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Abstract

Aging is the primary risk factor for many neurodegenerative diseases. Thus, understanding the 

basic biological changes that take place with aging that lead to the brain being less resilient to 

disease progression of neurodegenerative diseases such as Parkinson’s disease or Alzheimer’s 

disease or insults to the brain such as stroke or traumatic brain injuries. Clearly this will not cure 

the disease per se, yet increasing the ability of the brain to respond to injury could improve long 

term outcomes. The focus of this review is examining changes in microglia with age and possible 

therapeutic interventions involving the use of polyphenol rich dietary supplements.

Aging is the primary risk factor for neurodegenerative diseases and is associated with 

increased morbidity and mortality from acute and chronic injuries that lead to cognitive 

decline. One factor thought to contribute to this loss of resilience is a biological background 

of elevated inflammation that is characteristic of aged organisms. However the underlying 

molecular alterations that lead to inflammation and the therapeutic approaches to improve 

resiliency are not fully understood (Bennet et al., 1996; Michaud et al., 2013; Moll et al., 

2014; Niccoli and Partridge 2012). Aging is a complex process that involves cellular 

senescence, a gradual loss of tissue homeostasis, both of which contribute to reduced organ 

function. Aging involves multiple mechanisms that lead to diminished organism 

homeostasis. It is becoming clear that the “environment” of the aged brain as well as the 

peripheral organs has a profound effect on the function of the brain. These age related 

changes can compromise the brain’s regenerative capacity in response to the CNS 

challenges that arise from acute injuries such as stroke or head injuries, or chronic diseases 

like Parkinson’s Disease and Alzheimer’s Disease. Two major biological processes that 

characterize this aged “environment” are oxidative stress and inflammation; microglia are 

one of the primary cell types in the brain that contribute to both oxidative stress and 

inflammation. Microglia are constantly sensing the environment and responding to 
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numerous signals that indicate the health status of the surrounding neurons and other glial 

cells. In young brain these responses are appropriately balanced and microglia can 

effectively protect the CNS from immunologic insults, like invading pathogens, while 

avoiding the damage associated with sustained activation. In the aged brain microglia have 

been reported to be in a “primed” state where they have an increased response to pro-

inflammatory cytokines such as interleukin (IL)1-β and tumor necrosis factor (TNF) α. In 

this primed state they also show a blunted response to anti-inflammatory signals such as 

IL-10 and IL-4 (Fenn et al., 2012; Lee et al., 2013; Norden et al., 2014).

Microglial changes with age

Microglia are continually assessing the microenvironment and can respond to a variety of 

stimuli by rapidly moving between activation states. These activation states were initially 

termed M1 or classical pro-inflammatory and M2 or alternative activation. There is an 

ongoing balance of expression of cytokines from microglia depending on the surrounding 

signaling molecules. However, it is important to mention that it is becoming clear that 

microglial phenotype is quite complex. Some researchers have suggested that microglia can 

be categorized into a further subdivision of phenotypes M2a, M2b and M2c in an attempt to 

clarify some of these differences, as these have been used to classify macrophage responses 

to varying stimuli (Wilcock 2012). It has also been shown that even this classification is 

likely too simple and that at any given time microglia can express markers of many of the 

subtypes of activation and perhaps we should abandon the dogma of trying to put microglia 

into a box (Heneka et al., 2015; Morganti et al., 2016). It has been demonstrated that in the 

aged brain, microglia do not respond to the environment in the same manner as young and 

there are high levels of IL1β and TNFα and low levels of IL-10 even under basal conditions 

(Gemma et al., 2005; Gemma et al., 2002; Michaud et al., 2013; Monje et al., 2003). To 

demonstrate this, Lee et al stimulated microglial activation in the brains of young and old 

mice (Lee, Ruiz et al. 2013) by treating with cocktails containing either pro-inflammatory 

compounds (IL1β + IL12) or the anti-inflammatory compounds IL-4 + IL-13. This study not 

only demonstrated that the aged brain responds more dramatically to the pro-inflammatory 

cocktail, but it also has an impaired or diminished response to the anti-inflammatory stimuli. 

