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Abstract

Alzheimer’s disease (AD) is distressingly common and age is the major risk 
factor. One of the challenges in AD research is the scarcity of information on the 
healthy aging brain, since many of features considered part of ‘AD pathology’ – 
inflammation and oxidant stress – are also present in cognitively normal elderly 
populations. For this reason it is critical to study AD (and pre-AD) subjects in 
the context of age-matched controls, an essential feature of the data set which 
inspired this review. Our study of lipids in cerebrospinal fluid (CSF) of aged 
subjects is a novel data set, especially as lipids are relatively understudied 
in AD, with much of the experimental and clinical research literature focused 
on A-beta and tau. Inflammation too is often discussed as a consequence of 
rather than active participant in AD pathology. For these reasons we focus on 
the interplay between inflammation and lipids in the pathological process of AD, 
an interaction that is likely important in pathophysiology of AD. We present a 
summary of the complex CSF lipid changes found in our clinical AD studies, and 
focus in on a few of these changes to highlight the importance of lipid interactions 
with the brain immune system in the pathogenesis of AD, recognizing that our 
interpretation of these data requires further study. Neither the full complexity 
of the brain immune system nor the changes in lipids in CSF can be reviewed 
here, but we hope that the many interactions highlighted between lipids and 
the immune system will prompt others to investigate these pathophysiologic 
connections, leading to a greater understanding of the causes of AD.  
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by altering the bulk properties of the exquisitely organized plasma 
membrane including its fluidity [5]. 

Though inflammatory lipids have been identified in brains of AD 
patients, their potential immunomodulatory properties have not been 
reviewed in detail. We recently characterized myriad changes in lipids 
in the cerebrospinal fluid (CSF) of AD subjects, changes that suggest 
a major role for inflammatory lipids as drivers of AD pathology (See 
Table 1 and Figures 1-3). Our studies reveal significant lipid changes 
in CSF in pre-clinical AD subjects, including glycerophospholipids, 
sphingolipids, sphingomyelinase (generally reduced in AD) and 
phospholipase A2 (significantly increased in AD). For this reason we 
focus here on lipid mediators of inflammation, particularly drilling 
down into lipid pathways that we have found in the CSF of subjects 
with pre-clinical AD but not in the CSF of elderly subjects with 
healthy brains [6-8].

For reference, Table 1 is a summary of CSF lipid profiles from 
elderly cognitively normal (CN) compared with lipid profiles of 
elderly subjects with mild cognitive impairment (MCI), those with 
pre-clinical late onset AD (LOAD), and patients with symptomatic 
LOAD and memory loss [9]. This table organizes results of several 
of our published studies, where more detail can be found [6-8,10-
12]. We highlight some of these changes as particularly important 
in inflammation here. In addition Figures 1-4 contain more detail 
than can be discussed in the text, as a point of reference for readers 
interested in particular inflammatory lipids. 

Introduction
The immune/inflammatory system functions optimally when it 

is short-lived transiently activated in response to toxic or infectious 
stimuli. When chronically turned on, inflammation is pathologic. 
For example, the unchecked T cell and autoimmune response to 
lipid components of myelin is a major driver of multiple sclerosis [1]. 
Increasingly, chronic inflammation is recognized as part and parcel 
of neurodegenerative diseases including AD [2]. Immune responses 
target lipids (though protein targets dominate the literature). Lipids 
also initiate immune responses against other molecules in AD. 
Lipids can be both pro- or anti-inflammatory in the setting of the 
aged brain. Some lipid inflammatory mediators are likely present 
because they represent a ‘normal’ response to pathologic proteins 
that accumulate, but other lipid inflammatory mediators also drive 
the disease. Importantly, lipid per oxidation reactions is key triggers 
of neurodegeneration in AD [3] as well as drivers of atherosclerosis 
[4]. Post-mitotic neurons cannot regenerate and so are chronically 
subject to local oxidative and inflammatory injury. 

Lipids constitute about half the dry mass of the brain, and in the 
plasma membrane they set the scene for antigen contact by resident 
immune cells of the brain. The activity of proteolytic enzymes, 
receptor (transmembrane) organization and function, and initiation 
of intracellular signaling pathways are all significantly influenced 
by plasma membrane lipid composition. Accumulation of plaque 
is not only generically toxic but leads to specific lipid dysfunction 
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The Peripheral Immune System and Brain 
Immune Privilege

The brain has been considered ‘immune privileged’ as the blood-
brain barrier (BBB) was thought to exclude classical T cell cytotoxic 
responses. However, even a healthy BBB allows some peripheral 
immune cells into the brain [13]. In murine models, mechanisms of 
immune cell ‘selectivity’ of the BBB have been deciphered to some 
degree. For example, entry of antigen-specific CD8+ T cells into the 

brain depends on expression of major histocompatibility complex 
(MHC) class I on the luminal surface of brain endothelium [14,15]. 
The anatomic sites of leukocyte entry into CNS were thought to be 
choroid plexus and leptomeningeal vessels, or the perivascular space 
[16]. These sites of brain entry and exit for leukocytes were deemed 
necessary because of the absence of a brain lymphatic system. Recent 
demonstration of functional brainlymphatics lining the dural sinuses 
of mice raises questions about just how segregated the brain immune 

Lipids in CSF fractions
MCI ( n=40)

versus
CN (n=70)

LOAD (n= 29) versus
CN (n=70)

LOAD (n=29)
versus

MCI (n=40)
Supernatant fraction

Phosphatidylcholine (PC ι

Phosphatidylethanolamine (PE) ι

Phosphatidylserine (PS) ι

Lysophosphatidylcholine (LPC)
LPC/PC η

Sphingomyelin (SM)
Ceramide (CM) η

Dihydroceramide (dhCM) η
SM/CM ι

Alpha linolenic acid (C18:3n-3) ι

Docosahexaenoic acid (C22:6n-3) ι

Particle fraction
LPC/PC η

Unknown PE peak ι

Ceramide η
Pentadecanoic acid (C15:0) η
Pentadecenoic acid (C15:1) ι

Hexadecenoic acid (palmitoleic acid, C16:1) η
Heptadecanoic acid (margaric acid, C17:0) η

