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Oxidatively damaged proteins accumulate with age in almost all cell types and tissues. The activity of chaperone-
mediated autophagy (CMA), a selective pathway for the degradation of cytosolic proteins in lysosomes, decreases with
age. We have analyzed the possible participation of CMA in the removal of oxidized proteins in rat liver and cultured
mouse fibroblasts. Added to the fact that CMA substrates, when oxidized, are more efficiently internalized into lysosomes,
we have found a constitutive activation of CMA during oxidative stress. Oxidation-induced activation of CMA correlates
with higher levels of several components of the lysosomal translocation complex, but in particular of the lumenal
chaperone, required for substrate uptake, and of the lysosomal membrane protein (lamp) type 2a, previously identified as
a receptor for this pathway. In contrast with the well characterized mechanism of CMA activation during nutritional
stress, which does not require de novo synthesis of the receptor, oxidation-induced activation of CMA is attained through
transcriptional up-regulation of lamp2a. We conclude that CMA is activated during oxidative stress and that the higher
activity of this pathway under these conditions, along with the higher susceptibility of the oxidized proteins to be taken
up by lysosomes, both contribute to the efficient removal of oxidized proteins.

INTRODUCTION

Accumulation of oxidized protein is a common feature of
aged cells (Dunlop et al., 2002; Grune and Davies, 1997;
Grune et al., 2001, 2002b; Stadtman, 2001). Many physiolog-
ical and pathological processes lead to the generation of free
radicals and consequent damage of intracellular compo-
nents, including proteins. In most of these oxidative events,
damaged proteins are removed from the cell through deg-
radation by proteases (Dunlop et al., 2002). The activity of
different intracellular proteolytic systems decreases with age
(Terman, 1995; Cuervo and Dice, 1998a; Friguet et al., 2000;
Carrard et al., 2002; Donati et al., 2001; Merker et al., 2001;
Friguet, 2002; Keller et al., 2002; Ward, 2002), and this im-
paired activity is considered responsible for the deficient
removal of oxidized proteins in old organisms (Grune, 2000;
Merker and Grune, 2000; Dunlop et al., 2002; Szweda et al.,
2002).

The susceptibility of oxidized proteins to proteases
changes with the duration and degree of oxidative damage
(Dunlop et al., 2002; Mehlhase and Grune, 2002). Thus, mild

oxidation induces partial protein unfolding and facilitates
proteolytic cleavage (Grune et al., 1995, 1997). However,
persistent or extensive oxidative damage usually promotes
protein aggregation, due to the exposure of patches of hy-
drophobic amino acids. Once a protein aggregates, it be-
comes less susceptible to proteolytic cleavage (Hoff et al.,
1993; Grune et al., 1997; Davies, 2001; Demasi and Davies,
2003). Kinetics of degradation of oxidized proteins in vitro
have been analyzed using different types of proteases
(Merker and Grune, 2000; Dunlop et al., 2002; Szweda et al.,
2002). One of the most extensively analyzed protease in this
respect has been the proteasome. Although most of the
studies linking the proteasome to the degradation of oxi-
dized proteins have been carried out in vitro (Rivett, 1985;
Davies, 2001), recent evidence supports the participation of
the proteasome in the removal of oxidized proteins in vivo
also (Hosler et al., 2003; Shringarpure et al., 2003). Thus,
treatment of culture cells with proteasome inhibitors or an-
tisense oligonucleotides against essential proteasome sub-
units results in accumulation of oxidized proteins inside
cells and diminished rates of cell survival during oxidative
stress. The degradation of most oxidized proteins by the
proteasome is ATP and ubiquitin independent (Shringar-
pure et al., 2003), suggesting that the exposure of hydropho-
bic regions in the surface of the protein acts as recognition
signal for this protease.

The lysosomal system, the other major proteolytic system
in cells, has not been often considered as a possible candi-
date for the removal of oxidized proteins because of its lack
of selectivity. In mammalian cells three different main mech-
anisms contribute to the degradation of intracellular com-
ponents inside lysosomes (autophagy) (Dice, 2000; Reggiori
and Klionsky, 2002; Wang and Klionsky, 2003; Cuervo,
2004a,b). Two of those mechanisms, macroautophagy and
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microautophagy, result in the degradation of complete re-
gions of the cytosol, including organelles, in the lysosomal
lumen. Although degradation of organelles by these auto-
phagic pathways can be selective (i.e., specific removal of
damaged mitochondria sparing normal functioning ones)
(Lemasters et al., 2002), there is no evidence supporting
selectivity for the degradation of soluble cytosolic proteins.
In contrast, the main characteristic of a third form of auto-
phagy, chaperone-mediated autophagy (CMA), is its selec-
tivity regarding the substrates (cytosolic proteins) degraded
through this pathway (Cuervo and Dice, 1998b; Dice, 2000;
Dice et al., 2003).

CMA is a generalized form of autophagy present in most
cell types and tissues (Massey et al., 2004). All the CMA
substrate proteins described to date are soluble cytosolic
proteins containing a targeting motif biochemically related
to the pentapeptide KFERQ (Chiang and Dice, 1988; Dice et
al., 2003). This motif, present in �30% of the proteins in the
cytosol, is recognized by a cytosolic chaperone, the heat
shock cognate protein of 73 kDa (cyt-hsc70) (Chiang and
Dice, 1988; Chiang et al., 1989). The interaction with this
chaperone, modulated by the hsc70 cochaperones (Agarra-
beres and Dice, 2001), targets the substrate to the lysosomal
membrane, where it interacts with the lysosomal membrane
protein (lamp) type 2a (Cuervo and Dice, 1996). Substrates
need to be unfolded before translocation into the lysosomal
lumen, and several cytosolic chaperones associated to the
lysosomal membrane have been proposed to assist in the
unfolding (Agarraberes and Dice, 2001). Translocation of the
substrate requires the presence of a variant of hsc70, lys-
hsc70, in the lysosomal lumen (Agarraberes et al., 1997;
Cuervo et al., 1997) and is followed by the rapid proteolysis
of the substrate by resident lysosomal proteases (half-life in
the lysosomal lumen of 5–10 min).

Although some basal level of CMA activity is probably
present in most cells, nutritional stress has been shown to
maximally activate this pathway (Wing et al., 1991; Cuervo et
al., 1995). Activation during nutrient deprivation is associ-
ated with higher levels of lys-hsc70 in the lysosomal lumen
and of lamp2a at the lysosomal membrane (Cuervo et al.,
1995; Agarraberes et al., 1997; Cuervo and Dice, 2000b).
Because the interaction of substrate proteins with lamp2a is
a limiting step for this pathway, changes in levels of lamp2a
at the lysosomal membrane modulate CMA activity (Cuervo
and Dice, 2000b,c). Interestingly, all the conditions known to
activate CMA, up-regulation of the lysosomal levels of
lamp2a does not require de novo synthesis of the protein,
but instead it is attained through down-regulation of its
degradation and by relocation of a fraction of the protein
from the lysosomal lumen into the membrane (Cuervo and
Dice, 2000b).

