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start to appear in the pyramidal cells of the cortex and hippocampus and they start to spread 
out to other regions of the brain causing neuronal disconnection. There are other cellular 
alterations, such as the decrease in the neurotransmitter Acetylcholine (Ach), synaptic loss, 
inflammation and neuronal cell death [10,11]. 

Lipids in AD

Lipids are a diversified and ubiquitous group of biomolecules which have several relevant 
biological functions, such as storing energy, second messenger in cell signaling, and acting 
as structural components of cell membranes [12]. By regulating the chemical and mechanical 
properties of membranes, lipids influence vesicle fusion and fission processes, ion flux, and 
lateral diffusion of membrane proteins [13].

Lipids can be classified based on their composition. As described by Fahy et al., 2011, lipids 
are broadly classified into simple lipids (esters of fatty acids with alcohol; these include fats, 
waxes), complex lipids (esters of fatty acids with alcohols containing additional groups such 
as phosphate, nitrogenous base, carbohydrate, protein etc.; these include phospholipids, 
glycolipids, lipoproteins, sulfolipids), and derived lipids (derivatives obtained on the 
hydrolysis of simple and complex lipids which possess the characteristics of lipids; these 
include isoprenoids, steroids, ketone bodies, fatty acids and caretonoids [12,14] as we can 
observe in Figure 1.

Growing evidence supports the influence of lipid changes in the process of normal cognitive 
aging and the etiology of age-related neurodegenerative diseases [15]. For example, higher 
midlife serum cholesterol increases AD risk and impairs late-life cognition [16,17]. Cholesterol 
and sphingolipid-enriched membrane microdomains called “lipid rafts” can modulate the 
amyloidogenic processing of APP leading to altered βA aggregation [18].

Human apolipoprotein E (ApoE) is essential in lipid metabolism and cholesterol transport in 
plasma and several tissues. Dupuy et al., 2001 described that ApoE is synthesized in the CNS 
and is recognized as the major lipid carrier protein in the brain. Among several member of 
the ApoE family, ApoE4 has emerged as a significant genetic risk factor for vascular disease 

Figure 1. Classification of lipids. Modified from Bailwad et al., 2014 [14] 

Neurodegenerative diseases

Neurodegenerative diseases represent a main threat to human health. These age-dependent 
disorders are becoming increasingly prevalent, in part because the elderly population has 
increased in recent years [1,2]. Neurodegeneration is characterized by a progressive loss of 
neurons that reside in brain areas associated with motor, sensory, cognition and perceptual 
functions. Therefore, cognitive and behavioral deficits are highly attributed to progressive 
neural cell death in the central nervous system (CNS) [3,4]. Differences in origin and the role of 
both genetic and environmental factors in the onset and progression of neurodegenerative 
diseases entangle our understanding of the involved pathogenic mechanisms. Accumulation 
of misfolded proteins form intracellular inclusions or extracellular aggregates in particular 
brain regions and are considered the main pathological hallmarks of many neurodegenerative 
diseases [5].

Alzheimer disease

Alzheimer’s disease (AD) is a multifactorial and heterogeneous disease; it can be either 
familial or associated with a mutation of an autosomal dominant gene in approximately 
5% of cases, and sporadic in 95% of the remaining cases. A common cause is not known 
yet, and the possible factors that contribute to the development of the disease are still 
being investigated. It has been suggested some risk factors that may be associated to the 
development of the disease, such as age, gender, family history, education, hypertension, 
diabetes, high cholesterol, depression, low cognitive and physical activity, lifestyles and 
medications. However, the mechanism by which these risk factors contribute to the 
pathogenesis of AD has not been clearly established [6,7]. 

AD is a neurodegenerative process that exhibit a progressive deterioration of the brain, 
initially disturbing the temporal lobe and the hippocampus producing memory problems. 
Later, the parietal lobe is affected, which involves loss of spatial visualization processes, 
knowledge of habits and uses, and finally the frontal lobe is damaged causing changes in 
personality. These events in the brain are reflected in the symptomatology of the disease 
that also includes attention problems and spatial orientation, language difficulties, 
unexplained mood swings, erratic behavior and loss of control over bodily functions, 
generating dependency and inactivity of patients. However, AD does not affect all patients 
in the same way, these symptoms vary in severity and chronology, fluctuations are reported 
even daily with the superposition of symptoms [8,9].

Neuropathology of AD is characterized by a widespread accumulation of neuritic plaques 
and neurofibrillary tangles composed of deposits of beta-amyloid peptide (βA) and 
abnormally hyperphosphorylated tau protein (phospho-tau) respectively. These aggregates 
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 A reduction of Phosphatidylinositol (PI) levels [24] and phosphatydilethanolamine (PE) levels 
were found in post-mortem brain samples from individuals with AD compared to controls 
[25,26]. In parallel, a decreased of phosphatydilcholine (PC) or unchanged PC levels [21,25] have 
been reported. Also, levels of Lyso-phosphatydilcholine (LPC) in cerebrospinal fluid (CSF) of 
AD patients were reduced compared to controls. Interestingly, in an early stage of AD, brain 
levels of PC, PI and PE in both white and gray matter were unchanged [21]. These alterations 
in AD indicates relevant changes in the metabolism of phospholipids in the brain that may 
be closely associated with membrane alterations and damage in AD (Figure 3) [27]. 
  
Current therapy in Alzheimer´s disease 

Available drugs for the treatment of AD use the principle of inhibition of AchE 
(acetylcholinesterase). This enzyme hydrolyzes and inactivates Ach (acetylcholine), a main 
neurotransmitter in the neuronal communication of the nervous system that is reduced 
in AD. Inhibitors of AchE increase Ach in the synaptic junction, and this helps to improve 
cognitive function [28].

Figure 3. Principal molecular mechanism associated with lipid mediator-mediated neurodegeneration. AA, 
arachidonic acid; Aβ, β-amyloid; ADAM, A Disintegrin And Metalloprotease; sAPPα, soluble amyloid precursor 
protein α; sAPPβ, soluble amyloid precursor protein β; APP, amyloid precursor protein; BACE1, β-site APP cleavage 
enzyme; CERase, ceramidase; 4-HNE, 4-hydroxynonenals; IsoP, isoprostane; COX-2, cyclooxygenase 2; cPLA 2 , 
cytosolic phospholipase A 2; DHA, docosahexaenoic acid; 15-LOX, lipoxygenases; LPC, lysophosphatidylcholine; 
LPE, lysophosphatidylethanolamine; NMDAR, N-methyl-D-aspartate glutamate receptor subtype; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; ROS, reactive oxygen species; p75-NTR, p75 neurotrophin 
receptor; SM, sphingomyelin; SMase, sphingomyelin phosphodiesterase; Sph, sphingosine; SphK, sphingosine 
Kinase; Sph-1P, shingosine 1 phosphate. Figure from Frisardi et al, 2011 [15].

and familial and sporadic late-onset AD [19]. ApoE4 is implicated in senile plaque formation by 
its affinity for βA peptide leading to insoluble complexes and in turn amyloidogenesis. ApoE4 
can also join to tau and microtubule-associated proteins (MAP), and thus be implicated in 
the development of neurofibrillary tangles underling to ApoE4 in the highest genetic risk 
factor for late-onset AD [20].

Phospholipids in AD

Kosicek and Hecimovic, 2013 describe phospholipids as structurally and biologically 
important molecules, which form cellular membranes and are involved in the behavior 
of membrane proteins, receptors, enzymes and ion channels intracellularly or at the cell 
surface. Since the brain is one of the richest organs in lipid content, changes in the brain 
phospholipid levels could lead to different pathogenic processes. Different regions of the 
brain differ in phospholipid composition [21]. Phospholipids consist of two long chains, with 
non-polar acyl fatty groups joined to small polar groups including a phosphate (Figure 2). 
Phospholipids together with cholesterol and glycolipids represent around 50 to 60% of total 
membrane lipids, playing a very critical role in the physical properties of the lipid bilayer [22].
 
Publications from late 1980 and 1990 suggested that decreased and alterations in brain 
phospholipid metabolism could be connected with AD [21]. Increase in the activity of PLA2 

isoforms and lysophospholipases elevation in phosphodiesters, phosphomonoesters, fatty 
acids, prostaglandins, isoprostanes, 4-hydroxynonenals, and other lipid mediators has been 
reported in AD [23]. 

Figure 2. Structure and main roles of phospholipids in neural membranes
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Given the diverse etiological nature of AD, many neural targets that can be addressed. The 
majority of natural products have several targets, strategies such as prophylactic treatment 
may help improve the potency of existing drugs and aid in the development of new 
therapies. For example, cocktails comprising approved drugs with natural products could be 
considered as standard therapies for AD [33].

Cerebrovascular diseases

Cerebrovascular diseases (CVD) are the third cause of death in the world [41,42] and the second 
in Latin America after 45 years old according to the Pan American Health Organization [43]. 
Additionally, it is reported as the first cause of permanent disability in adulthood, as many 
of the surviving patients suffer substantial sequelae that limit their activities in daily life. 
Its morbidity and mortality not only cause suffering to patients and their families but also 
entails a high social and economic cost [44].

Cerebral strokes can be divided into ischemic and hemorrhagic, with an incidence of 84 and 
16%, respectively [45]. Ischemic stroke occurs when a blood vessel carrying blood to the brain 
is blocked by a blood clot and is characterized by a decrease or interruption of blood flow in 
one area of the brain. Hemorrhagic stroke is caused by the rupture of a blood vessel, either 
in the parenchyma or in the brain surface; blood spills into or around the brain and creates 
swelling and pressure, damaging cells and tissue in the brain [46].

Cerebral autosomal dominant arteriopathy with subcortical infarcts and 
leukoencephalopathy (CADASIL)

CADASIL is the most common monogenetic cause of adult-onset progressive cerebrovascular 
disease [47]. The disease results from mutations in the NOTCH3 gene, a 34-exon gene located 
on chromosome 19p13.2-p13.1. NOTCH3 encodes a transmembrane protein involved in cell 
signaling and differentiation and a transmembrane receptor primarily expressed in systemic 
and intracranial vascular smooth muscle cells [48,49]. 

CADASIL generally affects young people, and the first ischemic strokes occurs between 30 
and 66 years of age [50]. Clinical symptomatology is very variable even within individuals of 
the same family, the disease is commonly progressive. On average, it leads to the inability to 
walk without assistance between 56 and 64 years, restriction to bed between ages 59 and 
69 years, and age of death between 61 and 74 years [51]. Quality of life from patients is fragile 
due to recurrent strokes, severe migraines with aura, mood changes, apathy, and epilepsy 
that produce cognitive impairment, along with distinctive imaging findings, usually precede 
clinical strokes by years to decades [49,52]. 

Drugs that elevate the levels of ACh as the galantamine, donepezil and rivastigmine are 
indicated in the first stages of the disease to delay the deterioration of memory and 
attention. These treatments are combined with others that act in a symptomatic level for 
depression, sleep disturbances, or complications as constipation, incontinence, dehydration, 
urinary infections and ulcers caused mainly by immobility or thrombophlebitis. However, all 
these drugs have numerous side effects altering the function of the gastrointestinal tract by 
inducing diarrhea, loss of appetite, nausea, vomiting, weight loss and hepatotoxicity, but 
also they can lead to fatigue, insomnia, and muscle cramps [29] that encourage the search for 
new therapeutic targets. 

Immunotherapy for AD treatment was considered with AN-1792 vaccine. This vaccine 
enhanced the production of βA antibodies in the serum stimulating the immune system to 
eliminate βA plaques and preventing the formation of new plaques [30]. However, adverse 
effects such as meningoencephalitis have been reported, resulting in discontinuation of 
the treatment [31]. Currently, there are immunotherapies in different clinical phases, which 
evaluate new strategies to decrease βA, or at least for slowing down the progression of the 
disease. 

Among other medications, one of the most used is memantine, a non-competitive antagonist 
of the N-methyl-D-aspartate (NMDA) receptors, to which it binds with a moderate affinity. 
This medication improves the cognitive performance and functioning of patients with 
moderate to severe AD, however, it continues to have a palliative function in this disease [32].

Neuroprotection by natural products in AD

There has been a recent explosion of interest in natural products and their potential 
multifunctional effects on AD and other neurodegenerative diseases [33]. We already report 
studies have reported that the oral administration of some flavonoids (apigenin, EGCG, 
rutin, myricetin, resveratrol, quercetin and fisetin) to mice prevents the development 
of AD pathology by inhibiting various βA aggregation pathways and thus increases their 
ability to solve memory tasks. These effects may be mediated by the activation of cyclic 
adenosine monophosphate (cAMP) response element‐binding protein (CREB) and brain‐
derived neurotrophic factor (BDNF), which are involved long-term potentiation (LTP) and it 
has consequences in learning processes [33–39]. Furthermore, our group demonstrated that 
the intraperitoneal administration of quercetin in an old triple‐transgenic AD mice model 
for three months reduces the C‐terminal fragment (CTF) cleavage of Amyloid precursor 
protein (APP), production of βA1–40 and βA1–42, and βA plaque immunoreactivity in 
central regions affected by this disease. Additionally, quercetin significantly decreases the 
hyperphosphorylation of tau in old 3xTgAD mice, which correlated with the recovery of 
memory [40].
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One of the most sensitive parameters in the reduction of blood flow is the inhibition of 
protein synthesis during ischemia. Polyribosomes remain aggregated and stop the synthesis 
of some proteins but is recognized that levels of proteins involved in heat shock protein 
(Hsp) are increased [63]. If these conditions are prolonged for a long time will produce a 
deficit in essential proteins that allow cell survival [64]. Besides, inflammation is produced 
in the vascular endothelium, thickening of the astrocytic feet. These cause alterations in 
the matrix-integrin interactions, leukocyte-endothelial cell adhesion, platelet activation, 
leukocyte adhesion, among other inflammatory responses that contribute to the injury of 
the affected tissue [54,65,66].

Lipids in Cerebral Ischemia

When cerebral ischemia occurs, the flow of blood to the brain is interrupted by an 
obstruction, due to atherothrombotic or an embolism. The first is caused by the deposit 
and infiltration of lipids in the walls of arteries and the second occurs when a clot formed 
in another part of the body moves to the brain [67]. Intracellular levels of calcium strongly 
increase during cerebral ischemia acidosis and damage induced by free radicals [68]. This 
increase produces the activation of sphingomyelinases and phospholipases A2, C and D that 
in turn favor other excitotoxic processes [67,69,70]. In addition, the inflammatory response after 
ischemia also alters lipid metabolism by increasing the production of eicosanoids, ceramides 
and free radicals promoting excitotoxicity and mitochondrial dysfunction [71–73].

Phospholipids in cerebral ischemia

Phospholipases constitute a group of enzymes that catalyze the hydrolysis of phospholipids 
and play a principal role in the maintenance and production of lipid mediators, which 
regulate cellular activity. The increase of these enzymes has been implicated in pathological 
conditions, including neuronal damage in ischemic response [74,75]. Phospholipases in 
the CNS are responsible of destabilization of the membrane through the degradation 
of phospholipids, increase of calcium influx [66], the release of Arachidonic acid (AA) and 
activation of the metabolism by cyclooxygenases/ lipoxygenases [77,78].

Cerebral ischemia is accompanied by the stimulation of isoforms of PLA2, massive release 
of free fatty acids, and increase in levels of LPC (Figure 5), which inhibits phosphocholine 
cytidylyltransferase (CTP); an enzyme that modulates PC synthesis [79]. Also, reduction of PC, 
PI, phosphatidylserine (PS) and cardiolipin after transient cerebral ischemia between other 
effects in lipid mediators have been described [27,80]

 

Ischemic stroke

Ischemic stroke is initiated by a constriction of the blood flow to the brain leading to 
immediate deficit of nutrients and oxygen that are normally required for the maintenance 
of the brain’s metabolic requirements. If restoration of perfusion occurs very early after the 
onset of ischemia, this can decrease the damage from stroke, but the efficacy of reperfusion 
is restricted by secondary injury mechanisms [53,54]. When an arterial occlusion occurs, the 
subsequent ischemia is not homogeneous throughout the affected zone. Instead it is a dense 
ischemic central nucleus called ischemic core with severe compromise of cerebral blood flow 
(CBF), producing high cell death by necrosis. Ischemic core is surrounded by a perimeter of 
moderate ischemic tissue called “penumbra” where the cellular metabolism and viability 
is sometimes preserved but has impaired electrical activity [55]. Ischemic penumbra has a 
variable outcome, and tissue rescue may be reached when reperfusion is initiated within 
the first 6 hour following the insult. The third region is known as the extra penumbra zone, 
peri-infarct or zone of oligemia (Figure 4), in which the blood flow is higher than 40% and 
tissue is completely vital [56].

 In conditions of cerebral ischemia, the cells of the affected area quickly use their reserves 
of glycogen and increase lactate production through anaerobic glycolysis, causing tissue 
acidification. Besides, there is a substantial reduction in the concentration of ATP, which alters 
the transmembrane ion gradients and the loss of ionic homeostasis leading an intracellular 
increase of sodium and calcium ions [58,59]. Thus, the accumulation of intracellular calcium 
has been established as the critical step in neuronal death by triggering the activation of 
proteases, lipases, DNases, and calpains, promoting lysis of structural proteins. At the 
same time, the presence of extracellular calcium increases the release of glutamate, a toxic 
neurotransmitter that contributes to cell death [60–62].

Figure 4. Illustration of the penumbra concept. Infarct core (red): infarcted tissue. Penumbra (orange): salvageable 
tissue at risk for infarction in case of persistence vessel occlusion. Oligemia (yellow): hypoperfused tissue without 
risk for infarction. Cerebral blood flow decreases in direction to the infarct core. Decreased blood flow can be 
compensated by an increased oxygen extraction fraction and vasodilation of collateral vessels sufficiently enough 
in the oligemia but not in the penumbra. Figure from Simon et al., 2017 [57]
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On the other hand, there are other investigations in neuroprotection that involve different 
chemical substances, for example, estradiol [86], statins [87], among other substances [88]. 
Likewise, therapies that use preconditioning through hyperoxia or enriched environment 
have shown recovery of vital functions in the areas affected by ischemia [89,90]. Natural 
products are being studied for the treatment of different CNS diseases such as CVD due to 
their antioxidant, anti-inflammatory properties, among others, which could be involved in 
various beneficial mechanisms against the progress of the disease [91]. 

Neuroprotection by natural products in cerebral ischemia

Currently, about 80% of the world population uses medicines that are derived directly or 
indirectly from plants [92,93]. Natural products offer a wide variety of biological effects: anti-
inflammatory, anticancer, antiviral, antithrombotic, antioxidant, anti-nociceptive, among 
others [94,95]. In CNS diseases, some natural products have an anticonvulsant, analgesic, 
anxiolytic, antidepressant, antioxidant effect, in addition to improving memory and cognition 
when they are frequently administered [96–100]. Thus, natural products are considered as a 
source of potential molecules in the field of neuroprotection. 

Natural products are reported in the treatment of different ischemia models. They can 
increase neurogenesis [101], decrease inflammatory responses [102], reduce cerebral edema 
[103], prevent breakdown of the blood-brain barrier [104], among other properties.

Therapeutic properties of Linalool

Linalool (C10H18O), so-named 3,7-dimethyl-1,6-octadien-3-ol (Figure 6), is an acyclic 
monoterpene tertiary alcohol detected in essential oils of diverse plant species [105,106]. 
Linalool has been reported over 200 monocotyledonous and dicotyledonous vegetal species 
extent across the world [106]. Linalool is present mostly in plant families: Lamiaceae (genus 
Lavandula), Lauraceae (genus Cinnamomum) and Apiaceae (genus Coriandrum) [107,108]. 

Pereira et al., 2018 described the characteristics of linalool such a molecule with a small 
molecular weight functionalized with a hydroxyl group. The alcohol functional group 

Figure 6. The structural formula of linalool

Current therapy in Cerebral ischemia

With the aim of reducing the consequences of cerebral ischemia, numerous pharmacological 
agents have been used to evaluate their potential to prevent the destructive pathophysiology 
of stroke and protect the brain. Therapeutic approaches have been addressed to decrease 
the effects of excitatory amino acids such as glutamate, dampening calcium fluxes in the cell 
membrane, and regulating injury from inflammation, free radical damage, and intracellular 
enzymes. Early studies were unsuccessful by the late administration of therapy within the 
4-6 hours therapeutic window for brain reperfusion. As example, thrombolytic therapies 
are addressed to restore perfusion in the tissue and minimize the damage [81]. Currently, 
the only pharmacological therapy approved for clinical use in acute cerebral ischemia is 
the recombinant tissue plasminogen activator (rtPA), which converts the serine protease 
zymogen plasminogen into its active fibrin dissolving form plasmin [82,83]. It is estimated that 
only 3% to 5% of stroke patients reach a hospital on time to be considered for thrombolytic 
agent [84]; the same occurs with other medications such as intraarterial prourikinase [85]. 

Figure 5. Lipid metabolism in ischemic neuronal death Activation of phospholipases (PLA2, PC-PLC, PI-PLC, 
and PLD) following cerebral ischemia results in a release of lipid second messengers 1,2-diacylglycerol (DAG), 
phosphatidic acid (PA), lyso-phosphatidic acid (lyso-PA), docosahexaenoic acid (DHA), and arachidonic acid 
(ArAc). PA and DAG can be readily inter-converted by phosphohydrolases and DAG-kinases. ArAc undergoes 
further metabolism by cyclooxygenases/lipoxygenases (COX/LOX) to generate important signaling and vasoactive 
eicosanoids. Free radicals are formed during ArAc metabolism by COX/LOX and free radical generation can be 
induced by eicosanoids. ArAc generates pro-inflammatory prostaglandins, leukotrienes, and thromboxanes as well 
as LOX-generated anti-inflammatory lipoxins. Through the LOX pathway, DHA is metabolized to anti-inflammatory 
resolvins and protectins, including 10,17S-docosatriene (Neuroprotectin D1), an endogenous neuroprotectant. 
Figure from Adibhatla & Hatcher 2007 [80].
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Thesis outline

Neurodegenerative diseases are hereditary and sporadic, characterized by progressive 
nervous system dysfunction. The majority of these diseases do not have a causal treatment, 
and we have worked in the understanding of the pathology to achieve this goal. My thesis 
was focused on evaluating the therapeutic use of the monoterpene linalool in AD and 
cerebral ischemia. Likewise, we used a lipidomic approach to understand the alterations 

Table 1. Linalool bioactive properties and main underlying mechanisms of action

Bioactive property Mechanism of action References

Anti-inflammatory

Inhibition of COX-2
Inhibition of the NF- κB pathway
Inhibition the production of inflammatory cytokines
(TNF-α, IL-6, IL-1β, IL-8 & MCP-1
Activation of the Nrf2/HO-1 signaling pathway
Inhibition of NO production

[110]
[111,112]
[112]

[113,114]
[115]

Antioxidant
Reduction of oxidative stress induced by H2O2

Radicals scavenging activity 
[116]
[117]

Anticancer &
Antiproliferative

Cell cycle arrest
Apoptosis induction
Activation of immune cells (T helper cells)
Prevention of the overexpression of angiogenic factors (VEGF and 
TGF-β1) 

[118,119]
[120]
[118]
[121]

Antihyperlipidemic

Inhibition of lipid production 
HMGCR expression reduction 
Inhibition of proliferation and cholesterogenesis
PPARα agonist & reduction of TGA in plasma que 

[122]
[123]
[124]
[125]

Antinoceptive & 
Analgesic  

Activation of peripheral opioid mechanisms 
Interaction with ionotropic glutamatergic receptors (NMDA)

[126]
[127]

Anxiolytic & Anti-
depressant

Interaction with neuronal excitability through the inhibition of volt-
age-dependent sodium channels 
Interaction with the monoaminergic system, (serotonin 1 A receptor 
and α2 adrenergic receptors) 
Alteration of the expression levels of genes associated with the synaptic 
transmission and MHC class I 

[128]

[128–130]

[131]

Neuroprotective

Inhibition of the excitability of peripheral nervous system by interaction 
with protein membranes responsible for ATP generation, such as Na + 
channels
Axonal regeneration
Inhibition of presynaptic action potential propagation (linalool decreas-
es smooth muscle GPCR)
Regulation of glutamatergic system
Neuroprotective agent against the neurotoxicity induced by acrylamide 
Cell death reduction in a glucose/serum deprivation model

[132]

[133]
[134]

[135,136]
[137]

[138]

present in the chemical structure of linalool confers polarity to the compound, making 
it chemically reactive. In terms of solubility, linalool is poorly soluble in water due to the 
hydrocarbon apolar structure. In contrast, linalool is highly soluble in organic solvents 
(alcohol, chloroform, ether, etc.), fixed oils and propylene glycol [108,109].

Linalool has been used in the pharmaceutical and food industry for its antimicrobial, 
antioxidant and antifungal properties. Linalool exhibit a wide number of relevant bioactive 
properties, including anti-inflammatory, antioxidant, antinociceptive, anxiolytic, among 
others as we can observe in Table 1. These biological properties suggest that linalool could 
to be a candidate compound for an effective therapy for improving cognitive function in 
neurodegenerative diseases. 

Microglia

Microglia are parenchymal tissue macrophages with thin branching processes (“ramified,” 
or treelike) that represent 10% of cells in the CNS [139,140]. Microglia operate as brain 
macrophages but are different from other tissue macrophages owing to their homeostatic 
phenotype and regulation in the CNS microenvironment. Microglia are in charge of the 
phagocytosis of microbes, dead cells, damaged synapses, protein aggregates, and other 
particulate and soluble antigens that may threaten the CNS. Additionally, they are the first 
source of proinflammatory cytokines becoming crucial mediators of neuroinflammation and 
modulating a broad spectrum of cellular responses [141].

Microglia arise from the hemangioblastic mesoderm enabling them to proliferate and self-
renew, however, representing a non-replenished population of mitotic cells, these functions 
are subject to a variety of age-dependent changes due to telomere shortening [142]. Most 
notably, age-related microglial atrophy indicates incidence of pathology due to reduced 
neuroprotection and enhanced neurodegeneration [142]. Microglia become less ramified and 
dynamic, show cytosolic accumulations of lipofuscin granules, decreased proteolytic activity, 
and increased release of pro-inflammatory markers (e.g. a constant state of activation) 
[143]. Release of cytokines as well as neurotoxic molecules may contribute to chronic brain 
inflammation and impaired blood-brain barrier integrity [144]. 

Dysfunctional microglia are associated with several pathologies of the brain such as 
Alzheimer’s disease where microglia cluster around βA plaques seemingly incapable of 
phagocytosis and amyotrophic lateral sclerosis (ALS) where they are involved in the release 
of pro-inflammatory mediators, as we can observe in Figure 7 [145,146]. Moreover, their chronic 
activation had been linked to multiple sclerosis and Parkinson’s disease (PD), whereas 
impaired phagocytosis and pruning activities are associated with schizophrenia and autism 
spectrum disorders [147,148].
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In chapter 4, we investigated the potential neuroprotective role of linalool on glutamate-
induced mitochondrial oxidative stress in immortalized neuronal HT-22 cells. In addition, we 
also studied whether linalool is able to induce neuroprotection in organotypic hippocampal 
slices as ex vivo model for stroke, with NMDA as a stimulus for induction of excitotoxity. We 
detected cell viability by real-time cell impedance measurements, MTT assay, and analysis 
of Annexin V/PI. We evaluated the morphology of mitochondria with MitoTracker and the 
production of ROS, calcium levels, and mitochondrial membrane potential by FACS. Besides, 
we use high-resolution respirometry, and Seahorse Extracellular flux analyze to observe the 
activity of linalool in the mitochondria complexes.

In chapter 5, we explored phospholipid profiles a month postischemia in cognitively 
impaired rats. We used a two-vessel occlusion (2-VO) model to generate brain ischemia, 
and we check alterations in myelin, endothelium, astrocytes, and inflammation mediators. 
Likewise, a lipidomic analysis was performed via mass spectrometry in the hippocampus 
and serum a month postischemia using univariate and multivariate statistical analysis.

In the same way, in chapter 6, we investigated the post-mortem temporal cortex grey 
matter, corpus callosum, and CSF, to define potential similarities and differences on the 
phospholipid profile that could to distinguish cognitively the healthy group from those 
with CADASIL and Sporadic AD (SAD). We used mass spectrometry, and lipid profile was 
subjected to multivariate analysis in order to discriminate between dementia groups and 
healthy controls. 

In chapter 7, we present a review of the role of microglia in neurodegenerative diseases 
such as AD, PD, and we provide and update on the current model systems to study microglia, 
including cell lines, iPSC-derived microglia, and integration into 3D brain assembloids. Thus, 
we showed relevant strategies to research the role of microglia in neurodegeneration and 
we underlined platforms that could help to find efficient therapies. In this way, in chapter 8, 
we present the results of the differentiation protocol of human microglia using a modified 
protocol of Douvaras et al., 2017 [150] and the generation of organoids based on Lancaster et 
al., 2013 [151]. In this chapter we demonstrate the maturity of iPSC-derived microglia and its 
functionality through stimulation with LPS and alpha-synuclein and by phagocytosis assays. 

Finally, in chapter 9, the results of the studies described in the thesis were discussed. 
Moreover, perspectives for future research and possible clinical implications of the research 
are addressed.

in these diseases using animal models and post-mortem tissues from patients with AD and 
CADASIL. Thus, we aimed to identify possible lipid biomarkers that reflect the progression of 
the disease and propose novel therapeutic targets against neurodegeneration.

Chapter 1 provides a brief review of the literature of the diseases that we will present in the 
other chapters. We use a lipidomic approach in AD and cerebral ischemia to better understand 
how lipids affect the pathology of these diseases. Also, we introduced the information about 
the standard treatments and promising natural products in neuroprotection. 

In chapter 2, we took a look at the protective properties of linalool in a model of AD. For 
this purpose, we supply linalool for three months on aged triple transgenic model mice. 
We evaluated the reactivity of βA plaques, neurofibrillary tangles (NFT), astrocytes and 
microglia by immunostaining in different areas of the brain. Besides, we checked pro-
inflammatory markers as p38 MAPK, NOS2, COX2, and IL-1β by western blot and ELISA. We 
also investigated the spatial memory and anxiolytic behavior in these animals by Morris 
water Maze and Elevated Plus Maze.

In chapter 3, we analyzed changes in the central and peripheral phospholipid profiles in 
ischemic rats and we determined if Linalool could modify them. We used an in vitro model 
of glutamate excitotoxicity where we studied LDH release, ATP levels and morphology of 
neurons and astrocytes from hippocampus and cortex. Besides, we used an in vivo global 
ischemia where we administered linalool orally for a month and we performed a behavioral 
test and lipidomic analysis using mass spectrometry. We evaluated astrocytes, microglia, 
and COX-2 by immunostaining in the hippocampus.

Figure 7. Microglia life cycle. Schematic summary of microglial development, maturation as well as aging and the 
functional changes influencing onset, severity and progression of neurodegeneration in Alzheimer’s disease and 
Parkinson’s disease. Figure from Spittau, 2017 [149].
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1. Introduction

Alzheimer’s disease (AD), a progressive neurodegenerative disorder, is the most common 
form of dementia. AD is responsible for a considerable human, social and economic burden 
around the world (Association, 2014). In Latin America, the main causes of dementia are 
a sedentary lifestyle, metabolic disorder, and cardiovascular and cerebrovascular diseases 
(Kalaria et al., 2008). In general, AD patients present with a gradual deterioration of episodic 
memory, a global decline in cognitive function, and behavioral changes. AD symptoms 
are the clinical manifestations of a progressive accumulation of intra- and extracellular 
b-amyloid, the formation of neurofibrillary tangles (NFTs) and the extensive oxidative stress 
associated with neuron and synapse loss (Ittner and Gotz, 2011; Reitz and Mayeux, 2014).

The current standard pharmacotherapy for cognitive improvement in AD patients includes 
acetylcholinesterase inhibitors, such as galantamine, and the N-methyl-D-aspartate (NMDA) 
antagonist memantine, which promote cognitive function in patients with moderate to severe 
AD (Kang et al., 2014). However, the approval of these drugs has not been based on their 
ability to slow disease progression but on their ability to improve clinical symptomatology. 
Hence, only symptomatic drugs with transient benefits have been approved for clinical use 
in AD patients by the US Food and Drug Administration (FDA) (Bassil and Grossberg, 2009). 
The use of alternative therapies for neuroprotection is increasing; these alternatives include 
natural products, such as monoterpenes (Dinda et al., 2009; Tabassum et al., 2015).

(-) Linalool, one enantiomer of the naturally occurring monoterpene, is a major volatile 
component of essential oils in several aromatic plant species, such as Lavandula angustifolia 
Mill., Melissa officinalis L., Rosmarinus officinalis L. and Cymbopogon citratus DC. 
Interestingly, many linalool-producing species are traditionally used in folk medicine and 
in aromatherapy to relieve symptoms and to cure a variety of acute and chronic ailments 
(Batista et al., 2010; Elisabetsky et al., 1995). Linalool is widely used in the manufacture of 
fragrances for shampoos, soaps and detergents and in pharmaceutical drug formulations 
(Letizia et al., 2003; Mitic Culafic et al., 2009).

Linalool exhibits a variety of pharmacological effects, including antimicrobial, antileishmanial, 
anti-inflammatory, anti-oxidant and cardiovascular effects, in normotensive and hypertensive 
rats (Anjos et al., 2013; Beier et al., 2014; Celik and Ozkaya, 2002; Huo et al., 2013; Wu et 
al., 2014). The strong antioxidant activity of linalool inhibits LDL oxidation; this inhibition 
enhances cholesterol uptake via macrophage scavenger receptors. Linalool significantly 
reduced plasma TG, total cholesterol and HMG-CoA levels, demonstrating in vivo anti-
atherogenic activity (Cho et al., 2011; Chung et al., 2008). Linalool has remarkable effects 
on the central nervous system (CNS), acting as a sedative, antinociceptive, anticonvulsant 
and anxiolytic (Batista et al., 2010; de Almeida et al., 2009; Elisabetsky et al., 1999; Linck 

Abstract

Alzheimer’s disease (AD) is an age-related progressive neurodegenerative disorder. Several 
types of treatments have been tested to block or delay the onset of the disease, but none 
have been completely successful. Diet, lifestyle and natural products are currently the main 
scientific focuses. Here, we evaluate the effects of oral administration of the monoterpene 
linalool (25 mg/kg), every 48 h for 3 months, on aged (21e24 months old) mice with a triple 
transgenic model of AD (3xTg-AD) mice. Linalool-treated 3xTg-AD mice showed improved 
learning and spatial memory and greater risk assessment behavior during the elevated plus 
maze. Hippocampi and amygdalae from linalool-treated 3xTg-AD mice exhibited a significant 
reduction in extracellular b-amyloidosis, tauopathy, astrogliosis and microgliosis as well as 
a significant reduction in the levels of the pro-inflammatory markers p38 MAPK, NOS2, 
COX2 and IL-1β. Together, our findings suggest that linalool reverses the histopathological 
hallmarks of AD and restores cognitive and emotional functions via an anti-inflammatory 
effect. Thus, linalool may be an AD prevention candidate for preclinical studies.

Keywords: Alzheimer’s disease, linalool, behavior function, inflammation  
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(Monoclonal Anti-Glial Fibrillary Acidic Protein, #G 3893, Sigma, 1:500), anti-Iba1 (Rabbit 
Anti-Iba1 (Ionized calcium binding adaptor molecule) #019e19741, Wako, 1:500) and 
the appropriate secondary antibodies (1:250 concentration, goat anti-rabbit IgG (H+L) 
biotin conjugated, Pierce #31822 or goat Anti-Mouse IgG (H+L) Biotin Conjugated Pierce 
#31800). Later, tissues were incubated with avidin biotin complex (ABC Standard Peroxidase 
Staining Kit, Pierce #32020, 1:250 reagent A:B) for 1h. Once the complex was removed, 
diaminobenzidine (DAB) was used as developer. The sections were dehydrated with alcohol, 
cleared with xylene and sealed with Consul-mount. The immunoreactivity in the tested 
areas was quantified at 10x or 40x magnification and analyzed using ImageJ 1.45 software 
(NIH, USA). The absence of primary antibody did not result in immunoreactivity. The CA1 
and subiculum (hippocampus), entorhinal cortex (EC) and amygdala were evaluated at 
bregma 1.76 mm posterior to bregma (Paxinos and Franklin, 2004).

2.5. Immunofluorescence
Sections at the level of the bregma were rinsed in 0.1 M PBS and incubated for 10 min with 
50 mM ammonium chloride to prevent autofluorescence. The sections were preincubated 
for 60 min at room temperature with Triton X-100 in PBS (TXPBS) and 3% BSA and were 
then incubated overnight at 4°C with the following primary antibodies: anti-beta amyloid 
antibody (beta amyloid 1-16 (6E10) Monoclonal #SIG-39320, Covance, 1:500) and anti-Iba1 
(Rabbit Anti-Iba1 (Ionized calcium binding adaptor molecule) #019-19741,Wako, 1:500). The 
primary antibodies were diluted in TxPBS and 1% BSA. Then, the sections were washed four 
times in 0.1 M PBS and incubated for 90 min at room temperature with mouse Alexa Fluor 
488 or rabbit Alexa Fluor 594 secondary antibodies (1:1000; Molecular Probes, Eugene, OR). 
The sections were stained for 15 min at room temperature with Hoechst (1:1000; Sigma), 
washed four times in buffer, mounted on slides, and coverslipped with Gel Mount (Biomeda, 
Foster City, CA). The sections were observed and photographed with a motorized spinning 
disk confocal microscope (DSU; Olympus IX 81). Omission of the primary antibodies resulted 
in no staining.

Fig. 1. Experimental design. Linalool (25 mg/kg) or saline were administered orally by gavage to 18-21-month-old 
Non-Tg and 3xTg-AD mice for 3 months, every 48 h. Learning and memory were evaluated in the Morris water maze 
test (five days, ten trials) at 21-24 months of age. Afterward, the elevated plus maze was performed over two days. 
Then, the mice were sacrificed for histological and biochemical analyses.

et al., 2009). Linalool also modulates glutamatergic neurotransmission both in vitro and 
in vivo, possibly through NMDA receptor interactions (Elisabetsky et al., 1995; Silva Brum 
et al., 2001). However, nothing is known about linalool’s effect on AD neuropathology and 
behavioral impairments, which is the goal of the present study.

2. Materials and methods

2.1. Animals
Homozygous triple transgenic AD model (3xTg-AD) and non-transgenic (Non-Tg) mice (Oddo 
et al., 2003) from the in-house colony at the University of Antioquia maintained in the SIU 
(Sede de Investigación Universitaria) specific pathogen-free vivarium in Medellín, Colombia 
were used at ages from 18 to 21 months to obtain a homogenous penetrance of tauopathy. 
The mice were maintained on a 12:12 h dark: light cycle and received food and water ad 
libitum. The animals were handled according to Colombian standards (law 84/1989 and 
resolution 8430/1993) and guidelines. Special care was taken to minimize animal suffering 
and to reduce the number of animals used.

2.2. Administration of drugs
Linalool (Sigma Aldrich, Cat: L2602) was dissolved in phosphate-buffered saline (PBS). The 
3xTg-AD mice received 25 mg/kg linalool or saline solution (vehicle) orally every 48 h for 3 
consecutive months beginning at 18-21 months of age and were sacrificed at ages of 21-24 
months (Fig. 1). The linalool dose (25 mg/kg) is not toxic (Brickers et al., 2003; Api et al., 
2015), and the interval between the final drug treatment and the assays were selected based 
on previous in vivo studies (Huo et al., 2013; Mehri et al., 2014; Nascimento et al., 2014). We 
carefully monitored the general health of the mice throughout the linalool treatment and 
did not observe any adverse effects.

2.3. Histology
Twenty-four hours after the final behavioral test, the animals were anesthetized 
intraperitoneally using a mixture of ketamine (50 mg/kg) plus xylazine (20 mg/kg) and were 
perfused with normal saline and 4% paraformaldehyde (0.1 M PBS, pH 7.4). Brains were 
removed and post-fixed with 4% paraformaldehyde at 4°C for 48 h and then cryopreserved 
with 30% sucrose and stored at -20°C. The brains were sectioned (50 µm) with a Leica 
VT1000S vibrating blade microtome (Leica Microsystems, Germany).

2.4. Immunohistochemistry
The coronal sections (50 μm) were permeabilized and blocked with 0.3% Triton X-100 and 
1% BSA in PBS and were then probed with primary antibodies: anti-beta amyloid antibody 
(beta amyloid 1-16 (6E10) Monoclonal #SIG-39320, Covance, 1:500), antiphospho-PHF-
tau (pSer202/Thr205 Antibody (AT8) #MN1020, Thermo Scientific, 1:500), anti-GFAP 
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2.8.Western blotting
After behavior testing, the animals were sacrificed by decapitation, and the hippocampus 
and amygdala were dissected and immediately frozen in liquid nitrogen and stored at 80°C 
until analysis. The tissues were dissected and homogenized in lysis buffer according to a 
described previously protocol (Cardona- Gomez et al., 2004). Membranes were incubated 
overnight with the following primary antibodies: PHF-1 monoclonal antibody, which 
recognizes Tau pSer-396/404 and was donated by P. Davies (Feinstein Institute for Medical 
Research, Manhasset, NY); antiphospho-PHF-tau (pSer202/Thr205 Antibody (AT8) #MN1020, 
Thermo Scientific, 1:500); anti-NOS2 (C-11) Ms mAb (# Sc 7271, Santa Cruz Biotechnology, 
1:100); rabbit polyclonal anti-COX2 (#AB15191, Abcam, 1:1000); rabbit phospho-p38 MAPK 
Thr180/ Tyr182 (# 9215, Cell Signaling, 1:1000); and tubulin (Mouse monoclonal anti-βIII 
tubulin antibody, #G712A, Promega, 1:10000) as a loading control. IRDye 800CW goat anti-
mouse or rabbit (LICOR; diluted 1:10000) was used as a secondary probe. The blots were 
visualized using an Odyssey Infrared Imaging System (LI-COR Biosciences, United States).

2.9. β-Amyloid and IL-1β ELISA
Brain levels of soluble Aβ 1-40 and 1-42 were measured using ELISA. Soluble Aβ levels 
were measured by sandwich capture ELISA using Colorimetric BetaMark -βAmyloid x-40 
(SIG-38954- Covance Laboratories) and x-42 ELISA (SIG-38956- Covance Laboratories) kits. 
IL-1β was measured with a Quantikine ELISA Mouse IL-1β (Cat. #MLB00C, R&D Systems, 
Minneapolis, USA) kit following the manufacturer’s protocol at a protein concentration of 
50 μg/mL.

2.10.Statistics

At least 3 mice were used for each histological study; 4-6 mice were used for each biochemical 
study; and 4-5 mice and 10-12 mice were used for EPM and MWM, respectively. Parametric 
data were evaluated with analysis of variance (ANOVA) to compare the 4 groups and then 
with Tukey’s test for post hoc multiple comparison between-group analyses. Nonparametric 
data were evaluated using the Kruskal-Wallis test. The escape latency during the training 
and the transfer test was tested using two-way ANOVA followed by a Dunnett’s post hoc 
test for multiple comparisons. The statistical analysis was performed using GraphPad Prism 
software (version 6.0), and the results were considered significant when p ≤ 0.05. The values 
are expressed as the means ± SEM.

3. Results

3.1. Linalool treatment reversed spatial memory impairment in old 3xTg-AD mice
The MWM test is one of the most widely accepted behavioral tests for monitoring spatial 
learning and memory skills, which primarily depend on the hippocampus. Non-Tg mice 

2.6. Morris water maze test
Forty-eight hours after the final treatment, the animals were evaluated in the Morris water 
maze (MWM). A white plastic tank 1 m in diameter and 30 cm in height was filled with 
water (22 ± 2°C) to a depth of 20 cm. The platform (7 cm diameter) was 1.5 cm below the 
surface of the water during spatial learning and 1.5 cm above the surface of the water during 
the visible session. Extra-maze visual cues around the room remained in a fixed position 
throughout the experiment. Ten sessions or trials were performed, two complete sessions 
per day over five days. “Each session consisted of four successive subtrials (30 s inter-trial 
interval), and each subtrial began with the mouse placed pseudo-randomly in one of four 
starting locations. The animals had been trained to stay on the platform for 30 s prior to 
the initial trial. The latency to reach the platform was evaluated using a visible platform to 
control for any difference in visual-motor abilities or motivation between the experimental 
groups. If a mouse did not locate the platform after a maximum of 60 s, it was gently guided 
to the platform. Then, the animals were then provided with 48 h of retention time, followed 
by a probe trial of spatial reference memory, in which the animals were placed in the 
tank without the platform for 60 s (Fig. 1). The latency to reach the exact former platform 
location and the number of crossings of the platform target quadrant were recorded during 
the probe trial. An automated system (Viewpoint, Lyon, France) recorded the behavior of 
the animals” (Sabogal-Guaqueta et al., 2015).

2.7. Elevated plus maze
Twenty-four hours after the visible test in the Morris water maze, the animals were exposed 
to the elevated plus maze (EPM). The apparatus was made of white Plexiglas and illuminated 
using approximately 30-40 lux. The EPM consisted of two open arms (30x 5x 0.25 cm) and 
two closed arms (30x 5x15 cm) extending from a common central platform (5x5 cm), and 
the entire apparatus was elevated by a single central support to a height of 60 cm above 
floor level. Each mouse was placed in the middle section facing an open arm and left to 
explore the maze for a single 5 min session with the experimenter out of view. After each 
trial, the floor was wiped clean with 10% alcohol.

The frequency of open entries (arm entry defined as all four paws into an arm) and the 
amount of time spent by the animals in open sections of the maze were recorded. We also 
calculated the % open entries (open entries/total entries x 100) and the % time spent in 
open arms (open time/300 x 100).We also recorded the rearing frequency and duration 
(all rearing occurred against the walls of the enclosed arms), the frequency of discrete 
behaviors, such as head dipping (exploratory movement of head/shoulders over sides of the 
maze), and the duration of grooming (species-typical sequence beginning with the snout, 
progressing to the ears, and ending with whole-body grooming). Each experiment was 
videotaped using a high-resolution video camera. These data were collected using X-Plo-Rat 
2005 software (Taverna-Chaim and Morato, 2008).
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treatment did not completely eliminate βamyloidosis in the 3xTg-AD mice. The decrease in 
β-amyloid levels was accompanied by a significant reduction in β-amyloid 1-40 and 1-42 
protein levels in the hippocampal lysates of the linalool-treated 3xTg-ADmice compared 
to the vehicle-treated 3xTg-ADmice (Fig. 4 f-g). Together, these data show that cerebral 
amyloidosis, including amyloid deposits and b-amyloid peptide abundance, was delayed by 
the oral administration of linalool in old 3xTg-AD mice.

3.4. Linalool treatment ameliorated tau hyperphosphorylation in aged 3xTg-AD mice
Several abnormal tau hyperphosphorylation sites in AD have been identified using the 
increased tau aggregation at 18 months in the 3xTg-AD model (Oddo et al., 2003) We 
explored the effect of linalool on tau pathology in the brains of old 3xTg-AD mice using AT-8 
immunoreactivity. 3xTg-AD mice treated with linalool displayed a significant decrease in pair 
helical filaments (PHFs) in the CA1 area, the subiculum and the amygdala but not in the EC. 
These findings were similar to the AT-8 immunoreactivity observed in the Non-Tg vehicle-
treated mice (Fig. 5 e). We also found a significant reduction in PHF-1 protein levels in the 
hippocampal lysates from linalool-treated 3xTg-AD mice compared with vehicle-treated 
mice, suggesting a reduction in NFTs (Fig. 5 f).

