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Abstract

Autophagy is a cellular homeostatic program for the turnover of cellular
organelles and proteins, in which double-membraned vesicles (autophago-
somes) sequester cytoplasmic cargos, which are subsequently delivered to
the lysosome for degradation. Emerging evidence implicates autophagy as
an important modulator of human disease. Macroautophagy and selective
autophagy (e.g., mitophagy, aggrephagy) can influence cellular processes,
including cell death, inflammation, and immune responses, and thereby ex-
ert both adaptive and maladaptive roles in disease pathogenesis. Autophagy
has been implicated in acute kidney injury, which can arise in response
to nephrotoxins, sepsis, and ischemia/reperfusion, and in chronic kidney
diseases. The latter includes comorbidities of diabetes and recent evidence
for chronic obstructive pulmonary disease–associated kidney injury. Roles
of autophagy in polycystic kidney disease and kidney cancer have also been
described. Targeting the autophagy pathway may have therapeutic benefit
in the treatment of kidney disorders.
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INTRODUCTION

Autophagy, a genetically regulated and lysosome-dependent cellular program, has emerged as a
fundamental process in cell biology and medicine (1–2). The ubiquitin proteasome system de-
grades most cellular proteins, whereas autophagy provides a pathway for the degradation of long-
lived or aggregated proteins, as well as of dysfunctional organelles.Autophagy is a highly conserved
process that maintains cellular homeostasis during normal physiology and in pathophysiological
states. During autophagy, various substrates such as aggregated proteins and damaged mitochon-
dria are isolated in double-membraned vacuoles termed autophagosomes, which subsequently de-
liver the cargo to the lysosomes for protease-dependent degradation (3). Autophagy is regulated
by a complex signaling network consisting of autophagy-related genes (ATG), which are highly
evolutionarily conserved, and for which mammalian homologues have been identified (1, 4).

Macroautophagy, commonly referred to as autophagy, designates the bulk processing of
cytoplasmic cargos by autophagosome-dependent lysosomal delivery (1). In addition to macroau-
tophagy, other forms of autophagy designated as chaperone-mediated autophagy (CMA) and
microautophagy have been described (5). In CMA, proteins targeted for degradation form
complexes with the chaperone protein heat shock cognate (hsc70) via intrinsic KFERQ-motifs,
which are subsequently imported into the lysosomes by interaction with lysosome-associated
membrane protein (LAMP) 2A (5). In microautophagy, cytoplasmic components are directly
assimilated into either the lysosome or endosome by membrane invagination (6).

Autophagy facilitates the lysosomal degradation of target substrates, including protein aggre-
gates, damaged organelles (i.e., mitochondria, peroxisomes), carbohydrates, lipids, nucleic acids,
and pathogens. Lysosomal degradation of complex molecules releases amino acids, fatty acids, and
nucleotides, thus identifying autophagy as a mechanism for the recycling of metabolic precursors
(3). The assimilation of cytoplasmic material by autophagosomes is subject to highly selective and
genetically regulated responses to the accumulation of specific classes of substrates that are collec-
tively referred to as selective autophagy (1, 7). Selective autophagy programs have been identified
for many types of cellular constituents and named after their specific cargo, as exemplified by
mitophagy, the selective autophagic processing of mitochondria (1, 7–8).

Experimental findings linking autophagy to the pathogenesis of disease have been demon-
strated in animal models and implicate autophagy as a pathogenic mediator of human diseases
(1, 9–11). The Nobel Prize in Physiology or Medicine was awarded to Dr. Yoshinori Ohsumi in
2016 for his contributions toward understanding the regulation and functional role of autophagy,
setting the stage for the exploration of autophagy in diseases (2, 12).

Autophagy is induced as a cellular stress response to a multiplicity of adverse environmental
cues, such as hypoxia, oxidative stress, and nutrient depletion, and is commonly associated with
cellular protection or survival (3). Prosurvival roles of autophagy were initially described under
conditions of starvation or nutrient deprivation and associated energy decline (3, 13). In con-
trast, recent studies have implicated dysregulated or maladaptive autophagy with propathogenic
responses in select models of disease (1, 14). Autophagy-dependent cell death represents a form of
regulated cell death that mechanistically relies on the autophagic machinery and may occur in a
context-specific fashion that contributes to the pathogenesis of disorders (14–15). In addition to its
involvement in regulated cell death, autophagy can impact other fundamental processes relating
to aging or disease, including the regulation of inflammation, innate immunity, and host defense
(16–17).

The kidneys are vital organs involved in blood filtration and osmotic balance. Diseases of the
kidney represent a major public health burden and can occur as comorbidities with diabetes, car-
diovascular disease, and chronic lung disease. This review focuses specifically on the functional
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roles of autophagy in the normal kidney, acute kidney injury (AKI), chronic kidney diseases (CKD),
and other renal pathologies such as inherited kidney diseases and kidney cancer.A thorough under-
standing of the role of autophagy in kidney diseases, whether ultimately adaptive or maladaptive,
may lead to elucidation of the molecular mechanisms underlying kidney pathologies as well as
provide strategies and targets for therapeutic intervention.

MOLECULAR REGULATION OF THE AUTOPHAGY PATHWAY

Sequence of the Autophagy Pathway

The autophagy pathway proceeds through a series of sequential phases that are highly regu-
lated by ATG proteins and other accessory factors (1, 4). Autophagy initiation results in forma-
tion of the phagophore, also called autophagosome nucleation. The next phase involves elon-
gation of the nascent membrane to form an autophagosome. The maturation phase results in a
double-membraned autophagosome that completely encloses the autophagic cargo. Finally, the
autophagosome-lysosome fusion step results in the formation of an autophagolysosome, in which
proteolytic degradation of the cargo takes place (Figure 1).The activity of the autophagy pathway,
with respect to the relative rate of autophagic turnover of substrates, is termed autophagic flux (3).

Regulation of the Autophagy Pathway by Metabolic Cues

The autophagy pathway is regulated by complex signaling mechanisms that favor activation dur-
ing starvation or low energy states and general suppression during normal or nutrient replete
states (10, 18). Furthermore, autophagy is a highly inducible system that responds to activation
or suppression by cellular stresses or application of various pharmacological compounds. Chemi-
cals such as 3-methyl-adenine (3-MA) and chloroquine suppress autophagy initiation and fusion,
respectively. Drugs such as metformin, which targets 5′-adenosine monophosphate-activating ki-
nase (AMPK), and rapamycin (sirolimus), which targets mechanistic target of rapamycin (mTOR),
are typically used to activate autophagy in experimental systems (19–20).

Metabolic regulation of autophagy requires the mTOR pathway (10, 18, 21) (Figure 2).
As the major regulatory protein in this pathway, mTOR presides in a macromolecular com-
plex [mTOR complex 1 (mTORC1)] in association with other factors: the regulatory-associated
protein of mTOR (Raptor), G protein β-subunit-like protein/mammalian lethal with SEC13
protein 8 (GβL/mLST8), and proline-rich Akt/PKB substrate 40 kDa (PRAS40) (10). The activa-
tion of mTORC1 activity in response to nutrient-associated signals (i.e., amino acids and growth
factors) results in negative regulation of autophagy (18).

Activated mTORC1 negatively regulates a downstream substrate complex, the mammalian
uncoordinated-51-like protein kinase (ULK1) complex, which consists of ULK1, ATG13,
ATG101, and RB1CC1/FIP200 (18, 22–23). Inhibition of mTORC1 by starvation or energy ex-
haustion causes mTORC1 to dissociate from the ULK1 substrate complex, leading to dephos-
phorylation of ULK1 and ATG13 and the phosphorylation of RB1CC1/FIP200 that results in the
initiation of autophagy (22, 24).

