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A B S T R A C T

The production of reactive species is an inevitable by-product of metabolism and thus, life itself. Since reactive
species are able to damage cellular structures, especially proteins, as the most abundant macromolecule of
mammalian cells, systems are necessary which regulate and preserve a functional cellular protein pool, in a
process termed “proteostasis”. Not only the mammalian protein pool is subject of a constant turnover, organelles
are also degraded and rebuild. The most important systems for these removal processes are the “ubiquitin-
proteasomal system” (UPS), the central proteolytic machinery of mammalian cells, mainly responsible for
proteostasis, as well as the “autophagy-lysosomal system”, which mediates the turnover of organelles and large
aggregates.

Many age-related pathologies and the aging process itself are accompanied by a dysregulation of UPS, au-
tophagy and the cross-talk between both systems. This review will describe the sources and effects of oxidative
stress, preservation of cellular protein- and organelle-homeostasis and the effects of aging on proteostasis in
mammalian cells.

1. Introduction

One of the main “primary” free radicals in mammalian cells is the
superoxide radical anion (O2

•−), resulting from electrons taken up by
molecular oxygen. In a broad variety of secondary/further reactions, a
large amount of different so-called “reactive oxygen species” (ROS) can
be formed, either by chemical reactions or even catalyzed by cellular
enzymes.

The term “ROS” summarizes “reactive oxygen species” (such as
superoxide), “reactive nitrogen species” (RNS, including nitric oxide:
•NO) and numerous other species with different properties; some of
them are not radicals, some of them are highly reactive while others are
less reactive. Besides superoxide, nitric oxide (•NO) and hydrogen
peroxide (H2O2) are the main and most abundant primary reactive
species formed in mammalian cells either as side products or even
“intentionally” by enzymes.

In order to cope with oxidative stress or redox shifts, powerful an-
tioxidative systems developed during evolution. Those systems include
low molecular antioxidants that “compete” with ROS for cellular

structures. This group contains mainly vitamins, glutathione, lipophilic
antioxidants, uric acid (one of the major antioxidants in human blood-
plasma [1]) and other small molecules, which mainly “disarm” ROS by
a direct chemical reaction resulting in the formation of much less re-
active or even inert products, that are no longer able to exert oxidative
damage to cellular structures.

The mentioned glutathione (GSH) is the most important and
abundant intracellular antioxidant. The ratio of GSH to its oxidized
form glutathione disulfide (GSSG), and therefore the ratio of 2GSH/
GSSG, can serve as an important indicator of the cellular redox state
[2].

Furthermore, antioxidative enzymes which can catalyze the detox-
ification of certain ROS are expressed. Superoxide dismutases such as
Cu,ZnSOD or its mitochondrial equivalent MnSOD convert superoxide
(O2

•‒) into hydrogen peroxide (H2O2), while H2O2 is converted into
water and oxygen mediated by enzymes such as catalase or glutathione
peroxidases. The glutathione disulfide produced by glutathione perox-
idases during the reduction of peroxides is then restored again by glu-
tathione reductase.
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Other antioxidative proteins are able to bind redox-active transition
metals to maintain them in an inactive form and are thus also part of
the antioxidative defense network. For example, iron (as Fe2+) and
copper (as Cu+) are both able to transfer an electron to H2O2, resulting
in the formation of a hydroxide anion (‒OH) and the highly aggressive
hydroxyl radical (•OH), which is virtually able to oxidize every cellular
molecule. In a mammalian cell, the resulting Fe3+ or Cu2+ can be re-
duced by different electron donors like (amongst others) superoxide
into their redox-active forms again, continuing this so-called “Fenton
reaction”. Though, in the highly reducing environment of a living cell,
also other electron donors like ascorbate (Fe3+ + Asc− → Fe2+ +
Asc•−) are able to transfer an electron to Fe3+ in order to restore its
redox-active state. And furthermore redox-cycling and ROS-generating
reactions of both Fe2+/3+ with hydroperoxides and membrane phos-
pholipids are possible [3]. In pathologic cases like Alzheimers disease,
it was recently found that complexes of copper and amyloid-β peptides
are able to produce hydroxyl radicals from H2O2 via Fenton [4].

Redox-active metals are thus strictly regulated and stored or trans-
ferred in a protein-bound manner, so that they are unable to catalyze
the Fenton reaction.

Furthermore some enzymes are able to repair oxidatively damaged
proteins. However, since only the two sulfur-containing amino acids
methionine and cysteine can be reduced after moderate oxidative da-
mage and under certain conditions (since only methionine sulfoxide or
sulfenic acid at cysteine residues can be restored to methionine and
cysteine, respectively), the cellular ability to completely restore pro-
teins after oxidative damage is limited. In most cases, oxidatively da-
maged proteins are removed via proteolysis, mediated by either the
ubiquitin-proteasomal or the lysosomal system. Furthermore, a large
variety of lipases, RN-/DNases are available, that can terminally re-
move irreversibly oxidized cellular structures.

Cellular functionality significantly depends on permanent fine-
tuning and turnover of the proteome, the entity of all cellular proteins.
For this, two main cellular degradation systems have evolved the so-
called ubiquitin-proteasomal system (UPS), which is responsible for
degradation of both functional and dysfunctional proteins and the ly-
sosomal system, that degrades whole organelles, large aggregates of
proteins/macromolecules, as well as single proteins. The UPS is re-
sponsible for the proteolytic degradation of 80–90% of all cellular
proteins, including many regulated, short-lived or misfolded/damaged
ones [5].

The redox state of a mammalian cell mainly impacts both the pro-
teome itself - in a range from reversible oxidative modification of a few
redox-sensitive proteins up to severe irreversible oxidative damage of
almost the whole protein pool. Also the process of aging affects the
formation of reactive species and thus, the cellular redox state, as well
as the ability of the cell to maintain its proteostasis.

2. Proteostasis maintenance systems

2.1. Counteracting protein oxidation by repair

Protein oxidation is divided into two general forms: reversible and
irreversible modifications. Both occur under physiological conditions as
well as under phases of oxidative stress, though, naturally, under oxi-
dative stress the amount of irreversible (oxidative) protein modification
increases.

Reversible oxidative modifications mainly affect the sulfur-con-
taining amino acids methionine and cysteine, the only amino acids
which can be restored by cellular antioxidative systems. Methionine –
very susceptible to oxidation - can be modified in a one- (resulting in a
sulfide radical cation) or two-electron (resulting in the formation of
methionine sulfoxide) oxidation. Sulfide radical cations are highly in-
stable and may form products that are irreversible posttranslational
protein modifications and enter chemical pathways which may result in
carbon-centered and/or peroxyl radicals – both representing starting

points of further protein oxidation chains. One common product of
oxidation is the methionine sulfoxide (MetSO), formed as a mixture of
S- (often termed MetA) and R- (MetB) stereoisomers. Under stress,
aging and pathologic/inflammatory processes, the amounts of MetSO
are increased [6–8]. Thus, MetSO can be restored by cellular enzymes,
in this special case the methionine sulfoxide reductases A (MSR-A) and
B (MSR-B), catalyzing the reduction of the respective isomers to me-
thionine in a thioredoxin (Th-(SH)2) consuming manner. The resulting
Th-(S-S) is reduced by the enzyme thioredoxin-reductase using NADPH
as redox-element. Decreased MSR-activities are associated with lowered
stress-resistance as well as with reduction of maximal life span, while
MSR-overexpression results in enhanced stress-resistance and extended
life span [9].

The other main reversible posttranslational protein modification
affects cysteine and the formation of disulfide bonds, leading to intra-
or intermolecular cross-links. Oxidative modification of thiol switches is
a widespread mechanism of redox signaling. In mammalian cells for
example different peroxiredoxins (Prx) are available, that catalyze re-
duction of hydroperoxides such as R-OOH + Prxred → R-OH + Prxox +
H2O, while R-OOH can also be H2O2[10]. Prxox is then reduced via
thioredoxin to Prxred. Two main types of peroxiredoxins are known, the
cytosolic ones (e.g. Prx2) [11] and the mitochondrial ones (e.g. Prx3)
[12]. If Prx is further oxidized from sulfenic (Prx-S-OH) to sulfinic acid
(Prx-SO-OH), the protein forms higher molecular weight aggregates and
switches its function from an antioxidant to a molecular chaperone. In
most cases, hyperoxidation from sulfenic to sulfinic acid is not re-
versible, only mitochondrial sulfiredoxins (Srx) [13] are able to reduce
sulfinic acid in mitochondrial peroxiredoxins and restore the functional
protein-SH-form (mainly of Prx3).

Interestingly, active-site cysteines are sometimes S-glutathionylated
in order to prevent further irreversible (hyper)-oxidation. S-glutathio-
nylation is a posttranslational modification of cysteine residues in
proteins via addition of glutathione (GSH). The addition of GSH to a
cysteine residue forms a so-called mixed protein-disulfide in a redox-
dependent manner. The microenvironment of a cysteine residue in
natively folded proteins determines via its pKs-value, how reactive the
exposed SH-group is. If the cysteine is found as -S− its reactivity is
enhanced compared to the protonated form and thus, cysteines are
often used as “redox-switches” in redox-regulated proteins [14]. Oxi-
dation, i.e. the formation of a sulfenic acid (-S-OH) or reaction with
glutathione may change activity, specificity or localization of the re-
spective protein. Such redox-switches are often used in redox-regulated
kinases which induce signaling-cascades depending on the cellular
redox state or are mediated by changes in ROS-concentrations. Those
changes also shift the proportion of redox-sensitive cysteines from a
more reduced to a more oxidized/modified state and affect the func-
tionality of proteins/the cellular protein pool. About 200 different
mammalian proteins are known which can be modified by thiol-dis-
ulfide exchange. Posttranslational S-glutathionylation mostly results in
inhibitory effects as found in phosphofructokinase, carboanhydrase III,
nuclear factor NF1, glyceraldehyde-3-phosphate dehydrogenase, pro-
tein tyrosine phosphatase 1B, the protein kinases Cα and A, creatine
kinase, actin, protein phosphatase 2A, tyrosine hydroxylase, complex I
of the mitochondrial respiratory chain, the transcription factor NF-κB
and the IκB kinase (IKK) [15]. Other proteins are activated by S-glu-
tathionylation including the microsomal S-glutathione transferase, the
phosphatase of carbonic anhydrase III, HIV-1 protease, matrix me-
talloproteinases, HRAS GTPase, sarcoplasmic calcium ATPase, as well
as complex II of the respiratory chain [16].

