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Autophagy, an evolutionary conserved intracellular lysosome-dependent catabolic process, is an important

mechanism for cellular homeostasis and survival during pathologic stress conditions in the kidney, such as

ischemia-reperfusion injury (IRI). However, stimulation of autophagy has been described to both improve and

exacerbate IRI in the kidney. We summarize the current understanding of autophagy in renal IRI and discuss

possible reasons for these contradictory findings. Furthermore, we hypothesize that autophagy plays a dual

role in renal IRI, having both protective and detrimental properties, depending on the duration of the ischemic

period and the phase of the IRI process. Finally, we discuss the influence of currently used diuretics and

immunosuppressive drugs on autophagy, underscoring the need to clarify the puzzling role of autophagy in

renal IRI.
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BACKGROUND

Renal ischemia-reperfusion injury (IRI) contributes
to acute kidney injury (AKI) and delayed graft func-
tion after kidney transplantation. Although renal IRI is
a major cause of morbidity and mortality, there are
currently no effective treatments.1 Because kidney
cells rely heavily on autophagy, an evolutionarily
conserved intracellular degradation pathway, for their
homeostasis and survival during IRI, stimulation of
autophagy harbors therapeutic potential.2-6 By recy-
cling damaged and toxic cytoplasmic material into new
cellular building blocks, autophagy supports anti-
stress responses and energy maintenance. Therefore, it
seems logical to reinforce this natural protective
mechanism to diminish IRI.7 However, paradoxically,
autophagy also promotes renal IRI (Table 1).2-6,8-17

Consequently, the exact role of autophagy in renal
IRI needs to be clarified to determine whether auto-
phagy stimulation or inhibition best attenuates IRI.18

This is particularly important because many drugs
applied in the context of AKI (diuretics) or kidney
transplantation (immunosuppressants) influence auto-
phagy and therefore affect renal IRI. Unfortunately,
in vivo autophagy research is challenging: the dynamic
nature of the process, the crosstalk with apoptosis and
necrosis, and the lack of clear-cut markers and specific
modulators complicate interpretation of results despite
published autophagy research guidelines.19

This review introduces autophagy in renal IRI to the
clinician and explores the reasons for contradictory
findings in the literature. It highlights the difficulties
surrounding autophagy research and introduces a new
hypothesis of a dual role for autophagy in renal IRI
y Dis. 2015;66(4):699-709
(both protective and detrimental), depending on the
experimental context.

CASE VIGNETTE
A 59-year-old man (blood group, O negative; 0% panel-reactive

antibodies) with end-stage renal disease secondary to type 1 diabetes
received a kidney transplant from a 53-year-old man (blood group,
O positive; crossmatch, negative). The kidney was donated after
cardiocirculatory arrest with a donor warm ischemia time of 26
minutes, hypothermic machine preservation (18.5 hours), and cold
ischemia time of 21.5 hours. Initial treatment consisted of tacroli-
mus, mycophenolate mofetil (MMF), and steroids. Delayed graft
function occurred. Indication kidney biopsy showed acute cellular
rejection grade 2a, acute humoral rejection type 2, and mild acute
tubular necrosis. The patient was treated successfully with high-
dose steroids. A protocol biopsy 3 months later revealed chronic
allograft nephropathy (grade 1b), which remained stable for the
following 3 years. At last follow-up, the patient was well with stable
kidney function (serum creatinine of 1.54 mg/dL, corresponding to
699
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Table 1. Overview of Different Studies of Autophagy in Renal IRI

Study Model

Ischemia/

Hypoxiaa
Reperfusion/

Reoxygenationa

Autophagy Modulation

Method Autophagy

Proposed

Role

Funk & Schnellmann13

(2012)

Mouse 20 min 24, 72, 144 h — Increased NS

Li et al14 (2014) Mouse 45 min 8, 16, 24,

72 h; 7 d

— Increased NS

Chien et al8 (2007) Rat 45 min 4 h Adenoviral delivery of Bcl-XL Increased Detrimental

Suzuki et al15 (2008) HK-2 cells 6, 24 h 10, 12 hb 3-Methyladenine, E64d/

pepstatin A, siRNA

against Atg7

Hypoxia:

increased;

H2O2: NS

Detrimental

Mouse 30 min 6, 24 h — Increased NS

Human Tx

biopsies

Various 1 mo — Increased NS

Isaka et al9 (2009) Mouse 45 min 48, 96 h Bcl-2 overexpression Increased Detrimental

Wu et al10 (2009) Rat 60 min 4, 24 h Ischemic preconditioning Increased Detrimental

