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Mancozeb (MCZ) is known to have detrimental effects on the reproductive system, but the
toxicity of MCZ on immune responses has not been systematically investigated. We investi-
gated the effects of MCZ exposure on the activities of murine peritoneal macrophages
through evaluation of MCZ-induced alteration of nitric oxide (NO) production and tumor
necrosis factor-o. (TNF-ot) synthesis. Macrophages were examined ex vivo from mice orally
treated with various doses of MCZ for 5 consecutive days per week for 4 weeks (subacute
exposure, 250, 1000, 1500 mg/kg/day) followed by culture for 2 (TNF-o ) or 3 days (NO) in
the presence of LPS plus IFN-y. Macrophages from naive mice were also cultured with vari-
ous concentrations of MCZ (0.05, 0.25, 0.5, 1 and 2 ug/miL in the presence of LPS plus IFN-
v for 2 (TNF-a) or 3 days (NO) in vitro. NO production was decreased with the in vitro expo-
sure to all concentrations of MCZ. However, the amount of NO production by peritoneal
macrophages from MCZ-subacutely exposed mice was increased in comparision with that of
control group. In vitro, MCZ suppressed TNF-a secretion with significant reduction at 2 pg/
mL MCZ. Conversely, TNF-a release was enhanced ex vivo. This study provides the sub-
stantial evidence on MCZ-induced alternation in macrophage activity. In order to clearly
understand the contrasting effect of MCZ on peritoneal macrophage activity, it is necessary
to further investigate the influence of major metabolite of MCZ (ETU) exposure on the NO

production and TNF-a synthesis.
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INTRODUCTION

Mancozeb (MCZ), a polymeric complex of manganese
ethylenebisdithiocarbamate with zinc salt, is widely used
in agriculture as fungicide and herbicide. Their use is
increasing worldwide and in Korea, because they have a
low toxicity and a short half life in the environment
(Vermeulen et al,, 2001). The metabolic pathway of MCZ
are not known fully, however, a part of the absorbed
compound is metabolized to ethylenethiourea (ETU) and
urine concentrations of ETU must be as exposure
indicators (Colosio, 2002).

MCZ caused a significant increase in thyroid/body
weight ratio and reduced activity of thyroid peroxidase
(Kackar et al., 1997). MCZ disrupted the normal secretory
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response of adrenal cortical cells and was identified as
the pesticide with the highest endocrine disrupting
potential in the trout adrenal cells. A number of xenobiotics
including TCDD (Fine et al., 1988; Shepherd et al., 2000},
PCB (Daniel et al, 2001), DDT (Lukic et al, 1973;
Gablicks et al, 1973) possess estrogenic activity, the
potential immunotoxicological consequences of which are
obvious. Reported effects of MCZ on the immune system
are scarce. An increase in IgG, IgE and o,-macroglobulin
serum levels was observed during occupational exposure
to MCZ (Vergova et al., 1988). However, Colosio et al.
(1996) reported that no difference in serum IgG classes
was found between exposed and unexposed groups and
an increase in T-cell functional response was found in the
group of MCZ-exposed manufacturers, suggesting a slight
immunomodulating effect of MCZ in conditions of low-
level, prolonged occupational exposure. Bisphenol A,
endocrine disruptor, was reported to cause allergic contact
dermatitis (Estlander et al, 1999), in which antigen pre-
senting cells, including macrophages could be involved
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with occurrence of the disease (Kiekens et al, 2001).
Environmental estrogens such as genistein, 4-octylphenol,
or estradiol have been reporied to modulate the function
of macrophages, resulting in suppression {(Salem et al,
1999), or enhancement (Ruh et al.,, 1998) of its activities
probably through estrogen receptor (Gulshan et al,
1990). MCZ was also reported to cause allergic disease
(Koch, 1996). However, few reports are available about
the effects of MCZ on macrophage activities.

Herein, we investigated the effects of MCZ on activation
of murine peritoneal macrophages through analysis of
nitric oxide (NO) production, TNF-o. synthesis following
MCZ exposure in vitro and in vivo.

MATERIALS AND METHODS

Animals

Female ICR mice, 3 wks of age, were obtained from
Yuhan Corporation in Korea where mice have been
managed under the Korean Government Guideline on
specific pathogen-free animal facility. Mice were accli-
mated for 3-4 wks prior to use in our experiments. They
were housed in the College of Pharmacy, Sookmyung
Women's University (Seoul, Korea) and maintained at
21-24 °C, 40-60% humidity, and 12 h cycle of light/dark.
Animals were freely accessible to feed and water. Mice
were weighing 25 + 2 g at the beginning of the experi-
ments.

