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1. ABSTRACT

The age-related decrease in immunologic function
is believed to be the major predisposing factor contributing
to increased morbidity and mortality with age. Hence, the
restoration of immunologic function is expected to have a
beneficial effect in reducing pathology and maintaining a
healthy condition in advanced age.  Among various
intervention strategies, caloric restriction (CR) has been
shown to be the most powerful modulator of aging process.
It is the most efficacious means of increasing longevity and
reducing pathology. Several mechanisms have been
proposed to explain its beneficial and robust action on
various physiological systems, including the immune
system. Experimental evidence suggests that CR increases
longevity and reduces pathology through its action on the
immune system. The observation that CR attenuates
immunosenescence has provided a rationale for studying
whether CR exerts its action through modulation of gene
expression.  The available data indicate that the effect of CR
on signal transduction and gene expression can vary
considerably from gene to gene and from one signaling
molecule to another. This review summarizes the studies on
the influence of CR on aging immune system and discusses
the current state of knowledge on the molecular mechanisms
responsible for the immunomodulatory action of caloric
restriction.

2. INTRODUCTION

The immune system of mammalian organisms
undergoes characteristic changes with increasing age,
usually resulting in a decreased immune competence,
termed “immunosenescence.”  Research on the effect of
aging on immune system has focused on the examination of
cellular function using lymphocytes from young and
elderly human donors or experimental animals. The effects
of aging result mostly from changes in the function of the
immune cells, and T cell functions appear to be more
severely affected by aging than other immune cells. Distal
events such as proliferative response to antigenic or
mitogenic challenges, interleukin-2 (IL-2) production and
responsiveness, helper and cytotoxic activity show age-
related impairments (reviewed in 1-5). There has been a
desire to move these investigations forward by employing
techniques in molecular biology in order to understand the

mechanism underlying the aging immune system.  In recent
years, signal transduction events leading to the transmission
of signals from the cell surface to the nucleus have been
studied, and some investigators have indicated that
alterations in signal transduction occur with aging in
immune cells, i.e., T cells (reviewed in 6).

A variety of intervention strategies and animal
models have been used over the last two decades in order to
reverse,  reduce or delay immunosenescence and the
ramifications of its onset (reviewed in 7-9). Until now, the
only robust intervention consistently shown to extend the
median and the maximum life span in experimental animals
and therefore, effective in retarding the process of aging, is
caloric restriction (CR). There is an impressive body of
evidence showing that in laboratory rodents (mice and rats)
a decrease in caloric intake with maintenance of adequate
levels of essential nutrients, can increase longevity and
postpone the onset and lower the incidence of age-
associated diseases (10-12). Caloric restricted rodents have
been shown to benefit from a variety of age-retarding
alterations. These include decreased rates of tumor
formation, reduced levels of oxidative damage, slower
progression of numerous disease processes, retardation of a
broad spectrum of age-associated pathological parameters,
and increased immunological function (10-12). Caloric
restriction has been found to influence a wide variety of
age-sensitive immune parameters, and overall, the
immunological status of animals fed a calorie restricted diet
is superior to the immunological status of the non-restricted
animals. In this article, the studies on the effect of CR on
aging immune system will be reviewed. In addition, recent
studies from our laboratory focusing on the effect of CR on
the age-related alterations in T cell receptor-associated
signal transduction, i.e., Ras/MAPK activity and
calcineurin (CaN) and calcium/calmodulin-dependent
protein kinase (CaMK-IV) activation will be discussed.

3. DOES CALORIC RESTRICTION ALTER
IMMUNOSENESCENCE?

It has been more than half of century since McCay
and his colleagues (13) observed that reduction of food
intake in rats increased the life span dramatically.  Since,
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this initial observation, numerous laboratories have
investigated the effect of dietary manipulation on various
physiological parameters in laboratory animals. The first
wave of intense interest in this so-called dietary/food
restriction phenomenon occurred in the 1950s and 1960s and
demonstrated that food restriction (i.e., undernutrition, not
malnutrition) significantly prolonged the survival of rodents
(14,15).  This prolongation has been observed with a variety
of different techniques that reduce the amount of dietary
components such as protein, fat, and carbohydrate consumed
by rodents (10-12).  Over the past decade, it has become
apparent that the reduction in total calories is the component
of the dietary restriction regimen responsible for the increase
in longevity in laboratory rodents (10,11,14).  Numerous
investigators have demonstrated that caloric restriction (CR)
not only increases the survival of rodents, but also
retards/reduces the incidence of a variety of age-associated
diseases such as neoplastic, renal, and cardiovascular
diseases (11,15,16). The mechanism by which CR asserts its
action has been postulated to include various components
including depression of metabolic rate, retardation of
growth, reduction of body temperature, reduction of body
fat, delayed neuroendocrine changes, retardation of
maturation of the lymphoid cells and enhancement of the
immune system, altered gene expression, increase in DNA
repair capacities, amelioration of oxidative stress or damage,
and enhanced apoptosis (10-12,17-19). Despite the fact that
various aspects of the beneficial effects of CR have received
considerable amounts of attention over the last decade, a
complete understanding of its molecular mechanism has not
been gained to date.