A further protein which is able to reduce disulfides to SH-groups is
glutaredoxin (Grx), that plays a significant role in thiol-disulfide-ex-
change, regulates the activity of transcription factors and acts in
apoptosis. During the reduction of disulfides, Grx is oxidized and later
restored to its functional (reduced) form by glutathione or by thior-
edoxin reductase in a NADPH-dependent manner. In mammals four
different isoforms are known: Grx1, -2, -3, and -5. Grx1 is found mainly
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in the cytosol, but also in the nucleus and mitochondrial inter-
membrane space. Grx2 was originally found in mitochondria, but also
in cytosol and nucleoplasm of several tumor lines [15]. Whether Grx2
S-glutathionylizes a protein, or reverses which modification, depends
on the cellular redox state (2GSH/GSSG-ratio). In the presence of a high
2GSH/GSSG-ratio, Grx restores SH-groups. If the 2GSH/GSSG-ratio is
low, the substrate will be S-glutathionylized. Grx3 (a multidomain
protein-complex) is also found in cytosol and nucleus, the monomeric
Grx5 is only found in the mitochondria. First, it was suggested that Grx
is responsible for reduction of disulfides and deglutathionylation of
proteins, meanwhile, it is recognized that Grx isoforms are rather
transfer proteins for iron-sulfur clusters (FeS) which use glutathione as
ligand [15].

2.2. Counteracting protein oxidation by proteolysis

Despite the large variety of reversible oxidative modifications and
reducing enzymes, most oxidative protein modifications are irrever-
sible. Irreversibly oxidized proteins must be degraded and replaced by
de novo synthesized ones in order to maintain functionality and pro-
teostasis of a cell [17]. In the case a protein (globular and water-so-
luble) is oxidatively modified/damaged by ROS in an ongoing process,
it undergoes a transition from slight functional decrease and increased
solubility to a completely dysfunctional, unfolded and insoluble struc-
ture that may be even resistant to mammalian proteases due to covalent
cross-linking, depending on the amount of oxidative modification. This
transition is depicted in Fig. 1. The effect of a single reaction of ROS
with a protein depends on the localization of the resulting modification.
An enzyme may be completely inactivated if the active center (the
amino acids essential for proper function) is modified. To reduce this
probability, many proteins have amino acids on their surface that
function as “ROS-scavengers” (mainly methionine-residues) and may
prevent functional damage in a limited range [18,19]. Oxidative da-
mage to other amino acids besides of cysteine and methionine is not
reversible and thus, irreversibly modified proteins need to be degraded.
During evolution two main proteolytic systems evolved to fulfill this
task: the “ubiquitin-proteasome system” (UPS) and the autophagy-ly-
sosomal system [20].

2.2.1. The ubiquitin-proteasomal-system (UPS)
The UPS is one of the two most important proteolytic machineries of

the mammalian cell. It has two main functions: Recognition and de-
gradation of damaged (including oxidized), modified, dysfunctional
proteins as well as the removal of fully functional and natively folded
proteins which are no longer needed or undergo normal turnover.
Removal of damaged proteins prevents an accumulation of dysfunc-
tional proteins that tend to form aggregates which can be covalently
cross-linked. Both functions preserve the cellular functionality and
provide a constant fine-tuning of the (functional) proteome (proteos-
tasis).

2.2.1.1. The 20S “core” proteasome. As explained above, (oxidative)
damage to proteins is inevitable. This problem already occurred in the
earliest known bacteria, the so-called archaea. Consequently, during
evolution, proteolytic systems emerged, which are able to recognize
and to remove dysfunctional proteins from a cell, in order to prevent
intracellular accumulation. The most important protease, removing
more than 90% of all oxidatively damaged proteins in eukaryotic cells,
is the 20S proteasome [21].

The eukaryotic 20S “core” proteasome, as shown in Fig. 2, is com-
posed of four stacked rings, two alpha and two beta rings, each one
containing seven different subunits, arranged in the sequence alpha-
beta-beta-alpha, forming a cylindrical structure. The alpha rings are
composed of different alpha subunits (alpha1 to alpha7), the beta rings
of different beta subunits (beta1 to beta7). Thus, 20S is composed of 28
subunits, which altogether have a molecular weight of 700 kDa
[17,22]. While the outer alpha rings are responsible for substrate re-
cognition and “gating” (regulation of substrate access into the inner
proteolytic chamber of 20S), the inner beta rings provide the catalytic
activity. The whole 20S complex has three inner chambers: two fore
chambers (one between each alpha ring-beta ring-interface) and one
main proteolytic chamber (between the two beta rings), where the
active centers are localized. Whether there is a special function of the
fore chambers is still not known.

Three of the seven beta subunits show proteolytic activities: beta1,
beta2 and beta5, thus there are six proteolytic centers overall [23]. The
ancient archaeal proteasome shows the same structure: four rings, each

Fig. 1. Oxidation of a soluble protein. The degree
of oxidative damage applied to a native protein is
both time- and dose-dependent. Minimal amounts of
damage may show only slight or no impact on pro-
tein function, solubility in this case may even in-
crease, since additional charges are introduced into
the protein. Further oxidation leads to a partial un-
folding and exposure of hydrophobic residues that
are normally buried inside soluble proteins, the
overall solubility now decreases compared to the
native form of the protein. Mediocre oxidation re-
sults in further/complete loss of activity and entire
unfolding, hydrophobic structures are now fully ex-
posed. Larger protein aggregates are formed by hy-
drophobic interactions of such unfolded proteins;
formation of such aggregates is still reversible, since
the single proteins are not covalently cross-linked.
Further oxidation leads to a largely covalently cross-
linked protein-aggregate; formation of those struc-
tures is irreversible, these products are highly re-
sistant to mammalian proteases. The list on the right
shows the most important of the over 200 currently
known enzymatic and non-enzymatic posttransla-
tional protein modifications.
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one containing seven subunits. In contrast to the mammalian one, in the
archaeal proteasome the alpha rings are formed of seven identical alpha
subunits and the beta rings contain also seven identical subunits which
show all proteolytic activity (thus 14 catalytic centers per proteasome).
The evolutionary more developed (mammalian) proteasome contains
only six active centers per proteasome, but these exhibit different cat-
alytic activities and specificities [24].

As mentioned above, proteolytic activities are localized on the beta
subunits, facing the inside of the proteasome, rendering substrate de-
gradation strictly regulated by substrate access. The substrate specifi-
cities of the single (mammalian) beta subunits are different [25]:

• beta1 shows a peptidyl-glutamyl-peptide-hydrolyzing activity (a
caspase-like one, which cleaves after acidic amino acids, also termed
“post-glutamyl-peptide hydrolytic” activity),

• beta2 has a trypsin-like activity and cleaves after basic amino acids,
while

• beta5 executes a chymotrypsin-like activity, cleaving after large

hydrophobic amino acids.

Until now, the exact mechanism of 20S-substrate recognition re-
mains still unclear. Though, it is strongly suggested that hydrophobic
structures that are usually buried inside of natively folded and soluble
proteins are recognized [26,27]. After (oxidative) protein damage,
those structures are exposed by unfolding, rendering (partially) un-
folded proteins to ideal substrates for 20S proteasomal degradation
[28,29], working in an ATP-independent manner. A very similar me-
chanism of substrate recognition is found in heat shock proteins and
other chaperones, that bind (partially) unfolded proteins in order to
prevent their aggregation, enable refolding to their native form or assist
in proteolytic degradation by handing over the bound substrates to
proteases such as 20S or the lysosomal system [30,31].

After binding to the exposed hydrophobic structures of a potential
substrate protein, the conformation of the alpha rings that form a
“gate”-like structure, blocking the entrance to the inner proteolytic
chamber, changes. This conformation change widens the annulus (axial

Fig. 2. Structure of the 20S proteasome. This
image shows the mammalian (bovine) 20S protea-
some as a reconstruction from X-ray crystallographic
data with a resolution of 2.75 Å [197]. The left panel
shows the structure of this large multicatalytic pro-
tease complex with color-coded individual subunits
from a side-view including its dimensions. The center
panel shows a cross section with several removed
alpha and beta subunits and the right panel shows a
greyscale image of that cross-section for a better vi-
sualization of the inner structure, subdivided into
two fore chambers, separated by the gate from the
environment and the central main chamber where
the proteolytic centers are localized facing the inside
of the proteasome.

Fig. 3. The 20S proteasome and its regulators.
This image shows the constitutive 20S “core” pro-
teasome (top left) and its most important regulators,
that can bind to one or both outer alpha-rings: the
26S (19S-20S) and the 30S proteasome (19S-20S-
19S), respectively, often also referred to as the 26S
proteasome (bottom left). The 19S regulator is
formed of at least 19 different subunits (also color-
coded); the so-called “mixed type” or “hybrid pro-
teasome”, a 20S core bound to a 19S regulator and
an 11S regulator at the same time (bottom center).
The most stable exclusively cytosolic 11S regulator is
a heteroheptameric structure (PA28(α3β4)), the ex-
clusively nuclear form is a homoheptamer
(PA28(γ7)); the single PA28 subunits are color-coded
here. A 20S proteasome, that is bound to two 11S
regulators (bottom right). 11S can bind to both the
constitutive 20S proteasome as well as to the in-
ducible immunoproteasome (i20S) and induce like
all the other regulator proteins gate-opening by
conformational changes, thus increasing the cores
proteolytic activity. A 20S proteasome bound to two
monomeric PA200 nuclear regulator proteins is also
shown (top right).
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pore) of the gate from a diameter from about 0.9 nm to about
1.3–2.0 nm [32], enabling access for a linear and completely unfolded
protein and even “hairpin”-like structures of proteins, providing also
endopeptidase activity. The main products of 20S proteasomal de-
gradation are oligopeptides with a length between 2 and 35 amino
acids. Product peak values are found at 2–3, 8–10, and 20–30 amino
acids, while the average length is 8–12 amino acids [33].

During evolution, several proteasomal regulators have evolved,
which can bind to the 20S “core” proteasome, modulating its activity
and substrate specificity. Those regulators are presented in detail in the
next chapter.

2.2.1.2. Regulators of the 20S proteasome. In this chapter a short
overview of the most important regulators of the 20S proteasome is
given. The single regulators and their combinations are depicted in
Fig. 3.

