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ARTICLE INFO ABSTRACT

Edited by Martin Grosell Spirulina (Arthrospira maxima) has been recognized as a superfood and nutraceutical by its high nutritional value
and the benefits of its consumption; it is an important source of lipids, proteins, vitamins, minerals, and anti-
oxidants. It is known that spirulina has positive effects on the toxicity induced by pharmaceuticals and metals.
Heavy metals such as cadmium, frequently used in industrial activities, are continuously detected in water bodies

and can generate adverse effects on aquatic organisms even at low concentrations. This study aimed to evaluate
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A:tiI:Jl:il;mt the protective effect of spirulina (Arthrospira maxima) against the toxic effects induced by cadmium in the early
Malformations life stages of Xenopus laevis.

Twenty Xenopus laevis embryos were exposed to five different treatments on triplicate, control, cadmium
(CdCl, 24.5 pg L) and three spirulina mixtures Cd + S 1 (24.5 pg L™} CdCly + 2 mg L™! spirulina), Cd + S 2
(24.5 pg L™ CdCl, + 2 mg L1 spirulina), Cd + S 3 (24.5 pg L™ CdCl, + 10 mg L™! spirulina); after 96 h of
exposure: Malformations, mortality and length were evaluated; also, after 192 h, lipid peroxidation (LPX), su-
peroxide dismutase (SOD) and catalase (CAT) were determined.

All spirulina treatments decreased mortality from 34 to 50% and reduced malformations on incidence from 36
to 68%. Treatment Cd + S 3 decreased growth inhibition significantly. Spirulina treatment Cd + S 2 decreased
lipidic peroxidation and antioxidant activity; these results suggest that spirulina (Arthrospira maxima) can
decrease the mortality, frequency of malformations, the severity of malformations, growth inhibition, and
oxidative damage induced by cadmium in Xenopus laevis embryos.

Oxidative stress

1. Introduction bodies, either naturally or as an anthropogenic pollutant arising from

various sources, mainly industrial and agricultural activities (Jarup and

Aquatic pollution has become one of the most critical problems
worldwide; water bodies are continuously overloaded with pollutants
such as pesticides, pharmaceuticals, households, personal care products,
industrial additives, and heavy metals; found in urban, hospital, and
industrial wastes (Hayati et al., 2017). Heavy metals are released in to
aquatic environments daily from atmospheric depositions, geologic
processes or through anthropogenic activities (Authman, 2015).
Metallic elements including iron, arsenic, lead, and cadmium have
shown to be toxic even at low concentrations (Al-homaidan et al., 2015;
Marin et al., 2015).

Cadmium (Cd) is one of the most toxic metals occurring in water

* Corresponding author.
E-mail address: hislasf@uaemex.mx (H. Islas-Flores).

https://doi.org/10.1016/j.cbpc.2021.109099

Akesson, 2009) and has been detected in water in variable concentra-
tions from 0.0001 to 0.0354 mg L' and in soils 0.019-0.143 mg kg™*
(Rangkadilok et al., 2015; Salnikova et al., 2018). Cadmium is a
nonessential, highly toxic metal for the aquatic biota with weak hy-
drophilicity, high persistence, low rate of excretion, and a robust bio-
accumulative behavior, mainly in kidneys, liver, and reproductive
organs of many aquatic species (Farag et al., 2015; Hu et al., 2015).
Since cadmium shows a long environmental half-life, it has been
related to severe deleterious effects in aquatic organisms and wildlife
(Authman, 2015; Avallone et al., 2015; Kasherwani et al., 2009; Chan
and Cheng, 2003; Ercal et al., 2001). In vitro cadmium stimulates the
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inhibition of mitochondrial respiratory chain complexes triggering the
increase of reactive oxygen species (ROS) (Wang et al., 2004) as well as
the induction of DNA impair and apoptotic response in zebrafish em-
bryos (Cambier et al., 2010; Chan and Cheng, 2003). This metal inhibits
the DNA repairing system and interferes with reduced glutathione (GSH)
involved in the oxidative stress response and redox cycling (Giaginis
et al., 2006).

Mouchet et al., 2006 evaluated the potentially toxic effects of Cd in
Xenopus laevis larvae founding that at environmental concentrations 2,
10, 30 pg L™!; this metal causes genotoxicity, increases the production of
metallothionein; and also up-regulates Sod cytoplasmic and mitochon-
drial genes, as well as mitochondrial metabolism (Cox—I) and detoxi-
fication (mt1), which is responsible for detoxification processes. Sharma
and Patino (2009) demonstrated that Cd levels up to 860 pg L™* delay
metamorphosis in Xenopus laevis tadpoles. Cd promotes the production
of free radicals via peroxide induction, enhancing oxidative cell bio-
markers in Meretrix meretrix exposed to 1.5, 3, 6, and 12 mg L7t (Xia
et al., 2016). On the other hand, Wu et al. (2017a, 2017b) found that
embryos of Bufo gargarizans exposed to 5 up to 500 pg L™ of Cd shown
inhibition of growth and development and induction of morphological
malformations mainly axial and fin flexures, abdominal edema, and
delayed growth. This study also showed that cadmium might have an
endocrine-disrupting action in embryos as it was capable of changing
the mRNA expressions of TRa, Dio2, and Dio3, genes related to devel-
opmental features.

