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A B S T R A C T   

Cadmium (Cd) is often detected in the environment due to its wide use in industry; also, NSAIDs are one of the 
most consumed pharmaceuticals, particularly diclofenac (DCF). Several studies have reported the presence of 
both contaminants in water bodies at concentrations ranging from ng L−1 to μg L−1; in addition, they have shown 
that they can induce oxidative stress in aquatic species and disturb signal transduction, cell proliferation, and 
intercellular communication, which could lead to teratogenesis. Spirulina has been consumed as a dietary 
supplement; its antioxidant, anti-inflammatory, neuroprotective, and nutritional properties are well documented. 
This work aimed to evaluate if Spirulina reduces the damage induced by Cd and DCF mixture in Xenopus laevis at 
early life stages. FETAX assay was carried out: 20 fertilized oocytes were exposed to seven different treatments on 
triplicate, control, Cd (24.5 μg L−1), DCF (149 μg L−1), Cd + DCF, Cd+DCF+Spirulina (2 mg L−1), 
Cd+DCF+Spirulina (4 mg L−1), Cd+DCF+Spirulina (10 mg L−1), malformations, mortality, and growth were 
evaluated after 96 h, also lipid peroxidation, superoxide dismutase and catalase activity were determined after 
192 h. Cd increased DCF mortality, Cd and DCF mixture increased the incidence of malformations as well as 
oxidative damage; on the other hand, the results obtained show that Spirulina can be used to reduce the damage 
caused by the mixture of Cd and DCF since it promotes growth, reduce mortality, malformations, and oxidative 
stress in X. laevis   

1. Introduction 

Even though a wealth of evidence demonstrates the hazardous ef-
fects and toxicological interactions of pollutants, environmental risk 
assessments are generally based on isolated chemicals, assuming that 
mixtures always behave additively and therefore under-estimating the 
synergistic or antagonistic interactions that may occur [86]. Available 
data have shown that compounds such as pharmaceutical products and 
heavy metals are widely found in polluted water bodies due to their 
continuous discharges into the environment, relative persistence, and 
low elimination rates at WWTPs [11A,4B,8,9]. Among the pollutants 
that occur as mixtures, diclofenac (DCF) and cadmium (Cd) have 
received particular attention [B5]. 

Diclofenac is one of the most prescribed non-steroidal anti-inflam-
matory pharmaceuticals (NSAID) worldwide due to its analgesic, anti- 

inflammatory, and antipyretic activity [64,85]. It is released into the 
aquatic system at concentrations ranging from ng L-1 to low µg L-1 
through household, hospital, industrial, livestock, and wastewater dis-
charges (A. M. [8,61,6B,B0,4,46,129]). Different studies on the toxicity 
of diclofenac in aquatic species, including Csh, algae, Daphnia, and 
amphibians, have demonstrated that this pharmaceutical is capable of 
inducing oxidative damage [5], morphological deformities [69], 
development and growth arrest [10A,104] and act as cardio- and 
neurotoxin [2B]. 

While some metals are considered essential to different species due 
to their biological functions, including catalysis and cell signalization 
[1A0], several studies have pointed out the hazardous effects that these 
chemical pollutants have on wildlife and humans [B]. As a non-essential 
and highly toxic heavy metal, Cd is found in sediments, soil, air, food, 
drinking, and surface waters [8A]. For decades, this metal can 
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accumulate in human tissues, mainly the liver, kidney, and lungs, and 
induce toxic effects on aquatic species [119,126,62]. For instance, Lu 
et al. [68] reported that co-exposure to Cd and microplastics increased 
the accumulation of the metal in different tissues and led to changes in 
biochemical activities and histopathological endpoints on zebraCsh 
(Danio rerio). Singh et al. [109] documented DNA damage, erythrocyte 
nuclear impairment, and lipid peroxidation following A0-day exposure 
to 0.05 ppm of Cd. Also, Wu et al. (201B) reported that exposure to 5 up 
to 500 µg L−1 of Cd is capable of promoting development and growth 
arrest, morphological malformations, histological changes, and lipid 
metabolism impairments on Bufo gargarizans as it acts as an endocrine 
disruptor in genes related to developmental features. On the other hand, 
Cd-induced mechanisms of mitochondrial dysfunction, autophagy, and 
oxidative damage after A0-day exposure to 0.25 up to 0.5 mg L−1 [AB]. 

Available studies on the role of extrinsic supplementation with 
antioxidant molecules have gained particular attention in depleting 
oxidative damage produced by exogenous chemical substances. An 
antioxidant is a substance that, at low concentrations, can reduce or 
even inhibit the oxidation of different substrates found in cells [48,51]. 
Harious micronutrients like carotenoids, vitamins, and natural flavo-
noids are considered valuable tools to counteract the action of free 
radicals in cells [82]. Spirulina (Arthrospira maxima) is an edible 
photosynthetic cyanobacterium of the genus Arthrospira commonly used 
as a nutraceutical product with a large number of benign nutrients 
including a rich protein content (almost 50–B0I dry weight), vitamins 
(β-carotene, thiamine, riboflavin, and niacin) [55,65] and signiCcant 
mineral composition, as well as bioactive compounds namely essential 
fatty acids and antioxidants like flavonoids, phenolic compounds and 
pigments (e.g., carotenoids, chlorophylls, and phycocyanin) [112]. 
Experimental evidence supports that Spirulina has various beneCcial 
effects, including antioxidant [22], immunostimulatory [94], antineo-
plastic [A6,116], antiviral [40] and an essential detoxifying activity 
against chemicals and heavy metals pollution [10B,12B]. Mahmoud 
et al. [B1] showed that supplementation with 1I of Spirulina signiC-
cantly improved the immunity of Oreochromis niloticus against Pseudo-
monas fluorescence. In addition, Mohanty and Samanta [B8] also studied 
Spirulina’s ameliorative effect on iron-induced oxidative stress after a 
28-day diet in Indian knife Csh (Notopterus notopterus). 

Oxidative stress occurs upon uncontrolled free radical production 
resulting from a deCcient counteracting antioxidant system. Reactive 
oxygen species (ROS) and reactive nitrogen species (RNS) produced as 
by-products of oxidative phosphorylation occurring in the mitochondria 
are the main oxidative molecules found in cells [A5,95]. In typical 
conditions, these products allow normal cellular functions; nevertheless, 
when redox generation capacity is exceeded due to the presence of 
extrinsic factors, antioxidant response system impairment, protein 
carbonylation, DNA damage, and lipid peroxidation take place, causing 
cellular atrophy, oxidative damage, and more so functional depletion 
[102]. Intrinsic antioxidant defenses include enzymes such as superox-
ide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), 
glutathione reductase (GR), glutathione (GSH) [19]. ROS, which com-
prises molecules such as the hydroxyl radical (OH.), superoxide anion 
(O2 

.-), and hydroxyl peroxide (H2O2), play an essential role in embry-
onic development as they actively participate as second messengers in 
signaling transduction pathways and homeostatic processes during 
vertebrate development [21,50]. However, developmental alterations, 
teratogenic effects, and embryotoxic action caused by oxidative damage 
have been previously reported in aquatic organisms [49]. 

