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Abstract: Ischemic stroke is an important cause of mortality and disability worldwide. Given that 23 

current treatments do not allow a remarkably better outcome in patients after stroke, it is mandatory 24 

to seek new approaches preventing stroke and/or complementing the current treatments or amelio- 25 

rating the ischemic insult. Multiple preclinical and clinical studies highlighted the potential benefi- 26 

cial roles of exercise and a Mediterranean diet following stroke. Here, we investigated the effects of 27 

a pre-stroke Mediterranean-like diet supplemented with hydroxytyrosol with/without physical ex- 28 

ercise on male rats undergoing transient middle cerebral artery occlusion (tMCAO). We also as- 29 

sessed a potential synergistic effect with physical exercise. Our findings indicate that the diet re- 30 

duced infarct and edema volumes, modulated acute immune response by altering cytokine and 31 

chemokine levels, decreased oxidative stress, and improved acute functional recovery post-ischemic 32 

injury. Interestingly, while physical exercise alone improved certain outcomes compared to control 33 

animals, it did not enhance, and in some aspects even impaired, the positive effects of the Mediter- 34 

ranean-like diet in the short-term. Overall, these data provide the first preclinical evidence that a 35 

preemptive enriched Mediterranean diet modulates cytokines/chemokines levels downwards that 36 

eventually has an important role during the acute phase following ischemic damage, likely mediat- 37 

ing neuroprotection. 38 

Keywords: Cerebral ischemia; EPCs; exercise; hydroxytyrosol; inflammation; Mediterranean diet; 39 

microglia; Milliplex; neuroprotection; tMCAO 40 

 41 

1. Introduction 42 

Ischemic stroke remains one of the leading causes of mortality and disability world- 43 

wide [1]. Following the occlusion of a blood vessel, the pathological paths of the ischemic 44 

cascade are activated, which eventually leads to neuronal death by necrosis or apoptosis 45 

[2]. Unfortunately, although the current reperfusion therapies (mechanical thrombectomy 46 
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and thrombolysis) are currently extended to larger therapeutic windows and larger in- 47 

farcts, still less than one-third of patients receive those treatments [3 – 5], and the proba- 48 

bility of a long-term good functional outcome is still lower than 50% even after a success- 49 

ful reperfusion treatment. Therefore, new approaches such as stroke-preventing alterna- 50 

tives and/or complementary treatments to reperfusion therapies are needed to improve 51 

the recovery of stroke patients. Along these lines, regular exercise and a Mediterranean 52 

diet are associated with lower rates of cardiovascular and cerebrovascular disease [6 – 8]. 53 

Importantly, beyond the impact on suffering from stroke, both exercise and diet may have 54 

positive effects on neuroprotection and neurorepair mechanisms following ischemia [9, 55 

10].  56 

Exercise aids stroke recovery through processes such as vasculogenesis and neuro- 57 

genesis; however, the exact molecular mechanisms are unclear [11]. Several studies 58 

showed that pre-stroke physical activity was associated with a lower initial severity and 59 

infarct volume as well as a better short-term functional outcome [12 – 14]. Furthermore, 60 

clinical studies from our group revealed that a higher rate of pre-stroke exercise reduced 61 

the severity and the infarct volume and increased the rate of recanalization following re- 62 

combinant tissue plasminogen activator (rtPA) treatment and the long-term functional re- 63 

covery, and this beneficial effect might be mediated by an increase in the vascular endo- 64 

thelial growth factor (VEGF) levels [15, 16]. 65 

The Mediterranean diet is based on the abundant consumption of food such as fruits, 66 

vegetables, legumes, nuts, and olive oil as the principal fat source, among others. It pro- 67 

vides several beneficial nutrients (e.g., monounsaturated fatty acids), a well-balanced pro- 68 

portion of essential fatty acids omega-3/omega-6, and high amounts of fiber and antioxi- 69 

dants [17, 18]. So far, numerous in vivo and in vitro studies highlighted the importance of 70 

polyphenols as neurorepair substances following ischemia through anti-apoptotic, anti- 71 

oxidant and anti-inflammatory mechanisms due to their ability to cross the blood-brain 72 

barrier (BBB) [19 – 25]. Specifically, hydroxytyrosol (HT), an extra-virgin olive oil-derived 73 

polyphenol, has been suggested as a promising therapeutic compound following stroke 74 

due to its biological effects such as antioxidant, anti-inflammation, and neuroprotection 75 

[26 – 31]. Preclinical studies have shown that the pre-stroke consumption of either olive 76 

oil or olive leaf extract positively impacts cellular and behavioral outcomes following is- 77 

chemia [28, 29]. Similarly, post-stroke administration of HT also revealed beneficial effects 78 

in the recovery of animals undergoing stroke [30, 31]. Results from clinical studies as- 79 

sessing the relationship between a Mediterranean diet and stroke have observed associa- 80 

tions with less atherosclerotic etiology and better outcomes, specifically with the con- 81 

sumption of olive oil [32 – 36]. 82 

Physical activity and a balanced Mediterranean diet may exert synergistic effects on 83 

ischemic tolerance. Both, the Mediterranean diet and exercise have been also postulated 84 

as endothelial progenitor cells (EPCs)-stimulating factors, which mediate vasculogenesis 85 

and the optimization of endothelial function following stroke [37, 38]. EPCs are a subpop- 86 

ulation of CD34+ bone marrow-derived progenitor cells (BMPCs) that exhibit characteris- 87 

tics of both endothelial and stem cells, participating in angiogenesis and/or the mainte- 88 

nance of the endothelium [39]. Importantly, our group has demonstrated the positive role 89 

of EPCs within the first week following stroke [40 – 42]. Moreover, some previous studies 90 

evaluated the synergy of exercise and diet in cognition [43 – 46]; nevertheless, to our 91 

knowledge, no studies have assessed the potential synergistic effect of combining both 92 

exercise and diet previously to stroke. 93 

Our study investigated the combined effect of pre-stroke exercise and a Mediterra- 94 

nean diet on reducing infarct size and improving post-stroke recovery. 95 

2. Materials and Methods 96 

2.1. Animal handling 97 
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Male adult Sprague-Dawley (SD) rats (300-350g, 9-10 weeks of age) were used. Two 98 

rats per cage were kept with day/night cycles of 12/12 h at a mean temperature of 22 ± 1 99 

°C and humidity of 60 ± 5%, and they had water and food ad libitum. Housing conditions 100 

obey Spanish legislation for experimental animals (Real Decreto 53/2013). For surgical 101 

procedures and magnetic resonance imaging (MRI) acquisitions, anesthesia was induced 102 

by inhalation of 6% sevoflurane in a N2O/O2 mixture (70/30) and maintained at 3-4% 103 

sevoflurane during procedures. Body temperature was maintained at 37°C with a feed- 104 

back-controlled heating pad (Neos Biotec, Pamplona, Spain) until animals completely re- 105 

covered from anesthesia. 106 

Forty-five SD rats were randomly divided for each condition as follows: 5 rats for the 107 

sham group, 10 rats for the control group (normal diet, no physical activity), 10 rats for 108 

the diet group (Mediterranean-like rich in polyphenols diet, no physical activity), 10 rats 109 

for the PA group (normal diet, physical activity) and 10 rats for the diet/PA group (Med- 110 

iterranean-like rich in polyphenols diet, physical activity) (Figure 1). 111 

 112 

Figure 1. Experimental protocol. Schematic drawing of the protocols followed throughout the time 113 
course of the experiments. 114 