Yeh et al11 (2010) Rat 45 min 4, 6, 12, 24 h Repetitive hypoxic

preconditioning

Increased Detrimental

Turkmen et al16 (2011) Mouse 48 h (cold) NA Bafilomycin A1 Increased Detrimental

Nakagawa et al12 (2012) Rat 40 min 1, 2, 4, 7 d Everolimus Decreased Detrimental

Jiang et al2 (2010) Rat RPTCs 2 h 2 h siRNA against Beclin 1, Atg5 Increased Protective

Mouse 30 min 6, 24, 48 h Chloroquine, 3-

methyladenine

Increased Protective

Kimura et al3 (2011) Mouse 40 min 3, 6, 12, 24,

48 h

Atg5 knockout Increased Protective

Liu et al4 (2012) Mouse 25 min 24 h Atg5 knockout Increased Protective

Jiang et al5 (2012) Mouse 25 min 24 h Atg7 knockout NS Protective

Ishihara et al17 (2013) NRK-52E

cells

2, 4, 6 h 4, 8, 12 hc BNIP3 and sestrin siRNA

and overexpression

Increased Protective

Lempiainen et al6 (2013) Rat 40 min 24 h Caloric restriction Decreased Protective

Abbreviations: Bcl-XL, B-cell lymphoma-extra large; H2O2, hydrogen peroxide; HK-2 cells, human kidney 2 cells; IRI, ischemia-

reperfusion injury; NA, not applicable; NS, not specified; RPTC, renal proximal tubular cell; siRNA, small interfering RNA; Tx, transplant.
aIschemia and reperfusion pertain to the in vivo models; hypoxia and reoxygenation, to the in vitro systems.
bTreatment with 500 mM of H2O2.
cTreatment with 400 mM of H2O2.
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estimated glomerular filtration rate of 45 mL/min/1.73 m2 as
calculated using the CKD-EPI equation).20

A preimplantation biopsy at the end of cold ischemia showed
mild acute tubular necrosis without significant chronic changes.
Interestingly, p62 staining in the kidney structures was less intense
than in a donor kidney without delayed graft function (Fig 1). This
low p62 expression suggests abnormally elevated autophagy
(discussed next) and calls into question whether and how kidney
autophagy affects early transplant function after kidney
transplantation.

PATHOGENESIS

What Is Autophagy?

Overview

At least 3 different mechanisms of autophagic de-
gradation exist: microautophagy, chaperone-mediated
autophagy, and macroautophagy.21 Macroautophagy,
the best studied form and hereafter referred to simply as
autophagy, involves the transport of cytoplasmic mate-
rial in double-membranous vesicles (autophagosomes)
to lysosomes for degradation and recycling (Fig 2A).
Although first described in 1963 by Christian de Duve,
autophagy research only flourished after the key auto-
phagy gene BECN1 (which encodes beclin 1) was
700
identified as a tumor suppressor in 1999.22,23 Further
research established its vital role in cellular homeostasis
and viability and revealed its significance in a plethora of
continuously expanding disorders in different tissues.24

For example, mutations or disorders in autophagy have
been linked with Crohn disease, systemic lupus erythe-
matosus, cancers, and neurodegenerative diseases,
among others.25

Autophagy as a Key Regulator of Cellular Life and
Death

In the absence of stress, constitutive autophagic ac-
tivity ensures cellular homeostasis by mediating
the turnover of macromolecules and organelles. In
rapidly proliferating cells, this mechanism is generally
dispensable because cell division dilutes cellular ma-
terial into daughter cells, preventing the accumulation
of old or damaged components. However, in differen-
tiated or senescent cells such as neurons, (cardio)
myocytes, and podocytes, basal levels of autophagy
become more important. As such, perturbations in
autophagy are involved in cellular degeneration (eg,
neurodegenerative diseases and cardiomyopathies)24

characterized by accumulations of protein aggregates
Am J Kidney Dis. 2015;66(4):699-709



Figure 1. p62 staining on preimplantation biopsy specimens
from donor kidneys. (A) (Top) p62 staining performed on a pre-
implantation biopsy specimen of a kidney that developed de-
layed graft function (DGF); (bottom) example of typical p62
staining, performed on a preimplantation biopsy specimen of a
kidney that did not develop DGF. Donors and recipients were
age- and sex-matched and staining was performed on both sec-
tions in the same conditions simultaneously. Pictures were taken
with the same microscope settings and parameters. Scale bar
represents 100 mm. (B) Quantification of the intensity of p62
staining of the DGF and control case. The histogram represents
mean intensity (corrected for the background) 6 standard devi-
ation of 15 to 20 fields of each analyzed section. Quantification
was performed using ImageJ.
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and damaged mitochondria. Because of its vital role,
whole-body knockout of autophagy leads to early
(embryonic or neonatal) death in mice, and conditional
(tissue-specific) knockout leads to severe pathologies
in the affected tissue.26

