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(A) UV chromatograms of reacted interaction between phenolic compound and sodium

nitrate. (B) Time course of generated compounds under acidic or acidulous conditions.
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Figure 5 Antioxidant activities of phenolic compounds as assessed by DPPH assay

DPPH concentration was 1 mM. Data points represent means + SD (n = 3).

207

200



3.5

PBS CaA CaA-NO-1 CaA-NO-2 CaA-NO-3

PBS 5 (A)
+ Cu? : t
30 } ;
N :
= i
S 25 F !
= :
ﬁ !
& :
£20 F !
2, !
2 :
215 | :
] ,
= H
o o) :
=10 | i ;
© - :
[] GO0 !
o . :
05 F §§ ,
Eﬁ»&s ! bis tt

0.0 N.D. N.D. -’::g N.D. N.D. :I , N.D‘ R N.D.

Blank ChA-NO ! CaA-NO-1 CaA-NO-2 CaA-NO-3
70 8 :

5 (B)
60 | ;
50 } :
O 5
= :
PN 40 F ;
> s
Qe '
2 % } 5
Q '
© H
20 :
10 }

0 H .

Figure 6 Pro—oxidant activities in the interaction between phenolic compounds and copper
(A) ESR (B) HPLC/UV/ECD
The data represents the mean + S.D. (n = 6). * and ** : sta;cistically significant (P < 0.05
and P < 0.01 vs. phenolic compound + copper). T and {f : statistically significant (P <
0.05 and P < 0.01 vs. phenolic compound alone).

208



i e N N
o [6;] o (4]

Concentration of NO, (uM)
[6)]

- = N N
o (4] o (6]

Concentration of NO, (uM)
(6]

Acidic condition (0.1 M HCI)

—@— ChA
— @ - ChA-NO

Pr— — — -

. n 3

30 60 90 120 150 180
Reaction time (min)

Acidic condition (0.1 M HCI)

—Jl— CaA

- = [l = CaA-NO-1

sefill-= CaA-NO-2

- ~ff} - CaA-NO-3

L e =

30 60 90 120 150 180
Reaction time (min)

Figure 7 Concentration of NO; as assessed by Griess assay

Data points represent means + SD (n =

6).

209

N
(4]

M)

Concentration of NO, (uM)

Concentration of NO, (u
o

N
o

-
wm

(6,

[
(4]

N
o

-
()]

-
o

Neutral condition (PBS)

—e— ChA
- @ = ChANO

30 60 90 120 150 180
Reaction time (min)

Neutral condition (PBS)

—fi— CaA

— B - CaA-NO-1 A
<+l CaA-NO-2 -
~—{f} - CaA-NO-3 g

30 60 90 120 150 180
Reaction time (min)



B 4

MRRROTITICET 5 —RE

£
HFERSG | mXI1 MV ER2AO | F B 4 (HRs | s HRE | -2
s
ZWisl
Mt
HREFERKA Xy A NV FERE &5 R—= H hR 4
Fukuyama, T., |Prior exposure to Toxicol Lett. {199 347-56 2010
Kosaka, T., organophosphorus and
Tajima, Y., Ueda,|organochlorine
H., Hayashi, K., |pesticides increases
Shutoh, Y., and [the allergic potential of]
Harada, T. environmental
chemical allergens in a
local lymph node
assay.
Fukuyama, T., [Detection of Immunophar [33 193-200  |2011
Kosaksa. T thymocytes apoptosis [macol
o in mice induced by  [Immunotoxic
Tajima, Y., organochlorine ol.
Hayashi, K., pesticides
Shutoh, Y., and methoxychlor.
Harada, T.

210




WFER R OFITY) - 7l

211



's personal copy

Toxicology Letters 199 (2010) 347-356

Contents lists available at ScienceDirec

 Toxicology Lett

journal homepage: www.elsevier.com/locate/toxlet

ELSEVIER

Prior exposure to organophosphorus and organochlorine pesticides increases the
allergic potential of environmental chemical allergens in a local lymph node assay

Tomoki Fukuyama?*, Tadashi Kosaka, Yukari Tajima, Hideo Ueda, Koichi Hayashi,
Yasufumi Shutoh, Takanori Harada

Institute of Environmental Toxicology, Ibaraki 303-0043, Japan

ARTICLE INFO ABSTRACT

Article history: The dysregulation of immune functions by some pesticides leads to various immune disorders, including
Received 30 August 2010 immunodeficiency, tumorigenesis, allergies, and autoimmunity. This study’s primary objective was to
Received in revised form

examine the relationship between immune disorders and the immunosuppression induced by immuno-
suppressive pesticides. We focused on the modulation of allergic potential by the organophosphorus
pesticide parathion, organochlorine pesticide methoxychlor, phenoxyacetic acid herbicide 2,4-p-butyl,
and benzoic acid fungicide eugenol, as detected by a local lymph node assay (LLNA), which was developed
initially for hazard identification of skin sensitization. Parathion and methoxychlor are immunosup-

