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Abstract

Background: Oxidative stress, reflected by elevated malondialdehyde (MDA) levels, is a key mediator of brain aging
and neurodegeneration. Spirulina platensis, rich in phycocyanin and other antioxidants, is hypothesized to reduce lipid
peroxidation and attenuate brain oxidative stress.

Objective: To investigate the age-dependent effects of Spirulina platensis ethanol extract supplementation on brain
MDA levels in young adult male Wistar rats aged 12, 18, and 24 weeks.

Methods: Thirty male Wistar rats were divided into six groups (n=5 per group): three control groups receiving distilled
water and three treatment groups receiving 200 mg/kgBW of Spirulina platensis ethanol extract by oral gavage for 29
days, starting at 8, 14, and 20 weeks of age, respectively, and sacrificed at 12, 18, and 24 weeks. Brain tissue MDA levels
were measured using the Wills method (thiobarbituric acid assay) with UV-Vis spectrophotometry at 530 nm. Data were
analyzed using one-way ANOVA followed by post-hoc Tukey test, with significance set at p<0.05.

Results: In control groups, brain MDA levels showed a declining trend with age: 1.702+0.185, 1.286+0.272, and
1.108+0.306 nmol/mL at 12, 18, and 24 weeks, respectively, with a significant difference between 12-week and 24-
week groups (p=0.037). In Spirulina-treated groups, MDA levels were 1.835+0.361, 0.992+0.286, and 1.214+0.311
nmol/mL at 12, 18, and 24 weeks, respectively. No statistically significant differences were observed between Spirulina-
treated and control groups at any corresponding age (p=0.978, p=0.610, and p=0.992 at 12, 18, and 24 weeks,
respectively).

Conclusion: Spirulina platensis ethanol extract at 200 mg/kgBW does not significantly reduce brain MDA levels in young
adult Wistar rats across all age groups. Brain MDA levels tend to decrease with age in young adult rats, independent of
Spirulina supplementation.
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1. Introduction

The aging process is defined as the gradual accumulation of biological changes over time, resulting in progressive
deterioration of physiological function and heightened vulnerability to disease [1]. At the molecular level, aging involves
DNA instability, telomere shortening, mitochondrial dysfunction, and the accumulation of oxidatively damaged
macromolecules [2,3]. Among the biochemical mechanisms underlying aging, oxidative stress — arising from an
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imbalance between reactive oxygen species (ROS) production and antioxidant defense capacity — plays a central role
in both the aging process itself and the pathogenesis of age-related diseases [3,4].

The brain is uniquely vulnerable to oxidative stress owing to its high metabolic rate, abundant polyunsaturated fatty
acid (PUFA) content, and comparatively limited antioxidant defenses [5]. Oxidative damage in the brain disrupts cellular
signaling pathways, impairs neurotransmitter function, and promotes the aggregation of toxic protein species, thereby
increasing the risk of neurodegenerative disorders such as Alzheimer's and Parkinson's diseases [6,7]. Reactive oxygen
species accumulate in the brain over time, exacerbating oxidative stress and neuronal damage [4].

Malondialdehyde (MDA) is a well-established biomarker of lipid peroxidation and oxidative stress. It is generated when
free radicals take hydrogen atoms from PUFAs, initiating a chain reaction that produces lipid hydroperoxides, which
subsequently decompose into MDA and other reactive aldehydes [8]. MDA is mutagenic and cytotoxic, capable of
forming DNA-protein crosslinks and adducts, and its elevated levels have been associated with neurodegenerative
diseases, cardiovascular disorders, and cancer [8,9]. Measuring brain MDA levels thus provides a reliable index of
oxidative stress in neural tissue.

Spirulina platensis, a blue-green microalga (cyanobacterium), has attracted considerable scientific interest as a natural
antioxidant supplement. Its antioxidant capacity derives primarily from phycocyanin — a biliprotein pigment that
scavenges peroxyl radicals and donates electrons to free radical species — as well as from B-carotene, tocopherols,
polyphenols, and enzymatic antioxidants including superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx) [10,11]. Several preclinical studies have demonstrated that Spirulina supplementation reduces MDA
levels and attenuates oxidative stress in various tissues and disease models [12,13]. However, evidence specifically
examining the effect of Spirulina platensis on brain MDA levels across different age groups remains limited.