2.2. Physical activity 115 

Animals from PA and diet/PA groups performed physical activity sessions (rotarod) 116 

five days per week during the 4 weeks prior to surgery consisting of 5 minutes accelerat- 117 

ing from 0.5 to 3 m/min plus 20 min at 3 m/min. All animals were previously adapted to 118 

rotarod during the first week by performing 5 minutes at 0.5 m/min. Following surgery, 119 

animals were allowed to recover for one week and then they performed physical activity 120 

for 3 weeks more until the final follow-up. Control and diet rats performed control train- 121 

ing sessions consisting of the placement of the animal in stopped rotarod.  122 

2.3. Diet 123 

Within the first week in the animal facility and during the resting week following 124 

surgery, all rats were fed on the same food (Teklad Global 19% Protein Extruded Rodent 125 

Diet, ref: 2018, ENVIGO, Spain). Then, rats from sham, control and PA groups were fed 126 

on a Western-like diet (control diet with dairy butter as the fat source, ref: U8978-version- 127 

0177, AIN93, SAFE, France) during the 4 weeks prior to surgery. Animals from diet and 128 

diet/PA groups were fed on a Mediterranean-like diet containing 85% olive oil/15% an- 129 

chovy sardine oil as a fat source (ref: U8978 Version 01 AIN93, SAFE, France) during the 130 

4 weeks prior to surgery and for 3 weeks more until the final follow-up. Moreover, rats 131 

from diet and diet/PA groups were supplied with a supplemental of HT (ref.: 21001, 132 

Nutexa) diluted in the water (200 mg/kg/day). In all cases, the food was available ad libi- 133 

tum.  134 

2.4. Surgical procedures 135 
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Transient focal ischemia was induced in rats by using the transient middle cerebral 136 

artery occlusion (tMCAO) model, which is considered one of the best models to mimic 137 

human ischemic stroke and has been used in numerous studies [47 – 49]. tMCAO surgery 138 

was performed as previously described [47] with slight modifications. Briefly, the left 139 

common, external, and internal carotid arteries were dissected from connective tissue 140 

through a midline neck incision under a surgical microscope (Leica MZ6, Leica Microsys- 141 

tems, Germany). Then, the left external carotid artery and pterygopalatine artery of the 142 

internal carotid artery were separated and ligated by 6-0 silk sutures. A silicon rubber- 143 

coated monofilament (403512PK5Re; Doccol Corporation, USA) was inserted through the 144 

external carotid into the left common carotid artery and advanced into the internal carotid 145 

artery to 20 mm from the bifurcation to occlude the origin of the MCA. A laser-Doppler 146 

flow probe (tip diameter 1 mm) attached to a flowmeter (PeriFlux 5000, Perimed AB, Swe- 147 

den) was located over the thinned skull in the MCAO territory (4 mm lateral and 1 mm 148 

posterior to bregma) to obtain a continuous measure of relative cerebral brain flow during 149 

the arterial occlusion. Once the artery occlusion was achieved, as indicated by Doppler 150 

signal reduction, each animal was carefully moved from the surgical bench to the mag- 151 

netic resonance imaging (MRI) system for ischemic lesion assessment using apparent dif- 152 

fusion coefficient maps (defined as T0 ischemic lesion). After magnetic resonance (MR) 153 

analysis, animals were returned to the surgical bench and the Doppler probe was reposi- 154 

tioned. The suture was removed after 75 min of occlusion and the left pterygopalatine 155 

artery was reperfused while the left external carotid (used to introduce the suture) re- 156 

mained tied to avoid bleeding.  157 

2.5. Animal experimental procedures 158 

The following exclusion criteria were used: 1) less than 70% reduction in relative cer- 159 

ebral blood flow; 2) arterial malformations, as determined by MRA; 3) baseline lesion vol- 160 

ume of less than 25% or greater than 45% with respect to the ipsilateral hemisphere, as 161 

measured using ADC maps and 4) absence of reperfusion or prolonged reperfusion (more 162 

than 10 min until the achievement of at least 50% of the baseline cerebral blood flow) after 163 

monofilament removal. As previously described [50], this surgical protocol represents a 164 

reliable method to reduce variability intergroup and to guarantee the reproducibility of 165 

the infarct volumes during the tMCAO surgery.  166 

Experimental procedures were performed following five criteria derived from the 167 

Stroke Therapy Academic Industry Roundtable (STAIR) group guidelines for preclinical 168 

evaluation of stroke therapeutics [51, 52] which are: 1) cerebral blood flow was measured 169 

to confirm the vascular occlusion as an index of the reliability of the ischemic model; 2) 170 

animals were randomly assigned to treatment groups of the study; 3) researchers were 171 

blinded to treatment administration; 4) researchers were blinded to treatments during 172 

outcome assessment; and 5) temperature was monitored during the surgery. 173 

2.6. Magnetic resonance image protocol 174 

MRI studies were conducted on a 9.4-T horizontal bore magnet MRI system, Biospec 175 

94/20USR, (Bruker BioSpin, Germany) with 20 cm wide actively shielded gradient coils 176 

(440 mT/m). Radiofrequency transmission was achieved with a birdcage volume resona- 177 

tor; the signal was detected using a four-element surface coil, positioned over the head of 178 

the animal, which was fixed with a tooth bar, earplugs, and adhesive tape. Transmission 179 

and reception coils were actively decoupled from each other. 180 

Gradient-echo pilot scans were performed at the beginning of each imaging session 181 

for accurate positioning of the animal inside the magnet bore. Axial magnetic resonance 182 

angiography (MRA) images of the rat brain were a stack of 58 slices mapping the whole 183 

brain. The parameters for the TOF-MRA 3D Flash sequence were field-of-view (FOV) 184 

30.72 x 30.72 x 14 mm3, image matrix 256 x 256 x 58, repetition time 15 ms, 2 averages and 185 

echo time 2.5 ms. Immediately after MRA, diffusion coefficient maps ADC maps were 186 
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acquired using a spin-echo echo-planar imaging sequences with the following acquisition 187 

parameters: FOV 24 x 16 mm2, image matrix 96 x 64, 14 consecutive slices of 1 mm thick- 188 

ness, repetition time 4 s, 4 averages, echo time 26.91 ms, spectral bandwidth 200.000 Hz 189 

and 7 diffusion b values: 0; 300; 600; 900; 1200; 1600 and 2000. T2-weighted images were 190 

acquired at 3, 7, 14, and 28 days after tMCAO using a RARE (factor n=4) sequence with 191 

the following acquisition parameters: FOV 19.2 x 19.2 mm2, image matrix 192 x 192, 14 192 

consecutive slices of 1 mm thickness, repetition time = 3 s, effective echo time = 45 ms. 193 

