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Abstract: Free- radicals (Oxygen and Nitrogen species) are formed in mitochondria during the 16 
oxidative phosphorylation.  Their high reactivity, due to not-engaged electrons, leads to an 17 
increase of the oxidative stress. This condition affects above all the brain, that usually needs a large 18 
oxygen amount and in which there is the major possibility to accumulate "Reacting Species". 19 
Antioxidant molecules are fundamental in limiting free-radical damage, in particular in the central 20 
nervous system: the oxidative stress, in fact, seems to worsen the course of neurodegenerative 21 
diseases. 22 

The aim of this review is to sum up antioxidant molecules with the greatest neuroprotective 23 
properties and the role of physical activity against free radical genesis, understanding their 24 
relationship with the Central Nervous System.   25 

Keywords: oxidative stress; cognitive decline; antioxidants. 26 
 27 

1. Introduction 28 

Oxidative stress is known to be involved in the pathogenesis of several diseases: in particular, a strict 29 
connection between a free-radical increase and the onset of neurodegenerative disorders has been 30 
widely demonstrated [1]. 31 

Free radicals are atoms or molecules characterized by one or more electrons not engaged in chemical 32 
bonds, which, remaining unpaired, tend to accept electrons from other molecules: this reaction causes 33 
their oxidation [2, 3]. An oxidation–reduction imbalance in living organisms leads to an excess of 34 
reactive oxygen and nitrogen species (RONS) with a consequent oxidative stress status [2, 4] that is 35 
classified as basal, low, intermediate and high according to its intensity [5,6].   36 

The oxidative stress is known to be involved in the genesis of several diseases such as atherosclerosis, 37 
diabetes, cardiovascular and neurodegenerative disorders [7]. 38 
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There are a large number of antioxidant defensive mechanisms against RONS. The antioxidant 39 
molecules are divided into two groups: enzymatic and non-enzymatic compounds. The enzymatic 40 
group includes superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and 41 
glutathione reductase (GR). SOD, one of the main protective mechanisms against ROS, catalyzes the 42 
conversion of O2- to H₂O₂ and O₂ [8], while CAT converts the generated H₂O₂ into water and O₂ [9]. 43 
The non-enzymatic group involves glutathione (GSH), abundant in brain cells, thioredoxin (Trx), 44 
vitamins A, E and C, selenium, retinoic acid, carotenoids and flavonoids. GSH reacts with ROS to 45 
generate glutathione disulfide (GSSG) and enters a cycle together with GPx and GR [10]. 46 

All these systems are essential to protect us against a possible free radical damage.  47 

Since the brain consumes a large amount of oxygen (about 20% more than other parts of the body), if 48 
antioxidant defenses are insufficient and levels of polyunsaturated lipids are high there will be the 49 
possibility of an accumulation of biomolecules damaged by RONS [11]. So, neuronal cells are 50 
particularly vulnerable to oxidative damage because of their high oxygen consumption, the weak 51 
antioxidant defense [12] and high content of polyunsaturated fatty acids in their membranes: in fact, 52 
the lipids of the neuronal membrane are rich in chains side polyunsaturated fatty acids (PUFA). 53 
PUFAs composed of eicosapentaenoic (C20:5) and decosahexanoic (C22:6) acids are particularly 54 
vulnerable to free radicals attack due to the double bonds that allow RONS to remove hydrogen ions 55 
[13]. 56 

In particular, RONS overproduction in brain cells reacts with cell membrane PUFAs causing their 57 
peroxidation [14]. More specifically, lipid peroxidation generates a heterogeneous group of relatively 58 
stable products such as malondialdehyde (MDA), 4-hydroxy-2-nonenal (HNE), acrolein and 59 
isoprostane [15]. 60 

As a result, membrane fluidity decreases causing a greater permeability. This facilitates a massive 61 
entry of substances into the intracellular system, (eg K +, Ca2 +, etc.) that could alter membrane 62 
proteins, enzymes and receptors [16]. 63 

Carbohydrates are also influenced by RONS with the formation of advanced glycation products 64 
(AGE) [17], involved in the development of neurodegenerative disorders [18]. 65 

In addition, RONS alter DNA and RNA heterocyclic bases, in particular guanine: these alterations 66 
occur in Parkinson's disease affected brains. Instead, Alzheimer's Disease affected brains, are 67 
characterized by elevated carbonylation and nitration, that respectively introduce in proteins carbon 68 
monoxide or one or more NO₂ groups derived from nitric acid [17, 19]. 69 

All neurodegenerative disorders share several common characteristics, such as an abnormally 70 
aggregated protein accumulation and mitochondrial dysfunction that demonstrate an oxidative 71 
stress status [20]. In particular, neurodegeneration-involved reactive species are hydrogen peroxide 72 
(H₂O₂), superoxide anion (O₂⁻) and highly reactive hydroxyl radical (HO •) [21]. They are able to 73 
preclude the protein reduction, cause translation errors in vivo altering protein structure, and 74 
function [22]. 75 
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The risk of developing neurodegenerative disorders is also related to some lifestyle factors, such as 76 
obesity, sedentary lifestyle and unbalanced diet, because of their role in RONS genesis [23, 24]. 77 

Therefore, considering the fact that oxidative stress is one of the most important risk factors involved 78 
in the onset, maintenance and progression of neurodegenerative diseases, both enzymatic and non-79 
enzymatic antioxidants, in association with a healthy lifestyle, could have a fundamental protective 80 
role against them [25-28]. The oxidative stress theory and its consequences at cellular level is shown 81 
in Figure 1. 82 

 83 

Figure 1 Model of free-radical formation and its consequences at a cellular level. The intense oxygen 84 
consumption in the brain induces the formation of reactive oxygen species (ROS). Their high 85 
reactivity leads to an increase of the oxidative stress, which promotes: i) glycosylation and oxidation 86 
of proteins, leading to the formation of advanced glycation products (AGE) or loss of protein 87 
function; ii) DNA damage with oxidation or nitration of guanine bases; iii) lipid peroxidation with 88 
reduction of membrane fluidity and increase in cell permeability, resulting in alteration of cellular 89 
homeostasis. All these factors can contribute to the development of neurodegenerative disorders. 90 

 91 

 92 



Antioxidants 2020, 9, x FOR PEER REVIEW 4 of 27 

2. Vitamin C and E 93 

 A diet characterized by vegetables and fruits, is positively associated with cognitive efficiency and 94 
reduced the risk of dementia in the elderly because usually rich in Vitamin C, carotenoids and 95 
Vitamin E.  96 

Considering the chemical point of view, Vitamin C is defined as Ascorbic Acid (AA). It has six-carbon 97 
compound that contain two acid-ionizing groups [29]. In human body, brain is the region with the 98 
highest concentration of AA [30]. This high concentration, attests to the fundamental involvement of 99 
AA in brain function. Indeed, many studies suggest that AA has a neuroprotective role thanks to an 100 
antioxidant activity modulation [31, 32]. This modulation is related to the buffering of the oxidizing 101 
species induced by methamphetamine [33], homocysteine [34], ethanol [35] and other molecules [36, 102 
37].  103 

It is interesting to note that the AA activity is quite vast, considering also the interaction with Vit.E. 104 
their association is remarkable in the protection of membranes and other hydrophobic compartments 105 
[38, 39]. 106 

In particular, a clinical study has highlighted the association between vitamin E and C intake and a 107 
delayed AD onset in a group of elderly subjects [40], similar results were also obtained by Shen and 108 
colleagues in 2012 [41]. In fact, it has been shown that a supplementation of these vitamins and so 109 
their greater concentration in cerebrospinal fluids can prevent lipid oxidation in AD patients [42]. 110 

Vitamin E is a lipophilic molecule that could be found in plants and in many mediterranean diet food 111 
[43]. Vit. E is referred to compounds called tocopherols and tocotrienols [44]. These usually include 112 
8 molecules (α-, β-, γ-,δ-tocopherols and α-, β-, γ-,δ -tocotrienols), with great antioxidant capacity 113 
[45]. 114 

The presence of an electrophilic hydroxyl group on the chroman ring, allows Vitamin E to be a strong 115 
antioxidant. To understand Vitamin E role as a protective factor in neurodegenerative disorders, it 116 
has to be considered what happens if it is deficient. For example, it is demonstrated that Vitamin E 117 
deficit is related to an impairment of cerebellar Purkinje neurons that are the main integrators of 118 
cerebellar neural circuits [46] As far as Parkinson’s disease, evidence suggests that a Vitamin E 119 
supplementation can improve symptoms, functional capabilities and the inflammatory state of 120 
affected patients [47]. 121 

In addition, Khanna et al. (2003) showed a fundamental role of Vitamin E against glutamate- induced 122 
neurotoxicity [48]. In a later study, it is observed that the co-treatment with vitamin E analogs is able 123 
to block NO or O2• donor-induced cell death in rat striatal cultures [49].  124 

It is clear that, the use of vitamins E and C as antioxidant supplements is fundamental to delay the 125 
onset of neurodegenerative disorders and their complications (Figure 2). 126 

