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Abstract
A reduction in calorie intake (Caloric restriction), appears to consistently decrease the biological
rate of aging in a variety of organisms as well as protect against age-associated diseases including
chronic inflammatory disorders such as cardiovascular disease and diabetes. Although the
mechanisms behind this observation are not fully understood, identification of the main metabolic
pathways affected by caloric restriction has generated interest in finding molecular targets that
could be modulated by caloric restriction mimetics. This review describes the general concepts of
caloric restriction and caloric restriction mimetics as well as discusses evidence related to their
effects on inflammation and chronic inflammatory disorders. Additionally, emerging evidence
related to the effects of caloric restriction on periodontal disease in non-human primates is
presented. While the implementation of this type of dietary intervention appears to be challenging
in our modern society where obesity is a major public health problem, caloric restriction mimetics
could offer a promising alternative to control and perhaps prevent several chronic inflammatory
disorders including periodontal disease.
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Introduction
The quest for the proverbial fountain of youth has been pursued for many years. Although
our understanding of aging has advanced, the mechanisms behind increased longevity are
still uncertain. Understanding the causes of aging and extending the lifespan of multiple
species, including humans, has captured the interest of scientists for decades (McCay et al.,
1956). An interesting finding from research in aging, was that many mutations capable of
extending life span, also decreased the activity of nutrient-signaling pathways suggesting
that aging and nutrition could be linked (Fontana et al., 2010, Harrison et al., 2009, Jia et al.,
2004, Wu et al., 2009). A growing body of evidence has demonstrated that the balance
between energy (calorie) consumption and energy expenditure is critical not only for
lifespan but also for quality of life across the lifespan (Minor et al., 2010). Thus, potential
variations in this energy equation would be expected to impact not only longevity but also
health/disease states as has been demonstrated in several organisms from yeast to humans
(Fontana et al., 2010). A clear example of this fundamental observation is how the chronic
accumulation of energy in obesity (declared as one of the major public health problems
worldwide by the World Health Organization), increases the risk for chronic inflammatory
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disorders such as hypertension, type 2 diabetes, coronary heart disease, stroke, osteoarthritis
and periodontitis among others (Palacios et al., 2009, Pischon et al., 2007, Saito et al., 1998,
Waxman, 2003). On the other hand, in marked contrast to obesity, a reduction in energy/
calorie consumption (caloric restriction-CR), appears to consistently decrease the biological
rate of aging as well as protect against age-associated diseases including chronic
inflammatory disorders (Fontana, 2009, Morgan et al., 2007, Omodei & Fontana, 2011). In
spite of the promising anti-inflammatory properties exhibited by this nutritional approach to
control the increasing prevalence of chronic inflammatory diseases, reducing caloric intake
in a modern western society, which is conditioned to ad libitum feeding, has brought new
challenges to the field. Thus, a better understanding of the cellular and molecular pathways
modified by CR, that may impact the control of chronic inflammatory disorders, seems to be
critical for the identification of new molecular targets that could be modulated through the
use of caloric restriction mimetics (CRMs) as a potential therapeutic alternative. The
purpose of this review is to convey general concepts of CR and CRMs as well as the
evidence related to their therapeutic potential to control chronic inflammatory disorders
including periodontal disease.

Caloric restriction
In general, CR is set at around a 40% reduction in energy consumption that does not result
in malnutrition (Martin-Montalvo et al., 2011, Opalach et al., 2010). In addition to increased
lifespan, mammalian studies found CR to benefit other processes that contribute to overall
health, such as cardiovascular function and blood glucose regulation (Colman et al., 2009).
As this phenomenon has been scrutinized further, it appears that prevention of free radical
formation and the inflammatory response contributes to the benefits of CR (Anderson &
Weindruch, 2010). One of the most common theories of aging is the ‘free radical theory’
which proposes that reactive oxygen species (ROS), the daily byproducts of cellular
metabolism, can accumulate and damage other molecules, thereby driving senescence.
Although the inflammatory response is a natural and essential reaction to stress experienced
by an organism, the accumulation and improper disposal of ROS can cause pathology,
primarily inflammation (Anderson & Weindruch, 2010, Figueiredo et al., 2009).
Concentrations of ROS, such as 8-hydroxydeoxyguanosine (8-OHdG), a product of DNA
oxidation, have been found to have a direct relationship with aging in various mammals
(Sohal et al., 1994). In addition, it has been shown that species with long life expectancies
have lower rates of ROS generation (Pamplona et al., 1998). CR may also prevent an energy
excess, which is capable of causing systemic inflammation as adipose tissues expand to
accommodate the extra storage of these nutrients (Ye & Keller, 2010). Therefore, regulation
of ROS and their site of production, the mitochondria, have been targeted in understanding
the mechanisms of CR and disease prevention. The National Institute on Aging and the
University of Wisconsin-Madison have been studying the effects of CR on aging for several
years and the preliminary results suggest that CR will delay the onset of cardiovascular
disease, diabetes, and perhaps cancer supporting the concept that the beneficial effects of CR
on aging in rodents will also apply to nonhuman primates and perhaps ultimately to humans
(Colman et al., 2009, Lane et al., 2001, Mattison et al., 2003). Evidence related to the
beneficial effects of CR to control chronic inflammatory disorders will be discussed in the
next sections.