MRA imaging was performed to ensure that the artery remained occluded through- 194 

out the procedure in a noninvasive manner. Moreover, basal ischemic lesion during 195 

tMCAO was determined by counting pixels with ADC values below a threshold in the 196 

ipsilateral brain hemisphere. The values of ADC in the healthy rat brain normally do not 197 

fall below 0.55×10−3 mm2/s; therefore, this threshold provides a convenient means of seg- 198 

menting abnormal tissue [50]. DWI and MRA images were simultaneously acquired dur- 199 

ing tMCAO.  200 

All images were processed, and maps were constructed with ImageJ software. Diffu- 201 

sion volumes were determined from diffusion-weighted images (DWI) maps whereas in- 202 

farct volumes were determined from T2 maps, both by manual selection. Edema was es- 203 

timated by measuring the volumes of the affected (VLes) and contralateral (Vc) hemi- 204 

spheres and using the formula: edema (%) = 100 x [(VLes - Vc)/Vc]. The Vc/VLes ratio was 205 

also used to correct lesion volumes for edema formation. 206 

2.7. Functional tests 207 

All animals underwent a battery of functional tests in order to assess the motor func- 208 

tion (cylinder test) and evaluate the sensorimotor deficit (Bederson and Wahl’s tests) at 209 

different time points during the darkness cycle: baseline (before tMCAO) as well as 3, 7, 210 

14, and 28 days following surgery.  211 

A cylinder test was performed to evaluate limb asymmetry during the exploratory 212 

activity, and so, the spontaneous use of forelimb, as previously described [53]. Briefly, 213 

each animal was put in a cylinder with a 20-cm-diameter transparent base with a video 214 

camera underneath recording the vertical exploratory movements of animals. Then, the 215 

laterality index was calculated as follows: the number of times that the animal touched 216 

the cylinder with the right leg during the ascendant movement by the number of times 217 

that the animals touched with each leg. This index is close to 0.5 for healthy animals and 218 

tends to 0 or 1 for animals that have preferential use of the left or the right paw, respec- 219 

tively [54]. 220 

On the other hand, sensorimotor deficits were evaluated with both Bederson and 221 

Wahl scales that mainly assess the presence or absence of reflex and spontaneous activity 222 

of the animal [55, 56]. The Bederson scale included the following items: spontaneous 223 

movement, spontaneous rotation, spontaneous flexion of the contralateral forelimb, edge 224 

detection, turn after tail suspension, and reflection of protection. Likewise, the Wahl scale 225 

included the following items: edge detection, visual placing, spontaneous flexion of con- 226 

tralateral forelimb and hindlimb, circular spontaneous movement, and both extensor re- 227 

flex and thoracic torsion when suspended. 228 

2.8. Flow cytometry analysis of hematopoietic lineages  229 

Blood samples (0.5 mL) were drawn from the tail vein before tMCAO (basal sample), 230 

and at 1 h, and days 3, 7, 14, and 28 days after tMCAO. The samples were collected into 231 

K2EDTA tubes (BD Microtainer, USA). Immunofluorescence cell staining was performed 232 

with fluorescent conjugated antibodies anti-CD34 (ref.: sc-7324, Santa Cruz Biotechnol- 233 

ogy), anti-ckit (ref.: sc-19619, Santa Cruz Biotechnology), anti-KDR (ref.: bs-10412R, Bioss) 234 

and anti-CD43 (ref.: 202814, Biolegend). Cell fluorescence was measured 15 minutes after 235 

staining by flow cytometry with BD FACS Aria II (BD, Bioscience, Franklin Lakes, NJ, 236 
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USA). The numbers of each cellular lineage were calculated using the FACSDiva software 237 

(BD Biosciences, USA). 238 

2.9. Immunomodulator effect and oxidative DNA damage 239 

Blood samples were drawn from the tail vein before tMCAO (basal sample), and at 1 240 

h, and days 3, 7, 14, and 28 days after tMCAO. The samples were collected into K2EDTA 241 

tubes (BD Microtainer, USA) and centrifugated at 1000 g for 7 min, storing serum at -80 242 

ºC until analysis. Serum levels of cytokines/chemokines were determined using a Milli- 243 

plex MAP Rat Cytokine/Chemokine Magnetic Bead Panel kit (Cat. RECYTMAG-65K, 244 

EMD Millipore, Darmstadt, Germany). Similarly, the measurement of oxidative DNA 245 

damage in serum was performed by an ELISA kit (8-hydroxydeoxyguanosine assay, 8- 246 

OHdG) (Cat. STA-320; Cell Biolabs, San Diego, CA, USA). 247 

2.10. Tissue processing  248 

Four animals per group at 14 days and the rest of them at 28 days were sacrificed by 249 

an overdose of anesthesia, and then transcardially perfused with an ice-cold solution of 250 

PBS followed by 4% paraformaldehyde (PFA). Finally, brains were dissected out, and the 251 

tissues were post-fixed overnight at 4 °C in the same fixative solution. 252 

Tissue processing was performed as described previously [57]. Briefly, tissues were 253 

incubated in 30% sucrose for cryo-protection. Brains were embedded in OCT compound 254 

and frozen. Tissues were transversely sectioned with a cryostat at a thickness of 20 μm. 255 

For immunohistochemistry, sections were first washed with 0.2% triton-PBS and antigen 256 

retrieval protocol was carried out with sodium citrate (pH 6.0) at 99 ºC for 20 min. Then, 257 

sections were blocked and permeabilized (0.4% triton, 5% sera matching the species of the 258 

secondary antibodies, 1× PBS) for 1 h at room temperature. Incubation in the primary an- 259 

tibody solution (see concentrations below) was carried out at 4 °C overnight. Sections 260 

were washed, followed by secondary antibody staining for 2 h at room temperature (an- 261 

tibody solutions at 1:500). Next, sections were washed again, incubated with Hoechst 262 

33342 for 10 min, and mounted with Aqua-Poly/Mount (Polysciences). 263 

The following antibodies were used: mouse anti-Ki67 (ref.: M724029-2, 1:50, Agilent 264 

Technologies), rabbit anti-DCX (ref.: ab18723, 1:500, Abcam), guinea pig anti-NeuN (ref.: 265 

ABN90, 1:200, Sigma-Aldrich), goat anti-CD31 (ref.: AF3628, 1:100, Novus Biologicals), 266 

rabbit anti-VGLUT1 (ref.: 12331, 1:100, Cell Signaling Technology), rabbit anti-Iba1 (ref.: 267 

MA5-36257, 1:100, Thermo Scientific), and anti-IB4 (ref.: L2140, 1:50, Sigma-Aldrich). 268 

