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Abstract
Diclofenac (DCF) is a medication that is highly consumed and eliminated worldwide; it is constantly detected in the 
environment (primarily in water) and resists conventional degradation processes. It was included in the European 
Union watch list for the water framework. There are no regulations for this compound in Mexico. Therefore, this 
study evaluated the protective effect antioxidant activity of spirulina (Arthrospira maxima) against DCF-induced 
toxicity in Xenopus laevis at early life stages. X. laevis oocytes were exposed at the medium blastula stage for 96 h to 
three different mixtures: DCF+S 2 (149 µg L-1 DCF plus 2 mg L-1 spirulina), DCF+S 4 (149 µg L-1 DCF plus 4 mg L-1 
spirulina), DCF+S 10 (149 µg L-1 DCF plus 10 mg L-1 spirulina). Other groups of oocytes were also exposed to DCF 
149 µg L-1 and a control group. The mortality and malformation rate, growth, lipid peroxidation, and antioxidant 
enzymatic activity (superoxide dismutase and catalase) were determined. Spirulina at 4 and 10 mg L-1 reduced 
DCF-induced mortality by 80% and reduced malformations in severity and frequency. The abnormalities were 
malformations of the eye, tail, notochord, intestine, and rectum. All spirulina exposure groups showed an increase 
in total body size compared to those exposed to DCF. Regarding oxidative damage, the groups exposed to the 
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mixture with spirulina decreased lipid peroxidation levels and diminished antioxidant activity. Spirulina reduced 
DCF-induced damage in X. laevis at early life stages and decreased mortality, frequency, and severity of 
abnormalities, growth inhibition, and oxidative damage. Further research is needed to evaluate the effects of 
spirulina against toxicity induced by xenobiotics in the early stages of development.
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INTRODUCTION
In recent decades, aquatic environment pollution has become a global issue; domestic and industrial 
discharges can cause detrimental effects, even at trace concentrations, primarily on aquatic organisms. 
Among the compounds that have been identified as environmental pollutants are emerging contaminants (a 
group of unregulated contaminants present in different water matrices for decades ago), such as personal 
care compounds, synthetic hormones, steroids, and endocrine-disrupting chemicals, among others, which 
represent only a tiny fraction of the total chemical pollution[1].

Pharmaceuticals are used extensively in human and veterinary medicine[2]. Hundreds of tons of 
pharmaceuticals are consumed worldwide annually[3]. Their physicochemical properties constitute a 
significant class of emerging environmental pollutants threatening aquatic organisms and ecological 
health[3-5]. Nonsteroidal anti-inflammatory drugs (NSAIDs) are among the most commonly used in Mexico 
and worldwide[4,6]. Diclofenac (DCF, a member of the phenylacetic acid class with analgesic, anti-
inflammatory, and antipyretic effects), since its introduction in 1973, has been one of the most prescribed 
worldwide due to its effectiveness in treating a variety of acute and chronic pain and inflammatory 
conditions[7-11]. DCF exerts its action by inhibiting prostaglandin synthesis; it binds to cyclooxygenase 
(COX)-1 and COX-2 and inhibits the conversion of arachidonic acid into pro-inflammatory prostaglandins 
through chelation; nevertheless, unlike many NSAIDs, DCF inhibits COX-2 with greater potency than it 
does with COX-1, making it able to inhibit tumor angiogenesis. Several studies found that DCF activity 
extends beyond COX inhibition, including multimodal and novel mechanisms of action[7-9].

DCF was included on the First Watch List of the EU Water Framework Directive. This inclusion was done 
because of its ubiquitous nature in the aquatic environment, mainly in surface waters such as rivers, lake 
canals, estuaries, and seas; it also frequently occurs in groundwater and wastewater effluents. Due to its 
potential toxicity reported over the last 20 years, it harms aquatic biota such as fish and mussels[4,12-15].

DCF has been detected in several aquatic matrixes in concentrations ranging from ng L-1 to μg L-1. For 
example, in surface water, it has been found at < 100 ng L-1[16,17] to 364 ng L-1[18], 419 ng L-1[19], 10 200 ng L-1[20], 
and 7.76 μg L-1[21]; in groundwater, the reported concentrations vary from < 10 ng L-1[16,22] to 48.1 ng L-1[23], 518 
ng L-1[19], and 2.77 μg L-1[24]. In drinking water samples, DCF has been found from < 10 ng L-1[25,26] to 16-18 ng 
L-1[27,28]; while in seawater, it has been found at 0.021, 48, 11.6, 880 ng L-1[29-32], and 10.2 and 31.9 ng L-1[33,34]; in 
municipal wastewater influent/effluent, it has been detected at < 500 ng L-1[35-37] to 812 ng L-1[38] and 
2.5 μg L-1[39].

Other matrixes include soil, where DCF has been detected from 0.3 to 0.35 mg kg-1[40,41], 257 mg kg-1[42], and 
0.2 ng g-1[43]; in sediments, it was found from 3.95, 6.8, 10.6, and 13.88 ng g-1[18,44-46]; in suspended solids, it has 
been detected from 119 ng g-1[47] to 1.3 mg g-1[18]; in sewage sludge; it has been detected from < 1 ng g-1[48] to 
>10 ng g-1[49,50], even at 35.3 mg Kg-1[51] and 4,968 mg Kg-1[42]. Finally, DCF has been detected in the leachate at 
40 and 613.3 ng L-1[52,53] and 108.34 mg L-1[24].
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DCF causes toxic effects, even at trace concentrations for humans and aquatic organisms, including 
significant inhibition of acetylcholinesterase (as a biomarker of neuronal regulation) in Daphnia magna 
(0.08-18.4 ngL-1)[54]. A significant decrease in growth was observed in Danio rerio (at 30 and 60 mgL-1)[55], 
with alterations in hematologic parameters including higher mean corpuscular hemoglobin concentration, 
mean corpuscular volume, and white blood cell, with significantly lower hemoglobin, hematocrit, red blood 
cell and mean corpuscular hemoglobin in Clarias gariepinus (at 1.57, 3.14, and 6.28 mgL-1)[2]. It modulated 
genes associated with kidney repair and regeneration in Pimephales promelas (at 25 μgL-1)[10] and reduced 
larval developmental growth and several morphological abnormalities such as altered body axis and organ 
and visceral abnormalities, including cardiac hypoplasia and miscoiling guts in Trachycephalus typhonius 
and Physalaemus albonotatus (at 125 and 250 μgL-1)[56]. It affected the hatching rate, development rate, 
survival, growth, and histopathological changes in Oncorhynchus mykiss and Danio rerio (3.2 to 
1,000 µgL-1)[57].

Due to its biotransformation leading to the formation of reactive metabolites and reactive oxygen species 
(ROS) can induce oxidative stress and damage in diverse biomolecules[11,58,59]. It has been highlighted that 
relevant environmental concentrations may result in adverse effects, mainly chronic exposure, in aquatic 
and marine organisms[12,14,60]. The toxicities reported by several working groups worldwide include increased 
oxidative stress biomarkers such as lipid peroxidation (LPX), hydroperoxide content, protein carbonyl 
content, and the antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), glutathione-S-
transferase, and glutathione peroxidase activities. They also include teratogenic effects, malformations in the 
tail and notochord, edema, and stunted growth in Xenopus laevis and Lithobates castesbeianus at 1, 4, 8, 16, 
32, and 62.5 mgL-1[61]. These effects occur in Daphnia magna at 0.08-18.4 ngL-1[54] and 2.9 mgL-1[6], in Danio 
rerio at 5, 15, 30, and 60 mgL-1[55] and 0.5, 5, 50, and 500 mgL-1[15], and in Cyprinus carpio at 7.098 mgL-1[62] 
and 70.98 mgL-1[59].

Spirulina (Arthrospira maxima) is a unicellular blue-green cyanobacterium microalga. It has been used as a 
nutrient supplement because of its nutritional value, medicinal properties, and pharmacological activity. 
Spirulina is an excellent source of protein, vitamins, fatty acids, and amino acids. It is also a potent immune 
system stimulant; it increases phagocytic and natural killer activity[63], increases IL-1 levels and activates 
antibodies[64]. Other properties include antiviral, anticancer, hypoglycemic, and antihyperlipidemic[65-68]. 
Spirulina’s antioxidant and protective effects have been demonstrated against toxins such as mercury[69,70], 
D - galactosamine[71], acetaminophen[72], copper[73], c a r b o n  tetrachloride[74], b e t a - cypermethrin[75], a n d  
tetracycline[76].

Spirulina significantly improved the activity of glutathione, glutathione peroxidase, glutathione reductase, 
and glutathione S transferase in rabbits[77], rats[78], hamster[79], Cyprinus carpio[80], Nile tilapia[81,82], and 
Danio rerio[83,76]. However, there is no evidence of benefits in X. laevis. Therefore, this study evaluated the 
protective effects of spirulina against mortality, malformations, growth inhibition, and oxidative damage 
induced by DCF in X. laevis at early life stages.

MATERIALS AND METHODS
All procedures were carried out at the Faculty of Chemistry of the Autonomous University of the State of 
Mexico, approved on January 14, 2022 (project code 6453/2022CIB), as indicated in the official letter D.I./
021/2022. The ethical protocols for the care, use, and management of laboratory species established in the 
American Society for Testing Materials (ASTM) Guide E-1439-12 were followed, as were the specifications 
in the official Mexican standard (NOM-062-ZOO-1999, Technical specifications for the production, care, 
and use of laboratory animals).
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Chemicals and reagents
All reagents used were analytical grade (> 99% purity). Diclofenac sodium salt (CAS # 15307-79-6, 99% 
purity), 3-amino-benzoic acid ethyl ester (MS-222), NaCl, NaHCO3, KCl, CaCl2, CaSO4·2 H2O, MgSO4, and 
other reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise indicated. 
Spirulina dried powder was purchased from a local supplier (AEH Spiral Spring, Mexico).

Organism selection and maintenance
Adult X. laevis males and females were obtained from an aquaculture center (Aquanimals) in Queretaro, 
Mexico. The selection criteria for males were 8 to 10 cm in length and two years of age (for females, 10 to 
12.5 cm and three years). Differentiation criteria were the presence of visible cloacal labia and a larger size in 
females.

Males and females were housed separately in 60 L aquariums filled to 80% capacity with dechlorinated 
water. The following conditions were maintained: temperature 21 ± 2 °C, pH 6.5 to 9, and 12-h light-dark 
photoperiods. Total organic carbon < 10 mg L-1, alkalinity, and hardness (by determination of CaCO3 16 to 
400 mg L-1) were determined monthly. X. laevis were fed three times a week ad libitum with Chrisotoma sp. 
(0.5 ± 0.3 cm in length) or commercial food NUPEC pellets (Purina).