23 September 2010
Accepted 24 September 2010

ﬁ";‘:gds' pressive chemicals, and 2,4-p-butyl and eugenol are contact allergens. After the immunosuppressive
Irhimune disorder characteristics of parathion and methoxychlor were confirmed in a pilot study, 4-week-old mice were
Parathion orally administered parathion (0, 0.4, 1.2 mg/kg) or methoxychlor (0, 100, 300 mg/kg). Four weeks after
Methoxychlor the last administration, an LLNA was conducted using 2,4-p-butyl (0%, 2.5%, 5%, and 10%) and eugenol
2,4-p-Butyl (0%, 5%, 10%, and 25%). In addition, detailed analysis of their auricular lymph nodes for number of surface
Eugenol antigen expression of T cells and local cytokine production were performed using 5% 2,4-p-butyl and 5%

eugenol treatment groups. EC3 values (estimated concentration to yield a stimulation index of 3) of 2,4-
D-butyl and eugenol decreased markedly in parathion- and methoxychlor-pretreated groups. Parathion-
and methoxychlor-pretreated groups induced marked increase in number of surface antigen expression
of T cells and levels of Th1 cytokines (IFN-y, TNF-a, and IL-17) produced by ex vivo restimulated lymph
node cells. According to our results, the allergic potentials of 2,4-p-butyl and eugenol are increased by
prior exposure to parathion and methoxychlor.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction health effects, the U.S. Environmental Protection Agency restricted

and banned the use of most of OCs during the 1970s and 1980s.

Organochlorine (OC) and organophosphorus (OP) pesticides
play roles in the dysregulation of immune functions (Hirai and
Ichikawa, 1991; Kawashima et al., 1990; Kohleret al., 1987; Kosuda
et al, 1996; Li et al., 2007, 2009; Nakadai et al., 2006; Pieters et
al., 1989; Staples et al,, 1998; Zelikoff et al., 1994). OCs such as
methoxychlor were widely used in agriculture and pest control
after being introduced in the 1940s. Because of their persistence in
the environment, bioaccumulation in the food chain, and possible

Abbreviations: ANOVA, analysis of variance; DDT, dichlorodiphenyl-
trichloroethane; FITC, fluorescein isothiocyanate; IL, interleukin; LLNA, local
lymph node assay; LN, lymph node; OC, organochlorine; OP, organophosphorus;
PBS, phosphate-buffered saline; PE, phycoerythrin; SI, stimulation index; Th, T
helper.

* Corresponding author at: Laboratory of Immunotoxicology and Acute Toxicol-
ogy, Toxicology Division, Institute of Environmental Toxicology, Uchimoriya-machi
4321, Joso-shi, Ibaraki 303-0043, Japan. Tel.: +81 297 27 4628; fax: +81 297 274518,

E-mail address: fukuyama@iet.or.jp (T. Fukuyama).

0378-4274/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.tox1et.2010.09.018

Although OCs are rarely used today, measurable amounts of OCs
or their metabolites can still be found in human tissues. Moreover,
OCs continue to be heavily used in some developing countries, pri-
marily for mosquito and malaria control (Turusov et al., 2002; Xu et
al,, 2010).Ina previous study by our group, methoxychlor exposure
resulted in atrophy of CD4*CD8* double-positive T-lymphocytes in
the thymus (Takeuchi et al,, 2002, 2004). In addition, Chapin et al.
(1997) reported that doses of 150 mgkg~! day~! of methoxychlor
in rats led to markedly decreased thymus weights.

OPs such as parathion were introduced as replacements for
OCs led to the legal ban or restriction of their use in the 1970s
(Peakall et al., 1975; Ellenhorn and Barceloux, 1988; Wessels et al,,
2003; Nakadai et al.,, 2006; Lopez et al.,, 2007; OECD, 2008). The
widespread exposure of humans to OPs has been demonstrated by
the presence of common and specific OPs metabolites in urine sam-
ples taken from the general population (Bouvier et al., 2005; Cocker
et al,, 2002; Bradman et al., 2007; Lacasana et al., 2010). Several
previous studies demonstrated that exposure of mice to OPs led
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to markedly decreased thymus and spleen weights (Casale et al,
1983; Jeong et al., 1995; Khalaf-Allah, 1999; Handy et al., 2002).

