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Abstract

:

Stroke is one of the leading causes of death worldwide and while there is increasing evidence that a Mediterranean diet might decrease the risk of a stroke, the effects of dietary fat composition on stroke outcomes have not been fully explored. We hypothesize that the brain damage provoked by a stroke would be different depending on the source of dietary fat. To test this, male C57BL/6J mice were fed for 4 weeks with a standard low-fat diet (LFD), a high-fat diet (HFD) rich in saturated fatty acids (HFD-SFA), an HFD containing monounsaturated fatty acids (MUFAs) from olive oil (HFD-OO), or an HFD containing MUFAs from olive oil plus polyunsaturated fatty acids (PUFAs) docosahexaenoic acid/eicosapentaenoic acid (DHA/EPA) (HFD-OO-ω3). These mice were then subjected to transient middle cerebral artery occlusion (tMCAo). Behavioural tests and histological analyses were performed 24 and/or 48 h after tMCAo in order to elucidate the impact of these diets with different fatty acid profiles on the ischemic lesion and on neurological functions. Mice fed with HFD-OO-ω3 displayed better histological outcomes after cerebral ischemia than mice that received an HFD-SFA or LFD. Furthermore, PUFA- and MUFA-enriched diets improved the motor function and neurological performance of ischemic mice relative to those fed with an LFD or HFD-SFA. These findings support the use of DHA/EPA-omega-3-fatty acid supplementation and olive oil as dietary source of MUFAs in order to reduce the damage and protect the brain when a stroke occurs.
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1. Introduction


Stroke is one of the leading causes of death worldwide [1] and is a major cause of disability in adults [2]. A stroke occurs when a cerebral blood vessel is disrupted and as a result, the blood supply to a region of the brain is cut-off [3]. The sequence of events responding to ischemia is known as the ischemic cascade, which includes glutamate release, calcium influx, oxidative stress, inflammation, and ultimately, apoptosis, the irreversible loss of cell viability and neuronal death [4,5]. In addition, comorbid conditions, the accumulation of risk factors for stroke, and a western diet, can all exacerbate the subsequent ischemic damage [6,7].



High-fat diets (HFDs) are known to induce metabolic changes and obesity, and can promote chronic inflammation [8]. Diet-induced obesity and the associated metabolic disturbances (e.g., hyperlipidemia) have also been proposed as risk factors for cardiovascular diseases and stroke [9]. HFDs enhance inflammatory responses, induce neuroinflammation, and are associated with worse outcomes in experimental studies [7,10,11]. Consequently, approaches that aim to disrupt the ischemic cascade at early stages, thereby minimizing the associated oxidative stress and inflammation, might help to prevent the progression of damage and improve functional outcomes after the insult. Diet is a key factor in vascular diseases and clinical studies suggest that type of diet contributes to neurovascular disease in our elders, with a healthy diet lowering cardiovascular and stroke risk (Prevención con Dieta Mediterránea, PREDIMED study, [12]). Moreover, most stroke patients appear to have an unhealthy diet [13], which, independently of pre-existing co-morbid conditions, is an important factor influencing the outcome of ischemic stroke [7,14].



The nutritional qualities of each individual diet are determined by their specific components. The beneficial effects of adhering to the Mediterranean diet are widely known, a diet characterized by the presence of beneficial bioactive compounds, such as monounsaturated and polyunsaturated fatty acids (MUFAs and PUFAs) or polyphenols [15]. Indeed, elements of this diet modify the responses of different targets to inflammatory or oxidative mediators [16]. The Mediterranean diet is also characterized by a regular intake of fish [17]. Interestingly, it is well-known that moderate fish and seafood consumption influences cerebrovascular mortality [18], and it is associated with a lower incidence of subclinical brain infarcts [19]. Fish oil is a significant source of omega-3 fatty acids, mainly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), the consumption of which is thought to have cardiovascular benefits and is associated with a lower risk of death from cardiovascular disease [20]. Olive oil is rich in oleic acid, a non-essential monounsaturated fatty acid found in high amounts in vegetable oils. Olive oil consumption is associated with a lower risk of ischemic stroke, which suggests it also has neuroprotective effects [12]. In fact, olive oil protects against neuronal cell death in rodent cerebral ischemia models [21], ameliorating brain injury [22,23].



Diet not only serves as a vascular risk factor, but we propose that if ischemic injury occurs, the evolution and the extent of damage would differ depending on the diet of the individual. However, the effects of dietary fat composition on stroke damage have yet to be explored in depth. We hypothesized that the damage to the brain would be different depending on the source of dietary fat. Consumption of an HFD enriched in omega-3 fatty acids and MUFAs prior to the induction of cerebral ischemia may have beneficial effects, reducing ischemic injury and neurological deficits. Thus, the main goal of this study was to determine the neuroprotective effect of pre-treatment with an HFD enriched in DHA/EPA and olive oil in a mouse model of transient focal ischemia produced by distal occlusion of the middle cerebral artery (MCA).




2. Materials and Methods


2.1. Animals


Male C57BL/6J mice were purchased from Charles River and then housed in a 12 h light/dark cycle, in a humidity and temperature (22 ± 2 °C)-controlled environment with ad libitum access to food and water. The study was carried out in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of Hospitales Universitarios Virgen Macarena y Virgen del Rocío (Project identification code: 11-09-15-323). All procedures were performed in compliance with the ARRIVE guidelines and Spanish legislation, and in accordance with EU Directives.




2.2. Diets


All of the diets studied here were kindly designed by Dr Francisco J. G. Muriana from the Laboratory of Cellular and Molecular Nutrition, Instituto de la Grasa, CSIC, Seville, Spain. The diets were prepared at Panlab Laboratories (SAFE, Augy, France) and provided to the mice as pellets. All of the diets were based on the standard rodent A04-10 diet, containing 0.01% cholesterol, 20 mg per kg BHT, and 3% binder. The diets used in this study were: a standard normal-fat A04-10 diet (low-fat, low-cholesterol diet (LFD)) containing 3% of energy as fat, or three different high-fat, low-cholesterol custom diets (HFDs), in which 24% of the energy was supplied through fat. The three different HFDs were prepared by replacing the fat source from the A04-10 diet with: cow’s milk cream rich in saturated fatty acids (SFAs, 24% energy, high-fat diet rich in saturated fatty acids (HFD-SFA)), refined olive oil rich in MUFAs (24% energy, high-fat diet rich in olive oil (HFD-OO)), or refined olive oil rich in MUFAs (23% energy) plus the omega-3 PUFAs, DHA and EPA, in the form of ethyl esters (1% energy, HFD-OO-ω3). The cow’s milk cream provided an additional 0.006% cholesterol by weight, while all of the diets contained equal proportions of protein (19.5% energy) and carbohydrates were used to adjust the total energy content (Table 1).




