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Abstract

Aging is associated with a decline of immune competence and an increase in markers of inflammation. There is considerable evidence
that inflammatory processes play a role in aging and the determination of lifespan. Hypopituitary Ames dwarf mice have extended lon-
gevity and exhibit many symptoms of delayed aging, although various aspects of immune function are suppressed in the mutants. In the
present study, the expression of genes related to immunity and inflammation was compared in peripheral blood leukocytes (PBL) from
Ames dwarf and normal mice using Affymetrix GeneChip arrays. Among the more than 3000 probe sets that were differentially
expressed, 273 were identified as being associated with immunity and/or inflammation. Pathway analysis revealed interactions among
91 of these probe sets, centered on casp3, bcl2, il4, prkca, mapkl4 and TGFB1. Ames dwarf mice had reduced leukocyte expression
of casp3 and TGFp and increased expression of Bcl2. Alterations in the expression of these genes suggest likely functional changes in
apoptosis, B and T cell homeostasis, prostaglandin synthesis, humoral immunity, chemokine activity, complement activation, hemostasis
and wound healing pathways. Collectively, these results suggest that activation of both anti-inflammatory pathways and an anti-clotting
mechanism combined with reduced turnover of leukocytes may contribute to delayed aging and extended longevity of Ames dwarf mice.
We are also aware that alterations in gene expression in PBLs can be due to different composition of PBL populations when comparing
Ames dwarf to WT animals, and it will be interesting to investigate these genes in particular PBL populations in the future. However,
whole leukocytes population represents the function of immune system in these organisms.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction immune system and a hyperactivity of the innate immune
system resulting in chronic inflammation, higher suscepti-
bility of the elderly to viral and bacterial infections, high
incidence of cancer, and increased morbidity and mortality
(DeVeale et al., 2004; Effros, 2001; Solana and Pawelec,
1998; Ginaldi et al., 1999; Finch and Crimmins, 2004; Paw-
elec et al., 1998). The deterioration of the adaptive immu-

nity is caused by a shift in leukocytes population types,

The age-related immune decline, also termed immunose-
nescence, involves a reduced response of the adaptive
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including a reduced proportion of naive T cells relative to
their memory counterparts (Chakravarti and Abraham,
1999) and a decline in lymphocyte functions (Solana and
Pawelec, 1998). Aging is correlated with diminished antigen
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recognition, hyporesponsiveness to cell receptor stimula-
tion, defects in the early events of signal transduction,
and dysregulation of cytokine production and lymphocyte
proliferative response to mitogenic stimulation (Chakrav-
arti and Abraham, 1999; McGlauchlen and Vogel, 2003;
Szakal et al., 2002; Miller, 2000). Aging also decreases
the functions of the cells of the innate or “natural” immu-
nity (Pawelec et al., 1998). Following lipopolysaccharide
activation, aged monocytes show decreased cytotoxicity
against tumor cells, reduced interleukin 1 and a decreased
release of reactive oxygen and nitrogen intermediates
(McLachlan et al., 1995a,b). Diminished release of such
compounds reflects a lowered capacity of macrophages to
kill micro-organisms and lyse tumor cells. Aging signifi-
cantly impairs chemotactic, phagocytic and killing capaci-
ties of polymorphonuclear cells in humans and mice
(Polignano et al., 1994; Yoshino et al., 1992; Lloberas
and Celada, 2002). Polymorphonuclear cells protect
against invading micro-organisms and are the first, among
the inflammatory cells, to be recruited to the inflammatory
site. The chronic inflammation associated with aging may
reflect an impairment of both innate and adaptive immu-
nity, given the interdependence of the two immune systems.
Inflammation has been implicated in the pathogenesis of
atherosclerosis, and rigorous control of inflammatory reac-
tions is thought to decrease the incidence of cardiovascular
disease (Ross, 1993; Ridker et al., 1997). Blood elevation of
inflammatory markers such as serum amyloid A, C-reactive
protein, IL-6 and fibrinogen are risk factors for heart
attack and stroke (Danesh et al., 2004; Pearson et al.,
2003). It has been proposed that the historical increase in
life expectancy of humans can be partially explained by a
decreased exposure to chronic inflammation (Finch and
Crimmins, 2004; Crimmins and Finch, 2006).

Propl and Pitl mutations affecting development of the
pituitary gland of mice produce long-lived dwarfs with defi-
ciencies in serum growth hormone (GH), thyroid stimulat-
ing hormone and prolactin, as well as IGF-I, which is
secreted by the liver in response to pituitary growth hor-
mone (Sornson et al., 1996). There is considerable evidence
that the GH/IGF-I deficiency is responsible for the positive
longevity effects of the dwarfing mutations (Bartke, 2005,
2006). Calorie restriction, another intervention that consis-
tently extends lifespan, may do so by altering the insulin/
IGF-1 pathway, since it reduces the level of circulating insu-
lin, GH and IGF-1 (Longo and Finch, 2003). Failure of CR
to further increase longevity and to enhance insulin sensitiv-
ity in mice with targeted disruption of the GH receptor
implies that somatotropic signaling mediates the effects of
CR on lifespan (Bonkowski et al., 2006). The extended life-
span of dwarf and calorie-restricted mice has caused them
to be extensively used as models of decelerated aging to
identify the molecular mechanisms of the anti-aging effects.

In addition to extending longevity, both dwarfism and
calorie restriction impede a whole host of age-induced
pathologies including the development of neoplastic dis-
eases, collagen cross-linking and deterioration of the cogni-

tive function (Brown-Borg et al., 1996; Flurkey et al., 2001,
2002; Ikeno et al.,, 2003; Silberberg, 1972; Longo and
Finch, 2003; Weindruch and Sohal, 1997). However,
regarding immunity and inflammations pertinence to
aging, only calorie restriction has been extensively investi-
gated and repeatedly shown to potently enhance the
immune functions and ameliorate inflammation (Pahlavan-
1, 2000, 2004; Fernandes et al., 1997; Spaulding et al.,
1997). In contrast, there are fewer reports concerning the
effects of dwarfism on the immune system and inflamma-
tion, and their findings are often contradictory. Some stud-
ies suggested that dwarfism compromises the immune
system development (Murphy et al., 1992; Dumont et al.,
1979; Duquesnoy, 1972; Fabris et al., 1971; Baroni et al.,
1969). Other studies reported that the immune competence
of dwarf mice did not differ from their littermate controls
(Schneider, 1976; Dumont et al., 1979; Cross et al., 1992).