Our previous study demonstrated the immunomodulative
action of an OP (parathion) and OC (methoxychlor) following in
vitro exposure (Fukuyama et al., 2010a). Parathion and methoxy-
chlor caused elevations in apoptosis-related factors, including
annexin-V-expressing T-lymphocyte populations, caspase activi-
ties, and DNA fragmentation, in a Jurkat T-cell line and mouse
primary thymocytes. Such factors, however, represent a tiny
fraction of the immunosuppressive action of OPs and OCs, and
the mechanisms are still not fully understood (Fukuyama et al.,
2010a,b). In addition, current evidence suggests that the dysregu-
lation of immune functions caused by several types of pesticides
leads to a variety of immune disorders, including immunodefi-
ciency, tumorigenesis, allergies, and autoimmunity (Sobel et al,
2005; Zhang et al., 2005; Narita et al., 2007; Wang et al., 2007;
Ward et al., 2009; Xu et al., 2010).

The primary objective of this study was to examine the rela-
tionship between several types of immune disorders and the
immunosuppressive reaction induced by OPs and OCs in vivo. We
focused on the modulation of allergic potential and used a local
lymph node assay (LLNA) for its detection. The chemicals used in
the LLNA were the phenoxyacetic acid herbicide 2,4-p-butyl and
the benzoic acid fungicide eugenol. These chemicals were chosen
based on previous studies (Cushman and Street, 1982; Fukuyama
et al.,, 2009).

2. Materials and methods
2.1. Chemicals

2,4-p-Butyl standard (Ci2H14Cl203, 98% pure), eugenol (CioH1202, >95%
pure), methoxychlor standard (CjH;5Cl302, >97% pure), parathion standard
(C10H14NOsPS, 99.5% pure), acetone, and olive oil were each purchased from Wako
Pure Chemical Industries Ltd. (Osaka, Japan). Corn oil was purchased from Hayashi
Chemicals (Tokyo, Japan). For the initial oral administration, methoxychlor and
parathion were diluted in corn oil. For the dermal sensitization in the LLNA, eugenol
and 2,4-p-butyl were dissolved in 4:1 acetone:olive oil. The maximum doses used
in this study were selected to avoid systemic toxicity or excessive local sensitiza-
tion (particularly in the preliminary test; data not shown), while still permitting
comparisons of composite toxicological potencies.

2.2. Animals

Female BALB/c mice (age 3 weeks) (for the pilot and detailed study) and
CBA/Jn mice (age 3 weeks) (for the LLNA study) were purchased from Charles River
Japan Laboratories (Atsugi, Kanagawa, Japan) and housed individually under con-
trolled lighting (lights on from 0700 to 1900 h), temperature (22 + 3°C), humidity
(55+15%), and ventilation (at least 10 complete fresh-air changes hourly). Food
(Certified Pellet Diet MF, Oriental Yeast Co., Tokyo, Japan) and water were available
ad libitum.

This study was conducted in accordance with the guidelines for animal experi-
mentation of the Japanese Association for Laboratory Animal Science (1987).

2.3. Pilot study

After a 1-week acclimatization period, BALB/c mice (4 weeks old) were allo-
cated randomly to dose and control groups for each chemical (methoxychlor and
parathion, n=6 per group). On days 1-5, each mouse received orally an aliquot of
the test solution (methoxychlor or parathion) or solvent (corn oil) alone. On the day
after the last administration (day 6), all mice were anesthetized with pentobarbital
sodium (75 mg/kg) and sacrificed. Each animal's thymus and spleen were removed,
weighed, and pooled by mouse in phosphate-buffered saline (PBS; Gibco, Tokyo,
Japan). Single-cell suspensions of thymocytes and splenocytes in 5ml of PBS sup-
plemented with 5% heat-inactivated fetal calf serum (FCS, Gibco) were prepared by
passage through a stainless-steel screen and sterile 70-.m nylon cell strainers (Fal-
con, Tokyo, Japan). The number of thymocytes and splenocytes was determined with
a Coulter counter Z2 (Beckman Coulter, Tokyo, Japan). Flow cytometric analysis was
performed by staining thymocytes and splenocytes with fluorescein isothiocyanate
(FITC)-conjugated hamster anti-mouse CD3 (clone 145-2C11), phycoerythrin (PE)-
conjugated rat anti-mouse CD4 (clone RM4-5), PE-Cy5-conjugated rat anti-mouse
CD8 (clone 53-6.7), and PE-Cy5-conjugated rat anti-mouse CD45R/B220 (clone
RA3-6B2). All antibodies for flow cytometric analysis were purchased from BD
Pharmingen (San Diego, CA, USA). To avoid nonspecific binding, 1 x 106 cells were
incubated with 20% normal goat serum (Sigma, St. Louis, MO, USA) for 10 min at

4°C; this was followed 'by incubation with FITC-, PE-, and PE-Cy5-conjugated mon-
oclonal antibodies for 30 min at 4°C in the dark. The cells were washed twice with
a FCS-PBS, resuspended at 1 x 108 cells per tube in 1ml of PBS, and then analyzed
with a FACSCaliber flow cytometer (BD Pharmingen) using the Cell Quest program
(BD Pharmingen). For each sample, 10,000 events were collected and analyzed for
the expression of antigens.