Exogenous supplementation with antioxidant molecules might have
an essential role in depleting oxidative damage caused by heavy metals
on mammals and aquatic organisms (Bashandy et al., 2016; Rodriguez-
Sanchez et al., 2012; Szuroczki et al., 2016).

Spirulina (Arthrospira maxima) is an edible free-floating filamentous
blue-green microalgae that belong to the cyanobacteria class with
photosynthetic activity (Deng and Chow, 2010; Kulshreshtha et al.,
2008). It has multiple pharmacological and nutraceutical properties as it
is highly rich in protein (ranges between 60 and 70%), y-linoleic and
linolenic acids, p-carotene, and vitamins (Castro-Garcia et al., 2018;
Kulshreshtha et al., 2008; Miihling et al., 2005; Rodriguez-Sanchez
et al., 2012). Phytochemicals and phycobiliproteins as chlorophyll a,
zeaxanthin, C-phycocyanin, cryptoxanthin, and allophycocyanin (Yan
etal., 2011; Kumar et al., 2016) also found in significant amounts in the
Arthrospira genus. Due to the presence of bioactive compounds found in
spirulina, multiple potential health benefits associated with consump-
tion have been reported (Kumar et al., 2016; de la Jara et al., 2018).
Spirulina is known to have anti-inflammatory (Aladaileh et al., 2020;
Deng and Chow, 2010; Joventino et al., 2012), antioxidant (Abdelkhalek
and Ghazy, 2014; Ferruzzi and Blakeslee, 2007; Nasirian et al., 2018;
Rodriguez-Sanchez et al., 2012), neuroprotective (Lima et al., 2017;
Pérez-Juarez et al., 2016), antimutagenic properties as well as properties
for preventing the enhancement of oxidative stress and cellular damage
induced by heavy metals (Castro-Garcia et al., 2018; Rodriguez-Sanchez
et al., 2012).

Studies carried out with the Arthrospira genus have evidenced the
potential benefits of these microalgae for aquatic organisms exposed to
environmental toxicants. Abdelkhalek et al. (2017) demonstrated the
protective role of supplementary spirulina against oxidative stress
induced by diazinon in Nile tilapia, finding that spirulina improved liver
and kidney functions showing a significant enhancement of antioxidant
activity. Sayed and Authman (2018) studied the potential ameliorative
influence of Spirulina platensis (SP) in Clarias gariepinus exposed to so-
dium dodecyl sulfate (SDS), founding that the SP supplementation
restored biochemical and genetical variations induced by the SDS,
including hepatic and renal dysfunctions, disruption in enzymatic and
non-enzymatic antioxidants and apoptosis in erythrocytes among
others. On the other hand, Mahmoud et al. (2018) demonstrated that
feeding supplementation with Spirulina (Arthrospira platensis) improved
growth performance, feed utilization, immune response, and oxidative
stress response in a trial performed with Oreochromis niloticus challenged
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with Pseudomonas fluorescence.

The presence of pollutants in the aquatic environment stimulates a
variety of toxicity mechanisms, including oxidative stress, known as an
imbalance between prooxidant species and antioxidant defenses due to
the overproduction of reactive oxygen species (ROS), and the depletion
of protective intracellular mechanisms (Abdelkhalek and Ghazy, 2014;
Ganesan et al.,, 2016). The quantification of biomarkers has been
extensively used to determine the effects of ROS in main biomolecules
like lipids, proteins, and DNA in organisms exposed to environmental
toxicants (Valavanidis et al., 2006).

The impact of oxidative stress on embryotoxic development and
teratogenic effects have been well documented (Adeyemi et al., 2015;
Ganesan et al., 2016; Wu et al., 2017a, 2017b; Sant et al., 2017; Timme-
Laragy et al., 2018). Redox status plays an essential role during critical
embryonic cellular processes, including proliferation, differentiation,
signaling, and apoptosis (Dennery, 2007). ROS is crucial to normal
embryo development, cellular signaling, control of cellular mechanisms,
and second messengers by regulating key transcription factors (Dennery,
2007; Wu et al., 2017a; Xia et al., 2016). An increase in ROS produces
not only oxidative stress but also other toxicity mechanisms that may
result in developmental alterations, functional abnormalities, congenital
malformations, and embryo death in aquatic organisms (Gilbert-Bar-
ness, 2010; Paskova et al., 2011).

Xenopus laevis African clawed frog is an important model organism
for vertebrate development as it has been used as a suitable bioindicator
due to its fully aquatic environment, short reproductive cycle, and the
throughout molecular and cellular characterization of its embryogenesis
(Brausch et al., 2010; Cardoso-Vera et al., 2017; Pike et al., 2019; Robert
and Ohta, 2009). The fertilization and development occur externally,
allowing direct and easy observation during embryogenesis; the embryo
development takes place in a short time within 96 hour post-fertilization
(hpf), manipulations are simplified as the eggs have a relatively large
size (Peuchen et al., 2016). The ecotoxicological importance of Xenopus
laevis on the evaluation of embryotoxicity and teratogenic malformation
using the FETAX assay has been well established (Bonfanti et al., 2004;
Mouchet et al., 2006; Pérez-Alvarez et al., 2018). The frog embryo
teratogenesis assay- Xenopus FETAX method constitutes a valuable tool
to evaluate the developmental toxicity hazards of pure chemical agents
and mixtures as it determines developmental endpoints, including
lethality, morphologic alterations, and minimum growth-inhibition
concentration (Cardoso-Vera et al., 2017; Hu et al., 2015; Isidori
et al., 2016). Amphibians are considered beneficial organisms for
assessing toxic effects exerted by various pollutants (Hopkins, 2007).