2.11. TUNEL labeling  269 

The Tdt-mediated dUTP Nick End Labelling (TUNEL) Kit (Roche, Mannheim, Ger- 270 

many) was used to detect apoptotic nuclei as previously described [58, 59]. Briefly, sec- 271 

tions were pre-treated with MetOH at −20 °C for 15 min and then with 0.01 M citrate buffer 272 

pH 6.0 for 30 min at 90 °C. Following washes with PBS, each slide was incubated with a 273 

mixture of 5 μL of enzyme solution (terminal deoxynucleotidyl transferase) and 45 μL of 274 

labelling solution (TMR red labeled nucleotides) for 90 min at 37 °C. Then, sections were 275 

rinsed in PBS, allowed to dry for 30 min at 37 °C, and mounted with Aqua-Poly/Mount. 276 

2.12. Image acquisition 277 

Stained tissue sections were photographed using an inverted microscope (Leica 278 

CTR6000). Three sections from coronal brain sections were photographed for each animal. 279 

Photomicrographs were taken at 5× (areas DCX+ or CD31+) and 20× (TUNEL, neurogen- 280 

esis, angiogenesis, synapsis and microglia studies) magnification without changing the 281 

amplifier gain or the offset to avoid the introduction of experimental variability. All im- 282 

ages were processed with ImageJ software. 283 
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Following quantifications, contrast and brightness were minimally adjusted in fig- 284 

ures, uniformly across panels for each experiment, with Adobe Photoshop CS4 (Adobe 285 

Systems). 286 

2.13. Immunofluorescence quantifications 287 

To quantify the intensity of each immunofluorescence (IF) signal in the cortical area 288 

surrounding the ischemic area (Iba1, IB4 and vGLUT1 signals), mean fluorescent intensity 289 

(mean grey value) was determined using ImageJ software. All values underwent internal 290 

normalization to the same contralateral areas and then they were normalized against con- 291 

trol values. The number of TUNEL+ neurons was calculated by quantifying the 292 

NeuN+/TUNEL+ cells in the cortical area surrounding the ischemic area, in the same way 293 

for the numbers of Iba1+ cells. The experimenter was blinded during quantifications. 294 

For neurogenesis analysis, Ki67+ cells were measured within the DCX+ area at the 295 

subventricular zone (SVZ). Similarly, angiogenesis was calculated by measuring the num- 296 

ber of Ki67+ cells within CD31+ vessels present at the SVZ. 297 

2.14. Statistical analysis 298 

The sample size was calculated using EPIDAT software (http://www.ser- 299 

gas.es/Saude-publica/EPIDAT-4-2), based upon α = 0.05 and the power of β = 0.8. Statisti- 300 

cal analysis was carried out using Prism 8 (GraphPad software, La Jolla, CA). Data were 301 

presented as mean ± S.E.M. Normality of the data was determined by two different tests 302 

depending on the n numbers: the D’Agostino-Pearson omnibus test when n numbers were 303 

equal or higher than 10, and the Shapiro-Wilk normality test when n numbers were below 304 

10. Data with multiple comparisons were analyzed by either one-way ANOVA or Krus- 305 

kal–Wallis test where appropriate, and post-hoc Dunn’s multiple comparisons tests. Cor- 306 

relation analysis was assessed with the Spearman correlation coefficient test. The signifi- 307 

cance level was set at 0.05. In the figures, significance values were represented by different 308 

number of asterisks: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 309 

3. Results 310 

3.1. Mediterranean-like diet reduces the infarct volume following tMCAO 311 

We examined the effect of each condition per separate and together on edema and 312 

the infarct volume following stroke (Figure 2). The analysis and quantification of MR im- 313 

ages showed that rats from all conditions had a non-significant reduction of infarct vol- 314 

ume at the basal time after tMCAO in comparison with the control group, although the 315 

diet group exhibited the highest decreased trend throughout all post-stroke times, espe- 316 

cially at 14 days post-ischemia (p = 0.1717) (Figure 2A-E’’’, F). We also observed similar 317 

trends when assessing edema development (Figure 2G). Unexpectedly, no positive syner- 318 

gistic effects on infarct volume were observed for the PA/diet group. Together, these re- 319 

sults revealed that only the Mediterranean-like diet seemed to have a positive impact on 320 

the evolution of the ischemic damage. 321 
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 322 

Figure 2. Infarct size and edema development were assessed by means of magnetic resonance im- 323 
aging (MRI) (A-E’’’). T2-weighted images on each row correspond to one of the 2D slices of the same 324 
animals within each group at different time points: control rats (A-E), diet group (A’-E’), PA group 325 
(A’’-E’’), and PA/diet group (A’’’-E’’’). F: Time course of infarct volumes. G. Time course of the 326 
edema volumes. Bars show mean ± SEM. 10 rats per each group from basal to 14 days, and 7 rats 327 
per each group at 28 days. 328 

3.2. Mediterranean-like diet attenuates the systemic inflammatory response and reduces oxidative 329 

DNA damage following tMCAO 330 

To determine the effects of either exercise or diet on the inflammatory response, pre- 331 

and post-stroke plasma samples collected were analyzed using a magnetic beads-based 332 

panel (Table S1). Remarkably, the diet group exhibited the lowest cytokine/chemokine 333 

raw values in 21 out 27 metabolites at basal (pre-stroke) (Table S1). From these, levels of 334 

14 were significantly lower in the diet group compared to controls: granulocyte colony- 335 

stimulating factor (G-CSF), eotaxin, macrophage inflammatory protein (MIP)-1α, MIP-2, 336 

interleukin (IL)-1α, IL-1β, IL-4, IL-5, IL-6, IL-12p70, IL-13, IL-17, IL-18 and interferon- 337 

gamma (IFNγ) (Figure 3, Table S1). Importantly, the Mediterranean-like diet appeared to 338 

attenuate the inflammatory response until 7 days post-stroke by showing the lowest raw 339 

levels of cytokines/chemokines compared to controls (Table S1). Indeed, data normaliza- 340 

tion against basal values revealed that the Mediterranean-like group strikingly increased 341 

the levels of most of the inflammatory markers from 7 days post-stroke (Figure S1, Table 342 

S1). In contrast, the PA group only showed 6 metabolites, all of them included in the diet 343 

group, with raw values significantly lower than control ones at basal: IL-1α, IL-1β, IL-5, 344 
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IL-12p70, IL-17 and IFNγ (Figure 3, Table S1). Normalized data revealed an acute increase 345 

of these basal values at 1h, and then at 14 days post-injury in the PA group (Figure S1). 346 

The PA/diet group had 3 raw values significantly lower than controls at basal: MIP-1α, 347 

IL-5 and IL-12p70 (Figure 3, Table S1). Similar to the PA group, the time-evolution of the 348 

inflammatory markers in the PA/diet group indicated an overall increase of basal values 349 

at 14 days post-injury which decreased at 28 days (Figure S1). Finally, it is important to 350 

note that all experimental conditions (diet, PA and PA/diet) significantly decreased the 351 

raw levels of GM-CSF and INFγ compared to the control group at 28 days post-injury 352 

