1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access

(A & Author Manuscript
st

NATIG,
fiy

Published in final edited form as:
Brain Behav Immun. 2015 January ; 0: 1-8. doi:10.1016/j.bbi.2014.09.022.

Feeding the beast: Can microglia in the senescent brain be
regulated by diet?

Rodney W. Johnson

Laboratory of Integrative Immunology and Behavior, Department of Animal Sciences, Division of
Nutritional Sciences, and Neuroscience Program, University of lllinois, 1207 W. Gregory Dr.,
Urbana, IL 61801

Abstract

Microglial cells, resident macrophages in the central nervous system (CNS), are relatively
quiescent but can respond to signals from the peripheral immune system and induce
neuroinflammation. In aging, microglia tend to transition to the M1 pro-inflammatory state and
become hypersensitive to messages emerging from immune-to-brain signaling pathways. Thus,
whereas in younger individuals where microglia respond to signals from the peripheral immune
system and induce a well-controlled neuroinflammatory response that is adaptive (e.g., when well
controlled, fever and sickness behavior facilitate recovery from infection), in older individuals
with an infection, microglia overreact and produce excessive levels of inflammatory cytokines
causing behavioral pathology including cognitive dysfunction. Importantly, recent studies indicate
a number of naturally occurring bioactive compounds present in certain foods have anti-
inflammatory properties and are capable of mitigating brain microglial cells. These include, e.g.,
flavonoid and non-flavonoid compounds in fruits and vegetables, and n-3 polyunsaturated fatty
acids (PUFA) in oily fish. Thus, dietary bioactives have potential to restore the population of
microglial cells in the senescent brain to a more quiescent state. The pragmatic concept to
constrain microglia through dietary intervention is significant because neuroinflammation and
cognitive deficits are co-morbid factors in many chronic inflammatory diseases. Controlling
microglial cell reactivity has important consequences for preserving adult neurogenesis, neuronal
structure and function, and cognition.
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Channels of communication between the immune system and brain

Neurobehavioral changes due to influenza infection have been well documented (Hart,
1988). One explanation is that influenza virus enters the brain where it is detected by
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neurons that control behavior. This is possible since neurons express toll-like receptors
(TLR) that are up regulated and rendered more sensitive to TLR ligands upon exposure to
the anti-viral cytokine interferon-y (Tang et al., 2007). However, most influenza strains,
including those responsible for pandemics, are non-neurotropic (Kobasa et al., 2007;
Schlesinger et al., 1998; Wang et al., 2010), suggesting that neurobehavioral symptoms
associated with influenza infection are not due to virus entering the CNS. Instead, peripheral
sentinel immune cells such as monocytes and macrophages play a critical role. These cells
are also equipped with TLRs that recognize unique molecules associated with groups of
pathogens (i.e., pathogen associated molecular patterns; see (Moresco et al., 2011)).
Stimulation of TLRs that recognize viruses (TLR3 and TLR7) and bacteria (TLR4) on
immune sentinel cells can have profound neurobehavioral effects, indicating the immune
system conveys a message to the brain after detecting an infectious agent. This message is
cytokine based, as macrophages and monocytes produce inflammatory cytokines [e.g.,
interleukin (IL)-1p, IL-6, and tumor necrosis factor-a (TNFa)] that facilitate communication
between the periphery and brain. Several cytokine-dependent pathways that enable the
peripheral immune system to transcend the blood-brain barrier have been dissected (Banks,
2012; Quan, 2008).

