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Glossary

Redox state: term widely used in the research field of free radicals and oxidative stress. It is
used to describe the ratio of the inconvertible oxidized and reduced form of a specific redox
couple. The redox state of a redox couple is defined by the half-cell reduction potential and the

reducing capacity of that couple. Notation for the status of a redox pair — GSSG/2GSH

[ T]

Nutraceutical: other names include “functional foods”, “pharmaconutrients” and “dietary
integrators” are terms used to describe nutrients or nutrient-enriched foods that can prevent or

treat diseases.

Inflammaging: characterized by the upregulation of the inflammatory response that occurs with
advancing age. It is believed to be the consequence of remodeling of the innate and acquired

immune system, resulting in chronic pro-inflammatory cytokine production.

Caloric restriction (CR): a dietary regimen that is based on lowering caloric intake without

malnutrition.

CR mimetics: nutraceuticals and pharmaceuticals that induced similar biochemical modification

as caloric restriction.

Keap1-Nrf2-ARE system: the major regulator of cytoprotective responses to oxidative and

electrophilic stress.

Rapamycin: a macrolide antibiotic produced by the bacteria Streptomyces hygroscopicus

Spermidine: is a polyamine formed from putrescine. It is found in almost all tissues in

association with nucleic acids.

Autophagy: describes the ability of the cell to separate parts of their cytoplasm to subject them

to lysosomal degradation.
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Mitophagy: specific autophagic removal of older and/or dysfunctional mitochondria.

Free radical: molecular species capable of being independent that contains an unpaired
electron in its atomic orbital. This makes them highly unstable and reactive; they can either

donate or accept an electron from other molecules resulting in oxidant or reductant behavior.

Dietary supplement. means a product intended to supplement the diet that bears or contains,
vitamin, a mineral, an herb or other botanical, an amino acid or a dietary substance used to

supplement the diet by increasing the total dietary intake.

Michael addition reaction: The 1,4-addition (or conjugate addition) of resonance-stabilized
carbanions. The Michael Addition is thermodynamically controlled; the reaction donors are
active methylenes such as malonates and nitroalkanes, and the acceptors are activated olefins

such as a,p-unsaturated carbonyl compounds.

Polypharmacy: the use of multiple medications and/or the administration of more medications
that a clinically indicated, can represent unnecessary drug use. Commonly reported among the

elderly.

Sirtuin: are nicotinamide adenine dinucleotide-dependent deacetylases that are highly
conserved from bacteria to human and SIR2 was originally shown to extend lifespan in budding

yeast. They are highly abundant in the skins of red grapes.
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CHAPTER |
Introduction
Aging and neurobehavioral functionality

As life span increases globally, so will the incidence of age related chronic diseases and their
associated costs. Changes in tissue structure and deterioration of functional capacity are almost
universal in the aged (Oh et al., 2014; Troen, 2003). These changes are notable in both
macroscopic and microscopic levels causing a decrease in healthy life span, and ultimately

costing the functional independence for older individuals.

The aging process can be divided (Akbaraly et al., 2013) into two categories, “normal” aging
and “successful” aging. The latter can be described as a multidimensional complex which has
three essential components, (i) lack of disease, (ii) engagement in life, and (iii) maintenance of
high cognitive and physical function (Kendig et al., 2014). To understand the factors affecting
this process necessitates the utilization of a two-pronged approach: intrinsic (genetic) vs.
extrinsic (non-genetic). The gene regulation theory suggests that senescence results from
modulation of gene expression (Martin, 1997). Although there is hard evidence that gene
expression does change with aging, it is unlikely that only changes in genetic expression directly
promotes aging. Emerging evidence suggests that both intrinsic and extrinsic approaches are
very important (Troen, 2003; Weinert & Timiras, 2003). Indeed, in most cases the increasing
homeostatic imbalance and incidence of pathology with aging is the result of genes that respond

to exogenous elements and thereby increase the chances of ending ones lifespan.

Some of the widely supported characteristics of normal aging include (1) increased mortality
with age after maturation, (2) changes in biochemical composition in tissues with age, (3)
progressive decrease in physiological capacity with age, (4) reduced ability to respond

adaptively to environmental stimuli with age, and lastly (5) increased susceptibility and
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vulnerability to disease (Troen, 2003). The compound effect of these characteristics results in a
dramatic increase in tissue/organ dysfunction and an array of age related degenerative
diseases, which encompasses both neurocognitive and cardiovascular systems. Even with an
advanced knowledge of the mechanisms related to aging, data from pre-clinical research have
are mainly from male cells and animals thereby hindering the progress of translational research
and the discovery of new targets (Cubala et al., 2008). Although the National Institutes of Health
(NIH) mandated the inclusion of female subjects in clinical trials in 1993, the inclusion of both
sexes in preclinical research is almost negligible. One of the primary arguments stated for sex
discrepancy in the preclinical phase is the high cost; however, the cost of finding gender
differences during clinical trials surpasses any amount of money spent during the preclinical
phase (De Vries, 2004). The common assumption is that sex differences are majorly hormone
dependent, however the phenomenon of sexual dimorphism is equally important to sex

differences reported with disease (Morrow, 2015).

Indeed, a recent study on bone marrow chimeras of XX and XY™ gonadal female mice in
which the sex chromosome complement of the reconstituted immune system was varied
independently of that in the brain reported a significant gender difference. When these mice
were tested on several behavioral tests, including tests for motor dysfunction (rotorod test); mice
with XY chromosomes in the central nervous system (CNS) had greater neurodegeneration
than those with XX chromosomes (Du et al., 2014). Furthermore, there has been extensive
research on the role of sex steroid hormones, particularly the role of estrogen and testosterone
in neuroprotection (Pike et al., 2009; Spence & Voskuhl, 2012; Wise, 2002). With mounting
evidence of adverse consequences for women’s health from translating male sex-biased
preclinical research for improvements in human health(De Vries, 2004); it is becoming
increasingly clear that future preclinical aging studies taking sex into account as a variable can

improve the reproducibility of research results (Beery & Zucker, 2011; Clayton & Collins, 2014).
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Sexual dimorphism and its influence on oxidative stress is widespread in the animal kingdom
(Bokov 2008). The increase in oxidative stress with aging has been implicated as one of the
main causes for the decline in neurobehavioral functionality (Dringen, 2000; Forster et al., 1996;
Gault & Willems, 2013; Gemma et al., 2007). Additionally, the oxidative stress theory of aging
also is one of the most well tested non-genetic theories of aging (Balaban et al., 2005; Finkel &
Holbrook, 2000; Popa-Wagner et al., 2013; Salminen & Paul, 2014). Several reports on
pathological disorders have suggested age associated increases in oxidative stress to be a

causative factor for tissue damage.

Oxidative stress and aging

Reactive oxygen species (ROS) are reactive free radicals that are either the byproducts
of oxidative phosphorylation and other incomplete reductive processes or produced specifically
by the NADPH oxidase (NOX) family of enzymes. A free radical is an atom or molecule with a
single unpaired electron. The presence of an unpaired electron makes it highly reactive and
unstable due to its affinity for other free electrons, resulting in a chain reaction (Kalyanaraman,
2013). A chronic oxidative imbalance in the body has been implicated in the oxidative stress
theory of aging (Finkel & Holbrook, 2000; Gemma et al., 2007; Harman, 1956). However, ROS
in moderate levels are pertinent mediators of several normal physiological processes in a
developing body, which include killing invading pathogens and wound healing (Kalyanaraman,
2013; Popa-Wagner et al., 2013; X. Wang & Zhao, 2009). The “free radical theory of aging” has
been modified in recent years to propose, “the redox stress theory of aging” in order to
accommodate the idea that it is the imbalance of pro-oxidants to antioxidants that deranges
cellular mechanisms and causes oxidative damage. Mitochondria are the primary intracellular
site for oxygen consumption with around 0.1 to 1% of the consumption funneled to ROS
production making it the main site for the pro-oxidant production. Complex | and Il on the

electron transport chain are the major producers of free radicals. Due to the increase in
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production and accumulation of free radicals in the mitochondria with age, the term
“mitochondrial free radical theory of aging” (MFRTA) is now also widely accepted as a plausible

theory of aging.

In normal physiological conditions as described by Carmeli and colleagues, an ideal “golden
triangle” exists which represents the redox state where oxidants, antioxidants and endogenous
biomolecules such as proteins are in place at each apex in a balanced equilibrium (Carmeli et
al., 2002). However an oxidative imbalance perturbing the balanced equilibrium is detrimental to
protein function as it increases susceptibility to protein fragmentation, formation of protein-
protein cross linkages, oxidation of amino acid side chains and generation of carbonyl
derivatives (Berlett & Stadtman, 1997). Aerobic organisms have an intricate antioxidant system,
which includes both enzymatic and non-enzymatic detoxification mechanisms as well as an
adaptive mechanism such as the nuclear factor erythroid-derived 2 related factor (Nrf2) system
that regulates antioxidant gene expression (Motohashi & Yamamoto, 2004; Satoh et al., 2013;
Zimniak, 2011). In normal conditions, these mechanisms are the mediators that balance the
ROS production. Endogenous enzymatic antioxidants include superoxide dismutase (SOD),
catalase (CAT), and the glutathione peroxidases (GSH-Px). Small molecular non-enzymatic
antioxidants include Vitamin E and C, glutathione, ubiquinone, and also beta-carotene
(Kalyanaraman, 2013; Salminen & Paul, 2014). Based on the “golden triangle” physiological
equilibrium, it is not the presence of ROS that causes the severe oxidative stress resulting in
protein damage reported with aging but perhaps the homeostatic imbalance between ROS

production and the endogenous antioxidant defenses (Fusco et al., 2007; Suh et al., 2004).

Most of these enzymatic antioxidant reactions are cytosolic, may require multiple
antioxidants to detoxify certain ROS and are usually present at very low concentrations. The
Keap1-Nrf2-ARE is an endogenous antioxidant system that is activated by mild to moderate

levels of stress induced ROS (Motohashi & Yamamoto, 2004). In a state of mild to moderate
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stress, the conformation of Keap1 changes due to modification of its cysteine residues
undergoing a Michael addition reaction (Nguyen et al., 2009). The conformational change in
Keap1 breaks the bond between Keap1 and Nrf2 releasing a phosphorylated Nrf2, which then
undergoes nuclear translocation where it binds to and induces the transcription of antioxidant
response elements (ARE)(Itoh et al., 2015; Petri et al., 2012; Satoh et al., 2013). The induction
of ARE results in the upregulation of endogenous antioxidant enzyme synthesis as well as an
increased production of detoxification enzymes(Itoh et al., 2015; Sykiotis et al., 2011)The
induction of glutamate cysteine ligase catalytic (GCLc) is one of the important enzymes
expressed via activation of ARE(Bea et al., 2003; Mani et al., 2013). GCLc is a member of a
family of antioxidant/detoxification enzymes that is important to maintain cellular redox
homeostasis and reduce oxidative damage. GCLc is a rate-limiting enzyme in glutathione (GSH)
synthesis. GSH is a major intracellular antioxidant in mammals and is the body’s principal non-
protein thiol tripeptide and the liver is the major site of its synthesis (DelLeve & Kaplowitz,

1990).

The redox state of a cell depends on the relative amounts of the reduced to oxidized forms of
glutathione (GSH/GSSG) (Zhang et al., 2012). This ratio has been commonly used in clinical
studies as a sensitive marker for systemic oxidative stress. Depletion of glutathione or a
decrease in its redox state has been implicated in several age-associated pathologies such as
Alzheimer’s disease (AD) and Parkinson’s (PD) as well as normal aging itself (Bermejo et al.,
2008; Zhu et al., 2006). Glutathione is produced in all major organs as well as organelles
including the mitochondria where it can neutralize both superoxide and converts hydrogen
peroxide to water and oxygen eliminating the creation of more ROS. Glutathione also protects
cell membranes from oxidative damage and helps maintain the sulfhydryl groups of many
proteins in the reduced form, which is a requirement for their normal function (Dringen, 2000). In

regular physiological conditions, the glutathione redox couple is present in mammalian cells in
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concentrations between 1 and 10 mM, with the reduced GSH presiding over oxidized GSSG
(Pastore et al., 2003). However, under constant oxidative stress and accumulated oxidative
damage as seen with normal aging or age related diseases, a significant decrease in
antioxidant defense related to a depletion of intracellular reduced GSH and its ratio has been
reported (Rebrin et al., 2011; Robillard et al., 2011; Zhu et al., 2006). Lang et al 1992 observed
a significant reduction of GSH in erythrocytes in healthy aged individuals, independent of their
gender (Lang et al., 1992). This is because with aging, the enzymes that synthesize GSH which
include GCLc and GSH synthetase do not concomitantly increase but actually decline in many
tissues. In fact, Suh et al 2004 reported a 50% decrease in both Nrf2 expression and GCL
activity in the liver between young and old rats solidifying the notion that one potential
mechanism underlying the loss of GSH synthesis in older organisms is a decline in Nrf2

mediated transcription of GCL protein (Suh et al., 2004).

NADPH oxidase, called the NOX family enzymes, has also been implicated in the
oxidative stress theory of aging. The phagocytic NOX, most well-known among the NOX family
enzymes, uses ROS in the form of oxidative bursts to kill invading pathogens (Cheng et al.,
2004; Kalyanaraman, 2013). However, these enzymes have been reported to play a deleterious
role in several age related pathologies since their only known function is to generate ROS,
primarily superoxide and hydrogen peroxide. And even though a decrease in the ability of
macrophages to produce ROS has been observed with aging, there is an overall increase in the
oxidative bursts due to an increased incidence of age-associated pathologies. Since hydrogen
peroxide is a non-polar molecule, it can easily diffuse through membranes and convert to highly
potent hydroxyl radicals or superoxide in other cells and amplify oxidative damage already

present in the organism (Krause, 2007).

Based on existing literature and data on the pathology of age associated oxidative stress,

there are three main sources for this homeostatic imbalance of the aging body’s reductive-
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oxidative system: (1) accumulated oxidative damage in the mitochondria and mitochondrial DNA
leading to mitochondrial dysfunction and overall increased production of ROS, (2) increased
activity of NOX enzymes therefore increased production of superoxide anion and (3) an overall

decreased effectiveness of the body’s antioxidant system.

If the “free radical theory of aging” were to hold true, and if accumulated oxidative
damage and depleted antioxidant capacity were the reason behind aging; then the use of
antioxidant supplementation could hypothetically restore diminishing cellular defense and

prolong the integrity of neurobehavioral functionality.

