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Abstract. Mancozeb, as a dithiocarbamate fungicide,
has been found to exhibit toxicological manifesta-
tions in different cells, mainly by generation of free
radicals which may alter antioxidant defence sys-
tems in cells. The effect of mancozeb on the cells of a
primary lymphoid organ has not been studied. In the
present study, the effects of mancozeb (0.2, 2 and
5 pg/ml) or mancozeb+ascorbic acid (100 pg/ml), or
ascorbic acid alone or control medium alone on the
levels of cell viability, apoptosis, intracellular reac-
tive oxygen species production (ROS), mitochondrial
membrane potential (MMP) and ATP levels in rat
thymocytes were examined in vitro. Cells treated
with mancozeb displayed a concentration-dependent
increase of hypodiploid cells and ROS production
followed by markedly decreased viability of the cells,
MMP and ATP levels. Application of ascorbic acid
significantly reduced cytotoxicity in cell cultures
treated with 0.2 and 2 pg/ml of mancozeb, together
with significantly decreased ROS levels and in-
creased MMP and ATP levels. In cells treated with
5 pg/ml of mancozeb, ascorbic acid failed to reduce
toxicity while simultaneously increasing the apopto-
sis rate of thymocytes. These results suggest that
ROS plays a significant role in mancozeb-induced
toxicity, through alteration of mitochondrial func-
tion. Ascorbic acid administration reduced the toxic-
ity rate in cells treated with lower mancozeb concen-
trations, while it may have the ability to shift cells
from necrosis to apoptosis in the presence of highest
mancozeb concentrations.
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Introduction

Pesticides are chemical compounds that are widely
used throughout the world against plant diseases, which
results in increased agricultural production. In the past
years, due to the increasing demand for food safety,
great concern was raised about the pesticide residues in
food and food products and their potential risk to the
consumer. Mancozeb is a contact fungicide of the ethyl-
ene bis-dithiocarbamate (EBDC) family, widely used as
a dithiocarbamate fungicide to protect field crops, fruits
and vegetables against different fungal diseases (Paro et
al., 2012). These fungicides, due to low acute toxicity in
humans and short environmental persistence, are used
globally. However, even though agricultural workers are
the main population with high risk of EBDC intoxica-
tion, the general population can also be affected by resi-
dues present in the food (Rossi et al., 2006). Further,
EBDCs are very unstable and rapidly degraded into
ethylene thiourea (ETU), a major metabolite of EBDC:s,
which shows long persistence in the soil (Houeto et al.,
1995) or is decomposed in water, forming products with
high toxicological potential (Corsini et al., 2006).

It has been shown that mancozeb causes adverse ef-
fects in humans and experimental animals. Various
studies documented the toxic effect of mancozeb in non-
immune cells (Calviello et al., 2006; Domico et al.,
2006; Tsang and Trombetta, 2007), as well as in differ-
ent cells of the immune system, including rat peripheral
blood mononuclear cells (PBMC) (Calviello et al.,
2006), human lymphocytes (Srivastava et al., 2012) and
human PBMCs (Calviello et al., 2006). Formation of re-
active oxygen species (ROS) has been implicated as the
main contributor of toxicity induced by mancozeb
(Williams et al., 2013). This might be a consequence of
its chemical structure, since it contains transitional met-
als known to induce ROS formation through the Fenton
reaction (Calviello et al., 2006). Ascorbic acid (vita-
min C) represents the most important antioxidant in ex-
tracellular fluids (Dwivedi et al., 2013). This water solu-
ble vitamin has the ability to trap radicals in the aqueous
phase and protect biomembranes from peroxidative
damage (Eroglu et al., 2013). The ameliorating effects
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of ascorbic acid have been shown in sperm toxicity in-
duced by mancozeb (Khan and Sinha, 1996). Also, the
anti-mutagenic effect of ascorbic acid has been well
documented in various in vivo and in vitro systems ex-
posed to pesticides (Durak et al., 2009). However, de-
spite numerous studies regarding the toxic effect of
mancozeb on different cells, its effect on the cells of the
primary lymphoid organ has not been studied. Therefore,
the current study was undertaken to determine a possi-
ble toxic effect of mancozeb in thymocytes and to inves-
tigate whether there is any preventive effect of ascorbic
acid, along with potential mechanisms involved.

