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Abstract The aim of this study was to determine the

toxic effect of atrazine at the ovarian cellular level. Chinese

Hamster Ovary (CHO-K1) cell line was used to evaluate

the degree of in vitro atrazine cytotoxicity and the mor-

phological changes were followed during the cell death.

Application of four bioassays confirmed that atrazine

decreases ovarian cell proliferation and IC50 were deter-

mined with each assay after 72 h of exposure. The level of

apoptosis in atrazine treated cells was low.
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During the past 50 years, tens of thousands of various

chemicals have been synthesized and released into the

environment. Some of these chemicals inadvertently

interfere with hormone function in animals and in humans,

and are so-called endocrine disruptors with implications to

the public health (National Research Council 1999). Low-

level exposures to endocrine-disrupting chemicals are

ubiquitous in today’s environment. As hormones act at

extremely low levels (in parts per trillion), even exposure

to low levels of hormonally active agents may be of con-

cern, because endocrine-mediated effects may be subtle

and be manifested primarily in populations rather than in

individuals. Reported abnormalities in laboratory animals

and wildlife exposed to endocrine-disrupting chemicals

include feminization of males, abnormal sexual behaviour,

birth defects, altered sex ratio, decreased sperm density,

decreased size of testes, breast cancer, testicular cancer,

reproductive failure and thyroid dysfunction (Crisp et al.

1998).

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-

triazine) selectively controls broadleaf weeds and certain

grass weeds in corn and sorghum fields. Estimated

3.4 9 107 kg of atrazine (Gianessi and Marcelli 2000) are

applied to cropland each year in the United States, but it is

banned in the European Union. Effects on other physio-

logical processes point out atrazine as an endocrine

disruptor. Atrazine inhibits the activities of androgen

metabolizing enzymes and the formation of androgen-

receptor complex in male anterior pituitary level (Kniewald

et al. 1979), but also in females induces repetitive pseudo-

pregnancies by disrupting ovarian function (Cooper et al.

2000). Also, atrazine alters the functions of the endocrine

system by interfering with the synthesis, metabolism,

binding or cellular responses of natural hormones (Fujimoto

and Honda 2003), inhibits formation of a specific oestradiol

receptor complexes in the rat uterus cytosol (Težak et al.

1992). In addition atrazine elicits a broad range of effects

associated with neuroendocrine disruption. These include

disruption of normal ovarian cycling patterns in adult rats

(Šimić et al. 1994; Peruzović et al. 1995), delayed puberty

in male rats (Stoker et al. 2000) and prenatal developmental

effects such as suppression of suckling induced prolactin

release (Stoker et al. 1999).

Application of in vitro assays in evaluation of the tox-

icity should be an important contribution in elucidating

cellular and molecular mechanisms. There has been a great

deal of research and debate during the past 20 years con-

cerning the use of alternative on laboratory animals for

testing the potential reproductive toxicity of chemicals and
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physical agents and mixtures (Kniewald et al. 2005). Some

aspects of female reproductive function can be modelled

in vitro, and several cellular components of the female

reproductive organs can be maintained in culture as ovarian

somatic cells. The adverse effects can be assessed by

examining cell morphology, and by determining cell via-

bility and hormonal responsiveness (OECD 1993). Of

course at nowadays, it is impossible to reduce, refine and

replace all animal experiments by applying biomarkers in

environmental bioassays for toxicological evaluation. But

it is increasingly apparent that the development and

incorporation of stepwise testing strategies, combining

experimental data for a range of alternative methods, pro-

vide the most progressive way to predict toxicity, reducing

at the same time the number of laboratory animals used for

testing purposes.

The aim of this study was to determine the toxic effect

of atrazine at the ovarian cellular level. Chinese Hamster

Ovary (CHO-K1) cell line was used as the test system for

evaluation of atrazine cytotoxicity followed by four bio-

assays. The morphological changes of atrazine exposed

cells were detected by fluorescent microscopy.