In the present study, antioxidant effects of spirulina (Arthrospira
maxima) were evaluated against cadmium-induced toxicity in early life
stages of Xenopus laevis; throughout the evaluation of mortality, mal-
formations, growth inhibition, lipoperoxidation, and antioxidant activ-
ity of superoxide dismutase and catalase.

2. Materials and methods
2.1. Test substances

Cadmium chloride CdCl, (CAS# 10108-64-2, >99% purity), 183.32
Da, Sigma-Aldrich (St. Louis, MO), Arthrospira maxima dried and as the
powder was purchased from a local supplier AEH Spiral Spring, Mexico.
All other chemical reagents were acquired from Sigma-Aldrich (St.
Louis, MO).

2.2. Test organisms

All procedures were performed following the ethical protocols of
care, use, and management of the species used in the testing of the
Universidad Autonéma del Estado de Meéxico. The specifications
mentioned in the corresponding Official Mexican Standards were also
considered (NOM-062-ZOO- 1999, Technical specifications for the
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Table 1
Exposure groups.

Exposure solution Mixtures

Control FETAX medium

Spirulina 10 mg L' of Arthrospira maxima

Cadmium 24.5 pg L~ of CdCl,

Cd+S1 24.5 pg L™! of CdCl, plus 2 mg L™ of Arthrospira maxima
Cd+S2 24.5 pg L~ of CdCl, plus 4 mg L' of Arthrospira maxima
Cd+S3 24.5 pg L~ of CdCl, plus 10 mg L' of Arthrospira maxima

production, care, and use of laboratory animals).

Adult Xenopus laevis were obtained from the aquaculture center
“Aquanimals”, located in Queretaro, Mexico. The selection criteria for
males were 8 to 10 cm long and two years old, and females 10 to 12.5 cm
long and three years old. Females were identified by the presence of
cloacal labia and a larger size. X. laevis were acclimated in natural water,
with the following conditions: pH 6.5 to 9, total organic carbon <10 mg
L%, alkalinity, and hardness by determining CaCO3 16 to 400 mg L™%;
parameters were determined monthly. Organisms were kept in a light-
protected room with photoperiods 12 h light/12 h darkness. Males
and females stayed separate in 60 L fish tanks filled to 80% capacity, at
21 + 3 °C. They were fed three times a week ad libitum with Chrisotoma
sp. (0.5 £+ 0.3 cm in length) or commercial food pellets NUTRIPEC®
Purina.

2.3. FETAX assay

This study was carried out following the standard guidelines of the
American Society for Testing Materials, ASTM (ASTM E1439 — 12,
2019). All experiments were performed in triplicate.

2.3.1. FETAX medium

FETAX medium was prepared by dissolving 625 mg NaCl, 96 mg
NaHCOs, 30 mg KCl, 15 mg CaCly, 60 mg CaSO4 C2H20, and 75 mg
MgSOy4 in a final volume of 1 L distilled water; final pH was 7.6-7.9. All
reagents were purchased from Sigma-Aldrich (St. Louis, MO).

2.3.2. Breeding induction

One male and one female were placed in a 40-L aquarium with a
plastic mesh suspended roughly 3 cm over the bottom, into which oo-
cytes could be laid. Aquarium sides were opaque, and the water tem-
perature was 20 + 2 °C, with a 12 h light/12 h darkness photoperiod.

Human chorionic gonadotropin hormone (CHORAGON®, Ferring)
was dissolved in a sterile NaCl 0.9% solution; subsequently, males and
females were administered in the dorsal lymph sac with 300 IU and 700
IU respectively, using a 1 mL hypodermic syringes fitted with long 26-
gauge needles.

2.3.3. Embryo selection

The next day morning, fish tanks were inspected for oviposition.
Fertilized oocytes were extracted from the tank using the nylon mesh
and sterile Pasteur pipettes and were placed in separate containers for
examination under a Zeiss Stemi 305 stereoscopic microscope to select
those in mid blastula to early gastrula stage (stage 8-11).

2.3.4. Preparation of cadmium, spirulina, mixtures, and control solutions

A stock solution of cadmium and another of spirulina was prepared
daily by dissolving 1 and 10 mg, respectively, in 1 L of FETAX medium.
Negative control was exposed only to the FETAX medium. Mixtures were
prepared by dissolving 2, 4, and 10 mg of spirulina in a 24.5 pg L ™! of Cd
solution. The entire procedure was done under a laminar flow hood. The
stock solutions were stored in amber glass bottles at 4 °C.

Cadmium concentration (24.5 pg L™!) was selected based on a pre-
vious exposure described on Section 2.3.5.1. Spirulina (Arthrospira
maxima) concentrations for the mixtures (2, 4, and 10 mg L™ 1) were
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selected based on experimental procedures, due there are no concen-
trations reported to be used in embryonic stages of development of
aquatic organisms or amphibians yet; for the exposure of the control of
spirulina alone, we decided to use the highest concentration to visualize
the maximum effect. Table 1 shows the exposed groups.