(Table S1). 353 

We then measured plasma levels of 8-OHdG as a marker of oxidative stress and 354 

found that the control group exhibited the highest basal levels of 8-OHdG, although they 355 

were not statistically significant (Figure 4). Intriguingly, post-ischemia timepoints re- 356 

vealed that the PA/diet group had higher levels of 8-OHdG at 7 and 28 days, and this 357 

increase was statistically significant when compared with the diet group at 7 days post- 358 

injury (Figure 4; one-way ANOVA, p = 0.0199), and it was close to be significant compared 359 

with the PA group (Figure 4; one-way ANOVA, p = 0.0619). 360 

In summary, rats fed on a Mediterranean-like diet exhibited the lowest pre-stroke 361 

levels of cytokines/chemokines and contained the acute inflammatory response up to 7 362 

days pos-stroke, whereas the combination of diet and exercise seemed to block this basal 363 

anti-inflammatory response and the PA group showed an acute increase following injury. 364 

 365 



Antioxidants 2023, 12, x FOR PEER REVIEW 10 of 23 
 

Figure 3. Time course of plasma concentrations of fourteen cytokines/chemokines: granulocyte col- 366 
ony-stimulating factor (G-CSF); eotaxin; macrophage inflammatory protein (MIP)-1α; MIP-2; in- 367 
terleukin (IL)-1α; IL-1β; IL-4; IL-5; IL-6; IL-12p70; IL-13; IL-17; IL-18; and interferon gamma (IFNγ) 368 
Comparisons were made at each time point vs control and represented in the figure if significant. * 369 
<0.05, **<0.01, ***<0.001. p values are shown in Table S1. Bars show mean ± SEM. 6 rats per each 370 
group.  371 

 372 

Figure 4. Time course of plasma 8-OHdG levels. *p=0.0199. Bars show mean ± SEM. 6 rats per each 373 
group. 374 

3.3. Mediterranean-like diet triggers acute EPCs mobilization 375 

We analyzed the levels of circulating progenitor cells (CPCs), identified as CD34 pos- 376 

itive (CD34+); hematopoietic progenitor cells (HPCs, labeled as CD34 and CD43 positive 377 

(CD34+/ CD43+); and EPCs, positive to CD34, ckit and KDR, by flow cytometry. 378 

Measurements of circulating levels of CPCs and HCs showed no significant differ- 379 

ences between groups (Figure 5A, Table S2). Regarding circulating EPCs, the diet group 380 

showed significantly lower numbers of EPCs than controls at basal (Kruskal-Wallis, p = 381 

0.0291) (Figure 5A, Table S2), which remarkably increased at 1h post-stroke and continued 382 

higher up to 28 days post-injury as confirmed by normalized analyses against basal values 383 

showing the evolution of EPCs numbers over time (one-way ANOVA, p = 0.0122; Figure 384 

5B). Therefore, the diet group had the lowest value of EPCs at basal, although then exhib- 385 

ited a remarkable acute increase that was maintained over time. 386 

 387 

Figure 5. A: Time course of circulating progenitor cells (CPCs), hematopoietic progenitor cells 388 
(HPCs) and endothelial progenitor cells (EPCs) numbers from blood samples (250.000 cells counted 389 
in each one. Stats at each time point vs control. Bars show mean ± SEM. B: Time course of normalized 390 
data from A against control values at basal. Stats at each time point vs control. p values are shown 391 
in Table S2. Bars show mean ± SEM. 10 rats per each group from basal to 14 days, and 7 rats per 392 
each group at 28 days. 393 

3.4. Mediterranean-like diet improves functional recovery following an ischemic insult 394 
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Afterwards, we analyzed the recovery of animals undergoing tMCAO by using dif- 395 

ferent functional tests. Rats from the diet group showed the lowest values in the Bederson 396 

scale throughout all the post-injury times, especially at 3 days post-stroke, where the dif- 397 

ference is close to be statistically significant (one-way ANOVA, p = 0.0544) (Figure 6A). 398 

However, both PA and PA/diet groups exhibited similar trends as controls (Figure 6A). 399 

Likewise, the diet group showed the lowest non-significant reduction in the Wahl scale at 400 

3 days post-injury (Kruskal-Wallis, p = 0.1503) (Figure 6B), but eventually the evolution 401 

up to 28 days following injury was similar between groups (Figure 6B). Strikingly, the 402 

cylinder test revealed that PA and PA/diet groups had the worst scores in both the use of 403 

the impaired forelimb and laterality index from 3 to 14 days following injury, although 404 

these were not statistically significant (Figure 6C-D). The diet group mimicked control 405 

scores until 28 days post-stroke (Figure 6C-D). Overall, the diet group exhibited a better 406 

functional recovery following stroke. 407 

 408 

Figure 6. Assessment of motor and neurological behavior by the Bederson test (A), the Wahl test (B) 409 
and the cylinder test, both asymmetry (C) and laterality (D Stats at each time point vs control. Bars 410 
show mean ± SEM. 10 rats per each group from basal to 14 days, and 7 rats per each group at 28 411 
days. 412 

3.5. Each condition acts differently on molecular mechanisms underlying functional 413 

improvement following tMCAO 414 

We observed higher vGLUT1 immunoreactivity in diet, PA and PA/diet groups than 415 

both control and sham groups in the peri-infarct tissue at cortical layers V/VI after 28 days 416 

post-injury, although this was statistically significant only in those against the sham group 417 

(Kruskal-Walllis, diet: p = 0.0153; PA: p = 0.0376; PA/diet: p = 0.0030) (Figure 7D-D’’’, F). 418 

Moreover, this agrees with the analysis of TUNEL labeling in NeuN+ cells at cortical lay- 419 

ers V/VI, where less apoptotic neuronal death has been detected in all experimental con- 420 

ditions than controls, although this difference was only significant in the PA/diet group 421 

(one-way ANOVA, p = 0.0149) (Figure 7A-C’’’, E). Altogether, all experimental conditions 422 

were able to increase the numbers of cortical glutamatergic pyramidal neurons near the 423 

lesion, and this was especially remarkable in the PA/diet group. 424 
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 425 

Figure 7. Representative images of TUNEL (A-D), NeuN (A’-D’) and vGLUT1 (A’’’-D’’’) staining at 426 
the peri-infarct area in the sensorimotor cortex of the control group (A-A’’’); diet group (B-B’’’); PA 427 
group (C-C’’’); and PA/diet group (D-D’’’). E: Quantification of the percentage (%) of NeuN+ cells 428 
with TUNEL labeling, *p=0.0149. F: Quantification of vGLUT1 immunoreactivity, *p=0.0153 (diet 429 
group), *p=0.0376 (PA group), **p=0.003 (PA/diet group). Scale bars: 100 μm. Bars show mean ± 430 
SEM. 3 sham rats and 5 rats per remaining groups were used in all experiments, 250 cells quantified 431 
per animal. 432 

