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ABSTRACT: Methamidophos is a cholinesterase inhibitor organophosphate (OP) used commonly as a pesticide. Its use is
currently a global concern due to widespread occurrence, persistence, bioaccumulation and neurotoxic potential. We therefore
examined the effect of methamidophos on thyroid hormone receptor (TR)-mediated gene expression using transient
transfection-based reporter gene assay. Our results shows that methamidophos (10° M) suppressed thyroid hormone (TH)-
induced TR-mediated transcription. We further examined the effects of methamidophos on TR-thyroid hormone response
element (TRE) binding using the liquid chemiluminescent DNA pull-down assay (LCDPA), and found no dissociation of TR
from TRE. Using mammalian two hybrid assay, we showed that methamidophos did not recruit co-activator (steroid receptor
co-activator 1; SRC-1) to TR in the presence of TH. Also, it did not recruit co-repressors (nuclear co-repressor; NCoR) to TR
in the absence of TH at all concentrations examined. The effects of methamidophos on cerebellar Purkinje cell dendritogenesis,
granule cell neurite morphology and synaptic plasticity are currently under investigation. Taken together, our results show that
methamidophos can potentially disrupt TR—-mediated gene expression, suggesting that methamidophos may interfere with
thyroid hormone-mediated activities in various target organs including the developing brain.
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INTRODUCTION implications in humans. Due to poor and un-enforced
regulations of its use, careless handling, improper

disposal and accidental spills, many potentially but

Cholinesterase inhibitor organophosphates (OPs) are
among the most commonly used pesticides worldwide
for domestic and agricultural purposes, and they
account for nearly half of the insecticide world usage
(Casida and Quistad 2004). Methamidophos is one of
most commonly used OP. The health implications of
their use are currently a global concern especially in
developing countries where agro-based industries are
still a major occupational source. Although largely
beneficial to improve overall crop yield, its use is also
largely associated with potential risk and adverse health
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avoidable fatal incidences have been recorded both in
humans and on the environment. (Azmi et al, 2006).
Due to their resistance to bio-degradation and
stability in the environment, there is increasing
evidence of their bioaccumulation in humans and in the
environment, and consequently may impact negatively
on human health. (Zhang et al, 2002, Azmi et al, 2006).
Acute toxic effect of OP poisoning is caused by
inhibition of acetycholinesterase (AChE) in both the
central and peripheral nervous system. This leads to
accumulation of acetylcholine in the synaptic cleft,
thereby causing cholinergic hyperstimulation which is
often referred to as “cholinergic storm” (Sultatos, 1994,
Mearns et al, 1994). Equally worrisome, is chronic low
dose exposure to methamidophos. Studies in animal
models have shown that exposure to low dose
methamidophos resulted in inhibition of other
neurotransmitters beside cholinesterase (Slotkin and
Seidler 2007, Shahroukhi et al, 2007). Especially, the
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serotonergic system was greatly inhibited during the
perinatal developmental phase in animal models
(Slotkin et al, 2008, 2009). Studies have also shown
that exposure to OP resulted in neurochemical and
neurobehavioral abnormalities (Aldridge et al, 2003,
Raines et al, 2001), induced depression-like behavior in
mice (Lima et al, 2009). Limited epidermiological
studies suggest an association between long term
exposure to OP and neurological disturbance (Rolden-
Tapia, 2006), especially an association between OP and
psychiatric disorders (London et al, 2005), But very
little is still known about the mechanisms of
methamidophos action. Also, there is paucity of
information on the effect of methamidophos on TR-
mediated gene expression, possible mechanisms, and
consequent effects on neuronal development and
function.
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Figure 1
Structure of metamidophos and Ts

TH is essential for normal brain development and
function in animals and humans. During the perinatal
period, TH controls and mediates numerous neuronal
activities in different brain regions. (Potterfield and
Hendrich, 1993). Hypothyroidism especially during the
period of brain growth spurt (Dobbings and Sands,
1979) which in humans begins from the third trimester
of pregnhancy throughout the first two years of life and

16 Afr. J. Biomed. Res. Vol. 15, No.1, 2012

first three to four weeks in rats and mice after birth,
causes abnormal brain development (cretinism) with
severe physical and / or mental retardation in the
offsprings (Koibuchi and Chin, 2000; Yen, 2001), as
well as abnormal behavioral patterns (Haddow et al,
1999).