 127 
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3. Fatty Acids 128 

Recently, it has grown an interest in polyunsaturated fatty acids (PUFAs) and their beneficial effects 129 
on health, due to their strong antioxidant properties [50,51]. PUFAs (omega-3 and omega-6 fatty 130 
acids) usually have two or more double bonds in the carbon chain structure. Omega-6 fatty acids 131 
include linoleic acid (LA), γ-linolenic acid (GLA) and arachidonic acid (AA). Omega-3 fatty acids 132 
include eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). 133 

Their intake is important since their limited synthesis in humans [50,52]. 134 

Cell-membrane PUFAs composition could be modified with dietary supplementation but it depends 135 
on age and probably also on the quantity PUFAs integration [53]. High fatty acid diet increases their 136 
percentage in inflammatory cell membranes of inflammatory cell and reduces AA levels, a stress-137 
related biomarker and an inflammatory process trigger (through pro-inflammatory eicosanoids 138 
production) [54, 55]. 139 

PUFAs, in particular EPA and DHA, are interesting because of their beneficial effects in preventing 140 
cognitive decline through neuroprotective properties such as increasing nerve membrane 141 
neuroplasticity, promoting synaptogenesis, modulating signal transduction pathways in neuronal 142 
cells and attenuating inflammatory processes [50, 52, 56] (Figure 2). 143 

Furthermore, DHA, produced by the desaturation and elongation of α-linolenic acid (ALA), is able 144 
to influence a certain number of membrane proteins, such as receptors, ion channels and enzymes. 145 
Furthermore, DHA can modulate dopaminergic, serotonergic and cholinergic neurotransmission, 146 
thus regulating signal transduction pathways [57]. DHA is also considered important for 147 
neurogenesis regulation, neural synapses increase and neuronal damage protection [58]. 148 

In fact, Omega-3 DHA is directly absorbed into cell membranes: it composes at least 30% of brain 149 
matter (in general, fats are more than 50% of the brain) [57]. DHA level decreases significantly both 150 
in the blood plasma and in the brain, in physiological aging, above all in AD patients [59] because of 151 
its lower exogenous intake and its greater oxidation [60]. However, several studies suggest that 152 
Omega-3 fatty acid integration is beneficial only in the early stages of cognitive decline [57]. 153 

Indeed, there are discrepancies about fatty acid effectiveness on cognitive functioning [61-64]. That 154 
because of multiple variables such as PUFA amount to administer (both omega-3 and omega-6), the 155 
type and quality of their source (such as fish oil and / or vegetable oil or other), differences among 156 
tests to investigate cognitive efficiency, sample homogeneity in terms of age and functioning and/or 157 
cognitive impairment [65]. A recent double-blind randomized study investigated the effectiveness of 158 
fatty acid intake (omega-3 and omega-6) combined with other antioxidant vitamins in a group of 159 
older people with MCI. Neuroaspis PLP10®, a nutraceutical containing omega-3 (EPA (810 mg) / 160 
DHA (4140 mg)), omega-6 (GLA (1800 mg) / LA (3150 mg)) (1: 1 w / w), vitamin A (0.6 mg) and 161 
vitamin E (22 mg as α-tocopherol plus 760 mg as pure γ-tocopherol) was administered to the 162 
experimental group subjects for 6 months [65]. 163 
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In this study [65], both tests investigating overall cognitive function (ACE-R and MMSE) showed a 164 
significant improvement in the experimental group compared to the control group, regarding 165 
memory, language (fluency) and visual-spatial skills (ACE-R). An attentional functionality 166 
improvement was evidenced too (specifically, in a symbol cancellation test and in the Stroop test, in 167 
particular in the word and color subtests but not in the test in which the interference inhibition 168 
capacity is investigated). Besides, from a functional point of view, the experimental group obtained 169 
high scores in tests investigating muscle strength, endurance, power and balance. These physical 170 
performance parameters are important since they refer to the most demanding daily activities [66]. 171 
In parallel, an increase in the quality of life, sleep and perceived fatigue was demonstrated. 172 

The results of this study are similar to what described by Bo et al. [67]. They showed that 6-month 173 
intake of DHA (480 mg/die) and EPA (720 mg/die) could improve the perceptual speed, spatial 174 
imagery efficiency, and working memory in MCI elderly. Sinn et al. [68] has also shown that 6-month 175 
intake of fish oils (1.55 g of DHA and 0.40 g of EPA per day) improves cognitive functions and in 176 
particular executive efficiency. The same results have not been obtained on patients with known 177 
neurodegenerative diseases such as AD, to indicate that greater benefit is drawn from taking PUFA 178 
in the early stages of cognitive impairment [69, 70]. 179 

 180 

4. Coenzyme Q10 181 

Coenzyme Q10 (2,3-dimethoxy-5-methyl-6-decaprenyl-1,4-benzoquinone) is a fat-soluble compound 182 
also known as CoQ10, vitamin Q10, ubidecarenone or ubiquinone. An endogenous substance is 183 
produced by mitochondria in doses of about 3-5 mg per day. It is one of the main elements involved 184 
in mitochondrial oxidative phosphorylation and also acts as an antioxidant [70, 71]. In vitro studies 185 
have shown that CoQ10 easily crosses the blood brain barrier. 186 

Thanks to its oxidizing and antioxidant properties, it is a cellular redox state modulator.  187 

CoQ10 is located in the internal mitochondrial membrane and protects cells from apoptosis at a 188 
morphological and at a molecular level [72]. Furthermore, as a lipophilic antioxidant, it can eliminate 189 
radicals from membranes, cytosol and plasma. 190 

It plays an important role in Parkinson's disease (PD). In fact, CoQ10 levels are significantly lower 191 
than normal in neuron and platelet mitochondria of PD patients. In vitro studies on fibroblasts of PD 192 
patients have shown that CoQ10 intake restores the electron transport chain activity. The first clinical 193 
studies on the CoQ10 neuroprotective effects were reported in 1994 by Beal et al. [73]: this study 194 
demonstrated the association between 16-month CoQ10 intake (1200 mg per day) and a reduced 195 
functional decline (44%) in PD patients. Muller et al. [74] confirmed these data: 28 PD patients showed 196 
moderate symptom improvement thanks to CoQ10 oral administration (360 mg per day). 197 

The antioxidant potential of CoQ10 was further evaluated in a pilot study [75] on 11 patients with 198 
Rett Syndrome, a severe neurodevelopmental disorder in which hypoxia-induced oxidative stress 199 
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associates with the pathogenesis and the disease progression [76,78]. After 12-month CoQ10 intake 200 
(300 mg / day), there was a significant improvement in red blood cells’ energy status, suggesting an 201 
attenuation of the oxidative stress [75,76]. 202 

Promising results were also observed in a double-blind randomized clinical trial involving patients 203 
with remitting-intermittent multiple sclerosis [78]. The experimental group took 500 mg of CoQ10 for 204 
12 weeks, and showed a significant reduction in inflammatory markers, such as tumor necrosis factor 205 
α (TNF-α), interleukin 6 (IL-6) and matrix metalloproteinase 9 (MMP-9). 206 

 207 

5. Nigella Sativa 208 

Nigella sativa L. (N. sativa), also known as black cumin, is a plant grown in the Mediterranean 209 
countries, in the south and south-west Asia, characterized by its high bioactive-compound content 210 
seed (e.g. Tocopherols, vitamin A and C, β-carotene, etc.) and its anti-inflammatory, antioxidant, 211 
immunomodulating and anticancer properties [79, 80]. N. sativa contains fixed oil (22-38%), volatile 212 
oil (0.40-1.5%), proteins (21–31%), carbohydrates (25–40%), minerals (3.7 –7%), vitamins (1-4%), 213 
saponins (0.013%) and alkaloids (0.01%) [81], in particular, its biological activity is associated with its 214 
thymoquinone content (TQ) [82]. 215 

Bordoni et al. [83] revealed the association between the anti-inflammatory and antioxidant properties 216 
of N. Sativa oil (grown in the Marche region of Italy) and its conservation. Therefore, the Stored 217 
Extracted Oil (SEO) and the Fresh Extracted Oil (FEO) were obtained from the same cultivation in 218 
order to analyze their thymoquinone content. The cultivated oil showed a higher content of 219 
thymoquinone (7,200 mg / mL) compared to other crops [84,85] and it was higher in FEO while 220 
decreased with storage time.  221 

In murine models, it has been demonstrated that thymoquinone is useful to obtain a delayed onset 222 
of the microglia degeneration caused by the oxidative stress [86]. 223 

In addition, TQ is able to improve and regenerate antioxidants enzymes such as glutathione 224 
peroxidase and glutathione reductase previously repressed by Beta-amyloid in differentiated cell 225 
lines of rats affected by Alzheimer disease [87] (Figure 2).  226 