Material and Methods

Animals

Experiments were performed on 11 adult male Wistar
rats (180-200 g), 9-11 weeks old, bred at the Vivarium
of the Institute of Biomedical Research, Medical Fa-
culty, Nis, under conventional laboratory conditions and
in accordance with national animal protection guide-
lines.

Materials

Culture medium (CM) was prepared using RPMI
1640 (Sigma-Aldrich, St. Louis, MO), according to the
manufacturer’s instructions. CM contained 25 mM
HEPES, 2 mM glutamine, penicillin (100 U/ml), strep-
tomycin (100 pg/ml) and 10% foetal calf serum (FCS).

2°,7’-dichlorofluorescin diacetate (H2DCF-DA), Cell
Counting Kit (CCK-8), Rhodamine 123 and ATP
Bioluminiscent Assay Kit were purchased from Sigma-
Aldrich. Propidium iodide (PI) was obtained from
Santa Cruz Biotechnology, Santa Cruz, CA. Vitamin C
(L-ascorbic acid) was purchased from Galenika a.d.,
Belgrade, Serbia. Mancozeb was purchased from Gale-
nika-Fitofarmacija a.d., Belgrade, Serbia.

Preparation of thymocytes and mancozeb
solution

Rat thymocytes were isolated as described earlier
(Pavlovic et al., 2007). Briefly, thymus was extirpated
using sterile technique and placed in CM with 10%
FCS. Thymocytes were released by teasing the thymus
through a steel mesh. Cell suspensions were filtered
through sterile nylon filter to remove the stroma and
then the cells were washed twice with CM/10% FCS.
Thymocytes were counted and adjusted to a density of
1 x 106 cells/ml. The viability of the isolated cells, as
determined by trypan blue dye exclusion test, was al-
ways over 93 %. Mancozeb solutions were prepared im-
mediately before use in dimethyl sulphoxide and diluted
in appropriate amount of CM. Control cells were treated
with the same amount of vehicle alone. The final dime-
thyl sulphoxide concentration never exceeded 0.5 %
(V/v).

Cell culture

Isolated cells were cultivated in 96-well round-bot-
tom plates (NUNC, Aarhus, Denmark), containing
100 pl of cell suspension (5 x 10° cells) in each well.
Thymocytes were treated with increasing concentra-
tions of mancozeb (0.2, 2 and 5 pg/ml) and vitamin C
(100 pg/ml), only mancozeb (0.2, 2 and 5 pg/ml), only
vitamin C (100 pg/ml) or left in CM alone. All cell cul-
tures were done in triplicates and incubated in an incu-
bator (Galaxy, Wolf Laboratories, Edison, NJ) at 37 °C
for 24 h in an atmosphere of 95% air and 5% carbon
dioxide.

The dose response study was conducted by exposing
the rat thymocytes to different concentrations of man-
cozeb (0.2-10 pg/ml) for 24 h. The results revealed a
dose-dependent decrease in cell viability, with an IC,
value of 2.75 pg/ml, and therefore we selected 0.5, 2 and
5 ug/ml doses of mancozeb for 24 h exposure for further
studies. The concentration of ascorbic acid used in the
current study was based on a previous report (Turkez
and Aydin, 2012).

