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Abstract

Organophosphorus pesticides (OPs) are widely used throughout the world as insecticides
in agriculture and as eradicating agents for termites around homes. The main toxicity of OPs
is neurotoxicity, which is caused by the inhibition of acetylcholinesterase. OPs also affect the
immune response, including effects on antibody production, interleukin-2 production, T cell
proliferation, decrease of CD5 cells, and increases of CD26 cells and autoantibodies, Th1�Th2
cytokine profiles, and the inhibition of natural killer (NK) cell, lymphokine-activated killer
(LAK) cell, and cytotoxic T lymphocyte (CTL) activities. However, there have been few studies
of the mechanism of OP-induced immunotoxicity, especially the mechanism of OP-induced
inhibition of cytolytic activity of killer cells. This study reviews new mechanisms of OP-
induced inhibition of the activities of NK cells, LAK cells, and CTLs. It has been reported that
NK cells, LAK cells, and CTLs induce cell death in tumors or virus-infected target cells by two
main mechanisms. The first mechanism is direct release of cytolytic granules that contain the
pore-forming protein perforin, several serine proteases termed granzymes, and granulysin by
exocytosis to kill target cells, which is called the granule exocytosis pathway. The second
mechanism is mediated by the Fas ligand (Fas-L)�Fas pathway, in which FasL (CD95 L), a
surface membrane ligand of the killer cell cross links with the target cell’s surface death
receptor Fas (CD95) to induce apoptosis of the target cells. To date, it has been reported that
OPs inhibit NK cell, LAK cell, and CTL activities by at least the following three mechanisms:
1) OPs impair the granule exocytosis pathway of NK cells, LAK cells, and CTLs by inhibiting
the activity of granzymes, and by decreasing the intracellular levels of perforin, granzyme A,
and granulysin, which were mediated by inducing degranulation of NK cells and by inhibiting
the transcription of the mRNAs of perforin, granzyme A, and granulysin. 2) OPs impair the
FasL�Fas pathway of NK cells, LAK cells, and CTLs, as investigated by using perforin-
knockout mice, in which the granule exocytosis pathway of NK cells does not function and
only the FasL�Fas pathway remains functional. 3) OPs induce apoptosis of immune cells.
(J Nippon Med Sch 2007; 74: 92―105)
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Introduction

Organophosphorus pesticides (OPs) are widely
used throughout the world as insecticides in
agriculture and as agents for eradicating termites
around homes1―3. There is still a large of quantity of
OPs on the market in Japan4. OPs are potent
inhibitors of serine esterases, such as
acetylcholinesterase and serum cholinesterase1―3,5.
The main toxicity of OPs is neurotoxicity, which is
caused by the inhibition of acetylcholinesterase1―3,5,6. It
has been reported that OPs affect immune response
including effects on neutrophil function7,
macrophage8―11, antibody production12,13, interleukin
(IL)-2 production14, serum complement15, and T-cell
proliferation induced by IL-216, concanavalin A (Con
A), and phytohemagglutinin (PHA)17 in animals and
humans. Thrasher et al.18,19 have reported that
higher-than-usual frequencies of allergies and
sensitivities to antibiotics, a decrease in CD5 cells,
and increases in CD26 cells and autoantibodies were
found in patients following chlorpyrifos exposure.
Increased expression of CD26 cells and decreased
expression of CD5 cells are associated with
autoimmunity, where an individual’s immune system
acts against itself, rather than against infections20.
Rodgers has also reported that oral administration of
malathion increases levels of anti-dsDNA antibodies
in MRL-lpr mice21. Exposure to chlorpyrifos is
associated with multiple chemical sensitivity22,23.

Potential Mechanism of OP-induced
Immunotoxicity

There are very few papers dealing with the
mechanism of OP-induced immunotoxicity.
Gallowway and Habdy24 have reviewed the potential
mechanism of OP-induced immunotoxicity, including
the direct and indirect effects. OPs may inhibit any
of the serine hydrolase class of enzyme in the
immune system, including the complement11 and
thrombin systems, which influence immune function.
The OP-induced inhibition of neuropathy target
esterase in lymphocytes may lead to structural or
functional changes in lymphocytes25.

Histopathological damage to lymphoid tissues
resulting from phosphorylation, oxidative damage, or
altered neural function induced by OPs could hinder
the development and viability of lymphocytes26. On
the other hand, Osicka-Koprowska et al.27 have
reported that chlorfenvinphos induces a significant
increase in corticosterone in rat plasma, suggesting
that indirect immune alterations may be mediated
by cholinergic responses or by stress following
neurotoxic doses. Videira et al.28 have reported that
malathion, methylparathion, and parathion can
directly damage cell membranes by affecting
membrane lipid physicochemical properties, which
may indirectly influence the function of immune
cells. We have also found that organophosphorus
compounds induce an increase in sister chromatid
exchanges (SCEs) in human lymphocytes, which
could indirectly influence the function of
lymphocytes29,30.

Effect of OPs on Th1�Th2 Cytokine Profiles

Exposure to OP has been linked to asthma or
asthma-related symptoms in a small number of
epidemiologic studies. Hoppin et al.31 have reported
that OP exposure in the preceding year is related to
wheezing in a study of pesticide applicators in Iowa
and North Carolina. Respiratory, asthma-like
symptoms were associated with exposures to OPs in
occupational and environmental settings among
villagers in rural China32. Asthma is characterized by
chronic inflammation in the airways and a
predominance of CD4+ T-helper 2 (Th2) cells that
secrete IL-4, IL-5, and IL-13 cytokines33. Th2 cells
contribute to the immunopathogenesis of asthma by
recruiting eosinophils and mast cells to the
airways33―35 and by inducing B-cells to produce
immunoglobulin E antibodies36. Conversely, T-helper
1 (Th1) cells that secrete interferon (IFN)-γ are
thought to protect against the development of
asthma by regulating Th2 cytokine production,
although a mixed Th1�Th2 pattern has been
reported37. Patients with allergies and asthma are
more likely to have elevated levels of the Th2
cytokines IL-4 and IL-5 and reduced levels of the
Th1 cytokines IFN-γ and tumor necrosis factor



Q. Li

94 J Nippon Med Sch 2007; 74 (2)

Fig. 1 A photograph of SCEs induced by N,N-
diethylaniline-HCl  at  500  ppm  in  the 
presence of a 20% S-9 mix by a 1-hour in 
vitro treatment (10×100). Narrows indicate 
SCE. Cited from Li Q and Minami M, 
Mutation Res 1997; 395, 151 ― 15745.

