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Abstract

Acute kidney injury (AKI) is a major renal disease characterized by a sudden decrease in kidney
function. After AKI, the kidney has the ability to repair, but if the initial injury is severe the repair
may be incomplete or maladaptive and result in chronic kidney problems. Autophagy is a highly
conserved pathway to deliver intracellular contents to lysosomes for degradation. Autophagy
plays an important role in maintaining renal function and is involved in the pathogenesis of renal
diseases. Autophagy is activated in various forms of AKI and acts as a defense mechanism against
kidney cell injury and death. After AKI, autophagy is maintained at a relatively high level in kidney
tubule cells during maladaptive kidney repair but the role of autophagy in maladaptive kidney
repair has been controversial. Nonetheless, recent studies have demonstrated that autophagy may
contribute to maladaptive kidney repair after AKI by inducing tubular degeneration and promoting
a profibrotic phenotype in renal tubule cells. In this review, we analyze the role and regulation
of autophagy in kidney injury and repair and discuss the therapeutic strategies by targeting
autophagy.
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Highlights

* Autophagy is activated rapidly in renal tubular cells during AKI as an intrinsic protective mechanism.

* During AKI, autophagy protects renal tubules by maintaining cellular homeostasis including the clearance of damaged
mitochondria via mitophagy.

e After AKI, autophagy remains high in stressed renal tubules and contributes to maladaptive kidney repair and renal
fibrogenesis.

* During maladaptive kidney repair, persistent autophagy promotes a pro-fibrotic phenotype in renal tubular cells leading to
the production and secretion of pro-fibrotic cytokines for renal interstitial fibrosis.
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Background

Acute kidney injury (AKI) is a medical syndrome defined
by a sudden loss of kidney function, which has become a
common public health problem worldwide [1]. The common
causes of AKI include ischemic AKI, sepsis and nephrotoxins.
A characteristic pathological feature of AKI is renal tubular
injury and cell death [2,3]. After AKI, surviving tubular
cells have the capacity to regenerate and repair injured kid-
ney tubules. Complete kidney repair would result in fully
recovered renal tubules and renal function. However, if the
initial injury is too severe, the repair may be incomplete
or maladaptive. Maladaptive kidney repair is characterized
by tubular atrophy and degeneration, chronic inflammation,
interstitial fibrosis and possible progressive decrease of renal
function (chronic kidney disease) [4-10]. The development
of AKI and maladaptive kidney repair is a multifactorial
process involving virtually all parenchymal and mesenchymal
cell types in the kidney and various molecular mediators and
signaling pathways.

Autophagy is a highly conserved pathway for the
delivery of cytoplasmic contents to lysosomes for degrada-
tion. Autophagy degradation substrates include damaged
organelles, protein aggregates and other macromolecules
within cells. According to the pathway of degradation,
autophagy is broadly classified into three categories:
macroautophagy (hereafter termed ‘autophagy’), microau-
tophagy and chaperone-mediated autophagy. Autophagy
is a dynamic and continuous process involving initiation,
nucleation, expansion, fusion and degradation. Although
autophagy was originally thought to be regulated by
nutrient/energy-sensing pathways, including mammalian
target of rapamycin (mTOR), AMP-activated protein kinases
(AMPK) and sirtuins (SIRTs), now autophagy is well known
to be induced by a variety of cellular stresses such as
intracellular reactive oxygen species (ROS), endoplasmic
reticulum (ER) stress, hypoxia, DNA damage and immune
signaling [11-17].

Since the first reports about autophagy in AKI [18,19],
numerous studies have shown that autophagy is activated
in AKI as an intrinsic protective mechanism. After AKI,
autophagy also plays a key role in kidney repair. This review
analyzes recent understanding of the role and regulation of
autophagy in kidney injury and repair.