Inflammation and aging

The proper functioning of the immune system is an indicator of health and longevity. A
positive relationship has been reported between the function of Natural killer (NK) cells, T
lymphocytes and longevity. However, this beneficial functioning of the immune system declines
with aging. Aging of the immune system has been linked to an increase in the production of pro-
inflammatory cytokines like tumor necrosis factor (TNF-a) (De la Fuente et al., 2005; De, Ia,
Fuente, M., 2008). This phenomenon is often referred to as “Inflammaging” and is considered a
major contributor to age related chronic disorders such as AD and PD (Franceschi & Bonafe,
2003; Hardeland et al., 2015). With aging, the body suffers from attenuation in autophagy
resulting in lower organelle turnover and decreased restoration to healthy tissue, which
progressively increases oxidative stress leading to the buildup of chronic inflammation
physiologically (Green et al., 2011). The continuous systemic inflammation is a result of the
persistence and lack of clear resolution for when tissues are unable to overcome the effects of
harmful agents leading to severe tissue deterioration without any relevant symptoms for years.
Usually this kind of damage accumulates over time therefore inflammaging or inflammation
during old age is a problem because just like oxidative stress, it also occurs due to a

homeostatic imbalance. Franchesi et al’'s 2000 classic paper on “Inflamm-aging” provides an
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interesting evolutionary perspective to the rise in inflammation reported with aging. Their
argument for this gross augmentation of inflammation with aging is the result of an adaptive
capacity at the organismal level due to a mixture of old; conserved macrophages and newer
evolutionary lymphocyte centered immune response. They further expand on this theory by
stating that proinflammation is a characteristic of both successful and unsuccessful aging and
that this is dependent on a pathological threshold. Those who age successfully take a longer

time to reach this pathological threshold (Franceschi et al., 2000).

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. The
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) transcription factor has
been reported to be the master regulator of inflammatory processes and is extremely sensitive
to oxidative stimuli. NF-kB activity is modulated by upstream signaling pathways, which include
IKKB. The activated IKK complexes phosphorylate the IkB subunits of NF-kB leading to the
degradation of IkB allowing the nuclear translocation of NF-kB and induction of proinflammatory
transcription. In normal conditions, NF-kB activation in response to oxidative stimuli is for a
shorter period and this reaction stops once the area of injury is protected. However, in the
context of aging, this input signal is not well controlled and the NF-kB transcription factor
remains activated. In fact, some of the NF-kB induced proteins like Tumor necrosis factor-a
(TNF-a), Interleukin 1 Beta (IL-1B) and Interleukin 6 (IL-6) themselves are potent NF-kB
activators and form an auto-activating loop (Fisher et al., 1996; Handel et al., 1995). Several
studies on the redox sensitive state of NF-kB have consistently reported increased NF-kB
activity with aging in a variety of tissues, which include heart, liver, kidney as well as the

brain(Csiszar et al., 2008; Donato et al., 2009; Lanzillotta et al., 2015)

In human studies, circulating levels of pro-inflammatory cytokines increase during aging

with increased concentrations of IL-6, TNF-a and IL-13 with aging reported in both the periphery
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as well as in the brain(Sankowski et al., 2015; Winklewski et al., 2015). Aging is also associated
with increased levels of C-reactive protein (CRP). IL-6 can induce CRP production from
hepatocytes by activating the Janus Kinase (JNK) pathways (Black et al., 2004). IL-6 and CRP
as well as IL-1B plasma concentrations significantly rise with age associated disease conditions
in the elderly. In fact, all three of these cytokines have been reported to share a positive
correlation with cognitive and motor dysfunction in aged individuals. Indeed, Sweat et al. 2008
reported a positive correlation between CRP levels and cognitive dysfunction in middle-aged
obese women (Sweat et al., 2008). With the proposal of the inflammatory hypothesis of aging by
Mc Greer et al 1999, it is now well known that the activation of microglia signifies a primary
neuroinflammatory state which is followed by leukocyte invasion as a secondary phenomenon
(E. McGeer & McGeer, 2010; P. McGeer & McGeer, 1999). Several studies have suggested this
mechanism of action to influence both AD and PD pathogenesis (Anastasio, 2015; Dheen et al.,

2007; Polazzi & Monti, 2010; Wilms et al., 2007).

Inflammaging is a pathological phenomenon, which perturbs normal neurobehavioral
function and hinders day-to-day living for the elderly. That being said, using anti-inflammatory
agents during the course of aging may potentially ameliorate or prevent some of the damaging
effects on tissues. Furthermore, the reciprocity in the relationship between oxidative stress and
chronic inflammation results in a vicious cycle, which without intervention can exacerbate tissue
damage. Potential anti-aging therapies should possess both anti-oxidant and anti-inflammatory
actions in order to slow normal and pathological aging and its associated neurobehavioral

dysfunction.
Dietary interventions

Interventions that encompass both antioxidant and anti-inflammatory activities will be most
beneficial in ameliorating or even preventing age associated pathologies potentially leading to

prolonged integrity of neurobehavioral functions. Dietary interventions, modifications and/or
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supplements serve as an attractive avenue for the treatment of age-associated diseases, as
they are easily accessible to everyone. Indeed, several large-scale comprehensive life style
interventional studies such as the one conducted at North Karelia, Finland reported that dietary
change was the maijor factor in the cardiovascular risk reduction compared to pharmacotherapy
(Vartiainen et al., 1994). Further, human and animal studies have suggested a bi-directional
relationship between energy intake and brain function (Stranahan & Mattson, 2008), wherein,
excessive energy intake impairs function, and dietary energy restriction enhances function.
Underlying mechanisms for this unique relationship converges on changes in plasticity and
neurogenesis. Obesity, which is a common consequence of excessive caloric intake, can
accelerate brain aging as well as the risk for neurodegenerative diseases and stroke (Kanoski et
al., 2010). Caloric restriction however can protect the brain against aging and delay the onset of

neurobehavioral dysfunction.

Caloric Restriction

Lifelong caloric restriction (CR) (usually 20-40% of ad libitum intake) or intermittent short
term fasting has long been shown to prolong both the mean and maximum life span of several
organisms including rodents (Sohal & Weindruch, 1996; Turturro et al., 1999; Yu, 1996).
However, the life span data for primates and humans have so far been inconclusive (Cava &
Fontana, 2013; Colman et al., 2014; Mattison et al., 2012). Despite the differences in longevity
data, CR has consistently demonstrated improvement in functionality with an overall
improvement in health and lower incidences of metabolic diseases, cancer and
neurodegenerative disorders across all species (Kuhla et al., 2014; Meydani et al., 2011; Noyan

et al., 2015; Trepanowski et al., 2011).

Several theories have been put forward to explain the anti-aging effects of CR, some of
which include increased autophagy and attenuation of oxidative stress. Caloric restriction

increases mitochondrial biogenesis as well as both whole cell turnoever (autophagy) and
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mitochondrial turnover (mitophagy) via inhibition of the mammalian target of rapamycin complex
1 (mTORCH1) resulting in a higher organelle turnover as well as quantitatively and qualitatively
healthier cells and mitochondria (Haigis & Guarente, 2006; Madeo et al., 2014; Wallace et al.,
2010). CR results in an acute depletion of nutrients and is accompanied with a rapid decline in
cytosolic acetyl coenzyme A (AcCoA) levels leading to the deacetylation of proteins (Marino,
Pietrocola, Madeo et al., 2014; Marino, Pietrocola, Eisenberg et al., 2014; Schroeder et al.,
2014). Secondly, the activity of the transacetylases is suppressed and finally deacetylases, such
as sirtuins are activated. This cascade of events is crucial for the activation of both AMP kinase
and the inhibition of MTORC1 ultimately stimulating autophagy and is primarily hypothesized to
be responsible for the extension of lifespan (Eisenberg et al., 2014). The latter hypothesis has
been a consistently reproducible action of CR along with the widely ascertained anti-oxidative
action that remains in line with the oxidative stress hypothesis of aging. Indeed, several studies
have reported CR to stabilize mitochondrial function and improve redox state in several organs
including the brain (Dkhar & Sharma, 2014; Radak et al., 2013). It has also been noted than
rodents on long term CR had a lower percentage of ROS production attributed to a shift from
carbohydrate oxidation to fatty acid oxidation due to nutrient deprivation (Anderson &
Weindruch, 2010). CR prevents ROS production by increasing FADH2 relative to NADH thereby
bypassing ROS generation at Complex |, which has been reported to be one of the primary sites

of ROS production (Murphy, 2009).

Following a CR paradigm not only helps with weight loss but also maintaining a healthy
weight (Harvey-Berino, 1999). Varady KA reported a 10-20% decrease in total fat mass for
overweight individuals undergoing 15-20% caloric restriction daily for 3 months (Varady, 2011).
Obesity is one of the maijor risk factors for accelerated age related neurodegenerative disorders
as well as can cause overall functional decline(Anstey et al., 2011; Spielman et al., 2014; Sturm

& Hattori, 2013; Toda et al., 2014; Winklewski et al., 2015). This epidemic of overweight and
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obesity developing in the 21° century throughout the world has been predicted to increase
mortality rates (Olshansky, 2005). In humans, CR can provide major and sustained beneficial
effects against obesity, as well as inflammation and oxidative stress. Studies of the CR
paradigm on both vertebrates and invertebrates have yielded successful results of weight loss,
improvement in overall functional capacity to increased life span (Cava & Fontana, 2013;
Timmers et al., 2011; Varady, 2011). Some human CR studies have also reported reduced low-
density lipoptrotein, CRP, blood pressure, and an overall decline in developing cardiovascular

disease.

The long term study of CR is best exemplified in the study of the World war Il Okinanwan
population involuntarily adjusted to a lower calorie diet during their life time due to a shortage of
food (Wilcox 2004, 2007, 2010). This low calorie diet was nutritionally dense with regard to
phytonutrients such as flavonoids and antioxidants. Food intake data from the Okinawans
indicate almost a 20% CR during their lifetime compared to the Japanese average. Medical data
indicate phenotypic effects of CR such as low body mass index and minimal body fat. In
addition, this population shared lower disease specific mortality rates such as cardiovascular
disease and multiple types of cancers. However, this traditional beneficial Okinawan diet
underwent a massive change post WWII with a shift towards higher energy dense foods of
lower quality due to increasing westernization. In recent years, the younger Okinawan
generation actually suffers from high rates of obesity and metabolic syndrome. Long-term CR
studies of humans are extremely challenging and endpoints such as life span are not tenable.
For maximum benefit, individuals would have to reduce their caloric intake regimen by roughly
30 percent, which is equivalent to dropping from 2,500 calories to 1,750 calories a day (Lane et
al., 2002). Furthermore, the applicability of a CR paradigm in humans would be minimally
successful due to compliance issues especially the requirement to adhere to such a harsh

regimen for years on end. Indeed, studies have reported that only 20% of overweight individuals
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are capable of losing and maintaining 10% of their weight for a period of at least a year (Allison
et al., 2014; Thomas et al., 2014). Most end up gaining even more weight than their body weight
from when they started the regimen. The trend of high calorically dense dietary intake is globally
spread out. With the increasingly availability and ease of a calorically dense nutrition,
implementation of a CR paradigm may be difficult which makes the search for an alternative
therapy or a pill that mimics the physiological effects of CR without having to eat less,

imperative (Madeo et al., 2014).

The availability of natural (also called nutraceuticals) or synthetic pharmacological
agents/compounds could potentially be used to induce the beneficial effects of CR without
provoking the discomforts such as weight loss. The term nutraceuticals was first coined or
established in Japan; it is also commonly referred to as “functional foods” and is one of the
fastest growing segments of the food industry. However, this sector is not FDA regulated. In
order to fall under FDA'’s classification of functional foods or nutraceuticals, these food items
have to loosely satisfy 3 categories, (1) they should be from naturally occurring ingredients, (2)
they can be consumed as part of the daily diet and (3) when ingested, they should increase or
modulate biological processes or mechanisms to prevent or control an ailment (Hardy, 2000).
Several prominent CR mimetics includes nutraceuticals and activate CR affected pathways and
can mimic the low glucose environment to induce depletion of AcCoA. Resveratrol, a popular
nutraceutical has been reported to activate sirtuins. Likewise, other nutraceuticals such as
epigallocatechin gallate (EGCG) from green tea has also been reported to induce autophagy via
inhibition of acetylation. Table 1 displays the properties of nutraceuticals and other
pharmacological agents being currently studied to investigate their CR like effects and
mechanisms of actions. Curcumin, the polyphenol of interest for the following studies, is
extracted from the rhizome of Curcuma Longa and has been reported to have CR like properties

of inducing autophagy via its ability of reducing acetylation of histones (Kang et al., 2006;
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Sunagawa et al., 2011) as well as its strong anti-proliferative effects on several cancer
lines(Rao et al., 1995; Sharma et al., 2001) as well as extend lifespan in invertebrates(Suckow
& Suckow, 2006). It has also been reported to exert strong anti-oxidant and anti-inflammatory

properties making it an ideal candidate for a CR mimetic.
Curcumin

Turmeric is one of the most widely used spices throughout the world, evident from the
variety of names it has been given; has a rich history as a dietary spice and herbal supplement
in both ancient China and India (Goel et al., 2008; Gupta et al., 2013; Lee et al., 2013). The
active component responsible for the vibrant yellow color of the spice is called curcumin.
Curcumin has been indicated as the key component responsible for the major therapeutic
properties attributed to turmeric, which include anti-oxidant, anti-inflammatory, anti-mutagenic,

anti-microbial activities amongst others (Anand et al., 2011; Shehzad et al., 2011)

Due to its multi-faceted pharmacology, extensive effort has been put towards the
possibility of using curcumin to treat or prevent neurodegenerative diseases for which age is the
main risk factor(Bigford & Del Rossi, 2014; Mourtas et al., 2014; Siddique et al., 2014). These
include AD, PD and cerebrovascular disease, which cause major cognitive and motor
dysfunction and for which treatment with curcumin has provided encouraging results on
experimental models. The presence of both oxidative stress and inflammation around neurons
and glial cells has been previously associated with brain aging and injury (Polazzi & Monti,
2010). Curcumin’s molecular structure and its ability to cross the blood brain barrier provide a

promising avenue for neuroprotection (Anand et al., 2008; Anand et al., 2011).

Turmeric consists of three important analogues, curcumin, demethoxycurcumin (DMC)
and bisdemethoxycurcumin (BDMC). Curcumin, also known as diferuloylmethane, is a low
molecular mass polyphenol compound and is the most abundant amongst the three making up

about 77% of the curcuminoids (Lee et al., 2013). It also has been reported to have better anti-
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oxidant and anti-inflammatory action compared to the other two curcuminoids. Curcumin
consists of two aryl rings containing ortho-methoxy phenolic OH groups that are symmetrically
linked to a B-diketone moiety (Fig 1b). The occurrence of intramolecular hydrogen atoms
transfer at the pB-diketone chain of curcumin leads to the existence of keto and enol tautomeric
conformations in equilibrium. It is the o-methoxy groups that make curcumin a strong radical
scavenger. The hydrogen bonding interaction between the phenolic OH and the o-methoxy
groups in curcumin greatly influences the O-H bond energy as well as the hydrogen atom
abstraction by free radicals (Esatbeyoglu et al., 2012). Curcumin also has potent chelating
power due to both its o-methoxy groups and diketone moiety. The p-diketone moiety itself is a
Michael reaction acceptor which allows curcumin to suppress NF-kB activity is the major
transcription factor involved in the production of pro-inflammatory cytokines (Fig 1a) (Anand et
al., 2008; Anand et al., 2011; Fujisawa et al., 2004). In addition, the scavenging of free radicals

also leads to a decrease in inflammation.

Along with curcumin’s molecular structure enabling it to be a strong antioxidant, its
binding ability to Keap1 makes it a strong Nrf2 inducer. Curcumin has been reported to change
the conformation of Keap1, allowing for nuclear translocation of Nrf2 and interact with
antioxidant response elements (ARE). This gives rise to phase Il antioxidant genes which
includes enzymes that synthesize glutathione (Esatbeyoglu et al., 2012; Trujillo et al., 2014).
The GSH based redox regulation is the body’s frontline defense system to combat oxidative
stress. Taking into account curcumin’s strong anti-inflammatory and anti-oxidant actions, an
increasing number of studies have been conducted to test its effects on a wide range of
diseases including cancer tumorigenesis and neurodegenerative disorders (Bar-Sela et al.,

2010; Begum et al., 2008; Hickey et al., 2012).