Autophagosome formation is also regulated by the major autophagy protein Beclin-1 (the
mammalian homolog of yeast Atg6) (25). Beclin-1 associates with a macromolecular complex that
includes the vacuolar protein sorting 34 (VPS34) class III phosphatidylinositol-3 kinase (PI3KC3),
VPS15, and ATG14L, which regulates autophagosomal nucleation (1, 26). A second alternate
Beclin-1 complex, consisting of Beclin-1, PI3KC3, VPS15, and UVRAG, regulates endosomal
and autophagosomal maturation (1, 27).
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Figure 1

Sequence of the autophagy pathway and selective autophagy. (a) The autophagy pathway involves sequential steps beginning with
phagophore formation and membrane elongation, culminating in autophagosome maturation with cargo assimilation. Subsequently,
the mature autophagosome fuses to the lysosome to form an autophagolysosome, in which the contents are degraded. During initiation
of autophagy, the second messenger phosphatidylinositol-3-phosphate (PI3P) recruits double FYVE-containing protein-1 (DFCP1)
and WD-repeat protein interacting with phosphoinositides (WIPI) to the phagophore. The activated phosphatidylethanolamine-
conjugated form of LC3B (LC3B-II) and trimeric protein complexes consisting of ATG12–ATG5-ATG16L1 assist in autophagosome
membrane elongation. The GTPase Rab7 regulates the autophagic vacuole maturation. Autophagosome-lysosome fusion is facilitated
by the homotypic fusion and protein sorting (HOPS) tethering complex through molecular interactions with the autophagosomal
Qa-SNARE, syntaxin-17, ATG14L, SNAP-29, VAMP8, and LAMP2A. In the final stages of autophagy, autophagic cargoes are
degraded by lysosomal acid hydrolases, and the recycling of nutrients is facilitated by lysosomal permeases. (b) Selective autophagy
refers to specific targeting of cellular components for autophagic degradation. The p62/sequestosome-1 and NBR1 (next to BRCA1
gene 1 protein) are selective autophagy substrates that are degraded by the autophagosome. NBR1 and p62 can interact with ATG8
proteins through a specific sequence motif, the ATG8/LC3-interacting region (LIR). These proteins associate with polyubiquitinated
proteins and/or mitochondria and assist in their delivery to autophagosomes. Mitophagy, the selective degradation of depolarized
mitochondria by autophagy, is orchestrated by several proteins, including PINK1 and Parkin. PINK1 facilitates the mitochondrial
recruitment of Parkin, which catalyzes the polyubitquitination (Ub) of damaged mitochondria. PINK1-/Parkin-independent
mitophagy involves interaction of LC3B with outer membrane proteins: FUN14 domain-containing 1 (FUNDC1), NIP3-like
protein X (Nix), and BCL2 adenovirus E1B 19 KDa interacting protein 3 (Bnip3) via the LIR. This results in removal of mitochondria
through mitophagy. In a process called aggrephagy, p62 facilitates the autophagosomal delivery of ubiquitinated protein and histone
deacetylase-6 complexes (aggresomes). The term xenophagy refers to the selective autophagic degradation of invading pathogens.
Other forms of selective autophagy targeting specific substrates such as peroxisomes, ribosomes, collagen, glycogen, lipids, endoplasmic
reticulum membranes, and other biomolecules (e.g., mRNA and inflammasome complexes) have been described.
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Figure 2

Molecular regulation of autophagy. Growth factors, insulin, or nutrient signals stimulate mTOR complex 1 (mTORC1: mTOR,
mLST8, PRAS40, Raptor) via activation of the Class I PI3K/Akt pathway. Akt regulates mTOR upstream of Tsc1/2 and Rheb.
Starvation or oxidative stress can inhibit mTORC1. The autophagy pathway is also regulated by energy depletion through activation of
the 5′ AMP-activated protein kinase (AMPK), which senses cellular AMP levels. mTORC1 inhibition leads to activation of
UNC-51-like autophagy-activating kinase (ULK1). ULK1 resides in a macromolecular complex that contains focal adhesion kinase
family interacting protein of 200 kD (FIP200), ATG13, and ATG101. Autophagy initiation also requires the Beclin-1 complex that
includes vacuolar protein sorting 34 (VPS34)/phosphatidylinositol 3-kinase class III (PI3KC3), p150/VPS15, and ATG14L. VPS34
generates phosphatidylinositol-3-phosphate (PI3P), which promotes the formation of the isolation membrane. AMPK can activate
autophagy via the direct phosphorylation of ULK1 at Ser 317/777 and can phosphorylate Beclin-1 (Thr 388), leading to PI3KC3
activation. ULK1 can induce autophagy by activating Beclin-1 via phosphorylation of Beclin-1 or ATG14L. Ambra1 can activate the
Beclin-1 complex while the antiapoptotic protein Bcl-2 can inhibit it. Beclin-1 can also form an alternate complex with the ultraviolet
radiation resistance-associated gene protein (UVRAG), which can promote autophagosome or endosome maturation. Rubicon acts as a
negative regulator of the Beclin-1-UVRAG complex. ATG9 and ATG2 facilitate the recruitment of membrane and phospholipid
components to the nascent autophagosome membrane. The elongation of the phagophore involves two ubiquitin-like conjugation
systems. In the ATG12–ATG5 conjugation system, ATG12 is conjugated to ATG5 by ATG7 (E1-like) and ATG10 (E2-like) enzymes.
The ATG12–ATG5 complex associates with ATG16L1. In the ATG8 conjugation system, ATG4B cleaves pro-LC3 (and other ATG8
homologues) to generate LC3-I. Conjugation of phosphatidylethanolamine (PE) with LC3-I is catalyzed by ATG7 (E1-like) and ATG3
(E2-like). Both conjugation systems can contribute to autophagosome formation.
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The autophagy pathway is coregulated by energy depletion through activation of AMPK,
which senses cellular AMP levels (3, 18, 24). AMPK can activate autophagy via the direct phos-
phorylation of ULK1 at Ser 317 and Ser 777 (24) and can also phosphorylate Beclin-1 (Thr 388),
leading to PI3KC3 activation (28). Enhanced activity of the Beclin-1/PI3KC3 complex generates
phosphatidylinositol-3-phosphate (PI3P), a secondmessengermolecule that regulates autophago-
somal nucleation (10, 26, 29). PI3P recruits additional proteins to the site of autophagosome nu-
cleation.These include PI3P-binding effector proteins such as theWD-repeat protein interacting
with phosphoinositide (WIPI) proteins (30) and the double FYVE-containing protein 1 (DFCP1)
(31).Transmembrane proteins such as mammalian Atg9 and vacuole membrane protein 1 (VMP1)
are also required for autophagosome assembly (29). Recent studies have uncovered a novel role
for ATG2A in the transfer of endoplasmic reticulum (ER)–derived glycerophospholipids to the
autophagosome membrane (32).

Regulation of Autophagosome Elongation and Fusion

Two ubiquitin-like conjugation systems contribute to the elongation and maturation of the au-
tophagosome: the ATG12–ATG5 conjugation system and the microtubule-associated protein
light chain 3 (LC3) conjugation system (4, 10, 29). Although essential for yeast autophagosome
formation, these systems may not be indispensable for autophagosome formation in mammals,
but they are crucial for degradation of the autophagosome inner membrane (33).

ATG12, a ubiquitin-like protein, is conjugated to ATG5 by ATG7 (E1-like) and ATG10 (E2-
like) enzymes. ATG12–ATG5 recruits ATG16L to form a complex that regulates autophagosome
elongation (29). The ubiquitin-like protein LC3, the mammalian homologue of yeast Atg8, me-
diates autophagosome formation (29). The proform of LC3 is cleaved by the Atg4B cysteine pro-
tease to generate LC3-I. LC3 isoforms (e.g., LC3B), and other mammalian Atg8 homologues are
conjugated with the phospholipid phosphatidylethanolamine that is catalyzed by Atg7 (E1-like)
and Atg3 (E2-like) enzymes (29). In mammals, the conversion of LC3-I (unconjugated form) to
LC3-II (autophagosomal membrane–associated phosphatidylethanolamine-conjugated form) is
regarded as an indicator of autophagosome formation (10). LC3-II is retained in the membrane
of mature autophagosomes until the autophagosome-lysosome fusion step, when it is degraded by
lysosomal activity or converted to LC3-I at the outer membrane by Atg4B (34).