2.3.5. Exposure

2.3.5.1. Cadmium. Under a laminar flow hood, 10 mL of each cadmium
solution was added in previously labeled 50-mm Petri dishes, embryos
with spherical shape, homogeneous cell division, and mid blastula to
early gastrula stage (stage 8-11) were collected using dissecting forceps
and a stereoscopic microscope. Twenty oocytes were placed in each petri
dish containing the different cadmium solutions for exposed (0.61, 2.45,
4.91, 9.82, 19.63, and 38.34 mg L™Y) and control group (FETAX me-
dium) all on triplicate, Petri dishes were kept in the incubator at 21 +
2 °C in the dark for 96 h and the attainment of stage 46 in controls.

2.3.5.2. Mixtures cadmium + spirulina (Arthrospira maxima). Under a
laminar flow hood, 10 mL of each solution were added in previously
labeled 50-mm Petri dishes. Embryos with a spherical shape, homoge-
neous cell division, and in medium blastula stage (stage 8) were
collected using dissecting forceps and a stereoscopic microscope, 20
oocytes were placed in each Petri dish containing different mixtures (Cd
+8S81,Cd+S2,Cd+ S 3) and control group, all on triplicate; were kept
in the incubator at 21 + 2 °C in the dark for 96 h and the attainment of
stage 46 in controls.

2.3.6. Culture monitoring

Control, cadmium, and spirulina mixtures solutions were replaced
daily under the laminar flow hood. To this end, 10 mL of each test
concentration were added in new and previously labeled, sterile 50-mm
Petri dishes, maintained for 1 h 30 min at room temperature to ensure
that the medium was 20 + 2 °C before embryos were transferred. Each
24 h, live embryos were transferred to new Petri dishes, using the ste-
reoscopic microscope and Pasteur pipettes to separate them from the
dead embryos. A daily record was taken, the number of dead embryos
and precipitates (if any) in each culture were documented.

2.3.7. Examination of larvae

At 96 h of exposure, larvae were checked for swimming; if not
swimming, this was noted in a developmental parameter sheet. Pre-
cipitates (if any) were also registered, as well as the number of dead
larvae.

X. laevis larvae were euthanized by placing them in a petri dish
containing a 0.06% MS-222 solution (lethal dose). Each larva was then
measured straight from head to tail using Zen Blue Zeiss software, values
were registered in the developmental parameter sheet. Next, each larva
was evaluated under the microscope, fitted with a Zeiss Axiocam 5s
camera to identify malformations according to Atlas of Abnormalities
(Bantle et al., 1991) and other resources. Cadmium LCsy and LOAEL
were determined to evaluate spirulina and cadmium mixtures. After
examination, larvae were disposed of following institutional standards
for the elimination of biological samples.

2.4. Oxidative stress evaluation

FETAX medium was prepared, and embryos were exposed to the
stated mixtures and control on triplicate, using the procedures described
in Sections 2.3.1 to 2.3.5. Xenopus laevis start feeding at stage 45
(Nieuwkoop and Faber, 1994), and 24 h after fertilization, the activity of
SOD and CAT are developed; after 48 h, GSH is activated, and the ac-
tivity of other enzymes increase (Rizzo et al., 2007). If the exposure time
is extended further than stage 50, the alimentation must be enriched
(Ishibashi and Amaya, 2020), which would involve a change in
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experimental conditions. For this reason, organisms were exposed for
192 h, or Nieuwkoop stage 57, to ensure that they were feeding and
developed their antioxidant enzymes.

Afterward, they were treated as mentioned in Section 2.3.6, then
larvae in each plate were weighed and mechanically homogenized 1:4
(w/v) with a 4 °C phosphate buffer solution (pH 7.2), then centrifuged at
2500 rpm for 15 min. All determinations were made on the supernatant.

2.4.1. Determination of lipid peroxidation (LPX)

Determination was made by the Buege and Aust (1978) method. 1
mL Tris-HCl buffer solution (150 mM) pH 7.4 was added to 500 mL of
supernatant. The resulting sample was incubated at 37 °C for 30 min,
then 2 mL of 0.38% thiobarbituric acid (TBA) (Fluka, Sigma-Aldrich,
Toluca) in 15% TCA were added before incubation at 37 °C for 45
min. Then samples were centrifuged at 12,500 rpm and —4 °C for 15
min; subsequently, absorbance was determined at 535 nm. Results were
expressed as mM malondialdehyde (MDA)/mg protein, using the molar
extinction coefficient (MEC) of 1.56 x 10°/M/cm.

2.4.2. Determination of superoxide dismutase (SOD) activity

SOD activity was determined by Boehringer's (1987) method. Sam-
ples were delipidated by the addition of 30 pL chloroform and 50 pL
methanol to 100 pL of serum. The mixture was shaken for 1 min and
centrifuged for 15 min at 6000 rpm, and the supernatant was kept.

In a quartz cuvette, 50 pL of distilled water were mixed with 1.4 mL
Tris-HCl buffer solution (50 mM, pH 8.20) and 25 mL EDTA solution (1
mM), subsequently supplementing with 25 pL of a pyrogallol solution
(0.124 mM). Absorbance was read at 0, 10, and 60 s, at 420 nm. The
assay was performed on triplicate, and the difference was taken as the
optical density (OD) of the blank (DODblank), representing the differ-
ence in ODs for the non-inhibited reaction.