Effect of caloric restriction on chronic inflammatory disorders
Caloric restriction and inflammation

Chronic inflammation is defined as an unresolved low-grade immunoinflammatory response
associated with persistent tissue and organ damage that is commonly observed with aging
(Schottenfeld & Beebe-Dimmer, 2006), and is considered a major risk factor underlying
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age-related diseases such as atherosclerosis, arthritis, cancer, diabetes, osteoporosis,
dementia, cardiovascular diseases, obesity and metabolic syndrome (Chung et al., 2009). A
growing body of evidence suggests that the dysregulation of the immune system with age,
and the impaired redox balance during aging are important causes of chronic inflammation
(Chung et al., 2009, Chung et al., 2006) (Figure 1). The altered redox balance is mainly
generated by the net effect of weakened anti-oxidative defense systems (i.e., superoxide
dismutase-SOD, glutathione-GSH, and thioredoxin-Trx), along with the continuous
production of reactive species (RS) including reactive oxygen species (ROS: superoxide-
O2

−, hydroxyl radical- •OH, hydrogen peroxide- H2O2), and reactive nitrogen species (RNS:
reactive nitric oxide- NO, peroxynitrite- ONOO−). In fact, higher levels of the pro-
inflammatory cytokines IL-1aβ, TNFα, IL-6 and inflammatory-associated enzymes such as
cyclooxygenase (COX) and inducible nitric oxide synthase (iNOS), as well as persistence of
the inflammatory infiltrate of macrophages, lymphocytes and plasma cells within the tissues
observed in aging and chronic inflammation, have been related with the redox imbalance
(i.e., oxidative stress) induced by RS accumulation (Kim et al., 2002). Evidence suggests
that the mechanisms by which RS induce chronic inflammation relies on the RS ability to
activate cell signaling cascades that include IκB kinase and MAPKs which further turn on
the NFκB transcription factor downstream that is considered a master regulator for the
expression of several pro-inflammatory genes (Kim et al., 2000). Since a natural metabolic
consequence of converting nutrients to usable energy (ATP) is the production of RS, it
would be expected as mentioned earlier in this review, that an imbalance between intake and
expenditure of energy/calories could impact the levels of RS and subsequently the
inflammatory response (Figure 1). Accordingly, evidence supporting the anti-oxidant and
anti-inflammatory properties as well as the beneficial effects on insulin sensitivity via CR,
using mainly animal models, has shown a rapid growth during the last decade and has been
recently reviewed (Fontana, 2009). Of note, the anti-inflammatory effects of CR, rather than
being simply a passive mechanism linked to the reduction of inflammatory stimuli such as
RS, may also exert active and positive actions on metabolic, hormonal and gene expression
products that repress pathways of inflammation in several types of tissues including liver,
hearth, muscle, white adipose tissue, neural tissue, kidney, lung and colon among others
(Clement et al., 2004, Higami et al., 2004, Lamas et al., 2003, Matsuzaki et al., 2001,
Swindell, 2009). Thus, while the expression of genes encoding proteins with anti-
inflammatory properties such as NFκB inhibitor alpha (Nfkbia), tissue inhibitor of
metalloproteinases-3 (Timp3), and peroxisome proliferator-activated receptors (PPARs), are
enhanced by CR (Sung et al., 2004, Swindell, 2009), pro-inflammatory genes such as TNFα,
IL-6, COX-2, iNOS, VCAM-1 and ICAM-1 appear to be inhibited (Higami et al., 2006,
Jung et al., 2009). In support of these observations, in vivo studies using murine models have
shown that CR appears to reduce the expression and binding activity of specific transcription
factors such as C/EBPalpha, STAT5b, nuclear factor kappa B (NFκB), forkhead
transcription factor-1 (FOXO1), and activator protein-1 (AP-1) to the promoters of genes
encoding acute phase response proteins (e.g. haptoglobin), pro-inflammatory cytokines as
well as oxidative stress-related genes (Jung et al., 2009, Kim et al., 2008, Kim et al., 2002,
Uskokovic et al., 2009).

Evidence for the potential anti-inflammatory mechanisms of CR in humans is more limited,
and most of the studies addressing this have been developed in obese patients, since CR is
perhaps the most efficient way to promote weight loss in this population. Circulating levels
of serum amyloid A protein, IL-6, CRP, TNFα, and IFNγ were reduced in obese patients
after CR, improving their general inflammatory profile (Lee et al., 2010, Salas-Salvado et
al., 2006, Viguerie et al., 2005). Nevertheless, CR does not seem to have the same anti-
inflammatory effect on severe obesity (Sola et al., 2009). It is still controversial if the
reduction in the systemic levels of pro-inflammatory molecules is due to the reduction in
adipose tissue mass as well as adipocyte-secreted cytokines (i.e. adipokines), or it could also
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involve a direct effect on immune cells (i.e. macrophages, lymphocytes) after CR (Lee et al.,
2010, Salas-Salvado et al., 2006, Viguerie et al., 2005). Recent observations suggest that a
low calorie diet has an impact on the expression of inflammatory genes in peripheral
mononuclear blood cells of obese patients (Crujeiras et al., 2008). Since a tight coupling of
metabolic and immune systems is mediated by neuro-endocrine peptides as well as several
cytokines and chemokines (Dixit, 2008, Ouchi et al., 2011), both immune and non-immune
cells could be impacted either directly or indirectly by energy balance changes experienced
during obesity and CR. Nevertheless, the results of these studies with the obese population
provide information more relevant to the effects of weight loss than of chronic CR. Thus, the
main challenge now is developing future studies involving humans with a normal body mass
index (below 25 kg/m2) that will be subject to CR. The potential benefits of CR in a non-
obese population are supported by the preliminary and promising results of pilot studies
such as the Comprehensive Assessment of Long-Term Effects of Reducing Calorie intake
(CALERIE phase I), as well as studies involving members of the caloric restriction society
(Holloszy & Fontana, 2007).

Caloric restriction and cardiovascular disease (CVD)
Cardiovascular disease is considered one of the leading causes of morbidity and mortality in
Western countries especially in older populations (Callow, 2006). Among the risk factors for
CVD, smoking, hypertension, dyslipidemia, abdominal obesity, impaired insulin sensitivity,
and sedentary lifestyle have been identified (Dahlof, 2010). Additionally, accumulating
evidence suggests that biomarkers such as redox state, elevated levels of pro-inflammatory
cytokines and enzymes, as well as adhesion molecules, increase the risk for CVD (Chung et
al., 2009). Therefore, the anti-oxidant and anti-inflammatory properties of CR make this
nutritional intervention approach an interesting and promising alternative to prevent and
control CVD. Evidence for mechanisms of cardioprotection by CR has been recently
reviewed (Han & Ren, 2010, Marzetti et al., 2009). Briefly, it has been demonstrated in
animal studies (including rats, mice and nonhuman primates) that the attenuation of
oxidative stress, mitochondrial dysfunction and inflammation, and a favorable modulation of
cardiomyocyte apoptosis and autophagy (biological process that allows eukaryotic cells to
degrade and recycle long-lived proteins and organelles) are critical mechanisms modulated
by CR which could be associated with reduced risk of CVD (Marzetti et al., 2009).

