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Abstract
Endosulfan, an organochlorine (OC) insecticide belonging to the cyclodiene group, is one of the most 
commonly used pesticides to control pests in vegetables, cotton and fruits. To evaluate the health risk due 
to the exposure to Endosulfan in the environment, a framework was developed by combining three sub – 
models: (1) the fugacity model which evaluates the dynamic performance of Endosulfan in the environment, 
(2) the dietary exposure evaluation model and (3) the physiologically based pharmacokinetic (PBPK) model 
which evaluates the Endosulfan performance in the human body. The developed framework was applied 
on the Japanese environment, to calibrate each sub – model with the observed data and to fix the default 
parameter values. The PBPK model was constructed based on the pharmacokinetic data of our experiment 
following single oral administration of 14C-Endosulfan to male Sprague – Dawley rats and extrapolated to 
humans. The model was verified by simulating the disposition of 14C-Endosulfan in vivo after single and 
multiple oral dosages and comparing simulated results with experimental results. Cytotoxic experiments on 
the glial and neuronal cell cultures from rat and human were used to estimate the neurotoxic risk. Based on 
these experiments, there was no specific scientific evident to prove/estimate the quantitative neurotoxic risks. 
However, we deduced that humans may likely develop some neurological diseases induced by endosulfan. It 
was known that nerve cells could not be regenerated when these cells were damaged. It is also hoped that the 
newly-developed framework could be applied in the human health risk assessment in the near future.
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Introduction
Endosulfan (6, 7, 8, 9, 10, 10 – hexachloro - 1, 5, 

5a, 6, 9, 9a - hexahydro - 6, 9 - methano - 2, 4, 3 - 
benzodioxathiepin – 3 – oxide), an organochlorine 
(OC) insecticide of the cyclodiene group with a 
mixture of two stereoisomers: α - and β – endosulfan 
(Hayes and Laws, 1991) in the ratio of 70:30, has 
widespread use in agriculture and forestry to control 
a wide variety of insect pests and on non – food 
crops such as cotton and tobacco. It is also used as 
wood preservative [Agency for Toxic Substances 
and Disease Registry (ATSDR), 2000]. Endosulfan 
is used in India (Saiyed et al., 2003), Turkey (Oktay 
et al., 2003), Malaysia (Chan et al., 2004), Mexico 
(Castillo et al., 2002; González – Farias et al., 
2004) and many other developing countries. With 
its widespread use in agriculture, humans are most 
likely to be exposed to endosulfan by eating food 
contaminated with endosulfan. Humans may also be 
exposed to low levels of endosulfan by skin contact 
with contaminated soil or by smoking cigarettes 

made from tobacco that has endosulfan residues on it 
(Lonsway et al., 1997). Populations that are usually 
susceptible to endosulfan include the unborn and 
neonates, the elderly and people with liver, kidney, 
immunological, haematological or neurological 
disease (ATSDR, 2000).

The present study was aimed (1) to develop a 
physiologically based pharmacokinetic (PBPK) 
model for endosulfan in male rats that could 
reasonably predict tissues dosimetries after single and 
multiple oral administrations of 14C – Endosulfan and 
extrapolate to humans, to test the ability of the model 
to predict the pharmacokinetic behavior of endosulfan 
in humans; (2) to study the in vitro cytotoxic effects 
of α - endosulfan, β – endosulfan and endosulfan 
sulfate by comparing the ability of α - endosulfan, β – 
endosulfan and endosulfan sulfate to cause cell death 
in rat and human glial and neuronal cell cultures and; 
(3) to estimate the neurotoxic risk with principles of 
PBPK modeling as well as in vitro experiments of 
cytotoxicity.
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Materials and methods
The materials and methods used in the present 

study have been described in details from our 
previous studies (Chan et al., 2005; Chan et al., 
2006; Chan et al., 2006). The schematic diagram of 
the PBPK model for endosulfan in male Sprague – 
Dawley rats is depicted in Fig. 1. 