For each sample, 50 pL of supernatant was mixed in a quartz cuvette
with 1.4 mL of Tris-HCl buffer solution and 25 mL of EDTA solution.
Next, 25 pL pyrogallol was added, and absorbance was read at 410 nm,
at 0, 10, and 60 s. The following formula derived results:

|[(Mean DODsample x 100)/(Mean DODblank) | — 100| x 0.6

where:

DODsample = difference in optical densities in the sample
DODblank = difference in optical densities in the blank

2.4.3. Determination of catalase (CAT) activity

CAT activity was determined by the Radi et al. (1991) method. 1 mL
of isolation buffer solution [0.3 M sucrose (Vetec, Sigma-Aldrich, St.
Louis), 1 mM EDTA, 5 mM HEPES, 5 mM KH5PO4 (Vetec)] was added to
20 pL of supernatant, plus 0.2 mL of 20 mM H05 solution (Vetec).
Absorbance was read at 240 nm, at 0 and 60 s, and CAT activity per
minute was estimated using the MEC of Hy02 (0.093 mM/cm).

2.5. Statistical analysis

The data were analyzed using the software Stat graphics Centurion
XVI. All the results were expressed as the mean of three experiments
performed under the same conditions. Data normality and homosce-
dasticity were verified by Shapiro-Wilk and Levene tests, respectively. In
the FETAX assay, acute toxicity was assessed by determining the 96-h
LC50 and their respective 95% confidence limit (C.L.) using probit
analysis. To calculate the LOAEL, we performed a Dunnett's test (P <
0.05). To determine the differences in the number of death/malformed
embryos and growth, each larva was measured from head-to-tail, and
the mean values were compared by one-way analysis (ANOVA) and
Fisher's multiple comparisons (P < 0.05). Lipid peroxidation and
enzymatic activity (SOD and CAT) were analyzed by one-way analysis of
variance (ANOVA) and Fisher's multiple comparisons (P < 0.05).
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Fig. 1. Number of Xenopus laevis dead embryos after 96 h exposed to control,
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spirulina 2 mg L) Cd + S 2 (cadmium 24.5 pg L' + spirulina 4 mg L), Cd
+ S 3 (cadmium 24.5 pg L' + spirulina 10 mg LY), significant differences
relative to: (*) control, (A) spirulina, (B) cadmium (One-way ANOVA and
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Fig. 2. Number of Xenopus laevis embryos with malformations after 96 h
exposed to control, spirulina 10 mg L™}, cadmium 24.5 pg L™}, Cd + S 1
(cadmium 24.5 pg L™! + spirulina 2 mg L™') Cd + S 2 (cadmium 24.5 pg L™* +
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way ANOVA and Fisher's test, P < 0.05).
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Fig. 3. Histogram of frequency for malformations induced in Xenopus laevis embryos by the exposure to control, spirulina 10 mg L ™!, cadmium 24.5 pg L™, Cd + S 1
(24.5 pg LY, + spirulina 2 mg L) Cd + S 2 (24.5 pg L™, + spirulina 4 mg L), Cd + S 3 (24.5 pg L%, + spirulina 10 mg L") for 96 h.

3. Results
3.1. FETAX assay

Exposure to cadmium (0.61, 2.45, 4.91, 9.82, 19.63, and 38.34 mg
L™1) mortality in the concentrations up to 4.91 mg L' was 100%, me-
dium lethal concentration (LCsp) was 2.62 mg LY (95%
CI.0.724-3.160), afterward lowest adverse effect level (LOAEL) was
calculated to be 24.5 pg L.

3.1.1. Mortality and malformations

The mortality of X. laevis exposed to cadmium and spirulina mixtures
Cd+S1,Cd +S2,Cd + S 3 is shown in Fig. 1. Exposure to 10 mg L™ of
spirulina did not significantly differ with respect to the control group (P
< 0.05), while reduction from 44.44% up to 50% was observed in
spirulina mixtures, the most effective mixtures were Cd + S 2and Cd + S
3. The number of larvae with malformations is shown in Fig. 2. The three
spirulina mixtures (Cd + S 1, Cd + S 2, Cd + S 3) reduced malformations
from 35.85% to 67.93%. The main malformations observed (Fig. 3)
were: stunted embryos, gut miscoiling, rectum malformation, cardiac
edema, abdominal edema, microcephaly, and axial malformations (bent
tail, notochord, and fin). Also, spirulina mixtures (Cd +S1,Cd + S 2, Cd
+ S 3) reduced the severity of malformations; Cd + S 3 was the most
effective mixture in attenuating malformations, as shown in Fig. 4. To
summarize, Cd + S 3 reduced mortality, the incidence of malformations,
and the severity of malformations; it is also important to highlight that
all spirulina mixtures reduced damage in some proportion.

3.1.2. Growth inhibition

Head-to-tail measurements of larvae are shown in Fig. 5. Embryos
exposed to spirulina did not produce a significant difference with respect
to the control group (P < 0.05). In contrast, spirulina mixtures reduced
growth inhibition induced by cadmium, Cd + S 3 was the most effective
mixture due to the length of larvae exposed to this mixture had a similar
size than the control group according to statistical analysis (P < 0.05).