Analysis of cell viability

Cell viability of rat thymocytes after the cultivation
period was estimated by CCK-8 assay as was previously
described (Hori et al., 2002). Briefly, 100 pul of cell sus-
pension (5 x 10° cells) was plated per well in 96-well
plates and cultured in CM containing 10% FCS. After
the cells underwent exposure to the compounds de-
scribed above, they were washed with phosphate-buf-
fered saline, resuspended in CM and plated in a 96-well
plate. Ten pl of reaction mixture, containing 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide,
was added into each well. After 2 h of incubation, the
solubilized formazan product was quantified spectro-
photometrically, by using a Perkin-Elmer microplate
reader (Wallac Victor?V, Turku, Finland). Absorbance
was measured at 450 nm. For each sample, basal inten-
sity values were subtracted from those obtained after
different treatments. Absorbances were presented as a
ratio of control for further comparison.

Apoptotic DNA analysis

Thymocytes undergoing apoptosis were identified by
their reduced relative nuclear DNA content as previ-
ously described (Nicoletti et al., 1991). Briefly, at the
end of the cultivation period, cells were collected, cen-
trifuged (200 x g) and gently resuspended in 1.5 ml of
hypotonic fluorochrome solution (PI 50 pg/ml in 0.1%
sodium citrate plus 0.1% Triton X-100) in polypropyl-
ene tubes. The tubes were placed at 4 °C in the dark
overnight before the flow-cytometric analysis. Single
apoptotic cells were detected using an Epics®XL flow
cytometer (Coulter, Krefeld, Germany) as a reduction in
fluorescence of the DNA-binding dye PI in apoptotic
nuclei. The percentage of apoptotic cells (subdiploid
DNA) was determined and presented as a ratio of con-
trol for further comparison.
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Measurement of intracellular reactive oxygen
species (ROS) production

A redox-sensitive probe (H2DCF-DA) was used to
determine changes in overall cellular ROS levels, as de-
scribed previously (Boldogh et al., 2003; Das et al.,
2005). Briefly, after the cultivation period ended, cell
suspensions were loaded with H2DCF-DA at 5 uM for
15 minutes at 37 °C. The change in fluorescence (excita-
tion 485 nm; emission 530 nm) was measured using a
Perkin-Elmer fluorometer (Wallac Victor?V). For each
sample, basal fluorescence intensity values were sub-
tracted from those obtained after different treatments
and the results were presented as the mean fluorescence
intensity (MFI) ratio of control for further comparison.

Determination of mitochondrial membrane
potential

Changes in mitochondrial membrane potential
(MMP) of thymocytes were evaluated by uptake of lipo-
philic cation Rhodamine 123 into mitochondria, as pre-
viously described (Pathak and Khandelwal, 2006; Wang
et al., 2007). Briefly, treated cells were incubated with
Rhodamine 123 (5 pg/ml as final concentration) for
60 min in the dark at 37 °C. Thymocytes were harvested
and resuspended in phosphate-buffered saline. The fluo-
rescence of intracellular Rhodamine 123 (excitation
485 nm; emission 530 nm) was measured by a Perkin-
Elmer fluorometer, as described earlier (Yang et al.,
2008). For each sample, basal fluorescence intensity
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values were subtracted from those obtained after differ-
ent treatments and the results were expressed as the MFI
ratio of control for further comparison.

ATP measurements

ATP levels in cultured thymocytes after the end of the
incubation period were measured by using a Sigma ATP
Bioluminiscent Assay Kit and chemiluminescence was
determined by a luminometer (Wallac Victor’V) accord-
ing to the manufacturers’ guidelines. The results were
presented as a ratio of control for further comparison.

Statistical analysis

All values are expressed as mean + SD. The compari-
sons among groups were carried out using the analysis
of variance (ANOVA) coupled to the Dunnett’s post hoc
test. A P value < 0.05 was considered significant.

Results

The cytotoxic effects of mancozeb on rat thymocytes
were evaluated after 24 h of incubation with increasing
concentrations (0.2, 2, 5 pg/ml) of the tested compound.
Exposure to increasing concentrations of mancozeb re-
sulted in a dose-dependent decrease in cell viability
(Fig. 1), indicating a significant cytotoxic potential of
mancozeb in rat thymocytes. As shown in Fig. 1, the most
prominent cytotoxicity was observed in the cells ex-
posed to the highest mancozeb concentration (P <0.01).

