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Abstract

:

Hydroxytyrosol (HT) is a bioactive olive oil phenol with beneficial effects in a number of pathological situations. We have previously demonstrated that an HT-enriched diet could serve as a beneficial therapeutic approach to attenuate ischemic-stroke-associated damage in mice. Our exploratory pilot study examined this effect in humans. Particularly, a nutritional supplement containing 15 mg of HT/day was administered to patients 24 h after the onset of stroke, for 45 days. Biochemical and oxidative-stress-related parameters, blood pressure levels, serum proteome, and neurological and functional outcomes were evaluated at 45 and 90 days and compared to a control group. The main findings were that the daily administration of HT after stroke could: (i) favor the decrease in the percentage of glycated hemoglobin and diastolic blood pressure, (ii) control the increase in nitric oxide and exert a plausible protective effect in oxidative stress, (iii) modulate the evolution of the serum proteome and, particularly, the expression of apolipoproteins, and (iv) be beneficial for certain neurological and functional outcomes. Although a larger trial is necessary, this study suggests that HT could be a beneficial nutritional complement in the management of human stroke.
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1. Introduction


Stroke is the second leading cause of death and the third leading cause of death and disability combined worldwide [1]. In Spain, according to data extracted from the Annual Report of the National Health System 2020–2021, it affects 1.5% of the population [2]. The aging of the population exerts a negative impact on its prevalence, and 25% of people over age 25 will suffer a stroke in their lifetime. It should be noted that between the two most common types, ischemic and hemorrhagic, the first represents 80–85% of the total, and advances in primary prevention are unable to control the growing number of cases [1].



The ineffectiveness of current treatments is a notable problem. One of the most commonly used therapies is based on the dissolution of the thrombus through treatment with a tissue plasminogen activator. However, it can only be administered within the first few hours and in many cases is not useful. Moreover, it does not prevent neurodegeneration after stroke and is associated with a high number of complications, such as hemorrhagic transformation [3]. Likewise, the second preferred option is the so-called endovascular therapy, but it shares many of the limitations of the previous one [4]. These, along with other therapies that are somewhat less common, are insufficient, not only because of their success rate but also because the approach must be directed toward protection against reperfusion and promotion of neuronal regeneration.



Non-modifiable risk factors associated with ischemic stroke are age, sex, and genetics. The modifiable ones, which represent 91.5% of the risk of suffering a cardiovascular accident of this type, include a history of hypertension or blood pressure problems, low physical activity, high ratios of apolipoprotein (Apo) B and ApoA, hyperglycemia, hip–waist correlation, psychosocial factors, stress, depression, smoking, high alcohol consumption, and diet [5,6]. As for the latter, it has been shown for years that good nutrition is essential for cardiovascular diseases. In fact, following a poor diet can be related to 31% of strokes [1]. For more than 50 years, a decreased rate of coronary heart disease and ischemic stroke has been detected in the Mediterranean area [7]. Mediterranean diet (MD) patterns can be slightly different depending on the geographic location but the main characteristic they all share is the consumption of extra virgin olive oil (EVOO). This oil is mainly composed of fatty acids, but its particular mechanical extraction at low temperatures also affords a high concentration of different minor components, such as phenols. The main phenolic alcohol is hydroxytyrosol (HT), which has beneficial effects in a multitude of diseases associated, among others, with its antioxidant and anti-inflammatory properties [8]. The former is related to its ability to neutralize free radicals through hydrogen donation [9], and to the activation of different cellular signaling pathways [10] that in the end can, for example, modulate the production of nitric oxide (NO) or the expression of antioxidant enzymes.



In an ischemic stroke, the lack of blood flow leads to obvious cellular damage. The smaller amount of blood in the bloodstream reduces the availability of glucose and oxygen and, therefore, there is a lower energy supply to neurons, endothelial cells, and glia. Cellular damage is also linked to an increase in the concentration of glutamate outside the cells and to a neuronal calcium influx [11]. As a whole, this ischemic cascade triggers mitochondrial alterations, protein misfolding, astrocytic changes, and an inflammatory response due to dysfunction in the blood–brain barrier with the consequent release of signaling molecules (e.g., cytokines) and the increase in free radicals [12]. Therefore, it is evident that HT, due to its anti-inflammatory and antioxidant action, could be useful to counteract the ischemic-cascade-associated damage.



Until now, most studies analyzing the neuroprotective action of HT in ischemia have been carried out using ex vivo ischemia models with doses of HT between 1 and 20 mg/kg/day. The results obtained indicate that HT exerts a neuroprotective effect related to a decrease in nitrosative and oxidative stress, to a lower release of lactate dehydrogenase and to a reduction in inflammatory processes [13,14,15,16,17]. Besides, our research group carried out two preclinical studies to evaluate the therapeutic effect of a diet supplemented with 0.03% HT in mice that had suffered a stroke using the transient middle cerebral artery occlusion model. Through a multidisciplinary approach, we showed that the supplementation with HT improved non-associative learning and motor abilities, being a promising compound to reduce cognitive deficits associated with stroke. Using different MRI techniques, we found that it also improved functional and structural connectivity between various brain regions in the infarcted animals and increases cerebral blood flow. Moreover, the HT-enriched diet induced an anti-inflammatory response along with a greater expression of the synaptic-neurogenic marker Psd-95. This phenol also increased muscle strength recovery within the first two weeks [18,19]. In short, evidence points to HT as a promising compound to improve the clinical status of patients after a stroke.



To gain insight into the overall picture underlying a particular disease, the use of omics is becoming increasingly important in the clinical setting, as they offer relevant information about the molecular pathways involved. Particularly, proteomics has proven to be very useful for evaluating the severity of ischemic damage and its evolution with easily obtained samples such as blood [20,21]. Therefore, this technique can be complementary to other approaches when analyzing the therapeutic effect of a particular compound.



With this background, and by using biochemical and proteomic analysis together with the assessment of neurological and functional outcomes, we have carried out an exploratory pilot study to evaluate the effect of HT in the management of human stroke.