3.2. Oxidative stress evaluation

3.2.1. Lipid peroxidation

Fig. 6 shown lipid peroxidation levels, cadmium, and spirulina
mixtures (Cd + S 1, Cd + S 2, Cd + S 3) increased lipid peroxidation
levels compared to the control group; while the group exposed to spir-
ulina (10 mg L) did not present a significant difference with respect to
the control group (P < 0.05). Nonetheless, all spirulina mixtures reduced
lipid peroxidation levels compared to cadmium exposure. We observed
that Cd + S 2 reduced lipid peroxidation levels effectively if compared to
the other mixtures.

3.2.2. SOD activity

SOD activity is shown in Fig. 7; we observed an increase in SOD
activity induced by cadmium exposure compared to control; however,
the group exposed to spirulina (10 mg L™1) presented the highest sig-
nificant activity with respect to the control group (P < 0.05). While
spirulina mixtures Cd + S 1, Cd + S 2, Cd + S 3 generated a decrease in
SOD activity, a higher decrease was observed in Cd + S 2.

3.2.3. CAT activity

Fig. 8 shown catalase activity with a similar tendency as SOD, spir-
ulina mixtures Cd + S 1, Cd + S 2, Cd + S 3 decreased CAT activity, but
Cd + S 2 and Cd + S 3 shown the most effective reduction in CAT activity
compared to cadmium, while the group exposed to spirulina (10 mg L)
has a significant difference with respect to the control group (P < 0.05),
but the activity is minor than the mixtures.

4. Discussion

To determine if spirulina has a protective effect against the toxicity
induced by cadmium in Xenopus laevis, we performed the FETAX assay.
The most relevant effects evaluated in our study were mortality,
macroscopic malformations, and growth inhibition. Spirulina (Arthro-
spira maxima) reduced mortality, incidence, and severity of malforma-
tions and enhance growth, and spirulina also decreases oxidative
damage induced by cadmium 24.5 pg L™ in Xenopus laevis.
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Fig. 4. Most frequent and representative malformations in X. laevis embryos
after 96 h of exposure to (A) control, (B) spirulina 10 mg L1, (C) cadmium
24.5 ug L%, (D) Cd + S 1 (cadmium 24.5 pg L™+ spirulina 2 mg L) (E) Cd +
S 2 (cadmium 24.5 pg L+ spirulina 4 mg L’l), (F) Cd + S 3 (cadmium 24.5
pug L~ + spirulina 10 mg L~1). Abbreviations: St: stunted, Gt: gut miscoiling, R:
rectum, Mcp: microcephaly, Fa: face abnormality, Ea: eye abnormality, Bn: bent
notochord, Bt: bent tail, Bf: bent fin, Ce: cardiac edema.
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4.1. Mortality and malformations

The significant increase in mortality of Xenopus laevis larvae exposed
to cadmium may be due to cadmium prooxidant activity, the alteration
in nutrients absorption (Zn, Mg, and Cu), and disturbances of meiotic
spindle morphogenesis (Slaby et al., 2017); this can lead to cell death;
these effects were reported previously in Xenopus laevis exposed to
cadmium (Sharma and Patino, 2009). Groups exposed to Cd + S 1, Cd +
S 2, Cd + S 3 had a reduction in mortality rate; a higher reduction was
observed in Cd + S 3, with a decrease in mortality of 50%. The reduction
in mortality may be due to the spirulina scavenge properties that
generate protective effect against oxidative damage reducing ROS and
NOS production; spirulina also has a chelating capacity to bind to heavy
metals (Gelagutashvili, 2006), which can reduce the amount of
cadmium-free to interact with biomolecules and reduce the disturbances
in nutrient absorption and cellular damage.

Main malformations observed in cadmium exposure were: Stunted
embryos, gut miscoiling, rectum malformation, cardiac edema,
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+ S 3 (cadmium 24.5 pg L™! + spirulina 10 mg L) for 192 h. Significant
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Fig. 8. CAT Catalase activity in Xenopus laevis larvae exposed to control, cad-
mium 24.5 pg L7}, spirulina 10 mg L™}, Cd + S 1 (cadmium 24.5 pg L' +
spirulina 2 mg L™!) Cd + S 2 (cadmium 24.5 pg L™ + spirulina 4 mg L), Cd
+ S 3 (cadmium 24.5 pg L' + spirulina 10 mg L) for 192 h. Significant
differences relative to: (*) control, (A) spirulina, (B) cadmium, (C) Cd + S 1, (D)
Cd+S2,(E)Cd+S3. (P < 0.05).

