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Abstract: Health authorities worldwide have consistently recommended the regular 

consumption of marine fishes and seafood to preserve memory, sustain cognitive functions, and 

prevent neurodegenerative processes in humans. Shrimp, crabs, lobster, and salmon are of 

particular interest in the human diet due to their substantial provision of omega-3 fatty acids 
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(n-3/PUFAs) and the antioxidant carotenoid astaxanthin (ASTA). However, the optimal ratio 

between these nutraceuticals in natural sources is apparently the key factor for maximum 

protection against most neuro-motor disorders. Therefore, we aimed here to investigate the 

effects of a long-term supplementation with (n-3)/PUFAs-rich fish oil, ASTA-rich algal 

biomass, the combination of them, or krill oil (a natural combination of both nutrients)  

on baseline redox balance and neuro-inflammation indexes in cerebellum and motor cortex  

of Wistar rats. Significant changes in redox metabolism were only observed upon  

ASTA supplementation, which reinforce its antioxidant properties with a putative 

mitochondrial-centered action in rat brain. Krill oil imposed mild astrocyte activation  

in motor cortex of Wistar rats, although no redox or inflammatory index was  

concomitantly altered. In summary, there is no experimental evidence that krill oil, fish oil, 

oralgal biomass (minor variation), drastically change the baseline oxidative conditions or the  

neuro-inflammatory scenario in neuromotor-associated rat brain regions. 

Keywords: DHA; EPA; carotenoid; antioxidant; hormesis; brain; aging; Alzheimer; 

Parkinson; senescence 

 

1. Introduction 

Many motor and cognitive neurodegenerative disorders, such as Alzheimer’s (AD), Parkinson’s (PD), 

and Huntington’s (HD) diseases, have been consistently associated to oxidative stress in the central 

nervous system (CNS) and other checkpoints along the neuromotor circuit [1]. The human brain is 

particularly susceptible to oxidative stress for several reasons, including: (i) massive reactive 

oxygen/nitrogen species (ROS/RNS) production by intense O2 consumption and mitochondrial activity 

in neurons; (ii) high concentrations of oxidation-sensitive polyunsaturated fatty acids in neuronal 

membranes; (iii) accumulation of redox-active iron ions in many brain sections; (iv) auto-oxidation of 

some neurotransmitters to generate neurotoxic compounds, such as 6-hydroxydopamine (from dopamine); 

and (v) low catalase activity in most brain regions, leading to high H2O2 susceptibility [2,3]. Despite the 

incessant cause-or-consequence debate, oxidative stress-linked (neuro) inflammation is also considered 

a prominent contributor to the pathogenesis of many CNS diseases [4–6]. Experimental animal models 

and patients with AD, PD, and HD show classic features of inflammation in the brain, including 

phagocyte activation, increased synthesis and release of proinflammatory cytokines, and complement 

activation [6]. 

Several neuronal systems are involved in body motion, but the cerebellum is especially linked to the 

voluntary nervous system. The cerebellum controls the activation, timing, and coordination of distinct 

muscle groups during body motion. In addition, cerebellar circuits exchange continual neuromotor 

information to match the intended-executed responses, eliciting fine motor adjustments for proper 

movements [7]. Interestingly, aging-related motor dysfunctions were associated with an increase in 

cerebellar markers of lipid and DNA oxidation [8,9]. Excitotoxicity, increased Ca2+ dynamics and 

ROS/RNS formation play important roles in cerebellar toxicity based on several studies using oxyradical 

promoters, such as 2-chloropropionic acid, methyl mercury, etc. [10,11]. Although other focal sensorimotor 
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areas of the human brain are truthfully important for motor coordination, such as the supplementary 

motor area, and pre- and postcentral gyri [12], the link between cerebellar activity and oxidative stress 

might be also determinant to assure a better life quality of the elderly population, exercising people or 

even athletes during their professional careers [13,14]. 

The consumption of marine fish and seafood has been associated with mental health, the prevention 

of neurodegenerative processes, and the maintenance of cognitive functions during human lifespan.  

Most of the neurological benefits provided by regular seafood consumption come from an adequate 

uptake of omega-3 polyunsaturated fatty acids, (n-3)/PUFAs, and the antioxidant carotenoid astaxanthin 

(ASTA) [15]. In the nervous system, cell membranes contain relatively high concentrations of  

(n-3)/PUFAs, such as docosahexaenoic acid (DHA) and eicosapentenoic acid (EPA) [16]. Studies from 

our group demonstrated that the combination of ASTA and (n-3)/PUFAs (in fish oil; FO) surpasses the 

cognitive benefits observed in FO-fed Wistar rats due to an additional antioxidant protection provided 

by ASTA at the cathecolaminergic-rich anterior forebrain of rats (associated with the anxiety behavior) [17]. 

In fact, higher levels of lipid and protein oxidation were observed in the anterior forebrain of animals 

when treated only with FO, although positive anxiolytic effects were concomitantly observed. 

Controversial studies have given rise to the hypothesis that unbalanced (n-3)/PUFAs consumption could 

drastically affect fluidity, permeability, and hydrophobicity of the neuronal membrane leading to higher 

oxidation sensitivity, impaired signal transduction and lower neurotransmission efficiency [18,19]. On 

the other hand, ASTA possesses powerful antioxidant and anti-inflammatory activities already evidenced  

in vitro, in animal models, and in humans [20–23]. In humans, ASTA has been suggested to perform 

several beneficial functions including protection against UV-light photo-oxidation in skin cells, control 

of carcinogenic processes, prophylaxis/regression of stomach ulcers caused by Helicobacter pylori 

infection, delaying exercise fatigue, and promotion of liver, heart, eye, joint, and prostate health [23,24]. 

Therefore, the beneficial properties of a regular ingestion of (n-3)/PUFAs and ASTA apparently arise from 

the proper balance between these components in foodstuff (or supplements) and their bioavailability. 

Among new findings on (n-3)/PUFAs nutrition, krill oil has gaining the attention of the medical 

community [25]. Krill oil (KO) is extracted from the Antarctic microcrustacean Euphausia superba and 

is a rich source of (n-3)/PUFAs, including EPA and DHA, phospholipids, and ASTA [26]. Pre-clinical 

studies have shown that absorption of phospholipid-attached PUFAs into the heart, brain and liver of 

animals is better than as triacylglycerol molecules (TAG) [27]. Taking that into account, bioavailability 

favors KO as a better (n-3)/PUFA source than FO, since a significant 40% of the total fatty acids attached 

to phospholipids in KO are EPA and DHA, whereas FO contains mostly TAG [28]. Accordingly, studies 

with animal models and humans suggest that KO is more effective than FO in reducing cardiovascular 

risk indexes [29,30]. Moreover, metabolic effects of KO were reported to be similar to those of FO but 

at lower doses of EPA and DHA in healthy volunteers [31]. Despite the many published studies 

comparing different (n-3)/PUFAs sources, no scientific paper, to the best of our knowledge, has ever 

compared the effects of FO, ASTA, the combination of them, and KO in terms of redox balances and 

inflammation in brain regions associated with motor control, as cerebellum, the motor cortex, and corpus 

callosum. Taking that into account, the aim of this work is to investigate if some natural sources of  

(n-3)/PUFAs and ASTA alter the baseline redox status and neuro-inflammation indexes in animal 

cerebellum and motor cortex. 
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2. Results 

2.1. Cerebellum 

Figure 1 depicts the box plots of total and manganese-dependent (mitochondrial) SOD activities in 

the cerebellum of control, FO-, ASTA-, FO + ASTA-, and KO-fed animals (Figure 1A,B respectively). 

No significant difference in total SOD activity was observed between groups. On the other hand, ASTA 

supplementation seems to significantly decrease the enzyme activity of MnSOD in cerebellum of rats, 

since both ASTA- and FO + ASTA-groups showed, respectively, 50% (p = 0.0456) and 59.6%  

(p = 0.0279) lower MnSOD activities than control (Figure 1B). 

