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DS is the most frequent genetic cause of intellectual disability characterized by the anomalous presence
of three copies of chromosome 21. One of the peculiar features of DS is the onset of Alzheimer's disease
neuropathology after the age of 40 years characterized by deposition of senile plaques and neuro � brillary
tangles. Growing studies demonstrated that increased oxidative damage, accumulation of unfolded/damaged
protein aggregates and dysfunction of intracellular degradative system are key players in neurodegenerative
processes. In this study, redox proteomics approach was used to analyze the frontal cortex from DS subjects
under the age of 40 compared with age-matched controls, and proteins found to be increasingly carbonylated
were identi � ed. Interestingly, our results showed that oxidative damage targets speci � cally different compo-
nents of the intracellular quality control system such as GRP78, UCH-L1, V0-ATPase, cathepsin D and GFAP
that couples with decreased activity of the proteasome and autophagosome formation observed. We also
reported a slight but consistent increase of A� 1…42 SDS- and PBS-soluble form and tau phosphorylation in
DS versus CTR. We suggest that disturbance in the proteostasis network could contribute to the accumulation
of protein aggregates, such as amyloid deposits and NFTs, which occur very early in DS. It is likely that a
sub-optim
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to a deregulation of gene/protein expression associated with the
trisomy21 [16] . Increased production of ROS is also accompanied by
mitochondrial dysfunction, both of which are considered to be a trig-
ger for development of AD in DS population [17] . Markers of oxidative
damage have been observed in brain tissues from DS [6,18] , and as
early as in fetal DS brain glycation products were measured [19] . A
recent study from our group reported increased levels of oxidative
stress (increased protein oxidation, lipid peroxidation, reduction of
glutathione and thioredoxin levels) and induction of the heat shock
protein (HSP) response in the amniotic � uid from women carrying
DS fetuses compared with non-DS controls [20] . In the same study, we
identi� ed, by a redox proteomics approach, selective proteins that
showed increased oxidation in amniotic � uid from mothers carrying
DS fetuses compared with non-DS controls. These proteins are involved
in iron homeostasis (ceruloplasmin and transferin), lipid metabolism
(zinc- �2-glycoprotein, retinol-binding protein 4 and apolipoprotein
A1) and in � ammation (complement C9, �-1B-glycoprotein, collagen
�-1 V chain) and possibly play a role in the clinical outcome of DS [20] .

Taken together, our � ndings and those from others suggest that
oxidative damage is an early event in DS pathology and might con-
tribute to the development of deleterious DS phenotypes, including
abnormal development and AD-like neuropathology.

In addition to OS, characteristic features of neurodegenerative
processes also include accumulation of dysfunctional/damaged protein
aggregates and dysfunction of intracellular degradative systems, such
as autophagy and the ubiquitin-proteasome system (UPS). Growing
evidence highlights the role of autophagy in several age-dependent
neurodegenerative disorders characterized by protein accumulation,
including AD. Indeed, the well-documented decrease in autophagy
function with age may contribute to the accumulation of damaged/
dysfunctional proteins in the brain [21] . Autophagy is one of the
major intracellular proteolytic systems in which components of the
cell are degraded in lysosomes/vacuoles and recycled [22] and may be
regarded a predominantly protective process. Under physiological con-
ditions, and also as a consequence of increased oxidative stress, aber-
rant proteins are targeted for degradation by the UPS [23] . The UPS is
a complex enzymatic pathway that ligates ubiquitin (UBB) to other cel-
lular proteins and assigns them to degradation. The accumulation of A �
and hyperphosphorylated tau, as SPs and NFTs respectively, in DS brain,
as well as in AD, suggests that alterations in protein quality control
mechanisms …UPS and autophagy …may be directly or indirectly in-
volved in neurodegenerative processes [24] .

In this study, we present the hypothesis that DS brains, prior
to signi � cant AD pathology, may show early disturbance of the
proteostasis network possibly linked to increased oxidative stress

conditions. Redox proteomics approaches [25] were used to analyze
the frontal cortex from DS brain compared with age-matched controls
to identify proteins with increased carbonylation.