When cells are under stress, autophagy is stimu-
lated to facilitate the recycling of (damaged) macro-
molecules, organelles, or protein aggregates into
cellular building blocks that are incorporated in anti-
stress responses and energy production. As such,
autophagy promotes cellular survival and counteracts
stress-induced cell death, justifying its therapeutic
potential in stress-related disorders. However, auto-
phagy is also suggested to provoke cell death,
although the mechanisms behind it have been a matter
of debate.27-29 Possible mechanisms include the
enhancement of apoptosis by autophagy protein
fragments,30 autophagic degradation of antioxidant
catalases resulting in increased reactive oxygen spe-
cies production,31 or autophagy-dependent lysosomal
membrane permeabilization, but these remain to be
demonstrated.32 Recently, a cell-permeable peptide
corresponding in sequence to a portion of the auto-
phagy protein beclin 1 was found to trigger a novel
necrotic-like cell death (termed autosis) in different
cellular models, which was prevented by inhibition of
autophagy. Autosis was also observed in a small
subpopulation of nutrient-deprived cells (w1%) and
in vivo in a mouse model of cerebral ischemia.33

Interestingly, beclin 1 is inhibited by the anti-
apoptotic Bcl-2 proteins (eg, Bcl-2 and Bcl-XL;
Fig 2A), and cell death is induced when beclin 1 lacks
the Bcl-2–binding motif,34 suggesting that Bcl-2
proteins are able to inhibit autophagy-dependent cell
death. This Bcl-2–beclin 1 crosstalk thus represents an
important pivot in the cellular life versus death
decision.

Molecular Regulation of Autophagy

Many autophagy proteins (Atg proteins) constitute
the molecular machinery of autophagy.35 Proteins
relevant for this review are shown in Fig 2A.
Autophagy initiates with the formation of a double-

membranous structure (phagophore) that elongates
into a vesicle (autophagosome). Two protein com-
plexes are essential in phagophore formation: the
ULK1/2 complex and the class III phosphatidylino-
sitol 3-kinase (PtdIns3KC3) complex.
Phosphorylation of ULK1/2 complex members by

the mammalian target of rapamycin (mTOR) inhibits
the complex and blocks autophagy. As such, mTOR
suppression by nutrient deprivation or chemically (eg,
rapamycin or everolimus) stimulates autophagic
recycling. Interestingly, this causes a negative feed-
back: the newly formed amino acids reactivate
mTOR and suppress autophagy, which is partially
701



Figure 2. Overview of autophagy and the common monitoring techniques. (A) Overview of molecular regulation of the autophagy
process and its modulators. See text for details. (B) The most frequently used techniques to measure autophagy. (Left) Transmission
electron microscopy is still the gold standard to visualize autophagosomes (arrows). Scale bar, 500 nm. (Middle) Fluorescently labeled
LC3 (either through immunofluorescence or tagged with green fluorescent protein) appears as fluorescent punctae due to the accu-
mulation of LC3-II at the autophagosomal membranes. Each puncta represent an autophagosome (arrows). Scale bar, 10 mm. (Right)
LC3-I and LC3-II migrate at different rates in a protein gel, consistent with different apparent molecular weights. Stimulation of auto-
phagy (indicated with 1; - represents control conditions) results in an increase in LC3-II. Concomitantly, levels of the autophagy cargo
protein p62 decrease. GAPDH represents the loading control. Abbreviation: m, mitochondria.
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responsible for the dynamic, transient, or fluctuating
activity that autophagy often displays during pro-
longed stress.36 The PtdIns3KC3 complex requires
beclin 1 in order to generate PtdIns-3-phosphate on
endoplasmic reticulum membranes at specific sites
where phagophore formation will initiate.37 Beclin 1
and PtdIns3KC3 are also involved in the maturation
phase of the autophagic pathway (Fig 2A).
Phagophore elongation requires formation of the

Atg12-Atg5-Atg16 complex and lipidation of LC3-I
to phosphatidylethanolamine-conjugated LC3 or
LC3-II. Both reactions are in part mediated by
Atg7. LC3 conversion is used to study autophagy
(Fig 2B): LC3-I and LC3-II migrate differently
during gel electrophoresis and are detected as 2
702
separate bands in Western blots. The band intensity
of the autophagic form LC3-II reflects autophagic
activity. Furthermore, because LC3-II concentrates
at autophagosomal membranes, autophagosomes
can be visualized by fluorescently labeling LC3.
Importantly, LC3-II is also degraded inside the ly-

sosomes. As such, the amount of LC3-II at a particular
time is dependent on both the autophagosome pro-
duction and degradation rate. This continuous turnover
(termed autophagic flux) complicates the value of
LC3-II as an autophagy marker and advocates the need
for additional markers, such as the autophagy degra-
dation substrate Sqstm1/p62 (Figs 1 and 2B).19

Finally, autophagosomes fuse with endosomes
(maturation) and eventually with lysosomes, forming
Am J Kidney Dis. 2015;66(4):699-709
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autolysosomes, inwhich the autophagic cargo isdegraded
by lysosomal enzymes.