FETAX assay
This study followed the American Society for Testing Materials Standard Guide for Conducting the Frog 
Embryo Teratogenesis Assay-Xenopus (FETAX)[84].

FETAX and test solutions
The FETAX medium formulation was 625 mg NaCl, 96 mg NaHCO3, 30 mg KCl, 15 mg CaCl2, 60 mg 
CaSO4· 2 H2O, and 75 mg MgSO4 per liter of deionized water. The final pH was 7.6-7.9. All reagents were 
purchased from Sigma-Aldrich.

A stock solution was prepared daily by dissolving 1 g in 1 L of FETAX medium for DCF exposure. Later, 
DCF solutions were ready to have a final concentration of 1, 4, 8, 16, 32, and 62.5 mg L-1[61,85] for LC50 and 
lowest observed adverse effect level (LOAEL) determination. Spirulina and DCF mixtures were prepared by 
dissolving 2, 4, and 10 mg of spirulina in a 149 µgL-1 DCF solution. The entire procedure was performed 
under a laminar flow hood.

The concentration of DCF 149 µgL-1 in mixtures was previously determined to be the lowest adverse effect 
level (LOAEL) in X. laevis, and spirulina doses were 2, 4, and 10 mgL-1 based on previous experiments[86]. No 
spirulina concentration had been tested previously in embryonic stages in amphibians.

The final test solutions for evaluating protective effects are in Table 1. New solutions were prepared daily to 
avoid degradation and protected from light at 4 °C.

Ovulation induction and fertilization
The night before the assay, one male and one female were placed in a 40-L aquarium with a plastic mesh 
suspended 3 cm over the bottom to separate the embryos from the adult organisms with opaque sides at 21 
± 2 °C, pH 6.5-9.

In the dorsal lymph sac, ovulation and spermatogenesis were induced by human chorionic gonadotropin 
hormone (previously dissolved with a NaCl 0.9% sterile solution; CHORAGON®, Ferring) using 1-mL 
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Table 1. Exposure groups

Test solution Composition

Control FETAX medium

Spirulina 10 mgL-1

Diclofenac 149 µgL-1 of diclofenac 

DCF+S 2 149 µgL-1 of diclofenac plus 2 mgL-1 of spirulina

DCF+S 4 149 µgL-1of diclofenac plus 4 mgL-1 of spirulina

DCF+S 10 149 µgL-1 of diclofenac plus 10 mgL-1 of spirulina

DCF: Diclofenac; FETAX: Frog Embryo Teratogenesis Assay-Xenopus.

hypodermic syringes fitted with long 26-gauge needles; males were administered 300 IU and females were 
administered 700 IU.

Oocyte selection
On the morning of the following day, the aquarium was inspected for oviposition. Oocytes were extracted 
from the aquarium with sterile Pasteur pipettes and placed in separate containers for examination under a 
Zeiss Stemi 305 stereoscopic microscope to select oocytes with a spherical shape, homogeneous cell division, 
and blastula stage (8-10).

Exposure
(1) Diclofenac

For DCF exposure, 10 mL of each solution (1, 4, 8, 16, 32, 62.5 mg L-1) were placed in 50-mm Petri dishes 
under a laminar flow hood; twenty oocytes were placed in each Petri dish using Pasteur pipettes and a 
stereoscopic microscope. A control group exposed to FETAX medium was prepared at the same conditions, 
21 ± 2 °C for 96 h. All experiments were performed in triplicate.

(2) Diclofenac and spirulina mixtures

As mentioned previously (2.3.4.1), 10 mL of each solution (Diclofenac, D+S 2, D+S 4, D+S 10) were placed 
in 50-mm Petri dishes under a laminar flow hood. Twenty oocytes were collected and placed in each Petri 
dish using Pasteur pipettes and a stereoscopic microscope. A control group exposed to FETAX solution was 
prepared at the same conditions, 21 ± 2 °C for 96 h. All experiments were performed in triplicate.

Culture monitoring
Diclofenac, mixtures, and control group solutions were replaced daily under a laminar flow hood. Sterile 50-
mm Petri dishes were filled with 10 mL of each test concentration, mixture, and control solution. They were 
added and maintained for 1 h 30 min at room temperature to ensure that solutions were 20 ± 2 °C before 
transferring oocytes. Every 24 h, cultures were inspected, and live embryos were transferred to a new Petri 
dish. A daily record was taken, and the number of dead larvae and residues (if any) in each culture were 
documented.

Examination of larvae
At 96 h of exposure, we checked larvae for swimming; if there were none, this was noted in a developmental 
parameter sheet used to record malformations. Precipitates (if any) and dead larvae were also recorded.
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After 96 h, larvae were euthanized by placing them in a 50-mm Petri dish containing 0.06% (w/v) ethyl 3-
aminobenzoate methanesulfonate (lethal dose).

Each larva was measured head-to-tail using Zen Blue Zeiss software, and we registered values to determine 
the minimum concentration to inhibit growth. Each larva was observed and evaluated in the microscope 
fitted with a Zeiss Axiocam 5s camera to identify developmental abnormalities following the Atlas of 
Abnormalities[87] and other resources. After examination, the disposal of larvae followed the institutional 
standards for eliminating biological samples.

Oxidative damage assessment
The FETAX assay was performed as in 2.3 to 2.3.5, extending the exposure period to 192 h to ensure the 
larvae were feeding[88,89]; afterward, larvae were weighed and homogenized with a phosphate buffer solution 
(pH 7.2) 4 °C in a 1:4 (w/v) proportion, then centrifuged at 2,500 rpm for 15 min.

Determination of total protein
Total protein was determined using Bradford’s 1976 method[90]. 25 μL of supernatant were added in a 
microtube plus 75 μL deionized water and 2.5 mL Bradford’s reagent [0.05 g Coomassie blue dye (Sigma-
Aldrich), 25 mL of 96 % ethanol (Sigma-Aldrich), and 50 mL H3PO4 (Sigma-Aldrich) in 500 mL deionized 
water]. The microtubes sat for 5 min in darkness, and absorbance was read at 595 nm. Total protein 
concentration was determined by interposing the results on a bovine albumin standard curve (Sigma-
Aldrich). The total protein concentration was used to express the results of lipid peroxidation, SOD, and 
CAT.

Determination of LPX
LPX activity was determined according to Buege and Aust[91]; 50 µL of supernatant, 450 µL Tris-HCl buffer 
solution (150 mM) pH 7.4, and 1 mL of 0.38% thiobarbituric acid (Fluka, Sigma-Aldrich, Toluca) in 15% 
tricarboxylic acid were added to a glass tube (10 × 75 mm) and incubated at 37 °C for 45 min. Absorbance 
was determined at 535 nm. Results were expressed as mM malondialdehyde/mg protein using the 1.56 × 105

/M/cm molar extinction coefficient.

Determination of  SOD activity
SOD activity was determined according to Misra and Fridovich[92]; 40 µL of supernatant, 260 μL carbonate 
buffer solution [50 mM sodium carbonate,0.1 mM EDTA (Sigma-Aldrich)], pH 10.2, and 200 μL of 
adrenaline (30 mM,) were added to a quartz cuvette. Absorbance was measured at 480 nm at 30 seconds and 
5 minutes. SOD activity was determined with the molar extinction coefficient 21 M cm-1, and results were 
expressed as IU SOD/mg of protein.

Determination of CAT activity
CAT activity was determined according to Radi et al.[93]; 30 µL of supernatant were placed into a quartz 
cuvette plus 420 µL of isolation buffer solution[0.3M sucrose (Vetec, Sigma-Aldrich), 1 mM EDTA, 5 mM 
HEPES, 5 mM KH2PO4 (Sigma-Aldrich)] and 300 µL of 20 mM H2O2 solution (Sigma-Aldrich). Absorbance 
was read at 240 nm, at 0 and 60 s. CAT activity was estimated using the molar extinction coefficient  of H2O2 
0.093 mM/cm.

Statistical analysis
The data were analyzed using the software Stat graphics Centurion XIX. All results were expressed as the 
mean of three experiments performed under the same conditions. To determine normality, the Shapiro-
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Wilk and Kolmogorov-Smirnov tests were performed. To calculate the values of median lethal 
concentration (LC50), we performed a probitanalysis (P < 0.05); for the LOAEL, we performed a Dunnett‘s 
test (P < 0.05). To determine the differences in growth, each larva was measured from head-to-tail, and the 
mean values were compared using one-way analysis of variance (ANOVA) and Fisher’s multiple 
comparisons (P < 0.05). LPX, SOD, and CAT were analyzed using one-way ANOVA and Fisher’s multiple 
comparisons (P < 0.05).

RESULTS
FETAX assay
The median lethal concentration (LC50) of 14.905 mg L-1 was determined (PROBIT analysis P < 0.05), and 
LOAEL was calculated at 149 µg L-1.

Mortality and malformations
Mortality and malformation data are shown in Figure 1. Survival in spirulina-treated embryos from 60% to 
80%; the highest increased in surivival was on D+S 4 and D+S 10, and neither group showed significant 
differences from the control. Nevertheless, there was a significant increased in survival to DCF exposure; 
malformations were reduced by 6% to 16%, and D+S 4 demonstrated a higher reduction. The most frequent 
malformations observed were bent tail, bent notochord, gut and rectum malformation, eye abnormalities, 
microcephaly, and cardiac edema [Figure 2]. All spirulina mixtures significantly reduced malformation 
severity [Figure 3].

Growth inhibition
Diclofenac exposure reduced the total larval body size, spirulina mixtures increased full body size, and 
enhanced growth, as shown in head-to-tail measurements in Figure 4. Larvae exposed to D+S 4 and D+S 10 
had similar total body size as the control; D+S 10 was the most effective in reducing growth inhibition.

Oxidative damage
Lipid peroxidation
Lipid peroxidation data are shown in Figure 5. Diclofenac induced a significant increase in 
malondialdehyde levels compared to the control; on the other hand, all spirulina mixtures demonstrated a 
significant reduction in lipid peroxidation compared to DCF, and D+S 10 achieved the highest reduction.

SOD activity
Figure 6 shows SOD activity; DCF exposure induced an increase compared to control; spirulina mixtures 
significantly reduced SOD activity. The most effective decrease is observed in D+S 10; this mixture has 
similar SOD activity levels to the control group.

CAT activity
DCF also increased CAT activity [Figure 6]; however, all spirulina mixtures achieved CAT levels lower than 
DCF. The mixture with the most effective reduction was D+S 10; this mixture reached similar values to the 
control group.

