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Abstract

Significance: Autophagy is emerging as an important pathway in many biological processes and diseases. This
review summarizes the current progress on the role of autophagy in renal physiology and pathology. Recent
Advances: Studies from renal cells in culture, human kidney tissues, and experimental animal models implicate
that autophagy regulates many critical aspects of normal and disease conditions in the kidney, such as diabetic
nephropathy and other glomerular diseases, tubular injuries, kidney development and aging, cancer, and genetic
diseases associated with the kidney. Critical Issues: The importance of autophagy in the kidney has just started
to be elucidated. How the process of autophagy is altered in the pathogenesis of kidney diseases and how this
alteration is beneficial or detrimental to kidney functions still need to be fully understood. Future Directions:
Investigations that uncover the precise mechanism and regulation of autophagy in various kidney diseases may

lead to new strategies for therapeutic modulation. Antioxid. Redox Signal. 20, 519-537.

Introduction

AUTOPHAGY is a tightly regulated system in which the
endogenous cellular protein aggregates and damaged
organelles are degraded via the lysosomal pathway. Autop-
hagy was originally known as a catabolic process to provide
nutrients and energy to cells under starvation through re-
cycling of endogenous materials. Recently emerging body of
evidence indicates that autophagy plays important roles in
many biological processes and diseases, including immunity
and autoimmunity, inflammation, development and aging,
neurodegenerative diseases, and cancer.

There are three types of autophagy, namely macro-
autophagy, microautophagy and chaperone-mediated autop-
hagy (CMA) (Fig. 1). Macroautophagy, generally referred
simply as autophagy, is the most studied and the major type of
autophagy discussed in this review. Autophagy initiates with
the formation of autophagophores around substances which
will be sequestered. Autophagophores elongate and expand,
and finally form double-membrane vacuoles, called autopha-
gosomes with sequestered materials inside. Subsequently,
outer membranes of autophagosomes fuse with lysosomes or
endosomes to form single-membrane autolysosomes, which
contain lysosomal enzymes to digest the enclosed substrates.
Autophagy is a multiple-step process involving many proteins
complexes. The UNC-51-like kinase (ULK) complex (ULK1/2-
Atg13-FIP200-Atg101) is responsible for autophagy initiation,

the class III phosphoinositide-3 kinase (PI3K) complex (Vps34-
Vps15-Beclinl-Barkor) for vesicle nucleation and phagophore
formation, followed by Atgl2-Atg5-Atgl6L complex and lipi-
dated LC3 (LC3-II) for elongation and closure of membrane to
form an autophagosome (19, 47, 101). Autophagic flux refers to
the entire autophagic process, including the formation of au-
tophagosomes and delivery of cargo to lysosomes via fusion
and subsequent degradation (Fig. 1A). LC3-II has been fre-
quently used as a marker to assess autophagy. However, given
that autophagy represents a dynamic process, the assessment
of autophagic activity requires coordinate use of different
methods for monitoring autophagy. Guidelines for the use and
interpretation of the methods for monitoring autophagy are
discussed in detail in a recent review by Klionsky et al. (43). In
contrast to autophagy, substrates of microautophagy are en-
gulfed by direct invagination of the lysosomal membranes into
tubulovesicular structures, without the formation of autopha-
gosomes, and are degraded (53) (Fig. 1B). In CMA, proteins
containing KFERQ motif are selectively recognized by the cy-
tosolic chaperone, heat shock cognate protein of 70 kDa (hsc70),
and in turn, the hsc70/substrate protein complex binds to the
lysosomal membrane via lysosome-associated membrane pro-
tein 2A (LAMP-2A), leading to unfolding of the substrate and
translocation inside the lysosome for subsequent degradation
(34) (Fig. 1C).

Research into the role of autophagy in kidney physiology
and pathology remains still a largely understudied field. We
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FIG. 1. Schematic illustration of the mo-
lecular process of autophagy. (A) Macro-
autophagy (generally referred as autophagy)
sequesters and degrades cellular organelles
and protein aggregates through the sequential
formation of autophagophores, autophago-
somes and autolysosomes. (B) Microauto-
phagy degrades cellular organelles and
protein aggregates by direct lysosomal en-
gulfment. (C) CMA selectively degrades pro-
teins containing KFERQ motif through the
cooperation of heat shock cognate protein of
70kDa (hsc70) and LAMP-2A. CMA, chaper-
one-mediated autophagy, LAMP, lysosome-
associated membrane protein. To see this
illustration in color, the reader is referred to
the web version of this article at www
Jiebertpub.com/ars
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are just beginning to appreciate the complexity of the autop-
hagic pathway owing to a growing body of evidence impli-
cating the importance of autophagy in both the maintenance
of kidney homeostasis and disease pathogenesis. Much of the
current insight stems from research in renal cells in culture,
human kidney tissues, and experimental animal models.
These will be discussed in this review. The regulation and
function of autophagy is likely cell type and context specific.
Here, we will focus on studies in three resident renal cell
types, glomerular mesangial cells, and podocytes, which
participate in the vital functions of glomerular filtration, and
renal tubular epithelial cells (Fig. 2). These highly specialized
cell types are targets of many forms of kidney injury and
diseases, and highlighted in this review include acute kidney
injury (AKI), diabetic nephropathy and other glomerular
diseases and renal fibrosis, tubular injury, oxidative stress,
cancer, and genetic diseases associated with the kidney, as
well as kidney development and aging.

Autophagy in Glomerular Mesangial Cells

Glomerular mesangial cells are specialized contractile
pericytes, unique to the kidney, and located in the cen-
trilobular region called the mesangium, providing structural
support for the glomerular tuft as well as forming a functional
unit, together with adjacent glomerular capillary endothelial
cells and podocytes, to regulate glomerular filtration. Me-
sangial cells also function as the primary producer of the ex-
tracellular matrix that constitutes the mesangium, and are
important in maintenance of mesangial matrix homeostasis.
They are also major targets of a number of glomerular dis-
eases, such as IgA nephropathy and diabetic nephropathy. In
response to injury and progressive kidney disease, mesangial

cells proliferate, and produce excessive extracellular matrix,
leading to the development of glomerulosclerosis and kidney
fibrosis.

The role of autophagy in mesangial cells was not recog-
nized, until very recently. To date, there have been few studies
examining autophagy in mesangial cells. Wang and col-
leagues reported that autophagy is induced in mesangial cells
following exposure to the heavy metal cadmium, an envi-
ronmental toxin which accumulates in the kidneys and causes
nephrotoxicity (91). They noted that cadmium induced both
autophagy and apoptosis in mesangial cells. However,
pharmacological blockade of autophagy resulted in increased
cell viability without affecting apoptosis, suggesting that au-
tophagy plays a role in cell death in mesangial cells exposed to
cadmium. Moreover, cadmium induced autophagic cell death
through a calcium-extracellular signal-regulated kinase de-
pendent pathway (91) and, in part, through increased reactive
oxygen species (ROS) production and activation of glycogen
synthase kinase-3 (GSK-3f) to stimulate autophagy in me-
sangial cells (92) (Fig. 3A).