Evidence suggests that brief periods of ischemia paradoxically protect the heart and limit
necrosis caused by a subsequent more prolonged period of ischemia (a phenomenon known
as preconditioning); nevertheless, this protective mechanism is attenuated with aging. An
exposure to CR for 6 months was effective in maintaining the preconditioning response in
aged Sprague-Dawley rats, as compared to young adults (Long et al., 2002a). The
mechanisms, by which CR improves recovery of heart function following ischemia, are not
completely understood. However it was shown that rats under CR diets (55% reduced
calorie intake for 8 months), exhibited better energy production and oxidative
phosphorylation compared with control animals, suggesting that changes in mitochondrial
respiration could be related to such an effect (Broderick et al., 2002). Similar results were
reported by Shinmura et al, whereby improved myocardial ischemic tolerance was observed
in rats under short- (2–4 weeks) and prolonged-term (6 months) CR via a mechanism that
appears to involve an oxide-dependent increase in nuclear silent information regulator
(Sirt1) (Shinmura et al., 2005, Shinmura et al., 2008). Most recently, it has been suggested
that increased production of adiponectin and activation of the PI3kinase/Akt and vascular
endothelial growth factor (VEGF) pathways could also be involved in the cardioprotective
effects of CR on cardiac preconditioning (Katare et al., 2009, Shinmura et al., 2007).
Interestingly, beyond the anti-oxidant and anti-inflammatory properties of CR, it has been
shown that a 40% CR for 1 month also improved the cardiac autonomic activity in rats
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(Mager et al., 2006). Whether or not gender could play a role in the beneficial effects of CR
in reducing CVD remains unclear. Nonetheless a recent study demonstrated that cardiac
muscle mitochondrial metabolism (i.e. H2O2 production and oxidative damage), was most
efficiently reduced by CR (40% reduced calorie intake for 3 months) in female rather than in
male rats (Colom et al., 2007). Endothelial dysfunction commonly found in obesity can be
reversed by CR in mice and results suggest that CR can do so in a mechanism that appears
to involve the enzyme endothelial nitric oxide synthase (eNOS) (Ketonen et al., 2010).
Consistent with these results, Dolinsky et al demonstrated that CR prevents hypertension in
rats via stimulation of an adiponectin/AMPK/eNOS signaling axis (Dolinsky et al., 2010).
Notably, CR showed an ability to correct pre-existing mitochondrial dysfunction and
apoptotic activation commonly observed in senescent myocardium, which prevented
deterioration of left ventricular function in rats (Niemann et al., 2010).

The effects of CR on atherosclerosis, using different models, have shown controversial
results. Specifically, CR (30% reduction of calorie intake) improved visceral fat
accumulation and insulin sensitivity in adult cynomolgus monkeys but did not have an effect
on plasma lipid levels or atherosclerotic lesion extent in the abdominal aorta (Cefalu et al.,
1999, Cefalu et al., 2004). Nevertheless, it was shown that CR reduced circulating
lipoprotein a (lpa) levels in Rhesus monkeys compared with the animals receiving a control
diet. Plasma levels of lpa are considered an independent risk factor for age-associated
development of atherosclerosis (Edwards et al., 2001). Most recently, Fontana et al
demonstrated that individuals on CR for 6 years had markedly lower levels of serum total
cholesterol, low-density lipoprotein cholesterol, triglycerides, fasting glucose, fasting
insulin, CRP, platelet-derived growth factor AB, and systolic and diastolic blood pressure
compared with age-matched healthy individuals on a typical American diet. Of note, carotid
artery intima-media thickness was about 40% less in the CR group compared to the control
group, which suggested that CR has a critical effect on the risk for atherosclerosis (Fontana
et al., 2004).

Evidence of the cardio-protective effects of CR in humans continues to expand. A
prospective study evaluating the effects of a low-calorie diet (800kcal/d for 2 weeks) on
endothelial function in obese hypertensive Japanese patients vs. healthy control found that
CR improved endothelial-dependent vasodilatation through an increased release of nitric
oxide in obese hypertensive patients (Sasaki et al., 2002). Furthermore, a group of 12 obese
men, after 12 weeks of CR, showed a significant decrease of endothelin-1 and increase of
nitric oxide, which would suggest an improvement in endothelial function (Miyaki et al.,
2009). Serum advanced glycation end products (AGEs), have been linked to increased
atherogenicity and inflammation in diabetes and renal failure. Significant reduction of serum
AGE levels were reported in a clinical study of 37 Japanese overweight and obese
individuals under CR (5,023 kJ/day) for 2 months (Gugliucci et al., 2009). Similarly, 34
obese individuals, after consuming a low calorie diet for 6 weeks, exhibited significant
reduction in myocardial fatty acid uptake, which suggests that the increased fatty acid
uptake found in hearts of obese patients can be reversed by weight loss-induced CR
(Viljanen et al., 2009). Of note, levels of IL-18 and IL-20 have been related to
atherosclerosis and coronary heart disease (Jefferis et al., 2011, Maiorino et al., 2010), and
CR significantly reduced the circulating levels of these two cytokines in obese women
compared with their matched normal-weight controls (Esposito et al., 2002). CR also
appears to improve insulin sensitivity, glucose, and triglyceride levels when combined with
exercise and dietary approaches to treat hypertension (Blumenthal et al., 2010).
Nevertheless, the results of a recent randomized clinical trial showed that CR did not
improve the effects of exercise on metabolic and cardiovascular risk factors of aged and
obese individuals diagnosed with metabolic syndrome, which suggests that exercise alone
could be an effective non-pharmacological treatment strategy for insulin resistance,
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metabolic syndrome and CVD (Yassine et al., 2009). In general, emerging clinical evidence
indicates that dietary restriction provides significant improvements in traditional
cardiovascular risk factors (i.e., blood pressure, blood glucose, lipids, and body
composition) in overweight and obese subjects as well as in lean individuals. Nevertheless,
the effect of CR on biomarkers of oxidative stress and inflammation in humans has not yet
been thoroughly explored and will require further analysis (Marzetti et al., 2009).

