2,4-DICHLOROPHENOXYACETIC ACID

Exposure Data

Identification of the agent

1.1.1 Nomenclature

Chem. Abstr. Serv. Reg. No.: 94-75-7

Chem.Abstr.Serv.Name:2,4-Dichlorophenoxy-
acetic acid

Preferred IUPAC Name: 2-(2,4-Dichloro-
phenoxy) acetic acid

Synonyms: 2,4-D; 2,4 dichlorophenoxyacetic
acid; 2,4-dichlorophenoxyacetic acid

Trade Names: 2,4-Dichlorophenoxyacetic
acid (2,4-D) has been used in many commer-
cial product formulations. Selected trade
names include: Hedonal; 2,4-D; Estone;
Agrotect; Fernesta; Fernimine; Netagrone;
Tributon; Vergemaster; Amoxone; Dicopur;
Dormone; Ipaner; Moxone; Phenox; Pielik;
Rhodia; Weedone; B-Selektonon.

Additional trade names are available in the

PubChem Compound database (NCBIL, 2015).

1.1.2 Structural and molecular formulae, and

relative molecular mass

Cl

Cl 0
‘>70H

@)

Molecular formula: C;H,Cl,0,
Relative molecular mass: 221.03

1.1.3 Chemical and physical properties of the

pure substance

Description: Colourless crystals or white
powder

Solubility: Slightly soluble in water (g/100 mL
at 25 °C, 0.031). Soluble in organic solvents
(ethanol, acetone, dioxane)

Octanol/water partition coefficient: log P,
2.81

Conversion factor: 1 ppm = 9.04 mg/m?,

assuming normal temperature (25 °C) and
pressure (101 kPa)

See IPCS/ICSC (2015)
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Fig. 1.1 Production of 2,4-dichlorophenoxyacetic acid (2,4-D) via 2,4-dichlorophenol
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Reprinted from Chemosphere, 92(3), Liu et al. (2013) Formation and contamination of polychlorinated dibenzodioxins/dibenzofurans (PCDD/
Fs), polychlorinated biphenyls( PCBs), pentachlorobenzene (PeCBz), hexachlorobenzene (HxCBz), and polychlorophenols in the production of
2,4-D products, pp 304-308, Copyright (2013), with permission from Elsevier

1.1.4 Esters and salts of 2,4-D

Several esters and salts of 2,4-D with various
properties have been manufactured and used in
herbicide products (NPIC, 2008). In humans,
esters and salts of 2,4-D undergo rapid acid
or enzymatic hydrolysis in vivo to yield 2,4-D
(Garabrant & Philbert, 2002) (see Section 4.1).
Esters and salts also undergo hydrolysis to the
acid in environmental media at different rates
depending on specific conditions of pH, moisture,
and other factors (NPIC, 2008). Relevant ester
and salt forms of 2,4-D include the following:

e 2,4-D salt (CAS No. 2702-72-9)

e 24-D diethanolamine salt (CAS No.
5742-19-8)

e 2,4-D dimethylamine salt (CAS No.
2008-39-1)

e 24-D isopropylamine salt (CAS No.
5742-17-6)

e 2,4-D isopropanolamine salt (CAS No.
32341-80-3)

e 2,4-D butoxyethyl ester (CAS No. 1929-73-3)
o 2,4-D butyl ester (CAS No. 94-80-4)
o 2,4-D2-ethylhexyl ester (CAS No. 1928-43-4)

374

o 2,4-D isopropyl ester (CAS No. 94-11-1)
o 2,4-Disooctyl ester (CAS No. 25168-26-7)
o 2,4-D choline salt (CAS No. 1048373-72-3)

Physical properties of these 2,4-D salts and
esters have been reported elsewhere (NPIC,
2008).

1.2 Production and use

1.2.1 Production

Two processes are currently used for the
production of 2,4-D. In the first process, phenol
is condensed with chloroacetic acid forming
phenoxyacetic acid, which is subsequently chlo-
rinated (Fig. 1.1). In the second process, phenol
is chlorinated, generating 2,4-dichlorophenol,
which is subsequently condensed with chloro-
acetic acid (Fig. 1.2).

The butyl ester derivative of 2,4-D is produced
by the esterification of the acid with butanol in
the presence of a ferric chloride catalyst and
chlorine (Liu et al., 2013).

No reliable data on current global production
of 2,4-D were available to the Working Group.



2,4-Dichlorophenoxyacetic acid

Fig. 1.2 Production of 2,4-dichlorophenoxyacetic acid (2,4-D) via phenoxyacetic acid
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Reprinted from Chemosphere, 92(3), Liu et al. (2013) Formation and contamination of polychlorinated dibenzodioxins/dibenzofurans (PCDD/
Fs), polychlorinated biphenyls( PCBs), pentachlorobenzene (PeCBz), hexachlorobenzene (HxCBz), and polychlorophenols in the production of
2,4-D products, pp 304-308, Copyright (2013), with permission from Elsevier

In 2010, the production of 2,4-D reached 40 000
tonnes in China (Liu et al., 2013).

1.2.2 Use

2,4-D is a synthetic auxin, and was the first
chemical that could selectively control dicot-
yledons or broadleaf plants, but spare most
monocotyledons, which include grasses and
narrow-leaf crops such as wheat, maize (corn),
rice, and similar cereal crops (Song, 2014).

2,4-Dwasfirstmarketedin 1944 and produced
by the American Chemical Paint Company. The
derivatives of 2,4-D constitute a series of system-
atic herbicides that are widely used in broad-
leaved weeds. 2,4-D is one of the world’s most
common herbicides because of its general appli-
cability and low cost (Liu et al., 2013)

There are more than 600 products containing
2,4-D currently on the market (Song, 2014). In
2001, the dimethylamine salt and 2-ethylhexyl
ester accounted for approximately 90-95% of the
total global use of 2,4-D (Charles et al., 2001).

2,4-D is sold in various formulations under
a wide variety of brand names and is found,
for example, in commercial mixtures of lawn
herbicide. 2,4-D can be used alone and is also

commonly formulated with other herbicides,
for example, dicamba (3,6-dichloro-2-meth-
oxybenzoic acid), mecoprop (methylchloro-
phenoxypropionic acid, MCPP), mecoprop-P
(the (R)-(+)-enantiomer of mecoprop), MCPA
(2-methyl-4-chlorophenoxyaceticacid), picloram
(4-amino-3,5,6 trichloropicolinic acid), and
clopyralid (3,6-dichloro pyridine-2-carboxylic
acid) (PubChem, 2015). 2,4-D in combination
with glyphosate is used as the basis of a herbicide
formulation designed for weed control in crops
of corn and soybean that have been genetically
modified to tolerate 2,4-D and glyphosate via
insertion of a bacterial aryloxyalkanoate dioxy-
genase gene into the plant genome (Wright et al.,
2010).

On 18 September 2014, the United States
Environmental Protection Agency (EPA) granted
registration for a herbicide containing the active
ingredients 2,4-D, choline salt, and glyphosate
dimethylammonium salt to be used on corn
and soybean crops genetically engineered to be
resistant to 2,4-D and glyphosate (EPA, 2014).

In the USA, 2,4-D is one of the 10 most
commonly used conventional active ingredients
of pesticide used in the agricultural sector. Use
estimates from 2001 to 2007 ranged from 24 to
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35 million pounds [~11 x 10% to 16 x 10° tonnes].
In the non-agricultural sectors, i.e. home/garden
and industry/commercial/government, 2,4-D is
the most commonly used active herbicide ingre-
dient, with use estimates between 2001 and 2007
of 8-11 and 16-22 million pounds [~3.6 x 10 to
5 x 10°and 7 x 10° to 10 x 10° tonnes], respect-
ively (EPA, 2011). In Canada, 14 tonnes and 87
tonnes of 2,4-D (diverse formulations) were used
in British Columbia, and in Ontario respectively,
in 2003 (CAREX-CANADA, 2009).

In the USA, application of the herbicide has
occurred in pasture and rangelands (24%), lawns
by homeowners with fertilizer (12%), spring
wheat (8%), winter wheat (7%), lawn/garden
without fertilizer (6%), soybean (4%), summer
fallow (3%), hay other than alfalfa (3%) and road-
ways (3%). Other crops on which 2,4-D is used
included filberts, sugarcane, barley, seed crops,
apples, rye, cherries, oats, millet, rice, soybean,
and pears. 2,4-D is also used in forestry, turf-
grass management, and in the control of weeds
near powerlines, railways, and similar corridors.
Rates of application were generally less than 1.7
kg of acid equivalents per hectare, and gener-
ally less than 2.2 kg/Ha were applied annually.
2,4-D is predominantly used in the Midwest,
Great Plains and Northwestern regions of the
USA (EPA, 2005). Low concentrations of 2,4-D
are used as plant growth regulators to induce
callus formation (Liu et al., 2013). Agricultural
use of 2,4-D includes both crop and non-crop
applications of primarily liquid formulations,
and a variety of application methods ranging
from tractor-mounted booms to backpack
sprayers. Forestry application ranges from back-
pack spraying to aerial application. Turf appli-
cations may use either liquid spray or granular
formulations.

A mixture of roughly equal parts of 2,4-D
and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T),
known as “agent orange”, was used by military
forces of the USA as a defoliant in the Viet Nam
war (Kahn et al., 1988).
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1.3 Measurement and analysis

Exposure to humans may occur as a result
of ingestion, inhalation, or dermal absorption
of 2,4-D, or any of its salts and esters, through
occupational exposure during manufacture
or use of herbicide products, or via contact
with 2,4-D residues in food, water, air, or soil.
Measurement methods have been developed for
analysis of 2,4-D and its esters and salts in a wide
range of biological, personal air, and dermal
samples taken during monitoring for expo-
sure, and in food, and environmental media.
Some gas chromatography-mass spectrometry
(GC-MS) and liquid chromatography-tandem
mass spectrometry (LC-MS/MS) methods have
been developed as “multi-residue” methods that
can provide simultaneous extraction and anal-
ysis of other phenoxy acid herbicides (e.g. MCPA,
MCPP, dicamba, 2,4,5-T) or even wider ranges of
acidic or otherwise difficult-to-analyse pesticides
(Raina-Fulton, 2014).

Analysis of 2,4-D acid in urine is the most
widely used approach for biomonitoring of
human exposure (Baker et al., 2000; Lindh et al.,
2008), because excretion of 2,4-D and its acid-hy-
drolysable conjugates is almost exclusively in the
urine. Esters and salts of 2,4-D are rapidly hydro-
lysed to the acid in exposed humans (see Section
4.1). This is particularly relevant in occupational
settings, where exposure to the ester and salt
forms are likely to occur. Methods for analysis
of 2,4-D in other biological media, including
blood and milk, have been developed and applied
primarily in studies of toxicology and metabo-
lism in experimental animals (Dickow et al.,
2001; Sturtz et al., 2006). Methods of measure-
ment of exposure for 2,4-D acid and its salt and
ester forms have included personal and area air
samples, dermal patch and bodysuit samples,
and hand-wipe samples that are most often used
for assessing occupational exposures (NIOSH
1994; Gardner et al., 2005). Methods for analysis
of 2,4-D in air (Waite et al., 2005), water (EPA,




2,4-Dichlorophenoxyacetic acid

Table 1.1 Representative methods for the analysis of 2,4-D

Sample matrix Assay procedure Limit of detection Reference
Air, workplace HPLC-UV 15 pg per filter NIOSH (1994
Air, ambient GC-MSD 0.005 ng/m® based on a 2000 m? sample volume Waite et al. (2005)
Ground water UHPLC-MS/MS  0.0003 ug/L; LOQ, 0.0005 pg/L for 500 mL water samples ~ McManus et al. (2014)
Drinking-water GC-ECD 0.055 ug/L EPA (2000)
Soil LC-MS/MS Reporting limit, 0.010 ppm for 20 g of soil sample Schaner et al. (2007)
Personal exposure LC-MS/MS MDL, 1.1-2.9 ug/L Gardner et al. (2005)
(air, hand-wipe,
dermal patch)
Urine (human) LC-MS/MS 0.05 pg/L Lindh et al. (2008)
Urine (human) HPLC-MS/MS 0.29 ug/L Baker et al. (2000
Plasma (dog) HPLC-FD LOQ, 500 pg/L Dickow et al. (2001)
Serum and milk (rat) GC-ECD 0.02 ppm [180 pg/L] Stiirtz et al. (2006)
Fruits and vegetables LC-MS/MS LOD, not reported; recovery tests performed at Shida et al. (2015)
0.01 mg/kg
Cereals LC-MS/MS LOQ, 0.05 mg/kg Santilio et al. (2011)
Food (duplicate diet) ~ GC-MS MDL, 0.25 ng/g for solid food based on 8 g of Morgan et al. (2004)
homogenized food
MDL, 0.20 ng/mL for liquid food based on 30 mL
homogenized liquid food
House dust GC-MS MDL, 5 ng/g for 0.5 g of dust sample Colt et al. (2008)

2,4-D, 2,4-dichlorophenoxyacetic acid; ECD, electron capture detector; FD, fluorescence detection; GC, gas chromatography; HPLC, high-
performance liquid chromatography; LC, liquid chromatography; LOD, limit of detection; LOQ, limit of quantitation; MDL, method detection

limit; MS, mass spectrometry; MS/MS, tandem mass spectrometry; MSD, mass-selective detection; UHPLC, ultra-high performance liquid

chromatography

2000; McManus et al., 2014), soil (Schaner et al.

2007), house dust (Colt et al., 2008), and food
(Morgan et al., 2004; Santilio et al., 2011; Shida
et al., 2015), have primarily (but not exclusively)
focused on the acid form of 2,4-D, partly because
ester and amine salts of 2,4-D are hydrolysed to
theacid at differentrates in environmental media,
depending on oxygen availability, moisture, and
pH levels. In water and aerobic soil and sediment,
the half-lives of esters and amines are shorter (in
the order of days) than in anaerobic media. 2,4-D
undergoes degradation in the outdoor environ-
ment, with potentially slower degradation ratesin
indoor environments (Walters, 1999). Examples
of methods of analysis for 2,4-D in a range of
media are listed in Table 1.1.

1.4 Occurrence and exposure

2,4-D and its salts and esters do not occur
naturally in the environment. Due to wide-
spread production and use of herbicide products
containing 2,4-D, there is considerable poten-
tial for exposure of humans in occupational
and non-occupational settings, as illustrated in
Fig 1.3 and Fig. 1.4.

Most of the available data on exposure and
environmental occurrence were from North
America and Europe. Fewer data were available
from other regions of the world. Given the wide-
spread global use of 2,4-D, the lack of data should
not be taken as an indicator that human expo-
sures do not occur in other regions.
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Fig. 1.3 Urinary concentrations of 2,4-dichlorophenoxyacetic acid (2,4-D)(mean, median, or
geometric mean) from studies of occupational or para-occupational exposure, and in the general

population
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Includes multiple subsets of results from several studies: Kolmodin-Hedman & Erne (1980), Draper (1982), Libich et al. (1984), Vural & Burgaz
(1984), Knopp (1994), Garry et al. (2001), Hines et al. (2001), Arbuckle et al. (2004, 2005), Curwin et al. (2005a), Alexander et al. (2007), Arcury

etal. (2007), Morgan et al. (2008), Bhatti et al. (2010), Thomas et al. (2010a), Zhang et al. (2011), Jurewicz et al. (2012), Rodriguez et al. (2012),

Raymer et al. (2014), and CDC (2015)
d, day; occ., occupational

1.4.1 Occupational exposure

Occupational exposure to 2,4-D can result
from product manufacturing, agricultural use,
forestry, right-of-way, and turf/lawn applica-
tions. Indirect or para-occupational exposure
may occur in some populations as a result of
“take-home” and “drift” pathways. Occupational
exposure to 2,4-D typically occurs as a result
of dermal absorption and inhalation, although
some incidental ingestion may also occur. Some
studies cited in a review of dermal absorption of
2,4-D in humans showed that dermal exposure is
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the primary route of exposure for herbicide-spray
applicators (Ross et al., 2005).

(a)

Manufacture

In two studies of occupational exposure,
workers involved in manufacturing prod-
ucts containing 2,4-D had urinary biomarker
concentrations ranging from 35 to 12 693 ug/L,
with a mean of 1366 ug/L, in one study as shown
in Table 1.2 (Vural & Burgaz, 1984; Knopp,
1994). In one of these studies, values for room
air and personal air were 3.2-245 ug/m? and




2,4-Dichlorophenoxyacetic acid

Fig. 1.4 Estimated exposure to 2,4-dichlorophenoxyacetic acid (2,4-D) from studies of
occupational or para-occupational exposure, and in the general population
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etal. (2010a), Wilson et al. (2010), Zhang et al. (2011), and Morgan et al. (2014

23.4-495 ug/m?, respectively (Vural & Burgaz,
1984).

(b) Application

Many studies have been conducted to measure
occupational exposure to 2,4-D from agricul-
ture, forestry, right-of-way, and turf application
of herbicidal products (Table 1.2). Both external
(dermal, air) and biomonitoring methods have
been used for exposure assessment of the appli-
cator. Urinary 2,4-D concentrations for forestry
applicators ranged from below the limit of detec-
tion (LOD) to 1700 pg/L, with means ranging
from 17.6 to 454 pug/L for different job tasks (Garry
et al., 2001). Estimated mean values for urinary
excretion or the absorbed dose ranged from 2.7

to 98 ug/kg bw per day across several studies
of forestry-related job tasks (Lavy et al., 1982;
Lavy etal., 1987; Zhang et al., 2011). Professional
agricultural applicators had urinary concen-
trations of 2,4-D ranging from not detected
(ND) to 2858 ug/L, with values of 58 (geometric
mean, GM) and 94 (median) pg/L (Hines et al.
2003; Bhatti et al., 2010). Many studies reported
urinary results for farmer applicators, with 2,4-D
concentrations ranging from ND to 14 000 pg/L,
with GM values ranging from 5.8 to 715 pg/L,
and a mean value of 8000 ug/L reported in one
study (Kolmodin-Hedman & Erne, 1980; Draper
& Street, 1982; Vural & Burgaz, 1984; Grover
et al., 1986; Arbuckle et al., 2005; Curwin et al.,
2005a; Alexander et al., 2007; Thomas et al.,
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2,4-Dichlorophenoxyacetic acid

2010a). Urine samples from farmers in Thailand
who were not specifically linked to crop appli-
cation had a 75th percentile concentration of
0.66 pg/L (median levels were < LOD) (Panuwet
et al., 2008). Professional lawn-turf applicators
had urinary concentrations ranging from 0.2 to
3001 pg/g creatinine, with a median of 10.2 pg/g
creatinine; the range of excreted mass during
24 hours ranged from 0.1 to 3658 pg, with a
median value of 14.6 pg (Harris et al., 2010).
Professional right-of-way pesticide applicators
had mean urinary concentrations ranging from
0.04 to 32.74 mg/kg, with means of 1.42 and
6.16 mg/kg for two groups of sprayers (Libich
et al., 1984).

Several studies of different occupations
reported measurements of 2,4-D in air, hand-
wipe, or body-loading samples (Kolmodin-
Hedman & Erne, 1980; Draper & Street, 1982;
Kolmodin-Hedman et al., 1983; Libich et al.,
1984; Grover et al., 1986; Abbott et al., 1987;
Knopp, 1994; Hines et al., 2001; Thomas et al.,
2010a; Baharuddin et al., 2011).

Exposures in farm applicators appear to have
been higher during the 1980s than during the
2000s, but firm conclusions could not be drawn
due to the small number of studies available.

(c)  Para-occupational exposure

Indirect or para-occupational exposure has
been measured in several studies, particularly
those involving 2,4-D herbicide spraying on
farms, and in farmworker families (Table 1.3).
For children of farmers who reported having
carried out 2,4-D spray applications, GM urine
concentrations ranged from 0.4 to 4.9 ug/L
(Arbuckle et al., 2004; Alexander et al., 2007;
Rodriguez et al., 2012). For spouses of farmers
who reported having carried out 2,4-D spray
applications, GM or median urinary concentra-
tions ranged from < LOD to 1.7 pg/L (Arbuckle
& Ritter, 2005; Alexander et al., 2007; Jurewicz
etal.,2012). Inastudy of children of farmworkers,
the median urinary biomarker concentration

was 0.14 ug/L (Arcury et al., 2007). One study
measured 2,4-D in house dust at farms where
2,4-D had been applied in the previous 30 days
(adjusted GM, 730 ng/g) compared with farms
where no spraying had been applied (adjusted
GM, 850 ng/g) and with non-farm homes
(adjusted GM, 320 ng/g) (Curwin et al., 2005b).
[One explanation for the higher concentration of
2,4-D in house dust on farms where no spraying
had been carried out compared with farms where
spraying was reported to have been undertaken
may be that 2,4-D is also widely used on lawns
and may be tracked into homes. A second reason
is that the ester forms of 2,4-D are often used in
agriculture in Iowa, and the study method meas-
ured only the acid form.] In the United States
Agricultural Health Study (AHS), a longitudinal
set of urine samples was collected for 1 year
from 30 corn farmers and from 10 non-farmers
(controls) (Bakke et al., 2009). For farmers,
mean 2,4-D concentrations during pre-planting/
off-season, planting, and growing/post-harvest
periods were 2.9, 22.9, and 7.8 pg/g creatinine,
respectively, while mean 2,4-D concentrations
for controls during these periods were 0.5, 1.35,
and 0.37 ug/g creatinine, respectively. These data
suggested that farmers may be exposed to pesti-
cides at higher levels than controls, even when
pesticides are not being actively applied.

