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1.	 Exposure Data

1.1	 Identification of the agent

1.1.1	 Nomenclature

Chem. Abstr. Serv. Reg. No.: 56-38-2
Chem. Abstr. Serv. Name: O,O-diethyl O-(4-
nitrophenyl) phosphorothioate
Preferred IUPAC Name: O,O-diethyl O-(4-
nitrophenyl) phosphorothioate
Synonyms: ethyl parathion; parathion-ethyl; 
thiophos
Selected Trade Names: Products containing 
parathion have been sold worldwide under 
several trade names, including Alkron; 
Alleron; Bladan; Bladan F; Corothion; Ethlon; 
Folidol; Fosfermo; Orthophos; Panthion; 
Paradust; Paraphos; Thiophos (IARC, 1983)

1.1.2	 Structural and molecular formulae, and 
relative molecular mass

NO

O

OP
OO

S

From NIST (2011)

Molecular formula: C10H14NO5PS
Relative molecular mass: 291.26 
Additional chemical structure information is 
available in the PubChem Compound data-
base (NCBI, 2015).

1.1.3	 Chemical and physical properties of the 
pure substance

Description: Solid below 6.1 °C (43°F), other-
wise pale-yellow to dark-brown liquid with a 
garlic-like or phenol-like odour (NCBI, 2015)

Solubility: Very slightly soluble in water 
(11 mg/L at 20  °C, 24 mg/L at 25  °C) (IARC, 
1983; NCBI, 2015); soluble in chloroform (Weast, 
1988); miscible with most organic solvents; 
slightly soluble in petroleum oils (IARC, 1983; 
NCBI, 2015)

Volatility: Vapour pressure, reported as 
6.68 × 10−6 mm Hg (20 °C) (NCBI, 2015); little 
volatilization from moist and dry soil surfaces 
is expected

Stability: Hydrolyses very slowly in acidic 
media, more rapidly in alkaline media to diethyl-
phosphorothioic acid and para-nitrophenol; 
slowly isomerizes on heating above 130 °C to the 
O,S-diethyl analogue (IARC, 1983); decomposes 
above 200  °C to produce toxic gases including 
carbon monoxide, nitrogen oxides, phosphorous 
oxides, and sulfur oxides (IPCS, 2004).

Reactivity: Readily reduced to O,O-diethyl O- 
para-aminophenyl phosphorothioate; oxidized 
with difficulty to diethyl para-nitrophenyl 
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phosphate (Metcalf, 1981); reacts with strong 
oxidants (IPCS, 2004); attacks some forms of 
plastic, rubber and coatings (IPCS, 2004).

Octanol/water partition coefficient (P): log 
Kow, 3.83 (NCBI, 2015)

Henry’s law: 2.98 × 10–7 atm m3 mole–1 at 25 °C 
(HSDB, 2016), little volatilization from water 
surfaces is expected

Conversion factor: Assuming normal 
temperature (25 °C) and pressure (101  kPa), 
1 mg/m3 = 11.9 ppm (EPA, 2000b).

1.1.4	 Technical products and impurities

Technical parathion is reported to be 
96–98.5% active ingredient and 15% inert ingre-
dients (IARC, 1983; HSDB, 2016). Observed 
impurities include diethyl and triethyl thio-
phosphates; nitrophenetole; nitrophenol; and 
the dithio analogue of parathion (Warner, 1975; 
IARC, 1983).

1.2	 Production and use

1.2.1	 Production 

(a)	 Manufacturing

Parathion was introduced in 1947 and first 
registered in the USA in 1948 (IARC, 1983; EPA, 
2000a). Ethyl parathion was only the second 
phenyl organophosphate introduced into agri-
culture, and the first to be used commercially 
(Ware & Whitacre, 2004).

Formulations including dusts (0.5–2% active 
ingredient); emulsifiable concentrates (2–8% 
active ingredient); granules (10% active ingre-
dient); aerosols (10% active ingredient), and 
wettable powders (15–25% active ingredient) 
have been produced (IPCS, 1992).

(b)	 Production volume

Data on production volumes for parathion 
are very limited; however, it was listed as a chemical 
with a high production volume (> 1000 tonnes/year) 

in 2004 (OECD, 2004). Parathion is reported to 
be manufactured by seven producers worldwide: 
four in China, and one each in El Salvador, 
Germany, and the USA (AgriBusiness Global 
Sourcing Network, 2015). In the 1970s, parathion 
was manufactured in the USA by several compa-
nies, with an estimated total production of about 
6000 tonnes per year, but only one company was 
still producing parathion in the 1990s (IARC, 
1983; EPA, 2000a). Past production has also been 
reported in India in 1980–1981 at 1.2 tonnes, and 
around that same period annual production in 
western Europe was estimated to be in the range 
of 2000–5000 tonnes (IARC, 1983).

1.2.2	 Uses

(a)	 Agriculture

Parathion is a broad spectrum, non-systemic, 
insecticide and miticide with contact, stomach, 
and some respiratory action (IPCS, 1992; EPA, 
2000a). It has been used as a treatment for soil 
and foliage pre-harvest, and to control sucking 
and chewing insects, mites, and soil insects on 
a large variety of orchard, row, and field crops, 
including cereals, fruit, vines, vegetables, orna-
mentals, and cotton, both outdoors and in green-
houses (EPA, 2000a; IPCS, 1992; FAO/UNEP, 
2005). When last used in the USA, parathion was 
restricted to nine crops: alfalfa, barley, rapeseed, 
corn, cotton, sorghum, soybean, sunflower, and 
wheat (EPA, 2000a).

(b)	 Regulation

Due to increasing concerns regarding hazards 
to wildlife and human health, the use of para-
thion as a pesticide has been banned, de-author-
ized or phased out by several counties including: 
Angola, Australia, Belize (1985), Bulgaria, China, 
Colombia (1991, except for on cotton using aerial 
equipment), Ecuador, El Salvador, Guatemala, 
Hungary, India (1974), Indonesia, Ireland, Japan 
(1955), Kuwait (1980), Malaysia, New Zealand 
(1987), Philippines, Portugal (1994), Russian 
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Federation, Sri Lanka (1984), Sweden (1971), the 
United Republic of Tanzania (1986), Thailand 
(1988), Turkey, United Kingdom, and the USA 
(2003) (IPCS, 1992; FAO, 1997; EPA, 2000a). In 
the European Community, all authorizations for 
plant protection products containing parathion 
were withdrawn by 2002; previously all formu-
lations except capsule suspensions were included 
in Annex III of the Rotterdam Convention on 
international trade of hazardous chemicals 
(FAO/UNEP, 2005). In the USA, use sites and 
practices were restricted in 1991 to mitigate risk 
to workers; use was restricted to aerial equip-
ment application of emulsifiable concentrates to 
nine specified crops, noted above, and all uses of 
parathion were terminated in 2003 (EPA, 2000a).

Limits for occupational exposure to parathion 
in air of 0.05–0.1 mg/m3 have been established in 
several countries (IFA, 2015). An acceptable daily 
intake of 0–0.005 mg/kg body weight (bw) from 
residues in food was established in 1967 (IPCS, 
1992).

1.3	 Measurement and analysis

Parathion is typically measured using 
“multi-residue” analytical techniques developed 
for the simultaneous measurement of a large 
number of organophosphate pesticides that 
might be present in a sample. Parathion can 
be measured in air, water, soil, dust, fruits and 

vegetables, and urine and faeces. The alkyl phos-
phate metabolites of parathion, diethylphosphate 
(DEP) and diethylthiophosphate (DETP), plus 
para-nitrophenol (also common to methyl-para-
thion) can be measured in urine. Representative 
chemical analysis methods for parathion and its 
metabolites are listed in Table 1.1.

In water and soil, most parathion degrades 
over several weeks but a small residual pres-
ence may remain in the soil for several months 
(HSDB, 2016).

1.4	 Occurrence and exposure

1.4.1	 Exposure

(a)	 Occupational exposure

The majority of exposure to workers is estim-
ated to be via the dermal route (e.g. Cohen et al., 
1979). Parathion poisoning has been reported 
in workers who had dermal contact with the 
foliage of treated fruit trees and vines (Quinby & 
Lemmon, 1958).

In the 1960s, dermal measurements of 
parathion during a range of different agricul-
tural tasks were between 2.4 and 77.7 mg/hour, 
and respiratory levels were between 0.02 and 
0.19 mg/hour (Wolfe et al., 1967). Exposure may 
vary considerably for a single task. For example, 
when spraying fruit trees, dermal exposure to 
parathion varied by up to 200-fold depending 

Table 1.1 Methods of analysis for parathion

Sample matrix Analytical method Limit of detection Reference

Air GC/FPD (phosphorus mode) 0.4 µg/m3 NIOSH (1994)
Water GC/MS 0.15 µg/L Munch et al. (2012)
Urine Isotope dilution GC-MS/MS 9 μg/L (as 4-nitrophenol) Fenske et al. (2002)
    0.2 μg/L (DEP) 

0.1 μg/L (DETP)
Bravo et al. (2004)

Fruits and vegetables GC/MS 0.03 mg/kg Fillion et al. (2000)
Solids (soils, sediments, sludges) GC/FPD (phosphorus mode) NR EPA (2007)
Dust GC/MS (selected ion monitoring mode) 0.013-0.052 µg/g Fenske et al. (2002)
DEP, diethylphosphate; DETP, diethylthiophosphate; FPD, flame photometric detector; GC, gas chromatography; MS, mass spectrometry
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on the environmental conditions (particu-
larly wind), the method of application (upward 
spraying equipment gave more exposure than 
downward spraying equipment), rate of applica-
tion, and operator technique (Wolfe et al., 1967).

A study of 57 workers in a plant manufac-
turing powdered parathion found mean dermal 
exposures of 67.3 mg/hour and mean respiratory 
exposures of 0.62 mg/hour (Wolfe et al., 1978). 
The highest exposures were found in those 
undertaking bagging tasks.

Farm workers hand-harvesting onions (n = 64)  
had a geometric mean dermal exposure of 
0.84 µg/hour for the first day, and 0.36 µg/hour 
for the second day (Munn et al., 1985). There was 
no difference in exposure by age or sex of the 
worker.

A study of ambient parathion concentrations 
in aeroplane cockpits during aerial spraying have 
shown very high peak levels (up to 440 µg/mL) 
over short intervals (between 11 and 21 minutes). 
Spraying pilots and ground crews also showed 
reduced whole blood cholinesterase activity 
(Richter et al., 1980).

A study of 14 workers in cotton fields sprayed 
with parathion in the USA reported a small 
decline in plasma and erythrocyte cholinesterase 
activity in a group that entered a field 24 hours 
after treatment, and a larger decline among a 
group exposed 48 hours after treatment and 
following a light rain (Ware et al., 1974).

(b)	 Community exposures

The general population can be exposed to 
parathion from drinking-water, residues on food, 
spray drift from nearby farms, and para-occupa-
tional sources (EPA, 2000b).

(i)	 Drinking-water
Parathion has been rarely detected in ground-

water or surface water in the USA (Gilliom et al., 
2006). The concentration of ethyl parathion was 
reported as 0 ppb for all of the 410 measurements 
in surface water recorded in the Surface Water 

Protection Program Database of the California 
Department of Pesticide Regulation (2015). Data 
from other countries were not available to the 
Working Group.

(ii)	 Residues on food
Parathion residues are rarely detected on 

food in recent data from the USA, Canada, and 
the European Union (Rawn et al., 2004; EFSA, 
2011; FDA, 2015). Parathion was not detected in 
226 samples of 7 types of vegetables from Hebei 
Province, China (Li et al., 2014). In a study in 
Shaanxi, China, parathion was not detectable 
in 60 samples of cereals, or 60 samples of fruit; 
however, it was detected in 2 out of 80 samples 
of vegetables, and the mean concentrations of 
parathion exceeded the national maximum 
residue limit (Bai et al., 2006). Parathion residues 
were detected in 10–16% of sampled tomatoes, 
eggplant, and peppers purchased at a market in 
Ghana, with concentrations ranging from 0.061 
to 0.089 mg/kg (Darko & Akoto, 2008).

(iii)	 House dust
In Washington state, USA, dust in the houses 

of 12 farmworkers and 49 pesticide applicators 
was tested for ethyl parathion (Fenske et al., 2002). 
It was found in 48% of houses, more often in the 
houses of applicators than in those of general 
farm workers; the arithmetic mean concentra-
tion was 0.06 µg/g with a range of 0 to 0.95 µg/g. 
Another study of 48 agricultural families and 11 
reference families in Washington state detected 
parathion in dust in homes of 69% of agricul-
tural families and 27% of reference families, with 
mean levels of 0.365 µg/g and 0.076 µg/g, respect-
ively (Simcox et al., 1995). Among the agricul-
tural workers, levels were higher in farmers and 
applicators than farmworkers.
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1.4.2	 Exposure assessment and biological 
markers

Exposure assessment methods in epidemi-
ological studies on parathion and cancer are 
discussed in Section 1.4.2 and Section 2.1.2 of the 
Monograph on Malathion, in the present volume.

There are no biomarkers that are specific for 
parathion. Urinary and blood measures of break-
down products of parathion and suppression of 
acetylcholinesterase activity are only useful to 
measure parathion when exposure to any other 
organophosphate pesticide can be definitively 
ruled out.

2.	 Cancer in Humans

2.1	 Introduction

In previous IARC Monographs (IARC, 1983, 
1987), parathion was evaluated as Group 3, 
unclassifiable as to carcinogenicity in humans, as 
there was no evidence to evaluate direct expo-
sure in humans. Although relevant reports have 
since been published, there is still relatively little 
epidemiological literature on whether there is 
an association between cancer and exposure to 
parathion. In contrast, the general class of organ-
ophosphate insecticides has been more heavily 
investigated, and while parathion is a member 
of this class, other members are used in greater 
frequency and amounts (e.g. diazinon, mala-
thion, chlorpyrifos, etc.), which has resulted in 
their more frequent examination in published 
reports. The organophosphate insecticides are 
part of the grouping of “non-arsenical insecti-
cides,” which in 1991 were classified as Group 2A, 
probably carcinogenic to humans (IARC, 1991).

A general discussion of the epidemiolog-
ical studies on agents considered in the present 
volume (Volume 112) of the IARC Monographs 
is presented in Section 2.2 of the Monograph 
on Malathion. The scope of the available 

epidemiological studies is discussed in Section 
2.1 of the Monograph on Malathion, and includes 
a consideration of chance, bias and confounding, 
and exposure assessment.

2.2	 Cohort studies

2.2.1	 Agricultural Health Study

Epidemiological evidence regarding para-
thion derived from cohort studies (Table 2.1) has 
been largely from the Agricultural Health Study 
(AHS). The AHS is a prospective cohort of licensed 
pesticide applicators enrolled in 1993–1997 in 
Iowa and North Carolina, USA (Alavanja et al., 
1996; see the Monograph on Malathion, Section 
2.2, for a detailed description of this study).

Engel et al. (2005) examined whether expo-
sure to pesticides was associated with incidence of 
cancer of the breast among farmers’ wives in the 
AHS cohort, as this cancer occurred frequently 
enough to be studied after a minimum of only 
3 years of follow-up. The study included 30 454 
women with no history of cancer of the breast 
before cohort enrolment in 1993–1997. Parathion 
was one of 24 specific pesticides for which results 
were reported. Personal use of parathion was 
reported for fewer than three women, which was 
too few for a relative risk estimate to be calculated. 
The relative risk of cancer of the breast among 
women whose husbands used parathion was not 
significant overall, but statistically significant 
associations were detected with stratification by 
state or family history of breast cancer (and there 
was also an elevated but not significant relative 
risk (RR) for postmenopausal breast cancer). 
Husband’s use of parathion was reported for 18 
(13%) cases and 1385 (11%) controls, yielding a 
relative risk of 1.3 (95% CI, 0.8–2.1). Stratified 
analyses suggested that the association with 
husband’s parathion use was stronger in Iowa 
(RR, 2.0; 95% CI, 1.0–4.1) than in North Carolina 
(RR, 0.9; 95% CI, 0.5–1.8); and may be higher 
with postmenopausal (RR, 1.4; 95% CI, 0.8–2.5) 

http://monographs.iarc.fr/ENG/Monographs/vol112/mono112-07.pdf
http://monographs.iarc.fr/ENG/Monographs/vol112/mono112-06.pdf
http://monographs.iarc.fr/ENG/Monographs/vol112/mono112-06.pdf
http://monographs.iarc.fr/ENG/Monographs/vol112/mono112-07.pdf
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Table 2.1 Cohort studies of cancer and exposure to parathion

Study name, reference, 
location, enrolment/
follow-up period, 
study design

Population size, description, 
exposure assessment method

Organ site Exposure 
category or 
level

Exposed 
cases/ 
deaths

Risk estimate 
(95% CI)

Covariates controlled

Florida Pest Control 
Worker Study  
Pesatori et al. (1994) 
Florida, USA 
Enrolment, 1965–66; 
follow-up until 1982 
Nested case–control 
study 

Cases: 65 (response rate, 83%); 
identified from the Florida pest 
control workers cohort  
Controls: 294 (122 deceased, 172 
living) (response rates: deceased 
controls, 80%, living controls, 75%) 
Exposure assessment method: 
questionnaire

Lung Ever vs never 6 3.2 (0.5–20.7) Age, smoking
(living controls)

AHS 
Engel et al. (2005) 
IA and NC, USA 
Enrolment, 1993–1997; 
follow-up to 2000

30 454 wives of male licensed 
pesticide applicators, with 
no history of breast cancer at 
enrolment 
Exposure assessment method: 
questionnaire

Breast Husband’s 
use (indirect 
exposure)

18 1.3 (0.8–2.1) Age, race (white/other), state of 
residence

By state – IA 8 2.0 (1.0–4.1)
By state – NC 10 0.9 (0.5–1.8)
Premenopausal 3 0.9 (0.3–3.0)
Postmenopausal 13 1.4 (0.8–2.5)
No family 
history of breast 
cancer 

11 0.9 (0.5–1.8)

Family history 
of breast cancer

7 4.2 (1.6–10.6)

AHS 
Lee et al. (2007) 
IA and NC, USA 
Enrolment, 1993–1997; 
follow-up to 2002

56 813 licensed pesticide 
applicators with no prior history of 
colorectal cancer (97% males) 
Exposure assessment method: 
questionnaire 

Colorectum Ever use 46 0.9 (0.6–1.3) Age, smoking, state, total days of 
pesticide useColon Ever use 31 0.9 (0.6–1.5)

Rectum Ever use 15 0.9 (0.5–1.7)

AHS 
Dennis et al. (2010) 
IA and NC, USA 
1993–2005

25 291 licensed pesticide 
applicators (mostly farmers) 
(24 704 in analysis) 
Exposure assessment method: 
questionnaire 