(TNF)-β33,38,39. These findings suggest that OPs may
have effects on the Th1�Th2 cytokine profiles. Thus,
Duramad et al 40 investigated the effect of
chlorpyrifos on the expression of Th1�Th2 cytokines
in human blood by in vitro treatment and found that
although chlorpyrifos did not induce cytokine
expression in vitro, it did increase lipopolysaccharide
(LPS)-dependent induction of IFN-γ. Moreover,
Duramad et al41 have found that early environmental
exposure to OPs may affect intracellular Th1�Th2
cytokine profiles in 24-month-old children living in an
agricultural area of Salinas Valley, California.

Organophosphorus Compounds Inhibit NK Cell,
LAK Cell, and CTL Activity

On March 20, 1995, the nerve gas sarin
(isopropylmethylphosphonofluoridate) was used in a
terrorist attack by the members of the Aum
Shinrikyo cult on subway trains in the Tokyo
metropolitan area, killing 12 people and injuring
more than 5,00042. Sarin is an organophosphorus
nerve agent and a strong cholinesterase inhibitor43.
To monitor the genetic aftereffects of sarin
exposure, we measured SCEs in peripheral blood
lymphocytes of the victims and found that the
frequency of SCEs in lymphocytes was significantly
higher in the victims than in the control group29,44.
We also found that the by-products generated
during sarin synthesis, i.e., diisopropyl
methylphosphonate (DIMP), diethyl
methylphosphonate (DEMP), and ethyl isopropyl
methylphosphonate (EIMP), also induce SCEs in
human lymphocyte in vitro29. On the other hand, in
the Tokyo sarin attack, the victims were also
exposed to N,N-diethylaniline, a stabilizing reagent of
sarin synthesis. We first found that N,N-
diethylaniline significantly increased the frequency
of SCEs of human lymphocytes in vitro45 (Fig. 1).
Because DIMP, DEMP and N,N-diethylaniline induce
a high frequency of SCEs of lymphocytes, we have
speculated that DIMP, DEMP, and N,N-diethylaniline
also affect the function of lymphocytes. Thus, we
investigated the effects of DIMP, DEMP, and N,N-
diethylaniline on natural killer cell (NK) and
cytotoxic T lymphocyte (CTL) activities both in vitro

and in vivo and found that DIMP, DEMP, and N,N-
diethylaniline significantly inhibit human and murine
NK cells and murine CTL activities both in vitro and
in vivo, suggesting a relationship between the
increased SCEs in lymphocytes and decreased NK
cell, CTL, and LAK cell activities induced by DIMP,
DEMP, and N,N-diethylaniline30,46. Both DIMP and
DEMP are potent inhibitors of serine esterases, such
as acetylcholinesterase and serum cholinesterase,
which are similar to OPs in toxicity47. Thus, we
speculate that OPs also may inhibit NK cell and CTL
activities as do DIMP and DEMP. To clarify
whether OPs also affect NK cell and CTL activities,
we first investigated five OPs―dimethyl 2,2-
dichlorovinyl phosphate ( DDVP, dichlorvos ) ,
dimethyl 2,2,2-trichloro-hydroxyethylphosphonate
(DEP), dimethoate (DMTA), acephate and S-2-
ethylsulfinyl-1-methylethyl O, O-dimethyl
phosphorothioate (ESP)―on human NK cell activity.
We found that all five OPs significantly decreased
human NK cell activity in a dose-dependent manner
and that the strength of inhibition differed among
the five OPs in the following order: DDVP>DMTA
�DEP�ESP> acephate 48 (Fig. 2) . Then we
investigated the effect of DDVP on murine splenic
NK cell, lymphokine-activated killer (LAK) cell, and
CTL activities and human LAK cell and CTL
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Fig. 2 Effect of OPs on human NK cell activity and YT cell activity in vitro. IC50: inhibitory 
concentration of 50% NK cell activity. The YT cell is a human NK cell line. Cited from Li Q et al., 
Toxicology 2002, 172: 181 ― 19048.

Fig. 3 Effect of DDVP on NK cell, CTL, and LAK cell activities in vitro. The activity values for 
the 40/1 (human NK cell), 10/1 (YT cell, human and murine LAK cells), 80/1 (murine NK 
cell), and 20/1 (murine CTL) of E/T ratios are presented, and similar results were 
obtained with other E/T ratios for each effector cell. Cited from Li Q et al., Toxicology 
2002, 172: 181 ― 19048.
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Table 1 Summary of organophosphorus compound-induced immunotoxicity56

ReferencesHuman/AnimalEffectsParametersTargets
（Cells）

7Human↓Neutrophil functionNeutrophils

8-11Mice↑↑↑↑Productions of estalase and neutral proteases, 
phagocytic capability and size of MϕMacrophages

12, 13Mice↓↓Ab production (IgG/IgM)

B cells
13Mice→B cell response to LPS

18, 19Human→→B cell population (CD19)

