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Abstract

Terbuthylazine belongs to the chloro-s-triazine group of herbicides and acts primarily as a photosynthesis inhibitor. The mech-
anisms of action related to its exposure, relevant both in animals and humans, are still insufficiently investigated. This compre-
hensive study focused on the outcomes of terbuthylazine exposure at cell level in vitro, and a mice model in vivo. Experiments
in vitro were conducted on whole human peripheral blood, isolated lymphocytes, and HepG2 cells exposed for 4 h to
terbuthylazine at 8.00, 0.80, and 0.58 ng/mL, which is comparable with current reference values set by the European
Commission in 2011. Terbuthylazine cytotoxicity was evaluated using dual fluorescent staining with ethidium bromide and
acridine orange on lymphocytes, and CCK-8 colorimetric assay on HepG2 cells. The levels of DNA damage were measured
using alkaline and hOGG1-modified comet assays. The potency of terbuthlyazine regarding induction of oxidative stress in vitro
was studied using a battery of standard oxidative stress biomarkers. The in vivo experiment was conducted on Swiss albino mice
exposed to terbuthlyazine in the form of an active substance and its formulated commercial product Radazin TZ-50 at a daily dose
0f0.0035 mg/kg bw for 14 days. Following exposure, the DNA damage levels in leukocytes, bone marrow, liver, and kidney cells
of the treated mice were measured using an alkaline comet assay. In vitro results suggested low terbuthylazine cytotoxicity in
non-target cells. The highest tested concentration (8.00 ng/mL) reduced lymphocyte viability by 15%, mostly due to apoptosis,
while cytotoxic effects in HepG2 cells at the same concentration were negligible. Acute in vitro exposure of human lymphocytes
and HepG2 cells to terbuthylazine resulted in low-level DNA instability, as detected by the alkaline comet assay. Further
characterization of the mechanisms behind the DNA damage obtained using the hOGG1-modified comet assay indicated that
oxidative DNA damage did not prevail in the overall damage. This was further confirmed by the measured levels of oxidative
stress markers, which were mostly comparable to control. Results obtained in mice indicate that both the active substance and
formulated commercial product of terbuthylazine produced DNA instability in all of the studied cell types. We found that DNA in
liver and kidney cells was more prone to direct toxic effects of the parent compound and its metabolites than DNA in leukocytes
and bone marrow cells. The overall findings suggest the formation of reactive terbuthylazine metabolites capable of inducing
DNA cross-links, which hinder DNA migration. These effects were most pronounced in liver cells in vivo and HepG2 cells
in vitro. To provide a more accurate explanation of the observed effects, additional research is needed. Nevertheless, the present
study provides evidence that terbuthylazine at concentrations comparable with current reference values possesses toxicological
risk because it caused low-level DNA instability, both at cellular and animal organism level, which should be further established
in forthcoming studies.
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Abbreviations
ADI Acceptable daily intake
AO Acridine orange

AOEL Acceptable operator exposure level
ARfD Acute reference dose

AU Fluorescence arbitrary unit

EMEM  Eagle’s minimum essential medium
EtBr Ethidium bromide

FBS Foetal bovine serum

GSH Glutathione

GSH-Px  Glutathione peroxidase

hOGG1 Human 8-hydroxyguanine DNA-glycosylase 1
LMP Low melting point

LPO Lipid peroxidation

NC Negative control

NMP Normal melting point

ROS Reactive oxygen species

SOD Superoxide dismutase

TB Terbuthylazine
TBARS Thiobarbituric acid reactive substances

Introduction

Terbuthylazine, N°-tert-butyl-6-chloro-N*-ethyl-1,3,5-tri-
azine-2,4-diamine, belongs to the chloro-s-triazine group of
herbicides and acts primarily as an inhibitor of photosynthesis.
It is used mainly in the production of maize but is also applied
to potatoes, peas, sugar cane, fruit trees, olives, citrus, coffee,
oil palm, cocoa, rubber, as well as in forestry (WHO 2003). It
is also an effective algicide, microbicide, and microbistat
(USEPA 1995). The use of terbuthylazine has boosted in the
last decades as it efficiently substituted atrazine, previously
banned in EU countries (Sass and Colangelo 2006).
However, recent studies suggest that terbuthylazine, due to
its persistence, may present a similar environmental concern
as atrazine (Stipicevi¢ et al. 2015, 2017).

There are several routes of human exposure to
terbuthylazine. The general population is mostly exposed via
ingestion of contaminated drinking water and dermal contact.
Occupational exposure arises through dermal contact and in-
halation at workplaces where terbuthylazine is manufactured
or applied, as well as during applications in commercial/
industrial settings (USEPA 1995).

In 2011, the European Commission established the follow-
ing reference values for the active substance terbuthylazine:
ADI 0.004 mg/kg bw day, AOEL 0.0032 mg/kg bw day, and
ARTD 0.008 mg/kg bw (European Comission 2011; EFSA
2011, 2017). USEPA (2017) and the Committee for Risk
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Assessment of the European Chemicals Agency (ECHA
2015) concluded that no classification with respect to carcino-
genicity is warranted for terbuthylazine. In recent years, the
amount of data regarding potential detrimental effects of
terbuthylazine has grown and several studies associated the
compound with effects on endocrine functions in vitro
(Forgacs et al. 2013; Stigaard Kjeldsen et al. 2013; Ghisari
etal. 2015) and in vivo (Bossi et al. 2013; Taxvig et al. 2013).

The majority of recent toxicological studies on
terbuthylazine and its degradation products and metabolites
focused on aquatic organisms (Stepanova et al. 2012;
Mikulikova et al. 2013; Velisek et al. 2015, 2016a, b, 2017;
Manera et al. 2016a, b; Stara et al. 2016; Koutnik et al. 2017).
Their results indicated that exposure to terbuthlyazine affected
the survival, development, and growth of the tested organ-
isms; caused changes in hematological and biochemical pa-
rameters; led to various pathological changes in their organs
and tissues; and caused oxidative stress. Toxicity studies with
terbuthylazine on rodent experimental models are limited.
Benkovic¢ et al. (2012) reported impairments of hematological
and some biochemical markers in terbuthylazine-treated male
Swiss albino mice. Gebel et al. (1997) studied terbuthylazine
toxicity in female and male mice using the bone marrow mi-
cronucleus test and did not find genotoxic effects.

