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Abstract

Aging-associated microglial priming results in the potential for an exaggerated neuroinflammatory
response to a subsequent inflammatory challenge in regions of the brain known to support learning
and memory. This excessive neuroinflammation in the aging brain is known to occur following a
variety of peripheral insults, including infection and surgery, where it has been associated with
precipitous declines in cognition and memory. As the average lifespan increases worldwide,
identifying interventions to prevent and treat aging-associated excessive neuroinflammation and
ensuing cognitive impairments is of critical importance. Lifestyle has emerged as a potential non-
pharmacological target in this endeavor. Here, we review important and recent preclinical and
clinical literature demonstrating the anti-inflammatory effects of lifestyle modifications such as
exercise, diet, and environmental enrichment in the context of aging and memory. Importantly, we
focus on research indicating that these lifestyle modifications do not need to be lifelong,
suggesting that such interventions may be efficacious in the prevention and treatment of aging-
and neuroinflammation-associated cognitive impairment, even when initiated in older age.
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1. Introduction

Older individuals are particularly susceptible to precipitous memory impairments following
a variety of insults, including peripheral surgeries and infections, unhealthy diets, and injury,
and deleterious neuroinflammation has emerged as a critical component underlying these
memory deficits. During normal aging, the brain’s resident immune cells — microglia —
become sensitized (Rozovsky et al., 1998), priming them to mount prolonged and
exaggerated inflammatory responses (Barrientos et al., 2015). It is hypothesized that when
these already sensitized microglia are activated in response to peripheral insults the
significant neuroinflammatory reaction that results leads to downstream changes that are
damaging to the brain’s synaptic plasticity functions, ensuing in memory impairment. It
should be noted that other cell types, namely astrocytes, play a profound role in
neuroinflammation and brain aging as well (Salminen et al., 2011; Colombo and Farina,
2016; Boisvert et al., 2018). However, a preponderance of research indicates that in aging,
microglial activation promotes subsequent astrocytic activation. That is, the aging-induced
increase of reactive astrocyte genes is reduced in mice lacking microglial-secreted cytokines
known to induce reactive astrocyte formation (namely interleukin la [IL-1a] and tumor
necrosis factor [TNF]), implicating microglia as the primary driver of exaggerated
neuroinflammation in aging (Clarke et al., 2018). Indeed, extensive research has implicated
this exaggerated neuroinflammation resulting from aging-associated microglial priming in a
number of memory impairments.

In the aging population, the peripheral insults of surgery and infection are known to result in
detrimental cognitive deficits. We and others have demonstrated that a variety of surgeries,
including various abdominal, orthopedic, and cardiac surgeries, result in exaggerated
neuroinflammation and memory impairments (Moller et al., 1998; Monk et al., 2008;
Barrientos et al., 2012; Alam et al., 2018; Safavynia and Goldstein, 2018; Lu et al., 2019).
Similarly, peripheral infections, including £. coli, influenza A, and human
immunodeficiency virus (HIV) have been shown to disproportionately cause memory
impairments in aged systems as compared to young adult ones; again, excessive
neuroinflammation resulting from normal aging-associated microglial priming is implicated
in the underlying processes (Barrientos et al., 2006; Barrientos et al., 2009; Jurgens et al.,
2012; Tanaka et al., 2018; Sparkman et al., 2019). Likewise, diets high in fat and sugar are
now understood to impact cognition, including learning and memory. In fact, a high fat diet
(HFD) alone is sufficient to cause cognitive deficits in aged rodents, but not young adults, in
as a little as 3 days (Spencer et al., 2017). One mechanism of diet’s effects on cognition is its
ability to induce a robust inflammatory response in the aged brain (Spencer et al., 2017;
Cavaliere et al., 2019; Noronha et al., 2019; Butler et al., 2020), and recent work by our
group implicates marked increases in pro-inflammatory saturated fatty acids and decreases
in anti-inflammatory polyunsaturated fatty acids following short-term HFD in this
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phenomenon (Butler et al., 2020). Indeed, elevated expression of pro-inflammatory
cytokines and reduced phagocytic activity by microglia are seen to parallel HFD-induced
memory deficits in aged rodents (Spencer et al., 2019; Xu et al., 2019). Furthermore,
neuroinflammation has been implicated in a variety of aging-associated cognitive diseases,
most notably Alzheimer’s disease and other dementias, as well as in the pathology of
traumatic brain injury (Cai et al., 2014; Calsolaro and Edison, 2016; Chiu et al., 2016; Loane
and Kumar, 2016; Bright et al., 2019).

