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During their development, amphibians undergo various physiological processes that may affect their 
susceptibility to environmental pollutants. Naturally occurring fluctuations caused by developmental 
events are often overlooked in ecotoxicological studies. Our aim is to investigate how biomarkers of 
oxidative stress are modulated at different stages of larval development in the Amazonian amphibian 
species, Physalaemus ephippifer. The premetamorphosis, prometamorphosis and metamorphic 
climax stages were used to analyze total antioxidant capacity (ACAP), glutathione S-transferase 
(GST) activity, lipid peroxidation (LPO) levels and the expression of genes nrf2, gst, gsr (glutathione 
reductase) and gclc (glycine-cysteine ligase, catalytic subunit). Although there was no difference in 
ACAP and the genes expression among the studied stages, individuals from the premetamorphosis 
and prometamorphosis showed higher GST activity than ones under the climax. LPO levels were 
highest in individuals from the metamorphic climax. The present study suggests that the oxidative 
status changes during ontogeny of P. ephippifer tadpoles, especially during the metamorphic climax, 
the most demanding developmental phase. Variations in the redox balance at different developmental 
stages may lead to a divergent response to pollution. Therefore, we recommend that studies using 
anuran larvae as biomonitors consider possible physiological differences during ontogeny in their 
respective analyses.
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The susceptibility of organisms to xenobiotics and environmental factors changes over the course of their lives. 
This can be especially pronounced in animals with a complex life cycle such as amphibians1. Amphibians have a 
unique lifestyle among tetrapods, encompassing the egg, tadpole, juvenile, subadult and adult stages2,3. During 
the transition from aquatic to terrestrial environment an anuran individual undergoes a biphasic developmental 
process that involves a series of biochemical, physiological, morphological and behavioral changes4.

Global changes (pollution, climate change, pathogens) are thought to be a major cause of the amphibians 
populations decline5, and has led to an increasing interest in the use of different amphibian species as bioindica-
tors in ecotoxicological studies6–9. In this context, the use of amphibians in laboratory studies is important for 

OPEN

1Laboratório de Pesquisas em Monitoramento Ambiental Marinho e Laboratório de Ecotoxicologia, Instituto 
de Ciências Biológicas, Universidade Federal do Pará (UFPA), Rua Augusto Corrêa 01, Belém, PA  66075‑110, 
Brazil. 2Programa de Pós-Graduação em Ecologia Aquática e Pesca (UFPA), Belém, Brazil. 3Programa de 
Pós-Graduação em Farmacologia e Bioquímica (UFPA), Belém, Brazil. 4Centro Nacional de Pesquisa e Conservação 
da Biodiversidade Marinha Do Norte - CEPNOR/ICMBio, Belém, PA, Brazil. 5Programa de Pós-Graduação em 
Oceanografia (UFPA), Belém, Brazil. 6Laboratório Multidisciplinar de Morfofisiologia Animal, Instituto de Ciências 
Biológicas (UFPA), Belém, Brazil. 7Departamento de Biologia Estrutural e Funcional, Instituto de Biociências de 
Botucatu, Universidade Estadual Paulista, São Paulo, Brazil. 8Department of Physiology, Institute for Biological 
Research ”Siniša Stanković” – National Institute of the Republic of Serbia, University of Belgrade, Bulevar Despota 
Stefana 142, 11108 Belgrade, Serbia. *email: lilian.amado@gmail.com

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-71022-0&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2024) 14:20655  | https://doi.org/10.1038/s41598-024-71022-0

www.nature.com/scientificreports/

understanding their basal physiology, and thus, supports the conscious choice of these organisms as environ-
mental sentinels.

Amphibian ontogeny is a continuous and dynamic process that involves modifications in hormone levels 
(corticosterone and thyroid hormone)10, growth rate, cell proliferation and tissue specialization11,12. It can be 
divided into four well-defined periods: premetamorphosis, prometamorphosis, metamorphic climax and post-
metamorphosis13,14. Each period is associated with different physiological requirements (metabolic rate and 
energy consumption), which can affect the oxidative status of individuals2,3,15,16.