Because immune function decreases with age and
because CR has been shown to enhance longevity and
reduce pathology, there has been a great deal of interest
regarding whether CR decreases pathology through its
action on the immune system.  The beneficial effect of CR
on immune function was first reported in 1973 by Walford
laboratory, who showed that chronic CR significantly
increased lymphocyte function such as mitogen-induced
lymphocytes proliferation in mice (20).   Since then, a
number of different investigators using various strains of
mice and rats, and more recently monkey, have
demonstrated that the proliferative response of lymphocytes
to mitogen is greater in CR animals compared to the control
group. Table 1 summarizes the studies that have
contributed to the research in the area of CR and
immunosenescence.  The immunoenhancing effect of CR
on modulating the age-related decline in immune function
was demonstrated in a variety of lymphoid tissue and cell
types from several species, using different stimulatory
agents. In the majority of the studies, polyclonal activators
such as PHA (phytohemagglutinin), concanavalin A (Con
A), pokeweed mitogen (PWM), PPD (purified protein
derivative), or mitogenic antibody (anti-CD3) were used to
stimulate lymphocytes.  In some studies, however, antigens
(e.g., alloantigen) or superantigen (staphylococcal
enterotoxin B) were used to activate lymphocytes.

As shown in Table 1, various immune parameters
decrease with age and CR attenuated the age-related
decline in immunologic responses such as mitogen-induced

lymphocyte proliferation, cytokine production, antibody
response to sheep red blood cells, and natural killer cell
activity. In addition, CR increases virus specific antibody
production as well as antigen presentation (21).  Although
some studies indicated that CR has no effect on some of the
immunological parameters that were measured, the
overwhelming majority of the studies show that CR
enhances immune function and this increase ranges from
35% to 450%.  For example, in an early study, Fernandes’s
laboratory reported that mitogen-induced lymphocyte
proliferation and IL-2 production were reduced
dramatically with age in short-lived autoimmune-prone
strain NZB/W mice, and that CR significantly reduced the
age-related decline in mitogenesis and IL-2 production by
splenocytes from NZB/W mice (22).  In another study, they
showed that IL-2 activity, as well as IL-2 receptor (IL-2R)
expression (number of IL-2R site per cell) was increased
significantly in Con A stimulated splenocytes isolated from
the 19-month-old F344 rats fed a calorie restricted diet
compared to the rats fed ad libitum (23). Using a limiting
dilution assay, it was shown that the percentage of IL-2
producing cells decreased with age; however, this decline
was less in mice fed a calorie restricted diet. For example,
32-month-old mice fed ad libitum retained only 15% of
their helper T cell function (measured as IL-2 producing
cells) compared to 7-month-old control mice.  In old mice
fed a calorie restricted diet, 53% of helper T cell function
was retained (24).  The immunoenhancing effect of CR is
not only restricted to changes in mitogenesis and cytokine
production, but also leads to changes in the percentage
and phenotypic expression of lymphocytes.  The
percentage of T cells (CD3

+
), cytotoxic/ suppressor T

cells (CD8
+
) and natural killer (NK) cells (OX8

+
 OX19

-
)

were found to increase in 8-month-old CR Lobund-Wistar
rats compared to the control rats fed ad libitum (25).  In
addition, CR has been shown to prevent a rise in memory
T cells (pgp-1high) and maintain a higher number of
naive/virgin T cells in aged mice (26,27). Thus, these
studies indicate that CR enhances the immune function
and retards/reduces the age-related decline in immune
responses in rodents.

In an early study, we reported that CR
significantly increased the immune response in aged rats
(28).  In that study, at 6 weeks of age Fischer 344 rats were
subjected to a calorie restricted diet (40% reduction in
calories).  After 5, 12, 21, and 28 months of age, Con A
induction of proliferation and IL-2 production (activity) by
spleen lymphocytes were measured.  We found that the
proliferative response of lymphocytes to Con A in both
calorie restricted rats and ad libitum fed rats declined
significantly with increasing age.  No differences were
observed in mitogenesis and IL-2 production between
calorie restricted rats and the ad libitum fed rats at 5 and 12
month of age.  However, the induction of proliferation and
IL-2 expression was significantly higher in 21 and 28-
month-old calorie restricted rats compared to the rats fed ad
libitum.  In addition, we found that the increase in IL-2
activity was paralleled by an increase in the levels of the IL-
2 mRNA transcript.  This was the first study to demonstrate
that CR alters IL-2 expression at the level of transcription.
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Table 1. Influence of Caloric Restriction and Aging on Immunologic Function
Species Strain Age

(Mo)
Lymphoid
Cells

Immune
Parameters

Change
with Age

Change
with CR

Ref.

