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ABSTRACT 24 

Chlorophenoxy compounds, particularly 2,4-dichlorophenoxyacetic acid (2,4-D) and 4-chloro-2-25 

methylphenoxy)acetic acid (MCPA), are amongst the most widely used herbicides in the United States 26 

for both agricultural and residential applications.  Epidemiologic studies suggest that exposure to 2,4-D 27 

and MCPA may be associated with increased risk non-Hodgkins lymphoma (NHL), Hodgkin’s disease 28 

(HD), leukemia, and soft tissue sarcoma (STS).  Toxicological studies in rodents show no evidence of 29 

carcinogenicity, and regulatory agencies worldwide consider chlorophenoxies as not likely to be 30 

carcinogenic or unclassifiable as to carcinogenicity. This systematic review assembles the available data 31 

to evaluate epidemiologic, toxicological, pharmacokinetic, exposure and biomonitoring studies with 32 

respect to key cellular events noted in disease etiology and how those relate to hypothesized modes of 33 

action for these constituents to determine the plausibility of an association between environmentally-34 

relevant concentrations of 2,4-D and MCPA and lymphohematopoietic cancers.  The combined evidence 35 

does not support a genotoxic mode of action.  Although plausible hypotheses for other carcinogenic 36 

modes of action exist, a comparison of biomonitoring data to oral equivalent doses calculated from 37 

bioassay data show that environmental exposures are not sufficient to support a causal relationship.  38 

Genetic polymorphisms exist that are known to increase the risk of developing NHL.  The potential 39 

interaction between these polymorphisms and exposures to chlorophenoxy compounds, particularly in 40 

occupational settings, is largely unknown.   41 
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1.0 Introduction 90 

The chlorophenoxy herbicides MCPA and 2,4-D are registered for a range of agricultural and residential 91 

uses focused on control of post-emergent broadleaf weeds. Since 2001, 2,4-D has been the most 92 

commonly used herbicide in the residential market at 8 to 11 million pounds annually and is the seventh 93 

most commonly used herbicide in the agricultural market ranging from 24 to 30 million pounds annually 94 

(http://www.epa.gov/pesticides/pestsales/07pestsales/usage2007_2.htm#3_5). MCPA is used less, 95 

falling within the top 25 compounds used residentially and agriculturally, but is a closely related 96 

compound. Phenoxy herbicides act by simulating the action of natural hormones to produce 97 

uncoordinated plant growth. Their action is selective as they are toxic to dicotyledonous but not 98 

monocotyledonous plants.  The physical properties of chlorophenoxy compounds can vary greatly 99 

according to formulation. For instance, as alkali salts they are highly water soluble (can be formulated as 100 

aqueous solutions) whereas as simple esters they demonstrate low water solubility and are more 101 

lipophilic (generally formulated as emulsifiable concentrates).  The acid is the parent compound, but a 102 

number of formulations in use contain the more water-soluble amine salts or the ester derivatives, 103 

which are readily dissolved in an organic solvent.  Figure 1 shows the general chemical structure of the 104 

chlorophenoxy herbicides, together with the structures of the parent compounds MCPA and 2,4-D. 105 

A series of rodent bioassays submitted to the USEPA in support of pesticide registration have found no 106 

carcinogenic treatment-related effects for either MCPA (Bellet et al. 1999; 2001; USEPA 1997; 2004) or 107 

2,4-D (Charles et al. 1996a; 1996b; USEPA 2005).  Regulatory agencies in their evaluations of these two 108 

constituents have found them unlikely to be human carcinogens (USEPA 2004) or unclassifiable as to 109 

carcinogenicity (USEPA 2005; Health Canada 2009; IARC 1998) while the World Health Organization 110 

(WHO) has concluded that 2,4-D and its salts and esters are not genotoxic, specifically, and the toxicity 111 

of the salts and esters of 2,4-D is comparable to that of the acid (WHO 1996).  However, a number of 112 

epidemiologic studies have found positive associations between some measure of exposure either to 113 



chlorophenoxy compounds and/or MCPA and/or 2,4-D in particular and an increased risk of some 114 

lymphohematopoietic cancers, primarily Non-Hodgkins lymphoma (NHL) (Mills et al. 2005; McDuffie et 115 

al. 2001; Morrison 1992), but also Hodgkin's Disease (HD), soft-tissue sarcoma (STS), and to a lesser 116 

extent, leukemia, while others have found no associations (Hartge et al. 2005; De Roos et al. 2003; 2004) 117 

or only in combination with other compounds or with multiple chlorophenoxys (Hohenadel et al. 2011).   118 

Under the assumption that the epidemiologic studies reveal a potential association between exposure 119 

and outcome, there must be a series of cellular events by which exposure to chlorophenoxy compounds 120 

is causally related to these carcinogenic outcomes.  The toxicological studies are equivocal.  While the 121 

traditional in vivo rodent assays are all negative for tumorigenic responses, and a number of in vivo and 122 

in vitro studies of potential mutagenicity and clastogenicity are negative (Gollapudi et al. 1999; 123 

Linnainmaa 1984; Elliott 2005), a number of other in vitro studies have shown weakly positive responses 124 

for chromosomal aberrations, sister chromatid exchange [SCE], and increased micronucleus formation 125 

and replicative index (Holland et al. 2002) but typically only at the highest concentrations and/or doses 126 

tested exceeding renal transport mechanisms, or observed effects were transient. In addition, several 127 

studies have demonstrated the ability of 2,4-D to interrupt cellular functions and communication 128 

(Soloneski et al. 2007; Rubinstein et al. 1984), suggesting a potential non-genotoxic mode of action.  129 

Chlorophenoxy compounds are known to induce P450 (Bacher and Gibson 1988), and to effectively bind 130 

to plasma proteins.  Both 2,4-D and MCPA have been shown in studies ranging from rats to dogs to 131 

humans to be largely excreted as parent compounds and to a lesser extent as conjugates via urine 132 

within hours of exposure (Saueroff et al. 1977; Aylward et al. 2010).  There is general agreement that 133 

chlorophenoxy compounds do not accumulate in tissues.  134 

There have been numerous previous reviews evaluating the evidence for potential health effects 135 

associated with exposures to 2,4-D in particular as summarized in Table 1. The USEPA, USEPA Science 136 



Advisory Board, IARC, WHO, and Canadian government independently have conducted assessments of 137 

the carcinogenicity of 2,4-D, MCPA, and/or chlorophenoxy compounds generally (USEPA 1997; 1991; 138 

IARC 1986; WHO 1984; 1989; Canadian Centre for Toxicology, 1987; Health Canada 2009; PMRA 2007).  139 

In 1991, the Center for Risk Analysis at the Harvard School of Public Health convened a panel of 13 140 

scientists to weigh the evidence on the human carcinogenicity of 2,4-D (Ibrahim et al. 1991). The panel 141 

based its findings on a review of the toxicological and epidemiologic literature up to that time on 2,4-D 142 

and related phenoxy herbicides. The panel concluded that the toxicological data alone do not provide a 143 

strong basis for determination of carcinogenicity of 2,4-D. However, although they were unable to 144 

establish a cause-effect relationship, the panel concluded there was suggestive although inconclusive 145 

evidence for an association between exposure to 2,4-D and NHL and that further study was warranted.   146 

The panel further concluded there was little evidence of an association between 2,4-D use and soft-147 

tissue sarcoma or Hodgkins disease, and no evidence of an association between 2,4-D use and any other 148 

form of cancer.   149 

Focusing specifically on the epidemiologic studies, Johnson (1990) conducted a review of the association 150 

between exposure to chlorophenoxy compounds and NHL, STS, HD, and other malignant lymphomas 151 

based solely on occupational cohort studies, and determined the weight of evidence at that time did not 152 

unequivocally support an association between use of chlorophenoxys and malignant lymphomas and/or 153 

STS, and that the available occupational cohort studies had not yet accumulated sufficient person-years 154 

of observation to date.  Nonetheless, despite the lack of sufficient person-years of observation, cases of 155 

lymphoma and STS were observed when none were expected, suggestive of a potential association. 156 

Munro et al. (1992) published a “comprehensive, integrated review and evaluation of the scientific 157 

evidence relating to the safety of the herbicide 2,4-D” and found no evidence for adverse effects across 158 

a range of outcomes.  Focusing specifically on cancer, the authors found that only the case-control 159 



studies provided any evidence of an association between exposure to 2,4-D and NHL, specifically, and 160 

that this association was not borne out by the cohort studies.  Finally, in an evaluation of the in vitro and 161 

in vivo data, they found no support for a mechanistic basis by which 2,4-D might lead to NHL. 162 

Also in 1992, Morrison et al. conducted a review of the literature and determined there was reasonable 163 

evidence suggesting that occupational exposure to phenoxy herbicides resulted in increased risk of 164 

developing NHL. The authors noted several studies showing large increases in risk of STS with phenoxy 165 

herbicide exposure, but acknowledged that other studies had failed to observe increased risks, and 166 

evidence for an exposure-risk relationship was lacking.  A number of the underlying studies, particularly 167 

those showing elevated risks, included exposures to other constituents, such as dioxins. 168 