 

Figure 1. Boxplots of the (A) total SOD and (B) mitochondrial MnSOD activity in 

cerebellum of Wistar rats supplemented for 45 days with fish oil (FO, for 10 mg EPA/kg 

BW + 7 mg DHA/kg BW), algal biomass (A, for 1 mg astaxanthin (ASTA)/kg BW), fish oil 

+ algal biomass (FO + A, for 10 mg EPA/kg BW + 7 mg DHA/kg BW + 1 mg ASTA/kg BW), 

and krill oil (KO, for 10 mg EPA/kg BW + 4.7 mg DHA/kg BW + 7.2 μg ASTA/kg BW).  

(n ≥ 6, §c < 0.05). (°) Outliner data of the IQR = 1.15 × (Q3 − Q1), where:  

IQR = interquartile range; Q3 = 75% quartile; and Q1 = 25% quartile. 

Glutathione peroxidase (GPX; Figure 2A), glutathione reductase (GR; Figure 2B),  

Trolox-equivalent Antioxidant Capacity (TEAC; Figure 3B), and catalase activities (CAT; Figure 4A) 

in cerebellum were unaltered between groups, with p-values varying from 0.208 (CAT activities in FO 

versus KO) up to 0.687 (TEAC activities in FO versus control). Regarding ferric-reducing activity 

(FRAP), significant differences were only observed between ASTA-fed and control groups: FRAP was 

2.1-fold higher in ASTA-fed group compared to control (Figure 3A). No significant differences were 

observed in total iron content in cerebellum of rats from any treated group (Figure 4A). 

Finally, no significant differences were detected between groups regarding the levels of lipid 

(TBARS, Figure 5A) and protein oxidation (protein carbonyls, Figure 5B), demonstrating that the 

observed slight redox baseline changes were not sufficient to induce oxidative modifications in essential 

biomolecules for cellular survival. 
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Figure 2. Boxplots of (A) glutathione peroxidase, GPX; and (B) glutathione reductase, GR, 

activity in cerebellum of Wistar rats supplemented for 45 days with fish oil (FO, for 10 mg 

EPA/kg BW + 7 mg DHA/kg BW), algal biomass (A, for 1 mg ASTA/kg BW),  

fish oil + algal biomass (FO + A, for 10 mg EPA/kg BW + 7 mg DHA/kg BW + 1 mg 

ASTA/kg BW), and krill oil (KO, for 10 mg EPA/kg BW + 4.7 mg DHA/kg BW + 7.2 μg 

ASTA/kg BW). (n ≥ 6). (°) Outliner data of the IQR = 1.15 × (Q3 − Q1), where:  

IQR = interquartile range; Q3 = 75% quartile; and Q1 = 25% quartile. 

 

Figure 3. Boxplots of the (A) ferric-reducing, FRAP; and (B) Trolox-equivalent antioxidant, 

TEAC, activity in cerebellum of Wistar rats supplemented for 45 days with fish oil (FO, for 

10 mg EPA/kg BW + 7 mg DHA/kg BW), algal biomass (A, for 1 mg ASTA/kg BW), fish 

oil + algal biomass (FO + A, for 10 mg EPA/kg BW + 7 mg DHA/kg BW + 1 mg ASTA/kg 

BW), and krill oil (KO, for 10 mg EPA/kg BW + 4.7 mg DHA/kg BW + 7.2 μg ASTA/kg 

BW). (n ≥ 6; §c < 0.05). (°) Outliner data of the IQR = 1.15 × (Q3 − Q1), where:  

IQR = interquartile range; Q3 = 75% quartile; and Q1 = 25% quartile. 
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Figure 4. Boxplots of (A) iron content; and (B) catalase activity, CAT, in cerebellum of 

Wistar rats supplemented for 45 days with fish oil (FO, for 10 mg EPA/kg BW + 7 mg 

DHA/kg BW), algal biomass (A, for 1 mg ASTA/kg BW), fish oil + algal biomass (FO+A, 

for 10 mg EPA/kg BW + 7 mg DHA/kg BW + 1 mg ASTA/kg BW), and krill oil (KO, for 

10 mg EPA/kg BW + 4.7 mg DHA/kg BW + 7.2 μg ASTA/kg BW). (n ≥ 6). (°) Outliner data 

of the IQR = 1.15 × (Q3 − Q1), where: IQR = interquartile range; Q3 = 75% quartile; and 

Q1 = 25% quartile. 

 

Figure 5. Boxplots of (A) thiobarbituric acid reactive substances content, TBARS; and (B) 

protein carbonyls in cerebellum of Wistar rats supplemented for 45 days with fish oil (FO, 

for 10 mg EPA/kg BW + 7 mg DHA/kg BW), algal biomass (A, for 1 mg ASTA/kg BW), 

fish oil + algal biomass (FO + A, for 10 mg EPA/kg BW + 7 mg DHA/kg BW + 1 mg 

ASTA/kg BW), and krill oil (KO, for 10 mg EPA/kg BW + 4.7 mg DHA/kg BW + 7.2 μg 

ASTA/kg BW). (n ≥ 6). (°) Outliner data of the IQR = 1.15 × (Q3 − Q1), where:  

IQR = interquartile range; Q3 = 75% quartile; and Q1 = 25% quartile. 
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2.2. Motor Cortex (Molecular and Granular Layers) and Corpus Callosum 

Due to the increasing interest on KO as a potential natural source of both (n-3)/PUFAs and ASTA, 

we decided to extend our study into the effects of KO supplementation in the motor cortex (molecular 

and granular layers) and corpus callosum of Wistar rats. Therefore, inflammatory cytokines and 

glutathione-based antioxidant defenses were evaluated in rat brain regions related with neuromotor control. 

As shown in Table 1, none of the evaluated parameters had baseline levels altered by the 45-day 

supplementation with KO, which was adjusted for 10 mg EPA/kg BW, 4.7 mg DHA/kg BW, and  

7.2 μg ASTA/kg BW. 

Table 1. Glutathione-based redox parameters and inflammatory cytokines in the motor 

cortex (molecular and granular layers) and in the corpus callosum regions of Wistar rats 

supplemented for 45 days with krill oil (equivalent to 10 mg EPA/kg BW, 4.7 mg DHA/kg BW, 

and 7.2 μg ASTA/kg BW (n = 3). 

Parameters a Control KO p (t-Student’s) 

GSH (µmoL/mg protein) 71.1 ± 28.6 48.4 ± 9.9 0.085 
GSSG (µmoL/mg protein) 39.2 ± 3.9 53.5 ± 26.0 0.180 

Reducing power (A.U.) 0.464 ± 0.070 0.334 ± 0.122 0.317 
VEGF (pg/mg protein) 39.3 ± 8.3 37.5 ± 12.5 0.284 
L-SEL (pg/mg protein) 67.9 ± 65.0 52.2 ± 24.7 0.295 
CINC1 (ng/mg protein) 3.76 ± 0.84 5.40 ± 3.49 0.060 
MIP1a (ng/mg protein) 15.2 ± 5.3  12.8 ± 3.5 0.491 
TNF-α (ng/mg protein) 17.5 ± 8.4 15.0 ± 2.2 0.371 
IL-6 (ng/mg protein) 1.71 ± 0.91 1.32 ± 0.41 0.178 

IL-1β (ng/mg protein) 1.30 ± 0.81 1.18 ± 0.47 0.388 
a Reduced glutathione, GSH; oxidized glutathione, GSSG; vascular endothelial growth factor, VEGF;  

L-selectin, L-SEL; cytokine-induced neutrophil chemoattractant-1, CINC-1; macrophage inflammation  

protein, MIP1α; tumor necrosis factor-alpha, TNFα; interleukin-6, IL-6; and interleukin-1-beta, IL-1β; 
astaxanthin, ASTA. 

Moreover, glial fibrillary acidic protein (GFAP)-positive cells were identified via light microscopy 

by the intense brown staining in their cytoplasm and were considered astrocytes (Figure 6).  