Given the prevalence of neuroinflammation in memory impairments which
disproportionately inflict aged individuals, interventions which facilitate anti-
neuroinflammatory responses are of critical importance. In recent years, lifestyle has
emerged as a potential non-pharmacological target for achieving such results. In particular,
lifestyle modifications such as diet, exercise, and environmental enrichment have been found
to elicit anti-inflammatory effects in aging. Thus, lifestyle modification presents a promising
potential method for preventing and treating aging- and neuroinflammation-associated
memory deficits, including those induced by peripheral insults (Fig. 1). Here we review
recent and important preclinical and clinical findings on the impact and efficacy of lifestyle
modifications initiated specifically in middle to older age in the prevention and treatment of
aging-associated and neuroinflammation-mediated memory impairments.

Dietary Strategies

Diet elicits profound effects on inflammation, including in the brain. For example,
overfeeding or consuming diets high in saturated fats and refined sugars are known to
robustly increase saturated fatty acids in the brain and neuroinflammatory responses
(Milanski et al., 2009; Clarke et al., 2012; Thaler et al., 2012; Miller and Spencer, 2014;
Sobesky et al., 2014; Beilharz et al., 2016; Cai et al., 2016; Sobesky et al., 2016; Spencer et
al., 2017; Cavaliere et al., 2019; Noronha et al., 2019; Butler et al., 2020), while other
dietary strategies have been shown to reduce levels of neuroinflammation (Fig. 1). Dietary
restriction encompasses any reduction in the intake of certain nutrients through diet and can
be further classified as caloric restriction — a reduction in total food intake without inducing
malnutrition; and intermittent fasting — a dietary strategy that cycles between fasting and
non-fasting physiological states. Other dietary strategies include specific nutritional
consumption patterns (e.g. protein restriction, Mediterranean diet, or veganism). Since the
pivotal 1935 study by McCay and colleagues, in which it was first demonstrated that caloric
restriction extended lifespan (McCay et al., 1935), extensive research has been done to
elucidate the mechanisms by which dietary restriction induces beneficial and protective
effects, including on the brain. Interestingly, anti-inflammatory mechanisms have emerged
as a critical benefit of dietary restriction.

Preclinical Evidence: Dietary Strategies Reduce Glial Activation &

Neuroinflammation

Recently, a detailed multi-tissue, transcriptomic study identified systemic effects of both
aging and caloric restriction on cell type composition, molecular programs, regulatory
transcription factors, and cellular communication networks (Ma et al., 2020). In this study,
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30% caloric restriction was initiated in middle aged mice (18 months) and maintained for 9
months. The results strongly corroborate previous work showing that aging is associated
with a chronic inflammatory status in multiple tissues, including heart, liver, serum, and
brain, and, most interestingly, revealed that these pro-inflammatory changes can be
repressed or even reversed by 30% caloric restriction, even when initiated in middle age.
Similarly, another study demonstrated that in various brain regions, including the
hippocampus and corpus collosum, aging-associated astrocyte and microglial activation was
attenuated by 30-40% caloric restriction when initiated in young adulthood (3 months) and
continued into late middle-age (24 months) (Morgan et al., 1999). The authors note that
these changes were paralleled by mitigation of aging related changes to both learning and
long-term potentiation (LTP) (a critical mechanism underlying learning and memory) in the
hippocampus following caloric restriction.