Xenopus laevis is widely used to assess developmental toxicity 
induced by chemical substances and multi-component mixtures in 
aquatic environments [26]. The standardized FETAX (Frog Embryo 
Teratogenesis Assay) is an acute (96-h) developmental screening assay 
conducted on X. laevis fertilized eggs that provide essential information 
about embryotoxicity and teratogenic malformations exerted by both 
single chemicals and composite environmental mixtures [8B,9A]. 

In previous studies, we found that exposure to Cd (Perez-Alvarez 

et al., 2021) and DCF (Perez-Alvarez et al., 202A) by themselves induced 
toxic effects in the early stages of Xenopus laevis; however, when we 
added Spirulina for 192 h, a signiCcant decrease in mortality, frequency, 
and severity of malformations, as well as growth inhibition and oxida-
tive damage was observed. Due to these results, it is essential to evaluate 
if Spirulina could have a protective effect on organisms exposed to 
mixtures of contaminants; and, therefore it can be considered a sup-
plement to the amphibian diet that helps prevent or mitigate toxicity. 
The obFective of this study was to evaluate the protective effect of 
Spirulina against the toxicity induced by the mixture of Cd and DCF in 
the early stages of the development of Xenopus laevis through the 
assessment of different endpoints, including mortality, malformations, 
growth inhibition, and oxidative damage and antioxidant activity 
biomarkers. 

2. Materials and Methods 

The procedures were carried out following the Standard Guide for 
Conducting the Frog Embryo Teratogenesis Assay-Xenopus E-14A9–12 
80 (American Society for Testing Materials, 2019) and ethical protocols 
of care, use, and management of the species used in the testing of the 
Jniversidad Autonoma del Estado de México. The speciCcations 
mentioned in the corresponding OfCcial Mexican Standards were also 
considered ([101], NOM-062-KOO- 1999, Technical speciCcations for 
the production, care, and use of laboratory animals), and also complies 
with what is speciCed in Directive2010E6AEJE. 

2.1. Chemicals, reagents, and test solutions 

All analytical grade reagents (> 99I purity), cadmium (CdCl2), 
diclofenac, A-amino-benzoic acid ethyl ester (MS-222), NaCl, NaHCOA, 
LCl, CaCl2, CaSO4⋅2 H2O, MgSO4, were bought from Sigma-Aldrich (St. 
Louis, MO, JSA). Spirulina (Arthrospira maxima) dried powder was 
bought from a local supplier (AEH Spiral Spring, Mexico); product 
characteristics can see in Table 1. 

Composition of FETAX medium per liter of deionized water: 625 mg 
NaCl, 96 mg NaHCOA, A0 mg LCl, 15 mg CaCl2, 60 mg CaSO4⋅2 H2O, and 
B5 mg MgSO4, Cnal pH was B.6–B.9. 

For Cadmium 24.5 μg L−1 solution was prepared daily by dissolving 
CdCl2 in FETAX medium; for diclofenac, a 149 µg L−1 solution was also 
prepared daily by dissolving diclofenac sodium salt in FETAX medium. 
Spirulina and cadmium-diclofenac mixtures were prepared by dissolving 
2, 4, and 10 mg of Spirulina in a solution having 24.5 μg L−1 cadmium 
and 149 µg L− 1 diclofenac. 

The concentration of cadmium (24.5 μg L−1) was selected based on a 
previous study [89] and is the result of the construction of a 
concentration-response curve; for this purpose, cadmium was tested in 6 
different concentrations (1, 4, 8, 16, A2 and 62.5 mg L −1). The con-
centration selected for the mixture corresponds to the lowest test 

Table 1 
Spirulina powder nutritional composition (by 100 g) (AEH Spiral Spring, 
Mexico).  

Component Amount Component Amount 

Protein 65 g Zinc A mg 
Total lipids 6 g Beta carotenes 201 mg 
Polyunsaturated fat 6 g Tocopherol 10 mg 
Carbohydrates 16,4 g Thiamine A.5 mg 
Fiber 8,A g Ribofla!in 4 mg 
"ama#linolenic acid 1 g $iacin 14 mg 
%lfa#linolenic acid 0.8 g Pantothenic acid 100 μg 
&odium 900 mg Pyrido'ine 800 μg 
Calcium 1 g Cobalamin 250 μg 
Phosphorus 800 mg Inositol 64 mg 
Ma(nesium 400 mg Phycocyanin 15 mg 
Iron 150 mg Chlorophyl 1.1 mg 
Potassium 1.4 g Carotenes AB0 μg  
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concentration with a statistically signiCcant effect (0.5I, assumed to be 
the LOAEL) (San Guan Reyes et al., 2015). Diclofenac concentration 
(149 µg L−1) was previously determined using the same method [90]. 
Spirulina (Arthrospira maxima) concentrations for the mixtures (2, 4, and 
10 mg L−1) were selected based on a previous study [89], for the 
exposure of the control of Spirulina alone, we decided to use the highest 
concentration to visualize the maximum effect. Test solutions were 
prepared daily and were kept in darkness at 4 ◦C. The Cnal composition 
of each test solution is as follows in Table 2. 

2.2. Frog selection and husbandry 

Xenopus laevis males and females three years old were obtained from 
the aquaculture center Aquanimals (Mueretaro, Mexico). Frogs were 
housed in 60 L aquariums Clled to 80I of their capacity with dech-
lorinated water at 21 ± 2 ◦C, pH 6.5–9, photoperiods 12 h light E 12 h 
darkness, total organic carbon < 10 mg L−1, alkalinity, and hardness by 
Determination of CaCOA 16–400 mg L−1 and fed three times a week ad 
libitum with Chrisotoma sp. (0.5 ± 0.A cm in length) and commercial 
food NJPEC pellets Purina®. 