2.2.1.2.1. 19S regulator and 26S proteasome. One of the most
prominent proteasomal regulators is termed 19S. 19S is a large
complex, composed of at least 19 different subunits, summarizing a
molecular weight of about 1 MDa. Besides the known 19S subunits,
other proteins exists which interact with the complex, without
becoming an essential part of it. 19S can bind to an alpha ring of
20S, forming the so-called 26S proteasome (19S-20S, about 1.7 MDa). If
two 19S regulators bind to the core proteasome (19S-20S-19S, about
2.7 MDa) the 30S proteasome is formed, even though this complex is
also termed 26S in the literature [34,35].

6 of the 19 subunits of 19S show ATPase activity (Rpt1-6), while the
others do not (Rpn1-12 and Rpn15). The Rpt subunits form a hexameric
ring that binds to the 20S proteasomal alpha ring, while the Rpn sub-
units form a lid-like structure that enables recognition and binding of
substrates (via Rpn10 and Rpn13). 19S-binding activates the 20S pro-
teasome in a process involving Rpt2, -3, and -5 [36].

In contrast to the free 20S proteasome, 26/30S is able to degrade
natively folded and fully functional proteins in a both ATP-dependent
and -consuming manner (in the absence of ATP/NAD(P)H and Ca2+

20S detaches from the 19S regulator complex) [37–40]. The energy
provided by ATP is not necessary for proteolytic degradation of a
substrate but for its unfolding.

For degradation of a fully functional and natively folded substrate,
highly specific labeling is necessary – in this special case a short chain
of ubiquitin (Ub)-molecules, termed poly-ubiquitin chain. The ac-
cording process is called polyubiquitination. Ubiquitin, is a small ubi-
quitous found protein of 76 amino acids. The average Ub-concentration
in different mammalian cell types is about 100 pmol/mg [41]. In
HEK293 cells 60% of the whole Ub-pool are considered to be bound to
other proteins (mono-ubiquitination), mainly histones, while about
11% of Ub are found in form of polyubiquitin chains [41].

Both polyubiquitination and deubiquitination of substrates are
regulated by a very complex system still poorly understood. The sub-
strate specificity necessary for polyubiquitination is provided by the so-
called ubiquitin system, containing four different types of enzymes
(E1–E4) [42].

Ubiquitination (the whole process is depicted in Fig. 4) of a sub-
strate starts with “ubiquitin activation” mediated by E1 enzymes: Until
now, eight different mammalian E1 enzymes are known, two different
ones are found in humans - for activation, one molecule of Ub is at-
tached via formation of a thioester-bond (at the C-terminal glycine76 of
Ub) to a cysteine residue in the active center of E1 [43]. The second step
is the so-called “ubiquitin-conjugation”, mediated by E2 enzymes.
Currently about 50–75 mammalian E2-forms are known [44], 40 of
them are found in humans. From those 40, about 35 are dedicated to
ubiquitin-conjugation. In the third step, Ub is transferred to substrate
proteins in a highly specific manner by the E3 enzymes. About 650 E3
enzymes are currently known, 600 are of the so-called “RING” type
(RING stands for “really interesting new gene”) [45], the remaining 50
are of the “HECT” (“homologous to the E6-AP carboxyl terminus”) type

[46]. In both cases an intermediate complex is formed of Ub-loaded E2,
E3 and the substrate protein. Ub is attached to the substrate by an
amide bond, linking the C-terminal carboxyl group of Ub to a lysine
residue of the targeted protein. The difference between both RING and
HECT is the mechanism of the transfer of Ub to the substrate: The RING
E3s mediate the transfer directly from E2 to the substrate, the HECT E3s
mediate the transfer from E2 to E3 and then from E3 to the substrate.
The substrate specificity is provided by the large variety of E3 enzymes
which are responsible for a single one or only few different substrates.

Thus, after attachment of the first Ub to a substrate, the label is
elongated ‒ chains of 4 Ub-molecules attached to the substrate provide
the strongest degradation signal for 26S mediated proteolysis [47]. In
contrast, some proteins can be degraded by the proteasome following
modification by a single ubiquitin (monoubiquitylation, like the pro-
teins paired box 3 and syndecan 4) or multiple single ubiquitins
(multiple monoubiquitylation, like the NF-κB precursor p105 and
phospholipase D) [48]. Furthermore, also several proteins are known
that can be degraded by the proteasome in an ubiquitin-independent
manner: myeloid cell leukemia 1 (MCL1) [49], CCAAT/enhancer-
binding protein δ (C/EBPδ) [50] and ornithine decarboxylase (ODC)
[51].

How exactly a single Ub attached to a substrate is extended to a
chain of Ub-molecules necessary for substrate recognition by 26S is still
under discussion. A subset of the E2-pool is only capable to attach an Ub
molecule to another Ub, resulting in the formation of Ub-chains [41].
This is possible for an Ub-loaded E2 without another partner (such as an
E3 enzyme). Other authors state that elongation of the Ub-chain is
mediated by so-called E4 enzymes [52], a special “subgroup” of the E3-
pool. This discussion may be finally clarified by protein-phylogenetics.
E2 enzymes are responsible for interaction with a special set of E3
enzymes or substrates: E1 attaches the C-terminal glycine76 of the ac-
tivated Ub to a cysteine residue of E2, again via a thioester-bond.

Tough, even polyubiquitination of a substrate is not mandatorily a
one-way street, because there are also so-called deubiquitinating en-
zymes (DUBs) which are able to remove an attached Ub-chain from a
protein preventing it from proteolysis [53]. Those DUBs recently be-
came a focus of research, since they represent another control instance
of protein turnover/cellular proteostasis besides polyubiquitination
[44]. Today, more than 95 genes expressing DUBs are known (about 80
are found in humans), involved in numerous cellular functions – some
of those functions are essential, so that knockout-mutants are lethal.
The number of DUBs is comparable to the number of E2-enzymes in
mammals [41]. Three of them (PSMD14/POH1, the ubiquitin carboxyl-
terminal hydrolase L5 (UCHL5/UCH37) and USP14) are associated with
the lid (non-ATPase subunits) of the 19S regulator. Depletion of either
UCHL5 or USP14 increases 26S proteasomal degradation of substrates,
while a combined depletion of both decreases it. In studies, 11 of 66
human GFP-tagged DUBs have been found exclusively in the nucleus
[54].

In contrast to the 20S proteasome, 26S in combination with the
ubiquitin system enables the cells to degrade fully functional proteins –
this is important for the quick adaptation of the cell to changed en-
vironmental conditions and for the removal of proteins that are no
longer needed.

The whole proteome, both the functional one and damaged proteins
are subject of a constant turnover, a steady state of de novo synthesis
and proteolytic removal, which both depend on metabolic state, cell
cycle, cell type, environmental conditions, pathologic changes, immune
response, aging, even on circadian cycle [55] or melatonin mediated
regulation of clock genes [56]. The need to remove a protein from the
cell can have different causes – some proteins were not folded correctly
during the de novo synthesis, a protein may have been damaged (by
ROS), it may be fully functional but is no longer needed, or under
starving conditions amino acids are needed for the constant de novo
protein synthesis. In mammals, only few proteins such as the dentin of
the teeth or the proteins of the eye lens are not constantly degraded and
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resynthesized during life span. Perturbation of this steady state (pro-
teostasis) will result in reduced cellular function or even cell death
[57].

2.2.1.2.2. 11S regulator and immunoproteasome (i20S). Besides the
already described “constitutive” 20S proteasome (sometimes also
termed as “c20S”), an inducible form also exists in mammals, termed
the “immunoproteasome” (i20S). Different regulatory proteins are co-
expressed together with i20S, mainly the 11S regulator also named as
“PA28” or “REG”. After induction of i20S subunits (i.e. of the respective
subunits) via exposure of cells to interferon-gamma (IFN-γ), tumor
necrosis factor alpha (TNF-α) or lipopolysaccharides (interpreted by the
immune system as bacterial infection), in de novo synthesized
proteasomes, the catalytic subunits β1, β2, and β5 are replaced by
the respective inducible forms iβ1 (also termed PSMB9 or LMP2, for
“low molecular weight protein 2”), iβ2 (PSMB10, LMP10, or MECL-1,
for “multicatalytic endopeptidase complex-like 1”), and iβ5 (PSMB8 or
LMP7). The inducible subunits have a higher affinity to the protein
complexes involved in proteasome-assembly, and thus, within about 7
days of IFN- γ exposure, almost the whole proteasome pool of c20S is
replaced by i20S [17]. Furthermore, i20S has a shorter half-life of about
27 h compared to the constitutive 20S (about 8–12 days). In the sum,
i20S is both quickly formed in considerable amounts after induction
and also quickly removed from the cell after decline of the inducing
event.

Also, subunits of the proteasomal 11S regulator are co-expressed,
forming heterohexameric, heteroheptameric or homoheptameric com-
plexes. The contributing subunits are PA28α (REGα or PSME1) and
PA28β (REGβ or PSME2), while the most stable complex seems to be
the heteroheptameric PA28(α3β4)-combination, that contains a β-β-
dimer. A third 11S subunit is known as PA28γ (also termed REGγ, 11Sγ,
PSME3, or Ki antigen). PA28γ is found exclusively in the nucleus and is
not inducible (in contrast to PA28α/β). It does not seem to play a role in
the immune response, but in repair of damaged DNA, cell proliferation
and tumorigenesis. PA28γ promotes proteasome-mediated degradation
of regulatory proteins such as the “steroid receptor coactivator-3” (SRC-

3) and the cyclin-dependent kinase inhibitors p16, p19 and p21 in an
ATP- and ubiquitin-independent manner [58]. It may also play a role in
cell cycle transition and proliferation, since REGγ-deficient mice show
reduced body size and REGγ-deficient embryonic fibroblasts have an
impeded transition from G- to S-phase during the cell cycle [58].

The immunoproteasome also plays an important role in the gen-
eration of short oligopeptides from pathogenic proteins, that show a
hydrophobic C-terminus and are ideal for MHC-I-presentation (MHC-I,
major histocompatibility complex class I) on the cell surface to CD8+-
cells (cytotoxic T-lymphocytes). Interferon-γ also induces the formation
of both immunoproteasomes and 11S regulator complexes. In case of a
viral infection, this provides enhanced proteolysis of viral proteins and
increased presentation of viral antigens on the cell surface, enhancing
the immune-response especially in the infected tissue environment.
Thus, cytotoxic T-lymphocytes antagonize intracellular infections
(especially viral ones) by destroying infected cells. According to Mishto
et al., the constitutive proteasome (20S) and the immunoproteasome
(i20S) show only minor difference in the generated pool of oligopep-
tides [59], but differ in their degradation rates [60]. These results are
still controversial, since other authors state that the immunoproteasome
tends to cleave after hydrophobic and basic residues that are better
suited for MHC-I-presentation [61].