Other work indicates that more short-term dietary restriction is sufficient to reduce levels of
neuroinflammation, suggesting that diet modification implemented later in life can still be an
effective non-pharmacological intervention. One study (Vasconcelos et al., 2014) examined
the effects of intermittent fasting on an adult rat model of sepsis, particularly on
neuroinflammation and cognitive deficits associated with the condition. In this study,
intermittent fasting consisted of 24 hours of food deprivation every other day for 30 days
prior to infection induction. This regimen ameliorated spatial memory and inhibitory
avoidance impairments. The authors demonstrated that intermittent fasting modulated the
NF«xB transcription factor and reduced mRNA expression of toll-like receptor 4 (TLR4)
within the hippocampus, likely explaining the ameliorated LPS-induced levels of
hippocampal pro-inflammatory cytokines interleukin 1-alpha (IL-1a), interleukin 1-beta
(IL-1B), and tumor necrosis factor-alpha (TNFa). Finally, the authors reported that
intermittent fasting prevented LPS-induced reduction of brain derived neurotrophic factor
(BDNF), a protein critical to long-term memory consolidation (Barco et al., 2005) with a
known vulnerability to neuroinflammation (Barrientos et al., 2003; Barrientos et al., 2004).
Similarly, another study examined the effects of intermittent fasting pretreatment (for 12
weeks) on cognitive function (object and spatial memory) in an adult rodent model of
vascular dementia (Hu et al., 2017). Intermittent fasting robustly reduced oxidative stress
and neuroinflammation, prevented BNDF levels from plummeting, and prevented cognitive
deficits, effects all normally associated with the disease.

This dietary strategy initiated in middle to old age has also been shown to be
neuroprotective. A series of studies by Singh and colleagues has demonstrated that
intermittent fasting begun either in middle or old age can prevent behavioral impairment in
male rats (Singh et al., 2012; Singh et al., 2015). In their 2012 study of late-onset
intermittent fasting, 21 month-old rats were subjected to periodic fasting, in which they were
without access to food for 24 hours every other day, for 3 months. Following the
intervention, motor coordination and spatial memory function were assessed via rotarod and
Morris water maze, respectively. The authors found that the fasting regimen resulted in
improved age-related motor and memory function compared to ad libitum-fed aged controls.
These findings were paralleled by an attenuation of age-related increases in protein
carbonylation and partial recovery of mitochondrial electron chain complexes (ETC) activity
in the fasted rats, both of which are indicative of reduced oxidative damage. Furthermore, in
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the hippocampus, intermittent fasting mitigated the aging-associated decrease of key
synaptic proteins synaptophysin and CaM kinase I, which are known to be negatively
affected by oxidative damage. The 2015 study extended these findings with the observation
that NFxB was significantly reduced in the fasted rats, suggestive of a role for intermittent
fasting’s anti-inflammatory effects in the observed benefits.

Likewise, in a study of senescence-accelerated prone 8 (SAMP8) mice, which have a
reduced lifespan and neurological changes characteristic of advanced aging, intermittent
fasting for 8 weeks was found to normalize expression of BNDF and Sirtuin 1 (Sirtl) (Tajes
etal., 2010). Sirtl is a nicotinamide adenine dinucleotide (NAD™*)-dependent protein
deacetylase with a myriad of functions, including in memory formation and synaptic
plasticity; additionally, elevated Sirtl has been associated with reduced microglial
expression of NFxB, thus promoting an anti-inflammatory role for the molecule (Chen et al.,
2005). Indeed, Tajes et al demonstrated that increased Sirt1 following fasting was paralleled
by reduced NFxB expression.

Taken together, these studies suggest that caloric restriction and intermittent fasting confer
neuroprotection against a variety of aging-related insults via anti-inflammatory and pro-
BDNF mechanisms, thus preserving memory functions. Intermittent fasting may be
particularly relevant to post-operative cognitive dysfunction, a disorder disproportionately
afflicting older adults, as it could potentially be included in pre-operative patient regimens in
an effort to ameliorate surgery-induced exaggerated neuroinflammation and memory
impairments.