Hence, autophagy can lead to cell death in response to
stress. Excessive autophagic activity leads to type II pro-
grammed cell death that is morphologically distinct from
apoptosis, or type I programmed cell death. Autophagy can
also serve as a protective mechanism against cell death during
nutrient deprivation, and cells undergo apoptotic cell death
when autophagy is blocked. Thus, autophagy can have op-
posing effects on cell survival, and the functional role of au-
tophagy may depend on the specific stimulus and context. We
recently reported that autophagy contributed to survival of
mesangial cells. Under the condition of serum deprivation,
autophagy was induced by transforming growth factor-f§ 1
(TGF-f1) in mesangial cells, and autophagy enhanced cell
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FIG. 2. Structure of the glomerulus and proximal tubule.
The resident renal cells and components of the glomerulus
and proximal tubule are shown. Approximately 180 L of renal
plasma is filtered by the glomerulus daily. Filtration begins
with the glomerular endothelial cells which functions as part of
the glomerular filtration unit (see inset), that also includes the
glomerular basement membrane and the podocytes with foot
processes, between which are proteins comprising the slit di-
aphragm. The resultant filtrate from glomerulus flows through
the tubules with reabsorption and secretion of ions, carbon-
hydrates, amino acids, and eventual elimination of urine. Un-
der normal condition, the ultrafiltrate is virtually free of plasma
protein. To see this illustration in color, the reader is referred to
the web version of this article at www.liebertpub.com/ars

survival by inhibiting mesangial cells from undergoing apo-
ptosis (17). Both transient knockdown of LC3 by siRNA and
LC3 gene deletion (LC3™/7) in mesangial cells abrogated
TGF-f1 rescue from serum deprivation-induced apoptosis.
TGF-f1 also enhanced cell cycle progression under serum

FIG. 3. Autophagy in glo-
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deprivation conditions through up-regulation of cyclin D1
and E, while downregulating cyclin-dependent kinase inhib-
itor p27, to promote mesangial cell survival. We also showed
that the induction of autophagy by TGF-f1 in mesangial cells
was mediated via TGF-f-activated kinase 1 (TAK1) and the
PI3K-Akt dependent pathway (17) (Fig. 3B). These findings
provide support for the cytoprotective role of autophagy in
mesangial cells.

The balance between synthesis and degradation of me-
sangial matrix is crucial for the maintenance of tissue ho-
meostasis. Mesangial cells produce and regulate turnover of
its extracellular matrix. Collagens are the main components of
the glomerular mesangium and type I collagen (Col-I) pro-
duced by mesangial cells is the major type associated with
disease states. Our recent studies unveiled a novel role of
autophagy in negatively regulating the matrix production in
mesangial cells by promoting the degradation of intracellular
Col-I (38). In the kidneys of mice deficient in autophagic
protein Beclin 1, through heterozygous deletion of beclin 1
(beclin 1%/7), there was significantly increased collagen de-
position compared to littermate controls. Mesangial cells
isolated from beclin 1%/~ mice or transfected with Beclin 1
siRNA expressed higher basal level of Col-I, and treatment
with autophagy inhibitor Bafilomycin Al, but not proteasome
inhibitor MG132, increased Col-I protein levels which colo-
calized with LC3 as well as lysosomal marker LAMP-1. Ac-
cordingly, treatment with trifluoperazine, an inducer of
autophagy, resulted in decreased Col-I protein levels induced
by TGEF-f1, without alterations in Col-I «1 mRNA (Fig. 3C).
Our studies also confirmed that Col-I and aggregated, insol-
uble procollagen I undergo intracellular degradation through
autophagy (38).

We also explored the role of autophagy in reducing Col-I
expression by treatment with low-dose carbon monoxide
(CO) which we had previously shown to exert antifibrotic
effects in a model of kidney fibrosis induced by unilateral
ureteral obstruction (UUO) (89). These studies demonstrated
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that CO induced autophagy in the kidneys of mice exposed to
low-dose CO and in mesangial cells treated with CO-releasing
molecule 2 (CORM-2) (38). Treatment with CORM-2 in wild-
type mesangial cells also reduced Col-I protein stimulated by
TGEF-fi1, whereas these CORM-2 effects were abrogated in
autophagy-deficient beclin 17/~ mesangial cells, suggesting
that CO suppresses accumulation Col-I protein induced by
TGEF-f1, at least, in part, through induction of autophagy
(Fig. 3C).

Interestingly, our investigation also showed that TGF-f1
induced autophagy in mesangial cells, and this was mediated
via the mitogen-activated protein kinase kinase 3 (MKK3)
signaling pathway. TGF-f1 is well-known as an inducer of
collagen synthesis, and we previously demonstrated the im-
portance of TAK1-MKK3-p38 signaling in TGF-f1-induced
collagen production in mesangial cells (37, 90), indicating
the vital role of this signaling cascade in controlling the level
of Col-I in mesangial cells (Fig. 3C). TGF-f1 is a prototypic
multifunctional cytokine. The dual functions of TGF-f1,
as both an inducer of Col-I synthesis and an inducer of au-
tophagy and Col-I degradation, underscore the multi-
functionality of TGF-f1.

In summary, these studies suggest that autophagy may
constitute an adaptive mechanism to glomerular injury by
inhibiting apoptosis and promoting mesangial cell survival.
The findings also implicate a novel role of autophagy as a
cytoprotective mechanism to negatively regulate and prevent
excess collagen accumulation in the glomeruli, and hold
promise of a new therapeutic target to mitigate pathogenesis
of glomerulosclerosis and prevent kidney fibrosis. Indeed,
further research in the future is needed to help to broaden
and deepen our understanding of the role of autophagy in
mesangial cells.

Autophagy in Podocytes

Podocytes are highly differentiated epithelial cells lining
the outer aspect of the glomerular basement membrane, and
have characteristic foot processes that interdigitate with foot
processes of adjacent podocytes. Filtration slits are formed
between the interdigitating foot processes of neighboring
podocytes and are covered by the slit diaphragm. The podo-
cyte foot processes and slit diaphragm play a major role in the
selective permeability of the glomerular filtration barrier
(Fig. 2). Podocyte injury that results in disruption of this
complex molecular architecture, either from alterations in the
slit diaphragm components or effacement of foot processes, is
typically associated with marked proteinuria. Terminally
differentiated podocytes are vulnerable to various kinds of
injury, and the loss of podocytes is considered a key feature of
progressive glomerular disease. Autophagy is a fundamental
cellular homeostatic process that cells use to degrade and
recycle cellular proteins and remove damaged organelles.
This self-repair mechanism is especially important in post-
mitotic cells, such as podocytes which, like neurons but unlike
the other cell types forming the glomerular filtration unit,
have a very limited capacity for cell division and replace-
ment. Evidence suggest that podocytes exhibit a high basal
level of autophagy as seen from LC3 staining of normal rat
kidney tissue (1), and in green fluorescent protein (GFP)-LC3
transgenic mice (27) and GFP-y-aminobutyric acid a receptor-
associated protein (GABARAP) transgenic mice (80)

WANG AND CHOI

compared to other cell types in the kidney. GABARAP has
recently been characterized as a homolog of LC3. Abundance
of autophagosomes in podocytes was confirmed by electron
microscopy (27). Moreover, blockade of autophagy with ly-
sosomal inhibitor chloroquine resulted in accumulation of
LC3-II and GFP-LC3 positive autophagosomes in GFP-LC3
transgenic podocytes, indicating a high rate of autophagic
flux (27).

