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Abstract Among the many experimental paradigms
used for the investigation of aging, the calorie restric-
tion (CR) model has been proven to be the most useful
in gerontological research. Exploration of the mecha-
nisms underlying CR has produced a wealth of data.
To identify key molecules controlled by aging and CR,
we integrated data from 84 mouse and rat cDNA
microarrays with a protein–protein interaction net-
work. On the basis of this integrative analysis, we
selected three genes that are upregulated in aging but
downregulated by CR and two genes that are down-
regulated in aging but upregulated by CR. One of

these key molecules is lymphocyte-specific protein
tyrosine kinase (LCK). To further confirm this result
on LCK, we performed a series of experiments in vitro
and in vivo using kidneys obtained from aged ad
libitum-fed and CR rats. Our major significant find-
ings are as follows: (1) identification of LCK as a key
molecule using integrative analysis; (2) confirmation
that the age-related increase in LCK was modulated by
CR and that protein tyrosine kinase activity was de-
creased using a LCK-specific inhibitor; and (3) upre-
gulation of LCK leads to NF-κB activation in a
ONOO− generation-dependent manner, which is
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modulated by CR. These results indicate that LCK
could be considered a target attenuated by the anti-
aging effects of CR. Integrative analysis of cDNA
microarray and interactome data are powerful tools
for identifying target molecules that are involved in
the aging process and modulated by CR.

Keywords Aging . Calorie restriction . cDNA
microarray . Differentially expressed genes .

Interactome . LCK

Introduction

Aging is a physiological process that is accompanied by
functional decline over time. Although our knowledge
of the aging process has expanded greatly in recent
years, the mechanistic understanding of aging and its
intervention remain a great challenge to basic science
and to the medical field (Kirkwood 2005). The calorie
restriction (CR) model has been proven to be the most
useful probe in gerontological research. Exploration of
the mechanisms underlying CR has produced a wealth
of data, revealing possible clues for plausible
approaches to intervene in or slow down the aging
process (Yu 1996; Sinclair 2005). However, this wealth
of data has led to increased complexity; understanding
the mechanisms of aging and anti-aging is complicated
because it is difficult to integrate and analyze separate
data obtained at the cellular and organism levels.

Recent approaches have attempted to combine gene
expression data with the knowledge obtained from pro-
tein–protein interaction (PPI) networks, termed the
interactome. This approach allows us to analyze global
gene expression changes in aging, as well as to select
valuable key molecules from a large number of genes
using the connections between genes. For instance, sev-
eral investigators have integrated cDNAmicroarray and
PPI networks for aging research in yeast, nematode, and
fruit fly (Xue et al. 2007; Lorenz et al. 2009), and have
identified longevity candidate genes and aging-related
modules. However, these studies have not attempted to
validate CR, which has a strong aging modulation effect
in mammals. Examination of both aging and CR is a
very reliable method for identifying additional effective
key molecules and pathways as an approach for aging
research in humans. In this study, we integrated cDNA
microarray and PPI network information, demonstrating
the anti-aging effect of CR based on an accumulated

large-scale data compendium in mammals. Our previ-
ous study proposed a new conceptual approach to the
biological processes that are modulated by aging and
CR (Hong et al. 2010). In the current study, we built a
transcriptome comprised of data from 84 cDNA micro-
arrays of four different tissues underlying aging and CR
based on a number of large-scale expression profiles.
Using the results of microarrays, we were able to present
a global view of the biological pathways governed by the
aging and CR transcriptomes, and we also performed a
PPI network analysis combining the graph theory for
identifying key molecules among the significantly
changed genes.

A series of integrative analyses have revealed that the
immune response and energy metabolism are the major
biological processes largely influenced by aging and CR.
On the basis of an analysis of the PPI network composed
of differentially expressed genes (DEGs) in aging and CR,
we selected three genes that are upregulated in aging but
downregulated by CR and two genes that are downregu-
lated in aging but upregulated by CR as hubs that have
high degree and centrality scores in the PPI network. Our
integrative analysis suggests that one of the keymolecules
is LCK, which is activated by the aging process and
inactivated by CR. Based on predicted results, we exper-
imentally confirmed that the age-related increase in the
expression and activity of LCKwasmodulated byCR and
that the protein tyrosine kinase (PTK) activity was de-
creased by a LCK-specific inhibitor both in vitro and in
vivo. These results indicate that LCK could be considered
a target protein that is attenuated by anti-aging effects;
LCK had not been previously identified as an important
molecule in aging and CR. The integrative analysis from
cDNA microarray and the interactome are very powerful
tools for identifying target molecules and drugs for aging
intervention.

Materials and methods

Identification of differentially expressed genes
in aging and CR

We identified DEGs in aging and CR from a microarray
dataset (GEO datasets, GDS) that are freely accessible in
the Gene Expression Omnibus (GEO) (Table 1). We
selected four datasets (a total of 84 cDNA microarrays)
of kidney, skeletal muscle, heart, and white adipose tissue
from mouse and rat. All datasets were generated using
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Affymetrix microarrays that investigated both aging and
the CR condition in GEO (http://www.ncbi.nlm.nih.gov/
geo). Unfortunately, there is no the GDSmicroarray data-
set that tested aging and CR in other tissues such as liver.
The DEGs in aging and CRwere identified by the criteria
of a >2-fold change and a false discovery rate (FDR) <5
using the significance analysis of microarrays program
(Tusher et al. 2001). We then combined the DEGs
obtained from GDS355, GDS356, GDS2612 (Edwards
et al. 2007), and GDS3102 (Linford et al. 2007).
GDS355 and GDS356 were tested in the kidney of
control-fed 5-month, control-fed 30-month, and calorie-
restricted 30-month C57BL/6mice. GDS2612 was tested
in skeletal muscles of control-fed 5-month, control-fed
25-month, and calorie-restricted 25-month C57BL/
6NHsd mice (five mice per age group). Detailed infor-
mation on diet composition and feeding of mouse
diets are previously described (Pugh et al. 1999).
The CR mice were fed a diet that resulted in a
26 % difference in caloric intake compared to the
normal diet animals. GDS3102 was tested in heart
and white adipose tissues of control-fed 4-month,
control-fed 28-month, and calorie-restricted 28-
month Fischer 344 rats (five to seven rats per
group). CR (60 % of AL) was initiated at 4 months
of age with a switch from the NIH 31 to the NIH-
fortified diet. We removed the probes that do not have the
gene symbol information for the microarrays and pseudo
genes. Also, the DEGs did not contain the genes that have
inconsistent fold changes in tissues (nine genes in aging
and three genes in CR).