Melanoma Ever use 21 1.9 (1.2–3.0) Age, sex, tendency to burn, red 
hair, sun exposure duration, BMI  
Prevalence of parathion use in 
whole cohort = 11% (7% for non-
cases; 15% for cases)

Not exposed to 
lead arsenate

13 1.5 (0.8–2.7)

Exposed to lead 
arsenate

8 7.3 (1.5–34.6)

Low exposure 
(< 56 days)

10 1.6 (0.8–3.1)

High exposure 
(≥ 56 days)

11 2.4 (1.3–4.4)

Trend-test P value: 0.003
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Study name, reference, 
location, enrolment/
follow-up period, 
study design

Population size, description, 
exposure assessment method

Organ site Exposure 
category or 
level

Exposed 
cases/ 
deaths

Risk estimate 
(95% CI)

Covariates controlled

AHS 
Alavanja et al. (2014) 
IA and NC, USA 
Enrolment, 1993–1997; 
follow up 2010 in NC, 
and 2011 in IA

54 306 licensed pesticide 
applicators (523 incident cases of 
NHL) with no prevalent cancer 
at baseline, not living outside 
the catchment area of IA and 
NC cancer registries, and with 
complete data on potential 
confounders  
Exposure assessment method:  
questionnaire

NHL 
(including 
multiple 
myeloma)

Ever used 69 1.1 (0.8–1.4) Age, state, race (white/black), 
total days of herbicide useLow (LED, 

≤ 8.75)
9 1.0 (0.5–2.0)

Medium (LED, 
> 8.75–24.5)

6 1.4 (0.6–3.2)

High (LED, 
> 24.5)

6 0.8 (0.3–1.8)

Trend-test P value: 0.64

NHL 
(including 
multiple 
myeloma)

IW-LED
Low (≤ 8.75) 7 0.9 (0.4–2.0)
Medium 
(> 8.75–24.5)

8 1.4 (0.7–2.9)

High (> 24.5) 6 0.8 (0.4–1.9)
Trend-test P value: 0.74

AHS 
Koutros et al. (2013) 
IA and NC, USA 
Enrolment, 1993–1997; 
follow-up to 2007

54 412 licensed private pesticide 
applicators (IA and NC) and 4916 
licensed commercial applicators 
(IA); 1962 incident cases including 
919 aggressive cancers 
Exposure assessment method: 
questionnaire

Prostate, 
total cancers

IW-LED: Age, state, race, smoking, fruit 
servings, family history of 
prostate cancer, and physical 
activity 
A prior AHS publication 
already reported on diazinon 
and prostate cancer (Beane 
Freeman et al., 2004), but here 
5 years additional follow-up were 
included

Quartile 1 (low 
use)

25 1.21 (0.81–1.81)

Quartile 2 25 1.37 (0.92–2.05)
Quartile 3 25 1.21 (0.81–1.81)
Quartile 4 (high 
use)

24 0.85 (0.56–1.28)

Trend-test P value: 0.51

Table 2.1   (continued)
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Study name, reference, 
location, enrolment/
follow-up period, 
study design

Population size, description, 
exposure assessment method

Organ site Exposure 
category or 
level

Exposed 
cases/ 
deaths

Risk estimate 
(95% CI)

Covariates controlled

AHS 
Koutros et al. (2013) 
IA and NC, USA 
Enrolment, 1993–1997; 
follow-up to 2007
(cont.)

Prostate, 
aggressive 
cancers

Quartile 1 (low 
use)

12 1.96 (1.1–3.5)

Quartile 2 12 1.04 (0.58–1.86)
Quartile 3 12 1.5 (0.82–2.77)
Quartile 4 (high 
use)

11 0.98 (0.53–1.79)

Trend-test P value: 0.97
Prostate 
(no family 
history)

Quartile 1 (low 
use)

16 1.14 (0.69–1.87)

Quartile 2 18 1.36 (0.85–2.19)
Quartile 3 16 1.08 (0.66–1.79)
Quartile 4 (high 
use)

20 0.99 (0.63–1.55)

Trend-test P value: 0.98
Prostate 
(with family 
history)

Quartile 1 (low 
use)

5 1.32 (0.54–3.23)

Quartile 2 5 1.54 (0.63–3.8)
Quartile 3 6 1.58 (0.65–3.84)
Quartile 4 (high 
use)

3 –

Trend-test P value: 0.88
GC rs7041 Age, state 
Low exposure 
– CC

12 2.58 (1.07–6.25)

High exposure 
– CC

10 3.09 (1.1–8.68)

Trend-test P value: P < 0.01 

Table 2.1   (continued)
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Study name, reference, 
location, enrolment/
follow-up period, 
study design

Population size, description, 
exposure assessment method

Organ site Exposure 
category or 
level

Exposed 
cases/ 
deaths

Risk estimate 
(95% CI)

Covariates controlled

AHS 
Koutros et al. (2013) 
IA and NC, USA 
Enrolment, 1993–1997; 
follow-up to 2007
(cont.)

Prostate Never vs IW-LED Age, state
Ever used 102 1.02 (0.78–1.33)
Low level 30 1.28 (0.79–2.06)
High level 22 0.9 (0.53–1.54)
Trend-test P value: 0.91

Prostate RXRB rs1547387 Age, state 
Low exposure 
– CC

22 1.12 (0.65–1.94)

High exposure 
– CC

12 0.54 (0.28–1.04)

Low exposure – 
CG + GG

8 1.82 (0.68–4.89)

High exposure – 
CG + GG

10 4.27 (1.32–13.78)

Trend test P value, < 0.01
Prostate GC rs222040 Age, state

Low exposure 
– AA

11 2.14 (0.89–5.12)

High exposure 
– AA

11 3.39 (1.23–9.36)

AHS, Agricultural Health Study; CI, confidence interval; GC, Group specific Component gene; IA, Iowa; IW-LED, intensity-weighted lifetime days of use; NC, North Carolina; NR, not 
reported; RXRB, Retinoid-X-Receptor-β gene

Table 2.1   (continued)
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than premenopausal (RR, 0.9; 95% CI, 0.3–3.0) 
breast cancer. The effect varied by family history 
(P value for interaction = 0.04): among women 
with a family history of breast cancer there was 
a relative risk of 4.2 (95% CI, 1.6–10.6; 7 exposed 
cases; exposure prevalence, 19%) associated with 
exposure to parathion, while among those who 
did not have a family history, the relative risk was 
0.9 (95% CI, 0.5–1.8; 11 (9%) exposed cases). [The 
strengths of this study included its large sample 
size, comprehensive exposure assessment, extent 
of potential confounder control, and explora-
tion of potential interactions, such as by family 
history. To date, this is the only study to have 
reported on whether parathion is associated with 
cancer in women.]

Cancer of the colorectum was studied by Lee 
et al. (2007) in the AHS, with a total of 305 inci-
dent cases of cancer of the colorectum (colon, 
212; rectum, 93) diagnosed during the study 
period, 1993–2002. Among the 50 pesticides 
examined, use of parathion was reported in 46 
(20%) cases of cancer of the colorectum, with a 
relative risk of 0.9 (95% CI, 0.6–1.3); use of para-
thion varied very little according to whether the 
cancer was of the colon or rectum. Given that 
no association was seen for parathion in the ever 
versus never analysis, and that there were no 
a-priori hypotheses or previous results related 
to parathion, there was no further analysis of 
exposure–response relationships. [The Working 
Group noted that the large sample size provided 
a relatively precise null result, and that among 
the many potential confounders considered, the 
final models included an indicator of exposure to 
other pesticides.] 

The incidence of cutaneous melanoma was 
studied within the AHS by Dennis et al. (2010), 
with an average length of follow-up of 10.3 years 
until 2005. This study focused on the AHS subset 
for which data on arsenical pesticides were avail-
able, that is, the 24  704 pesticide applicators 
(43% of the full AHS cohort) who completed 
the more detailed take-home questionnaire in 

addition to the baseline questionnaire. Of the 
50 specific pesticides assessed, 4 were found to 
be associated with risk of melanoma (parathion, 
benomyl, carbaryl, maneb/mancozeb), and these 
4 were further analysed to assess whether results 
varied with use of lead arsenate. Dennis et al. 
also assessed whether the observed relation-
ship between exposure to parathion and risk of 
melanoma was modified by exposure to arsenic 
compounds; previous reports had suggested that 
arsenic exposure may be related to melanoma 
(Beane Freeman et al., 2004), that arsenic may 
interact with certain pesticides and sun exposure 
in causing skin lesions (Chen et al., 2006), and 
that sunscreen may increase absorption of para-
thion (Brand et al., 2003). A total of 150 incident 
cases of cutaneous melanoma were detected, 
and use of parathion was reported by 11% of 
the whole cohort, with 21 (15%) exposed cases. 
The odds ratio for ever versus never use of para-
thion was 1.9 (95% CI, 1.2–3.0), and a monotonic 
trend was found with increasing level of expo-
sure: the odds ratio was 1.6 (95% CI, 0.8–3.1) for 
<  56 exposure-days, compared with 2.4 (95% 
CI, 1.3–4.4) for ≥  56 lifetime exposure-days (P 
value for trend = 0.003). Both these analyses were 
based on models that adjusted for major potential 
confounders, including age, sex, burn tendency, 
red hair, duration of sun exposure, and body 
mass index. There was no effect modification of 
the association with pesticides by sun exposure 
[stated by authors, data not presented]. A possible 
statistical interaction was detected between 
use of parathion and exposure to lead arsenate 
(P value  for interaction =  0.065), since among 
workers who had used lead arsenate there was a 
significant association (OR, 7.3; 95% CI, 1.5–34.6; 
8 exposed cases), compared with those who did 
not use lead arsenate (OR, 1.5; 95% CI, 0.8–2.7; 13 
exposed cases). [There was potentially plausible 
effect modification, with risk increased among 
those who also applied lead arsenate. Although 
Dennis et al. (2010) controlled for the potential 
effects of established risk factors for melanoma, 
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sun exposure and duration of pesticide use are 
likely to be correlated so there was potential for 
residual confounding in the effect estimates for 
each pesticide. Also, results arising from the 
testing of multiple exposures and interactions 
must be interpreted with caution; however, the 
combination of main effect, gradient of effect, 
and potentially plausible effect modification 
provided support for the hypothesis that expo-
sure to parathion and other agricultural chemi-
cals may be an additional source of risk beyond 
established risk factors for melanoma (e.g. host 
factors, susceptibility, and sun exposure).]

Cancer of the prostate was assessed in the 
AHS by Koutros et al. (2013), with follow-up 
to 2007, which resulted in 1962 incident cases 
among the full cohort of 54 412 pesticide appli-
cators. For persons who did not respond to the 
questionnaire regarding parathion use, values 
were imputed. [The Working Group noted that 
Heltshe et al. (2012) demonstrated there was a 
very high level of agreement between observed 
and imputed values, in part due to the rarity of 
exposure to parathion.] The relationship between 
exposure and incidence of cancer of the prostate 
was assessed for 48 pesticides, plus stratified 
analyses assessed whether associations varied 
according to the aggressiveness of the tumour, 
or family history of prostate cancer. Aggressive 
cancer of the prostate was defined as having one 
or more of the following features: distant stage, 
poorly differentiated grade, Gleason score ≥ 7, or 
fatality. Due to updates in grade classification by 
pathologists, Gleason scores for cases diagnosed 
before 2003 were re-abstracted and analyses were 
repeated for alternative definitions of aggres-
siveness. Results for parathion demonstrated 
that in general there was neither a statistically 
significant increase in risk, nor a trend for all 
cancers of the prostate (P value for trend = 0.51) 
or aggressive cancers of the prostate (P value for 
trend = 0.97); with the exception of a significantly 
increased risk of aggressive cancer of the pros-
tate in the lowest quintile of parathion exposure 

(OR for Q1, 1.96; 95% CI, 1.1–3.5). Stratification 
by family history of cancer of the prostate did 
not result in statistically significant associations 
or trends. Although the odds ratio estimates for 
all quartiles of exposure were > 1.0 for men with 
a family history of cancer of the prostate, the 
estimates were imprecise due to small numbers 
(i.e. there were 6 or fewer exposed cases in each 
quartile). [The Working Group noted that this 
study included well-characterized exposures and 
outcomes, and a large sample size that enabled 
relative risk estimation while controlling for 
multiple potential confounders, and stratifying 
for features such as tumour traits, resulting in 
the detection of an association for aggressive 
prostate cancers, but not for all prostate cancers.]

A case–control study on cancer of the pros-
tate, nested within the AHS, was reported by 
Karami et al. (2013); the unique contribution of 
this study was the exploration of whether certain 
pesticides may be linked to cancer of the prostate 
via an interaction with vitamin D-related genetic 
variants. The motivation for this study was stated 
to be that anti-carcinogenic effects of vitamin 
D and its metabolites (e.g. by stimulating cell 
differentiation, inhibiting cell proliferation or 
inducing apoptosis) may be reduced by certain 
pesticides. Karami et al. (2013) compared 776 
cases of cancer of the prostate and 1444 controls, 
who were white, male, pesticide applicators. 
Interactions were evaluated between 41 pesti-
cides and 152 single-nucleotide polymorphisms 
(SNPs) in nine genes involved in vitamin D 
pathways, after adjusting for false discovery rate, 
to account for multiple comparisons. Parathion 
use was not associated with cancer of the prostate 
(OR for ever use, 1.02; 95% CI, 0.78–1.33; P value 
for trend = 0.91). However, statistical interactions 
were detected between use of parathion and two 
vitamin D-related genes: the strongest inter-
action observed was between the RXRB gene 
variant rs1547387 and parathion [(RXRB is the 
Retinoid-X-Receptor-beta gene that is involved 
in binding vitamin D to vitamin D receptors). 
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No previously published study has evaluated 
the association between this specific SNP and 
cancer.] Significant interactions were also 
observed between parathion and the GC gene 
(Group specific Component, which is a binding 
protein that carries vitamin D in blood) variants 
rs7041 and rs222040. [Ahn et al. (2009) previ-
ously showed that the presence of the variant 
form of the GC gene was associated with reduced 
levels of circulating vitamin D (25-OH-D) in 
the Prostate, Lung, Colon and Ovary (PLCO) 
Screening Trial.] The exposure–response pattern 
among participants with increasing use of para-
thion and the variant form (G) of the rs1547387 
SNP of the RXRB gene and the homozygote CC 
genotype for the GC gene in the rs7041 SNP 
(which alters circulating vitamin D levels) was 
noteworthy when compared with unexposed 
participants. [The Working Group noted that 
this result was not independent from that of 
the previous study of prostate cancer within the 
AHS, and confirmed that overall there was no 
association between exposure to parathion and 
prostate cancer. However, the contribution of 
this study was the analysis of potential modi-
fication of pesticide effects by genetic variation 
involving the vitamin D pathway. This study was 
large enough to allow examination and detection 
of trends with exposure level in subsets defined 
by the genetic variants.]

Alavanja et al. (2014) investigated whether 
exposure to pesticides influenced the risk 
of non-Hodgkin lymphoma (NHL) and its 
subtypes in the AHS. Ever having used para-
thion was not associated with NHL overall 
(RR, 1.1; 95% CI, 0.8–1.4) or by subtype (small 
lymphocytic lymphoma/chronic lymphocytic 
leukaemia/mantle cell lymphoma; diffuse large 
B-cell lymphoma; follicular B-cell lymphoma; 
multiple myeloma), and there was no evidence of 
heterogeneity across subtypes (e.g. relative risk 
estimates were 1.0 or 1.1 for each subtype). There 
was no monotonic trend with categories of total 
days of lifetime use (P value for trend = 0.64) or 

intensity-weighted lifetime days of use (P value 
for trend = 0.74). [The strengths of this analysis 
were that the comprehensive data permitted 
controls for multiple confounders, including 
indicators of total use of other pesticides, and 
that the large sample size enabled separate anal-
yses of the heterogeneous subtypes of NHL.]

2.2.2	Other cohort studies

A nested case–control study derived from a 
previous occupational cohort study was reported 
by Pesatori et al. (1994) (Table 2.1). This was based 
on a cohort of Florida pest control workers whose 
licensing records were linked with mortality files 
(e.g. national death index, death certificates, social 
security mortality files) (see the Monograph on 
Malathion, Section 2.2, for a detailed description 
of this study). Parathion use was reported for 2 
(3%) cases, 0 deceased controls, and 6 (3%) of 
living controls, which for the latter resulted in an 
odds ratio of 3.2 (95% CI, 0.5–20.7) with adjust-
ment for age and smoking [The Working Group 
noted that the report stated that adjustments for 
diet, other occupations and other factors did 
not alter risk estimates. This study was limited 
by its small size (with 65 deceased cases), and 
the potential for exposure misclassification by 
collecting pesticide exposure by interviewing 
next of kin. The wide confidence interval for the 
odds ratio demonstrated the imprecision of this 
estimate due to the modest size of the cohort and 
the rarity of parathion use.]

2.3	 Case–control studies 

2.3.1	 Case–control studies on lympho-
haematopoietic cancers

A single case–control study reported on 
whether exposure to parathion was associated 
with risk of lymphoma (Table 2.2). Waddell 
et al. (2001) pooled data from three case–control 
studies of NHL among white men in the USA 

http://monographs.iarc.fr/ENG/Monographs/vol112/mono112-07.pdf
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172 Table 2.2 Case–control study of lympho-haematopoietic cancers and exposure to parathion

Reference, 
location follow-
up/enrolment 
period, study-
design

Population size, description, exposure assessment method Organ 
site

Exposure 
category 
or level

Exposed 
cases/ 
deaths

Risk 
estimate 
(95% CI)

Covariates 
controlled

Comments

Waddell et al. 
(2001) 
Iowa, Minnesota, 
Kansas, Nebraska, 
USA 
1979–1986

Cases: 748 (response rate, 83%) from tumour registries, 
clinical groups, and hospitals 
Controls: 2236 (response rate, 86%) living cases from health 
service administration records; deceased cases from mortality 
records 
Exposure assessment method: questionnaire; Iowa & 
Minnesota: see Cantor et al. (1992); Kansas: telephone 
interview, days/year of pesticide use and years of use were 
asked about herbicides and insecticides overall, not by specific 
pesticide; subjects were asked to volunteer the pesticides they 
used; Nebraska: telephone interview days per year of use and 
years of use were asked for each pesticide used; asked about a 
predetermined list of about 90 pesticides

NHL Ever use 5 2.9 (0.9–9.7) Age, state, 
proxy/direct 
respondent

Studies in 
midwest 
USA 
(pooled)

NHL, non-Hodgkin lymphoma
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(Hoar et al., 1986; Zahm et al., 1990; Cantor 
et al., 1992) to evaluate organophosphate pesti-
cides, including parathion, as used by farmers. 
The three studies were population-based and 
yielded 748 cases of NHL and 2236 controls (see 
the Monograph on Malathion, Section 2.2, for 
a detailed description of this study). Detailed 
subset analyses (e.g. by histological type, state) 
were done for five pesticides, but this could not be 
done for parathion due to the rarity with which 
it was used. Comparing farmers using parathion 
to non-farmers yielded an odds ratio of 2.9 (95% 
CI, 0.9–9.7; 5 exposed cases; 8 exposed controls) 
adjusted for age, state and respondent type (direct 
versus proxy). [The strengths of this report 
included the large sample size, which enabled 
assessment of infrequent exposure to parathion; 
however, the study was not sufficiently large to 
detect a gradient of effect. While several poten-
tial confounders were considered, the result must 
be interpreted with caution since the effect of 
parathion could be confounded by other pesti-
cides that were not controlled for in the analysis.]