The regulation of autophagy in podocytes is just beginning
to be elucidated. Class III PI3K vacuolar protein sorting 34
(Vps34) is generally thought to play an important role in the
initiation of autophagy. Mice with podocyte-specific deletion
of Vps34 developed early proteinuria, progressive glomer-
ulosclerosis, and renal failure by 9 weeks (3). Podocytes from
these knockout mice displayed a phenotype of impaired au-
tophagic flux with accumulation of enlarged vacuoles and
elevated levels of LC3, LAMP-1, and LAMP-2, suggesting that
Vps34 participates in maintaining autophagic flux in podo-
cytes (Fig. 4D).

The mechanistic target of rapamycin (mTOR), a serine/
threonine kinase, is the classical pathway that regulates
autophagic activity. It functions through its association with
two distinct protein complexes mTOR complex 1 (mTORC1)
and mTOR complex 2 (mTORC?2). In general, mTOR nega-
tively regulates autophagy. Nutrient starvation induces
autophagy primarily through inhibition of mTORC1. How
mTOR regulates autophagy in podocytes is still not well
understood. Interestingly, recent study in mice with podo-
cyte-selective knockout of the Mtor gene (Mtor pod-KO)
suggests that inhibition of mTOR disrupts autophagic flux in
podocytes. These mice developed proteinuria at 3 weeks of
age, and progressive podocyte damage with foot process
effacement, widespread vacuolization, and ultimately
end-stage kidney failure by 5 weeks of age (13). Increased
glomerular LC3-II expression and accumulation of auto-
phagosomes, autolysosomes, and damaged mitochondria
were seen in podocytes. Similarly, in immortalized human
podocytes, prolonged treatment with mTOR inhibitor ra-
pamycin (also known as sirolimus) induced accumulation of
autophagosomes and autolysosomes (13). Almost complete
colocalization of GFP-LC3 puncta (autophagosomes) with
lysosomes was noted, indicating incomplete autophagy due
to a block in the final steps of clearance and recycling of
membrane components and lysosomal reformation. Spatial
coupling of mTOR and autolysosomes has been observed in
podocytes (58). Furthermore, a recent report showed that
mTOR regulated both the initiation and termination of au-
tophagy. Inhibition of mTOR activated autophagy, but
prolonged starvation reactivated mTOR with degradation of
autolysosomal products, and mTOR reactivation was re-
quired to regenerate functional lysosomes and completion of
autophagic process (103). However, in Mtor pod-KO mice or
prolonged rapamycin treatment, mTOR activity is blocked
at both points. Thus, mTOR inhibition activates autophagy,
but mTOR reactivation is also blocked, resulting in disrup-
tion of autophagic flux (Fig. 4E). Development of de novo
or worsening proteinuria is well-recognized in patients
with chronic use of rapamycin. Given that disruption of
the autophagic pathway may play a role in the pathogenesis
of proteinuria, therapy with mTOR inhibitors can be a
double-edged sword with both favorable and unfavorable
consequences.
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Recently, two groups simultaneously reported that autop-
hagic flux is impaired in podocytes with prorenin receptor
(PRR/ATP6ap2) deletion (61, 66). The podocyte-specific,
conditional, PRR-knockout (cKO) mice developed nephrotic
syndrome within 2-3 weeks after birth, and eventually all
were dead by the 4th week (61, 66). Electron microscopy re-
vealed that the cKO mice displayed progressive podocyte
damage with foot process effacement and vacuolation, and
podocyte cell death (61, 66). Increased LC3 and LAMP-2
staining in glomeruli of the cKO mice reflected an accumu-
lation of autophagsomes and lysosomes in podocytes with
PRR deletion (61, 66). Dramatic accumulation of ubiquiti-
nated protein and ubiquitin-binding scaffold protein p62/
sequestosome 1 (SQSTM1) further suggested a block in au-
tophagic clearance of the ubiquitinated protein aggregates
(66). In vitro, inhibiting the function of PRR using adenoviral
Cre recombinase in primarily isolated floxed podocytes (66)
or siRNA knockdown of PRR in conditionally immortalized
podocytes (61) resulted in a disruption of the cellular actin

network and an accumulation of lysosomes with impaired
acidification and autolysosomes, which resembled the effects
of vacuolar H"-ATPase (V-ATPase) inhibitor Bafilomycin Al.
Deficiency of PRR in podocytes disrupts the glomerular fil-
tration barrier and V-ATPase function, leading to impairment
of autophagy in podocytes and cell death. Thus, PRR is critical
for normal podocyte function and cell survival through
maintenance of autophagic flux in podocytes by sustaining
the normal function of V-ATPase and lysosomal acidification
(Fig. 4F).

Autophagy in Podocyte Injury

Recent studies have shown that injuries to podocytes play a
critical role in the development of many glomerular diseases.
Analysis of human kidney biopsies showed evidence of in-
creased autophagosome formation in podocytes in several
glomerular diseases. Autophagic vacuoles containing aggre-
gated ribosomes and lipid droplets and formation of
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autophagosomes were detected in podocytes by light and
transmission electron microscopy analysis of biopsy tissues
from patients with IgA nephropathy, and correlated with
histopathologically more aggressive disease (71, 72). In ad-
dition, immunofluorescence studies confirmed increased
LC3-positive autophagosomes in podocytes in the kidney
biopsy samples from patients with membranous glomerulo-
nephritis compared with controls from pretransplant allograft
biopsies (27). Furthermore, Atg3 mRNA was significantly
higher in microdissected glomeruli from patients with focal
segmental glomerulosclerosis and membranous glomerulo-
nephritis than in normal controls (pretransplant allograft bi-
opsies) (27). These findings demonstrate upregulation of
autophagy in podocytes in human proteinuric glomerular
diseases.

Studies in animal models of glomerular injury inducing
proteinuric diseases also demonstrated upregulation of au-
tophagy in podocytes. Puromycin aminonucleoside (PAN)-
induced nephrosis is an experimental rat model of nephrotic
syndrome, akin to human minimal change disease. Increased
LC3-positive autophagosomes were detected in podocytes
during recovery after PAN injection, compared with control
normal kidney (1). Complementary studies in cultured dif-
ferentiated mouse podocytes confirmed increases in LC3-II
levels and LC3 puncta during recovery from PAN-induced
injury (1). Similar findings of increased LC3-II levels and
glomerular LC3 immunofluorescence staining were reported
in a rat model of passive Heymann nephritis (PHN), which
resembles membranous nephropathy in humans, and in tu-
nicamycin treated podocytes, through induction of endo-
plasmic reticulum (ER) stress (88) (Fig. 4B). Furthermore, the
administration of albumin (bovine serum albumin [BSA])-
overload in GFP-LC3 transgenic mice resulted in a threefold
increase in GFP-LC3 positive autophagosomes (27). These
data indicate involvement of autophagy in podocyte injury
response in proteinuric glomerular diseases. The induction of
proteinuria in mice with podocyte-specific deletion of the
Atg5 gene with PAN or adriamycin resulted in more severe
albuminuria, foot process effacement, loss of podocytes, and
glomerulosclerosis, compared with littermate control mice
(27) (Fig. 4A). The podocyte-specific Atg5 deleted mice also
developed significantly higher transient albuminuria after
challenge with low dose of BSA or lipopolysaccharide (27).
These studies provide evidence that deficiency in autophagy
enhances susceptibility to development of glomerular dis-
eases, and that autophagy represents a stress adaptive re-
sponse of podocytes that is cytoprotective against glomerular
disease.