Gene set enrichment analysis

In order to classify genes in the aging and CR transcrip-
tomes, we performed an analysis that assigned to previ-
ously defined pathways, genes that significantly differed
between aging and young, and aging and CR, in the gene
set enrichment analysis (Mootha et al. 2003). The repre-
sentative terms for biological pathways were used in the
context of the Kyoto Encyclopedia of Genes and
Genomes (KEGG) (http://www.genome.ad.jp) as sug-
gested by MsigDB v3.0 (http://www.broadinstitute.org/
gsea/msigdb). The pathway terminologies mapped to the
DEGs in the aging and CR transcriptomes are listed in
these databases. Further, we used Fisher’s exact t test and
FDR to map the pathways (Filtering options: p<10−4 and
FDR<5). The FDR was calculated by qvalue R package
(http://www.bioconductor.org/). Because gene set enrich-
ment analysis depends on the gene sets defined as a
pathway, we checked various pathway terms using the
BioCarta (http://www.biocarta.com) and Reactome
(http://www.reactome.org) databases as well as the KEGG
database.

Construction of the protein–protein interaction
network

In order to construct a PPI network composed of DEGs,
we used the Human Protein Reference Database (HPRD)
Release 9 (Peri et al. 2003), which was assembled from a
combination of experimental PPI information in humans.
Although the usage of the human interactome might lead

Table 1 Microarray data sets tested under both aging and CR derived from GEO

GDS ID Tissue Animal Description* Up Down

GDS355 Kidney C57BL/6 mice Young, 5 months, (5) vs old, 30 months, (5) 12 14

Old, 30 months, (5) vs CR, 30 months, (5) 3 7

GDS356 Kidney C57BL/6 mice Young, 5 months, (5) vs old, 30 months, (5) 106 5

Old, 30 months, (5) vs CR, 30 months, (5) 10 83

GDS2612 Skeletal muscle C57BL/6NHsd mice Young, 5 months, (5) vs old, 25 months, (5) 9 26

Old, 25 months, (5) vs CR, 25 months, (5) 135 80

GDS3102 Heart Fischer 344 rats Young, 4 months (6) vs old, 28 months, (7) 290 62

Old, 28 months, (7) vs CR, 28 months, (7) 0 0

White adipose tissue Fischer 344 rats Young, 4 months, (7) vs old, 28 months, (5) 408 300

Old, 28 months, (5) vs CR, 28 months, (7) 281 243

GDS IDs can be used to query the dataset in GEO (http://www.ncbi.nlm.nih.gov/geo/). () denotes the number of the cDNA microarray.
The total number of microarrays is 84. Up denotes the number of upregulated genes. Down denotes the number of downregulated genes

GEO gene expression omnibus, GDS GEO datasets
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to false discovery in predicating key molecules among
genes in mouse and rat, we used the human interactome
because its information has been evaluated by in vivo
and in vitro experiments, and the human interactome has
much greater information than other species such as
mouse and rat. The DEGs were converted to proteins
by matching them to official symbols at Entrez (http://
www.ncbi.nlm.nih.gov/Entrez/). To visualize the PPI
network, we used the Cytoscape program (http://www.
cytoscape.org/).

Detection of key molecules with topological metrics

To identify key molecules, we performed a PPI network
analysis with topological metrics such as degree and
betweenness centrality using the graph module of the
Perl program (Newman 2005). Proteins with a high
number of interacting partners in the network were
regarded as degree-based hubs. Proteins with many short
paths between other proteins were regarded as
betweenness-based hubs. These topological metrics have
been shown to improve the detection of essential genes
and are a good method for investigating potential disease
genes (Yu et al. 2007; Barabasi et al. 2011). In the PPI
network, while we selected the key molecules by the
clustering method using degree and “betweenness cen-
trality,” we also used clustering analysis with the aim of
dividing the group that has a high degree and between-
ness centrality alongwith extra groups because the group
with the highest probability might be an essential group
of proteins. We performed the clustering analysis using
various methods such as hierarchical, K-means, and self-
organizing maps algorithms and the validation of the
three clustering results using clValid package (http://
cran.r-project.org/web/packages/clValid). As a result,
the genes were divided into two groups (59 genes upre-
gulated in aging but downregulated by CR) and three
groups (60 genes downregulated in aging but upregu-
lated by CR) using hierarchical clustering. In the groups
having the highest degree and betweenness centrality,
there were three genes (upregulated in aging but down-
regulated by CR) and two genes (downregulated in aging
but upregulated by CR) (Fig. 3b).

Experimental materials

All chemical reagents were purchased from Sigma (St.
Louis, MO, USA), except where noted. Damnacanthal,
PP2, and L-N5-(1-iminoethyl)ornithine were from

Calbiochem (San Diego, CA, USA). Anti-LCK and
anti-IκBα antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA), and anti-p-
LCK (Tyr 394), anti-p-tyrosine, and anti-p-LCK (Tyr
505) antibodies were from Abnova Corporation (Jhon-
gli City, Taoyuan, Taiwan). The Antibody Beacon™
tyrosine kinase assay kit was obtained from Molecular
Probes, Inc. (Eugene, OR, USA). Trizol® was pur-
chased from Invitrogen Co. (Carlsbad, CA, USA). Pri-
mers for reverse transcriptase-polymerase chain reaction
(RT-PCR) were synthesized by Bioneer, Inc. (Daejeon,
Korea). Sterile plasticware for tissue culture were pur-
chased from SPL Labware (Seoul, Korea). All other
materials used were of the highest available grade.