Review

Autophagy in AKI

The first evidence of autophagy activation in AKI was
reported in 2008 in a model of cisplatin-induced acute
nephrotoxocity [18,19]. Subsequent research further demon-
strated autophagy activation in renal tubule cells in other
types of AKI including renal ischemia/reperfusion injury
and septic or endotoxic AKI [20-22]. Despite initial debate
regarding the role of autophagy in AKI, three studies
published in 2012 proved unequivocally that autophagy

plays a protective role against tubular damage in AKI
[21-23]. Consistently, these studies demonstrated that
autophagy deficiency in kidney tubules exaggerates both
ischemic and nephrotoxic AKI in mice. During the acute
phase of injury, autophagy is activated to remove damaged
mitochondria and toxic DNA/protein aggregates to protect
cells by cooperating with other stress response mechanisms,
such as oxidative stress, inflammatory responses and ER
stress. The role and regulation of autophagy in different
etiologies of AKI are presented in detail below (Figure 1).

Autophagy in renal ischemic AKI

Ischemic AKI is a leading cause of AKI and delayed recovery
of renal function after kidney transplantation [24,25]. The
changes in autophagy in ischemic AKI may vary depend-
ing on the models or experimental conditions. Autophagy
was shown to be inhibited during ischemic AKI in a cou-
ple of studies [26,27], but the majority of studies demon-
strated autophagy activation in ischemic AKI [20,23,28]. It
has been suggested that the severity of ischemic AKI may
determine whether autophagy is suppressed or activated. In
rats, decreased autophagy and activation of mTOR may be
associated with impairment of renal function in mild ischemic
AKI, whereas autophagy was activated in severe ischemic AKI
[27]. Functionally, specific knockout of autophagy-related
genes (ATG) from kidney tubules led to autophagy defi-
ciency in kidneys, which exaggerated ischemic AKI [21,23].
Moreover, pharmacological inhibitors of autophagy, includ-
ing 3-methylpurine and chloroquine, enhanced kidney dam-
age in ischemic AKI, whereas rapamycin (an mTOR inhibitor)
activated autophagy and attenuated ischemic AKI [23,29].
Together, these observations indicate that autophagy acts as
a cellular defense or protective mechanism against ischemic
AKI, a conclusion that is consistent with the initial studies
reporting autophagy in AKI [18,19]. These findings support
the therapeutic potential of autophagy activation for the
treatment of ischemic AKI.

In ischemic AKI, autophagy can be activated through
various pathways, including the activation of autophagy reg-
ulatory pathways such as AMPK, SIRT1 and Beclin1 [30-32].
In addition, autophagy may interact with ER stress, hypoxia-
inducible factor-1a (HIF-1a) and inflammatory responses in
ischemic AKI. During the treatment of renal tubular cells
with oxidants and chemical hypoxia, ER stress can promote
the activation of autophagy, and inhibition of autophagy
with chloroquine can aggravate cell death [33]. Lipoprotein-2
(Lcn2)-deficient mice have impaired renal function and atten-
uated autophagy in ischemic AKI. Recombinant Lcn2 atten-
uated hypoxia-induced apoptosis of renal proximal tubular
cells and activation of NF-«B subunit p65 in vitro, and down-
regulation of HIF-1a attenuated autophagy activation and
inhibition of apoptosis by Len2 [34]. These studies suggest
that ischemia-hypoxic injury may activate autophagy in kid-
neys through direct and indirect effects, thereby maintaining
cellular homeostasis under the stress condition.
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Figure 1. Overview of autophagy in acute kidney injury and subsequent kidney repair Akt AKT serine/threonine kinase, AMPK AMP-activated protein kinases, ER
endoplasmic reticulum, mTOR mammalian target of rapamycin, PI3K phosphoinositide 3-kinase, SIRT3 sirtuin-3, TLR2 toll-like receptors 2, IFN- y interferon-y,
PKC § protein kinase C §, PERK endoplasmic reticulum kinase, CKD chronic kidney disease

