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Abstract
Recent scientific studies have advanced the notion of chronic inflammation as a major risk factor
underlying aging and age-related diseases. In this review, low-grade, unresolved, molecular
inflammation is described as an underlying mechanism of aging and age-related diseases, which
may serve as a bridge between normal aging and age-related pathological processes. Accumulated
data strongly suggest that continuous (chronic) up-regulation of pro-inflammatory mediators (e.g.,
TNF-α, IL-1β, 6, COX-2, iNOS) are induced during the aging process due to an age-related redox
imbalance that activates many pro-inflammatory signaling pathways, including the NF-κB
signaling pathway. These pro-inflammatory molecular events are discussed in relation to their role
as basic mechanisms underlying aging and age-related diseases. Further, the anti-inflammatory
actions of aging-retarding caloric restriction and exercise are reviewed. Thus, the purpose of this
review is to describe the molecular roles of age-related physiological functional declines and the
accompanying chronic diseases associated with aging. This new view on the role of molecular
inflammation as a mechanism of aging and age-related pathogenesis can provide insights into
potential interventions that may affect the aging process and reduce age-related diseases, thereby
promoting healthy longevity.
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Introduction
It is now accepted that chronic inflammation is a major underlying condition of many age-
related diseases, such as atherosclerosis, arthritis, cancer, diabetes, osteoporosis, dementia,
vascular diseases, obesity and metabolic syndrome (Yu and Chung, 2006). However, the
involvement of inflammation in the aging process has not been seriously considered. We
recently proposed the molecular inflammation hypothesis of aging suggesting that a state of
chronic, low-grade inflammation is a possible converging process linking normal aging and
the pathogenesis of age-related diseases (Chung et al., 2006). The molecular inflammation
hypothesis (Chung et al., 2001; Chung et al., 2002) provides molecular insights into the
interactions between age-related physiological changes and the pathogenesis of many age-
related diseases during aging, while opening up new avenues for exploring the interrelation
between aging and age-related pathological processes (Chung et al., 2006; Yu and Chung,
2006).

The premise of the age-related inflammatory hypothesis is based on two established
findings: 1) a dysregulation of the immune system with age, and 2) altered redox status
during aging. Both processes lead to increases in a systemic inflammatory status due to the
activation of a wide variety of inflammatory mediators through mainly oxidative stress-
induced redox imbalance. The age-related redox imbalance is likely caused by the net effect
of weakened anti-oxidative defense systems, and incessantly increasing production of
reactive species (RS), such as superoxide (O2

−), hydroxyl radical (·OH), and hydrogen
peroxide (H2O2), reactive nitric oxide (NO), peroxynitrite (ONOO−) and reactive lipid
aldehydes. Overproduced and unregulated RS during aging are a major causative factor in
the activation of immune systems (Brod, 2000), as exemplified in over-reactive
macrophages in the inflammatory process. The salient point of the molecular inflammation
hypothesis is that unresolved chronic inflammation during aging may act as the patho-
physiologic link that drives normal functional changes to become many of the age-related
degenerative diseases (Chung et al., 2002).

In this review, we describe and update recent findings on the role of chronic inflammation in
both normal and pathological aging processes. Two aging-intervention paradigms, namely
calorie restriction (CR) and physical exercise, are discussed to substantiate the importance of
the suppression of inflammatory process to deter age-related chronic diseases. The anti-
oxidative action of CR is best known for its ability to maintain redox balance and suppress
the activation of various redox-sensitive, pro-inflammatory transcription factors and
signaling pathways. Accumulating evidence indicates that anti-oxidative CR significantly
attenuates nuclear factor-κB (NF-κB), tumor necrosis factors (TNF-α and TNF-β),
interleukins (IL-1β, IL-2, and IL-6), chemokines (IL-8 and RANTES), adhesion molecules
(AMs) (Kim et al., 2002; Zou et al., 2004; Chung et al., 2006). Furthermore, CR modulates
enzymes, such as inducible NO synthase (iNOS) and cyclooxygenase-2 (COX-2), both of
which are pro-inflammatory and known to increase with age (Chung et al., 2002). Another
well-known anti-aging intervention, physical exercise, has also emerged as an effective anti-
inflammatory intervention (Radak et al., 2004; Kalani et al., 2006). Exercise is also known
to increase overall anti-oxidant defense systems including SOD, catalase, and GSH
peroxidase. Thus, similar to CR, regular exercise enhances the maintenance of the redox
status, GSH/GSSG balance, and NF-κB activity, thereby leading to suppression of pro-
inflammatory mediators, such as cytokines, chemokines and AMs (Sen, 1995; Seo et al.,
2006).

This review begins with a description of two major factors responsible for causing oxidative
stress during aging, namely oxidative damage and redox imbalance, and then proceeds to
provide details on molecular inflammation and proinflammatory mediators. Chronic
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inflammation is discussed as the basis of sarcopenia, metabolic syndrome, and obesity and
as an intermediary processes bridging normal age-related changes and pathological aging
processes. To further describe the involvement of inflammation in chronic diseases,
dementia, atherosclerosis, cancer, and osteoporosis are presented. The final section describes
CR and exercise as potential anti-inflammatory interventions that can regulate pro-
inflammatory cytokines and adhesion molecules.

1. Age-related oxidative stress-induced redox imbalance
Aging is a biological process characterized by time-dependent, progressive, physiological
declines accompanied by the increased incidence of age-related diseases. Over the past
several decades, a number of theories have been proposed that have attempted to define the
causality and the underlying mechanisms of aging (Dice, 1993). Currently widely accepted
is the “oxidative stress hypothesis” (Yu and Yang, 1996a), that modified and advanced the
free radical theory of aging (Harman, 1956). According to the oxidative stress hypothesis,
oxidative damage is not only elicited by the uncontrolled production of reactive oxygen
species (ROS) as proposed in the original free radical theory, but also by other oxidants,
including reactive nitrogen species (RNS) and reactive lipid species. More importantly, the
oxidative stress hypothesis emphasizes the essential role of anti-oxidant defenses as the
crucial component of the overall redox balance of the organism, which was not considered
in the original free radical theory.

Oxidative stress is reinforced by a number of RS, such as H2O2, ·O2
− and singlet oxygen,

and other radicals as well as non-radicals, which are formed continuously in the body as a
consequence of aerobic metabolism, thereby potentially modifying cellular activity and
basic structural components including nucleic acids, proteins, and lipids (Davies and
Goldberg, 1987; Barry, 1993; Yu et al., 1996b). Biological sources of RS production vary
widely depending on various cellular activities related to lipoxygenase, COX, plasma
membrane-associated NADPH oxidase; mitochondrial electron transport system,
ubiquinone, NADH dehydrogenase; cytochrome P450, cytochrome b5, microsomal electron
transport; flavoproteins and oxidases in peroxisome; and xanthine oxidase (XOD) in cytosol
(Bodamyali et al., 2006).