Dwarf mice were shown to exhibit decreased peripheral
blood cell and a deficiency of B cell progenitor populations
in the bone marrow (Murphy et al., 1992), decreased splenic
T and B lymphocytes (Dumont et al., 1979) and decreased
thymocytes (Duquesnoy, 1972). Functional analysis
showed that both cell-mediated immunity and humoral
immunity were compromised (Fabris et al., 1971; Baroni
et al.,, 1969) and restored with administration of either
GH or a combination of GH and thyroxine (Fabris et al.,
1971). In contrast to these findings, other studies of dwarf
mice showed that the T cell-dependent zones in the periph-
eral lymphoid tissues were not deficient in lymphocytes, and
the thymuses were reported to have a normal cellular com-
position (Schneider, 1976). Dwarf mice were reported to
have competent humoral and cell-mediated immunity with
normal antibody production, mitogen-induced prolifera-
tion of both T and B cells and delayed-type hypersensitivity
to a contact sensitizing agent (Schneider, 1976; Dumont
etal., 1979). Another study concluded that the development
of immunity in dwarf mice lags behind their normal litter-
mates and is influenced by the age at which the mice are
weaned, as well as the time between weaning and immuno-
logic assessment (Cross et al., 1992). However, a fully func-
tional immune system will develop if dwarf mice are allowed
to mature to 32 days of age.

In regard to immunosenescence, dwarfism was shown to
prevent age-dependent splenomegaly and splenic T cell
proliferation impairment, and to diminish osteoarthritis
of the knee joint (Silberberg, 1972; Flurkey and Harrison,
1990). Changes in age-sensitive traits of connective tissue
and immune system status were found to be decelerated
in dwarf mice (Flurkey et al., 2001). Specifically, aged
dwarf mice were shown to have youthful levels of CD4M
and CD8M cells which express the CD44 surface marker
typical of the memory T cell population. The proportions
of mitogen-stimulated T cells that can proliferate and dif-
ferentiate into cytotoxic effectors also were higher in older
dwarf mice.

To address the dearth of information and the discrepan-
cies in the reports concerning the effects of dwarfism on
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immunity and inflammation, we analyzed the gene expres-
sion profiles of the circulating leukocytes of Ames dwarf
mice using Affymetrix oligonucleotide microarrays con-
taining probes for more than 45,000 transcription units.
The homozygosity for the Ames dwarf mutation extends
longevity by more than 50% in both males and females
(Brown-Borg et al., 1996). We have previously shown that
the liver gene expression profiles of the Ames dwarf mice
reflect increased insulin, glucagon and catecholamine sensi-
tivity, gluconeogenesis, protein turnover, lipid B-oxidation,
apoptosis, and xenobiotic and oxidant metabolism, as well
as decreased cell proliferation, lipid and cholesterol synthe-
sis, and chaperone expression (Tsuchiya et al., 2004). Also,
using liver gene expression profiling, Ames dwarf mutation
was shown to partially delay or decelerate age-related
changes (Amador-Noguez et al., 2004). The findings of
another liver gene expression profiling study of Ames
dwarf mice were consistent with a reduced innate immune
response (Amador-Noguez et al., 2005). Activation of the
innate immune system can contribute to inflammation
and the pathogenesis of autoimmune diseases.

In this study, we analyzed the gene expression profiles of
leukocytes with focus on the genes and pathways related to
immunity and inflammation. Circulating blood leukocytes
are the main cells that provide immunity, mediate stress
and inflammation, and produce cytokines, chemokines
and growth factors that exert potent physiological and
pathological actions on peripheral tissues. Furthermore,
circulating leukocytes have the ability to mirror the body’s
tissues and organs in health and disease. Dissecting leuko-
cyte gene expression patterns of the long-lived Ames dwarf
mice will advance our understanding of the effects of
dwarfism on the immune functions. This molecular charac-
terization should help in formulating hypotheses and devel-
oping future experiments to identify potential new immune
mechanisms by which “longevity genes” postpone diseases
and decelerate aging. Ultimately these studies may lead to
the design and discovery of possible therapeutic interven-
tions to enhance immune function in the elderly.

2. Materials and methods
2.1. Mice

Male and female mice of the Ames stock were bred and
housed at Southern Illinois University. Ames dwarf (df/df)
and normal (+/+ or +/df) mice were produced by crosses
between df/+ parents or between fertile df/df males and
df/+ females. Details of the animal husbandry were
described previously (Masternak et al., 2004). Seven-month
old 10 female Ames dwarf mice and 10 of their normal lit-
termates were used in the study.

2.2. Leukocyte RNA isolation

Blood was drawn from mice in the presence of EDTA
using the heart puncture method. Blood samples were

immediately processed with the QIAamp® RNA Blood
Mini Kit (Qiagen) according to the manufacturer’s instruc-
tions. Briefly, 2.5 ml of erythrocyte lysis buffer were added
to 0.5ml of blood to selectively lyse erythrocytes. After
incubation on ice, the leukocyte-rich fraction was collected
by centrifugation, resuspended in buffer RLT (Qiagen),
and homogenized by centrifugation through a QIAshred-
der™ spin column. The homogenized lysate was mixed with
ethanol and applied to the QIAamp spin column to bind
the RNA to the silica-gel membrane. After washing, total
RNA was eluted in 30 ul of RNase-free water.

2.3. Globin reduction

Frequently, the erythrocyte lysis is incomplete resulting
in high amounts of globin mRNA. To remove any globin
mRNA from residual erythrocytes, the isolated total
RNA was further processed with the GLOBINclear™-
Mouse/Rat kit (Ambion). Briefly, 1 pg of total RNA was
mixed with a biotinylated Capture Oligo Mix to hybridize
the globin mRNA species with the biotinylated oligonucle-
otides that were subsequently captured on streptavidin
Magnetic Beads. Total RNA, depleted from the globin
mRNA, was then eluted after pulling the beads with a
magnet. Purity and integrity of the obtained RNA were
confirmed by the NanoDrop® ND-1000 UV-Vis Spectro-
photometer (Wilmington, DE) which measures the 260/
280 ratio, and by capillary electrophoresis (Agilent 2100
Bioanalyser, Agilent Inc.), which measures the 28S/18S
rRNA ratio and the RNA integrity number (RIN).