3.5. Linalool decreased the inflammatory response in old 3xTg-AD mice
Chronic activation of glial cells around amyloid plaques is associated with AD 
pathophysiology via the production of numerous neurotoxic reactants, proinflammatory 

Fig. 2. Linalool treatment prevented spatial memory impairment in 3xTg- AD mice. a) Mean latency to reach the 
hidden platform during the spatial learning task. b) Latency, c) number of crossings, d) time spent reaching the 
platform and e) distance to reach the platform in the retention test. f) Representative images of the route of travel 
during the retention test. g) No differences were detected between the experimental groups in the visual, motor 
or motivational skills of the animals during the visible test. The data are expressed as the means ± SEM. n: 8-16. 
*Difference between the 3xTg-AD vehicle-treated group and the other groups *p<0.05.

treated with vehicle and 3xTg-AD mice treated with vehicle or linalool were assessed. At the 
beginning of the test, all groups showed a similar performance during trials 1 and 2 on the 
first day. The average latency to the target platform for all groups during the 5 days of training 
is shown in Fig. 2 a. As previously demonstrated, 3xTg-AD mice exhibit a higher latency to 
locate the platform in the MWM test because of the synaptic dysfunction and long-term 
potentiation (LTP) deficits in these animals (Cantanelli et al., 2014). Interestingly, spatial 
learning abilities were restored in 3xTg-AD mice treated with linalool for 3 months. Starting 
at the third trial, treated 3xTg-AD mice were similar to Non-Tg mice treated with vehicle (Fig. 
2 a). During the retention test, the hidden platform was removed for measurements of the 
hippocampus-dependent memory 48 h after the final learning trial. Non-Tg mice and the 
3xTg-AD mice treated with linalool exhibited a higher retention performance than that of 
the 3xTg-AD vehicle-treated mice (Fig. 2 b). The linalool-treated 3xTg-AD mice crossed the 
platform a significantly higher number of times, spent more time reaching the platform, and 
swam a longer distance in the platform location than did the vehicle-treated 3xTg-AD mice; 
these values were similar to those of the Non-Tg mice (Fig. 2 c-e). Representative images of 
the travel routes during the retention test are provided in Fig. 2 f, which shows that 3xTg-AD 
animals treated with linalool remained closer to the hidden platform than did the 3xTg-
AD animals treated with vehicle. Thus, the linalool treatment successfully reversed spatial 
memory impairment. The visible test did not reveal visual, motor or motivational deficits 
(Fig. 2 g).

3.2. Anxiolytic activity after oral administration of linalool in aged 3xTg-AD mice
We analyzed the effect of linalool on anxiety using the EPM test (Campos et al., 2013). Our 
data show a significant increase in the percentage of open-arm entries and the time spent 
in the open arms when comparing the 3xTg-AD mice treated with linalool to the Non-Tg and 
3xTg-AD vehicle-treated mice, which rarely visited the open arms (Fig. 3 a-b). Additionally, 
3xTg-AD vehicle mice showed a trend towards an increased number of grooming events 
and a significantly long amount of time spent grooming compared to those of the Non-Tg 
mice and the 3xTg-AD linalool-treated mice (Fig. 3 c-d). The number of occurrences of and 
time spent head-dipping were reduced in 3xTg-AD mice; in 3xTg-AD linalool treated mice, 
these values were restored to levels similar to those of the Non-Tg control mice (Fig. 3 e-f). 
This head-dipping behavior was inversely proportional to the number of rearing and the 
time spent rearing, which predominantly occurred in the closed arms. Therefore, rearing 
was significantly lower in the linalool-treated 3xTg-AD mice than in the other experimental 
groups (Fig. 3 g-h).

3.3. Aged 3xTg-AD linalool-treated mice show reduced β amyloidosis
3xTg-AD vehicle-treated mice showed the typical amyloid deposition found in the Non-Tg 
mice (Oddo et al., 2003), and this deposition was significantly reduced in the hippocampus, 
entorhinal cortex and amygdala of the 3xTg-AD linalool-treated mice (Fig. 4 a-e). The linalool 



Linalool reverses neuropathological and behavioral impairments in old triple transgenic Alzheimer’s mice

42 43

Ch
ap

te
r 2

Linalool reverses neuropathological and behavioral impairments in old triple transgenic Alzheimer’s mice

< 0.05 - p < 0.001), confirming previous reports of the anti-inflammatory effects of linalool 
(Huo et al., 2013; Li et al., 2015).

4. Discussion

Oral administration of the monoterpene linalool ameliorated the histopathological hallmarks 
of AD and reversed the associated cognitive and emotional deficits in aged triple transgenic 
AD model mice. Our data suggests that linalool could be a pharmacological therapy for 
attenuating the neurotoxicity in neurodegenerative diseases. Few studies have reported 
linalool-mediated neuroprotection. Linalool protects against glucose/serum deprivation 
(GSD) in PC12 cells (Alinejad et al., 2013) and against acrylamide (ACR)-induced neurotoxicity 
in Wistar rats, increasing the glutathione (GSH) content while decreasing the ACR-induced 
lipid peroxidation in rat brain tissue (Mehri et al., 2014). However, other studies show that 
monoterpenes such as thymol and carvacrol and its derivates, inhibit acetylcholinesterase 
activity in vitro more strongly than linalool does (Jukic et al., 2007; Perry et al., 2000), 

Fig. 4. 3xTg-AD linalool-treated mice show reduced b-amyloidosis. a) Representative images of bA (anti-bA 6E10) 
immunoreactivity in the CA1 area, the subiculum, the EC and the amygdala of vehicle- and linalool-treated 3xTg-
AD and vehicle-treated Non-Tg mice at 21-24 months of age. Magnification: 10x; scale bar: 50 μm b) The values 
in the bar graph are expressed in densitometric relative units (RU) of bA immunoreactivity in the CA1 area, c) he 
subiculum, d) the EC and e) the amygdala. f) The relative βA 1-40 and g) βA 1-42 fragment levels were analyzed 
in hippocampal lysates by ELISA. Veh: vehicle (Saline solution); Lin: Linalool; CA1 and S: subiculum of the hippo-
campus; EC: entorhinal cortex; Amyg: amygdala. The data are expressed as the means ± SEM. n: 4-5. *p<0.05; 
**p<0.01; ***p<0.001.

cytokines, and immunostimulatory molecules. Reactive gliosis and increased expression 
of proinflammatory cytokines have been demonstrated in old transgenic mice with a 
model of cerebral amyloid deposition (Birch et al., 2014). To test whether linalool has an 
immunomodulatory effect on 3xTg-AD mice, we examined astrogliosis and microgliosis by 
evaluating GFAP and Iba1 immunoreactivity, respectively. Our data showed a significant 
increase in GFAP immunoreactivity in 3xTg-AD mice compared to the Non-Tg mice; however, 
linalool treatment significantly reduced the GFAP immunoreactivity in the CA1 hippocampal 
area, in the EC and in the amygdala compared to that in 3xTg-AD vehicle-treated mice (Fig. 
6 a-e). We did not observe changes in the subiculum (Fig. 6 a, c). 

Microglial activation is an AD hallmark associated with amyloidosis and tauopathy (Lee 
et al., 2013). We found that the linalool-treated 3xTg-AD mice displayed microglial 
immunoreactivity that was significantly decreased in the CA1 area, in the subiculum 
and in the amygdala compared to that in the vehicle-treated 3xTg-AD mice (Fig. 7 a-e). 
However, we did not find changes in the EC (Fig. 7 d). Microglial activation was related to 
bA immunolabeling (Fig. 8 a) and to the hippocampal upregulation of proinflammatory 
cytokines and the levels of associated marker proteins, such as IL-1b, iNOS, COX-2, and p38 
MAPK, which were significantly upregulated in untreated 3xTg-AD mice compared to the 
Non-Tg group. This inflammatory response was reversed by linalool treatment (Fig. 8 b-e) (p 

Fig. 3. Anxiolytic effect of linalool oral administration on 3xTg-AD mice. a-b) Relative frequency of open arm en-
tries and the time spent in the open arms. c-d) Number of grooming behaviors and the time spent grooming. e-f) 
Number of head-dipping behaviors and the time spent head-dipping. g-h) Number of rearing actions and the time 
spent rearing at the end of the EPM test performed two weeks after the final dose of vehicle or linalool. The data 
are expressed as the means ± SEM. n: 4-5. *p<0.05.
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functions (Campos et al., 2013). Interestingly, our data showed that linalool-treated 3xTg-AD 
mice exhibited an increased frequency of entry into the open arms, increased head-dipping 
and reduced grooming and rearing frequencies compared with those of vehicle-treated 
3xTg-AD mice. These results suggest reduced anxiety or a “risk assessment” behavior 
when the mice visit the open arms of the maze (Walf and Frye, 2007), which is unexpected 
considering that these results were obtained nine days after the final dose of linalool. Our 
data confirm the results of previous studies reporting that inhaled linalool has anxiolytic 
properties, increases social interaction, and decreases aggressive behavior (de Almeida et 
al., 2009; Linck et al., 2010). Although, other study did not report any difference in the 
number of entries to the open arms using 125 mg/kg linalool (Cline et al., 2008).

Linalool also reduced b-amyloidosis and tauopathy in the hippocampus (CA1, subiculum) 
and amygdala of aged 3xTg-AD linalool-treated mice compared to untreated mice. These 
data represent the first evidence that regular administration of linalool can prevent age-

Fig. 6. Linalool decreased astrogliosis in old 3xTg-AD mice. a) Representative images of GFAP immunoreactivity in 
the CA1 area, the subiculum, the EC and the amygdala of Non- Tg and 3xTg-AD mice treated with vehicle or Linalool. 
Magnification: 40x. b) The values in the bar graphs are expressed in densitometric relative units (RU) of GFAP im-
munoreactivity in the CA1 area, c) the subiculum, d) the EC and e) the amygdala. Veh: vehicle (Saline solution); Lin: 
Linalool; CA1 and S: subiculum of the hippocampus; EC: entorhinal cortex; Amyg: amygdala. The data are expressed 
as the means ± SEM. n : 3-4. **p<0.01; ***p<0.001.

suggesting that linalool does not interfere with impaired cholinergic function. Also, thymol 
and carvacrol enhanced the performance on the MWM test after the injection of βA peptide 
in rat brains (Azizi et al., 2012). While linalool impaired the acquisition of long-term memory 
without interfering with short-term memory in rats in an object recognition task. This effect 
was associated with an antagonist capacity, similar to a glutamate antagonist (Coelho et al., 
2011). Nevertheless, higher doses (i.p. 50-100 mg/kg) of linalool were used than those in 
our study (v.o. 25 mg/kg), which could explain our divergent results. Therefore, although 
linalool has been suggested to be a neuroprotective agent, its potential therapeutic role in 
AD has not been demonstrated previously.

EPM is one of the most widely used tests to measure anxiety and is based on the natural 
tendency of rodents to explore novel environments and their innate avoidance of unprotected, 
bright, and elevated places (Espejo et al., 1997). These behaviors can be regulated by the 
amygdala, a region of the limbic system involved in a variety of emotional and cognitive 

Fig. 5. Linalool treatment attenuated tau hyperphosphorylation in old 3xTg-AD mice. a) Representative images of 
AT8 (anti-tau pSer202/Thr205) immunoreactivity in the CA1 area, the subiculum, the EC and the amygdala of Non-
Tg and 3xTg-AD mice treated with vehicle or linalool. Magnification: 10x; scale bar: 50 μm b) The values in the bar 
graph are expressed in densitometric relative units (RU) of AT8 immunoreactivity in the CA1 area, c) the subiculum, 
d) the EC and e) the amygdala. f) Representative bands and densitometric intensities of PHF-1 in hippocampal 
lysates. Tubulin was used as a loading control. Veh: vehicle (Saline solution); Lin: Linalool; CA1 and S: subiculum 
of the hippocampus; EC: entorhinal cortex; Amyg: amygdala. The data are expressed as the means ± SEM. n:4. 
*p<0.05; **p<0.01; ***p<0.001.
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Hyperactived astrocytes and microglial proliferation accompanies βA deposition in the brains 
of AD model mice (Birch et al., 2014). In the present study, GFAP and Iba1 immunoreactivity 
was reversed in aged 3xTg-AD mice by oral treatment with linalool. In addition, linalool 
treatment reduced inflammatory markers, downregulating IL-1β and the downstream 
molecules p38 MAPK, COX-2 and iNOS. In previous studies, linalool reduced the serum 
and hepatic TNF-α, IL-6, iNOS and COX-2 expression by inhibiting NF-kB activation (Li et al., 
2014). Moreover, linalool dramatically inhibited the LPS-induced phosphorylation of ERK, 
JNK, and p38 in RAW 264.7 cells (Huo et al., 2013). Linalool also has antioxidant properties 
and shows protective effects against hydrogen peroxide induced oxidative stress in brain 

Fig. 8. Linalool reduced the proinflammatory response in 3xTg-AD mice. Morphological characterization show-
ing nuclei stained with Hoechst (blue), b-amyloid stained with Alexa Fluor 594 phalloidin dye (red) and microglia 
visualized with Iba1 (green). Magnification, 10x and 60x. a) Representative images of CA1, subiculum, EC, and the 
amygdala. b) Quantification of IL-1b in hippocampal lysates. Representative bands and densitometric intensities of 
c) COX-2, d) NOS2 and e) p38 MAPK in hippocampal lysates. Veh: vehicle (Saline solution); Lin: Linalool; CA1 and 
S: subiculum of the hippocampus; EC: entorhinal cortex; Amyg: amygdala. The data are expressed as the means ± 
SEM. n: 4-5. *p<0.05; **p<0.01, ***p<0.001.

related cognitive impairments and β-amyloid accumulation in 3xTg-AD mice. The decreased 
b-amyloid level was accompanied by a reduction in β-amyloid 1-40 and 1-42 protein levels. 
These data are supported by studies, where a mixture of linalool and the monoterpene 
2,3,4,4-tetramethyl-5- methylenecyclopent-2-enone led to a significant improvement in the 
reduction in brain-soluble Aβ 40 (Videira et al., 2014). Linalool is able to cross the blood-
brain barrier (Cheng et al., 2015); however, the exact molecular mechanism of the linalool-
mediated reduction in b-amyloid needs further study. Tauopathy is detected in pyramidal 
neurons in CA1 at 15 months of age (Oddo et al., 2003), and in our homozygous mouse 
colony, it is strongly detected at 18 months of age (Castro-Alvarez et al., 2014). Tauopathy 
is associated with degenerative symptoms, including significant deficits in hippocampus-
dependent cognitive task performance. However, we did not detect immunoreactivity in the 
EC, which is consistent with some (Mastrangelo and Bowers, 2008; Sabogal-Guaqueta et al., 
2015) but not all (Khan et al., 2014) previous studies.

Fig. 7. Linalool ameliorated microgliosis in 3xTg-AD mice. a) Representative images of GFAP immunoreactivity in 
the CA1 area, the subiculum, the EC and the amygdala of Non-Tg and 3xTg-AD mice treated with vehicle or linalool. 
Magnification: 40x. b) The values in the bar graphs are expressed in densitometric relative units (RU) of Iba1 im-
munoreactivity in the CA1 area, c) the subiculum, d) the EC and e) the amygdala. Veh: vehicle (Saline solution); Lin: 
Linalool; CA1 and S: subiculum of the hippocampus; EC: entorhinal cortex; Amyg: amygdala. The data are expressed 
as the means ± SEM. n:3-4. *p<0.05 **p 0.01; ***p<0.001.
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5. Conclusion

In summary, our findings suggest that oral administration of linalool at an advanced stage 
of AD in 3xTg-AD model mice reversed the histopathological hallmarks of AD and restored 
cognitive and emotional functions. Thus, linalool may be a good candidate for further 
preclinical studies and future translational studies on AD.
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1. Introduction

Cerebral ischemia is the third leading cause of death and the first cause of acquired 
disability worldwide (Bousser, 2012). Ischemia causes significant sensorimotor and cognitive 
impairments, as well as physical and mental disabilities and other complications, such as 
post-stroke dementia, depression, falls, fractures, and epilepsy, altering the quality of life of 
patients and their families (Rothwell et al., 2011). Ischemic stroke is caused by the occlusion 
of cerebral blood vessels, which deprive brain cells of the oxygen and glucose required for 
their function. The resulting energy deficiency perturbs mitochondrial ATP synthesis and 
increases the generation of free radicals, leading to oxidative stress and lipid peroxidation. 
Concomitantly, the activation of excitatory neurotransmitters such as dopamine and 
glutamate induce intracellular calcium overload, metabolic dysfunction and acidosis 
(Moskowitz et al., 2010). An increase in the intracellular calcium concentration activates 
sphingomyelinases and phospholipases A2, C and D which, in turn, promote the release of 
second messengers such as diacylglycerol (DAG), phosphatidic acid and arachidonic acid 
(ArAc), which are involved in inflammation, excitotoxicity and other cell death pathways 
(Phillis and O’Regan, 2004; Tian et al., 2009).

In general, lipids are complex, diverse and their functions rely on their cellular localization. 
Lipids are involved in maintaining the membrane structure and may act as metabolic signaling 
molecules and neuromodulators in the central nervous system (CNS) (Martinez-Gardeazabal 
et al., 2017). Specifically, phospholipids are critical components of the endolysosomal system 
and modulate the trafficking of neural cells and the release of neurotransmitters; in patients 
with a brain disease, modifications to the fatty acid composition of phospholipids affect 
their homeostasis and function. For example, many phenomena observed during brain 
ischemia and reperfusion are accounted for by damage to membrane lipids, specifically 
lipolysis during ischemia and radical mediated peroxidation of polyunsaturated fatty acids 
(PUFAs) during reperfusion (Rabiei et al., 2012). However, the role of phospholipids in the 
long-term post-stroke neuropathogenesis and mechanisms to prevent this disorder are not 
clearly understood.

The development of new strategies for the prevention and treatment of stroke has grown 
considerably over the last few years. The main focus of the therapy relies on decreasing 
the acute disability of stroke through the use of thrombolytic drugs (e.g., recombinant 
tissue plasminogen activator) to limit the infarct size and improve the outcome, but has 
the difficulty of only being able to be administered in a small therapeutic window (Schulz, 
2013). Currently, several natural products have been used for neuroprotective purposes. 
Among them, Linalool exhibits different biological properties that could be used to treat 
cerebrovascular diseases.

Abstract

Phospholipid alterations in the brain are associated with progressive neurodegeneration 
and cognitive impairment after acute and chronic injuries. Various types of treatments have 
been evaluated for their abilities to block the progression of the impairment, but effective 
treatments targeting long-term poststroke alterations are not available. In this study, we 
analyzed changes in the central and peripheral phospholipid profiles in ischemic rats and 
determined whether a protective monoterpene, Linalool, could modify them. We used an 
in vitro model of glutamate (125 μM) excitotoxicity and an in vivo global ischemia model in 
Wistar rats. Linalool (0.1 μM) protected neurons and astrocytes by reducing LDH release and 
restoring ATP levels. Linalool was administered orally at a dose of 25 mg/kg every 24 h for a 
month, behavioral tests were performed, and a lipidomic analysis was conducted using mass 
spectrometry. Animals treated with Linalool displayed faster neurological recovery than 
untreated ischemic animals, accompanied by better motor and cognitive performances. 
These results were confirmed by the significant reduction in astrogliosis, microgliosis and 
COX-2 marker, involving a decrease of 24:0 free fatty acid in the hippocampus. The altered 
profiles of phospholipids composed of mono and polyunsaturated fatty acids (PC 36:1; 42:1 
(24:0/18:1)/LPC 22:6)/LPE 22:6) in the ischemic hippocampus and the upregulation of PI 36:2 
and other LCFA (long chain fatty acids) in the serum of ischemic rats were prevented by the 
monoterpene. Based on these data, alterations in the central and peripheral phospholipid 
profiles after long-term was attenuated by oral Linalool, promoting a phospholipid 
homeostasis, related to the recovery of brain function.

Keywords: Ischemia, phospholipids, neurodegeneration hallmarks, linalool, functional 
recovery.
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2.2. Dissociated cortical neuron and astrocyte cultures
Cerebral cortices and hippocampi from Wistar rat embryos (E18) were dissected, 
trypsinized and cultured on multi-well plates precoated with poly-L-lysine (Sigma-Aldrich) in 
Neurobasal medium (GIBCO) containing B-27 supplement (Sigma Aldrich) and a penicillin-
streptomycin antibiotic mixture (GIBCO) at 37◦C  in a 5% CO2 humidified atmosphere for a 
maximum of 7 days (DIV 7) or 19 days (DIV 19) in vitro for immature and mature cultures, 
respectively. Neurons that had been isolated and dissociated as described above were 
plated at a density of 500 cell/mm2 (equivalent to 100,000 cells per well) in 24-well plates 
for immunofluorescence and cytotoxicity assays or at a density of 250 cell/mm2 (50,000 
cells per well) in 96-well plates. On the other hand, the cortices and hippocampi of neonate 
Wistar rats (PN1e2) were dissected, trypsinized, dissociated, and cultured in 75-cm2 flasks 
at 37 C and 5% CO2 to obtain astrocytes (Posada-Duque et al., 2015). The cell confluence 
was observed at DIV10 and was approximately 4x106 cells. Subsequently, astrocytes were 
subcultured at DIV 13-14, by treatment with 0.25% trypsin/EDTA (GIBCO) and replated in 
12- or 24 well plates at densities of 7.5 x104 and 3.5 x 104 cells per well, respectively.

2.2.1.LDH release
Linalool was dissolved in DMSO (Dimethyl sulfoxide) and added to cultures of neurons or 
astrocytes at different concentrations (0.1 μM, 1 μM, 10 μM, 100 μM and/or 200 μM). 
Cytotoxicity was assessed by measuring the amount of lactate dehydrogenase (LDH) 
released from the cultures using a cytotoxicity detection kit (Cat. No. 11644793001-Roche 
Molecular Biochemicals, Indianapolis, IN, USA) as previously described (Posada-Duque et 
al., 2013). All experiments were performed three times in duplicate. 

2.2.2.In vitro protection assays
Neuronal and astrocytes cultures from cortices and hippocampi were treated with 125 μM 
glutamate as toxic stimulus and glutamate buffer (pH: 7) as vehicle for 20 min and post-
treated with Linalool (n:3-4) at concentration of 0.1 µM. We evaluated LDH release from 
mature neurons at DIV 19 and astrocytes at DIV 24, also the percentage of condensed nuclei 
under the same conditions using the following formula: [condensed nuclei/(condensed 
nuclei + normal nuclei)] x 100 (Posada-Duque et al., 2013). Analyses were performed for 
30 neurons per treatment in each duplicate assay from at least three or four independent 
experiments.

2.2.3. ATP quantification assay
Homogenized cells were used to quantify ATP levels with the CellTiter-Glo Luminescent Cell 
Viability Assay (Promega Ref. G7571), according to manufacturer’s protocol.

Linalool (Lin, 3,7-dimethyl-1,6-octadien-3-ol) is a monoterpene alcohol that is naturally 
found in some plants (e.g., anise, pepper and fennel), is useful for attracting pollinators 
in the natural environment (Raguso, 2016), and has been used in the cosmetic and 
medical industries as a flavoring. Linalool has numerous biological activities, including 
anti-neoplastic (Miyashita and Sadzuka, 2013), anti-inflammatory (Li et al., 2016), anti-
leishmanicidal, antioxidant and antimicrobial activities (Park et al., 2012; Shi et al., 2016). 
Linalool was recently shown to exert effects on the CNS, including sedative, anti-nociceptive, 
anticonvulsant, anti-depressive and anxiolytic effects (Coelho et al., 2013; Guzmán-Gutiérrez 
et al., 2015). It has also been reported to modulate neurotransmission in vitro and in vivo 
models through its effect on the NMDA receptor (Elisabetsky et al., 1995). As shown in our 
recent study, Linalool also exerts neuroprotective effects on a triple transgenic AD mouse 
model by reversing the histopathological hallmarks and cognitive and emotional dysfunction 
(Sabogal-Guáqueta et al., 2016). Moreover, in a 2014 study by Mehri et al. of a rat model 
of acrylamide induced neurotoxicity, this molecule reduced lipid peroxidation in the brain 
tissue (Mehri et al., 2015).

In addition, the two-vessel occlusion (2-VO) animal model gives rise to ischemic cell change 
in a number of brain areas including the hippocampal CA1 subfield, striatum and neocortex 
(McBean and Kelly, 1998). Although, the infarct volume is not quantifiable in this model, 
because of the diffuse and variability pattern of the infarcted areas. 2-VO model reproduces 
neurological, motor and cognitive impairments at short and long-term post-ischemia in 
agreement with our previous studies (Becerra-calixto and Cardona Gómez, 2016; Gutiérrez 
Vargas et al., 2010; Villamil Ortiz and Cardona Gomez, 2015).

Therefore, considering the limited state of the art of monitoring phospholipids after 
stroke, in the present study, we used in vitro glutamate excitotoxicity model and in vivo 
2-VO cerebral ischemia model to context the neural cell imbalance and to understand the 
affection on the hippocampal and peripheral phospholipid profile, also analyzing whether a 
Linalool treatment might modify these parameters.

2. Materials and methods

2.1. Animal procedures
All animal procedures were performed in accordance with the ARRIVE guidelines, the Guide 
for the Care and Use of Laboratory Animals, 8th edition, published by the National Institutes 
of Health (NIH) and Colombian standards (law 84/1989 and resolution 8430/ 1993). These 
procedures were approved by the Ethics Committee for Animal Experimentation of the 
University of Antioquia, Medellin, Colombia.



Changes in the hippocampal and peripheral phospholipid profiles are associated with neurodegeneration hallmarks 
in a long-term global cerebral ischemia model: Attenuation by Linalool

58 59

Ch
ap

te
r 3

Changes in the hippocampal and peripheral phospholipid profiles are associated with neurodegeneration hallmarks 
in a long-term global cerebral ischemia model: Attenuation by Linalool

2.4.1. Neurological evaluation
Neurological performance was evaluated from 6 h to 7 days after 2VO ischemia in each 
experimental group (n: 24). Neurological function was scored on an 18-point scale based on 
the Garcia test (Garcia JH, Wagner S, Liu KF, 1995). The neuroscore combined six different 
neurological tests: (1) spontaneous activity, (2) symmetry in limb movement, (3) forepaw 
outstretching, (4) climbing, (5) body proprioception, and (6) response to vibrissae touch. 
Each test received a maximum score of three points based on a set of predetermined criteria 
described by Garcia et al., in 1995 (Garcia JH, Wagner S, Liu KF, 1995). Scores for each test 
were summed with a highest possible score of 18 points indicating no neurological deficits 
and a lowest score of 3 points for animals with the most severe impairments. Neurological 
scoring was performed each day and in the same order and time for all rats.

2.4.2. Motor skill test
At 6 h post-ischemia and immediately after neurological testing, each rat (n: 18-21) was 
placed on a Rotarod device (IITC Inc. Life Science, Woodland Hills, CA, USA). Latency 
(seconds), distance (meters) and velocity (rpm: revolutions per minute) were recorded for 
each animal as it kept walking on the moving cylinder at a constant speed. The rod is a drum 
that is 7 cm in diameter, elevated 25 cm above the bottom of the apparatus, and equipped 
with a motor to control the rotation speed. Briefly, rats were trained for 2 days before 2VO 
global ischemia. The score was measured using the previously described parameters from 6 
h to 7 days (Becerra- Calixto and Cardona-Gómez, 2016), and the animals that did not learn 
the rotarod task were excluded from this analysis.

2.4.3. Inclined plane test
The animal’s ability to maintain postural stability was assessed using the inclined plane test 
(n: 24). The relative angle at which the rat could no longer maintain its position for 10 s was 
recorded as the final angle and it was considered a measure of functional impairment (Koc 
et al., 2015).

2.4.4. Morris water maze test
Nineteen days after ischemia, the animals were evaluated in the Morris water maze (MWM) 
(n: 18-19). The test was performed using a previously described method (Becerra-Calixto 
and Cardona-Gómez, 2016). Briefly, a black plastic tank was filled with water (22 ± 2◦C), and 
visual cues around the room remained in a fixed position throughout the experiment. The 
hidden platform (12 cm diameter) was submerged 3 cm below the water level during spatial 
learning and 1.5 cm above the surface of the water during the visible session. Six sessions 
or trials were performed. Each session consisted of four successive subtrials (30 s inter-trial 
interval), and each subtrial began with the rat being placed pseudo-randomly in one of four 
starting locations. Then, the animals were provided with a 48 h retention period, followed 
by a probe trial of spatial reference memory, in which the animals were placed in the tank 

2.2.4. Determination of MDA levels
DIV 6 neurons were first pre-treated with Linalool at concentrations of 0.1 µM, 1 µM, 10 
µM, or 100 µM, and DIV 7 neurons were treated with 125 µM glutamate as toxic stimulus 
and glutamate buffer (pH : 7) as vehicle for 20 min and post-treated with Linalool (n : 3-4) 
at concentration of 0.1 µM, 1 µM, 10 µM, or 100 µM. Also, mature neuronal and astrocytes 
cultures from cortices and hippocampi were post-treated with Linalool (n: 3-4). For the 
determination of the MDA (malondialdehyde) concentration (thiobarbituric acid reactive 
substances, TBARS), trichloroacetic acid and TBARS reagent were added to supernatants 
from neuron and astrocyte cultures, mixed and incubated in boiling water for 90 min. After 
cooling on ice, samples were centrifuged at 3000 x g for 10 min and the absorbance was 
read at 532 nm. Results were reported according to a tetraethoxypropane standard curve.

2.3.Animals and drug administration
Male Wistar albino rats from our in-house, pathogen-free colony in the vivarium at SIU 
(Sede de Investigacion Universitaria) (University of Antioquia, Medellin, Colombia) were 
maintained on a 12:12-h dark/light cycle and received food and water ad libitum. Special 
care was taken to minimize animal suffering and to reduce the number of animals used. 
Three-month-old rats weighing 400-450 g were used. Twenty-four rats per experimental 
group were used for neurological scoring in the motor and cognitive tests. Four to five rats 
per experimental group were used for the histological and biochemical assessments.

Rats were randomly divided into 4 groups as follows: 2 sham groups, animals underwent 
identical procedures except the occlusion of arteries. Sham control (sham ctr) administration 
of vehicle: PEG, Polyethylene glycol 4000,1% and sham Linalool (sham Lin) of Linalool 25 mg/
kg/d. Two groups were subjected to 2VO ischemia denoted as the ischemic control (isc ctr; 
vehicle: PEG 1%) and ischemic Linalool (isc Lin; 25 mg/kg/d). All rats were administered an 
oral dose of Linalool or vehicle every 24 h for one month. Behavioral tests were performed 
during this period (Fig. 3a). Previously, 25 mg/kg Linalool had not shown toxicity (Api et al., 
2016) and the interval between drug treatment and assays was selected based on previous 
in vivo studies (Mehri et al., 2015; Sabogal-Guáqueta et al., 2016). 

2.4. Global cerebral ischemia (2VO) 
Global cerebral ischemia was induced in male Wistar rats using a previously described 
modified two-vessel occlusion (2VO) method (Villamil Ortiz and Cardona Gomez, 2015). 
Briefly, the right common carotid artery (CCA) was permanently occluded using a 6.0-gauge 
nylon suture (Corpaul, Bogota, Colombia) and the left CCA was obstructed for 20 min using 
a vascular clip. After 20 min, the vascular clip was removed to allow reperfusion. Sham rats 
underwent the same procedure without the CCA occlusion. At 6 h after the completion 
of the surgery, a neurological test was performed to evaluate the rats’ sensory and motor 
abilities.
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mouse or anti-rabbit secondary antibodies (1:2000, Molecular Probes) were used as probes. 
Nuclei were stained with Hoechst 33258 (1:5000, Invitrogen), and the F-actin cytoskeleton 
visualized with Alexa Fluor 594-conjugated phalloidin dye.

Sections at the level of the bregma -2.32mm received the same treatment that cells. They 
were incubated overnight at 4 C with GFAP (anti-glial fibrillary acidic protein, G 3893, Sigma, 
Ms 1:500) and COX-2 antibodies (ab15191, rabbit anti-COX-2, Abcam, 1:500) diluted in PBS 
with Triton X-100 and BSA 0.3%. Then, sections were washed four times with 0.1MPBS and 
incubated for 90 min at room temperature with mouse Alexa Fluor 488- or Alexa Fluor 
594- conjugated anti-rabbit secondary antibodies (1:1000; Molecular Probes, Eugene, 
OR). Sections were stained with Hoechst (1:1000, Sigma) for 15 min at room temperature. 
Neurons and tissue sections were washed four times with buffer, cover slipped using Gel 
Mount (Biomeda) and observed under an Olympus IX 81 epifluorescence microscope 
(Olympus, Japan) or DSU Spinning Disc confocal microscope (Olympus, Japan). Omission of 
the primary antibodies resulted in a lack of staining. The sections were photographed at 40x 
magnifications. Those images were analyzed evaluating the fluorescence intensity of GFAP 
and COX-2 immunostaining using Fiji ImageJ 1.45 (Gutiérrez-Vargas et al., 2015).

2.6. Lipid analyses
Total lipids were extracted from the hippocampus and serum using the Folch technique 
(Jordi Folch, 1957) with a mixture of 2mL of chloroform (CHCl3) and 1mL of methanol 
(MeOH) in a 2:1 (v/v) ratio. Then, 0.005% butylated hydroxytoluene (BHT)was added, and 
this mixture was used to homogenize the hippocampus. Subsequently, 1mL of 0.9% NaCl 
was added, and the mixture was centrifuged at 3000 rpm for 3 min. The organic layer (lower 
layer) was removed and transferred to a new glass tube. Solvents were evaporated, and the 
extract was lyophilized to remove the excess humidity. Finally, the lipid composition was 
analyzed by mass spectrometry.

2.6.1. Mass spectrometry
An automated ESI-MS/MS approach was used and data acquisition and analysis were 
performed at the Kansas Lipidomics Research Center using an API 4000 TM and Q-TRAP 
(4000Qtrap) detection system, as described previously (Villamil-Ortiz et al., 2016). This 
protocol allowed the detection and quantification of low concentrations of the polar lipid 
compounds. Molecules were determined based on their mass/charge ratios, which were 
compared with the respective internal standard to determine which species of lipids were 
present in the evaluated extract: 0.30 nmol of 14:0 lysoPG, 0.30 nmol of 18:0 lysoPG, 0.30 
nmol of di 14:0 PG, 0.30 nmol of 14:0 lysoPE, 0.30 nmol of 18:0 lysoPE, 0.60 nmol of 13:0 
lysoPC, 0.60 nmol of 19:0 lysoPC, 0.60 nmol of di 12:0-PC, 0.60 nmol of di 24:1-PC, 0.30 
nmol of 14:0 lysoPA, 0,30 nmol of 18:0 lysoPA, 0,30 nmol of di14:0 PA, 0.30 nmol of di 20:0 
(phytanoyl) PA, 0.20 nmol of di 14:0 PS, 0,20 nmol of di Phy PS, 0,28 nmol of 16:0e18:0 PI, 

without the platform for 90 s. The latency to reach the exact former location of the platform 
was recorded during the probe trial. Later, the platform was moved to a new location and 
the animals’ ability to learn the new location was measured by determining the latency 
in 4 sessions conducted in the same manner as the learning phase. The latency to reach 
the platform was evaluated using a visible platform to control for any differences in visual-
motor abilities or motivation between the experimental groups; the animals that could not 
perform this task were excluded. An automated system (Viewpoint, Lyon, France) recorded 
the behavior of the animals.

2.5. Histology
Twenty-four hours after the final behavioral test, animals were anesthetized with an 
intraperitoneal injection of a mixture of ketamine (50 mg/kg) plus xylazine (20 mg/kg) 
and were perfused with a 0.9% saline solution and 4% paraformaldehyde (0.1MPBS, pH 
7.4). Brains were removed and post-fixed with 4% paraformaldehyde at 4◦C for 48h, then 
incubated with sucrose and stored in a glycol-glycerol-based cryoprotectant at 20◦C. The 
brains were sectioned (50 µm) with a Leica VT1000S vibrating blade microtome (Leica 
Microsystems, Germany). The ipsilateral hippocampus (main hippocampal side affected by 
the permanent occlusion of right common carotid artery) was analyzed at bregma -2.30mm 
(George Paxinos, 2006).

2.5.1. Immunohistochemistry
Coronal sections (50 µm) were permeabilized, blocked with 0.3% Triton X-100 and 1% BSA 
in PBS, and then probed with the following primary antibodies using a previously described 
protocol (Sabogal-Guáqueta et al., 2016): anti-NeuN (mouse monoclonal MAB377, 
Millipore, 1:500) anti-GFAP (monoclonal anti-glial fibrillary acidic protein, #G 3893, Sigma, 
1:500), and anti-Iba1 (rabbit anti-Iba1 (ionized calcium binding adaptor molecule, #019-
19741, Wako, 1:500). The tissues incubated in the absence of primary antibody did not 
display immunoreactivity. Quantification of immunoreactivity in the areas examined was 
determined using a 40x objective and was analyzed using Fiji ImageJ 1.45 software (NIH, 
USA). The images were modified to a binary system, and integrated densities (relative units) 
were obtained for each image. The background was automatically subtracted in each image 
for quantification of the relative intensity of immunostaining as previously we described in 
Gutiérrez-Vargas et al. (2015).

2.5.2. Immunofluorescence
Cultures were fixed with 4% formaldehyde prepared in a cytoskeleton buffer for 20 min. 
Autofluorescence was blocked with 50mM NH4Cl. Cells were permeabilized and blocked with 
PBS + 0.1% Triton X-100 and 1% fetal bovine serum for 1 h. Cultures were incubated with the 
following primary antibodies overnight at 4 C: MAP2 (1:2000, Sigma) or GFAP (monoclonal 
anti-glial fibrillary acidic protein, #G 3893, Sigma, 1:500). Alexa Fluor 488-conjugated anti-
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cortices and hippocampi subjected to glutamate toxicity. It has been implicated widely in 
the pathogenesis of a range of neurological diseases, including cerebrovascular diseases. To 
determine if Linalool is protective on primary cultures, we followed the experimental design 
presented in Fig. 1a and 2a. As shown in Fig. 1 b, f and 2 b, f in both type of neural cells, 
the treatment with 0.1 µM Linalool blocked glutamate induced cell death, and prevented 
the retraction of processes (MAP2+ or GFAP+, respectively) and actin cytoskeleton 
depolymerization induced by glutamate (Fig. 1 b, 1 f and 2 b, 2 f).

The measurement of LDH released into the extracellular medium was used to determine cell 
survival. We observed Linalool decreased LDH release (Fig. 1 c, g and 2 c, g) and also reduced 
the percentage of cells with condensed nuclei (Fig.1 d, h and 2 d, h) and recovered ATP levels 
(Fig. 1 e, i and 2 e, i). On the other hand, we observed reduction of lipid peroxidation with 
different concentrations of linalool and mainly in neurons and astrocytes from cortices but 
not from hippocampi (Suppl. Fig.1 a-d). These findings suggest that treatment with Linalool 
induces neuronal and astrocytic protection, maybe in a tissue differential-mode.

3.2. Post-ischemic neurological, motor and cognitive impairments were prevented by the 
oral Linalool treatment
Next, we validated the effect of Linalool on behavioral tests in a Wistar rat model of global 
cerebral ischemia model (Fig. 3 a). Ischemic rats exhibited significantly lower neurological 
scores than sham-operated rats (**p < 0.01; n: 24) (Fig. 3 b). However, ischemic rats treated 
with Linalool displayed significantly higher scores than the ischemic group and similar scores 
to the sham group (**p < 0.01; Fig. 3 b) from 24 h to 6 days post-ischemia.

Consistent with these findings, postoperative neurological outcomes on the inclined plane 
test revealed that ischemic animals presented deficits in climbing at 6 h post-surgery (48.5 
inclination grades (ig◦)) for the ischemic group and 48.25 ig for rats treated with Linalool 
compared with the control groups (53.2 ig◦ for the sham group and 53.47 ig◦ for the Linalool 
group). Meanwhile, at 24 h post-ischemia, significant differences were observed between 
the ischemic group (52 ig◦) and the treated group (55 ig◦), which was similar to the sham 
groups (55-57 ig◦). These differences persisted for 7 days, when treatment with Linalool 
significantly improved the climbing skills of the ischemic group (59 ig◦) compared to untreated 
ischemic group (56 ig◦) (*p < 0.05) (Fig. 3 c). Those findings were supported by the motor 
performance (latency, distance, and velocity) on the Rotarod test, in which ischemic animals 
treated with Linalool exhibited better performance on day 4 than the ischemic group (*p < 
0.05) (Fig. 3 d-f). However, the already higher motor skills (latency, distance, and velocity) of 
the sham group also improved 5e7 days after treatment with Linalool compared to the sham 
vehicle group (*p < 0.05) (Fig. 3 d-f).

and 0,10 nmol of di 18:0PI. The system detected a total of 12 different lipid species and 
their respective sub-species, which were identified by the number of carbons and degree of 
unsaturation of the chain. Lipid concentrations were normalized to the molar concentration 
across all species in each sample, and the final data are presented as the mean %Mol.

2.6.2. Profile of circulating FFAs
Lipids were extracted from the hippocampus using the Folch method. The solid-phase 
extraction (SPE) method described by Velasquez (Bermúdez-cardona and Velásquez-
rodríguez, 2016) was used to separate cholesterol esters (CE), triglycerides (TG) and 
phospholipids (PL).

2.7. Statistical analysis
The sample sizes (n) used for statistical analyses correspond to the number of animals per 
experimental group. The behavioral test was performed on 18-24 animals/group. The escape 
latency during the hidden platform training sessions, transference, neurological score, 
rotarod and incline plane tests were analyzed using repeated-measures ANOVA. The latency 
in the retention test and histological and biochemical analysis were analyzed using ANOVA 
to compare the 4 groups and then with Tukey’s test for post hoc multiple comparisons of 
the parametric data in between-group analyses. Nonparametric data were evaluated using 
the Kruskal- Wallis test. Analyses were performed using GraphPad Prism 6 software. Values 
are expressed as means ± SEM. Results were considered to be significant at p < 0.05 and p < 
0.01. All sample groups were processed in parallel to reduce inter-assay variation.

The lipid levels in each sample were calculated by summing the total number of moles of 
all lipid species measured and then normalizing that total to %Mol. Comparisons between 
groups were assessed using either one-way ANOVA followed by the Tukey post hoc test or the 
Kruskal-Wallis test, depending on the homoscedasticity and normality of the experimental 
data. Multivariate statistics were performed using a principal component analysis (PCA) and 
a partial least squares discriminant analysis (PLS-DA) (Barker and Rayens, 2003). PLSDA was 
included because it is particularly suitable for the analysis of datasets with a small number 
of samples and a large number of variables. The PLS-DA was conducted using the routines 
described previously by our laboratory (Villamil-Ortiz et al., 2016). The data from the 
univariate and bivariate statistics are expressed as means ± the standard error of the mean. 
The statistical significance is indicated in the figures and tables.

3. Results

3.1. LDH release and ATP deficiency in response to glutamate excitotoxicity in neuron and 
astrocyte cultures were blocked by Linalool
We evaluated the effects of Linalool on mature cultures of neurons and astrocytes from 
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Fig. 2. Astrocytes response glutamate-mediated toxicity and Linalool treatment. (a) Scheme of the experimental 
design; astrocytes from cortices (bee) and hippocampi (f-i) were treated with glutamate at DIV 23 for 20 min and 
post-treated with 0.1 µM Linalool for 24 h (b, f) Morphological characterization of the nuclei stained with Hoechst 
(blue), F-actin cytoskeleton stained with Alexa Fluor 594-conjugated Phalloidin dye (red) and astrocytes stained 
with GFAP visualized with an Alexa Fluor 488 dye (green). Magnification: 40 x, scale bar: 20 µm. (c, g) Astroglial 
cytotoxicity is presented as the percentage of LDH released from the cells 24 h after glutamate exposure. (d, h) 
Ratio of condensed nuclei to total nuclei for each treatment (shown as %). Condensed nuclei were quantified from 
450 Hoechst-positive cells for each treatment. (e,i) ATP levels were determined using a luminescent cell viability 
assay. Values are presented as the means ± the SEMs of n: 3 experiments, and each experiment was performed 
in duplicate. +p < 0.05 ANOVA with Tukey’s test compared to the astrocytes that were not treated with glutamate 
(control). *p < 0.05 and **, p < 0.01, ANOVA with Tukey’s tests compared to the astrocytes treated with glutamate.

Fig. 1. Responses of neuronal cultures to glutamate excitotoxicity and treatment with Linalool. (a) Scheme of 
the experimental design; Morphological characterization of mature neurons post-treated with 0.1 µM Linalool 
from cortices (bee) and hippocampi (f-i) respectively. The nuclei were stained with Hoechst (blue), the F-actin 
cytoskeleton was stained with an Alexa Fluor 594-conjugated phalloidin dye (red) and dendrites were stained 
with MAP2 visualized with an Alexa Fluor 488 dye (green). Magnification: 40x, scale bar: 20 µm. (c, g) Neuronal 
cytotoxicity is presented as the percentage of LDH released from the cells 24 h after glutamate exposure by mature 
neurons. (d, h) Ratio of condensed nuclei to total nuclei for each treatment (shown as %). Condensed nuclei were 
quantified from 450 Hoechst-positive cells for each treatment. (e, i) ATP levels were determined using a luminescent 
cell viability assay. Data are presented as the means ± SEM of three experiments performed in duplicate. +p < 0.05 
ANOVA with Tukey’s test compared to the neurons that were not treated with glutamate (control). *p < 0.05 and 
**, p < 0.01, ANOVA with Tukey’s tests compared to neurons treated with glutamate.
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control animals (Fig. 3 f). In addition, during the re-learning test, ischemic rats treated with 
Linalool exhibited an improved latency in trial 4 compared with the untreated ischemic 
group (Fig. 3 g). The visible test did not reveal any visual, motor or motivational deficits in 
the experimental groups (Fig. 3 h).

3.3. Post-ischemic pro-inflammatory response was prevented by the oral Linalool 
treatment
Once the behavioral tests were complete, animals were euthanized, and their brain 
tissues were assessed using histology, showing by Nissl affected brain zones by the global 

Fig. 4. Linalool reduces astrogliosis in the hippocampus at one month post-ischemia. (a) Representative panoramic 
images of Nissl staining from sham and ischemic rats. Infarcted area is highlighted f by dotted borderline. Panoramic 
micrographs of GFAP immunoreactivity are showed from the ipsilateral CA1 area and DG of the hippocampus 
in both conditions. Magnification: 10x. (b) GFAP immunoreactivity of the ipsilateral CA1 area and DG of the 
hippocampus. 40x magnification. (c) Values in the bar graphs are expressed as relative densitometric units (RU) of 
GFAP immunoreactivity in the CA1 area and (d) DG. Representative images of Iba-1 immunoreactivity in the CA1 
area and DG of the hippocampus. Values in the bar graphs are expressed as relative densitometric units (RU) of 
Iba-1 immunoreactivity in (e) the CA1 area and (f) DG. Control: vehicle (PEG); Lin: Linalool; DG: dentate gyrus. Data 
are expressed as means ± SEM. n :4-5 per group. *p < 0.05 **p 0.01; ***p < 0.001. Scale bar :50 µm.