Medium and reagents

MCZ (86.5%, technical grade, Dau Agro Science,
France) were obtained from Kyungnong Co. (Korea), and
Dulbecco's modified Eagle's medium (DMEM, Gibco-
BRL, Grand Island, NY, USA) was supplemented with
nonessential amino acids (1%}, sodium pyruvate (1 mM),
sodium bicarbonate (0.044 mM) from Biowhittaker
(Walkersville, MD, USA), antimycotic-antibiotics (1 mM)
and heat-inactivated fetal bovine serum (10%, FBS, Gibco-
BRL). LPS derived from Escherichia coli was purchased
from Sigma and recombinant IFN-y and TNF-a detection
kit from BD PharMingen (San Diego, CA, USA).

Treatment with MCZ and preparation of perito-
neal macrophage

MCZ was dissolved in DDW and administered through
oral route at a dose of 250, 1000, or 1500 mg/kg b.w./day
for 5 consecutive days per wk for 4 wks (subacute
exposure). MCZ doses were based on the results of the
acute toxicity (LDs;) evaluation demonstrating 25,550 mg/
kg (19,803~32,962 mg/kg, p=0.05) in female ICR mice
(po). Control mice were administered with the same
volume of DDW. Five mice were used for each group per

experiment and the experiment was performed three
times. For evaluation of in vitro MCZ effects, peritoneal
macrophages from naive mice untreated with MCZ were
exposed to DMEM with 1% DMSO containing 0.05, 0.25,
0.5, 1 and 2 pg/mL MCZ. Mice were sacrificed and
injected intraperitoneally with 8 mL cold DMEM media,
thereatfter, peritoneal fluid was withdrawn using a 20 mL
syringe. The peritoneal fluid was centrifuged 5 min at 800
x g at 4 °C. Red blood cells (RBC) were lysed with cold
0.2% NaCl. The remaining cells were washed with cold
PBS, resuspended in DMEM media containing 10% FBS,
and adjusted to 2x10° viable cells/m!. Viable cell counts
were determined with hemacytometer by trypan blue
exclusion method (Mishell and Shiigi, 1980).

Determination of nitric oxide (NO)

The peritoneal exudates minus RBC (2 x10° cells/mL
per well) were placed into wells of 24-well culture plate for
2 h at 37 °C in 5% CO, humidified incubator for adherence
isolation of macrophages. After washing out nonadherent
cells, the remaining peritoneal macrophages were stimu-
lated with 1 mL DMEM culture medium in the presence of
LPS (1 ug/mL) and IFN- y (1 ng/mL) for NO production.
This assay was performed for assessment of ex vivo and
in vitro analysis of MCZ. After 3 days incubation, culture
superatants were collected for NO measurement. The
effect of MCZ on NO production was evaluated through
measurement of nitrite (NO,"), a stable oxidative end
product of NO. The method for measuring nitrite was
performed as described previously (Green et al., 1992).
Briefly, 100 pL of culture supernatants was mixed with 100
uL of Griess reagent (1:1 mixture of 2% sulfanilamide and
0.2% napthylethylenediamine dissolved in 5% phosphoric
acid, respectively) in the wells of a flat-bottom 96-well
plate. The plate was incubated on a shaker for 10 min at
room temperature and read using a microplate reader
(Bio-Tek ELx800, Burlington, VT, USA) at 570 nm.

Determination of TNF-o. production

Stimulation protocol for evaluation of MCZ effects on
TNF-o production from peritoneal macrophages was the
same as for the NO production except analysis was
performed 2 days after stimulation. The amounts of TNF-
o in the supernatants were assayed by a sandwich ELISA
using a kit from BD PharMingen. The lower limit of
detection was 20 pg/mL.

