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Effects of short-term oral combined exposure to environmental
immunotoxic chemicals in mice

Risako Nishino, Tomoki Fukuyama, Tadashi Kosaka, Koichi Hayashi, Yuko Watanabe, Yoshimi Kurosawa,
Hideo Ueda, and Takanori Harada

The Institute of Environmental Toxicology, Ibaraki, Japan

Abstract

People are constantly exposed to environmental chemicals through contact with the
atmosphere or by ingestion of food. Therefore, when conducting safety assessments, the
immunotoxic effects of combinations of chemicals in addition to toxicities produced by each
chemical alone should be considered. The objective of the studies reported here were to
demonstrate the combined effects of three well-known environmental immunotoxic chemicals
– methoxychlor (MXC), an organochlorine compound; parathion (PARA), an organophosphate
compound; and piperonyl butoxide (PBO), an agricultural insecticide synergist – by using a
short-term oral exposure method. Seven-week-old Balb/cAnN mice received daily oral exposure
to either one or two of the environmental immunotoxic chemicals for 5 consecutive days. On
Day 2, all mice in each group were immunized with sheep red blood cells (SRBC), and their
SRBC-specific IgM responses were analyzed by using an enzyme-linked immunosorbent assay
and plaque-forming cell assay. T- and B-cell counts in the mouse spleens were also assessed via
surface antigen expression. Mice that received MXCþ PARA and PBOþMXC treatment showed
marked decreases in SRBC-specific IgM production and T- and B-cell counts compared with
those in mice that received vehicle control or the corresponding individual test substance. This
suggests that simultaneous exposure to multiple environmental chemicals increases the
immunotoxic effects of the chemicals compared to individual exposure.
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Introduction

Humans are exposed daily to a vast range of products that contain
environmental agents (e.g. cosmetics, pesticides, drugs, and
biotechnology-derived products) and to multiple environmental
chemicals in the atmosphere and in food (Gilbert et al., 2011;
Groten et al., 1997; Kortenkamp et al., 2007; Teuschler et al.,
2002). Because of this constant exposure, when conducting
safety assessments one must take into consideration the effects
of combined exposure. For example, combined exposure to
pesticides and heavy metals is known to enhance overall toxicity
compared with that from exposure to the individual agents
(Institoris et al., 1999, 2002). Approaches to assess effects from
combined exposures have been described (Feron et al., 1995;
Groten et al., 2001; Hernandez et al., 2013; Simmons, 1995).
However, most toxicity assessments are conducted based on
exposure to individual substances and, as such, mechanisms of
effects from combined exposure to environmental chemicals
remain unclear. Therefore, the objective of the studies reported
here were to investigate the combined toxicologic effects of
multiple chemicals.

In the study reported here, the toxic effects from combined
exposure to three common environmental chemicals were

investigated by examining the impact on immune functions. It is
well known that exposure to environmental agents can comprom-
ise immunologic function (Fukuyama et al., 2010, 2013; Nishino
et al., 2013). For example, several animal studies have shown
there are alterations of primary humoral responses induced by
immunotoxicants like dioxins and pesticides (Flipo et al., 1992;
Smialowicz et al., 1997). To avoid these risks, immunotoxicity
tests have been developed for evaluating the safety of environ-
mental chemicals and pharmaceuticals (Holsapple, 2003; Luster
et al., 1988). Based on those analyses, guidelines have been
introduced over the years to regulate exposure to many agents;
these include those published by the US Environmental Protection
Agency (EPA, 1998), the Food and Drug Administration (FDA,
2002), the European Medicines Agency (Committee for
Proprietary Medicinal Products, 2000), and the International
Conference on Harmonization (ICH, 2006).