First, there is evidence that inflammatory cytokines present in blood can be actively
transported by the endothelial cells of the blood-brain barrier into the brain parenchyma
(Banks and Kastin, 1991; Banks et al., 1995; Banks et al., 1994a; Banks et al., 1994b;
Gutierrez et al., 1993). A fundamental point, however, is that inflammatory cytokines
produced in the periphery need not enter the brain to elicit neurobehavioral changes. This is
because inflammatory cytokines in the periphery can induce microglia—macrophage-like
cells present in the brain—to produce a similar repertoire of inflammatory cytokines, thus
recapitulating the message from the peripheral immune system (Ban et al., 1992; Laye et al.,
1994). This often involves peripheral inflammatory cytokines acting on peripheral tissues to
release chemical mediators of inflammation such as the prostaglandins (Saper et al., 2012).
Hence, in a second pathway inflammatory cytokines in the periphery bind receptors on
blood-brain barrier endothelial cells (Ching et al., 2007; Li et al., 2011) and either directly or
indirectly with prostaglandin intermediates induce perivascular microglia or macrophages to
express cytokines that are released into the brain parenchyma (van Dam et al., 1995; van
Dam et al., 1992). Furthermore, in a third pathway inflammatory cytokines in the periphery
convey a message to the brain via sensory nerves. After immune challenge, dendritic cells
and macrophages that are closely associated with the abdominal vagus have been shown to
express IL-1p protein (Goehler et al., 1999); IL-1 binding sites have been identified in
several regions of the vagus as well (Goehler et al., 1997). When activated by immune
stimuli, the vagus can activate specific neural pathways that are involved in perception of
pain (Watkins et al., 1994), fever (Romanovsky et al., 1997), food intake (Bret-Dibat et al.,
1995), and sickness behavior (Bluthe et al., 1996). However, activation of the vagus by
peripheral immune stimuli also leads to the expression of inflammatory cytokines in the
brain (Laye et al., 1995), presumably by microglia. Vagal afferents project to the nucleus of
the solitary tract which in turn projects to other CNS locations including the locus coeruleus,
the primary site of norepinephrine production (Berridge and Waterhouse, 2003). This is
noteworthy because microglia express adrenergic receptors. Resting microglia primarily
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express Po receptors but switch to aya receptors under pro-inflammatory conditions
(Gyoneva and Traynelis, 2013). Norepinephrine was shown to enhance matility of resting
and activated microglia via the B, and aya receptors, respectively (Gyoneva and Traynelis,
2013). Furthermore, intracerebroventricular injection of isoproterenol, a 1 and 2 receptor
agonist, enhanced the sensitivity of microglia to an inflammatory stimulus (Johnson et al.,
2013). Finally, a fourth pathway provides a slower immune-to-brain signaling mechanism
based on volume transmission (Dantzer et al., 2000; Konsman et al., 1999). In this method
of immune-to-brain communication, production of IL-1f by the brain first occurs in the
choroid plexus and circumventricular organs—brain areas devoid of an intact blood-brain
barrier. The cytokines then slowly diffuse throughout the brain by volume transmission,
along the way activating microglia, neurons and neural pathways that induce sickness
behavior and inhibit cognition. Figure 1 summarizes the channels of communication, lists
several neurobehavioral effects of infection, and highlights the neurobehavioral effects with
a picture of Michael Ancher’s 1882 oil painting entitled “The Sick Girl.”

What are microglia, what do they do, and what goes wrong during aging?

An important point is that the aforementioned communication pathways share a common
need to activate microglial cells and induce neuroinflammation. Celsus’ original definition
of inflammation was based on four cardinal signs: dolor (pain), calor (heat), rubor (redness),
and tumor (swelling); functio laesa (loss of function) was added later by Galen. While
neuroinflammation can resemble its peripheral counterpart in circumstances such as viral
and bacterial meningitis, head trauma, or autoimmune diseases of the CNS, the term
neuroinflammation is increasingly used to identify a fundamentally different event that is
exclusively driven by microglial cells and shows few if any of the cardinal signs originally
described by Celsus (Aguzzi et al., 2013).