Curcumin’s ability to cross the blood brain barrier makes it a suitable compound to test

for age associated brain pathologies that include AD and PD, which impact both cognitive and
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motor function (Begum et al., 2008). Indeed, several studies conducted on transgenic rodent
models of neurodegenerative disorders have yielded positive results (Begum et al., 2008;
Hickey et al., 2012; Siddique et al., 2014; M. S. Wang et al., 2010). However, to date there are
only five studies that have investigated the effects of curcumin on oxidative stress and
inflammatory markers in normal aging(Calabrese et al., 2007; Jayasena et al., 2013; Kim et al.,
2008; Rossi et al., 2008) and only two that have studied its effects on cognitive and motor

dysfunction evident with normal aging (Ataie et al., 2010; Dong et al., 2012)
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Goals of current research

Aging is characterized by a progressive decline in multiple physiological functions i.e.
functional aging/decline. As organisms age, they exhibit a gradual loss in both cognitive and
motor activity, but the underlying mechanisms may be influenced by both genetic and
environmental factors. Further, genetic and environmental variances exist due to individual
differences in compensatory mechanisms to combat aging processes. However, extensive
studies have reported on the impact oxidative stress and inflammation have on age associated
decline in neurobehavioral functionality. Although major gender differences have been noted
with certain age associated neurodegenerative and cardiovascular disorders, application of
dietary interventions that have both anti-oxidant and anti-inflammatory properties may to some

extent improve functional capacity whilst delaying the aging process.

An extensive review of epidemiological literature on age-associated pathologies strongly
suggests accrual of inflammation and oxidative stress during mid-life to be strongly linked to
functional decline (Akbaraly et al., 2013; Anstey et al., 2011; Olshansky, 2005; Sturm & Hattori,
2013; Toda et al., 2014; Winklewski et al., 2015). Indeed, even in invertebrate species such as
C. elegans, which has been widely used a model for aging, Liu et al 2013 reported that the
deterioration of body-wall muscles, which were previously thought to undergo progressive
functional aging, does not manifest such a decline until mid-late life (Liu et al., 2013). This
information suggests that an anti-aging intervention during late mid-life could carry immense

potential for the prevention or alleviation of functional decline in late life.

Caloric restriction has been widely studied as an anti-aging therapy and has yielded
positive results in several species. So far, individuals who practiced lifelong CR for example the
Okinawans not only lived a longer life than average; they also had lower levels of inflammation
and oxidative stress. These individuals also enjoyed a good amount of functional capacity when

compared to age matched individuals from other places. However, the Okinawans did not
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practice voluntary caloric restriction and were forced to these dietary conditions due to scarcity
of food during WWII. It would be difficult for individuals to follow a strict lifestyle or dietary
modification especially with the overabundant accessibility of food. Although the beneficial
effects of CR are well known, it is difficult to translate this regimen and presents a huge
challenge in clinical practice. With the recent surge in studies being conducted on compounds
that can mimic the beneficial effects of caloric restriction with minimal changes in eating habits,

curcumin could potentially be a sustainable alternative to CR.

There has, however, been a lack of studies on curcumin and its effects on
neurobehavioral dysfunction reported with normal aging. The first project explored midlife
obesity as a causative factor for accelerated age associated cognitive impairment. Curcumin
was tested as an anti-angiogenic, weight loss therapeutic (Fig 2) and caloric restriction was
implemented as negative control. Furthermore, there has also been a lack of reports on the
impact of both caloric restriction and curcumin on females and since there are gender
differences in age associated pathologies and progression of neurobehavioral functional
decline, it is imperative that these questions are answered. While beneficial effects of CR have
previously been established, the studies undertaken for this dissertation also addresses the
possibility that curcumin and CR implemented concurrently can have additive beneficial effects,
or lead to improvements in more domains of age-related impairment than either intervention
alone (Fig 3). Longitudinal clinical studies suggest a significant gender-dependent risk for
cognitive impairment, inflammation, and oxidative stress. To address possible gender-
dependent outcomes in the preclinical setting for combination interventions, the latter study
included both male and female mice. Finally, with the analysis of collected serum for
inflammatory and oxidative stress markers, the results from the current study can provide

information useful in a translational intervention study.
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FIGURE 1: (a) Curcumin binds to IKKB preventing the phosphorylation of IkB and inhibiting the
nuclear translocation of NF-kB. (b) Hydroxyl groups flanking the molecule donate hydrogen to
neutralize free radicals. The O-methoxy groups provide steric hindrance and the 3 diketone

bridge provides stability preventing curcumin from becoming a free radical itself.
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Table 1: Biochemical and functional characteristics of caloric restriction mimetics
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Table 1: Biochemical and functional characteristics of caloric restriction mimetics

Compound Origin and use CR-like mechanism Preclinical effects References
Rapamycin Immunosuppressant | Inhibition of mammalian | e Extension of maximal lifespan, larger effect (Anisimov, Zabezhinski et
therapy. target of rapamycin sizes in females. al., 2011; Chen et al.,
complex 1 (MTORC1). | ® Improves cognition in aging mice. 2009; Harrison et al.,
e Decreased number of tumors. 2009; Miller et al., 2011)
¢ Increases autophagy.
Resveratrol Polyphenol primarily | Activation of SIRT1 and | e Extension of lifespan of mice on a high fat diet. | (Baur et al., 2006; Baur &
found in red wine inhibition of ¢ Reduced adipogenesis and enhances insulin Sinclair, 2006; Howitz et
(skins of red phosphodiesterase 4 stimulated glucose uptake. al., 2003; Ramis et al.,
grapes). activating AMPK. e Improvement in insulin resistance. 2015; Stefani et al.,
Upregulates Nrf2. o Improves working memory in older Wistar rats. 2007)
¢ Increases autophagy
Inhibits
cyclooxygenase.
Metformin A biguanide Indirect activation of e Decreases hepatic glucose production. (Anisimov, Berstein et al.,
antidiabetic drug, AMPK via mild to ¢ Extension of lifespan in C. elegans. 2011; Batandier et al.,

first line of choice
for the treatment of
type Il diabetes.

moderate inhibition of
complex 1in ETC.
Inhibition of MTORCH1.
Upregulation of Nrf2.

¢ Slight increase in lifespan in certain strains of
mice. Moderate improvement in cognition in
certain strains of mice

2006; Cusi et al., 1996;
Owen et al., 2000;
Patrone et al., 2014)

Epigallocatechin

Most abundunt

Inhibition of NF-kB

¢ Antioxidant and anti-inflammatory effects.

(Khurana et al., 2013; Li

3-gallate catechin in green nuclear translocation ¢ Reduced weight gain and insulin resistance in et al., 2004; Schneider &
tea, can cross blood | and acetylation. mice receiving a high-fat diet. Increases Segre, 2009; Y. Wang et
brain barrier. neurogenesis in adult hippocampal progenitor al., 2012)
cell cultures.
¢ Reduces microglia activation. Increases
autophagy
Spermidine Naturally occurring Nrf2 activation. ¢ Antioxidant and anti-inflammation, pro- (Eisenberg et al., 2009;

polyamine, also
found in in food
such as fermented
soybean and wheat
germ.

Inhibition of MTORC1
and acetyltransferases.

autophagy.

e Improvement in age related memory
impairment in flies.

¢ Delays age related decline in locomotor activity
in mice.

¢ Increases autophagy.

Kaeberlein, 2009;
LaRocca et al., 2013;
Soda et al., 2013)
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FIGURE 2: Potential anti-angiogenic mechanism of curcumin and downstream effects. Shrinkage of adiposity results in attenuation of

systemic inflammation and oxidative stress and prevents obesity associated cognitive dysfunction
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Abstract

Background. Dietary curcumin was studied for its potential to decrease adiposity and reverse
obesity- associated cognitive impairment in a mouse model of midlife sedentary obesity.
Objective. We hypothesized that curcumin intake, by decreasing adiposity via its antiangiogenic
effect, would improve cognitive function in a manner comparable to caloric restriction (CR), a
weight loss regimen. Methods. 15-month-old male C57BL/6 mice were assigned in groups to
receive the following dietary regimens for 12 weeks: (i) a base diet (Ain93M) fed ad libitum
(AL), (ii) the base diet restricted to 70% of ad libitum (CR) or (iii) the base diet containing
curcumin fed AL (1000 mg/kg diet, CURAL). Blood markers of inflammation, interleukin 6 (IL-6)
and C-reactive protein (CRP), as well as an indicator of redox stress (GSH: GSSG ratio), were
determined at different time points during the treatments, and visceral and subcutaneous
adipose tissue were measured upon completion of the experiment. After 8 weeks of dietary
treatment, the mice were tested for spatial cognition (Morris water maze) and cognitive flexibility
(discriminated active avoidance). Results. The CR group showed significant weight loss and
reduced adiposity, whereas CURAL mice had stable weight throughout the experiment,
consumed more food than the AL group, with no reduction of adiposity. However, both CR and
CURAL groups took fewer trials than AL to reach criterion during the reversal sessions of the
active avoidance task, suggesting an improvement in cognitive flexibility. The AL mice had
higher levels of CRP compared to CURAL and CR, and GSH as well as the GSH: GSSG ratio
were increased during curcumin intake, suggesting a reducing shift in the redox state.
Conclusions. The results suggest that, independent of their effects on adiposity; dietary
curcumin and caloric restriction have positive effects on frontal cortical functions that could be
linked to anti-inflammatory or antioxidant actions.

Keywords: curcumin, obesity, caloric restriction, inflammation, cognition, oxidative

stress
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Introduction

Complementary and alternative therapies have significant potential to expand current
treatment options for obese patients, especially those who can be classified as overweight and
class 1 obese yet do not meet clinical criteria for appetite suppressant drugs or bariatric surgery
(1). Very often these classifications can be linked to a sedentary lifestyle, wherein energy intake
significantly exceeds that expended, resulting in a chronic positive energy imbalance, weight
gain and adiposity. Indeed, a recent report by Sturm and Hattori (2) revealed that only 6.6% of
the obese population in the US are morbidly obese, making a strong case for more studies
being conducted on alternate therapies for the bulk of the obese population. The current study
focused on the therapeutic potential of the polyphenol curcumin, which has gained an increased
interest in recent years as a potential treatment for obesity-related comorbidities as well as
neurodegenerative disorders (3-5). Because it has been shown to have anti-angiogenic effects
(6), administration of curcumin could potentially decrease the vascularization around expanding
adipose tissue, resulting in attenuation of adiposity and its associated inflammation and

oxidative stress (7, 8).

In testing curcumin as an alternative approach for decreasing adiposity in class 1 obese
individuals, the accumulated weight and adiposity of middle-aged, ad libitum (AL)-fed laboratory
mice was targeted as a preclinical model. Traditional experimental obesity models (also
previously used to study curcumin) have targeted excessive weight gain associated with high fat
diets or leptin deficiency (6). However, the accumulation of weight in these experimental models
could be considered a translational analogue of morbid obesity, as these mice often weigh more
than two times that of their age-matched controls (6, 9). Moreover, control groups in these
studies are fed ad libitum; a condition that itself leads to significant weight gain and adiposity
under typical laboratory housing conditions. Recent reviews have highlighted the observation
that control rodents kept on ad libitum (AL) feeding often double their weight during adulthood

and show an array of obesity-associated conditions by midlife (10). A recent analysis of data on
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7 strains of commonly used laboratory rodents suggested that beneficial effects of chronic
caloric restriction on life-span were directly proportional to the degree of weight gained by
midlife under the AL feeding regimen (31). These results challenge the use of AL feeding as a
control condition and, perhaps more importantly, suggest that under standard laboratory
conditions, middle-aged AL fed mice are translational analogues of overweight and mildly obese
humans (10). The Centers for Disease Control and Prevention reports that almost 40% of the
US obese population fall within the range of middle age, suggesting that this age group is a

significant target for obesity intervention (11).

In addition to addressing therapeutic potential as an anti-obesity medication, it was of
interest to determine if curcumin would also influence co-morbid conditions linked to obesity via
inflammation and oxidative stress. Mild cognitive impairment has been detected in association
with obesity in human studies (12-14), and animal studies of CR imply that improved cognitive
function is present in subjects that maintain lower weight (15, 16). Moreover, based on the
results from a study conducted on more than 8000 Swedish twins, it was concluded that being
overweight or obese during midlife, independent of diabetes and vascular diseases, significantly
increased the risk of late life dementia, Alzheimer’s disease and vascular dementia (17). The
same trend has been also reported in several other longitudinal studies with a more diverse

population (12-14, 18).

Increased levels of inflammatory and oxidative stress markers related to obesity have been
linked to impaired cognitive performance in middle-aged individuals in previous studies. For
example, inflammatory markers such as interleukin 6 (IL-6) and C-reactive protein (CRP) are
reported to be inversely related to cognitive capacity in middle aged obese women (19-21).
Other pro-inflammatory markers such as IL-1B and TNF-a have also been associated with poor
memory (22, 23). The association of inflammation with poor cognition may also be influenced by
the reciprocal relationship inflammation shares with oxidative stress in several pathologies,

which also includes chronic obesity (24-26). Both IL-6 and TNF-a, whose levels are increased in
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several pathologies, have been reported to promote the production of reactive oxygen species,
a process which reinforces activation of pro-inflammatory transcription factors. A very sensitive
indicator of oxidative stress in tissues and blood is the redox state of the endogenous
antioxidant glutathione or reduced glutathione (GSH) (27). Clinically, a decrease in the ratio of
reduced to oxidized glutathione in red blood cells has been linked to both mild cognitive
impairment and Alzheimer’s disease (27, 28). Further, a decrease in this ratio has also been
associated with poor cognitive performance and overall functional decline in several in vivo age-

associated disease studies (29, 30).

The rationale for the current study was to evaluate curcumin as a safe, inexpensive and
potentially effective intervention for weight loss, using a preclinical model of midlife sedentary
obesity, inflammation, and comorbid cognitive impairment. The effect of curcumin was
compared with outcomes for the middle-aged mice subjected to caloric restriction implemented
gradually to maintain a healthy weight loss, improve cognition and reduce inflammation. The
hypothesis for this study was that dietary curcumin would promote weight loss and reduce
adiposity, thereby improving cognition via a concurrent decrease in inflammation and oxidative

stress.
Materials and Methods:
Mice and diets.