2.3.2	Case–control studies on other cancers

Band et al. (2011) reported on a case–control 
study of cancer of the prostate, for which all male 
cancer patients identified in the population-based 
cancer registry for British Columbia, Canada, 
from 1983 to 1990 were invited to complete 
a self-administered occupational history and 
questionnaire, and for whom a job-exposure 
matrix (JEM) was developed (see the Monograph 
on Malathion, Section 2.2, for a detailed descrip-
tion of this study). Results for 100 pesticides 
were presented in the report, and it was estim-
ated that 30 (2%) cases and 63 (1%) controls had 
used parathion, for an odds ratio of 1.51 (95% CI, 
0.94–2.41), after adjusting for alcohol, smoking, 
education, and type of respondent (proxy/direct). 
With exposure levels defined as above or below 
the median number of lifetime days on which 
parathion was used, compared with never users, 

the odds ratios for low and high use were 1.29 
(95% CI, 0.66–2.50) and 1.82 (95% CI, 0.94–3.53), 
respectively, with a P value for the trend of 0.06. 
[While strengthened by the large number of 
cases, the results of this study should be inter-
preted with caution due to the many comparisons 
examined, the correlated nature of occupational 
exposures, and the potential misclassification 
that derives from using a JEM to estimate indi-
vidual exposures to parathion.]

2.4	 Meta-analyses

No data were available to the Working Group. 

3.	 Cancer in Experimental Animals

Studies of carcinogenicity previously assessed 
by the Working Group (IARC, 1983), and leading 
to the previous evaluation of inadequate evidence 
in experimental animals for the carcinogenicity 
of parathion (IARC, 1987), were also included in 
the present Monograph.

3.1	 Mouse

See Table 3.1

Oral administration

Groups of 50 male and 50 female B6C3F1 
mice (age, 5 weeks) were fed diets containing 
parathion (purity, 99.5%; impurities unspeci-
fied) at a concentration of 80 or 160 ppm for 71 
and 62 weeks, respectively (males), and for 80 
weeks (females). Male mice were then observed 
for 18 and 28 weeks, respectively, while female 
mice were observed for 9 and 10 weeks, respec-
tively. A matched control group of 10 males and 
10 females was observed for 90 weeks. Since the 
numbers of mice in the matched control groups 
were small, pooled control groups of 140 males 
and 130 females were also used for statistical 

http://monographs.iarc.fr/ENG/Monographs/vol112/mono112-07.pdf
http://monographs.iarc.fr/ENG/Monographs/vol112/mono112-07.pdf
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Strain (sex) 
Duration 
Reference

Dosing regimen, 
Animals/group at start

Incidence (%) of tumours Significance Comments

B6C3F1 
(M, F) 
89–90 wk 
NTP (1979)

Diets containing parathion (purity, 99.5%) 
at 0 ppm (matched control), 80 ppm, or 160 
ppm, ad libitum, 7 days/wk: lower-dose males 
for 71 wk and then held untreated for an 
additional 18 wk; higher-dose males for 62 
wk and then held untreated for an additional 
28 wk; lower- and higher-dose females for 80 
wk and then held untreated for an additional 
9–10 wk 
50 M and 50 F/treated group 
Since the numbers of mice in the matched-
control groups were small, pooled-control 
groups also were used for statistical 
comparisons 
10 M and 10 F/matched –control group 
140 M and 130 F/pooled-control group

No tumours occurred in either sex 
at incidences that were significantly 
higher in the dosed groups than in 
the corresponding matched or pooled 
control groups

NS Short duration of treatment, and small 
number of matched controls  
Pooled controls: matched controls from 
study on parathion were combined 
with matched controls from long-term 
studies on azinphosmethyl, chlordane, 
dieldrin, dimethoate, heptachlor, 
lindane, malathion, phosphamidon, 
photodieldrin, and tetrachlorvinphos

B6C3F1 (M, F) 
18 mo 
EPA (1991a)

Diets containing parathion (purity, 96.7%) at 
0 (control), 60, 100, or 140 ppm for 18 mo 
50 M and 50 F/group [age, NR]

Males 
Bronchiolo-alveolar adenomaa: 5/50 
(10%), 13/50 (26%)*, 6/50 (12%),  
4/50 (8%) 
Bronchiolo-alveolar carcinomab: 0/50, 
1/50 (2%), 0/50, 0/50 
Bronchiolo-alveolar adenoma or 
carcinoma (combined): 5/50 (10%), 
14/50 (28%)**, 6/50 (12%), 4/50 (8%) 
Females 
Malignant lymphomac: 0/50, 5/50 
(10%)***, 3/50 (6%), 2/50 (4%) 
Histiocytic sarcomad: 0/50, 1/50 (2%), 
0/50, 2/50 (4%)

*P = 0.033 
**P = 0.020 
***P = 0.028

Lowest-dose mice were incorrectly dosed 
with parathion at 500 ppm on days 
300–307. These mice were switched to 
control diet for 17 days to recover, and 
then returned to the correct dose level. 
Six males and two females at the lowest 
dose died within 14 days of the misdosing 
There was a dose-related decrease in body 
weight in males and females without 
treatment-related increase in mortality

a	 Historical controls at testing laboratory: 16/150 (11%); range, 10–12%
b	 Historical controls at testing laboratory: 10/150 (7%); range, 2–12%
c	 Historical controls at testing laboratory: 41/150 (27%); range, 24–32%
d	 Historical controls at testing laboratory: 0/150
F, female; M, male; mo, month; NR, not reported; NS, not significant; wk, week
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comparisons. Matched controls from the study 
on parathion were combined with matched 
controls from other long-term studies performed 
at the same laboratory on azinphosmethyl, chlor-
dane, dieldrin, dimethoate, heptachlor, lindane, 
malathion, phosphamidon, photodieldrin, and 
tetrachlorvinphos. By the end of the experiment 
(89 weeks), 80% of males at the highest dose, 92% 
of females at the highest dose, 92% of males and 
females at the lowest dose, 100% of matched-con-
trol males, and 80% of matched-control females 
were still alive. Full histopathology was 
performed. There was no significant increase in 
tumour incidence observed in any of the tissues 
examined compared with matched or pooled 
controls (NTP, 1979). [The Working Group noted 
the short duration of treatment and the small 
number of matched controls.]

A report by the United States Environmental 
Protection Agency (EPA, 1991a) provided infor-
mation on a study in which groups of 50 male 
and 50 female B6C3F1 mice [age not specified] 
were fed diets containing parathion (purity, 
96.7%) at a concentration of 0 ppm, 60 ppm, 100 
ppm, or 140 ppm, ad libitum, 7 days per week for 
18 months. Mice at the lowest dose were mistak-
enly dosed with parathion at 500 ppm between 
days 300 and 307 of the study. These mice were 
switched to control diet for 17 days to recover 
and then returned to the proper dose level. Six 
males at the lowest dose and two females at the 
lowest dose died within 14 days of the misdosing. 
There was a dose-related decrease in body weight 
in males and females without treatment-induced 
increase in mortality. The only increases in 
tumour incidence that were statistically signif-
icant were observed in the groups at 60 ppm. 
The incidences were: 5/50 (10%, control), 13/50 
(26%, P = 0.033), 6/50 (12%), 4/50 (8%) for bron-
chiolo-alveolar adenoma in males; 5/50 (10%, 
control), 14/50 (28%, P  =  0.020), 6/50 (12%), 
4/50 (8%) for bronchiolo-alveolar adenoma or 
carcinoma (combined) in males; and 0/50 (0%, 
control), 5/50 (10%, P  =  0.028), 3/50 (6%), 2/50 

(4.0%) for malignant lymphoma in females. At 
60 ppm, the incidence of bronchiolo-alveolar 
adenoma in males (13/50; 26%) exceeded the 
upper bound of the range reported for historical 
controls at the testing laboratory (16/150; 11%; 
range, 10–12%); the incidence of bronchiolo-al-
veolar carcinoma in males (1/50; 2%) was within 
the range for historical controls (10/150; 7%; 
range, 2–12%); and the incidence of malignant 
lymphoma in females (5/50; 10%) was below the 
lower bound of the range for historical controls 
(41/150; 27%; range, 24–32%). [The Working 
Group noted that tumour incidences were signif-
icantly increased only in the group receiving the 
lowest dose (60 ppm), which had been misdosed.]

3.2	 Rat

See Table 3.2

3.2.1	 Oral administration

Hazleton & Holland (1950) reported two 
studies in albino rats [strain and age at start 
not reported; body weight, 60–70 g], fed diets 
containing parathion (purity, 95–97%; impu-
rities unspecified) at different concentrations. 
Two groups of 20 male rats received parathion 
at a concentration of 10 or 25 ppm for 88 weeks. 
Two groups of male rats received parathion at a 
concentration of 50 (10 rats) or 100 ppm (8 rats) 
for 104 weeks. There were two control groups of 
10 and 20 male rats, respectively. In addition, 
groups of 8–9 female rats received parathion at a 
concentration of 10 or 50 ppm for 64 weeks, and 
6 females served as controls. Survival of males 
was 69% at 10 ppm, 87% at 25 ppm, and 60% in 
the first control group; 80% at 50 ppm, 62% at 
100 ppm, and 70% in the second control group. 
Survival of females was 100% at 10 ppm, 62% at 
50 ppm, and 67% in controls. Macroscopic exam-
ination of the rats, and microscopic examination 
of a limited number of tissues from males in the 
groups at 50 ppm and 100 ppm, did not reveal 
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Strain (sex) 
Duration 
Reference

Dosing regimen, 
Animals/group at start

Incidence (%) of tumours Significance Comments

Albino [strain, 
NR] (M, F) 
64–104 wk 
Hazleton & 
Holland (1950)

Diets containing parathion (purity, 
95–97%) at 0, 10, 25, 50, or 100 ppm for 
64–104 wk 
8–20 M and 6–9 F/group (age at start, NR)

Macroscopic examination of the 
rats and microscopic examination 
of a limited number of tissues 
from males at 50 ppm or 100 ppm 
(exposed for 104 wk) revealed no 
tumours

NS Small number of tested rats, 
and small number of organs 
used for histopathological 
examination; limited 
reporting of the study

Albino [strain, 
NR] (M, F) 
≤ 12 mo 
Barnes & Denz 
(1951)

Diets containing parathion (purity, 
76.8%) in ethanol at 0, 10, 20 or 50 ppm, 
for 6 days/wk for 12 mo; or 75 or 100 ppm 
for 27 or 19 days, respectively, and these 
rats were observed for up to 12 mo 
36 M and 36 F (age, 6 wk)/treated group 
30 M and 30 F (age, 6 wk)/control group

No evidence of tumours, with 
the exception of one spindle cell 
sarcoma of the mediastinum in one 
rat at 20 ppm

NS Short duration of exposure 
and observation periods, 
and small number of rats 
undergoing histopathological 
examination; limited 
reporting of the study



Parathion

177

Strain (sex) 
Duration 
Reference

Dosing regimen, 
Animals/group at start

Incidence (%) of tumours Significance Comments

Osborne-
Mendel  
(M, F) 
≤ 113 wk  
NTP (1979)

Diets containing parathion (purity, 
99.5%), ad libitum, 7days/wk, at 0 ppm (M 
and F; matched controls); 32 ppm TWA 
(lowest-dose M – 40 ppm for 13 wk then 
lowered to 30 ppm for 67 wk); 63 ppm 
TWA (highest-dose M – 80 ppm for 13 
wk then lowered to 60 ppm for 67 wk); 23 
ppm TWA (lowest-dose F – 20 ppm for 13 
wk, then increased to 30 ppm for 21 wk, 
and then lowered to 20 ppm for 46 wk); or 
45 ppm TWA (highest-dose F – 40 ppm 
for 13 wk, then increased to 60 ppm for 
21 wk, and then lowered to 40 ppm for 46 
wk). The rats were held untreated until 
experimental wk 112–113 
Since the numbers of rats in the matched 
control groups were small, pooled control 
groups also were used for statistical 
comparisons 
50 M and 50 F/treated group 
10 M, 10 F/matched-control group 
90 M, 90 F/pooled-control group

Males Study limited by adaptation 
of dose levels to observed 
toxicity during study, and 
the use of a small number of 
matched controls 
Pooled controls: matched 
controls from study on 
parathion were combined 
with matched controls 
from long-term studies on 
azinphosmethyl, captan, 
chloramben, chlordane, 
dimethoate, heptachlor, 
malathion, and pichloram

Adrenal cortical adenoma: 0/9 
(matched control), 2/80 (3%, pooled 
control), 5/49 (10%), 9/46 (20%)

P = 0.001 (trend, vs pooled) 
P = 0.002 (highest dose vs 
pooled)

Adrenal cortical adenoma or 
carcinoma (combined): 0/9 (matched 
control), 3/80 (4%, pooled control), 
7/49 (14%), 11/46 (24%)

P < 0.001 (trend, vs pooled) 
P = 0.048 (trend, vs matched) 
P = 0.035 (lowest dose vs 
pooled) 
P < 0.001 (highest dose vs 
pooled)

Thyroid follicular-cell adenoma: 
3/10 (30%, matched control), 5/76 
(7%, pooled control), 2/46 (4%),  
8/43 (19%)

P = 0.037 (trend, vs pooled) 
P = 0.046 (highest dose vs 
pooled)

Pancreatic islet cell carcinoma: 0/9 
(matched control), 0/79 (pooled 
control), 1/49 (2%), 3/46 (7%)

P = 0.024 (trend, vs pooled) 
P = 0.048 (highest dose vs 
pooled)

Females  
Adrenal cortical adenoma: 1/10 
(10%, matched control), 4/78 (5%, 
pooled control), 4/47 (9%),  
11/42 (26%)

P = 0.037 (trend, vs matched) 
P = 0.001 (trend, vs pooled) 
P = 0.001 (highest dose vs 
pooled)

  Adrenal cortical adenoma or 
carcinoma (combined): 1/10 (10%, 
matched control), 4/78 (5%, pooled 
control), 6/47 (13%), 13/42 (31%)

P = 0.028 (trend, vs matched) 
P < 0.001 (trend, vs pooled) 
P < 0.001 (highest dose vs 
pooled)

  Mammary gland fibroadenoma: 2/10 
(20%, matched control), 9/85 (11%, 
pooled control), 16/50 (32%),  
8/50 (16%)

P = 0.002 (lowest dose vs 
pooled)
Cochran-Armitage trend 
test and Fisher exact test (for 
pairwise comparison)

 

Table 3.2   (continued)
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Strain (sex) 
Duration 
Reference

Dosing regimen, 
Animals/group at start

Incidence (%) of tumours Significance Comments

Sprague-
Dawley (M, F)  
≤ 120 wk 
EPA (1984)

Diets containing parathion (purity, 
95.11%) at 0 (control), 0.5, 5.0, or 50 ppm 
for up to 120 wk 
60 M and 60 F weanling rats/group (age at 
start, NR)

Males 
Thyroid follicular cell adenomaa: 
1/59 (2%), 1/58 (2%), 2/58 (3%), 5/58 
(9%) [4/58, 6.9%]

[NS] (see comments) A histopathological re-
evaluation of thyroid 
and parathyroid glands 
performed 2 years after 
the original report noted 
only four follicular cell 
adenomas at the highest dose 
(EPA, 1986a) as opposed to 
five identified in the first 
histopathological evaluation 
(EPA, 1984). In addition, no 
increase in the incidence of 
thyroid gland hyperplasia, 
and no carcinomas were 
reported

Wistar (M, F) 
26 mo 
EPA (1989a, b)

Parathion (purity, 96.7%) in the feed at 
concentrations of 0 (control), 2, 8, and 
32 ppm to give doses of 0, 0.1, 0.42, and 
1.75 mg/kg bw (M) and 0, 0.14, 0.53 and 
2.47 mg/kg bw (F) for 26 mo 
50 M and 50 F rats (age, 5–6 wk)/group

Males 
Pancreas:b 
Exocrine adenoma: 0/50*, 0/50, 1/49 
(2%), 3/50 (6%) 
Exocrine carcinoma: 0/50, 0/50, 0/49, 
1/50 (2%) 
Exocrine adenoma or carcinoma 
(combined): 0/50**, 0/50, 1/49 (2%), 
4/50 (8%) 
Islet cell adenoma: 0/50***, 0/50, 
1/49 (2%), 3/50 (6%) 
Females 
No increase in tumour incidence

*P = 0.002 (trend, Cochran 
Armitage) 
**P = 0.0022 (trend, Peto test) 
***P = 0.007 (trend, Cochran 
Armitage)

Table 3.2   (continued)
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Strain (sex) 
Duration 
Reference

Dosing regimen, 
Animals/group at start

Incidence (%) of tumours Significance Comments

Sprague-
Dawley (F) 
≤ 28 mo 
Cabello et al. 
(2001)

Subcutaneous injection of parathion at a 
dose of 0 (saline control), or 250 µg/100 g 
bw, injected twice per day for 5 days, and 
then observed for 28 mo 
70 (age, 39 days)/group

Mammary gland adenocarcinoma: 
0/70, 10/70 (14%)

[P < 0.002, Fisher exact test] Body weight and survival, NR 
Rats developing mammary 
tumours were killed 1 mo 
after first mammary tumour 
detected by palpation 
Tumour latency, 490–619 
days 
The examination of lungs, 
heart, intestinal tract, 
ovaries, and uterus did not 
show any tumour s [the 
authors did not report how 
these tissues were examined]

a	 Historical controls: 3.9% (range, 0–8.0%)
b	 Historical controls in male Wistar rats: pancreatic islet cell tumours, 0–6%; exocrine adenomas, 0–6% 
bw, body weight; F, female; M, male; mo, month; NR, not reported; NS, not significant; TWA, time-weighted average; wk, week

Table 3.2   (continued)
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any tumours. [The Working Group noted the 
small number of rats tested, the limited number 
of organs examined by histopathology, and the 
limited reporting of the study.]