MOUSE        
 B6D2F1 6-30 Splenocyte Proliferation (PHA) Decrease Increase 26
    Proliferation (ConA) Decrease Increase  
    Proliferation (LPS) Decrease Increase  
    Proliferation (SEB) Decrease Increase  
    IL-2 activity Decrease Increase  
    IFN-γ Increase No change  
    CD4+pgp-1 (naive) Decrease Increase  
    CD4+ (Memory) Increase Decrease  
 C3B10RF1 3-33 Splenocyte NK activity Decrease Increase 41
   CTL generation Decrease Increase  
 NZB/W 7-10 Splenocyte Proliferation (ConA) Decrease Increase 22
    Proliferation (LPS) Decrease Increase  
    IL-2 activity Decrease Increase  
    Antibody (SRBC) Decrease Increase  
    Cytotoxicity Decrease Increase  
 C6CBAF1 7-30 Splenocyte PHTC (precursor) Decrease Increase 24
    PCTL(precursor) Decrease Increase  
 BDF1 3-30 Splenocyte Proliferation (CD3) Decrease Increase 25
    CD4+ T cell Decrease Increase  
    CD8+ T cell No change Increase  
    Calcium flux Decrease Increase  
 NZB/W 3-8 Saliva gland TGF-β 1 mRNA ---------- Increase 42
    IL-6 Increase Decrease  
    TNF-α ---------- Increase  
 NZB/W 3-11 Splenocyte Proliferation (ConA) Decrease Increase 43
    IL-2 activity Decrease Increase  
 BXKF1 8-21 Periton. Mac. IL-6 Decrease No change 44
    TNF-α Decrease No change  
 C3B10RF1 8-36 Blood IL-6 Increase No change 45
    TNF-α Increase No change  
 B6CBAT6F1 3-30 Splenocyte Helper T cells Decrease Increase 46
   Blood Naive Helper T cells Decrease Increase  
    Naive CTL Decrease Increase  
   Thymus Size Decrease No change  
    Thymocytes No. Decrease Increase  
   Spleen Splenomegaly Increase Decrease  
 C57BL/6J 5-29 Splenocyte Proliferation (PHA) Decrease Increase 47
    Proliferation (ConA) Decrease Increase  
    Proliferation (PWM) Decrease Increase  
    Proliferation (LPS) Decrease Increase  
    Proliferation (PPD) Decrease Increase  
    Antibody Res. (SRBC) Decrease Increase  
 NZB/W 4-9 Blood MNC IL-2 activity Decrease Increase 48
    IFN-γ Decrease Decrease  
    IL-5 Increase Decrease  
    IL-10 Increase Decrease  
 CB6B10RF1 3-26 Splenocyte T cell Proliferation

(Influenza Virus)
Decrease Increase 49

   Blood Antibody Res.
(Influenza Virus)

Decrease Increase  

    Antigen Present.
(Influenza Virus)

Decrease Increase  

 NZB/W 3-6 Splenocyte % LY-1+ B cells Increase Decrease 50
 MRL/lpr  Lymph Node % LY-1+ B cells Increase Decrease  
   Thymus % LY-1+ B cells Increase Decrease  
   Blood % LY-1+ B cells Increase Decrease  
 CB6B10RF1 10-31 Splenocyte Proliferation (PHA) Decrease Increase 51
    Proliferation (ConA) Decrease Increase  
    Proliferation (PPD) Decrease Increase  
 SAM-P/1 2-11 Splenocyte Thy-1.1+ T cells Decrease No change 52
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Table 1. continued
    Ig+ B cells Decrease No change  
    Antibody Response Decrease Increase  
    Proliferation (ConA) Decrease Increase  
    Proliferation (LPS) Decrease Increase  
 CB6B10RF1 5-29 Splenocyte Proliferation (PHA) Decrease Increase 53
    Proliferation (ConA) Decrease Increase  
    Proliferation (PPD) Decrease No change  
    Proliferation (LPS) Decrease No change  
    Antibody Response Decrease No change  
   Lymph Node Proliferation (PHA) Decrease Increase  
    Proliferation (ConA) Decrease Increase  
    Proliferation (PPD) Decrease No change  
 BALB/C? 5-29 Splenocyte Proliferation (ConA) Decrease Increase 54
    Proliferation (LPS) Decrease Increase  
    Antibody (SRBC) Decrease Increase  
 NZB/W 2-11 Splenocyte Proliferation (ConA) Decrease Increase 55
RAT        
 F344 6-24 Splenocyte Proliferation (ConA) Decrease Increase 56
    IL-2 activity Decrease Increase  
 F344 6-28 Splenocyte Proliferation (ConA) Decrease Increase 28
    Proliferation (LPS) Decrease Increase  
    IL-2 activity/mRNA Decrease Increase  
    IL-3 activity Decrease Increase  
 B.Norway 6-30 Splenocyte Proliferation (ConA) Decrease Increase 57
    IL-2 activity Decrease No change  
    IFN-γ Increase Increase  
 F344 4-19 Splenocyte Proliferation (PHA) Decrease Increase 23
    Proliferation (ConA) Decrease Increase  
    IL-2 activity Decrease Increase  
    IL-2R/cell Decrease Increase  
 F344 6-27 Splenocyte IL-2 activity Decrease Increase 58
    Cytotoxicity Decrease No change  
 F344 4-26 Alveol. Mac. Number of cells No change Decrease 59
    Hsp70 mRNA Decrease Increase  
 F344xBN 6-30 Splenocyte Proliferation (PHA) Decrease Increase 27
    Proliferation (ConA) Decrease Increase  
    Proliferation (ConA) Decrease Increase  
    CD4+ (naive) Decrease Increase  
    CD4+ (Memory) Increase Decrease  
 F344 6-24 Splenic T cell MAPK activity Decrease Increase 35
    JNK activity No chg. No change  
    Ras (p21) activity Decrease Increase  
    Calcineurin activity Decrease Increase  
    CaMK-IV activity Decrease No change  
 F344xBN 5-31 Splenocyte Proliferation (PHA) Decrease Increase 60
    Proliferation (ConA) Decrease Increase  
 F344 6-24 Splenic T cell IL-2 mRNA Decrease Increase 32
    NFAT activity Decrease Increase  
    AP-1 activity Decrease No change  
 Wistar 4-27 Splenocyte Antibody (SRBC) Decrease Increase 61
MONKEY        
 Rhesus 1-25 Blood MNC Intracell. Calcium

