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ABSTRACT

Copper is an essential micronutrient, involved as coenzyme in different metabolic 
processes. Due to its toxic effect, copper is also used as algicide and herbicide. 
Residual concentrations of this metal are released into aquatic environments as 
effluents from mining activities, industrial applications, and other sources, produc-
ing toxic effects on the aquatic biota. Although Danio rerio (zebrafish) embryos 
and larvae have been broadly used as surrogate species to assess toxic effects in 
water, scarce information exists on copper’s effects on fish larvae starting to feed 
exogenously (after yolk sac depletion). For this reason, the toxic effect of Cu on 
exogenous feeding larvae was assessed. Acute toxicity (96 h) was determined in 
10 and 20 day post-fertilization (dpf) larvae. Additionally, the effect of sublethal 
Cu concentrations on the main macromolecules concentration, caloric content, 
and lipid peroxidation was also determined in 10 dpf larvae, as these were the 
most sensitive during acute exposure. The median lethal concentration (LC50) 
and confidence limit values (P = 95 %) were 148.52 ± 13.5 and 274.20 ± 40.21 
µg/L for 10 and 20 dpf larvae, respectively. The caloric content, glycogen, and 
lipid concentration were markedly reduced in the 10 dpf larvae exposed to Cu. 
The malondialdehyde concentration was significantly modified in D. rerio larvae 
exposed during 48 h to the toxicant. Cu2+ concentrations as low as 16.04 and 
32.08 µg/L produced biochemical impairment in D. rerio exogenous feeding larvae. 
Our results warn about harmful effects on the aquatic biota exposed to Cu2+, because 
its concentrations in polluted waters can be higher than those assayed here. 

Palabras clave: pez cebra, metales tóxicos, estrés oxidativo, biomarcadores, estadios tempranos de desarrollo
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RESUMEN

El cobre es un micronutriente esencial involucrado en diferentes procesos metabóli-
cos. Sin embargo, debido a que en concentraciones superiores a las requeridas tiene 
efecto tóxico, se usa como alguicida y herbicida, por lo que residuos de este metal 
son liberados en ambientes acuáticos, así como a efluentes de actividades mineras y 
aplicaciones industriales, causando efectos negativos en la biota acuática. Aunque los 
embriones y larvas de Danio rerio (pez cebra) han sido ampliamente utilizados para 
evaluar la toxicidad en el agua, existe poca información sobre los efectos del cobre en 
larvas que han iniciado su alimentación exógena (después de que las larvas han agota-
do el vitelo), por lo cual en el presente estudio se evaluó la toxicidad del Cu2+ en esta 
fase crítica del desarrollo. Se determinó la toxicidad aguda (96 h) en larvas de 10 y 20 
días post fertilización (dpf) y se evaluó el efecto de concentraciones subletales sobre 
la concentración de macromoléculas, contenido calórico y peroxidación de lípidos en 
larvas de 10 dpf, debido a que fueron las más sensibles durante la exposición aguda. 
Los valores de CL50 e intervalos de confianza (P = 95 %) fueron 148.52 ± 13.5 y 274.29 
± 31.15 µg/L, para larvas de 10 y 20 dpf, respectivamente. El contenido calórico y la 
concentración de glucógeno y lípidos disminuyeron significativamente en las larvas 
expuestas a cobre, asimismo, se observó peroxidación de lípidos. La concentración 
de malondihaldeído se modificó significativamente en las larvas de D. rerio expuestas 
durante 48 h al tóxico. Concentraciones de Cu2+ tan bajas como 16.04 y 32.08 µg/L, 
produjeron efectos negativos en las larvas de D. rerio, por lo que se pueden presuponer 
efectos nocivos en la biota expuesta a este metal, debido a que las concentraciones en 
ambientes contaminados pueden ser más altas que las aquí ensayadas.