In addition to starvation, activation of CMA has also been
observed in rat liver and kidney after exposure to gasoline
derivatives (Cuervo et al., 1999); in fibroblasts from galactosia-
lidosis patients, which lack the protective protein/cathepsin A
(Cuervo et al., 2003); and in cells overexpressing lamp2a (Cu-
ervo and Dice, 1996). CMA activity is reduced during renal
tubular cell growth (Franch et al., 2001) and in aging (Cuervo
and Dice, 2000a). The decrease in CMA activity in old cells,
known to accumulate oxidized proteins (Cuervo and Dice,
2000a), combined with the fact that activation of CMA during
toxic exposure results in the selective degradation of a protein
altered by the toxic compound (Cuervo et al., 1999), and with
our finding that in the presence of antioxidants degradation of
the inhibitor of the nuclear factor �B by CMA decreases (Cu-
ervo et al., 1998), prompted us to analyze a possible role of
CMA in the removal of oxidized proteins from cells. We show

in this work that oxidation of CMA substrates facilitates their
translocation into lysosomes for degradation via CMA and also
that CMA itself is activated during oxidative stress. Unexpect-
edly, the oxidative stress-mediated activation of CMA is at-
tained through a novel mechanism, different from the previous
well-characterized activation of CMA in response to nutritional
stress.

MATERIALS AND METHODS

Animals and Cells
Male Wistar rats (200–250 g) were fed ad libitum or starved for 20 or 48 h
before sacrifice. An age-controlled rat strain (Fisher 344) was used for the
study of age-related changes and 3-, 12-, and 22-mo-old rats were compared.
Mild oxidative stress was induced in rats with two single i.p. injections of
paraquat (40 mg/100 g body weight) separated by 24 h. Lysosomal isolation
was carried out 24 h after the last injection. Mouse fibroblasts (NIH3T3) were
from the American Type Culture Collection (Manassas, VA). Cells were
maintained in DMEM (Sigma-Aldrich, St. Louis, MO) in the presence of 10%
newborn calf serum. To deprive cells from serum, plates were extensively
washed with Hanks’ balanced salt solution (Invitrogen, Carlsbad, CA), and
fresh medium without serum was added. Mild oxidative stress was induced
in culture cells by supplementation of the culture medium with 100 �M H2O2
or 40 �M paraquat for 1 h. Assays were carried out 12–24 h after removing the
oxidizing compound.

Chemicals
Sources of chemicals and antibodies were as described previously (Cuervo
and Dice, 1996; Cuervo et al., 1997; Cuervo and Dice, 2000a; Martin et al., 2002).
The antibodies against the cytosolic tail of rat and mouse lamp2a and lamp2c
were prepared in our laboratory (Cuervo and Dice, 1996; Zhang, Bandhyo-
padhyay, Kiffin, Massey, and Cuervo, unpublished data). The antibody
against mouse lamp1 (1D4B) was from the Developmental Studies Hybrid-
oma Bank (University of Iowa, Iowa City, IA), and antibodies against hsp90
(SPA-845), hsp72 (SPA-810), hsp40 (SPA-400), hip (SPA-766), and Bag-1
(AAM-400E) were from Stressgene Biotechnologies (Victoria, BC, Canada).
Carbonyl groups in oxidized proteins were detected using the OxyBlot oxi-
dized protein detection kit from Chemicon International (Temecula, CA).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ribonuclease A
(RNase A) were radiolabeled with [14C]formaldehyde by reductive methyl-
ation as described previously (Jentoft and Dearborn, 1983). Cytosolic proteins
from mouse fibroblasts in culture were metabolically radiolabeled by incu-
bation with [14C]leucine (2 �Ci/ml) at 37°C for 2 d (Cuervo et al., 1997). Cells
were disrupted by nitrogen cavitation, and the cytosolic fraction was the
supernatant of a centrifugation at 100,000 � g for 1 h at 4°C. Oxidized
radiolabeled cytosolic proteins were prepared by the same procedure from
cells treated with different prooxidants for 24 h before isolation.

Isolation of Lysosomal Fractions
Rat liver lysosomes were isolated from a light mitochondrial-lysosomal frac-
tion in a discontinuous metrizamide density gradient (Wattiaux et al., 1978).
Lysosomal fractions with different activities for CMA were separated as
described previously (Cuervo et al., 1997). Lysosomes from cultured cells
were isolated as described previously (Storrie and Madden, 1990). Prepara-
tions with more than 10% broken lysosomes, measured as �-hexosaminidase
latency, were discarded. Lysosomal matrices and membranes were isolated
after hypotonic shock (Ohsumi et al., 1983).

Uptake and Degradation of Proteins by Isolated
Lysosomes
GAPDH or RNase A were incubated in MOPS buffer (10 mM 3-(N-morpho-
lino)propanesulfonic acid [MOPS] pH 7.3, 0.3 M sucrose) with chymostatin-
treated lysosomes as described previously (Cuervo et al., 1997). Transport was
measured after proteinase K treatment of the samples, SDS-PAGE, and im-
munoblot as the amount of GAPDH associated to lysosomes resistant to the
protease. In another group of experiments, to overcome any possible changes
in the proteolytic susceptibility of the oxidized proteins to proteinase K,
substrates were incubated with chymostatin-treated or untreated lysosomes,
and uptake was calculated as the difference between the amount of substrate
associated to lysosomes (chymostatin-treated lysosomes) and the amount of
substrate bound to their membrane (untreated lysosomes) (Salvador et al.,
2000). Degradation of [14C]GAPDH (260 nM; 1.5 � 108 dpm/nmol),
[14C]RNase A (150 nM; 0.9 � 108 dpm/nmol), or a pool of radiolabeled
cytosolic proteins (500 dpm/�g) by intact lysosomes or lysosomal matrices
was measured as described previously (Terlecky and Dice, 1993; Cuervo et al.,
1997). After incubation for 30 min at 37°C in MOPS/dithiothreitol (DTT)
buffer (10 mM MOPS pH 7.3, 0.3 M sucrose, 5.4 �M cystein, and 1 mM DTT)
(for intact lysosomes) or in 0.03 M sucrose (for lysosomal matrices), samples
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were precipitated in 10% trichloroacetic acid and filtered through a multi-
screen assay system (Millipore, Bedford, MA) using a 0.45 �m pore filter.
Radioactivity in the flow through and in the filter was converted to disinte-
grations per minute in a WinSpectral 1414 liquid scintillation analyzer
(PerkinElmer Life and Analytical Sciences, Boston, MA) by correcting for
quenching using an external standard. Proteolysis was expressed as the
percentage of the initial acid-insoluble radioactivity (protein) transformed
into acid-soluble radioactivity (amino acids and small peptides) at the end of
the incubation.

Rates of degradation of lamp2a in the isolated membranes were followed
by immunoblot with a specific antibody against the cytosolic tail of lamp2a as
described previously (Cuervo and Dice, 2000b). Briefly, isolated lysosomal
membranes were incubated in MOPS buffer at 37°C, and at different times
aliquots were removed and subjected to SDS-PAGE and immunoblot for
lamp2a.

GAPDH Oxidation
Metal-catalyzed oxidation of rabbit muscle d-glyceraldehyde-3-phosphate
dehydrogenase EC 1.2.1.12 (Roche Diagnostics, Indianapolis, IN) was carried
out as described previously (Rivett and Levine, 1990). GAPDH (10 mg of
protein) was dialyzed against 50 volumes of HEPES buffer (50 mM HEPES,
pH 7.2, 100 mM KCl, 10 mM MgCl2) supplemented or not (Mock) with 25 mM
ascorbic acid and 0.1 mM FeCl3 at 37°C. The oxidative reaction was stopped
adding 1 mM EDTA, and the samples were dialyzed against HEPES buffer for
24 h with four changes. The two first changes were supplemented with 1 mM
EDTA. The efficiency of oxidation was monitored by measuring the enzymatic
activity of GAPDH after being exposed to the oxidant mixture for different
periods of time. As described in Figure 2, incubation of GAPDH with the
oxidant mixture for 30 min resulted in 70% decrease of its enzymatic activity.