Animals

Young (6-month-old) and old (24-month-old) specific
pathogen-free (SPF) male Fischer 344 rats and chow
were obtained from Samtako (Osan, Korea). Rat main-
tenance procedures for SPF status and dietary composi-
tion of chow have been previously reported (McCarter
et al. 1985). Briefly, male SPF Fischer 344 rats were fed a
diet of the following composition: 21 % soybean protein,
15 % sucrose, 43.65 % dextrin, 10 % corn oil, 0.15 % α-
methionine, 0.2 % choline chloride, 5 % salt mix, 2 %
vitaminmix, and 3%Solka-Floc. The ad libitum (AL)-fed
group had free access to both food and water. The animals
designated as CRwere fed 60% of the food intake of their
AL-fed littermates for 4 weeks. Rats at 6 and 24months of
age were sacrificed by decapitation, and the kidneys were
quickly removed and rinsed in ice-cold saline. The tissue
was immediately frozen in liquid nitrogen and stored at
−80°C. For the histopathological examination of aged
kidney in Fischer 344 rats, we followed protocols of
Iwasaki et al. (1988) using chow that contained soy pro-
tein that eliminated the incidence of glomerulonephritis
even at 24 months. In that report, all the pathological
analysis was done by two board-certified pathologists
(Iwasaki et al. 1988). The animal protocol used in this
study was reviewed and approved by the Pusan National
University-Institutional Animal Care and Use Committee
for its ethical procedures and scientific care.

Tissue preparation for cytosolic extraction

Frozen kidney tissue (200mg) was homogenized in 1mL
of hypotonic lysis buffer (10 mM HEPES, pH 7.8;
10 mM KCl; 2 mM MgCl2; 1 mM dithiothreitol
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(DTT); 0.1 mM EDTA; 0.1 mM PMSF; 1 μM pepstatin;
and 2 μM leupeptin) using a tissue homogenizer for 20 s.
Homogenates were kept on ice for 20 min, and then
125 μL of 10 % Nonidet P (NP)-40 solution was added
and mixed for 15 s. The mixture was centrifuged at
12,000×g for 3 min at 4°C, and then supernatants were
used as cytosolic protein fraction.

Cell culture and lysis

The Raw 264.7mousemacrophage cell line was obtained
fromATCC (Manassas, VA, USA). The cells were grown
in Dulbecco’s modified eagle’s medium (Nissui, Tokyo,
Japan) containing 2 mM L-glutamine, 100 mg/mL peni-
cillin–streptomycin, 2.5 mg/L amphotericin B, and 10 %
heat-inactivated fetal bovine serum. Cells were main-
tained at 37°C in a humidified atmosphere containing
5 % CO2/95 % air. For cell lysis, cells were rinsed with
ice-cold PBS and harvested with a cell scraper followed
by centrifugation. The cell pellets were suspended in
10 mM Tris, pH 8.0, with 1.5 mM MgCl2, 1 mM DTT,
0.1 % NP-40, and protease inhibitors, and incubated on
ice for 15 min. The cytosolic supernatants were removed
by centrifugation at 14,000×g at 4°C for 15 min, and the
precipitated pellets were suspended in 10 mM Tris,
pH 8.0, with 50 mM KCl, 100 mM NaCl, and protease
inhibitors, incubated on ice for 30 min, and then they
were centrifuged at 14,000×g at 4°C for 15 min.

PTK activity

Protein tyrosine kinase activity was assayed in the tissue
homogenates and cell lysates using the Antibody Bea-
con™ tyrosine kinase assay kit (Molecular Probes). To
detect tyrosine kinase activity, samples were prepared in
1× kinase buffer (100 mM Tris–HCl, pH 7.5; 20 mM
MgCl2; 2 mM EGTA; 2 mM DTT; and 0.02 % Brij 35)
andmixed with the AntibodyBeacon detection complex
plus substrate in a 96-well microplate. ATP reagent was
added to the plate and continuously incubated at the
reaction temperature. Fluorescence was measured at
multiple time points on a GENios (Tecan Instruments,
Salzburg, Austria) with excitation and emission wave-
lengths set at 485 and 535 nm, respectively.

Determination of ONOO−

For the determination of intracellular ONOO− genera-
tion in Raw 264.7 cells, cells were seeded in a 96-well

plate. The next day, the cells were exchanged into
10 % fetal bovine serum (FBS) medium containing
60 μM DHR123 and incubated at 37°C for 30 min,
and then, the medium was replaced with fresh 10 %
FBS containing medium with or without inhibitors for
pre-treatment as designated. Then, LPS (Escherichia
coli O111:B4) at the designated concentration was
added to the cells, and the change in fluorescence
was immediately measured using a fluorescence plate
reader, GENios (Tecan Instruments), at the excitation
and emission wavelengths of 485 and 530 nm,
respectively.