Barnes & Denz (1951) described a study in 
which three groups of 36 male and 36 female 
albino rats [strain not reported] (age, 6 weeks) 
were given diets containing parathion (purity, 
76.8%) at a concentration of 10, 20, or 50 ppm for 
6 days per week for up to 12 months. Two addi-
tional groups of 36 male and 36 female rats were 
given parathion at 75 or 100 ppm for 27 and 19 
days, respectively; these animals were observed 
for up to 12 months. A control group of 30 males 
and 30 females was observed for 12 months. The 
survival rates were 98%, 97%, 97%, and 61% in 
the groups at 0, 10, 20, and 50 ppm, respectively. 
Mortality rates during the dosing period were 
82% in the group at 75 ppm and 90% in the group 
at 100 ppm. Histopathological examination was 
performed on all rats at 75 or 100 ppm, and on 
20% of rats in the groups at 0, 10, 20, or 50 ppm, 
and that were still alive after 12 months. With 
the exception of a spindle cell sarcoma of the 
mediastinum in one rat at 20 ppm, no tumours 
were observed. [The Working Group noted the 
high mortality in the two groups at the higher 
doses, the short duration of the exposure and 
observation periods, the small number of rats 
undergoing histopathological examination, and 
the limited reporting of the study.]

In a study by the United States National 
Toxicology Program, groups of 50 male and 50 
female Osborne-Mendel rats (age, 5 weeks), were 
fed diets containing parathion (purity, 99.5%; 
impurities unspecified) (NTP, 1979). Male rats 
initially received parathion at 40 ppm (lower 
dose) or 80 ppm (higher dose) for 13 weeks, then 
doses were lowered to 30 ppm (lower dose) and 
60 ppm (higher dose) for 67 weeks, resulting in 
time-weighted average doses of 32 ppm (lower 
dose) and 63 ppm (higher dose). Female rats 
initially received parathion at 20 ppm (lower 
dose) or 40 ppm (higher dose) for 13 weeks, then 

doses were increased to 30 ppm (lower dose) 
and 60 ppm (higher dose) for 21 weeks (to be 
consistent with the doses for male rats); but then 
lowered to 20 ppm (low dose) and 40 ppm (high 
dose) for 46 weeks (due to generalized tremors 
among females at the higher dose after 33 weeks), 
resulting in time-weighted average doses of 23 
ppm (lower dose) and 45 ppm (higher dose). 
All rats were subsequently observed for 32–33 
weeks. A matched control group of 10 males and 
10 females was observed for 112 weeks, while a 
pooled group of 90 males and 90 females served 
as controls for the statistical analysis. Matched 
controls from the study on parathion were 
combined with matched controls from long-
term studies performed at the same laboratory 
on azinphosmethyl, captan, chloramben, chlor-
dane, dimethoate, heptachlor, malathion, and 
picloram. At the end of the study, survival in 
the groups at the higher dose was 72% in males 
and 68% in females, while survival in the groups 
at the lower dose was 62% in males and 72% in 
females. In the matched control group, a survival 
rate of 70% was recorded for males and females. 
Full histopathology was performed.

In males, the incidence of adrenal cortical 
adenoma or carcinoma (combined) was 3/80 
(4%) in pooled controls, 0/9 in matched controls, 
7/49 (14%) in the group at the lower dose (two 
rats developed carcinoma), and 11/46 (24%) in 
the group at the higher dose (two rats developed 
carcinoma) (Cochran-Armitage test for positive 
trend: P < 0.001 using pooled controls, P = 0.048 
using matched controls; Fisher exact test: high-
dose group versus pooled controls, P  <  0.001, 
and low-dose group versus pooled controls, 
P  =  0.035). The incidence of adrenal cortical 
adenoma was 2/80 (3%) in pooled controls, 0/9 
in matched controls, 5/49 (10%) in the group at 
the lower dose and 9/46 (20%) in the group at the 
higher dose (Cochran-Armitage test for positive 
trend: P  =  0.001 using pooled controls; Fisher 
exact test: higher-dose versus pooled controls, 
P = 0.002).
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In females, the incidence of adrenal cortical 
adenoma or carcinoma (combined) was 4/78 
(5%) in pooled controls, 1/10 (10%) in matched 
controls, 6/47 (13%) in the group at the lower dose 
(two rats developed carcinoma), and 13/42 (31%) 
in the group at the higher dose (two rats devel-
oped carcinoma) (Cochran-Armitage test for 
positive trend: P < 0.001 using pooled controls, 
P = 0.028 using matched controls; Fisher exact 
test: high-dose group versus pooled controls, 
P < 0.001).

In males, the incidence of islet cell carcinoma 
of the pancreas was 0/79 in pooled controls, 0/9 
in matched controls, 1/49 (2%) in the group at 
the lower dose, and 3/46 (7%) in the group at the 
higher dose (Cochran-Armitage test for positive 
trend: 0.024 using pooled controls; Fisher exact 
test: high-dose group versus pooled controls, 
P = 0.048). Follicular cell adenoma of the thyroid 
gland was also observed, with incidences of 5/76 
(7%) in pooled controls, 3/10 (30%) in matched 
controls, 2/46 (4%) in the group at the lower 
dose, and 8/43 (19%) in the group at the higher 
dose (Cochran-Armitage test for positive trend: 
P  =  0.037 using pooled controls; Fisher exact 
test: higher-dose group versus pooled controls, 
P  =  0.046). In females, there was a significant 
increase (P = 0.002) in the incidence of fibroad-
enoma of the mammary gland in the group at 
the lower dose (16/50; 32%) compared with 
pooled controls (9/85; 11%) (NTP, 1979). [The 
Working Group noted the adaptation of dose 
levels because of observed toxicity, and the use 
of small numbers of matched controls.]

A report by the EPA (1984) provided informa-
tion on a study in which diets containing para-
thion (purity, 95.11%) were given to groups of 60 
male and 60 female weanling Sprague-Dawley 
rats [age at start, not reported] at a concentra-
tion of 0 (control), 0.5, 5, or 50 ppm for up to 120 
weeks. Mortality in all groups was similar by the 
end of the study. Body-weight gain was decreased 
in males and females in the group at the highest 
dose. Follicular cell adenoma of the thyroid gland 

was observed at a [non-significantly] higher inci-
dence in the groups of treated males compared 
with controls: 1/59 (2%, control), 1/58 (2%), 2/58 
(3%), 5/58 (9%) [4/58; 6.9%]. The EPA (1986a) indi-
cated that the historical incidence for this tumour 
in male Sprague-Dawley rats at this laboratory 
ranged from 0% to 8.0% (mean, 3.9%). No other 
increase in tumour incidence was reported. Two 
years after the original report, a re-evaluation of 
the histopathology of the thyroid and parathy-
roid glands was performed and published (EPA, 
1986a). The re-evaluation was considered neces-
sary owing to the lack of increase in the incidence 
of hyperplasia of the thyroid gland reported in the 
group at the highest dose. [Such an increase may 
precede the appearance of neoplastic changes.] A 
re-evaluation of the histology slides by an expert 
in endocrine pathology reported only four folli-
cular cell adenomas of the thyroid in the group at 
the highest dose, as opposed to five as identified 
in the original histological evaluation. No folli-
cular carcinomas of the thyroid were reported.

The EPA (1989a, b) also provided information 
on a study in which groups of 50 male and 50 
female Wistar rats (age, 5–6 weeks) were given 
diets containing parathion (purity, 96.7%) at 
a concentration of 0 (control), 2, 8, or 32 ppm 
for 26 months. There was a treatment-related 
increase in mortality in females at the highest 
dose, while mortality in all other groups was 
similar at termination of the study. A decrease 
in body-weight gain was observed in males and 
females at the highest dose. There was a signifi-
cant positive trend in the incidence of tumours 
of the pancreas in male rats; the incidences of 
exocrine adenoma were: 0/50, 0/50, 1/49 (2%), 
3/50 (6%) (P = 0.002, Cochran Armitage test); the 
incidences of exocrine adenoma or carcinoma 
(combined) were: 0/50, 0/50, 1/49 (2%), 4/50 (8%) 
(P = 0.0022, Peto test); and the incidences of islet 
cell adenoma were: 0/50, 0/50, 1/49 (2%), 3/50 
(6%) (P = 0.007, Cochran Armitage test). No other 
increases in tumour incidence were reported.
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An additional study in rats treated by gavage 
was found to be inadequate for the evaluation 
of parathion by the Working Group because a 
mixture of 15 pesticides (including only 0.70% 
parathion) was studied (Pasquini et al., 1994).

3.2.2	Subcutaneous administration

Cabello et al. (2001) carried out an experiment 
on 140 virgin female Sprague-Dawley rats (age, 39 
days); 70 rats were treated subcutaneously with 
saline, while an additional 70 rats were treated 
with parathion (250 µg/100 g bw) twice per day 
for 5 days, and observed for 28 months. Changes 
in body weight and survival were not reported. 
Rats with tumours of the mammary gland were 
killed at 1 month after detection of the tumour 
by palpation. Tumours were examined by light 
microscopy. At termination of the experiment, 
rats in the control group did not develop any type 
of tumour, while 10 out of 70 (14%) rats treated 
with parathion developed adenocarcinoma of 
the mammary gland [P = 0.002]. Tumour latency 
was 490–619 days.

4.	 Mechanistic and Other 
Relevant Data

4.1	 Toxicokinetic data 

Extensive literature was available on the toxi-
cokinetics of parathion in humans and experi-
mental animals.

4.1.1	 Absorption

(a)	 Humans

The evidence for absorption and internal 
exposure to organophosphate pesticides, such 
as parathion, has been documented in a large 
number of biomonitoring studies in humans (e.g. 
Arcury et al., 2007). For example, para-nitro-
phenol, a metabolic by-product of parathion, was 

detectable in the urine of children aged ≤ 6 years in 
a central Washington State agricultural community 
(Fenske et al., 2002).

Acute poisoning episodes in humans also 
confirm that parathion can be absorbed from the 
gastrointestinal tract (Hoffmann & Papendorf, 
2006).

Specific data on rates of oral absorption or 
fractional uptake in humans were not available 
but on the basis of depressed blood cholinesterase 
activities and the detection of urine metabolites 
of parathion in intoxicated patients, absorption 
of parathion does occur via the gastrointestinal 
tract (Areekul et al., 1981; Olsson et al., 2003). 
[The Working Group noted that, because of 
its lipophilicity, parathion is expected to be 
absorbed via passive diffusion.] On the basis of 
biomonitoring studies of parathion in humans, 
dermal and oral exposures during occupa-
tional practices and diet are important routes of 
exposure, whereas inhalation appears to be less 
important (Alavanja et al., 2013).

Several studies were identified that examined 
dermal penetration of parathion in a variety of 
different model systems. Parathion was not 
efficiently absorbed into the body after dermal 
contact under controlled experimental settings 
(Qiao et al., 1994; Wester et al., 2000; van der 
Merwe & Riviere, 2005). Only a small frac-
tion of the dermally applied parathion dose to 
human skin was absorbed and bioavailable. The 
rate-limiting step during percutaneous absorp-
tion appeared to be the partitioning of parathion 
into the stratum corneum (Qiao et al., 1994).

Dermal uptake can be affected by parathion 
formulation, ambient temperature, relative 
humidity, and airflow across the exposed skin 
(Durham et al., 1972). The extent of absorption 
of parathion after dermal exposure, assessed by 
measurements of parathion on pads worn by 
workers on clothing near bare skin, was signif-
icantly influenced by the ambient temperature. 
The excretion of para-nitrophenol (parathion 
metabolite) in urine increased as a function of 
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the ambient temperature, indicating enhanced 
dermal absorption of parathion.

In controlled experiments to separately 
assess respiratory and dermal absorption among 
orchard workers engaged in applying para-
thion using power airblast spray equipment, 
and wearing either protective clothing or a 
respirator during exposure, dermal absorption 
proved to be much greater (0.497–0.666 mg of 
the absorbed dose) than respiratory absorption 
(0.006–0.088 mg of the absorbed dose), based on 
excretion of the parathion metabolite para-nitro-
phenol (Durham et al., 1972).

Clinical reports of severe intoxication with 
parathion indicated that there were large differ-
ences in plasma levels of parathion and paraoxon 
between the patients, suggesting inter-individual 
differences in absorption, metabolism, or excre-
tion (Eyer et al., 2003). The estimated amount 
of parathion that was absorbed varied widely 
(range, 0.12–4.4 g).

(b)	 Experimental systems

There was rapid absorption of parathion in 
male Wistar rats given parathion orally (at one 
third of the median lethal dose, LD50), as shown 
by detection of parathion in the blood within 
minutes after administration (Garcia-Repetto 
et al., 1995).

The peak serum concentrations in six 
mongrel dogs treated orally with parathion 
at a dose of 10 mg/kg bw varied from 0.02 to 
0.41 μg/mL, while time to peak concentration 
ranged from 30 minutes to 5 hours, indicating 
substantial inter-individual variability in oral 
absorption (Braeckman et al., 1983).

A toxicokinetic study of parathion in rabbits 
given a single oral exposure of parathion (3 mg/kg 
bw) showed that the first-order rate constant of 
oral parathion absorption was 33 h-1 (Peña-Egido 
et al., 1988a), which indicates that absorption 
from the gastrointestinal compartment is rapid 
and that parathion in this compartment has a 
half-life of 1.3 minutes. In rabbits, the rates of 

dermal absorption per unit area were estimated 
to be 0.059 µg/minute per cm2 of skin for para-
thion and 0.32 µg/minute per cm2 for paraoxon; 
these are much slower than rates of uptake after 
oral absorption (Nabb et al., 1966).

In pigs, the rate of dermal absorption was 
significantly influenced by the vehicle used. 
Absorption of parathion ranged from 15% to 
30% of the applied dose when administered in 
dimethylsulfoxide or octanol, while only 4–5% 
of the applied dose was absorbed when admin-
istered in macrogol. The type of surfactant in 
the formulation under consideration also signif-
icantly influences rates of dermal absorption 
(Gyrd-Hansen et al., 1993).

The extent of absorption after dermal appli-
cation of parathion using a porcine skin in-vitro 
model was 1–3% of the applied dermal dose (van 
der Merwe & Riviere, 2005).

4.1.2	 Distribution

(a)	 Humans

No data on tissue distribution beyond blood 
concentrations of parathion in humans were 
available to the Working Group. After intoxi-
cation with parathion, measurement of plasma 
concentrations of parathion indicated that the 
volume of distribution at steady-state (Vdss) for 
parathion was around 20 L/kg, suggesting a wide 
distribution (Eyer et al., 2003). Several studies 
have suggested that 94–99% of parathion is 
protein-bound at equilibrium, mostly to serum 
albumin (Braeckman et al., 1983; Nielsen et al., 
1991; Foxenberg et al., 2011). In-vitro equilibrium 
dialysis experiments indicated that once equilib-
rium had been reached (in about 60  minutes), 
affinity for human serum albumin was greater 
for parathion (~94% bound) than for paraoxon 
(~60% bound) (Foxenberg et al., 2011).
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(b)	 Experimental systems

After absorption, parathion is uniformly 
distributed systemically in rodents, with no 
evidence of long-term accumulation in any 
particular tissue, including fat (Hazleton & 
Holland, 1950). After absorption in rats injected 
subcutaneously with [32P]-labelled parathion, 
radioactive material is readily taken up by the 
liver, kidney, and fat (Fredriksson & Bigelow, 
1961), and metabolized. Available in-vivo data 
in rats show that parathion has an affinity for 
adipose tissue and the liver (Poore & Neal, 1972; 
Garcia-Repetto et al., 1995), which is supported 
by studies in rat and mouse tissues in vitro 
(Sultatos et al., 1990; Jepson et al., 1994). In 
male Sprague-Dawley rats given a single oral 
dose of [35S]-labelled parathion (29 mg/kg bw), 
the tissue levels of radiolabel 35 minutes after 
dosing followed the rank order: liver > intestine 
> kidney > muscle > lung (Poore & Neal, 1972). 
[The Working Group noted that adipose tissue 
was not examined in this particular study.]

In rats, the time-course for parathion in 
blood after administration of an intravenous 
dose of parathion showed a rapid distribution 
phase, followed by a slower elimination phase 
(Eigenberg et al., 1983). The time-course of para-
thion levels in liver and brain followed the same 
kinetic profile as in blood. Rapid metabolism of 
parathion in liver was evident. The elimination 
half-life of parathion in the blood was 3.4 hours 
after an intravenous dose (3 mg/kg bw) in rats. 
Three to four times higher levels of paraoxon 
were found in weanling rat brain than in adult 
rat brain after intravenous administration of 
parathion to immature (age, 23 days) and adult 
(age, 60–75 days) rats (Gagné & Brodeur, 1972).

4.1.3	 Metabolism

(a)	 Overview of the metabolism of parathion

Cytochrome P450s (CYPs) are important 
enzymes for the bioactivation and detoxifica-
tion of parathion, as are paraoxonase-1 and 
carboxylesterase for the detoxification of the 
active paraoxon metabolite (see the pathways of 
metabolism of parathion outlined in Fig.  4.1). 
The bioactivation and detoxification pathways 
controlled by CYPs share a common phos-
phooxythiran intermediate (see Fig.  4.2; Neal 
& Halpert, 1982). In general, a complex picture 
emerges regarding the metabolism of organo-
phosphorothioates. Multiple CYP isoforms are 
involved in their oxidation. Human CYP3A4/5, 
CYP2C8, and CYP1A2 have been identified as 
being involved in the metabolism of parathion 
(Mutch & Williams, 2006). During oxidative 
metabolism of parathion by CYP, the release of 
the sulfur atom from parathion leads to covalent 
modification of cysteine residues and a resulting 
loss of the haem moiety, thereby inactivating the 
CYP (Halpert et al., 1980).

Carboxylesterases (which are abundant 
esterases and members of the serine hydrolase 
superfamily) and paraoxonase-1 are found in 
the liver and plasma, and are important enzymes 
involved in paraoxon detoxification in several 
species, including humans (Ross et al., 2012; 
Costa et al., 2013), mice and rats (Crow et al., 
2007), and rainbow trout (Abbas & Hayton, 
1997). It is notable that humans express abundant 
amounts of carboxylesterase in the liver, but do 
not express carboxylesterase in the plasma as do 
rodents (Li et al., 2005). Paraoxonase-1 can cata-
lytically hydrolyse the oxon (Costa et al., 2013), 
while carboxylesterases are 1:1 stoichiometric 
scavengers of oxons, which do not catalytically 
hydrolyse the substrate (Crow et al., 2012). 

The oxon metabolite can also escape the scav-
enging function of carboxylesterase and instead 
covalently modify (and inhibit) various serine 
hydrolase enzymes, including the B-esterase 
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targets butyrylcholinesterase, acetylcholinesterase, 
and carboxylesterase (Casida & Quistad, 2004; see 
Fig.  4.3). In general, analytical measurement of 
oxons in blood is difficult due to the low levels 
and relative instability of the metabolite formed 
(Timchalk et al., 2007). The most important 
target with respect to the insecticidal action of 
the oxon is acetylcholinesterase, the esterase 
responsible for terminating the signalling action 
of the neurotransmitter acetylcholine in the 
central and peripheral nervous systems.