18, 19, 21Human/mice↑↑↑Autoantibodies

16Mice↓IL-2 dependent proliferation

T cells

14Rat↓IL-2 production

17Rat↓Response to Con A or PHA

18, 19HumanCD4↓→CD5↓↓CD26↑↑T cell subset, CD4, CD5, CD26

48, 51, 53-55Human/mice↓↓↓↓↓CTL activity

40, 41HumanTh2↑, Th1↑Th1/Th2 cytokine profiles

48-54Human/mice↓↓↓↓↓↓↓NK activity

NK cells 48Human↓Granzyme activity

49, 50Human↓↓Expressions of perforin, granulysin, GrA

48, 51Human/mice↓↓LAK activityLAK cells

51Mice↓FasL/Fas pathway

Others

74-77Human/mice↑↑↑↑ (Positive)Apoptosis

15Human↓Complement activity

22, 23Human↑↑Multiple chemical sensitivity

31, 32Human↑↑Asthma or asthma-related symptoms

25Human↓Neuropathy target esterase

26Mice↑ (Positive)Histopathological damage in lymphoid tissues

27Rat↑Corticosterone in plasma (stress)

29, 30, 44Human↑↑↑Sister chromatid exchanges in lymphocytes

↓: Inhibition/decrease; ↑:  Increase/Activation (Induction); →: No effect. Numbers of the arrow show the number 
of references.

activities. DDVP significantly decreased human NK
cell48―50, LAK cell48, and murine NK cell, LAK cell and
CTL activities in vitro48 and in vivo51 in a dose-
dependent manner, and the degree of decrease in
these activities differed among the effector cells
investigated. The order was as follows: human NK
cells>murine NK cells>murine CTLs>murine LAK
cells>human LAK cells48 (Fig. 3).

Zabrodskii and Germanchuk52 have also reported
that subcutaneous injection of DDVP at 0.2 of the
median lethal dose (LD50) and 0.8 of the LD50
significantly inhibited NK cell activity and antibody-
dependent cell cytotoxicity in Wistar rats. Rodgers

et al. have reported that O, O, S-trimethyl
phosphorothioate, an impurity in technical
formulations of malathion, inhibited human NK cell
activity in vitro53 and murine and human CTL
activity in vivo and in vitro54,55. Table 1 summarizes
the immunotoxicity of organophosphorus compounds
in humans and animals56.

However, there have been few studies of the
mechanisms of OP-induced inhibition of NK cell,
LAK cell, and CTL activities. We review the new
mechanisms of OP-induced inhibition of cytolytic
activity of killer cells in the present study.
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Fig. 4 Inhibitory effect of DDVP on activity of 
human granzymes A, B, 3, H, M. IC50: 
inhibitory concentration of 50% activity of 
granzymes.  Cited  from  Li  Q  et  al., 
Toxicology 2002, 172: 181 ― 19048.

OPs Impair the Granule Exocytosis Pathway of
Killer Cells

It has been reported that NK cells, LAK cells, and
CTLs induce tumor or virus-infected target cell
death by two main mechanisms57―59. The first
mechanism is the direct release of cytolytic granules
that contain the pore-forming protein perforin,
several serine proteases termed granzymes60, and
granulysin61 by exocytosis to kill target cells. The
second mechanism is mediated by the Fas ligand
(FasL)�Fas pathway, in which FasL (CD95 L), a
surface membrane ligand of the killer cell cross links
with the target cell’s surface death receptor Fas
(CD95) to induce apoptosis of the target cells51,59,62.
Human NK cells, LAK cells and CTLs have been
shown to express five granzymes. Granzyme A
(GrA) is expressed in NK cells, PHA-or CD3-

stimulated T cells, and gamma�delta T cells and has
a trypsin-like specificity, which cleaves on the
carboxyl side of basic residues, such as arginine and
lysine63,64. GrB is expressed in NK cells, PHA-or CD3-
stimulated T cells, gamma�delta T cells, and cleaves
on the carboxyl side of aspartic acid residues64,65.
Gr3�K is expressed in T cells and IL-2 or ConA-
stimulated T cells, NK cells and peripheral blood
lymphocytes (PBLs) and is trypsin-like (cleavage
after basic residues)66,67. GrH is expressed in IL-2- or
PHA-stimulated PBLs and CTLs, and prefers
cleavage after hydrophobic residues, such as
phenylalanine68. GrM is expressed in NK cells and
gamma�delta T cells, and cleaves on the carboxyl
side of methionine, leucine, or norleucine64,69.

OPs are potent inhibitors of serine esterases, such
as acetylcholinesterase and serum cholinesterase1,2,
and granzymes are also serine esterases
(proteases)60,63,65―69. Thus, we speculate that the
decrease in NK cell, LAK cell, and CTL activities by
OPs may be mediated by the inhibition of serine
proteases (granzymes), which are released from NK
cell, LAK cell, and CTL granules by exocytosis when
target cells conjugate with the effector cells. To
explore the underlying mechanism of the decrease
in cytolytic activity in killer cells, we investigated
the effects of DDVP on the enzymatic activity of
human granzymes and found that DDVP
significantly inhibits the enzymatic activity of
human GrA, Gr3, GrH, and GrM in a dose-dependent
manner. The IC50 (inhibitory concentration of 50%
granzyme activity) values were 0.05 mM for GrA
and Gr3, 0.03 mM for GrH and 0.05 mM for GrM
(Fig. 4). To support our hypothesis that OP-induced
inhibition of the cytolytic activity of killer cells is
mediated by the inhibition of granzymes (serine
proteases), we investigated the effect of 4-(2-
aminoethyl) benzenesulfonyl fluoride-HCl (p-ABSF),
an inhibitor of serine proteases, on NK cell, LAK cell,
and CTL activities. We found that p-ABSF
significantly decreased the activities of human and
murine NK cells and LAK cells and of a murine CTL
line in a dose-dependent manner, and that the
degree of decrease in those activities also differed
among the effector cells in the following order:
human NK>murine NK>murine CTL line>murine
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Fig. 5 Effect of DDVP on the expression of perforin in human NK-92CI after a 15-hour in 
vitro treatment. The X axis shows the fluorescent intensity of fluorescein 
isothiocyanate (FITC)-anti-perforin, which represents the intracellular level of 
perforin, and the Y axis shows the counts of NK cells. The solid histogram shows 
the control stained with FITC-mouse IgG2b (isotype control), and the blank 
histograms show the results of staining with FITC-mouse anti-human perforin 
after treatment with DDVP at 0 (black), 0.055 (green), 0.110 (blue), 0.225 (orange) 
and 0.452 (red) mM from the right to the left, respectively. Cited from Li Q et al., 
Toxicology 2005, 213: 107 ― 11649.