DISCUSSION
Pharmaceuticals have been detected in aquatic environments. Because these products are biologically active 
and are constantly released into water, they represent a risk to organisms and human health. DFC is an 
NSAID that detects aquatic environments in concentrations ranging from ng L-1 to µg L-1[13,14,94]. Although 
DFC has a relatively short half-life in water (8 days)[95], its constant elimination can be a problem because 
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Figure 1. (1A) Total number of dead embryos of X. laevis after exposure 96 h to control, spirulina 10 mgL-1, DCF 149 µgL-1, DCF+S 2 
(diclofenac 149 µgL-1 + spirulina 2 mgL-1), DCF+S 4 (diclofenac 149 µgL-1 + spirulina 4 mgL-1), DCF+S 10 (diclofenac 149 µgL-1 + spirulina 
10 mgL-1); (1B) total number of Xenopus leavis embryos with malformation, after exposure 96 h to control, spirulina 10 mgL-1, diclofenac 
149 µgL-1, DCF+S 2 (diclofenac 149 µgL-1 + spirulina 2 mgL-1), DCF+S 4 (diclofenac 149 µgL-1 + spirulina 4 mgL-1), DCF+S 10 (diclofenac 
149 µgL-1 + spirulina 10 mgL-1). Significant differences relative to: *: control; A: spirulina; B: DCF; C: DCF+S 2; D: DCF+S 4; E: DCF+S 10 
(One-way ANOVA and Fisher’s test, P < 0.05).

Figure 2. Frequency histogram for malformations induced in X. laevis embryos after 96 h exposure to control, spirulina 10 mgL-1, 
diclofenac 149 µgL-1, DCF+S 2 (diclofenac 149 µgL-1 + spirulina 2 mgL-1), DCF+S 4 (diclofenac 149 µgL-1 + spirulina 4 mgL-1), DCF+S 10 
(diclofenac 149 µgL-1 + spirulina 10 mgL-1).

most of the standard remotion processes in wastewater treatment plants are ineffective in eliminating it[96]. 
Their continuous introduction to the environment can compensate for their transformation-remotion rates.

In Mexico, studies about DCF concentrations in water are scarce. However, it was detected in the influent of 
a wastewater treatment plant in Ciudad Juarez at 160 parts per billion[97]. Unfortunately, Mexico has no 
regulations stipulating the maximum permissible limit for the emission of pharmaceutical products into the 
aquatic environment. This absence can lead to the generation of adverse in aquatic organisms induced by 
pharmaceutical products; therefore, we must explore alternatives to reduce the toxic effects of 
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Figure 3. Representative, and most frequent malformations observed in X. laevis exposed for 96 h to (A) control; (B) spirulina 10 mgL-1; 
(C) diclofenac 149 µgL-1; (D) DCF+S 2 (diclofenac 149 µgL-1 + spirulina 2 mgL-1); (E) DCF+S 4 (diclofenac 149 µgL-1 + spirulina 4 mgL-1); 
(F) DCF+S 10 (diclofenac 149 µgL-1 + spirulina 10 mgL-1). bn: bent notochord; bt: bent tail; ea: eye abnormality; fm: face malformation; 
gm: gut malformation; mcp: microcephaly; r: rectum.

Figure 4. X. laevis larvae total body length head-to-tail after 96 h exposure to control, spirulina 10 mgL-1, 149 µgL-1, DCF+S 2 (diclofenac 
149 µgL-1 + spirulina 2 mgL-1), DCF+S 4 (diclofenac 149 µgL-1 + spirulina 4 mgL-1), DCF+S 10 (diclofenac 149 µgL-1+ spirulina 10 mgL-1). 
Significant differences relative to: *: control; A: spirulina 10 mgL-1; B: diclofenac 149 µgL-1; C: DCF+S 2; D: DCF+S 4; E: DCF+S 10 (One-
way ANOVA and Fisher’s test, P < 0.05).
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Figure 5. Lipid peroxidation level assessed in X. laevis after 192 h exposure to control, spirulina 10 mgL-1, diclofenac 149 µgL-1, DCF+S 2 
(diclofenac 149 µgL-1 + spirulina 2 mgL-1), DCF+S 4 (diclofenac 149 µgL-1 + spirulina 4 mgL-1), DCF+S 10 (diclofenac 149 µgL-1 + spirulina 
10 mgL-1). Significant differences relative to: *: control; A: spirulina 10 mgL-1; B: diclofenac 149 µgL-1; C: DCF+S 2; D: DCF+S 4; E: DCF+S 
10 (one-way ANOVA and Fisher’s test, P < 0.05).

Figure 6. Antioxidant enzymes (6A) SOD; (6B) CAT evaluated in X. laevis larvae exposed 192 h to control, spirulina 10 mgL-1, diclofenac 
149 µgL-1, DCF+S 2 (diclofenac 149 µgL-1 + spirulina 2 mgL-1), DCF+S 4 (diclofenac 149 µgL-1 + spirulina 4 mgL-1), DCF+S 10 (diclofenac 
149 µgL-1 + spirulina 10 mgL-1). Significant differences relative to: *: control; A: spirulina 10 mgL-1; B: diclofenac 149 µgL-1; C: DCF+S 2; D: 
DCF+S 4; E: DCF+S 10 (one-way ANOVA and Fisher’s test, P < 0.05).

pharmaceuticals in aquatic organisms. This is why we tested the effects of spirulina against DCF toxicity.

In the present study, as in others[85,61], DCF induced mortality [Figure 1] and malformations 
[Figures 2 and 3], growth inhibition [Figure 4], and caused oxidative damage in X. laevis in early life stages 
[Figures 5 and 6]. These effects may be due to oxidative stress, increased ROS, and pro-apoptotic factors, all 
of which cause cellular damage and death. Studies demonstrated that DCF is toxic at relatively low 
concentrations in aquatic organisms; it is teratogenic and embryotoxic and induces malformations (axial, 
edema, intestine, heart, head, eye) and growth inhibition in X. laevis[85]. It also causes growth restriction and 
malformations in viscera and skeleton, variations in acetylcholinesterase and glutathione S transferase levels, 
and neurotoxic and cardiotoxic damage in T. typhonius and P. albonotatus[56]. It increases mortality in 
embryos, variations in weight and size, increases glutathione S transferase, and reduces glutathione 
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reductase in Cyprinus carpio[98]. DCF increases the antioxidant activity of glutathione S transferase and 
adenosine triphosphate (ATP) binding cassette transporters and lipid peroxidation in Danio rerio larvae and 
adults[99]. It also induces oxidative stress and increases ROS levels associated with cytotoxicity in 
Daphnia magna[6,100]. Studies reported that DCF is toxic because it alters the oxidative phosphorylation in 
mitochondria; it induces direct depolarization of mitochondria which activates cytochrome CYP2C9 and 
increases cytosolic calcium levels, which leads to an increase in mitochondria membrane potential. This 
process generates pores and the collapse of the mitochondrial transmembrane potential, ATP 
depletion[99,101-103], the release of cytochrome C, which activates caspase 9 and caspase 3, and cellular 
death[100,103-105]. CYP2C9 activation induces the production of metabolites and ROS (mainly superoxide anion 
O2

-•) as superoxide dismutase is the first enzymatic mechanism of defense produced as a response when 
ROS is increased due to its catalysis of O2

- into H2O2. Catalase decomposes H2O2 into water and oxygen; 
both enzymes increase as a response to excess ROS. Because DCF induces oxidative stress, it has been 
reported that exposure, even at low or environmentally relevant concentrations, increases the activity of 
these enzymes[101].

Spirulina is a unicellular microalga with a high content of nutrients, proteins, minerals, antioxidants, and 
other biologically active compounds[106,107]. Its activities include antioxidant, anti-inflammatory, 
immunomodulatory, hepatoprotective, and neuroprotective[108-115]; it also can reduce levels of pro-
inflammatory interleukins and inflammation[108]. The protective effects of spirulina in various organisms 
have been reported[109,116-123].

Our results showed that exposure to spirulina reduced mortality [Figure 1], the severity and frequency of 
malformations [Figures 2 and 3], improved growth [Figure 4], and decreased oxidative damage [Figures 5 
and 6]. Most of these effects were statistically significant at 4 and 10 mg L-1; nevertheless, all concentrations 
showed positive effects against DCF-induced toxicity. These beneficial effects have been reported 
previously[74]. reported that spirulina restored enzyme levels and reduced histomorphological damage in the 
liver and kidney of Wistar albino rats exposed to DCF. The reduction of toxic effects induced by DCF may 
be due to the activity of spirulina components [Figure 7]. Phycocyanins possess antioxidant capacity, 
particularly phycocyanin C (PC), a water-soluble protein with a chromophore group (phycocyanobilin); PC 
scavenges ROS, including hydroxyl, alkoxy, and peroxyl[124]. It also inhibits lipid peroxidation at early stages. 
PC can scavenge alkoxy radicals (which propagate lipid peroxidation), inhibiting structural membrane 
damage[125,126].

Spirulina has other components inhibiting lipid peroxidation; carotenoids can neutralize oxygen singlets 
and peroxyl radicals and inhibit the production of prostaglandin E2 and nitric oxide production by 
suppressing inflammatory mediators[127,128]. Another component with critical activity is tocopherol because it 
interacts with superoxide anion, hydroxyl, and hydroperoxyl radicals; when tocopherol interacts with 
peroxyl radicals, it forms non-radical species that are less reactive. Thus, tocopherol reduces the lipidic 
peroxidation process and reduces membrane damage[129,130]. Some interactions exist between non-enzymatic 
antioxidants; for example, carotenoids regenerate tocopherol from its radical form (tocopheroxyl). The 
resulting carotenoid radical is restored by vitamin c. This interaction can also neutralize reactive nitrogen 
species to reduce oxidative damage[131,132].

The beneficial properties may be involved in reducing DCF-induced oxidative stress. Because oxidative 
stress is also to teratogenesis, the decrease in reactive radical species can offset the generation of 
malformations and their frequency [Figures 2 and 3], where spirulina achieved a significant restorative 
effect at 4 and 10 mg L-1.
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Figure 7. The proposed mechanism of damage reduction due to spirulina in X. laevis exposed to DCF. The main scavenge routes of 
spirulina are by some of its components. In red color the effects generated by diclofenac are shown: the production of reactive oxygen 
species, the activation of cytochrome CYP450 through its biotransoformation, and the activation of cytochrome C. In green color the 
components of spirulina and their action are shown as neutralizers of reactive oxygen species.

Spirulina also has substantial nutritional value and contains carbohydrates, proteins, minerals, and vitamins; 
these attributes may contribute to enhancing the growth and development of X. laevis exposed to DCF 
[Figure 4]; the total body size of embryos exposed to spirulina mixtures was similar to the control group, 
comparable results were reported in other organisms[81,112].

