knockout mice suggested a basal function of autophagy in continuous
turnover of the cytoplasmic proteins [12,13]. Disturbance in the basal autophagy of the liver can
lead to the accumulation of elementary bodies, damaged mitochondria, deformed peroxisomes, and
abnormal membrane structures resulting in liver injury. Autophagy can be general and nonselective,
involving the degradation of a bulk cytoplasmic portion or organelle-specific degradation. The cell can
undergo different forms of autophagy which include xenophagy (degradation of viruses), lipophagy
(degradation of lipid droplets), ribophagy (degradation of ribosomes), pexophagy (degradation of
peroxisomes), reticulophagy (degradation of ER), and mitophagy (degradation of mitochondria).
Of these, mitophagy is one of the most well characterized since hepatocytes contain numerous
mitochondria to provide the high energy demand for metabolism. Liver specific autophagy deficient
mice provide evidence for swollen mitochondria and increased ROS formation [14]. Liver injury is
also associated with mitochondrial membrane permeabilization which can activate a mitochondrial
apoptotic pathway regulating BAX and Bad (BCL2 family) mediated cell death [15]. The different
forms and role of autophagy in the healthy liver are best described in detail by Takashi U Eno et al. [16].

Hepatocytes are primarily dependent on autophagy degradation due to its intense metabolism
and high energy demand to maintain proper functioning. The defect in any of the forms of autophagy
can contribute to severe liver functional damage such as hepatitis, fibrosis, cirrhosis, and HCC
development [17,18]. One of the most common causes of acute and chronic liver disease is the
infection of the liver with hepatotropic viruses. Hepatitis B and C viruses are both linked to the
autophagy. It has been shown that the X protein of the HBV (HBx) can induce autophagy due to its
ability to bind to the PI3k autophagic molecule. On the other hand, the Hepatitis C virus (HCV) can
adapt autophagy content to enhance its replication by inhibiting the maturation of autophagosome
into autophagolysosomes. Both these viruses are shown to induce autophagy by transcriptional
upregulation of Beclin1 [19].

Autophagy also plays a role in lipid metabolism and thus can influence the development of
fatty liver disease, a rapidly increasing cause of chronic liver disease in the world. Hepatocytes
are the main source for natural lipids stored in the form of triglycerides (TGs) and lipid droplets
(LDs). Interestingly, the first degradation of lipid droplets through lipophagy was observed in mouse
liver. It has been shown that ATg7 knockout mice showed significant increase levels of TGs and
LDs in the hepatocytes leading to a decrease in the levels of free fatty acids (FFAs), necessary for
ATP generation [20]. Another study illustrates the formation of hepatic steatosis in mice due to the
consumption of a high-fat diet. This process occurs through autophagy activation in hepatic stellate
cells and is due to the suppression of mTOR phosphorylation which increased expression of Sirt1
through the AMPK pathway [21].

3. Role of Autophagy in Hepatocellular Carcinoma

Hepatocellular carcinoma is one of the most common primary cancer and a major leading cause of
death worldwide [22]. An estimation of 30,200 deaths is predicted this year [23]. The high proliferative
capability of HCC cells has been linked to persistent inflammation and increased oxidative stress.
Autophagy has been shown to play a dual role in cancer. Autophagy could be either tumor suppressive
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or tumor promoting. Here we review both the pro- and anti-tumor mechanism of autophagy that take
place during the development and growth of HCC.

3.1. Tumor-Suppressive Role of Autophagy

Inflammation is recognized as a hallmark of cancer in promoting tumor growth and is associated
with the poor prognosis of many solid tumors [24]. It is well known that HCC progression is highly
correlated with the persistent inflammatory stimulation [25]. Autophagy has been suggested to prevent
cancer progression by suppressing inflammation [26–29] while inhibition of autophagy can lead to a
sustained and elevated level of inflammation [30,31]. Inflammasomes are the major drivers for chronic
inflammation in the liver [32,33]. Interestingly, the capability of cells to suppress inflammation through
autophagy was first observed in autophagic inhibited mice. Lack of autophagic responses in ATG16L1
knockout mice undergoing septic shock revealed an elevated level of inflammasome associated IL-1β
and IL-18 cytokine production compared to wild-type controls [28]. Further studies showed that
depletion of the autophagic proteins, LC3B and Beclin1, enhanced Caspase-1 activation which was
NALP3 inflammasomes dependent. Mice lacking LC3B protein were more susceptible to LPS induced
mortality [34]. In addition, a recent study showed the effect of chemokine (C-X-C motif) ligand 17
(CXCL17) in suppressing autophagy [35]. In human HCC tissues, elevated expression of CXCL17 has
been observed which can also promote cell proliferation and migration when treated invitro. Silencing
of this induced autophagy which is due to the enhanced nuclear translocation of liver kinase b1 (LKB1)
that phosphorylates and activates AMPK. This lead to decrease in tumor volume and proliferation.

Beclin1, an important autophagic protein, has been shown to be associated with HCC tumors.
The decreased Beclin1 expression observed in human HCC tissues correlated with tumor recurrence
and disease-free survival [36]. Studies have also shown that knocking out Beclin1 in mice
is embryonically lethal whereas heterogeneous Beclin1 mice developed spontaneous HCC [37].
In addition, normal hepatocytes show higher expression and activity of autophagic-associated
proteins compared with HCC cell lines providing evidence that autophagy plays a tumor suppressive
role [14]. A recent study demonstrated the effect of adrenaline in promoting hepatocarcinogenesis [38].
Treatment of adrenaline in DEN-induced HCC mice showed a remarkable increase in liver injury
along with increased tumor number and tumor size. Mechanistically, increase in adrenaline
activated the adrenergic receptors ADRB2 which inhibited autophagy activation by disrupting the
Beclin1/VPS34/ATg14 complex.

Since autophagy plays a vital role in suppressing cancer inflammation, inhibition of autophagy
has also been shown to result in an excessive accumulation of p62 protein [39]. P62 is an autophagic
substrate which is used in measuring autophagic activity [40,41]. Transgenic P62 knockout animals
displayed irregular cell mitotic activity with an increased expression of insulin-like growth factor 2
(IGF2) in their HCC tumors [42]. It has been reported that p62 is necessary for the HCC initiation
by maintaining metabolic homeostasis through the mTOR pathway [43] and ablation of p62 inhibits
growth and proliferation [14]. In a study, 90 HCC-resected tumors were analyzed for the accumulation
of intracellular hyaline bodies (IHB) which are cytoplasmic inclusions consisting of p62. Patients with
increased IHB were shown to be associated with significantly shorter overall survival [44]. Moreover.
P62 is also known to interact with tumor necrosis factor receptor-associated factor 6 (TRAF6) that
induces nuclear factor (NF-kB) activation [45]. Zhang et al. [46] have shown that DEAD-box protein
5 (DDX5), a tumor suppressor protein in the liver [47], binds to p62 and interferes with P62/TRAF6
interaction. This results in autophagy induction. However, the expression of DDX5 in the human
HCC tumor tissues is relatively lower when compared to its non-tumor counterpart. Autophagy has
also been shown to contribute to the anti-proliferative activity of interferon gamma (IFN-gamma),
a pleiotropic cytokine that facilitates anti-viral and anti-proliferative effects in cancer cells. In HCC
cell lines, stimulated autophagosome formation inhibited cell growth. Silencing of autophagy in these
cells abolished the inhibitory effect, suggesting an essential anti-tumorigenic activity [48].
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Similarly, multiple miRNAs which are found to target autophagic comprised genes for autophagy
modulation [49–51] may also play a part in HCC growth and inhibition. miR-7 is a well acknowledged
tumor suppressive microRNA in cancers. In HCC tumors, levels of miR-7 are significantly
downregulated. It has been shown that upregulation of miR-7 in HCC cell lines increases autophagic
activity by targeting the mTOR pathway, leading to a decrease in cancer cell proliferation [52]. miR-85 is
an essential component during liver development and has also been linked as a tumor suppressor in
HCC. In human HCC cell line HepG2, transfection of miR-85 upregulated autophagic activity which
resulted in cell cycle arrest [53]. Our group has also previously shown that miR-375 is downregulated
in HCC cell lines and tissues [54]. We found that miR-375 inhibits autophagy by suppressing the
conversion of LC3I to LC3II by downregulating ATG7. Inoculating miR-375 overexpressed cells in
nude mice showed significantly decreased tumor growth [51].

3.2. Tumor-Promoting Role of Autophagy

Hypoxia-induced oxidative stress is one of the most prominent features in all solid tumors [55,56]
due to the inadequate blood supply that tumors experience as they grow. Under oxygen deprivation,
cells respond by regulating their metabolic and bioenergetics demands to overcome the hypoxic
resistance [57–59]. Hypoxia-induced autophagy in hepatocytes and HCC tumor cells relies upon the
stabilization of hypoxia-inducible factor (HIF1α). HIF is the important regulator that maintains oxygen
homeostasis. It has been shown that HIF1-α upregulates BNIP3 and BNIP3L proteins which binds to
the BCL-2 protein. This process inhibits the disruptive interaction between BCL-2 and Beclin1 [60]
to induce autophagy for cellular survival in hypoxic conditions. In addition, hypoxia is also shown
to upregulate early growth response gene-1 (Egr-1) expression. Egr-1 is a zinc finger nuclear protein
and functions as a transcriptional regulator [61]. Upregulation of hypoxia induced Egr-1 has shown to
induce autophagy in HCC cell lines promoting migration. Inhibiting Egr-1 function by Ad-DN-Egr-1
revealed the attenuated autophagosome formation due to inhibited binding of Egr-1 at LC3 promoter
region (−233 to −214) [62].

The extensive reactive oxygen species generation during the developing tumor is the primary
outcome of hypoxic stress. Increased ROS levels are shown to oxidize cellular components such as
DNA, lipids, and proteins [63,64]. ROS can be generated by the NADPH oxidase complexes in the cell
membrane, endoplasmic reticulum, peroxisomes, and mitochondria [65,66]. Tumors adapt different
mechanisms to eliminates intracellular ROS, one of which is by the upregulation of anti-oxidant
proteins NRF2 [67]. NRF2 is a cytoplasmic protein which translocates to the nucleus for the
transcription of redox-balancing proteins and β-oxidant enzymes and is upregulated by autophagy.
The autophagic protein p62 has been shown to interact with NRF2 [68]. Phosphorylated p62 binds with
Keap1 (NRF2 inhibitory protein) allowing NRF2 release and cytosolic stabilization [69,70]. The clinical
implication of NRF2 was elucidated in 107 HCC patients where patients that expressed higher levels
of pNRF2 were significantly associated with worst disease-free survival and poor overall survival [71].
Thus, p62 induces the antioxidant activation pathway to prevent extreme organelle injury leading to
tumor cell death.

