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Cathepsin D is one of the major enzymes involved in intracellular
degradation of AGE-modified proteins
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Abstract

Oxidized and cross-linked modified proteins are known to accumulate in ageing. Little is known about whether the accu-
mulation of proteins modified by advanced glycation end products (AGEs) is due to an affected intracellular degradation.
Therefore, this study was designed to determine whether the intracellular enzymes cathepsin B, cathepsin D and the 20S
proteasome are able to degrade AGE-modified proteins iz vizro. It shows that AGE-modified albumin is degraded by cathe-
psin D, while cathepsin B was less effective in the degradation of aldehyde-modified albumin and the 20S proteasome was
completely unable to degrade them. Mouse primary embryonic fibroblasts isolated from a cathepsin D knockout animals
were found to have an extensive intracellular AGE-accumulation, mainly in lysosomes, and a reduction of AGE-modified
protein degradation compared to cells isolated from wild type animals. In summary, it can be assumed that cathepsin D plays
a significant role in the removal of AGE-modified proteins.
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Abbreviations: BSA, bovine serum albumin; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; HEPES,
4-(2-hydroxyethyl) -1-piperazineethanesulphonic acid; MCA, 7-amino-4-methylcoumaring MOCA, (7-methoxycoumarin-
4-yD acetyl; MOCA-GKPILFFRLK (Dnp)-RNH,, MOCA~gly-lys-pro-ile-leu-phe-phe-arg-leu-lys (dinitrophenyl) -arg-NH ,;
MTT, [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2 H-tetrazolium bromide]-reduction; SUC-LLVY-MCA, succinyl-leu-leu-
val-tyr-7-amino-4-methylcoumarin; z-FR-MCA, z-phe-arg-MCA.

Introduction accumulation of AGE-modified proteins and therefore

In the Maillard reaction, accessible free amino groups
of proteins are sensitive to react with reducing sugars
or aldehyde/ketone adducts to form Schiff base and
Amadori products [1]. This non-enzymatic reaction
includes several glycation and oxidation processes.
After some time, Amadori products undergo further
modifications and irreversible so-called advanced
glycation end products (AGEs) are produced [1].
High protein turnover and a short half-life of many
intracellular proteins can make them less prone to

these molecules might escape from the accumulation
of glycated adducts. However, under certain condi-
tions like ageing and some pathological conditions
such as hyperglycaemia, especially long lived extracel-
lular proteins lead towards enhanced glycation reac-
tions. However, not only the half-life of proteins is
important for the modification with AGEs, but also
structural pre-requisites, as recently shown [2].

In the case of modification, AGEs alter the struc-
ture and function of proteins and may therefore
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contribute to the pathogenesis and diverse complica-
tions observed in diseases. In fact, several pathologies
are known for their accumulation of modified pro-
teins in the extracellular space, like arteriosclerosis,
cataract formation and additionally in ageing [3].
Cellular interactions with AGE-modified proteins
are known to provoke a number of biological responses,
not only endocytosis, but also induction of cytokines
and growth factors, which are linked to the develop-
ment of the pathologies mentioned above [1]. Endo-
cytosis itself is well characterized and mediated by
several receptors. However, the exact receptor system,
which is involved in the specific intracellular uptake of
AGE:s, depends on the cell type. Several AGE-binding
proteins have been identified, like the RAGE (receptor
for advanced glycation end products) receptor [4,5],
CD36 (a scavenger receptor which belongs to scaven-
ger receptor family type B) [6], macrophage scavenger
receptor A I and II (belonging to the scavenger recep-
tor family type A) [7,8] and the receptor complex p60,
p90 and galectin-3 [7,9]. Some of them are respon-
sible for endocytosis and/or for the specific cell signal-
ling triggered by binding to AGEs. For instance, the
scavenger receptor CD36 has been identified as play-
ing an important role in the uptake of oxidized protein
substrates and AGE-modified albumin [10].There are
some further investigations which describe an observed
uptake via receptors like CD36 and macrophages
scavenger receptor A and subsequent degradation of
125]_.AGE-BSA [11,12]. For the RAGE receptor it still
remains to be determined if it is involved in endocy-
tosis or if its role is limited to signal transduction.
Even though there are specific receptors which
may fulfil the endocytosis of AGEs, it is obscure if
AGE-modified proteins can be degraded and to what
extent. Only a few data exist about a possible prote-
olytic process of AGEs [11,12], but the exact mecha-
nisms are inexplicit. Based on these observations, it
can be assumed that, after the specific recognition by
receptors and internalization, extracellular glycated
proteins can be removed. However, it is not known
which proteases are involved in this possible process.
Therefore, we designed this study to investigate the
role of several proteases in the degradation of AGE-
modified albumin. Two proteolytic systems can be
taken into considerations, the lysosomes and the pro-
teasome. Once compounds from the extracellular
space are internalized, they are located in early and
late endosomes, followed by the formation of terminal
lysosomes which are specific for their decline in the
internal pH and the liberation of active proteases
[13]. Lysosomes are responsible for the degradation
of diverse materials from extracellular space through
endocytosis or phagocytosis, as well as from the
cytoplasm through autophagy [14]. The main pro-
teases in lysosomes are the cathepsins, which can be
sub-divided into three groups according to the amino
acid that confers the catalytic activity in the active

site. The 11 human cysteine cathepsins are cathep-
sins B, C, F, H, K, L, O, S, V/L2,W and X/Z/P. The
amino acid aspartic acid characterizes cathepsin D
and serine cathepsins are cathepsin A and G [15].

The cathepsins participate in numerous physio-
logical processes such as protein degradation, regula-
tion of signal transduction and hormone processing,
antigen presentation and storage of cellular waste
products and therefore play a key role in normal cell
functions [16-18]. Numerous studies indicate that
disturbed protein degradation leads to lysosomal
aggregate—accumulation during ageing and these
structures are a common feature in neurodegenera-
tive diseases [19-21].

Another proteolytic complex, located in the cytosol
and nucleus, is the proteasome [22]. The proteasome
is responsible for the degradation of intracellular dam-
aged proteins and general protein turnover [23]. Two
forms of the proteasome exist. The 20S proteasome is
ubiquitin- and ATP-independent and involved in 70—
80% of the degradation of mildly oxidized proteins,
whereas the 26S proteasome, formed upon the asso-
ciation of the 19S regulatory complex with the 20S
catalytic core, is in general associated with ubiquitin-
and ATP-dependent proteolytic pathways [23,24]. An
age-related decline in the protease activities of the 20S
and 26S proteasome has been reported to contribute
to the accumulation of highly oxidized and aggregated
proteins in the cytosol [25].

To explain the role of several proteolytic systems,
we decided to use the proteasome, as well as some
cathepsins (cathepsin D and cathepsin B), as their role
in the degradation of age-related plaques, especially
amyloid-beta protein, is well described [26-28]. We
compared the obtained results with some proteases
from the gastro-intestinal system, as it is known that
AGEs can be taken up via nutrition [29]. Based on
the first results of this study, we used mouse embry-
onic fibroblasts isolated from lysosomal enzyme cathe-
psin D knockout animals to further clarify the role of
this enzyme in the degradation of AGE-modified pro-
teins. In addition to that we tested whether the uptaken
AGE-modified proteins are mainly located in the
endosomal-lysosomal compartment.