TH functions are biologically mediated by TRs.
TR are ligand-regulated transcription factors that are
widely expressed (Bradley et al, 1992). TR is bound to
specific DNA sequence known as TH response element
(TRE) which are located upstream of the target gene.
When TR binds to a TRE, it in turn interacts with
retinoid X receptor (RXR) to form heterodimers, which
then binds to a number of coregulators such as
corepressors and coactivators in a ligand-dependant
manner to repress or activate transcription (Koibuchi N,
2008). Disruption of TR-TRE binding, recruitment of
corepressors to TR, or dissociation of coactivators from
TR by methamidophos may lead to suppression of TR-
mediated gene expression and consequently could
impair normal neuronal development and function.

This study was designed to examine the effect of
methamidophos on TR-mediated transactivation and
elucidate possible mechanisms involved.

MATERIALS AND METHODS

Chemicals: Tri-iodothyronine (T3) was purchased
from Sigma Chemical Co. (St. Louis USA).
Methamidophos was purchased from WAKO
Chemicals (Tokyo, Japan) and was >98% pure.

Plasmids: Expression vectors of TRp1, and
glucocorticoid receptor (GR) have been previously
described (Iwasaki et al, 2001; Koibuchi et al, 1999).
The luciferase (LUC) reporter constructs, the chick
lysozyme (F2)-thymidine kinase (TK)-LUC (F2-TRE),
is described elsewhere (Koibuchi et al, 1999). 5x
upstream activating sequence (UAS)-TK-LUC in the
PT109 vector and mouse mammary tumor virus
(MMTV) promoter that is fused to luciferase promoter
(MMTV-LUC), which contain glucocorticoid response
element (GRE), were described previously (lwasaki et
al, 2001). Expression vector for Human SRC-1 have
been described elsewhere (Takeshita et al, 1998).
Expression vector of Gal4-DNA-binding domain
(DBD)-fused SRC-1-nuclear receptor binding domain
(NBD)-1 (aa 595-780) (otherwise described as nuclear
receptor-interacting domain) was described previously
(Takeshita et al, 2002). VP16-TRB1-ligand binding
domain (LBD) was constructed by inserting PCR-
generated fragments inflame downstream of the VP16
activation domain in AASV-VP16. The Gal4-blank and
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GAL4-N-CoR (aa 1579-2454) were described

previously (Takeshita et al, 2002)

Cell culture: CV-1 cells were cultured in Dulbecco’s
modified eagle’s medium supplemented with 5 pg/mL
penicillin/streptomycin and 10% fetal bovine serum
deprived of small lipophilic hormone at 37°C under a
5%Co, atmosphere as previously described (lwasaki et
al, 2002).

Transient transfection-based reporter gene assays:
Cells were plated in 24-well plates 48 hours before
transfection using calcium-phosphate precipitation
method (Iwasaki et al, 2002). The internal control was
cytomegalovirus-p-galactosidase plasmid. Sixteen to 24
hours after transfection, wells were refilled with fresh
medium containing the indicated concentration of
ligand and/or methamidophos for 24 hours. Cells were
then harvested to measure the luciferase activities as
described elsewhere (lwasaki et al, 2002). Total
amounts of DNA per well was balanced by adding
pcDNA3 plasmids (Invitrogen, San Diego, CA). The
LUC activities were normalized to [-galactosidase
activity and then calculated as relative LUC activities.
All transfection studies were repeated at least three
times in triplicate. Data shown represent mean =+
S.E.M. of one representative experiment performed in
triplicate.

Trypan blue exclusion: Trypan blue exclusion was
previously described (Jiang et al, 2001). Briefly, CV-1
cells were plated in 12-well plates two days before
adding methamidophos. Each cell was incubated in the
presence or absence of 10° M to 10° M
methamidophos. After twenty-four hours, the medium
was changed and the cells incubated for 2-5 minutes in
a solution of 0.2% trypan blue in phosphate-buffered
saline. Number of total cells and Trypan Blue-stained
cells were counted using a heamocytometer.