Furthermore, in cells undergoing inflammation/inflammatory re-
sponse especially in the phase of i20S de novo synthesis, also “mixed”
proteasomes are formed which may have between one or five con-
stitutive catalytic sites replaced by the inducible ones [62]. This may
result in a broadened spectrum of MHC-I-compatible short antigenic
oligopeptides available.

Despite of its role in production of presentable antigens, another
supported function of the cytosolic PA28 is the degradation of oxida-
tively damaged proteins, since i20S shows a higher activity than c20S,
especially when in complex with the 11S regulator which induces gate
opening and thus increases proteolytic capacity [63–65]. In both in-
flammation and during aging the amount of i20S is increased, possibly
due to the increased amount of damaged proteins [66,67].

Fig. 4. The ubiquitination pathway. This figure
shows the process of substrate labeling for terminal
26S proteasomal degradation. The first step is the
“activation” of an Ubiquitin (Ub) by an E1 in an ATP-
consuming manner. Then Ub is transferred by E1 to
an E2 enzyme. Substrate specificity is provided by
the large variety of available E3 enzymes that only
target a small amount of substrates. There exist two
types of E3 ubiquitin ligases: RING and HECT. In case
of “RING” E3: both the substrate and the Ub-loaded
E2 are bound by the E3, the Ub is directly transferred
from E2 to the substrate. In case of “HECT” E3, the
substrate is transferred from E2 to E3 and then from
E3 to the substrate. After attachment of the first Ub
to the substrate, a chain of Ub-molecules is attached
to the first one by specialized E2/E4-enzymes that
are only able to append Ub to another Ub-molecule.
The substrate is then degraded by the 26S protea-
some (a chain of Ub4 provides the strongest de-
gradation signal), the Ub-chain is released into the
cytosol and monomerized again for further loading
of an E1 enzyme.
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Recent findings point out, that some diseases are accompanied by a
changed amount of immunoproteasomes, especially in pathologies as-
sociated with inflammation and/or infection [68,69]. Whether the in-
crease of i20S formation is a cause or a result of the pathology is still
under discussion. Most likely, i20S is induced to cope with a shifted
proteostasis, especially during and after phases of oxidative shifts/stress
[70]. Diseases accompanied by increased formation of i20S are age-
related macular degeneration (AMD), neurodegenerative pathologies
such as Alzheimer’s, Huntington’s and Parkinson’s, as well as amyo-
trophic lateral sclerosis (ALS) – all of them showing inflammatory as-
pects, such as enhanced ROS formation, protein oxidation, lipid per-
oxidation, or formation of advanced glycation end products (AGEs).

Also several diseases are known that result from mutations in the
PSMB8-gene, coding the iβ5-subunit: JMP (joint contracture, muscle
atrophy, microcytic anemia, and panniculitis-induced lipodystrophy)
[71], CANDLE (chronic atypical neutrophilic dermatosis with lipody-
strophy and elevated temperature) [72], NNS (Nakajo-Nishimura syn-
drome) [73] and JASL (Japanese autoinflammatory syndrome lipody-
strophy). JMP is associated with a slight change in iβ5 activity [71] due
to changes in its tertiary structure, resulting in mild metabolic dis-
turbances, joint contractures, muscle atrophy, elevated liver enzymes
and hypergammaglobulinemia; CANDLE, also showing decreased iβ5
activity, which manifests in skin lesions, slight fever, developmental
delay and progressive lipodystrophy; NNS shows symptoms very similar
to CANDLE; JASL is characterized by auto-inflammation and lipody-
strophy [70].

Direct comparison of c20S and i20S revealed in most cases same
efficiencies of both, while in certain cases i20S was slightly more active
[70]. Binding of the 11S-regulator significantly enhances proteolysis by
gate-opening and the selectivity of i20S towards oxidized substrates
provides enhanced capacity during phases of oxidative stress. Also, in
long-lived species (rodents and primates) a higher basal expression of
i20S was shown compared to short-lived ones [74], while expression of
the immunoproteasome as well increases with age (shown in rats [75])
and its induction via IFN-γ is reduced [76]. Since aging is also ac-
companied by both enhanced protein oxidation and thus, also an in-
tracellular accumulation of oxidatively damaged proteins, expression of
i20S may be a counteracting cellular antioxidative response in order to
preserve proteostasis. Thus, the functions of i20S are beyond just the
production of MHC-I-compatible antigens.

It is also important to mention the influence of oxidative stress and
redox-shifts on the composition of the proteasomal system. Slight oxi-
dative stress induces an antioxidative Nrf2-mediated response which
also includes the expression of both the constitutive 20S proteasome as
well as of the 11S regulator, but not of the immunoproteasome [77],
while severe oxidative stress induces an inflammatory response
(mediated by NF-κB) accompanied by expression of inducible protea-
somal subunits [78]. A 20S proteasome which binds to both a 19S and
an 11S regulator is termed “mixed type proteasome” or “hybrid pro-
teasome”.

Another proteasomal subtype is the “thymoproteasome” (t20S),
containing iβ1, iβ2 and tβ5 (PSMB11), a subunit, which is only found in
cortical thymic epithelial cells (cTECs). In cTECS, t20S plays an im-
portant role in positive selection of T cells, while the expression of β5 or
iβ5 cannot compensate the lack of tβ5 [79–81].

2.2.1.2.3. The protein activator “PA200”. The proteasomal regulator
“protein activator 200 kDa” (“PA200”, in yeast termed “Blm10”) [82],
is a protein which is only found in the nucleus of mammalian cells with
a function that is still largely unknown.

In yeast, knockout mutants reveal hypersensitivity to DNA-damage
and reduced respiratory capacity [83] while in mice the susceptibility
to DNA-damaging agents is not changed. However, the male fertility
was significantly decreased. The PA200/Blm10 protein is a monomeric
dome-shaped regulator that binds to one of the alpha-rings of 20S and
induces increased proteasomal activity via gate-opening, very similar to
the 11S regulator. Both PA200 and Blm10 are ATP-independent and can

be induced by ionizing radiation. Today, three different isoforms have
been identified (PA200i, PA200ii, PA200iii), but only PA200i seems to
actually bind to the 20S proteasome.

2.2.1.3. Kinetics of the 26S/20S mediates degradation. The
characteristics and mechanisms of proteasomal degradation as well as
the kinetic mechanism are of great interest. 26S proteasomal
degradation is a process in the range of minutes as found with
different substrates such as dihydrofolate dehydrogenase that is
processed to oligopeptides within 5 min or the I27 domain of titin
taking about 40 min. According to Henderson et al. [84], per minute of
substrate degradation, a single 26S complex (19S-20S) consumes about
110 molecules of ATP. Considering an overall of 12 ATPases in a double
19S-capped 20S proteasome (19S-20S-19S), the authors estimated a
consumption of about 300 molecules of ATP for complete unfolding of a
single I27 domain [84].

Those rate-quantifying experiments were carried out in vitro using
isolated 26S proteasomes from yeast in buffers preserving 26S func-
tionality [84].

Thus, the I27 domain reveals high mechanical stability and may not
be compared to the average substrate the 26S proteasome encounters in
a cell – around 60% of the complete degradation time was spent un-
folding I27. A V13P-mutant of I27 (I27V13P) reduced the overall de-
gradation time to 9 min compared to the wildtype [84] in a substrate-
saturated condition at steady state. Thus, at least a partial unfolding of
the target protein reduces its “stability” and at the same time also its
degradation time.

The 20S proteasome was also object of mathematical modeling and
simulation (in silico). Most models of enzymatic activity assume
Michaelis-Menten-type kinetics, but 20S for example revealed inhibi-
tion at high substrate concentrations (in this special case a fluorescent
oligopeptide, which is activated by 20S mediated proteolysis); besides
this, also the products seem to have enhancing effects: the proteolytic
activity of 20S increased over time while the substrate Suc-LLVY-MCA
was degraded [85]. Since the classical enzyme kinetic models fail to
describe 20S mediated proteolysis, more complex models were estab-
lished which also include effects such as substrate-inhibition (with
feedback on substrate-binding or -hydrolysis), as well as enhancing or
inhibiting regulatory sites at the outside of the proteasome or in its
inside (proteolytic chamber). One of those models by Liepe et al. [85]
suggests that a gate-opening site is located inside the proteasome as
well as a transport-inhibiting site at its surface. This model is able to
explain already known effects such as onset of reduced proteolysis
before substrate-depletion, the substrate-inhibition at both early and
late time points, as well as increased reaction velocity over time [85].
These effects are also dependent of the substrate.

2.2.1.4. Redox regulation of the UPS. Since the formation of ROS and
the resulting oxidative protein modification/damage is an inevitable
process, the function of the UPS is also modulated in a redox-dependent
manner. Such a redox-dependent regulation is mainly realized via
redox-sensitive amino acids (such as cysteines) or residues that are
modified by other proteins (for example kinases) which in turn are
redox-regulated. Furthermore, also irreversible oxidation of 20S/26S is
possible. Consequently, different 19S and 20S subunits were found to be
modified/oxidized by formation of HNE-adducts or protein carbonyls,
by S-glutathionylation, S-glycosylation or phosphorylation. In part,
those modifications have direct impact on 20S activity. Our own
work (unpublished data) revealed that S-glutathionylation of the
mammalian 20S proteasome (according to [86,87]) significantly
increases the 20S proteasomal activity, while complete de-
glutathionylation (using DTT, according to [88]) significantly reduces
it. Fig. 5 shows a visualization of the 26S proteasome with the single
subunits and their known modification(s) [89].