CONCLUSIONS
DCF is a pharmaceutical found in water bodies and drinking water worldwide. Due to its physicochemical 
properties and mechanism of action, DCF is toxic to aquatic organisms, mainly through oxidative stress. 
Because DCF is a ubiquitous pollutant, it is necessary to identify compounds to reduce its adverse effects. In 
this work, DCF-induced oxidative stress increased SOD and CAT levels, caused malformations to the head 
and face, and caused growth inhibition. Spirulina, mediated by its antioxidant components that scavenge 
free radicals, reduces oxidative stress and the severity of malformations at all tested concentrations, with a 
higher effect at 4 and 10 mg L-1. Spirulina should be considered for aquatic organism diets to protect them 
from toxicity induced by pharmaceutical products such as DCF. Studies on spirulina’s potential protective 
effects against other pharmaceutical products, metals, and emerging pollutants are highly recommended.
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Page 13 of Pérez-Alvarez et al. Water Emerg Contam Nanoplastics 2023;2:5 https://dx.doi.org/10.20517/wecn.2022.23 18

Methodology, writing - review & editing: Chamorro-Cevallos G

Availability of data and materials
Not applicable.

Financial support and sponsorship
Not applicable.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
All procedures followed the ethical protocols of care, use, and management of the species used in the 
Universidad Autónoma del Estado de Mexico. The specifications mentioned in the corresponding Official 
Mexican Standards were also considered (NOM-062-ZOO- 1999, Technical specifications for producing, 
caring, and using laboratory animals).

Consent for publication
Not applicable.

Copyright
© The Author (s) 2023.

REFERENCES
Stefanakis AI, Becker JA. A review of emerging contaminants in water. In: Mckeown AE, Bugyi G, editors. Impact of Water 
Pollution on Human Health and Environmental Sustainability. IGI Global; 2016. pp. 55-80.  DOI

1.     

Ajima MN, Ogo OA, Audu BS, Ugwoegbu KC. Chronic diclofenac (DCF) exposure alters both enzymatic and haematological profile 
of African catfish, Clarias gariepinus. Drug Chem Toxicol 2015;38:383-90.  DOI  PubMed

2.     

Fekadu S, Alemayehu E, Dewil R, Van der Bruggen B. Pharmaceuticals in freshwater aquatic environments: a comparison of the 
African and European challenge. Sci Total Environ 2019;654:324-37.  DOI  PubMed

3.     

Hanif H, Waseem A, Kali S, et al. Environmental risk assessment of diclofenac residues in surface waters and wastewater: a hidden 
global threat to aquatic ecosystem. Environ Monit Assess 2020;192:204.  DOI  PubMed

4.     

Melvin SD. Oxidative stress, energy storage, and swimming performance of Limnodynastes peronii tadpoles exposed to a sub-lethal 
pharmaceutical mixture throughout development. Chemosphere 2016;150:790-7.  DOI  PubMed

5.     

Gómez-Oliván LM, Galar-Martínez M, García-Medina S, Valdés-Alanís A, Islas-Flores H, Neri-Cruz N. Genotoxic response and 
oxidative stress induced by diclofenac, ibuprofen and naproxen in Daphnia magna. Drug Chem Toxicol 2014;37:391-9.  DOI  
PubMed

6.     

Gan TJ. Diclofenac: an update on its mechanism of action and safety profile. Curr Med Res Opin 2010;26:1715-31.  DOI  PubMed7.     
Ulubay M, Yurt KK, Kaplan AA, Atilla MK. The use of diclofenac sodium in urological practice: a structural and neurochemical 
based review. J Chem Neuroanat 2018;87:32-6.  DOI  PubMed

8.     

Altman R, Bosch B, Brune K, Patrignani P, Young C. Advances in NSAID development: evolution of diclofenac products using 
pharmaceutical technology. Drugs 2015;75:859-77.  DOI  PubMed  PMC

9.     

Bickley LK, van Aerle R, Brown AR, et al. Bioavailability and kidney responses to diclofenac in the fathead minnow (pimephales 
promelas). Environ Sci Technol 2017;51:1764-74.  DOI  PubMed

10.     

Cunha SC, Pena A, Fernandes JO. Mussels as bioindicators of diclofenac contamination in coastal environments. Environ Pollut 
2017;225:354-60.  DOI  PubMed

11.     

Bonnefille B, Gomez E, Courant F, Escande A, Fenet H. Diclofenac in the marine environment: a review of its occurrence and 
effects. Mar Pollut Bull 2018;131:496-506.  DOI  PubMed

12.     

Sathishkumar P, Meena RAA, Palanisami T, Ashokkumar V, Palvannan T, Gu FL. Occurrence, interactive effects and ecological risk 
of diclofenac in environmental compartments and biota - a review. Sci Total Environ 2020;698:134057.  DOI  PubMed

13.     

Lonappan L, Brar SK, Das RK, Verma M, Surampalli RY. Diclofenac and its transformation products: Environmental occurrence and 
toxicity - a review. Environ Int 2016;96:127-38.  DOI  PubMed

14.     

Bio S, Nunes B. Acute effects of diclofenac on zebrafish: Indications of oxidative effects and damages at environmentally realistic 
levels of exposure. Environ Toxicol Pharmacol 2020;78:103394.  DOI  PubMed

15.     

https://dx.doi.org/10.4018/978-1-4666-9559-7.ch003
https://dx.doi.org/10.3109/01480545.2014.974108
http://www.ncbi.nlm.nih.gov/pubmed/25367777
https://dx.doi.org/10.1016/j.scitotenv.2018.11.072
http://www.ncbi.nlm.nih.gov/pubmed/30448654
https://dx.doi.org/10.1007/s10661-020-8151-3
http://www.ncbi.nlm.nih.gov/pubmed/32124056
https://dx.doi.org/10.1016/j.chemosphere.2015.09.034
http://www.ncbi.nlm.nih.gov/pubmed/26391467
https://dx.doi.org/10.3109/01480545.2013.870191
http://www.ncbi.nlm.nih.gov/pubmed/24393029
https://dx.doi.org/10.1185/03007995.2010.486301
http://www.ncbi.nlm.nih.gov/pubmed/20470236
https://dx.doi.org/10.1016/j.jchemneu.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28179185
https://dx.doi.org/10.1007/s40265-015-0392-z
http://www.ncbi.nlm.nih.gov/pubmed/25963327
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4445819
https://dx.doi.org/10.1021/acs.est.6b05079
http://www.ncbi.nlm.nih.gov/pubmed/28068076
https://dx.doi.org/10.1016/j.envpol.2017.02.061
http://www.ncbi.nlm.nih.gov/pubmed/28284552
https://dx.doi.org/10.1016/j.marpolbul.2018.04.053
http://www.ncbi.nlm.nih.gov/pubmed/29886975
https://dx.doi.org/10.1016/j.scitotenv.2019.134057
http://www.ncbi.nlm.nih.gov/pubmed/31783460
https://dx.doi.org/10.1016/j.envint.2016.09.014
http://www.ncbi.nlm.nih.gov/pubmed/27649472
https://dx.doi.org/10.1016/j.etap.2020.103394
http://www.ncbi.nlm.nih.gov/pubmed/32320907


Page 14 of Pérez-Alvarez et al. Water Emerg Contam Nanoplastics 2023;2:5 https://dx.doi.org/10.20517/wecn.2022.2318

Yang YY, Zhao JL, Liu YS, et al. Pharmaceuticals and personal care products (PPCPs) and artificial sweeteners (ASs) in surface and 
ground waters and their application as indication of wastewater contamination. Sci Total Environ 2018;616-617:816-23.  DOI  
PubMed

16.     

Kermia AEB, Fouial-djebbar D, Trari M. Occurrence, fate and removal efficiencies of pharmaceuticals in wastewater treatment plants 
(WWTPs) discharging in the coastal environment of Algiers. Comptes Rendus Chimie 2016;19:963-70.  DOI

17.     

Sousa DNR, Mozeto AA, Carneiro RL, Fadini PS. Spatio-temporal evaluation of emerging contaminants and their partitioning along 
a Brazilian watershed. Environ Sci Pollut Res Int 2018;25:4607-20.  DOI  PubMed

18.     

Branchet P, Ariza Castro N, Fenet H, et al. Anthropic impacts on Sub-Saharan urban water resources through their pharmaceutical 
contamination (Yaoundé, Center Region, Cameroon). Sci Total Environ 2019;660:886-98.  DOI  PubMed

19.     

Gumbi BP, Moodley B, Birungi G, Ndungu PG. Detection and quantification of acidic drug residues in South African surface water 
using gas chromatography-mass spectrometry. Chemosphere 2017;168:1042-50.  DOI  PubMed

20.     

González-Alonso S, Merino LM, Esteban S, et al. Occurrence of pharmaceutical, recreational and psychotropic drug residues in 
surface water on the northern Antarctic Peninsula region. Environ Pollut 2017;229:241-54.  DOI  PubMed

21.     

Sharma BM, Bečanová J, Scheringer M, et al. Health and ecological risk assessment of emerging contaminants (pharmaceuticals, 
personal care products, and artificial sweeteners) in surface and groundwater (drinking water) in the Ganges River Basin, India. Sci 
Total Environ 2019;646:1459-67.  DOI  PubMed

22.     

Jindal K, Narayanam M, Singh S. A systematic strategy for the identification and determination of pharmaceuticals in environment 
using advanced LC-MS tools: application to ground water samples. J Pharm Biomed Anal 2015;108:86-96.  DOI  PubMed

23.     

Kapelewska J, Kotowska U, Karpińska J, Kowalczuk D, Arciszewska A, Świrydo A. Occurrence, removal, mass loading and 
environmental risk assessment of emerging organic contaminants in leachates, groundwaters and wastewaters. Microchem J 
2018;137:292-301.  DOI

24.     

Rodil R, Quintana JB, Concha-Graña E, López-Mahía P, Muniategui-Lorenzo S, Prada-Rodríguez D. Emerging pollutants in sewage, 
surface and drinking water in Galicia (NW Spain). Chemosphere 2012;86:1040-9.  DOI  PubMed

25.     

Tröger R, Klöckner P, Ahrens L, Wiberg K. Micropollutants in drinking water from source to tap - method development and 
application of a multiresidue screening method. Sci Total Environ 2018;627:1404-32.  DOI  PubMed

26.     

Simazaki D, Kubota R, Suzuki T, Akiba M, Nishimura T, Kunikane S. Occurrence of selected pharmaceuticals at drinking water 
purification plants in Japan and implications for human health. Water Res 2015;76:187-200.  DOI  PubMed

27.     

Carmona E, Andreu V, Picó Y. Occurrence of acidic pharmaceuticals and personal care products in Turia River Basin: from waste to 
drinking water. Sci Total Environ 2014;484:53-63.  DOI  PubMed

28.     

Brumovský M, Bečanová J, Kohoutek J, Borghini M, Nizzetto L. Contaminants of emerging concern in the open sea waters of the 
Western Mediterranean. Environ Pollut 2017;229:976-83.  DOI  PubMed

29.     

Kallenborn R, Brorström-Lundén E, Reiersen LO, Wilson S. Pharmaceuticals and personal care products (PPCPs) in Arctic 
environments: indicator contaminants for assessing local and remote anthropogenic sources in a pristine ecosystem in change. 
Environ Sci Pollut Res Int 2018;25:33001-13.  DOI  PubMed

30.     