 227 

6. Chlorogenic Acids 228 

Chlorogenic acid (CA), the main phenolic coffee component, is another polyphenolic substance with 229 
an excellent antioxidant activity. It belongs to the chlorogenic acid family (CGA) that are phenolic 230 
acids derived from cinnamic acid esterification, such as caffeic, ferulic and p-coumaric acids. CGA 231 
are also widely present in drinks based on herbs, fruits and vegetables.  232 
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Chlorogenic acids have antibacterial, antioxidant and anti-inflammatory activities [88]. Several in 233 
vitro and in vivo studies have highlighted their ability to counteract neurodegenerative events. 234 
Although a preclinical study on AD transgenic mice reported that caffeine reduces brain beta-235 
amyloid (Aβ) levels [89-91], it is still unknown which element is specifically related to AD. Currently, 236 
few studies have analyzed CGA effects on human cognitive impairment. Epidemiological studies 237 
have found that coffee drinking habits reduce cognitive impairment and the risk of developing 238 
neurodegenerative diseases such as AD [92,93]. 239 

In particular, Kim et al. [94] investigated the association between coffee intake and AD 240 
neuropathological markers in vivo (411 healthy elderly subjects).  241 

The results showed that the coffee intake ( ≥2 cups / day) was associated with lower levels of Aβ brain 242 
deposition compared to its less intake (<2 cups/ day), suggesting that a moderate daily coffee intake 243 
helps to reduce amyloid pathological deposition in the brain [94].  244 

Eskelinen et al. [95] obtained similar results observing that coffee intake in middle age reduces the 245 
risk of developing AD in elderly. 246 

Recently, Kato et al. [96] conducted a pilot study and described cognitive function changes after 6-247 
months CGA intake (330 mg /die) in elderly with subjective memory loss.  248 

In particular, significantly higher scores emerged in tests investigating attentional, executive and 249 
mnesic functionality. In the same study, there was a significant reduction in A42ߚ, A42ߚ / A250 40ߚ 
plasma levels and a significant increase in DHEA-S levels after CGA intake (Figure 2). 251 

Previous studies have shown that CGAs improve blood pressure and vascular endothelial functions, 252 
both associated with dementia onset [97-99]: in fact, hypertension, in middle age, is a risk factor for 253 
dementia and cognitive impairment in old age and continuous CGA consumption may delay its onset 254 
[100]. 255 

Saitou et al. [101] investigated CGA effects on healthy subjects with subjective memory loss.  256 

In this randomized controlled double-blind study, experimental group took a compound based on 257 
CGA (caffeoylquinic acids (CQA), feruloylquinic acids (FQA) and dicaffeoylquinic acids (diCQA) for 258 
16 weeks, CQA - FQA total amount was 300 mg, obtained by extraction from green coffee beans.  259 

Participants underwent a neuropsychological examination (MMSE and RBANS) at baseline, after 8 260 
weeks and after 16 weeks. At the end of the treatment, significant differences between CGA intake 261 
group and the placebo one was evidenced: in particular, elevated scores were recorded in tests 262 
investigating motor speed, psychomotor speed and executive functions. Serum concentration of 263 
cognitive impairment-linked biomarkers revealed an increase in apolipoprotein A1 (ApoA1) and 264 
Transthyretin (TTR) levels in the experimental group at 16 weeks. 265 

Considering these results, CGA intake may improve not only motor activity, but also the cognitive 266 
functions that control its execution and monitor its efficiency.  267 
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These results confirm what was described previously by the same authors in a pilot study [95]. 268 

 269 

7. Selenium 270 

Selenium is an essential micronutrient with a very narrow recommended dietary range. The RDA for 271 
selenium is around 55 lg / day and it can be integrated with a specific dietary intake. Selenium, in the 272 
form of selenocysteine, is a component of 25 selenoprotein classes, including GPx, selenoproteins P, 273 
W and R and thioredoxins (TrxR). As an antioxidant, it provides protection from ROS-induced 274 
cellular damage [102-104] (Figure 2). 275 

Its brain concentration changes in Alzheimer's disease patients and Multiple Sclerosis ones; therefore, 276 
this element may have an important role in the protection from neurodegeneration [105-108]. 277 
Considering that old people are more exposed to selenium deficiency due to metabolic changes, 278 
lower bioavailability and diet changes [109-111], several studies have hypothesized the possibility of 279 
its exogenous assumption in order to prevent aging-related diseases.  280 

Selenoproteins, such as glutathione peroxidases (GPx), play an important role in antioxidant 281 
defenses. The main brain selenoproteins are P and GPx: the first one has been identified in senile 282 
plaques and neurofibrillary tangles, suggesting its important role against oxidative damage [112, 283 
113], GPx, which neutralizes peroxides, is expressed by neurons and glial cells [114,115]. The 284 
biosynthesis of selenoproteins depends on selenium availability. Therefore, an adequate selenium 285 
intake may be particularly important for maintaining brain function [116]. 286 

Brazil nut (Bertholletia excelsa) is the richest dietary selenium source and its intake improves 287 
selenium status [117, 118]. Although some studies have reported that selenium stet is important for 288 
maintaining cognitive efficiency [119-121], only few studies have evaluated its real clinical efficacy 289 
Cardoso et al. [119] analyzed the effects of Brazil nut consumption on cognitive function in a group 290 
of older people with MCI. The experimental group took a 5-gram Brazil nut per day, containing 291 
approximately 288.75 μg of selenium (more than the recommended levels - 55 μg / day - but not 292 
exceeding the tolerable upper intake level - 400 μg / day) [119]. Selenium plasma and erythrocyte 293 
concentrations, Gpx activity in erythrocytes, ability to absorb oxygen radicals and MDA, and lipid 294 
peroxidation genotoxic product were recorded at baseline and after 6 months. The CERAD 295 
neuropsychological battery assessed cognitive functions. After 6 months, no selenium deficiency was 296 
observed in the treated group, while control subjects had a level below the cut-off (> 84–100 μg / L). 297 
Furthermore, an increase in plasma and erythrocyte selenium concentrations was observed in the 298 
experimental group, there was also a significant improvement in erythrocyte GPX activity. Although 299 
no intergroup changes emerged in overall cognitive performance, assessed with the CERAD total 300 
score, subtests investigating constructive praxis and verbal fluency showed higher scores in the 301 
treated group. 302 

 303 
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7. Probiotics 304 

Probiotics refer to a group of live nonpathogenic microorganisms, which, when administered in 305 
adequate amounts, are able to establish the microbial balance, particularly in the gastrointestinal tract 306 
[122]. Their importance is also related to their antioxidant properties: they act as metal-ion chelators, 307 
have their own antioxidant enzymatic systems (SOD and CAT), can produce various metabolites 308 
(GSH, butyrate and folate) and mediate Antioxidant Signaling Pathways [122] 309 

According to the theory of the “gut-brain axes”, the gut microbiota can have significant effects on 310 
cognitive alterations and these alterations can be partially reversed by colonization of the gut [123]. 311 
Bagga et al. [124] showed that Probiotic administration for 4 weeks was associated with changes in 312 
several brain activation pathways regarding emotional memory and emotional decision-making 313 
abilities.  314 

Therefore, a rational manipulation of intestinal microbiota through probiotics, could affect positively 315 
Central Nervous System-associated disorders. Bonfili at al. showed that a probiotic formulation 316 
(namely SLAB51) counteracted brain oxidative damages associated with Alzheimer's disease (AD) 317 
[125]. A clinical trial by Kobayashi et al. investigated the effects of oral administration of 318 
Bifidobacterium breve strain A1 (B. breve A1) on behavior and physiological processes in Alzheimer's 319 
disease (AD) model mice. The consumption of B. breve A1 suppressed the hippocampal expressions 320 
of inflammation and immune-reactive genes that are induced by amyloid-β suggesting that B. breve 321 
A1 has therapeutic potential for preventing cognitive impairment in AD [126].  322 

Michael et al. investigated the neuroprotective role of two bacterial consortia, known as Lab4 and 323 
Lab4b, using the established SH-SY5Y neuronal cell model. Both consortia were equally able to 324 
attenuate intracellular reactive oxygen species accumulation in SH-SY5Y cells [127].  325 

Another clinical trial showed that heat-killed L. buchneri KU200793 has an important antioxidant 326 
activity mediated by its ability to increase levels of BDNF and so its intake can be considered useful 327 
in PD prevention [128]. Therefore, in accordance with the above, thanks to their antioxidant 328 
properties, probiotics seems to be fundamental to delay the progression of these neurodegenerative 329 
disorders (Figure 2). 330 
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Figure 2 Antioxidants with neuroprotective properties. Following the detachment of Keap1 subunit, 332 
Omega-3 increases the antioxidant genes expression. Vitamins E, C and Nigella Sativa (rich in 333 
vitamins) neutralize free radicals thanks to the presence of an electrophilic hydroxyl group on the 334 
chromane ring. Coenzyme Q10 (CoQ10) plays a fundamental role in the electron transport chain 335 
protecting cells from apoptosis at a morphological and molecular level. Selenium is able to reduce 336 
neurofibrillary tangle formation while chlorogenic acid reduces amyloid deposition. Probiotics act as 337 
metal ion chelators and as antioxidants using their antioxidant enzyme systems: superoxide 338 
dismutase and catalase (SOD and CAT). 339 