1.4.2 Environmental occurrence and
exposure in the general population

Exposures of the general population may
result from the presence of 2,4-D in house dust,
food, air, water, and soil. In some areas, residen-
tial exposures may be related to use of 2,4-D on
lawns, providing a nearby source for direct expo-
sure and tracking into the home. Exposures may
occur through inhalation, dermal absorption,
and ingestion (Health Canada, 2010).
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2,4-Dichlorophenoxyacetic acid

(a)  Water

2,4-D may occur in water as a result of direct
aquatic uses; from agricultural, forestry, right-
of-way, or turfland applications; through applica-
tion-spray drift; or from atmospheric deposition.
Concentrations of 2,4-D in water have been
measured for drinking-water supplies, surface
water, ground water, and for specific application
catchment areas (Table 1.4). In a study of drink-
ing-water supplies in Mexico, 2,4-D concen-
trations for samples above the detection limit
ranged from 0.005 to 0.0038 pg/L (Felix-Canedo
et al., 2013). Detection rates for 2,4-D in surface
waters varied widely, with overall concentrations
ranging from ND to 14.4 ug/L, and central meas-
ures typically < 0.05 pg/L (Phillips & Bode, 2004;
Konstantinou et al., 2006; Woudneh et al., 2007;
Aulagnieretal.,2008; Loos etal.,2009; Loos etal.,
2010b; Glozier et al., 2012; Herrero-Herndndez
et al., 2013; Tagert et al., 2014). 2,4-D in surface
water was found to be associated with agricul-
tural use and, in some cases, was found in urban
areas probably as a result of lawn and other turf
uses. In a study of ground-water samples from 23
European countries, 2,4-D was detected in only
3.7% of the samples, with a maximum value of
0.012 pg/L (Loos et al., 2010a). Under the United
States Geological Survey National Water Quality
Assessment Program in 1992-2001, 2,4-D was
detected at a frequency of 13% in 1465 samples
collected from 62 agricultural surface-water
sites, and 13% in 523 samples collected from 19
urban surface-water sites, based on a detection
limit of 0.08 pg/L (USGS. 2006). Concentrations
at the 90th percentile were 0.11 and 0.16 pg/L,
respectively. In ground-water samples in Ireland,
the mean 2,4-D concentration was 0.001 pg/L
(range, 0.002-0.007 pg/L) (McManus et al., 2014).
In a study of surface-water inflow and outflow
from a managed turf golf course, the outflow
2,4-D concentration (median, 0.85 pg/L) was
significantly higher than the inflow concentra-
tion (median, 0.31 pg/L) (King & Balogh, 2010).

(b)  Soil

2,4-D is likely to be found in soil in areas
where it is applied as an herbicide; however,
dissipation/degradation rates have been found to
be relatively rapid for most soil types and condi-
tions. While there are many studies published
measuring dissipation rates in soils, no publi-
cations were found reporting on broad surveys
of 2,4-D in soil relevant for assessing the poten-
tial for human exposure. One study did report
2,4-D concentrations in soil in 134 home yards
in North Carolina and Ohio, USA (Morgan etal.,
2008). While most measurements were below the
limit of detection, the 95th percentile values were
1.8-4.6 ng/g, with maximum values ranging
from 13.3 to 30.5 ng/g.

(c)  Residential dust

2,4-D is frequently detected in house dust,
with overall concentrations ranging up to
21 700 ng/g, and ranges of GMs, medians, or
means from 47.5 to 1035 ng/g (Hartge et al., 2005;
Ward et al., 2006; Morgan et al., 2008; Metayer
et al., 2013; Deziel et al., 2015; Table 1.5). Surface
loading values in homes after lawn applications
ranged from 0.05 to 228 ug/m? in one study
(Nishioka et al., 2001).

(d) Air

2,4-D may occur in outdoor air as a result of
application-spray drift, volatilization of applied
herbicides, and atmospheric suspension of 2,4-D
containing soil and dust. 2,4-D in indoor air
may result from tracking-in of 2,4-D in dusts
and soils, and from direct intrusion of outdoor
air. Concentrations of 2,4-D in outdoor air have
been measured in agricultural areas, and in
residential indoor and outdoor air (Table 1.6).
Several studies in the Canadian prairies meas-
ured 2,4-D in outdoor air, with overall ranges of
ND-2.73 ng/m?, and with mean values ranging
from 0.059 to 0.44 ng/m? (Waite et al., 2005; Yao
et al., 2006; Aulagnier et al., 2008). The highest
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concentrations were observed during weeks
when 2,4-D was typically applied. In France,
outdoor air concentrations ranged from ND
to 11 ng/m?® in an urban location, and ND to
37 ng/m?in a rural location (Baraud et al., 2003).
In a 2-year nationwide monitoring campaign in
the Netherlands, 2,4-D was not detected in air,
but was detected in precipitation, with mean
concentrations of 0.8 and 1.9 ng/L in 2000 and
2001, respectively (Duyzer & Vonk, 2003). In
two states in the USA, 75th percentile concen-
trations of 2,4-D in indoor residential air were
each 0.8 ng/m’ with maximum concentra-
tions ranging from 2.0 to 3.7 ng/m? (Morgan
et al., 2008). In the same study, outdoor resi-
dential air concentrations of 2,4-D at the 75th
percentile ranged from ND to 0.3 ng/m?, with
maximum values ranging from 1.7 to 3.2 ng/m?>.
In other homes with lawn-turf applications,
2,4-D concentrations associated with indoor
particulate matter of aerodynamic diameter
< 2.5 pm (PM,,) ranged from approximately
0.7 to 3.9 ng/m? during application, and 0.8 to
1.5 ng/m? 3 days after application. Mean indoor
2,4-D concentrations associated with particu-
late matter of aerodynamic diameter < 10 um
(PM,,) ranged from approximately 4.2-9.6 ng/m?
during application, and 1.8-3.4 ng/m? at 3 days
after application (Nishioka et al., 2001).

(e) Food

2,4-D residues may be found in some food
commodities as a result of use of 2,4-D in agri-
culture. In 2015, the European Food Safety
Authority (EFSA) reported the results of the
control activities related to pesticide residues in
food carried out in 2013 in the European Union
member states, Norway and Iceland (EFSA,
2015). As part of this monitoring programme,
2,4-D was analysed in 2756 food samples and
found to be above the LOQ for a single result; the
measured concentration of 2,4-D in one lettuce
sample was 0.075 mg/kg, and thus higher than
the maximum residue level (MRL) of 0.05 mg/kg.

394

EFSA reported results from residue trials for
several plant commodities, with all results being
less than the proposed MRLs (EESA, 2011).

Duplicate diet studies provide the most rele-
vant information regarding potential human
exposures, accounting for the wide variety of
combined foods consumed, and also processing
and cooking factors. However, only one dupli-
cate diet study measuring 2,4-D was available
(Morgan et al., 2008; Table 1.7). In this study,
2,4-D was not detected in more than half of
the duplicate diet samples for children and
adult caregivers. The 75th percentile levels for
solid foods ranged from 0.4 to 0.9 ng/g, with
maximum levels ranging from 3.7 to 20.2 ng/g.
The maximum levels for liquid foods/beverages
ranged from 0.2 to 0.8 ng/g.

(f)  Biological markers

Several studies have examined exposures to
2,4-D in the general population through meas-
urement of 2,4-D in the urine (Table 1.8). The
National Health and Nutrition Examination
Survey (NHANEYS) in the USA provides repre-
sentative population biomonitoring data for
2,4-D for several age groups, with GM values
ranging from 0.288 to 0.385 ug/L, and 95th
percentile values ranging from 1.12 to 2.08 pg/L
(CDC, 2015). A study of children in Thailand
found overall concentrations of 2,4-D in the
urine ranging from 0.09 to 1.87 pg/g creatinine,
and GMs for different groups ranging from 0.17
to 0.21 pg/g creatinine (Panuwet et al., 2009). Ina
study of children in Puerto Rico, the frequency at
which 2,4-D in the urine was found to be greater
than the LOD was 11.8%, and the maximum
value was 0.9 pg/L (Lewis et al., 2014). For chil-
dren in two states in the USA, the overall 2,4-D
concentration in urine was < LOD - 12.5 pg/L,
with median values of 1.2 and 0.5 ug/L in the
two states (Morgan et al., 2008). For homeowner
lawn/garden applicators and bystanders living
in the home, the amount of 2,4-D excreted after




2,4-Dichlorophenoxyacetic acid

Table 1.7 Concentrations of 2,4-D in food

Country/year Number of samples/setting Results Comments Reference
of sampling
Europe, 2013 2756 food samples analysed ~ Only one food (lettuce) had a 2,4- EFSA (2015
for 2,4-D D concentration of > LOQ (the
concentration was 0.075 mg/kg)
Europe, NR Residue trial results for 13 Median and maximum residue values EFSA (2011)
plant commodity types of less than the proposed MRL of
0.05 mg/kg for food commodities,
and greater than proposed MRLs
ranging from 0.05 to 50 mg/kg
for grass, straw, and maize forage
commodities
USA, 2000-1  Solid-food duplicate- North Carolina, child: 75th 2,4-D detected in Morgan et al.

diet samples collected
from children and adult
caregivers at 66 homes in
North Carolina, and 69
homes in Ohio

percentile, 0.9 ng/g; max., 4.4 ng/g
Ohio, child: 75th percentile, 0.4 ng/g;
max., 20.2 ng/g

North Carolina, adult: 75th
percentile, 0.9 ng/g; max., 4.0 ng/g
Ohio, adult: 75th percentile, 0.6 ng/g;
max., 3.7 ng/g

< 10% of liquid-food
duplicate-diet samples
with maximum values
ranging from 0.2 to
0.8 ng/g

(2008

2,4-D, 2,4-dichlorophenoxyacetic acid; LOD, limit of detection; LOQ, limit of quantification; max., maximum; MRL, maximum residue limit;

ND, not detected

application ranged from ND to 7.1 pg/kg bw
(Harris et al., 1992).

1.4.4 Exposure assessment to 2,4-D in
epidemiological studies

The key epidemiological studies evaluated
for 2,4-D in this Monograph can be categorized
as occupational studies of applicators in agri-
culture settings and farmworkers and one study
in the general population. For classification of
exposure to 2,4-D, cohort and case-control
studies of farmers relied on questionnaire-based
approaches to collect information regarding
pesticide use, work practices, and other impor-
tant agricultural and lifestyle factors such as
smoking. Two studies re-analysed several of the
case—control studies, applying techniques to
consider the use of multiple pesticides by indi-
viduals working in agriculture. A study of farm-
workers combined extant geographically based
data on pesticide application for specific crops,
locations, and dates with union-based records

of work history and location information for
individuals. The study of the general population
examined exposure—outcome relationships
using two approaches: (a) questionnaire-based
collection of information about residential use
of herbicide; and (b) measurement of 2,4-D in
house dust as a surrogate indicator of exposure.
There were no epidemiological studies on
cancer that relied on measurement of 2,4-D
biomarkers for exposure categorization. For
2,4-D, however, the elimination half-life after
exposure inhumansisshort, with ranges of 10-28
hours after an oral dose (Sauerhoff et al., 1977)
and 18-68 hours after a dermal dose of 2,4-D, and
18-87 hours for 2,4-D dimethyl amine (Harris &
Solomon, 1992). Thus, it is usually impractical to
collect adequate numbers of samples to represent
long-term exposures in epidemiological cohorts,
or to implement collection for large numbers
of participants at key time-points such as after
herbicide applications. Biomarker measurement
therefore has not been the primary means of
classitying 2,4-D exposure for research in cancer
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epidemiology. A recent review summarized rele-
vant studies of 2,4-D biomarker measurement,
and separately summarized exposure metrics
in more recent epidemiological investigations of
2,4-D and cancer (Burns & Swaen, 2012).

This section provides an assessment of the
strengths and weaknesses of the exposure assess-
ment and assignment methods used in the key
epidemiological studies that were evaluated by
the Working Group. The detailed discussions of
limitations in exposure assessment in the epide-
miological investigations described here should
not be construed to suggest that these studies
are inferior to others in the literature. In fact,
in many ways the studies described here have
improved on pesticide exposure assessment in
this discipline when compared with many studies
that relied on less specific exposure-classification
categories, such as “farmer” or any non-specific
pesticide use.

(a)  Studies of occupational exposure

Several studies were based on reported
application of 2,4-D in agricultural settings.
Exposure assessment in these studies relied on
questionnaire-based approaches for reporting
use of 2,4-D, together with reporting of factors
potentially affecting exposures. Two cohort
studies included farm applicators who reported
their lifetime use of 2,4-D (Alavanja et al., 2004;
Koutros et al., 2013). Three case—control studies
included participants who reported using 2,4-D
(Brown et al., 1990; Zahm et al., 1990; McDuffie
et al., 2001). Three studies performed additional
analyses of data from case-control studies to
examine joint exposures to multiple pesticides
and pesticide classes (Cantor etal., 1992; De Roos
et al., 2003; Hohenadel et al., 2011). One study
performed additional analyses of data from case-
control studies to examine whether reported
use of the insect repellent N,N-diethyl-meta-
toluamide (DEET) might result in increased
penetration of 2,4-D through gloves, and thus
increase exposure to 2,4-D (McDuffie et al.,

2005). Another case-control study examined
lympho-haematopoietic cancer in farmworkers,
with proxy data on pesticide-use locations and
amounts combined with work-location history
(Mills et al., 2005).

The two cohort-based studies were from the
AHS, which collected detailed information on
pesticide use and factors potentially affecting
exposure (e.g. spraying techniques, personal
protective equipment, etc.). Based on the detailed
use information, a semi-quantitative expo-
sure-assessment method was developed in which
estimated intensity was combined with years and
annual frequency of use (Dosemeci et al., 2002).
The intensity score was based on development of
an a-priori exposure-intensity algorithm. Several
validity evaluations of the exposure assessment
process have been carried out. These included:
(i) assessment of the reliability of reporting agri-
cultural factors by requiring completion of the
enrolment questionnaires twice, approximately
1 year apart; (ii) confirmatory checks corre-
lating the years in which a pesticide was report-
edly used with dates of registered use of that
particular pesticide; and (iii) comparison of the
exposure algorithm with external exposure data.
Agreement between reporting of ever/never use
of specific pesticides and application practices
was high, and generally ranged from 70% to
> 90%. Agreement was lower (typically 50-60%)
for duration or frequency of use of specific
pesticides (Blair et al., 2000). The confirmatory
checks on reported usage of specific pesticides
established that the majority of respondents
provided plausible responses for both decade of
first use and total duration of use (Hoppin et al.
2002). The exposure-intensity algorithm was
evaluated using measurements of 2,4-D urinary
biomarkers in the AHS cohort and in two other
studies (Coble et al., 2005; Acquavella et al., 2006;
Thomas et al., 2010b). When combined, these
studies showed that the AHS algorithm had the
capacity to separate the upper tertiles of expo-
sure intensity from the lower.
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[The Working Group noted that the AHS
had collected very detailed information on
pesticide use and practices, and validation
studies showed these data to be appropriate for
estimating historical exposure to pesticides. In
addition, information on exposure was collected
before disease diagnosis, eliminating the poten-
tial for case-recall bias. It is however important
to note that the validity studies were based on
information reported at the time the exposure
surveys were completed, and would not neces-
sarily reflect the recall of information which had
been reported to be good in regard to some but
not all aspects, in particular for data regarding
frequency and duration of use. The exposure
assessment of 2,4-D in the AHS was based on the
baseline questionnaire (1993-1997) that relied
on recall for recent and previous pesticide-use
information. One of the studies also used data
from the follow-up questionnaire (1999-2003)
that used recent recall to update pesticide-use
information. Although use of 2,4-D may be
more readily recalled than use of other less
widely recognized pesticides, the validity of
recalled information is nonetheless unknown.
Furthermore, application procedures and other
factors in the 1950s-1980s may not necessarily
be similar to the parameters addressed in the
AHS exposure algorithm. Moreover, it is likely
that a certain proportion of exposure of farmers
is attributable to non-application circumstances,
such as re-entry, and contaminated work and
home environments. In this regard, the publica-
tion by Bakke et al. (2009) based on corn farmers
in Iowa in the AHS is illustrative. In that study,
biological samples taken on non-application days
revealed elevated levels of 2,4-D among farmers
compared with non-farmer controls during the
whole year. These levels, although an order of
magnitude lower than those recorded when the
farmers were applying 2,4-D, still indicated a
notable contribution of non-application days to
cumulative exposure over the year. This consid-
eration is relevant when accounting for the fact
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thatactive application by most farmers amounted
to only a few days during the growing season.]

The case-control studies used question-
naire-based approaches to obtain information
on participant use of pesticides in agricultural
settings, including specific pesticides used, days
per year of use, and in one case, year of first use.
Analyses were based on ever/never use of specific
pesticides, with further analyses using categories
of days per year of use for specific pesticides.

[The case-control studies had several
strengths, including collection of information
on specific pesticides including 2,4-D, using
days per year of use to stratify users into cate-
gories with higher and lower exposure to 2,4-D,
and collection of information from agricul-
tural users likely to be able to accurately iden-
tify specific pesticides such as 2,4-D. Exposure
assessment in the case—control studies also had
several potential limitations. Exposure data were
collected after case diagnosis, leading to poten-
tial case-recall bias, and general recall bias for
both cases and controls is possible. The studies
did not collect total years for use of 2,4-D, thus
the lifetime days of use metric could not be used
to develop a better exposure categorization for
distinguishing participants with higher and
lower lifetime exposures. Pesticide-use practice
information was not collected or used to account
for likely differences in exposure intensity. No
validation assessments using exposure meas-
urements were performed, nor was question-
naire-response reproducibility examined.]

The farmworker study used available infor-
mation on the amount of each pesticide used
on specific crops at every location in the state of
California, USA. The information on pesticide
location and amount was used in combination at
the county level, with farmworker-union payroll-
data records that provided work location infor-
mation on a monthly level to stratify exposures
among the farmworkers over their entire work
history (Mills et al., 2005).
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[The strengths of this research included the
availability of high-quality and very specific
records of pesticides and their amount of use for
all locations and times across several decades.
Use of payroll records that included informa-
tion of work location removed the possibility of
recall bias for workers trying to remember where
and when they had worked over the many years
of their career. The exposure assessment did,
however, have considerable limitations. It was
not possible to determine a direct match between
participant work location and date with pesticide
application and date. It was not possible to ascer-
tain that participants worked in fields where
2,4-D had actually been applied, since the pesti-
cide-use data and work-location data were linked
only at a county level. There was no information
on re-entry intervals between application and
work dates. 2,4-D would not have been applied
directly to the crops (it was most likely used as a
pre-emergent herbicide) and probably not at any
time that crops were present, so the farmworkers
were unlikely to have had any exposure during
crop picking or exposure to foliar residues. There
was no evidence as to whether 2,4-D residues
were present and accessible in the soil. There was
no information on specific work tasks for specific
locations, so the amount of soil contact could not
be distinguished within and between individuals
over time. There were no measurement studies
to demonstrate that the exposure categoriza-
tion was able to distinguish different exposure
intensities between individuals. There was no
information to judge whether and to what extent
exposure to 2,4-D may have occurred away from
the work locations.]

(b)  Studies of the general population

One case-control study assessed the asso-
ciation between residential use of 2,4-D and
non-Hodgkin lymphoma (NHL) in the general
population (Hartge et al., 2005). This study used
two different approaches for characterizing and
classifying exposure to 2,4-D. One approach was

based on a questionnaire that collected parti-
cipant-recalled information on pesticide use in
and around each home occupied for more than 2
years since 1970. The categories of use included
lawn treatments by the participant, professional
applicator, ora third person. The second approach
was based on analysis of 2,4-D in house dust in
the homes of cases and controls.

[The primary strength of this study was the
use of two different approaches for exposure
classification, firstly a computer-assisted person-
al-interview approach, and secondly a measure-
ment-based approach. There were also important
limitations in the exposure assessment. There
was potential for recall bias among cases and
controls, given the difficulty in recalling and
accurately reporting lawn-herbicide uses for
multiple homes over long periods of time. It was
not possible to ascertain that 2,4-D was the active
ingredient in the herbicides used for lawn treat-
ments. 2,4-D in house dust may not be a good
surrogate for differences in residential occupant
exposures at an individual level. In a different
study in the same country, there was no signif-
icant correlation between 2,4-D concentrations
in house dust and in adult urine (Morgan et al.,
2008).]

1.5 Regulation

The WHO Guidelines for Drinking-water
Quality assign a value of 0.03 mg/L for 2,4-D
(WHO, 2011). The guideline value applies to
2,4-D, since salts and esters of 2,4-D are rapidly
hydrolysed to the free acid in the water (WHO,
2003, 2011).

This value was determined using an accept-
able daily intake (ADI) of 0.01 mg/kg bw for the
sum of 2,4-D and its salts and esters, expressed
as 2,4-D, on the basis of a no-observed adverse
effect level (NOAEL) of 1 mg/kg bw per day in
a l-year study of toxicity in dogs (for a variety
of effects, including histopathological lesions in
kidneys and liver) and a 2-year study of toxicity
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and carcinogenicity in rats (for renal lesions)
(IMPR, 1996), and assuming a body weight of 60
kg, drinking-water consumption of 2 L/day and
a 10% allocation to drinking-water (WHO, 2003,
2011).

Informationsummarizingregulatorycontrols
and related statutory measures addressing the
use of 2,4-D in many regions, particularly coun-
tries of Asia, Africa, and South America, was not
available to the Working Group.

2,4-D has been registered in the USA since
1948. It was the subject of a registration standard
dated 16 February 1988, and a registration
standard guidance document dated 1 September
1988. Through the EPA, 2,4-D is registered for
use on a variety of food/feed sites, including field,
fruit, and vegetable crops, and for use on turf,
lawns, rights-of-way, aquatic sites, and forestry
applications. 2,4-D is registered for use in terres-
trial and aquatic environments (EPA, 2005).