Besides 20S and 19S, other parts of the UPS and related proteins are
affected by changing redox states. So, not only proteins are affected,
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since oxidative damage affects also lipids, carbohydrates and nucleo-
tides. DNA-damage threatens the functionality of a cell. The nuclear
poly(ADP-ribose)-polymerase-1 (PARP-1) is one of the first “detectors”
of DNA-damage as single-(SSB) and double-strand breaks (DSB). PARP-

1 binds to SSB/DSB and then actively produces poly-ADP-ribose, mainly
targeting histones. Other targets are NF-κB, p53, DNA-topoisomerases,
DNA-PKcs, also PARP-1 itself as well as the nuclear 20S proteasome.
Most of those mentioned targets will be discussed below. It seems that

Fig. 5. The structure of a half 30S proteasome and some important known posttranslational modifications. The single subunits of a half 30S proteasome - shown is the half of a 20S
proteasome (one alpha- and one beta-ring) attached to the 19S regulator protein. The single subunits are color-coded, the structure is a 3D-reconstruction from cryo-electron microscopic
data. The table on the right shows different posttranslational modifications (HNE=protein-adduct with the lipid peroxidation product trans-4-hydroxy-2-nonenal; PC= protein carbonyls;
S-Glu=S-glutathionylation; S-Gly=S-glycosylation; Phos=phosphorylation) that have been shown already for the respective subunits [89].

Fig. 6. Regulation of the proteasome after an
oxidative event. The response of the proteasome
and its different regulators to an event of acute, ex-
tensive, but sublethal oxidative stress over time is
shown here. Within the first 15 min, PARP-1 acti-
vates the nuclear 20S proteasome. Ubiquitination is
blocked, since the E-enzymes of the UPS are sus-
ceptible to oxidative stress (due to the functional
cysteine in their active centers), while Hsp70 med-
iates the detachment of 19S from the 20S protea-
some, reducing the amount of 26S proteolytic capa-
city. Within 15 min until 3 h after the stress-event,
11S attaches to the 20S proteasome, increasing its
activity by gate-opening. The 26S proteasome is re-
formed (Hsp70 detaches) and the ubiquitinating
machinery of the cell is recovering to a functional
state. After 3–48 h a massive de novo synthesis of
20S, i20S and the 11S regulator is induced, strongly
enhancing ATP-independent degradation of unfolded
protein substrates.
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this modification has a protective effect on histones, preserving the
functional ones from degradation. PARP-1 is recognized as the linker
between the DNA-damage-repairing machinery of the cell and the UPS
removing damaged proteins, since PARP-1 is able to activate the 20S
proteasome [90]. UPS-activation can be suppressed with both PARP-
inhibitors as well as inhibitors of the proteasome (such as lactacystin or
MG132). Besides this 20S proteasomal induction under conditions of
oxidative stress, a rapid decline of 26S proteasomal activity is found,
mainly driven by a Hsp70-mediated detaching of the 19S regulator
[91], also resulting in a higher proteolytic capacity of 20S. Further
redox-dependent modifications (such as S-glutathionylation and phos-
phorylation, while the latter one is not only redox-dependent) may also
contribute to increased 20S activity while the 26S activity is reduced.
Depending on the cell type, this response is induced within 5–30 min.
Besides 19S detaching, enhanced binding of 20S to the 11S regulator
takes place, also increasing 20S activity by gate-opening, thus providing
more proteolytic capacity for the degradation of oxidized proteins [92].
The (poly)ubiquitinating machinery, formed of E1, E2, E3, and E4 en-
zymes is very susceptible to redox-shifts, mainly due to S-glutathiony-
lation of active site-cysteines [93]. Within 3–24 h the bulk of oxida-
tively damaged proteins is removed from a mammalian cell mainly by
the proteasomal system, since proteasomal inhibitors are able to pre-
vent this removal to about 90% [21]. After the phase of oxidative stress
and coping with the induced changes, 19S and 20S reassemble to 26S
again, while Hsp70 is released. In the range from 12 to 72 h, massive de
novo synthesis of 20S, i20S, and 11S subunits is induced. The described
changes of the UPS during redox-shifts are depicted in Fig. 6.

This also explains the (for a short time) enhanced resistance of
mammalian cells against oxidative stress after pre-treatment with low
doses of oxidative agents, since the respective cellular systems are al-
ready induced [94]. Those cellular effects are termed as “adaptation” or
“hormesis”. In toxicology, hormesis is a dose-response effect, char-
acterized by low dose stimulation and a high dose inhibition, resulting
in J- or inverted U-shaped dose responses. Though, both “hormesis” and
“adaptation” share similar cellular mechanisms, they are not identical
[95].

2.3. Autophagy-lysosomal system

Oxidatively damaged or unfolded proteins can be removed from a
cell via different pathways, as depicted in Fig. 7. The most important
one is proteasomal degradation. Besides this, incorporation into the
lysosomal system (autophagy) is possible. While the UPS is only able to
degrade proteins, the lysosomal system incorporates macromolecules,
protein aggregates as well as whole cellular organelles – the material
can also be obtained from the extracellular space. Furthermore this
evolutionary highly conserved system also plays a role in antigen pro-
cessing, initiation of apoptosis, cholesterol homeostasis, signaling, dif-
ferentiation, growth control, tissue remodeling, energy metabolism,
degradation of the extracellular matrix and repair of the cellular plasma
membrane [96–98].

In mammalian cells, lysosomes are dynamic organelles with dia-
meters from 0.1 up to 1.2 µm, filling about 0.5–5% of the intracellular
space [99]. In the lysosome a large variety of acidic proteases, lipases
and nucleases is found, often showing optimum activity at low pH-va-
lues (in lysosomes an acidic pH of 4.5–5.5 is found [100]) provided by
membrane-bound ATP-consuming proton-pumps - thus, in case of ly-
sosomal rupture, the released enzymes will not start to degrade cellular
structures at the slightly basic cytosolic pH of about 7.2–7.4. The main
proteases found in lysosomes are the serine proteases cathepsin A and
G, the aspartic proteases cathepsin D and E (pepsin family A1), as well
as the cysteine proteases cathepsin B, V, L, F, H, K, O, S, V, X and W
(papain family C1A) [101]. Furthermore, the family C13 is found, in-
cluding the cysteine protease asparaginyl endopeptidase, also termed
legumain.

First, those organelles have been described by Christian de Duve in

1955, the term is composed of the Greek “lysis” (“destruction” or
“dissolution”) and “soma” (“body”), thus describing a “lytic body”.
Lysosomes are characterized by a single lipid double layer, containing
large amounts of the lipophilic antioxidant α-tocopherol compared to
other membranes [102]. The main function of α-tocopherol is disrup-
tion of lipid peroxidation chain reactions, what may be a hint to an
increased amount of ROS formation within those organelles. Besides the
first description, de Duve was also the first to observe a cellular self-
eating process and coined the term “autophagy” as catabolic function of
the lysosomal system in 1963 [103].

Also, different types of autophagy are possible for lysosomal sub-
strates that depend on the pathways of delivery. One type is the so-
called macroautophagy [104,105] - in this case, a phagophore in-
corporates a cytosolic volume, and forms an autophagosome that fuses
with a lysosome (Fig. 7, top left). This function can be induced by
various cellular stresses such as limited nutrients [106], an accumula-
tion of damaged proteins (aggrephagy) [107], dysfunctional/defective
mitochondria (mitophagy) [108,109], and finally also by invading pa-
thogens (xenophagy) [110]. Until now, at least 36 genes are known
(Atg1-36, Atg for “autophagy-related protein”) which are involved in
this still poorly understood process. From those 36 genes, 17 form the
“core machinery”, essential for most types of autophagy. The “me-
chanistic target of rapamycin complex 1“ (mTORC1) [111], is a com-
plex of proteins, that functions as a sensor for nutrient supplementation,
energy (via ATP) and redox state and controls protein synthesis. A large
variety of factors impact mTORC1 signaling such as insulin, growth
factors, phosphatidic acid, certain amino acids, hypoxia, mechanical
and oxidative stress. One of the first upstream events in autophagy is
the formation of the ULK1- (uncoordinated-51-like kinase 1, the
mammalian homolog of Atg1) complex, formed of ULK1, ATG13,
FIP200 (focal adhesion kinase family-interacting protein 200 kDa) and
Atg101 [112].

Low amounts of glucose activate AMPK (5' AMP-activated protein
kinase or AMPK or 5' adenosine monophosphate-activated protein ki-
nase) by an altered ATP/ADP ratio. AMPK can, therefore, be considered
as a sensor of AMP/ATP or ADP/ATP ratios determining the cellular
energy level, and low amounts of glucose shift this ratio by a decrease
of ATP in favor of ADP and AMP. Induced AMPK associates with ULK1,
phosphorylates it at different sites, thus starting the formation of the
ULK1 complex, required for autophagy. Autophagy can also be induced
by a starvation of amino acids. In mammalian cells, mTORC1 binds the
ULK1-complex under amino acid-rich conditions and inhibits induction
of autophagy via phosphorylation of ULK1 at Ser757 and also via
phosphorylation of ATG13 [112]. During starvation phases, mTORC1
detaches from the ULK1 complex that becomes active and induces au-
tophagy. Insulin affects/regulates the ULK1-complex in an Akt (“pro-
tein kinase B”, also termed PKB)-mediated manner, amino acids take
effect via mTORC1 and glucose via AMPK [112].

Thus, mTORC1 controls Atg1, one of the main inducers of autop-
hagy. Atg1 regulates Atg9, a protein which induces the de novo for-
mation of the phagophore at the so-called “preautophagosomal struc-
ture” (PAS) that engulfs the substrates to be degraded. In this process,
also Atg6 and -14 are included, which form the class III PI3K complex I
(containing Vps34, phosphoinositide 3-kinase, p150/Vps15, Atg6/
Beclin1, and Atg14L) [113]; the exact mechanism of PAS assembly is
still unclear. The activation of this Atg6-PI3K-complex produces PI3P
(phosphatidylinositol 3-phosphate) providing a lipid signal recruiting
other effectors such as DFCP1 (double FYVE domain-containing protein
1) as well as members of the WIPI (WD-repeat protein interacting with
phosphoinositides) family that eventually form the phagophore [112].