2.2. Clinical Evidence: Dietary Strategies Mitigate Aging-Associated Cognitive
Impairments

A number of clinical studies have ascertained a positive correlation between more prudent or
restrictive dietary strategies, initiated in late-middle- to old-age, and better cognitive
outcomes in older age. In one study (Shakersain et al., 2016), dementia-free individuals over
the age of 65 were followed for up to 6 years and their diet and cognitive abilities were
assessed. Using a food frequency questionnaire to determine diet intake and mini-mental
state examination (MMSE) to assess global cognition, including attention, calculation, and
memory, the authors found that high adherence to a more prudent, Mediterranean-like diet
(i.e. high in fruits, vegetables, fish, and low-fat dairy) was significantly correlated to less
cognitive decline, as determined by the MMSE. The group reported that those who
maintained a Western diet (generally considered a diet high in fats and sugars) were more
highly associated with cognitive decline. Interestingly, the Western diet-associated cognitive
decline became less pronounced and non-significant for individuals who maintained a mix
of prudent and Western diets, suggesting that a more restrictive dietary pattern may attenuate
the adverse effects of an unhealthy one. Similarly, another study (Sindi et al., 2018) found
that implementing a healthier diet in midlife reduced one’s risk of dementia in later-life.
Following an initial self-report of diet at midlife (mean age=56), study participants returned
for two late life reexaminations (mean age=70 and 78). The group found that greater midlife
healthy dietary changes were associated with reduced risk of dementia later in life.

Exp Gerontol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Muscat and Barrientos Page 6

Likewise, more specific nutritional patterns have also been shown to elicit beneficial
cognitive effects in older humans. For example, emerging evidence suggests that plant-based
diets, such as vegetarianism and veganism, elicit anti-inflammatory effects in part due to the
high amounts of antioxidant-rich foods in plant-based diets, such as nuts and berries.
Additionally, multiple lines of research suggest that plant-based diets or the addition of more
plant-based foods can improve cognitive function, such as learning memory, visuospatial
orientation, executive function, and logical memory, and reduce risk of cognitive decline in
old age, even when initiated in late middle- to old-age (see (Jamshed et al., 2019) for a
detailed review). Similarly, the Mediterranean diet — a diet pattern typically involving high
intake of plant-based foods (e.g. nuts, fruit, and vegetables) and olive oil, moderate intake of
dairy, eggs, fish and poultry, and low intake of red meats — has been associated with healthy
cognitive aging, including improved working and short term memory, retrieval fluency,
inhibition, visuospatial memory, attention and executive function and reduced risk of
cognitive decline (Petersson and Philippou, 2016; Masana et al., 2017). These human studies
suggest that dietary modifications beyond simple calorie restriction or intermittent fasting
may also be neuroprotective in older age, indicating a complex role for diet — and
specifically diet composition — in cognitive function and aging. It should be noted that these
studies are limited to assessing estimates of particular dietary components, i.e. fats, sugars,
meats, and vegetables, and did not measure caloric intake. Thus, it cannot be ascertained if
the observed effects are due to changes in nutrient intake or the reduction in caloric intake
often associated with a more restrictive diet. Future studies should aim to determine the
specific contributions of these factors on cognition in older age.

Clinical studies aimed at understanding the mechanisms underlying some of these
neuroprotective dietary strategies have revealed several anti-inflammatory effects. For
example, many studies have shown that supplementation with poly-unsaturated fatty acids
(PUFA) significantly reduce circulating C-reactive protein, TNFa and IL-6 concentrations
(Ferrucci et al., 2006; Browning et al., 2007; Kelley et al., 2009; Satoh et al., 2009; Ramel et
al., 2010; Lopez-Alarcon et al., 2011; Nobili et al., 2011; Skulas-Ray et al., 2011).
Additionally, intermittent fasting may be neuroprotective by influencing circadian rhythm. A
growing body of literature indicates that the circadian clock regulates activity and function
of neuroimmune cells (Fonken et al., 2015; Fonken et al., 2016; Segal et al., 2018). Indeed,
in a clinical study on the effects of early time restricted feeding — a form of intermittent
fasting in which participants ate only between 8am and 2pm everyday for 4 days — fasting
was found to have widespread effects on circadian clock gene expression in whole blood
cells and these were associated with increases in expression of Sirtl, BDNF, and mTOR
(Jamshed et al., 2019), supporting a critical role for circadian rhythm in the neuroprotective
effects of intermittent fasting.