2.4. Main study (local lymph node assay)

After a 1-week acclimatization period, CBA/] mice (4 weeks old) were allo-
cated randomly to dose and control groups for each chemical (methoxychlor and
parathion, n=20 per group). On days 1-5, each mouse received orally an aliquot of
the test solution or solvent (corn oil) alone. About 4 weeks after the last oral adminis-
tration (day 31), the LLNA was performed as described by Kimber and Weisenberger
(1989), with minor modifications. Mice were allocated randomly to dose and con-
trol groups for each chemical (2,4-p-butyl and eugenol, n=5 per group). A 25-p.l
aliquot of test solution or solvent (4:1 acetone:olive oil) only was applied daily to
the dorsum of each ear of each mouse for three consecutive days (days 31-33). In
the LLNA, on day 36, *H-methyl thymidine (*H-TdR, 20 pCi/animal; Perkin Elmer
Japan, Tokyo, Japan) was injected via the tail vein into all test and control mice. At
5h after the injection, the mice were euthanized, and the auricular lymph nodes
(LNs) on both sides of each mouse were removed, weighed, and pooled by mouse
in PBS (Gibco). Single-cell suspensions of LNs in 5 ml of PBS were prepared by pas-
sage through sterile 70-pm nylon cell strainers (Falcon). The LN cell suspension was
washed twice with an excess of PBS, and the cell pellet was incubated in 3 ml of 5%
trichloroacetic acid (Wako Pure Chemical Industries Ltd.) at 4 °C for approximately
18 h. Each cell pellet was resuspended in 1 ml of trichloroacetic acid and transferred
to 9 ml of scintillation fluid (AtomLight, Perkin Elmer Japan). Incorporation of H-
TdR was measured with a B-scintillation counter (LC-5100, Aloka, Tokyo, Japan) as
disintegrations per minute for each mouse.

Stimulation indexes (SIs)and EC3 values were calculated from the *H-TdR incor-
poration data. The SI was calculated by dividing the mean 3H-TdR incorporation
value for each treatment group by that of the control group. The EC3 value is an
estimate of the amount of test solution required to induce an Sl of 3 (Basketter et
al., 1999). In the standard LLNA, the criterion for a positive response is an SI of 3 or
greater (Dearman et al., 1999).

2.5. Main study (detailed analysis)

After a 1-week acclimatization period, Balb/c mice (4 weeks old) were allocated
randomly to dose and control groups for each chemical (n= 18 per group). On days
1-5, each mouse received orally an aliquot of the test solution or solvent (corn oil)
alone. About 4 weeks after the last oral administration (day 31), mice were allocated
randomly to dose and control groups for each chemical (n=6 per group). A 25-p.l
aliquot of test solution or solvent only was applied daily to the dorsum of each ear
of each mouse for three consecutive days (days 31-33). To confirm the allergenicity
of the test chemicals, we adopted a sensitization dose that was less than the EC3
values (see Table 1). On day 36, the mice were euthanized, and the LNs on both
sides of each mouse were removed and pooled by mouse in PBS. For cell counts,
flow cytometry, RNA analysis and cell culture, single-cell suspensions of LNs in 1 ml
RPMI 1640 (Gibco) supplemented with 5% FCS were prepared by passage through
sterile 70-wm nylon cell strainers. The number of LN cells was determined with a
Coulter Z2 counter.

Flow cytometric analysis was performed by staining lymphocytes with
FITC-conjugated hamster anti-mouse CD3 (clone 145-2C11), PE-conjugated rat anti-
mouse CD4 (clone RM4-5), and PE-Cy5-conjugated rat anti-mouse CD8 (clone
53-6.7). All antibodies for flow cytometric analysis were purchased from BD
Pharmingen. To avoid nonspecific binding, 1 x 10 cells were incubated with 20%
normal goat serum for 10 min at 4°C; this was followed by incubation with FITC-,
PE- and PE-Cy5-conjugated monoclonal antibodies for 30 min at 4°C in the dark.
The cells were washed twice with a FCS-PBS, resuspended at 1 x 106 cells per tube
in 1 ml of PBS, and then analyzed with a FACSCaliber flow cytometer using the Cell
Quest program. For each sample, 10,000 events were collected and analyzed for the
expression of antigens.

To stimulate T-cell-receptor signaling, we cultured single-cell suspensions of
LN (1 x 108 cells/well) with anti-CD3 (2 pg/ml) (BD Pharmingen) T-cell antibodies
for 24 h in 24-well plates (Multidish, Nalge Nunc International K.K., Tokyo, Japan) at
37°Cina5% carbon dioxide atmosphere. Tumor necrosis factor-alpha (TNF-at), inter-
feron gamma (IFN-v) and interleukin-17 (IL-17) in the supernatants were assayed by
BD cytometric bead array (BD Pharmingen) in accordance with the manufacturer's
protocol.