Liguid Chemiluminescent DNA pull-down Assay
(LCDPA): This assay to examine nuclear receptor-
DNA binding in solution was previously described
(Iwasaki et al, 2008). Briefly, a GST-fused TH receptor
(GST-TR) bound to glutathione-sepharose beads was
incubated with a digoxigenin (DIG)-labeled double—
stranded DNA fragment containing a TH response
element (TRE) in protein-DNA binding buffer. After
extensive washing, protein-DNA binding on beads is
detected using anti-DIG antibody conjugated to
alkaline phosphatase. Protein-DNA binding is then
measured by a chemiluminescent reaction using a
luminometer. We perform LCDPA at least three times
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and data shown represent means + S.E.M. of one
experiment.

Statistical Analysis:

Statistical significance was determined using ANOVA
and post-hoc comparison was made using Bonferroni’s
test. The p-values <0.05 were considered significant
and marked with asterisk in the figures.

RESULTS
Effect of TR-mediated
transcription

We examined the effect of methamidophos on TR-
mediated transcription using the transient transfection-
gene expression studies in CV-1 cell (Figure 2).
Suppression of TR-mediated expression was seen on
the F2-TRE-LUC at 10° M. The effect of
methamidophos  suppression  on  TR-mediated
transcription was not as a result of cell death as
confirmed by Trypan blue exclusion (data not shown).
Also, methamidophos did not suppress GR-mediated
transcription (Figure 3) indicating that the suppression
was TR-specific.

methamidophos on

Methamidophos did not prevent SRC-1 binding to
TRp1 in the presence of TH
We examined the effect of methamidophos on binding
between TRP1 and SRC-1 in CV-1 cells using
mammalian two hybrid assay. In this assay, the
interaction between SRC-1-NBD-1 and TRp1-LBD
with or without Tz and or metamidophos was
examined. The NBD-1 of SRC-1 was fused to the Gal-
4-DNA binding domain, and the LBD of TRP1 was
fused to VP16 transactivation domain. Transactivation
mediated by Gal4- SRC-1-NBD-1 and VP16-TRp1-
LBD proceeded in the presence of T (Figure 4; column
4).

Transcriptional activation caused by SRC-1-NBD-
1 and VP16-TRB1-LBD interaction with T; was not
affected by methamidophos at concentrations of 10° M
and 10® M (Figure 4; columns 5-6), nor atl0” M and
10 M (Figure 4; columns 7-8). These results indicate
that methamidophos did not affect the binding between
SRC-1 and TRB1-LBD in the presence of TH.

Methamidophos did not recruit N-CoR to TR1 in
the presence of TH,

We examined the effect of methamidophos on binding
between N-CoR and TRB1 in CV-1 cells using
mammalian two hybrid assay. Gal4-N-CoR or VP16-
TRP1 and 5x UAS-TK-LUC were co-transfected into
CV-1 cells. Gal4-N-CoR and VP16-TRp1 precedes the
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transcriptional activity (Figure 5, column 4) in the  was there any significant dissociation of N-CoR from
absence of T; while no activation was observed with TR in the absence of T; (Figure 4) suggesting that
Ts, Transcriptional activities were not markedly altered  methamidophos may not recruit N-CoR to TR in the
in the presence of 10° M and 10° M methamidophos  presence of T,

regardless of T; 107 M (Figure 5; column 5-8), neither
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Figure 2

Methamidophos suppressed TR-mediated transcription in the presence of TH. Expression plasmids encoding TRB1 (10 ng)
were transfected together with F2-TK-LUC (100 ng) into CV-1 cells. Cells were cultured with or without 107 M T, and
indicated amount of methamidophos. Total amounts of DNA for each well were balanced by adding vector pcDNA3. Data
represent mean = S.E.M. of experiments performed in triplicate. *, statistically significant p<0.05 by ANOVA) versus TRp1
(+), T5(+), and methamidophos (-).
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Figure 3

Methamidophos did not suppress GR-mediated transcription in the presence of Dexamethasone. Expression plasmids encoding
GR (10 ng) were transfected together with glucocorticoid response element (GRE)-LUC reporter plasmids (100 ng) into CV-1
cells. Cells were cultured in the absence or presence of dexamethasone (DEX) (107 M) and indicated concentrations of
methamidophos. Total amounts of DNA for each well were balanced by adding vector pcDNA3. Data represent mean +
S.E.M. of experiments performed in triplicate. No statistical significance was uncovered by ANOVA.
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Figure 4