Materials and methods
Chemicals and materials

Dulbecco’s modified Eagle’s medium (DMEM),
RPMI 1640 medium, foetal calf serum, penicillin
(10 000 E) and streptomycin (10 000 pg/ml) (P/S)
were purchased from Biochrom (Berlin, Germany).
LysoTracker Blue DND-22 was from Molecular
Probes, Invitrogen (Karlsruhe, Germany). Other
chemicals were of the best grade available from
Sigma-Aldrich (St. Louis, MO, USA) or Roth
(Karlsruhe, Germany).

RIGHTS LI N Kdx



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/05/11
For personal use only

Preparation of AGE-modified bovine serum albumin

Sugar-modified bovine serum albumin (BSA) was
prepared as previously described by Stolzing at al.
[30] and aldehyde-modified BSA was produced
according to Nagai et al. [31] and Mikulikova et al.
[32]. Briefly, 1 mM of fatty acid-free bovine serum
albumin (BSA) was dissolved in 0.5 M sodium phos-
phate buffer (PBS, pH 7.4) with various concentra-
tions of D-glucose, D-fructose, D-ribose, glyoxal and
methylglyoxal. These preparations were sterilized by
ultra filtration and incubated at 37°C for 6 weeks
(sugars) or 1 week (aldehydes), followed by dialysis
against PBS over 24 h. During this incubation time,
oxygen was present as it may also play a role in the
formation of AGEs i vivo. Metal ions were present
in the substrates in just a very small amount (under
10 ppm) according to the certifications of analyses.
AGE-modification grade of BSA was determined by
optical density, fluorescence and cross-linking accord-
ing to Stolzing et al. [30] and protein carbonyl forma-
tion was measured as described by Buss et al. [33]
with modifications by Sitte et al. [34]. Additionally,
protein content was measured by the Bradford assay,
using BSA as standards.

Degradation of AGE-modified BSA by proteases

Measures of 250 mM of glucose-, fructose- or ribose-
modified albumin as well as 20 mM of glyoxal- or
methylglyoxal-modified albumin were incubated with
the pure proteasome (20S), cathepsin D, cathepsin
B, pepsin, trypsin, chymotrypsin and proteinase K.
This method was modified according to Reinheckel
et al. [35]. The final concentration of the enzymes
and substrates was previously tested out in order to
determine the optimal degradation rate. This optimal
degradation rate was calculated as 30% from the
maximum degradation rate of unmodified albumin,
where further increased enzyme concentrations did
not show any influence. Based on this 30% degrada-
tion rate of unmodified albumin, we could easily see
any possible difference in the degradation (increased
or decreased) of AGE-modified albumin. The ratio
of enzyme:substrate for 30% degradation was deter-
mined for each enzyme.

The samples were incubated for 2 h at 37°C, fol-
lowed by the measurement of free NH,, detected via
fluorescamine [35]. The fluorescence intensity was
measured at 360 nm excitation and 460 nm emission
in a fluorescence reader and the NH,-concentration
was calculated using glycine as standards.

Cell culture

Mouse embryonic fibroblasts (MEF) were obtained
from cathepsin D deficient mice and wild-type
littermates backcrossed to the C57BL/6 genetic
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background [36,37]. Briefly, the MEF were prepared
from individual embryos at embryonic day 13.5. The
head and internal organs were removed and the torso
was minced and dispersed in 0.25% trypsin (Gibco/
Invitrogen, Karlsruhe, Germany) for 15 min at 37°C.
Cells were collected by centrifugation, plated on plas-
tic cell culture dishes and grown to confluence in
DMEM containing 10% inactivated foetal calf serum,
2 mM L-glutamine, 100 IU/ml penicillin and 100
pg/ml streptomycin. At this stage, cell numbers were
determined by counting trypan blue excluding viable
cells and this number was set as reference for deter-
mination of population doublings. They were pas-
saged every 2 weeks and medium was changed twice
weekly. Cells of a population doubling level 5-18 were
used for the experiments.

Proteasomal and lysosomal activity

Activity of the 20S proteasome was assayed as
described previously by Stolzing et al. [30] with
minor modifications. In brief, cells were washed
twice with phosphate buffered saline (PBS) and
detached using trypsin/EDTA. The cell suspension
was centrifuged for 5 min at 900 X g and lysis buffer
(250 mM sucrose, 25 mM HEPES, 10 mM magne-
sium chloride, 1 mM EDTA and 1.7 mM DTT) was
added to the pellet. Cells were lysed using a syringe,
followed by repeated freeze—thaw cycles. Afterwards,
cell lysates were centrifuged at 14 000 X g for 30 min
and the supernatant was used for the determination
of protein content with Bradford assay and protea-
somal activity. For proteasomal activity, the superna-
tant was incubated in 225 mM Tris buffer (pH 7.8),
45 mM potassium chloride, 7.5 mM magnesium
acetate, 7.5 mM magnesium chloride and 1 mM
DTT. As a substrate for the chymotrypsin-like pro-
teasomal activity the fluorogenic peptide suc-LLVY-
MCA was used. Samples were incubated for 30 min
at 37°C, followed by MCA liberation measurement
with a fluorescence reader at 360 nm excitation and
460 nm emission. Free MCA was used as standards
for quantification. The 20S proteasome was isolated
according to Hough et al. [38].

Measurement of the lysosomal activity was previ-
ously described by Sitte et al. [39]. This method is
similar to the above one for proteasomal activity
except for the preparation of the cell lysates. Cells
were harvested and incubated for 1 h in 1 mM
DTT at 4°C under vigorous shaking. Lysates were
sonicated for 2 min using SONOPLUS GM70 on
ice. The cell lysates were incubated in 50 mM
sodium acetate, 8 mM cysteine-hydrochloride and
1 mM EDTA pH 4.0. For lysosomal cysteine cathe-
psins (mainly cathepsin B and L) the substrate
z-FR-MCA (Bachem, Germany) was used and the
MUCA liberation was measured with a fluorescence
reader at 360 nm excitation and 460 nm emission.
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For cathepsin D and E activity, the substrate MOCA-
GKPILFFRLK(Dnp)-RNH, (Biomol, Germany)
was used and MOCA liberation was measured at
360 nm excitation and 460 nm emission. The libera-
tion of MCA and MOCA was calculated by a calibra-
tion curve with MCA or MOCA (Biomol, Germany)
standards.

Cell viability

The assessment of viability, based on the mitochon-
drial function, was performed by the reduction of
soluble MTT  (3-[4,5-dimethylthiazol-2yl]-2-5-
diphenyltetrazolium bromide) into an insoluble for-
mazan reaction product [40]. For this assay, cells were
incubated for 24 h with different concentrations of
AGE-modified albumin, followed by replacement of
medium with MTT (0.17 mg/ml in medium). After
2 h incubation, cells were solubilized in dimethylsul-
phoxide (DMSO), 10% sodium dodecyl sulphate
(SDS) and 0.6% acetic acid. The optical density of
the formazan product was measured at 590 nm with
a microplate reader. Viability is expressed in percent-
age to wild type control (100%) with the same amount
of pure BSA.

Flow cytometry

For the detection of autofluorescence in AGE-treated
wild type and knockout fibroblasts, cells were incu-
bated for 24 h with glyoxal- or methylglyoxal- (2 mM
aldehyde concentration), as well as glucose-, fructose-
or ribose-modified (each sugar in a 25 mM concen-
tration) albumin. Cells (1X 109 were washed three
times with ice-cold PBS, scraped and suspended in
PBS. The cells were analysed by flow cytometry using
a FACScan cytometer (Epics XL, Beckman Coulter,
CA, USA). A total of 20 000 cells were counted for
each FACS analysis. As a control, cells without addition
of AGE-modified albumin were measured, in order to
determine the autofluorescence of untreated cells.