Immunocytochemical Staining
Immunofluorescence studies of cultured cells were performed following con-
ventional procedures (Cuervo and Dice, 2000c). Cells grown on coverslips
until confluent and kept in the presence or absence of serum for 20 h were
fixed with a 3% formaldehyde solution, blocked, and then incubated with the
primary and corresponding fluorescein isothiocyanate or Cy5-conjugated
secondary antibodies as described previously (Cuervo and Dice, 2000c).
Mounting medium contained 4,6-diamidino-2-phenylindole staining to high-
light the cellular nucleus. Images were acquired with an Axiovert 200 fluo-
rescence microscope (Carl Zeiss, Thornwood, NY) and subjected to deconvo-
lution with the manufacturer’s software. Colocalization was determined
using MetaMorph (Universal Imaging, Downingtown, PA). All digital micro-
scopic images were prepared using Adobe Photoshop 6.0 software (Adobe
Systems, Mountain View, CA).

mRNA Quantification
Total RNA was extracted from rat livers using the RNeasy protect mini kit
(QIAGEN, Valencia, CA) following the manufacturer’s indications and stored
at �80°C until use. The first strand cDNA was synthesized from 1 �g of the
total RNA with the SuperScript II RNase H Reverse Transcriptase (Invitrogen)
and oligo-(dT)12–18 primer. A region of the exon 5 of lamp2a and of actin were
amplified with specific primers (lamp2a, 5�-GTCTCAAGCGCCAT-
CATACT-3� [forward] and 5�-TCCAAGGAGTCTGTCTTAAGTAGC-3� [re-
verse]; actin, 5�-AAGGACTCCTATAGTGGGTGACGA-3� [forward] and 5�-
ATCTTCTCCATGTCGTCCCAGTTG-3� [reverse]) by using the SYBR green
polymerase chain reaction (PCR) kit (PE Biosystems, Warrington, United
Kingdom). Amplification of the lamp2a and actin DNA products (120 and 108
bp, respectively) was measured in real time in a light cycler (SmartCycler;
Cepheid, Sunnyvale, CA). For both genes, the presence of a single amplified
product was verified by agarose gel electrophoresis, and by analysis of the
melting curves of the reverse transcription-PCR reaction. The expression
levels of lamp2a in different samples were normalized with respect of those of
actin in the same samples. Differences between samples were calculated based
in their differences of the cycle numbers to reach a certain fluorescence
intensity level. Because the size of the amplified fragments was very similar
we did not need to correct for fragment length. Standard PCR was carried out
with the same primers but increasing dilutions of the cDNA pool. PCR
products were subjected to electrophoresis in 1.2% agarose gels and densi-
tometry. The densitometric intensity of the lamp2a products was normalized
with respect to the intensity of the actin products for the same sample.

General Methods
Protein concentration was determined by the Lowry method (Lowry et al.,
1951) by using bovine serum albumin as a standard. Lysosomal enzymatic
activities were measured as reported previously (Storrie and Madden, 1990).
After SDS-PAGE (Laemmli, 1970) and immunoblotting (Towbin et al., 1979),
the proteins recognized by the specific antibodies were visualized by chemi-
luminescence methods (Renaissance; PerkinElmer Life and Analytical Sci-
ences). Oxidized proteins were visualized after derivatization with DNPH by
immunoblot with an antibody against the DNP moiety following the manu-
facturer’s recommendation. Densitometric quantification of the immuno-

blotted membranes and stained gels was done with an Image Analyzer
System (S1800; Inotech, Sunnyvale, CA). Student’s t test was used for statis-
tical analyses.

RESULTS

Oxidized Proteins in Lysosomes
To test the contribution that the lysosomal system, and in
particular CMA, might play in the removal of oxidized
cytosolic proteins, we first analyzed the presence of those
proteins inside lysosomes after oxidative stress. We induced
mild oxidative stress in rats by treatment with bleomycin,
1,1�-dimethyl-4,4�-bipyridinium dichloride (paraquat), a su-
peroxide-generating drug with well-characterized prooxi-
dant effects (Haly, 1979). To verify the oxidative effect of
paraquat in rat liver we compared the content of carbonyl-
containing proteins in the cytosol of untreated and para-
quat-treated rats (Figure 1A, lanes 1 and 2). Although some
oxidized proteins can be observed in the cytosol of untreated
rats, we found a significant increase in the content of these
modified proteins in the cytosol of rats injected with a sub-
lethal dose of paraquat for two consecutive days. Lysosomes
active for CMA can be isolated from rat liver based on their
high content of the lumenal chaperone lys-hsc70 required
for substrate uptake (Cuervo et al., 1997). When we isolated
this particular lysosomal population from treated and un-
treated rats and separated their membranes from their lu-
menal content, we found carbonyl-containing proteins in
both the membrane and lumenal fraction of the lysosomes
from paraquat-treated rats (Figure 1A, compare lanes lanes
3 and 5 to lanes 4 and 6). Washing the lysosomal membranes
with 1 M NaCl released most of the oxidized proteins (Fig-
ure 1A, lanes 7 and 8), suggesting that they were likely
cytosolic proteins associated to the membrane, rather than
the result of oxidation of integral lysosomal membrane pro-
teins. Likewise, when we incubated the lysosomal matrices
at 37°C before electrophoresis to promote the degradation of
nonlysosomal proteins in the lysosomal lumen, the level of
oxidized proteins in this fraction decreased drastically (Fig-
ure 1A, lanes 9 and 10). Note that the new lower molecular
weight bands detected in the matrices of paraquat-treated
animals after the incubation at 37°C could be proteolytic
products of the proteins detected in the freshly isolated
matrices. These results support that the oxidized proteins
detected inside the lysosomes were most likely nonlysoso-
mal proteins delivered there to be degraded. Interestingly,
despite of their cytosolic origin, the electrophoretic pattern
of the oxidized proteins associated with the lysosomal frac-
tion differs from the ones in the cytosol. Because these dif-
ferences are also observed in the membrane associated pro-
teins, we do not think that they are due to distinct
susceptibility of some of the oxidized proteins to proteases;
instead we consider it an indication that a subset of oxidized
proteins is selectively taken up by lysosomes.

As reported previously, even in the absence of treatment
with a prooxidant agent, oxidized proteins can be detected
in normal liver and their content increases with age (Figure
1B). When we analyzed the association of oxidized proteins
to lysosomes from livers of 3- and 9-mo-old rats, we found
an increase in the content of oxidized proteins in the lyso-
somal lumen with age, similar to the one observed in the
cytosol (Figure 1B, compare lanes 1 and 2 and 4 and 5). In
contrast, in the oldest animals (22 mo old), for which we
have previously described a severe decrease in CMA activity
(Cuervo and Dice, 2000a), despite the higher content of
oxidized proteins in the cytosolic fraction, in proportion, the
amount of oxidized proteins detected in lysosomes was
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lower than in the 9-mo-old animals (Figure 1B, compare
lanes 5 and 6). Similar assays to the ones described above
confirmed that the oxidized proteins were of extralysosomal
origin and could be degraded by the lysosomal proteases
(our unpublished data). The last panel of Figure 1B shows
the specificity of the antibody used in these studies against
the carbonyl groups, which in nonderivatized samples only
weakly cross-reacted with a single protein (compare signal
in derivatized (lane 7) and nonderivatized samples (lane 8).

Although macroautophagy, a nonselective form of autoph-
agy, also decreases with age (Terman, 1995; Donati et al.,
2001), the fact that the lysosomal population analyzed has
been shown to be very active for CMA and that only a subset
of oxidized proteins was detected in lysosomes encouraged
us to analyze the role of CMA in the removal of oxidized
proteins.