Our laboratories previously developed a short-term oral
exposure method for assessment of the immunosuppressive
potential of environmental chemicals (Fukuyama et al., 2013).
In the current study, using this method, we demonstrate the
combined immunotoxic effects of three well-known environmen-
tal chemicals, i.e. methoxychlor (MXC) – an organochlorine
compound, parathion (PARA) – an organophosphate compound,
and piperonyl butoxide (PBO) – an agricultural insecticide
synergist. These three chemicals were selected on the basis of
previous studies: MXC exposure causes atrophy of CD4þCD8þ

T-cells in the thymus (Takeuchi et al., 2002a,b); PARA markedly
inhibits antigen-specific IgM production (Casale et al., 1984); and
PBO depletes T-cells in the spleen and thymus, induces bone
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marrow hypoplasia, and inhibits T-cell proliferation in lymphoid
tissues (Diel et al., 1999; Battaglia et al., 2010; Mitsumori et al.,
1996). We also previously showed that MXC, PARA, and PBO
exposure results in increased thymocyte apoptosis, markedly
inhibited sheep red blood cell (SRBC)-specific IgM production,
and aggravation of immune disorders such as atopic dermatitis
and allergic airway inflammation (Fukuyama et al., 2011; Nishino
et al., 2013).

Materials and methods

Chemicals

Standard MXC (C16H15Cl3O2, 497% pure), standard PARA
(C10H14NO5PS, 99.5% pure), standard PBO (C19H30O5, 498%
pure), and dimethyl sulfoxide (DMSO) were purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Corn oil was
purchased from Hayashi Chemicals (Tokyo, Japan). For the
in vivo portion of this study, MXC, PARA, or PBO diluted in corn
oil to a fixed final volume was orally administered to mice. Based
on the EPA Immunotoxicity Guidelines (1998) that states doses
should ‘not produce significant stress, malnutrition, or fatalities’,
doses used in this study were51/5 the median lethal dose (LD50;
dose at which �50% of animals would be expected to die) and
administered concurrently to avoid induction of clear general or
immune toxicity (i.e. changes in appearance, posture, behavior,
respiration, consciousness, neurologic status, temperature, excre-
tion, etc.) (Fukuyama et al., 2013). The single-chemical dosages
used in this study were: MXC, 100 mg/kg day; PARA, 1.0 mg/
kg day; and PBO, 100 mg/kg day. Combination dosages were
prepared by mixing each chemical so that the final concentration
of each chemical was half that of the single dosage. Actually,
there were no abnormal signs during the examination period.
With regard to body weight measurements, treated groups’ values
were comparable with those of the vehicle control and intact
groups (data not shown). Therefore, we selected relatively
high doses compared with actual human exposures. Actual
doses and preparation of the test substances are presented in
Table 1.

Animals

Balb/cAnN mice (female, 6-weeks-old) were purchased from
Charles River Laboratories (Atsugi, Kanagawa, Japan) and
housed individually in cages under controlled lighting
(lights on, 07:00–19:00), temperature (22� 3 �C), humidity
(55%� 15%), and ventilation (at least 10 complete fresh-air
changes/h). Standard rodent chow (Certified Pellet Diet MF;
Oriental Yeast Co., Tokyo) and filtered water were available
ad libitum.

Female mice were selected as the model for this study because
the EPA Immunotoxicity Guidelines (EPA, 1998) consider the
mouse a model species for use in immunotoxicity studies that
examine effects of agricultural chemicals (see Casale et al., 1984;
Diel et al., 1999; Battaglia et al., 2010). The guideline indicates
that either rats or mice may be used. Additionally, if ADME
data are similar between species, then either rats or mice may be
used. According to our preliminary immunotoxicity study data
for MXC, PARA, and PBO, mice were more sensitive than rats.

Therefore, we selected mice for the current study. Furthermore,
in immunotoxicity studies, only one gender need be evaluated;
in general, females are considered to yield more consistent
outcomes than male animals when evaluating humoral immune
responses. Consequently, Balb/cAnN mice were selected because
our laboratory has historical immunotoxicity study data for our
selected chemicals on this strain (data not shown). All aspects of
the current study were conducted in accordance with the Animal
Care and Use Program of the Institute of Environmental
Toxicology, Japan (IET IACUC Approval No. 12027).