2.3. Fatty Acid Composition of Dietary Fats


The fatty acid composition of dietary fats (cow’s milk cream rich in SFAs, refined olive oil rich in MUFAs, and refined olive oil plus eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) rich in MUFAs and omega-3 long-chain PUFAs) was determined by the method described in EEC/796/2002 [24]. This involved using a gas chromatography system (HP-5890, Hewlett-Packard, Palo-Alto, CA, USA) equipped with a flame ionization detector and a SP-2380 capillary column (Supelco, Bellefonte, PA, USA, 30 m × 0.32 mm) packed with cyanopropyl siloxane (0.25 μm). The initial column temperature was 165 °C, which was held for 10 min and then programmed to rise from 165 °C to 200 °C, at 1.5 °C min−1. The injector and detector temperatures were 250 °C, with H2 as the carrier gas. The fatty acid composition of the dietary fats in each customized diet (HFD-SFA, HFD-OO and HFD-OO-ω3) is shown in Table 2 and was similar to that described in [25].




2.4. Experimental Design


The experimental protocol is shown in Figure 1. Six-week-old C57BL/6J mice were randomly allocated to the four experimental groups and fed for 4 weeks with LFD, HFD-SFA, HFD-OO, or HFD-OO-ω3 diets before experimental cerebral ischemia was induced. The food pellets were replaced twice a week in order to prevent lipid peroxidation and body weight was monitored weekly throughout the experiment. Food intake was monitored for the first 10 days of the experiment. All of the researchers remained blind to the experimental treatments throughout the experiment, as well as the subsequent procedures and analyses.




2.5. Middle Cerebral Artery Occlusion


Transient occlusion of a distal branch of the middle cerebral artery (tMCAo) was induced in male C57BL/6J mice (10-week-old), as described previously [26,27]. Briefly, mice were anesthetized with 4% isoflurane for induction and 1.5–2% isoflurane for maintenance (in 79% N2/21% O2), and after drilling a small hole in the temporal bone, the middle cerebral artery (MCA) was compressed for 60 min with a 30-G needle using a micromanipulator. During surgery, body temperature was maintained at 37.0 ± 0.5 °C using a homoeothermic blanket, and cerebral blood flow (CBF) was monitored using laser-Doppler flowmetry to confirm MCA occlusion. Buprenorphine (0.05–0.1 mg/kg) was administered subcutaneously immediately before the procedure. A total of 42 mice were subjected to tMCAo according to the study design, having performed a power analysis to determine the sample size (significance level set at 0.05, the power set at 0.8 (80%)) that identified the need for 8 mice to be included in each experimental group. Additional mice were allocated taking into account mortality and technical issues that arise during the experiments based on experience. Surgical inclusion criteria were: a reduction in blood flow to <25% of baseline value during the ischemia period, and a recovery of 75% of the baseline value in the reperfusion period. Mice that met the following criteria were excluded: (i) mice that failed to meet the inclusion criteria explained above (3 mice); and (ii) mice that died during the induction of middle cerebral artery occlusion (MCAo) (3 mice).




2.6. Infarct Volume, Infarct Severity, and the Evaluation of Haemorrhagic Transformation


The size of infarction was evaluated 48 h after tMCAo using 2,3,5-tetrazolium chloride (TTC) staining [28]. The mice were sacrificed by transcardial perfusion with ice-cold saline under deep anaesthesia. Brains were removed and cut into 1-mm-thick coronal sections and stained with 2.5% of TTC in saline for 20 min at room temperature. The infarct areas and differences in grayscale were measured using the Image-J software (National Institutes of Health, Bethesda, MD, USA), blind to the experimental procedures. The infarct volume was determined by linear integration of the lesion areas measured and the distances across the sections. In order to avoid any effects of brain edema, the infarct area was corrected by the ratio of the area of the ipsilateral and the contralateral hemisphere. Edema was calculated using the following formula: Edema (%) = ((Ipsilateral Hemispheric Volume − Contralateral Hemispheric Volume) × 100)/Contralateral Hemispheric Volume.



The infarct severity was evaluated by performing a grayscale analysis of the TTC-stained brain sections, as described in [29,30], with slight modifications. The mean grayscale of the lesioned area of the hemisphere and the contralateral area were analysed in each mouse using the Image-J software, and the difference of both values was determined and expressed as an absolute value. Higher values were associated with tissue damage, and values close to zero indicate that there is no difference between the areas of the ischemic hemisphere analysed and their respective areas in the contralateral hemisphere. Haemorrhagic transformation (HT) was assessed macroscopically on digital images from coronal slices and classified as described previously [31,32]. Macroscopic haemorrhages were classified into five groups: (0) no haemorrhages, (1) haemorrhagic infarction type 1 (HI-1), (2) haemorrhagic infarction type 2 (HI-2), (3) parenchymal haemorrhage type 1 (PH-1), (4) parenchymal haemorrhage type 2 (PH-2).




2.7. Neurobehavioural Tests


Neurobehavioural tests to evaluate motor function and neurological outcomes were performed before surgery and/or 24 or 48 h after tMCAo. The tests were carried out by a researcher blind to the experimental conditions.



2.7.1. Grip Strength Test


The grip strength test is designed to assess the maximum force in the mouse’s forelimbs using a metal grid connected to a force sensor (Bioseb, Vitrolles, France). The test was performed as described previously [26,33,34] and a total of 6 trials were carried out in each test session, calculating the strength (in grams) as the mean of these trials.




2.7.2. Neurological Scale


Neurological scales are used to evaluate motor, sensory, reflex, and balance alterations induced by cerebral ischemia. The neurological scale used in this work was that adapted from Bederson´s scale [35] and the modified Neurological Severity Score (mNSS) [36] with several modifications, whereby the higher the score, the more severe the injury. The items evaluated were scored as follows: (1) dorsal kyphosis 1 point (p), (2) static torsion (head and body asymmetry when the animal is raised by its tail) 1p, (3) dynamic torsion (head and body asymmetry after gently shaking when the animal is raised by its tail) 1p, (4) forelimb flexion 2p, (5) absence of a forelimb grasping reflex 1p, (6) absence of a vibrissae reflex 2p, (7) absence of the righting reflex 3p, (8) inability to walk straight 1p, (9) circling 2p, (10) 5–10% decrease in forelimb strength 1p, 11–20% 2p, and a 21% or higher decrease 3p. The maximum score in this scale is 17 points.




2.7.3. Footprint Test


Footprint analysis is a simple method used to measure gait impairment in mice. The test was performed 48 h after tMCAo as described in [37,38], with slight modifications. Briefly, the mouse’s fore and hind paws were painted with non-toxic blue or red water-based paint, respectively. The mice were allowed to walk freely along a corridor (60 × 10 × 7.5 cm) towards a dark box at the end of the corridor, after lining the corridor with strips of white paper. All mice were habituated to the corridor over three training runs prior to testing and six different aspects of gait were then measured: fore and hind limb stride length, front and base width, overlap, stance, steps/m, and stride coordination (to determine the coordination between strides, the length of the shortest stride was subtracted from the length of the longest stride, as described in [39]). For each parameter, three values were obtained from each test session, excluding footprints made at the beginning and the end of the run, and footprints made by mice that walked along the corridor at an irregular speed. The footprints were scanned, and the distances were measured using Image Pro Plus software. Each parameter was calculated as the mean of each set of three values.





