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Protein damage mediated by oxidation, protein adducts formation with advanced glycated end products and with products of lipid
peroxidation, has been implicated during aging and age-related diseases, such as neurodegenerative diseases. Increased protein
modification has also been described upon replicative senescence of human fibroblasts, a valid model for studying aging in vitro.
However, the mechanisms by which these modified proteins could impact on the development of the senescent phenotype and the
pathogenesis of age-related diseases remain elusive. In this study, we performed in silico approaches to evidence molecular actors
and cellular pathways affected by these damaged proteins. A database of proteins modified by carbonylation, glycation, and lipid
peroxidation products during aging and age-related diseases was built and compared to those proteins identified during cellular
replicative senescence in vitro. Common cellular pathways evidenced by enzymes involved in intermediate metabolism were found
to be targeted by these modifications, although different tissues have been examined. These results underscore the potential effect

of protein modification in the impairment of cellular metabolism during aging and age-related diseases.

1. Introduction

Hayflick and Moorhead established the concept that primary
cells isolated from mammalian tissues undergo only a
finite number of divisions when grown in culture, with-
out spontaneous transformation [1, 2]. On reaching their
replicative limit, such cells were termed “senescent” and
were viewed as aged cells. Since then, replicative senescence
has been considered as a cellular model of aging that may
provide insight into organismal aging [3-5]. More recently,
different studies have shown the occurrence of cellular
senescence in vivo [6, 7]. These senescent cells are causally
implicated in generating age-related phenotypes, and their
removal can prevent or delay tissue dysfunction and extend
healthspan [8]. Indeed, whether and how cellular senescence
is related to organismal aging, age-related diseases, frailty,
and dysfunction is one of the major open questions in the
biology of aging field.

A hallmark of aging both at the cellular and organismal
level is the accumulation of damaged macromolecules due

to increased oxidative stress and failure of protein repair
and maintenance systems [9, 10]. Reactive oxygen species
(ROS) are routinely produced as a byproduct of aerobic
metabolism and oxidative phosphorylation. In addition,
ROS production and accumulation are usually increased
during disease pathogenesis (i.e., in particular age-related
diseases) [11]. Low concentrations or transient exposure to
ROS induce cell proliferation and regulate the activation
of several signaling pathways [12]. However, unneutralized
ROS cause oxidative damage to lipids, proteins, and nucleic
acids, thus leading to aberrant molecular activities [13, 14].
Protein oxidation is particularly detrimental as the resulting
damages and/or induced conformational changes to protein
structures can render oxidized proteins inactive and lead to
cellular functional abnormalities [15, 16].

Various types of protein oxidative modifications are
induced directly by ROS or indirectly by reactions with
secondary products of oxidative stress [17]. Cysteine and
methionine residues are particularly prone to oxidative
modifications, but they might not be directly linked to



protein damage, since they also participate in cellular sig-
naling events [18]. On the other hand, irreversible oxidation
products of other residues are most frequently hydroxylated
and carbonylated amino acid side chain derivatives. The
exponential rate accumulation of carbonylated proteins
during life span both at the cellular and organismal level
and their particular increase in organs affected by age-
related diseases, imply that this “Oxi-proteome” (i.e., the
restricted set of proteins targeted by oxidation) may be
a potential molecular substratum for many of the cellu-
lar dysfunctions described. Protein carbonylation includes
aldehydes and ketones formed via different mechanisms:
(i) direct oxidation of the polypeptide backbone leading
to truncated peptides; (ii) side chains oxidation of lysine,
arginine, proline, and threonine; (iii) reaction of histidine,
cysteine, and lysine amino acid residues with aldehydes, for
example, produced by lipid peroxidation; and (iv) glycation
(nonenzymatic glycosylation) of lysine residues forming
Amadori and Heyns rearrangements products (advanced
glycated end products: AGE) [19-21]. Carbonylated proteins
are generally less active, less thermostable and are exposing
hydrophobic amino acids at their surface. Since oxidative
modifications that give rise to carbonyl groups generally
cause loss of catalytic or structural function in the affected
proteins, it has been proposed that the increased level of
oxidatively modified proteins observed during aging and age-
related disease could have deleterious effects on cellular and
organ function.