Another important mechanism to control excess ROS production is by the removal of damaged
organelles from the cell. Injured and non-functional mitochondria are the major source of cellular
ROS production and the induction of mitophagy helps clear these damaged mitochondria to
maintain cell function and bioenergetics [72,73]. Mitochondrial ROS is eliminated regularly by the
superoxide dismutase within the cytosol [74,75] which is also activated by the NRF2 protein [76].
Depolarized mitochondria cleared via mitophagy are regulated by PINK1 and Parkin1 [77]. It is
reported that mitophagy can degrade tumor suppressor p53 once localized to mitochondria and inhibit
its subcellular localization. Mitophagy impairment results in p53 accumulation and its phosphorylation
by PINK1 prevent hepatic cancer cell stemness [78]. However, excessive induction of mitophagy can
also inhibit HCC migration. When yes-activated protein (Yap), a highly upregulated protein in
HCC, is depleted, mitophagy is overactivated leading to cellular energy deprivation [79]. In contrast,
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the excessive activation of autophagy may also lead to autophagic cell death [80,81]. This process
requires an additional cell death signaling, including the phosphorylation of c-Jun N-terminal kinase
(JNK) [82]. Interestingly, the pro-apoptotic (Bax/Bak) deficient cells showed an autophagic cell
death when exposed to apoptotic stimuli. This was driven through the increase in the level of JNK
phosphorylation. However, treatment with the JNK inhibitor further revealed that a simultaneous
activation of autophagy and JNK is required for the autophagic cell death. Numerous other cell
death and tumor suppressor-related proteins are shown to trigger autophagic cell death in the
literature [83–85].

Autophagy can also regulate inflammatory immune response by the release and degradation
of damage associated molecular patterns (DAMPS) including high mobility group box 1 (HMGB1),
histones, ATP, mitochondrial (mt)DNA, and mitochondrial transcription factor A (TFAM). HMGB1 is
a well-characterized DAMP which can be released from necrotic or apoptotic hepatocytes [86,87].
Interestingly, autophagy-mediated intracellular mobilization of HMGB1 enables tumor growth by
inducing cell survival and apoptosis [88,89]. We have previously shown that under hypoxic stress,
HMGB1 translocates from nucleus to cytoplasm in HCC cells. Intracellular translocation of HMGB1
facilitates its interaction with mtDNA in the cytosol where together they activate TLR9 signaling
pathways to enhance tumor growth [90].

3.3. Autophagy in HCC Metastasis

Autophagy, due to its tumor promoting role, also plays a part in tumor metastasis. Increasing
evidence suggests the upregulation of autophagy during the process of tumor metastasis [91,92]. As the
primary tumor grows and encounter harsh microenvironment, part of it escapes and intravasates
within the circulatory and lymphatic system, localizing at distal organs [93]. Cell detachment from the
extracellular matrix (ECM) has demonstrated to trigger autophagy which then protects it from anoikis,
a type of cell death induced in response to ECM detachment [94]. In addition, Autophagy can also
induce changes in the cell adhesion signaling that facilitates invasion and migration [95].

Autophagy in hepatocellular carcinoma has shown to facilitate metastasis by upregulating the
expression of epithelial–mesenchymal transition (EMT). Induction of autophagy in the starved cells
inhibited the expression of epithelial markers and induced mesenchymal expression along with cell
invasion marker matrix metalloproteinase-9 (MMP9) [96]. These changes were regulated by the
activation of TGF-beta and phosphorylation of Smad3 signaling pathway. In another study, inhibition
of autophagy via silencing Beclin1 and ATG5 in HCC lung metastasis model markedly decreased
distal metastasis to the lungs [97]. This effect is observed due to the impaired anoikis resistance that
can suppress the colonization of HCC cells. However, silencing of autophagy mediators showed no
effect in the expression of cell migration and invasion regulators.

Autophagy-mediated cancer cell metastasis can be stimulated by numerous stress factors
persisting within the tumor microenvironment. One of which is the fluid shear stress (FSS).
Wang et al. [98] showed that HCC cells, when exposed to 1.4 dyn/cm2 of FSS, induce autophagy
in a time-dependent manner. Furthermore, inhibition of autophagy attenuated cells to migrate and
downregulate the expression of PI3K/FAK/Rho GTPase pathway. This suggests that the activation of
autophagy via FSS is a PI3K/FAK/Rho GTPase-dependent pathway.

4. Autophagy in HCC Therapy

As described above, autophagy can be either be pro- or anti-tumorigenic for HCC. Therefore,
modulation of autophagy-based HCC therapy is very complex and will vary depending on the setting.
Autophagy can suppress liver inflammation and thus decrease the carcinogenic environment in the
liver but it can also promote and maintain tumor cell homeostasis by inducing mitophagy in growing
HCC tumors. In addition, both the induction and inhibition of autophagy has been investigated to
induce tumor cell death [99,100]. Currently, there are a variety of therapeutic agents that are being
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used either individually or in combination with other agents for anti-HCC therapy. The current agents
used to selectively target autophagy to induce HCC cell death are described in Table 1.

4.1. Autophagy Inducers

The autophagy inducer sorafenib is the first-line drug used for the treatment of advanced
HCC [101]. Currently, sorafenib is the only drug that has been shown to improve HCC patient
survival [102]. In a randomized controlled trial, patients with advanced HCC treated with sorafenib
had an improved rate of overall survival compared to patients given placebo. Sorafenib has been
shown to promote cell death through the upregulation of autophagy via myeloid cell leukemia-1
(Mcl-1) signaling pathway [103]. In addition, sorafenib can also inhibit tumor growth by targeting
the RAF/MEK/ERK pathway to induce cell cycle arrest [104]. Besides Mcl-1 and ERK pathways,
sorafenib can also inhibit the activation of PI3K/AKT/mTOR pathways which initiates a signaling
cascade for autophagy induction [105,106]. In a recent study, sorafenib is also shown to regulate cell
endoplasmic reticulum (ER) stress, JNK, Akt, and AMPK pathway leading to elevated autophagy
which later shifts towards apoptosis [107]. At an early time point (3–12 h) sorafenib increases ER stress
which is shown to induce the autophagic survival process in HCC cell line by regulating JNK/AMPK
signaling pathway. At a later stage (24 h), a significant increase in the ER stress and PERK-CHOP
dependent rise of Bim shifted autophagy to apoptosis cell death.

Besides its tumor suppressing function, long term sorafenib treatment has also shown to trigger
chemo-resistance in HCC cells [108]. Thus, the combination of sorafenib with SAHA, another
autophagy-inducer, has been used to improve responses against HCC compared to treating with
sorafenib alone [109]. Sustained treatment of sorafenib has also shown to increase tumor hypoxic
environment that leads to decrease treatment efficiency [110]. Combination of melatonin with sorafenib
has shown to enhance sorafenib’s cytotoxicity against human HCC cells by decreasing hypoxic
resistance [111]. Co-administration diminished the expression of BNIP3 and NIX, hypoxia induced
mitophagy mediators. Due to the common occurrence of tumor resistance, the combinations of different
drugs with sorafenib are currently being studied to increase chemo-sensitivity and decrease tumor
growth. A detailed combination of reagents with sorafenib are extensively reviewed elsewhere [112].

4.2. Autophagy Inhibitors

Since autophagy can be utilized by the growing cancer cells for its survival and add resistance
towards chemotherapeutic reagents, inhibiting autophagy can also be a promising strategy against
cancer therapy. At present chloroquine (CQ), an anti-malarial drug, can be used for the inhibition of
autophagy through the suppression of lysosomes. Treatment with CQ neutralizes the pH levels of
lysosomes required in the final stages of autophagy for degradation [113]. CQ is being effectively used
in patients with the combination of drugs capable of inducing cell apoptosis such as oxaliplatin [114].
It is reported that co-treatment of proliferative HCC cell lines with CQ and sorafenib can lead to a
marked suppression of its growth [105]. In a liver xenograft tumor model, nude mice treated with
CQ and sorafenib combined achieved a higher level of tumor regression compared to treatment with
sorafenib alone. In addition, 3-methyladenine (3-MA) which inhibits the interaction of autophagosomes
and lysosomes can enhance anti-HCC therapy when combined with cisplatin, doxorubicin, and
sorafenib [115]. Similarly, suppression of autophagy by administration of 3-MA and inactive ATg4B
suppresses the proliferation of Huh7 cells [116]. Hence, inhibition of autophagy can promote the death
of HCC cells but these treatments with their known side effects highlight a major risk in triggering the
neoplasticism within the normal hepatocytes.
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Table 1. Therapeutic reagents modulating autophagy in anti-HCC treatment.

Reagents Autophagy Target Cells Treated Result Ref.

Sirolimus
(Rapamycin) mTOR HepG2 Upregulation of

autophagy-cell death [117,118]

Temsirolimus
(CCI-779) mTOR HepG2, Huh7 Upregulation of

autophagy-cell death [119]

Everolimus
(RAD001) mTOR Hep3B, HepG2, Huh7 Upregulation of

autophagy-cell death [120]

Pemetrexed mTORC1 HepG2 Upregulation of
autophagy-cell death [121]

SC-59 mTORC1 PLC5, Sk-Hep1, HepG2 and
Hep3B

Upregulation of
autophagy-cell death [122,123]

BEZ235 PI3K/mTOR Hep3B, PLC/PRF/5 Upregulation of
autophagy-cell death [124]

MK-2206 AKT SNU449, SNU378, SNU475 Upregulation of
autophagy-cell death [125]

SB203580 MAPK HepG2, Hep3B, PLC/PRF/5,
Huh-7

Upregulation of
autophagy-cell death [126]

Regorafenib Tyrosine-kinase
inhibitor HepG2 and Hep3B Upregulation of

autophagy-cell death [127]

Sorafenib Tyrosine-kinase
inhibitor Hep3B, HepG2, Huh7 Upregulation of

autophagy-cell death [105,112]

Nilotinib Tyrosine kinase
inhibitor PLC5, Huh-7, Hep3B Upregulation of

autophagy-cell death [128]

ABT-737 JNK pathway Huh7, HepG2 Upregulation of
autophagy-cell death [129]

OSU-03012 PDK1/AKT Huh7, Hep3B, and HepG2 Upregulation of
autophagy-cell death [130]

5-FU Induce ER stress HepG2, SMMC-7721,
Hep3B, BEL-7402

Upregulation of
autophagy-cell survival [114]

Bortezomib Proteasome
inhibitor

Huh7, HepG2, HuH7, human
hepatocytes, rat hepatocytes

Upregulation of
autophagy-cell death [131]

Chloroquine Lysosome HepG2, Huh7, HA22T/VGH,
Mahlavu

Downregulation of
autophagy-cell death [132,133]

3-MA PI3K III H22, HepG2, PLC/PRF/5,
SMMC7721

Downregulation of
autophagy-cell death and

cell survival
[134,135]

Bafilomycin A1 Lysosome BEL7402, HepG2, Huh7,
SMMC-7721

Downregulation of
autophagy-cell death [136]

5. Concluding Remarks

Autophagy is the vital response for hepatocytes undergoing stress in the maintenance of cellular
homeostasis and quality control. As we outlined in this review, evidence supports a dual role of
autophagy in the progression of HCC (Figure 1). Targeting autophagy can be used to treat liver cancer.
However, caution should be noted as autophagy can inhibit the development of HCC but also act
as a tumor promoter resulting resistance to HCC tumor therapy [137]. Multiple direct and indirect
interactions including complex mechanistic overlap between apoptotic and autophagic cell death have
been studied [138,139]. Many studies indicate that the apoptotic events alter autophagy. However, the
molecular role of autophagy controlling apoptosis requires further investigation. In the developing
tumor microenvironment, hypoxia is a common stimulus in many cancers and hepatotropic viruses
can induce a hypoxic environment initiating hypoxic oxidative and inflammatory responses [140].
Thus improving tumor oxygenation or suppressing hypoxia-induced autophagy signaling could be a
potential future therapeutic pathway to target. We currently have a minimal understanding regarding
the stress signaling that takes part in the complex coordination of autophagy to respond during
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different intracellular and extracellular stimuli in HCC. Additional studies are necessary to further
elucidate the mechanisms underlying autophagy’s role in HCC.