To protect itself against hostile oxidative environments, the organism has developed various
antioxidant defenses that include the classical antioxidant enzymes, superoxide dismutase
(SOD), glutathione (GSH), and catalase, as well as non-enzymatic ROS scavengers, vitamin
E, vitamin C, β-carotene, and uric acid (Lykkesfeldt et al., 1998). Among these, GSH is the
most abundant and effective biological anti-oxidative reductant (Cross et al., 1977).
Although the levels of GSH and of GSH reductase decrease with age (Cho et al., 2003), CR
(Roth et al., 2007) and proper physical exercise (Carter et al., 2007) blunt these age-related
decreases.

In addition, another versatile member of the anti-oxidative defense system, thioredoxin (Trx)
has been described (Holmgren, 1989). Trx, a small, globular, ubiquitous protein of 12 kDa
with two redox-active half-cysteine residues in its catalytic active center, which contains the
consensus amino acid sequence –Cys-Gly-Pro-Cys– (Holmgren, 1989). This protein exists
either in a reduced form with a dithiol or in an oxidized form, in which the half-cysteine
residues form an intramolecular disulfide bridge. Trx participates in redox reactions by the
reversible oxidation of its active center dithiol to disulfide and catalyzes dithiol-disulfide
exchange reactions (Holmgren, 1989) involving many thiol-dependent cellular processes
including the gene expression and signal transduction of pro-inflammatory transcription
factors, such as NF-κB, AP-1, and HIF-1 (Sur et al., 2005). Trx forms a physical interaction
with Ref-1 in the nucleus, which activates pro-inflammatory transcription factors in a redox-
dependent manner (Cho et al., 2003). Recent evidence indicates that age-related increases in
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redox-sensitive transcription factors, such as NF-κB, AP-1 and HIF-1, are related to
increases in cellular oxidative stress and nuclear Trx and Ref-1 (Kim et al., 2002).

Trx and Trx reductase (TrxR) in cytoplasm decrease with age and CR is shown to prevent
these decreases. In contrast, the nuclear translocation of redox regulators (Trx and Ref-1)
increases with age but is also suppressed by CR (Cho et al., 2003). Therefore, Increased
nuclear Trx and Ref-1 during aging may lead to the up-regulation of redox-sensitive
transcription factors, such as NF-κB or AP-1, via the interaction of Ref-1 and Trx. Thus, a
redox imbalance due to the change in the status of Trx and Ref-1 during aging may play a
significant role in the age-related activation of key inflammatory mediators (Cho et al.,
2003).

The interaction between oxidative stress and inflammation is closely related to the well-
recognized biosynthetic pathway of prostaglandins (PGs) that produces various RS (Kim et
al., 2005). PGs are arachidonic acid-derived lipid metabolites have potent pro-inflammatory
and potentially pathogenic actions. Certain PG metabolites are active mediators of
inflammation in their own right. However, as described below, RS production from PG
metabolism exacerbates inflammatory conditions and promotes tissue damage (Baek et al.,
1999; Lim et al., 2001). COX, a key enzyme in the PG synthetic pathway, converts
arachidonic acid to prostaglandin H2 (PGH2) (Ikai et al., 1989). During the conversion of
PGG2 to PGH2 by COX, RS are generated (Bazan et al., 1989). The RS produced by PG
synthesis pathway can add significantly to the overall RS pool under both normal and
pathological conditions, particularly during aging (Baek et al., 1999).

Maintaining a precise redox balance status is as important as the physiological acid-base
buffer system of the body for the optimal operation of homeostatic cellular activities.
Changes in redox balance are known to have a great impact on the cellular signaling
pathways and transcriptional activities as most of their reactions and activation depend on
reduction/oxidation processes. This review elaborates on an oxidative stress-induced redox
imbalance as the patho-physiological basis of systemic inflammation, proposed as the
converging link between normal aging and pathological processes (Fig. 1).

2. The molecular activation of inflammation and pro-inflammatory mediators during aging
Recent evidence strongly supports the notion that the molecular inflammatory process plays
a central role in the aging process and age-related diseases (Chung et al., 2006). COX-
derived ROS generation as well as gene expressions of IL-1β, IL-6, TNF-α, COX-2 and
iNOS are enhanced during aging (Kim et al., 2002; Chung et al., 2006). COX activity and
the production of TXA2 and PGI2 are also increased during aging. Other pro-inflammatory
proteins, such as AMs (VCAM-1, ICAM-1, P-, E-selectin), are all upregulated during the
aging process (Zou et al., 2004).

The NF-κB transcription factor can be viewed as the master regulator of the inflammatory
process and can be activated by oxidative stimuli. Indeed, the activation of NF-κB-
dependent genes is a major culprit responsible for the wide-spread systemic inflammatory
process (Makarov, 2000). Under activated conditions, pro-inflammatory genes encode pro-
inflammatory proteins, such as cytokines, growth factors AMs or chemokines. As shown
Fig. 1, NF-κB is also known to regulate the transcription of pro-inflammatory molecules,
such as TNF-α and TNF-β, interleukins (IL-1β, IL-2, and IL-6), chemokines (IL-8 and
RANTES), AMs, including ICAM-1, VCAM, E-selectin, and enzymes, including iNOS and
COX-2 (Brand et al., 1996; Bohrer et al., 1997).

NF-κB activity is modulated by upstream signaling pathways such as IκB kinase (IKK) and
MAPKs. The activated IKK complexes phosphorylate the IκB subunits of NF-κB/IκB to
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trigger the degradation of IκB, which then leads to the activation of NF-κB (Zandi et al.,
1997; Karin, 2006). IKK activity is upregulated during aging by NF-κB (Kim et al., 2002),
and there is further involvement of the ERK, JNK, and p38 MAPK pathways that control
NF-κB-dependent transcription during the inflammatory response (Fig. 1). Recently, the
aging process was shown to strongly enhance all three ERK, JNK, and p38 MAPK activities
that paralleled increases in ROS production (Kim et al., 2002).

Under normal conditions, NF-κB activation in response to oxidative stimuli is short-lived,
and the reaction ceases with resolution. However, if the input signal is not well controlled as
happens during aging, chronic pro-inflammatory conditions conducive to many chronic
diseases ensues (Yu and Chung, 2006). Some of the NF-κB-induced proteins like TNF-α,
IL-1, 6 and COX-2 themselves are potent NF-κB activators that form an auto-activating
loop (Handel et al., 1995; Fisher et al., 1996). Many studies on changes in the redox
sensitive transcription factor, NF-κB have consistently shown increased activity with age
and in a variety of tissues, including heart, liver, kidney, and brain tissues, and high NF-κB
binding activity when comparing old and young rodents (Helenous et al., 1996; Kim et al.,
2002). Korhonen et al. (1997) also reported a significant upregulation of NF-κB in the rat
brain. In human studies, circulating levels of pro-inflammatory cytokines that are well-
recognized biomarkers increase during aging as shown by increased plasma levels of TNF-
α, IL-6, and IL-1ra (Bruunsgaard, 2006). Furthermore, aging is associated with increased
levels of C-reactive protein (CRP), as well as high inflammatory cell (neutrophil,
monocytes) counts (Bruunsgaard et al., 1999). Several studies have demonstrated that high
plasma levels of IL-6 are correlated with greater disability, morbidity, and mortality in the
elderly (Ferrucci et al., 1999). In addition, high levels of IL-6, IL-1β and CRP are
significantly associated with disease conditions in older individuals (Bruunsgaad et al.,
2003). Moreover, plasma levels of TNF-α are positively correlated with elevated quantities
of IL-6 and CRP, indicating an interrelated activation of the entire inflammatory cascade
(Bruunsgaard et al., 1999). It is interesting to note that Japanese centenarians have lower
levels of CRP and IL-6, thrombin, and increased levels of adiponectin, even compared to
younger individuals (Hirose et al., 2004).