Oxidation of CMA Substrates
We first analyzed whether the oxidation of known CMA
substrates facilitated their degradation by CMA. We oxi-
dized GAPDH, a well-characterized CMA substrate
(Aniento et al., 1993), by incubating this protein with an
ascorbic acid/iron oxidizing mixture. After 30 min of incu-
bation with this mixture, �70% of GAPDH activity was lost
(Figure 2A), and carbonyl groups were easily detectable in
the purified protein (our unpublished data). We have pre-
viously optimized an in vitro system that allows the analysis
of binding and uptake of CMA substrates by isolated lyso-
somes (Aniento et al., 1993; Cuervo et al., 1997, 1999). When
we compared the association to lysosomes of untreated
GAPDH or of GAPDH exposed for increasing periods of
time to the oxidizing mixture, we found an increase in both
the amount of protein bound to the lysosomal membrane
and translocated into the lysosomal lumen (proteinase K
resistant) with longer oxidation times of GAPDH (Figure
2B). Oxidation of ovalbumin, a protein that does not contain
a KFERQ-like motif and consequently is not a CMA sub-
strate, did not increase its association to lysosomes (our
unpublished data). The higher amount of GAPDH detected
in the lysosomal lumen could also result from an increased
resistance of the oxidized protein to degradation, either by
the lysosomal proteases or by proteinase K, which removes
the protein associated to the cytosolic side of the lysosomal
membrane. However, as shown in Figure 2C, the oxidized
protein was even more readily degraded by both the pool of
proteases located in the lysosomal lumen and by exog-
enously added proteinase K.

An increase in lysosomal translocation of oxidized pro-
teins was also evident when instead of using a specific CMA
substrate, we compared the degradation of a pool of oxi-
dized cytosolic proteins, in which �30% of them are possible
CMA substrates (contain KFERQ-related motifs) (Figure
2D). Radiolabeled cytosolic proteins isolated from fibro-
blasts exposed to H2O2 (Figure 2D, left) or paraquat (Figure
2D, right) were degraded faster than cytosolic proteins from
untreated fibroblasts when incubated with intact rat liver
lysosomes. Because these differences were greatly reduced
when the lysosomal membranes were disrupted before the
incubation with the cytosolic proteins, giving free access of
the proteases to the substrates, we conclude that, as shown
for GAPDH, increased degradation of the oxidized proteins
resulted from their higher rates of translocation via CMA
into lysosomes. These results support that oxidation of pro-
teins that are substrates for CMA facilitates their degrada-
tion through this pathway.

Activation of CMA during Oxidative Stress
Independently of the effect of oxidation on CMA substrates,
which makes them more susceptible to degradation by this
pathway, we found a constitutive activation of CMA during
oxidative stress. We isolated lysosomes from rats treated
with a sublethal dose of paraquat for two consecutive days
to generate a mild oxidative stress response. Under these
conditions, we did not find significant differences with con-
trol in lysosomal membrane stability assessed by measuring
�-hexosaminidase latency (Supplemental Figure 1) (Storrie

Figure 1. Oxidized proteins in lysosomes active for CMA. (A)
Cytosol (20 �g of protein) and lysosomal membranes and matrices
(10 �g of protein) separated after hypotonic shock from lysosomes
enriched in hsc70 isolated from livers of untreated or paraquat
(PQ)-treated rats were derivatized and subjected to SDS-PAGE and
immunoblot against 2,4-dinitrophenylhydrazine (DPNH) moieties.
To show the protein pattern in all lanes, exposure of lanes 1 and 2
was 5 times shorter than for the other lanes. Lanes 7 and 8 are
duplicate samples of lanes 3 and 4, in which membranes were
washed with 1 M NaCl before derivatization. Lanes 9 and 10 are
duplicate samples of lanes 5 and 6 in which the matrices were
incubated for 20 min at 37°C before derivatization. No bands were
detected in the same samples when derivatization was omitted (our
unpublished data). (B) Cytosol (40 �g of protein) and lysosomal
matrices (20 �g of protein) were isolated from livers of 3-, 9- and
22-mo-old rats. Content of oxidized proteins in these fractions was
analyzed as in A. Exposure of lanes 1–3 was 3 times shorter than for
lanes 4–6. Lanes 7 and 8 show the same sample than lane 5 deri-
vatized or not with DPNH and immunobloted as the others. The
film is overexposed (8 times lane 5 exposure) to show the low
content of protein bands nonspecifically recognized by the anti-
body.
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and Madden, 1990) and extralysosomal proteolytic activity
(Aniento et al., 1993). Lysosomes isolated from rats exposed
to paraquat degraded larger amounts of unmodified

GAPDH than lysosomes isolated from untreated animals
(Figure 3A, left). Similar results were observed for RNase A,
another well-characterized CMA substrate (Terlecky and
Dice, 1993; Cuervo et al., 1994) (Figure 3A, right). In both
cases, the increase in substrate degradation was no longer
observed if the lysosomal membrane was disrupted. In fact,
the degradation of both substrates by lysosomal proteases
was slightly lower in the paraquat-treated animals. This
decrease could result from a decrease in the activity of some
lysosomal proteases during oxidative stress, as reported pre-
viously (O’Neil et al., 1997; Carr, 2001; Crabb et al., 2002). In
any case, the higher ability to degrade substrates of the
intact lysosomes from paraquat-treated animals was thus a
consequence of increased binding/uptake rather than of
higher proteolysis in the lysosomal lumen.

We then determined whether oxidative stress could in-
crease CMA-mediated degradation of proteins by acting on
both the substrates, increasing their ability to be taken up by
the lysosomes, and on the lysosomes, increasing their ability
to take up substrates. For that purpose, we verified first that,
as described above for GAPDH and RNase A, cytosolic
proteins from untreated fibroblasts were more readily de-

Figure 2. Oxidation of CMA substrates facilitates their uptake by
lysosomes. (A) GAPDH was exposed to an ascorbic acid/iron oxi-
dizing reaction for 30 min as described under Materials and Methods.
The remaining specific enzymatic activity of untreated GAPDH
(CTR) and of GAPDH exposed to the oxidant mixture (ASCORB/
FeCl3) or to the dialysis buffer only (MOCK) is shown. Values are
mean � SE of two different preparations with triplicate measure-
ments. (B) Unmodified GAPDH (Ctr) or GAPDH exposed to the
oxidant mixture for the indicated periods of time was incubated for
30 min under standard conditions with intact chymostatin-treated
liver lysosomes isolated from 20-h starved rats. Where indicated,
samples were treated with proteinase K to remove GAPDH bound
to the cytosolic side of the lysosomal membrane. At the end of the
incubation, lysosomes were collected by centrifugation and sub-
jected to SDS-PAGE and immunoblot for GAPDH. (C) The different
forms of GAPDH (50 �g) described in A were incubated with
lysosomal enzymes (25 �g of protein of broken lysosomes; pH 4.5)
(left) or proteinase K (0.1 �g) (right) at 37 or 0°C, respectively. At the
indicated times aliquots were taken and subjected to SDS-PAGE and
Coomassie Blue staining. Values are the mean � SE of the densito-
metric values for GAPDH from three different experiments. (D)
Mouse fibroblasts were metabolically labeled with [3H]leucine for
48 h. A group of fibroblasts was exposed to 100 �M H2O2 (left) or 40
�M paraquat (Pq) for 1 h during the labeling. After cavitation,
cytosolic fractions (Cyt) from untreated (Ctr) and H2O2 or paraquat-
treated fibroblasts were prepared and incubated for 30 min at 37°C
with intact rat liver lysosomes (25 �g of protein) or with lysosomes
disrupted by a hypotonic shock (broken lysosomes; 15 �g of pro-
tein) under standard conditions. At the end of the incubation pro-
teolysis was calculated as the amount of acid precipitable radioac-
tivity (protein) transformed in acid soluble (amino acids and small
peptides). Values are the mean � SE of six different experiments
(*p � 0.05, **p � 0.01, ***p � 0.001).