INTRODUCTION

Copper (Cu2+) is considered a persistent contami-
nant that enters the environment as a byproduct or 
residue from different anthropogenic activities such 
as the use of pesticides, Cu mining activities, and 
derived from industrial or municipal wastes (WHO 
2004, Kiaune and Singhasemanon 2011). Cu is an 
essential micronutrient required at low concentra-
tions by organisms to perform some vital functions 
(Kamunde et al. 2002). However, at levels above 
those required, it becomes toxic, causing alterations 
in membrane permeability, interfering with oxygen 
transport, and affecting energetic metabolism in 
fish (Carvalho and Fernandes 2008, Kiaune and 
Singhasemanon 2011). In the zebrafish (Danio re-
rio), Cu delays or avoids hatching of embryos and 
produces malformations and mortality. Besides, at 
low concentrations, it tends to accumulate in larvae, 
its excess causes oxidative stress and can damage 
gills, liver, intestine, and the nervous system (Craig 
et al. 2007, Hernández and Allende 2008). Zhang et 
al. (2012) assessed the effect of Cu on D. rerio em-
bryos, reporting 9.49 % mortality at a concentration 
of 100 µg/L. According to Luzio et al. (2013), Cu2+ 
produces apoptosis in D. rerio’s gill epithelium at 
concentrations of 12 and 100 µg/L. 

Copper can produce free hydroxyl radicals (OH•) 
by decomposing H2O2 through the Fenton reaction 

(Valko et al. 2005). The OH• radical is highly reactive 
and attacks fatty acids of cell membranes, causing 
changes in their structure and functions. The damage 
caused by oxidant radicals on lipids under oxidative 
stress conditions is known as lipid peroxidation. 
Malondialdehyde (MDA) is one of the main released 
byproducts that can be determined by the thiobar-
bituric acid reactive substances (TBARS) method 
to measure the affectation lipids of cell membranes 
(Devasagayam et al. 2003).

Exogenous feeding in fish larvae is required to 
obtain energy to be allocated to vital functions, such 
as maintenance, growth and storage during growth. 
When larvae are exposed to toxic substances, energy 
is used to face the detoxification process, causing 
imbalances in homeostasis and threatening the 
metabolic status, growth, and reproduction (Augus-
tine et al. 2011, Sokolova et al. 2012). Results by 
Jezierska et al. (2009) confirm that toxic metals affect 
embryonic development of fish through energetic 
expenditure during detoxification, leaving less energy 
available for growth.

The main macromolecules affected during the 
detoxification process are carbohydrates, lipids, 
and proteins, which are important reserves during 
long periods of energy expenditure (Sokolova et al. 
2012) or fasting. In fish, glycogen is one of the main 
energetic reserves mobilized during detoxification 
(Smolders et al. 2003). 
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Although D. rerio is a species frequently used 
as test organism in aquatic toxicological studies 
(Gerhard 2003, Hsu et al. 2007, Ulloa et al. 2008, 
Belyaeva et al. 2009, He et al. 2014), information 
related to the biochemistry in larvae starting exog-
enous feeding is limited, because most of the toxicity 
studies with early life stages have been performed 
in embryos or yolk-sac larvae (Flynn et al. 2009), 
probably because the change to exogenous feeding 
is usually a period of high mortality in fish (Sloman 
and McNeil 2012, Viegas et al. 2012). D. rerio adults 
have also been used as test organisms in studies on 
genotoxic effects of arsenic (Baez-Ramírez and Pri-
eto García 2005, Prieto-García et al. 2006). 

The United States Environmental Protection 
Agency (USEPA 2007) establishes that Cu occurs 
naturally in surface waters at values ranging from 
0.2 to 30 µg/L, but Seker and Kutlu (2014) reported 
0.95 and 1.37 mg/L in two rivers that they studied. 
The Official Mexican Norm NOM-001-SEMAR-
NAT-1996 (SEMARNAT 1996) establishes the 
maximal permissible limits of Cu for the protec-
tion of aquatic life at 4 mg/L (monthly average) to 
6 mg/L (daily average). These values indicate its 
high toxic potential, yet they can be easily exceeded 
reaching risk levels for aquatic biota. For example, 
in the Sonora River in Mexico, Cu concentrations in 
the range of 0.21 to 50.0 mg/L have been reported, 
but it is argued that these values are related to the 
mining activities in that area (Gómez-Álvarez et 
al. 2004).