2. Materials and methods

2.1. Subjects

DS and young control cases (8 for each group) were obtained from
the University of California-Irvine Alzheimer's Disease Research
Center Brain Tissue Repository (supported by NIH NIA Grant #P50
AG16573.), the Eunice Kennedy Shriver NICHD Brain and Tissue
Bank for Developmental Disorders (University of Maryland, Baltimore,
MD, contract HHSN275200900011C, Ref. No. N01-HD-9-0011). Table 1
shows the characteristics and demographic data of the subjects included
in the study. The mean post mortem interval (PMI) is 12.1 ± 4.7 h for
CTR subjects and 13.3 ± 2.1 h for DS subjects.

2.2. Sample preparation

Frozen brain tissues samples (frontal cortex) from control and DS
subjects were sonicated in Media 1 lysis buffer (pH 7.4) containing
320 mM Sucrose, 1% of 990 mM Tris…HCl (pH = 8.8), 0.098 mM MgCl 2,
0.076 mM EDTA, the proteinase inhibitors leupeptin (0.5 mg/mL),
pepstatin (0.7 �g/mL), aprotinin (0.5 mg/mL), and PMSF (40 �g/mL)
and phosphatase inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA).



1% (w/v) sodium dodecyl sulfate (SDS), 30% (v/v) glycerol, and 0.5%
DTT and again for another 10 min in the same buffer containing 4.5%
iodoacetamide in place of DTT. The second dimension was performed
using 12% precast Criterion gels (Bio-Rad). The gels were incubated in
� xing solution (7% acetic acid, 10% methanol) for 20 min and then
stained for 1 h in Bio-Safe Coomassie gel stain (Bio-Rad, Hercules, CA,
USA) and destained overnight in deionized water. The Coomassie gels
were scanned using a GS 800 densitometer (Bio-Rad, Hercules, CA,
USA).

2.4. 2D oxyblot

For 2D OxyBlot, 2D gels (200 �g of proteins) were blotted onto
nitrocellulose membranes (Bio-Rad, Hercules, CA, USA) and 2,4-
dinitrophenylhydrazine (DNPH) derivatization was performed. Brie2,4-
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2.7. Western blot

For Western blot, 30 �g of proteins (CTR and DS) were separated
by 12% SDS…PAGE and blotted onto a nitrocellulose membrane
(Bio-Rad, Hercules, CA, USA). Membranes were blocked with 3%
bovine serum albumin in T-TBS and incubated for 1 h and 30 min at
room temperature with primary anti-LC3 antibody (1:100; Novus
Biologicals, Littleton, CO, USA), anti proteasome 20S core subunit
(1:1000; ENZO Life Science, Farmingdale, NY, USA) and 19S 10B


3.4. Cathepsin D and UCH-L1 activity

To analyze if the increased carbonylation of CatD may affect protein
function, we measured CatD enzyme activity in the two groups of brain
samples. A signi� cant (p b 0.05) slight increase of CatD activity in DS
samples, of about 10% compared to CTR samples, was demonstrated
(Fig. 5A). As well, the activity of UCH-L1 was measured in order to
determine any alteration on its functionality.

Interestingly, UCH-L1 enzyme activity present a decrease of about
30% in DS compared to CTR.

3.5. LC3 II/I levels

image of Fig.�2


As the � rst step, the protective mechanism used by cells to adapt
to stress of the ER is the induction of members of the glucose-
regulated protein (Grp) family, mainly GRP78. The induction of mam-
malian Grp proteins in response to ER stress involves a complex
network of regulators and novel mechanisms. Our data demonstrate
a relationship between OS and protein misfolding in DS brain, show-
ing that GRP78 can be a target of OS in vivo. Oxidative damage may
result in GRP78 dysfunction (inability to bind to the misfolded pro-
teins), which provides a conceivable mechanistic link between de � -
cits in molecular chaperones, accumulation of misfolded proteins,
and risk of cognitive decline. According to our previous studies
[20,37] , increased levels of GRP78 indicate the induction of the UPS
system, as results of the presence of unfolded/misfolded proteins;
however, the pro-oxidant environment in DS appears to result in
GRP78 oxidation that might lead to dysfunction of the UPR system.