LAK>human LAK. This order coincides with the
results obtained with DDVP, suggesting that DDVP
and p-ABSF have a common inhibiting mechanism
on NK cell, LAK cell and CTL activities. In addition,
the decreases in NK cell, LAK cell, and CTL
activities induced by p-ABSF + DDVP were greater
than those by either p-ABSF alone or DDVP alone in
the same concentration, suggesting that DDVP and
p-ABSF have an additive inhibitory effect on NK
cell, CTL, and LAK cell activities. Taken together,
the above-mentioned findings indicate that OPs
significantly decrease NK cell, LAK cell, and CTL
activities in vitro, at least partially mediated by
granzyme inhibition48.

To investigate whether OPs also affect the
expression of granzyme, granulysin, and perforin, we
treated a human NK cell line, NK-92, with DDVP in

vitro and then analyzed the expressions of
granzyme, granulysin, and perforin with flow
cytometry and reverse transcriptase polymerase
chain reaction. We found that DDVP significantly
decreased the expression of perforin (Fig. 5),
granzyme A, and granulysin in NK-92CI and NK-92

MI cells in a dose-dependent manner49,50. DDVP also
has a modest but significant inhibitory effect on the
transcription of the mRNAs of perforin, granzyme
A, and granulysin. Moreover, we found that the
decreases in perforin, granzyme A, and granulysin
in the granules of NK-92CI cells parallel a similar
pattern determined by immunocytochemical
analysis, which strongly suggests the possibility of
degranulation49.

Taken together these findings indicate that DDVP
inhibits the enzymatic activity of granzymes48, the
expression of granzymes, granulysin, and perforin in
human NK cells, and the induction of degranulation
of NK cells49,50 (Fig. 6).

OPs Impair the FasL�Fas Pathway of Killer Cells

Only one paper has investigated whether OPs
affect the FasL�Fas pathway of killer cells using
perforin-knockout (PKO) mice51. It has been reported
that the granule exocytosis pathway in PKO mice
does not function against Fas antigen-negative
target cells51,62,70 and that the NK cells, CTLs, and
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Fig. 6 Effects of DDVP at 0.11 and 0.22 mM on intracellular perforin/granulysin (A) and granzyme 
A/granulysin (B) in NK-92CI cells after a 15-hour in vitro treatment. The NK-92CI cells were 
fixed/permeablized with Cytofix/cytoperm solution, and then double-staining of perforin/granulysin 
and granzyme A/granulysin were performed. The intracellular perforin and granzyme A were stained 
with FITC-anti-human perforin and granzyme A, respectively. Intracellular granulysin was first 
stained with rabbit anti-human granulusin polyclonal antibody, then stained with Texas red-goat 
anti-rabbit IgG. Cited from Li Q et al., Toxicology 2005, 213: 107 ― 11649.

A

B

LAK cells of PKO mice kill targets only by the
FasL�Fas pathway51,70. Thus, we used PKO mice to
investigate the effect of DDVP on the FasL�Fas
pathway by determining the NK cell, CTL, and LAK
cell activities in PKO mice.

In this study, we found that DDVP significantly

decreased the NK cell, CTL, and LAK cell activities
of PKO mice in a dose-dependent manner (Fig. 7)
and that the CTL and LAK cell activities of PKO
mice were significantly blocked by an anti-FasL
antibody, suggesting that DDVP and the anti-FasL
antibody have the same or a similar mechanism of
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Fig. 7 Effect of DDVP on NK cell, LAK cell, and CTL activities of PKO mice in vitro. Cited from Li 
Q et al., Toxicology 2004; 204: 41 ― 5051.

Fig. 8 Effect of DDVP on the expression of Fas antigen on the surface of 
YAC-1 cells (A) and on the expression of FasL on the surface of 
LAK cells (B). Cited from Li Q et al., Toxicology 2004; 204: 41 ― 5051.

inhibiting LAK cell and CTL activities. Moreover,
DDVP decreases the expression of Fas antigen on
YAC-1 cells (a target cell in NK cell activity assay)
and the expression of FasL on LAK cells in a dose-
dependent manner (Fig. 8). Taken together, these
findings indicate that the DDVP-induced inhibition of
NK cell, LAK cell, and CTL activities in PKO mice is
mediated by the impairment of the FasL�Fas
pathway51.

OPs Induce Apoptosis of Immune Cells

It has been reported that OPs induced apoptosis
in rat primary cortical neurons71, in SH-SY5Y human
neuroblastoma cells72, and in murine preimplantation
embryos73. On the other hand, 4 papers have
reported that OPs induce apoptosis of immune
cells74―77. Saleh et al74,75 have shown that paraoxon (the
bioactive metabolite of parathion) and parathion
cause apoptotic cell death in a murine EL4 T-
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Fig. 9 Chlorpyrifos-induced reduction in the cell 
size of U937. A: dot plot of forward scatter 
(FSC) vs side scatter (SSC) in control U937 
cells. B: dot plot of FSC vs SSC in 
chlorpyrifos-treated  U937  cells:  the 
horizontal axis (FSC) shows the size of U937 
cell, while the vertical axis (SSC) shows the 
complexity. C: dot plot of FITC-Annexin 
V/PI in control U937 cells. D: dot plot of 
FITC-Annexin V/PI in chlorpyrifos-treated 
U937 cells. E: dot plot of FITC-Annexin 
V/PI in gate R1 in  Figure 9B in 
chlorpyrifos-treated U937, the horizontal 
axis shows the intensity of fluorescence of 
FITC-Annexin V, whereas the vertical axis 
shows the intensity of fluorescence of PI. 
U937 cells were treated with chlorpyrifos at 
0 or 142 μM for 4 hours, and then apoptosis 
was determined  with  FITC-Annexin  V/PI 
staining detected with flow cytometry. 
Cited from Nakadai A et al., Toxicology, 
2006; 224: 202 ― 20976.