(b)	 Humans

The metabolism of parathion in humans 
follows the pathways outlined in Fig. 4.1. Rates 
of parathion oxidation varied about 10-fold in 
human liver microsomes from 23 individuals 
(1.72–18.33 nmol total metabolites/mg protein 
per minute) (Butler & Murray, 1997). CYP3A4 was 
implicated as a major CYP isoform responsible for 
the oxidation of parathion. Desulfuration of para-
thion can result in substantial inhibition of CYP 
due to transfer of the phosphorothioate thiono-
sulfur atom to the CYP apoprotein, resulting in 

amino acid modification and enzyme inactiva-
tion (Butler & Murray, 1997).

(c)	 Experimental systems

Metabolism by cytochrome P450s in liver 
is an important pathway of parathion detoxifi-
cation in rodents. In-vivo inhibition of CYP3A 
in rat liver by neostigmine or physostigmine 
significantly increased the area under the curve 
(AUC) for parathion in blood, while substan-
tially reducing its clearance (Hurh et al., 2000a, 
b). Braeckman et al. (1983) estimated an 82–97% 
hepatic extraction ratio in anaesthetized dogs 
given an intravenous dose of parathion in the 
foreleg vein, which emphasizes the efficient 
metabolism of parathion by the liver.

Compared with adult male rats, adult female 
rats exhibited a reduced capacity to metabolize 
parathion through the bioactivation and dearyl-
ation pathways (Gagné & Brodeur, 1972). In the 
same study, weanling rats were less capable of 
detoxifying parathion and paraoxon than were 
adults.

Fig. 4.1 Biotransformation of parathion
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Extrahepatic metabolism of parathion has 
been demonstrated in two studies. Isolated 
perfused lungs from guinea-pigs and rabbits 
were shown to efficiently extract parathion and 
paraoxon from the perfusate solution, enabling 
biotransformation of the compounds in the 
lung tissue (Lessire et al., 1996). There was also 
evidence for first-pass metabolism of parathion 
by isolated porcine skin after topical application 
(Chang et al., 1994). Conversion to paraoxon and 
para-nitrophenol was noted.

4.1.4	 Excretion

(a)	 Humans

The polar metabolites of parathion are 
excreted primarily via the kidney into the urine. 
For example, para-nitrophenol, DEP, and DETP 
are found in human urine after exposure to para-
thion, and have been used for biomonitoring 
purposes (Arterberry et al., 1961; Wolfe et al., 
1970; Morgan et al., 1977). Para-Nitrophenol is 
excreted as glucuronide or sulfate conjugates in 

Fig. 4.2 Common CYP-derived phosphooxythiran intermediate of parathion
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the urine (Elliott et al., 1960). Larger amounts 
of parathion metabolites (DEP and DETP) were 
detectable in the urine of children of farm-
workers in North Carolina when compared 
with reference data for the USA (Arcury et al., 
2006). Metabolic degradates of parathion have 
also been detected in amniotic fluid (Bradman 
et al., 2003). 

(b)	 Experimental systems

DETP, DEP, and para-nitrophenol were 
detected in the urine of male Sprague-Dawley 
rats given parathion by oral gavage (0.032 or 
0.32 mg/rat per day) once per day for 3 days 
(Bradway et al., 1977). The dialkyl(thio)phos-
phate degradates of parathion, DEP and DETP, 
can also be readily absorbed after oral exposure 
in rats and are rapidly excreted unchanged in 
the urine (Timchalk et al., 2007). When DEP 
or DETP were administered orally by gavage to 
male Sprague-Dawley rats, peak plasma concen-
trations were reached 1–3 hours after administra-
tion. By 72 hours after dosing, essentially all DEP 

was recovered in the urine, suggesting minimal 
metabolism, while 50% of the administered dose 
of DETP was recovered in the urine (Timchalk 
et al., 2007).

The urinary excretion kinetics of the metab-
olite para-nitrophenol were studied in rabbits 
given parathion as an oral dose of 3 mg/kg 
bw (Peña-Egido et al., 1988b). Elimination of 
para-nitrophenol began rapidly and, of the 
total amount excreted during the study period, 
46% was excreted in the first 3 hours; 85% was 
excreted 6  hours after administration of para-
thion. After topical application of [14C]-labelled 
parathion (200 μg) to weanling Yorkshire sows, 
> 80% of the absorbed radiolabel was eliminated 
in the urine (Carver & Riviere, 1989). In another 
study in pigs, intravenous administration of 
[14C]-labelled parathion at 0.5 mg/kg bw resulted 
in urinary excretion of 18%, 48%, and 82% of the 
administered dose within 3  hours in newborn, 
1-week-old, and 8-week-old piglets, respectively, 
suggesting age-dependent excretion of para-
thion (Nielsen et al., 1991). The main metabolite 

Fig. 4.3 Reactions of a generic oxon metabolite with esterases
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detected was para-nitrophenyl-glucuronide, 
which comprised 85% of the [14C]-labelled mate-
rial in the urine. 

4.2	 Mechanisms of carcinogenesis

This section summarizes evidence for the 
key characteristics of carcinogens (IARC, 2014) 
for which there were adequate data for evalua-
tion, concerning whether parathion is genotoxic; 
modulates receptor-mediated effects; induces 
oxidative stress; induces chronic inflammation; 
and alters cell proliferation, death or nutrient 
supply.

4.2.1	 Genotoxicity and related effects

Parathion has been studied in several assays 
for genotoxicity in different test systems. Table 4.1, 
Table  4.2, Table  4.3, Table  4.4 and Table  4.5 
summarize the studies carried out in exposed 
humans, in human cells in vitro, in non-human 
mammals in vivo and in vitro, and in non-mam-
malian systems in vitro, respectively.

(a)	 Humans

See Table 4.1 and Table 4.2
In 25 male vegetable-garden workers exposed 

occupationally to seven pesticides, including 
parathion, the frequency of chromosomal aberra-
tion and sister-chromatid exchange was increased 
in peripheral lymphocytes when compared with 
controls (Rupa et al., 1988).

In human liver HepG2 cell cultures, para-
thion induced DNA damage as measured 
by the comet assay (Edwards et al., 2013). 
Parathion caused sister-chromatid exchange in 
the lymphoid cell line LAZ-007, with or without 
metabolic activation (Sobti et al., 1982), but not 
in cultured human lymphocytes with or without 
metabolic activation (Kevekordes et al., 1996). 
Parathion did not cause unscheduled DNA 
synthesis in human fetal lung fibroblasts, WI-38 
(Waters et al., 1980).

Paraoxon, a metabolite of parathion, induced 
DNA strand breaks in lymphocytes from adult 
peripheral blood and from newborn umbilical 
cord blood, with a dose–response relationship; 
induction was greater in newborns than in 
adults. Paraoxon also increased the frequency of 
micronucleus formation in human lymphocytes 
from adults and newborns (Islas-González et al., 
2005; Rojas-García et al. 2009).

(b)	 Experimental systems

See Table 4.3, Table 4.4, Table 4.5
Parathion did not cause dominant lethal 

mutation in mice after oral administration 
(Waters et al., 1980). Parathion also failed 
to induce micronucleus formation in mouse 
bone marrow after a single oral (Kevekordes 
et al., 1996) or intraperitoneal (EPA, 1988) dose; 
however, micronucleus formation was induced 
by repeated intraperitoneal doses (Ni et al., 1993).

Parathion induced micronucleus forma-
tion in Chinese hamster lung cells (Ni et al., 
1993). Parathion also induced sister-chromatid 
exchange in Chinese hamster ovary cells; the 
metabolite paraoxon also induced sister-chro-
matid exchange, with a stronger effect (Nishio & 
Uyeki, 1981). Parathion did not cause sister-chro-
matid exchange in rat primary hepatocytes, nor 
did it show a clear mutagenic effect in the Hprt 
test in Chinese hamster ovary cells (EPA, 1988).

Parathion did not cause mutations in 
Drosophila melanogaster (Waters et al., 1980).

Parathion did not induce mutations in 
Salmonella typhimurium TA98, TA100, TA1535, 
TA1537, and TA1538 (Bartsch et al., 1980; EPA, 
1988). Paraoxon, a metabolite of parathion, did 
not induce mutation in Salmonella typhimurium 
YG1024 with metabolic activation (Wagner 
et al., 1997), but caused forward mutation in 
Schizosaccharomyces pombe (ade6) without 
metabolic activation (Gilot-Delhalle et al., 1983).
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Table 4.1 Genetic and related effects of parathion in exposed humans 

End-point Test Tissue Cell type  
(if specified)

Description of exposed and controls Responsea, 
significance

Comments Reference

Chromosomal 
damage

Chromosomal 
aberrations

Blood Lymphocytes 25 male workers in vegetable gardens, 
smokers and alcohol consumers, exposed 
to 7 pesticides, including parathion 
30 controls, healthy males from the 
same age group and socioeconomic 
class (control I, 20 non-smokers and 
non-consumers of alcohol; control II, 10 
smokers and alcohol consumers)

(+), P < 0.05 Exposure to several pesticides; 
P value for exposed workers, 
irrespective of the duration 
of exposure, compared with 
control group I or II

Rupa et al. 
(1988)

Chromosomal 
damage

Sister-
chromatid 
exchanges

Blood Lymphocytes 25 male workers in vegetable gardens, 
smokers and alcohol consumers, exposed 
to 7 pesticides, including parathion 
30 controls, healthy males from the 
same age group and socioeconomic 
class (control I, 20 non-smokers and 
non-consumers of alcohol; control II, 10 
smokers and alcohol consumers)

(+), P < 0.05 Exposure to several pesticides; 
P value for exposed workers, 
irrespective of the duration 
of exposure, compared with 
control group I or II

Rupa et al. 
(1988)

a +, positive 
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190 Table 4.2 Genetic and related effects of parathion and paraoxon in human cells in vitro

Tissue, cell line End-point Test Resultsa Concentration 
(LEC or HIC)

Comments Reference

Without 
metabolic 
activation

With 
metabolic 
activation

Parathion
Liver, HepG2 DNA damage DNA strand 

break 
Comet assay

+ NT 12 mM [5242 μg/mL] Edwards et al. 
(2013)

Fetal lung fibroblasts 
(WI-38)

DNA damage Unscheduled 
DNA synthesis

– – NR Waters et al. 
(1980)

Lymphocytes Chromosomal 
damage

Sister-chromatid 
exchange

– – 100 μM [29 μg/mL] Kevekordes et al. 
(1996)

Lymphoid cell line 
(LAZ-007)

Chromosomal 
damage

Sister-chromatid 
exchange

+ + 0.2 μg/mL without, 
and 20 μg/mL with 
metabolic activation

Only one concentration 
tested [20 μg/mL] with 
metabolic activation

Sobti et al. (1982)

Paraoxon
Lymphocytes (adult 
peripheral blood or 
newborn umbilical cord 
blood)

DNA damage DNA strand 
breaks, comet 
assay

+ NT 0.075 µg/mL No statistical 
calculations

Islas-González 
et al. (2005)

Lymphocytes (blood) Chromosomal 
damage

Micronucleus 
formation

+ NT 1 µM [0.29 µg/mL] Positive dose–response 
relationship (1–25 μM) 

Rojas-García 
et al. (2009)

Lymphocytes (adult 
peripheral blood or 
newborn umbilical cord 
blood)

Chromosomal 
damage

Micronucleus 
formation

+ NT 0.2 µg/mL Islas-González 
et al. (2005)

a	 +, positive; –, negative
HepG2, human hepatocellular carcinoma cell line; HIC, highest ineffective concentration; LEC, lowest effective concentration, NT, not tested; NR, not reported
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Table 4.3 Genetic and related effects of parathion in non-human mammalian experimental systems in vivo

Species End-point Test Tissue Resultsa Dose (LED or 
HID)

Route, duration, 
dosing regimen

Comments Reference

Mouse Mutation Dominant 
lethal test

Ovary/uterus 
after mating

(–) 10 mg/kg NA Only one dose tested; no 
detailed data available 
(abstract only)

Degraeve et al. 
(1979)

Mouse Mutation Dominant 
lethal test

Ovary/uterus 
after mating

– 250 mg/kg diet Three doses tested: 
62.5, 125, 250 mg/kg 
diet, p.o. ×1

The index of dead 
implants per total 
implants was evaluated 
after mating

Waters et al. 
(1980)

Mouse Chromosomal 
damage

Micronucleus 
formation

Bone marrow – 2.2 mg/kg bw 
(male), 1.5 mg/kg 
bw (female)

p.o. ×1 Only one dose tested per 
sex: highest tolerated 
dose

Kevekordes et al. 
(1996)

Mouse Chromosomal 
damage

Micronucleus 
formation

Bone marrow + 0.1, 0.2, 0.4, 
0.8 × LD50

i.p. 1×/day, ×4 LD50 not given; LED not 
specified

Ni et al. (1993)

Mouse Chromosomal 
damage

Micronucleus 
formation

Bone marrow – 26 mg/kg bw i.p. ×1 EPA (1988)

a	 +, positive; –, negative; (–), negative, no detailed data available
HID, highest ineffective dose; i.p., intraperitoneal; LD50, median lethal dose; LED, lowest effective dose, NA, not available; NT, not tested; p.o., oral
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192 Table 4.4 Genetic and related effects of parathion and paraoxon in non-human mammalian cells in vitro

Species Tissue,  
cell line

End-point Test Resultsa Concentration 
(LEC/HIC)

Comments Reference

Without 
metabolic 
activation

With 
metabolic 
activation

Parathion
Hamster Chinese 

hamster ovary 
cells

Mutation Hprt +/– +/– 0.03 µL/mL No effect at a higher dose  
(0.3 µL/mL); equivocal results

EPA (1988)

Hamster Chinese 
hamster ovary 
cells

Chromosomal 
damage

Sister-
chromatid 
exchange

+ NT 0.3 mM 
[87.5 μg/mL]

Nishio & 
Uyeki (1981)

Rat Primary 
hepatocytes

DNA damage Unscheduled 
DNA synthesis

– NT 0.003 µL/mL EPA (1988)

Hamster Chinese 
hamster lung

Chromosomal 
damage

Micronucleus 
formation

+ NT NR Only one dose tested: highest 
dose that induced 50% of cell 
death [50% toxicity], NR

Ni et al. 
(1993)

Paraoxon
Hamster Chinese 

hamster ovary 
cells

Chromosomal 
damage

Sister-
chromatid 
exchange

+ NT 0.1 mM 
[27.5 μg/mL]

Produced a higher frequency of 
exchange than parathion

Nishio & 
Uyeki (1981)

a +, positive; –, negative; +/−, equivocal
HIC, highest ineffective concentration; Hprt, hypoxanthine-guanine phosphoribosyltransferase; LEC, lowest effective concentration; NR, not reported; NT, not tested
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Table 4.5 Genetic and related effects of parathion and paraoxon in non-mammalian systems

Phylogenetic 
class

Test system End-
point

Test Resultsa Concentration 
(LEC or HIC)

Comments Reference

Without 
metabolic 
activation

With 
metabolic 
activation

Parathion
Insect Drosophila melanogaster Mutation Sex-linked 

recessive 
lethal

– NA 0.5 ppm 
[0.5 μg/mL]

Waters et al. 
(1980) 

Prokaryote 
(bacteria)

Salmonella typhimurium TA98, 
TA100

Mutation Reverse 
mutation

– – 1.35 µmol/plate 
[372 µg/plate]

Bartsch et al. 
(1980)

Salmonella typhimurium TA98, 
TA100, TA1535, TA1537, TA1538

Mutation Reverse 
mutation

– – 10 000 µg/plate EPA (1988)

Paraoxon
Prokaryote 
(bacteria)

Salmonella typhimurium YG1024 Mutation Reverse 
mutation

NT – 1 mM 
[275 μg/mL]

Wagner et al. 
(1997)

Lower 
eukaryote 
(yeast)

Schizosaccharomyces pombe 
(ade6)

Mutation forward 
mutation

+ – 12 mM 
[3300 µg/mL]

Gilot-Delhalle 
et al. (1983)

a +, positive; –, negative
HIC, highest ineffective concentration; LEC, lowest effective concentration; NT, not tested
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4.2.2	Receptor-mediated mechanisms

(a)	 Neurotoxicity-pathway receptors

Parathion is bioactivated to paraoxon in 
insects and mammals (Section 4.1.3; Casida & 
Quistad, 2004). Paraoxon can covalently modify 
the catalytic serine residue of several B-esterases 
and inhibit their catalytic activity, including the 
canonical target acetylcholinesterase, resulting 
in acute neurotoxicity (see Fig. 4.3). Additional 
receptor targets of parathion and paraoxon 
that can affect neurotoxicity include butyryl-
cholinesterase, neuropathy target esterase, and 
cannabinoid receptor (Quistad et al., 2002). 
Some studies reviewed in Sections 4.2.4 and 
4.2.5 showed that some mechanistic effects of 
relevance to the carcinogenicity of parathion are 
blocked or mitigated by co-administration of 
the anticholinergic drug atropine, and may be at 
least in part be related to inhibition of acetylchol-
inesterase activity.

(b)	 Sex-hormone pathway disruption

(i)	 Humans
No data from exposed humans were available 

to the Working Group.
In an in-vitro human androgen-receptor 

reporter-gene assay using a transfected African 
monkey kidney cell line (CV-1), parathion (0.1–10 
μM) showed significant inhibitory effects on tran-
scriptional activity induced by 5α-dihydrotes-
tosterone (Xu et al., 2008). The concentration 
for 50% inhibition (IC50) of 5α-dihydrotestos-
terone-induced chloramphenicol acetyltrans-
ferase activity was 0.20  ±  0.04 μM. Parathion 
did not exhibit androgenic activity. Similarly, in 
a human androgen-receptor reporter-gene assay 
in a Chinese hamster ovary cell line (CHO-K1), 
parathion was an androgen receptor antagonist, 
and did not exhibit androgen agonist activity 
(Kojima et al., 2004, 2010). 

Parathion was neither an agonist nor an 
antagonist for human estrogen receptors α or β 

in similarly constructed transactivation assays 
in CHO-K1 cells (Kojima et al., 2010). Parathion 
tested negative for estrogenicity in an estrogen 
receptor-positive human breast-cancer cell line 
(MCF-7 BUS), and did not show estrogenic 
activity in an estrogen receptor-negative breast-
cancer cell line (MDA MB 231) (Oh et al., 2007).

(ii)	 Experimental systems

In vivo
In CF-1 mice, serum testosterone levels were 

dramatically reduced 1 and 8 days after an intra-
peritoneal injection of either commercial-grade 
(9 mg/kg bw) or pure (300 mg/kg bw) parathion 
(Contreras et al., 2006). In the group receiving 
commercial-grade parathion levels were still 
very low at 40 days after injection. Pathological 
changes in the testes and teratozoospermia were 
also observed at days 8 and 40.