The interaction between obesity and insulin resistance has been a hotly debated topic and
studied with extensive scrutiny, but is without definitive resolution to date. However, recent
evidence indicates inflammation may be the possible underlying link between these two
conditions. Increased adiposity due to excessive caloric consumption leads to macrophage
infiltration into adipose tissues, resulting in local chronic inflammation that potentiates
insulin resistance (Xu et al., 2003). Overexpression of Mcp1 (a chemokine) increases
macrophage infiltration, inflammation, and insulin resistance (Kamei et al., 2006).
Moreover, de Luca and Olefsky (2007) have demonstrated that the knockout of Mcp1 or its
receptor (Ccr2) impairs migration of macrophages, thereby lowering inflammation and
improving insulin sensitivity.

In addition, it was recently shown that jnk 1 removal from hematopoietic cells (chimeric
jnk1 knockout mice) had no effect on adiposity but conferred protection against high fat
diet-induced insulin resistance by decreasing inflammation, thus indicating that
inflammation, not obesity per se, likely causes insulin resistance (Solinas G, 2007).
Together, these data indicate a strong causal relationship between inflammation and insulin
resistance.

Inflammation has also consistently been shown to play a crucial role in vascular aging and in
the pathogenesis of atherosclerosis through the regulation of AMs, which are cell surface
membrane proteins that can contribute to vascular inflammation through their mediation of
cell-cell interaction. For instance, endothelial cells (EC) express various AMs in response to
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such pro-inflammatory mediators as TNF-α, IL-1β, IL–6, and ROS. Various AMs regulate
different steps of leukocytes infiltration. As long as the signals from pro-inflammatory
mediators arrive at the endothelium, P-selectin and E-selectin are expressed on the ECs
surface first, and then this step initiates the action of leukocytes. When leukocytes approach
ECs, they are attached by ICAM-1 and VCAM-1, changing shapes into flat, called a firm
adhesion. Then, with the help of ICAM-1, VCAM-1 and platelet/endothelial cell adhesion
molecule-1 (PECAM-1), leukocytes pass through the tight-junction between ECs into the
vessel wall where they are changed into macrophages, releasing more inflammatory
mediators including cytokines, chemokines and ROS, triggering further inflammation.
Uncontrolled expression of AMs contributes to many diseases of the vasculature, such as
atherosclerosis (Davies et al., 1993; Johnson-Tidey et al., 1994).

Many studies report alterations in AM levels in animal models of age-related vascular
diseases (Ashcroft et al., 1998; Merat et al., 2000; Kyrkanides et al., 2001; Saito et al.,
2001), which is regulated by pro-inflammatory NF-κB activity. Our previous study probed
the molecular link between normal and altered aortic AMs (Zou et al., 2004) and concluded
that oxidative stress-induced inflammation is a potent factor responsible for the upregulation
of AMs during aging (Zou et al., 2006). The upregulation of AMs may be responsible for
several vascular diseases that manifest with age. These findings along with others strongly
indicate the inflammatory process is a major contributing factor to vascular aging.

3. The inflammatory process, a possible link between normal and pathological aging
Although aging is the most well recognized risk factor for many chronic diseases,
interactions between the aging process and age-related disease has not been seriously
addressed or systematically explored. One of the most salient aspects of the molecular
inflammation hypothesis of aging is that many age-related chronic diseases undergo a
pathway common to the inflammatory process, which is a causative factor in or in part of
disease progression (Chung et al., 2006). For example, a number of diseases including
cardiovascular diseases, cancer, diabetes, metabolic syndrome, dementia, arthritis, and
osteoporosis are recognized as inflammatory disorders, according to recent medical
investigations (Yu and Chung, 2006). Sarcopenia and osteopenia are common conditions
occurring with age and both are good illustrative examples of how inflammation is involved
in the normal aging process that ultimately leads to pathogenesis (Fig. 2). Because a more
expanded discussion on the interaction between metabolic syndrome and sarcopenia is
presented in the later sections, a brief mention on the involvement of inflammation in
obesity, insulin resistance, and sarcopenia is presented here.

Inflammatory processes are linked to the potentially debilitating condition of obesity
(Robinson et al., 2007). In this regard, age-related obesity is due to increased adiposity
(particularly visceral fat deposits) during aging (Distefano et al., 2007; Weiss, 2007) through
the redistribution of fat deposits with age (Yaffe, 2007). Most of pro-inflammatory
cytokines are produced by adipocytes and resident macrophages in adipose tissues, causing
systemic inflammation (Pou et al., 2007). This elevated pro-inflammatory status likely sets
the stage for increased vulnerability for many age-related diseases. Sarcopenia and
osteopenia, characteristic of normal aging process, are good illustrative examples for the
involvement of inflammation in the normal aging process, to pathogenesis (Fig. 2).

Roth (2006) reporting the most recent findings regarding the potential role of inflammatory
factors in the progression of age-related muscle wasting or sarcopenia, found that adiposity
and lipid accumulation appear to play an important role in the inflammatory process and
possibly the onset of sarcopenia and obesity. Future research will need to delve into the
molecular interactions of chronic inflammation as the underlying link between muscle
metabolism, obesity, and sarcopenia that develop with aging.
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4. Implications of inflammation in aging and age-related diseases
Accumulating evidence indicates that unresolved, low-grade chronic systemic inflammation
plays a significant role in modulating the aging process, and age-related diseases, such as
metabolic syndrome, sarcopenia, dementia, atherosclerosis, cancer, and osteoporosis. The
close involvement of inflammation in these diseases has led them to be named as
“inflammatory diseases” (McGeer and McGeer 1999). Although the precise molecular
inflammatory involvement of each disease may vary, the basic mechanisms of the
inflammatory cytokines and other pro-inflammatory mediators are similar (see Fig. 2). In the
discussion below, we highlight the role of chronic inflammation in these age-related
inflammatory diseases.

A. Obesity and aging—Metabolic syndrome was originally called Syndrome X, referring
to a cluster of clinical factors, e.g., insulin resistance, hyperinsulinemia, high blood-glucose,
hypertension, and dyslipidemia with elevated triglycerides and low HDL levels. However,
decreased insulin sensitivity, associated with abdominal obesity, is the central feature of the
syndrome.