Other recent developments have shed light on the molecular processes regulating
autophagosome-lysosome fusion events (1, 35).This process involves dyneins and specific SNARE
proteins: the autophagosomal Qa-SNARE syntaxin-17 and its interaction with lysosomal/
endosomal R-SNAREs, SNAP-29, tethering factors such as the homotypic fusion and vacuole
protein sorting (HOPS) tethering complex, and the small GTPase RAB7 (1, 35).

SELECTIVE AUTOPHAGY

Mitophagy

Mitophagy refers to a selective autophagy mechanism for the degradation of mitochondria (8).
The regulation of mitophagy involves a canonical pathway dependent on the activation of the
transmembrane Ser/Thr kinase PINK1 [phosphatase and tensin homolog deleted in chromosome
10 (PTEN)-induced putative kinase 1]. PINK1 is stabilized on damaged or depolarizedmitochon-
dria (8, 36). PINK1 recruits the E3 ubiquitin ligase Parkin (PRKN, also known as PARK2) to the
mitochondria, which ubiquitinates outer mitochondrial membrane proteins, including mitofusins
(36–37). PINK1 may directly phosphorylate ubiquitin to facilitate Parkin activation and recruit-
ment (38).
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Ubiquitin-modifiedmitochondrial proteins are recognized and targeted to autophagosomes by
the autophagic cargo adaptor proteins. Of these, p62/SQSTM1 (p62) (29), NDP52, or optineurin
has been proposed to facilitate mitochondria recruitment to the autophagosome via the intrinsic
LC3-interacting region (LIR) (39) or directly assist in autophagosome assembly through inter-
actions with Atg8 homologs (40). Mutations in the PINK1 and PRKN genes are associated with
accumulation of dysfunctional mitochondria and recessive familial forms of Parkinson’s disease
(41). An alternative mode of mitophagy regulates the turnover of mitochondria in erythrocytes
and reticulocytes and requires the BH3-only protein,Nix (Bnip3L).Nix localizes to the outer mi-
tochondrial membrane and directly interacts with mammalian Atg8 homologs via an LIR motif
(42).

Aggrephagy

The process of aggrephagy refers to the selective autophagic degradation of protein aggregates,
which may be significant in kidney diseases (7), especially those conditions implicating enhanced
activation of the ER stress pathway (43–44). p62 participates in direct protein–protein interactions
with ubiquitinated proteins via its ubiquitin-associated domain, and with LC3 localized to the
isolation membrane via an LIR motif, thus facilitating the sequestration of ubiquitinated proteins
in autophagosomes (45). In addition to p62, the selective autophagy adaptor NBR1 and other
adaptor proteins are required for the formation of Ub-positive protein aggregates, which facilitate
their sequestration and removal by aggrephagy (7, 46).

REGULATION OF AUTOPHAGY BY OXIDATIVE STRESS

Oxidative stress or injury, typically associated withmitochondrial dysfunction or exposure to xeno-
biotics, is a common component of kidney diseases. The regulation of autophagy by oxidative
stress has been implicated in kidney disorders, including AKI, such as ischemia/reperfusion (I/R)
injuries, and CKD, including diabetic nephropathy (47).

Oxidative stress occurs when the generation of reactive oxygen species (ROS) exceeds endoge-
nous cellular antioxidant defenses. Excess production of ROS, which include superoxide (O2

−),
its dismutation product hydrogen peroxide (H2O2), and the highly reactive hydroxyl radical, gen-
erated from partial reduction of oxygen, may lead to progressive damage to lipids, proteins, and
nucleic acids. In contrast, physiological levels of ROS have been implicated in the regulation of
cellular signal transduction pathways, leading to adaptive responses. Mitochondria dysfunction
may lead to increased production of mitochondria-derived ROS (mtROS) (47–48).

The regulation of autophagy by pro-oxidants has been shown in various cultured cells, pri-
marily by application of H2O2 and ROS-generating compounds (49). For example, application
of mitochondrial electron transport chain inhibitors, such as rotenone, which inhibits complex 1,
increased autophagy activation in human embryonic kidney fibroblasts by increasing mtROS pro-
duction (50). Carbon monoxide, which also stimulates mtROS production, is a potent activator of
autophagy (51). NADPH oxidases (NOX 1–5) represent a major source of cytosolic ROS produc-
tion. NOX4, a mitochondrial-localizing NOX isoform, was required for propagation of injury in
sepsis-induced AKI in mice (52).

REGULATION OF AUTOPHAGY BY ENDOPLASMIC
RETICULUM STRESS

The ER is a vital organelle that regulates the posttranslational processing, folding, and traf-
ficking of nascent polypeptides and regulates intracellular Ca2+ flux. Various noxious stimuli

www.annualreviews.org • Autophagy in Kidney Disease 303



PH82CH14_Choi ARjats.cls January 20, 2020 13:57

(e.g., hypoxia, Ca2+ ionophores, oxidative stress, and inhibitors of protein glycosylation such
as tunicamycin) can disrupt this organelle, causing ER stress associated with the accumulation
of misfolded protein aggregates (53–54). The unfolded protein response (UPR) occurs as an
adaptive response to ER stress and involves upregulated synthesis of ER chaperone proteins (i.e.,
Bip/GRP78), cessation of general protein translation, and the activation of an ER-associated
protein degradation system (54). The UPR is regulated by canonical pathways involving inositol-
requiring kinase 1 (IRE1), activating transcription factor 6 (ATF6), and protein kinase R-like
endoplasmic reticulum kinase (PERK) (54). ER stress may also promote apoptosis, via activation
of caspases (i.e., caspase-12, -9, -8) and the transcription factor C/EBP homologous protein
(CHOP) (54).

The relationships between the ER stress-induced UPR and the activation of autophagy have
been demonstrated in various cultured cells (55), including kidney tubular epithelial cells (56).
The ER stress-activating compound tunicamycin induced the UPR response and activated au-
tophagy in renal proximal tubular cells, as measured by LC3-II accumulation (56). Tunicamycin
preconditioning also protected against kidney I/R injury in vivo by inducing the expression of ER
chaperones and autophagy proteins (56).

In kidney diseases, ER stress can have both adaptive and maladaptive consequences as a stress
response to acute kidney injuries and hypoxia (57).ER stress has been implicated in AKI,CKD,and
age-related kidney dysfunction (43–44).Hypoxia is a known activator of the UPR by upregulation
of glycogen synthase kinase 3β (GSK3β), which leads to the induction of PERK signaling (58).
Activating transcription factor 4 (ATF4), a component of PERK pathway signaling, is induced
under severe hypoxia and is required for ER stress and hypoxia-induced autophagy by regulating
the transcription of LC3B (59). Hypoxia can induce autophagy in cultured renal proximal tubular
cells and in renal I/R injury as an adaptive response to injury (60).

Activation of the ER stress response occurs in renal tubular epithelial cells exposed to high
protein concentrations and in vivo by experimental proteinuria (61). Thus, autophagy activation
during ER stress may represent a mechanism for the selective degradation of protein aggregates.
Further studies will be required to define the relationships between the ER pathway and autophagy
in the context of kidney diseases.

AUTOPHAGY AND INFLAMMATION

Inflammation is a common component of kidney disorders, including response to various forms
of AKI and CKD (47). Autophagy has been broadly implicated as a mediator of inflammatory dis-
orders, including inflammatory bowel disease and various autoimmune disorders (1, 16). Genetic
variations in autophagy-associated genes (e.g., Atg5, Ulk1) have been associated with suscepti-
bility to inflammatory diseases (16). Autophagy can also exert an adaptive role in inflammatory
disorders by regulating inflammatory processes, such as interferon production or inflammasome
activation. Furthermore, autophagy can reduce pathogen-triggered inflammation by countering
pathogen/microbial infections via selective autophagy (xenophagy) (16–17). Mitochondrial dys-
function plays a key role in the regulation of specialized inflammatory processes, such as activation
of the nucleotide-binding oligomerization domain (NOD)-leucine-rich repeat (LRR) and pyrin
domain–containing protein 3 (NLRP3) inflammasome (62–63). Autophagy can dampen inflam-
mation by downregulating NLRP3 inflammasome-associated cytokine production and matura-
tion [e.g., interleukin (IL)-1β, IL-18]. These effects were reliant on the autophagy-dependent
preservation of mitochondrial function and reduction of mtROS formation by removal of depo-
larized mitochondria (63). Macrophages deficient in major autophagy proteins (LC3B, Beclin-1)
displayed increased NLRP3/caspase-1-dependent cytokines in response to proinflammatory
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stimuli (63). A direct role of autophagy in inflammasome regulation has been proposed, via the
autophagy-directed turnover of ubiquitin modified inflammasome regulatory proteins (64).