Our research group conducted several experiments with
terbuthylazine so far, and this report represents an extension
of earlier studies, whose results indicated that the compound
might impair genome integrity in rat blood cells in vivo
(Tariba Lovakovi¢ et al. 2017) and human lymphocytes
in vitro (Mladini¢ et al. 2009, 2012). Such findings motivated
us to further characterize terbuthlyazine potency towards the
infliction of DNA damage using other in vitro and in vivo
models and reveal the possible mechanisms behind the ob-
served DNA instability. For the in vitro segment, we selected
human peripheral blood lymphocytes and HepG2 cells, con-
sidering that both represent well-established models in in vitro
toxicology, suitable for the assessment of genotoxicity of di-
rect and indirect mutagens, including pesticides (Villarini et al.
2000; Zeljeiié et al. 2006, 2016; Hreljac et al. 2008; Mladini¢
etal. 2009; Nikoloff et al. 2014; Bianchi et al. 2015; Valencia-
Quintana et al. 2016a, b; Zunec et al. 2016, Kasuba et al.
2017). An additional reason for the selection of HepG2 cells
was that these cells retained many phase I and phase II metab-
olizing enzymes involved in the activation and/or deactivation
of DNA-damaging agents (Knasmiiller et al. 1998, 2004;
Westerink and Schoonen 2007; Guo et al. 2011). To elucidate
the toxicity profile of terbuthylazine in vitro, we selected two
cell viability assays and a battery of well-established oxidative
stress biomarkers (lipid peroxidation, ROS, glutathione,
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glutathione peroxidase, superoxide dismutase), along with al-
kaline and hOGG1-modified comet assays. We expected such
a study design would give more insight into the mechanisms
behind the DNA instability caused by the tested compound,
and point to directions in which future research should go.
Since the results of our recent in vivo study (Tariba
Lovakovi¢ et al. 2017) indicated low-level DNA damage in
blood cells of treated rats, to further explore terbuthylazine’s
genotoxicity, we extended research to another rodent model.
So, the second goal of this study was to establish the level of
DNA instability caused by terbuthylazine (tested both in the
form of active substance and a formulated commercial prod-
uct) in leukocytes, bone marrow, liver, and kidney cells of
Swiss albino mice following 14-day exposure to doses com-
parable with the currently proposed health-based reference
values (European Commission 2011). Taken together, the re-
sults of the present study could contribute to understanding
terbuthylazine’s potential toxicity and the mechanisms of ac-
tion related to its exposure, relevant both in animals and
humans, as this herbicide was designed to specifically affect
plant organisms by disturbing photosynthesis.

Materials and methods
Chemicals and reagents

Terbuthylazine (CAS Number 5915-41-3) was purchased as
analytical standard purity grade (< 100%) PESTANAL®
(Sigma-Aldrich Laborchemikalien GmbH, Germany). The
formulated commercial terbuthylazine product, Radazin TZ-
50 was purchased from Herbos (Croatia). It contained 500 g/L
of the active substance. All of the other chemicals used were
of analytical grade and bought from Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA), except otherwise stated.

Experimental design
In vitro study

Selection of tested concentrations and preparation of tested
compound Terbuthylazine concentrations tested in vitro (8,
0.8, and 0.58 ng/mL, respectively) were selected based on
previous report (Mladini¢ et al. 2009).

To prepare a stock solution, the tested compound was dis-
solved in dimethyl sulfoxide (DMSO). Further dilutions were
done in RPMI 1640 (x1) growth medium (Gibco®, Life
Technologies, Paisley, UK). The final volume of DMSO in
the tested samples did not exceed 0.5%.

Treatments in vitro lasted for 4 h in accordance with our
previous experiments (Mladini¢ et al. 2009), and in
accordance with OECD guidelines for testing chemicals
(OECD 2016).

Experiment on isolated lymphocytes and whole blood

Blood sampling

Venous blood (V = 50 mL) was drawn from a healthy male
(non-smoker, 25 years old) without any diagnostic or thera-
peutic irradiations or exposure to genotoxic agents for 1 year
preceding the blood collection. Written informed consent was
obtained from the donor, and the research was part of a larger
project approved by the Ethics Committee of the Institute for
Medical Research and Occupational Health (Zagreb, Croatia).
The number of the approval document was Class: 01-18/14-
02/6, Reg. No. 100-21/14-5.

Blood was collected in sterile vacutainer tubes (Becton
Dickinson, Franklin Lakes, NJ, USA) coated with lithium
heparin. The sample was immediately divided into two por-
tions, one used in the experiments as whole blood and the
other subjected to lymphocyte isolation.

Isolation of lymphocytes and their treatment

Lymphocyte isolation from the whole blood sample was
done using the Histopaque®1077 reagent according to the
manufacturer’s instructions (Sigma-Aldrich 2018). The ob-
tained cell pellet was resuspended with RPMI 1640 medium.
Lymphocyte viability was immediately checked by trypan
blue staining and exceeded 95%. In the lymphocyte suspen-
sion, after isolation, there were 2.35 x 10> cells/mL. Aliquots
of the suspension (V =1 mL each) were incubated for 4 h at
37 °C with the selected terbuthylazine concentrations. An un-
treated control sample was incubated in parallel. For each
experimental group, duplicate samples were prepared. After
treatment, the treated and control lymphocytes were used for
viable cell counting, genotoxicity estimations by the alkaline
and hOGG1-modified comet assays, and determination of ox-
idative stress parameters.

In vitro treatment of the whole blood

The portion of whole blood was divided into aliquots (V =
1 mL each), which were incubated for 4 h at 37 °C with
selected terbuthylazine concentrations. For each experimental
group, duplicate samples were prepared, along with an un-
treated control. After incubation, whole blood was used for
measuring the glutathione peroxidase activity, while plasma
samples were used to determine the extent of lipid peroxida-
tion, the level of glutathione, and reactive oxygen species.
Erythrocytes separated after centrifugation of whole blood
(980 g for 10 min) were used for measuring the superoxide
dismutase activity.

Experiment on HepG2 cells HepG2 cells [Hep G2 [HEPG2]
(ATCC® HB8065™)] were bought from the American Type
Culture Collection (Rockville, MD, USA) and were seeded in
cell culture flasks at a density of 5 x 10* cells/mL and cultured
until reaching exponential growth phase in Eagle’s Minimum
Essential Medium (EMEM; Gibco®, Life Technologies,
Paisley, UK), enriched with 10% (v/v) foetal bovine serum
(FBS) (Gibco®, Life Technologies, Paisley, UK) and 1%
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(v/v) penicillin/streptomycin solution. Cultures were main-
tained in a moisturized atmosphere with 5% CO, at 37 °C
and 95% relative humidity. Culture medium was replaced ev-
ery 72 or 96 h during sub-culturing.

HepG2 cells were exposed for 4 h to different concentra-
tions of terbuthylazine in EMEM without FBS. Untreated
control cells were cultivated in parallel. After treatment, the
medium was discarded. The cells were detached from the
culture flask bottom using 0.025% trypsine solution (w/v)
and 0.53 mM EDTA in PBS (pH 7.4). The enzymatic reaction
was stopped by adding FBS. The cells were then rinsed in
EMEM three times, and used for cell viability count,
genotoxicity evaluations, and the determination of oxidative
stress parameters.

Fluorescent viability assay with ethidium bromide and acri-
dine orange (EtBr/AO) staining Lymphocyte viability was
studied using dual fluorescent staining with AO and EtBr
(Duke and Cohen 1992). Prior to the staining, both dyes dis-
solved in PBS were mixed at the final concentrations of
100 pwg/mL (1:1; v/v). A total of 5 uL of the mixture of dyes
was added to the tested cell suspension (V =10 uL), and the
preparations were immediately analyzed under an
epifluorescence microscope (Olympus BX51, Japan; x400
magnification). Triplicate tests with aliquots of each sample
were accomplished and a total of 300 lymphocytes per sample
per experiment were scored. Quantifications were made by
determining the percentage of viable, apoptotic, and necrotic
lymphocytes. Viable cells had a bright green-stained nucleus
due to intercalation of AO in their DNA. Dead cells fluoresced
dark orange/red due to the binding of EtBr in their DNA.
Apoptotic cells in their early phase showed fragmented nuclei
apoptosis, and orange staining of cytoplasm in late apoptosis.