Chemical exposure of mice

After a 1-week acclimatization period, mice (now 7-weeks-old)
were allocated randomly to two groups (n¼ 8 mice/group):
treatment/vehicle control and to a no treatment (intact group).
On Days 1–5, mice were given an oral dose (by gavage, without
anaesthesia) of a single or combination test solution (MXC,
PARA, PBO, MXCþ PARA, PARAþPBO, PBOþMXC) or
vehicle only. On Day 2, a solution of SRBC (6� 107 cells/animal;
Nippon Bio-Supp. Center, Tokyo) was injected via the tail vein
into all test and control mice for immunization. One day after the
final oral administration (i.e. on Day 6 of study), all mice were
anaesthetized with Isoflurane and blood samples taken from the
inferior vena cava. Serum samples were assayed for SRBC-
specific serum IgM. After exsanguination from the abdominal
aorta, the thymus of each animal was carefully removed and
weighed. The spleen was removed and placed in phosphate-
buffered saline (PBS, pH 7.4; Life Technologies Co., Ltd.,
Tokyo). Single-cell splenocyte suspensions in 5 ml modified
Eagle’s medium supplemented with 5% heat-inactivated fetal
bovine serum (FBS, Life Technologies) were prepared by passage
through a stainless-steel screen and sterile 70-mm nylon cell
strainer (Falcon, Tokyo). Numbers of lymphocytes in each
suspension were determined using a Z2 Coulter Counter
(Beckman Coulter, Tokyo).

Determination of serum SRBC-specific IgM response

Levels of SRBC-specific IgM in the serum were determined using
a modified version of the method of Temple et al. (1993). In brief,
SRBC-membrane antigen was extracted with Tris-HCl and 0.1%
sodium dodecyl sulfate in PBS. The samples were then dialyzed
for 2 days against PBS. The protein content of each conjugated
sample was determined using the method of Lowry et al. (1951).
SRBC-specific IgM levels were then measured by means of
enzyme-linked immunosorbent assay (ELISA) in flat-bottomed
microplates (Nalge Nunc, Tokyo) whose wells had been coated
with SRBC-membrane antigen (2 mg/ml coating buffer; BD
Pharmingen, Tokyo) during an overnight incubation at 4 �C.
Following washing of each well 5-times with wash buffer
(BD Pharmingen) and blocking of potential non-specific binding
by incubation for 2 h at room temperature (RT) with assay diluent
(BD Pharmingen), a dilution of each mouse serum sample
(in assay diluent, from 1:4 to 1:16384) was added to each well and
the plates incubated a further 2 h at RT. After gentle rinsing
with wash buffer to remove all unbound materials, peroxidase-
conjugated anti- mouse IgM (secondary antibody, Rockland Inc.,
Gilbertsville, PA; dilution 1:15 000) was added to each well and

Table 1. Chemicals and dose settings.

Test substance Type LD50 (mg/kg) Dose (mg/kg day)

Methoxychlor (C16H15Cl3O2) Organochlorine compound 2900 100
Parathion (C10H4NO5PS) Organophosphate pesticide 5 1
Piperonyl butoxide (C19H30O5) Insecticide synergist 2600 100
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the plate incubated for 2 h at RT. The wells were then rinsed again
to remove non-adherent anti-mouse IgM. Finally, to quantify the
amount of bound antibodies in each well, tetramethylbenzidine
(100ml/well) was added to each well and the plate incubated in
the dark at RT for 30 min. Optical density was then measured at
450 nm by in a Spectra MAX 190 microplate reader (Molecular
Devices, Osaka).

Assessment of the splenocyte IgM plaque-forming cell
response to SRBC

The IgM plaque-forming cell (PFC) response to SRBC was
determined using a modified version of the methods of
Cunningham (1965) and Jerne & Nordin (1963). Briefly,
&1� 106 cells were incubated with 1% SRBC and a 1:30
dilution of guinea pig complement (Denka Seiken Co., Tokyo)
for 10 min at 4 �C. The cells were then applied to a
Cunningham chamber (Takahashi Giken Glass Co., Tokyo)
and incubated for 1.5 h at 37 �C in a 5% CO2 atmosphere. The
number of plaques in each sample was then counted using a
stereomicroscope.