Figure 3. Additive effect of mild oxidative stress on CMA sub-
strate proteins and on lysosomes. (A) Degradation of [14C]GAPDH
(left) and [14C]RNase A (right) by lysosomes isolated from rats
treated with paraquat as described under Materials and Methods.
Incubations were carried out as described in Fig. 2D. Values are the
mean � SE of five to eight different experiments (*p � 0.05, **p �
0.01, ***p � 0.001). (B) Degradation of radiolabeled cytosolic pro-
teins prepared as in Figure 2D from untreated fibroblasts (control)
or from fibroblasts exposed to H2O2 (left) or paraquat (right), by
intact liver lysosomes from untreated rats (Lysosomes control) or
from rats treated with paraquat (Lysosomes PQ) as described under
Materials and Methods. Proteolysis was calculated as in Figure 2D.
Values are mean � SE of six different experiments. *, differences
compared with lysosomes control; �, differences compared with
cytosol control; †, differences comparing lysosomes and cytosol
control, to lysosomes and cytosol treated (*p � 0.05, **p � 0.01,
***p � 0.001).
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graded by intact lysosomes from paraquat-treated rats than
by lysosomes from untreated rats (Figure 3B). Then, we
analyzed the effect of combining lysosomes and cytosolic
proteins that had been both exposed to the prooxidant.
When we incubated the lysosomes from paraquat-treated
rats with the cytosolic proteins isolated from fibroblasts
treated with H2O2 (Figure 3B, left) or with paraquat (Figure
3B, right), we found that these proteins were degraded even
faster. We obtained similar results using lysosomes isolated
from H2O2 treated fibroblasts (our unpublished data). Based
on this additive effect, we conclude that not only oxidation-
induced changes in the substrate proteins, but also in the
lysosomal compartment, are responsible for the higher rates
of CMA observed during oxidative stress.

We further analyzed the activation of CMA during
oxidative stress by separately analyzing binding and up-
take of unmodified substrate proteins by lysosomes iso-
lated from paraquat-treated rats. In these studies, to elim-
inate any possible differences in the ability of exogenous
proteases to remove the protein bound to the cytosolic
side of the lysosomal membrane, we compared instead
the amount of substrate associated to lysosomes previ-
ously treated or not with a strong cocktail of protease
inhibitors. In the absence of protease inhibitors the sub-
strate that translocates inside the lysosomal lumen is rap-
idly degraded by the lysosomal proteases (half-life of
proteins in the lysosomal lumen is 5–7 min; Aniento et al.,
1993). Consequently, the protein associated to the lyso-
somes at the end of the incubation represents the protein
bound to the cytosolic side of the lysosomal membrane
(Salvador et al., 2000). In contrast, if lysosomal proteases
are inhibited, the protein recovered associated to lyso-
somes corresponds to both protein bound and internal-
ized into the lysosomal lumen. As described previously,
the amount of internalized substrate can then be calcu-
lated by subtracting the protein bound from the amount
of protein associated (Salvador et al., 2000). Consistent
with our previous results, the amount of GAPDH and
RNase A bound to the lysosomal membrane was signifi-
cantly higher (4- to 5-fold increase) in lysosomes from
paraquat-treated rats (Figure 4A). A two- to threefold
increase was also detected in the uptake of both substrates
by these lysosomes, when calculated as described above
(Figure 4A, bottom). We have previously shown that
CMA is activated under starvation conditions (Cuervo et
al., 1995). When we compared both stimuli, starvation and
paraquat, we found that treatment with the prooxidant
agent resulted in stronger activation of CMA. Levels of
binding and uptake of both substrates were significantly
higher in lysosomes isolated from fed rats treated with
paraquat than in lysosomes from 48-h starved animals. To
determine whether the observed increase in CMA during
paraquat treatment could be due, at least in part, to some
degree of starvation in this group of animals, we mea-
sured food-intake in the animals exposed to paraquat.
However, we did not find significant differences in food
consumption between the paraquat-treated and untreated
animals when maintained in ad libitum conditions, sug-
gesting that activation of CMA after paraquat treatment
was not due to starvation, but to the oxidative stress.

Activation of CMA is associated with the relocalization
toward the perinuclear region of the lysosomes with higher
CMA activity (those with higher levels of lys-hsc70 and
lamp2a) (Agarraberes et al., 1997; Cuervo and Dice, 2000c).
As shown in Figure 4B, in culture fibroblasts maintained in
the presence of serum, lamp2a colocalized with other lyso-
somal membrane proteins (lamp1 is shown here), displaying

a typical vesicular punctated pattern. When serum was re-
moved from the culture medium, the lamp2a-enriched lyso-
somes preferentially localized in the perinuclear region.
Treatment with paraquat displayed a similar perinuclear
pattern for lamp2a even when the cells were maintained in
the presence of serum (Figure 4B, right).

These results are consistent with a constitutive activation
of CMA during oxidative stress in the two experimental
models in which CMA has been better characterized, rat
liver and fibroblasts in culture (Terlecky and Dice, 1993;
Cuervo et al., 1997).

Figure 4. Activation of CMA during mild oxidative stress. (A)
Association and binding of GAPDH and RNase A to intact lyso-
somes from untreated fed rats, 48-h starved rats (Strv) or fed rats
treated with paraquat (PQ). Lysosomes in lanes 1–3 were prein-
cubated with chymostatin to prevent protein degradation. Incu-
bations were carried out in an isotonic buffer, as described under
Materials and Methods, and levels of associated proteins were
determined by immunoblot of the lysosomes collected by centrif-
ugation. Bottom: densitometric quantification (mean � SE) of 4 – 6
immunoblots similar to the ones shown here. Values are ex-
pressed as the fold of increase in binding and in uptake (associ-
ation-binding) for the lysosomes from starved or paraquat-
treated rats, compared with lysosomes from untreated fed
animals. *, differences compared with fed animals; �, differences
compared with starved animals (*p � 0.1, **p � 0.05, ***p � 0.01)
(B) Immunofluorescence for lamp2a (red) and lamp1 (green) in
mouse fibroblasts after removing the serum from the culture
medium (serum�) or after treatment with paraquat in cells main-
tained in serum supplemented medium. The merged image of
both fluorochrome channels is shown. Bar, 50 �m.
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Oxidative Stress-induced Changes in Lysosomes Active
for CMA
Several cytosolic chaperones associate with the lysosomal
membrane and are required for CMA substrate binding/
uptake into lysosomes (Agarraberes and Dice, 2001). Al-
though the specific function of each of these cochaperones in
CMA remains unknown, studies with human fibroblasts in
culture have revealed that the levels of some of them are
up-regulated when CMA is activated by removal of serum,
whereas others remain unchanged (Agarraberes and Dice,
2001). In lysosomes isolated from livers of rats starved for
48 h, in addition to the previously reported increase in
lys-hsc70, we found higher levels of hsp90, and, in less
extent, of Hip, compared with lysosomes from control-fed
animals (Figure 5A). Treatment with paraquat (in fed rats)
resulted in similar increase in the lysosomal content of lys-
hsc70 and of Hip, but only a discrete increase in the content
of hsp90, when compared with untreated animals. None of
the treatments modified the levels of other associated chap-
erones (hsp40 or Bag-1), nor did they result in lysosomal
association of the inducible form of the hsp70 family, hsp72,
which was however elevated in the cytosol after paraquat
treatment (Figure 5A). Because the function of hsp90 in
lysosomes is not known, it is not clear why the increase in its
lysosomal levels is not as pronounced as the one observed
during starvation, but because rates of uptake are still up-
regulated under these conditions, it points to a nonlimiting
role for hsp90 in the translocation complex.