In 2013, the Pest Management Regulatory
Agency in Canada updated the re-evaluation
notice for 2,4-D, stating that the 2,4-D regis-
trants had provided the required data, which
were deemed acceptable (Pest Management
Regulatory Agency Canada, 2013).

The European Commission has approved
products containing 2,4-D that fulfil safety
requirements laid down in Article 5(1)(a) and
(b) of Directive 91/414/EEC on the basis of
2,4-D being applied to winter and spring cereals,
pasture, green manuring crops, grass-seeds,
fallow land, borders of arable land and pastures,
and 2,4-D ethylhexyl ether being applied to
winter cereals (European Commission, 1991).
Extension of use patterns beyond those specified
requires evaluation at the member-state level.
The European Commission has specified that
the theoretical maximum daily intake (TMDI)
for an adult of body weight 60 kg is 1.4% of the
ADI of 0.05 mg/kg bw per day, based on the
European Diet established by the Food and
Agriculture Organization of the United Nations

400

and the World Health Organization (FAO/WHO
European Diet) (European Commission, 2001).

Concerning water contamination with 2,4-D,
the EPA has set an enforceable regulation, called
a “maximum contaminant level”, at 0.07 mg/L
(70 ug/L or ppb) (EPA, 2005).

MRLs for 2,4-D were first set in the European
Union in 2002, and re-evaluated by EFSA in
2011. MRLs are specified at 1 mg/kg or less by the
European Commission for most of 378 products
containing 2,4-D (EESA, 2011).

In relation to occupational exposure limits,
the International Labour Organization (ILO)
in collaboration with United States National
Institute for Occupational Safety and Health
(NIOSH) specified a threshold limit value for
2,4-D of 10 mg/m? as a time-weighted average
(ILO, 1999). The Occupational Safety and Health
Administration in the USA has adopted the
following permissible exposure limits for 2,4-D:
general industry, 10 mg/m* and construction
industry, 10 mg/m3, time-weighted average
(OSHA, 2015).

Adequate margins of exposure together with
details concerning appropriate personal protec-
tive equipment for workers are available through
the EPA (EPA, 2005).

In various jurisdictions, statutory author-
ities exercise decision-making in relation to
the marketing and use of various categories of
consumer products. A comprehensive listing of
such authorities and their respective responsibil-
ities is beyond the scope of this Monograph, but
examples of such authorities are given. The EPA
has registered a herbicide formulation, the active
ingredients of which are 2,4-D and glyphosate,
to manage “resistant weeds”. The EPA has also
put in place restrictions to avoid pesticide drift,
including a 30-foot in-field “no spray” bufter zone
around the application area, no pesticide applica-
tion when the wind speed is > 15 mph, and only
ground applications are permitted (EPA, 2014).
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2. Cancerin humans

2.1 Cohort studies

See Table 2.1

This section reviews studies that have specif-
ically assessed exposure to 2,4-D. Studies were
excluded from this review if 2,4-D was one of
several chemicals or pesticides evaluated, but no
specific risk estimate for 2,4-D only was provided
(e.g. Kogevinas et al., 1997; Saracci et al., 1991;
Boers et al., 2010; Hooiveld et al., 1998; Bueno de
Mesquita et al., 1993; Coggon et al., 2015; Lynge,
1985; Lynge, 1998; Becher et al. 1996; 't Mannetje
etal.,2005). [The Working Group considered that
studies addressing the possible toxic effects of
agent orange and related formulations could not
be used to indicate the impact of 2,4-D specifi-
cally, and such studies are not addressed in the
present Monograph.] The publications that were
informative for assessing the carcinogenicity of
2,4-D are described below.

2.1.1 The International Register of Workers
Exposed to Phenoxy Herbicides and
Their Contaminants

The International Register of Workers
Exposed to Phenoxy Herbicides and Their
Contaminants was established in 1980 by IARC
in association with the United States National
Institute of Environmental Health Sciences to
study cancer outcomes associated with these
exposures (Saracci et al., 1991; Kogevinas et al.,
1997). The register included 21 863 male and
female workers in 36 cohorts, in 12 countries, in
Europe, Australia, New Zealand, Canada, and the
USA. Exposures were classified using individual
job records, company-exposure questionnaires
developed specifically for this study, and, in some
cohorts, measurements of 2,3,7,8-tetrachlorodi-
benzo-p-dioxin (TCDD) and other dioxin and
furan congeners in serum and adipose tissue and
in the workplace.

Using the IARC International Register,
Kogevinas et al. (1995, 1997) conducted nested
case—control studes of the incidence of NHL (32
cases) and soft tissue sarcoma (11 cases). Cancer
cases were identified by linkage of cohort rosters
to death certificates and to cancer registries
in each of the countries with cancer-registra-
tion systems. Cases were each matched to five
controls by age, sex, and country of residence
at the time of employment. A panel of three
industrial hygienists reviewed company-expo-
sure questionnaires and company records to
assess exposure to 21 chemicals or mixtures.
Ever exposure to 2,4-D/DP/DB (2,4-D and its
precursor compounds, 2,4-dichlorophenoxy-
propionic acid and 2,4-dichlorophenoxybutyric
acid), lagged by 5 years, was associated with an
increased risk of soft tissue sarcoma (odds ratio,
OR, 5.72; 95% CI, 1.14-28.65) and 1.4 (95% CI,
0.10-15.80) when adjusted for 2,4,5-T and MCPA.
In analyses comparing different levels of cumu-
lative exposure to non-exposure, the greatest
increase in risk of soft tissue sarcoma in relation
to 2,4-D was found for the category of highest
exposure (OR, 13.71; 95% CI, 0.90-309.00), with
a significant trend across exposure categories
(P=0.01). For NHL, the odds ratio was 1.11 (95%
CI, 0.46-2.65). After adjustment for 2,4,5-T and
MCPA, the odds ratio for NHL was 1.05 (95%
CI, 0.26-4.28). No trend was observed for risk
of NHL and level of 2,4-D exposure.

2.1.2 United Farm Workers of America

Mills et al. (2005) conducted a case-control
study of lympho-haematopoietic cancers (leukaemia,
51 cases; NHL, 60 cases; multiple myeloma, 20
cases) in Hispanic farmworkers, which was nested
within a cohort of members of the United Farm
Workers of America labour union in California,
USA. Incident cases diagnosed between 1988
and 2001 were identified from linkage of union
records to the California cancer registry, and
for each case, five controls were selected from
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cancer-free union members, matched to the
case by sex, Hispanic ethnicity, and year of
birth. Exposure to 15 pesticides was assessed
by linkage of detailed monthly employment
union records to the California Department of
Pesticide Regulation Pesticide Use Reports, for
the two to three decades before cancer diag-
nosis. Specifically, each subject’s employment by
month, county, and crop was matched to pesti-
cide application (pounds applied) in the county
during that month, and the summed exposures
were categorized by median or tertile. Logistic
regression was conducted to estimate risk asso-
ciated with pesticide use, with adjustment for
age, sex, date of first contribution to the union,
and duration of union membership. The study
found that a history of high exposure to 2,4-D
was associated with a 3.8-fold (95% CI, 1.85-7.81)
increased risk of NHL when compared with a
history of low exposure; this association appeared
in women (OR, 5.23; 95% CI, 1.30-20.9), and men
(OR, 3.79; 95% CI, 1.58-9.11), and was similar
after adjustment for the 14 other high-use pesti-
cides examined (OR, 3.58; 95% CI, 1.02-12.56).
Leukaemia was not associated with 2,4-D (OR,
1.03; 95% CI, 0.41-2.61). [The semi-ecological
exposure assessment in this study limited inter-
pretation concerning individual exposure. On
the other hand, the objective manner in which
exposures were assigned reduced the possibility
of recall bias.]

2.1.3 The Agricultural Health Study

In the USA, the risk of cancer of the pros-
tate (total or aggressive) was examined in the
Agricultural Health Study (AHS) for 1993-2007
(Koutros et al., 2013). During this period, 1962
incident cases of cancer of the prostate, including
919 cases of aggressive cancer, were observed
among 54 412 pesticide applicators. Rate ratios
and 95% confidence limits (CI) were calculated
using Poisson regression to evaluate associ-
ation with lifetime use of 48 pesticides using
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enrolment-questionnaire data (1993-1997) and
follow-up questionnaire data (1999-2003), and
incidence of all (total) cancers of the prostate, or
aggressive cancers of the prostate (defined by a
Gleason score of > 7 or > 8). About three quarters
(74.9%) of the cases of cancer of the prostate, and
the rest of the cohort (75.7%), had used 2,4-D.
No excess incidence of cancer of the prostate
was observed in applicators who had used 2,4-D
(see Table 2.1). [This was a large study with high-
quality exposure assessment.]

Flower et al. (2004) reported the results of
analyses of pesticide application by parents and
risk of childhood cancer in the AHS. The study
included 17 357 children of pesticide applicators
in Iowa. The number of cases in North Carolina
was insufficient for the analyses, from which they
were thus excluded. Parents provided data via
questionnaires (1993-1997), and follow-up for
cancer (retrospectively and prospectively) was
done through the state cancer registries. Fifty
incident cases of childhood cancer were identi-
fied in 1975-1998 in children aged 0-19 years;
roughly half of the fathers had used 2,4-D prena-
tally (26 exposed cases). For all the children of the
pesticide applicators, the incidence of all child-
hood cancers combined was increased compared
with that of the general population, as were the
incidence of all lymphomas combined, and of
Hodgkin lymphoma. The odds ratio for mothers’
use of 2,4-D and risk of childhood cancer was
0.72 (95% CI, 0.32-1.60, 7 exposed cases), and
for fathers’ use was 1.29 (95% CI, 0.71-2.35; 26
exposed cases). [The Working Group noted that
this analysis had limited power to study rare
diseases like childhood cancer.]

The risk of cutaneous melanoma was exam-
ined in the AHS for1993-2005 (Dennis et al.
2010). Among 271 incident cases of cutaneous
melanoma, no association was seen with expo-
sure to 2,4-D. [The risk estimates for 2,4-D and
melanoma were not presented, although the
authors stated that “None of the 22 pesticides
detailed on the enrollment questionnaire was




2,4-Dichlorophenoxyacetic acid

associated with melanoma” and 2,4-D was one
of these pesticides according to the Appendix
table.]

2.1.4 The Dow Chemical Company cohort

The Dow Chemical Company cohort in the
USA included men involved in the manufac-
ture, formulation, or packaging of 2,4-D and
its amines or esters from 1945 until 1982 (Bond
et al., 1988). Production of 2,4-D took place in
four separate buildings of the plant, each building
housing different activities with different levels of
exposure. At least one of these buildings, referred
to as the “2,4-D plant,” also housed formula-
tion and packaging of other herbicides (2,4,5-T,
MCPA, and Silvex) at various times during
its history. Industrial hygienists developed a
job-exposure matrix for the estimation of levels
of exposure to 2,4-D among employees based
on department, job title, calendar year, available
monitoring data and professional judgment, and
estimated cumulative exposure based on a time-
weighted average of all the jobs held by an indi-
vidual during the follow-up period. Cumulative
exposure to 2,4-D was categorized as: very low
(<0.05 mg/m?),low (0.05-0.49 mg/m?), moderate
(0.5-4.9 mg/m?), or high (= 5 mg/m?) (Burns
et al., 2011). In an analysis of cancer incidence
with follow-up until 2007, there was no increase
in the incidence of all cancers combined among
employees who were residents in the state for the
entire period (n = 1108; “cohort 3”) (Burns et al.
2011). For NHL, the standardized incidence ratio
(SIR) was 1.71 (95% CI, 0.93-2.87). The highest
increases in risk of NHL were observed with
duration > 5 years (SIR, 3.08; 95% CI, 0.84-7.88)
and in analyses with censoring only at the time
employees moved out of the state (n = 1256) with
intensity x duration > 5 exposure years (SIR, 2.16;
95% CI, 0.45-6.31). There was no clear pattern
in risk of NHL with decade of starting employ-
ment. These findings were similar to analyses of
mortality with earlier follow-up periods to 1982

(Bond et al., 1988), 1986 (Bloemen et al., 1993),
and 1994 (Burns et al., 2001). [The Working
Group noted that while analyses were presented
for three methods of counting person-time, the
method that censored workers at the time of loss
to follow-up or diagnosis (state residents for the
entire period), provided the most valid estimate
(“cohort 37).]

2.2. Case—control studies

2.2.1 Lympho-haematopoietic cancers

See Table 2.2

Many of the case-control studies on
lymphoma and leukaemia reported on expo-
sure to phenoxy herbicides as a broad category
or report on pesticide mixtures, rather than
exposure to 2,4-D, specifically (e.g. Pearce et al.
19864, b, 1987; Wiklund et al., 1987; Pearce, 1989;
Persson et al., 1989; Eriksson & Karlsson, 1992;
Fontana etal., 1998; Fritschi et al., 2005; Eriksson
et al., 2008; Orsi et al., 2009; Navaranjan et al.,
2013). These studies were considered uninforma-
tive with regards to carcinogenicity of 2,4-D and
are therefore not described further.

In the first of the case-control studies
conducted by the National Cancer Institute in the
midwest USA in the 1970s and 1980s, Hoar et al.
(1986) studied 170 NHL cases diagnosed from
1976 through 1982 and 948 population-based
controls in the state of Kansas. Participants
were asked in a telephone interview about their
years working or living on farmland with wheat,
corn, sorghum, or pasture, and specific pesti-
cides handled in these settings. Compared with
subjects who had never farmed, ever exposure
to phenoxy herbicides was associated with a
2.2-fold increased risk of NHL (OR, 2.2; 95% CI,
1.2-4.1; 24 exposed cases) and exposure to only
2,4-D (eliminating 3 cases who also used 2,4,5-T)
was also associated with increased risk (OR,
2.6, 1.4-5.0). There were significant trends in
increasing risk of NHL with increasing duration
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2,4-Dichlorophenoxyacetic acid

(years) (trend-test P value, 0.002) and frequency
(days/year) (trend-test P value, 0.0001) of expo-
sure, with the highest risks observed in the third
of four exposure categories with 16-25 years
exposure (OR, 3.9; 95% CI, 1.4-10.9) or > 21 days/
year exposure (OR, 7.6; 95% CI, 1.8-32.3). [The
Working Group noted that the information on
duration and frequency were based on reported
patterns of use of any herbicide, rather than being
specific to 2,4-D. This study also enrolled cases of
soft tissue sarcoma and Hodgkin, disease, but did
not report results associated with 2,4-D exposure
for these cancer sites.]

The study conducted by the United States
National Cancer Institute (NCI) in Nebraska
included 201 cases of NHL and 725 controls,
identified between 1983 and 1986 (Zahm et al.
1990). The study was limited to white men. There
were elevated, but non-significant increases in
risk of NHL observed in association with having
having ever mixed or applied 2,4-D (OR, 1.5;
95% CI, 0.9-2.5) and with > 21 days per year
use on the farm (OR, 3.3; 95% CI, 0.5-22.1), and
a trend in increasing risk by frequency of use
(P = 0.051). There were no apparent patterns by
duration or year of first use. Risk estimates were
elevated for T-cell and B-cell NHL, but the trend
by days per year was significant only for B-cell
NHL (P = 0.045). Possible confounding of the
results for 2,4-D by use of other pesticides was
evaluated. Exclusion of users of 2,4,5-T did not
change the risk estimates for handling 2,4-D. The
risk associated with having ever mixed or applied
2,4-D was attenuated with exclusion of all organ-
ophosphate users (OR, 1.1; CI, not reported), but
was increased with adjustment for fungicides
(OR, 1.8; 95% CI, 1.1-3.0). For farmers who
mixed or applied 2,4-D on > 20 days per year,
simultaneous adjustment for organophosphates
and fungicides resulted in a risk estimate of 3.1
(CI not reported). Risk estimates for use of 2,4-D
were similar in subjects who recalled the exposure
without prompting and in subjects whose use of
2,4-D was only reported in response to a specific

probe (OR, 1.5 in both groups [CI not reported]),
suggesting little recall bias; however, the associa-
tions were higher when limited to proxy respond-
ents. [The Working Group noted possible biased
exposure information from proxies. This study
also enrolled cases of Hodgkin disease, multiple
myeloma, and chronic lymphocytic leukaemia,
but did not report results associated with 2,4-D
exposure for these other cancer sites.]

In Iowa and Minnesota, USA, cases of NHL
(n = 622) (Cantor et al., 1992) and leukaemia
(n=578) (Brown et al., 1990) diagnosed in 1980-
1984 were frequency-matched to 1245 population
controls. Only white men were included in the
analyses. There were no strong associations of
2,4-D use in relation to either NHL or leukaemia
in this study, in analyses of ever use, frequency
of use, year of first use, use without personal
protective equipment, and use by state, or when
considering multiple potential confounders
including vital status, age, state, smoking, family
history of lympho-haematopoietic cancer, high-
risk occupation, and high-risk exposures. For
subjects who had ever used 2,4-D, the odds ratios
were: NHL, 1.2 (95% CI, 0.9-1.6) (Cantor et al.
1992); chronic lymphocytic leukaemia [a subtype
of NHL], 1.3 (95% CI, 0.8-2.0) (Brown et al.
1990); and all leukaemia combined, 1.2, (95% CI,
0.9-1.6) (Brown et al., 1990).

A pooled analysis by De Roos et al. (2003)
of men from the three United States NCI case-
control studies conducted in the midwest USA
was limited to men with complete data for 47
pesticides (n = 870 cases, and 2569 controls from
Hoar et al. (1986); Zahm et al. (1990); Cantor
et al. (1992)). About 75% of the original study
population was included, but examination of
risk factors for NHL, including family history
and farming history, indicated no difference in
the association of those factors with case status
between the original population and the included
subset. No association was found between ever
use of 2,4-D and risk of NHL (OR, 0.9; 95% CI,
0.6-1.2), with adjustment for other individual
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pesticides using hierarchical regression. [This
estimate was limited to a smaller study popul-
ation than in the individual studies, due to exclu-
sion of participants with missing data for any of
the multiple pesticides examined; nevertheless,
the sample size was large. The study suggested
that any confounding of the association between
NHL and exposure to 2,4-D by exposure to other
pesticides is away from the null. The hierarchical
regression method “shrinks” (adjusts) unstable
estimates towards a prior distribution; however,
the shrunken estimate for 2,4-D (OR, 0.9) did
not differ substantially from the pooled estimate
before shrinkage (OR, 0.8).]

Woods et al. conducted a case—control study
of NHL in western Washington State, USA, in
the early 1980s, in which a detailed occupational
history was obtained, including exposure to
phenoxy herbicides (Woods et al., 1987; Woods &
Polissar, 1989). In a comparison of 576 cases and
694 controls, there was no observed difference
with respect to ever having occupational expo-
sure to 2,4-D (OR, 0.73; 95% CI, 0.4-1.3) or for
farmers who reported having “regularly worked
with” 2,4-D (OR, 0.68; 95% CI, 0.3-1.4). There
were no details provided on the number of cases
and controls exposed to 2,4-D. [This study had
a strong exposure assessment, including expert
review of occupational histories and verification
of exposure with a third party in instances where
exposure was uncertain. Response proportions
were not provided.]

A large study of NHL in men was conducted
in six provinces of Canada, between 1991 and
1994 (McDuffie et al., 2001). A total of 517 cases
were identified from provincial cancer regis-
tries and hospitals, and 1506 controls were
identified from provincial health insurance
records, computerized telephone listings, and
voters’ lists. Information about pesticide expo-
sure was collected by means of a mailed ques-
tionnaire, followed by a telephone interview for
subjects reporting 10 hours per year or more
of pesticide exposure. In analyses of individual

420

phenoxyherbicides, the odds ratio for 2,4-D was
1.32, (95% CI, 1.01-1.73). There was no dose-
response pattern in analyses of 2,4-D exposure
by frequency of use (days/year). Similar effect
estimates were presented in a later paper by
(Pahwa et al., 2012), in which no interaction
was found between exposure to 2,4-D and
asthma or allergy in the relationship with NHL.
Hohenadel et al. (2011) found no interaction
between exposure to 2,4-D and malathion in
this study population, and reported no associa-
tion between exposure to 2,4-D and risk of NHL
in the absence of malathion exposure (OR, 0.94;
95% CI, 0.67-1.33) (Hohenadel et al., 2011) [The
Working Group noted that the response propor-
tion was 48% for population controls, making
selection bias a concern].

Two studies estimated the risk of lympho-hae-
matopoietic cancer associated with exposure to
2,4-D based on measurement of 2,4-D in samples
of household dust. Hartge et al. (2005) conducted
a study of NHL in Iowa, and the metropolitan
region of Seattle, Washington State, Detroit,
Michigan, and Los Angeles County, California,
USA. Population controls were identified by
random-digit telephone dialling and through
Medicare records. Dust samples were collected
from participating households from the subjects’
vacuum-cleaner bag, and 2,4-D concentration
(in ng/g) was measured by gas chromatography/
mass spectrometry. Comcentrations of 2,4-D and
dicamba were higher in the carpets of subjects
reporting residential use of herbicides. There was
no association between 2,4-D concentration and
risk of NHL, and no pattern in the dose-response
relationship with increasing concentration. The
risk estimate for the highest category of 2,4-D
exposure at > 10 pg/g compared with concentra-
tions below the detection limit was 0.82 (95% CI,
0.41-1.66). [The interpretation of this study was
limited by the fact that the half-life of 2,4-D in
house dust is unknown.]

Metayer et al. (2013) conducted a study
of childhood acute lymphocytic leukaemia




2,4-Dichlorophenoxyacetic acid

in northern and central California, USA, in
which samples of household dust were collected
according to a standardized protocol during a
household visit. There was no association between
the concentration of 2,4-D in household dust
(measured by gas chromatography/mass spec-
trometry) and risk of childhood acute lympho-
cytic leukaemia (OR, 0.96; 95% CI, 0.85-1.08).
[The half-life of 2,4-D in house dust is unknown.]