Fifteen-month-old C57BL/6JNia male mice, maintained at the National Institute on Aging
(NIA) colony under ad libitum (AL) feeding of NIH-31(31), were shipped to UNT Health Science
Center where they were assigned in groups of 19 to receive the following dietary regimens for
12 weeks: (i) a base diet fed ad libitum (AL), (i) the base diet restricted to 70% of AL (CR) or
(iii) the base diet containing curcumin fed AL (1000 mg/kg diet, CURAL). Caloric restriction was
implemented incrementally (relative to that consumed by AL groups), by 10% of AL during the
first week, 20% in the second, and by 30% in the third week. Feed of the CR group remained

fixed at this level for the remainder of the experiment. The obese control group (AL) was fed a
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purified maintenance diet (AIN 93M) (58M1 Test Diet, Richmond, IN) (Supplemental Table 1)
ad libitum. The CURAL group was fed the same maintenance diet supplemented with 1000 mg
of curcumin (Sigma-Aldrich, St. Louis, MO)/kg of diet (Catalog no: 1815457-201)
(Supplemental Table 1). The CR group received a diet fortified with vitamins and minerals
formulated by Test Diet (Catalog no: 1815458-209) (Supplemental Table 1). All animals were
fed the AL diet for 2 weeks to acclimate them on the purified diet (because they were fed a
grain-based diet at NIA), following which they were randomly assigned to one of the three
treatment groups. Body weight was measured once every week, and food intake for CURAL
and AL was estimated at 4, 8 and 12 weeks of treatment. Behavior tests were initiated after 8
weeks of dietary treatment and continued until the last week of the treatment period. Mice
underwent tail bleeds at 8 and 12 weeks following treatment, and visceral (VAT) and
subcutaneous (SAT) adipose tissue (which include epididymal and gluteal adipose tissue
respectively) was collected after mice had been euthanized at the conclusion of the study. The
study protocol was reviewed and approved by the Institutional Animal Care and Use Committee

of UNTHSC.
Assessment of systemic inflammation.

All protein concentrations were determined using the BCA Protein Assay Kit from Pierce
Biotechnology (Rockford, IL) with bovine serum albumin as a standard. Serum was separated
from blood and the inflammatory markers were measured using ELISA. CRP was measured
using a mouse CRP kit from R&D Systems (Minneapolis, MN) and IL-6 was measured using a

kit from Life Technologies (Carlsbad, CA).
Assessment of redox state.

Prior to the processing of erythrocytes, the collected blood was centrifuged at 2,500g for 10
min at 4°C; the plasma was removed to be analyzed for inflammatory cytokines. The white
blood cells were removed and the remaining red blood cells were lysed with 4 times its volume

of ice cold double distilled water and incubated for 10 min on ice. The samples were then
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centrifuged at 10,000g for 15 min at 4°C. Some of the supernatant was collected to measure
protein concentration and the rest received an equal volume of metaphosphoric acid to stop the
oxidation process and stored at -80°C until assayed. Total glutathione (tGSH) and oxidized
glutathione (GSSG) were measured from erythrocytes collected during the blood draws
according to manufacturer’s instructions, and the concentration of reduced glutathione (GSH)
was then calculated using the formula: tGSH-(2*GSSG) /GSSG and GSH: GSSG was

calculated. The GSH: GSSG kit was purchased from Cayman Chemical (Ann Harbor, Ml).

Cognitive skills assessment.

At the end of week 8 of dietary treatment, mice underwent behavior tests to analyze
domains of cognitive performance linked to hippocampal (spatial learning) versus frontal cortical

(cognitive flexibility) functions.

Spatial learning and memory

Spatial learning and memory were measured using a Morris water maze (MWM) test similar
to that described previously (32, 33). This test provided a measure of the efficiency of mice in
swimming to a hidden, safe platform from different locations within a cylindrical tank filled with
opacified water. A pre-training phase was conducted in two sessions during which mice did not
have access to spatial information (cues) in the testing room, to ensure that the mice had
learned the motor components of swimming and climbing onto the platform prior to testing for
spatial performance. During subsequent testing, a computerized tracking system recorded the
length of the path taken by the mouse to reach the platform, as well as the swimming speed
(Any-maze; Stoelting Co., Wood Dale, IL, USA), with spatial cues available in the open tank and
the hidden platform in a fixed location. Testing was conducted over nine sessions (1-4,
Tuesday-Friday and 5-9, Monday-Friday the following week). Each session consisted of five
trials separated by an ITI of 90s during which the mouse had to swim to the platform from one of
four different starting points. A learning index was calculated as the average path length on

sessions 2, 3 and 4, the initial learning phase. Probe trials were conducted immediately
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following sessions 2, 4, 5, 7, and 9, during which the platform was submerged to a depth that
prevented the mice from climbing onto it. The platform was raised after 30 s, and the trial was
ended when the mouse successfully located it. The percentage of time spent in a 40 cm
diameter annulus around the platform location was calculated as a measure of spatial bias for
the platform location. Memory retention for the platform location was tested during one

additional session conducted one week after session 9.

Cognitive flexibility

An acrylic T-maze (black on the sides with a clear top) was used for the discriminated
avoidance task (34, 35). The maze was divided into three compartments with a stem and goal
arms that rested on a grid floor wired to deliver 0.67-mA scrambled shock to the feet of the
mice. The test consisted of three sessions separated by 1 h. Each mouse was trained to leave
the start box and run to a designated correct goal within 5 s after lifting of the start door. On the
first trial of the first session (acquisition), the correct goal arm was designated as the one
opposite from the mouse’s first arm choice (determined on a separate preference trial). On
subsequent trials, shock was initiated 5 s after the opening of the start door if the mouse had not
entered the correct goal arm, or immediately upon entry into the incorrect arm. In both cases,
shock was continued until the correct goal arm was entered or a maximum of 60 s had elapsed.
A correct avoidance trial was recorded when the mouse entered the correct goal arm within 5s
of the opening of the start door. The mouse was then allowed to stay in the correct goal arm for
10 s after which the mouse was removed and placed in a holding cage for 1 min. A session
ended when the mouse had made a correct avoidance on the last two trials and on at least 4 of
the last 5 trials. The second and third sessions of avoidance training were reversals such that
the mice were required to run to the goal arm opposite that to which they had previously been
trained. Ability to learn the avoidance problem was considered inversely proportional to the
number of trials required to reach criterion in each of the sessions. Learning efficiency during
the second and third sessions was considered indicative of cognitive flexibility (36, 37).
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Statistical Analysis.

Measures of performance on the MWM test were initially considered in a 3 x 2 x 4 analysis
of variance (ANOVA) with Diet as a between-groups factor and Test phase (session 1-4 vs 5-8)
and Session as within-subject factors. The number of trials required to reach the correct
avoidance criterion was considered in a two-way ANOVA with Diet as a between groups factor
and Sessions as a within subject factor. In the context of a significant main effect of Diet or a
Diet x Session interaction, planned comparisons were conducted between diet groups using
single degree of freedom F tests within the Diet x Session interaction (i.e., using the cell means
and overall error term). A similar approach was applied to analysis of data for body weight and
food intake, with weeks as the within subject factor. One-way between groups ANOVA was
applied to data for CRP, IL6, GSH, GSH: GSSG and GSSG, followed by planned comparisons

among diet groups. The alpha level was set to 0.05 for all analyses.
Results

Body weight, food intake and adiposity. The CR group had significant loss of body
weight compared to mice on curcumin or AL beginning in week 3, and they continued to lose
weight until week 6, after which they maintained stable weight for the rest of the treatment
period (Fig.1). Both CURAL and AL groups maintained stable body weight throughout the 12-
week dietary treatment, and there was no difference in body weight between the CURAL and AL
group at any time point. However, in spite of the lack of difference in body weight compared to
AL mice, CURAL mice had a higher food intake (almost 25%) compared to AL at week 12 of the
dietary treatment period (Fig. 1, right ordinate). Analyses of variance for body weight and food
intake supported these observations, revealing a significant effect of diet, weeks, and the

interaction of those factors (All P<0.03).

At the end of the 12-week treatment, the CR group had markedly lower amounts of both

VAT and SAT when compared with the AL group (Fig. 2), but there was no decrease in adipose
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tissue associated with intake of curcumin. The fat loss in the CR group was responsible for a

main effect of diet in analyses of variance on VAT and SAT (all £<0.001).

Inflammation and redox state. There was no significant effect of diet on concentration of
IL-6 at 8 or 12 weeks (all P<0.27, Supplemental Table 2). However, the obese control (AL) on
average had a higher concentration of serum CRP than the CURAL or CR group at both 8 and
12 weeks of treatment. Data analysis indicated a significant main effect of Diet (P=0.006) in the
absence of an interaction with weeks (P=0.770) (Fig. 3). Curcumin-treated mice had a higher
concentration of reduced glutathione (Fig. 4a) and a more reducing redox state (GSH: GSSG)
compared to mice on CR and those fed AL (all P < 0.05) (Fig. 4b). There was, however, no

difference in GSSG among the different diet groups (P >0.446) (Fig. 4c).

Spatial learning and cognitive flexibility. The distance to reach the hidden platform (path
length) was determined during sessions 1-9 to assess the efficiency with which the mice located
the platform regardless of their swimming speed. Over sessions 1-4, all groups showed
improvement in their efficiency to reach the platform (Fig. 5A.), and there was no apparent
difference among the treatment groups in the spatial learning index (Supplemental Table 2) or
during probe trials conducted after sessions 2 and 4 (data not shown). Performance during the
second week remained relatively stable for the treatment groups. Data analysis failed to indicate
a significant effect of diet or interaction of diet with test phase or session (all P>0.62). Probe
trial data calculated from percent time spent in the 40-cm annulus around the target site (not
shown) confirmed that mice in the different treatment groups had acquired a spatial bias for the
platform location that was maintained through session 9. However, analysis of the probe data

failed to indicate a significant main effect or interaction involving diet (all P>0.15).

Cognitive flexibility was tested by first establishing a discriminated avoidance response,
followed by two additional sessions separated by 1 hour in which the required correct response
was reversed. Figure 6 shows the initial learning versus the average number of trials taken

during sessions 2 and 3 to reach criterion (reversal). Mice kept on CR took fewer trials to reach
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criterion compared to AL and CURAL in the initial learning phase. During the reversal sessions,
both the CR and CURAL groups took fewer trials to reach criterion when compared with AL. A
two-way ANOVA on the acquisition phase and reversal phase with diet and phase as the

independent variables confirmed the mentioned observations, all P<0.03 (Fig. 6).
Discussion:

The effects of curcumin have not previously been considered in a model of midlife
sedentary obesity. The main findings of this study were as follows: 1. Curcumin was ineffective
in decreasing adiposity, but increased apparent energy intake in the absence of weight gain; 2.
Calorically restricted mice lost both weight and had significantly reduced visceral and
subcutaneous adipose tissue; 3. Curcumin intake promoted a more reducing redox state and a
lower level of inflammation and 4. Curcumin and caloric restriction improved executive function
but did not affect spatial learning. Overall, these results suggest that dietary curcumin produces
an improvement of cognitive function similar to CR, in the absence of a significant effect on
body weight or adiposity. This effect may involve an anti-inflammatory effect similar to that of

CR, or an antioxidant mechanism.

Caloric restriction has been extensively studied in mice and other non-human primates.
These studies have suggested that CR can extend lifespan and delay onset of age-related
diseases for which oxidative stress and inflammation are also established risk factors (31, 38-
40). While it has been argued extensively that CR attenuates aging and disease processes
independently of the effect on adiposity, it remains likely that the anti-obesity effect is a key
factor (38, 41). In this study, a 12-week regimen of CR, implemented gradually, not only
reduced adiposity, but also improved frontal cortical functions and decreased plasma C-reactive
protein (CRP), a biomarker of systemic inflammation. The beneficial effect of long-term CR on
discriminated avoidance learning has been reported previously (15, 16), although the current
findings suggest additionally that this outcome is evident after only 3 months of CR, when its

implementation is delayed until middle age. This outcome favors the view that apparent long-

66



term benefits of CR regimens on cognition are at least partly attributable to reversible
physiological actions (42-44). However, in apparent contrast to previous investigations, there
was no effect of short-term CR on oxidative stress, when measured as the ratio of GSH: GSSG
in erythrocytes (39). The different outcome in the current and previous studies of CR could be
attributed to a difference in severity of the CR regimens (30 vs. 40%), the approach to

measurement of GSH and GSSG, or the duration of the regimens.

Although the beneficial effects of CR are well known, it has been difficult to translate this
regimen to a clinical setting because of the reluctance of most individuals to change eating
behavior and modify food choices (45). A sustainable alternative or adjunct to the practice of
caloric restriction may involve compounds that mimic the beneficial effects of caloric restriction
and do not require a change in eating habits (46). Curcumin, a widely studied polyphenol, has
gained significant interest as a caloric restriction mimetic, and our current findings of improved
cognitive function and attenuated inflammation and oxidative stress would seem to confirm this
suggestion. Moreover, despite the absence of weight loss in the CURAL group, the current
studies do not rule out the possibility that curcumin intake is associated with a metabolic effect.
The mice under the curcumin regimen showed a noticeable increase in food intake relative to
their age-matched obese control, yet no net change in energy balance was detectable as weight
gain. This finding would imply that curcumin increases energy expenditure, although no
measurements of respiration, body temperature or physical activity were available from these
studies for confirmation of this hypothesis. Several papers have reported curcumin’s ability to
activate AMP kinase (AMPK) a cellular energy sensor and stimulant of ATP production
implicated as a physiological mechanism of the CR effect (6, 47, 48). Kim et al (49) found that
both curcumin and its active metabolite tetrahydrocurcumin were effective in activating AMPK
and inactivating Acetyl CoA carboxylase. Such an increase in energy expenditure would be

offset by an increase in energy intake under conditions of AL feeding.
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The curcumin-fed mice also had low levels of systemic inflammation, which was measured
via serum CRP, widely considered a translational index of low grade inflammation (50, 51). Mice
under caloric restriction also had lower levels of CRP compared to the obese control (AL).
These findings are consistent with previous reports that both curcumin and caloric restriction
have strong anti-inflammatory effects (41, 52-56). For mice under CR, it seems likely that the
attenuation of inflammation can be directly linked to reduction of adiposity. However, the lack of
effect of curcumin on adiposity suggests a different anti-inflammatory mechanism of action.
Previous studies have reported on curcumin’s ability to decrease inflammation via the inhibition
of the nuclear translocation of nuclear factor kappa-light-chain-enhancer (NF-kB) of activated B
cells. The nuclear translocation of NF-kB results in the transcription of pro-inflammatory
cytokines such as IL-6, IL-13 and TGF-B. These cytokines can then induce CRP synthesis by
hepatocytes (57). In vitro studies have reported curcumin binding to IKKB and thereby

preventing the activation of this kinase leading to downstream inhibition of NF-kB activity (58)

Despite the effects of curcumin and CR on CRP, no effect of treatments on serum IL-6 was
evident in the current study. However, TNF- a is a stronger inducer of CRP than IL-6 and IL-13
alone (59), and is expressed in and secreted by adipocytes. The concentration of TNF- a
correlates with the degree of visceral adiposity and, based on the current study, CR significantly
reduced adipose tissue whereas curcumin did not. For this reason, curcumin and CR may have
acted via different pathways to reduce inflammation. Additionally, both CR and curcumin were
hypothesized to improve redox state; however, only dietary curcumin improved the redox state.
There was a significant increase in both reduced glutathione and total glutathione but no
significant differences in oxidized glutathione levels amongst the groups, suggesting that
curcumin may increase glutathione synthesis. Curcumin has previously been reported to up-
regulate the expression of Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) via conformational
change of Kelch ECH associating protein 1 by either alkylation or oxidation, thereby allowing the

nuclear translocation of Nrf2 and increasing glutathione synthesis (60, 61). Although CR has
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been reported to do the same (62), the lack of an increase in reduced glutathione could be
associated with the shorter intervention period implemented in this study. In addition, several
studies have reported on curcumin’s strong anti-oxidant activity, which can be attributed to its

molecular structure enabling it to be a strong free radical quencher (54, 63, 64).