Methamidophos did not prevent SRC-1 binding to TRB1 in the presence of TH,

Expression plasmids encoding Gal4-DBD-fused SRC-1-NBD-1 (10 ng) were transfected with VVP16-constructs (50 ng) and
5xUAS-TK-LUC-reporter plasmids (170 ng) into CV-1 cells. Cells were incubated with or without T5 (10”7 M) and indicated
concentrations of methamidophos. Total amounts of DNA for each well were balanced by adding vector pcDNA3. Data
represent mean * S.E.M. of experiments performed in triplicate. No statistical significance was uncovered by ANOVA.
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Figure 5

Methamidophos did not recruit N-CoR to TRB1 in the presence of TH

Expression plasmids harboring Gal4-DBD-fused N-CoR (100 ng) were transfected with VP16- TRB1-LBD (50 ng) and 5x
UAS-TK-LUC (100 ng) into CV-1 cells with or without T3 (107 M) and/or indicated amount of methamidophos. Total amounts
of DNA for each well were balanced by adding vector pcDNA3. No statistical significance was determined by ANOVA.
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Methamidophos have no effect on TR-TRE binding in the presence of TH
GST-TRp1 bound to sepharose bead is incubated with DIG-F2 containing TRE in protein-DNA binding buffer with or
without T3 (10° M) and 10 M methamidophos. Data represent mean + S.E.M. of experiments performed in triplicate. No

statistical significance was uncovered by ANOVA.

Methamidophos did not dissociate TR-TRE binding
in the presence of TH.

Finally, we then performed liquid
chemiluminescent DNA pull down assay to examine
the effect of methamidophos on TR binding to TRE.
We have confirmed previously that the results of this
assay were compatible to those of electrophoretic
mobility shift assay (Iwasaki et al, 2008).
10°® M methamidophos did not dissociate TR from
TRE in the presence of T; 10°M (Figure 6, column 6),
indicating that the suppression of TR-mediated
transcription by methamidophos was not due to partial
dissociation of TR from TRE.

DISCUSSION

In this study, we show that methamidophos caused
suppression of TR-mediated transcription in the
presence of T; (Figure 2). This suppression could
potentially interfere with normal neuronal development
and function especially during the critical perinatal
developmental phase of the brain in neonates.

Suppression of TR-mediated gene expression by
methamidophos as shown in our studies was not as a
result of cell death because trypan blue exclusion
showed that methamidophos did not affect cell viability
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under our experimental conditions (data not shown).
Also, the suppression of TR-mediated transcription by
methamidophos was TR-specific because it did not
suppress GR-mediated gene expression in the presence
of TH (Figure 3)

We initially hypothesized that methamidophos
effect on TR-mediated transcription could be by
dissociation of the coactivator complex from TR or
through the recruitment of a corepressor complex to
TR. However, methamidophos did not dissociate SRC-
1 from TR at all concentrations examined (Figure 4),
neither did it recruit complexes containing N-CoR to
TR (Figure 5) indicating mechanisms other than
interaction with nuclear cofactors located upstream of
the target gene could be involved in its suppression of
TR-mediated action.

Liquid chemiluminescent DNA pull down assay
which examines effect on various compounds on
protein-DNA binding also did not show any
dissociation of TR from TRE in the presence of
methamidophos and T; (Figure 6). This indicates that
DNA-protein interaction involving response elements
may not be primarily involved in methamidophos effect
on TR-mediated transactivation, suggesting that
methamidophos may act via other mechanisms on TR
to suppress gene expression.

TH is essential for normal brain development and
growth. Hypothyroid conditions, especially during the
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perinatal period have been known to induce cretinism
with severe cognitive and/or mental disorders in the
offsprings (Koibuchi et al. 2000). Since TH also tightly
regulate fundamental gene expression both directly and
indirectly in vast brain regions including the cerebellum
(Koibuchi and Iwasaki, 2006), the suppresive effects of
methamidophos on TH homeostasis may disrupt
normal brain development via TH-dependent gene
regulations. More studies are however required to
further elucidate in details the mechanism by which
methamidophos inhibits TR-mediated gene expression.