Autophagy in Renal Tubular Injury

Renal tubules, especially proximal tubules, are susceptible
to different kinds of injuries from AKI, induced by nephro-
toxic drugs, environmental toxins, and ischemia/reperfusion
(I/R), to chronic kidney diseases (CKD), characterized by
tubular atrophy and interstitial fibrosis. Autophagic vacuoles
were first observed in isolated cortical tubular fragments from
the rat kidney by electron microscopy in a report by Pfeifer
and Guder in 1975 (65). However, the functional role of au-
tophagy in renal tubular cells, particularly during stress
conditions arising from various injuries has not been exten-
sively studied until the recent decade. Here we discuss the
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current advances in our understanding of the role of autop-
hagy in renal tubular injury during AKI and CKD.

Autophagy in nephrotoxin-induced AKI

Numerous studies have demonstrated the induction of au-
tophagy in renal proximal tubular cells by cisplatin, a well-
known nephrotoxic anticancer drug, which accumulates in the
proximal tubules and causes AKI. Upregulation of autophagy
before apoptosis was detected both in the renal proximal tu-
bules of mice injected with cisplatin and in cultured proximal
tubular cells treated with cisplatin (6, 29, 32, 64, 67, 81, 99).
Whether the induction of autophagy in kidney tubular injury is
a cell death or cell survival mechanism is debatable. Inoue and
colleagues showed that cisplatin-induced apoptosis was sup-
pressed when autophagy was suppressed with autophagy in-
hibitors or knockdown of Beclin 1 by siRNA in proximal
tubular cells, suggesting that autophagy might promote cell
death in proximal tubular cells after cisplatin treatment (29).
Other studies demonstrated that autophagy inhibitors or Beclin
shRNA enhanced the activation of caspases and apoptosis in
cisplatin treated proximal tubular cells, suggesting that au-
tophagy protects tubular cells from apoptosis (64, 67, 99). More
recent study reported that proximal tubule-specific autophagy-
deficient mice developed more severe AKI and increased ap-
optosis after cisplatin treatment, compared to the control mice
(32, 81). Moreover, cisplatin treatment increased DNA damage,
P53 and c-Jun N-terminal kinase (JNK) activation, and accu-
mulation of toxic protein aggregates and ROS in autophagy-
deficient proximal tubules (32, 81) (Fig. 5A). These results
provide further support for the cytoprotective role of autop-
hagy in cisplatin-induced AKI.

The induction of autophagy by a number of other ne-
phrotoxins has been reported recently. Autophagy is induced
in proximal tubular cells during cyclosporine-induced neph-
rotoxicity (62). Cyclosporine is a potent immunosuppressive
drug widely used in preventing transplant rejection and
treating autoimmune diseases, but its long-term use causes
tubular atrophy, interstitial fibrosis, and glomerulosclerosis,
and impairs renal function. Autophagy was activated via in-
duction of ER stress by cyclosporine, and protected tubular
cells from cell death (62). In addition, exposure to environ-
mental toxins, cadmium, and arsenite, activated autophagy in
the tubular cells. Cadmium is a heavy metal which is re-
absorbed by proximal tubular cells, accumulates in the lyso-
somes of these cells, and causes nephrotoxicity. Activation of
autophagy was observed in proximal tubules of mice given
subtoxic doses of cadmium which did not affect the tubular
functions or induce apoptosis (10). Cadmium induced both
autophagy and ER stress in cultured proximal tubular cells
(10). Autophagy may serve as an adaptive mechanism to re-
move the damaged proteins generated from ER stress. In
contrast, autophagy may play a detrimental role in arsenite-
induced AKI. Sodium arsenite induced autophagic cell death
in renal tubular cells both in vitro and in vivo, and suppression
of autophagy by 3-methyadenine (3-MA) or Atg7 knockdown
attenuated cell death (40). Autophagy is also implicated in the
cytotoxicity of nanomaterials in proximal tubular cells (33,
78). Cell death induced by fullerenol exposure at millimolar
concentrations was associated with cytoskeleton disrup-
tion, autophagic vacuole accumulation and mitochon-
drial dysfunction. Furthermore, autophagy inhibitor 3-MA
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ameliorated loss of mitochondrial membrane potential and
ATP depletion, suggesting that autophagy may contribute to
fullerenol-induced cell death (33).

Autophagy in I/R-induced AKI

I/R injury is a common cause of AKI seen in the clinical
setting. It inevitably occurs during kidney transplantation,
and the initial extent of I/R injury significantly affects the
function of graft. Activation of autophagy in tubular cells
during I/R injury was demonstrated in cell cultures and in
animal models of I/R injury (11, 23, 30, 31, 41, 79, 85, 93, 102),
and increased autophagosomes were observed in biopsy
specimens from human transplanted kidney (79). In regard to
the question whether autophagy provides protection or con-
tributes to the tubular damage from I/R injury, there are both
lines of evidence.

A number of studies show both in vivo and in vitro evidence
supporting for a detrimental role of autophagy in I/R injury.
For instance, augmentation of antiapoptotic B-cell lympho-
ma-extra large (Bcl-xL) expression by intrarenal adenoviral
Bcl-xL gene transfer, or overexpression of Bcl-2 in Bcl-2/GFP-
LC3 double transgenic mice, protected renal tubular epithelial
cells from I/R injury by inhibiting both autophagy and apo-

ptosis (11, 30) (Fig. 5A). Ischemic conditioning by short peri-
ods of reperfusion and hypoxic preconditioning reduced both
autophagy and apoptosis and tubular injury induced by I/R,
and provided renoprotection against I/R (93, 102) (Fig. 5A).
The inhibition of autophagy using autophagy inhibitor 3-MA
or Atg7 siRNA significantly reduced ROS (hydrogen perox-
ide) induced cell death in proximal tubular epithelial cell line
(HK-2) (79). Inhibition of autophagy flux using bafilomycin
A1 also significantly reduced apoptotic cell death and caspase
activity in kidneys with prolonged ischemic preservation (85).