In the spatial navigation test, cognitive performance was assessed by determination of 
the animal’s escape latency in learning and re-learning trials. The analysis of the escape 
latency revealed significant differences among training days, particularly between trials 3, 
4 and 6 (***p < 0.001), where the ischemic group treated with Linalool exhibited better 
performance than the ischemic group and a similar performance to the control groups (Fig. 
3 e, *p < 0.05). Forty-eight hours after the last training trial, the platform was removed 
from the maze. In the retention test, rats treated with Linalool exhibited lower latencies 
to find the platform site than the ischemic group (**p < 0.01) and similar performance to 

Fig. 3. Neurological, motor and cognitive skills in ischemic rats treated with oral Linalool. (a) Scheme of the design 
of the in vivo experiment, where the behavioral tests began 6 h after the global ischemia or sham operations. 
Consolidated data were recorded from the behavioral tests at 6 h after the operation and then every 24 h for 7 
days. (b) Neurological score. (c) Incline plane test. (d) Latency, (e) distance and (f) velocity in the Rotarod test. (g) 
The Morris water maze test was evaluated on day 19, starting with learning test (first position of the platform). (h) 
Retention test after 48 h without test. (i) Transference test (second position of the platform). (j) Visible test. Data 
are expressed as group means ± SEM. *p < 0.05, **p < 0.01; ***p < 0.001. *sham + Ctr vs isc + Ctr; #sham + Lin vs 
isc + Ctr, +Isc Ctr vs isc Lin, ♦sham + Lin vs isq + Lin; ●sham Ctr vs isq Lin. n: 20- 24 animals/group.
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ischemia (Fig. 4 a). We evaluated the neuronal populations between different experimental 
groups, but no changes were observed (data not shown). However, GFAP-immunoreactive 
astrocytes in the hippocampal CA1 and dentate gyrus (DG) (Fig. 4 a) showed morphological 
changes, such as hypertrophic astrocytes with thickened processes at 40x (Fig. 4 b), which 
displayed a substantial increase in immunoreactivity one month after global ischemia 
compared with sham groups (Fig. 4 c, 4 d). Surprisingly, the administration of Linalool for 
one month significantly decreased astrogliosis (*p < 0.05) in the hippocampus (Fig. 4 b-d). 
Similarly, Iba1- immunoreactive microglia was observed in the same brain areas (Fig. 4 e), 
presenting considerably increase in the hippocampal CA1 area at day 30 post-ischemia, 
being significantly reduced by the Linalool treatment (**p < 0.01) (Fig. 4 e, 4 f), although 
modifications were not observed in the DG (Fig. 4 e, 4 g). Interestingly, we observed the 
same effect in other areas of the brain as motor cortex (Suppl. Fig. 2) that supports the 
motor recovery of animals treated with Linalool. These data suggest stressing and pro-
inflammatory response induced by global ischemia after one month mainly in the CA1 area, 
and Linalool prevented the proliferation of microglia and astrocytes at that late phase. 

We verified the inflammatory state using COX-2 staining. COX-2 immunofluorescence 
presented neuronal location, which was significantly increased in the CA1 and DG areas 
of ischemic rats at one month post-stroke (Fig. 5 a, 5 b), and these changes were markedly 
reduced by the Linalool treatment (p < 0.05) (Fig. 5 d, and 5 f), accompanied by the 
significant reduction in astrogliosis shown by GFAP immunostaining (Fig. 5 c, 5 e). Briefly, 
Linalool attenuated ischemia-induced COX-2 up-regulation, and ischemia-induced astrocyte 
and microglial activation in the hippocampal CA1 region. Nevertheless, changes in survival 
and inflammation-related signaling were not detected in the hippocampus at one month 
post-ischemia (data not shown).

3.4. Alterations in the hippocampal phospholipid profile in ischemic rats were attenuated 
by Linalool
Three hundred eleven species of phospholipids were evaluated by mass spectrometry to 
understand the effects of one month of ischemia on the hippocampal phospholipid profile. 
At a glance, the analysis revealed two types of variations in the phospholipid contents. 
The first set of changes seemed to be related to the pathological condition, whereas the 
second type is associated with the Linalool treatment. The lipid profile of the hippocampus 
in the sham and ischemic groups showed a primary composition of highly abundant 
glycerophospholipids, such as PC (48.8 and 47.7%), PE (22.6 and 22.8%), PS (9.0 and 9.7%), 
and PI (3.8 and 3.9%); sphingolipids, such as SM-DSM (7.6 and 7.1%); low abundance 
ether phospholipids, such as ePC (2.51 and 2.56%), ePE (2.41 and 2.48%), and ePS (0.02 
and 0.03%); lysophospholipids, such as LPE (0.2 and 0.4%) and LPC (0.73 and 0.79%) and 
glycerophospholipids, such as PA (0.75 and 0.77%) and PG (0.12 and 0.12%), respectively 
(Fig. 6 a).
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The Linalool treatment resulted in small changes in the lipid profile of ischemic rats; ischemia 
induced a significant decrease in the PC content (control vs ischemic vehicle, *p < 0.05) that 
was restored by Linalool (*p < 0.05) (Fig. 6 a), suggesting a regulatory role of the substance in 
the biosynthesis of this phospholipid. In addition, we observed increases in the LPE contents 
in general and specifically in the LPC 22:6 content in the ischemic group compared with 
the sham group (*p < 0.05), but no significant differences were observed after the Linalool 
treatment, only a slight tendency to reduce these levels (Fig. 6 a and 6 a zoom).

Based on the results of PCA of the detected phospholipids, approximately 76% of the total 
variance is explained by the first two principal components (PC1 and PC2) (Fig. 6 b). The 
most relevant variables included in these two components were related to the 34:1 PC 
subclasses, consistent with the Rho index (1.6). PC 34:1 is composed of saturated palmitic 
acid (16:0) and oleic acid (18:1). Similarly, the PLS-DA showed similar ellipsoid locations of 
the control groups and ischemic rats treated with Linalool in a different quadrant to the 
ischemic group; the more discriminant species was PC 44:6 (20:6/24:0), with a VIP index 
of 2.15 (Fig. 6 b). Interestingly, the gas chromatography analysis depicted a very specific 
increase in the lignoceric acid (24:0) content (a peroxisomal failure marker (Singh and Singh, 
1986) in the free fatty acid fraction of the ischemic hippocampus (**p < 0.01), without 
modifications in other free fatty acids or in other fractions, such as cholesterol esters and 
triglycerides (data not shown). These findings could suggest a failure in b-oxidation caused 
by ischemia, whereas the treatment with Linalool reduces its levels to control values (***p 
< 0.001) (Fig. 6 c).

The ANOVA showed that the ischemic hippocampus displayed significant changes in the 
pool of two lipid classes: PC and LPE. Next, we evaluated which specific phospholipidic 
subspecies in those two classes were altered. Then, we focused on PC phospholipids and 
PCA showed that the subspecies exhibiting the greatest change in abundance was PC 34:1 
(Rho index 1.3), which showed a tendency to be decreased in the ischemic group and was a 
weakly restored by the Linalool treatment (Fig. 7 a-c). Nevertheless, the PLS-DA presented 
more separability (Fig. 7 a), showing that the ischemic group exhibited a displacement to 
the left quadrant, whereas the ischemic Linalool-treated group occupied a different region 
that was shifted to the right, closer to the sham groups (Fig. 7a). Other PC subspecies were 
less abundant, but the PC 34:2 content was significantly reduced (**p < 0.01), presenting 
an opposite pattern to PC 42:1 (24:0/18:1), which was increased (*p < 0.05) in the ischemic 
group, compared with both the ischemic Linalool treated group and sham groups (Fig. 7 d).

Regarding LPE, the PCA and PLS-DA revealed that ischemic group was almost completely 
separated from the other experimental groups (Fig. 8 a). LPE 18:1, 20:3 and 22:6 levels were 
significantly increased in the ischemic group (*p < 0.05) (Fig. 8 b), and these changes were 
partially reversed by the Linalool treatment in ischemic rats at one month post-stroke (Fig. 
8 c).

Fig. 6. Phospholipid composition of the hippocampus from ischemic rats treated with Linalool. (a) The lipid class 
profiles are expressed as % mol composition. All lipid species are represented as the means ± SEM. The data for 
ischemic rats were significantly different from the control groups (p < 0.05, ANOVA followed by the Tukey post hoc 
test or Kruskal-Wallis test). Zoom: Changes in a specific PC subspecies. (b) Multivariate analyses of the lipid profiles 
in the hippocampus. PCA, principal component analyses of the lipid classes; PLS-DA, partial least squares analysis to 
discriminate between the lipid classes. The left panels illustrate the factor loadings for PC1 and PC2, with the indices 
of variance explained for each component. The right panels show the factor score plots for PLS-DA. PA, phosphatidic 
acid; PC, phosphatidylcholine; LPC, lysophosphatidylcholine; ePC ether phosphatidylcholine; PS, phosphatidylserine; 
ePS, ether phosphatidylserine; PE, phosphatidylethanolamine; LPE, lysophosphatidylethanolamine; ePE, ether 
phosphatidylethanolamine, PI, phosphatidylinositol; PG, phosphatidylglycerol; SM, sphingomyelin. n : 4 per group. 
c) The free fatty acid profile in the hippocampus is expressed as % mol (**p: < 0.01, ***p: < 0.001) ANOVA followed 
by the Tukey post hoc test or Kruskal-Wallis test. n: 4 per group.
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Fig. 8. Changes in LPE levels in ischemic animals and effects of Linalool at one month post-ischemia. (a) PCA, 
principal component analyses for the LPE subclasses, and PLS-DA, partial least squares method to discriminate be-
tween the LPE subclasses. The left panels illustrate the factor loadings for PC1 and PC2, with the indices of variance 
explained for each component. The right panels show the factor score plots for PLS-DA. (b) The lipid class profiles 
are expressed as % mol LPE composition (p: < 0.05, p: < 0.01 ANOVA followed by the Tukey post hoc test or Krus-
kal-Wallis test). (c) Contour plots of the more influential subclasses of LPE (variables) in the discriminant analyses 
of each evaluated variable. All LPE subclasses were measured (means), and the error bars represent the SEM. LPE: 
lysophosphatidylethanolamine. n : 4 per group.

3.5 Pro-inflammatory phosphatidylinositol composition was increased in the serum of 
ischemic rats and was attenuated by the oral Linalool treatment
Finally, we evaluated the phospholipid profile in serum and observed changes in specific 
subspecies of the PI class (Fig. 9). Although the PCA did not show differences among 
experimental groups, the PLS-DA exhibited a differential displacement of the ischemic group 
compared to the other groups, with the ischemic Linalool-treated group located in the 
right quadrant close to the sham groups (Fig. 9 a). Increases in PI 36: 2 (18:1/18:1), PI 38: 4 
(18:0/20:4) and PI 38:5 (18:1 and 20:4) levels were also observed, with a higher abundance 
of PI 38:4 (18:0/20:4), as shown in the counter plot analysis (Fig. 9 b and c). These findings 
suggest that PI includes arachidonic acid, a typical pro-inflammatory fatty acid. The Linalool 
treatment significantly decreased the levels of those phospholipid subspecies, suggesting 
that a reduction in peripheral inflammation signaling from the brain may be attenuated by 
the monoterpene Linalool at one month post-ischemia.

Fig. 7. Linalool partially restores the basal levels of PC at one month post-ischemia. (a) PCA, principal component 
analyses for the PC subclasses, and PLS-DA, partial least squares method to discriminate between the PC 
subclasses. The left panels illustrate the factor loadings for PC1 and PC2, with the indices of variance explained 
for each component. The right panels show the factor score plots for PLS-DA. (b) Contour plot of the more 
influential subclasses of PC (variables) in the discriminant analyses of each evaluated variable. (ced). The lipid class 
profiles are expressed as % mol PC composition. (*p:< 0.05, **p:< 0.01 ANOVA followed by the Tukey post hoc 
test or Kruskal-Wallis test); all PC subclasses were measured (means), and the error bars represent the SEM. PC: 
phosphatidylcholine. n :4 per group.
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Fig. 9. PI profile in the serum of ischemic rats and rats treated with Linalool for a month. (a) PCA, principal com-
ponent analyses for the PI subclasses, and PLS-DA, partial least squares method to discriminate between the PI 
subclasses. The left panels illustrate the factor loadings for PC1 and PC2, with the indices of variance explained for 
each component. The right panels show the factor score plots for PLS-DA. (b) The lipid class profiles are expressed 
as % mol PI composition (p: < 0.05, p: < 0.01 ANOVA followed by the Tukey post hoc test or Kruskal-Wallis test). 
(c) Contour plots of the more influential subclasses of PI (variables) in the discriminant analyses of each evaluated 
variable. All PI subclasses were measured (means), and the error bars represent the SEM. PI: phosphatidylinositol. 
n: 4 per group.

4. Discussion

Our data are the first to show that cognitively impaired ischemic rats present increased 
lysophospholipid levels (LPE 18:1, 20:3, 22:6 and LPC 22:6) and a reduction in PC 16:1/18:1 
levels in the hippocampus, under a neurodegenerative context, as evidenced by astrogliosis 
and COX-2+ immunostaining at one month postischemia. The latter was recently shown to 
be responsible for lysophospholipid oxidation (Liu et al., 2016; Richter et al., 2015). Those 
neuropathological manifestations were also supported by the substantial discrimination 
of PC 44:6 (20:6/24:0) and PC:42:1 (18:1/24:0) in ischemic rats respect to the control 
groups, whose compositions are related to cerebrovascular disease (Davis et al., 2017) and 
neurological deterioration (Yi et al., 2016); as well as the accumulation of free lignoceric 
acid (24:0), an indicator of peroxisomal and β-oxidation failure (Singh et al., 1989; Singh and 
Singh, 1986). In addition, high levels of PI 18:0/20:4, associated to anoxia (Kim et al., 2017) 
and cerebrovascular events (Toschi et al., 1998), were increased in the serum at long-term 
post-ischemia period. However, an aromatic monoterpene, Linalool, which is involved in 
inhibiting cholesterol biosynthesis by reducing levels of HMG-CoA (Rodenak Kladniew et al., 
2014); in our study reduced LDH release and avoided ATP depletion in mature neurons and 
astrocytes from cortex and hippocampus, and reduced lipid peroxidation in mature cortical 
neurons and astrocytes affected by glutamate excitotoxicity. The effect on lipid peroxidation 
was not reproduced in mature neurons and astrocytes from hippocampi, maybe related 
to a differential expression of ionotropic receptors and transporters giving a tissue-specific 
buffering capacity and stress response. However, Linalool prevented astrogliosis and 
microgliosis of the motor cortex and the CA1 region, and blocked the hippocampal and 
peripheral phospholipid profile imbalance, supported by the reduced ischemia-induced 
degenerative response, consequently producing neurological, motor and cognitive recovery.

Aromatic compounds generally have potent radical scavenging activities and possess the 
ability to directly interact with lipids and proteins, thereby playing important biological 
roles (33, 34). Linalool, a major aromatic terpenoid in teas and herbal essential oils, has 
been traditionally used for medicinal purposes because of its potent antioxidant activities. 
The oral administration of Linalool has recently been shown to improve dyslipidemia by 
reducing plasma TG and LDL concentrations (Rodenak Kladniew et al., 2014). Although in 
our study we did not find changes in other lipid fractions.

On the other side, glutamate plays an important role in many neuronal functions, such 
as neuronal development, synaptogenesis, neuronal plasticity, learning, and memory 
processes. However, glutamate-induced excitotoxicity has also been suggested to underlie 
the pathogenesis of neuronal damage and degeneration following in vivo cerebral ischemia 
and in vitro oxygen deprivation (Parpura et al., 2016). Our data revealed the protective 
effect of Linalool on glutamate-induced excitotoxicity in neurons and astrocytes, which 
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We also evaluated COX-2 expression in the hippocampus. This enzyme is very important 
for normal brain function and, under pathological conditions, it produces high levels of 
prostaglandins that generate harmful effects on neural membranes and nuclei (Farooqui, 
2009). Ischemic injury is accompanied by increased COX- 2 immunoreactivity in neurons 
and glial cells (Tomimoto et al., 2000). We observed an increase in COX-2 immunostaining 
mainly in hippocampal neurons from animals treated with vehicle one month post-ischemia, 
whereas Linalool reduced the COX-2 immunoreactivity to levels similar to controls. In 
previous studies in our lab, we observed a reduction in the levels of inflammatory markers, 
such IL-1ß, p38 MAPK, iNOS and COX-2, in aged 3xTg-AD mice following treatment with 
Linalool (Sabogal-Guáqueta et al., 2016). Reduced levels of cyclooxygenases have been 
observed in other neurotoxicity models (Li et al., 2014; Peana et al., 2006).

Complementarily, in this study we analyzed 12 lipid classes that covered over 311 
lipid subclasses and detected specific changes in three phospholipids (PL) and four 
lysophospholipids (LPL) in the hippocampus and three PLs in the serum of rats at one-month 
postischemia. The ischemic group exhibited decreased levels of PC and increased levels of 
LPE and LPC, whereas Linalool restored the amounts of these plasmalogens to basal levels 
that were similar to sham animals, which may be associated with tissue homeostasis and 
supports the cognitive recovery observed in the MWM test. These results suggest an 
imbalance between PLs and LPLs that potentially contributes to our understanding of the 
mechanism involved in cerebrovascular diseases and its potential protective targets.

Phospholipid compositions are complex and involved in maintaining lipid asymmetry, 
a dynamic process required to maintain normal neural membrane functions, such as 
neuroplasticity and vesicular transport (Yamaji-Hasegawa and Tsujimoto, 2006). The 
disruption of asymmetry may lead to the apoptotic cell death observed in cerebral ischemia 
(Farooqui, 2011) by inducing an energy deficiency and over-stimulation of glutamate 
receptors, elevated intracellular calcium concentrations and activate phospholipases (PLA 2, 
C, and D). Activation of these phospholipases causes hydrolysis of membrane phospholipids 
and the release of second messengers involved in the inflammatory response, maximizing 
the brain injury (Adibhatla and Hatcher, 2007; Wang and Shuaib, 2002).

An imbalance in the production of PC and LPC was described in early studies on ischemia 
(Koizumi et al., 2010), which was confirmed by the decreased levels of PC (34:2, 36:1) and 
increased levels of LPC (22:6) in the ischemic group in our study. Phosphatidylcholine (PC) 
is the most abundant glycerophospholipid in the membrane and plays a key role in cellular 
signaling. The balance between synthesis and degradation is controlled by various enzymes, 
such as PLA2, PLD, PLC and lysophospholipid acyltransferases (Mateos et al., 2010). Under 
pathological conditions, such as ischemia, the activities of these enzymes change, resulting 
in the loss of homeostasis. Previous studies of neurodegenerative diseases have reported 

were supported by previous in vitro studies in which PC12 cells were cultivated for 8 h in 
GSD (glucose/serum deprivation) conditions. In the presence of Linalool (16 mg/ml), the 
cell viability increased to 45% (Alinejad et al., 2013). Another recent study assessed the 
neuroprotective effects of Linalool against oxygen-glucose deprivation/reoxygenation 
(OGD/R)-induced cortical neuronal injury, where Linalool significantly reduced intracellular 
oxidative stress, scavenged peroxy radicals, and decreased the activities of SOD (superoxide 
dismutase) and catalase and microglial activation (Park et al., 2016).

The present study is the first to show the robust recovery of neurological, motor and 
cognitive functions in a rat model of global ischemia over the entire testing period of 30 days 
following treatment with 25 mg/kg/d Linalool. Significant improvements in the neurological 
score, motor function (inclined plane and rotarod test) and cognitive function (MWM) were 
observed. We did not find similar studies in the literature. Cognitive impairment is one of 
the most typical characteristics of subjects with cerebral ischemia. The Linalool treatment 
effectively decreased the escape latencies in the learning, retention and re-learning tests 
compared with the ischemic group treated with vehicle. Our group observed analogous 
results in an aged triple transgenic model of AD, where Linalool prevented spatial memory 
impairments and reduced the main histopathological markers of AD (Sabogal-Guáqueta et 
al., 2016). Recently, Xu et al. corroborated this effect in another model of AD, where 100 
mg/kg Linalool reduced the escape latencies, increased the escape rate, and increased the 
time spent exploring the previous platform location in MWM test (Xu et al., 2017).

The cellular and molecular cascades underlying ischemic injury are multifaceted and 
complex. Excitotoxicity, oxidative stress, and an excessive inflammatory response have 
been implicated in the progressive neuronal injury and cell death observed post-ischemia 
(Bhuiyan et al., 2011). Microglia represent the first line of defense against brain injury, and 
astrocytes are the most abundant cells in the central nervous system, providing structural 
and nutritional support to neurons. However, in cerebral ischemia, the activation of microglia 
and astrocytes may induce the production of a variety of cytokines, chemokines and ROS 
that contribute to enlarging the infarct (Xian et al., 2016). In our study, GFAP and Iba-1 
immunoreactivities were reduced in ischemic rats treated with Linalool, which indicates 
neuroprotection. These results were supported by the in vitro findings showing that Linalool 
also exerts a similar effect on mature astrocytes and neurons reducing condensed nuclei 
and ATP failure. In a previous study, Linalool treatment of LPS stimulated BV2 microglia cells 
inhibited the production of TNF-α, IL-1ß, NO, PGE2, and NF-kB in a dose-dependent manner 
(Li et al., 2015). On the other hand, according to in vivo studies, Linalool reduces nociceptive 
behavior in response to the direct administration of inflammatory mediators in a mouse 
model of neuropathic hypersensitivity (Batista et al., 2010).
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equilibrium. In addition, the reduction in PC levels suggests the enzymatic deregulation 
between LPLs and PLs at one month postischemia. However, we did not observe changes 
in the cPLA2 protein levels, suggesting that the other isoforms of this enzyme are involved. 
Moreover, a neuronal population-specific regulatory mechanism may exist, whose changes 
may be diluted in the hippocampal lysates or a regulatory mechanism functions before 
the evaluation at one month post-ischemia; thus, more studies are needed to clarify these 
hypotheses.

Among the families of lipids examined in the present study, the phosphatidylinositol (PI) 
family was present in low percentages. However, we detected increased levels of PI 36:2, 
38:4 and 38:5 in the serum of ischemic animals. Interestingly, the Linalool treatment reversed 
these levels to values similar to controls. PI is a phosphoinositide located in the inner side 
of the membrane and a majority of its biological functions focus on phosphorylation of 
its inositol head group that regulate many fundamental processes in the cell, including 
membrane trafficking, cell growth, cytoskeletal remodeling and nuclear events. These 
regulatory actions are mainly due to the ability of these lipids to control the subcellular 
location and activation of various effector proteins that possess PI-binding domains and are 
involved in vesicle trafficking, such as the PH, FYVE, PX, ENTH, PH-GRAM, FERM and GLUE 
domains (Sasaki et al., 2007; Vicinanza et al., 2008). Also, PI response to calcium stimuli in 
the brain (69), its imbalance is associated to mitochondrial dysfunction (70) and to a toxic 
environment in neurological diseases (71), and this phospholipid has been associated to 
vascular alterations (72); maybe suggesting a peripheral biomarker of neurovascular unit 
damage progression, but it is necessary a deeper analysis.

Finally, an additional novel finding is the property of Linalool to restore the phospholipid 
profile, specifically the hippocampal PC, LPC and LPE levels and peripheral levels of PI 
subspecies in ischemic rats. Linalool also induced better performance of ischemic rats on 
motor and cognitive tests at one month post-ischemia. No previous studies have reported 
these types of effects, although Linalool has been shown to inhibit steps in cholesterol 
synthesis by blocking hydroxy-methyl-glutaryl-coenzyme-A reductase (HMGCR) levels 
(Rodenak Kladniew et al., 2014). Similarly, oral administration of Linalool to mice for 6 weeks 
significantly reduced total and lowdensity lipoprotein cholesterol concentrations and the 
levels of the HMG-CoA reductase protein (Cho et al., 2011). Moreover, Linalool stimulation 
reduced cellular lipid accumulation, regulated PPARα-responsive genes (32), and reduced 
the oxidation of unsaturated FAs (Celik and Ozkaya, 2002; Jun et al., 2014), which supports 
our observations, but detailed future studies must be done.

reduced PC and PE levels in the cerebral cortex of patients with AD, which is potentially 
linked to the roles of PLA2 a PLD in Ab activation (Blusztajn et al., 2017; Whiley et al., 
2014). Reduced PC (16:0/18:1) levels were observed in a focal ischemia model at 24 h 
(Koizumi et al., 2010). However, in 2016, Miyawaki et al. observed that an increase in PC 
(diacyl-16:0/18:1) levels in the hippocampus 21 days after global ischemia was induced 
(Miyawaki et al., 2016). Based on these results, the PC distribution patterns depend on the 
fatty acid composition, which reflects the heterogeneous membrane lipid compositions in 
distinct cell types. In addition, PC species are composed of saturated palmitic (16:0) and 
stearic acid (18:0), monounsaturated oleic acid (18:1) and polyunsaturated linoleic acid 
(18:2), and this composition of membrane lipids determines their fluidity, curvature and 
permeability. For example, linoleic acid-containing PC species are reduced during the 
apoptotic process in ischemia (Monteiro et al., 2013). Our results confirmed the imbalance in 
PC biosynthesis after global cerebral ischemia and suggest the recovery of the homeostasis 
of those phospholipids following treatment with Linalool.

In addition, we observed an increase in LPE levels in the hippocampus of ischemic groups. 
LPE is generated from PE via phospholipase, and it has been reported to be synthesized in 
rat brain synaptosomes and is markedly stimulated by calcium (Farooqui, 2011). Specifically, 
we showed an increase in levels of LPE 18:1 (oleic acid), 20:3 eicosatrienoic acid (ETE) 
and 22:6 (DHA) FA chains. Previous studies of cerebral ischemia have reported increased 
levels of oleic acid and DHA in the ischemic region compared with the contralateral region 
(Baskaya et al.,1996; Pilitsis et al., 2002). As shown in a recent study by our group, LPE 
levels are increased in the hippocampus of AD triple transgenic animal model, which are 
also composed of DHA and oleic acid and are strongly correlated with the pro-inflammatory 
response (Villamil- Ortiz et al., 2016). Furthermore, the PLS-DA of the phospholipid species 
suggested that the ischemic group has a different pattern from the ischemic Linalool-treated 
group and sham groups. Another lipid subspecies that may explain this difference is LPE 
(20:3), a polyunsaturated fatty acid that has not been described in ischemia, but it has been 
described to be more vulnerable to oxidation because it contains double bonds that are 
each separated by one methylene group. The esters are readily oxidized by free radical-
mediated chain oxidation, promoting lipid peroxidation that is involved in the impairment 
of membrane, proteins and enzymes in various diseases (Niki, 2014).

On the other hand, lysophospholipids (LPLs) are proinflammatory phospholipids that are 
synthesized in the brain through the action of PLA 1 and PLA 2 on phospholipids, such as 
PC and PE, which are metabolized by lysophospholipases and acyltransferases. LPLs, such 
as LPC, not only directly interact with ion channels and neurotransmitter receptors but also 
indirectly modulate their activity and neural membrane fluidity (Farooqui and Horrocks, 
2007). LPC 22:6 levels were increased in the ischemic group compared to the other groups. 
LPLs such as LPC and LPE alter the membrane permeability and disturb the osmotic 
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Supplementary Figures

Supplementary Figure 1: Linalool reduces the lipid peroxidation in neurons and astrocytes from cortices, but not 
from hippocampus. (a) Experimental design used in cortical immature neurons, (b) Lipid peroxidation measure-
ment from cortical neurons at DIV 7 exposed to glutamate and different concentrations of Linalool, (c) Experimen-
tal design used in hippocampal mature neurons at DIV 19 (d) Dose-response curve of linalool at 0.1 to 200 μM 
in hippocampal mature neurons, (e) Lipid peroxidation measurement in mature hippocampal neurons, f) Experi-
mental design in astrocytes at DIV 24 (g) Lipid peroxidation in astrocytes from cortex and (h) hippocampus. Lipid 
peroxidation is expressed as pmol of MDA ((malondialdehyde) per million of neurons or astrocytes.

5. Conclusion

In summary, neurodegeneration produced by excitotoxicity in subjects with cerebral ischemia 
is still observed one month postinjury and is part of the neurological disorders and cognitive 
dysfunction pathogenesis, as supported by the PC deficiency and astrogliosis environment 
in the hippocampus, accompanied by increased levels of lysophospholipids, such as LPE 
and LPC composed by PUFAs with inflammatory properties, and reflected in the periphery 
by the release of PI composed of stearic and arachidonic acids (18:0/20:4). Interestingly, 
the monoterpene Linalool reversed accumulation of PUFAs and plasmalogens potentially 
through its action on peroxisomal oxidation, because it had a very specific effect on free 
lignoceric acid levels in the hippocampus, since other lipid fractions or signaling cascades 
were not modified by the oral therapy at one month post-ischemia. Nevertheless, additional 
studies are necessary to confirm those lysophospholipids as biomarkers of neurological and 
cognitive impairment progression after ischemia and to define the specific mechanism of 
action of the monoterpene as a potential therapeutic substance after stroke.
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1. Introduction

Oxytosis is a non-apoptotic form of cell death associated with increased oxidative stress 
and, according to recent findings, also with mitochondrial dysfunction [1,2]. The term oxytosis 
was first introduced on the basis of findings on oxidative cell death in neuronal cells [3]. 
Oxytosis is characterized by both cellular and mitochondrial ROS accumulation [4]. Emerging 
evidence links oxytosis cell death to the field of neuroscience with increasing indication 
for its contribution to brain injury and degeneration [5]. For example, oxytosis cell death 
mechanisms contribute to the pathology of many age-associated neuro-degenerative 
diseases such as Alzheimer disease (AD) or acute events such as cerebral ischemia, where 
elevated production of reactive oxygen species (ROS) and reactive nitrogen species (RNS), 
causes damage to all components of the cell, including proteins, lipids, and DNA [6–8].

Oxytosis-induced cell death can be initiated by compounds inhibiting the cysteine/
glutamate antiporter system (xc−), such as glutamate [3,9–11]. Blockage of the xc− system 
by excessive extracellular glutamate prevents the import of cystine, thereby reducing 
substrate availability for glutamate cysteine ligase (GCL), leading to depletion of intracellular 
glutathione (GSH) and decreased activity of glutathione peroxidase 4 (GPX4) [5]. GSH plays 
an essential role in several physiological processes acting directly as a co-factor in enzymatic 
reactions or indirectly as the major thiol-disulfide redox buffer in all mammalian cells. These 
properties allow GSH to provide a cellular critical defense system against many forms of 
cellular stress, in particular, oxidative stress [12]. Reduced levels of cystine, in response to 
excessive glutamate application, leads to a depletion of GSH, GPX4 inhibition, and lipid 
peroxide formation. These events result in an increase of mitochondrial and cellular ROS 
levels, resulting in cell death.

Glutamate-mediated oxidative stress mechanisms have been extensively studied in HT-
22 cells, a subclone of the hippocampal cell line HT4 [13]. This neuronal cell line has been 
specifically selected for its sensitivity to glutamate. Exposure of neuronal HT-22 cells to toxic 
concentrations of glutamate initiates a well-defined signaling cascade which mediates cell 
death through inhibition of xc− GSH depletion, excessive ROS production and mitochondrial 
damage [5]. Recent evidence supports that natural compounds (monoterpenes) might 
prevent oxidative stress, pathological features of neurodegenerative diseases and of acute 
events such as stroke [14,15]. Linalool, an enantiomer of the naturally occurring, aromatic 
plant-derived (e.g. Lavandula angustifolia, Melissa officinalis, Rosmarinus officinalis, and 
Cymbopogon citratus) monoterpene alcohol is a major component of essential oils [16]. 
Linalool exhibits several effects on the CNS, serving as antinociceptive, anticonvulsant, 
anxiolytic, and sedative agent [17–19]. Furthermore, various pharmacological properties such 
as antimicrobial, anti-inflammatory, antileishmanial, anti-atherogenic, and anti-depressant 
effects have been reported [20–25]. Antioxidant properties of linalool were also demonstrated 

Abstract 

Mitochondrial dysfunction and inflammation contribute to the initiation and development of 
several brain pathological conditions, including Alzheimer’s disease and cerebral ischemia. 
Linalool is an aromatic plant-derived monoterpene alcohol with reported anti-inflammatory, 
and anti-oxidant properties. We investigated the role of linalool on glutamate-induced 
mitochondrial oxidative stress in immortalized neuronal HT-22 cells. Glutamate induced 
oxidative stress in neuronal cells, as detected by real-time cell impedance measurements, 
MTT assay, and analysis of Annexin V/PI. Administration of linalool 100 μM reduced cell death 
mediated by glutamate. Staining of glutamate-stimulated mitochondria by MitoTracker 
revealed improved morphology in the presence of linalool. Furthermore, we demonstrated 
a potential neuroprotective effect of linalool in conditions of oxidative stress by a reduction 
of mitochondrial ROS and mitochondrial calcium levels, and by preserving mitochondrial 
membrane potential. Experiments using both high-resolution respirometry and Seahorse 
Extracellular flux analyzer showed that linalool was able to promote an increase in uncoupled 
respiration that could contribute to its neuroprotective capacity. Linalool protection was 
validated using organotypic hippocampal slices as ex vivo model with NMDA as a stimulus to 
induce excitotoxity cell damage. These results demonstrate that linalool is protective in an 
in vitro model of glutamate-induced oxidative stress and in an ex-vivo model for excitotoxity, 
proposing linalool as a potential therapeutic agent against neurodegenerative brain diseases 
where oxidative stress contributes to the pathology of the disease.
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containing medium was entirely removed and the plate was incubated for at least 2–4 h 
at −80 °C. Dimethyl sulfoxide (DMSO) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany, 
#D8418, Lot# SHBH9942) was applied to the cells which allowed the formazan to uniformly 
disperse in the solution. DMSO was incubated for 1 h at 37°C under continuous shaking 
conditions. The absorbance values were determined by Synergy™H1 (Bad Friedrichshall, 
Germany) Hybrid Multi-Mode Reader at 570 nm with a reference filter at 630 nm. Untreated 
healthy cells, defined as controls, were regarded as 100% cell viability. We dissolved the 
linalool in DMSO 0.1%, and this solvent had no effect on cellular activity or metabolic 
activity. HT-22 cells were co-treated with linalool or glutamate seeded onto 96 well plates in 
conditions as follows: control condition, linalool 100 μM, glutamate 6 mM and co-treatment 
with glutamate 6 mM plus linalool 100 μM.

Cell viability was measured in real-time using the xCELLigence ®RTCA MP system (ACEA BIO, 
The Netherlands) which is a label-free cell-based assay suitable for continuous monitoring 
of biological processes of living cells [29]. Continuous cell monitoring was performed using 
an E-plate 96 and measured by the xCELLigence ®RTCA MP Instrument. Cellular impedance 
was assessed every 30 min for 24 h and represented as Normalized Cell Index (NCI) which 
was defined before the application of the experimental conditions (control, linalool 100 μM, 
glutamate 6 mM and co-treatment of glutamate 6 mM with linalool 100 μM) as the starting 
point (t: 0 h) of the experiment.

2.3.Flow cytometry
Several intracellular parameters associated with oxidative stress, mitochondrial dysfunction, 
and cell death were determined by flow cytometry analysis using the CytoFLEXS benchtop 
flow cytometer (Beckman Coulter Life Sciences, Indianapolis, USA). HT-22 cells were 
seeded in 24-well plates with 40,000 cells/well. To allow the comparison between different 
treatment groups (control condition, linalool 100 μM, glutamate 6 mM, and co-treatment 
of glutamate 6 mM with linalool 100 μM) and the total amount of cells per condition. The 
supernatant of the medium was collected and washed with PBS, followed by trypsinization. 
For every condition, three wells were analyzed and the same number of cells (10,000)/well 
was counted by flow cytometry. Minimum of 3 independent experiments were performed, 
and the quantification of data was acquired using Kaluza Analysis 1.5 software.

2.3.1.Annexin V/PI 
In order to assess the amount of apoptotic as well as necrotic cells after stimulation, Annexin 
V FITC and propidium iodide (PI) (Invitrogen, Oregon, USA, #V13242, Lot#2008168) double 
staining kit was used. After treatment, HT-22 cells were trypsinized, and the cell suspension 
was incubated with Annexin V FITC and PI in binding buffer for 10 min at room temperature 
(RT). Detection of fluorescence was acquired at FITC: 494/518 and PI: 535/617.

in a study, investigating oxidation reactions in unsaturated fatty acids extracted from guinea 
pig brains challenged with H2O2 to induce oxidative stress [26].

We have recently shown linalool being protective in neurodegenerative diseases, and 
being able to reduce the histopathological markers, including amyloid plaques and tau 
hyperphosphorylation in a triple transgenic mice model of AD (3xTg-AD) with improvements 
in behavioral assessments of learning and spatial memory [27]. Besides, in an in vitro model 
of glutamate excitotoxicity, we found that linalool protected neurons and astrocytes as 
indicated by reduced lactate de-hydrogenase (LDH) release as well as recovered cellular 
ATP levels, a marker of improved mitochondrial functions. Moreover, neurological, motor, 
and cognitive impairments were ameliorated by oral linalool administration following global 
ischemia [28].

Linalool has been shown protective in several models of neurodegeneration, however, the 
mechanisms underlying the neuroprotective effect of linalool in relation to mitochondrial 
functions still remain elusive and additional research is necessary in order to determine its 
precise effects.

Our goal was to evaluate the effect of linalool on the physiological function of mitochondria 
and its potential neuroprotective properties in conditions of glutamate-induced oxytosis in 
HT-22 cells and in ex vivo organotypic hippocampal slices.

2. Materials and methods

2.1. Cell culture
HT-22 cells (kindly provided by Prof. Culmsee), which were used to model neurons, were 
cultured in Dulbecco’s modified Eagle Medium (DMEM; Life Technologies, UK, #42340-025) 
supplemented with 10% fetal bovine serum (FBS; GE Healthcare Life Sciences, Utah, USA, 
#SV30160.03), 100 U/mL penicillin, 100 μg/mL streptomycin (Gibco; Life Technologies, USA, 
#15070-063) and 1% sodium pyruvate (Gibco, Life Technologies Corporation, USA, #11360-
070) at 37°C and 5% CO2. The passage number used were between 200-250 and the cells 
were mycoplasma negative. Additional substances used were linalool (Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany, #L2602, Lot# STBG7505), and glutamate (Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany, #G1626, Lot#slbl6389 V).

2.2. Cell viability assay and xCELLigence measurement
Cell viability and metabolic activity of cells were investigated using the colorimetric 
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) reduction assay. 
MTT solution (0.5 mg/ml) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany #M5655) 
was administered to cells in a 96-well plate format for maximum 1 h. Afterward, the MTT-
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of the nucleus. The latter mitochondria are referred to as Category IV [30]. Three independent 
experiments were performed.

2.5. Mitochondrial respiration
HT-22 cells (4–8 × 107) were harvested and mitochondria were isolated utilizing semi-
automated pump-controlled cell rupture system (0.71 ml/min) (PCC) using syringes (SGE, 
Trajan© Scientific, Australia) attached to a cell homogenizer (Isobiotech, EMBL Heidelberg, 
Germany) superimposed on a pump (ProSense, Oosterhout, NL, #NE-1000) [31]. Mitochondria 
were suspended in isolation buffer (sucrose 250 mM, HEPES 20 mM, EDTA 3 mM adjusted to 
pH 7,5). The entire procedure was performed on ice.

2.5.1. High-resolution respirometry (Oroboros) 
The amount of protein derived from the isolation procedure was 250 μg and it was determined 
using the Pierce™BCA Protein Assay Kit (Pierce™BCA Protein Assay Kit, Thermo Scientific, 
Rockford, USA, #23225). Mitochondrial respiration, of the organelles obtained from the 
HT-22, was analyzed via high-resolution respirometry oxygraph O2K (Oroboros Systems, 
Innsbruck, Austria). The isolated mitochondria prepared as previously described [31] were 
treated with linalool 100 μM or ethanol for 25 min, followed by Oroboros measurements. 
Mitochondrial state 1 was monitored under continuous stirring at 750 rpm in 1 ml MiR05 
buffer (EGTA 0.5 mM, MgCl2 3 mM, lactobionic acid 60 mM, taurine 20 mM, KH2PO4 10 mM, 
HEPES 20 mM, D-Sucrose 110 mM, BSA, essential fatty acid-free1g/L, at 7.4 pH). In order to 
perform the oxygen polarography, DatLab software (Oroboros Systems, Innsbruck, Austria) 
was implemented to record real-time oxygen flux per tissue mass (pmol O2.s−1* mg−1 ) at 
37 °C. Non-phosphorylating respiration (State 2) was assessed by addition of complex-I 
linked substrates (5 mM) pyruvate (Sigma-Aldrich Chemie GmbH, Steinheim, Germany #P-
2256), and (2 mM) malate (Sigma-Aldrich Chemie GmbH, Steinheim, Germany, #374318). 
Thereafter, the oxidative-phosphorylation capacity (OXPHOS, State 3) of complex-I linked 
activity or basal respiration was initiated by means of adding saturating concentration (0.8 
mM) of ADP (Sigma-Aldrich Chemie GmbH, Steinheim, Germany, #A5285). Subsequently, 
addition of oligomycin 0.1 μM/ml (Sigma-Aldrich Chemie GmbH, Steinheim, Germany, 
#O4876) was used to block Fo of the ATP-synthase, thereby inhibiting proton passage. 
Besides, maximal respiration (State 3 u) was assessed by incremental (steps 1 μM) addition 
of the protonophore carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, Sigma-
Aldrich Chemie GmbH, Steinheim, Germany, #C2920). End of measurement by addition of 
Sodium dithionite (DTT, Sigma-Aldrich Chemie GmbH, Steinheim, Germany, #15,795-3) to 
react with all the oxygen present in the chamber. The oxygen concentration as well as the 
initial derivate of the oxygen concentration which is a derivative of the oxygen consumption 
is provided as the O 2 slope (pmol*(mL/s) of raw isolated mitochondria. The measurements 
were recorded in intervals (2 s) using instrumental background correction after calibration 
of the polarographic oxygen sensors.

2.3.2. Mitochondrial ROS production 
Mitochondrial ROS formation was evaluated by the MitoSOX dye (Invitrogen, Oregon, USA, 
#M36008, Lot#1924466). HT-22 cells were incubated with MitoSOX™ 1.25 μM dye for 30 
min at 37 °C. Fluorescence was excited at 488 nm and detected at 690/50 nm.

2.3.3.Mitochondrial membrane potential 
Loss of mitochondrial membrane potential (ΔΨm) was determined by staining with TMRE™ 
dye (tetramethylrhodamine-ethyl ester; Invitrogen, Oregon, USA, #T669). Cells were 
collected and incubated for 20 min with TMRE 0.2 μM at 37 °C. Fluorescence was excited at 
488 nm and detected at 690/50 nm.

2.3.4.Measurement of mitochondrial calcium 
For the measurement of mitochondrial calcium levels, HT-22 cells were incubated with 
of rhodamine-2-acetoxymethylester 2 μM dye (Rho2-AM) (Abcam, #ab142780, Lot# 
APN15176-1-1) in DMEM without serum for 30 min at RT, followed by incubation in DMEM 
for 30 min at RT in the dark and washed with PBS. Cells were excited at 552 nm wavelength 
and the emission intensities at 581 nm.

2.3.4.Lipid peroxidation 
Lipid peroxidation was estimated with BODIPY 2 μM staining dye (Invitrogen, Karlsruhe, 
Germany, #D3861, Lot# 1890330) for 60 min at 37 °C. Cells were washed once with PBS 
followed by their analysis using the excitation channel at 488 nm and detection channel at 
530 nm.

2.4. Mitochondrial morphology: Mito Tracker deep red
HT-22 cells (4 × 104 cells) were treated with different conditions (control condition, linalool 
100 μM, glutamate 6 mM and co-treatment of glutamate 6 mM with linalool 100 μM) for 
18 h and incubated with 200 nM MitoTracker™Deep Red FM (Invitrogen, Oregon, USA, 
#M22426, Lot# 509441) for 30 min at 37°C. After fixation with 4% Paraformaldehyde 
(PFA), the fluorescence was excited at 620 ± nm and detected at 700 ± 75 nm. 500 cells 
per condition were counted and classified into four different categories based on their 
mitochondrial morphology. This categorization was obtained by an investigator with no 
prior knowledge of the experimental conditions.

Category I represents healthy cells where mitochondria form an elongated tubular 
network distributed equally throughout the cytosol, Category II represents semi-viable 
cells comprising short yet tubular mitochondrial networks around the cytosol. Category II 
comprises mitochondria that appear short but are still forming long tubules. Cells which 
entail large, fragmented/ granulated mitochondria around the nucleus are referred as 
Category III. These cells do not show apoptotic features. On the contrary, damaged and 
dying cells were identified by small rounded mitochondria of different sizes within proximity 
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2.6.2. Drug treatment and cell damage in OHSCs 
To induce excitotoxicity, OHSCs were exposed to 10 μM N-Methyl-D-aspartic acid (NMDA) 
((Sigma-Aldrich Chemie GmbH, Steinheim, Germany, #M3262) for 24 h (n:5). At the same 
time, the OHSCs were exposed to linalool 100 μM and a combination of NMDA with 
linalool 100 μM with its respective control. Following 8 days in vitro (DIV8), slice viability 
was determined using propidium iodide (PI) staining (5 μg/ml; Sigma- Aldrich, 81845). PI 
uptake was recorded using a Confocal Leica sp8 fluorescence microscope and analyzed by 
densitometry using Fiji-ImageJ software. The 3 main areas of the hippocampus where the 
analysis was performed included CA 1 (Cornu Ammonis 1), CA3 (Cornu Ammonis 3) and DG 
(Dentate gyrus).

2.6.3. RNA Extraction and quantitative real-time reverse- transcription polymerase chain 
reaction (RT-qPCR)
For RNA extraction, 6 OHSC per condition were pooled (one sample) and incubated in 500 μl 
using TriReagent (Invitrogen, Life Technologies, #AM9673) and trimethylene chlorobromide 
(BCP) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany, #B9673) followed by washing in 
isopropanol and elution in 30 μl RNAse-free ddH2O (n:4-6). The concentration and purity 
of the RNA was determined by measuring absorbance at 230, 160, and 280 nm with a 
Nanodrop ND-1000 spectrophotometer. Samples were considered to be sufficiently free 
of protein and phenol contamination and suitable for PCR analysis when the 260/280 and 
260/230 ratios were between 1.8 and 2.2.

Total RNA was transcribed into cDNA using reverse transcription by AMV Reverse Transcriptase 
Kit (Promega, Madison, WI, #A3500) and was diluted with ddH2O proportionately according 
to concentration of input RNA. RT-qPCR was performed using an iQ5 Real-Time PCR Detection 
System (Bio-Rad Laboratories GmbH) in the presence of SYBR Green (Roche, #04913914001) 
using Illumina Eco Personal qPCR System (Westburg, Leusden, The Netherlands). PCR cycling 
was follows: 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s, for 45 
cycles. qRT-PCR data were analyzed with LinRegPCR analysis software [33]. Geometric mean 
of the reference genes ribosomal protein L13A (Rpl3A) and ribosomal RNA 18S was used 
to normalize qRT-PCR data. Mouse mRNA primers used in analysis were purchased from 
Biolegio and the sequences are listed in Table 1.

2.7. Statistical analysis

Statistical significance was evaluated using the unpaired Student´s t-test or ANOVA and 
Tukey`s test for post hoc multiple comparisons of the parametric data in between-group 
analyses. Non-parametric data were evaluated using Kruskal- Wallis test. Data were analyzed 
using GraphPad Prism software (version 7.0, GraphPad Software Inc., La Jolla, CA, USA), 

2.5.2. Measurement of cellular oxygen consumption rate (OCR) 
Oxygen consumption rate (OCR) was measured using XFe96 extra-cellular flux analyzer 
(Seahorse Bioscience, Billerica, MA) with the mitochondrial stress test as previously 
described [1]. HT-22 cells were seeded in XFe96-well cell culture microplate at a density 
of 10,000 cell/ well and incubated at 37 °C incubator with 5% CO2. 24 h before the assay, 
the growth medium was replaced with a new medium containing linalool 100 μM or 
200 μM. Cells were incubated for 1 h in 180 μL of assay medium (non-buffered DMEM) 
supplemented with 4.5 g/L glucose, 2 mM glutamine and 1 mM pyruvate, pH 7.35 in 
CO 2 free incubator at 37 °C. During the assay, basal respiration was measured before 
injecting the following inhibitors: oligomycin (4 μM; port A) as an ATP synthase inhibitor; 
2,4-Dinitrophenol (DNP) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany, #34334) (50 
μM; port B) as a mitochondrial oxidative phosphorylation uncoupler; and rotenone (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany, #R8875) /antimycin A (Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany, #A8674) 0.1 μM and 1 μM; port C) as complex I and complex 
III inhibitors. The OCR measurements were normalized to the protein amount in each well 
using BCA assay. Three independent experiments with 6 wells/condition were performed, 
and One-way ANOVA test was used to determine statistical significance between different 
groups.