Results
Parameterization and calibration

No overt toxicity was observed in any animal post 
– dosing. The time course for cumulative amount 
of total endosulfan excreted in urine and feces and 
model predictions are presented in Fig. 2. Cumulative 
amounts of total endosulfan excreted in urine and 
feces and model predictions were also compared well 
with the experimental data (Fig. 2). Following single 
oral administration of 5 mg / kg 14C – Endosulfan to 
male rats, the urinary excretion of the radioactivity 
during 24 h was 9.6 ± 21.4 % whereas the fecal 
elimination was 59.0 ± 29.7 %. The total radioactivity 
recovered in the excreta for four days was 106.8 ± 
26.2 % (12.4 ± 4.8 % in urine and 94.4 ± 21.4 % 
in feces). Our results were consistent with other 
studies that most of the radiocarbons were excreted 
in the urine and feces after 96 h (Deema et al., 1966; 
Dorough et al., 1978; McGregor, 1998).

Biochemical parameters that resulted in the best 
fit of the data are reported elsewhere (Chan et al., 
2006). The parameterized model was compared 
with the experimental pharmacokinetic data in male 

Sprague – Dawley rats after single oral administration 
of 5 mg / kg 14C – Endosulfan. The resulting model 
simulations for blood and target tissues (liver and 
brain) are shown in Fig. 3. The model simulations 
correctly captured the shape of the experimental 
data, indicating that the model predictions of total 
endosulfan time course profiles in tissues were in 
general agreement with the experimental data. Good 
concordance was observed for total endosulfan 
concentrations in liver, indicating that the metabolic 
kinetic parameters were satisfactorily predicted.

Model verification
Following model calibration, the calibrated model 

was applied to the repeated dosing experiment 
(three – time repeated oral administration of 5 mg / 
kg). Generally, reasonable agreement was observed 
between model predictions and experimental data for 
all tissues. The time course profiles in target tissues 
and model predictions are shown in Fig. 4. However, 
simulation of total endosulfan disposition from liver 
after multiple oral administration of 5 mg / kg to male 
rats resulted in slight overestimation of concentrations 
at all time points, but was generally considered to be 
acceptable (Fig. 4B).

Cytotoxicity studies of C6, PC12, CCF – STTG1 
and NT2 cells after treatment with α - endosulfan, 
β – endosulfan and endosulfan sulfate

Cytotoxicity study of rat glial C6, rat neuronal 
PC12, human glial CCF – STTG1 and human 
neuronal NT2 cells: Percentage of viability of C6 
cells after exposure to α - endosulfan, β – endosulfan 
and endosulfan sulfate as compared to control was 
above 80 % for all concentrations as shown in Fig. 
5A. This indicates that the endosulfan concentrations 
of 10 μM and below did not cause cell death. The 
concentrations of 0.001 nM, 0.01 nM, 0.1 nM, 1 

Fig. 1. The schematic diagram of the PBPK model for 
endosulfan in male rats.

Model for endosulfan Model for endosulfan metabolite

Fig. 2. Comparison of PBPK model prediction (lines) and 
experimental cumulative percentage (points) of urinary and fecal 
elimination of total endosulfan after single oral administration 
of 5 mg / kg 14C – Endosulfan (Values are means ± SD; for n = 3 
at each time point).
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nM, 0.01 μM, 0.1 μM, 1 μM, and 10 μM for α - 
endosulfan, β – endosulfan and endosulfan sulfate did 
not decrease cell viability as compared to the control 
for PC12 cells (Fig. 5B). Cell viability was above 80 
% for all concentrations except that a slightly below 
80 % of cell viability was observed for the 10 μM 
concentration level with 78.9 % for β – endosulfan 
and 71.9 % for endosulfan sulfate respectively. Cell 
viability for the CCF – STTG1 cells was above 80 % 
for all concentrations except that after treatments of 
0.1 μM, 1 μM, and 10 μM, cell viability decreased 
to 72.3 %, 68.2 % and 51.6 % for α – endosulfan, 
and 75.6 %, 70.4 % and 63.2 % respectively for 
endosulfan sulfate (Fig. 5C). Cell viability for the 
NT2 cells as compared to control was above 80 % for 
all concentrations except that after treatment with 10 

μM, cell viability was approximately 50 % for 52.2 
% for α – endosulfan, 49.0 % for β – endosulfan and 
46.5 % for endosulfan sulfate respectively (Fig. 5D).