Caloric restriction and Diabetes
Diabetes is a group of diseases characterized by high blood glucose levels that result from
defects in the body’s ability to produce and/or use insulin. Diabetes has been diagnosed in
about 26 million people in the United States, although the prevalence is increasing since
about 79 million people have pre-diabetes. Among the diabetic population approximately
5% have type 1 diabetes (insulin-dependent diabetes mellitus) which involves a failure to
produce insulin by the beta cells of the pancreas, and 95% have type 2 diabetes (non-insulin-
dependent diabetes mellitus) that can be developed at any age and is generally associated
with insulin resistance, i.e., fat, muscle, and liver cells do not use insulin properly which
leads to the loss of the ability to secrete enough insulin by the pancreas in response to
glucose load. Importantly, aging, obesity, family history of diabetes, history of gestational
diabetes, impaired glucose tolerance, physical inactivity, and race/ethnicity are considered
risk factors for type 2 diabetes (http://www.cdc.gov/diabetes). Growing evidence shows that
obese individuals gradually progress to type 2 diabetes (Whitmore, 2010); however, the
biological mechanisms behind this observation remain unclear. It could involve an increase
in oxidative stress, induced by hyperglycemia and free fatty acids which would worsen both
insulin secretion and action in type 2 diabetes (Davi et al., 2005). CR has been suggested as
the cornerstone of therapy with exercise and oral hypoglycemic agents to control type 2
diabetes; especially in obese patients. In fact, growing evidence suggests that CR appears to
be beneficial in improving pancreatic beta-cell function, glycemic control, insulin action in
the liver and peripheral tissues (i.e. decrease insulin resistance), as well as insulin secretion
(Davidson, 1980, Henry & Gumbiner, 1991, Ichihara et al., 1975, Wheeler et al., 1987,
Wing et al., 1994). Specifically, CR increases insulin responsiveness in obese type 2 diabetic
rats (Kalant et al., 1988), and prevents the clinical expression of diabetes mellitus in rats that
spontaneously develop the disease compared to their ad libitum fed controls, through a
mechanism that appears to involve increased insulin sensitivity (Okauchi et al., 1995). In
addition, prevention of beta-cell depletion has also been observed after CR in rodents
(Ohneda et al., 1995). The effects of long term CR (about 4–10 years) have shown similar
results in non-human primates; improving glycogen metabolism and insulin sensitivity
(Ortmeyer et al., 1994, Roth et al., 2001, Wang et al., 2009). The findings in animal models
have been replicated in several human studies and have shown that either short or long term
CR regimens in obese patients with type 2 diabetes, improve glycemic control and insulin
resistance (Escalante-Pulido et al., 2003, Harder et al., 2004, Hughes et al., 1984). Of note,
CR appears to have sustained beneficial metabolic effects (up to 18 months) in obese,
insulin-treated patients with type 2 diabetes, although to a lesser extent in patients who
regained body weight (Jazet et al., 2007). Even though CR seems to improve the markers of
type 2 diabetes in obese patients, there is no supportive clinical evidence about its potential
to prevent the onset of the disease (Baker et al., 2009), as has been reported in non-human
primates (Colman et al., 2009).

The biological mechanisms by which CR decreases insulin resistance and improves glucose
metabolism are not fully understood. Nevertheless, it has been proposed that CR may have a
direct impact on the reduction of plasma levels of pro-inflammatory cytokines (i.e.
adipokines), peptides, and complement factors that are normally produced in adipose tissue
(Barzilai & Gabriely, 2001). Recent studies have demonstrated that the sir2 homologue
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(SIRT1; an NAD+- dependent deacetylase) controls the gluconeogenic/glycolytic pathways
in the liver in response to the CR-activated transcriptional cofactor PGC-1alpha (Rodgers et
al., 2005), and also appears to reduce the apoptosis ratio of islet beta cells in diabetic rats
(Deng et al., 2010). Additionally, CR enhanced the expression of the glucose transporter
type 4 (GLUT4) in rat adipocytes, which correlated with improved glucose translocation
into fat cells and insulin resistance (Park et al., 2005). Most recently, microarray analyses
showed that CR enhanced differential expression of genes involved in glucose and lipid
metabolism in skeletal muscle, liver, and pancreatic islets in diabetic fatty rodents (Colombo
et al., 2006, Selman et al., 2006).

Pre-clinical and clinical studies provide controversial results about the impact of short term
CR on oxidative stress. Despite a decrease in lipid peroxidation, improvement in antioxidant
activity, and restoration of the overall redox status observed in mice following CR
(Ugochukwu & Figgers, 2007), only a marginal anti-oxidant effect could be associated with
CR in type 2 diabetic patients compared with non-diabetic obese individuals (Skrha et al.,
2005, Wycherley et al., 2008). Interestingly, recent evidence shows that bariatric surgery can
abolish type 2 diabetes within days of surgery, even before weight loss has occurred, which
suggests that CR alone may not entirely account for this effect (Andreelli et al., 2009). A
clear explanation of this postsurgical outcome is a topic of an ongoing debate (Gumbs et al.,
2005). Significantly, animal and human studies have shown that genotype contributes to
insulin resistance and obesity, and therefore CR may not have the same beneficial effect in
all individuals (Corella et al., 2005, Metzger, 2003).