2.6. Statistical analysis

The data were transformed logarithmically to equalize the variances, and anal-
ysis of variance (ANOVA) was used to evaluate the results. When the ANOVA was
significant, the differences between groups were assessed by Dunnett’s multiple
comparison test. A P value <0.05 was considered to indicate significance.
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Table 1
Local lymph node assay results of the 2,4-p-butyl group pretreated with parathion.

Pretreatment at 4 Dose of LLNA Final body weight Lymph node weight 3H-TdR incorporation
weeks (parathion) (2,4-p-butyl) (g; mean=£SD) (mg; mean+SD)
DPM (mean % SD) NS

0% 208 £ 1.2 3.85+0.90 134 + 40 1.0
0mg/kg 2.5% 21.1 32 448 +1.27 222 + 92" 17
5% 21.7 £ 26 470 £ 0.70 322 £ 49 2.4
10% 214+ 16 6.26 £ 1.02" 461 + 427 35
0% 21.0+ 1.1 3.20 + 0.80 130 + 38 1.0
0.4 mg/kg 2.5% 214+ 16 558 + 0.87:- 601 £+ 252‘ 46
: 5% 209 + 1.6 675 %155 1054 + 214 8.1
10% 218+ 1.1 9.66 £ 0.81" 2107 + 832" 16.1
0% 209 + 1.6 3.88 +0.22 129 £ 52 1.0
12 mg/kg 2.5% 212+ 1.1 845+ 1.19: : 816 + 367._ 6.3
’ 5% 21.0 £ 1.1 11.56 + 1.86 2106 + 683 163
10% 215+ 16 12,52 +£ 222" 2957 + 243™ 229

DPM: disintegrations per minute.

* Values for treatment and control groups were compared by Dunnett's multiple comparison test: P<0.05.
™ Values for treatment and control groups were compared by Dunnett's multiple comparison test: P<0.01.
a Stimulation index (SI) is the ratio of the mean of the treatment group to that of the vehicle control group. The criterion for a positive response in the standard LLNA is an

Sl of 3 or greater.

3. Results
3.1. Pilot study

In the mice treated with parathion, both thymus weights and
double-positive T-cell counts decreased in a dose-dependent man-
ner, and in the 1.2-mg/kg treatment group were significantly
different than control (Fig. 1A and B). The spleen weights, helper
T-cell counts, and B-cell counts decreased in a dose-dependent
manner, and significant differences were noted in B-cell counts at
a dose of 1.2 mg/kg (Fig. 1C-F).

In the mice treated with methoxychlor, both thymus weights
and double-positive T-cell counts decreased in a dose-dependent
manner, and statistically significant differences were found in
the 100- and 300-mg/kg treatment groups (Fig. 2A,B). The spleen
weights for both the 100- and 300-mg/kg treatment groups were
similar to that of the control group. Helper and cytotoxic T-cell
counts and B-cell counts decreased in a dose-dependent manner,
and significant differences were found in the 300-mg/kg treatment
group (Fig. 2C-F).

3.2. Main study (LLNA)

The LLNA results of the 2,4-p-butyl group pretreated with
parathion are presented in Table 1. Pretreatment with solvent only

Table 2
Local lymph node assay results of the eugenol group pretreated with parathion.

induced a positive 3H-TdR incorporation response, defined as SI > 3,
in the 10% sensitization group. Parathion 0.4-mg/kg pretreatment
induced a positive response in the 2.5%, 5%, and 10% sensitiza-
tion groups. Parathion 1.2-mg/kg pretreatment induced a positive
response in the 2.5%, 5%, and 10% sensitization groups. EC3 val-
ues of the 2,4-p-butyl group pretreated with parathion 0-, 0.4- and
1.2-mg/kg are 7.73, 1.39 and 0.94, respectively.

The results of the eugenol group pretreated with parathion
are listed in Table 2. Pretreatment with solvent only induced
a positive response in the 10% and 25% sensitization groups.
Parathion 0.4-mg/kg pretreatment induced a positive response in
the 5%, 10%, and 25% sensitization groups. Parathion 1.2-mg/kg pre-
treatment induced a positive response in the 5%, 10%, and 25%
sensitization groups. EC3 values of the eugenol group pretreated
with parathion 0-, 0.4- and 1.2-mg/kg are 5.28, 2.66 and 0.83,
respectively.