This study was therefore designed to investigate the age-dependent effects of Spirulina platensis ethanol extract
supplementation on brain MDA levels in young adult male Wistar rats at 12, 18, and 24 weeks of age. We hypothesized
that Spirulina platensis administration would lead to a significant reduction in brain MDA levels across all age groups
compared to controls.

2. Materials and methods

2.1. Ethical Approval

This study was conducted in accordance with ethical standards for animal research. Ethical clearance was obtained
from the Research Ethics Committee of the Faculty of Medicine, Universitas Indonesia, under reference number KET-
699/UN2.F1/ETIK/PPM.00.02/2020.

2.2. Study Design and Animals

This in vivo experimental study used stored brain tissue from male Wistar rats. Thirty male Wistar rats were obtained
from the Health Research and Development Agency (PUSLITBANGKES), Ministry of Health, Republic of Indonesia.
Animals were housed under standard laboratory conditions (12-hour light/dark cycle, ad libitum access to food and
water, controlled temperature 22-25°C). Rats were divided into six groups (n=5 per group) based on age at sacrifice
and treatment (Table 1).

Table 1 Experimental groups, treatment periods, and interventions (n=5 per group)

Group | Age at Sacrifice (weeks) | Treatment Period | Treatment

K12 12 Week 8 - Week 12 | Distilled water (control)

S12 12 Week 8 - Week 12 | Spirulina platensis 200 mg/kgBW /day
K18 18 Week 14 —» Week 18 | Distilled water (control)

S18 18 Week 14 —» Week 18 | Spirulina platensis 200 mg/kgBW /day
K24 24 Week 20 - Week 24 | Distilled water (control)

S24 24 Week 20 —» Week 24 | Spirulina platensis 200 mg/kgBW /day
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Inclusion criteria: stored male Wistar rat brain tissues from animals receiving either Spirulina platensis (200
mg/kgBW/day) or distilled water for 29 days. Exclusion criteria: brain tissues from unhealthy or female rats. Sample
size was determined using the Federer formula: (n-1)(t-1) > 15, yielding a minimum of 4 rats per group; 5 rats per
group were used to increase statistical power.

2.3. Spirulina platensis Extract Preparation

The ethanol extract of Spirulina platensis was obtained from Spirulina cultivated in the Java Sea and produced by the
Department of Chemistry, Faculty of Medicine, Universitas Indonesia. The extract was administered daily by oral gavage
at a dose of 200 mg/kgBW dissolved in distilled water for 29 consecutive days.

2.4. Brain Tissue Homogenization

Stored Wistar rat brain tissues were retrieved from a deep-freezer at -80°C. For each sample, 100 mg of brain tissue
was placed in a 1.5 mL microcentrifuge tube and diluted with 1 mL of phosphate-buffered saline (PBS, 0.05 M, pH 7.0).
Samples were homogenized using a tissue homogenizer, then centrifuged at 3,500 rpm for 10 minutes at 4°C. The
resulting supernatant was collected and stored at —20°C until MDA measurement.

2.5. MDA Level Measurement (Wills Method)

Brain MDA levels were measured using the thiobarbituric acid (TBA) assay as described by Wills [14]. Briefly, 400 pL
of brain homogenate supernatant was transferred to a microtube. For protein precipitation, 200 pL of 20%
trichloroacetic acid (TCA) solution (20 mg TCA dissolved in 100 mL distilled water) was added, vortexed, and
centrifuged at 5,000 rpm for 10 minutes. The supernatant was collected and 400 pL of 0.67% TBA solution (0.67 mg
TBA dissolved in 100 mL distilled water) was added to each reaction tube. Tubes were incubated in a water bath at 96-
100°C for 10 minutes to generate a pink MDA-TBA chromogen, then cooled to room temperature. Absorbance was
measured at 530 nm using a UV-Vis spectrophotometer. All measurements were performed in duplicate.