CCK-8 colorimetric assay HepG?2 cells were checked for via-
bility using colorimetric CCK-8 assay, which utilized the
highly water-soluble tetrazolium salt WST-8 [(2-(2-methoxy-
4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium, monosodium salt]. Prior to the treatment, the cells
were seeded in 96-well tissue culture plates (1 x 10° cells/
100 uL culture medium per well) in EMEM and incubated
overnight at 37 °C. Then, the cells (in quintuplicate wells per
sample) were exposed for 4 h to selected terbuthylazine con-
centrations. Control cells were cultured in parallel. Following
treatment, 10 pL. of WST-8 solution was put into each well.
After 4 h of incubation at 37 °C, the optical density at 450 nm
was determined using a multilabel plate reader (Victor3™,
Perkin Elmer, MA, USA). Data are expressed as a percentage
of absorbance compared with the appropriate negative
control.

Alkaline comet assay The assay was performed following
the protocol by Singh et al. (1988), with minor
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modifications. Agarose microgels were prepared on fully
frosted microscopic slides coated with 1 and 0.6% normal
melting point (NMP) agarose. Isolated lymphocytes and
HepG2 cells (V=10 pL per slide) were embedded in a
0.5% low melting point (LMP) agarose. Two microgels
per sample were prepared for each treated sample and
controls. All of the slides were coded. The gels were im-
mersed overnight at 4 °C in a freshly prepared lysis solu-
tion (pH 10.0; 100 mM Na,EDTA, 2.5 M NaCl, 1% Na
lauroylsarcosinate, 10 mM Tris-HCI, 10% dimethyl sulf-
oxide, and 1% Triton X-100). Denaturation and electro-
phoresis (1 V/cm, 300 mA) were performed at 4 °C,
protected from light in alkaline buffer (pH 13.0;
300 mM NaOH, 1 mM Na,EDTA), and lasted for
20 min each. Then, the microgels were neutralized using
0.4 M Tris-HCI buffer (pH 7.5). They were stained with
EtBr (20 pg/mL). One well-trained scorer performed all
of the comet measurements on coded/blinded slides. The
level of DNA damage in individual cells was assessed
with an image analysis system (Comet Assay V™,
Instem-Perceptive Instruments Ltd., UK) using an
epifluorescence microscope (Leitz, Germany) equipped
with appropriate filters, under x250 magnification. A total
of 100 randomly selected comets per each tested concen-
tration were measured on replicate slides in two indepen-
dent evaluations. As indicators of DNA damage, tail
length (presented in micrometers), tail intensity (i.e.,
DNA% in tail), and total area (represents the overall sur-
face area of the comet) were selected.

hOGG1-modified comet assay The assay was performed as
proposed by Smith et al. (2006). Quadruplicate slides were
prepared per each sample, as described above. Microgels were
lysed overnight in a freshly prepared chilled lysis solution
(pH 10.0). Then, they were immersed in three changes of the
1X FLARE™ reaction buffer (Trevigen, MD, USA). One of
the two matching microgels from each replica was treated with
the hOGG1 enzyme diluted in a reaction buffer. At the same
time, another parallel slide from each replica was kept in a
reaction buffer without the enzyme. Incubations lasted for
30 min in a humidified chamber at 37 °C, in line with the
manufacturer’s instructions (Trevigen 2017). Denaturation
was performed at 4 °C in an electrophoretic buffer (1 mM
Na,EDTA, 0.3 M NaOH, pH 13) for 20 min. Electrophoresis
was run for a further 20 min at 0.7 V/cm and 300 mA.
Afterwards, the gels were neutralized with a 0.4 M Tris-HCI
buffer (pH 7.5). After staining with ethidium bromide, the
coded/blinded slides were evaluated by one well-trained scorer,
following the same procedure as for the alkaline comet assay.
The level of oxidative damage was judged based on the differ-
ence in the mean values of tail length and tail intensity mea-
sured on microgels treated with the hOGG1 enzyme and
microgels treated with the reaction buffer (Smith et al. 2006).
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Determination of the parameters of oxidative stress Before
measurements, lymphocytes were resuspended in RPMI 1640
(V=1 mL), while HepG2 cells were resuspended in PBS
(V=2 mL). Cells were sonicated at 60% amplitude for a total
of 1.5 min (in cycles of 30 s ON and 15 s OFF) at room
temperature. Following 10 min of centrifugation at 2460 g at
4 °C, the supernatant was frozen at —20 °C until analysis
within 24 h (Mateos et al. 2004).

Lipid peroxidation The level of thiobarbituric reactive sub-
stances (TBARS), as a marker of lipid peroxidation, was mea-
sured in plasma samples using a modified method by Drury
et al. (1997). Five microliters of 0.2% (w/v) butylated hy-
droxytoluene (BHT) and 750 uL 1% (v/v) phosphoric acid
were added to 50-uL plasma samples. After mixing, 250 pL
0.6% (w/w) thiobarbituric acid (TBA) and 445 uL H,O were
added, and the reaction mixture was incubated at 90 °C for
30 min. After cooling, absorbance was measured spectropho-
tometrically at 532 nm (Cecil 9000 spectrophotometer, Cecil
Instruments Limited, Cambridge, UK). The TBARS concen-
tration was calculated using the standard curves of increasing
1,1,3,3-tetramethoxypropane (1.5-30.35 uM) concentrations,
and expressed as pmol/gpocin-

For lymphocytes and HepG2 cells, we used a TBARS assay
modified by Ohkawa et al. (1979) and Pareek et al. (2013). In
short, the sample (V = 0.2 mL) was mixed with the same volume
of TBA-TCA (trichloroacetic acid) reagent and heated at 90 °C
for 30 min. After cooling and centrifugation, absorbances were
measured spectrophotometrically at 530 nm. TBARS concentra-
tion in unknown samples was calculated using a standard curve
constructed with 1,1,3,3-tetrametoxypropane (0.3—-6.0 uM) and
expressed as UmMOl/gpyrocin-

ROS detection The amount of ROS in blood plasma, lympho-
cytes, and HepG2 cells was estimated using 2',7'-
dichlorofluorescin diacetate (DCFDA) reagent (Griffiths
etal. 2011). Briefly, 10% blood plasma samples were prepared
by dilution with ice-cold PBS (pH 7.4). Portions of 0.1 mL of
10% diluted blood plasma were pipetted into the wells ofa 96-
well plate following the addition of 20 uL of 0.12 mM
DCFDA dye to PBS. The final dilution of blood plasma in
wells was 8.3%. Lymphocytes were pipetted into the wells
undiluted, and the final dilution in the wells was 83%.
HepG2 cells samples were handled in the same way as for
the viability assay. After the treatment, they were rinsed and
120 puL of 0.12 mM DCFDA dye in PBS was put into each
well. Control for dye autofluorescence was prepared without
adding the dye. Each experiment included negative controls.
All samples were incubated for 30 min at 37 °C and measured
using a multilabel plate reader (Victor3™, Perkin Elmer, MA,
USA) at an excitation wavelength of 485 nm and emission
wavelength of 535 nm. Data were displayed in florescence
arbitrary units (AU).

Quantification of glutathione (GSH) GSH concentration was
measured using a monochlorobimane dye, which reacts spe-
cifically with GSH to generate a fluorescent product
(Kamencic et al. 2000). Blood plasma, lymphocyte suspen-
sions, and HepG2 cells were prepared identically as for ROS
detection and incubated for 20 min at 37 °C. The amount of
GSH in blood plasma and lymphocyte samples was analyzed
using a multilabel plate reader (Victor3™, Perkin Elmer, MA,
USA) at an excitation wavelength of 355 nm and emission
wavelengths of 460 nm. Each experiment included negative
controls. Data were displayed in fluorescence arbitrary units
(AU).