What Is the Role of Autophagy in the Normal Kidney?

Before examining the role of autophagy during
renal IRI, it is important to understand its physiologic
role in the different renal cell types.
Podocytes are highly differentiated cells that

rely heavily on autophagy and, in mice, display
many autophagosomes.14,38 Consequently, p62
degradation in these cells is high and glomeruli
have lower p62 levels than their neighboring
tubular structures (Fig 1). Transgenic mice in
which Atg5 is knocked out specifically in podo-
cytes display increased endoplasmic reticulum
stress and an accumulation of oxidized and ubiq-
uitinated proteins, resulting in podocyte loss, pro-
teinuria, and glomerulosclerosis.39 Cells of the
collecting ducts also show high autophagy levels.14

In contrast, tubular cells contain limited autopha-
gosomes in mice. Starvation strongly increases
their number, suggesting that autophagy is impor-
tant for tubular cell survival.14,38 Proximal tubular
cells consume a large amount of energy during
electrolyte reabsorption, and autophagy is prob-
ably important for their energy needs and mito-
chondrial turnover. Moreover, proximal tubular
cells have high lysosomal activity necessary for
protein degradation. This is reflected by the
development of glycosuria and reduced kidney
function in proximal tubule–specific Atg5 knockout
mice.3,4 Distal tubular cells, whose function is
more passive and less energy dependent, rely less
on autophagy for their homeostasis. Distal tubule–
specific Atg5 knockout mice have no decreased
kidney function despite an increase in levels of
oxidative markers.4 The likely more important role
of autophagy in proximal versus distal tubular cells
might explain the higher sensitivity of proximal
tubular cells to IRI compared with distal tubular
cells.

Is the Role of Autophagy in Renal IRI Protective or
Detrimental?

The consecutive hypoxic and oxidative stress
evoked by ischemia and reperfusion has been shown
to enhance autophagy in different rodent models of
renal IRI.2-4,8-11,13-15 However, suppressed autophagy
has also been observed in 2 rat models subjected to 40
minutes of warm renal ischemia (Table 1).6,12 After
48 hours of cold ischemia, autophagy is increased.16

Regardless of its dynamics (increased or decreased),
the role of autophagy after renal IRI is a major matter
of debate, with both protective and detrimental prop-
erties proposed (Table 1).
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Evidence That Autophagy Ameliorates Renal IRI

Considering its predominantly protective pro-
perties, it would make sense that autophagy stim-
ulation attenuates renal IRI. In this regard,
autophagy suppression by the PtdIns3K inhibitor 3-
methyladenine (3-MA) or by small interfering RNA
(siRNA) against beclin 1 or Atg5 transcripts increases
apoptosis in vitro in rat proximal tubular cells sub-
jected to hypoxia-reoxygenation. In vivo, 3-MA and
the lysosomal inhibitor chloroquine aggravate the loss
of renal cells 48 hours postreperfusion in a 30-minute
bilateral renal ischemia mouse model.2 Similar effects
were observed after 25 minutes of bilateral renal
ischemia in autophagy-deficient (proximal tubule–
specific Atg7 knockout) mice.5 Two independently
generated proximal tubule–specific Atg5 knockout
mouse models subjected to 25 or 35 minutes of
bilateral renal ischemia have also been reported to
display increased kidney damage, apoptosis, and
accumulation of p62- and ubiquitin-positive in-
clusions.3,4 Finally, caloric restriction starting 2
weeks prior to IRI (40 minutes of bilateral ischemia)
also has been shown to protect rats from kidney
damage. Caloric restriction is known to stimulate
autophagy through the activation of nicotinamide
adenine dinucleotide (NAD)-dependent deacetylase
sirtuin 1.40 Surprisingly, the protection against renal
IRI was attributed to autophagy in a sirtuin 1–inde-
pendent manner because 3-MA, but not the sirtuin 1
inhibitor sirtinol, abrogates the protective effect of
caloric restriction.6

