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From Inflammation to Sickness  
and Cognitive Dysfunction:  
When the Immune System  
Subjugates the Brain 
Rodney W. Johnson, PhD

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 proinflammatory state and become hypersensitive to 
messages emerging from immune-to-brain signaling pathways. Thus, whereas 
in younger individuals in whom microglia respond to signals from the peripheral 
immune system and induce a well-controlled neuroinflammatory response that 
is adaptive (eg, 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 
dietary flavonoids have anti-inflammatory properties and are capable of mitigating 
microglial cells in the brain of aged mice. Thus, dietary or supplemental flavonoids 
and other bioactives have the potential to restore the population of microglial cells 
in the old brain to a more quiescent state. The concept to constrain microglia 
through dietary intervention is significant because neuroinflammation and cognitive 
deficits are co-morbid factors in many chronic diseases. Controlling microglial cell 
reactivity has important consequences for preserving adult neurogenesis, neuronal 
structure and function, and cognition. This paper briefly describes the immune-
to-brain signaling pathways, microglial cell activation, neuroinflammation, and, as 
one example, the potential of flavonoids to mitigate brain microglia and cognitive 
deficits induced by neuroinflammation.      

Lines of Communication: How the Immune System Says 
“Hello” to the Brain
Neurological and cognitive effects associated with influenza infection have been 
reported throughout history (eg, following the 1918 “Spanish flu”), as well as 
during the recent novel influenza A H1N1 pandemic.1-3 The simplest explanation 
for these neurocognitive effects is that influenza virus makes its way to the brain, 
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where it is detected by neurons. However, most influenza strains, including those 
responsible for pandemics, are considered non-neurotropic,4-6 suggesting that 
neurological symptoms associated with influenza infection are not a result of direct 
viral invasion into the CNS. Moreover, neurons do not have receptors to detect 
viruses (or other pathogens) directly. Cells of the immune system do, however, as 
the immune system’s primary responsibility is to recognize infectious pathogens 
and contend with them. For example, sentinel immune cells such as monocytes 
and macrophages are equipped with toll-like receptors (TLR) that recognize 
unique molecules associated with groups of pathogens (ie, pathogen-associated 
molecular patterns). Stimulation of TLRs that recognize viruses (TLR3 and TLR7) 
and bacteria (TLR4) on immune sentinel cells can have profound neurological and 
cognitive effects (Fig 1), suggesting the immune system conveys a message to the 
brain after detecting an infectious agent. This message is cytokine based.  

Fig 1. Immune-to-brain communication pathways stimulate brain microglia, which 
can induce neuroinflammation and neurocognitive deficits. 

Macrophages and monocytes produce inflammatory cytokines (eg, interleukin 
[IL]-1β, IL-6, and tumor necrosis factor-α [TNF-α]) that facilitate communication 
between the periphery and brain. Early studies showing that infection-related 
neurocognitive changes could be induced in the absence of an infectious agent 
by injecting small quantities of recombinant IL-1β directly into a lateral cerebral 
ventricle indicated that inflammatory cytokines are essential to infection-related 
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behavior and that they somehow transcend the blood-brain barrier. Several 
cytokine-dependent pathways that enable the peripheral immune system to 
transcend the blood-brain barrier have been dissected. 

First, there is good evidence that inflammatory cytokines present in blood can be 
actively transported into the brain.7-11 Cytokines produced in the periphery need 
not enter the brain to elicit neurocognitive changes. This is because inflammatory 
stimuli in the periphery can induce microglial cells to produce a similar repertoire 
of inflammatory cytokines. Thus, brain microglia recapitulate the message from 
the peripheral immune system.12,13 Hence, in a second pathway, inflammatory 
cytokines in the periphery can bind receptors on blood-brain barrier endothelial 
cells14 and induce perivascular microglia or macrophages to express cytokines 
that are released into the brain parenchyma.15,16 Furthermore, in a third pathway, 
cytokines in the periphery convey a message to the brain via the vagus nerve. 
After immune challenge, dendritic cells and macrophages that are closely 
associated with the abdominal vagus have been shown to express IL-1β protein17; 
IL-1 binding sites have been identified in several regions of the vagus as well.18 
When activated by cytokines, the vagus can activate specific neural pathways 
that are involved in neurocognitive behavior. However, activation of the vagus also 
stimulates microglia in the brain to produce cytokines via the central adrenergic 
system.19-21 Finally, a fourth pathway provides a slower immune-to-brain signaling 
mechanism based on volume transmission.22 In this method of immune-to-brain 
communication, production of IL-1β 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. 

