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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.
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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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