To determine whether mancozeb-induced cytotoxici-
ty is mediated by increased apoptosis, we evaluated the
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Fig. 1. The effect of mancozeb and ascorbic acid on cytotoxicity. Rat thymocytes (5 x 10° cells/well) were cultivated with
increasing concentrations of mancozeb (0.2, 2, 5 ug/well) and/or vitamin C for 24 h and cell toxicity was determined.
Results are presented as mean percentage + SD. Results are presented as the absorbance ratio of control for further com-

parison.

MZ — cells treated with mancozeb, MZVC — cells treated with mancozeb and vitamin C, SD — standard deviation, *P <
0.05, **P < 0.01 compared to control cells, #P < 0.05 compared to mancozeb-treated cells
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Fig. 2. The effect of mancozeb and ascorbic acid on rat thymocyte apoptosis. Cells (5 x 10° cells/well) were treated with
increasing concentrations of mancozeb (0.2, 2, 5 ng/well) and/or vitamin C for 24 h and apoptosis was evaluated by flow
cytometry. The percentage of apoptotic cells (subdiploid DNA) was determined and presented as a ratio + SD of control

for further comparison.

MZ — cells treated with mancozeb, MZVC — cells treated with mancozeb and vitamin C, SD — standard deviation, *P <
0.05, **P < 0.01 compared to control cells, #P < 0.05 compared to mancozeb-treated cells

effect of increased mancozeb concentrations on rat thy-
mocyte apoptosis. Mancozeb exposure (0.2, 2, 5 pg/ml)
led to a significant increase of sub-G1 peak in all tested
concentrations (Fig. 2). The results showed that the per-
centage of apoptotic cells in sub-G1 phase of the cell
cycle increased in a dose-dependent manner after man-
cozeb exposure, as determined by flow-cytometric ana-
lysis, confirming the pro-apoptotic potential of manco-
zeb.

By using fluorometric analysis, intracellular ROS
levels were determined in terms of MFI. As shown in
Fig. 3, exposure to increased mancozeb concentrations
resulted in a significant dose-dependent increase of ROS
production in rat thymocytes, suggesting its pro-oxidant
potential. Simultaneously, to evaluate alterations of mi-
tochondrial parameters during mancozeb-induced cyto-
toxicity, MMP and ATP levels were examined. Fluo-
rometric analysis showed a significant decrease of both
MMP and ATP levels in rat thymocytes following in-
creased mancozeb exposure (Fig. 4, Fig. 5).

The potential capacity of ascorbic acid to reduce
mancozeb-induced toxicity in rat thymocytes was eval-
uated in in vitro experiments where cells were simulta-
neously cultured with both compounds. The results
shown in Fig. 1 demonstrated that application of ascor-
bic acid significantly reduced cytotoxicity in cell cul-
tures treated with 0.2 and 2 pg/ml of mancozeb, while in
cultures treated with 5 pg/ml of mancozeb, no signifi-
cant reduction was observed. On the other hand, ascor-

bic acid exposure was found out to significantly increase
the apoptosis rate in cultures with 5 pg/ml of mancozeb,
compared to the thymocytes treated only with manco-
zeb (Fig. 2). Further, application of ascorbic acid in cell
cultures treated with 0.2 and 2 pg/ml of mancozeb re-
sulted in significantly decreased ROS production in thy-
mocytes (Fig. 3), as evaluated by H2DCF-DA fluores-
cence intensity. Simultaneously, decreased ROS levels
were followed by significantly increased MMP and ATP
levels in thymocytes, compared to their respective con-
trols (Fig. 4 and Fig. 5).