On the other hand, Jiang and colleagues demonstrated that
blocking autophagy with 3-MA or either Beclinl siRNA or
Atg5 siRNA enhanced hypoxia-induced apoptosis in cultured
renal proximal tubular cells (31). In vivo inhibition of autop-
hagy by 3-MA or chloroquine worsened renal I/R injury in
mice (31). Therefore, these results support the notion that
autophagy provides a protective mechanism against I/R in-
jury. Recent studies using mice with conditional Atg5 or Atg7
gene deletion in the proximal tubule confirmed that autop-
hagy protected the proximal tubule from I/R injury (32, 41).
The autophagy-deficient mice exhibited kidney dysfunction
with significantly elevated levels of blood urea nitrogen and
serum creatinine than did the control mice, and had increased
apoptotic cells in proximal tubules with accumulation of p62
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and ubiquitin positive cytoplasmic inclusions, indicating that
autophagy maintains the tubular homeostasis by removal the
accumulation of harmful protein aggregates and thus ame-
liorated proximal tubule damage in I/R injury (41) (Fig. 5A).
Taken together, these studies suggest that autophagy func-
tions to maintain proximal tubule cell homeostasis and pro-
tects against ischemic injury. Further studies are needed to
determine whether enhancing autophagy could be a novel
therapeutic approach to minimize AKI.

Autophagy in tubulointerstitial fibrosis

Renal tubulointerstitial fibrosis is the hallmark of progres-
sive CKD and end-stage kidney diseases accompanied by
tubular degeneration and atrophy. TGF-f1 is arguably the
most potent profibrotic cytokine known. Induction of autop-
hagy was reported in a transgenic mouse model with
tertracycline-controlled overexpression of TGF-f1 in renal
tubular epithelial cells (44). Tubular overexpression of TGF-f1
induced dedifferentiation and decomposition of tubular cells
by autophagy, and tubulointerstitial fibrosis, but not epithe-
lial-to-mesenchymal transition, and no sign of apoptosis,
suggesting that autophagy might mediate tubular cell death
(44). Cell culture studies showed that TGF-i1 activated au-
tophagy through ROS, and autophagy promoted apoptosis in
tubular cells (97) (Fig. 5B). Increased autophagy with apo-
ptosis and necrosis in tubules was also demonstrated in the
renal fibrosis model, induced by UUO, in several studies (21,
22,39, 50, 96). The UUO model is a well-established model of
progressive renal interstitial fibrosis. The induction of au-
tophagy was shown to precede tubular apoptosis and inter-
stitial fibrosis and peaked after 3 days of UUO in the
obstructed kidney of rats, and inhibition of autophagy with
3-MA enhanced tubular cell apoptosis and interstitial fibrosis
(39) (Fig. 5C). The expression of Akt and mTOR was de-
creased over the first 3 days in the obstructed kidney after
UUO, suggesting that Akt-mTOR signaling might regulate
activation of autophagy in the UUO model (39). These studies
indicate that autophagy has a beneficial role in alleviating
tubular damage and kidney fibrosis.

In summary, autophagy is activated in various forms of
renal tubular injury. At the current stage, the precise role of
autophagy in tubular injury response and the pathogenesis
of kidney fibrosis is not well understood. There have been
studies that provide evidence to support a cytoprotective role
of autophagy, and others that support deleterious effects of
autophagy. It is plausible that it is context dependent. The
difference in the types of injuries and severity of injuries may
produce different outcome of autophagy, in that, a certain
degree of autophagic activity can maintain tissue homeosta-
sis, whereas excessive autophagic activity results in cell death.
Future investigations, for instance by using targeted autop-
hagic gene knockout mice, are necessary to elucidate and
clarify the precise functional role of autophagy in tubular
injuries.

Autophagy in Kidney Development

It has become increasingly evident that autophagy is im-
portant in many biological processes, and deficiency in au-
tophagy leads to pathogenesis of kidney diseases. However,
autophagy appears to be dispensable for kidney develop-
ment. Constitutive embryonic deletion of Atg5 gene does not

WANG AND CHOI

impair glomerular development (27). Histology and electron
microscopy examination did not reveal any obvious mor-
phological abnormality in the glomeruli of Atg5 knockout
mice at E19, although there was a lack of conversion of LC3-I
to LC3-II, indicating disruption of autophagic activity in the
kidneys of the Atgs knockout mice (27). Therefore, Atgb-
dependent autophagy is dispensable for glomerular devel-
opment. The formation of autophagosomes, as visualized by
GFP-LC3 puncta in the GFP-LC3 transgenic mice, is not de-
tectable until late podocyte differentiation in the late capillary
loop stage. Therefore, autophagy is dispensable for normal
podocyte differentiation, even though podocytes exhibit a
high level of basal autophagy in adult mice (27, 55). The
glomeruli and podocytes of newborn podocyte-specific Atgs
knockout mice also appeared normal by histological and ul-
trastructural analysis, and Atg5 deletion did not affect the
number of developing nephrons (27). Examination of tubular-
specific Atgb knockout mouse embryos at E19.5 also revealed
no discernible tubular abnormalities, indicating that autop-
hagy is dispensable for renal tubule development (51). These
studies indicate that Atg5-dependent autophagy is dispens-
able for kidney development, although they do not exclude
the possibility of compensation by an Atg5-independent au-
tophagy, other autophagy pathways, such as CMA, or other
proteolytic processes, such as proteasome-mediated degra-
dative pathways.

Autophagy in Kidney Homeostasis and Aging

Although autophagy may be dispensable for kidney devel-
opment, data suggest that autophagy is vital for the mainte-
nance of kidney tissue homeostasis and aging. Autophagy is
generally believed to be responsible for maintaining cellular
homeostasis in postmitotic cells, such as podocytes, which
cannot be self-renewed through cell division. Podocytes exhibit
a high level of basal autophagy that could serve as a mecha-
nism for their maintenance of cellular homeostasis. Although
the podocyte-specific Atgs knockout mice develop normally,
by 8-12 months of age, they developed mild proteinuria, and
ultrastructural analysis showed signs of retardation in the
turnover of organelles with an accumulation of enlarged rough
ER and abnormal membranous structures in podocytes (27)
(Fig. 6A). These changes were accompanied by enhanced ac-
tivity of the proteasomal machinery, compensating for autop-
hagy deficiency, resulting in no significant accumulation of
poly-ubiquitinated proteins. Inhibition of proteasome activity
with bortezomib injection induced increased proteinuria in the
podocyte-specific Atg5 knockout mice compared to the control
littermates (27). However, this compensatory mechanism
through the proteasome pathway waned with aging, and by
age 20-24 months, significantly reduced proteasomal activity
was observed in the glomeruli of podocyte-specific Atg5
knockout mice (27). These mice developed more severe pro-
teinuria, with foot process effacement, proteinaceous casts,
tubular dilation, and vacuolar degeneration, compared to the
control mice, and displayed features typical of aging cells, such
as damaged mitochondria and lipofuscin accumulation (27).
Both ER stress and the accumulation of ubiquitinated protein
aggregates and oxidized proteins ultimately resulted in podo-
cyte loss and glomerulosclerosis (27) (Fig. 6A). Therefore, these
studies underscore the importance of basal autophagy and
compensatory proteasome pathway in the maintenance of
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glomerular homeostasis and function, and with aging, the de-
ficiency in autophagy and proteasome pathways leads to
proteinuria, loss of podocytes and development of glomer-
ulosclerosis.