Based on these observations, autophagy is predicted to contribute to moderating inflammation
associated with kidney dysfunction, in a context-specific fashion, as discussed in the following
sections.

AUTOPHAGY IN KIDNEY DISEASE

Autophagy is required for normal kidney functions (65). Evidence of the critical role of autophagy
in kidney disease is centered on observations of the emergence of kidney pathologies in mice bear-
ing genetic deletions of key autophagy regulator proteins. For instance, targeted deletion of Atg5
or Atg7 in kidney epithelium resulted in CKD in mice, associated with podocyte and tubular
dysfunction, glomerular and tubulointerstitial injury, and progressive organ failure (66). Kidney
tissues from these mice exhibited elevated ER stress, mitochondrial dysfunction, and mtROS pro-
duction (66). These data show that autophagy deficiency in the kidney epithelium of mice can
mimic the pathological features observed in the kidneys of patients with idiopathic focal segmen-
tal glomerular sclerosis (FSGS) (66).

Autophagy plays an important role in the maintenance of the homeostasis and function of
podocytes (65, 67). Podocyte-specific conditional deletion of Atg5 in mice promoted the develop-
ment of age-dependent glomerulopathy that was accompanied by an accumulation of oxidized and
ubiquitinated proteins, heightened ER stress, podocyte loss, and proteinuria (65). These findings
suggest that autophagy acts as an important safeguard against age-dependent glomerular disease
and decline of kidney function (65).

Recent genetic studies also suggest that autophagy serves as an important basal antioxidant
defense of the renal vasculature (68). Endothelial and hematopoietic cell-specific conditional
Atg5-deficient mice (Atg5 cKO) displayed renal vascular abnormalities. These mice died at 12
weeks but were rescued by bone marrow transplantation from normal donors. Transplanted Atg5
cKO mice developed mesangiolysis and glomerulosclerosis, which were reversible by antioxidant
therapy. These studies suggest that autophagy provides antioxidant protection of the glomerular
vasculature (68).

ACUTE KIDNEY INJURY

The injury and death of tubular epithelial cells are primary features of AKI, which may progress
to CKD in repeated or unrepaired injury. Various insults such as renal I/R, sepsis, or expo-
sure to nephrotoxins contribute to nutrient depletion and oxidative stress–induced activation
of autophagy (47). Accumulating evidence in various rodent models, such as I/R-induced,
sepsis/endotoxemia-induced, and nephrotoxin-induced AKI, strongly suggests that autophagy
generally protects the kidney from injury, though contrasting findings have also been reported
(47).

Nephrotoxin (Cisplatin)-Induced Acute Kidney Injury

The chemotherapeutic agent cisplatin, which induces AKI, can induce autophagy in renal tubules,
as evidence by increased autophagosome formation (69). Inhibition of autophagy using pharmaco-
logical inhibitors (3-MA or bafilomycin) or Beclin-1 knockdown increased tubular cell apoptosis
in response to cisplatin (69). Conflicting studies have reported that cisplatin-induced increases in
autophagy may aggravate renal damage and apoptosis (70). However, mice with conditional dele-
tion of Atg5 in kidney proximal tubules (ptAtg5-KO) were susceptible to cisplatin-induced AKI
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and displayed increased DNA damage, protein aggregation, apoptosis, and ROS production in the
kidney relative to wild-type mice. These experiments concluded that autophagy is renoprotective
in cisplatin-induced AKI (71).

Metformin, a therapeutic agent used for type 2 diabetes mellitus, is an AMPK activator that
has been shown to protect against gentamicin-induced nephrotoxicity in rats (72). Pretreatment
with metformin markedly attenuated cisplatin-induced AKI and reduced tubular cell apoptosis
and inflammatory cell accumulation in mouse kidneys. Metformin preconditioning increased
phospho(p)-AMPKα expression and autophagy induction in the kidneys after cisplatin chal-
lenge. In cultured rat kidney tubular cells (NRK-52E), metformin stimulated the expression of
p-AMPKα, induced autophagy, and inhibited cisplatin-induced apoptosis. Inhibition of AMPKα

activation or autophagy induction abolished the protective effect of metformin in cisplatin-
induced cell death. These results suggest that metformin protects against cisplatin-induced
tubular cell apoptosis and AKI by activating AMPKα and autophagy in kidney tubular cells (73).

Recently, a novel protective role for the mitochondrial biogenesis regulator PGC-1α was un-
covered in mice subjected to cisplatin-induced AKI. The authors attributed the protective effects
of PGC-1α to the novel modulation of lysosomal biogenesis via transcription factor EB (TFEB)
(74).

Sepsis-Induced Acute Kidney Injury

Sepsis, characterized by systemic inflammation, is a major cause of AKI in intensive care unit
patients. Recent studies implicate a role for autophagy in sepsis and its associated AKI.

Lipopolysaccharide (LPS), a mediator of gram-negative bacterial sepsis, induced autophagy
in renal tubular epithelial cells in vivo and in vitro (75–76). Enhanced autophagy by increased
LC3-II and Beclin-1 expression and autophagosome formation was also observed in renal cortex
after LPS challenge (77). Pharmacological inhibition of autophagy with chloroquine worsened
LPS-induced AKI (76). Opposing findings were reported using the autophagy inhibitor 3-MA,
which ameliorated LPS-induced AKI (77).The reasons for discrepancies in studies using chemical
modulators of autophagy remain unclear, such that genetic validation studies may be required for
conclusive interpretation of autophagy involvement.

Mice genetically deficient forAtg7 specifically in renal proximal tubular epithelial cells (ptAtg7-
KO) were susceptible to LPS-induced AKI, relative to wild-type mice (75–76). The ptAtg7-KO
mice developedmore severe kidney dysfunction and parenchymal injury,with evidence of elevated
IL-6 and STAT activation in kidney tissue in response to LPS relative to wild-type mice (75). In
vitro experiments demonstrated impaired autophagy and enhanced IL-6 production in response
to LPS in isolated Atg7-KO renal tubular epithelial cells (75).

Howell et al. (78), utilizing a murine model of LPS-induced AKI, suggested that failure to
recover renal function in older adult mice is due to impaired autophagy. The administration of the
mTOR inhibitor temsirolimus after established endotoxemia protected against the development
of AKI in response to LPS challenge by inducing autophagy. These results suggest that autophagy
is activated and confers protection in endotoxic kidney injury (75–76).

A general protective role of autophagy in sepsis was revealed by studies using the cecal liga-
tion and puncture (CLP) model of polymicrobial sepsis, which reported induction of autophagy
in multiple organs after CLP. The autophagy inhibitor chloroquine increased susceptibility of
mice to the lethal effects of CLP (79). In mice subjected to CLP, autophagy was enhanced at early
time points (i.e., 6 h) in kidney tissue, as suggested by increased LC3-II and autophagosome ac-
cumulation, followed by decline at later time points (i.e., 24 h). Further induction of autophagy
by rapamycin improved renal function and ameliorated tubular epithelial injury in CLP-treated
mice (80). In studies using a rat model of CLP-induced sepsis, markers of autophagy (i.e., LC3-II)
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were increased in the kidney proximal tubules at early time points after CLP, followed by decline
in the later stages of sepsis-induced AKI. These studies demonstrated that knockdown of Atg7
enhanced TNF-α-induced cell death, whereas treatment with the autophagy activator rapamycin
inhibited it in renal tubular cells in vitro (81).