Discussion

The concern about the environmental impact of pesti-
cides has been growing in the last years. However,
thanks to its short environmental persistence, mancozeb
is intensely used, even though it has been reported that
many pesticides enhance oxidative stress with resulting
teratogenic and/or carcinogenic effects (Paskova et al.,
2011). In the present study, we investigated the cyto-
toxic effects of mancozeb on rat thymocytes and the
mechanisms involved, as well as a potential beneficial
role of ascorbic acid in these processes. Rat thymocytes
were chosen to determine the effect of mancozeb on
cells of a primary lymphoid organ and the potential de-
velopment of secondary immunological consequences
(including adaptive immune system failure with result-
ing immunodeficiency and high susceptibility to infec-
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Fig. 3. The effect of mancozeb and ascorbic acid on ROS production in rat thymocytes. Rat thymocytes (5 x 10° cells/
well) were cultivated with increasing concentrations of mancozeb (0.2, 2, 5 pg/well) and/or vitamin C for 24 h and intra-
cellular ROS production was evaluated by using a redox-sensitive probe (H2DCF-DA). Results are presented as a ratio of
mean fluorescence intensity + SD of control for further comparison.

MZ — cells treated with mancozeb, MZVC — cells treated with mancozeb and vitamin C, SD — standard deviation, **P <
0.01 compared to control cells, #P < 0.05, ##P < 0.01, compared to mancozeb-treated cells
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Fig. 4. The effect of mancozeb and ascorbic acid on mitochondrial membrane potential of rat thymocytes. Cells (5 x 103
cells/well) were treated with increasing concentrations of mancozeb (0.2, 2, 5 pg/well) and/or vitamin C for 24 h and
mitochondrial membrane potential was evaluated by using Rhodamine 123. Results are presented as a ratio of mean fluo-
rescence intensity + SD of control for further comparison.
MZ — cells treated with mancozeb, MZVC — cells treated with mancozeb and vitamin C, SD — standard deviation, *P <
0.05, **P < 0.01 compared to control cells, #P < 0.05, ##P < 0.01, compared to mancozeb-treated cells
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Fig. 5. The effect of mancozeb and ascorbic acid on ATP levels in rat thymocytes. Cells (5 x 10° cells/well) were treated
with increasing concentrations of mancozeb (0.2, 2, 5 ng/well) and/or vitamin C for 24 h and ATP levels in rat thymocytes
were evaluated by using ATP Bioluminiscent Kit. The results were presented as a ratio of bioluminescence of control for

further comparison.

MZ — cells treated with mancozeb, MZVC — cells treated with mancozeb and vitamin C, SD — standard deviation, *P <
0.05, **P < 0.01 compared to control cells, #P < 0.05, ##P < 0.01, compared to mancozeb-treated cells

tion). The results of the current study demonstrate that
exposure of rat thymocytes to mancozeb was able to
induce cytotoxicity in a dose-dependent manner. Flow-
cytometric analysis revealed that some of the cells die
via the apoptotic mechanism in the presence of increased
mancozeb concentrations. These findings are in line
with previous reports showing cytotoxic effects of man-
cozeb in rat PBMCs (Calviello et al., 2006), human lym-
phocytes (Srivastava et al., 2012), rat astrocytes (Tsang
and Trombetta, 2007), rat mesencephalic cells (Domico
et al., 2000) and rat fibroblasts (Calviello et al., 20006),
along with pro-apoptotic mancozeb potential in lym-
phocytes (Srivastava et al., 2012), PBMCs (Calviello et
al., 2006) and mammary adenocarcinoma cells (Lin and
Garry, 2000).