RT-PCR

For the isolation of total RNA, the kidney sample was
homogenized in the presence of TRIzol (2 mL/100 mg
of tissue) with a polytron homogenizer (BioSpec Prod-
ucts, Inc., Bartlesville, OK, USA). Chloroform (1/10
volume) was added to the above sample mixture. The
samples were shaken vigorously followed by incuba-
tion on ice for 5 min. After centrifugation twice at
13,000×g for 15 min at 4°C, the supernatant was
removed. The RNA pellet was precipitated with iso-
propanol, washed with 75 % ethanol, dried, and then
dissolved in diethyl pyrocarbonate-treated water.
cDNA was synthesized using ImProm-II reverse tran-
scriptase (Promega, Madison, WI, USA). PCR was
performed using standard protocols. Primers were
designed as follows: BlK sense, 5′-TGAAGAG-
GAGCGTTTTGTGG-3′, anti-sense, 5′-GGGATTT
CCCATTCGTCTTG-3 ′; cSrc sense, 5 ′-TCGC
CCGAAGGAATAGATTT-3′, anti-sense, 5′-AAAC-
CAAAGGTCATGGAGGG-3′; FYN, sense, 5′-TCGA
TGTAAGCCATTCCTGC-3′, anti-sense, 5′-AGAGC-
GAAACCACCA AAGGT-3′; HCK, sense, 5′-TTGAT
GGTGAAGGAGCCAAA-3′, anti-sense, 5′-AGTGG
CGGTGAAGACAATGA-3 ′ ; LCK, sense, 5 ′-
TTTCACTGCCACC TTCGTGT-3′, anti-sense, 5′-GA
CTTGGGCTTTGAAAAGGG-3′; LYN, sense, 5′-
AGGC TTCTCCATGATTGCCT-3′, anti-sense, 5′-
CCCCCAGAAAATGAGACGAT-3′. ß-Actin was used
as an internal control.

Immunoprecipitation

The cell lysates were subjected to immunoprecipita-
tion in a buffer containing 40 mM Tris, pH 7.6;
120 mM NaCl; 5 mM EDTA; 0.1 % NP40; 0.25 %
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deoxycholic acid; protease inhibitors; and phosphatase
inhibitors. A sample (1 mg) was incubated with a
50 % slurry of protein A at 4°C for 2 h for pre-
cleaning. After incubation, the sample was centrifuged
at 12,000×g for 10 min at 4°C. Samples were incubat-
ed with respective antibodies at 4°C overnight, fol-
lowed by incubation with a 50 % slurry of protein A
agarose at 4°C for 3 h. After washing with the IP
buffer, the immunoprecipitated proteins were analyzed
by Western blotting.

Western blotting

Homogenized samples were boiled for 5 min in a gel-
loading buffer (0.125 M Tris–HCl, pH 6.8; 4 %
sod i um dodecy l s u l f a t e (SDS ) ; 10 % 2 -
mercaptoethanol; and 0.2 % bromophenol blue) at a
ratio of 1:1. An equal total protein amount for each
sample was separated by SDS-polyacrylamide gel
electrophoresis using 10 % acrylamide gels, and the
bands were transferred to a PVDF membrane. The
membrane was blocked at room temperature for 1 h
and was incubated with specific primary antibody at
25°C for 4 h, followed by a horseradish peroxidase-
conjugated secondary antibody at 25°C for 1 h. Anti-
bodies were detected using West-zol Plus (iNtRon
Biotechnology, Seongnam, Korea) and chemilumines-
cence FluorchemTMSP (Alpha Innotech Corporation,
San Leandro, CA, USA).

Statistical analysis for experimental results

The results are expressed as the mean±SE from trip-
licate assays with five separate experiments. The sta-
tistical significance of the differences between groups
was determined by single-factor ANOVA followed by
Fisher’s protected LSD post hoc test. The p values
<0.05 were considered statistically significant.

Results

Differentially expressed genes in aging and the CR
paradigm

We selected four microarray datasets from investiga-
tions of both aging and CR. The microarray data were
designed to model young versus old (representing
aging) and old versus CR (representing calorie

restriction) in mouse and rat. As a result, we obtained
1,075 DEGs, which we collectively termed the aging
and CR transcriptome; 740 genes were expressed
differentially in aging, whereas 565 genes were
expressed differentially in CR (Fig. 1). A total of
230 genes were changed significantly in both aging
and the CR condition; 103 genes were upregulated in
aging but downregulated by CR, and 121 genes were
downregulated in aging but were upregulated by CR.
The differentially expressed genes in aging and CR
overlapped (31 and 41 % of the age- and CR-related
DEGs, respectively). Detailed information about the
DEGs in aging and the CR condition is provided in
Table S1. Among the DEGs, there were several nota-
ble genes known to be associated with pathways that
are aging related, such as the immune response, in-
flammation, energy metabolism, and insulin signaling.
The genes upregulated by aging included genes that
encode the nuclear factor of kappa light polypeptide
gene enhancer in B cell inhibitor, alpha (NF-κB1α),
which is known as the transcription factor for pro-

Fig. 1 Comparison of differentially expressed genes in the
aging and CR transcriptomes. The red circle (aging) represents
genes differentially expressed between young and old. The blue
circle (CR) represents genes differentially expressed between
old and CR. The microarrays used were 84 cDNA microarrays
from GEO (GDS355, GDS356, GDS2612, and GDS3102). The
dataset was tested on kidney, skeletal muscle, heart, and white
adipose tissues in mouse and rat, and the all microarray experi-
ments were designed as models of young versus old and old
versus CR. The DEGs were identified by the criteria of a >2-fold
change and a false discovery rate <5. As a result, we obtained
1,075 DEGs, which we collectively termed the aging and CR
transcriptome; 740 genes were expressed differentially in aging,
whereas 565 genes were expressed differentially in CR. A total
of 230 genes were changed significantly in both aging and the
CR condition; 103 genes were upregulated in aging but down-
regulated by CR, and 121 genes were downregulated in aging
but were upregulated by CR. The differentially expressed genes
in aging and CR overlapped (31 and 41 % of the age- and CR-
related DEGs, respectively)
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inflammatory genes; tumor necrosis factor receptor
superfamily, known as the receptor for a key pro-
inflammatory cytokine; and 90-kDa ribosomal protein
S6 kinase, polypeptide 3 (RPS6KA3), which is related
to mTOR. In addition, the genes downregulated by CR
included the insulin-like growth factor binding protein
3, which is closely related to insulin growth factor, and
cathepsin S (CTSS), which is known as a harbinger of
an increased risk of death among elderly people (Jobs
et al. 2011).

