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Abstract
Autophagy, a lysosomal process involved in the maintenance of cellular homeostasis, is responsible for 
the turnover of long-lived proteins and organelles that are either damaged or functionally redundant. The 
process is tightly controlled by the insulin-amino acid-mammalian target of the rapamycin-dependent sig-
nal-transduction pathway. Research in the last decade has indicated not only that autophagy provides cells 
with oxidizable substrate when nutrients become scarce but also that it can provide protection against 
aging and a number of pathologies such as cancer, neurodegeneration, cardiac disease, diabetes, and 
infections.
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reactive oxygen species; signaling

Abbreviations and Glossary:  4E-BP1, eukaryotic translation initiation factor 4E binding protein 1; 
AICAR, 5-aminoimidazole-4-carboxamide ribonucleoside; AMBRA1, activating molecule in Beclin1-
regulated autophagy; AMPK, AMP-activated protein kinase; ATG, AuTophaGy related; BAD, Bcl-xL/
Bcl-2-associated death promoter; Bak, Bcl-2 homologous antagonist/killer; Barkor, Beclin 1-associated 
autophagy-related key regulator; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; Bcl-xL, 
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associated protein kinase; eEF2, eukaryotic elongation factor 2; eIF2, eukaryotic initiation factor 2; ER, 
endoplasmic reticulum; Erk, extracellular signal-regulated kinase; FIP200, focal adhesion kinase (FAK) 
family interacting protein of 200 kDa; FoxO, Forkhead box O; GCN2, general control non-derepressible-2; 
HE, hepatic encephalopathy; HIF, hypoxia inducible factor; HIV, human immunodeficiency virus; 
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factor; Ire1, inositol-requiring enzyme 1; IRS, insulin receptor substrate; JNK, c-Jun N-terminal kinase; 
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MHC, II, major histocompatibility complex class II; mTOR, mammalian target of rapamycin; NFB, nuclear 
factor kappa-light-chain-enhancer of activated B cells; NPC1, Niemann-Pick type C disease 1; p38, p38 
mitogen-activated protein kinase; PARK2, Parkinson disease 2, Parkin; PDK1, phosphoinositide-dependent 
kinase-1; PE, phosphatidylethanolamine; PERK, PKR-like ER kinase; Pex, peroxisomal import protein; 
PI3K, phosphatidylinositol 3-kinase; PINK1, PTEN-induced kinase 1; PKB, protein kinase B; PKR, double-
stranded RNA-dependent protein kinase; PtdIns(3)P, phosphatidylinositol 3-phosphate; PtdIns(3,4)P2, 
phosphatidylinositol 3,4-biphosphate; PtdIns(3,4,5)P3, phosphatidylinositol 3,4,5-triphosphate; PTEN, 
phosphatase and tensin homolog deleted on chromosome 10; Rag, Ras-related small GTP-binding 
protein; raptor, regulatory associated protein of mTOR; Rheb, Ras homolog enriched in brain; rictor, 
rapamycin-insensitive companion of mTOR; ROS, reactive oxygen species; S6, ribosomal protein S6; S6K, 
70 kDa S6 kinase; sirtuin, silent mating type information regulation 2 homolog; SOD1, Cu/Zn superoxide 
dismutase; SQSTM1, sequestosome 1; Tap42, type 2A-associated protein of 42 kDa; TNF, tumor necrosis 
factor ; TORC1, target of rapamycin complex 1; TORC2, target of rapamycin complex 2; TSC, tuberous 
sclerosis complex; ULK, UNC-51-like kinase; UVRAG, UV radiation resistance-associated gene; Vps, vacuolar 
protein sorting.
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Introduction

In order to maintain cellular homeostasis it is 
important not only that cellular components 
(e.g. proteins, organelles) are synthesized and 
assembled when needed but also that these com-
ponents are degraded when they are either dam-
aged or superfluous. When the degradation process 
does not occur properly the cell may either die or 
turn into a cancer cell in which growth proceeds 
unrestrained.

Whereas the ubiquitin-proteasome pathway is 
involved in the degradation of short-lived proteins,1,2 
the autophago-lysosomal pathway of protein 
degradation is responsible for the degradation of 
long-lived proteins and for the elimination of either 
damaged or functionally redundant organelles. 
Another lysosomal protein degradation system, 
chaperone-mediated autophagy, takes care of 
removing cytosolic proteins carrying a lysosomal 
targeting motif: these are recognized by a specific 
chaperone in the cytosol that delivers them to the 
lysosomes where they are internalized and degraded. 
This process has been described elsewhere.3

In the past, most attention has been devoted 
to the ubiquitin-proteasome-mediated catabolic 
pathway. However, the explosion of research 
on (macro)autophagy in the last decade high-
lights the importance of this process in cellular 
homeostasis.4–6

Formation of autophagosomes

During autophagy, which occurs in all eukaryotic 
cells, part of the cytoplasm containing the material 
to be degraded becomes surrounded by a double 
membrane (isolation membrane), which forms 
an autophagosome.7 The autophagosome moves 
along microtubules in a dynein-dependent fashion 
and fuses with endocytic compartments (to form 
an amphisome8) and lysosomes in a manner that is 
dependent on the small GTPase Rab7 and the lyso-
somal membrane protein Lamp-2.9–12 In this process, 
the outer autophagosomal membrane fuses with the 
lysosomal membrane, and the inner autophago-
somal membrane vesicle is released into the lyso-
somal interior. This vesicle, with its sequestered 
macromolecular material, is then degraded, and the 
products return to the cytosol via specific permeases 
for reutilization in metabolism (Figures 1 and 2).7

The formation of autophagosomes, consisting 
of nucleation, membrane expansion, and vesicle 
closure, is the rate-limiting step in autophagy. This 
step requires 18 different ATG (AuTophaGy-related) 
genes that have been identified by genetic screens 
for autophagy mutants in yeast; many of these genes 
have mammalian counterparts. These have been 
reviewed in great detail elsewhere7,13–17 and will be 
discussed here only briefly.

Central to autophagosome induction and 
formation in yeast are the Atg1-Atg13-Atg17 complex; 

Atg12-Atg5 Atg1
complex

Isolation membrane
(Phagophore)

Bcl-2

Beclin 1

hVps34

Ptdlns3P

LC3
(Atg 8)

Autophagosome Autophagolysosome

Lysosome

Figure 1.  The autophagic process. Essential for the initiation of autophagosome formation is the association of Beclin 1 (Atg6) with the 
class III phosphatidylinositol 3-kinase hVps34 (homolog of yeast Vps34) before PtsIns(3)P is produced. For this to occur, Beclin 1 must 
first dissociate from its inhibitory complex with Bcl-2. Only the two-ubiquitin-like conjugation systems (Atg12 and Atg8/LC3) and the 
Atg 1 complex are represented in the figure. The fusion of the autophagosome with endosomes is not represented. For further details 
about the Atg machinery, see the text.
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the phosphatidylinositol 3-kinase (producing 
PtdIns(3)P [phosphatidylinositol 3-phosphate]) com-
plex (consisting of the class III phosphatidylinositol 
3-kinase Vps34 [Vps, vacuolar protein sorting] and 
its regulatory protein kinase Vps15, and of Atg6 and 
Atg14); and the Atg5-Atg12-Atg16 multimere com-
plex, which is needed in the process leading to the 
conjugation of Atg8 (LC3-I or microtubule-associ-
ated protein 1 light chain 3 in mammalian cells) with 
phosphatidylethanolamine (PE) to form Atg8-PE 
(LC3-II in mammalian cells). The deconjugation of 
Atg8-PE is catalyzed by the protease Atg4. Both Atg5-
Atg12 and Atg8-PE are produced by two unique, 
ubiquitin-like conjugation systems: the formation 
of Atg5-Atg12 requires Atg7 (homologous to the E1 
ubiquitin-activating enzyme) and Atg10 (homolo-
gous to the E2 ubiquitin-activating enzyme), whereas 
conjugation of PE with Atg8 (a ubiquitin-like protein) 
requires Atg7, Atg3 (another E2-like enzyme), and the 
Atg5-Atg12-Atg16 complex (E3-like).13,18,19 Atg8-PE 
behaves like a membrane protein and is present on 
autophagosome membranes. Interestingly, in vitro, 
Atg8-PE mediates tethering between adjacent mem-
branes and stimulates membrane hemifusion; it is 
thought that this may mimic the expansion of the 
autophagosomal membrane during autophagosome 
formation.20

Once the autophagosome has formed, Atg5-
Atg12 is lost, but Atg8-PE (LC3-II) remains on the 
autophagosomal membranes; the inner membrane 
LC3-II is degraded by lysosomal enzymes after the 
fusion of autophagosomes with lysosomes, and the 

outer membrane LC3-II is deconjugated by Atg4 
and returns to the cytosol. LC3-II is therefore a use-
ful marker of autophagosomes but not of autophagic 
flux.21–23 However, LC3-II may also be present on pro-
tein aggregates that are formed in a manner that is 
independent of autophagy.23–25

The source of the membrane used for autophago-
some formation has been the subject of considerable 
debate.12,16,26 Seglen and coworkers proposed that 
the sequestering membrane is a unique organelle 
with distinct morphological properties and coined 
the term “phagophore” for the membrane cisternae 
that form the new autophagosome;8 the site where 
the autophagosome is formed is now designated the 
“phagophore assembly site” (PAS). Recent evidence 
indicates that the lipids for autophagosome forma-
tion may be derived from the endoplasmic reticulum 
(ER),27 as had long been suspected.28,29 Analysis of 
the dynamics of several PtdIns(3)P-binding proteins 
in mammalian cell lines has revealed that during 
starvation-induced autophagy, autophagosomes 
are formed in a PtdIns(3)P-enriched compartment 
that is dynamically connected to the ER. PtdIns(3)P 
presumably defines the site of autophagosome for-
mation (i.e. the phagophore), as it is formed before 
LC3-II is present in the phagophore. Evidence has 
also been obtained that PtdIns(3)P may be required 
to join the ends of the membrane of the autophago-
some in statu nascendi (termed the “omegasome” 
because of its shape) to form a vesicle.27,30 Data 
obtained with yeast have also revealed the presence 
of PtdIns(3)P on the isolation membrane. PtdIns(3)P  
levels are highly enriched on the inner concave 
surface of the isolation membrane and near the 
elongating tips; its function is probably to recruit 
some Atg proteins to the membrane, to generate 
the negative curve of the inner membranes, and to 
maintain the edges of the isolation membranes.31–33

Regulation of autophagy

When the cellular nutrient supply is insufficient, 
autophagy becomes activated as a defense mecha-
nism by which amino acids and other intracellular 
nutrients are recycled for cell survival34,35 and to 
repress apoptosis.36 For example, in newborn mam-
mals, when the maternal supply is suddenly inter-
rupted immediately after birth, starvation-induced 
autophagy in various tissues provides the necessary 
oxidizable substrates, as has been beautifully demon-
strated in Atg5-deficient mice.37 Another example is 
that of the adult mammalian muscle and liver which, 
in starvation, degrade proteins by autophagy in order 
to produce amino acids for the hepatic synthesis of 

Figure 2.  Autophagic organelles visualized by transmission 
electron microscopy in starved human fibroblasts. (1) and (2) 
Autophagosomes surrounded by a double-membrane with undi-
gested cytoplasmic material inside. (3) An amphisome result-
ing from the fusion of an autophagosome with an endosome. 
This organelle has acquired acidic properties and degradative 
capacities. (4) Autolysosomes filled with undigested lipids. (M) 
Mitochondria. The figure is used by courtesy of Gérard Pierron 
(CNRS, Villejuif, France).
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glucose, which is needed as substrate for energy pro-
duction in brain and erythrocytes.38

Amino acids are classical (feed-back) inhibitors 
of autophagy, and they carry out this function by 
inhibiting the formation of autophagosomes39 by a 
mechanism, the details of which are still obscure (see 
below). It must be stressed that ammonia, one of the 
major products of amino acid catabolism, can directly 
inhibit lysosomal function by causing an increase in 
intralysosomal pH because of its acidotropic proper-
ties and, in this way, can interfere with the autophagic 
pathway.40,41 Autophagy has long been known to be 
under hormonal control: the process is inhibited by 
insulin and promoted by glucagon.39,42

Even under nutrient-rich conditions, some consti-
tutive autophagy is still required for cellular quality 
control, i.e. to remove damaged intracellular struc-
tures and organelles, as indicated by experiments with 
Atg5 and Atg7-deficient mice.43–46 How the autophagic 
system is able to recognize these aberrant structures 
will be discussed later.

Signaling pathways

Autophagy is regulated by several signal-transduction 
pathways (Figure 3). The most important is the 
insulin-growth factor-amino acid-mTOR (mam-
malian target of rapamycin) pathway: its inhibition 

activates autophagy in all eukaryotes.47 Other 
mechanisms, such as the regulation of autophagy 
by the Erk1,2- and p38-related (Erk, extracellular 
signal-regulated kinase; p38, p38 mitogen-activated 
protein kinase) signaling pathways, do not operate 
in all cell types.47 There is also controversy about 
whether these signaling pathways stimulate48–50 or 
inhibit51,52 autophagy. Likewise, uncertainty exists 
with regard to the role of the trimeric protein Gi3 
in regulating autophagy.53,54 These differences are 
probably cell-type dependent.

Insulin, amino acids, and mTOR-mediated 
signaling
Because the insulin-amino acid-mTOR signaling 
pathway is the major mechanism by which autophagic 
activity is controlled, we will briefly describe some of 
its properties here. For more detailed discussion of the 
various components in this pathway, see Refs. 55−60.

The first part of the insulin-signaling pathway, 
upstream of mTOR, involves the insulin receptor, 
IRS1 and IRS2 (IRS, insulin receptor substrate), 
class I phosphatidylinositol 3-kinase (PI3K), pro-
ducing PtdIns(3,4,5)P

3
 [phosphatidylinositol 

3,4,5-triphosphate] and PtdIns(3,4)P
2
 [phosphati-

dylinositol 3,4-biphosphate]), phosphoinositide-de-
pendent kinase-1 (PDK1) and protein kinase B (PKB)  
(Figure 3). This part of the pathway is involved in 
regulating muscle and adipocyte glucose transport.61
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Figure 3.  Amino acid-activated signaling and the regulation of autophagy. For the purpose of clarity the mTORC2 complex (contain-
ing mTOR and rictor) is not shown. Phosphorylated eIF2alpha and eEF2 stimulate autophagy; the dephosphorylated forms stimulate 
protein synthesis.
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The second part of the insulin-signaling pathway, 
downstream of mTOR, involves components such 
as 4E-BP1 (eukaryotic translation initiation factor 4E 
binding protein 1), S6K (70 kDa S6 kinase), ribosomal 
protein S6, eIF2 (eukaryotic initiation factor 2)-
kinase, and eEF-2 kinase, proteins that are involved in 
regulating protein synthesis. The activity of mTOR is 
inhibited by the heterodimer TSC1/TSC2 (TSC, tuber-
ous sclerosis complex): it acts as a GTPase-activating 
protein complex for the small G-protein Rheb (Ras 
homolog enriched in brain), which, in its GTP-form, 
binds to and activates mTOR. Protein kinase B phos-
phorylates TSC2, which results in inactivation of the 
TSC1/TSC2 complex and activation of mTOR.

mTOR is present in a complex, TORC1 (target of 
rapamycin complex 1), with raptor (regulatory asso-
ciated protein of mTOR, a protein that acts as a scaf-
fold for mTOR-mediated phosphorylation of mTOR 
substrates), the protein GL, and the inhibitory pro-
tein PRAS40. In this form, mTOR activity is inhibited 
by rapamycin. However, when mTOR is present in a 
second complex, TORC2 (target of rapamycin com-
plex 2), formed with the protein rictor (rapamycin-
insensitive companion of mTOR), its kinase activity is 
rapamycin-insensitive and serves to stimulate protein 
kinase B phosphorylation.

An important aspect of the regulation of TORC1 
activity is that upstream signaling by insulin alone 
does not activate mTOR unless low concentrations of 
amino acids are also present.56,62–67 It is noteworthy that 
high concentrations of amino acids alone can activate 
mTOR downstream targets in a rapamycin-sensitive 
manner and do not require the presence of insulin.62–64 
Amino acids do not stimulate class I PI3K (phosphati-
dylinositol 3-kinase) or protein kinase B,56,65–68 which 
implies that their mechanism of action is different 
from that of insulin (see also below). Inhibitors of 
class I PI3K interfere with amino acid-dependent 
signaling in the absence of insulin,69 which suggests 
that basal activity of PI3K is sufficient for mTOR acti-
vation under these conditions.70 Alternatively, these 
compounds may inhibit mTOR directly.67 Because 
amino acids are still required for mTOR activation in 
TSC-null cells,71,72 their site of action must be located 
downstream of TSC.

A finding of great importance for our understand-
ing of the regulation of autophagy were the discoveries 
that activation of mTOR-mediated signaling by amino 
acids not only stimulates protein synthesis but also 
simultaneously inhibits autophagy and that rapamy-
cin stimulates autophagy in the presence of amino 
acids.62,63 Stimulation of autophagy by rapamycin 
has been found not only in mammalian cells but also 
in yeast,73,74 Drosophila,34 Caenorhabditis elegans,75 
trypanosomes,76 and plants,77,78 which demonstrates 

that the mechanism of autophagy control is evo-
lutionarily widely conserved. Today it is generally 
accepted that rapamycin and related compounds are 
possible tools, in addition to amino acid starvation, 
for stimulating autophagy.4,79–81 The recent develop-
ment of ATP-competitive inhibitors of mTOR will also 
be useful in this regard.81

Whereas in hepatocytes, in the presence of low con-
centrations of amino acids, insulin stimulates mTOR 
signaling and simultaneously inhibits autophagy, 
glucagon has the opposite effects, i.e. it inhibits sig-
naling and stimulates autophagy.63 This is consist-
ent with the physiological role of these hormones in 
controlling hepatic autophagy in vivo. The fact that 
opposite types of regulation of protein synthesis and 
of autophagic protein degradation occur via the same 
signaling pathway is considered to be efficient from 
the point of view of metabolic regulation.63,82

The molecular target of TOR in the autophagic 
machinery is probably the Atg1-Atg13-Atg17 com-
plex, as experiments with yeast have indicated: inac-
tivation of TOR by either starvation or rapamycin 
treatment is accompanied by dephosphorylation 
of Atg1 and Atg13 and increased binding of Atg1 to 
Atg13 and Atg17, resulting in increased Atg1 protein 
kinase activity. Under nutrient-rich conditions, Atg13 
becomes hyperphosphorylated in a TOR-dependent 
manner, which reduces the association between 
Atg1 and Atg13; this, in turn, results in decreased 
Atg1 activity.83,84 Activation of Atg1 kinase and of 
autophagy in yeast requires inhibition of Tap42-
controlled protein phosphatase 2A (Tap42, type 
2A-associated protein of 42 kDa), which suggests that 
Atg1 is not the direct target of protein phosphatase 
2A.85 In Drosophila, overexpression of the Atg1 gene 
induces autophagy, and Atg1 protein kinase activity 
is required for this effect.86 The homologs of Atg1 in 
mammalian cells are the ULK1 and ULK2 (ULK, UNC-
51-like kinase) proteins, the protein kinase activity of 
which is also essential for autophagy.87 Recent find-
ings with mammalian cells have shown that mTORC1 
is incorporated into a complex with ULK1, Atg13, and 
FIP200 (focal adhesion kinase [FAK] family interact-
ing protein of 200 kDa), the mammalian functional 
homolog of Atg17, in a nutrient-dependent manner 
and that mTOR directly phosphorylates ULK1 and 
Atg13.88,89

Unexpectedly, and in contrast to the effect of 
rapamycin, interruption of amino acid signaling by the 
PI3K inhibitors wortmannin and LY294002 has been 
shown to inhibit rather than stimulate autophagy.38,69 
The reason is that these inhibitors inhibit not only 
class I PI3K but also class III PI3K, and the product 
of the latter lipid kinase, PtdIns(3)P, is essential for 
autophagy, as was demonstrated in experiments with 
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HT-29 cells, a human colon cancer cell line.90 In con-
trast, the products of class I PI3K, PtdIns(3,4)P

2
, and 

PtdIns(3,4,5)P
3
, have been found to inhibit autophagy, 

and overexpression of PTEN (phosphatase and tensin 
homolog deleted on chromosome 10), which degrades 
these lipids to PtdIns(4)P and PtdIns(4,5)P

2
, respec-

tively, stimulates autophagy.91 3-Methyladenine, 
the classical inhibitor of autophagy,92 proved to be a 
PI3K inhibitor.69,90 These observations were the first 
to show that phosphatidylinositolphospholipids are 
involved in regulating autophagy, and, as discussed 
above (see section, Formation of autophagosomes), 
we now know that PtdIns(3)P fulfills an essential role 
in autophagosome formation.

The fact that Beclin 1 (coiled-coil, myosin-like 
Bcl-2 interacting protein), the mammalian homolog 
of Atg6, binds to, and is an essential activator of, 
class III PI3K (see section, Formation of autophago-
somes) is important for the regulation of autophagy 
in mammalian cells. However, Beclin 1, a BH3 (Bcl-2 
homology domain) protein, can also associate with 
the anti-apoptotic proteins Bcl-2/Bcl-xL (Bcl-2, B-cell 
lymphoma 2; Bcl-xL, basal cell lymphoma-extra 
large), which contain a BH3-binding groove; this 
means that it must first dissociate from this inhibi-
tory complex before it can activate class III PI3K and 
stimulate autophagy (Figures 1 and 4).93 This may 
occur by JNK1-mediated (JNK, c-Jun N-terminal 
kinase) phosphorylation of Bcl-xL or, alternatively, 
by the displacement of Beclin 1 from its complex with 
Bcl-2 by other BH3-containing proteins, such as the 
pro-apoptotic proteins BAD (Bcl-xL/Bcl-2-associated 

death promoter) and BNIP3 (Bcl-2/adenovirus E1B 
19kDa-interacting protein 3) (Figure 4). A recent 
report indicates that dissociation of Beclin 1 from its 
complex with Bcl-2 may also occur by phosphoryla-
tion of Beclin 1 through the action of the tumor sup-
pressor DAPK (death-associated protein kinase), a 
Ca++-calmodulin-activated protein kinase, the expres-
sion of which is lost in many malignancies.94

Apart from their ability to inhibit autophagy by acti-
vating mTOR, amino acids may also inhibit autophagy 
by causing a decrease in Beclin 1-associated class III 
PI3K activity,95 perhaps because they promote the 
Beclin 1-Bcl-2 assocation.96 The Beclin 1-PI3K class 
III complex also contains the proteins UVRAG (UV 
radiation resistance-associated gene), Ambra1 (acti-
vating molecule in Beclin1-regulated autophagy), 
Bif-1 (Bax interacting factor 1), and Atg14/Barkor 
(Beclin 1-associated autophagy-related key regula-
tor) as additional protein components, which are 
indispensable for proper activation of class III PI3K 
and thus for the stimulation of autophagy.93,97,98 Bcl-2 
may also inhibit autophagy by another mechanism, 
i.e. by binding to the ER where it affects cellular 
Ca++ homeostasis,99,100 because Ca++ is required for 
autophagy.101

Autophagy regulation and energy
Although mTOR is activated in the presence of 
amino acids, it can be inhibited by the activation of 
AMPK (AMP-activated protein kinase) when energy 
falls short (Figure 3).102–106 In line with its function 
to stimulate catabolism,107 AMPK is essential for 
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Figure 4.  Regulation of the activity of the class III PI3K complex in autophagosome formation. Class III PI3K becomes active in asso-
ciation with Beclin 1. For this to happen, Beclin 1 must first dissociate from its inhibitory complex with Bcl-2. This may occur by JNK1-
mediated phosphorylation of Bcl-2, by DAPK-mediated phosphorylation of Beclin 1, or by competition with other BH3-containing pro-
teins (e.g. BAD or BNIP3); in the latter case these BH3-containing proteins form a complex with Bcl-2.
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autophagy.99,108,109 The p53 tumor suppressor activates 
AMPK, inhibits mTOR, and stimulates autophagy, 
particularly of mitochondria.110 AMPK also underlies 
the stimulation of autophagy in cardiac111 and cer-
ebral112 ischemia.

