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Abstract Atrazine (AZ), a widely used herbicide has

drawn attentions for its potential impacts on amphibians.

This study aims to investigate the toxicity of AZ in Bufo

bufo gargarizans Cantor (B. bufo gargarizans), a species of

toad commonly found in China and countries in East Asia.

We treated tadpoles with 0.1, 1, 10 and 100 lg/L AZ for

85 days and examined related parameters. The results

showed that the mortality of the toads in the treatment

group increased dramatically in a U-shaped dose–response

relationship. The hindlimb extension and metamorphosis

rate of the toads were significantly inhibited by AZ at 10

and 100 lg/L. Under the same condition, there were sig-

nificant progressive changes in the testicular structures.

Moreover, we found that AZ has no significant effects on

growth, sex ratios, gonadal morphology, forelimb

emergence and histology in the ovaries. Our results support

the idea that environmental contaminants including AZ

may be relevant to global amphibian decline.
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Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-tria-

zine, AZ) is one of the most widely used herbicides in

China and other countries (Dong et al. 2006; Solomon et al.

1996). It is used to stop pre- and post-emergence of

broadleaf and grassy weeds in major crops. Due to the

widely application of AZ in agriculture, the environmental

levels of AZ up to 108 lg/L have been reported in rivers of

North America (US EPA 2002). In China, AZ concentra-

tions in some areas exceed the standards for drinking water

(2 lg/L) (GB 2006; Ren et al. 2002; Dong et al. 2006). AZ

has been reported to cause endocrine disruption in fish,

amphibians, reptiles, birds and mammals by affecting the

normal reproductive functions and development in these

organisms (Holloway et al. 2008; Gunderson et al. 2011;

Kloas et al. 2009; de la Casa-Resino 2012). Due to their

relatively ease of skin permeability and life cycles on land

and in the water, amphibians are sensitive to environmental

contaminants including AZ (Roy 2002). Recent studies

showed that AZ has reproductive effects on amphibian

species (Kloas et al. 2009; Langlois et al. 2010). Intrigu-

ingly, these studies have generated equivocal results. It has

been reported that low concentration (0.1 lg/L) of AZ

which is at environment levels (US EPA 2009), can affect

metamorphosis in the tadpoles of two frog species (Langlois

et al. 2010; Zaya et al. 2011). In contrast, other studies

had shown that no effects were observed in tadpoles

exposed to similar concentrations of AZ (Choung et al.

L. Sai � Y. Li

State Key Laboratory of Microbial Technology, School of Life

Science, Shandong University, Jinan 250100, Shandong, China

L. Sai � C. Bo � G. Yu � Q. Jia � L. Xie � Q. Guo (&)

Department of Toxicology, Shandong Academy of Occupational

Health and Occupational Medicine, Jinan 250002, Shandong,

China

e-mail: ganaon@163.com

Q. Wu

Department of Chinese Medicine, Jinan Central Hospital

Affiliated to Shandong University, Jinan 250013, Shandong,

China

B. Qu

China Shandong Medical College, Jinan 250002, Shandong,

China

J. C. Ng � C. Peng

National Research Centre for Environmental Toxicology-Entox,

The University of Queensland, Brisbane 4108, Australia

123

Bull Environ Contam Toxicol (2015) 94:152–157

DOI 10.1007/s00128-014-1441-0



2011; Brodeur et al. 2013). These contradictories might be

explained by differences in experimental design and/or

their respective susceptibility of the testing species to AZ.

Bufo bufo gargarizans is a species of toads widely dis-

tributed in China, Russia and Korea. Unfortunately, the

wide application of pesticides including AZ may cause

contamination in water environment where larvae of B.

bufo gargarizans live before completing their metamor-

phosis. It has been proposed that exposure to AZ may be

one of the factors contributing to the declines of the pop-

ulation of amphibian through affecting their growth and

metabolism, immune system regulation and blood cell

processes (Langerveld et al. 2009). However, the effects of

AZ on B. bufo gargarizans in China have not been studied.

Therefore, our study aims to assess the effects of AZ on the

growth, metamorphosis and gonadal condition in B. bufo

gargarizans. To this end, we treated tadpoles with envi-

ronmentally relevant concentrations of AZ and examined a

series of parameters including the mortality, hindlimb

extension and metamorphosis, forelimb emergence (FLE)

and histologic changes in the reproductive organs. To our

knowledge, this is the first study to investigate the effects

of AZ in low and chronic exposure scenario on the indig-

enous species, B. bufo gargarizans.