Gene set enrichment analysis of the aging and CR
transcriptomes

In the aging transcriptome, 14 pathways were repre-
sented by upregulated genes using the KEGG termi-
nologies (Fig. 2a and Table S2). Genes related to the
immune response and inflammation were mostly upre-
gulated with aging, such as “cytokine–cytokine recep-
tor interaction” (p02.52×10−11), “natural killer cell-
mediated cytotoxicity” (p03.41×10−11), and “primary
immunodeficiency” (p01.92×10−9). The activation of
genes involved in inflammation is considered a possible
underlying basis for the molecular alterations in aging
and age-related diseases. In addition, activation of the
“complement and coagulation cascades” (p03.30×
10−11) is known as the major cause of age-related mac-
ular degeneration with chronic inflammation (Anderson
et al. 2010), and “cell adhesion molecules cams” (p0
3.92×10−5) reportedly increases during aging; these
increases were blocked by CR (Zou et al. 2004). In
contrast, 14 pathways were represented by the down-
regulated genes in the aging transcriptome (Fig. 2a and
Table S2). Genes employed in energy metabolism
showed a marked trend toward downregulation, such
as “pyruvate metabolism” (p02.22×10−12), “steroid
biosynthesis” (p08.66×10−11), “glycolysis gluconeo-
genesis” (p05.03×10−9), and “citrate cycle TCA cycle”
(p09.94×10−6).

In the CR transcriptome, four pathways were rep-
resented by the upregulated genes (Fig. 2b and
Table S2). The pathways were largely related to ener-
gy metabolism, such as pyruvate metabolism (p0
6.02×10−10), glycolysis gluconeogenesis (p05.31×
10−7), citrate cycle TCA cycle (p02.96×10−5), and
steroid biosynthesis (p03.55×10−5). Genes regulating
the immune response, such as those involved in pri-
mary immunodeficiency (p01.60×10−7) and natural
killer cell-mediated cytotoxicity (p05.69×10−5), were

downregulated in CR; however, these genes were
upregulated in aging. These observations are consis-
tent with a previous report (Lee et al. 2002). In addi-
tion, the genes involved in energy metabolism were
mostly upregulated in CR and downregulated in aging.
According to BioCarta and Reactome terminologies,
most genes employed in energy metabolism were de-
creased, in contrast to most immune response and
inflammation-related genes, which were increased
(Table S2).

Genes shared between aging and CR

To determine the relation between aging and CR,
DEGs in both biological processes were first identi-
fied, and then the shared characteristics of the aging
and CR DEGs were investigated using the strategy
described in the previous section. A total of 230 genes
were differentially expressed in both processes; 103
genes were upregulated in aging but were downregu-
lated by CR, 121 genes were downregulated in aging
but were upregulated by CR, and six genes were
upregulated in aging and were upregulated by CR.
The differentially expressed genes in aging and CR
overlapped and included 31 and 41 % of the age- and
CR-related DEGs, respectively. The up- or downregu-
lated profiles of the gene sets are described in Fig. 2c.
The genes governing primary immunodeficiency (p0
1.91×10−9), natural killer cell-mediated cytotoxicity
(p04.34×10−7), and hematopoietic cell lineage (p0
1.24×10−5) biased the distribution of upregulation in
aging and downregulation in CR. The genes involved in
pyruvate metabolism (p04.42×10−14), glycolysis glu-
coneogenesis (p01.36×10−10), citrate cycle TCA cycle
(p01.66×10−7), steroid biosynthesis (p05.73×10−7),
and PPAR signaling pathway (p08.25×10−6) biased
the distribution of downregulation in aging and upregu-
lation in CR (Fig. 2c).

Prediction of key molecules based on the PPI network

From gene set analysis, we discovered important path-
ways in gaining a better understanding of the biolog-
ical relationship between aging and CR. More
interestingly, some genes that were identified in both
transcriptomes were regulated in an opposite manner
by aging and CR. However, because many differen-
tially expressed genes were dropped, it is difficult to
select important key molecules that regulate aging,
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such as those seen in the CR effect. Therefore, we
performed a PPI network analysis that has been pre-
viously applied to identify essential molecules, such as
a hub, because the PPI network has been successfully
applied to discover essential genes, disease genes, and
drug targets in yeast to human (Jeong et al. 2001;
Taylor et al. 2009).

To identify the key molecules, the genes were con-
verted to proteins using official symbols. We then
constructed a PPI network composed of 119 genes

(59 genes upregulated in aging but downregulated by
CR and 60 genes downregulated in aging but upregu-
lated by CR) among 230 genes, which is shown in
Fig. 3a. We attempted a protein–protein interaction of
all 230 genes. However, only 119 genes reported
protein–protein interaction information in the HPRD.
No information is available on the protein–protein
interaction of 111 genes. From the PPI network anal-
ysis, we chose three genes among the genes that are
upregulated in aging but downregulated by CR and

Fig. 2 Gene sets enriched in the aging and CR transcriptomes.
Classification of the aging and CR transcriptomes in the context of
KEGG terminologies. The mapping terminologies (pathways)
were selected by Fisher’s exact t test and false discovery rate
(filtering options: p<10−4 and FDR<5). Red bars indicate upre-
gulated gene sets and green bars represent downregulated gene
sets in each condition. Pval means the modified significant value

that is calculated by the following equation: ± [−log(p value)].
+ means upregulated gene set, and − means downregulated gene
set. a Distribution of the aging transcriptome with respect to
biological process. b Distribution of the CR transcriptome with
respect to biological process. cDistribution of genes shared in both
the aging and CR transcriptomes
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Fig. 3 Protein–protein interaction network composed of common
differentially expressed genes in both aging and CR. a The PPI
network, in which the nodes represent proteins, and the edges
represent the interactions between the proteins inferred from the
HPRD database. The network consisted of 119 proteins and 1,156
interactions. A total of 59 proteins that were upregulated in aging
but downregulated by CR are represented in red, and 60 proteins
that were downregulated in aging but upregulated by CR are
represented in green. The node sizes correlate with the number
of interacting partners (degrees). Gray colors are the proteins that
were obtained from the HPRD database and interacted with the