In 1993, Bond and Rossbacher published a review of potential human carcinogenicity of the 169 

chlorophenoxy herbicides MCPA, 2-(2-methyl-4-chlorophenoxy)propanoic acid (MCPP), and 2-(2,4-170 

dichlorophenoxy)propionic acid (2,4-DP).  They evaluated the epidemiologic evidence, particularly based 171 

on European studies, for associations between exposure to chlorophenoxy herbicides and cancer, 172 

including NHL, HD, and STS.  The authors concluded that although suggestive evidence from 173 

epidemiologic studies of associations between chlorophenoxy herbicides and increased risks for several 174 

uncommon cancers existed, the evidence was inconsistent and far from conclusive. Further, none of the 175 

evidence specifically implicated MCPA, MCPP, or 2,4-D. Furthermore, the results of experimental studies 176 

in laboratory animals did not support a causal association between exposure these three compounds 177 

and cancer development.  Similarly, Gandhi et al. (2000) developed a critical evaluation of cancer risk 178 

from 2,4-D and found that there was no evidence for carcinogenicity of 2,4-D although there was some 179 

suggestive evidence for NHL as an outcome, but without a plausible mode of action.   180 

In 2002, Garabrant and Philbert (2002) reviewed the scientific evidence from studies in both humans 181 

and animals relevant to cancer risks, neurologic disease, reproductive risks, and immunotoxicity of 2,4-D 182 



and its salts and esters focusing particularly on studies conducted from 1995 through 2001. The authors 183 

concluded that the available evidence from epidemiologic studies did not indicate any causal association 184 

of any form of cancer with 2,4-D exposure. Further, they found no human evidence of adverse 185 

reproductive outcomes related to 2,4-D. The available data from animal studies of acute, subchronic, 186 

and chronic exposure to 2,4-D, its salts, and esters showed an unequivocal lack of systemic toxicity at 187 

doses that did not exceed renal clearance mechanisms. They found no evidence that 2,4-D in any of its 188 

forms activated or altered the immune system in animals at any dose. At doses exceeding or 189 

approaching renal clearance mechanisms, approximately 50 mg/kg in rats (van Ravenzwaay et al. 2003), 190 

2,4-D was observed to cause liver and kidney damage and irritated mucous membranes. Although 191 

myotonia and alterations in gait and behavioral indices were observed following doses of 2,4-D that 192 

again exceeded renal clearance mechanisms, alterations in the neurologic system of experimental 193 

animals were not observed with the administration of doses in the microgram/kg/day range. The 194 

authors found it unlikely that 2,4-D exhibited any potential health effects at doses below those required 195 

to induce systemic toxicity.  196 

Bus and Hammond (2007) summarized the findings of animal and human health studies primarily 197 

conducted or sponsored by the Industry Task Force II on 2,4-D Research Data (2,4-D Task Force) using 198 

the three forms of 2,4-D (acid, dimethylamine salts, and 2-ethylhexyl ester) and reported that chronic 199 

and other toxicity responses were generally limited to high doses, well above those known to result in 200 

non-linear pharmacokinetic behavior.  They further reported that 2,4-D did not demonstrate 201 

carcinogenicity or genotoxicity in animals, did not cause birth defects, and demonstrated low potential 202 

for reproductive toxicity and neurotoxicity, based on the additional studies provided to the USEPA in 203 

support of 2,4-D re-registration. 204 



Despite these numerous reviews and several regulatory evaluations, questions as to the carcinogenic 205 

potential of 2,4-D and related compounds persist, prompting this review. 206 

1.2 Integrated Evaluation 207 

There are a number of proposed approaches for evaluating the weight of evidence for a causal 208 

association between a particular exposure and a set of outcomes all of which rely to some extent on the 209 

use of Hill’s Criteria as applied to the body of evidence (Weed 2005).  But defining criteria weights, and 210 

the specific details of how the criteria are applied requires a clear definition of what constitutes 211 

“weight” and what constitutes “evidence” and how those components relate to each other without 212 

appearing ad hoc or purely the result of professional judgment.  Ideally, one could use decision analytic 213 

techniques in which each individual study would receive a quantitative score across each of the clearly 214 

defined criteria resulting in an “objective” evaluation, but this becomes somewhat intractable, 215 

particularly in this case, given the large number of studies, the categories of studies (e.g., epidemiologic, 216 

in vivo and in vitro, exposure, etc.), and the nuanced details of each study.  217 

Hypothesis-based weight-of-evidence (Rhomberg et al. 2010; 2011) provides a useful framework for 218 

evaluating hypotheses related to potential modes of action of chemical toxicity.  Mode of action has 219 

regulatory significance with respect to the model used to develop toxicity factors and dose-response 220 

relationships for use in risk assessments (Carmichael et al. 2011), particularly with respect to 221 

carcinogenic outcomes, but most frameworks start with the premise that there is tumor induction 222 

observed in animal studies (Moore et al. 2008), which is not the case for 2,4-D or MCPA.  Therefore, 223 

under the assumption that the epidemiologic studies are suggestive of an association between exposure 224 

to 2,4-D and/or MCPA and certain lymphohemaopoietic outcomes, there is a benefit to evaluating those 225 

lymphohematopoietic outcomes with respect to disease etiology to identify key cellular events involved 226 

in either disease initiation or promotion to determine how those might relate to a potential mode of 227 



action for chlorophenoxy compounds to exert their biological influence.  This strawman approach 228 

provides a framework for evaluating how much of the burden of disease might be attributable to 229 

environmental factors, specifically exposure to chlorophenoxy compounds.  Since 2001, the 230 

International Lymphoma Epidemiology Consortium has dedicated itself to providing an open scientific 231 

forum and collaborative platform across which to pool data and conduct analyses related to lymphomas, 232 

particularly NHL.  These investigators have made significant progress in identifying molecular pathways 233 

and events leading to subclinical progression of disease (Harris 2001) that are explored here in the 234 

context of chlorophenoxy exposures.  Is there evidence for a relationship between exposure and 235 

development of molecular events required for disease progression? And if so, how would exposure to 236 

chlorophenoxy compounds in the environment contribute to those events? And finally, are exposure 237 

concentrations sufficient to plausibly contribute to disease incidence?  What is the evidence for 238 

population-level exposures and how do those relate to concentrations at which effects have been 239 

observed across the different categories of studies (e.g., in vivo and in vitro toxicological, 240 

epidemiologic)? 241 

Figure 2 shows that synthesizing this information to determine the potential for exposure to 242 

chlorophenoxy compounds at environmentally-relevant concentrations to lead to specific carcinogenic 243 

outcomes requires a critical evaluation of the intersection of environmental exposures (what are the 244 

exposure concentrations in the environment and how do those relate to biologically-effective doses), 245 

the evidence for particular effects from toxicological and epidemiological data, and what is known about 246 

cellular events at the subclinical scale in terms of disease etiology.  This allows an evaluation of 247 

biological plausibility with respect to a hypothesized mode of action based on the best available 248 

understanding of molecular events required for disease progression, evaluated in the context of what is 249 

known about how these compounds exert their biological influence, and exposure conditions necessary 250 

to achieve absorbed doses relevant to the pathways of interest.   251 



The structure of the review is as follows.  First, the rationale for focusing on lymphohematopoietic 252 

cancers is provided in Section 2.0 by summarizing and evaluating the key epidemiologic studies that 253 

have demonstrated an association between some measure of exposure to 2,4-D, MCPA and/or 254 

chlorophenoxy compounds generally and lymphohematopoietic cancers.  Section 3.0 takes a “top 255 

down” approach by evaluating what is known about disease etiology to develop hypotheses concerning 256 

potential modes of action by which exposure to 2,4-D and/or MCPA might lead to the particular health 257 

outcomes identified in Section 2.0.  Section 4.0 identifies, discusses, and interprets the literature and 258 

data with respect to the kinetics of absorption, distribution, metabolism, and elimination in laboratory 259 

studies in humans and animals (4.1), followed by a subsection on pharmacodynamics. Section 5.0 260 

focuses on toxicological studies, both in vivo and in vitro, starting with animal studies (5.1) and then 261 

available human studies (5.2).  Section 6.0 discusses exposures in the environment based on the 262 

available biomonitoring data and modeling studies in the context of the hypothesized modes of action.  263 

This is followed by a synthesis of the evidence in Section 7.0. References are provided in Section 8.0.   264 