Microglia account for 12—15% of the cells in the brain. They originate from macrophages
produced by primitive hematopoiesis in the yolk sac and migrate to the neural tube, where
they give rise to microglia (Ginhoux et al., 2010). Bone marrow-derived monocytes do not
contribute to the mature microglia pool in the healthy brain, suggesting microglia numbers
are sustained by local progenitors. Microglia serve at least two vital functions during
development. First, microglia were recently proven to be “gate keepers” regulating the
number of neural precursor cells in the developing cerebral cortex. In an elegant sequence of
experiments, Cunningham et al. (Cunningham et al., 2013) demonstrated that microglia
selectively colonize the cortical proliferative zones in the developing neocortex, have an
activated morphology and express markers indicative of activation, and phagocytize neural
precursor cells in the late stages of cortical neurogenesis. Maternal immune activation
during pregnancy further activated fetal microglia and reduced the number of neural
precursor cells; conversely, eliminating or inactivating fetal microglia with clodronate-filled
liposomes or minocycline, respectively, increased the number of neural precursor cells
(Cunningham et al., 2013). Second, precursor cells that differentiate into neurons grow
axons and dendrites and form synapses with other neurons. Initially, neurons make far more
synapses than needed, and many must be eliminated in a process called synaptic pruning.
Neurons express the chemokine fractalkine, CX3CL1, whose receptor in the CNS is
expressed exclusively by microglia (Harrison et al., 1998). Hence, through this chemical
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attraction microglia closely associate with neurons and are in direct apposition with
synapses (Tremblay et al., 2010). Microglia carry out synaptic pruning by actively engulfing
pre- and postsynaptic material; and in mice whose microglia lack the fractalkine receptor,
the number of synaptic puncta is abnormally high, as is the density of dendritic spines on
CAL pyramidal neurons (Paolicelli et al., 2011). Recent evidence suggests some developing
synapses get “tagged” for elimination with complement protein C3, which is a ligand for the
phagocytic complement receptor expressed on the surface of microglia (Schafer et al.,
2012). The now recognized fundamental role of microglia in neurodevelopment adds
credence to the neuroimmune hypotheses of psychiatric illness.

In adulthood “resting” or “quiescent” microglia are highly dynamic, randomly extending
and contracting arms with filopodia-like protrusions to survey the microenvironment
(Nimmerjahn et al., 2005). Using in vivo two-photon imaging of fluorescent-labeled neurons
and microglia, Wake et al. (Wake et al., 2009) estimated that resting microglial processes
make direct contact with neuronal synapses about once per hour. They further showed that
the contact frequency is positively correlated with neuronal activity, and that when the
duration of the contact is markedly prolonged due to cerebral ischemia the presynaptic
bouton tends to be eliminated. Hence, a fundamental role of resting microglia in the adult
brain is to contribute to synaptic plasticity by monitoring and responding to the functional
status of the synapses (Tremblay et al., 2010). They further serve to phagocytize apoptotic
debris. For example, in the adult hippocampus neurogenesis persists and is enhanced by
environmental enrichment (van Praag et al., 1999). As is the case for prenatal and postnatal
development, most of the newborn neurons undergo apoptosis; and those that survive
require synaptic pruning. The apoptotic cells release “find me” and “eat me” signals
(Tremblay et al., 2011) that stimulate local microglia to perform phagocytosis (Sierra et al.,
2010). This process does not require prior microglial cell activation and occurs in the
absence of inflammation; however, inflammation nearly doubles the phagocytic capacity of
microglia (Sierra et al., 2010).