Evidence That Autophagy Exacerbates Renal IRI

Despite ample evidence of the protective properties
of autophagy, detrimental effects have also been
attributed to autophagy during renal IRI (Table 1). In
uninephrectomized rats, the remaining kidney is pro-
tected from IRI (45 minutes of ischemia) by adenoviral
delivery of the Bcl-2 family proteins Bcl-2 and Bcl-
XL. This effect was suggested to be mediated by both
the antiapoptotic and antiautophagic properties of
these proteins.8 The protective effect of Bcl-2 was
also independently observed in transgenic mice over-
expressing Bcl-2; when these animals are subjected
to 45 minutes of bilateral ischemia, a decrease in
both apoptotic and autophagic features is observed.9

Moreover, inhibition of autophagy by 3-MA, the
lysosomal inhibitors pepstatin A/E64d, or siRNA
against Atg7 protects against oxidative stress induced
by hydrogen peroxide in vitro in proximal tubular HK-
2 (human kidney 2) cells.15 In vivo, the mTOR in-
hibitor everolimus stimulates autophagy in rat kidney
and aggravates renal IRI after 40 minutes of bilateral
ischemia.12 Finally, the protective effects of ischemic
and repetitive hypoxic preconditioning were reported
703
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to be accompanied by a decrease of autophagy in
2 models of unilateral ischemia (for 45 and 60 minutes)
in uninephrectomized rat kidneys.10,11

Why Is It Difficult to Determine the Exact Role of
Autophagy in Renal IRI?

Limitations of In Vitro Models

In vitro simulation of IRI by hypoxia-reoxygena-
tion2 or treatment with hydrogen peroxide
(Table 1)15,17 has the advantage of dissecting the ef-
fect of a single stress response in one cell type inde-
pendent of other factors. However, in vivo, IRI is the
result of oxidative stress accompanied by nutrient
deprivation, loss of blood flow, and inflammatory and
immune signals (Fig 3). Moreover, the multiple kid-
ney cell types will react differently to in vivo renal IRI
and influence each other through direct and indirect
communication. This heterogeneity is absent in a cell
culture system. Thus, the magnitude, kinetics, and
outcome in vivo are dependent on the culmination of
cell-intrinsic (ie, the molecular stress-activated path-
ways) and cell-extrinsic (ie, immune signals) factors
that are lacking in vitro.

Dynamic Nature of Autophagy

As mentioned, autophagy often displays a transient
dynamic nature, including in hypoxic rat renal
proximal tubular cells,2 hydrogen peroxide–treated
NRK-52E cells,17 and in vivo after 40 minutes of
unilateral renal ischemia,3 in which an initial increase
is followed by a decrease in autophagy markers. This
dynamic nature of autophagy complicates the com-
parison of studies analyzing different durations of
ischemia or reperfusion (Table 1). Ideally, therefore,
704
multiple time points covering the entire IRI process
need to be analyzed.

Crosstalk of Autophagy With Other Cell Death Pathways

Overexpression of Bcl-2 family proteins has been
shown to aggravate renal IRI.8,9 Because Bcl-2 pro-
teins are both anti-autophagic and anti-apoptotic, it is
unclear whether the end result is due to autophagy or
apoptosis suppression. Although apoptosis is usually
considered to be harmful during IRI, it may never-
theless have beneficial effects as an alternative non-
inflammatory cell death pathway, in contrast to
necrosis, and in the safe removal of damaged kidney
tissue. In addition, autophagy and apoptosis are
generally mutually exclusive. By removing damaged
mitochondria, autophagy eliminates potential apoptotic
mitochondrial outer membrane permeabilization
events. Conversely, the apoptotic effectors calpains and
caspases can cleave autophagy proteins and by this
mechanism even turn them into proapoptotic proteins.30

The existence of this mutual exclusion in renal IRI is
supported by the observation that proximal tubule–
specific Atg5 knockout mice display more apoptosis
after renal IRI or cisplatin treatment.3,41,42 This tight
molecular crosstalk between autophagy and the other
cell death pathways highlights the need to investigate all
these processes in parallel (Fig 3).

Absence of Specific Markers for Autophagy

The most common autophagy markers (the number
of autophagosomes or amount of LC3-II) do not
represent autophagic flux very well. For example,
lysosomal dysfunction will lead to accumulation of
autophagosomes andLC3-II, which can be erroneously
interpreted as autophagy stimulation.19 Consequently,
Figure 3. Difficulties in
research on autophagy in renal
ischemia-reperfusion injury.
Ischemic stress consists of hypox-
ia, nutrient and energy depletion,
and loss of blood flow, whereas dur-
ing reperfusion, the oxidative stress
and subsequent intracellular dam-
age are supplemented by an
inflammation factor. The autophagy
response to all these stress factors
occurs by different and overlapping
pathways. In addition, ischemia and
reperfusion affect apoptosis and
necrosis, with which autophagy is
known to have molecular crosstalk.
Autophagy not only regulates the
homeostasis and viability of the
different local kidney cells, but
also plays a role in circulating im-
mune cells, where it fine-tunes
(innate and adaptive) immune re-
sponses. The culmination of these
responses eventually determines
its effect on kidney injury.