Increased levels of protein carbonyls have been observed
in age-related diseases, such as neurodegenerative diseases
(amyotrophic lateral sclerosis, Alzheimer’s, Parkinson’s, and
Huntington’s diseases), cataractogenesis, systemic amyloi-
dosis, muscular dystrophy, progeria, Werner’s syndrome,
rheumatoid arthritis, and respiratory distress syndrome [22—
24]. Elevated levels of proteins modified by lipid oxidation
products (4-hydroxy-2-nonenal: HNE, malondialdehyde)
are associated with neurodegenerative diseases, iron-induced
renal carcinogenesis, cardiovascular disease, as well as ele-
vated levels of protein glycation/glycoxidation end products
(AGE) are associated with diabetes mellitus, neurodegen-
erative diseases, atherosclerosis, and Down’s syndrome.
Significant advances in the past recent years have been
made towards the identification of proteins targeted by these
modifications, although their possible causative role in the
pathogenesis of these diseases has not yet been determined.

Previous studies have addressed the identification of
accumulated carbonylated proteins, as well as proteins modi-
fied by glycation and conjugation with the lipid peroxidation
product HNE in senescent human WI-38 embryonic fibrob-
lasts [25, 26]. Herein, by using in silico approaches, we have
extended our analyses of modified proteins to those reported
during in vivo aging and age-related diseases. Over than 180
proteins have been reported in the literature as increasingly
modified, that are involved in key cellular pathways such as
inflammatory response, energy metabolism, protein folding,
and free radical scavenging. We found that several proteins
(35%) identified in senescent fibroblasts were also found
during organ aging and age-related diseases and when
grouped into cellular function and canonical pathways they
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showed a close relationship. Taken together, these results
indicate the particular susceptibility of certain proteins to
detrimental posttranslational modifications, suggesting that
protein modification is not a random process and is likely to
be implicated in the molecular bases of aging and age-related
diseases.

2. Material and Methods

Functional and canonical pathways grouping of the identi-
fied modified proteins as well as network analyses were gen-
erated using the Ingenuity pathway analysis (IPA) software
(version 2.0, Ingenuity Systems, Mountain view, CA, USA).

2.1. Functional Analysis of the Entire Data Set. The functional
analysis identified the biological functions and/or diseases
that were most significant to the data set. Molecules from
the data set that were associated with biological functions
in the Ingenuity Knowledge Base were considered for the
analysis. Right-tailed Fisher’s exact test was used to calculate
a P-value determining the probability that each biological
function and/or disease assigned to that data set is due to
chance alone.

2.2. Canonical Pathways Analysis. Canonical pathways anal-
ysis identified the pathways from the IPA library of canonical
pathways that were most significant to the data set. Molecules
from the data set that were associated with a canonical
pathway in the Ingenuity Knowledge Base were considered
for the analysis. The significance of the association between
the data set and the canonical pathway was measured in two
ways. (1) A ratio of the number of molecules from the data
set that map to the pathway divided by the total number of
molecules that map to the canonical pathway is displayed. (2)
Fisher’s exact test was used to calculate a P value determining
the probability that the association between the genes in the
dataset and the canonical pathway is explained by chance
alone.

2.3. Network Generation. A data set containing gene (or
chemical) identifiers and corresponding expression values
was uploaded into the application. Each identifier was
mapped to its corresponding object in the Ingenuity
Knowledge Base. These molecules, called Network Eligible
molecules, were overlaid onto a global molecular network
developed from information contained in the Ingenuity
Knowledge Base. Networks of Network Eligible Molecules
were then algorithmically generated based on their con-
nectivity. Molecules are represented as nodes, and the
biological relationship between two nodes is represented
as an edge (line). All edges are supported by at least one
reference from the literature, from a textbook, or from
canonical information stored in the Ingenuity Knowledge
Base. Human, mouse, and rat orthologs of a gene are stored
as separate objects in the Ingenuity Knowledge Base but are
represented as a single node in the network.
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3. Results and Discussion

3.1. Characterization of Carbonylated Proteins in WI-38
Fibroblasts upon Replicative Senescence. The identified mod-
ified proteins in senescent fibroblasts reported previously
[26] were classified by cellular localization and grouped by
functional correlations, canonical pathways, and potential
interactions (Figure 1). The subcellular location of the mod-
ified proteins indicated that the modified proteins are found
in two major fractions: mitochondria (44%) and cytosol—
including cytoskeletal proteins—(28%), underlying the high
level of protein damage within mitochondria in senescent
fibroblasts, especially when taking into account that proteins
from this organelle represent only 5-10% of total cellular
protein lysates (Figure 1(a)).