2.8. Determination of Antioxidant Enzyme Activity


Blood was collected from the right ventricle of the heart using 21-G needles and EDTA tubes when the mice were sacrificed 48 h after tMCAo. Plasma samples were obtained by centrifugation at 1300 g for 10 min at 4 °C and they were stored at −80 °C until use.



Catalase (CAT), glutathione reductase (GR) and glutathione peroxidase (GPx) activity was determined to assess the oxidative stress in plasma samples. CAT (U/mg protein) was determined following the method described by Cohen and Somerson [40] and by using a microplate multilabel reader (Victor 3, PerkinElmer, MA, USA). GR and GPx (mU/mg protein) were measured using a kit purchased from Randox Laboratories Ltd. (Crumlin, UK) (Cat. No. GR2368 and RS505, respectively) and a computer process-controlled multichannel auto-analyser (Cobas Integra 400, Roche Diagnostic, (Barcelona, Spain). These analyses were performed at the Laboratory of Ecophysiology of the Estación Biológica de Doñana, Spain (EBD-CSIC).




2.9. Statistical Analysis


All statistical analyses were performed by researchers who were blind to the experimental treatments, using GraphPad Prism software (San Diego, CA, USA). The results are expressed as the mean ± standard error of the mean (SEM) (quantitative data) or median ± interquartile range (categorical data) of (n) mice. Statistical analyses of the histopathological studies or footprint test, and grip strength test were performed using one-way or two-way ANOVA respectively, followed by a Bonferroni’s post-hoc test when the analysis of variance was significant. A Kruskal–Wallis test, followed by Dunn’s multiple comparisons test when Kruskal–Wallis test was significant, was used to analyse the categorical data from the neurological severity score and the haemorrhagic transformation score. Differences were considered significant when p ≤ 0.05.





3. Results


3.1. Animal Growth and Food Intake


The growth of the mice was analysed while they received each diet by weighing them weekly. After four weeks on the experimental dietary regime, no differences in body weight (Figure 2A) or gains in body weight (Figure 2B) were found between the mice in the LFD, HFD-SFA, HFD-OO, or HFD-OO-ω3 groups.



To analyse the adherence to the different diets, food intake was evaluated over the first 10 days of the experiment. Animals in the HFD-SFA, HFD-OO, and HFD-OO-ω3 groups seemed to have a higher mean food intake those in the LFD group, yet no significant differences were observed between the four experimental diets studied (Table 3).




3.2. Cerebral Blood Flow (CBF)


CBF was registered by laser doppler flowmetry during tMCAo and no significant differences in CBF traces were found between ischemic mice fed with the LFD, HFD-SFA, HFD-OO, or HFD-OO-ω3 diets (Figure 3).




3.3. A High-Fat Diet Enriched in DHA/EPA and MUFAs from Olive Oil Reduces the Infarct Area in Mice Subjected to Transient Focal Cerebral Ischemia


To study the effect of the diets on the consequences of tMCAo, the infarct area, infarct volume, and edema were evaluated by TTC staining and image analysis performed on coronal slices of ischemic brains 48 h after MCA occlusion (Figure 4). The mouse model of transient cerebral ischemia used in this study provokes a cortical lesion that is limited to the territory irrigated by the left MCA (Figure 4A). Significantly, the size of the ischemic area in mice fed with HFD-OO-ω3 was smaller than that in the HFD-SFA and LFD groups (Figure 4A,B), indicating that the diet enriched in DHA/EPA and MUFAs from olive oil exerted a neuroprotective effect. The analyses of the infarct volume (Figure 4C) and edema (Figure 4D) also appeared to reflect a slight decrease in both parameters in the HFD-OO-ω3-fed animals, although the changes observed were not statistically significant.




3.4. Beneficial Effects of Dietary Intervention with DHA+EPA and Olive Oil-Enriched Food on Brain Infarct Severity


Infarct severity was evaluated by performing a grayscale analysis of the TTC-stained brain sections obtained 48 h after mice were subjected to tMCAo. Mice fed with HFD-OO-ω3 displayed a significant reduction in the grey scale intensity compared to animals fed with HFD-SFA and LFD (Figure 5A,B), revealing a neuroprotective effect of the diet enriched in DHA+EPA and olive oil.




3.5. Haemorrhagic Transformation


Haemorrhagic transformation was evaluated 48 h after reperfusion in order to determine whether HFDs affected haemorrhagic damage. Haemorrhagic infarction type 1 (HI-1) and 2 (HI-2) or no haemorrhages were found indistinctly in the brain slices from the four experimental groups of mice (Figure 6A,B). None of the animals showed parenchymal haemorrhages type 1 (PH-1) or 2 (PH-2). The analysis of the Haemorrhagic transformation score (HT) revealed that no significant differences between the experimental groups were evident (Figure 6B).




3.6. Improvement of Post-Ischemic Neurobehavioural and Physical Outcomes in Mice Fed with Diets Rich in MUFAs from Olive Oil or in DHA/EPA + MUFAs from Olive Oil


To determine the effects of the dietary intervention with HFD-SFA, HFD-OO, or HFD-OO-ω3 diets on brain function and general welfare in mice subjected to focal cerebral ischemia, several functional tests were performed, measuring as grip strength, neurological scale, footprint, and body-weight loss.



3.6.1. Grip Strength Test and Neurological Score


Motor and neurological deficits were analysed in animals fed with LFD, HFD-SFA, HFD-OO, or HFD-OO-ω3 diets using a grip strength test and an adapted neurological scale, evaluating the animals before surgery, and 24 h and 48 h after the onset of tMCAo (Figure 7). The functional outcomes indicated better forelimb muscular strength in HFD-OO or HFD-OO-ω3-fed animals compared to HFD-SFA or LFD-fed animals 24 h after tMCAo. In addition, the HFD-SFA-fed animals were the weakest after 48 h relative to the animals fed with HFD-OO, HFD-OO-ω3, or LFD (Figure 7A). Importantly, there were no significant differences in grip strength between each group before the induction of cerebral ischemia (127.5 ± 3.7, 128.5 ± 5.6, 120.4 ± 4.4, and 120.0 ± 3.7 (g) LFD, HFD-SFA, HFD-OO, and HFD-OO-ω3 respectively (mean ± SEM); n = 9–12, p = 0.36 (ANOVA)). In addition, the neurological scores of HFD-OO-fed mice were better at 24 and 48 h than those fed with HFD-SFA or LFD (Figure 7B). The assessment of neurological function also revealed that the animals fed with HFDs or LFD had similar neurological scores before the induction of tMCAo (0 (0–0.75), 1 (0–1.5), 1 (0–1), and 0.5 (0–1.75 points) LFD, HFD-SFA, HFD-OO, and HFD-OO-ω3 respectively (median and interquartile range); n = 9–12, p = 0.21 (Kruskal-Wallis)).