2.4. cRNA synthesis

Following globin reduction the total RNA obtained was
amplified using the Affymetrix Two-Cycle Eukaryotic Tar-
get Labeling kit. The two-cycle labeling procedure includes
two successive rounds of T7-based in vitro transcription
incorporating biotin rNTPs in the second round reaction.
Briefly, 100 ng total RNA was used in the first-round syn-
thesis of double-stranded cDNA, followed by amplification
with MEGAscript T7 kit (Ambion) using an unlabeled
ribonucleotide mix. The unlabeled cRNA was reverse tran-
scribed to generate the second-round double-stranded
cDNA template followed by amplification with biotinyla-
ted nucleotide analog/ribonucleotide mix in the second
in vitro transcription reaction. The quality of the resulting
biotin-labeled cRNA was confirmed with the Agilent®
2100 bioanalyzer before any further processing.

2.5. Array hybridization

An aliquot (20 pg) of cRNA was fragmented by heat
and ion-mediated hydrolysis at 94 °C for 35 min. Frag-
mented cRNA was hybridized to the Affymetrix Gene-
Chip® Mouse Genome 430 2.0, which is a single array
with over 45,000 probe sets representing more than
34,000 well-substantiated mouse genes. One array was used
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for fragmented cRNA prepared from each of 20 mice, 10
mice for each experimental group (wild-type and dwarf).
The hybridization, washing, staining and scanning of the
arrays were carried out at the Stanford Protein and Nucleic
Acid Biotechnology Facility. After scanning of the chips,
the raw probe intensities were stored in electronic files
(in .DAT and .CEL formats) using the Affymetrix Micro-
array Suite 5.0 software.

2.6. Probe set expression measurement, normalization and
filtering

The array images were inspected for the presence of
experimental artifacts and the quality of the raw data
was confirmed by measuring a set of QC metrics that are
based on methods implemented in the Bioconductor
(www.Bioconductor.org) packages ‘affy,” ‘simpleaffy,’
‘AffyQCReport,” and ‘afftyPLM’ (Gautier et al., 2004;
Wilson and Miller, 2005). The .CEL files from control
(n=10) and Ames dwarf (n = 10) groups were simulta-
neously normalized and expression values computed with
the RMA (Robust Multichip Average) method using the
Bioconductor package ‘affy.” The data were further filtered
to exclude probe data sets that were “Absent” across all 20
arrays according to the MAS 5.0 detection algorithm. This
filter produced 28,192 probe sets from the original 45,000
probe sets in the Mouse 430 2.0 array.

2.7. Statistical analysis of differential gene expression

All statistical analyses were performed using the Bio-
Conductor packages in R (http://www.r-project.org/). To
determine the differentially expressed genes, we compared
the data from Ames dwarf to normal mice using two sepa-
rate statistical procedures, SAM (Significance Analysis of
Microarrays) and LIMMA (Linear Models for Micro-
Array data; Smyth et al., 2005; Tusher et al., 2001).

For SAM analysis, the significance cutoff was set at a
median false discovery rate <5%, and the d-value was cho-
sen so that the number of falsely discovered genes is less
than one. For LIMMA analysis, we used a false discovery
rate adjusted p-value <5%.

2.8. PathwayArchitect analysis of molecular interactions
between the differentially expressed genes related to
immunity and/or inflammation

The genes found differentially expressed with SAM and
LIMMA were searched to identify genes with association
to immunity and inflammation using the NetAffx Analysis
Center (Liu et al., 2003; http://www.affymetrix.com). The
obtained list of genes associated with immunity and inflam-
mation was imported into PathwayArchitect (version 1.0.4;
http://stratagene.com). This pathway analysis tool surveys
the PubMed literature and retrieves information on each
gene relating to its transcriptional regulation, binding part-
ners and any other gene that modifies or interacts with it.

The collected information is used to build a graphical net-
work of connections between the genes, illustrating all the
extracted types of interaction.

2.9. Gene Ontology analysis of gene expression using
GenMAPPIMAPPFinder

Microarray data were analyzed with GenMAPP/
MAPPFinder using MAPPs (MicroArray Pathway Pro-
files) generated from the Gene Ontology (GO) database
and MAPPs specifically designed for GenMAPP (also
called local MAPPs; Doniger et al., 2003). Gene expression
data were imported into GenMAPP to produce a Gen-
MAPP Expression Data set file. MAPPFinder was used
to assign the differentially expressed genes to the GO bio-
logical process, cellular component and molecular function
terms and calculate z-score as well as a non-parametric per-
mutation test p-value. A positive z-score indicates that
there are more genes meeting the criterion in a GO term
than would be expected by random chance. A z-score >2
is considered a statistically significant association between
the differentially regulated genes and their corresponding
GO terms. The non-parametric permutation test of the
data addresses the multiple testing concerns that occur in
GO analysis when calculating z-scores. In addition to a z-
score =2, a GO term is considered significant if the permu-
tation p-value < 0.05. The up-regulated or down-regulated
GO terms were calculated separately in the MAPPFinder
analysis. The MAPPFinder results were manually filtered
to remove redundant GO terms and to include only path-
ways with a number of significantly regulated genes greater
than 3 and fewer than 100. GO terms with very small or
very large number of genes are unlikely to be informative
because they may be too specific or too general. We
focused on the biological processes category of GO and
selected GO terms that represent immunity and inflamma-
tion. GenMAPP was used to visualize gene expression data
on maps representing biological pathways and groups of
genes (Dahlquist et al., 2002).

2.10. Gene Ontology analysis using global testing

Gene Ontology was searched for all pathways associated
with immunity and inflammation using the browsing tool
AmiGO (http://www.godatabase.org/cgi-bin/amigo/go.cgi).
The retrieved GO pathways associated with immunity
and inflammation were used to analyze the microarray data
from control and Ames dwarf using the R-package “glob-
altest” (Goeman et al., 2004). The globaltest uses an empir-
ical Bayesian generalized linear model to generate a p-value
for testing whether or not some pre-specified groups of
genes are differentially expressed. The algorithm applies a
goodness-of-fit test on this model by combining the influ-
ence of the separate genes into a single test score for the
group of genes. The p-values were adjusted for multiple
hypotheses testing with Bonferroni correction to control
the false discovery rate (FDR). We chose a value <0.05
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as a threshold of significance of the FDR-adjusted p-value.
The pathways were further assessed with the “geneplot”
function of the globaltest to determine the influence of indi-
vidual genes on the outcome of the globaltest results.