Glutathione peroxidase (GSH-Px) activity The GSH-Px activ-
ity was estimated by the European standardized method
(Belsten and Wright 1995a). The amount of GSH oxidized
by t-butyl hydroperoxide was measured by observing the de-
crease in the 3-NADPH concentration. The decrease in absor-
bance at 340 nm was measured spectrophotometrically (Cary
50 UV-Vis, Varian Inc. CA, USA). One unit of GSH-Px is
defined as the number of micromoles of 3-NADPH oxidized
per minute. The activity of GSH-Px in whole blood was
expressed per gram of hemoglobin (U/g Hb), while the results
obtained in lymphocytes and HepG2 cells were expressed per
gram of total protein (U/gprotcin)-

Superoxide dismutase activity (SOD) We applied the European
standardized method (Belsten and Wright 1995b) using the
Ransod kit (Randox, Crumlin, UK) in line with the manufac-
turer’s instructions. The SOD activity was measured spectro-
photometrically (Cary 50 UV-Vis, Varian Inc. CA, USA) ac-
cording to the degree of inhibition of this reaction at 505 nm.
One unit of SOD is that which causes a 50% inhibition of the
rate of reduction of 2-(4-iodophenyl)-3-(4-nitrophenol)-5-
phenyltetrazolium chloride (I.N.T.) under the conditions of
the assay. The SOD activity in erythrocytes was expressed
per gram of hemoglobin (U/gyy), while the results obtained
in lymphocytes and HepG2 cells were expressed per gram of
total protein (U/gprotein). Hemoglobin in whole blood and
erythrocytes was spectrophotometrically measured at
540 nm by a standard cyanmethaemoglobin method using
the haemiglobincyanide standard. To validate the analytical
method, three levels of Hb were used.

Protein quantification Protein content was measured by the
Bradford assay (1976) using bovine serum albumin as the
standard.

In vivo study

Animals Male Swiss albino mice (2-3 months old, weighing 20—

25 g) were obtained from the breeding colony at the Department
of Biology, Faculty of Science, University of Zagreb, Zagreb
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(Croatia). Animals were maintained under standard conditions,
12-h light/dark cycle, 22 °C with ad libitum access to standard
GLP certified food (Mucedola, 4RF21, Italy) and water.
Protocols for the care, treatment, and euthanasia of the mice were
approved by the Institutional Animal Care and Use Committee.
The experiment was carried out in compliance with international
standards and national legislation to protect animal welfare. The
experiment was conducted in line with the EU Directive
2010/63/EU for animal experiments.

Selection of the tested dose and preparation of the com-
pounds The dose of terbuthylazine and its formulated commer-
cial product Radazin TZ-50 used in in vivo testing
(0.0035 mg/kg bw day) was selected according to current
health-based reference values (European Commission 2011).
Solutions used for the treatments were prepared by dissolving
the tested compounds in sterile 0.9% sodium chloride solution
(Croatian Institute for Transfusion Medicine, Zagreb, Croatia).

Experimental schedule Mice were randomly assigned to the
following three groups: group 1: mice administered
terbuthylazine at a dose of 0.0035 mg/kg bw day; group 2:
mice administered a formulated commercial product of
terbuthylazine (Radazin TZ-50) daily standardized at the same
dose of the active substance; group 3: mice administered 0.9%
sodium chloride solution daily. Each group comprised five
animals. Mice were treated for 14 days via an intraperitoneal
(i.p.) injection of tested solutions (V =0.5 mL). At the end of
each treatment, the body weight of mice was measured and
compared with the initial body weight. The experiment was
terminated 24 h after the last treatment. All of the animals
were anesthetized with adequate intraperitoneal administra-
tion of a combination of Narketan® (Vétoquinol SA, BP 189
Lure Cedex, France; active substance ketamine; 0.8 mL/kg)
and Xylapan® (Vetoquinol Biowet Sp., Gorzow, R. Poland;
active substance xylazine; 0.6 mL/kg). Peripheral blood sam-
ples were taken from the tail vein into heparinised vacutainer
tubes (Becton Dickinson, Franklin Lakes, NJ, USA). Animals
were sacrificed with cervical dislocation and then the other
samples were taken. To obtain bone marrow cells, the femurs
were removed and then the cells were extracted with foetal
calf serum, precipitated, and used for the preparation of
microgels. Livers and kidneys were dissected out and rinsed
in cold saline. Small pieces of freshly resected liver and kid-
ney were then put into a chilled buffer [75 mM NaCl (Kemika,
Zagreb, Croatia) and 24 mM Na,EDTA, pH 7.5] and minced
with a pair of fine scissors to release single cells. The obtained
cellular suspensions and blood samples were also immediately
used for preparation of agarose microgels for the alkaline
comet assay.

Alkaline comet assay The protocol used for the alkaline comet
assay was the same as described for the in vitro experiment.
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For each mouse, duplicate microgels for each tissue were pre-
pared. Slides were analyzed using Comet Assay IV™ soft-
ware (Instem-Perceptive Instruments Ltd., Suffolk, UK) under
an epifluorescence microscope (Leitz, Germany) equipped
with appropriate filters, at X250 magnification. A total of
100 randomly selected comets per mice were measured in
two independent evaluations. Tail length, tail intensity, and
total comet area were chosen as indicators of DNA damage.

Statistics Statistical calculations were done using the Dell™
Statistica™ 13.2 software (StatSoft, Tulsa, USA).
Comparisons between the values observed for cell viability,
apoptosis, and necrosis were performed by Pearson’s x” test
for two-by-two contingency tables. The data acquired by both
comet assays were first evaluated using descriptive statistics.
The comparisons between samples in the alkaline comet assay
were completed using one-way analysis of variance on log;g
transformed data. Afterwards, the post-hoc Tukey HSD test
was applied for the calculations regarding pair-wise compari-
sons. For the hOGG1 modified comet assay, statistical signif-
icance between the mean tail length and tail intensity values
measured with buffer and the means for the matching hOGGl1
enzyme-treated slide was tested using the Mann-Whitney U
test. For the biochemical assays data analysis, we applied de-
scriptive statistics and for evaluations between independent
samples, a # test. A value of P <0.05 was considered statisti-
cally significant.

Results and discussion
Assessment of terbuthylazine toxicity in vitro
Cell viability

Exposure to terbuthylazine lowered lymphocyte viability in a
concentration-dependent manner (Fig. 1), which was statisti-
cally significant compared to the control (P < 0.05). Apoptosis
prevailed over necrosis in all of the samples.

Cytotoxicity of terbuthylazine in vitro has thus far not
been extensively studied, and its potential to induce apo-
ptosis has also not been documented in the available lit-
erature. However, activation of apoptosis, as programmed
cell death, can be regarded as a deliberate self-elimination
pathway of potentially mutant cells that fixed unrepairable
DNA damage following the treatment. Pesticides in gen-
eral trigger apoptosis both via the caspase-dependent and
the mitochondrial pathway (Franco et al. 2009). Since the
EtBr/AO fluorescent viability assay allows only for the
morphological detection of apoptotic lymphocytes, we un-
fortunately cannot propose the precise mechanisms behind
apoptosis, and this remains to be investigated in forth-
coming studies by means of molecular methods.
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Fig. 1 Viability of terbuthylazine (TB)-treated and control lymphocytes
determined using a quantitative fluorescent assay for the simultaneous
identification of apoptotic and necrotic cells Mean values of three
independent evaluations are shown (3 % 100 cells per sample per each
experimental point were analyzed). The abbreviations next to the means
indicate from which groups the relevant group differs with statistical
significance (P < 0.05): C—control; 3—sample treated with 0.58 ng/mL
of terbuthylazine

In contrast to lymphocytes, exposure to terbuthylazine did
not significantly impair HepG2 cell viability at the same tested
concentrations (Fig. 2).