Immunofluorescence microscopy

Cells were incubated with glyoxal-modified BSA (gly-
oxal concentration: 2 mM) for 7 h, followed by an
addition of 75 nM LysoTracker Blue DND-22
(Molecular Probes, Invitrogen) according to the man-
ufacturer’s instruction. After 1 h incubation, cells
were washed twice with ice-cold PBS and examined
on a fluorescence microscope (Zeiss ‘Axioplan’ fluo-
rescence microscopy). Due to the fact that LysoTracker
Blue and the autofluorescence of AGEs had different
excitation/emission filter sets, it was possible to anal-
yse both channels. An overlay of the different records
was done with the software program Adobe Photo-
shop CS3.

Statistical analysis

Data are presented as mean=*SD. Significance of
differences was tested using ANOVA, Bonferroni’s
multiple comparison test, considering p < 0.05 as
significantly different.

Results
Characterization of advanced glycation end products

In the Maillard reaction—also called browning
process—mainly proteins react with sugars or alde-
hydes to form Schiff bases, followed by Amadori prod-
ucts. These early products are converted into advanced
glycation end products after some incubation, which
can be characterized physico-chemically using absor-
bance, fluorescence, intra- and intermolecular cross-
linking and finally by the formation of the oxidation
product protein carbonyls (Figure 1). Figure 1A shows
the optical density of AGE-modified albumin, depend-
ing on the browning reaction, after 6 weeks incubation
of sugars and 1 week of aldehydes with BSA. Traces of
oxygen and metal ions were not removed, but during
the incubation no additional oxygen was allowed. The
light grey column represents BSA protein incubated
without sugars and was taken as a control. All the other
modifications were calculated according to the BSA
control. We detected an increase in the optical density,
on average more than 2-fold higher than in the BSA
control solution based on the absorbance properties of
the AGE-adducts. In Figure 1B, the fluorescence of
different modified BSA at 460 excitation and 530 nm
emission is demonstrated. This fluorescence qualifica-
tion can be attributed to the formation of ring struc-
tures during the browning reaction [34,41]. In further
analysis we tested whether the incubation of sugars or
aldehydes with BSA resulted in an increase in protein
cross-linking (Figure 1C). For this, we performed an
electrophoresis and detected that ribose-, fructose-
and methylglyoxal-modified albumin formed high-
molecular-weight protein aggregates. In contrast to
them, glucose- and glyoxal-modified albumin showed
less formation of aggregated proteins. As it is known
that the AGE formation might be accompanied by oxi-
dation reactions, we additionally investigated the for-
mation of a protein oxidation product, the protein
carbonyl groups (Figure 1D). As demonstrated, there
is an increase in protein carbonyl groups after modifi-
cation of BSA with sugar or aldehydes as compared
with pure albumin.

Degradarion of AGE-modified proteins by intracellular
and gastro-intestinal proteases

In the following we tested whether these formed
albumin-AGEs can be degraded by major intracel-
lular proteases. In Figure 2 the results of degradation
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Figure 1. Physico-chemical characterization of advanced glycation end products (AGE). AGEs are formed by incubating bovine serum
albumin (BSA) with the indicated concentrations of glucose (Glc), fructose (Fru), ribose (Rib), glyoxal (G) and methylglyoxal (MG) as
described in the Methods section. The results of the browning reaction were determined by measuring the absorbance at 300 nm (A).
Further the AGE-modified albumin were characterized by fluorescence at 460 excitation and 530 nm emission (B), the formation of
intermolecular cross-links by electrophoresis (C) and the formation of protein-bound carbonyl groups (D). For the calculation in (C), we
determined the pixel intensities for two areas of each lane on the gel. The first area included the field of 100-150 kDa and the second
region was set at ~ 75 kDa. All data reflect the mean=SD of the independent experiments. Statistical significance between BSA and BSA-
modified AGEs is indicated as (=3, p < 0.001, ANOVA, Bonferroni’s multiple comparison test) and “*(n=3, p < 0.01, ANOVA,

Bonferroni’s multiple comparison test).

attempts of three different intracellular proteases,
including 20S proteasome (Figure 2A) and the
lysosomal aspartic pepsin like-protease cathepsin D
(Figure 2B) and the cysteine protease cathepsin B
(Figure 2C) are shown. As shown in Figure 2A, native
bovine serum albumin (BSA) represents a very poor
substrate for the 20S proteasome. Interestingly, also
the modified BSA could not be degraded by this pro-
teolytic system. For positive control of the activity of
the 20S proteasome, we compared the degradation of
oxidized BSA to non-oxidized BSA, and we could
observe a significant 5-fold higher degradation rate of
oxidized BSA compared to non-oxidized BSA. Next
we determined the degradation of AGE-modified albu-
min by cathepsin D after determining the optimal deg-
radation rate (see Methods) (Figure 2B) and cathepsin
B (Figure 2C). Both enzymes are able to degrade
sugar- and aldehyde-modified BSA to some extent.
Although these proteases did not show an enhanced
degradation rate, was demeonstrated for the 20S pro-
teasome in the case of oxidized proteins, there is some
remaining degradation for the sugar-modified BSA

and in the case of cathepsin D also for the aldehyde-
modified BSA. In any case this degradation is much
more effective than that of the 20S proteasome. Since
cathepsin D is more effective than cathepsin B in the
case of aldehyde-modified BSA, we concluded that
cathepsin D is one of the major enzymes involved in
the degradation of AGE-modified proteins.

Since we were successful in determining cathepsin
D as a potential enzyme degrading intracellular AGE-
BSA we decided to test whether other proteases are
also able to do so. So we used some gastro-intestinal
proteases, as it is known that AGEs can also be taken
up via nutrition [29] and proteinase K as a widely
experimentally used serine protease with a broad sub-
strate specificity.

The results of the degradation ability of pepsin,
trypsin, chymotrypsin and proteinase K are shown in
Figure 3. Both pepsin and proteinase K are able to
degrade AGE-modified albumin (Figures 3A and D,
respectively), however, trypsin and chymotrypsin
exert a lower degradation-capability (Figures 3B and
C, correspondingly).
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Figure 2. Degradation of AGE-modified albumin by intracellular proteases. Glucose (Glc), fructose (Fru) and ribose (Rib)-modified
albumin (grey columns), methylglyoxal (MG) and glyoxal (G)-modified albumin (black columns) as well as unmodified albumin (BSA,
1 mg/ml, light grey columns) were incubated with isolated 20S proteasome (A), cathepsin D (B) and cathepsin B (C). The proportion
of enzyme and substrate was established in additional experiments, taking a maximal degradation as readout (data not shown), described
in Methods section. The enzyme-to-substrate ratio depicted here was in (A) 1:15 (w/w), in (B) 1:25 (w/w) and (C) 1:5 (w/w). The
samples were incubated for 2 h at 37°C, followed by the measurement of free NH, as an indicator of protein degradation, as described
in Methods. The inserted diagram in (A) shows the proteasomal degradation of oxidized and non-oxidized BSA, whereas oxidized
protein was calculated according to the 100% control (light grey column). All data reflect the mean = SD of four independent experiments.
Statistical significance between BSA and BSA-modified AGEs is indicated as **(z=3, p < 0.001, ANOVA, Bonferroni’s multiple
comparison test), “*(n=3, p < 0.01, ANOVA, Bonferroni’s multiple comparison test) and “(n=3, p < 0.05, ANOVA, Bonferroni’s

multiple comparison test).