abdominal edema, microcephaly, and axial malformations (bent tail,
notochord, and fin); similar to those previously reported in Xenopus
laevis (Sunderman et al., 1991) Bufo gargarizans (Wu et al., 2017b),
Danio rerio (Cheng et al., 2000) and Silurus soldatovi (Zhang et al., 2012).
Cadmium modifies apoptosis, cell cycle, stress, and immune response
(Liu et al., 2018), induce p53 phosphorylation, can replace Zn in the
zinc-finger domain, and cause errors in DNA repair resulting in the
accumulation of damaged DNA (Chen and Shaikh, 2009; Dally and
Hartwig, 1997) and affect signaling processes, generates oxidative stress
and potential redox alterations. As organogenesis is the most vulnerable
stage of development and requires signaling processes to regulate pro-
liferation and cell differentiation (Hayashi et al., 2018); cadmium can
cause failure on embryonic development, thus generate changes in tis-
sues function and structure and, as a consequence, diverse malforma-
tions (Laforgia et al., 2018). Spirulina mixtures Cd + S1,Cd + S 2, Cd +
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S 3 generated a decrease in incidence and severity of malformations in
larvae exposed to cadmium. Argiielles-Velazquez et al. (2013) also
found a reduction in the frequency of malformations with the supple-
mentation of spirulina in rats exposed to cadmium; this may be due to
the effect of phycobiliproteins; which have anti-inflammatory activity
(Khafaga and El-Sayed, 2018) by reducing inflammation, edema can be
reduced, due to most of the edema is produced by a chronic inflam-
matory process. Phycocyanin and p-carotenes inhibit the formation of
proinflammatory cytokines, thus suppressing the expression of cyclo-
oxygenase II and the production of prostaglandin E2, which acts as an
inflammatory mediator. Phycocyanin has antioxidant effects, can elim-
inate hydroxyl radicals responsible for oxidative damage (Bermejo et al.,
2008), and reduce oxidative stress. The reduction in cellular damage can
reduce the severity and incidence of malformations in Xenopus laevis.

4.2. Growth inhibition

Cadmium exposure decreased larvae length; this effect was also
observed in previous studies. Wu et al. (2017b) reported a reduction in
total length induced by Cd in Buffo Garganzianis, which may be due to
can mimic other essential minerals, thus inhibits nutrient absorption
(Goyer, 1995), and trigger failures in developmental processes, and
generate alterations in calcium-dependent processes, which are highly
important in early life stages (Borodinsky, 2017; Hayashi et al., 2018).

The exposure to spirulina mixtures (Cd + S 1, Cd + S2,Cd + S 3)
shown beneficial effects in development, total body length increased
compared to cadmium exposure, in mixture Cd + S 3 larvae had a similar
size to larvae from the control group. This may be due to the spirulina
cell wall is porous and allows cadmium a free pass-thru; when cadmium
gets to the intracellular compartment, chelating agents act binding to
cadmium and neutralizing it (Bermejo et al., 2008); these chelating
agents are often induced by heavy metals exposure (Knauer et al., 1998).
Another essential mediator is phycocyanin which can scavenge hy-
droxyl, alkoxy, and peroxyl radicals that may initiate the arachidonic
acid cascade; phycocyanin also blocks the phosphorylation of p38
mitogen-active protein kinases, which regulate the synthesis of cyto-
kines, including TNF- « and ILelp (Khalil et al., 2017). Vitamins, pro-
teins, and minerals of spirulina may also be involved in the enhance of
development. Similar results have been reported previously in rabbits
and rats exposed to lead (Pb) and spirulina mixtures. The total size and
weight of the organisms were diminished by Pb exposure, and after
spirulina supplementation, weight and size increased significantly
(Aladaileh et al., 2020).

4.3. Oxidative stress

According to Ercal et al. (2001), the mechanisms responsible for Cd-
induced toxicity may be multifactorial; it can induce adverse effects on
cellular defense systems and thiol status, enhance lipid peroxidation,
and causes deleterious effects on cellular enzymes.

Cadmium can generate alterations in mitochondrial processes, the
primary source of ROS, such as electron transfer chain and energy
generation (ATP), as mitochondria is a suitable source of oxygen when
cadmium alters the activity of complexes II (succinate: ubiquinone
oxidoreductase) and III (ubiquinol: cytochrome C oxidoreductase), lead
to an excessive ROS generation and hence oxidative damage (Gobe and
Crane, 2010; Wang et al., 2004).

Cadmium exposure induced adverse effects in aquatic organisms
previously (Avallone et al., 2015; Cambier et al., 2010; Chan and Cheng,
2003; Mouchet et al., 2006; Pizzi et al., 2017; Shirriff and Heikkila,
2017; Slaby et al., 2016; Thompson and Bannigan, 2008; Wu et al.,
2017b, 2017a; Xia et al., 2016) and many of this are related to oxidative
stress. The ASTM guideline (ASTM E1439 - 12, 2019) recommends using
concentrations lower than 10 pg L™ to evaluate Cd-induced terato-
genesis. However, there are reports in which higher concentrations are
used to observe the toxic effect regarding the evaluation of cadmium-
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induced oxidative stress. For example, a study in Bufo gargarizans was
performed at nominal concentrations of cadmium 5, 50, 100, 200, and
500 pg L1 (Wu et al., 2017a); in Silurus soldatovi, they tested nominal
concentrations of Cd in a range from 1 to 16,000 pg L™! to evaluate the
toxicity on embryos and pro larva organisms (Zhang et al., 2012); these
concentrations are similar to the concentrations tested in our work
considering the early life stages of X. laevis; also, other studies use higher
concentrations in adult organisms, as reported by Kasherwani et al.
(2009) in Freshwater Catfish, Heteropneustes fossilis, who tested cad-
mium chloride at concentrations of 180, 240,320, 420, 560 mg L. Our
results showed that exposure of 24.5 pg L™ of CdCl, induced an increase
in Malondialdehyde (MDA), a well-known lipid peroxidation indicator.
This may be attributed to excessive ROS production, which interacted
with the cell membrane and triggered the formation of lipid radicals,
causing a loss of membrane function and hence cellular damage; spe-
cifically, it has been suggested that disturbances in GSH and metal-
lothionein levels may allow free radicals as HO* and 02" radicals, this
can attack double bonds in membrane lipids and increase lipid peroxi-
dation. On the other hand, mitochondrial respiration is promoted by
lipid peroxidation and enhances oxidative stress (Karmakar et al., 1998).
Nonetheless, spirulina mixtures exposure (Cd + S 1, Cd + S 2, Cd + S3)
achieved a reduction in lipid peroxidation levels, Cd + S 2 shown a
reduction statistically significant compared to Cd + S 1 and Cd + S3;
similar effects of a decrease in lipid peroxidation with spirulina sup-
plementation have been reported previously in Oreochromis niloticus
exposed to deltamethrin, (Abdelkhalek et al., 2017); in rats exposed to
sodium fluoride (Banji et al., 2013), Wistar rats exposed to methotrexate
(Khafaga and El-Sayed, 2018), Clarias gariepinus exposed to sodium
dodecyl sulfate (Sayed and Authman, 2018), rabbits exposed to lead
acetate (Aladaileh et al., 2019), male rats exposed to sodium arsenite
(Bashandy et al., 2016) and Wistar rats exposed to Cadmium (Karadeniz
etal., 2009). As mentioned previously, spirulina has the chelating ability
to bind cadmium ions and inhibit Fenton reaction; it also can neutralize
alkoxyl hydroxyl and peroxyl radicals (Wu et al., 2016), and if the lipid
peroxidation process is inhibited in an early stage, damage can be
reduced. Vitamin E in spirulina can be protective against lipid peroxi-
dation due it has a chroman ring on its structure that apports reductive
effect and can reduce peroxyl radicals into hydroperoxides which