(anti-CD3 stimulated
CD4+ T cells)

Decrease No change 62

 Rhesus 0.5-1 Blood MNC Proliferation (ConA) ---------- Decrease 63
  3-25  Proliferation (PHA) ---------- No change  
    Proliferation (PWM) ---------- No change  

Abbreviations: CR, caloric restriction; ConA, concanavalin A; PHA, phytohemagglutinin; LPS, lipopolysaccharide; PWM, pokeweed
mitogen; PPD, purified protein derivative; SEB, staphylococcal Enterotoxin B; IL-2, interleukin-2; IL-3, interleukin-3; IFN-γ, Interferon-
gamma; SRBC, sheep red blood cell; NK, natural killer; pHTL, precursor of helper T lymphocyte; pCTL, precursor of cytotoxic T
lymphocyte; HSP70, heat shock protein-70; NFAT, nuclear factor of activated T cells; AP-1, activation protein-1; MAPK, mitogen-
activated protein kinase; JNK, c-jun amino terminal kinase; CaMK, calcium/calmodulin-dependent protein kinase.
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Figure 1. Effect of caloric restriction and aging on the
induction of Ras and MAPK activation in T cells from rats.
Splenic T cells from control (AL) young and old rats or
caloric restricted (CR) old rats were incubated with or
without Con A for 10 min to measure Ras activity or for 15
min to measure MAPK activity. The Ras activity is
expressed as the percentage ratio of GTP-p21ras over total
(GDP-p21ras plus GTP-p21ras). The data for MAPK activity
is expressed as the percentage of activity in Con A (CA)-
stimulated cells relative to the unstimulated cells.  Each
point represents the mean ± SD for data obtained from
three experiments (for the Ras activity) or from four
experiments (for the MAPK activity) and each experiment
was pooled from two rats.  Data were taken from
Pahlavani, M.A and D.A. Vargas (35).  * The value for
young rats was significantly different from the values for
the control old rats at the p<0.001.  ** The value for caloric
restricted old rats was significantly different from the value
for the age-matched control at the p<0.05.

Transcription of the IL-2 gene is regulated by the
binding of several transcription factors (NFAT, NF-κB,
AP-1, AP-3, and OCT), of which NFAT (nuclear factor of
activated T cell) plays a predominant role (29,30). Because
NFAT play a critical role in regulation of IL-2
transcription, we were interested in determining whether
the DNA binding activity of T cell/IL-2-specific
transcription factor NFAT and/or ubiquitous transcription
factor AP-1 is affected by aging and whether the changes
are alter with CR.  Using nuclear extracts from Con A-
stimulated T cells isolated from young and old rats fed ad
libitum and old rats fed a calorie restricted diet, the
induction of NFAT and AP-1 binding activity was
measured with a gel shift assay.  We found that the
induction of both NFAT and AP-1 binding activity was
significantly less in nuclear extracts from T cells isolated
from old rats compared to the level from young rats (31).
In a subsequent study, we found that the DNA binding
activity of NFAT but not AP-1, was significantly higher in
nuclear extracts isolated from old rats fed a calorie
restricted diet than old rats fed ad libitum (32).  The
increase in NFAT binding activity in calorie restricted rats
correlated with an increase in IL-2 gene expression.
Furthermore, we found that the increase in NFAT binding
activity with CR was associated with an increase in the
expression of c-fos, which is a component of the NFAT
protein complex (32). Thus, our study indicated that CR

alters the transcription of IL-2 through changes in the
NFAT transcription factor.

T cell activation is initiated when an antigenic
peptide is recognized by the antigen receptor of the T cell
(29,30).  This recognition event promotes sequential
activation of a network of signaling molecules such as
kinases, phosphatases, and adaptor proteins that couple the
stimulatory signal received from TCR to intracellular
signaling pathways.  The coordinated activation of these
signaling molecules is sufficient to stimulate the activation
of transcription factors, and the expression of immediate-
early genes that are crucial in the regulation of T cell
function.  Because T cell responses such as proliferation,
differentiation, and gene expression are critically dependent
on signal transduction cascades, several studies have been
focused on the effect of age on the activation or the levels
of signal transduction molecules (reviewed in 6).  For
example, our laboratory has recently shown that the
induction of Ras and MAPK activity but not JNK activity
by Con A decreased with age (33). In addition, we found
that this decrease was paralleled by a decrease in the
induction of TCR-associated protein tyrosine kinases, Lck
(p56lck) and ZAP-70 activities, but not Fyn activity (33). A
recent study in human has confirmed our finding and
showed that the induction of p56lck and ZAP-70 activities
decreased with age (34). Thus, the available data indicate
that the induction of Ras/MAPK activities and Lack/ZAP-
70 activities in T cells decreases with age.  Recently, we
were interested in determining whether CR alters the age-
related decrease in Ras or MAPK activity in T cells.  Our
results summarized in figure 1 show that the induction of
Ras and MAPK activity was significantly less in T cells
from control old and CR old rats than T cells from control
young rats (35). More importantly, we found that 40%
caloric restriction partially reverses the age-related decline
in MAPK but not Ras activation. In contrast to MAPK
activity, the JNK activity did not change significantly with
age or with CR.  Furthermore, our results showed that the
changes in Ras/MAPK activation with age or with CR were
not associated with changes in their corresponding protein
levels (35).  We have postulated that the increase in MAPK
activation with CR could occur at least by two distinct
mechanisms. The increase in the MAPK activity with CR
could arise from increased activity of the proximal
signaling molecules such as MEK.  In other words, more
MAPK activity is observed in T cells of CR old rats
because more MEK activity is present in these cells. The
other possible mechanisms might involve down-regulation
of MAPK phosphatase (MPK-1), which plays a role in the
regulation of MAPK activity. That is, similar levels of
MAPK protein are present in T cells from control old and
CR old rats; but in response to stimulation, the activity of
MPK-1 that is involved in dephosphorylation and down-
regulation of MAPK, decreases in the T cells from CR old
rats.