Quantified areas (in µm2) of GFAP-staining for the animals that received or not KO are shown in Table 2. 

Significant difference (p < 0.05) was observed in GFAP expression by astrocytes between both KO and 

control groups in all considered areas. 
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Figure 6. Glial fibrillary acidic protein (GFAP) expression in brain regions of Wistar rats 

that received krill oil (KO, for 10 mg EPA/kg BW + 4.7 mg DHA/kg BW + 7.2 μg ASTA/kg 

BW) is expressed in panels (A,C,E,G), and control in panels (B,D,F,H). Specific regions: 

Molecular layer of the motor cortex (A,B); granular layer of the motor cortex (C,D); 

perivascular area near the granular layer (E,F); and corpus callosum (G,H) (n = 3). 
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Table 2. Quantified staining areas, in µm2, for glial fibrillary acidic protein (GFAP) expression 

in the motor cortex (molecular and granular layers) and in the corpus callosum regions  

of Wistar rats supplemented for 45 days with krill oil, equivalent to 10 mg EPA/kg BW,  

4.7 mg DHA/kg BW, and 7.2 μg ASTA/kg BW. Total scanned area of 302,952.5 µm2 (n = 3). 

 Control KO 

Area a Mol. Layer Gran. Layer C. callosum Mol. Layer Gran. Layer C. callosum

1 5481.6 4391.7 4928.8 8435.5 6582.6 8374.7 
2 4932.7 3837.9 3978.5 7345.4 7543.1 7945.5 
3 4637.7 3291.8 4185.6 7581.5 6908.4 7531.9 
4 4147.2 4317.8 3281.7 8190.2 6683.8 7435.8 
5 3184.6 3928.8 4921.8 8284.7 7385.6 8528.6 
6 4841.1 4193.8 3826.9 7858.5 7483.5 6836.7 
7 3802.6 4928.8 4167.8 7593.0 6538.5 6638.5 
8 4475.9 5102.3 3475.9 7395.7 7438.5 7578.9 
9 3179.5 4294.9 4201.1 8193.6 8583.6 7538.6 
10 3548.2 4291.7 3739.7 8530.5 8147.7 6625.8 

Mean (±SD) 
4223.1 

(±782.5) 
4258.0 

(±517.4) 
4070.8 

(±543.0) 
7940.9 § 
(±440.4) 

7329.5 § 
(±675.3) 

7503.5 § 
(±665.1) 

a Molecular layer of motor cortex, Mol. Layer; granular layer of motor cortex, Gran. Layer; corpus callosum, 

C. callosum. § Significant difference compared to the same region in control group (p < 0.05). 

3. Discussion 

Although many redox and inflammatory parameters were proposed here, we, in fact, did not expect 

to observe substantial changes of their values in cerebellum, motor cortex or corpus callosum of Wistar 

rats fed with natural sources of (n-3)/PUFAs and/or astaxanthin, since no oxidative challenge was 

actually imposed to experimental animals. We simply aimed here to investigate any baseline 

redox/inflammatory peculiarity concerning the long-term supplementation with (n-3)/PUFAs and/or 

astaxanthin in motor control brain regions. Definitely, more answers regarding the efficiency of 

antioxidant therapies provided by marine nutraceuticals should come out by reproducing the experiments 

here in well-established neurodegenerative animal models, such as Alzheimer’s and Parkinson’s  

diseases [32,33] or age-related sarcopenia models [34]. All these neurodegenerative processes are 

marked by alterations in the free radical metabolism and accumulation of oxidized products and/or 

oxylipid adducts during disease progression in humans and animals [35]. 

Significant redox changes were only observed in cerebellum of Wistar rats after 45 days of ASTA 

supplementation: decreases of mitochondrial MnSOD activity in ASTA (−50%) and FO + ASTA-fed 

animals (−60%), and a 2-fold increase of antioxidant capacity (FRAP test) in ASTA-fed rats  

(Figures 1B and 2A, respectively). Evidence shows that ASTA properly crosses the blood-brain barrier 

to reach and distribute (homogenously or heterogeneously?) within different mammalian brain  

regions [36,37]. Moreover, many authors have already proposed a mitochondrial-targeted action of 

ASTA in most mammalian models: (i) ASTA reverted the pro-apoptotic effects of MPP+ in culture cells 

via upregulation of Bcl-2 and downregulation of Bax and α-synuclein protein expression, and 

concomitant inhibition of caspase-3 activation [38]; (ii) ASTA promoted mitochondrial β-oxidation by 

favoring the colocalization of fatty acid translocase (FAT/CD36) with carnitine-palmitoyltransferase I 
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(CPT I) during aerobic-type exercises [39]; (iii) ASTA significantly inhibited apoptosis, mitochondrial 

dysfunction and intracellular ROS/RNS over production induced by 6-hydroxydopamine treatment in 

cultured SH-SY5Y cells [40]; and (iv) ASTA treatment optimized mitochondrial function in leukocytes 

of both young and aged dogs by adjusting ATP synthesis with cytochrome c oxidoreductase activity [41]. 

The downregulation of mitochondrial MnSOD activity in cerebellum of ASTA- and FO + ASTA-fed 

animals (Figure 1B) could be partially explained by such an in situ, organelle-specific, antioxidant 

protection provided by ASTA. Although the TEAC index was not significantly altered, FRAP activities in 

cerebellum of ASTA- and FO + ASTA-groups corroborate this hypothesis. In addition, it is tempting to 

suggest that ASTA supplementation could positively influence neuron function by controlling 

mitochondrial activity and, concomitantly, regulating ROS/RNS production, intracellular redox status 

and possibly Ca2+ dynamics necessary for synaptic communication. Further studies are obviously 

necessary to confirm this hypothesis. 

Based on our calculations and analytical determinations, KO supplementation provided 10 mg EPA/kg 

BW, 4.7 mg DHA/kg BW, and 7.2 μg ASTA/kg BW, daily, to experimental animals. The ASTA content 

present in KO supplement is almost 140-fold lower than that offered in FO + A group, although DHA 

content in KO was also slightly lower than in FO + A group (7 mg DHA/kg BW in FO + A group; 

Experimental Section). Therefore, it is not surprising that both FO and KO groups here showed mostly 

identical redox indexes in cerebellar samples after 45 days of supplementation. In fact, metabolic effects 

of KO were reported to be similar to those of FO but at lower doses of EPA and DHA in healthy 

volunteers [31]. Unfortunately, we did not measure plasmatic concentration of ASTA during the 

supplementation period, which could clarify if the minor content of ASTA in KO supplement  

(7.2 μg/kg BW) was actually absorbed by animals in any extent. Few significant changes (and other 

mere statistical tendencies) cannot confirm abrupt different redox scenarios upon FO + A supplementation 

compared to ASTA-fed group in cerebellar samples here. 

Previous studies from our group demonstrated that identical doses of ASTA and FO as applied here 

(also for 45 days) actually resulted in some similar redox changes at the cathecolaminergic-rich anterior 

forebrain of Wistar rats, a brain region associated with anxiety behavior [17]. Concerning absolute 

values: (i) FO and FO + A groups showed approximately 60% lower mitochondrial MnSOD activity 

than control in the anterior forebrain of Wistar rats (previous publication), whereas FO + A and A groups 

here (but not FO group) displayed exactly the same reduction in cerebellum; (ii) as shown in anterior 

forebrain from last publication, GPX or GR activities were absolutely unaltered here, considering any 

applied supplementation; (iii) baseline antioxidant capacities (TEAC and FRAP) and antioxidant 

enzyme activities (total SOD, CAT, GPX, and GR) were exactly at the same range in both papers, 

comparing the different supplementation groups; (iv) increments in iron content were observed in the 

anterior forebrain of Wistar rats only after FO and FO + A supplementation (approximately 45%), 

whereas no changes were observed here in cerebellum, but merely statistical tendencies after FO 

administration (Figure 4A; p = 0.0614) [17]. 