As microglia constantly survey the brain parenchyma, they are never truly at rest or in a
quiescent state. However, events that threaten brain homeostasis such as infection, trauma,
ischemia, and neurodegenerative disease can cause microglia to transition from surveillance
mode to activation mode. Activated microglia can direct the movement of the protrusions
toward the insult (Nimmerjahn et al., 2005), take on a de-ramified morphology that enables
motility (Perry et al., 2010), and/or express major histocompatibility complex class Il (MHC
class Il) and other markers indicative of inflammation (Varnum and lkezu, 2012). As
highlighted in an exceptionally thorough review by Kettenmann et al. (Kettenmann et al.,
2011), microglial activation is not an all-or-nothing event and it does not follow a linear path
with a fixed uniform outcome. Instead, depending on the nature, intensity, and duration of a
provocation, resting microglia can transition to alerted and activated states. Furthermore,
activated microglia that first exhibit a M1 pro-inflammatory phenotype can convert to a M2
neuroprotective anti-inflammatory phenotype. Of note, activated (and most likely alerted)
microglia constitutively produce inflammatory cytokines and are hypersensitive to insults,
including signals from the peripheral immune system (Frank et al., 2010; Godbout et al.,
2005; Ye and Johnson, 1999). Hence, microglial cell activation is frequently viewed to be
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tantamount to neuroinflammation. As neuroinflammation can be deleterious to neurological
function if left unregulated, mitigating microglial cell activity in certain situations is vital for
optimal brain health.

Major histocompatibility complex class 11 is frequently used to identify activated microglia.
During aging the percentage of brain microglia that express MHC class Il increases and
signs of neuroinflammation emerge. For example, <3% of microglia isolated from the brain
of healthy young adult mice stained positive for MHC class Il (Henry et al., 2009). This
pales in comparison to the >25% of microglia from brains of old but otherwise healthy mice
that were MHC class Il-positive (Henry et al., 2009). Both pro-inflammatory M1 and anti-
inflammatory M2 microglia can express MHC class 11, meaning this molecule alone is not
sufficient to distinguish pro-inflammatory and anti-inflammatory cells. However, in the
study by Henry et al., most of the MHC class I1-positive microglia from old mice were also
IL-1B-positive (Henry et al., 2009). This is consistent with a prior study where the
proportion of IL-6-positive microglia was markedly higher if the donor mouse was 22-24
months old compared to 6-months or 1 wk old (Ye and Johnson, 1999). These cells were
also shown to be hypersensitive to LPS in vitro (Ye and Johnson, 2001). It is important to
note that aging per se does not increase the number of microglial cells in the brain but rather
it increases the proportion of resident microglia that are inflammatory and reactive to insults
(Norden and Godbout, 2012).

A consequence of age-induced microglial sensitization (i.e., priming) is that an exaggerated
inflammatory response takes place in the old but otherwise healthy aged brain following
challenge with peripheral or central immune stimuli (Godbout et al., 2005; Huang et al.,
2008), psychological stress (Buchanan et al., 2008), and tissue trauma (Barrientos et al.,
2012; Rosczyk et al., 2008). A recent study suggests that microglia from aged mice retain a
prominent M1 profile and are less sensitive to the anti-inflammatory and M2-promoting
effects of IL-4 (Fenn et al., 2012). Ye et al. (Ye and Johnson, 2001) reported glia production
of another anti-inflammatory cytokine, IL-10, was reduced by aging. Thus, if microglia “get
stuck” in the M1 state, this may explain the age-associated increase in neuroinflammation.
The prolonged increase in pro-inflammatory cytokines including IL-1p, IL-6 and TNF-a in
the aged brain is accompanied by an extended sickness response, impaired learning, and
depressive behaviors (Abraham and Johnson, 2009; Buchanan et al., 2008; Chen et al.,
2008; Godbout et al., 2008). Whereas sickness behavior is normally adaptive, the excessive
production of cytokines in the aged brain can lead to pathological or maladaptive behavioral
changes such as delayed recovery from infection and cognitive impairment. The
hippocampus has a high density of pro-inflammatory cytokine receptors, and appears to be
particularly vulnerable to both aging- and inflammation-induced disruption in cognitive
processing (Mattson and Magnus, 2006; Parnet et al., 2002; Wilson et al., 2002). Following
activation of the peripheral innate immune system, aged rodents have significantly increased
levels of pro-inflammatory cytokines in the hippocampus and demonstrate deficits specific
to hippocampal-associated learning and memory tasks when compared to adults (Abraham
et al., 2008; Barrientos et al., 2010; Chen et al., 2008; Rosczyk et al., 2008). As pro-
inflammatory cytokines can act directly on neurons in the hippocampus to impair synaptic
plasticity, this provides a mechanism underlying inflammation-induced cognitive
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impairment (Balschun et al., 2004; Lynch, 2002; Pickering and O’Connor, 2007). Reducing
the proportion of microglia that are reactive or that “get stuck” in the M1 state after
stimulation is a priority for reducing age-related neuroinflammation that may contribute to
cognitive aging and be a predisposing factor for neurodegenerative disease.