Nanodecenoic acid (C19:1) ι

Eicosadienoic acid (C20:2n-6) η
Eicosatrienoic acid (C20:3n-3) η

Docosatetraenoic acid (C22:4n-6) η η
Docosapentaenoic acid (C22:5n-3) η

Free fatty acids
Decanoic acid (capric acid, C10:0) ι

Undecanoic acid (C11:0) ι ι

Hexadecanoic acid (palmitic acid C16:0) ι

Hexadecenoic acid (C16:1) η
Octadecanoic acid (stearic acid, C18:0 ι η η

Eicosadienoic acid (C20:2n-6) η ι

Docosahexaenoic acid (C22:6n-3) η ι

Enzyme activities
Phospholipase A2 activity (PLA2) η η* η*

Acid Sphingomyelinase activity (aSMase) ι ι* ι*

Table 1: Lipids that significantly change in CSF fractions from cognitively normal (CN), mild cognitive impairment (MCI), and late onset Alzheimer’s disease (LOAD).

Lipid metabolism is significantly altered in CSF of AD subjects. We studied glycerophospholipids (GP), sphingolipids, and fatty acids in CSF fractions from cognitively 
normal (CN), mild cognitive impairment (MCI), or study participants diagnosed with late onset Alzheimer’s disease (LOAD) [9]. Several GP classes [phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), phosphatidylserine (PS)] decreased progressively in cerebrospinal fluid (CSF) from participants with LOAD and MCI compared 
with CN [6]. Most PC species decreased in similar patterns but plasmalogen accounted for the greatest decrease in PE. Changes in GPs was accompanied by a 
significant increase in phospholipase A2 activity [6], implying upregulation of pro-inflammatory arachadonic acid. 
Sphingolipid (SP) composition of CSF-derived particles [12] and supernatant differed in subjects with cognitive impairment. Acid sphingomyelinase (aSMase) but not 
neutral sphingomyelinase activity was lower in LOAD compared with CN and MCI. aSMase activity also correlated with amyloid beta42 (Aβ42) levels in CSF from CN 
subjects but not from MCI or AD study participants [8]. 
Odd-number chain saturated fatty acids, monounsaturated fatty acids, and polyunsaturated fatty acids (PUFA) were also altered in CSF fractions of cognitively 
impaired subjects [7]. Depletion of docosahexaenoic acid (DHA, 22:6n-3) shows the importance of omega-3 fatty acids in cognitive function and suggests that disturbed 
PUFA metabolism partly explains global AD membrane dysfunction.
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Figure 1: The interaction of several cell types is necessary to support neuronal function.
Starting top left clock wise. Brain micro vessels are lined with endothelial cells that form tight junctions (yellow bars) and are partially covered with pericytes 
connected to astrocyte end-feet. These three cell types form the BBB [141]. Astrocytes express CD1d, a non-classical MHC molecule capable of presenting non-
classical peptide and lipid antigen [142-143]. When the BBB is perturbed, astrocytes may nudge into the tight junctions and pericyte CD1d may even reach into the 
vascular lumen, attracting cells from the peripheral blood (including NK and T cells). The binding partner for CD1d expressed in the brain parenchyma is unknown. 
The BBB segregates cholesterol produced by astrocyte from cholesterol in the systemic circulation. Nearly all of the cholesterol in brain is synthesized in the 
brain [115]. Blood transports lipids in the form of HDL, LDL, and VLDL particles but, of these, only small HDL particles cross the endothelium, probably using 
the scavenger receptor class B type I (SR-BI) receptor [115]. Lipoproteins involved in lipid transport do not cross the normal BBB, and are mainly synthesized 
in astrocytes and microglia [115]. The essential fatty acid DHA is exclusively transported as a lysophosphatidylcholine (LPC) in a sodium-dependent matter via 
transcytosis with the major facilitator superfamily domain-containing protein 2a (MFSD2a), found only in brain microvessel endothelium [48].
Cholesterol is coated with astrocyte or microglia-derived ApoE to form HDL particles for intracellular trafficking [144]. Microglias (orange cells) is the local resident 
macrophage population and as such, scavenge cellular debris and protein from the interstitiumincludingc tangles. Microglial phagocytosis of Aβ occurs via binding 
of Aβ to microglial CD14 [145]. Microglia receives tonic inhibitory signals from both astrocytes and neurons via direct contact: CD147a and CD200R are expressed 
by the microglia and neurons express the ligands for these receptors. Astrocytes only express the CD200R ligand [146-149].
CSF of healthy adults contains about 1 billion ‘nanoparticles’ per ml [12]. Abundant lipoprotein particles contain a variety of fatty acids (as indicated) but LDL is 
generally not a component of these particles in brain, whereas HDL is [150]. 
Astrocytes (blue cells) scavenge neurotransmitters spilled over from neuronal synapses as part of the “tripartite synapse“to maintain healthy electrical signaling 
[151]. Astrocytes are also involved in clearing plaque.
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system is from its peripheral counterpart [17], and the hunt is 
certainly on for a human brain lymphatic homolog. Another recent 
intriguing finding, that of regulatory T cells in rat brain [18] suggests 
a more open BBB than that currently envisioned and highlights the 
continuous interaction of the peripheral immune system and CNS. 
Activated peripheral T cells express molecules such as integrins that 
enhance ability of these cells to cross the BBB into the brain, and 
systemic mediators can increase the general leakiness of the BBB, 
as occurs with sepsis. [Sepsis is associated with encephalopathy, 
and cognition is often permanently impaired after sepsis [19]. The 
peripheral immune system may well be involved in this process. Sepsis 
models are often used to study cognitive dysfunction, but we do not 
focus on them here, in favor of more direct AD models. Importantly, 
the BBB also limits toxin entry into the brain, perhaps its original 
function, which in turn limits local inflammatory responses in the 
brain [20]. 