Progress in elucidating the effect of AMPK on 
autophagy has been hampered for several years 
because of the use of AICAR (5-aminoimidazole-4-
carboxamide ribonucleoside), the classical activator 
of AMPK, which was found to inhibit autophagy113; 
this compound has many side effects,108,114 includ-
ing the inhibition of the binding of class III PI3K to  
Beclin 1.115

It has been suggested that, apart from its ability to 
inhibit mTOR, AMPK may also activate autophagy in 
an mTOR-independent manner by phosphorylating 
and activating eEF2 (eukaryotic elongation factor-2) 
kinase,116 also known to be involved in autophagy 
(Figure 3).117,118 Two mechanisms presumably con-
tribute to the inhibition of mTOR by AMPK: the first 
mechanism proceeds via AMPK-mediated phospho-
rylation of TSC2119 and the second via phosphoryla-
tion of raptor.120

Interestingly, not only does AMPK inhibit mTOR-
dependent signaling, but also, conversely, inactiva-
tion of mTOR by amino acid depletion can result in 
the activation of AMPK, as observed in pancreatic 
-cells121 and in muscle122 but not in isolated hepa-
tocytes.104 Likewise, the deletion of S6K [located 
downstream of mTOR (Figure 3)] in muscle cells 
stimulates AMPK activity and inhibits cell growth, 
which is restored when AMPK is blocked.123 Opposite 
changes in mTOR and AMPK activity have also been 
observed in the liver and mammary gland of rats and 
in mammary carcinomas of rats subjected to dietary 
restriction.124 These findings strongly suggest that 
mTOR signaling and AMPK can reciprocally inhibit 
one another.

Feedback interaction in the mTOR pathway and 
autophagy
Overactivation of mTOR signaling results in feedback 
inhibition of the insulin-signaling pathway by virtue 
of S6K-dependent phosphorylation of IRS1, which 
reduces the activity of class I PI3K (Figure 3).125–128 
This feedback may be part of a homeostatic mecha-
nism that prevents the overactivation of mTOR by 
amino acids. It has been proposed that the overacti-
vation of mTOR contributes to insulin resistance in 
obesity-linked diabetes. Although autophagy was not 
measured in these studies, this feedback mechanism 
could perhaps act as a safety mechanism to avoid the 
complete inhibition of autophagy because, even in 
the presence of excess nutrients, some autophagy is 

always needed to fulfill its house-keeping function, 
i.e. removal of redundant and/or damaged intracel-
lular structures.

Does S6K play a role in autophagy?
Although TOR activation inhibits autophagy, para-
doxically, S6K has been shown to be required for 
autophagy in the Drosophila fat body.34 This would 
suggest that the same protein kinase is required 
for protein synthesis, an anabolic process, and for 
autophagy, a catabolic process—which does not 
seem to be logical. Furthermore, a requirement for 
S6K would be inconsistent with the stimulation of 
autophagy by rapamycin or amino acid depletion, 
both of which lead to S6K inactivation (see section, 
Insulin, amino acids, and mTOR-mediated sig-
naling). In an attempt to get round this dilemma, it 
was proposed that under nutrient-rich conditions 
the feedback of signaling upstream of mTOR by S6K 
results in decreased activity of class I PI3K, which 
would, in turn lead to decreased PtdIns(3,4,5)P

3
 lev-

els and thereby deinhibit autophagy.129 This would be 
useful for preserving the house-keeping function of 
basal autophagy even under nutrient-rich conditions 
(see preceding paragraph). Conversely, when nutri-
ents become scarce, the inactivation of TOR caused 
by a fall in amino acid concentration accelerates 
autophagy, provided sufficient S6K is still present. 
It has been suggested that in response to long-term 
starvation, S6K activity may become so low that class 
I PI3K is once again activated and restrains autophagy 
in order to prevent autophagic cell death.34

The proposal that S6K is essential for autophagy is, 
however, also difficult to reconcile with the observa-
tion that overexpression of Atg1 stimulates autophagy, 
inhibits cell growth, and, at the same time, inhibits 
the activity of TOR and S6K in both Drosophila and 
mammalian cells; knockdown of ATG1 has the oppo-
site effects.86,130 This suggests the existence of a self-
reinforcing feedback loop, whereby increased Atg1 
levels lead to the down-regulation of TOR activity, 
resulting in further activation Atg1.86,130

Other observations, at least in mammalian cells, 
are also at variance with a requirement of S6K for 
autophagy. Thus, S6K deletion in muscle cells does 
not affect autophagy, at least as measured by LC3-II 
accumulation.131 Sch9 was recently identified as the 
yeast ortholog of mammalian S6K1.132 In yeast, in 
a nutrient-rich medium, inactivating Sch9 triggers 
autophagy, in an Atg1-dependent manner, without 
inactivating TORC1.133 This would be consistent 
with a negative impact of S6K on autophagy. Finally, 
deletion of sch9 in yeast results in life-span exten-
sion.134 Because autophagy is of vital importance for 
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longevity, this also argues against a possible role for 
S6K in the autophagic process (see below).

FoxO proteins
An important development in elucidating autophagy 
regulation was the finding that the expression of sev-
eral autophagy genes is increased by the transcription 
factor FoxO3 (FoxO, class O of forkhead box tran-
scription factors), the activity of which is inhibited 
by protein kinase B-mediated phosphorylation135–137 
and activated by AMPK (Figure 3).138 In addition to 
its ability to inhibit Atg1, recent data have shown that 
mTOR can also inhibit the expression of autophagy 
genes by down-regulation of the tumor suppressor 
p73.139 Controlling autophagy by FoxO3, acting in 
concert with the mTOR-signaling pathway, is there-
fore ideally suited to the role of autophagy as a sur-
vival pathway when nutrients become scarce. The 
fact that autophagy is controlled at the level of protein 
kinase B and mTOR and also at the level of the Beclin 
1-PI3K class III association (see above) explains why 
rapamycin does not always stimulate autophagy to the 
same extent; the relative importance of these regula-
tory mechanisms are probably cell type-dependent.41 
The regulation of autophagy genes by FoxO3 can be 
considered as part of a general fasting response: the 
FoxO proteins inhibit progression of the cell cycle, 
suppress the expression of genes involved in glyco-
lysis and lipogenesis, and stimulate the expression of 
the genes controlling gluconeogenesis and fatty acid 
oxidation.140,141 In addition, FoxO proteins are known 
to induce the expression of genes that provide protec-
tion against oxidative stress, e.g. superoxide dismutase 
and catalase, and therefore play an important role in 
combating aging and disease (see also below).141

Recent evidence indicates that mTOR not only 
regulates protein synthesis and autophagy but also 

is required for lipogenesis.142,143 Thus, the entire 
insulin-amino acid-mTOR pathway appears to coor-
dinate the fluxes through the major metabolic path-
ways (Figure 5).

Mechanisms of amino acid signaling
The mechanism responsible for the activation of 
mTOR signaling by amino acids is still unknown. In 
most cell types, leucine, but not valine or isoleucine, 
is potent in stimulating mTOR signaling65 and in 
inhibiting autophagy.38 This rules out the possibility 
that the plasma membrane leucine transporter could 
be the amino acid receptor, as has been proposed.56 
The metabolism of leucine is not required,144 and 
non-metabolizable analogues of leucine can mimic 
the effect of leucine on mTOR signaling.145,146

It has been suggested that the plasma mem-
brane contains a leucine-specific receptor protein 
that controls autophagy independently of mTOR.147 
According to this view, leucine inhibits autophagy 
and stimulates mTOR signaling by different mecha-
nisms. Presumably, however, the amino acid receptor 
is intra- rather than extracellular.148–150 The amino acid 
transporters do play a role in controlling the intracel-
lular concentration of leucine. For example, the level of 
leucine may be determined by the Na+-concentration- 
dependent uptake of glutamine and the exchange of 
extracellular leucine for intracellular glutamine.151,152 
Indeed, this combination of amino acids is particu-
larly effective in stimulating mTOR signaling, at least 
in hepatocytes,153 Jurkat cells,154 -cells,155 and HeLa 
cells,152 and also in inhibiting autophagy (see section 
below on Hypothesis: Could glutamate dehydroge-
nase be the amino acid sensor?).

Various potential mechanisms of amino acid 
sensing have been discussed recently,56,67,68,156 but 
none has received firm experimental support. 
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Figure 5.  Insulin- and amino acid-dependent signaling and the regulation of metabolic pathways.
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One possible mechanism is the degree of loading 
of tRNA with amino acids, which, in mammalian 
cells, controls the activity of the eIF2 kinase GCN2 
(general control non-derepressible-2),157 needed 
for autophagy.158 Although localized downstream 
of mTOR, eIF2 kinase stimulates autophagy inde-
pendently of mTOR158,159 (Figure 3), possibly through 
eEF2 kinase.117 Other putative amino acid-sensing 
mechanisms involve the participation of diadenosine 
polyphosphates,68 by-products of the amino acyl-
tRNA synthetase reaction, and phosphatidic acid, 
which is required in the process leading to amino 
acid-induced mTOR activation and which is located 
downstream of Rheb.67,160–162

Data obtained with mammalian cells have indicated 
that amino acids, leucine in particular, activate both 
total class III PI3K and Beclin 1-associated class III 
PI3K without affecting the class III PI3K-Beclin 1 asso-
ciation per se; this results in mTOR activation.56,163–165 
The effect is mediated by an amino acid-induced rise 
in cytoplasmic Ca++, which results in increased bind-
ing of Ca++/calmodulin to an evolutionarily conserved 
motif in class III PI3K.166 Its product, PtdIns(3)P, may 
then recruit FYVE-domain-containing proteins to 
endosomes. These proteins are required to build a 
mTORC1 signalosome.164,166 A recent study, however, 
failed to show any requirement for Ca++ for class III 
PI3K activity in mammalian cells.167

There are three major problems with this mechanism. 
First, as we have seen, PtdIns(3)P is essential for 
autophagosome formation. Knock-down of class III 
PI3K blocks autophagy in several cell systems31,168–171 
but, at least in Drosophila and C. elegans, it does not 
affect phosphorylation of S6K.67,168 The possibility can-
not be excluded, however, that amino acid signaling 
through class III PI3K may occur only in vertebrates 
and mammals.67 It is difficult to reconcile the involve-
ment of PtdIns(3)P in both mTOR activation, which 
inhibits autophagy, and autophagosome formation, 
unless one postulates two distinct class III PI3K pro-
tein complexes, one associated with autophagosomes 
and one with endosomes, the latter acting downstream 
of amino acids to up-regulate mTOR.97,164,166 Class 
III PI3K is indeed known to occur in several protein 
complexes,97 and furthermore, a significant portion of 
class III PI3K is not bound to Beclin 1172, suggesting that 
amino acids may stimulate the unbound class III PI3K. 
The second problem is the inability of amino acids 
to affect the class III PI3K-Beclin 1 complex, which is 
apparently inconsistent with the observation that the 
association of class III PI3K and Beclin 1 is decreased 
by amino acids,95,96 as discussed above. The third prob-
lem is the increase in cytoplasmic Ca++, seen in the 
presence of amino acids. Amino acids are known to 
stimulate glycogen synthesis from glucose by activating 

glycogen synthase.173,174 This is incompatible with a rise 
in cytoplasmic Ca++ which actually increases glycogen 
phosphorylase activity. Similarly, amino acids inhibit 
autophagy, whereas an increase in cytoplasmic Ca++ 
stimulates autophagy, mediated by Ca++/calmodulin-
dependent kinase kinase- and AMPK.99 There is no 
clear answer to these apparent inconsistencies but, 
clearly, they need to be solved in the future.

Another interesting potential mechanism of amino 
acid sensing is suggested by the observation that amino 
acids, leucine in particular, are able to promote the 
association of Rheb with mTOR.175 Although the effect 
has been said not to be due to increased loading of Rheb 
with GTP,67,175 other data indicate that amino acids do in 
fact promote the loading of Rheb with GTP.161,176–178

Rag (Ras-related small GTP-binding protein) pro-
teins, a family of four Ras-related small GTPases in 
mammalian cells, have been shown to interact with 
mTORC1 by binding to raptor in an amino acid-sen-
sitive manner.179,180 Expression of constitutively active 
RagGTP in mammalian cells eliminates the requirement 
for amino acids for mTOR to be activated. Conversely, 
the expression of dominant-negative RagGDP inhibits 
mTOR in the presence of amino acids.179,180 Like amino 
acids, RagGTP does not activate mTOR directly but rap-
idly targets mTOR from discrete locations throughout 
the cytoplasm to a perinuclear region that also con-
tains Rheb and the late endosomal/lysosomal marker 
Rab7. Moreover, experiments with Drosophila have 
demonstrated that the effects of the Rag proteins on 
TOR activity are accompanied by predicted effects on 
cell growth, autophagy, and animal viability under 
starvation conditions.180

The observation that in the presence of amino 
acids mTOR is localized to the endosomal/lysosomal 
compartments is in agreement with other studies 
reporting the association of mTOR with the cellular 
endomembrane system containing ER, Golgi, and 
endosomes.181–183 This compartment also contains the 
autophagosomal marker LC3.182

An attractive putative mechanism for the regula-
tion of autophagy can now been envisaged: autophagy 
may be considered a constitutively active process, 
deriving its membranes from an ER/endosome-
containing compartment (see section, Formation of 
autophagosomes). When nutrients are present in 
excess, a brake is applied to the autophagic system 
by the movement of mTOR into this compartment 
where the autophagosomes are formed. However, 
because the inhibition of mTOR by rapamycin does 
not affect its translocation,179 mTOR activity is essen-
tial for this inhibition of autophagy to occur, for 
example, by phosphorylating Atg13 and Atg1, as dis-
cussed above (see section, Insulin, amino acids and  
mTOR-mediated signaling). Simultaneously, 
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ER-associated mTOR can stimulate protein synthesis. 
Several years ago it was predicted that the same sign-
aling mechanism may have contrary impacts on pro-
tein synthesis and autophagic protein degradation.63 
Amino acid stimulation of the translocation of mTOR 
to the ER appears to account for this mechanism.

Hypothesis: Could glutamate dehydrogenase be 
the amino acid sensor?
As we discussed recently elsewhere,184 the observation 
that amino acids increase the loading of Rag and of 
Rheb with GTP179 (see above) may provide a clue to the 
mechanism of amino acid sensing in mTOR signaling. 
In most cell types, leucine is the amino acid that stim-
ulates mTOR signaling and inhibits autophagy most 
potently, whereas the other branched-chain amino 
acids do not share this characteristic. Any proposed 
mechanism must account for this high specificity. One 
attractive hypothesis is that glutamate dehydrogenase 
could be the actual amino acid sensor. This mitochon-
drial enzyme is known to be specifically activated by 
leucine.185 In this context, it is of importance to note 
that in pancreatic -cells the ability of leucine (but 
not of valine or isoleucine) to stimulate production 
of insulin has been ascribed to stimulation of gluta-
mate dehydrogenase.155,186–188 Studies of various leu-
cine analogs have revealed a close link between their 
ability to stimulate mitochondrial metabolism via 
the activation of glutamate dehydrogenase and their 
ability to stimulate rapamycin-sensitive S6K phos-
phorylation.155 Moreover, a combination of glutamine 
(a glutamate donor) and leucine, which maximizes 
the flux through glutamate dehydrogenase, is most 
effective in stimulating phosphorylation of S6K in 

-cells and mimics the effect of a complete mixture 
of all amino acids.155 Strikingly, in perifused hepato-
cytes, leucine combined with glutamine, proline, or 
alanine, which also rapidly produce glutamate in the 
course of their metabolism, is also an effective inhibi-
tor of autophagic proteolysis.189 Leucine, combined 
with glutamine, also strongly inhibits autophagy in 
HeLa cells.152

A possible connection between glutamate dehydro-
genase and mTOR signaling could be the production 
of 2-oxoglutarate, which, upon further metabolism 
in the citric acid cycle, produces GTP in the succinyl-
CoA synthase reaction (Figure 6). This GTP may then 
be used to activate Rheb and Rag. It is important to 
note that this GTP is produced within the mitochon-
dria. However, mechanisms can be envisaged that 
would transport it into the cytosol.68

As we will discuss below (see Mitophagy), 2-oxogl-
utarate is also required in the process that leads to the 
degradation of HIF-1 (hypoxia inducible factor), a 
transcription factor that promotes autophagy.

Further support for the possibility that glutamate 
dehydrogenase may be an amino acid sensor is related 
to NADPH, one of its other reaction products. The 
mitochondrial respiratory chain is an important pro-
ducer of reactive oxygen species (ROS)190,191 and can 
potentially harm the cell by oxidizing lipid, DNA, and 
proteins. NADPH, derived from the glutamate dehy-
drogenase reaction, may be used to scavenge ROS 
via the glutathione-glutathione reductase system. In 
addition to NADPH, 2-oxoglutarate can also act as a 
scavenger of ROS, which oxidizes 2-oxoglutarate to 
succinate non-enzymically.192 There is ample evidence 
that ROS is also involved in initiating autophagy in a 

low [O2]

HIF-1α degradation HIF-1α BNIP3

glycolysis

mitochondrial
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mitophagy
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+
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Figure 6.  Is glutamate dehydrogenase an amino acid sensor? Activation of flux through glutamate dehydrogenase by leucine results in 
the activation of mTOR and the inhibition of autophagy via GTP produced in the succinyl-CoA synthase reaction, the scavenging of ROS 
by NADPH and 2-oxoglutarate, and the promotion of the degradation of the transcription factor HIF-1 by 2-oxoglutarate.
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manner that is sensitive to anti-oxidants,193–198 perhaps 
because of the oxidation of a critical cysteine residue 
in Atg4.195 ROS also appears to initiate autophagy in 
starvation.195 Atg4 is involved in the deconjugation 
of LC3-II, and oxidation of Atg4 inactivates Atg4, 
which favors the formation of autophagosomes. The 
evidence available regarding the effect of ROS on the 
activity of mTOR is controversial, with increased or 
decreased activity being observed depending on the 
conditions and cell type used.58 Relatively high levels 
of ROS activate AMPK199 and in this way may inhibit 
mTOR. Interestingly, and again in -cells, it has been 
postulated that the NADPH produced by isocitrate 
dehydrogenase may be involved in maintaining the 
cellular redox state during glucose-stimulated insu-
lin production;200 there is no reason to believe that 
NADPH derived from glutamate dehydrogenase 
could not serve the same function.

All these observations make glutamate dehydroge-
nase a highly attractive candidate as a sensor of amino 
acids in the control of both signaling and of autophagy, 
at least in mammalian cells. Future experiments with 
mutant glutamate dehydrogenase may provide direct 
experimental evidence to support this proposal.

Ceramide, NFB, and autophagy
Ceramide and related lipid molecules are important 
signaling molecules that are involved in cell differen-
tiation, proliferation, apoptosis, and senescence.201 A 
number of studies have indicated that ceramide stim-
ulates autophagy.202–205 Mechanisms responsible for 
the stimulation of autophagy by ceramide include: a. 
the induction of BNIP3;203 b. the upregulation of Beclin 
1 and decreased phosphorylation of protein kinase B, 
resulting in mTOR inhibition;202,206 and c. the involve-
ment of JNK1,206,207 which mediates dissociation of 
the Beclin 1-Bcl-2 complex by ceramide-induced 
phosphorylation of Bcl-2.207 Ceramide is also known 
to reduce intracellular amino acid concentrations 
by inhibiting amino acid transport and to reduce 
mTOR-dependent signaling,208,209 and the down-
regulation of amino acid transporters by ceramide 
is another mechanism that contributes to activating 
autophagy under these conditions.209 Importantly, 
genetic or pharmacological inhibition of autophagy 
makes cells exquisitely sensitive to ceramide toxicity, 
and pyruvate protects against cell death under these 
conditions. This demonstrates that, in the presence of 
ceramide, autophagy produces substrates for energy 
generation and serves to support cell survival.209

Ceramide can stimulate the production of 
ROS,210,211 and this may be yet another mechanism 
that may contribute to the activation of autophagy 
by ceramide (Figure 7). This possibility is supported 
by the observation that TNF (tumor necrosis 

factor ), which stimulates ceramide production 
by sphingomyelinase,201,212 induces ROS-mediated 
autophagy in sarcoma cells.194 As we have seen, Atg4 
is redox controlled,195 and so it would be of interest 
to evaluate Atg4 activity under these conditions. It 
is noteworthy that TNF-induced ROS production 
and autophagy are both suppressed by activation of 
the transcription factor NFB (nuclear factor kappa-
light-chain-enhancer of activated B cells), a phenom-
enon that is accompanied by stimulation of mTOR.194 
Inhibition of autophagy by NFB activation has also 
been reported in other cancer cells.213 The inhibition 
of autophagy suggests a hither-to unknown mecha-
nism for the anti-apoptotic function of NFB, which 
is overactivated in tumorigenesis and in many infec-
tious and inflammatory diseases.214 It has been sug-
gested that stimulation of autophagy may provide a 
way of evading the resistance of cancer cells to anti-
cancer agents that activate NFB.194 NFB inhibits 
autophagy, but conversely, autophagy stimulates the 
degradation of signaling regulatory proteins that acti-
vate NFB signaling.215 These observations underscore 
the importance of NFB in autophagy regulation.

Another example of ROS-mediated stimulation 
of autophagy by TNF, and also by lipopolysaccha-
ride (LPS, which induces TNF), has recently been 
reported in cardiomyocytes, a phenomenon accom-
panied by severe total glutathione depletion; the 
anti-oxidant N-acetylcysteine suppresses autophagy 
under these conditions.198 Activation of autophagy by 
rapamycin protects the cells against ROS production 
and LPS toxicity, which highlights the importance of 
autophagy as a cytoprotective process.198

Sphingosine 1-phosphate, a sphingolipid metabo-
lite, also stimulates autophagy, albeit by a mecha-
nism different from that of ceramide in that it inhibits 
mTOR in a protein kinase B-independent manner 
and does not upregulate Beclin 1.216 An increase in 
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Figure 7.  Ceramide, autophagy, and cell survival. Ceramide pro-
tects against damaged mitochondria by stimulating the removal 
of mitochondria with a low mitochondrial membrane potential 
(

mit
). For further details, see the text.
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cytosolic Ca++ by sphingosine 1-phosphate217 may 
contribute to this effect.

Selective autophagy

Although starvation-induced autophagy is non- 
specific in that cytoplasmic components are seques-
tered randomly,218,219 autophagy can also specifi-
cally recognize and target redundant or damaged 
organelles for elimination. Although relatively little 
is known about the signals that allow the autophagic 
system to recognize these structures, some progress 
in this exciting field is now being made.