Bayen S, Zhang H, Desai MM, Ooi SK, Kelly BC. Occurrence and distribution of pharmaceutically active and endocrine disrupting 
compounds in Singapore’s marine environment: influence of hydrodynamics and physical-chemical properties. Environ Pollut 
2013;182:1-8.  DOI  PubMed

31.     

Chernova E, Zhakovskaya Z, Berezina N. Occurrence of pharmaceuticals in the Eastern Gulf of Finland (Russia). Environ Sci Pollut 
Res Int 2021;28:68871-84.  DOI

32.     

Ali AM, Rønning HT, Alarif W, Kallenborn R, Al-Lihaibi SS. Occurrence of pharmaceuticals and personal care products in effluent-
dominated Saudi Arabian coastal waters of the Red Sea. Chemosphere 2017;175:505-13.  DOI  PubMed

33.     

Biel-Maeso M, Baena-Nogueras RM, Corada-Fernández C, Lara-Martín PA. Occurrence, distribution and environmental risk of 
pharmaceutically active compounds (PhACs) in coastal and ocean waters from the Gulf of Cadiz (SW Spain). Sci Total Environ 
2018;612:649-59.  DOI  PubMed

34.     

Liu HQ, Lam JCW, Li WW, Yu HQ, Lam PKS. Spatial distribution and removal performance of pharmaceuticals in municipal 
wastewater treatment plants in China. Sci Total Environ 2017;586:1162-9.  DOI  PubMed

35.     

Lindholm-Lehto PC, Ahkola HS, Knuutinen JS, Herve SH. Widespread occurrence and seasonal variation of pharmaceuticals in 
surface waters and municipal wastewater treatment plants in central Finland. Environ Sci Pollut Res Int 2016;23:7985-97.  DOI  
PubMed

36.     

Wilkinson JL, Swinden J, Hooda PS, Barker J, Barton S. Markers of anthropogenic contamination: a validated method for 
quantification of pharmaceuticals, illicit drug metabolites, perfluorinated compounds, and plasticisers in sewage treatment effluent 
and rain runoff. Chemosphere 2016;159:638-46.  DOI  PubMed

37.     

Česen M, Ahel M, Terzić S, Heath DJ, Heath E. The occurrence of contaminants of emerging concern in Slovenian and Croatian 
wastewaters and receiving Sava river. Sci Total Environ 2019;650:2446-53.  DOI  PubMed

38.     

Chiffre A, Degiorgi F, Buleté A, Spinner L, Badot PM. Occurrence of pharmaceuticals in WWTP effluents and their impact in a 
karstic rural catchment of Eastern France. Environ Sci Pollut Res Int 2016;23:25427-41.  DOI  PubMed

39.     

Christou A, Karaolia P, Hapeshi E, Michael C, Fatta-Kassinos D. Long-term wastewater irrigation of vegetables in real agricultural 
systems: concentration of pharmaceuticals in soil, uptake and bioaccumulation in tomato fruits and human health risk assessment. 
Water Res 2017;109:24-34.  DOI

40.     

https://dx.doi.org/10.1016/j.scitotenv.2017.10.241
http://www.ncbi.nlm.nih.gov/pubmed/29089128
https://dx.doi.org/10.1016/j.crci.2016.05.005
https://dx.doi.org/10.1007/s11356-017-0767-7
http://www.ncbi.nlm.nih.gov/pubmed/29192401
https://dx.doi.org/10.1016/j.scitotenv.2018.12.256
http://www.ncbi.nlm.nih.gov/pubmed/30743974
https://dx.doi.org/10.1016/j.chemosphere.2016.10.105
http://www.ncbi.nlm.nih.gov/pubmed/27814951
https://dx.doi.org/10.1016/j.envpol.2017.05.060
http://www.ncbi.nlm.nih.gov/pubmed/28599208
https://dx.doi.org/10.1016/j.scitotenv.2018.07.235
http://www.ncbi.nlm.nih.gov/pubmed/30235631
https://dx.doi.org/10.1016/j.jpba.2015.02.003
http://www.ncbi.nlm.nih.gov/pubmed/25723348
https://dx.doi.org/10.1016/j.microc.2017.11.008
https://dx.doi.org/10.1016/j.chemosphere.2011.11.053
http://www.ncbi.nlm.nih.gov/pubmed/22189380
https://dx.doi.org/10.1016/j.scitotenv.2018.01.277
http://www.ncbi.nlm.nih.gov/pubmed/30857104
https://dx.doi.org/10.1016/j.watres.2015.02.059
http://www.ncbi.nlm.nih.gov/pubmed/25835589
https://dx.doi.org/10.1016/j.scitotenv.2014.02.085
http://www.ncbi.nlm.nih.gov/pubmed/24686145
https://dx.doi.org/10.1016/j.envpol.2017.07.082
http://www.ncbi.nlm.nih.gov/pubmed/28781184
https://dx.doi.org/10.1007/s11356-017-9726-6
http://www.ncbi.nlm.nih.gov/pubmed/28762048
https://dx.doi.org/10.1016/j.envpol.2013.06.028
http://www.ncbi.nlm.nih.gov/pubmed/23892012
https://dx.doi.org/10.1007/s11356-021-15250-1
https://dx.doi.org/10.1016/j.chemosphere.2017.02.095
http://www.ncbi.nlm.nih.gov/pubmed/28249192
https://dx.doi.org/10.1016/j.scitotenv.2017.08.279
http://www.ncbi.nlm.nih.gov/pubmed/28866393
https://dx.doi.org/10.1016/j.scitotenv.2017.02.107
http://www.ncbi.nlm.nih.gov/pubmed/28228239
https://dx.doi.org/10.1007/s11356-015-5997-y
http://www.ncbi.nlm.nih.gov/pubmed/26769590
https://dx.doi.org/10.1016/j.chemosphere.2016.06.039
http://www.ncbi.nlm.nih.gov/pubmed/27348563
https://dx.doi.org/10.1016/j.scitotenv.2018.09.238
http://www.ncbi.nlm.nih.gov/pubmed/30293000
https://dx.doi.org/10.1007/s11356-016-7751-5
http://www.ncbi.nlm.nih.gov/pubmed/27696074
https://dx.doi.org/10.1016/j.watres.2016.11.033


Page 15 of Pérez-Alvarez et al. Water Emerg Contam Nanoplastics 2023;2:5 https://dx.doi.org/10.20517/wecn.2022.23 18

Corada-Fernández C, Jiménez-Martínez J, Candela L, González-Mazo E, Lara-Martín PA. Occurrence and spatial distribution of 
emerging contaminants in the unsaturated zone. case study: Guadalete River basin (Cadiz, Spain). Chemosphere 2015;119 
Suppl:S131-7.  DOI  PubMed

41.     

Ashfaq M, Nawaz Khan K, Saif Ur Rehman M, et al. Ecological risk assessment of pharmaceuticals in the receiving environment of 
pharmaceutical wastewater in Pakistan. Ecotoxicol Environ Saf 2017;136:31-9.  DOI  PubMed

42.     

Grossberger A, Hadar Y, Borch T, Chefetz B. Biodegradability of pharmaceutical compounds in agricultural soils irrigated with 
treated wastewater. Environ Pollut 2014;185:168-77.  DOI  PubMed

43.     

Čelić M, Gros M, Farré M, Barceló D, Petrović M. Pharmaceuticals as chemical markers of wastewater contamination in the 
vulnerable area of the Ebro Delta (Spain). Sci Total Environ 2019;652:952-63.  DOI  PubMed

44.     

Peng FJ, Pan CG, Zhang M, et al. Occurrence and ecological risk assessment of emerging organic chemicals in urban rivers: 
Guangzhou as a case study in China. Sci Total Environ 2017;589:46-55.  DOI  PubMed

45.     

Omar TFT, Aris AZ, Yusoff FM, Mustafa S. Occurrence, distribution, and sources of emerging organic contaminants in tropical 
coastal sediments of anthropogenically impacted Klang River estuary, Malaysia. Mar Pollut Bull 2018;131:284-93.  DOI  PubMed

46.     

Wilkinson JL, Hooda PS, Swinden J, Barker J, Barton S. Spatial distribution of organic contaminants in three rivers of Southern 
England bound to suspended particulate material and dissolved in water. Sci Total Environ 2017;593-594:487-97.  DOI  PubMed

47.     

Yan Q, Gao X, Chen YP, et al. Occurrence, fate and ecotoxicological assessment of pharmaceutically active compounds in 
wastewater and sludge from wastewater treatment plants in Chongqing, the Three Gorges Reservoir Area. Sci Total Environ 
2014;470-471:618-30.  DOI  PubMed

48.     

Xue W, Wu C, Xiao K, et al. Elimination and fate of selected micro-organic pollutants in a full-scale anaerobic/anoxic/aerobic 
process combined with membrane bioreactor for municipal wastewater reclamation. Water Res 2010;44:5999-6010.  DOI  PubMed

49.     

Stasinakis AS, Thomaidis NS, Arvaniti OS, et al. Contribution of primary and secondary treatment on the removal of benzothiazoles, 
benzotriazoles, endocrine disruptors, pharmaceuticals and perfluorinated compounds in a sewage treatment plant. Sci Total Environ 
2013;463-464:1067-75.  DOI  PubMed

50.     

Martín J, Santos JL, Aparicio I, Alonso E. Pharmaceutically active compounds in sludge stabilization treatments: anaerobic and 
aerobic digestion, wastewater stabilization ponds and composting. Sci Total Environ 2015;503-504:97-104.  DOI  PubMed

51.     

Rodríguez-Navas C, Björklund E, Bak SA, et al. Pollution pathways of pharmaceutical residues in the aquatic environment on the 
island of Mallorca, Spain. Arch Environ Contam Toxicol 2013;65:56-66.  DOI  PubMed

52.     

Lu MC, Chen YY, Chiou MR, Chen MY, Fan HJ. Occurrence and treatment efficiency of pharmaceuticals in landfill leachates. 
Waste Manag 2016;55:257-64.  DOI  PubMed

53.     

Oliveira LL, Antunes SC, Gonçalves F, Rocha O, Nunes B. Evaluation of ecotoxicological effects of drugs on Daphnia magna using 
different enzymatic biomarkers. Ecotoxicol Environ Saf 2015;119:123-31.  DOI  PubMed

54.     

Praskova E, Plhalova L, Chromcova L, et al. Effects of subchronic exposure of diclofenac on growth, histopathological changes, and 
oxidative stress in zebrafish (Danio rerio). Sci World J 2014;2014:645737.  DOI  PubMed  PMC

55.     