Cu is an essential metal for life, but it is also 
used in numerous industrial applications and as a 
biocide, reaching toxic concentrations in aquatic 
environments. The larval stage is considered criti-
cal in oviparous fish, mainly when larvae start their 
exogenous feeding (after yolk sac reserves have 
been consumed), and this stage is, in nature, a high 
mortality phase due to alimentary limitations. Based 
on the aforementioned, the objective of the present 
study was to evaluate the acute toxicity of Cu2+, as 
well as the effects of its sublethal concentrations on 
the energetic balance (macromolecules concentra-
tion and caloric content) and lipid peroxidation in 
exogenous-feeding D. rerio larvae.

MATERIALS AND METHODS

Production of exogenous-feeding Danio rerio 
larvae 

D. rerio adults were obtained from the Labora-
tory of Experimental Hydrobiology of the Escuela 

Nacional de Ciencias Biológicas (National School 
of Biological Sciences), from Instituto Politécnico 
Nacional (National Polytechnic Institute). To obtain 
embryos, mature females and males were placed in 
40 L aquaria at a 1:2 proportion. The fertilized eggs 
were separated and placed in reconstituted hard wa-
ter (192 mg/ L NaHCO3, 120 mg/L CaSO4 2H2O, 
120 mg/L MgSO4, 8 mg/L KCl) (USEPA 2002) supple-
mented with methylene blue to prevent infections, 
before being incubated in environmental chambers 
at 25 ºC with a 16:8 (light:darkness) photoperiod. 
Newly hatched larvae were transferred to aquaria, and 
before the yolk sac was fully consumed (at around the 
5th day), larvae were fed ad libitum with the rotifer 
Brachionus angularis. Afterwards they were fed twice 
daily with rotifers and a micropellet of balanced food. 
In this way, we obtained 10 and 20 day post fertiliza-
tion (dpf) larvae that were used in all the bioassays. 

Acute toxicity bioassays 
A Cu2+ concentrated solution was prepared from 

CuSO4•5H2O (J. T. Baker, purity of 98.9 %) dissolved 
in deionized water, and seven Cu nominal concentra-
tions were assayed: 80, 160, 240, 320, 400, 480, and 
560 µg/L plus control. The actual Cu concentration 
determined in the stock solution was less than 5 %, 
below the nominal value (HACH Bicinchoninate 
method 8506). Reconstituted hard water (USEPA 
2002) was used as dilution water in all tests. Each 
toxicant concentration was tested in triplicate, ex-
posing five 10 or 20 dpf larvae in each replicate (15 
organisms for each concentration in total) and at least 
three bioassays were performed. Test volume was 100 
mL in 150 mL flasks. Bioassays were incubated in 
a bioclimatic chamber with a 16:8 (light:darkness) 
photoperiod and at 25 ºC.

The assessed response was immobility or mortal-
ity at 96 h. Test organisms were not fed during the ex-
posure time. Mortality data recorded at the end of the 
test (96 h) were used to determine the median lethal 
concentration (LC50) through the Probit method using 
the Risk Assessment version 1.0 software package.

Lipids, proteins, carbohydrates, and glycogen 
content

From the LC50 values obtained from the acute 
toxicity bioassays, three sublethal concentrations 
were established, corresponding to 1/25, 1/10, and 
1/3 of the previously determined LC50. In this case, 
10 dpf larvae were exposed for 24 h to 6.42, 16.04, 
and 53.46 µg Cu+2/L.

After the 24 h exposure, five larvae were placed in 
1.5 mL Eppendorf tubes and homogenized with 500 µL 
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of 2 % sodium sulfate. From this homogenate, 
200 µL were taken to determine lipids, carbohydrates, 
and glycogen, and 150 µL were used to quantify 
protein.