2.0 Epidemiologic Studies 265 

This section identifies the available epidemiologic studies and evaluates them with respect to a number 266 

of questions to identify the specific carcinogenic outcomes of interest.  The first set of questions relates 267 

generally to study design, including: 268 

• How was exposure quantified?  A key limitation of epidemiological studies is related to the way 269 

in which exposures are quantified at best and categorized at worst.  Many epidemiological 270 

studies rely on relatively crude measures of exposure such as basic occupational status (e.g., 271 

farmer, chlorophenoxy manufacturing) with years on the job as the primary measure of more or 272 

less exposure. Other studies make an attempt to quantify pounds of active constituent 273 

produced (for manufacturing facilities) or used (for sprayers, farmers, etc.).  This information 274 



may or may not be combined with estimates of duration (e.g., two months a year for 12 years, 275 

etc.). Particularly for constituent usage, most estimates rely on questionnaires of various kinds, 276 

and in some cases, only next of kin are available to answer these questions. Studies that are able 277 

to use quantitative exposure information (e.g., biomarkers, etc.) allow for greater confidence in 278 

any observed associations. 279 

• What covariates were evaluated? It is important to evaluate potential covariates of interest that 280 

might be related to disease (e.g., smoking) and certainly across the entire study population. This 281 

could include other potential exposures (e.g., solvents, other chemicals), and even if these 282 

aren't included directly in the evaluation, it is important to understand potential differences in 283 

exposures across the study population (e.g., cases have higher solvent exposures than controls, 284 

etc.). If the study is attempting to evaluate exposure across a number of constituents, then the 285 

statistical treatment needs to reflect these multiple comparisons to avoid spurious associations. 286 

• Is latency considered? Most cancers require a series of events to occur over time following 287 

exposure; a study in which exposure and outcome are largely concurrent is less compelling than 288 

a study that has thought through the latency question.  Weisenburger (1992) suggests that the 289 

latency period for NHL, HD, and leukemia for long term, chronic exposures is on the order of 10-290 

20 years as compared to short term, high intensity exposures for which the latency period is 291 

significantly shorter, on the order of five to six years. 292 

• How long was the follow up period in cohort studies? Related to latency but not exactly the 293 

same is the follow up period in cohort studies.  Again, particularly for chronic exposures and/or 294 

outcomes that are not expected for some time following exposure, it is important to allow 295 

enough follow up time. 296 



• How were cases and controls selected in case-control studies?  Clearly, systematic differences 297 

across cases and controls will influence the analysis, particularly with respect to potential 298 

exposures. 299 

• How were outcomes identified and categorized? In general, epidemiological studies rely on ICD 300 

classifications in use at the time of the study, but these change over time as our understanding 301 

of clinically-relevant differences in disease become apparent.  There is also the question of 302 

grouping outcomes with respect to mode of action.  For example, within lymphohematopoietic 303 

outcomes, which include both lymphomas and leukemias, there are different cellular and 304 

molecular origins to disease relevant to the potential mode of action of an exposure such that it 305 

may not be appropriate to consider outcomes too broadly.  That said, there may not be enough 306 

power to detect measurable differences across histological subtypes (e.g., follicular vs. mantle 307 

cell lymphoma). 308 

Another set of questions concerns the analysis and results, including: 309 

• What is the power of the study? A challenge in epidemiological studies, particularly case-control 310 

studies with rare outcomes, is the power of the study to detect a relative risk of a certain 311 

magnitude. 312 

• Is there a dose-response relationship with measures of exposure (e.g., job duration, years of use, 313 

etc.)?  In general, there is an expectation that higher and/or longer exposure would be 314 

associated with higher risk, depending on the potential mode of action of the compound.  An 315 

initiating  316 

• What statistical tests are used?  As mentioned above, in the event of multiple exposures and 317 

comparisons, the statistical model used needs to account for that to avoid spurious associations.   318 



Candidate studies were identified through a literature search, using PubMed, MEDLINE, and Web of 319 

Science, for all epidemiologic studies related to 2,4-D, MCPA, and/or chlorophenoxy compounds and 320 

lymphohematopoietic cancers. Search terms included “lymph*” and “2,4-D” or “MCPA” or 321 

“chlorophenoxy” or “phenoxyacetic” and “human.”  References for citations obtained this way were 322 

carefully reviewed to identify additional relevant studies.  Papers were categorized as to type of study 323 

(e.g., case-control, cohort) and general cohort (e.g., Swedish forestry workers, Finnish chlorophenoxy 324 

producers, US Agricultural Study, etc.).  Results from the most recent, non-overlapping analyses were 325 

the focus of this assessment. 326 

Several studies in occupationally-exposed case-control and to a lesser extent cohort studies show 327 

statistically significant associations (Figures 3 and 4) with a number of lymphohematopoietic outcomes 328 

and these are the basis for concern with respect to potential health effects associated with exposures to 329 

2,4-D and/or MCPA. Figure 3 provides an overview of the epidemiologic studies related to NHL as an 330 

outcome, while results for the remaining cancers are graphically depicted in Figure 4. 331 

2.1 Case-Control Studies 332 

2.1.1 NHL 333 

Table 2 provides a summary of available case control studies that have evaluated NHL as an outcome.  334 

Figure 3 provides these results in a graphical format. 335 

The strongest association between exposure to chlorophenoxy compounds and NHL is demonstrated 336 

through a series of occupational case-control studies carried out in Sweden (Eriksson et al. 1981; 1992; 337 

2008; Hardell and Sandstrom, 1979; Hardell et al. 1981; 1994; Hardell and Axelson 1982; Hardell and 338 

Bengtsson 1983; Hardell and Eriksson 1999; Persson et al. 1989; 1993).  These occupational studies 339 

focused on individuals involved in manufacturing chlorophenoxy compounds, or professional sprayers, 340 

particularly in the forestry and railroad industries (e.g., spraying noxious weeds to maintain rights-of-341 



way etc.).  The primary criticisms of these studies (Bond et al. 1989) include possible inaccurate 342 

diagnoses, observation and/or recall bias, lack of control for confounding variables, and poorly specified 343 

exposures (exposure is typically defined as greater than one day).  Consequently, it is difficult to infer 344 

causality from these studies since there were numerous, largely statistically uncontrolled confounding 345 

exposures, and exposure itself was poorly specified, relying largely on self-reported questionnaires, and 346 

often without demonstrating dose-response relationships.  For deceased cases, exposure categorization 347 

relied on next-of-kin, which may be particularly unreliable.  Exposure was defined as greater than one 348 

day over many years. 349 

These studies do not consistently demonstrate statistical significance or strength of association.  For 350 

example, Hardell and Eriksson (1999) conducted an analysis of a population-based case–control study in 351 

northern and middle Sweden with 404 NHL cases and 741 controls overall, and 12 NHL cases with 11 352 

controls for the MCPA-specific analyses. They used questionnaires supplemented by telephone 353 

interviews to estimate exposure. They found a marginally statistically significant odds ratio for exposure 354 

to MCPA, but only when a latency period greater than 30 years was assumed.  For other time periods, 355 

the association was not statistically significant.  The odds ratio was less than 1.0 for exposure within 10-356 

20 years of NHL onset, indicating reduced risk.  Only the univariate analyses showed an increased OR = 357 

2.7 (95%CI 1.0 – 7.0); the multivariate analysis OR = 1.2 (95%CI = 0.6 – 2.0).  That is, only when 358 

exposures were individually modeled did the authors demonstrate statistical significance. 359 

Another set of studies from the United States show more equivocal results.  Hoar et al. (1986) 360 

conducted a population-based, case-control study in Kansas based on telephone interviews with 200 361 

white men diagnosed with NHL along with 1,005 controls.  Use of chorophenoxy herbicides 362 

(predominantly 2,4-D) in 24 cases and 78 controls was associated with an OR = 2.2 (95%CI = 1.2 – 4.1).  363 

Table 2 shows the results stratified by days per year use of 2,4-D, which shows that only the highest 364 



exposure was statistically significant, and the lowest exposure predicts a higher OR than the next two 365 

higher exposures.  However, the number of cases and controls was very small when stratifying results.   366 

Zahm et al. (1990) followed up with a population-based, case-control study in 66 counties in eastern 367 

Nebraska.  Telephone interviews were conducted with 201 white men diagnosed with NHL between July 368 

1, 1983 and June 30, 1986 with 775 controls.  The authors report a 50% increase in NHL among men who 369 

mixed or applied 2,4-D (OR = 1.5, 95%CI 0.9 – 2.5).  Reported ORs were largely unchanged when 370 

controlling for use of other pesticides and use of protective equipment.  In fact, those farmers who 371 

reported typically using protective equipment had a higher OR (1.7, 95%CI = 0.9 – 3.1) as compared to 372 

those who did not (OR = 1.2, 95%CI = 0.6 – 2.4).  It does not appear that the study controlled for 373 

smoking and/or other lifestyle factors.  One issue to note with these studies is that the questionnaire 374 

used to determine exposure asked only about herbicide usage generally, and therefore may not apply 375 

specifically to 2,4-D.  Statistically significant associations were also found with triazines (OR = 2.5, 95% CI 376 

= 1.2 – 5.4), trifluralin (OR = 12.5, 95% CI = 1.6 – 116.1), and herbicides not otherwise named (OR = 5.8, 377 

95% CI = 1.9 – 17.2). 378 

Kogevinas et al. (1995) report on a large, international, nested case-control study sponsored by the 379 