Autophagy in cisplatin-induced nephrotoxicity

Cisplatin is a broad-spectrum chemotherapy drug commonly
used for the treatment of solid tumors but it has obvious toxic
effects on the kidneys and often leads to AKI. Clinically, ~20-
35% of the cancer patients receiving cisplatin develop AKI
within days, which is one of the main reasons for limiting the
use of cisplatin. The main damage site of cisplatin in the kid-
ney is the proximal tubules, involving a variety of molecules
and mechanisms, such as ROS-mediated signal transduction
pathways, DNA damage, mitochondrial dysfunction, inflam-
mation, ER stress and autophagy [23,35-39]. Multiple path-
ways mediate cellular damage by acting individually or inter-
secting with each other. Among them, autophagy plays an
important regulatory role. In 2008, we reported that cisplatin
treatment induced a rapid activation of autophagy in cultured
rat kidney proximal tubular cells [18]. Similar results were
shown by Kaushal and colleagues [19]. We further detected
the formation of autophagosomes in mouse kidneys after
acute cisplatin nephrotoxicity [18]. Importantly, inhibition
of autophagy pharmacologically or genetically enhanced rat
kidney proximal tubular cell apoptosis during cisplatin treat-
ment [18,19], suggesting a protective role of autophagy in
cisplatin-induced AKI. To further prove the role of autophagy
in vivo, we and others established autophagy-deficient mouse
models in which autophagy-related genes were knocked out
from kidney tubule cells and found that these mice suffered

more severe AKI after cisplatin treatment [22,23]. Mechanis-
tically, we showed these autophagy-deficient mice had signif-
icantly more damaged mitochondria, ROS in the cytoplasm,
pS53 and activation of stress kinases such as c-Jun N-terminal
kinases [23]. These results suggest that autophagy is activated
in renal tubular cells as an intrinsic protective mechanism to
counteract AKI by clearing damaged mitochondria and toxic
DNA/protein aggregates.

The mechanism of autophagy activation during cisplatin-
induced AKI remains poorly understood. It has been reported
that cisplatin increases intrarenal interferon-y (IFN-y) in
mice, which may accelerate autophagic flux to combat
kidney injury [40]. In this regard, CD3(+) T cells and Ly-
6G neutrophils were shown to be the primary sources of
IFN-y. Toll-like receptors are an important part of the innate
immune response. Cisplatin treatment may activate toll-like
receptors 2 in renal tubular cells, which further activates
autophagy via the phosphorylate phosphoinositide 3-kinase
(PI3K)/AKT serine/threonine kinase (Akt) signaling pathway
to protect against cisplatin-induced AKI [41]. Cisplatin-
induced intrarenal inflammation can also participate in
the response through autophagy. In addition, the major
regulators of autophagy, especially AMPK and mTOR, have
been implicated in autophagy activation during cisplatin-
induced AKI [42]. Interestingly, cisplatin treatment may
also activate autophagy suppressive signaling pathways. For
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example, protein kinase C § (PKC §) is activated during
cisplatin treatment of renal tubular cells as well as mice,
and upon activation PKC § can phosphorylate and activate
Akt, which further activates mTOR to suppress autophagy.
Therefore, multiple regulatory mechanisms are involved in
autophagy activation during cisplatin-induced AKI.

Autophagy in septic AKI

Sepsis is a syndrome characterized by a robust systemic
inflammatory response to infection accompanied by organ
failure, and the kidney is a vital target organ of sepsis.
AKIT occurs in ~50% of sepsis patients and is associated
with 40% of intensive care unit mortality [43,44]. Sepsis
causes renal vasoconstriction and ischemia or decreased
renal tissue perfusion, and decreased glomerular filtration
rate, leading to a rapid decline in renal function. In addition,
it has been suggested that during sepsis, the whole body’s
blood is full of cytokines, chemokines and complement
fragments. During renal filtration, these molecules act in the
ultrafiltrate on the surface of the tubule lumen, causing toxic
effects on tubular cells [45]. Autophagy has been reported
to have marked changes in sepsis-induced AKI. There is
a report that autophagy was inhibited at the early time-
point of 4 h in lipopolysaccharide (LPS)-induced endotoxic
AKI in rats [46]. However, our 2016 study demonstrated a
dynamic change of autophagy in LPS-induced AKI in mice.
Specifically, autophagy increased at 8 h, peaked after 24 h
and then gradually decreased to basal levels in kidney tubule
cells after LPS injection in mice [47]. Also LPS may affect
autophagy dose-dependently. For example, in mouse heart
cells, LPS induced autophagy at low concentrations but
inhibited autophagy at high levels [48]. The inhibition of
autophagy by a high concentration of LPS may be related
to the activation of mTOR signaling [48]. After the cells
are severely injured, the anabolism in the cytoplasm may
be mobilized, accompanied by mTOR activation, which
inhibits autophagy. Autophagy has also been examined in
the sepsis model of cecal ligation and puncture (CLP) in
rats, where autophagy was significantly activated 6-8 h
after CLP, but the level of autophagy was also significantly
decreased at 24 h [49], which is consistent with our
observation of the dynamic changes in autophagy during LPS
treatment [47].