Two case-control studies conducted in
Sweden used national registration systems for
identification of cases and population controls.
Hardell etal. (1994) conducted a study on NHL in
Umea, Sweden, in which they identified 105 cases
and 335 controls from 1974 until 1978. Controls
were identified from the national population
registry (living) and national registry for causes
of death (deceased), and were matched to cases on
age, sex, place of residence, vital status and year of
death (for the deceased). Exposure information
was obtained by questionnaire (completed by
proxy for deceased subjects), and exposure was
defined as ever use of the pesticide in occupation
or during leisure time. There was a significantly
increased risk of NHL with use of 2,4-D among
those without exposure to any other phenoxy
herbicide, based on only 3 exposed cases and 1
exposed control (OR, 13;95% CI, 1.2-360). There
was no estimate presented for exposure to 2,4-D
with statistical adjustment for other phenoxy
herbicides. [The extreme imprecision of the risk
estimate for 2,4-D from this study limited inter-
pretation about the possible magnitude of the
association.]

Nordstrom et al. (1998) identified 121 male
patients with hairy cell leukaemia who reported
to the Swedish Cancer Registry between 1987-
1982 and 484 age- and country-matched popu-
lation-based controls identified from national
registries. Information on pesticide use was
collected by mailed questionnaire, with clarifica-
tion of information by follow-up telephone calls,
if needed. Exposure was defined as a minimum
of one working day of exposure (8 hours) and a

latency period of > 1 year. The association with
ever having been exposed to 2,4-D, specifically,
was reported for hairy cell leukaemia only, based
on two exposed cases and five exposed controls
(OR, 1.6; 95% CI, 0.3-8.3).

In a large case-control study on NHL
(including chronic lymphocytic leukaemia;
n = 1145) in Italy in which exposure was assessed
through consultation by industrial hygienists
and agronomists, there was no association with
ever use of 2,4-D (OR, 0.9, 95% CI, 0.5-1.8; 17
exposed cases) (Miligi et al., 2006a). Greater
than low probability of 2,4-D use was not associ-
ated with risk of NHL in men (OR, 0.7; 0.3-1.9;
6 exposed cases) or women (OR, 1.5; 0.4-5.7; 7
exposed cases) (Miligi et al., 2003); however, an
increased risk was observed with greater than
low probability of 2,4-D use in combination with
lack of protective equipment (OR, 4.4; 95% CI,
1.1-29.1; 9 exposed cases) (Miligi et al., 2006a).

The Epilymph study is a large case—control
study of lymphoma (including NHL, Hodgkin
lymphoma, chronic lymphocytic leukaemia, and
multiple myeloma) conducted in six European
countries. Cocco etal. (2013a) evaluated pesticide
exposures in the Epilymph study based on expert
assessment of detailed work histories coupled
with a crop-exposure matrix. Exposure to 2,4-D
was not associated with risk of B-cell lymphoma
in this study (OR, 0.6; 95% CI, 0.1-3.5), based on
two exposed cases and four exposed controls.
[Findings for 2,4-D were mentioned in the text of
the paper with a reference to Table 4. Therefore,
the Working Group interpreted the table entry
labelled “2,4-dichlorophenol” as the association
between 2,4-dichlorophenoxyacetic acid and
B-cell lymphoma.]

2.2.2 Other cancer sites

Most available case—control studies on
soft tissue sarcoma evaluating exposure to
phenoxy herbicides provided effect estimates for
wide exposure categories and did not provide
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estimates specifically for exposure to 2,4-D
(Hardell & Sandstrom, 1979; Eriksson et al.,
1981; Smith et al., 1984; Vineis et al., 1987; Smith
& Christophers, 1992). Two studies including
soft tissue sarcoma did not provide odds ratios
specific for exposure to 2,4-D, but indicated
that risks were not associated with exposure to
2,4-D (Hoar et al., 1986; Woods et al., 1987). One
case—control study on gastric cancer and one on
nasal and nasopharyngeal carcinoma evaluating
exposure to phenoxy herbicides provided effect
estimates for wide exposure categories and did
not provide estimates specifically for exposure to
2,4-D (Hardell et al., 1982; Ekstrom et al., 1999).
These studies were considered to be uninforma-
tive about the carcinogenicity of 2,4-D and are
not reviewed further here.

A case-control study on glioma was
conducted among non-metropolitan residents
of Towa, Michigan, Minnesota and Wisconsin,
USA (Yiin et al., 2012). The study included
798 histologically confirmed cases of primary
intracranial glioma (45% with proxy respond-
ents) and 1175 population-based controls, aged
18-80 years. Subjects were interviewed face-to-
face. Information on exposure from question-
naire responses was evaluated by an experienced
industrial hygienist. An inverse association was
observed for non-farm occupational use of 2,4-D
(OR, 0.56;95% CI, 0.28-1.10); a similar result was
observed when excluding proxy respondents (6
cases) (OR, 0.49; 95% CI, 0.20-1.22). Reported
house and garden use of 2,4-D was also inversely
associated with risk (OR, 0.64; 95% CI, 0.47-0.88;
OR after excluding proxy respondents, 0.76; 95%
CI, 0.51-1.11) [The number of exposed subjects
was very small. Effect estimates were not
presented for farm use of 2,4-D].

Mills et al. (2005) conducted a registry-based
case—control study of cancer of the breast in
Hispanic members of a farm labour union in
California, USA. The study included 128 incident
cases of cancer of the breast (1988-2001) diag-
nosed among past or present members of a large
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agricultural labour union and identified from the
California cancer registry. The controls were 640
cancer-free members of the same trade union
matched for ethnicity and the case’s attained age
at the time of diagnosis. Exposure was deter-
mined from detailed employment records that
were linked to pesticide information obtained
from the Pesticide Databank, a database of
historical pesticide-use records collected by the
California Department of Food and Agriculture.
Exposure to 2,4-D was associated with increased
risk of cancer of the breast (OR, 2.14; 95% CI,
1.06-4.32; 21 cases with “high” 2,4-D exposure)
among cases diagnosed in the second part of the
study period (1995-2001), but not in the first part
(1988-1994), after adjusting for age, date of first
union affiliation, duration of union affiliation,
fertility, and socioeconomic level. [The overall
odds ratio for 2,4-D as calculated by the Working
Group was 1.40 (95% CI, 0.91-2.17]. Exposure
assessment was semi-ecological in this study.
There was no adjustment for several potential
confounders.]

2.3 Meta-analyses

Schinasi & Leon (2014) conducted a meta-
analysis of NHL and exposure to pesticides in
agricultural settings. Case-control and cohort
studies were included if they were published in
English language, used interviews, question-
naires or exposure matrices to assess occupa-
tional exposure to agricultural pesticides, and
reported quantitative associations of NHL overall
or by subtype with specific active ingredients or
chemical groups. Five papers on case-control
studies contributed to the meta relative-risk esti-
mates for the relationship between occupational
exposure to 2,4-D and NHL overall (Zahm et al.
1990; Cantor et al., 1992; Mills et al., 2005; Miligi
et al., 2006b; Pahwa et al., 2012). The meta rela-
tive-risk for exposure to 2,4-D and NHL was
1.40 (95% CI, 1.03-1.91, I? = 61.5%). Sensitivity
analyses examining the influence of sex, period
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of diagnosis, and geographical region did not
substantially change the meta relative risk (RR)
for 2,4-D.

A meta-analysis of 2,4-D and cancer by
Goodman et al. (2015) included a larger number
of peer-reviewed observational epidemiological
studies of NHL reported before 9 October 2014
that reported quantitative measures of associ-
ation specifically for 2,4-D, and also estimated
cancer of the stomach or prostate in relation to
exposure to 2,4-D. In the main analysis, there
were nine studies on NHL (Woods & Polissar,
1989; Hardell et al., 1994; Kogevinas et al., 1995;
De Roos et al., 2003; Hartge et al., 2005; Mills
etal., 2005; Miligi et al., 2006b; Burns et al., 2011;
Hohenadel et al., 2011), three studies on cancer of
the stomach (Lee et al., 2004; Mills & Yang, 2007;
Burns et al., 2011), and two studies on cancer of
the prostate (Band et al., 2011; Burns et al., 2011).
Risk estimates and confidence intervals extracted
from the original studies were log-transformed
before analysis. Exposure to 2,4-D was not asso-
ciated with NHL (RR, 0.97; 95% CI, 0.77-1.22;
I2 = 28.8%, P erogencity = 0-19). For cancer of the
stomach, the relative risk was 1.14 (95% CI,
0.62-2.10; I = 54.9%, Pyopeny = 0-11), and
for cancer of the prostate it was 1.32 (95% CI,
0.37-4.69; I* 87.0%, P, oqenay = 0-01). The tests
of heterogeneity of effect by exposure source did
not reveal heterogeneity by study design, type of
exposure (agricultural or other), geographical
location, or sex. Sensitivity analyses indicated
that the results were robust to most factors consid-
ered. However, after substitution of: (i) a pooled
analysis that adjusted for multiple pesticides (De
Roos et al., 2003) by the three individual studies
(Hoar etal., 1986; Zahm et al., 1990; Cantor et al.,
1992) that were not adjusted; and (ii) a study
considering 2,4-D in the absence of malathion
(Hohenadel et al., 2011) by a study that consid-
ered ever exposure to 2,4-D (Pahwa et al., 2012);
and (iii) the unadjusted rather than the adjusted
estimate from another study (Mills et al., 2005),
the meta relative risk for NHL increased to 1.34

(95% CI, 1.04-1.72), and heterogeneity also
increased (I = 56.3%, P = 0.011).

The Working Group carried out an addi-
tional meta-analysis of 2,4-D and non-Hodgkin
lymphoid neoplasms (including NHL, multiple
myeloma, hairy cell leukaemia, and chronic
lymphocytic leukaemia) (see Table 2.3 for the
key characteristics of the studies included in the
Working Group meta-analysis and a comparison
with the previously published meta-analyses).
Thirteen reports were included in the main
(primary) analysis and 15 reports were included
in a secondary analysis. When the risk estimates
for the primary analysis were displayed on a
funnel plot, the plot was nearly symmetric [this
was interpreted to show no significant evidence
of publication bias] (Fig. 2.1). Where available,
risk estimates were selected for the primary
analysis that adjusted for use of pesticides other
than 2,4-D: De Roos et al. (2003) adjusted for
more than 40 pesticides, Kogevinas et al. (1995)
adjusted for 2,4,5-T and MCPA, Mills et al.
(2005) adjusted for 14 pesticides. In addition, a
risk estimate for 2,4-D in the absence of exposure
to malathion was selected from Hohenadel et al.
(2011), the risk estimate for 2,4-D in the absence
of exposure to DEET was selected from Pahwa
etal. (2006), and a risk estimate in the absence of
any other phenoxy herbicide was selected from
Hardell et al. (1994). Estimates adjusted for other
pesticide use were not available for a further seven
studies included in the meta-analysis: Woods &
Polissar (1989), Miligi et al. (2006b), Cocco et al.
(2013b) (B-cell lymphoma), Nordstrom et al.
(1998) (hairy cell leukaemia), Brown et al. (1993)
(multiple myeloma), Brown et al. (1990) (chronic
lymphocytic leukaemia), and Burns et al. (2011).
Hartge et al. (2005) was not included in the
Working Group meta-analysis, in contrast to
Goodman etal. (2015), due to the use of exposure
measurement via dust, which was qualitatively
different from the other studies (Table 2.3). In
this analysis, 2,4-D was not associated with risk
of NHL (RR, 1.04; 95% CI; 0.88-1.22; I> = 6%,
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Table 2.4 Summary of results of the Working Group meta-analysis (primary and secondary
analysis) of epidemiological studies on 2,4-dichlorophenoxyacetic acid (2,4-D) and non-

Hodgkin lymphoid neoplasms

Analysis No. of studies  I* Meta-relative risk ~ Comments
included (95% CI)

Overall

Most adjusted (primary 13 6.00%  1.04(0.88-1.22) De Roos et al. (2003) replaces the individual
analysis) case—control studies in the midwest USA
Least adjusted 15 37.60%  1.31 (1.10-1.56) Least adjusted estimates when possible,
(secondary analysis) compare to primary analysis

By outcome

Non-Hodgkin lymphoma 9 36.30%  1.06 (0.80-1.40) Primary analysis restricted to non-Hodgkin

lymphoma only, subtypes excluded

Multiple myeloma 3 0.00%  0.99 (0.71-1.39) Restricted to multiple myeloma

Chronic lymphocytic 2 0.00%  1.15(0.79-1.67) Restricted to chronic lymphocytic
leukaemia leukaemia
P, cterogencity = 0-386) (Fig. 2.2; Table 2.4). A sensi- ~ Monograph, the Working Group evaluated all

tivity analysis showed positive associations and a
large heterogeneity when risk estimates that were
adjusted for other pesticides (meta relative risk,
1.31;95% CI, 1.10-1.56; I2 = 37.6%) (Fig. 2.3; Table
2.4). For both the above, an analysis of the effect
of omitting each study in turn did not substan-
tially affect the overall meta relative risk.

3. Cancer in Experimental Animals

2,4-D and its butyl, isopropyl, and isooctyl
esters were previously reviewed and evaluated
for carcinogenicity by the IARC Monographs
Working Groups for Volume 15 and Supplement
7 (IARC, 1977, 1987) on the basis of studies of
oral administration in rats and mice, and subcu-
taneous administration in mice. All the studies
considered at the time of these evaluations were
found to have limitations, inadequate reporting,
or inadequate (small) numbers of animals. In
addition, only one dose group was used in most
of the studies. The previous Working Group
(IARC, 1987) concluded that there was inad-
equate evidence in experimental animals for
the carcinogenicity of 2,4-D. For the present

relevant studies of carcinogenicity in experi-
mental animals, including those published since
the evaluations made in 1977 and 1987.

3.1 Mouse

See Table 3.1

3.1.1 Oral administration

Groups of 18 male and 18 female
(C57BL/6 x C3H/Anf)F, mice and groups of 18
male and female (C57BL/6 x AKR)F, mice were
given commercial 2,4-D (purity, 90%) at a dose
of 46.4 mg/kg body weight (bw) per day in 0.5%
gelatin (in distilled water) by gavage at age 7-28
days, followed by a diet containing 149 mg/kg
bw ad libitum for 18 months. Additional groups
of 18 male and 18 female (C57BL/6 x AKR)F,
mice were given 2,4-D at a dose of 100 mg/kg bw
per day by gavage, and subsequently fed a diet
containing 2,4-D at 323 mg/kg bw for 18 months.
Groups of 18 males and 18 females served as
vehicle controls in all experiments. No signif-
icant increase in tumour incidences occurred
in any of the treatment groups. Similar results
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Fig. 2.1 Funnel plot (with pseudo 95% confidence limits) of cohort and case-control studies
assessing exposure to 2,4-dichlorophenoxyacetic acid (2,4-D) and non-Hodgkin lymphoid

neoplasms: primary analysis
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The figure plots the risk estimates for the 13 reports included in the primary analysis
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Prepared by the Working Group

were obtained in groups of 18 male and 18 female
(C57BL/6 x C3H/Anf)F, and (C57BL/6 x AKR)
F, mice given the 2,4-D isopropyl ester (purity,
99%), butyl ester (purity, 99%), or isooctyl ester
(purity, 97%) at a dose of 46.4 mg/kg bw per day
in 0.5% gelatin by stomach tube, at age 7-28 days,
followed by diets containing the esters at a dose
of 111, 149, or 130 mg/kg bw, respectively, for 18
months (NTIS, 1968; Innes et al., 1969). [The
Working Group noted the inadequate number
of treated and control animals, and the use of a
single dose level ]

Groups of 50 male and 50 female B6C3F,
CRL BR mice were given diets containing 2,4-D
(purity, 96.4%) at a concentration of 0, 5, 62.5, or
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125 mg/kg bw (males), and 0, 5, 150 or 300 mg/kg
bw (females) for 104 weeks. There were no treat-
ment-related deaths or clinical signs of toxicity
in either sex. Body weight, body-weight gain, and
food consumption were generally similar among
the groups of males throughout the study. Body-
weight gains of females at 300 mg/kg bw were
non-significantly decreased during the first 18
months of the study. There were no treatment-re-
lated increases in the incidence of any tumour
type in males or females (Charles et al., 1996a).
Inastudy submitted to the EPA (1997), groups
of 50 male and 50 female B6C3F, mice were given
diets containing 2,4-D (purity, 97.5%) at a dose
of 0, 1, 15, or 45 mg/kg bw for 104 weeks. There
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Fig. 2.2 Forest plot of cohort and case-control studies assessing exposure to
2,4-dichlorophenoxyacetic acid (2,4-D) and non-Hodgkin lymphoid neoplasms: primary analysis)
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were no treatment-related effects on survival or
body weight. There were no treatment-related
increases in tumour incidences in any treated
group of males or females.

3.1.2 Subcutaneous injection

Groups of 18 male and 18 female
(C57BL/6 x C3H/Anf)F, mice and groups of
18 male and female (C57BL/6 x AKR)F, mice
were given single subcutaneous injections of
2,4-D (purity, 90%) at a dose of 215 mg/kg bw
in dimethyl sulfoxide (DMSO) at age 28 days,
and observed for 18 months. At termination of
the study, 16-18 mice in the four treated groups
were still alive. Groups of 24 male and 24 female
mice served as vehicle controls in all experi-
ments. There were no treatment-related increases

in tumour incidences in any of the treatment
groups.

Tumour incidences were not increased in
groups of 18 maleand 18 female (C57BL/6 x C3H/
Anf)F, mice, and 18 male and 18 female
(C57BL/6 x AKR)F, mice given single subcuta-
neous injections of 2,4-D butyl esters (purity,
90%) atadose of 21.5 mg/kg bw, or 2,4-D isopropyl
esters (purity, 90%) at a dose of 100 mg/kg bw, in
corn oil. However, in (C57BL/6 x AKR)F, mice
similarly injected with the isooctyl ester of 2,4-D
(purity, 97%) at a dose of 21.5 mg/kg bw in corn
oil, 5 out of 17 female (C57BL/6 x AKR)F, mice
developed reticulum cell sarcoma [P < 0.02,
versus 0 out of 19 controls]; there was no increase
in tumour incidence in males treated with the
isooctyl ester, or in (C57BL/6 x C3H/Anf)F,
male and female mice treated with the isooctyl
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Fig. 2.3 Forest plot of cohort and case-control studies assessing exposure to
2,4-dichlorophenoxyacetic acid (2,4-D) and non-Hodgkin lymphoid neoplasms: secondary

analysis)
Study RR (95% Cl) Weight (%)
T
Burns et al. (2011) NHL + MM '-}0— 1.50 (0.89, 2.54) 7.24
1
Cocco et al. (2013) B-cell NHL —0—-:— 0.60 (0.10, 3.55) 0.92
Nordstrom et al. (1998) HCL : 1.60 (0.30, 8.42) 1.05
1
Mills et al. (2005) | —— 3.80 (1.85, 7.81) 4.59
Kogevinas et al. (1995) — 1.11 (0.46, 2.66) 3.34
Pahwa et al. (2012) 1.27 (0.98, 1.65) 14.30
Miligi et al. (2006a) —e 0.90 (0.47, 1.71) 5.49

Hardell et al. (1994)

Cantor et al. (1992)

Zahm et al. (1990)
Hoar et al. (1986)
Woods et al. (1989)
Brown et al. (1993) MM —
Brown et al. (1990) CLL -
Pahwa et al.(2006) MM

Overall (I-squared = 37.6%, p = 0.070)

NOTE: Weights are from random effects analysis

-———<>i—+-+-j-—{—:——+—-—+—+-I-—

- > 13.00 (0.75,225.15)  0.37

1.20 (0.90, 1.60) 13.36
1.50 (0.90, 2.50) 7.50
2.30(1.26,4.18) 6.06
0.73(0.40, 1.32) 6.19
1.00 (0.61, 1.63) 7.90
1.30 (0.82, 2.06) 8.58
1.25(0.93, 1.68) 13.09
1.31 (1.10, 1.56) 100.00
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ester (N'TIS, 1968). [The Working Group noted
the inadequate number of treated and control
animals, the use of a single injection and of a
single dose. The Working Group also noted
that reticulum cell sarcoma may be classified by
current terminology as histiocytic sarcoma or as
a type of mixed cell malignant lymphoma.]

3.1.3 Coadministration with a known
carcinogen

Groups of 25 male CD-1 mice were given
drinking-water containing a commercial amine
formulation 0f2,4-D [containing2,4-D at 140 g/L;
the content of other chemicals was not reported]
at a concentration of 0, 10, 25, or 50 mg/kg bw

430

per day for 15 weeks. After 3 weeks, the mice
were given a single intraperitoneal injection of
urethane at a dose of 1.5 g/kg bw in saline. The
effect of 2,4-D on urethane-induced formation
of pulmonary adenoma was evaluated 84 days
after urethane injection. Treatment with 2,4-D
significantly increased the multiplicity of pulmo-
nary adenoma (6.7 + 0.7, 12.0 = 1.7%, 11.3 + 2.1,
9.5+ 1.6; *P = 0.0207) (Blakley et al., 1992).
Pregnant CD-1 mice were given drink-
ing-water containing a commercial amine
formulation of 2,4-D [the chemical content was
not reported] at a concentration of 0, 15, 65, or
650 mg/kg bw on days 6-16 of gestation. At age
7 weeks, female offspring were given a single
intraperitoneal injection of urethane at a dose
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of 1.5 g/kg bw in saline. The effect of 2,4-D on
urethane-induced formation of pulmonary
adenoma was evaluated in female offspring 19
weeks after birth. Treatment with 2,4-D did not
significantly increase the multiplicity of pulmo-
nary adenoma (14.6 = 0.8, 15.0 £ 0.8, 18.7 £ 0.9,
14.9 + 0.8, respectively) (Lee et al., 2000).