Declining integrity of the BBB with age has been suspected for 
decades though little detail was available about the nature of this 
decline and the changes were generally considered subtle. Nonetheless, 
with aging as the main risk factor for AD combined with well-known 
age-related endothelial dysfunction, BBB dysfunction has often been 
invoked as a potential contributor to AD. Recently some important 
details of age-related BBB dysfunction have emerged: The first site 
of functional BBB decline in normal elderly subjects (no cognitive 
impairment) is the hippocampus, which is also affected early in 
AD. Onset of symptomatic AD is associated with further worsening 
of BBB integrity in hippocampus [21]. BBB disruption in turn can 
activate the peripheral immune system in response to systemic release 
of S100B into the circulation, driving a feed-forward activation of 
inflammation [22] that gets turned back on the brain. 

The two-hit hypothesis [23] proposes that damage to the blood 
brain barrier (capillary endothelial cells, pericytes, and basement 
membrane) is an early process [21] that causes dysfunction of the 
neurovascular unit (vascular cells, glial cells, and neurons). Loss of 
the BBB integrity allows toxins, pathogens, and cells to enter the brain 
and interfere with neurons and brain circuit physiology. Since lipids 
play a major role in the health of the BBB, the lipid changes that we 
report in CSF and nanoparticles (Table 1 & Figure 3) may stimulate 
research into their potential roles in vascular pathology of AD, as 
discussed below.

The Role of Inflammatory Lipids in the 
Regulation of Cerebral Blood Flow

Cerebral circulation is tightly organized: the distance between 
neuron somata and the nearest micro vessel is no greater than 15 nm 
to facilitate O2 and nutrient availability in the high-O2 utilizing brain 
[24,25]. In the peripheral circulation, temporary closing of capillaries 
or recruitment of new ones matches O2 availability to demand. 
In the brain, the red blood cell (RBC) transit time varies between 
capillaries and the O2 demand is likely matched by regulating these 
transit times [26]. Although the brain receives 15% of cardiac output, 
cerebrovascular resistance in healthy brain is low. Vasodilation can 
be induced by NO from endothelial cells, adenosine and lactate 
end-products of metabolic activity, and vasoactive signals delivered 
by the neurovascular unit (NVU, composed of endothelial cells, 
pericytes, neurons and astrocyte end-feet) [27,28]. Signal delivery 

by the NVU begins with a Ca++ rise in the synaptic end-feet of 
astrocytes in response to synaptic activity. Propagated Ca++ activates 
phospholipase A2 triggering the generation of vasoactive arachadonic 
acid (AA) metabolites in the astrocyte end-feet surrounding arterioles 
and capillaries (via cyclooxygenase and epoxygenase) [29-30]. 
Additionally, AA diffusing to adjacent vascular smooth muscle cells 
or pericytes is metabolized to 20-HETE by ω-hydroxylase [28,31]. 
Vascular dilation or constriction occurs depending on whether PGE2/
EET or 20-HETE synthesis dominates. The repertoire of chemicals 
used in control of blood flow in the brain shows regional differences, 
for example the NO pathway is more dominant in the cerebellum 
while COX-2 is more active in the sensory cortex [32]. 

Cerebrovascular pathophysiology in late onset Alzheimer’s disease 
is multi factorial, with genetic predisposition (ApoE-e4), systemic 
risk factors (including elevated blood pressure, blood glucose and 
lipids), and cerebral amyloid angiopathy (aggregated proteins that 
include Aβ in the vessel walls) [33]. Manifestations of this vascular 
contribution are reduced cerebral blood flow, ischemia, damaged 
BBB tight junctions, focal inflammation, infarction, and increased 
hemorrhage [34]. The protective effect of physical exercise on AD 
seen in many studies may be due in part to the anti-inflammatory 
effects of exercise [35]. Epoxyeicosatrienoic acids (EETs) are 
synthesized in vascular endothelial cells and, with cholinergic 
(muscarinic) stimulation, induce vasorelaxation [36,37]. Co-cultures 
of astrocytes and endothelial cells showed that exogenous EETs and 
EETs from astrocytes promote mitosis and angiogenesis of cerebral 
endothelial cells [38]. EETs are regulated by brain endothelial specific 
cytochrome P450 enzymes [39]. 

It remains unclear if vascular pathology is a primary mechanism 
leading to AD or secondary to the amyloid β and tau accumulation. 
Clinical data demonstrate that vascular pathology and vascular risk 
factors are both associated with dementia, and both increase with age 
[40]. Recent studies are teasing out the relatedness and independence 
of vascular and neuronal mechanisms. For instance, brain amyloid 
deposition in vivo (Pittsburgh compound B) neither predicted 
cognitive impairment, nor did it interact with vascular brain 
injury (infarcts by MRI) in 61 elders selected for elevated vascular 
risk factors [41]. Autopsy studies of patients with AD suggest that 
mixed pathology (vascular disease, and alpha-synucleinopathies) 
is not unusual [42-44]. In a study of 116 elderly subjects followed 
longitudinally to autopsy, vascular lesions in brain of subjects with 
AD also contributed to loss of cortical gray matter [45]. Likely the 
inflammation of endothelial dysfunction that accompanies vascular 
disease adds an inflammatory burden to CNS-specific inflammatory 
lesions in AD patients. 