Peltzer PM, Lajmanovich RC, Martinuzzi C, Attademo AM, Curi LM, Sandoval MT. Biotoxicity of diclofenac on two larval 
amphibians: assessment of development, growth, cardiac function and rhythm, behavior and antioxidant system. Sci Total Environ 
2019;683:624-37.  DOI  PubMed

56.     

Memmert U, Peither A, Burri R, et al. Diclofenac: New data on chronic toxicity and bioconcentration in fish. Environ Toxicol Chem 
2013;32:442-52.  DOI  PubMed  PMC

57.     

Nava-álvarez R, Razo-estrada AC, García-medina S, Gómez-olivan LM, Galar-martínez M. Oxidative stress induced by mixture of 
diclofenac and acetaminophen on common carp (Cyprinus carpio). Water Air Soil Pollut 2014:225.  DOI

58.     

Saucedo-Vence K, Dublán-García O, López-Martínez LX, et al. Short and long-term exposure to diclofenac alter oxidative stress 
status in common carp Cyprinus carpio. Ecotoxicology 2015;24:527-39.  DOI  PubMed

59.     

Almeida Â, Solé M, Soares AMVM, Freitas R. Anti-inflammatory drugs in the marine environment: bioconcentration, metabolism 
and sub-lethal effects in marine bivalves. Environ Pollut 2020;263:114442.  DOI  PubMed

60.     

Cardoso-Vera JD, Islas-Flores H, SanJuan-Reyes N, et al. Comparative study of diclofenac-induced embryotoxicity and teratogenesis 
in Xenopus laevis and Lithobates catesbeianus, using the frog embryo teratogenesis assay: Xenopus (FETAX). Sci Total Environ 
2017;574:467-75.  DOI  PubMed

61.     

Islas-Flores H, Gómez-Oliván LM, Galar-Martínez M, Colín-Cruz A, Neri-Cruz N, García-Medina S. Diclofenac-induced oxidative 
stress in brain, liver, gill and blood of common carp (Cyprinus carpio). Ecotoxicol Environ Saf 2013;92:32-8.  DOI  PubMed

62.     

Qureshi MA, Ali RA. Spirulina platensis exposure enhances macrophage phagocytic function in cats. Immunopharmacol 
Immunotoxicol 1996;18:457-63.  DOI  PubMed

63.     

Hayashi O, Katoh T, Okuwaki Y. Enhancement of antibody production in mice by dietary Spirulina platensis. J Nutr Sci Vitaminol 
1994;40:431-41.  DOI  PubMed

64.     

Khan M, Shobha JC, Mohan IK, Rao Naidu MU, Prayag A, Kutala VK. Spirulina attenuates cyclosporine-induced nephrotoxicity in 
rats. J Appl Toxicol 2006;26:444-51.  DOI  PubMed

65.     

Karadeniz A, Cemek M, Simsek N. The effects of Panax ginseng and Spirulina platensis on hepatotoxicity induced by cadmium in 
rats. Ecotoxicol Environ Saf 2009;72:231-5.  DOI  PubMed

66.     

Kulshreshtha A, Zacharia AJ, Jarouliya U, Bhadauriya P, Prasad GB, Bisen PS. Spirulina in health care management. Curr Pharm 
Biotechnol 2008;9:400-5.  DOI  PubMed

67.     

https://dx.doi.org/10.1016/j.chemosphere.2014.04.098
http://www.ncbi.nlm.nih.gov/pubmed/24890839
https://dx.doi.org/10.1016/j.ecoenv.2016.10.029
http://www.ncbi.nlm.nih.gov/pubmed/27810578
https://dx.doi.org/10.1016/j.envpol.2013.10.038
http://www.ncbi.nlm.nih.gov/pubmed/24286691
https://dx.doi.org/10.1016/j.scitotenv.2018.10.290
http://www.ncbi.nlm.nih.gov/pubmed/30380500
https://dx.doi.org/10.1016/j.scitotenv.2017.02.200
http://www.ncbi.nlm.nih.gov/pubmed/28264771
https://dx.doi.org/10.1016/j.marpolbul.2018.04.019
http://www.ncbi.nlm.nih.gov/pubmed/29886949
https://dx.doi.org/10.1016/j.scitotenv.2017.03.167
http://www.ncbi.nlm.nih.gov/pubmed/28360000
https://dx.doi.org/10.1016/j.scitotenv.2013.09.032
http://www.ncbi.nlm.nih.gov/pubmed/24176710
https://dx.doi.org/10.1016/j.watres.2010.07.052
http://www.ncbi.nlm.nih.gov/pubmed/20723962
https://dx.doi.org/10.1016/j.scitotenv.2013.06.087
http://www.ncbi.nlm.nih.gov/pubmed/23891999
https://dx.doi.org/10.1016/j.scitotenv.2014.05.089
http://www.ncbi.nlm.nih.gov/pubmed/24909712
https://dx.doi.org/10.1007/s00244-013-9880-x
http://www.ncbi.nlm.nih.gov/pubmed/23440447
https://dx.doi.org/10.1016/j.wasman.2016.03.029
http://www.ncbi.nlm.nih.gov/pubmed/27026494
https://dx.doi.org/10.1016/j.ecoenv.2015.04.028
http://www.ncbi.nlm.nih.gov/pubmed/25996524
https://dx.doi.org/10.1155/2014/645737
http://www.ncbi.nlm.nih.gov/pubmed/24688414
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3933404
https://dx.doi.org/10.1016/j.scitotenv.2019.05.275
http://www.ncbi.nlm.nih.gov/pubmed/31150883
https://dx.doi.org/10.1002/etc.2085
http://www.ncbi.nlm.nih.gov/pubmed/23325530
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3674524
https://dx.doi.org/10.1007/s11270-014-1873-5
https://dx.doi.org/10.1007/s10646-014-1401-9
http://www.ncbi.nlm.nih.gov/pubmed/25512029
https://dx.doi.org/10.1016/j.envpol.2020.114442
http://www.ncbi.nlm.nih.gov/pubmed/32259738
https://dx.doi.org/10.1016/j.scitotenv.2016.09.095
http://www.ncbi.nlm.nih.gov/pubmed/27644024
https://dx.doi.org/10.1016/j.ecoenv.2013.01.025
http://www.ncbi.nlm.nih.gov/pubmed/23474065
https://dx.doi.org/10.3109/08923979609052747
http://www.ncbi.nlm.nih.gov/pubmed/8872496
https://dx.doi.org/10.3177/jnsv.40.431
http://www.ncbi.nlm.nih.gov/pubmed/7891204
https://dx.doi.org/10.1002/jat.1159
http://www.ncbi.nlm.nih.gov/pubmed/16858688
https://dx.doi.org/10.1016/j.ecoenv.2008.02.021
http://www.ncbi.nlm.nih.gov/pubmed/18395256
https://dx.doi.org/10.2174/138920108785915111
http://www.ncbi.nlm.nih.gov/pubmed/18855693


Page 16 of Pérez-Alvarez et al. Water Emerg Contam Nanoplastics 2023;2:5 https://dx.doi.org/10.20517/wecn.2022.2318

Parikh P, Mani U, Iyer U. Role of spirulina in the control of glycemia and lipidemia in type 2 diabetes mellitus. J Med Food 
2001;4:193-9.  DOI  PubMed

68.     

Sharma MK, Sharma A, Kumar A, Kumar M. Evaluation of protective efficacy of Spirulina fusiformis against mercury induced 
nephrotoxicity in Swiss albino mice. Food Chem Toxicol 2007;45:879-87.  DOI  PubMed

69.     

Rojas-Franco P, Franco-Colín M, Blas-Valdivia V, Melendez-Camargo ME, Cano-Europa E. Arthrospira maxima (Spirulina) 
prevents endoplasmic reticulum stress in the kidney through its C-phycocyanin. J Zhejiang Univ Sci B 2021;22:603-8.  DOI  PubMed  
PMC

70.     

Al-Qahtani WH, Binobead MA. Anti-inflammatory, antioxidant and antihepatotoxic effects of Spirulina platensis against d-
galactosamine induced hepatotoxicity in rats. Saudi J Biol Sci 2019;26:647-52.  DOI  PubMed  PMC

71.     

Lu J, Ren DF, Wang JZ, Sanada H, Egashira Y. Protection by dietary Spirulina platensis against D-galactosamine--and 
acetaminophen-induced liver injuries. Br J Nutr 2010;103:1573-6.  DOI  PubMed

72.     

James R, Sampath K, Nagarajan R, Vellaisamy P, Manikandan MM. Effect of dietary Spirulina on reduction of copper toxicity and 
improvement of growth, blood parameters and phosphatases activities in carp, Cirrhinus mrigala (Hamilton, 1822). Indian J Exp Biol 
2009;47:754-9.  PubMed

73.     

Gad AS, Khadrawy YA, El-Nekeety AA, Mohamed SR, Hassan NS, Abdel-Wahhab MA. Antioxidant activity and hepatoprotective 
effects of whey protein and Spirulina in rats. Nutrition 2011;27:582-9.  DOI  PubMed

74.     

Zhang Y, Zhou Y, Tang Q, et al. The protective effects of selenium-enriched spirulina on the reproductive system of male zebrafish 
(Danio rerio) exposed to beta-cypermethrin. Food Funct 2018;9:5791-804.  DOI  PubMed

75.     

Tenorio-Chávez P, Elizalde-Velázquez GA, Gómez-Oliván LM, Hernández-Navarro MD. Chronic intake of an enriched diet with 
spirulina (Arthrospira maxima) alleviates the embryotoxic effects produced by realistic concentrations of tetracycline in Danio rerio. 
Sci Total Environ 2023;859:159731.  DOI  PubMed

76.     

Kim MY, Cheong SH, Lee JH, Kim MJ, Sok DE, Kim MR. Spirulina improves antioxidant status by reducing oxidative stress in 
rabbits fed a high-cholesterol diet. J Med Food 2010;13:420-6.  DOI  PubMed

77.     

Afkhami-Ardakani M, Hasanzadeh S, Shahrooz R, Delirezh N, Malekinejad H. Antioxidant effects of Spirulina platensis (Arthrospira 
platensis) on cyclophosphamide-induced testicular injury in rats. Vet Res Forum 2018;9:35-41.  PubMed  PMC

78.     

Muga MA, Chao JC. Effects of fish oil and spirulina on oxidative stress and inflammation in hypercholesterolemic hamsters. BMC 
Complement Altern Med 2014;14:470.  DOI  PubMed  PMC

79.     

Toughan H, Khalil SR, El-Ghoneimy AA, Awad A, Seddek AS. Effect of dietary supplementation with Spirulina platensis on 
Atrazine-induced oxidative stress- mediated hepatic damage and inflammation in the common carp (Cyprinus carpio L.). Ecotoxicol 
Environ Saf 2018;149:135-42.  DOI  PubMed

80.     