Lethal concentration to cause 50 % cell death 
(LC50) values for glial and neuronal cell cultures 
from rat and human

Table 1 shows the LC50 values of 96 h exposure of 
rat glial and neuronal, human glial and neuronal cells 
to α - endosulfan, β – endosulfan and endosulfan 
sulfate. After 96 h exposure to α - endosulfan, the 
LC50 values obtained in human glial (CCF – STTG1) 
and human neuronal (NT2) cell lines were statistically 
significant compared with rat neuronal PC12 cell 
line. α - endosulfan was less cytotoxic in rat neuronal 
(PC12) cell line than in human CCF –STTG1 and 

Fig. 3. Comparison of PBPK model prediction (lines) and 
experimental concentrations ( ▲ ) of total endosulfan in blood 
(A), liver (B) and brain (C) following single oral administration 
of 14C – Endosulfan to male rats (Values are means ± SD; for n 
= 3 at each time point).

Fig. 4. Comparison of PBPK model prediction (lines) and 
experimental concentrations (p) of total endosulfan in blood 
(A), liver (B) and brain (C) following three – time repeated 
oral administration of 14C – Endosulfan to male rats (Values are 
means ± SD; for n = 3 at each time point except for the first time 
point where n = 1).
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human NT2 cell lines. β - endosulfan showed a higher 
potency in human NT2 cell line than in other cultures. 
Endosulfan sulfate was more cytotoxic in human CCF 
– STTG1 cell line than in human NT2, rat C6 and rat 
PC12 cell lines.

Discussion
Given that no calibration or validation of PBPK 

model predictions of concentrations of endosulfan 
in various tissues exist (ATSDR, 2000; PubMed 
Database, 2005), the present study is the first attempt 
to do so and compares rat PBPK model predictions 
of endosulfan to measured concentrations following 
single and multiple oral administrations. Generally, 
results indicate reasonable concordance between 
model predictions and measured values in all target 
tissues following oral administration. For the present 
study, in vitro derived parameters for absorption and 
metabolism of endosulfan were unavailable. Hence, 
these parameters were obtained by model calibration 
to a single set of in vivo experimental data after rats 
were administered single oral dose of 5 mg / kg 
14C – Endosulfan. Subsequently, the reliability of 
the model was tested by simulation with the three 
– time repeated dose experimental data, which are 
independent of the calibration data. An attempt to 
identify separate isomers and metabolites in the 
current study was impossible due to low specific 

Fig. 5. Percentage of viability for the rat glial C6 (A), rat neuronal PC12 (B), human glial CCF – STTG1 (C) 
and human neuronal NT2 (D) cells after exposure to α -endosulfan, β – endosulfan and endosulfan sulfate. 
Cell viability is expressed as a percentage of control. Each value is the mean ± SD of 6 – 8 samples of three 
independent experiments. An asterisk indicates the significance compared with the control at P < 0.05.

Fig. 6. Predicted concentrations of endosulfan in rat brain during 
and post – exposure to 12.5 mg / kg {No – Observed – Effect – 
Level (NOEL) (McGregor, 1998)} for 5 days, estimated by the 
rat PBPK model.
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activity of radiocarbon. The simulation of endosulfan 
concentrations in the target tissues after multiple oral 
dosages shows the ability of the model to extrapolate 
from single oral dosage (Fig. 3) to multiple oral 
dosages (Fig. 4). The extrapolated human model from 
the rat PBPK model indicated that the experimental 
results were within the range of predicted simulations 
(Data not shown), thus indicating that the model has 
the ability to predict the pharmacokinetic behavior of 
endosulfan in humans. 