3.6.2. Gait Analysis and Weight Loss


The footprint test was performed 48 h after the onset of tMCAo to analyse how the HFD with a specific fatty acid composition affected the gait impairment in mice. Several gait parameters were analysed: stride length, front and base width, overlap, stance, steps/m, and stride coordination. HFD-OO-ω3 and LFD-fed mice had better coordination of the paretic right hindlimb than HFD-SFA-fed mice (Figure 8A). Moreover, mice fed with HFD-OO-ω3 and LFD took fewer steps per meter (steps/m) than animals fed with a HFD-SFA diet (Figure 8B). Interestingly, animals fed with HFD-OO did not show any improvement in any of these parameters compared to the rest of the groups. These results indicate that HFD enriched in DHA/EPA and olive oil, and low-fat diets, can diminish the gait impairment in animals that suffer cerebral ischemia, as opposed to HFD-SFA-fed mice. In addition, we analysed body weight as an indicator of the general welfare of the mice 48 h after tMCAo (Figure 8C). Thus, all animals subjected to focal cerebral ischemia experienced a 5% weight loss, with no significant differences between the groups.





3.7. Effect of Custom HFDs on the Antioxidant Enzyme Activities in the Plasma


The activities of antioxidant enzymes catalase (CAT), glutathione reductase (GR), and glutathione peroxidase (GPx) were assessed 48 h after the induction of cerebral ischemia in the plasma from mice fed with LFD, HFD-SFA, HFD-OO, or HFD-OO-ω3. CAT converts the hydrogen peroxide formed in injured tissues to oxygen and water. The activity of this antioxidant enzyme was significantly higher in mice fed HFD-OO (Table 4). GPx reduces lipid peroxides to lipid alcohols and hydrogen peroxide to water, and GR catalyses the reduction of glutathione disulphide (GSSG) to the sulfhydryl form of glutathione (GSH), which plays an important role in oxidative stress and preserves redox homeostasis in cells. We analysed the activity of GR and GPx in the plasma from mice fed with LFD, HFD-SFA, HFD-OO, or HFD-OO-ω3, yet no significant differences between mice were found (Table 4). However, the mice fed with HFD-OO and LFD had a higher GR/GPx ratio than mice fed with HFD-SFA, an indicator of the status of the glutathione redox system (Table 4).





4. Discussion


In this study, we demonstrated that dietary fat composition influences the evolution of cerebral injury after tMCAo in mice. The beneficial effects of olive oil and omega-3 PUFA dietary supplementation were evident, both histologically and in neurological behaviour. We showed that a 4-week administration of a high-fat diet enriched in DHA/EPA and olive oil (HFD-OO-ω3) significantly reduces the infarct area and infarct severity in mice subjected to focal cerebral ischemia. Moreover, a HFD-OO-ω3 diet ameliorates the motor deficits and gait disturbance in these animals. The data also show that the administration of a high-fat diet enriched in olive oil (HFD-OO) prior to cerebral ischemia protects against the ensuing neurological and motor deficits in mice. We reported an improvement in the evolution of cerebral damage and in neurocognitive function through the administration of diets enriched in olive oil and omega-3 long-chain fatty acids, reflecting the importance of the type of fat in the diet. These findings confirm the importance of the presence of omega-3 EPA and DHA fatty acids in the diet.



In recent years, the MUFAs and PUFAs present in olive oil and fish oil have been considered to be compounds with neuroprotective effects, particularly against the brain damage associated with stroke. The effectiveness of administering these fatty acids in models of brain ischemia prior to the ischemic insult has been reported in several studies [22,42,43,44]. Specifically, neuroprotective effects have also been seen in animals subjected to cerebral ischemia that were pre-treated with DHA [45,46], EPA [43,47], or fish oil containing both these omega-3 fatty acids [44,48]. In addition, recent studies have shown the beneficial effects of pre-treatment with olive oil, reducing infarct size and improving neurological outcomes in experimental models of brain ischemia [21,22]. In line with these studies, our results show that maintaining a diet enriched in DHA/EPA and olive oil reduced the brain damage and ameliorated the neurological deficit produced by ischemic insult, indicating the importance of dietary fat composition on the damage produced by stroke. We also show for the first time, to the best of our knowledge, that the combination of olive oil and omega-3 fatty acids has a positive effect in a model of experimental stroke.



High-fat diets rich in SFAs are associated with a poor outcome in animal models of cerebral ischemia [7,49,50]. Long-term intake of a HFD before traumatic brain injury altered the effects on cognitive function and the recovery sensorimotor activities, and it was associated with a greater loss of cortical tissue after the insult [11]. Even a short-term HFD without obesity or the induction of a metabolic imbalance through the diet may be detrimental to brain vasculature, producing an exacerbated response to cerebral ischemia, particularly in terms of functional outcomes [14]. Similar effects of HFD-SFA diets were observed under our experimental conditions, with a worse outcome in grip strength and gait after lesion in mice fed with a HFD-SFA than in mice fed a low-fat diet (LFD). However, the motor deficits observed in the HFD-SFA mice were in most cases reversed when SFAs were reduced by partial substitution with PUFAs (DHA/EPA) and MUFAs (from olive oil). In addition, mice fed with HFD enriched in MUFAs from olive oil also produced better neurological scores and performed better in the grip test than mice in the HFD-SFA and LFD groups. Taken together, these results indicate the beneficial effects of the partial substitution of SFAs with DHA/EPA and MUFAs from olive oil in mice subjected to cerebral ischemia.



There are additional consequences linked to HFD consumption, such as the induction of systemic inflammatory responses. High-fat diets are characterized by a high omega-6/omega-3 ratio and it is well-known that a higher intake of omega-6 fatty acids may induce a proinflammatory state [51]. Several studies have demonstrated that stroke patients generally maintain an unhealthy diet, and this is an important factor in the poor outcome of ischemic stroke [6,7,14]. Moreover, a worse outcome in patients following ischemic stroke has been related to neuroinflammation [6,7].



We consider that the composition of dietary fat may influence and modulate the outcome of stroke and the patient’s subsequent evolution by regulating antioxidant and anti-inflammatories activities. Olive oil has antioxidant and neuroprotective properties [52], and recent studies demonstrated the positive properties of DHA treatment after MCAo in rat stroke models, producing a reduction in infarct volume and edema, and an improvement in the neurological deficits due to the activation of NPD1 synthesis [53,54]. Furthermore, DHA reduces apoptosis in the brain by stimulating antiapoptotic processes, dampening responses to ROS, downregulating the expression of proapoptotic proteins, upregulating the expression of antiapoptotic proteins, and preserving mitochondrial function and integrity [55]. Combining multiple agents that target different cellular pathways could maximize the suppression of ischemic signalling, as we have shown in this study, producing additive or synergic effects and improving the outcomes after cerebral ischemia.



A healthy diet is an important part of stroke prevention [56]. International guidelines recommend the reduction of saturated fats, cholesterol intake (such as butter, cream), and high salt diets to prevent vascular risks [1]. Nevertheless, diets enriched in bioactive compounds may also help to reduce brain damage when a stroke occurs. As we have shown here, the consumption of a diet rich in olive oil and omega-3 fatty acids before the ischemic insult occurs may protect the brain and minimize the damage produced. This strategy could be a healthy recommendation especially for patients at high risk of a stroke. Indeed, this type of diet could be a candidate to prove what we proposed previously, a novel alternative approach referred to as advanced neuroprotection strategy [57]. Further research will be required to explore the benefits of this approach.