Abdelkhalek NKM, Eissa IAM, Ahmed E, et al. Protective role of dietary Spirulina platensis against diazinon-induced Oxidative 
damage in Nile tilapia; Oreochromis niloticus. Environ Toxicol Pharmacol 2017;54:99-104.  DOI  PubMed

81.     

Ael-D, Elbaghdady HA, Zahran E. Arsenic-induced genotoxicity in Nile tilapia (Orechromis niloticus); the role of Spirulina platensis 
extract. Environ Monit Assess 2015;187:751.  DOI  PubMed

82.     

Rajasekar P, Palanisamy S, Anjali R, et al. Isolation and structural characterization of sulfated polysaccharide from Spirulina 
platensis and its bioactive potential: In vitro antioxidant, antibacterial activity and Zebrafish growth and reproductive performance. 
Int J Biol Macromol 2019;141:809-21.  DOI  PubMed

83.     

American Society for Testing Materials. Standard guide for conducting the frog embryo teratogenesis assay - Xenopus (FETAX). 
Available from: https://www.astm.org/e1439-12r19.html [Last accessed on 29 Mar 2023].

84.     

Chae JP, Park MS, Hwang YS, et al. Evaluation of developmental toxicity and teratogenicity of diclofenac using Xenopus embryos. 
Chemosphere 2015;120:52-8.  DOI  PubMed

85.     

Pérez-Alvarez I, Islas-Flores H, Gómez-Oliván LM, Sánchez-Aceves LM, Chamorro-Cevallos G. Protective effects of Spirulina 
(Arthrospira maxima) against toxicity induced by cadmium in Xenopus laevis. Comp Biochem Physiol C Toxicol Pharmacol 
2021;248:109099.  DOI  PubMed

86.     

Bantle JA, Dumont JN, Finch RA, Linder G. Atlas of abnormalities: a guide for the performance of FETAX. Stillwater, Okla: 
Printing Services, Oklahoma State University; 1991.

87.     

Ishibashi S, Amaya E. How to grow Xenopus Laevis tadpole stages to adult. Cold Spring Harb Protoc 2021;2021:pdb.prot106245.  
DOI  PubMed

88.     

Nieuwkoop PD. Normal table of Xenopus laevis (Daudin). A systematical and Chronological Survey of the Development from the 
Fertilized egg till the end of Metamorphosis, 1st ed. New York: Garland Publishing Inc; 1994.  DOI

89.     

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-
dye binding. Anal Biochem 1976;72:248-54.  DOI  PubMed

90.     

Buege JA, Aust SD. Microsomal lipid peroxidation. Methods Enzymol 1978;52:302-10.  DOI91.     
Misra HP, Fridovich I. The role of superoxide anion in the autoxidation of epinephrine and a simple assay for superoxide dismutase. J 
Biol Chem 1972;247:3170-5.  PubMed

92.     

Radi R, Turrens JF, Chang LY, Bush KM, Crapo JD, Freeman BA. Detection of catalase in rat heart mitochondria. J Biol Chem 
1991;266:22028-34.  PubMed

93.     

Miarov O, Tal A, Avisar D. A critical evaluation of comparative regulatory strategies for monitoring pharmaceuticals in recycled 
wastewater. J Environ Manage 2020;254:109794.  DOI  PubMed

94.     

https://dx.doi.org/10.1089/10966200152744463
http://www.ncbi.nlm.nih.gov/pubmed/12639401
https://dx.doi.org/10.1016/j.fct.2006.11.009
http://www.ncbi.nlm.nih.gov/pubmed/17215067
https://dx.doi.org/10.1631/jzus.B2000725
http://www.ncbi.nlm.nih.gov/pubmed/34269013
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8284088
https://dx.doi.org/10.1016/j.sjbs.2018.01.003
http://www.ncbi.nlm.nih.gov/pubmed/31048987
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6486513
https://dx.doi.org/10.1017/S0007114509993758
http://www.ncbi.nlm.nih.gov/pubmed/20102673
http://www.ncbi.nlm.nih.gov/pubmed/19957889
https://dx.doi.org/10.1016/j.nut.2010.04.002
http://www.ncbi.nlm.nih.gov/pubmed/20708378
https://dx.doi.org/10.1039/c8fo01527a
http://www.ncbi.nlm.nih.gov/pubmed/30352112
https://dx.doi.org/10.1016/j.scitotenv.2022.159731
http://www.ncbi.nlm.nih.gov/pubmed/36356765
https://dx.doi.org/10.1089/jmf.2009.1215
http://www.ncbi.nlm.nih.gov/pubmed/20210608
http://www.ncbi.nlm.nih.gov/pubmed/29719662
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5913559
https://dx.doi.org/10.1186/1472-6882-14-470
http://www.ncbi.nlm.nih.gov/pubmed/25481402
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4295402
https://dx.doi.org/10.1016/j.ecoenv.2017.11.018
http://www.ncbi.nlm.nih.gov/pubmed/29156305
https://dx.doi.org/10.1016/j.etap.2017.07.002
http://www.ncbi.nlm.nih.gov/pubmed/28704756
https://dx.doi.org/10.1007/s10661-015-4983-7
http://www.ncbi.nlm.nih.gov/pubmed/26573688
https://dx.doi.org/10.1016/j.ijbiomac.2019.09.024
http://www.ncbi.nlm.nih.gov/pubmed/31499110
https://www.astm.org/e1439-12r19.html
https://dx.doi.org/10.1016/j.chemosphere.2014.05.063
http://www.ncbi.nlm.nih.gov/pubmed/24992311
https://dx.doi.org/10.1016/j.cbpc.2021.109099
http://www.ncbi.nlm.nih.gov/pubmed/34102331
https://dx.doi.org/10.1101/pdb.prot106245
http://www.ncbi.nlm.nih.gov/pubmed/32350123
https://dx.doi.org/10.1201/9781003064565
https://dx.doi.org/10.1006/abio.1976.9999
http://www.ncbi.nlm.nih.gov/pubmed/942051
https://dx.doi.org/10.1016/S0076-6879(78)52032-6
http://www.ncbi.nlm.nih.gov/pubmed/4623845
http://www.ncbi.nlm.nih.gov/pubmed/1657986
https://dx.doi.org/10.1016/j.jenvman.2019.109794
http://www.ncbi.nlm.nih.gov/pubmed/31780268


Page 17 of Pérez-Alvarez et al. Water Emerg Contam Nanoplastics 2023;2:5 https://dx.doi.org/10.20517/wecn.2022.23 18

Tixier C, Singer HP, Oellers S, Müller SR. Occurrence and fate of carbamazepine, clofibric acid, diclofenac, ibuprofen, ketoprofen, 
and naproxen in surface waters. Environ Sci Technol 2003;37:1061-8.  DOI  PubMed

95.     

Petrie B, Barden R, Kasprzyk-Hordern B. A review on emerging contaminants in wastewaters and the environment: current 
knowledge, understudied areas and recommendations for future monitoring. Water Res 2015;72:3-27.  DOI  PubMed

96.     

Bernadac Villegas LG, Puente-Tavares M, Carrillo-Méndez JD, et al. Identificación y cuantificación de diclofenaco en aguas 
residuales de Ciudad Juárez. Available from: https://revista.itson.edu.mx/index.php/rlrn/article/view/281/214 [Last accessed on 29 
Mar 2023].

97.     

Stepanova S, Praskova E, Chromcova L, et al. The effects of diclofenac on early life stages of common carp (Cyprinus carpio). 
Environ Toxicol Pharmacol 2013;35:454-60.  DOI  PubMed

98.     

Penha LCC, Rola RC, Martinez CBDR, Martins CMG. Effects of anti-inflammatory diclofenac assessed by toxicity tests and 
biomarkers in adults and larvae of Danio rerio. Comp Biochem Physiol C Toxicol Pharmacol 2021;242:108955.  DOI  PubMed

99.     

Ajima MNO, Kumar K, Poojary N, Pandey PK. Oxidative stress biomarkers, biochemical responses and Na+-K+-ATPase activities in 
Nile tilapia, Oreochromis niloticus exposed to diclofenac. Comp Biochem Physiol C Toxicol Pharmacol 2021;240:108934.  DOI  
PubMed

100.     

Jung SH, Lee W, Park SH, et al. Diclofenac impairs autophagic flux via oxidative stress and lysosomal dysfunction: implications for 
hepatotoxicity. Redox Biol 2020;37:101751.  DOI  PubMed  PMC

101.     

Syed M, Skonberg C, Hansen SH. Mitochondrial toxicity of diclofenac and its metabolites via inhibition of oxidative phosphorylation 
(ATP synthesis) in rat liver mitochondria: possible role in drug induced liver injury (DILI). Toxicol In Vitro 2016;31:93-102.  DOI  
PubMed

102.     

Mirzaee SA, Noorimotlagh Z, Ahmadi M, et al. The possible oxidative stress and DNA damage induced in Diclofenac-exposed non-
target organisms in the aquatic environment: a systematic review. Ecol Indic 2021;131:108172.  DOI

103.     

Ghosh R, Goswami SK, Feitoza LFBB, Hammock B, Gomes AV. Diclofenac induces proteasome and mitochondrial dysfunction in 
murine cardiomyocytes and hearts. Int J Cardiol 2016;223:923-35.  DOI  PubMed  PMC

104.     

Ramachandran A, Visschers RGJ, Duan L, Akakpo JY, Jaeschke H. Mitochondrial dysfunction as a mechanism of drug-induced 
hepatotoxicity: current understanding and future perspectives. J Clin Transl Res 2018;4:75-100.  DOI  PubMed  PMC

105.     

Soni RA, Sudhakar K, Rana R. Spirulina – From growth to nutritional product: a review. Trends in Food Science & Technology 
2017;69:157-71.  DOI

106.     

Wu Q, Liu L, Miron A, Klímová B, Wan D, Kuča K. The antioxidant, immunomodulatory, and anti-inflammatory activities of 
Spirulina: an overview. Arch Toxicol 2016;90:1817-40.  DOI  PubMed

107.     

Abu-Taweel GM, Mohsen G AM, Antonisamy P, et al. Spirulina consumption effectively reduces anti-inflammatory and pain related 
infectious diseases. J Infect Public Health 2019;12:777-82.  DOI  PubMed

108.     

Khafaga AF, El-Sayed YS. Spirulina ameliorates methotrexate hepatotoxicity via antioxidant, immune stimulation, and 
proinflammatory cytokines and apoptotic proteins modulation. Life Sci 2018;196:9-17.  DOI  PubMed

109.     

Kumar P, Desai N, Dwivedi M, Dwivedi M. Multiple potential roles of Spirulina in human health: a critical review. Available from: 
https://nutriweb.org.my/mjn/publication/21-3/j.pdf [Last accessed on 29 Mar 2023].

110.     