In castrated immature male Wistar-
Imamichi rats treated with testosterone, daily 
subcutaneous injections of a metabolite of para-
thion, 4-nitrophenol (see Section 4.1.1), elevated 
levels of follicle-stimulating hormone and lutein-
izing hormone in the Hershberger assay at a dose 
of 0.1 mg/kg for 5  days; there were no effects 
with 4-nitrophenol at doses of 0.01 or 1.0 mg/kg 
(Li et al., 2006). There were no observed effects 
on levels of follicle-stimulating hormone and 
luteinizing hormone in ovariectomized imma-
ture female injected subcutaneously with 
4-nitrophenol at a dose of 1, 10, or 100 mg/kg 
per day for 7 days. In follow-up studies, levels of 
luteinizing hormone were significantly lowered, 
while levels of corticosterone were significantly 
elevated in male rats injected subcutaneously 
with 4-nitrophenol for 14 days at daily doses 0.01, 
0.1, 1 or 10 mg/kg, and levels of follicle-stimu-
lating hormone were low in all groups except 
at the lowest dose (Li et al., 2009). Plasma levels 
of inhibin, an inhibitor of follicle-stimulating 
hormone, were also increased in all groups 
except at the lowest dose. Levels of testosterone 
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were elevated above those of controls in all treat-
ment groups, but the increase was statistically 
significant only at the highest dose. 

Early studies explored the potential impact 
of parathion on steroid metabolism Thomas & 
Schein (1974). In adult male mice, neither uptake 
nor metabolism of [3H]-labelled testosterone was 
significantly affected by prior treatment with 
parathion. However, levels of [3H]-labelled testos-
terone were elevated compared with controls 
(239 ± 37, 260 ± 38, 471 ± 51, and 421 ± 87 dpm/mg 
in the control group, and groups receiving para-
thion at 1.3, 2.6, or 5.3 mg/kg, respectively).

In vitro
Parathion (0.01 to 10 μM) significantly inhib-

ited, in a dose-dependent manner, the binding of 
dihydrotestosterone to cytosol androgen-binding 
components from prostate, seminal vesicle, 
kidney, and liver, but not from the intestine (Schein 
et al., 1980). Parathion (0.4, 4, or 20 μM) also signif-
icantly reduced the formation of [3H]-labelled 
dihydrotestosterone in mouse but not rat pros-
tate gland in vitro (Thomas & Schein, 1974). 
However, formation of [3H]androstanediol and 
[3H]androstenedione was strongly affected by 
exposure to parathion in the rat under the same 
in-vitro conditions. Using hepatic microsomes 
from mice treated with parathion, formation of 
[3H]androstanediol in vitro was elevated for the 
group at the highest dose. In a later experiment, 
the in-vitro metabolism of [1,2-3H]testosterone 
by anterior prostate gland from mice treated 
with parathion was not altered by this treatment 
(Thomas et al., 1977).

Production of testosterone in vitro was not 
significantly altered in Leydig cells harvested 1, 8 
or 40 days from CF-1 mice injected intraperiton-
eally with a single dose of commercial or pure 
parathion (Contreras et al., 2006), in contrast to 
findings in vivo (see above). [The Working Group 
noted that levels of testosterone after 8 and 40 
days for treated animals were markedly lower 

than for controls, but did not meet the authors’ 
significance cut-off of P < 0.01.]

Welch et al. (1967) reported that parathion 
(10 and 100 μM) inhibited hydroxylation of 
testosterone in rat microsomes.

In fresh liver microsomes from adult male 
Swiss Webster mice, incubated with added 
testosterone-4-[3H], parathion at a concentra-
tion of 0.1 mM, but not at 0.01 mM, significantly 
reduced testosterone metabolism (Stevens, 1973). 
Parathion did not alter the production of proges-
terone in primary granulosa cells harvested from 
pig ovaries and cultured in vitro (Haney et al., 
1984).

(c)	 Other receptors

(i)	 Humans
No data from exposed humans were available 

to the Working Group.
Parathion acted as an agonist in a human 

pregnane X receptor (PXR) reporter-gene assay 
in a CHO-K1 cell line (Kojima et al., 2010).

(ii)	 Experimental systems
Growth hormone was significantly elevated 

in the pituitary of male and female rats that 
received paraoxon at a dose of 0.124 mg/kg bw 
by intraperitoneal injection daily for 14 days 
(Cehovic et al., 1972). The same effect on growth 
hormone was seen with high near-lethal expo-
sures (600 μg/mg kg, daily intraperitoneal injec-
tion) over a 3-day period, and prolactin levels 
were elevated in females.

A series of experiments in rats studied the 
effects of parathion on melatonin synthesis. In 
a study by Attia et al. (1991), morning admin-
istration of parathion by oral gavage for 6 days 
significantly elevated nocturnal levels of mela-
tonin in serum and in the pineal gland; levels of 
N-acetyltransferase, which acetylates serotonin, 
were also elevated, but not levels of hydrox-
yindole-O-methyltransferase, which converts 
N-acetylserotonin to melatonin. In a subsequent 
study, the β-adrenergic receptor antagonist 
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propranolol abrogated the effects of parathion 
on N-acetyltransferase and on nocturnal levels 
of serum melatonin (levels of pineal mela-
tonin were not significantly increased by 
parathion) (Attia et al., 1995). Parathion also 
significantly reduced nocturnal levels of sero-
tonin, and this was also reversed by propranolol. 
Levels of hydroxyindole-O-methyltransferase, 
S-hydroxytryptophan, and hydroxyindole acetic 
acid were unaffected by treatment with para-
thion or propranolol. Attia (2000) concluded that 
parathion affects serotonin metabolism either by 
effects on sympathetic innervation to the pineal 
gland, or on the β-adrenergic receptors in the 
pinealocyte membrane.

Parathion was not an agonist for the aryl 
hydrocarbon receptor (AhR) in mouse hepatoma 
Hepa1c1c7 cells stably transfected with a reporter 
plasmid containing copies of a dioxin-respon-
sive element (Takeuchi et al., 2008; Kojima et al., 
2010).

Parathion was not an agonist for mouse 
peroxisome proliferator-activated receptors α 
or γ (PPAR α or γ) reporter-gene assays in CV-1 
monkey kidney cells (Takeuchi et al., 2006; 
Kojima et al., 2010).

4.2.3	Oxidative stress, inflammation, and 
immunosuppression

(a)	 Oxidative stress

(i)	 Humans
No data from exposed humans were available 

to the Working Group.
In human salivary-gland cells exposed 

in vitro, paraoxon at 10 μM (a non-cytotoxic 
concentration) induced superoxide formation 
as determined by dihydroethidium fluorescence 
(Prins et al., 2014). In addition, paraoxon at the 
same concentration induced DNA fragmenta-
tion, and expression of glutathione synthetase 
(GSS), superoxide dismutase 2 (SOD2), and 
glutathione S-transferases m2 and t2 (GSTM2 

and GSTT2) genes. [The Working Group noted 
the recognized limitations of using dichloro-
dihydrofluorescein as a marker of oxidative 
stress (e.g. Bonini et al., 2006; Kalyanaraman 
et al., 2012), and that the studies that reported 
this end-point as the sole evidence for oxidative 
stress should thus be interpreted with caution.] 
In human liver-derived HepG2 cells, parathion 
induced a significant increase in cellular accu-
mulation of malondialdehyde at concentrations 
equal to or below those that affected the viability 
of HepG2 cells (Edwards et al., 2013). The results 
of comet assays were consistent with the findings 
for malondialdehyde.

(ii)	 Experimental systems
In female Wistar and Norway rats, intra-

peritoneal injection of paraoxon (0.3, 0.7, 1, or 
1.5 mg/kg) lead to a decrease in glutathione levels 
and in the activity of catalase and glutathione-S-
transferase in various tissues (Jafari et al., 2012). 
An increase in superoxide dismutase activity 
and malondialdehyde levels was also found. The 
extent of induction of oxidative stress by paraoxon 
was in the following order: brain > liver > heart 
> kidney > spleen.

Two studies examined parathion-associated 
markers of oxidative stress in the hippocampus 
area of the brain. In a study of female Wistar 
rats exposed to parathion by inhalation (dose 
not stated; exposure consisted of four consecu-
tive cycles of 15 minutes exposure/45 minutes 
clean air) 5 days per week for 2 months, signif-
icant elevation in levels of malondialdehyde in 
the hippocampus (determined by N-methyl-2- 
phenylindol colorimetric assay) was reported 
(Canales-Aguirre et al., 2012). In male Wistar rats 
given a single subcutaneous dose of parathion at 
15 mg/kg, induction of pro-inflammatory and 
lipid peroxidation biomarkers was observed in 
the hippocampus (López-Granero et al., 2013). 

In pheochromocytoma PC12 cells, an 
increase in levels of thiobarbituric-acid reactive 
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substances was observed when cells were treated 
with parathion at 30 μM (Slotkin et al., 2007).

(b)	 Inflammation and immunomodulation

The ability of paraoxon and other organ-
ophosphate pesticides to act on nicotinic and 
muscarinic receptors is well documented, and 
has been proposed as a mechanism of toxicity 
that is independent of the inhibition of acetyl-
cholinesterase activity (Pope, 1999). Cholinergic 
signalling may play an important role in the 
immune system (Verbout & Jacoby, 2012). 
Evidence for acetylcholine synthesis, storage, 
release and breakdown – all elements indicative 
of a potential signalling role – have been demon-
strated in various immune cells, including 
lymphocytes (Kawashima & Fujii, 2004). The 
association between exposure to parathion and 
immunomodulation (e.g. lung hypersensitivity 
and asthma) has been examined in studies 
detailed below, and it has been hypothesized 
that such effects are attributable to the action of 
organophosphates (i.e. paraoxon) on non-neu-
ronal signalling events involving cholinergic 
systems in cells of the immune system, and 
the inhibition of acetylcholinesterase activity 
(Banks & Lein, 2012).

(i)	 Humans
No data were available to the Working Group.

(ii)	 Experimental systems

In vivo
Pathological effects of parathion (16 mg/kg) 

on the spleen were reported in C57Bl/6 mice; 
a significant decrease in spleen weight was 
observed 2 days after a single oral dose (Casale 
et al., 1983). Long-term studies conducted by the 
United States National Toxicology Program did 
not find increases in non-neoplastic pathology in 
the spleen or bone marrow of mice or rats treated 
with parathion for up to 2 years (NTP, 1979). No 
effect on spleen weight was observed in a study 
in BALB/c mice given daily intraperitoneal 

injections of paraoxon at doses of 30 or 40 nmol 
for 6 weeks (Fernandez-Cabezudo et al., 2008).

Immunosuppressive effects of parathion in 
mice were first reported by Wiltrout et al. (1978). 
Subsequent studies of hypersensitivity demon-
strated that exposure of mice to parathion led 
to the following effects in response to immuno-
genic challenge with picryl chloride: increases in 
the severity of dermatitis, serum IgE and IgG2a 
levels, numbers of helper T-cells and IgE-positive 
B-cells, production of Th1 and Th2 cytokines, 
and production of IgE in auricular lymph-
node cells; and a marked decrease in numbers 
of splenic regulatory T-cells (Fukuyama et al., 
2012). Another study by the same group showed 
that pretreatment with parathion before allergic 
challenge in mice caused a marked increase in 
numbers of helper and cytotoxic T-cells, and 
levels of Th1 and Th2 cytokines (Fukuyama et al., 
2011). Altered host resistance to viral (Selgrade 
et al., 1984) and bacterial (Fernandez-Cabezudo 
et al., 2010) infections upon exposure to para-
thion or paraoxon has also been reported in mice.

Suppression of the humoral immune response 
by parathion has been reported in studies in 
mice. Numbers of IgM plaque-forming cells were 
reduced by 65% in C57Bl/6 mice given parathion 
(16 mg/kg, per os) 2  days after immunization 
with sheep erythrocytes (Casale et al., 1984); 
however, the immunosuppressive dose also 
caused signs of cholinergic poisoning and 20% 
mortality. Non-poisonous doses of parathion 
(4 mg/kg, per os) had no effect on markers of 
humoral immunity. Effects on the cell-mediated 
immune system were demonstrated in studies of 
exposure to parathion in mice. In C57Bl/6 mice 
treated with parathion (4 mg/kg, per os) for 14 
days, leukocyte counts were elevated on days 2 
and 5, and effects on haematopoietic stem cells in 
the bone marrow were also observed (Gallicchio 
et al., 1987a). In a study of ovalbumin-induced 
allergic immune response in mice, oral exposure 
to parathion led to marked increases in serum 
IgE levels, the number of IgE-positive B cells, and 
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also levels of IgE and cytokines in lymph nodes, 
and eosinophils and chemokines in broncho-
alveolar lavage fluid, and interleukin IL-10 and 
IL-17A in the lung (Nishino et al., 2013). Similar 
effects were observed in studies in guinea- 
pigs. Ovalbumin sensitization of guinea-pigs 
increased the vulnerability to parathion-induced 
airway hyper-reactivity (Proskocil et al., 2008, 
2013).

In vitro
Casale et al. (1993) found that exposure of 

mouse T-cell lymphoma lines CTLL2 to paraoxon 
produced marked concentration-dependent inhi-
bition of interleukin IL2-driven cell proliferation.

4.2.4	Cell proliferation and death

(a)	 Humans

No data from exposed humans were available 
to the Working Group.

The Working Group identified several studies 
examining effects of parathion on MCF-10F cells, 
a breast epithelial cell line spontaneously immor-
talized from non-malignant cells. In the first 
study, proliferation was increased in MCF-10F 
cells treated with parathion at 100 ng/mL, 
when compared with controls (Calaf & Roy, 
2007a). Expression of the following proteins was 
enhanced in treated cells: EGFR, NOTCH-4, 
DVL-2, EZRIN, RAC 3, RHO-A, trio, c-kit, 
β catenin, and mutant p53. This increase in 
expression was significantly inhibited by atro-
pine. Purified mRNAs from treated cells were 
used to synthesize cDNA probes, which were 
then studied in a human cell-cycle array of 96 
genes (GE Assay Q Series Human DNA cell cycle 
cDNA expression array membranes). Treatment 
with parathion was associated with the elevated 
expression of 12 genes, including cyclins and 
cyclin-dependent kinases. In a second study with 
the same design, Calaf & Roy (2008a) studied 
the effect of parathion on a human cell-cycle 
array of 96 genes involved in cell proliferation 

and metastasis (Human Cancer Microarray by 
SuperArray). Parathion modulated the expres-
sion of 44 of the 96 genes involved in cell prolif-
eration, including insulin-like growth factor 
binding proteins (IGFBP), cyclins, and cyclin-de-
pendent kinase 4. In a third similar study, Calaf 
& Roy (2008b) found increased protein expres-
sion of NOTCH-4, DVL-2, CD146 and β catenin, 
also indicative of cell proliferation and adhesion 
potential.

In a study on the apoptotic effects of parathion 
and other chemicals on the human acute T-cell 
leukaemia cell line J45.01, parathion (0.03, 0.1, 
and 0.3 μM) caused a dose-dependent decrease 
in the percentage of viable cells and increased the 
percentage of apoptotic cells after 4 and 8 hours 
(Fukuyama et al., 2010). Co-incubation with the 
caspase inhibitor Z-VAD-fmk (tested on cells 
receiving parathion at 0.3 μM) was protective, 
while the caspase-3 inhibitor Ac-DEVD-CHO 
was not. There was a dose-dependent increase in 
the proportion of caspase 3/7 (but not caspase-8 
or 9) activity, and in levels of DNA fragmenta-
tion, which was blocked by one or more of the 
caspase inhibitors.

Erythrocyte and granulocyte–macrophage 
progenitor cells, cloned from human bone 
marrow taken from healthy volunteers or heart 
surgery patients, were exposed to paraoxon 
(Gallicchio et al., 1987b). Erythroid as well as 
granulocyte colony formation and burst-forming 
erythroid units were inhibited in a strongly 
dose-dependent fashion, with sensitivity as low 
as 0.001 μM for burst erythroid and granulocyte 
colony formation.

Paraoxon or parathion at 1 mM induced 
time-dependent increases in apoptosis in 
human neuroblastoma cells (Carlson et al., 
2000). Cyclosporin A, an inhibitor of the mito-
chondrial permeability transition pore, was 
protective. Paraoxon (1 mM) and parathion (100 
μM, 1 mM) induced significant time-dependent 
increases in caspase-3 activation, which was 
modulated by pretreatment with cyclosporin 
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A. In a study on non-cholinergic neurotoxic 
effects, neuroblastoma cells exposed to paraoxon 
showed two upregulated genes (one of which was 
thyroid hormone receptor-associated protein 5), 
and thirteen downregulated genes, four (APC, 
FAS, MDM4, and PTEN) of which are involved 
in cell proliferation or apoptosis regulation (Qian 
et al., 2007). Pomeroy-Black & Ehrich (2012) also 
found that paraoxon upregulated the mitogen-ac-
tivated protein kinase (MAPK) pathway in SY5Y 
cells, and caused significant activation of protein 
kinase B (Akt) in the phosphatidylinositol PI3K 
cell-survival pathway.

(b)	 Experimental systems

(i)	 In vivo
Cabello et al. (2001) investigated the impact 

on the structure of the mammary gland of 
subacute exposure to parathion (2500 μg/kg bw, 
subcutaneous injection, twice per day for 5 days) 
in Sprague Dawley rats (age 16 days or 39 days). 
The rats were killed 16 hours after the last injec-
tion. In whole mounts of mammary glands from 
the left side of rats exposed from age 21 days, 
parathion had no effect on terminal end bud or 
alveolar bud density. In rats exposed from age 
39 days (normally a period of active differenti-
ation of terminal end buds into alveolar buds), 
the density of terminal end buds was mark-
edly increased compared with control animals 
(terminal end bud density, 12.04  ±  1.77/mm2 
versus 3.30 ± 0.27/mm2), and a markedly lower 
density of alveolar buds (alveolar bud density, 
1.28  ±  0.52/mm2 versus 20.80  ±  1.68/mm2). 
Histological examination of mammary glands 
excised from the right side showed a significant 
(P  <  0.05) increase in the size of terminal end 
buds and the number of epithelial layers.

The apoptotic effect of parathion on sperm 
was studied in young mice (onset of spermat-
ogenesis) and in adult mice (full spermatogen-
esis) (Bustos-Obregón et al., 2001). Parathion 
increased the proportion of cells undergoing 

apoptosis in young animals and adults, affecting 
spermatocytes at the beginning of the meiotic 
process, and spermatids at the elongation period.