We showed that pharmacological inhibition of autophagy
worsened LPS-induced AKI in mice. Moreover, LPS induced
more severe AKI in renal tubule autophagy-deficient mice
[47], suggesting a protective role of tubular autophagy in
septic AKI. Consistently, rapamycin activated autophagy
and attenuated renal injury in CLP-treated rats [49]. Also
dexmedetomidine can activate autophagy through the
PI3K/AKT/mTOR pathway to protect against sepsis-induced
kidney injury [46]. SIRT3 can activate autophagy and protect
CLP by up-regulating p-AMPK- and down-regulating p-
mTOR-induced AKI, while SIRT1 exerts renal protection
by upregulating autophagy through deacetylating Beclinl

[50,51]. In conclusion, there is compelling evidence for the
protective role of autophagy in septic AKI.

Mitophagy as a major mechanism in the protective
effect of autophagy in AKI

Autophagy can engulf a portion of cytoplasm randomly in
a ‘non-selective’ fashion, but it can also specifically recognize
and take up a particular cargo for degradation in a way called
selective autophagy [52]. Mitophagy is an important form
of selective autophagy that selectively removes excess and
defective mitochondria. Research in recent years has proved
mitophagy to be a major mechanism underlying the protective
effect of autophagy in AKI [53,54]. Mitophagy is mainly
mediated by LC3-associated autophagy receptors via ubiqui-
tin (Ub)-dependent and Ub-independent pathways. In the Ub-
dependent pathway, PTEN-induced kinase 1 (PINK1) recruits
the E3 ubiquitin ligase Parkin to mitochondria, which ubiqui-
tylates mitochondrial proteins for recognition by mitophagy
receptors. In the Ub-independent pathway, mitophagy recep-
tors, such as BCL2-interacting protein 3 (BNIP3) and FUN14
domain-containing protein 1 (FUNDC1), are induced on the
mitochondrial outer membrane to link the target mitochon-
dria to autophagosomes.

We and others detected significant mitophagy activation
in AKI from various etiologies, including ischemia, sepsis
and nephrotoxicity, by cisplatin and contrast agents [55-
58]. Functionally, activation of mitophagy in AKI was
partially abrogated in PINK1 and/or Parkin knockout mice,
and the lack of PINK1/Parkin RBR E3 ubiquitin protein
ligase (PARK2)-dependent mitophagy led to aggravation of
kidney injury [55,56,59]. In cisplatin-treated HK-2 human
renal proximal tubular cells i wvitro, overexpression of
PINK1 and PARK2 attenuated cell apoptosis by inducing
mitophagy, providing further support for the protective role
of PINK/PARK2-dependent mitophagy [60]. Ub-independent
mitophagy has also been shown in AKI In this regard,
we reported that Bnip3-deficincey reduced mitophagy in
both in vivo and in vitro models of ischemic AKI, which
resulted in the accumulation of damaged mitochondria and
increased production of ROS, accompanied by exaggerated
kidney damage [61]. Conversely, adenovirus-mediated
overexpression of BNIP3 significantly enhanced mitophagy
and prevented kidney injury [62]. Ischemic preconditioning
(IPC) is known to have protective effects against subsequent
injury, which was recently shown to involve the clearance
of damaged mitochondria via mitophagy [63]. Subsequent
work showed that IPC-mediated protection was diminished
in proximal tubule-specific FUNDC1 knockdown mice,
suggesting a critical role of Fundcl-mediated mitophagy
in the protective effect of IPC [64]. Together, these studies
indicate that mitophagy contributes critically to the protective
effects of autophagy in AKI.