Taken together, these clinical studies demonstrate the powerful impact of diet on cognitive
aging (Fig. 1), even when implemented at an older age. It is likely that these neuroprotective
effects are mediated at least in part by reductions in neuroinflammation, strongly suggesting
that diet modification may be an efficacious non-pharmacological intervention to reduce
aging-associated exaggerated neuroinflammation and ensuing memory impairments.
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3. Exercise

Exercise can be broadly defined as any physical activity, and is further classified as either
aerobic, anaerobic, or flexibility exercise. Aerobic exercise consists of physical activities
which involve large muscle groups and that require the body to use more oxygen than it does
at rest; walking, running, swimming, biking, and rowing are classic examples of aerobic
exercise. Anaerobic exercise involves strength and resistance training (e.g. weightlifting and
interval training) and is known for improving muscle mass, strength, and overall function.
Lastly, flexibility exercise increases muscle length and thus joint range of motion, typically
via stretching. In the present review, we will focus on aerobic exercise and its effect on
neuroinflammation and cognition in aging, primarily due to a lack of current research on
anaerobic and flexibility exercise’s effects on these processes. Significant work has been
done to evaluate the anti-inflammatory effects of voluntary aerobic exercise in rodent
models, especially in aging, and to delineate the underlying molecular mechanisms, as well
as to understand the impact of regular exercise on cognition in older humans.

3.1. Preclinical Evidence: Exercise is Neuroprotective & Anti-Neuroinflammatory in Aging

Our group has shown that a modest amount of voluntary wheel running over a 6 week period
was robustly effective at preventing peripheral infection-induced exaggerated
neuroinflammation in the hippocampus of aged rats (Barrientos et al., 2011). Blunted BDNF
mRNA induction and hippocampal-dependent long-term memory deficits, which were also
observed in the infection model, were reversed with exercise. Furthermore, exercise
abrogated age-related microglial priming, suggesting a mechanism underlying exercise-
induced neuroprotection in aging. Importantly, rats did not begin voluntary exercise until 22
months of age, representing late middle-age. Similarly, others have shown that, in aged
mice, 8 weeks of voluntary wheel running decreased the number of new microglia while
increasing the number of microglia expressing insulin-like growth factor 1 (IGF-1), a protein
produced in the brain which is critical to brain development, synapse formation, adult
neurogenesis, and cognition (Kohman et al., 2012; Labandeira-Garcia et al., 2017);
importantly, IGF-1 is thought to exert neuroprotective effects via inhibition of
neuroinflammation (Sukhanov et al., 2007; Park et al., 2011). Interestingly, IGF-1
expression normally decreases with age. Thus, these data suggest that exercise shifts
microglia towards a less inflammatory phenotype, which may underlie, at least in part, its
neuroprotective effects in cognitive aging.

Another study found that six weeks of voluntary wheel running among aged mice led to
improved spatial learning and memory performance, accelerated glymphatic clearance, and a
reduced number of microglia and astrocytes (He et al., 2017). The authors also assessed
synaptic structures (dendrites, dendritic spines, and post-synaptic density 95 [PSD95]), and
found that running significantly increased expression of all three compared to that of
sedentary mice. Based on these results, the authors concluded that exercise attenuated
neuroinflammation and that this was associated with protection from synaptic dysfunction
and cognitive decline. Taken together, these studies suggest that exercise exerts
neuroprotective effects via anti-inflammatory mechanisms and can protect against
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neuroinflammation-associated cognitive deficits, even when that exercise is initiated later in
life, indicating that these mechanisms remain plastic into older age.