Recent studies implicate sirtuin 3 (Sirt3)-dependent AMPK activation in the upregulation of
autophagy in sepsis-induced AKI (82). In the CLP model, Sirt3 knockout mice were susceptible
to sepsis-induced AKI and displayed downregulation of AMPK and autophagy in the kidney (82).
These studies suggest that enhanced autophagy provides a general renoprotective mechanism in
AKI by reducing apoptosis, inflammation, and oxidative stress.

Ischemia/Reperfusion–Induced Acute Kidney Injury

I/R injury results from a sudden temporary decrease in blood flow to the organ and is a frequent
cause of AKI. In a rat model of renal I/R injury, the expression of autophagy proteins (i.e., Beclin-1,
LC3) increased in proximal and distal epithelial cells after I/R (83). Overexpression of the anti-
apoptotic protein Bcl-XL reduced the expression of both proapoptotic and autophagy markers
and ameliorated AKI in this model (83). Increased autophagosome formation was also observed
in renal proximal tubular epithelial cells in vivo in response to renal I/R injury in the mouse and,
in vitro, in response to injurious stimuli such as hypoxia (84). Inhibitors of autophagy such as
chloroquine and 3-MA aggravated renal I/R injury and enhanced tubular apoptosis (85–86).

The kidney proximal tubule-specific targeted genetic deletion of Atg5 or Atg7 (ptAtg5-KO,
ptAtg7-KO) resulted in increased susceptibility to I/R-induced renal injury and apoptosis (87–
89). In ptAtg5-KO mice, I/R injury increased the accumulation of p62 and ubiquitin-positive cy-
toplasmic inclusions and compromised renal function as shown by greater elevations in blood urea
nitrogen and serum creatinine levels (89).

Mitochondrial injury may contribute to the propagation of AKI through incompletely under-
stood mechanisms. Recent studies have evaluated the specific role of mitophagy in I/R-induced
AKI.Mitophagy, dependent on PINK1 and PRKN, was induced in renal proximal tubular cells in
both in vitro and in vivo models of ischemic AKI. Mice genetically deficient in PINK1 or PRKN,
as well as PINK1/PRKN double-knockout mice, were susceptible to ischemic AKI (90). Further-
more, genetic deficiency in PINK1 or PRKN enhanced mitochondrial dysfunction, ROS produc-
tion, and inflammatory responses.These results suggest that PINK1/PRKN-mediated mitophagy
plays an important role in mitochondrial quality control, tubular cell survival, and renal function
during AKI.

Accumulating evidence supports a strong link between AKI and progression to CKD. Recent
studies have shown that I/R activated autophagy in renal tubules. The stress-responsive transcrip-
tion factor FoxO3 was activated in kidney tubular epithelial cells in response to hypoxia, resulting
from the inhibition of FoxO3 prolyl hydroxylation and the activation of hypoxia-inducible factor
(HIF)-1α (91). Tubule-specific deletion of Hif-1α decreased hypoxia-induced FoxO3 activation
and aggravated tubular injury and interstitial fibrosis following ischemic injury. Tubule-specific
deletion of FoxO3 also aggravated renal injury and promoted AKI to CKD transition, with
impaired autophagy and increased oxidative injury in renal tubules (91). These studies suggest
that FoxO3 can be activated for hypoxia adaptation in kidney and thereby protects against CKD
development.

CHRONIC KIDNEY DISEASE

CKD, characterized by progressive loss of kidney function, is a significant healthcare burden (92).
Development of kidney fibrosis is a hallmark of CKD and represents the final common response
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to injury (93). Transforming growth factor-beta 1 (TGF-β1) is a cardinal profibrogenic factor for
the development of kidney fibrosis (93) and can mediate fibroblast activation (94). Accumulating
studies have implicated a central role for autophagy in the development of CKD, including diabetic
nephropathy, obstructive nephropathy, immunoglobulin A (IgA) nephropathy, and adriamycin-
induced nephropathy (95–97). In these conditions, autophagy may be induced as an endogenous
protective mechanism in both renal tubular epithelial cells and podocytes, and impairment of the
autophagic process leads to progressive CKD (98).

Kidney Fibrosis

Increased autophagy has been observed in renal tubular epithelial cells of obstructed kidneys after
unilateral ureteral obstruction (UUO), a well-established experimental model of kidney fibrosis
(99–102). Mice genetically deficient in the autophagy proteins LC3B (Map1lc3b−/−) or Beclin-1
(Becn1+/−) displayed increased collagen deposition and increased mature TGF-β1 levels in ob-
structed kidneys after UUO. These studies demonstrated that, in kidney tubular epithelial cells,
the levels of mature TGF-β1 are regulated by autophagic degradation to suppress UUO-induced
kidney fibrosis (99).We have also described a novel antifibrotic role of autophagy in the degrada-
tion of collagen (103).

Conditional deletion of Atg5 in proximal tubular epithelial cells (ptAtg5-KO) promoted cell
cycle arrest at the G2/M phase and augmented tubulointerstitial fibrosis in mouse kidneys af-
ter UUO (101). In Atg5-KO primary proximal tubular epithelial cells, angiotensin-II stimulation
induced cell cycle G2/M arrest and increased collagen production. These studies identified a cy-
toprotective effect of ATG5 in kidney proximal tubules. Furthermore, ptAtg5-KO mice displayed
increases in NF-κB-mediated proinflammatory cytokine production in response to UUO, sug-
gesting an anti-inflammatory effect of ATG5 (102).

Recent studies also examined the importance of autophagy in distal tubules for protection
against kidney fibrosis. Experiments using green fluorescent protein (GFP)-LC3 transgenic mice
revealed increased GFP-LC3 puncta, indicative of elevated autophagosome formation, in distal
tubular cells of the obstructed kidneys after UUO (104). Moreover, conditional deletion of Atg7
in distal tubular epithelial cells (dtAtg7-KO) augmented tubulointerstitial fibrosis and epithelial-
mesenchymal transition–like phenotype change in mouse kidneys after UUO and involved ac-
tivation of the TGF-β pathway. The dtAtg7-KO mice also displayed increased mitochondrial
dysfunction, increased accumulation of p62-positive protein aggregates, and increased apoptosis.
These changes were associated with increased activation of the NLRP3 inflammasome, including
caspase-1 activation and increased IL-1β production (104). Taken together, these findings suggest
that autophagy in distal tubular epithelial cells protects against renal tubulointerstitial fibrosis
by regulating TGF-β and inflammasome-dependent IL-1β production. Recent studies have also
identified Atg5 as a regulated target of micro-RNA (miR)-376b. Inhibition of miR-376b augments
Atg5-dependent macrophage autophagy and provides protection against adenine diet–induced
kidney fibrosis in FVB/N mice (105).

The above findings provide evidence supporting the notion that autophagy is protective against
kidney fibrosis. Livingston et al. (106) reported contrasting findings that proximal tubule–specific
deletion of Atg7 (ptAtg7-KO) ameliorated tubulointerstitial fibrosis in the UUO model. The au-
thors proposed a profibrotic function of persistent activation of autophagy in this model. The
reasons for the opposing results remain unclear. Clearly, the role of autophagy in CKD is com-
plex, and further investigations are warranted to develop optimal therapeutic approaches targeting
autophagy in CKD.
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Podocytopathies

Podocytes are terminally differentiated cells with specialized functions that play an important role
in regulating the renal glomerular filtration barrier. Podocyte dysfunction leads to proteinuric kid-
ney disease (95). Podocyte injury and loss attributed to genetic, toxic, immunologic, or metabolic
insults underlie the most common glomerular diseases leading to proteinuria (107). Podocyte de-
pletion triggers the development and progression of glomerulosclerosis (65).