Figure 1. Schematic diagram illustrating the proposed role of autophagy during the development of
hepatocellular carcinoma.
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Abstract: Autophagy, an intracellular degradation mechanism, has many immunological functions
and is a constitutive process necessary for maintaining cellular homeostasis and organ structure. One
of the functions of autophagy is to control the innate immune response. Many studies conducted
in recent years have revealed the contribution of autophagy to the innate immune response, and
relationships between this process and various diseases have been reported. Inflammatory bowel
disease is an intractable disorder with unknown etiology; however, immunological abnormalities
in the intestines are known to be involved in the pathology of inflammatory bowel disease, as is
dysfunction of autophagy. In Crohn’s disease, many associations with autophagy-related genes, such
as ATG16L1, IRGM, NOD2, and others, have been reported. Abnormalities in the ATG16L1 gene, in
particular, have been reported to cause autophagic dysfunction, resulting in enhanced production
of inflammatory cytokines by macrophages as well as abnormal function of Paneth cells, which are
important in intestinal innate immunity. In this review, we provide an overview of the autophagy
mechanism in innate immune cells in inflammatory bowel disease.

Keywords: autophagy; innate immunity; immune cell; inflammasome; Paneth cell; inflammatory
bowel disease; Crohn’s disease

1. Introduction

The gastrointestinal tract is continuously involved in regulating the gut flora, modulating immune
responses to food antigens and other substances, and maintaining homeostasis. Inflammatory
bowel disease (IBD) occurs when this homeostasis is disrupted. The innate immune response is
indispensable for maintaining homeostasis, and abnormal innate immune activity is deeply involved in
the pathogenesis of IBD; research in this field has made substantial advancements in recent years [1–3].
To date, more than 200 IBD disease susceptibility loci have been identified by genome wide association
studies (GWASs) [4,5]. Within these 200 loci, based upon single nucleotide polymorphism frequencies
in patients with IBD versus controls, are approximately 1500 potential associated genes [6,7]. Numerous
molecules involved in producing innate immune responses are also included among these loci.

Cells closely involved in the innate immune response with respect to IBD include blood cells,
macrophages, dendritic cells, Paneth cells, and goblet cells, which are also involved in the pathology of
IBD [8–10]. These cells have been found to play important roles in the development of abnormalities,
including maintaining homeostasis against stress at the cellular level and modulating autophagy.

In this review, we outline the mechanism of autophagy in innate immune cells in IBD.

2. Pathology and Pathogenesis of IBD

IBD is a chronic inflammatory disease involving idiopathic inflammation, primarily in the
gastrointestinal tract; when defined more specifically, this condition encompasses ulcerative colitis
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(UC) and Crohn’s disease (CD). Both are characterized by onset at a young age and the number
of affected patients has risen sharply in recent years in Europe, the United States of America, and
Japan [11]. Genetic predisposition (innate and acquired immunity, cytokine, and racial difference) and
environmental factors (meal, drug, smoking, and infection) are greatly involved in the onset of IBD,
and intestinal immune abnormalities are caused by the involvement of the state of dysbiosis, which is
believed to cause IBD [11–15] (Figure 1).

Figure 1. Pathology and pathogenesis of inflammatory bowel disease (IBD). Genetic predisposition and
environmental factors are greatly involved in the onset of IBD, and intestinal immune abnormalities
are caused by the involvement of the state of dysbiosis, which is believed to cause IBD.

Abnormalities related to genetic predisposition and autophagy are deeply involved in dysbiosis.
Representative autophagy-related genes include nucleotide-binding oligomerization domain containing 2
(NOD2), autophagy-related 16 like 1 (ATG16L1), and immunity-related GTPase family M (IRGM) [16–18].
Autophagy has been linked to a variety of diseases; however, its link to IBD is currently the subject of
much debate.

3. Autophagy

Autophagy is a term derived from a Greek word meaning “self-eating” and is a process that
together with the ubiquitin-proteasome system, governs the degradation of intracellular proteins. In
addition to immunological functions, such as antigen presentation and protection against infection,
autophagy is also involved in the starvation response, carcinogenesis, and quality control of
intracellular proteins and is a constitutive process necessary for maintaining proper cell homeostasis
and organ health [19–21]. In addition to IBD, autophagy has been shown to be associated with other
diseases, such as asthma [22–25], systemic lupus erythematosus [26,27], and Parkinson’s disease [28,29].

During the autophagy process, the endoplasmic reticulum or other membranous cellular
structures respond to stimuli by generating a double-membrane structure called a phagophore. The
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ATG16L1/ATG5/ATG12 complex multimerizes and then lipidates light chain 3 (LC3)-II on this
phagophore. Concurrently, the phagophore elongates to envelop the cytoplasm or organelle to be
degraded, forming an autophagosome, which is a unique double-membrane organelle. The outer
membrane of the autophagosome then integrates with a lysosome and forms an autolysosome. Finally,
the inner membrane degrades and absorbs its contents [30] (Figure 2).

Figure 2. Autophagy mechanism. The endoplasmic reticulum or other membranous cellular
structures respond to stimuli by generating a double-membrane structure called a phagophore.
ATG16L1-ATG5-ATG12 complex multimerizes and then lipidates light chain 3 (LC3)-II on this
phagophore. Concurrently, the phagophore elongates to envelop the cytoplasm or organelle to be
degraded, forming an autophagosome. The outer membrane of the autophagosome then integrates
with a lysosome and forms an autolysosome. Finally, the inner membrane degrades and absorbs
its contents.

4. Role of Autophagy in Innate Immunity

One of the functions of autophagy is control of the innate immune response. Many studies have
revealed the involvement of autophagy in innate immune reactions, and extremely precise control
mechanisms and pathophysiological roles are becoming more clearly understood and have begun to
be elucidated [31,32].

4.1. Xenophagy, Mitophagy

Innate immunity is a mechanism through which almost all multicellular organisms protect
themselves from pathogens. This pathway is activated when the constructive patterns of pathogen’s
components are recognized (i.e., the cell wall components of a bacterial cell or the genome of a
virus). Autophagy was initially thought to be a nonspecific mechanism for degrading substances
by incorporating them into a membrane structure; however, recent studies have shown that
autophagosomes selectively isolate a variety of substrates through sequestosome 1-like receptors,
as is observed in autophagy of pathogens (xenophagy) [33–35]. Although the ubiquitin-proteasome
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system is a well-known selective intracellular degradation system, autophagy can selectively engulf
and decompose small substances, such as mitochondria, which are larger than the targets of the
ubiquitin-proteasome system, indicating characteristics similar to that of mitophagy [36,37]. The major
difference between autophagosomes and other membranous organelles is that autophagosomes have a
dynamic structure in which necessary fractions are newly created and disappear with the digestion of
contents by fusion with lysosomes; as the necessity increases, as in the starvation state, its production
efficiency dramatically increases. These features are convenient for quickly carrying out quantitative
control, and even when functioning to control the immune response, autophagy is more suitable
than degradation by the proteasome system, and it is believed to be essential for the resolution of
quantitative problems. However, when autophagy works in connection with innate immunity, the
substrates to be decomposed are rarely clear except in the cases of xenophagy and mitophagy.

4.2. The Role of Autophagy in Inflammasomal and Type I Interferon Response

A controllable receptor tripartite motif (TRIM) protein that facilitates autophagy by recruiting
autophagy-regulating factors and recognizing the target of autophagy has recently been reported
as a receptor for autophagy in a new process called precision autophagy [38]. Inflammasomal and
type I interferon (IFN) responses are representative components of the precision autophagic processes
involved in innate immunity.

The Nod-like receptor (NLR) family of proteins, including NLRP1, NLRP3, and NLRC4, together
with the apoptosis-associated speck-like protein containing a caspase recruitment domain and
the protease caspase-1, functions as downstream innate inflammasomes [39] that are activated
in phagocytic cells, such as macrophages, and are induced by caspase-1 via maturation of the
inflammatory cytokines interleukin (IL)-1β and IL-18 and their subsequent production [40]. NLRP3
inflammasomes have attracted much attention in recent years with respect to various diseases [41–44],
and numerous relationships between the state and severity of NLRP3 gene polymorphism and IBD
presentation have also been reported [45–50].

The type I IFN response plays an essential role in the innate immune response to viral infection,
and RNA derived from RNA viruses invading cells can be recognized by the helicase retinoic acid
inducible gene 1/melanoma differentiation-associated protein 5 and type I IFN [51]. Because signaling
from type I IFN follows the Janus kinase/signal transducer and activator of transcription pathway,
this cytokine has also been reported to be associated with IBD [52].

4.2.1. Modulation of NLRP3 Inflammasome Suppression via Autophagy

Gram-negative bacterial lipopolysaccharides (LPSs) stimulate toll-like receptor (TLR) 4 and
induce the activation of NLRP3 inflammasomes in a TIR-domain-containing adapter-inducing IFN-β
(TRIF)-dependent manner with the information transfer factor. Active oxygen species derived from
mitochondria are involved in the activation of NLRP3 inflammasomes. In the TRIF downstream
pathway, evolutionarily conserved signaling intermediate in the Toll pathway has been reported
as a factor that induces the production of reactive oxygen species (ROS) from mitochondria. This
pathway is only slightly activated in wild-type macrophages. In addition, when phagolysosomes are
damaged during gram-negative bacterial infection and LPS leaks into cells, NLRP3 inflammasomes
are activated via a noncanonical pathway. Activation of the noncanonical pathway is thought to
be induced by an unknown LPS sensor present in the cell. In addition, metabolites, such as urate
crystals, cholesterol crystals, and free fatty acids, cause damage to phagolysosomes when taken up
by macrophages, causing further mitochondrial damage. Adenosine triphosphate, which is known
to activate surrounding cells after being released from dead cells, induces mitochondrial damage
via the Purinergic 2X7 receptor (P2X7R). Influenza viral infection can cause damage to organelles,
such as mitochondria and the Golgi apparatus. When damaged mitochondria produce ROS, NLRP3
inflammasomes become activated. By suppressing this series of pathways, autophagy suppresses the
activation of excessive inflammasomes [53–56] (Figure 3).
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Figure 3. Modulation of NLRP3 inflammasome suppression via autophagy, ATP; adenosine
triphosphate, GNR; gram negative rods, IL; interleukin, LPS; lipopolysaccharide, P2X7R; Purinergic
2X7 receptor, ROS; reactive oxygen species, TLR4; Toll-like receptor 4, TRIF; TIR-domain-containing
adapter-inducing interferon-β, Ub; ubiquitin.