3. Results

We used Affymetrix microarrays to assess the effects of a
dwarfing mutation that extends lifespan and postpones dis-
eases on the expression of genes related to immunity and
inflammation in circulating blood leukocytes. The proce-
dure of RNA extraction from blood included a combina-
tion of erythrocyte lysis and a globin reduction to ensure
a complete depletion of globin mRNA species and thus
reliable microarray data. The obtained gene expression
profiles were subjected to pathway analysis to identify
potential immunity and inflammation pathways and bio-
logical processes regulated in circulating blood leukocytes
of Ames dwarfs. Recently, tools for pathway and Gene
Ontology mapping have been developed to translate the
information from the individual gene level into functional
information with biological processes and regulatory net-
works pathways (Curtis et al., 2005). The pathway analysis
approach helps to overcome the limited sensitivity of
microarray expression profiling by detecting more subtle
changes in expression than the statistical methods com-
monly used to generate the gene lists.

3.1. Improvement of the target cRNA quality by erythrocyte
lysis and globin mRNA reduction

The method used to prepare RNA from circulating
blood cells has been shown to significantly impact the qual-
ity of microarray data (Feezor et al., 2004; Debey et al.,
2004). Utilization of total RNA isolated from whole blood
can produce poor quality expression data because the pres-
ence of high levels of globin mRNA causes non-specific
binding to other sequences, resulting in higher variability
and decreased sensitivity, especially for relatively low
expressed genes from leukocytes (Debey et al., 2004). To
ensure enhanced detection sensitivity for mRNAs from leu-
kocytes and to reduce the variability observed in micro-
array data, we depleted globin mRNA from the blood
samples in two steps. First, we lyzed the erythrocytes,
which are the source of globin transcripts when whole
blood is used to isolate total RNA. Second, to further
deplete any residual globin mRNA derived from erythro-
cytes carried over from the lysis step, we performed a glo-
bin reduction using specific oligonucleotides designed to
capture and remove the globin transcript. This combina-
tion of erythrocyte lysis with globin reduction to isolate
total RNA isolation from leukocytes yielded RNA with
integrity and purity high enough to be successfully used
in microarray experiments to generate reliable gene expres-
sion data (Fig. 1a). As shown in Fig. 1b, the cRNA electro-
pherogram of the sample extracted from whole blood
without erythrocyte lysis or globin reduction shows a pre-

dominant peak (approximately 700 bases) that represents
amplified globin mRNA. This peak was attenuated in the
sample extracted with erythrocyte lysis, reflecting a signifi-
cant decrease in the globin mRNA transcripts. Combina-
tion of both erythrocyte lysis and globin reduction
produced a smooth curve with no peak, indicating the suc-
cessful removal of globin mRNA transcripts from the
amplification reaction. The gel representations also show
that erythrocyte lysis attenuates the globin mRNA band
and erythrocyte lysis combined with globin reduction
increased the intensity and broadened the cRNA smear
indicating that non-globin messages have been recovered.

3.2. Identification of differentially regulated genes in
circulating blood leukocytes of dwarf mice

Two independent statistical methods (SAM and LIM-
MA) were used to compare the microarray data from Ames
dwarf mice with the normal phenotype to determine the
gene expression profile specific to the dwarf phenotype.
Both SAM and LIMMA are algorithms designed for the
statistical analysis of gene expression microarrays and they
are currently the most widely used tests for the assessment
of microarray differential gene expression. To increase
statistical confidence in the results, only genes found signif-
icantly changed by both statistical methods were consid-
ered differentially expressed in Ames dwarf mice.

In our experience with Affymetrix arrays over the years
we found an increasing and significant correlation between
array and real-time PCR data (Dhahbi et al., 2006; Dhahbi
et al., 2004; Tsuchiya et al., 2004). Moreover, the precision
and sensitivity in detecting mRNA signals and the accuracy
in detecting differential gene expression are increasing by
the continuous improvement of the Affymetrix technology
and the development of new statistical methods (Sandberg
and Larsson, 2007; Chen et al., 2007; Irizarry et al., 2006).
In addition to the credibility of its data, the Affymetrix
platform has proved to be very stable and reliable which
makes any further confirmation of its findings by another
method such as real-time PCR redundant (de Reynies
et al., 2006; Dalma-Weiszhausz et al., 2006).

At a 1.2-fold change cutoff, 3077 probe sets showed sig-
nificantly different levels of expression in Ames dwarfs
compared with controls. We found 1757 of the probe sets
were down-regulated, and the remaining 1320 probe sets
were up-regulated. We arbitrarily chose 1.2-fold as a cutoff
for significance. Application of arbitrary thresholds may
fail to detect true changes in gene expression. Genes with
large fold changes can be highly variable among samples
and thus have no biological significance. On the other
hand, genes with small fold changes can be biologically
important if the changes in expression of these genes are
highly significant statistically because they are measured
with high precision as a result of replication.

The 3077 differentially expressed probe sets were
searched to identify 273 probes associated with immunity
and inflammation using the NetAffx Analysis Center
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Fig. 1. (a) Profile of total RNA extracted with the erythrocyte lysis method followed by the globin reduction procedure. RNA samples were run on the
Agilent® 2100 bioanalyzer to obtain electropherogram (left) and virtual gel image (right). The profile is consistent with adequate RNA quality for
microarray analysis. Arrows indicate 18S and 28S rRNA positions. The leftmost peak is the marker. The RNA integrity number (RIN) and the 28S/18S
ratio were 9.1 and 1.9, respectively. Lane 1, markers; lane 2, total RNA extracted from whole blood with erythrocyte lysis followed by globin reduction. (b)
Profile of cRNA samples. One hundred nanograms of total RNA was amplified using the Affymetrix Two-Cycle Eukaryotic Target Labeling kit to
generate biotinylated cRNA. Equal amounts of cRNA (450 ng) were run on the Agilent® 2100 bioanalyzer to obtain electropherograms (left) and virtual
gel images (right). Red electropherogram represents cRNA from whole blood with no erythrocyte lysis or globin reduction; blue, erythrocyte lysis but no
globin reduction; green, erythrocyte lysis followed by globin reduction. Lane 1 of the gel image represents markers; lane 2, cRNA of sample extracted from
whole blood with no erythrocyte lysis or globin reduction; lane 3, erythrocyte lysis but no globin reduction; lane 4, erythrocyte lysis followed by globin

reduction.

(http://www.affymetrix.com). The complete list of the 273
differentially expressed probe sets associated with immu-
nity and inflammation genes is available as Supplementary
material accompanying the paper (Table 1).