Fig. 10 Chlorpyrifos-induced DNA fragmentation 
in U937 cells determined with agarose gel 
electrophoresis. M: marker of the DNA 
ladder, C: a positive control, camptotecin at 
6 μM. The concentrations of chlorpyrifos 
were 0, 71, 142, and 284 μM. Data shown 
are  representative  of  three  similar 
experiments. Cited from Nakadai A et al., 
Toxicology, 2006; 224: 202 ― 20976.

lymphocytic leukemia cell line through activation of
caspase-3. In this study, pretreatment of EL4 cells
with the caspase-9-specific inhibitor zLEHD-fmk
attenuated paraoxon-induced apoptosis in a dose-
dependent manner, whereas the caspase-8 inhibitor
zIETD-fmk had no effect. Furthermore, activation of
caspase-9, -8, and -3 in response to paraoxon

treatment was completely inhibited in the presence
of zLEHD-fmk, implicating the involvement of
caspase 9-dependent mitochondrial pathways in
paraoxon-stimulated apoptosis. Indeed, under both in
vitro and in vivo conditions, paraoxon triggered a
dose- and time-dependent translocation of
cytochrome c from mitochondria into the cytosol.
Investigation of the mechanism of cytochrome c
release revealed that paraoxon disrupted the
mitochondrial transmembrane potential. Neither this
effect nor cytchrome c release was dependent on
caspase activation, since zVAD-fmk, the general
inhibitor of the caspase family, did not influence
either process. Finally, paraoxon treatment also
resulted in a time-dependent up-regulation and
translocation of the proapoptotic molecule Bax to
mitochondria. Inhibition of this event by zVAD-fmk
suggests that the activation and translocation of Bax
to mitochondria follows activation of the caspase
cascades. The results indicate that paraoxon induces
apoptosis in EL4 cells through a direct effect on
mitochondria by disrupting the transmembrane
potential, causing the release of cytochrome c into
the cytosol and subsequent activation of caspase-975.
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Fig. 11 OPs  impair  the  granule  exocytosis 
pathway  (perforin/granzyme/granulysin 
pathway) and the FasL/Fas pathway of 
NK cells, LAK cells and CTLs. OP: 
organophosphorus   pesticides.   → : 
inhibition. Cited from Li Q and Kawada T, 
Cellular and Molecular Immunology 2006; 
3: 171 ― 17856.

To explore the mechanism of OP-induced
immunotoxicity, we also investigated whether OPs
induced apoptosis in human immune cells and
examined the underlying mechanism76. We treated
human immune cells, a human monocyte like cell
line (U937), with the OP chlorpyrifos and found that
chlorpyrifos induced the cell death of U937 in a dose-
and time-dependent manner, as shown by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrasolium bromide
(MTT) and lactate dehydrogenase (LDH) assays and
propidium iodide (PI) uptake. We then investigated
whether chlorpyrifos-induced cell death consisted of
apoptosis, as determined by a DNA fragmentation
analysis and by analysis of Annexin-V staining and
the intracellular level of active caspase-3 by flow
cytometry. We found that chlorpyrifos induced
apoptosis in U937 in a time- and dose-dependent
manner, as shown by Annexin-V staining (Fig. 9).
DNA fragmentation was detected when cells were

treated with chlorpyrifos (Fig. 10). Chlorpyrifos also
induced an increase in intracellular active caspase-3
in U937 cells in a dose-dependent manner, and a
caspase-3 inhibitor, Z-DEVD-FMK, significantly
inhibited the chlorpyrifos-induced apoptosis. These
findings indicate that chlorpyrifos induced apoptosis
in U937 cells76. Das et al77 have also reported that
OPs, such as monocrotophos, profenofos,
chlorpyrifos, and acephate, significantly induced
apoptosis and necrosis in cultured human peripheral
blood lymphocytes in vitro using DNA diffusion
assay. Future studies should investigate whether
OPs also induce apoptosis in NK cells, CTLs, and
LAK cells and the relationship between OP-induced
apoptosis and OP-induced inhibition of NK cell, CTL,
or LAK cell activity.

In conclusion, the above findings indicate that OPs
inhibit NK cell, LAK cell, and CTL activities
mediated by at least the following three
mechanisms56:

1. OPs impair the granule exocytosis pathway of
NK cells, LAK cells, and CTLs (Fig. 11)48―50;

2. OPs impair the FasL�Fas pathway of NK cells,
LAK cells, and CTLs (Fig. 11)51;

3. OPs induce apoptosis of immune cells74―77.

Acknowledgements: This study was supported by
grants from the Ministry of Education, Culture, Sports,
Science and Technology of Japan (No. 09877077, No.
10770178, No. 12770206 and No. 15590523). I am grateful
to all staff at the Department of Hygiene and Public
Health, Nippon Medical School for their assistances and
advice.

References

1．Richardson ML: C309 : Chlorpyrifos. In The
dictionary of substances and their effects, Vol. 2
(Richardson ML, eds), 1993; pp 460―463, The Royal
Society of Chemistry, Cambridge.

2．Richardson ML: D257: Dichlorvos. In The dictionary
of substances and their effects, Vol. 3 (Richardson
ML, eds), 1993; pp 391―396, The Royal Society of
Chemistry, Cambridge.