Although very similar oxidative environments were presented in the cerebellum and in the anterior 

forebrain of Wistar rats (as we published before), we presume that different cathecolamine content 

between these two brain segments, together with the attested higher iron availability in the anterior 

cortex, would culminate in the higher susceptibility of the anterior cortex to oxidation, compared to 

cerebellum, as investigated here [42]. Accordingly, other groups showed that specific brain regions 
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might evoke differential antioxidant responses against oxidative conditions imposed by free  

radical-promoting agents, such as rotenone and lipopolysaccharide (LPS) [43]. However, the authors 

perceived lipid peroxidation as a less variable parameter than, for example, GSH levels in such specific 

brain sections. The difference between patterns of lipid peroxidation and antioxidants was attributed to 

distinguished content of (n-3)/PUFAs in the brain. Undoubtedly, FO (alone or in the presence of ASTA) 

or KO supplementation, as we performed here, could also affect the ratio between EPA and DHA in 

different brain regions, as well. Such variability in brain regions to respond against oxidative stress might 

be pivotal to explain the occurrence of specific neurodegeneration disorders in animal models and 

humans [43]. Furthermore, frontal cortex, hippocampus, substantia nigra, and hypothalamus of rat brain 

showed significant neuronal abnormalities (cell death and dysfunction) after an intracranial administration 

of the free radical-generating agent rotenone, but not the cerebellar nucleus [44]. These data corroborate 

the hypothesis that cerebellar segment is putatively more resistant to oxidative imbalances than other 

dopaminergic-rich brain sections [45,46]. 

A bulk of data from the last few years depicts astrocytes as the major focus of researchers to decipher 

the neurodegenerative mechanisms at early phases of diseases (pathologies). Activated astrocytes are, 

thereby, considered as a hallmark of neurodegenerative diseases since these cells release a wide array of 

pro-and anti-inflammatory cytokines, free radicals, antioxidants, and neurotrophic factors during 

pathological conditions [47]. Among several signal factors released by activated astrocytes, the expression 

of glial fibrillary acidic proteins (GFAP) is regarded as one of the most accurate parameters to monitor 

time-dependence, intensity, and, as properly applied here, altered redox conditions in brain sections [48]. 

Interestingly, the increased expression of GFAP here suggest that astrocytes were significantly activated 

in the motor cortex and corpus callosum of Wistar rats treated with KO for 45 days (Figure 6), despite 

no clear variation being observed in cytokines or antioxidant levels in the same brain regions (Table 1). 

Mild oxidative conditions that were not properly quantified by thiol-dependent indexes (reduced/oxidized 

GSH ratio; Table 1) might have provoked activation of astrocytes in the motor cortex of KO-fed animals, 

although a clear scenario of neuro-inflammation was not evidenced either. Once again, it is worth 

mentioning that no robust oxidative challenge was actually imposed to rat brains and, therefore, slight 

variations on redox balances would be only clearly detected depending on the sensibility of the analytical 

method applied. We presume the GSH/GSSG ratio, in this case, was not sensitive enough for a proper 

characterization of the mild oxidative condition imposed by long-term supplementation with KO in the  

motor cortex. 

An increasingly relevant “neuro-hormesis” concept states that many health-promoting nutraceuticals 

actually exert mild pro-oxidant conditions in specific tissues or cells, which is then positively 

counteracted by induced antioxidant responses [49,50]. Then, the induced antioxidant increment—normally 

obtained through the Nrf2-Keap2-AREs pathway—would rebalance redox statuses in all exposed tissues 

and, as a multi component effect in the whole organism, it would chronically bring a general healthy 

condition for humans taking that nutraceutical [51]. Intracellular redox statuses have been claimed as 

limiting indexes to determine cellular fates: from a reductive environment through normal, mild or 

harmful oxidative conditions, a proper cell (if provided with sufficient cellular apparatuses for that) 

would enter into proliferation/differentiation, sustain its steady-state condition (G0), trigger apoptotic 

mechanisms or, finally, succumb to necrosis processes [52]. The redox boundaries that limit each cellular 

stage obviously depend on cell type. Less “flexible” cells, like neurons and glial cells probably have a 
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narrower redox range determining the steady-state condition. Neurons notoriously have lower 

proliferation capacity, limited conditions to enter through apoptosis, and are also highly susceptible to 

oxidation, compared to hepatocytes or myocytes, for example. Therefore, even slight redox changes 

could drastically alter neuron functions and determine morphological and/or cellular modifications. 

Current knowledge also suggests that synapse turnover (renowned as synaptic plasticity) is modulated, 

at least in part, by the redox balance at the synaptic site, involving both ROS/RNS and neuroprotective 

antioxidants [53,54]. Neuroscientists are now shedding light on initial molecular events, especially those 

related to neuronal reticulum and mitochondrial Ca2+-biochemistry, neuronal redox balances, and 

synaptic plasticity at the early stages of neurodegenerative diseases [55]. 

4. Experimental Section 

4.1. Chemicals 

All purified chemicals were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO, USA), 

except common laboratory solutions and buffers, which were obtained from Labsynth (Diadema, Brazil). 

4.2. Natural Sources of (n-3)/PUFAs and Astaxanthin 

Fish oil capsules were purchased as Corabion HC 550 supplements (Merck, Relthy Laboratórios Ltda, 

Indaiatuba, Brazil). We used the nutritional information provided by the manufacturers to plan animal 

supplementation. All details about the nutrient composition in the raw material are presented in a 

separated section (Supplementary Materials). 

Natural ASTA supplements (AstaREAL A1010) were obtained as a donation from the Swedish 

company BioReal AB (Gustavsberg, Sweden), a subsidiary of BioReal Inc. (Hawaii, HI, USA) and part 

of the pharmaceutical Group Fuji Chemical Industry Co. (Toyama, Japan). We extracted ASTA from 

AstaREAL biomass in acetone in order to quantify the carotenoid content in the provided material 

(absorbance at 473 nm versus a standard curve). We determined ASTA content as (4.1 ± 1.7) mg 

ASTA/100 mg AstaREAL biomass, similar to the results reported by BioREAL AB [56,57]. An ASTA 

stock solution of 20 mg AstaREAL/mL (0.82 mg ASTA/mL, based on our calculations) was prepared in 

10% Tween-80 aqueous solution (v/v) by previously grinding AstaREAL biomass in a mortar and 

dissolving it by mixing manually, with the help of an ultrasound bath, when necessary. 

Krill oil was purchased from Mega Red® Extra Strength 500 (Schiff Vitamins, Parsippany, NJ, USA). 

No information was provided by manufacturers about the ASTA content in Mega Red softgels. 

Repeating the same procedures used here before (quantifying ASTA in AstaREAL biomass), we 

measured 0.092 mg ASTA/g krill oil, which was applied in our supplement calculations [58,59]. 