DEGs. b The distribution and hierarchical clustering of degree and
betweenness centrality for proteins upregulated by aging but
downregulated by CR. c The distribution and hierarchical cluster-
ing of degree and betweenness centrality for proteins downregu-
lated by aging but upregulated by CR.We used clustering analysis,
with the aim of dividing the group that has high degree and
betweenness centrality and extra groups. From this clustering
result, we chose LCK, PLSCR1, and NDRG1 from the DEGs that
are upregulated in aging but downregulated by CR, and MBP and
SLC2A4 (GLUT4) from the genes that are downregulated in aging
but upregulated by CR
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two genes among the genes that are downregulated in
aging but upregulated by CR. The list of key mole-
cules and network properties is described in Table 2.

As a result, we found that LCK, phospholipid
scramblase 1 (PLSCR1), and NMYC downstream
regulated gene 1 (NDRG1) are predicted as key mol-
ecules having higher degree and betweenness central-
ity scores than the other proteins in the PPI network
(Fig. 2b). LCK is well known as a T cell receptor-
associated protein tyrosine kinase. Specifically, oxi-
dative stress leads to the activation and expression
of LCK (Hardwick and Sefton 1995). LSCR1 is a
lipid-binding protein that enters the nucleus and
promotes the recruitment and activation of Src
kinases (Dong et al. 2004). Specifically, PLSCR1
is critical to the normal regulation of fat accumula-
tion in mice, and abdominal fat accumulation with
the formation of enlarged lipid-engorged adipocytes
has emerged as the key risk factor for the onset of
type 2 diabetes (Greenberg and McDaniel 2002).
NDRG1 is a member of the N-myc downregulated
gene family, which belongs to the alpha/beta hydro-
lase superfamily. Upregulation of NDRG1 has been
observed in both old age and in Werner’s syndrome
(Kyng et al. 2003).

In contrast, myelin basic protein (MBP) and glu-
cose transporter (SLC2A4) were selected as key mol-
ecules among the aging downregulated and CR
upregulated genes. MBP, a major constituent of the
myelin sheath of oligodendrocytes, is reported to de-
crease in aging. Furthermore, age-related loss of my-
elin is correlated with a decline in nerve strength, and
CR interventions, which slow myelin loss, also pre-
serve functional nerve performance (Rangaraju et al.
2009; Ingram et al. 2007). SLC2A4, which is also

known as GLUT4, is involved in insulin signaling
and insulin resistance. Therefore, upregulation of
SLC2A4 leads to insulin sensitivity, which supports
the fact that CR improves insulin sensitivity. Some
reports have stated that GLUT4 is induced by CR
and regulates energy metabolism in white adipose
tissue (Park et al. 2008).

Effects of aging and CR on SFK levels and LCK
activity

We selected a candidate gene for experimental evalu-
ation among the genes that were upregulated in aging
but downregulated by CR, because these genes act like
a CR mimic, that is, as an aging modulator. Among
three candidate genes, we chose LCK, which had the
highest score of degree in the PPI network (Fig. 3a).
We then confirmed the changes in the expression and
activity of LCK in aged rat kidney. The kidney is
among the most studied organs for aging and calorie
restriction, making for more published data available
in the literature. In addition, the kidney is most re-
sponsive to the anti-aging effects of calorie restriction
according to many previous reports including our own
studies.

There are in fact several Src families of tyrosine
kinases (SFKs), including LCK, HCK, LYN, and Src
(Martin 2001). Therefore, we attempted to verify the
differences in the expression of other SFKs in addition
to LCK in the rat kidney during aging and under CR
conditions. To determine changes of the gene expres-
sion of nine types of SFKs during aging, an RT-PCR
assay was performed to measure the abundance of
SFK mRNAs in young and old AL and CR rats. As
shown in Fig. 4a, among the SFK mRNAs, we only

Table 2 Key molecules predicted by the PPI network composed of DEGs

Symbol Description Degree BC*

Upregulated by aging but downregulated by CR

LCK Lymphocyte-specific protein tyrosine kinase 105 490,166

PLSCR1 Phospholipid scramblase 1 72 558,469

NDRG1 NMYC downstream regulated gene 1 61 639,109

Downregulated by aging but upregulated by CR

MBP Myelin basic protein 44 343,376

SLC2A4 Solute carrier family 2 member 4 38 312,131

Degree refers to the number of interacting partners in the protein–protein interaction network. BC refers to the scores of betweenness
centrality in the protein–protein interaction network
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observed an apparent increase in LCK levels. Compared
with young AL rats, old AL rats had increased LCK
mRNA levels, whereas old CR rats had lower levels of
LCK than their AL counterparts. Three types of mRNAs
(Fgr, Yes, and Yrk) did not appear in the aged kidney.

Based on the results of the mRNA level measure-
ments, we next investigated the changes in LCK pro-
tein levels and activity by Western blotting using both
an anti-total LCK- and an anti-p-LCK (Tyr 394 or
505)-specific antibody in kidney homogenates. The
results, shown in Fig. 4b and c, demonstrated that both
the protein and activity levels of LCK increased with
age in AL rats, while CR inhibited this change.

To better understand the involvement of SFKs and
LCK in PTK activity during aging, we measured PTK
activity in kidney homogenates in the presence or

absence of SFK inhibitor (PP2) and LCK inhibitor (dam-
nacanthal). The results showed that PTK activity in-
creased in old rats compared with young rats and that
this age-related upregulation was decreased in the pres-
ence of PP2 (approximately 50 %) or damnacanthal
(approximately 40 %) (Fig. 4d). Therefore, these results
indicate that SFKs participate in the remarkably increased
PTK activity observed during aging and that among the
SFKs, LCK in particular, may play an important role in
the regulation of PTK activity in the aged kidney.