International Agency for Research on Cancer (IARC).  Kogevinas et al. (1995) evaluated 11 soft tissue 380 

sarcoma and 32 lymphoma cases occurring within an international cohort which were matched for age, 381 

sex, and country of residence with 55 and 158 controls, respectively. Three industrial hygienists who 382 

were blind to case-control status estimated exposures to 21 chemicals or mixtures. In this study, the 383 

results for NHL were not statistically significant and showed ORs less than one (Table 2).  Predicted ORs 384 

did not show a dose-response relationship across exposures when expressed as referent, low, medium, 385 

and high (e.g., the lowest exposure, in some cases, had the highest predicted OR, but sample sizes were 386 

very small when defined this way).  A strength of this study is the international scope, with cases and 387 

controls based on world-wide cohorts. 388 



Other studies, particularly those that evaluated multiple exposures and/or dose-response relationships, 389 

do not demonstrate a convincing relationship between exposure and outcome.  For example, Cantor et 390 

al. (1992) report on a case (n = 622) control (n = 1245 population-based) study which evaluated 391 

potential exposures across a wide range of pesticides, herbicides, and insecticides, and found 392 

statistically significant positive associations with exposure to malathion, DDT, chlordane and lindane, but 393 

not chlorophenoxys (largely 2,4-D) and NHL.  Similarly, McDuffie et al. (2001) conducted a Canadian 394 

multicenter population-based incident, case (n =517)-control (n=1506) study among men in a diversity 395 

of occupations using an initial postal questionnaire followed by a telephone interview for those 396 

reporting pesticide exposure of 10 h/year or more, and a 15% random sample of the remainder. 397 

Adjusted odds ratios (ORs) were computed using conditional logistic regression stratified by the 398 

matching variables of age and province of residence, and subsequently adjusted for statistically 399 

significant medical variables (history of measles, mumps, cancer, allergy desensitization treatment, and 400 

a positive history of cancer in first-degree relatives). They found that among major chemical classes of 401 

herbicides, the risk of NHL was statistically significantly increased for exposure to phenoxy herbicides 402 

(OR=1.38; 95% CI=1.06 – 1.81), although a detailed evaluation of individual phenoxy herbicides found 403 

the highest individual OR for mecoprop (OR=2.33, 95%CI=1.58 – 3.44) rather than 2,4-D or MCPA.  404 

Moreover, across the entire study, the highest ORs were found for aldrin (OR = 4.18, 95%CI = 1.48 – 405 

11.96).  In their final models, NHL was most highly associated with a personal history of cancer; a history 406 

of cancer in first-degree relatives; and exposure to dicamba-containing herbicides, to mecoprop, and to 407 

aldrin.  Their final models did not include 2,4-D or MCPA. 408 

Miligi et al. (2003) conducted a population-based case-control study in Italy based on 1,575 interviewed 409 

cases and 1,232 controls in the nine agricultural study areas.  Exposure to nitro-derivatives and 410 

phenylimides among fungicides, hydrocarbon derivatives and insecticide oils among insecticides, and 411 

the herbicide amides were the chemical classes observed to be associated with developing NHL. ORs for 412 



the chlorophenoxy compounds are presented in Table 2 and are slightly elevated in some cases but all 413 

statistically insignificant. Exposure was assigned as a probability of usage in terms of chemicals families 414 

and active ingredients according to an ordinal scale (low, medium, and high) taking into account the 415 

time period, crops and crop diseases, and treatment applied as well as the area. Industrial hygienists 416 

reviewed questionnaire data on crop diseases, treatments carried out and historical periods, field 417 

acreage, geographical location, and self-reported use of specific pesticides.  The agronomists involved in 418 

the pesticide exposure assessment based their judgments on personal local experience, national 419 

statistics on pesticide use per year and administrative unit, available records of local pesticide suppliers, 420 

records of pesticide purchases by the major farms, and on professional consultants for the different 421 

crops. Miligi et al. (2005) report on several additional analyses that find a statistically significant OR = 4.4 422 

(95% CI = 1.1 – 29.1) based on 9 cases and 3 controls related to 2,4-D usage without protective 423 

equipment.  The wide confidence interval (e.g., small n) makes it difficult to infer a relationship. 424 

In an “integrative” study evaluating many potential pesticides and combinations of pesticides, De Roos 425 

et al. (2003) report on a pooled analysis from three case-control studies conducted under the auspices 426 

of the National Cancer Institute in the United States based on data from the 1980s. The authors used 427 

these pooled data to examine pesticide exposures in farming as risk factors for NHL in men. The large 428 

sample size (n = 3417) allowed analysis of 47 pesticides simultaneously, controlling for potential 429 

confounding by other pesticides in the model, and adjusting the estimates based on a prespecified 430 

variance to make them more stable. Reported use of several individual pesticides was associated with 431 

increased NHL incidence, including organophosphate insecticides coumaphos, diazinon, and fonofos, 432 

insecticides chlordane, dieldrin, and copper acetoarsenite, and herbicides atrazine, glyphosate, and 433 

sodium chlorate. A subanalysis of these “potentially carcinogenic” pesticides suggested a positive trend 434 

of risk with exposure to increasing numbers. Estimated ORs for 2,4-D and MCPA were both below one 435 

(Table 2) and were not elevated nor significant in any combined model. 436 



However, Mills et al. (2005) in a study involving 131 lymphohematopoeitic cancers diagnosed in 437 

California between 1988 and 2001 in United Farm Workers of America (UFW) members found a 438 

statistically significant OR = 3.8 (95%CI = 1.85 – 7.81) for exposure to 2,4-D. This was the only statistically 439 

significant association for NHL across all pesticides studied.  However, while the authors included age, 440 

sex, and length of union affiliation as covariates, there was no mention of controlling for smoking and/or 441 

other risk factors that may be associated with NHL. Exposure was characterized by linking UFW job 442 

histories (records kept by the Union) to records of pesticide use by county kept by the State of California 443 

Pesticide Databank.  Employment in a given crop in a given month/year in a given county was matched 444 

to the corresponding application of several pesticides on that crop in a given month and county location. 445 

These applications (in pounds of active ingredients applied) were summed and used as a proxy or 446 

surrogate measure of pesticide exposure for both cases and controls for the two- to three-decade 447 

period prior to diagnosis of the cancer. However, although exposure was better characterized than in 448 

most epidemiologic studies, there was no verification of any individual exposure (e.g., true individual 449 

exposures were completely unknown). 450 

Orsi et al. (2009) conducted a hospital-based case-control study in six centers in France between 2000 451 

and 2004. The cases were incident cases with a diagnosis of lymphoma aged 18–75 years. During the 452 

same period, controls of the same age and sex as the cases were recruited in the same hospital, mainly 453 

in the orthopaedic and rheumatological departments. Exposures to pesticides were evaluated through 454 

specific interviews and case-by-case expert reviews. The authors calculated ORs and 95%CIs using 455 

unconditional logistic regressions and did not find an increased OR for occupational exposure to 456 

chlorophenoxy compounds as a class and NHL.  Hohenadel et al. (2011) report on the results of the 457 

Cross-Canada Study of Pesticides and Health, a case-control study of Canadian men 19 years of age or 458 

older, conducted between 1991 and 1994 in six Canadian provinces (Alberta, British Columbia, 459 

Manitoba, Ontario, Quebec, and Saskatchewan).  A combination of postal and telephone interviews 460 



were used to obtain data for covariates and for pesticide use.  Stratifying respondents based on use of 2 461 

or more chlorophenoxy herbicides showed a statistically significant OR = 1.78 (95%CI = 1.27 – 2.5). 462 

However, a model with only exposure to 2,4-D resulted in an OR < 1, and in a larger evaluation of 463 

combinations of pesticides, malathion consistently emerged as a statistically significant exposure while 464 

2,4-D did not. 465 

All the previous studies have involved occupational exposures, which may not be particularly relevant to 466 

residential settings or the general public with respect to actual exposure levels in the population and 467 

potential risks associated with a significant use of chlorophenoxy compounds. One study, however, 468 

Hartge et al. (2005) explored the relationship between residential use of herbicides (primarily on lawns) 469 

and NHL in a population case-control study across Iowa, metropolitan Detroit, Los Angeles, and Seattle 470 

from the period 1998 to 2000.  The authors calculated relative risks based on measured 2,4-D in carpet 471 

dust (Table 2) as well as self-reported herbicide (specific chemicals not provided) use on lawns.  The 472 

authors did not observe a relationship between estimates of exposure and NHL.  473 

Another study, Leiss and Savitz (1995) explored associations between home pesticide use and childhood 474 

cancers in a study that study that grew out of childhood cancer and electromagnetic field exposure in 475 

Colorado.  Exposure data was collected through parental interviews, and dichotomized as "any use" vs 476 

"no use" for each pesticide type and exposure period based on the question whether the yard around 477 

the residence was "ever treated with insecticides or herbicides to control insects or weeds.” No 478 

associations with lymphomas, broadly defined, were found with all predicted ORs less than one. 479 

2.1.2 STS 480 

The bottom portion of Figure 4 provides a summary of the available STS studies. 481 



Hardell and Sandstrom (1979) estimated an OR of 5.3 (95% CI = 2.4 – 11.5) for STS based 13 cases and 14 482 

controls from the same Swedish case-control study as described previously for NHL. A follow-on study 483 

by Eriksson et al. (1981) estimated an elevated although non-statistically significant OR of 4.2 for 484 

chloropohenoxy exposures free from TCDD contamination (e.g., MCPA, 2,4-D, mecoprop and 485 

dichlorprop). The New Zealand studies (Smith et al. 1984; Smith and Pearce 1986) estimated a slightly 486 

elevated although non-statistically significant OR in one study (Smith et al. 1984, OR = 1.6, 95%CI = 0.8 – 487 