afterward can be degraded enzymatically (Miyazawa et al., 2019). Ca-
rotenoids in spirulina also have antioxidant activity, scavenge ROS, and
neutralize oxygen singlet (Stahl and Sies, 2003).

The antioxidant enzymatic activity was also increased in cadmium
exposure; it has been reported previously that especially CAT and SOD,
two major antioxidant enzymes, are affected by Cd and can induce an
increase in enzymatic activity (Ercal et al., 2001; Karadeniz et al., 2009;
Wu et al., 2017a; Xia et al., 2016). As mentioned before, Cd has a
multifactorial mechanism of toxicity, none the less; one way for the
production of reactive oxygen species is through its entrance to the
electron transport chain in mitochondria, leading to the accumulation of
unstable semi ubiquinones which donate electrons and create superox-
ide radicals (Prabhat et al., 2019). The increase in enzymatic activity can
result from excessive production of reactive species; cadmium generates
ROS and RNS and increases superoxide (O5") levels. Then, SOD catalyzes
a dismutation process, transforming O3~ into H30,, which CAT and
glutathione peroxidase later transform into H»O (Liu et al., 2018); these
processes induce an increase in antioxidant enzyme activity to
neutralize ROS and protect the cell from oxidative damage. As shown in
Fig. 7, the increment in superoxide radicals induced by Cd increases the
level of SOD, which is later decreased by spirulina treatment in the
mixtures. However, exposure to spirulina (10 mg L™') generated the
highest increase in the activity of this enzyme, which has been reported
in previous studies. It may be due to spirulina have SOD on its compo-
sition (Asieh et al., 2016); while, groups exposed to spirulina mixtures
Cd +S1,Cd + S 2, and Cd + S3 shown a decrease in both enzymatic
activity, the higher decrease statistically significant (P < 0.05) in SOD
activity was induced by Cd + S 2, whereas the higher decrease statisti-
cally significant (P < 0.05) in CAT activity was induced by Cd + S 3.

Regarding catalase activity, similar results were observed by Amr
et al. (2006), who reported that catalase activity was increased by
cadmium and further decreased in rats treated with spirulina. As
mentioned above, spirulina can improve antioxidant activity and help to
restore the ability to neutralize ROS and RNS, therefore reduce oxidative
damage (Fig. 9). Other studies where supplementation with spirulina
was performed report an increase in antioxidant enzymes (Abdelkhalek
et al., 2017; Banji et al., 2013; Karadeniz et al., 2009; Sayed and
Authman, 2018); contrary to the results obtained in this work, this may
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be due other studies are focused on an adult organism, or in embryos in
the gestational process (mammals), and in early life stages some re-
covery responses are not fully developed, this may contribute to a
different response against damage, in addition, it depends on the toxicity
mechanism of the metal that has been evaluated.

5. Conclusions

Cadmium can generate diverse alterations, induce an increase in ROS
and RNS, inhibit nutrients absorption, and generate disturbances in
some signaling processes, hence cellular damage and malformations. On
the other hand, spirulina can scavenge highly toxic radicals such as
hydroxyl, peroxyl, and superoxide radical, also spirulina can chelate
cadmium, inhibiting damage in cellular components, reducing malfor-
mations, growth inhibition, and oxidative damage. Spirulina (Arthro-
spira maxima) shown protective effects against cadmium-induced
toxicity in Xenopus laevis, the higher beneficial effects were observed in 4
and 10 mg L™1; nonetheless, 2 mg L™! also shown significant positive
effects: oxidative damage was reduced, mortality and malformation rate
decrease, as well as the severity of malformations and growth inhibition.
Spirulina can be considered as a diet complement for amphibians to
prevent toxicity induced by metals in early life stages, further studies
focused on the effects of spirulina in amphibians and aquatic organisms
are recommended.
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