Previous studies from our laboratory as well as others have determined impaired cognition
to be strongly associated to increased oxidative stress. Indeed, lower reduced to oxidized
glutathione ratios are correlated with poorer cognitive performance (27, 28, 30). Our findings
further strengthen this suggestion, with mice under the curcumin regimen displaying better
executive function than the obese controls. However, the same cannot be concluded with
regard to mice under the caloric restriction regimen. Previous studies have also reported on a
strong association of inflammation with cognition, which may be the contributing factor for better
executive function and acquisition that occurred in mice under the CR regimen in the current
study. Although both of these treatments had positive effects for fronto-cortical functioning, they
did not have any effect on hippocampal dependent spatial learning. Neither the learning nor
overall performance on the spatial learning task was affected by the interventions. This finding is
congruent with the progression of cognitive dysfunction as evident from neurological
assessments in the non-demented aging population. More often than not, older dementia free
individuals suffer from difficulties on tasks that stress attention, cognitive flexibility and other
executive functions (65-67) than hippocampal-dependent spatial learning and long-term
memory. Results from the current study and that from human cognitive evaluations may indicate

curcumin to be a potential therapeutic for fronto-cortical dysfunction reported with normal aging.

Finally, the dosage we used for this study was decided based on a previous obesity related
study (6) and translates roughly to a human dose of only 500mg. Future studies should test a
higher translatable dose corresponding to suggested doses for individuals suffering from severe
inflammation-related diseases such as rheumatoid arthritis. Based on the calculation that uses
the body surface area and metabolic activity of the species index by Reagan-Shaw et al. the
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human equivalent dose in this study falls below the 1500mg that has been recommended for
daily use (53). Follow-up studies with higher doses may further elucidate on a dose-response

related to cognitive function.

In conclusion, the present findings from this study did not support the hypothesis that
reduction of adiposity is responsible for improved cognition following curcumin intake. However,
our findings suggest that both caloric restriction and dietary curcumin can improve obesity-

associated comorbidities.
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FIGURE 1 Body weight (left ordinate) and estimated food intake (right ordinate) over a span of
12 weeks of dietary treatment. Data are means +SEM, n=18-19, for: AL, base diet fed ad
libitum; CR, base diet restricted to 70% AL, CURAL, curcumin in base diet fed AL. Letters

indicate differences, P < 0.05: (a) different from AL, (b) different from CURAL.
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FIGURE 2 Adipose tissue weights after 12 weeks of dietary treatment. Data are means + SE,
n=18-19. Visceral adipose tissue (VAT) was collected from epididymis and, subcutaneous
adipose tissue SAT was collected from the gluteal region. Letters indicate differences, P < 0.05:

(a) different from AL, (b) different from CURAL.
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FIGURE 3 Serum concentration of C-reactive protein as a function of diet group. Data represent
the average of measurements at 8 and 12 weeks of treatment. Bars represent means +SE, n=8-

10. (a) P<0.05 when compared with AL
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FIGURE 4 Concentration of (A) reduced glutathione, (B) GSH/GSSG and (C) oxidized
glutathione in erythrocytes after 8 weeks of dietary treatment. Bars represent means + SE, n=8-

10. Letters indicate differences, P < 0.05: (a) different from CURAL, (c) different from CR.

86



All P<0.05

N © L ¥ O N

< (uigjoud Buwy/jowrd) HSO

CR CURAL

AL

All P<0.05

OSSO/HSO

CURAL

CR

AL

N © B O N

O (uieoud bwyjowr) 5559

o

CURAL

CR

87



FIGURE 5 (A) Effect of dietary treatment on the efficiency to locate the hidden platform (path
length) as a function of training sessions. (B) Effect of treatments on learning index defined as
the average of the path length recorded from each mouse during sessions 2, 3 and 4. All data

represent means + SE, n=18-19.
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FIGURE 6 Effect of dietary treatment on learning and reversal of an active avoidance response
to one of two locations in a T-maze. During the first session mice learned the avoidance
response, and reversals of the correct location occurred during two subsequent sessions which
were combined (AVG) to assess cognitive flexibility. All data are expressed as the mean
number of trials (+ SE) needed to meet the correct avoidance criterion, n=18-19. Letters indicate

differences, P < 0.03: (a) different from AL, (b) different from CURAL.
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ONLINE SUPPLEMENTARY MATERIAL

Maltodextrin

Ingredient (g/kg diet) AL’ CR' CURAL'?
~ Casein 140.0 140.0 140.0
- Curcumin 0 0 1.0
L-Cystine 18 18 18
: Sucrose 100.0 100.0 100.0
AIN 93M Mineral mix 35.0 35.0 35.0
AIN 93M Vitamin mix 10.0 20.0 10.0
Corn starch 448.0 455.0 458.0
Cellulose 50.0 50.0 50.0
_Choline bitartarate 25 2.5 25
Soybean oil 40.0 40.0 40.0
| 155.0 155.0 155.0

- All diets were formulated and prepared at Test Diet, Richmond, IN
2 Curcumin (C1386) was purchased in powder form from Sigma-Aldrich, St.

Louis, MO and sent to Test Diets to be added to CURAL diet

Supplemental Table 1: Composition of control (AL), CR and curcumin (CURAL)

diets.
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ONLINE SUPPLEMENTARY MATERIAL

AL CR CURAL

- Adipose tissue

éVisceraI (9) - 1.16£0.11 0.31+0.03"  1.01+0.09
?Subcutaneous (9) 0612008 026£0.02' = 0.54%0.07
Biochemical markers 7

;IL-6 (pg/ml) 13.0+3.38 31.247.21  21.045.73
- CRP (ug/ml) - 11.9£0.86 10.0£0.73' 9.18+0.44"
%GSH (Mmol/mg protein) 2.59+0.60 2.97+0.50 5.85+0.41"
éGSSG (umol/mg protein) | 1.81+£0.25 1.43+0.18 7 1.53+0.21
%GSH:GSSG 1.7240.50 2.11£0.30 4.38+0.75"
Memory

Learning Index (cm) 549+32.7 591+42.2 569+41.7
%Acquisition (trials) 19.841.13  15.7#1.14'  19.2+1.07
;Reversal (trials) 12.3+0.53 : 10.5+0.71" 10.3+0.43'

1P <0.05 compared with AL

Supplemental Table 2: Effect of diet on adipose tissue, inflammation, oxidative stress

and memory
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FIGURE 3: Proposed shared anti-oxidant mechanism of action for CR and curcumin for a robust

additive effect to prevent or ameliorate normal aging cognitive decline.
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Abstract

Preclinical studies of curcumin and caloric restriction addressed whether or not these
interventions could ameliorate age-associated cognitive or psychomotor impairment and if they
could be combined for additive or synergistic benefit. C57BL/6J male and female mice received
testing for functional end points during late middle age (MAG) (15 months) or early senescence
(AG) (20 months) after assignment to one of 4 diet groups: (i) base diet ad libitum (AL), (ii)
weight stable caloric restriction (CR), (iii) curcumin in the base diet (7200 mg/kg diet) (CURAL)
or (iv) curcumin plus CR (CURCR). The curcumin dose in the CURCR group included a small
adjustment to equate curcumin intake in CURCR and CURAL groups on the basis of body
weight. When tested after 8 weeks of treatment, cognitive flexibility, measured as reversal
performance, was significantly better for MAG males CURAL compared to AL, but not under
MAG males CURCR, suggesting an antagonistic interaction. On the other hand, MAG females
under CR, CURAL and CURCR did significantly better than AL, suggesting that a negative
interaction was not present in this sex. Curcumin alone (CUR) improved reversal performance in
AG females, whereas CR was ineffective in the aged mice. None of the treatments led to
significant improvement in navigation efficiency on a water maze test of spatial memory,
however, MAG CURCR males performed poorly in a probe test, further suggesting a negative
interaction of these treatments in MAG males. There was no apparent effect of diet on
spontaneous locomotion and rearing, although mice on CURCR and CR for both sexes and
ages displayed improved performance in psychomotor tests of coordinated running, bridge
walking and wire suspension. These results suggest that, when implemented separately, CR
and CURAL have an ameliorative effect on impaired frontal cortical function present in late
middle age. These effects were similar across different behavioral tasks and were non-
interactive or antagonistic, suggesting that they could involve similar mechanisms. It is
noteworthy that the combination treatment has a significant antagonistic effect on cognitive
performance on MAG males but not females, and that both interventions alone and combined

became less effective when implemented during early senescence when compared with middle
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age. Overall, the results indicate that curcumin intake mimics some of the beneficial effects of

CR in the absence of diminished energy intake.
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Introduction

Clinical data support the hypothesis that the accrual and persistence of chronic inflammation
and oxidative stress during middle age are significant factors in the development of cognitive
and psychomotor dysfunction during aging. Epidemiological evidence has further suggested
that modifiable lifestyle-related factors such as diet and lack of exercise are associated with
cognitive and motor decline, opening new avenues for prevention (Everitt et al. 2006; Caracciolo
et al. 2014; Vel Szic et al. 2015). Diet, in particular, has become the object of intense research
in relation to cognitive aging and neurodegenerative diseases (Everitt et al. 2006; Koh et al.
2015; Harrison et al. 2015; Bun et al. 2015). Caloric restriction, an extensively studied dietary
intervention has widely been investigated as an anti-aging therapy; its downstream main effects
far exceed just the simple body weight reduction, including a lowering of chronic inflammation
and oxidative stress, both of which have been independently implicated as causative factors for
age associated cardiovascular and neurodegenerative diseases (McGeer and McGeer 1999;
Carmeli et al. 2002; Balaban et al. 2005; De la Fuente et al. 2005). Several studies have
reported an improvement in behavioral tests in different Alzheimer’s disease (AD) and
Parkinson’s disease (PD) mouse models when rodents were subjected to 30-40% CR (Martin et
al. 2006; Murphy et al. 2014). However, the CR paradigm has been difficult to translate to a
clinical setting due to the requirements of changing eating behavior and modifying food choices
(Thomas et al. 2014; Allison et al. 2014). Based on our previous observation that curcumin had
CR-like beneficial effects on cognition, markers of inflammation and redox stress without
lowering food intake or body weight (Sarker et al. 2013), intake of curcumin would seem to be a
highly desirable alternative to CR. The current study was conducted to determine if dietary
curcumin, a polyphenolic compound derived from the naturally available Indian spice turmeric:
(i) can improve both spatial and executive aspects of cognition, and (ii) improve age-associated
motor and sensory impairment via attenuation of inflammation and oxidative stress. A significant

anti-inflammatory action of curcumin has been well established in studies of obesity and arthritis
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as well as neurodegenerative disorders such as Alzheimer’s (AD) and Hungtington’s (Anand et
al. 2008; Begum et al. 2008; Hickey et al. 2012; Wang et al. 2014a; Wang et al. 2014b).
Curcumin’s strong anti-oxidant effects have also been well documented (Trujillo et al. 2014;
Tang and Chen 2014). However, there are no reports on whether curcumin can prevent or
reverse normal age-associated neurobehavioral dysfunction. Curcumin was previously tested in
our laboratory as a dietary intervention to prevent obesity-associated cognitive impairment in
middle-aged male mice and has recently been suggested to be a mimetic for caloric restriction

(Madeo et al. 2014).

Existing literature on cognitive status in the elderly suggests mild cognitive impairment during
late mid-life to be a strong predictor for developing late onset dementia. Given the long
preclinical phase of AD, the diagnosis of non-cognitive impairments such as motor deficits as
well as other subtle cognitive discrepancies during that period can lead to earlier detection of
pathological cognitive decline (Buchman and Bennett 2011). This early detection can also
provide a potentially bigger window for therapeutic intervention. Interestingly, with normal aging,
significant cognitive deficits in executive and long-term memory manifest at early senescence,
around 65-70 years (Buckner 2004), which possibly is the result of chronic redox stress and
inflammation suffered throughout middle age. Further, studies have suggested pharmacological
and other interventions to lose or have minimal beneficial effects when implemented later in life
(Means et al. 1993; Kayo et al. 2001). In order to be able to better translate the findings from the
current preclinical study, the age of mice at which the interventions were implemented were
based on data that indicate middle age to be the ideal period to intervene to prevent the
development of dementia (Caracciolo et al. 2014). Thus, the current study included 15- and 20-
month-old mice that roughly translate to 55 and 70 human years, to model treatment starting at

late middle age or early senescence.

An important goal of the current study was to provide pivotal information on sex differences
related to normal aging and the neurobehavioral functional effects of dietary interventions. There
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is increasing attention to differences between sexes and sexual dimorphism in the causes,
manifestations, response to treatments, and outcomes of neurological diseases (Pletzer et al.
2013; Pletzer 2014; Rocca et al. 2014). However historically, this attention to sexual dimorphism
influenced medicine has been stronger in fields like cancer, cardiovascular diseases, and
endocrine diseases (Ober et al. 2008; Miller 2014). There is now a growing awareness of
differences in brain structure and function between sexes throughout the entire life course. It is
now evident that various neural mechanisms and susceptibility to diseases such as AD and PD
differ for sexes. Further, sex steroids such as estrogen and testosterone not only reduce with
aging but lower levels of it have different downstream effects related to neurobehavioral
function(Wise 2002; Choi and Silverman 2002; Sanz et al. 2007; Golden et al. 2007,
Cunningham et al. 2014). Therefore, in addition to using appropriate ages for the
implementation of the dietary interventions, this study also included both males and females,
addressing a clear deficiency in the number of CR studies, and preclinical intervention studies in

general, that include female subjects.