Expansion and final closure of the forming membrane are regulated
by the ubiquitin-like conjugation systems Atg8 and Atg12. Proteins of
the Atg8-family are conjugated to phosphatidylethanolamine in a pro-
cess involving Atg3 and -7, while Atg12 forms a complex with Atg5
which interacts with Atg16, also supporting the formation of the iso-
lation membrane and its final closure around the substrates. The result
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is a vesicle (autophagosome), filled with substrates [114] - later the
autophagosome fuses either directly with a lysosome or first with a
“multivesicular body” (MVB, also termed “endosome”) forming an
amphisome and then fuses with a lysosome. In both cases, the result is
termed “autolysosome” [115]. However, an endosome is enclosed by
only one lipid bilayer (formed of the invaginated cell membrane), while
an autophagosome is engulfed by two lipid bilayers (formed by the
phagophore) – the outer one fuses with the lysosome (the inner one is
degraded together with the substrates it contains) to the resulting au-
tolysosome [115]. The products of degradation are transported across
the lysosomal membrane back into the cytosol for further use by the
cellular metabolism. The mentioned MVBs contain nutrient transpor-
ters, complexes of ligands and growth-factors, lipids, extracellular
material or pathogens. Most of this material is not degraded but re-
cycled back to the cell membrane, while only a small amount of the
MVBs ends up in the lysosomal system [114].

Another form of autophagic degradation is the microautophagy
[116,117] (the term was created in 1983), here, the lysosomal mem-
brane directly engulfs a cytosolic volume by random membrane in-
vagination, which forms an “autophagic tube” (mediated by Atg7) and
finally buds into the lysosomal lumen [118], where it is degraded with
its substrates (Fig. 7, bottom right).

The third type of autophagy is the so-called “chaperone-mediated
autophagy” (CMA), discovered in 1981. CMA exclusively targets single
proteins. Besides being recognized by the 20S proteasome, unfolded
proteins can also be recognized by chaperones such as Hsc70 (“heat
shock cognate 70”) triggering also chaperone-mediated autophagy
(CMA) (Fig. 7, center). The basic mechanism involves Hsc70-binding to
substrates in the cytosol which contain a specific KFERQ motif that is
essential for CMA. About 30% of the cytosolic proteins in mammalian
cells carry this motif [100]. Hsc70 recognizes this motif and transfers
the substrate to the lysosome-associated membrane protein type 2A
(LAMP-2A). LAMP-2A is a monomer which assembles into multimeric
complexes after substrate binding to its monomeric form. After trans-
location of the substrate into the lysosome, the multimeric LAMP-2A-
complex quickly disassembles. Hsc70 in complex with the co-chaper-
ones Hsp90, Bag1, Hsp40, St13, and Stip1/Hop mediates recognition of

the substrates’ KFERQ motif and translocation into the lysosome
[119,120]. This chaperone-complex seems also to be involved in sub-
strate unfolding. Inside the lysosome, another variant of Hsc70 (lyso-
somal Hsc70, lys-Hsc70, with an isoelectric point of 5.3) is required for
the translocation process of the substrate [121]. Lys-Hsc70 is stable in
pH-ranges from 5.2 to 5.4, while it is degraded very quickly, if the ly-
sosomal pH is shifted above 5.6, thus, reducing CMA significantly.
Consequently, lysosomes are classified according to lys-Hsc70 in their
lumen (or not) and without lys-Hsc70, CMA is not possible. However,
the exact function of lys-Hsc70 is still unclear: it may be an active
“pulling” process or a passive prevention of substrate retro-transloca-
tion into the cytosol. Furthermore it is still unknown, how exactly lys-
Hsc70 enters the lysosomal lumen at all. Oxidative stress or starvation
are also able to increase the amount of lys-Hsc70 in lysosomes [121],
which is recently also known to be involved in the re-monomerization
of LAMP-2A-clusters after substrate translocation [122].

Interestingly, Hsc70 may also play a role in microautophagy [123]
and macroautophagy. Here, Hsc70 recognizes and binds protein ag-
gregates and mediates their uptake in a process termed chaperone-as-
sisted selective autophagy (CASA) [124,125]. CASA was first shown for
the protein filamin. In this case, the co-chaperone Bag3 binds both
Hsc70 and HspB8 (heat shock protein beta 8), while the E3 ubiquitin-
protein ligase Stub, that is bound to Hsc70 in this complex, mediates the
ubiquitination of the substrate. However, the ubiquitinated form of fi-
lamin is not degraded by the 26S proteasome, but it is bound by the
macroautophagy receptor sqstm1/p62. The sqstm1/p62-substrate
complex [126] is then recognized by the autophagosomal membrane
protein MAP1LC3 (microtubule-associated proteins 1A/1B light chain
3B, also termed LC3, the most commonly used marker-protein of au-
tophagosomes) [127] which mediates uptake of the substrate into the
autophagosome by a mechanism which is still under discussion.

2.4. Redox shifts regulating the UPS

In order to counteract oxidative damage of cellular structures in
redox-shifts, inflammation or oxidative stress, exceeding the “basic”
amount of ROS produced in normal cellular function, there are

Fig. 7. The possible degradation-pathways of an
(oxidatively) damaged/unfolded protein. The
UPS-pathway - a damaged protein can be degraded
by the 20S proteasome or the 26S proteasome.
However, polyubiquitination is not a pathway for
oxidatively damaged proteins, since those are not
preferentially polyubiquitinated [198,199]. Macro-
autophagy - a phagophore engulfs a cytosolic vo-
lume, that may also contain single damaged proteins,
but mainly larger protein-aggregates (can be cova-
lently cross-liked or not) or even whole organelles
such as aged/dysfunctional mitochondria. The re-
sulting autophagosome containing the lysosomal
substrates fuses with a lysosome, exposing those
substrates to a large variety of enzymes. Chaperone-
mediated autophagy - a substrate protein is bound by
different chaperones as Hsc70 and its co-chaperones
and is translocated into the lysosomal system via
interaction of Hsc70 and the “lysosome-associated
membrane protein 2” (LAMP-2A). LAMP-2A trans-
locates the substrate into the lysosomal volume
where it is bound by a lysosomal form of Hsc70 (lys-
Hsc70). Microautophagy - substrates are directly
taken up from the cytosol via invagination by the
lysosomal system. Endocytosis - substrates from the
outside of the cell are taken up by the cell via an
invagination of the cell membrane, forming an en-
dosome that fuses with the lysosomal system, re-
sulting in substrate degradation.
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powerful systems that can be induced, increasing the antioxidative
capacity of the cell. In Fig. 8, the green box displays the most important
cellular ROS-scavenging enzymes - if those systems are not sufficient to
prevent a cellular redox shift, molecular redox-sensors such as Keap1/
Nrf2 can be activated very quickly.

2.4.1. Nrf2
Keap1 is the regulator of the “nuclear factor erythroid 2-related

factor 2” (Nrf2), one of the central redox-sensitive messengers (Fig. 8).
Nrf2 is bound to Keap1 in an inactive state under physiological con-
ditions as Keap1/Nrf2-complex [128]. This complex binds the Cul3-
Rbx1 holoenzyme, one of the (up to now) seven known Cullin-RING box
(Cul-Rbx) E3-ubiquitin-ligases, mediating the polyubiquitination of
Nrf2, resulting in its proteolytic degradation by the 26S proteasome.
Thus, Nrf2 has only a very short intracellular half-life of about
10–20 min [129]. If Keap1 gets oxidized (its cysteine residues 151, 273,
and 288 function as redox switches) and, therefore, its ability to bind
Nrf2 is reduced, Nrf2 is released into the cytosol, where it becomes
quickly phosphorylated mediated by a large variety of kinases such as
protein kinase C (PKC), several mitogen-activated protein kinases
(MAPKs), PKR-like endoplasmic reticulum kinase (PERK) or phospha-
tidylinositol 3-kinase (PIK3) [130]. After its phosphorylation [129],
Nrf2 is translocated by the importins α5/β1 into the nucleus [131],
where it forms a complex with the proteins sMaf, ATF4, JunD and PMF-
1 which induces the expression of several antioxidant response ele-
ments/electrophile response elements (ARE/EpRE-elements), listed in
Fig. 8 (bottom left). The amount (maximal nuclear accumulation) of
Nrf2, as well as the accumulation time is affected by the intensity of
oxidative stress: inducers of Nrf2 such as sulforaphane (SFN) increase in
a dose dependent manner the maximal amount of Nrf2 translocated and
reduce the necessary time [132]. The balance between Keap1-mediated
proteasomal degradation of Nrf2 and its de novo synthesis provides a
(very) small amount of Nrf2 that is found free in the cytosol in between
synthesis and Keap1 binding. Pronounced oxidative conditions provide
a reduced Nrf2-proteolysis and an increased synthesis, since increased
Nrf2 expression is a part of Nrf2-mediated stress-response.

The nuclear fate of Nrf2 is still unclear: it can be translocated back

into the cytosol, where it is degraded in a Keap1-mediated manner as
described above or it can be degraded in the nucleus by the 26S pro-
teasome, guided by “glycogen synthase kinase 3” (GSK-3) [133], which
directs proteolysis of a variety of proteins via the SCFβ-TrCP1/2-complex
which functions as an E3 ubiquitin ligase and mediates substrate-
polyubiquitination. GSK-3 phosphorylates a cluster of Ser/Thr-residues
in target proteins, which are then recognized by the SCFβ-TrCP1/2-com-
plex, that also binds cullin-1 resulting in the formation of a complete
E3-ligase after association with two other proteins (Skp1 and Rbx1)
[134]. The resulting complex is able to recognize phosphorylated sub-
strates and mediates their polyubiquitination, followed by 26S protea-
somal degradation which may be an alternative pathway of Nrf2-pro-
teolysis besides the Keap1-mediated one.

As mentioned above, oxidative stress is able to activate Nrf2, in-
ducing the expression of both the 11S regulator and the (constitutive)
20S proteasome, while the immunoproteasome subunits are not in-
duced by Nrf2. Nevertheless, H2O2 is able to induce expression of the
immunoproteasome, but apparently by a mechanism, independent from
Nrf2, since Nrf2 inducers, inhibitors, and the respective siRNA have
only minimal effects on i20S induction mediated by H2O2[135].