The results of the 2,4-p-butyl group pretreated with methoxy-
chlor are presented in Table 3. Pretreatment with solvent
only induced a positive response in the 10% sensitization
group. Methoxychlor 100-mg/kg pretreatment induced a positive
response in the 5% and 10% groups. Methoxychlor 300-mg/kg pre-
treatment induced a positive response in the 2.5%, 5%, and 10%
sensitization groups. EC3 values of the 2,4-p-butyl group pretreated
with methoxychlor 0-, 100- and 300-mg/kg are 6.32,3.19 and 1.32,
respectively.

Pretreatment at 4 weeks (parathion) Dose of LLNA Final body weight Lymph node weight (mg; 3H-TdR incorporation
(eugenol) (g; mean=+SD) mean+SD)
DPM (mean =+ SD) Si?
0mg/kg 0% 203 £ 2.5 385+ 1.14 304 + 208 1.0
5% 207 +14 5.28 £ 0.77 593 + 159 2.0
10% 208 £ 1.2 6.15 + 062 2287 + 705 75
25% 205+ 16 10.54 + 1937 8964 + 2588™ 29.5
0.4 mg/kg 0% 206+ 1.3 3.70 £ 0.48 205 £ 133 1.0
5% 202+ 1.5 435+ 141 972 + 448 4.7
10% 207 £1.9 8.03 £ 099™ 2931 + 1843 14.3
25% 205+ 1.5 12.44 + 1.80" 11,492 + 28417 56.1
1.2 mg/kg 0% 208 + 1.8 450 + 1.14 302 +170 1.0
5% 207 £1.3 7.58 £1.72 2648 + 1392 8.8
10% 212+ 1.1 11.46 + 3.20™ 6947 + 3184™ 23.0
25% 200+ 1.2 14.76 + 2.64” 13,775 + 2869™ 45.6

DPM: disintegrations per minute.

™ Values for treatment and control groups were compared by Dunnett's multiple comparison test: P<0.01.
a2 Stimulation index (SI) is the ratio of the mean of the treatment group to that of the vehicle control group. The criterion for a positive response in the standard LLNA is an

Sl of 3 or greater.
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Fig. 1. Thymus weights (A), double-positive (CD4*CD8*) T-cell counts (B), spleen weights (C), helper (CD4*CD8-) T-cell counts (D), cytotoxic T-cell (CD4-CD8*) counts (E),
and B-cell (CD45R/B220+) counts (F) of mice treated with parathion. Values are expressed as mean=SD (n=6 per group). Statistical significance is marked by asterisks:

*P<0.05, **P<0.01 (Dunnett's multiple comparison test).

The results of the eugenol group pretreated with methoxy-
chlor are listed in Table 4. Pretreatment with solvent only
induced a positive response in the 10% and 25% sensitization
groups. Methoxychlor 100-mg/kg pretreatment induced a positive
response in the 5%, 10%, and 25% sensitization groups. Methoxy-
chlor 300-mg/kg pretreatment induced a positive response in the
5%, 10%, and 25% sensitization groups. EC3 values of the eugenol

group pretreated with methoxychlor 0-, 100- and 300-mg/kg are
6.45, 3.13 and 2.33, respectively.

3.3. Main study (detailed analysis)

Results are presented in Figs. 3 and 4, respectively. All parame-
ters induced by AOO pretreated with parathion or methoxychlor
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Fig. 2. Thymus weights (A), double-positive (CD4*CD8*) T-cell counts (B), spleen weights (C), helper (CD4*CD8-) T-cell counts (D), cytotoxic T-cell (CD4-CD8*) counts (E),
and B-cell (CD45R/B220+) counts (F) of mice treated with methoxychlor. Values are expressed as mean = SD (n =6 per group). Statistical significance is marked by asterisks:

*P<0.05, **P<0.01 (Dunnett's multiple comparison test).

revealed no increase. All parameters induced by 2,4-D-butyl or
eugenol pretreated with parathion or methoxychlor were increased
in a dose-dependent manner. All parameters in the parathion 1.2-
mg/kg and methoxychlor 300-mg/kg pretreatment groups showed
asignificantincrease relative to the control (0-mg/kg pretreatment)
groups. IFN-y, TNF-a and IL-17 productions in the parathion 0.4-
mg/kg treatment groups showed a significant increase relative to
the control groups. Cytotoxic T-cell counts, IFN-y, TNF-o and IL-17

productions in the methoxychlor 100-mg/kg pretreatment group
showed a significant increase relative to the control groups.

4. Discussion

The incidence of multiple chemical toxicity is increasing, espe-
cially in infants and children (Ban and Hettich, 2005; Hopkin, 1997,
Howarth, 1998). This syndrome is characterized by a wide range of



352 T. Fukuyama et al. / Toxicology Letters 199 (2010) 347-356

Table 3

Local lymph node assay results of the 2,4-p-butyl group pretreated with methoxychlor.