2. Results


2.1. Biochemical and Oxidative-Stress-Related Parameters


Biochemical parameters of the control and HT groups are presented in Table 1. Glucose, triglycerides (TAG), and high-density lipoprotein cholesterol (HDL-C) levels showed no significant changes with time. Besides, no group effect was detected. Conversely, total cholesterol (TC; Figure 1a) showed a marginal decrease with time independently of the group (p = 0.070), probably linked with the time-dependent significant reduction in low-density lipoprotein cholesterol (LDL-C; p = 0.008). The percentage of glycated hemoglobin (HbA1c) did not show any statistically significant differences; however, the profile plot in Figure 1c indicated a trend to decrease at 90 days only in the HT group.



Interleukin 6 (IL-6) is a marker of systemic inflammation that has been associated with functional outcome after stroke [22]. In this study, IL-6 levels showed a trend to decrease (p = 0.08; Table 1) with no group-associated differences. However, the analysis of NO, another biomarker of inflammation linked with endothelial dysfunction, revealed a different behavior in both groups (p = 0.01) that was corroborated by the profile plot (Figure 2a,b). Particularly, the increase in NO at 45 days was sharper in control patients than in those receiving HT. Nevertheless, in the latter, the levels increased after suspending HT treatment, although this increase was due to a particular patient. Finally, TBARS (thiobarbituric acid-reactive substances) levels, indicative of lipid peroxidation, did not exhibit a different pattern in response to HT, although a marginally significant time effect was observed (p = 0.063; Figure 2c). Even though no group effect could be statistically demonstrated, the different and non-parallel pattern observed in the profile plot of the estimated marginal means of this parameter (Figure 2d) seems to indicate a plausible protective effect of HT in the long term.




2.2. Effect of HT on Blood Pressure


High blood pressure (BP) levels are associated with an increased incidence of stroke and worse functional outcomes [23]. Therefore, we wondered whether HT would be able to decrease systolic and diastolic BP (SBP and DBP, respectively). As shown in Table 1, the values of these two parameters significantly changed with time (p = 0.004 for SBB, and p = 0.001 for DBP), but this effect was achieved in both groups without any statistically significant difference between them. Nevertheless, the crossing of the lines when comparing the estimated marginal means in the profile plots was indicative of an HT-induced differential response (Figure 3). Particularly, DBP showed a more prolonged decrease in patients treated with HT.




2.3. Effect of HT on Serum Proteome


The modulatory effect of HT in the evolution of the serum proteome of stroke patients was assessed by Nano-LC-MS/MS. A total of 339 proteins were identified: 9 of these proteins were found to be differentially expressed 45 days after stroke in HT-treated patients, 2 significantly overexpressed, and 7 under-expressed (Table 2). A similar number of differentially expressed proteins (DEP) were found in the control group, with five significantly overexpressed and three under-expressed, although none of them were common to the ones observed in the HT-treated group. Then, we analyzed the molecular pathways associated with these DEPs and found 15 enriched canonical pathways in HT-treated patients (Figure 4a) and 24 in control patients (Figure 4b). Among these, the top three according to the p-value were common to both groups: Farnesoid-X Receptor/Retinoid-X Receptor (FXR/RXR) activation, Liver-X Receptor/Retinoid-X Receptor (LXR/RXR) activation, and Atherosclerosis signaling. Although none of the enriched canonical pathways in control patients showed a significant z-score, in the HT group, LXR/RXR activation and production of nitric oxide and reactive oxygen species in macrophages showed a z-score = −2, and IL-12 signaling and production in macrophages a z-score = 2. These significant z-scores were mainly due to the decreased expression of ApoB100, ApoE, ApoM, and prenylcysteine oxidase I (PCYOX1). Although not involved in these pathways, lipase E (LIPS; more commonly known as hormone-sensitive lipase, HSL) was also drastically decreased (45 d/0 d fold-change = −3.229) in stroke patients after 45 days of HT intake.



When we analyzed the changes in the proteome of patients 90 days after stroke versus 45 days (Table 2), only 2 proteins, K2C78 and TTR, were significantly overexpressed in the HT group. However, seven DEP were identified in the control group (five under-expressed: ANK1, FA9, B4GA1, SAA4, and CROCC, and two overexpressed: PSA7 and CD109). None of those changes involved the appearance of canonical pathways with a significant z-score value.



Finally, when we compared the evolution of the proteome from the beginning to the end of the study (Table 2, 90 d/0 d), we found nine DEPs in the HT group (four under-regulated: ApoC4, PGK1, ApoC1, and ApoM, and five upregulated: ApoA4, QPCT, K1C14, HABP2, and FETUB), and fifteen DEPS in the control group (nine under-expressed: KV108, IGJ, SAA4, ApoM, FA9, FUCO, ApoC1, FHR1, and ApoA2, and six upregulated: ApoA4, Ant3, CD109, CNTN1, AL1A1, and KV37). In HT-treated patients, these DEPs were associated with changes in 12 canonical pathways (Figure 5a), 4 of them with significant z-scores (LXR/RXR activation, DHCR24 signaling pathway, production of nitric oxide and reactive oxygen species in macrophages, and IL-12 signaling and production in macrophages). In the control group, there were significant changes in 34 canonical pathways (the top 15 are shown in Figure 5b), with the first 8 being according to the p-value and another 4 with a significant z-score in common with the HT group.




2.4. Effect of HT on Neurological and Functional Outcomes after Stroke


The evolution of the severity of neurological deficits in both groups of stroke patients (control and HT-treated) is shown in Table 1.



The follow-up of the National Institutes of Health Stroke Scale (NIHSS) and Rankin Scale (mRS) score indicated a parallel decrease with time in both groups (p = 0.001 and p < 0.001, respectively), particularly sharp from 0 to 45 days. Although no statistically significant overall effect of HT treatment was detected, stroke HT-treated patients exhibited a lower mRS score than control ones (p = 0.034) at 45 days after. The evaluations of risk of falling (Timed Up and Go, TUG), walking functionality (Functional Ambulation Category, FAC), muscle strength (hand-grip strength, HGS), and cognitive dysfunction (Montreal Cognitive Assessment test, MoCA score) were similar along time and in both groups, with the only exception being HGS of non-paretic limbs. This latter parameter was significantly higher in HT-treated patients than in the control group 45 days after stroke (Figure 6; p = 0.034).