Podocytes are long-lived cells that display a constitutively high level of autophagy (65). Inhi-
bition of autophagy by 3-MA or Beclin-1 knockdown resulted in abnormal podocyte morphol-
ogy (108). Autophagy was substantially increased in glomeruli from mice with induced protein-
uria and in glomeruli from patients with acquired proteinuric diseases (65). Mice with podocyte-
specific deletion ofAtg5 (podoAtg5-KO) exhibited increased susceptibility to experimental bovine
serum albumin overload-induced proteinuria (65). Similarly, podoAtg5-KO mice subjected to
puromycin aminonucleoside (PAN) treatment, a model of nephrosis and proteinuria, were sus-
ceptible to glomerular disease, with evidence of podocyte loss and foot process effacement (65).
These studies concluded that basal and inducible autophagy are crucial homeostatic mechanisms
to maintain podocyte integrity and protect against glomerular injury (65). Similar findings were
reported with pharmacological manipulation of autophagy. In PAN-treated rats, administration
of chloroquine or 3-MA increased podocyte injury and foot process effacement and proteinuria
and reduced the expression of podocyte markers (109). Genetic interference of Beclin-1 or treat-
ment with the autophagy-inhibiting compounds chloroquine or 3-MA enhanced PAN-induced
podocyte apoptosis in vitro (109). Furthermore, the autophagy-activating compound rapamycin
protected against these changes in vitro and in vivo (109).

Podocyte injury and loss result in podocyte depletion that underlies the development of
FSGS. Mice subjected to adriamycin-induced nephropathy, an experimental model of FSGS,
developed podocyte injury and apoptosis and increased proteinuria. GFP-LC3 transgenic mice
displayed higher LC3 puncta in podocytes as the result of adriamycin challenge, indicative of
increased autophagy in podocytes (67). podoAtg7-KO mice were highly susceptible to podocyte
injury and glomerulopathy in response to adriamycin-induced kidney injury (67). These
podoAtg7-KO mice displayed increased proteinuria and podocyte foot process effacement
relative to wild-type mice in response to adriamycin. In an experimental model of protein
overload-induced proteinuria, the Nix (Bnip3L)-dependent mitophagy pathway was impaired in
renal tubular epithelium. Genetic overexpression of Nix ameliorated tubular epithelial cell injury
and mitochondrial dysfunction in response to experimental proteinuria (110).

In studies of human diseases, morphological changes in mitochondria were observed in kidney
biopsies from patients with FSGS (111). These patients displayed decreased Beclin-1 expression
and reduced autophagosome numbers in podocytes compared to patients with minimal change
disease (109). Nix expression was reduced in the kidneys of patients with proteinuria and corre-
lated with decline in glomerular filtration rate (GFR) (110). Taken together, these data support
important roles for autophagy in the pathophysiology of human glomerular disorders.

Diabetic Nephropathy

Diabetic nephropathy is a devastating complication of diabetes mellitus and the leading cause of
progressive CKD and end-stage renal disease. Diabetic nephropathy, characterized by the devel-
opment of albuminuria and a progressive decline in GFR in association with glomerulosclerosis, is
a podocytopathy, together with other glomerular cells (mesangial and endothelial) participating in
the development of diabetic kidney disease. Podocyte apoptosis coincides with onset of albumin-
uria and leads to podocytopenia in diabetic nephropathy (112). Accumulating studies suggest that
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the metabolic dysfunction and downregulation of autophagy via regulation of key metabolic reg-
ulators, such as mTOR and AMPK, contribute to the pathogenesis of diabetic nephropathy (113).
The activation of mTOR (a suppressor of autophagy) was correlated with increased glomeru-
lar injury in diabetic nephropathy patients, including glomerular hypertrophy and hyperfiltration
(114).

In mouse models, indirect activation of mTORC1, by podocyte-specific genetic deletion of
a key inhibitor Tsc1, promoted mesangial expansion and fibrosis, podocyte injury and foot pro-
cess effacement, and proteinuria (115). These pathological changes in Tsc1-deficient mice were
reversible by pharmacological application of rapamycin, an inducer of autophagy (115). Genetic
ablation of mTORC1 (by podocyte-specific homozygous deletion of Raptor) in mice resulted in
early proteinuria and progressive glomerulosclerosis in the absence of pathogenic stimuli (114).
Loss of podocyte function was further aggravated by overlapping genetic deletion of mTORC2
(114).

In a streptozotocin (STZ)-induced mouse model of type 1 diabetes, mTORC1 hyperactivation
was observed in podocytes.Mice with monoallelic mTORC1 were also protected against an STZ-
induced experimental model of diabetic nephropathy by permitting autophagy (114). Mice with
hemizygous deletion of Raptor in podocytes on db/db background (Raptor+/−db/db) displayed re-
duced glomerular injury, foot process effacement, glomerular basementmembrane thickening, and
reduced proteinuria at 40 weeks of age relative to db/db mice (115). Taken together, these studies
suggest that mTORC1 activity is required for basal podocyte homeostasis, but excess mTORC1
activity may also contribute to podocyte dysfunction and aggravate pathological conditions such
as diabetic nephropathy, presumably by inhibiting autophagy (114).

In cultured podocytes, exposure to high glucose concentrations induced autophagy, as assessed
by increased autophagosome formation, LC3B-II accumulation, and Beclin-1 expression, which
were inhibited by the antioxidantN-acetyl-l-cysteine (116). These also promoted autophagic flux,
as determined by LC3B-II turnover assays (117). Genetic interference of Beclin-1 and LC3 in-
hibited autophagy and promoted podocyte apoptosis. These studies identified the stress response
protein heme oxygenase-1 (HO-1) as an effector of podocyte autophagy, via AMPK-dependent
Beclin-1 upregulation (118). Application of the mTOR inhibitor rapamycin improved proteinuria
in STZ-induced diabetic mice by inhibiting podocyte apoptosis and increasing autophagy (119).
In STZ-induced diabetic nephropathic mice, the chemical chaperone tauroursodeoxycholic acid
(TUDCA), which protects against ER stress, improved podocyte injury and reduced albuminuria
(108). TUDCA also ameliorated ER stress and promoted podocyte autophagy in vitro under high
glucose conditions (108).

The role of podocyte autophagy in diabetic nephropathy–associated proteinuria was also
investigated in a mouse model of high-fat diet–induced diabetic nephropathy. In this model,
podocyte-specific conditional deletion of Atg5 aggravated podocyte damage and glomeruloscle-
rosis, compromised the glomerular filtration barrier, increased proteinuria, and caused lysosomal
dysfunction.Atg5 deficiency also increased podocyte sensitivity to high glucose–induced apoptosis
(117, 120).The regulation of autophagy in the kidney vasculature may also influence susceptibility
to diabetic nephropathy. Endothelial cell–specific Atg5 deletion resulted in capillary rarefactions
and glomerular endothelial lesions with loss of fenestrations and accelerated progression of
diabetic nephropathy (117).

Emerging studies have revealed a crucial role for various histone deacetylases (HDACs) in
the regulation of autophagy in diabetic nephropathy (121). Histone deacetylase 4 (HDAC4) is
known to suppress podocyte-specific autophagy (122). In human studies,HDAC4 expression neg-
atively correlated with GFR and was highly expressed in podocytes from patients with diabetic
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nephropathy, whereas HDAC2 was highly expressed in renal tubules (123). Elevated HDAC4 was
also observed in kidney biopsies from FSGS patients (123). In vitro, treatments associated with
kidney injury, including TGF-β and high glucose conditions, promoted HDAC4 expression in
podocytes. Wang et al. (123) proposed a mechanism by which HDAC4 suppresses autophagy via
deacetylation and activation of STAT1, leading to proapoptotic signaling. Genetic interference of
HDAC4 ameliorated kidney dysfunction in diabetic rats.

The silent information regulator 2 homolog (sirtuin) family of class III NAD+-dependent
HDACs exerts pleiotropic effects that maymodulate the outcome of diabetic nephropathy, includ-
ing regulation of autophagy, inflammation, and apoptosis (124). Sirt1 is associated with protection
in age-related disorders, including diabetes (125). Sirt1 expression in kidney biopsies of diabetic
patients negatively correlated with proteinuria. In mice, genetic deletion of Sirt1 promoted pro-
teinuria, and aggravated glomerular lesions associated with diabetic nephropathy. Sirt1-dependent
renoprotection was also associated with the suppression of the tight junction protein claudin-1 in
podocytes (125).