The concentrations of lipids, carbohydrates, and 
glycogen were determined according to Dubois, as 
described in Gündüz et al. (2010), with slight modifi-
cations. Briefly, to 200 µL of the homogenate, 450 µL 
of 2:1 (v/v) chloroform:methanol were added, 
vortexed, and 50 µL of deionized water were incor-
porated to separate the phases. The organic phase 
was removed to quantify lipids, whereas the aqueous 
phase was used to quantify total carbohydrates. The 
white precipitate in the tubes was used to determine 
the amount of glycogen. The carbohydrates fraction 
and the white precipitate were supplemented each 
with 200 µL of 5 % phenol + 500 µL of concentrated 
H2SO4. The amount of carbohydrates and glycogen 
was determined by interpolating the absorbance val-
ues (490 nm) in a dextrose curve (Arzate-Cárdenas 
and Martínez-Jerónimo 2012a).

The fraction with lipids was dried at 80 ºC, then 
supplemented with 40 µL of H2SO4 and heated at 
70 ºC for 2 min. Afterwards, samples were cooled 
on ice to add 960 µL of vanillin reagent. Tubes were 
vortexed and absorbance was read at 525 nm, a stan-
dard cholesterol curve was used for quantification 
(Cheng et al. 2011).

The amount of protein was determined by the 
Bradford method, taking 150 µL of the homogenate 
+ 450 µL of Bradford’s reagent. Absorbance was read 
at 595 nm, a standard curve of bovine serum albumin 
was used for quantification (Arzate-Cárdenas and 
Martínez-Jerónimo 2012b).

Caloric content
The amounts of lipids, protein, and glycogen were 

used to calculate the caloric content in D. rerio larvae. 
The amount of macromolecules was multiplied by the 
following factors: 9.45 cal/mg for lipids, 5.65 cal/mg 
for total proteins, and 4.10 cal/mg for glycogen (Ar-
zate-Cárdenas and Martínez-Jerónimo 2012a). Results 
are expressed as millicalories per larva (mcal/larva).

Lipid peroxidation
One of the main products of lipid peroxidation 

is the formation of malondialdehyde (MDA), which 
was determined by the TBARS method (Devasagay-
am et al. 2003). We distributed 21 larvae of 10 dpf 
per concentration in three replicates that were ex-
posed for 24 and 48 h to two sublethal concentra-
tions equivalent to 1/25 and 1/5 of the LC50 of Cu 
(6.42 and 32.08 µg/L). After the exposure period, 

seven larvae for each replicate were homogenized in 
2.5 mL of potassium phosphate buffer (0.2 mM) pH 
= 7.2, using a tissue homogenizer. Homogenates 
were centrifuged at 1000 g for 15 min, at 4 ºC. Two 
mL of the thiobarbituric acid (TBA) reagent (15 % 
trichloroacetic acid [w/v], 0.5 N TBA, and 0.25 N 
HCl) were added to 1 mL of the supernatant; samples 
were incubated at 70 ºC during 25 min to develop a 
pink color. Finally, the samples were ice-cooled and 
absorbance (532 nm) was determined. The amount 
of MDA was calculated using the molar extinction 
coefficient, 1.56 × 105/M/cm.

Statistical analysis
Student’s t-test was used to determine significant 

differences in the LC50 values between the two larva 
ages assessed (10 and 20 dpf).

Protein, lipids, carbohydrates, and glycogen con-
tent, as well as the caloric content, were evaluated 
with one-way analysis of variance (ANOVA) and 
Dunnett’s tests.

MDA levels were analyzed with two-way ANOVA 
(taking as factors the exposure time and the toxicant’s 
concentration), and the Fisher’s Least Significant 
Difference (LSD) test was used to determine dif-
ferences among treatments. All statistical analyses 
were performed with the Statistica ver. 7.0 software 
for Windows.

RESULTS

The average LC50 and the 95 % confidence limit 
values obtained in three bioassays with Cu2+ for 
the 10 dpf D. rerio larvae was 148.52 ± 13.5 µg/L, 
whereas in the five bioassays for the 20 dpf larvae 
was 274.29 ± 31.15 µg/L. Student t-test revealed sta-
tistically significant differences in the LC50 between 
both larval ages (P = 0.0011), the 10 dpf individuals 
corresponded to the most sensitive stage.