Statistical analysis

Data were expressed as arithmetical mean +S.D.
Student's ttest was used to establish the differences
between control and experimental groups. Significance
was concluded at p<0.05 and p<0.01.
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RESULTS

Effect of MCZ on NO production by peritoneal
macrophages

A major proportion of the cytotoxic effects of macro-
phages are mediated by production of NO, a reactive
oxygen intermediate. NO is generated by inducible NO
synthase. We evaluated whether MCZ has the capacity to
modulate NO production by peritoneal macrophages
stimulated with LPS plus IFN-y. Our preliminary experi-
ment demonstrated that production of NO was higher at
day 3 than other times. Thus, evaluation of MCZ-modu-
lated NO production was repeated using the supernatants
collected at day 3. As shown in Fig. 1, the amount of NO
production was significantly decreased in the presence of
0.05, 0.25, 0.5, 1 and 2 pug/mL MCZ (12.4, 11.3, 26.8,
26.5, and 25.1%, respectively, in comparison with that of
the control culture with no MCZ addition). Based on the
MTT assay {(Mosman, 1983) for cell viability at day 3, high
concentration of MCZ (2 pg/mL) was not cytotoxic (data
not shown), indicating that the significant decrease of NO
production was not due to loss of macrophage viability.
However, the production of NO in MCZ-subacutely treated
groups were increased about 13%, 17% and 42% (p<
0.01) as compared to that of control group at 250, 1,000
and 1,500 mg/kg/day, respectively (Table 1).

TNF-a production by peritoneal macrophages
TNF-a is one of the principle mediators for an acute
inflammatory response against infectious microorganisms
including gram-negative bacteria, and is involved with
occurrence of systemic complications following microbial
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Fig. 1. Production of NO from murine peritoneal macrophages
stimulated with LPS plus INF-y in the presence of MCZ in vitro for 3
days. The results are expressed as the means + S.D. of three separate
experiments (duplicate per experiment). Statistically significant
differences from the control culture in the absence of MCZ are
*n<0.05, **p<0.01.
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Table 1. Production of NO and TNF-o from murine peritoneal
macrophages obtained from the MCZ-subacutely administered mice
followed by stimulation with LPS plus IFN-y for 3 and 2 days,
respectively.

Concentration in the supernatants

MCZ (mgkg b.w./day)
Nitrite (nM/mL) TNF-o. (pg/mL}
0 40.7+84 3526+ 13.3
250 459+104 359.7+£10.9
1,000 476+ 114 379.8 + 23.5*
1,500 57.8 £ 10.5%+* 555.9 + 52.5*

NO production was evaluated through measurement of nitrite, a stable
oxidation end point of NO. The results on nitrite and TNF-ou production
are shown as the means = S.D. of three separate experiments for 5
mice per treatment. Statistically significant differences from the control
mice unexposed to MCZ are *p<0.05, **p<0.01.

infections (Xing, 2000). Activated mononuclear phagocytes
are major source of TNF-o. The effect of MCZ on in vitro
modulation of TNF-o. production from peritoneal macro-
phages was assessed. A preliminary experiment demon-
strated that production of TNF-a. was higher at day 2 than
other times. Thus, evaluation of MCZ-modulated TNF-a
production was repeated using the supernatants collected
at day 2. As shown in Fig. 2, the amount of TNF-a pro-
duction was slightly decreased in the presence of 0.05,
0.25, 0.5, 1 and 2 pg/mL MCZ (6.8%, 7.6% (p<0.05), 8.3%,
6.2%, and 15.8% (p<0.05), respectively, in comparison
with that of the control culture with no MCZ addition).
However, the amount of TNF-a for the 1,500 mg/kg/day
group (556 + 52 pg/ml.) was significantly (p<0.05) higher
than that of control mice (353 +13 pg/mL) as shown in
Table I.
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Fig. 2. Production of TNF-o. from murine peritoneal macrophages
stimulated with LPS plus IFN-y in the presence of MCZ in vitro for 2
days. The results are expressed as the means z S.D. of three separate
experiments (duplicate per experiment). Statistically significant
differences from the control culture in the absence of MCZ is *p<0.05.
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DISCUSSION

MCZ is used to protect many fruit, vegetable and field
crops against a wide spectrum of fungal disease and a
practically nontoxic ethylenebisdithiocarbamate in EPA
toxicity class IV. However, occupational and environmental
exposure has been known to cause various pathophysio-
logical consequences including impaired thyroid functions
and altered endocrine functions ((Bisson and Hontela,
2002). With regard to immunotoxicological effects of MCZ,
few systemic investigations have been undertaken on
human or experimental animal immune system. To initiate
delineation of the immunotoxic mechanisms of MCZ, we
evaluated the effects of MCZ exposure on activities of
macrophages through evaluation of MCZ-induced alter-
ation of NO production, TNF-o. synthesis by peritoneal
exudates macrophages. Macrophages have been known
to play an important role in the host protection and also
present antigen to lymphocytes during the development of
specific immunity. When activated, macrophages release
various materials such as cytokines and reactive interme-
diates and then carry out nonspecific immune responses
(Narthan, 1987).