Flow cytometric analysis

Isolated splenocytes were stained all at one time with fluorescein
isothiocyanate (FITC)- conjugated anti-peanut agglutinin (Vector
Laboratories, Inc., Burlingame, CA) and the monoclonal
antibodies (MAb) phycoerythrin-cyanine-7-conjugated anti-
mouse CD4 (PE-Cy7, clone RM- 4-5), allophycocyanin-cya-
nine-7-conjugated anti-mouse CD8 (APC-Cy7, clone 53-6.7),
APC-conjugated anti-mouse CD3 (clone 145-2C11), and peridi-
nin chlorophyll protein-Cy5.5-conjugated rat anti-mouse CD19
(PerCP-Cy5, clone 1D3 (all BD Pharmingen). To avoid non-
specific binding, 106 cells were incubated with 1mg Mouse Fc

BlockTM (BD Pharmingen) for 5 min at RT, followed by
incubation with MAb for 30 min at 4 �C in the dark. Cells were
then washed twice with 5% FBS in PBS, re-suspended at 106 cells/
tube in 500ml PBS and then analyzed on a FACSVerse flow
cytometer (BD Pharmingen) using FACSuite software. A min-
imum of 20 000 events/sample was collected and analyzed for
antigen expression.

Statistical analysis

All data are expressed as mean� standard deviation (SD).
Analysis of variance (ANOVA) was used to evaluate the results.
For significant results, differences between vehicle control
and treatment groups were then assessed using a Dunnett’s
multiple comparison test. Statistical significance of differences
between single-chemical and combination-treatment groups was

determined using a Student’s t-test. p values 50.05 were
considered significant in each test.

Results

Overall toxicity of the various treatments to the mice

Throughout the studies, there were no abnormal clinical signs
(e.g. decreased activity) or changes in body weight or body weight
gain due to any of the treatment regimens.

Thymus weights

Thymus weights are shown in Figure 1. All treatment groups had
significantly (p50.01) decreased values compared with those
seen with the vehicle control mice. The MXCþ PARA mice did
display a significant decrease (&22.2%, p50.01) compared
against the values for the PARA treatment mice, and also a
decrease of 8.1% versus MXC mice; however, this decrease was
not significant. The PBOþMXC mice had average decreases of
thymus weight of &13.0% vs the PBO hosts, but this decrease
too was not significant. Thymus weights in the PARAþPBO
mice were comparable with those of the PARA or PBO hosts.

Serum SRBC-specific IgM responses

Serum SRBC-specific IgM responses are shown in Figure 2.
In the PARA, PBO, and PARAþ PBO treatment groups, SRBC-
specific IgM responses were comparable with that of the vehicle
control group. However, the MXCþPARA and PBOþMXC
treatment groups displayed significantly decreased (p50.05)
SRBC-specific IgM responses compared with that by the vehicle
controls – decreases of &40.9% and 29.5%, respectively.
Furthermore, the MXCþPARA- treated mice had a significantly
decreased (&41.8%) response compared with that of the MXC-
only mice. Further, while the MXCþ PARA mice displayed a
decreasing trend in response compared with that by the PARA-
only mice, the net difference (a decrease of &36.3%) was not
significant. Similarly, the PBOþMXC mice had a significantly
decreased response compared with the PBO &29.2%, p50.05)
and MXC (30.6%, p50.01) treatment mice.