3. Discussion


HT is a bioactive olive oil phenol whose positive effects in a number of pathological situations have been extensively described in the literature. In an in vivo study with mice, we have previously demonstrated that an HT-enriched diet could serve as a beneficial therapeutic approach to attenuate ischemic-stroke-associated damage [18,19]. The present pilot study examined this effect in humans. The main findings were that the daily administration of HT after stroke could: (i) favor the decrease in the percentage of HbA1c and DBP, (ii) modulate the increase in NO and exert a plausible protective effect in oxidative stress, (iii) change the evolution of the serum proteome and, particularly, the expression of apolipoproteins, and (iv) be beneficial for certain neurological and functional outcomes.



Hyperglycemia has been associated with a higher risk of ischemic stroke, particularly in larger-artery and small-vessel stroke, and HbA1clevels rather than glucose are predictors of worse outcomes following endovascular thrombectomy [6,24]. Therefore, any therapeutic approach able to lower HbA1cwould contribute to decreasing the risk of ischemic stroke. The positive effect of HT on glycemic control has already been evaluated in a number of studies. Santangelo et al. [25] observed that the intake of extra virgin olive oil with a high polyphenol content reduced basal blood glucose, HbA1c, and body mass index (BMI) in patients with type 2 diabetes. More recently, it has also been published that daily consumption of bread enriched in HT (54 mg HT/100 g of bread; 32.5 mg HT/day) causes a significant reduction in body fat mass and positive effects on fasting glucose levels, HbA1c, and insulin, as well as reducing inflammatory markers and blood lipid levels [26]. Our present results indicate that the percentage of HbA1c showed a trend to decrease at 90 days only in the HT group, suggesting that the administration of this phenol after a stroke would be particularly beneficial for patients.



Blood pressure is another crucial factor in cardiovascular outcomes. Although systolic blood pressure is considered to be more important than diastolic blood pressure in the determination of cardiovascular risk, Flit et al. [27] found that systolic and diastolic hypertension independently predicted adverse outcomes, despite a greater effect of systolic hypertension. In two recent papers, Ikobomidies et al. [28] and Hara et al. [29] described that an HT-enriched olive oil and a 6% HT-enriched diet reduced the oxidative and inflammatory burden in chronic coronary artery syndrome patients and in apolipoprotein E-deficient mice, but had no effect on BP. In our study, HT did not modulate SBP, but seemed to induce a more prolonged decrease in DBP, resembling the pattern of response of HbA1c and reinforcing the positive effect of HT.



Atherosclerosis, a major cause of stroke in humans, is a chronic inflammatory disease that is characterized by intimal plaques and cholesterol accumulation in the arterial walls [30]. Oxidative stress, produced by the imbalance between reactive oxygen and/or nitrogen species’ formation and the antioxidant defense system, is the main cause of stroke damage. NO is a free radical, which acts as a neuromodulator in the central nervous system, being involved in the maintenance of the vascular tone and brain microcirculation, neurotransmission, and epigenetic regulation [31]. In fact, it modulates long-term synaptic transmission and promotes synaptogenesis and synaptic remodeling. NO functions are deeply regulated by its concentration. A moderate increase in NO levels is beneficial; however, large increases, particularly in a pro-oxidant environment, are detrimental [32]. In this sense, we previously demonstrated that, after an ischemic stroke, the time at which the elevation of NO occurs is linked to the outcome [33]. Thus, the initial decrease in NO levels is followed by a progressive upregulation, in such a way that the increase from day 1 to 2 is beneficial to patients, but a later steep increase is detrimental. HT is a well-known antioxidant and a modulator of NO production [9,34] with an atheroprotective role achieved, among others, by a decreased expression of the inducible isoform of NO synthase (iNOS) and by the downregulation of oxidative stress [28,29]. In this study, we showed that the administration of HT modulated NO production (p = 0.001). The increase in NO, observed in both groups, was much more prominent in control patients than in those receiving HT. This result could be linked to a higher activation of the inducible isoform of NO synthase and, therefore, to a detrimental pro-inflammatory signature counteracted by HT. Strikingly, NO levels increased after suspending HT treatment (90 d), although this increase was due to a particular patient. Finally, HT did not seem to exert any statistically significant effect on oxidative stress, but the different and non-parallel pattern observed in the profile plot of the estimated marginal means of TBARS seemed to indicate a plausible protective effect of HT in the long term. These results would be in agreement with the more prolonged decrease in DBP observed in the HT group. A future study with a larger number of patients is necessary to confirm these results.