Damaged mitochondria are not only low in function but
release cell death promoting factors such as cytochrome c,
which induce the formation of apoptosomes for caspase
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activation with subsequent apoptosis. In addition, damaged
mitochondria generate excessive, cytotoxic ROS. Consis-
tently, in sepsis-induced AKI, mitophagy protected against
kidney injury by inhibiting mitochondrial dysfunction and
activating the NLRP3 inflammasome [58]. In contrast-
induced AKI, Pink1/Parkin-mediated mitophagy prevented
tubular apoptosis and tissue injury by reducing mitochondrial
ROS and subsequent NLRP3 inflammasome activation [58].
In addition, mitophagy may contribute to the protective
effects of inhibiting the NLRP3 inflammasome in contrast-
induced AKI [65]. In conclusion, mitophagy protects by
removing damaged mitochondria and the associated release
or production of toxic molecules and inflammation.

Autophagy in kidney repair

After AKI, the kidney has the capacity to repair the injured
tubules. However, if the initial damage is too severe or persis-
tent, tubular repair may be maladaptive and characterized by
cell cycle arrest, cell death, senescence and continuous inflam-
matory response, leading to tubular atrophy and degradation,
renal interstitial fibrosis and a decline in kidney function.
Autophagy has been implicated in maladaptive kidney repair,
but it has been controversial as to whether autophagy pre-
vents or promotes maladaptive repair. Several studies support
that autophagy still serves as a protective mechanism to
scavenge overproduced collagens, reduce oxidative stress and
inhibit endothelial-to-mesenchymal transition, and as a result,
to prevent renal fibrosis [66-68]. However, other studies
have found that sustained activation of autophagy during
kidney repair promotes a pro-fibrotic phenotype in kidney
tubular cells including senescence and the secretion of pro-
inflammatory and pro-fibrotic cytokines [69-71]. Therefore,
the role and regulation of autophagy in maladaptive kid-
ney repair may vary in different animal models and disease
courses (Figure 1).

Autophagy in kidney repair after ischemic AKI

The role of autophagy in kidney repair after ischemic AKI has
been hotly debated. On the one hand, autophagy has been
shown to reduce oxidative stress and accumulation of Colla-
gen I to suppress renal fibrosis [72,73]. After ischemic AKI,
HIF-1 is significantly activated and can act as a transcription
factor to activate factor forkhead box O-3, which was sug-
gested to reduce fibrosis by maintaining autophagy in tubule
cells [72]. It has also been shown that aKlotho-overexpressing
mice have higher autophagic flux after ischemic AKI than het-
erozygous aKlotho-hypomorphic mice, which protects kid-
ney cells from oxidative stress damage and Collagen T accu-
mulation by upregulating autophagy, thereby reducing the
degree of renal fibrosis [73]. On the other hand, contin-
uous activation of autophagy after ischemic AKI can pro-
mote the process of renal fibrosis by promoting a secretory,
pro-fibrotic phenotype in kidney tubule cells. Mice with
autophagy-related gene 5 (Atg$5) knockout from proximal

tubules had significantly lower levels of tubular senescence
and interstitial fibrosis 30 days after ischemic AKI than
wild type mice [74]. Our recent work [70] further veri-
fied the role of autophagy in maladaptive kidney repair
by using an inducible kidney tubule Atg7-knockout mouse
model. In this model, tubular autophagy deficiency after
initial ischemic AKI prevented the development of the pro-
fibrotic phenotype in kidney tubule cells, including tubular
degeneration, senescence and G2/M cell cycle arrest, and
as a result, suppressed renal fibrosis. Importantly, persistent
autophagy in kidney tubules was shown to specifically induce
the expression and secretion of fibroblast growth factor 2,
which acts as a paracrine factor to stimulate interstitial
fibroblasts for renal fibrogenesis in post-AKI kidneys [70].
In line with these findings, Canaud et al. demonstrated the
formation of mTOR-autophagy spatial coupling compart-
ment in post-ischemic kidneys, which led to the production
of various pro-fibrotic factors to promote renal fibrosis and
maladaptive kidney repair [69]. In addition, Kim et al. showed
that at 28 days after ischemic AKI, farnesoid X receptor
knockout mice exhibited increased renal autophagic flux and
higher levels of fibrosis-related proteins and ROS than wild-
type mice, which may result from kidney cell death due to
persistent excessive autophagy [75]. In conclusion, despite
some controversies, recent studies demonstrate that persistent
autophagy in post-ischemic kidneys promotes maladaptive
kidney repair and renal fibrosis mainly by inducing tubular
degeneration and a pro-fibrotic secretory phenotype in renal
tubule cells.