Degradation of glyoxal-modified albumin
by cathepsin D

In our i vitro assays we were able to show that several
proteases are able to degrade AGE-modified BSA.
Most importantly, we could identify cathepsin D as a
potential intracellular protease responsible for the
AGE-protein degradation. Therefore, we were won-
dering if the observed degradation of AGE-BSA is
dependent on the degree of modification and of the
time of the enzyme action. As demonstrated in Figure
4A, we could find that high amounts of glyoxal-
modification to albumin (to 100 mM) can also be
degraded by cathepsin D. It seems that there is no
strong modification-dependent decrease in the degra-
dation capability. Furthermore, we incubated glyoxal
(20 mM)-modified albumin for 2, 8 and 24 h with
cathepsin D and determined the degradation rate and
the remaining protein cross-links (Figures 4B and C).
The major degradation takes place within the first 2
h, as only some small amounts of protein remained.
Further incubation (8 or 24 h) did not influence the
breakdown of this modified albumin dramatically.

Characteristics of wild type and cathepsin D knockout
fibroblasts

After showing that cathepsin D is able to degrade
AGE-BSA almost independently from the degree of
modification in the time scale of several hours, we
raised the question of whether this is also true in
living cells. Our working hypothesis was that cathe-
psin D is playing a major role in the degradation of
AGE-proteins. Consequently, a lack of cathepsin D
should lead to a dramatic impairment of AGE-protein

breakdown and perhaps to an accumulation of such
modified proteins, most likely in the endosomal—
lysosomal compartment.

Therefore, we used isolated murine embryonic
fibroblasts from wild type and cathepsin D knockout
animals to test in these cells the fate of AGE-BSA. In
both cell clones we tested first the cell proliferation,
detecting that that cathepsin D knockout cells exhibit
a lower population-doubling rate (PD) compared to
wild type cells (Figure 5A). After ~ 90 days wild type
cells passed into a stationary phase. As the population
curve was nearly linear between PD 5 until PD 18
(equivalent to day 20 until day 60), only cells in this
time period were used for the experiments.

Furthermore, we tested the activity of the major
proteolytic systems in both cell types. As expected,
the lysosomal activity, measured by a substrate for
cathepsin D, was significantly reduced in cathepsin D
knockout cells (Figure 5C), indicating that malfunc-
tion of this enzyme has an influence on the activity of
lysosomes. Interestingly, we also found that the lyso-
somal activity for cathepsin B and L as well as the
20S proteasomal activity was somewhat decreased in
these cells (Figures 5B and D).

Cell viabiliry after incubation with different
concentrations of modified albumin

Before starting to investigate the accumulation of
AGE-BSA in the used cell clones, we studied the
influence of the different modified BSA in several
concentrations on cell viability (Table I). Wild type
cells, incubated with unmodified BSA specified at
a concentration of 0 mM treatment as it was not
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Figure 3. Degradation of AGE-modified albumin by extracellular proteases. Glucose (Glc), fructose (Fru) and ribose (Rib)-modified
albumin (250 mM), methylglyoxal (MG) and glyoxal (G)-modified albumin (20 mM) as well as unmodified albumin were incubated with
pepsin (A), trypsin (B), chymotrypsin (C) and proteinase K (D). The proportion of enzyme and substrate was in (A) 1:20 (w/w), (B) 1:25
(w/w), (C) 1:25 (w/w) and (D) 1:100 (w/w). These mixtures were incubated for 2 h at 37°C, followed by the measurement of free NH,
as an indicator of protein degradation. All data reflect the mean=®SD of four independent experiments. Statistical significance between
BSA and BSA-modified AGEs is indicated as “*(n=3, p < 0.001, ANOVA, Bonferroni’s multiple comparison test), “*(n=3, p < 0.01,
ANOVA, Bonferroni’s multiple comparison test) and *(n=3, p < 0.05, ANOVA, Bonferroni’s multiple comparison test).

incubated with sugars or aldehydes, were defined to
100% viability. The cells were incubated with albumin
modified by AGE to various degrees for 24 h fol-
lowed by the MTT assay. We could demonstrate that
none of the used AGE-modified albumin suppressed
cell viability, neither in wild type nor in knockout
fibroblasts to a great extent. None of the modified
aldehydes were able to decrease the viability by more
than 30%. Such moderately influenced cell viability
was observed after treatment with ribose- and glyoxal-
modified albumin. Additionally, we could not see any
difference between the two cell clones in cell viability.
Thus, these different modified BSA could be used in
further cell-culture studies.

Accumulation of modified albumin in wild type and
cathepsin D knockout fibroblasts

An accumulation of AGEs was determined in wild
type and cathepsin D knockout cells, using the auto-
fluorescence of AGEs. For each sample, 20 000 cells
were detected by flow cytometry and measured

for their specific AGE-emission capability. Notably,
cathepsin D knockout cells exerted an almost 1.5-fold
higher autofluorescence than the wild type cells from
the same population doubling rate without incubation
of AGE-modified albumin (indicated as ‘0 h’ sample).
This increased autofluorescence indicates perhaps an
accumulation of oxidized cross-linked material result-
ing from normal metabolism, which is not degraded
due to the lack of cathepsin D activity.

Interestingly, if cathepsin D knockout fibroblasts
were incubated with 2 mM glyoxal- or methylgloxal-
modifed albumin, a significant increase in the accu-
mulation of autofluorescent AGEs was observed
(Figures 6A and B). This time-dependent accumula-
tion was more pronounced in the knockout cells
compared with the wild type fibroblasts, whereas this
difference was not seen in glucose- and fructose-
modified albumin, whereas ribose-modified BSA
showed the same accumulation as the aldehyde-
modified albumin. This is in accordance with the
differences in fluorescence intensity of the modified
BSA (see Figure 1).

RIGHTS LI N Kdx



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/05/11
For personal use only

1020 S. Grimm et al.

Table I. Cell viability after incubation with different concentrations
of modified albumin.

Ribose-AGE  Fructose-AGE  Glucose-AGE
Concentration

(mM) Wt D /- Wt D /- Wt D /-
0 100.0 98.5 100.0 99.6 100.0 99.4
5 77.4 76.0 84.9 84.6  92.7 95.3
25 71.4  71.1 87.8 97.1 93.3 87.3
100 83.7 73.9 92.7 103.5 86.4 92.1
Glyoxal-AGE Methylglyoxal-AGE

Wt D /- Wt D —/-

0 100.0 98.5 100.0 99.6
2 77.4 76.0 84.9 84.6
10 71.4 71.1 87.8 97.1

Viability of wild type (Wt) and cathepsin D knockout cells (D —/-)
after 24 h incubation with modified albumin was measured by the
MTT assay. As a control, wild type cells incubated with non-
modified albumin (0 mM) were defined as 100% alive, whereas the
other samples were calculated according to the control.