Pexophagy

In yeast, specific autophagic elimination of peroxi-
somes (pexophagy) is observed when the cells are 
switched to culture media in which the peroxisomal 
function is no longer required for growth.220–223 Similar 
observations have been made for mammalian cells 
in which peroxisomal function was made redundant 
experimentally.224–226 Autophagy also plays a role in the 
turnover of glycosomes, peroxisome-like organelles, 
during the differentiation of Trypanosoma brucei, the 
parasite responsible for human sleeping sickness in 
Africa.227

In yeast, two peroxisomal membrane proteins that 
are also involved in peroxisome biogenesis, Pex3 and 
Pex14 (Pex, peroxisomal import protein), are spe-
cifically required for the recognition of peroxisomes 
to be degraded by autophagy,223,228 in addition to 
Atg30, which needs to be phosphorylated by an as yet 
unknown protein kinase.229 In mammalian cells, the 
recognition signal for pexophagy is entirely unknown. 
It could perhaps involve a 69-kDa peroxisomal mem-
brane protein that becomes specifically palmitoylated 
in the presence of low concentrations of the peroxi-
somal substrate palmitate.38 However, the identity of 
this protein has not been established.

Mitophagy

When Saccharomyces cerevisiae cells are switched 
from a medium containing lactate, which needs 
the mitochondria for oxidation, into a low-nitrogen 
medium, the mitochondria are specifically elimi-
nated by autophagy (mitophagy) except in cells in 
which the Uth1 protein in the mitochondrial outer 
membrane has been deleted.230 The protein phos-
phatase, Aup1p,231 present in the mitochondrial 
intermembrane space, and the mitochondrial inner 

membrane protein, Mdm38,232 involved in the K+/H+ 
exchange across the inner membrane and essential 
for the maintenance of the proper mitochondrial 
morphology, are other candidate proteins involved in 
the autophagic recognition of mitochondria in yeast. 
One of the autophagy-related proteins, Atg11, which 
is essential only for selective autophagy, is also essen-
tial in mitophagy.233

In mammalian cells, the pro-apoptotic mito-
chondrially associated protein, BNIP3,203,234 which is 
involved in the opening of the mitochondrial perme-
ability transition pore,235 and a low mitochondrial 
membrane potential have been proposed as possible 
mitophagic signals.236–240 BNIP3 has been shown to 
promote autophagic mitochondrial degradation in 
reticulocytes by inducing the loss of mitochondrial 
membrane potential,241,242 and Ulk1 appears to be 
essential in reticulocyte mitophagy.243 Interestingly, 
mitochondria appear to undergo frequent cycles of 
fusion and fission in a “kiss and run” pattern; however, 
mitochondrial fission products with a low membrane 
potential are less likely to be involved in a fusion event 
and are destined for autophagic degradation.239

We do not know exactly how BNIP3 and a low mito-
chondrial membrane potential are linked to, for exam-
ple, the mTOR pathway and the autophagic machin-
ery. As discussed above, BNIP3 may titrate Bcl-2 away 
from Beclin 1 (see section, Insulin, amino acids, and 
mTOR-mediated signaling). BNIP3 can also directly 
bind Rheb, lower the GTP loading of Rheb, and, in 
this way, inhibit mTOR activity.244 Other, or perhaps 
additional, mechanisms of BNIP3 action are also pos-
sible.245 A low mitochondrial membrane potential is 
likely to result in a decrease in the local ATP concen-
tration, which would activate AMPK. Because mTOR 
is associated, at least in part, with the mitochondria,246 
this would inhibit mTOR, as discussed above.

The expression of BNIP3 is under the control of the 
hypoxia-inducible factor 1 (HIF-1), the transcription 
factor that serves as the master regulator of oxygen 
homeostasis in all metazoans.247 HIF-1-deficient cells 
do not induce BNIP3 or mitophagy under hypoxic 
conditions, and so they die because they are unable 
to protect themselves against the ROS that continue 
to be produced by the respiratory chain in spite of the 
low oxygen concentrations,248,249 presumably because 
of the increased reduction pressure on the respiratory 
chain under these conditions. HIF-1 not only stimulates 
mitophagy but also simultaneously inhibits mitochon-
drial biogenesis;248 thus it acts as a double-edged sword 
by providing greater adaptation at low oxygen con-
centrations. The production of ATP continues because 
HIF-1 also stimulates the transcription of glycolytic 
enzymes.247,248 The -subunit of HIF is degraded by 
the proteasome, but for this to occur the transcription 
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factor needs to be hydroxylated by prolyl hydroxylase 
domain-containing proteins (PHD), which require 
2-oxoglutarate, possibly derived from glutamate dehy-
drogenase, to be active.250 Thus, degradation of HIF-1 
may be another mechanism, in addition to mTOR acti-
vation, by which amino acids can inhibit autophagy  
(Figure 6).

Recent studies have provided evidence that the 
protein Parkin, a ubiquitin ligase and the product 
of the PARK2 (Parkinson disease 2) gene that is fre-
quently mutated in Parkinson’s disease, may be 
involved in targeting depolarized mitochondria for 
autophagic elimination.251 For example, when oxida-
tive phosphorylation is uncoupled or complex 1 of the 
respiratory chain is inhibited, Parkin is recruited from 
a cytosolic location to the mitochondria in a manner 
that is independent of mitochondrial fission. Fission 
of the depolarized mitochondrial fragment occurs 
only after Parkin has been recruited to the mitochon-
drial outer membrane, where the fragment is seques-
tered and degraded by autophagy.251,252 It is not clear 
how Parkin recognizes defective mitochondria, but 
ROS or aggregation of proteins in the mitochondrial 
outer membrane may be involved.252

Mitophagy is also protective in a cell model of 
Parkinson’s disease involving mitochondrial PINK1 
(PTEN-induced kinase 1),253 another protein that 
has been associated with Parkinson’s disease and 
neuropsychiatric disorders. Knock-down of PINK1 
induces mitochondrial fragmentation and mitophagy, 
which is potentiated by overexpression of Parkin, and 
which proceeds through ROS production and activa-
tion of mitochondrial fission.253

Because damaged mitochondria are a major 
source of ROS and, as will be discussed later, because 
ROS production contributes to aging, selective degra-
dation of damaged mitochondria provides protection 
against aging 237,254,255 and apoptosis.256

Reticulophagy

Stress caused by the accumulation of misfolded pro-
teins in the ER activates the unfolded protein response 
and stimulates the selective autophagic degradation 
of ER membranes.257–260 This is accompanied by Atg1 
kinase activation, and it is likely that TOR kinase 
activity is reduced under these conditions.261 The ER 
stress sensors that are linked to the autophagy system 
include Ire1 (inositol-requiring enzyme 1), JNK, and 
the eIF2 kinase PERK (PKR-like ER kinase).257–260,262

1-Antitrypsin deficiency, which is associated 
with chronic liver inflammation and carcinogenesis, 
provides an example of how autophagy attempts to 
remove a mutant protein that is retained in the ER 

because it is not properly folded and where it is prone 
to form aggregates rather than being secreted into the 
blood and body fluids where it normally acts as an 
inhibitor of neutrophil proteases.263

Ribophagy

It has been known for a long time that cytoplasmic 
RNA can be selectively degraded by autophagy, as 
demonstrated in rat liver during amino acid or insulin 
deprivation.264 Recent data obtained with S. cerevisiae 
has demonstrated that, in response to nitrogen star-
vation, mature ribosomes can be selectively degraded 
by autophagy and that the catalytic activity of the 
Ubp3/Bre5 ubiquitin protease is required for the deg-
radation of the entire 60S ribosomal subunit, but not 
that of the 40S ribosomal subunit.265 This suggests that 
de-ubiquitination of still unknown targets is required 
for selective engulfment of ribosomes by autophago-
somes to occur. Although cells in which the genes 
that encode these proteins have been deleted dis-
play defective ribophagy during starvation or after 
rapamycin treatment, they are still able to remove 
ribosomes by non-specific general autophagy.265 In 
eukaryotic cells, ribosomal protein constitutes about 
50% of the total cell protein. This indicates that, under 
starvation conditions, both non-selective and selec-
tive ribophagy are required in order to mobilize suf-
ficient protein for the production of amino acids and 
allow the cells to survive.

Although both ribosomal subunits are degraded by 
selective macroautophagy, only the regulated turnover 
of the 60S subunit requires the Ubp3/Bre5 ubiquitin 
protease.265 The signal that targets the 40S ribosomal 
subunit for specific autophagic degradation remains 
to be identified. Early experiments with hepatocytes 
suggested that autophagy may be inhibited by phos-
phorylation of ribosomal protein S6.63 It is possible 
that phosphorylation of S6 by Sch9, the yeast homolog 
of mammalian S6K,132 protects the ribosomal 40S sub-
unit against autophagy and that S6 dephosphorylation 
is required to initiate 40S ribophagy.

Autophagy of glycogen

In newborn mammals, when the maternal supply of 
nutrients is interrupted and before suckling begins, 
the breakdown of glycogen in liver, heart, and mus-
cle by specific autophagy occurs under the influence 
of glucagon and adrenalin in order to maintain glu-
cose homeostasis.266,267 In the autophagolysosomes, 
glycogen is hydrolyzed by -glucosidase to release 
glucose. Glycogen autophagy is probably required 
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to assist the degradation of hepatic glycogen to glu-
cose 6-phosphate by phosphorylase in the cytosol, 
followed by conversion to glucose, because glucose 
6-phosphatase may not be sufficiently active at birth. 
Nothing is known about the mechanism by which 
glycogen is recognized by the autophagic system. 
However, we cannot exclude the possibility that the 
autophagic sequestration of glycogen may occur ran-
domly, but that the rate of production of glycogen-
derived glucose becomes significant because of the 
large stores of glycogen present in the liver and mus-
cles at birth.

In contrast to the situation in newborn liver, heart, 
and muscle tissue, autophagy does not appear to be 
required for the delivery of glycogen to the lysosomes 
in adult muscle; under these conditions, glycogen 
may reach the lysosomes through microautophagy, 
which involves direct uptake of glycogen by invagina-
tion of the lysosomal membrane.268

Autophagy and cell death

Because autophagy has been reviewed recently in 
relation to cell death,269–273 we will briefly discuss only 
a few highlights here.

For many years it has been thought that autophagy 
is not only cytoprotective but also that, under some 
conditions, it can kill the cell. This type of mechanism 
has been called type-II cell death, as opposed to type-I 
cell death, which is caused by apoptosis, and type-III 
cell death, caused by necrosis. In many cases, however, 
this conclusion has been founded on the detection of 
autophagosomes or of the accumulation of LC3-II in 
dying cells. As outlined in several recent papers,5,23,41,273–

275 this conclusion is based on the erroneous assump-
tion that the concentration of a pathway intermediate 
equals autophagic activity, or flux. This is incorrect 
because the accumulation of autophagic structures is 
observed not only when the rate of autophagosome 
formation is increased but also when the fusion of 
autophagosomes with lysosomes is inhibited or when 
lysosomal function is affected, e.g. by a decrease in the 
activity of the ATP-dependent lysosomal proton pump. 
Clearly, in the latter case, the number of autophago-
somes in the cell increases due to the decreased flux 
through the system. This analysis is entirely analogous 
to that of metabolic pathways, where the distinction 
between concentrations and fluxes has been known for 
decades.41 A possible complication, surprisingly appar-
ently never considered in the literature, is that in long-
term cell cultures relatively large amounts of NH

3
 may 

accumulate in the medium. This NH
3
 is produced by 

glutaminase from glutamine, present in culture media 
at millimolar concentrations, and/or derived from the 

-amino group of amino acids (glutamine included) in 
the course of their oxidative metabolism. Because NH

3
 

is a weak base that can permeate biological membranes 
in the unprotonated form (but not when protonated), 
it increases the pH of acidic cellular compartments, 
including the lysosomes, and thus affects lysosomal 
function.

To illustrate this point we mention a recent study 
showing a large accumulation of autophagic vacuoles 
and of LC3-II in antibody-producing CHO cells that 
had completely consumed 2 mmol/L glutamine, and 
died, in the course of a few days of culture.276 Under 
these conditions, the ammonia concentration in the 
medium must have reached a concentration of at 
least 4 mmol/L, more than sufficient to affect the lyso-
somal pH, but this complication was not considered. 
Another study, in this case carried out with intestinal 
epithelial cells that had been exposed to glutamine for 
24 h, likewise noted a considerable increase in LC3-II 
and in the number of autophagosomes.277 Although 
it was concluded that glutamine had stimulated 
autophagy in these cells, the possibility cannot be 
ignored that, here too, accumulating ammonia may 
have been responsible for the phenomena observed.

Unfortunately, the erroneous assumption that 
the level of autophagosomes present reflects the 
autophagic flux has led to tremendous confusion in 
the literature. An example is that of cell death induced 
by the caspase inhibitor zVAD in mouse L929 cells.278 
An important complication in these experiments has 
been that zVAD also blocks lysosomal cathepsins 
so that both apoptosis and autophagy are inhibited 
under these conditions; this leaves necrosis as the 
only cell-death mechanism.275,279 Although the large 
amounts of ROS observed in the presence of zVAD 
have been ascribed to specific autophagic elimina-
tion of catalase,280 it is more likely that mitochondrial 
rupture was the cause of ROS production. Although 
autophagic compartments and LC3-II accumulated in 
the presence of zVAD, the activation of autophagy by 
either rapamycin or serum starvation offered protec-
tion against zVAD-induced cell death.279 In contrast, 
knock-down of Beclin 1, Atg5, or Atg7, or the addi-
tion of acidotropic chloroquine, sensitized the cells to 
the killing effect of zVAD, and it was concluded that 
autophagy was promoting cell survival rather than cell 
death.279

Overexpression of Atg1 in Drosophila is capable 
of inducing apoptosis.86 It remains to be established, 
however, whether in this context Atg1 triggers apop-
tosis by stimulating autophagy or by an autophagy-
independent effect of Atg1.

Autophagy-induced cell death has also been 
reported in mammalian cells. One example of 
autophagy-induced cell death in mammalian cells is 
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that of Bax−/−/Bak−/− (Bax, Bcl-2-associated X protein; 
Bak, Bcl-2 homologous antagonist/killer), immor-
talized MEF (mouse embryonic fibroblasts) cells 
treated with apoptotic stimuli.281,282 It is noteworthy 
that this has been ascribed to inhibition of PTEN by 
Bax/Bak,283 and it was concluded that inhibiting pro-
apoptotic proteins and inducing autophagy could be 
used to sensitize cancer cells to therapy.

A second example of autophagy-induced cell death 
in mammalian cells was found in MCF7 human breast 
carcinoma cells carrying a mutation in the Beclin 1 
gene that renders the mutant Beclin 1 unable to bind 
Bcl-2; in contrast, the expression of wild-type Beclin 
1 in these cells increases autophagy without causing 
cell death.96

Although these examples do show that autophagy 
can induce cell death in certain experimental settings, 
it remains to be demonstrated that autophagy actu-
ally does so under normal physiological conditions 
in vivo. One has to realize that, in the experiments 
referred to above, autophagy was artificially increased 
in a way that bypassed the normal physiological 
control mechanisms that prevent overactivation of 
autophagy. However, examples of autophagy-induced 
cell death have been identified during the develop-
ment of Drosophila and Dictyostelium.284,285 Likewise, 
genetic overactivation of autophagy in C. elegans can 
induce cell death during starvation, whereas inhibit-
ing starvation-induced autophagy decreases survival 
of wild-type animals.286

Autophagy and disease

Aging and type-2 diabetes

ROS production by mitochondria, with the attendant 
loss of mitochondrial function, has long been impli-
cated in the aging process.287,288 Indeed, transgenic 
mice in which catalase, normally present in peroxi-
somes, has been targeted to the mitochondria, live 
longer.289 Because autophagy, which declines with 
age,290,291 can eliminate damaged intracellular struc-
tures, including mitochondria, it is not surprising that 
activating autophagy can increase longevity. Indeed, 
the ability of calorie restriction to increase longevity 
may be due not only to decreased ROS production 
because of diminished pressure on the respiratory 
chain but also to activation of autophagy,288,292 partic-
ularly of mitochondria.293 Direct evidence that main-
taining appropriate autophagic activity throughout 
the life span slows down the functional organ failure 
associated with aging was provided by recent experi-
ments with transgenic mice encoding Lamp-2A that 
was expressed in the liver only. Expression of this 

protein not only prevented the age-related decline in 
mitochondrial function and cellular ATP levels but 
also decreased the intrahepatic accumulation of oxi-
dized and polyubiquitinated proteins.294

Because autophagy is inhibited by insulin-de-
pendent mTOR-mediated signaling, it is anticipated 
that diminished signaling would extend the life span. 
There is now overwhelming evidence that this may, 
indeed, be the case. Apart from the fact that defective 
insulin signaling can induce life-span extension,295–299 
inhibitory mutations of individual components of the 
signaling pathway have also been shown to increase 
longevity in various organisms, including yeast,  
C. elegans, Drosophila, and mammals, and knock-
down of Atg genes prevents this (see5,75,291,300 for exten-
sive recent reviews on this topic). In this context, it 
is of great interest that amino acid signaling in rats 
declines with age.301 Although not considered in these 
studies, perhaps this can be seen as an attempt by the 
body to activate autophagy and thus to protect itself 
against cell damage.

Oxidative stress and decreased mitochondrial 
function not only are involved in aging but also con-
tribute to the development of type-2 diabetes.302,303 
Autophagy in -cells of diabetic rats and mice was 
found to be increased and to provide protection 
against cell damage by oxidative stress.304–306 Likewise, 
the in vitro exposure of -cells to palmitate, the fatty 
acid that is thought to play an important role in the 
etiology of type-2 diabetes through the synthesis of 
ceramide,307 stimulates autophagy and thus provides 
protection against palmitate toxicity (Figure 7).308 
Whether increased ceramide concentrations were 
responsible for the activation of autophagy under 
these conditions was not studied.

These recent findings clearly indicate that 
autophagy in -cells increases in a context of insulin 
resistance. Whether this also applies to the insulin-
sensitive peripheral tissues remains to be demon-
strated, but it seems likely. Rather than concluding 
that autophagy is an adaptive response to increased 
insulin resistance,306 the possibility must be consid-
ered that insulin resistance itself could be the adap-
tive response that stimulates autophagy, which, in 
turn, protects against cell death. We realize that this 
is a provocative and speculative view, especially 
because insulin resistance, i.e. reduced responsive-
ness of the insulin-sensitive tissues to normal plasma 
concentrations of insulin, is one of the risk factors in 
metabolic syndrome. These risk factors, which also 
comprise adiposity, dislipidemia (high plasma trig-
lycerides, high low-density lipoprotein cholesterol, 
low high-density lipoprotein cholesterol), and high 
blood pressure, predispose to cardiovascular disease 
and type-2 diabetes.309 The latter is also characterized 
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by glucose intolerance, with decreased glucose con-
sumption in muscle and adipocytes and increased 
hepatic glucose production, resulting in high plasma 
glucose concentrations,309 which are toxic.310 Thus, 
even though both lipid and glucose metabolism 
are greatly disturbed during insulin resistance and 
are potentially very harmful,311 perhaps increasing 
autophagy as a protection mechanism against oxida-
tive stress takes priority in order to prevent an even 
worse outcome.312

Reasoning along the same lines, one may specu-
late that the onset of insulin resistance in elderly 
people311,313 is, in fact, an adaptive mechanism 
intended to increase autophagy and thus help to 
prolong life. In this context, it is of interest to note 
that the Klotho protein, which has strong anti-aging 
properties in mammals, confers insulin resistance.314 
Likewise, NAD+-dependent ADP-ribosylation of 
glutamate dehydrogenase by the mitochondrially 
located sirtuin (silent mating type information regu-
lation 2 homolog), Sirt4, which is important in life-
span extension (see also next paragraph), downregu-
lates glutamate dehydrogenase and inhibits insulin 
production in -cells.315 It is also noteworthy in this 
context that minor defects in the insulin/IGF1 (insu-
lin-like growth factor) signaling pathway at the level 
of the IGF1 receptor, due to genetic variation, may 
contribute to human longevity in centenarians.316 
In addition, certain genetic variants of the FoxO3A 
gene are strongly associated with human longevity.317 
Although not discussed in these studies, it is tempting 
to relate these observations to increased autophagy.

Other factors to consider in life-span extension 
are the sirtuins, a family of NAD+-dependent protein 
deacetylases (with the exception of Sirt4, which is 
an ADP-ribosyltransferase), responsible for the dea-
cylation of histones, transcription factors, and many 
other proteins involved in the control of metabolism. 
The sirtuins can be viewed as energy sensors because 
their activity is increased when the NAD+/NADH ratio 
increases due to a fall in energy level (Figure 3), by 
analogy with AMPK, which senses the cellular energy 
state from changes in the AMP/ATP ratio.318,319 The 
sirtuins are involved in activating a variety of meta-
bolic processes, such as lipolysis, fatty acid oxidation, 
mitochondrial biogenesis, and gluconeogenesis, and 
inhibiting glycolysis and lipogenesis.318–320 In yeast,  
C. elegans, and Drosphila, Sir2 is needed for the 
longevity effect of calorie restriction to occur, and in 
mammals the same is true for its ortholog Sirt1.318,320 
The effects of sirtuin activation resemble many of the 
effects of calorie restriction. Because calorie restric-
tion provides protection against many diseases, 
including cardiovascular disease, cancer, metabolic 
syndrome, type-2 diabetes, and neurodegenerative 

diseases, strategies intended to activate sirtuins may 
be used to combat these pathologies.318,321

Sirt1, which increases in starvation, also appears to 
stimulate autophagy by deacetylating Atg5, Atg7, and 
Atg8, and Sirt1/ mice resemble Atg5/ mice in that 
they accumulate damaged organelles in their tissues 
and die early in the perinatal period.322 Conversely, 
acetylation of these Atg proteins by the p300 acetyl-
transferase has the opposite effect and inhibits 
autophagy.323 Interestingly, p300 and Atg7 physically 
interact in a manner that is promoted by high nutrient 
availability. Whether this is a direct effect of nutrients 
on the association of p300 and Atg7 or whether it 
occurs indirectly, e.g. through AMPK activation and/
or mTOR inactivation, remains to be established.

Enhanced turnover of mitochondria, i.e. increased 
autophagy of damaged mitochondria and increased 
biogenesis of mitochondria, and, consequently, 
decreased ROS production, may contribute to life-
span extension.320 In addition to deacetylation of 
Atg proteins, it is also possible that Sirt1 activates 
autophagy by stimulating AMPK, via deacetylation of 
LKB1,324 which is the upstream kinase of AMPK, and 
via deacetylation and activation of FoxO3,325,326 which 
controls the synthesis of Atgs (Figure 3). The abil-
ity of the polyphenol resveratrol, found in red wine, 
grapes, and nuts, to extend life span in several spe-
cies has been ascribed, at least in part, to its ability 
to activate Sirt1.319,327,328 Resveratrol can also stimu-
late autophagy,329,330 although in this case autophagy 
appears to be non-canonical in that it does not appear 
to require the entire set of Atg proteins, in particular 
Beclin 1, to form the autophagosome.330,331 It should 
be pointed out that resveratrol has other effects, too, 
such as the inhibition of PDK1332 and weak inhibition 
of mitochondrial electron transport,333,334 which may 
possibly activate AMPK. These effects may result in 
the activation of autophagy by mechanisms that are 
independent of Sirt1 (Figure 3). Another interesting 
observation is that depletion of NAD in neuroblastoma 
cells by pharmacological means increases the accu-
mulation of LC3-II.335 For reasons discussed above 
(see section, Formation of autophagosomes ), this is 
insufficient to prove that the autophagic flux is acti-
vated, especially because NAD depletion can result in 
serious energy depletion. Nonetheless, it is intriguing 
to think that Sirt1 (due to an increased NAD+/NADH 
ratio) could possibly be involved in autophagy under 
these conditions.