Data mining on molecular relationships was performed
with the aim of detecting the cellular pathways potentially
perturbed upon replicative senescence. Major categories
include key cellular processes such as mitochondrial dys-
function; citrate cycle; butanoate; carbohydrate; lipids and
pyruvate metabolism; oxidative phosphorylation; arginine
and proline metabolism (Figure 1(b)). At the functional
level, a decrease in the mitochondrial capability of ATP
regeneration has been described during aging [27]. Notably,
mitochondrial proteins were particularly targeted by oxida-
tion during replicative senescence in WI-38 fibroblasts, such
as the iron-sulfur subunit of complex I and subunit alpha of
ATP synthase. In addition, HNE has been previously found
to inhibit the activity of many respiratory chain complexes
in vitro [28], and mitochondrial respiration is also affected
by incubation of mitochondria with the AGE inducer
methylglyoxal [29]. Enzymes like malate dehydrogenase,
2-oxoglutarate dehydrogenase E1 component, glycerol-3-
phosphate dehydrogenase, glycerol kinase, and glutaminase
were found increasingly modified upon replicative senes-
cence. These findings suggest that modification of proteins
responsible for energy metabolism may participate in the
impairment of mitochondrial function observed in senescent
cells.

To obtain further insights into the cellular pathways
potentially affected during the development of the senescent
phenotype, a protein interaction analysis was performed
(Figure 1(c)) using the Ingenuity Pathways Analysis software.
This analysis showed interrelationships that involve the
modified proteins within a defined network. The obtained
network shows that peroxisome proliferator-activated recep-
tor gamma (PPARy), tumor necrosis factor (TNF), and
insulin growth factor (IGF1) are central nodes to this
network. Interestingly, all three proteins have been previously
implicated in cellular senescence. For instance, PPARy is
a member of the nuclear receptor superfamily of ligand-
activated transcription factors and regulates gene expression
of key proteins involved in glucose/lipid metabolism, vascu-
lar inflammation, and proliferation. Previous studies have
shown that PPARy activation promotes cellular senescence
in WI-38 fibroblasts through the induction of p16 expression
[30]. Furthermore, protein modifications may also result in
the alteration of the interactome of targeted proteins, hence,
affecting the normal function of other nonmodified proteins.

For example, four proteins that are increasingly modified
during replicative senescence, are interacting with the sterol
regulatory element-binding transcription factor 1 (SREBF1),
also involved in cellular senescence [31], making it a likely
target for impaired connections with these proteins.

3.2. In Silico Analysis of Carbonylated Proteins Identified
during In Vivo Aging and Age-Related Diseases. We next
addressed whether the proteins identified as increasingly
modified during in vitro aging of WI-38 fibroblasts were also
identified in either human or mammalian animal models
during aging and age-related diseases (neurodegenerative
diseases, cancer, and diabetes), where increased protein
carbonylation has been consistently evidenced. For that pur-
pose, a specific search was performed for proteins identified
as increasingly carbonylated or modified by AGE or HNE
in articles published in peer-reviewed journals. Modified
proteins identified in humans, but also in mammalian
models of diseases (rodents), were selected. A total of 183
proteins were listed (supplementary Table 1, see Supplemen-
tary Materials available online at doi:10.1155/2012/919832).
Modified proteins were identified in brain, cerebellum, spinal
cord, skeletal muscle, liver, eyes, and cerebrospinal and
bronchoalveolar fluids. Of note is that most of the proteins
identified as increasingly modified belong from the brain due
to the high number of studies addressing the importance
of protein carbonylation in the pathogenesis of several
neurodegenerative diseases, such as amyotrophic lateral
sclerosis (ALS), Alzheimer’s, Parkinson’s and Huntington’s
diseases. However, several proteins have been identified
consistently modified in different organs systems such as
central nervous system, liver, and eyes, indicating that the
spectrum of proteins targeted by these modifications is
conserved. Conditions of acute oxidative stress have not been
included in this study, but we have recently shown in human
myoblasts that even under high concentrations of hydrogen
peroxide, only a restricted set of proteins are targeted by
oxidation [32]. Interestingly, these carbonylated proteins are
not necessarily the most abundant and differ largely with
those proteins that exhibit changes at the expression level in
the total cellular proteome [32].