A standard curve was constructed using 1,1,3,3-tetraethoxypropane (TEP) as the MDA precursor at concentrations of
0.3125,0.625, 1.25, 2.5, and 5.0 nmol/mL. The standard curve equation was: y = 0.0762x + 0.0037 (R? = 0.9991), where
x is the absorbance value and y is the MDA concentration in nmol/mL.

2.6. Statistical Analysis

Data are expressed as mean * standard deviation (SD). Normality of data distribution was assessed using the Shapiro-
Wilk test (all groups: p > 0.05). Differences among groups were analyzed using one-way ANOVA, followed by post-hoc
Tukey's Honestly Significant Difference (HSD) test for multiple comparisons. All analyses were performed using SPSS
version 25.0 (IBM Corp., Armonk, NY, USA). Statistical significance was set at p < 0.05.

3. Results and discussion

3.1. MDA Standard Curve

The MDA standard curve was constructed using TEP at concentrations of 0.3125, 0.625, 1.25, 2.5, and 5.0 nmol/mL. The
resulting linear equation was y = 0.0762x + 0.0037 with a coefficient of determination R? = 0.9991, confirming excellent
linearity across the measured concentration range and validating the reliability of the TBA assay for quantifying MDA
in brain tissue homogenates.

3.2. Brain MDA Levels Across Age Groups

Brain MDA concentrations for all six groups are summarized in Table 2 and Figure 1. In the control groups (distilled
water), a declining trend in MDA levels was observed with increasing age: 1.702 + 0.185 nmol/mL at 12 weeks (K12),
1.286 * 0.272 nmol/mL at 18 weeks (K18), and 1.108 * 0.306 nmol/mL at 24 weeks (K24). In the Spirulina-treated
groups, MDA levels were 1.835 + 0.361 nmol/mL at 12 weeks (S12), 0.992 + 0.286 nmol/mL at 18 weeks (S18), and
1.214 + 0.311 nmol/mL at 24 weeks (S24).
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Table 2 Brain MDA levels (nmol/mL) in control and Spirulina platensis-treated Wistar rats

Group | Age at Sacrifice (weeks) | Treatment MDA Level (nmol/mL, Mean + SD)
K12 12 Distilled water 1.702 + 0.185
S12 12 Spirulina platensis 200 mg/kgBW | 1.835 + 0.361
K18 18 Distilled water 1.286 £ 0.272
518 18 Spirulina platensis 200 mg/kgBW | 0.992 + 0.286
K24 24 Distilled water 1.108 £ 0.306
S24 24 Spirulina platensis 200 mg/kgBW | 1.214 + 0.311
*
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Figure 1 MDA level in 12, 18, and 24 Weeks old rats treated with distilled water (Control) and Spirulina platensis

3.3. Statistical Analysis

The Shapiro-Wilk normality test confirmed that all data sets followed a normal distribution (p > 0.05). One-way ANOVA
revealed a statistically significant overall difference in MDA levels among the six groups (p = 0.0001). Post-hoc Tukey's
HSD analysis identified the following significant pairwise comparisons (Table 3):

Table 3 Post-hoc Tukey HSD results for pairwise comparisons of brain MDA levels (*p < 0.05)

Comparison | Mean Difference (nmol/mL) | p-value | Significance
K12vs. K18 | 0.416 0.251 Not significant
K12 vs. K24 | 0.594 0.037 Significant*
K18 vs.K24 | 0.178 0.923 Not significant
S12 vs. S18 0.843 0.020 Significant*
S12 vs. S24 0.621 0.027 Significant*
S18 vs. 524 0.222 0.832 Not significant
K12 vs.S12 -0.133 0.978 Not significant
K18 vs. S18 0.294 0.610 Not significant
K24 vs.S24 | -0.106 0.992 Not significant
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3.4. Age-Related Changes in Brain MDA Levels

The control groups demonstrated a statistically significant decline in brain MDA levels between 12 and 24 weeks (p =
0.037), with a 0.65-fold reduction in MDA concentration. Although the differences between 12 and 18 weeks (p = 0.251)
and between 18 and 24 weeks (p = 0.923) were not statistically significant, the overall declining trend is consistent and
biologically meaningful.