2.3. Induction of ovulation, fertilization, and oocyte selection 

One male and one female were placed in a 40 L aquarium adapted 
with a plastic mesh suspended A cm over the bottom to separate the 
embryos from the adult frogs at 20 ± 2 ◦C temperature and pH 6.5 – 9. 
Ovulation and fertilization were induced by a single inFection of Human 
chorionic gonadotropin hormone (CHORAGON®, Ferring) in the dorsal 
lymph sac, A00 IJ for male and B00 IJ for female; afterward, the 
aquarium was inspected for oviposition. Oocytes were extracted from 
the aquarium with sterile Pasteur pipettes and placed in Petri dishes for 
examination with a Keiss Stemi A05 stereoscopic microscope to select 
fertilized oocytes with a spherical shape, homogeneous cell division, and 
in a stage of blastula (stage 8–10). Before experiments, the de-Fellying of 
embryos was carried out by gentle swirling for 2 min in a 2I wEv L- 
cysteine solution prepared in FETAX solution. 

2.4. Exposure 

Ten mL of each test solution (Table 2) were poured into sterile plastic 
Petri dishes (50 mm) to minimize bacterial contamination; twenty oo-
cytes were collected and placed in each Petri dish via Pasteur pipettes 
using a stereoscopic microscope. Embryos were kept at 21 ± 2 ◦C for 96 
h; each experiment was performed in triplicate. Two replicates were 
completed (American Society for Testing Materials, 2019). 

Test solutions were replaced every 24 h under a laminar flow hood; 
at that exact moment, the embryos were inspected, and the dead larvae 
and residues (if any) were removed to avoid microbial growth that 
might kill the live embryos; these data were recorded. After 96 h of 
exposure, larvae were inspected to see if they were swimming, and 
malformations and dead larvae numbers were recorded in a 

developmental parameter sheet. Later, larvae were euthanized by 
placing them in a Petri dish 50 mm containing 10 mL of 0.06I MS-222 
solution. Each larva was measured from head to tail using Ken Blue Keiss 
software (if the embryo was curved or kinked, the measurement fol-
lowed the contour of the embryo), and each value was registered to 
determine the minimum concentration to inhibit growth (MCIG). Larvae 
were observed and evaluated in the microscope Ctted with a Keiss Axi-
ocam 5 s camera to identify malformations, according to Atlas of Ab-
normalities [16]. At the end of the assay, larvae were disposed of 
following institutional standards for eliminating biological residues. 

2.5. Oxidative stress assessment 

Assays were conducted as described previously (Sections 2.1 to 2.4). 
To determine lipid peroxidation, superoxide dismutase and catalase in 
Xenopus laevis embryos were exposed for 192 h to ensure the develop-
ment of their antioxidant system. Embryos start feeding at stage 45 [84], 
and 24 h after fertilization, the activity of SOD and CAT are developed; 
after 48 h, GSH is activated, and the activity of other enzymes increases 
[99]. If the exposure time is extended further than stage 50, the 
alimentation must be enriched [54], which would involve a change in 
experimental conditions. For this reason, organisms were exposed for 
192 h, or Nieuwkoop stage 5B, to ensure they were feeding and devel-
oping their antioxidant enzymes. Larvae were weighed and homoge-
nized with phosphate buffer (pH B.2) at 4 ◦C, 1:4 (wEv). All samples 
were centrifuged at 2500 rpm for 15 min. 

2.5.1. Determination of total protein 
Total protein was determined by [20] method. 25 µL of supernatant 

were added in a microtube, plus B5 µL deionized water and 2.5 mL 
Bradford’s reagent [0.05 g Coomassie Blue dye (Sigma-Aldrich), 25 mL 
of 96I ethanol (Sigma-Aldrich), and 50 mL HAPO4 (Sigma-Aldrich) in 
500 mL deionized water]. Microtubes rest for 5 min in darkness; next, 
absorbance was read at 595 nm, and total protein concentration was 
determined by interposing the results on a bovine albumin standard 
curve (Sigma-Aldrich). The total protein concentration was used to ex-
press the results of lipid peroxidation, SOD, and CAT. 

2.5.2. Determination of superoxide dismutase (SOD) activity 
SOD activity was determined by [B6] method. In a quartz cuvette 

were added 40 µL of supernatant, 260 µL carbonate buffer solution [50 
mM sodium carbonate (Sigma-Aldrich, Saint Louis, MO, JSA), 0.1 mM 
EDTA (Sigma-Aldrich, St. Louis, MO, JSA)], pH 10.2, and 200 µL of 
adrenaline (A0 mM, Sigma- Aldrich, St. Louis, MO, JSA). Absorbance 
was measured at 480 nm after A0 s and 5 min. SOD activity was deter-
mined by the molar extinction coefCcient 21 M cm-1, and results were 
expressed as IJ SODEmg of protein. 

2.5.3. Determination of catalase (CAT) activity 
[96] method were followed to determine CAT activity. A0 µL of su-

pernatant, plus 420 µL of isolation buffer solution [0.A M sucrose (Hetec, 
Sigma-Aldrich, St. Louis, MO, JSA), 1 mM EDTA, 5 mM HEPES, 5 mM 
LH2PO4 (Sigma-Aldrich, St. Louis, MO, JSA)] and A00 µL of 20 mM 
H2O2 solution (Sigma-Aldrich, St. Louis, MO, JSA) were converted into 
a quartz cuvette. Absorbance was determined at 240 nm, at 0, and after 
60 s, CAT activity was estimated using the MEC of H2O2 0.09A mMEcm. 

2.5.4. Determination of lipid peroxidation (LPX) 
Lipid peroxidation was determined by the method [24]. In a glass 

tube, 10 × B5 mm were added 50 µL of supernatant, 450 µL Tris-HCl 
buffer solution (150 mM) pH B.4, and 1 mL of 0.A8I thiobarbituric 
acid (TBA) (Fluka, Sigma-Aldrich, Toluca) in 15I TCA, later incubated 
at AB ◦C for 45 min; absorbance was determined at 5A5 nm. Results were 
expressed as mM malondialdehyde (MDA)Emg protein using the molar 
extinction coefCcient (MEC) 1.56 × 105EMEcm. 

Table 2 
Test solutions.  

Test solution Composition 

Control FETAX medium 
Spirulina (Arthrospira 

maxima) 
10 mg L−1 

Cadmium 24.5 μg L−1 CdCl2 
Diclofenac 149 µg L−1 diclofenac sodium salt 
Cd+DCF 24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac sodium salt 
C+D+S 2 24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac sodium salt + 2 

mg L−1 Arthrospira maxima 
C+D+S 4 24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac sodium salt + 4 

mg L−1 Arthrospira maxima 
C+D+S 10 24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac sodium salt +

10 mg L−1 Arthrospira maxima  
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2.6. Statistical analysis 

All results were analyzed using the software Stat Graphics Centurion 
XIX. The results were expressed as the mean of three experiments per-
formed under the same conditions. Shapiro-Wilk and Lolmogorov- 
Smirnov tests were performed to examine data distribution. Each larva 
was measured from head-to-tail in order to determine the differences in 
growth, and the mean values were compared by one-way analysis 
(ANOHA) and Fisher’s multiple comparisons (p A 0.05). Lipid peroxi-
dation and enzymatic activity (SOD and CAT) were analyzed by one-way 
analysis of variance (ANOHA) and Fisher’s multiple comparisons (p A 

0.05). 