Caloric restriction and immunity
It has been broadly established that a healthy and adequate nutrition is critical to maintain
normal immune function, as malnutrition can increase the incidence of infectious diseases
due to immunosuppression (Fernandes, 2008, Good et al., 1976, Latshaw, 1991). Even
though CR is defined as a reduction in caloric intake without malnutrition, it has been shown
that both short or long term CR may have an impact on immunity (Jolly, 2004). There is
limited evidence of the effects of CR on the immune response; however, animal studies (i.e.
rodents) suggest that while CR (40–60% intake reduction) could have beneficial effects on
the adaptive immune response, particularly T-cells, it may have a detrimental effect on the
innate immune response with impaired ability to control infections by monocytes/
macrophages (Jolly, 2004, Nayak et al., 2009). Specifically, it has been shown that CR
improves IL-2 production and T cell proliferation normally reduced in aging
(Goonewardene & Murasko, 1995, Pahlavani et al., 1997), and reduces the incidence,
duration and severity of experimental autoimmune uveoretinits in rats correlating with lower
levels of IFNγ and auto-antibody production (Abe et al., 2001). Furthermore, using a
validated mouse model for studying systemic lupus erythematosis, it has been shown that
CR delayed autoimmune renal disease in a process that seems to involve specific immune
compartments and different T cell subsets (Fernandes et al., 1978, Jolly et al., 1999, Jolly et
al., 2001). CR also has been shown to improve mouse survival after Salmonella
typhimurium infection (Peck et al., 1992), ameliorate experimental colitis in mice (Shibolet
et al., 2002), and enhance the production of IFNγ (a cytokine that plays a critical role against
intracellular infections and cancer) by LPS-stimulated peripheral mononuclear cells from
aged non-human primates (Mascarucci et al., 2002). In marked contrast, a significant
reduction in H2O2, TNFα, IL-6, NO and some signal transduction pathways in macrophages,
as well as impaired natural killer (NK) cell function have been reported in mice/rats after
CR. These observations could correlate with impaired control of certain viral infections,
such as influenza (Dong et al., 1998, Gardner, 2005, Spaulding et al., 1997, Stapleton et al.,
2001, Vega et al., 2004). Similarly, CR reduces IgA levels in mouse small intestine,
probably due to a reduction of IgA+ cells in the lamina propria (Lara-Padilla et al., 2010).
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These controversial results could be associated with the variability of time and degree of CR
used in different models. In fact, it was recently suggested that there could be an optimal
window during adulthood where CR can delay immune senescence and improve immunity
(Messaoudi et al., 2008). Although human studies addressing this aspect are limited, similar
effects on the adaptive and innate components of the immune response have been reported
in obese patients under CR for 3 and 6 months, including reduction in pro-inflammatory
cytokines (e.g. TNFα and IL-6) and increase of anti-inflammatory cytokines (i.e. IL-10)
(Ahmed et al., 2009, Jung et al., 2008, McMurray et al., 1990, Santos et al., 2003).

As suggested by Jolly, all the animal studies have used very aggressive CR regimens which
could not be practically translated to the clinical settings in humans (Jolly, 2004). It is
becoming clear that CR has important anti-inflammatory properties, prolongs life and health
span in several organisms including humans; nevertheless, it could have chronic detrimental
effects on some components of immunity (Jolly, 2007). A better understanding of the
cellular and molecular pathways affected by CR has created an opportunity to identify
specific molecular targets that could be modulated by similar molecules referred to as
CRMs, which will be discussed in the following section of this review. Perhaps this growing
group of molecules will help to overcome the potential adverse effects on the immune
response and improve the specificity of the beneficial effects observed with CR.

Caloric restriction mimetics
Given the wide range of benefits mediated by CR in preventing chronic inflammation and
associated diseases in both invertebrate and mammalian studies, prescription of such a
regimen seems promising for application to humans to incur these same benefits.
Unfortunately, a reduction in the dietary consumption of calories of around 30–40% would
be undesirable for most individuals, given the current global eating habits. A decrease in
time spent preparing food at home and an increase in time spent eating per day among
Americans has been reported over the last few decades (Zick & Stevens, 2010), and
certainly suggests that people would have a hard time accepting the rigors of a CR diet. As a
result, there has been emerging interest in identifying compounds that modulate the same
signaling pathways as CR so that similar anti-inflammatory and disease prevention benefits
may be provided without dietary sacrifice. Currently CRMs that affect SIRT, Target of
rapamycin (TOR), and Insulin growth factor (IGF) signaling have all been investigated since
modulating these pathways in prior studies has resulted in an increased lifespan (Bjedov et
al., 2010, Boily et al., 2008, Harrison et al., 2009, Howitz et al., 2003, Kaeberlein et al.,
2005, Onken & Driscoll, Rogina & Helfand, 2004) (Figure 2). Further research into these
molecules will be necessary to provide clinically significant health benefits of CR in the
absence of dietary limitations.

Resveratrol
The observation made during the early 90s that the rate of mortality from coronary heart
disease was relatively low in France despite the relatively high levels of dietary saturated fat
and cigarette smoking, led to the idea that regular consumption of red wine might provide
additional protection from CVD; phenomenon named “French paradox” (Criqui & Ringel,
1994). Since then, several studies investigating the biological and clinical associations of red
wine consumption with CVD and mortality led to the identification of specific red wine
chemical components related with these beneficial effects including resveratrol (Lippi et al.,
2010). Resveratrol is a polyphenolic compound found in grapes, red wine, purple grape
juice, peanuts, and some berries. It is a member of the stilbene class of polyphenols (i.e. 3,
4’, 5-trihydroxystilbene), and has been widely cited as a CR mimetic because of its ability to
activate SIRT and extend lifespan in cell cultures and animal models (Baur & Sinclair, 2006,
Marques et al., 2009), as well as its potential to inhibit the development of cancer (Jang et
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al., 1997). In mammals, there are seven members of the sirtuin family, classified as SIRT1-7
(Borra et al., 2005, Frye, 2000, Howitz et al., 2003). SIRT1 is a target of resveratrol and is
commonly studied because of its interaction with other pro-inflammatory molecules such as
NF-κB, IL-6, TNF-α and PPARγ (Shakibaei et al., 2011). SIRT1 acts as a NAD-dependent
deacetylase and has been found to regulate cellular processes such as metabolism and
apoptosis by modifying proteins (Frye, 1999, Sinclair & Guarente, 2006). Therefore, SIRT1
activity may be related to disease prevention and longevity by regulating ROS and
maintaining cellular integrity. In addition, SIRT1 also seems to play a role in glucose
metabolism in the liver, which is essential for glucose homeostasis (Rodgers et al., 2005,
Sun et al., 2007). Several studies have shown that resveratrol supplementation directly
suppress the release of pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6, IL-10,
MCP-1, IFNα, and IFNβ in a wide range of tissues, including the brain in rodents (Knobloch
et al., 2011, Liu et al., 2011, Lu et al., 2010, Mbimba et al., 2011, Yen et al., 2011).
Resveratrol also displays antioxidant activity in cell culture, contributing to a reduction in
inflammation. In laboratory conditions, resveratrol neutralizes free radicals and other
oxidizing molecules (Stojanovic et al., 2001). Studies have also found a powerful effect of
resveratrol in preventing lipid peroxidation, specifically low density lipoprotein (LDL)
(Brito et al., 2002). Improved endothelial function and enhanced cardioprotective effects
have been observed with resveratrol through its anti-inflammatory and anti-oxidant
properties on various animal models of myocardial injury, hypertension and type 2 diabetes
(Csiszar, 2011).