(ii)	 In vitro
In the study by Fukuyama et al. (2010) in 

primary mouse thymocytes discussed above, 
parathion had a strong adverse, dose-dependent, 
effect on cell viability, and increased the propor-
tion of cells undergoing apoptosis. Caspase 3/7 
(but not caspase 8 or 9) activity was increased 
by parathion, and reduced by caspase 3/7 inhibi-
tors (Z-VAD-fmk and Ac-DEVD-CHO) in these 
cells. Neither caspase-3/7 inhibitor had any 
significant measurable effect on cell viability, but 
Z-VAD-fmk reduced the proportion of apoptotic 
mouse thymocytes affected by parathion. 

Paraoxon (0.001–0.01 μM) increased the 
activity of caspase-3 and induced apoptosis 
in a concentration-dependent manner in the 
mouse lymphocytic leukaemia T-cell line, EL4 
(Saleh et al., 2003a). Parathion had a similar 
effect, but at higher concentrations of 0.05–10 
μM. In a follow-up study, a caspase-9 inhib-
itor (zLEHD-fmk) attenuated apoptosis, and 
blocked the activation of caspases 3, 8, and 9 
by paraoxon, implicating caspase 9-dependent 
mitochondrial pathways in paraoxon-induced 
apoptosis (Saleh et al., 2003b). In EL4 T-cells, Li 
et al. (2010) demonstrated attenuation of parathi-
on-induced apoptosis, and inhibition of paraox-
on-induced increased expression of caspase-12, by 
calcium-channel receptor antagonists or by calcium 
chelation. 

Seminiferous tubules harvested from CF1 
mice (age, 90 days) exposed to parathion or 
paraoxon (0.8 mM) showed a substantial reduc-
tion in cell replication, compared with controls 
(Rodriguez & Bustos Obregon, 2000; Rodriguez 
et al., 2006). 

Paraoxon induced apoptosis and inhibited 
cell replication in a neuronal cell line, differenti-
ated PC12 cells derived from rat adrenal medulla 
pheochromocytoma, in several studies (Flaskos 
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et al., 1994; Slotkin et al., 2007; Sadri et al., 2010). 
In hippocampal cells harvested from Wistar 
rat neonates, paraoxon reduced cell viability 
(Yousefpour et al., 2006). Neurotoxicity and 
activation of rat primary glial cells in response 
to exposure to parathion in vitro has also been 
demonstrated (Zurich et al., 2004).

A positive association between exposure to 
parathion and cytotoxicity was reported in a 
fish-derived cell line FG-9307 (Li & Zhang, 2001).

4.2.5	Other mechanisms

Calaf & Roy (2007b) studied the effects 
of parathion on cell transformation and gene 
expression in the immortalized human breast 
epithelial cells MCF-10F. Cells treated with 
parathion (100 ng/mL) exhibited anchorage-in-
dependent growth and invasiveness, measured 
20 passages after treatment. Protein expression 
in treated cells was enhanced for mutant p53 
protein, and other proteins that play a role in the 
cell cycle (see Section 4.2.4).

In a genome-wide DNA methylation study 
in a human haematopoietic cell line derived 
from erythroblastic leukaemia (K562), para-
thion elevated the methylation of gene-promoter 
CpG sites, including for genes involved in cell 
differentiation, DNA dealkylation involved in 
DNA repair, and regulation of apoptosis and cell 
proliferation (Zhang et al., 2012). 

4.3	 Data relevant to comparisons 
across agents and end-points

4.3.1	 General description of the database

The analysis of the in-vitro bioactivity of the 
agents reviewed in IARC Monographs Volume 
112 (i.e. malathion, parathion, diazinon, and 
tetrachlorvinphos) was informed by data from 
high-throughput screening assays generated by 
the Toxicity Testing in the 21st Century (Tox21) 
and Toxicity Forecaster (ToxCastTM) research 

programmes of the government of the USA 
(Kavlock et al., 2012; Tice et al., 2013). At its 
meeting in 2014, the Advisory Group to the IARC 
Monographs programme encouraged inclusion 
of analysis of high-throughput and high-content 
data (including from curated government data-
bases) (Straif et al., 2014).

Diazinon, malathion, and parathion, as well 
as the oxon metabolites, malaoxon and diazoxon, 
are among the approximately 1000 chemicals 
tested across the full assay battery of the Tox21 
and ToxCast research programmes as of 3 March 
2015. This assay battery includes 342 assays, for 
which data on 821 assay end-points are publicly 
available on the website of the ToxCast research 
programme (EPA, 2016a). Z-Tetrachlorvinphos 
(CAS No. 22248-79-9; a structural isomer of 
tetrachlorvinphos), and the oxon metabolite of 
parathion, paraoxon, are among an additional 
800 chemicals tested as part of an endocrine 
profiling effort using a subset of these assays. 
Glyphosate was not tested in any of the assays 
carried out by the Tox21 or ToxCast research 
programmes.

Detailed information about the chemicals 
tested, assays used, and associated procedures 
for data analysis is also publicly available (EPA, 
2016b). It should be noted that the metabolic 
capacity of the cell-based assays is variable, and 
generally limited. [The Working Group noted 
that the limited activity of the oxon metabolites 
in in-vitro systems may be attributed to the high 
reactivity and short half-life of these compounds, 
hindering interpretation of the results of in-vitro 
assays.]

4.3.2	Aligning in-vitro assays to 10 “key 
characteristics” of known human 
carcinogens

In order to explore the bioactivity profiles 
of the compounds under evaluation in IARC 
Monographs Volume 112 with respect to 
their potential impact on mechanisms of 
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carcinogenesis, the Working Group first mapped 
the 821 available assay end-points in the Tox21/
ToxCast database to the key characteristics 
of known human carcinogens (IARC, 2014). 
Independent assignments were made by the 
Working Group members and IARC Monographs 
staff for each assay type to the one or more “key 
characteristics.” The assignment was based on 
the biological target being probed by each assay. 
The consensus assignments comprise 263 assay 
end-points that mapped to 7 of the 10 “key char-
acteristics” as shown below.

1.	 Is electrophilic or can undergo metabolic acti-
vation (31 end-points): the 31 assay end-points 
that were mapped to this characteristic 
measure cytochrome p450 (CYP) inhibition 
(29 end-points) and aromatase inhibition (2 
end-points). All 29 assays for CYP inhibition 
are cell-free. These assay end-points are not 
direct measures of electrophilicity or meta-
bolic activation.

2.	 Is genotoxic (9 end-points): the only assay 
end-points that mapped to this characteristic 
measure TP53 activity. [The Working Group 
noted that while these assays are not direct 
measures of genotoxicity, they are an indi-
cator of DNA damage.]

3.	 Alters DNA repair or causes genomic insta-
bility (0 end-points): no assay end-points were 
mapped to this characteristic.

4.	 Induces epigenetic alterations (11 end-points): 
assay end-points mapped to this character-
istic measure targets associated with DNA 
binding (4 end-points) and histone modifica-
tion (7 end-points) (e.g. histone deacetylase).

5.	 Induces oxidative stress (18 end-points): 
a diverse collection of assay end-points 
measure oxidative stress via cell imaging, 
and markers of oxidative stress (e.g. nuclear 
factor erythroid 2-related factor, NRF2). The 
18 assay end-points that were mapped to this 
characteristic are in subcategories relating 

to metalloproteinase activity (5), oxidative 
stress (7), and oxidative-stress markers (6).

6.	 Induces chronic inflammation (45 end-points): 
the assay end-points that were mapped to this 
characteristic include inflammatory markers 
and are in subcategories of cell adhesion (14), 
cytokines (e.g. interleukin 8, IL8) (29), and 
nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) activity (2).

7.	 Is immunosuppressive (0 end-points): no assay 
end-points were mapped to this characteristic.

8.	 Modulates receptor-mediated effects (81 end- 
points): a large and diverse collection of cell-
free and cell-based nuclear and other receptor 
assays were mapped to this characteristic. The 
81 assay end-points that were mapped to this 
characteristic are in subcategories of AhR (2), 
androgen receptor (11), estrogen receptor (18), 
farnesoid X receptor (FXR) (7), others (18), 
peroxisome proliferator-activated receptor 
(PPAR) (12), pregnane X receptor_vitamin D 
receptor (PXR_VDR) (7), and retinoic acid 
receptor (RAR) (6).

9.	 Causes immortalization (0 end-points): no assay 
end-points were mapped to this characteristic.

10.	Alters cell proliferation, cell death, or nutrient 
supply (68 end-points): a collection of assay 
end-points was mapped to this characteristic 
in subcategories of cell cycle (16), cytotox-
icity (41), mitochondrial toxicity (7), and cell 
proliferation (4).

Assay end-points were matched to a “key 
characteristic” in order to provide additional 
insights into the bioactivity profile of each chem-
ical under evaluation with respect to their poten-
tial to interact with, or have an effect on, targets 
that may be associated with carcinogenesis. In 
addition, for each chemical, the results of the 
in-vitro assays that represent each “key charac-
teristic” can be compared with the results for a 
larger compendium of substances with similar 
in-vitro data, so that particular chemical can be 
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aligned with other chemicals with similar toxi-
cological effects.

The Working Group then determined whether 
a chemical was “active” or “inactive” for each 
of the selected assay end-points. The decisions 
of the Working Group were based on raw data 
on the concentration–response relationship in 
the ToxCast database, using methods published 
previously (Sipes et al., 2013) and available online 
(EPA, 2016b). In the analysis by the Working 
Group, each “active” was given a value of 1, and 
each “inactive” was given a value of 0.

Next, to integrate the data across individual 
assay end-points into the cumulative score 
for each “key characteristic,” the toxicological 
prioritization index (ToxPi) approach (Reif 
et al., 2010) and associated software (Reif et al., 
2013) were used. In the Working Group’s anal-
yses, the ToxPi score provides a measure of the 
potential for a chemical to be associated with a 
“key characteristic” relative to 178 other chem-
icals that have been previously evaluated in the 
IARC Monographs and that had been screened 
by ToxCast. Assay end-point data were available 
in ToxCast for these 178 chemicals, and not for 
other chemicals previously evaluated by IARC 
Monographs. ToxPi is a dimensionless index 
score that integrates of multiple different assay 
results and displays them visually. The overall 
score for a chemical takes into account score for 
all other chemicals in the analysis. Different data 
are translated into ToxPi scores to derive slice-
wise scores for all compounds as detailed below, 
and in the publications describing the approach 
and the associated software package (Reif et al., 
2013). Within the individual slice, the values are 
normalized from 0 to 1 based on the range of 
responses across all chemicals that were included 
in the analysis by the Working Group.

The list of ToxCast/Tox21 assay end-points 
included in the analysis by the Working Group, 
description of the target and/or model system for 
each end-point (e.g. cell type, species, detection 
technology, etc.), their mapping to 7 of the 10 

“key characteristics” of known human carcino-
gens, and the decision as to whether each chem-
ical was “active” or “inactive” are available as 
supplemental material to Volume 112 (see Annex 
I) The output files generated for each “key char-
acteristic” are also provided in the supplemental 
material, and can be opened using ToxPi soft-
ware that is freely available for download without 
a licence (Reif et al., 2013).

4.3.3	Specific effects across 7 of the 10 “key 
characteristics” based on data from 
high-throughput screening in vitro

The relative effects of parathion and paraoxon 
were compared with those of 178 chemicals 
selected from the more than 800 chemicals previ-
ously evaluated by the IARC Monographs and also 
screened by the ToxCast/Tox21 programmes, 
and with the other three compounds evaluated 
in the present volume of the IARC Monographs 
(Volume 112) and their metabolites. Of these 
178 chemicals previously evaluated by the IARC 
Monographs and screened in the ToxCast/Tox21 
programmes, 8 are classified in Group 1 (carcino-
genic to humans), 16 are in Group 2A (prob-
ably carcinogenic to humans), 58 are in Group 
2B (possibly carcinogenic to humans), 95 are in 
Group 3 (not classifiable as to its carcinogenicity 
to humans), and 1 is in Group 4 (probably not 
carcinogenic to humans). The results are presented 
as a rank order of all compounds in the analysis 
arranged in the order of their relative effect. The 
relative positions of parathion and paraoxon in 
the ranked list are also shown on the y axis. The 
inset in the scatter plot shows the components of 
the ToxPi chart as subcategories that comprise 
assay end-points in each characteristic, as well 
as their respective colour-coding. On the top 
part of the graph on the right-hand side, the two 
highest-ranked chemicals in each analysis are 
shown to represent the maximum ToxPi scores 
(with the scores in parentheses). At the bottom 
of the right-hand side, ToxPi images and scores 

http://publications.iarc.fr/549
http://publications.iarc.fr/549
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(in parentheses) for parathion and paraoxon are 
shown.

Characteristic (1) Is electrophilic or can 
undergo metabolic activation: Parathion was 
tested for all 31 end-points. It was active in 
18 of the 29 CYP-inhibition assay end-points 
(all cell-free). The highest ranked of the 178 
chemicals included in the comparison was 
malathion, which was active for 20 out of 
29 assay end-points. Parathion was inac-
tive for the two aromatase-inhibition assay 
end-points. Paraoxon was only tested for the 
two aromatase-inhibition assay end-points 
and was active for both (Fig. 4.4). 
Characteristic (2) Is genotoxic: Parathion and 
paraoxon were tested and found inactive in 
9 and 6, respectively, of the 9 available TP53 
assay end-points. In comparison, top-ranked 
chemicals chlorobenzilate and clomiphene 
citrate were found to be active for 7 out of the 
9 assay end-points for which they were tested 
(Fig. 4.5). 
Characteristic (4) Induces epigenetic altera-
tions: Parathion paraoxon were tested and 
found inactive in 11 and 4, respectively, 
of the 11 available assay end-points. In 
comparison, the highest-ranked chemical 
Z-tetrachlorvinphos was active in all 4 of the 
DNA binding assay end-points, but was not 
tested in any of the 7 transformation-assay 
end-points (Fig. 4.6). 
Characteristic (5) Induces oxidative stress: 
Parathion was tested in all 18 assays, and was 
active in 2 out of the 6 oxidative-stress marker 
assay end-points. Paraoxon was inactive for 
the 7 assay end-points for which it was tested. 
In comparison to the two highest-ranked 
chemicals, carbaryl and tannic acid, parathion 
was moderately active in assays with metal-
loproteinases and oxidative-stress markers. 
The metalloproteinase assay end-points were 
highly selective with the maximal responder 
(i.e. carbaryl) only activating 2 out of 5 

end-points. Parathion displayed activity in 
a single assay (BSK_hDFCGF_MMP1_up). 
Parathion also induced transcription-factor 
activation of NRF2 and the metal response 
element (MRE) (Fig. 4.7). 
Characteristic (6) Induces chronic inflamma-
tion: Parathion was tested for all 45 assay-
end-points, while paraoxon was tested for 2 
(both NFkB); both chemicals showed weak to 
no activity across assay end-points associated 
with chronic inflammation when compared 
with the highest-ranked compounds 
4,4′-methylenedianiline and malaoxon 
(Fig. 4.8). 
Characteristic (8) Modulates receptor-mediated 
effects: Parathion and paraoxon were tested 
for all 81 assay end-points in this group. In 
comparison to the two highest-ranked chem-
icals, clomiphene citrate and kepone, para-
thion selectively activated both AhR assay 
end-points. In addition, parathion showed 
appreciable activity in 14 “other nuclear 
receptor” assay end-points, making it one 
of the most highly active chemicals overall. 
Paraoxon showed relatively weak receptor 
activity (Fig. 4.9). 
Characteristic (10) Alters cell proliferation, 
cell death, or nutrient supply: Parathion and 
paraoxon were tested in 67 and 27, respect-
ively, of the 68 assay end-points, but showed 
almost no activity for end-points associated 
with cytotoxicity or cellular proliferation 
(Fig. 4.10). 

Overall, parathion was active in 42 out of 
263 assay end-points for which it was tested. The 
analysis of the ToxCast/Tox21 data for parathion 
corroborates findings in other model systems as 
described in Section 4.2. Its oxon metabolite, 
paraoxon, showed little bioactivity under the 
conditions of these assay end-points, with activity 
for only 7 assay end-points of the 137 tested. The 
limited activity of paraoxon may be attributed 
to the high reactivity and short half-life of this 
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Fig. 4.4 ToxPi ranking for parathion and its metabolite paraoxon using ToxCast assay end-points 
mapped to enzyme inhibition

On the left-hand side, the relative ranks of parathion, and its metabolite paraoxon, are shown (y-axis) with respect to their toxicological 
prioritization index (ToxPi) score (x-axis) compared with the other chemicals evaluated in the present volume (IARC Monographs 112) and 
with 178 chemicals previously evaluated by IARC. The inset in the scatter plot shows subcategories of the ToxPi chart, as well as their respective 
colour coding. On the right-hand side, the ToxPi charts of the two highest-ranked chemicals (in this case, malathion and methyl parathion) and 
the target chemicals (parathion and paraoxon) are shown with their respective ToxPi score in parentheses.

Fig. 4.5 ToxPi ranking for parathion and its metabolite paraoxon using ToxCast assay end-points 
mapped to genotoxicity

On the left-hand side, the relative ranks of parathion, and its metabolite paraoxon, are shown (y-axis) with respect to their toxicological 
prioritization index (ToxPi) score (x-axis) compared with the other chemicals evaluated in the present volume (IARC Monographs 112) and 
with 178 chemicals previously evaluated by IARC. The inset in the scatter plot shows subcategories of the ToxPi chart, as well as their respective 
colour coding. On the right-hand side, the ToxPi charts of the two highest-ranked chemicals (in this case, chlorobenzilate and clomiphene 
citrate) and the target chemicals (parathion and paraoxon) are shown with their respective ToxPi score in parentheses.
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Fig. 4.6 ToxPi ranking for parathion and its metabolite paraoxon using ToxCast assay end-points 
mapped to epigenetic alterations

On the left-hand side, the relative ranks of parathion, and its metabolite paraoxon, are shown (y-axis) with respect to their toxicological 
prioritization index (ToxPi) score (x-axis) compared with the other chemicals evaluated in the present volume (IARC Monographs 112) and 
with 178 chemicals previously evaluated by IARC. The inset in the scatter plot shows subcategories of the ToxPi chart, as well as their respective 
colour coding. On the right-hand side, the ToxPi charts of the two highest-ranked chemicals (in this case, Z-tetrachlorvinphos and captan) and 
the target chemicals (parathion and paraoxon) are shown with their respective ToxPi score in parentheses.