We should also mention the limitations of this study, such as evaluating the outcome in the acute phase (24–48 h) and only using male mice. Further studies are warranted to explore the underlying mechanisms and to define which type of dietary fat improves short and long-term stroke outcomes in both female and male mouse models, in different strains, or when faced with co-morbid conditions, as well as in aged mice that might better resemble stroke patient profiles.




5. Conclusions


This work provides novel evidence of the early impact of a HFD enriched in olive oil and omega-3 fatty acids on the outcomes and neurological function after stroke.







Author Contributions


Conceptualization: M.I.A., R.G.-G., J.M., F.J.G.M., R.A. and B.B.; Investigation: M.I.A., R.G.-G., L.S., J.J.B.-J. and T.L.R.; Data Curation: M.I.A., R.G.-G., V.D.R.-H., E.S.-G., L.S., J.J.B.-J. and T.L.R.; Writing: M.I.A., R.G.-G., and J.M.




Funding


This research was funded by Consejería de Salud de la Junta de Andalucía, grants PI-0114-2016 and PI-0024-2018.




Acknowledgments


We thank Francisco Miranda from the laboratory of ecophysiology at the Estación Biológica de Doñana and Brian Alexis Hernández for their technical assistance, and Mark Sefton for revising the manuscript.




Conflicts of Interest


The authors have no conflict of interest to declare.




References


	



Benjamin, E.J.; Virani, S.S.; Callaway, C.W.; Chamberlain, A.M.; Chang, A.R.; Cheng, S.; Chiuve, S.E.; Cushman, M.; Delling, F.N.; Deo, R.; et al. Heart Disease and Stroke Statistics-2018 Update: A Report From the American Heart Association. Circulation 2018, 137, e67. [Google Scholar] [CrossRef]

	



James, S.L.; Abate, D.; Abate, K.H.; Abay, S.M.; Abbafati, C.; Abbasi, N.; Abbastabar, H.; Abd-Allah, F.; Abdela, J.; Abdelalim, A.; et al. Global, regional, and national incidence, prevalence, and years lived with disability for 354 diseases and injuries for 195 countries and territories, 1990–2017: A systematic analysis for the Global Burden of Disease Study 2017. Lancet 2018, 392, 1789–1858. [Google Scholar] [CrossRef]

	



World Health Organization. Available online: https://www.who.int/topics/cerebrovascular_accident/en/ (accessed on 25 February 2019).

	



Ayuso, M.I.; Martinez-Alonso, E.; Cid, C.; Alonso de Lecinana, M.; Alcazar, A. The translational repressor eIF4E-binding protein 2 (4E-BP2) correlates with selective delayed neuronal death after ischemia. J. Cereb. Blood Flow Metab. 2013, 33, 1173–1181. [Google Scholar] [CrossRef][Green Version]

	



White, B.C.; Sullivan, J.M.; DeGracia, D.J.; O’Neil, B.J.; Neumar, R.W.; Grossman, L.I.; Rafols, J.A.; Krause, G.S. Brain ischemia and reperfusion: Molecular mechanisms of neuronal injury. J. Neurol. Sci. 2000, 179, 1–33. [Google Scholar] [CrossRef]

	



Drake, C.; Boutin, H.; Jones, M.S.; Denes, A.; McColl, B.W.; Selvarajah, J.R.; Hulme, S.; Georgiou, R.F.; Hinz, R.; Gerhard, A.; et al. Brain inflammation is induced by co-morbidities and risk factors for stroke. Brain Behav. Immun. 2011, 25, 1113–1122. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Haley, M.J.; Krishnan, S.; Burrows, D.; de Hoog, L.; Thakrar, J.; Schiessl, I.; Allan, S.M.; Lawrence, C.B. Acute high-fat feeding leads to disruptions in glucose homeostasis and worsens stroke outcome. J. Cereb. Blood Flow Metab. 2017. [Google Scholar] [CrossRef][Green Version]

	



Duan, Y.; Zeng, L.; Zheng, C.; Song, B.; Li, F.; Kong, X.; Xu, K. Inflammatory Links Between High Fat Diets and Diseases. Front. Immunol. 2018, 9, 2649. [Google Scholar] [CrossRef] [PubMed]

	



Yusuf, S.; Hawken, S.; Ounpuu, S.; Dans, T.; Avezum, A.; Lanas, F.; McQueen, M.; Budaj, A.; Pais, P.; Varigos, J.; et al. Effect of potentially modifiable risk factors associated with myocardial infarction in 52 countries (the INTERHEART study): Case-control study. Lancet 2004, 364, 937–952. [Google Scholar] [CrossRef]

	



Dhungana, H.; Rolova, T.; Savchenko, E.; Wojciechowski, S.; Savolainen, K.; Ruotsalainen, A.K.; Sullivan, P.M.; Koistinaho, J.; Malm, T. Western-type diet modulates inflammatory responses and impairs functional outcome following permanent mdidle cerebral artery occlusion in aged mice expressing the human apolipoprotein E4 allele. J. Neuroinflamm. 2013, 10, 102. [Google Scholar] [CrossRef] [PubMed]

	



Hoane, M.R.; Swan, A.A.; Heck, S.E. The effects of a high-fat sucrose diet on functional outcome following cortical contusion injury in the rat. Behav. Brain Res. 2011, 223, 119–124. [Google Scholar] [CrossRef]

	



Estruch, R.; Ros, E.; Salas-Salvado, J.; Covas, M.I.; Corella, D.; Aros, F.; Gomez-Gracia, E.; Ruiz-Gutierrez, V.; Fiol, M.; Lapetra, J.; et al. Primary prevention of cardiovascular disease with a Mediterranean diet. N. Engl. J. Med. 2013, 368, 1279–1290. [Google Scholar] [CrossRef]

	



Rodriguez-Campello, A.; Jimenez-Conde, J.; Ois, A.; Cuadrado-Godia, E.; Giralt-Steinhauer, E.; Schroeder, H.; Romeral, G.; Llop, M.; Soriano-Tarraga, C.; Garralda-Anaya, M.; et al. Dietary habits in patients with ischemic stroke: A case-control study. PLoS ONE 2014, 9, e114716. [Google Scholar] [CrossRef]

	



Li, W.; Prakash, R.; Chawla, D.; Du, W.; Didion, S.P.; Filosa, J.A.; Zhang, Q.; Brann, D.W.; Lima, V.V.; Tostes, R.C.; et al. Early effects of high-fat diet on neurovascular function and focal ischemic brain injury. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2013, 304, R1001–R1008. [Google Scholar] [CrossRef][Green Version]

	



Ayuso, M.I.; Gonzalo-Gobernado, R.; Montaner, J. Neuroprotective diets for stroke. Neurochem. Int. 2017, 107, 4–10. [Google Scholar] [CrossRef]

	