Effects of diet on microglia: Feeding the Beast

It is clear that diet can influence microglia and neuroinflammation. Compelling evidence for
this comes from studies focused on overweight and obesity. According to the Centers for
Disease Control and Prevention, approximately 17% of U.S. children and adolescents aged
2-19 are obese. The high prevalence of obesity in children and adolescents is a significant
concern because of its negative effects on morbidity and mortality in young adulthood, and
the fact that 70% of obese adolescents grow up to become obese adults. All told, nearly 35%
of U.S. adults are obese. Obesity-related conditions include heart disease, stroke, type 2
diabetes and certain types of cancers. There is also a well-established link between obesity
and cognitive decline. Among psychoneuroimmunology researchers, interest in the
relationship between diet and brain health is high as evidenced by Brain, Behavior, and
Immunity’s recent (2014) Named Series on Diet, Inflammation and the Brain; and the
Presidential Symposium at the 2014 meeting of the PsychoNeurolmmunology Research
Society on Nutrition: Implications for Psychoneuroimmunology.

The evidence showing that obesity promotes chronic inflammation (Gregor and
Hotamisligil, 2011) and that inflammatory cytokines in the periphery can stimulate
microglia and cause neuroinflammation (Dantzer et al., 2008), made it logical to predict that
an obesigenic diet affects brain microglial cells. There is now substantial evidence
supporting this notion. For example, rats fed a high-fat diet for 20 weeks beginning at 2
months of age demonstrated impaired memory in a hippocampal-dependent task and had
higher IL-1p protein levels in the hippocampus after a mild foot shock stressor (Sobesky et
al., 2014). Importantly, centrally administered IL-1RA prevented the diet-induced memory
disruption. The fact that basal levels (i.e., levels in unstressed rats) of IL-13 protein were not
elevated by high fat diet, suggests the obesigenic diet have affected microglia phenotype,
making them more sensitive to a secondary insult (i.e., mild foot shock). This is reminiscent
of what occurs with microglial cells during aging. In another study, PET imaging was used
to assess microglial cell activation in a pre-clinical genetic rat model of obesity and in a
small clinical study of patients with multiple risk factors for stroke, including obesity-related
peripheral inflammation (e.g., increased plasma IL-6 and C-reactive protein) (Drake et al.,
2011). Both obese rats and patients with increased risk for stroke exhibited increased
microglial cell activation. Finally, evidence of microgliosis in feeding-regulatory brain
regions (e.g., paraventricular nucleus and arcuate nucleus) has been reported in rats overfed
in the neonatal period (Ziko et al., 2014) and in adult mice given a high-fat diet (Gao et al.,
2014). In adult rats that were overfed in the neonatal period, microglia were hypersensitive
to peripheral immune stimulation with LPS (Ziko et al., 2014). The potential for overweight
and obesity to be associated with altered development of microglia adds another layer of
concern regarding maternal obesity during pregnancy and childhood obesity.
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While it seems clear that a high fat diet can directly or indirectly result in microglial cell
activation and neuroinflammation, a more provocative idea, in my opinion, is the potential
for diet to constrain microglial cell activity (Figure 2). This is particularly intriguing in the
context of aging, where microglia tend to adopt a sensitized phenotype and overreact to
signals from the peripheral immune system and stress. Good evidence that this might be
possible comes from studies of dietary flavonoids. Flavonoids are naturally occurring poly-
phenolic compounds present in plants. The major sources of flavonoids in the human diet
include fruits, vegetables, tea, wine and cocoa (Harnly et al., 2006). Significant evidence has
emerged to indicate that consuming a diet rich in flavonoids may inhibit or reverse cognitive
aging. For example, in a prospective study of individuals aged 65 years or older, dietary
flavonoid intake (i.e., mg/d of 5 flavonoids: apigenin, kaempferol, luteolin, myricetin, and
quercetin) was associated with improved cognitive function over a 10-year period
(Letenneur et al., 2007). Furthermore, analyses of data from the Chicago Health and Aging
Project—a cohort study of older residents residing on the south side of Chicago—suggested
that adherence to a Mediterranean dietary pattern reduced the rate of cognitive decline
(Tangney et al., 2011). Numerous other studies have yielded consistent results, with older
rats or mice showing improved cognitive function when fed a flavonoid-rich diet (Jang et
al., 2010; Joseph et al., 1999; Williams et al., 2008). Furthermore, pomegranate polyphenols
and extract were recently found to reduce neuroinflammation, microgliosis, and A plaque
deposition in amyloid precursor protein/presenilin 1 transgenic mice (a transgenic mouse
model of Alzheimer’s disease (Rojanathammanee et al., 2013). Importantly, another recent
study indicates that flavonoids are the causal agents mediating the cognitive effects of
flavonoid-rich foods (Rendeiro et al., 2013).