Autophagy is also believed to cause the decomposition of NLRP3 and AIM2, which are constituent
factors of inflammasomes [57,58], and pro-IL-1β has been reported to be degraded by autophagy [59].
Furthermore, as described above, precision autophagy via TRIM protein is also involved in the
decomposition of this inflammasome constituent factor by autophagy. TRIM20 binds to NLRP3 and
pro-caspase 1, recruits autophagic regulatory factors (e.g., ULK1 and Beclin1), and is degraded by
autophagy [38,60,61].

Conversely, autophagy also positively regulates NLRP3 inflammasomes and is involved in both
decomposition and secretion. Autophagy is involved in the secretion of cytokines, such as IL-1β, IL-18,
and high mobility group box 1 protein, and when inflammasomes become activated [62], folding of
IL-1β by heat shock protein 90 is necessary; the IL-1β is then secreted after being transported to the
lumen of LC3-II-positive autophagy-related structures [63].

Thus, autophagy plays an important role in the innate immune response by controlling NLRP3
inflammasomes. both positively and negatively.

4.2.2. Modulation of Type I IFN Responses via Autophagy

The TRIM protein regulates type I IFN responses via precision autophagy. TRIM21 binds to
the IRF3 dimer, recruits autophagic regulators (e.g., ULK1 and Beclin1), and suppresses type I IFN
responses by degrading this dimer via autophagy [61]. Moreover, autophagy also positively controls
type I IFN responses. Intracellular viral replication intermediates on endosomes are recognized by
TLR7 and cause a type I IFN response, but autophagy promotes type I IFN responses by this TLR7 via
viral recognition [64]. As such, autophagy also positively and negatively controls type I IFN responses.

5. Role of Autophagy of Innate Immune Cells in IBD

As discussed above, autophagic abnormalities are deeply involved in the pathology of
IBD, particularly CD. Recently, GWASs identified several genetic variants, including variants of
NOD2 [53,65–68], ATG16L1 [69–77], IRGM [78–81], and XIAP [82–87] linked to the onset of CD. NOD2
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is the first disease-susceptibility gene discovered for CD [16]. Abnormalities in the NOD2 gene are
found primarily in Westerners and not in Asians. NOD2 is an intracytoplasmic pattern recognition
receptor belonging to the NLR family, which recognizes and defends against pathogens and foreign
components invading the cytoplasm [88]. NOD2 is strongly expressed by macrophages and dendritic
cells (DCs), particularly Paneth cells, and functions through mechanisms involving autophagy,
intracellular bacterial sensing, modulation of the antibacterial peptide α-defensin in the Paneth cells of
the small intestine, and improvement of immune tolerance by suppressing TLR signals [89]. ATG16L1
is a homolog of ATG16, the existence of which was first reported by Mizushima et al. [69,70]. The
ATG16L1 gene is involved in host immune responses against intracellular parasitic bacteria and viruses
via autophagy. In particular, the ATG16L1 gene is closely associated with Paneth cells and plays an
important role in CD pathology. In addition, many genes are associated with various pathologies of
IBD in connection with autophagy, and these genes play important roles in immune cells, such as
macrophages and DCs, as well as intestinal epithelial cells, including Paneth cells. The relationship
between immune cells and autophagy in the IBD state is described below.

5.1. Hematopoietic Cells

5.1.1. Macrophages and DCs

Macrophages and DCs phagocytose foreign substances and bacteria in different tissues, serve as a
first line of defense, and act as antigen-presenting cells to exert the functions of the acquired immune
system [90,91]. Given the key role of the interactions between host and microbes in the intestine, it is
critical to properly regulate pattern recognition receptor (PRR) signals and cytokine secretion. The
NLRs in the cytoplasm and TLRs on the cell surface are the two main types of PRRs in innate immune
cells [92]. NLRs and TLRs in macrophages are closely associated with autophagy, and macrophage
autophagy is highly related to the mediation of innate immune responses in the intestinal wall [16,17].
Additionally, various antigens are degraded by the actions of proteasomes and lysosomes and are
then presented by macrophages and DCs via class I and class II MHCs, after which the adaptive
immune system is activated. Although it remains unclear as to how intracellular antigens are delivered
to lysosomes and decomposed, recent studies have shown that autophagy is deeply involved in
this process [93]. In the following section, we describe the relationships among macrophages, DCs,
and autophagy in the pathology of IBD with respect to three components: pathogen degradation,
suppression of inflammatory cytokine secretion, and antigen presentation.

Pathogen Degradation

NOD2 recruits the autophagy protein ATG16L1 to the plasma membrane at the bacterial entry
site; mutant NOD2 fails to recruit ATG16L1 to the plasma membrane, and the wrapping of invading
bacteria by the autophagosome is impaired. Thus, patients with CD with NOD2 variants exhibit
autophagy-related disorders [65–68]. Additionally, the capacity for autophagy and the phagocytosis
of pathogenic bacteria become impaired in macrophages harboring mutant NOD2 [94]. Furthermore,
autophagy has been reported to be impaired in macrophages transfected with siRNA targeted to
ATG16L1 or IRGM, and intracellular adherent-invasive Escherichia coli (AIEC) populations increase in
the presence of intraperitoneal macrophages in NOD2-deficient mice [95]. Moreover, death-receptor
activation or starvation-induced metabolic stress in human and murine macrophages increases the
degradation of T300A or T316A variants of ATG16L1, respectively, resulting in diminished autophagy.
In addition, knock-in mice harboring the ATG16L1 T316A variant show defective clearance of the ileal
pathogen Yersinia enterocolitica [74]. In an experiment using a cell line originating from macrophages,
infection with CD-associated AIEC or administration of LPS or muramyl dipeptide induces IRGM
expression [81]. Macrophages and epithelial cells lacking GPR65 exhibit impaired autophagy for
clearance of intracellular bacteria [96].
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Suppressing Inflammatory Cytokine Secretion

ATG16L1-deficient macrophages are known to overproduce the inflammatory cytokine IL-1β in
response to LPS stimulation, and the importance of ATG16L1 in inflammation has been described
based on the finding that intestinal inflammation, induced by dextran sodium sulfate (DSS) intake
in bone marrow chimeric mice, results in IL-1β overproduction by hematopoietic cells, leading to
increased inflammation and cell fragility [53]. Moreover, in macrophages and DCs, autophagy controls
IL-1β secretion by mediating the degradation of pro-IL-1β [59]. Furthermore, macrophages lacking
ATG7, another autophagy-related factor, and macrophages that inhibit the activity of Vps34, which
is essential for the induction of autophagy, also produce excessive quantities of IL-1β in response to
LPS. Macrophages lacking ATG5 have also been reported to produce IL-1β in excess in response to
the presence of gram-negative bacteria [97]. These phenomena are caused by the activation of NLRP3
inflammasomes due to autophagic disorders, and in recent years, activation of NLRP3 inflammasomes
in response to various stimuli has been found to be controlled by autophagy [54–56] (Figure 3). In
another recent report, impairing autophagy using ATG5 siRNA or an autophagy inhibitor (3-MA) was
found to induce more robust initiation and activation of the NLRP3 inflammasome combined with
increased caspase-1 activation and IL-1β production in peritoneal macrophages treated with LPS/DSS.
3-MA has also been shown to aggravate symptoms of DSS-induced colitis [98].

Loss of the autophagy-related gene ATG16L1 has been shown to promote accumulation of the
adaptor TRIF and enhance production of IFN-β and IL-1β as downstream signaling molecules in
macrophages [99]. Macrophages from IBD risk carriers show increased myotubularin-related protein
3 expression and, in turn, decreased autophagy and increased cytokine secretion [100]. DSS and
Saccharomyces cerevisiae were also inoculated into mice deficient in ATG16L1, an autophagy-related
gene specific to CD11c+ DCs. Colitis has been reported to be exacerbated by elevated levels of IL-1β
and tumor necrosis factor (TNF)-α when exposed to Salmonella typhimurium [101].

Antigen Presentation

In DCs, autophagy controls how antigens are processed and presented for antigen presentation [93].
Both NOD2 1007fs and ATG16L1 T300A block muramyl dipeptide induction of autophagy, and this
process is associated with defective bacterial handling in DCs and impaired antigen presentation in
association with MHC class II at the cell surface [65]. Deletion of ATG16L1 in a mouse model resulted
in increased T-cell stimulation by DCs [102]. Additionally, ATG7-deficient mouse DCs are unable to
stimulate CD4+ T-cell activation when exposed to Toxoplasma gondii antigens [103].

5.1.2. Neutrophils

Neutrophils have strong phagocytic and bacterial killing ability against foreign materials and
bacteria, similar to macrophages, and play a central role in innate immunity [104]. Neutrophils react
sensitively to stimuli and exhibit various functions. The initial response of neutrophils is quick,
and neutrophils are subjected to sophisticated control mechanisms because they are involved in
tissue restoration and minimization of injury to surrounding tissues. When this balance is impaired,
neutrophils exhibit abnormal activation and are involved in various diseases [105]. Neutrophils are also
involved in IBD pathophysiology and have been reported to be associated with cytokines, chemokines,
ROS, and elastase [106]. Several reports have described the relationship between neutrophils and
autophagy in IBD. For example, impaired Salmonella typhimurium clearance and increased ROS
production were observed in ATG16L1-deficient murine neutrophils [107]. Thus, autophagy-related
ATG16L1 is essential for bacterial clearance and suppression of ROS production by neutrophils. In
addition, autophagy receptor optineurin-deficient mice have been shown to be more susceptible to
Citrobacter colitis and E. coli peritonitis and showed reduced levels of TNF-α in serum and diminished
neutrophil recruitment to sites of acute inflammation compared with that in wild-type mice [108]. Thus,
the autophagy receptor optineurin plays a role in acute inflammation and neutrophil recruitment.
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5.1.3. Innate Lymphoid Cells (ILCs)

ILCs are innate immunocompetent cells belonging to the lymphocyte system; some are similar to
helper T cells, although cytotoxic natural killer cells (NKs) are also considered ILCs. ILCs are classified
into groups 1–3 based on cytokine production. Group I ILCs include ILC1s and NK cells, ILC2s are
assigned to group 2 ILCs, and group 3 ILCs include ILC3s. These groups of cells have attracted much
attention from researchers interested in IBD pathology and are important for the maintenance of
homeostasis and inflammatory immune responses [109]. In addition, autophagy has been shown
to be required for ILC development and function. Atg5, an essential component of the autophagy
machinery, is required for the development of mature NKs and group 1–3 ILCs [110]. Phosphorylated
Forkhead box O (FoxO) 1 is localized in the cytoplasm of immature NKs and interacts with ATG7.
FoxO1-mediated autophagy has been shown to be required for NK development and NK-induced
innate immunity [111,112].