Casas, R.; Sacanella, E.; Estruch, R. The immune protective effect of the Mediterranean diet against chronic low-grade inflammatory diseases. Endocr. Metab. Immune Disord. Drug Targets 2014, 14, 245–254. [Google Scholar] [CrossRef] [PubMed]

	



Bach-Faig, A.; Berry, E.M.; Lairon, D.; Reguant, J.; Trichopoulou, A.; Dernini, S.; Medina, F.X.; Battino, M.; Belahsen, R.; Miranda, G.; et al. Mediterranean diet pyramid today. Science and cultural updates. Public Health Nutr. 2011, 14, 2274–2284. [Google Scholar] [CrossRef][Green Version]

	



Mori, M.; Mori, H.; Hamada, A.; Yamori, Y. Taurine in morning spot urine for the useful assessment of dietary seafood intake in Japanese children and adolescents. J. Biomed. Sci. 2010, 17, S43. [Google Scholar] [CrossRef]

	



Virtanen, J.K.; Siscovick, D.S.; Longstreth, W.T., Jr.; Kuller, L.H.; Mozaffarian, D. Fish consumption and risk of subclinical brain abnormalities on MRI in older adults. Neurology 2008, 71, 439–446. [Google Scholar] [CrossRef][Green Version]

	



Mozaffarian, D.; Wu, J.H. Omega-3 fatty acids and cardiovascular disease: Effects on risk factors, molecular pathways, and clinical events. J. Am. Coll. Cardiol. 2011, 58, 2047–2067. [Google Scholar] [CrossRef]

	



Zamani, M.; Hassanshahi, J.; Soleimani, M.; Zamani, F. Neuroprotective effect of olive oil in the hippocampus CA1 neurons following ischemia: Reperfusion in mice. J. Neurosci. Rural Pract. 2013, 4, 164–170. [Google Scholar] [CrossRef] [PubMed]

	



Mohagheghi, F.; Bigdeli, M.R.; Rasoulian, B.; Zeinanloo, A.A.; Khoshbaten, A. Dietary virgin olive oil reduces blood brain barrier permeability, brain edema, and brain injury in rats subjected to ischemia-reperfusion. Sci. World J. 2010, 10, 1180–1191. [Google Scholar] [CrossRef]

	



Rabiei, Z.; Bigdeli, M.R.; Rasoulian, B.; Ghassempour, A.; Mirzajani, F. The neuroprotection effect of pretreatment with olive leaf extract on brain lipidomics in rat stroke model. Phytomedicine 2012, 19, 940–946. [Google Scholar] [CrossRef]

	



Montserrat-de la Paz, S.; Naranjo, M.C.; Bermudez, B.; Lopez, S.; Moreda, W.; Abia, R.; Muriana, F.J. Postprandial dietary fatty acids exert divergent inflammatory responses in retinal-pigmented epithelium cells. Food Funct. 2016, 7, 1345–1353. [Google Scholar] [CrossRef]

	



Montserrat-de la Paz, S.; Naranjo, M.C.; Lopez, S.; Abia, R.; Muriana, F.J.; Bermudez, B. Niacin and olive oil promote skewing to the M2 phenotype in bone marrow-derived macrophages of mice with metabolic syndrome. Food Funct. 2016, 7, 2233–2238. [Google Scholar] [CrossRef][Green Version]

	



Ayuso, M.I.; Martinez-Alonso, E.; Chioua, M.; Escobar-Peso, A.; Gonzalo-Gobernado, R.; Montaner, J.; Marco-Contelles, J.; Alcazar, A. Quinolinyl Nitrone RP19 Induces Neuroprotection after Transient Brain Ischemia. ACS Chem. Neurosci. 2017, 8, 2202–2213. [Google Scholar] [CrossRef]

	



Morancho, A.; Garcia-Bonilla, L.; Barcelo, V.; Giralt, D.; Campos-Martorell, M.; Garcia, S.; Montaner, J.; Rosell, A. A new method for focal transient cerebral ischaemia by distal compression of the middle cerebral artery. Neuropathol. Appl. Neurobiol. 2012, 38, 617–627. [Google Scholar] [CrossRef]

	



Bederson, J.B.; Pitts, L.H.; Germano, S.M.; Nishimura, M.C.; Davis, R.L.; Bartkowski, H.M. Evaluation of 2,3,5-triphenyltetrazolium chloride as a stain for detection and quantification of experimental cerebral infarction in rats. Stroke 1986, 17, 1304–1308. [Google Scholar] [CrossRef]

	



Berressem, D.; Koch, K.; Franke, N.; Klein, J.; Eckert, G.P. Intravenous Treatment with a Long-Chain Omega-3 Lipid Emulsion Provides Neuroprotection in a Murine Model of Ischemic Stroke—A Pilot Study. PLoS ONE 2016, 11, e0167329. [Google Scholar] [CrossRef]

	



Horn, T.; Klein, J. Neuroprotective effects of lactate in brain ischemia: Dependence on anesthetic drugs. Neurochem. Int. 2013, 62, 251–257. [Google Scholar] [CrossRef]

	



Aronowski, J.; Strong, R.; Shirzadi, A.; Grotta, J.C. Ethanol plus caffeine (caffeinol) for treatment of ischemic stroke: Preclinical experience. Stroke 2003, 34, 1246–1251. [Google Scholar] [CrossRef]

	



Lin, Y.; Xu, M.; Wan, J.; Wen, S.; Sun, J.; Zhao, H.; Lou, M. Docosahexaenoic acid attenuates hyperglycemia-enhanced hemorrhagic transformation after transient focal cerebral ischemia in rats. Neuroscience 2015, 301, 471–479. [Google Scholar] [CrossRef] [PubMed]

	



Linden, J.; Fassotte, L.; Tirelli, E.; Plumier, J.C.; Ferrara, A. Assessment of behavioral flexibility after middle cerebral artery occlusion in mice. Behav. Brain Res. 2014, 258, 127–137. [Google Scholar] [CrossRef] [PubMed]

	



Chioua, M.; Martinez-Alonso, E.; Gonzalo-Gobernado, R.; Ayuso, M.I.; Escobar-Peso, A.; Infantes, L.; Hadjipavlou-Litina, D.J.; Montoya, J.J.; Montaner, J.; Alcazar, A.; et al. New QuinolylNitrones for Stroke Therapy: Antioxidant and Neuroprotective (Z)-N-t-Butyl-1-(2-chloro-6-methoxyquinolin-3-yl)methanimine Oxide as a New Lead-Compound for Ischemic Stroke Treatment. J. Med. Chem. 2019. [Google Scholar] [CrossRef]

	



Bederson, J.B.; Pitts, L.H.; Tsuji, M.; Nishimura, M.C.; Davis, R.L.; Bartkowski, H. Rat middle cerebral artery occlusion: Evaluation of the model and development of a neurologic examination. Stroke 1986, 17, 472–476. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Chen, J.; Wang, L.; Lu, M.; Chopp, M. Treatment of stroke in rat with intracarotid administration of marrow stromal cells. Neurology 2001, 56, 1666–1672. [Google Scholar] [CrossRef] [PubMed]

	