In the present study, the effects of α - endosulfan, 
β – endosulfan and endosulfan sulfate were compared 
and evaluated in PC12 (neuronal) and C6 (glial) 
cells from rat and NT2 (neuronal) and CCF –STTG1 
(glial) cells from human with WST – 8 assay. Our 
study shows that α - endosulfan, β – endosulfan and 
endosulfan sulfate cause cytotoxicity in neuronal 
and glial cell cultures from rat and human in a 
concentration – dependent manner (Figs. 5A – 
5D). It is also the first report demonstrating the 
cytotoxic effects of α - endosulfan, β – endosulfan 
and endosulfan sulfate in neuronal and glial cultures 
from rat and human. The toxicity of these compounds 
varied in different cell lines as shown in LC50 
values (Table 1). α - endosulfan effects were highly 
selective as shown by the wide range of LC50 values 
found in the different cultures, ranging from 11.2 
μM for human CCF – STTG1 glial cells to 48.0 μM 
for rat PC12 neuronal cells. In contrast, selective 
neurotoxicity was not so manifested in glial and 
neuronal cell cultures after exposure to endosulfan 
sulfate, as LC50 values were in the range of 10.4 – 
21.6 μM.

Human glial CCF – STTG1 cells were the most 
sensitive cell type to α - endosulfan and endosulfan 
sulfate toxicities compared to human neuronal NT2 
cells, rat glial C6 cells and rat neuronal PC12 cells. 
Human neuronal NT2 cells were the most sensitive 
cell type to β - endosulfan toxicity compared to 
human glial CCF – STTG1 cells, rat glial C6 cells 
and rat neuronal PC12 cells.

In our in vi tro s tudies , α - endosulfan and 

endosulfan sulfate damaged human glial CCF – 
STTG1 cells and neuronal NT2 cells in a very similar 
potency (LC50 = 11.21 and 13.45 μM respectively for 
α - endosulfan and 10.43 and 12.64 μM respectively 
for endosulfan sulfate). Our results also indicate 
that α - endosulfan and endosulfan sulfate are very 
toxic to human glial and neuronal cells whereas β 
– endosulfan is toxic to human neuronal cells, thus 
suggesting that human cultures may be a useful tool 
for studying and predicting the neurotoxic effects of 
these compounds.

Exposure to 12.5 mg / kg of endosulfan in rat gave 
a brain concentration of 1.56 mg / L (Fig. 6). The 
no effect level for neurotoxicity in the rat equates, 
therefore, to a target organ dose of 1.56 mg / L. To 
produce the same concentration of endosulfan in the 
human brain, the model calculates that humans would 
have to be continuously exposed to 1.27 ppm (3.12 
μM) endosulfan. It was observed that high exposure 
level of 12.5 mg / kg (30.72 μM) induced glial and 
neuronal cell death for cell cultures from rat and the 
estimated percentage of cell viability was below 50 
% for all compounds except for α – endosulfan in the 
rat neuronal PC12 cell cultures. Endosulfan generally 
induced 50 % of glial and neuronal cell death for cell 
cultures from rat at LC50 of as low as 12.97 μM (Table 
1). It seems that differences occur in the response 
between in vivo and in vitro experiments as 12.5 mg 
/ kg endosulfan was established as a NOEL in rat 
(McGregor, 1998). However, in vitro experiments can 
provide a basis for risk assessment since experimental 
data for humans is extremely difficult to obtain.

Conclusions
In summary, it is concluded that the first and 

new PBPK model for endosulfan in male rats has 
been developed in the present study and can predict 
tissue dosimetries following single and multiple 
oral dosages of endosulfan. The model was further 
extrapolated to humans, to test the ability of the 
model to predict the pharmacokinetic behavior of 
endosulfan in humans.