Another interesting aspect of autophagy in relation 
to disease (e.g. metabolic syndrome) is found in the 
observation that cholesterol depletion can activate 
autophagy336 and that statins, which inhibit choles-
terol synthesis at the level of HMGCoA (3-hydroxy-
3-methyl-glutaryl-CoA) reductase, inhibit mTOR 
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signaling336,337 and activate autophagy.336,338–340 An 
earlier study with isolated hepatocytes incubated in 
the absence of amino acids revealed a 20% increase in 
autophagy by lovastatin and simvastatin, but no atten-
tion was paid to this observation.113 This relatively low 
level of stimulation may be explained by the fact that, 
under these experimental conditions, autophagy was 
already almost maximal, and also by the short incu-
bation period (2 h), during which only slight changes 
in cholesterol concentration probably occurred.

Interestingly, a recently published large-scale trial 
(JUPITER study) with rosuvastatin showed that this 
compound significantly reduces the incidence of 
major cardiovascular events in apparently healthy 
individuals without hyperlipidemia but with elevated 
levels of C-reactive protein, an inflammatory biomar-
ker that predicts future vascular events.341 It would 
be of great interest to find out whether increased 
autophagy contributes, at least in part, to this finding 
and provides protection under these conditions.

Statins also ameliorate insulin sensitivity both in 
small animal models of insulin resistance and in man. 
Animal experiments have shown that they improve 
insulin signaling.342,343 Again, one wonders whether 
stimulated autophagy underlies this effect, although, 
due to statin-induced inhibition of mTOR (see above), 
the possibility that feedback inhibition of IRS1 by S6K 
is relieved (Figure 3) also cannot be ruled out here.

Neurodegeneration 

As indicated above in the section Regulation of 
autophagy, even in the presence of excess nutrients, 
a basal level of autophagy has to continue for cellu-
lar house-keeping. For example, mice with neuron-
specific knock-out of Atg5 or Atg7 display severe 
neurodegeneration, have deficits in motor function, 
and accumulate aggregates of polyubiquitinated 
proteins in cytoplasmic inclusion bodies.43–45 This 
demonstrates that basal autophagy is essential for 
normal neuronal function. In several neurodegen-
erative diseases, such as Huntington’s, Alzheimer’s, 
and Parkinson’s, autophagy tries to protect the cells 
from the accumulation and aggregation of defective 
misfolded cytosolic proteins caused by mutations 
in their genes, e.g. the polyglutamine-tract at the 
N-terminus of the Huntingtin protein in the case of 
Huntington’s, -amyloid precursor protein and the 
microtubule-associated protein tau in Alzheimer’s, 
and -synuclein in Parkinson’s disease.290,344,345 Under 
normal conditions, these proteins are degraded by 
the ubiquitin-proteasome system, but in these neu-
rodegenerative diseases this system becomes over-
whelmed and autophagy acts as a rescue system. 

However, autophagy, too, is overwhelmed, either 
because its intrinsic capacity is too low or because 
its capacity somehow becomes compromised by the 
accumulation of the protein aggregates. In the case 
of Huntington’s, the protein aggregates themselves 
appear to sequester mTOR, and this may be consid-
ered an attempt by the cell to eliminate these aggre-
gates by autophagy.346 However, these aggregates can 
also bind Beclin 1, which would be counterproduc-
tive for autophagy.347 It is noteworthy that stimulation 
of autophagic sequestration by rapamycin, at least in 
experimental models of Huntington’s, helps to clear 
the mutant Huntingtin protein.79,346 However, inhi-
bition of the synthesis of the Huntingtin protein by 
rapamycin may also contribute to its clearance.348

In Alzheimer’s disease, the affected neurons accu-
mulate autophagosomes, suggesting that autophagy 
becomes limited either at the level of the fusion of the 
autophagosomes with the lysosomes and/or at the 
level of the lysosome itself. Therapeutic modulation of 
autophagy in this case would need to focus on these 
steps.349,350 The major challenge now facing the search 
for treatments for these neurodegenerative diseases 
is to find ways to stimulate autophagy in the affected 
neurons in vivo.

The autophagic removal of the ubiquitinated 
protein aggregates may be a selective process that 
requires the adaptor protein p62, or sequestosome 
1 (SQSTM1). p62 not only binds to both the protein 
aggregates and LC3 to target them for autophagic 
degradation351,352 but also is involved in the formation 
of the protein aggregates themselves.352,353

Familial amyotropic lateral sclerosis (ALS), another 
neurodegenerative disorder, selectively affects motor 
neurons. A deficiency in SOD1, a Cu/Zn superoxide 
dismutase, is found in about 20% of these patients. 
Once again, autophagy is an attempt to provide pro-
tection, in this case against the deleterious effects of 
ROS.354,355

As discussed in the section on Mitophagy, in 
Parkinson’s disease, mitophagy protects against dys-
functional mitochondria.

Heart disease 

As in other tissues, autophagy is also essential for 
proper function of the heart, where the process 
functions both as a mechanism to supply nutri-
ents for survival and as a cellular quality-control 
mechanism.37,356–358 For example, cardiac-specific 
loss of Atg5 in mice leads to cardiac hypertrophy, 
left ventricular dilatation, and contractile dysfunc-
tion, together with the accumulation of ubiquitinated 
proteins and abnormal mitochondrial and sarcomere 
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structure.357 Autophagy becomes of particular impor-
tance in stressful situations, such as pressure over-
load, ischemia/reperfusion, cardiac hypertrophy, and 
heart failure.5,356–359 Although there has been some 
debate about whether autophagy has a protective or 
detrimental (i.e. by autophagy causing the death of 
failing cardiomyocytes) effect on heart function,5,359,360 
most of the evidence suggests that the process is 
protective.198,356–359,361

Cancer 

As discussed earlier (see section, Insulin, amino acids, 
and mTOR-mediated signaling), the insulin-growth 
factor-amino acid-mTOR-signaling pathway regulates 
protein synthesis and autophagy in opposite ways. The 
role of overactivation of this pathway in tumor growth 
has been discussed in several papers.362–365 There is 
now ample evidence that suppression of autophagy 
can also promote tumorigenesis, and many of the 
components involved in activating autophagy are 
tumor suppressors, e.g. Beclin 1, UVRAG, PTEN, 
TSC1/2, p53, and ceramide.5,366–372 With regard to 
p53, however, the problem is that, depending on the 
conditions, both p53 activation and p53 inhibition 
can stimulate autophagy in a manner that proceeds 
via AMPK activation and mTOR inhibition.373–375 This 
apparent paradox needs to be resolved.

Many chemotherapeutic drugs not only inhibit 
protein synthesis but also stimulate autophagy. 
Such drugs include rapamycin, tamoxifen (via cera-
mide production), arsenic trioxide, resveratrol, and 
temozolamide.366,376 In some cases, this stimulation 
of autophagy is an attempt by the cell to protect 
itself.377,378

A well-known example of the involvement of 
autophagy genes in tumor suppression is that of  
Beclin1, which is monoallelically deleted in 
human breast, ovarian, and prostate cancers. 
Haploinsufficiency of Beclin 1 promotes tumorigen-
esis in various tissues in transgenic mice.379,380

An increase in autophagy can stop tumor growth 
by two mechanisms. First, it may tip the balance 
between protein synthesis and degradation towards 
degradation, which reduces cell growth. Second, it 
may remove defective mitochondria and other intra-
cellular structures that are potential sources of ROS, 
which can cause DNA damage, genome instabil-
ity, and tumor initiation. This mechanism connects 
the tumor-suppressor and anti-aging functions of 
autophagy and, as autophagy decreases during aging, 
explains the increased incidence of cancer as people 
age.367,368 Unfortunately, in some cases, autophagy can 
also act as a survival mechanism for the tumor. This is 

during the initial stages of rapid tumor growth or in 
solid tumors, when insufficient vascularization limits 
nutrient and oxygen supply to the cancer cells.367,368 

Although the signal that stimulates autophagy under 
these conditions is not known, one may speculate that 
the activation of AMPK and HIF-1 plays a role.381 It is 
also possible that autophagy in the hypoxic environ-
ment serves to eliminate damaged mitochondria that 
might otherwise overproduce ROS and kill the cancer 
cells.367,382 Indeed, shifting cancer cell metabolism 
from glycolysis to glucose oxidation by adding dichlo-
roacetate, an inhibitor of pyruvate dehydrogenase 
kinase, activates mitochondrial pyruvate oxidation 
and causes ROS-induced cancer cell death that can 
be prevented by inhibiting the respiratory chain.383

In summary, it is not yet possible to predict the out-
come on tumor growth of manipulating autophagy as 
a strategy for cancer therapy.

Lysosomal disorders 

The autophagic pathway becomes severely 
compromised in diseases involving a primary defect 
in lysosomal function. An example of this is Danon’s 
disease, in which there is a deficiency in the lysosomal 
membrane protein Lamp-2, leading to the massive 
accumulation of autophagosomes in several tissues, 
e.g. muscle, heart, and liver, because of retarded 
fusion of autophagosomes and lysosomes.12 Fusion 
blockade is also observed in lysosomal storage disor-
ders, when the substrate to be degraded accumulates 
inside the lysosomes, once again interfering with the 
fusion of autophagosomes and lysosomes. This results 
in the accumulation of other intracellular mate-
rial, unrelated to the primary enzyme defect, in the 
autophagosomes, e.g. aggregate-prone ubiquitinated 
proteins and organelles such as mitochondria.12,384,385 
For example, in Pompe’s disease, which involves 
deficient lysosomal -glucosidase, there is massive 
accumulation of autophagosomes in muscle and 
heart, filled not only with glycogen but also with 
ubiquitinated proteins.268 Likewise, deficiencies 
in lysosomal cathepsins result in accumulation of 
autophagosomes,384 and impaired autophagosome-
lysosome fusion may underlie neuronal ceroid lipo-
fuscinosis (Batten’s disease), caused by mutations in 
the endosomal/lysosomal membrane protein Cln3 
(ceroid-lipofuscinosis, neuronal 3).386,387 In Batten’s 
disease, subunit c of mitochondrial ATP synthase 
accumulates in autophagosomes, and this can be 
mimicked in mice expressing the mutated form of 
Cln3 in their neurons, which suggests that autophagic 
turnover of mitochondria is affected under these 
circumstances.386 Similarly, in the lysosomal storage 
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disorders, including mucopolysaccharidosis type 
IIIA (Sanfilippo A) and multiple sulfatase defi-
ciency, severe neurodegneration is accompanied by 
autophagosome accumulation caused by defective 
fusion between autophagosomes and lysosomes.385

Niemann-Pick’s disease, another neurodegen-
erative lysosomal storage disorder, characterized 
by the accumulation of unesterified cholesterol and 
sphingolipids in late endosomes and lysosomes, is 
caused in most cases by a loss of function mutation 
in the NPC1 (Niemann-Pick type C disease 1) gene 
encoding a late-endosomal protein involved in lipid 
sorting and vesicle trafficking.388 Npc1-deficient 
human fibroblasts display considerable accumula-
tion of autophagosomes and an increased level of 
LC3-II, but also increased autophagic flux, together 
with upregulation of Beclin 1. In contrast to the 
other lysosomal storage disorders mentioned above, 
the fusion between autophagosomes and lysosomes 
appears to be intact, and it has been proposed that, 
in Niemann-Pick, the enhanced autophagic flux 
in fibroblasts may be an attempt to promote cell 
survival.388

Another situation where lysosomal function may 
be compromised is that of hepatic encephalopathy 
(HE). HE is characterized by neuropsychiatric mani-
festations, which can range from mild abnormalities 
of mental state to coma. The disease is caused by a 
failure of liver function as the result of acute or chronic 
liver disease.389 Under such conditions, the plasma 
ammonia concentration rises because ammonia is 
no longer properly converted in the liver into either 
urea or glutamine. The mechanism of ammonia 
toxicity in the brain has been a matter of debate for 
years; possible mechanisms that have been proposed 
include astrocyte swelling, opening of the mitochon-
drial membrane pore, ROS production, and protein 
nitration.389–391 Although never previously considered 
as a possible mechanism for the toxicity of ammonia, 
compromised autophagy may also contribute. Two 
facts suggest this hypothesis. First, increased intracel-
lular glutamine (produced from ammonia) not only 
increases astrocyte volume by osmosis in the short 
term, which probably accounts for the brain swelling 
and increase in intracranial pressure,389 but also does 
so in the long term by stimulating mTOR signaling, 
which is known to increase astrocyte cell size.392 This 
would lead to suppression of autophagy, and thus to 
an impaired capacity of the astrocyte to remove aber-
rant cell structures such as mitochondria. Second, 
the rise in intracellular ammonia concentration in 
HE may directly affect the intralysosomal pH. In the 
future, experimental evidence may reveal more about 
this intriguing, but so-far hypothetical, mechanism of 
ammonia toxicity.

Infection and immunity

Work in the last decade has provided strong evidence 
that autophagy not only contributes to maintaining 
cellular homeostasis but also can be used to com-
bat bacterial, parasitic, and viral infections. Because 
excellent reviews on these topics have appeared 
recently (see 5,350,393,394), we will only briefly summarize 
some highlights here.

As part of the innate immunity system, profes-
sional phagocytes (macrophages and dendritic cells) 
and non-professional phagocytic cells are equipped 
with degradative, mainly lysosomal, enzymes that 
kill and degrade pathogens once they have been 
phagocytosed. The autophagic pathway may assist in 
this cellular defense mechanism. Different groups of 
bacteria and parasites have developed different strat-
egies to evade these cellular defense mechanisms. 
For example, they can puncture the membrane of 
the phagosome and so escape into the cytosol where 
they can multiply, or they can prevent the fusion of 
phagosomes with lysosomes so that they can repli-
cate inside the non-lytic phagosomal compartment. 
In such cases, stimulating the autophagic seques-
tration of the bacteria could help to deliver them to 
the lysosomes for final killing. There are also cases, 
however, in which the bacteria can actually benefit 
from autophagy because they are able to survive in 
autophagosomes after inhibiting their fusion with 
lysosomes. With regard to viral replication, autophagy 
can similarly be either detrimental or beneficial (by 
permitting survival in initial autophagosomes). In 
the case of HIV (human immunodeficiency virus)-1 
infection, autophagy appears to be required for 
viral envelope protein-mediated apoptosis in unin-
fected bystander CD4+ T lymphocytes395,396 while, in 
infected cells, autophagosome formation is down-
regulated, probably as part of a strategy to avoid virus 
degradation, to enhance viral replication, or to evade 
the immune system.397 The immune signaling mol-
ecules that activate autophagic removal of pathogens 
include Toll-like receptors, TNF, interferon , and the 
eIF2 kinase PKR (double-stranded RNA-dependent 
protein kinase) (against viral infection).5,350,393,394

Apart from being involved in the elimination of 
pathogens, autophagy can also contribute to adap-
tive immunity. Lysosomes generate the antigenic 
peptides that are exposed on the cell surface in 
association with the major histocompatibility com-
plex class II (MHC II), for presentation to CD4+ T 
cells, and autophagosomes often fuse with MHC 
II-loading compartments. Another mechanism by 
which autophagy can influence adaptive immunity is 
its ability to promote the development and survival 
of B and T cells.393,394
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A possible role of autophagy in the pathogenesis of 
Crohn’s disease, a chronic inflammatory bowel dis-
ease affecting most commonly the small intestine and 
colon, has recently been revealed in studies showing 
a strong genetic association between a single-nucle-
otide polymorphism in the ATG16L1 gene, in which 
alanine is substituted for threonine at position 300, 
and enhanced susceptibiliy to Crohn’s disease.398 

Although it is still unclear to what extent this muta-
tion affects autophagy,398,399 Paneth cells appear to be 
the target of the mutant protein.400 One possibility is 
that autophagy in Paneth cells is involved in the spe-
cific recognition and elimination of certain intestinal 
bacteria.399 These intestinal epithelial cells exocytose 
lysozyme and other antimicrobial peptides packaged 
in granules. In Paneth cells, autophagy appears to 
function as an important brake on the expression of 
proinflammatory genes, as indicated by experiments 
in mice with hypomorphic (i.e. decreased) expres-
sion of the Atg16L1 protein, and similar results have 
been obtained with intestinal epithelial cell-specific 
deletions of Atg5 or Atg7.398,400 Strikingly, the same 
cell abnormalities, i.e. reduction in granule number, 
abnormal mitochondria, and a dramatic increase in 
cytoplasmic vesicles at the expense of ER, as observed 
in Paneth cells of autophagy-deficient mice, are also 
seen in Paneth cells from Crohn patients who are 
homozygous for the ATG16L1 risk allele.398 Paneth 
cells may be more susceptible than other intestinal 
epithelial cells to autophagy deficiency as a result 
of their abundant ER, which may make them par-
ticularly sensitive to ER stress. Experiments with a 
knock-in mouse in which the endogenous Atg16L1 
has been replaced by the Crohn’s disease risk allele 
of ATG16L1 may provide direct information about the 
precise effect of ATG16L1 polymorphism.398

Conclusion

For decades, autophagy has lurked in the literature 
disguised as a rather insignificant process. However, 
with the identification of the ATG genes and the sig-
naling pathways that control it, autophagy has come 
out of the shadows and is now recognized as a major 
cell biological process, of similar importance to pro-
tein synthesis and other major pathways. Its function 
both as a catabolic pathway in response to energy 
shortage and as a cellular quality-control mecha-
nism in response to stress and its disregulation in 
many diseases has caused autophagy to take center 
stage in today’s cell biological research. However, it is 
important to stress that Atg proteins not only may be 
engaged in autophagy but also may have other func-
tions in cell biology. For example in neutrophils, prior 

to being coupled to Atg12, Atg5 can be cleaved by cal-
pain to form an aminoterminal polypeptide fragment 
with pro-apoptotic properties, which translocates 
to the mitochondria.401 In phagocytic cells, however, 
Atg5 may be engaged in cellular immunity and the 
intracellular killing of pathogens by mechanisms that 
are independent of autophagosome formation.402,403

As we have indicated throughout this review, many 
questions remain to be answered. The most impor-
tant task that lies ahead, however, is to translate the 
experimental findings into clinical practice in a wide 
range of pathologies, including cancer, neurodegen-
eration, diabetes, and infectious diseases, as well as in 
aging, so that in vivo manipulation of autophagy can 
be used to benefit patients.

Acknowledgments

The authors are grateful to Audrey Esclatine for criti-
cally reviewing the manuscript. 

Declaration of interest: Work in P. Codogno’s labo-
ratory is supported by institutional funding from 
the Institut National de la Santé et de la Recherche 
Médicale (INSERM), Université Paris-Sud 11, and 
grants from the Agence Nationale de la Recherche, 
the Association pour la Recherche sur le Cancer.

References

1.	 Ciechanover A, Orian A, Schwartz AL. Ubiquitin-mediated 
proteolysis: biological regulation via destruction. Bioessays 
2000; 22: 442–451.

2.	 Nedelsky NB, Todd PK, Taylor JP. Autophagy and the ubiq-
uitin-proteasome system: collaborators in neuroprotection. 
Biochim Biophys Acta 2008; 1782: 691–699.

3.	 Cuervo AM. Autophagy and aging: keeping that old broom 
working. Trends Genet 2008; 24: 604–612.

4.	 Klionsky DJ. Autophagy: from phenomenology to molecular 
understanding in less than a decade. Nat Rev Mol Cell Biol 
2007; 8: 931–937.

5.	 Levine B, Kroemer G. Autophagy in the pathogenesis of dis-
ease. Cell 2008; 132: 27–42.

6.	 Mizushima N, Levine B, Cuervo AM, Klionsky DJ. Autophagy 
fights disease through cellular self-digestion. Nature 2008; 
451: 1069–1075.

7.	 Mizushima N, Klionsky DJ. Protein turnover via autophagy: 
implications for metabolism. Annu Rev Nutr 2007; 27: 
19–40.

8.	 Seglen PO, Bohley P. Autophagy and other vacuolar protein 
degradation mechanisms. Experientia 1992; 48: 158–172.

9.	 Fass E, Shvets E, Degani I, Hirschberg K, Elazar Z. 
Microtubules support production of starvation-induced 
autophagosomes but not their targeting and fusion with 
lysosomes. J Biol Chem 2006; 281: 36303–36316.

10.	 Kochl R, Hu XW, Chan EY, Tooze SA. Microtubules facilitate 
autophagosome formation and fusion of autophagosomes 
with endosomes. Traffic 2006; 7: 129–145.

C
ri

tic
al

 R
ev

ie
w

s 
in

 C
lin

ic
al

 L
ab

or
at

or
y 

Sc
ie

nc
es

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a 
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



230    A. J. Meijer and P. Codogno

11.	 Jahreiss L, Menzies FM, Rubinsztein DC. The itinerary of 
autophagosomes: from peripheral formation to kiss-and-
run fusion with lysosomes. Traffic 2008; 9: 574–587.

12.	 Eskelinen EL, Saftig P. Autophagy: a lysosomal degradation 
pathway with a central role in health and disease. Biochim 
Biophys Acta 2009; 1793: 664–673.

13.	 Yorimitsu T, Klionsky DJ. Autophagy: molecular machinery 
for self-eating. Cell Death Differ 2005; 12: 1542–1552.

14.	 Suzuki K, Ohsumi Y. Molecular machinery of autophago-
some formation in yeast, Saccharomyces cerevisiae. FEBS 
Lett 2007; 581: 2156–2161.

15.	 Suzuki K, Kubota Y, Sekito T, Ohsumi Y. Hierarchy of Atg pro-
teins in pre-autophagosomal structure organization. Genes 
Cells 2007; 12: 209–218.

16.	 Eskelinen EL. New insights into the mechanisms of macro-
autophagy in mammalian cells. Int Rev Cell Mol Biol 2008; 
266: 207–247.

17.	 Melendez A, Neufeld TP. The cell biology of autophagy in 
metazoans: a developing story. Development 2008; 135: 
2347–2360.

18.	 Ohsumi Y. Molecular dissection of autophagy: two ubiqui-
tin-like systems. Nat Rev Mol Cell Biol 2001; 2: 211–216.

19.	 Hanada T, Noda NN, Satomi Y, Ichimura Y, Fujioka Y, 
Takao T, Inagaki F, Ohsumi Y. The Atg12-Atg5 conjugate has 
a novel E3-like activity for protein lipidation in autophagy.  
J Biol Chem 2007; 282: 37298–37302.

20.	 Nakatogawa H, Ichimura Y, Ohsumi Y. Atg8, a ubiquitin-like 
protein required for autophagosome formation, mediates 
membrane tethering and hemifusion. Cell 2007; 130: 165–178.

21.	 Tanida I, Minematsu-Ikeguchi N, Ueno T, Kominami E. 
Lysosomal turnover, but not a cellular level, of endogenous 
LC3 is a marker for autophagy. Autophagy 2005; 1: 84–91.

22.	 Mizushima N, Yoshimori T. How to interpret LC3 immunob-
lotting. Autophagy 2007; 3: 542–545.

23.	 Klionsky DJ, Abeliovich H, Agostinis P, Agrawal DK, Aliev G, 
Askew DS, Baba M, Baehrecke EH, Bahr BA, Ballabio A, 
Bamber BA, Bassham DC et al. Guidelines for the use and 
interpretation of assays for monitoring autophagy in higher 
eukaryotes. Autophagy 2008; 4: 151–175.

24.	 Kuma A, Matsui M, Mizushima N. LC3, an autophagosome 
marker, can be incorporated into protein aggregates inde-
pendent of autophagy: caution in the interpretation of LC3 
localization. Autophagy 2007; 3: 323–328.

25.	 Shvets E, Elazar Z. Autophagy-independent incorporation of 
GFP-LC3 into protein aggregates is dependent on its interac-
tion with p62/SQSTM1. Autophagy 2008; 4: 1054–1056.