3.2. Clinical Evidence: Exercise Protects Cognitive Function in Older Humans

Clinical studies examining the effects of exercise on cognitive aging are also promising. Lin
and colleagues recently carried out a longitudinal study on the effects of self-selected
exercise on cognition in a non-dementia aging Chinese population (Lin et al., 2019). The
study reported a significant improvement from baseline in cognitive function, particularly
visuospatial function, in the self-selected exercise group compared to the non-exercise group
at a one-year cognitive evaluation follow-up. Similarly, other clinical studies found that, in
cognitively intact older adults, higher levels of aerobic fitness were associated with larger
hippocampi and better spatial memory performance (Erickson et al., 2009; Erickson et al.,
2011). In an interesting long-term exercise study examining the combination of physical
activity and cognitive enrichment, researchers assessed various measures of neuroplasticity
in older adults assigned to either a dance exercise group (in which participants had to
constantly learn new movement patterns) or a conventional strength and endurance exercise
group (Muller et al., 2017). Both groups exhibited significant improvements from baseline in
attention after six months, and attention and verbal memory after eighteen months. However,
the dancers exhibited increased plasma BDNF concentrations and greater gray matter
volume in the precentral gyrus and parahippocampal regions compared to baseline values,
effects not observed in the conventional exercise group. These findings suggest that
combining physical activity with new learning may be even more neuroprotective than
conventional exercise alone.

In a study of the acute effects of aerobic exercise, it was demonstrated that just 30 minutes
of moderate-intensity cycling (65% of their maximum heart rate) promoted a change in
functional connectivity of networks (as assessed via fMRI analysis) in the brains of older
individuals, particularly in brain regions associated with learning and memory
(hippocampus), affect and reward (nucleus accumbens and amygdala), and executive control
(frontal gyrus, dorsolateral and ventrolateral prefrontal cortex) (Weng et al., 2017).
Additionally, while both older participants and the younger controls experienced this
increased functional connectivity, older adults underwent a greater change in aging-sensitive
regions such as the hippocampus and executive control networks. In a follow-up study, these
results were extended to show that, in older adults, the changes to functional connectivity
which occur following a single session of aerobic exercise reflect initial adaptations
experienced with prolonged exercise training (12 weeks) (Moss et al., 2020). Importantly, the
group also found that these functional changes, specifically those within the right lateralized
prefrontal cortex, were associated with improved working memory. The results of these
studies strongly suggest that even acute aerobic exercise in older age elicits neuroprotective
effects, and that more prolonged exercise regimes can positively influence memory function.

4. Environmental Enrichment

Environmental enrichment (EE) is classically defined as a combination of social and
inanimate stimulation, and generally refers to conditions that promote increased social,
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cognitive, and physical engagement (Rosenzweig and Bennett, 1996; Jurgens and Johnson,
2012). It is well-established that EE positively impacts cognition, including learning and
memory (Nilsson et al., 1999; Bruel-Jungerman et al., 2005; Leggio et al., 2005), and
research has implicated reduced microglia-mediated neuroinflammation as a crucial
mechanism underlying EE’s neuroprotective effects.