Over the last three decades, a considerable number of studies have investigated the effects of pollutants on 
oxidative stress parameters in amphibians either in their premetamorphosis or post-metamorphic stages17. How-
ever, beyond the simple laboratory-based tools used to assess the effects of xenobiotics on amphibians, there is 
a need to obtain realistic results and to take into account the influence of potentially confounding factors (sex, 
developmental stage and time of sampling)18.

Stressors can accelerate the developmental process in larvae19,20, and with subacute or chronic exposure 
this can lead to a discrepancy between the ontogenetic stages of control and treated animals. Therefore, studies 
characterizing the physiological conditions of organisms in conjunction with natural variations of parameters 
are essential for future analyzes of impacts arising from human activities21,22.

Among the most used tools to environmental analysis, biomarkers stands out, which are defined as changes 
in structures or natural biochemical, molecular, cellular and physiological functions of an organism, resulting 
from exposure to environmental stressors or natural sources of stress23. Biomarkers allow the early diagnosis of 
possible impacts at low levels of biological organization, to try to avoid or mitigate possible damage at higher 
levels of organization, such as at the population level24.

Biochemical biomarkers can be classified as exposure, such as Total antioxidant capacity and Glutathione 
S-transferase, which indicate whether there has been contact with a stressor, and effect biomarkers, such as lipid 
peroxidation, which shows deleterious effects on molecules25. In turn, gene-expression biomarkers measure the 
amount of messenger RNA (mRNA) codified by genes related to oxidative stress and can provide information 
on how mechanisms related to synthesis and stability of RNA can be affected by stressors26.

The use of the species Physalaemus ephippifer (Steindachner, 1864) as a model for ecotoxicological studies in 
the Amazon comes from its wide distribution in Brazil27. P. ephippifer is also of great trophic importance in all life 
stages28,29. According to its ecological importance, it has characteristics that facilitate its taxonomic identification, 
field sampling and maintenance under laboratory conditions. The most part of the studies elucidates responses 
to exposure to environmental stressors7,9,30–33, generally using larvae at stage 25 Gosner Stages (GS)34, indicating 
a lack of analysis at later developmental stages.

To date, there are no studies analyzing the parameters of biochemical markers in P. ephippifer as a model 
species during its ontogeny. Moreover, little is known about the basal physiology of this species and how its bio-
chemical responses related to the antioxidant system are modulated throughout ontogeny. Therefore, the aim of 
this work is to analyze the modulation of the antioxidant defense system and oxidative damage, parameters that 
are frequently used as biomarkers, at the different stages of anuran development.

Methods
Collection and acclimatization under laboratory conditions
P. ephippifer is a terrestrial anuran species that reproduces mainly during the rainy season and is found in 
temporary pools at forest edges35, in addition, around 410 eggs are deposited in foam nests in the vegetation of 
ponds36, making them easy to detect during collection. Thus, three nests were collected in different temporary 
pools in forest edge areas in the Gunma Ecological Park located in the municipality of Santa Bárbara, Pará (Fig. 1, 
01º13′00.86’’S and 48º17′41.18’’W) in the early morning hours of the same day.

The nests were kept in containers with water from the puddles to prevent the eggs from drying out and trans-
ported to the laboratory. The nests were acclimatized for two days until hatching in the same container, with the 
aim of mixing larvae from different nests to maintain variability during the study. Acclimatization was carried 
out in plastic containers (36.5 × 23.5 × 7 cm) with a volume of 6 L, containing filtered water, constant aeration, 
in which the temperature (28 °C), pH (7.0), photoperiod (14/10 h) were controlled throughout the study. After 
hatching, the larvae were separated into four plastic containers under the same acclimatization conditions to 
avoid a high number of individuals in each container (120 individuals), and at each stage, larvae were collected 
randomly between containers. The animal collections were approved by the Biodiversity Authorization and 
Information System under protocol number 53433-1.