26.	 Juhasz G, Neufeld TP. Autophagy: a forty-year search for a 
missing membrane source. PLoS Biol 2006; 4: e36.

27.	 Axe EL, Walker SA, Manifava M, Chandra P, Roderick HL, 
Habermann A, Griffiths G, Ktistakis NT. Autophagosome 
formation from membrane compartments enriched in phos-
phatidylinositol 3-phosphate and dynamically connected to 
the endoplasmic reticulum. J Cell Biol 2008; 182: 685–701.

28.	 Novikoff AB, Shin WY. Endoplasmic reticulum and 
autophagy in rat hepatocytes. Proc Natl Acad Sci USA 1978; 
75: 5039–5042.

29.	 Dunn WA Jr. Autophagy and related mechanisms of lyso-
some-mediated protein degradation. Trends Cell Biol 1994; 
4: 139–143.

30.	 Walker S, Chandra P, Manifava M, Axe E, Ktistakis NT. Making 
autophagosomes: localized synthesis of phosphatidylinositol 
3-phosphate holds the clue. Autophagy 2008; 4: 1093–1096.

31.	 Obara K, Ohsumi Y. Dynamics and function of PtdIns(3)P in 
autophagy. Autophagy 2008; 4: 952–954.

32.	 Obara K, Noda T, Niimi K, Ohsumi Y. Transport of phos-
phatidylinositol 3-phosphate into the vacuole via autophagic 

membranes in Saccharomyces cerevisiae. Genes Cells 2008; 
13: 537–547.

33.	 Obara K, Sekito T, Niimi K, Ohsumi Y. The Atg18-Atg2 com-
plex is recruited to autophagic membranes via phosphati-
dylinositol 3-phosphate and exerts an essential function.  
J Biol Chem 2008; 283: 23972–23980.

34.	 Scott RC, Schuldiner O, Neufeld TP. Role and regulation of 
starvation-induced autophagy in the Drosophila fat body. 
Dev Cell 2004; 7: 167–178.

35.	 Lum JJ, Bauer DE, Kong M, Harris MH, Li C, Lindsten T, 
Thompson CB. Growth factor regulation of autophagy and 
cell survival in the absence of apoptosis. Cell 2005; 120: 
237–248.

36.	 Boya P, Gonzalez-Polo RA, Casares N, Perfettini JL, Dessen P, 
Larochette N, Metivier D, Meley D, Souquere S, Yoshimori T, 
Pierron G, Codogno P, Kroemer G. Inhibition of macroau-
tophagy triggers apoptosis. Mol Cell Biol 2005; 25: 1025–1040.

37.	 Kuma A, Hatano M, Matsui M, Yamamoto A, Nakaya H, 
Yoshimori T, Ohsumi Y, Tokuhisa T, Mizushima N. The role 
of autophagy during the early neonatal starvation period. 
Nature 2004; 432: 1032–1036.

38.	 Blommaart EF, Luiken JJ, Meijer AJ. Autophagic proteolysis: 
control and specificity. Histochem J 1997; 29: 365–385.

39.	 Mortimore GE, Schworer CM. Induction of autophagy by 
amino-acid deprivation in perfused rat liver. Nature 1977; 
270: 174–176.

40.	 Poso AR, Schworer CM, Mortimore GE. Acceleration of pro-
teolysis in perfused rat liver by deletion of glucogenic amino 
acids: regulatory role of glutamine. Biochem Biophys Res 
Commun 1982; 107: 1433–1439.

41.	 Meijer AJ. Autophagy research: lessons from metabolism. 
Autophagy 2009; 5: 3–5.

42.	 Deter RL, De DC. Influence of glucagon, an inducer of cellu-
lar autophagy, on some physical properties of rat liver lyso-
somes. J Cell Biol 1967; 33: 437–449.

43.	 Komatsu M, Waguri S, Ueno T, Iwata J, Murata S, Tanida I, 
Ezaki J, Mizushima N, Ohsumi Y, Uchiyama Y, Kominami E, 
Tanaka K, Chiba T. Impairment of starvation-induced and 
constitutive autophagy in Atg7-deficient mice. J Cell Biol 
2005; 169: 425–434.

44.	 Komatsu M, Waguri S, Chiba T, Murata S, Iwata J, Tanida I, 
Ueno T, Koike M, Uchiyama Y, Kominami E, Tanaka K. Loss 
of autophagy in the central nervous system causes neurode-
generation in mice. Nature 2006; 441: 880–884.

45.	 Hara T, Nakamura K, Matsui M, Yamamoto A, Nakahara Y, 
Suzuki-Migishima R, Yokoyama M, Mishima K, Saito I, 
Okano H, Mizushima N. Suppression of basal autophagy 
in neural cells causes neurodegenerative disease in mice. 
Nature 2006; 441: 885–889.

46.	 Nakai A, Yamaguchi O, Takeda T, Higuchi Y, Hikoso S, 
Taniike M, Omiya S, Mizote I, Matsumura Y, Asahi M, Nishida 
K, Hori M, Mizushima N, Otsu K. The role of autophagy in 
cardiomyocytes in the basal state and in response to hemo-
dynamic stress. Nat Med 2007; 13: 619–624.

47.	 Codogno P, Meijer AJ. Autophagy and signaling: their role 
in cell survival and cell death. Cell Death Differ 2005; 12: 
1509–1518.

48.	 Pattingre S, Bauvy C, Codogno P. Amino acids interfere with 
the ERK1/2-dependent control of macroautophagy by con-
trolling the activation of Raf-1 in human colon cancer HT-29 
cells. J Biol Chem 2003; 278: 16667–16674.

49.	 Comes F, Matrone A, Lastella P, Nico B, Susca FC, Bagnulo R, 
Ingravallo G, Modica S, Lo SG, Moschetta A, Guanti G, 
Simone C. A novel cell type-specific role of p38alpha in the 
control of autophagy and cell death in colorectal cancer 
cells. Cell Death Differ 2007; 14: 693–702.

C
ri

tic
al

 R
ev

ie
w

s 
in

 C
lin

ic
al

 L
ab

or
at

or
y 

Sc
ie

nc
es

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a 
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Autophagy, regulation, and disease    231

50.	 Dagda RK, Zhu J, Kulich SM, Chu CT. Mitochondrially local-
ized ERK2 regulates mitophagy and autophagic cell stress: 
implications for Parkinson’s disease. Autophagy 2008; 4: 
770–782.

51.	 Corcelle E, Nebout M, Bekri S, Gauthier N, Hofman P, 
Poujeol P, Fenichel P, Mograbi B. Disruption of autophagy at 
the maturation step by the carcinogen lindane is associated 
with the sustained mitogen-activated protein kinase/extra-
cellular signal-regulated kinase activity. Cancer Res 2006; 
66: 6861–6870.

52.	 Häussinger D, Reinehr R, Schliess F. The hepatocyte integrin 
system and cell volume sensing. Acta Physiol (Oxf ) 2006; 
187: 249–255.

53.	 Ogier-Denis E, Pattingre S, El BJ, Codogno P. Erk1/2-
dependent phosphorylation of Galpha-interacting protein 
stimulates its GTPase accelerating activity and autophagy 
in human colon cancer cells. J Biol Chem 2000; 275: 
39090–39095.

54.	 Gohla A, Klement K, Piekorz RP, Pexa K, vom Dahl S, 
Spicher K, Dreval V, Häussinger D, Birnbaumer L, Nurnberg 
B. An obligatory requirement for the heterotrimeric G pro-
tein Gi3 in the antiautophagic action of insulin in the liver. 
Proc Natl Acad Sci USA 2007; 104: 3003–3008.

55.	 Wullschleger S, Loewith R, Hall MN. TOR signaling in growth 
and metabolism. Cell 2006; 124: 471–484.

56.	 Dann SG, Thomas G. The amino acid sensitive TOR pathway 
from yeast to mammals. FEBS Lett 2006; 580: 2821–2829.

57.	 Avruch J, Hara K, Lin Y, Liu M, Long X, Ortiz-Vega S, 
Yonezawa  K. Insulin and amino-acid regulation of mTOR 
signaling and kinase activity through the Rheb GTPase. 
Oncogene 2006; 25: 6361–6372.

58.	 Corradetti MN, Guan KL. Upstream of the mammalian target 
of rapamycin: do all roads pass through mTOR? Oncogene 
2006; 25: 6347–6360.

59.	 Reiling JH, Sabatini DM. Stress and mTORture signaling. 
Oncogene 2006; 25: 6373–6383.

60.	 Proud CG. Regulation of protein synthesis by insulin. 
Biochem Soc Trans 2006; 34: 213–216.

61.	 Watson RT, Pessin JE. Bridging the GAP between insulin sig-
naling and GLUT4 translocation. Trends Biochem Sci 2006; 
31: 215–222.

62.	 Luiken JJ, Blommaart EF, Boon L, van Woerkom GM, 
Meijer  AJ. Cell swelling and the control of autophagic 
proteolysis in hepatocytes: involvement of phosphoryla-
tion of ribosomal protein S6? Biochem Soc Trans 1994;  
22: 508–511.

63.	 Blommaart EF, Luiken JJ, Blommaart PJ, van Woerkom GM, 
Meijer AJ. Phosphorylation of ribosomal protein S6 is inhibi-
tory for autophagy in isolated rat hepatocytes. J Biol Chem 
1995; 270: 2320–2326.

64.	 Hara K, Yonezawa K, Weng QP, Kozlowski MT, Belham C, 
Avruch J. Amino acid sufficiency and mTOR regulate p70 S6 
kinase and eIF-4E BP1 through a common effector mecha-
nism. J Biol Chem 1998; 273: 14484–14494.

65.	 van Sluijters DA, Dubbelhuis PF, Blommaart EF, Meijer AJ. 
Amino-acid-dependent signal transduction. Biochem J 
2000; 351: 545–550.

66.	 Kimball SR, Jefferson LS. Molecular mechanisms through 
which amino acids mediate signaling through the mamma-
lian target of rapamycin. Curr Opin Clin Nutr Metab Care 
2004; 7: 39–44.

67.	 Avruch J, Long X, Ortiz-Vega S, Rapley J, Papageorgiou A, 
Dai N. Amino acid regulation of TOR complex. Am J Physiol 
Endocrinol Metab 2009; 296: E592–E602.

68.	 Meijer AJ. Amino acid regulation of autophagosome forma-
tion. Methods Mol Biol 2008; 445: 89–109.

69.	 Blommaart EF, Krause U, Schellens JP, Vreeling-
Sindelarova H, Meijer AJ. The phosphatidylinositol 3-kinase 
inhibitors wortmannin and LY294002 inhibit autophagy in 
isolated rat hepatocytes. Eur J Biochem 1997; 243: 240–246.

70.	 Tang X, Wang L, Proud CG, Downes CP. Muscarinic recep-
tor-mediated activation of p70 S6 kinase 1 (S6K1) in 1321N1 
astrocytoma cells: permissive role of phosphoinositide 3-ki-
nase. Biochem J 2003; 374: 137–143.

71.	 Smith EM, Finn SG, Tee AR, Browne GJ, Proud CG. The 
tuberous sclerosis protein TSC2 is not required for the reg-
ulation of the mammalian target of rapamycin by amino 
acids and certain cellular stresses. J Biol Chem 2005; 280: 
18717–18727.

72.	 Roccio M, Bos JL, Zwartkruis FJ. Regulation of the small 
GTPase Rheb by amino acids. Oncogene 2006; 25: 657–664.

73.	 Noda T, Ohsumi Y. Tor, a phosphatidylinositol kinase homo-
logue, controls autophagy in yeast. J Biol Chem 1998; 273: 
3963–3966.

74.	 Prick T, Thumm M, Kohrer K, Häussinger D, vom Dahl S. In 
yeast, loss of Hog1 leads to osmosensitivity of autophagy. 
Biochem J 2006; 394: 153–161.

75.	 Melendez A, Talloczy Z, Seaman M, Eskelinen EL, Hall DH, 
Levine B. Autophagy genes are essential for dauer develop-
ment and life-span extension in C. elegans. Science 2003; 
301: 1387–1391.

76.	 Barquilla A, Navarro M. Trypanosome TOR as a major reg-
ulator of cell growth and autophagy. Autophagy 2009; 5: 
256–258.

77.	 Patel S, Caplan J, Dinesh-Kumar SP. Autophagy in the con-
trol of programmed cell death. Curr Opin Plant Biol 2006; 9: 
391–396.

78.	 Bassham DC. Plant autophagy—more than a starvation 
response. Curr Opin Plant Biol 2007; 10: 587–593.

79.	 Sarkar S, Rubinsztein DC. Small molecule enhancers of 
autophagy for neurodegenerative diseases. Mol Biosyst 
2008; 4: 895–901.

80.	 Klionsky DJ, Cuervo AM, Seglen PO. Methods for monitor-
ing autophagy from yeast to human. Autophagy 2007; 3: 
181–206.

81.	 Thoreen CC, Kang SA, Chang JW, Liu Q, Zhang J, Gao  Y, 
Reichling LJ, Sim T, Sabatini DM, Gray NS. An ATP-
competitive mTOR inhibitor reveals rapamycin-insensitive 
functions of mTORC1. J Biol Chem 2009; 284: 8023–8032.

82.	 Droge W, Kinscherf R. Aberrant insulin receptor signaling 
and amino acid homeostasis as a major cause of oxidative 
stress in aging. Antioxid Redox Signal 2008; 10: 661–678.

83.	 Kamada Y, Funakoshi T, Shintani T, Nagano K, Ohsumi M, 
Ohsumi Y. Tor-mediated induction of autophagy via 
an Apg1 protein kinase complex. J Cell Biol 2000; 150: 
1507–1513.

84.	 Kawamata T, Kamada Y, Kabeya Y, Sekito T, Ohsumi Y. 
Organization of the pre-autophagosomal structure respon-
sible for autophagosome formation. Mol Biol Cell 2008; 19: 
2039–2050.

85.	 Yorimitsu T, He C, Wang K, Klionsky DJ. Tap42-associated 
protein phosphatase type 2A negatively regulates induction 
of autophagy. Autophagy 2009; 5: 616–624.

86.	 Scott RC, Juhasz G, Neufeld TP. Direct induction of autophagy 
by Atg1 inhibits cell growth and induces apoptotic cell death. 
Curr Biol 2007; 17: 1–11.

87.	 Chan EY, Longatti A, McKnight NC, Tooze SA. Kinase-
inactivated ULK proteins inhibit autophagy via their con-
served C-terminal domains using an Atg13-independent 
mechanism. Mol Cell Biol 2009; 29: 157–171.

88.	 Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura A, 
Miura  Y, Iemura SI, Natsume T, Takehana K, Yamada N, 

C
ri

tic
al

 R
ev

ie
w

s 
in

 C
lin

ic
al

 L
ab

or
at

or
y 

Sc
ie

nc
es

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a 
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



232    A. J. Meijer and P. Codogno

Guan JL, Oshiro N, Mizushima N. Nutrient-dependent 
mTORC1 association with the ULK1-Atg13-FIP200 complex 
required for autophagy. Mol Biol Cell 2009; 20: 1981–1991.

89.	 Jung CH, Jun CB, Ro SH, Kim YM, Otto NM, Cao J, Kundu M, 
Kim DH. ULK-Atg13-FIP200 complexes mediate mTOR sig-
naling to the autophagy machinery. Mol Biol Cell 2009; 20: 
1992–2003.

90.	 Petiot A, Ogier-Denis E, Blommaart EF, Meijer AJ, Codogno P. 
Distinct classes of phosphatidylinositol 3’-kinases are 
involved in signaling pathways that control macroautophagy 
in HT-29 cells. J Biol Chem 2000; 275: 992–998.

91.	 Arico S, Petiot A, Bauvy C, Dubbelhuis PF, Meijer AJ, 
Codogno P, Ogier-Denis E. The tumor suppressor PTEN 
positively regulates macroautophagy by inhibiting the phos-
phatidylinositol 3-kinase/protein kinase B pathway. J Biol 
Chem 2001; 276: 35243–35246.

92.	 Seglen PO, Gordon PB. 3-Methyladenine: specific inhibitor 
of autophagic/lysosomal protein degradation in isolated rat 
hepatocytes. Proc Natl Acad Sci USA 1982; 79: 1889–1892.

93.	 Levine B, Sinha S, Kroemer G. Bcl-2 family members: dual 
regulators of apoptosis and autophagy. Autophagy 2008; 4: 
600–606.

94.	 Zalckvar E, Berissi H, Mizrachy L, Idelchuk Y, Koren I, 
Eisenstein M, Sabanay H, Pinkas-Kramarski R, Kimchi A. 
DAP-kinase-mediated phosphorylation on the BH3 domain 
of beclin 1 promotes dissociation of beclin 1 from Bcl-XL 
and induction of autophagy. EMBO Rep 2009; 10: 285–292.

95.	 Tassa A, Roux MP, Attaix D, Bechet DM. Class III phosph-
oinositide 3-kinase—Beclin1 complex mediates the amino 
acid-dependent regulation of autophagy in C2C12 myo-
tubes. Biochem J 2003; 376: 577–586.

96.	 Pattingre S, Tassa A, Qu X, Garuti R, Liang XH, Mizushima N, 
Packer M, Schneider MD, Levine B. Bcl-2 antiapoptotic pro-
teins inhibit Beclin 1-dependent autophagy. Cell 2005; 122: 
927–939.

97.	 Itakura E, Kishi C, Inoue K, Mizushima N. Beclin 1 forms 
two distinct phosphatidylinositol 3-kinase complexes with 
mammalian Atg14 and UVRAG. Mol Biol Cell 2008; 19: 
5360–5372.

98.	 Sun Q, Fan W, Chen K, Ding X, Chen S, Zhong Q. Identification 
of Barkor as a mammalian autophagy-specific factor for 
Beclin 1 and class III phosphatidylinositol 3-kinase. Proc 
Natl Acad Sci USA 2008; 105: 19211–19216.

99.	 Hoyer-Hansen M, Bastholm L, Szyniarowski P, Campanella M, 
Szabadkai G, Farkas T, Bianchi K, Fehrenbacher N, Elling F, 
Rizzuto R, Mathiasen IS, Jaattela M. Control of macroau-
tophagy by calcium, calmodulin-dependent kinase kinase-
beta, and Bcl-2. Mol Cell 2007; 25: 193–205.

100.	Brady NR, Hamacher-Brady A, Yuan H, Gottlieb RA. 
The autophagic response to nutrient deprivation in the 
hl-1 cardiac myocyte is modulated by Bcl-2 and sarco/
endoplasmic reticulum calcium stores. FEBS J 2007; 274:  
3184–3197.

101.	Gordon PB, Holen I, Fosse M, Rotnes JS, Seglen PO. 
Dependence of hepatocytic autophagy on intracel-
lularly sequestered calcium. J Biol Chem 1993; 268:  
26107–26112.

102.	Dubbelhuis PF, Meijer AJ. Hepatic amino acid-dependent 
signaling is under the control of AMP-dependent protein 
kinase. FEBS Lett 2002; 521: 39–42.

103.	Bolster DR, Crozier SJ, Kimball SR, Jefferson LS. AMP-
activated protein kinase suppresses protein synthesis in rat 
skeletal muscle through down-regulated mammalian tar-
get of rapamycin (mTOR) signaling. J Biol Chem 2002; 277: 
23977–23980.

104.	Krause U, Bertrand L, Hue L. Control of p70 ribosomal pro-
tein S6 kinase and acetyl-CoA carboxylase by AMP-activated 
protein kinase and protein phosphatases in isolated hepato-
cytes. Eur J Biochem 2002; 269: 3751–3759.

105.	Larsen AK, Moller MT, Blankson H, Samari HR, Holden L, 
Seglen PO. Naringin-sensitive phosphorylation of plectin, 
a cytoskeletal cross-linking protein, in isolated rat hepato-
cytes. J Biol Chem 2002; 277: 34826–34835.

106.	Kimura N, Tokunaga C, Dalal S, Richardson C, Yoshino 
K, Hara K, Kemp BE, Witters LA, Mimura O, Yonezawa K.  
A possible linkage between AMP-activated protein kinase 
(AMPK) and mammalian target of rapamycin (mTOR) sig-
nalling pathway. Genes Cells 2003; 8: 65–79.

107.	Hardie DG. AMP-activated/SNF1 protein kinases: conserved 
guardians of cellular energy. Nat Rev Mol Cell Biol 2007; 8: 
774–785.

108.	Meley D, Bauvy C, Houben-Weerts JH, Dubbelhuis PF, 
Helmond MT, Codogno P, Meijer AJ. AMP-activated protein 
kinase and the regulation of autophagic proteolysis. J Biol 
Chem 2006; 281: 34870–34879.

109.	Liang J, Shao SH, Xu ZX, Hennessy B, Ding Z, Larrea M, Kondo 
S, Dumont DJ, Gutterman JU, Walker CL, Slingerland  JM, 
Mills GB. The energy sensing LKB1-AMPK pathway regulates 
p27(kip1) phosphorylation mediating the decision to enter 
autophagy or apoptosis. Nat Cell Biol 2007; 9: 218–224.

110.	Levine AJ, Feng Z, Mak TW, You H, Jin S. Coordination and 
communication between the p53 and IGF-1-AKT-TOR signal 
transduction pathways. Genes Dev 2006; 20: 267–275.

111.	Matsui Y, Takagi H, Qu X, Abdellatif M, Sakoda H, Asano T, 
Levine B, Sadoshima J. Distinct roles of autophagy in the heart 
during ischemia and reperfusion: roles of AMP-activated 
protein kinase and Beclin 1 in mediating autophagy. Circ 
Res 2007; 100: 914–922.

112.	Adhami F, Liao G, Morozov YM, Schloemer A, Schmithorst VJ, 
Lorenz JN, Dunn RS, Vorhees CV, Wills-Karp M, Degen JL, 
Davis RJ, Mizushima N et  al. Cerebral ischemia-hypoxia 
induces intravascular coagulation and autophagy. Am J 
Pathol 2006; 169: 566–583.

113.	Samari HR, Seglen PO. Inhibition of hepatocytic autophagy 
by adenosine, aminoimidazole-4-carboxamide riboside, 
and N6-mercaptopurine riboside. Evidence for involvement 
of amp-activated protein kinase. J Biol Chem 1998; 273: 
23758–23763.

114.	Guigas B, Sakamoto K, Taleux N, Reyna SM, Musi N, Viollet B, 
Hue L. Beyond AICA riboside: in search of new specific 
AMP-activated protein kinase activators. IUBMB Life 2009; 
61: 18–26.

115.	Viana R, Aguado C, Esteban I, Moreno D, Viollet B, Knecht E, 
Sanz P. Role of AMP-activated protein kinase in autophagy 
and proteasome function. Biochem Biophys Res Commun 
2008; 369: 964–968.

116.	Takagi H, Matsui Y, Sadoshima J. The role of autophagy in 
mediating cell survival and death during ischemia and 
reperfusion in the heart. Antioxid Redox Signal 2007; 9: 
1373–1381.

117.	Py BF, Boyce M, Yuan J. A critical role of eEF-2K in medi-
ating autophagy in response to multiple cellular stresses. 
Autophagy 2009; 5: 393–396.

118.	Wu H, Yang JM, Jin S, Zhang H, Hait WN. Elongation factor-2 
kinase regulates autophagy in human glioblastoma cells. 
Cancer Res 2006; 66: 3015–3023.

119.	Corradetti MN, Inoki K, Bardeesy N, DePinho RA, Guan KL. 
Regulation of the TSC pathway by LKB1: evidence of a 
molecular link between tuberous sclerosis complex and 
Peutz-Jeghers syndrome. Genes Dev 2004; 18: 1533–1538.

C
ri

tic
al

 R
ev

ie
w

s 
in

 C
lin

ic
al

 L
ab

or
at

or
y 

Sc
ie

nc
es

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a 
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Autophagy, regulation, and disease    233

120.	Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, 
Mery  A, Vasquez DS, Turk BE, Shaw RJ. AMPK phosphor-
ylation of raptor mediates a metabolic checkpoint. Mol Cell 
2008; 30: 214–226.