Although there is no curative treatment at the moment for age associated neurodegenerative
disorders, epidemiological research provides a substantial amount of evidence for modifiable
risk factors, which if addressed during mid-life can prevent or delay the onset of serious
functional decline (Akbaraly et al. 2013). While earlier studies have established positive effects
of CR on age associated functional decline (Gemma et al. 2007; Spangler et al. 2010; Yang et
al. 2014) (reviewed by Spangler et al., 2010), there is a lack of research on the effect of
curcumin on a normal aging model. Furthermore, it is unclear whether curcumin and CR
implemented concurrently would have additive or synergistic beneficial effects and also lead to
greater improvements than either intervention alone. The current study was therefore conducted
to address whether these dietary interventions implemented during middle age and late life can

prevent or ameliorate cognitive and motor dysfunction respectively.
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Materials and methods
Animals and diets

Fifteen and twenty-month-old C57BL/6J male (M) and female (F) mice, maintained at the
National Institute on Aging (NIA) colony under ad libitum (AL) feeding were assigned as middle
aged and aged (senescent). After shipment, each age group was assigned (in groups of 10 per
sex) to (i) remain on AL, (ii) receive 30% caloric restriction gradually until weight stability (CR)
or (iii) receive curcumin (C1386, Sigma Aldrich, St. Louis, MO) in their AL diet (CURAL) for 12
weeks. The control group (AL) was fed a purified maintenance diet (AIN 93M) AL (58M1, Test
Diets, Richmond, IN). The CURAL group was fed the same maintenance diet supplemented
with 7200mg of curcumin/kg of diet. Another calorically restricted curcumin group received a
fortified diet with vitamins and minerals supplemented with 7274 mg of curcumin (CURCR). The
curcumin dose in the CURCR group included a small adjustment to equate curcumin intake in
CURCR and CURAL groups on the basis of body weight. On the other hand, the vitamin/mineral
fortification was targeted to equate CR groups (both CR and CURCR) with AL (CURAL, AL) on
a per mouse basis. The mice were maintained under a normal light/dark cycle beginning at
7:00 a.m., with access to water ad libitum and all testing was performed during the light phase
of the cycle. All animals were fed AL (AIN 93M) for 2 weeks to acclimate to a purified diet since
they were fed a grain-based diet at the NIA contract colonies (Charles River), following which
they were randomly assigned to their treatment groups. Body weight was measured once every
week. Cognitive and psychomotor tests were conducted after 8 weeks of treatment. Middle
aged male mice were not assigned to the CR group to avoid duplication of a recent report from
this laboratory (add reference). All animal handling procedures and experiments were approved

by the Institutional Animal Care and Use Committee at UNTHSC.
Behavioral measures

The mice were maintained on the diets for a period of 8 weeks, following which they

remained on the diets during a 10-week series of behavioral tests which included assessments
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of: locomotor activity (spontaneous activity), simple reflexes, psychomotor function which
included coordinated running, wire suspension and bridge walking, cognitive function which
include spatial learning and memory (visuospatial capacity), and discriminated active avoidance
(cognitive flexibility). By the end of behavioral testing period, the mice were 19 and 24 months of
age respectively. Previous studies using this test battery have suggested that they represent
independent functional domains of neurocognitive, psychomotor and reflexive capacity that are
sensitive to dysfunction in different systems of the brain (Sumien et al. 2006; de, Fiebre, N,C. et

al. 2006).
Locomotor activity (LMA).

Spontaneous locomotor activity was measured using a Digiscan apparatus (Omnitech
Electronics, model RXYZCM-16), as described previously (Forster and Lal 1992). Each mouse
was placed in a clear acrylic test cage (40.5 x 40.5 x 30.5 cm) that was surrounded by a metal
frame lined with photocells. The test cage was enclosed in a dimly-lit, sound-attenuating
chamber equipped with a fan that provided background noise (80 dB). During a 16-min period,
movements in the horizontal plane as well as a vertical plane 7.6 cm above the floor were
detected by the photocells and processed by software to yield 4 different variables describing
horizontal, vertical, and spatial components (center and margin) of spontaneous activity in the

apparatus.
Simple reflexes

The mice were administered three simple reflex tests over four consecutive sessions. The
first test consisted of placing the mouse on a flat smooth surface and recording the latency to
move one body length (walk initiation). The second test measured the latency to reverse
direction when the mouse was placed in a 3.5-cm wide, 14-cm long, dead-end alley (alley
turning). For the third test, the mouse was placed facing downward on a flat surface that was

tilted 45°, and the latency to turn 180° in either direction was measured (negative geotaxis).
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Psychomotor function
Coordinated running.

Maximum running performance was measured using an accelerating rotorod test described
previously (Forster and Lal, 1999). The apparatus was a motor-driven treadmill (Accuscan
Instruments, Model # AIO411RRT525M) that consisted of a 3-cm diameter nylon cylinder
mounted horizontally at a height of 35 cm above a padded surface. On each ftrial, the mouse
was placed on the cylinder, which then began rotating with increasing speed until the animal fell
to a well-padded surface. Ability of the mice to improve running performance was assessed in a
series of training sessions (two per day), each session consisted of four trials at 10-min
intervals. The training sessions continued until the running performance (the average latency to
fall from the cylinder) failed to show improvement over three consecutive sessions, which

represented each mouse’s average stable level of performance (Sumien et al., 2004)
Wire suspension.

Mice were administered a wire suspension test for four consecutive days (2 trials/day). A
horizontal steel wire was suspended 27cm above a padded surface. For each trial (lasting a
maximum of 60 s), the mouse was suspended with their front paws and the latency (in seconds)
for it to return at least one hind paw (tread) to the wire, as well as the time for it to fall was

recorded (Sumien et al. 2006).
Bridge walking.

Each mouse was tested for the latency to fall or reach a safe platform after being placed on
one of four acrylic bridges, each mounted 50 cm above a padded surface. The bridges differed
in diameter (small or large) and shape (round or square), providing four levels of difficulty. Each
bridge was presented three times, and the measure of performance was the average latency to
fall (up to a maximum of 60 s) across all bridges. The reliability and age sensitivity of this

measure has recently been described for large reference groups of C57BL/6 mice tested under
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the conditions of this study (de Fiebre et al., 2006)
Cognitive function.
Morris water maze

Spatial learning and memory were measured using a Morris water maze (MWM) test similar
to that described previously (de, Fiebre, N,C. et al. 2006; Sumien et al. 2006; Chaudhari et al.
2014). This test provided a measure of the efficiency of mice in swimming to a hidden, safe
platform from different locations within a cylindrical tank filled with opacified water. A pre-
training phase was conducted in two sessions during which mice did not have access to spatial
information (cues) in the testing room, to ensure that the mice had learned the motor
components of swimming and climbing onto the platform prior to testing for spatial performance.
During subsequent testing, a computerized tracking system recorded the length of the path
taken by the mouse to reach the platform, as well as the swimming speed (Any-maze; Stoelting
Co., Wood Dale, IL, USA), with spatial cues available in the open tank and the hidden platform
in a fixed location. Testing was conducted over nine sessions (1-4, Tuesday-Friday and 5-9,
Monday-Friday the following week). Each session consisted of five trials separated by 2 min
during which the mouse had to swim to the platform from one of four different starting points. A
learning index was calculated as the average path length on sessions 2, 3 and 4, the initial
learning phase. Probe trials were conducted immediately following sessions 2, 4, 5, 7, and 9,
during which the platform was submerged to a depth that prevented the mice from climbing onto
it. The platform was raised after 30 s, and the trial was ended when the mouse successfully
located it. The percentage of time spent in a 40 cm diameter annulus around the platform
location was calculated as a measure of spatial bias for the platform location. Memory retention
for the platform location was tested during one additional session conducted one week after

session 9.

Discriminated active avoidance
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An acrylic T-maze (black on the sides with a clear top) was used for the discriminated
avoidance task (Forster and Lal 1992; McDonald et al. 2005). The maze was divided into three
compartments with a stem and goal arms that rested on a grid floor wired to deliver 0.67-mA
scrambled shock to the feet of the mice. The test consisted of three sessions separated by 1 h.
Each mouse was trained to leave the start box and run to a designated correct goal within 5 s
after lifting of the start door. On the first trial of the first session (acquisition), the correct goal
arm was designated as the one opposite from the mouse’s first arm choice (determined on a
separate preference trial). On subsequent trials, shock was initiated 5 s after the opening of the
start door if the mouse had not entered the correct goal arm, or immediately upon entry into the
incorrect arm. In both cases, shock was continued until the correct goal arm was entered or a
maximum of 60 s had elapsed. A correct avoidance trial was recorded when the mouse entered
the correct goal arm within 5s of the opening of the start door. The mouse was then allowed to
stay in the correct goal arm for 10 s after which the mouse was removed and placed in a holding
cage for 1 min. A session ended when the mouse had made a correct avoidance on the last two
trials and on at least 4 of the last 5 trials. The second and third sessions of avoidance training
were reversals such that the mice were required to run to the goal arm opposite that to which
they had previously been trained. Ability to learn the avoidance problem was considered
inversely proportional to the number of trials required to reach criterion in each of the sessions.
Learning efficiency during the second and third sessions was considered indicative of cognitive

flexibility (Thangthaeng et al. 2008; Chaudhari et al. 2014).
Statistical analysis

Based on the independence of the different components of the neurocognitive/psychomotor
test battery, the effects of age, diet and sex on performance were considered in separate
analyses of variance (ANOVA) in which age, diet and sex were considered as between-groups
factors. Because one cell was missing in the overall study (MAG male CR), different ANOVAs

were applied to assess main effects and interactions of diet with sex and age. For all
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measurements, age, sex and diet were considered in an ANOVA that did not include the CR
group, whereas age and all diet groups were considered as factors in a separate analysis for
females. Additionally diet (all groups) and sex were included as factors in a separate analysis
for the AG groups. The effects of test phase and trials were considered as repeated measures
in these analyses where applicable. Planned individual comparisons of each diet group with age
and sex matched AL control were conducted using single degree-of-freedom F tests based on
the error term from a separate ANOVA for each sex x age group. The alpha level was set at

0.05 for all analyses.
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Results
Body weight

Mice on CR and CURCR had notable weight loss compared to age-matched male and
female mice on CURAL and AL beginning in week 3, and they continued to lose weight until
week 6 after which they maintained stable weight for the rest of the treatment period (Fig.1).
CURAL and AL for both sexes and age groups maintained stable body weight throughout their
dietary treatment with no body weight difference between the groups at any time point. Females
however, weighed less than males in each dietary and age group. Analyses of variance for body

weight supported these observations, revealing main effects of diet and sex (all P's<0.01).
Locomotor activity

Total distance (in centimeters) (Fig 2a), rearing or vertical activity (counts) (Table 1&2) and
center time (in seconds) (Fig 2b) were measured to analyze spontaneous locomotor activity.
Females under both age groups traveled a greater distance and spent more time in the center
compared to male mice. Mice under CURCR overall spent more time in the center. There was
no effect of diet, age or sex in rearing. There was an overall main effect of sex and diet in the
total distance and time spent in the center (all P’s<0.05), and a two way ANOVA yielded a
significant effect of sex for the aged group (P<0.05). However, there were no significant three

way interactions for any of the measures.
Simple reflexes

Measures of reflexive capacity included walk initiation; alley turn and negative geotaxis are in
table 1 and 2. There was no significant effect of diet or age in any of the tasks for the female
mice, however the middle aged male mice under CURCR displayed a decrement in their ability

to turn in the dead end alley task compared to their age matched controls (P<0.05).
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Psychomotor function
Coordinated running (maximal performance)

There was an improvement in the performance capacity of both middle aged and aged mice
of both sexes over a period of seven sessions; however, both CURCR and CR alone group
outperformed the ad libitum fed groups regardless of age or gender. There was an overall main
effect of diet, age and sex as a function of sessions (data not shown). Longest latency to fall for
an individual mouse was accounted for as a measure of its maximal performance (Fig 3). The
data for maximum performance is reflective of performance across sessions for all groups with a
main effect of diet, age and sex (P<0.01). However, the main effects of diet and sex were lost

when body weight was taken as covariate for ANCOVA (all P>0.20)
Wire suspension

Performance of each mouse on the wire suspension test was measured by the average
latencies over a period of 4 sessions to tread (not shown) or fall (Fig 4). Aged male mice that
underwent dietary interventions stayed on the wire longer and their latency to tread was shorter
than their aged matched control. A three way ANOVA yielded a main effect of only diet and
none of the 2 way interactions were significant. A one-way ANOVA on aged male mice yielded a
significant effect of all three dietary interventions on the latency to fall compared to their age
matched control (all P’s<0.05). However, the main effects of diet, age and sex were lost when

body weight was taken as covariate for ANCOVA (all P>0.10)
Bridge walking

Ability of the mouse to balance on a bridge was measured by the average latency to fall from
4 bridges of differing difficulty (Fig 5). There was no effect of age on the latency to fall. None of
the dietary interventions improved balance for the females regardless of their age. For the aged
males, both mice on CR and CURCR on average stayed on the bridge longer compared to their

age matched control. Only CURCR middle-aged male mice had better performance compared
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to their age matched controls (P<0.005). A three-way ANOVA confirmed a significant main
effect of diet (P < 0.002), and yielded no main effect of age or interaction of age, sex and diet.

(All P’s >0.264).
Cognitive function
Morris water maze

The distance taken to reach the platform, regardless of the swim speed of the mouse, was
assessed to indicate efficiency of locating the hidden platform. Path lengths of middle aged and
aged mice decreased as a function of sessions during the acquisition phase (Fig not shown).
Analysis of the data confirmed the effect of testing session on path length as repeated
measures for the acquisition phase being different from the performance during the second
week (P<0.05). There was also an overall effect of sex, males of both ages had a shorter
pathlength as a function of sessions compared to females (P<0.05). However, there was no
difference in the spatial learning index (Table 1&2) between the groups. Performance during
phase 2 or the 2" week remained relatively stable for all the groups. Further analysis indicated
a significant interaction of diet with age, phase or sessions (P<0.001). However, planned
comparisons did not yield an interaction of diet in any of the sessions. Probe trial data
calculated from percent time spent in the 40-cm annulus around the target site confirmed that
mice in the different treatment groups had acquired a spatial bias for the platform location that
was maintained through session 9, there was no effect of sex, age or diet as a function of probe
sessions. A three way ANOVA of the average time spent in the 40cm annulus over 5 probe
sessions indicated a significant main effect of diet (P<0.005), a further one way ANOVA
suggested that middle aged male mice under CURCR significantly spent less time in the 40cm
annulus compared to their age matched control (P<0.01) (Fig 6). Analysis of the swim speed,
independent of path length, from sessions 2-4 and 5-9 did not display any interactions or main

effects (P>0.252).

Discriminated active avoidance
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Cognitive flexibility was tested by first establishing a discriminated avoidance response,
followed by two additional sessions separated by 1 hour in which the required correct response
was reversed. Figure shows the initial learning versus the average number of trials taken during
sessions 2 and 3 to reach criterion (reversal) (Fig 7). A four way ANOVA indicated a main effect
of diet and age as well as a significant interaction of phase, diet, age and sex (P<0.01). Planned
comparisons following the four way ANOVA confirmed both middle aged male and female mice
fed curcumin ad libitum took fewer trials to reach criterion during the acquisition phase. Mice
kept on CR took fewer trials to reach criterion compared to AL and CURAL in the initial learning
phase. During the reversal sessions, both the CR and CURAL groups took fewer trials to reach
criterion when compared with AL. A two-way ANOVA with diet and phase as the independent
variables on the sessions confirmed the mentioned observations, suggesting a main effect of

diet (All Ps<0.03) (Fig. 7).
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Discussion

The main findings of this study include: (1) there was no main effect of age on any of the
cognitive tests, (2) there was no additive effect of the combination CR and curcumin treatment,
however some behavioral tests indicated an antagonistic action, (3) CURCR and CR mice
weighed significantly less than their age matched controls, (4) females spent more time in the
center and traveled greater distance than their male counterparts, (5) mice on CR and CURCR
had better motor function compared to their age matched controls, (6) middle aged males and
females on curcumin had better cognitive flexibility than their aged matched controls, however
CR failed to better reversal performance in the aged and (7) spatial learning was not affected by
any of the dietary interventions however middle aged male mice under CURCR had a poor

probe performance

An interesting gender difference was noted with spontaneous locomotor activity, wherein
female mice regardless of age were more active than males; they traveled greater distances as
well as spent more time in the center. These results are in conjunction with earlier reports of
aged female mice displaying anxiolytic behavior compared to their male counterparts. Estrogen
has been suggested to be one of the primary contributors to this behavior due to the presence
of estrogen receptors in the amygdala. Estrogen has been reported to increase levels of brain
derived neurotrophic factor (BDNF) in the amygdala and induce anxiolytic effects (Wolf and

Kirschbaum 2002).