3.2 Rat
See Table 3.2

Oral administration

Groups of 25 male and 25 female Osborne-
Mendel rats (age, 3 weeks) were given diets
containing 2,4-D (purity, 96.7%) at a concentra-
tion of 0, 5, 25, 125, 625, or 1250 ppm for 2 years.
All rats were killed and necropsied after 2 years,
except for one rat at the highest dose that died
during the experiment. Microscopic examina-
tions were conducted on heart, lung, liver, spleen,
kidney, stomach, intestines, pancreas, pituitary,
thyroid, adrenal, bone (including marrow), ovary
and uterus (or testis and prostate), tumours,
and other gross lesions from six males and six
females from the group at the highest dose and
the control group. Only the liver, kidney, spleen,
ovary (or testis), tumours and other gross lesions
from rats at other doses were subjected to micro-
scopic examination. Treatment with 2,4-D did
not affect survival, body weight, or organ weights
at any dose. There were no treatment-related
increases in tumour incidences in any treated
group of males or females (Hansen et al., 1971).
[The Working Group noted that microscopic
evaluations were not performed on a standard
comprehensive list of tissues and organs across
all dose groups].

In a study submitted to the United States EPA
(EPA, 1997), groups of 60 male and 60 female
F344 rats were given diets containing 2,4-D
(purity, 97.5%) at a dose of 0 (control), 1, 5, 15,
or 45 mg/kg bw per day for 2 years. Body-weight
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gains were significantly decreased in females at
the highest dose, relative to controls. The inci-
dences of astrocytoma in the brain in the control
group, and the groups at 1, 5, 15, and 45 mg/kg
bw were: 1/60, 0/60, 0/60, 2/58, and 6/60 in males,
respectively; and 0/60, 1/60, 2/60, 1/60, and 1/60
in females, respectively. In males, the incidence
of astrocytoma showed a statistically significant
positive trend (P = 0.0026), but the incidence in
the group at the highest dose was not statistically
significant.

In a study of combined long-term toxicity
and carcinogenicity, groups of 50 male and 50
female F344 rats were given diets containing
2,4-D (purity, 96.4%) at a dose of 0, 5, 75, or
150 mg/kg bw for up to 104 weeks. There were
no treatment-related deaths. Body-weight gains
and average food consumption were decreased
throughout the study in males and females at
the highest dose. There was no treatment-re-
lated increase in the incidence of any tumour,
including astrocytoma of the brain. The inci-
dence of astrocytoma was: 0/50, 0/50, 0/50, 1/50
in males, respectively; and 1/50, 0/50, 0/50, 1/50
in females, respectively (Charles et al. 1996a;
EPA, 1997).

[The Working Group noted that the study by
Charles et al. (1996a) was designed to address the
finding of a significant positive trend in the inci-
dence of astrocytoma of the brain (with no pair-
wise significance) found in the study submitted
to the EPA (1997). In the study by Charles et al.
(1996a), the rats were given higher doses, and
there was no significant increase in the incidence
of astrocytoma of the brain (Charles et al., 1996a;
EPA. 1997).]

3.3 Dog

A hospital-based case-control study of pet
dogs examined the risk of developing canine
malignant lymphoma associated with the use
of 2,4-D in and about the dog owner’s home.
Dogs with histopathologically confirmed
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malignant lymphoma, newly diagnosed over a
4-year period, were identified using computer-
ized medical-record abstracts from three veter-
inary medical teaching hospitals in the states
of Colorado, Indiana, and Minnesota, USA.
Two comparison control groups, matched by
age group, but not by sex, were chosen from
dogs seen at the same teaching hospital in the
same year as the identified case, with one-to-one
matching for each control group. The first control
group (tumour control) was selected from all
other tumour cases diagnosed at the teaching
hospital, excluding transitional cell carcinoma
of the lower urinary tract because of a poten-
tial etiology related to chemical exposures. The
second control group (non-tumour control) was
selected from dogs seen for any other diagnostic
reason, excluding those with conditions possibly
related to chemical exposures (e.g. nonspecific
dermatitis, neuropathies). Owners of dogs in the
case and control groups were sent a standardized
questionnaire requesting information about the
demographic characteristics of all people living
in their home, basic information about the dog’s
life history, household use of chemicals (in and
about the home), including those directly applied
to the pet, and personal use of chemicals of what-
ever kind on the lawn and garden and/or the
employment of commercial companies applying
such chemicals. In addition, owners were asked
about opportunities for exposure of their pets to
lawn and garden chemicals, including frequency
of access to the yard. The questionnaire did not
provide a list of chemicals that the owner could
consult in responding to the various questions
regarding home, lawn, and gardening chemi-
cals. Information from the self-administered
questionnaire and/or a telephone interview of
owners of 491 cases, 466 non-tumour controls,
and 479 tumour controls indicated that owners
of dogs that developed malignant lymphoma
had applied 2,4-D herbicides to their lawn and/
or employed commercial lawn-care companies
to treat their yard significantly more frequently
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than control owners (OR, 1.3; 95% CI, 1.04-1.67).
The risk of canine malignant lymphoma rose to a
twofold (OR, 2.0; 95% CI, 0.92-4.15) non-signif-
icant excess with four or more lawn applications
of 2,4-D per year by the owner. The findings in
this study were consistent with those of studies
of occupational exposure in humans, which
have reported modest associations between
agricultural exposure to 2,4-D and increased
risk of NHL, the histology and epidemiology of
which are similar to those of canine malignant
lymphoma (Hayes et al., 1991). [The Working
Group noted that details on the assessment
procedures were described very briefly, and that
information on the type of chemicals applied
to the lawns of the respondents by commercial
companies was not provided.]

Hayes et al. (1995), responding to a review of
their earlier article (Hayes et al., 1991) by Carlo
et al. (1992), presented additional data and a
subsequent analysis showing that risk estimates
did not vary by type of control group (tumour
control or non-tumour control), by method of
response (self-administered or telephone inter-
view) or by geographical area of recruitment of
the subjects.

Are-analysis of the original data was reported
by Kaneene & Miller (1999). This re-analysis
included a reclassification of exposure to 2,4-D,
and a considerable number of the animals char-
acterized as exposed in the original analysis
by Hayes et al. (1991) were considered to be
non-exposed in the re-analysis. The odds ratio
for owner and/or commercial application was
slightly lower and non-significant in the re-anal-
ysis (OR, 1.2; 95% CI, 0.87-1.65) compared to
that in the original article (OR, 1.3; 95% CI,
1.04-1.67) by Hayes et al. (1991). In the re-anal-
ysis, there was also no clear dose-response rela-
tionship found for level of lawn treatment by the
owner, although a non-significant elevated odds
ratio was still observed in the highest quartile of
exposure (four or more applications per year by
the owner) versus non-exposed (OR, 2.4; 95% CI,
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0.87-6.72) [no P value for trend was reported].
[The Working Group noted that although
Kaneene & Miller (1999) extensively revised the
exposure assessment, the re-analysis still lacked
information on type of commercial application,
as did the original analysis by Hayes et al. (1991).
In addition, the classification as non-exposed of
many animals that had been previously classi-
fied as exposed to applications by commercial
companies in the original article may have led
to exposure misclassification of the non-exposed
group.]

[Overall, results from the original article,
the subsequent analysis and the re-analysis were
difficult to interpret due to potential exposure
misclassification.]

4, Mechanistic and Other
Relevant Data

4.1 Toxicokinetics

4.1.1 Humans

(a)  Absorption, distribution, and excretion

2,4-D and its salts and esters are readily
absorbed after exposure. Dermal absorption has
been demonstrated experimentally in humans,
with about 5% of the dermally applied dose
recovered in the urine in two studies (Feldmann
& Maibach, 1974; Harris & Solomon, 1992).
However, another study reported that absorption
ranged from 7% to 14% depending on the vehicle
(water or acetone), and on whether a mosquito
repellent (DEET; N,N-diethyl-meta-toluamide)
was also applied (Moody et al., 1992). A review of
studies of dermal absorption reported a weighted
average (+ standard deviation) absorption rate of
5.7% (£ 3.4%) (Ross et al., 2005). In skin from
human cadavers, the relative percentage of
dermal absorption of 2,4-D from contaminated
soil increased as soil loadings of 2,4-D decreased

(Duff & Kissel, 1996). Absorption after inhala-
tion has not been directly measured experimen-
tally in humans.

Experimental studies in humans demon-
strated essentially complete absorption in the
gastrointestinal tract after oral exposure (Kohli
et al., 1974; Sauerhoff et al., 1977). 2,4-D has
been detected in plasma after oral exposure, with
terminal plasma half-lives of 7-16 hours, and
urinary elimination half-lives of 10-30 hours
(Sauerhoff et al., 1977). A somewhat slower elim-
ination half-life of around 33 hours was reported
in another study (Kohli et al., 1974). However,
both results suggested that 2,4-D would not accu-
mulate with repeated exposure. Additionally,
Sauerhoff et al. (1977) reported a distribution
volume of around 300 mL/kg, suggesting some
distribution to tissues. Like other organic acids
of low relative molecular mass, 2,4-D is revers-
ibly bound to plasma proteins, which explains
the relatively low distribution volume. For
instance, several studies have suggested that
2,4-D binds to human serum albumin (Rosso
etal., 1998, Purcell et al., 2001). Rosso et al. (1998)
reported that 2,4-D has a poor ability to pene-
trate membranes.

Available data suggested that excretion of
2,4-D is largely, if not completely, via the urine,
regardless of the route of exposure (Feldmann &
Maibach, 1974; Kohli et al., 1974; Sauerhoff et al.,
1977). The rate of excretion exceeds that which
would be expected by passive glomerular filtra-
tion, consistent with a role for active transport in
the kidney. Based on uptake measured in human
kidney slices, organicanion transporter 1 (OAT1)
appeared to belargely responsible for the ability of
the kidney to excrete 2,4-D (Nozaki et al., 2007).
While mainly expressed in the kidney, OAT1 is
also expressed at lower levels in the human brain
(Burckhardt & Wolff, 2000), and thus may play
a role in the blood-brain distribution of 2,4-D
(Gao & Meier, 2001).
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(b) Metabolism

The salts and esters of 2,4-D are hydrolysed
in vivo to 2,4-D, which undergoes a minor
amount of metabolism in humans. In one study,
75% of an administered oral dose was excreted
unchanged in the urine after 96 hours (Kohli
etal., 1974). In another study of oral dosing, 13%
of the administered dose was excreted as a 2,4-D
hydrolysable conjugates, with about 82% excreted
as unchanged 2,4-D (Sauerhoff et al., 1977). The
identities of metabolites were not determined in
these studies. One study using human CYP3A4
expressed in yeast reported metabolism of 2,4-D
to 2,4-dichlorophenol (2,4-DCP) (Mehmood
et al., 1996), but no data confirming metabolism
of 2,4-D to 2,4-DCP in exposed humans were
available.

4.1.2 Experimental systems

The toxicokinetics of 2,4-D has been studied
in multiple species, but only studies in mammals
are discussed here.

(@)  Absorption, distribution, and excretion

2,4-D is readily absorbed by all experimental
animal species tested. Absorption from the lung
has been measured in rats in one study, although
2,4-D was administered through a tracheal
cannula to anaesthetized animals (Burton et al.
1974). The rate of absorption was found to be
rapid, with a half-time of 1.4 minutes and no
evidence of saturation up to a concentration of
10 mM (Burton et al., 1974). Rapid and nearly
complete absorption via the oral route has been
reported in multiple species, including mice,
rats, hamsters, dogs, pigs, and calves (Erne 1966;
Pelletier et al., 1989; Griffin et al., 1997; van
Ravenzwaay et al., 2003). Dermal absorption has
also been measured in multiple species, including
mice, rats, rabbits, and monkeys, with absorp-
tion rates between 6% and 36% (Grissom et al.,
1985; Pelletier et al., 1989; Moody et al., 1990;
Knopp & Schiller 1992). Multiple experimental
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studies have also reported that 2,4-D absorption
is enhanced by ethanol consumption or applica-
tion of topical sunscreens, moisturizers, or insect
repellents (Pelletier etal., 1990; Brand et al., 2003,
2007a, b, ¢; Pont et al., 2003).

After absorption, 2,4-D readily distributes
to tissues via systemic circulation. In all species
tested, it is detected in the plasma after oral or
dermal exposure. In a study in rats given radi-
obelled 2,4-D by oral or dermal administration,
peak concentrations of radiolabel in the blood
and kidney were reached within 30 minutes of
administration by either route (Pelletier et al.,
1989). In another study in rats given radiolabelled
2,4-D by oral administration, peak concentra-
tions in tissues were reached 6-20 hours after
exposure, with the highest levels in the lung,
heart, liver, spleen, and kidney, and the lowest
levels in adipose tissue and brain (Deregowski
et al., 1990). In a study of toxicokinetics in male
and female mice and rats given 2,4-D as an oral
dose at 5 mg/kg bw, the highest peak concen-
trations were found in the kidney (Griffin et al.
1997). At a higher oral dose of 200 mg/kg bw,
blood concentrations were nearly equal to or
higher than kidney concentrations in mice and
hamsters (Griffin et al., 1997). In studies in
rats, rabbits, and goats, administration of 2,4-D
during pregnancy or lactation lead to distribu-
tion of 2,4-D to the fetus or to milk (Kim et al.
1996; Sandberg et al., 1996; Stiirtz et al., 2000;
Barnekow et al., 2001; Stiirtz et al., 2006; Saghir
et al., 2013).

Like other organic acids of low relative
molecular mass, 2,4-D is reversibly bound to
plasma proteins (Arnold & Beasley, 1989). In
studies in rats, dogs, and goats given 2,4-D
orally, the binding fraction was reported to be
more than 85% (Orberg, 1980; Griffin et al., 1997
van Ravenzwaay et al., 2003). Plasma binding
explains the relatively low apparent volume
of distribution (van Ravenzwaay et al., 2003).
Binding specifically to bovine serum albumins
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has been measured in vitro (Mason, 1975; Fang
& Lindstrom 1980).

In rats, a disproportionate increase in plasma
concentrations of 2,4-D, consistent with satu-
ration of elimination, occurs as doses increase
(Saghir et al., 2006). The lowest dietary dose at
which this disproportionality has been observed
was between 25 and 79 mg/kg bw per day,
depending on sex and life-stage (pups, adults,
pregnant, lactating) (Saghir et al., 2013).

Several studies in rats and rabbits have
examined the distribution of 2,4-D to the brain
at higher exposures (Kim et al., 1988; Tyyneld
et al., 1990; Kim et al., 1994). OAT1 is expressed
in the rat and mouse brain (Burckhardt & Wolff,
2000), and may play a role in the distribution of
2,4-D to the brain (Gao & Meier, 2001). Brain
concentrations of 2,4-D at exposures above
100 mg/kg bw appear higher than would be
expected based on passive diffusion, given the
plasma protein binding of 2,4-D (Tyyneld et al.,
1990). Additionally, no increase in permeability
of the blood-brain barrier was found (Kim et al.
1988). Mechanistic studies suggest that alter-
ations in OAT1 or other transporters at higher
exposures of 2,4-D may be responsible for this
accumulation (Pritchard, 1980; Kim et al., 1983).

Excretion of 2,4-D is largely via the urine.
After oral administration at 5-50 mg/kg bw, the
percentage of 2,4-D recovered in the urine was
81-97% in rats, 71-81% in hamsters, and 54-94%
in mice (Griffin et al., 1997; van Ravenzwaay
et al, 2003). As in humans, it appears that
organic anion transporters, such as OAT1, are
responsible for active transport into the kidney,
which facilitates excretion (Imaoka et al., 2004).
In dogs only 20-38% was recovered in urine
after 72 hours, with an additional 10-24% in the
faeces (van Ravenzwaay et al., 2003). Moreover,
the half-life in dogs appears to be much longer
than in other species, even accounting for allo-
metric differences due to differences in body size,
leading to much higher body burdens of 2,4-D

for a given exposure (van Ravenzwaay et al.,
2003; Timchalk, 2004).

(b) Metabolism

The salts and esters of 2,4-D are hydrolysed
in vivo to 2,4-D. In most experimental systems,
2,4-D undergoes only limited metabolism to
conjugates before excretion. In one study of oral
administration, no metabolites were detected in
rats, glycine and taurine conjugates of 2,4-D were
detected in hamsters and mice, and glucuronide
conjugates of 2,4-D were detected in hamsters
only (Griffinetal.,1997).In mice, these conjugates
accounted for less than 20% of urinary excretion
at 5 mg/kg bw, but almost 50% at 200 mg/kg bw.
In hamsters, which were only exposed to 2,4-D
at 200 mg/kg bw, metabolites accounted for less
than 13% of urinary excretion. No metabolites
were detected in a study of goats given 2,4-D
(Orberg, 1980). In a study comparing rats and
dogs, no metabolite in rat urine exceeded 2% of
the administered dose. Numerous metabolites
were detected in dogs (van Ravenzwaay et al.,
2003); the most abundant 2,4-D conjugates were
those with glycine (about 34% of theadministered
dose at 120 hours) and glucuronide (7%), and
were more abundant than the parent compound,
2,4-D (1%) (van Ravenzwaay et al., 2003). [The
Working Group noted that these data suggested
that dogs have a lower capacity to excrete 2,4-D
than other species studied.] After administration
of 2,4-D, 2,4-DCP has been reported in the rat
kidney (Aydin etal., 2005), goat milk and fat, and
chicken eggs and liver (Barnekow et al., 2001).

4.1.3 Modulation of metabolic enzymes

No data on modulation of metabolic enzymes
in humans were available to the Working Group.
At the median lethal dose (LD,,, 375 mg/kg), a
single gavage dose of 2,4-D induced cytochrome
P450 (CYP1Al1, CYP1A2, and CYP1B1) mRNAs
in the mammary gland, liver, and kidney of
female Sprague-Dawley rats (Badawi et al., 2000).
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In mouse liver, dietary exposure to 2,4-D at
a concentration of 0.125% (w/w) induced total
cytochrome oxidase activity and the activities
of cytosolic and microsomal epoxide hydro-
lases (Lundgren et al., 1987). A less pronounced
increase in total cytosolic glutathione transferase
activity was observed. Total protein levels of
CYP450 and cytosolic epoxide hydrolase were
induced [probably due to induction of CYP4A
mediated by peroxisome proliferator-activated
receptor (PPAR).]

4.2 Mechanisms of carcinogenesis

4.2.1 Genotoxicity and related effects

2,4-D has been studied in a variety of assays
for genotoxic and related potential. Table 4.1,
Table 4.2, Table 4.3, and Table 4.4 summarize
the studies carried out in exposed humans, in
human cells in vitro, in other mammals in vivo
and in vitro, and in non-mammalian systems,
respectively.

(a)  Humans

(i)  Exposed humans

See Table 4.1

No induction of micronucleus formation in
circulating blood lymphocytes was reported in
applicators exposed only to 2,4-D (Figgs et al.,
2000; Holland et al., 2002). In a study of chromo-
somal aberrations in lymphocytes of forest/road-
side herbicide applicators, an association was
reported with the amount of herbicide applied,
but no association was observed among workers
who applied 2,4-D only, or with urinary 2,4-D
concentrations (Garry et al., 2001). An associa-
tion was reported between 2,4-D urine levels and
V(D)J rearrangements (Garry et al., 2001). [The
Working Group noted that the V(D)] rearrange-
ments may not reflect a genotoxic effect.]

A causative effect of 2,4-D alone could not
be demonstrated in several studies of pesticide
mixtures. Induction of DNA breaks as measured
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by the comet assay was seen in lymphocytes from
male production workers exposed to a pesticide
mixture including 2,4-D (Garaj-Vrhovac &
Zeljezic, 2000, 2001, 2002). Chromosomal aber-
rations were induced in lymphocytes of male
agricultural workers (Yoder et al., 1973; Garaj-
Vrhovac & Zeljezic, 2001, 2002), but not in male
forestryworkers(Mustonenetal.,1986).Induction
of micronucleus formation in lymphocytes was
seen in males exposed to a pesticide mixture
including 2,4-D (Garaj-Vrhovac & Zeljezic,
2001, 2002) or in an herbicide plant producing
2,4-D and 2,4,5-trichlorophenol (Kaioumova
& Khabutdinova, 1998). For sister-chromatid
exchange, positive results were reported in
males exposed to a pesticide mixture including
2,4-D (Garaj-Vrhovac & Zeljezic, 2001; Zeljezic &
Garaj-Vrhovac, 2002). However, a separate study
showed no effect on sister-chromatid exchange
in male forestry workers exposed to 2,4-D and
MCPA (Linnainmaa, 1983).

(i)  Human cells in vitro

See Table 4.2

No induction of DNA strand breaks by 2,4-D
was detected by 2P labelling in exposed leuko-
cytes (Sreekumaran Nair et al., 2002). Comet
assay results were positive in lymphocytes
isolated from smokers, but not non-smokers,
exposed to 2,4-D (Sandal & Yilmaz, 2011).
Apurinic/apyrimidinic sites in human fibro-
blasts were induced by a commercial formulation
containing 2,4-D dimethylamine salt, but not by
2,4-D or the 2,4-D trimethylamine salt (Clausen
et al., 1990).