The prevalence of obesity is increasing in virtually all populations and age groups
worldwide. Obesity increases an individual’s risk for a large number of co-morbidities and
increased mortality rates (World Health Organization, 2000). The epidemic rise of obesity
has dramatically increased the interest of researchers and clinicians in the study of metabolic
syndrome. Metabolic syndrome is usually defined by the presence of at least three of the
following criteria: abdominal obesity, elevated triglycerides, reduced levels of HDL
cholesterol, high blood pressure, insulin resistance, and high fasting glucose (Ford et al.,
2002). Approximately one in four American adults been diagnosed with this condition
(Hoffmann et al., 2007). Individuals with metabolic syndrome are at significant increased
risk for heart attack, stroke or cardiovascular death compared to individuals without the
syndrome (Isomaa et al., 2001).

Adipose tissue can be divided into 2 major types: white adipose tissue (WAT) and brown
adipose tissue (BAT). WAT comprises the vast majority of adipose tissue in the organism
and is the site of energy storage; whereas, the main role of BAT is for non-shivering
thermogenesis, particularly in small mammals and human neonates (Fantuzzi, 2005). WAT
is composed of many cell types, adipocytes being the most abundant. Recent studies have
demonstrated that adipose tissue is characterized by increased infiltration of macrophages,
suggesting the presence of inflammation in adipose tissue (Weisberg et al., 2003; Xu et al.,
2003).

Current knowledge indicates that visceral adipose tissue secretes a large number of proteins
termed, adipokines acting in an autocrine, paracrine, or endocrine fashion to regulate various
metabolic functions (Greenberg and Obin, 2006). Furthermore, adipocytes can be the source
of a large number of cytokines/chemokines, such as TNF-α, IL-6, and monocyte
chemoattractant protein-1 (MCP-1) (Wang, 2005). Secretion of these inflammatory
cytokines is remarkable within visceral adipose tissue. Metabolically reactive visceral fat is
even more sensitive to endocrine actions than subcutaneous adipose tissue. Visceral adipose
tissue and pro-inflammatory factors including IL-6, TNF-α, and interferon-γ (IFN-γ)
increase with age (Greenberg and Obin, 2006) and, partly because these inflammatory
factors are produced and regulated by fat tissue (Vick et al., 2007). The age-related
inflammation is directly associated with visceral adipose tissue (Xu et al., 2003). Therefore,
the age-related increase of visceral adipose tissue might be responsible for age-related
systemic inflammation.
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Increasing evidence also demonstrates that adipose tissue functions as an endocrine organ
and is involved in regulation of various metabolic pathways (Wang et al., 2008; Bulcao et
al., 2006). Adipose tissue has a homeostatic cycle that overlaps with the cycle of whole-
body energy balance and storage. In this context, several substances having endocrine,
paracrine and autocrine properties are secreted by adipose tissue (i.e., adipokines or
adipocytokines) and act at different levels to maintain homeostasis (Staiger and Haring,
2005). The members of this group of cytokines, including leptin, adiponectin, IL-6, TNF-α,
PAI-1, etc, are particularly interesting because they may be modifiable causes of morbidity
in obese persons.

Interestingly, human CRP has been reported to be correlated with increased adiposity and
leptin resistance due to CRP binding to leptin (Chen et al., 2006). These observations
suggest that increased CRP and IL-6 and decreased adiponectin are associated with
metabolic syndrome. Collectively, these findings indicate that adiponectin may be the link
connecting obesity, insulin resistance, and inflammation.

Adipocytes constitutively express TNF-α, which in adipocytes is markedly increased with
obesity. TNF-α stimulates the cellular kinase complex (i.e., IKK), which activates NF-κB, a
transcription factor that, in turn, regulates the production of pro-inflammatory cytokines
(including IL-1β and IL-6) (Chen and Kwak, 2003). It has been suggested that high-dose
aspirin may improve insulin resistance in diabetic patients through the inhibition of this
IKK/NF-κB pathway (Gao et al., 2003). Indeed, aspirin has been shown to suppress age-
related NF-κB activation and upregulation of its dependent genes, COX-2, iNOS, VCAM-1
and ICAM-1, which are modulated by IκB degradation via the NIK/IKK pathway (Jung et
al, 2006).

Interestingly, the inflammatory response occurring with obesity seems to be triggered and
initially maintained by adipose tissue. Then, the systemic effects of inflammation take place
in the complications related to the inflammatory process and obesity, by involvement of
other metabolic sites (e.g., hepatic and skeletal muscle insulin resistance and
atherosclerosis). It has been suggested that obesity may promote an increased infiltration of
macrophages in the adipose tissue (accompanied by a consequent low-grade inflammatory
status) (Harman-Boehm et al., 2007). The macrophages infiltration may cause a
dysregulation in adipose tissue endocrine properties and enhance the production of
inflammatory cytokines, consequently leading to endothelial dysfunction and insulin
resistance.

B. Sarcopenia as muscular inflammation during the aging process—Sarcopenia
(from the Greek, sarx for flesh and penia for loss) is a term coined to describe one of the
most noticeable changes occurring in older individuals (Rosenberg, 1997). Sarcopenia is
defined as the age-related loss of muscle mass, strength and function, and is common
characteristic of frailty (Roubenoff, 2007). While an important correlate of impairment and
physical disability in older persons (Villareal et al., 2004), it is associated with a decrease in
muscular strength and endurance and a loss of autonomy in older persons (Janssen et al.,
2002). The age-related decrease in muscle mass and strength is mainly caused by atrophy of
muscle fibers, especially the type IIa fibers (Morley, 2001), which is associated with a
decline in protein synthesis, particularly in the synthesis of myosin heavy chains (Morley et
al., 2001). It has been suggested that this loss of muscle mass is not isolated but is strongly
connected with a parallel increase in fat mass (Roubenoff, 2000).

Increased levels of inflammation have been shown to be detrimental to skeletal muscle in
humans (Anker et al., 1999) as well as in animal models (Charters and Grimble, 1989;
Hoshino et al., 1991; Garcia-Martinez et al., 1993). Roubenoff (2003) suggested that
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inflammation may negatively influence skeletal muscle through direct catabolic effects or
through indirect mechanisms (i.e., decreases in GH and IGF-1 concentrations, induction of
anorexia). It is worth noting that inflammation is inversely associated with IGF-1 (Leng,
2004) and that the reduction of IGF-1, a main messenger of growth hormone, is associated
with sarcopenia, frailty, and mortality (Roth, 2006). Pro-inflammatory cytokines are
commonly involved in cachexia and have been shown to be involved in the process
responsible for the anorexia of aging (Bales and Ritchie, 2002). The anorectic effects of pro-
inflammatory cytokines are particularly interesting because nutrition is a crucial factor in the
prevention of sarcopenia.

Immune function also changes with aging, resulting in higher levels of catabolic cytokines.
When considering potential gender differences as a basis for sarcopenia, it becomes evident
that sex hormones (both estrogen and testosterone) influence the immune system in many
ways.