Localizartion of glyoxal modified albumin in fibroblasts

Since we found in untreated cathepsin D knockout
fibroblasts and in the fluorescent AGE-loaded cells
a higher autofluorescence than in the corresponding
wild type cells, it seemed important to find out

whether this increased autofluorescence is due to
accumulating cross-linked material. Since it is known
that such material is accumulating in the lysosomes
[42], we performed a fluorescence microscopic
investigation of the cells, studying the localization of
glyoxal-AGEs in cells. For this, we incubated wild
type and cathepsin D knockout cells for 7 h with
glyoxal-BSA modified with 2 mM of glyoxal. The
results obtained from fluorescence microscopy con-
firmed that cathepsin D knockout cells treated with
AGE-modified albumin exert a higher autofluores-
cence, as measured by FACS analysis (Figure 7).
Therefore, the amount of autofluorescent AGEs in
these impaired cells revealed that this phenomenon
was due to an enhanced AGE-accumulation in the
cytosol or lysosomes (Figure 7B). In order to elu-
cidate the localization of AGE-accumulation, we
used the lysosomal dye LysoTracker Blue and
stained lysosomes in wild type and cathepsin D
knockout cells (Figure 7C). An overlay of Figures
7B and C, resulting in colour addition, indicated
the co-localization of lysosomes and AGEs (shown
as white regions) (Figure 7D). This co-localization
is more obvious in knockout cells, as the amount of
AGE-accumulation is significantly higher. Despite
the fact that AGEs are localized in lysosomes, not
every lysosome in cells was loaded.
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Figure 4. Degradation of glyoxal-modified albumin by cathepsin D. (A) The modification-dependent glyoxal-modified albumin
degradation after 2 h incubation with cathepsin D at 37°C. BSA was modified by the indicated concentrations of glyoxal as described
in the Methods section. The ratio of enzyme-to-substrate was 1:25 (w/w). The content of free NH, was determined as a marker of
protein degradation described in Methods. (B) The time-dependent degradation of 20 mM glyoxal-modified albumin by cathepsin D
over a time period of 24 h. The content of free NH, was determined as a marker of protein degradation. ‘0 h’ shows the sample without
any degradation by cathepsin D. (C) The time-dependent degradation of the same conditions described in (B). Electrophoresis was
used to determine the extent of the remaining protein. A SDS-PAGE system using a 10% gel was performed and detected by Coomassie
staining. The intensities of the lanes around 75 kDa were determined by the software program Corel Photopaint 11. The ‘0 h’ sample
was set as 100% intensity, whereas the other probes were calculated in relation to the control. Statistical significance between undegraded
glyoxal-modified albumin (‘0”) and glyoxal-modified albumin incubated with cathepsin D is indicated as “*(n=3, p < 0.001, ANOVA,

Bonferroni’s multiple comparison test).
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Figure 5. Characteristics of wild type and cathepsin D knockout fibroblasts. (A) The proliferation curve of mouse embryonic fibroblasts
isolated from wild type and cathepsin D knockout animals, measured as population doublings (PD) over 90 days. For the experiments,
cells between PD 5 and 18 were used (indicated by the rectangle). (B) The MCA liberation from the fluorogenic substrate suc-LLVY-
MCA, which characterizes the chymotrypsin-like activity of the f5-proteasomal sub-unit, is shown. (C) The lysosomal activity of cathepsin
D and E was measured with the substrate MOCA-GKPILFFRLK(Dnp)-RNH, by the MOCA liberation and (D) the fluorogenic peptide
z-FR-MCA, which is cleaved mainly by cathepsin B and L was used to characterize the lysosomal activity of wild-type and cathepsin D

knockout cells. Statistical significance between the lysosomal and proteasomal activity of wild type and knockout cells is indicated as

test).

Discussion

Cells which are very rarely (or never) replaced
during the lifetime of an organism are sensitive for
accumulation of biological waste materials like lipo-
fuscin, irreversible damaged mitochondria and aber-
rant proteins such as AGEs and other indigestible
protein aggregates [43,44]. This leads to a functional
impairment and at worst to cell death [44]. This pro-
gressive decline is known as one of the major factors
in ageing [43-45].

Additionally to ageing, the formation of indiges-
tible protein aggregates is involved in a number

“““ (n=3, p < 0.01, ANOVA, Bonferroni’s multiple comparison test) and

(n=3, p < 0.001, ANOVA, Bonferroni’s multiple comparison

of age-related diseases [43,45]. For instance,
Alzheimer’s disease is characterized by the aggre-
gation of the tau-protein in neurofibrillary tangles
and the formation of extra-neuronal B-amyloid
plaques [46]. AGEs are found on many age-related
protein aggregates, such as amyloid plaques and
neurofibrillary tangles, and it could be shown by
others that plaque formation is significantly acceler-
ated by cross-linking through AGEs [47]. The con-
sequence of AGE-mediated protein cross-linking is
the contribution to age-related malfunction of cells
and tissues [43].
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Figure 6. Accumulation of modified albumin in wild type and cathepsin D knockout fibroblasts. The fluorescence of fibroblasts was
measured with flow cytometry (488 nm excitation/620 nm emission). The autofluorescence of wild type fibroblasts and without addition
of AGE-modified albumin was set as 100% intensity. (A—E) The fluorescence intensity of fibroblasts after incubation with AGE-modified
albumin over a time period of 24 h is demonstrated. BSA was modified with 25 mM glyoxal (A) or methylglyoxal (B), whereas 250 mM
glucose (C), 250 mM fructose (D) or ribose (E) were used. Statistical significance between the fluorescence intensity of wild-type cells
compared to knockout cells is indicated as *(n=3, p < 0.05, ANOVA, Bonferroni’s multiple comparison test).

It can be assumed that impaired structures, which
accumulate during ageing, are due to a decreased
turnover by the cellular proteolytic systems. Already
10 years ago, it was presumed by Munch et al. [47]
that AGE formation causes cross-linking of proteins
which are resistant to proteases and leading therefore
to accumulation and protein deposition. In agree-
ment with this hypothesis, Bulteau et al. [48] demon-
strated that n(g)-carboxymethyl-lysine (CML), a
known AGE-structure, is resistant against the 20S
proteasome degradation [49], a result we could con-
firm here. Further results were obtained from Cer-
vantes-Laurean et al. [50] using glyoxal to modify
histones, in order to investigate whether the nuclear
proteasome is influenced. Glyoxal-modified histones
have been found to activate nuclear proteasome activ-
ities, whereas the total cellular proteasome activity
was decreased [50]. Additionally, it is reported by
others that the degradation of pyralline-modified
albumin, a known AGE-structure, is diminished in
comparison to unmodified albumin, in a macrophage-
like cell line. According to them, there was a rest
activity of lysosomal enzymes of ~60% [51]. In sum-
mary, these results demonstrated a decline in protea-
somal and lysosomal activity due to AGEs.

On the other hand, several reports demonstrate a
potential degradation of AGE-modified proteins.
Araki et al. [11] previously described an endocytotic
uptake and degradation of AGEs in Chinese ham-
ster ovary cells, over-expressing the macrophage
scavenger receptor (MSR). They reported a clearly
mediated endocytotic uptake and degradation of
AGEs through this MSR. Saito et al. [52] used
cloroquine, a membrane-diffusible reagent which
raises pH in intracellular components and leupep-
tin, a membrane-diffusible proteinase inhibitor. They
reported that both reagents significantly suppressed
125]_AGE-BSA degradation and, therefore, confirmed
the endocytosis and lysosomal degradation of AGE-
BSA. Earlier work of our group demonstrated that
internalized glycated proteins can be degraded by
cells to some extent [30].

Based on these observations we characterized the
degradation of various AGE-modified BSAs by several
proteases. For this we chose lysosomal proteases, the
20S proteasome as well as major gastrointestinal pro-
teases (i.e. trypsin, chymotrypsin and pepsin) and the
subtilisin-like proteinase K. We could confirm the
principal ability of proteases to degrade AGE-BSA.
The most efficient intracellular protease was cathepsin
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Figure 7. Localization of glyoxal-modified albumin in fibroblasts. Wild-type and cathepsin D knockout cells were incubated with 20 mM
glyoxal-modified BSA for 7 h. (A) The transmission light microscopy image. The autofluorescence of glyoxal-AGEs in cells was investigated
by fluorescence microscopy (B). The lysosomes in these cells were stained with 75 nM of a lysosome tracker (LysoTracker Blue DND-22)
(C). (D) An overlay of lysosomal staining and autofluorescence signals. The red channel represents the autofluorescence, the light blue
the lysosomes, whereas the white signal is showing the overlapping of both intensities.