Omega-3 (ω3) fatty acids participate in inflammatory balance at 
the vascular endothelium, as elsewhere in the brain. Docosahexaenoic 
acid (DHA) is critical for integrity of the cerebrovascular endothelium, 
a critical component of the BBB (Figure 1). Eicosapentaenoic 
acid (EPA) induces assembly of tight junctions in brain capillary 
endothelial cells [46]. Mouse brain micro vessel endothelial cells 
contain EPA and produce eicosanoids including PGI2 and PGE2, 
and this production is reduced on exposure to more EPA. EPA and 
DHA are transported across the human endothelial cell-brain barrier 
by diffusion in free and albumin-bound forms [47], and transported 
by the major facilitator super family domain (MSFD2a) when 
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Figure 2: The supportive network of brain innate immune cells reacts to diverse inflammatory stimuli. 
Starting top left clockwise. Microglia is the resident macrophage population of the brain [152-153]. Microglia phagocytose and remove extracellular debris, misfolded 
proteins and apoptotic cells that are toxic to neurons [153]. With age, microglial phagocytic capacity decreases, whether this is due to chronic activation or DNA 
damage is unclear. Aβ tangles can accumulate in microglia that seemingly lacks the ability to digest these complex proteins [154]. Reduced ability to clear plaque 
debris likely contributes to neurotoxicity even early in AD [155].
Microglial activation and changes with age include deramification (loss of cellular processes), increased motility and increased expression of MHC II and TLR-4 
[75,156,157]. TLR-4 and CD14, known to bind LPS, are also involved in uptake of Aβ. Ligand binding at these sites induces activation in the lipid bilayer [158]. This 
activation induces the relocation of NF-kB to the nucleus where expression of proinflammatory genes such as IL-1β and TNFα are upregulated. Eicosapentaenoic 
acid blocks LPS-mediated activation of microglia via an unknown mechanism [159]. Omega-3 polyunsaturated fatty acids (PUFA) such as DHA and EPA prevent 
surface location of the receptors and thus inhibit TLR-4-mediated activation [160].
A typical morphological feature of AD is astrocytosis, or astrocyte proliferation [161].
Stressed neurons release sphingomyelin and phosphatidylcholine which binds TREM2 receptors on microglia inducing activation [83]. Sulfatide, a major component 
of myelin sheaths, similarly induces activation and release of NO, TNFα, IL-6 and IL-12 in microglia and astrocytes [162]. The proinflammatory cytokine IL-1β 
induces IL-6 expression in astrocytes, an effect that can be inhibited by EPA, DHA, or ALA via the transcription factor PPAR-γ [163]. Saturated fatty acids bind 
TLR-4 and result in NF-κB-mediated gene expression [164]. PUFAs inhibit this TLR-4 mediated activation in a dominant fashion [165]. TLR-4 sequence variants 
are associated with risk of late onset Alzheimer’s disease (LOAD), especially in ApoE e4 non-carriers [166].  
The brain innate immune system is quiescent in healthy brains. Stimulus with inflammatory agents such as IFNγ and LPS that bind to CD14+TLR-4 induce 
clustering of these receptors within the lipid rafts. The proximity enables signal transduction and results in the downregulation of CD200R1 [167]. In absence of 
surface CD200R1, the inhibitory signal cannot be delivered and default microglial activation takes place. Presence of the resolving 15dPGJ2, which binds to the 
transcription factor PPARγ dominantly, inhibits the downregulation of CD200R1 in the presence of inflammatory stimuli, thus preventing microglial activation [167].
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conjugated with lysophosphatidylcholine [48]. The decrease of free 
DHA that we see in CSF in early and late stages of AD (Table 1 & 
Figure 3) is consistent with a loss of this source of the neuroprotective 
resolvins. The protective anti-inflammatory effects of ω3 fatty acids 
(particularly phosphatidylcholine docosahexaenoic acid or DHA) are 
well known for cardiovascular health, and are likely equally important 
for brain health.

Analysis of the Framingham Heart Study revealed that higher 
blood plasma levels of DHA, the brain-enriched ω3 fatty acid, are 
associated with reduced risk of all-cause dementias [49]. Treatments 
aimed at boosting DHA to prevent or treat AD have had mixed 
results. For instance, DHA dietary supplements, shown to cross the 
blood-brain-barrier [50], reduced pro-inflammatory ω6 levels and 
had a positive effect on anti-inflammatory DHA levels [51]. However, 
a randomized trial of DHA supplementation did not have a clear 
beneficial clinical effect [52]. DHA which plays an important role in 
early brain development [53] and in reducing coronary heart disease 
[54] certainly deserves further study in the context of AD, despite 
initial ‘negative’ trials.

The abundant saturated fatty acids also influence the vascular 
endothelium. Cap rate has been shown to open the blood brain 

barrier [55] and, at 5-30 mM at the cellular level, opens the 
paracellular space in brain endothelial cells by acting on the tight 
junction claudin-5 and the actin skeleton [56]. Palmitate is toxic to 
porcine cerebromicrovascular endothelial cells [57]. Palmitoylation 
is a reversible post-translational modification that affects many 
brain capillary membrane proteins, such as the beta-adrenergic 
receptor and various G-proteins involved in signal transduction, 
vesicular transport, and cell differentiation [58]. Palmitoylated 
GLUT-1 is reportedly increased in hyperglycemic states [59]. Our 
CSF findings showing loss of protective ω3 and increase of harmful 
ω6 [7], combined with a known negative effect with this pattern of 
expression on endothelial function suggests that protective ω3 still 
deserves study as a therapy for delay or treatment of AD, and many 
such clinical studies are ongoing. 