Materials and Methods

AZ (98 % purity) and dimethyl sulfoxide (DMSO) were

purchased from Sigma (Chemical Co. USA).

Three paired native sexually mature B. bufo gargarizans

were collected (from Jinan Xiao Qing River, Shandong,

China) into an aquarium on 27th February 2011 when it

was in the midst of the breeding season. On the 29th

February 2011, the spawns were collected and cultured in

several tanks (dimensions: 25 9 20 9 20 cm). The off-

spring were kept in static dechlorinated tap water at pH 7.5

and 22 ± 2�C under natural light and fed on newly hatched

brine shrimp spawns (Artemia nauplii) daily.

At stage 25–26 (Gosner 1960), tadpoles from the same

pair of brood stock were treated with AZ at four concen-

trations (0.1, 1, 10 and 100 lg/L). Stock solutions of AZ

were made with the reagent vehicle DMSO (0.05 %).

Control groups were treated with the reagent vehicle

DMSO (0.05 %) only. Each group had 200 tadpoles which

were divided into eight replicate tanks (25 9 20 9

20 cm3) with 10 L of water each at 22 ± 2�C and pH 7.5.

Animals were maintained on 12-h light/12-h dark cycles

and treated for 85 days.

Test materials were applied in a static-renewal exposure

regime. Test solutions were renewed by 50 % replacement

every 48 h. At the first 9 days of exposure, water samples

were taken immediately from each tank before and after

exchange of the test solutions. Levels of AZ were measured

using liquid chromatography–tandem mass spectrometry

(LC–MS/MS) (Agilent 6410) as described by the method of

Hua et al. (2006). The lower detection limit was 0.89 ng/L

and the quantification limit was 2.67 ng/L (3 9 DL). All

concentrations are displayed as mean ± standard deviation

(SD).

Larvae were observed daily for monitoring their mor-

phological changes and health status. Dead or moribund

animals were removed and recorded. Gosner stages of

animals, the time and number of tadpoles reaching FLE

and displaying hindlimb extension in each group were

counted daily.

On day 23 (stage 31–33), tadpoles (n = 28) in each

treatment group from eight replicate tanks were removed

and processed for histopathological examination. For doing

this, animals were euthanized by immersion in 3-amino-

benzoic acid ethyl ester, rinsed in distilled water, and fixed

in Bouin’s solution (71 % saturated picric acid, 24 %

formaldehyde, 5 % glacial acetic acid) for routine paraffin

embedding.

On day 49 (stages 39–42), tadpoles from each tank were

rapidly transferred and weighed. The body and tail length

were measured. Animals were returned to their home tank

immediately after the measurements. Then, tadpoles

(n = 28) from each group were dissected and the dorsal

wall of the abdominal cavity with kidneys and gonads

attached were collected and fixed in Bouin’s solution.

On day 85, all experimental animals were euthanized for

body weight and length measurements, morphological

assessment and tissue collection. The dorsal wall of the

abdominal cavity with kidneys and gonads from males and

females were collected and fixed in Bouin’s solution for

histopathological examination.

Tissue samples fixed in Bouin’s solution were embed-

ded in paraffin wax. The sections were cut in 5 lm and

stained with hematoxylin and eosin (HE) for light-micro-

scopic examination. Sex and gonadal morphology of

B. bufo gargarizans from the treatments and control

groups were determined by direct visual inspection on day

85. Sex ratios were expressed as percentage of male and

female in each group. Intersex was referred to as gonadal

abnormality.

Each tank was set as an experimental unit. Two-way

ANOVA was used to analyze the mortality of tadpoles,

one-way ANOVA was used to analyze the days when 70 %

of the animals displaying hindlimb extension, the per-

centage of animals completing metamorphosis and the

body sizes (body length, tail length) and the body weight

on day 49 and 85. All data were expressed as mean ± SD.

Sex ratios were analyzed using a 2-by-2 Contingency test.

The percentage of B. bufo gargarizans reaching FLE at

different time in each group was calculated. These data
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were analyzed for evaluating AZ-related effects using the

repeated-measures ANOVA. All statistical analyses were

performed on the STATA 10.0 (http://www.stata.com/)

software package. Statistical probability of p \ 0.05 was

considered significant.

Results and Discussion

At the initiation of exposure (0 h), actual AZ concentrations

in water samples treated with AZ (0.1, 1, 10, 100 lg/L)

were 1.2 9 10-1 ± 0.4 9 10-1, 1.2 ± 0.2, 11.8 ± 1.6,

and 104.6 ± 6.5 lg/L, respectively. At 48 h the AZ

concentrations in the four treatment groups were 1.0 9

10-1 ± 0.3 9 10-1, 1.1 ± 0.3, 10.7 ± 0.9, and 99.5 ±

5.5 lg/L, respectively. Thus, the results showed that the

measured concentrations varied generally less than 20 %

from the nominal concentrations.