In db/db diabetic mice, application of resveratrol, a Sirt1 activator and known autophagy in-
ducer, attenuated podocyte apoptosis and ameliorated diabetic nephropathy (112). In addition,
resveratrol induced autophagy in both db/db mice and human podocytes. Inhibition of autophagy
by 3-MA and Atg5 short hairpin RNA (shRNA) reversed the protective effects of resveratrol
on podocytes. Mechanistic studies suggested that resveratrol may regulate autophagy and inhibit
apoptosis in db/db mice and in podocytes by downregulating miR-383-5p (112). Administration
of resveratrol to STZ-induced diabetic rats also protected against proteinuria and kidney fibrosis
(126). In this model, increased expression of proangiogenic factors, vascular endothelial growth
factor (VEGF), Flk-1, and angiopoietin 2 was also reversed by administration of the Sirt1 activator
resveratrol. The regulatory effect of resveratrol on the expression of VEGF and other mediators
in cultured podocytes under high glucose conditions was abolished by genetic interference of Sirt1
(126).

The expression of Sirt6, another sirtuin family member, was reduced in kidney biopsies from
patients with podocytopathies and correlated with GFR. Podocyte-specific deletion of Sirt6 ex-
acerbated podocyte injury and proteinuria in two independent mouse models of podocytopathy
(STZ-induced diabetic nephropathy and adriamycin-induced nephropathy). Sirt6 negatively reg-
ulated Notch signaling by deacetylating histone H3K9, thereby inhibiting the transcription of
Notch1 and Notch4, and restored podocyte autophagy under high glucose conditions in vitro.
Sirt6 also reduced urokinase plasminogen activator receptor expression, which is implicated in
podocyte foot process effacement and proteinuria.Consistently, Sirt6 overexpression reduced pro-
teinuria by preserving podocyte function, reducing podocyte apoptosis, and increasing podocyte
autophagic flux in adriamycin-induced nephropathy (127). These studies suggest that Sirt6 is a
potential therapeutic target in proteinuric kidney disease (127).

Few studies have addressed the role of CMA in kidney disease. Diabetic nephropathy was as-
sociated with impaired CMA, as evidenced by decreased expression of CMA regulatory proteins
such as LAMP2A and increased abundance of CMA substrate proteins. Impaired CMA during
diabetic nephropathy may contribute to protein aggregation and renal hypertrophy (128).

Recent human biomarker studies reveal that the serum levels of the autophagy protein
Beclin-1 were reduced in patients with diabetic kidney disease. Serum Beclin-1 levels were related
to disease progression and correlated with albuminuria (129). However, the relationship between
serum Beclin-1 levels and autophagy activity in kidney or other systemic tissues remains unclear.

Taken together, these studies implicate impaired autophagy as a pathogenic mediator of dia-
betic nephropathy and suggest the utilization of compounds for the restitution or promotion of
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autophagy, including HDAC inhibitors and Sirt activators, as new possible therapeutic strategies
to treat diabetic nephropathy (113, 121, 130).

Cigarette Smoke/Chronic Obstructive Pulmonary Disease–Associated
Chronic Kidney Disease

Chronic obstructive pulmonary disease (COPD) represents a significant global healthcare bur-
den of disease, and although CKD is known to occur in patients with COPD, the relationship
between COPD and CKD has been largely underrecognized. Recent investigations have uncov-
ered the kidney as a target for injury and comorbidity associated with COPD and the role of
autophagy. Increased microalbuminuria, a marker of endothelial dysfunction, was previously re-
ported in COPD patients (131–132). A more recent National Heart, Lung, and Blood Institute
(NHLBI) pooled cohort study of 10,961 participants determined that albuminuria was associated
with accelerated decline in lung function and incident COPD (133). We reported that structural
renal lesions (i.e., injury to glomeruli, renal tubules, and interstitium) occurred with higher fre-
quency in patients with COPD than in control subjects and may be linked to increased endothelial
cell damage and increased tissue oxidative stress (134).

In a mouse model of experimental COPD, we demonstrated that chronic cigarette smoke
(CS) exposure (6 months) was associated with increased albuminuria and evidence of podocyte
foot process effacement, mild thickening of the glomerular basement membrane, and glomerular
endothelial cell injury (134). It was also associated with renal tubular injury and fibrosis with
increased collagen and fibronectin expression in kidney tissues (134, 135). Furthermore, mice
subjected to chronic CS exposure displayed increased urinary levels of neutrophil gelatinase-
associated lipocalin 2 (NGAL), a well-characterized kidney injury marker. Elevated markers
of oxidative stress in mouse kidneys, including nitrotyrosine and 8-oxo-2′-deoxyguanosine,
caused ultrastructural changes in mitochondria, including evidence of swelling and loss of cristae
definition (135). CS extract exposure also induced mitochondrial dysfunction in kidney proximal
tubular epithelial (HK-2) cells, includingmtROS production and loss of mitochondrial membrane
potential (135).

Prior evidence from mouse model studies suggested that autophagy and mitophagy may be
maladaptive in the context of chronic CS-induced lung pathophysiology. Genetic deficiencies of
key autophagy regulator proteins LC3B, Beclin-1, or PINK1 were associated with decreases in
either emphysema (LC3B, PINK1) or airway cilia dysfunction (Beclin-1, PINK1) (136–138).We
recently reported that chronic in vivo CS exposure increased autophagic activity in mouse kidneys
by determining autophagic flux measured using LC3B (substrate) turnover assays (135). Exposure
to CS extracts in vitro similarly increased autophagic flux in cultured HK-2 cells. Moreover, mice
with heterozygous deletion of Beclin-1 (Becn1+/−) were protected from kidney injury and kid-
ney fibrosis induced by CS exposure and exhibited impaired basal and inducible mitochondrial
turnover by mitophagy.We also found that CS exposure led to a progressive decrease in Beclin-1
expression in mouse kidneys and in cultured kidney tubular epithelial cells, associated with au-
tophagic flux, indicating a novel autophagy-dependent turnover of Beclin-1 (135). These results
suggest that Beclin-1 was initially required for CS-induced kidney injury and that progressive de-
cline of Beclin-1 expression may represent an adaptive response to confer renoprotection through
auto-attenuation of autophagy. These results identify the kidney as a target for CS-associated in-
jury in COPD and the Beclin-1-dependent autophagy pathway as a potential therapeutic target
in CKD. Interestingly, while autophagy has been shown to be largely renoprotective in various
injury models, in the context of both CS-induced lung and kidney injury, autophagy activation
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is deleterious. This underscores the notion that consequences of autophagy, whether adaptive or
maladaptive, occur in a context-specific fashion.

POLYCYSTIC KIDNEY DISEASE

Autosomal dominant polycystic kidney disease (ADPKD) is a common heritable human disease
that leads to renal failure. ADPKD arises from mutations in either PKD1 or PKD2, encod-
ing polycystin-1 and its interacting partner polycystin-2, respectively, which are cilia regulatory
proteins. ADPKD is associated with elevated mTOR activity, and consequently rapamycin was
shown to inhibit cyst expansion in animal models of ADPKD (139–140). However, a sex depen-
dency of rapamycin efficacy was also noted in a rat model of ADPKD (141). In mouse models
of ADPKD, increased autophagy markers (i.e., LC3B-II accumulation and Beclin-1 expression)
and autophagosome formation were found in cystic tubular cells, which correlated with HIF-1α
activation (142).

Recent studies have further elucidated the role of autophagy, a downstream pathway of
mTOR, as a therapeutic target for ADPKD. In zebrafish bearing a pkd1a mutation, a model
of ADPKD, these mutants displayed cystic kidneys as well as mTOR activation and impaired
kidney autophagic flux (143). In this model, inhibition of autophagy by genetic interference of
Atg5 promoted cystogenesis, while activation of autophagy using Beclin-1 peptide ameliorated
cyst formation. Treatment with rapamycin or mTOR-independent autophagy modulators car-
bamazepine and minoxidil also attenuated cyst formation and restored kidney function. These
results suggest the protective effect of autophagy in ADPKD and autophagy activation as a novel
therapeutic strategy for ADPKD.