The loss of integrity of the BBB may allow chronic systemic 
inflammation to exacerbate neurodegeneration. In particular 
C-reactive protein (CRP) elevations in blood are correlated with 
cognitive decline [60]. Receptor for advanced glycation end-products 
(RAGE) elevation is also associated with cognitive impairment [61]. 
Together these observations suggest that the role of the peripheral 
immune system in AD may be underestimated. Nonetheless the 
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Starting on the top right moving clockwise (in the CSF). DHA and EPA induce loosening of tight junctions while caprate induces tightening [46,55]. Cap rate is 
reduced in MCI while DHA and EPA are increased, possibly resulting in overall tighter tight junctions and an inability to dispose of waste [7].
In CSF from MCI subjects, the content of pentadecanoic acid, margaric acid, and palmitoleic acid in CSF particles increases [12]. 
CNS levels of ceramide are increased in AD and the lipid can also be found in increased amounts in frontal cortex astrocytes of AD patients [168]. 
Different types of debris can be detected in CSF, even in healthy adults.  Gross morphology includes blobs with non-specific debris, and degraded spheres.“Clubs” 
are likely dislodged structures from the ventricle wall and broken off cilia as well as strands that form a CSF matrix rich in fibronectin [12]. 
See text for changes in CSF content of fatty acids, phospholipase A2 and acid sphingomyelinase MCI and LOAD [6,8,12]. Anti-inflammatory alpha-linoleic acid 
content decreases in the parahippocampal cortex of AD patients [169].
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peripheral immune system is represented by relatively small numbers 
of cells in the brain, so that the CSF lipids analyzed in our studies 
came from CNS cells, including all non-neuronal cells that constitute 
the innate immune system of the brain. The major populations of 
CNS immune cells are glia, but pericytes and mesenchymal cells are 
also part of the CNS immune response: Pericytes, one of the main 
cellular components of CNS BBB (along with astrocyte end-feet, 
and endothelial cells) certainly play a role in damping inflammation 
by limiting toxin entry into the brain via their mesangial function 
(Figures 1-3). Pericytes are a heterogeneous population of cells, 
and can acquire a microglial phenotype after stroke, and migrate 
away from their perivascular niche [62]. Pericytes can assume a 
macrophage (phagocytic) phenotype but whether pericytes operate as 
phagocytes in human AD is unknown. In bovine cell culture models, 
amyloid Aβ fragments found in AD brains induce phosphorylation 
of cytosolic phospholipase A2 (cPLA2) and activated cPLA2 generates 
pro-inflammatory arachadonic acid [63,64]. Aβ is toxic to pericytes, 
leading Zlokovic and colleagues to speculate that toxic loss of BBB 
pericytes from Aβ leads to a vicious cycle increasing Aβ deposition in 
brain and more pericyte loss [65]. 

Mesenchymal stem cells (MSC) or mesenchymal stromal cells 
are being tested in numerous clinical trials to reduce inflammatory 
processes in a variety of neurologic diseases including stroke, cerebral 
palsy, traumatic brain injury, inherited CNS diseases, multiple 
sclerosis, and Alzheimer’s disease. (See clinicaltrials.gov for more 
detail). In these clinical trials the sources of mesenchymal stem cells 
are bone marrow, adipose, or umbilical cord. In vitro, mesenchymal 
stem cells can alter the phenotype of activated microglia, inducing 
microglial expression of neuroprotective factors [66]. So though MSC 
are generally thought of as anti-inflammatory in other organ systems, 
in brain they may play a protective role by secretion of trophic factors 
that protect neural stem cells [67]. Little is known about the resident 
MSC population of the human brain because it is not yet possible to 
study resident MSC in intact brain, the only MSC isolated from human 
brain have been from tumors. The perivascular niche of human brain 
contains a mesenchymal stem cell population that expresses both 

MSC and pericyte markers, and in clonal assays, differentiates along 
both mesodermal and neurectodermal lineages [68].

Mesenchymal stem cells generally home to sites of inflammation 
but there is no published evidence that investigators have looked for 
MSC in AD lesions. From thousands of studies and from early clinical 
trials, MSC have profound immunomodulatory effects on T cells and 
peripheral macrophages, with potent (though probably transient) 
anti-inflammatory effects after transplantation [69]. The interaction 
of resident MSC in brain with the resident immune cells deserves 
further exploration in the context of AD. Inflammatory environments 
‘activate’ MSC to interact with immune cells and turn down the pro-
inflammatory traits of these cells, and toll-like receptors (TLRs) may 
be involved in this activation (though this is controversial and likely 
varies by MSC subtype [70].

Microglia and Astrocytes Constitute the 
Innate Immune System of the Brain

Microglia and astrocytes are both heterogeneous populations, 
analogous to heterogeneity of peripheral myeloid cell populations 
(Figures 1 & 2). Microglia constitutes about 10% of cells in the 
brain [71]. Microglia accumulates in areas of the brain undergoing 
neurodegeneration, and microglial activity causes release of pro-
inflammatory molecules including reactive oxygen species (ROS) and 
nitric oxide. Depending on the initiating signal, activated microglia 
upregulate chemokine receptors, a large variety of cytokine receptors, 
complement receptors, lectin receptors and prostaglandin receptors 
as well as anti-inflammatory mediators such as IL-10 and PGE2 [72]. 
Microglia also serves as the macrophages of the brain, reflecting 
their role in development to prune neuronal populations [73]. Like 
peripheral macrophages, microglia express TLRs specialized for the 
sensing of danger signals, emphasizing their role in surveillance of the 
brain environment [74], (Figures 1 & 2).