Materials and Methods

Chinese Hamster Ovary (CHO-K1; CCL-61) cells origi-

nated from the American Type Cultures Collection

(ATCC) were a hypoploidal subclone of the parental CHO

cell line, which derived from the ovary of an adult Chinese

hamster. Cells were grown in Dulbecco’s Modified Eagle’s

Medium (D-MEM) and Ham’s F12 (1:1) supplemented

with L-glutamine and 15 mM HEPES (GIBCO, Paisley,

Scotland, UK) with addition of 5% of newborn calf serum

(NCS) (GIBCO, Paisley, Scotland, UK). The cells were

cultured in 75 cm2 cell culture flasks in a humidified

atmosphere of 95% air and 5% CO2 at 37�C. For experi-

mental purposes cells in log phase of growth were seeded

in 6-well plates (2 mL of cell solution /well) at the initial

concentration of 2 9 104 cells/mL and allowed 24 h to

attach before treatment with atrazine.

Atrazine [2-chloro-4-ethylamino-6-isopropylamino-s-

triazine; CAS# 1912-24-9] (HERBOS d. d., Sisak, Croatia)

was prepared in absolute ethanol insomuch that the addi-

tion of 20 lL resulted in the final concentrations of 10–

160 lg atrazine/mL of cell suspension (46–742 lM). Cells

were treated with atrazine for 24, 48 or 72 h. The cell

viability was determined by four different bioassays: Try-

pan blue exclusion method, Kenacid blue, Neutral red and

MTT assays.

Trypan blue exclusion method was used in estimating

the proportion of viable cells. Cells were separated from

the well surface by adding 0.5 mL Trypsine-EDTA

solution (Sigma-Aldrich, Co Ltd., UK) and 0.5 mL of

medium was added. Twenty microlitre of cell suspension

was mixed with 20 lL of 0.4% trypan blue dye (Sigma-

Aldrich Chemie, GmbH, Germany; cell culture tested)

solution. Cells were resuspended and dye excluding viable

cells were microscopically counted on Fuchs-Rosenthal

haemocytometer (Freshney 2005).

The total cell protein content was determined by the

Kenacid blue assay according to O’Hare and Atterwill

(1995) with minor modifications. After exposure to atra-

zine, the medium was discarded from cells and culture was

rinsed twice with phosphate buffered saline (PBS) to

remove any remaining medium. When PBS solution was

removed, 1 mL of the fixative (1% glacial acetic acid; 50%

ethanol; 49% distilled water) was added to each well.

Plates were shaken gently for 20 min, fixative was

removed and 1 mL of Kenacid blue stain was added. After

25 min the stain was discarded, each well was filled with

1 mL of washing solution (10% ethanol; 5% glacial acetic

acid; 85% distilled water), replaced after 1 min with new

aliquote and shaken again for 20 min. Washing solution

was replaced with 2 mL of desorbing solution (9.8 g

potassium acetate, 70 mL absolute ethanol and 30 mL

demineralized water) and shaken for 20 min. The absor-

bance was measured spectrophotometrically at 577 nm

(Helios, Thermo Electro Corporation).

The Neutral red uptake assay (O’Hare and Atterwill

1995) was applied to determine the accumulation of the

neutral red dye in the lysosomes of viable uninjured cells.

Neutral red dye (Merck, Darmstadt, Germany) was added

and the mixture was incubated at 37�C for 3 h. Neutral red

solution was discarded and cells were washed with PBS.

The cells were destained with 2 mL of destaining solution

(1% glacial acetic acid; 50% ethanol; 49% distilled water)

and shake for 20 min. The absorbance was measured at

540 nm using a spectrophotometer.

The viability of cells was further followed by MTT

assay (Freshney 2005). The MTT (SIGMA-Aldrich Che-

mie, Steinheim, Germany) was prepared by dissolving in

PBS. After treatment with atrazine, 200 lL of MTT solu-

tion was added to each well. The plates were incubated for

4 h at 37�C, and at the end of incubation period the media

were discarded and 2 mL of DMSO was added to each

well. The plates were mechanically shaken until purple

formazan crystals were dissolved and the absorbance was

determined at 570 nm.