). Results 

Fig. 1 shows the I of mortality and I of organisms with malfor-
mation induced by control, Spirulina, cadmium, diclofenac, Cd+DCF, 
C+D+S 2, C+D+S 4, C+D+S 10. In the groups exposed to the mixtures 
with Spirulina (C+D+S 2, C+D+S 4, C+D+S 10), the mortality was 
reduced by 80–90I, and malformations were reduced in 12–24I 
compared to the Cd-DCF mixture. The mixture with 10 mg L−1 of Spir-
ulina had a minor malformation rate compared with the other 

Fi(. 1. Number of dead and malformed Xen-
opus laevis larvae after 96 h exposed to: control, 
spirulina 10 mg L−1, cadmium 24.5 μg L−1, 
Diclofenac 149 µg L−1, Cd+DCF (24.5 μg L−1 

CdCl2 + 149 µg L−1 diclofenac), C+D+S 2 
(24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac +
2 mg L−1 Arthrospira maxima), C+D+S 4 
(24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac+
4 mg L−1 Arthrospira maxima), C+D+S 10 
(24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac +
10 mg L−1 Arthrospira maxima). SigniCcant dif-
ferences compared to (*) control, (A) Cd+DCF, 
(x) C+D+S 2, (y) C+D+S 4, (z) C+D+S 10 
(One-way ANOHA and Fisher’s test, P A 0.05).   

Fi(. 2. Histogram of frequency for malformations induced in Xenopus laevis larvae after 96 h exposed to control, spirulina 10 mg L−1, cadmium 24.5 μg L−1, 
Diclofenac 149 µg L−1, Cd+DCF (24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac), C+D+S 2 (24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac + 2 mg L−1 Arthrospira maxima), 
C+D+S 4 (24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac+ 4 mg L−1 Arthrospira maxima), C+D+S 10 (24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac + 10 mg L−1 

Arthrospira maxima). 
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concentrations (p < 0.05 ANOHA Fisher’s test). 
Fig. 2 shows the incidence of embryos with malformation. The most 

frequent were gut malformation, rectum malformation, cardiac edema, 
microcephaly, eye malformation, and axial malformation (bent noto-
chord, bent tail, bent Cn). The frequency of malformations in mixtures 
with Spirulina (C+D+S 2, C+D+S 4, C+D+S 10) was lower than the 

group exposed to Cd+DCF, the mixtures with concentrations of 4 and 
10 mg L−1 of Spirulina reduced the frequency of the malformations in 
more signiCcant proportion. 

On the other hand, as seen in Fig. A, even though the embryos 
exposed to the Spirulina mixture presented malformations, these were 
not as severe as those induced by the contaminants alone or the Cd-DCF 
mixture. Although the ASTM E-14A9–12 80 guide [12] does not include 
the severity of malformations, authors such as Hu et al. [5A] have re-
ported a classiCcation based on phenotypic characteristics that allow a 
qualitative evaluation of the effects induced by contaminants. 

Total body size measures of X.laevis are shown in Fig. 4; as can be 
seen, all the mixtures with Spirulina showed a signiCcant enhancement 
in the head-to-tail size of the larvae compared to the mixture Cd-DCF 
(ANOHA, Fisher’s test p A 0.05). 

Fig. 5 (A) shows the antioxidant activity of SOD; there is an increase 
in exposure to Cd + DCF, the exposure to C+D+S 2, C+D+S 4, and 
C+D+S 10 generated a decrease in the activity of this enzyme, with the 
most signiCcant decrease was observed in the groups exposed to C+D+S 
10 (One-way ANOHA and Fisher’s test, P A 0.05). Fig. 5 (B) shows the 
activity of catalase with a similar trend to SOD activity; an increase in 
enzyme activity was observed in the groups exposed to CD+DCF, 
nonetheless in groups exposed to C+D+S 2, C+D+S 4, C+D+S 10 CAT 
activity decreased, the reduction in activity was more signiCcant in the 
group exposed to C+D+S 10 One-way ANOHA and Fisher’s test, 
P A 0.05). Fig. 5 (C) shows the Determination of lipid peroxidation 
through the quantiCcation of malondialdehyde in X. laevis; there is a 
signiCcant increase in exposure to CD+DCF; on the other hand, there is a 
reduction statistically signiCcant in the groups exposed to C+D+S 2, 
C+D+S 4, C+D+S 10 (One-way ANOHA and Fisher’s test, P A 0.05). 

*. +iscussion 

All biological systems are continuously exposed to a mixture of 
potentially dangerous chemical cocktails whose deleterious effects can 
be higher than the arithmetic sum of the individual responses [B4]. 
Despite this, most ecotoxicology research and chemical regulation focus 
only on the hazard and exposure assessment of individual substances, 
and the problem of chemical mixtures in the environment is largely 
ignored [14], which leads to a lack of information about its possible 
effect on the environment and possible treatment or remediation. 
Among the most frequently found contaminants in aquatic environ-
ments are metals and pharmaceuticals. Cadmium is widely used in in-
dustrial processes, and its toxic effects have been widely described [42]. 
On the other hand, diclofenac is one of the most consumed pharma-
ceuticals and is also constantly reported in the environment. Both are 
contaminants constantly detected in water bodies, so these are expected 
to be present together. Also, both are hard to eliminate in water treat-
ment plants [10]; there is evidence that metals can form complexes with 
pharmaceuticals which can alter the behavior of pharmaceuticals in the 
environment [A1] and the toxicity in aquatic organisms; for these rea-
sons it is important to carry out studies where the possible toxic effect of 
this kind of mixtures is evaluated; in addition, assess possible alterna-
tives that help to minimize the possible damage induced by these 
mixtures. 