Cell cultures LC50 (μM)

  α - Endosulfan β - Endosulfan Endosulfan sulfate

Rat glial C6 22.26 ± 4.46 22.27 ± 6.13 21.63 ± 4.68

Rat neuronal PC12 48.03 ± 23.45 17.76 ± 5.37 12.97 ± 2.61c

Human glial CCF - STTG1 11.21 ± 4.08a 30.17 ± 7.54 10.43 ± 2.57c

Human neuronal NT2 13.45 ± 2.40a 11.37 ± 0.94b 12.64 ± 1.69c

a P < 0.05 compared to rat neuronal cell line.
b P < 0.05 compared to human glial cell line.
c P < 0.05 compared to rat glial cell line.

Table 1. Concentrations of α - endosulfan, β – endosulfan and endosulfan sulfate lethal 50 % cells (LC50) of rat and human glial 
and neuronal cell lines; cell cultures exposed to several concentrations of α - endosulfan, β – endosulfan, or endosulfan sulfate and 
cell viability was measured by WST – 8 assay (mean ± SD) calculated from individual concentration – response curves from three 
independent experiments; asterisk indicates significance difference from controls at P < 0.05 (Tukey's multiple comparison test)
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Our results demonstrate that α - endosulfan, β – 
endosulfan and endosulfan sulfate cause cell death 
in rat and human glial and neuronal cell cultures. 
α - endosulfan manifests selective neurotoxicity. 
The human glial (CCF – STTG1) cell was the most 
sensitive cell type to the cytotoxic effects of α - 
endosulfan, followed by human neuronal (NT2), 
rat glial (C6) and rat neuronal (PC12) cells. The 
human neuronal cell was the most sensitive cell type 
to the cytotoxic effects of β – endosulfan, followed 
by rat neuronal, rat glial and human glial cells. The 
human glial cell was the most sensitive cell type to 
the cytotoxic effects of endosulfan sulfate, followed 
by human neuronal, rat neuronal and rat glial cells. 
This study has shown that human glial and neuronal 
cells are more sensitive than rat glial and neuronal 
cells and can be used as a good tool for studying the 
neurotoxic effects of these chemicals in the CNS and, 
thus, predicting their impact on human health.

Based on the cytotoxicity experiments that had 
been conducted in the present study, there has been 
no specific scientific evident to prove or estimate 
the quantitative neurotoxic risks. However, based 
on these experiments, it was suggested that humans 
may develop some neurological diseases induced by 
endosulfan. It was known that nerve cells could not 
be regenerated when these cells were damaged.

Acknowledgement
The study was financially supported by the Grant – 

in – Aid for Scientific Research (B), No. 13555150. 
The authors wish to express their gratitude to Yoko 
Kitanaka, Ken Yasukouchi, Tadanao Miura, Masahiro 
Tozaki, Yasuto Matsui, Satoshi Imanishi and Hanako 
Nishizawa for their excellent technical assistance with 
the animal experiments.

References
ATSDR. 2000. Toxicological profile for endosulfan. Atlanta, 

GA: Agency for Toxic Substances and Disease Registry.
Castillo, C.G., Montante, M., Dufour, L., Martinez, M.L., 

Jiménez – Capdeville, M.E.: Behavioral effects of 
exposure to endosulfan and methyl parathion in adult rats. 
Neurotoxicology and Teratology, Vol.24, pp.797 – 804, 
(2002).

Chan, M.P.L., Morisawa, S., Nakayama, A., Kawamoto, 
Y., Sugimoto, M., Yoneda, M.: Toxicokinetics of 14C – 
Endosulfan in male Sprague – Dawley rats following oral 
administration of single or repeated doses. Environmental 
Toxicology, Vol.20, Issue 5, pp.533 – 541, (2005).

Chan, M.P.L., Morisawa, S., Nakayama, A., Kawamoto, 
Y., Sugimoto, M., Yoneda, M.: A physiologically based 
pharmacokinetic model for endosulfan in the male Sprague 
– Dawley rats. Environmental Toxicology, Vol.21, Issue 5, 
pp. 464 – 478, (2006).