Two components have been shown to be rate-limiting in
the uptake of CMA substrates by lysosomes: the chaperone
in the lysosomal lumen (lys-hsc70) (Cuervo et al., 1997; Agar-
raberes et al., 1997) and the receptor at the lysosomal mem-
brane (lamp2a) (Cuervo and Dice, 2000b,c). We have previ-
ously reported in rat liver the presence of two lysosomal

populations with similar morphological and enzymatic
characteristics but different CMA activity (Cuervo et al.,
1997). The main difference found, so far, between these two
groups of lysosomes is the enrichment of lys-hsc70 in the
lumen of the lysosomes with higher CMA activity (Cuervo et
al., 1997). These two groups of lysosomes are normally pu-
rified together (they contribute 75 and 25% high activity and
low activity, respectively, to the fraction that we used in
these studies), but can be physically separated by further
density and differential centrifugation (Cuervo et al., 1997).
The lysosomes with lower CMA activity can become more
active under specific conditions, such as prolonged (88-h)
starvation or aging, which correlates with an increase in
their lumenal levels of lys-hsc70 (Cuervo et al., 1997; Cuervo
and Dice, 2000a). Because we found higher levels of lys-
hsc70 in the lysosomes from paraquat-treated animals, we
separated these two lysosomal subpopulations to determine
whether there was a net increase in lys-hsc70 per lysosome,
or it resulted from enrichment of the less active lysosomes in
lys-hsc70. As shown in Figure 5B, after treatment with para-
quat there were no significant changes in the content of
lys-hsc70 in the membranes or matrices of the less active
group. Accordingly, the ability of this group of lysosomes to
selectively take up CMA substrates did not change in para-
quat-treated rats (our unpublished data). The percentage of
hsc70-enriched lysosomes, determined as recovery of hex-
osaminidase activity in this fraction, was similar in un-
treated and paraquat-treated rats (our unpublished data).
For the more active group of lysosomes, as observed during
starvation, levels of lys-hsc70 at the lysosomal membrane
remained constant, whereas levels of lys-hsc70 in the lyso-
somal lumen increased approximately fourfold. Separation
of the lysosomal membranes and matrices also revealed that
hsp90 increased in both compartments during starvation

Figure 5. Changes in lysosome-associated
chaperones during mild oxidative stress. (A)
Cytosol and lysosomes (75 �g of protein) iso-
lated from normally fed, 48-h starved rats
(Stv), or fed rats treated with paraquat (PQ) as
labeled were subjected to SDS-PAGE and im-
munoblot for the indicated proteins. Right,
densitometric quantification (mean � SE) of
the chaperones in the lysosomal fraction in
four immunoblots similar to the ones shown
here. Levels in lysosomes from fed animals
were given an arbitrary value of 1 (dotted
line). *, differences compared with fed animals
(*p � 0.1, **p � 0.05, ***p � 0.01). (B) Lyso-
somes with high (CMA�) and low (CMA�)
activity for CMA (Cuervo et al., 1997) were
isolated from the same groups of animals as
detailed in A. After hypotonic shock and cen-
trifugation, membranes and matrices (50 �g of
protein) were separated and subjected to SDS-
PAGE and immunoblot for hsc90 (top) or
hsc70 (bottom).
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and after paraquat treatment (Figure 5B, top), but the in-
crease in the lumen of lysosomes from paraquat-treated rats
was smaller than in starved animals. These differences in the
luminal content of hsp90 could explain why, when working
with total lysosomes (Figure 5A), we found that paraquat
induced a lower increase in lysosomal levels of hsp90 than
starvation. Whether this hsp90 in the lysosomal lumen is
functional, or whether it is only internalized to be degraded
(amino acid sequence analysis of hsc90 revealed the pres-
ence of two KFERQ-related motifs) remains unknown.

Levels of lamp2a at the lysosomal membrane directly
correlate with CMA activity (Cuervo and Dice, 2000b). Ly-
sosomes isolated from mouse fibroblasts treated with H2O2
(Figure 6A) or from livers of rats exposed to paraquat (Fig-
ure 6B) had higher levels of lamp2a at their membrane than
lysosomes isolated from the corresponding untreated con-
trols. This increase seems selective for lamp2a, because lev-
els of other lysosomal membrane proteins (lamp1 shown
here) remained unchanged. In agreement with the binding
and uptake data (Figure 4A), the increase of lamp2a in the
lysosomal membrane induced by paraquat was higher than
the one induced by starvation (Figure 6C). For the two other
lysosomal membrane proteins analyzed, levels of lamp1
remained unchanged in both conditions, and levels of
lamp2c were not affected by the treatment with paraquat,
but decreased significantly during starvation. Whether this
decrease in lamp2c content is related to the increase in
lamp2a or it happens independently is currently under in-
vestigation.

A Novel Mechanism for Activation of CMA during
Oxidative Stress
We have previously shown that CMA activity can be mod-
ulated by changes in the levels of lamp2a at the lysosomal

membrane (Cuervo and Dice, 2000b). In fact, overexpression
of lamp2a results in higher rates of CMA proportional to the
increase in the receptor protein (Cuervo and Dice, 1996,
2000c). During starvation, the most extensively studied stim-
uli for CMA, the increase of lamp2a at the lysosomal mem-
brane does not result from de novo synthesis of the protein.
Instead, a decrease in the degradation rate of lamp2a, along
with the relocation of part of the lamp2a resident in the
lysosomal lumen toward the lysosomal membrane account
for most of the lamp2a increase in the membrane (Cuervo
and Dice, 1996, 2000c). To determine whether similar mech-
anisms were responsible for the increased levels of lamp2a
during oxidative stress, we first compared the rates of deg-
radation of lamp2a in membranes of lysosomes from rats
fed, starved, or treated with paraquat. In contrast with the
significant reduction in lamp2a degradation induced by star-
vation, degradation of lamp2a was only slightly slower in
rats treated with paraquat than in untreated fed rats (Figure
7A). Likewise, the distribution of lamp2a between mem-
brane and matrix was not significantly affected by the treat-
ment with paraquat, suggesting that the increased levels of
lamp2a in the membrane were not the result of recruitment
of the lamp2a normally present in the lumen (Figure 7B).

Contrary to starved animals, levels of lamp2a mRNA in
the liver of rats treated with paraquat were significantly
higher than in untreated rats. We used both a dilution-based
quantitative PCR method (Figure 7C) and real-time PCR
(Figure 7D) to compare levels of lamp2a mRNA in livers
from fed, starved, or paraquat (fed)-treated rats. Treatment
with paraquat induced an increase in lamp2a mRNA levels
of approximately sixfold in fed animals, whereas starvation
resulted in a slight decrease in lamp2a mRNA levels. There-
fore, contrary to starvation, where the increase in lamp2a
levels did not require new protein to be synthesized, most of

Figure 6. Lamp2a levels at the lysosomal
membrane increase during mild oxidative
stress. (A and B) Immunoblot for lamp2a
and lamp1 of homogenates (50 �g of pro-
tein), lysosomal membranes (L. Memb) and
lysosomal matrices (L. Matrix) (10 �g of
protein) isolated from cultured mice fibro-
blasts, exposed or not to 100 �M H2O2 (A)
or from liver of rats treated or not with
paraquat (PQ). (C) Imunoblot for lamp2a,
lamp2c, and lamp1 of lysosomal mem-
branes isolated from livers of fed rats, 48-h
starved (Strv) rats, or fed rats treated with
paraquat (PQ). Right, densitometric quanti-
fication of six to eight immunoblots as the
ones shown here. Values are expressed as
fold of the values in fed untreated animals
and are the mean � SE of six different ex-
periments. Levels in lysosomes from fed an-
imals were given an arbitrary value of 1. *,
differences compared with fed animals
(*p � 0.05, **p � 0.01, ***p � 0.001).
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the increase in lamp2a levels detected in paraquat-treated
animals was a consequence of de novo synthesis of the
protein.