Unlike podocytes, tubules display a low level of basal au-
tophagy under normal conditions, as only a few GFP-LC3
positive autophagosomes were detected in the tubules in
GFP-LC3 transgenic mice (51). This finding may imply that
autophagy is not crucial for preservation of normal physio-
logical function in tubules. However, data from mice with
tubule-specific deletion of Atgb gene indicate to the contrary.
Mice with Atg5 knockout in proximal tubules (Atg5™/ ",
KAP-Cre*) gradually developed deformed mitochondria and
accumulation of cytosolic inclusions, leading to proximal tu-
bular cell hypertrophy and eventual degeneration, not ob-
served in the wildtype control mice (41). They also developed
mild glycosuria and amino aciduria, but no urinary albumin
excretion, and serum urea nitrogen remained normal up to 9
months of age (41). Mice with Atg5 knockout in distal tubules

(Atg5/1*/1o% Ksp-Cre) also displayed a significant accumulation
of p62/SQSTM1 and oxidative stress markers in the Atg5
deficient distal tubules, but no significant alteration in kidney
function (assessed by serum creatinine and urea nitrogen
levels) up to 12 months of age, compared to control littermates
(51). Atg5 deletion in the entire tubule system in doxycycline-
inducible kidney tubule-specific Atg5 knockout mice (Atg5"/";
Pax8.rtTA;tetO.Cre) resulted in accumulation of p62/SQSTM1
throughout the tubular segments, and at 5 months after in-
duction, in aging-dependent manner, there was a mild but
significant increase in serum creatinine (51). Therefore, while
Atg5 deficiency solely in proximal or distal tubular cells did
not cause significant renal dysfunction, Atgb deficiency in all
tubule segments caused impairment of kidney function, sug-
gesting tubular autophagy is important in preservation
of kidney function (Fig. 6B). Moreover, Atgb deficiency in
tubules induced more severe ischemic kidney injury, with
rapid accumulation of p62/SQSTMI- and ubiquitin-positive
inclusions in the tubules in response to I/R injury, and
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accumulation of damaged mitochondria, tubular cell apo-
ptosis, and impaired kidney function (51). Taken together,
these studies suggest that autophagy is important for main-
taining homeostasis of kidney tubular cells, and that autop-
hagy deficiency promotes aging-associated tubular injury and
increases susceptibility to ischemic kidney injury.

Kidney is a target organ during the process of aging and
progressive decline in kidney function occurs with aging.
Increased incidence of CKD is seen with aging. Impaired
autophagy may contribute to aging. Decrease in autophagic
activity with aging was observed in the kidneys of mice and
rats (14, 45). Reduced expression of Atg7 mRNA and LC3
protein with aging was associated with increase in p62/
SQSTM1 and polyubiquitin aggregates in the kidneys of
aged mice and rats (14, 45). Mitochondrial dysfunction
and oxidative stress are features of aging, and accordingly,
the mitochondrial DNA oxidative damage marker 8-
hydrodeoxyguanosine was increased in the kidneys of aged
mice and rats, with evidence of mitochondrial cristae en-
largement and disintegration by transmission electron mi-
croscopy (14, 45). If decreased autophagic activity contributes
to aging and age-related disease, activation of autophagy
may be antiaging and protect the kidney against aging, by
engulfing and effectively removing aging-associated mito-
chondrial damage and reducing oxidative stress. A recent
study demonstrated that calorie restriction increases autop-
hagic activity, via silent information regulator T1 (SIRT1)-
forkhead box O3 (FoxO3) axis, and protected aging kidney
from hypoxia-induced oxidative stress and mitochondrial
damage, and attenuated aging-associated kidney dysfunction
in aged mice (45) (Fig. 6C). Therefore, restoring autophagic
activity during aging could be a promising strategy to atten-
uate aging-associated tissue damage and preserve the func-
tion of renal cells in aged kidneys.

Autophagy in Diabetic Nephropathy

Diabetic nephropathy is a devastating complication in
patients with type 1 and type 2 diabetes and is associated
with increased morbidity and mortality, and significant
economic burden. It is the leading cause of end-stage kidney
disease in the United States. Development of progressive
albuminuria seen in diabetic nephropathy is indicative of
damage of the glomerular filtration system. Histological
changes include mesangial matrix expansion, thickening of
glomerular and tubular basement membrane, diffuse or
nodular glomerulosclerosis, hyalinosis, and tubulointersitial
fibrosis. Studies suggest that the pathogenesis of diabetic
nephropathy is associated with impaired autophagic activ-
ity. Evidence of inhibition of cellular autophagy was first
observed in streptozotocin (STZ)-induced diabetes in rats by
electron microscopy analysis in the 1990s (2, 25, 26). The
volume and number of autophagic vacuoles were signifi-
cantly lower in proximal (2, 25) and distal tubules (26) of
diabetic rats. The inhibition of autophagy was partially re-
versed by insulin treatment or islet transplantation in the
diabetic rats (25, 26). More recent studies showed that the
level of p62/SQSTM1 was significantly elevated, an indica-
tor of impaired autophagy, in the kidneys of mice with STZ-
induced diabetes mellitus (86) and Wistar fatty (fa/fa) rats
(42), which are models of type 1 and type 2 diabetes, re-
spectively. In addition, swollen mitochondria with dis-
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rupted cristae, indicative of mitochondrial damage, were
also observed in the kidneys of the Wistar fatty (fa/fa) rats
(42). Taken together, these studies indicate impairment of
autophagy in diabetic nephropathy.

CMA was also inhibited in the kidneys of STZ-induced
diabetes in rats (76). The abundance of CMA substrates with
KFERQ motif was increased in the renal cortex of diabetic
rats. The levels of M2 isoform of pyruvate kinase (M2PK)
and GAPDH, two representative proteins degraded by
CMA, were elevated in the diabetic rats. Moreover, the ly-
sosomal enrichment of molecular chaperone hsc-73 was
significantly reduced in the renal cortex of these diabetic rats
compared with pair-fed controls (76). Thus, there was a de-
crease in proteins which regulate CMA and an increase in
proteins degraded by this pathway, indicating that CMA
was inhibited in diabetes and may contribute to the ac-
cumulation of certain proteins in diabetic-induced renal
hypertrophy.

Recent work in experimental diabetes induced by STZ in
rats has shown that treatment with rapamycin, an inhibitor of
mTORC]1, prevents the development of diabetic nephropathy
(18, 52, 56, 57, 68, 100). This implicates a potential pathogenic
role of mTOR pathway in diabetic nephropathy. The nutrient-
sensing mTOR pathway is a well-established inhibitor of au-
tophagy, and nutrient starvation induces autophagy primar-
ily through inhibition of mTORCI1. Enhanced mTORC1
activity is seen in human and experimental diabetic ne-
phropathy (18, 24, 28, 52, 56, 57, 68). Studies in mice with
podocyte-specific knockout of tuberous sclerosis complex 1
(Tsc1) gene showed that podocyte-specific mMTORC1 activa-
tion recapitulated many features of diabetic nephropathy,
including podocyte injury, glomerular basement membrane
thickening, mesangial expansion, and proteinuria (24, 28).
Tuberous sclerosis complex 1 (TSC1) is an upstream negative
regulator of mTORCI, and loss of TSC1 results in activation of
the mTORC1 pathway. Conversely, reduction of mTORC1
activity in podocytes by deletion of one allele of Raptor gene in
diabetic mice prevented the development of diabetic ne-
phropathy (24, 28). RAPTOR is a regulatory-associated pro-
tein of mTOR and an essential component of mTORC1, thus
RAPTOR deficiency inhibits TORC1 activity. These data
suggest that diabetes-induced mTORCI1 activation in podo-
cytes contributes to podocyte injury and proteinuria, and
thereby plays a crucial role in the development of diabetic
nephropathy.