Microglia in the healthy aged brain develops a “dystrophic” 
phenotype, characterized by an enlarged cell body, deramification 
or fragmentation of cellular extensions, and various cytoplasmic 

Figure 4: PLA2 activity damages membranes.
Amyloid precursor proteins (APP) processed through the non-amyloidogenic pathway by alpha secretases generate nontoxic soluble peptide fragments Macias 
et al, 2014; Zhao et al, 2014 [170]. Increased PLA2 activity in AD Emmerling et al, 1993 [6] may initiate the formation of lipid mediators of inflammation in addition 
to damaging the cell membranes structurally. Damaged cellular membranes may expose APP to abnormal processing by beta secretases Grimm et al, 2012; 
Bhattacharyya et al, 2013;Lemmin et al, 2014, [171] resulting in formation of neurotoxic peptide fragments that aggregate to form plaques. Damaged membranes 
may also disrupt ion channels and ion gradients, resulting in dysfunctional neuronal repair. These processes contribute to neurodegeneration in AD. 
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morphologic abnormalities [75]. Dystrophic microglia also express 
high levels of ferritin, an iron storage protein, making them 
potentially more susceptible to the oxidized microenvironment 
in which lipid peroxidation (prominent in our CSF results) is 
progressing [76]. Microglial mitochondria are considered highly 
vulnerable for age-accumulated DNA damage from ROS production 
[30,77]. Not surprisingly, the autophagic function of microglia is also 
impaired with aging [78]. Together the reduced functional capacities 
of microglia with aging may be important in setting up susceptibility 
to neurodegenerative changes of AD [73]. The activated phenotype 
of AD can be thought of as an extension of the dystrophic phenotype 
of aging. This activation is not all-or-none and manipulation of the 
phenotype of microglia into a less inflammatory state is a potential 
novel therapeutic approach to neurodegenerative diseases [66]. 

Amyloid plaque deposits in pathologic AD brains are often 
surrounded by microglia, and microglia are able to clear plaques early 
in the course of AD, leading to suggestions that increasing numbers 
of microglia could also be therapeutic in AD. Microglial CD14 (a co-
receptor with TLR4 for lipopolysaccharide) interacts with fibrillary 
Aβ, promoting its phagocytosis [79], but phagocytosis of microglia is 
impaired in AD (Figure 1 and 2), [80]. Murine studies demonstrate 
that microglia change their normal secretory profile and release pro-
inflammatory cytokines in response to Aβ deposition in later stages 
of AD [81,82]. Once large deposits of plaque are present in the brain, 
microglia may simply become overwhelmed, exacerbated by their 
senescence (reduced function) phenotype. 

Lipids in Neurodegenerating Sites Can Act 
as Chemo attractants for Microglia

Recently, a direct microglia-lipid interaction was unearthed that 
is clearly critical to normal function of microglia in response to toxic 
Aβ. The microglial surface receptor TREM2 (for triggering receptor 
expressed on myeloid cells-2) directly senses lipids associated with Aβ 
in areas of neurodegeneration (Figure 2), leading to a model in which 
lipids (not just Aβ) exposed by degenerating neurons and astrocytes 
may be the activating cues for microglia [83]. Phosphatidylcholine 
(PC) and sphingomyelin (SM) are particularly potent inducers of 
TREM2 activity in experimental models but membrane phospholipids 
such as phosphatidylserine can also induce TREM receptor activation 
[83]. These studies point to a powerful feed-forward lipid loop for 
microglia in the context of AD: Lipids attract dysfunctional (aged) 
microglia in to a toxic neurodegenerating site, where other oxidized 
lipids contribute further to microglia demise. TREM2 heterozygosity 
is associated with a significant risk of AD [84]. Loss of function 
studies of TREM2 in mouse models of AD lead to contradictory 
conclusions about the role of TREM2 in in AD, but clearly point to 
the importance of studying TREM2 action in microglia as a potential 
approach to AD therapy [85]. 

Microglia process Aβ by engulfing cells and by taking up 
exosomes that contain Aβ. Exosomes are small membrane vesicles 
released via exocytose is by many cell types. Exosomes are now 
recognized as important pathways of cell-cell communication [86] 
in which exosomalnucleic acids, proteins and lipids function as 
signaling molecules [87]. In CSF of our AD subjects, Aβ levels are 
reduced. This finding is consistent with other reports [88] and the 
CSF Aβ levels correlate inversely with amyloid plaque load in the AD 

brain [89]. Reiterating this important point: As disease progresses 
Aβ levels in CSF fall. These findings may suggest that the normal 
clearance of Aβ through CSF is damaged or over whelmed as AD 
progresses, but the mechanisms responsible for processing amyloid 
precursor protein and trafficking of the downstream Aβ products are 
not fully elucidated [90,91]. 

Secretion of exosomes containing Aβ is under control of 
sphingolipid-metabolizing enzymes (sphingomyelinases) [92] and 
exosomes accumulate in the plaque of AD brains [93]. In the CSF of 
AD patients we found significantly reduced acid sphingomyelinase 
[8] , which may potentially contribute to the inability of microglia 
to clear Aβ in the exosome compartment of the brain. Others have 
reported increased acid sphingomyelinase activity in brains of post-
mortem AD subjects [94], a difference which may be due to the 
brain compartments studied or stage of disease. Given that Aβ levels 
decrease in CSF of AD subjects, the reduced acid sphingomyelinase 
activity that we saw may contribute to reduced trafficking or clearance 
of Aβ into CSF. More generally our results suggest that the normal 
machinery used by Golgi and lysosomes to generate endosomes and 
phagosomes, as well as cellular exosome formation, content, and 
exocytosis are all disturbed by loss of acid sphingomyelinase activity 
in AD brains [8].

Sphingolipids are central regulators of cell growth, differentiation 
and death, and so changes in sphingolipid content in CSF of AD 
subjects represent important findings [8]. Previous work has 
emphasized increases in the sphingolipid metabolites, ceramides, in 
AD brains [95] as potentially toxic and promoting neuronal death and 
inhibiting autophagy [96]. These studies emphasize the importance 
of quantifying all members of these complex lipids in the context 
of AD, in order to more fully evaluate their role in pathogenesis, as 
sphingolipids balance pro- and anti-inflammatory functions [97,98]. 