The obtained results indicate that terbuthylazine at
the tested concentrations posed a relatively weak cyto-
toxic threat to non-target cells. However, low cytotoxic-
ity does not necessarily indicate low genotoxic effects.
This observation was a strong argument for the evalua-
tion of terbuthylazine’s genotoxic potency using the
comet assay, considering the fact that one of the most
important criteria for such testing involves cell viability
greater than 70-75% (Henderson et al. 1998; Tice
et al. 2000).

Viability of HepG2 cells
120

100 T [

80-

60 -

40

Viable cells (%)

20

TB 8.00 ng/mL TB 0.80 ng/mL TB 0.58 ng/mL Control

Fig. 2 Viability of HepG2 cells treated with terbuthylazine (TB) in vitro
for 4 h estimated by CCK-8 assay. Mean values + SD of five independent
evaluations are shown

The alkaline comet assay

To assess the genotoxic profile of terbuthylazine, we first ap-
plied an alkaline version of the comet assay, which identified
the broadest spectrum of DNA damage (Tice et al. 2000; Liao
et al. 2009; Azqueta and Collins 2013; Langie et al. 2015).
There are limited literature sources on similar in vitro and
in vivo comet assay studies with terbuthylazine and related
herbicides. Mladini¢ et al. (2012) found that terbuthylazine
was capable of producing primary DNA damage in 14-day
extended lymphocyte culture. Other available data are rather
ambiguous. Ribas et al. (1995) reported genotoxicity of atra-
zine, alachlor, maleic hydrazide, paraquat, and trifluralin on
human lymphocytes. Villarini et al. (2000) observed increased
DNA damage in terbuthryn-treated human leukocytes at con-
centrations of 100 and 150 pg/mL. Zeljezi¢ et al. (2006) re-
ported that atrazine was not genotoxic to human lymphocytes
in vitro at concentrations 0.047, 0.47, and 4.7 pug/mL.

The results obtained in the present study after 4 h in vitro
treatments with terbuthylazine indicated the DNA-damaging
potential of the tested compound in human lymphocytes and
HepG2 cells. However, there were significant differences in
the levels of primary DNA damage between them. Although
endogenous levels of DNA damage in both cell types were
low, judging by the measured comet parameters, lymphocyte
DNA was generally more susceptible to breakage following
treatment than DNA in HepG2 cells (Fig. 3). Exposure of
lymphocytes to the two higher terbuthylazine concentrations
caused a significantly increased DNA migration compared to
the control cells. In HepG2 cells, we found significantly
higher DNA migration compared to controls only at 0.80 ng/
mL of terbuthylazine. The observed changes in damage levels
between HepG2 cells and lymphocytes could be related both
to the toxic properties of the tested compound and the inherent
differences between these cells. Among them, the quiescence
state of lymphocytes should be pointed out. It is characterized
by lower metabolic and many other activities (Yusuf and
Fruman 2003). DNA damage in lymphocytes probably could
not be efficiently repaired due to saturation of DNA processes.
Previous findings (Green et al. 1994) suggest that dormant
lymphocytes are more vulnerable to mutagenesis since their
deoxynucleotide pools are low and the efficiency of some
repair processes decreased when compared with mitogen
stimulated cells. Taken together, these factors could contribute
to the higher level of DNA lesions in lymphocytes, which
have been detected using the alkaline comet assay in our
study. The results obtained on the HepG2 cell model also
suggest that these cells possibly had more efficient mecha-
nisms for repairing single-strand breaks than lymphocytes.
Furthermore, one also has to take into account the possibility
that the parent compound underwent some degree of metabol-
ic conversion in these cells, which also may account for de-
creased DNA migration, as observed here. Results of previous
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Fig. 3 Primary DNA damage in peripheral blood lymphocytes and
HepG2 cells treated in vitro with terbuthylazine (TB) for 4 h as
determined by the alkaline comet assay. The abbreviations next to the

studies that tested toxicity of herbicides on the same cell type
suggest that they represent a good model system to assess
genotoxic effects, due to their xenobiotic-metabolizing activ-
ities (Powell et al. 2011; Hartnett et al. 2013; Nikoloff et al.
2014). Of course, the outcomes obtained on such a cell system
are certainly not the same as expected in liver in vivo, due to
the lack of a full phase I and phase II enzyme activity.
Nevertheless, the HepG2 cell model gets an insight into
DNA damage caused by treatments compared to lymphocytes
that do not possess endogenous metabolic activity at all.
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means indicate from which groups the relevant group differs with
statistical significance: C—control; 1—sample treated with 8.00 ng/mL;
2—sample treated with 0.80 ng/mL; 3—sample treated with 0.58 ng/mL

As the results of the alkaline comet assay revealed signif-
icantly higher DNA migration in lymphocytes, using the
hOGG1-modified comet assay, we tried to establish the con-
tribution of oxidative damage to the total DNA damage mea-
sured. As known, human §-hydroxyguanine DNA-
glycosylase 1 (hOGG1) is the chief enzyme responsible for
the repair of 8-oxoguanine, which is considered a marker of
cellular oxidative stress important for carcinogenesis (Kasai
1997). hOGG1-modification of the comet assay is particularly
efficient for the recognition of §-oxoguanine and
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formamidopyrimidine products of guanine, since the hOGG1
enzyme can repair these oxidized bases only when paired with
cytosine (Smith et al. 2006).

The results of the hOGG1-modified comet assay (Fig. 4)
suggest that after treatment with terbuthylazine a small
amount of modified guanine products was formed in the lym-
phocyte DNA. Despite a small rise in the rate of hOGG1-
sensitive sites detected in the DNA in all of the
terbuthylazine-treated samples, no clear concentration-
dependent DNA oxidation was noted. Statistically significant
responses for parameter tail length were observed at 0.80 and
0.58 ng/mL (Fig. 4a), and for parameter tail intensity at 8.00
and 0.58 ng/mL (Fig. 4b).

It has to be noted that the difference between the hOGG1-
treated and buffer-treated samples obtained for tail intensity at
8.00 ng/mL was only 1.2%, which points to a quite low dam-
age level (Fig. 4). For comparison, when lymphocytes of the
same donor were treated with 1 mM hydrogen peroxide for
10 min (positive control), the difference between the hOGG1-
treated and buffer-treated microgels for tail intensity was 12.6
+7.6%. Such results suggest that terbuthylazine has a rather
low potential towards the infliction of oxidative damage in

hOGG1-modified comet assay
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Fig. 4 Primary DNA damage in peripheral blood lymphocytes treated
with terbuthylazine in vitro for 4 h as determined by hOGG1-modified
comet assay. A single asterisk indicates a statistically significant
difference (P < 0.05) from the corresponding sample treated with buffer

lymphocyte DNA. This was further supported by the fact that
when we compared the tail length or tail intensity values mea-
sured using two versions of the comet assay, greater statistical
differences among the treated and control cells were obtained
for the alkaline than for the hOGG1 modified comet assay at
all of the tested concentrations. This implies that under our
experimental conditions, the amount of oxidative damage,
measured by the hOGG1 modified comet assay, was lower
than the amount of strand breakage, which can be efficiently
measured by the alkaline comet assay. Therefore, based on the
findings obtained, we cannot unambiguously propose that
terbuthylazine exerts a clear capacity towards oxidative
DNA damage, and additional investigation in this regard has
to be performed.