8. Physical Activity as an antioxidant system 340 

Regular physical exercise is able to induce a lot of adaptations on human organisms: in particular, it 341 
promotes neoangiogenesis and an antioxidant defense increase. The beneficial effects of physical 342 
activity are summarized in Figure 3. As far as the brain concerns, regular exercise leads to remarkable 343 
modifications, such as the enhancement of neuroplasticity and growth factor expression, the decrease 344 
of inflammatory states; it also acts as a buffer against the oxidative stress [129]. 345 

Brain is vulnerable to the oxidative damage due to its high O2-dependent mitochondrial activity. 346 
During exercise we observed an increased oxygen uptake and cerebral blood flow (40–70%) in order 347 
to sustain energy demands [130]. These adaptations lead to enhance mitochondrial activity and ROS.  348 
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The repeated stimulus induced by a constant and regular physical activity promotes the 349 
improvement in the antioxidant defense system, thus defining the physical activity paradox called 350 
also “hormetic effect”. The term “hormetic” means just a biphasic dose-response effect related to the 351 
exercise stimulus [131].  352 

It is interesting to note that both endurance and resistance training exercise of sufficient intensity and 353 
duration increase oxidative modification of proteins, nucleic acids and lipids. The main adaptive 354 
responses to this kind of exercises are related to their upregulation of endogenous antioxidants, such 355 
as glutathione peroxidase (GSH), superoxide dismutase [132] and Catalase (CAT). Indeed, as 356 
described by Mee-inta et al. (2019), glutathione peroxidase (L-γ-glutamyl-L-cysteinyl-glycine) plays 357 
a crucial role in astrocytes and microglia because it controls the redox balance and anti-inflammatory 358 
mediators [133].  359 

In addition to increasing main antioxidant enzyme levels, it was also observed that regular physical 360 
activity in middle-aged rats could up-regulate peroxisome proliferator-activated receptor- γ 361 
coactivator 1 α (PGC-1 α). The activation of PGC-1 α leads to an enhancement of antioxidant enzymes 362 
including GPX and Mn-SOD with a simultaneous decrease in the oxidative stress status. In addition, 363 
PGC-1 α activation promotes mitochondrial biogenesis, resulting in an increased ATP availability 364 
and a decrease in oxidizing species [134]. Thanks to this antioxidant response, resistance training is 365 
able to affect positively cognition functions. For example, Lachman et al. (2006) showed a memory 366 
improvement in older adults with disability, thanks to home-based Strong for Life program [135]. 367 
Moreover, it has been demonstrated an improved ability to remember actions in the future after a 368 
single strength exercise session in healthy youths [136]. 369 

More generally, studies have shown that resistance training can contribute significantly to the 370 
prevention of neurodegenerative diseases [137, 138, 140]. As well as to the maintenance, development 371 
and brain recovery through specific neurochemical adaptations induced by this kind of training [139]: 372 
in particular, low levels of ROS, which are produced intermittently for a short period of time during 373 
a training protocol program, activate intracellular signaling pathways that promote cellular 374 
adaptations, leading to an increase in capacity against subsequent stress. Conversely, moderate levels 375 
of ROS generation over a long period, or high generation due to high intensity exercise, induce 376 
structural and functional damage [141].  377 

It has been suggested that maybe there could be a link between muscle and brain. This because 378 
resistance training could act on rapamycin (mTOR), a serine/threonine kinase, fundamental for brain 379 
survival, and on an intracellular protein called cAMP-response element-binding protein (CREB), 380 
essential in dopaminergic neurons [142]. This theory was later confirmed by Lloyd et al. (2017), who 381 
observed how resistance training enhanced mTOR and CREB signalling in brain tissues [143]. 382 

The influence of exercise on brain redox systems has been widely reported in scientific literature: in 383 
fact, it is able to reduce OS, maintain brain redox balance and increase levels of Brain-derived 384 
Neurotrophic Factor (BDNF) [144-150].  385 
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In particular, BDNF leads to the activation nuclear factor erythroid 2-related factor 2 (Nrf2, a cellular 386 
regulator of antioxidant defense systems) [151], which regulates the expression of enzymes and 387 
detoxification antioxidants to protect brain cells from oxidants, electrophiles and inflammatory 388 
agents [152] and to maintain mitochondrial function, cellular redox and protein homeostasis [153-389 
156]. 390 

Currently, several training protocols are able to improve antioxidant defenses. High Intensity Interval 391 
Training (HIIT) is one of them. HIIT is a kind of training in which exercises are performed in 392 
intermittent aerobic intervals. The volume and the intensity of HIIT is usually 90% of VO2max and 393 
the training session lasts about 45 minutes [157]. Because of these features, HIIT induces a remarkable 394 
positive adaptation on body composition and cardiorespiratory fitness [158]. Although several 395 
studies have also shown an important correlation between HIIT and antioxidant defenses 396 
enhancement [159,160,161], the actual HIIT effects on memory and other cognitive capacities remain 397 
to be elucidated. 398 

Analyzing literature data, it is still not clear what could happen if strenuous physical activity is 399 
performed. A typical strenuous physical activity is for example, the ultra-endurance race (UE). 400 
Studies have shown that UE causes a physiological impairment on cardiac remodelling, marked 401 
muscle damage and hepatic dysfunction [162]. In addition, UE also leads to an increased oxidative 402 
damage on the central nervous systems [163]. In a recent study, de Souza et al. (2020) showed that a 403 
high-volume training, just like UE, provoked cerebellar lipid peroxidation, and unbalanced 404 
enzymatic antioxidant resources in rodents [162]. 405 

It is so possible to assume that the neuroprotective role of physical activity as an antioxidant system 406 
is more evident if a regular and constant exercise is considered, while a strenuous exercise could 407 
affect negatively brain cells. 408 

Moreover, physical activity (endurance training, HIIT or resistance training) is able to induce 409 
structural changes in several brain areas, with a consequent improvement in brain function. These 410 
modifications consist in an increased total branch length of Purkinje cells [164], cerebellar 411 
angiogenesis [165] and plasticity in the motor cortex [166]. Finally, a moderate exercise acts positively 412 
on brain cell apoptotic signals through the inhibition of RONS [167]. 413 

In summary, it seems evident that physical activity, performed in a regular way, is able to induce 414 
brain adaptations mediated by its capacity of decreasing oxidizing species and increasing antioxidant 415 
defenses with a remarkable effect on cortex, hippocampal and cerebellum function, neoangiogenesis 416 
and the reduction of neuro-inflammation [168].  417 

Unfortunately, the relationship between physical exercise and adaptation response is very complex, 418 
because of lots of variables such as intensity, volume, frequency, exercise choice, exercise order and 419 
inter-set rest intervals [169]. Their presence determines different effects on brain adaptation in terms 420 
of antioxidant defenses and oxidative stress status.  421 
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 422 

Figure 3 Beneficial effects of physical activity. Physical activity is able to induce cerebral adaptations 423 
by decreasing the levels of oxidant species and by increasing the antioxidant defenses. After regular 424 
exercise, upregulation of endogenous antioxidants is achieved, such as glutathione peroxidase (GSH) 425 
and catalase (CAT); the mammalian target of rapamycin (mTOR) pathway is activated and Brain-426 
derived Neurotrophic Factor (BDNF) gene expression increases leading to the activation of nuclear 427 
factor erythroid 2-related factor 2 (Nrf2). Following exercise, up-regulation of the peroxisome 428 
proliferator-activated receptor- γ coactivator 1 α (PGC-1 α) is also obtained. All these pathways lead 429 
to a reduction of ROS, an increase in memory and cognitive functions, as well as neuronal plasticity. 430 

9. Conclusions 431 

In the light of the above, antioxidant molecules seem to be protective against free radical damage that 432 
affects brain cells. It is possible to assume that, their intake could be fundamental to delay a potential 433 
onset of neurodegenerative diseases and improve cognitive functions. Moreover, physical activity, 434 
because of its neuroprotective role against the oxidative stress, should be performed just to amplify 435 
the effect of the antioxidant intake in patients affected by these disorders.  436 

 437 

 438 
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Sokoła, B. Polyunsaturated fatty acids and their potential therapeutic role in cardiovascular system 562 
disorders—a review. Nutrients 2018, 10, 1–21.  563 

51. Fotuhi, M.; Mohassel, P.; Yaffe, K. Fish consumption, long-chain omega-3 fatty acids and risk of cognitive 564 
decline or Alzheimer disease: A complex association. Nat. Clin. Pract. Neurol. 2009, 5, 140–152. 565 

52. Youdim, K.A.; Martin, A.; Joseph, J.A. Essential fatty acids and the brain: Possible health implications. Int. 566 
J. Dev. Neurosci. 2000, 18, 383–399.  567 