D followed by pepsin and proteinase K in the degrada-
tion of AGE-modified albumin. Interestingly, pepsin
and cathepsin D are structurally related and belong to
the same family of aspartic proteases (Clan AA, fam-
ily Al) consisting of potent endopeptidases, most of
which are most active at acidic pH [15,49].This acidic
pH may not only foster the most active and stable
conformation of these proteases but denaturation of
AGE-modified proteins in an acidic environment is
likely to increase the accessibility of peptide bonds for
the cleaving proteases.

As revealed in earlier studies oxidized proteins
are preferentially degraded by several proteases (i.e.
trypsin, chymotrypsin, 20S proteasome) compared
with their non-oxidized forms [23], we could demon-
strated that the 20S proteasome degrades oxidized
BSA but not AGE-modified albumin. Interestingly,
oxidized proteins are often a better substrate than non-
oxidized, whereas the AGE-modified proteins seem to
keep almost the same proteolytic susceptibility after

modification. This reflects a constant protein degra-
dation rate and seems not to be a preferential recog-
nition of the modified substrates. Our data of
cathepsin D being one of the most suitable protease
for degradation of protein aggregates are in line with
previous studies showing a co-localization of cathep-
sin D and age-related proteins [53].

We examined further the accumulation of AGEs in
fibroblasts, a well characterized cell model for the
uptake of modified materials [54].To confirm our first
obtained results, we used fibroblasts with a cathepsin
D knockout. As a control, we used wild type fibro-
blasts of the same passage. In our cells we observed a
decrease in population doubling rate due to cathepsin
D knockout. Furthermore, the activities of the major
lysosomal proteases (cathepsin D, B and L) and the
208 proteasome were reduced. However, cathepsin D
deficient fibroblasts do not show an impaired turnover
of ‘normal’ 3°S-Met/Cys-labelled endogenous proteins
in pulse-chase experiments [37].
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The relation between malfunction of the lysosomal
and the proteasomal system has not been well studied
yet. Bifsha et al. [55] demonstrated, in cells exhibiting
lysosomal storage disorders through deficiency of
lysosomal enzymes, an accumulation of undegraded
products, an increase size and number of lysosomes
and a decreased proteasomal activity. Qiao et al. [56]
revealed a significant down-regulation of proteasome
activities in cathepsin D knockout brain tissue. In
accordance to the work of Qiao et al., we also observed
a proteasome activity reduction in cathepsin D
knockout cells despite the fact that the amount of
proteasome in wild type and cathepsin D knockout
cells is unchanged (data not shown). The exact
mechanism behind this phenomenon is still uncer-
tain, but it is supposed that the accumulated storage
material escapes the lysosomes and is inhibiting cyto-
solic processes, including the proteasome. Interest-
ingly, cathepsin D deficiency in the knockout mice
results in a severe hypotrophic and neurodegenera-
tive phenotype that shortens the life span of these
mice to 26 days [37]. In the brain a neuronal ceroid-
lipofuscinosis phenotype with intracellular accumu-
lation of autophagic and endocytic vesicles is the
hallmark of this mouse strain [19,57,58].To date sev-
eral inactivating cathepsin D mutations that cause
congenital neuronal ceroid-lipofuscinosis in sheep,
bulldog and (most importantly) humans have been
identified [20,21,59,60]. Hence, accumulation of
undigested AGE-modified proteins within the cathe-
psin D deficient lysosomal and other cellular com-
partments will be part of the pathogenesis of this
neurodegenerative disease.

Since AGEs are able to induce the generation of
reactive oxygen species (ROS) and hence apoptosis
in neuroglial cells [61], we investigated the influence
of different AGE-modified albumin on the viability
of wild type and cathepsin D knockout cells and
could not find any harmful effect. We addressed also
the question of whether AGEs are taken up and accu-
mulate in cells. Without adding AGEs we could
observe a significant higher autofluorescence in
knockout cells compared to wild type cells. As numer-
ous lysosomal storage disorders are related with lys-
osomal enzyme defects it can be assumed that more
autofluorescent aggregates, present in cathepsin D
knockout cells, are due to the impairment in the
lysosomal enzymatic system [62]. Additionally, we
could show that, after incubation of glyoxal- and
methylglyoxal-modified albumin, there was a signifi-
cant higher accumulation of these AGEs in cathepsin
D knockout cells. The fate of proteins that enter cells
by endocytosis has been investigated in several stud-
ies. They pass through early and late endosomes and
are delivered to lysosomes [13]. We investigated,
therefore, whether the autofluorescence of AGEs is
changed when AGEs are removed from cell media
and cells incubated over some time periods before

measuring the accumulation of AGEs. No decline
in accumulation was detected in this experiment,
so it can be assumed that cells are unable to exocy-
tose AGEs (data not shown). In agreement with
the findings in previous studies, we found that
AGESs accumulate in lysosomes. This observation was
made in pyramidal neurons, which selectively
accumulate AGE-containing vesicles, presumably
in endosomes and lysosomes in an age-dependent
manner [63,64].

In previous experiments, it was found that foetal lung
cells treated with glyoxal form AGEs. It was further
revealed that these cells exhibit a dramatic loss of
cathepsin D activity and cathepsin D mRNA expres-
sion [65]. Cathepsin D, probably the best player in the
degradation of AGE-modified proteins, may, therefore,
be negatively influenced in its activity due to AGEs.

In summary, it has to be considered that glycated
proteins are not always resistant to degradation.
This seems to be important as glycation is an
unavoidable process of post-translational protein
modification. However, the efficiency of degradation
depends on the degree of glycation and cross-linking
of the substrate. Resistance to proteolytic removal is
attributed to the result of an extensive cross-linking,
as high cross-linking limits the access of proteases to
their cleavage sites [22,30]. Decline of proteolytic
functions due to inherited protease mutations, age-
related impairment of protease biosynthesis or post-
translational modification, i.e. by excessive oxidation,
may further foster the accumulation of the AGE-
modified proteins and eventually cause irreversible
neurological and cognitive impairment.
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conflicts of interest. The authors alone are responsi-
ble for the content and writing of the paper.

References

[1] Singh R, Barden A, Mori T, Beilin L. Advanced glycation
end-products: a review. Diabetologia 2001;44:129-146.

[2] Kueper T, Grune T, Prahl S, Lenz H, Welge V, Biernoth T,
VogtY, Muhr GM, Gaemlich A, Jung T, Boemke G, Elsasser
HP, Wittern KP, Wenck H, Stab F, Blatt T. Vimentin is the
specific target in skin glycation. Structural prerequisites, func-
tional consequences, and role in skin aging. J Biol Chem
2007;282:23427-23436.

[3] Munch G, Mayer S, Michaelis J, Hipkiss AR, Riederer P,

Muller R, Neumann A, Schinzel R, Cunningham AM. Influ-

ence of advanced glycation end-products and AGE-inhibitors

on nucleation-dependent polymerization of beta-amyloid
peptide. Biochim Biophys Acta 1997;1360:17-29.

Bierhaus A, Humpert PM, Morcos M, Wendt T, Chavakis T,

Arnold B, Stern DM, Nawroth PP. Understanding RAGE,

the receptor for advanced glycation end products. ] Mol Med

2005;83:876-886.