4.3. Animals and Supplementation Protocols 

Adult Wistar male rats (n = 36), weighing approximately 150 g at the beginning of the study were 

provided by the Department of Psychobiology, Federal University of São Paulo (UNIFESP),  

Sao Paulo, Brazil. All animal were housed in Plexiglas cage (4 rats/cage) under standard laboratory 

conditions: 12 h light/dark cycle; lights on at 7:00 a.m.; (22 ± 1) °C; and ad libitum access to water and 

Purina rat chow. The Ethics Committee for experimental animals from Cruzeiro do Sul University 
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approved all the experimental protocols described here (CE/UCS-194/2011). All experimental procedures 

were in accordance with the Guide for the Care and Use of Laboratory Animals (1996, published by 

National Academy Press, 2101 Constitution Ave. NW, Washington, DC 20055, USA). The animals were 

treated with ASTA, FO, and KO by gavage, 5 days a week, for 45 days. Since different (n-3)/PUFA and 

ASTA compositions are present in FO, ASTAReal, and KO, we decided to normalize the supplementations 

based on the EPA content: 10 mg EPA/kg BW in animals, following the worldwide recommendations 

for EPA + DHA daily uptake of 1000 mg EPA + DHA/day (accounting for 14.3 mg EPA + DHA/kg/day 

in an adult male with 70 kg). Based on that, our FO and FO + ASTA protocols provide 17 mg  

EPA + DHA/kg/day in experimental animals, and KO supplementation furnishes exactly 14.3  

EPA + DHA/kg/day. Single ASTA supplementation was fixed for 1 mg ASTA/kg BW, based on our 

previous positive results. Natural FO, ASTAReal, and KO products were diluted in 10% Tween-80 

aqueous solution (v/v) to prepare concentrated stock solutions that allow low gavage volumes to feed 

animals. A maximum volume of 500 μL was established for the gavage treatment in order to avoid 

regurgitation or stomach discomfort of the animals. Depending on the animal weights (determined 

weekly), proper volumes of stock solutions were administered to the animals, to reach, based on 

manufacturer information and our ASTA determinations, the following contents: 

(i) CONTROL: 0 mg EPA/kg BW + 0 mg DHA/kg BW + 0 mg ASTA/kg BW; 

(ii) FO: 10 mg EPA/kg BW + 7 mg DHA/kg BW + 0 mg ASTA/kg BW; 

(iii) ASTA: 0 mg EPA/kg BW + 0 mg DHA/kg BW + 1 mg ASTA/kg BW; 

(iv) FO + ASTA: 10 mg EPA/kg BW + 7 mg DHA/kg BW + 1 mg ASTA/kg BW; 

(v) KO: 10 mg EPA/kg BW + 4.7 mg DHA/kg BW + 0.0072 mg ASTA/kg BW. 

Although additional antioxidants as ascorbate, tocopherols and other carotenoids are present in 

natural products, their contribution in the total antioxidant capacity of gavage solutions is minor if 

compared to the prevalent ASTA or (n-3)/PUFA components. In addition, we also discarded a significant 

contribution of (n-3)/PUFAs (or antioxidants) from rat chow. 

4.4. Cerebellar Homogenates 

Rat brains were quickly removed after decapitation and washed briefly in 0.1 M phosphate buffer, 

pH 7.4. Cerebellum was carefully excised and ground in a Potter apparatus with 2.5 mL of 0.1 M 

phosphate buffer, pH 7.4, under ice-water bath for 3 min. Debris was removed from homogenates by 

centrifugation at 2.5× g for 10 min (4 °C) and fresh (clear) homogenates were kept in ice-water bath for 

immediate enzyme determinations, or stocked in freezer −80 °C for further biochemical analyses. 

4.4.1. Iron Content 

Total iron in brain tissues was estimated by the formation of a Fe2+: bipyridyl complex after 

incubation for 2 h at 37 °C in the presence of ascorbic acid (20 mg/mL) and pepsin (10 mg/mL) [60]. 

4.4.2. Trolox-Equivalent and Ferric-Reducing Antioxidant Capacities 

The antioxidant activity in cerebellar homogenates was measured by Trolox-equivalent antioxidant 

capacity assay (TEAC) and ferric-reducing activity (FRAP). The TEAC assay quantifies the decomposition 
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rate of the aqueous-formed radical 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonate), ABTS•−, by 

spectrophotometry at 734 nm, in the presence of biological samples using Trolox, a water-soluble 

derivative of α-tocopherol, as standard [61]. The FRAP assay measures rates of ferric ion reduction  

(by chelation of formed ferrous ions with 2,3-bis(2-pyridyl)-pyrazine) catalyzed by antioxidants in 

samples, and detected by absorbance kinetics at 593 nm, for 4 min, in a 96-well microplate reader 

(SpectraMax M5; Molecular Devices, Sunnyvale, CA, USA) [62,63]. 

4.4.3. Antioxidant Enzyme Activities 

Enzyme activities of superoxide dismutase (total and mitochondrial MnSOD), catalase (CAT), 

glutathione peroxidase (GPX), and glutathione reductase (GR) activities were determined in cerebellar 

samples by spectrophotometry techniques adapted for the microplate reader SpectraMax M5, Molecular 

Devices (Silicon Valley, CA, USA). Briefly, SOD activity was measured at 540 nm by monitoring the 

linear first-order reduction of O2
•− radicals by nitroblue tetrazolium (NBT) for 3 min [64]. The activity 

of the mitochondrial isoform MnSOD was determined by inhibiting cytosolic/extracellular CuZnSOD 

with 3 mM KCN in the reaction system. Absorbance decay at 240 nm corresponded to H2O2 consumption 

by CAT activity present in biological samples [65]. The oxidation of β-NADPH was monitored by 

absorbance at 340 nm (ε = 6.2 × 103 M−1·cm−1) in order to measure enzyme activities of GPX and  

GR [66,67]. Protein determinations followed the analytical protocol described by Bradford (1976), using 

bovine serum albumin (BSA) as a standard [68]. 

4.4.4. Indexes of Lipid and Protein Oxidation 

Protein fractions were isolated from homogenates by precipitation in 10% trichloroacetic acid in  

an ice-water bath. After washing once with 0.30 M HClO4, 5 mM EDTA and 0.06% 2,2′-bipyridine 

(w/v) solution, and twice with an organic mixture (1:1 ethyl acetate: ethanol; v/v), the protein pellet was 

dried in vacuum and then subsequently dissolved in 6.0 M guanidine.HCl. Protein sulfhydryl  

groups(–SH) were detected at 412 nm by the formation of yellowish derivatives with 4 mM  

5,5′-dithio-bis(2-nitrobenzoic acid) and quantified using purified glutathione (GSH) as a standard [69]. 

Unspecific adduct formation was discarded by preliminary sulfhydryl-blockage with 10 mM  

N-ethylmaleimide solution (blank). The extension of lipid peroxidation in cerebellum was evaluated by 

the thiobarbituric acid reactive substances assay (TBARS). Progressive lipid oxidation in crude 

homogenates was blocked by adding 20 μL of 4% butylated hydroxytoluene-ethanolic solution. Pinkish 

TBARS adducts were measured at 535 nm after reaction with 0.25% thiobarbituric acid in  

0.25 M HCl and 1% Triton X-100, at 100 °C, for 15 min (blanks lack thiobarbituric acid). Malondialdehyde 

prepared by acid hydrolysis of 1,1′,2,2′-tetraethoxypropane (TEP) was used as a standard [70]. 

4.5. Motor Cortex and Corpus Callosum 

4.5.1. Cytokines Determination 

Cytokine concentrations were measured in the motor cortex (molecular and granular layers) of  

KO-fed Wistar rats in order to monitor the baseline inflammatory scenario upon supplementation  

(n = 3 for both control and KO-fed animals). Levels of tumor necrosis factor-alpha (TNFα), interleukin-6 
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and 1-beta (IL-6 and IL-1β, respectively), vascular endothelial growth factor (VEGF, stimulus for 

monocyte/macrophage migration), macrophage inflammation protein (MIP1α), cytokine-induced 

neutrophil chemoattractant-1 (CINC-1, a chemokine that activates neutrophil infiltration), and L-selectin 

(L-SEL, an adhesion/homing receptor involved in lymphocyte-endothelial cell interactions) were 

determined by ELISA, according to the manufacturer’s instructions (DuoSet Kit: Quantikine, R&D 

System, Minneapolis, MN, USA). The linearity of ELISA methods of all parameters was within the  

(25–600 pg/mL) range, except for TNF-α (6–1000 pg/mL) and IL-1β (5–250 pg/mL), which include the 

range of sample determinations. All correlation coefficients of standard curves were in the range of 0.95 

to 0.99, whereas intra-assay coefficients of variance were 3%–5%, and inter-assay coefficients of 

variance were 8%–10%. 