This observation has been replicated with isolated microglia and has been termed “priming” 

(Fenn et al., 2012; Norden et al., 2014). This may be important in terms of response to 

neurodegenerative diseases such as AD and PD, as arginase 1, one marker of the alternative 

activation state, is necessary for Aβ plaque reduction. In a recent paper it was demonstrated 

that arginase-1 positive microglia phagocytose Aβ and if arginase-1 expression was 

prevented with an IL-4Rα blocking antibody then this impaired the ability of microglia to 

remove reduce amyloid plaques (Fenn et al., 2014).

Many investigations have begun to assess the age related shifts in gene and protein 

expression in isolated microglia in order to understand the molecular underpinnings of the 

changes in microglial function with age. A recent study using RNAseq comparing isolated 

microglia to whole brain identified the microglial sensome (Hickman et al., 2013). These 

authors then examined the microglial sensome in aged cells and a large number of the down 

regulated genes were related to detecting endogenous ligands whereas those related to the 

recognition of host defense genes were up-regulated. These findings further suggest that 
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aged microglia do not sense and respond to the microenvironment in the same manner as 

microglia from young animals. Another recent study using gene microarrays of isolated 

microglia demonstrated up-regulation of a number of pathways including NFκB related 

genes and identified Sirt1 epigenetic regulation of IL1β as important in aged microglia (Cho 

et al., 2015). This study looked at myeloid-specific knockdown of Sirt1 and demonstrated 

alterations in microglial function. One caveat however is that peripheral macrophages were 

also altered using this approach, thus the specific role of microglia versus macrophages/

monocytes that are known to cross into the brain was not delineated.

A pathway known to regulate microglial priming is the transcription factor nuclear factor 

erythroid related factor 2 (Nrf2) signaling cascade. Although Nrf2 is normally involved in 

the cellular response to oxidative injury, when this molecule is knocked out in mice, 

microglial phenotype shifts towards exaggerated pro-inflammatory responses (Lastres-

Becker et al., 2012), precisely reflecting the primed microglial phenotype that is observed 

with normal aging. Recent evidence linking Nrf2-antioxidant response element (ARE) to 

microglial function include the critical role of Nrf2-ARE in promoting phagocytosis in 

microglia/macrophages as shown by a reduction in phagocytosis using a Nrf2 decoy to block 

Nrf2 actions (Zhao et al., 2014). It is also well established that there is a decline in 

microglial phagocytosis with age (Norden et al., 2014); again, indicating that alterations in 

Nrf2 expression can recapitulate the normal age-related changes in glial function.

Impact of inflammation on neural plasticity

The impacts of the changes in microglial function with age are numerous. There is strong 

evidence for cell non-autonomous effects on stem cell niches, with much of the evidence for 

this coming from studies using heterochronic parabiosis wherin the circulation of two 

animals of different ages is combined and early studies in our lab using the technique of in 
oculo transplantation. These latter experiments excised embryonic CNS tissues and 

transplanted the grafts into in the anterior chamber of the eye in rats of various ages 

(Granholm et al., 1987; Willis et al., 2005; Willis et al., 2010). The technique of in oculo 
transplantation uses fetal brain tissue is grown in the chamber of the eye where it becomes 

innervated by the blood and nerves from the host retina. In this manner you can study the 

development of brain tissues, such as the hippocampus in hosts of various ages, thus the 

environment of the host influences the growth of the brain tissue. When hippocampus is 

grown in the anterior chamber of aged rats it develops more slowly and does not attain 

morphology similar to that observed. When aged hosts are used one difference is that there 

are higher levels of pro-inflammatory cytokines that have a negative impact on the growth of 

the brain tissues. The “environment” of the aged host can be manipulated by feeding the 

older rats diets enriched in polyphenols, such as blueberries. This lowers the levels of 

cytokines and increases the growth rate of the hippocampal tissue. A more organotypic 

morphology is also observed under these conditions, similar to what is observed when the 

hippocampal tissue grows in a young host. (Granholm et al., 1987; Willis et al., 2005; Willis 