Fig. 1 shows a signiCcant increase in mortality of Xenopus laevis 
exposed to DCF and Cd + DCF mixture. Therefore the Cd exposure 
induced the highest signiCcant mortality (P A 0.05); It can also be 
observed that the Cd-DCF mixture induces higher mortality than DCF by 
itself but less than Cd. On the one hand, this may be due to the pro- 
oxidant activity of Cd; it induces changes in the absorption of nutri-
ents (Kn, Mg, and Cu) and alterations in morphogenesis and mitotic 
spindle [110]. On the other hand, DCF damages the mitochondria due to 
the high production of ROS, generates intermediate radicals, which later 
modify the synthesis of superoxide radicals, and induces failures in 
mitochondrial permeability, thus reducing ATP concentration; it also 
generates the production of ROS, and inhibits ATP phosphorylation; in 

Fi(. ). Recurrent and distinctive malformations in X. laevis larvae after 96 h of 
exposure to (A) control, (B) spirulina 10 mg L−1, (C) cadmium 24.5 μg L−1, (D) 
Diclofenac 149 µg L−1, (E) Cd+DCF (24.5 μg L−1 CdCl2 + 149 µg L−1 diclofe-
nac), (F) C+D+S 2 (24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac + 2 mg L−1 

Arthrospira maxima), (G) C+D+S 4 (24.5 μg L−1 CdCl2 + 149 µg L−1 

diclofenac+ 4 mg L−1 Arthrospira maxima), (H) C+D+S 10 (24.5 μg L−1 CdCl2 
+ 149 µg L−1 diclofenac + 10 mg L−1 Arthrospira maxima) Abbreviations: St: 
stunted, Gt: gut miscoiling, R: rectum, Mcp: microcephaly, Fa: face abnormal-
ity, Ea: eye abnormality, Bn: bent notochord, Bt: bent tail, Bf: bent Cn, Ce: 
cardiac edema. 
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Fi(. *. Head to tail size of Xenopus laevis larvae exposed to: control, spirulina 10 mg L−1, cadmium 24.5 μg L−1, Diclofenac 149 µg L−1, Cd+DCF (24.5 μg L−1 CdCl2 
+ 149 µg L−1 diclofenac), C+D+S 2 (24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac + 2 mg L−1 Arthrospira maxima), C+D+S 4 (24.5 μg L−1 CdCl2 + 149 µg L−1 

diclofenac+ 4 mg L−1 Arthrospira maxima), C+D+S 10 (24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac + 10 mg L−1 Arthrospira maxima). SigniCcant differences 
compared to: (*) control, (A) Cd+DCF, (x) C+D+S 2, (y) C+D+S 4, (z) C+D+S 10 (One-way ANOHA and Fisher’s test, P A 0.05). 

Fi(. ,. (A) Superoxide dismutase activity, (B) Catalase activity, (C) Lipid peroxidation (level of malondialdehyde). A, B, and C were determined in Xenopus laevis 
exposed to: control, spirulina 10 mg L−1, cadmium 24.5 μg L−1, Diclofenac 149 µg L−1, Cd+DCF (24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac), C+D+S 2 (24.5 μg L−1 

CdCl2 + 149 µg L−1 diclofenac + 2 mg L−1 Arthrospira maxima), C+D+S 4 (24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac+ 4 mg L−1 Arthrospira maxima), C+D+S 10 
(24.5 μg L−1 CdCl2 + 149 µg L−1 diclofenac + 10 mg L−1 Arthrospira maxima). SigniCcant differences compared to (*) control, (A) Cd+DCF,(x) C+D+S 2, (y) C+D+S 
4, (z) C+D+S 10 (One-way ANOHA and Fisher’s test, P A 0.05). 
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addition to the damage it generates in mitochondria, diclofenac in-
terferes in the release of lysosomal enzymes of cytochrome C and the 
release of proapoptotic factors such as protease activating factor 1 which 
activates the precursor of caspase 9 that subsequently activates caspase 
A and generates cell death [4A,56,98]. The reduction in mortality in 
groups exposed to mixtures with Spirulina may be due to the neutrali-
zation of ROS; Spirulina has protective effects against oxidative damage 
by reducing the activity of ROS and NOS. Also, Spirulina has chelating 
action. It binds to heavy metals [41], which can reduce the amount of 
free cadmium by preventing its interaction with biomolecules. 

In addition to the above, it can also be observed (Fig. 1) that the Cd- 
DCF mixture induced a more signiCcant number of embryos with mal-
formations than the contaminants alone, so it could be inferred that the 
mixture is embryotoxic. Malformations with high incidence (Fig. 2) have 
been previously reported, cadmium exposure in Xenopus laevis [89,11B] 
Bufo gargarizans [122], Danio rerio [AA] and Silurus soldatovi [128], and 
in organisms exposed to diclofenac, Xenopus laevis [28,90] other am-
phibians [88], Cyprinnus carpio, [115]. These toxic effects may be due to 
cadmium modifying some processes such as apoptosis, cell cycle, stress, 
and immune response [66], inducing phosphorylation of p5A, can 
replace Kn and cause errors in DNA repair which result in the accumu-
lation of damaged DNA [A2,A8], and affects signaling processes, gen-
erates oxidative stress and alterations in redox potential. On the other 
hand, it has been shown that diclofenac modiCes the mechanisms of cell 
signaling Wnt (WntA, Wnt8) and Gata 4, which is vital in the early stages 
of development since they are essential in body patterns and cell pro-
liferation[29,88]. Since organogenesis is the most vulnerable stage and 
requires signaling processes to regulate cell proliferation and differen-
tiation [52], cadmium and diclofenac can cause alterations in these 
processes and embryonic development, generating changes in the 
function and structure of tissues and, therefore, malformation [6A]. 

In groups exposed to mixtures with Spirulina, the incidence, and 
severity of malformations decreased (Fig. A); It is also observed that the 
concentration of 10 mg L−1 of Spirulina was the most effective in 
reducing mortality, incidence, and severity of malformation in X. laevis 
induced by exposure to Cd, DCF, and Cd+DCF. Similar effects were 
described by ArgNelles-velázquez et al., [11] in rats exposed to cad-
mium; they also found a reduction in the frequency of malformations 
when rats were supplemented with Spirulina; this may be due to the 
effect of phycobiliproteins; which have anti-inflammatory activity [58] 
and decrease proinflammatory interleukins, tumor necrosis factor-alpha 
(TNF-α), interleukin 1 beta (IL-1 β) and interleukin six (IL-6). 
Abu-Taweel et al., (OyearO) [2] By reducing inflammation, edema can be 
reduced because edema may be the result of chronic inflammatory 
processes. Phycocyanin and β-carotenes inhibit the formation of proin-
flammatory cytokines, thus suppressing the expression of cyclo-
oxygenase II and the production of prostaglandin E2, which act as an 
inflammatory mediator, also has antioxidant effects, can neutralize hy-
droxyl radicals responsible for oxidative damage [18]. Reducing cell 
damage may reduce the severity and incidence of malformations in 
Xenopus laevis. Regarding DCF, the beneCcial effect of Spirulina has also 
been reported; it can reduce diclofenac-induced toxicity; in Wistar al-
bino rats, diclofenac signiCcantly increased the levels of liver enzymes, 
aspartate aminotransferase (AST), alanine aminotransferase (ALT), 
alkaline phosphatase (ALP), cell damage, impair liver and kidney 
functions, and generated a signiCcant reduction in the activity of anti-
oxidant enzymes superoxide dismutase, catalase, glutathione S trans-
ferase, and glutathione peroxidase; however, Spirulina normalized 
enzyme levels and liver function, and mitigated histomorphological 
damage in the kidney [92,9B]. 