Inflammation is strongly associated with apoptosis, a different biological pathway
potentially leading to sarcopenia. Apoptosis is an evolutionary conserved program for cell
suicide, which is important to the development of multi-cellular organisms, the elimination
of superfluous tissues, and the maintenance of tissue homeostasis in adults. It has been
shown that TNF-α is one of the prime signals inducing cellular apoptosis in muscle (Phillips
and Leeuwenburgh, 2005) Apoptosis and inflammation are biological pathways that closely
interact with a third mechanism involved in age-related reduced muscle mass and strength:
oxidative damage. An ideal “golden triangle” of oxidative balance has been described, in
which oxidants, antioxidants, and biomolecules are placed at each apex (Carmeli et al.,
2002). Furthermore, TNF-α is shown to be responsible for muscle loss in aged rats through
myocyte apoptosis. TNF-α is able to activate caspase-8, which subsequently activates
caspase-3, thereby initiating the apoptosis cascade (Phillips et al., 2005). In a normal
situation, equilibrium exists among these three elements. An excess generation of free
radicals may overwhelm natural cellular antioxidant defenses leading to oxidation and
further contributing to muscle damage (Cesari et al., 2005).

Skeletal muscle mass is maintained through a dynamic balance between protein synthesis
and degradation, with proteolysis prevailing over synthesis in skeletal muscle atrophy, an
important mechanism regulated by the ubiquitin-proteasome pathway. Interestingly, redox-
sensitive NF-κB transcription factor, which induces many inflammatory mediator gene
expressions, is activated by ubiquitin-proteasome system. Furthermore, inhibitors of NF-κB
have been shown to attenuate body weight loss and protein degradation in skeletal muscle
(Cai et al., 2004).

Based on the described observations, high levels of pro-inflammatory mediators, such as
TNF-α and IL-6, are associated with reduced muscle strength and mass, poorer physical
performance, and higher incidences of mobility disability in the elderly.

C. Dementia—A growing body of literature indicates that inflammatory processes are
related with the development of dementia, both vascular and Alzheimer’s types. Several
serum pro-inflammatory markers have been shown in relation to dementia and cognitive
decline. Inflammatory responses are hypothesized to modulate the pathogenic processes
associated with Alzheimer’s disease (AD) (Peila and Launer, 2006; Selkoe, 2006). Although
the participation of the inflammatory process in aging brain functions has long been
suspected, its direct implication in the brain aging process has been less appreciated until the
proposal of the Inflammatory Hypothesis of Dementia (McGeer and McGeer, 1999). Now
that the in vivo and in vitro properties of microglia have been more appropriately
investigated (McGeer and McGeer, 1995; McGeer et al., 2000), it is well-known that their
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activation signifies a primary inflammatory state and that leukocyte invasion, when it
occurs, is a secondary phenomenon. These investigations suggest that inflammation
significantly contributes to AD pathogenesis.

The involvement of mid-life, increased CRP levels in dementia has been examined in the
Honolulu Asia Aging Study (Schmidt et al., 2002). In this study, elevated CRP levels were
related to a significantly increased risk for vascular dementia (VaD) and AD, with or
without cardiovascular disease (CVD) contributing to the dementia. The Rotterdam Study
investigators also reported a relationship between elevated levels of α1 antichymotrypsin
(ACT), CRP, IL-6, soluble ICAM, and soluble VCAM-1 and an increased risk for AD and
VaD, whereas ACT was most strongly associated to the increased risk of VaD (Engelhart et
al., 2004).

In both humans and in transgenic mouse models of AD, various inflammatory markers
increase with the onset of AD pathology, including members of the complement pathway;
cytokines and chemokines, such as IL-1β, IL-6, TNF-α and TGF-β; coagulation factors;
acute-phase reactive proteins, such as α-2-macroglobulin and α1-ACT; reactive astrocytes;
and activated microglia cells (Wyss-coray, 2006). Much research suggests that the immune
response to Aβ can exacerbate ongoing pathological processes, but the role that
inflammation plays in the disease process is complex (Wyss-Coray and Mucke, 2002).

In vivo studies show that long-term administration of NSAIDs can effectively suppress both
inflammation and Aβ pathology in transgenic mouse models of AD. The first study to report
this dual effect was a six-month preventative trial in the Tg2576 line of APP-transgenic
mice, a line that shows many features of amyloidosis and inflammation in AD (Hsiao et al.,
1996). A high dose of ibuprofen markedly suppressed amyloid plaque pathology and Aβ
levels, reduced microglial activation and reactive astrocyte numbers, and decreased levels of
the proinflammatory cytokine IL-1β (Lim et al., 2000).

Follow-up studies using ibuprofen and indomethacin treatments in transgenic mice reported
similar decreases in inflammatory markers and Aβ (Townsend and Pratico, 2005).
Experimental data suggest that NSAID-mediated COX inhibition might reduce both
inflammation and Aβ accumulation in vivo by interrupting a putative feed-forward
inflammatory mechanism (Hoozemans et al., 2003). COX-2 inhibitors or genetic ablation of
COX-2 also attenuates the loss of neurons in rodent models of acute brain injury (Iadecola,
2005).

These observations suggest that dementia could be closely associated with chronic
inflammation that might be an important contributor to the development of
neurodegenerative diseases.

D. Atherosclerosis—Cardiovascular disease is the leading cause of death and illness in
developed countries (Murray et al., 1997). It is estimated that by the year 2020 almost 40%
of all deaths will be due to cardiovascular disease (Braunwald et al., 1997). The major
contributor to cardiovascular disease is atherosclerosis, a progressive, multi-factorial process
that focally affects large arteries and is characterized by the accumulation of lipids and
fibrous elements in their walls. Inflammation is demonstrated to play a crucial role in all the
phases of the atherosclerotic process, from the initial steps of leukocyte recruitment to the
eventual rupture of a vulnerable plaque (Libby, 2002).

The early phase of atherogenesis is characterized by the attraction/adherence of monocytes
to the vascular endothelium and their migration into the vessel wall. The expression of
cellular AMs (e.g., selectins, ICAM-1, VCAM-1) (Johnson et al., 1997; Dong et al., 1998;
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Steffens et al., 2004) promotes the adhesion of leukocytes to the vascular endothelium, and
is induced by inflammatory factors, including IL-1, TNF-α, and CRP (Willerson et al.,
2004). In particular, VCAM-1 binds specifically to those classes of leukocytes found in
nascent atheroma (i.e., monocytes and T lymphocytes). Both macrophages and endothelial
cells produce ICAM-1 in response to inflammatory cytokines (e.g., IL-1, TNF-α, interferon-
γ), whereas VCAM-1 expression is mainly restricted to endothelial cells. Furthermore, the
progressive accumulation of macrophages and their uptake of oxidized LDL ultimately lead
to the generation of foam cells and initiates fatty streaks.

The progression of lesions is characterized by the additional migration of smooth muscle
cells from the medial layer of the artery wall into the subendothelial space. Smooth muscle
cells proliferate and migrate under the control of several growth factors and cytokines
produced by inflammatory and endothelial cells (Lefkowitz et al., 2001). However, smooth
muscle cells themselves are a source of inflammatory mediators, such as MCP-1 (Nelken et
al., 1991). The expression of such chemotactic molecules as MCP-1 has been reported also
in response to the initiating insult produced by oxidized LDL (Navab et al., 1996). Mice
deficient in MCP-1 or its chemokine receptor, CCR2 develop less atherosclerotic lesions
(Han et al., 1999). Parallel to the upregulation of adhesion molecules and chemoattractant
proteins, initiators of the atheroscletoric cascade (e.g., oxidized LDL) are shown to increase
the production of growth factors, such as macrophage colony-stimulating factor (M-CSF)
(Wang et al., 1997).