Upon activation of ER-stress response, ERAD mediates ubiquitination



laboratory and others demonstrated that the levels of UCH-L1 are
decreased in AD brain and also that this enzyme is oxidatively modi � ed
[44] . One of the major consequences of aberrant UCH-L1 activity is an
impaired proteasome proteolytic system, which will lead to accumula-
tion of damaged proteins and formation of protein aggregates. The pro-
teolytic core of the proteasome or •20S proteasomeŽis involved in the
degradation of oxidatively modi � ed proteins [46…48]. Oxidatively modi-
� ed proteins can undergo chemical fragmentation or form aggregates
because of covalent cross-linking reactions and increased surface hydro-
phobicity [49] . The recognition of hydrophobic amino acid residues
of oxidized proteins and their subsequent degradation by the 20S
proteasome could be a selective mechanism to remove oxidatively dam-
aged proteins from the cell [50] . Although we found increased levels of
the 20S subunit, the activities of trypsin-like, chymotrypsin-like and
caspase-like of the proteasome were decreased in DS brain compared
with age-matched controls. It is likely that proteasome activation may
be a signal to enhance protein degradation in affected neurons to prevent

the formation of toxic aggregates, but at the same time the enzyme is
directly or indirectly damaged by ROS and its functionality is affected.

Another major degradation system reported to be activated by ER
stress in vitro is autophagy [51…53]. During autophagy, a double
membrane is wrapped around an organelle or protein aggregate and
this autophagosome subsequently fuses with a lysosome, forming an
autophagolysosome where degradation takes place. Healthy neurons
only rarely show autophagic structures, whereas many autophagic
vacuoles can be observed in AD neuronal cell bodies and dystrophic
neuritis [54] .

Autophagy is considered as a basal cellular mechanism to control
homeostasis of intracellular proteins and organelles. However, autoph-
agy can be also induced to protect cells under various physiological
stresses such as nutrient depletion, genotoxic agents, aggregated pro-
teins, or cytokines. In particular, if the � rst defense mechanism by
non-enzymatic molecules and enzymatic scavengers is overwhelmed
under oxidative stress, autophagy plays a crucial role in cell protection

Fig. 4. Panel A: Bar graph of proteasome subunits (20S and 19S) levels in CTR and DS samples measured by WB analysis. Panel B: Proteasome functionality measured by enzymatic
assay of chymotrypsin-like, trypsin-like and caspase-like activity in CTR and DS samples. *p b 0.01.

Fig. 5. Panel A: Cathepsin D activity in CTR ad DS samples measured by � uorescent assay at 328/393 Ex/Em. Panel B: UCH-L1 activity assay in CTR and DS samples measured by
� uorescent assay at 380/460 Ex/Em n = 8; *p b 0.05.
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from harmful oxidized materials by effectively removing them [55] .
Unfortunately, these defense mechanisms are not always enough to
overcome the oxidative stress, resulting in autophagic cell death (type
II programmed cell death) that is distinct from apoptosis (type I
programmed cell death) [56] . However, the mechanistic basis coordi-
nating autophagic processes under oxidative stress is still not clear
and further studies are needed.

We hypothesize that the oxidation of V 0-ATPase pump could lead
to autophagy dysfunction. This proton pump is essential for acidic
lysosomal pH. Mutation of lysosomal ATPase genes is a well-recognized
risk factor for autophagy related neurodegenerative diseases [57,58] . It
is reasonable to speculate that once oxidized V 0-ATPase has altered abil-
ity to regulate intracellular pH thus affecting proper lysosome function-
ality and autophagy, as was previously seen in a PD model [59] . In
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