Fig. 4.7 ToxPi ranking for parathion and its metabolite paraoxon using ToxCast assay end-points 
mapped to oxidative stress

On the left-hand side, the relative ranks of parathion, and its metabolite paraoxon, are shown (y-axis) with respect to their toxicological 
prioritization index (ToxPi) score (x-axis) compared with the other chemicals evaluated in the present volume (IARC Monographs 112) and 
with 178 chemicals previously evaluated by IARC. The inset in the scatter plot shows subcategories of the ToxPi chart, as well as their respective 
colour coding. On the right-hand side, the ToxPi charts of the two highest-ranked chemicals (in this case, carbaryl and tannic acid) and the 
target chemicals (parathion and paraoxon) are shown with their respective ToxPi score in parentheses.
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Fig. 4.8 ToxPi ranking for parathion and its metabolite paraoxon using ToxCast assay end-points 
mapped to chronic inflammation

On the left-hand side, the relative ranks of parathion, and its metabolite paraoxon, are shown (y-axis) with respect to their toxicological 
prioritization index (ToxPi) score (x-axis) compared with the other chemicals evaluated in the present volume (IARC Monographs 112) and 
with 178 chemicals previously evaluated by IARC. The inset in the scatter plot shows subcategories of the ToxPi chart, as well as their respective 
colour coding. On the right-hand side, the ToxPi charts of the two highest-ranked chemicals (in this case, 4,4′-methylenedianiline and 
malaoxon) and the target chemicals (parathion and paraoxon) are shown with their respective ToxPi score in parentheses.

Fig. 4.9 ToxPi ranking for parathion and its metabolite paraoxon using ToxCast assay end-points 
mapped to receptor-mediated effects

On the left-hand side, the relative ranks of parathion, and its metabolite paraoxon, are shown (y-axis) with respect to their toxicological 
prioritization index (ToxPi) score (x-axis) compared with the other chemicals evaluated in the present volume (IARC Monographs 112) and 
with 178 chemicals previously evaluated by IARC. The inset in the scatter plot shows subcategories of the ToxPi chart, as well as their respective 
colour coding. On the right-hand side, the ToxPi charts of the two highest-ranked chemicals (in this case, clomiphene citrate and kepone) and 
the target chemicals (parathion and paraoxon) are shown with their respective ToxPi score in parentheses.
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compound, which hampers interpretation of the 
results of the in-vitro assay end-points.

4.4	 Susceptibility 

A nested case–control study of Caucasian 
pesticide applicators within the AHS examined 
the interactions between exposure to 41 pesti-
cides and 152 single-nucleotide polymorphisms 
(SNP) in nine genes involved in the vitamin 
D pathway among 776 cases of cancer of the 
prostate and 1444 controls (Karami et al., 2013; 
see Section 2.2.1). The strongest interaction 
observed in this study was between the RXRB 
(Retinoid-X-Receptor β) gene variant rs1547387 
and parathion exposure. In addition, significant 
interactions were observed between GC (Group 
specific Component vitamin D-binding protein) 
gene variants rs7041 and rs222040, prostate 
cancer, and use of parathion. 

Paraoxonase 1 (PON1) is an enzyme involved 
in metabolism of parathion and other organo-
phosphate pesticides (see Section 4.1). It is a poly-
morphic enzyme, and several well-established 
common genetic variants that markedly affect its 
activity and protein levels have been identified in 
humans (Humbert et al., 1993; Costa et al., 2013). 
No study has examined cancer outcomes as a func-
tion of PON1 polymorphism. Two studies (Lee 
et al., 2003; Singh et al., 2011a) were conducted 
in populations of agricultural workers who were 
exposed to uncharacterized mixtures of pesti-
cides, and demonstrated a significant association 
between PON1 polymorphisms (PON1 192QQ) 
and markers of genotoxicity (DNA damage 
measured by comet assay in circulated lympho-
cytes). The follow-up studies in some of these 
populations demonstrated that genetic variants 
in several other enzymes involved in metabolism 
such as CYP2D6, CYP2D9, GSTM1, and NAT2 
also had a significant effect on markers for 

Fig. 4.10 ToxPi ranking for parathion and its metabolite paraoxon using ToxCast assay end-points 
mapped to cytotoxicity and cell proliferation

On the left-hand side, the relative ranks of parathion, and its metabolite paraoxon, are shown (y-axis) with respect to their toxicological 
prioritization index (ToxPi) score (x-axis) compared with the other chemicals evaluated in the present volume (IARC Monographs 112) and 
with 178 chemicals previously evaluated by IARC. The inset in the scatter plot shows subcategories of the ToxPi chart, as well as their respective 
colour coding. On the right-hand side, the ToxPi charts of the two highest-ranked chemicals (in this case, clomiphene citrate and ziram) and the 
target chemicals (parathion and paraoxon) are shown with their respective ToxPi score in parentheses.
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genotoxicity (DNA damage) (Singh et al., 2011b, 
2012). One study found a significant association 
between exposure to organophosphates (not 
exclusive to parathion), sperm quality parame-
ters, and PON1 192RR genotype (Pérez-Herrera 
et al., 2008).

The greater sensitivity of weanling rodents 
of either sex and of adult females, compared 
with adult males, to acute toxicity of parathion 
(Gagné & Brodeur, 1972; Harbison, 1975; Deskin 
et al., 1978) is attributed to age- and sex-related 
differences in the toxicokinetics of the parent 
compound and its metabolites. Embryo and 
fetus lethality in studies was seen in rats exposed 
to parathion during gestation, in the absence of 
severe maternal toxicity (Harbison, 1975). Other 
studies of neonatal exposure to parathion indi-
cated that female rats were more sensitive than 
male rats to the later alterations in response to 
high-fat diet in adulthood (Lassiter et al., 2008; 
Slotkin, 2011).

4.5	 Other adverse effects

4.5.1	 Humans

Although currently unusual in industrial-
ized countries such as the USA, toxicity caused 
by exposure to parathion is a common source 
of severe poisoning in low- and middle-in-
come countries (Rumack, 2015). Epidemiological 
evidence, including evidence of hospitalization 
and death due to accidental dermal exposure and 
ingestion, indicates that parathion is more toxic 
to children than to adults (Hayes & Laws, 1991). 
In several studies of exposure in humans, para-
thion was shown to be an inhibitor of erythro-
cyte and plasma cholinesterase activity (NIOSH, 
1976). Acute and long-term exposure to parathion 
have been associated with various clinical signs 
including nausea, vomiting, abdominal cramps, 
diarrhoea, excessive salivation, headache, weak-
ness, difficulty in breathing, vision impairment, 
convulsions, central nervous system depression, 

paralysis, coma, and respiratory failure (IARC, 
1983; O’Neil et al., 2013).

4.5.2	Experimental systems

In numerous studies, parathion induced 
cholinergic effects, including inhibition of 
plasma, erythrocyte, and brain cholinesterase 
activity at doses as low as 0.0024 mg/kg bw per 
day, and corresponding clinical signs (abnormal 
gait, tremors, and reduced activity) at doses as 
low as 1.75 mg/kg bw per day (EPA, 1986b, c, 
1991b; Atkinson et al., 1994). In the 2-year study 
of toxicity and carcinogenicity in female rats, 
the inhibition of cholinesterase activity was 
accompanied by clinical signs including tremors, 
abnormal gait, and increased mortality (EPA, 
1984, 1986b). 

Other effects in long-term studies were 
decreased body-weight gain in rats (EPA, 1986c). 
Effects on the eye were also reported in the 
combined study of chronic toxicity and carcino-
genicity in rats. Parathion induced gross retinal 
abnormalities in males and females, in addition 
to cataracts and turbid lenses in females, and 
epithelium, optic nerve, and ciliary body degen-
eration, as well as retinal atrophy in males (EPA, 
1984, 1986b, c).

A study of developmental neurotoxicity 
reported reductions in motor activity, and in the 
density of muscarinic receptor binding in the 
cerebral cortex (Stamper et al., 1988). In another 
study of developmental neurotoxicity in rats 
given parathion at a dose of 0.1 or 0.2 mg/kg per 
day on postnatal days 1–4, learning and memory 
impairment when tested with a maze and 
decreased reflexes were observed in males and 
females at the highest dose (Timofeeva et al., 
2008). 
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5.	 Summary of Data Reported

5.1	 Exposure data

Parathion is a broad-spectrum organophos-
phate insecticide that is effective against a wide 
range of insects on crops. It was first used in 
1947, but because of its toxicity to wildlife and 
human health, use of parathion has been banned 
or severely restricted throughout the world. 
Most countries banned parathion in the 1980s 
and 1990s, and all authorizations for use in the 
European Union and USA were banned by 2003. 
Most exposure to workers is via the dermal route 
in both manufacturing and use of parathion. 
Exposure can vary considerably depending on 
the task, the method of application, the environ-
mental conditions, the rate of application, and the 
operator technique. The available data indicated 
that general population exposures to parathion 
are low subsequent to restrictions on its use. 

5.2	 Human carcinogenicity data

In its evaluation of the epidemiological data 
on parathion, the Working Group identified 
reports from two cohort studies, plus two addi-
tional case–control studies, all in the USA or 
Canada. The Agricultural Health Study (AHS) is 
the major source of evidence from cohort studies, 
with reports on non-Hodgkin lymphoma (NHL), 
melanoma, and cancers of the prostate, breast, 
and colorectum. The Florida pest-control worker 
cohort reported on a nested case–control study 
of cancer of the lung. Case–control studies were 
also reported on NHL and cancer of the pros-
tate. The Working Group observed that evidence 
regarding parathion remains sparse, that several 
studies reported elevated odds ratios that did not 
reach statistical significance, and the few asso-
ciations that have been detected have not been 
replicated in separate studies.

5.2.1	 Non-Hodgkin lymphoma

The relationship between exposure to para-
thion and NHL was examined in two studies. 
The case–control report was from the pooled 
analysis of three case–control studies of farmers 
in the mid-western USA, and yielded a multivar-
iable-adjusted (but not for other pesticides) odds 
ratio (OR) of 2.9 (95% CI, 0.9–9.7). In a recent 
report from the AHS, there was no association 
between parathion and NHL; the relative risk 
of ever having used parathion was 1.1 (95% CI, 
0.8–1.4), and there was no evidence of heteroge-
neity across histological subtypes, or a trend with 
increasing number of days of use. The Working 
Group noted the inconsistency of these results 
and concluded that there was no strong evidence 
of an association between exposure to parathion 
and NHL. 

5.2.2	Cancer of the prostate 

Three publications reported on the relation-
ship between exposure to parathion and cancer 
of the prostate. The first was a case–control study 
in Canada that estimated exposure to parathion 
from a locally derived job-exposure matrix (OR 
for ever use, 1.51; 95% CI, 0.94–2.41) and there 
was a suggestion of trend (P  =  0.06) with life-
time-days of parathion use. From the AHS, two 
nested case–control studies have been reported, 
with a large study that included 1962 cases finding 
that overall there was no significant association 
or trend across quartiles of cumulative lifetime 
exposure; however, when restricted to aggressive 
tumours of the prostate, risk was elevated (OR, 
1.96; 95% CI, 1.10–3.50) in the subset with the 
lowest quartile of exposure. A further analysis 
of cancer of the prostate in the AHS was in a 
nested case–control study that included a smaller 
number of subjects (e.g. there were 776 cases of 
cancer of the prostate) for whom biospecimens 
were available for genetic analysis. Overall, 
there was no association with ever having used 
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parathion (OR, 1.02; 95% CI, 0.78–1.33); however, 
effect modification was detected such that signif-
icant elevations in risk were seen in subgroups 
defined by the presence of variants in two vita-
min-D pathway genes. The Working Group noted 
that while there is no consistent evidence of an 
association with cancer of the prostate overall, 
recent results from a large and comprehensive 
cohort study have revealed possible increases in 
risk for subgroups defined on the basis of varia-
tion in vitamin-D pathway genes. 

5.2.3	Melanoma

A statistically significant association between 
parathion and cutaneous melanoma was detected 
in a single case–control study nested within the 
AHS (OR for any use, 1.9; 95% CI, 1.2–3.0). There 
was also a statistically significant monotonic 
trend in increasing risk with more frequent use, 
and a plausible effect modification among those 
who also applied lead arsenate; users of para-
thion who were exposed to lead arsenate had a 
much higher risk of developing melanoma than 
those who were not exposed to lead arsenate. 
The Working Group recognized that there may 
be residual confounding with established risk 
factors for melanoma, and noted the lack of repli-
cation in other settings.

5.2.4	 Other cancer sites 

A single report from the AHS examined 
risk of cancer of the breast among women, and 
although there was no significant relationship 
overall with whether husbands used parathion 
(RR, 1.3; 95% CI, 0.8–2.1), significantly increased 
risk was seen for those who had a family history 
of breast cancer, and for those who lived in one of 
the two states investigated. Also within the AHS, 
a study on cancer of the colorectum found that 
it was not associated with parathion use. Finally, 
the single study that assessed cancer of the lung 
also reported a non-significant increase in risk 

but owing to its limitations, this study did not 
contribute substantially to the conclusions of the 
Working Group. 

5.3	 Animal carcinogenicity data

Parathion was tested for carcinogenicity in 
male and female mice in two feeding studies, in 
male and female rats in five feeding studies, and 
in female rats in one study with subcutaneous 
injection.

In one feeding study in mice, parathion 
produced a significant increase in the incidence 
of bronchiolo-alveolar adenoma, and bronchi-
olo-alveolar adenoma or carcinoma (combined) 
in treated males. In treated females, there 
was an increase in the incidence of malignant 
lymphoma. In the other feeding study, there was 
no significant increase in tumour incidence in 
male or female treated mice.

In a first feeding study in rats, there was a 
significant increase in the incidence of adrenal 
cortical adenoma, adrenal cortical adenoma 
or carcinoma (combined), thyroid follicular 
cell adenoma, and pancreatic islet cell carci-
noma in treated males. Also significant was 
the increase in the incidence of adrenal cortical 
adenoma, adrenal cortical adenoma or carci-
noma (combined), and mammary gland fibroad-
enoma observed in treated females. In a second 
feeding study, a significant increase in the inci-
dence of pancreatic exocrine adenoma, exocrine 
adenoma or carcinoma (combined), and islet cell 
adenoma was observed in treated males only. In a 
third feeding study, parathion non-significantly 
increased the incidence of follicular cell adenoma 
of the thyroid gland in males only. The two other 
feeding studies with parathion gave negative 
results. In the study with parathion given by 
subcutaneous injection, there was a significant 
increase in the incidence of adenocarcinoma of 
the mammary gland in female rats.
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5.4	 Mechanistic and other relevant 
data

Rapid absorption of parathion from the 
gastrointestinal tract occurs in humans and 
experimental species, but dermal absorption 
is less efficient. Data are limited on how much 
compound is absorbed through inhalation in 
humans and experimental animals. Parathion is 
rapidly distributed in the blood after absorption 
in humans; however, no data on distribution to 
other tissues in humans were available. Most 
(94–99%) of the absorbed parathion is bound to 
proteins, mostly serum albumin, in the blood. 
After absorption in rats, parathion is readily 
taken up by liver, kidney, and fat.

The metabolism of parathion is similar in 
humans and experimental species. The bioactive 
metabolite, paraoxon, is formed via cytochrome 
P450 (CYP)-catalysed oxidation, and is then 
degraded by carboxylesterase and paraoxonase 
1, liberating para-nitrophenol. Dearylation of 
parathion is another pathway catalysed by CYP. 
In humans, the major pathway of oxidation for 
parathion is via CYP3A4 for both paraoxon and 
para-nitrophenol.

The polar metabolites of parathion are 
excreted mainly in the urine in humans and 
experimental species. Several studies indi-
cated that the remaining [14C]-derived residues 
were negligible in experimental animal models 
within hours to days after administration of 
[14C]-labelled parathion.

Parathion is not electrophilic, but its bioac-
tive metabolite, paraoxon, can covalently modify 
B-esterases specifically at the active site serine 
residue; however, it is unknown whether the 
electrophilicity of paraoxon plays a role in 
carcinogenesis.

With respect to whether parathion is geno-
toxic, the evidence is moderate. In humans 
exposed to parathion and other pesticides in 
an occupational setting, chromosomal damage 
and sister-chromatid exchange were observed in 

one study. DNA and chromosomal damage were 
found in several studies in human cells (mostly 
lymphocytes) in vitro. Studies in experimental 
animals in vivo gave predominantly negative 
results for dominant lethal mutation and micro-
nucleus formation in bone marrow. There were 
two in-vitro studies that gave positive results for 
chromosomal damage in rodent cells, although 
there were also studies that gave negative results. 
Studies of gene mutation in bacteria gave nega-
tive results for parathion, with or without meta-
bolic activation.

The evidence is weak that parathion modulates 
receptor-mediated effects. Inhibition of acetyl-
cholinesterase activity by paraoxon causes acute 
neurotoxicity in insects and mammalian species. 
Whether this is related to hyperplastic disease is 
unknown. No studies were identified in exposed 
humans. Studies using cultured human cells in 
vitro showed that parathion could antagonize 
the human androgen receptor. Parathion did 
not have nuclear receptor activity in one series of 
experiments. In Toxicity Forecaster (ToxCastTM) 
assays, parathion showed appreciable activity in 
several assays for activity regarding nuclear and 
other receptors, including the aryl hydrocarbon 
receptor.

The evidence is weak that parathion induces 
oxidative stress, induces chronic inflamma-
tion, and is immunosuppressive. No studies in 
exposed humans were available to the Working 
Group. There were some studies showing positive 
effects in assays in vitro and in vivo; however, the 
database was too small to draw any firm conclu-
sions. Several immune parameters in animal 
models in vivo, such as serum immunoglobulin 
levels, number of helper T cells and regulatory 
T cells, number of immunoglobulin E (IgE)-
positive B cells, and cytokine levels were shown 
to be modulated after exposure to parathion.

The evidence is strong that parathion alters 
cell proliferation, cell death or nutrient supply. 
No studies in exposed humans were available 
to the Working Group. Sprague Dawley rats 
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(age, 39 days) treated with parathion exhibited 
a markedly increased density of terminal end 
buds compared with controls, at this time of 
active differentiation of terminal end bud into 
alveolar buds in the mammary gland. Studies 
using cultured human MCF-10F cells indicated 
that parathion could alter gene expression and 
cell proliferation. Treatment of human breast 
epithelial cell line MCF-10F with parathion 
resulted in increased levels of proliferating cell 
nuclear antigen and mutant TP53, an effect that 
was mitigated by atropine. In addition, several 
studies in cultured human and other mammalian 
cell lines indicated that treatment with parathion 
(or paraoxon) leads to the induction of apoptosis 
and cell death.

For the other key characteristics of human 
carcinogens, data were too few to allow evaluation.

There were no data on cancer-related suscep-
tibility after exposure to parathion.

Overall, the mechanistic data provide some 
additional support for carcinogenicity findings 
of parathion.

6.	 Evaluation

6.1	 Cancer in humans

There is inadequate evidence in humans for 
the carcinogenicity of parathion.

6.2	 Cancer in experimental animals

There is sufficient evidence for the carcino-
genicity of parathion in experimental animals.

6.3	 Overall evaluation 

Parathion is possibly carcinogenic to humans 
(Group 2B).
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