Brooks, S.P.; Trueman, R.C.; Dunnett, S.B. Assessment of Motor Coordination and Balance in Mice Using the Rotarod, Elevated Bridge, and Footprint Tests. Curr. Protoc. Mouse Biol. 2012, 2, 37–53. [Google Scholar] [CrossRef] [PubMed]

	



Carter, R.J.; Lione, L.A.; Humby, T.; Mangiarini, L.; Mahal, A.; Bates, G.P.; Dunnett, S.B.; Morton, A.J. Characterization of progressive motor deficits in mice transgenic for the human Huntington’s disease mutation. J. Neurosci. 1999, 19, 3248–3257. [Google Scholar] [CrossRef]

	



Munoz-Manchado, A.B.; Villadiego, J.; Romo-Madero, S.; Suarez-Luna, N.; Bermejo-Navas, A.; Rodriguez-Gomez, J.A.; Garrido-Gil, P.; Labandeira-Garcia, J.L.; Echevarria, M.; Lopez-Barneo, J.; et al. Chronic and progressive Parkinson’s disease MPTP model in adult and aged mice. J. Neurochem. 2016, 136, 373–387. [Google Scholar] [CrossRef]

	



Cohen, G.; Somerson, N.L. Glucose-dependent secretion and destruction of hydrogen peroxide by Mycoplasma pneumoniae. J. Bacteriol. 1969, 98, 547–551. [Google Scholar] [PubMed]

	



Franklin, K.; Paxinos, G. The Mouse Brain in Stereotaxic Coordinates, 3rd ed.; Academic Press: San Diego, CA, USA, 2007. [Google Scholar]

	



Blondeau, N.; Widmann, C.; Lazdunski, M.; Heurteaux, C. Polyunsaturated fatty acids induce ischemic and epileptic tolerance. Neuroscience 2002, 109, 231–241. [Google Scholar] [CrossRef]

	



Ueda, M.; Inaba, T.; Nito, C.; Kamiya, N.; Katayama, Y. Therapeutic impact of eicosapentaenoic acid on ischemic brain damage following transient focal cerebral ischemia in rats. Brain Res. 2013, 1519, 95–104. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Wang, H.; Zhang, H.; Leak, R.K.; Shi, Y.; Hu, X.; Gao, Y.; Chen, J. Dietary supplementation with omega-3 polyunsaturated fatty acids robustly promotes neurovascular restorative dynamics and improves neurological functions after stroke. Exp. Neurol. 2015, 272, 170–180. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chang, C.Y.; Kuan, Y.H.; Li, J.R.; Chen, W.Y.; Ou, Y.C.; Pan, H.C.; Liao, S.L.; Raung, S.L.; Chang, C.J.; Chen, C.J. Docosahexaenoic acid reduces cellular inflammatory response following permanent focal cerebral ischemia in rats. J. Nutr. Biochem. 2013, 24, 2127–2137. [Google Scholar] [CrossRef] [PubMed]

	



Pan, H.C.; Kao, T.K.; Ou, Y.C.; Yang, D.Y.; Yen, Y.J.; Wang, C.C.; Chuang, Y.H.; Liao, S.L.; Raung, S.L.; Wu, C.W.; et al. Protective effect of docosahexaenoic acid against brain injury in ischemic rats. J. Nutr. Biochem. 2009, 20, 715–725. [Google Scholar] [CrossRef]

	



Okabe, N.; Nakamura, T.; Toyoshima, T.; Miyamoto, O.; Lu, F.; Itano, T. Eicosapentaenoic acid prevents memory impairment after ischemia by inhibiting inflammatory response and oxidative damage. J. Stroke Cerebrovasc. Dis. 2011, 20, 188–195. [Google Scholar] [CrossRef]

	



Zhang, M.; Wang, S.; Mao, L.; Leak, R.K.; Shi, Y.; Zhang, W.; Hu, X.; Sun, B.; Cao, G.; Gao, Y.; et al. Omega-3 fatty acids protect the brain against ischemic injury by activating Nrf2 and upregulating heme oxygenase 1. J. Neurosci. 2014, 34, 1903–1915. [Google Scholar] [CrossRef]

	



Ahmad, M.A.; Najmi, A.K.; Mujeeb, M.; Akhtar, M. Protective Effect of Guggulipid in High Fat Diet and Middle Cerebral Artery Occlusion (MCAO) Induced Ischemic Cerebral Injury in Rats. Drug Res. 2016, 66, 407–414. [Google Scholar] [CrossRef][Green Version]

	



Maysami, S.; Haley, M.J.; Gorenkova, N.; Krishnan, S.; McColl, B.W.; Lawrence, C.B. Prolonged diet-induced obesity in mice modifies the inflammatory response and leads to worse outcome after stroke. J. Neuroinflamm. 2015, 12, 140. [Google Scholar] [CrossRef]

	



Tilley, S.L.; Coffman, T.M.; Koller, B.H. Mixed messages: Modulation of inflammation and immune responses by prostaglandins and thromboxanes. J. Clin. Investig. 2001, 108, 15–23. [Google Scholar] [CrossRef]

	



Lausada, N.; Arnal, N.; Astiz, M.; Marin, M.C.; Lofeudo, J.M.; Stringa, P.; Tacconi de Alaniz, M.J.; Tacconi de Gomez Dumm, N.; Hurtado de Catalfo, G.; Cristalli de Pinero, N.; et al. Dietary fats significantly influence the survival of penumbral neurons in a rat model of chronic ischemic by modifying lipid mediators, inflammatory biomarkers, NOS production, and redox-dependent apoptotic signals. Nutrition 2015, 31, 1430–1442. [Google Scholar] [CrossRef][Green Version]

	



Belayev, L.; Khoutorova, L.; Atkins, K.D.; Eady, T.N.; Hong, S.; Lu, Y.; Obenaus, A.; Bazan, N.G. Docosahexaenoic Acid therapy of experimental ischemic stroke. Transl. Stroke Res. 2011, 2, 33–41. [Google Scholar] [CrossRef] [PubMed]

	



Hong, S.H.; Belayev, L.; Khoutorova, L.; Obenaus, A.; Bazan, N.G. Docosahexaenoic acid confers enduring neuroprotection in experimental stroke. J. Neurol. Sci. 2014, 338, 135–141. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Mayurasakorn, K.; Williams, J.J.; Ten, V.S.; Deckelbaum, R.J. Docosahexaenoic acid: Brain accretion and roles in neuroprotection after brain hypoxia and ischemia. Curr. Opin. Clin. Nutr. Metab. Care 2011, 14, 158–167. [Google Scholar] [CrossRef] [PubMed]

	



Foroughi, M.; Akhavanzanjani, M.; Maghsoudi, Z.; Ghiasvand, R.; Khorvash, F.; Askari, G. Stroke and nutrition: A review of studies. Int. J. Prev. Med. 2013, 4, S165–S179. [Google Scholar]

	



Ayuso, M.I.; Montaner, J. Advanced neuroprotection for brain ischemia: An alternative approach to minimize stroke damage. Expert Opin. Investig. Drugs 2015, 24, 1137–1142. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 11 01109 g001 550]