et al., 2010). These observations reiterate that the aged environment either lacks some vital 

factors necessary to perpetuate optimal cellular function or contains negative factors that 

inhibit proper cellular function.
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Prominent support of the cell non-autonomous influences on stem cell vitality has also been 

generated using the technique of heterochronic parabiosis (Conboy et al., 2005; Villeda et 

al., 2011). These researchers used this method to surgically conjoin a young and aged 

animal, allowing the fusion of the two the vascular systems, and exposing each parabiont to 

the circulating factors of the other. This work demonstrated that the systemic milieu of aged 

mice reduces function of neural stem cells, hematopoietic stem cells, muscle satellite stem 

cells, and liver stem cells, (Conboy et al., 2005; Mayack et al., 2010; Villeda et al., 2011). 

Furthermore, when serum from old rats or mice is used to treat cultures of stem cells from 

various niches in a model of parabiosis in a dish, the serum from old animals has a negative 

impact on stem cell proliferation and there are changes in fate determination that recapitulate 

aging (Mayack et al., 2010; Villeda et al., 2011; Villeda et al., 2014). Several possible 

factors that are altered in old blood have been identified as possible negative and positive 

influences on the stem cell niches. For example, Villeda et al. initially suggested that CCL11 

(eotaxin) is increased similarly in human and parabiont plasma and may be one of the 

negative regulators in the aged blood on neurogenesis (Villeda et al., 2011). Another recent 

paper suggests beta2-microglobulin is also a pro-aging factor (Smith et al., 2015), while 

several other reports have suggested that growth differentiation protein 11 (GDF-11) is 

decreased with age. Treatment with GDF-11 has a positive effect on several stem cell niches 

such as the liver and muscle (Katsimpardi et al., 2014; Sinha et al., 2014).

In addition to circulating factors, one of the main non-autonomous factors impacting the 

neurogenic niche is influences from surrounding cellular components such as microglia. 

Several studies have shown that aged microglia negatively impact the stem cell niche in a 

Nrf2-ARE dependent manner (L'Episcopo et al., 2013; Piccin et al., 2014). Specifically the 

role of microglia on the aged stem cell niche has become an area of active investigation. A 

recent study suggests that the cells from the neurogenic niche of aged animals negatively 

impacts neural stem cells from the subventircular zone ex vivo (Piccin et al., 2014). In 

contrast, adding neurogenic niche cells from the young animal had a rejuvenating effect on 

stem cells isolated from the aged niche. Other studies have shown that aged microglia 

directly impact the niche. Aged microglia grown in culture with young neural progenitors 

induce senescence in these NPC’s as reflected in decreased proliferation and maturation 

(L'Episcopo et al., 2013). This influence of the niche was linked to Nrf2 function and 

treatments that reduced microglial M1 phenotype were associated with increased Nrf2 

expression, however a causal link was not established (L'Episcopo et al., 2013). In addition, 

restoration of the anti-inflammatory response may be just as important as reducing pro-

inflammatory responses and this aspect of changes in microglia is less well studied.

Approaches to modulating the systemic milieu and local inflammatory cell 

influences on the stem cell niche

With the summary of the literature included above, it is established that several cell non 

autonomous sources have a negative impact on the stem cell niche are present with age. We 

have examined a number of strategies for modulating the non-autonomous mechanisms. One 

of the approaches we have used to mitigate these detrimental age-related changes in the CNS 

is a dietary intervention using polyphenol rich diets. Our group has established that a 
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proprietary combination of natural ingredients termed NT-020 increases proliferation of 

human CD34+ cells in vitro (Bickford et al., 2006). In this study, we demonstrated that a 

combination of blueberry, green tea, Vitamin D3 and carnosine (NT-020) was able to 

increase proliferation of CD34+ human stem cells in a synergistic manner; the NT-020 

formula was more effective than any of the individual constituents on their own. In order to 

determine if this effect observed in cell culture was also present in vivo, we fed young and 

aged rats with NT-020 for one month and showed an increase in neurogenesis using the 

proliferation marker Ki67 and the marker of maturing neurons doublecortin. Interestingly, 

this stimulation of neurogenesis by NT 020 treatment was also associated with a 

concomitant decrease in the expression of OX-6, which labels MHC II molecules indicative 

of active microglia in the hippocampus of aged rats. These observations further corroborate 

the critical interplay between glial function and neural plasticity (Acosta et al., 2010). 