Table I shows that larvae exposed to Cu exhib-
ited a significant reduction in the amount of lipids 
and in caloric content as compared to the control 
(P < 0.01). Glycogen concentration was also lower in 
the exposed organisms, but the differences were only 
significant at the 6.42 and 53.46 µg/L concentrations, 
because of this, it was not possible to establish a pat-
tern between the observed effect and the toxicant’s 
concentration. The concentration of protein and 
carbohydrates did not differ in any of the treatments 
as compared to the control.

MDA concentration was not modified in control 
larvae during the experiment, but at 48 h of Cu2+ 
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exposure an increase in MDA levels was observed 
as compared to the control group at the two tested 
concentrations (LSD test, P < 0.05; Fig. 1).

DISCUSSION

The 10 dpf larvae were more sensitive to Cu, 
which could be because at this age individuals are still 
undergoing anatomical and physiological develop-
ment, and metabolic changes are fast (Parichy et al. 
2009), since larvae complete their full development to 
juveniles in around 26 days (Augustine et al. 2011). 
It is also possible that the 20 dpf larvae were less 
sensitive to Cu2+ because they were able to retain a 
larger amount of energy reserves obtained from the 
exogenous food, which would allow them to toler-
ate larger concentrations of the toxicant. In addition, 

older larvae might have a more complete enzymatic 
system, including some of the enzymes required for 
the detoxification process.

The difference in copper sensitivity with respect 
to age in D. rerio was also observed by Alsop and 
Wood (2011), who exposed yolk-sac larvae, as 
well as adults, and found LC50 values of 148.4 and 
212.1 µg/L, respectively. On the other hand, Her-
nandez et al. (2011) reported that yolk-sac larvae 
exposed to Cu were less sensitive than adults (LC50 
= 878.20 µg/L and 120.74 µg/L, respectively), but 
Freiry et al. (2014) observed that 10 day D. rerio 
larvae were more sensitive to Cu than 60 day adults. 
Results obtained herein indicate that, in individuals 
that have started their exogenous feeding, the younger 
larvae (10 dpf) are more sensitive to Cu than the 
older individuals (20 dpf). It can be hypothesized that 
the 20 dpf larvae developed metabolic mechanisms 
of physiological tolerance related to a better use of 
nutrients obtained from food than the 10 dpf larvae, 
which have an incipient enzymatic system, with oral 
and feeding structures still under development.

Johnson et al. (2007) found, in D. rerio embryos, 
that Cu at 93 to 464 µg/L concentrations causes a 
decrease in larval length, and the yolk sac increases 
in size, which could hypothetically mean an increase 
in energetic reserves, but this is an anomalous condi-
tion with probable negative effects on development.

According to Campagna et al. (2008), exposure 
to toxic copper concentrations affects survival and 
growth, and produces damage in the gills of D. 
rerio larvae. In this respect, Kamunde et al. (2002) 
mention that the juvenile stages of fish are probably 
more susceptible to suffer the effects of intoxication 
because they have an immature excretion system and 
high energetic demands directed to growth.

Oliveira-Filho et al. (2004) assessed in D. rerio 
adults the effect of different pesticides containing 
Cu and reported LC50 values of 95, 75, and 38 µg/L, 
which are lower than those obtained in our study for 
larval stages. These differences in sensitivity could 

TABLE I. AVERAGE VALUES ± STANDARD ERROR OF THE MACROMOLECULES CONCENTRA-
TION AND CALORIC CONTENT IN Danio rerio LARVAE EXPOSED TO THREE SUB-
LETHAL CONCENTRATIONS OF Cu2+ DURING 24 h 

Concentration
(Cu2+ µg/L)

Protein
(µg/larva)

Lipids
(µg/larva)

Carbohydrates
(µg/larva)

Glycogen
(µg/larva)