3.3. Characterization of biological interactions between the
differentially regulated genes related to immunity and
inflammation

Upon determination of differentially expressed genes, a
list of 273 probe sets associated with immunity and inflam-
mation was generated and subjected to pathway analysis
with the PathwayArchitect software. Of the 273 probe sets,
PathwayArchitect database established direct interactions
between 91 probe sets to produce a gene regulation net-
work centered around six main genes, namely casp3,
bcl2, il4, prkca, mapkl14 and TGFp1 (Fig. 2). To simplify
this complex network for interpretation and discussion
purposes, we extracted the subsets of genes that interact
with the six main genes as illustrated in Fig. 3, S1-Se.
These Figures are accessible in Supplementary information

online as clickable html web files with hyperlinks to infor-
mation about the genes and the nature of their interactions.
Notably, dwarfism decreased the expression of Caspase-3
while it increased the expression of bcl2. Dwarfism also
decreased the expression of TGFp 1.

3.4. MAPPFinder/GenMAPP analysis reveals altered
immunity and inflammation pathways in circulating blood
leukocytes of dwarf mice

As noted above, only a portion of the differentially
expressed probe sets associated with immunity and inflam-
mation (91 out of 273) were recognized by the PathwayAr-
chitect database as having biological interactions. Thus,
the biological significance of a large number of differen-
tially expressed genes remains undetermined. To expand
the pathway analysis to more differentially expressed genes
and complement the findings of PathwayArchitect analysis,
we performed a Gene Ontology analysis using MAPPFind-
er/GenMAPP, which is another pathway mapping tool
that identifies overrepresented biological themes within
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Table 1

Immunity and inflammation Gene Ontology terms and contributed pathways (also called local MAPPS) that showed the most significantly changed gene

expression in the leukocytes of dwarf mice

d

GO term/Local MAPP name GOID/Local MAPP* Genes measured® Genes changed® z-Score® Permutation p-value®
Wound healing GO:0042060 41 14 5.6 <0.001
Hemostasis GO:0007599 32 12 5.6 <0.001
Myeloid cell differentiation GO0:0030099 51 9 2.1 0.042
Immune cell migration GO:0050900 16 5 3.1 0.013
Regulation of endocytosis GO:0030100 23 6 2.8 0.008
Fatty acid biosynthesis GO:0006633 39 8 2.5 0.017
Mm_Cytokines_and_Inflammatory_Response Biocarta Local MAPP 15 6 3.8 0.004
Mm_Prostaglandin_synthesis_regulation Local MAPP 25 8 3.6 0.003
Mm_Eicosanoid_Synthesis Local MAPP 17 5 2.6 0.023

MAPPFinder was used to identify the differentially expressed GO terms and local MAPPs based on the z-score (>=2) and permutation p-value (<0.05).
Only GO terms and local MAPPS with a number of significantly regulated genes more than 3 and fewer than 100 genes were listed in Table.

# GO identity number or contributed pathway (local MAPP).
® Number of genes measured in the mouse 430 2.0 chip.

¢ Number of genes that meet the criteria for a significant change in expression.
d z-Scores are calculated by subtracting the number of genes expected to be randomly changed in a GO term or local MAPP from the observed number
of changed genes in that GO term or local MAPP. The obtained value is divided by the standard deviation of the observed number of genes under a

hypergeometric distribution.

¢ To calculate the permutation p-value, a non-parametric statistic based on 2000 permutations of the data was used. The gene associations were
randomized for each sample to generate a distribution of z-scores, which are then used to assign the permutation p-values.

gene expression data. Of the 3077 differentially expressed
probe sets in Ames dwarf animals, 1686 probe sets were
linked to GO terms by MAPPFinder. The output of
MAPPFinder was screened to select only statistically sig-
nificant GO terms and local MAPPS that represent immu-
nity and inflammation pathways. As shown in Table 1,
dwarfism altered the expression of six GO terms and three
local MAPPs. The genes assigned to these pathways are
represented in Figs. 4-6. The GO pathways most signifi-
cantly affected in Ames dwarf mice were wound healing
and hemostasis (Table 1; z-score =5.6 and permute-
p <0.001).

3.5. Other immunity and inflammation molecular pathways
altered in circulating blood leukocytes of dwarf mice

As with PathwayArchitect analysis, MAPPFinder anal-
ysis also did not encompass all the differentially expressed
genes. Among the 3077 differentially expressed probe sets
in Ames dwarf animals, MAPPFinder linked only 1686
probe sets to a GO term. In order to achieve a more
inclusive pathway analysis, the microarray data were ana-
lyzed with a third pathway analysis tool, the “globaltest”
from the R-package (Goeman et al., 2004). In this
approach we started by searching the GO database for
all terms associated with immunity and inflammation.
The retrieved immunity and inflammation-related GO
terms were then subjected to globaltest analysis to identify
the pathways with increased proportions of differentially
expressed genes. An advantage of globaltest compared
to other methods is its ability to identify pathways with
genes that have small changes in expression. As expected,
globaltest analysis revealed many more immunity and
inflammation pathways altered by dwarfism (Table 2).
To determine the genes that contribute to the expression

changes of the altered pathways, we used “Geneplot”
which is a function that assesses the influence of individ-
ual genes in a given pathway produced by globaltest anal-
ysis (Table 3). A pathway can be significantly altered
because a few genes are highly differentially expressed or
because most genes are slightly differentially expressed.
This can reflect significant biological differences by distin-
guishing the key player genes of the pathway. Identifying
which genes contribute more to the expression changes
can be of great help in guiding further investigation of
the pathways.

As shown in Table 2, B and T cell homeostasis were
among the pathways significantly affected in Ames dwarf
mice (p-value <0.00001). Geneplot analysis showed that
caspase 3 was the most influential gene in B and T cell
homeostasis pathways (Table 3; z-score =9.9, influ-
ence = 1442). This is in line with SAM and LIMMA anal-
yses, which found that caspase 3 mRNA expressions were
decreased 3.1-fold in Ames dwarf mice (Table S1). Global
testing also revealed that the Ames dwarf mutation signif-
icantly altered the humoral defense mechanism pathway
(p-value = 0.002). The most influential genes responsible
for the alteration of this pathway by dwarfism are comple-
ment component four (3; z-score = 3.1, influence = 1528)
followed by immunoglobulin heavy chain six (z-
score = 5.3, influence = 306). However, the expression of
both of these genes was not significantly changed with
SAM and LIMMA analyses. This is an example of how
global testing is able to unravel subtle gene expression
changes that remain undetectable with microarray tradi-
tional methods aimed at identifying the statistically signif-
icant genes. Dwarfism altered the expression of other
important pathways related to immunity and inflammation
including chemokine activity, complement activation and
wound healing pathways (Tables 2 and 3).
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Fig. 2. Schematic representation of putative signaling pathways identified in circulating blood leukocytes of dwarf mice. Microarray data were imported
into PathwayArchitect and all known biological relationships between the differentially expressed genes were graphically identified as a complex network
of genes associated with immunity and inflammation. Red ovals indicate the genes identified as significantly up-regulated. Down-regulated genes are
shown as blue ovals. Lines represent functional associations between the genes. Light blue small squares refer to expression; dark blue squares, binding;
neon green squares, regulation; light green triangles, transport; green diamond, metabolism; orange circle, protein modification; and green circle, promoter
binding. Interactive graphical version of this network is accessible online in Supplementary material with hyperlinks to information about the genes and

their interactions.