2.6. Animals
C57BL/6 J mice from the central animal laboratory at University of Groningen were housed 
and handled in accordance to Dutch standards and guidelines. All experiments were 
approved by the University of Groningen Committee for Animal Experimentation.

2.6.1. Organotypic hippocampal slice cultures and Maintenance 
Organotypic hippocampal slice cultures (OHSC) were prepared from P0-3 mouse pups 
according to the mentioned protocol with slight modifications [32]. Briefly, after quick 
decapitation, brains were removed and the hippocampi were dissected out in ice cold 
serum-free Hank’s Balanced Salt Solution (HBSS) (Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany, #14170-088, Lot#1997485), supplemented with 0.5% glucose (Sigma) and 15 mM 
HEPES. Isolated hippocampi were transversally cut into 350–375 μm thick slices using a 
McIlwain tissue chopper. OHSC were then transferred onto Millcell permeable membranes 
(0.4 μm pore size, Millipore, PICM03050) in six well plates. These culture plate inserts, 
containing 5 to 6 slices with culture medium: 0.5% Minimum essential medium- MEM (Gibco, 
#21430-020,), 25% Basal Medium Eagle (BME) (Gibco, 41010-026), 25% heat-inactivated 
horse serum (Gibco, 16050-122) supplemented with 0.65% glucose (Sigma, G8769) and 2 
mM glutamax (Gibco, 35050-038), pH: 7.2. OHSC were maintained at 35°C, 5% CO2 and 
with culture medium being changed the first day after preparation and every second day. 
Experiments were performed after 7–8 days in vitro.
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with or without linalool for 18 h. As shown in Fig. 1.c and d, the number of double positive 
stained cells was increased after glutamate exposure, indicating cell death, and this effect 
was largely attenuated by linalool application.

The protective effect of linalool against glutamate toxicity in HT-22 cells was also confirmed 
by real-time cell impedance measurements using the xCELLigence system. Cell impedance 

Fig. 1. Protective effects of linalool against glutamate in HT-22 cells. (a). Representative pictures of the cell mor-
phology of HT-22 cells treated with glutamate (6 mM, 16 h) with and without linalool (100 μM) co-treatment. 
Magnification 10x (Scale bar: 100 μm) (b). Representative MTT assay of cells treated with glutamate and linalool 
in a range of 100 μM to 500 μM (n = 6 technical replicates; independent experiments repeated at least 3 times). 
(c,d). Measurement of the green Annexin V and the red PI fluorescence by FACS from HT-22 cells challenged with 
glutamate (6 mM) for 18 h in the absence and presence of linalool co-treatment (10,000 cells per condition; n = 
3 technical replicates; +++ p < 0.001: untreated control versus glutamate, ***p < 0.001: glutamate versus linalo-
ol+glutamate-treated cells ANOVA, Tukey’s test, independent experiments repeated at least 3 times). (e). Imped-
ance-based real time detection of the morphological alterations of glutamate-treated HT-22 cells with and without 
linalool co-treatment (mean ± SD; n = 6 technical replicates). All experiments were repeated at least three times.

expressed as mean ± SD for xCELLigence measurements and SEM for the rest experiments. 
P values indicating statistical significance differences between mean values are defined as 
follows: *p < .05, **p< .01, ***p < .001.

3. Results

3.1. Linalool ameliorated cytotoxicity and apoptosis in glutamate-stimulated HT-22 cells
Linalool had been reported protective in in vitro models of gluta-mate-induced excitotoxicity 
in primary cortical neurons [28]. Here, we evaluated the effect of linalool on glutamate-
induced oxidative stress in neuronal HT-22 cells [2]. At first, the potential protection against 
glutamate-induced oxytosis was assessed using various linalool concentrations. Based on 
the previous experiments, we choose 100 μM concentration of linalool to investigate the 
underlying molecular neuroprotective mechanisms of linalool. Following the initiation of 
oxytosis, HT-22 cells change their morphological shape from the healthy spindle-shaped 
morphology to a more round-shaped morphology, culminating with the detachment of the 
cells from the bottom of the cell culture dish (Fig. 1a, upper panels). The protective effect 
of linalool was demonstrated by cell viability measurements using MTT assay following 18 h 
of glutamate challenge in the presence of linalool. We observed that glutamate stimulation 
leads to a significant cell death, whereas co-treatment with linalool in addition to glutamate 
significantly reduces cell death when compared to the glutamate condition. Application of 
linalool alone to cells did not significantly affect HT-22 cell viability at concentrations of 200 
to 400 μM, however, 500 μM reduced cell viability (Fig. 1.b). Moreover, we observed that 
linalool at low nanomolar ranges did not mediate neuroprotection (Figure suppl 1.a). In 
addition, we performed pre-treatment experiments with 2 h or 8 h of linalool and detected 
that both pretreatment with linalool for 8 h and 2 h followed by glutamate challenge 
provided protection against glutamate toxicity. Interestingly, the presence of linalool during 
the glutamate challenge was a prerequisite for the observed protection, since the removal 
of linalool after the pretreatment was not able to mediate protection against glutamate 
(Figure suppl 1.b). To further confirm these neuroprotective effects of linalool, we quantified 
cell death by Annexin V/PI propidium iodide staining. Cells were treated with glutamate, 

Table 1. List of primers used for qPCR experiments
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3.2. Linalool preserves mitochondrial integrity in glutamate-treated HT-22 cells
The cell death pathway of oxytosis involves mitochondrial fragmentation and dysfunction. 
Since mitochondrial fragmentation could be initiated by glutamate [30], we assessed 
whether linalool could preserve mitochondrial morphology. First, we identified changes in 
mitochondrial morphology after glutamate exposure compared to control cells (Fig. 2.a–b). In 
untreated control cells, mitochondria show an elongated and tubular-like shape distributed 
along the cytosol. This mitochondrial shape is considered as category I and is most frequently 
found in healthy cells; while category II mitochondrial networks are less extensive than 
category I mitochondria but are still forming long tubules. However, in cells treated with 
glutamate, mitochondrial fission and fragmentation was elevated and category III and IV are 
more abundant. Category III is characterized by round mitochondria spread throughout the 
cell and category IV exhibit round and disintegrated mitochondria surrounding the nucleus. 
Examination of the acquired confocal images and their categorization (Fig. 2.a–b) indicated 
a significant difference between glutamate-treated cells and the remaining conditions, 
explicitly pertaining to mitochondrial categorization. HT-22 cells exposed to toxic glutamate 
showed a significant reduction in mitochondria of categories I and II while mitochondria 
of category IV was significantly increased. In accordance with the cell viability data, co-
treatment of glutamate with linalool showed similar mitochondrial categories as the control 
healthy cells, indicating that linalool is able to preserve mitochondrial shape and prevent its 
fragmentation.

Fig. 3. Linalool preserved mitochondrial integrity. Mitochondrial integrity was analyzed by means of fluorescent-
activated cell sorting using fluorescent probes for (a–b). mitochondrial ROS levels (MitoSOX), (c–d) mitochondrial 
membrane potential (TMRE) or (e–f) mitochondrial calcium (Rhod2 AM) following glutamate exposure (18 h) in 
the presence or absence of linalool 100 μM in HT-22 cells. Data are presented as mean ± SEM, n = 3–4 technical 
replicates, independent experiments repeated at least 3 times, *p < 0.05, **p < 0.01, ***p < 0.001: glutamate 
versus linalool + glutamate-treated cells ANOVA, Tukey’s test.

measurements demonstrated that glutamate induces a strong decrease in cell index, an 
indication of cell detachment and cell death, approximately 10–14 h following the initiation 
of the glutamate treatment (Fig. 1.e). Co-treatment with linalool significantly delayed cell 
death, determined by a right shift of the cell impedance curves. Treatment with linalool 
alone did not alter the cell index or morphological shape of the cells. Interestingly, linalool 
did not prevent cell death when cells were challenged with erastin instead of glutamate 
(Figure suppl 1.b). Erastin was shown to induce ferroptosis cell death and associated with 
mitochondrial dysfunction and lipid peroxide formation through iron-dependent oxidative 
enzymes [10]. Taken together, these results show that linalool is able to significantly reduce 
glutamate-induced cell death in neuronal HT-22 cells.

Fig. 2. Linalool attenuates mitochondrial fragmentation in glutamate-exposed HT-22 cells. (a). Mitochondrial 
morphology was classified into 4 categories of fragmentation (category I: mitochondria tubulin-like distributed 
equally throughout the cytosol; category II: short mitochondrial but still forming long tubules; category III: Large 
round mitochondria that begin to disrupt; category VI: Small rounded mitochondria of different sizes within prox-
imity of the nucleus. (b). Changes of mitochondrial morphology were visualized following glutamate exposition 
-challenge (18 h – 6 mM) using MitoTracker Red (scale bar: 20 μm). (c). Quantification of mitochondrial categories 
in all conditions. 500 cells per condition; n = 3 independent experiments; mean ± SEM, **p < 0.01: glutamate versus 
linalool+ glutamate-treated cells ANOVA, Tukey’s test.
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observed an increase in the Rhod2AM fluorescence intensities, while co-treatment with 
linalool reduced the increase in mitochondrial Ca2+ levels (Fig. 3.e–f).

3.3. Linalool reduces lipid peroxidation in HT-22 cells 
In HT-22 cells, glutamate exposure triggers an increase of detrimental ROS levels and also of 
lipid peroxides. To investigate the influence of linalool on lipid peroxide levels under oxidative 
stress, HT-22 cells were challenged with glutamate in the presence or absence of linalool for 
18 h. Lipid peroxidation was examined by FACS analysis using BODIPY fluorescence. Exposure 
of HT-22 cells to glutamate induced a significant increase in lipid peroxidation, while linalool 
co-treatment was able to reduce the lipid peroxidation. Additionally, treatment with linalool-
only was unable to produce a significant increase of this marker (Fig. 4.a–b). Taken together, 
linalool application enhanced protection against glutamate-induced oxidative toxicity by 
preserving mitochondrial morphology and reducing the detrimental levels of mitochondrial 
ROS, lipid peroxides, and mitochondrial Ca2+.

Fig. 5. Addition of linalool increases the uncoupled respiration in HT-22 cells. (a). Representative oxygen slope 
of isolated mitochondria from HT-22 cells. Corrected oxygen slope showing mitochondrial states after treatment 
with control (ethanol) or linalool 100 μM. (b–c). Quantification of state 3 and state 3 u of mitochondria pre-treated 
with control or linalool 100 μM in HT-22 cells (n = 3 technical replicates; independent experiments repeated at 
least 3 times). (d). Oxygen Consumption Rate (OCR) measurements in HT-22 cells treated with or without linalool 
100 and 200 μM were obtained over time (min) using an extracellular flux analyzer (Seahorse Bioscience). The 
mitochondrial stress test was used to obtain bioenergetics parameters, by adding substrates (e). Maximal OCR was 
stimulated by DNP 50 u M addition and the spare respiratory capacity was calculated as the difference between 
maximal and basal OCR. Graphs show the OCR in pmoles per min. Data are shown as mean ± SEM, n = 3–6 technical 
replicates. All experiments were repeated at least three times. *p < 0.05 compared to indicated control.

Under physiological conditions, mitochondria represent the major endogenous source of 
ROS as a byproduct of the electron transfer system (ETS). ROS generation is enhanced upon 
mitochondrial dysfunction, subsequently leading to oxidative damage to lipids, proteins, and 
DNA [34]. We evaluated the mitochondrial ROS levels using flow cytometry of the fluorescent 
MitoSOX dye, following glutamate exposure in the presence or absence of linalool. Analysis 
of the FACS data indicated that HT-22 cells stimulated with glutamate yielded a significant 
increase in mitochondrial ROS levels when compared to vehicle-treated cells. HT-22 
cells co-treated with glutamate and linalool showed significantly decreased amounts of 
mitochondrial ROS levels when compared to the glutamate condition (Fig. 3.a–b). 

Next, we evaluated the mitochondrial membrane potential (△ψm) by FACS analysis of 
the TMRE fluorescence, a dye specific for △ψm measurements. Our results indicated that 
glutamate challenge provoked a significant decrease in △ψm. Linalool alone did not result in 
a noticeable difference compared to vehicle-treated cells (Fig. 3.c–d), while in the presence 
of glutamate, it significantly alleviated the loss of △ψm. 

Mitochondria play an essential role in buffering the cytosolic calcium overload in 
stimulated neurons. Therefore, we evaluated Rhod2AM fluorescence, specific for assessing 
mitochondrial Ca2+ levels by FACS measurements. Following glutamate treatment, we 

Fig. 4. Lipid peroxidation decreases with exposure of linalool after glutamate treatment. (a). Representative 
measurements of lipid peroxidation following glutamate exposure (18 h) in the presence or absence of linalool 
(Lin) in HT-22 cells. b. Bar graphs with statistics. Results are shown as mean ± SEM, n = 3 technical replicates. All 
experiments were repeated at least three times. **p < 0.01: glutamate versus linalool + glutamate-treated cells 
ANOVA, Tukey’s test.
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Synthase 2 (Nos2), Tumor necrosis factor alpha (Tnfα) and cyclooxygenase-2 (Cox-2) genes 
by RT-qPCR. Cox-2 gene expression was increased after NMDA treatment and treatment 
with linalool reversed this proinflammatory marker to levels similar to the controls (Fig. 6.d). 
Nos2 gene expression seems to increase, albeit no significant values were detected following 
NMDA treatment, while co-treatment of linalool showed a tendency to decrease the levels 
of Nos2 genes. Il-1β and Tnfα did not show any differences between the treatments (Fig. 6.d). 
However, NMDA challenge of OHSC did significantly increase Cox-2 levels when compared to 
OHSC-vehicle conditions (post hoc p < 0.01). Data obtained in OHSC cultures validated the 
neuroprotective effects of linalool detected in neuronal HT-22 cell line. Furthermore, our 
results reinforce the hypothesis where the mitochondria are involved in the mechanism of 
protection when is activated by this monoterpene. 

4. Discussion 

Our findings demonstrate a neuroprotective effect of linalool in conditions of oxidative stress 
through mechanisms involving an increase in mitochondrial respiration, and preservation of 
several mitochondrial parameters, including ROS, calcium levels, and △ψm. Furthermore, 

Fig. 6. The effect of linalool on NMDA excitotoxicity in mouse OHSCs. (a). Experimental time schedule for treatment 
with linalool after 10 μM NMDA challenge for 24 h. (b). PI staining images indicating the effects of vehicle, linalool 
and NMDA alone and NMDA + linalool on hippocampal cell damage. Magnification 5x (Scale bar: 50 μm) (c). PI 
fluorescence into CA1, CA3 and DG areas of each sample was expressed as % of total PI fluorescence. (d). qPCR 
analysis of different treatments in slice cultures revealed differences in the levels of Cox-2 in the NMDA treatment 
compared with the control. No differences were observed in Bax, Il-1β, Nos2 and Tnf-α. Data are shown as mean 
± SEM n = 4–6 independent experiments). + p < 0.05, ++ p < 0.01, +++ p < 0.001: untreated control vs NMDA, *p < 
0.05: NMDA versus linalool+NMDA-treated OHSC ANOVA, Tukey’s test.

3.4. Linalool increases mitochondrial respiration in HT-22 cells 
Oxidative phosphorylation is a central energy-conserving mechanism, coupling mitochondrial 
electron transfer to ATP synthesis and providing the energy required for the maintenance 
of cellular functions and cell survival [35]. Assessment of mitochondrial respiration re-
presents a functional evaluation of mitochondrial homeostatic state [36,37]. In the next step, 
to study alterations of the main mitochondrial metabolic functions, we performed high-
resolution respirometry experiments in purified mitochondria of HT-22 cells. Interestingly, 
we found that linalool application to isolated mitochondria for a period of 25 min showed 
a tendency towards improved complex I-linked respiration rate, induced by ADP (state 3) 
(Fig. 5.b). Analysis of OXPHOS in isolated mitochondria from HT-22 revealed that linalool 
also promotes an increase in maximum uncoupled respiration induced by FCCP (Fig. 5.a.b).

To complete the characterization of the respiratory capacity of the mitochondria (depicted 
as oxygen consumption rate; OCR), we used Seahorse Bioscience XF96 Extracellular Flux 
Analyzer. Fig. 5.d.e. showed an increase in the mitochondrial respiration states, particularly, 
in the maximal respiration values as well as the spare respiratory capacity with the addition 
of linalool 100 μM to HT-22 cells, when compared with solvent-treated control cells. This 
increase in values is concentration dependent, as linalool 200 μM elicited a higher increase 
in respiration levels compared to linalool 100 μM. Considering these results, linalool 
improved mitochondrial respiration when compared to vehicle-treated HT-22 cells and also 
in isolated mitochondria. 

3.5. Linalool significantly reduced NMDA-mediated cell death and cyclooxygenase-2 in 
organotypic brain slices 
In order to corroborate the in vitro data (HT-22 cell line), potential neuroprotection effects 
of linalool were also evaluated ex vivo in OHSC. This ex vivo model is a good method for 
assessing neuronal death, microglial activation, neurogenesis, and drug screening. OHSC 
mainly preserves tissue structures, maintain neuronal activities and synapse circuitry, and 
mimic many aspects of the in vivo context [38]. After six days in culture, we exposed OHSC 
to 10 μM NMDA in the presence or absence of linalool for 24 h (Fig. 6.a). Cell death was 
measured by Propidium Iodide (PI) uptake using imaging quantification of the hippocampal 
slices. NMDA stimuli induced a strong increase in PI uptake in the CA1 and GD regions of the 
hippocampus, while the CA3 region of the hippocampus was less affected. Co-treatment 
with linalool significantly reduced the PI uptake in CA1 hippocampal region, although the 
NMDA-induced damage of GD and CA3 regions was less affected by linalool application (Fig. 
6.b.c). Concerning apoptosis evaluation, hippocampal slices challenged with NMDA stimuli 
showed an increase, although not significant to apoptotic Bax protein expression (Fig. 6.d).

To determine if any anti-/pro-inflammatory genes of the signaling systems were involved 
in the protective effect of linalool on NMDA-induced excitotoxicity in the hippocampus, 
we analyzed the expression of the following genes: Interleukin 1 beta (Il-1β), Nitric Oxide 
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The brain is particularly susceptible to oxidative stress due to its high content of unsaturated 
phospholipids [42]. Oxidative stress is highly associated with pathological conditions such as 
AD, in relation to Aβ plaque burden, and cerebral ischemia, initiated by excessive release of 
excitatory neurotransmitters and Ca2+ leading to increased ROS formation [43,44]. Our results 
showed co-treatment of glutamate-stimulated HT-22 cells with linalool leads to a reduction 
of ROS levels. Previous studies showed that linalool reduced intracellular oxidative stress 
in the OGD/R condition [45]. Furthermore, linalool prevented glutamate-induced cell death 
alongside retraction of processes and actin cytoskeleton depolymerization in neurons [28]. 
However, glutamate-stimulation in HT-22 cells yields a well-defined program of cell death 
via oxytosis; therefore, our findings suggest that the reduction in ROS levels might be due to 
an increase of intracellular GSH availability. The latter is in line with previous research that 
showed linalool reduced oxidative stress and the levels of malondialdehyde in an animal 
model of neurotoxicity produced by acrylamide increasing the GSH levels [46].

We reported for the first time, the effect of linalool on mitochondrial respiration in a 
hippocampal cell line. Mitochondrial respiration is the power source of eukaryotic cells 
due to provision of ATP by means of OXPHOS [47]. We observed an increase in maximal 
oxygen consumption with linalool. Maximal oxygen consumption rate attained by adding 
the uncoupler FCCP. FCCP mimics a physiological “energy de-mand” by stimulating the 
respiratory chain to operate at maximum capacity, which causes rapid oxidation of 
substrates to meet this metabolic challenge [48]. This indicates that increased maximal 
respiration and spare capacity is associated with increased metabolic fitness as it makes 
the cell better able to cope with stress. There are few studies about monoterpenes involved 
in complex of mitochondrial respiration. It has been described by Usta et al., 2009 that 
linalool reduced cell viability of cancer cells (HepG2) by inhibition of complexes I and II and 
decreasing ATP [49]. Other monoterpenes as β-Pinene showed uncoupling effects at lower 
concentrations (100–200 μM) than the inhibition of respiration (400 μM) through an effect 
on the electron transport chain in the liver of Wistar rats [50]. In addition, a combination of 
monoterpenes camphene and geraniol (1:1) protected against nimesulide hepatotoxicity 
in vivo, reducing the mitochondrial swelling, inhibition in release of apoptotic proteins 
and prevented mitochondrial depolarization along with reduction in oxidized NAD(P)H and 
increased mitochondrial electron flow [51]. These findings demonstrated that monoterpenes 
have a potential to regulate mitochondrial respiration in different disease models.

To validate in vitro data, we evaluated the effects of linalool in OHSC. We observed an 
increase in cell death on response to NMDA. Linalool was found to protect areas in the 
hippocampus such as CA1, however, we did not detect significant differences between other 
regions of hippocampus due to the variability of cell damage. Additionally, we evaluated 
genes involved in inflammation and cell death which seemed to increase in response to 
NMDA. Cox-2 is usually expressed at low levels under normal conditions, but is rapidly 

linalool mediated protection against NMDA-induced excitotoxicity in hippocampal slices. 
Taken together, we showed that linalool induced neuroprotective effects in an in vitro and 
ex vivo models by preserving and restoring mitochondrial function.

In this study, we showed that linalool improves the viability of neuronal cells by 30% in 
conditions of oxidative stress, independent of excitotoxicity. The in vitro model of oxytosis was 
employed in neuronal HT-22 cells, which lack the NMDAR, therefore, glutamate stimulation 
initiates a distinct pathway of cell death independent of NMDA-related increased neuronal 
excitability [5]. In this paper, we determined the potential timeframe of linalool’s protection, 
which was detected following 10 h of glutamate challenge and was maintained longer than 
24 h. Our results are in line with findings investigating the effects of linalool in glucose/
serum deprivation (GSD)-induced cytotoxicity. Under GSD conditions, linalool was able to 
exert neuroprotective effects following 8 h of GSD in PC12 cells [16]. Similarly, in neuronal 
cultures has been shown that after oxygen-glucose deprivation/reoxygenation (OGD/R) or 
glutamate-mediated excitotoxity as in vitro model of ischemic stroke, linalool attenuated 
cell death. The neuroprotection was mediated by scavenging peroxyl-radicals, increasing 
SOD and catalase levels. We have previously demonstrated the role of linalool in vitro in a 
glutamate excitotoxicity model where linalool restored intracellular ATP levels in neurons 
and astrocytes [28]. Our results parallel another research using a different monoterpene, 
catalpol, that was shown to exert neuroprotection in the hippocampal CA1 area of a gerbil 
transient global cerebral ischemia model [39]. 

Mitochondrial fusion and fission processes are tightly coordinated by several dynamin protein 
family members (e.g. fission 1, dynamin related protein 1, endophilin B1), in response to 
environmental changes and cellular stress [30,40]. Based on previous research which showed 
that glutamate induces mitochondrial damage in HT-22 cells [2,41], we investigated whether 
linalool was capable of moderating this effect. Our results showed that linalool HT-22 cells 
prevent damaged or dying cells (mitochondrial category IV) stimulated with glutamate. 
Further, linalool prevented mitochondrial fragmentation and peri-nuclear accumulation of 
the organelles providing further evidence of its beneficial impact on mitochondria. Besides, 
we investigated the ability of linalool to modify the mitochondrial membrane potential 
(△ψm). The latter is a consequence of the proton gradient which exists across the inner 
mitochondrial membrane and is utilized for ADP phosphorylation. The net negative charge 
across a healthy mitochondrion is essentially generated by cytochrome c, which shuttles 
electrons along the ETS. How-ever, this function is impaired during oxytosis which not only 
leads to mitochondrial membrane permeabilization but also to release cytochrome c into 
the cytosol leading to immediate dissipation of △ψm [5]. Our findings showed that linalool 
enhanced mitochondrial respiration and preserved △ψm which might be a consequence of 
the conserved inner mitochondrial membrane (IMM). 
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induced by an injury, triggers pro-inflammatory response with prostaglandins and can 
worsen neuronal degeneration in neurological diseases such as stroke [52,53]. We detected a 
significant increase in Cox-2 gene expression after NMDA treatment while linalool reduced 
this increase. In previous research, we observed a reduction in the levels of inflammatory 
markers such as p38 MAPK and Cox-2 after linalool treatment for 3 months in aged 3xTg-AD 
mice [27]. Similarly, reduction of Cox-2 levels was also observed post-linalool treatment for 1 
month in a global ischemic model [28]. This result is further supported by other studies such 
as reduced levels of cyclooxygenases in other neurotoxicity models when stimulated with 
linalool and decrease in a dose-dependent manner in LPS-stimulated macrophages [54,55]. 

Recent studies have shown that cytokines such as TNF-α, IL-1β, IL-1α, IFN-γ are synthesized 
in the CNS and play an important role in inflammation. This release is promoted after 
glutamate excitotoxicity [17]. Linalool administered to mice inhibits behavioral nociceptive 
responses caused by proinflammatory cytokines Il-1β and TNF-α via inhibition of NMDA 
receptors [17,25]. However, we did not find any significant increase of these proinflammatory 
cytokines (NO2, IL-1β, TNF-α) due to variability in the cell damage in the hippocampus. 

We have previously described the protective effects of linalool in a 3xTg-AD mice [27] and 
in cerebral ischemia [28]. Besides, linalool protects against acrylamide (ACR)-induced 
neurotoxicity in Wistar rats decreasing the ACR-induced lipid peroxidation in rat brain tissue 
[46]. Linalool protection can by mediated by the regulation of glutamatergic system [56,57], and 
axonal regeneration [58], among other properties described in mentioned literature. 

5. Conclusion 

Our results illustrate that linalool positively impacts the mitochondrial functioning of 
glutamate-stimulated HT-22 cells. We observed linalool reduced ROS, calcium production, 
and lipid peroxidation levels. Additionally, improved mitochondrial morphology, membrane 
potential, and respiration. This together results in an increase of cell viability. Importantly, 
this study is among the first to elucidate the particular underlying mechanism by which 
linalool exerts its effectiveness, precisely via a protective impact on the mitochondria. We 
validate the in vitro neuroprotective data with ex vivo OHSC slices where we showed a 
reduction of cell death in the hippocampus and modulation of various genes by linalool. 
Our data indicate that linalool may be therapeutically useful in treating neurodegenerative 
conditions marked by mitochondrial dysfunction and subsequent ROS production, due to its 
beneficial impact on mitochondrial integrity as well as ability to limit oxidative stress.
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Introduction

Cognitive impairment and dementia are common phenomena induced by acute and chronic 
brain injury, including Alzheimer’s disease, stroke, and traumatic brain injury (TBI) (Nucera 
and Hachinski, 2018). Additionally, these conditions are predisposed to or worsened 
by poor lifestyles, including obesity, metabolic disorders, sedentary habits, smoking, 
and cardiocerebrovascular diseases, among others (Moskowitz et al., 2010). Long-term 
deprivation of oxygen and glucose via hypoperfusion or vasoconstriction of small vessels 
generates neurovascular unit injury, which is associated with vascular dementia after focal 
or global cerebral ischemic injury in response to cardiac arrest, coronary artery bypass 
surgery, cardiorespiratory failure, and other conditions due to drastic reductions in blood 
flow to the brain (Llinas et al., 2000; Vijayan et al., 2017). 

In particular, the incidence of cerebrovascular disease, the third leading cause of death and 
the first leading cause of physical and mental disability worldwide, is increasing in developing 
countries (Cardona-Gómez and Lopera, 2016). Particularly, brain ischemia is caused by the 
occlusion of blood vessels, depriving of oxygen and glucose, resulting in an energy failure 
that alters mitochondrial ATP synthesis and upregulates the production of oxidative stress, 
free radicals and lipid peroxidation. Also„ the activation of dopamine and glutamate, as 
excitatory neurotransmitters, induces intracellular calcium overload, metabolic dysfunction 
and acidosis (Moskowitz et al., 2010). The increase in intracellular calcium causes activation 
of enzymes involved in lipid metabolism, such as “sphingomyelinases and phospholipases 
A2, C, and D, that, in turn, promote the release of second messengers, such as diacylglycerol 
(DAG), phosphatidic acid (PA), and arachidonic acid (AA), involved in inflammation, 
excitotoxicity and other cell death pathways” (Phillis and O’Regan, 2004; Tian et al., 2009). 
However, biomarkers supporting the clinical diagnosis of stroke are in development, and 
the development of biomarkers used to diagnosis the risk of dementia after stroke and its 
prevention is a true challenge.

In regard to lipids, these compounds are diverse, complex, and their functions depend on 
cellular distribution. Lipids are crucial in the homeostasis of cell membrane structure and 
act as signaling molecules and modulators in the central nervous system (CNS) (Martinez-
Gardeazabal et al., 2017). Interestingly membrane lipids can be damaged by lipolysis under 
ischemia and by peroxidation of polyunsaturated fatty acids (PUFAs) during reperfusion 
(Schaller and Graf, 2004). Particularly, phospholipids, which are known for their high 
concentrations in the brain, play an important role both in normal neuronal activity and in 
pathological processes, even in those associated with memory impairment (Miyawaki et al., 
2016). Therefore, we focused on elucidating the changes in lipid profiles of the hippocampus 
and serum of rats with cognitive impairment induced by global ischemia, as a continue of 
our previous studies (Marosi et al., 2006). 

Abstract

Vascular dementia is a transversal phenomenon in different kinds of neurodegenerative 
diseases involving acute and chronic brain alterations. Specifically, the role of phospholipids 
in the pathogenesis of dementia remains unknown. In the present study, we explored 
phospholipid profiles a month postischemia in cognitively impaired rats. The two-vessel 
occlusion (2-VO) model was used to generate brain parenchyma ischemia in adult male 
rats confirmed by alterations in myelin, endothelium, astrocytes and inflammation 
mediator. A lipidomic analysis was performed via mass spectrometry in the hippocampus 
and serum a month postischemia. We found decreases in phospholipids (PLs) associated 
with neurotransmission, such as phosphatidylcholine (PC 32:0, PC 34:2, PC 36:3, PC 36:4, 
and PC 42:1), and increases in PLs implied in membrane structure and signaling, such as 
lysophosphatidylethanolamine (LPE 18:1, 20:3, and 22:6) and phosphatidylserine (PS 38:4, 
36:2, and 40:4), in the hippocampus. Complementarily, PC (PC 34:2, PC 34:3, PC 38:5, and 
PC 36:5) and ether-PC (ePC 34:1, 34:2, 36:2, 38:2, and 38:3) decreased, while Lyso-PC (LPC 
18:0, 18:1, 20:4, 20:5, and LPC 22:6) and phosphatidylinositol (PI 36:2, 38:4, 38:5, and 
40:5), as neurovascular state sensors, increased in the serum. Taken together, these data 
suggest inverse PC/LPC-PI levels as peripheral biomarkers and inverse PC/LPE-PS as a central 
indicator of postischemic cognitive impairment in rats.

Keywords: Global ischemia, cognitive impairment, phospholipid profile, biomarkers, serum, 
hippocampu
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Morris Water Maze Test 
“Nineteen days after ischemia, the animals were evaluated in the Morris water maze 
(MWM) teste during 10 days (n = 9 per group). The test was performed using a previously 
described method (Becerra-calixto and Cardona-gómez, 2017). Briefly, a black plastic tank 
was filled with water (22 ± 2◦C), and visual cues around the room remained in a fixed position 
throughout the experiment. The hidden platform (12 cm in diameter) was submerged 3 cm 
below the water level during spatial learning and 1.5 cm above the surface of the water 
during the visible session. Six sessions or trials were performed. Each session consisted of 
four successive subtrials (30 s intertrial interval), and each subtrial began with the rat being 
placed pseudorandomly in one of four starting locations. Then, the animals were provided 
with a 48 h retention period, followed by a probe trial of spatial reference memory, in which 
the animals were placed in the tank without the platform for 90 s. The latency to reach the 
exact former location of the platform was recorded during the probe trial. Later, the platform 
was moved to a new location and the ability of the animals to learn the new location was 
measured by determining the latency in 4 sessions conducted in the same manner as the 
learning phase. The latency to reach the platform was evaluated using a visible platform to 
control for any differences in visual-motor abilities or motivation between the experimental 
groups; the animals that could not perform the task were excluded. An automated system 
(Viewpoint, Lyon, France) recorded the behavior of the animals” (Marosi et al., 2006). 

Tissue Preparation and Lipid Extraction 
A month postischemia, four (4) “animals were sacrificed via decapitation, and the 
hippocampus of each rat was dissected, immediately frozen in liquid nitrogen and stored at 
80 ◦C until analysis. We performed the same procedure to obtain serum samples. The total 
lipids from the hippocampus and serum were extracted according to the FOLCH technique 
(Jordi Folch, 1957) using a mixture of 2 mL of chloroform (CHCl3) and 1 mL of methanol 
(CH3OH) in a 2:1 (v/v) ratio. Then, 0.005% butylated hydroxytoluene (BHT) was added, and 
this mixture was used to homogenize the hippocampus. Subsequently, 1 mL of 0.9% NaCl 
was added, and the mixture was centrifuged at 3000 rpm for 3 min. The organic layer (lower 
layer) was removed and transferred to a new glass tube. The solvents were evaporated, and 
the extract was lyophilized to remove excess humidity. Finally, the lipid composition was 
analyzed via mass spectrometry” (Villamil-Ortiz et al., 2016).

Mass Spectrometry
“An automated ESI-MS/MS approach was used, and data acquisition and analysis were 
carried out at the Kansas Lipidomics Research Center using an API 4000 TM and Q-TRAP 
(4000Qtrap) detection system as described previously (Villamil-Ortiz et al., 2016). This 
protocol allowed the detection and quantification of low concentrations of the polar lipid 
compounds. The molecules were determined by the mass/charge ratios, which were 
compared with the respective internal standard to determine which species of lipids were 

Materials And Methods

Animal Procedures 
“All of the animal procedures were performed in accordance with the ARRIVE guidelines, 
the Guide for the Care and Use of Laboratory Animals, 8th edition published by the National 
Institutes of Health (NIH) and the Colombian standards (law 84/1989 and resolution 
8430/1993). These procedures were approved by the Ethics Committee for Animal 
Experimentation of the University of Antioquia, Medellin, Colombia. 

Male Wistar albino rats from our in-house, pathogen-free colony in the vivarium at SIU 
(Sede de Investigación Universitaria), University of Antioquia, Medellin, Colombia were kept 
on a 12:12 h dark/light cycle and received food and water ad libitum. Special care was taken 
to minimize animal suffering and to reduce the number of animals used. Three-month-
old rats weighing 400–450 g were used. The rats were randomly divided into two groups, 
namely, the control and ischemic groups. Nine (9) rats were used per experimental group for 
behavioral, lipidomic and immunostaining evaluation (Marosi et al., 2006).

Global Cerebral Ischemia (2 VO)
“The animals were anesthetized using ketamine (60 mg/kg) and xylazine (5 mg/kg) 
and received a 2–4% isofiurane and 96% oxygen mixture via an inhalation anesthesia 
machine. A variation of the global cerebral ischemic model was implemented, involving a 
2-vessel occlusion (2-VO; (Marosi et al., 2006). The right common carotid artery (CCA) was 
permanently occluded using a 6.0-gauge nylon suture (Corpaul, Bogota, Colombia), and the 
left CCA was obstructed for 20 min using a vascular clip. After the 20 min, the vascular 
clip was removed to allow reperfusion. Sham control rats underwent the same procedure 
without the CCA occlusion. The animals were sacrificed a month postischemia for lipid 
analyses” (Becerra-calixto and Cardona-gómez, 2017).

Immunochemistry and Immunofluorescence 
Twenty four hours after the last behavioral test, animals were perfused intracardially with 
paraformaldehyde at 4%. Brains were removed and postfixed 48 h. Coronal sections (50 
mm) obtained from vibratome were permeabilized, with 0.3% Triton X-100 and blocked 
with 1% BSA in PBS, using a previously described protocols for immunohistochemistry and 
immunofluorescence (Marosi et al., 2006), for the following evaluated primary antibodies: 
anti-NeuN (mouse monoclonal, Millipore, 1:500) anti-GFAP (monoclonal anti-glial fibrillary 
acidic protein, Sigma, 1:1000), anti-PECAM-1 (rabbit Platelet Endothelial Cell Adhesion 
Molecule 1, Abcam, 1:500), anti-myelin PLP (rabbit, myelin Proteolipid protein, Abcam, 
1:200), COX-2 (rabbit, Cyclooxygenase 2, Abcam, 1:500). For immunofluorescence tissue, 
we incubated for 90 min at room temperature with mouse Alexa Fluor 488- or Alexa Fluor 
594- conjugated anti-rabbit secondary antibodies (1:1000; Molecular Probes, Eugene, OR, 
United States). The tissues incubated in the absence of primary antibody did not display 
immunoreactivity.
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Figure 1. Morphological alterations and cognitive impairment in the rat hippocampus after transient global 
ischemia. (A) The learning and memory task performance was evaluated with the Morris water maze on day 19, 
starting with the learning test and the first position of the platform. The retention test was conducted after 48 h 
without the platform. The transference test included the second position of the platform. Data are expressed as 
group means ± SEM. ∗ p < 0.05, ∗∗ p < 0.01, and ∗∗∗ p < 0.001; n = 9 animals/group. (B) Immunostaining in pyrami-
dal cell layer in the hippocampus with Neuronal nuclei (NeuN) immunohistochemistry; glial fibrillary acidic protein 
(GFAP), Platelet Endothelial Cell Adhesion Molecule 1 (PECAM-1), myelin Proteolipid protein (PLP), Cyclooxygenase 
2 (COX-2) immunofluorescences. n = 5. NeuN and PLP, Magnification: 10×, scale bar: 100 µm; Insert: Magnification 
40×; scale bar = 50 µm; GFAP, PECAM, and COX-2. Magnification 20×, scale bar: scale bar = 50 µm; Insert: 60×, scale 
bar: 15 µm.

present in the evaluated extract: 0.30 nmol 14:0 lysoPG, 0.30 nmol 18:0 lysoPG, 0.30 nmol 
di 14:0 PG, 0.30 nmol 14:0-lysoPE, 0.30 nmol 18:0-lysoPE, 0.60 nmol 13:0-lysoPC, 0.60 nmol 
19:0-lysoPC, 0.60 nmol di 12:0-PC, 0.60 nmol di 24:1-PC, 0.30 nmol 14:0 lysoPA, 0.30 nmol 
18:0 lysoPA, 0.30 nmol di14:0-PA, 0.30 nmol di20:0 (phytanoyl)-PA, 0.20 nmol di 14:0-PS, 
0.20 nmol di Phy PS, 0.28 nmol 16:0-18:0 PI, and 0.10 nmol di 18:0-PI. The system detected 
a total of 12 different lipid species and their respective subspecies, which were identified by 
the number of carbons and the degree of unsaturation in the chain. The lipid concentration 
was normalized according to the molar concentration across all species for each sample, 
and the final data are presented as the mean mol%” (Villamil-Ortiz et al., 2016).

Profile of Other Lipid Fractions 
Lipids were extracted from the hippocampus and serum using the Folch method. The 
solid-phase extraction (SPE) as described Bermudez-Cardona et al (Bermúdez-cardona and 
Velásquez-rodríguez, 2016), was used to separate cholesterol esters (CE), triglycerides (TG), 
and free fatty acids (FFA). 

Statistical Analysis 
The behavioral test comparisons between two groups were performed using Student’s 
t-tests for parametric data or Mann–Whitney tests for nonparametric data. “The lipid levels 
of each sample were calculated by summing the total number of moles of all lipid species 
measured and then normalizing that total to mol%. Comparisons between groups were 
assessed either by one-way ANOVA, followed by the Tukey post hoc test, or the Kruskal–
Wallis test, depending on the homoscedasticity and normality of the experimental data. 
Multivariate statistics were performed using principal component analysis (PCA) and a 
partial least squares discriminant analysis (PLS-DA)” (Barker and Rayens, 2003). “The PLS-DA 
was included because this analysis is particularly suitable for the analysis of datasets with a 
small number of samples and a large number of variables. The PLS-DA was carried out using 
the protocols described previously by our laboratory” (Villamil-Ortiz et al., 2016). The data 
are expressed as the mean the standard error of the mean. The statistical significance is 
indicated in the figures and tables.

Results 

Morphological Changes, Cognitive Impairment, and Hippocampal Phospholipid Profile 
Changes a Month Postischemia 
The abilities of spatial learning and memory were examined by using the Morris water maze 
test. We found that, even a month postischemia, ischemic rats significantly increased their 
latencies to locate the platform in the MWM from trial 3 to trial 6 (Figure 1A). In the memory 
test, it was found that rats with global ischemia showed significant deficits in locating the 
submerged escape platform compared with sham rats (Figure 1A). In addition, during the 
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We detected that global ischemia had a regulatory effect on the lipid profiles of PC and 
LPE from the hippocampus. The PLS-DA showed that the ischemic group had ellipsoids 
in different spaces, explained by the first component in 88% and the second one in 11% 
approximately (Figure 3A). In general, the PC levels decreased (∗ p < 0.05) in the ischemic 
groups compared with their counterpart in the sham control group (Figure 2B). Four PC 
subspecies showed significant reductions in global ischemia compared with those in the 
controls: 32:0 (16:0/16:0 - p < 0.05), 34:2 (16:1/18:1 (p < 0.01), 36:3 (18:1/18:2 - p < 0.05), 
and PC 36:4 (18:2/18:2) (Figures 3B,C). In general, considering that PC as the more abundant 
PL detected in the profile, those results were supported by the tendency and significant 

Figure 2.  Phospholipid composition in the hippocampus after 1 month postischemia. (A) Multivariate analyses 
of the lipid profiles in the hippocampus. PCA and PLS-DA were performed to discriminate between the lipid class-
es. The left panel illustrates the factor loadings for PC1 and PC2 with the indices of variance explained for each 
component. The right panels show the factor score plots for the PLS-DA. (B) The lipid class profiles are expressed 
as % mol composition. All lipid species are represented as the means ± SEM. Data for ischemic group were signifi-
cantly different from those of the control group (∗p < 0.05, ∗∗ p < 0.01; Student’s t-test for parametric data or the 
Mann–Whitney test for nonparametric data, n = 4 per group).

relearning test, ischemic rats exhibited cognitive impairment a month postischemia, and the 
escape latencies were significantly lower compared with those of the sham group (Figure 
1A). Which was supported by the morphological alterations of the hippocampus, although 
there was not a clear neuronal loss, we detected hypertrophic astrocytes with thickened 
processes and enlarged cell bodies (Figure 1B). PECAM-1, a cell adhesion marker, suggested 
disruption of the parenchima, PLP, a protein involved in the production of myelin, presented 
aggregation at the CA1, in addition to the increased presence of COX-2, inflammatory 
marker, suggesting the structural damage in the hippocampus at 1 month post global 
ischemia respect to healthy rats (Figure 1B).

On the other hand, 311 species of phospholipids were evaluated via mass spectrometry 
in the hippocampus a month postglobal ischemia. At a glance, the analyses indicate that 
the changes seem to be related to the pathological condition. The lipid profiles of both 
groups show that they were primarily composed of high-abundance glycerophospholipids, 
such as PC (48.4 and 47%), PE (23.2 and 23.4%), PS (8.8 and 9.7%), and PI (3.8 and 3.9%); 
sphingolipids, such as SM-DSM (7.5 and 7.2%); low-abundance ether phospholipids, such 
as ePC (2.5 and 2.48%), ePE (2.48 and 2.5%), and ePS (0.02 and 0.03%); lysophospholipids, 
such as LPE (1.68 and 2.35%) and LPC (0.77 and 0.83%); and glycerophospholipids, such as 
PA (0.74 and 0.76%) and PG (0.11 and 0.12%) (Figures 2A,B). 

The most relevant variables for these two components were related to reduced PC and 
increased PS subclasses (Figure 2B). The main Rho indices were PC 32:0, 34:1, and 36:1. PC 
34:1 was composed of saturated palmitic acid (16:0) and oleic acid (18:1), while PC 32:0 was 
composed of two palmitic acids. In addition, PS 40:6, conformed by stearic acid (18:0) and 
docosahexaenoic acid (DHA) (22:6), was represented in the PCA. Complementarily, the PLS-
DA showed ellipsoids that were completely different in terms of location; this could explain 
the reason that the control groups had a more diverse lipid composition compared with the 
ischemic group. The main changes were shown in LPE 18:1, 20:3, PE 30:0, PC 34:2, and ePC 
36:5. Together these findings, based on the abundance by PCA and separability by PLS-DA, 
suggest decreased PC and increased PS and LPE composed of imbalanced saturated fatty 
acid (SFA), monounsaturated FA (MFA) and in polyunsaturated FA (PUFA) after ischemia.

Inverse PC and LPE/PS Levels in Postischemic Hippocampus of Rats
PCs are a class of 1,2-diacylglycerophospholipids that are essential components of cell 
membranes and have structural roles defined primarily by chain length (Billah and Anthes, 
1990; Whiley et al., 2014). In previous studies using tMCAO (transient middle cerebral 
artery occlusion), it has been described that several PC species and sphingomyelin (SM) 
were significantly decreased after infarction in the cerebral cortex; in the same manner, 
LPCs were elevated in the tissue (Wang et al., 2010).
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Complementarily, PS modulates the binding properties of glutamate receptors involved in 
neurotransmission and long-term potentiation in the brain (Farooqui and Horrocks, 2007). 
The PLS-DA showed a different distribution of the ischemic group relative to that of the 
sham group in the PCA graph. These data showed that the main changes occurred in the 
subspecies of PC 36:4, 38:4, 40:4, 38:5, and 44:11, as was indicated by the VIP index (Figure 
5A). Most of these subspecies are composed of arachidonic acid (20:4), a proinflammatory 
molecule. Given that their levels significantly increased in the ischemic group (∗ p < 0.05) 
(Figure 5B), this finding was in agreement with the high abundance shown in the counter 
plot graphic mainly by PS 40:4, 38:4, and 36:2 (Figure 5C).

Figure 4. Increase in LPE species in the hippocampus after global cerebral ischemia. (A) Multivariate analyses: 
PLS-DA used to discriminate between the lipid classes in the hippocampus showing the factor score plots. (B) The 
LPE profile is expressed as % mol composition. (C) Contour plots of the more influential subclasses of LPE (variables) 
in the discriminant analysis for each evaluated variable. Data from the ischemic group were significantly different 
than those from the control group and are represented as the means ± SEM (∗ p < 0.05, ∗∗ p < 0.01, and ∗∗∗ p < 
0.001; Student’s t-test for parametric data or the Mann–Whitney test for nonparametric data, n = 4 per group).

reduction of C.16:0 and C 18:0 at the total Free fatty acid (FFA) detected at the hippocampus 
and inversely C16:0 and C 18:0 were increased in the content of total triglycerides by the 
global ischemia. However, the CE did not change, lignoceric acid (24:0) FFA increased and a 
generalized reduction of oleic acid (18:1) was observed in the three analyzed fractions in the 
ischemic hippocampus (Supplementary Figures S1A–C).