Experimental design
The tadpoles were fed once a day with commercial fish food (Novo Bits JBL—43% protein, 6% fat, 4% ether 
extract, 4% crude fiber, 10% mineral salts, 1.5% calcium) (0.250 mg), whereby food accumulation was avoided. 
The water was changed every second day, with removal of feces and possible food residues.

Larvae in three developmental stages were selected for the experiment: in premetamorphosis individuals 
between 28 and 29 Gosner stage (GS), in prometamorphosis between 38 and 39 GS and for the metamorphic 
climax all stages from 42 to 46.

The stages were determined on the basis of morphological parameters according to the Gosner table34 using 
a binocular stereomicroscope (model NSZ-606). The animals were then cryoanesthetized. No chemical reagent 
was used for anesthesia to avoid interference in oxidative stress parameters that are the focus of the study. All 
procedures were performed in accordance with the Brazilian legislation on the scientific use of animals (Law 
No. 11.794; October 8, 2008) and approved by the Ethics Committee for the Use of Animals (CEUA) of the Fed-
eral University of Pará, under the protocol 6371061016. All methods are reported in accordance with ARRIVE 
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guidelines. The weight of the tadpoles was determined using an analytical balance (g), and the individuals were 
subsequently stored in 1.5 ml eppendorfs in an ultra-freezer at − 80 °C for further biochemical analysis.

The number of tadpoles collected varied at different stages according to the weight of the samples in order to 
quantify total proteins and to standardize and dosage of biochemical biomarkers. In the premetamorphosis, sam-
ples were pooled to achieve the required weight, with a total of 10 replicates of 20 larvae each. In all subsequent 
stages, samples were formed from only one individual. In prometamorphosis, 25 individuals were collected, and 
in metamorphic climax a total of 110 individuals were collected, covering stages 42–46.

Analysis of the biochemical biomarkers
Preparation of the samples
Samples were homogenized at a ratio of 1/4 (weight/volume) with a homogenization buffer and then centrifuged 
at 20,000 × for 20 min at 4 °C, according to Bainy et al.37. The obtained supernatant was aliquoted and stored at 
− 80 °C for later analysis.

Quantification of total proteins
Total proteins were analyzed using a commercial kit (Doles Ltda, Brazil) based on the Biuret assay (0.114 M 
trisodium citrate, 0.21 M sodium carbonate and 0.01 M copper sulfate). Measurements were performed in a 
multimodal microplate reader (Victor X3, Perkin Elmer) at 550 nm. The results are expressed in milligrams of 
protein/mL.

Glutathione S‑transferase (GST)
Glutathione S-transferase activity was determined according to the method described by Habig, et al.38. In the 
analysis, the formation of the conjugate of 1-chloride-2,4-dinitrobenzene (CDNB) with reduced glutathione 
(GSH) catalyzed by Glutathione S-transferase in the sample is monitored for 1 min at 340 nm. Readings were 
performed in a spectrofluorimeter (Victor X3, Perkin Elmer) with a microplate reader. The results are expressed 
in UGST/ mg of protein, which corresponds to the amount of enzyme required to conjugate 1 μMol of CDNB/
min/mg of protein at 25 °C and pH 7.0.

Total antioxidant capacity against peroxyl radicals (ACAP)
For the determination of ACAP, the method of Amado, et al.39 was used. This method is used to measure the 
antioxidant defense levels of organisms (enzymatic and non-enzymatic) exposed to radicals. It consists of the 
addition of ABAP (2′2′-azobis-2-methylpropiamidine dihydrochloride) in microplates together with biological 
samples and the fluorochrome H2DCF-DA (2’,7’-dichlorofluorescein). When heated to 37 °C, ABAP generates 
peroxyl radicals which are scavenged by the antioxidants present in the sample. If they are not scavenged, the 
radicals promote the oxidation of the fluorochrome, which then begins to fluoresce in the chemical form DCF 
(oxidized H2DCF-DA). Measurements were performed in a fluorescence microplate reader (Victor X3, Perkin 

Fig. 1.   Animal collection site, Gunma Ecological Park, Santa Bárbara—PA.
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108 Elmer) for 30 min. Samples diluted to 0.5 mg of protein were used for all developmental stages. Results are 
expressed as the inverse of the relative area.