The current study also included tests for simple reflexes. Ideally, the experimental groups
are expected to not display any difference in these tasks. Although decrements in reflexes have
been noted in the past, it has normally been reported to be evident between young and older
mice (Forster et al. 1996; Sumien et al. 2004). However, middle aged mice under CURCR spent
longer time in the alley without turning unlike their age matched controls. This antagonistic
impact of the combination treatment in middle aged males is also evident in some of the other

tasks.
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Mice under CR and CURCR displayed better motor function than their age matched
controls, and there was no main effect of age. The lack of an age related difference maybe
partially due to choosing early senescence (20 months) model than late senescence (24
months). Previous studies have reported age related differences between middle age and late
senescence (de, Fiebre, N,C. et al. 2006). The rotorod, as mentioned earlier, is widely used to
test motor coordination and learning and is sensitive to cerebellum function. According to aging
studies conducted in mice, the cerebellum is the first area of the brain to sustain age-associated
deficits. Deficits in the cerebellum have been demonstrated as early as 12-13 months of age
and progressively decline from then on (Kennard and Woodruff-Pak 2011). Performance on the
bridge test and wire suspension is also partially dependent on cerebellum function since the test
requires proper balance and coordination (Forster et al. 1996). This may explain why the
functional outcomes from these motor tests display similar trends. Since there was no additive
effect detected with the combination treatment and with CR and CURCR having comparable
motor performance; body weight may have significantly affected this outcome. Caloric restriction
has previously been reported to rescue cerebellum function in normal aging by increasing the

GSH: GSSG and thereby protecting it from further oxidative damage (Rebrin et al. 2011).

The results from this study confirm the improvement in cognitive flexibility with dietary
curcumin detected in the pilot study conducted in our laboratory. Both middle aged and aged
females as well as middle-aged males on curcumin displayed better reversal learning than their
age matched controls. Spatial memory, although not affected by dietary intervention or age,
certainly displayed a strong sex difference. The sex difference in spatial learning is consistent
with other studies and human data where males are reported to have better spatial performance
whereas females outperform in object location or recognition memory (Malinowski and Gillespie
2001; Li 2014). Further, the lack of an age-related difference in learning is congruent with
findings from a previous study where 16 and 24 month old male mice did not differ in acquisition

(Sumien et al. 2006).
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The outcomes from this study line up with the critical period hypothesis or the window of
opportunity i.e. during midlife during which interventions have the maximum potential of delaying
late life decrease in functional capacity (Wilson et al. 2002; Lindstrom et al. 2005). Interestingly,
the results from our study show that CR did not impact the cognitive capacity in the aged mice
but had a beneficial effect on middle-aged females and males (pilot study) for reversal learning
implying improved fronto-cortical function thus signifying the importance of an appropriate
intervention period (Sarker et al. 2015). The combination diet in the current study yielded
negative cognitive results for both middle aged and aged males, which may be associated to an
increase in testosterone levels. Some reports have linked short-term caloric restriction to
increased serum testosterone levels (Chen et al. 2005; Schulte et al. 2014; Wahab et al. 2014).
Curcumin too has been reported to increase testosterone levels (Abarikwu et al. 2014).
Although the effect of testosterone on cognitive function has been controversial, there have
been some studies that have reported higher levels or more than optimal levels of endogenous
testosterone to be inversely proportional to cognitive function (Wallin and Wood 2015). Results
from the Florey Adelaide Male Ageing study, which included more than a thousand male
subjects, reported higher levels of total testosterone to be associated with poorer cognitive

function in middle to older aged men (Martin et al. 2007).

The differential effect of the combination treatment on females may partially be due to
curcumin’s stronger antioxidant effect on females as reported by Shen and colleagues (Shen et
al. 2013). In addition, estrogen has anti-inflammatory effects (Straub 2007; Vifa et al. 2013) and
may have aided in the prevention of an antagonistic effect in fronto-cortical functioning.
Although, there are only a few studies that have reported on the effects of testosterone therapy
on post-menopausal women, they all have reported testosterone to improve different domains of
memory which include semantic and verbal (Shah et al. 2006; Ryan et al. 2012). These reports
suggest testosterone to have a protective effect on cognition in the absence of estrogen in post-

menopausal women and may be responsible for the effect of the combination treatment and
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curcumin alone on cognitive flexibility in older female mice.

Additionally, the lack of a robust additive effect in the present study can possibly be attributed
to CR and curcumin sharing a common mechanism of action to reduce oxidative stress. Caloric
restriction has been reported to up regulate endogenous antioxidant synthesis via the NF-E2
related factor (Nrf2) pathway. Curcumin too has been reported to do the same but it utilizes a
different mode of Nrf2 activation. Whereas CR induces mild stress that changes the
conformation of Keap1, which allows for the nuclear translocation of Nrf2; curcumin has been
reported to disrupt the interaction of Keap 1 to Nrf2 (Balogun et al. 2003; Mattson et al. 2007).
Although up-regulation of Nrf2 has strong antioxidant effects, a continuous up-regulation may
create a cellular environment of reductive homeostatic imbalance that would potentially be
conducive to the development of cancers. Indeed, several studies have reported a hyper
activation of the Nrf2 pathway associated with tumors (Lau et al. 2008; Jiang et al. 2010;
Jaramillo and Zhang 2013; van der Wijst et al. 2015). Further, below par cognitive performance
and neurological disorders have also been associated with different types of cancer,
independent of chemotherapy (Andreotti et al. 2014). However, this inference should be looked
upon with caution because both cancer and aging have multifactorial etiologies and Nrf2 has
been reported to have both anti and promutagenic actions (Lau et al. 2008; Geismann et al.
2014). Nonetheless, there have been other reports of clinical trials conducted on combination
antioxidant supplementation treatments yielding deleterious cognitive and functional effects
(Miller et al. 2005; Galasko et al. 2012), for which the mechanism of action leading to these

results is still unknown.

The dose used in this study is roughly equivalent to a human dose of 3g/day for a 60kg
person and has a safe toxicity profile (Reagan-Shaw et al. 2008). Doses higher than that used
for the current study have been tested in clinical trials for cancer with no adverse side effects
reported. Curcumin itself as well as several of its potent analogs are currently being tested for
other ailments such as Alzheimer’s disease (AD), inflammatory bowel disease, Parkinson’s
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disease where inflammation and oxidative stress have been implicated as causative
factors(Goel et al. 2008; Anand et al. 2008; Gupta et al. 2013). Although the anti-inflammatory
and anti-oxidant properties of dietary curcumin and CR are well documented and also supported
from results of the previous study conducted in our laboratory, the mechanism of action of the
combination treatment is still unclear and further exploration is warranted due to distinct gender

differences on the functional outcomes in this study.

Advanced aging is accompanied by cognitive and motor decline even in the absence of
diseases such as Alzheimer and Parkinson disease. In fact, in humans, older adults exhibit a
reduced functional correlation with different brain regions compared to younger adults primarily
due to decreased white matter integrity (Buckner 2004; Andrews-Hanna et al. 2007). Dietary
curcumin and caloric restriction when implemented in late middle age can alleviate and delay
the onset of cognitive deficits and can potentially improve white matter integrity. An earlier
intervention period may have yielded better results for motor functioning since as mentioned
earlier, cerebellar dysfunction can be detected at only 12-13 months in mice (Kennard and
Woodruff-Pak 2011). Further, the inclusion of both genders provides an overall perspective on
experimental interventions during normal aging that is very often overlooked during the pre-

clinical stage.

In conclusion, results from the present study did not support the hypothesis that a
combination treatment of CR and curcumin would have additive functional benefits. However,
our findings reveal an interesting gender difference as a result of the combination treatment as
well as suggest that curcumin and CR alone still have beneficial effects, which may be

dependent on an earlier intervention period.
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Figure 1: Body weight over a span of 15 weeks of dietary treatment. Data are means + SEM,

surviving mice for AL, base diet fed ad libitum; CR, base diet restricted to 70% AL; CURAL,
curcumin in base diet fed AL; CURCR, curcumin in base diet restricted to 70%. Experiments
began with 12-14 mice. Mortality during the course of the study was 70% in the aged males

CURCR, 87% in the aged male AL, and 97.3% in the remaining groups.
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Figure 2: Effect of diet, age and sex on (a) total distance in cm and (b) total time in center in
seconds; that are different components of spontaneous locomotor activity. The dashed line is to
compare the difference between sexes. Bars represent means + SEM, n=10-13, for AL, CR,

CURAL and CURCR
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Figure 3: Maximal performance measured as longest latency to fall amongst sessions on the
rotorod as a function of diet, age and sex. Bars represent means + SEM, n= 10-13. * Significant

difference compared to age matched control (P<0.01)
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Figure 4: Strength, balance and coordination as measured by latency to fall on a wire
suspension test as a function of diet, age and sex. * Significant difference from age matched

control (P<0.05).
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Figure 5: Strength, balance and coordination as measured by latency to fall on a bridge test as

a function of diet, age and sex. * Significant difference from age matched control (P<0.05).
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Figure 6: Learning and memory for spatial discrimination as a function of diet, age and sex as
measured by performance in the water maze which is described as time spent in a 40cm
annulus over the center of the platform position. The dashed lines represent the percentage of
time mice would spend in the 40cm annulus due to chance. Each value represents the mean +

SEM, n=10-13. * Significant difference compared to age matched control (P<0.01)
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Figure 7: Effect of diet, age and sex on learning and reversal of an active avoidance response to
one of two locations in a T-maze. During the first session mice learned the avoidance response,
and reversals of the correct location occurred during two subsequent sessions which were

combined (AVG) to assess cognitive flexibility. All data are expressed as the mean no. of trials
SEM needed to meet the correct avoidance criterion, n-10-13. * Significant difference compared

to age-matched control.

139



TRIALS TO REACH CRITERION

[ MIDDLE AGED FEMALES
241

AL
[_ICR
I CURAL
CURCR

[ MIDDLE AGED MALES

ACQUISITION

REVERSAL

[ AGED FEMALES

[ AGED MALES

ACQUISITION

REVERSAL

140



Table 1: Effect of dietary interventions on functional outcomes in middle aged and aged male mice. All values

are the group means+SE. *Significant difference compared to age matched control.

Table 2: Effect of dietary interventions on functional outcomes in middle aged and aged female mice. All values

are the group meanzSE. *Significant difference compared to age matched control.
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Table 1

Locomotor activity

Total distance (cm)
Vertical activity (counts)
Center time (s)

Reflexes

Walk initiation (s)
Alley turn (s)

Negative geotaxis 180°

Psychomotor function
Rotorod fall (s)

Wire fall (s)

Bridge fall (s)

Swim speed (cm/s)

Learning/memory
Learning index (cm)
Probe A40 (%)

Avoidance: acquisition (trials)
Avoidance: reversal (trials)

AL

709.6+51
28.1+2.8
99.6+5.9

2.2+0.2
12.3+1.3
5.4+0.7

27.8+2.8
23.9+2.8
40.1+2.1
17.5+0.5

567.2+69
23.7+1.5
21+0.6
12.4+0.5

15 months

CURAL

685.6+55
31.9+3.6
100.4+7.4

3.0+0.6
16.6+2.7
7.1+1.2

28.1+1.4
19+3.2

44.4+2.2
16.9+0.6

538.1+52
19.8+2

17.8+.0.9
8.6910.6*

*significant difference compared to age matched control

CURCR

738.3+64
32.3%2.7
113.949.0

3.1+0.3
24.343.3*
3.5:0.4

41.7+2.5*
27.1+2.1
48.8%+1.9
17.5+0.5

585.7+50
15.5+0.6*
19.6+1.1
12.2+1.2

MALES

AL

638.3+48
26.613.5
106.6%8.8

2.4+0.3
15.1+1.7
6.0+1.1

20.4+2.1
14.9+2.2
40.1+1.7
15.5+0.6

589.9+75
22.3%1.9
20.3+1.1
11.2+0.3

20 months
CR CURAL
734.6175 737.8153
21.8+1.7 32.4+2.5
126.2+6.3 101.1+5.9
3.3+0.6 1.8+0.4
23+3.6 14.7+1.4
6.1+1.3 5.3+0.7
34.3+4.2 25.3+2.4
28.3+3.0* 23.13+2.18
49.7+21 39.4+2.3
15.5+0.6 16.940.5
551.9+57 538.1+53
21.43+2.2 21.13+2.8
17.5+1.3 16.83+0.9
10.25+0.4 9.12+1.0

CURCR

678.2+58
20.9+2.7
127.416.2

2.4+0.4
20.8+2.7
4.0+0.5

35.2+2.8
27.1+4.0*
51.2+2.7
17+3.0

585.7+50
17.25+3.0
16.22+2.0
11.9+1.1
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Table 2
Behavioral measure

AL
Locomotor activity
Total distance (cm) 770.6171
Vertical activity (counts) 23.9+4.0
Center time (s) 142.1+7.9
Reflexes
Walk initiation (s) 2.2+0.2
Alley turn (s) 17.0+2.1
Negative geotaxis 180° 3.7+0.5
Psychomotor function
Rotorod fall (s) 31.242.5
Wire fall (s) 13.6%2.0
Bridge fall (s) 43.9+1.9
Swim speed (cm/s) 17.1+0.7
Learning/memory
Learning index (cm) 624.4481
Probe A40 (%) 21.5+2.4
Avoidance: acquisition (trials) 21.5+1.2
Avoidance: reversal (trials) 13.6%+1.2

*significant difference compared to age matched control

15 months

CR CURAL
840.7+50 784.1+54
28.7+2.7 29.9+2.7
149.2+7.6 138.5+6.0
3.310.4 3.1+0.4
12.8+1.6 14.1+1.7
5.5+0.4 3.7+0.5
44.145.4* 31.2+2.5
20.8+3.9 21.0+4.1
46.9+2.5 44.5+2.5
15.4+0.9 19.4+1.5
630.6+68 757.8182
16.8+1.5 22.9+2
18.5+0.9* 20.7+1.2
11.0+0.6* 10.5+1.2*

FEMALES

CURCR AL
946.8+70 779.7+72
30.1+1.9 29.1+3.4
160+6.8 141.1+10
3.2+0.3 3.2+0.4
16.0+1.4 12.5+1.8
4.5+0.6 6.2+1.2
47.5+3.4* 32.2+2.6
24.21+4.9* 17.6+2.9
46.912.5 46.7%1.5
17.4+0.8 18.0+0.5
565167 727.8+82
17.1+1.9 18.0+0.54
15.2+0.5* 21.7+0.7
10.3+1.0* 13.1+0.8

20 months

CR CURAL
905.5+54 909.5+50.7
26.7+2.7 32.5+2.7
150.3+10 150.8+4.3
3.0+0.3 2.6+0.4
14.7+2.3 12.9+1.6
5.1+0.7 4.,5+0.5
42.4+2.7% 26.1+1.9
25.9+4.7 19.0+3.3
48.6+1.8 47.2+1.7
17.0+0.5 18.8+0.7
540.1+71 673.5+103
17.0+0.5 18.8+0.7
21.7+1.2 14.6+1.3*
13.2+1.3 9.7+0.6*

CURCR

976.8+69
28+3.5
136.7+4.9

2.9+0.3
17.6£3.4
4.4+0.8

39.1+3.1*
26.4+4.3
46.5%2.5
18.2+1.3

535.9+50
18.2+1.3
18.8+1.0
10.8+1.0*
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CHAPTER IV

General Discussion

The exacerbation of oxidative stress and inflammation has long been accepted as a plausible explanation for
age - associated neurobehavioral dysfunction. Due to the dearth of biomarkers of aging, it has been difficult to
determine causative factors as well as the timeline for the progression of age associated neurobehavioral
functional deficits. However, metabolic decline with aging is well documented and is evident in several species
including rodents and humans (Houtkooper et al., 2011). One of the many outcomes of metabolic decline along
with negligible food intake modifications is an increased susceptibility to obesity. Mid-life obesity in the United
States has reached epidemic proportions; 78 million adults were reported to be obese in 2014, amongst which
middle aged individuals accounted for 40% making them the largest age group in the overweight and obese
category (Ogden et al., 2014; Sturm & Hattori, 2013). Obesity and its comorbidities have been implicated as
accelerants for age-associated neurobehavioral disorders, which include cognitive and motor dysfunction

(Anstey et al., 2011; Deckers et al., 2015; Garcia-Ptacek et al., 2014; Gupta et al., 2015; Xu et al., 2011).