53. Calder, P.C. n−3 Polyunsaturated faĴǂy acids, inflammation, and inflammatory diseases. Am. J. Clin. Nutr. 568 
2006, 83, 1505S–1519S.   569 



Antioxidants 2020, 9, x FOR PEER REVIEW 19 of 27 

54. Calder, P.C. Dietary modification of inflammation with lipids. Proc. Nutr. Soc. 2002, 61, 345–358.  570 

55. Dyall, S.C. Long-chain omega-3 fatty acids and the brain: A review of the independent and shared effects 571 
of EPA, DPA and DHA. Front. Aging Neurosci. 2015, 7, 1–15.  572 

56. Miller, E.; Markiewicz, L.; Kabziński, J.; Odrobina, D.; Majsterek, I. Potential of redox therapies in 573 
neurodegenerative disorders. Frontiers In Bioscience, Elite, 2017, 9, 214-234.  574 

57. Parletta, N.; Milte, C.M.; Meyer, B.J. Nutritional modulation of cognitive function and mental health. J. Nutr. 575 
Biochem. 2013, 24, 725–743.  576 

58. Cruz-Jentoft, A.J.; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyère, O.; Cederholm, T.; Cooper, C.; Landi, F.; Rolland, 577 
Y.; Sayer, A.A.; et al. Sarcopenia: Revised European consensus on definition and diagnosis. Age Ageing 2019, 578 
48, 16–31.  579 

59. Dupont, J.; Dedeyne, L.; Dalle, S.; Koppo, K.; Gielen, E. The role of omega-3 in the prevention and treatment 580 
of sarcopenia. Aging Clin. Exp. Res. 2019, 31, 825–836.  581 

60. Yurko-Mauro, K.; Alexander, D.D.; Van Elswyk, M.E. Docosahexaenoic acid and adult memory: A 582 
systematic review and meta-analysis. PLoS ONE 2015, 10, 1–18.  583 

61. Zhang, Y.; Chen, J.; Qiu, J.; Li, Y.; Wang, J.; Jiao, J. Intakes of fish and polyunsaturated fatty acids and mild-584 
to-severe cognitive impairment risks: A dose-response meta-analysis of 21 cohort studies. Am. J. Clin. Nutr. 585 
2016, 103, 330–340.  586 

62. Jiao, J.; Li, Q.; Chu, J.; Zeng, W.; Yang, M.; Zhu, S. Effect of n-3 PUFA supplementation on cognitive function 587 
throughout the life span from infancy to old age: A systematic review and meta-analysis of randomized 588 
controlled trials. Am. J. Clin. Nutr. 2014, 100, 1422–1436.  589 

63. Burckhardt, M.; Herke, M.; Wustmann, T.; Watzke, S.; Langer, G.; Fink, A. Omega-3 fatty acids for the 590 
treatment of dementia. Cochrane Database Syst. Rev. 2016, 2015.  591 

64. Stavrinou, P.S.; Andreou, E.; Aphamis, G.; Pantzaris, M.; Ioannou, M.; Patrikios, I.S.; Giannaki, C.D. The 592 
Effects of a 6-Month High Dose Omega-3 and Omega-6 Polyunsaturated Fatty Acids and Antioxidant 593 
Vitamins Supplementation on Cognitive Function and Functional Capacity in Older Adults with Mild 594 
Cognitive Impairment. Nutrients 2020, 12, 325.  595 

65. Beaudart, C.; Rolland, Y.; Cruz-Jentoft, A.J.; Bauer, J.M.; Sieber, C.; Cooper, C.; Al-Daghri, N.; Araujo de 596 
Carvalho, I.; Bautmans, I.; Bernabei, R.; et al. Assessment of Muscle Function and Physical Performance in 597 
Daily Clinical Practice: A position paper endorsed by the European Society for Clinical and Economic 598 
Aspects of Osteoporosis, Osteoarthritis and Musculoskeletal Diseases (ESCEO). Calcif. Tissue Int. 2019, 105.  599 

66. Bo, Y.; Zhang, X.; Wang, Y.; You, J.; Cui, H.; Zhu, Y.; Pang, W.; Liu, W.; Jiang, Y.; Lu, Q. The n-3 600 
polyunsaturated fatty acids supplementation improved the cognitive function in the Chinese elderly with 601 
mild cognitive impairment: A double-blind randomized controlled trial. Nutrients 2017, 9, 1–11.  602 



Antioxidants 2020, 9, x FOR PEER REVIEW 20 of 27 

67. Sinn, N.; Milte, C.M.; Street, S.J.; Buckley, J.D.; Coates, A.M.; Petkov, J.; Howe, P.R.C. Effects of n-3 fatty 603 
acids, EPA v. DHA, on depressive symptoms, quality of life, memory and executive function in older adults 604 
with mild cognitive impairment: A 6-month randomised controlled trial. Br. J. Nutr. 2012, 107, 1682–1693. 605 

68. Chiu, C.C.; Su, K.P.; Cheng, T.C.; Liu, H.C.; Chang, C.J.; Dewey, M.E.; Stewart, R.; Huang, S.Y. The effects 606 
of omega-3 fatty acids monotherapy in Alzheimer’s disease and mild cognitive impairment: A preliminary 607 
randomized double-blind placebo-controlled study. Prog. Neuro-Psychopharmacology Biol. Psychiatry 2008, 608 
32, 1538–1544.  609 

69. Cammisuli DM, Cammisuli SM, Fusi J, Franzoni F and Pruneti C (2019) Parkinson’s Disease–Mild Cognitive 610 
Impairment (PD-MCI): A Useful Summary of Update Knowledge. Front. Aging Neurosci. 11:303. 611 

70. Sanoobar, M.; Eghtesadi, S.; Azimi, A.; Khalili, M.; Jazayeri, S.; Reza Gohari, M. Coenzyme Q10 612 
supplementation reduces oxidative stress and increases antioxidant enzyme activity in patients with 613 
relapsing-remitting multiple sclerosis. The International journal of neuroscience 2013, 123(11):776-82. 614 

71. Somayajulu, M.; McCarthy, S.; Hung, M.; Sikorska, M.; Borowy-Borowski, H.; Pandey, S. Role of 615 
mitochondria in neuronal cell death induced by oxidative stress; neuroprotection by Coenzyme Q10. 616 
Neurobiology of disease 2005, 18(3):618-27.  617 

72. Beal, M.F.; Henshaw, D.R.; Jenkins, B.G.; Rosen, B.R.; Schulz, J.B. Coenzyme Q10 and nicotinamide block 618 
striatal lesions produced by the mitochondrial toxin malonate. Annals of neurology 1994, 36(6):882-8. 619 

73. Muller, T.; Buttner, T.; Gholipour, A.F.; Kuhn, W. Coenzyme Q10 supplementation provides mild 620 
symptomatic benefit in patients with Parkinson’s disease. Neuroscience letters 2003, 341(3):201-4. 621 

74. Di Pierro, D.; Ciaccio, C.; Sbardella, D.; et al. Effects of oral administration of common antioxidant 622 
supplements on the energy metabolism of red blood cells. Attenuation of oxidative stress-induced changes 623 
in Rett syndrome erythrocytes by CoQ10. Mol Cell Biochem 2020, 463, 101–113.  624 

75. Biasini B, Marchi L, Angelino D, Bedogni G, Zavaroni I, Pruneti C, et Al. Claimed Effects, Outcome 625 
Variables and Methods of Measurement for Health Claims On foods related to the gastrointestinal tract 626 
proposed under regulation (EC) 1924/2006. Int J Food Sci Nutr. 2018; 69(7):771-804. 627 

76. De Felice, C.; Signorini, C.; Leoncini, S.; Pecorelli, A.; Durand, T.; Valacchi, G.; Ciccoli, L.; Hayek, J. The role 628 
of oxidative stress in Rett syndrome: an overview. Ann N Y Acad Sci 2012, 1259:121–135. 629 

77. De Felice, C.; Della Ragione, F.; Signorini, C.; Leoncini, S.; Pecorelli, A. et al Oxidative brain damage in 630 
Mecp2-mutant murine models of Rett syndrome. Neurobiol Dis 2014, 68:66–77. 631 

78. Sanoobar, M.; Eghtesadi, S.; Azimi, A.; Khalili, M.; Khodadadi, B.; Jazayeri, S.; Gohari, M.R. Aryaeian, N. 632 
Coenzyme Q10 supplementation ameliorates inflammatory markers in patients with multiple sclerosis: a 633 
double blind, placebo, controlled randomized clinical trial. Nutritional neuroscience 2015, 18(4):169-76. 634 

79. Gholamnezhad, Z.; Havakhah, S.; Boskabady, M.H. Preclinical and clinical effects of Nigella sativa and its 635 
constituent, thymoquinone: A review. J. Ethnopharmacol. 2016, 190, 372–386.  636 



Antioxidants 2020, 9, x FOR PEER REVIEW 21 of 27 

80. Ikhsan, M.; Hiedayati, N.; Maeyama, K.; Nurwidya, F. Nigella sativa as an anti-inflammatory agent in 637 
asthma. BMC Res. Notes 2018, 11, 744.  638 