Preclinical Evidence: Environmental Enrichment Is Anti-Neuroinflammatory

In a study aimed at evaluating EE’s effects on the innate immune system of the brain,
particularly in the context of Alzheimer’s disease (AD), researchers subjected wild-type
young adult mice to 7-8 weeks of standard or EE housing (consisting of large cages with 8
mice, a running wheel, tunnels, and objects of various sizes and colors; mice were rotated
through 4 different cages daily) (Xu et al., 2016). This was followed by exposure to human
amyloid beta (Ap) oligomers, the primary component of amyloid plaques associated with
AD, via intracerebroventricular microinjection. Mice that received AP injections and were
housed in standard conditions exhibited greater immunological and morphological markers
of microglial activation and increased cytokine expression, including TNFa, IL-6, and
IL-1B. Importantly, EE-housed counterparts demonstrated a robust suppression of this
activated microglial and inflammatory phenotype. In another model of AD utilizing 12-
month old APP/PS1 mice, 6 months of EE (3—4 mice housed in a large cage with blocks of
various shapes and material, a ball, a running wheel, platforms, and a hut) was shown to
improve spatial short-term, but not long-term memory (Stuart et al., 2019). Additionally, an
increased number of phagocytic microglia following EE were observed compared to
APP/PS1 mice in standard housing; a higher percentage of phagocytic microglia has also
been observed in other AD mouse models (5XFAD) following EE (Ziegler-Waldkirch et al.,
2018). Importantly, aging-related microglial activation is associated with reduced
phagocytosis, thus observations of increased phagocytic microglia following EE are
suggestive of a potential mechanism underlying the intervention’s beneficial effects on
cognition (Koellhoffer et al., 2017).

In an elegant series of studies by Cao and colleagues, it has been revealed that EE, when
implemented in middle-age, can promote healthy aging in mice (McMurphy et al., 2018),
and that this is mediated in part by reduced neuroinflammation and effects on microglial
morphology (Ali et al., 2019). The group found that long-term EE (7.5-12 months),
consisting of 5 mice group-housed in large cages with running wheels, tunnels, igloos, huts
and other retreats, wooden toys, and a maze, resulted in decreased expression of
inflammatory cytokines and MHC-II in hippocampus, amygdala, and hypothalamus. These
findings were accompanied by ramification of microglia in those same brain regions.
Typically, microglia from aged rodents present a more ameboid-like morphology compared
to microglia in young rodents (Rawji et al., 2016), and thus these EE-induced changes
represent a shift in microglia towards a more youthful and less inflammatory phenotype.

The functional implications of EE’s anti-inflammatory effects have also begun to be
examined. A recent study has revealed that in aged mice, non-social EE (i.e. housed alone
but with a running wheel and novel toys) mitigates the detrimental effects of social isolation
in aging on spatial and social memory, and that this attenuation is associated with partial
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amelioration of glial cell and NOD-like receptor protein-3 (NLRP3) inflammasome
activation in the hippocampus (Wang et al., 2018). Together, these preclinical studies suggest
that enriching one’s environment may be beneficial in the prevention and even treatment of
aging- and neuroinflammation-associated cognitive impairment.

4.2. Clinical Evidence: Environmental Enrichment, Aging, and Cognition

To date, little clinical work has been done on the topic of EE and aging-related cognition.
Instead, much of the available research has focused on the benefits of social networks and
healing spaces. For instance, living in close proximity to green spaces and other amenities
such as parks, libraries, and cafes has been associated with reduced risk of dementia, certain
mental health disorders, and slowed cognitive decline in old age (Wu et al., 2015; Cherrie et
al., 2018; Wu et al., 2020).

Similarly, several longitudinal clinical studies have identified social network size and
composition as correlates to cognitive function (Kim and Lee, 2019; Sharifian et al., 2019).
In one study of cognitively intact older adults (>65 years old) it was found that cognitive
decline 2 years after initial assessment was least pronounced in married individuals living
only with their spouse, but who frequently interacted with their children and friends and
partook in social groups compared to individuals with a more restricted social network (Kim
and Lee, 2019). Another study found similar results when looking at global cognition, as
opposed to cognitive decline overtime (Sharifian et al., 2019). It was observed that social
networks which included a high number of friends, as opposed to a greater proportion of
family, were associated with greater global cognition, regardless of network size.

Despite limited clinical studies relating EE and aging-associated cognitive declines, the
current body of both preclinical and clinical research suggests that EE elicits anti-
neuroinflammatory effects which are protective against cognitive impairment in rodent
models, and which might underlie the observed benefits of EE/EE-like activities on
cognition in aging. Future studies should aim to assess the effects of EE beyond just social
networks; for instance, reading, game play, and puzzles are all well-regarded for the
cognitive stimulation they provide. However, despite a lack of clinical studies on true EE,
the present data is suggestive of its efficacy in reducing basal neuroinflammation and
protecting against aging- and neuroinflammation-associated cognitive impairments.