Lipid peroxidation (LPO)
The degree of lipid peroxidation was determined according to the protocol of Oakes and Van Der Kraak40, in 
which a by-product of lipid peroxidation, malondialdehyde (MDA), is quantified. The method analyzes the prod-
uct formed in the reaction between MDA and thiobarbituric acid (TBA 0.8%) in an acidic environment (acetic 
acid, 20%) at high temperature (95 °C), forming MDA-TBA2. Butylatedhydroxytoluene (BHT) was used as an 
antioxidant in the samples, while 1,1,3,3-tetramethoxypropane (TMP) served as a standard. Sodium dodecyl 
sulfate (SDS, 8.1%) was used as a surfactant and n-butanol was used to separate the organic from the inorganic 
phase. Readings were performed in a fluorescence reader (515 and 553 nm for excitation and emission, respec-
tively). The results were expressed in nM MDA/g of wet tissue, which represents the MDA lipid concentration 
(nM) in weight (g) of tissue.

Analysis of the gene‑expression biomarkers
To evaluate transcriptional levels, the reverse transcription technique was performed followed by quantita-
tive PCR (RT-qPCR). Total RNA was extracted using the PureLink RNA Mini Kit (Thermo Fisher Scientific, 
12183018A) following the manufacturer’s instructions. RNA integrity (RIN–RNA Integrity Number) was assessed 
using the NanoVue spectrophotometer and 1% agarose gel. RNA was treated with DNase I (Thermo Fisher Sci-
entific, EN0521) according to the manufacturer’s instructions. Complementary DNA (cDNA) was synthesized 
using the High Capacity kit (Thermo Fisher Scientific, 4368814) following the manufacturer’s instructions. PCR 
primers for genes related to oxidative stress (nrf2, gst, gsr, gclc) (Table 1). 1 µl of cDNA (30 ng/uL) was amplified 
using the RealQ Plus 2 × Master Mix Green, High ROX kit (Ampliqon, A323402) and 400 nM of each primer in 
a final volume of 20 uL. The cycling conditions were: 10 min at 95 °, 40 cycles of denaturation at 95 °C for 15 s 
and annealing and extension at 60 °C for 1 min. Expression levels were detected on the Bio-Rad CFX Maestro 
system. Actg gene transcriptional levels were used as a reference. The dissociation curve was evaluated to confirm 
specific amplification. Data were normalized using the Q-Gene program41,42.

Data analysis
A unidirectional analysis of covariance (ANCOVA) was performed to verify the influence of weight (covari-
ate) on the response of the analyzed biomarkers (Glutathione S-transferase, Total antioxidant capacity and 
Lipid peroxidation). The independent variable corresponds to the stages of P. ephippifer and had three levels 
(premetamorphosis, prometamorphosis and metamorphic climax). The dependent variable was the results of 
the biomarkers expressed in each corresponding unit.

Initially, the assumption of homogeneity of the regression slope between the covariate and the variable was 
tested in all parameters. Subsequently, the normality of the data was tested using the Shapiro–Wilk test. If neces-
sary, a Box-Cox transformation was applied to the data in order to meet normality assumptions. In addition, a 
Levene test was performed to check the homogeneity of the residual variances.

Differences in the responses of oxidative stress parameters (Glutathione S-transferase, Total antioxidant 
capacity and Lipid peroxidation) and genes expression were tested using a one-way analysis of variance (one-
way ANOVA) followed by a post-hoc Tukey test. The data were analyzed in the program R, version 4.1.143 and 
for graphics with the package ggplot2.

For the comparison between the climax stages (42, 43, 44, 45, 46 GS), the assumptions of normality and 
homoscedasticity were tested using the Shapiro-Wilks and Levene tests. For Glutathione S-transferase and Lipid 
peroxidation data (parametric), a one-way ANOVA followed by a Tukey’s post-hoc test was used for pairwise 
comparisons of means. Results were expressed as mean ± standard error. The significance level was set as p < 0.05. 
Total antioxidant capacity (non-parametric), analyzes were performed using the Kruskal–Wallis test followed 
by the Nemenyi post-hoc test and expressed as median ± 1st quartile. The assumed significance level was 5% in 
all cases44.