Nitric oxide has been known to piay a critical role of
prevention against microbial infection, cancer occurrence
(Underhill and Ozinsky, 2002). In addition, NO may be
involved with regulation of apoptosis (Kim et al, 1997)
and progression of autoimmune disease through altering
differentiation of helper T cell phenotype (Kob and Koib-
Bchofen, 1998). The biological activities of NO became
more complicated since NO production was reported to
suppress functional activities of T lymphocytes or APCs
(MacMicking et al., 1997). Regarding NOs role on pro- or
anti-pathophysiologic conditions, there is no definite expla-
nation, but the level of NO production in the microenviron-
ment may be a decisive factor (Chung et al., 2001). In this
paper, we have demonstrated that MCZ induced suppres-
sion of NO production in vitro (Fig. 1). In contrast, the
amount of NO production by peritoneal macrophages
from in vivo MCZ-subacutely exposured mice was
increased at high dose (Table ).

TNF-a is a pleiotrophic cytokine that plays an important
role in inflammatory reaction in response to various path-
ologic conditions such as microbial infections, trauma,
ischemia, and airway hypersensitivity (Thomas, 2001).
TNF-o is also known to induce IL-1, IL-6, prostaglandins,
reactive oxygen species and nitric oxide from macrophages.
Hence, alternation in TNF-o. may modulate macrophage
function and overall immune defence mechanism in
multiple way (Binder et al,1999; Hakoda ef al.,1999; Van
Dervort et al.,,1994 ).

17B-estradiol, an estrogenic compound acting through
estrogen receptor, has been shown to inhibit TNF-o

secretion by bone marrow-derived macrophages and
central nervous system mononuclear cells from rodents
(Matejuk et al., 2001) as well as to suppress induction of
NO synthase in murine microglial cells (Zhang et al.,
2001; Vegeto et al, 2001). However, conflicting reports have
been shown that 17(3-estradiol stimulates NO release
from human peripheral monocytes (Stefano et al., 1999)
and has no effect on NO production by a murine macro-
phage cell line (Woodfork et al., 2001). The mechanisms
associated with 17B-estradiol has not yet been resolved.

MCZ-in vitro induced suppression of TNF-a. production
from peritoneal macrophages was shown at high concen-
tration in this study (Fig. 2). Conversely, the amount of
TNF-o. produced by peritoneal macrophages from the
MCZ-subacutely exposed mice was increased at high
dose (Table I). This result is almost consistent with the
alternation of NO production, in that NO production is
decreased in vitro and increased ex vivo in present study.

Colosio et al. (1996) also reported the contrasting
results in in vitro and ex vivo experiments that in MCZ-
occupationally exposed subjects the proliferation of
peripheral blood mononuclear cells to phytohamagglutinin
(PHA) and PHA-induced IL-2 were higher than in MCZ-
unexposed subjects and in vitro studies, MCZ strongly
inhibited lymphocyte proliferation to PHA at high doses.
However, occupational exposure to MCZ didn't affect IL-2
production. In addition, Siddiqui et al. (1993) reported that
multiple treatment of MCZ resulted in a dose dependent
increase in the activity of hepatic glutathione S-transferase
(GST) whereas MCZ inhibited GST activity under in vitro
conditions. These contrasting findings are consistent with
our current results and it is suggested that the production
of a reactive metabolite or the induction of the synthesis of
an unknown inducer, or both.

MCZ was identified as the pesticide with the highest
endocrine disrupting potential and is rapidly absorbed into
the body from Gl tract, and almost completely excreted in
96 h. ETU is the major MCZ metabolite, and it has been
reported that the impairment of thyroid function induced
by MCZ-chronic exposure may be due to the metabolite
ETU (Colosio et al., 2002). It is, therefore, possible that an
increase of NO and TNF-o production by peritoneal
macrophages from in vivo MCZ-subacutely exposured
mice may be due to ETU.

In conclusion, on the basis of our data, we propose that
MCZ induces an modulation of macrophage activity, in

‘that NO production and TNF-a release are suppressed in

vitro and enhanced ex vivo. In order to clearly understand
the contrasting effect of MCZ on peritoneal macrophage
activity, it is necessary to determine other immunological
parameters and to further investigate the influence of
major metabolite of MCZ (ETU) exposure on the NO
production and TNF-a synthesis.
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