121.	Gleason CE, Lu D, Witters LA, Newgard CB, Birnbaum MJ. 
The role of AMPK and mTOR in nutrient sensing in pancre-
atic beta-cells. J Biol Chem 2007; 282: 10341–10351.

122.	Drummond MJ, Rasmussen BB. Leucine-enriched nutrients 
and the regulation of mammalian target of rapamycin sig-
nalling and human skeletal muscle protein synthesis. Curr 
Opin Clin Nutr Metab Care 2008; 11: 222–226.

123.	Aguilar V, Alliouachene S, Sotiropoulos A, Sobering A, 
Athea Y, Djouadi F, Miraux S, Thiaudière E, Foretz M, Viollet 
B, Diolez P, Bastin J et al. S6 kinase deletion suppresses mus-
cle growth adaptations to nutrient availability by activating 
AMP kinase. Cell Metab 2007; 5: 476–487.

124.	Jiang W, Zhu Z, Thompson HJ. Dietary energy restriction 
modulates the activity of AMP-activated protein kinase, 
Akt, and mammalian target of rapamycin in mammary car-
cinomas, mammary gland, and liver. Cancer Res 2008; 68: 
5492–5499.

125.	Um SH, Frigerio F, Watanabe M, Picard F, Joaquin M, 
Sticker  M, Fumagalli S, Allegrini PR, Kozma SC, Auwerx J, 
Thomas G. Absence of S6K1 protects against age- and diet-
induced obesity while enhancing insulin sensitivity. Nature 
2004; 431: 200–205.

126.	Khamzina L, Veilleux A, Bergeron S, Marette A. Increased 
activation of the mammalian target of rapamycin pathway 
in liver and skeletal muscle of obese rats: possible involve-
ment in obesity-linked insulin resistance. Endocrinology 
2005; 146: 1473–1481.

127.	Um SH, D’Alessio D, Thomas G. Nutrient overload, insulin 
resistance, and ribosomal protein S6 kinase 1, S6K1. Cell 
Metab 2006; 3: 393–402.

128.	Tremblay F, Lavigne C, Jacques H, Marette A. Role of dietary 
proteins and amino acids in the pathogenesis of insulin 
resistance. Annu Rev Nutr 2007; 27: 293–310.

129.	Klionsky DJ, Meijer AJ, Codogno P. Autophagy and p70S6 
kinase. Autophagy 2005; 1: 59–60.

130.	Lee SB, Kim S, Lee J, Park J, Lee G, Kim Y, Kim JM, Chung J. 
ATG1, an autophagy regulator, inhibits cell growth by nega-
tively regulating S6 kinase. EMBO Rep 2007; 8: 360–365.

131.	Mieulet V, Roceri M, Espeillac C, Sotiropoulos A, Ohanna M, 
Oorschot V, Klumperman J, Sandri M, Pende M. S6 kinase 
inactivation impairs growth and translational target phos-
phorylation in muscle cells maintaining proper regulation 
of protein turnover. Am J Physiol Cell Physiol 2007; 293: 
C712–C722.

132.	Urban J, Soulard A, Huber A, Lippman S, Mukhopadhyay D, 
Deloche O, Wanke V, Anrather D, Ammerer G, Riezman H, 
Broach JR, De VC, Hall MN, Loewith R. Sch9 is a major target 
of TORC1 in Saccharomyces cerevisiae. Mol Cell 2007; 26: 
663–674.

133.	Yorimitsu T, Zaman S, Broach JR, Klionsky DJ. Protein kinase 
A and Sch9 cooperatively regulate induction of autophagy 
in Saccharomyces cerevisiae. Mol Biol Cell 2007; 18:  
4180–4189.

134.	Wei M, Fabrizio P, Hu J, Ge H, Cheng C, Li L, Longo VD. Life 
span extension by calorie restriction depends on Rim15 and 
transcription factors downstream of Ras/PKA, Tor, and Sch9. 
PLoS Genet 2008; 4: e13.

135.	Mammucari C, Milan G, Romanello V, Masiero E, Rudolf R, 
Del PP, Burden SJ, Di LR, Sandri C, Zhao J, Goldberg AL, 
Schiaffino S, Sandri M. FoxO3 controls autophagy in skeletal 
muscle in vivo. Cell Metab 2007; 6: 458–471.

136.	Zhao J, Brault JJ, Schild A, Cao P, Sandri M, Schiaffino S, 
Lecker SH, Goldberg AL. FoxO3 coordinately activates pro-
tein degradation by the autophagic/lysosomal and protea-
somal pathways in atrophying muscle cells. Cell Metab 2007; 
6: 472–483.

137.	Juhasz G, Puskas LG, Komonyi O, Erdi B, Maroy P, Neufeld TP, 
Sass M. Gene expression profiling identifies FKBP39 as an 
inhibitor of autophagy in larval Drosophila fat body. Cell 
Death Differ 2007; 14: 1181–1190.

138.	Greer EL, Oskoui PR, Banko MR, Maniar JM, Gygi MP, 
Gygi SP, Brunet A. The energy sensor AMP-activated protein 
kinase directly regulates the mammalian FOXO3 transcrip-
tion factor. J Biol Chem 2007; 282: 30107–30119.

139.	Rosenbluth JM, Pietenpol JA. mTOR regulates autophagy-
associated genes downstream of p73. Autophagy 2009; 5: 
114–116.

140.	Zhang W, Patil S, Chauhan B, Guo S, Powell DR, Le J, 
Klotsas A, Matika R, Xiao X, Franks R, Heidenreich KA, Sajan 
MP et  al. FoxO1 regulates multiple metabolic pathways in 
the liver: effects on gluconeogenic, glycolytic, and lipogenic 
gene expression. J Biol Chem 2006; 281: 10105–10117.

141.	van der Horst A, Burgering BM. Stressing the role of FoxO 
proteins in lifespan and disease. Nat Rev Mol Cell Biol 2007; 
8: 440–450.

142.	Porstmann T, Santos CR, Griffiths B, Cully M, Wu M, 
Leevers S, Griffiths JR, Chung YL, Schulze A. SREBP activity 
is regulated by mTORC1 and contributes to Akt-dependent 
cell growth. Cell Metab 2008; 8: 224–236.

143.	Powers T. Cell growth control: mTOR takes on fat. Mol Cell 
2008; 31: 775–776.

144.	Lynch CJ, Halle B, Fujii H, Vary TC, Wallin R, Damuni Z, 
Hutson SM. Potential role of leucine metabolism in the 
leucine-signaling pathway involving mTOR. Am J Physiol 
Endocrinol Metab 2003; 285: E854–E863.

145.	Shigemitsu K, Tsujishita Y, Miyake H, Hidayat S, Tanaka N, 
Hara K, Yonezawa K. Structural requirement of leucine for 
activation of p70 S6 kinase. FEBS Lett 1999; 447: 303–306.

146.	Lynch CJ, Fox HL, Vary TC, Jefferson LS, Kimball SR. 
Regulation of amino acid-sensitive TOR signaling by leu-
cine analogues in adipocytes. J Cell Biochem 2000; 77: 
234–251.

147.	Kanazawa T, Taneike I, Akaishi R, Yoshizawa F, Furuya N, 
Fujimura S, Kadowaki M. Amino acids and insulin control 
autophagic proteolysis through different signaling pathways 
in relation to mTOR in isolated rat hepatocytes. J Biol Chem 
2004; 279: 8452–8459.

148.	Martin PM, Sutherland AE. Exogenous amino acids regu-
late trophectoderm differentiation in the mouse blastocyst 
through an mTOR-dependent pathway. Dev Biol 2001; 240: 
182–193.

149.	Christie GR, Hajduch E, Hundal HS, Proud CG, Taylor PM. 
Intracellular sensing of amino acids in Xenopus laevis 
oocytes stimulates p70 S6 kinase in a target of rapamycin-
dependent manner. J Biol Chem 2002; 277: 9952–9957.

150.	Beugnet A, Tee AR, Taylor PM, Proud CG. Regulation of tar-
gets of mTOR (mammalian target of rapamycin) signalling 
by intracellular amino acid availability. Biochem J 2003; 372: 
555–566.

151.	Hundal HS, Taylor PM. Amino acid transceptors: gate keep-
ers of nutrient exchange and regulators of nutrient signaling. 
Am J Physiol Endocrinol Metab 2009; 296: E603–E613.

152.	Nicklin P, Bergman P, Zhang B, Triantafellow E, Wang H, 
Nyfeler B, Yang H, Hild M, Kung C, Wilson C, Myer VE, 
MacKeigan JP et  al. Bidirectional transport of amino acids 
regulates mTOR and autophagy. Cell 2009; 136: 521–534.

C
ri

tic
al

 R
ev

ie
w

s 
in

 C
lin

ic
al

 L
ab

or
at

or
y 

Sc
ie

nc
es

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a 
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



234    A. J. Meijer and P. Codogno

153.	Krause U, Bertrand L, Maisin L, Rosa M, Hue L. Signalling 
pathways and combinatory effects of insulin and amino 
acids in isolated rat hepatocytes. Eur J Biochem 2002; 269: 
3742–3750.

154.	Fumarola C, La MS, Guidotti GG. Amino acid signaling 
through the mammalian target of rapamycin (mTOR) path-
way: role of glutamine and of cell shrinkage. J Cell Physiol 
2005; 204: 155–165.

155.	Xu G, Kwon G, Cruz WS, Marshall CA, McDaniel ML. 
Metabolic regulation by leucine of translation initiation 
through the mTOR-signaling pathway by pancreatic beta-
cells. Diabetes 2001; 50: 353–360.

156.	Wang X, Fonseca BD, Tang H, Liu R, Elia A, Clemens MJ, 
Bommer UA, Proud CG. Re-evaluating the roles of proposed 
modulators of mammalian target of rapamycin complex 1 
(mTORC1) signaling. J Biol Chem 2008; 283: 30482–30492.

157.	Hinnebusch AG. Translational regulation of GCN4 and the 
general amino acid control of yeast. Annu Rev Microbiol 
2005; 59: 407–450.

158.	Talloczy Z, Jiang W, Virgin HW, Leib DA, Scheuner D, 
Kaufman RJ, Eskelinen EL, Levine B. Regulation of star-
vation- and virus-induced autophagy by the eIF2alpha 
kinase signaling pathway. Proc Natl Acad Sci USA 2002; 99: 
190–195.

159.	Kouroku Y, Fujita E, Tanida I, Ueno T, Isoai A, Kumagai H, 
Ogawa S, Kaufman RJ, Kominami E, Momoi T. ER stress 
(PERK/eIF2alpha phosphorylation) mediates the poly-
glutamine-induced LC3 conversion, an essential step for 
autophagy formation. Cell Death Differ 2007; 14: 230–239.

160.	Fang Y, Vilella-Bach M, Bachmann R, Flanigan A, Chen J. 
Phosphatidic acid-mediated mitogenic activation of mTOR 
signaling. Science 2001; 294: 1942–1945.

161.	Sun Y, Chen J. mTOR signaling: PLD takes center stage. Cell 
Cycle 2008; 7: 3118–3123.

162.	Sun Y, Fang Y, Yoon MS, Zhang C, Roccio M, Zwartkruis FJ, 
Armstrong M, Brown HA, Chen J. Phospholipase D1 is an 
effector of Rheb in the mTOR pathway. Proc Natl Acad Sci 
USA 2008; 105: 8286–8291.

163.	Byfield MP, Murray JT, Backer JM. hVps34 is a nutrient-reg-
ulated lipid kinase required for activation of p70 S6 kinase. J 
Biol Chem 2005; 280: 33076–33082.

164.	Nobukuni T, Joaquin M, Roccio M, Dann SG, Kim SY, Gulati 
P, Byfield MP, Backer JM, Natt F, Bos JL, Zwartkruis FJ, 
Thomas  G. Amino acids mediate mTOR/raptor signaling 
through activation of class 3 phosphatidylinositol 3OH-ki-
nase. Proc Natl Acad Sci USA 2005; 102: 14238–14243.

165.	Nobukuni T, Kozma SC, Thomas G. hvps34, an ancient 
player, enters a growing game: mTOR Complex1/S6K1 sign-
aling. Curr Opin Cell Biol 2007; 19: 135–141.

166.	Gulati P, Gaspers LD, Dann SG, Joaquin M, Nobukuni T, 
Natt F, Kozma SC, Thomas AP, Thomas G. Amino acids acti-
vate mTOR complex 1 via Ca2+/CaM signaling to hVps34. 
Cell Metab 2008; 7: 456–465.

167.	Yan Y, Flinn RJ, Wu H, Schnur RS, Backer JM. hVps15, but 
not Ca2+/CaM, is required for the activity and regula-
tion of hVps34 in mammalian cells. Biochem J 2009; 417: 
747–755.

168.	Juhasz G, Hill JH, Yan Y, Sass M, Baehrecke EH, Backer JM, 
Neufeld TP. The class III PI(3)K Vps34 promotes autophagy 
and endocytosis but not TOR signaling in Drosophila. J Cell 
Biol 2008; 181: 655–666.

169.	Kihara A, Noda T, Ishihara N, Ohsumi Y. Two distinct 
Vps34 phosphatidylinositol 3-kinase complexes function in 
autophagy and carboxypeptidase Y sorting in Saccharomyces 
cerevisiae. J Cell Biol 2001; 152: 519–530.

170.	Obara K, Noda T, Niimi K, Ohsumi Y. Transport of phos-
phatidylinositol 3-phosphate into the vacuole via autophagic 
membranes in Saccharomyces cerevisiae. Genes Cells 2008; 
13: 537–547.

171.	Scherz-Shouval R, Shvets E, Fass E, Shorer H, Gil L, Elazar Z. 
Reactive oxygen species are essential for autophagy and 
specifically regulate the activity of Atg4. EMBO J 2007; 26: 
1749–1760.

172.	Kihara A, Kabeya Y, Ohsumi Y, Yoshimori T. Beclin-
phosphatidylinositol 3-kinase complex functions at the 
trans-Golgi network. EMBO Rep 2001; 2: 330–335.

173.	Baquet A, Hue L, Meijer AJ, van Woerkom GM, Plomp PJ. 
Swelling of rat hepatocytes stimulates glycogen synthesis.  
J Biol Chem 1990; 265: 955–959.

174.	Armstrong JL, Bonavaud SM, Toole BJ, Yeaman SJ. Regulation 
of glycogen synthesis by amino acids in cultured human 
muscle cells. J Biol Chem 2001; 276: 952–956.

175.	Long X, Ortiz-Vega S, Lin Y, Avruch J. Rheb binding to mam-
malian target of rapamycin (mTOR) is regulated by amino 
acid sufficiency. J Biol Chem 2005; 280: 23433–23436.

176.	Smith EM, Finn SG, Tee AR, Browne GJ, Proud CG. The 
tuberous sclerosis protein TSC2 is not required for the reg-
ulation of the mammalian target of rapamycin by amino 
acids and certain cellular stresses. J Biol Chem 2005; 280: 
18717–18727.

177.	Roccio M, Bos JL, Zwartkruis FJ. Regulation of the small 
GTPase Rheb by amino acids. Oncogene 2006; 25: 657–664.

178.	Tzatsos A, Kandror KV. Nutrients suppress phosphatidyl-
inositol 3-kinase/Akt signaling via raptor-dependent mTOR-
mediated insulin receptor substrate 1 phosphorylation. Mol 
Cell Biol 2006; 26: 63–76.

179.	Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen CC, 
Bar-Peled L, Sabatini DM. The Rag GTPases bind raptor and 
mediate amino acid signaling to mTORC1. Science 2008; 
320: 1496–1501.

180.	Kim E, Goraksha-Hicks P, Li L, Neufeld TP, Guan KL. 
Regulation of TORC1 by Rag GTPases in nutrient response. 
Nat Cell Biol 2008; 10: 935–945.

181.	Drenan RM, Liu X, Bertram PG, Zheng XF. FKBP12-rapamycin-
associated protein or mammalian target of rapamycin (FRAP/
mTOR) localization in the endoplasmic reticulum and the 
Golgi apparatus. J Biol Chem 2004; 279: 772–778.

182.	Mavrakis M, Lippincott-Schwartz J, Stratakis CA, Bossis I. 
mTOR kinase and the regulatory subunit of protein kinase 
A (PRKAR1A) spatially and functionally interact during 
autophagosome maturation. Autophagy 2007; 3: 151–153.

183.	Jiang H, Vogt PK. Constitutively active Rheb induces onco-
genic transformation. Oncogene 2008; 27: 5729–5740.

184.	Meijer AJ, Codogno P. Nutrient sensing: TOR’s ragtime. Nat 
Cell Biol 2008; 10: 881–883.

185.	Fahien LA, Teller JK, Macdonald MJ, Fahien CM. Regulation of 
glutamate dehydrogenase by Mg2+ and magnification of leu-
cine activation by Mg2+. Mol Pharmacol 1990; 37: 943–949.

186.	Carobbio S, Frigerio F, Rubi B, Vetterli L, Bloksgaard M, 
Gjinovci A, Pournourmohammadi S, Herrera PL, Reith W, 
Mandrup S, Maechler P. Deletion of glutamate dehydro-
genase in ss-cells abolishes part of the insulin secretory 
response not required for glucose homeostasis. J Biol Chem 
2009; 284: 921–929.

187.	Sener A, Malaisse WJ. L-leucine and a nonmetabolized ana-
logue activate pancreatic islet glutamate dehydrogenase. 
Nature 1980; 288: 187–189.

188.	Stanley CA, Lieu YK, Hsu BY, Burlina AB, Greenberg CR, 
Hopwood NJ, Perlman K, Rich BH, Zammarchi E, Poncz M. 
Hyperinsulinism and hyperammonemia in infants with reg-

C
ri

tic
al

 R
ev

ie
w

s 
in

 C
lin

ic
al

 L
ab

or
at

or
y 

Sc
ie

nc
es

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a 
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Autophagy, regulation, and disease    235

ulatory mutations of the glutamate dehydrogenase gene. N 
Engl J Med 1998; 338: 1352–1357.

189.	Leverve XM, Caro LH, Plomp PJ, Meijer AJ. Control of pro-
teolysis in perifused rat hepatocytes. FEBS Lett 1987; 219: 
455–458.

190.	Murphy MP. How mitochondria produce reactive oxygen 
species. Biochem J 2009; 417: 1–13.

191.	Starkov AA. The role of mitochondria in reactive oxygen spe-
cies metabolism and signaling. Ann NY Acad Sci 2008; 1147: 
37–52.

192.	Mailloux RJ, Beriault R, Lemire J, Singh R, Chenier DR, 
Hamel RD, Appanna VD. The tricarboxylic acid cycle, an 
ancient metabolic network with a novel twist. PLoS One 
2007; 2: e690.

193.	Kissova I, Deffieu M, Samokhvalov V, Velours G, Bessoule JJ, 
Manon S, Camougrand N. Lipid oxidation and autophagy in 
yeast. Free Radic Biol Med 2006; 41: 1655–1661.

194.	Djavaheri-Mergny M, Amelotti M, Mathieu J, Besancon F, 
Bauvy C, Souquere S, Pierron G, Codogno P. NF-kappaB 
activation represses tumor necrosis factor-alpha-induced 
autophagy. J Biol Chem 2006; 281: 30373–30382.

195.	Scherz-Shouval R, Elazar Z. ROS, mitochondria and the reg-
ulation of autophagy. Trends Cell Biol 2007; 17: 422–427.

196.	Chen Y, Millan-Ward E, Kong J, Israels SJ, Gibson SB. 
Mitochondrial electron-transport-chain inhibitors of com-
plexes I and II induce autophagic cell death mediated by 
reactive oxygen species. J Cell Sci 2007; 120: 4155–4166.

197.	Azad MB, Chen Y, Gibson SB. Regulation of autophagy by 
reactive oxygen species (ROS): implications for cancer pro-
gression and treatment. Antioxid Redox Signal 2009; 11: 
777–790.

198.	Yuan H, Perry CN, Huang C, Iwai-Kanai E, Carreira RS, 
Glembotski CC, Gottlieb RA. LPS-induced autophagy is 
mediated by oxidative signaling in cardiomyocytes and is 
associated with cytoprotection. Am J Physiol Heart Circ 
Physiol 2008; 296: H470–H479.

199.	Choi SL, Kim SJ, Lee KT, Kim J, Mu J, Birnbaum MJ, Soo 
KS, Ha J. The regulation of AMP-activated protein kinase  
by H(2)O(2). Biochem Biophys Res Commun 2001; 287: 
92–97.

200.	Jensen MV, Joseph JW, Ronnebaum SM, Burgess SC, 
Sherry AD, Newgard CB. Metabolic cycling in control of glu-
cose-stimulated insulin secretion. Am J Physiol Endocrinol 
Metab 2008; 295: E1287–E1297.

201.	Hannun YA, Obeid LM. Principles of bioactive lipid signal-
ling: lessons from sphingolipids. Nat Rev Mol Cell Biol 2008; 
9: 139–150.

202.	Scarlatti F, Bauvy C, Ventruti A, Sala G, Cluzeaud F, 
Vandewalle A, Ghidoni R, Codogno P. Ceramide-mediated 
macroautophagy involves inhibition of protein kinase 
B and up-regulation of beclin 1. J Biol Chem 2004; 279: 
18384–18391.

203.	Daido S, Kanzawa T, Yamamoto A, Takeuchi H, Kondo Y, 
Kondo S. Pivotal role of the cell death factor BNIP3 in cera-
mide-induced autophagic cell death in malignant glioma 
cells. Cancer Res 2004; 64: 4286–4293.

204.	Zeng X, Overmeyer JH, Maltese WA. Functional specificity of 
the mammalian Beclin-Vps34 PI 3-kinase complex in mac-
roautophagy versus endocytosis and lysosomal enzyme traf-
ficking. J Cell Sci 2006; 119: 259–270.

205.	Zheng W, Kollmeyer J, Symolon H, Momin A, Munter E, 
Wang E, Kelly S, Allegood JC, Liu Y, Peng Q, Ramaraju H, 
Sullards MC, Cabot M, Merrill AH Jr. Ceramides and other 
bioactive sphingolipid backbones in health and disease: 
lipidomic analysis, metabolism and roles in membrane 

structure, dynamics, signaling and autophagy. Biochim 
Biophys Acta 2006; 1758: 1864–1884.

206.	Li DD, Wang LL, Deng R, Tang J, Shen Y, Guo JF, Wang Y, 
Xia LP, Feng GK, Liu QQ, Huang WL, Zeng YX, Zhu XF. The 
pivotal role of c-Jun NH2-terminal kinase-mediated Beclin 1 
expression during anticancer agents-induced autophagy in 
cancer cells. Oncogene 2009; 28: 886–898.

207.	Pattingre S, Bauvy C, Carpentier S, Levade T, Levine B, 
Codogno P. Role of JNK1-dependent Bcl-2 phosphorylation 
in ceramide-induced macroautophagy. J Biol Chem 2009; 
284: 2719–2728.

208.	Hyde R, Hajduch E, Powell DJ, Taylor PM, Hundal HS. 
Ceramide down-regulates System A amino acid transport 
and protein synthesis in rat skeletal muscle cells. FASEB J 
2005; 19: 461–463.

209.	Guenther GG, Peralta ER, Rosales KR, Wong SY, Siskind LJ, 
Edinger AL. Ceramide starves cells to death by downregu-
lating nutrient transporter proteins. Proc Natl Acad Sci USA 
2008; 105: 17402–17407.