5. Conclusions and Future Directions

Precipitous cognitive declines during normal aging have often been observed to occur
following peripheral inflammatory challenges such as infection or surgery, and are more
devastating than gradual declines over time. Given that aging is normally associated with
microglial priming, it is likely that the brain’s immune cells mount a heightened response
following such peripheral immune challenges, resulting in exaggerated and deleterious
neuroinflammation leading to downstream effects on cognition and memory (Fig. 1). With
the average human life-expectancy increasing worldwide (WHO, 2020), it is imperative to
identify preventative and therapeutic interventions aimed at ameliorating this excessive
neuroinflammation and preventing such inflammation-associated cognitive deficits.
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Lifestyle has become a popular research topic in recent years, and a variety of studies,
reviewed here, suggest that dietary strategies, voluntary physical exercise, and environmental
enrichment are among the most effective lifestyle modifications to elicit various
neuroprotective effects in the aged brain. Reductions in neuroinflammatory markers and
increases in BDNF and synaptic markers critical for memory function have emerged as the
most robust mechanisms underlying these effects. Importantly, these findings strongly
suggest that these lifestyle modifications need not be life-long, but instead could be initiated
in middle to old age and still elicit beneficial effects. Despite the abundance of evidence
supporting these effects, the available clinical studies are still limited in their assessment of
the inflammatory response to such lifestyle modifications. Future studies should aim to
further characterize how such interventions impact basal inflammation levels, especially in
the nervous system, in humans. Additionally, it should be noted that the preponderance of
preclinical studies have used only male subjects. Given that the aging female brain
undergoes tremendous change during menopause, older women are particularly vulnerable
to cognitive impairments following inflammatory insults (Phillips Bute et al., 2003). Thus,
future preclinical studies examining the effects of lifestyle modifications on
neuroinflammation and neuroplasticity in older subjects should systematically examine sex
differences. Fortunately, from the clinical studies that examined both sexes, no pronounced
sex differences were noted, however, whether the underlying mechanisms of neuroprotection
are the same or different in males and females is important to understand. Taken together,
the available data favors lifestyle modification as a promising non-pharmacological
intervention for preventing or treating neuroinflammation-associated cognitive deficits
which disproportionately affect older individuals.
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Highlights
. Aging individuals are vulnerable to cognitive deficits following a variety of
peripheral insults
. Exaggerated neuroinflammation mediates such impairments
. Exercise, diet, and environmental enrichment elicit anti-neuroinflammatory
effects
. These non-pharmacological interventions protect against aging- and

neuroinflammation-associated cognitive impairments

Exp Gerontol. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Muscat and Barrientos

A Reduced
Neuroinflammation
& W

Neuroprotection 3

y i
\ & .\;
Resting Activated
microglia microglia

Exaggerated
Neuroinflammation
&

Memory
Impairment

Unhealthy -~

Diet . )\ ,%

Exercise

Dietary
Strategies

Yo
xnf’*Q
0

Enrlched
Environment

Figure 1.

Schematic depiction of the current literature. (A) Normal aging causes microglial priming in
key memory-mediating regions of the brain such that, upon proinflammatory challenge,
exaggerated activation occurs, leading to deleterious neuroinflammation and memory
impairment. In contrast, anti-inflammatory modifications reduce microglial activation,
effectively reducing levels of neuroinflammation and leading to neuroprotection. (B)
Examples of proinflammatory challenges (infection, surgery, or unhealthy diet) that
compound the aging-associated microglial priming to exacerbate neuroinflammation; and
examples of lifestyle modifications (exercise, dietary strategies, and environmental

enrichment) demonstrated to have anti-neuroinflammatory benefits.
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