5.1.4. NKT Cells (NKTs)

NKTs are immunocompetent cells that recognize antigens presented mainly on CDld molecules of
antigen-presenting cells and produce cytokines. Because CD1d-restricted NKTs have an invariant T-cell
receptor α chain, these cells are expressed as intramucosal NKTs (iNKTs). Mice with oxazolone-induced
enteritis are considered a Th2-dominant ulcerative colitis model, and IL-13 produced from iNKTs is an
associated cytokine [113]. It has been reported that the number of NKTs is increased in the intestinal
mucosa of patients with ulcerative colitis, and IL-13 production is enhanced [114]. Thus, NKTs are
thought to be involved in the pathogenesis of IBD, and autophagy is important for the development
and differentiation of iNKTs [115,116]. Recent reports have demonstrated that IL-15 induces autophagy
of NKTs via TBK-binding protein 1 [117].

5.2. Intestinal Epithelial Cells

5.2.1. Paneth Cells

Paneth cells are found at the base of small intestinal crypts and were first reported in 1888 as
epithelial cells with dense coarse granules. Subsequently, α-defensin, an antimicrobial peptide and
an innate immune effector, was discovered within Paneth cell granules [118]. Paneth cells play an
important role as intestinal epithelial cells responsible for innate immunity [119–121]. In Caucasians,
abnormalities in the NOD2 gene, which was first identified as a CD susceptibility gene, inhibit
α-defensin secretion by Paneth cells [122,123]. In addition, in mice with low ATG16L1 expression,
significant abnormalities were observed in the secretory pathway of Paneth cell granules, and in
patients with CD harboring homozygous ATG16L1 T300A mutations, abnormal Paneth cells, similar
to low ATG16L1 expression mice, were reported to have been found in noninflammatory sites in the
ileum [72]. In addition, as described above, autophagic abnormalities are involved in the pathology of
CD, and abnormal control of endoplasmic reticulum stress (ERS), ROS, and gut flora by Paneth cells
each play important roles.

ER Stress (ERS)

Various intracellular proteins are synthesized in the ER, and these proteins undergo proper folding
and are transported to the Golgi apparatus. Unfolded or misfolded proteins accumulate in the ER. The
accumulation of proteins with these conformational abnormalities is called ERS, and excessive ERS
ultimately induces cell apoptosis. The homeostatic mechanism mediating excessive ERS is known as
the unfolded protein response (UPR). The UPR plays an important role in the survival and function of
intestinal epithelial cells. In recent studies, the UPR has been shown to control abnormalities involved
in the pathogenesis of IBD, and several genes associated with ERS have been reported as disease
susceptibility genes by GWASs [12,13,21,89].
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As intestinal epithelial cells, Paneth cells are closely related to ERS [12]. ERS results in
the induction of autophagy in Paneth cells through three signaling pathways: insulin response
element (IRE) 1/c-Jun N-terminal kinase/nuclear factor-κB/X-box binding protein 1 (XBP-1),
pancreatic ER kinase/eukaryotic initiation factor (eIF) 2α-activated transcription factor 4, and
GRP78-activated transcription factor 6/CCAAT-enhancer-binding protein homologous protein
signaling pathways [124–126]. In terms of genetic abnormalities, reports describing the relationships
between ERS and autophagy in Paneth cells have focused on the roles of the NOD2 and ATG16L1
genes [12,122,127–129]. Secretory autophagy, which is triggered in Paneth cells by bacteria-induced
ERS and limited bacterial dissemination, is disrupted in Paneth cells expressing ATG16L1 T300A [122].
In mice lacking ATG16L1 specifically in the epithelium, CD-like ileitis occurs spontaneously in an
age-dependent manner in Paneth cells, which are ERS sensors and causes changes in IRE1α, which is
important for Paneth cell homeostasis [129]. ER stress is induced via deletion of the UPR transcription
factor XBP-1 in the intestinal epithelium, resulting in autophagosome formation in Paneth cells via a
mechanism involving the eukaryotic translation initiation factor eIF2α [8]. Thus, the involvement of
autophagy in ERS may be a new therapeutic target for IBD in the future.

ROS

ROS have been shown to be involved in the pathogenesis of IBD, and many reports have
suggested that IBD is associated with an imbalance between ROS and antioxidant activity,
causing oxidative stress as a result of either ROS overproduction or decreased antioxidant
activity [130–132]. Although many of the details of the relationship between ROS and autophagy
have not been elucidated, accumulation of ROS has been reported to be related to induction of
autophagy [133]. Notably, mitochondrial dysfunction is known to trigger the accumulation of
ROS in Paneth cells, resulting in induction of autophagy through the p53/TP53 induced glycolysis
regulatory phosphatase/damage-regulated autophagy modulator, p62-NF-E2-related factor 2, and
BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 pathways, thus protecting against cellular
damage caused by various stresses [134,135]. Additionally, mutations in Atg promote the production of
ROS via mitochondrial insufficiency in Paneth cells [136]. Further studies are needed to fully elucidate
the relationship between ROS and autophagy in IBD.

Gut Microbiota

There are in the order of 100 trillion intestinal bacteria present in the human intestinal tract, and
these cells play important roles in maintaining host metabolism and immunological homeostasis.
Although findings suggesting the involvement of intestinal bacteria in the pathology of IBD are
accumulating, it is unclear whether changes in the composition of the gut flora are the cause of IBD.
Paneth cells are important factors influencing the gut flora [137], and autophagy abnormalities in
Paneth cells are known to be related to alterations in the gut flora [137–139]. Autophagy dysfunction
in Paneth cell disrupts the normal intestinal flora and promotes intracellular survival of AIEC and
Salmonella typhimurium [138]. Vitamin D receptors in the intestinal tract contribute to Paneth cell
function, autophagy function, and maintenance of normal intestinal microflora via ATG16L1 [139]. In
addition, the microbiota induces basal Paneth cell autophagy by IFN-γ, facilitating the maintenance
of intestinal homeostasis [140]. Dysfunction of autophagy by Paneth cells has also been reported to
cause not only changes in the gut microbiome, but also improper responses to the altered flora [141].
As described above, the gut flora is closely related to autophagic abnormalities in Paneth cells, and
many IBD treatments, particularly those utilizing probiotics, aim to correct intestinal bacterial flora
populations [142,143].

5.2.2. Goblet Cells

Goblet cells are intestinal epithelial cells with cytoplasmic granules containing large quantities of
mucin, a glycoprotein [144,145]. In the gastrointestinal tract, Goblet cells can be found in both the small
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intestine and the large intestine, and mucin secreted into the intestinal lumen is thought to contribute
to mucosal protection and repair of the intestinal epithelium [146]. Dysfunction in mucin secretion
and defects in the mucus layer allow large quantities of bacteria to reach the epithelium and trigger
excess host immune responses, which have been shown to be associated with IBD [147].

In recent studies, autophagy has been reported to affect the functions of Goblet cells. Mice or cells
lacking autophagy by depletion of autophagy-related proteins, such as ATG5, ATG7, ATG16L1,
and LC3, show altered goblet cell morphology and decreased mucin secretion [73,148,149]. In
addition, inflammasomes have been shown to be involved in mucin secretion by Goblet cells,
and NLRP6 inflammasomes have been reported to promote excocytosis of mucin by Goblet cells
through promotion of autophagy [150]. Sonic hedgehog intestinal epithelial conditional knockout
mice showed decreased numbers of ileal mucin-secreting Goblet cells accompanied by a significant
reduction in autophagy [151]. Apple polysaccharide has been shown to inhibit dysbiosis-associated
gut permeability and chronic inflammation due to the induction of autophagy in Goblet cells [152].
As described above, Goblet cells play important roles in the secretion of mucin via autophagy,
act to maintain intestinal microflora, and are attracting attention as new therapeutic targets for
IBD [149,153,154].

An overview of the autophagy mechanism of innate immunity cells in IBD is shown in Figure 4.

Figure 4. Role of autophagy of innate immune cells on IBD. DCs; dendritic cells, IL; interleukin, ILCs;
innate lymphoid cells, NKTs; natural killer T cells, ROS; reactive oxygen species.

6. Conclusions

In this review, we have provided an overview of the autophagy mechanism of innate immune
cells in IBD. Numerous studies have revealed that autophagy is an essential key player in controlling
inflammatory responses mediated by innate immune cells. We anticipate that in the future, and based
on further research, a therapy based on autophagic control will be established for IBD, a condition that
does not yet have a curative therapy.
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Abstract: Autophagy is an intracellular catabolic process that is essential for a variety of cellular
responses. Due to its role in the maintenance of biological homeostasis in conditions of stress,
dysregulation or disruption of autophagy may be linked to human diseases such as inflammatory
bowel disease (IBD). IBD is a complicated inflammatory colitis disorder; Crohn’s disease and
ulcerative colitis are the principal types. Genetic studies have shown the clinical relevance of
several autophagy-related genes (ATGs) in the pathogenesis of IBD. Additionally, recent studies
using conditional knockout mice have led to a comprehensive understanding of ATGs that affect
intestinal inflammation, Paneth cell abnormality and enteric pathogenic infection during colitis.
In this review, we discuss the various ATGs involved in macroautophagy and selective autophagy,
including ATG16L1, IRGM, LRRK2, ATG7, p62, optineurin and TFEB in the maintenance of intestinal
homeostasis. Although advances have been made regarding the involvement of ATGs in maintaining
intestinal homeostasis, determining the precise contribution of autophagy has remained elusive.
Recent efforts based on direct targeting of ATGs and autophagy will further facilitate the development
of new therapeutic opportunities for IBD.

Keywords: autophagy; ATGs; intestinal homeostasis; inflammatory bowel diseases

1. Introduction

Inflammatory bowel disease (IBD) is a complicated autoimmune disorder with multiple etiologies
including genetic predisposition, environmental factors and immune-associated pathogenesis [1].
Both Crohn’s disease (CD) and ulcerative colitis (UC), the major clinical phenotypes of IBD, are systemic
diseases associated with autoimmune manifestations [2,3]. Although the intestinal host defense is
maintained by balancing inflammation and the immune response, excessive inflammation may damage
the intestine and its mucosal barrier [1,3]. Although IBD is known to be a polygenic disorder, emerging
evidence indicates that genetic susceptibility associated with host autophagy is an important factor in
the pathogenesis of IBD [4,5].

Cells 2019, 8, 77; doi:10.3390/cells8010077 www.mdpi.com/journal/cells289



Cells 2019, 8, 77

Autophagy is a cytosolic process that triggers lysosomal degradation of cytosolic materials
to maintain intracellular homeostasis under conditions of stress by recycling metabolic building
blocks [6,7]. Intracellular cargos sequestered by autophagosomes include damaged cellular organelles,
large protein aggregates and intracellular pathogens [8,9]. It is now clear that activation of autophagy
contributes to the amelioration of excessive inflammatory responses [10,11]. Dysfunctional or
dysregulated autophagy can lead to diverse inflammatory, immune and metabolic disorders [10,11].
Previous studies have demonstrated the involvement of genetic variations of autophagy genes,
including ATG16L1 and IRGM, in the pathogenesis of colitis [12–18]. More recently, it was shown
that autophagy-related genes (ATGs), such as optineurin (OPTN), transcription factor EB (TFEB) and
leucine-rich repeat kinase (LRRK), are associated with increased susceptibility to colitis, suggesting
that these genes are important in colonic immune homeostasis [19–25].

This review will focus on recent progress in elucidating the roles of ATGs in colonic inflammation
and their clinical relevance. We will highlight recent findings regarding several ATGs and the
mechanisms through which colitis severity is regulated.