One of the major upstream regulators of mTOR is AMP-
activated protein kinase (AMPK), a critical energy sensor.
Glucose is a metabolic fuel that regulates cellular energy sta-
tus. AMPK is activated in energy-depleted states, such as
those induced by cellular stressors, including hypoxia, heat-
shock, ischemia, and glucose deprivation. Activation of
AMPK inhibits mTOR pathway, and thereby induces autop-
hagy (Fig. 7A). In the high glucose milieu, studies showed that
AMPK phosphorylation and activity were reduced in the re-
nal cortex of kidneys from STZ-induced diabetic rats and db/
db mice, which are models of type 1 and type 2 diabetes,
respectively (9, 15, 36, 46, 75, 82). AMPK activators, resvera-
trol (9, 15, 36), metformin (9, 15, 36, 46, 75, 82), and 5-
aminoimidazole-4-carboxamide-1f-riboside (AICAR) (46)
attenuated renal hypertrophy, lipid accumulation and albu-
min excretion in diabetic kidneys. Thus, inhibition of AMPK
activity contributes to alterations in the diabetic kidney, such
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as renal hypertrophy, and AMPK may be an attractive ther-
apeutic target for reversing diabetic kidney injury.

SIRT1 is an NAD *-dependent deacetylase that functions
also as an intracellular energy sensor, to detect the concen-
tration of NAD" and controls in vivo metabolic changes
under caloric restriction and starvation. Similar to AMPK,
SIRT1 is activated under low-energy conditions, and nega-
tively regulates mTOR, and thereby induces autophagy.
Like AMPK, treatment with resveratrol, metformin, and
AICAR can increase SIRT1 activity, though some may not be
direct activators of SIRT1. It has been suggested that the
similarities occur because AMPK and SIRT1 both regulate
each other and share many common target molecules. Re-
duced expression and activity of SIRT1 have been reported
in glomeruli of diabetic patients and in the kidneys from
experimental type 1 and type 2 diabetic animals (12, 36, 48,
94). Increasing SIRT1 activity, for instance by using SIRT1
activators, such as resveratrol, ameliorates kidney injury in
both type 1 and type 2 experimental diabetes (36, 48, 94, 95,
106), reduces high glucose-mediated oxidative stress and
senescence in mesangial cells (36, 48, 94, 95, 106), and pro-
tects podocytes from advanced glycation end product
(AGE)-induced apoptosis (12) (Fig. 7A).

Implication of Kidney Autophagy
in Genetic Diseases and Cancer

Dysregulation of autophagy is implicated in several genetic
diseases involving the kidney. Polycystic kidney disease
(PKD) is a genetic disorder characterized by the formation of
numerous fluid-filled cysts that results in progressive kidney
enlargement with the normal structure being replaced by
cysts, which finally leads to loss of kidney function and kid-
ney failure. Increased autophagosome formation was de-
tected by electron microscopy and LC3-II expression in
massively enlarged kidneys of two rodent models of PKD, the
Cy/Cy Han:SPRD rat model with features of autosomal
dominant PKD (ADPKD), the most common inherited renal
disorder, and the cpk/cpk mouse model of autosomal recessive
PKD (4). The increase in LC3-II in the kidneys of Cy/Cy rats
and cpk/cpk mice was associated with increased hypoxia-
inducible factor-1o. (HIF-12). Given that hypoxia induces au-
tophagy, and cyst formation in PKD results in localized areas
of hypoxia, it is plausible that activation of HIF-1x induces
autophagy in PKD (Fig. 7B). Interestingly, Bafilomycin Al
treatment did not induce a further increase in LC3-II in the
kidneys of cpk/cpk mice, suggesting a defect in autophagy in
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PKD resulting from impaired autophagic flux due to a block
of autophagosome-lysosome fusion and subsequent auto-
lysosomal degradation (4). Studies suggest aberrant activa-
tion of mTOR in cystic epithelia in patients with ADPKD and
in mouse models that are associated with progressive en-
largement of the kidneys (74). Rapamycin, which inhibits
mTOR signaling and thereby inducing autophagy, has been
shown to be highly effective in reducing cystogenesis in sev-
eral rodent models of PKD, suggesting that the mTOR path-
way plays a critical role in cyst formation and growth (74, 83).
However, in contrast to the results of preclinical studies, a
recent study in patients with ADPKD and early CKD found
that treatment with sirolimus (rapamycin) for 18 months did
not halt polycystic kidney growth (73). A separate study re-
ported that treatment with mTOR inhibitor everolimus for up
to 2 years slowed the increase in total kidney volume but did
not slow the progression of renal impairment in patients with
ADPKD (87). Whether autophagy plays a cytoprotective role
for cell survival of the tubular cells lining the cysts, as apo-
ptosis worsens cyst formation in PKD, or autophagy impair-
ment plays a pathogenic role in PKD requires further
investigation.