Regarding induction of chromosomal aber-
ration by 2,4-D, both positive (Pilinskaia, 1974;
Korte & Jalal, 1982) and negative (Mustonen
et al., 1986) results have been reported in human
lymphocytes. Positive results were reported in
human lymphocytes exposed to 2,4-D-based
formulations (Mustonen et al., 1986; Zeljezic &
Garaj-Vrhovac, 2004).
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2,4-Dichlorophenoxyacetic acid

Regarding micronucleus formation, incon-
clusive results have also been observed in whole
blood or lymphocyte cultures treated with 2,4-D
or a 2,4-D-based formulation (Holland et al.,
2002). Micronuclei were induced after exposure
of lymphocytes to a 2,4-D-based formulation in
the presence or absence of metabolic activation
(Zeljezic & Garaj-Vrhovac, 2004).

Positive results were seen in an assay for
sister-chromatid exchange in human lympho-
cytes treated with 2,4-D (Korte & Jalal, 1982).
Soloneski et al. (2007) reported induction
of sister-chromatid exchange in lymphocyte
cultures by 2,4-D or by a formulation containing
2,4-D dimethylamine salt, but only when eryth-
rocytes were present in the cultures (Soloneski
et al., 2007). [The Working Group noted that the
findings of Soloneski et al. (2007) suggest that
erythrocytes may play a role in 2,4-D metabolic
activation or lipid peroxidation induction.]

(b)  Experimental systems

(i) Non-human mammals in vivo

See Table 4.3

In mice, dominant-lethal tests with 2,4-D
gave negative results (Epstein et al., 1972).
Positive results for chromosomal aberration were
reported in bone marrow cells and spermatocytes
after oral or intraperitoneal treatment with 2,4-D
(Pilinskaia, 1974; Venkov et al., 2000; Amer &
Aly, 2001) or after exposure to the metabolite
2,4-DCP (Amer & Aly, 2001). Negative results
were seen in the offspring of mice treated with
2,4-D by intraperitoneal administration (Yilmaz
& Yuksel, 2005). Micronuclei were not induced
in bone marrow cells of mice exposed to 2,4-D
topically (Schop et al., 1990), by intraperitoneal
administration (Jenssen & Renberg, 1976), or
orally (EPA, 1990b; Charles et al., 1999b). 2,4-D
salts and esters also gave negative results after
oral administration (EPA, 1990a, b; Charlesetal.,
1999b). Sister-chromatid exchange was induced
in bone marrow and spermatogonial cells by

2,4-D administered orally (Madrigal-Bujaidar
et al., 2001). Positive results were reported in an
assay for nuclear aberration in hair follicles after
topical exposure to 2,4-D (Schop et al., 1990).

In rats, inconsistent results were seen for
induction of DNA strand breaks. There was no
DNA damage induction in hepatocytes evalu-
ated by an assay for unscheduled DNA synthesis
after oral exposure to 2,4-D (Charles et al.,
1999a). Induction of DNA damage by alka-
line elution assay was seen in cells of the liver,
kidney, spleen, lung, and bone marrow after
intraperitoneal exposure to 2,4-D (Kornuta et al.
1996). Chromosomal aberrations were induced
in bone-marrow cells after intraperitoneal
exposure to 2,4-D (Adhikari & Grover, 1988).
No increase in sister-chromatid exchange in
circulating lymphocytes was seen after intragas-
tric exposure to a 2,4-D formulation in rats or
Chinese hamsters (Linnainmaa, 1984).

In dogs, no association was reported between
exposure to 2,4-D and amplification or mutation
of c-N-ras in lymphoma specimens (Edwards et
al., 1993).

(i) Non-human mammalian cells in vitro

See Table 4.4

In rat cells, no DNA damage was seen in
hepatocytes evaluated by assay for unscheduled
DNA synthesis after exposure to 2,4-D acid, or
to its salts and esters (EPA, 1990a; Charles et al.,
1999a).

In Chinese hamster V79 cells, 2,4-D was
mutagenic in the hypoxanthine-guanine phos-
phoribosyl transferase (HGPRT) assay (Pavlica et
al., 1991). In Chinese hamster ovary (CHO) cells,
no mutagenic effect was reported in the HGPRT
assay after exposure to 2,4-D salts and esters in
the presence or absence of metabolic activation
(Gollapudi et al., 1999).

Results were variable for DNA strand-break
induction by the comet assay. Positive results
were observed in Syrian hamster embryo cells
exposed to 2,4-D (Maire etal.,2007),and in CHO
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2,4-Dichlorophenoxyacetic acid
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2,4-Dichlorophenoxyacetic acid

cells exposed to 2,4-D or 2,4-D DMA (Gonzélez
et al., 2005). Negative results were reported at
higher concentrations of 2,4-D in CHO cells
(Sorensen et al., 2005).

Sister-chromatid exchange was induced in
CHO cells exposed to 2,4-D in the presence
(Linnainmaa, 1984), or absence (Gonzalez et al.,
2005) of metabolic activation, or exposed to
2,4-D DMA in the absence of metabolic activa-
tion (Gonzalez et al., 2005). A 2,4-D formulation
slightly increased the frequency of sister-chro-
matid exchange with, but not without, metabolic
activation (Linnainmaa, 1984). Negative results
were reported in an assay for chromosomal aber-
ration in lymphocytes exposed to 2,4-D salts and
esters with and without metabolic activation
(Gollapudi et al., 1999).

(i)  Non-mammalian systems

See Table 4.5

In chickens, positive results in sister-chro-
matid exchanges in embryo cells were reported
after exposure to 2,4-D or a 2,4-D formulation
(Arias, 2003, 2007).

In fish, DNA strand-breaks, chromosomal
aberrations, micronucleus formation, and other
abnormalities indicative of genotoxicity were
seen after exposure to 2,4-D in Clarias batrachus
(Ateeq et al., 2002b, 2005), Channa punctatus
(Farah et al., 2003, 2006), and Oncorhynchus
mykiss (Martinez-Tabche et al., 2004). DNA
strand breaks were induced by 2,4-D or a formu-
lation containing 2,4-D DMA in a carp cell line
in vitro (Bokan et al., 2013).

In freshwater snails, exposure toaformulation
containing 2,4-D DMA had mutagenic effects in
the dominant-lethal assay (Estevam et al., 2006).
No induction of micronucleus formation was
seen in haemocytes of Mediterranean mussels
exposed to 2,4-D (Raftopoulou et al., 2006).

In Drosophila melanogaster, mutagenicity was
observed with 2,4-D in some assays for sex-linked
recessive lethal (Tripathy et al., 1993; Kale et al.,
1995) and somatic mutation and recombination

(SMART) (Graf & Wiirgler, 1996), but not others
(Vogel & Chandler, 1974; Zimmering et al., 1985).
Mutagenicity was observed by the wing-spot test
after exposure to 2,4-D (Tripathy et al., 1993;
Kaya et al., 1999) or to 2-(2,4-dichlorophenoxy)
propionic acid (Surjan, 1989). No mutagenic
effect was seen for the white-ivory eye-spot test
after 2,4-D exposure (Graf & Wiirgler, 1996). No
chromosomal aberrations were induced in germ-
line cells exposed to a 2,4-D-based formulation
(Woodruff et al., 1983).

In plants, positive results were reported
in assays for point mutation and homologous
recombination in Arabidopsis thaliana after
exposure to 2,4-D (Filkowski et al., 2003).
In bean seedlings (Phaseolus vulgaris), DNA
damage was induced by comet assay and random
amplified polymorphic DNA (RAPD) assay after
exposure to 2,4-D (Cenkci et al., 2010). 2,4-D
induced chromosomal aberrations in Allium
cepa (Kumari & Vaidyanath, 1989; Ateeq et al.,
2002a), and in A. ascalonicum (Pavlica et al.
1991), and induced sister-chromatid exchange in
A. sativum (Dolezel et al., 1987). In Vicia faba,
chromosomal aberration was induced by 2,4-D
by when plants were sprayed, but not when seeds
were soaked (Amer & Ali, 1974).

A 2,4-D-based formulation (containing butyl
ester) was tested in 12 plant species and induced
chromosome aberration in three species,
giving positive results when applied to roots
(Chrysanthemum leucanthemum), germinated
seeds (Secale cereale), or bulbs (Allium cepa)
(Mohandas & Grant, 1972). Increased frequencies
(although slight) of sister-chromatid exchange
were seen in Triticum aestivum (Murata, 1989).

In Saccharomyces cerevisiae, mutagenic
effects were reported with 2,4-D in assays for
reverse mutation and mitotic gene conversion
(Venkov et al., 2000). A separate study reported
no mutagenicity in the assay for mitotic gene
conversion after exposure to 2,4-D (Fahrig,
1974). 2,4-D-based formulations gave positive
results in mitotic gene-conversion assays (Siebert
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2,4-Dichlorophenoxyacetic acid
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2,4-Dichlorophenoxyacetic acid
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2,4-Dichlorophenoxyacetic acid

& Lemperle, 1974; Zetterberg et al., 1977), but
not in the host-mediated assay (Zetterberg et al.,
1977).

In Salmonella typhimurium, 2,4-D and its
salts and esters did not demonstrate mutagenicity
in TA98, TA100, TA1535, TA1537, or TA1538
in the assay for reverse mutation in the pres-
ence or absence of metabolic activation (Moriya
et al., 1983; Mortelmans et al., 1984; EPA, 1990b;
Charles et al., 1999a). A 2,4-D-based formula-
tion gave negative results in TA1535 and TA1538
strains, and in strains TA1530 and TA1531 in the
host-mediated assay (Zetterberg et al., 1977). In
Escherichia coli, no mutagenic effect of 2,4-D was
seen in WP2 hcr in the reverse mutation assay
with or without metabolic activation (Moriya
et al., 1983).

In Bacillus subtilis, no mutagenic effect
was seen with 2,4-D in the Rec mutation assay
(Shirasuetal.,1976),and results were inconclusive
at high concentrations of 2,4-D (Grabinska-Sota
etal., 2000), and with a 2,4-D-based formulation
(Grabinska-Sota et al., 2000, 2002).

2,4-D did not induce apurinic/apyrimidinic
sites in bacteriophage PM2 DNA, while posi-
tive results were reported with a formulation
containing 2,4-D DMA (Clausen et al., 1990). In
a separate study, 2,4-D or the 2,4-D DMA formu-
lation only gave positive results after pre-incuba-
tion with copper chloride (CuCl,) (Jacobi et al.,
1992).

2,4-D interacts with DNA as a groove binder
rather than an intercalating agent, based on
ultraviolet, fluorescence, and viscosity meas-
urements, and alternating current voltammetry
assays (Ahmadi & Bakhshandeh, 2009).

4.2.2 Receptor-mediated effects

(a) Humans

(i)  Exposed humans

Anincrease in hypothyroidism with reported
ever-use of 2,4-D and other herbicides has
been found in male pesticide applicators in the
Agricultural Health Study, USA (Goldner et al.
2013). Garry et al. (2001) reported a correlation
between urinary concentrations of 2,4-D and
serum concentrations of luteinizing hormone,
but not follicle-stimulating hormone, in male
pesticide applicators who used a hand-held back-
pack sprayer. Total testosterone levels in winter
were directly correlated with peak levels of 2,4-D
in the urine in the application season.

(i) Human cells in vitro

In human prostate cancer cells (androgen
receptor-expressing 22Rvl and PC3/AR+),
2,4-D alone did not exhibit androgenic activity,
but potentiated 5-alpha-dihydroxytestosterone
(DHT) androgenic activities. DHT-mediated
translocation of the androgen receptor to the
nucleus, and androgen-induced transactivation
were also increased in the presence of 2,4-D
(Kim et al., 2005). [These findings suggested that
2,4-D has the potential to alter DHT-induced
transcriptional activity of the androgen
receptor.] Similarly, in-vitro reporter gene assays
of estrogen receptor, androgen receptor, and
thyroid hormone receptor showed no agonist
or antagonist activity of 2,4-D against hormone
receptors, but 2,4-D enhanced the activity of
testosterone through the androgen receptor (Sun
et al., 2012).

2,4-D did not interact in vitro with human
estrogen, androgen, or steroidogenesis path-
ways in Tier 1 assays in the Endocrine Disruptor
Screening Program run by the United States
EPA. 2,4-D gave negative results in assays for
estrogen receptor-mediated  transcriptional
activation (HeLa-9903-ERa  transactivation
assay), aromatase enzymatic activity inhibition
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(recombinant human CYPI19 aromatase inhibi-
tion assay), and interference with steroidogen-
esis (H295R steroidogenesis assay) (Coady et al.,
2014).

In co-transfected Hepa 1 cells, 2,4-D induced
transactivation by human PPAR of rat acyl-co-
enzyme A oxidase (acyl-CoA oxidase) and rabbit
CYP4A6 (Pineau et al., 1996).

(b)  Experimental systems

(i)  Non-human mammals in vivo

In rats, a single dose of 2,4-D has been
shown to interfere with thyroid-hormone trans-
port (Malysheva & Zhavoronkov, 1997). 2,4-D
has been reported to bind competitively to the
thyroxine (T4)-binding site of transthyretin, a
carrier of thyroid hormones, and 2,4-D dichlo-
rophenoxybutyric acid reduced plasma total T4
(TT4) in rats (Van den Berg et al., 1991).

In an Fl-extended one-generation study of
reproductive toxicity with 2,4-D in rats, a slight
decrease in follicular size was reported in 3 out
of 12 dams at the highest dose, but no other
consistent pattern of thyroid effects was evident
(Marty et al., 2013).

2,4-D has been reported to cause prolifer-
ation of peroxisomes in mouse and rat liver
(Kawashima et al., 1984; Lundgren et al., 1987).

(i) Non-human mammalian cells in vitro

Maloney & Waxman (1999) reported that
2,4-D did not activate mouse PPARa or PPARy
using a transactivation assay in vitro. 2,4-D
did not interact in vitro with rodent estrogen
or androgen pathways in Tier 1 assays in the
Endocrine Disruptor Screening Program run by
the EPA. Specifically, 2,4-D gave negative results
in assays for estrogen-receptor binding (rat
uterine cytosol estrogen-receptor binding assay),
and for androgen receptor-binding (rat prostate
cytosol androgen-receptor binding assay) (Coady
et al., 2014).
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(i)  Non-mammalian systems in vivo

Estrogenic activity, as determined by the
vitellogenin assay, has been reported after expo-
sure of rainbow trout to 2,4-D (Xie et al., 2005).
Plasma vitellogenin levels were 93 times higher
in juvenile rainbow trout exposed to 2,4-D
(1.64 mg/L) for 7 days than in control untreated
fish. No effects of 2,4-D (up to 113 mg acid equiv-
alents/L) were reported in the amphibian meta-
morphosis assay, and the only effect reported
in the fish short-term reproduction assay was
decreased fecundity at the highest concentration
tested (96.5 mg acid equivalents/L) (Coady et al.,
2013).

4.2.3 Oxidative stress

(a) Humans

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

(i)  Human cells in vitro

In human erythrocytes in vitro, 2,4-D (10,
50, 100, 250, 500 ppm) induced dose-related
decreases in superoxide dismutase activity, and
increases in glutathione peroxidase activity.
2,4-D (500 ppm) decreased the level of reduced
glutathione in erythrocytes by 18% compared
with controls (Bukowska, 2003). In a follow-up
study, 2,4-D increased protein carbonyl group
content, but had no effect on the denaturation of
haemoglobin (Bukowska et al., 2008).

(b)  Experimental systems
(i) Invivo

2,4-D increased oxidative stress in ventral
prostate, ovary, and mammary gland in the
offspring of pregnant rats exposed to 2,4-D by
oral gavage at a dose of 70 mg/kg bw per day
from day 16 of gestation to 23 days after delivery.
The pups were studied on postnatal days 45, 60,
or 90. In ventral prostate, 2,4-D increased the
concentration of hydroxyl radicals and the rate
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of lipid and protein oxidation at all ages studied.
The activity of certain antioxidant enzymes was
increased, but this was insufficient to coun-
teract the oxidative stress. In mammary tissue,
2,4-D promoted oxidative stress, mainly during
puberty and adulthood. In the ovary, 2,4-D
increased lipid peroxides and altered the activity
of several antioxidant enzymes (Pochettino et al.,
2013).

2,4-D induced reactive oxygen species and
altered antioxidant enzymes in the developing
rat brain after exposure in breast milk. Maternal
exposure to 2,4-D (100 mg/kg bw per day between
postnatal days 9 and 25) had no effect on body
weights of pups or lactating mothers. Levels of
reactive oxygen species were increased in the
neonatal midbrain, striatum, and prefrontal
cortex. Glutathione content was significantly
decreased in midbrain, and striatum, and there
were alterations in levels (either increased or
decreased) of antioxidant enzymes (superoxide
dismutase, glutathione peroxidase, and catalase)
in at least one of the brain regions studied, with
the exception of the hypothalamus (Ferri et al.
2007).

2,4-D (600 ppm in drinking-water; from
day 14 of pregnancy until 14 days after delivery)
induced hepatic oxidative stress and hepatotox-
icity in adult and suckling rats (Troudi et al.
2012). In dams and pups, malondialdehyde levels
increased, while decreases were seen in the activ-
ities of liver antioxidant enzymes (superoxide
dismutase, catalase, and glutathione peroxidase).
Similarly, 2,4-D induced oxidative stress in the
liver of mothers and fetuses after exposure of
pregnant rats to 2,4-D (100 mg/kg bw per day)
on days 1-19 of gestation. Coadministration of
vitamin E (100 mg/kg bw) partially abrogated
the oxidative stress (elevated malondialdehyde
levels, decreased catalase activity, decreased total
antioxidant capacity) induced by 2,4-D. 2,4-D
had no effect on the sex ratio, the number of
implantations, or the viable and resorbed fetuses.
However, lower body weight and a higher rate of

morphological and skeletal defects were seen in
fetuses of dams treated with 2,4-D (Mazhar et al.
2014).

In rats exposed to a 2,4-D-based formulation
(15,75,and 150 mg/kgvia oral gavage for 4 weeks),
a significant reduction in the activity of hepatic
antioxidant enzymes (glutathione reductase
and catalase) was observed (Tayeb et al., 2010).
Hepatotoxicity was demonstrated by increased
liver weights, histological changes, and elevated
levels of serum enzyme markers. Hepatotoxicity
and altered lipid metabolism were reported in a
follow-up study using the same dosing regime,
in which rats showed increased levels of hepatic
malondialdehyde and altered levels of liver anti-
oxidant enzyme (Tayeb et al., 2013). Olive oil was
found to protect against hepatic oxidative stress
induced by the 2,4-D formulation (Nakbi et al.
2010). A further study with the 2,4-D formula-
tion at the same doses (15, 75, and 150 mg/kg
bw via oral gavage) reported oxidative stress in
the kidney after 28 days (Tayeb et al., 2012). The
2,4-D-based formulation significantly increased
levels of malondialdehyde, and altered the activ-
ities of renal catalase and superoxide dismu-
tase. Glutathione peroxidase was significantly
decreased in rats exposed at 150 mg/kg bw. Dose-
dependent increases were seen in the severity
of histopathological evidence of tubular and
glomerular damage, and the number of pyknotic
nuclei. Decreased uric acid and increased plasma
levels of urea and creatinine were also reported.

(i) Invitro

In an in-vitro study using freshly isolated rat
hepatocytes, 2,4-D rapidly depleted glutathione
and protein thiols, and induced lipid peroxida-
tion (Palmeira et al., 1995).

In Saccharomyces cerevisiae, a 2,4-D-based
formulation (2,4-D sodium monohydrate)
induced concentration-dependent increases in
levels of hydroxyl radicals detected by electron
paramagnetic resonance spectroscopy (Leixeira
etal., 2004). The effect was consistently greater in
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a mutant lacking the cytosolic Cu-Zn-superoxide
dismutase enzyme (Asod]1).

4.2.4 Immunosuppression

(a)  Humans

(i)  Exposed humans

Faustini et al. (1996) reported reductions in
immunological parameters in blood samples
from 10 farmers 1-12 days after agricul-
tural exposure to chlorophenoxy herbicides.
Compared with values before exposure, the
following were significantly reduced (P < 0.05):
circulating helper (CD4) and suppressor T-cells
(CD8), CD8 dim, cytotoxic T lymphocytes
(CTL), natural killer cells (NK), and CD8 cells
expressing the surface antigens HLA-DR (CD8-
DR), and lymphoproliferative response to
mitogen stimulations. Lymphocyte mitogenic
proliferative responses remained significantly
decreased 50-70 days after exposure, while other
values were similar to pre-exposure levels. Figgs
et al. (2000) reported increased proliferation
of peripheral blood lymphocytes (replicative
index) after spraying in 12 applicators of 2,4-D
(P=0.016). Increases were independent of tobacco
and alcohol use. 2,4-D concentrations ranged
from 1.0 to 1700 ug/g creatinine per L urine), and
increased logarithmically with spraying time.
No change was seen in complete blood counts or
lymphocyte immunophenotypes.

[The Working Group noted that the find-
ings of Faustini et al. (1996) and those of Figgs
et al. (2000) appeared to be contradictory, since
Faustini et al. observed a decrease in lymphocyte
proliferation after exposure to chlorophenoxy
herbicides, while Figgs et al. observed a small
increase.]

(i) Human cells in vitro

Holland et al. evaluated micronuclei (see
Section 4.2.1) and reported a dose-dependent
inhibition of the replicative index after exposure
to 2,4-D in whole blood or isolated lymphocytes
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from two non-smoking males (aged 31 and 43
years) (Holland et al., 2002). Inhibition was
also observed in a separate experiment using
isolated lymphocytes from five non-smokers
(three females and two males, aged 26-45 years).
On the other hand, with low concentrations
of a 2,4-D-based formulation (0.005 mM), the
replicative index was slightly increased in both
experiments (12-15%; P = 0.052). No change in
mitotic index was seen with either the formula-
tion or pure 2,4-D (Holland et al., 2002).