2. Overview of Autophagy, Selective Autophagy and ATGs

Macroautophagy (herein referred to as autophagy) is an intracellular catabolic process through
which cytoplasmic cargos are sequestered and delivered to lysosomes for degradation [26].
Autophagy plays a critical role in the maintenance of cellular homeostasis during a variety of stress
responses, including starvation, hypoxia, toxicity and inflammation [27]. Although it was originally
believed that autophagy was a nonspecific process that occurred under starvation conditions, it is
now known that autophagy can target specific intracellular organelles or foreign pathogens for timely
degradation, which is known as selective autophagy. A detailed discussion of the general aspects of
autophagy is beyond the scope of this review; there are numerous excellent reviews dealing in detail
about autophagy [28,29]. Here, we briefly review nonselective and selective autophagy, as well as ATGs
(Figure 1), before focusing on the relationship of ATGs and autophagy with the pathogenesis of IBD.

2.1. Autophagy

Autophagy plays an important housekeeping function in cells through the removal of superfluous
or damaged organelles in lysosomes. The autophagic process consists of multiple stages: initiation and
biogenesis of autophagosomes, followed by maturation and fusion with lysosomes (Figure 1A) [30].
Autophagy is initiated by the formation of the phagophore, in which the edges of isolation membranes
elongate and engulf cytoplasmic cargos [30]. Once the double-membrane structure contains
cytoplasmic cargos, autophagosomes undergo maturation to form a completed autophagosome
structure and ultimately are fused with a late endosome and lysosome to initiate degradation of
cargos [31,32].

Regulation of autophagy is important to prevent cell death and pathogenic conditions [33]. It is
now clear that autophagic activity is tightly regulated by molecular machinery and transcription factors
at transcriptional and post-translational levels [33]. Recent studies have identified several nuclear
transcription factors that coordinate autophagy via transcriptional activation of ATGs [33]. For example,
TFEB plays an essential role in lysosomal biogenesis and activity during autophagy (Figure 2) [34].
We also briefly highlight the involvement of TFEB in the regulation of colonic inflammation (Figure 2).
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Figure 1. Overview of autophagy, selective autophagy and ATGs (A) Molecular machinery of
autophagy process. After mTOR inhibition or AMPK activation, the autophagy process begins with
the biogenesis of the phagophore/isolation membrane. The ATG16L1-ATG5-ATG12 and LC3-II-PE
conjugates participate in autophagosome formation process. The mature autophagosomes are fused
with a late endosome and lysosome to initiate degradation of cargos. Finally, cells recycle the released
products in cytosol. (B) Selective autophagy clears various targets such as subcellular structure, bacteria,
protein and lipid aggregates.
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Figure 2. The process of autophagy flux and involved genes. The autophagy flux is depicted. A normal
autophagic flux includes the autophagosome formation and maturation step and the autolysosome
formation step. The possible conditions associated with involved genes are depicted: (1) OPTN
deficiency leads to an accumulation of IRE1α and increased susceptibility of Citrobacter and E. coli.
(2) ATG7 deletion is associated with increased inflammation. (3) TFEB deletion results in increased
inflammation and lysosomal defect.

2.2. Selective Autophagy

In addition to nonselective degradation, autophagy also plays a role in the targeting and clearance
of specific targets/substrates, that is, selective autophagy, which is named depending on its specific
targets and includes mitophagy, xenophagy and aggrephagy (Figure 1B) [35–38]. Selective autophagy
involves several steps, including a degradation cue, cargo recognition via selective autophagy receptors,
ubiquitination and the recruitment of autophagosome machinery but it does not necessarily occur in a
stepwise manner [39,40]. Several ubiquitin binding proteins, such as p62, neighbor of breast cancer
1 (NBR1), OPTN and NDP52/CALCOCO2, have been identified as autophagy receptors responsible for
the delivery of ubiquitinated cargos to the autophagy system [41–46]. Cargo signals can be classified
as ubiquitin-dependent and -independent recognition [40]. Autophagic cargo receptors contain the
LC3-interacting region (LIR) motif, which connects cargos to ATG8 family proteins for selective
autophagic degradation [45,46]. Despite advances in knowledge of the mechanisms and players
involved in canonical and noncanonical autophagy, we still lack a clear understanding of its function in
a variety of physiologic and pathologic responses. A few reports have demonstrated the involvement
of several autophagic receptors, including p62 and OPTN, in the control of intestinal homeostasis.
However, additional autophagic receptors or regulators of autophagic signaling pathways must
operate to ameliorate excessive colonic inflammation. Finally, it will be important to investigate the
mechanisms by which autophagic receptors or ATGs impact clinical outcomes.

2.3. ATGs and the Control of Autophagy

Each step of the autophagy process is highly orchestrated by numerous ATGs; nearly 40 ATGs
have been identified in yeast and orthologs of yeast ATGs have been identified in higher eukaryotes
with some exceptions, such as mammalian ATG101 [47–49]. Among these ATGs, certain gene groups
are required for autophagosome formation and are shared among various types of autophagy, such as
nonselective and selective autophagy. Mammalian ATGs can be divided into several functional
clusters including the ULK1-ATG13-FIP200-ATG101 protein kinase complex, the PtdIns3K class
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III complex containing VPS34, VPS15 and Beclin 1, the ubiquitin-like ATG5/ATG12 complex and
the ubiquitin-like ATG8/LC3 conjugation system [50]. These ATGs participate in different stages
of autophagy, such as the induction of autophagosome formation, expansion of phagophores and
autophagosome completion [50,51].

Recent studies have identified and reported the roles of numerous cargo receptors including
NBR1, multi-domain scaffold/adaptor protein p62/sequestosome-1 (p62/SQSTM-1), nuclear domain
10 protein 52 (NDP52) and OPTN [41,42,44]. These selective autophagic receptors contain the
LIR motif, thereby connecting ubiquitin-tagged substrates to ATG8 family members such as
microtubule-associated protein 1A/1B-light chain 3/γ-aminobutyric acid receptor-associated protein
(LC3/GABARAP) [42,45,52].

The roles of ATGs in autophagy have been described in detail in numerous review articles [26,30].
In this review, we focus on ATGs that play essential roles in IBD pathogenesis in terms of
autophagy regulation.

3. Overview of IBD

IBD is a disease in which chronic inflammation of intestinal cells occurs due to unknown
causes [53]. CD and UC are classified according to the clinical features and characteristics of the disease.
Both diseases have similar clinical symptoms including diarrhea, abdominal pain, hematochezia and
weight loss; however, the location of inflammation, infiltration degree and complications differ [54].
In general, CD is known to mediate Th1 cell-mediated inflammatory responses and UC is known to
mediate Th2 cells [55]. Recently, loss of the suppressive functions of interleukin (IL)-17A-producing
regulatory T cells was reported to cause IBD [56]. In general, both types of IBD are treated with
anti-inflammatory drugs, such as 5-aminosalicylic acid and corticosteroids; however, in the absence
of clinical improvement following treatment with anti-inflammatory drugs, patients achieved a high
remission rate using anti-tumor necrosis factor (TNF)-α drugs [57]. However, more than one-third of
IBD patients do not respond to anti-TNF-α drugs [58]. Recently, a new therapeutic target for IBD has
emerged and the role of Paneth cells in intestinal homeostasis is discussed.

Crypts, concave structures of granulated cells clustered in the base of the small intestine,
contain 5–12 Paneth cells. Unlike ordinary enterocytes, which have an average lifespan of 3–5 days,
Paneth cells have a longer life expectancy of 20 days [59]. Paneth cells can differentiate into three
different cell lineages: enterocytes, goblet cells and enteroendocrine cells [60]. Paneth cells exhibit
antimicrobial effects by secreting secretory granules containing antimicrobial peptides (AMPs) and
other peptides including lysozymes, alpha-defensins and secretory phospholipase A1 in response
to cell stimuli to crypt lumen [61–63]. Paneth cell secretion of AMPs plays an important role not
only in clearing invading pathogens but also in maintaining the diversity and quantity of intestinal
microbiota via intestinal antimicrobial function [64]. Although Paneth cells are normally localized
to the small intestine, diseases such as chronic inflammation may result in intestinal metaplasia,
which is characterized by the localization and function of Paneth cells in aberrant sites, such as the
colon [65]. These metaplastic Paneth cells protect the colonic epithelium from bacterial invasion [59].
However, Paneth cell loss may occur in situations with acute inflammation such as Grade II/III graft
versus host disease or in CD [66,67]. In this case, Paneth cells are replaced with lysozyme-producing
mucus cells, which can be followed by the development of diseases such as IBD in the small
intestine [68].
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Paneth cells present in the intestinal epithelium are essential for maintaining the homeostasis
of normal colonizing microbes of the host. The important pathway in this process is xenophagy,
an autophagic pathogen removal process that allows the host to maintain normal metabolic
function [69,70]. However, when dysfunction of Paneth cells occurs due to environmental or
genetic influences, AMPs are not secreted properly. As a result, dysbiosis, a discrepancy in the
composition of normal intestinal microbiota, occurs, which is an important cause of intestinal disorders,
especially IBD [71]. For example, in CD patients with impaired xenophagy, adherent-invasive
Escherichia coli (AIEC) or Salmonella typhimurium colonize intestinal epithelial cells (IECs) due to
the autophagic dysfunction of Paneth cells [72–74]. Thus, the impairment of autophagy in Paneth
cells makes it difficult to treat incoming pathogenic bacteria as well as to respond to alterations in the
composition of the intestinal microbiota [75]. Ultimately, the poor xenophagy of Paneth cells makes the
intestinal epithelium hypersensitive to infiltrating microbes or their products and promotes bacterial
self-proliferation and the onset of IBD [76,77].

4. ATG Involvement in IBD Pathogenesis

The clinical diversity and heterogeneity of the IBD phenotype are likely due to the presence
of genetic heterogeneity together with environmental factors. Susceptibility to IBD may be due
to an interaction of several genes, identified by genome-wide association studies (GWASs) [78–80].
To date, over 200 loci have been identified as genetically significant loci by a meta-analysis combined
with GWAS [81,82]. Earlier independent GWASs showed that autophagy gene variants, including
autophagy-related gene 16-like 1 (ATG16L1) and immunity-related GTPase M (IRGM) are linked
to CD susceptibility highlighting the role of autophagy in controlling infection, inflammation and
cancer [13,15,83,84]. Furthermore, gene mutation or deletion studies have indicated that the autophagy
pathway affects the onset and exacerbation of IBD via several mechanisms including clearance of
invading bacteria, secretion of granules from Paneth cells, inflammasome activity, pro-inflammatory
cytokine production and endoplasmic reticulum (ER) stress. However, the role of autophagy in the
pathogenesis of IBD is still debated. Although many researchers focused on the involvement of ATGs
in IBD pathogenesis, little is known about the autophagic role of ATGs and the mechanisms that confer
intestinal inflammation. Table 2 summarizes the ATGs and transcription factors described in this
review and their functional relationships in intestinal pathogenesis.
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4.1. ATG16L1

Numerous studies have reported that genetic variation in ATG16L1 is associated with IBD risk in
ethnically diverse populations [13,14,92–96]. Notably, the rs2241880 single nucleotide polymorphism
(SNP; T300A) of ATG16L1 was repeatedly found in several Caucasian cohorts, suggesting a strong
association of this variant with the incidence of CD, although it was not frequently found in other
populations, particularly in Asian patients [13,84,96].