Two genetic disorders, namely TSC and von Hippel-
Lindau (VHL) disease, are also known to be associated with
development of renal cystic disease, and in both, the role of
autophagic pathway has been implicated. TSC is an autoso-
mal dominant genetic disorder characterized by benign
tumors in multiple organs, including the kidney, and hyper-
activation of mTORC1 have been reported in TSC-
associated tumors. Inhibition of autophagy by downregulation
of Atg5 or Beclin 1, or downregulation of autophagy substrate
p62/SQSTM1 decreased TSC tumorigenesis, suggesting that
autophagy is a critical component of tumorigenesis in TSC
(63). VHL disease is an autosomal dominant syndrome
characterized by germline mutations that inactivate the VHL
tumor suppressor gene, and is associated with an increased
incidence of malignant carcinomas, including renal cell car-
cinomas (RCCs). A recent study showed that VHL induces
tumor-suppressing miR-204 which targets LC3B to inhibit
autophagy, and the loss of VHL-miR204 in clear cell RCC
results in upregulation of LC3B-mediated autophagy which is
necessary for tumor growth (54) (Fig. 7C). In VHL-deficient
RCC cells, the compound STF-62247, identified through small
molecule screening, induced autophagic cell death and re-
duced tumor growth (84). STF-62247 activated autophagy, as
assessed by increased level of LC3-II and formation of LC3
puncta and autophagic vacuoles, and inhibition of autophagy
with 3-MA or knockdown of Atg5 reduced the cytotoxic ef-
fects of STF-62247 in VHL-deficient cells compared to VHL-
positive RCC cells, suggesting that the autophagy pathway is
critical for STF-62247 induced cell death in VHL-deficient
RCC cells (84). A recent study demonstrated that a sphingo-
sine kinase 2 inhibitor induced autophagic cell death in an-
other RCC cell line (A498) and delayed tumor growth in
immunodeficient mice bearing A498 xenografts (5) (Fig. 7C).
These findings suggest that the autophagic pathway is an
ideal target for therapy in RCCs. However, studies have
shown that induction of autophagy can promote either cell
survival or death in RCC cells. Inhibition of mTOR pathway
induced autophagy in several RCC cell lines (7, 49, 104, 105),
but autophagy inhibitor chloroquine promoted cell death by
preventing autophagy and inducing RIP kinase- and ROS-
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mediated necroptosis in RCC cell line (RCC4) and suppressed
xenograft growth (7), whereas PI3K/mTOR inhibitor sup-
pressed cell growth and induced apoptosis in RCC cells (786-
0) and concomitantly activated autophagy that protected
against apoptosis (49, 104) (Fig. 7C). Rapamycin and its ana-
logs, such as temsirolimus and everolimus, have been used for
the treatment in patients with RCCs, but despite promising
clinical activity in advanced RCC, their effects are below ex-
pectation. Given that these agents primarily inhibit mTORC1,
the possibility of compensatory activation of mTORC2 was
examined by using a small molecule compound Ku0063794
which inhibits both mTOR complexes. Compared to temsir-
olimus, Ku0063794 was more effective in decreasing the via-
bility and growth of RCC cells, but there was no difference in
the inhibition of tumor growth in a xenograft model (105).
Cystinosis is an autosomal recessive disorder of lysosomal
storage due to mutations of CTNS gene, which encodes the
lysosomal cystine transporter called cystinosin, causing de-
fective lysosomal membrane transport resulting in the accu-
mulation of cystine in all organs and tissues. Among the three
forms of cystinosis, nephropathic cystinosis (NC) is the most
severe type and causes proximal tubular dysfunction of
Fanconi syndrome and kidney failure in children. Accumu-
lation of cystine is not the sole reason responsible for NC, as
the amount of intracellular cystine does not always correlate
with the severity of renal tubular dysfunction, and additional
processes, such as apoptosis, diminished intracellular ATP,
and mitochondrial injury have been proposed in the patho-
genesis of NC (59). An impaired autophagic flux has been
suggested in renal proximal tubular epithelial (RPTE) cells
from patients with NC. Higher ratio of LC3-II/LC3-I and
increased numbers of autophagosomes, morphologically
abnormal mitochondria, and abnormal patterns of mito-
chondrial autophagy (mitophagy) with a high number of
autophagic vacuoles and fewer mitochondria were detected
in RPTE cells from NC patients compared to those of normal
controls (70). In addition, increased basal level of p62/
SQSTM1 was detected in RPTE cells in vitro and in proximal
tubules in vivo in kidney biopsies of patients with NC (69).
Interestingly, starvation induced a further increase in p62/
SQSTM1 in RPTE cells from patients with NC, suggesting that
autophagic flux is blocked in NC (69). Immunostaining
showed increased colocalization among LC3, p62/SQSTMI1,
lysosomal marker LAMP-2 and mitochondrial marker protein
ATP5H. These findings imply that a defect in mitophagy
contributed to reduced ATP generation, increased ROS pro-
duction, and increased apoptosis in NC (70) (Fig. 7B).

Autophagy and Oxidative Stress in Kidney

It is generally believed that ROS induces autophagy, and
autophagy eliminates the oxidized proteins and dysfunc-
tional organelles, such as damaged mitochondria, to mitigate
oxidative stress and restores the cellular ROS balance. The
association of oxidative stress and autophagy has been dem-
onstrated in kidney aging, injuries, and diseases. In one hand,
ROS is a mediator of activation of autophagy in renal cells. For
instance, autophagy was activated through ROS in cadmium-
treated mesangial cells that led to autophagic cell death (92)
(Fig. 3A), and in angiotensin-II-stimulated mouse podocytes
which protected podocytes from angiotensin-II-induced ap-
optosis (98) (Fig. 4C). Therefore, ROS-induced activation of
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autophagy could result in different outcomes that can pro-
mote either cell death or cell survival.

On the other hand, deficiency in autophagy induces oxi-
dative stress in kidney, as autophagy blockade leads to ac-
cumulation of oxidized proteins and damaged mitochondria.
Increased mitochondria-derived ROS results in reduced cell
viability in Atgb deficient proximal tubular cells exposed to
cisplatin compared with control cells, suggesting that autop-
hagy may alleviate AKI induced by cisplatin through re-
moving ROS-producing mitochondria (81). Oxidized proteins
and damaged mitochondria accumulate in podocytes of aged
Atgb knockout mice, and autophagy is essential for reducing
oxidative stress in aged kidneys (27). Activation of autophagy
with calorie restriction reduced oxidative stress-induced tis-
sue damage and attenuated renal dysfunction in aged mice
(45). In RCC cells, blockade of autophagy with chloroquine
impeded the clearance of ROS-producing mitochondria
through mitophagy in the presence of mTOR inhibitor CCI-
779, which ultimately caused cell death of RCC cells (7).

In diabetic nephropathy, excessive mitochondrial ROS in-
ducing oxidative stress plays a pivotal role in its pathogenesis
(20, 77). Impairment of autophagy was noted in diabetic
kidneys (2, 8, 26, 42, 86). Excessive generation of mitochon-
drial ROS was proposed as the initiator of kidney damage,
which activates four major pathways, including increased
flux through the polyol pathways, PKC activation, increased
AGE formation, and increased hexosamine pathway, and
ultimately leads to the pathophysiological changes in diabetic
kidneys (8). Autophagy might be able to ameliorate diabetic
nephropathy by reducing oxidative stress. Some autophagy
activators, for example SIRT1, negatively correlated with in-
creased oxidative stress and pathological changes in diabetic
kidneys (48, 94). SIRT1 reduced ROS production and high
glucose-mediated oxidative stress in mesangial cells (36, 48,
94, 95, 106) and SIRT1 activator resveratrol ameliorated kid-
ney injury in both type 1 and type 2 experimental diabetes (36,
48,94, 95, 106). The renoprotective effects of SIRT1 in diabetic
nephropathy may be, at least in part, mediated through re-
ducing mitochondrial ROS production by removing dys-
functional mitochondria (mitophagy) (16, 60). Indeed, a
relative normal-looking pool of mitochondria was observed
concordantly with numerous of autophagosomes in proximal
tubular cells of diabetic Wistar fatty rats subjected to dietary
restriction (42) (Fig. 7A). In addition, the CMA has been
demonstrated to participate in eliminating the harmful oxi-
dized soluble protein (35).

Conclusion

Autophagy, a conserved and important “self-eating”
pathway, serves as an essential mechanism to maintain ho-
meostasis of glomeruli and tubules, and implicated in vari-
ous aspects of kidney injuries, aging and diseases.
Autophagy is indispensable for stress adaption in kidney
injuries by removal of protein aggregates and damaged or-
ganelles, and promotes cell survival. However, autophagy
can also contribute to cell death by autophagic cell death or
enhancing apoptosis. While implications of cytoprotective
roles of autophagy in the kidney suggest that promoting
autophagy may be a promising therapeutic strategy, in cer-
tain circumstances, autophagy may be deleterious. Future
investigations are needed that will further advance our
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understanding of the role of autophagy in the kidney and
guide potential therapies.
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ER = endoplasmic reticulum
ERK = extracellular signal-regulated kinase
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receptor-associated protein
GFP = green fluorescent protein
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