Activation of T cells results in a transient
increase in intracellular free calcium ion concentrations,
which leads to the activation of calcium/calmodulin-
dependent enzymes such as calcineurin (CaN) and the
multifunctional CaMK-II and CaMK-IV/Gr.  During the
past several years, it has been demonstrated that the
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Figure 2. Effect of caloric restriction and aging on the
induction of calcineurin (CaN) and CaMK-IV activities in
T cells from rats.  Splenic T cells from control (AL) young
and old rats or caloric restricted (CR) old rats were cultured
in the presence or absence of Con A.  After 5 to 10 minutes
of incubation, cells were lysed and the protein extracts were
assayed for CaN phosphatase activity and CaMK-IV
activity. Each point represents the mean ± SD for data
obtained from four experiments for the CaN assay, and
three experiments for the CaMK-IV assay, each experiment
was pooled from two rats. Data were taken from Pahlavani,
M.A and D.A. Vargas (35).   * The value for young rats
was significantly different from the values for the control
old rats and caloric restricted old rats at p<0.05. ** The
value for caloric restricted old rats was significantly
different from the value for the age-matched control at
p<0.05.

calcium/calmodulin-dependent phosphatase calcineurin is
crucial for the regulation of the transcription factor NFAT
that is involved in IL-2 transcription (reviewed in 36). In
response to an increase in the intracellular levels of
calcium, calcineurin is activated, which dephosphorylates
the cytoplasmic component (NFAT-c) of the NFAT protein
complex. The dephosphorylated form of NFAT-c
translocates into the nucleus and forms a complex with the
nuclear components (Fos/Jun-Elf-1) of NFAT resulting in
the stimulation of IL-2 transcription (36). In addition,
recent studies have demonstrated that the calcium/
calmodulin-dependent kinase type IV/Gr (CaMK-IV) plays
an important role in the up-regulation of the transcriptional
activity of the c-fos promoter through phosphorylation of
the transcription factor CREB and serum response factor
(SRF) (37-39).  In view of our present finding on the effect
of CR and aging on signal transduction and IL-2 gene
expression and given the potential important role of CaN
and CaMK-IV, we have been interested in studying
whether the activation or the level of these calcium
regulating enzymes is altered with age and whether CR
alters the changes.  The results of our recent study, which is
summarized in figure 2, show that the induction of CaN
phosphatase activity and CaMK-IV kinase activity by Con
A decreased with age (40) and that CR partially reversed
the age-related decline in CaN activation but not CaMK-IV
activity (35). Furthermore, our data showed that the
decrease in CaN and CaMK-IV activity with age or with
CR was not due to changes in their protein levels (35). Our
data demonstrate that the influence of CR on signal
transduction events can vary considerably from one
signaling molecule to another.  For example, CR partially

reverses the age-related decline in MAPK and CaN
activities, but it appears to have no effect in Ras or CaMK-
IV activation.  At the present time, it is not known why CR
alters the age-related decline in MAPK and CaN activities,
but not Ras or CaMK-IV activity. Thus, it would be of
interest in the future to determine the mechanism by which
CR alters the activity of one group of signaling molecules
and not others.

4. CONCLUDING REMARKS

Intervention in the aging immune system by
various experimental manipulations has provided
immunogerontologists with the opportunity to examine the
basic mechanism underlying immunosenescence.  Among
various intervention strategies, CR has received particular
attention during the last two decades, perhaps because it
has provided a powerful model to study the underlying
mechanisms of aging process.  Caloric restriction is the
most efficacious intervention method known thus far that
increases median and maximum lifespan in laboratory
animals. The increase in longevity with CR directly
correlates with the decrease in the age-associated diseases
such as infectious, autoimmunity, and cancer. Thus, the
observation that reduced caloric intake is associated with
increase longevity and reduced pathology in experimental
animals has provided a rationale for immunoenhancing
hypothesis of CR. As indicated by the literature
summarized in Table 1, the overwhelming majority of the
reported studies indicate that CR modulate the immune
function and restore or delay the immunosenescence in
laboratory animals.  Although the mechanism by which CR
alters immunosenescence remains unclear, we have
speculated that CR mediates its effect by altering gene
expression, e.g., expression of IL-2 gene, at the level of
transcription.  At the present time, it is unclear how CR
alters gene expression at the level of transcription.  Studies
from our laboratory support the view that the mechanism of
CR involves changes in the activities of a transcription
factor, i.e., NFAT that plays a predominant role in the
regulation of IL-2 transcription.