Flavonoids may improve cognition in the aged through a number of physiological
mechanisms, including scavenging of reactive oxygen and nitrogen species (Rice-Evans and
Miller, 1996) and interactions with intracellular signaling pathways (Spencer et al., 2012).
Through these physiological mechanisms, flavonoids also impart an anti-inflammatory
effect that may improve cognition. This seems likely for the flavone, luteolin, which is most
prominent in parsley, celery, and green peppers. Whereas luteolin inhibits several
transcription factors that mediate inflammatory genes (e.g., NFxB (Xagorari et al., 2001)
and AP-1 (Jang et al., 2008)), it is a potent activator of nuclear factor erythroid 2-related
factor 2 (Nrf2) which induces the expression of genes encoding anti-oxidant enzymes (Lim
et al., 2007). A recent study of old but otherwise healthy mice found improved learning and
memory and reduced expression of inflammatory genes in the hippocampus when luteolin
was included in the diet (Jang et al., 2010). Thus, dietary luteolin may improve cognitive
function in the aged by reducing brain microglial cell activity, although a microglia-
dependent mechanism has not been established. Indirect support for a microglia-dependent
mechanism, however, comes from an in vitro study where luteolin stimulated the formation
of filopodia and caused ramification of BV-2 cells (a microglia cell line) even when they
were activated with E. coli LPS (Dirscherl et al., 2010). Furthermore, supernatants from
LPS-stimulated BV-2 cells caused discernible cell death in Neuro.2a cells even if Neuro.2a
cells were incubated with luteolin; however, treating BV-2 cells with luteolin prior to LPS
reduced neuronal cell death caused by conditioned supernatants (Jang et al., 2010). Similar
beneficial effects of luteolin have been reported for other conditions associated with chronic
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inflammation. For example, in mice fed a high-fat diet, the addition of luteolin improved
learning and memory and reduced TNFa, IL-1p, and several markers of oxidative stress in
the hippocampus and cortex (Liu et al., 2014). Hence, the flavonoid luteolin is a naturally
occurring immune-modulator that may be effective in reducing inflammatory microglia.