Parameters of oxidative stress The findings of the hOGG1-
modified comet assay motivated us to further characterize the
potency of terbuthlyazine regarding induction of oxidative
stress in vitro. The obtained results are presented in Table 1.

As reported in Table 1, the concentrations of terbuthylazine
tested in the present study mostly did not provoke significant
changes in oxidative stress markers. We observed significant-
ly increased lipid peroxidation only in plasma at the highest
tested terbuthylazine concentration. ROS levels in plasma
were significantly increased compared to controls at all of
the tested terbuthylazine concentrations, as well as in lympho-
cytes treated at 0.80 and 0.58 ng/mL of terbuthylazine. Non-
elevated ROS levels in HepG2 cells at the same tested con-
centrations might reflect the better efficiency of antioxidant
defense in this cell type. GSH concentrations after treatment
did not significantly deviate from respective controls in any of
the biological matrices.

Antioxidant enzyme changes due to exposure to
terbuthylazine have not been documented sufficiently well in
the existing literature. This study evaluated the activities of
glutathione peroxidase (GSH-Px) and superoxide dismutase
(SOD). Both enzymes scavenge free radicals to prevent oxi-
dative damage and overcome increased production of ROS
(Matés et al. 1999). Our results indicate decreased activities
of GSH-Px in whole blood and SOD in erythrocytes after
terbuthylazine treatment. In contrast, their activities increased
both in HepG2 cells and lymphocytes, possibly as a response
to disturbed oxidative/antioxidative equilibrium due to treat-
ment. The differences in the enzyme activities observed be-
tween lymphocytes and HepG2 cells apparently originated
from metabolic variations between these distinct cell types,
which resulted in different antioxidant capacities.

Since most of the previous studies that focused on
terbuthylazine-related oxidative stress were conducted on
in vivo models, there are no similar reports to validate and
compare our results. Previous reports on lipid peroxidation
are inconclusive. Plhalova et al. (2012) found significantly in-
creased TBARS levels in zebrafish only after 28 days exposure
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Table 1  Effects of 4-h treatment with terbuthylazine on the extent of
lipid peroxidation, level of intracellular reactive oxygen species (ROS),
concentration of glutathione (GSH), and on the activity of glutathione

peroxidase (GSH-Px) and superoxide dismutase (SOD) in blood
samples, lymphocytes, and HepG2 cells

Parameter/concentration
TB 8.00 ng/mL

TB 0.80 ng/mL

TB 0.58 ng/mL
Control

Parameter/concentration
TB 8.00 ng/mL

TB 0.80 ng/mL

TB 0.58 ng/mL
Control

Parameter concentration
TB 8.00 ng/mL

TB 0.80 ng/mL

TB 0.58 ng/mL
Control

Blood samples
TBARS (umol/gprotein)
0.337+0.033%?
0.225+0.006
0.220+0.003
0.244 +£0.003

Lymphocytes
TBARS (Hmol/gproein)
0.628 +0.12
0.781+0.00
0.416+0.00
0.783 +0.02
HepG2 cells
TBARS (tmol/gprotein)
108.6+7.7
90.1+£0.3
162.6+19.5
86.3+7.8

ROS (AU)
1352.5+£56.3*
14343 £31.9*%
1451.0 £40.4*
1651.8+108.9

ROS (AU)
3689.0+£201.0
3954.0+£24.1*
4044.0 £ 127.5*
3269.3+£139.2

ROS (AU)
1839.5+75.7
1822.5+115.5
1892.0+85.3
1873.0£51.8

GSH (AU) GSH-Px (U/g Hb) SOD (U/g Hb)
3090.5+£375.9 181.4+1.6% 2792.9+4.9%
3150.0+87.0 1813+11.8 2823.9+73.1
3393.0+157.5 161.3+17.6 28412476
3448.5+£353.4 191.7+2.9 2870.5+28.4
GSH (AU) GSH-Px (U/gprotein) SOD (U/gprotein)
3380.3+100.6 1359.6+6.3 168.4+9.3%
3366.7+240.7 13387+ 1.6 140.8 4213
3373.3+102.0 1219.1+33.1 141.7+102
3281.7+86.0 1296.7 + 46.4 139.6+1.8
GSH (AU) GSH-Px (U/gprotein) SOD (U/gprotein)
40.277.0 +3847.4 16,065 + 1739* 5338.4+264.0
38,656.0+617.2 14,716+ 2347+ 4586.9+90.4
40,311.8+2576.6 29,429+ 5785% 4989.5+110.1
39,040.8 + 1462.0 8025+ 1175 4633.8+323.6

Values are presented as mean + SD of four independent measurements
TBARS thiobarbituric reactive substances, AU fluorescence arbitrary units
*Significantly different vs. control

* significantly different vs. all other treated samples (P < 0.05)

to 1000 pg/L of terbuthylazine. Stara et al. (2016) found sig-
nificantly increased lipid peroxidation in the hepatopancreas of
red swamp crayfish (Procambarus clarkii) after 14 days of
exposure to terbuthylazine-desethyl at 2.9 and 580 pg/L, along
with increased GSH levels in the hepatopancreas at 580 pg/L.
Several studies reported changes in SOD activity following
exposure to terbuthylazine or its degradation products.
Velisek et al. (2014) found decreased SOD activity in common
carp larvae exposed for 35 days to terbuthylazine-2-hydroxy at
doses ranging from 0.0029 to 3.5 mg/L. In another study,
Velisek et al. (2016a) found changes in the SOD activity of
common carp embryos and larvae exposed for 7 days to the
real environmental concentration (1.8 pg/L). The authors sug-
gested that a decline in SOD activity may be due to increased
ROS generation induced by treatments. Tariba Lovakovi¢ et al.
(2017) found significantly decreased plasma SOD activity in
rats given terbuthylazine for 28 days at 0.004 and
0.4 mg/kg bw day, and significantly decreased erythrocyte
SOD activity at 2.29 mg/kg bw day compared to negative
control. They also found significantly increased GSH-Px activ-
ity in whole blood at all three of the administered doses.
Based on our findings and those from the abovementioned
studies, it can be concluded that oxidative stress-related phe-
nomena become important mostly after prolonged exposure to
terbuthylazine at doses significantly higher than studied here.
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When the results of oxidative stress markers and both mod-
ifications of the comet assay are considered in their entirety, it
seems that several mechanisms might account for the low
level of DNA instability observed after terbuthylazine expo-
sure. A part of DNA damage measured with the comet assay
was undoubtedly caused by indirect mechanisms, and medi-
ated through free radicals that contributed to the production of
single-strand breaks, oxidized bases, and other DNA lesions,
which were readily identified by the employed comet
versions. Oxidative DNA damage definitely did not prevail.
Nevertheless, our results suggest that terbuthylazine was
capable of inducing a certain amount of primary DNA
damage by a direct mechanism not yet described in the
existing literature. Since levels of DNA damage were higher
in lymphocytes, which do not possess intrinsic metabolic
activation, most of the observed effects in this cell type
could be attributed to the parent compound. However, in
HepG2 cells, the effects of some metabolites can also be
expected. Lang et al. (1996, 1997) studied the in vitro metab-
olism of terbuthylazine using liver microsomes from humans,
pigs, and rats and found that all of the species formed the same
classes of metabolites, but their ratios were species-specific.
The major metabolites of terbuthylazine, relevant as environmen-
tal contaminants, are desethylterbuthylazine, desisopropyatrazine,
hydroxyterbuthylazine, desethylhydroxyatrazine, and
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desethylhydroxyterbuthylazine (Papadopoulos et al. 2007). Their
toxicity profiles have not yet been investigated well. However,
there are some indications that terbuthylazine toxicity and at least
one of its metabolites strongly depend on the presence of chlorine
in their molecular structure (EFSA 2016). To be precise,
desethylterbuthylazine, which contains chlorine, was toxic to al-
gae, while three other terbuthylazine metabolites that do not con-
tain chlorine showed low toxicity to algae (EFSA 2016). Whether
chlorine also plays an important role in the DNA-damaging po-
tency of terbuthylazine remains to be discovered. However, this
assumption does make sense, as something similar was observed
for the insecticide cypermethrin, which contains two chlorine
atoms in the molecule (Saxena et al. 2005; Kocaman and
Topaktas 2009). Saxena et al. (2005) suggest that cypermethrin
interacts with DNA directly and that its binding to DNA possibly
occurs due to the strong polarization associated with chlorine
atoms. Such polarization may destabilize DNA structure and
cause the unwinding of the DNA helix resulting in damage.
The authors suggested that the proposed mechanism is useful in
predicting the genotoxic potential of the related compounds.
However, it remains to be elucidated whether the same is valid
for terbuthylazine.