Signal transduction is ubiquitously involved in
the initiation of physiological signals that lead to growth
and proliferation and even cell death. The current research
demonstrates that signal transduction events are an
important cellular mechanism for both T cell development
and T cell function.  Alterations in some of the early
signaling events such as tyrosine phosphorylation, Ras and
MAPKs, and calcium signaling, have been linked to the
age-associated decrease in the induction of cytokine (IL-2)
expression and T cell proliferation.  The observation that
CR attenuates the age-related decline in IL-2 expression
has provided a rationale for our study to determine whether
CR exert its effect on activation or the levels of the
upstream signaling molecules.  We have recently
demonstrated that CR partially reversed the age-related
decline in MAPK and calcineurin activities; however, it
appears to have no effect in Ras or CaMK-IV activation.
Research is currently in progress in our laboratory to
determine how CR alters the activity of one group signaling
molecules and not the others. Although much has been
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learned about the early biochemical processes and how
various signaling pathways are integrated leading to T cell
growth and function, our understanding of how CR alters
the activation of various signaling molecules resulting in
modulation of immunosenescence is far from complete.

5. ACKNOWLEDGMENT

This work was supported in part by grants from the
National Institutes of Health / National Institute on Aging
(AG00677 and AG14088) and a grant from the Nathan
Shock Aging Center.

6. REFERENCES

1.  M. A. Pahlavani: Immunological aspects of aging. Drugs of
Today 23, 611-624 (1987)
2.  D. M. Murasko & I. M. Goonewardene: T-Cell function in
aging: Mechanisms of decline. Ann  Rev  Gerontol 10, 71-88
(1990)
3.  R. A. Miller: Aging and immune function.  Int Rev Cytol
124,187-193 (1991)
4. G. Pawelec, E. Remarque,Y. Barnett, and R. Solana: T cells
and aging. Front  Biosci 3, 59-99 (1997)
5.  M. A. Pahlavani & A. Richardson: The effect of age on the
expression of  interleukin-2. Mech Ageing Dev 89, 125-154
(1996)
6.  M. A. Pahlavani: T cell signaling: Effect of age. Front
Biosci 3, d1120-1133 (1998)
7.  K. Hirokawa: Reversing and restoring immune functions.
Mech Ageing Dev 1997;93, 119-24 (1977)
8.  M. A. Pahlavani: Intervention in the aging immune system:
Influence of dietary restriction, dehydroepiandrosterone,
melatonin, and exercise. AGE 21,153-173 (1998).
9.  M. A. Pahlavani: Does Caloric Restriction Alter IL-2
Transcription? Front Biosci 3, d125-35. (1998)
10.  E. J. Masoro and R.M. McCarter: Dietary Restriction as a
Probe of Mechanisms of Senescence.  Ann. Rev. Gerontol,
Chapter 11, pp 183-194 (1990)
11.  E.J. Masoro: Dietary restriction. Exp Gerontol 30, 291-308
(1995)
12.  E. J. Masoro: Caloric restriction. Aging 10, 173-184
(1998)
13.  C. M. McCay, M. F. Crowell, & L. A. Maynard: The
effect of retarded growth upon the length of life span and upon
the ultimate body size.  J Nutr 10,63-72 (1935)
14.  A. Richardson:  The effect of age and nutrition on protein
synthesis by cells and tissues from mammals, in CRC
Handbook of Nutrition and Aging. Watson, R.R., Ed., CRC
Press, Boca Ration, FL, pp 31-82, (1985)
15.  R. H. Weindruch, Kriste, J.A., Cheney, K.E., and Walford,
R.L.: Influence of controlled dietary restriction on
immunologic function and aging.  Fed Proc 38, 2007-2016
(1979)
16.  B.  Kinner B, W. Ries: Effect of obesity and food
restriction on health and aging. ZFA 41, 225-32 (1986)
17.  R. Weindruch and R.L. Walford: The retardation of aging
and disease by dietary restriction Charles C. Thomas,
Springfield, IL (1988)
18.  H.R. Warner, G. Fernandes and E. Wang: A unifying
hypothesis to explain the retardation of aging and
tumorigenesis by caloric restriction. J Gerontol A Biol Sci Med
Sci 50 , pp. B107¯B109 (1995)