3.2; 17 cases and 13 controls) and an OR less than one in another (Smith and Pearce 1986; OR = 0.7, 488 

95%CI = 0.3 – 1.5; 6 cases and 46 controls).  489 

Woods et al. (1987) in a study in western Washington state estimated an OR = 0.8 (95%CI = 0.5 – 1.2) 490 

assuming predominantly chlorphenoxy exposures, and Cantor et al. (1992) estimated a non-significant 491 

OR = 1.2 (95%CI = 0.9 – 1.6) based on 118 cases and 231 controls.  Vineis et al. 1986 in a study in Italy 492 

involving female rice weeders found a non-significant OR = 2.7 (95%CI = 0.59 – 12.37) based on 31 cases 493 

and 73 controls.  Exposure to chlorophenoxy compounds (likely including 2,4,5-T) was based on three 494 

categories: no exposure, maybe exposed, and definitely exposed. Rice weeders were considered 495 

exposed to phenoxy herbicides when they worked after 1950 and did not work exclusively in a small rice 496 

allotment of their own. The “maybe” category was used particularly for people engaged in corn, wheat 497 

and pasture growing after 1950. 498 

Hoar et al. (1986) conducted a population-based, case-control study in Kansas based on telephone 499 

interviews with 200 white men diagnosed with STS along with 1,005 controls.  Estimated ORs were all 500 

below one except for 11 cases (57 controls) with greater than 16 years of exposure (OR = 1.4, 95% CI = 501 

0.6 – 3.1). 502 

The strongest associations between chlorophenoxy compound exposure and STS was found by 503 

Kogevinas et al. (1995) based on 10 cases and 30 controls, who estimated an OR = 10.3 (95% CI = 1.2 – 504 



90.6).  When stratifying results by predominantly MCPA/MCPP exposures, the estimated OR increased 505 

to 11.27 (95%CI = 1.3 – 97.9) based on 10 cases and 29 controls, and decreased to 5.72 but still 506 

statistically significant (95% CI 1.14 – 28.7) based on 9 cases and 24 controls for exposures identified as 507 

predominantly 2,4-D related.   Exposures to 21 chemicals or mixtures were estimated by three industrial 508 

hygienists who were blind to the subject's case-control status, but a dichotomous exposure classification 509 

was applied which likely included considerable misclassification (according to the authors p. 398) since 510 

information on dates and quantities of production and spraying of the six pesticides was not consistently 511 

available.  Results are presented for four exposure categories (none, low, medium, high) and the 512 

predicted ORs for the chlorophenoxys and MCPA do not follow a dose-response relationship, while 513 

dose-response relationships were observed for TCDD, 2,4-D, and 3,4-5-T.  However, results presented in 514 

this way were not statistically significant except for the highest predicted exposure for chlorophenoxys 515 

generally.  The authors used a logistic model and developed results for each contaminant individually.  516 

Another study, Leiss and Savitz (1995) explored associations between home pesticide use and childhood 517 

cancers in a study that study that grew out of childhood cancer and electromagnetic field exposure in 518 

Colorado.  Exposure data was collected through parental interviews, and dichotomized as "any use" vs 519 

"no use" for each pesticide type and exposure period based on the question whether the yard around 520 

the residence was "ever treated with insecticides or herbicides to control insects or weeds.” Separate 521 

ORs were estimated for exposure during the last three months of pregnancy (OR = 0.8, 95%CI = 0.5 – 1.3 522 

based on 10 cases and 79 controls), exposure between birth and two years of diagnosis (OR = 4.1, 95%CI 523 

= 1.0 – 16.0), and exposure between two years of diagnosis and diagnosis (OR = 3.9, 95%CI = 1.7 –  9.2).   524 

The cohort studies do not show an association between exposure and STS as an outcome.  Only two of 525 

the case control studies show statistically significantly increased ORs (Kogevinas et al. 1995; Leiss and 526 



Savitz 1995).  Leiss and Savitz (1995) focused on childhood STS and exposure was only specified as “yard 527 

treatment.”  528 

2.1.3 HD 529 

The top portion of Figure 4 provides the results of the epidemiologic studies focusing on HD. 530 

The Swedish studies (Persson et al. 1989; Hardell and Bengtsson 1983) show mixed results for HD as an 531 

endpoint.  Persson et al. (1989) estimated an OR = 3.8 (95%CI = 0.7 – 21) based on 4 cases and 6 controls 532 

for HD cases with exposure to predominantly chlorophenoxy compounds broadly defined.  The only 533 

statistically significantly increased OR = 5.0 (95%CI = 2.4 – 10.2) based on 14 cases and 24 controls 534 

(Hardell and Bengtsson 1983) was for a study for which exposure was categorized as at least one day of 535 

exposure to chlorophenoxy compounds based on a self-administered questionnaire.  A latency period of 536 

at least five years was assumed by excluding all exposures within five years of diagnosis.  537 

Hoar et al. (1986) conducted a population-based, case-control study in Kansas based on telephone 538 

interviews with 173 white men diagnosed with HD with 1,007 controls.  None of the estimated ORs for 539 

HD were statistically significant, and was only greater than one for greater than 16 years of exposure 540 

(OR = 1.2, 95% CI = 0.5, 2.6).   541 

Finally, Orsi et al. (2009) found a non-significant OR = 2.5 (95%CI = 0.8 – 7.7) based on 6 cases and 14 542 

controls for occupational exposure of agricultural workers to chlorophenoxy compounds as a class for 543 

HD.  This hospital-based case-control study obtained all cases of lymphoid neoplasms from the main 544 

hospitals of the French cities of Brest, Caen, Nantes, Lille, Toulouse and Bordeaux between September 545 

2000 and December 2004. Exposure was categorized first through a self-administered questionnaire and 546 

followed up by 90 minute individual face-to-face interviews. 547 



2.1.4 Leukemia 548 

The middle portion of Figure 4 provides the results of the studies investigating leukemia as an endpoint.   549 

To investigate whether exposure to carcinogens in an agricultural setting is related to an increased risk 550 

of developing leukemia, Brown et al. (1990) conducted a population-based case-control interview study 551 

of 578 white men with leukemia and 1245 controls living in Iowa and Minnesota. They found a slight, 552 

but significant, elevation in risk for all leukemia (OR = 1.2) and chronic lymphocytic leukemia (OR = 1.4) 553 

for farmers compared to nonfarmers, but there were no significant associations with leukemia for 554 

exposure to specific herbicides (including 2,4-D and 2,4,5-T). However, significantly elevated risks for 555 

leukemia of >2.0 were seen for exposure to specific animal insecticides including the organophosphates 556 

crotoxyphos (OR 11.1), dichlorvos (OR 2.0), and famphur (OR 2.2) and the natural product pyrethrins 557 

(OR 3.7) and the chlorinated hydrocarbon methoxychlor (OR 2.2). There were also smaller, but 558 

significant, risks associated with exposure to nicotine (OR = 1.6) and DDT (OR = 1.3). Based on exposure 559 

2,4-D alone, Brown et al. (1990) estimated an OR = 1.2 (95%CI = 0.9 – 1.6) based on 98 cases and 227 560 

controls, and for MCPA, the estimated OR = 1.9 (95% CI = 0.8 – 4.3) based on 11 cases and 16 controls. 561 

Another study, Leiss and Savitz (1995) explored associations between home pesticide use and childhood 562 

cancers in a study that grew out of a study originally on childhood cancer and electromagnetic field 563 

exposure in Colorado.  Exposure data was collected through parental interviews, and dichotomized as 564 

"any use" vs "no use" for each pesticide type and exposure period based on the question whether the 565 

yard around the residence was "ever treated with insecticides or herbicides to control insects or weeds.” 566 

No associations with leukemia were found with all predicted ORs less than one. 567 

Orsi et al. (2009) did not find an increased OR when evaluating leukemia broadly, but disaggregated by 568 

subtype, found an increased OR = 4.1 (95%CI = 1.1 – 15) for hairy cell leukemia, specifically, based on 4 569 

cases and 20 controls.   The overall OR = 1.0 (95%CI = 0.4 – 2.5) based on 7 cases and 20 controls largely 570 



exclusively exposed to chlorophenoxy compounds. This hospital-based case-control study obtained all 571 

cases of lymphoid neoplasms from the main hospitals of the French cities of Brest, Caen, Nantes, Lille, 572 

Toulouse and Bordeaux between September 2000 and December 2004. Exposure was categorized first 573 

through a self-administered questionnaire and followed up by 90 minute individual face-to-face 574 

interviews. 575 

Van Maele-Fabry et al. (2008) conducted a meta-analysis focused on three cohort studies published 576 

between 1984 and 2004 found a statistically significant odds ratio (OR) for exposure to chlorophenoxy 577 

compounds and leukemia (OR = 1.60, 95 confidence interval (CI) = 1.02 – 2.52), although all three 578 

underlying studies individually showed non-significant associations (Coggon et al. 1986; Lynge 1998; 579 