Caloric content
(mcal/larva)

Control 10.91 ± 0.28 9.05 ± 1.25 0.51 ± 0.17 5.92 ± 1.40 167.80 ± 7.75
6.42 11.68 ± 0.47 9.63 ± 0.12 1.02 ± 0.15 2.53 ± 0.24* 164.04 ± 3.15
16.04 12.80 ± 0.34 2.45 ± 0.59* 0.69 ± 0.14 3.95 ± 0.10 108.90 ± 7.92*
53.46 11.44 ± 2.04 3.20 ± 0.47* 0.46 ± 0.17 2.6   ± 0.33* 102.11 ± 9.07*

* indicates significant differences compared to the control (Dunnett’s test, P < 0.01)

Fig. 1. Average values ± standard error of malondialdehyde 
(MDA) concentrations a byproduct of lipid peroxi-
dation, in 10 day post fertilization (dpf) exogenous-
feeding Danio rerio larvae exposed to two sublethal 
concentrations of Cu2+ (6.42 and 32.08 µg/L) for 24 and 
48 h. Different letters above the bars denote statistically 
significant differences according to the Fisher’s Least 
Significant Difference Test (LSD test, P < 0.05)
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be because they used soft water (hardness of 40 to 
48 mg/L as CaCO3), whereas we used reconstituted 
hard water as dilution medium (hardness of 160 to 
180 mg/L as CaCO3), it has been documented that 
Ca and Mg ions reduce metal toxicity (Ebrahimpour 
et al. 2010). According to the aforementioned, only 
exceptionally, results in fish could indicate a higher 
sensitivity in adults with respect to their early devel-
opmental stages. 

In D. rerio adults exposed to HgCl2 (0.07 mg/L), 
a decrease in the amount of glycogen and protein has 
been recorded in gills, muscle, and viscera (Vutukuru 
and Basani 2012). In our study, glycogen content 
was also significantly reduced with the highest and 
lowest Cu concentrations. Sokolova et al. (2012) 
determined that under normal conditions, organisms 
allocate energy to maintenance, growth and repro-
duction. Part of this energy is stored but, under stress 
conditions the energy stored in lipids, carbohydrates, 
and proteins is used to maintain basal activities and 
survival. We observed that, compared to the control, 
the lipid content decreased significantly when Cu 
concentration increased. This result demonstrates 
that exogenous-feeding larvae use mainly lipids as 
the main energy reserve under stress conditions to 
cope with the negative effect of this toxic element, a 
similar situation occurs during starvation periods in 
D. rerio larvae (Flynn et al. 2009) 

In copper-exposed larvae, peroxidation of lipids 
(measured as MDA concentrations) increased with 
respect to the toxicant’s concentration, and also with 
exposure time, being significantly higher at 48 h. 
Similar results have been found in other fish, but at 
higher copper concentrations than those tested herein. 
In this regard, Trivedi et al. (2012) observed increased 
MDA levels in the liver of Carassius auratus exposed 
to Cu2+ (0.1 to 1.5 mg/L), while Kong et al. (2013) 
observed, in embryos and larvae of this same species, 
an increase in MDA levels at Cu concentrations of 0.4 
to 1 mg/L. These results confirm the cell membrane 
damage produced by Cu exposure, revealing the nega-
tive physiological effects exerted by this metal. 

CONCLUSIONS

In conclusion, the main energetic reserves mo-
bilized during the intoxication process in larvae 
exposed to Cu were lipids and glycogen. Cu effects 
were observed starting at the 16 µg/L concentration, 
which is a value below the one reported as safety 
limit for the aquatic environment. In Mexico, the 
maximum allowable limit to protect aquatic life is 

6 mg/L of Cu2+ (daily average) (SEMARNAT 1996), 
which is much higher than the values that produce 
lethal and sublethal effects in exogenous-feeding D. 
rerio larvae, as observed herein. According to the 
latter, negative effects could be expected on aquatic 
biota, which indicates the need to review and correct 
the safety Cu levels to allow for the protection of 
freshwater environments.
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