Subsequent work in a rat model of stroke demonstrated 70% protection from stroke lesion 

and an increase in stem cells in the area of damage with a dose of 135mg/kg/day (Yasuhara 

et al., 2008). It is interesting to note that similar studies with blueberry alone used a dose 

100x higher and found only 50% protection of brain damage (Wang et al., 2005), thus 

pointing towards a synergistic effect in vivo as well. Furthermore, we have also published 

that this polyphenol rich formulation improved cognitive function in healthy aged humans. 

For example, aged participants (65–85 years old) who took the NT 020 supplement for 2 

months benefited from increased processing speed according to two different memory tests. 

This is especially noteworthy because impaired processing speed can often be detected early 

on in the aging process and can indicate more substantial and complex cognitive processes 

(Small et al., 2014).

Polyphenol rich diets effects on the system milieu with age

In a recent paper we used an in vitro approach designed to mimic parabiosis, where we 

examined the effect of serum from young and aged rats on proliferation of MSC and NPC’s 

in culture (Bickford et al., 2015). Furthermore, this study also assessed additional 

experimental groups that had been treated with a polyphenol rich diet. Serum was collected 

from both young rats (4 months) and aged rats (21 months) with or without supplementation 

with NT-020 (135mg/kg) for one month. NPC’s were grown in proliferation media for 24 

hours prior to addition of 10% rat serum for 48 hours. Figure 1A illustrates that treatment 

with old rat serum reduces the stem cell proliferation, as measured by the MTT assay. This 

assay correlates the formation of the colored, intracellular formazan product with the cell 

population. In contrast, the treatment with serum from old rats that had ingested NT-020 

supplemented diet stimulated significantly more cell growth than that of serum collected 

from the old rats fed the standard diet. (One-way ANOVA F (2,12)=65.45 followed by 

Sidak’s multiple comparison test * p<0.05; ** p<0.001). The MTT assay is an indirect 

measure of cell proliferation, as the tetrazolium regent is reduced in a mitochondrial 

dependent process and could be influenced by treatments that increase mitochondrial 

function. Therefore, we also assessed cell proliferation by quantifying BrdU incorporation 

after application of the various serum conditions in order to corroborate the MTT results. A 

similar effect is observed in Figure 1B when examining BrdU uptake after 48 hours 

treatment with 10% serum. There is a significant negative effect of old rat serum on the 
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number of dividing stem cells, however, this is reversed with the serum from old rats fed 

NT-020 (One-way ANOVA F (2,17)=13.64, followed by Sidak’s multiple comparison test 

*** p<0.001 and * p<0.05). -These trends were also replicated in similar experiments using 

mesenchymal stem cells (MSC’s) (Bickford et al., 2015).

Polyphenol rich diets reduce microglial pro-inflammatory activation, 

increase neurogenesis, and improve learning in aged rats

Polyphenols are potent modulators of inflammation in the aged brain and are thus a potential 

therapeutic approach to increase the resiliency of the aged brain to insults and improve 

homeostasis. Work from our lab and others support the role of polyphenols and other 

components of complex botanical mixtures to increase Nrf2 as a main mechanism of action 

(Bhullar and Rupasinghe 2013; Shah et al., 2010; Turan et al., 2012). Data from our lab 

shows that a NT-020, a polyphenol rich supplement, increases Nrf2 translocation to the 

nucleus in microglia and other cells in the dentate gyrus and the subventricular zone of 

young and aged rats (Flowers et al., 2015). As shown in Figure 2c using a confocal 

microscope to visualize co-localization of Nrf2 in the nucleus, the green (Nrf2) is observed 

in the nucleus of microglia (red IBA1 positive cells) only the microglia from the aged rat on 

the NT-020 diet show co-localization. The percentage of Nrf2 positive cells in the nucleus 

was calculated and shown in the bargraph (Figure 2A), translocation to the nucleus in the 

polyphenol rich diet group was observed in both young and aged rats. This same technique 

was used to examine neurons, glia and newborn neurons in the neurogenic niche of the 

hippocampus with similar results. Additionally, this treatment increases expression of heme-

oxygenase 1 (HO-1), one of the antioxidant response enzymes that is transcribed following 

Nrf2 transcription factor activation (Figure 2B).