Bueno de Muesquita et al. 1993 – Factory B only).   580 

Agricultural risk factors for lymphohematopoeitic cancers, including leukemia, in Hispanic farm workers 581 

in California were examined in a nested case–control study embedded in a cohort of 139,000 ever 582 

members of a farm worker labor union in California (Mills et al. 2005). Risk of leukemia was associated 583 

with exposure to the pesticides mancozeb (OR = 2.35, 95% I = 1.12 – 4.95) and toxaphene (OR = 2.20, 584 

95%CI = 1.04 – 4.65) but not 2,4-D (OR = 1.03, 95%CI = 0.41 – 2.61). 585 

2.2 Cohort Studies 586 

The cohort studies, Table 3, by their design, evaluate all cancers simultaneously rather than focusing on 587 

particular cancers as is often found in the case-control studies.  Table 3 presents the results of the major 588 

cohort studies and in general show few statistically significant associations except for two (Carrao et al. 589 

1989; Jones et al. 2009). The Carrao et al. (1989) cohort consisted of 25,945 male farmers licensed 590 

between 1970 and 1974 to buy and use pesticides without any further refinement of what pesticides 591 

were used, how often, and in what quantities.  They estimated a standardized incidence ratio (SIR) of 1.4 592 

(95%CI = 1.0 – 1.9) across the category “all malignant lymphomas” (which considers all the 593 



lymphohematopoietic cancers as a single category) and conclude that this is likely due to exposure to 594 

chlorophenoxy compounds.  The rationale for this is that first, because the higher incidence was only 595 

found in predominantly arable areas, where, the authors argue, greater use is made of herbicides 596 

(although the specific herbicides in use are not discussed and the assumption is that these herbicides 597 

are largely chlorophenoxys with no justification), and second, the authors argue that the use of 598 

chlorophenoxyacid products had increased in recent years, so much so that this must represent the 599 

predominant exposure.  It is therefore difficult to argue that this analysis shows much support for a 600 

relationship between exposure to chlorophenoxy compounds and lymphoma. 601 

The Jones et al. (2009) study is a systematic review and meta-analysis of studies of cohorts of workers in 602 

the crop protection product manufacturing industry.  Jones et al. (2009) estimated meta SMRs based on 603 

20 individual studies and found a statistically significantly increased SMR for lymphoma, broadly 604 

defined, and exposure to chlorophenoxys (SMR = 2.01; 95%CI = 1.38 – 2.93). Although the SMR for HD 605 

was greater than one, it was not statistically significant. A limitation of this meta analysis is that the 606 

underlying studies included all chlorophenoxy compounds, including 2,4,5-T, which, as acknowledged by 607 

the authors, is likely to have been contaminated with dioxin. 608 

There have been a series of studies exploring cancer mortality and/or incidence rates in a cohort of 2,4-609 

D manufacturing workers from the Dow Chemical Company in Midland, MI (Bond 1988; Bloemen et al. 610 

1993; Burns et al. 2001; 2011).  In the first of these, Bond (1988) estimated standardized mortality ratios 611 

(SMRs) for 878 chemical workers potentially exposed to 2,4-D at any time between 1945 and 1983.  612 

Observed mortality was compared with expected levels based on adjusted rates for United States white 613 

men and for other male employees from a manufacturing location who were not exposed to 2,4-D.  614 

Analyses by production area, duration of exposure, and cumulative dose showed no patterns suggestive 615 

of a causal association between 2,4-D exposure and any other particular cause of death.  Similarly, 616 



follow-up studies have not provided evidence that exposures in manufacturing workers have led to 617 

increased risks. 618 

Wiklund et al. (1989) report on a cohort consisting of 20,245 subjects (99% men, 1% women) who had a 619 

license for pesticide application issued between 1965 and 1976 in Sweden.  Approximately 20% of 620 

subjects reporting using herbicides during the 1950s; 51% for the 1960s and 68% for the 1970s. The 621 

most commonly used herbicide across all three decades was MCPA.  The authors found a decreased 622 

relative risk across all cancers. 623 

Bond and Rossbacher (1993) report on two studies based on cohorts that manufactured MCPA.  The 624 

first, Lynge et al. (1985) evaluated 4459 chemical workers from two of four companies that had 625 

produced phenoxy herbicides in Denmark, although these workers were also engaged in the 626 

manufacture of diverse chemical products including not only herbicides but dyes and pigments as well. 627 

Roughly one third of them (n=940) had been assigned to phenoxy herbicide production or packaging.  628 

MCPA and MCPP were the predominant phenoxy herbicides produced, followed by 2,4-D and 2,4-DP.  629 

Five cases of soft tissue sarcoma were reported among the men as compared to expected (relative risk = 630 

2.7; (95% confidence interval) 0.88-6.34) and no cases among the women.  A slight deficit of total cancer 631 

was noted among the combined group of chemical workers.  The second, Coggon et al. (1986) examined 632 

mortality and cancer incidence in 5784 men who had been employed in manufacturing or spraying 633 

MCPA in the United Kingdom. Workers were classified according to their potential for exposure into 634 

high, low or background based on their job titles. Overall mortality in the cohort was less than that 635 

expected from national death rates, as was mortality from all neoplasms, heart disease, and diseases of 636 

the respiratory system. Only one death from soft tissue sarcoma occurred compared with one expected. 637 

Three men died from malignant lymphoma compared with nine expected. 638 



Lynge (1998) conducted a follow-up cohort study of 2119 workers from Denmark employed at two 639 

factories that produced phenoxy herbicides since 1947 and 1951, respectively. From 1947 to 1993 the 640 

2119 workers showed a slightly lower overall cancer incidence than the Danish population (observed = 641 

204; expected = 234.23;  SIR=0.87; 95%CI = 0.8 - 1.0). Four soft-tissue sarcoma cases were observed 642 

(expected = 2.47; SIR = 1.62; 95%Cl = 0.4-4.1). There were six cases of NHL (expected = 5.07; SIR = 1.10; 643 

95%CI = 0.4-2.6) and no significantly elevated risk of other cancers.  A follow-up study by Coggon et al. 644 

(1991) in 2239 men employed in the United Kingdom from 1963 – 1985 observed two deaths from NHL 645 

with 0.87 expected, a difference that was not statistically significant. No cases of STS or HD were 646 

recorded. 647 

In a cohort study published in 2005,'t Mannetje et al. (2005) followed 813 phenoxy herbicide producers 648 

699 sprayers from January 1, 1969 and January 1, 1973 respectively until December 31, 2000. The 649 

authors calculated SMRs using national mortality rates and found a 24% non-significant excess cancer 650 

mortality in phenoxy herbicide producers, with a significant excess for multiple myeloma. Associations 651 

were stronger for those exposed to multiple agents including dioxin during production. Overall cancer 652 

mortality was not increased for producers and sprayers mainly handling final technical products.  653 

Burns et al. (2001) conducted a cohort study of male employees of The Dow Chemical Company who 654 

manufactured or formulated 2,4-D any time from 1945 to the end of 1994. Their mortality experience 655 

was compared with national rates and with more than 40,000 other company employees who worked at 656 

the same location. There were no significantly increased SMRs for any of the causes of death analyzed. 657 

When compared with the United States rates, the SMR for NHL was 1.00 (95%CI= 0.21 - 2.92). 658 

Boers et al. (2009) report on a third follow-up of a retrospective cohort study involving two 659 

chlorophenoxy herbicide manufacturing factories, producing mainly 2,4,5-T (factory A) and MCPA/MCPP 660 



(factory B) found no statistically significant increases in lymphohematopoietic cancer deaths although 661 

SMRs were greater than one.   662 

Aside from agricultural and forestry uses of 2,4-D, the lawn care industry also uses 2,4-D.  Zahm (1997) 663 

conducted a retrospective cohort mortality study of 32,600 employees of a lawn care company and 664 

found four deaths due to NHL (SMR = 1.15, 95%CI = 0.31 – 2.91).  Two of the (male) applicators had 665 

been employed longer than three years, and for those, the predicted SMR was 7.11 (95% CI = 1.78 – 666 

28.42).  Risks of NHL increased for male applicators, especially those employed for three or more years, 667 

but no quantitative or semiquantitative measures of pesticide use or exposure were presented. 668 

2.3 Summary of Epidemiologic Studies 669 

Associations between exposures to chlorophenoxy compounds (including 2,4-D and MCPA) and 670 

potential outcomes have generally been developed through occupational studies in manufacturing 671 

facility workers and/or agricultural workers.  Many of the underlying studies suffer from poor exposure 672 

specification (e.g., not clear which phenoxy herbicides were actually used and/or manufactured, 673 

whether there was cross-contamination from dioxin or other constituents, and actual exposures and 674 

doses experienced by cases and/or cohorts); poor covariate control (e.g., smoking status); and/or 675 

insufficient sample sizes, and insufficient follow-up for the cohort studies.  Nonetheless, the results of 676 

the reviews are equivocal, with some suggesting an association with NHL but others not, and most 677 

indicating that an association with STS, HD, and/or leukemia is weak at best given the generally 678 

observed lack of statistical significance and risk measures less than one.  Those studies that included 679 

more realistic exposures (e.g., a variety of pesticides etc.) tended to reduce the influence of 2,4-D 680 

and/or MCPA than those studies considering only chlorophenoxy exposure alone.  The few studies 681 

available for exposures likely to be experienced by the general public and/or residential use of 2,4-D and 682 