Liang Y, Bao Y, Gao X, et al. Effects of spirulina supplementation on lipid metabolism disorder, oxidative stress caused by high-
energy dietary in Hu sheep. Meat Sci 2020;164:108094.  DOI  PubMed

111.     

Pestana JM, Puerta B, Santos H, et al. Impact of dietary incorporation of Spirulina (Arthrospira platensis) and exogenous enzymes on 
broiler performance, carcass traits, and meat quality. Poult Sci 2020;99:2519-32.  DOI

112.     

Slaby S, Hanotel J, Marchand G, et al. Maturation of Xenopus laevis oocytes under cadmium and lead exposures: cell biology 
investigations. Aquat Toxicol 2017;193:105-10.  DOI  PubMed

113.     

Aladaileh SH, Khafaga AF, Abd El-Hack ME, et al. Spirulina platensis ameliorates the sub chronic toxicities of lead in rabbits via 
anti-oxidative, anti- inflammatory, and immune stimulatory properties. Sci Total Environ 2020;701:134879.  DOI  PubMed

114.     

Nasirian F, Dadkhah M, Moradi-Kor N, Obeidavi Z. Effects of Spirulina platensis microalgae on antioxidant and anti-inflammatory 
factors in diabetic rats. Diabetes Metab Syndr Obes 2018;11:375-80.  DOI  PubMed  PMC

115.     

Banji D, Banji OJ, Pratusha NG, Annamalai AR. Investigation on the role of Spirulina platensis in ameliorating behavioural changes, 
thyroid dysfunction and oxidative stress in offspring of pregnant rats exposed to fluoride. Food Chem 2013;140:321-31.  DOI  
PubMed

116.     

Khalil SR, Reda RM, Awad A. Efficacy of Spirulina platensis diet supplements on disease resistance and immune-related gene 
expression in Cyprinus carpio L. exposed to herbicide atrazine. Fish Shellfish Immunol 2017;67:119-28.  DOI  PubMed

117.     

Hedayatirad M, Mirvaghefi A, Nematollahi MA, Forsatkar MN, Brown C. Transgenerational disrupting impacts of atrazine in 
zebrafish: Beneficial effects of dietary spirulina. Comp Biochem Physiol C Toxicol Pharmacol 2020;230:108685.  DOI  PubMed

118.     

Abdelkhalek NKM, Eissa IAM, Ahmed E, et al. Protective role of dietary Spirulina platensis against diazinon856 induced
Oxidative damage in Nile tilapia; Oreochromis niloticus. Environ Toxicol Pharmacol 2017;54:99-104. DOI PubMed

119.     

Bashandy SAE, El Awdan SA, Ebaid H, Alhazza IM. Antioxidant potential of Spirulina platensis mitigates oxidative stress and 
reprotoxicity induced by sodium arsenite in male rats. Oxid Med Cell Longev 2016:2016.  DOI

120.     

El-Tantawy WH. Antioxidant effects of Spirulina supplement against lead acetate-induced hepatic injury in rats. J Tradit Complement 
Med 2016;6:327-31.  DOI  PubMed  PMC

121.     

Argüelles-Velázquez N, Alvarez-González I, Madrigal-Bujaidar E, Chamorro-Cevallos G. Amelioration of cadmium-produced 122.     

https://dx.doi.org/10.1021/es025834r
http://www.ncbi.nlm.nih.gov/pubmed/12680655
https://dx.doi.org/10.1016/j.watres.2014.08.053
http://www.ncbi.nlm.nih.gov/pubmed/25267363
https://revista.itson.edu.mx/index.php/rlrn/article/view/281/214
https://dx.doi.org/10.1016/j.etap.2012.09.011
http://www.ncbi.nlm.nih.gov/pubmed/23501605
https://dx.doi.org/10.1016/j.cbpc.2020.108955
http://www.ncbi.nlm.nih.gov/pubmed/33338643
https://dx.doi.org/10.1016/j.cbpc.2020.108934
http://www.ncbi.nlm.nih.gov/pubmed/33160042
https://dx.doi.org/10.1016/j.redox.2020.101751
http://www.ncbi.nlm.nih.gov/pubmed/33080439
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7575798
https://dx.doi.org/10.1016/j.tiv.2015.11.020
http://www.ncbi.nlm.nih.gov/pubmed/26627130
https://dx.doi.org/10.1016/j.ecolind.2021.108172
https://dx.doi.org/10.1016/j.ijcard.2016.08.233
http://www.ncbi.nlm.nih.gov/pubmed/27589040
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5076377
https://dx.doi.org/10.18053/jctres.04.201801.005
http://www.ncbi.nlm.nih.gov/pubmed/30873497
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6261533
https://dx.doi.org/10.1016/j.tifs.2017.09.010
https://dx.doi.org/10.1007/s00204-016-1744-5
http://www.ncbi.nlm.nih.gov/pubmed/27259333
https://dx.doi.org/10.1016/j.jiph.2019.04.014
http://www.ncbi.nlm.nih.gov/pubmed/31126833
https://dx.doi.org/10.1016/j.lfs.2018.01.010
http://www.ncbi.nlm.nih.gov/pubmed/29339102
https://nutriweb.org.my/mjn/publication/21-3/j.pdf
https://dx.doi.org/10.1016/j.meatsci.2020.108094
http://www.ncbi.nlm.nih.gov/pubmed/32146297
https://dx.doi.org/10.1016/J.PSJ.2019.11.069
https://dx.doi.org/10.1016/j.aquatox.2017.10.009
http://www.ncbi.nlm.nih.gov/pubmed/29053961
https://dx.doi.org/10.1016/j.scitotenv.2019.134879
http://www.ncbi.nlm.nih.gov/pubmed/31734488
https://dx.doi.org/10.2147/DMSO.S172104
http://www.ncbi.nlm.nih.gov/pubmed/30104892
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6074810
https://dx.doi.org/10.1016/j.foodchem.2013.02.076
http://www.ncbi.nlm.nih.gov/pubmed/23578649
https://dx.doi.org/10.1016/j.fsi.2017.05.065
http://www.ncbi.nlm.nih.gov/pubmed/28579523
https://dx.doi.org/10.1016/j.cbpc.2019.108685
http://www.ncbi.nlm.nih.gov/pubmed/31874286
https://dx.doi.org/10.1155/2016/7174351
https://dx.doi.org/10.1016/j.jtcme.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/27774414
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5067858
https://doi.org/10.1016/j.etap.2017.07.002
https://pubmed.ncbi.nlm.nih.gov/28704756/


Page 18 of Pérez-Alvarez et al. Water Emerg Contam Nanoplastics 2023;2:5 https://dx.doi.org/10.20517/wecn.2022.2318

teratogenicity and genotoxicity in mice given arthrospira maxima (Spirulina) treatment. Evid Based Complement Alternat Med 
2013;2013:604535.  DOI  PubMed  PMC
Peter SJ, Basha SK, Giridharan R, Lavinya BU, Sabina EP. Suppressive effect of Spirulina fusiformis on diclofenac-induced hepato-
renal injury and gastrointestinal ulcer in Wistar albino rats: a biochemical and histological approach. Biomed Pharmacother 
2017;88:11-8.  DOI  PubMed

123.     

Park WS, Kim HJ, Li M, et al. Two classes of pigments, carotenoids and C-phycocyanin, in Spirulina powder and their antioxidant 
activities. Molecules 2018;23:2065.  DOI  PubMed  PMC

124.     

Bhat VB, Madyastha KM. C-phycocyanin: a potent peroxyl radical scavenger in vivo and in vitro. Biochem Biophys Res Commun 
2000;275:20-5.  DOI  PubMed

125.     

Ch, González R, Ledón N, Remirez D, Rimbau V. C-phycocyanin: a biliprotein with antioxidant, anti-inflammatory and 
neuroprotective effects. Curr Protein Pept Sci 2003;4:207-16.  DOI  PubMed

126.     

Deng R, Chow TJ. Hypolipidemic, antioxidant, and antiinflammatory activities of microalgae Spirulina. Cardiovasc Ther 
2010;28:e33-45.  DOI  PubMed  PMC

127.     

Schafer FQ, Wang HP, Kelley EE, Cueno KL, Martin SM, Buettner GR. Comparing beta-carotene, vitamin E and nitric oxide as 
membrane antioxidants. Biol Chem 2002;383:671-81.  DOI  PubMed

128.     

Miyazawa T, Burdeos GC, Itaya M, Nakagawa K, Miyazawa T. Vitamin E: regulatory redox interactions. IUBMB Life 2019;71:430-
41.  DOI  PubMed

129.     

Moradi A, Ziamajidi N, Ghafourikhosroshahi A, Abbasalipourkabir R. Effects of vitamin A and vitamin E on attenuation of titanium 
dioxide nanoparticles-induced toxicity in the liver of male Wistar rats. Mol Biol Rep 2019;46:2919-32.  DOI  PubMed

130.     

Choi SW, Benzie IF, Collins AR, Hannigan BM, Strain JJ. Vitamins C and E: acute interactive effects on biomarkers of antioxidant 
defence and oxidative stress. Mutat Res 2004;551:109-17.  DOI  PubMed

131.     

Ryan MJ, Dudash HJ, Docherty M, et al. Vitamin E and C supplementation reduces oxidative stress, improves antioxidant enzymes 
and positive muscle work in chronically loaded muscles of aged rats. Exp Gerontol 2010;45:882-95.  DOI  PubMed  PMC

132.     

https://dx.doi.org/10.1155/2013/604535
http://www.ncbi.nlm.nih.gov/pubmed/24369479
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3863560
https://dx.doi.org/10.1016/j.biopha.2017.01.032
http://www.ncbi.nlm.nih.gov/pubmed/28092840
https://dx.doi.org/10.3390/molecules23082065
http://www.ncbi.nlm.nih.gov/pubmed/30126131
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6222893
https://dx.doi.org/10.1006/bbrc.2000.3270
http://www.ncbi.nlm.nih.gov/pubmed/10944434
https://dx.doi.org/10.2174/1389203033487216
http://www.ncbi.nlm.nih.gov/pubmed/12769719
https://dx.doi.org/10.1111/j.1755-5922.2010.00200.x
http://www.ncbi.nlm.nih.gov/pubmed/20633020
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2907180
https://dx.doi.org/10.1515/BC.2002.069
http://www.ncbi.nlm.nih.gov/pubmed/12033456
https://dx.doi.org/10.1002/iub.2008
http://www.ncbi.nlm.nih.gov/pubmed/30681767
https://dx.doi.org/10.1007/s11033-019-04752-4
http://www.ncbi.nlm.nih.gov/pubmed/30887259
https://dx.doi.org/10.1016/j.mrfmmm.2004.03.006
http://www.ncbi.nlm.nih.gov/pubmed/15225585
https://dx.doi.org/10.1016/j.exger.2010.08.002
http://www.ncbi.nlm.nih.gov/pubmed/20705127
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3104015