4.5.2. Immunohistochemistry 

The expression of the astrocyte marker, glial fibrillary acidic protein (GFAP), was analyzed using 

immunohistochemical staining in the motor cortex (molecular and granular layers) of control and  

KO-fed rats (n =3, each group). The rats were anaesthetized and submitted to intracardiac perfusion with 

buffered 10% formaldehyde solution. Their brains were then removed and kept for 3 days in the same 

fixing solution. Coronal sections from the motor cortex were mounted on silanized slides and submitted 

to GFAP immunostaining using the avidin-biotin peroxidase complex (ABC) method. Briefly, the 

sections were deparaffinized in xylene and rehydrated in a crescent graded series of ethanol solutions. 

Antigen retrieval was done by transferring the slides to 10 mM sodium citrate buffer (pH 6.0) at 95 °C 

for 20 min. Endogenous peroxidase was blocked by 3% hydrogen peroxide for 10 min at room 

temperature. Two washes with Tris/HCl buffer pH 6.0 (Wash buffer 10×, S3006, Dako, Glostrup, 

Danmark) were done between incubations. Polyclonal rabbit anti-GFAP immunoglobulin (Z0334, Dako, 

Glostrup, Danmark), at a dilution of 1:1000, was used as primary antibody, for 16 hour at 4 °C, followed 

by the application of biotinylated secondary antibody (Dako Universal LSABTM 2 System—HRP, 

K0690, Glostrup, Danmark), according to the manufacturer’s instructions. Immunoreactivity was 

visualized by incubating the sections in a solution containing 0.1% diaminobenzidine (DAB, K3467, 

Dako, Glostrup, Danmark). Sections were then counterstained by Harris’ modified hematoxylin solution, 

dehydrated and mounted in Entellan (Merck, Darmstadt, Germany). Astrocytic evaluation was done in 

the molecular and granular layers of the motor cortex and in the corpus calllosum of animals from both 

groups using a computerized image analysis system (Image-Pro-Plus 4.5, Media Cybernetics, Silver 

Spring, MD, USA), measuring by colorimetry the area stained brown in a total area of 302,952.5 µm2. 

Negative controls for immunostaining (sections lacking primary antibody application) were done. Data 

were analyzed by t test and statistical significance was set at p < 0.05. 

4.6. Statistical Analysis 

All data are presented as the mean values of, at least, triplicates with their standard deviation  

(MEAN ± SD). Except for assays in immunohistochemistry assays (n = 3), all biochemical assays were 

conducted with 6 or more animals per group (n ≥ 6), and data were analyzed as two independent means 

by the one-tailed t-Student’s test followed by Tukey’s post-test (available at Social Science Statistics 

home page, www.socscistatistics.com). 
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5. Conclusions 

Minor redox variations were observed in the cerebellum of Wistar rats supplemented for 45 days with 

fish oil (FO), ASTA-rich algal biomass (A), fish oil + algal biomass (FO + A), or krill oil (KO). 

Significant changes in redox metabolism were only observed upon ASTA supplementation, which 

reinforces the antioxidant properties of this marine carotenoid and putatively suggests its  

mitochondrial-centered action in mammal neurons. Compared to previous studies from our group, the 

cerebellum, brain segment strongly associated with neuro-motor control, is less prone to harmful 

oxidation processes than other cathecolaminergic-rich regions, although we still do not know to what 

extent. Krill oil, supposedly an alternative source of essential (n-3)/PUFAs and ASTA, imposed mild 

astrocyte activation in motor cortex and corpus callosum of Wistar rats, although no redox or 

inflammatory index was significantly altered with long-term KO oil supplementation. 

Up to now, there is no experimental evidence that FO, ASTA-rich algal biomass, the combination of 

them, or krill oil supplementation drastically alter the baseline redox or neuro-inflammatory conditions 

within neuromotor-associated brain regions in animal models. 

Acknowledgments 

The authors are indebted to the Brazilian funding agencies Fundação de Amparo à Pesquisa do Estado 

de São Paulo (FAPESP 2009/12342-8), Conselho Nacional de Desenvolvimento Científico e 

Tecnológico (Bolsa Produtividade em Pesquisa, Nível 2, #307474/2012-7, CNPq, Brazil), and the 

Programa de Suporte à Pós-Graduação de Instituições de Ensino Particulares (PROSUP/CAPES).  

The authors, Tatiana G. Polotow, Cristina V. Vardaris, and Marcelo P. Barros are members of the 

IBERCAROT network, funded by CYTED (ref. 112RT0445, Spain, EU). Marcelo Paes de Barros is also 

indebted to Åke Lignell, CEO and Marketing Director of AstaReal AB (Gustavsberg, Sweden) for 

donating astaxanthin-rich algal biomass for animal supplementation in our study. 

Author Contributions 

All the authors contributed sufficiently for their participation in the study, as justified below:  

Marcelo P. Barros (the corresponding author) leads the research group and was responsible for financial 

resources and funds for the project, supervision of the research activities, draft corrections, and 

submission of the manuscript. Tatiana G. Polotow performed >60% of the biochemical analyses, and 

prepared the first version of the MS, which, thus, afford her the 1st authorship of this paper.  

Cristina V. Vardaris and Maisa Guariroba were involved in FO, ASTA, and KO supplementation, many 

redox determinations and helped Maria de Fatima Martins and Eduardo F. Bondan during brain preparation 

for the immunohistochemistry assays. Douglas Ganini and Sandra C. Poppe performed antioxidant 

enzyme analyses, lipid/protein oxidation, and GSH/GSSG determinations. Elaine Hatanaka provided the 

ELISA kits and supervised the cytokine determinations (performed by MSc Tatiana G. Polotow). Finally, 

Rita Mattei and Eduardo F. Bondan were involved in the experimental design and provided significant 

scientific suggestions and draft corrections before submission. 
  



Mar. Drugs 2015, 13 6133 

 

 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Fatokun, A.A.; Stone, T.W.; Smith, R.A. Oxidative stress in neurodegeneration and available means 

of protection (Review). Front. Biosci. 2008, 13, 3288–3311. 

2. Choi, B.H. Oxygen, antioxidants and brain dysfunction. Yonsei Med. J. 1993, 34, 1–10. 

3. Halliwell, B. Oxidative stress and neurodegeneration: Where are we now? J. Neurochem. 2006, 97, 

1634–1658. 

4. Butterfield, D.A.; Langue, M.L.B.; Sultana, R. Involvements of the lipid peroxidation production, 

HNE, in the pathogenesis and progression of Alzheimer’s disease. Biochim. Biophys. Acta 2010, 

180, 924–929. 

5. Whitton, P.S. Inflammation as a causative factor in the aethiology of Parkinson’s disease.  

Br. J. Pharmacol. 2007, 150, 963–976. 

6. Qian, L.; Flood, P.M.; Hong, J.-S. Neuroinflammation is a key player in Parkinson’s disease and a 

prime target for therapy. J. Neural Transm. 2010, 117, 971–979. 

7. Fonnum, F.; Lock E.A. Cerebellum as a target for toxic substances. Toxicol. Lett. 2000, 112–113, 

9–16. 

8. Jolitha, A.B.; Subramanyam, M.V.; Asha Devi, S. Modification by vitamin E and exercise of 

oxidative stress in regions of aging rat brain: Studies on superoxide dismutase isoenzymes and 

protein oxidation status. Exp. Gerontol. 2006, 41, 753–763. 

9. Mecocci, P.; MacGarvey, U.; Kaufman, A.E.; Koontz, D.; Shoffner, J.M.; Wallace, D.C.; Beal, M.F. 

Oxidative damage to mitochondrial DNA shows marked age-dependent increases in human brain. 

Ann. Neurol. 1993, 34, 609–616. 

10. Wyatt, I.; Gyte, A.J.; Mainwaring, G.; Widdowson, P.S.; Lock, E.A. Glutathione depletion in the 

liver and brain produced by 2-chloropropionic acid: Relevance to cerebellar granule cell necrosis. 

Arch. Toxicol. 1996, 70, 380–389. 