(b)  Experimental systems

(i)  Mouse

There were numerous studies of the immu-
notoxic effects of 2,4-D in mice. Blakley reported
immunostimulatory effects with 2,4-D in three
studies. In the first study, sheep erythrocyte-stim-
ulated antibody production and lipopolysaccha-
ride-stimulated B-lymphocyte mitogenesis were
enhanced in female BDF1 mice (age, 6 weeks)
given the n-butyl ester of 2,4-D (2,4-D content,
100 or 200 mg/kg bw). 2,4-D had no effect on
T-lymphocyte mitogenesis induced by concana-
valin A (Blakley, 1986).

In a second study, production of antibodies
to sheep erythrocytes was suppressed at higher
single dermal exposures to the n-butyl ester of
2,4-D (2,4-D content, < 500 mg/kg bw) in female
CD-1 mice (Blakley & Schiefer, 1986). No effect of
acute exposure was seen on T- and B-lymphocyte
proliferative responses to concanavalin A or
lipopolysaccharide, respectively. However, short-
term exposure to 2,4-D n-butyl ester (2,4-D
content, up to 300 mg/kg bw, for 3 weeks)
enhanced the B- and T-lymphocyte proliferative
responses, while having no effect on antibody
production.

In the third study (Blakley & Blakley,
1986), the immune response was altered at age
6 weeks in the female offspring of CD-1 mice
given 2,4-D n-butyl ester on day 11 of gestation
(2,4-D content, up to 200 mg/kg bw). At the
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highest exposure (200 mg/kg), a slight decre-
ment was reported in the T-lymphocyte prolif-
erative response, and B-lymphocyte stimulation
by lipopolysaccharide was significantly reduced.
However, when the decrement in background
(unstimulated) mitogenic rates was taken into
account, no net suppression by 2,4-D was seen.
No effect on the humoral immune response
(antibody production against sheep erythro-
cytes) was seen during gestation.

Two studies reported on the immunodepres-
sive effects of 2,4-D in mice (Zhamsaranovaetal.,
1987; Sapin et al., 2003). [The Working Group
noted that the doses and other experimental
details were not available for review.]

Lee at al. (2001) demonstrated a suppression
of lymphocyte stimulation by concanavalin A in
the offspring (age, 7 weeks) of pregnant CD-1 mice
exposed on days 6-16 of gestation to a commer-
cial 2,4-D formulation (up to 1.0% in drink-
ing-water; equivalent to 2,4-D amine derivative
at 650 mg/kg per day). Body weight and kidney
weights were reduced in the offspring of groups
at 0.1% and 1.0%. At 1.0% in drinking-water, the
formulation increased relative counts of B cells,
and reduced counts of T cytotoxic or suppressor
cells. No effect was seen on the humoral immune
response or peritoneal macrophage phagocytic
function.

In contrast, Salazar et al. (2005) reported
significant immunosuppressive effects on
humoral immunity in C57BL/6 mice treated
with 2,4-D. A 2,4-D formulation (dimethylamine
salt of 2,4-D, 47.2%; active ingredient, 150 mg/kg
bw, given by intraperitoneal administration)
decreased by two to three times the number of
phosphorylcholine-specific IgM and IgG anti-
body-secreting B cells in bone marrow, showing
an effect on humoral immunity. In serum, titers
of phosphorylcholine-specific immunoglobulins
IgM, IgG2b, and IgG3 were decreased by three
to four times in mice exposed to 2,4-D. In the
spleen, however, 2,4-D produced no change in
the number of antibody-producing cells in mice

treated with 2,4-D [a finding of little relevance
because antibodies are mainly produced by bone
marrow-derived cells].

In C57Bl/6 female mice, de la Rosa et al.
(2003) reported decreased bone marrow pre-B
and IgM(+) B-cell populations 7 days after intra-
peritoneal exposure to a 2,4-D-based formula-
tion (dimethylamine salt, 47.2%; 200 mg/kg bw
per day). However, a 1 : 1 mixture of formula-
tions of propanil and 2,4-D decreased pre-B and
IgM(+) B cells at a lower dose (each formulation,
50 mg/kg bw) and an earlier time-point (2 and
7 days). De la Rosa et al. went on to demonstrate
reduction in thymus-weight to body-weight
ratios and thymocyte depletion at 2 days, and
inhibition of thymic T-cell repopulation at
7 days, after exposure to the mixture of formu-
lations of propanil and 2,4-D (each formulation,
150 mg/kg bw per day, by intraperitoneal admin-
istration) (de la Rosa et al., 2005). Treatment with
the 2,4-D-based formulation only (150 mg/kg
bw) had no effect on thymus weight. In another
study with mixtures, a herbicide formulation
containing 2,4-D and picloram (up to 0.42% in
drinking-water for 26 days) had an immunosup-
pressive effect in female CD-1 mice, reducing
antibody production in response to sheep eryth-
rocytes (Blakley, 1997).

(i)  Rat

The first of several studies to report an immu-
nosuppressive effect with 2,4-D in experimental
animals was that by Kenigsberg (1975), who
reported that the amine salt of 2,4-D suppressed
the immune response of rats to Salmonella
bacteria. A separate group of investigators
reported that the amino salt of 2,4-D (2.0 and
20 mg/kg bw daily, intragastric administration)
decreased the monocytic-precursor count in
the bone marrow in 124 non-inbred white rats
(Imel’baeva et al., 1999). The capacity for colony
formation was increased, monocytopoiesis was
activated, and monocyte migration to periph-
eral blood was increased. In a third study in
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rats (Mufazalova et al., 2001), a single dose of
the 2,4-D amine salt (240 mg/kg bw) induced
phasic changes in blood levels of peripheral
leukocytes, and alterations in the microbicidal
activity of peritoneal macrophages that persisted
for 60 days. The activity of polymorphonuclear
leukocytes was also affected. In contrast, Blakley
et al. reported no alteration in lymphocyte or
macrophage function in male Fisher 344 rats
exposed to the amine salt of 2,4-D (10.0 mg/kg,
by gavage in olive oil vehicle, twice per week,
for 28 days) (Blakley et al., 1998). Specifically,
there were no changes in lymphocyte cell-sur-
face marker expression or blastogenesis, phago-
cytic function of peritoneal macrophages, or
antibody production (anti-sheep erythrocytes)
(Blakley et al., 1998). No changes in body weight,
or organ- to body-weight ratios were seen. [The
Working Group noted that effects were seen in
studies at high doses, but not in a that used lower
doses administered less frequently.]

Marty et al. (2013) evaluated developmental
immunotoxicity in CD rats fed diets containing
2,4-D (100, 300, or 600 ppm in females, and 800
ppm in males). Adults and F1 offspring were
evaluated for immune function using the sheep
erythrocyte antibody-forming cell assay, and the
NK cell assay. At 600 ppm in females, reductions
were seen in antibody plaque-forming cells in the
spleen (54% decrease) and the number of antibody
plaque-forming cells per 10¢ splenocytes (27%
decrease), although neither effect attained statis-
tical significance. [The Working Group noted
that the effect on bone-marrow antibody plaque-
forming cells was not evaluated; since antibodies
are mainly produced by bone marrow-derived
cells, this limited the value of this study.]

4.2.5 Inflammation

(a)  Humans

No data from studies in exposed humans,
or human cells in vitro, were available to the
Working Group.
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(b)  Experimental systems

Fukuyama et al. (2009) evaluated allergic
reactions in BALB/c mice topically sensitized
(nine times in 3 weeks) and subsequently chal-
lenged with 2,4-D (dermal or intratracheal expo-
sure). One day after challenge, immediate-type
respiratory reactions were induced by 2,4-D. In
bronchoalveolar lavage fluid, there was a rise
in total IgE levels and an influx of eosinophils,
neutrophils, and chemokines (MCP-1, eotaxin,
and MIP-1beta). Serum IgE levels also increased.
Additionally, surface antigen expression on B
cellsincreased in lymph nodes, and Th2 cytokine
production (IL-4, IL-5, IL-10, and IL-13) was
elevated in lymph-node cells. [The Working
Group noted that these results indicated that
2,4-D is a respiratory allergen capable of causing
inflammatory responses in the respiratory tract
of mice.]

In subsequent studies, the same group
treated mice (age, 4 weeks) orally with parathion
(0, 0.4, or 1.2 mg/kg bw) or methoxychlor (0,
100, or 300 mg/kg), and then 4 weeks later with
2,4-D-butyl (0%, 2.5%, 5%, or 10%) (Fukuyama
et al., 2010). Parathion or methoxychlor mark-
edly reduced the concentration of2,4-D-butyl
required to yield a positive response in the local
lymph-node assay (i.e. the concentration estim-
ated to yield a stimulation index of 3). Thus, 2,4-D
may be a more potent allergen and inducer of
inflammation if there is simultaneous exposure
to other pesticides.

In a study in BALB/c mice, 2,4-D-specific IgE
antibodies were detected after intraperitoneal
administration of 2,4-D, but 2,4-D applied
epicutaneously did not result in delayed-type
hypersensitivity (Cushman & Street, 1982).
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4.2.6 Altered cell proliferation or death

(a)  Humans

(i)  Exposed humans

In a small cohort (n = 12) of applicators
spraying 2,4-D, a significant increase in the
replicative index (a measure of cell proliferation)
in peripheral blood lymphocytes in the absence
of micronucleus induction was observed (Figgs
et al., 2000; see Section 4.2.1).

(i) Human cells in vitro

In-vitro exposure of isolated lymphocytes
to a low dose of 2,4-D (0.005 mM) increased
the replicative index, but not the mitotic
index (Holland et al., 2002; see Section 4.2.4).
At higher concentrations, cytotoxicity was
reported in transformed human haematopoi-
etic cells (Venkov et al., 2000) and isolated
human lymphocytes (Soloneski et al., 2007);
the latter study also pointed to a delay in cell-
cycle progression only when erythrocytes were
present. In HepG2 cells, lower concentrations of
2,4-D appeared to induce a G,-phase arrest, while
higher concentrations prolonged S- or G,-phase;
2,4-D also significantly disrupted mitochondrial
membrane potential, and increased the propor-
tion of annexin-positive cells (Tuschl & Schwab,
2003, 2005). In isolated human lymphocytes,
the dimethylammonium salt of 2,4-D initiated
apoptosis in peripheral blood lymphocytes via
a direct effect on mitochondria and disruption
of caspase-9 (Kaioumova et al., 2001a). A reduc-
tion in HepG2 cell proliferation (determined
by incorporation of bromodeoxyuridine) and
downregulation of CDC-like kinase 1 (CLKI)
was noted by Bharadwaj et al. (2005). Several
studies have indicated induction of cytotoxicity
in human cells after exposure to formulations
containing 2,4-D (e.g. Witte et al., 1996; Holland
et al., 2002).

(b)  Experimental systems
(i) Invivo

No effects on mitotic index or cell prolif-
eration Kkinetics in murine bone-marrow cells
were observed (Madrigal-Bujaidar et al., 2001).
Exposure to a formulation containing picloram
and 2,4-D caused testicular germ-cell depletion
in rats (Oakes et al., 2002). As discussed above
(see Section 4.2.3), 2,4-D induced hepatotoxicity
and oxidative damage in male Wistar rats (Tayeb
et al., 2013). The oxidative damage profile varied
among tissues (Pochettino etal., 2013). Ithas also
been reported that 2,4-D is a peroxisome prolif-
erator in rodents (Vainio et al., 1982; Lundgren
et al., 1987). Despite observations characteristic
of peroxisome proliferators in the liver, 2,4-D
appears to primarily induce an architectural
change in the outer part of the kidney medulla,
characterized by foci of tubules containing baso-
philic epithelial cells in rodents (primarily in rats,
but also in mice) (Ozaki et al., 2001). Renal effects
were also noted in fish (Ozcan Oruc et al., 2004).
The dimethylammonium salt of 2,4-D caused
cell depletion in the white pulp of the spleen and
in the cortex of the thymus in rats (Kaioumova
et al., 2001b).

(i) Invitro

At millimolar concentrations in vitro, 2,4-D
induced apoptosis associated with mitochondrial
cytochrome c release and caspase-3 activation in
cerebellar granule cells isolated from Wistar rats
(age, 8 days) (De Moliner et al., 2002). In CHO
cells, an inhibition of protein synthesis associated
with polyamine metabolism has been observed,
associated with inhibition of cell growth, DNA
and protein biosynthesis, and cell accumulation
at the G,-/S-phase boundary (Rivarola et al.,
1985, 1992). Ornithine decarboxylase activity
was inhibited, and reductions were seen in sper-
mine and spermidine concentrations, but not
putrescine (Rivarola & Balegno, 1991).
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At concentrations (low micromolar) capable
of inducing cell transformation in the Syrian
hamster embryo assay, no effect on levels of
apoptosis was observed, including unchanged
expression of Bcl2 and Bax (Maire et al., 2007).
Compared with other herbicides, 2,4-D was the
least potent in uncoupling oxidative phospho-
rylation in rat liver mitochondria (Zychlinski &
Zolnierowicz, 1990).

4.2.7 Other mechanisms

Few studies were identified concerning
exposure to 2,4-D and immortalization, DNA
repair, or epigenetic end-points. Regarding
immortalization, the Agricultural Health Study
reported that the mean relative telomere length
in buccal cells decreased significantly in associa-
tion with increased lifetime days of use of 2,4-D
(P = 0.004), among other pesticides (Hou et al.
2013). Epigenetic end-points were addressed in
a few studies in plants, in which 2,4-D altered
methylation status (Miassod & Cecchini, 1979;
Leljak-Levani¢ et al., 2004).

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
113 (i.e. 2,4-D, lindane, and DDT) was informed
by data from high-throughput screening
assays generated by the Toxicity Testing in the
21st Century (Tox21) and Toxicity Forecaster
(ToxCast™) research programmes of the govern-
ment of the USA (Kavlock et al., 2012; Tice
etal., 2013). At its meeting in 2014, the Advisory
Group To Recommend Priorities for the IJARC
Monographs programme encouraged inclusion
of analysis of high-throughput and high-content
data (including from curated government data-
bases) (Straif et al., 2014).
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Lindane, DDT (p,p-DDT, o0,p-DDT,
p.p-DDE, p,p-DDD), and 2,4-D were among
the approximately 1000 chemicals tested across
the full assay battery of the Tox21 and ToxCast
research programmes as of 27 April 2015. This
assay battery includes 342 assays, for which data
on 821 assay end-points (several assays include
multiple end-point readouts) are publicly avail-
able on the website of the ToxCast research
programme (EPA, 2015a). Detailed information
about the chemicals tested, assays used, and asso-
ciated procedures for data analysis is also publicly
available (EPA, 2015b). It should be noted that
the metabolic capacity of the cell-based assays is
variable, and generally limited.

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

In order to explore the bioactivity profiles of
the agents being evaluated in JARC Monographs
Volume 113 with respect to their potential
impact on mechanisms of carcinogenesis, the
821 available assay end-points in the ToxCast/
Tox21 database were first mapped to the 10 key
characteristics of known human carcinogens
(Smith et al., 2016). Working Group members
and TARC Monographs staff made independent
assignments for each assay type to one or more
“key characteristics.” The assignment was based
on the biological target being probed by each
assay. The consensus assignments comprise 254
assay end-points that mapped to 6 of the 10 “key
characteristics” as shown below. Within each key
characteristic, the assays were further divided
by the Working Group into subsets of similar
end-points.

1. Is electrophilic or can undergo metabolic acti-
vation (31 end-points): the assay end-points
mapped to this characteristic measure
CYP450 inhibition (29 end-points) and
aromatase inhibition (2 end-points). All 29
assays for CYP inhibition are cell-free. These
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. Modulates

assay end-points are not direct measures of
electrophilicity or metabolic activation.

. Isgenotoxic (0 end-points): no assay end-points
were mapped to this characteristic.

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

. Induces epigenetic alterations (11 end-points):
assay end-points mapped to this charac-
teristic measure targets associated with
DNA binding (e.g. transcription factors) (4
end-points) and transformation catalysts (e.g.
histone deacetylase) (7 end-points).

. Induces oxidative stress (18 end-points): the
assay end-points mapped to this character-
istic measure oxidative stress via cell imaging
(7 end-points), markers of oxidative stress
(e.g. nuclear factor erythroid 2-related factor,
NRF2) (6 end-points), and metalloproteinase
(5 end-points).

. Induces chronic inflammation (45 end-points):
the assay end-points mapped to this
characteristic measure cellular adhesion
(14 end-points), cytokines (e.g. IL8) (29
end-points), and nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB)
activity (2 end-points).

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

receptor-mediated effects (92
end-points): a large and diverse collection
of cell-free and cell-based assay end-points
measuring nuclear and other receptor
bioactivity, specifically, AhR (2 end-points),
androgen receptor (11 end-points), estrogen
receptor (18 end-points), farnesoid X
receptor (FXR) (7 end-points), peroxisome
proliferator-activated receptor (PPAR) (12
end-points), pregnane X receptor_vitamin
D receptor (PXR_VDR) (7 end-points), reti-
noic acid receptor (RAR) (6 end-points),

others (29 end-points), were mapped to this
characteristic.

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

10. Alters cell proliferation, cell death, or nutrient
supply (68 end-points): assay end-points
mappedtothischaracteristicmeasurecytotox-
icity (41 end-points), mitochondrial toxicity
(7 end-points), cell cycle (16 end-points), and
cell proliferation (4 end-points).

By matching assays to key characteristics,
additional insights could be obtained on the
bioactivity profile for each compound specifi-
cally for the purpose of evaluating their potential
to interact with or affect mechanisms involved
in carcinogenesis. In addition, for each chemical,
the results of the in-vitro assays that represent
each “key characteristic” can be compared to the
results for a larger compendium of substances
with similar in-vitro data, so that a particular
chemical can be aligned with other chemicals
with similar toxicological effects. Nonetheless,
the available assays do not cover the full spec-
trum of targets that may be associated with these
mechanisms, and metabolic capacity in many of
the assays is limited, which could account for any
absence of bioactivity. Conversely, the presence
of bioactivity alone does not definitively imply
that the agent exhibits that key characteristic, as
the assay data are considered along with other
information, both in vivo and in vitro.

The Working Group then extracted infor-
mation from the ToxCast database concerning
whether a chemical was “active” or “inactive”
for each of the selected assay end-points (Sipes
et al., 2013; EPA, 2015b). In the analysis by the
Working Group, each “active” was given a value
of 1, and each “inactive” was given a value of
0. Thus, by assigning all active compounds a
value of 1, the micromolar “potency” estimates
from the concentration-response data were not
explicitly modelled.
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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;
Filer et al., 2014) were used. In the Working
Group’s analyses, the ToxPi score provides a
visual measure of the potential for a chemical to
be associated with a “key characteristic” relative
to 181 chemicals that have been previously evalu-
ated by the JARC Monographs and that have been
screened by ToxCast. Assay end-point data were
available in ToxCast for these 181 chemicals, and
not for other chemicals previously evaluated
by IARC. ToxPi is a dimensionless index score
that integrates multiple, different, assay results
and displays them visually. Within each subset
of end-points (“slice”), data are translated into
ToxPi slice-wise scores for all compounds as
detailed below and in the publications describing
the approach and the associated software package
(Reifetal., 2013). Within each individual slice for
a given chemical, the distance from the origin
represents the relative chemical-elicited activity
of the component assays (i.e. slices extending
farther from the origin were associated with
“active” calls on more assays). The overall score
for a chemical, visualized as a radial ToxPi profile,
is the aggregation of all slice-wise scores.

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 6 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 Monographs Volume
113 (IARC, 2016). The output files generated for
each “key characteristic” are also provided in the
supplemental material, and can be opened using
ToxPi software that is freely available for down-
load without a licence (Reif et al., 2013).
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4.3.3 Specific effects across 6 of the 10 “key
characteristics” based on data from
high-throughput screening in vitro

The relative effects of 2,4-D were compared
with those of 181 chemicals selected from the
more than 800 chemicals previously evaluated
by the IARC Monographs and also screened by
the Tox21/ToxCast programmes, and with those
of the other compounds evaluated in the present
volume of the IARC Monographs (Volume
113) and with their metabolites. Of these 181
chemicals previously evaluated by the IARC
Monographs and screened in the ToxCast/Tox21
programmes, 8 are classified in Group 1 (carcino-
genic to humans), 18 are in Group 2A (prob-
ably carcinogenic to humans), 65 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
in a dot plot as a rank order of all compounds in
the analysis arranged in the order of their relative
activity. The relative positions of lindane, DDT
(p,p’-DDT, 0,p-DDT, p,p’-DDE, p,p’-DDD), and
2,4-D in the ranked list are also shown on the
y-axis. The colour scheme legend (lower left in
each plot) annotates each compound according
to its previous IJARC Monographs group classi-
fication. The legend key (lower right graphic in
each plot) lists components of the ToxPi chart
as subcategories that comprise assay end-points
in each characteristic, as well as their respec-
tive colour-coding (see Section 4.3.2 and IARC,
2016). The ToxPi profile and numeric score is
shown for the highest-ranked chemical in each
analysis (directly above the legend key) to repre-
sent the maximum ToxPi score and for 2,4-D
(upper frame).

Characteristic (1) Is electrophilic or can
undergo metabolic activation: 2,4-D was
tested in all 31 assay end-points mapped
to this key characteristic, and found to be
active for 1 of the 29 assay end-points related



2,4-Dichlorophenoxyacetic acid

Fig. 4.1 ToxPi ranking for 2,4-dichlorophenoxyacetic acid (2,4-D) using ToxCast assay end-points
mapped to metabolic activation
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On the left-hand side, the relative rank of 2,4-D is shown (y-axis) with respect to its ToxPi score (x-axis) compared with the other chemicals
evaluated in the present volume (IARC Monographs Volume 113) and the 181 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 highest-
ranked chemical (in this case, malathion) and the target chemical(s) (2,4-D) are shown with their respective ToxPi score in parentheses.

to CYP inhibition. In comparison, the high-
est-ranked chemical, malathion (IARC
Group 2A; IARC, 2015), was active for 20 out
of 29 assay end-points for CYP inhibition,
and for 1 out of 2 assay end-points related to
aromatase inhibition (Fig. 4.1).