Activation of the Nrf2-ARE may be one mechanism by which these polyphenol rich diets 

reduce the production of pro-inflammatory cytokines in the aged rats and modulate 

microglial function, rendering the “environment” of the aged brain more conducive to neural 

plasticity, neurogenesis, and cognitive function. In a second cohort of rats in this study, we 

examined gene expression of inflammation related genes in the young and aged rats with 

and without the NT-020 diet. As has been shown previously, aged animals had higher gene 

expression of pro-inflammatory genes, and this was reversed by the NT-020 treatment 

(Flowers et al., 2015).

Polyphenols hold great promise in the realm of neuroprotection. NT-020 is a proof of 

concept that polyphenolic rich mixtures are capable of modulating several age relevant 

targets simultaneously, and improve the aging “environment” as well as improve cognition 

with minimal risk of side effects. We have discussed two recent papers from our group that 

have shown that NT-020 a polyphenol rich supplement, can reduce the effect of the systemic 

milieu on stem cell proliferation (Bickford et al., 2015) and to modulate transcription factors 

involved in response to stress response pathways (Nrf2) (Flowers et al., 2015) and stem cell 

proliferation as WNT gene expression pathways were also upregulated by NT-020 in that 

study. Restoring redox balance with polyphenolic rich supplements represents one strategy 

to reduce microglial priming and thus enhance neural plasticity in the aged brain. If this 
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approach targeted to diseases of aging such as Alzheimer’s disease or Parkinson’s disease it 

is not likely to address the primary cause of the neurodegenerative disease. Rather these 

approaches strive to alter the “environment” where the disease is unfolding and restoring the 

resilience lost with age.
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Highlights

• Aging leads to reduced resilience of the brain that underlies 

neurodegenerative disease prevalence.

• Altered function of microglia is one source of reduced resilience in the aging 

brain.

• Polyphenol rich dietary supplements can increase resilience in the aged brain.
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Figure 1. 
Bargraph showing that treatment of NPC’s with old rat serum reduces the MTT signal (1A), 

whereas the serum from old rats treated with NT-020 shows MTT significantly higher than 

that found with old rat serum (One-way ANOVA F (2,12)=65.45 followed by Sidak’s 

multiple comparison test * p<0.05; ** p<0.001). In 1B there is a significant negative effect 

of old rat serum on the number of dividing stem cells measured with BrDU, and this is 

reversed with the serum from old rats fed NT-020 (One-way ANOVA F (2,17)=13.64, 

followed by Sidak’s multiple comparison test *** p<0.001 and * p<0.05).
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Figure 2. 
Bargraphs showing numbers of cells with nuclear-localization of Nrf2 (A) or HO-1 (B). 

Below are confocal images (C) of microglia from aged control or NT-020 fed rats. Confocal 

microscopy was used to examine the nuclear localization of Nrf2. Cellular markers were 

used to determine specific localization in microglia with IBA-1. Here are shown a few 

examples of the confocal images demonstrating nuclear (DAPI, blue) co-localization of 

Nrf-2 (green) IBA-1 (red) positive cells in the NT-020 treated aged rats. Z-stacks (1 micron) 

were taken and rotated in 2 dimensions as shown in the side panels of the figures on the left 

of each subpanel for control and NT-020 treated rats. Higher power images are inserted to 

the right of each image focusing on the cell at the center of the Z-stack rotations. Only cells 

with clear co-labeling from all 3 views were counted. Cells shown for control (large arrows) 

clearly show no co-localization. Cells shown in NT-020 panel (arrowheads) demonstrate 

nuclear co-localization.
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