Pretreatment at 4 Dose of LLNA Final body weight Lymph node weight 3H-TdR incorporation
weeks (2,4-p-butyl) (g: meanSD) (mg; mean=+SD)
(methoxychlor)
DPM (mean £ SD) S .
0% 214+ 15 4.63 £ 047 134+ 76 1.0
omg/kg 2.5% 217+£19 498 + 0.24 254 £ 34 1.9
5% 213 +18 4.55 + 0.70 334 + 26 25
10% 212+ 20 6.84 + 1.23" 592 +249™ 4.4
0% 218+ 1.7 4,08 +0.19 122 +£ 43 1.0
100 mg/kg 2.5% 21,5 21 5.80 = 1.02_‘ 230 £ 58 . 1.9
5% 212+ 15 9.20 £3.04 721 £ 248 5.9
10% 216+ 14 9.60 £ 1.34" 1705 + 208" 14.0
0% 213:423 4.18 £ 0.76 129 + 13 1.0
300 mg/kg 2.5% 217 £ 26 7.80 £ 2.52:' 616 = 360. 4.8
5% 213 +22 9.00 + 1.41 843 + 188 6.5
10% 2124+ 2.1 12.50 + 1.357 1942 + 555~ 15.1

DPM: disintegrations per minute.

* Values for treatment and control groups were compared by Dunnett’s multiple comparison test: P<0.05.
** Values for treatment and control groups were compared by Dunnett’s multiple comparison test: P<0.01.
3 Stimulation index (SI) is the ratio of the mean of the treatment group to that of the vehicle control group. The criterion for a positive response in the standard LLNA is an

Sl of 3 or greater.

signs and symptoms triggered when affected patients come into
contact with a number of chemical products (Bartha et al., 1999;
Brown and Jason, 2007). Common triggers include pesticides and
perfumes (Brown and Jason, 2007; Kreutzer et al., 1999). Although
multiple chemical toxicity has emerged as a public health problem,
detailed mechanisms underlying this syndrome remain unclear.
In this study we focused on the modulation of allergic potential,
which is one part of multiple chemical toxicity, and attempted to
detect an immune disorder following exposure to several types of
agricultural chemicals (parathion, methoxychlor, 2,4-p-butyl, and
eugenol) using an LLNA. Parathion and methoxychlor are immuno-
suppressive chemicals, and 2,4-p-butyl and eugenol are contact
allergens. Our findings demonstrated that the allergic potentials
of 2,4-p-butyl and eugenol were increased by prior exposure to
parathion and methoxychlor in vivo.

In a previous study, we reported elevations in apoptosis-related
factors in both human and mouse T lymphocytes following in vitro
parathion and methoxychlor exposure (Fukuyama et al., 2010a,b).
These findings suggest that parathion and methoxychlor modu-
late T-cell activation, and these reactions may trigger several types
of immune disorder. Therefore, in a pilot study we first evaluated
the immunosuppressive response of parathion and methoxychlor
in vivo using young (4 weeks old) female Balb/c mice. We found

Table 4
Local lymph node assay results of the eugenol group pretreated with methoxychlor.

that both parathion and methoxychlor modulated the immune
response, including thymus weight and the number of double-
positive T cells in the thymus, helper and cytotoxic T cells in the
spleen, and B cells in the spleen (see Figs. 1 and 2). These results
matched exactly our previous in vitro results and there was a possi-
bility that the breakdown of the central tolerance of autoreactive T
or B cells by parathion and methoxychlor. Thus, in the main study,
we focused on the immune disorder of allergic responses to investi-
gate further whether parathion and methoxychlor induce immune
dysregulation.

In the main study, we used the phenoxyacetic acid herbicide
2,4-p-butyl and the benzoic acid fungicide eugenol. 2,4-D-butyl
was found to elicit both contact and respiratory hypersensitiv-
ity (Cushman and Street, 1982; Fukuyama et al,, 2009), whereas
exposure to eugenol causes contact hypersensitivity but not res-
piratory hypersensitivity reactions (Kimber et al., 2003). The LLNA
assesses, in mice, the potential of a chemical to cause a primary T-
lymphocyte proliferative response after topical application of the
chemical to the skin (Dearman et al., 1999). In the present study,
marked decrease in EC3 values of 2,4-p-butyl and eugenol were
observed in parathion- and methoxychlor-pretreated groups (see
Tables 1-4). In the LLNA, contact allergens can be categorized on
the basis of relative skin sensitization potency based on derived