Splenocyte IgM PFC response to SRBC

Splenocyte IgM PFC responses to SRBC are shown in Figure 2.
All treatment groups had significantly (p50.01) lower IgM PFC
responses to SRBC compared with the vehicle control mice.
The MXCþPARA mice had decreases of &22.7% vs the MXC
and 29.9% vs the PARA groups, but the decreases were not
significant. However, PBOþMXC treatment did cause a signifi-
cant decrease (&38.3%, p50.01) from PBO mice values; there

Figure 1. Absolute thymus weights. Mice
were treated with nothing (intact naive),
vehicle, methoxychlor (MXC), parathion
(PARA), piperonyl butoxide (PBO), or com-
binations of the agents (two at a time).
Absolute thymus weights are expressed as
mean� SD (mg; n¼ 8 per group). **p50.01
(Dunnett’s multiple comparison test) vs
vehicle control group; �� p50.01 (Student’s
t-test) vs single test substance groups.

DOI: 10.3109/1547691X.2013.851747 Effects of combined exposure to environmental chemicals 361



was a decrease of &34.1% vs MXC mice values, but this was
not significant. Splenocyte PFC responses with PARAþPBO
mice were comparable to that seen with their PARA- or PBO-only
counterparts.

Splenocyte T-cell counts

To evaluate the level of T-cell immunosuppression following the
single or combination treatments, isolated lymphocytes were
stained with anti-CD3, -CD4, and -CD8 antibodies. The numbers
of total, helper, and cytotoxic T-cells are shown in Figure 3. In the
MXC, PARA, PBO, PARAþPBO, and PBOþMXC treatment
groups, all T-cell counts were comparable with those of the
vehicle control group. The PBOþMXC group showed a decrease
in T-cell counts, but this was not statistically significant. The
MXCþ PARA group had significantly decreased total (p50.01),
helper (p50.05), and cytotoxic (p50.01) T-cell counts compared
with those of control, MXC, and PARA mice – decreases of,
respectively, &52.5, 42.8, and 58.0% vs control; 42.1, 26.1, and
49.9% vs MXC alone; and 33.2, 20.0, and 39.6% vs PARA alone.

Splenocyte B-cell counts

To evaluate B-cell immunosuppression following the single
or combination treatments, isolated lymphocytes were stained
with anti-CD19 and anti-peanut agglutinin (PNA) antibodies
(Figure 4). In the MXC, PARA, PBO, PARAþPBO, and

PBOþMXC treatment groups, total B-cell (CD19þ) counts
were comparable with that in the vehicle controls. The
PBOþMXC group had a decrease in total B-cell counts,
but this was not significant. The MXCþ PARA group had
significantly decreased total B-cell counts (p50.01) compared
with the vehicle control, MXC, and PARA groups – decreases of,
respectively, &50.9, 36.1, and 33.8%.

In all of the groups given a test substance, germinal
center B-cell (CD19þPNAþ) counts were lower than that in the
vehicle control mice. In addition, the MXC (p50.05) PBO
(p50.05), MXCþPARA (p50.05), and PBOþMXC (p50.01)
groups had significantly decreased germinal center B-cell counts
compared with that of the vehicle controls. The PBOþMXC
treatment mice also had significantly decreased (p50.05)
germinal center B-cell counts compared with the PBO and
MXC treatment group – decreases of &42.7 and 49.2%,
respectively.

Discussion

Our objective was to provide new insights into effects of
combined exposures to three well-known environmental chem-
icals: methoxychlor, parathion, and piperonyl butoxide. This study
examined immunotoxic effects of these chemicals in Balb/cAnN
mice using a short-term oral exposure protocol. Changes in host
immune status were assessed by measures of effects on thymus

Figure 2. Serum and splenic IgM responses.
Mice were treated as described in the
Figure 1 legend. (a) Serum and (b) spleen
IgM responses are shown. IgM responses are
expressed as mean� SD (titre; n¼ 8 per
group). IgM responses in the spleen are
expressed as mean� SD (n¼ 8 per group).
*p50.05 and **p50.01 (Dunnett’s multiple
comparison test) vs vehicle control group;
�p50.05 and ��p50.01 (Student’s t-test)
vs single test substance groups.
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weight, anti-SRBC IgM responses, and T- and B-cell counts in
serum and spleen.