However, preclinical progress to understand and prevent obesity-associated cognitive decline has been
hindered by a number of gaps in research. Firstly, the lack of a proper animal analog of human mid-life obesity
has hindered the assessment of underlying mechanisms affecting obesity-associated cognitive decline.
Secondly, despite a surge in the popularity of naturally available natural pharmacotherapeutic agents or
nutraceuticals as anti-obesity and anti-aging therapies, the FDA does not regulate this industry. Smaller studies
and anecdotal evidence have suggested these compounds to have anti-inflammatory and antioxidant properties,
with the potential of delaying the onset of age-associated neurodegenerative disorders. Unfortunately, there is a
lack of research on the effects of nutraceuticals (Hardy, 2000), not only when used in isolation but also when
used concurrently with another mode of treatment such as dieting, which includes restricting calories.
Furthermore, little research has been conducted on both males and females, leaving the question of potential

gender effects largely unanswered.
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The present experiments were therefore designed to bridge these critical gaps in knowledge, specifically in
relation to the use of curcumin as a putative nutraceutical agent and a CR mimetic that would address causative

factors of age-associated neurobehavioral dysfunction and determine an intervention period.

Gap 1: The need for a proper analog of human mid-life obesity to study the acceleration of late-life cognitive

decline that is associated with obesity.

A maijority of the animal models used to study obesity are either genetically manipulated or fed a high fat diet
and include younger mice. These mice weigh more than double that of their age-matched controls, which when
translated to a clinical setting would be considered Class 2 or 3 obese (Harrison et al., 1984). Class 2 and 3
obese are characterized as morbidly or severely obese where individuals are a 100% over their ideal body
weight. Normally aging C57BL/6 mice gain around 36% body weight at midlife compared to their weight at 4
months (Sohal & Forster, 2014). Their weight at 4 months is considered a normal healthy weight for C57BL/6
mice based on caloric restriction studies. Interestingly, singly-housed, normally aging C57BL/6 mice also suffer
from what has been termed as “late onset obesity”. This term applies to mice that have gained a considerable
amount of weight by 12 months of age due to lower activity and also suffer from glucose intolerance (Becskei et
al., 2009; B. Martin et al., 2010). With reports from CDC suggesting that the majority of the obese population
within the United States falls within the middle-aged range and in the overweight and Class 1 range. Class 1
obese individuals weigh more than 20% of their normal body weight making normal aging C57BL/6 mice an
appropriate analog for the study of midlife obesity in humans. It is therefore important that this age and class of
obesity group should be the target for preventive interventions for obesity-related cognitive dysfunction at the

preclinical phase.

To incorporate the sedentary lifestyle based obesity experimental model, the first of the current studies used
normally aged middle-aged male mice fed ad libitum, as a novel analog for overweight and Class 1 obese
individuals in order to target obesity associated late life dementia. Curcumin and CR were implemented as
dietary interventions to test their ability to decrease adiposity, alleviate inflammation and oxidative stress, as well

as improve different aspects of cognitive function. Caloric restriction was used as a negative control in this study
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as weight loss is one of the primary effects of this intervention. Results from the study indicated that short-term
CR indeed decreased body weight and systemic inflammation, as well as yielded positive cognitive effects.
However, there was no improvement in oxidative stress, which could have been attributed to the short time

period of 3 to 4 months that these mice underwent CR (Kalani et al., 2006).

Inferences from the results of this experimental model of obesity can provide important information toward

understanding the impact of weight loss in obese humans during midlife.

Gap 2: Data on age-associated neurobehavioral functionality from a mixed interventions study of a

nutraceutical and dieting.

Overweight and obese individuals wanting to lose weight typically start with short-term CR. This paradigm is
also popular due to studies reporting its beneficial effects on inflammation and oxidative stress (Spangler et al.,
2010). The increased attention to the health benefits of reducing inflammation and oxidative stress in relation to
both obesity and aging has also created a 150-billion-dollar industry focused on the sale of nutraceuticals with
potential antioxidant and anti-inflammatory capacities for treating common health problems (Coppens et al.,
2006). However, this industry is not FDA regulated, creating a distinct lack of knowledge about their long-term
effects on functional capacity (Kesselheim et al., 2015). Further complicating this problem is the lack of
information on combination treatments, for example when nutraceuticals are used in conjunction with dieting

(Coppens et al., 2006).

Although beneficial effects of CR have previously been established, the current experiment addressed the
effects of combining CR with curcumin on the reversal of obesity and age-related inflammation and oxidative
stress developed during mid-life and the exacerbation of cognitive and motor dysfunction during early
senescence. In doing so, the current projects aimed to determine whether these effects were additive,
synergistic and/or dependent on ages at which these interventions were implemented. Finding additive effects
could potentially lead to development of future interventions involving milder CR and a reduced curcumin

dosage, and provide valuable information regarding drug interactions to the growing literature of polypharmacy

146



practiced by the middle-aged and aged populations. Contrary to the hypothesis for the experiment, results from
the current study indicated CURCR to be neither beneficially synergistic nor additive. In fact, when tested for
spatial learning via the probe index and for cognitive flexibility, CURCR middle-aged males performed more
poorly than their age-matched controls. Although females also did not demonstrate any additive functional
outcomes, they also did not demonstrate the antagonistic effect evident in the males. Whereas CURCR
treatment failed to be of any cognitive benefit to male mice, it did enhance motor function in CURCR males when

compared to their age-matched controls.

Conducting trials of and implementing them at different ages in combination is essential to further scientific
knowledge on the long-term impact of dietary interventions on aging processes and disorders. According to the
results from this study, the antagonistic action of the combination treatment on cognition would send a note of

caution to individuals who practice polypharmacy with different nutraceuticals.

Gap 3: Effect of dietary interventions may be sex dependent.

The over reliance on male animals as subjects and sources for cells in preclinical studies prevents
demonstrating what may be key gender differences that could potentially guide clinical studies. With the recent
call of action by the NIH to balance sex in cell and animal studies (Clayton & Collins, 2014), it is clear that
heeding this call and adding female mice to experimental designs could bridge the current gap in knowledge of

the effects of nutritional interventions in aging females.

In the current study, there was a distinct sex difference in cognitive flexibility, such that males under CURCR
had than females, regardless of age. This sex difference may be hypothesized as due to higher than optimal
levels of testosterone levels in male mice (Golden et al., 2007; Hogervorst et al., 2010). Previous studies have
indicated that both short-term CR and curcumin increase testosterone levels (Abarikwu et al., 2014; Pop et al.,
2015; Schulte et al., 2014; Sitzmann et al., 2010). Although testosterone has been shown to have beneficial
effects on cognition (Cherrier et al., 2001; Choi & Silverman, 2002), there may be a ceiling effect to these

positive effects. As reported by Wallin et al. (2015), injecting anabolic steroids in younger male mice with regular
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testosterone levels hinders their executive function (Wallin & Wood, 2015). Similarly, higher total testosterone in
middle-aged men has also been associated with poorer executive function (D. M. Martin et al., 2007). Whereas
CR in the present study had no independent effect on executive function in the aged mice of either gender, it
was shown that aged females under CURCR had better cognitive flexibility compared to CR alone. This
manifestation is possibly a protective effect of estrogen in aged female mice. Estrogen has been reported to up-
regulate nuclear translocation of Nrf2 (Gorrini et al., 2014; Wu et al., 2014) whereas the effect of testosterone on
Nrf2 remains inconclusive (Schultz et al., 2010) (Fig 4). The cognitive effect would otherwise not been reported,
had the study only included male mice, leading to an incorrect conclusion that combination treatment would be

harmful for the general population..

Evidence of sex-specific or gonadal hormone effects for different interventions is scant in both pre-clinical and
clinical studies. Results from the current experiment illustrate the importance for studying gender differences in
the pre-clinical phase, thus allowing for further investigation of gender-specific optimal dosages and mechanisms

of action for newer therapeutic agents in order to cater to the whole population.
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FIGURE 4: Overall schematic and future hypotheses based on results from current projects
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Chapter V
Conclusions and future directions

Fulfillment of the specific aims with the current project has confirmed curcumin not only to have CR like
properties but also suggests curcumin to be more beneficial than CR. This holds particularly true in the aged,
where CR fails to produce any noticeable cognitive benefits. The current experimental design also introduced a
new model for obesity associated cognitive decline, which was an appropriate analog for midlife human obesity.
One of the more outstanding outcomes from both of these studies was the significant improvement in fronto-
cortical function in both middle-aged and aged mice that were fed curcumin ad libitum. In both of these studies,
curcumin significantly improved the executive function compared to their respective age matched controls.
Interestingly, even though our hypotheses for the combination treatment did not hold, an antagonistic effect on
cognitive outcomes was noted in males. The antagonistic nature of the combination treatment on males warrants
future tests on hormones and dietary interventions. The comprehensive nature of the completed project fills in
some critical gaps on the current understanding of aging, accelerants of age associated functional decline, and
dietary interventions to treat these deficits. Based on the results and inferences from these results, future

experimental designs may:
Incorporate varying ratios of macronutrients to test on the sedentary lifestyle midlife obesity model.

Obesity in humans is a heterogeneous condition and encompasses factors other than just excessive intake of
calories relative to activity. Studies have shown that adiposity and its comorbidities are also dependent on
macronutrient intake. For example, Solon-Biet et al. 2014 reported that a low protein: low carbohydrate diet was
associated with increased body fat in late middle-aged mice, whereas mice on a low protein: high carbohydrate
diet not only weighed less but had high autophagic activity, improved cardiovascular health, and a marked
increase in longevity (Solon-Biet et al., 2014). A review of the literature provides an array of studies that were
conducted to understand the effects of varying macronutrients on body weight and adiposity (Abete et al., 2006;
Martinez et al., 2014; McCall, 2010). However, there has been minimal research directed towards understanding

how macronutrient ratios may affect some of the secondary comorbidities of obesity, such as late life dementia.
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Whereas the model of obesity used for the present study appears to be an adequate analog to human mid-life
obesity, it does not take into account the variance of macronutrient intake in humans that can influence
physiological outcomes. Several macronutrients tested alone have been shown to result in varying effects on
cognition (Roberts et al., 2012; Yon et al., 2013). However, many of the current obesity models have focused on
only one aspect of diet, either fat content or sugar content, which makes the results more difficult to understand
in conjunction to human food intake. Since humans have a variable macronutrient intake that would likely
influence their body weight, it would seem beneficial to include macronutrient ratios as a variable to study obesity
in animal models. Indeed, epidemiological studies have shown that low protein, high carbohydrate diets are
associated with improved health (Floegel & Pischon, 2012; Lagiou et al., 2012). Future preclinical studies on
cognitive decline associated with mid-life obesity should include obese controls and a diet that mimics both the
energy imbalance and macronutrient ratio of the middle-aged human obese population to aid with better

translation of results to a clinical setting.

Test different doses of curcumin to elucidate the possibility of non-linear dose response effects

Based on the outcomes from both the studies, it would have been ideal to test a dose in between the 1000
and 7000 ppm range to detect whether curcumin has an inverted U-shaped dose-response function and whether
this curve is gender dependent. Since the combination treatment produced an antagonistic impact on cognition,
this warrants testing lower doses to clarify whether the effect was a result of combining two interventions or if a
higher dose of curcumin negates the beneficial effect of caloric restriction. This information would be pivotal in
providing information for a translational dose of curcumin if it were to be tested as an anti-aging therapeutic
clincally. Further, an additional CURCR group with a dose of 1000 ppm of curcumin would have provided
valuable insight on whether this concurrent application has an inverted U shaped dose response response in
males, which could potentially explain the antagonistic effect at the high dose of curcumin. The hypothesis that
curcumin plus CR would induce an additive benefit was not supported for either gender in this study. However,

the combination therapy still yielded several compelling sex-dependent functional outcomes.

Androgen deficient or knockout experimental models
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Since the combination treatment had distinct sex dependent functional outcomes, the optimal dose for
beneficial effects on fronto-cortical functions maybe different for the sexes and dependent on gender specific
hormone concentrations. The inclusion of testing for functional outcomes in female mice proved critical to reveal
the gender dependent effects. The hormone specific effects should be further investigated by analyzing estrogen
receptor regulation in CURCR mice or testing curcumin and CR in the presence of an estrogen blocker. Further,
female mice in the present study were more active and displayed anxiolytic effects which was attributed to
estrogen. Ovariectomized mice could serve as an important in vivo model to test these hypotheses (Souza et al.,
2014). Additionally, testosterone deficient male mouse or androgen receptor knockouts could serve as an
important model to test for antagonistic effects of the combination treatment or lack of and whether these effects
are dependent on gonadal steroids. In fact, a handful of studies have also suggested exogenous testosterone
therapy to be beneficial to post-menopausal women in terms of improvement in semantic and episodic memory
(Ryan et al., 2012; Shah et al., 2006); suggesting beneficial effects or lack of an antagonistic effect of the

CURCR treatment on females to be a result of increased testosterone.

One of the more profound findings from this study was the improvement in executive function and the
lack of an effect on hippocampal dependent spatial learning. Both long term and working memory depend on
proper executive functioning because strategic processes are required for task performance. Changes in the
fronto-cortical and fronto-striatal regions of the brain are most likely the significant cause for reduced executive
function in non-demented, normally aging older adults. Pathophysiological changes that occur with aging
affecting the brain structure can cause age associated executive difficulties. One of the major changes that can
impact executive function is damage to white matter and both oxidative stress and inflammation have been
implicated in age associated white matter abnormalities (Frodl & Amico, 2014; Lin et al., 2014; Pleasure et al.,

2006).

Based on the results from these studies, dietary curcumin holds potential as palliative care to delay the onset
of fronto-cortical dysfunction commonly suffered by normal aging individuals (Buckner, 2004). Interestingly,

curcumin also improved cognitive outcomes when implemented during early senescence where caloric
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restriction failed to have a positive impact. Although the current experimental model provides an adequate

demonstration of functional outcomes from the combination therapy and the individual interventions, the

experiment would have benefited with a middle-aged male CR group to help with a comprehensive analysis.

Nevertheless, results from this study offer important insights into the complexity of the several interacting

systems and the differential outcomes from dietary interventions, implemented alone and concurrently.
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