The ability of a material to inhibit embryonic growth is often the 
most sensitive indicator of developmental toxicity (American Society for 
Testing Materials, 2019). As shown in Fig. 4, the Cd-DCF mixture 
signiCcantly reduced the larvae size compared to the control and the 
contaminants themselves (P < 0.05). Growth inhibition was observed in 
previous studies; [122] reported a body size reduction in Buffo 

garganzianis exposed to cadmium; this may be because cadmium can 
mimic other essential minerals, inhibit its absorption [45] and alters 
developmental processes; as well diclofenac induces the overproduction 
of ROS, affects mitochondrial functions, increases lipoperoxidation 
levels and generates cell damage, decreases mitochondrial respiration 
and ATP levels, which can lead to mitochondrial fragmentation [56], 
these can disrupt cell signaling and proliferation mechanisms, which 
end up in a decrease in embryonic development. 

On the other hand, The mixtures with Spirulina beneCt the growth of 
the larvae, although they did not reach the size of the controls. It may be 
because the cell wall of Spirulina is porous and allows cadmium to pass 
freely through it; when cadmium reaches the intracellular compartment, 
phytochelatins bind to Cd and neutralize it [18], phytochelatins oligo-
mers synthesized from glutathione through phytochelatin synthase, and 
are usually induced by the exposure to heavy metals [60]. Another 
essential mediator is phycocyanin which can remove hydroxyl, alkoxy, 
and peroxyl radicals; phycocyanin also blocks the phosphorylation of 
mitogen-active protein kinases pA8, which regulates cytokine synthesis 
[59]. Spirulina’s vitamins, proteins, and minerals may be involved in 
improving development. Similar results have been reported previously, 
where the size and total weight of organisms decreased upon exposure to 
toxic agents, and after supplementation with Spirulina, weight, and size 
increased signiCcantly [1,A,80,91]. It is important to note that the 
nutritional content of Spirulina (carbohydrates, proteins, minerals, vi-
tamins) can contribute to an improvement in the development of X. 
laevis. 

Regarding oxidative damage, Fig. 5 (C) shows the Determination of 
lipoperoxidation through the quantiCcation of malondialdehyde in 
X. laevis; there is a signiCcant increase of this biomarker in exposure to 
Cd, DCF and CD+DCF; similar results have been reported previously in 
Chironomus riparius larvae, the mixture Cd+DCF may induce oxidative 
damage by the decrease of glutathione transferase and glutathione 
reductase and hence an increase of ROS production ending up in 
oxidative stress [125]. It is also important to note that cadmium can 
form complexes with diclofenac and decrease the pharmacological effect 
of diclofenac due to the blockade of one more functional group with 
biological activity [118]; this interaction could stop Cd from being 
available to interact with biomolecules and thus reduces the damage 
caused by Cd to some extent; this may explain why lipid peroxidation in 
the group exposed Cd+DCF was lower than in the group exposed only to 
Cd; however, exposure to these xenobiotics in mixture eases their bio-
accumulation [124] which could increase its long-term toxicity. 

In the groups exposed to the mixtures with Spirulina, there is a 
decrease of MDA; it can be observed that the concentration of 10 mg L-1 
was the one that produced the greatest signiCcant reduction (P < 0.05) 
compared to the other two concentrations; probably because Spirulina 
have cysteine and methionine, these amino acids are involved in 
glutathione synthesis [2A], previous studies have reported that Spirulina 
increases the level of GSH in mice [B2]; the increment in GSH by Spir-
ulina may decrease the amount of ROS and subsequently ameliorate the 
lipid peroxidation. Other study reports a decrease in lipid peroxidation 
after supplementation with Spirulina in organisms such as Oreochromis 
niloticus exposed to deltamethrin [1]; in rats exposed to sodium fluoride 
[15], in Wistar rats exposed to methotrexate [58], Clarias gariepinus 
exposed to sodium dodecyl sulfate [105], in rabbits exposed to lead 
acetate [6] in male rats exposed to sodium arsenite [1B], Wistar rats 
exposed to cadmium [5B], and in albino Wistar rats exposed to diclo-
fenac [92,9B]. 

Regarding the activity of antioxidant enzymes, Fig. 5(A) shows the 
SOD activity; It can be observed that there is a signiCcant increase 
(P A 0.05) in the groups exposed to Cd, DCF, and Cd + DCF mixture 
compared to the control group; on the other hand, Fig. 5 (B) shows the 
activity of catalase with a similar trend to SOD activity; an increase in 
enzyme activity was observed in the groups exposed to Cd, DCF, and 
CD+DCF; this behavior may be the result of excessive production of 
reactive species ROS and RNS; the increase in the production of these 
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species usually increases the levels of SOD since its function is to cata-
lyze the process of dismutation, transforming O 2⋅- in H2O2; likewise, the 
increases in CAT may be due to this enzyme is responsible for trans-
forming H2O2 into H2O [66], the increase in the activity of the enzymes 
has the purpose of neutralize ROS and protect the cell from oxidative 
damage. Also, this has been previously reported; Cd has been widely 
described as a pro-oxidant and generates adverse effects in aquatic or-
ganisms, most of which are related to the generation of oxidative stress 
[108,111,120–12A,1A,25,A0,BA,81]. On the other hand, diclofenac is a 
pharmaceutical that generates variations in the levels of acetylcholin-
esterase and glutathione S transferase [88]; it has increased the activity 
of glutathione S transferase and reduced glutathione reductase in Cyp-
rinus carpio [115], in Daphnia magna induced oxidative stress and 
increased the production of reactive oxygen species associated with 
cytotoxic damage [44]. 