This finding must be contextualized within the specific age range examined (12-24 weeks), which corresponds to the
young adulthood phase in rats — equivalent to approximately 18-40 years in humans [15]. During this developmental
period, the rat brain is still undergoing maturation, with active adult neurogenesis occurring in regions such as the
hippocampal dentate gyrus and lateral subventricular zone [16]. The presence of robust endogenous antioxidant
capacity and ongoing neurogenesis during young adulthood may account for the declining MDA trend observed, as
newly generated neurons may contribute to cellular renewal and reduced oxidative burden.

These findings are consistent with those of Mooradian et al. [17], who reported that tissue MDA levels peak at
approximately 12 months of age in rats and subsequently decline, suggesting that MDA accumulation does not linearly
correlate with lipid peroxidation across all life stages. Similarly, Dirgahayu et al. [18] reported lower MDA levels in older
control rats compared to younger ones. Cordiano et al. [19] and Gil et al. [20] further support the concept that MDA
dynamics during young adulthood differ substantially from those in aged organisms.

From a mechanistic perspective, the declining MDA trend in young adult rats may be attributed to: (1) upregulation of
endogenous antioxidant enzyme activity (SOD, CAT, GPx) during the transition from adolescence to adulthood; (2)
membrane lipid remodeling, whereby the proportion of highly peroxidation-susceptible PUFAs may decrease relative
to more saturated lipids during brain maturation; and (3) active adult neurogenesis in the hippocampal dentate gyrus,
which may contribute to cellular renewal and reduced overall oxidative burden [21]. Furthermore, studies with shorter
age intervals between groups tend to show more variable MDA trends, as shorter intervals may not capture the
cumulative changes in oxidative stress that become apparent over longer time periods [20].

3.5. Effect of Spirulina platensis on Brain MDA Levels

The Spirulina-treated groups showed variable MDA responses across age groups. Compared to age-matched controls,
Spirulina supplementation resulted in a non-significant increase in MDA at 12 weeks (+0.133 nmol/mL; p = 0.978) and
24 weeks (+0.106 nmol/mL; p = 0.992), while producing a non-significant decrease at 18 weeks (-0.294 nmol/mL; p =
0.610). None of these differences reached statistical significance, indicating that Spirulina platensis at 200 mg/kgBW did
not significantly alter brain MDA levels in healthy young adult Wistar rats.

These findings are consistent with a systematic review by Maddiboyina et al. [22], which highlighted that the antioxidant
efficacy of Spirulina is highly context-dependent, varying with dose, duration, species, tissue type, and health status of
the experimental subjects. Chaouachi et al. [23] demonstrated significant MDA reduction by Spirulina in exercise-
induced oxidative stress models, while Hwang et al. [24] showed neuroprotective effects in senescence-accelerated
mice. The discrepancy with our findings underscores the importance of baseline oxidative stress levels: in healthy young
adult rats with intact endogenous antioxidant systems, additional exogenous antioxidant supplementation may not
produce a detectable incremental reduction in MDA, consistent with the concept of antioxidant redundancy in healthy
tissues [27].

The absence of a significant antioxidant effect of Spirulina in this study may be explained by several biochemical
mechanisms. First, the dose of 200 mg/kgBW may be insufficient to produce a measurable antioxidant effect in the
brain. Prior research has suggested that doses of approximately 1,000 mg/kgBW may be required to significantly reduce
MDA levels in rat brain tissue [24]. Second, Spirulina platensis contains iron, which can participate in Fenton-type
reactions (Fe?* + H,0, — Fe3* + OHe + OH™), generating hydroxyl radicals and potentially exerting a pro-oxidant effect
at certain doses or in specific tissue environments [3,25]. Third, the high PUFA content of Spirulina — particularly
gamma-linolenic acid — may itself be susceptible to peroxidation upon absorption, potentially contributing to transient
increases in systemic lipid peroxidation products [26].