[5] Ramasamy R, Yan SF, Schmidt AM. Arguing for the motion:
yes, RAGE is a receptor for advanced glycation endproducts.
Mol Nutr Food Res 2007;51:1111-1115.

[4

—

RIGHTS LI N Kdx



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/05/11
For personal use only

[6] Ohgami N, Nagai R, Ikemoto M, Arai H, Kuniyasu A,
Horiuchi S, Nakayama H. Cd36, a member of the class b
scavenger receptor family, as a receptor for advanced glycation
end products. ] Biol Chem 2001;276:3195-3202.

[7] Horiuchi S, Sakamoto Y, Sakai M. Scavenger receptors
for oxidized and glycated proteins. Amino Acids 2003;25:
283-292.

[8] Sano H, Nagai R, Matsumoto K, Horiuchi S. Receptors

for proteins modified by advanced glycation endproducts

(AGE)—their functional role in atherosclerosis. Mech Ageing

Dev 1999;107:333-346.

Vlassara H, Li YM, Imani F, Wojciechowicz D, Yang Z, Liu

FT, Cerami A. Identification of galectin-3 as a high-affinity

binding protein for advanced glycation end products (AGE):

a new member of the AGE-receptor complex. Mol Med

1995;1:634-646.

[10] Stolzing A, Grune T. Neuronal apoptotic bodies: phago-
cytosis and degradation by primary microglial cells. FASEB
J 2004;18:743-745.

[11] Araki N, Higashi T, Mori T, Shibayama R, Kawabe Y,
Kodama T, Takahashi K, Shichiri M, Horiuchi S. Macrophage
scavenger receptor mediates the endocytic uptake and degra-
dation of advanced glycation end products of the Maillard
reaction. Eur J Biochem 1995;230:408-415.

[12] Ohgami N, Nagai R, Ikemoto M, Arai H, Miyazaki A,
Hakamata H, Horiuchi S, Nakayama H. CD36, serves as a
receptor for advanced glycation endproducts (AGE). J Dia-
betes Complicat 2002;16:56-59.

[13] Pillay CS, Elliott E, Dennison C. Endolysosomal proteolysis
and its regulation. Biochem J 2002;363:417—429.

[14] Saftig P, Klumperman J. Lysosome biogenesis and lysosomal
membrane proteins: trafficking meets function. Nat Rev Mol
Cell Biol 2009;10:623-635.

[15] Rawlings ND, Barrett AJ, Bateman A. MEROPS: the pepti-
dase database. Nucleic Acids Res 2010;38:D227-D233.

[16] Zaidi N, Maurer A, Nieke S, Kalbacher H. Cathepsin D:
a cellular roadmap. Biochem Biophys Res Commun 2008;
376:5-9.

[17] Brix K, Dunkhorst A, Mayer K, Jordans S. Cysteine cathep-
sins: cellular roadmap to different functions. Biochimie 2008;
90:194-207.

[18] Vasiljeva O, Reinheckel T, Peters C, Turk D, Turk V,
Turk B. Emerging roles of cysteine cathepsins in disease and
their potential as drug targets. Curr Pharm Des 2007;13:
387-403.

[19] Koike M, Shibata M, Waguri S, Yoshimura K, Tanida I,
Kominami E, Gotow T, Peters C, Von FK, Mizushima N,
Saftig P, Uchiyama Y. Participation of autophagy in storage
of lysosomes in neurons from mouse models of neuronal
ceroid-lipofuscinoses (Batten disease). Am J Pathol 2005;167:
1713-1728.

[20] Steinfeld R, Reinhardt K, Schreiber K, Hillebrand M,
Kraetzner R, Bruck W, Saftig P, Gartner ]J. Cathepsin D
deficiency is associated with a human neurodegenerative
disorder. Am ] Hum Genet 2006;78:988-998.

[21] Siintola E, Partanen S, Stromme P, Haapanen A, Haltia M,
Maehlen J, Lehesjoki AE, Tyynela J. Cathepsin D deficiency
underlies congenital human neuronal ceroid-lipofuscinosis.
Brain 2006;129:1438-1445.

[22] Jung T, Catalgol B, Grune T. The proteasomal system. Mol
Aspects Med 2009;30:191-296.

[23] Grune T, Reinheckel T, Davies KJ. Degradation of oxidized
proteins in mammalian cells. FASEB J 1997;11:526-534.

[24] Breusing N, Grune T. Regulation of proteasome-mediated
protein degradation during oxidative stress and aging. Biol
Chem 2008;389:203-209.

[25] Friguet B, Bulteau AL, Chondrogianni N, Conconi M,
Petropoulos I. Protein degradation by the proteasome and its
implications in aging. Ann NY Acad Sci 2000;908:143-154.

[9

—

Cathepsin D and AGE-proteins 1025

[26] Oddo S. The ubiquitin-proteasome system in Alzheimer’s
disease. J Cell Mol Med 2008;12:363-373.

[27] Hamazaki H. Cathepsin D is involved in the clearance of
Alzheimer’s beta-amyloid protein. FEBS Lett 1996;396:
139-142.

[28] Mueller-Steiner S, Zhou Y, Arai H, Roberson ED, Sun B,
Chen J, Wang X, Yu G, Esposito L, Mucke L, Gan L. Antiamy-
loidogenic and neuroprotective functions of cathepsin B: impli-
cations for Alzheimer’s disease. Neuron 2006;51:703-714.

[29] Henle T. Dietary advanced glycation end products—a risk to
human health? A call for an interdisciplinary debate. Mol
Nutr Food Res 2007;51:1075-1078.

[30] Stolzing A, Wengner A, Grune T. Degradation of oxidized
extracellular proteins by microglia. Arch Biochem Biophys
2002;400:171-179.

[31] Mikulikova K, Miksik I, Deyl Z. Non-enzymatic post-
translational modifications of bovine serum albumin by
oxo-compounds investigated by chromatographic and
electrophoretic methods. J Chromatogr B Analyt Technol
Biomed Life Sci 2005;815:315-331.

[32] Nagai R, Matsumoto K, Ling X, Suzuki H, Araki T,
Horiuchi S. Glycolaldehyde, a reactive intermediate for
advanced glycation end products, plays an important role in
the generation of an active ligand for the macrophage scaven-
ger receptor. Diabetes 2000;49:1714-1723.

[33] Buss H, Chan TP, Sluis KB, Domigan NM, Winterbourn CC.
Protein carbonyl measurement by a sensitive ELISA method.
Free Radic Biol Med 1997;23:361-366.

[34] Sitte N, Merker K, Grune T. Proteasome-dependent degra-
dation of oxidized proteins in MRC-5 fibroblasts. FEBS Lett
1998;440:399-402.

[35] Reinheckel T, Grune T, Davies KJ. The measurement of pro-
tein degradation in response to oxidative stress. Methods
Mol Biol 2000;99:49-60.

[36] Saftig P, Hetman M, Schmahl W, Weber K, Heine L,
Mossmann H, Koster A, Hess B, Evers M, Figura K. Mice
deficient for the lysosomal proteinase cathepsin D exhibit
progressive atrophy of the intestinal mucosa and profound
destruction of lymphoid cells. EMBO J 1995;14:3599-3608.

[37] Tiwari N, Garbi N, Reinheckel T, Moldenhauer G,
Hammerling GJ, Momburg F. A transporter associated with
antigen-processing independent vacuolar pathway for the
MHC class I-mediated presentation of endogenous trans-
membrane proteins. ] Immunol 2007;178:7932-7942.