In  conclusion, our study shows that
methamidophos suppressed TR-mediated transcription
and could thereby inhibit normal TH homeostasis. This
in turn may disrupt normal neuronal development and
function. Studies to further examine the effect of
metamidophos on cerebellar neuronal cells are
currently underway. Given the widespread use of
methamidophos as pesticides, there is urgent need to
carefully regulate its use to avoid future specter of
complications.

ACKNOWLEDGEMENT:

This project was supported in part by Grants-in-Aid for
Scientific Research from the Ministry of Education, Culture,
Sports, Science and Technology of Japan (MEXT) (17390060
to N.K), and a grant from Ministry of the Environment of
Japan (to N.K).

Competing Interest: All authors declare no conflict of
interest.

REFERENCES

Aldridge, J.E., Seidler, F.J., Meyer, A., Thillai, 1., Slotkin,
T.A. (2003). Serotonergic systems targeted by developmental
exposure to chlorpyrifos: effects during different critical
periods. Environ Health perspect. 111:1736-1743.

Azmi, M.A., Navqi, S.N., Azmi, M.A., Aslam, M. (2006).
Effect of pesticide residue on health and different enzyme
levels in blood of farm workers from Gadap (rural area)
Karachi-Pakistan. Chemosphere 64:1739-1744.

Bradley, D.J., Towle, H.C., Young, W.S. (1992). Spatial
and temporal expression of a- and B-thyroid hormone
receptor mRNAs, including the B2 subtype, in the developing
mammalian nervous system. J Neurosci 12:2288-2302.
Capen, C.C. (1997). Mechanistic data and risk assessment of
selected toxic endpoints of the thyroid gland. Toxicol Pathol
25:39-48.

Casida, J.E., Quistad, G.B. (2004). Organophosphate
toxicology: safety aspects of nonacetylcholinesterase
secondary targets. Chem Res Toxicol 17:983-998.

Dobbing, J., Sands, J. (1979) Comparative aspects of the
brain growth spurt. Early Hum Dev 3:79-83.

21 Afr. J. Biomed. Res. Vol. 15, No.1, 2012

Haddow, J.E., Palomoki, G.E., Allan, W.C., Williams,
J.R., Knight, G.J., Gagnon, J. et al (1999) Maternal thyroid
deficiency during pregnancy and subsequent development
of the child. New Engl J Med 341:549-555.

lwasaki T, Chin WW, Ko L (2001) Identification and
characterization of RRM-containing coactivator activator
(CoAA) as TRBP-interacting protein and its splice variant as
a coactivator modulator (CoAM). J Biol Chem 276:33375-
33383.

lwasaki T, Miyazaki W, Takeshita A, Kuroda Y,
Koibuchi N (2002) Polychlorinated biphenyls suppress
thyroid hormone —induced transactivation. Biochem Biophys
Res Commun 298:384-388.

Iwasaki T, Miyazaki W, Rokutanda N, Koibuchi N (2008)
Liquid chemiluminescent DNA pull-down assay to measure
nuclear receptor-DNA binding in solution. Biotechniques
45:445-448,

Jiang D, Sullivan PG, sensi SL, Steward O, wises JH
(2001) Zn (2+) induces permeability transition pore opening
and release of pro-apoptotic peptodes from neuronal
membrane. J Biol Chem 276:47524-47529.

Koibuchi N, Liu Y, Fukuda H, Takeshita A, Yen PM,
Chin WW (1999). ROR augments thyroid hormone
receptor-mediated transcriptional activation. Endocrinology
140: 1356-1364.

Koibuchi, N., Chin, W.W. (2000) Thyroid hormone action
and brain development. Trends Endocrinol Metab. 11:123-
128.

Koibuchi N, lIwasaki T. (2006). Regulation of brain
development by thyroid hormone and its modulation by
Environmental chemicals. Endocr. J. 53;295-303.

Koibuchi, N. (2008) The role of thyroid hormone on
Cerebellar development. Cerebellum 7:530-5

Lima, C.S., Ribeiro-Carvalho, A., Filgueiras, C.C,
Manhaes, A.C., Meyer, A., Abreu-Villaca, Y. (2009).
Exposure to methamidophos at adulthood elicits depressive-
like behavior in mice. Neurotoxicology. 30:471-478.
London, L., Flisher, A.J., Wesseling, C., Mergler, D.,
Kromhout, H. (2005). Suicide and exposure to
organophosphate insecticides: cause or effects?. Am J Ind
Med. 47:308-321.