81. Bahareh, A.; Hossein, H. Black cumin (Nigella sativa) and its active constituent, thymoquinone: An overview 639 
on the analgesic and anti-inflammatory effects. Planta Med. 2016, 82, 8–16.  640 

82. Bordoni, L.; Fedeli, D.; Nasuti, C.; Maggi, F.; Papa, F.; Wabitsch, M.; De Caterina, R.; Gabbianelli, R. 641 
Antioxidant and Anti-Inflammatory Properties of Nigella sativa Oil in Human Pre-Adipocytes. Antioxidants 642 
2019, 8, 51. 643 

83.  Isik, S.; Kartal, M.; Aslan Erdem, S. Quantitative analysis of thymoquinone in Nigella Sativa L. (Black 644 
Cumin) seeds and commercial seed oils and seed oil capsules from Turkey. J. Fac. Pharm. Ankara/Ankara 645 
ECZ Fac. Derg. 2017, 41, 34–41.  646 

84.  Mohammed, N.K.; Abd Manap, M.Y.; Tan, C.P.; Muhialdin, B.J.; Alhelli, A.M.; Meor Hussin, A.S. The 647 
effects of different extraction methods on antioxidant properties, chemical composition, and thermal 648 
behavior of black seed (Nigella sativa L.) oil. Evid. Based Complement. Alternat. Med. 2016, 2016, 6273817.  649 

85. Aziz, S.A.; Kurniawati, A.; Faridah, D.N. Changes of thymoquinone, thymol, and malondialdehyde content 650 
of black cumin (Nigella sativa L.) in response to Indonesia tropical altitude variation. HAYATI J. Biosci. 2017, 651 
24, 156–161.  652 

86. Cobourne-Duval MK, Taka E, Mendonca P, Bauer D, Soliman KF. The Antioxidant Effects of 653 
Thymoquinone in Activated BV-2 Murine Microglial Cells. Neurochem Res. 2016 Dec;41(12):3227-3238. 654 

87. Khan A, Vaibhav K, Javed H, Khan MM, Tabassum R, Ahmed ME, Srivastava P, Khuwaja G, Islam F, 655 
Siddiqui MS, Safhi MM, Islam F. Attenuation of Aβ-induced neurotoxicity by thymoquinone via inhibition 656 
of mitochondrial dysfunction and oxidative stress. Mol Cell Biochem. 2012 Oct;369(1-2):55-65. 657 

88. Liang, N.; Kitts, D.D. Role of Chlorogenic Acids in Controlling Oxidative and Inflammatory Stress 658 
Conditions. Nutrients 2015, 8, 16.  659 

89. Arendash, G. W.; et al. Caffeine reverses cognitive impairment and decreases brain amyloid-beta levels in 660 
aged Alzheimer's disease mice. J. Alzheimer Dis. 2009, 17, 661–680.  661 

90. Cao, C.; et al. Caffeine suppresses amyloid-beta levels in plasma and brain of Alzheimer's disease transgenic 662 
mice. J. Alzheimer Dis. 2009, 17, 681–697. 663 

91. Arendash, G. W.; et al. Caffeine protects Alzheimer's mice against cognitive impairment and reduces brain 664 
beta-amyloid production. Neuroscience 2006, 142, 941–952.  665 

92. Panza, F.; Solfrizzi, V.; Barulli, M.R.; Bonfiglio, C.; Guerra, V.; Osella, A.; et al. Coffee, tea, and caffeine 666 
consumption and prevention of late-life cognitive decline and dementia: A systematic review. J. Nutr. Health 667 
Aging 2015, 19, 313–328.  668 



Antioxidants 2020, 9, x FOR PEER REVIEW 22 of 27 

93. Solfrizzi, V.; Panza, F.; Imbimbo, B.P.; D’Introno, A.; Galluzzo, L.; Gandin, C.; et al. Italian Longitudinal 669 
Study on Aging Working Group. Coffee Consumption Habits and the Risk of Mild Cognitive Impairment: 670 
The Italian Longitudinal Study on Aging. J. Alzheimers Dis. 2015, 47, 889–899.  671 

94. Kim, J.W., Byun, M.S., Yi, D. et al. Coffee intake and decreased amyloid pathology in human brain. Transl 672 
Psychiatry 2019, 9, 270. 673 

95. Eskelinen, M.H.; Ngandu, T.; Tuomilehto, J.; Soininen, H.; Kivipelto, M. Midlife coffee and tea drinking and 674 
the risk of late-life dementia: A population-based CAIDE study. J. Alzheimers Dis. 2009, 16, 85–91.  675 

96. Kato, M.; Ochiai, R.; Kozuma, K.; Sato, H.; Katsuragi, Y. Effect of Chlorogenic Acid Intake on Cognitive 676 
Function in the Elderly: A Pilot Study. Evid. Based Complement. Altern. Med. 2018, 2018, 8608497.  677 

97. Ota, N.; Soga, S.; Murase, T.; Shimotoyodome, A., Hase, T. Consumption of coffee polyphenols increases 678 
fat utilization in humans. Journal of Health Science 2010, vol. 56, no. 6, pp. 745–751.   679 

98. Ochiai, R.; Jokura, H.; Suzukietal, A. Green coffee bean extract improves human vasoreactivity. Hypertension 680 
Research 2004, vol. 27, no. 10, pp. 731–737.  681 

99. Watanabe, T.; Arai, Y.; Mitsuietal, Y. The blood pressure-lowering effect and safety of chlorogenic acid from 682 
green coffee bean extract in essential hypertension. Clinical and Experimental Hypertension 2006, vol. 28, no. 683 
5, pp. 439–449.  684 

100. Elias, M.F.; Goodell, A.L.; Dore, G.A. Hypertension and cognitive functioning: A perspective in historical 685 
context. Hypertension 2012, vol. 60, no. 2, pp. 260–268.  686 

101. Saitou, K.; Ochiai, R.; Kozuma, K.; Sato, H.; Koikeda, T.; Osaki, N.; Katsuragi, Y. Effect of Chlorogenic Acids 687 
on Cognitive Function: A Randomized, Double-Blind, Placebo-Controlled Trial. Nutrients 2018, 10, 1337.  688 

102. Brauer, A.U.; Savaskan, N.E. Molecular actions of selenium in the brain: neuroprotective mechanisms of an 689 
essential trace element. Reviews in the neurosciences 2004, 15(1):19-32. 690 

103. Steinbrenner, H.; Sies, H. Selenium homeostasis and antioxidant selenoproteins in brain: implications for 691 
disorders in the central nervous system. Archives of biochemistry and biophysics 2013, 536(2):152-7.  692 

104. Xiong, S.; Markesbery, W.R.; Shao, C.; Lovell, M.A. Seleno-L-methionine protects against beta-amyloid and 693 
iron/hydrogen peroxide-mediated neuron death. Antioxidants & redox signaling 2007, 9(4):457-67. 694 

105. Wenstrup, D.; Ehmann, W.D.; Markesbery, W.R. Trace element imbalances in isolated subcellular fractions 695 
of Alzheimer’s disease brains. Brain research 1990, 533(1):125-31. 696 

106. Cornett, C.R.; Markesbery, W.R.; Ehmann, W.D. Imbalances of trace elements related to oxidative damage 697 
in Alzheimer’s disease brain. Neurotoxicology 1998, 19(3):339-45.  698 

107. Ceballos-Picot, I.; Merad-Boudia, M.; Nicole, A.; Thevenin, M.; Hellier, G.; Legrain, S.; Berr, C. Peripheral 699 
antioxidant enzyme activities and selenium in elderly subjects and in dementia of Alzheimer’s type-place 700 
of the extracellular glutathione peroxidase. Free radical biology & medicine 1996, 20(4):579-87. 701 



Antioxidants 2020, 9, x FOR PEER REVIEW 23 of 27 

108. Clausen, J.; Jensen, G.E.; Nielsen, S.A. Selenium in chronic neurologic diseases. Multiple sclerosis and 702 
Batten’s disease. Biological trace element research 1998, 15:179- 203. 703 

109. Planas, M.; Conde, M.; Audivert, S.; et al. Micronutrient supplementation in mild Alzheimer disease 704 
patients. Clin Nutr 2004, 23:265–272  705 

110. Arnaud, J.; Akbaralyc, T.N.; Hininger, I.; et al. Factors associated with longitudinal plasma selenium decline 706 
in the elderly: the EVA Study. J Nutr Biochem 2007, 18:482–487. 707 

111. Letsiou, S.; Nomikos, T.; Panagiotakos, D.; et al. Serum total selenium status in Greek adults and its relation 708 
to age. The ATTICA study cohort. Biol Trace Elem Res 2009, 128:8–17. 709 

112. Bellinger, F.P.; He, Q.P.; Bellinger, M.T.; et al. Association of selenoprotein P with Alzheimer’s pathology 710 
in human cortex. J Alzheimers Dis 2008, 15(3):465–472. 711 