210.	Dumitru CA, Zhang Y, Li X, Gulbins E. Ceramide: a novel 
player in reactive oxygen species-induced signaling? 
Antioxid Redox Signal 2007; 9: 1535–1540.

211.	Villena J, Henriquez M, Torres V, Moraga F, az-Elizondo J, 
Arredondo C, Chiong M, Olea-Azar C, Stutzin A, Lavandero S, 
Quest AF. Ceramide-induced formation of ROS and ATP 
depletion trigger necrosis in lymphoid cells. Free Radic Biol 
Med 2008; 44: 1146–1160.

212.	Peraldi P, Hotamisligil GS, Buurman WA, White MF, 
Spiegelman BM. Tumor necrosis factor (TNF)-alpha inhibits 
insulin signaling through stimulation of the p55 TNF recep-
tor and activation of sphingomyelinase. J Biol Chem 1996; 
271: 13018–13022.

213.	Tsuboi Y, Kurimoto M, Nagai S, Hayakawa Y, Kamiyama H, 
Hayashi N, Kitajima I, Endo S. Induction of autophagic cell 
death and radiosensitization by the pharmacological inhibi-
tion of nuclear factor-kappa B activation in human glioma 
cell lines. J Neurosurg 2008; 110: 594–604.

214.	Karin M. Nuclear factor-kappaB in cancer development and 
progression. Nature 2006; 441: 431–436.

215.	Xiao G. Autophagy and NF-kappaB: fight for fate. Cytokine 
Growth Factor Rev 2007; 18: 233–243.

216.	Lavieu G, Scarlatti F, Sala G, Carpentier S, Levade T, 
Ghidoni  R, Botti J, Codogno P. Regulation of autophagy 
by sphingosine kinase 1 and its role in cell survival during 
nutrient starvation. J Biol Chem 2006; 281: 8518–8527.

217.	Hinkovska-Galcheva V, VanWay SM, Shanley TP, Kunkel RG. 
The role of sphingosine-1-phosphate and ceramide-1-phos-
phate in calcium homeostasis. Curr Opin Investig Drugs 
2008; 9: 1192–1205.

218.	Kominami E, Hashida S, Khairallah EA, Katunuma N. 
Sequestration of cytoplasmic enzymes in an autophagic 
vacuole-lysosomal system induced by injection of leupep-
tin. J Biol Chem 1983; 258: 6093–6100.

219.	Kopitz J, Kisen GO, Gordon PB, Bohley P, Seglen PO. 
Nonselective autophagy of cytosolic enzymes by isolated rat 
hepatocytes. J Cell Biol 1990; 111: 941–953.

220.	Veenhuis M, Douma A, Harder W, Osumi M. Degradation 
and turnover of peroxisomes in the yeast Hansenula poly-
morpha induced by selective inactivation of peroxisomal 
enzymes. Arch Microbiol 1983; 134: 193–203.

221.	Dunn WA Jr, Cregg JM, Kiel JA, van der Klei IJ, Oku M, Sakai Y, 
Sibirny AA, Stasyk OV, Veenhuis M. Pexophagy: the selective 
autophagy of peroxisomes. Autophagy 2005; 1: 75–83.

222.	Monastyrska I, Klionsky DJ. Autophagy in organelle homeosta-
sis: peroxisome turnover. Mol Aspects Med 2006; 27: 483–494.

C
ri

tic
al

 R
ev

ie
w

s 
in

 C
lin

ic
al

 L
ab

or
at

or
y 

Sc
ie

nc
es

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a 
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



236    A. J. Meijer and P. Codogno

223.	Todde V, Veenhuis M, van der Klei IJ. Autophagy: principles 
and significance in health and disease. Biochim Biophys 
Acta 2009; 1792: 3–13.

224.	Bergamini E, DeTata V, Cubeddu TL, Masiello P, Pollera M. 
Increased degradation in rat liver induced by antilipolytic 
agents: a model for studying autophagy and protein degra-
dation in liver? Exp Mol Pathol 1987; 46: 114–122.

225.	Luiken JJ, van den BM, Heikoop JC, Meijer AJ. Autophagic 
degradation of peroxisomes in isolated rat hepatocytes. 
FEBS Lett 1992; 304: 93–97.

226.	Iwata J, Ezaki J, Komatsu M, Yokota S, Ueno T, Tanida I, 
Chiba  T, Tanaka K, Kominami E. Excess peroxisomes are 
degraded by autophagic machinery in mammals. J Biol 
Chem 2006; 281: 4035–4041.

227.	Herman M, Perez-Morga D, Schtickzelle N, Michels PA. 
Turnover of glycosomes during life-cycle differentiation of 
Trypanosoma brucei. Autophagy 2008; 4: 294–308.

228.	Hara-Kuge S, Fujiki Y. The peroxin Pex14p is involved in 
LC3-dependent degradation of mammalian peroxisomes. 
Exp Cell Res 2008; 314: 3531–3541.

229.	Farre JC, Manjithaya R, Mathewson RD, Subramani  S. 
PpAtg30 tags peroxisomes for turnover by selective 
autophagy. Dev Cell 2008; 14: 365–376.

230.	Kissova I, Deffieu M, Manon S, Camougrand N. Uth1p is 
involved in the autophagic degradation of mitochondria.  
J Biol Chem 2004; 279: 39068–39074.

231.	Tal R, Winter G, Ecker N, Klionsky DJ, Abeliovich H. Aup1p, 
a yeast mitochondrial protein phosphatase homolog, is 
required for efficient stationary phase mitophagy and cell 
survival. J Biol Chem 2007; 282: 5617–5624.

232.	Nowikovsky K, Reipert S, Devenish RJ, Schweyen RJ. Mdm38 
protein depletion causes loss of mitochondrial K+/H+ 
exchange activity, osmotic swelling and mitophagy. Cell 
Death Differ 2007; 14: 1647–1656.

233.	Kanki T, Klionsky DJ. Mitophagy in yeast occurs through a 
selective mechanism. J Biol Chem 2008; 283: 32386–32393.

234.	Tracy K, Dibling BC, Spike BT, Knabb JR, Schumacker P, 
Macleod KF. BNIP3 is an RB/E2F target gene required for hypox-
ia-induced autophagy. Mol Cell Biol 2007; 27: 6229–6242.

235.	vande Velde C, Cizeau J, Dubik D, Alimonti J, Brown T, 
Israels S, Hakem R, Greenberg AH. BNIP3 and genetic control 
of necrosis-like cell death through the mitochondrial perme-
ability transition pore. Mol Cell Biol 2000; 20: 5454–5468.

236.	Lemasters JJ, Nieminen AL, Qian T, Trost LC, Elmore SP, 
Nishimura Y, Crowe RA, Cascio WE, Bradham CA, Brenner DA, 
Herman B. The mitochondrial permeability transition in cell 
death: a common mechanism in necrosis, apoptosis and 
autophagy. Biochim Biophys Acta 1998; 1366: 177–196.

237.	Kim I, Rodriguez-Enriquez S, Lemasters JJ. Selective deg-
radation of mitochondria by mitophagy. Arch Biochem 
Biophys 2007; 462: 245–253.

238.	Mijaljica D, Prescott M, Devenish RJ. Different fates of mito-
chondria: alternative ways for degradation? Autophagy 2007; 
3: 4–9.

239.	Twig G, Elorza A, Molina AJ, Mohamed H, Wikstrom JD, 
Walzer G, Stiles L, Haigh SE, Katz S, Las G, Alroy J, Wu M et al. 
Fission and selective fusion govern mitochondrial segregation 
and elimination by autophagy. EMBO J 2008; 27: 433–446.

240.	Rodriguez-Hernandez A, Cordero MD, Salviati L, Artuch R, 
Pineda M, Briones P, Izquierdo LG, Cotan D, Navas P, 
Sanchez-Alcazar JA. Coenzyme Q deficiency triggers mito-
chondria degradation by mitophagy. Autophagy 2009; 5: 
19–32.

241.	Schweers RL, Zhang J, Randall MS, Loyd MR, Li W, Dorsey FC, 
Kundu M, Opferman JT, Cleveland JL, Miller JL, Ney PA. NIX 
is required for programmed mitochondrial clearance during 

reticulocyte maturation. Proc Natl Acad Sci USA 2007; 104: 
19500–19505.

242.	Sandoval H, Thiagarajan P, Dasgupta SK, Schumacher A, 
Prchal JT, Chen M, Wang J. Essential role for Nix in autophagic 
maturation of erythroid cells. Nature 2008; 454: 232–235.

243.	Kundu M, Lindsten T, Yang CY, Wu J, Zhao F, Zhang J, 
Selak MA, Ney PA, Thompson CB. Ulk1 plays a critical role 
in the autophagic clearance of mitochondria and ribosomes 
during reticulocyte maturation. Blood 2008; 112: 1493–1502.

244.	Li Y, Wang Y, Kim E, Beemiller P, Wang CY, Swanson J, You M, 
Guan KL. Bnip3 mediates the hypoxia-induced inhibition on 
mammalian target of rapamycin by interacting with Rheb. J 
Biol Chem 2007; 282: 35803–35813.

245.	Tracy K, Macleod KF. Regulation of mitochondrial integrity, 
autophagy and cell survival by BNIP3. Autophagy 2007; 3: 
616–619.

246.	Desai BN, Myers BR, Schreiber SL. FKBP12-rapamycin-
associated protein associates with mitochondria and senses 
osmotic stress via mitochondrial dysfunction. Proc Natl 
Acad Sci USA 2002; 99: 4319–4324.

247.	Wouters BG, Koritzinsky M. Hypoxia signalling through 
mTOR and the unfolded protein response in cancer. Nat Rev 
Cancer 2008; 8: 851–864.

248.	Zhang H, Bosch-Marce M, Shimoda LA, Tan YS, Baek  JH, 
Wesley JB, Gonzalez FJ, Semenza GL. Mitochondrial 
autophagy is an HIF-1-dependent adaptive metabolic 
response to hypoxia. J Biol Chem 2008; 283: 10892–10903.

249.	Semenza GL. Mitochondrial autophagy: life and breath of 
the cell. Autophagy 2008; 4: 534–536.

250.	Boulahbel H, Duran RV, Gottlieb E. Prolyl hydroxylases as 
regulators of cell metabolism. Biochem Soc Trans 2009; 37: 
291–294.

251.	Narendra D, Tanaka A, Suen DF, Youle RJ. Parkin is recruited 
selectively to impaired mitochondria and promotes their 
autophagy. J Cell Biol 2008; 183: 795–803.

252.	McBride HM. Parkin mitochondria in the autophagosome.  
J Cell Biol 2008; 183: 757–759.

253.	Dagda RK, Cherra SJ, III, Kulich SM, Tandon A, Park D, Chu 
CT. Loss of pink1 function promotes mitophagy through 
effects on oxidative stress and mitochondrial fission. J Biol 
Chem 2009; 284: 13843–13855.

254.	Bonawitz ND, Shadel GS. Rethinking the mitochon-
drial theory of aging: the role of mitochondrial gene  
expression in lifespan determination. Cell Cycle 2007; 6: 
1574–1578.

255.	Kim JS, Nitta T, Mohuczy D, O’Malley KA, Moldawer LL, 
Dunn WA Jr, Behrns KE. Impaired autophagy: a mechanism 
of mitochondrial dysfunction in anoxic rat hepatocytes. 
Hepatology 2008; 47: 1725–1736.

256.	Hamacher-Brady A, Brady NR, Gottlieb RA. The interplay 
between pro-death and pro-survival signaling pathways in 
myocardial ischemia/reperfusion injury: apoptosis meets 
autophagy. Cardiovasc Drugs Ther 2006; 20: 445–462.

257.	Bernales S, McDonald KL, Walter P. Autophagy counter-
balances endoplasmic reticulum expansion during the 
unfolded protein response. PLoS Biol 2006; 4: e423.

258.	Ding WX, Ni HM, Gao W, Yoshimori T, Stolz DB, Ron D, 
Yin  XM. Linking of autophagy to ubiquitin-proteasome 
system is important for the regulation of endoplasmic 
reticulum stress and cell viability. Am J Pathol 2007; 171:  
513–524.

259.	Ogata M, Hino S, Saito A, Morikawa K, Kondo S, Kanemoto S, 
Murakami T, Taniguchi M, Tanii I, Yoshinaga K, Shiosaka S, 
Hammarback JA, Urano F, Imaizumi K. Autophagy is acti-
vated for cell survival after endoplasmic reticulum stress. 
Mol Cell Biol 2006; 26: 9220–9231.

C
ri

tic
al

 R
ev

ie
w

s 
in

 C
lin

ic
al

 L
ab

or
at

or
y 

Sc
ie

nc
es

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a 
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Autophagy, regulation, and disease    237

260.	Yorimitsu T, Nair U, Yang Z, Klionsky DJ. Endoplasmic 
reticulum stress triggers autophagy. J Biol Chem 2006; 281: 
30299–30304.

261.	Yorimitsu T, Klionsky DJ. Eating the endoplasmic reticu-
lum: quality control by autophagy. Trends Cell Biol 2007; 17: 
279–285.

262.	Mijaljica D, Prescott M, Devenish RJ. Endoplasmic reticu-
lum and Golgi complex: contributions to, and turnover by, 
autophagy. Traffic 2006; 7: 1590–1595.

263.	Perlmutter DH. The role of autophagy in alpha-1-antitrypsin 
deficiency: a specific cellular response in genetic diseases 
associated with aggregation-prone proteins. Autophagy 
2006; 2: 258–263.

264.	Lardeux BR, Heydrick SJ, Mortimore GE. RNA degradation 
in perfused rat liver as determined from the release of [14C]
cytidine. J Biol Chem 1987; 262: 14507–14513.

265.	Kraft C, Deplazes A, Sohrmann M, Peter M. Mature ribos-
omes are selectively degraded upon starvation by an 
autophagy pathway requiring the Ubp3p/Bre5p ubiquitin 
protease. Nat Cell Biol 2008; 10: 602–610.

266.	Kotoulas OB, Kalamidas SA, Kondomerkos DJ. Glycogen 
autophagy in glucose homeostasis. Pathol Res Pract 2006; 
202: 631–638.

267.	Schiaffino S, Mammucari C, Sandri M. The role of autophagy 
in neonatal tissues: just a response to amino acid starvation? 
Autophagy 2008; 4: 727–730.

268.	Raben N, Hill V, Shea L, Takikita S, Baum R, Mizushima N, 
Ralston E, Plotz P. Suppression of autophagy in  
skeletal muscle uncovers the accumulation of  
ubiquitinated proteins and their potential role in mus-
cle damage in Pompe disease. Hum Mol Genet 2008; 17: 
3897–3908.

269.	Maiuri MC, Zalckvar E, Kimchi A, Kroemer G. Self-eating 
and self-killing: crosstalk between autophagy and apoptosis. 
Nat Rev Mol Cell Biol 2007; 8: 741–752.

270.	Levine B, Kroemer G. Autophagy in aging, disease and 
death: the true identity of a cell death impostor. Cell Death 
Differ 2009; 16: 1–2.

271.	Yu L, Strandberg L, Lenardo MJ. The selectivity of autophagy 
and its role in cell death and survival. Autophagy 2008; 4: 
567–573.

272.	Scarlatti F, Granata R, Meijer AJ, Codogno P. Does autophagy 
have a license to kill mammalian cells? Cell Death Differ 
2009; 16: 12–20.

273.	Kourtis N, Tavernarakis N. Autophagy and cell death in 
model organisms. Cell Death Differ 2009; 16: 21–30.

274.	Kroemer G, Levine B. Autophagic cell death: the story of a 
misnomer. Nat Rev Mol Cell Biol 2008; 9: 1004–1010.

275.	White E. Autophagic cell death unraveled: pharmacologi-
cal inhibition of apoptosis and autophagy enables necrosis. 
Autophagy 2008; 4: 399–401.

276.	Hwang SO, Lee GM. Nutrient deprivation induces autophagy 
as well as apoptosis in Chinese hamster ovary cell culture. 
Biotechnol Bioeng 2008; 99: 678–685.

277.	Sakiyama T, Musch MW, Ropeleski MJ, Tsubouchi H, 
Chang  EB. Glutamine increases autophagy under basal 
and stressed conditions in intestinal epithelial cells. 
Gastroenterology 2009; 136: 924–932.

278.	Yu L, Alva A, Su H, Dutt P, Freundt E, Welsh S, Baehrecke EH, 
Lenardo MJ. Regulation of an ATG7-beclin 1 program of 
autophagic cell death by caspase-8. Science 2004; 304: 
1500–1502.

279.	Wu YT, Tan HL, Huang Q, Kim YS, Pan N, Ong WY, Liu ZG, 
Ong CN, Shen HM. Autophagy plays a protective role dur-
ing zVAD-induced necrotic cell death. Autophagy 2008; 4: 
457–466.

280.	Yu L, Wan F, Dutta S, Welsh S, Liu Z, Freundt E, Baehrecke EH, 
Lenardo M. Autophagic programmed cell death by selec-
tive catalase degradation. Proc Natl Acad Sci USA 2006; 103: 
4952–4957.

281.	Shimizu S, Kanaseki T, Mizushima N, Mizuta T, Arakawa-
Kobayashi S, Thompson CB, Tsujimoto Y. Role of Bcl-2 family 
proteins in a non-apoptotic programmed cell death depend-
ent on autophagy genes. Nat Cell Biol 2004; 6: 1221–1228.

282.	Kim KW, Mutter RW, Cao C, Albert JM, Freeman M, 
Hallahan  DE, Lu B. Autophagy for cancer therapy through 
inhibition of pro-apoptotic proteins and mammalian target 
of rapamycin signaling. J Biol Chem 2006; 281: 36883–36890.

283.	Moretti L, Attia A, Kim KW, Lu B. Crosstalk between Bak/Bax 
and mTOR signaling regulates radiation-induced autophagy. 
Autophagy 2007; 3: 142–144.

284.	Berry DL, Baehrecke EH. Growth arrest and autophagy are 
required for salivary gland cell degradation in Drosophila. 
Cell 2007; 131: 1137–1148.

285.	Giusti C, Tresse E, Luciani MF, Golstein P. Autophagic cell 
death: analysis in Dictyostelium. Biochim Biophys Acta 
2009; in press.

286.	Kang C, You YJ, Avery L. Dual roles of autophagy in the sur-
vival of Caenorhabditis elegans during starvation. Genes 
Dev 2007; 21: 2161–2171.

287.	Shigenaga MK, Hagen TM, Ames BN. Oxidative damage and 
mitochondrial decay in aging. Proc Natl Acad Sci USA 1994; 
91: 10771–10778.

288.	Cuervo AM, Bergamini E, Brunk UT, Droge W, Ffrench M, 
Terman A. Autophagy and aging: the importance of main-
taining “clean” cells. Autophagy 2005; 1: 131–140.

289.	Schriner SE, Linford NJ, Martin GM, Treuting P, Ogburn 
CE, Emond M, Coskun PE, Ladiges W, Wolf N, Van RH, 
Wallace DC, Rabinovitch PS. Extension of murine life span 
by overexpression of catalase targeted to mitochondria. 
Science 2005; 308: 1909–1911.

290.	Martinez-Vicente M, Cuervo AM. Autophagy and neurode-
generation: when the cleaning crew goes on strike. Lancet 
Neurol 2007; 6: 352–361.

291.	Yen WL, Klionsky DJ. How to live long and prosper: 
autophagy, mitochondria, and aging. Physiology (Bethesda) 
2008; 23: 248–262.

292.	Bergamini E, Cavallini G, Donati A, Gori Z. The role of 
autophagy in aging: its essential part in the anti-aging mech-
anism of caloric restriction. Ann NY Acad Sci 2007; 1114: 
69–78.

293.	Miwa S, Lawless C, von Zglinicki T. Mitochondrial turnover 
in liver is fast in vivo and is accelerated by dietary restriction: 
application of a simple dynamic model. Aging Cell 2008; 7: 
920–923.

294.	Zhang C, Cuervo AM. Restoration of chaperone-mediated 
autophagy in aging liver improves cellular maintenance and 
hepatic function. Nat Med 2008; 14: 959–965.

295.	Tatar M, Bartke A, Antebi A. The endocrine regulation of 
aging by insulin-like signals. Science 2003; 299: 1346–1351.

296.	Katic M, Kahn CR. The role of insulin and IGF-1 signaling in 
longevity. Cell Mol Life Sci 2005; 62: 320–343.

297.	Selman C, Lingard S, Choudhury AI, Batterham RL, Claret 
M, Clements M, Ramadani F, Okkenhaug K, Schuster E, 
Blanc E, Piper MD, Al-Qassab H et al. Evidence for lifespan 
extension and delayed age-related biomarkers in insulin 
receptor substrate 1 null mice. FASEB J 2008; 22: 807–818.

298.	Russell SJ, Kahn CR. Endocrine regulation of ageing. Nat Rev 
Mol Cell Biol 2007; 8: 681–691.

299.	Papaconstantinou J. Insulin/IGF-1 and ROS signaling path-
way cross-talk in aging and longevity determination. Mol 
Cell Endocrinol 2009; 299: 89–100.

C
ri

tic
al

 R
ev

ie
w

s 
in

 C
lin

ic
al

 L
ab

or
at

or
y 

Sc
ie

nc
es

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a 
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



238    A. J. Meijer and P. Codogno

300.	Vellai T. Autophagy genes and ageing. Cell Death Differ 2009; 
16: 94–102.

301.	Dardevet D, Sornet C, Balage M, Grizard J. Stimulation of in 
vitro rat muscle protein synthesis by leucine decreases with 
age. J Nutr 2000; 130: 2630–2635.

302.	Evans JL, Goldfine ID, Maddux BA, Grodsky GM. Oxidative 
stress and stress-activated signaling pathways: a unifying 
hypothesis of type 2 diabetes. Endocr Rev 2002; 23: 599–622.

303.	Lowell BB, Shulman GI. Mitochondrial dysfunction and type 
2 diabetes. Science 2005; 307: 384–387.

304.	Kaniuk NA, Kiraly M, Bates H, Vranic M, Volchuk A, 
Brumell JH. Ubiquitinated-protein aggregates form in pan-
creatic beta-cells during diabetes-induced oxidative stress 
and are regulated by autophagy. Diabetes 2007; 56: 930–939.

305.	Jung HS, Chung KW, Won KJ, Kim J, Komatsu M, Tanaka K, 
Nguyen YH, Kang TM, Yoon KH, Kim JW, Jeong YT, Han MS 
et al. Loss of autophagy diminishes pancreatic beta cell mass 
and function with resultant hyperglycemia. Cell Metab 2008; 
8: 318–324.

306.	Ebato C, Uchida T, Arakawa M, Komatsu M, Ueno T, Komiya K, 
Azuma K, Hirose T, Tanaka K, Kominami E, Kawamori R, 
Fujitani Y, Watada H. Autophagy is important in islet home-
ostasis and compensatory increase of beta cell mass in 
response to high-fat diet. Cell Metab 2008; 8: 325–332.

307.	Holland WL, Summers SA. Sphingolipids, insulin resistance, 
and metabolic disease: new insights from in vivo manipu-
lation of sphingolipid metabolism. Endocr Rev 2008; 29: 
381–402.

308.	Choi SE, Lee SM, Lee YJ, Li LJ, Lee SJ, Lee JH, Kim Y, Jun HS, 
Lee KW, Kang Y. Protective role of autophagy in palmitate-
induced INS-1 beta-cell death. Endocrinology 2009; 150: 
126–134.

309.	Reaven GM. The insulin resistance syndrome: definition and 
dietary approaches to treatment. Annu Rev Nutr 2005; 25: 
391–406.

310.	Robertson RP. Chronic oxidative stress as a central mecha-
nism for glucose toxicity in pancreatic islet beta cells in dia-
betes. J Biol Chem 2004; 279: 42351–42354.