Autophagy in kidney repair after cisplatin
nephrotoxicity

One injection of a high dose of cisplatin has been used to
study acute nephrotoxicity of cisplatin, however it induces
significant animal death, preventing the investigation of long-
term effects or maladaptive repair in kidneys. In 2011, we
established a model of repeated low-dose cisplatin treat-
ment (RLDC) in mice [76], which allowed long-term animal
survival. This model was adopted or modified for inves-
tigating maladaptive kidney repair after cisplatin nephro-
toxicity [77-80]. We and the Siskind lab investigated the
role of autophagy in maladaptive kidney repair after RLDC
treatment in mice [71,81]. In both studies, pharmacolog-
ical inhibitors of autophagy given after RLDC treatment
improved kidney function and reduced renal fibrosis. We
further showed that autophagy inhibition attenuated RLDC-
induced secretion of pro-fibrotic factors in cultured renal
tubular cells in vitro [71]. Shi et al. recently examined the
effects of Beclinl (Atg 6) and Beclinl peptide on AKI and
subsequent kidney repair. In their study, the mice with high
Beclin1 had higher autophagic flux and less renal intersti-
tial fibrosis during the repair stage of cisplatin nephrotox-
icity, suggesting that Beclinl and related autophagy may
suppress renal fibrosis and improve kidney repair [82]. It
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is noteworthy that Beclinl had notable protective effects
against initial kidney injury in this study, which was likely
to account for the observed effects on kidney repair. In
addition, Beclinl is a B-cell lymphoma 2 family protein that
affects cell death in AKI and kidney repair and therefore the
observed effects of Beclinl or its mimic peptide may not be
autophagy-dependent. Regardless, it is currently appreciated
that autophagy contributes to maladaptive kidney repair
and fibrogenesis after cisplatin nephrotoxicity, leading to the
development of chronic kidney problems.

Conclusions

Autophagy is activated during AKI as an adaptive response
in renal tubule cells. Activated autophagy helps the cells
remove damaged organelles and toxic protein aggregates to
maintain cellular homeostasis, viability and function. Thera-
peutically, enhancing the activity of autophagy may protect
kidneys against AKI. The beneficial effects of autophagy
inducers, such as rapamycin, trehalose and resveratrol, have
been demonstrated in AKI models. After AKI, autophagy
decreases, but if the initial injury is severe, autophagy may
be maintained at a relatively high level during maladap-
tive kidney repair. The role of autophagy in maladaptive
kidney repair has been debated for some time. However,
several recent studies have provided evidence that persis-
tent autophagy after AKI may promote maladaptive kidney
repair by inducing tubular degeneration and a pro-fibrotic
phenotype in tubular cells for renal fibrosis, associated with
the decline of renal function. Currently, neither autophagy
activators nor its inhibitors have been tested for clinical
application for AKI treatment or improving kidney repair.
The main reason is that it is hard to determine when to
activate autophagy. We wish to activate autophagy before
AKI or during the early stage of AKI, but clinically, injury and
repair phases are not easy to separate. In addition, autophagy
is a dynamic process, and the initiation, progression and
completion of autophagy require the coordination of multiple
signaling pathways in cells. Using an activator or inhibitor
of a pathway alone may have off-target effects on other
biological processes. For example, rapamycin can activate
autophagy and protect against AKI but it may also prevent
tubular cell proliferation and kidney repair. Future work
should identify specific activators and inhibitors of autophagy
for therapeutic use.
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