We conclude that activation of CMA is part of the normal
oxidative stress response and it contributes to the selective
removal of oxidized proteins from the cytosol. The higher
rates of CMA observed under these conditions are the com-
bined result of an increase in the susceptibility of the pro-
teins to be taken up and degraded by lysosomes, and an
enhanced ability of the lysosomes for substrate uptake. Un-
expectedly, during mild oxidative stress, activation of CMA
is mediated by a novel mechanism different from the previ-
ously characterized activation of CMA during nutritional
stress.

DISCUSSION

Our results provide for the first time evidence for the par-
ticipation of lysosomes in the removal of oxidized proteins
during mild oxidative stress through CMA. This novel role
for CMA is supported by the fact that 1) oxidized proteins
can be detected in the lumen of lysosomes active for CMA
(Figure 1); 2) in conditions with declined CMA, such as
aging, the amount of oxidized proteins translocated into
lysosomes is reduced (Figure 1B); 3) oxidized CMA sub-
strates bind and are taken up more efficiently by isolated
lysosomes than their unmodified forms (Figure 2); 4) lyso-
somes from cells or rats exposed to prooxidants display
higher rates of binding and uptake of CMA substrate pro-
teins (Figures 3 and 4); and 5) blockage of CMA in cultured
cells increases their susceptibility to prooxidant compounds
and decreases their viability (Massey, Kiffin, and Cuervo,
unpublished data). Activation of CMA during oxidative-

stress is attained through the up-regulation of specific com-
ponents of the lysosomal translocation complex (lysosomal
chaperones and the lysosomal membrane receptor) (Figures
5 and 6). Interestingly, although these changes are similar to
the ones described when CMA is activated by nutritional
stress, the mechanism involved in the up-regulation is dif-
ferent. Therefore, this finding suggests that stress-mediated
activation of CMA varies depending on the nature of the
stress.

Most of the previous studies on the lysosomal role during
oxidative stress have focused on the contribution of this
subcellular compartment to the oxidative damage, rather
than on a possible protective role. In fact, the destabilizing
effects of severe oxidative stress (�350 �M hydrogen perox-
ide) on lysosomes have been well documented (Brunk et al.,
1995; Ollinger and Brunk, 1995), showing that the release of
lysosomal enzymes plays a major role in intracellular dam-
age and in cell death under these conditions. Lower concen-
trations of hydrogen peroxide (250 �M for 30 min) still cause
leakage of some lysosomal enzymes, although the lysosomal
damage is reversible (Brunk et al., 1995; Ollinger and Brunk,
1995). In our study, we did not find changes in the stability
of the lysosomal membrane, assayed either as release of
specific enzymes or with a more sensitive proteolytic
method. It is possible that the lower doses of hydrogen
peroxide and paraquat used in our study (100 �M and 40
mg/100 g body weight, respectively) were enough to orig-
inate cytosolic protein damage, but they did not alter the
lysosomal compartment. Other possibility is that the initial
lysosomal damage still takes place. but due to its reversibil-
ity under these conditions (Brunk et al., 1995; Ollinger and
Brunk, 1995), it is not longer detectable by the time the lyso-
somes are isolated (24 h after the second injection). In addition,

Figure 7. A novel mechanism for activation of
CMA during mild oxidative stress. (A) Degrada-
tion of lamp2a in isolated membranes from nor-
mally fed rats, 48-h starved rats, or fed rats treated
with paraquat (PQ), as indicated under Materials
and Methods. Degradation of lamp2a was fol-
lowed by immunoblot of the lysosomal mem-
branes with an antibody specific against its cyto-
solic tail, at different times of the incubation.
Values are the mean � SD of the densitometric
quantification of immunoblots from four different
experiments. A representative immunoblot is
shown in the top insets. (B) Distribution of
lamp2a between the lysosomal membrane and
the matrix in lysosomes isolated from normally
fed rats, treated or not with PQ. Values are mean
� SE of the densitometric quantification of four
immunoblots similar to the one shown in Figure
6B. (C) A 120-nucleotide fragment of lamp2a and
a 108-nucleotide fragment of actin were ampli-
fied, through PCR, from increasing concentra-
tions of total mRNA isolated from the livers of
normally fed, 48-h starved, or paraquat-treated
fed rats. The electrophoretic pattern of the prod-
ucts in a 2% agarose gel is shown. (D) Semiquan-
titative real-time PCR was used to compare
mRNA expression levels for lamp2a in the same
samples as detailed in C. Values were corrected
for actin amplification in each samples and are
expressed as fold increase compared to mRNA
lamp2a values in fed untreated rats (that was
given an arbitrary value of 1). Values are mean �
SD for four different experiments. *, differences
compared with fed animals (**p � 0.01, ***p �
0.001).
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because most of the studies regarding lysosomal stability and
oxidative stress have been performed in intact cells, analyzing
the leakage of fluorescent probes from the lysosomal compart-
ment, we cannot discard that different lysosomal populations
might be differently affected by prooxidants. In our assays, the
cell fractionation method used has been optimized to isolate a
subset of intracellular lysosomes active for CMA (10–15% of
total) (Cuervo et al., 1997). Particular characteristics of the
CMA-active lysosomes, such as, for example, a lower concen-
tration of iron in their lumen, could explain their higher resis-
tance to prooxidants. Our studies on CMA-active lysosomes in
old animals also support their unique characteristics. Thus,
although accumulation of lipofuscin in lysosomes is a com-
monly used biomarker of aging, CMA-active lysosomes from
old rat livers rarely accumulate this pigment (Cuervo and Dice,
2000a).

The ability of proteasomes to degrade oxidized proteins has
been previously well documented in vitro (Rivett, 1985; Davies,
2001), and more recently in vivo (Grune et al., 2002a; Hosler et
al., 2003; Shringarpure et al., 2003). Most of the studies assessing
oxidation-induced changes in lysosomal proteolytic behavior
have focused in the analysis of the enzymatic activity of cathe-
psins, the lysosomal proteases. Moderate oxidative stress does
not significantly change the activity of most cathepsins,
whereas more severe oxidizing conditions result in increased
or decreased cathepsin activity depending on the cellular con-
ditions (Sitte et al., 2000a,b). This lack of correlation between the
intracellular accumulation of oxidized proteins and the activity
of lysosomal enzymes sets the basis for arguments against the
lysosomal participation in removal of oxidized proteins (Sitte et
al., 2000a). However, the activity of the lysosomal proteases is
a nonlimiting step for any of the forms of autophagy. The
intralysosomal concentration of cathepsins is such that, once
substrates reach the lysosomal lumen, they are rapidly de-
graded. This makes the delivery of substrates the limiting step.
Bergamini and colleagues were one of the first groups to point
out that, if the degradation of proteins by lysosomes, instead of
the enzymatic activity of lysosomal proteases, is considered,
there is a good inverse correlation between lysosomal proteol-
ysis and intracellular content of oxidized proteins (Vittorini et
al., 1999). Our current study also supports a good correlation
between the intracellular content of oxidized proteins and the
delivery of substrate to lysosomes via CMA (binding/uptake).
We have previously shown that, in the group of lysosomes
active for CMA, the activity of most lysosomal enzymes does
not change significantly with age, and yet rates of CMA are
lower in aged cells (Cuervo and Dice, 2000a). The impaired
ability of this group of lysosomes to take up substrates in older
animals could explain why there is a lower content of oxidized
proteins in their lumen, despite the higher level of oxidized
cytosolic proteins (Figure 1B). It is unlikely that the lower levels
of oxidized proteins detected in the lysosomal lumen of old
rats, result from faster degradation of these proteins inside
lysosomes, because even when we inhibited lysosomal degra-
dation in rats, before lysosomal isolation (by i.p. of leupeptin;
our unpublished results), we still found lower content of oxi-
dized proteins in the lysosomes from the oldest animals.