113. Takemoto, A.S.; Berry, M.J.; Bellinger, F.P. Role of selenoprotein P in Alzheimer’s disease. Ethn Dis 2010, 712 
20(Suppl 1): 92–95. 713 

114. Garcia, T.; Esparza, J.L.; Nogues, M.R. et al. Oxidative stress status and RNA expression in hippocampus 714 
of an animal model of Alzheimer’s disease after chronic exposure to aluminum. Hippocampus 2009, 20:218–715 
225. 716 

115. Zhang, S.; Rocourt, C.; Cheng, W. Selenoproteins and the aging brain. Mech Ageing Dev 2010, 131:253–260. 717 

116. Steinbrenner, H.; Sies, H. Selenium homeostasis and antioxidant selenoproteins in brain: implications for 718 
disorders in the central nervous system. Arch Biochem Biophys 2013, 536(2):152–157. 719 

117. Thomson, C.D.; Chisholm, A.; McLachlan, S.K. et al. Brazil nuts: an effective way to improve selenium 720 
status. Am J Clin Nutr 2008, 87:379–384. 721 

118. Cominetti, C.; de Bortoli, M.C.; Garrido, A.B. Jr; et al. Brazilian nut consumption improves selenium status 722 
and glutathione peroxidase activity and reduces atherogenic risk in obese women. Nutr Res 2012, 32:403–723 
407. 724 

119.  Cardoso, B.R.; Ong, T.; Jacob-Filho, W. et al. Nutritional status of selenium in Alzheimer’s disease patients. 725 
Br J Nutr 2010, 103: 803–806. 726 

120.  Berr, C.; Balansard, B.; Arnaud, J.; et al. Cognitive decline is associated with systemic oxidative stress: the 727 
EVA study. Etude du Vieillissement Artériel. J Am Geriatr Soc 2000, 48(10):1285–1291. 728 

121.  Gao, S.; Jin, Y.; Hall, K.S. et al. Selenium level and cognitive function in rural elderly Chinese. Am J Epidemiol 729 
2007, 165(8):955–965. 730 

122. Wang Y, Wu Y, Wang Y, et al. Antioxidant properties of probiotic bacteria. Nutrients. 2017. 731 
doi:10.3390/nu9050521 732 



Antioxidants 2020, 9, x FOR PEER REVIEW 24 of 27 

123. Sudo N, Chida Y, Aiba Y, et al. Postnatal microbial colonization programs the hypothalamic-pituitary-733 
adrenal system for stress response in mice. J Physiol. 2004. doi:10.1113/jphysiol.2004.063388 734 

124. Bagga D, Reichert JL, Koschutnig K, et al. Probiotics drive gut microbiome triggering emotional brain 735 
signatures. Gut Microbes. 2018. doi:10.1080/19490976.2018.1460015 736 

125. Bonfili L, Cecarini V, Cuccioloni M, et al. SLAB51 Probiotic Formulation Activates SIRT1 Pathway 737 
Promoting Antioxidant and Neuroprotective Effects in an AD Mouse Model. Mol Neurobiol. 2018. 738 
doi:10.1007/s12035-018-0973-4 739 

126. Kobayashi Y, Sugahara H, Shimada K, et al. Therapeutic potential of Bifidobacterium breve strain A1 for 740 
preventing cognitive impairment in Alzheimer’s disease. Sci Rep. 2017. doi:10.1038/s41598-017-13368-2 741 

127. Michael DR, Davies TS, Loxley KE, et al. In vitro neuroprotective activities of two distinct probiotic 742 
consortia. Benef Microbes. 2019. doi:10.3920/BM2018.0105 743 

128. Cheon MJ, Lim SM, Lee NK, Paik HD. Probiotic properties and neuroprotective effects of lactobacillus 744 
buchneri ku200793 isolated from korean fermented foods. Int J Mol Sci. 2020. doi:10.3390/ijms21041227 745 

129. Silverman, M.N.; Deuster, P.A. Biological mechanisms underlying the role of physical fitness in health and 746 
resilience. Interface Focus 2014, 4 747 

130. Chalimoniuk, M., Chrapusta, S. J., Lukaèova, N., and Langfort, J. (2015a). Endurance training upregulates 748 
the nitric oxide/soluble guanylyl cyclase/cyclic guanosine 3’,5’-monophosphate pathway in the striatum, 749 
midbrain and cerebellum of male rats. Brain Res. 1618, 29–40. doi: 10.1016/j.brainres.2015.05.020 750 

131. Mattson M.P.(2012a).Energy intake and exercise as determinants of brain health and vulnerability to injury 751 
and disease. Cell Metab. 16,706–722.doi:10.1016/j.cmet.2012.08.012 752 

132. Powers, S.K.; Jackson, M.J. Exercise-induced oxidative stress: Cellular mechanisms and impact on muscle 753 
force production. Physiol. Rev. 2008, 88, 1243–1276 754 

133. Mee-Inta O, Zhao ZW, Kuo YM. Physical Exercise Inhibits Inflammation and Microglial Activation. Cells. 755 
2019 Jul 9;8(7):691. doi: 10.3390/cells8070691 756 

134. Radak,Z.,Ihasz,F.,Koltai,E.,Goto,S.,Taylor,A.W.,andBoldogh,I.(2014). The redox-associated adaptive 757 
response of brain to physical exercise. Free Radic. Res. 48,84–92.doi:10.3109/10715762.2013.826352. 758 

135. Lachman, M.E.; Neupert, S.D.; Bertrand, R.; Jette, A.M. The effects of strength training on memory in 759 
older adults. J. Aging Phys. Act. 2006, 14, 59–73 760 

136. Cuttler, C.; Connolly, C.P.; LaFrance, E.M.; Lowry, T.M. Resist forgetting: Effects of aerobic and resistance 761 
exercise on prospective and retrospective memory. Sport. Exerc. Perform. Psychol. 2018, 7, 205–217 762 

137.  Bloomer, R.J.; Goldfarb, A.H. Anaerobic exercise and oxidative stress: A review. Can. J. Appl. Physiol. 2004, 763 
29, 245–263.  764 



Antioxidants 2020, 9, x FOR PEER REVIEW 25 of 27 

138.  Souza, P. S.; Gonçalves, E. D.; Pedroso, G. S.; Farias, H. R.; Junqueira, S. C.; Marcon, R.; Tuon, T.; Cola, M.; 765 
Silveira, P. C. L.; Santos, A. R.; et al. Physical Exercise Attenuates Experimental Autoimmune 766 
Encephalomyelitis by Inhibiting Peripheral Immune Response and Blood-Brain Barrier Disruption. Mol. 767 
Neurobiol. 2017, 54, 4723–4737.  768 

139. Tuon, T.; Souza, P. S.; Santos, M. F.; Pereira, F. T.; Pedroso, G. S.; Luciano, T. F.; De Souza, C. T.; Dutra, R. 769 
C.; Silveira, P. C. L.; Pinho, R. A. Physical Training Regulates Mitochondrial Parameters and 770 
Neuroinflammatory Mechanisms in an Experimental Model of Parkinson’s Disease. Oxid. Med. Cell. Longev. 771 
2015, 2015, 261809.  772 

140. Pruneti C, Sgromo D, Merenda G, Innocenti A. et Al. Physical Activity, Mental Exercise, and Cognitive 773 
Functioning In an Italian Sample of Healthy Elderly Males. May 2019Archives Italiennes De 774 
Biologie 157(1):37-47 775 

141. Radak, Z.; Ihasz, F.; Koltai, E.; Goto, S.; Taylor, A. W.; Boldogh, I. The redox-associated adaptive response 776 
of brain to physical exercise. Free Radic. Res. 2014, 48, 84–92.  777 

142. LiCausi, F.; Hartman, N. Role of mTOR Complexes in Neurogenesis. Int. J. Mol. Sci. 2018, 19, 1544 778 

143. Lloyd, B.A.; Hake, H.S.; Ishiwata, T.; Farmer, C.E.; Loetz, E.C.; Fleshner, M.; Bland, S.T.; Greenwood, 779 
B.N.Exercise increases mTOR signaling in brain regions involved in cognition and emotional behavior. 780 
Behav. Brain Res. 2017, 323, 56–67 781 

144. Di Meo, S.; Napolitano, G.; Venditti, P. Mediators of Physical Activity Protection against ROS-Linked 782 
Skeletal Muscle Damage. Int. J. Mol. Sci. 2019, 20, 3024.  783 

145. Radak, Z.; Suzuki, K.; Higuchi, M.; Balogh, L.; Boldogh, I.; Koltai, E. Physical exercise, reactive oxygen 784 
species and neuroprotection. Free Radic. Biol. Med. 2016, 98, 187–196.  785 

146. Bailey, D. M.; Rasmussen, P.; Evans, K. A.; Bohm, A. M.; Zaar, M.; Nielsen, H. B.; Brassard, P.; Nordsborg, 786 
N. B.; Homann, P. H.; Raven, P. B.; et al. Hypoxia compounds exercise-induced free radical formation in 787 
humans; partitioning contributions from the cerebral and femoral circulation. Free Radic. Biol. Med. 2018, 788 
124, 104–113.  789 