MCPA found no associations with health outcomes.  683 



The way in which diseases are grouped and categorized plays an important role in epidemiological 684 

studies.  Sorting results by histological subtype can lead to small numbers and reduced power, 685 

increasing the probability of finding a particular association simply by chance.  However, there may be 686 

important differences with respect to exposure in terms of disease outcome (e.g., exposure to a 687 

particular causal agent leads to only one histological subtype). Many different types of groupings have 688 

been used in analyzing epidemiologic data, primarily reflecting the classification system in use at the 689 

time of diagnosis or cause of death, and a confounding factor is that these classifications change over 690 

time.  Our understanding of disease etiology is always growing and increasingly researchers are able to 691 

identify key molecular and cellular transformations required for disease progression.  This introduces a 692 

challenge for epidemiologic studies in that it may not be appropriate to consider all histological subtypes 693 

of a particular carcinogenic outcome relative to a hypothesized exposure (and by extension, mode of 694 

action), or it may be possible to incorporate cellular changes into measures of exposure and/or effect in 695 

epidemiologic studies (discussed in the next section).  Table 4 provides a summary of the available 696 

epidemiologic studies that have evaluated potential exposures and NHL outcomes by subtype, and 697 

shows that a consistent relationship between exposures and outcomes defined by histological subtypes 698 

does not emerge.  699 

In summary, the available epidemiologic studies: 700 

• Show inconsistent relationships between exposure to chlorophenoxy compounds generally, and 701 

2,4-D and/or MCPA specifically, and lymphohematopoietic outcomes 702 

o Strongest association is for NHL based on case-control studies 703 

o No statistically significant associations for leukemia 704 

o Some evidence for STS and HD but with numerous confounding exposures, exposures  705 

poorly specified, small sample sizes 706 



o Cohort studies show no statistically significant associations across studies save one 707 

• The strongest association appears to be between exposure to MCPA and NHL and only in the 708 

agricultural or forestry professions  709 

• Studies in lawn care professionals and in residential settings do not support an association 710 

between exposure and outcome 711 

• With few exceptions, there are no observable dose-response relationships across the studies 712 

• The crudest measures of exposures tend to show the strongest associations 713 

• Exposure characterization relies predominantly on self-reported questionnaires, in some cases 714 

with follow-up interviews. “Exposed” typically defined as greater than one day of exposure 715 

• Those studies that focused on single assumed exposures based on univariate analyses tended to 716 

show the highest associations (e.g., statistical significance is typically only achieved through 717 

univariate analyses) 718 

3.0 Molecular Events in Disease Progression 719 

This section focuses on the evidence for key events at the molecular level associated with an increased 720 

risk of developing lymphohematopoeitic cancers with a particular emphasis on NHL.   721 

Lymphohematopoietic neoplasia are characterized by an uncontrolled proliferation or expansion of cells 722 

originating from the bone marrow or lymphoid tissues that do not retain the capacity to differentiate 723 

normally to form mature blood cells. In general, current evidence indicates the vast majority of 724 

leukemia-inducing agents are believed to act through a mutagenic mode of action whereas the 725 

lymphoma-inducing agents are hypothesized to most likely act through immunomodulation and related 726 

effects including indirect DNA interaction (USEPA 2010).  The acute and chronic myeloid leukemias 727 

(CMLs), precursor lymphomas, acute lymphoblastic leukemias (ALL) – B lymphoblastic 728 

leukemia/lymphoma and T lymphoblastic leukemia/lymphoma originate in hematopoietic stem or 729 



progenitor cells while the majority of lymphomas (NHL, Hodgkin lymphoma, Burkitt lymphoma) and all 730 

myelomas, as well as several rare leukemias/lymphomas (adult T-cell leukemia, prolymphocytic 731 

leukemia, hairy cell leukemia) and one common (CLL) leukemia originate in mature lymphoid cells 732 

(USEPA 2010; Harris et al. 2001).  Figure 5 presents the generalized pathways by which the risk of 733 

developing lymphoma is increased.  734 

Non-Hodgkin lymphomas, in particular, represent a heterogeneous group of diseases deriving from 735 

mature B cells (85% of cases) and, in a minority of cases, from T cells (Harris et al. 2001).  Figure 6 736 

provides a schematic of the individual steps in the progression of B-cells from a stem cell to a final 737 

plasma cell. Most NHLs arise from the pre B-cell and mature naïve B-cell stages. This table also shows 738 

the most common, unique genetic changes that have been associated with particular forms of 739 

lymphoma, and the percent of cases in which these have been observed.   740 

In early and late stages of B-cell development, genetic polymorphisms and environmental exposures 741 

influence the fate of a B-cell and its chances of undergoing neoplastic transformation as shown in Figure 742 

6. The majority of low-grade B-cell lymphomas (e.g., follicular lymphoma) originate in the germinal 743 

center.  This stage of B-cell development combines extensive DNA modification with vigorous 744 

proliferation (Bende et al. 2007), thus, this is a susceptible development point with respect to 745 

exogenous exposures. The body responds to such strand breaks and deletions by activating DNA repair 746 

genes, many of which are not present in polymorphic individuals, conferring potential susceptibility. 747 

Finally, following repair (or misrepair), there is another opportunity for endogenous and exogenous 748 

agents to interrupt key cellular functions by causing or exacerbating chronic inflammation, cell 749 

proliferation, and/or interfering with apoptosis.  Although experimental models indicate that 750 

chromosomal translocations contribute to lymphoma and occur in virtually all lymphomas, there is a 751 

significant body of evidence indicating that these translocations alone are not sufficient to cause disease 752 



in the absence of promoting mechanisms, indicating a multistage process is required for complete 753 

disease to occur (Harris et al. 2001; Janz et al. 2003).   754 

3.1 Direct DNA Interaction and Repair 755 

 756 

A key hypothesized event in lymphomagenesis is unrepaired and/or misrepaired DNA strand breaks 757 

(Harris et al. 2001; Hill et al. 2006), and specific associations with particular forms of NHL are shown in 758 

Figure 6.  For example, one of the most common chromosomal abnormalities in NHL is the 759 

t(14;18)(q32;q21) translocation, which occurs in 70% to 90% of cases of follicular lymphoma, 20% to 760 

30% of diffuse large B-cell lymphoma, and 5% to 10% of other less common subtypes (Chiu and Blair 761 

2009; Harris et al. 2001; Hill et al. 2006; Kelly et al. 2010).  Under normal conditions, lymphocytes must 762 

strictly regulate growth and apoptosis to provide adequate immunologic defenses against infections 763 

while not overwhelming the organism with inappropriate cell numbers. The t(14;18) translocation joins 764 

the BCL-2 gene on chromosome 18 to the immunoglobulin heavy chain gene on chromosome 14, 765 

leading to an inhibition of apoptosis through Bcl-2 overexpression and, consequently, prolonged survival 766 

of the affected B cells.  Evidence is growing that agricultural exposures are associated with significant 767 

t(14;18) translocations (Roulland et al. 2004; Chiu et al. 2008; Chiu and Blair 2009). Recently, Agopian et 768 

al. (2009) established a direct, molecular connection between agricultural pesticide use, t(14;18) in 769 

blood, and malignant progression, verifying that expanded t(14;18)+ clones truly represent malignant 770 

precursors for development of follicular lymphoma.   771 

However, Garry et al. (1996) investigated the possible relationships between agricultural pesticide 772 

exposure and the increased risk of NHL among farm workers in the north central United States by 773 

performing G-banded chromosome analyses of peripheral blood from workers classified according to 774 

primary types of pesticide exposure: herbicides (n = 20), insecticides (n = 18), fumigants (n = 23), and 775 



occupationally unexposed controls (n = 33). The most commonly used herbicides in this study included 776 

eradicane (thiocarbamate) and 2,4-D, although all pesticide use was only qualitatively described. 777 

Increased lymphoma risk and excess breaks involving band 18q21 in herbicide appliers were observed.  778 

Given that 2,4-D was (qualitatively) the most common herbicide, a putative link was hypothesized. 779 

However, another study (Garry et al. 2001) found no correlation between measured urinary levels of 780 

2,4-D and observed chromosomal aberrations in occupationally-exposed forestry workers. 781 

A study conducted by Schroeder et al. (2001) used pesticide data derived from a population-based, case-782 

control study conducted in Iowa and Minnesota between 1981 and 1983. The parent study included 622 783 

cases and 1245 controls and was limited to men. Tumor blocks were retrieved for 248 of the 622 cases 784 