KIDNEY CANCER

Autophagy can exert pleiotropic effects on the initiation and progression of cancer, as well as on
the potential effectiveness of therapeutic interventions in this disease. Monoallelic disruption of
the Becn1 gene on chromosome 17q21 occurs in 40–75% of human breast, ovarian, and prostate
tumors. Prior clinical studies have associated poor prognosis and aggressive tumor phenotypes
with aberrant expression of Beclin-1 in several types of tumor (20). In mice, homozygous dele-
tion of the Becn1 gene results in embryonic lethality, while monoallelic loss of Beclin-1 (Becn1+/−)
results in spontaneous tumorigenesis, identifying Beclin-1 as a haploinsufficient tumor suppres-
sor protein (144). Furthermore, frequent chromosomal aberrations of several autophagy genes,
including ATG5 and UVRAG, have been reported to occur in human cancers (11).

Autophagy may provide an anticarcinogenic function in primary cells by protecting against
metabolic stress through both the homeostatic turnover of mitochondria and the clearance of
protein aggregates. Genetic deletion of autophagy proteins causes mitochondrial dysfunction,
enhanced oxidative stress, and susceptibility to proinflammatory stimuli, conditions that permit
DNA damage leading to genetic instability (145).

In established tumors, autophagy may confer a survival advantage to tumor cells that are un-
der metabolic stress from a high proliferation rate and exposure to hypoxia (145). Autophagy may
either contribute to acquired tumor cell resistance to chemotherapeutics or facilitate chemother-
apeutic or radiation-induced cytotoxicity in apoptosis-resistant tumor cells. Additional rigorous
studies are needed to unravel the complex relationships between autophagy proteins and acquired
tumor resistance (145).

Few studies have examined the autophagy pathway in kidney cancer. Autophagy was found to
be downregulated in clear cell renal cell carcinomas (ccRCCs) compared with matched adjacent
tissue. Clinicopathologic analyses indicated that advanced or metastatic ccRCCs were associated
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with a lower expression of autophagy compared with localized ccRCCs (146). Stage, grade, and the
level of LC3-II expression were significant factors for prognosis. A low level of LC3B-II was asso-
ciated with poor prognosis of ccRCC (146). ccRCC is frequently associated with monoallelic loss
and/or mutation of ATG7, and the low expression level of autophagy genes correlates with ccRCC
progression. The protein levels of ATG7 and Beclin-1 are also reduced in ccRCC tumors (147).

VonHippel Lindau (VHL) expression is significantly decreased in high-gradeRCCs (148).The
expression levels of VHL and LC3B were inversely correlated with various tumor grades of RCC
tissues.VHLwas shown to bind to LC3B via its LIRmotif and thereby promote the ubiquitination
of LC3B, thus facilitating its lysosomal turnover. A prototype proteasome inhibitor MLN9708
upregulated autophagy and promoted RCC cell death under conditions of VHL deficiency (148).
An antitumor activity for autophagy in ccRCCwas also proposed via promoting the degradation of
HIF-2α, which required p62 and VHL. Impaired autophagy promoted proteasomal degradation
of HIF-2α and vice versa (148). Absent in melanoma 2 (AIM2), a tumor suppressor protein, was
also shown to exert antitumor activity by induction of autophagy in renal carcinoma cells and low
AIM2 expression was correlated with poor prognosis in RCC patients (149).

Autophagy inhibition in combination with mTOR inhibition may be a promising anticancer
regimen. Autophagy-modulating compounds such as everolimus (an mTOR inhibitor and au-
tophagy activator) and hydroxychloroquine (an autophagy inhibitor) have been recently tested
in Phase I/II clinical trials as a combination treatment for advanced RCC [NCT01510119
(https://clinicaltrials.gov)] based on preclinical studies showing synergistic cell death and tumor
regression with the combined use of mTOR inhibitor and autophagy inhibitor (150). The study
concluded feasibility as well as a >40% 6-month progression-free survival rate in the treatment
group, indicating that the study efficacy endpoint had been met (150). Further research will be
needed to leverage the therapeutic potential of targeting the autophagy pathway in kidney cancer.

SUMMARY

Autophagy, as a cellular homeostatic program, is regulated in acute and chronic kidney disor-
ders (Figure 3), providing cytoprotective functions in various kidney compartments, including
proximal and distal tubules and podocytes. Some reports also suggest that autophagy may be mal-
adaptive in a cell type–, disease- or model-specific fashion. Autophagy may confer renoprotection
during the pathogenesis of various kidney diseases through several possible mechanisms. These
include the removal of toxic protein aggregates, the maintenance of a stable mitochondrial pop-
ulation via removal of dysfunctional mitochondria, the inhibition of inflammation, the turnover
of ECM proteins, the inhibition of TGF-β-dependent fibrosis, and the maintenance of podocyte
structure and function.

The development of therapeutics targeting the autophagy pathway in kidney disease faces
challenges that are similar to those under consideration for diseases of other organs. Although
a number of compounds have been developed to modulate autophagy in experimental settings,
challenges remain in the development of lead compounds that would be suitable for clinical trials
and eventual therapeutic application in humans.

Intervention strategies to induce autophagy in various disease models have included mTORC1
inhibitors such as rapamycin and its analogs. Inhibitors of autophagy such as chloroquine or hy-
droxychloroquine alone or in combination with mTOR inhibitors have been explored for use as
therapies in cancer. Additional small molecules that modulate autophagy for potential therapeutic
application include targeting peptides, trehalose, histone deacetylase inhibitors, Sirt1 activators
such as resveratrol, and AMPK activators (e.g., metformin and vitamin D analogs) (19–20). An in-
creased understanding of the complex role of autophagy in the pathogenesis of acute and chronic
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Figure 3

Autophagy in kidney disease. Autophagy and selective autophagy (i.e., mitophagy, aggrephagy, etc.) can
modulate the pathogenesis of kidney diseases, including AKI and CKD. Autophagy can limit AKI and its
progression to CKD in response to various insults, including nephrotoxin exposure, sepsis, and I/R injury.
Autophagy may confer protection in AKI via multiple mechanisms, including the preservation of
mitochondrial function and the regulation of inflammation. In addition, autophagy may be protective in
various forms of CKD, including diabetic nephropathy and obstructive nephropathy, but deleterious in
cigarette smoke/COPD-associated kidney injury. Autophagy provides protection in CKD via regulation of
inflammation and inhibition of profibrotic processes, a hallmark of CKD. Additionally, autophagy may play
protective roles in ADPKD via regulation of cilia homeostasis, and in the prevention of cysts. Finally,
autophagy may play a role in kidney cancer by modulating tumor cell survival and sensitivity to therapeutic
agents. Abbreviations: ADPKD, autosomal dominant polycystic kidney disease; AKI, acute kidney injury;
CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; I/R, ischemia/reperfusion.

kidney disorders will hopefully further facilitate the translation of these discoveries to the devel-
opment of therapies in kidney diseases in the future.

SUMMARY POINTS

1. Autophagy is a cellular homeostatic program that facilitates the lysosomal turnover of
cellular constituents.

2. Autophagy can be induced in kidney tissues in models of kidney injury and disease.

3. Autophagy is generally protective in podocytes and renal tubular epithelial cells in re-
sponse to injurious stimuli and constitutes an adaptive response to injury.

4. Autophagy-deficient mice exhibit increased susceptibility to the development of pro-
teinuria and kidney fibrosis in preclinical models of CKD.

5. Autophagy provides protection in kidney disease potentially related to selective turnover
of mitochondria and proteins as well as anti-inflammatory and antifibrotic effects.
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6. Autophagy activation is deleterious in CS-induced kidney injury and thus consequences
of autophagy, whether adaptive or maladaptive, occur in a context-specific fashion.

7. Targeting the autophagy pathway may show considerable therapeutic potential in the
treatment andmanagement of kidney disorders, including AKI,CKD, and kidney cancer.
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