Proteomics, by analyzing the complete protein landscape in a particular sample, is a very valuable tool to gain insight into the precise molecular mechanism underlying a biological situation. The effect of stroke on human plasma proteome has already been analyzed [20]. In the present study, we comparatively examined the evolution of the serum proteome in HT and control groups. We demonstrated that the intake of HT is associated with significant changes in the evolution of the serum proteome of stroke patients. Among the 9 DEP observed in HT-treated patients 45 days after stroke, the downregulation in ApoB100, ApoE, ApoM, and PCYOX1 was remarkable, as all these proteins are involved in the alteration of most of the canonical pathways observed in Figure 4. Lipids are known to exert a crucial role in ischemic stroke, but the focus, traditionally placed on cholesterol and triacylglycerides, has nowadays moved to apolipoproteins. ApoB100 can be found in atherogenic lipoproteins that became trapped in the arterial wall, producing atherosclerosis. A number of studies have demonstrated that the increase in the level of this apolipoprotein rather than in the amount of cholesterol and triacylglycerides is crucial to promote ischemic stroke [35]. PCYOX1 is another crucial player in atherogenesis. It is highly expressed by macrophages, endothelial and smooth muscle cells (SMC), and transported within the subintimal space by ApoB100-containing lipoproteins. Once there, PCYOX1 reacts with prenylcysteine to produce oxidant species that promote the oxidation of ApoB100-containing lipoproteins and the development of the atherosclerotic lesion [36]. With this background, the decrease in ApoB and PCYOX1 observed in HT-treated stroke patients could be considered as indicative of an atheroprotective effect of HT. The proteome of HDL lipoproteins also suffers an active remodeling after stroke. In fact, changes in HDL proteins during the early acute phase of stroke have been shown to be associated with recovery [37]. Particularly, the increase in ApoE and ApoM 24 and 96 h post-stroke has been related to a worse three-month recovery score, as assessed by the NIHSS score. Similarly, a high HDL-ApoE concentration has also been linked to a higher risk of coronary heart disease events due, in part, to the increased production of VLDL (very-low-density lipoprotein) and lower VLDL lipolysis by lipoprotein lipase [38]. Therefore, the downregulation of ApoE and ApoM induced by HT could be considered as indicators of a better recovery. In fact, and in agreement with this suggestion, we have shown that 45 days after stroke, HT patients exhibited a lower mRS score than control stroke patients (p = 0.034) and a higher HGS of non-paretic limbs (p = 0.034). Altogether, these results reinforce that the intake of HT could be a promising strategy after stroke. HT intake also decreased the expression of HSL, an enzyme abundant in adipose tissue that hydrolyzes diacylglycerols, generating monoacylglycerols and fatty acids. A recent metabolomic analysis carried out in serum revealed a consistent increase of mono/diacylglycerols and medium/long-chain fatty acids in the acute phase of ischemic stroke [39], suggesting an increased activation of this enzyme. HSL also has a cholesteryl-ester hydrolase activity, and its expression in macrophages favors cholesterol efflux from foam cells. However, some studies have described that macrophage-specific transgenic expression of HSL resulted in more advanced atherosclerosis. This effect could not be explained by altered lipid plasma levels and, in turn, the authors pointed to its indirect effects on inflammation [40]. In such case, HT-mediated downregulation of this enzyme would be in agreement with a lower inflammatory state, consistent with the inhibition in the canonical pathway “production of nitric oxide and reactive oxygen species in macrophages” observed after the intake of HT in stroke patients (Figure 4). Moreover, this result would also agree with the attenuated inflammatory activation of macrophages and the reduced vascular inflammation recently described by Hara et al. [29] in HT-treated mice. These data contrast with those observed in control patients. The only apolipoprotein differentially expressed in this case was ApoA4, which was significantly upregulated. This apolipoprotein is present on chylomicron remnants, HDL lipoproteins, and in lipid-free form. ApoA4 is involved, among others, in lipid metabolism, reverse cholesterol transport, glucose metabolism, and protection against atherosclerosis, platelet aggregation, and thrombosis [41]. The research of Plubell et al. [37] described that although it is differentially expressed after stroke, its levels cannot be correlated with stroke recovery scores. Similarly, the relationship between serum levels of contactin-1 (CNTN1), a cellular adhesion molecule involved in axo–glial interaction, and stroke is not well defined, and even the literature is controversial [42,43]. Its role in mouse brain tissue has been somewhat more studied, where it seems to have a pro-inflammatory role by increasing the expression of IL-6 [44]. Therefore, the absence of this protein in the HT group would again suggest a positive effect of this phenol. In fact, lecithin cholesterol acyl transferase (LCAT) and glutathione peroxidase 3 (GPX3) were downregulated in control patients but not in HT-treated patients. The downregulation of LCAT after stroke has already been described in the literature. This enzyme esterifies cholesterol in HDL and hydrolyzes the acyl group at the sn-2 position of HDL phospholipids. Therefore, it is associated with HDL atheroprotective functions, including cholesterol efflux capacity, and its downregulation is linked with the severity and outcome of acute ischemic stroke [45]. GPX3 is an antioxidant enzyme, associated with HDL particles, that scavenges reactive oxygen species in the extracellular compartment. The deficiency of this enzyme has been linked with platelet-dependent thrombosis, and contrary to what happened in the HT group, would indicate the existence of an oxidative and prothrombotic state, that would promote platelet-dependent arterial thrombosis [46]. However, the increase in Antithrombin III, not observed in the HT group, was positive, as it inhibited the thrombosis [47]. Finally, beta-1,4-glucuronyltransferase 1 (B4GA1) and Tissue α-L-Fucosidase (FUCO) were also up- and down-regulated, respectively, in control patients. Glycosylation, the pathway in which these two enzymes are involved, is the most abundant and diverse post-translational modification of proteins. B4GA1 is a xylopyranoside β1,4-glucuronyltransferase [48] and α-L-Fucosidase is a soluble lysosomal enzyme that hydrolyzes α-l-fucose residues linked to the 2 position of galactose or the 3, 4, or 6 position of N-acetylglucosamine. The abnormal expression levels of glycosyltransferases and glycosidases have been linked to inflammation and neurodegeneration [49]. Thus, again, the presence of these two DEPs in the control group but not in the HT-treated one would be indicative of the protective effect of this phenol.



Despite the prominent changes described above, when we compared the serum proteome of patients 90 days after stroke versus 45 days, only Transthyretin (TTR) and Keratin 78 (K2C78) were found to be differentially expressed, and particularly upregulated, in the HT group. This result contrasts with the change in seven proteins (five downregulated and two upregulated) observed in control patients and suggests a long-lasting effect of HT, as the intake of this phenol had already been suspended in this period of time. TTR is a protein involved in retinol transport, typically used for assessing the nutritional status. Its expression is downregulated by IL-6 and other inflammatory mediators and, therefore, it is a negative acute phase protein. Lower levels of this protein correlate with poor prognosis in stroke patients [50,51,52,53] and promote carotid intima-media thickening, increasing the risk of recurrence in patients with ischemic stroke [54]. Although in our study we found no group-associated differences in IL-6 levels, the profile plot of the estimated marginal means of TBARS levels points to a plausible protective effect of HT in the long term that could be linked with the upregulation of Transthyretin. Therefore, these results are consistent with a lower inflammatory status at 90 days in HT-treated stroke patients and point to a better outcome. Keratins are involved in keratinization but also determine the immune and inflammatory state. Particularly, the expression of Keratin 78 has been negatively correlated with inflammation and with the infiltration of macrophages in head and neck squamous cell carcinoma and in eosinophilic esophagitis [55]. Therefore, the increase in Keratin 78 points again to an anti-inflammatory effect of HT, beneficial to improve the recovery from stroke and to minimize its recurrence.