Luteolin is just one of many flavonoids with anti-inflammatory properties (others include,
e.g., apigenin, quercetin, and epigallocatechin gallate); and it is important to recognize that
whole foods can contain numerous flavonoids at various concentrations. Harnly et al.
(Harnly et al., 2006) measured 20 flavonoids in more than 60 fresh fruits, vegetables, and
nuts collected from four regions across the U.S. and found significant variation attributed to,
in part, source of cultivar (i.e., geneotype) and growing and processing conditions. Thus,
understanding the effects and mechanisms of individual flavonoids and various
combinations and concentrations of flavonoids may be important for understanding the total
impact of consuming flavonoid-rich foods. Furthermore, numerous other non-flavonoid
compounds have been isolated from plants and shown to have potent anti-inflammatory
properties. Several notable examples include resveratrol found in grapes, which acts through
SIRT1 (a member of the sirtuins superfamily) to deacetylate several transcription factors
including NFxB (Ayissi et al., 2014); and curcumin found in turmeric, which inhibits NFxB
and AP-1 DNA binding activity (Bisht et al., 2010). Thus, what several plant-based
flavonoid and non-flavonoid molecules have in common is an ability to protect against
various stress-induced toxicities. They do so by modulating intracellular signaling pathways
that inhibit synthesis of inflammatory mediators while stimulating the anti-oxidant response
element that regulates expression of several detoxifying genes (Vauzour, 2012).

Another dietary component that may afford health benefits is oily fish rich in n-3 PUFA.
Large population studies suggest that greater fish consumption may help control or protect
against diseases associated with chronic inflammation including cardiovascular diseases,
stroke, and rheumatoid arthritis. Accordingly, the Dietary Guidelines for Americans (United
States. Department of Health and Human Services. et al., 2010) recommend consuming 8-
12 ounces of seafood each week. Similar beneficial effects of diets high in n-3 PUFAs on
psychiatric illnesses with an inflammatory component have also been suggested. For
example, several epidemiological studies have demonstrated a negative correlation between
annual fish consumption and depression (Golding et al., 2009; Hibbeln, 1998). A meta-
analysis of randomized controlled trials published in 2010 concluded that n-3 PUFA
supplementation is beneficial in individuals with diagnosed depressive illness but not in
individuals without a diagnosis of depressive illness (Appleton et al., 2010). However, a
more recent meta-analysis concluded that n-3 PUFA supplementation is effective in patients
with diagnosis of major depressive disorder and patients with depressive symptomology but
no diagnosis of major depressive disorder (Grosso et al., 2014). Consistent with this finding,
n-3 PUFA supplementation had anxiolytic benefits in medical students without an anxiety
disorder diagnosis (Kiecolt-Glaser et al., 2011).

As inflammatory mechanisms have been implicated in the pathophysiology of depression
(Dantzer et al., 2008), n-3 PUFAs may impart their anti-depressant effects by dampening
inflammation (Kiecolt-Glaser et al., 2012). On the one hand, arachidonic acid (AA) is an n-6
PUFA that gives rise to pro-inflammatory eicosanoids (e.g., prostaglandins). On the other
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hand, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are n-3 PUFAs that
give rise to eicosanoids and docosanoids, respectively, that yield resolvins—bioactive
products that counter pro-inflammatory signals (Serhan et al., 2002). In rodents maintained
on normal laboratory chow, immune cells typically contain 15-20% of fatty acids as AA and
contain little n-3 PUFA. The phospholipid of immune cells of humans consuming a typical
Western diet also contains about 20% of fatty acids as AA, with about 1% EPA and 2.5%
DHA (Calder, 2007). The phospholipid composition of immune cells, however, is diet-
dependent so increasing intake of n-3 PUFAs from fish oil, e.g., can increase n-3 PUFAS in
the cells at the expense of AA (Yagoob et al., 2000). Thus, n-3 PUFAs reduce inflammation
by (1) reducing the amount of pro-inflammatory AA in immune cells; and (2) giving rise to
resolvins.