3．Ellenhorn MJ, Barceloux DG: Chapter 38: Pesticides.
In Medical Toxicology (Ellenhorn MJ, Barceloux DG,
eds), 1988; pp 1069―1077, Elsevier, New York.

4．Japan Plant Protection Association: I. Production and
Shipment of Pesticides. In A handbook of pesticides
(Japan Plant Protection Association, eds), 2003; pp 4―



Organophosphorus-induced Immunotoxicity

J Nippon Med Sch 2007; 74 (2) 103

79, Japan Plant Protection Association, Tokyo. (in
Japanese).

5．Pope CN: Organophosphorus pesticides:do they all
have the same mechanism of toxicity? J Toxicol
Envir Health, Part B 1999; 2: 161―181.

6．Bajgar J: Organophosphates�nerve agent poisoning:
mechanism of action, diagnosis, prophylaxis, and
treatment. Adv Clin Chem 2004; 38: 151―216.

7．Hermanowicz A, Kossman S: Neutrophil function
and infectious disease in workers occupationally
exposed to phosphoorganic pesticides: role of
mononuclear-derived chemotactic factor for
neutrophils. Clin Immunol Immunopathol 1984; 33:
13―22.

8．Rodgers KE, Imamura T, Devens BH: Investigations
into the mechanism of immunosuppression caused
by acute treatment with O,O,S-trimethyl
phosphorothioate. I. Characterization of the immune
cell population affected. Immunopharmacology 1985;
10: 171―180.

9．Rodgers KE, Ellefson DD: Effects of acute
administration of O,O,S-trimethyl phosphorothioate
on the respiratory burst and phagocytic activity of
splenic and peritoneal leukocytes. Agents Actions
1988; 24: 152―160.

10．Rodgers KE, Ellefson DD: Modulation of macrophage
protease activity by acute administration of O,O,S
trimethyl phosphorothioate. Agents Actions 1990; 29:
277―285.

11． Crittenden PL, Carr R, Pruett SB :
Immunotoxicological assessment of methyl parathion
in female B6C3F1 mice. J Toxicol Environ Health A
1998; 54: 1―20.

12．Casale GP, Cohen SD, DiCapua RA: The effects of
organophosphate-induced cholinergic stimulation on
the antibody response to sheep erythrocytes in
inbred mice. Toxicol Appl Pharmacol 1983; 68: 198―
205.

13．Johnson VJ, Rosenberg AM, Lee K, Blakley BR:
Increased T-lymphocyte dependent antibody
production in female SJL�J mice following exposure
to commercial grade malathion. Toxicology 2002; 170:
119―129.

14．Pruett SB, Chambers JE: Effects of paraoxon, p-
nitrophenol, phenyl saligenin cyclic phosphate, and
phenol on the rat interleukin 2 system. Toxicol Lett
1988; 40: 11―20.

15．Casale GP, Bavari S, Connolly JJ: Inhibition of human
serum complement activity by
diisopropylfluorophosphate and selected
anticholinesterase insecticides. Fundam Appl Toxicol
1989; 12: 460―468.

16．Casale GP, Vennerstrom JL, Bavari S, Wang TL:
Inhibition of interleukin 2 driven proliferation of
mouse CTLL2 cells, by selected carbamate and
organophosphate insecticides and congeners of
carbaryl. Immunopharmacol Immunotoxicol 1993; 15:
199―215.

17．Blakley BR, Yole MJ, Brousseau P, Boermans H,
Fournier M: Effect of chlorpyrifos on immune
function in rats. Vet Hum Toxicol 1999; 41: 140―144.

18．Thrasher JD, Madison R, Broughton A: Immunologic
abnormalities in humans exposed to chlorpyrifos:
preliminary observations. Arch Environ Health 1993;
48: 89―93.

19．Thrasher JD, Heuser G, Broughton A: Immunological
abnormalities in humans chronically exposed to
chlorpyrifos. Arch Environ Health 2002; 57: 181―187.

20．Youinou P, Jamin C, Pers JO, Berthou C, Saraux A,
Renaudineau Y: B lymphocytes are required for
development and treatment of autoimmune diseases.
Ann N Y Acad Sci 2005; 1050: 19―33.

21．Rodgers KE: Effects of oral administration of
malathion on the course of disease in MRL-lpr mice.
J Autoimmun 1997; 10: 367―373.

22．Ziem G, McTamney J: Profile of patients with
chemical injury and sensitivity. Environ Health
Perspect 1997; 105 (Suppl 2): 417―436.

23．Berkson J: Patient statement: a canary’s tale. Toxicol
Ind Health 1994; 10: 323―326.

24．Galloway T, Handy R : Immunotoxicity of
organophosphorous pesticides. Ecotoxicology 2003;
12: 345―363.

25．Bertoncin D, Russolo A, Caroldi S, Lotti M:
Neuropathy target esterase in human lymphocytes.
Arch Environ Health 1985; 40: 139―144.

26．Handy RD, Abd-El Samei HA, Bayomy MF, Mahran
AM, Abdeen AM, El-Elaimy EA: Chronic diazinon
exposure: pathologies of spleen, thymus, blood cells,
and lymph nodes are modulated by dietary protein
or lipid in the mouse. Toxicology 2002; 172: 13―34.

27． Osicka-Koprowska A, Lipska M, Wysocka-
Paruszewska B: Effects of chlorfenvinphos on plasma
corticosterone and aldosterone levels in rats. Arch
Toxicol 1984; 55: 68―69.

28．Videira RA, Antunes-Madeira MC, Lopes VI,
Madeira VM: Changes induced by malathion,
methylparathion and parathion on membrane lipid
physicochemical properties correlate with their
toxicity. Biochim Biophys Acta 2001; 1511: 360―368.

29．Li Q, Minami M, Clement JG, Boulet CA: Elevated
frequency of sister chromatid exchanges in
experiments by exposing lymphocytes to by-
products generating of sarin synthesis: ―Relating to
Tokyo sarin disaster―. Toxicol Lett 1998; 98: 95―103.