4. Discussion

In the present study, the gene expression profiles of cir-
culating blood leukocytes in Ames dwarf mice and their
normal littermates were analyzed. Ames dwarf mice are
homozygous for a spontaneous autosomal recessive loss-
of-function mutation of the prophet of pituitary factor 1
gene (Propldf). These mutants are remarkably long-lived
and healthier than normal animals, with an increased
“health span” and reduced incidence of age-related disease
(Bartke and Brown-Borg, 2004). Interestingly, Ames
dwarfs share many characteristics with animals subjected

to calorie restriction (CR). However, it is known that CR
enhances immune function and ameliorates inflammation,
while the immune system status of Ames dwarf mice is
not well established (Pahlavani, 2000, 2004; Fernandes
et al., 1997; Spaulding et al., 1997). To evaluate the effects
of Propl4’ mutation on immunity and inflammation, we
analyzed expression of 34,000 genes. The list of the genes
that were differentially expressed in normal and dwarf mice
included 273 probe sets involved in immunity and inflam-
mation. Analysis of direct interactions between 91 probe
sets based on the PathwayArchitect data base identified 6
main genes: casp3, bcl2, IL4, mapkl4, TGFB1 and prkca.
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Fig. 3. Simplified networks of immunity- and inflammation-related genes interacting with casp3, bcl2, il4, prkca, mapk14 and TGFI in circulating blood
leukocytes of dwarf mice. Red ovals indicate the genes identified as significantly up-regulated. Down-regulated genes are shown as blue ovals. Lines
represent functional associations between the genes. Light blue small squares refer to expression; dark blue squares, binding; neon green squares,
regulation; light green triangles, transport; green diamond, metabolism; orange circle, protein modification; and green circle, promoter binding.
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Figs. 4-6. GenMAPP pathways integrating the gene expression data from circulating blood leukocytes in Ames dwarf mice. Yellow, blue and gray boxes
indicate significant decrease, increase and no significant change of mRNA levels in the Ames dwarf samples, respectively. White boxes indicate that the
gene was not present on the list of genes imported into GenMAPP. Boxes with multiple colors indicate that there was more than one location for the gene
existing on the array. The inner color represents the result for the first value determined for the gene and the outer color represents the subsequent value.
The gene expression fold change in the leukocytes of Ames dwarf compared to wild-type mice is indicated by numbers to the right of the gene boxes. Gene
annotations are available on the GenMAPP interactive version of these pathways online.

Two of these genes, casp3 and bcl2 play important roles the regulation of B and T cell homeostasis. Bcl2 blocks the
in apoptosis of lymphocytes. Caspase 3 plays a central role  apoptotic death of some cells including lymphocytes.
in the execution-phase of apoptosis, and is also essential for ~ Decrease of the expression of pro-apoptotic casp3 and a
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Figs. 4-6 (continued)

coinciding increase of anti-apoptotic Bcl2 gene expression  a cytokine that controls cell proliferation, differentiation,
suggest decreased apoptosis in Ames dwarf’s peripheral  can stimulate apoptosis, and plays a key role in inflamma-
blood leukocytes (PBLs) when compared to normal con-  tion and defense responses. Down-regulation of this gene
trols. Dwarfism also decreased the expression of TGFB1,  could suggest decreased apoptosis and, more importantly,
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cell deficiency in Ames dwarf mice (Murphy et al., 1992).

suppressed cell proliferation. These effects would be consis-
Finding of decreased TGFB1 and a correlated reduction

tent with decreased peripheral blood cell population and B
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Table 2

Gene Ontology inflammation and immunity pathways responsive to dwarfism revealed by globaltest

Pathway name GO ID Category® Number of Number of genes Number of p-Value®

genes in pathway® measured® genes affected?

B cell homeostasis GO:0001782 P 21 21 5 8.2E-06

T cell homeostasis GO0:0043029 P 5 5 2 8.4E-06

Cellular extravasation GO0:0045123 P 2 2 2 9.8E-03

Complement activation GO0:0006956 P 30 30 9 1.7E-02

Humoral defense mechanism GO:0016064 P 42 41 15 2.3E-03
(sensu Vertebrata)

Humoral immune response GO:0006959 P 21 21 8 4.0E-03

Negative regulation of immune GO:0050777 P 7 4 9.4E-03
response

Phagocytosis, engulfment GO:0006911 P 30 30 8 3.6E-02

Positive regulation of immune GO:0050778 P 17 16 4 1.6E-02
response

Regulation of immune response GO:0050776 P 26 25 9 2.2E-02

Wound healing GO0:0042060 P 13 13 5 3.9E-03

Chemokine activity GO0:0008009 F 54 54 11 1.3E-03

Antigen binding GO0:0003823 F 25 25 5 1.9E-02

MHC class I protein complex GO:0042613 C 6 6 5 1.8E-02

MHC protein complex GO:0042612 C 24 24 4 7.7E-03

# The three highest-level branches in the GO tree: biological processes (P), molecular functions (F), and cellular components (C).

® Number of genes within each functional gene category.
¢ Number of genes measured in the array.

9 Genes differentially expressed with z-score > 2.0. The identities of these genes are listed in Table 3.
¢ The p-values were adjusted for multiple hypotheses testing with Bonferroni to control the false discovery rate (FDR).

in peripheral blood cell population fits nicely with
decreased mRNA expression of IL-4, a pleiotropic cyto-
kine produced by activated T cells. IL4 is also known
as a B cell stimulatory factor. The MAPKI14 is known
as a regulator of cellular processes such as proliferation,
differentiation, transcription regulation and development.
The inactivation of MAPKI14 promotes activation of
Bcl2, which additionally supports decreased apoptosis in
circulating blood cells of Ames dwarf mice. The last of
the six genes on this list, prkca was also decreased in
Ames dwarf mice. This gene plays an important role in
regulating cell-cycle control and apoptosis by activation
of Bcl2.