The phospholipid composition of CNS tissue is also subject to dietary manipulation,
suggesting a diet enriched with n-3 PUFAs may be able to inhibit neuroinflammation (Orr et
al., 2013). Providing aged mice a diet enriched with DHA and EPA for 2 months increased
n-3 PUFAs in brain, improved spatial learning, and reduced the age-related increase in
CD11b, IL-18, TNFa, and IL-6 in hippocampus (Labrousse et al., 2012). Similarly, an EPA-
enriched diet prevented the age-related increase in cortical and hippocampal IL-1f in rats
(Martin et al., 2002) and protected aged rats from further increases in hippocampal IL-1p
induced by AB (Lynch et al., 2007). Additionally, mice fed a n-3 PUFA-enriched diet for 2
months exhibited attenuated short and long-term behavioral deficits and a reduced
neuroinflammatory response after controlled cortical impact (i.e., traumatic brain injury) (Pu
et al., 2013). A recent study that investigated the effects of an n-3 PUFA-deficient diet
during development provides further proof that n-3 PUFAs mediate neuroinflammation. In
this study, mouse pups born of dams provided a n-3 PUFA-deficient diet during gestation
and lactation had decreased n-3 PUFA levels in brain at postnatal day (PD) 0 and 21; and at
PD21, in the hippocampus expression of several pro-inflammatory genes was up regulated
and the motility of microglia was decreased, suggesting an impairment in their ability to
maintain homeostasis (Madore et al., 2014). Reinforcing these findings are several in vitro
studies showing n-3 PUFAs to be potent inhibitors of LPS-stimulated cytokine production
by microglia (De Smedt-Peyrusse et al., 2008; Moon et al., 2007).

Conclusion

In light of the recent evidence suggesting microglial cells become dysregulated due to aging
and cause neuroinflammation which can disrupt neural structure and function, it is an
interesting prospect to think dietary flavonoids, n-3 PUFAs, and other food-derived
bioactives like resveratrol and curcumin can be used to constrain microglia. The Dietary
Guidelines for Americans recommends consuming more of certain foods such as fruits,
vegetables, whole grains, fat-free and low-fat dairy products and seafood; and suggests the
Mediterranean diet as an eating plan that can reduce the incidence of cardiovascular disease.
The Mediterranean diet, however, reduces the risk of Parkinson’s and Alzheimer’s diseases,
indicating the benefits extend to the brain and probably microglial cells. As we continue to
elucidate the anti-inflammatory mechanisms of individual dietary components, it becomes
evident that the benefits are not attributable to a single component but rather a combination
of components that provide a diverse group of bioactives that impart anti-inflammatory
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properties through different mechanisms. A better understanding of the additive, synergistic,
and antagonistic effects of various dietary bioactives in microglia will be useful.
Nonetheless, it is worth noting that it is not clear that the dietary bioactives shown to have
anti-inflammatory activity access the brain to interact directly with microglia or other CNS
cells. It is complicated to dissect because a healthy diet rich in flavonoids, e.g., can reduce
inflammation in the periphery, and microglia seem to act like an “immunostat”, detecting
and responding to signals emerging from immune-to-brain signaling pathways. Thus,
whether anti-inflammatory dietary bioactives enter the brain and impart an anti-
inflammatory effect on microglia is an interesting question, but it is one that is more
theoretical than practical because what is most important is how the immunostat is adjusted,
i.e., whether it occurs via a direct or an indirect route.
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Neurobehavioral Effects of Infection
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Figure 1.
The peripheral immune system conveys information to the brain via humoral and neural

pathways. Brain microglia respond to signals from the peripheral immune system and
produce pro-inflammatory cytokines that induce the neurobehavioral changes associated
with infection. Some of the neurobehavioral effects are evident in Michael Ancher’s 1882
oil painting entitled “The Sick Girl” (This work is in the United States public domain).
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Aging and an obesigenic diet can alter microglia phenotype, rendering them more sensitive
to various insults. Consuming a diet rich in flavonoid and non-flavonoid bioactives and n-3
PUFAs can inhibit microglia and thereby reduce neuroinflammation. Abbreviations: ARE,
anti-oxidant response element; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid,;

PUFA, polyunsaturated fatty acid.
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