311.	Cohen E, Dillin A. The insulin paradox: aging, proteotox-
icity and neurodegeneration. Nat Rev Neurosci 2008; 9:  
759–767.

312.	Meijer AJ, Codogno P. Autophagy: a sweet process in diabe-
tes. Cell Metab 2008; 8: 275–276.

313.	Petersen KF, Befroy D, Dufour S, Dziura J, Ariyan C, 
Rothman  DL, DiPietro L, Cline GW, Shulman GI. 
Mitochondrial dysfunction in the elderly: possible role in 
insulin resistance. Science 2003; 300: 1140–1142.

314.	Kurosu H, Yamamoto M, Clark JD, Pastor JV, Nandi A, 
Gurnani P, McGuinness OP, Chikuda H, Yamaguchi M, 
Kawaguchi H, Shimomura I, Takayama Y et al. Suppression 
of aging in mice by the hormone Klotho. Science 2005; 309: 
1829–1833.

315.	Haigis MC, Mostoslavsky R, Haigis KM, Fahie K, 
Christodoulou DC, Murphy AJ, Valenzuela DM, 
Yancopoulos GD, Karow M, Blander G, Wolberger C, Prolla 
TA et  al. SIRT4 inhibits glutamate dehydrogenase and 
opposes the effects of calorie restriction in pancreatic beta 
cells. Cell 2006; 126: 941–954.

316.	Suh Y, Atzmon G, Cho MO, Hwang D, Liu B, Leahy DJ, 
Barzilai  N, Cohen P. Functionally significant insulin-like 
growth factor I receptor mutations in centenarians. Proc 
Natl Acad Sci USA 2008; 105: 3438–3442.

317.	Willcox BJ, Donlon TA, He Q, Chen R, Grove JS, Yano K, 
Masaki KH, Willcox DC, Rodriguez B, Curb JD. FOXO3A 
genotype is strongly associated with human longevity. Proc 
Natl Acad Sci USA 2008; 105: 13987–13992.

318.	Guarente L. Sirtuins as potential targets for metabolic syn-
drome. Nature 2006; 444: 868–874.

319.	Fulco M, Sartorelli V. Comparing and contrasting the roles 
of AMPK and SIRT1 in metabolic tissues. Cell Cycle 2008; 7: 
3669–3679.

320.	Guarente L. Mitochondria—a nexus for aging, calorie 
restriction, and sirtuins? Cell 2008; 132: 171–176.

321.	Milne JC, Lambert PD, Schenk S, Carney DP, Smith JJ, 
Gagne  DJ, Jin L, Boss O, Perni RB, Vu CB, Bemis JE, Xie R 
et al. Small molecule activators of SIRT1 as therapeutics for 
the treatment of type 2 diabetes. Nature 2007; 450: 712–716.

322.	Lee IH, Cao L, Mostoslavsky R, Lombard DB, Liu J, Bruns NE, 
Tsokos M, Alt FW, Finkel T. A role for the NAD-dependent 
deacetylase Sirt1 in the regulation of autophagy. Proc Natl 
Acad Sci USA 2008; 105: 3374–3379.

323.	Lee IH, Finkel T. Regulation of autophagy by the p300 acetyl-
transferase. J Biol Chem 2009; 284: 6322–6328.

324.	Lan F, Cacicedo JM, Ruderman N, Ido Y. SIRT1 modulation 
of the acetylation status, cytosolic localization, and activity 
of LKB1. Possible role in AMP-activated protein kinase acti-
vation. J Biol Chem 2008; 283: 27628–27635.

325.	Brunet A, Sweeney LB, Sturgill JF, Chua KF, Greer PL, Lin Y, 
Tran H, Ross SE, Mostoslavsky R, Cohen HY, Hu LS, Cheng HL 
et al. Stress-dependent regulation of FOXO transcription fac-
tors by the SIRT1 deacetylase. Science 2004; 303: 2011–2015.

326.	Salih DA, Brunet A. FoxO transcription factors in the main-
tenance of cellular homeostasis during aging. Curr Opin Cell 
Biol 2008; 20: 126–136.

327.	Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C, 
Daussin F, Messadeq N, Milne J, Lambert P, Elliott P, Geny B, 
Laakso M, Puigserver P, Auwerx J. Resveratrol improves mito-
chondrial function and protects against metabolic disease by 
activating SIRT1 and PGC-1alpha. Cell 2006; 127: 1109–1122.

328.	Holme AL, Pervaiz S. Resveratrol in cell fate decisions.  
J Bioenerg Biomembr 2007; 39: 59–63.

329.	Opipari AW Jr, Tan L, Boitano AE, Sorenson DR, Aurora A, 
Liu JR. Resveratrol-induced autophagocytosis in ovarian 
cancer cells. Cancer Res 2004; 64: 696–703.

330.	Scarlatti F, Maffei R, Beau I, Ghidoni R, Codogno P. Non-
canonical autophagy: an exception or an underestimated 
form of autophagy? Autophagy 2008; 4: 1083–1085.

331.	Scarlatti F, Maffei R, Beau I, Codogno P, Ghidoni R. Role 
of non-canonical Beclin 1-independent autophagy in cell 
death induced by resveratrol in human breast cancer cells. 
Cell Death Differ 2008; 15: 1318–1329.

332.	Frojdo S, Cozzone D, Vidal H, Pirola L. Resveratrol is a class 
IA phosphoinositide 3-kinase inhibitor. Biochem J 2007; 406: 
511–518.

333.	Fang N, Casida JE. Anticancer action of cube insecticide: 
correlation for rotenoid constituents between inhibition of 
NADH:ubiquinone oxidoreductase and induced ornithine 
decarboxylase activities. Proc Natl Acad Sci USA 1998; 95: 
3380–3384.

334.	Zini R, Morin C, Bertelli A, Bertelli AA, Tillement JP. Effects 
of resveratrol on the rat brain respiratory chain. Drugs Exp 
Clin Res 1999; 25: 87–97.

335.	Billington RA, Travelli C, Ercolano E, Galli U, Roman CB, 
Grolla AA, Canonico PL, Condorelli F, Genazzani AA. 
Characterization of NAD uptake in mammalian cells. J Biol 
Chem 2008; 283: 6367–6374.

336.	Cheng J, Ohsaki Y, Tauchi-Sato K, Fujita A, Fujimoto T. 
Cholesterol depletion induces autophagy. Biochem Biophys 
Res Commun 2006; 351: 246–252.

337.	Finlay GA, Malhowski AJ, Liu Y, Fanburg BL, Kwiatkowski DJ, 
Toksoz D. Selective inhibition of growth of tuberous scle-
rosis complex 2 null cells by atorvastatin is associated with 

C
ri

tic
al

 R
ev

ie
w

s 
in

 C
lin

ic
al

 L
ab

or
at

or
y 

Sc
ie

nc
es

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a 
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Autophagy, regulation, and disease    239

impaired Rheb and Rho GTPase function and reduced 
mTOR/S6 kinase activity. Cancer Res 2007; 67: 9878–9886.

338.	Araki M, Motojima K. Hydrophobic statins induce autophagy 
in cultured human rhabdomyosarcoma cells. Biochem 
Biophys Res Commun 2008; 367: 462–467.

339.	Carloni S, Buonocore G, Balduini W. Protective role of 
autophagy in neonatal hypoxia-ischemia induced brain 
injury. Neurobiol Dis 2008; 32: 329–339.

340.	Balduini W, Carloni S, Buonocore G. Autophagy in hypoxia-
ischemia induced brain injury: evidence and speculations. 
Autophagy 2009; 5: 221–223.

341.	Ridker PM, Danielson E, Fonseca FA, Genest J, Gotto AM Jr, 
Kastelein JJ, Koenig W, Libby P, Lorenzatti AJ, MacFadyen JG, 
Nordestgaard BG, Shepherd J, Willerson JT, Glynn RJ. 
Rosuvastatin to prevent vascular events in men and women 
with elevated C-reactive protein. N Engl J Med 2008; 359: 
2195–2207.

342.	Lalli CA, Pauli JR, Prada PO, Cintra DE, Ropelle ER, 
Velloso LA, Saad MJ. Statin modulates insulin signaling and 
insulin resistance in liver and muscle of rats fed a high-fat 
diet. Metabolism 2008; 57: 57–65.

343.	Naples M, Federico LM, Xu E, Nelken J, Adeli K. Effect of 
rosuvastatin on insulin sensitivity in an animal model of 
insulin resistance: evidence for statin-induced hepatic insu-
lin sensitization. Atherosclerosis 2008; 198: 94–103.

344.	Nixon RA. Autophagy, amyloidogenesis and Alzheimer dis-
ease. J Cell Sci 2007; 120: 4081–4091.

345.	Rubinsztein DC. The roles of intracellular protein-degra-
dation pathways in neurodegeneration. Nature 2006; 443:  
780–786.

346.	Ravikumar B, Vacher C, Berger Z, Davies JE, Luo S, 
Oroz LG, Scaravilli F, Easton DF, Duden R, O’Kane CJ, 
Rubinsztein DC. Inhibition of mTOR induces autophagy 
and reduces toxicity of polyglutamine expansions in fly 
and mouse models of Huntington disease. Nat Genet 2004; 
36: 585–595.

347.	Shibata M, Lu T, Furuya T, Degterev A, Mizushima N, 
Yoshimori T, MacDonald M, Yankner B, Yuan J. Regulation of 
intracellular accumulation of mutant Huntingtin by Beclin 
1. J Biol Chem 2006; 281: 14474–14485.

348.	King MA, Hands S, Hafiz F, Mizushima N, Tolkovsky AM, 
Wyttenbach A. Rapamycin inhibits polyglutamine aggrega-
tion independently of autophagy by reducing protein syn-
thesis. Mol Pharmacol 2008; 73: 1052–1063.

349.	Boland B, Kumar A, Lee S, Platt FM, Wegiel J, Yu WH, 
Nixon RA. Autophagy induction and autophagosome clear-
ance in neurons: relationship to autophagic pathology in 
Alzheimer’s disease. J Neurosci 2008; 28: 6926–6937.

350.	Lerena C, Calligaris SD, Colombo MI. Autophagy: for better 
or for worse, in good times or in bad times. Curr Mol Med 
2008; 8: 92–101.

351.	Pankiv S, Clausen TH, Lamark T, Brech A, Bruun JA, 
Outzen H, Overvatn A, Bjorkoy G, Johansen T. p62/SQSTM1 
binds directly to Atg8/LC3 to facilitate degradation of ubiq-
uitinated protein aggregates by autophagy. J Biol Chem 2007; 
282: 24131–24145.

352.	Komatsu M, Waguri S, Koike M, Sou YS, Ueno T, Hara 
T, Mizushima N, Iwata J, Ezaki J, Murata S, Hamazaki J, 
Nishito Y et al. Homeostatic levels of p62 control cytoplas-
mic inclusion body formation in autophagy-deficient mice. 
Cell 2007; 131: 1149–1163.

353.	Nezis IP, Simonsen A, Sagona AP, Finley K, Gaumer S, 
Contamine D, Rusten TE, Stenmark H, Brech A. Ref(2)P, the 
Drosophila melanogaster homologue of mammalian p62, 
is required for the formation of protein aggregates in adult 
brain. J Cell Biol 2008; 180: 1065–1071.

354.	Morimoto N, Nagai M, Ohta Y, Miyazaki K, Kurata T, 
Morimoto M, Murakami T, Takehisa Y, Ikeda Y, Kamiya T, 
Abe K. Increased autophagy in transgenic mice with a G93A 
mutant SOD1 gene. Brain Res 2007; 1167: 112–117.

355.	Li L, Zhang X, Le W. Altered macroautophagy in the spinal 
cord of SOD1 mutant mice. Autophagy 2008; 4: 290–293.

356.	Hamacher-Brady A, Brady NR, Gottlieb RA. Enhancing 
macroautophagy protects against ischemia/reper-
fusion injury in cardiac myocytes. J Biol Chem 2006; 281: 
29776–29787.

357.	Nakai A, Yamaguchi O, Takeda T, Higuchi Y, Hikoso S, 
Taniike  M, Omiya S, Mizote I, Matsumura Y, Asahi M, 
Nishida K, Hori M, Mizushima N, Otsu K. The role of autophagy 
in cardiomyocytes in the basal state and in response to hemo-
dynamic stress. Nat Med 2007; 13: 619–624.

358.	Nishida K, Kyoi S, Yamaguchi O, Sadoshima J, Otsu K. The 
role of autophagy in the heart. Cell Death Differ 2009; 16: 
31–38.

359.	Matsui Y, Kyoi S, Takagi H, Hsu CP, Hariharan N, Ago T, 
Vatner SF, Sadoshima J. Molecular mechanisms and physi-
ological significance of autophagy during myocardial 
ischemia and reperfusion. Autophagy 2008; 4: 409–415.

360.	Gustafsson AB, Gottlieb RA. Recycle or die: the role of 
autophagy in cardioprotection. J Mol Cell Cardiol 2008; 44: 
654–661.

361.	De Meyer GR, Martinet W. Autophagy in the cardiovascular 
system. Biochim Biophys Acta 2009; in press.

362.	Yuan TL, Cantley LC. PI3K pathway alterations in cancer: 
variations on a theme. Oncogene 2008; 27: 5497–5510.

363.	Dann SG, Selvaraj A, Thomas G. mTOR Complex1-S6K1 
signaling: at the crossroads of obesity, diabetes and cancer. 
Trends Mol Med 2007; 13: 252–259.

364.	Stemke-Hale K, Gonzalez-Angulo AM, Lluch A, Neve 
RM, Kuo WL, Davies M, Carey M, Hu Z, Guan Y, Sahin A, 
Symmans WF, Pusztai L et  al. An integrative genomic and 
proteomic analysis of PIK3CA, PTEN, and AKT mutations in 
breast cancer. Cancer Res 2008; 68: 6084–6091.

365.	Guertin DA, Sabatini DM. Defining the role of mTOR in can-
cer. Cancer Cell 2007; 12: 9–22.

366.	Botti J, Djavaheri-Mergny M, Pilatte Y, Codogno P. Autophagy 
signaling and the cogwheels of cancer. Autophagy 2006; 2: 
67–73.

367.	Levine B. Cell biology: autophagy and cancer. Nature 2007; 
446: 745–747.

368.	Jin S, White E. Tumor suppression by autophagy through 
the management of metabolic stress. Autophagy 2008; 4: 
563–566.

369.	Tsuchihara K, Fujii S, Esumi H. Autophagy and cancer: dyna-
mism of the metabolism of tumor cells and tissues. Cancer 
Lett 2009; 278: 130–138.

370.	Hoyer-Hansen M, Jaattela M. Autophagy: an emerging target 
for cancer therapy. Autophagy 2008; 4: 574–580.

371.	Maiuri MC, Tasdemir E, Criollo A, Morselli E, Vicencio JM, 
Carnuccio R, Kroemer G. Control of autophagy by onco-
genes and tumor suppressor genes. Cell Death Differ 2009; 
16: 87–93.

372.	Eisenberg-Lerner A, Kimchi A. The paradox of autophagy 
and its implication in cancer etiology and therapy. Apoptosis 
2009; 14: 376–391.

373.	Feng Z, Zhang H, Levine AJ, Jin S. The coordinate regulation 
of the p53 and mTOR pathways in cells. Proc Natl Acad Sci 
USA 2005; 102: 8204–8209.

374.	Tasdemir E, Maiuri MC, Galluzzi L, Vitale I, Djavaheri-
Mergny M, D’Amelio M, Criollo A, Morselli E, Zhu C, Harper F, 
Nannmark U, Samara C et  al. Regulation of autophagy by 
cytoplasmic p53. Nat Cell Biol 2008; 10: 676–687.

C
ri

tic
al

 R
ev

ie
w

s 
in

 C
lin

ic
al

 L
ab

or
at

or
y 

Sc
ie

nc
es

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a 
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



240    A. J. Meijer and P. Codogno

375.	Levine B, Abrams J. p53: the Janus of autophagy? Nat Cell 
Biol 2008; 10: 637–639.

376.	Kondo Y, Kondo S. Autophagy and cancer therapy. Autophagy 
2006; 2: 85–90.

377.	Qadir MA, Kwok B, Dragowska WH, To KH, Le D, Bally MB, 
Gorski SM. Macroautophagy inhibition sensitizes tamoxifen-
resistant breast cancer cells and enhances mitochondrial 
depolarization. Breast Cancer Res Treat 2008; 112: 389–403.

378.	Periyasamy-Thandavan S, Jiang M, Wei Q, Smith R, Yin 
XM, Dong Z. Autophagy is cytoprotective during cisplatin 
injury of renal proximal tubular cells. Kidney Int 2008; 74: 
631–640.

379.	Qu X, Yu J, Bhagat G, Furuya N, Hibshoosh H, Troxel A, 
Rosen J, Eskelinen EL, Mizushima N, Ohsumi Y, Cattoretti G, 
Levine B. Promotion of tumorigenesis by heterozygous dis-
ruption of the beclin 1 autophagy gene. J Clin Invest 2003; 
112: 1809–1820.

380.	Liang XH, Jackson S, Seaman M, Brown K, Kempkes B, 
Hibshoosh H, Levine B. Induction of autophagy and inhi-
bition of tumorigenesis by beclin 1. Nature 1999; 402: 
672–676.

381.	Pouyssegur J, Dayan F, Mazure NM. Hypoxia signalling 
in cancer and approaches to enforce tumour regression. 
Nature 2006; 441: 437–443.

382.	Karantza-Wadsworth V, Patel S, Kravchuk O, Chen G, Mathew 
R, Jin S, White E. Autophagy mitigates metabolic stress and 
genome damage in mammary tumorigenesis. Genes Dev 
2007; 21: 1621–1635.

383.	Bonnet S, Archer SL, Allalunis-Turner J, Haromy A, 
Beaulieu C, Thompson R, Lee CT, Lopaschuk GD, Puttagunta 
L, Bonnet S, Harry G, Hashimoto K et al. A mitochondria-K+ 
channel axis is suppressed in cancer and its normalization 
promotes apoptosis and inhibits cancer growth. Cancer Cell 
2007; 11: 37–51.

384.	Uchiyama Y, Shibata M, Koike M, Yoshimura K, Sasaki M. 
Autophagy-physiology and pathophysiology. Histochem 
Cell Biol 2008; 129: 407–420.

385.	Settembre C, Fraldi A, Jahreiss L, Spampanato C, Venturi C, 
Medina D, de PR, Tacchetti C, Rubinsztein DC, Ballabio A. A 
block of autophagy in lysosomal storage disorders. Hum Mol 
Genet 2008; 17: 119–129.

386.	Cao Y, Espinola JA, Fossale E, Massey AC, Cuervo AM, 
MacDonald ME, Cotman SL. Autophagy is disrupted in a 
knock-in mouse model of juvenile neuronal ceroid lipofus-
cinosis. J Biol Chem 2006; 281: 20483–20493.

387.	Pivtoraiko VN, Stone SL, Roth KA, Shacka JJ. Oxidative stress 
and autophagy in the regulation of lysosome-dependent 
neuron death. Antioxid Redox Signal 2009; 11: 481–496.

388.	Pacheco CD, Kunkel R, Lieberman AP. Autophagy in 
Niemann-Pick C disease is dependent upon Beclin-1 and 

responsive to lipid trafficking defects. Hum Mol Genet 2007; 
16: 1495–1503.

389.	Häussinger D, Schliess F. Pathogenetic mechanisms of 
hepatic encephalopathy. Gut 2008; 57: 1156–1165.

390.	Bosoi CR, Rose CF. Identifying the direct effects of ammonia 
on the brain. Metab Brain Dis 2008; 24: 95–102.

391.	Norenberg MD, Rama Rao KV, Jayakumar AR. Signaling fac-
tors in the mechanism of ammonia neurotoxicity. Metab 
Brain Dis 2008; 24: 103–117.

392.	Uhlmann EJ, Li W, Scheidenhelm DK, Gau CL, Tamanoi F, 
Gutmann DH. Loss of tuberous sclerosis complex 1 (Tsc1) 
expression results in increased Rheb/S6K pathway signal-
ing important for astrocyte cell size regulation. Glia 2004; 47: 
180–188.

393.	Levine B, Deretic V. Unveiling the roles of autophagy in 
innate and adaptive immunity. Nat Rev Immunol 2007; 7: 
767–777.

394.	Munz C. Enhancing immunity through autophagy. Annu 
Rev Immunol 2009; 27: 423–449.

395.	Espert L, Denizot M, Grimaldi M, Robert-Hebmann V, Gay B, 
Varbanov M, Codogno P, Biard-Piechaczyk M. Autophagy is 
involved in T cell death after binding of HIV-1 envelope pro-
teins to CXCR4. J Clin Invest 2006; 116: 2161–2172.

396.	Espert L, Codogno P, Biard-Piechaczyk M. What is the role of 
autophagy in HIV-1 infection? Autophagy 2008; 4: 273–275.

397.	Zhou D, Spector SA. Human immunodeficiency virus type-1 
infection inhibits autophagy. AIDS 2008; 22: 695–699.

398.	Cadwell K, Patel KK, Komatsu M, Virgin HW, Stappenbeck TS. 
A common role for Atg16L1, Atg5 and Atg7 in small intestinal 
Paneth cells and Crohn disease. Autophagy 2009; 5: 250–252.

399.	Klionsky DJ. Crohn disease and autophagy. Autophagy 2009; 
5: 139.

400.	Cadwell K, Liu JY, Brown SL, Miyoshi H, Loh J, Lennerz JK, 
Kishi C, Kc W, Carrero JA, Hunt S, Stone CD, Brunt EM et al. 
A key role for autophagy and the autophagy gene Atg16l1 in 
mouse and human intestinal Paneth cells. Nature 2008; 456: 
259–263.

401.	Yousefi S, Perozzo R, Schmid I, Ziemiecki A, Schaffner T, 
Scapozza L, Brunner T, Simon HU. Calpain-mediated cleav-
age of Atg5 switches autophagy to apoptosis. Nat Cell Biol 
2006; 8: 1124–1132.

402.	Zhao Z, Fux B, Goodwin M, Dunay IR, Strong D, Miller BC, 
Cadwell K, Delgado MA, Ponpuak M, Green KG, Schmidt RE, 
Mizushima N et  al. Autophagosome-independent essential 
function for the autophagy protein Atg5 in cellular immunity to 
intracellular pathogens. Cell Host Microbe 2008; 4: 458–469.

403.	Jounai N, Takeshita F, Kobiyama K, Sawano A, Miyawaki A, 
Xin KQ, Ishii KJ, Kawai T, Akira S, Suzuki K, Okuda K. The Atg5 
Atg12 conjugate associates with innate antiviral immune 
responses. Proc Natl Acad Sci USA 2007; 104: 14050–14055.

C
ri

tic
al

 R
ev

ie
w

s 
in

 C
lin

ic
al

 L
ab

or
at

or
y 

Sc
ie

nc
es

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a 
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


	Autophagy: Regulation and role in disease
	Abstract
	Introduction
	Formation of autophagosomes
	Regulation of autophagy
	Signaling pathways
	Insulin, amino acids, and mTOR-mediated signaling
	Autophagy regulation and energy
	Feedback interaction in the mTOR pathway and autophagy
	Does S6K play a role in autophagy?
	FoxO proteins
	Mechanisms of amino acid signaling
	Hypothesis: Could glutamate dehydrogenase be the amino acid sensor?
	Ceramide, NFkB, and autophagy


	Selective autophagy
	Pexophagy
	Mitophagy
	Reticulophagy
	Ribophagy
	Autophagy of glycogen

	Autophagy and cell death
	Aging and type-2 diabetes

	Conclusion
	Acknowledgments
	References