Since it has been well documented that ROS genera-
tion may cause damage to DNA, lipids and other bio-
molecules, with resulting cytotoxic effect (Pelicano et
al., 2004), we next evaluated the potential mechanisms
involved in these processes. Exposure to increased man-
cozeb concentrations resulted in a dose-dependent in-
crease of ROS production, together with depletion of
MMP and ATP levels, which corresponds with decreased
viability of the rat thymocytes. Due to the high content
of polyunsaturated fatty acids in their plasma mem-
branes, cells of the immune system are expressly sensi-
tive to oxidative stress (Victor et al., 2002). Intensive
ROS production may induce apoptosis by oxidative
stress or direct ROS damage to cellular components
(Hildeman et al., 2003). Cell death depends, in part,
upon mitochondrial dysfunction, which is often charac-

terized by increased production of ROS (Exline and
Crouser, 2008). Functional alterations of mitochondria
are usually manifested in changes of MMP, which is es-
sential for mitochondrial functions such as oxidative
phosphorylation and ATP synthesis (Zhang et al., 2008).
Taken together with our results, it seems that elevated
ROS production and mitochondrial dysfunction may
represent a key factor in mancozeb-induced toxicity,
with potential secondary immunological consequences.

Based on the previous findings, we hypothesized that
ascorbic acid may modulate the mancozeb-induced tox-
icity. Application of ascorbic acid significantly de-
creased ROS production in mancozeb-exposed cells,
suggesting its protective role in mancozeb-induced ROS
generation. In addition, our results showed that ascorbic
acid significantly decreased toxicity in cells treated with
0.2 and 2 pg/ml of mancozeb. The protective role of
ascorbic acid in mancozeb-induced toxicity has been
shown earlier in sperm toxicity (Khan and Sinha, 1996)
and here we demonstrate the protective role in rat thy-
mocytes. Ascorbic acid is a non-enzymatic antioxidant
that defends the cellular compartment against water-
soluble oxygen and nitrogen radicals. On the other hand,
different reports demonstrate that increased ROS pro-
duction induces mitochondrial dysfunction, which sen-
sitizes T cells to apoptosis (Hildeman et al., 2003;
Pavlovic et al., 2007).

Our results support previous studies indicating that
ascorbic acid enhances antioxidant defences of T cells
(Wu et al., 2000) and inhibits various forms of T-cell
death (Campbell et al., 1999). Further, in rat thymocytes
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exposed to the highest (5 pg/ml) mancozeb concentra-
tions, ascorbic acid failed to reduce the toxicity but, si-
multaneously, markedly increased the apoptosis rate.
These findings correlate with mitochondrial analysis,
which showed the most significant increase, after ascor-
bic acid application, of MMP and ATP levels in the cells
treated with highest mancozeb concentrations. Besides
MMP, cellular ATP levels are another characteristic of
mitochondrial dysfunction. ATP is necessary for apopto-
some development, and ATP depletion can cause block
of apoptosis steps (Nicotera et al., 1998). Based on the
obtained study results we can speculate that ascorbic
acid may have the ability to shift cells from necrosis to
apoptosis, by increasing MMP and ATP levels in the
cells exposed to the highest (5 pg/ml) mancozeb con-
centrations. In line with this, it has been postulated that
cells triggered to undergo apoptosis will die by necrosis
when the intracellular ATP levels are depleted (Leist et
al., 1997). T-cell necrosis is always associated with an
inflammatory response compared to apoptosis (Jin et al.,
2007). Since high levels are required to sustain apopto-
sis, it seems that ascorbic acid enables maintaining the
bioenergetics status of immune cells and prevents fur-
ther inflammatory response that results in impaired im-
mune function.

In summary, we have shown that exposure of rat thy-
mocytes to mancozeb resulted in increased cytotoxicity
mainly through induction of oxidative stress and result-
ing mitochondrial dysfunction. Ascorbic acid adminis-
tration reduced the toxicity rate in cells treated with
lower mancozeb concentrations while increasing the
apoptosis rate of cells in the presence of highest manco-
zeb concentrations. Understanding the mechanism of
the protective role of ascorbic acid at the cellular level
may provide a rationale for antioxidant therapy in hu-
mans who are exposed to different pesticides and pre-
vent possible secondary immunological consequences.
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