What Are Microglia and What Do They Do?
A critical point is that the aforementioned communication pathways seem to have 
in common a need to activate microglial cells and induce neuroinflammation. An 
early 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. 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 described in the early definition.  
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Microglia account for 12%-15% of the cells in the brain. They originate from 
macrophages produced by primitive hematopoiesis in the yolk sac. The primitive 
macrophages migrate to the neural tube, where they give rise to microglia. 
Bone marrow-derived monocytes do not contribute to the mature microglia 
pool, suggesting microglia numbers are sustained by local progenitors. Under 
healthy conditions “resting” (quiescent) microglia are highly dynamic, randomly 
extending and contracting arms with filopodia-like protrusions to survey the 
microenvironment.23 In response to insult, however, microglia become activated 
and proinflammatory (M1) (Fig 2). In this state, they can direct the movement of 
the protrusions toward the insult,23 take on a de-ramified morphology that enables 
motility,24 and/or express major histocompatibility complex class II (MHC class II) 
and other markers indicative of inflammation.25 

 

Fig 2. Priming of microglia (eg, with aging) and inflammatory response.

MHC class II=major histocompatibility complex class II, TLR=toll-like receptors, CD=cluster of 
differentiation

Notably, M1 microglia constitutively produce inflammatory cytokines and are 
hypersensitive to insults, including signals from the peripheral immune system.26,27 
Hence, microglial cell activation is frequently viewed to be tantamount to 
neuroinflammation. As neuroinflammation is deleterious to neurological function, 
mitigating microglial cell activity is vital for optimal brain health.    
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MHC class II frequently is used to identify activated microglia. During aging, the 
percentage of brain microglia that express MHC class II 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 II.28 This pales in 
comparison to the >25% of microglia from brains of old but otherwise healthy mice 
that were MHC class II-positive.28 Most of the MHC class II-positive microglia from 
old mice were also IL-1β-positive.28 This is consistent with a prior study in which 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 week old.27 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.29 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-4.30 Reducing the proportion of microglia that are activated 
is a priority for reducing age-related neuroinflammation that may contribute to 
cognitive aging and be a predisposing factor for neurodegenerative disease. 

Can Flavonoids Reduce Neuroinflammation and  
Inhibit Cognitive Aging?
Flavonoids are naturally occurring polyphenolic compounds present in plants. 
The major sources of flavonoids in the human diet include fruits, vegetables, tea, 
wine, and cocoa.31 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 (ie, 
mg/d of five flavonoids—apigenin, kaempferol, luteolin, myricetin, and quercetin) 
was associated with improved cognitive function over a 10-year period (Fig 3).32 
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Fig 3. Flavonoid intake (range 0-36.94 mg/d) and cognitive decline in people 65 years of 
age and older as shown by scores from the Mini-Mental State Examination (MMSE).32

Source: Letenneur L et al. Am J Epidemiol. 2007 Jun 15;165(12):1364-1371. Reprinted by permission of 
Oxford University Press.

Furthermore, analyses of data from the Chicago Health and Aging Project—a 
cohort study of 3790 older residents residing on the south side of Chicago—
suggested that adherence to a Mediterranean dietary pattern reduced the rate of 
cognitive decline.33 Numerous other studies have yielded consistent results with 
older rats or mice, which show improved cognitive function when fed a flavonoid-
rich diet.34-36 

Flavonoids may improve cognition in the aged through a number of physiological 
mechanisms, including scavenging of reactive oxygen and nitrogen species37 and 
interactions with intracellular signaling pathways.38 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 (eg, nuclear factor kappa B [NF-κB]39 
and activator protein 1 [AP-1]40), it is a potent activator of nuclear factor erythroid 
2-related factor 2 (Nrf2), which induces the expression of genes encoding 
antioxidant enzymes.41 A recent study of old healthy mice found improved learning 
and memory and reduced expression of inflammatory genes in the hippocampus 
when luteolin was included in the diet.34 Thus, dietary luteolin may improve 
cognitive function in the aged by reducing brain microglial cell activity. Indirect 
support for a microglia-dependent mechanism comes from a recent in vitro study 
in which luteolin stimulated the formation of filopodia and caused ramification of 
BV-2 cells (a microglia cell line) even when they were activated with Escherichia 
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coli lipopolysaccharide (LPS).42 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.34 Hence, the 
flavonoid luteolin is a naturally occurring immune modulator that may be effective 
in reducing inflammatory microglia in the senescent brain. 

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 and other 
bioactives can be used to constrain microglia. But how can flavonoids impart this 
anti-inflammatory effect? Although in vitro studies clearly indicate that several 
flavonoids can act directly on microglial cells to restrict the inflammatory response, 
results from in vivo studies thus far do not prove that dietary flavonoids access the 
brain to interact with microglia in a meaningful way. This is a complicated question 
to dissect because flavonoids 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 dietary flavonoids enter 
the brain and impart an anti-inflammatory effect on microglia is an interesting 
question but one that is more theoretical than practical because what is most 
important is how the immunostat is adjusted, whether that is via a direct or indirect 
route. However, because flavonoids are detectable in the brain,43-45 they most likely 
affect microglia both directly and by dampening immune-to-brain signaling.
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