Figure 1. Representative scheme showing the procedure followed to study the effect of HFDs with distinct fatty acid compositions on mice subjected to transient middle cerebral artery occlusion (tMCAo). 
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Figure 2. (A) Body weight monitoring and (B) Body weight gain. Experimental diets: LFD (Black), HFD-SFA (Red), HFD-OO (Green), and HFD-OO-ω3 (Blue). No significant differences between the groups were found after ANOVA. The results represent the mean ± standard error of the mean (SEM) of 9 to 12 animals. Low-fat diet (LFD), high-fat diet rich in saturated fatty acids (HFD-SFA), high-fat diet rich in olive oil (HFD-OO) and high-fat diet rich in olive oil plus DHA and EPA (HFD-OO-ω3). 
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Figure 3. Representation of cerebral blood flow (CBF) traces recorded by laser Doppler flowmetry during the tMCAo procedure. CBF values were recorded continuously during the procedure, analysing the following time intervals: baseline (0 min), 0–20 min, 20–40 min, 40–60 min, and the onset of reperfusion at 60–65 min. Groups: LFD (Black), HFD-SFA (Red), HFD-OO (Green) and HFD-OO-ω3 (Blue). No significant differences between the groups were found (2-way ANOVA), the results represent the mean ± SEM of 8 to 10 animals. Low-fat diet (LFD), high-fat diet rich in saturated fatty acids (HFD-SFA), high-fat diet rich in olive oil (HFD-OO), and high-fat diet rich in olive oil plus DHA and EPA (HFD-OO-ω3). 
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Figure 4. HFD-OO-ω3 diet reduces the infarct area in an experimental model of focal cerebral ischemia. Groups: LFD (Black), HFD-SFA (Red), HFD-OO (Green), and HFD-OO-ω3 (Blue). (A) Representative images of TTC staining. Seven coronal slices along the rostro-caudal axis are shown, from coordinates bregma AP: +2.80 to bregma AP: −2.46 (Franklin and Paxinos atlas [41]). (B) The HFD-OO-ω3 diet reduced the infarct area compared to HFD-SFA and LFD. (C,D) show the Infarct volume and edema analyses, respectively. These data reflect a slight decrease in both parameters, yet no significant differences were found. The results represent the mean ± SEM of 8 to 10 animals: * p ≤ 0.05, ** p ≤ 0.01 versus HFD-SFA and +p ≤ 0.05 versus LFD (ANOVA + Bonferroni post-hoc). Low-fat diet (LFD), high-fat diet rich in saturated fatty acids (HFD-SFA), high-fat diet rich in olive oil (HFD-OO), and high-fat diet rich in olive oil plus DHA and EPA (HFD-OO-ω3). 
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Figure 5. HFD-OO-ω3 diet improves infarct severity in mice subjected to transient focal cerebral ischemia. Groups: LFD (Black), HFD-SFA (Red), HFD-OO (Green), and HFD-OO-ω3 (Blue). (A) Representative grayscale images of TTC staining to determine infarct severity. Three coronal sections along the rostro-caudal axis are shown, as well as the ipsilateral and contralateral ROI probes used in the analysis (yellow circles). (B) HFD-OO-ω3 diet improved brain infarct severity compared to HFD-SFA and LFD. The results represent the mean ± SEM of 8 to 9 animals: * p ≤ 0.05 (ANOVA + Bonferroni post-hoc). Low-fat diet (LFD), high-fat diet rich in saturated fatty acids (HFD-SFA), high-fat diet rich in olive oil (HFD-OO), and high-fat diet rich in olive oil plus DHA and EPA (HFD-OO-ω3). 
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Figure 6. Haemorrhagic transformation analysis. Groups: LFD (Black), HFD-SFA (Red), HFD-OO (Green), and HFD-OO-ω3 (Blue). (A) Representative images of the classes of macroscopic haemorrhages found during the analysis: no haemorrhages (NO HT), haemorrhagic infarction type 1 (HI-1), haemorrhagic infarction type 2 (HI-2). (B) Haemorrhagic transformation score. No significant differences were found between the groups (Kruskal–Wallis + Dunn´s post-hoc). Low-fat diet (LFD), high-fat diet rich in saturated fatty acids (HFD-SFA), high-fat diet rich in olive oil (HFD-OO), and high-fat diet rich in olive oil plus DHA and EPA (HFD-OO-ω3). 
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Figure 7. Differences in motor deficits and neurological function in mice fed with HFD-OO or HFD-OO-ω3. Groups: LFD (Black), HFD-SFA (Red), HFD-OO (Green), and HFD-OO-ω3 (Blue). (A) HFD-OO and HFD-OO-ω3 diets improved grip strength 24 and 48 h after reperfusion relative to the LFD or HFD-SFA. Mice belonging to HFD-SFA group displayed less grip strength 48 h after the onset of tMCAo than animals on LFD. (B) HFD-OO-fed mice had better neurological scores 24 and 48 h after reperfusion compared to HFD-SFA-fed or the HFD-SFA and LFD-fed groups, respectively. The results represent the mean ± SEM in A and the median ± interquartile range in B of 6 to 11 animals: * p ≤ 0.05 and ** p ≤ 0.01 (ANOVA + Bonferroni post-hoc were performed in (A) and Kruskal–Wallis + Dunn´s tests were performed in (B)). 
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Figure 8. The effect of dietary interventions with a HFD containing a specific fatty acid composition on gait coordination and weight loss. Groups: LFD (Black), HFD-SFA (Red), HFD-OO (Green), and HFD-OO-ω3 (Blue). (A) Mice on a HFD-OO-ω3 and LFD diet had better coordination of the right hindlimb 48 h after reperfusion than those on a HFD-SFA diet. (B) Mice fed with HFD-OO-ω3 or LFD showed better steps/m values than mice fed a HFD-SFA diet. HFD-OO was not as beneficial as HFD-OO-ω3 48 h after the onset of reperfusion. (C) When the weight loss was analysed 48 h after tMCAo, no significant differences were found between the groups. The results represent the mean ± SEM of 6 to 10 mice: * p ≤ 0.05 and ** p ≤ 0.01 (ANOVA + Bonferroni post-hoc). Low-fat diet (LFD), high-fat diet rich in saturated fatty acids (HFD-SFA), high-fat diet rich in olive oil (HFD-OO), and high-fat diet rich in olive oil plus DHA and EPA (HFD-OO-ω3). 
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Table 1. Macronutrient composition of diets.
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	Macronutrient
	LFD
	HFD-SFA
	HFD-OO
	HFD-OO-ω3





	Fat (%)
	3
	24
	24
	24



	Carbohydrate (%)
	77.5
	56.5
	56.5
	56.5



	Protein (%)
	19.5
	19.5
	19.5
	19.5







Values are expressed as the percentage of energy derived from fat, carbohydrate or protein. Low-fat diet (LFD), high-fat diet rich in saturated fatty acids (HFD-SFA), high-fat diet rich in olive oil (HFD-OO), and high-fat diet rich in olive oil plus DHA and EPA (HFD-OO-ω3).
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