Table 1.   PCR primers used in the analysis.

Gene Identification Sequence

Actin Gamma (actg)
PEP_actg_F AGA​TGA​TGC​TCC​CCG​TGC​

PEP_actg_R GCT​CTG​GGC​TTC​ATC​ACC​TAC​

Nuclear Factor (Erythroid-Derived 2)-Like (nrf2)
PEP_nrf2_F CGG​TAG​GGA​TGA​GCG​AAG​

PEP_nrf2_R ACC​AAA​GCC​AGC​TGA​GAT​TC

Glutathione S-Transferase P (gst)
PEP_gst_F ATT​GTG​GGT​GCT​GGT​TAC​AT

PEP_gst_R GCC​TGC​ATT​TTC​AAG​CTC​TTC​

Glutathione Reductase (gsr)
PEP_gsr_F GTG​GGT​GCT​GGT​TACAT​

PEP_gsr_R CCT​GCA​TTT​TCA​AGC​TCT​TC

Glutamate-Cysteine Ligase, Catalytic Subunit (gclc)
PEP_gclc_F GGG​GCG​ATG​AGG​TGGAG​

PEP_gclc_R CTG​CCA​TAC​TCT​GGT​CTC​CA
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Results
No statistically significant differences were observed between the groups regarding the expression level of the 
genes nfr2, gst, gsr and gclc (Fig. 2).

A unidirectional analysis of covariance (ANCOVA) was performed to verify the influence of weight (covari-
ate) on the response of the biochemical biomarkers analyzed. The results of the biomarkers responses between 
the developmental stages of the species indicate that there was a non-significant effect of the initial covariate in 
the post-test (ACAP: F [1, 126] = 0.071, p = 0.791; GST: F [1, 126] = 0.071, p = 0.791; LPO: F [1, 136] = 1.773, p = 0.185). 
Although it was not significant, it was decided to control this variable in order to refine the analysis.For Total 
antioxidant capacity, there was no statistically significant effect on the developmental period of P. ephippifer 
(Table 2, Fig. 3a).

The results for Glutathione S-transferase showed a statistically significant effect of developmental stage 
(Table 2). The Tukey post-hoc test also showed that there were significant differences between Glutathione 
S-transferase responses in the premetamorphosis and prometamorphosis stages compared to those in the meta-
morphic climax (p < 0.001). Individuals from the metamorphic climax had lower Glutathione S-transferase 
activity. No significant differences were found between individuals from the premetamorphosis and prometa-
morphosis stages (p = 0.790) (Fig. 3b).

Fig. 2.   Genes of oxidative stress expression in Physalaemus ephippifer at different stages of larval development. 
(a) nfr2 expression. (b) gst expression. (c) gsr expression. (d) gclc expression. The absence of letters means that 
there are no statistical differences (p > 0.05). Different letters indicate statistical differences (p < 0.05). The values 
are given as mean ± standard error.

Table 2.   Results of one-way analysis of variance (one-way ANOVA) on oxidative stress parameters (Total 
antioxidant capacity, Glutathione S-transferase and Lipid peroxidation) between developmental stages of P. 
ephippifer.  DF Degrees of freedom, SS Sum of squares, MS Mean squares. Significant values are in [bold].

Parameter Effect DF SS MS F p

ACAP
Stage 2 6.51 3.254 2.041 0.139

Residuals 59 94.07 1.594

GST
Stage 2 21.69 10.846 33,13 < 0.001

Residuals 126 41.24 0.327

LPO
Stage 2 0.132 0.066 5.818 0.003

Residuals 137 1.562 0.011
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ANOVA analyzes revealed significant effects on Lipid peroxidation depending on the stage of amphibian 
development (Table 2). The Tukey’s post-hoc test indicated that there were no significant differences in the Lipid 
peroxidation values of tadpoles from prometamorphosis in relation to those from premetamorphosis and meta-
morphic climax. However, a significant difference was found between premetamorphosis and climax (Fig. 3c).