Mearns, J., Dunn, J., Lees-Haley, P.K. (1994).
Psychological effects of organophosphate pesticides: a
review and call for research by psychologists. J Clin Psychol
50:286-293.

Nicholson, J.L., Altman, J. (1972) The effect of early hypo-
and hyperthyroidism on the development of the rat cerebellar
cortex. LI. Synaptogenesis in the molecular layer. Brain Res
44:25-36.

Nicholson, J.L., Altman, J. (1972) Synaptogenesis in the rat
cerebellum: effects of early hypo- and hyperthyroidism.
Science 176:530-532.

Nicholson, J.L., Altman, J. (1972) Synaptogenesis in the rat
cerebellum; effects of early hypo- and hyperthyroidism.
Science 176:530-532.

Potterfield SP, Hendrich CE (1993) The role of thyroid
hormones in prenatal and neonatal neurologic development:
current perspectives. Endocr Rev 14:94-106.

Ibhazehiebo and Noriyuki



Methamidophos inhibition of thyroid hormone receptors

Raines, K.W., Seidler, F.J., Slotkin, T.A. (2001).
Alterations in serotonin transporter expression in brain
regions of rats exposed neonatal to chlorpyrifos. Dev Brain
Res. 130:65-72.

Roldan-Tapia, L., Nieto-Escamez, F.A., del Aguila, E.M.,
Laynez, F., Parron, T., Sanchez-Santed, F. (2006).
Neuropsychological sequale from acute poisoning and long-
term exposure to carbamade and organophosphate
insecticides. Neurotoxicol Teratol 28:694-703.

Shahroukhi, A., Ghasemi, A., Poorabdolhossein, F.,
Asgari, A., Khoshbaten, A. (2007). The effect of paraoxen
on GABA uptake in rat cerebellar synaptosomes. Med Sci
Monit 13:194-199.

Slotkin, T.A., Seidler, F.J. (2007). Comparative
developmental neurotoxicity of organophosphate invivo:
transcriptional response of pathways for brain cell
development, cell signaling, cytotoxicity and
neurotransmitter systems. Brain Res Bull 72:232-274.
Slotkin, T.A., Ryde, I.T., Levin, E.D., Seidler, F.J. (2008).
Developmental neurotoxicity of low dose diazinon exposure
of neonatal rats: effects on serotonin systems in aldolescence
and adulthood. Brain Res Bull. 75:640-647.

Slotkin, T.A., Levin, E.D., Seidler, F.J. (2009).
Developmental neurotoxicity of parathion: progressive
effects on serotonergic systems in aldolescence and
adulthood. Neurotoxicol Teratol. 31:11-17.

22 Afr. J. Biomed. Res. Vol. 15, No.1, 2012

29.Strait, K.A., Schwartz, H.L., Seybold, V.S., Ling, N.C.,
Oppenheimer,  J.H. (1991). Immunofluorescence
localization of thyroid hormone receptor protein [land
variant a2 in selected tissues cerebellar Purkinje cells as a
model for Bl receptor-mediated developmental effects of
thyroid hormone in brain. Proc Natl Acad Sci USA 88:3887-
3891.

Sultatos, L.G. (1994). Mammalian toxicology of
organophosphorus pesticide. J Tocicol Environ Health
43:271-289.

Takeshita A, Yen PM, lkeda M, Cardona GR, Liu Y,
Koibuchii N, et al ( 1998) Thyroid hormone response
elements differentially modulate the interactions of thyroid
hormone receptor with two receptor binding domain in the
steroid receptor Coactivator-1. J Biol Chem 273:21554-
21562.

Takeshita A, Taguchi M, Koibuchi N, Ozawa Y (2002)
Putative role of the orphan nuclear receptor SXR (Steroid
and xenobiotic receptor) in the mechanism of CYP3A4
inhibition by xenobiotics. J Biol Chem 277:32453-32458.
Yen, P.M. (2001) Physiological and molecular basis of
thyroid hormone action. Physiol Rev 81:1097-1142.

Zhang, Z., Dai, M., Hong, H., Zhou, J.L., Yu, G. (2002).
Dissolved insecticides and polychlorinated biphenyls in the
Pearl River Estuary and South China Sea. J Environ Monit.
4:922-928..

Ibhazehiebo and Noriyuki