Involvement of LCK in the NF-κB signaling pathway
through LPS-induced ONOO- generation

In a previous study, LCK was shown to mediate crys-
talline silica-induced NF-κB activation through

Fig. 4 Changes in the mRNA levels, protein levels, and activity
of LCK, and the effect of SFKs and LCK on PTK activity upre-
gulation during aging. a RT-PCR analysis of BLK, cSrc, LCK,
FYN, HCK, and LYN was performed using RNA isolated from
young (Y) and old (O) AL and CR rats. ß-Actin primers were used
in separate PCR reactions to control for the efficiency of cDNA
synthesis in each sample. b and cWestern blotting was performed
to detect total LCK protein levels and the tyrosine phosphorylation
status (p394 and p505) of LCK fromAL and CR rats. ß-Actin was

used as a loading control for the cytosolic and membrane fraction
samples. One representative blot is shown from three independent
experiments that yielded similar results. d PTK activity was mea-
sured in kidney homogenates fromYand O rats. PTK activity was
measured in the presence or absence of tyrosine kinase inhibitor,
Src kinase inhibitor (PP2, 5 μM), or LCK inhibitor [damnacanthal
(Dam), 40 nM]. Each value is the mean±SE of five rats. The
results of one-factor ANOVA: *p<0.05 vs. young rats; ###p<
0.001 vs. age-matched old rats
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tyrosine phosphorylation of IκBα in Raw 264.7 cells
(Kang et al. 2006). On the basis of the result shown in
Fig. 4, we sought to elucidate the LCK-induced acti-
vation of the NF-κB signaling pathway in LPS-treated
Raw 264.7 cells. SFKs are known to be activated by
autophosphorylation at tyrosine residues in response
to ROS (Giannoni et al. 2010). To investigate whether

redox-sensitive LCK is activated by LPS treatment,
we initially looked for intracellular ONOO- genera-
tion. The results show that intracellular ONOO− was
unchanged at early times, but increased from 6 h and
reached maximal levels at 12 h after the LPS treatment
(Fig. 5a). However, the addition of penicillamine (an
ONOO− inhibitor) and L-N5-(1-iminoethyl)-ornithine

Fig. 5 NF-κB activation by LCK induction in Raw 264.7 cells
stimulated with LPS. a LPS (100 ng/mL)-induced accumulation
of intracellular ONOO− was monitored by DHR123. The time
course of changes in fluorescence was monitored with a GENios
Plus fluorescent microplate reader. b Raw 264.7 cells were
exposed to LPS (100 ng/mL) for 12 h. The levels of anti-LCK
and anti-p LCK antibody were detected by Western blotting. ß-
Actin was used as a loading control. c Raw 264.7 cells were pre-
incubated for 2 h with L-NIO (100 μM), penicillamine
(100 μM), or damnacanthal (170 nM) before treatment with

LPS (100 ng/mL) for 12 h. The level of p-p65 NF-κB was
detected in the nucleus by Western blotting. TFIIB was used
as a loading control. d (left) Cell lysates were immunoprecipi-
tated with anti-IκBα antibody followed by Western blotting
with anti-p-tyrosine antibody. d (right) Cell lysates were ana-
lyzed by Western blotting with anti-p-TAK1 or anti-p-IκBα
(serine 32) antibody. ß-Actin was used as a loading control.
One representative blot is shown from three independent experi-
ments that yielded similar results
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(L-NIO) (a NOS inhibitor) prevented this change.
LCK was also activated 12 h after LPS treatment
(Fig. 5b). Therefore, the results shown in Fig. 5a and
b suggest that LCK is activated by LPS-induced
ONOO− generation in Raw 264.7 cells.

Next, to determine whether LCK induction by
ONOO− leads to NF-κB activation through tyrosine
phosphorylation by IκBα, we examined the phosphor-
ylation status of NF-κB and IκBα after LPS treatment in
the presence or absence of an ONOO− inhibitor (peni-
cillamine), a NOS inhibitor (L-NIO), and an LCK inhib-
itor (damnacanthal). As shown in Fig. 5c, LPS
stimulation induced significant serine phosphorylation
of p65, which was substantially decreased in the pres-
ence of ONOO− inhibitor, LCK inhibitor, or NOS in-
hibitor. These results suggest that LPS-triggered NF-κB
activation was caused by the activation of LCK through
ONOO− generation. Then, to determine whether LCK
activates NF-κB through tyrosine phosphorylation of
IκBα, LPS-treated cell lysates were immunoprecipi-
tated with an anti- IκBα antibody followed by immu-
noblotting with anti-phosphotyrosine antibody. The
results showed that tyrosine phosphorylation of IκBα
was observed 12 h after LPS stimulation, and this phos-
phorylation was decreased by treatment with all three
inhibitors (Fig. 5d). Therefore, these data suggest that
LCK participates in the tyrosine phosphorylation of
IκBα, leading to NF-κB activation through LPS stimu-
lation. Interestingly, we showed that LCK triggers serine
phosphorylation of IκBα and its upstream serine kinase
TAK1, as well as the subsequent degradation of IκBα
(Fig. 5d). Therefore, we suggest that LCK causes NF-
κB activation through serine or tyrosine phosphoryla-
tion of IκBα in an ONOO− generation-dependent
manner.

Discussion

Although the major mechanisms underlying the aging
process and its modulation are not fully understood,
CR has been intensely studied for its intervening effect
on the aging process. Some gerontologists have pro-
posed that CR might provide protection from the com-
mon diseases of aging (Weindruch et al. 2001). Many
studies have reported that the proximal causes of aging
and longevity regulators are both closely connected to
CR, and both are essential to understanding what

underlies the aging process (Yu et al. 2005; Chung et
al. 2002).