The values for Total antioxidant capacity, Glutathione S-transferase and Lipid peroxidation in individuals 
in the metamorphic climax are shown in Fig. 4a–c. Results did not reveal any significant differences between 
individuals at different stages of the metamorphic climax (42–46) for each analyzed oxidative stress parameter. 
Therefore, during further comparison among developmental periods (premetamorphic, prometamorphic and 
metamorphic climax), we grouped all stages (42–46 Gosner Stages) under the period of metamorphic climax.

Discussion
This study investigated how the redox balance in the amazon population of P. ephippifer changes during three 
larval periods. Regarding the genetic expression is important to highlight that nrf2 is a transcription factor 
related to the cell’s defense mechanisms against the effects of oxidative stress45, driving the regulation of anti-
oxidant genes46 such as the gst, gsr (glutathione- disulfide reductase) and gclc (gcl catalytic subunit) genes. The 
absence of difference in the expression results of these genes suggests that the regulation is post-translational, 
in other words, the regulations occur in protein turnover47 involved in the antioxidant defense process. This 
becomes evident when we analyze the biochemical parameters where components of the antioxidant system 
and oxidative damage were examined to determine the oxidative status, focusing on parameters represented in 
most ecotoxicological studies. From the battery of antioxidant parameters, we determined the Total antioxidant 
capacity values, which represent the general antioxidant status of the organism. Glutathione S-transferase as 
an enzymatic component of the glutathione system and the main component of biotransformation phase II, 
which is involved in both detoxification and metabolic activation of xenobiotics. Finally, Lipid peroxidation as a 
marker for oxidative damage of lipids caused by a variety of free radicals and often triggered by the metabolism 
of xenobiotics48. Anuran larvae have different physiological needs during their development, which may affect 
their antioxidant response and the levels of oxidative damage. In their early stages, premetamorphosis these needs 
are mainly focused on survival and growth3,15,16,19. Although these processes require high energy expenditure 
and consequently may increase the formation of reactive oxygen species, we found lower Lipid peroxidation 

Fig. 3.   Biomarkers of oxidative stress in Physalaemus ephippifer at different stages of larval development. 
(a) Total antioxidant capacity. The absence of letters means that there are no statistical differences (p > 0.05), 
(premetamorphosis: n = 9; prometamorphosis: n = 13; metamorphic climax: n = 40). (b) Glutathione 
S-transferase activity, (premetamorphosis: n = 9; prometamorphosis: n = 21; metamorphic climax: n = 100). (c) 
Lipid peroxidation levels, (premetamorphosis: n = 9; prometamorphosis: n = 22; metamorphic climax: n = 109). 
Different letters indicate statistical differences (p < 0.05). The values are given as mean ± standard error.
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levels in P. ephippifer compared to the metamorphic climax. This can be corroborated by the higher Glutathione 
S-transferase activity, a parameter involved in the reduction of oxidative lipid damage (lipid hydroperoxides)48. 
Higher Glutathione S-transferase activity at earlier life stages may also be a mechanism for coping with exposure 
to external factors and xenobiotics that tadpoles encounter for the first time in their natural environment after 
hatching3. Enhanced antioxidant defenses (catalase and superoxide dismutase) and low Lipid peroxidation levels 
at early developmental stages compared to later ones was also observed in Xenopus laevis49.

Tadpoles undergoing prometamorphosis experience intense growth and increase in thyroid hormones and 
corticosterone as they approach their climax20. Changes in hormone status can be reflected on reactive oxygen 
species (ROS) levels and oxidative stress. Our results suggest that the level of oxidative damage in prometamor-
phic individuals is intermediate between the two sides of larval development (premetamorphic and metamor-
phic climax). Glutathione S-transferase activity remained similar to the premetamorphic stage, but was higher 
compared to climax. These data indicate that the increasing complexities of the organism and the changing 
developmental requirements have a slight effect on oxidative stress parameters in tadpoles in prometamorphosis.