Initial clinical trials, mainly focused on determining the safety and tolerability, as well as the
pharmacokinetic and metabolism profiles of resveratrol, have suggested that doses of <1.0 g/
day seem to be safe and reasonably well tolerated (Patel et al., 2011). Nevertheless, the
therapeutic or protective effects of resveratrol have not yet been demonstrated although
several clinical trials are currently in process to test its effects on Alzheimer’s disease,
colorectal cancer, type 2 diabetes and metabolic syndrome (http://clinicaltrials.gov). A
recent study showed significant reductions in the generation of ROS and the expression of
proinflammatory cytokines, TNF-α and IL-6 and C - reactive protein, in mononuclear cells
from healthy adults with normal weight receiving 40 mg/day of a plant extract containing
resveratrol for 6 weeks (Ghanim et al., 2010). In addition to systemic administration, topical
application of resveratrol has been effective in reducing inflammation in response to
dermatological irritants (Fabbrocini et al., 2011). Interestingly, resveratrol treatment in
human adipose tissue explants was able to decrease gene expression of the inflammatory
adipokines IL-6, IL-8, MCP-1, IL-1β (Olholm et al., 2010). This is particularly exciting
given the fact that chronic inflammation in adipose tissue is implicated in metabolic
syndrome and obesity (Despres & Lemieux, 2006).

Rapamycin
TOR is another gene commonly studied as a target for CRMs that is present in all
eukaryotes, and its conservation seems to imply an essential role in homeostasis and
mediating longevity (Wullschleger et al., 2006). Mammals have one copy of TOR (mTOR)
with two distinct complexes, TOR complex 1 (TORC1), which responds to rapamycin, and
TOR complex 2 (TORC2), which does not (Wullschleger et al., 2006). Interestingly, yeast
have 2 TOR genes (TOR1&2) (Barbet et al., 1996). As a serine/threonine kinase protein,
TORs appear to be involved with cellular growth via regulation of protein synthesis,
especially during development due to nutrient sensing (Long et al., 2002b). Conversely,
TOR is also involved with cellular catabolism and macro-autophagy in yeast and higher
eukaryotes (Lum et al., 2005). This is particularly important since dysregulation of
autophagy is often associated with pathology and an altered inflammatory response.
Metabolic processes, specifically fat deposition, are also related to TOR signaling (Kim &

González et al. Page 9

Oral Dis. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://clinicaltrials.gov


Chen, 2004); therefore, benefits mediated through TOR may be the result of multiple areas
of regulation.

Rapamycin, a macrolide drug, works by binding the cyclophilin protein FKBP12, which
then binds and inhibits the function of mTOR (Gregory et al., 2006). In yeast, this
rapamycin-FKBP complex inhibits both TOR1 and TOR2, arresting cellular growth (Barbet
et al., 1996). In mice, it has been found that over-activity of TOR results in elevated levels
of ROS and that inflammation is mediated by cytokine release through TOR activation
(Chen et al., 2008, Chen et al., 2010). Consistently, rapamycin has been shown to prevent
ROS accumulation and subsequent inflammation and infection after transplantation surgery
in animals and humans (Ozdemir et al., 2011, Stepkowski et al., 1991). A recent study by
Song et al has shown that mTOR overexpression mitigates the consequences of pressure
overload in cardiomyocytes and that mTOR activation could reduce cytokine IL-6
expression, providing a reduction in inflammation and a cardioprotective effect (Song et al.,
2010). Moreover, rapamycin also acts as an immunosuppressant by suppressing T cell
activation and proliferation via mTOR (McMahon et al., 2011). Thus it appears that
rapamycin treatment may not be appropriate in all cases, and that more research is necessary
to understand the possible role for rapamycin as a CR mimetic.

Metformin
Insulin growth factor (IGF) genes are also considered a target of CRMs because of their well
established role in cellular proliferation differentiation and development, particularly during
the fetal stage but also in anabolic processes in adults (Lighten et al., 1998). Although there
are several members of the IGF family (IGF-I, IGF-II, somatomedin A, and somatomedin
C), IGF-1 and 2 are most commonly studied as the target of CR mimetics because of their
structural similarity to insulin (Kasuga et al., 1981). CR studies have used anti-diabetic
biguanides to target the insulin/IGF signaling pathway and have observed improved health
outcomes (Anisimov et al., 2008); one commonly used drug from this family is metformin
because of its specificity for IGF-1 (Scheiwiller et al., 1986). As a member of the biguanide
family, characterized by a structure of two linked guanidine rings, metformin appears to
work by inhibiting complex 1 of the respiratory chain and thereby preventing mitochondrial
oxidation (Owen et al., 2000, Witters, 2001). In addition to increased longevity, anti-
inflammatory benefits may result from this inhibition of ROS production. Furthermore,
metformin helps regulate blood glucose levels by decreasing hepatic glucose output and
enhancing peripheral glucose uptake (DeFronzo et al., 1991), possibly through a mechanism
that involves increased intestinal use and disposal of glucose, as well as reduced ROS
production and inflammation (Bailey & Turner, 1996).