[38] Hough R, Pratt G, Rechsteiner M. Purification of two high
molecular weight proteases from rabbit reticulocyte lysate.
] Biol Chem 1987;262:8303-8313

[39] Sitte N, Merker K, Grune T, Zglinicki T. Lipofuscin accu-
mulation in proliferating fibroblasts iz vizro: an indicator of
oxidative stress. Exp Gerontol 2001;36:475-486.

[40] Mosmann T. Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxicity assays.
J Immunol Methods 1983;65:55-63.

[41] Meerwaldt R, Links T, Graaff R, Thorpe SR, Baynes JW,
Hartog J, Gans R, Smit A. Simple noninvasive measurement of
skin autofluorescence. Ann NY Acad Sci 2005;1043:290-298.

[42] Yin D. Biochemical basis of lipofuscin, ceroid, and age pigment-
like fluorophores. Free Radic Biol Med 1996;21:871-888.

[43] Brownlee M. Advanced protein glycosylation in diabetes and
aging. Annu Rev Med 1995;46:223-234.

[44] Terman A, Gustafsson B, Brunk UT. Autophagy, organelles
and ageing. ] Pathol 2007;211:134-143.

[45] Sell DR, Primc M, Schafer IA, Kovach M, Weiss MA,
Monnier VM. Cell-associated pentosidine as a marker of
aging in human diploid cells i wvirro and in vivo. Mech
Ageing Dev 1998;105:221-240.

[46] Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s
disease: progress and problems on the road to therapeutics.
Science 2002;297:353-356.

RIGHTS LI N Kdx



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/05/11
For personal use only

1026 S. Grimm et al.

[47] Munch G, Thome J, Foley P, Schinzel R, Riederer P. Advanced
glycation endproducts in ageing and Alzheimer’s disease.
Brain Res Brain Res Rev 1997;23:134-143.

[48] Bulteau AL, Verbeke P, Petropoulos I, Chaffotte AF,
Friguet B. Proteasome inhibition in glyoxal-treated fibroblasts
and resistance of glycated glucose-6-phosphate dehydroge-
nase to 20 S proteasome degradation i vitro. J Biol Chem
2001;276:45662-45668.

[49] Roberts NB. Review article: human pepsins - their multiplicity,
function and role in reflux disease. Aliment Pharmacol Ther
2006;24(Suppl 2):2-9.

[50] Cervantes-Laurean D, Roberts M]J, Jacobson EL, Jacobson
MK. Nuclear proteasome activation and degradation of car-
boxymethylated histones in human keratinocytes following
glyoxal treatment. Free Radic Biol Med 2005;38:786-795.

[51] Miyata S, Liu BF, Shoda H, Ohara T, Yamada H, Suzuki K,
Kasuga M. Accumulation of pyrraline-modified albumin in
phagocytes due to reduced degradation by lysosomal enzymes.
J Biol Chem 1997;272:4037-4042.

[52] Saito A, Nagai R, Tanuma A, Hama H, Cho K, Takeda T,
Yoshida Y, Toda T, Shimizu F, Horiuchi S, Gejyo F. Role of
megalin in endocytosis of advanced glycation end products:
implications for a novel protein binding to both megalin and
advanced glycation end products. ] Am Soc Nephrol
2003;14:1123-1131.

[53] Nakanishi H, Amano T, Sastradipura DF, Yoshimine Y,
Tsukuba T, Tanabe K, Hirotsu I, Ohono T, Yamamoto K.
Increased expression of cathepsins E and D in neurons of the
aged rat brain and their colocalization with lipofuscin and
carboxy-terminal fragments of Alzheimer amyloid precursor
protein. J Neurochem 1997;68:739-749.

[54] Sitte N, Huber M, Grune T, Ladhoff A, Doecke WD,
Von ZT, Davies KJ. Proteasome inhibition by lipofuscin/
ceroid during postmitotic aging of fibroblasts. FASEB J 2000;
14:1490-1498.

[55] Bifsha P, Landry K, Ashmarina L, Durand S, Seyrantepe V,
Trudel S, Quiniou C, Chemtob S, XuY, Gravel RA, Sladek R,
Pshezhetsky AV. Altered gene expression in cells from patients
with lysosomal storage disorders suggests impairment of the
ubiquitin pathway. Cell Death Differ 2007;14:511-523.

[56] Qiao L, Hamamichi S, Caldwell KA, Caldwell GA, Yacoubian
TA, Wilson S, Xie ZL, Speake LD, Parks R, Crabtree D,
Liang Q, Crimmins S, Schneider L, Uchiyama'Y, Iwatsubo T,

This paper was first published online on Early online on 24
June 2010.

ZhouY, Peng L, Lu Y, Standaert DG, Walls KC, Shacka JJ,
Roth KA, Zhang J. Lysosomal enzyme cathepsin D protects
against alpha-synuclein aggregation and toxicity. Mol Brain
2008;1:17.

[57] Koike M, Shibata M, Ohsawa Y, Nakanishi H, Koga T,
Kametaka S, Waguri S, Momoi T, Kominami E, Peters C,
Figura K, Saftig P, Uchiyama Y. Involvement of two different
cell death pathways in retinal atrophy of cathepsin D-deficient
mice. Mol Cell Neurosci 2003;22:146-161.

[58] Koike M, Nakanishi H, Saftig P, Ezaki ], Isahara K,
Ohsawa Y, Schulz-Schaeffer W, Watanabe T, Waguri S,
Kametaka S, Shibata M, Yamamoto K, Kominami E,
Peters C, Von FK, Uchiyama Y. Cathepsin D deficiency
induces lysosomal storage with ceroid lipofuscin in mouse
CNS neurons. J Neurosci 2000;20:6898-6906.

[59] Tyynela J, Sohar I, Sleat DE, Gin RM, Donnelly RJ,
Baumann M, Haltia M, Lobel P. A mutation in the ovine
cathepsin D gene causes a congenital lysosomal storage
disease with profound neurodegeneration. EMBO J 2000;
19:2786-2792.

[60] Awano T, Katz ML, O’Brien DP, Taylor JF, Evans J, Khan S,
Sohar I, Lobel P, Johnson GS. A mutation in the cathepsin D
gene (CTSD) in American Bulldogs with neuronal ceroid
lipofuscinosis. Mol Genet Metab 2006;87:341-348.

[61] Lee HK, Seo IA, Suh DJ, Lee HJ, Park HT. A novel
mechanism of methylglyoxal cytotoxicity in neuroglial cells.
J Neurochem 2009;108:273-284.

[62] Nixon RA, Cataldo AM. Lysosomal system pathways: genes
to neurodegeneration in Alzheimer’s disease. J Alzheimers
Dis 2006;9:277-289.

[63] Kimura T, Takamatsu J, Ikeda K, Kondo A, Miyakawa T,
Horiuchi S. Accumulation of advanced glycation end prod-
ucts of the Maillard reaction with age in human hippocampal
neurons. Neurosci Lett 1996;208:53-56.

[64] Li JJ, Surini M, Catsicas S, Kawashima E, Bouras C.
Age-dependent accumulation of advanced glycosylation
end products in human neurons. Neurobiol Aging 1995;16:
69-76.

[65] Kasper M, Schinzel R, Niwa T, Munch G, Witt M,
Fehrenbach H, Wilsch-Brauninger M, Pehlke K, Hofer A,
Funk RH. Experimental induction of AGEs in fetal 1.132
lung cells changes the level of intracellular cathepsin D.
Biochem Biophys Res Commun 1999;261:175-182.

RIGHTS LI N Kdx