Characteristic (4) Induces epigenetic alter-
ations: 2,4-D was tested for all 11 assay
end-points mapped to this characteristic,
and showed activity for 1 of the transforma-
tion-catalyst assay end-points. In compar-
ison, the highest-ranked chemical, captan
(IARC Group 3; IARC, 1983), was active for 0

out of 4 DNA binding-assay end-points, and 5
out of 7 transformation-catalyst (e.g. histone
modification) assay end-points (Fig. 4.2).

Characteristic (5) Induces oxidative stress:
2,4-D was tested for all 18 assay end-points
mapped to this characteristic, and was not
active for any end-point. In comparison, the
highest-ranked chemical, carbaryl (IARC
Group 3; IARC, 1976), was active for 2 out
of 5 metalloproteinase-assay end-points, 3
out of 7 oxidative-stress assay end-points,
and 3 out of 6 oxidative-stress marker assay

end-points (Fig. 4.3).
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Fig. 4.2 ToxPi ranking for 2,4-dichlorophenoxyacetic acid (2,4-D) using ToxCast assay end-points
mapped to epigenetic alterations
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On the left-hand side, the relative rank of 2,4-D is shown (y-axis) with respect to their ToxPi score (x-axis) compared with the other chemicals
evaluated in the present volume (IARC Monographs Volume 113) and the 181 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 highest-
ranked chemical (in this case, captan) and the target chemical(s) (2,4-D) are shown with their respective ToxPi score in parentheses.
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Characteristic (6) Induces chronic inflam-
mation: 2,4-D was tested for all 45 assay
end-points mapped to this characteristic,
and was not active for any end-point. In
comparison, the highest-ranked chemical,
4,4-methylenedianiline (IARC Group 2B;
IARC, 1986), was active for 2 out of 14 cellu-
lar-adhesion assay end-points, and 2 out of 29
cytokine-assay end-points (Fig. 4.4).

Characteristic (8) Modulates receptor-medi-
ated effects: 2,4-D was tested for all 92 assay
end-points mapped to this characteristic, and
wasactivefor1outof 12PPARassayend-points.

In comparison, the highest-ranked chem-
ical, clomiphene citrate (IARC Group 3;
IARC, 1979), was active for 5 out of 11 andro-
gen-receptor assay end-points, 13 out of 18
estrogen-receptor assay end-points, 3 out of
7 FXR assay end-points, 6 out of 29 other
nuclear-receptor assay end-points, 2 out of 12
PPAR assay end-points, 5 out of 7 PXR_VDR
assay end-points, and 1 out of 6 RAR assay
end-points (Fig. 4.5).

Characteristic (10) Alters cell proliferation,
cell death, or nutrient supply: 2,4-D was tested
for 67 out of 68 assay end-points mapped to




2,4-Dichlorophenoxyacetic acid

Fig. 4.3 ToxPi ranking for 2,4-dichlorophenoxyacetic acid (2,4-D) using ToxCast assay end-points
mapped to oxidative stress markers
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On the left-hand side, the relative rank of 2,4-D is shown (y-axis) with respect to its ToxPi score (x-axis) compared with the other chemicals
evaluated in the present volume (IARC Monographs Volume 113) and the 181 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 highest-
ranked chemical (in this case, carbaryl) and the target chemical(s) (2,4-D) are shown with their respective ToxPi score in parentheses.

this characteristic, and was active for 1 of the  4.3.4 Summary of all effects across the “key
41 assay end-points related to cytotoxicity. In characteristics” based on data from
comparison, the highest-ranked chemical, screening in vitro

ziram (IARC Group 3; IARC, 1991), was active
for 2 out of 16 cell-cycle assay end-points,
33 out of 41 cytotoxicity assay end-points,
and 2 out of 7 mitochondrial-toxicity assay

end-points (Fig. 4.6).

As a high-level summary of activity, data
were recombined into six ToxPi slices, where
each slice represents activity across all compo-
nent assays mapped to a given characteristic. In
the figure (Fig. 4.7), slices are labelled “metabo-
lism” (Is electrophilic or can undergo metabolic
activation), “epigenetic” (Induces epigenetic
alterations), “stress” (Induces oxidative stress),
“inflammation” (Induces chronic inflammation),
“receptor” (Modulates receptor-mediated effects),
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Fig. 4.4 ToxPi ranking for 2,4-dichlorophenoxyacetic acid (2,4-D) using ToxCast assay end-points

mapped to chronic inflammation
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On the left-hand side, the relative rank of 2,4-D is shown (y-axis) with respect to its ToxPi score (x-axis) compared with the other chemicals
evaluated in the present volume (IARC Monographs Volume 113) and the 181 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 highest-
ranked chemical (in this case, 4,4X-methylenedianiline) and the target chemical(s) (2,4-D) are shown with their respective ToxPi score in

parentheses.

and “cellular” (Alters cell proliferation, cell death,
or nutrient supply). Overall, 2,4-D was active
in four of the assays. In comparison, the high-
est-ranked chemical, clomiphene citrate (IARC
Group 3; IARC, 1979), was active for 104 assay
end-points.

4.4 Cancer susceptibility data

Data were not available to the Working Group
concerning differential susceptibility due to toxi-
cokinetic or mechanistic factors in humans or
experimental systems.
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4.5 Other adverse effects

Other adverse effects not addressed in
sections 4.1-4.4 that may be relevant to cancer
hazard identification for 2,4-D include toxicity
in the liver, the lympho-haematopoietic system,
or the male reproductive tract.

4.5.1 Humans

One study reported acute hepatitis in a man
exposed to 2,4-D through habitual licking of golf
balls (Leonard et al., 1997). The patient’s liver
enzyme levels returned to normal after cessation




2,4-Dichlorophenoxyacetic acid

Fig. 4.5 ToxPi ranking for 2,4-dichlorophenoxyacetic acid (2,4-D) using ToxCast assay end-points
mapped to modulation of receptor-mediated effects

pp-DDT — P

o IF;@E%ane ~_ ,ﬂ
,p'-DDE ——

BBI3Rr

2,4-Dichlordphae R LY Ry

© Mono 113
© Group 4
® Group 3
o Group 2B
© Group 2A
® Group 1

2,4-Dichlorophenoxyacetic acid ( 0.025)

Clomiphene citrate (0.588 )

ER AR

FXR AHR

other_nr RAR

PPAR PXR_VDR

I T T T
0.0 0.1 0.2 0.3

Toxpi Score

T T 1

0.4 0.5 0.6

On the left-hand side, the relative rank of 2,4-D is shown (y-axis) with respect to its ToxPi score (x-axis) compared with the other chemicals
evaluated in the present volume (IARC Monographs Volume 113) and the 181 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 highest-
ranked chemical (in this case, clomiphene citrate) and the target chemical(s) (2,4-D) are shown with their respective ToxPi score in parentheses.

of exposure, deteriorated again when the behav-
iour resumed, and then returned back to normal
once exposure stopped again.

4.5.2 Experimental systems

Increased liver weights were reported in a
short-term study of toxicity with 2,4-D (Charles
et al., 1996) and in a short-term study of toxicity
with a 2,4-D-based formulation (Tayeb et al.,
2010) in rats, but not in single-dose or short-term
exposures to mice (Borzelleca et al., 1985). In the
short-term study in rats, histological changes,
including hepatic cord disruption, focal necrosis,
vessel dilation, and pyknotic nuclei, were also

reported, with severity increasing with dose
(Tayeb et al., 2010). Increases in alkaline phos-
phatase activity were reported in female mice
exposed for 90 days (Borzelleca et al., 1985). No
changes in the liver or in any other organs were
reported in a long-term study in rats and dogs
(Hansen et al., 1971).

With respect to male reproductive toxicity,
Charles et al. (1996) reported decreased testes
weights in rats after short-term exposure to
2,4-D. In an Fl-extended one-generation study
of reproductive toxicity with 2,4-D, Marty
et al. (2013) reported reduced testicular weights
accompanied by decreased body weights in
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Fig. 4.6 ToxPi ranking for 2,4-dichlorophenoxyacetic acid (2,4-D) using ToxCast assay end-points

mapped to metabolic activation
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On the left-hand side, the relative rank of 2,4-D is shown (y-axis) with respect to its ToxPi score (x-axis) compared with the other chemicals
evaluated in the present volume (IARC Monographs Volume 113) and the 181 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 highest-
ranked chemical (in this case, ziram) and the target chemical (2,4-D) are shown with its respective ToxPi score in parentheses.

weanling rats, and decreased seminal vesicle
weights, but no decreases in testicular weights in
P1 rats. In rats exposed to a herbicide formula-
tion containing 2,4-D and picloram, Oakes et al.
(2002) reported reduced testes weight, shrunken
tubules, and germ-cell depletion.

Data were extracted from the Toxicity
Reference Database (ToxRefDB), EPA, which
contains information on long-term and short-
term studies of cancer, developmental and
reproductive toxicity in vivo on hundreds of
chemicals (Martin et al., 2009). All source files
are publicly available from the October 2014 data
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release (https://www.epa.gov/chemical-research/
toxicity-forecaster-toxcasttm-data).

The end-point effects associated with admin-
istration of 2,4-D are presented by study type in
Table 4.6.
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2,4-Dichlorophenoxyacetic acid

Fig. 4.7 ToxPi ranking for 2,4-dichlorophenoxyacetic acid (2,4-D) using ToxCast assay end-points:

summary of key characteristics
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The figure represents a high-level summary of the activity of 2,4-D for end-points covering the seven key characteristics for which it was tested.
On the left-hand side, the relative rank of 2,4-D is shown (y-axis) with respect to its ToxPi score (x-axis) compared with the other chemicals
evaluated in the present volume (IARC Monographs Volume 113) and the 181 chemicals previously evaluated by IARC. The inset in the scatter
plot gives the subcategories and colour coding for the subcategories of the assays. On the right-hand side, the ToxPi charts of the highest-ranked
chemical (in this case, clomiphene citrate) and the target chemical (2,4-D) are shown with its respective ToxPi score in parentheses.
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2,4-Dichlorophenoxyacetic acid

5. Summary of data reported

5.1 Exposure data

The common name for 2,4-dichlorophenoxy-
acetic acid is 2,4-D. In addition to 2,4-D, several
2,4-D ester and salt compounds have been
manufactured and used in herbicide products.
2,4-D was commercially introduced in 1944,
and has been in continuous production and use
worldwide since that time. It is one of the most
widely used herbicides around the world for the
control of broadleaf weeds and plants in agri-
culture, forestry, right-of-way (e.g. roadside, rail
track, power line), lawn or turf, and aquatic weed
control. 2,4-D salts and esters are not persistent
under most environmental conditions and are
expected to degrade rapidly (within days) to
the acid form. Occupational exposures to 2,4-D
can result from product manufacturing, and
from its use as a herbicide, and occurs primarily
via dermal and inhalation routes. Indirect or
para-occupational exposure may occur in some
populations as a result of take-home and drift
exposure pathways, and occurs through dermal
absorption, inhalation, and indirect ingestion.
The general population may be exposed as a
result of the presence of 2,4-D in house dust,
food, air, water, and soil. In some areas, residen-
tial exposures may be related to use of 2,4-D on
lawns. Exposures of the general population may
occur through inhalation, dermal absorption,
and ingestion. Occupational exposures are often
found to be one to three orders of magnitude
higher than those in the general population.

5.2 Human carcinogenicity data

Exposure to 2,4-D has been evaluated in
relation to cancer risk in population-based
case—control studies and in several cohorts of
agricultural workers, pesticide applicators, and
pesticide manufacturers in the USA, Canada,

and Europe. The Working Group also reviewed
studies of workers and military personnel who
had been exposed to phenoxy herbicides as a
class, or to herbicides containing dioxin, but
determined that the majority of these studies
were uninformative as they did not provide
specific risk estimates for 2,4-D. In the studies
that were considered to be informative, expo-
sure to 2,4-D was largely assessed by question-
naire, sometimes with expert assessment of work
activities and crops grown, and in the industrial
cohorts by linkage of work histories to company
records of exposure levels. Data were reported
in the cohorts for a wide variety of cancers, and
in the case-control studies with more detail for
non-Hodgkin-lymphoma (NHL), leukaemia,
soft tissue sarcoma, and glioma.

More than 10 studies evaluated exposure
to 2,4-D in relation to risk of NHL, with NHL
classified according to either traditional systems
or the more recent WHO classification, which
defines lymphoid neoplasms as a broad category
that includes lymphoid leukaemia and multiple
myeloma. A nested case-control study of NHL
within an international cohort of herbicide-man-
ufacturing and -spraying workers, and follow-up
of 2,4-D-manufacturing workers in the USA did
not observe any strong or consistent increases
in risk of NHL in relation to 2,4-D exposure,
although the highest risks were observed in the
manufacturing cohort in the USA in the highest
categories of duration and intensity. A strongly
increased risk of NHL, but not leukaemia, was
associated with exposure to 2,4-D in a case-
control study nested within a cohort of members
of a farmworker labour union; nevertheless, the
semi-ecological exposure assessment in this
study limited the inferences that could be made.
Population-based case-control studies of expo-
sure to 2,4-D in relation to risk of lymphoma
and leukaemia provided mixed results. Studies
in North America found positive associations
with exposure to 2,4-D, with evidence for an
exposure-response relationship with increasing
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frequency of use in two studies, but not in a third.
Four other studies in the USA and Europe found
largely null results. In two studies and a pooled
analysis of three studies, associations with 2,4-D
were reduced toward the null after adjustment
for other pesticides. Studies in which exposure
assessment was based on measurement of 2,4-D
in house dust did not find an association with
risk of NHL or childhood acute lymphocytic
lymphoma; however,the validity of dust meas-
urement to reflect exposure during a time frame
of etiological interest is unclear.

Two meta-analyses of exposure to 2,4-D and
risk of NHL have been published; one included
five studies and showed a moderate, statistically
significant increase in risk; the other included
nine studies and showed no association. The
Working Group carried out an additional
meta-analysis for exposure to 2,4-D and risk of
NHL thatincluded 11 studies, and also showed no
association for ever-exposure to 2,4-D. However,
sensitivity analyses showed positive associations
when risk estimates that were adjusted for other
pesticides were replaced by risk estimates from
the same studies that were not adjusted for other
pesticides, including replacing the pooled anal-
ysis that adjusted for multiple pesticides with
estimates that were not adjusted for other pesti-
cides from the primary studies.

Risk of soft tissue sarcoma was evaluated in
relation to exposure to 2,4-D in three studies. A
strong association was found in an international
nested case—control study, although the number
of cases was small; two case—control studies in
the USA reported that they found no association
between exposure to 2,4-D and risk of soft tissue
sarcoma. There were very few studies exam-
ining other cancer sites (e.g. cancers of the pros-
tate, lung, stomach, breast, and melanoma, and
glioma), and their findings were inconsistent.
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5.3. Animal carcinogenicity data

2,4-D was tested for carcinogenicity by oral
administration in two feeding studies in male
and female mice, and one study (gavage followed
by feeding) in two strains of male and female
mice; by single subcutaneous injection in one
study in two strains of male and female mice;
by oral (drinking-water) administration in two
coadministration studies of commercial amine
formulations of 2,4-D and the known carcinogen
urethane in mice; by oral administration (gavage
followed by feeding) in three studies and by
single subcutaneous injection of the isopropyl,
butyl or isooctyl esters of 2,4-D in three studies
in two strains of male and female mice; by oral
administration in three feeding studies in male
and female rats; and in one epidemiological study
in pet dogs.

In mice, subcutaneous administration of the
isooctyl ester of 2,4-D resulted in a significantly
increased incidence of reticulum cell sarcomas
(histiocytic sarcoma/mixed cell malignant
lymphoma) in one strain of female mice. This
study had limitations in study design, such that
a relationship between exposure to 2,4-D and
the occurrence of reticulum cell sarcoma could
not be established clearly. In one co-carcino-
genicity study in male mice, administration of
a commercial amine formulation of 2,4-D in
drinking-water increased the multiplicity of
urethane-induced pulmonary adenoma. The
other studies in mice reported negative results.

In one study in rats, oral administration
(feeding) of 2,4-D resulted in a significant posi-
tive trend in the incidence of astrocytoma of
the brain in males. In a second feeding study
using higher doses, the incidence and trend in
the incidence of astrocytoma of the brain was
not increased. The third feeding study reported
negative results.

Results of the epidemiological case study in
dogs that examined the association between envi-
ronmental exposure to 2,4-D and risk of canine
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malignant lymphoma were difficult to evaluate
due to potential exposure misclassification.

5.4 Mechanistic and other relevant
data

2,4-D, and its salts and esters, are readily
absorbed via all routes of exposure. 2,4-D is
widely distributed in the body by blood circula-
tion, and is bound reversibly to plasma proteins.
The elimination half-life of 2,4-D after cessation
of exposure is on the order of 1 day. 2,4-D is
largely eliminated unchanged via the urine, with
some also eliminated as 2,4-D conjugates. Renal
organic anion transporter 1 (OAT1) is involved
in the excretion of 2,4-D via the kidneys. Most
studies in humans and experimental mamma-
lian systems have reported no evidence of metab-
olism other than conjugation, but metabolism
to 2,4-DCP was reported in human CYP3A4-
transfected yeast exposed to 2,4-D.

With respect to the key characteristics of
human carcinogens, adequate data to evaluate
2,4-D were available only for oxidative stress,
genotoxicity, immunosuppression, receptor-me-
diated effects, and altered cell proliferation or
death.

The evidence that 2,4-D induces oxidative
stress that can operate in human is strong. In
human erythrocytes, 2,4-D induces oxidative
stress in vitro. In rats exposed in utero and post-
natally through milk, 2,4-D induced oxidative
stress in the prostate, ovaries, and mammary
tissue up to 90 days after birth. 2,4-D also caused
oxidative stress in several regions of the brain
in rat pups exposed exclusively via the milk of
exposed mothers. 2,4-D increased hepatic oxida-
tive stress in dams and fetuses; this was partially
counteracted by co-administration of vitamin E.
In yeast, 2,4-D induced hydroxyl-radical forma-
tion, and this effect was stronger in superoxide
dismutase-deficient mutants. Although there
was only one study in human cells in vitro, the

results were consistent with available data in rats
and yeast.

The evidence that 2,4-D is genotoxic is
weak. Many of the studies that reported positive
results involved mixtures or formulations from
which the specific effect of 2,4-D could not be
discerned. Several studies in exposed humans
found no association between genotoxic effects
and exposure to 2,4-D. Evidence for induction of
chromosomal aberration, micronucleus forma-
tion, and sister-chromatid exchange in human
lymphocytes or in vitro was mixed, with exper-
iments using pure 2,4-D giving largely nega-
tive results. Data from experimental mammals
and non-mammals were mixed. Some studies
have reported induction of mutagenic effects in
Drosophila. 2,4-D does not induce point muta-
tions in bacteria, although positive results have
been reported in fish, yeast, and plant systems.

The evidence that 2,4-D causes immunosup-
pression is moderate. There are contradictory
results regarding the effects of 2,4-D on lympho-
cyte proliferation in exposed humans in longitu-
dinal studies; both suppressive and stimulatory
effects have been demonstrated, depending on
levels of exposure and formulation. In cultures
of isolated human lymphocytes exposed to
2,4-D, the lymphocyte proliferation replicative
index showed both increases and decreases,
depending on the dose and preparation of 2,4-D
used. 2,4-D significantly decreased the number
of bone-marrow plasma cells in a study in mice,
demonstrating suppression of humoral immu-
nity. However, mixed results have been reported
in some other studies in rats and mice.

The evidence that 2,4-D modulates receptor
activity is weak. One study in exposed humans
reported a correlation between urinary concen-
trations of 2,4-D and serum concentrations of
luteinizing hormone and testosterone; however,
the study subjects were exposed to multiple pesti-
cides and herbicides. Studies in human cells in
vitro showed potentiation of androgenic action.
In the rat, a single dose of 2,4-D has been shown
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to interfere with thyroid hormone transport, and
to reduce levels of thyroid hormones. Estrogenic
activity has been reported in rainbow trout
exposed to 2,4-D, according to the vitellogenin
assay. 2,4-D causes proliferation of peroxisomes
in mouse and rat liver.

The evidence that 2,4-D alters cell prolifera-
tion or death is weak.

There is inadequate evidence to evaluate
whether 2,4-D causes chronic inflammation;
however, 2,4-D caused allergy-like hypersensi-
tivity effects in mice.

For the other key characteristics of human
carcinogens, the data were insufficient for
evaluation.

In high-throughput testing in the Toxicity
Testing in the 21st Century (Tox21) and Toxicity
Forecaster (ToxCast) research programmes of
the government of the USA, 2,4-D gave posi-
tive results for 4 assay end-points, including 1
for peroxisome proliferator-activated receptor
(PPAR)-related activity, of the 265 assay
end-points relevant to the key characteristics of
human carcinogens.

There were few data on cancer susceptibility.

2,4-D has been associated with liver effects
in a human case report, and in rats and mice,
and with reproductive toxicity in males in some
studies in rats.

6. Evaluation

6.1 Cancer in humans

There is inadequate evidence in humans for
the carcinogenicity of 2,4-dichlorophenoxy-
acetic acid (2,4-D)
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6.2 Cancer in experimental animals

There is limited evidence in experimental
animals for the carcinogenicity of 2,4-dichloro-
phenoxyacetic acid (2,4-D)

6.3 Overall evaluation

2,4-Dichlorophenoxyacetic acid (2,4-D) is
possibly carcinogenic to humans (Group 2B)
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