AZ has drawn more attentions for its potential envi-

ronmental contamination and resultant risks to the eco-

logical systems. As shown in Fig. 1, the mortality

increased significantly in a U-shape dose–response manner

when the tadpoles were exposed to AZ (p \ 0.01). Espe-

cially, we found that AZ at concentration as low as 0.1 lg/L

can induce a 20.1 % death of tadpoles with significant

difference from that in 1 lg/L AZ treatment group

(p \ 0.01). However, study from Battaglin and Fairchild

(2002) showed that AZ can cause mortality in chorus frogs

(Pseudacris triseriata) at a higher dose (LC50 C 410 lg/L).

The various toxicities of AZ showed in different species of

frogs suggest that a susceptibility to AZ may exist among

species. Moreover, more studies are needed to elucidate the

U-shaped dose–response relationship for AZ-induced the

mortality in B. bufo gargarizans.

The effects of AZ on the body size and weight of tad-

poles were studied. No significant difference in the size and

weight of tadpoles was observed between the control and

treatment groups on day 49 and day 85 respectively

(p [ 0.05). These results were consistent with another

study of AZ at similar concentrations (Du Preez et al.

2008).

FLE and hindlimb development depend on thyroid-

hormone (TH) in many anuran species (Marsh-Armstrong

et al. 2004). Our results showed there was no significant

effect of AZ on the percentage of B. bufo gargarizans

reaching FLE on day 46, 48, 50 and 52 (p [ 0.05). Recent

studies showed that AZ has no effect on several frog spe-

cies reaching FLE, which may suggest that AZ does not

influence thyroid levels during development in anuran

species (Hayes et al. 2002). In amphibians, before losing

their tails at the peak of metamorphosis, tadpoles acquire a

second spinal cord circuit to control leg flexion, extension

and their mode of locomotion (Marsh-Armstrong et al.

2004). Therefore, we examined the development of hind-

limb movement in B. bufo gargarizans and found that AZ

at 10 and 100 lg/L showed to significantly delay the time

(days) when 70 % of the animals displaying hindlimb

extension (Fig. 2). At the same concentrations (10 and

100 lg/L), the percentage of animals completing meta-

morphosis was significantly reduced (p \ 0.05) compared

to that of the control group (Fig. 3). During the treatment

period, when all the tadpoles in the control group just had

completed metamorphosis, the gross abnormalities were

still at stage 38–40 in the AZ treatments. The specific

mechanism of how AZ affects the development and

metamorphosis of B. bufo gargarizans remains to be

explained by further investigations.

Histopathological changes were examined in the gonads

of B. bufo gargarizans on day 23 when animals were in the

early stage (stage 31–33). In the control animals, several

primordial germ (PG) cells and a large amount of repro-

ductive cells in the gonads were observed under the

microscope, as shown in Fig. 4a1. Abnormal histological
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Fig. 1 The effects of AZ on the mortality of B. bufo gargarizans.

Data are expressed as mean ± SD (n = 144), **statistical signifi-

cance p \ 0.01
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Fig. 2 The effects of AZ on the percentage of B. bufo gargarizans

reaching forelimb emergence (FLE) at different times (on day 46, 48,

50 and 52). Data are expressed as mean ± SD, **statistical signif-

icance p \ 0.01 respect to control
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changes were not found in the gonads of animals exposed

to low concentrations of AZ. Gonads from 10 to 100 lg/L

AZ treatments showed much less PG and reproductive cells

(Fig. 4a2). The histological development of gonads on day

49 (stage 39–42) was observed under light microscopy.

Gonads from the control group showed normal develop-

ment with a lot of reproductive cells as demonstrated in

Fig. 4b1, b2. The gonad development was not affected by

AZ at low concentrations (0.1 and 1 lg/L). However, we

found only one gonad from several toads treated with

10 lg/L AZ (Fig. 4b3). AZ at 100 lg/L caused significant

delay of the gonad development with reduced reproductive

cells some of which showed necrosis characterized by

dissolution of the nucleus and nuclear membrane

(Fig. 4b4). Figure 4c1 showed a normal ovarian tissue

from control in which a lot of vitellogenin oocytes (VO)

and medullary cavity surrounded epithelial cells were

observed. There was no significant abnormity in ovarian

tissues of B. bufo gargarizans treated with AZ. The normal

testis in control contained a few spermatocytes and many

spermatoblasts at different stages as shown in Fig. 4c2.