Am J Kidney Dis. 2015;66(4):699-709
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additional autophagy markers (such as Sqstm1/p62;
Figs 1 and 2B) and measuring techniques are required
to more correctly apprehend the autophagic flux.
Recently, a transgenic mouse model expressing

LC3 double-tagged with red and green fluorescent
protein (RFP-GFP-LC3) was developed.14 Unlike
RFP, GFP is acid sensitive, meaning its fluorescence
is rapidly quenched inside lysosomes. This behavior
provides a way to differentiate autophagosomes
(which fluoresce red and green) from autolysosomes
(which fluoresce red only). In this model, 45 minutes
of unilateral ischemia augments the number of
red and green dots (increased autophagic flux) in
proximal tubular cells, followed by enhanced auto-
phagosome clearance (mostly red dots) 3 days post-
reperfusion.14 This transgenic mouse model will have
great value in increasing understanding of the auto-
phagic flux during renal IRI in different experimental
conditions.

Limitations of Autophagy Modulators

The chemical autophagy modulators that are used to
study the role of autophagy in renal IRI have multiple
side effects on other related intracellular pathways.
mTOR inhibitors (eg, rapamycin and everolimus)
stimulate autophagy, but also inhibit cell growth, pro-
liferation, and protein transcription and translation.
PtdIns3K inhibitors (eg, 3-MA) inhibit autophagy
through suppression of PtdIns3KC3, but also affect cell
growth, proliferation, and the stability of hypoxia-
inducible factor 1a (HIF-1a) through suppression of
PtdIns3KC1. Finally, lysosomal inhibitors (eg, chlo-
roquine and bafilomycin A1) hamper all lysosome-
dependent pathways. Consequently, it is premature to
pinpoint the protective or detrimental effect of these
compounds solely to autophagy modulation. More-
over, it is important to note that autophagy helps bal-
ance the inflammatory and both innate and adaptive
immune responses through various mechanisms.43 It is
thus unclear whether the effect of an autophagy
modulator is caused by alterations in renal paren-
chymal cell viability or altered immune regulation
(Fig 3). The complex regulation of adaptive immunity
and immunosuppression by autophagy is thoroughly
reviewed elsewhere.44

Interestingly, proximal tubule–specific Atg5
knockout mice or proximal tubule–specific Atg7
knockout mice permit kidney-specific inhibition of
autophagy.3-5 In these models, IRI is aggravated,
pointing toward a protective role for autophagy.
However, it should be noted that the lack of proper
autophagy completion induces an accumulation of
unusual multiple tightly packed concentric mem-
branes or cytoplasmic inclusion bodies after renal
IRI,4 which could have toxic properties and account
for the observed exacerbation of the injury.
Am J Kidney Dis. 2015;66(4):699-709
RECENT ADVANCES

A Dual Role for Autophagy in Renal IRI

In general, autophagy has shown protective prop-
erties in in vivo models when ischemic duration is
limited (25-40 minutes), whereas detrimental effects
have been observed when the period of ischemia is
prolonged to 40 to 60 minutes (Table 1). We therefore
hypothesize that autophagy can switch roles, depend-
ing on the severity of the ischemic injury and, for a
given severity, the phase of the IRI process (early or
late after initiation of IRI). Longer ischemic periods
could increase the likelihood of tipping the balance
toward autophagy-dependent cell death (Fig 4). The
40-minute ischemia mark may represent this tipping
point, but will likely also depend on other factors such
as unilateral versus bilateral ischemia and the type,
strain, and sex of animal used. In support of this,
autophagy and apoptosis were observed to be differ-
ently regulated in male versus female rats subjected to
cardiac IRI.45 During cardiac IRI, a dual role for
autophagy has already been proposed, albeit inde-
pendent of ischemic duration.46 We thus hypothesize
that this transition during reperfusion in the kidney
partially accounts for the contradictory findings in the
literature. The mechanisms by which this switch is set
in motion are largely speculative, but probably depend
on the survival versus death properties of beclin 146

and its interaction with the Bcl-2 family proteins.