The fluorescent microscopy was applied to determine

the viability of attached and detached cells and possible

morphological changes during cell death using the staining

of cells with fluorescein diacetate-propidium iodide (FDA-

PI). After treatment with atrazine for 72 h, the cell solution

and detached cells were pooled and centrifuged at

1,000 rpm for 3 min. The supernatant was discarded and
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the pellets were resuspended in residual medium. Stock

solutions of FDA (1 mg in 100 lL acetone and 900 lL

demineralized water) (Sigma, USA) and PI (50 lg/mL in

PBS) (Sigma, USA) were prepared and stored at 4�C in the

dark. Staining was achieved by the addition of 6 lL FDA

and 3 lL PI to the cell suspension. The solution was gently

mixed and stained suspension was then mounted on a

microscope slide. The cell morphology was determined on

the fluorescent microscope (Olympus BX51; Olympus

American Inc., Central Valley, USA) using 488 nm filters

(Freshney 2005).

The results are reported as means ± SEM. A two-tailed

Student’s t-test was applied to evaluate the significance of

differences between means: p \ 0.05 was considered

significant.

Results and Discussion

CHO-K1 cells were exposed to atrazine (10–160 lg/mL of

cell suspension or 46–742 lM) for 24, 48 and 72 h and

cytotoxicity was determined by using four different bio-

assays: Trypan blue exclusion method, Kenacid blue,

Neutral red and MTT methods. All applied methods indi-

cated a clear dose-dependent cytotoxic effects. Figure 1

represents the results of atrazine toxicity determination in

the concentrations of atrazine 20–80 lg/mL followed by

Trypan blue method. After 72 h of incubation period, even

the lowest tested concentration of atrazine (20 lg/mL)

significantly (p \ 0.05) decreased proliferation of cells for

19% in CHO-K1 cell line and the toxicity progressively

increased with higher atrazine concentrations. The highest

applied dose of 80 lg atrazine/mL decreased the cell

viability for 55% (p \ 0.001) as well as the dose of 60 lg

atrazine/mL for 49% (p \ 0.001).

As Fig. 1 represents atrazine cytotoxicity followed by

Trypan blue method, on the same way other three colori-

metric methods were applied and the dose–response curves

were observed. For each method at least three experiments

were performed and within single experiment each applied

atrazine concentration was tested in triplicate. Figure 2

presents the summarized results of atrazine toxicity eval-

uation with four bioassays in CHO-K1 cells for 24, 48 and

72 h of exposure. Data are expressed as the percentage of

control value (control with ethanol) with standard error for

cell viability in the presence of atrazine concentrations of

10–160 lg/mL (46–742 lM). IC values were derived from

the equations of related exponential trend lines for each

applied method. In Table 1 are summarized the IC20 and

IC50 values obtained with four applied bioassays (Fig. 2).

After 24 h IC20 values were possible to calculate, while

after 48 h beside IC20 values, the IC50 was possible to

determine only with Trypan blue method. With all applied

methods both IC20 and IC50 values were calculated after

72 h.

When the four cytotoxicity assays, employed to assess

atrazine toxicity in vitro are compared, it is obvious that

the results obtained are not in agreement. Those differences

can be explained by the nature of each assay. Reactivity of

trypan blue dye is based on the cell membrane damage, and

in other three assays it is possible to detect the injury within

the cell. So, the MTT assay is mainly based on the enzy-

matic conversion of MTT in the mitochondria under the

influence of succinate dehydrogenase, the Neutral red assay

is a colorimetric assay measuring the uptake of the dye by

functional lysosomes and the Kenacid blue assay deter-

mines the total cellular protein content by measuring the

dye uptake. Comparing the IC20 values either after 48 h or

IC20 and IC50 after 72 h of incubation, it is obvious that

Neutral red, Kenacid blue and MTT assays show the sim-

ilar rate of toxicity (Table 1). Results from this table show

the different degree of atrazine toxicity, if Trypan blue

exclusion assay is applied IC50 value after 72 h is two

times lower. It means that atrazine toxicity detected by this

method is two times higher in comparison with other

applied colorimetric assays. The results for IC50 values

after 72 h from 735–760 lM (Table 1) are comparable

with previously published results concerning the cytotox-

icity of technical grade atrazine in the same mammalian

cells (Rayburn et al. 2005). Also, the comparison of dif-

ferent assays as well as IC50 values after 72 h (Fig. 2 and

Table 1) shows that the sensitivity of trypan blue dye by

measuring the cell membrane damage in the presence of

atrazine is the highest in CHO-K1 cells.