Annotation of subcellular location of referenced proteins
was performed based on information deposited in the
human protein reference database (HPRD). Cytoplasmic
proteins were predominant, followed by proteins from
mitochondria, nucleus, endoplasmic reticulum and plasma
membrane, respectively (Figure 2(a)). However, it is impor-
tant to note that most of the studies were performed in total
tissue soluble extracts, where mitochondrial and membrane
proteins are clearly underrepresented when compared to
total cellular proteins.

Functional annotation was also performed using Inge-
nuity Knowledge Base. Proteins were mainly distributed by
biological processes such as inflammatory response, cellular
metabolism, free radical scavenging, and protein synthesis
and folding (Table 1). In addition, some proteins belonged
to different functional families, hence their participation in
other crucial cellular processes cannot be ignored.



Oxidative Medicine and Cellular Longevity

=
<)
qu —log (P value)
-
£ 1 2 3 4 5 6 7 8
Mitochondrial dysfunction
<
%(%O’ u::‘«:-% % Citrate cycle
.0 T & .
< . = Butanoate metabolism
5, % % o
G = 51“’“ Carbohydrate metabolism
uc,
6%16113 Lysine degradation

Pyruvate metabolism
Glycerolipid metabolism
Oxidative phosphorylation
Arginine and proline metabolism
Mitochondrion 44% Fatty acid metabolism

(a)

FiGurk 1: Cellular pathways and network analysis of proteins reported to be increasingly modified in senescent WI-38 human fibroblasts. (a)
Primary subcellular location of modified proteins previously reported in senescent fibroblasts. Rare primary localization terms were grouped
as Other representing less than 6% of total identifications. (b) Proteins were grouped by canonical pathways through the use of Ingenuity
Pathways Analysis (Ingenuity Systems, http://www.ingenuity.com/). The bars represent the canonical pathways identified, named in the x-
axis. The y-axis shows the —log of the P value calculated based on Fisher’s exact test. The dotted line represents the threshold above which
there are statistically significantly more genes in a biological function than expected by chance. (c) Protein networks were obtained using
Ingenuity Pathway. Proteins in red correspond to some of the proteins identified as increasingly modified in senescent fibroblasts. White
open nodes indicate proteins not identified in this analysis, but associated with the regulation of some of the proteins identified. Information
about the analysis of biological functions and pathways as well as network interactions is available at the Ingenuity Pathway Analysis website.
A line denotes binding of proteins, whereas a line with an arrow denotes “acts on.” A dotted line denotes an indirect interaction.
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FIGURE 2: Cellular localization and functional grouping of modified proteins identified during aging and age-related diseases. (a) Primary
subcellular location of the identified modified proteins. (b) Functional grouping of modified proteins through the use of Ingenuity Pathways
Analysis. The bars represent the biological functions identified, named in the x-axis. The dotted line represents the threshold above which
there are statistically significantly more genes in a biological function than expected by chance.

Concerning proteins involved in the inflammatory
response, it is important to note that physiological aging is
associated with a chronic subclinical systemic inflammatory
response, also referred as to “inflamm-aging”, characterized
by elevated levels of serum proinflammatory cytokines such
as interleukin 6 (IL-6), TNFa and acute phase proteins
such as C-reactive protein (CRP) [33]. Inflammation is now
accepted as a key pathogenic factor in the development
of several age-related pathologies including cardiovascular
disease, type 2 diabetes and neurodegenerative diseases [33].
Importantly, the inflammatory environment is highly oxida-
tive, and increased protein oxidation has been described,
generating a positive feedback process. Proteins involved
in energy metabolism were also evidenced in the modified

proteins referenced. The most significant canonical pathways
across the entire dataset included: glycolysis/gluconeogenesis,
citrate cycle, pyruvate metabolism, amino acids degradation,
mitochondrial dysfunction, cell death, butanoate metabolism,
NRF-2 oxidative stress response, and cellular function and
maintenance (Figure 2(b)).