Finally, when we analyzed changes in both groups from the beginning to the end of the study (90 days versus 0 days), we observed striking similarities in the DEPs, particularly in apolipoproteins, and in the associated canonical pathways. In both cases, there was an increase in ApoA4 and a decrease in ApoM and ApoCI. However, a downregulation of ApoC4 and ApoA2 was detected in HT-treated and control patients, respectively. According to the literature, ApoC4 levels significantly correlate with NIHSS scores three months after stroke. Thus, the downregulation of this apolipoprotein in the HT group should be an indicator of a better outcome. However, the impact of ApoA2 in cardiovascular disease is controversial. This apolipoprotein is the second most abundant in HDL and the most lipophilic of the exchangeable apolipoproteins. It has been suggested to have anti-atherogenic and pro-atherogenic properties. This would explain why some studies showed that its downregulation is related with a higher incidence of coronary heart disease [56] and stroke [57], while others pointed to a pro-atherogenic activity achieved, among others, by increased LDL-oxidation [58]. Therefore, it is not easy to discuss the effect of its change. Finally, the canonical pathways modulated in both groups were partially similar. Nine out of the twelve pathways observed in the HT group were common to the control group, among them those with a significant z-score. However, a number of pathways related to inflammation, e.g., the coagulation system, intrinsic prothrombin activation, acute phase signaling, or extrinsic prothrombin activation pathways, only appeared in the control group. This result would again be in agreement with a long-term anti-inflammatory action of HT, particularly important after stroke.



As a whole, the biochemical and proteomic analysis presented in this exploratory pilot study, together with the neurological and functional outcomes evaluated, showed that administering HT after stroke could be a promising complementary strategy in the management of human stroke, whose feasibility is worthy of study in a large-scale cohort of stroke patients.



Limitations


Although the results presented in this study point to the benefits of administering HT after stroke, the sample size was very small. Therefore, the results of this pilot study must be confirmed in a lager sample size to further assess this effect.





4. Materials and Methods


4.1. Research Design


In this randomized, controlled, double-blind pilot study, 8 individuals with minor or moderate severe acute ischemic stroke, and without dysphagia, were randomly allocated in the 24 h post-stroke to a 45-day treatment with a daily nutritional supplement (Mediteanox®) containing 15 mg of HT (HT group) or placebo (control group). Mediteanox or placebo were provided in coded bottles, masked for both patients and researchers.




4.2. Subjects


Participants were recruited from the patients hospitalized in the Stroke Unit of the Neurology Service of the Complejo Hospitalario of Jaén from February to May 2022. Subjects selected were screened for eligibility, and informed consent was obtained from each participant. Specific inclusion criteria for participation in this study were men and women with acute ischemic stroke confirmed by MR/CT (magnetic resonance/computed tomography), NIHSS score < 24 and >4, pre-stroke modified mRS ≤ 3, time between initial symptom and admission < 24 h, and absence of dysphagia. Exclusion criteria were age less than 18 years, cerebral hemorrhage, stroke not diagnosed by MR/CT, dysphagia, temperature > 38 °C or infection on hospital admission, advanced renal failure (MDRD < 30), and life expectancy < 3 months.




4.3. Data Collection and Sampling


After enrollment in the study, sociodemographic, anthropometric (BMI), and clinical data (medical history, cardiovascular risk factors, and medication prior to admission), as well as blood pressure, were collected.



Peripheral venous blood samples were collected upon admission (in the 24 h after the onset of stroke, initial time of treatment, 0 d), at 45 days (last time of treatment, 45 d), and 30 days later (90 d). Plasma and serum were immediately obtained after centrifugation, analyzed by routine methods in the Laboratory of Analysis of the Complejo Hospitalario of Jaén, aliquoted, and stored at −80 °C until proteomic and oxidative-stress-related analysis.




4.4. Evaluation of Neurological and Functional Outcomes


The severity of stroke and disability were evaluated by NIHSS and mRS, respectively, at admission, the last day of treatment (45 d), and 30 days later (90). Functional outcomes of participants were also assessed by measuring the risk of falling (TUG), walking functionality (FAC), muscle strength (HGS, by hand-held dynamometer), and cognitive dysfunction (MoCA score), 45 and 90 days post-stroke.



The NIHSS score is defined as the sum of 15 individually evaluated elements, and ranges from 0 to 42. Stroke severity is categorized as follows: no stroke symptoms, 0; minor stroke, 1–4; moderate stroke, 5–15; moderate to severe stroke, 16–20; severe stroke, 21–42 [59,60]. This tool was validated and translated into Spanish [61].



The mRS scale allows to categorize the level of functional independence with reference to pre-stroke activities. The scale comprises seven levels, from 0 to 6, with 0 to 1 indicating no disability, 2 to 5 indicating increasing disability, and 6 indicating death [62].



The TUG test was used as an easily assessable, general measure of physical function. In the TUG test, participants stand up from a chair (preferably without using the arms), walk 3 m (marked by a tape), turn, and return to the chair to sit down again as quickly and as safely as possible. The time taken to complete the test was recorded and rounded to whole seconds. Participants were allowed to use their walking aid and to use the armrest for support when getting up. Performance of the TUG is rated on a scale from 1 to 20 s, where <10 indicates normal function, 10 to 20 indicates a risk of falling, and >20 indicates a high risk of falling [63,64].



The FAC scale distinguishes six levels of walking ability based on the amount of physical support required, with scores ranging from 0 (non-functional ambulation) to 5 (independent ambulation on any surface). This easily allows categorization of a patient’s level of ambulation [65,66,67].



HGS of the paretic and non-paretic limb was evaluated using a hydraulic hand-grip dynamometer (Kern Map Version 1.2 08/2012), which has demonstrated high levels of reliability for individuals with chronic stroke. The participants were made to sit on a straight-backed armless chair with their feet flat on the floor, elbow flexed at 90°, and the dynamometer was held by the testing hand in a neutral grip without support, in line with the protocols of the American Society of Hand Therapists. The mean value of three trials, with 60 s rest between each trial, was recorded in kilograms. The non-paretic UL was always tested first [68,69,70,71].