Regarding the activity of Spirulina, the exposure to mixtures with 
Spirulina generated a decrease in the activity of SOD enzyme; the most 
signiCcant decrease was observed in the groups exposed to 4 and 
10 mg L−1; also, CAT activity decreased, while the reduction in activity 
was more signiCcant in the groups exposed to the mixture of 10 mg L−1. 
These results may be due to Spirulina has a chelating capacity. It binds to 
cadmium ions in such a way that it manages to inhibit the Fenton re-
action, also neutralizes the radicals alkoxyl hydroxyl and peroxyl (Wu 
et al., 2016), inhibits the process of lipid peroxidation at an early stage, 
and reduces damage. Another critical component in Spirulina is 
tocopherol; it protects against lipid peroxidation because it has a 
chroman-ring in its structure that provides a reducing effect and can 
reduce peroxyl radicals to hydroperoxides which can be enzymatically 
degraded [BB,B9]. On the other hand, the carotenes present in Spirulina 
are also able to prevent lipoperoxidation processes, those triggered by 
singlet oxygen and peroxyl radicals; carotenes also can inhibit the pro-
duction of prostaglandin E2 and nitric oxide through suppression of 
inflammatory mediators [106,114,A9]. Carotenes cooperate in the 
antioxidant activity by regenerating tocopherol from its radical 
tocopherol; the resulting carotenoid radical could subsequently be 

restored by vitamin C; this sort of interaction can neutralize RNS and 
therefore reduce oxidative damage [A4,100]. 

,. Conclusions 

Fig. 6 represents the proposed route of oxidative damage induced by 
exposure to Cd and DCF and how this damage may be minimized 
through chelation and neutralization of ROS by Spirulina and its com-
ponents in Xenopus laevis. As shown previously, the Cd + DCF mixture 
can alter Xenopus laevis development through different pathways, 
mainly oxidative stress. However, the damage was reduced in mixtures 
with Spirulina (Arthrospira maxima). It may be to the nutritional rate of 
Spirulina and due to the components named previously (phycocyanin, 
tocopherol, and carotenoids, to name some). All the mixtures with 
Spirulina showed beneCcial effects; nonetheless, mixtures with con-
centrations of 4 and 10 mg L−1 were the most effective damage reduc-
tion. We suggest that Spirulina can be considered as a diet complement 
for amphibians to prevent toxicity induced by mixtures of contaminants 
in early life stages; further studies focused on the effects of Spirulina in 
amphibians and other aquatic organisms are recommended. 
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cevallos, Amelior. Cadmium-Prod. Teratog. Genotoxicity Mice Given Arthrospira 
Maxim-.-. ( Spirulina) Treat. 201A 201A doi: 10.1155E201AE6045A5. 

[12] (American Society for Testing Materials) ASTM Guide for Conducting the Frog 
Embryo Teratogenesis Assay-Xenopus (FETAX) 2019 1 16 doi: 10.1520EE14A9- 
12R19.2. 

[1A] B. Avallone, C. Agnisola, R. Cerciello, R. Panzuto, Structural and functional 
changes in the zebraCsh ( Danio rerio) skeletal muscle after cadmium exposure, 
Cell Biol. Toxicol. (2015), https:EEdoi.orgE10.100BEs10565-015-9A10-0. 

[14] Thomas Backhaus, Ssa Arrhenius Rolf Altenburger, Michael Faust Hans Blanck, 
Paola Gramatica Antonio Finizio, et al., “The BEAM-ProFect: Prediction and 
Assessment of Mixture Toxicities in the Aquatic Environment.”, Cont. Shelf Res. 
2A (1B–19) (200A) 1B5B–1B69, https:EEdoi.orgE10.1016EF.csr.200A.06.002. 

[15] D. BanFi, O.G.F. BanFi, N.G. Pratusha, A.R. Annamalai, Investigation on the role of 
Spirulina platensis in ameliorating behavioral changes, thyroid dysfunction, and 
oxidative stress in offspring of pregnant rats exposed to fluoride, Food Chem. 140 
(201A) A21–AA1, https:EEdoi.orgE10.1016EF.foodchem.201A.02.0B6. 

[16] Bantle, Gohn A., Games N.Dumont, R. Finch, and Greg Linder. 1991. Atlas of 
Abnormalities: A Guide for the Performance of FETAX. Stillwater, OL: Printing 
Services, Oklahoma State Jniversity. 〈https:EEbooks.google.com.mxEbooksT 
id=LgFUMwAACAAG〉. 

[1B] S.A.E. Bashandy, S.A. Awdan, El H. Ebaid, I.M. Alhazza, Antioxid. Potential 
Spirulina platensis Mitigates Oxid. Stress Reprotoxicity Induc. Sodium Arsenite 
Male Rats. 2016 2016. 
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[49] H.M. Gutiérrez-Noya, L.M. Gómez-Oliván, M. RamRrez-Montero, C. del, H. Islas- 
Flores, M. Galar-MartRnez, O. Dublán-GarcRa, R. Romero, Ibuprofen at 
environmentally relevant concentrations alters embryonic development, induces 
teratogenesis and oxidative stress in Cyprinus carpio, Sci. Total Environ. B10 
(2020), 1A6A2B, https:EEdoi.orgE10.1016EF.scitotenv.2019.1A6A2B. 

[50] Q. Han, S. Ishibashi, G. Iglesias-Gonzalez, Q. Chen, N.R. Love, E. Amaya, Ca 2+
-induced mitochondrial ROS regulate the early embryonic cell cycle, Cell Rep. 22 
(2018) 218–2A1, https:EEdoi.orgE10.1016EF.celrep.201B.12.042. 

[51] I.S. Harris, G.M. DeNicola, The complex interplay between antioxidants and ROS 
in cancer, Trends Cell Biol. A0 (2020) 440–451, https:EEdoi.orgE10.1016EF. 
tcb.2020.0A.002. 

[52] L. Hayashi, T.S. Qamamoto, N. Jeno, Intracell. Calcium Signal Lead. edge Regul. 
mesodermal Sheet Migr. Xenopus gastrulation 2018 1 12 doi: 10.10A8Es41598- 
018-20B4B-w. 

[5A] Lingling Hu, Gingmin Khu, M. Geanette, LiFiao Wu Rotchell, GinFuan Gao, 
Huahong Shi, Jse of the enhanced frog embryo teratogenesis assay-xenopus 
(FETAX) to determine chemically-induced phenotypic effects, Sci. Total Environ. 
508 (March) (2015) 258–265, https:EEdoi.orgE10.1016EF.scitotenv.2014.11.086. 

[54] Shoko Ishibashi, Enrique Amaya, How to grow xenopus laevis tadpole stages to 
adult, Cold Spring Harb. Protoc. 2021 (A) (2021) 126–1A0, https:EEdoi.orgE 
10.1101Epdb.prot106245. 

[55] F. Gung, A. LrNger-Genge, P. Waldeck, G.H. LNpper, Spirulina platensis, a super 
foodT G. Cell. Biotechnol. 5 (2019) 4A–54, https:EEdoi.orgE10.A2AAEGCB-189012. 