On the other hand, LPE, a plasmalogen derived from phosphatidylethanolamine (PE), had 
significant higher levels (p < 0.05) in the ischemia group than in the sham group. The PLS-
DA demonstrated that the ischemic group occupied a close area with respect to that of the 
sham group, having a small overlapping area, however, the separability was explained by 
the first component at a rate of 75.43% (Figure 4A). When the most differential and relevant 
phospholipidic species was LPE 18:1, 20:3, and 22:6 increased in the ischemic group (Figures 
4A, B). These results were supported by the contour graphic, which showed increasing levels 
in these PL subclasses in the global ischemia group, mainly LPE 22:6 and 18:1 (Figure 4C). 

Figure 3. Changes in phosphatidylcholine in the hippocampus after global ischemia. (A) Multivariate analyses: 
PLS-DA used to discriminate between the lipid classes in the hippocampus showing the factor score plots. (B) The 
PC profile is expressed as % mol composition. (C) Contour plots of the more influential subclasses of PC (variables) 
in the discriminant analysis for each evaluated variable. Data from the ischemic group were significantly different 
from those of the control group and are represented as the means ± SEM (∗ p < 0.05, ∗∗ p < 0.01, and ∗∗∗ p < 0.001; 
Student’s t-test for parametric data or the Mann–Whitney test for nonparametric data, n = 4 per group).
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groups, with the main divergent phospholipid species being LPC 18:0, 16:0 and PC 34:2 
with a Rho of 172.9, 169.25, and 151.74, respectively. While PLS-DA also identified LPC 18:0 
and PC 34:2 as the more discriminant species, with a VIP of 18.34 and 18.24, respectively, 
between others explained by the first component in approximately 80% (Figure 6A).

The lipid profiles of both groups showed that they were primarily composed of high-
abundance glycerophospholipids, such as PC (53.3 and 47.9%) and LPC (26.43 and 23.55%); 
sphingolipids, such as SM-DSM (13.7 and 13.2%); low-abundance ether phospholipids, such 

Figure 6. Altered phospholipid composition in the serum 1 month postischemia. (A) Multivariate analyses of the 
lipid profiles in the serum. PCA and PLS-DA were used to discriminate between the lipid classes. The left panel 
illustrates the factor loadings for PC1 and PC2 with the indices of variance explained for each component. The right 
panels show the factor score plots for the PLS-DA. (B) The lipid class profiles are expressed as % mol composition. 
All lipid species are represented as the means ± SEM. Data from the ischemic group were significantly different 
from those from the control group (∗ p < 0.05, ∗∗ p < 0.01, Student’s t-test for parametric data or the Mann–Whit-
ney test for nonparametric data, n = 4 per group).Phospholipidic Profile Changes in the Serum a Month Postischemia in Rats

Evaluation of the lipid profiles of serum in ischemic rats with cognitive impairment a month 
postischemia could suggest potential biomarkers. The results of the PCA of the detected 
lipids indicated that nearly 92% of the total variance might be explained by the first two 
principal components (PC1 and PC2). The distribution pattern in the plane showed divergent 
distributions between the ischemic and sham groups in the lipid profiles of the serum 
(Figure 6A). Complementarily, the PLS-DA confirmed a displacement in the left quadrant of 
the ischemic group, while the sham group occupied a different region on the right side. PCA 
showed abundant and differential locations of LPC and PC between the control and ischemic 

Figure 5. PS species increased in the ischemic hippocampus. (A) Multivariate analyses: PLS-DA used to discrimi-
nate between the lipid classes in the hippocampus showing the factor score plots. (B) The PS profile is expressed 
as % mol composition. (C) Contour plots of the more influential subclasses of PS (variables) in the discriminant 
analysis for each evaluated variable. Data from the ischemic group were significantly different from those from 
the control group and are represented as the means ± SEM (∗ p < 0.05 Student’s t-test for parametric data or the 
Mann–Whitney test for nonparametric data, n = 4 per group).
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those in the sham group (Figure 7). Similarly, we observed a reduction in ePC, as shown in 
Figure 8A, and the PLS-DA showed that the sham and ischemic rats had different patterns of 
distribution, and these changes were reflected by the following subspecies: ePC 36:2, ePC 
38:3, ePC 34:2, ePC 34:1, and ePC 38:2 (Figure 8A), all of which were significantly reduced 
with respect to the levels observed in the control group (Figure 8B) and supported by the 
counter graph (Figure 8C). Those results could be supported by a general reduction of C 18 
in the total FFA in serum (Supplementary Figures S1D–F), and no changes were detected in 
CE.

Inversely, LPC was shown to have increased in ischemic rats 1 month postischemia. The PLS-
DA showed that ischemic and sham ellipsoids occupied different locations, supporting their 
different profiles (Figure 9A). The main subspecies that increased were LPC 18:0, LPC 22:6, 

Figure 8. Changes in ePC in the serum of postischemic rats. (A) Multivariate analyses: PLS-DA analysis used to 
discriminate between the lipid classes in the serum showing the factor score plots. (B) The ePC profile is expressed 
as % mol composition. (C) Contour plots of the more influential subclasses of ePC (variables) in the discriminant 
analysis for each evaluated variable. Data from the ischemic group were significantly different from those from the 
control group and are represented as the means ± SEM (∗ p < 0.05, ∗∗ p < 0.01, and ∗∗∗ p < 0.001; Student’s t-test 
for parametric data or the Mann–Whitney test for nonparametric data, n = 4 per group).

as ePC (3.07 and 2.85%), ePE (0.05 and 0.03%), and ePS (0.008 and 0.004%); PE (0.48 and 
0.32%); PS (0.92 and 0.51%); PI (0.94 and 1.58%); LPE (0.068 and 0.074%); PA (0.05 and 
0.04%) and PG (0.03 and 0.02%) (Figure 6B). In addition, these analyses showed that the main 
changes in serum were due to inverse levels of phosphatidylcholine and its plasmalogen, 
lysophosphatidylcholine, and the intermediate ePC species; together, a significant increase 
in PI subspecies occurred in the serum of the ischemic group.

Inverse PC and LPC-PI Serum Levels in Postischemic and Cognitively Impaired Rats 
Our results indicated that lipid phosphatidylcholine molecule subspecies, such as PC 34:2, 
PC 34:3, PC 36:5, and PC 38:3, significantly decreased in the serum of the ischemic group, 
showing a notable separability (Figures 7A,B) and reduced abundance (Figure 7C) relative to 

Figure 7. The majority of the species of PC decreased in the serum of postischemic rats. (A) Multivariate analyses: 
PLS-DA analysis used to discriminate between the lipid classes in the serum showing the factor score plots. (B) The 
PC profile is expressed as % mol composition. (C) Contour plots of the more influential subclasses of PC (variables) 
in the discriminant analysis for each evaluated variable. Data from the ischemic group were significantly different 
from those from the control groups and are represented as the means ± SEM (∗ p < 0.05, ∗∗ p < 0.01, and ∗∗∗ p 
< 0.001; Student’s t-test for parametric data or the Mann–Whitney test for nonparametric data, n = 4 per group).
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Discussion 

Novelty, this study described hippocampal and peripheral phospholipid profile changes in 
long-term postischemia associated with cognitive impairment in rats. The main changes on 
PLs were associated to hippocampal dysfunction, represented by a downregulation of PC, 
as precursor of acetylcholine and inverse levels of LPE and PS associated with peroxisome 
damage, a proinflammatory environment and cell death in the hippocampal parenchyma 
after 1 month of anoxia, glutamate excitotoxicity and Brain Blood Barrier (BBB) disruption 
generated by global ischemia in rats (Becerra-calixto and Cardona-gómez, 2017). Also, these 
findings are supported by our recent study were proinflammatory phospholipid profile was 
associated to neurodegeneration and neurological dysfunction (Marosi et al., 2006).

Figure 10. PI subspecies increased in the serum in postischemic rats. (A) Multivariate analyses: PLS-DA analysis 
used to discriminate between the lipid classes in the serum showing the factor score plots. (B) The PI profile is 
expressed as % mol composition. (C) Contour plots of the more influential subclasses of PI (variables) in the dis-
criminant analysis for each evaluated variable. Data from the ischemic group were significantly different from those 
from the control group and are represented as the means ± SEM (∗ p < 0.05 Student’s t-test for parametric data or 
the Mann–Whitney test for nonparametric data, n = 4 per group).

LPC 20:5, LPC 18:1, and LPC 20:4 (Figures 9A,B) in cases when LPC 18:0, which is a fatty acid 
involved in inflammatory processes in cerebrovascular disease, detected at a high level also 
by the counter graph (Figure 9C). 

For its part, the following PI subspecies demonstrated increased levels in the ischemic 
group: PI 36: 2 (18: 1/18: 1); PI 38: 4 (18: 0/20: 4), and PI 38: 5 (18: 1 and 20: 4), with PI 38:4 
being the most abundant according to the histogram and counter plot analyses (Figures 
10A–C). Interestingly, PLs composed of fatty acids with long carbon chains, such as 18: 0 
(stearic acid) 18: 1 (oleic acid) and 20: 4 (AA), are involved in proinflammatory processes 
and were detected in the serum of ischemic rats a month postinjury; maybe these results 
could be in relationship with the general increase of detected C 18:2 in TG and FFA fractions 
(Supplementary Figures S1E,F), future analysis should be done.

Figure 9. Altered LPC in the serum after global ischemia. (A) Multivariate analyses: PLS-DA analysis used to dis-
criminate between the lipid classes in the serum showing the factor score plots. (B) The LPC profile is expressed 
as % mol composition. (C) Contour plots of the more influential subclasses of LPC (variables) in the discriminant 
analysis for each evaluated variable. Data from the ischemic group were significantly different from those from the 
control group and are represented as the means ± SEM (∗ p < 0.05, ∗∗ p < 0.01, and ∗∗∗ p < 0.001; Student’s t-test 
for parametric data or the Mann–Whitney test for nonparametric data, n = 4 per group).
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to vary in different tissues, metabolic processes and developmental stages” (Braverman 
and Moser, 2012). As plasmalogens serve as storage depots for second messengers and 
their precursors, membrane activity and ion channels, the study of plasmalogens may also 
provide insight into neural membrane pathology (Farooqui and Horrocks, 2007).

In particular, PC are composed of fatty acids with polyunsaturated chains, such as 34:2, 34:3, 
36:4, 36:5, and 38:3, which are composed of linoleic acid (18:2), a precursor of the biosynthesis 
of AA (20:4) or AA composition per se (Choque et al., 2014), and may be supported by the 
increased LPC (18:0) catabolism to PC after ischemia. Additionally, elevated LPCs have been 
related to pathological lipid breakdown and the state of parenchymal inflammation after 
ischemia as an important source of reactive oxygen species (ROS) (Adibhatla and Hatcher, 
2007; Wang et al., 2010), as well as being correlated with macrophage/microglia responses 
and neuronal death (Nielsen et al., 2016), spatial memory dysfunction (Köfeler et al., 2010) 
and its efflux and transport by ABCA7 in dementia by AD (Tomioka et al., 2017), also serving 
as a strategy in the forecast of ischemic stroke (Jickling and Montaner, 2015).

Furthermore, the lipid alterations found in our study suggested that phospholipid- 
modulating enzymes could be dysregulated in the brain, either due to increased or 
decreased phospholipase activity catalyzing the hydrolysis of LPC into PC. “The enzymes 
that catalyze the breakdown of PC to phosphatide (the phospholipase D or PLD enzymes) 
or to glycerophosphocholine and FFA (phospholipase A2 or PLA2 enzymes) have been 
directly associated with cerebral ischemia. In addition, alterations in the reaction cascades 
of PLD enzymes, leading to aberrant phosphatidic acid (PA) signaling, have been linked to 
neurodegenerative processes, with the activation of PLA2-family enzymes by β-amyloid 
peptide in neurons, in turn releasing secondary lipid messengers, such as AA. PLA2s also 
play a role in the modification of physical properties, such as the fluidity of the cellular 
membrane” (Whiley et al., 2014). It is accepted that, during ischemia and reperfusion, free 
fatty acid concentrations increase, particularly those of polyunsaturated fatty acids released 
from membrane PLs through activation of PLA2 (Hamazaki and Kim, 2013).

Another phospholipid that is highly involved is PS is the major acidic phospholipid in human 
membranes and one that constitutes 2–20% of the total phospholipid mass of adult human 
plasma and intracellular membranes (Van Meer et al., 2008). Hence, the presence of PS 
is essential for maintaining cell homeostasis, however, the fatty acid composition of PS is 
important, with studies of healthy human brains reporting that approximately 20–30% 
of the PS in human gray matter is composed of DHA (22:6), which is widely reported to 
be a pro-cell-survival fatty acid in the brain (Tanaka et al., 2012). Therefore, a reduction 
in the DHA content of PS is associated with the progression of mild cognitive impairment 
to dementia (Cunnane et al., 2012), possibly because the DHA in the PS conformation is 
essential for neuroprotection (Zhang et al., 2015). Additionally, PS synthesis may be inhibited 

Our data suggested that spatial learning and reference memory were significantly impaired 
in global ischemic rats, a finding that was in line with those of previous studies (Deng et 
al., 2017). These results demonstrated that the damage in ischemic rats is large, and the 
functional outcome can become worse over time. Recently, the high incidence of cognitive 
impairment after an ischemic stroke event has been described (Sun et al., 2014) and the 
comorbidity factors, such as atherosclerosis (Knopman et al., 2016). Additionally, plasma 
phospholipid changes have been suggested in cognitive impairment associated with brain 
stroke patients but have not been clearly identified by the variability in humans (Li et al., 
2016). However, in subcortical ischemic vascular dementia and mixed dementia, an adaptative 
increase in polyunsaturated fatty acids and elevated membrane degradation (Lam et al., 
2014) have been observed. With respect to mild cognitive impairment and its progression 
to dementia, this condition has been addressed in Alzheimer-type dementia, with lipidomic 
brain changes in serum PLs being observed, mainly via reductions in PC (Wood et al., 2016). 
The findings of these studies are in accordance with our current data from an experimental 
model of global ischemia, however, we showed a specific fatty acid composition imbalance 
constituted of 18:0, 18:1, 20:4, and 22:6 in the parenchyma and peripheral PLs profile 
changes in long-term postischemia associated with cognitive impairment. The fatty acid 
composition of imbalanced PLs in familiar and sporadic Alzheimer’s disease in human brains 
has been commonly found, and in old triple transgenic AD mice with cognitive impairment, 
the imbalance has mainly been observed in PC and/or LPC, PE, and LPE (Villamil-Ortiz et al., 
2016; Villamil-Ortiz et al., 2017).

Until now, few studies have focused on the impact of global ischemia on lipid signaling. 
Though some of these studies have investigated the first hours to 1 week of the acute 
phase of postischemia (Adibhatla and Hatcher, 2007), few have evaluated lipid profiles in 
the brain or serum, and none have focused on the potential relationship of these profiles 
with cognitive impairment. Therefore, our data are valuable for the detection of 12 lipid 
species, six of which had significant concentration changes in the hippocampus and serum, 
specifically PC, LPE, and PS in the hippocampus and PC, LPC, ePC and PI in the serum of 
ischemic and cognitively impaired rats during long-term postischemia, possibly suggesting 
differential lipid signatures under pathological conditions due to ischemia, which has been 
suggested by some related neurological studies (Lin and Perez-Pinzon, 2013; Shen et al., 
2014; Hamazaki et al., 2016).

Glycerophospholipids are multifunctional molecules, are the major constituents of 
membranes and are responsible for the membrane bilayer, “mainly via choline or 
ethanolamine and to a lesser extent, inositol, serine or rarely, threonine. Further diversity 
is introduced by the components at the sn-1 and sn-2 positions, composing subclasses of 
diacyl and ether GP. Although plasmalogens represent up to 20% of the total phospholipid 
mass in humans, their physiological roles have been challenging to identify and are likely 
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for phospholipids that could be targeted for therapeutic exploration either through 
pharmacological intervention or enzymatic control, as phospholipases, for example, require 
further evaluation. Additionally, our findings are potentially useful for improving prediction 
and intervention after cerebral ischemia and form the basis for a future understanding of 
phospholipid dysfunction in neurological pathologies and targeting for prevention.
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by metabotropic glutamate receptor agonists, indicating that metabotropic glutamate 
receptor stimulation decreases not only the incorporation of serine in PS but also modulates 
the generation of excitatory postsynaptic currents in rat cerebellar slices. In addition, in 
neural membrane, PS modulates long-lasting changes in learning and memory according to 
the membrane composition (Farooqui and Horrocks, 2007). Interestingly, in our study, the 
increased PS 1 month postischemia was mainly composed of polyunsaturated fatty acids, 
such as AA 20: 4 (36:4, 38:4, 40:4), possibly suggesting an imbalance between the DHA and 
AA concentrations in PS. In the context of cerebral ischemia, excess intracellular calcium 
(Cai

2+) activates various lipases, including (PLA2) and PLC, which breakdown both intracellular 
and membrane phospholipids and release AA, thereby enhancing the proinflammatory 
response (Wang et al., 2007).

Interestingly, we also observed an increase in different species of LPE in the hippocampus of 
ischemic rats. LPE can be generated from PE via a phospholipase A-type reaction (Farooqui 
et al., 2000). Currently, the physiological significance of LPE in the brain after global ischemia 
is unknown. However, increased LPE has been demonstrated in major depressive disorder 
(MDD) and chronic stress (Liu et al., 2016; Oliveira et al., 2016). It has been reported that 
LPE has a direct relationship with calcium influx, which is closely related to cell death in 
neurodegenerative diseases and contributes to the cognitive impairment in transgenic mice 
with AD (Villamil-Ortiz et al., 2017).

For its part, phosphatidylinositol (PI) is characterized by the phosphorylation of the inositol 
head group of phosphoinositide, with a rapid and reversible phosphorylation rate, which 
critically participates in signal cascades and intracellular membrane trafficking (Hammond 
and Balla, 2015). PI is produced in the ER where its synthesizing enzymes, namely PI synthase 
(PIS) and CDP-DG synthase (CDS), are located (Kim et al., 2011). Based on the fact that PI is 
converted to PI3P in early endosomes and PI4P in the Golgi, plasma membrane (PM), and 
early and late endosomes, it is assumed that PI must be present in all of these membranes, 
as it has an important role in signaling pathways (Hammond and Balla, 2015). However, 
one past article mentioned that the four-vessel occlusion model-stimulated [3H] Inositol 
monophosphate formation via excitatory amino acids was greatly enhanced in hippocampal 
slices 24 h or 7 days after reperfusion (Seren et al., 1989). Additionally, PI has been recently 
reported to be a predictive marker of ischemic stroke (Tu et al., 2014).

In summary, our data showed that cognitive impairment in long-term postischemia 
is associated with a hippocampal phospholipid signature that indicates imbalance, 
proinflammatory environment, excitotoxicity and cell death, as evidenced in the peripheral 
PL profile related to cerebrovascular disruption and proinflammatory signaling and 
concomitantly supporting biomarkers of neurogenerative and cognitive impairment state 
and progression to long-term postischemia. Finally, this study provided a frame of reference 
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Introduction 

SAD is the most common form of dementia, and CADASIL is the most frequent hereditary 
ischemic small vessel disease of the brain (7, 37). Those diseases are forms of dementia and 
have similar characteristics, including damaged small blood vessels with protein deposits 
in different regions of the brain, protein deposits generated, in part, by gamma secretase 
activities, and affected people who develop symptoms at approximately 40–60 years of 
age with weakening dementia that progresses to complete incapacity at the end stage (50). 
CADASIL is a hereditary small-artery disease caused by mutations in the NOTCH3 (Notch 
homolog 3) gene on chromosome 19. Pathogenetic mutations alter the number of cysteine 
residues in the extracellular domain of NOTCH3, which accumulates in the small arteries of 
affected individuals (12, 32, 72). These vascular changes cause ischemic brain events that could 
lead to the main symptoms of CADASIL, characterized by migraine with aura, subcortical 
ischemic events, mood changes, apathy, cognitive impairment and epilepsy (59, 90). 

SAD is manifested by progressive behavioral changes, the loss of recent memory, and decline 
in executive and cognitive functions (51). The traditional AD pathology is associated with the 
accumulation of Aβ peptide (4, 86) and tau hyperphosphorylation, the loss of neurons and 
synaptic terminals, neuro-inflammation, reactive astrocytosis, microvascular disease, and 
increased cellular stress. However, the exact trigger and drivers for disease progression are 
not fully understood (74). To understand the histopathological changes in neurodegenerative 
diseases, new lipidomic approaches have suggested interesting changes in brain phospholipid 
metabolism that could be connected with the pathogenesis of dementia type AD (44). 

The brain is the most lipid-enriched organ in the human body (excluding adipose tissue). 
Brain cells avidly take essential fatty acids across the blood-brain barrier to satisfy their 
need to synthesize complex acyl-lipids (6, 67). The plasma membranes of neural cells are 
highly enriched in cholesterol, sphingolipids and phospholipids (PLs). PLs in the brain are 
characterized by the highest level of structural complexity in their hydrophilic head groups. 
The notable heterogeneity in fatty acid composition reveals many different molecular 
species exerting structural and physiological roles in maintaining normal brain function (14,15). 
A better understanding of the molecular changes in the lipidome of both SAD and CADASIL 
might help to clarify the commonalities between the dysregulation of lipid metabolism and 
pathogenesis, as well as the contribution of biomarkers in the pathogenesis in each of these 
diseases, or to identify a common phospholipid-related phenomenon in brain damage. 
Thus, in a cohort of patients with CADASIL and SAD,(29) we developed phospholipid profiles 
of the temporal cortex, white matter and CSF and compared them with those of healthy 
brain samples. 

Abstract 

Sporadic Alzheimer’s disease (SAD) is the most common form of dementia, and cerebral 
autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy 
(CADASIL) is the most frequent hereditary ischemic small vessel disease of the brain. Relevant 
biomarkers or specific metabolic signatures could provide powerful tools to manage these 
diseases. Therefore, the main goal of this study was to compare the postmortem temporal 
cortex gray matter, corpus callosum and cerebrospinal fluid (CSF) between a cognitively 
healthy group and CADASIL and SAD groups. We evaluated 352 individual lipids, belonging 
to 13 lipid subclasses, using mass spectrometry, and the lipid profiles were subjected to 
multivariate analysis to discriminate between the dementia groups (CADASIL and SAD) and 
healthy controls. Our data showed differential lipidic patterns between the pure vascular 
dementia groups, CADASIL and SAD, and the healthy controls. The main species of lipid 
profiles showing greater discrimination by partial least squares-discriminant analysis (PLS-
DA) and a higher significance multivariate correlation (sMC) index were as follows: PS 44:7 
(18:1/22:6)/LPE 18:2 in gray matter (GM); PE 32:2 (16:1/16:1)/PC 44:6 (18:0/22:6) in white 
matter (WM), and ePE 38:2 (18:0/20:2)/ePC 34:3 (14:0/20:3) in CSF. Those findings were 
supported by a high correlation profile of the phospholipids (PLs) between the pathologies 
in heat maps. Interestingly, common subphospholipidic species were obtained in both 
dementias when these brains were compared with healthy brains, such as PS 44:7/LPC 22:5 
in GM, PE 32:2 in WM and PA 38:5/PC 42:7 in CFS. Nevertheless, the heat maps indicated 
other possibilities, including other sublipidic species with a lower weight index. Our 
findings suggest that PLs involved in neurotransmission alteration, connectivity impairment 
and inflammation response in GM, WM and CSF are a transversal phenomenon affecting 
dementias such as CADASIL and SAD independent of the etiopathogenesis, thus providing a 
possible common prodromal phospholipidic biomarker of dementia.

Key words: Phospholipids, biomarkers, gray matter, white matter, Cerebrospinal fluid, 
dementia.
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Table 1. Demographic and pathologic data for control, CADASIL and SAD groups. SAD cases showed angiopathy only 
SAD* show vasculopathy. NA= not available; NAP= not applicable. B = Histological findings suggest the diagnosis 
of Alzheimer´s disease. C = Histologic findings indicate the diagnosis of Alzheimer´s disease. CADASIL-Notch3 
mutation.

Diagnosis Gender Age of on-
set (years)

Age of death 
(years)

Postmortem time 
(hours)

Braak NF 
stage NIA-RI CERAD score

SAD F 77 88 5.5 II A2,B1,C2 B
SAD* M 74 83 < 24 V A3,B3,C3 C
SAD F 76 81  2.8 IV A2,B2, C3 C
SAD F 75 90 4.5 II A2,B1,C2 B
SAD M 74 81 2.1 III A2,B2,C3 C
CADASIL M 61 65 3.9 NAP NAP NAP
CADASIL F 52 58 3.5 NAP NAP NAP
CADASIL F 45 47 2.1 NAP NAP NAP
CADASIL F NA 49 5.7 NAP NAP NAP
CADASIL M 42 59 5.7 NAP NAP NAP
Control M NAP 60 < 24 NAP NAP NAP
Control F NAP 84 4.3 NAP NAP NAP
Control F NAP 67 3.8 NAP NAP NAP
Control F NAP 75 14.7 NAP NAP NAP
Control M NAP 69 6.8 NAP NAP NAP

Lipid analyses 
Cerebral cortex (0.5 gr), white matter (0.5 gr) and CSF (0.5 ml) were processed individually 
according to the FOLCH technique for the extraction of lipids (26) using a mixture of 2 mL 
of chloroform (CHCl3) and 1 mL of methanol (CH3OH) in a 2:1 (v/v) ratio. Next, 0.005% 
butylated hydroxytoluene (BHT) was added, and this mixture was used to homogenize the 
samples. Consequently, 1 mL of 0.9% sodium chloride (NaCl) was added, and the mixture 
was centrifuged at 3,000 rpm for 3 min. The organic layer (lower layer) was removed 
and transferred to a new glass tube. The solvents were evaporated, and the extract was 
lyophilized to remove the excess humidity. Dry lipid in average was 11 mg, 13 mg and 2,5 
mg for Cerebral cortex, white matter and CSF, respectively. Finally, the lipid composition was 
analyzed by mass spectrometry. 

Mass spectrometry
An automated ESI-MS/MS method was used, and data acquisition and analysis was carried 
out at the Kansas Lipidomics Research Center using an API 4000™ and Q-TRAP (4000Qtrap) 
detection system as described previously (89). This protocol allowed the detection and 
quantification of low concentrations of polar lipid compounds. The molecules were 
determined by the mass/charge ratios and then were compared with their respective 
internal standard to define which species of lipids were in the evaluated extract: 0.30 nmol 
of 14:0 lysoPG, 0.30 nmol of 18:0 lysoPG, 0.30 nmol of 14:0 PG, 0.30 nmol of 14:0-lysoPE, 
0.30 nmol of 18:0-lysoPE, 0.60 nmol of 13:0-lysoPC, 0.60 nmol of 19:0-lysoPC, 0.60 nmol of 
12:0-PC, 0.60 nmol of 24:1-PC, 0.30 nmol of 14:0 lysoPA, 0.30 nmol of 18:0 lysoPA, 0.30 nmol 

Materials and Methods 

Human brain samples 
Postmortem tissue and CSF were obtained from the University of Antioquia Brain´s BioBank. 
The consent forms were signed by the patients themselves or their next of kin, and this study 
was approved by the Bioethical Committee for Human Studies at the University of Antioquia. 
Five subjects with SAD, 5 subjects with CADASIL and 5 control subjects, categorized by age 
and cognitive function, were included. The characteristics of the individuals are shown in 
Table 1, and the postmortem index was the time lapse between the patient´s death and 
sampling. Histological/pathological classification was assessed in the Neuroscience group 
of Antioquia using the Braak stage to classify the degree of AD (9), NIA-RI criteria for the 
pathological diagnosis of AD´s “high likelihood” (29) and the Consortium to Establish a Registry 
for Alzheimer’s Disease (CERAD), a neuropsychological battery developed to screen AD (24). It 
comprises the following eight subtests: Mini-Mental State Examination (MMSE/30), Verbal 
Fluency (VF/24), Modified Boston Naming Test (BNT/15), Word List Learning (WLL/30), Word 
List Recall (WLR/10), Word Recognition Discriminability (WLRD/10), Constructional Praxis 
Copy (CP/11), and Constructional Praxis Recall (PR/11). The temporal cortex, white matter 
and CSF samples were flash frozen and stored at −80°C for biochemical analyses.

Sectioning and histology 
Sections (50 µm) of formaldehyde-fixed embedded temporal cortices were cut by using a 
vibratome. The neuronal population morphology was evaluated using Nissl staining with 
toluidine blue (Sigma). Briefly, the sections were rinsed in distilled water and then were 
immersed in 1% toluidine blue. Next, the slides were dehydrated, immersed in xylene, and 
mounted in Depex. For immunostaining, the sections were rinsed in distilled water for 5 
min and then were heated at 80°C for 20 min in 0.1 M citrate buffer at pH 9. After cooling, 
the sections were incubated with the primary antibodies against anti-MAP-2 (monoclonal 
mouse, 1:500; Sigma M9942), anti-Iba-1 (polyclonal rabbit, 1:500; Wako  019-19741), 
anti-GFAP (polyclonal rabbit, 1:500; Sigma G3893), claudin-5 (monoclonal mouse, 1:250; 
Ruo AC3C2) and Vimentin (polyclonal rabbit, 1:500;  Abcam  ab137321) overnight at 4°C. 
Thereafter, the sections were incubated with biotinylated secondary antibodies and with 
the avidin–biotin-peroxidase complex kit (Vector) with 3,3′-diaminobenzidine- 4HCl/H2O2 
(DAB, Sigma, St. Louis, MO, USA) as a substrate. Negative controls were run identically 
except for the incubation with the primary antibody. The sections were then mounted and 
examined under a Nikon microscope (Eclipse E200, Kawasaki, Japan). The images were 
modified to a binary system and integrated densities (relative units), which were obtained 
for each image. The background was automatically subtracted in each image to quantify the 
relative intensity of immunostaining at 40×.
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group and dendrite loss with apparent disassembly of dendrites in the GM from LI to LVI 
in the SAD group compared with the control group. These findings were supported by the 
aggregation of neurons visualized by Nissl staining, exhibiting disorganization in the cortical 
layers and neuronal shrinkage compared with round and pale stained nuclei, which are 
typical of normal healthy cells (Fig. 1). Additionally, when we evaluated the microglia by Iba-
1 IR, we detected significant hyperreactivity in the CADASIL and SAD groups in the layer I-III, 
as well as in layer IV-VI and WM in the CADASIL group, compared with those in the control 
group. (Fig. 1).

To evaluate astrocytes, we used the GFAP antibody and detected no changes in the 
immunoreactivity level, but we found notable differences in the staining pattern in all 
cortical layers and WM in the CADASIL group compared with those in the control group, as 
well as a drastic reduction of GFAP in the SAD group. Additionally, vimentin showed reduced 
immunostaining in the CADASIL group; however, vimentin was distributed in vessels and 
surrounding astrocytes in the CADASIL group and was significantly reduced in the GM and 
WM in the SAD group (Fig. 1). These observations were supported by the localization of 
claudin-5 to the length of the shrunken vessels (as rapes) in the CADASIL samples and 
almost any claudin-5 IR in SAD samples. These results suggest that increased BBB leakage 
in the dementia groups might be correlated with dendrite retraction and microgliosis as 
a product of the altered lipidomic profile that presents a common pattern between the 
dementia groups. 

Phospholipid profile in the temporal cortex and discrimination between the dementia 
groups (CADASIL and SAD) and healthy brains 
Three hundred fifty-two species of PLs were evaluated by mass spectrometry to understand 
the effects of CADASIL and SAD on the cerebral cortex phospholipid profile. The temporal 
cortex lipid profile was detected in 13 lipid species, where similar changes were obtained 
in the PL concentrations in the dementia groups (CADASIL and SAD) compared with those 
in the healthy group (C); major variability was found more often in SAD than in CADASIL 
profiles. The findings showed a significant increase in PC (C 34 vs CADASIL 50/SAD 38%Mol) 
compared with the reduction in lysophosphatidylcholine (LPC) (C 1,3 vs CADASIL 0,4 SAD 
0,7%Mol). Furthermore, we observed increased concentrations of PE (C 7,6 vs CADASIL 
16,1/SAD 13,7%Mol) and LPE (C 0,34 vs CADASIL 0,62/SAD 0,61%Mol) and decreased 
concentrations of PI (C 11,9 vs CADASIL 2,4/SAD 8,5%Mol), PS (34,5 vs CADASIL 10,1/SAD 
18,2%Mol), PA (C 1,3 vs CADASIL 0,2/SAD 0,7%Mol) and PG (C 0,43 vs CADASIL 0,08/SAD 
0,3%Mol) (Fig. 2A).

Partial least squares-discriminant analysis was used to discriminate PLs between the 
CADASIL/SAD patients and controls. Scores plots of the three factors were constructed to 
analyze the trends among the different groups. PLS-DA indicated that the three groups were 
located differently at the quadrant (Fig. 2B), showing different identities. The CADASIL and 

of 14:0-PA, 0.30 nmol of 20:0 (phytanoyl)-PA, 0.20 nmol of 14:0-PS, 0.20 nmol of Phy PS, 
0.28 nmol of 16:0-18:0 PI, and 0.10 nmol of 18:0-PI. The system identified 13 different lipid 
species and their respective subspecies, which were recognized by the number of carbons 
and degree of unsaturation of the chain. The lipid concentration was normalized by the 
molar concentration across all species for each sample, and the final data were presented 
as the mean % Mol. 

Statistical analysis

The lipid levels for each sample were calculated by summing the total number of moles of 
all lipid species measured and then normalizing that total to % Mol. Comparisons among 
groups were assessed either by one-way ANOVA followed by Tukey’s post hoc test or 
the Kruskal-Wallis test, depending on the normal distribution of the experimental data. 
Multivariate analysis was performed using partial least squares-discriminant analysis (PLS-
DA) (45). PLS-DA was included because it is particularly useful for the analysis of datasets 
with few samples and many variables. PLS-DA was carried out using the routines described 
by Ballabio & Todeschini (5) and was performed to identify differences among the study 
groups (SAD, CADASIL and healthy controls). An index representing the importance of the 
variables according to the first three components was estimated: the PLS-DA index used 
was called the variable importance in projection (VIP)(53), a weighted sum of the squares of 
the PLS weight that indicates the importance of each variable in the model and reflects the 
proportion of the explained variance weighted by the covariance between the predictor 
variables and dependent variable—i.e., the groups. For comparison, the recently proposed 
significance multivariate correlation (sMC) (76) index was also included in the analyses. sMC is 
similar to VIP but discards residual variance in the predictor variables that can be considered 
nonrelevant information to discriminate among the groups. The confidence ellipsoids per 
group and treatment were also included. Furthermore, PLS-DA was performed iteratively 
until the smallest subset of variables was identified to obtain separability among the 
confidence ellipsoids of the groups whenever such a separability was observed with the 
whole set of variables. To evaluate the similarities among the % Mol values of the lipid 
species, Pearson’s linear correlation coefficient was also measured. The data from the 
univariate statistics were expressed as means ± standard error of the mean. The statistical 
significance is indicated in the figures. 

Results 
Dendrite retraction and microgliosis are common histopathologies in CADASIL and 
sporadic Alzheimer’s disease
To assess the neural state of the analyzed postmortem tissue from the dementia and control 
groups, we used immunostaining for markers of neurons, astroglia, microglia and vessels. 
We observed no significant changes in the quantification of MAP-2 immunoreactivity (IR); 
however, we detected an aggregation pattern for MAP-2 in LI-III and LVI in the CADASIL 
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Figure 2. Lipid composition of the temporal cortex from human CADASIL, SAD, and healthy subjects. A) The 
lipid class profiles are expressed as % Mol composition. All lipid species were measured (means), and the error 
bars represent the SEM. The data for CADASIL tissue were significantly different from the control subjects (∗p < 
0.05, ANOVA followed by the Tukey post hoc test or Kruskal-Wallis test). B) PLS-DA analysis of the lipid profiles 
from the temporal cortex of CADASIL, SAD, and healthy subjects. The panel show the factor score plots for PLS-
DA and C) show the projections of the data with the sMC and VIP metrics. D) Values from sMC and VIP in a table. 
LPC, Lysophosphatidylcholine; PC, phosphatidylcholine; SM, sphingomyelin; ePC ether phosphatidylcholine; LPE, 
lysophosphatidylethanolamine; PE, phosphatidylethanolamine; PE-Cer, Phosphatidylethanolamine Ceramide; ePE, 
ether phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; ePS, ether phosphatidylserine; 
PA, phosphatidic acid; PG, phosphatidylglycerol. n = 5 per group.
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SAD groups showed a differential distribution pattern, indicating that the phospholipid (PL) 
profile was different for each type of dementia (Fig. 2B). Additionally, 53,9% of the total 
variance may be explained by factor 1, followed by the factor 2 with 41.29% and factor 3 
with 4,63%. According to the sMC and VIP, the six most changing species were confirmed to 
be PS (44:7) (sMC: 13,17/VIP: 1,0699), LPE (18:2) (sMC: 9,20/VIP: 1,0052), PC (42:4) (sMC: 
7,21 VIP: 1.0104), PE (30:1) (sMC: 5,84/VIP: 0.9959), LPC (20:5) (sMC: 5,02/VIP: 0,9674) and 
LPC (22:5) (sMC: 4,85/VIP: 0,9469), as shown in Fig. 2.C-D. 

Similarities and differences of the lipidic subspecies in the temporal cerebral cortex among 
the CADASIL, SAD and healthy brain groups
Phosphatidylcholine (PC) is the most abundant phospholipid of all mammalian cell types 
and subcellular organelles and plays structural roles defined primarily by chain length (77). 
To our best knowledge, this is the first description of a lipid profile for CADASIL. However, 
in previous studies in AD, several PC and LPC species were reported to be significantly 
decreased, increased or unchanged depending on the sample and technique used for the 
analysis (43, 46, 54). 

A general overview revealed a significant increase in PC (p: 0,04), while LPC (p:0,0216) was 
reduced, in the CADASIL group compared with control in the temporal cortex. Additionally, 
PI and PS showed a clear decrease in the CADASIL group (Fig. 2A). The SAD group showed a 
similar tendency of changes compared with the CADASIL group. However, we observed no 
significative differences via ANOVA, probably because of the variability of the data.

Additionally, a heat map was computed to visualize the trends for the 352 lipid classes and 
correlation between dementia groups (Fig. 3A), showing that PC was correlated strongly 
with PE, and LPE, LPC with PS (highlighted square). Furthermore, we observed novelty 
correlations between PI and PS, ePS, PA, or PG (Fig. 3 A). When we performed PLS-DA 
considering both dementias in one group (SAD & CADASIL) compared with the controls, the 
figure showed ellipsoids, with a closer distribution between the dementias, and different 
quadrants, explained by the first component in 92,13% and second one in 7,9% (Fig. 3B). The 
four subspecies more discriminant of dementias compared with control were as follows: 
PS (44:7), LPC (22.5), PC (32:2) and LPC (20:1) (Fig. 3C). Concordantly, when we compared 
the CADASIL and control groups, the CADASIL group was fairly homogeneous, with the 
first component explaining the discrimination in 99,66% and second one in only 0,34%%: 
PC (42:4), PS (44.7), LPC (22:5) and PS (36:5) were different from those of the control (Fig. 
suppl 1A). Additionally, when we compared the SAD and control groups, the first component 
explained the discrimination in 98,59% and the second in 1,41%; some species similar to 
those in CADASIL were highlighted: PS (44:7), LPC (22:5), PS (44:4) and ePC (34:4) (Fig. suppl 
1B). However, when we compared the CADASIL and SAD groups, we found that the first 
component explained the discrimination in 94.74% and the second in 5,26%. We detected 

Figure 3. Correlation matrix in Dementias from Temporal Cortex. A) Heat map of the Pearson’s linear correlation 
among the 352 measured metabolites. Metabolites are clustered using subspecies per families for CADASIL and 
SAD. B) PLS-DA analysis of the lipid profiles from dementia groups (CADASIL & SAD) with control group and C) 
show the projections of the data with the sMC and VIP metrics. n = 5 per group. LPC, Lysophosphatidylcholine; PC, 
phosphatidylcholine; SM, sphingomyelin; ePC ether phosphatidylcholine; LPE, lysophosphatidylethanolamine; PE, 
phosphatidylethanolamine; PE-Cer, Phosphatidylethanolamine Ceramide; ePE, ether phosphatidylethanolamine; 
PI, phosphatidylinositol; PS, phosphatidylserine; ePS, ether phosphatidylserine; PA, phosphatidic acid; PG, phos-
phatidylglycerol. Black square: higher correlations between PI with PS, ePS, PA, PG
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specifically abundant in the inner mitochondrial membrane. PE plays a main role as lipid 
chaperone, supporting the folding of certain membrane proteins; PE is needed for the 
activity of several respiratory complexes (60) and is a critical constituent of myelin (25). We 
detected by PLS-DA that PE (32:2) is the more relevant species to separate the three study 
groups. PE comprising two chains of 16:1 (palmitoleic acid) was decreased in the CADASIL 

Figure 4. Lipid profile of the white matter from human CADASIL, SAD, and healthy subjects. A) The lipid class 
profiles are expressed as % Mol composition. All lipid species were measured (means), and the error bars represent 
the SEM. B) PLS-DA analysis of the lipid profiles from the temporal cortex of CADASIL, SAD, and healthy subjects. 
The panel show the factor score plots for PLS-DA and C) show the projections of the data with the sMC and VIP met-
rics. D) Values from sMC and VIP in a table. LPC, Lysophosphatidylcholine; PC, phosphatidylcholine; SM, sphingomy-
elin; ePC ether phosphatidylcholine; LPE, lysophosphatidylethanolamine; PE, phosphatidylethanolamine; PE-Cer, 
Phosphatidylethanolamine Ceramide; ePE, ether phosphatidylethanolamine; PI, phosphatidylinositol; PS, phos-
phatidylserine; ePS, ether phosphatidylserine; PA, phosphatidic acid; PG, phosphatidylglycerol. n =4-5per group.

differences in LPE (18:2), PS (44:9), PA (34:3) and PS (42:8) in the CADASIL group compared 
with those in the SAD group (Fig. suppl 1C). 

Phosphatidylserine disbalance comprising docosahexaenoic acid, erucic acid derivates 
and linoleic acid, and the similarities and differences between the CADASIL and SAD 
groups in the temporal cerebral cortex
Phosphatidylserine (PS) is localized in the plasma membrane, solely in the cytoplasmic 
leaflet, where it forms part of protein docking sites necessary to activate several key signaling 
pathways. In mammalian tissues, PS is synthesized from either PC or PE exclusively by Ca 
2+-dependent reactions where the head group of the substrate PL is replaced by serine (42). 
We detected that PS (44:7), comprising docosahexaenoic acid (DHA) 22:6 and erucic acid 
22:1, was the species with more importance for separating the three groups, with the ability 
to distinguish between the dementia groups or between each one independently with 
respect to the control group. However, the main differences between the CADASIL and SAD 
groups concerned LPE (18:2) and PS (44:9). In all the scenarios, the dementia groups showed 
alterations in the family of phospholipids related to cell signaling and neurotransmission in 
the temporal cerebral cortex, such as PS, LPC, and PC (Fig. 3 B-C).

Phosphatidylethanolamine (16:1/16:1) shows convergent deficiency in the white 
matter of the CADASIL and SAD groups
The white matter lipid profile was detected for 13 lipid species: PS (34%), PC (26%), and SM 
(16%) showed higher % Mol in control samples, PC (29%), SM (18%) and PS (17%) showed 
higher % Mol in CADASIL samples, and PC (40%), PS (17%) and SM (16%) showed higher % 
Mol SAD samples (Fig. 4.A). However, when we compared the lipid families, we detected 
no changes by ANOVA. Considering the above results, a supervised analysis was performed 
by PLS-DA to classify the samples and highlight the discriminant features among the white 
matter of the CADASIL, SAD and control subjects. The score plot of the PLS-DA model (Fig. 
4.B) shows the intergroup separation along the three axes. Additionally, the CADASIL and 
SAD groups presented a different distribution pattern, showing that the phospholipid 
profile was different for each disease. Factor 1 explained 49% of the total variance, followed 
by factor 2 with 45% and factor 3 with 6%. The most discriminant signals were selected 
according to the significance multivariate correlation (sMC) and variable importance in the 
projection (VIP), through which the six species showing the most change were confirmed for 
PE (32:2) (sMC: 13,79/VIP: 0,9671), PC (44:6) (sMC: 8,67/VIP: 0,9954), PC (44:4) (sMC: 6,83 
VIP: 1.1456), PA (32:1) (sMC: 5,83/VIP: 1.0849), PE (34:3) (sMC: 4,05/VIP: 0,9175) and PG 
(36:1) (sMC: 3,41/VIP: 0,8617), as observed in Fig. 4 C-D.

Phosphatidylethanolamine (16:1/16:1) has a convergent deficiency in the white matter 
of CADASIL and SAD. Phosphatidylethanolamine (PE) is the second most abundant 
phospholipid in mammalian cells. It is enriched in the inner leaflet of membranes and is 
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and SAD groups compared with that in the control group. Similarly, we detected that PE 
(34:3) comprising 16:1 and 18:2 (Linoleic acid) shows differences in the dementia groups 
compared with that in the control (Fig. 4.D). Accordingly, a heat map for the correlation 
between CADASIL and SAD in the white matter showed a high divergence in these diseases. 
Nevertheless, we observed a high correlation among the PE species as well as for PE with 
some species of PC and LPC (Fig. 5.A). Interestingly, the PE correlationship was supported 
by PLS-DA, considering both dementias in one group (SAD & CADASIL) compared with the 
controls. We observed ellipsoids with a similar distribution pattern between dementias 
and different quadrants compared with the control. This finding was explained by the first 
component in 97,77% and the second one in 2,23% (Fig. 5.B), and the four subspecies more 
discriminant of dementias compared with the control were as follows: PE (32:2), PS (44:11), 
PS (44:12) and PA (34:2) (Fig. 5.C).

Phospholipidic differential pattern in the cerebrospinal fluid profile from CADASIL and 
sporadic Alzheimer’s disease brains compared with healthy brains 
The cerebrospinal fluid is a clear colorless liquid that fills the subarachnoid spaces 
surrounding the brain, spinal cord, and ventricles. It is a metabolically active substance with 
bidirectional flow involved in the diffusion of metabolites in and out of the brain. Alterations 
in the composition of the cerebrospinal fluid markedly influence the functions of the 
central nervous system (17). We investigated the lipid pattern in the CSF to identify relevant 
clinical biomarkers of CADASIL and SAD. The cerebrospinal fluid lipid profile revealed 13 
lipid species: the % Mol values in the control samples were PC (52%), PS (18%), and SM 
(18%), those in the CADASIL samples were higher, with values of PC (58%), SM (23%) and 
ePC (7%), and those values in the SAD samples were PC (56%), SM (23%) and ePC (7%). 
This information is visualized in Fig. 6A, and a clear increasing tendency can be observed 
for PE and ePE in both dementias. The PLS-DA model built with our data set provided a 
good separation among the CADASIL, SAD and control subjects (Fig. 6.B), demonstrating 
the potential of cerebrospinal fluid PLs as biomarkers for dementias. Factor 1 explained 
49,55% of the total variance, followed by factor 2 with 47,65% and factor 3 with 2,80%. 
Thus, numerous altered PLs were identified using the VIP as well as the sMC metric, where 
the six more changing species were confirmed as ePE (38:2) (sMC: 4,7/VIP: 1,2240), ePC 
(34:3) (sMC: 3,6/VIP: 0,8937), PC (42:2) (sMC: 3,08/VIP: 0.7849), PC (42:4) (sMC: 3,00/
VIP: 1.1651), ePC (38:0) (sMC: 2,6/VIP: 0,9769) and PC (42:6) (sMC: 1,99/VIP: 0,8805), as 
observed in Fig. 6 C, D. Furthermore, among the lipids highlighted by the heat map in Fig. 
7.A, we observed an interesting correlation between some species of PE with ePE and PI that 
could be related to the tendency of these three species to increase in the dementia groups, 
as shown in Fig. 6.A. In general, ether lipids are peroxisome-derived glycerophospholipids, in 
which the hydrocarbon chain at the sn-1 position of the glycerol backbone is attached by an 
ether bond, and are important for the organization and stability of lipid raft microdomains 
involved in cellular signaling (19).