30．Li Q, Hirata Y, Piao S, Minami M: The by-products
generated during sarin synthesis in the Tokyo sarin
disaster induced inhibition of natural killer and
cytotoxic T lymphocyte activity. Toxicology 2000;
146: 209―220.

31．Hoppin JA, Umbach DM, London SJ, Alavanja MC,
Sandler DP: Chemical predictors of wheeze among
farmer pesticide applicators in the Agricultural
Health Study. Am J Respir Crit Care Med 2002; 165:
683―689.

32．Zhang LX, Enarson DA, He GX, Li B, Chan-Yeung
M: Occupational and environmental risk factors for
respiratory symptoms in rural Beijing, China. Eur
Respir J 2002; 20: 1525―1531.

33．Romagnani S: Lymphokine production by human T
cells in disease states. Annu Rev Immunol 1994; 12:
227―257.

34．de Vries E, de Bruin-Versteeg S, Comans-Bitter WM,
et al.: Longitudinal survey of lymphocyte
subpopulations in the first year of life. Pediatr Res
2000; 47: 528―537.

35．Kuo ML, Huang JL, Yeh KW, Li PS, Hsieh KH:
Evaluation of Th1�Th2 ratio and cytokine
production profile during acute exacerbation and
convalescence in asthmatic children. Ann Allergy



Q. Li

104 J Nippon Med Sch 2007; 74 (2)

Asthma Immunol 2001; 86: 272―276.
36．Yssel H, Abbal C, Pene J, Bousquet J: The role of

IgE in asthma. Clin Exp Allergy 1998; 28(suppl 5):
104―109.

37．Heaton T, Rowe J, Turner S, et al.: An
immunoepidemiological approach to asthma :
identification of in-vitro T-cell response patterns
associated with different wheezing phenotypes in
children. Lancet 2005; 365: 142―149.

38．Cohn L, Elias JA, Chupp GL: Asthma: mechanisms of
disease persistence and progression. Annu Rev
Immunol 2004; 22: 789―815.

39．Sanchez-Guerrero I, Vegara RP, Herrero N, Garcia-
Alonso AM, Luna A, Alvarez MR: Cytokine serum
profiles in allergic and non-allergic asthma. Increased
production of IL-10 by non-allergic asthmatic
patients. Allergol Immunopathol (Madr) 1997; 25: 98―
103.

40．Duramad P, Tager IB, Leikauf J, Eskenazi B, Holland
NT: Expression of Th1�Th2 cytokines in human
blood after in vitro treatment with chlorpyrifos, and
its metabolites, in combination with endotoxin LPS
and allergen Der p1. J Appl Toxicol 2006; 26: 458―
465.

41．Duramad P, Harley K, Lipsett M, et al.: Early
environmental exposures and intracellular Th1�Th2
cytokine profiles in 24-month-old children living in an
agricultural area. Environ Health Perspect 2006; 114:
1916―1922.

42．Masuda N, Takatsu M, Morinari H, Ozawa T: Sarin
poisoning in Tokyo subway. Lancet 1995; 345: 1446.

43．Richardson ML, Gangolli S: S7: Sarin. In The
dictionary of substances and their effects, Vol. 7
(Richardson ML, Gangolli S, eds), 1993; pp 10―11,
The Royal Society of Chemistry, Cambridge.

44．Li Q, Hirata Y, Kawada T, Minami M: Elevated
frequency of sister chromatid exchanges of
lymphocytes in sarin-exposed victims of the Tokyo
sarin disaster 3 years after the event. Toxicology
2004; 201: 209―217.

45．Li Q, Minami M: Sister chromatid exchanges of
human peripheral blood lymphocytes induced by N,
N-diethylaniline in vitro. Mutation Res 1997; 395: 151―
157.

46．Li Q, Hirata Y, Piao S, Minami M: Immunotoxicity of
N,N-diethylaniline in mice: Effect on natural killer
activity, cytotoxic T lymphocyte activity,
lymphocyte proliferation response and cellular
components of the spleen. Toxicology 2000; 150: 181―
191.

47．Minami M, Hui D-M, Wang Z, et al.: Biological
monitoring of metabolites of sarin and its by-
products in human urine samples. J Toxicol Sci 1998;
23 (Suppl 2): 250―254.

48．Li Q, Nagahara N, Takahashi H, Takeda K, Okumura
K, Minami M : Organophosphorus pesticides
markedly inhibit the activities of natural killer,
cytotoxic T lymphocyte and lymphokine-activated
killer : a proposed inhibiting mechanism via
granzyme inhibition. Toxicology 2002; 172: 181―190.

49．Li Q, Nakadai A, Ishizaki M, et al.: Dimethyl 2,2-
dichlorovinyl phosphate (DDVP) markedly decreases
the expression of perforin, granzyme A and
granulysin in human NK-92CI cell line. Toxicology
2005; 213: 107―116.

50．Li Q, Nakadai A, Matsushima H, et al.: Phytoncides
(wood essential oils) induce human natural killer cell
activity. Immunopharmacol Immunotoxicol 2006; 28:
319―333.

51．Li Q, Nakadai A, Takeda K, Kawada T: Dimethyl 2,
2-dichlorovinyl phosphate (DDVP) markedly inhibits
activities of natural killer cells, cytotoxic T
lymphocytes and lymphokine-activated killer cells
via the Fas-ligand�Fas pathway in perforin-knockout
(PKO) mice. Toxicology 2004; 204: 41―50.

52．Zabrodskii PF, Germanchuk VG: Role of activation of
the sympathoadrenal system in the realization of
immune reactions during acute poisoning with
organophosphorus compounds. Bull Exp Biol Med
2001; 132: 966―968.