It is noticed that the progressive increase in complexity throughout the development of the tadpoles was 
reflected in the increase in oxidative damage in the metamorphic climax. It has been suggested that ROS can play 
an important role in the tissue remodulation required for the transition of organisms from aquatic to terrestrial 
environments16,49,50. Some studies showed changes in redox balance during climax3,15,50.

In P. ephippifer, there was an increase in Lipid peroxidation during metamorphic climax compared to premeta-
morphosis, and a decrease in Glutathione S-transferase activity compared to the two previous stages. Higher 
ROS formation, which is not accompanied by Glutathione S-transferase activity, can lead to an increase in lipid 
damage and oxidative stress. Climax is also characterized by high levels of thyroid hormones, which can increase 
the metabolic rate51, along with an increase in corticosterone52.

An assessment of antioxidant responses between stages during climax was carried out to analyze whether 
there are differences between them, considering the changes that take place between 42 and 46 Gosner stages 
(lung development, changes in the pancreas, kidney, intestine, and tail regression)34. However, it was observed 
that there was no difference between the stages for any of the biomarkers analyzed. The significance of this result 
arises from the representativeness of this stage for biomonitoring studies. On the one hand, the responses of 
individuals in the climax can be represented in each of these Gosner stages, which would facilitate the logistics 
of field studies, since from this perspective it is not necessary to identify the most specific stages within the 

Fig. 4.   Biomarkers of oxidative stress in Physalaemus ephippifer between the metamorphic climax stages 
from 42 to 46 Gosner stages. (a) Total antioxidant capacity (n = 5–12 per stage); (b) Glutathione S-transferase 
(n = 14–24 per stage); (c) levels of lipid peroxidation (n = 14–24 per stage). The absence of letters means that 
there are no statistical differences (n = 16–24 per stage). Total antioxidant capacity values are given as median 
and 1st quartile, Glutathione S-transferase and Lipid peroxidation as mean and standard error.
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metamorphic climax. On the other hand, however, all internal changes that must take place during this sensitive 
life phase may limit the ability of organisms to respond to external factors.

In the literature, majority of studies in which anuran larvae are used as biomonitors are limited to acute 
exposure and establish the lethal and sublethal dose for various pollutants7,30–33. In addition, exposure occurs 
in premetamorphosis (usually at GS25). Few studies using biochemical biomarkers have been conducted in the 
other developmental stages of anurans, and none with anurans of the family Leptodactylidae. This suggests that 
in toxicity studies, concentrations of certain compounds that do not cause biochemical changes or oxidative 
stress in premetamorphosis, can lead to greater oxidative damage in anurans just prior to metamorphosis, when 
they normally have lower baseline antioxidant defenses, as shown in this study.

The results presented here suggest that the premetamorphosis stage is physiologically different from the 
other stages. Larvae in this stage have a significant level of antioxidant defenses that can keep up with metabolic 
demands, and it has greater responsiveness to stressors, as highlighted by Glennemeier and Denver53. This may 
differ in the subsequent stages, especially in the climax when the defenses naturally decline and oxidative damage 
occurs, as also described by Prokić et al.3. Finally, biomonitoring studies using anurans should take into account 
the ontogenetic differences in responses associated with the presence of environmental stressors, thus ensuring 
that toxicity parameters correspond to the physiological specificities of each developmental stage of anurans.

Conclusion
Anuran larvae exhibit remarkable characteristics during their developmental stages and it is important to under-
stand how physiological parameters are modulated. The present study shows that the antioxidant response 
changes differently in the different developmental stages of Physalaemus ephippifer tadpoles. Moreover, the 
metamorphic climax was the most sensitive stage from a physiological point of view, as there was a decrease in 
antioxidant defenses and an increase in lipid peroxidation levels. Studies using anuran larvae as biomonitors 
of environmental quality should include analysis that account for differences between developmental stages. 
Further studies should also include other oxidative stress parameters to obtain a complete picture of the redox 
balance during ontogeny.

Data availability
The data that support the findings of this study are available from the corresponding author upon request.
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