Pretreatment at 4 Dose of LLNA Final body weight Lymph node weight 3H-TdR incorparation
weeks (methoxychlor) (eugenol) (g; mean+SD) (mg; mean£SD)
DPM (mean £SD) SP
0% 209 + 1.7 3.65 + 0.32 392 +£113 1.0
Omg/ke 5% 211 £13 548 + 1.85" 808 + 536 21
10% 210+ 1.1 7.60 £ 0.53 2029 + 1276 52
25% 212 +19 11.42 = 1.76" 9476 + 1707 242
0% 219+ 23 338+ 1.13 289 + 128 1.0
100mg/kg 5% 21,7 & 25 9.90 + 0.44: 1209 + 435 . 42
10% 215+ 1.2 12.75 £ 3.71 4087 + 2839 14.1
25% 218 £ 1.7 14.92 + 2.327 12,157 + 4083™ 42.1
0% 208 £ 16 385037 267 £ 113 1.0
300mg/kg 5% 210+ 1.8 8.63 % 1.85:‘ 1411 £ 596 . 5.3
10% 208+ 14 11.85+3.93 5434 £ 3324 20.4
25% 212+ 1.8 15.56 + 1.95" 15,085 + 2995" 56.5

DPM: disintegrations per minute.

* Values for treatment and control groups were compared by Dunnett's multiple comparison test: P<0.05.
™ Values for treatment and control groups were compared by Dunnett's multiple comparison test: P<0.01.
2 Stimulation index (S1) is the ratio of the mean of the treatment group to that of the vehicle control group. The criterion for a positive response in the standard LLNA is an

SI of 3 or greater.
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EC3 values (Kimber et al., 2003). On the basis of the EC3 values,
2,4-p-butyl was categorized as a moderate sensitizer after pretreat-
mentwith vehicle and as a strong sensitizer after pretreatment with
1.2 mg/kg parathion. Likewise, eugenol was a moderate sensitizer
after pretreatment with vehicle and a strong sensitizer after pre-
treatment with 1.2 mg/kg parathion. These findings suggest that
the failure or breakdown of immunological regulation caused by
parathion and methoxychlor enhances the acquired allergy to 2,4-
p-butyl and eugenol.

To clarify the mechanisms of increased sensitizing potential
by previous oral exposure to parathion and methoxychlor, we
performed detailed analysis. Because the LLNA assesses only the
T-lymphocyte proliferative response, we focused T cells and T-
cell-mediated cytokines. Typical antigens that cause cutaneous
hypersensitivity responses are highly reactive small molecules
that can easily penetrate intact skin, especially if they cause itch-
ing that leads to scratching. These chemicals then react with
self proteins, creating protein:hapten complexes that can be pro-
cessed to hapten:peptide complexes, which can bind to major
histocompatibility complex (MHC) molecules that are recognized
by CD4* and CD8* T cells as foreign antigens (Murray, 1998;
Santana and Rosenstein, 2003). There are two phases to a cuta-
neous hypersensitivity response - sensitization and elicitation.
During the sensitization phase, cutaneous Langerhans’ cells take
up and process antigen, and migrate to local lymph nodes. In the
elicitation phases, further exposure to the sensitizing chemical
leads to antigen presentation to memory T cells in the dermis,
with the release of Th1-cell cytokines such as IFN-y and TNF-a
(Janeway et al., 2004, Mosmann and Coffman, 1989; Yssel and

Groux, 2000). In this study, we assessed the membrane expres-
sion of T cells (CD4* and CD8*) and cytokine productions (IFN-y
and TNF-a) in lymph nodes. We found significant increases in T
cell (CD4* and CD8*) populations, and cytokine productions (IFN-y
and TNF-a) in 2,4-D-butyl and eugenol sensitization groups pre-
treated with parathion or methoxychlor. According to our results,
misleading of 2,4-p-butyl and eugenol to antigen presenting T
cells were induced by the breakdown of the MHC molecules
that are recognized by CD4* and CD8* T cells. In consequence,
because 2,4-D-butyl and eugenol is a potential contact hypersen-
sitivity reactions (Cushman and Street, 1982; Fukuyama et al.,
2009), release of Th1-cell cytokines such as IFN-y and TNF-a were
increased.

Along with Thi-cell cytokines such as IFN~-y and TNF-a, we
assessed the IL-17 production in lymph nodes and 2,4-p-butyl
and eugenol sensitization groups pretreated with parathion or
methoxychlor induced significant increases in IL-17 production.
Our data suggested that IL-17 is of clinical importance to the
development and severity of sensitizing potential by previous oral
exposure to parathion and methoxychlor. Recent clinical analysis
suggests that in addition to Th1 factors, IL-17 is increased clini-
cal contact hypersensitivity reactions (Joshi et al., 2009). In 2000,
Infante-Duarte et al. first demonstrated thatIL-17-producing T cells
were a distinct Th population from Th1 and Th2 cells in both mice
and humans (Infante-Duarte et al., 2000; Oboki et al., 2008). Subse-
quently, the importance of IL-17-producing-T cells rather than Th1
cells for the development of contact hypersensitivity was demon-
strated in IL-17 deficient mice (Nakae et al.,, 2002; Oboki et al.,
2008).