Cognitive function was assessed with the MoCA, a cognitive screening tool with high sensitivity and specificity for detecting mild cognitive impairment. The score range is 0 to 30, and the threshold for normal cognitive function is ≥26. The MoCA has eight cognitive domains: executive and visuospatial function, naming, short-term memory, attention, language, abstraction, delayed recall, and orientation to time and space [72]. This tool was validated and translated into Spanish [73].




4.5. Determination of Biochemical Parameter and Oxidative Stress Level


Glucose, TC, TAG, HDL-C, LDL-C, HbA₁c, and IL-6 were analyzed by routine hospital methods in the Laboratory of Analysis of the Complejo Hospitalario of Jaén. Particularly, glucose, TC, TAG, and HDL-C were measured by a spectrophotometric procedure using a Cobas c analyzer (Roche/Hitachi). LDL-C levels were estimated indirectly with the Friedewald equation. The percentage of HbA₁c was determined by a turbidimetric inhibition immunoassay (TINIA) of hemolyzed blood samples on a Cobas c-513 analyzer (Roche). IL-6 was quantified by an electrochemiluminescence immunoassay on a Cobas e-801 analyzer (Roche).




4.6. Evaluation of Oxidative Stress


The nitric oxide level was indirectly quantified by measuring nitrate/nitrite and S-nitroso compounds using an ozone chemiluminescence-based method adapted to serum samples [74,75] in a NO analyzer (NOA™ 280i Sievers Instruments, Denver, CO, USA). Lipid peroxidation, indicative of oxidative stress, was measured using the method described by Buege and Aust [76].




4.7. Proteomic Analysis


Protein was extracted using 7 M urea, 2 M Thiourea, 4% CHAPS, and 5 mM DTT, and then digested following the filter-aided FASP protocol described by Wisniewski et al. [77], with minor modifications. Trypsin was added in a trypsin:protein ratio of 1:20, and the mixture was incubated overnight at 37 °C, dried out in a RVC2 25 speedvac concentrator (Christ), and resuspended in 0.1% FA. Peptides were desalted and resuspended in 0.1% FA using C18 stage tips (Millipore, Burlington, MA, USA).



Samples were analyzed in a timsTOF Pro mass spectrometer with parallel accumulation serial fragmentation (Bruker Daltonics, Billerica, MA, USA), coupled online to a Evosep ONE liquid chromatograph (Evosep, Odense, Demark). Then, 200 ng was directly loaded onto the Evosep ONE and resolved using the 60 samples-per-day protocol.



Protein identification and quantification were carried out using PEAKS Xpro software (Bioinformatics solutions, Waterloo, ON, Canada). Searches were carried out against a database consisting of Homo sapiens entries from Uniprot Swissprot. Precursor and fragment tolerances of 20 ppm and 0.05 Da were considered for the searches, respectively. Only proteins identified with peptides at FDR < 1% were considered for further analysis. Data were loaded onto the Perseus platform for data processing (log2 transformation, selection of proteins identified in at least 70% of the samples of at least one of the groups, and imputation) and statistical analysis (Student’s t-test). Proteins with a p < 0.05 were considered for further analyses and discussion.



DEP were analyzed using the Canonical Pathways, Diseases, and Functions and Network-building tools of Ingenuity Pathways Analysis (IPA; Ingenuity® Systems, Redwood City, CA, USA, www.ingenuity.com, accessed on 20 April 2023).




4.8. Ethics


The protocol was approved on 24 February 2022 by the Research Ethics Committee of Jaén (Spain). All participants signed the informed consent upon explanation of all the objectives and methodology of the research. This study was conducted according to the recommendations of the Helsinki Declaration and the current Spanish directives.




4.9. Statistical Analysis


First, a descriptive analysis was performed, including boxplot graphs. Second, the data were analyzed using repeated-measures two-way ANOVA. Group (control and HT), time (0 d, 45 d, and 90 d), and their interaction were the main effects. When significant differences were detected, Tukey’s HSD test was used to determine whether there was a group effect.



To ensure the validity of the results, diagnostics were conducted to test the assumptions of the two-way repeated-measures ANOVA. In cases where these assumptions were not met, non-parametric analyses were employed. Specifically, the Friedmann test was used to examine significant differences in the variables of interest at different time points, while the Mann–Whitney test was used to evaluate significant differences between the two groups under consideration.



All statistical analyses were carried out using the IBM SPSS Statistics 27 and R statistical (version R.4.2.3) software.
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Figure 1. (a,b) Boxplots presenting median and quartiles of TC and LDL-C values, respectively, and (c) profile plot of HbA1c in control and HT-treated stroke patients at 0, 45, and 90 days. * p-value = 0.034. 
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Figure 2. Oxidative-stress-related parameters at 0, 45, and 90 days after stroke in control and HT-treated patients. (a,c) Boxplots showing median and quartiles and (b,d) profile plots of the distribution of NO and TBARS levels. * p-value = 0.034. 
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Figure 3. Blood pressure profile plots of patients 0, 45, and 90 days after stroke in control and HT-treated patients. (a) SBP and (b) DBP. 
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Figure 4. Canonical pathways modified in (a) HT and (b) control groups at 45 versus 0 days. Bars in orange (upregulated) and blue (downregulated) indicate z-score values greater or lower than 2. Pathways with a −log (p-value) over 1.3 are shown. 
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Figure 5. Canonical pathways modified in (a) HT and (b) control groups at 90 versus 0 days. Bars in orange (upregulated) and blue (downregulated) indicate z-score values greater or lower than 2. Top 15 pathways with a −log (p-value) over 1.3 are shown. 
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Figure 6. Boxplots showing median and quartiles of the HGS of (a) paretic limbs and (b) non-paretic limbs in patients 0, 45, and 90 days after stroke. * p-value = 0.034. 
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Table 1. Anthropometric, clinical, and biochemical characteristics of control and HT-treated stroke patients at 0, 45, and 90 days.
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HT Treatment (n = 4)