ATG16L1, a homolog of ATG16, is essential in the formation of autophagosomes, along with the
ATG12-ATG5 conjugate [97,98]. Importantly, Cadwell et al. showed that mice with low expression
of ATG16L1 (ATG16L1HM mice) exhibited abnormal Paneth cell granule secretion and that mice
with ATG16L1 deficiency in Paneth cells had a defect in the granule exocytosis pathway [76].
Similarly, patients carrying the ATG16L1 risk allele (T300A) had pathological features such as
disorganized granules or diffuse Paneth cell cytoplasmic lysozyme staining [76]. Using IEC-specific
ATG16L1-deficient mice and ex vivo IEC organoids, a recent study showed that ATG16L1 in IECs played
an essential role in controlling pathology, intestinal inflammation and TNF-induced apoptosis [86].
Additionally, previous studies showed that the ER stress sensor inositol-requiring enzyme (IRE)-1α
accumulated in Paneth cells of ATG16L1ΔIEC mice and CD patients (T300A), suggesting that
defective autophagy leads to pathological activation of IRE1α to drive intestinal inflammation [85].
Moreover, loss of IKKα function markedly impaired the secretion of cytoprotective IL-18 and
upregulated ER stress responses through decreased ATG16L1 stabilization [99]. These data emphasize
the role of ER stress in defective ATG16L1-mediated colonic inflammation [85,99]. Indeed, IEC-specific
deletion of ATG16L1 or ATG7 led to hyper-activated ER stress, which may amplify the severity of
intestinal inflammation in autophagy-defective conditions [100].

Although IECs, particularly Paneth cells, are important in defective ATG16L1-associated intestinal
inflammation, the function of ATG16L1 in myeloid cells has also been demonstrated [87]. Saitoh et al.
showed that ATG16L1-deficient macrophages exhibited Toll/IL-1 receptor domain-containing adaptor
inducing interferon (IFN)-β (TRIF)-dependent activation of the inflammasome, resulting in the
production of high amounts of the inflammatory cytokines IL-1β and IL-18 [87]. Deficiency of ATG16L1
in hematopoietic cells resulted in an increased susceptibility to dextran sulfate sodium (DSS)-induced
colitis, suggesting an essential role for ATG16L1 in the control of intestinal inflammation [87].
Another study using mice with myeloid ATG16L1 deficiency showed exacerbated colitis with
upregulated proinflammatory responses as well as increased colitogenic bacteria, indicating that
ATG16L1 deficiency results in alterations in macrophage function that affect the severity of CD [88].

Peripheral blood mononuclear cells (PBMCs) isolated from CD patients with the ATG16L1 T300A
risk variant have been shown to exhibit increased production of the proinflammatory cytokines
IL-1β and IL-6, particularly in response to NOD2 ligands [101]. Moreover, the loss of ATG16L1
increased TRIF and its signaling, resulting in increased production of type I IFN and IL-1β [102].
Interestingly, the genetic variant ATG16L1 T300A was found to be associated with adalimumab
treatment, suggesting that this SNP affects the response to treatment with immunomodulatory
drugs [103]. Importantly, the CD risk allele T300A variant (T316A in mice) is associated with accelerated
degradation of ATG16L1 due to caspase-3 activation. Upon apoptotic stimuli or metabolic stress,
human and murine macrophages harboring T300A or T316A variants of ATG16L1, respectively,
exhibited accelerated degradation of ATG16L1, leading to decreased autophagy, defective clearance of
the pathogen and enhanced inflammation [104]. These data strongly suggest that the functional defect
in ATG16L1 is involved in the dysregulation of intestinal homeostasis and CD pathogenesis (Figure 3).
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Figure 3. Summary diagram showing the role of ATG16L1 in the Crohn’s disease. The left panel
demonstrates the normal host defense mechanism against intracellular pathogens. Healthy cells exhibit
normal granule secretion, autophagic activity, ER stress response and permeability. The right panel
shows the ATG16L1 T300A variant cells defective in granule secretion, autophagy process, IRE1α
degradation and tight junction barrier function.

4.2. IRGM

Human immunity-related guanosine triphosphatase (GTPase) family M (IRGM) encodes the only
functional immunity-related GTPase (IRG) among IRG family members [105]. Involvement of genetic
polymorphisms of IRGM in CD and tuberculosis has been previously demonstrated, particularly in
GWASs [16,106,107]. A meta-analysis showed that the IRGM variants rs13361189 and rs4958847 are
associated with both UC and CD in human IBD [12]. However, another study in a Korean population
showed that selected SNPs of IRGM were associated with CD but not UC susceptibility [17].

Human IRGM (syn: LRG47, IFI1), which is encoded by the immunity-related GTPase protein
family, M gene (IRGM; 5q33.1), is thought to be distant from a class of IRGs in mice. There are
more than 20 IRG genes (IRGM1–3, IRGN1–8, IRGB1–10 and IRGD) in mice, whereas there is only
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one IRGM gene present in humans and chimpanzees, making the study of the role of IRGs in vivo
difficult. Earlier studies showed that the murine GTPase IRGM1 (LRG-47) was important for autophagy
activation to eliminate intracellular Mycobacterium tuberculosis [108–110]. A further study showed that
a human IRG protein, the human ortholog IRGM1 (IRGM), contributed to the control of M. tuberculosis
through autophagy activation [111]. Tiwari et al. reported an essential function of Irgm1 as an
innate effector in targeting the mycobacterial phagosome through lipid-mediated binding to enhance
phagosome maturation and the antimicrobial response [112]. Furthermore, IRGM has been shown
to regulate autophagy by translocating to the mitochondria and influencing mitochondrial fission,
which is required for autophagic defense against intracellular mycobacteria [113]. Studies using
IRG-deficient mice showed that IRGM can be induced by IFN-γ and plays a role in the clearance
of intracellular bacteria including Toxoplasma gondii, Listeria monocytogenes and Salmonella spp. as
well as mycobacteria (Figure 4) [110,114–118]. Human IRGM and murine IRGM1 contribute to
cell-autonomous defense though autophagy activation via the recruitment of both autophagic and
SNARE adaptor proteins during infection (Figure 4) [18,110,111,117,119–122]. However, IRGM favors
viral replication through autophagy activation. For example, IRGM is translocated to the Golgi
apparatus, where it regulates Golgi membrane fragmentation and is involved in virus-triggered
autophagy activation during hepatitis C infection [123].

Figure 4. Autophagy targets adherent-invasive Escherichia coli (AIEC), Mycobacteria, Salmonella and
Listeria by different mechanisms. Stimulation with IFN-γ induce IRGM to clear intracellular bacteria.
Furthermore, IRGM can be induced by IFN-γ contribute to cell-autonomous defense though autophagy
activation via the recruitment of both autophagic and SNARE adaptor proteins during infection.

Murine and human studies have demonstrated the protective role of IRGM in the maintenance of
intestinal homeostasis. Irgm1-deficient mice have been shown to exhibit functional defects in intestinal
Paneth cells and hyperinflammation in the colon and ileum following chemical exposure [124].
In addition, the IRGM protein contributed to the limitation of CD-associated intracellular AIEC
in epithelial cells through autophagy activation and phagosomal maturation [121]. In the intestinal
mucosa, greater quantities of pathogenic AIEC, which invade IECs and induce TNF-α, are found
in CD patients than in healthy controls [72,125]. These data collectively suggest the importance
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of IRGM in CD pathogenesis via limitation of pathogenic bacteria through autophagy activation.
A recent cohort study revealed the relationship among autophagy-related IRGM variants, visceral
adipose tissue and nonalcoholic fatty liver disease, which shows an increased morbidity with CD [126].
However, there is still a debate regarding the relevance of autophagy in CD in terms of IRGM,
as autophagy activation has been observed in Paneth cells in CD patients, independently of IRGM
variants associated with CD susceptibility [127]. Moreover, RNA analysis showed that most autophagy
gene sets were downregulated by appendectomy, which contributed to protection against UC [128].
Suppression of autophagy may offer cross-reactive immunity between host antigens and microbes
through decreased antigen processing, thereby ameliorating symptoms of colitis [128].

4.3. LRRK2/MUC19

LRRK2/MUC19 is a complex protein that contains a RAS of complex proteins (ROC) GTPase
domain, a C-terminal ROC domain and a Ser/Thr kinase domain and is involved in NOD2-mediated
signaling, of which autophagy is a downstream process [129]. Because LRRK2 is a well-known gene
involved in the pathogenesis of Parkinson’s disease (PD), most earlier studies were performed in
neuronal cells [130,131]. Later, meta-GWASs identified the links between LRRK2 and CD and leprosy,
suggesting a role for LRRK2 in immune regulation during infection and inflammation [80,132,133].
LRRK2 is highly expressed in myeloid cells and B cells which is induced by IFN-γ and is involved in
the production of inflammatory cytokines and antimicrobial responses in macrophages [80,132,133].
In addition, LRRK2 is required for commensal bacteria-driven cargo sorting through recruitment to
lysozyme-containing dense core vesicles in Paneth cells, thereby participating in the coordination of
the lysozyme-sorting process in the intestine to promote symbiosis [134].

A previous genome-wide linkage analysis suggested that a locus on chromosome 12 (historically
known as PARK8) is linked to familial parkinsonism in the Japanese population [135]. Further studies
have demonstrated the involvement of LRRK2 in autosomal-dominant parkinsonism in multiple
families [130,131]. In addition, two meta-GWASs reported LRRK2 as a CD susceptibility gene [79,80].
A genome-wide conjunctional analysis revealed several novel loci, which are potentially involved
in the association between PD and autoimmune diseases [136]. For example, known PD loci
adjacent to LRRK2 (rs17467164) were proposed as overlapping susceptibility loci for UC and
CD [136]. Accumulating data in conjunction with the development of in silico analyses may identify
novel genetic variants that affect the risk of several diseases occurring in combinatorial patterns.
In a Japanese CD cohort, a defective Paneth cell phenotype was correlated with clinical characteristics
and autophagy-associated LRRK2 (LRRK2M2397T) was associated with Paneth cell defects [22].
The majority of LRRK2 SNPs, which are associated with IBD, are found in non-coding intronic
regions [24]. There is speculation that there might be a relationship between the high frequency of
non-coding region SNPs in LRRK2 and the stability/expression levels of LRRK2 [24].

Several studies have investigated the mechanistic aspects of pathogenic LRRK2 in PD models
(Figure 5). Pathogenic LRRK2 is involved in protein translation through regulation of microRNA
function (let-7 and miR-184*), which results in altered production of E2F1/DP and is critical for cell
cycle and survival [137]. The autosomal dominant mutant protein LRRK2 phosphorylates and activates
transcription of the forkhead box transcription factor FoxO1, which is crucial in the upregulation of
cell death molecules and is associated with LRRK2-mediated cell death [138]. Importantly, LRRK2
deficiency led to impairment of the autophagy-lysosomal pathway, altered expression of LC3-II
and p62 and increased α-synuclein aggregates in the kidney, in an age-dependent manner [139].
Recent studies have shown that mitochondrial RHOT1-dependent mitophagy is delayed with the PD
mutant LRRK2G2019S, suggesting a critical function of LRRK2 in the regulation of mitophagy [140].
Although LRRK2 is known to be involved in autophagic flux, the exact roles and mechanisms by
which LRRK2 controls intestinal homeostasis are not completely understood in terms of autophagy
regulation [129,139].