Figure 5. Correlation matrix in Dementias from White matter. A) Heat map of the Pearson’s linear correlation 

among the 352 measured metabolites. Metabolites are clustered using subspecies per families for CADASIL and 

SAD. B) PLS-DA analysis of the lipid profiles from dementia groups (CADASIL & SAD) with control group and C) 

show the projections of the data with the sMC and VIP metrics. n = 5 per group. LPC, Lysophosphatidylcholine; PC, 

phosphatidylcholine; SM, sphingomyelin; ePC ether phosphatidylcholine; LPE, lysophosphatidylethanolamine; PE, 

phosphatidylethanolamine; PE-Cer, Phosphatidylethanolamine Ceramide; ePE, ether phosphatidylethanolamine; 

PI, phosphatidylinositol; PS, phosphatidylserine; ePS, ether phosphatidylserine; PA, phosphatidic acid; PG, phos-

phatidylglycerol. Black square: higher correlations between PE with some species of PC and LPC
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Figure 7. Correlation matrix in dementias from Cerebrospinal fluid. A) Heat map of the Pearson’s linear correla-
tion among the 352 measured metabolites. Metabolites are clustered using subspecies per families for CADASIL 
and SAD. B) PLS-DA analysis of the lipid profiles from dementia groups (CADASIL & SAD) with control group and C) 
show the projections of the data with the sMC and VIP metrics. n = 5 per group. LPC, Lysophosphatidylcholine; PC, 
phosphatidylcholine; SM, sphingomyelin; ePC ether phosphatidylcholine; LPE, lysophosphatidylethanolamine; PE, 
phosphatidylethanolamine; PE-Cer, Phosphatidylethanolamine Ceramide; ePE, ether phosphatidylethanolamine; 
PI, phosphatidylinositol; PS, phosphatidylserine; ePS, ether phosphatidylserine; PA, phosphatidic acid; PG, phos-
phatidylglycerol. Black square: higher correlations between PE with some species of PE with ePE and PI.

Figure 6. Phospholipid profile in the cerebrospinal fluid from human CADASIL, SAD, and healthy subjects. A) The 
lipid class profiles are expressed as % Mol composition. All lipid species were measured (means), and the error bars 
represent the SEM. B) PLS-DA analysis of the lipid profiles from the temporal cortex of CADASIL, SAD, and healthy 
subjects. The panel show the factor score plots for PLS-DA and C) show the projections of the data with the sMC 
and VIP metrics. D) Values from sMC and VIP in a table. LPC, Lysophosphatidylcholine; PC, phosphatidylcholine; 
SM, sphingomyelin; ePC ether phosphatidylcholine; LPE, lysophosphatidylethanolamine; PE, phosphatidylethanol-
amine; PE-Cer, Phosphatidylethanolamine Ceramide; ePE, ether phosphatidylethanolamine; PI, phosphatidylinosi-
tol; PS, phosphatidylserine; ePS, ether phosphatidylserine; PA, phosphatidic acid; PG, phosphatidylglycerol. n =4-5 
per group.
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dementia. Therefore, proposing lipidomic profiles and lipidomic signatures could be useful 
to expand the understanding of pathologic mechanisms in neurodegenerative diseases. 
Interestingly, in this study, we obtained a significant model for discriminating between 
CADASIL and SAD patients and controls subjects that can identify similarities between these 
two different dementias.

PLs are biologically important molecules that form cellular membranes and are involved in 
the behavior of membrane proteins, receptors, enzymes and ion channels. They are also 
involved in maintaining lipid asymmetry, a dynamic process required to maintain normal 
neural membrane functions, such as neuroplasticity and vesicular transport (23). Different 
areas of the brain differ in phospholipid composition, and alterations of PL metabolism 
appears to have a multifactorial origin involving the overactivation of phospholipases, 
increased anabolism of lysophospholipids, peroxisomal dysfunction, imbalances in the 
levels of saturated/unsaturated fatty acids contained in the structure of PLs and oxidative 
stress (33).

The CADASIL group exhibited a significant reduction in the levels of LPC and increased 
levels of PC in the temporal cortex, whereas the SAD group has the same tendency but 
without significance because of the intrinsic variability of the group. In general, these 
results suggest an imbalance between phospholipid and lysophospholipids that is regulated 

Figure 8. Hypothetical scheme of a common inverse relationship of phospholipidic profile in GM/CSF respect to 
WM in CADASIL and SAD. Main changes of lipid profile and tissue relationship at the A) White matter (WM), B) 
Gray matter (GM) and C) Cerebrospinal fluid (CSF) in CADASIL and SAD.

PA/PS downregulation and PC upregulation as common changes in the CSF of the CADASIL 
and sporadic Alzheimer’s disease groups 
Common changes in the sublipidic species between both dementias with respect to the 
control—PA (38:5), PC (42:7, 44:11)—were detected by PLS-DA (Fig. 7.B-C). Phosphatidic 
acid (PA) is a minor component of biological membranes (approximately 1% of PLs). PA is 
a central element in the synthesis and turnover of glycerophospholipids and is essential in 
numerous cellular functions, such as vesicular trafficking, signal transduction, cytoskeletal 
organization and cell proliferation (87). Interestingly, in the general overview, PLS-DA did not 
show species such as PA. However, when we performed individual analysis of the dementia 
group compared with the control group, the sMC for PA (38:5) was 13,47, comprising oleic 
(18:1) and arachidonic acid (20:4) and PC (42:7), thus differentiating the dementia groups 
from the control group (Fig. 7B-C). Taken together, our data showed that PLs of the CSF 
differ between healthy people and those with CADASIL and SAD, mainly with regard to PA, 
as confirmed by pro-inflammatory fatty acids. 

Discussion 

The current study compares, for the first time, alterations in the phospholipid profile of 
individuals with CADASIL carrying Notch3 mutations with those with sporadic Alzheimer´s 
disease (SAD) and healthy brains to define similarities and differences in the phospholipid 
profile as a potential guide to develop biomarkers. In general, we found a similar disbalance 
in the dementia group (SAD & CADASIL), with a high correlation pattern identified by heat 
map analysis; further, a trend of increasing PC and PE and decreasing PS in the GM temporal 
cortex was found that was similar to the trends identified in the lipidic species detected in the 
CSF and was clearly discriminated by PLS-DA in comparison with the controls. Additionally, 
an inverse relationship of lipidic alterations (PC, PE reduction and PS increase) was observed 
in the white matter (corpus callosum) of both dementia groups (hypothetical scheme, Fig. 
8) that could be supported by PS compensation in the central nervous system due to the 
PS, PC and PE triangular interdependency, the enzyme balance of which could solve the cell 
homeostasis dialogue between the endoplasmic reticulum and mitochondria (77, 78, 80).

Additionally, our findings showed significance in the multivariate correlation index (sMC), 
revealing that PLs such as PS 44:7 (18:1/22:6) in gray matter (GM), PE 32:2 (16:1/16:1) in 
white matter (WM), and PA 38:5 (20:4/18:1) in the cerebrospinal fluid (CSF) are common 
sublipidic species in CADASIL and SAD. These PLs function as neurotransmitter precursors 
(PS 44:7), myelin composition alterations (PE 32:2) and the inflammation response (PA 
38:5), as supported by dendrite disruption and microgliosis in both CADASIL and SAD when 
compared with healthy brains. Those results point to a transversal phenomenon affecting the 
brain parenchyma in dementias, independent of the etiopathogenesis, possibly providing a 
common prodromal biomarker of dementia with potential vascular implications, supported 
by claudin-5 and vimentin labeling changes and suggesting parenchymal disruption in 
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the mitochondrial inner membranes compared with other organelles (77). Reduced levels of 
PE have been correlated with the severity of AD progression in serum (35) and brain tissue (44, 

54). PE has the ability to destabilize existing Aβ fibrils and prevent the formation of new fibrils, 
providing another mechanism by which PE loss facilitates AD pathology; however, a deficit 
in PE is not present in MCl, a previous stage of the disease (85). Similarly, the incorporation of 
ether-linked alkyl chains in PL alters their physical properties, such as packing, and affects 
membrane dynamics, reducing the membrane fluidity and increasing the rigidity (19), which 
could be supported by our previous studies in which alteration in the LPE and ePE levels 
was associated with memory impairment in 3xTg-AD mice (81). Additionally, PE has been 
described as the main component of axon membranes (79) and is associated with myelin 
production (27), suggesting that its alteration is a common pattern in these two dementias.

PS is an endogenously occurring phospholipid that is thought to play a key role in brain cell 
membrane fluidity, transmission of brain cell activity and neural information (31). We observed 
that PS 42:7 is the main discriminant species in the GM of the CADASIL and SAD groups and 
was reduced compared with the controls. However, while Wood et al., 2015 reported that 
the levels of PS were unaltered in the CSF, GM or WM (85), other groups reported that PS 
levels gradually decreased with increasing age, affecting memory and cognitive ability; in 
AD cases, this reduction was higher compared with that in control patients (88). Additionally, 
we observed that PS 42:7 (18:1/22:6), comprising oleic acid and DHA, and a lower plasma 
concentration of these and other fatty acids are associated with cognitive decline in both 
healthy elderly people as well as patients with AD(2, 64).

Postmortem neuropathological staining by MAP-2 showed dendrite retraction in GM, and 
this reduction was more drastic in the SAD group than in the C group. Microtubule-associated 
protein-2 (MAP-2) is distributed in the neuronal cytoplasm, especially in dendrites. MAP-
2 participates in the assembly and stabilization of the cytoskeleton to maintain neuron 
dendritic growth with the microtubules of the cellular cytoskeleton (22, 65). Our results agree 
with MAP2-absent immunolabeling in areas of the entorhinal cortex and hippocampus of 
AD brains that colocalized with BA plaques (18, 71); MAP-2 is detached from the microtubules 
by being sequestered by hyperphosphorylated tau in the AD brain. The removal of MAP2 
contributes to increased microtubule dynamics, thereby inducing aberrant remodeling 
of dendrites in AD (22). However, in the CADASIL group, MAP was associated with damage 
in autophagy through the ERK/MAPK pathway. In this sense, MAP1 is colocalized with 
autophagy markers, such as light chain 3 (LC3), sequestosome 1/p62 and Caspase-3 (39, 40). 
However, PS 44:7 levels and MAP2 disruption, with the detection of an aggregated pattern 
by Nissl staining, support a common neurotransmission and plasticity disorder in both 
dementias.

Microglia are the most abundant mononuclear phagocyte of the CNS, continually 
surveying their microenvironments in normal and diseased brains while providing immune 

by phospholipases. Activation of these phospholipases causes hydrolysis of membrane 
PLs and the generation of second messengers associated with neurodegeneration. In AD, 
overactivation of phospholipase A 2 (PLA 2), which catalyzes the hydrolysis of the ester 
bonds to liberate fatty acids (FA) and lysophospholipids, has been described. This enzymatic 
stimulation leads to decreased total levels of PLs and accumulation of their degradation 
products (34). Our results agree with the previous report by Villamil et al., 2018 where LPC 
20:4 and 22:6 were decreased in AD brains; however, they did not show differences in the 
levels of PC as in the present SAD group (81).

PC is the glycerophospholipid most abundant in all mammalian cell types and subcellular 
organelles; in this PL, a choline is attached to the phosphate group, leading to a cationic 
behavior (75, 77). No study has reported data for PC in CADASIL, while modulation in AD has 
not been consistent across different studies. A decrease in PCs in patients with AD has been 
reported previously in peripheral blood samples (33, 83), postmortem brain samples (38, 54, 56, 

84) and animal models (36, 70). A higher concentration of PC C36:6 was significantly associated 
with a decreased prevalence of dementia (46). Gaudin et al. demonstrated that two PC 
species were drastically depleted in senile plaques using a microdissection step on human 
brain samples and a semitargeted approach by UPLC-ESI-MS/MS (28). On the other hand, 
research in individuals carrying PSEN1 mutations responsible for autosomal dominant AD 
(ADAD) showed a positive correlation between PC species (34:6, 36:5, 40:6) and CSF tau 
(13). Other researchers found no changes in the frontal cortex, parietal, and temporal region 
from AD patients (61, 82). Alterations in PC and LPC can show differences in the plasma of AD 
and MCI patients compared with those in healthy controls. The ratio of PC to LPC could 
represent pathophysiological markers in AD (43), and, generally, in dementias, as reflected by 
the neurotransmitter precursor disbalance.

Interestingly, PA 38:5 (20:4/18:1) and PC 42:7 (20:4/22:3) are common lipids in CSF in the 
dementia group. Free fatty acid 20:4 (Arachidonic acid-AA) is directly involved in synaptic 
functions as a retrograde messenger and a neuromodulator of exocytosis. Additionally, a 
decrease in PA has been associated with synaptosome loss (8). Furthermore, some studies 
have shown that free ARA contributes to AD progression through various mechanisms: 
such as tau phosphorylation and polymerization and pro-inflammatory eicosanoids, which 
participate in neuroinflammation (66, 73). Therefore, it is important to determine the correlation 
between GM and CSF to confirm the potential of some PLs involved in neurotransmission 
failure and proinflammatory environment as biomarkers to identify patients at risk of AD 
progression.

The best discriminant lipids distinguishing CADASIL and SAD patients from controls were PS 
44:7 and LPE 18:2 in GM, PE 32:2 and PC 44:6 n WM and ePE 38:2, ePC 34:3 in CSF. Except 
for PS, all the other species were intermediates or derivates of metabolism of PC and PE. The 
second most abundant phospholipid in mammalian membranes is PE, which is enriched in 
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severely impaired in the CADASIL and SAD groups.

In summary, PLs are a complex metabolic network involved in the fundamental function of 
the brain, and our data suggest a common influence on neurotransmitter precursors, white 
matter composition and the inflammation response in GM, WM and CSF, respectively, as a 
transversal phenomenon of the brain parenchyma is likely occurring with dementias such as 
CADASIL and SAD (Fig 8). Therefore, single phospholipid changes are not sufficiently sensitive 
diagnostic biomarkers, but profiles of PL changes can reflect dishomeostasis. A general 
overview of lipid profile modifications could provide insight into prodromal biomarkers for 
dementia. Additionally, this knowledge could uncover novel strategies for early prevention 
and/or early intervention in dementias. However, further research is required to understand 
the role of PLs in the pathogenesis and progression of dementia.
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surveillance and activation in response to infection, noninfectious diseases, and injury (1, 16, 

30). Although microglial hyperactivation or dysfunction is a potential mechanism leading to 
neurodegenerative and neuroinflammatory diseases, the roles of microglia are still under 
debate (47). We observed strong reactivity of Iba-1 in CADASIL; however, this finding was 
not reported in postmortem tissue but, rather, in an animal model (TgPAC-Notch3 mice), 
which reported that myelin degradation is associated with a weak microglial response (15). 
This finding is supported by the common alteration of PE 32:2 in both dementias because 
PE is crucial to the connectivity of fibers in the white matter region (58), oligodendrocytes (20) 
and astrocytes (11); this type of tissue is widely affected by microvessel disruption in different 
dementias (55). In our study, microgliosis was also observed in the first layers of the temporal 
cortex in SAD and a diffused pattern was observed in the WM. The role of microglia activation 
in AD pathogenesis depends on the internal parenchyma compensation; thus, microglia 
activation can have both beneficial and detrimental effects. However, in chronic disease, 
microglia activity is maintained with proinflammatory properties, causing more neuronal 
loss (41).

In the same way, astrocytes are the most abundant glial cells in the brain and are responsible 
for brain homeostasis. Under pathological conditions, reactive astrocytes are ubiquitously 
detected throughout the CNS (68). It has been described that activated microglia induce 
A1 astrocytes through secreting tumor necrosis factor (TNF), interleukin-1α (IL-1α) and 
complement component 1q (C1q) and lose many neuroprotective functions of astrocytes (48). 
Reactive astrocytes are identified by increased expression of intermediate filament proteins 
such as glial fibrillary acidic protein (GFAP) and vimentin (14). We observed strong reactivity of 
GFAP and Vimentin in the CADASIL group. Accordingly, Hase et al., 2018 showed an increase 
in plasmatodendritic astrocytes and a decrease in the percentage of normal-appearing 
astrocytes (40). However, GFAP expression by qRT-PCR was significantly reduced in the frontal 
cortex and WM from CADASIL patients (10). Fibroblasts and myoblasts from CADASIL did not 
present changes in the actin and vimentin networks compared with those from the control 
(3), and variable levels of vimentin were observed (21), suggesting the heterogeneity of results. 
In AD, hypertrophic reactive astrocytes accumulate in the vicinity of senile plaques and are 
often seen in postmortem human tissue (52) and in animal models of the disorder even when 
variability was found between the evaluated regions (57, 63). However, our data suggest global 
astrocytic loss in chronic impairment, such as in sporadic Alzheimer´s disease.

Claudin-5 is a tight junction (TJ) protein in the blood-brain barrier (BBB) that regulates the 
integrity and permeability of the BBB (49). It has been described that, in AD and vascular 
dementia (VD), all claudin isoforms—2,5, and 11—are significantly higher in the neurons of 
the frontal cortex. A differential pattern in astrocytes and oligodendrocytes was detected, 
and PCA analysis discriminated the expression profile of TJ proteins, clearly separating AD 
from the controls and from other vascular brain diseases, including CADASIL (62, 69). Taken 
together, these findings suggest that the gliovascular unit of the brain parenchyma is 
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Introduction

Microglia are the most important immune cells of the central nervous system (CNS), being 
the first line of immune defense. They were first identified by Pio Del Río Hortega in 1919 
and described as cells with phagocytic capacity in brain tissue [1]. Microglia represent 
0.5%–16.6% of the total number of cells in the human brain [2], highly depending on the 
brain region. Their origin during development has been under constant debate and it had 
been thought that microglia had the same origin as the hematopoietic stem cells (HSC), but 
nowadays it is widely accepted that the brain’s immune cells derive from the early myeloid 
progenitors in the embryonic yolk sac (YS) at embryonic day 8.5, and are ontogenetically 
distinct from peripheral macrophages [3,4]. During embryonic development, these myeloid 
progenitor cells migrate via neural tube, colonize the entire parenchyma, and become 
microglia progenitors [5,6], which will mature to microglia cells. After birth, brain microglia 
already exhibit their definitive local density, following a wave of microglial changes and 
proliferation. During an organism’s lifetime, the microglial population is long-lived and 
maintained by a high proliferation rate that accounts for their self-renewal, similar to the 
behavior of peripheral tissue-resident macrophages, such as lung macrophages. Whether 
infiltration of peripheral monocytes in the brain during the adulthood contributes to the 
total number of adult brain microglia is not clearly known. However, recent studies suggest 
that intrinsic apoptosis and self-renewal by several proliferation cycles maintain a relatively 
steady number in our brain microglia without any contribution of monocyte infiltration [7]. 
Microglia function as the brain sentinels by constantly scanning their environment for cell 
debris, possible infectious agents, and misfolded plaques that reside in the brain of patients 
suffering of neurodegenerative disorders. The mature cells have a pivotal role in physiological 
and pathological conditions, mainly in aging and age-related neurodegenerative diseases, 
but also in other conditions such as brain infections and psychiatric disorders [8–10]. 

Lessons from microglial ontogeny and its destitution
Most of the cells that comprise the brain parenchyma come from the neuro-ectoderm. 
However, microglia have a crucially different developmental origin. These developmental 
differences are intimately related to their function in embryonic and adult life [11]. It is 
reasonable to think that because microglia are tissue-resident macrophages of the CNS, 
they share most of their developmental signature with other tissue-resident macrophages 
[12]. Nevertheless, developmental studies have demonstrated that within the mesoderm-
derived myeloid cells, microglia have still a different ontogeny. In this section, we will 
comprehensively delineate microglial development.

In mice, tissue-resident macrophages arise from erythromyeloid progenitors (EMPs) in two 
waves of production: an early primitive in the extra-embryonic yolk sac (YS) and a transient 
definitive, before the establishment of definitive hematopoiesis in the fetal liver and later in 

Abstract

The main immune surveillance cell of the brain, microglia, regulate synaptic pruning during 
development and induce or modulate inflammation during aging or chronic diseases. There 
is an increasing interest in physiological and pathophysiological functions of microglia, 
because they are sensitive to brain injury and disease, altering their phenotype and function 
to adopt a so-called activated state in response to any perceived threat to CNS integrity. They 
sense environmental changes, migrate towards the injury site, respond by releasing various 
factors and phagocyte microbes, dead cells, redundant synapses, protein aggregates, and 
cellular debris. Microglia, as the primary source of pro and anti-inflammatory cytokines or 
chemokines, are essential mediators of neuro-inflammation, being responsible of a large 
spectrum of cellular responses. Here, we show an overview of the role of microglia in 
human neurodegenerative diseases and provide an update on the current model systems 
to study microglia, including cell lines, iPSC-derived microglia, assembly or integration 
into 3D brain assembloids. We present various strategies to model and study their role in 
neurodegeneration, that provide a relevant platform for development of novel and more 
effective therapies.
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Homeostatic microglia express CSF-1 and survival of microglia depends on CSF-1R signaling 
[4,5]. An elegant proof-of-concept experiment in which a CSF-1R inhibitor that crosses 
the BBB was administered to mice that reported a yellow fluorescent protein (YFP) for 
microglia demonstrated that CSF-1R blockade effectively clears the microglial population 
[28].  Moreover, this clearance was harmless for mice. CSF-1R inhibition has been used to 
investigate microglia-dependent mechanisms in different neurodegenerative disorders. 
There are contradictory findings about the effects of microglia depletion in mice administered 
CSF-1R inhibitors, PLX5662 and PLX3397. For instance, PLX5662 exhibited neuroprotection 
and reduced leukocyte infiltration [29], whereas PLX3397 presented exacerbated neuro-
inflammation [30]. PLX5662, which is more brain-penetrant that PLX3397, successfully 
depletes microglia [31]; and subsequent repopulation after depletion elicited anti-neuro-
inflammatory effects, promoting brain recovery [32]. These findings suggest that after acute 
microglia depletion and repopulation may have beneficial effects in neurodegeneration. 
Another CSF-1R inhibitor, GW2850, depleted microglia and macrophages at the same 
time [33]. It may be that at early stages of development macrophages become sensitive to 
this drug, or that the treatment is not specific for CSF-1R and suppresses innate immune 
responses. Further research will interrogate ways to effectively deplete microglia with little 
side effects on other cell types employing the CSF-1R inhibition. 

Hippocampal injections with liposomal clodronate, a bisphosphonate that induces 
apoptosis in phagocytic cell types, deplete Iba1 positive microglia in vivo [34]. Interestingly, 
a developmental role for microglia has been strengthened by different effects of acute 
depletion in adult mice [35], and in early post-natal life [36,37]. 

With the discovery of microglial-specific markers, genetic depletion of microglia has become 
attainable. However, mice undergo severe developmental defects and rarely survive to 
adulthood [21,38]. With the introduction of novel genetic techniques, microglia depletion in 
adulthood is attainable, more specific and efficient than pharmacological approaches. For 
instance, expression of the suicide gene herpes simplex virus thymidine kinase (HSVTK) 
and its mutant version under the CD11b promoter decrease inflammation [39–41]. HSVTK 
promotes apoptosis after administration of ganciclovir [41]. Another genetic approach is 
the administration of diphtheria toxin (DT) to transgene mice that express diphtheria toxin 
receptor by Cre-mediated recombination driven by the CX3CR1 promoter [8]. Both genetic 
methods reach up to 90% efficiency and are highly specific for microglia [42–44]. With these 
powerful approaches, it remains in the outlook to interrogate the importance of specific 
microglial subpopulations and developmental stages.

The role of microglia in the CNS
Under healthy physiological conditions, microglia plays an important role during prenatal 
development when they support neurons and axons to form prenatal connections [45]. During 
neurogenesis, microglia are able to phagocyte apoptotic neural stem cells [46]. Afterbirth, 

the adult bone marrow [3,13–16]. Microglial origins can be traced to the primitive hematopoietic 
wave of early EMPs at embryonic day 7.5 (E7.5) in the YS [17]. This process is dependent on 
the transcription factors Spf1 and Irf8 and on colony-stimulating factor 1 (Csfr1) signaling 
[4,18]. Primitive macrophages from this first wave spread via the embryonic bloodstream 
and colonize the neuro-epithelium as early as E9.5 [4]. Conversely, other tissue-resident 
macrophages primarily develop from the transient definitive production wave of EMPs from 
the YS that colonize the fetal liver from E10 onward and mature into tissue macrophages 
through a monocytic intermediate[4,17]. Definitive hematopoiesis depends on the 
transcription factor Myb[17]. Genome-wide transcriptome and epigenome studies of mouse 
microglia showed that microglia cluster very different from other tissue macrophages and 
other glial cells [19–23]. However, there is no clear understanding of mechanisms underlying 
this dichotomy between macrophages and microglia.

The brain is an immune-privileged organ, with a blood-brain-barrier (BBB) which prevents 
peripheral macrophages and immune cells from infiltrating into brain parenchyma. Self-
renewing resident macrophage cell should migrate there in earlier developmental stages, 
prior to the establishment of the BBB at E10 [24]. As the brain develops, microglia must 
undergo changes in function to support neurogenesis and synapsis pruning. An important 
transcriptomic and epigenome study demonstrated that microglia cluster in three main 
groups: early microglia (until E14), pre-microglia (E14 to few weeks after birth) and adult 
microglia (few weeks after birth onward) [25]. Each of these phases had unique regulatory 
elements. For instance, disruption of adult-specific transcription factor MAFB led to a 
disorder of microglial homeostasis [25]. Additionally, germ-free mice and offspring with 
antecedent of maternal immune activation exhibited dysregulation of adult-specific genes 
in early microglial stages, impacting microglial function, even demonstrating behavioral 
features. These findings support that the microglial developmental program is in synchrony 
with the developing brain and that genetic and environmental perturbations will affect brain 
homeostasis through microglia. 

Most of microglial ontogeny studies have been performed in mice, making room for 
important debates about interspecies similarity[26] regarding CNS microenvironment, 
immune system evolutionary divergence, mouse models for neurodegenerative diseases. 
In human embryos, IBA1 positive microglia are present at gestational week 5.5 in the 
encephalon, and enter the brain through the ventricles [27]. All in all, the ontogeny of human 
microglia is a topic that remains to be studied in detail and its understanding is crucial for 
detection of strengths and limitations of murine findings.

Microglial depletion is a useful approach to study microglial biology in vivo. Absence of 
microglia in mice has been used to study repopulation capacity of microglia, as well as to 
interrogate fundamental mechanisms in neurodegeneration. Overall, there are two main 
approaches for microglial ablation: pharmacological and genetic interventions. 
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is well known, and the major markers at the CNS are the beta-amyloid plaques (βA) and 
neurofibrillary tangles (NFT) [68]. In this scenario, microglial role is crucial at the early stages 
because they possess the ability to remove the amyloid aggregates. However, with aging, 
this microglial ability to clear up the debris or apoptotic neurons begins to decrease, in 
parallel to the inflammatory signals that are increasing. Changes in the cytokine profile and 
inflammatory markers were detected in brain microglia of post mortem patients, which 
showed high levels of pro-inflammatory cytokines, such as TNF-α, IL-6 and IL-1β [69,70]. These 
data were corroborated by observations derived from brain tissue from AD patients, where 
microglia (positive for Iba-1 marker) lose motility necessary to assist neurons and exhibit 
high expression of cytokines receptors. Oppositely, other microglial proteins (CD68, MSR-A), 
the role of which is clearance of damaged cellular material, are positively associated with AD 
and impaired cognitive function [71]. 

During aging, microglial capacity to clean up βA decreases, leading to βA accumulation, 
and inflammation, that in turn facilitates more βA formation and aggregation, leading to a 
vicious detrimental cycle. Consequently, the AD progression becomes unavoidable, and the 
sum of it all entails neuronal death, with the activation of caspase-3, 6 and 8 which initiate 
apoptosis [72]. The initial microglia activation is beneficial up to a limit when it starts to be 
harmful by releasing cytokines and facilitating further βA aggregation [73].

Parkinson disease
Parkinson Disease (PD) is a neurodegenerative disorder that affects 1-3% of the world 
population above 60 years [74]. There are two different types to develop PD: genetic heritage 
or familial and sporadic disease [75,76]. Therefore, multiple mechanisms lead to the same 
pathophysiology in the PD brain: the loss of dopaminergic neurons as an essential feature, 
together with α-synuclein aggregation [77].

In healthy physiological conditions, genes, such as protein declycase DJ-1, Phosphatase and 
tensin homolog (PTEN)-induced kinase 1 (PINK1), Parkin, and Leucine Rich repeat kinase 
2 (LRRK2), regulate microglia function - inflammation, surveillance and phagocytosis, and 
those genes are the most affected in PD [78,79]. These changes lead to an increase in the 
markers of inflammation and an increase in ROS associated with a loss of DJ-1 and PINK1 
function and gain of Parkin and LRRK2 function [80–82]. There is no doubt about the crucial role 
of microglia in PD pathophysiology, by releasing more proinflammatory substances, which 
accelerate neuronal cell death. The understanding of PD pathology is hampered due to the 
disease complexity. 

Amyotrophic lateral sclerosis
Amyotrophic Lateral Sclerosis (ALS), a motoneuron degeneration of the CNS, is a multifactorial 
disease, with 5-20% of cases having a hereditary component while the majority are sporadic 
cases [83]. The ALS physiopathology involves changes in various physiological pathways, 

microglia remain as the main responsible for removing not functional or redundant 
synapses, also called neural pruning [47–49]. On the other hand, they are essential in regulating 
the synapse strain and plasticity, by releasing different molecular signals, such as reactive 
oxygen species (ROS), nitric oxide (NO), neurotrophic factors and proinflammatory cytokines 
[50].

Microglia cells are crucial to CNS homeostasis. They protect neurons against NMDA-induced 
toxicity, and they are able to communicate with astrocytes to increase the effectiveness and 
to guarantee the most suitable microenvironment [51–53]. Furthermore, as the macrophages 
of the CNS, microglia can capture antigens via phagocytic and endocytic receptors, process 
antigens by the lysosomal machinery, express the major histocompatibility complex class II 
(MHC class II) and exhibit the peptides, as antigen-presenting cells [54]. Microglial activation 
leads to morphologic changes, which is one of the possible different ways to classify microglia. 
The “resting” microglia was described as a state that the microglia cells receive inhibitory 
signals from the CNS environment but still alert with their highly motile processes [21,55]. 
The “activated” microglia, has been related to a transformation in morphology in contact 
with foreign substances, releasing pro-inflammatory mediators as interleukin-1β (IL-1β), 
tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6) [56,57]. The “alternatively activated” 
microglial phenotype, has been characterized as a phagocytic and an anti-inflammatory 
morphology, releasing protective and trophic factors [58]. However, recent studies suggest 
that this classification may be ineffective because due to a wide spectrum of microglial 
phenotypes [59,60].

Neurodegenerative diseases and microglia
Microglial activation has been associated with several disorders, including neurodegenerative 
diseases such as Alzheimer Disease (AD), Parkinson Disease (PD), Amyotrophic Lateral 
Sclerosis (ALS) [61]. These diseases have different protein markers and symptoms, but they 
have in common a similar physiopathology: accumulation of misfolded proteins that entails 
intracellular inclusions and followed by neuronal death [62]. As microglia is responsible for 
CNS homeostasis and phagocytosis, they can become activated in the presence of misfolded 
proteins, and could initiate molecular pathways detrimental to survival or surrounding cells, 
such as neurons, by releasing cytotoxic and pro-inflammatory factors [63,64].

Alzheimer disease
Alzheimer Disease (AD) is characterized by progressive neuronal loss in brain regions 
responsible for learning and memory, being highly associated with dementia. AD represents 
around 50-75% of dementia patients. 95% of AD cases are sporadic cases, and just 5% 
is considered familial AD, but in both cases, there is a multifactorial etiology behind [65]. 
Mutations in ApoE genes are related to late AD development [66], while vascular risk factor 
is the most related modifiable risk [67]. AD normally occurs in elderly people, and it is very 
difficult to diagnose at the beginning of symptoms. However, the pathophysiology of AD 
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Models to study microglia function in the CNS 

In vitro studies on microglial cells provide a good platform to understand fundamental 
questions on microglial biology under healthy and conditions modeling various brain 
pathologies. Currently, there are five main ways to culture microglia and perform experiments 
to learn more about the balance between the beneficial and detrimental role of microglia: 
cell lines (murine or human), primary microglia (mainly murine), stem cell-derived microglia 
(murine and human), organotypic brain slices of transgenic animals and brain spheroids/
organoids.

Cell lines 
Cell lines are immortalized cells, collected and generated by treatment with oncogenes, 
that induce them to become immortalized, although cells might undergo spontaneous 
immortalization as well. However, immortalized cells can be very sensitive to differentiation, 

Figure 1. Microglia in neurodegenerative diseases. Microglia serve numerous functions in the brain, including 
synaptic pruning, phagocytosis, secretion of growth factors to maintain homeostasis, immune surveillance, shaping 
axonal projections, among others to control the homeostasis. Usually, microglia is activated from different stim-
ulus, such as protein aggregates, myelin debris, apoptotic cells, etc. Its answer is described as reparative or toxic 
depending of the anti-inflammatory or proinflammatory factors secreted, respectively. AD: Alzheimer disease; ALS: 
Amyotrophic lateral sclerosis; CTE: Chronic traumatic encephalopathy; ECM = extracellular matrix; FTD: frontotem-
poral dementia; FTLD: frontotemporal lobar degeneration; HD: Huntington disease; HTT: huntingtin; PD: Parkinson 
disease; mSOD: superoxide dismutase 1; ROS = reactive oxygen species; TLR = toll-like receptor.

including increased oxidative stress, reduction of neurotrophic support, failure in protein 
homeostasis and RNA processing. In ALS patients, motoneuron degeneration has been 
associated with stimulation of excitotoxic pathways, glial inflammation [84], and microglial 
activation. Infiltrating lymphocytes at sites of motoneuron injury are highly correlated with 
the disease severity [85,86]. These processes contribute to the release of pro-inflammatory 
cytokines and chemokines, a decrease of neurotrophic factor expression and release, and 
an increase in the secretion of neurotoxic factors, that ultimately contribute to motoneuron 
cell death and neuronal network degeneration [87].

Huntington disease
Huntington’s disease (HD), an autosomal dominant neurodegenerative disease is 
characterized by progressive motor dysfunction, cognitive impairment, and is accompanied 
in some cases by neuropsychiatric symptoms [88,89]. The mutant protein in HD, huntingtin 
(mHTT) results from expanded CAG repeats and contributes to the formation of a 
polyglutamine strand of variable length at the N-terminus [90]. Although the pathogenic mHTT 
is ubiquitously expressed in the CNS and also different types of neuronal cells, it causes 
a preferential damage and cell loss in the striatum, particularly affecting medium spiny 
neurons. As HD progresses, the atrophy of caudate and putamen expand to surrounding 
brain areas, reaching the cerebral cortex [91]. At the cellular level, mHTT proteins promote 
neuronal dysfunction and cell death through a number of molecular mechanisms, including 
disruption of cellular proteostasis, transcription and mitochondrial structural and functional 
alterations [92]. Marked astrogliosis and microgliosis were detected in post-mortem brains 
of HD patients, while in healthy brains these processes were absent [93]. It was reported 
that microglial activation and its associated structural alterations were present in all grades 
of HD patients’ brains, and the structural alterations correlated to the degree of neuronal 
dysfunction [91]. Increased immune activation in the CNS and peripheral immune system 
in HD has been described by identifying increased IL-6, IL-8 and chemokines such as 
eotaxin-3, MIP-1β, eotaxin, MCP-1 and MCP-4 in plasma [94,95]. Monocytes isolated from HD 
gene carriers, which highly express mHTT, are pathologically hyperreactive in response to 
various stimuli, including lipopolysaccharide (LPS) stimulation [96]. Therefore, a hyperreactive 
immune system, together with microglial activation, have been recognized as an important 
feature of HD.

Other neurodegenerative diseases such as multiple sclerosis, and frontotemporal dementia, 
highlight the key role of microglia in both cellular homeostasis and neurological disorders 
that affect millions of people worldwide (Figure 1) [97,98]. In conclusion, better understanding 
of physiological and pathophysiological mechanisms in microglial biology is fundamental to 
elucidate ways to tackle progressive neurodegeneration.
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and humans, especially in the context of elderly, increase the need for new and relevant 
models to study neurodegenerative disorders and also microglial biology related to healthy 
aging [26,111].

Although non-human primates are evolutionarily closer to humans, and they are in 
specialized centers what allows control postmortem conditions of brain tissue, they are 
difficult to raise, and just few centers are able to handle them, therefore, primary microglia 
from them is not widely used [56]. On the other hand, primary microglia from humans 
started to be more commonly used and these microglia are considered one of the best 
option to study and understand the human microglial biology  [112–114]. However, there are 
two principal technical features that hamper their study in age-related neurodegenerative 
diseases: i) the difficulty in obtaining healthy samples, since one can only obtain brain tissue 
from abortion, and this young microglia is quite distant and different from old, more mature 
microglia, or ii) from autopsies, where it is impossible to control antemortem conditions 

[115]; and the existing microglia phenotype, which can be altered by the delay in withdrawing 
the brain tissue. Considering these impediments and limitations, microglia extracted from 
autopsies of patients suffering from different neurodegenerative disorders could provide 
answers on their implication on the molecular pathways that link disease pathogenesis and 
the degree of brain degeneration [59,116].

Organotypic brain slices
The study of microglial function in neurodegenerative conditions presents various technical 
complications. First, the most accepted in vivo and in vitro models of neurodegenerative 
disease recapitulate key molecular phenotypes [117], but they do not accurately replicate 
disease progression and/or associated pathology (i.e. hyper-phosphorylated tau without 
neurofibrillary tangles, APP isoform influence AD progression, over-expression of tau impairs 
motor function and interferes with cognitive assessment) [117–119]. Second, efforts towards ex 
vivo approaches, such as primary microglia obtention, present technical culprits regarding 
the physiological state after dissociation of brain tissue and culture [120]. Third, the co-culture 
system of glial cells and neurons, which aims to mimic the complex brain microenvironment 
[121], does not accurately replicate it.  Efforts to study microglial function without acutely 
affecting microglial microenvironment and interactions have risen, in particular with the use 
of organotypic brain slices [122]. 

An important feature of the organotypic brain slice culture system is that it preserves 
the cytoarchitecture of the brain, which is close to an in vivo-like situation. Moreover, 
the maintenance of the tridimensional structure and architecture of the brain preserves 
critical cellular interactions, making possible to perform dynamic profiling and long-term 
cellular tracking [123]. Working with brain slices reduce, refine and replace animals used 
and increase the capacity to perform medium-to-high throughput drug screenings [122,124]. 
Furthermore, brain slices can be obtained from embryonic, neonatal and adult specimens, 
highly valuable for neurodevelopmental stages and neurodegenerative conditions. Brain 

which represent an inconvenience [56]. There are various cell lines generated from rat, mouse, 
macaque, and human. From rat, the most studied microglial-like cell line is HAPI [99] - highly 
aggressively proliferating immortalized - and it is considered the first cell line generated by 
unprompted immortalization, although the exact mutation that enables immortalization is 
not yet known. The most numerous protocols for microglial cell lines are generated from 
mouse, with the cell line BV2 being the most widely used. BV2 cell line was generated via 
v-raf/v-myc oncogenes [100]. These cells respond to LPS, are able to phagocyte and increase 
pro-inflammatory gene in response to LPS or various stimuli, mediate increases in ROS 
levels after exposure to βA fibrils and α-synuclein [101–103]. Meanwhile, HMO6 cells are 
derived from embryonic human primary microglia with a v-myc oncogene carrying PASK 1.2 
retroviral vector [104].

These cell lines show distinctive microglial/macrophage cell markers and similar behavior 
(cytokine release, migration, and phagocytosis) in the presence of the gram-negative 
bacteria lipopolysaccharide (LPS). However, it has been described that IL-1B release and NO 
production in BV2 and HMO6 cells differs from primary microglia [101,105]. Likewise, Nagai and 
collaborators demonstrated important differences in protein profile and mRNA expression 
after βA induction between primary microglia and human cell lines. Protein profile and mRNA 
expression after LPS or βA induction were distinct from human microglia responsiveness [69]; 
Butovsky et al, showed that the treatment of N9 and BV2 cells with MCSF macrophage 
colony-stimulating factor) and TGF-β 1 did not induce the expression of microglial molecular 
pattern as the adult microglia. These studies underline the limitations of microglial cell lines 
in terms of molecular expression, morphology, proliferation, and adhesion [21].

Primary microglia
Primary microglia cultures can be extracted from non-human primate, rodent, or human 
brains. All three cultures have positive and negative features in relation to microglial function. 
Cells from rodents are easier to obtain because the animal’s centers are accustomed to raising 
them. However, many unanswered questions remain about the use of rodents, concerning 
developmental, genetic, and physiological differences among human and mice. Studies have 
shown many divergences in mice and humans’ embryonic development, particularly during 
gastrulation and organogenesis [106]. An extensive comparison in microglial gene expression 
of human and mice resulted in critical differences, principally in aging-related genes. 
Moreover, in uncommon cases, the same genotype could trigger divergent phenotypes in 
both rodents and humans [107–109]. 

On the other hand, in most studies, human brain tissue was derived from neonatal donors  
[110], and recent studies are making possible the use of adult’s brain tissue [21]. Besides that, 
the birth and death conditions can be nowadays better controlled, which ensures superior 
cell preservation. Meantime, critical differences between microglia derived from rodents 
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first time to evaluate the effects of a particular gene on familial monoallelic diseases as well 
as complex non-familial idiopathic diseases. The latter studies are performed using iPSC 
patient-derived cells, that are differentiated into a plethora of brain cells, including neurons, 
astrocytes, oligodendrocytes and recently microglia, systems that were previously not 
easily available for experimental investigation [139,140]. As a consequence, primary microglial 
cultures, organotypic brain tissue culture systems of transgenic animals and emerging 
iPSC-based microglia represent valuable experimental systems to study human familial 
neurodegenerative diseases and age-related non-familial neurodegenerative diseases [141,142].

Recent studies have shown that human aging can be modeled across direct cell type 
conversion in any kind of cell and transcriptomic signatures of their donors age do not 
disappear after reprogramming protocols, indicating the importance of iPSC tools to study 
age-related diseases [143,144].Nonetheless, iPSC technology has its own limitations. It was 
suggested that residual epigenetic features from donors might sometimes persist in iPSC 
[145–147] and most cases of degenerative diseases have multifactorial risks, which is hard to 
mimic in vitro [144,148]. 

To reverse this scenario, new techniques are emerging to induce and even accelerate aging. 
iPSC-neurons were submitted to general stressors such as hydrogen peroxide, MG-132 
and concanamycin [149,150] showing promising results; however more tests are necessary to 
secure their reproducibility, since cells showed differential vulnerability to various stressors. 
Other experiments performed for inducing an accelerated aging phenotype, a progerin-a 
protein involved in Hutchinson-Gilford progeria syndrome, was overexpressed that initiated 
age-related markers and cell death pathways in neurons [151,152].

Despite all this, iPSC-derived neurons and glial cells have been used to answer various 
questions related to their relevance to model human diseases and also their experimental 
practicality. Disease modeling and drug testing seem to be the mainstream end goal on 
using iPSC technologies, in addition to 3D models to study the CNS cell interactions that are 
generally difficult to mimic in a 2D in vitro monoculture [141,153]. 

Microglia differentiation protocols
Since the discovery of the exact origin of microglia, few protocols have been described to 
generate microglia from iPSC. Differentiation of iPSC to microglia is really new, and the first 
protocol appeared in 2016. The first author to publish was Muffat et al. 2016  [154], followed by 
Abud et al. 2017 [155], Douvaras et al. 2017 [156], Haenseler et al. 2017 [157], Pandya et al. 2017 [158] 

, Brownjohn et al. 2018 [159], Garcia et al. 2018 [160] and McQuade et al. 2018 [161] as illustrated 
in Figure 2. These reported protocols share similar patterns in the microglial differentiation 
steps, however the most common denominator is represented by colony-stimulating factor 
1 (CSF1) receptor ligands. CSF1-related pathways are required for macrophage proliferation, 
differentiation and even its own survival. Bone morphogenic protein 4 (BMP4) is also 
commonly applied during the first days of iPSC differentiation. BMP proteins are known to 
inhibit neurogenesis and induce neural stem cell (NSCs) glial differentiation in the adult CNS, 
particularly in subventricular zone, that results in the reduction of the stem cell pool [162,163]. 

slices are a valuable model for microglial research, while there are some considerations 
when employing brain slices: although they may be a good in vivo replacement, behavioral 
testing and correlation cannot be performed. Brain slices are axotomized, and there is an 
acute inflammatory response to cutting which is driven by astrocytes [125]. Microglia undergo 
morphology changes in the first days in vitro (DIV), but after 10 DIV, microglia return to an 
in vivo-like situation [126]. Lastly, they lack blood flow, limiting their viability. In spite of this, 
efforts to extend viability have led to up to 28 DIV [122] of life-time. All in all, brain slices may 
provide acceptable replacement for in vivo studies to elucidate microglial physiology.

In homeostasis, microglia support neurons by secreting neurotrophic factors, and clearing 
debris in a house-keeping manner [55,127]; in neurodegenerative disease, microglial function 
is profoundly impaired [128] perpetuating chronic neuroinflammation. These important 
interactions are not entirely recapitulated in cell culture systems. For instance, functional 
studies of isolated microglia are confounded by the disruption of the microenvironment[56]. 
The slice culture system is a well-established model [129–131] to study microglial function as 
close to as in situ as possible.  A valuable tool to study microglial function is their depletion 
[132] in brain slices. Jung et al have successfully depleted microglia in brain of microglia/
macrophage reporter mice with the toxin clodronate [133], paving the way for microglial 
depletion in brain slices [134–137]. Hellwig and colleagues have demonstrated for the first time 
that microglia prevent amyloid burden in brain slices from wild-type mice by depleting 
them, strengthening their phagocytic role [136]. Following this approach, a phagocytic and 
chemotactic role for microglia in AD has been proposed by Daria and colleagues. In their 
study, they employed AD mice brain slices that were treated ex vivo with clodronate to 
deplete the endogenously expressed microglia. By replenishing the brain slices with either 
young or old microglia, the amyloid burden present in the brain slices was decreased and 
correlated with microglial recruitment to the plaque. Moreover, exposing old microglia 
to secreted factors of young microglia or supplementing the culture with granulocyte-
macrophage colony-stimulating factor (GM-CSF) could elicit functional recovery of old 
microglia and even reduce amyloid plaque size [124]. Overall, these findings indicate the 
critical role of microglia in cleaning protein aggregates and propose potential therapeutic 
approaches aimed to reinforce microglial phagocytosis to revert neurodegenerative disease 
pathology.