	
Contro1 (n = 4)

	
p-Value




	
0 d

	
45 d

	
90 d

	
0 d

	
45 d

	
90 d

	
Time Effect

	
Group Effect






	
Sex

	
Men

	

	

	
Men

	

	

	

	




	
Age (years)

	
63.8 ± 9.3

	

	

	
74.8 ± 4.8

	

	

	

	




	
BMI (kg/m2)

	
37.4 ± 8.6

	

	

	
31.5 ± 3.1

	

	

	

	




	
Glucose (mg/dL)

	
98.8 ± 7.5

	
115.5 ± 13.2

	
101.0 ± 4.1

	
119.3 ± 2.4

	
115.5 ± 16.4

	
116.3 ± 17.9

	

	




	
TAG (mg/dL)

	
112.5 ± 60.0

	
92.8 ± 40.7

	
101.5 ± 37.5

	
137.0 ± 55.7

	
121.8 ± 45.3

	
138.5 ± 83.3

	

	




	
HDL-C (mg/dL)

	
44.0 ± 13.5

	
42.5 ± 9.3

	
39.3 ± 4.2

	
41.3 ± 15.2

	
38.8 ± 2.9

	
34.3 ± 8.8

	

	




	
LDL-C (mg/dL)

	
98.3 ± 45.5

	
70.8 ± 19.5

	
56.5 ± 15.6

	
100.0 ± 29.0

	
58.0 ± 10.4

	
47.8 ± 21.8

	
0.008

	




	
TC (mg/dL)

	
165.0 ± 48.0

	
131.8 ± 23.1

	
116.0 ± 10.6

	
169.0 ± 39.6

	
121.3 ± 13.9

	
109.5 ± 21.8

	
0.07

	




	
HbA1c (%)

	
0.06 ± 0.01

	
0.06 ± 0.01

	
0.06 ± 0.01

	
0.06 ± 0.01

	
0.06 ± 0.01

	
0.06 ± 0.01

	

	




	
IL-6 (pg/mL)

	
9.9 ± 10.7

	
4.8 ± 4.1

	
3.3 ± 15

	
73.6 ± 130.7

	
13.3 ± 18.4

	
12.2 ± 14.2

	

	




	
NO (μM)

	
4.7 ± 1.9

	
5.6 ± 0.5

	
14.7 ± 9.7

	
6.1 ± 0.3

	
11.5 ± 2.4

	
8.0 ± 2.8

	

	
0.010




	
TBARS (μM)

	
7.8 ± 1.2

	
10.4 ± 3.1

	
8.8 ± 2.6

	
7.0 ± 2.5

	
8.8 ± 2.4

	
11.4 ± 3.3

	
0.063

	




	
SBP (mmHg)

	
144.8 ± 34.8

	
128.8 ± 8.7

	
118.8 ± 10.3

	
163.3 ± 12.0

	
121.0 ± 8.4

	
120.5 ± 7.4

	
0.004

	




	
DBP (mmHg)

	
81.5 ± 9.7

	
72.3 ± 3.2

	
60.3 ± 21.1

	
92.5 ± 10.9

	
67.5 ± 5.0

	
66.8 ± 10.4

	
0.001

	




	
NIHSS

	
5.3 ± 1.5

	
0.5 ± 1.0

	
0.25 ± 0.5

	
8 ± 2.5

	
2.5 ± 2.7

	
2.0 ± 2.5

	
0.001

	




	
mRs

	
13 ± 1.0

	
0.0 ± 0.0

	
0.3 ± 0.5

	
3.3 ± 15

	
1.5 ± 1.3

	
1.3 ± 1.0

	
<0.001

	




	
TUG (s)

	
–

	
12.8 ± 2.9

	
13.6 ± 6.9

	
–

	
14.3 ± 5.5

	
11.5 ± 2.7

	

	




	
FAC

	
–

	
3.75 ± 1.0

	
3.5 ± 2.4

	
–

	
4 ± 1.4

	
4 ± 1.4

	

	




	
HGS non-paretic limb (kg)

	
–

	
34.1 ± 4.3

	
34.3 ± 7.2

	
–

	
27.2 ± 3.0

	
29.4 ± 9.76

	

	




	
HGS paretic limb (kg)

	
–

	
22.9 ± 8.0

	
24.65 ± 9.7

	
–

	
14.6± 11.0

	
16.4 ± 13.2

	

	




	
MoCA score

	
–

	
24.8 ± 5.0

	
24.5 ± 8.0

	
–

	
20 ± 8.7

	
24.3 ± 6.0

	

	








Values are expressed as mean ± SD. Only statistically (p < 0.05) or marginally (0.1 > p > 0.05) significant differences are shown. BMI: body mass index, DBP: diastolic blood pressure, FAC: Functional Ambulation Categories, HbA₁c: glycated hemoglobin, HDL-C: high-density lipoprotein cholesterol, HGS: hand-grip strength, IL-6: interleukin 6, LDL-C: low-density lipoprotein cholesterol, MoCA score: Montreal Cognitive Assessment score, mRs: modification of Rankin Scale, NIHSS: National Institutes of Health Stroke Scale, NO: nitric oxide, SBP: systolic blood pressure, TAG: triacylglycerides, TBARS: thiobarbituric acid-reactive substances, TC: total cholesterol, TUG: Timed Up and Go.