The discrepancy between loss of acid sphingomyelinase activity in 
CSF and increased ceramide accumulation in brains of AD subjects 
also deserves comment. Like the inverse correlation between low Aβ 
in CSF and high brain levels with progression of AD, the low levels 
of acid sphingomyelinase in CSF do not necessarily reflect the levels 
in brain. The normal partitioning and trafficking of the enzyme may 
be disturbed with disease progression, but more intensive study of 
CSF over time [89] will be required to document the flux of acid 
sphingomyelinase in CSF. The abundance of ceramide in the brain 
depends on the balance between its synthesis, degradation/metabolism 
and compartmentalization, the subject of a recent computational 
model [99]. In addition to various sphingomyelinases in different 
anatomic and cellular compartments, ceramideabundance is regulated 
by a de novo synthesis pathway and by hydrolysis of ceramidases. In 
our published work [8] we showed that ceramide decreased in CSF 
nanoparticles but was increased in the supernatant compartment 
of CSF. Acid sphingomyelinase is essential for maintaining proper 
cellular concentrations of sphingolipids [100], and so the reduced 
ceramide we find in the nanoparticles (which likely include 
lysosomes) is consistent with the loss of acid sphingomyelinase in 
the nanoparticle fraction. The increased ceramide in the CSF soluble 
fraction is probably from de novo synthesis, a source of ceramide 
under control of the orosomucoid-like gene family [101].

Given the centrality of phagosomes in antigen presentation in the 
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periphery [102], and the immune function of exosomes in many organ 
systems, the disruption of acid sphingomyelinase signaling in AD 
likely effects multiple levels of immune function in AD. Furthermore 
exosomes can cross the BBB and influence any peripheral organ 
including the immune system, and are currently being studied as 
carriers of therapeutic cargo [103]. The pathologic implications for 
immune function in response to brain exosomes carrying abnormal 
cargo are completely unexplored. 

It is important to note that our CSF lipid studies were performed 
separately on the (i) soluble fraction of CSF which reflects brain 
interstitium and on the abundant (ii) CSF particles which we call 
‘nanoparticles’ [8] (Figure 3). Our characterization of the nanoparticles 
is far from complete but they certainly containexosomes, microsomes, 
as well as shed cellular debris [12]. In our results lipid changes in one 
of these CSF compartments are often different from changes in the 
other, highlighting the importance of studying both. We do not know 
the cellular source of these particles (most groups ignore them when 
analyzing CSF), or how much of this particle fraction is exosomes. 
Some of the particles are morphologically consistent with synaptic 
vesicles by immuno-electron microscopy [12]. In normal CSF we 
find ~1 billion particles/mL and the number of particles increases in 
AD patients (unpublished). Given that normal exosome formation 
is likely disturbed in AD, the increased numbers of nanoparticles 
as disease progresses likely reflects cellular debris accompanying 
neurodegeneration. 

Microglia not only process exosomes, they release their own 
‘microvesicles’ that contain inflammatory mediators such as TNF-α 
and IL-1β [104,105]. The interaction between microglia and astrocytes 
controls microglial shedding of microsomes [106].

Candidate microglial mediators that promote inflammation in 
AD were recently identified from a whole-genome sequencing study 
of subjects with presenilin-1 mutations (a familial early onset form 
of AD). In the examined cohort, age of clinical disease onset is quite 
predictable. Subjects with delayed age of onset were found to have 
mutations in a gene cluster coding for several cytokines [107]. In 
particular a single nucleotide polymorphism in CCL11, encoding 
eotaxin-1, was associated with delayed age of onset. Eotaxin-1 
increases with age and high levels are correlated with impaired 
neurogenesis. Eotaxin-1 binds the CCR3 receptor on microglia. This 
work also implicated IL-4 and CCL2 (a pro-inflammatory cytokine) 
as potential modulators of age of disease onset, and so potential 
targets for AD therapies. IL4 receptor is expressed on microglia, and 
IL4 (with IL13) signaling is involved in clearance of Aβ [107]. 

Astrocytes are by far and away the most abundant cells in brain, 
playing critical roles in CNS ion balance, synaptic remodeling, and 
regulation of energy balance [108]. Astrocytes can uptake glucose 
from the circulation, store glycogen or generate lactate to meet the 
neuronal energy demand [109]. Astrocytes are involved in homeostasis 
of extracellular space; they can express potassium channels and 
contribute to clearing extracellular potassium or glutamate around 
synapses [110]. In addition to supplying metabolic substrates for 
neurons, astrocyte endfeet ensheath blood vessels, contributing to 
BBB structure and control of cerebral blood flow [28,108]. The ratio 
of astrocytes to neurons is much higher in primates than rodents, 
suggesting that astrocytes may be more important in maintaining 

brain homeostasis in humans than in lower mammals, and even in 
higher order functioning (cognition) of primates vs. rodents [111]. 

In human Alzheimer’s disease, activated astrocytes express 
myeloperoxidase, and in experimental AD models myeloperoxidase 
preferentially (per) oxidizes lipids. Myeloperoxidase, normally 
expressed in neutrophils, is not expressed in healthy brains [112]. 
Reports of phosphatidylserine loss in erythrocytes in AD subjects 
generated some enthusiasm for replacement therapy as a potential 
way to support the brain of these patients [113,114]. We also observed 
a loss of phosphatidylserine in CSF in early AD subjects (before 
memory impairment) vs. in CSF of healthy age-matched controls 
(See Table 1, Figure 3). Although replacement of phosphatidylserine 
represents a logical therapeutic approach to AD, clinical studies to 
date have not shown a dramatic improvement in cognition with 
its supplementation [113]. The lack of strong therapeutic signal in 
these studies may be the result of starting supplementation too late 
in the disease process, or use of only a single supplement, or poor 
bioavailability of current formulations. 