Our results showed that the PA group remarkably increased the percentage of 433 

CD31+/Ki67+ vessels at the subventricular zone (SVZ) not only compared to sham and 434 

control groups (one-way ANOVA, p = 0.0071 and p =0.0446, respectively) but also com- 435 

pared to the diet group at 28 days post-stroke (one-way ANOVA, p = 0.0018) (Figure 8A- 436 

E’’, J). Furthermore, these results agreed with the higher CD31+ areas seen in diet, PA and 437 



Antioxidants 2023, 12, x FOR PEER REVIEW 13 of 23 
 

PA/diet groups compared to controls (Figure 8A’’’-E’’’, K). We also observed the pattern 438 

of expression of the IB4 staining in the peri-infarct area 28 days following stroke. The diet 439 

group exhibited the highest increase in IB4 staining but it was not statistically significant 440 

(Figure 8F-I’’). Our results may suggest the existence of more vascular repair in the PA 441 

group than the others after tMCAO. 442 

 443 

Figure 8. Representative images of Ki67 (A-D), CD31 (A’-D’) and CD31+ area (A’’’-D’’’) staining at 444 
the subventricular zone (SVZ) of the control group (A-A’’’); diet group (B-B’’’); PA group (C-C’’’); 445 
and PA/diet group (D-D’’’). Representative images of IB4 (E-H) and Iba1 (E’-H’) staining at the peri- 446 
infarct area in the sensorimotor cortex of the control group (E-E’’); diet group (F-F’’); PA group (G- 447 
G’’); and PA/diet group (H-H’’). I: Quantification of the percentage (%) of CD31+ cells with Ki67 448 
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labeling from the total number of CD31+ cells, **p=0.0071 (PA vs sham), *p=0.0446 (PA vs control), 449 
**p=0.0018 (PA vs diet). J: Quantification of CD31+ area immunoreactivity. K: Quantification of IB4 450 
immunoreactivity. Scale bars: 400 μm. Bars show mean ± SEM. 3 sham rats and 5 rats per remaining 451 
groups were used in all experiments, 250 cells quantified per animal. 452 

Regarding neurogenesis, only the PA group showed statistically higher levels of neu- 453 

rogenesis (DCX+/Ki67+ cells) than sham and control groups at the SVZ (Kruskal-Wallis, p 454 

= 0.0468 and p = 0.0013, respectively) (Figure 9A-E’’, F). Regarding the DCX+ area, the PA 455 

group exhibited remarkably higher labeling than the rest of the conditions (one-way 456 

ANOVA, vs sham: p < 0.0001, vs diet: p = 0.0239, vs PA/diet: p = 0.0083) (Figure 9A’’’-E’’’, 457 

G). The control group also had a significantly higher DCX+ area than sham animals at the 458 

SVZ (one-way ANOVA, p = 0.0055) (Figure 9B’’’, G).  459 

 460 

Figure 9. Representative images of Ki67 (A-D), DCX (A’-D’) and DCX+ area (A’’’-D’’’) staining at 461 
the SVZ of the control group (A-A’’’); diet group (B-B’’’); PA group (C-C’’’); and PA/diet group (D- 462 
D’’’). E: Quantification of the percentage (%) of DCX+ cells with Ki67 labeling from the total number 463 
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of DCX+ cells, *p=0.0468 (PA vs sham), **p=0.0013 (PA vs control). F: Quantification of DCX+ area 464 
immunoreactivity, **p=0.0055 (control vs sham), ****p <0.0001 (PA vs sham), *p=0.0239 (PA vs diet), 465 
**p=0.0083 (PA vs PA/diet). Scale bars: 100 μm. Bars show mean ± SEM. 3 sham rats and 5 rats per 466 
remaining groups were used in all experiments, 250 cells quantified per animal. 467 

In summary, rats performing physical exercise showed more angiogenesis and neu- 468 

rogenesis than the other conditions at 28 days post-injury.  469 

We used the Iba1 antibody, the microglia-specific marker, in the cortical peri-infarct 470 

area at two different time-points after tMCAO, 14 and 28 days. After 14 days post-stroke, 471 

the control group showed higher non-significant levels of Iba1+ compared to the sham 472 

group (Kruskal-Wallis, p = 0.0608) and the other conditions (Figure 10A-D, F). Interest- 473 

ingly, this was accompanied by a significant increase in the number of Iba1+ cells from the 474 

control group compared to sham animals (Kruskal-Wallis, p = 0.0096) (Figure 10A-D, F). 475 

At 28 days post-injury, the immunohistochemical signal in the control group was reduced, 476 

the diet group showed almost the same value as at 14 days, but it was statistically signif- 477 

icant vs the sham group (one-way ANOVA, p = 0.0359) (Figure 10A’-D’, G). Likewise, the 478 

PA group exhibited the highest increase which was significant vs sham animals (one-way 479 

ANOVA, p = 0.012) (Figure 10C’, G). Moreover, the presence of Iba1+ cells was increased 480 

in both diet and PA groups compared to sham animals (Kruskal-Wallis, p = 0.0005 and p 481 

< 0.0001, respectively), whereas the control group showed a slightly reduction but still 482 

significant vs the sham group (Kruskal-Wallis, p = 0.0114), and the PA/diet group remain 483 

unchanged (Figure 10G). Importantly, there was a positive correlation for Iba1+ immuno- 484 

fluorescence signal with the numbers of Iba1+ cells surrounding the peri-infarct cortical 485 

area (Spearman test, r = 0.6444, p < 0.0001) (Figure 10H). Together, these results suggested 486 

that increases in the Iba1 signal are due to a higher number of Iba1+ cells, rather than an 487 

enlargement of the cell body and/or increased expression of Iba1.  488 
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 489 

Figure 10. Late microglia activation in either exercise or Mediterranean-like diet or combined 490 
groups following injury. Representative images of Iba1 staining at 14 days (A-D) and 28 days (A’- 491 
D’) following ischemia in the peri-infarct area of control, diet, PA and PA/diet groups. E: Quantifi- 492 
cations of Iba1 immunoreactivity and the number of Iba1+ cells at 14 days after injury, **p=0.0096. 493 
F: Quantifications of Iba1 immunoreactivity and the number of Iba1+ cells at 28 days after injury, 494 
Iba1+ cells: *p=0.0114 (control vs sham), ***p=0.0005 (diet vs sham), ****p <0.0001 (PA vs sham), 495 
*p=0.0404 (PA vs PA/diet); Iba1 immunoreactivity: *p=0.0359 (diet vs sham), *p =0.012 (PA vs sham). 496 
G: Positive correlation for Iba1 immunofluorescence (IF) signal and the number of Iba1+ cells. Scale 497 
bars: 100 μm. Bars show mean ± SEM. 4 rats were used per each group. 498 