In conclusion, the up-regulation of Bcl2 expression and
opposite changes at the mRNA levels of casp3, IL4,
TGFB1, mapkl4 and prkca in Ames dwarf mice in compar-
ison to their control littermates suggest reduced apoptosis
and decreased proliferation of PBLs. The suggested
decrease of apoptosis in dwarf PBLs contrasts with the
results reported by Kennedy et al. (2003), which indicated
increased apoptosis in the liver of these long-lived mutants.
The authors suggested that increased apoptosis in some
organs, such as the liver, can be beneficial for increased
longevity by possibly higher efficiency of eliminating dam-
aged or harmful neoplastic cells. However, there is still
wide debate about the role of apoptosis in aging and lon-
gevity. Moreover, it is known that in different organs apop-
tosis can have different roles, which additionally
complicates the relationship of apoptosis and aging (Pol-
lack and Leeuwenburgh, 2001).

On the basis of the present findings, it is possible to spec-
ulate that compared to normal animals Ames dwarf mice

have a more advanced cellular repair system and a better
PBLs selection system during development. Reduced apop-
tosis and cell proliferation may serve to extend mainte-
nance of an efficient immune system in keeping with the
increased lifespan of these mutants.

Genes involved in wound healing and hemostasis
showed greatest differences in expression in dwarf as com-
pared to normal mice. Based on the studies of FXIII
(F13al)-deficient mice (Lauer et al., 2002; Inbal et al.,
2005) and the function of other affected genes (Fig. 4, S7
and S8), the down-regulation of these genes suggests that
Ames dwarf mice could have impaired wound healing
and delayed arrest of bleeding. However, this defective
repair system could be a trade-off for other aspect of health
and/or a potentially longer lifespan. The data obtained in
Par3 (F2rl2) knockout mice indicated that the deficiency
of these genes was protective against ferric chloride-
induced thrombosis of mesenteric arterioles and against
thromboplastin-induced pulmonary embolism (Weiss
et al., 2002). Also factor V Leiden (FVL or F5) is known
as a beneficial factor in hemophilia (Schlachterman et al.,
2005), which suggests that a low level of this molecule
could prevent blood from clotting. However, from the
other perspective, the expression of Gplbb and GpS5 is also
down-regulated, which can balance the risk for extensive
bleeding in mutant animals. These genes are known to be
elevated specifically in patients subjected to aspirin treat-
ments that can increase bleeding (Aktas et al., 2005). In
summary, some of the identified changes in gene expression
in long-lived Ames dwarf mice could protect from cardio-
vascular disease by preventing blood clotting and promot-
ing better circulation.
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Table 3

Influential genes with significant expression changes contributing to the GO pathways listed in Table 2

785

Probe set ID  Gene title Gene symbol  Influence®  z-Score®  Gene expression change
Humoral defense mechanism (sensu Vertebrata) (G0O:0016064)

1418021 _at Complement component 4 (within H-2S) C4 1528 3.1 Increase
1455332_x_at  Fc receptor, IgG, low affinity IIb Fcgr2b 191 4.2 Increase
1459872_x_at  Histocompatibility 2, class 11, locus DMa H2-DMa 237 3.9 Increase
1427351_s_at  Immunoglobulin heavy chain 6 (heavy chain of IgM) Igh-6 306 5.3 Increase
1418972_at B-cell leukemia/lymphoma 10 Bcll0 193 7.9 Decrease
1418340_at Fc receptor, IgE, high affinity I, gamma polypeptide Fcerlg 197 5.8 Decrease
1424195 _a_at  Inositol polyphosphate-5-phosphatase D Inpp5d 116 7.0 Decrease
1422847 _a at  Protein kinase C, delta Prkcd 72 4.1 Decrease
Humoral immune response (GO:0006959)

1424305 _at Immunoglobulin joining chain Ig 134 3.1 Increase
1424931_s at  Immunoglobulin A-chain, variable 1 Igl-V1 334 3.5 Increase
1420176_x_at  Immunoglobulin A-like polypeptide 1 Iglll 25 3.0 Increase
1448733 _at Polycomb group ring finger 4 Pcgfd 178 4.8 Increase
1449393 at SH2 domain protein 1A Sh2dla 101 3.5 Increase
1448508 _at Traf3 interacting protein 2 Traf3ip2 89 33 Increase
1419607_at Tumor necrosis factor Tnf 20 3.9 Decrease
Regulation of immune response (GO:0050776)

1435996_at Caspase recruitment domain family, member 11 Cardl1 196 35 Increase
1449130_at CDI1dl antigen Cdldl 236 4.5 Increase
1439221_s at  CD40 antigen Cd40 268 3.6 Increase
1453389_a_at  Adaptor protein with pleckstrin homology and src MGI:1345171 7 2.2 Decrease
1418340_at Fc receptor, IgE, high affinity I, gamma polypeptide Fcerlg 197 5.8 Decrease
1449864 at Interleukin 4 114 65 7.1 Decrease
1445251 _at Tumor necrosis factor (ligand) superfamily, member 13b Tnfsf13b 22 2.6 Decrease
Negative regulation of immune response (GO:0050777)

1455332 x_at  Fc receptor, IgG, low affinity 1Ib Fcgr2b 191 4.2 Increase
1424195 a_at  Inositol polyphosphate-5-phosphatase D Inpp5d 116 7.0 Decrease
Positive regulation of immune response (GO:0050778)

1459872_x_at  Histocompatibility 2, class 11, locus DMa H2-DMa 237 3.9 Increase
1418340_at Fc receptor, IgE, high affinity I, gamma polypeptide Fcerlg 197 5.8 Decrease
1418219 _at Interleukin 15 1115 354 5.5 Decrease
B cell homeostasis (GO:0001782)

1426165_a_at  Caspase 3 Casp3 1442 9.9 Decrease
1421209_s_at  Inhibitor of kappaB kinase gamma Ikbkg 21 2.6 Decrease
1445251 _at Tumor necrosis factor (ligand) superfamily, member 13b Tnfsf13b 22 2.6 Decrease
T cell homeostasis (GO:0001782)

1426165_a_at  Caspase 3 Casp3 1442 9.9 Decrease
Cellular extravasation (GO:0045123)

1419607_at Tumor necrosis factor Tnf 20 3.9 Decrease
1422046_at Integrin alpha M Itgam 190 3.6 Decrease
Complement activation (GO:0006956)