The proliferation of smooth muscle cells, the further recruitment of inflammatory cells, and
the synthesis of extracellular matrix proteins lead to the formation of the atheroma, a mature
atherosclerotic plaque composed by a fibrous cap separating the pro-thrombotic lipid pool
from luminal blood flow. The activation of inflammatory cells (i.e., macrophages, T
lymphocytes) and smooth muscle cells is associated with the release of additional mediators,
such as adhesion molecules, cytokines, and growth factors (Lefkowitz et al., 2001; Libby,
2002). IL-6 is a major pro-coagulant (Libby et al., 200l) and pro-inflammatory cytokine
(Mortensen, 2001). IL-6 increases plasma concentrations of fibrinogen, plasminogen
activator inhibitor type 1, and CRP (which, in turn, amplify and enhance both inflammatory
and pro-coagulant responses). These pro-inflammatory mediators are suggested to be
involved in atherosclerosis pathogenesis.

E. Cancer—Carcinogenesis is a multi-step process that includes initiation, promotion, and
progression as a consequence of the imbalance between cell proliferation and cell death.
Progression from initiated cells to malignant tumors is modulated by genetic and epigenetic
mechanisms.

NF-κB, which is activated by various stimuli including pro-inflammatory cytokines plays a
crucial in carcinogenesis. The activation or expression of NF-κB is evident in several human
cancers including breast cancer, non-small cell lung carcinoma, thyroid cancer, gastric
cancer, colon cancer, hepatoma, and leukemia and in several virally induced tumors (Chen
et al. 1999).

NF-κB also is found to have an anti-apoptotic effect in a variety of cell types by regulating
apoptosis-related genes. Sumitomo et al. reported that apoptosis of multiple cytokine-
producing bladder cancer cells can be modulated by the manipulation of NF-κB activity
(Sumitomo et al., 1999). Aberrant nuclear expression of NF-κB is demonstrated to be
related with breast cancer (Ricca, et al., 2000, Cogswell et al., 2000). Evidence shows a
potential role for NF-κB in carcinogenesis by the observation that NF-κB activation is
required in oncogenic Ras-induced transformation (Mayo et al., 1997). NF-κB also is known
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to be required for leukemogenesis initiated by the Bcr-Abl chimeric protein (Reuther et al.,
1998).

Thus, chronic inflammation with its subsequent generation of free radicals and up-regulation
of COX-2 can lead to a cascade of events that may eventually cause malignant
transformation. Initiated cells can be further promoted by NF-κB proteins induced by up-
regulated, pro-inflammatory cytokines. Because activated NF-κB can both inhibit apoptosis
and stimulate production of pro-inflammatory cytokines, it further promotes proliferation of
initiated cells. Hence, tissue exposed to chronic inflammation or to a pro-inflammatory
milieu may be more susceptible to the carcinogenic process (Modugno et al., 2005).

Elsharkaway and Mann (2007) recently reported that cell-targeted perturbation of NF-κB
activity has revealed complex and multi-cellular functions in hepatic inflammation, fibrosis,
and the development of hepatocellular carcinoma through an inflammation-fibrosis-cancer
axis. Further, activation of NF-κB by H. pylori is responsible for the generation of pro-
inflammatory mediators, such as COX-2, TNF-α, IL-1, IL-6, metalloproteinases, endothelial
growth factor (VEGF), and adhesion molecules that lead to gastric cancer (Smith et al.,
2006). Colitis-associated cancer, as its name indicates, is a colorectal cancer that frequently
occurs in patients suffering from ulcerative colitis, a chronic inflammatory bowel disease
(Karin et al., 2006). Based on this evidence, activated NF-κB in tumor cells appears to play
an important role in cancer development, progression, angiogenesis, and invasiveness of
various tumors.

Several reviews suggest a direct relationship between chronic inflammation and cancer
(Oshima et al., 2003; Moss et al., 2005; Aggarwal et al., 2006; Lu et al., 2006). Key
molecular players that link inflammation to genetic alterations are prostaglandins, cytokines,
nuclear factor NF-κB, chemokines, and angiogenic factors. The main chemical effectors are
RS derived from inflammatory reactions, which may act as direct or indirect damaging
agents through their reaction with other chemical or structural components in cells. The RS-
sensitive transcription factor, NF-κB plays a critical role in mediating the vicious cycle
between inflammation and RS. These observations suggest that age-related oxidative stress
consequent to chronic inflammation contributes to the induction and progression of cancer
via NF-κB signaling.

F. Osteoporosis—Similar to the role of sarcopenia in muscular mass decline, osteopenia,
an age-associated low bone mass condition, results in impaired mobility and lowers quality
of life. Ostopenia is becoming a significant, world-wide social and financial health care
problem (McCormick, 2007). The crucial role of the bone organ is to provide a rigid
structural frame to support body shape and protect essential organs (e.g., heart and brain);
thus, bone tissue is actively re-constructed and continuously remodeled by a lifelong
turnover process.

The process of bone remodeling is mainly controlled by the well-balanced homeostatic
activities of osteoblasts and osteoclasts. Osteoblasts play an important role in bone
formation by producing the bone extracellular matrix (ECM) and mineralizing the ECM. In
contrast to the key role of osteoblasts in osteogenesis, osteoclasts melt the mineralized bone
ECM and remove bone tissue. Hence, bone integrity is maintained by the well-balanced
activities of osteoblasts and osteoclasts. An imbalance in homeostatic activity of these cells
can lead to various bone disorders, such as osteoporosis, due to impaired bone resorption,
and to osteoporosis resulting from hyper-bone resorption (Del Fattore et al., 2008).

Recent epidemiological evidence indicates age-associated chronic inflammation disrupts
bone homeostasis, and thus may increase incidences of osteoporosis with age (Chung et al.,
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2006). For instance, an age-associated shift of T cell immunity alters systemic cytokine
profiles from T helper 1 (Th1) type to T helper 2 (Th2) type (e.g., IL-4, IL-5 and IL-6), and
this Th2 bias is frequently observed in various abnormal bone loss conditions, including
pregnancy, HIV infection, steroid therapy and immunosuppression therapy, as well as aging
(Yun and Lee, 2004). In fact, IL-6 aggravates systemic inflammation with age and increases
hepatic CRP production. This increased systemic level of CRP has been shown to lower
bone-mineral density in healthy women (Koh et al., 2005). CRP has consistently been found
to be related to increased fracture risk in elderly women (Pasco et al., 2006). Additionally,
IL-6 is an important stimulator of osteoclast differentiation, maturation, and activation
together with IL-1 and TNF-α. These acute phase pro-inflammatory cytokines can induce
apoptosis of osteoblasts via iNOS activation and bone loss (Koh et al., 2005) indicating
osteoclasts may favor the intra- and/or extra-cellular inflammatory environments relatively
more than osteoblasts. Indeed, osteoclasts, unlike osteoblasts are classified into a bone-
specific mesenchymal cell lineage. Ontologically osteoclasts stem cell from a fusion of
myeloid-derived immune cells, such as monocytes (Teitelbaum. 2007).