Induced Pluripotent Stem Cells (iPSC)
Stem cell biology is evolving every day. Microglia can be generated from two different types 
of stem cells: embryonic stem cells (ESC), derived from a blastocyst, and induced pluripotent 
stem cells (iPSC). Although ESC can be reprogrammed in any cell type, currently the majority 
of the protocols of human microglial generation are not employing ESC as a primary cell type. 
On the contrary, iPSC technology is widely used to differentiate and study microglial biology. 
The iPSC can be produced from adult human cells, which have undergone a reprogramming 
via overexpression of immature state-specific transcription factors (OCT4, SOX2, KLF4, and 
c-MYC) knowns as Yamanaka reprogramming factors [138]. With the help of these factors, 
the nullipotent, mature cell is able to convert its fate backwards into a pluripotent cell, 
embryonic-like state. iPSC technology was particularly innovative, as it allowed it for the 
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Figure 2. Outline of protocols to generate microglia from human iPSC. hiPSC are differentiated to embryonic 
macrophage precursor, microglia precursors cells by addition of specific growth factors and/or via embryoid bodies 
until they reach the maturation stage. Timelines are depicted in days.

BMP4 proteins belong to transforming growth factor  β  (TGF-β) superfamily, and beside 
their function in bone formation, they regulate proliferation and differentiation, cell-fate 
determination, and apoptosis. Some protocols employ embryonic bodies (EB) as an early 
step in the microglial generation and CSF1/ IL-34 [154] or  IL-3/M-CSF [99, 101,102] as differentiation 
factors. To overcome potential variability in EB formation, and related batch-to-batch 
variability, Abud and colleagues directly differentiated iPSCs into hematopoietic progenitors 
by using FGF-2 and BMP4 [155]. In addition, they have used secreted proteins by neurons/
astrocytes/endothelial cells to mimic the natural microglial environment, by adding factors 
like TGF-β. All protocols validated differentiated microglial-like cells, by assessing their 
capacity to migrate, secrete cytokine/chemokine and also phagocyte, common functions 
mediated by human brain microglia.

Muffat et al. 2016, elaborated a protocol to create microglia from iPSC and ESC. First, human 
embryonic stem (hES) and induced pluripotent stem (iPS) cells have been cultivated in hES 
medium. Cystic and neutralized embryonic bodies (EB) were produced in a serum-free 
medium containing IL-34 and colony-stimulating factor 1 (CSF1). After 14 days, early yolk-
sac myelogenesis markers became detectable, including VE-cadherin, c-kit CD41, CD235a, 
and, mainly PU.1, which is crucial for microglia maturation and viability [164]. Subsequently, 
EBs positive for yolk-sac markers were passed to polystyrene plates, where, after 30 days, 
semi-adherent cells exhibited a highly motile morphology and stained positive for markers 
such as PU.1, CD11B, and allograft inflammatory factor 1, which are well-defined microglia 
markers in several species [165]. The protocol expands over 56-60 days and the reported 
microglial yield was 1–8 × 106 pMGLs from 2 × 106 hPS.
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Douvaras et al. 2017 [156] developed a protocol in which myeloid progenitors generated 
microglia-like cells. First, the human PS cells were grown in feeder-free media with bone 
morphogenetic-protein 4 (BMP4) for four days, to generate primitive hemangioblasts. Then, 
medium containing basic fibroblast growth factor (bFGF), stem cell factor (SCF), and vascular 
endothelial growth factor A (VEGFA) was added for additional two days. During the next eight 
days (6-14), the factors in the medium were replaced by interleukin-3 (IL-3), thrombopoietin 
(TPO), SCF, macrophage colony-stimulating factor (M-CSF) and FMS-like tyrosine kinase 3 
(FTL3). From day 14 to 25 medium was supplemented with M-CSF, FLT3, and granulocyte 
macrophage colony-stimulating factor (GM-CSF). Microglia progenitors CD14+/CX3CR1+ 
were isolated by FACS and were placed in contact with medium with IL-34 and GM-CSF for 
one to two weeks to generate microglia. Differentiated mature microglia was generated over 
a period of 35-60 days and the reported yield was 2–3 × 106 iPSC-MG from 1 × 106 hPSCs. 
To evaluate iPSC-microglia, Douvaras et al., 2017 clustered iPSC-microglia with human fetal 
microglia (hMG), and they confirmed the expression of six-genes specific to human microglia 
[167,171]. In addition to the gene characterization, the cytokine/chemokine profile and the 
phagocytosis assay validated the functionality of mature microglia.  P2RY12, a gene that 
encodes a G1 protein was capable of inducing intracellular Ca2+ transients in response to 
ADP in iPSC-microglia resembling the activity of primary microglia [172,173].

Haenseler et al. 2017 [157] described a protocol based on the study  of van Wilgenburg et 
al. 2013 [174] generating microglia starting from embryonic-like myeloblastosis (MYB)-
independent macrophage precursors. Following one month of differentiation, macrophage 
precursors were harvested in the supernatant, and the cells were collected and co-cultured 
with iPSC-derived cortical neurons in a medium enriched with IL-34 and M-CSF. Two 
weeks following co-culturing, macrophage precursors had a similar phenotype as primary 
microglia, with ramified branches (co-pMG). Differentiated mature microglia was generated 
over a period of 30 days and the reported yield was 1–4 × 107 pMacpre from 1 × 106 hPS. 
Transcriptomic analysis corroborated than iPSC microglia was clustered with fetal microglia 
and showed 6 specific genes for microglia; also, protein expression for Iba-1, P2YR12, 
TMEM119, and MERTK. Besides, gene ontology assays demonstrated a downregulation of 
genes involved in viral, bacterial and yeast recognition response and upregulation of genes 
responsible for survival as differentiation, chemotaxis, regulation cell-cell adhesion, and 
metal ion response was evidenced [175]. iPSC microglia were able to respond to LPS/ IFN-γ 
stimulation and to promote phagocytosis.

Pandya et al., 2017 [158] developed a protocol based on a co-culture with astrocytes where 
iPSC were cultured in medium with VEGF, BMP4, SCF, and ActivinA for four days. Afterwards, 
new growth factors were added to the medium (Flt3, IL-3, IL-6, F-CSF) for more ten days. 
On day 15, cells expressed myeloid progenitors’ markers: CD34 and CD43. These cells were 
co-cultured with human astrocytes in a medium containing GM-CSF, M-CSF, and IL-3 for 
additional two weeks. At this stage, the differentiated cells were positive for microglial 
markers, such as CD11b and Iba1. The protocol expands over 30-60 days and the reported 
microglial yield was 1–3 × 106 iPS-MG from 1 × 106 hPS. Gene expression signature of 
iPS-MG was evaluated and it displayed clusters with human fetal microglia and also with 

To test the effectiveness of this protocol, Muffat et al., analyzed chemokines and cytokines 
under unstimulated and stimulated conditions with interferon γ (IFN-γ) and LPS. Before 
stimulation, the generated microglia, termed pluripotent stem cell-derived microglia-like 
cells (pMGLs) released various types of cytokines and chemokines, including IL-8, C-X-C 
motif chemokine ligand 1 (CXCL1) and C-C motif ligand 2 (CCL2). Under stimulation, the 
cells released these substances, but above baseline, in particular, CXCL10, CCL3 (or MIP1A), 
IL-6 and TNF-α - those last two were highly released and also expressed, as detected at 
transcriptional levels. Moreover, pMGLS appeared as a vastly ramified structure with slim 
end filaments, which resemble the phenotype of primary microglia. Transcriptomic data 
shown that pMGLs clustered with fetal microglia showing a unique signature. Besides, 
functional assays, as phagocytosis and migration were demonstrated in these differentiated 
pMGLs [154]. 

Abud et al. [155] reported that human induced microglial-like cells (iMGLs) could be 
generated after five weeks from iPSCs. First, iPSCs were differentiated into hematopoietic 
progenitors (iHSC) CD43+/CD235a+/CD41+. After ten days, iHSC CD43+ were cultivated 
in a serum-free differentiation medium containing CSF-1, IL-34, and transforming growth 
factor-β1 (TGFβ1). After more 14 days, the cells were positive for PU.1 and triggering 
receptor expressed on myeloid cells 2 (TREM2), and were grouped in CD45+/CX3CR1- and 
CD45+/CX3CR1+, which occurs equally in vivo. Following 35-38 days of differentiation, iMGL 
resemble human microglia and their gene profile started to diverge from macrophages 
and monocytes gene profile. They express several proteins such as MERTK, ITGBS, CX3CR1, 
TGFβR,1 and PROS1, which are microglial-enriched proteins, and purinergic receptors as 
P2RY12 and TREM2 [166]. Differentiated mature microglia was generated over a period of 
38-40 days and the reported yield was 3–4 × 107 iMGLs from 1 × 106 hPSCs.

Culturing iPSC-derived microglia with factors that are normally produced and released by 
the surrounding healthy brain cells enabled them to exhibit a transcriptome profile similar 
to human fetal and adult microglia. Remarkably, this transcriptome profile is distinct from 
monocytes or blood dendritic cells. These factors include CX3CL1, CD200 and TGFβ that 
highly mimic the surrounding microglial environment in the CNS, and provide a functional 
and relevant model to study microglial functions.

On transcriptomic level, iMGL clustered with human adult and fetal microglia [167,168]. 
Moreover, analyzing the cytokine/chemokine secretion and phagocytosis capacity the 
authors showed that iMGLs respond to their surface’s receptors stimuli, resembling primary 
microglia activity. Their resemblance with primary microglia function was also demonstrated 
by the capacity of iMGLs to phagocyte human synaptosomes. Besides, iMGL responded well 
to ADP stimuli and were able to phagocyte fluorescently-labeled fibrillar Aβ and pHrodo-
labeled brain-derived tau oligomers, indicating that this iMGL might represent a relevant 
model system to study AD pathology [169,170]. Moreover, iMGLs were co-cultured with rat 
hippocampal neurons, which increased the gene expression of neuroprotective function and 
decreased pro-inflammatory genes. Additionally, they included iMGLs in the brain cortex of 
mice and demonstrated the cells ability to engraft and survive into real CNS environment. 
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Despite encouraging results, caution must be taken to interpret these data, as microglia in 
this study were differentiated in a fetal bovine serum (FBS)-containing media. FBS is not a 
well-defined supplement and may promote microglial priming, which can mask differences 
between groups. All in all, this recent study proposed a short differentiation protocol for 
microglia.   

Transcriptomic analysis of microglia obtained from differentiation protocols.
Efforts to standardize protocols to differentiate microglia from patient-derived iPSCs have 
led to identification of transcriptomic signatures that support the use of these microglia-like 
cells as an alternative to human primary microglia. For instance, the transcriptomic clustering 
approach has been utilized to highlight similarities and differences between microglia-like 
cells, other CNS-cells, myeloid cells, iPSCs, fetal and adult microglia [154,155,157,160,161,176]. 

Regarding their similarity to human microglia, Muffat et al found that their pluripotent 
stem cell-derived microglia-like cells (pMGLs) did not differ in any of the canonical myeloid 
ontology terms with human fetal microglia [154]. As the first study to propose the use of iPSC-
derived cells as surrogates for human microglia, it paved the way for further transcriptomic 
and functional characterization of pMGLs.  However, this study did not assess the similarity 
to adult microglia. Later, Abud and colleages compared their human microglial-like cells 
(iMGLs) with adult microglia finding important similarities, especially in the expression of 
CD11b, ITGB2, CSF1R, CD45, IBA1, LGMN[155]. 

By correlation and principal component analysis (PCA) of whole transcriptome, Abud et 
al. have shown that their iMGLs do not cluster with other myeloid cells, such as CD14+/
CD16+/- monocytes and blood dendritic cells (DCs)[155]. Additionally, García et al., Douvaras 
et al. and Haenseler et al. focused on genes proposed by Butovsky et al., 2014 to be 
preferentially expressed in microglia, such as TREM2, C1QA, TMEM119, GPR34, PROS1 but 
not in monocytes[156,157,160,178]. These genes showed to be expressed in microglia but not in 
peripheral blood monocytes and primary macrophages. 

More recent protocols employed in studies by McQuade and colleagues focused in the 
comparison of the so-called iPS-microglia 2.0 with the previously published iPSC-microglia 
from Douvaras and colleagues[161]. This study concluded that iPSC-microglia 2.0, which result 
from a less complex protocol, are virtually identical to iPSC-microglia regarding to their 
transcriptomic profile.  Similarly, they study of Konttinen and colleagues compared their 
iMGL transcriptome data with Abud’s, concluding that they clustered with human microglia 
and published iMGLs [176]. All in all, transcriptomic analysis of iPSC-derived microglia-like cells 
is a valuable tool to understanding function and evaluate expected responses to overcome 
the culprits and technical difficulties of primary microglia harvesting and culture. 

dendritic cells and macrophages, resembling their myeloid lineage. Phagocytic activity and 
ROS production were assessed using pHrodo E. coli Bio Particles and phorbol myristate 
acetate (PMA), respectively and demonstrated the capacity of iPS-MG to respond to various 
stimuli, including LPS and TNF-α cytokine. 

Brownjohn et al., 2018 and Garcia et al., 2018 developed similar protocols to generate 
microglia from iPSC trying to understand TREM2 mutations in neurodegenerative diseases 
[159,160]. They divided their protocol into two phases: the differentiation of iPSC in primitive 
macrophages precursor (PMP) and then in iPSC-microglia. First, embryoid bodies were 
developed in ultra-low attachment plates with medium containing BMP-4, SCF, and VEGF-
121 for four days. EBs were exposed to IL-3 and M-CSF for additional 3-4 weeks. After this, 
PMP were cultured in enriched medium with GM-CSF and IL-34 for 6-10 days in Brownjohn 
protocol.  In Garcia protocol a 40-micron filter was used to separate cells and the induction 
of cell maturation was performed in medium containing only M-CSF. Functional studies 
such as phagocytic assays, injury responses, and physiological responses complemented 
transcriptomic studies and probed the resembling to primary microglia.

One of the most recent protocol was presented by McQuade et al., 2018. After seeding, 
cells were exposed to medium A (Supplement A), after three days, the medium was changed 
to medium B (Supplement B). On day 10-12, non-adherent cells were positive for CD43 
and termed Hematopoietic progenitor cells (HPC). Their medium was supplemented with 
IL-34, TGFβ1, and M-CSF and after additional 4-6 weeks medium was changed with new 
growth factors (IL-34, TGFβ1, M-CSF, CD200, and CX3CL1) to further ensure the microglial 
maturation and cellular homeostasis. To evaluate the functional activity of iPS-microglia, 
phagocytic activity was demonstrated by exposure of microglia to different stimuli. 
Transcriptomic analysis of generated iPS-microglia presented an exclusive profile with genes 
resembling primary microglia and distinct from hematopoietic progenitor cells, monocytes, 
and dendritic cells.

The first protocols of microglial differentiation showed maturation and fully functional 
microglia following 60-75 days in culture. More recent protocols demonstrated that microglia 
can be differentiated from iPSCs in only 24 days according to Konttinen et al., 2019 [176]. 
The protocol they developed involved specific oxygen concentrations in the first stages of 
differentiation. 48 hours after seeding, mesodermal cells were treated with bFGF, VEGF, and 
insulin to induce hemogenic differentiation. Then, cells were subjected to MCSF1 and IL-34 
to induce microglial differentiation. To mature the cells, they were cultured on poly-D-lysine 
(PDL)-coated plates until D24, when they expressed IBA1. On their study of iPSC-derived 
microglia, APOE4 mutation exhibited profound impact on fundamental aspects of microglial 
function such as phagocytosis, migration and metabolism, supporting the hypothesis of 
impairment of microglial function by APOE4 [177]. Interestingly, APPswe, and Psen1 mutations 
had minor effects. Moreover, the authors acknowledge that these microglia, may represent 
relatively young microglia based on the expression of P2RY12, a marker of mature microglia. 
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brain-like structure which was populated by neurons, oligodendrocytes, and astroglia [154]. 
GFP-labeled pMGLs microglia exhibited a rounded morphology when cultured on plastic in 
a 2D shape; however, in the 3D environment, microglia displayed highly ramified branches. 
In a similar fashion, Abud, Brownjohn and colleagues added iMGLs to organoids and showed 
that microglia migrated from the surface deeply into organoid and, upon integration, 
adopted a highly ramified morphology, surviving in those environments for several weeks 
[155,159]. Besides, following an induced injury with a needle, iMGLs migrated and clustered 
near the injury needle sit, acquiring a more amoeboid morphology, resembling ‘‘activated’’ 
microglia observed  in response to injury or neurodegeneration [155]. 

Recently, Ormel and colleagues [192] showed that microglia can innately develop within a 
cerebral organoid (oMG) model and exhibit their 3D characteristic ramified morphology. The 

Figure 3. A scheme for iPSC modeling and microglia in organoids. (a) Generation of organoids using patient-de-
rived iPSCs mainly includes the following steps. First, iPSCs are generated from patients by reprogramming somatic 
cells using 4 Yamanaka factors, OCT4, SOX2, KLF4, and MYC. Human-induced pluripotent stem cells will create em-
bryonic bodies (EBs) and consequently, cerebral organoids with different growth factors, mediums, and reagents. 
(b) Graphic representation of direct re-aggregation of microglia, astrocytes and neurons  in spheroids or 3D stacks 
in transwells, according to Muffat et al., 2016 [154]. (c) Abud et al.,2017 [155] showed how ameboid microglia was 
localized close to damaged area (pierce with 25G needle) in cerebral organoids. (d) Microglia migrate into pre-
formed cortical organoids and assume a pronounced ramified morphology, which is demonstrated by Brownjohn 
et al.,2018 [159]. (e) Ormel et al., 2018 [192] developed a protocol where the organoid by itself shows microglia 
after two months.

Microglia in brain organoids
Limitations of 2-dimensional (2D) culture systems to replicate and evaluate the human brain 
pathologies, have led to the generation of 3D culture systems or brain organoids/spheroids/
assembloids from human iPSCs by direct replicating the neurological development.

At the moment, there are a variety of strategies available to develop brain organoids/
spheroids/assembloids as for other types of tissues or organs, such as retina, intestine, 
thyroid, liver, inner ear, pituitary gland, and kidney [179–181]. Cerebral assembloids are stem-
cell derived models  in a three dimensional in vitro culture systems that aim to recapitulate 
the developmental processes and structural brain organization of the developing or adult 
human brain [3]. Current 3D assembloids are able to accurately summarize defects in early 
brain development as nicely demonstrated for microcephaly by Lancaster et al. 2013 [182] and 
for Zika virus infection by Qian et al. 2016 [183].

To create a 3D assembloid similar to the human brain is complex, as it must contain different 
neural populations, astrocytes, oligodendrocytes, microglia and the blood brain barrier 
cell population. Since microglia has another embryonic origin than neuronal or astrocytic 
cells, the generation of assembloids that are spontaneously populated with microglial 
cells has been proven to be a difficult task [182,184]. However, recent studies proposed novel 
strategies to create an assembloid with cells of all germinal layers, including microglia. This 
combination enables a better understanding of a healthy brain and also the pathophysiology 
of neurodegenerative disorders, since interactions between microglia and macroglia/
neurons are crucial during brain development, and aging [185,186].

Brain assembloids have a certain degree of resemblances to in vivo conditions, although 
some features and cell interactions still cannot be reproduced. Interactions between 
microglia and brain-blood barrier (BBB) can be relevant in the context of neuroinflammation, 
considering that microglia could be activated by changes in the BBB permeability, that 
is often compromised in age-related neurodegenerative diseases [187–189]. Further, Erny 
and colleagues described the importance of host microbiota to microglia maturation, 
morphology, and function [190]. More studies are necessary to understand the relationship 
between microglia and neural populations in neurodegenerative diseases. Moreover, to 
model neuroimunological interactions in human brain and investigate the consequence of 
these interactions on brain pathology, researchers combined brain neuronal assembloids 
with immune cells, such as microglia-like cells [155] [191].

Hitherto, only a limited number of studies have showed the interaction of neurons and 
microglia in a 3D setting, by incorporation of differentiated microglia in brain organoids/
assembloids, as illustrated in Figure 3. Muffat and colleagues added the differentiated pMGLs 
in a 3D brain structure of a three months old spheroid.  NPCs were used to generate the 3D 
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astrocytes, with microglia migrating faster towards βA aggregates and causing cell death to 
mAPP neurons/astrocytes. Using this model system, Park and colleagues tested different 
pathways targeting microglia-neuron interaction, including anti-CCL2 neutralizing antibodies 
or knockdown of TLR4 in microglia. These strategies reduced microglial migration and also 
neuronal toxicity of mAPP neurons/astrocytes, providing insights into the cytokine signaling 
pathways activated and potentially druggable in AD [194]. 

Taken together these studies, underline the importance of microglia in cerebral organoids 
as a tool to study the effects of cell interactions on CNS during development, maturation, 
inflammation, and neurodegenerative diseases.

Conclusions

Microglia are the resident immune surveillance cells within the CNS and are involved in 
a plethora of physiological as well as pathophysiological functions. Microglial role in 
neurodegenerative diseases, such as PD, AD, ALS is complex and there is an urgent need 
to understand better the pathways that regulate their proinflammatory response to injury. 
Recently, microglia in vitro models have been established with respective advantages and 
disadvantages as summarized previously. Lately, ESC and iPSC-derived 2D and 3D models, in 
combination with exposure to CNS microenvironmental cues, form a strong basis to pursue 
studies of microglial biology in health and disease. Besides, it brings the opportunity to 
study stem cell-derived 3D human brain organoids/assembloids where one can recapitulate 
features of the human brain with greater complexity than the classical Petri-dish 2D models. 
Considering that neuroinflammation is involved in neurological diseases, generation of a 
brain organoid/assembloid with all neural population will form an environment where 
human microglia interacts with other brain populations offering a relevant model to study 
brain function and pathologies. A better comprehension of inflammatory pathways and 
novel reliable, easily reproducible and relevant human stem cell-based models will represent 
an important step in our understanding of the pathogenesis of neurodegenerative disease, 
hence finding efficient therapies.

oMG was IBA-1 positive following 2 months of culturing in the cerebral organoid. Extensively 
transcriptomic assays were assessed comparing oMG with adult and fetal primary human 
microglia, 2D iPSC microglia, iPSC, and fibroblasts. Interestingly, oMG clustered with adult 
primary microglia, whereas 2D iPSC microglia clustered with fetal primary microglia [192]. 
Besides, stimulation with pro- or anti-inflammatory triggers - LPS and dexamethasone, 
respectively – led to an increased cytokine release (IL-6 and IL-1β) in oMG and a comparable 
response for dexamethasone (CD163 and MRC1) with adult primary microglia. 

To understand how microglia affect βA clearance in AD, Lin and colleagues cultured human 
differentiated microglia with two-month-old familial AD-derived forebrain organoids 
that have an increased expression of amyloid precursor proteins (APP) [191]. Microglia was 
generated from iPSC derived from AD patients carrying either a low-risk gene variant 
(APOE3) or a high-risk gene variant (APOE4). One month of co-culture rendered comparable 
numbers of microglia integrated into organoids regardless of APOE genotype. However, 
the morphology and function of microglia-like cells derived from a high susceptibility 
background, the APOE4 variant was different than the APOE3 microglia-like cells, with 
longer processes and reduced capacity to phagocyte βA. As a result, organoids populated 
by APOE3 microglia-like cells contained fewer βA aggregates compared to organoids with 
APOE4 microglia. Morphological alterations in APOE4 microglia correlated well with the 
capacity of βA uptake, that potentially restricts the ability of microglia to clear extracellular 
βA plaques from AD brains [191].

Most of microglial derivations lack specificity regarding region-specific microenvironment. 
For instance, forebrain microglia depend on IL-34 for maintenance, while cerebellar does 
not. Work from Song and colleagues was the first to address this issue by generating dorsal 
and ventral brain organoids and co-culturing them with microglia[193]. Interestingly, dorsal 
organoids showed higher anti-inflammatory cytokine secretion, while ventral organoids 
exhibited higher TNF-α expression. Transcriptomic analysis exhibited microglia-specific 
genes that were differentially expressed in both groups. Regarding disease modeling, 
findings from this study add a layer of complexity to more accurately resembling diseased 
region-specific microenvironments.

A more sophisticated cell model system was used by Park and colleagues to study brain cell 
interactions in a microfluidic-based system. The microfluidic chambers contained neurons 
and astrocytes differentiated from NPCs cultured together with a human immortalized SV40 
microglia-like cell line. The culturing was realized in a microfluidic-based system where 
neuroimmunologic interactions related to AD pathology could be easily modeled and tested. 
Neuronal cells and astrocytes were differentiated from ReNcell VM cells (immortalized 
hiPSC-derived hNPCs) expressing multiple familial AD mutations, including APP mutations 
(mAPP). Microglial morphology and activity were altered in the presence of mAPP neurons/
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Introduction

Microglia are the tissue-resident macrophages of the central nervous system (CNS), with the 
ability to scavenge dying cells, phagocyte cellular debris, pathogens, and various molecules 
that are perceived as threatens to the CNS. Microglia is performing these processes using 
pattern recognition receptors, that are essential for phagocytosis and endocytosis [1,2]. 
Microglia is part of a group of mononuclear phagocytes that also include peripheral tissue 
and CNS-associated macrophages, dendritic cells and monocyte cells. During development, 
microglia have essential roles as effectors and regulators of synaptic plasticity, synaptic 
pruning neurogenesis, and brain homeostasis, while during aging their neuro-immune activity 
becomes predominant [3,4]. In the adult mammalian CNS, mature microglia exhibit a small cell 
soma, with little perinuclear cytoplasm, and highly branched with fine ramified processes 
covered in small fine protrusions [5]. Microglial activation undergo drastic morphological and 
functional alterations being classically characterized by two major changes: i) first, the cell 
shape convert from a highly ramified, motile morphology to a larger, amoeboid form, and ii) 
second, once in the amoeboid form microglia become active phagocytes [2,6].

Microglial cells are of mesodermal/mesenchymal origin and derive from progenitors 
that migrated into the CNS from the periphery [1,7]. These invading cells migrate from the 
extraembryonic yolk sac towards the developing CNS, entering in several migration steps 
and spots (e.g., the choroid plexus) [8,9]. Notably, upon closure of the blood-brain barrier 
and cessation of monocyte exchange between the CNS and periphery, and also during 
adulthood, the number of microglia remains relatively steady based on intrinsic apoptosis 
and self-renewal [10,11]

The discovery of the four transcription factors Oct4, Sox2, Klf4, and cMyc (known as 
Yamanaka factors) enables reprogramming of somatic cells (e.g. fibroblasts) into pluripotent 
stem cells (iPSC). Reprograming somatic cells into iPSC provide an unlimited source of 
cells while disregarding ethical and practical restrictions [12]. For example, in the field 
of cell biology, the integration of iPSC-derived cells into 3D brain organoids brings the 
opportunity to study brain cell interactions and how these interactions affect the pathology 
of neurodegenerative diseases. In recent years, several protocols became available that 
allowed for the differentiation of human iPSCs into iPSC-derived microglia (iPSC-MG) [13–18]. 
A more detailed assessment of iPSC-MGs demonstrated a high congruency with human fetal 
and adult microglia. First of all, microglia derived from iPSC (iPSC-MG) were found to show 
similar gene expression when compared to fetal or adult microglia with regard to P2RY12, 
GPR34, C1Q, CABLES1, BHLHE41, TREM2, ITAM PROS1, APOE, SLCO2B1, SLC7A8, PPARD, 
and CRYBB1 genes [13]. Moreover, both LPS-induced release of cytokines/chemokines such 
as TNFα, CCL2, CCL4, and CXCL10 and Ca2+ transients in response to ADP highly resembled 
that of primary microglia responses [13,19]. Functional assessment of iPSC-MG activity 

Abstract

Microglia are the resident macrophages of the brain and are considered the first line of 
defense against injury in the central nervous system. Microglia play important roles in 
synaptic plasticity, neurogenesis, brain homeostasis, and neuro-immune activity. They 
are essentially involved in neurodegenerative diseases such as Parkinson’s disease and 
Alzheimer’s disease, underlining the need to increase our understanding of their function 
in disease1. Cerebral organoids are human pluripotent stem cell (hPSC)-derived three-
dimensional in vitro culture systems that can possibly be used as a neural environment 
to study microglia. To validate this option, the functional and transcriptional similarities 
between iPSC-derived microglia and microglia co-cultured inside an organoid have to be 
studied. In our study, the first step was to differentiate microglia from a human iPSC line, 
according to Douvaras et al., 20172 and generate organoids based on Lancaster et al., 20133. 
We obtained 85% of pure microglial progenitors, positive for CD14 and CX3CR1. We further 
demonstrated the maturity of these microglia by immunofluorescence staining for CD11b, 
TMEM119, and Iba-1. To test the functionality of iPSC-derived microglia, we stimulated 
with LPS and alpha-synuclein and measured real-time cell impedance by xCELLigence and 
phagocytosis activity using the IncuCyte system. We introduced differentiated microglia 
to human organoids three-months old. Based on the current data, we conclude that 
human microglia-differentiated from induced pluripotent stem cells can be used to better 
understand the microglia function in physiological and pathological conditions. 

Keywords: Microglia, brain organoids, Induced pluripotent stem cells
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xCELLigence Impedance-Based System
xCELLigence system Real-Time Cell Analyzer (Roche Diagnostics, Penzberg, Germany) is an 
instrument with a microelectrodes network in the bottom of the wells culture dish that 
allows tracking cellular impedance and, in this way, follow cell status including cell number 
and shape/size. Cell resistance or impedance depicted was indicated as cell index (CI) values 
and normalization were performed using the RTCA Software 1.2 (ACEA Biosciences) [20]. In our 
study, cell impedance was used to monitor the real time kinetics of microglial morphology 
alterations. iPSC-MG were seeded at a density of 15,000 cells/ well in 96-well E-plate (ACEA 
Biosciences). Previous to plating, background impedance was determined and subtracted as 
a blank value. Twenty-four hours after plating, the medium for iPSC-MG cells was challenged 
with 4 conditions: normal medium, 200 ng/mL alpha synuclein (α-Syn) (Cat N. S-1013-1, 
rPeptide) and 100 or 250 ng/ml LPS (Cat N. L2880, Sigma).

Fluorescence-activated cell sorting (FACS)
Microglial progenitors were incubated with CX3CR1- and/or CD14-conjugated primary 
antibodies (see antibody table) or their respective isotype controls for 40 min on ice. Cells 
were then washed in FACS buffer (PBS, 0.5% BSA, 2mM EDTA, 20mM Glucose), pelleted 
at 300g for 6 min and resuspended in FACS buffer containing DAPI for dead cell exclusion. 
CD14+ or CD14+/CX3CR1+ cells were isolated via FACS on SH800S cell sorter using the 
100µm ceramic nozzle, and 20 psi. Quantification of data was acquired using FlowJo Analysis 
0.7 software.

Immunocytochemistry
Mature differentiated iPSC-MG were fixated with 4% paraformaldehyde (PFA) for 25 min. 
PFA-fixed cells were washed with PBS-A (PBS containing 0.5% Bovine Serum Albumin/BSA) 
and incubated for 10 min with PBS-T (0.1% Triton X-100), incubated for 2 hours in blocking 
serum (PBS, 5% BSA and 3% goat serum) and primary antibodies (see table 1) were applied 
overnight at 4°C. The next day, cells were washed 5x in PBS-A for 5 min, incubated with 
secondary antibodies for 2 hours at room temperature (RT), washed 3X for 10 min in PBS-A. 
Coverslips were mounted onto glass slides using Fluoroshield™ with DAPI (Sigma-Aldrich 
Chemie GmbH, Steinheim, Germany, #F6057-20ML). Secondary antibodies were used at 
1:200 dilution.

Cortical organoids co-cultured with microglia were fixed in 4% (w/vol) paraformaldehyde 
for 30 minutes at room temperature and cryoprotected with 30% sucrose (w/vol) in PBS 
overnight. Organoids were embedded in OCT and eight μm sections were generated. Sections 
were blocked in 2% normal donkey serum in PBS with 1%BSA prior to immunofluorescent 
staining. Primary antibodies are described in table 1, and secondary antibodies used were 
Alexa Fluor-conjugated (Thermo Fisher Scientific). Images were acquired using a Leica SP8 
confocal inverted microscope and Leica DM 4000B fluorescence microscope. Fluorescent 
colors were digitally applied using the Olympus software DP Manager or ImageJ. 

demonstrated their capability of migrating towards the Aβ aggregates and their ability to 
phagocytose Aβ [13]. Our central aim of this research was to generate iPSC-MG and evaluate 
their function in a 2D and 3D context (brain organoid). 

Materials and Methods

Pluripotent stem cell lines and culture conditions
EH1 and H9 are NIH approved human Pluripotent stem cell lines (PSC) and embryonic stem 
cell (ESC) lines, respectively. All iPSC lines were derived from skin biopsies of identified 
donors upon specific institutional review board approvals and informed consent. Stem cell 
lines were obtained from the European Research Institute for the Biology of Ageing (ERIBA). 
Pluripotent stem cell lines (PSC) were cultured and expanded onto Matrigel-coated 6well 
plates in mTeSR1 medium (StemCell Technologies, #05896). Lines were passed after 3-4 
days using enzymatic detachment with ReLeSR™ (StemCell Technologies #05872) for 5 min 
and re-plated in mTeSR1 medium with 10 μM Rock Inhibitor (StemCell Technologies #72302) 
for 24 hours.

Differentiation of hiPSCs towards to microglia 
We followed the protocol developed by Douvaras and colleagues. PSCs were plated onto 
Matrigel (BD Biosciences) in a 15x103 cells/cm2 density and grown in mTeSR1 medium 
containing 10µM Rock Inhibitor for 24 hours. When individual colonies reach 80% confluency 
(2-4 days after plating), differentiation was induced by mTeSR Custom medium (StemCell 
Technologies), containing 80ng/ml BMP4. mTeSR Custom medium is mTeSR1 medium 
without Lithium Chloride, GABA, Pipecolic Acid, bFGF, and TGFβ1 (Stem Cell Technologies). 
The medium was changed daily for 4 days when cells were incubated with StemPro-34 SFM-
medium (containing 2mM GutaMAX-I, Life Technologies) supplemented with 25ng/ml bFGF, 
100ng/ml SCF and 80ng/ml VEGF. Two days later, the medium was switched to StemPro-34 
containing 50ng/ml SCF, 50ng/ml IL-3, 5ng/ml TPO, 50ng/ml M-CSF, and 50ng/ml Flt3 
ligand. On day 10, the supernatant fraction of the cultures were pelleted, resuspended in 
fresh medium (same as before) and returned to their dishes. On day 14, floating cells were 
pelleted, resuspended in StemPro-34 containing 50ng/ml M-CSF, 50ng/ml Flt3 ligand, and 
25ng/ml GM-CSF and replated back to their dishes. The procedure was repeated every four 
days. From day 24 – 52, a small number of floating cells was processed for flow cytometry 
analysis to determine the efficiency of microglial progenitor formation regarded as CD14/
CX3CR1 double-positive microglial progenitors. After the isolation of CD14+ and CX3CR1+ 
progenitors, cells were plated onto tissue culture-treated dishes or Thermanox plastic 
coverslips (all from Thermo Scientific) in a 40- 50x10 3 cells/cm 2 in SF–Microglial Medium 
(RPMI-1640 from Life Technologies supplemented with 2mM GlutaMAX-I, 10ng/ml GM-CSF 
and 100ng/ml IL-34). Medium was replenished every 3 to 4 days for at least 2 weeks.
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1:200 N2 supplement (Invitrogen), 1:100 B27 supplement without vitamin A (Invitrogen), 3.5 
μl l-1 2mercaptoethanol, 1:4,000 insulin (Sigma), 1:100 GlutaMAX (Invitrogen), 1:200 MEM-
NEAA. After four days of stationary growth, the droplets were transferred to a spinning 
bioreactor containing differentiation media as above, except B27 supplement with vitamin 
A (Invitrogen) was used” [21].

For microglia interaction with organoid studies, on day 98, cortical organoids were 
transferred individually to single cups of ultra-low attachment. Microglia were passaged 
with Accutase and resuspended in cortical organoid maturation media and half medium 
from microglia (RPMI 1640 supplemented with 2mM GlutaMAX-I, 10ng/ml GM-CSF, and 
100ng/ml IL-34). 250,000 microglia were added to each organoid. Maturation media was 
changed every three days after the addition of microglia.

Results

Differentiation of Human iPSCs into microglia-like cells 
The well-characterized human iPSC line EH1 and ESC line H9 were obtained from ERIBA 
Center. We differentiated EH1 and H9 cells into microglial progenitors according to a 
previously described protocol by Douvaras et al. 2017 (Figure 1.a) [14]. At first, we investigated 
the morphology of ESC and iPSC, and also the genes expressed in relation to the pluripotency 
status (Fig Suppl.1). The differentiation was initiated when iPSC or ESC cells reached 80% of 
confluency (Figure 1.b). iPSC were converted into primitive hemangioblasts induced by bone 
morphogenetic protein 4 (BMP4) in the medium. As a result of additional factors (e.g. bFGF, 
SCF, VEGF, IL-3) the primitive hemangioblasts began to develop into microglia progenitors at 
the day 16-25 (Figure 1.c). At this stage of differentiation, cells from supernatant expressed 
CD45, while CX3CR1 was upregulated between days 20 and 25, and we observed more 
floating cells in the medium (Figure 1.d). Interleukin-34 (IL-34) and granulocyte-macrophage 
colony-stimulating factor (GM-CSF) stimulation of plated microglial progenitors resulted in 
mature microglia (Figure 1.e). 

We further evaluated the production of microglia progenitors from H9 and EH1 cells. EH1 
cells led a higher production of microglial progenitors: 87% compared with 23% from H9 
cells (Figure 2.a,d). Microglia phenotype was verified by immunostaining of TMEM 119 for 
mature microglia and Iba-1 a well-recognized marker for microglia (Figure 2. b-c; e-f). Based 
on these results, we decided to continue with EH1 cells for the next experiments.

Functional Validation of iPSC differentiated microglia
The generation of iPSC-MG was validated using both morphological and functional 
assays. Microglia are the brain immune phagocytes with capability to mediate clearance 
of apoptotic or necrotic cells and removal of unfolded proteins [22]. Besides, microglia 

Table 1. List of Antibodies used for flow cytometry and immunofluorescent analyses
Name Host Brand Cat No. Use
IBA1 Rabbit Wako 019-19741 Immunofluorescence
TMEM119 Rabbit Sigma HPA051870 Immunofluorescence
CX3CR1-PE Mouse R&D Systems FAB5204P FACs
CD14-APC Mouse BioRad MCA596APCT FACs
B-III Tubulin Mouse Santa Cruz SC-80005 Immunofluorescence
NeuN Mouse Millipore MAB377 Immunofluorescence
KI-67 Rabbit Abcam Ab15580 Immunofluorescence
Nestin Mouse R&D Systems MAB1259 Immunofluorescence
GFAP Rabbit Dako Z0334 Immunofluorescence
Vimentin Goat Santa Cruz SC-7557 Immunofluorescence
MAP-2 Mouse Sigma M44403 Immunofluorescence
OCT 4 Mouse Santa Cruz SC-5279 Immunofluorescence

Phagocytosis assay
Day 10 matured differentiated iPSC-MG were plated into 96-well flat clear bottom black 
walled polystyrene tissue-culture treated microplates (Essen Bioscience, Cat No.4379, 
Michigan, US) and allowed to adhere for two hours. 1ug/0.1 ml pHrodoâ pathogen 
bioparticles (p35361, Thermo Fischer) were added at indicated concentrations, and the 
plates were transferred into the IncuCyte ZOOMâ platform which was housed inside a cell 
incubator at 37 °C/5% CO2, until the end of the assay. One image per well were taken every 
two hours for 24 hours using a 10x objective lens and then analyzed using the IncuCyte TM 
Basic Software. Red channel acquisition time was 800 ms. An area filter of min 100 max 100 
(um2) was applied. The fluorescence signal was quantified from four technical replicates/
condition applying a mask.

Organoids generation
For cerebral organoid differentiation, we used the protocol from Lancaster et al., 2013. 
“Briefly, pluripotent stem cells were dissociated from mouse embryonic fibroblasts by 
dispase treatment followed by trypsinization to generate single cells. In total, 4,500 cells 
were plated in each well of an ultra-low binding 96-well plate (Corning) in human ES 
media with low concentration basic fibroblast growth factor (4 ng ml-1) and 50 μM Rho-
associated protein kinase (ROCK) inhibitor (Tocris). Embryoid bodies were fed every 
other day for 6 days then transferred to low-adhesion 24-well plates (Corning) in neural 
induction media containing Dulbecco’s modified eagle medium (DMEM)/F12, 1:100 N2 
supplement (Invitrogen), GlutaMAX (Invitrogen), minimum essential media non-essential 
amino acids (MEM-NEAA) and 1μg ml-1 heparin (Sigma). The neuroepithelial tissues were 
fed every other day for 5 days. On day11, tissues were transferred to droplets of Matrigel 
(BD Biosciences) by pipetting into cold Matrigel on a sheet of Parafilm with small 3 mm 
dimples. These droplets were allowed to gel at 37°C, removed from the Parafilm and grown 
in differentiation media containing a 1:1 mixture of DMEM/F12 and Neurobasal containing 
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increasing during the following 24 hours. The increase in cell index reflected an increase in 
microglial shape, which indicated the time frame when microglia shifted its resting status 
into activation status. Microglial shape during activation changes from a small cell body with 
fine ramification into a larger amoeboid shape. These changes are easily detected by the cell 
impedance system.  The impedance measurements were paralleled by immunofluorescence 
studies with a microglial marker (Iba-1 antibody) (Figure 4. b). Analysis of immunostainings 
of iPSC-MG challenged with LPS and α-Syn revealed comparable degree of morphological 
changes as primary microglia after exposure to LPS and α-Syn (Figure 4. c). Based on these 
findings, we proposed that the generated iPSC-MG were functionally active and resembled 
the morphology and activity of primary microglia.

Integration of iPSC-MG in brain organoids
Brain organoids are self-assembled three-dimensional cell aggregates generated from iPSC. 
The majority of generated brain organoids are populated by neurons and astrocytes and lack 
microglia since protocols to generate microglia were not readily available and the germinal 
origin of microglia is different than the one of neurons and astrocytes [26,27]. Brain organoids 
represent an excellent tool to model brain cell interaction and, therefore providing an 

Figure 2. Characterization of iPSC-derived microglia from H9 and EH1 cells. Representative plot of the sorting gate 
used to isolate CD14+CX3CR1+ microglial progenitors via FACS between day 25 and 50 of differentiation from H9 
(a) and EH1 cells (d). A panel of representative images of microglia after immunofluorescent labeling for IBA1 and 
TMEM119 from H9 (b-c) and EH1 cells (e-f). Magnification 10x. Bar graph:10 μm

contribute to remodeling of neuronal connectivity by engulfment of synapses, axonal and 
myelin debris and combat central infections by direct phagocytosis of bacteria and viruses 
[23,24]. Here, we provided evidence of phagocytic activity of iPSC-MG, as a functional readout. 
We used pHrodo E. coli BioParticles conjugates as they are non-fluorescent at neutral 
pH and they started to show the increase of fluorescent signal (green or red) when the 
pH is reduced. Acidification of the phagosome content during the phagocytosis process 
resulted in visualization of red fluorescent particles in active mature microglia (Figure 3. 
a). Phagocytosis was highly increased by the addition of LPS to the medium (Figure 3.b) 
as shown by the quantification of mean cell fluorescence intensities of pHrodo E. coli 
BioParticles in iPSC-MG (Figure 3.c). Interestingly, the microglia progenitors are also able to 
phagocyte pHrodo E. coli BioParticles, while the cell motility seemed reduced compared to 
mature iPSC-MG (data not shown).

Next, we determined whether microglial cells are able to shift their status from a resting 
to an activated state, resembling the human microglia and primary microglial ability to 
become activated. To this end, we challenged iPSC-MG with LPS or α-Syn and followed 
their potential morphological alterations by real-time impedance measurements. These 
readings provide information on microglial morphological changes, which are continuously 
monitored for the whole period of LPS and α-Syn exposure. LPS is commonly used to 
induce activation of microglial or macrophage cells to mimic bacterial infections [25]. 
Impedance measurements were displayed as normalized cell index and indicated that LPS 
and α-Syn induced a continuous concentration-dependent increase in cell index, indicative 
of microglial activation. (Figure 4. a). Morphological changes, depicted as increased cell 
index were already detected within 120 min following exposure, and were continuously 

Figure 1. iPSC Differentiation to human microglia. PSC differentiated to microglia through myeloid progenitors. (a) 
Diagram depicting the major steps of the microglial differentiation protocol. (b-e) Representative pictures of the 
main steps in the differentiation protocol. Magnification 4x. Bar graph:100 μm.
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To understand the role of brain cell interactions on neurodegenerative diseases, first we 
generated iPSC-MG that would later be integrated into a matured cerebral organoid. 
The strategy of iPSC-MG differentiation followed Douvaras and colleagues’ protocol. In 
vitro hematopoietic differentiation of iPSCs resembled in vivo primitive hematopoiesis, 
where iPSC-derived myeloid progenitors would relate to in vivo primitive yolk sac myeloid 
progenitors [14]. Stimulating PSCs with a myeloid inductive medium followed by treatment 
with microglia-promoting medium and factors generated KDR+CD235a+ primitive 
hemangioblasts, which subsequently transitioned from CD45+CX3CR1- to CD45+CX3CR1+ 
microglial progenitors in vitro. The maturation of microglial progenitors was achieved in the 

Figure 4. LPS and α-Syn induce iPSC-MG activation. (a) iPSC-MG cells were seeded in 96-well E-plates at a density 
of 15,000 cells/well and monitored with a real-time impedance-based xCELLigence system. After 24 hours in cul-
ture, cells were challenged with different two concentrations of LPS (100 and 250 ng/ml) and α-Syn (200 ng/ml) for 
24 hours more. (b) Morphological alterations of activated microglia were visualized by immunostaining with Iba-1 
antibody in iPSC-MG and (c) mouse primary microglia. Magnification 20x. Bar graph: 5μm.

exceptional opportunity to investigate human brain development and disorders. To study 
the ability of iPSC-MG to invade developing neural tissues and migrate within them, we 
developed organoids according to Lancaster et al., 2013 [21] and added mature iPSC-MG. The 
preformed 3D cortical organoids were cultured for 100 days in vitro.

To evaluate the composition of the cell population in the cerebral organoids at three months 
in culture, we investigated and detected the presence of general neural progenitor markers 
such as Nestin and KI-67 (Figure 5 a-b). Besides, immunolabelling assays revealed that 
cerebral organoids presented astrocyte markers, including GFAP and vimentin (Figure 5 
c-d). At the same time, we identified neuronal nuclei (NeuN), B-III Tubulin and microtubule-
associated protein 2 (MAP-2), components of neuronal signature (Figure 5 e-g) reflecting 
some maturity of the generated brain organoids. Under these conditions, we applied iPSC-
MG to the organoid and observed an early integration of iPSC-MG first at the surface of the 
organoid and later in deeper layers of the organoid between day 3 to day 7 (figure 6.a-d). 
These data showed surviving iPSC-MG in those environments for at least nine days. After 
we fixated the organoids and we performed immunostaining with Iba-1, we detected a few 
positive cells inside the organoid (Figure 6.e-f).

Discussion

Modeling human diseases in rodents where microglia have been modified or ablated have 
been remarkably useful in demonstrating the beneficial and detrimental effects of microglia 
in the pathogenesis of a variety of neurodegenerative disorders. The main limitation to 
further our understanding of microglial biology and properly translate these data to a 
clinical setting has been the lack of an abundant source of normal and disease-specific 
human microglia. iPSC cells are a unique solution to obtain microglia due to unlimited self–
renewal, and differentiation into any adult cell type [28]. The ability to produce unlimited 
amounts of functional microglia from people with different diseases may provide new tools 
for fundamental research in disease pathogenesis and drug development and at the same 
time unique therapeutical opportunities for neurodegenerative diseases as Parkinson or 
Alzheimer.