11. Sarafian, T.; Verity, M.A. Oxidative mechanisms underlying methyl mercury neurotoxicity. Int. J. 

Dev. Neurosci. 1991, 9, 147–153. 

12. Woods, E.A.; Hernandez, A.E.; Wagner, V.E.; Beilock, S.L. Expert athletes activate somatosensory 

and motor planning regions of the brain when passively listening to familiar sports sounds.  

Brain Cognit. 2014, 87, 122–133. 

13. Toldy, A.; Stadler, K.; Sasvári, M.; Jakus, J.; Jung, K.J.; Chung, H.Y.; Berkes, I.; Nyakas, C.; 

Radák, Z. The effect of exercise and nettle supplementation on oxidative stress markers in the rat 

brain. Brain Res. Bull. 2005, 65, 487–493. 

14. Cui, L.; Hofer, T.; Rani, A.; Leeuwenburgh, C.; Foster, T.C. Comparison of lifelong and late life 

exercise on oxidative stress in the cerebellum. Neurobiol. Aging 2009, 30, 903–909. 

15. Barros, M.P.; Poppe, S.C.; Bondan, E.F. Neuroprotective properties of the marine carotenoid 

astaxanthin and omega-3 fatty acids, and perspectives for the natural combination of both in krill oil. 

Nutrients 2014, 6, 1293–1317. 



Mar. Drugs 2015, 13 6134 

 

 

16. Weintraub, H. Update on marine omega-3 fatty acids: Management of dyslipidemia and current 

omega-3 treatment options. Atherosclerosis 2013, 230, 381–389. 

17. Mattei, R.; Polotow, T.G.; Vardaris, C.V.; Guerra, B.A.; Leite, J.R.; Otton, R.; Barros, M.P. 

Astaxanthin limits fish oil-related oxidative insult in the anterior forebrain of Wistar rats: Putative 

anxiolytic effects? Pharmacol. Biochem. Behav. 2011, 99, 349–355. 

18. Serini, S.; Fasano, E.; Piccioni, E.; Cittadini, A.R.; Calviello, G. Dietary n-3 polyunsaturated fatty 

acids and the paradox of their health benefits and potential harmful effects. Chem. Res. Toxicol. 

2011, 24, 2093–2105. 

19. Schmitz, G.; Ecker, J. The opposing effects of n-3 and n-6 fatty acids. Prog. Lipid Res. 2008, 47, 

144–155. 

20. Barros, M.P.; Pinto, E.; Colepicolo, P.; Pedersén, M. Astaxanthin and peridinin inhibit oxidative 

damage in Fe2+-loaded liposomes: Scavenging oxyradicals or changing membrane permeability? 

Biochem. Biophys. Res. Commun. 2001, 288, 225–232. 

21. Otton, R.; Marin, D.P.; Bolin, A.P.; Santos, R.C.; Polotow, T.G.; Sampaio, S.C.; Barros, M.P. 

Astaxanthin ameliorates the redox imbalance in lymphocytes of experimental diabetic rats.  

Chem. Biol. Interact. 2010, 186, 306–315. 

22. Bolin, A.P.; Macedo, R.C.; Marin, D.P.; Barros, M.P.; Otton, R. Astaxanthin prevents in vitro  

auto-oxidative injury in human lymphocytes. Cell Biol. Toxicol. 2010, 26, 457–467. 

23. Guerin, M.; Huntley, M.E.; Olaizola, M. Haematococcus astaxanthin: Applications for human 

health and nutrition. Trends Biotechnol. 2003, 21, 210–216. 

24. Barros, M.P.; Poppe, S.C.; Souza-Junior, T.P. Putative benefits of micro alga astaxanthin on 

exercise and human health. Braz. J. Pharmacogn. 2011, 21, 283–289. 

25. Ramprasath, V.R.; Eyal, I.; Zchut, S.; Jones, P.J.H. Enhanced increase of omega-3 index in healthy 

individuals with response to 4-week n-3 fatty acid supplementation from krill oil versus fish oil. 

Lipid Health Dis. 2013, 12, doi:10.1186/1476-511X-12-178. 

26. Tou, J.C.; Jaczynski, J.; Chen, Y.C. Krill for human consumption: Nutritional value and potential 

health benefits. Nutr. Rev. 2007, 65, 63–77. 

27. Wijendran, V.; Huang, M.C.; Diau, G.Y.; Boehm, G.; Nathanielsz, P.W.; Brenna, J.T. Efficacy of 

dietary arachidonic acid provided as triglyceride or phospholipid as substrates for brain arachidonic 

acid accretion in baboon neonates. Pediatr. Res. 2002, 51, 265–272. 

28. Kidd, P.M. Omega-3 DHA and EPA for cognition, behavior, and mood: Clinical findings and 

structural-functional synergies with cell membrane phospholipids. Altern. Med. Rev. 2007, 12,  

207–227. 

29. Bunea, R.; El Farrah, K.; Deutsch, L. Evaluation of the effects of neptune krill oil on the clinical 

course of hyperlipidemia. Altern. Med. Rev. 2004, 9, 420–428. 

30. Batetta, B.; Griinari, M.; Carta, G.; Murru, E.; Ligresti, A.; Cordeddu, L.; Giordano, E.; Sanna, F.; 

Bisogno, T.; Uda, S.; et al. Endocannabinoids may mediate the ability of (n-3) fatty acids to reduce 

ectopic fat and inflammatory mediators in obese Zucker rats. J. Nutr. 2009, 139, 1495–1501. 

31. Ulven, S.M.; Kirkhus, B.; Lamglait, A.; Basu, S.; Elind, E.; Haider, T.; Berge, K.; Vik, H.;  

Pedersen, J.I. Metabolic effects of krill oil are essentially similar to those of fish oil but at lower 

dose of EPA and DHA, in healthy volunteers. Lipids 2011, 46, 37–46. 



Mar. Drugs 2015, 13 6135 

 

 

32. Pinton, S.; Brüning, C.A.; Sartori-Oliveira, C.E.; Prigol, M.; Nogueira, C.W. Therapeutic effect of 

organo-selenium dietary supplementation in a sporadic dementia of Alzheimer’s type model in rats. 

J. Nutr. Biochem. 2013, 24, 311–317. 

33. Santiago, R.M.; Tonin, F.S.; Barbiero, J.; Zaminelli, T.; Boschen, S.L.; Andreatini, R.; Da Cunha, C.; 

Lima, M.M.S.; Vital, M.A.B.F. The nonsteroidal antiinflammatory drug piroxicam reverses the 

onset of depressive-like behavior in 6-OHDA animal model of Parkinson’s disease. Neuroscience 

2015, 300, 246–253. 

34. Vays, V.B.; Eldarov, C.M.; Vangely, I.M.; Kolosova, N.G.; Bakeeva, L.E.; Skulachev, V.P. 

Antioxidant SkQ1 delays sarcopenia-associated damage of mitochondrial ultrastructure. Aging 

2014, 6, 140–148. 

35. Navarro, A.; Boveris, A. Brain mitochondrial dysfunction in aging, neurodegeneration, and 

Parkinson’s disease. Front. Aging Neurosci. 2010, 2, doi:10.3389/fnagi.2010.00034. 

36. Liu, X.; Osawa, T. Astaxanthin protects neuronal cells against oxidative damage and is a potent 

candidate for brain food. Forum Nutr. 2009, 61, 129–135. 

37. Choi, H.D.; Kang, H.E.; Yang, S.H.; Lee, M.G.; Shin, W.G. Pharmacokinetics and first-pass 

metabolism of astaxanthin in rats. Br. J. Nutr. 2011, 105, 220–227. 

38. Lee, D.H.; Kim, C.S.; Lee, Y.J. Astaxanthin protects against MPTP/MPP+-induced mitochondrial 

dysfunction and ROS production in vivo and in vitro. Food Chem. Toxicol. 2011, 49, 271–280. 