 





Table 2. Proteins differentially expressed in the serum of control and HT-treated stroke patients.
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HT Treatment




	
45 vs. 0




	
Uniprot ID

	
Protein Name

	
Abbreviation

	
Gene

	
Fold Change

	
p Value






	
000533

	
Neural cell adhesion molecule L1-like protein

	
NC HL1

	
CHL1

	
1.912

	
0.026




	
Q9UGM5

	
Fetuin-B

	
FETUB

	
FETUB

	
1.359

	
0.045




	
P07339

	
Cathepsin D

	
CATD

	
CTSD

	
−1.169

	
0.012




	
P04114

	
Apolipoprotein B-100

	
APOB

	
APOB

	
−1.655

	
0.014




	
Q9UHG3

	
Prenylcysteine oxidase

	
PCYOX

	
PCYOX1

	
−1.716

	
0.030




	
P02649

	
Apolipoprotein E

	
APOE

	
APOE

	
−1.891

	
0.000




	
O95445

	
Apolipoprotein M

	
APOM

	
APOM

	
−1.968

	
0.039




	
Q13740

	
CD166 antigen

	
CD166

	
ALCAM

	
−2.192

	
0.039




	
Q005469

	
Hormone- sensitive lipase

	
LIPS

	
LIPE

	
−3.229

	
0.041




	
90 vs. 45




	
Uniprot ID

	
PrSSotein name

	
Abbreviation

	
Gene

	
Fold change

	
p value




	
P02766v109B

	
Transthyretinv109B

	
TTR

	
TTR

	
6.972

	
0.048




	
Q8N1N4

	
Keratin type I cytoskeletal 78

	
K2C78

	
KRT78

	
5.137

	
0.043




	
90 vs. 0




	
Uniprot ID

	
Protein name

	
Abbreviation

	
Gene

	
Fold change

	
p value




	
P55065

	
Apolipoprotein A-IV

	
APC )A4

	
APOA4

	
2.987

	
0.008




	
P06727

	
Glutaminyl-peptide cydotransferase

	
QPCT

	
QPCT

	
2.189

	
0.023




	
Q16769

	
Keratin type I cytoskeletal 14

	
K1C14

	
KRT14

	
1.704

	
0.031




	
P00558

	
Fetuin-B

	
FETUB

	
FETUB

	
1.554

	
0.038




	
P02533

	
Hyaluronan-binding protein 2

	
HABP2

	
HABP2

	
1.44

	
0.037




	
Q14520

	
Phosphoglycerate kinase

	
PGK1

	
PGK1

	
−1.268

	
0.030




	
Q9UGM5

	
Apolipoprotein M

	
APC DM

	
APC DM

	
−1.927

	
0.043




	
P02654

	
Apolipoprotein C-I

	
APOC 1

	
APOC 1

	
−2.624

	
0.042




	
O95445

	
Apolipoprotein C-IV

	
APOC 4

	
APOC4

	
−6.702

	
0.006




	
CONTROL




	
45 vs. 0

	

	

	

	

	




	
Uniprot ID

	
Protein name

	
Abbreviation

	
Gene

	
Fold change

	
p value




	
P06727

	
Apolipoprotein A-IV

	
APOA4

	
APOA4

	
2.903

	
0.032




	
O43505

	
Beta-1 4-glucuronyltransferase 1

	
B4GA1

	
B4GAT1

	
2.274

	
0.002




	
Q12860

	
Contactin-1

	
CNTN1

	
CNTN1

	
2.107

	
0.037




	
P01008

	
Antithrombin-III

	
ANT3

	
SERPINC1

	
1.495

	
0.040




	
P06681

	
Complement C2

	
CO2

	
C2

	
1.138

	
0.034




	
P04180

	
Phosphatidylcholine -sterol acyltransferase

	
LCAT

	
LCAT

	
−1.389

	
0.023




	
P22352

	
Glutathione peroxidase 3

	
GPX3

	
GPX3

	
−1.572

	
0.042




	
P04066

	
Tissue alpha-L-fucosidase

	
FUCO

	
FUC A1

	
−3.751

	
0.007




	
90 vs. 45




	
Uniprot ID

	
Protein name

	
Abbreviation

	
Gene

	
Fold change

	
p value




	
Q6YHK3

	
CD109 antigen

	
CD109

	
CD109

	
3.72

	
0.034




	
O14818

	
Proteasome subunit alpha type-7

	
PSA7

	
PSMA7

	
1.494

	
0.028




	
P35542

	
Serum amyloid A-4 protein

	
SAA4

	
SAA4

	
−1.404

	
0.030




	
Q5TZA2

	
Rootletin

	
CROCC

	
CROCC

	
−1.454

	
0.042




	
O43505

	
Beta-1 4-glucuronyltransferase 1

	
B4GA1

	
B4GAT1

	
−2.695

	
0.029




	
P00740

	
Coagulation factor IX

	
FA9

	
F9

	
−3.156

	
0.024




	
P16157

	
Ankyrin-1

	
ANK1

	
ANK1

	
−9.475

	
0.022




	
90 vs. 0




	
Uniprot ID

	
Protein name

	
Abbreviation

	
Gene

	
Fold change

	
p value




	
Q6YHK3

	
CD109 antigen

	
CD109

	
CD109

	
8.496

	
0.016




	
A0A075B6H7

	
Probable non-functional immunoglobulin kappa variable 3-7

	
KV37

	
IGKV3

	
7.943

	
0.044




	
Q12860

	
Contactin-1

	
CNTN1

	
CNTN1

	
6.574

	
0.020




	
P06727

	
Apolipoprotein A-IV

	
APOA4

	
APC )A4

	
3.089

	
0.013




	
P00352

	
Retinal dehydrogenase 1

	
AL1A1

	
ALDH1A1

	
1.911

	
0.042




	
P01008

	
Antithrombin-III

	
ANT3

	
SERPINC1

	
1.46

	
0.014




	
P35542

	
Serum amyloid A-4

	
SAA4

	
SAA4

	
−1.805

	
0.025




	
P02652

	
Apolipoprotein A-II

	
APOA2

	
APOA2

	
−1.991

	
0.050




	
P01591

	
Immunoglobulin J chain

	
IGJ

	
JCHAIN

	
−2.23

	
0.025




	
P02654

	
Apolipoprotein C-I

	
APOC1

	
APOC1

	
−3.188

	
0.037




	
P00740

	
Coagulation factor IX

	
FA9

	
F9

	
−3.298

	
0.035




	
A0A0C4DH67

	
Immunoglobulin kappa variable 1-8

	
KV108

	
IGKV1

	
−3.952

	
0.018




	
O95445

	
Apolipoprotein M

	
APOM

	
APOM

	
−3.984

	
0.030




	
P04066

	
Tissue alpha-L-fucosidase

	
FUCO

	
FUCA1

	
−8.264

	
0.035




	
Q03591

	
Complement factor H-related protein 1

	
FHR1

	
CFHR1

	
−26.803

	
0.050
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