Studies with metformin have shown that markers of inflammation, such as TNF-α, IL-6,
IFN-γ and NF-κβ decrease with its supplementation (Bergheim et al., 2006, Chen et al.,
2005, Hattori et al., 2006), and metformin effectively reduces high neutrophil levels in
women with polycystic ovarian syndrome (Ibanez et al., 2005). In addition to IGF-1, 5’
adenosine monophosphate-activated protein kinase (AMPK), which regulates energy
homeostasis and metabolic stress, is also activated by metformin (Hattori et al., 2006, Zhou
et al., 2001). Therefore, the anti-inflammatory effects of metformin may be due to activation
of multiple signaling pathways.

Although there are gaps in the research surrounding proposed CR mimetics, most of the
effective candidates seem to play a role in regulating metabolism and generation of ROS,
two processes that are undoubtedly intertwined. Thus far, regulation of SIRT, TOR and IGF
by CRMs, seems to be a promising target to investigate for the prevention of inflammatory
processes and promoting longevity. Continued investigation into these mechanisms will
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better serve our understanding of how they may reduce inflammation and thereby reduce the
incidence of various chronic diseases in the future.

Caloric restriction and periodontal disease
Periodontal disease is considered to be an inflammatory condition of the supporting
structures of the teeth that may result in destruction of connective tissue and bone leading to
tooth loss if left untreated (Tatakis & Kumar, 2005). A complex microbial biofilm, known
commonly as dental plaque, is thought to be the initiating agent for the development of
periodontal inflammation and the removal of the biofilm is important in controlling the
disease process (Haffajee et al., 2008). The oral cavity has proven to be an excellent
environment to study both the microbial colonization and formation of the plaque biofilm
and the inflammatory periodontal response that occurs in response to the plaque challenge.
Due to its ease of access, the oral cavity is frequently used for clinical, microbiologic, and
immunologic studies of the etiology and pathogenesis of periodontal disease. In addition,
animal studies have been used to explore the kinetics of the interaction between plaque
microorganisms and the periodontal tissues and its modification by topical and/or systemic
modulators of plaque formation and periodontal inflammation. Previous cross sectional
studies have noted that maintenance of normal body weight by a healthy diet and exercise
significantly reduces the prevalence and severity of periodontitis (Pischon et al., 2007).
However, there have been no studies of the effects of CR on periodontal infection,
inflammation, and disease in humans, although a recent series of studies, performed by our
group in non-human primates, have laid the foundation for future studies in humans
(Branch-Mays et al., 2008, Ebersole et al., 2008, Reynolds et al., 2009).

As part of a longitudinal investigation of the effects of CR on aging being conducted
through the National Institute on Aging (Ingram et al., 1990), we were invited to examine a
cohort of rhesus monkeys (Macaca mulatta) for the effects of CR on the clinical,
microbiologic, and immunologic characteristics of periodontal disease using a cross-
sectional experimental design (Reynolds et al., 2009). This study was then followed by a
prospective study, measuring the same parameters, using an experimental ligature-induced
periodontitis model to evaluate the kinetics of the development of periodontitis in CR and
control animals (Branch-Mays et al., 2008). The CR monkeys had been subjected to a 30%
reduction in dietary caloric intake relative to control animals for periods of 13–17 years
(Ingram et al., 1990). The CR diet was supplemented with minerals and vitamins up to
100% daily allowance for CR animals. The diet was supplemented once weekly with fresh
fruit for all monkeys.

Clinical, microbiologic and immunologic effects on the periodontium of long term
exposure to CR (Reynolds et al., 2009)

In this cross sectional study, we demonstrated that a long-term exposure to CR had a
significant effect on decreasing the severity of naturally occurring chronic periodontal
disease. CR males had significantly less periodontal pocketing compared to control males
with no differences between same sex CR and control monkeys for mean scores of plaque
index, calculus index, and bleeding on probing. In the absence of CR, males showed
significantly greater periodontal breakdown, as reflected by higher mean clinical attachment
level and periodontal probing depth scores, than females. Subgingival samples of the dental
plaque biofilms were evaluated by “checkerboard hybridization” using digoxigenin-labeled
whole genomic DNA probes to a panel 40 different representative oral bacteria (Socransky
et al., 1994), and by quantitative real-time polymerase chain reaction (qPCR) (Kirakodu et
al., 2008) for the following target periodontal pathogens: Aggregatibacter
actinomycetemcomitans, Porphyromonas gingivalis, Treponema denticola, Tannerella
forsythia, Prevotella intermedia, Fusobacterium nucleatum, and Campylobacter rectus.
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Using both methods, we were able to demonstrate that the CR diet had no demonstrable
effects on the subgingival periodontal microbiota in male or female monkeys.

The potential for CR to demonstrate an immuno-modulatory effect has been clearly
demonstrated and described in detail in previous sections of this review. In the cross-
sectional study of the effects of CR on the inflammatory response associated with
periodontal status, we assessed biomarkers of inflammation in gingival crevicular fluid
(GCF), which is a serum like transudate that can be collected from the periodontal pockets
around teeth with inflamed periodontal tissues, and contains molecules released as part of
the local and systemic inflammatory responses. The GCF is collected on paper strips
inserted into the periodontal pocket (Figure 3), and the molecules contained in the collected
fluid are eluted off the strips and evaluated by normal laboratory methods. CR males, who
had demonstrated a significant reduction in clinical probing pocket depth compared to their
controls, also demonstrated a significantly lower IgG antibody response and lower levels of
IL-8 and β-glucuronidase in GCF compared to control males. A similar, but non-significant,
reduction was found for IL-1β. In contrast, CR females, who had exhibited clinical measures
comparable to control females, also demonstrated a lower IgG antibody response, but with
comparable levels of inflammatory markers in GCF compared to control females. It was
therefore concluded from the cross-sectional study that a long term exposure to CR,
although having no effect on the periodontal microbiota, appears to have a modulatory effect
on the local immune responses and that this is associated with a reduction in the clinical
manifestations of periodontal disease in males, but not females. The gender effects on
inflammation and the immune response were also seen in serum analyzed from the same
animals (Ebersole et al., 2008). The results demonstrated that haptoglobin and α1-acid
glycoprotein, were elevated in serum of male monkeys versus females. Serum IgG antibody
responses to Campylobacter rectus, Aggregatibacter actinomycetemcomitans, and
Pophyromonas gingivalis were significantly elevated in female monkeys. While only the
antibody to Fusobacterium nucleatum was significantly affected by the CR diet in females,
antibody levels to Prevotella intermedia, C. rectus and Treponema denticola demonstrated a
similar trend.