1455821_x_at  Complement component 1, q subcomponent binding protein Clgbp 329 8.4 Increase
1449401_at Complement component 1, q subcomponent, gamma polypeptide Clqg 1206 2.1 Increase
1437726_x_at  Complement component 1, q subcomponent, beta polypeptide Clqgb 2352 3.6 Increase
1418021 _at Complement component 4 (within H-2S) C4 1528 3.1 Increase
1417381 _at Complement component 1, g subcomponent, alpha polypeptide Clqa 1758 4.0 Increase
1441912_x_at  Complement component 2 (within H-2S) C2 96 5.1 Decrease
Phagocytosis, engulfment (GO:0006911)

1420911_a_at  Milk fat globule-EGF factor 8 protein Mfge8 43 39 Increase
1421840_at ATP-binding cassette, sub-family A (ABC1), member 1 Abcal 140 4.7 Increase
1455332_x_at  Fc receptor, IgG, low affinity IIb Fcgr2b 191 4.2 Increase
1416986_a_at  Protein tyrosine phosphatase, non-receptor type substrate 1 Ptpnsl 46 34 Decrease
1418340_at Fc receptor, IgE, high affinity I, gamma polypeptide Fcerlg 197 5.8 Decrease
1432092_a_at  GULP, engulfment adaptor PTB domain containing 1 Gulpl 21 3.0 Decrease
Wound healing (GO:0042060)

1424850_at Mitogen activated protein kinase kinase kinase 1 Map3kl 86 5.7 Increase
1417662 _at ELK3, member of ETS oncogene family Elk3 26 5.5 Decrease

(continued on next page)
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Table 3 (continued)

Probe set ID Gene title Gene symbol Influence® z-Score® Gene expression change
1421287 _a_at Platelet/endothelial cell adhesion molecule 1 Pecam1 481 6.7 Decrease
Chemokine activity (GO:0008009)

1448823 at Chemokine (C-X-C motif) ligand 12 Cxcll2 119 34 Increase
1417851_at Chemokine (C—X-C motif) ligand 13 Cxcll3 3260 5.9 Increase
1421688 a at Chemokine (C-C motif) ligand 1 Ccll 27 5.1 Decrease
1420380_at Chemokine (C-C motif) ligand 2 Ccl2 22 8.2 Decrease
1417925_at Chemokine (C-C motif) ligand 22 Ccl22 59 7.4 Decrease
1421578 _at Chemokine (C—C motif) ligand 4 Ccl4 52 4.1 Decrease
1415804_at Chemokine (C-X3-C motif) ligand 1 Cx3cll 14 3.7 Decrease
1419697 _at Chemokine (C—X-C motif) ligand 11 Cxclll 52 2.5 Decrease
1448995_at Chemokine (C-X-C motif) ligand 4 Cxcl4 62 8.5 Decrease
1418480 _at Chemokine (C-X-C motif) ligand 7 Cxcl7 82 7.8 Decrease
Antigen binding (G0:0003823)

1420176_x_at Immunoglobulin A-like polypeptide 1 Iglll 25 3.0 Increase
1424305 _at Immunoglobulin joining chain Igj 134 3.1 Increase
1424931 s at Immunoglobulin A-chain, variable 1 Igl-V1 334 3.5 Increase
1427351_s at Immunoglobulin heavy chain 6 (heavy chain of IgM) Igh-6 306 5.3 Increase
MHC class I protein complex (GO:0042613)

1443783 x_at Histocompatibility 2, class IT antigen A, alpha, mRNA H2-Aa 275 3.0 Decrease
1451721_a_at Histocompatibility 2, class II antigen A, beta 1 H2-Abl 183 2.5 Decrease
MHC protein complex (GO:0042612)

1418536 _at Similar to MHC Q8/9d surface antigen LOC386462 379 4.4 Increase
1425336_x_at Histocompatibility 2, K1, K region H2-K1 310 5.1 Increase
1426324 _at Histocompatibility 2, D region locus 1 H2-D1 76 2.3 Increase
1450702_at Hemochromatosis Hfe 75 4.6 Decrease

# Indicates the influence of the gene on the test result of the whole pathway.
® Represents the global test statistic for the single gene pathway containing only that gene.

There were also multiple alterations of the myeloid cell
differentiation pathway genes in Ames dwarf mice in com-
parison to their normal siblings. This suggests that the pro-
cess of myeloid progenitor cell differentiation into
erythrocyte, megakaryocyte, platelet, basophil, eosinophil,
neutrophil, monocyte or macrophage cells is strongly
affected by Prop19" mutation. More interestingly, dwarfism
down-regulated pathways related to fatty acid biosynthesis,
including the synthesis of two major inflammatory media-
tors, prostaglandins and leukotrienes. Other inflammatory
factors such as the COX gene are suppressed in Ames dwarf
mice, leading to decreased prostaglandin production, and
contribute toward maintaining a healthier and longer life
in the animal. Aspirin, ibuprofen and other anti-inflamma-
tory drugs target these same genes. It is known that, when
therapeutically used, aspirin can be protective from cancer
by decreasing the level of prostaglandin synthesis, which
nicely correlates with significantly decreased or delayed risk
of cancer in these long-lived mutant mice (Ikeno et al.,
2003). Also, decrease of the Alox12 gene that regulates leu-
kotriene biosynthesis was shown to reduce oxidant stress
(Li et al., 2005), which correlates with the finding that fibro-
blasts derived from Ames dwarf mice are more resistant to
oxidative stress than fibroblasts derived from normal ani-
mals (Salmon et al., 2005). Many of the genes involved in
the cytokine and inflammatory pathway were altered indi-
cating that the Ames dwarf mutation exerts significant
effects on immunity and inflammation.

5. Summary

Analysis of peripheral blood leukocyte gene expression
profiles indicated that many of the genes that regulate
immunity responses such as apoptosis, wound healing,
hemostasis and fatty acids biosynthesis were suppressed
by Propl1%" (Ames dwarf) mutation. These results indicate
that Ames dwarfism affects the pathways related to immu-
nity and inflammation. Suppression of blood coagulation
could prevent cardiovascular diseases, while decreased syn-
thesis of prostaglandin could act as an anti-inflammatory
factor and, more importantly, protect from certain cancers.
However, alterations in gene expression detected in the
present study could also suggest that the suppression of
immunity and inflammation represent an adaptation of
the immune system that is maintained longer in long-lived
Ames dwarf mice than in control animals with normal
lifespan.

It is also important to point out that for more specific
conclusions additional studies are necessary. It will be
important to investigate observed alterations in particular
PBLs populations to determine if observed changes are
due to different composition of PBL populations in Ames
dwarf mice vs. WT animals, or due to the genetic differ-
ences. It will be also important to perform functional stud-
ies to confirm the association between expression of genes
related to a particular pathway and the function in these
animals.
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