19.  E.J. Masoro: Possible mechanisms underlying the
antiaging actions of caloric restriction. Toxicol Pathol 24, 738-
741 (1996)
20.  R.L. Walford, Liu R.K., Gerbase-DeLima, M., Mathies,
M. and G.S. Smith: Longterm dietary restriction and immune
function in mice: response to sheep red blood cells and to
mitogenic agents. Mech Ageing Dev 2, 447-54 (1973)
 21.  R.B. Effros, A. Casillas and R.L. Walford: Influenza
immunity in aged mice: effect of dietary restriction. Aging
Immunol Infect Dis 2, 163¯169 (1999)
22.  G.E. Fernandes, J. Yunis, J., and R.A. Good: Influence of
protein restriction on immune function in NZB mice.
J Immunol 116, 782-788 (1976)
23.  J. Venkatraman, and G. Fernandes:  Modulation of age-
related alterations in membrane composition and receptor-
associated immune functions by food restriction in Fischer 344
rats.  Mech Ageing Dev 63, 27-44 (1992)
24.  R.A. Miller: Caloric restriction and immune function:
developmental mechanisms. Aging Clin Exp Res 3, 395-403
(1991)
25.  A. Gilman-Sachs, Kim, Y.B., Pollard, M., and L.D.
Snyder: Influence of Aging, Environmental Antigens, and
Dietary Restriction on Expression of Lymphocyte Subsets in
Germ-free and Conventional Lobund-Wistar Rats.  J Gerontol
46, 101-B109 (1991)
26.  J. Venkatraman, Attwood, V.G., Turturro, A., Hart, R.W.,
and G. Fernandes: Maintenance of virgin T cells and
immune function by food restriction during aging in ling-lived
B6D2F1 female mice.  Aging: Immunol Infec Dis 5, 13-25
(1994)
27.  G. Fernandes, Venkatraman J.T, Turturro A., Attwood
V.G., R.W. Hart: Effect of food restriction on life span and
immune functions in long- lived Fischer-344 x Brown Norway
F1 rats. J Clin Immunol 17, 85-95 (1997)
28.  M.A. Pahlavani, Cheung, H.T., Cai, N.S., and A.
Richardson:  Influence of dietary restriction and aging and
gene expression in the immune system of rats. In Biomedical
advances in aging. A.L. Goldstein, ed. Plenum Publishing
Corp., New York, p. 259-270, (1990)
29.  K.S. Ullman, Northrop, J.P., Verweij, C.L., and G.R.
Crabtree: Transmission of Signals from  the T Lymphocyte
Antigen Receptor to the Genes Responsible for Cell
Proliferation and Immune Function: The Missing Link.  Annu
Rev Immunol 8, 421-443, (1990)
30.  J.S. Riegel, Corthesy, B., Flanagan, W.M., and G.R.
Crabtree: Regulation of the Interleukin-2 Gene.  Chem
Immunol 51, 266-287 (1992)
31.  M. A. Pahlavani, Harris, M. D., and A. Richardson: The
age-related decline in the induction of IL-2 transcription is
correlated to changes in the transcription factor NFAT.  Cell
Immunol 165, 84-91 (1995)
32.  M.A. Pahlavani, M.A. Harris, M.D., and  A. Richardson:
The increase in the induction ofIL-2 expression with caloric
restriction is correlated to changes in the transcription factor
NFAT.  Cell Immunol 180, 10-19 (1997)
33.  M. A. Pahlavani, M. D. Harris, & A. Richardson:
Activation of p21ras/MAPK signal transduction molecules
decreases with age in mitogen-stimulated T cells from rats.
Cell Immunol 185, 39-48 (1998)
34.  T. Fulop, Gagne D., Goulet, A.C., Desgeorges, S.
Lacombe G, Arcand, M., and G. Dupuis: Age-related
impairment of p56lck and ZAP-70 activities in human T
lymphocytes activated through the TcR/CD3 complex. Exp
Gerontol 34, 197-216 (1999)



Caloric restriction and immunosenescence

587

35.  M.A. Pahlavani and D. M. Vargas: Influence of Aging and
Caloric Restriction on Activation of Ras/MAPK, Calcineurin,
and CaMK-IV Activities in Rat T cells. Proc Soc Exp Biol
Med 223, 163-169 (2000)
36.  A. Rao, Luo C, and P.G.Hogan: Transcription factors of
the NFAT family: regulation and function. Annu Rev Immunol
15, 707-47 (1997)
37.  S. H. Hanissian, Frangalis M, Bland MM, Jawahar S, T.A.
Chatila: Expression of a Ca2+/calmodulin-dependent protein
kinase, CaM kinase-Gr, in human T lymphocytes. Regulation
of kinase activity by T cell receptor signaling. J Biol Chem
268, 20055-20063 (1993)
38.  Krebs J and P. Honegger: Calmodulin kinase IV:
expression and function during rat brain development.
Biochem Biophys Acta 1313, 217-222 (1996)
39.  Sun P, Enslen H, Myung PS, R. A. Maurer: Differential
activation of CREB by Ca2+/calmodulin-dependent protein
kinases type II and type IV involves phosphorylation of a site
that negatively regulates activity. Genes Dev 8, 2527-2539,
(1994)
40. M.A. Pahlavani and D. M. Vargas: Age-related decline in
activation of calcium/calmodulin-dependent phosphatase
Calcineurin and kinase CaMK-IV in rat T cells. Mech.
Ageing & Dev 112, 59-74 (1999)
41.  R. H. Weindruch, Devens, B.H., Raff, H.V., and R. L.
Walford: Influence of dietary restriction and aging on
natural killer cell activity in mice. J Immunol 130, 993-996
(1983)
42.  B. Chandrasekar, McGuff HS, Aufdermorte TB,
Troyer DA, Talal N, and G. Fernandes: Effects of calorie
restriction on transforming growth factor beta 1 and
proinflammatory cytokines in murine Sjogren's syndrome.
Clin Immunol Immunopathol 76, 291-6 (1995)
43.  L. K. Jung, Palladino, M.A., Calvano, S., Mark, D.A.,
Good, R.A., and G. Fernandes:  Effect of calorie restriction
on the production and responsiveness to interleukin-2 in
(NZB/NZX)F1 mice.  Clin Immunol Immunopharmacol 25,
295-301 (1982)
44.  R.B. Effros RB, Svoboda K, R. L. Walford: Influence
of age and caloric restriction on macrophage IL-6 and TNF
production. Lymphokine Cytokine Res 10,347-51 (1991)
45. C. C. Spaulding, Walford R.L., and R.B. Effros: Calorie
restriction inhibits the age-related dysregulation of the
cytokines TNF-alpha and IL-6 in C3B10RF1 mice. Mech
Ageing Dev 93,87-94 (1997)
46.  J. Chen, Astle C.M., and D.E. Harrison: Delayed
immune aging in diet-restricted B6CBAT6 F1 mice is
associated with preservation of naive T cells. J Gerontol A
Biol Sci Med Sci 53, B330-B337 (1998)
47.  M. Gerbase-DeLima, Liu R.K., Cheney K.E., Mickey
R., and R.L. Walford: Immune function and survival in a
long-lived mouse strain subjected to undernutrition.
Gerontologia 21, 184-202 (1975)
48.  C.A. Jolly and G. Fernandes: Diet modulates Th-1 and
Th-2 cytokine production in the peripheral blood of lupus-
prone mice. J Clin Immunol 19, 172-8 (1999)
49.  R.B. Effros, Walford R.L., Weindruch R., and C.
Mitcheltree: Influences of dietary restriction on immunity to
influenza in aged mice. J Gerontol 46, B142-B147 (1991)
50.  M. Ogura, Ogura H., Ikehara S., and R.A. Good: Influence
of dietary energy restriction on the numbers and proportions of
Ly-1+ B lymphocytes in autoimmunity-prone mice. Proc Natl
Acad Sci U S A 86, 4225-42299 (1989)