4. Discussion 499 

In this study, we have provided new data showing that a Mediterranean-like diet 500 

supplemented with HT may act as a pre-conditioning factor that protects against acute 501 

damage following a tMCAO injury, and this beneficial effect is attenuated when these 502 

animals also perform physical activity. This represents the first in vivo demonstration that 503 

an enriched Mediterranean diet attenuates the acute systemic inflammatory response, and 504 

this leads to a reduction in the infarct and edema volumes as well as improves the func- 505 

tional recovery at the acute phase following ischemic injury. Our data suggest that this 506 

occurs by reducing the basal levels (pre-stroke) of cytokines/chemokines which slows 507 

down the acute and harmful stroke-induced immune response up to 7 days post-injury, 508 

and the post-stroke consumption of an enriched Mediterranean diet has no apparent ef- 509 

fects. Here we discuss the implications and possible mechanisms underlying this enriched 510 

diet-mediated protection after tMCAO. 511 

Our findings revealed low basal levels of circulating cytokines/chemokines and a de- 512 

layed immune response in rats on an preemptive enriched Mediterranean-like diet post- 513 

ischemia. The spleen, which is crucial in post-damage adaptive immune responses, 514 



Antioxidants 2023, 12, x FOR PEER REVIEW 17 of 23 
 

including ischemia [60, 61], appears to be positively influenced by this diet, as supported 515 

by previous studies [62, 63]. Interestingly, previous studies showed that either the pre- 516 

tMCAO removal of the spleen or its post-tMCAO irradiation results in lower infarct vol- 517 

umes and white blood cell counts [64 – 66]. Therefore, we hypothesize that such low basal 518 

levels of circulating proinflammatory cytokines/chemokines in animals fed on a Mediter- 519 

ranean-like diet plus HT are due to a direct impact on spleen function. Likewise, this grad- 520 

ual and delayed activation of the immune cascade is maintained during the acute phase 521 

(from 1h to 3 days) which likely reduces the infarct volume. Regarding exercise, rats of 522 

PA group also exhibited lower level of some circulating cytokines/chemokines compared 523 

to control group, but it is important to note that PA had lower impact on inflammatory 524 

response than the Mediterranean-like diet. What is more striking is that combination of 525 

both interventions did not act synergistically on ameliorate inflammatory response. Even 526 

so, these observations are preliminary and should be further investigated to understand 527 

the complex interactions among diet, exercise, and inflammatory responses. It is im- 528 

portant to note that the crosstalk between oxidative stress and inflammation has a major 529 

role after stroke [67]. Here, we found a surprising result when the PA/diet group showed 530 

the highest levels of 8-OHdG in plasma following tMCAO. However, a recent work 531 

showed that a dose of HT of 300 mg/kg/day in animals undergoing physical exercise ap- 532 

pears to trigger harmful effects by switching the role of HT from anti- to pro-oxidant [68], 533 

as previously suggested in vitro [69]. Therefore, our results support previous ones and 534 

point at a pro-oxidant effect of the 200 mg/kg/day dose of HT when combined with exer- 535 

cise, which may negatively impact the immune response following ischemic damage. Fur- 536 

ther studies will be needed to fully elucidate the mechanisms of action for each process. 537 

Most of these circulating cytokines/chemokines target microglia and astrocytes that 538 

are pivotal players in the immune response following ischemia as well, being both acti- 539 

vated within minutes after damage and having a great impact on neurotoxicity and infarct 540 

development. Although the harmful impact of astrocytes is generally accepted, there is 541 

controversy about the exact role of microglia following ischemic injury [70 – 73]. Remark- 542 

ably, it has been shown that microglia and newly recruited macrophages keep an anti- 543 

inflammatory state M2 at initial steps following damage that it is gradually changed to a 544 

pro-inflammatory state M1 [74]. Based on our data, we propose that the diet-mediated 545 

low levels of pro-inflammatory cytokines/chemokines may extend this M2 state in micro- 546 

glia during the acute phase after ischemia which would attenuate the cerebral inflamma- 547 

tion and, hence, reduce infarct volume. Furthermore, the number of microglia rapidly in- 548 

creased during the first 10 days after the insult [75]. Although we did not perform analysis 549 

at 10 days post-injury, we did observe that the number of Iba1+ cells decreased in the 550 

control group from 14 to 28 days post-injury, and this was contrary to the diet group 551 

where we found more Iba1+ cells at 28 days than at 14 days post-injury with no effect of 552 

re-starting the diet at 7 days post-injury, which is consistent with previous work at 35 days 553 

post-ischemia [31]. This agrees with the increasing levels of cytokines/chemokines seen in 554 

the diet group from 7 days post-injury and may explain this late increase in Iba1+ cells. 555 

Furthermore, the PA group exhibited a temporal increase in cytokines/chemokines at 14 556 

days compared to 7 days post-stroke, which could explain the increased numbers of Iba1+ 557 

cells at 28 days as acute bouts of exercise transiently increase inflammation [76]. Therefore, 558 

it is plausible that basal/acute low levels of pro-inflammatory cytokines/chemokines pro- 559 

moted by diet/HT could slow down the activation and recruitment of microglia until the 560 

sub-chronic/chronic phase of ischemia, and that the restoration of physical exercise fol- 561 

lowing injury may cause an acute increase in circulating cytokines/chemokines that even- 562 

tually activates microglia.  563 

Vasogenic edema is the main component of brain edema, and it is caused by the dis- 564 

ruption of endothelial tight junctions in the BBB due to inflammatory molecules and oxi- 565 

dative stress following brain injuries [77]. Specifically, glial and peripheral immune cells 566 

as well as their released cytokines/chemokines have a key role in the pathophysiology of 567 

vasogenic edema [77]. Our results from flow cytometry analysis revealed an acute 568 
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increase in EPCs levels only in the diet group following injury, and this is a remarkable 569 

result given that these animals had the lowest level of EPCs at the basal time. Similarly, 570 

both CD34+ and HPCs numbers were the highest in the diet group from basal to 3 days 571 

post-injury. Interestingly, several works assessed the effect of a Mediterranean diet on 572 

CD34+ and EPCs numbers following different injuries but not ischemic damage [38, 78, 573 

79], overall seeing an increase in EPC numbers due to the diet. Recently, an in vitro study 574 

reported that low concentrations of HT can stimulate the migration of endothelial cells 575 

[80]. Moreover, previous clinical studies have shown that CD34+ BMPCs, including EPCs, 576 

are related to a good functional recovery and outcome following stroke [57 – 59], being 577 

consistent with the results of our study. Hence, it is conceivable that either diet or HT or 578 

both acts on CD34+ progenitor cells, primarily EPCs, allowing them to reach the site of 579 

injury, due to the high concentration of angiogenic factors and inflammatory cytokines, 580 

from which they paracrinally release different factors promoting angiogenesis and re- 581 

cruiting EPCs, which either restore the endothelium or form new vessels guided [81]. Fur- 582 

thermore, immunohistochemical analysis showed a higher CD31+ area but slightly lower 583 

numbers of proliferating CD31+ cells in the SVZ of the diet group, besides an increase in 584 

IB4 labeling in the peri-infarct area, compared to controls at 28 days post-injury. Overall, 585 

these results may suggest that either low neuroinflammation or increased acute levels of 586 