Based on our previous report (Fukuyama et al., 2010),
immunosuppressive environmental chemicals induce thymocyte
apoptosis and reduced thymus weights. Thus, changes in thymus
weights were analyzed as a general measure of in situ
immunotoxicity from the test agents here as the thymus is a key
lymphoid organ, and precursor T-cells migrate there to undergo

maturation (Janeway et al., 2004). In our study, compared to what
was seen with vehicle control mice, all treatments induced
significant decreases in thymus weight. Among the combined
exposure groups, the MXCþ PARA mice had values significantly
decreased compared with those of PARA-only mice (but not vs
MXC mice). In contrast, while PBOþMXC mice had a trend
toward decreasing values vs the same PBO hosts, the decrease
was not significant. PARAþ PBO mice had values not altered

Figure 3. T-cell sub-type counts in spleens.
Mice were treated as described in the
Figure 1 legend. (a) Total, (b) helper, and
(c) cytotoxic T-cell counts are shown. Results
for intact, vehicle, and individual agent-
treated mice are included in each chart. Cell
counts are expressed as mean� SD (n¼ 8 per
group). *p50.05 and **p50.01 (Dunnett’s
multiple comparison test) vs vehicle control
group; �p50.05 and ��p50.01 (Student’s
t-test) vs single test substance groups.
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from their individual agent counterparts. These results suggested
to us that, at the level of thymocyte damage (i.e. potential
apoptosis), there was little to no interactive effect from the
combined exposures to PARAþPBO and PBOþMXC expos-
ures. In contrast, as MXCþ PARA exposure appeared to have
induced a more severe effect compared with exposure to each
individual chemical, it is likely that some interactive effect (most
likely synergistic) was occurring in situ to amplify the toxicities
of each individual test agent. As will become clear below, this
preferentially strong toxicity by MXCþ PARA compared to the
other combinational regimens becomes evident in several other
aspects of these studies.

SRBC is a common antigen used to evaluate general immune
status. After immunization with SRBC, SRBC-specific IgM
responses in serum and spleen can be assessed using ELISA and
PFC assays, respectively (Temple et al., 1993; White et al., 2010).
Use of these two assays allows for evaluation of the mechanisms
of action of xenobiotic-induced immunotoxicities (Herzyk &
Holsapple, 2007). Compared with the vehicle control mice,
MXCþ PARA and PBOþMXC mice had significant decreases
in serum SRBC-specific IgM responses, whereas MXC, PARA,
PBO, and PARAþ PBO mice did not. In addition, the IgM
responses with the MXCþPARA mice were significantly
decreased vs that of MXC mice, and PBOþMXC treatment led
to significant decreases relative to those seen with PBO and MXC
mice. In contrast, in all groups given a test substance, spleen

SRBC-specific IgM PFC responses were significantly decreased
relative to those seen with the vehicle control group. In addition,
the SRBC-specific IgM responses with spleens from the
PBOþMXC mice were significantly decreased compared to
that of organs from PBO mice. Based on our historic data
(Fukuyama et al., 2013), the peak response to SRBC for the
SRBC-specific IgM ELISA occurs �2 days after the maxima that
would be used to optimize results for a PFC. Thus, as we utilized a
protocol that was focusing mainly on the PFC assay, it is not
a complete surprise that the SRBC-specific IgM ELISA
responses were weaker than the PFC ones. Under these condi-
tions, MXCþPARA and PBOþMXC led to significant
decreases relative to those seen with PBO and MXC in serum
SRBC-specific IgM responses. These results suggested to us that
MXCþ PARA or PBOþMXC exposures induced a more severe
reduction in humoral immune responses compared with exposure
to any of the three individual chemicals.