This may explain the following: 1) Why osteoclasts are sensitively activated by pro-
inflammatory cytokines; 2) Why NF-κB signaling triggered by RANK-RNAKL interaction
is primarily required for osteoclast differentiation, maturation and activation; and 3) How
the augmented intracellular molecular inflammation, defined as a chronic upregulation of
redox-senstitive NF-κB signals, might over-activate osteoclasts and disturb the balanced
bone turnover process at the molecular level of aging.

Recently, Yamashita et al. has shown that NF-κB (p50/p52) signal induced by RANKL and
TNF is essential for early osteoclast differentiation, which was followed by activation of
NFATc1 and c-Fos. Thus, inhibition of NF-κB may prevent RANKL and TNF-induced
bone loss (Yamashita et al., 2007). The involvement of p38 MAPK in osteoporosis is
reported in several studies (Kumar et al., 2001; Zwerina et al., 2006), and a recent work
from Park et al (2007). has shown that a natural product from plant, called Stewartia
koreana, inhibits osteoclastogenesis in an in vitro system and ameliorates bone loss in LPS-
(a potent inflammation agent) treated mice by down-activating ERK and p38 MAPK
signaling and suppressing NFATc1 and c-Fos (Chung et al., 2004). These findings strongly
suggest that the inhibition of NF-κB signals via ERK and down regulation of p38 MAPK
might prevent age-induced abnormal bone resorption.

Taken together, evidence from various molecular and clinical studies indicates that chronic
inflammation plays an etiological role in the incidence of osteoporosis during normal bone
aging. This suggests that therapies that reduce chronic inflammation, such as non-steroidal
anti-inflammatory drugs (e.g., aspirin), various NF-κB signaling antagonists, CR, and
physical exercise, can attenuate the bone loss process with age.

5. Regulation of pro-inflammatory cytokines and molecules
A. Role of CR in modulating molecular inflammation and aging—Many
researchers have now accepted CR as the only established anti-aging experimental
paradigm. CR’s anti-aging effects are thought to be due mainly to its powerful resistance
against oxidative stress and ability to maintain a proper cellular redox status as evidenced by
suppressed oxidative damage to lipids, DNA, and proteins (Yu, 1996). Thus, the effects of
short- and long-term CR are believed to be due to its powerful anti-oxidative action (Yu,
1996; Forster, 2000; Chandrasekar, 2001; Merry, 2004; Chung et al., 2006; Spindler, 2005).
Recent evidence has also documented CR’s anti-inflammatory action, as shown in its
modulation of pro-inflammatory genes such as TNF-α, IL-1, 6, AMs, iNOS, and COX-2
through the NF-κB signaling pathway (Chung, 2002; Kalan, 2006).
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Acute and chronic inflammatory responses to cellular injury or tissue destruction are
physiological, protective mechanisms that limit insult and promote repair (Chung et al.,
2001; Chung et al., 2002; Chung et al., 2004). However, self-maintaining, chronic
inflammation plays a key role in numerous disease states as well as in the aging process
(Jones, 2001; Libby, 2001; Coussens and Werb, 2002; Pearson et al., 2003). Animal studies
have shown repeatedly that CR enhances metabolic efficiency and increases stress
resistances over the lifespan, thereby delaying the onset of age-related pathological
conditions. Recently, great attention has been focused on the anti-inflammatory potential of
CR. Indeed, CR has been shown to attenuate the age-related increase of systemic levels of
several pro-inflammatory mediators (Ershler and Keller, 2000; Krabbe et al., 2004), such as
TNF-α, IL-1β, IL-6, CRP and various AMs (Phillips and Leeuwenburgh, 2005; Kalani et al.,
2006). In particular, our group has recently shown in rats that the age-associated rise of
plasma TNF-α is attenuated by life-long, moderate (40%) CR in rats (You et al, 2007).
Furthermore, Kalani et al. (2006) have demonstrated the capacity of long-term 40% CR to
attenuate the increase in circulating levels of CRP with age, reporting even greater reduction
by combining mild (8%) CR with life-long, voluntary exercise. Furthermore, You et al.
(2007) have shown that CR reduces IL-6 secretion from adipose tissue and CRP serum
levels in rats. Expression of most of the genes encoding for pro-inflammatory cytokines is
regulated by NF-κB. Of note, CR is shown to blunt the age-dependent increase of NF-κB
through up-regulation of cytoplasmic IκBα and IκBβ (Seo et al., 2006; Kwon, 2001).
Furthermore, our group provides evidence that CR blunts the age-associated increase of NF-
κB signaling in rat kidney (Sung et al., 2004).

Moreover, CR is shown to attenuate age-related decreases in mRNA levels, nuclear protein
contents, and DNA binding activity of peroxisome proliferator-activated receptors (PPARs)
(Sung et al., 2004), thus boosting the inhibitory effect of PPARs on NF-κB activation. In
addition, studies show that CR effectively counteracts lipopolysaccharide (LPS) and IFN-γ-
stimulated production of several cytokines, including IL-1β, IL-6 and TNF-α (Eanes, 1976;
Spaulding et al., 1997; Vega et al., 2004). Furthermore, a synergistic anti-inflammatory
effect of CR and n-3 fatty acids has been recently reported (Tasuchiva et al., 2005).

CR is known to suppress COX-derived ROS generation in the presence of indomethacin
(Kim et al., 2000). Of note, a reduction of COX activity and the production of thromboxane
A2, prostacyclin and PGE2 was also reported (Fernbach, 1992), likely stemming from a
favorable modulation of NF-κB activity by CR (Kim et al., 2000; Horgan et al., 2001).

Another transduction pathway that is intricately involved in the age-related chronic
inflammation and which is modulated by CR is that controlled by MAPK (Kim et al., 2002).
Noticeably, MAPK family members regulate the cellular inflammatory reaction in response
to various stimuli, including oxidative stress (Gupta et al., 1999; Irani et al., 1997; Peters et
al., 2000; Zhu et al., 2001). CR suppresses the age-related activation of the three subtypes of
MAPKs, namely ERK, JNK, and p38 MAPK (Kim et al., 2002). In addition, a recent study
has reported that CR significantly attenuates the age-related increase of myeloperoxidase
(MPO) activity and subsequent oxidant production in rats (Son et al., 2005).