300



Cells 2019, 8, 77

Figure 5. The pathogenic roles of LRRK in non-intestine and intestine diseases. In Parkinson’s disease,
LRRK2 is involved in cell cycle/survival, ROS generation, autophagolysosomal pathway, mitophagy
and inflammation. LRRK2 plays a key role in intestine homeostasis through regulating NFAT, NF-κB,
ROS generation, inflammation and autophagy.

The molecular mechanisms underlying how LRRK2 affects the pathogenesis of CD have not been
widely examined. An earlier study showed that LRRK2 deficiency led to increased susceptibility to
DSS-induced colitis in mouse models by negatively regulating activation of the transcription factor
NFAT [23]. In a recent study, both lymphoblastoid cells from control patients bearing a high-risk allele
of LRRK2 and dendritic cells from CD patients exhibited elevated LRRK2 expression, which resulted in
severe colitis with increased Dectin-1-mediated NF-κB activation and proinflammatory cytokine
responses [25]. As an IFN-γ target gene, LRRK2 induction and function were investigated in
immune cells [133,141]. LRRK2 was previously detected in inflamed intestinal tissues, particularly in
macrophages of the lamina propria and was shown to play a role in host defense through regulation
of reactive oxygen species generation [133]. These studies collectively suggest that the fine-tuning of
LRRK2 is required for the prevention and treatment of colitis and related infections (Figure 5).

4.4. ATG7

ATG7 is an E1-like activating enzyme that facilitates autophagosome formation through
two ubiquitin-like conjugation systems, LC3 lipidation and Atg12 conjugation. Availability of
ATG conditional deletion mice have improved our understanding of the contribution of different
ATGs in specific cells/tissues and provided insight into the role of individual ATGs in intestinal
homeostasis during colitis. In intestinal cells, the function of Atg7 has been studied using intestinal
epithelium-specific (tamoxifen-inducible) Atg7 knockout (ATG7IEC-KO) mice. An earlier study showed
that ATG7IEC-KO mice had a similar pathology in the ileum and Paneth cell abnormality with
defective granule exocytosis as those observed in Atg16L1HM and Atg5flox/floxvillin-Cre mice [142].
Consistent with these observations, ATG7IEC-KO mice exhibited decreased granule size and decreased
lysozyme levels in Paneth cells and increased production of TNF-α and IL-1β mRNA in response
to lipopolysaccharide in the epithelium of the small intestine when compared to those of control
small intestinal tissue [143,144]. A further study showed that the exacerbated experimental colitis in
ATG7IEC-KO mice was associated with abnormal microflora composition and dysregulated expression
of antimicrobial or antiparasitic peptides (angiogenin-4, Relmβ, intelectin-1 and intelectin-2), as well
as suppressed secretion of colonic mucins [145].

301



Cells 2019, 8, 77

ATG7 conditional knockout mice also exhibited increased susceptibility to and reduced clearance
of Citrobacter rodentium infection in the intestinal epithelium during C. rodentium infectious colitis [89].
A recent study emphasized the role of autophagy in controlling intestinal homeostasis using mice
with conditionally deleted ATG7 in CD11c+ antigen-presenting cells (ATG7ΔAPC), which enhanced
immunopathology and inflammatory Th17 responses, as well as abnormal mitochondrial function
and oxidative stress [90]. Another group showed that mice with myeloid cell-specific deletion of
ATG7 exhibited increased susceptibility to experimental colitis accompanied with increased colonic
inflammation [91]. Furthermore, ATG7 deletion in intestinal epithelium-specific XBP1-deficient
mice synergistically aggravated the intestinal pathology, resulting in the development of extensive
submucosal or transmural inflammation and recapitulated the features of human CD, suggesting that
autophagy contributes to a compensatory process in the intestinal epithelium during sustained ER
stress [100]. These data strongly indicate that ATG7 is crucial for controlling intestinal inflammatory
responses and defense against the virulence of enteric pathogens to maintain intestinal homeostasis
(Figure 2). However, there is little evidence that ATG7 is clinically relevant in IBD.

5. Selective Autophagic Receptors and IBD

The involvement of the autophagic receptors p62 and TFEB in IBD pathogenesis has been
reported [21,146]. Several studies have also identified SNPs of NDP52 and OPTN in individuals
with IBD [20,147,148]. Here, we discuss the current evidence regarding the role of these cargo receptors
in terms of IBD.

5.1. p62

The ubiquitin-binding protein sequestosome 1 (SQSTM1/p62) is a well-known autophagy adaptor
and was initially identified as a p56lck binding protein [149]. Mutations of p62 are known to be
associated with Paget’s disease of bone [150]. An earlier study showed that a direct interaction between
p62 and LC3/GABARAP family members led to autophagy-mediated destruction of p62-positive,
polyubiquitin-containing bodies [151]. In addition, Komatsu et al. showed the function of p62 in
selective autophagy activation via the binding of ubiquitinylated protein aggregates for delivery to
LC3 autophagosomes [152]. In canonical autophagy, accumulation of p62 in the cytoplasm is generally
regarded as a sign of reduced autophagic activity and the impaired autophagy, because increased
autophagic flux degrades p62 (Figure 2) [153]. Overall, p62 is an essential scaffold protein that can bind
a variety of partner proteins, participating in diverse biological signaling that affects innate immunity,
apoptosis, inflammatory responses and tumorigenesis [154].

Although there are a few reports on the involvement of p62 in the pathogenesis of colitis, defective
autophagy with decreased turnover of p62 levels has been observed in intestinal inflammation [155,156].
In a study performed in an epithelial cell line, the intracellular survival of AIEC LF82 bacteria, which
promote the gastrointestinal inflammatory response, was higher in cells silenced for p62 than in cells
transduced with empty vector (ShCTR) [157]. In animal and human studies, defective autophagic flux
with elevated p62 was observed in IBD tissues and models [156]. Furthermore, immunohistochemical
expression of p62 was higher in epithelial cells of damaged mucosa than in those of non-damaged
mucosa [146]. Understanding how p62 regulates intestinal homeostasis will enable the development
of more effective therapeutic strategies against IBD.

5.2. Optineurin (OPTN)

OPTN is a selective autophagy adaptor protein that plays an important role in mitophagy
and xenophagy. OPTN is involved in various biological responses including vesicular trafficking,
anti-bacterial and antiviral responses and autophagy and interacts with numerous cellular proteins
including myosin VI, Rab8 and Tank-binding kinase 1 [158–160]. The clinical relevance of OPTN has
been indicated by the genetic variants/mutations of OPTN linked to glaucoma, Paget’s disease of
bone and amyotrophic lateral sclerosis [161–163]. OPTN plays an essential role in mitophagy and is
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involved in several neurodegenerative diseases, including PD [160,164]. OPTN is also required for the
clearance of pathogens, such as Salmonella and Listeria, to promote activation of xenophagy [43,165].

A few studies have identified OPTN deficiency in CD patients [19,20]. The function of OPTN in
the regulation of intestinal homeostasis was suggested in IRE1α-driven colitis as an IRE1α-interacting
protein [85]. OPTN deficiency led to an accumulation of IRE1α, which enhanced colitis pathology
during ER stress (Figure 2) [85]. Indeed, a subgroup of CD patients with low OPTN expression has
been identified [20]. The same study showed that OPTN deficiency led to decreased production of
TNFα and IL-6 and increased susceptibility to Citrobacter colitis and E. coli peritonitis (Figure 2) [19].
Thus, these data suggest the importance of OPTN in macrophage inflammation and bactericidal
function to promote the antimicrobial host defense and may explain the link between OPTN
deficiency and increased CD pathogenesis [19]. These insights indicate that selective autophagy
and cargo receptors may play important roles in the regulation of colonic homeostasis (Figure 2).
A better understanding of the players and mechanisms underlying selective autophagy in intestinal
inflammation will aid in the discovery of new therapeutic targets for IBD.

6. Transcription Factor TFEB

TFEB, a member of the microphthalmia-associated transcription factor (MITF)/transcriptional
factor E (TFE) family, has been identified as a key regulator of autophagy maturation and lysosome
biogenesis [166–169]. TFEB activation is required for clearance of pathogenic molecular aggregates
in neurodegenerative diseases, such as α-synuclein and aberrant tau protein, to promote therapeutic
effects in PD and Alzheimer’s disease, respectively [170–172].

Our understanding of the effects of TFEB in IBD is currently in its infancy. A recent study showed
that mice with a conditional deletion of TFEB in the intestinal epithelium (TFEBΔIEC) had a defect
in Paneth cell granules, lower expression levels of lipoprotein ApoA1 and exaggerated colitis upon
DSS injury [21]. Further studies evaluating the function of TFEB and its clinical relevance in IBD
pathogenesis are needed, given the essential role of TFEB in regulating the autophagy lysosome
pathway [168]. Elucidation of the involvement of TFEB and other transcription factors in colitis
will improve our understanding of the mechanism of autophagic regulation in the complicated
pathogenesis of IBD.

7. Conclusions

Studies over the last decade have suggested that genetic variants of several ATGs are highly
associated with IBD susceptibility. Although the distinct genetic variations or manipulations provide
strong support for the causative role of ATGs in the pathogenesis of IBD, they also raise two important
questions: whether defective autophagy is a major trigger for pathogenic inflammation in IBD and what
signaling pathways control canonical and noncanonical autophagy in intestinal epithelial cells/tissues.
We focused our review on ATGs, selective autophagy receptors and transcription factors involved in
maintaining intestinal homeostasis in human and mouse studies.

Both ATG16L1 and IRGM, two important ATGs in IBD, have principally been investigated in
human and murine intestinal epithelial cells, particularly in Paneth cells, the major secretory cells of
the small intestine. Recent studies have suggested that defective ATG16L1-mediated inflammation
is due to aberrant ER stress, as upregulated IRE1α was observed in Paneth cells from ATG16L1ΔIEC

mice and CD patients (T300A). The interactions between ATGs and other biological systems such
as the ER stress response may have a significant impact on the pathogenesis of IBD as well as other
inflammatory diseases. Furthermore, genetic association studies have suggested that LRRK2/MUC19
and ATG7 deficiency aggravate intestinal inflammation in a mouse model of colitis.

Selective autophagy receptors, p62 and OPTN and the transcription factor TFEB have been
suggested to play key roles in controlling intestinal inflammation and homeostasis. Future studies to
further define the mechanisms by which cargo receptors contribute to specific types of autophagy will
enhance our understanding of intestinal homeostasis in terms of autophagy regulation. This knowledge
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will ultimately aid in the development of novel therapeutic strategies and drug targets for combating
intractable chronic inflammatory diseases such as IBD.
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