51.  R. Weindruch, Walford R.L., Fligiel S., and D.Guthrie:
The retardation of aging in mice by dietary restriction:
longevity, cancer, immunity and lifetime energy intake. J Nutr
116, 641-54 (1986)
52.  M. Umezawa, Hanada K., Naiki H., Chen W.H.,
Hosokawa M., and M. Hosono: Effects of dietary restriction on
age-related immune dysfunction in the senescence accelerated
mouse (SAM). J Nutr 120, 1393-400 (1990)
53.  R. Weindruch, Gottesman S.R., and R.L. Walford RL:
Modification of age-related immune decline in mice drearily
restricted from or after midadulthood. Proc Natl Acad Sci U S
A 79, 898-902 (1982)
54.  S. Tazume, Umehara K., Matsuzawa H., Yoshida T.,
Hashimoto K., and S. Sasaki: Immunological function of food-
restricted germfree and specific pathogen-free mice. Jikken
Dobutsu 40, 523-8 (1991)
55.  G. Fernandes:  Nurtritional Factors:  Modulating Effects
on Immune Function and Aging. Pharmacol Rev
36,123S-129S (1984)
56.  D.S. Byun, Venkartramann, J.T., Yu, B.P., and G.
Fernandes:  Modulation of antioxidant activities and immune
response by food restriction in aging Fischer 344 rats.  Aging
Clin Exp Res 7, 40-48 (1995)
57.  I.M. Goonewardene, and D.M. Murasko:  Age-associated
changes in mitogen-induced lymphoproliferation and
lymphokine production in the long-lived Brown-Norway rat:
Effect of caloric restriction. Mech Ageing Dev 83,103-116
(1995)
58.  G. Fernandes, Venkatraman, J., Khare, A., Horbach, G.J.,
and W. Friedrichs: Modulation of gene expression in
autoimmune disease and aging by food restriction and dietary
lipids.  Proc Soc Exp Biol Med 193,16-25 (1990)
59.  S.A. Moore, Lopez A., Richardson A., and M.A.
Pahlavani: Effect of age and dietary estriction on expression of
heat shock protein 70 in rat alveolar macrophages. Mech
Ageing Dev 104, 59-73 (1998)
60.  L. Tian, Cai Q, Bowen R, and H. Wei: Effects of caloric
restriction on age-related oxidative modifications of
macromolecules and lymphocyte proliferation in rats. Free
Radic Biol Med 19, 859-865 (1995)
61.  C. Pieri, Rechioni, R., and F. Moroni:  Food restriction in
female Wistar rats. VI. Effect of reduced glutathione on the
proliferative response of splenic lymphocytes from ad libitum
fed and food restricted animals.  Arch. Gerontol Geriatr 16,
81-92  (1993)
62.  A. Grossmann, Rabinovitch P.S., Lane M.A., Jinneman
J.C., Ingram, D.K. and N.S. Wolf: Influence of age, sex, and
dietary restriction on intracellular free calcium responses of
CD4+ lymphocytes in rhesus monkeys (Macaca mulatta). J
Cell Physiol 162, 298-303 (1995)
63.  R. Weindruch, Lane M.A., Ingram, D.K., Ershler, W.B.,
and G.S. Roth: Dietary restriction in rhesus monkeys:
lymphopenia and reduced mitogen- induced proliferation in
peripheral blood mononuclear cells. Aging 9, 304-308 (1997)

Key Words: Caloric Restriction, Immune Function, Signal
Transduction, Aging, Review
Send correspondence to: Mohammad A. Pahlavani, Ph.D.,
GRECC (182), Audie Murphy VA Hospital, 7400 Merton
Minter Blvd., San Antonio, TX 78284, Tel:210-617-5197,
Fax:  210-617-5312, E: mail: Pahlavani@uthscsa.edu
This manuscript is available on line at:
http://www.bioscience.org/2000/d/pahlavan/fulltext.htm