[56] S.-H. Gung, W. Lee, S.-H. Park, L.-Q. Lee, Q.-G. Choi, S. Choi, D. Lang, S. Lim, T.- 
S. Chang, S.-S. Hong, B.-H. Lee, Diclofenac impairs autophagic flux via oxidative 
stress and lysosomal dysfunction: implications for hepatotoxicity, Redox Biol. AB 
(2020), 101B51, https:EEdoi.orgE10.1016EF.redox.2020.101B51. 

[5B] A. Laradeniz, M. Cemek, N. Simsek, The effects of Panax ginseng and Spirulina 
platensis on hepatotoxicity induced by cadmium in rats, Ecotoxicol. Environ. Saf. 
B2 (2009) 2A1–2A5, https:EEdoi.orgE10.1016EF.ecoenv.2008.02.021. 

[58] A.F. Lhafaga, Q.S. El-Sayed, Spirulina ameliorates methotrexate hepatotoxicity 
via antioxidant, immune stimulation, proinflammatory cytokines, and apoptotic 
proteins modulation, Life Sci. 196 (2018) 9–1B, https:EEdoi.orgE10.1016EF. 
lfs.2018.01.010. 

[59] S.R. Lhalil, R.M. Reda, A. Awad, EfCcacy of Spirulina platensis diet supplements 
on disease resistance and immune-related gene expression in Cyprinus carpio L. 
exposed to herbicide atrazine, Fish ShellCsh Immunol. 6B (201B) 119–128, 
https:EEdoi.orgE10.1016EF.fsi.201B.05.065. 

[60] L. Lnauer, B. Ahner, H. Xue, Bin, L. Sigg, Metal and phytochelatin content in 
phytoplankton from freshwater lakes with different metal concentrations, 
Environ. Toxicol. Chem. 1B (1998) 2444–2452, https:EEdoi.orgE10.1002E 
etc.56201B1210. 

[61] A. Lot-Wasik, A. Gakimska, M. liwka-Laszyńska, Occurrence and seasonal 
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G. Chamorro-Cevallos, Effects of spirulina (Arthrospira Maxima) on 
teratogenicity and diclofenac-induced oxidative damage in xenopus laevis, Water 
Emerg. Contam. Nanoplastics 2 (1) (202A) 5, https:EEdoi.orgE10.2051BE 
wecn.2022.2A. 

[91] G.M. Pestana, B. Puerta, H. Santos, M.S. Madeira, C.M. Alfaia, P.A. Lopes, R.M. 
A. Pinto, G.P.C. Lemos, C.M.G.A. Fontes, M.M. Lordelo, G.A.M. Prates, Impact of 
dietary incorporation of Spirulina (Arthrospira platensis) and exogenous enzymes 
on broiler performance, carcass traits, and meat quality, Poult. Sci. (2020), 
https:EEdoi.orgE10.1016EG.PSG.2019.11.069. 

[92] G. Peter S, L. Basha S, R. Giridharan, J. Lavinya B, E.P. Sabina, Suppressive effect 
of Spirulina fusiformis on diclofenac-induced hepato-renal inFury and 
gastrointestinal ulcer in Wistar albino rats: a biochemical and histological 
approach, Biomed. Pharmacother. 88 (201B) 11–18, https:EEdoi.orgE10.1016EF. 
biopha.201B.01.0A2. 

[9A] S. Pike, M.S. Matthes, P. McSteen, W. Gassmann, Jsing Xenopus laevis Oocytes to 
Functionally Characterize Plant Transporters, Curr. Protoc. Plant Biol. 4 (2019), 
e2008B, https:EEdoi.orgE10.1002Ecppb.2008B. 

[94] M.R. Pilotto, S. Milanez, R.T. Moreira, R.D. Rosa, L.M. Perazzolo, Potential 
immunomodulatory and protective effects of the Arthrospira-based dietary 
supplement on shrimp intestinal immune defenses, Fish. ShellCsh Immunol. 88 
(2019) 4B–52, https:EEdoi.orgE10.1016EF.fsi.2019.02.062. 

[95] A.M. Pisoschi, A. Pop, F. Iordache, L. Stanca, G. Predoi, A.I. Serban, Oxidative 
stress mitigation by antioxidants - an overview of their chemistry and influences 
on health status, Eur. G. Med. Chem. 209 (2021), 112891, https:EEdoi.orgE 
10.1016EF.eFmech.2020.112891. 

[96] R. Radi, G.F. Torrens, L.Q. Chang, L.M. Bush, G.D. Crapo, B.A. Freeman, Detection 
of catalase in rat heart mitochondria, G. Biol. Chem. 266 (1991) 22028–220A4. 

[9B] S.L.A. RaFbanshi, D.S. Patel, C.S. Pandanaboina, Hepato-protective effects of blue- 
green alga Spirulina platensis on diclofenac-induced liver inFury in rats, Malays. 
G. Nutr. 22 (2016) 289–299. 

[98] A. Ramachandran, L. Duan, G.Q. Akakpo, H. Gaeschke, Mitochondrial dysfunction 
as a mechanism of drug-induced hepatotoxicity: current understanding and future 
perspectives, G. Clin. Transl. Res. 4 (2018) B5–100, https:EEdoi.orgE10.1805AE 
Fctres.04.201801.005. 

[99] Angela Rizzo, M. Laura Adorni, Federica Rossi Gigliola Montorfano, Bruno Berra, 
Antioxidant metabolism of xenopus laevis embryos during the Crst days of 
development, Comp. Biochem. Physiol. Part B: Biochem. Mol. Biol. 146 (1) 
(200B) 94–100, https:EEdoi.orgE10.1016EF.cbpb.2006.09.009. 

[100] M.G. Ryan, H.G. Dudash, M. Docherty, L.B. Geronilla, B.A. Baker, G.G. Haff, R. 
G. Cutlip, S.E. Alway, Hitamin E and C supplementation reduces oxidative stress, 
and improves antioxidant enzymes, and positive muscle work in chronically 
loaded muscles of aged rats, Exp. Gerontol. 45 (2010) 882–895, https:EEdoi.orgE 
10.1016EF.exger.2010.08.002. 

[101] SAGARPA, 1999. NOM-062-KOO-1999. Norma OCcial Mexicana que establece las 
especiCcaciones técnicas para la producción, cuidado y uso de los animales de 
laboratorio. 

[102] S. Salim, Oxidative stress and the central nervous system, G. Pharmacol. Exp. 
Ther. A60 (201B) 201–205, https:EEdoi.orgE10.1124EFpet.116.2AB50A. 

[10A] Nely SanGuan-Reyes, Marcela Galar-MartRnez Leobardo Manuel Gómez-Oliván, 
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