In addition, in order to determine possible morphologi-

cal changes in cells after atrazine exposure the fluorescent
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Fig. 1 The proliferation of CHO-K1 cells (Control – intact), cells in

the presence of 20 lL of absolute ethanol in the cultivating medium

(Control – EtOH), and the cytotoxic effect of atrazine in concentra-

tions 20–80 lg/mL (A20–A80) during 72 h followed by Trypan blue

exclusion method. *p \ 0.05, **p \ 0.01, ***p \ 0.001 – Significant

difference versus control EtOH (Student’s t-test)
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microscopy was applied. As FDA is able to cross the

plasma membrane, the cell will present a green fluores-

cence if the plasma membrane remains intact. In opposite,

PI is hydrophilic and only cells with a compromised

plasma membrane are able to stain red. PI binds to DNA by

intercalating between the bases with little or no sequence

preference, so PI stain can also be used to detect chromatin

condensation and fragmentation typical for apoptotic cell

morphology. Figure 3A–D presents the obtained morpho-

logical changes in CHO-K1 cells after 72 h exposure to

atrazine. Exposure either to 20, 40 or 60 lg of atrazine/mL

evoked the damage and the necrotic cell were detected, and

as the concentration is increased the number of necrotic

cells is higher. The level of apoptosis in atrazine treated

cells was low, and the presence of apoptotic cell is visible

at atrazine concentration of 40 lg/mL (Fig. 3C). Also,

experiments (Manske et al. 2004) to measure apoptosis in

human fibroblasts exposed to low levels of atrazine did not

show DNA fragmentation or increased caspase activity.

In conclusion, four bioassays applied were found to be

the reproducible techniques for atrazine toxicity assess-

ment in ovarian cells. The general cytotoxicity by trypan

blue dye, and the effects on specific organelles by Neu-

tral red, Kenacid blue and MTT assays were determined.

More than one assay should be always used for deter-

mination of cell proliferation in in vitro studies, in order

to increase the reliability of the obtained results. The

presence of apoptotic cells in atrazine treated cells was

found at the low level, so the further studies should be

conducted to examine different components of the cell to

provide evidence at the cellular level for the changes in

cell proliferation.
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Fig. 2 Comparison of Trypan

blue exclusion method (TB),

Neutral red (NR), Kenacid blue

(KB) and MTT assays in CHO-

K1 cells after exposure to 46–

742 lM atrazine for 24 (A–B),

48 (C–D) and 72 h (E–F). Data

are presented as percentage of

control: mean ± standard error

of at least three experiments

with at least three measurements

within each experiment for each

atrazine concentration.

*Equation of pertaining

exponential trendline and its R2

value

Table 1 IC values (lM) for CHO-K1 cells following exposure to

atrazine for 24, 48 and 72 h, based on dose–response curves as

derived from Trypan blue exclusion method, Neutral red, Kenacid

blue and MTT assays

Assay 24 h 48 h 72 h

IC20 IC50 IC20 IC50 IC20 IC50

Trypan blue 155a –b 124 401 101 362

Neutral red 389 – 254 – 212 735

Kenacid blue 193 – 284 – 241 764

MTT 351 – 228 – 290 760

a Values determined from the dose–response curves by exponential

interpolation
b No IC value obtained for the corresponding incubation period with

the assay employed
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Fig. 3 Morphological analysis

of apoptosis/necrosis induced

by atrazine in CHO-K1 cells.

Cells were seeded in D-MEM/

MIX F12 supplemented with

5% NCS at the initial

concentration of 2 9 104 cells/

mL. Seventy-two hours later

cells were stained by fluorescent

dyes FDA-PI, then observed

using a fluorescence microscope

at 488 nm filters. Control (A:

mag. 4009), and after treatment

with atrazine 20 lg/mL (B:

mag. 4009), 40 lg/mL (C:

mag. 1,0009) and 60 lg/mL

(D: mag. 1,0009). vc, Viable

cell; nc, necrotic cell; ac,

apoptotic cell
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