To further clarify mechanisms of MXCþ PARA- or
PBOþMXC-induced immunosuppression, total, helper, and
cytotoxic T-cell counts, as well as total and germinal center
B-cell counts in the spleens were analyzed via flow cytometry
based on cell-specific surface makers (Janeway et al., 2004).
It was clear that the MXCþPARA combined treatment damaged
T-cells. Total, helper, and cytotoxic T-cell counts in hosts
that received this combined treatment were decreased compared
with those in vehicle control, MXC, and PARA mice. In contrast,

Figure 4. Total B-cell and germinal center
B-cell counts in spleens. Mice were treated as
described in the Figure 1 legend. (a) Total
B-cell and (b) germinal center B-cell counts
are shown. Results for intact, vehicle, and
individual agent-treated mice are included
in each chart. Cell counts are expressed as
mean� SD (n¼ 8 per group). *p50.05 and
**p50.01 (Dunnett’s multiple comparison
test) vs vehicle control group; �p50.05 and
��p50.01 (Student’s t-test) vs single test
substance groups.
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in the PBOþMXC hosts, the counts were comparable to those
in PBO- and MXC-only mice. Similarly, in PARAþ PBO mice,
all sets of counts were comparable to those in PARA and PBO
mice. These latter sets of results indicated that the toxicities
of these two chemical combinations, at least in regard to impacts
on T-cell populations in situ, were similar to those of any of their
single chemical constituents. It is interesting to note that, with the
MXCþ PARA regimen, the changes in cell counts corresponded
with the observed changes in SRBC-specific IgM responses.
On the other hand, in the PBOþMXC group, although SRBC-
specific IgM responses were decreased compared to the control,
PBO, and MXC mice, there were no similar correspondence
with the T-cell measures. This might suggest that the combined
action of the PBO and MXC may have been directed more
against the B-cell aspects of humoral responses than against
T-cells; however, this still remains to be verified in more detailed
studies.

In an immune response, local activated B-cells act as antigen-
presenting cells for helper or cytotoxic T-cells (Goutet et al.,
2005), proliferate, and differentiate into plasma cells to secrete
antigen-specific antibodies. Some B-cells are activated at the
T/B-cell border and migrate to form germinal centers (in primary
follicles; Janeway et al., 2004); therefore, changes in the numbers
of germinal centers and associated B-cells can reflect major
responses to exposure to antigens or toxicants (Vieira &
Rajewsky, 1990; Takahashi et al., 1998). A marked decrease in
total B-cell counts was seen in the MXCþ PARA-treated mice
compared with that in MXC and PARA mice. Neither other
combinational treatment had a similar significant effect. At the
germinal center level, both MXCþPARA and PBOþMXC
led to significant reductions in B-cell levels; PARAþPBO had
no significant impact. Compared to their individual agents,
MXCþ PARA treatment caused even greater reductions in total
B-cell levels, but had no effect at the germinal center level. This
contrasts with PBOþMXC that had the opposite effect, i.e. no
impact at total B-cell level but significantly-so at germinal
centers. While these opposing outcomes are without explanation
at this point, the upshot is that the combinational treatments with
PBOþMXC or MXCþ PARA are toxic to B-cells in situ.
Toxicity from PARAþPBO is nominal at best.

The findings with the PBOþMXC mice supports our
contention cited in the early paragraphs about potentially more
selective effects on B-cells. That the MXCþ PARA regimen
also impacted on B-cells (beyond above-noted effects on thymic
weights, T-cell counts, and IgM responses) suggested that this
specific combination displayed a far more immunotoxic targeting
than the other combined regimen. Whether such a divergent effect
is due to differences in synergizing effects from each individual
agent is an interesting possibility. Future studies with gradational
combinations of each test chemical should allow us to ascertain
which of the individual agents is driving any synergisms.

Conclusions

Our data show that combined exposure to certain environmental
chemicals can induce immunotoxicity, as shown by effects on
SRBC-specific IgM responses and T- or B-cell counts, compared
to that by individual exposure to the chemicals in mixtures.
However, this toxicity appears to differ, depending on which
chemicals are combined. In particular, it was clear that, among the
three combinations, MXCþ PARA presented the most immuno-
toxic profile in the murine hosts. The combined toxicity may
be affected by chemical structure, receptor binding, and immune
pathways involved; further studies are currently in progress.
It is expected that the results of this study will help others
in their evaluation of immunotoxic combinational effects

when conducting assessments of the safety of environmental/
occupational chemicals.
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