A cross-sectional analysis of the effects of long term CR exposure provides us with the
potential impact of CR on disease progression. However, since the prevalence of periodontal
disease in this type of study is a single measure of what may be a series of disease events
that have taken place over an extended interval of time; these data give us very little insight
into how CR affects the kinetics of disease activity. An additional problem is that naturally
occurring periodontal disease in healthy non-human primates is a relatively rare occurrence
in young adults and is mainly observed in aged animals; the reason by which it has been
necessary to develop models that can induce periodontitis in healthy non-human primates.
The ligature-induced periodontitis model has been used extensively in New and Old World
non-human primates to facilitate the accumulation of microbial plaque on silk ligatures that
are placed at the cemento-enamel junctions of premolar and molar teeth (Kennedy & Polson,
1973, Madden & Caton, 1994, Page, 1982). In a follow up study to the one previously
described and in collaboration with the National Institute on Aging at the National Institutes
for Health, experimental periodontitis was induced in 55 young, healthy, adult rhesus
monkeys (Macaca mulatta) by tying 2.0 silk ligatures at the gingival margins of maxillary
premolar/molar teeth (Branch-Mays et al., 2008). The experimental animals were
maintained on a CR diet (30% CR; n=23) and were compared to ad libitum diet controls
(n=32). Clinical periodontal measures, including plaque (PLI), probing pocket depth (PD),
clinical attachment level (CAL), modified Gingival Index (GI) and bleeding on probing
(BOP), were taken at baseline and 1, 2, and 3 months after ligature placement. Significant
effects of CR were observed on the development of inflammation and the progression of
periodontal destruction in this model. When compared to controls, CR resulted in a
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significant reduction in ligature induced GI (p<0.0001), BOP (p<0.0015), PD (p<0.0016),
and CAL (p<0.0038). When viewed over time, periodontal destruction, as measured by
CAL, progressed significantly more slowly in the CR animals than in the controls (p<0.001).
An assessment of the effects of CR on inflammatory mediators in GCF (currently
unpublished data), demonstrated that CR had a significant effect on decreasing the
magnitude and kinetics of the inflammatory and humoral response molecules such as TGF-
β1, IL-1β, PGE2, IL-8, IL-6, RANTES, IgA, and IgG (Figure 4). In addition, there were
significant differences between male and female animals for PGE2, and RANTES in GCF
(Figure 5), confirming our gender differences from the cross-sectional study.

Calorie restricted diet programs have become extremely popular and successful and the
potential benefits for improving systemic conditions are becoming increasingly evident, as
described in previous sections of this review. However, little is known of the effects of a CR
diet on the initiation and progression of periodontal disease. The results of these preliminary
animal studies suggested that CR may have a significant effect on the progression of
periodontal disease and that this effect may be associated with selective local (periodontal
tissues) and systemic (serum) alterations in the magnitude and kinetics of the immune
response.

To implement diets with substantial food intake restriction appears to be a great challenge,
especially with a growing epidemic of obesity. More animal and clinical studies focused on
CRM are needed as the regulation of CRM-modulated cellular pathways appears to provide
promising results in the prevention and control of chronic inflammatory disorders including
periodontal disease.
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Figure 1. Calorie intake levels and inflammation
The normal balance between the production of oxidative stress (Reactive oxygen -ROS, and
Nitrogen-RNS species) and the antioxidant enzymatic system (superoxide dismutase-SOD,
glutathione-GSH, and thioredoxin-TRX) observed during a normal/healthy caloric intake
(A), is lost with either higher levels of calorie intake commonly observed in obesity or
during aging, which leads to the accumulation of oxidative stress and production of
inflammatory molecules and mediators (B). Caloric restriction would compensate the
balance by reducing production of oxidative stress and inflammation as well as enhancing
the production and activity of anti-oxidant enzymes and anti-inflammatory mediators.
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Figure 2. Molecular targets for caloric restriction mimetics
Normally, the target of rapamycin (TOR) pathway is activated by nutrients (Glucose and
amino acids), growth factors and insulin, which enhances the activation downstream of the
transcription factor nuclear factor kappa B (NFκB) that is critical regulator of the pro-
inflammatory gene expression. TOR is directly inhibited by rapamycin, and indirectly by the
oral anti-diabetic drug metformin and resveratrol, which activate AMPK, an important
inhibitor of TOR. The histone deacetylase, Sirtuin-1, considered a master metabolic
regulator (involved in Cholesterol and fat metabolism, and glucose homeostasis), exhibits
ability to modulate and control numerous transcription factors including de-acetylating
(inactivation) of NFκB with the consequent reduction in the transcription of pro-
inflammatory genes. Resveratrol also enhances activation of Sirtuin-1 (negative regulator of
NFκB) and inhibits PI3K and S6K (positive regulators of NFκB). The levels of nutrients and
insulin are reduced during caloric restriction which decreases activation of TOR pathway.
IGF-1R: Insulin growth factor type 1 receptor; IRS-1: Insulin receptor substrate-1; PI3K:
Phosphoinositide 3-kinase; PTEN: Phosphatase and tensin homolog; Akt: Serine-threonine
protein kinase; S6K: 70KDa protein kinase; ATP: Adenosine triphosphate; AMP: Adenosine
monophosphate; AMPK: 5’ adenosine monophosphate-activated protein kinase.
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Figure 3.
Collection of gingival crevicular fluid (GCF) from the periodontal pocket of Rhesus
monkeys using Periopaper absorbent strips.
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Figure 4.
Effect of caloric restriction on inflammatory mediators and IgA/IgG levels in gingival
crevicular fluid (GCF) during ligature-induced periodontitis in nonhuman primates. CON:
Control, CR: Caloric restriction.
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Figure 5.
Effect of gender on inflammatory mediators levels in gingival crevicular fluid (GCF) during
ligature-induced periodontitis in nonhuman primates under caloric restriction. F: Female, M:
Male.
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