Our results obtained on HepG2 cells suggest another pos-
sible mechanism of terbuthylazine action at DNA level. We
found that terbuthylazine applied at the two lower concentra-
tions caused a significant reduction of mean tail length in
HepG2 cells compared to control. The decreased extent of
DNA migration might have been due to impaired DNA dena-
turation, which often arises as a consequence of inter- or intra-
strand crosslinks. The existence of this specific type of DNA
damage could be specifically detected using a modified pro-
tocol for the comet assay (Spanswick et al. 2010; Wu and
Jones 2012). However, some comet assay studies (Buschfort
etal. 1997; Thomale et al. 1998; Benitez-Bribiesca et al. 2001;
Buschfort-Papewalis et al. 2002; Jurica et al. 2017) suggested
that cross-links could also be indirectly detected by evaluation
of the third comet assay parameter—total area, which repre-
sents the overall surface area of the comet. A detailed analysis
we performed in that manner suggests that, at all of the tested
concentrations, the mean total area of terbuthylazine-treated
HepG2 cells was reduced compared to control, which was
most prominent at the highest tested concentration (Fig. 3).
The same terbuthylazine effect was not shown in lympho-
cytes, which suggests that it could be associated with the me-
tabolism of the tested compound.

We have to stress that the use of in vitro cell models along
with the comet assay has some limitations, and the obtained
results therefore have to be taken with certain precautions.
First of all, the results obtained in vitro cannot be directly
extrapolated to real in vivo situations and they are not directly
applicable to human risk assessments. This is especially the
case when the observed DNA damage results from a process
that was specific to the used in vitro system or particular

experimental conditions not likely to be reached in vivo. In
our case, this potential limitation was minimalized by the si-
multaneous use of two metabolically distinct cell types for all
evaluations. Nevertheless, to document whether the same ef-
fects of terbuthylazine at DNA level could be detected in vivo,
we extended our research to a mouse model and evaluated the
effects of the compound in leukocytes, bone marrow, hepato-
cytes, and kidney cells of the exposed animals.

Assessment of terbuthylazine genotoxicity in vivo

We evaluated the DNA-damaging potency of both the active
substance and formulated product of terbuthylazine (Radazin
TZ-50), considering that unwanted human exposure common-
ly arises as a consequence of the use of various commercial
pesticide products.

After 14 days of treatment, no deaths and no signs of sys-
temic toxicity were observed. Gross necropsy did not reveal
any treatment-related findings. Body weight gain in the
terbuthylazine-treated group of mice at the end of experiment
was 7.9%, and 7.6% in mice exposed to Radazin TZ-50. Both
values did not significantly differ from the control mice,
whose body weight gain was 8.0%. Such a finding is in line
with our recent study on rats (Tariba Lovakovi¢ et al. 2017),
where significant terbuthylazine effects on body weights were
observed only after 28 days of treatment.

Results regarding tail lengths and tail intensities measured
using the alkaline comet assay in leukocytes, hepatocytes,
bone marrow, and kidney cells of mice exposed to the tested
compounds for 14 days at a daily dose of 0.0035 mg/kg are
shown in Fig. 5. We found that exposure to both of the tested
compounds resulted in significantly increased mean tail
lengths and tail intensities in leukocytes, bone marrow cells,
and liver cells compared to the values measured in respective
control groups. In kidney cells, only exposure to the formu-
lated product Radazin TZ-50 caused a significant increase of
mean tail lengths and tail intensities compared to the values
measured in control mice.

The differences in DNA susceptibility we observed be-
tween different cell types, apparently originated from the in-
trinsic metabolic differences between them, as well as differ-
ences in their inherent mechanisms, which counteract damage
(antioxidative defense, DNA repair enzymes, etc.).
Leukocytes and bone marrow, for instance, represent a hetero-
geneous group of nucleated cells that might slightly differ in
their sensitivity towards genotoxins. However, their DNA
damage levels could also be indirectly affected by the pres-
ence of enzymes like SOD in erythrocytes, as well as SOD,
GSH-Px, and catalase in plasma. Liver cells could, on the
other hand, display a different pattern of DNA damage com-
pared to other cell types owing to the metabolism of the
tested compound.
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Fig. 5 Results regarding the values of tail lengths and tail intensities
measured using the alkaline comet assay in leukocytes, bone marrow,
liver, and kidney cells of Swiss albino mice treated for 14 days with
terbuthylazine, applied as active substance and its commercial
formulation Radazin TZ-50 at a daily dose of 0.0035 mg/kg bw. The

In leukocytes and bone marrow of mice given terbuthylazine
as an active substance, we measured significantly higher mean
tail length than in those given a formulated product (Fig. 5).
Quite the opposite was observed in hepatocytes and kidney cells,
where both mean tail lengths and mean tail intensities were sig-
nificantly higher in mice given a formulated product (Fig. 5).

Such a finding is not surprising if one takes into account the
possibility that other ingredients of a formulated product
might possess DNA-damaging effects as well (Cox and
Surgan 2006). Besides the active substance, formulated pesti-
cide products contain various inert ingredients. Among them
are different adjuvants, added to the product aimed at improv-
ing its effectiveness, storage, handling, safety, or application
properties. These may be solvents that dissolve the active
ingredient, carriers added to a pesticide product to aid in the
delivery of the active ingredient, and adjuvants that help make
the pesticide stick to or spread out on the application surface.

The results of many previous toxicity studies with pesti-
cides suggest that the use of formulated products is often as-
sociated with genotoxicity higher than observed after expo-
sure to the active substance (Bolognesi et al. 1997; Soloneski
et al. 2002; Grisolia et al. 2004; Undeger and Basaran 2005;
Zeljeiic’ et al. 2006; Molinari et al. 2009; Cavas 2011;
Guilherme et al. 2012; Valencia-Quintana et al. 2016a, b).