In our study, we determined that the immune re-
sponse and energy metabolism mainly differed in the
cDNA microarrays on aging and CR as shown in
Fig. 2c. Aging leads to the upregulation of the immune
response but the downregulation of genes related to
metabolism and biosynthesis. However, CR leads to
downregulation of the immune response but upregu-
lation of energy metabolism and biosynthesis. These
results are consistent with the current understanding of
the dichotomous relationship between aging and CR.
For instance, in the aging process, the upregulation of
immune response is closely related to inflammation
and ROS production in the cell. Also, the downregula-
tion of energy metabolism is indicative of the reduction
in the mitochondrial respiratory rate and gluconeogenic
capacity. These downregulated pathways are closely
involved in the degeneration of the human body because
muscle and other tissues utilize amino acids derived
from protein turnover to generate energy via the TCA
cycle (Goodman et al. 1980). On the other hand, energy
metabolism and biosynthesis-related pathways promote
the activity of cells by CR. These findings suggest that
CR could reduce ROS production by downregulating
the immune response and could reduce the level and
accumulation of damaged proteins throughout the body
by enhancing the turnover and replacement of proteins
in old age by upregulating energy metabolism
pathways.

Our analyses revealed further important insights:
the immune response and energy metabolism-related
genes that modulate aging-related biological processes
may be oppositely regulated by CR. The immune
response is already a well-known pathway that is
upregulated in aging but downregulated by CR, be-
cause the immune response is a major source of oxi-
dative stress in the cell. In addition, several papers
have reported that CR promotes the turnover and
replacement of proteins in old age (Goto et al. 2002;
Dhahbi et al. 2005). Enhanced turnover should reduce
the dwell time of proteins and thereby reduce the level
and accumulation of damaged proteins throughout the
body (Spindler et al. 2003). These findings also sup-
port our results that metabolism-related pathways are
induced by CR. Additionally, the PPAR signaling
pathway is a well-known pathway that is upregulated
by CR. Upregulation of the PPAR signaling pathway
causes the reduction of fatty acids through beta-
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oxidation in ribosomes. Our laboratory reported that
PPAR attenuates aging by reducing oxidative stress
(Sung et al. 2004).

Based on the biological background, we performed
a PPI network analysis to identify key molecules
among the differentially expressed genes that are com-
mon to both aging and CR. As a result, LCK,
PLSCR1, and NDRG1 had high values of degree
and betweenness centrality among those genes upre-
gulated in aging but downregulated by CR. In con-
trast, MBP and SLC2A4 were selected among those
genes downregulated in aging but upregulated by CR.
We tested LCK as a key molecule for the modulation
of aging in mammals because its function is closely
related to the immune response and it has the highest
degree score among the candidates in the PPI network.

LCK, a member of the Src family non-receptor
protein tyrosine kinase, is mostly expressed in T cells
and some B cells. Recruitment of LCK to the cell
membrane by CD4 and CD8 plays an essential role
in T cell activation and development (Artyomov et al.
2010). The lack of LCK expression through develop-
ment of the homozygous mutant mice severely dis-
rupts thymocyte development (Molina et al. 1992).
Also, circulating T cells from the LCK homozygous
mice have a significantly decreased proliferative re-
sponse, calcium mobilization, and IL-2 production
(Straus and Weiss 1992; Trobridge and Levin 2001).
However, the lack of LCK expression in peripheral
mature T cells has no effect on the number of mature
circulating T cells or survival of these cells (Seddon et
al. 2000). Specially, the LCK−/± mutant mice appear
healthy; lymphoid organs and thymocyte as well as
peripheral T cell populations are normal.

Moreover, previous reports suggest that LCK acts
as a proto-oncogene. The overexpression of wild type
LCK reproducibly developed thymic tumors, indicat-
ing that LCK contributes to the pathogenesis of human
neoplastic disease (Abraham et al. 1991). Kamens et
al. reported that selective inhibitors of LCK have the
potential to be efficacious in preventing T cell-driven
inflammatory disease, including rheumatoid arthritis,
multiple sclerosis, inflammatory bowel diseases, type I
diabetes, systemic lupus erythematosus, and psoriasis
(Kamens et al. 2001).

Because T cells often infiltrate into tissues with
disease or the aging process (Stichel and Luebbert
2007; Zhang et al. 2003), it explains why the expres-
sion and activation of LCK in aged kidney increase

immune response and inflammatory factors. Hence,
we confirmed that LCK expression was upregulated
in aging but downregulated by CR both in vitro and in
vivo using kidney obtained from aged and CR rats.
Additionally, we performed mRNA expression experi-
ments for four other predicted key molecules
(PLSCR1, NDRG1, MBP, and SLC2A4) in aged kid-
ney and under calorie restriction conditions using RT-
PCR. The mRNA levels of these four genes were
consistent with our bioinformatics prediction (data
not shown).

Our major significant findings are that the expres-
sion and activity of LCK was modulated by CR in
aged rat kidney and that the age-related increase in
PTK activity was decreased by a specific inhibitor of
LCK. Additionally, we confirmed that induction of
LCK by ONOO− leads to activation of NF-κB through
serine or tyrosine phosphorylation of IκBα and that it
is modulated by CR. Therefore, these results indicate
that LCK could be considered a target protein that is
attenuated by the anti-aging effects of CR. In summa-
ry, our approaches aim to identify candidate genes that
are similar to the CR effect as well as to understand the
biological pathway related to aging and the molecular
behavior of CR, ultimately to prevent aging in a top–
down manner using the integration of cDNA micro-
array data and the PPI network. Our findings revealed
that the immune response and inflammation-related
pathways are upregulated in aging, while CR reversed
these effects. Energy metabolism and biosynthesis-
related pathways were downregulated in aging and
were blunted by CR. The present study also suggested
key molecules in the PPI networks of aging and CR. In
addition, our experimental validation of LCK verifies
that this system’s biological approach might be a very
powerful tool for identifying target proteins for aging
intervention as well as a roadmap for aging studies.
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