53．Rodgers KE, Grayson MH, Ware CF: Inhibition of
cytotoxic T lymphocyte and natural killer cell-
mediated lysis by O,S,S,-trimethyl phosphorodithioate
is at an early postrecognition step. J Immunol 1988;
140: 564―570.

54．Rodgers KE, Leung N, Ware CF: Effects of acute
administration of O,S,S-trimethyl phosphorodithioate
on the generation of cellular and humoral immune
responses following in vitro stimulation. Toxicology
1988; 51: 241―253.

55．Rodgers KE, Stern ML, Ware CF: Effects of
subacute administration of O,S,S-trimethyl
phosphorodithioate on cellular and humoral immune
response systems. Toxicology 1989; 54: 183―195.

56．Li Q, Kawada T: The new mechanism of
organophosphorus pesticides-induced inhibition of
cytolytic activity of killer cells. Cellular & Molecular
Immunology (CMI) 2006; 3: 171―178.

57．Kagi D, Vignaux F, Ledermann B, et al.: Fas and
perforin pathways as major mechanisms of T cell-
mediated cytotoxicity. Science 1994; 265: 528―530.

58．Mori S, Jewett A, Murakami-Mori K, Cavalcanti M,
Bonavida B: The participation of the Fas-mediated
cytotoxic pathway by natural killer cells is tumor-
cell-dependent. Cancer Immunol Immunother 1997;
44: 282―290.

59．Sayers TJ, Brooks AD, Lee JK, et al.: Molecular
mechanisms of immune-mediated lysis of murine
renal cancer: differential contributions of perforin-
dependent versus Fas-mediated pathways in lysis by
NK and T cells. J Immunol 1998; 161: 3957―3965.

60．Smyth MJ, Trapani JA: Granzymes: exogenous
proteinases that induce target cell apoptosis.
Immunol Today 1995; 16: 202―206.

61．Okada S, Li Q, Whitin JC, Clayberger C, Krensky
AM: Intracellular mediators of granulysin-induced
cell death. J Immunol 2003; 171: 2556―2562.

62．Kagi D, Ledermann B, Burki K, et al.: Cytotoxicity
mediated by T cells and natural killer cells is greatly
impaired in perforin-deficient mice. Nature 1994; 369:
31―37.

63．Gershenfeld HK, Hershberger RJ, Shows TB,
Weissman IL: Cloning and chromosomal assignment
of a human cDNA encoding a T cell- and natural
killer cell-specific trypsin-like serine protease. Proc
Natl Acad Sci USA 1988; 85: 1184―1188.

64．Sayers TJ, Brooks AD, Ward JM, et al.: The
Restricted Expression of Granzyme M in Human
Lymphocytes. J Immunol 2001; 166: 765―771.

65．Trapani JA, Klein JL, White PC, Dupont B:



Organophosphorus-induced Immunotoxicity

J Nippon Med Sch 2007; 74 (2) 105

Molecular cloning of an inducible serine esterase
gene from human cytotoxic lymphocytes. Proc Natl
Acad Sci USA 1988; 85: 6924―6928.

66．Sayers TJ, Lloyd AR, McVicar DW, et al.: Cloning
and expression of a second human natural killer cell
granule tryptase, HNK-Tryp-2�granzyme 3. J Leukoc
Biol 1996; 59: 763―768.

67．Hirata Y, Inagaki H, Shimizu T, et al.: Expression of
enzymatically active human granzyme 3 in
Escherichia coli for analysis of its substrate
specificity. Arch Biochem Biophys 2006; 446: 35―43.

68．Meier M, Kwong PC, Fregeau CJ, et al.: Cloning of a
gene that encodes a new member of the human
cytotoxic cell protease family. Biochemistry 1990; 29:
4042―4049.

69．Smyth MJ, Sayers TJ, Wiltrout T, Powers JC,
Trapani JA : Met-ase : cloning and distinct
chromosomal location of a serine protease
preferentially expressed in human natural killer
cells. J Immunol 1993; 151: 6195―6205.

70．Liu CC, Walsh CM, Eto N, Clark WR, Young JD:
Morphologic and functional characterization of
perforin-deficient lymphokine-activated killer cells. J
Immunol 1995; 155: 602―608.

71．Caughlan A, Newhouse K, Namgung U, Xia Z:
Chlorpyrifos induces apoptosis in rat cortical
neurons that is regulated by a balance between p38
and ERK�JNK MAP kinases. Toxicol Sci 2004; 78:
125―134.

72．Carlson K, Jortner BS, Ehrich M: Organophosphorus

compound-induced apoptosis in SH-SY5Y human
neuroblastoma cells. Toxicol Appl Pharmacol 2000;
168: 102―113.

73．Greenlee AR, Ellis TM, Berg RL: Low-dose
agrochemicals and lawn-care pesticides induce
developmental toxicity in murine preimplantation
embryos. Environ Health Perspect 2004; 112: 703―
709.

74．Saleh AM, Vijayasarathy C, Masoud L, Kumar L,
Shahin A, Kambal A: Paraoxon induces apoptosis in
EL4 cells via activation of mitochondrial pathways.
Toxicol Appl Pharmacol 2003; 190: 47―57.

75．Saleh AM, Vijayasarathy C, Fernandez-Cabezudo M,
Taleb M, Petroianu G: Influence of paraoxon (POX)
and parathion (PAT) on apoptosis: a possible
mechanism for toxicity in low-dose exposure. J Appl
Toxicol 2003; 23: 23―29.

76．Nakadai A, Li Q, Kawada T: Chlorpyrifos induces
apoptosis in human monocyte cell line U937.
Toxicology 2006; 224: 202―209.

77．Das GP, Shaik AP, Jamil K: Estimation of apoptosis
and necrosis caused by pesticides in vitro on human
lymphocytes using DNA diffusion assay. Drug Chem
Toxicol 2006; 29: 147―156.

(Received,
(Accepted,

November
February

7, 2006)
1, 2007)