In this study, the tested compounds were administered via
intraperitoneal route. This type of administration leads to the
absorption of the tested compound through the portal circula-
tion, which must pass through the liver before reaching sys-
temic circulation and other organs (Turner et al. 2011). In the
liver, parent terbuthlyazine is subjected to phase I metabolism,
mediated via P450 (Lang et al. 1997), and results in the for-
mation of several metabolites, with a different half-life in the
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abbreviations next to the means indicate from which groups the relevant
group differs with statistical significance (P <0.05): C—control mice;
R—mice treated with Radazin TZ-50; T—mice treated with
terbuthylazine

body. The major routes of the metabolism are hydrolysis of the
chlorine moiety and mono- or didealkylation. Hydroxylation
of one or both of the dealkylated amine groups may also occur
(US EPA 1995). Abass et al. (2012) also reported that an
important reaction in terbuthylazine metabolism is N-
deethylation, mediated at least in part by CYP1A1,
CYP1A2, CYP2C19, and CYP3A4 enzymes. Overall
terbuthylazine metabolism and clearance are rapid (50% is
excreted by 16-17 h). It is completely metabolized and did
not accumulate in tissues. In male rats, terbuthylazine is ex-
creted equally in urine and feces, which contain up to 25 and
15 identified metabolites, respectively (US EPA 1995).

The treatment schedule we applied caused a constant de-
livery of new amounts of the tested compounds. Therefore,
during 14 days, all cells were continuously exposed both to
the parent compound and its metabolites, all of which possess
certain potential to damage DNA, and the damage level we
measured after treatment is a sum of their direct effects on
DNA, indirect effects mediated via free radicals, but also of
the outcomes of DNA repair, which might also introduce a
certain amount of additional damage. It also has to be stressed
that after 14 days, the equilibrium between DNA damage
infliction and repair might occur, which also contributed to
the values measured by the comet assay.

Taken together, our results indicate a low level of DNA
instability caused by terbuthylazine on a mouse in vivo model,
in spite of the relatively high tested dose, which ranged be-
tween current ADI and AOEL values proposed for the com-
pound by European Union regulative ( European Commission
2011; EFSA 2011). The results obtained in this comet assay
study on mice are also comparable to results obtained in our
former study (Tariba Lovakovié¢ et al. 2017), where the
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alkaline comet assay was performed on blood cells of rats
exposed for 28 days to terbuthylazine at doses of 0.004, 0.4,
and 2.29 mg/kg bw day.

Unfortunately, we cannot verify and discuss our findings
within the context of other sources, since no other rodent
studies evaluated terbuthylazine genotoxicity thus far. A few
studies evaluated the DNA-damaging effects of
terbuthylazine-related triazine herbicides. Tennant et al.
(2001) conducted an alkaline comet assay study on mice treat-
ed for 24 h with atrazine, simazine, and cyanazine, and their
findings suggested small and marginal increases in DNA dam-
age in leukocytes. Zeljezi¢ and Garaj-Vrhovac (2004) found
that pesticide formulations containing atrazine induced a sta-
tistically significant increase of comet tail length in blood,
kidney, liver, bone marrow, and spleen of exposed mice.
Mahmoud (2008) also reported that atrazine caused DNA
damage in liver and kidney cells of mice measurable by the
comet assay.

However, none of these studies suggested potential mech-
anisms responsible for the observed DNA instability.
Although there is a general lack of studies that specifically
point to interactions of terbuthylazine with DNA, some data
are available for related compounds. Riahi et al. (2010) inves-
tigated how the structure and dynamics of DNA-binding was
influenced by the herbicide terbuthryn. Using molecular
modeling, they discovered that the complex between
terbuthryn and DNA was completely capable of participating
in the creation of a stable intercalation site. Other studies in-
vestigated mechanisms of atrazine interactions with DNA
double-helix (Prance et al. 2010; Stobiecka et al. 2010) and
concluded that atrazine causes the unwinding of double
stranded DNA (or negative supercoiling), making it more vul-
nerable to attacks by herbicide adjuvants or other toxicants.

Based on our results, it is likely that terbuthlyazine is to a
certain extent capable of producing cross-links in vivo, as we
recognized based on the results obtained in vitro. This hypoth-
esis is further corroborated by the results obtained for the third
comet assay parameter, i.c., total area of the comets, which
was evaluated here after in vivo exposure, as well (Fig. 6).

From the results shown in Fig. 6, it can be concluded
that DNA in liver cells (possibly due to intense metabo-
lism of the tested compound), and DNA in kidney cells
(due to renal excretion of the metabolites) were more
prone to direct toxic effects of the parent compound and
its metabolites than leukocytes and bone marrow cells. In
these particular cell types of exposed mice, we found a
significant lowering of the parameter total comet area
with respect to the control mice, similarly as observed in
terbuthlyazine-treated HepG2 cells in vitro. Taken togeth-
er, the same trend for the reduction of the total area of
comets observed both in vitro in metabolically competent
HepG2 cells and in vivo in hepatocytes and kidney cells
of mice, which are exposed to different metabolites of
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Fig. 6 Results regarding total area of comets measured using the alkaline
comet assay in leukocytes, bone marrow, liver, and kidney cells of Swiss
albino mice treated for 14 days with terbuthylazine and Radazin TZ-50 at
a daily dose of 0.0035 mg/kg bw. The abbreviations next to the means
indicate from which groups the relevant group differs with statistical
significance (P <0.05): C—control mice; T—mice treated with
terbuthylazine; R—mice treated with Radazin TZ-50

terbuthlyazine suggest the possibility for specific interac-
tions at DNA level, which remain to be clarified in future
studies after employing more sensitive methods.

Conclusions and future perspectives

The most important information this study added to existing
knowledge is that acute in vitro exposure of human lympho-
cytes and HepGz2 cells to terbuthylazine, and subacute 14-day
exposure of mice to active substance terbuthylazine and its
commercial formulation Radazin TZ-50 led to low-level
DNA instability. Terbuthylazine genotoxicity was not primar-
ily mediated by oxidative stress phenomena. The obtained
results also suggest that terbuthylazine metabolism possibly
results in the formation of reactive metabolites capable of
inducing DNA cross-links, which hinder DNA migration,
and this effects was most pronounced in liver cells in vivo
and HepG2 cells in vitro. Our results also confirmed that si-
multaneous evaluation of several comet assay parameters is
strongly advised to prevent erroneous conclusions regarding
overall primary DNA damage measured by the comet assay.

Since the comet assay pointed only to primary DNA dam-
age caused by the treatment, before drawing general conclu-
sions on terbuthylazine genotoxicity, further studies are need-
ed. They should focus on other cytogenetic tests that would
allow more insight into its possible aneugenic effects, epige-
netic mechanisms of DNA damage, and potential cell-
cycle disturbances.

@ Springer
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Terbuthylazine was previously stipulated as a persistent
contaminant and was detected in hair samples of exposed
agriculture workers (Mercadante et al. 2012a, b), which was
evidently a result of their cumulative exposure. Since the
highest terbuthylazine concentration tested in vitro, which
was 2.5 times higher than the current occupational exposure
limit set by European Commission (2011) and EFSA (2017),
showed significant responses with majority of the assays used,
we assume this finding should be interesting from the point of
occupational hygiene and worthy of additional investigation.
As many aspects of terbuthylazine toxicity remain unan-
swered, further research should focus on the effects of this
herbicide in other in vitro and in vivo models by employing
the same and other sensitive biomarkers of effect, along with
different exposure scenarios.
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