Only some small high density lipoproteins (HDL) made in 
the liver cross the BBB [115]. Nonetheless a pattern of higher LDL 
cholesterol and lower HDL cholesterol (the pattern considered high 
risk for cardiovascular disease) is associated with higher levels of 
cerebral amyloidosis by Compound B positron emission tomography 
[116]. In the brain astrocytes synthesize and provide the majority 
of the apolipoproteins (including ApoE) and cholesterol needed 
by neurons [117]. Astrocytes use ApoE-containing lipoproteins to 
control cholesterol distribution (Figure 1). Exposure of primary rat 
astrocytes to CSF from AD (or other dementia) subjects resulted in 
reduced cholesterol efflux from the astrocytes [118], and suggests that 
products secreted in the AD diseased environment damage astrocyte 
functions important to brain health. 

Though not of hematopoietic origin, astrocytes are key immune 
modulators. They function as antigen presenting cells and as a barrier 
to influx of peripheral immune cells into the brain. Connexin-43 on 
astrocytes at the BBB is critical to BBB function [119]. Astrocytes 
are also the source of neurotrophins, so that disrupted function of 
astrocytes by inflammation leads to loss of factors that support neuron 
survival. Like microglia, stimulated astrocytes become activated and 
change their morphology as well as expression profiles, and in AD, 
migrate to sites of Aβ deposition. In in vitro studies conditioned 
medium from activated (IFN-γ stimulated) human astrocytes is 
neurotoxic rather than neurotrophic [120]. Like microglia, the 
initially protective activated astrocytes transition to a neuronal-
damaging phenotype through both secretion of harmful molecules, 
and loss of neuroprotective functions [121] with disease progression. 
Surprisingly little work utilizes primary human astrocytes to study 
AD, a lost opportunity for understanding the interplay of astrocytes 
and immune function in the context of this disease. Magnetic 
resonance spectroscopy suggests glial activation or inflammation 
very early in human AD, before the onset of cognitive impairment 
[122]. This early glial activation in the course of AD is supported 
by recent PET studies in mice, underlining the need to understand 
the contribution of non-neuronal brain cells in the earliest stages of 
disease [123]. 

Initiation of immune responses is a well-controlled process. The 
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inflammasome is a multiprotein complex that initiates a powerful 
inflammatory cascade. The inflammasome is comprised of an 
assembly of ‘sensory’ proteins, adapter proteins, and caspases that 
cleave inflammatory proteins (such as IL-1β) from their pro-forms 
into active forms, triggering the inflammatory response. In the CNS 
microglia, neurons, and astrocytes express different components of 
the inflammasome complex. Human astrocytes express NLR protein 
2 which is activated by danger-associated molecular pattern (DAMP) 
ATP, and ultimately leads to processing of caspase-1 and interleukin-
1β [124]. Importantly, polymorphisms of the major inflammatory 
protein generated by inflammasome activation, IL-1β, is associated 
with age at AD onset [125]. Among the many signals that can incite 
or quell inflammasome activity, fatty acids [126,127] are of special 
interest in the context of our data. Most work on inflammasomes 
has been done in peripheral organ systems, pointing to another 
important opportunity for use of primary human astrocytes (or iPS-
derived astrocytes) to understand the initiation and perpetuation of 
inflammation in the setting of AD. 

Like microglia, astrocyte immune function in the brain involves 
phagocytosis (and therefore clearing) of Aβ [128,129]. In vitro studies 
suggest that Aβ exposure induces increased expression of CD36 
and CD47 (which may recognize Aβ) on astrocytes, but receptor 
for advanced glycationend-products (RAGE) expression is reduced 
[130]. As is the case for vascular disease, advanced glycation end-
(AGE) products accumulate with amyloid in AD, and contribute to 
increased oxidant stress. AGE may directly induce lipid peroxidation 
[131], and such (per) oxidized lipids are prominent in CSF of our AD 
subjects.   

Phospholipids are the major source of several lipid mediators 
of inflammation. Polyunsaturated fatty acids (PUFAs) such as 
arachidonic acid (20: 4, n-6) or DHA are released from membrane-
bound phospholipids by phospholipases and metabolized in multi-
step enzymatic pathways to generate signaling molecules, collectively 
known as eicosanoids. A striking finding in our CSF studies is the high 
levels of PLA2 in AD subjects [6]. An increase in PLA2 will not only 
initiate the formation of arachidonic acid-derived lipid mediators 
of inflammation [10,132], but may disrupt membrane structure 
sufficient to result in abnormal processing of amyloid precursor 
proteins. See Figure 4. 

Polyunsaturated fatty acids are converted to potent inflammatory 
mediators by prostaglandin synthases, lipoxygenases, or CP450 
enzymes in conjunction with PLA2 isoforms; some of these enzymes 
are altered in AD [133-135]. 

Prostaglandins and leukotrienes are the major eicosanoids 
synthesized by the cyclooxygenase and lipoxygenase pathways, 
respectively. Several studies have documented changes in the 
eicosanoid pathway in AD [136-139]. Given that eicosanoids have 
pleiotropic bioactive properties– in inflammation, the immune 
response, platelet aggregation, chemotaxis, vasodilation, and ion 
channel function, and cell growth and differentiation patterns, 
modulation of eicosanoid synthesis may have therapeutic potential 
in AD [138,140]. 

Conclusions
We used our database of CSF lipids from an ongoing AD clinical 

study as a platform to highlight the importance of interactions 
between lipid metabolism and inflammation and the immune 
system in AD. Like other groups, we show that anti-inflammatory 
lipids (DHA) known to play a role in vascular and brain health are 
significantly reduced in CSF of subjects with early AD. Abnormal, 
high levels of many inflammatory lipids in CSF of these subjects are 
prominent in our data. Our results suggest that the changes in lipids 
we see can negatively impact immune functions of microglia and 
astrocytes, as well as brain vascular health, beyond the well-known 
toxic effects of amyloid plaques. The extensive changes of CSF lipids 
we reported recently, predominantly in brain-derived nanoparticles, 
indicate that compromised brain cell membrane lipid composition 
is a major part of early AD pathology. We hope this discussion 
of specific pathophysiologic effects of lipids will lead to a better 
understanding of AD. 
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