147. Iofrida, C.; Daniele, S.; Pietrobono, D.; Fusi, J.; Galetta, F.; Trincavelli, M. L.; Bonuccelli, U.; Franzoni, F.; 790 
Martini, C. Influence of physical exercise on β-amyloid, α-synuclein and tau accumulation: an in vitro 791 
model of oxidative stress in human red blood cells. Arch. Ital. Biol. 2017, 155, 33–42. 792 

148. Roh, H.-T.; Cho, S.-Y.; Yoon, H.-G.; So, W.-Y. Effect of Exercise Intensity on Neurotrophic Factors and 793 
Blood-Brain Barrier Permeability Induced by Oxidative-Nitrosative Stress in Male College Students. Int. J. 794 
Sport Nutr. Exerc. Metab. 2017, 27, 239–246. 795 

149. Zhang, K.; Zhang, Q.; Jiang, H.; Du, J.; Zhou, C.; Yu, S.; Hashimoto, K.; Zhao, M. Impact of aerobic exercise 796 
on cognitive impairment and oxidative stress markers in methamphetamine-dependent patients. Psychiatry 797 
Res. 2018, 266, 328–333. 798 



Antioxidants 2020, 9, x FOR PEER REVIEW 26 of 27 

150. Um, H. S.; Kang, E. B.; Leem, Y. H.; Cho, I. H.; Yang, C. H.; Chae, K. R.; Hwang, D. Y.; Cho, J. Y. Exercise 799 
training acts as a therapeutic strategy for reduction of the pathogenic phenotypes for Alzheimer’s disease 800 
in an NSE/APPsw-transgenic model. Int. J. Mol. Med. 2008, 22, 529–539.  801 

151. Aguiar, A. S.; Duzzioni, M.; Remor, A. P.; Tristão, F. S. M.; Matheus, F. C.; Raisman-Vozari, R.; Latini, A.; 802 
Prediger, R. D. Moderate-Intensity Physical Exercise Protects Against Experimental 6-Hydroxydopamine-803 
Induced Hemiparkinsonism Through Nrf2-Antioxidant Response Element Pathway. Neurochem. Res. 2016, 804 
41, 64–72.  805 

152. Pinho, R. A.; Aguiar, A. S., Jr.; Radák, Z. Effects of Resistance Exercise on Cerebral Redox Regulation and 806 
Cognition: An Interplay Between Muscle and Brain. Antioxidants 2019, 8, 529. 807 

153.  Ishii, T.; Mann, G. When and how does brain-derived neurotrophic factor activate Nrf2 in astrocytes and 808 
neurons? Neural Regen. Res. 2018, 13, 803.  809 

154. Sandberg, M.; Patil, J.; D’Angelo, B.; Weber, S. G.; Mallard, C. NRF2-regulation in brain health and disease: 810 
Implication of cerebral inflammation. Neuropharmacology 2014, 79, 298–306.  811 

155. Hayes, J. D.; Dinkova-Kostova, A. T. The Nrf2 regulatory network provides an interface between redox and 812 
intermediary metabolism. Trends Biochem. Sci. 2014, 39, 199–218.  813 

156. Itoh, K.; Chiba, T.; Takahashi, S.; Ishii, T.; Igarashi, K.; Katoh, Y.; Oyake, T.; Hayashi, N.; Satoh, K.; 814 
Hatayama, I.; et al. An Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme 815 
genes through antioxidant response elements. Biochem. Biophys. Res. Commun. 1997, 236, 313–322.  816 
 817 
 818 

157. J.P. Little, A. Safdar, G.P. Wilkin, M.A. Tarnopolsky, M.J. Gibala, A practical model of low-volume high-819 
intensity interval training induces mitochondrial biogenesis in human skeletal muscle: potential 820 
mechanisms, J. Physiol. 588 (2010) 1011–1022, https://doi.org/10.1113/jphysiol.2009.181743 821 

158. N. Turner, G.J. Cooney, E.W. Kraegen, C.R. Bruce, Fatty acid metabolism, energy expenditure and insulin 822 
resistance in muscle. J. Endocrinol. 220 (2014) T61–T79, https://doi.org/10.1530/JOE-13-0397 823 

159. Freitas DA, Rocha-Vieira E, Soares BA, Nonato LF, Fonseca SR, Martins JB, Mendonça VA, Lacerda AC, 824 
Massensini AR, Poortamns JR, Meeusen R, Leite HR. High intensity interval training modulates 825 
hippocampal oxidative stress, BDNF and inflammatory mediators in rats. Physiol Behav. 2018 Feb 1;184:6-826 
11. doi: 10.1016/j.physbeh.2017.10.027. Epub 2017 Oct 28; 827 

160. Poblete Aro CE, Russell Guzmán JA, Soto Muñoz ME, Villegas González BE. Effects of high intensity 828 
interval training versus moderate intensity continuous training on the reduction of oxidative stress in type 829 
2 diabetic adult patients: CAT. Medwave. 2015 Aug 13;15(7):e6212. doi: 10.5867/medwave.2015.07.6212 830 

161. Freitas D.A., Rocha-Vieira E., Leoni De Sousa R.A., Soares B.A., Rocha-Gomes A., Garcia B.C.C., et al. High-831 
intensity interval training improves cerebellar antioxidant capacity without affecting cognitive functions in 832 
rats. Behav Brain Res. 2019 Dec 30;376:112181. doi: 10.1016/j.bbr.2019.112181. Epub 2019 Aug 26 833 



Antioxidants 2020, 9, x FOR PEER REVIEW 27 of 27 

162. De Souza R.F., Lopes Augusto R., Arruda de Moraes S.R., de Souza F.B., da Penha Gonçalves L.V., Dutra 834 
Pereira D., Magalhães Moreno G.M.,Araujo de Souza F.M., da Silveira Andrade-da-Costa B.L. Ultra-835 
Endurance Associated With Moderate Exercise in Rats Induces Cerebellar Oxidative Stress and Impairs 836 
Reactive GFAP Isoform Profile. Front Mol Neurosci. 2020; 13: 157. Published online 2020 Sep 2. doi: 837 
10.3389/fnmol.2020.00157 838 

163. Muñoz D., Barrientos G., Vas J. A., Pérez F. J. G., Maria Concepcion, Maynar M., et al. (2017). Oxidative 839 
stress, lipid peroxidation indexes and antioxidant vitamins in long and middle distance athletes during a 840 
sport season middle distance athletes during a sport season. J. Sports Med. Phys. Fitn. 58, 1713–1719 841 

164. Huang, T., Lin, L., Cho, K., Chen, S., Kuo, Y., Yu, L., et al. (2018). Chronic treadmill exercise in rats delicately 842 
alters the Purkinje cell structure to improve motor performance and toxin resistance in the cerebellum. J. 843 
Appl Physiol 113, 889–895. doi: 10.1152/japplphysiol.01363.2011 844 

165. Lee, K. J. (2007). Morphological changes in dendritic spines of Purkinje cells associated with motor learning. 845 
Neurobiol. Learn. Mem. 88, 445–450. doi: 10.1016/j.nlm.2007.06.001 846 

166. Mang, C. S., Brown, K. E., Neva, J. L., Snow, N. J., Campbell, K. L., and Boyd, L. A. (2016). Promoting motor 847 
cortical plasticity with acute aerobic exercise: a role for cerebellar circuits. Neural Plast. 2016, 1–12. doi: 848 
10.1155/2016/6797928 849 

167. Marques-Aleixo, I., Santos-Alves, E., Balça, M. M., Rizo-Roca, D., Moreira, P. I., Oliveira, P. J., et al. (2015). 850 
Physical exercise improves brain cortex and cerebellum mitochondrial bioenergetics and alters apoptotic, 851 
dynamic and auto(mito)phagy markers. Neuroscience 301, 480–495. doi: 10.1016/j.neuroscience.2015.06.027 852 

168. Mahalakshmi B, Maurya N, Lee SD, Bharath Kumar V. Possible Neuroprotective Mechanisms of Physical 853 
Exercise in Neurodegeneration. Int J Mol Sci. 2020 Aug 16;21(16):5895. doi: 10.3390/ijms21165895. PMID: 854 
32824367; PMCID: PMC7460620 855 

169. Grgic J, Lazinica B, Mikulic P, Krieger JW, Schoenfeld BJ. The effects of short versus long inter-set rest 856 
intervals in resistance training on measures of muscle. Eur J Sport Sci. 2017 Sep;17(8):983-993. doi: 857 
10.1080/17461391.2017.1340524. Epub 2017 Jun 22hypertrophy: A systematic review 858 

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional 859 
affiliations. 860 

 

© 2020 by the authors. Submitted for possible open access publication under the terms 
and conditions of the Creative Commons Attribution (CC BY) license 
(http://creativecommons.org/licenses/by/4.0/). 

 861 