Obvious changes were found in testes from toads treated

with 10 and 100 lg/L AZ including undeveloped testes

without germ cells and disrupted histological architectures

(Fig. 4c3), reduced testicular volume (Fig. 4c4), testicular

oocytes (Fig. 4c5) and undeveloped lobules and rete testis

(Fig. 4c6). Our results showed that AZ at 10 and 100 lg/L

induced progressively structural changes in gonads of B.

bufo gargarizans. Interestingly, we found the formation of

testicular oocytes in the testes of toads on day 85 treated

with 100 lg/L AZ. These findings suggested AZ can

induce varying degrees of testicular degeneration and even

feminization in B. bufo gargarizans. It has been reported

that AZ at low concentration (0.1 lg/L) caused abnor-

malities in gonads of X. laevis during development (Hayes

et al. 2003). However, we did not observe the same effects

of AZ at such a low concentration. In addition, we did not

find significant effect of AZ on ovary at all concentrations.

This was in accordance with a previous study in which AZ

was tested in American toads, gray treefrogs, southern

leopard (Sara and Raymond 2008).

It has been suggested that AZ may act as an estrogen

in vitro (Sanderson et al. 2000) through which AZ may

exert its the potential impairment on the testicular devel-

opment of B. bufo gargarizans as observed in this study.

Hayes et al. (2010) found AZ can induce aromatase and

increase circulating estrogens and cause the partially

feminized amphibians. Therefore, the induction of aroma-

tase and subsequent increases in estrogen synthesis repre-

sent another possible mechanism for the feminizing effect

of AZ (Hayes et al. 2011). Anyway, our results implied that

AZ may function as an estrogenic agent targeting the testis

in B. bufo gargarizans.
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Fig. 3 The effects of AZ on metamorphosis rate of B. bufo

gargarizans. Data are expressed as mean ± SD, *statistical signifi-

cance p \ 0.05 respect to control

Fig. 4 Microphotographs of gonad in B. bufo gargarizans from AZ-

treated and control groups. AZ treated tadpoles were collected on day

23 (a1–2), 49 (b1–4), and 85 (c1–6). a1 Primordial germ (PG) cells

(arrows) in the control group, HE 9400; a2 less PG cells (arrow) in

the gonad from an AZ-treated toad (10 lg/L), HE 9400; b1 oocytes

(arrow) in a normal developing ovary, HE 9400; b2 spermatocytes

(arrow) in a normal developing testis, HE 9400; b3 only one gonad

(arrow) from an AZ-treated toad (10 lg/L), HE 950; b4 damaged

germ cells (circle) in a gonad from an AZ-treated (100 lg/L) animal,

HE 9400; c1 medullary cavity (arrows) in the normal ovarian tissues,

HE 950; c2 a normal testis, HE 950; c3 undeveloped testis with

empty spaces (arrows) from an AZ-treated (100 lg/L) male toad

contained few germ cells, HE 950; c4 delayed testis from an AZ-

treated male toad (10 lg/L), HE 950; c5 few spermatocytes and

testicular oocytes (arrow) in a testis from an AZ-treated (100 lg/L)

male toad, HE 9100; c6 undeveloped lobules and rete testis in a testis

from an AZ-treated (100 lg/L) male toad, HE 9200
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In this study, we did not observe the effects of AZ on

sex ratio of B. bufo gargarizans as shown in Fig. 5.

Gonadal morphology abnormality was not found in any of

the AZ-treated animals. This result was consistent with

another study using X. laevis as a testing model (Kloas

et al. 2009). We found that AZ induced histological

abnormalities in the testis, but it did not cause complete

feminization in male B. bufo gargarizans, which may be

the reason that we did not find female-biased sex ratio and

intersex gonads in B. bufo gargarizans treaded with AZ.

In conclusion, we found that AZ at environment-levels

has significant effect on the mortality of B. bufo gargar-

izans in a U-shaped dose–response relationship. Moreover,

AZ was found to induce a significant abnormality on

metamorphosis and testicular histologic structure which

may be a consequence of inhibition in the metamorphosis

and testicular development of B. bufo gargarizans through

targeting the central nervous system and pituitary hormone

secretion. Its toxic mechanism remains to be further studied

at the molecular level. The results of the present study,

combined with data from frogs under field conditions, will

provide an important basis for assessing the potential risk

of AZ to B. bufo gargarizans and possibly other

amphibians.
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