39. Aoi, W.; Naito, Y.; Takanami, Y.; Ishii, T.; Kawai, Y.; Akagiri, S.; Kato, Y.; Osawa, T.; Yoshikawa, T. 

Astaxanthin improves muscle lipid metabolism in exercise via inhibitory effect of oxidative CPT I 

modification. Biochem. Biophys. Res. Commun. 2008, 366, 892–897. 

40. Liu, X.; Shibata, T.; Hisaka, S.; Osawa, T. Astaxanthin inhibits reactive oxygen species-mediated 

cellular toxicity in dopaminergic SH-SY5Y cells via mitochondria-targeted protective mechanism. 

Brain Res. 2009, 1254, 18–27. 

41. Park, J.S.; Mathison, B.D.; Hayek, M.G.; Zhang, J.; Reinhart, G.A.; Chew, B.P. Astaxanthin 

modulates age-associated mitochondrial dysfunction in healthy dogs. J. Anim. Sci. 2013, 91, 268–275. 

42. Glowinski, J.; Iversen, L.L. Regional studies of catecholamines in the rat brain. I. The disposition 

of 3H-norepinephrine 3H-dopamine and 3H-DOPA in various regions of the brain. J. Neurochem. 

1966, 13, 655–670. 

43. Swarnkar, S.; Tyagi, E.; Agrawal, R.; Singh, M.P.; Nath, C. A comparative study on oxidative stress 

induced by LPS and rotenone in homogenates of rat brain regions. Environ. Toxicol. Pharmacol. 

2009, 27, 219–224. 

44. Goswami, P.; Gupta, S.; Joshi, N.; Sharma, S.; Singh, S. Astrocyte activation and neurotoxicity:  

A study in different rat brain regions and in rat C6 astroglial cells. Environ. Toxicol. Pharmacol. 

2015, 40, 122–139. 

45. Kitamura, Y.; Inden, M.; Miyamura, A.; Kakimura, J.; Taniguchi, T.; Shimohama, S. Possible 

involvement of both mitochondria- and endoplasmic reticulum-dependent caspase pathways in 

rotenone-induced apoptosis in human neuroblastoma SH-SY5Y cells. Neurosci. Lett. 2002, 333, 

25–28. 

46. Wang, X.J.; Xu, J.X. Possible involvement of Ca2+ signaling in rotenone-induced apoptosis in 

human neuroblastoma SH-SY5Y cells. Neurosci. Lett. 2005, 376, 127–132. 



Mar. Drugs 2015, 13 6136 

 

 

47. Hol, E.M.; Pekny, M. Glial fibrillary acidic protein (GFAP) and the astrocyte intermediate filament 

system in diseases of the central nervous system. Curr. Opin. Cell Biol. 2015, 32, 121–130. 

48. Takuma, K.; Baba, A.; Matsuda, T. Astrocyte apoptosis: Implications for neuroprotection.  

Prog. Neurobiol. 2004, 72, 111–127. 

49. Halliwell, B. How do nutritional antioxidants really work: Nucleophilic tone and para-hormesis 

versus free radical scavenging in vivo. Free Radic. Biol. Med. 2014, 66, 24–35. 

50. Forman, H.J.; Davies, K.J.A.; Ursini, F.; Mattson, M.P.; Cheng, A. Neurohormetic phytochemicals: 

Low-dose toxins that induce adaptive neuronal stress responses. Trends Neurosci. 2006, 29, 632–639. 

51. De Vries, H.E.; Witte, M.; Hondius, D.; Rozemuller, A.J.M.; Drukarch, B.; Hoozemans, J.;  

van Horssen, J. Nrf2-induced antioxidant protection: A promising target to counteract  

ROS-mediated damage in neurodegenerative disease? Free Radic. Biol. Med. 2008, 45, 1375–1383. 

52. Schafer, F.Q.; Buettner, G.R. Redox environment of the cell as viewed through the redox state of 

the glutathione disulfide/glutathione couple. Free Radic. Biol. Med. 2001, 30, 1191–1212. 

53. Smythies, J. Redox aspects of signaling by catecholamines and their metabolites.  

Antioxid. Redox Signal. 2000, 2, 575–583. 

54. Paula-Lima, A.C.; Adasme, T.; Hidalgo, C. Contribution of Ca2+ release channels to hippocampal 

synaptic plasticity and spatial memory: Potential redox modulation. Antioxid. Redox Signal. 2014, 

21, 892–914. 

55. Tadic, V.; Prell, T.; Lautenschlaeger, J.; Grosskreutz, J. The ER mitochondria calcium cycle and 

ER stress response as therapeutic targets in amyotrophic lateral sclerosis. Front. Cell. Neurosci. 2014, 

8, doi:10.3389/fncel.2014.00147. 

56. Kobayashi, M.; Kurimura, Y.; Sakamoto, Y.; Tsuji, Y. Selective extraction of astaxanthin and 

chlorophyll from the green alga Haematococcus pluvialis. Biotechnol. Tech. 1997, 11, 657–660. 

57. Stewart, J.S.; Lignell, A.; Pettersson, A.; Elfving, E.; Soni, M.G. Safety assessment of astaxanthin-rich 

microalgae biomass: Acute and subchronic toxicity studies in rats. Food Chem. Toxicol. 2008, 46, 

3030–3036. 

58. Yamaguchi, K.; Miki, W.; Toriu, W.; Kondo, Y.; Murakami, M.; Konosu, S.; Satake, M.; Fujta, T. The 

composition of carotenoid pigments in the Antarctic krill Euphausia superba. Nippon Suisan Gakkaishi 

1983, 49, 1411–1415. 

59. Gigliotti, J.C.; Davenport, M.P.; Beamer, S.K.; Tou, J.C.; Jaczynski, J. Extraction and characterisation 

of lipids from Antarctic krill (Euphausia superba). Food Chem. 2011, 125, 1028–1036. 

60. Bralet, J.; Schreiber, L.; Bouvier, C. Effects of acidosis and anoxia on iron delocalization from brain 

homogenates. Biochem. Pharmacol. 1992, 43, 979–983. 

61. Van den Berg, R.; Haenen, G.R.M.M.; van den Berg, H.; Bast, A. Applicability of an improved 

Trolox equivalent antioxidant capacity (TEAC) assay for evaluation of antioxidant capacity 

measurements of mixtures. Food Chem. 1999, 66, 511–517. 

62. Benzie, I.F.F.; Strain, J.J. The Ferric Reducing Ability of Plasma (FRAP) as a measure of 

“Antioxidant Power”: The FRAP Assay. Anal. Biochem. 1996, 239, 70–76. 

63. Brewer, K.J.; Murphy, J.W.R.; Petersen, J.D. Synthesis and characterization of monometallic and 

bimetallic mixed-ligand complexes of iron(II) containing 2,2′-bipyrimidine or 2,3-bis(2-pyridyl)pyrazine. 

Inorg. Chem. 1987, 26, 3376–3379. 



Mar. Drugs 2015, 13 6137 

 

 

64. Ewing, J.F.; Janero, D.R. Microplate superoxide dismutase assay employing a nonenzymatic 

superoxide generator. Anal. Biochem. 1995, 232, 243–248. 

65. Aebi, H. Catalase in vitro. Methods Enzymol. 1984, 105, 121–126. 

66. Mannervik, B. Glutathione peroxidase. Methods Enzymol. 1985, 113, 490–495. 

67. Carlberg, I.; Mannervik, B. Glutathione reductase. Methods Enzymol. 1985, 113, 484–490. 

68. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein 

utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. 

69. Murphy, M.E.; Kehrer, J.P. Oxidation state of tissue thiol groups and content of protein carbonyl 

groups in chickens with inherited muscular dystrophy. Biochem. J. 1989, 260, 359–364. 

70. Fraga, C.G.; Leibovitz, B.E.; Tappel, A.L. Lipid peroxidation measured as thiobarbituric acid-reactive 

substances in tissue slices: Characterization and comparison with homogenates and microsomes. 

Free Radic. Biol. Med. 1988, 4, 155–161. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