Chan, M.P.L., Morisawa, S., Nakayama, A., Kawamoto, 
Y., Sugimoto, M., Yoneda, M.: Development of an in 
vitro blood – brain barrier model to study the effects of 
endosulfan on the permeability of tight junctions and a 
comparative study of the cytotoxic effects of endosulfan 

on rat and human glial and neuronal cell cultures. 
Environmental Toxicology, Vol.21, Issue 3, pp. 223 – 235, 
(2006).

Chan, M.P.L., Mustafa, A,M,, Hussein, R., Hj Hussain, S., 
Zulkifli, S.N., Abdullah, A.R.: Pesticide residues in blood 
of schoolchildren from selected schools in Peninsular 
Malaysia. Environmental Health Focus, Vol.2 Issue 1, 
pp.18 – 24, (2004).

Deema, P., Thompson, E., Ware, G.W.: Metabolism, storage 
and excretion of C14 – Endosulfan in the mouse. Journal 
of Economic Entomology, Vol.59, Issue 3, pp.546 – 550, 
(1966).

Dorough, H.W., Huhtanen, K., Marshall, T.C., Bryant, H.E.: 
Fate of endosulfan in rats and toxicological considerations 
of apolar metabolites. Pesticide Biochemistry andl 
Physiology, Vol.8, pp.241 – 252, (1978).

González – Farias, F., Cisneros, E.X., Fuentes, R.C., Diaz, 
G.G., Botello, A.V.: Pesticides distribution in sediments of 
a tropical coastal lagoon adjacent to an irrigation district in 
nortwest Mexico. Environmental Technology, Vol.23, Issue 
11, pp.1247 – 1256, (2004).

Hayes, W.J., Laws, E.R., Handbook of pesticide toxicology, 
Academic Press, San Diego (1991).

Jepson, G.W., Hoover, D.K., Black, R.K., McCafferty, J.D., 
Mahle, D.A., Gearhart, J.M.: A partition coefficient 
determination method for nonvolatile chemicals in 
biological tissues. Fundamental and Applied Toxicology, 
Vol.22, pp.519 – 524, (1994).

Lonsway, J.A., Byers, M.E., Dowla, H.A., Panemangalore, 
M., Antonious, G.F.: Dermal and respiratory exposure 
of mixers / sprayers to acephate, methamidophos, and 
endosulfan during tobacco production. Bulletin of the 
Environmental Contamination and Toxicology, Vol.59, 
pp.179 – 186, (1997).

McGregor, D.B., Endosulfan (JMPR evaluations 1998 Part 
II Toxicological) – First draft. International Agency for 
Research on Cancer, Lyon, France, (1998).

Oktay, C., Goksu, E., Bozdemir, N., Soyuncu, S.: Unintentional 
toxicity due to endosulfan: a case report of two patients 
and characteristics of endosulfan toxicity. Veterinary and 
Human Toxicology, Vol.45, Issue 6, pp.318 – 320, (2003).

Plowchalk, D.R. , Teeguarden, J . : Development of a 
physiologically based pharmacokinetic model for estradiol 
in rats and humans: a biologically motivated quantitative 
framework for evaluation responses to estradiol and other 
endocrine - active compounds. Toxicological Sciences, 
Vol.69, pp.60 – 78, (2002).

Poulin, P., Krishnan, K.: An algorithm for predicting tissue: 
blood partition coefficients for organic chemicals from 
n – octanol : water partition coefficient data. Journal of 
Toxicology and Environmental Health, Vol.46, pp.117 – 
129, (1993).

PubMed. 2005. National Center for Biotechnology Information 
(NCBI). National Library of Medicine.

Available at http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?db=PubMed

Saiyed, H., Dewan, A., Bhatnagar, V., Shenoy, U., Shenoy, R., 
Rajmohan, H., Patel, K., Kashyap, R., Kulkarni, P., Rajan, 
B., Lakkad, B.: Effect of endosulfan on male reproductive 
development. Environmental Health Perspectives, Vol.111 
Issue 16, pp.1958 – 1962, (2003).