Most of the proteins induced after Nrf2 activation are antioxidants,
proteins with anti-inflammatory effects, detoxifying enzymes and sub-
units of the UPS (of 20S, 19S and 11S). This enables the cell to coun-
teract both the increased amount of ROS, the possible sources of ROS
and to remove already oxidatively damaged structures more efficiently.
However, especially the induction of UPS subunits is still under dis-
cussion: One study using microarrays revealed an increase in the ex-
pression of the 20S subunits α1-2, α4-7, β1-6, as well as of the 19S
subunits Rpt1/2/5, Rpn2/5/6/8-12, and S5b, but neither the inducible
subunits of the immunoproteasome nor the ones of the 11S regulator
were detected [136]. In contrast, Pickering et al. demonstrated induc-
tion of PA28α and -β by Nrf2 [135]. Other experiments on human fi-
broblasts detected induction of α4, β1, β2, and β5 [137]. The expres-
sion of POMP/Ump1 (a factor essential for proper 20S assembly) was
also found to be induced [138]. Thus, the mRNA of Ump1 is sig-
nificantly increased, the amount of Ump1 decreases and its half-life is
reduced from 82 to 21 min, since Ump1 is the first substrate of a

Fig. 8. Overwhelming of antioxidative defenses
leads to induction of defense mechanisms. Since
the constant formation of reactive species is an in-
evitable by-product of life, mammalian cells are en-
dowed with a remarkable asset of antioxidative sys-
tems. In case of an increase of ROS to above
“normal” (physiological) level, an antioxidative re-
sponse will be induced. The central redox-sensor
Keap1/Nrf2 becomes activated and induces the ex-
pression of a variety of antioxidative (NQO1: NAD(P)
H quinone dehydrogenase 1; GST: glutathione S-
transferase; Gpx2: glutathione peroxidase 2; HO-1:
heme oxygenase-1; Txnrd1: thioredoxin reductase 1;
Srx: sulfiredoxin; SOD: superoxide dismutase; Cat:
catalase; Nrf2: nuclear factor erythroid 2-related
factor 2), anti-inflammatory (iNOS: inducible nitric
oxide synthase; COX2: cyclooxygenase-2) and de-
toxifying enzymes (GCL: glutamate cysteine ligase),
as well as parts of the ubiquitin-proteasome-system
(UPS). (For interpretation of the references to color
in this figure legend, the reader is referred to the web
version of this article).
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completely assembled proteasome and is thus quickly degraded with
enhanced proteasome formation [17].

2.5. NF-κB

Another important regulator of cellular response to redox-changes is
NF-κB which stands for the “nuclear factor 'kappa-light-chain-enhancer'
of activated B-cells”. The most important inducers of NF-κB are pro-
inflammatory cytokines such as tumor necrosis factor α (TNFα), in-
terleukin-1β and bacterial lipopolysaccharides (LPS), also known to
induce the expression of the immunoproteasome. NF-κB is a family of
inflammatory transcription factors including RelA (p65), RelB, c-rel,
p50 and p52 [139], also mediating immune responses to bacterial and
viral infections, inflammation, aspects of development, cell prolifera-
tion and protects against UV radiation [139]. The canonical activation
of NF-κB starts with the phosphorylation of IκBα, the negative regulator
of NF-κB. IκBα-phosphorylation is mediated by the IKK kinase complex
containing two kinases (IKK-α and IKK-β) as well as a regulatory sub-
unit (IKK-γ, also termed NEMO) [140]. After binding the SCFβ-TrCP1/2-
cullin-1-complex, phosphorylated IκBα is polyubiquitinated and de-
graded as 26S proteasomal substrate, releasing the NF-κB subunits
which are translocated into the nucleus. In the nucleus NF-κB binds to
target genes that include also IκBα, a protein chaperoning NF-κB back
to the cytoplasm [141]. NF-κB induction also triggers increased mi-
tochondrial activity, as well as expression of NADPH oxidase causing an
increase in cellular ROS generation [142,143]. At the same time, ex-
pression of inflammatory biomarkers as interleukin (IL)-β1, IL-6, TNF-α
and the pro-inflammatory enzymes iNOS and COX2 are increased,
which share a common induction via the NF-κB-pathway. The NF-κB-
pathway is also involved in the regulation of the expression of several
enzymes of the UPS, e.g. the muscle E3 ligase MUrf-1 [144].

It is known that induction of Nrf2, which has an inhibitory effect on
NF-κB-induction, is able to reduce its pro-inflammatory response. In the
same manner, NF-κB is able to suppress Nrf2 signaling at the tran-
scriptional level by competing for the transcriptional co-activator
“CREB binding protein” (CBP) and recruits the “histone deacetylase 3”
(HDAC 3), causing a local hypoacetylation which reduces Nrf2-sig-
naling [132,145].

Both Nrf2 and NF-κB must maintain a balance between anti-oxida-
tive and pro-inflammatory cellular response, since imbalances between
both pathways are associated with a large number of diseases from
neurodegeneration and autoimmune disorders to cancer [146]. Another
interlink between Nrf2 and NF-κB (besides the above mentioned com-
petition for CBP) is the ability of Keap1 to prevent the binding of IKKβ
to “heat shock protein 90” (Hsp90) [139], inducing the autophagic
degradation of IKKβ, as well as to prevent phosphorylation and thus,
activation of IKKβ [147].

2.5.1. Nrf1
The “nuclear factor erythroid 2-related factor 1” (Nrf1) plays a role

similar to that of Nrf2 [148]. It is an ER-bound transcription factor,
regulating the expression of all 26S proteasomal subunits [149], of a
variety of proteins necessary for proper assembly of the proteasome as
well as for the so-called unfolded-protein-response (UPR) such as Np14,
Ufd1, p47, p97, Usp14 and POMP/hUMP1 [17]. Furthermore, it in-
duces expression of the proteasomal regulator PA200/Blm10 [82],
while the inducible subunits of the immunoproteasome are suppressed.
Slight amounts of proteasomal inhibitors are able to induce Nrf1 [150],
while larger concentrations inhibit its activation. After induction, the
respective mRNA of the proteasomal system and the mentioned co-
factors are increased 2- to 4-fold within about 4 h.

Both Nrf1 (intracellular half-life of about 12 min) and Nrf2 (about
10–20 min) are degraded/regulated by the 26S proteasome [138,151].

The induction of Nrf1 is probably regulated by a reduced protea-
somal activity (also consequently inducible by proteasomal inhibitors)
and thus indirectly mediated by redox regulation that affects the UPS.

Normally polyubiquitinated Nrf1 is quickly degraded, but after reduc-
tion of UPS-mediated proteolysis, Nrf1 is released from the ER, enters
the nucleus and promotes gene expression [82]. Furthermore, an ac-
cumulation of misfolded proteins in the ER (both induced by protea-
some inhibition and ER stress) [152] is able to induce Nrf1. After
proteasomal inhibition, Nrf1 restores UPS-function by induction of
many genes encoding 26S subunits in mammalian cells [82]. Nrf1-/-

mouse embryonic fibroblasts are unable to restore UPS activity after
proteasomal inhibition by the covalent proteasome inhibitor YU101
[153]. Like its homolog (Nrf2), Nrf1 recognizes antioxidant response
elements (AREs) in the promoters of many UPS-encoding genes [154].
Thus, Nrf1 is indirectly induced by the consequences of redox-shifts or
oxidative stress.

2.5.2. PARP-1
Besides direct binding of regulatory complexes, other enzymes are

also able to modulate 20S proteasomal activity. One example is the
nuclear poly(ADP-ribose)polymerase 1 (PARP-1). PARP-2 and -3 fulfill
similar functions in the cell, but PARP-1 shows the highest activity
among the members of this family, responding to DNA-damage (both
single and double strand breaks), that may result from increased cel-
lular ROS-formation. PARP-1 poly(ADP-ribosyl)ates several protein
targets such as (undamaged) histones, NF-κB, p53, DNA-topoisome-
rases, DNA-PKcs and also PARP-1 itself. PARP-1-mediated ADP-ribosy-
lation enhances proteasomal activity about 18-fold within 15 min after
an oxidative stress event [155].

In the nucleus of aged mammalian cells, the proteasomal activity is
almost not affected by the aging process [156,157], in contrast to the
cytosolic proteasomal activity, where aggregates of damaged proteins
are inhibiting the proteolysis (see below). However, the PARP-1
mediated activation of the nuclear 20S proteasome declines during
cellular senescence [158,159].

3. Lipofuscin and AGEs: the long-term consequence of disturbed
proteostasis

The degradation of both, damaged proteins (mainly by 20S/26S)
and dysfunctional organelles (autophagy) are essential for cellular
function and survival. Loss of function of one or both systems will result
in the accumulation of damaged proteins, forming aggregates as well as
an increased formation of ROS. Highly covalent cross-linked protein
aggregates are referred to as lipofuscin, containing cross-linked protein
material, carbohydrates as well as peroxidized lipids. Lipofuscin is ex-
tremely resistant to mammalian proteases. Furthermore, lipofuscin is
able to incorporate up to 2% of redox active transition metals such as
copper and iron, both able to generate ROS via Fenton chemistry. The
ROS formation in this case might be very low, but over years or dec-
ades, even slight increases will add up to detrimental effects and ex-
tensive accumulation of lipofuscin. Other products of oxidative mod-
ification of cell compounds are the so-called AGEs (advanced glycation
end products), resulting from chemical reaction of proteins with redu-
cing carbohydrates as well as the so-called ALEs (advanced lipid per-
oxidation end products), resulting from the reaction of proteins with
products of lipid peroxidation.

If a fully functional protein becomes oxidized, it may partially un-
fold and tend to form aggregates. However, proteasomal degradation
considerably prevents aggregate formation. If the proteasomal de-
gradation fails, the protein tends to aggregate with other unfolded
proteins due to their exposed hydrophobic structures, driven by hy-
drophobic interactions (Fig. 9), forming initial aggregates (Fig. 9,
bottom left), which become further oxidized during their life time. The
result is a cross-linked aggregate (Fig. 9, bottom right). This aggregate
can grow through binding of additional partially unfolded proteins over
time that can also become further oxidized and covalently cross-linked.
With time, a highly cross-linked, autofluorescent material – lipofuscin –
is formed. Lipofuscin is taken up into the lysosomal system – more than
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99% of lipofuscin is co-localized with lysosomes, only about 1% is
found in the cytosol [160]. It is highly likely, that lipofuscin is released
due to lysosomal membrane rupture that can be induced by oxidative
damage. In the cytosol, lipofuscin can inhibit the proteasome [161], as
well as form ROS by incorporation of transition metals as described
above, thus providing the conditions for its own enhanced formation.
While mitotic aging cells such as those in mucous tissues are able to
“dilute” lipofuscin by ongoing cell division, it accumulates especially in
postmitotic tissues during aging as observed in skeletal muscle and
brain. Lipofuscin can fill up to 75% of the volume of the motor-neurons
in centenarians and occupy up to 40% of the cytosolic volume in aged
animals [162]. It was suggested that the remaining life span of a cell
correlates negatively with the amount of lipofuscin, and that lipofuscin
is one of the main life span limiting factors, not only resulting from
oxidative stress/inflammation, but also from non-pathologic metabo-
lism of the cell.