3.3. Comparison of Carbonylated Proteins in Senescent
Fibroblasts with those Identified during In Vivo Aging and
Age-Related Diseases. Twelve proteins (heat shock cognate
71 KDa protein, vimentin, actin, tubulin, glyceraldehyde-3-
phosphate dehydrogenase, ATP synthase, proteasome sub-
unit 11, elongation factor Tu, cytochrome b-cl complex,
annexin A5, proteasome subunit alpha type-2, and malate
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FIGUre 3: Common cellular functions across the two data sets after comparison analysis. The bars represent the biological functions
identified, named in the x-axis. The y-axis shows the —log of the P value calculated based on Fisher’s exact test. The dotted line represents
the threshold above which there are statistically significantly more genes in a biological function than expected by chance. The differences
observed in the P-values for each function in between the two groups are due to differences in the number of proteins assigned and reference
data set.

TaBLE 1: Functional categories of proteins identified as increasingly modified in aging and age-related diseases. Fisher exact test was used
and the P value refers to the probability that each biological function assigned is due to chance alone.

Function P value Modified proteins
ACO2, ACTB, ALDH2, ALDOA, ARG1, ENO1, GAPDH, HSPA5, P4HB, PDIA3,

Inflammatory response 37E - 28 PRDX1, PRDX6, SELENBP1, TKT, TPI1

Carbohydrate metabolism 6.0E — 11 ALDOA, ENO1, ENO2, FBP1, GAPDH, PGAM1, PGK1, PKLR, PKM?2, TPI1, ACADM

Nucleic acid metabolism 14E — 10 ACOTS, ALDH2, ATP5A1, ATP5B, CKM, DPYSL2, GNBI1, SCP2, SUCLA2, MDH2
ACAT1, ANXA2, ARG1, ATP5A1, G6PD, G5TM5, HSPD1, SLC1A2, PIN1, PRDX2,

Cell death 1.0E-9 PARK7, TUBAIA

Lipid metabolism 6.9E — 7 MDH1, MDH2, SDHA, SDHB, OGDH, SUCLA2, ACOTS, FABP4, GSTP1, SCP2

Free radical scavenging L1E—7 ALB, SODI1, SOD2, PRDX1, PRDX2, PRDX6, VDAC1, ALDH2, GPX1

Protein folding 6.9E - 6 HSP90AA1, HSPA1A, ERP29, HSPD1, HSPAS, HSP90ABI

Amino acid metabolism 5.4E — 6 ARG1, DDAH]1, IVD, OAT, PAH, CKM, PLOD3

Protein synthesis 58E-5 EEF2, GNB2L1, RPS6KB1, TUEM, WARS, CCDC92

Cell migration 8.0E — 4 AP2M1, FSCN1, GNBI, TPM1, VIM, ACTB, TAGLN2

dehydrogenase), which correspond to about one third of  extent. It is important to note that the majority of the studies
the proteins identified during replicative senescence of WI38  has been achieved on brain, where the protein expression
fibroblasts in vitro, have been also identified as increasingly = profile could differ significantly from the one of fibroblasts
modified in other models of aging and age-related diseases. cultured in vitro. Further studies should address this issue

Comparison of these two data sets indicates a similarity by using senescent cells from different tissues. Of particular
in the proteins targeted by these modifications to some
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interest would be human senescent stem cells since they
develop both chronological and replicative aging.

IPA comparison analysis and functional grouping of pro-
teins identified in senescent fibroblasts and those reported in
the literature were performed. The analysis showed several
common molecular and cellular functions involved in both
datasets (Figure 3). Important cellular functions, like energy
production, carbohydrate metabolism, protein synthesis,
folding, and degradation may be implicated since they are
directly targeted by modification of proteins implicated in
those cellular pathways. In both cases, underlying common
mechanisms are involved, although these in silico analyses are
rather predictive and should be confirmed by experimental
data.

Common processes are suggested to be causally involved
or at least contribute to aging and age-related diseases,
including increased oxidative stress, accumulation of protein
damage, and general metabolic dysfunction. However, these
processes have been mostly seen as independent events.
An important outcome of the present study is that sev-
eral enzymes that catalyze intermediate metabolism, such
as glycolysis, gluconeogenesis, the citrate cycle, and fatty
acid metabolism have been found to be modified. These
results indicate a potential effect of protein modification
on the impairment of cellular energy metabolism. Future
studies should address this important issue by combining
metabolomics and targeted proteomic analysis during cellu-
lar and organismal aging.
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