The contribution of proteasomes to the removal of oxi-
dized proteins in vivo has been demonstrated by analyzing
the consequences of blocking its catalytic activity in oxidized
protein removal (Grune et al., 2002a; Hosler et al., 2003;
Shringarpure et al., 2003). This approach, however, cannot be
used to evaluate the contribution of autophagy in this pro-
cess. Even if the lysosomal proteases are inhibited (either
with specific protease inhibitors or by raising the intralyso-
somal pH), we do not expect to find changes in the cytosolic
content of oxidized proteins, because only their proteolysis,

but not their translocation into the lysosomal lumen, would
be blocked. The accumulation of undegraded products in
the lysosomal lumen can be tolerated for a long time without
affecting their translocation ability. An alternative approach
would be to directly inhibit the delivery of the substrates.
No chemical inhibitors are available to block CMA. We have
recently succeeded in blocking substrate translocation by
using RNA interference against the lysosomal receptor in
cultured fibroblasts (Massey, Kiffin, and Cuervo, unpub-
lished data). As mentioned before, these cells have a lower
resistance to oxidative stress. However, even in this system,
it is difficult to asses lysosomal versus proteasome contribu-
tion, because blockage of CMA results in changes in the
composition of the 20S/26S proteasomes and, consequently,
in its proteolytic activities (Massey, Kiffin, and Cuervo, un-
published data). Likewise, chronic inhibition of protea-
somes, similar to the one that occurs in aging, alters the
ability of the cells to activate autophagy in response to stress
(Ding et al., 2003). Although an experimental challenge, this
cross-talking among the different proteolytic systems offers
perhaps a more physiological view of what is really hap-
pening in the cells during oxidative stress. In the same way
that the relative contribution of proteasomes and lysosomes
to total protein degradation varies depending on the cell
type and on the cellular conditions (Fuertes et al., 2003),
participation of these two systems in the removal of oxi-
dized proteins is probably also dynamic. In fact, there are
now numerous examples of proteins that can be degraded
by more than one proteolytic pathway (Cuervo et al., 1998;
Lenk et al., 1999). Future studies should be directed at un-
derstanding how those fluctuations are regulated and to
identify possible ways of stimulating one system to compen-
sate for the failure of another.

Whereas during severe oxidative stress, protein aggrega-
tion and cross-linking are common events, mild oxidative
stress has been shown to generate excellent proteolytic sub-
strates (Grune et al., 1995; Gomes-Marcondes and Tisdale,
2002). Our work supports that in the case of CMA, mild
oxidation of CMA substrates facilitates not only their deg-
radation by lysosomal proteases but also their binding/
translocation across the lysosomal membrane (Figure 4A).
Although the exact mechanism behind this facilitated up-
take is still elusive, we hypothesize that protein unfolding,
likely to occur during oxidation (Imai et al., 2003), could
accelerate uptake, by diminishing the time required for sub-
strate unfolding before translocation. Oxidized substrates
were taken up faster by lysosomes even when we did not
add cytosolic hsc70 in the translocation cocktail (our unpub-
lished data). However, because the isolated lysosomes con-
tain significant amounts of hsc70 in the cytosolic side of the
membrane, we cannot discard that partial unfolding might
make the KFERQ-motif more accessible for the interaction
with hsc70 and facilitate in this way unfolding/translocation
of the substrate. Our unpublished data showing that manip-
ulations, such as partial denaturation of CMA substrates or
extensive truncation, increase their rates of uptake into ly-
sosomes via CMA (Salvador, Aguado, Cuervo, and Knecht,
unpublished data), also support the proposed facilitating
role of partial protein unfolding under mild oxidative con-
ditions. Whether the activation of CMA under these condi-
tions is a response to the presence of these partially unfolded
proteins in the cytosol, or it is mediated by other cytosolic
components generated during the oxidative stress remains
to be elucidated.

An interesting remaining question is how the cells decide
whether an oxidized protein should be degraded by the
proteasome or in the lysosomal compartment. About 30% of
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cytosolic proteins contain a KFERQ-motif, suggesting that,
in theory, this would be the subset of proteins degraded
through CMA during mild oxidative stress (Figure 1A).
However, a very intriguing idea proposed by Gracy et al.,
1998 is that some amino acid modifications, such as deami-
dation and oxidation, could result in the generation of
KFERQ-like containing motifs in proteins previously lacking
this sequence. As other targeting motifs, the KFERQ-like
motif is degenerate, resulting from the combination of a
basic, a hydrophobic and an acid residue with a fourth basic
or hydrophobic residue, flanked on either side by a glu-
tamine. Oxidation for example of a histidine to aspartic acid
could provide the acid residue necessary to complete a
KFERQ-like motif. On the other hand, the same process
could eliminate KFERQ-like motifs in proteins that normally
are substrates for this pathway, resulting in their impaired
degradation in conditions such as aging. This modification
of the targeting motif, added to the fact that CMA activity
decreases with age, could explain the lower content of oxi-
dized proteins in the lumen of CMA active lysosomes in old
rats, despite the higher levels of oxidized proteins in their
cytosol. Our laboratory is currently trying to identify
changes in the targeting motif of CMA substrates with age
using a shot-gun proteomic approach.

Particularly exciting is the finding that although activation
of CMA during oxidative and nutritional stress have the
same consequences on the levels of the lysosomal transloca-
tion components, up-regulation, at least for the lysosomal
receptor, obeys different mechanisms. During starvation
CMA is activated to supply the cells with amino acids re-
quired for the synthesis of essential proteins. Under these
conditions, de novo synthesis of lamp2a to increase CMA
rates is probably not a reasonable option due to the shortage
of amino acids. Instead, more conservative mechanisms
(down-regulation of lamp2a degradation and intralysoso-
mal relocation) are adopted (Cuervo and Dice, 2000b). If
oxidative damage takes place under normal nutritional con-
ditions, as the supply of amino acids would not be compro-
mised, de novo synthesis of lamp2a is up-regulated to acti-
vate CMA (Figure 7C). De novo synthesis might be
advantageous under these conditions, because it provides a
faster mechanism for CMA activation.

In conclusion, we have identified for the first time a role of
CMA as part of the oxidative stress response. Because CMA
activity is severely impaired during aging, we hypothesize
that part of the accumulation of oxidized proteins observed
in old organisms may result from the malfunctioning of
CMA. Future efforts aimed to restore normal CMA activity
in old cells would help to understand the relevance of the
cross-talk among different proteolytic pathways, and the
compensatory mechanisms activated when the activity of
one or more of these pathways is compromised.
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