4. Aging and proteolytic systems

Aging is accompanied by a general decline of cellular functionality.
Fig. 10 gives a short overview of changes that are induced by aging and
may serve as markers.

There is no doubt about the decline of proteasomal activity in
mammals during aging, although the exact reasons for this decrease are
still discussed. This may be explained with changes in composition and/
or structure of the proteasomal system [163], at least in part induced by
modifications [164], both irreversible oxidative damage [165] and re-
versible (also redox-dependent) posttranslational modifications
[89,166]. Accompanying the decreased proteasomal functionality, an
increase in both oxidatively damaged proteins (20S substrates) and
polyubiquitinated proteins (26S substrates) was shown [167]. The in-
crease of undegraded substrates may be due to decreased activity of the
UPS or caused by an intracellular accumulation of heavily oxidized and
covalently cross-linked protein aggregates (lipofuscin). Those structures
are still recognized as proteasomal substrates and are found to be
massively polyubiquitinated, but are very resistant to proteolytic de-
gradation and thus, distract proteasomal activity from substrates that
are still degradable. The decrease of proteolysis and the enhanced

production of ROS in aged cells, result in increased formation of lipo-
fuscin [168–170]. The age-related decline of proteasomal activity was
found in several different mammalian tissues such as rat liver (− 50%
of its peptidyl-glutamyl-peptide-hydrolyzing activity, located on the
beta1 subunit) and rat brain: decrease of the chymotrypsin-like activity
(located on beta5) in cortex, hippocampus and spinal cord of 12 month-
old animals (accompanied by an increased amount of protein oxidation
in those areas), but no change was found in brain stem or cerebellum
[163]. In skeletal muscle, an upregulation of the immunoproteasome
was detected, accompanied by accumulation of oxidized proteasomal
subunits and also an induction of proteasomal activity mediated by the
19S regulator as well as a removal of polyubiquitinated substrates was
found [171]. Another study revealed a 2‒3-fold increase in the levels of
both beta1 and beta5 proteasomal subunits as well as of the 19S reg-
ulator subunits Rpt5 and Rpt6 in the hind limb muscles of 30 month-old
Sprague-Dawley rats, the specific activity of the chymotrypsin-like site
was increased by about 35% in aged animals compared to 4-month-old
ones [172]. In contrast to those results, a study on F344 rats also re-
vealed decreasing proteolytic activity (− 30% for the chymotrypsin-
like one) in both 20S and 26S proteasomes, but without any change of
the proteasomal amount compared to young animals [173], while in
the hearts of aged rats a decrease of proteasomal mass and a loss of
proteolytic capacity were detected [167]. In human BJ fibroblasts a
decrease of all three proteasomal activities was found [174,175] and
detailed analysis of WI38 human fibroblasts came up with reduced
expression of the active beta subunits as well as decreased assembly of
functional proteasomes, since a large amount of alpha subunits was
detected in a free state [176]. Also in aged retina cells, a reduced
proteasomal activity was found that was reproducible by exposing
young retina cells to N-ethyl-maleimide (NEM). NEM modifies the
sulfhydryl-group of cysteine-residues and thus, the chymotrypsin-like
activity decreased to about 65%, the peptidyl-glutamyl-peptide-hydro-
lyzing activity to about 80% compared to untreated samples [177].

Remarkably, the decline of the nuclear proteasomal fraction turned
out to be smaller during aging, and no bulk amounts of aggregated
proteins are found [21,157,159,178].

In contrast, the effects of aging on the lysosomal system are quite
incoherent. Induction of autophagy by caloric restriction or other

Fig. 9. Ongoing protein oxidation leads to lipo-
fuscin formation. Protein oxidation by various
sources will lead to the unfolding of proteins, which
are either degraded by the proteasome or start
forming aggregates. Those initial aggregates of oxi-
dized proteins may become further oxidized and
covalently cross-linked. This is a multi-step proce-
dure. Over time, such aggregates are incorporated
into the lysosomal system. Because this material is
resistant to proteases and lipases (also termed “li-
pofuscin”) it accumulates in the cell: about 99% are
found in the lysosomal system, about 1% are found
in the cytosol. Due to the ability of lipofuscin to in-
corporate redox-active transition metals, it is able to
catalyze the Fenton reaction. Another aspect of li-
pofuscin’s cytotoxicity is its ability to inhibit the
proteasome. The result is a decreased overall pro-
teolytic capacity of the cell, an increased ROS for-
mation that contributes both to lysosomal rupture,
increased protein oxidation and covalent cross-
linking of existing protein aggregates.
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interventions that affect autophagy, positively modulate life span in
different organisms.

Both an increase and decrease of Beclin1 expression were found in
aged tissues [179], and inconsistencies were also observed in LC3, Atg5
and-7 expressions and function. Also in lysosomes, lipofuscin is able to
distract proteolytic capacity, significantly impairing lysosomal func-
tion. Changes in membrane-standing LAMP-2A-concentration were
found, not because of reduced expression, but due to changes in the
lysosomal membrane [180,181]. Macroautophagy was found to be
impaired in old murine brain tissue as well as in senescent human fi-
broblasts [170]. Moreover the degradation/turnover of certain proteins
(in this case ferritin H) was found to be diminished in senescent human
fibroblasts [182] which may also interfere with iron-metabolism, sto-
rage and transport, again contributing to increased oxidative stress
(Fenton). Furthermore, the cross-talk between UPS and lysosomal
system is affected in aged cells. Normally, macroautophagy becomes
up-regulated when CMA is defective [183] and autophagy is induced by
inhibition of the UPS [184]. Dysregulation of this cross-talk may result
in changes of proteostasis or reduced turnover of organelles which
could be responsible for alteration in the expression-pattern of autop-
hagy-related proteins.

5. Future directions

The regulation of the cellular protein pool (proteostasis, mainly
regulated via UPS) and turnover of organelles (mainly via lysosomal
system and autophagy) are essential for cellular function. Aging is as-
sociated with a functional decline of those lytic systems (UPS and ly-
sosomal system).

Especially the ability of a cell to preserve protein homeostasis
(proteostasis) was recently shown to be essential in order to maintain
physiological/organismal balance and functionality. Overexpression of
the proteasomal β5 subunit in Caenorhabditis elegans resulted in both
life span extension and increased resistance to oxidative stress (in this
case mediated by the agents paraquat and juglone) [185]; similar re-
sults were found in human fibroblasts, where overexpression of β5 also
increased the amount of 20S proteasomes, resulting in enhanced

resistance to oxidative stress [186]. In nematode models of Alzheimer’s
and Huntington’s disease, overexpression of β5 also induced resistance
to proteotoxic stress pointing to a potential protective role of protea-
somal activation in treatment of such disorders that result from pro-
teostatic failure [185]. Accordingly, nematodes with decreased pro-
teasomal activity were much more susceptible to proteotoxic insults
[187].

In another Caenorhabditis elegans model, the 19S subunit Rpn6 also
turned out to be a potent factor that can increase resistance to pro-
teotoxic stress, since its upregulation was able to delay the according
deleterious effects [188].

In Drosophila melanogaster, Tonoki et al. revealed that over-
expression of Rpn11 (also a subunit of the 19S regulator) was able to
alleviate age-related reduction of the 26S proteasomal activity, thus
leading to extended life span and decreased levels of polyubiquitinated
proteins [189].

Loss of Rpn11-function resulted in reduced 26S proteasomal activity
and a premature age-dependent accumulation of polyubiquitinated
proteins, combined with shorter life span and enhanced neurodegen-
erative phenotype. Thus, the authors concluded that maintaining 26S
proteasomal activity with age may extend life span and also reduce the
age-related progression of neurodegenerative diseases.

In humans, proteasome activities of fibroblasts of healthy cen-
tenarians (considered as examples of successful aging) were compared
to the relative activities of fibroblasts derived from donors of different
ages. Importantly, the cells from centenarians possessed 20S protea-
some activities that were higher as compared to the ones found in cells
from a 28 years old control donor. In contrast, the activity found in the
80 years old donor was the lowest one [190].

In early passage human embryonic fibroblasts, treatment with
oleuropein reduced the intracellular levels of both ROS and oxidatively
damaged proteins while it retained proteasome functionality during
replicative senescence. In cell cultures that were treated with oleur-
opein throughout their lifespan, delay of senescent morphology was
recorded and life span was extended by approximately 15% [191].

In a multicellular organism (in this case Caenorhabditis elegans), the
compound 18α- glycyrrhetinic acid induces proteasomal activation and

Fig. 10. Senescence of mammalian cells. This
figure summarizes several important changes (some
of them are used as experimental markers) during
cellular senescence. Please note that it is not re-
commended using only one single marker of senes-
cence, since every marker can be influenced by sev-
eral pathologic changes.
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decelerates both aging and progression of Alzheimer’s disease [192].
Besides of the proteasomal system, the second main proteolytic

machinery, the autophagy-lysosomal system, was also shown to be in-
volved in longevity. Induced by caloric restriction or other interven-
tions that affect autophagy, life span can be significantly increased in
different organisms. Loss of IGF (insulin-like growth factor)-signaling
due to mutated daf-2 elevated autophagy and extended life span by
70% (C. elegans), brain-specific overexpression of Atg8 (involved in
autophagy) improved neuronal autophagy and extended life span
by>50% in female flies (D. melanogaster) [193]. Spermidine (a poly-
amine compound) treatment also induced autophagy levels, resulting in
life span extension of about 30% (D. melanogaster) [194]. According to
Seah et al. [195], in C. elegans lipoprotein production (an important
process that mediates the transport of lipids between different tissues),
autophagy and lysosomal lipolysis are linked in life span modulation in
a conserved manner. They described a recently uncovered mechanism
that links lipoprotein production and the transcriptional induction of
both autophagy [196] and lysosomal lipolysis-related genes, guiding
lipid remodeling and the according signaling that is associated with
long-term survival. Though, the interaction of those mechanisms is still
poorly understood.

All those above mentioned data point to the importance of a func-
tional proteostasis for both healthy aging and even extension of life
span (in some organisms).

Thus, better understanding of the two main proteostatic systems and
especially their functional interaction may be the key for an extension
of health-span and may become a powerful tool as therapeutic ap-
proach to various pathologies, in particular the ones associated with
inflammation that can be considered as the most widespread future
health-care problems with significant economic dimensions.
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