The significant differences observed within the Spirulina-treated groups between 12 and 18 weeks (p = 0.020) and
between 12 and 24 weeks (p = 0.027) suggest that age itself remains a stronger determinant of brain MDA levels than
Spirulina supplementation in this age range. The marked decrease in MDA between S12 and S18 groups (0.843
nmol/mL) is notably larger than the corresponding decrease in control groups (0.416 nmol/mL), which may reflect an
interaction between Spirulina's bioactive compounds and the brain's developmental antioxidant trajectory, though this
did not reach between-treatment significance.
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It is important to acknowledge that the small sample size (n=5 per group) represents a significant limitation of this
study. With a total of 30 animals, the statistical power to detect moderate effect sizes is limited, increasing the risk of
Type Il errors (false negatives). Future studies should employ larger sample sizes (minimum n=8-10 per group), include
older age groups (up to 72-96 weeks), extend the treatment duration beyond 29 days, and consider higher doses of
Spirulina to fully characterize its neuroprotective potential.

4., Conclusion

Brain malondialdehyde (MDA) levels in young adult male Wistar rats (12-24 weeks) demonstrate a declining trend
with age in control groups, with a statistically significant reduction between 12-week and 24-week groups (p = 0.037).
Spirulina platensis ethanol extract at 200 mg/kgBW administered for 29 days does not significantly alter brain MDA
levels compared to controls at any age group examined (p > 0.05). These findings indicate that the hypothesis of uniform
MDA reduction by Spirulina platensis in young adult Wistar rats across all age groups is not supported at the dose and
duration used in this study. Future investigations should employ higher doses of Spirulina, larger sample sizes, extended
treatment durations, and broader age ranges, while also exploring alternative lipid peroxidation markers and
mechanistic endpoints to fully characterize the neuroprotective potential of Spirulina platensis.

Compliance with ethical standards

Acknowledgments

The authors thank the Department of Biochemistry and Molecular Biology, Faculty of Medicine, Universitas Indonesia,
for providing laboratory facilities and support throughout this study. The authors also thank the Health Research and
Development Agency (PUSLITBANGKES), Ministry of Health, Republic of Indonesia, for providing the experimental
animals.

Disclosure of conflict of interest

No conflict of interest to be declared.

Statement of ethical approval

The animal study protocol had obtained Ethical Clearance from Research Ethic Committee of Faculty of Medicine,
Universitas Indonesia No. KET- 699/UN2.F1/ETIK/PPM.00.02/2020.

References

[1] Pinazo-Hernandis S, Blanco-Molina M, Ortega-Moreno R. Aging in Place: Connections, Relationships, Social
Participation and Social Support in the Face of Crisis Situations. Int ] Environ Res Public Health.
2022;19(24):16623.

[2] Klimova B, Valis M, Kuca K. Cognitive decline in normal aging and its prevention: a review on non-
pharmacological lifestyle strategies. Clin Interv Aging. 2017;12:903-910.

[3] Luo ], Mills K, le Cessie S, Noordam R, van Heemst D. Ageing, age-related diseases and oxidative stress: What to
do next? Ageing Res Rev. 2020;57:100982.

[4] Trushina E, McMurray CT. Oxidative stress and mitochondrial dysfunction in neurodegenerative diseases.
Neuroscience. 2007;145(4):1233-48.

[5] Butterfield DA, Castegna A, Lauderback CM, Drake ]. Evidence that amyloid beta-peptide-induced lipid
peroxidation and its sequelae in Alzheimer's disease brain contribute to neuronal death. Neurobiol Aging.
2002;23(5):655-64.

[6] Sayre LM, Smith MA, Perry G. Chemistry and biochemistry of oxidative stress in neurodegenerative disease. Curr
Med Chem. 2001;8(7):721-38.

[7] Hajam YA, Rani R, Ganie SY, Sheikh TA, Javaid D, Qadri SS, et al. Oxidative Stress in Human Pathology and Aging:
Molecular Mechanisms and Perspectives. Cells. 2022;11(3):552.

[8] Ayala A, Muiioz MF, Argiielles S. Lipid peroxidation: production, metabolism, and signaling mechanisms of
malondialdehyde and 4-hydroxy-2-nonenal. Oxid Med Cell Longev. 2014;2014:360438.

184



[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

World Journal of Biology Pharmacy and Health Sciences, 2026, 26(03), 179-185

Morales M, Munne-Bosch S. Malondialdehyde: Facts and Artifacts. Plant Physiol. 2019;180(3):1246-1250.

Khan Z, Bhadouria P, Bisen PS. Nutritional and therapeutic potential of Spirulina. Curr Pharm Biotechnol.
2005;6(5):373-9.