Implications for Autophagy Modulation as a
Therapeutic Strategy in Renal IRI

The autophagy-independent effects of the standard
autophagy modulators are inappropriate for thera-
peutic autophagy modulation in renal IRI because
they will either act on kidney cell proliferation (eg,
3-MA and rapamcyin) or affect lysosomal function,
both of which are likely too important to be disturbed
during renal IRI. However, several mTOR and
phosphoinositol-3-kinase (PI3K)-independent com-
pounds (eg, trehalose and resveratrol) could poten-
tially activate autophagy without affecting other vital
functions. Resveratrol, for example, is an antioxidant
that acts on sirtuin 1 and has protective effects after
renal IRI.47 Interestingly, by acting independently of
mTOR, trehalose can alleviate disruptions in the
mTOR-dependent autophagic flux, as has been
demonstrated in neurodegenerative diseases.48

Based on the proposed dual function of autophagy in
renal IRI, optimal autophagy modulation should
restrict autophagy levels inside a protective therapeutic
window and depends on the extent of IRI (Fig 4). Upon
severe ischemia, autophagy inhibitors should prefer-
ably outweigh the activators. In addition, screening for
autophagy markers in a baseline donor biopsy spec-
imen might be a valuable method to detect whether
705



Figure 4. Hypothesis of the dual role of autophagy in renal ischemia-reperfusion injury (IRI) and the subsequent implications for
therapy. Autophagy is a protective survival process in renal IRI, as long as its function is maintained in its protective window (green
area). Upon ischemia-reperfusion, the lowest protective level of autophagy augments because autophagy upregulation is required
for survival, narrowing the protective window (lower dashed line). Inhibition of autophagy below these levels will result in more damage
in an extreme stress situation as IRI and thus is best avoided. This situation is created, for example, in the autophagy knockout mouse
models (red line). Following mild ischemia, autophagy is likely upregulated within the limits of its protective window (green line). Severe
ischemia increases the chance for autophagy to surpass its threshold (upper dashed line) and become detrimental during reperfusion
(blue line). To modulate autophagy as a therapeutic strategy, it is advisable to stimulate and/or inhibit autophagy so that its levels are
conducted inside the protective therapeutic window (red and green arrows).
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autophagy is already deregulated pretransplantation,
lowering the threshold for autophagy-dependent cell
death posttransplantation. This information can be
taken into account during postoperative (immunosup-
pressive) drug treatment. In our case vignette,
for example, the decreased p62 expression could
indicate overactivated autophagy preimplantation
(Fig 1), arguing for the use of autophagy inhibitors
instead of autophagy stimulators to improve transplant
outcome.

Modulation of Autophagy in Renal IRI With Diuretics
and Immunosuppressants

Several diuretics (furosemide) and immuno-
suppressive drugs (rapamycin, tacrolimus, MMF, and
corticosteroids) used in the setting of AKI and kidney
transplantation, respectively, are autophagy modula-
tors (Table 2),49-65 which could partially explain their
influences on renal IRI. Furosemide is often applied in
an attempt to promote diuresis in AKI. Interestingly,
in rat kidneys, furosemide induces the number of
autophagosomes in the thick ascending loop of Henle,
but not in proximal tubular cells.49 The autophagy-
stimulating properties could partially explain the
conflicting results regarding the use of furosemide in
rat IRI models subjected to unilateral versus bilateral
clamping; after unilateral IRI, furosemide improves
outcomes and decreases apoptosis,66,67 whereas it
increases kidney function and lethality in a bilateral
renal IRI model.68 Based on our hypothesis on the
dual role of autophagy depending on the extent of the
ischemic stress, furosemide-induced autophagy will
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therefore more likely induce detrimental autophagy
after bilateral, with higher IRI, than unilateral
clamping. Moreover, the detrimental effect of furo-
semide only occurs in adult, not young, rats.68 Aging
is often characterized by disturbances in the auto-
phagic pathway, which may already lower the
threshold for detrimental autophagy. This age-
dependent autophagic predysfunction, together with
the high ischemic stress during AKI, may explain the
harmful effects of furosemide observed in humans
and the subsequent current debate on the use of di-
uretics in the prevention or treatment of AKI.69