CD34+ BMPCs/EPCs or both protects BBB-forming endothelial cells, and this reduces cer- 587 

ebral edema. Given that animals fed on an enriched Mediterranean-like diet displayed 588 

larger CD31+ area and IB4 staining but few proliferating CD31+ cells at 28 days post-in- 589 

jury, it could be possible that EPCs exert a protective role rather than promoting angio- 590 

genesis. The exercise group did not show important changes in CD34+ BMPCs numbers, 591 

however, it did show a remarkable increase in proliferating CD31+ cells at 28 days post- 592 

injury. Previous studies addressed the role of exercise in angiogenesis with positive re- 593 

sults [11, 82], and so, we speculate that animals fed on a Western-like diet that underwent 594 

physical activity showed higher angiogenesis by incrementing CD31+ cell proliferation. 595 

Future studies will be needed to decipher the exact mechanism on cerebral vasculature 596 

underlying both Mediterranean diet/HT and exercise-positive outcomes. 597 

Several studies highlighted the ability of polyphenols to trigger anti-apoptotic and 598 

antioxidant mechanisms [19 – 25]. Importantly, HT is a well-known minor component 599 

found in the extra-virgin olive oil that has an important physiological effect following is- 600 

chemic damage such as neuroprotection [26 – 31, 83]. Likewise, physical exercise has been 601 

related to higher neuronal survival following injury [84 – 87]. Cortical pyramidal neurons 602 

at layers V/VI are the main players not only for motor functions but also integrating sen- 603 

sory inputs [88, 89]. As glutamatergic neurons, vesicular glutamate transporter 1 604 

(vGLUT1) plays a vital role in glutamatergic transmission, and so, this has been suggested 605 

as beneficial at the chronic phase following stroke [90, 91]. Here, we reported that either 606 

diet or PA or PA/diet leads to a reduced neuronal death in the cortex that agrees with a 607 

higher vGLUT1 intensity at 28 days post-injury. Based on the above previous works, we 608 

speculate that such reduction in TUNEL labeling can be related to either HT supplement 609 

present in the Mediterranean-like diet or exercise or both. Interestingly, the area occupied 610 

by DCX, a marker for migrating immature neurons, is smaller in both diet and PA/diet 611 

groups than in control animals at 28 days post-injury, which could suggest that those an- 612 

imals fed on the enriched diet did not need to replace death neurons as much as control 613 

rats. Interestingly, a Mediterranean-like diet supplied with HT slightly maintained a high 614 

rate of proliferating neurons at 28 days post-injury compared to controls, and this trend 615 

appeared to increase in the PA/diet, which maybe indicate a more remarkable influence 616 

of exercise in promoting neuron proliferation. Indeed, the PA group exhibited a striking 617 

rate of neuron proliferation almost 10 times higher than the control group at 28 days post- 618 

injury, which agrees with the proliferating rate seen in CD31+ cells and may explain the 619 

highest DCX+ area in the PA group. Overall, while our results suggest that HT in a Med- 620 

iterranean diet might enhance neuroprotection post-ischemia, it is important to note that 621 

these are preliminary observations. The direct impact of HT on neuroprotective 622 
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mechanisms remains a subject for further investigation. This speculation is based on our 623 

current findings but should be substantiated with more focused research in the future. 624 

Regarding functional outcomes, the consumption of a Mediterranean-like diet en- 625 

riched with HT led to a clearer improvement in functional recovery at short times (3 and 626 

7 days post-injury). The pattern of effects on neuroinflammation, infarct volume and cel- 627 

lular mechanisms may support the hypothesis that an enriched Mediterranean diet allows 628 

faster behavioral recovery through a combination of these three aspects rather than one 629 

alone. In this regard, our study agrees with previous studies in that either pre-injury olive 630 

oil compounds [28, 29] or post-injury HT administration [30, 31] shows less infarct volume 631 

and better functional recovery in rodent models of ischemic damage. The other conditions 632 

PA and PA/diet also showed a better trend than controls in behavioral tests at acute times 633 

post-injury (3 days), likely by increasing cellular proliferation. However, it is also im- 634 

portant to note that all conditions eventually achieved similar levels of functional recovery 635 

at 28 days post-injury. 636 

A limitation of this study is the use of only male rats. Several animal studies reported 637 

gender-based differences in stroke outcome, with males showing higher infarct volumes 638 

and mortality than female counterparts [92, 93]. Although gender-based differences was 639 

not one of our aims in this study, we decided to use male rats to study the impact of the 640 

Mediterranean-like diet under a background with the maximum stroke-induced damage. 641 

Importantly, males showed higher levels of proinflammatory cytokines after stroke [93], 642 

and given the main goal of this work, we considered them the most appropriate gender 643 

to carry out our experiments. 644 

5. Conclusions 645 

In conclusion, our study confirms our initial hypothesis that an HT-enriched Medi- 646 

terranean diet reduces pre-ischemic cytokines/chemokines and mitigates acute immune 647 

responses, aligning with our objective to explore dietary impacts on stroke recovery. This 648 

provides novel evidence of how such a diet modulates immune responses, contributing 649 

to quicker functional recovery post-ischemia. Unexpectedly, physical exercise exerts a 650 

dual role: it is beneficial in animals fed on a Western-like diet, while it reduces some of 651 

the beneficial outcomes promoted by a Mediterranean-like diet. Future studies will be 652 

required to determine the exact cellular mechanisms underlying the beneficial effect of 653 

either HT or the Mediterranean-diet or both following ischemic damage. 654 

Supplementary Materials: The following supporting information can be downloaded at: 655 
www.mdpi.com/xxx/s1, Figure S1: Time course of normalized data, against control values at basal, 656 
from concentrations of the twenty-seven cytokines/chemokines: granulocyte colony-stimulating fac- 657 
tor (G-CSF); eotaxin; macrophage inflammatory protein (MIP)-1α; MIP-2; interleukin (IL)-1α; IL-1β; 658 
IL-4; IL-5; IL-6; IL-12p70; IL-13; IL-17; IL-18; interferon gamma (IFNγ); regulated on activation, nor- 659 
mal T cell expressed and secreted (RANTES); tumor necrosis factor alpha (TNFα); vascular endo- 660 
thelial growth factor (VEGF); epidermal growth factor (EGF); fractalkine; granulocyte-macrophage 661 
colony-stimulating factor (GM-CSF); GRO/KC; IL-2; IL-10; interferon gamma-induced protein 10 662 
(IP-10); leptin; LPS-induced CXC (LIX); and monocyte chemoattractant protein-1 (MCP-1). Compar- 663 
isons were made at each time point vs control and represented in the figure if significant. * <0.05, 664 
**<0.01, ***<0.001. p values are shown in Table S1. Bars show mean ± SEM. 6 rats per each group. 665 
Table S1: Raw and normalized data from the Milliplex assay; and Table S2: Raw and normalized 666 
data from the flow cytometry analysis of hematopoietic lineages. 667 
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