Figure 3. Phagocytic activity of human differentiated iPSC-MG. Cell imaging (Incucyte system) displaying phago-
cytosis reagent pHrodo red E. coli BioParticles being engulphed by cells without (a) and with LPS (b) with its corre-
sponding time-lapse curves (c). Magnification 10x. Bar graph: 300μm
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presence of GM-CSF and IL-34. GM-CSF is a growth factor that induces the proliferation and 
maturation of myeloid progenitors, giving rise to neutrophils, monocytes and macrophages, 
and eosinophils [29]. Likewise, IL-34 is a cytokine that IL-34 can binds to CSF-1R and stimulates 
the differentiation, proliferation and survival of monocytes, macrophages and osteoclasts 
and plays an important role in the development and maintenance of microglia [30,31].

To corroborate the reliability of the protocol, we evaluated an ESC and iPSC line, where 
we observed a striking difference between the production of microglia progenitors, 23% 
compared to 87%, respectively. Our data are in concordance with Douvaras et al., 2017 
where they obtained a 40% to 60% efficiency in ESC and 45-95% from iPSC. Generation 
of microglia from iPSC derived from individuals with varying disease status, age, and sex, 
together with different reprogramming strategies account for the variability of yield per iPSC 
lines [13,14,32].

Phagocytosis is an essential function of microglia to mediate clearance of apoptotic cells, cell 
debris, extracellular protein aggregates, mainly during inflammatory processes triggered by 
injuries or neurodegenerative diseases [33,34]. Here, we demonstrated the functionality of 
generated iPSC-MG in a phagocytosis assay showing how microglia was able to phagocyte 
E. coli Bioparticles. The phagocytic capacity was further increased after addition of LPS, 
providing a similar answer as human microglia in a previously described study [35]. At the 
same time, immunofluorescence analysis with Iba-1 showed that LPS and α-Syn induced 
enlarged microglial cell bodies, indicative of an activation profile of iPSC-MG. These findings 
confirm the functional state of the microglia that we generated in concordance with 
differentiated microglial activity produced via different strategies [15,17,36].

Figure 6. Microglia migrate into preformed cortical organoids. (a) Representative bright-field image of an organoid 
in the presence of iPSC-MG. Acquisition of the images were performed after two (b) and five days (c-d). Immunos-
taining for Iba-1 (Red) in organoids after ten days in coculture of iPSC-MG with the organoids, objective 10x (e), 
20x (f) and 40x (g-h).

Figure 5. Generation and characterization of organoids according to Lancaster et al., 2017 Main markers in or-
ganoids of three months old with DAPI for Nestin (a), KI-67 (b), Vimentin (c), GFAP (d), B-III Tubulin (e), MAP-2 (f) 
and NeuN (g).
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Supplemental figures

Figure supplementary 1. Immunoreactivity of OCT 4 (Green) in ESC and iPSC and cell viability with DAPI (Blue). 
Magnification 10x. Bar graph: 100 μm

We obtained organoids populated with different brain cells, such as neurons and astrocytes, 
and we added iPSC-MG to be able to study the interaction between neurons and microglia 
and to provoke an inflammatory answer. Analyzing the integration of iPSC-MG into cerebral 
organoid, we detected iPSC-MG in the organoid during the first days of co-culturing, while 
following ten days in culture, this quantity of microglia was reduced, maybe due to lack 
of growth factors inside the organoids. In conclusion, we successfully generated functional 
human microglia from iPSC that could be integrated into a cerebral organoid. The next logical 
steps include additional studies to obtain a better integration of microglia within organoids 
that would provide a suitable neuroglial environment to study cellular mechanisms of brain 
diseases.
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Figure 1. Protection by linalool in different models of neurodegenerative diseases. Green arrows represent the 
linalool effect on the therapeutic targets A. Primary and HT-22 cells protection by linalool: neurons and astrocytes 
in culture were tested with excitotoxicity by glutamate and linalool we showed linalool recovered the cell viability 
and levels of ATP; decrease the actin depolymerization and cell death by linalool; In HT-22 cells linalool reduced 
ROS, calcium mitochondrial, recovered mitochondrial membrane potential and increased maximal respiration in 
mitochondria. B. We observed in OHSC that linalool reduced cell death mainly in CA1 from the hippocampus and 
COX-2 expression after NMDA toxicity. C. Oral administration of the linalool ameliorated β-amyloidosis, tauopathy, 
microgliosis and astrogliosis through regulation of proinflammatory markers as COX-2, NOS2, IL-1B, P38MAPK in 
an aged triple transgenic AD model mouse. D. Linalool reduced astrogliosis and microgliosis in the hippocampus 
modulating COX-2 protein of rats subjected to 2 vessels occlusion (global cerebral ischemia); we found linalool was 
able to maintain the homeostasis of lipids such as LPC 22:6, LPE 22:6, PC 36:1 and PC 42:1 in hippocampus and PI 
36:2 in serum. E-G. Linalool reduced cognitive and emotional deficits in 3xTg-AD and sensorimotor and memory 
deficits in ischemic rats.

The understanding of the molecular mechanisms of AD and stroke together with the 
urgency to find new therapies are closely linked with the high impact that this research 
could have in society. Neurodegenerative disease is a general term for a range of conditions 
which mainly affect neurons in the human brain. The prevalence of neurodegenerative 
disorders is increasing, owing in part to extensions in lifespan [1]. Nowadays, there is no cure 
for any of these diseases, so our goal in this thesis was to shed more light on the molecular 
mechanisms of these diseases by focusing on a lipidomic approach and evaluate a potential 
protection of a naturally occurring terpene alcohol, namely linalool, in some of the most 
common neurodegenerative conditions such as AD and ischemia.

Since ancient times, humanity has used medicinal plant preparations for the treatment of 
its diseases, and, as research has evolved, new technologies have enabled more studies on 
natural compounds which derive from plants [2]. The health benefits reported by other authors 
[3] and preliminary studies in our group were the reason to choose different approaches to 
evaluate the protection of the naturally occurring monoterpene linalool. We described in 
two in vitro models for oxidative stress associated to neurodegenerative conditions (HT-22 
cell line & primary neurons and astrocytes), one ex-vivo model for excitotoxicity associated 
to neurodegenerative conditions (OHSC) and two in vivo models for AD and ischemia (3xTg-
AD mice & 2-VO in rats) the protection of the monoterpene linalool (Figure 1).

Linalool is susceptible to chemical modifications (oxidation, glycosylation, esterification, and 
methylation) due to the two double bonds and the hydroxyl group (OH) in its structure 
[4,5]. Linalool exhibits chiral properties due to the OH group in the third carbon (C3), and 
it has two enantiomers and the racemic (rac) form. The pharmacological differences 
between linalool enantiomers have been shown on physiological parameters on human 
stress reactions assessing endocrine and autonomous nervous system [6] and in sedative 
effect in humans [7]. The chiral influence of other optically active monoterpenes on behavior 
experimental tests in mice also was confirmed [8]. Interestingly, Sousa et al., 2010 showed 
that both enantiomers and rac-linalool have similar anticonvulsant activity, but differ in their 
potencies where rac form was the most potent [9].

Linalool is neither phototoxic [10] nor genotoxic [10,11]. The evaluation of linalool in vitro in 
bacterial test systems (Ames assay) and in vivo in mammalian test systems (micronucleus 
assay) showed no evidence of mutagenic or genotoxicity [12]. Nevertheless, the toxicity was 
evaluated in Sprague–Dawley rats with the maternal NOAEL (No observed adverse effect 
level) and the developmental NOAEL were 500 mg/Kg bw/day and 1000 mg/Kg bw/day, 
respectively [12]. Besides, after oral exposure in rats, NOAEL value was 500 mg/Kg bw/day 
and the margin of safety was major to 5000 [13]. These concentrations are much higher 
compared with 25 mg/kg that we and other colleagues have used in models of AD, ischemia 
or other disease models [14–17].
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significantly induced FA oxidation, and its effects were markedly attenuated by silencing 
PPARα expression. In mice, the oral administration of linalool for three weeks reduced plasma 
TG concentrations in Western-diet-fed C57BL/6J mice [26]. Linalool reduces the expression of 
3-hydroxy-3-methylglutaryl CoA reductase via sterol regulatory element binding protein-2- 
and ubiquitin-dependent mechanisms [27] and inhibits proliferation and cholesterogenesis 
in liver-derived (HepG2) and extrahepatic (A549) cell lines [28]. Besides, linalool could inhibit 
intracellular lipid in 3T3-L1 adipocytes, indicating that S-(þ)-linalool might play an essential 
role in controlling body weight [29].

Interestingly, our data showed that linalool-treated 3xTg-AD mice exhibited an increased 
frequency of entry into the open arms, increased head-dipping, reduced grooming and 
rearing frequencies compared with those of vehicle-treated 3xTg-AD mice. Our data confirm 
the results of previous studies reporting that inhaled linalool has anxiolytic properties, 
increased social interaction, and decreased aggressive behavior [30,31]. Chen et al., 2015 
described that linalool 500mg/kg significantly increase the time that mice spent in the open 
central area detected by the open field test and also the time they spent in the open arms 
of the EPM. This concentration did not render any side effects on motor activity, indicating 
excellent anxiolytic responses [32]. However, other study did not report any difference in the 
number of entries to the open arms using 125 mg/kg linalool [33]. In our study, we observed 
significant improvements in the neurological score, motor function and cognitive function 
by linalool 25 mg/kg given orally in 2VO model of cerebral ischemia. In accordance with 
the data from 3xTg-AD, linalool treatment effectively decreased the escape latencies in the 
learning, retention and re-learning tests compared with control groups in both models. 
Recently, Xu et al. corroborated this effect in another model of AD, where 100 mg/kg linalool 
reduced the escape latencies, increased the escape rate, and increased the time spent 
exploring the platform location in MWM test [34].

Reduction of COX-2, astrogliosis and microgliosis were common processes in our studied 
models of AD and stroke. Therefore, our data is indicative of a potential anti-inflammatory 
effect of linalool in conditions of stress. Inflammatory reactions, caused by diseases such 
as diabetes and cardiovascular disease, can be alleviated by linalool, which interacts with 
proteins such as COX-2, NF-κB, and nuclear factor erythroid 2-related factor 2 (Nrf-2) [35]. 
Linalool, mainly (-)-linalool, may also interact with nitric oxide synthase (NOS) enzyme, 
inhibiting the production of nitric oxide (NO) without reducing the enzyme synthesis [36]. 
Moreover, Li et al. suggested that linalool inhibited LPS-induced inflammation in BV2 
microglia cells, both via the NF-κB pathway and also by the activation of Nrf2/ heme 
oxygenase-1 (Nrf2/HO-1) signaling pathway [37].

We observed microglia activation in AD and stroke animal models, in concordance with 
morphological alterations reported in postmortem AD and stroke brain tissue [38–40] 
suggesting that innate neuroinflammatory processes play a role in the progression of 

Experimental studies on rats, performed with 14 C-labelled linalool (500 mg/kg bw), indicated 
that it is quickly absorbed from the intestinal tract after oral or gavage administration. After 
absorption, most of the linalool is quickly metabolized in the liver to polar compounds that 
are mainly excreted in the urine as free form or conjugates. As an example, Aprotosoaie 
et al, 2014 detected 8-Hydroxy- and 8-carboxy-linalool as significant metabolites following 
20 days administration of 800 mg linalool/kg bw/day [18] or dihydro-, tetrahydrolinalool 
identified in rodent urine. Besides, a high proportion of oral linalool follows intermediary 
metabolism pathways and is eliminated in exhaled air as CO2 

[11]. 

We demonstrated the protection of linalool in vitro in a model of 1) excitotoxicity induced 
by glutamate in neurons and 2) of oxytosis in neuronal HT-22 cells. HT-22 cells lack NMDAR; 
therefore glutamate stimulation initiates a distinct pathway of cell death independent of 
NMDA-related increased neuronal excitability. Our data are supported by previous in vitro 
studies in which PC12 were challenged by glucose/serum deprivation (GSD) conditions, and 
linalool was able to prevent the cell death following 8 hours of GSD [19]. In parallel, Park 
et al., described neuroprotective effects of linalool against oxygen glucose deprivation/
reoxygenation (OGD/R) that induced cortical neuronal injury. This study showed that 
linalool significantly reduced intracellular oxidative stress, scavenged peroxy radicals, and 
decreased the activities of SOD (superoxide dismutase) and catalase [20]. In vitro screening of 
linalool’s antioxidant potency depicted moderate superoxide scavenging and negligible H2O2 
scavenging activity [21], in contrast to the protective effects against H2O2 induced oxidative 
stress in brain tissue [22].

Mitochondria play an essential role in cellular metabolism, where oxygen consumption 
through the electron transport system (ETS) is tightly coupled to ATP production and 
regulate metabolic demands. Mitochondrial respiration take part in key processes such as 
oxidative phosphorylation, ion gradients, membrane potential, ROS generation and heat 
dissipation [23,24]. We demonstrated that linalool in vitro restored intracellular ATP levels in 
a glutamate excitotoxicity model suggesting that mitochondria play an essential role in the 
linalool-mediated protection. In consequence, we conducted high-resolution respirometry 
experiments to evaluate mitochondrial metabolic functions. We observed an increase 
in maximal oxygen consumption in response to linalool. Maximal oxygen consumption 
rate attained by adding the uncoupler FCCP mimics a physiological “energy demand” by 
stimulating the respiratory chain to operate at maximum capacity, which causes rapid 
oxidation of substrates (sugars, fats, amino acids) to meet this metabolic challenge [25]. Our 
data indicate that increased maximal respiration and spare capacity in response to linalool 
is associated with increased metabolic fitness allowing the cell to cope better with stress.

On the other hand, linalool was able to recover the homeostasis of phospholipids such as 
PC in hippocampus and PI in serum in rats one-month postischemia. It has been described 
that linalool reduced cellular lipid accumulation regulating PPARα-responsive genes and 
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isolated with CD14 and CX3CR1 [44]. However, functional assays are reproducible with both 
protocols and they reported high purity, while transcriptomic analysis in almost all the 
protocols showed a unique signature for microglia with genes such as Ferls, C1qa, P2ry12, 
Pros1, Mertk and Gas6 [56]. Whole-transcriptome principal component analysis (PCA) 
highlights the differentiation trajectory of monocytes, macrophages and dendritic cells 
compared to microglia. In addition, the comparison between generated microglia  and its 
potential resembling with neonatal microglia or adult microglia form patients was shown 
[50,57]. Nevertheless, Garcia et al, 2018, point out similarities between gene expression 
in iPSC macrophages and iPSC microglia and therefore refer to them as iPSC-microglial-like 
cells (iPSC-MGLCs) [58].

In our studies, functional assays demonstrated the maturity of human differentiated 
microglia, as showed by their response to a variety of stimuli and detected by xCELLigence 
real-time impedance measurements and phagocytosis assays. Nevertheless, ongoing 
experiments are realized to confirm the unique signature of microglia. Discovering the 
pertinent immune components may lead to the development of new therapeutic targets to 
decelerate or even cease neurodegenerative diseases.

Lipid profile in neurodegenerative diseases 

The field of lipidomics has recently converged into the neuroscience field trying to 
elucidate the role of lipids, to characterize their biologic role, and their relationships 
concerning the expression of proteins involved in lipid metabolism and function in aging 
and neurodegenerative diseases [59]. The composition of brain lipids in the cerebral cortex 
is altered with age and brain injuries [60]. In cerebral ischemia and AD processes, important 
changes have been determined in the composition of fatty acids, cholesterol, phospholipids, 
and sphingolipids. These alterations can produce other intermediates that in turn can 
change their overall lipid homeostasis. These processes highly depend on the time elapsed 
post-ischemia, stages of AD and the brain region, where the composition of lipids regulate 
the molecular pathways of cell death.

We evaluated the potential alteration of the hippocampal and peripheral phospholipid 
profile in long-term postischemia associated with cognitive impairment in rats. The main 
changes on phospholipids (PLs) were associated with hippocampal dysfunction, such as the 
decrease in phosphatidylcholine (PC 32:0, PC 34:2) and the increases in PLs dysfunction 
in membrane structure and signaling. In particular, lysophosphatidylethanolamine (LPE 
18:1) and phosphatidylserine (PS 38:4), in the hippocampus were associated with these 
effects. Complementarily, PC 34:2, and ether-PC 34:1 decreased, while Lyso-PC 20:4 and 
phosphatidylinositol (PI) 36:2, as neurovascular state sensors, increased in the serum, as 
we can observe in Figure 2. Interactions between phospholipids and other lipid mediators 

neurodegenerative diseases. Recent findings reported a molecular diversity of murine 
microglia on a temporal and spatial axis during ontogeny, homeostasis, adulthood, and 
aging [41–43]. iPSC technology offers the opportunity of culturing patient derived cells and 
in this way this technology represents a valuable tool for studying disease etiologies at 
molecular and cellular levels. Based on these observations, we have decided to generate 
microglia from healthy control subjects by using a modified protocol of Douvaras et al., 2017 
[44]. Protocols to generate microglia are fairly recent, just few years ago, Muffat et al, 2016 
[45] described the first protocol to produce iPSC-derived microglial-like cells, and nowadays 
there are around 10 protocols described in literature.  

These reported protocols share similar patterns in the microglial differentiation steps, with 
one common denominator at the beginning of the protocol being represented by BMP4 
and at the end during the maturation phase IL-34, MCSF and GM-CSF. BMP4 regulates 
proliferation and differentiation, cell-fate determination, inhibits neurogenesis and induces 
neural stem cell (NSCs) glial differentiation in the adult CNS [46,47]. During differentiation, 
these protocols are using a variety of growth factors and interleukins such as IL-3, IL-6, TPO, 
VEGF, and SCF. During the last steps of differentiation, IL-34 is added together with GM-
CSF to promote the maturation of microglia. These substances are also required for the 
differentiation, proliferation and survival of monocytes, indicating the similarities between 
monocyte and microglia functionality [48,49].

The efficiency in the generation of microglia progenitors showed a marked difference 
between EHS and iPSC lines, 23% compared to 87%, respectively. Our data are in concordance 
with Douvaras et al., 2017 [44] where they obtained a 40% to 60% efficiency in ESC and 45-
95% using iPSC. Likewise, it has been demonstrated that generation of microglia from iPSC 
derived from individuals with varying disease status, age, and sex, and the reprogramming 
strategies highly influence the variability of yield per iPSC lines [50,51]. 

Our review presents an overview of the role of microglia in human neurodegenerative 
diseases, and different protocols that can be employed for generation of microglia from iPSC. 
We discuss the variability between growth factors, medium, time scale for the production 
of microglia that affect the yield, scalability and purity of these cells. We demonstrate the 
purity of microglia cells by immunostaining with markers IBA-1 and TMEM119, similarly, 
other groups used these markers or CD11B, CD11C, P2RY12, CD45 [45,50,52–54]. TMEM 119 
(Transmembrane protein 119) has been validated as a unique marker to differentiate 
microglia from related cell types as macrophages or monocytes [55]. 

In the same way, isolation by FACs is based on different antibodies according to the microglia 
progenitors. Abud et al.,2017 reported the isolation of hematopoietic progenitors after 
sorting with CD43 [50] and Douvaras et al.,2018 described that microglia progenitors  were 
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involved in the behavior of membrane proteins, receptors, enzymes, and ion channels. They 
are involved in maintaining lipid asymmetry and vesicular transport [62]. Increased activity 
of phospholipases, increased anabolism of lysophospholipids, peroxisomal dysfunction, 
imbalances in the levels of saturated/unsaturated fatty acids and oxidative stress are 
associated with neurodegenerative diseases and are indicative of the progress of the 
pathology [63].

Phosphatidylcholine (PC) is the most abundant glycerophospholipid in the membrane and 
plays a crucial role in cellular signaling [64]. We observed an imbalance in the production of 
PC and LPC one-month post-ischemia while some species of PC were reduced and some 
species of LPC were increased. However, in CADASIL and SAD tissue we observed both 
forms of PC 42:4 and 44:6 were increased. Our results in ischemia are in concordance with 
previous studies where PC was reduced after 24 hours following the injury [65] and also in 
neurodegenerative diseases. In particular, a reduction of PC and PE levels was detected in 
the cerebral cortex of patients with AD, which is potentially linked to the roles of PLA2, PLD in 
BA activation [66,67]. In our study, we observed an increase of PC in SAD,  while in a different 
study alterations in this PL in the frontal cortex, parietal, and temporal region of AD patients 
were not observed [68]. Based on these results, the PC distribution patterns depend on 
the fatty acid composition, which reflects the heterogeneous membrane lipid compositions 
in distinct cell types. In addition, PC species are composed of saturated palmitic (16:0) 
and stearic acid (18:0), monounsaturated oleic acid (18:1) and polyunsaturated linoleic 
acid (18:2). This composition of membrane lipids determines their fluidity, curvature, 
permeability and signaling pathways that can mediate proinflammatory cytokines release, 
and worsen the cellular homeostasis in neurological diseases. Our results confirmed the 
imbalance in PLs and LPLs after global cerebral ischemia, CADASIL and SAD.

Phosphatidylinositol (PI) was present in low percentages in the serum of ischemic rats. 
However, we observed a remarkable increase that could be used as a predictive marker in 
the time-course after cerebral ischemia. PI is characterized by the phosphorylation of the 
inositol head group of phosphoinositide, with a rapid and reversible phosphorylation rate, 
which critically participates in signal cascades, cytoskeletal remodeling, and intracellular 
membrane trafficking [69,70]. Similar studies showed stimulation of 3HInositol monophosphate 
formation via excitatory amino acids signaling that is greatly enhanced in hippocampal slices 
24 h or 7 days after reperfusion in a four vessels occlusion-ischemia model [71].  Furthermore, 
PI increased in response to calcium stimuli in the brain [72], while calcium imbalance was 
associated with mitochondrial dysfunction [73], vascular alterations and has been recognized 
to promote a toxic environment in neurological diseases [74].

Phosphatidylserine (PS) plays a central role in the brain cell membrane fluidity, transmission 
of brain cell activity and neural information [75]. We observed PS 42:7 was the main 

are involved in maintaining lipid asymmetry, a dynamic process, which they are required 
for maintaining neural membrane functions such as neuroplasticity and vesicular transport 
[61]; regulation of these functions after ischemia is fundamental to understand the 
pathophysiology of CVD.
Similarly, we showed differential lipid patterns between pure vascular dementia as CADASIL, 
sporadic Alzheimer disease (SAD) and control patients. The lipid patterns were investigated 
in gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF). PLS-DA analysis 
discriminated species with the higher sMC index, such as PS 44:7 (18:1/22:6)/ /LPE 18:2 
in GM; PE 32:2 (16:1/16:1)/PC 44:6 (18:0/22:6) in WM, and ePE 38:2 (18:0/20:2)/ePC 34:3 
(14:0/20:3) in CSF. These findings were supported by high correlation profiles of PLs between 
both pathologies as indicated in the heat maps. Interestingly, common sub-phospholipidic 
species discrimination was obtained in both types of dementia in respect to the control, 
such as, PS 44:7/LPC 22:5 in GM, highlighting a transversal phenomenon that impact the 
brain parenchyma in a similar manner. Moreover, a comparable immunoreactivity pattern 
supported these results by neural (astrogliosis, microgliosis, dendrite loss) and vessel 
population (retraction and extravasation) markers in both types of dementia.
Phospholipids are biologically relevant molecules, which form cell membranes and are 

Figure 2. Regulation of phospholipids after one-month post-ischemia. Phospholipids were evaluated after one 
month of 2 vessel occlusion model in rats (multifocal injuries) in the hippocampus and serum. We detected a 
reduction of PC 32:0, PC 34: 2 and increase of LPE 18:1 and PS 38:4 in the hippocampus. Meanwhile, in serum we 
observed an increase of PI 36:2 and LPC 20:4 and reduction of PC 34:2, and ePC 34:1. Besides we observed rats with 
ischemia has cognitive deficits and alterations in myelin, cerebral parenchyma, and astrogliosis. LPC, Lysophos-
phatidylcholine; PC, phosphatidylcholine; LPE, lysophosphatidylethanolamine; ePC, ether phosphatidylcholine; PI, 
phosphatidylinositol; PS, phosphatidylserine.
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we observed an increase of ether-PC (ePC) in the CSF of CADASIL and SAD groups. Ether lipids 
represent one of the major structural component of cell membranes: their incorporation in 
PLs alters the membrane physical properties and affects membrane dynamics. This property 
is particularly important in higher order membrane structures such as those found in myelin, 
evidenced by its enrichment in plasmalogens [80].

PLs are multifunctional molecules, are the major constituents of membranes and are 
responsible for the membrane bilayer. Their physiological roles have been challenging to be 
identified and are likely to vary in different tissues, metabolic processes, and developmental 
stages. Our findings are potentially useful for improving prediction and intervention after 
cerebral ischemia, SAD and CADASIL and form the basis for a future understanding of PL 
dysfunction in neurological pathologies and will help to propose new biomarkers and 
therapeutic targets.

Main Conclusions

Oral administration of linalool at an advanced stage of AD in 3xTg-AD model mice reversed 
the histopathological hallmarks of AD (amyloidosis, tauopathy, astrogliosis, and microgliosis) 
and restored cognitive and emotional functions evaluated by analysis of Morris water and 
elevated plus maze behavioural tests, respectively. 

•	 The treatment with linalool prevented glutamate-induced cell death of neurons and 
astrocytes, retraction of neural processes, actin cytoskeleton depolymerization and 
recovering ATP levels following glutamate challenge.

•	 Post-ischemic neurological, motor and cognitive impairments were prevented by 
the oral linalool treatment. Linalool reversed the phospholipid alterations, reduced 
astrogliosis and COX-2 expression in the hippocampus. 

•	 Administration of linalool to HT-22 cells challenged by toxic concentrations of glutamate, 
reduced cell death, mitochondrial ROS, lipid peroxidation, calcium levels, and preserved 
mitochondrial membrane potential.

•	 Linalool increases maximal respiration and spare capacity in HT-22 cells contributing to 
its neuroprotective capacity. 

•	 Linalool reduced NMDA-induced damage in the hippocampus and the increase of the 
gene expression of COX-2 in organotypic hippocampal slices.

•	 Based on our findings, we propose that linalool may be a potential candidate for further 
preclinical studies and future translational studies on neurodegenerative diseases

•	 Phospholipids associated with neurotransmission, such as phosphatidylcholine (PC 
32:0, PC 34:2, PC 36:3, PC 36:4, and PC 42:1) were reduced. In addition, increases in PLs 
involved in the membrane structure and signaling, such as lysophosphatidylethanolamine 
(LPE 18:1, 20:3, and 22:6) and phosphatidylserine (PS 38:4, 36:2, and 40:4), in the 

discriminant PL in GM where in CADASIL and SAD groups the levels of PL were reduced 
compared to the controls. While, Wood et al., 2015 reported that  the levels of PS were 
unaltered in the CSF, GM or WM [76], other groups reported that PS levels gradually decrease 
with increasing of age, affecting memory and cognitive ability. In AD cases this reduction is 
higher compared with control subjects [77]. Besides, we observed PS 42:7 (18:1/22:6) was 
composed by oleic acid and DHA was altered in dementia groups, correlating with a lower 
plasma concentration. In addition, other fatty acids have been associated with cognitive 
decline in both healthy elderly people as well as patients with AD [78].

Lysophospholipids (LPLs) are proinflammatory phospholipids that are synthesized in the 
brain through the action of phospholipase 1 (PLA1) and PLA2 on PLs such as PC and PE, 
which are metabolized by lysophospholipases and acyltransferases. LPLs, such as LPC, not 
only directly interact with ion channels and neurotransmitter receptors but also indirectly 
modulate their activity and neural membrane fluidity [79]. LPC 20:4 and LPE 18:1 were 
increased in the ischemic group compared to the other groups. LPLs such as LPC and LPE 
alter the membrane permeability and disturb the osmotic equilibrium. On the other hand, 

Figure 3. Alterations in lipid profile from dementia cases. We undertook lipidomics analysis of postmortem tem-
poral cortex (GM), subjacent white matter (WM) and cerebrospinal fluid (CSF) to define potential biomarkers that 
distinguish cognitively intact subjects from CADASIL and sporadic Alzheimer disease (SAD). PS 44:7 was reduced in 
CADASIL and SAD groups in the GM.  We observed in CADASIL an increase of PC 42:4 (GM); PE 32:2 and PC 44:4 
(WM); ePE and ePC 38:0 (CSF). In SAD group we observed an increase in PC 42:4 (GM); PE 32:2 and PC 44:6 (WM); 
ePC 38:2 and ePC 36:0 in CSF. Besides, we shown alterations in astrocytes, microglia, tight junctions and dendritic 
loss in dementia groups after immunostaining. PC: phosphatidylcholine; ePC ether phosphatidylcholine; PE, phos-
phatidylethanolamine; ePE, ether phosphatidylethanolamine; PS, phosphatidylserine.
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The question of how linalool regulates the mitochondrial function and phospholipids 
remains to be solved. Therefore, future study involving genetic modification of mitochondria 
respiratory complexes and phospholipids such as PC and PI would give us insights to better 
understand the mechanism of action of this terpene.

Assessment of bioavailability, determination of pharmacokinetic characteristics and use of 
pharmacokinetic/pharmacodynamic modeling can aid in more rational use of linalool. This 
will allow to propose this molecule to begin phase 0 designed by the la Food and Drug 
Administration’s (FDA) on Exploratory Investigational New Drug (IND) Studies. Phase 0 trials 
that include the administration of single subtherapeutic doses of the study drug to a small 
number of subjects (10 to 15) to gather preliminary data on the agent’s pharmacokinetics 
(what the body does to the drugs). In this way we would be able to validate the therapeutic 
potential of linalool and allow in a future its pharmacological application in neurodegenerative 
diseases.

We showed a phospholipid profile in different diseases as SAD, CADASIL and stroke. A 
metabolomic profile including other lipids involved in brain damage, such as sphingolipids, 
gangliosides and cardiolipin, could help to understand the pathology and progression of 
these diseases.

We showed the generation of functional microglia from iPSC and next studies should include 
comparison of biological activity of different lines of patients with neurodegenerative 
diseases such as AD and PD. Integration in a 3D spheroids would provide a suitable neuroglial 
environment to study cellular mechanisms and evaluate therapeutic targets against these 

neurodegenerative diseases.

hippocampus were detected one month post-ischemia
•	 PC (PC 34:2, PC 34:3, PC 38:5, and PC 36:5) and ether-PC (ePC 34:1, 34:2, 36:2, 38:2, 

and 38:3) were decreased, while Lyso-PC (LPC 18:0, 18:1, 20:4, 20:5, and LPC 22:6) and 
phosphatidylinositol (PI 36:2, 38:4, 38:5, and 40:5) increased in the serum of ischemic 
rats.

•	 PLs are a complex network involved in neurotransmission precursors, myelin 
composition and inflammation response in GM, WM and CSF respectively affecting 
dementias as CADASIL and SAD. 

•	 We observed a reduction of PS 44:7 in both dementia groups in GM. In other regions 
we observed an increase in species of PC, PE, ePE and ePC. Although we reported 
phospholipid changes being not specific and sensitive for just one PL as a diagnostic 
biomarker, an overview of lipid profiles could give a prodromal biomarker of dementia. 

•	 We successfully generated functional human microglia from iPSC that could be 
used to interrogate emerging questions associated to inflammatory processes in 
neurodegenerative diseases

Our findings demonstrated that administration of linalool reduce the main hallmarks in AD 
and in ischemic stroke, effects being associated with the improvement in motor, memory 
and cognitive skills. Although, more studies are necessary to properly understand its 
mechanism of action, we have demonstrated the linalool capacity against inflammatory 
processes, oxidative stress, and mitochondrial dysfunction. Linalool modulate the 
mitochondrial functions through the increase of maximal respiration, spare capacity and 
phospholipid regulation. These findings suggest that linalool may be a good candidate for 
further preclinical studies and future translational studies on neurodegenerative diseases.

In our lipidomic approach we detected interesting changes in phospholipids in ischemic 
stroke, AD and CADASIL in brain samples, CSF and serum that could help to unravel 
mechanism in these diseases and help to propose different targets based on the evaluation 
of phospholipid profile.

Perspectives

Therapy with natural products has shown great advances for the treatment of several 
diseases. These natural products can act mostly on a single target or on multiple targets, 
increasing in this way the benefit that could be produced in patients. The results obtained in 
this research propose linalool as an effective treatment for AD in a triple transgenic mouse 
at 21 months and one-month postischemia. It would be interesting to carry out a study 
to evaluate the preventive potential of this monoterpene in both models. Similarly, in the 
model of cerebral ischemia, the long-term effect of linalool could be evaluated, since it is 
known that sequelae of stroke can be observed up to 4 months.
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of dementia groups compared with control group. PS and PI tend to decrease in the gray 
matter of CADASIL group compared with control group. In the white matter, reductions in 
phosphatylethanolamine (PE) 32:2 were detected in the dementia groups while in CSF the 
species more discriminative were PC and its ether derivates as ePE and ePC. Our findings 
showed a deficiency in LPC and PC in temporal cortex in dementias groups suggesting 
that those two diseases may have a similar pathophysiology. While alteration in specific 
phospholipids in white matter and CSF indicate a differential pattern in the fatty acid 
composition between CADASIL and SAD samples.

In both lipidomic approach we detected interesting changes in phospholipids in ischemic 
stroke, AD and CADASIL in brain samples, CSF and serum that could help to unravel 
mechanism in these diseases and help to propose different therapeutic targets to treat 
transversal pathogenesis.

Summary

Neurodegenerative diseases maybe produced by hereditary and sporadic causes, which 
are characterized by a progressive nervous system dysfunction, between them, Alzheimer’s 
disease (AD) and other ageing-related progressive neurodegenerative disorders, as stroke. 
The main aim of this work was to help to set up therapeutic targets in neurodegeneration 
and to identify possible phospholipid biomarkers that reflect the progression of the disease. 
We demonstrated that oral administration of linalool was able to reduce the main markers 
in AD (extracellular β-amyloidosis, tauopathy, astrogliosis and microgliosis) and in ischemic 
stroke the animals had an improvement in motor and cognitive test with a reduction of 
astrogliosis and microgliosis in the hippocampus. The altered profiles of phospholipids 
composed of mono and polyunsaturated fatty acids (PC 36:1; 42:1 (24:0/18:1)/LPC 22:6)/
LPE 22:6) in the ischemic hippocampus and the upregulation of PI 36:2 and other LCFA (long 
chain fatty acids) in the serum of ischemic rats were prevented by linalool. However, we did 
not know its mechanism of action. For that reason, we investigated whether linalool have 
a neuroprotective effect on glutamate-induced oxidative stress and affect mitochondrial 
function. Administration of linalool reduced cell death mediated by glutamate and improved 
mitochondria morphology. Furthermore, we demonstrated a potential neuroprotective 
effect of linalool by reduction of mitochondrial ROS formation, mitochondrial calcium uptake, 
lipid peroxidation and recovery of mitochondrial membrane potential. Besides we showed 
linalool is able to promote an increase in uncoupled respiration on both high resolution 
respirometry and Seahorse system. Therefore, we suggest that linalool could represent a 
therapeutic agent with potential for clinical and translational studies in neurodegenerative 
diseases. 

On the other hand, we evaluated the phospholipid alterations in a two-vessel occlusion 
(2-VO) model after one month from occlusion. Lipidomic analysis was performed via mass 
spectrometry in the hippocampus and serum a month postischemia. We found decreases 
in phospholipids (PLs) associated with neurotransmission, such as phosphatidylcholine 
(PC) and increases in PLs implied in membrane structure and signaling, such as 
lysophosphatidylethanolamine (LPE) and phosphatidylserine (PS) in the hippocampus. 
Complementarily, PC and ether-PC decreased, while Lyso-PC (LPC) and phosphatidylinositol 
(PI), as neurovascular state sensors, increased in the serum. Taken together, these data 
suggest inverse PC/LPC-PI levels and PC/LPE-PS as possible biomarkers of postischemic 
cognitive impairment in rats. 

In the same way we investigated potential similarities in lipid profile from post-mortem 
temporal cortex grey matter, subjacent white matter and cerebrospinal fluid (CSF) of patients 
with CADASIL and Sporadic Alzheimer’s disease (SAD) and control subjects. We observed a 
significant increase in the total levels of PC and a reduction in LPC in the temporal cortex 
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que en el LCR las especies más discriminatorias fueron PC y sus derivados de éter como 
ePE y ePC. Nuestros hallazgos mostraron una deficiencia en LPC y PC en la corteza temporal 
en grupos de demencias, lo que sugiere que estas dos enfermedades pueden tener una 
fisiopatología similar, mientras que la alteración de fosfolípidos específicos en la sustancia 
blanca y el LCR indican un patrón diferencial en la composición de ácidos grasos entre las 
muestras CADASIL y SAD.

En ambos abordajes lipídicos detectamos cambios interesantes en los fosfolípidos después 
de una isquemia cerebral, EA y CADASI en muestras de cerebros, LCR y suero que en conjunto 
pueden ayudar a descubrir los mecanismos involucrados en estas enfermedades y ayudar a 
proponer diferentes blancos terapéuticos con soluciones transversales

Resumen

Las enfermedades neurodegenerativas pueden ser de origen hereditario y esporádico, 
caracterizadas por una disfunción progresiva del sistema nervioso, dentro de ellas se incluyen 
la enfermedad de Alzheimer (EA) y otras enfermedades neurodegenerativas progresivas, 
como el accidente cerebrovascular (CVD). El objetivo principal de esta investigación fue ayudar 
a establecer blancos terapéuticos en Neurodegeneración e identificar posibles marcadores 
fosfolipídicos que pudieran reflejar la progresión de la enfermedad. Para ello demostramos 
que la administración oral de linalool redujo los principales marcadores histopatológicos 
en la EA (β-amiloidosis extracelular, tauopatía, astrogliosis y microgliosis) y en un modelo 
de isquemia redujo marcadores de inflamación en el hipocampo que correlaciono con 
la mejoría en las pruebas motoras y cognitivas. Además, el linalool recuperó los perfiles 
alterados de fosfolípidos compuestos de ácidos grasos mono y poliinsaturados (PC 36: 1; 
42: 1 (24: 0/18: 1) / LPC 22: 6) / LPE 22: 6) en el hipocampo y la regulación positiva de 
diferentes especies del fosfatidilinositol en el suero de ratas isquémicas. Para conocer mejor 
el mecanismo de acción del linalool, evaluamos su efecto neuroprotector sobre el estrés 
oxidativo inducido por glutamato en la mitocondria. Nosotros observamos que la exposición 
de la línea celular HT-22 al linalool redujo la muerte celular por el glutamato en conjunto con 
la reducción de peroxidación lipídica, especies reactivas y calcio mitocondrial; recuperación 
del potencial de membrana y aumento de la respiración máxima mitocondrial. Por lo tanto, 
proponemos al linalool como un agente terapéutico con potencial para estudios clínicos y 
de translación en enfermedades neurodegenerativas.

Por otro lado, evaluamos las alteraciones de fosfolípidos después de un mes de isquemia 
cerebral en un modelo de oclusión de dos vasos (2-VO). Encontramos una disminución de 
la fosfatidilcolina (PC) y un aumento de la lisofosfatidiletanolamina (LPE) y la fosfatidilserina 
(PS) en el hipocampo, todos asociados con neurotransmisión. Complementariamente, PC y 
ether-PC disminuyeron, mientras que Lyso-PC (LPC) y fosfatidilinositol (PI) incrementaron 
en el suero y podrían actuar como sensores del estado neurovascular. En conjunto, estos 
datos sugieren niveles inversos de PC / LPC-PI y PC / LPE-PS como posibles biomarcadores 
del deterioro cognitivo post-isquémico en ratas.

Del mismo modo, investigamos posibles similitudes en el perfil lipídico de la sustancia 
gris de la corteza temporal, la sustancia blanca subyacente post-mortem y el líquido 
cefalorraquídeo (LCR) de pacientes con CADASIL y la enfermedad de Alzheimer esporádica 
(SAD) y sujetos control. En donde observamos un aumento significativo en los niveles 
totales de PC y una reducción en LPC en la corteza temporal de los grupos de demencia 
en comparación con el grupo control. PS y PI tienden a disminuir en la sustancia gris del 
grupo CADASIL en comparación con el grupo control. En la sustancia blanca, se detectaron 
reducciones en la fosfaltidiletanolamina (PE) 32: 2 en los grupos de demencia, mientras 
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PC af, terwijl Lyso-PC (LPC) en fosfatidylinositol (PI,) als neurovasculaire sensoren, in het 
serum toenamen. Tezamen suggereren deze gegevens dat PC/LPC-PI en PC/LPE-PS niveaus 
als mogelijke biomarkers kunnen dienen voor post-ischemische cognitieve achteruitgang bij 
ratten.

Om onze bevindingen verder te onderbouwen en onze resultaten van rattenstudies naar 
menselijke studies te vertalen, hebben we mogelijke overeenkomsten in het lipidenprofiel 
van post-mortem temporale cortex grijze stof, de onderliggende witte stof en cerebrospinale 
vloeistof (CSF) onderzocht van patiënten met CADASIL, sporadische Alzheimer (SAD) en 
leeftijd-gematchte gezonde controle proefpersonen. We zagen een significante toename 
in de totale PC-waarden en een afname in LPC-waarden in de temporale cortex van 
dementiegroepen vergeleken met de controlegroep. PS en PI neigen afte nemen in de grijze 
stof van CADASIL patiënten vergeleken met de controlegroep. In de witte stof werden afnames 
van fosfatylethanolamine (PE) 32:2 gevonden bij de dementiegroepen, terwijl in CSF de meer 
discriminerende soort PC was en zijn etherderivaten, ePE en ePC. Onze bevindingen toonden 
een tekort aan in LPC en PC in de temporale cortex bij dementiegroepen, wat suggereert dat 
deze twee ziekten mogelijk een vergelijkbare pathofysiologie hebben. Daarnaast duidt de 
verandering in specifieke fosfolipiden in witte stof en CSF op een verschillend patroon in de 
vetzuursamenstelling tussen CADASIL- en SAD-monsters.	
 
In beide lipidomische benaderingen hebben we interessante veranderingen gedetecteerd in 
fosfolipiden in ischemische beroerte-, AD- en CADASIL- brein weefsel, CSF en serum. Deze 
veranderingen kunnen helpen mechanismen te ontrafelen die bijdragen aan deze ziektes 
en helpen bij het voorstellen van therapeutische targets om transversale pathogenese te 
behandelen.

Ten slotte hebben we in een review de rol van microglia bij neurodegeneratieve ziekten 
laten zien met een update over het huidige model om microglia te bestuderen, met de 
nadruk op iPSC-technologie. Overeenkomstig presenteren we de resultaten van een 
differentiatieprotocol van humane microglia, afgeleid van iPSC, en tonen we de volledig 
ontwikkelde en functionerende capaciteit van deze cellen aan. Kortom, we presenteren 
verschillende strategieën om neurodegeneratie te modelleren en te bestuderen, en we 
geven antwoorden op het gebied van inflammatie en lipidomische. Tegelijkertijd geven onze 
resultaten waardevolle informatie over een nieuw molecuul voor de behandeling van AD en 
cerebrale ischemie.

Nederlandse Samenvatting

Neurodegeneratieve ziekten zijn erfelijk of sporadisch. Ze worden gekenmerkt door een 
progressief niet-functionerend zenuwstelsel in de hersengebieden die betrokken zijn bij de 
regulatie van beweging en geheugenvorming. De meest voorkomende neurodegeneratieve 
aandoeningen zijn de ziekte van Alzheimer (AD), een hersenaandoening die vooral het 
geheugen aantast, ischemische beroerte, en de ziekte van Parkinson die de motorische 
coördinatie beïnvloedt. Het belangrijkste doel van dit werk was om therapeutische targets 
voor neurodegeneratie op te zetten en om mogelijke fosfolipide biomarkers te identificeren 
die de progressie van de ziekte weerspiegelen. We hebben aangetoond dat orale toediening 
van de terpeen linalool de belangrijkste pathologische markers van AD (extracellulaire 
β-amyloïdose, tauopathie, astrogliosis en microgliosis) en van een ischemische beroerte 
(astrogliosis, neuronale dood) kon verminderen. De dieren die behandeld waren met 
deze terpeen waren beter in motorische en cognitieve tests, met een vermindering van 
astrogliosis en microgliosis in de hippocampus. Ischemie veroorzaakte een ander profiel 
van fosfolipiden samengesteld uit enkel- en meervoudig onverzadigde vetzuren (PC 36:1; 
42:1 (24:0/18:1)/LPC 22:6)/LPE 22:6) in de ischemische hippocampus en een verhoging van 
PI 36:2 en andere LCT (lange keten vetzuren) in het serum van ischemische ratten. Linalool 
voorkwam deze veranderingen in het fosfolipidenprofiel.

Het mechanisme was echter grotendeels onbekend. Daarom hebben we onderzocht 
of en hoe linalool een neuroprotectief effect zou kunnen hebben tegen door glutamaat-
geïnduceerde oxidatieve stress en hoe linalool mitochondriale functie zou kunnen 
beïnvloeden. Toediening van linalool verminderde celdood veroorzaakt door glutamaat en 
voorkwam veranderingen in de morfologie en functie van mitochondriën. Verder hebben 
we een potentieel neuroprotectief effect van linalool aangetoond. Dit neuroprotectief 
effect bestaat uit een vermindering van mitochondriale ROS-vorming, mitochondriale 
calciumopname, lipidenperoxidatie en herstel van het mitochondriale membraanpotentiaal. 
Bovendien hebben we aangetoond dat linalool in staat is om een toename van mitochondriale 
respiratie te bevorderen, zoals aangetoond door zowel hoge resolutie respirometrie als 
Seahorse extracellulaire flux analyse. Daarom suggereren we dat linalool een therapeutisch 
middel zou kunnen zijn met mogelijke implicaties voor klinische en translationele studies 
tegen neurodegeneratieve ziekten.

Daarnaast evalueerden we de veranderingen in fosfolipiden in een twee-vaten occlusie 
(2-VO) model, één maand na het begin van de occlusieschade. Van de hippocampus en 
van het serum dat een maand na de ischemie verzameld was, werd een lipidomische 
analyse uitgevoerd via massaspectrometrie. In de hippocampus troffen we afnames in 
fosfolipiden (PL’s) aan, die geassocieerd zijn met neurotransmissie, zoals fosfatidylcholine 
(PC), en toenames in PL’s die betrokken zijn bij membraanstructuur en signalering, zoals 
lysofosfatidylethanolamine (LPE) en fosfatidylserine (PS). Tegelijkertijd namen PC en ether-
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AchE: Acetylcholinesterase
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AA: Arachidonic acid 
βA: beta-amyloid
CADASIL: Cerebral autosomal dominant ar-
teriopathy with subcortical infarcts and leu-
koencephalopathy 
CBF: Cerebral blood flow
CNS: Central nervous system
COX-2: Cyclooxygenase 2
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ePC: ether phosphatidylcholine
ePE: ether phosphatidylethanolamine 
ePS: ether phosphatidylserine
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GM: Gray matter
Hsp: Heat shock protein 
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LPE: Lysophosphatidylethanolamine
LPS: Lysophosphatidylserine
MAP: Microtubule-associated proteins
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NMDA: N-methyl-D-aspartate 
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tor 2
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PC: Phosphatydilcholine 
PE: Phosphatydilethanolamine
PE-Cer: Phosphatidylethanolamine Cera-
mide 
PG: Phosphatidylglycerol
PI: Phosphatidylinositol
PLA2: Phospholipases A2

PLs: Phospholipids

PLS-DA: Partial least squares-discriminant 
analysis
PS: Phosphatidylserine
ROS: Reactive Oxygen species
SAD: Sporadic Alzheimer’s disease
SM: Sphingomyelin 
sMC: Significance multivariate correlation
VIP: Variable importance in projection
WM: White matter
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