In conclusion, emerging evidence supports the molecular inflammation hypothesis of aging
and identifies redox imbalance as the major causative factor leading to age-related
degenerative diseases. CR is the only non-genetic intervention that has so far been shown to
extend mean and maximum life-spans in a variety of species, which may be due, at least in
part, to CR’s anti-inflammatory properties. Preliminary studies employing 8% CR suggest
that this approach may still be effective in mitigating age-related inflammation, which may
be of particular importance when considering the application of CR to humans, especially at
old age.
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B. Modulation of chronic inflammation by physical exercise—Chronic, low-grade
inflammation, a common characteristic of aging, is reflected by increased systemic levels of
several pro-inflammatory cytokines, such as TNF-α, IL-6, IL-1β, and CRP, even in the
absence of overt disease conditions (Bruunsgaard, 2001; Krabbe et al., 2004; Vasto et al.,
2007). This age-related shift toward a pro-inflammatory state has been associated with
several adverse outcomes, including loss of muscle mass (Roubenoff et al., 2003) and
increased incidence of disability (Cesari et al., 2005) and mortality (Roubenoff et al., 2003).

Exercise training is well known to have beneficial effects across a broad spectrum of
biological processes, including the favourable modulation of inflammatory signalling
(Wannamethee et al., 2002). However, the response of the immune system to physical
activity varies, depending on the frequency, intensity, volume of exercise, and on the
subject’s endurance capacity. Indeed, strenuous exercise has been shown to increase local
and systemic production of pro-inflammatory cytokines, possibly as a consequence of
muscle damage and subsequent inflammation (Okolo et al., 2000).

On the other hand, moderate regular physical activity has been associated with reduced
levels of TNF-α, IL-6, and CRP in a population of healthy older adults (Colbert et al., 2004).
In addition, a recent study reported that aerobic exercise is associated with decrease serum
levels of IL-6 and increased levels of IL-10, a potent anti-inflammatory cytokine, in healthy
older men (Jankord and Jemiolo, 2004). Furthermore, our group recently demonstrated that
life-long, voluntary wheel running reduces plasma levels of CRP, but not those of IL-6, in
old rats (Kalani et al., 2006). We also have reported a reduced expression of TNF-R1 in the
extensor digitorum longus muscle of aged rats subjected to 4 weeks of exercise training by
treadmill running (Marzett et al., 2008).

The mechanisms underlying the anti-inflammatory effects of physical exercise are complex
and not fully elucidated. However, it has been hypothesized that the reduced production of
pro-inflammatory cytokines observed in response to regular physical exercise may stem at
least partly from a reduction of adiposity (Colbert et al., 2004). Indeed, adipocytes are an
important source of TNF-α and IL-6 (Coppack, 2001), this latter being the main stimulus for
liver production and secretion of CRP (Du Clos, 2000). However, other mechanisms,
independent of body composition, are thought to be involved in the modulation of
inflammation by physical exercise. We recently reported that life-long wheel running
combined with mild (8%) calorie restriction reduced the age-related activation of NF-κB in
the liver of old rats (Seo et al., 2006). Importantly, NF-κB is considered to play a major role
in orchestrating the inflammatory response, by promoting the expression of several pro-
inflammatory mediators (Sarkar and Fisher, 2006).

Mechanisms underlying the anti-inflammatory action of exercise are complicated by the
intricate interplay among cytokines. For a case in point, a recent study reported an anti-
inflammatory effect exerted by muscle-derived IL-6 (Pedersen, 2007). Of note, plasma
levels of IL-6 increase markedly during physical exercise, in proportion to its intensity and
duration (Ostrowski et al., 2000), and to a higher extent in older individuals (Pedersen and
Bruunsgaard, 2000). In skeletal muscle, gene expression and protein levels of IL-6 are
elevated during contraction, paralleled by an increased IL-6 release into the blood stream
(Hiscock et al., 2004). In this context, we have preliminary data indicating that mRNA
abundance of IL-6 is increased in old rats following 4 weeks of treadmill running
(unpublished). It has been hypothesized that muscle-derived IL-6 might induce several
metabolic adaptations aimed at increasing substrate delivery to the contracting muscle, such
as hepatic glycogenolysis and increased lipolysis (Petersen and Pedersen, 2006).
Furthermore, muscle-derived IL-6 induces the release of cytokine inhibitors, such as IL-1ra
and sTNFR, and anti-inflammatory cytokines, such as IL-10 (Pretolani, 1999). Interestingly,
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IL-10 has been shown to inhibit the synthesis of several pro-inflammatory cytokines,
including TNF-α and IL-1β (Nielsen et al., 2007). It is interesting to note that muscle-
derived cytokines appear to have important roles in metabolism, and exercise plays a role in
modulating the interplay between cytokines and metabolism.

Physical exercise has also been shown to elicit the expression of IL-15 in skeletal muscle
(Nielson et al., 2007). IL-15 is a recently discovered cytokine that exerts a potent anabolic
effect on muscle by inhibiting protein degradation and stimulating protein synthesis (Quinn
et al., 2002). Furthermore, IL-15 supplementation to rats bearing the Yoshida AH-130
ascites hepatoma resulted in a significant reduction of muscle wasting, sustained by an
attenuation of apoptotic DNA fragmentation (Figueras, et al., 2004). In particular, the
administration of IL-15 completely reversed the tumor-induced increased expression of
TNF-R in skeletal muscle, suggesting that the anti-apoptotic effect of IL-15 might reside in
the down regulation of the TNF-driven apoptotic pathway (Figueras et al., 2004).
Interestingly, we have recently shown that TNF-triggered myocyte apoptosis was down-
regulated in old rats subjected to 4 weeks of treadmill running (Marzetti et al., 2008).

In conclusion, several lines of evidence support an anti-inflammatory effect of regular
physical exercise at old age. However, further research is warranted to better elucidate the
molecular mechanisms of this phenomenon as well as to investigate whether physical
exercise retains the ability of reducing systemic inflammation in frail older adults.

Conclusion
Putting together all available data, chronic molecular inflammation is a major biological
mechanism underpinning the aging process and age-related diseases. The key mediators of
inflammatory reactions (i.e., IL-1β, IL-6, TNF-α, COX-2, and iNOS) have all been shown to
be up-regulated during the aging process. Moreover, the gene expression of these
inflammatory markers is modulated by the redox-sensitive transcription factor, NF-κB,
which is activated by the IKK/NIK and MAPK pathways. These signalling pathways appear
to be modulated by both CR and exercise (Fig. 2). The activation of the network of NF-κB-
dependent, pro-inflammatory molecules appears to be the molecular mechanism underlying
numerous age-related diseases including dementia, cardiovascular disease, cancer, obesity,
metabolic syndrome, and osteoporosis. Thus, accumulating evidence indicates molecular
inflammation is a primary factor underlying age-related diseases and aging processes. A
better understanding of the signalling pathways involved in chronic molecular inflammation
may assist in the development of future interventions to treat the inflammatory diseases
associated with aging.
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Fig. 1.
Major molecular pro-inflammatory pathways involved in aging and age-related diseases.
ROS, reactive oxygen species; MAPK, mitogen-activated protein kinases, NIK, NFκ-B-
induced kinase; IKK, IκB kinase; AMs, adhesion molecules; iNOS, inducible NO synthase;
COX-2, cyclooxygenase.
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Fig. 2.
The role of inflammation in pathophysiological process and the possible action of CR and
exercise. CR, calorie restriction.
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