Grover P, Bhatnagar A, Kumari N, Bhatt AN, Nishad DK, Purkayastha ]J. C-Phycocyanin — a novel protein from
Spirulina platensis — In vivo toxicity, antioxidant and immunomodulatory studies. Saudi ] Biol Sci.
2021;28(3):1853-1859.

Brito AF, Silva AS, de Oliveira CVC, de Souza AA, Ferreira PB, de Souza ILL, et al. Spirulina platensis prevents
oxidative stress and inflammation promoted by strength training in rats: dose-response relation study. Sci Rep.
2020;10(1):6382.

Trotta T, Porro C, Cianciulli A, Panaro MA. Beneficial Effects of Spirulina Consumption on Brain Health. Nutrients.
2022;14(3):676.

Wills ED. Mechanisms of lipid peroxide formation in animal tissues. Biochem ]. 1966;99(3):667-676.

Hickman DL, Johnson ], Vemulapalli TH, Crisler ]JR, Shepherd R. Commonly Used Animal Models. In: Principles of
Animal Research for Graduate and Undergraduate Students. 2017:117-175.

Snyder ]S, Choe JS, Clifford MA, Jeurling SI, Hurley P, Brown A, et al. Adult-Born Hippocampal Neurons Are More
Numerous, Faster Maturing, and More Involved in Behavior in Rats than in Mice. ] Neurosci. 2009;29(46):14484-
95.

Mooradian AD, Lung CC, Shah G, Mahmoud S, Pinnas ]JL. Age-related changes in tissue content of
malondialdehyde-modified proteins. Life Sci. 1994;55(20):1561-6.

Dirgahayu AMH, Aminuddin A, Santoso A, Astuti N, Yustisia I, Idris I. Effect of Energy Restriction on
Malondialdehyde Levels in Rats. Indonesian Journal of Human Nutrition. 2023;10(1):51-8.

Cordiano R, Di Gioacchino M, Mangifesta R, Panzera C, Gangemi S, Minciullo PL. Malondialdehyde as a Potential
Oxidative Stress Marker for Allergy-Oriented Diseases: An Update. Molecules. 2023;28(16):5979.

Gil P, Farinas F, Casado A, Lopez-Fernandez E. Malondialdehyde: A Possible Marker of Ageing. Gerontology.
2002;48(4):209-14.

Kumar A, Pareek V, Faiq MA, Ghosh SK, Kumari C. Adult Neurogenesis in Humans: A Review of Basic Concepts,
History, Current Research, and Clinical Implications. Innov Clin Neurosci. 2019;16(5-6):30-7.

Maddiboyina B, Vanamamalai HK, Roy H, Ramaiah, Gandhi S, Kavisri M, et al. Food and drug industry applications
of microalgae Spirulina platensis: A review. ] Basic Microbiol. 2023;63(6):573-583.

Chaouachi M, Gautier S, Carnot Y, Guillemot P, Pincemail ], Moison Y, et al. Spirulina supplementation prevents
exercise-induced lipid peroxidation, inflammation and skeletal muscle damage in elite rugby players. ] Hum Nutr
Diet. 2022;35(6):1151-1163.

Hwang JH, Lee IT, Jeng KC, Wang MF, Hou RC, Wu SM, Chan YC. Spirulina prevents memory dysfunction, reduces
oxidative stress damage and augments antioxidant activity in senescence-accelerated mice. ] Nutr Sci Vitaminol
(Tokyo). 2011;57(2):186-91.

Halliwell B, Gutteridge JMC. Free Radicals in Biology and Medicine. 5th ed. Oxford: Oxford University Press; 2015.

Li TT, Tong A], Liu YY, Huang ZR, Wan XZ, Pan YY, et al. Polyunsaturated fatty acids from microalgae Spirulina
platensis modulate lipid metabolism disorders and gut microbiota in high-fat diet rats. Food Chem Toxicol.
2019;131:110558.

Liguori I, Russo G, Curcio F, Bulli G, Aran L, Della-Morte D, et al. Oxidative stress, aging, and diseases. Clin Interv
Aging. 2018;13:757-772.

185