Immunosuppressants will also affect autophagy after
kidney transplantation, with consequences for IRI and
rejection. The latter is beyond the scope of this review
and is reviewed elsewhere.44 Rapamycin is reported to
cause both better and worse outcomes in rodent kidney
IRI and transplantation models.70-75 These effects are
generally attributed to its antiproliferative properties,
but it is unclear whether autophagy stimulation is also
involved. The exact outcome also likely depends on
the administered dose,76 ischemic time, markers
measured, and phase postreperfusion (Fig 4).77,78 For
example, the rapamycin analogue everolimus increases
interleukin 6, but reduces TNF-a (tumor necrosis fac-
tor a) levels in a rat IRI model and increases myelo-
peroxidase staining 2 hours postreperfusion, but
reduces it 24 hours postreperfusion.77 These findings
highlight again the analysis of multiple time points
during the entire IRI process (see previous discussion).
Interestingly, in a rat kidney transplantation model,

protective effects of rapamycin are enhanced when
Am J Kidney Dis. 2015;66(4):699-709



Table 2. Overview of the Most Commonly Used Drugs in AKI

and Kidney Transplantation and Their Effect on Autophagy

Compound Effect on Autophagy Reference

Diuretics

Furosemide Stimulation in loop of Henle,

not in proximal tubular cells

49

Immunosuppressants

Rapamycin Stimulation in vitro and in vivo 50

Tacrolimus Stimulation in vivo in mouse

brain

51

Mycophenolate

mofetil

Stimulation of chaperone-

mediated autophagy in vitro

in hepatocytes

52

Dexamethasone Stimulation in vitro in

thymoma lymphocytes

53

Stimulation of autophagy-

dependent cell death

in vitro in lymphoid

leukemia cells

54

Stimulation in vivo in rat

soleus muscle

55

Stimulation in vitro in primary

osteocytes

56

Stimulation in vitro in

chondrocytes

57

Methylprednisolone Stimulation in vivo in mouse

osteocytes

58

Inhibition of autophagy-

dependent cell death in vivo

in rat spinal cord

59

Azathioprine Stimulation in vitro in

hepatoblastoma cells

60

Cyclosporine A Stimulation in vivo in rat

acinar cells

61

Stimulation in vitro in rat

pituitary cells

62

Inhibition of autophagic flux

in vivo in mouse kidney

63

Stimulation of autophagy-

dependent cell death

in vitro in glioma cells

64

Stimulation of autophagy-

dependent cell death

in vitro in rat pituitary cells

65

Abbreviation: AKI, acute kidney injury.

Autophagy in Renal IRI
combined with tacrolimus or MMF.79,80 These im-
munosuppressants mostly have protective properties
on IRI through anti-apoptotic or anti-inflammatory
mechanisms.72,81-83 In addition, tacrolimus also
stimulates autophagy in vivo in the brain of mice,51

while MMF is a potent inducer of chaperone-
mediated autophagy, a special form of autophagy
specific for degradation of oxidized/misfolded pro-
teins mediated by heat shock proteins.52 These
chaperones are upregulated during cardiac IRI,84 but a
role for chaperone-mediated autophagy in renal IRI
has not been studied yet. Nevertheless, it is possible
that the beneficial effects of tacrolimus and MMF on
renal IRI are partially caused by their ability to
stimulate autophagy.
Am J Kidney Dis. 2015;66(4):699-709
The widely used immunosuppressant cyclosporine
A has also been identified as a strong modulator of
autophagy in vitro and in vivo (Table 2). Interest-
ingly, its long-term nephrotoxic effects have even
been attributed to inhibition of the autophagic flux,
leading to an accumulation of autophagosomes,63 and
this mechanism could account for cyclosporine A–

induced autophagy-dependent cell death observed in
glioma and pituitary cell models in vitro.64,65

One final note is that corticosteroids also affect
autophagy. Although some glucocorticoids (eg, dexa-
methasone) stimulate autophagy in vitro and in vivo,
methylprednisolone, themost commonly used steroid in
transplantation, suppresses autophagy in the rat spinal
cordand thereby alleviates spinal cord injury, suggesting
that methylprednisolone can counteract autophagy-
dependent cell death.59 In contrast, low doses of pred-
nisolone stimulate autophagy, while high doses induce
apoptosis in osteocytes in vivo.58Whether these steroids
enact similar effects on autophagy in kidney cells during
renal IRI is an important future question to be addressed.

SUMMARY

Autophagy is an essential process situated in the
center of the cellular life and death balance. As such,
it has connections with many cellular pathways and is
affected by various external compounds. Its duality
highlights the need for prudence in autophagy data
interpretation: fluctuating dynamics, lack of specific
markers and modulators, its role in immunity, and the
crosstalk with other cell death pathways all impede
proper autophagy analysis. Future careful research is
needed to improve understanding of the autophagic
transition from protective to detrimental, opening new
avenues to specifically modulate the detrimental
properties of autophagy without affecting its survival
function. Considering the autophagy-modulating
properties of immunosuppressive drugs, their peri-
operative use needs to be revisited in light of the dual
role of autophagy in renal IRI.
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