(40%) in the parent case-control study and the presence of the t(14;18) translocation in tumor tissue 785 

was determined by polymerase chain reaction. One hundred eighty-two of the 248 blocks (73%) were 786 

successfully assayed and 37% (68) of these cases were t(14;18)-positive, whereas 63% (114) were 787 

t(14;18)-negative. Schroeder et al. (2001) found that the t(14;18)-positive NHL cases tended to have 788 

larger relative risks from agricultural exposures than t(14;18)-negative cases.  Report ORs for specific 789 

exposures: chlorophenoxy herbicide use (n=266 controls; n=17 t(14;18) positive cases; n= 30 t(14;18) 790 

negative cases) resulted in an OR = 0.9 (95%CI = 0.5 – 1.5) for the positive t(14;18) cases, and OR = 1.1 791 

(95%CI = 0.5 – 1.5) for the negative t(14;18) cases.  For all statistically significant associations, the 792 

number of positive t(14;18) cases exceeded the number of negative t(14;18) cases (e.g., lindane, 793 

cyclodienes as a class, dieldrin, toxaphene, atrazine, and phthalimide, a fumigant). Estimated ORs were 794 

less than one for exposure to chlorophenoxy compounds.  Similarly, Chiu et al. (2006) found a consistent 795 

relationship with respect to dieldrin, lindane, and toxaphene exposures, but no relationship with 796 

chlorophenoxy compounds, suggesting that although the evidence is increasing that this particular 797 

chromosomal aberration is significant with respect to NHL etiology (Agopian et al. 2009), there is little 798 



support for a causal role for chlorophenoxy compounds in general and specifically 2,4-D (Garry et al. 799 

2001).   800 

Genetic polymorphisms in DNA repair genes have also been shown to contribute to lymphomagenesis 801 

(Hill et al. 2006; Shen et al. 2007).  As noted, DNA breaks and other types of DNA damage are strongly 802 

implicated in lymphoma development, and there are five overlapping DNA repair pathways that are 803 

typically invoked to repair such breaks: (1) nonhomologous end joining (NHEJ) genes, (2) homologous 804 

recombination (HR) repair, (3) nucleotide excision repair (NER), (4) base excision repair (BER), and (5) 805 

direct damage reversal.  V(D)J recombination involves the deliberate introduction of doublestrand 806 

breaks that reshuffle dozens of Ig building blocks, the V, D, and J segments. This process produces a 807 

highly diverse repertoire of antibodies, which are induced by a wide spectrum of antigenic challenges. 808 

Errors by the NHEJ genes responsible for ligating the V, D, and J segments are implicated at the sites of 809 

rearrangements characteristic of NHL. In addition, two steps that follow V(D)J in B-cell maturation, class-810 

switch recombination and somatic hypermutation, also introduce DNA strand breaks. The observation of 811 

NHL-associated translocations or aberrant hypermutation preferentially involving those regions suggests 812 

that misrepair of DNA breaks during these events could also contribute to lymphomagenesis.  813 

Hill et al. (2006) evaluated the risk of NHL in relation to 32 potential inherited variants in DNA repair 814 

genes and found that NHL cases were more likely than controls to have a particular variant allele 815 

common in recombination genes. Shen et al. (2007) report on the association between polymorphisms 816 

in DNA repair systems and NHL to in a population-based case-control study in Australia to explore 817 

potential susceptibility in exposed populations.  Their study specifically implicates alkylating agents as 818 

they found a statistically significant association between MGMT and subtypes of NHL.  MGMT encodes 819 

the DNA repair protein O6-methylguanine-DNA-methyltransferase (MGMT). This protein is unique 820 

among DNA repair proteins because it acts alone to remove alkyl DNA adducts.  Therefore, this 821 



polymorphism may be significant with respect to exposure to alkylating agents.  By contrast, Hill et al. 822 

(2006) found no association in three variants of MGMT and risk of NHL in a US-based case (n = 1,172) 823 

control (n = 982) study suggesting prevalence population admixture differences. 824 

3.2 Non-Genotoxic Mode of Action  825 

 826 

Numerous studies have explored potential associations between genetic markers related to cell cycle 827 

regulation and specific subtypes of NHL (Bende et al. 2007) and have shown mixed results with respect 828 

to concordance across studies.  However, consistent associations have been found between B-cell NHL 829 

with genetic variants in pro-inflammatory factors such as TNF and leptin and the association of viral, 830 

bacterial, and other exogenous agents leading to persistent inflammation (Skibola et al. 2007).  Chronic 831 

inflammation, interruption of cell cycle regulation (e.g., apoptosis, or limiting apoptosis that should 832 

occur), and clonal expansion of mutated cells through increased cell proliferation represent processes by 833 

which exposure to chemicals could increase the risk of developing lymphoma as shown in the 834 

generalized schematic in Figure 5. For example, two known risk factors for NHL, cyclosporine and 835 

azathioprine, act through an immunosuppressive mode of action (Eastman 1997). 836 

There is evidence of differential expression of both caspase genes and Bcl-2 family member genes 837 

among the NHL subtypes, leading to inhibition of apoptosis thereby allowing mutated cells to 838 

proliferate.  This dysregulation of the balance between cell proliferation and programmed cell death 839 

(Kelly et al. 2010) is a key mechanism implicated in lymphomagensis.  For example, somatic mutations in 840 

CASP3 were found in two of 129 NHL cases (Soung et al. 2004) and somatic mutations in CASP10 in 15% 841 

of 117 cases (Shin et al. 2002).  Aggressive follicular lymphoma, a subset of NHL, is associated with 842 

upregulation of genes involved in cell cycle control such as CCNE2 (cyclin E2), CCNA2 (cyclin A2), CDK2 843 

(cyclin-dependent kinase 2) and genes reflecting increased metabolism and DNA synthesis (Bende et al. 844 

2007).  Bende et al. (2007) report on another study which observed markedly upregulated genes 845 



including the growth factor/cytokine receptors MET (the hepatocyte growth factor receptor), FGFR3 846 

(fibroblast growth factor receptor 3), LTBR (lymphotoxin b receptor) and PDGFRB (platelet-derived 847 

growth factor receptor b) in 11 patients with follicular lymphoma. 848 

De Roos et al. (2006) studied variation in metabolic genes in a population-based case-control study in 849 

the United States. They selected several genes known to play a role in metabolizing a broad spectrum of 850 

substrates, including pesticides, organochlorines, solvents, and PAHs, such as the phase I cytochrome 851 

P450 enzymes (CYP1A1, CYP1B1, CYP2C9, and CYP2E1), the phase II glutathione S-transferases (GSTP1 852 

and GSTM3), and epoxide hydrolase (EPHX1).  Subjects who were heterozygous or homozygous for the 853 

cytochrome P450 gene variant CYP1B1 V432L G allele were at slightly greater risk of NHL [OR = 1.27; 854 

95% CI = 0.97-1.65]; these results were consistent across B-cell lymphoma subtypes and among both 855 

Caucasians and individuals of African-American descent.  The CYP2E1 1054T allele was associated with 856 

decreased risk of NHL (CT and TT genotypes combined OR =0.59; 95% CI = 0.37-0.93), and this pattern 857 

was observed among all histologic subtypes.  A systematic comparison of risks by lymphoma subtype for 858 

a broad range of risk factors in a population-based case-control study conducted by Morton et al. (2008) 859 

found that immune dysfunction is of greater etiologic importance for diverse large cell B-cell lymphoma 860 

and marginal zone lymphoma than for follicular lymphoma, but that there were strong common 861 

etiologies across all NHL subtypes. This study evaluated numerous risk factors, including specific genetic 862 

polymorphisms and lifestyle and dietary characteristics, and found that exposure to chlordane and 863 

PCB180 showed a relationship between exposure and specific subtypes of NHL (chlorophenoxy 864 

compounds were not evaluated). 865 

3.3 Summary of NHL Studies 866 

 867 



Given that chromosomal translocations are present in virtually all lymphomas, and very specific 868 

translocations are increasingly being identified (Harris et al. 2001), there is strong evidence that such 869 

chromosomal translocations are a required step in lymphomagenesis.  As shown in Figure 5, many 870 

different kinds of endogenous and exogenous agents (including chemicals in the environment) can 871 

interact directly with DNA and cause chromosomal aberrations of this kind in pre-B and mature B-cells, 872 

and the t(14;18) translocation so ubiquitous in NHL are found in 35% - 55% of healthy individuals (Janz 873 

et al. 2003). Indeed, Harris et al. (2001) state that chromosomal aberrations are necessary but not 874 

sufficient to actually cause NHL (p. 202), consequently, there must be additional events that occur to 875 

lead to disease.  Bakhshi et al. (1987) state that the t(14;18) translocation “may offer a proliferative 876 

advantage but requires additional complementing genetic changes at later steps to achieve full 877 

transformation (p. 2400),” as supported by Janz et al. (2003) who find that chromosomal translocations 878 

are insufficient to cause disease.  Morton et al. (2009) find a significant association between the risk of 879 

NHL and germline variation in genes that regulate cell cycles, apoptosis, and lymphocyte development, 880 

suggesting roles for both significant genetic predisposition as well as the importance of these non-881 

genotoxic mechanisms in disease etiology. USEPA (2010) suggests that immunomodulation and related 882 

effects and indirect effects on DNA are the primary causal factors across the lymphomas.  The evidence 883 

suggests that multiple events are required to lead to NHL, most likely including some combination of 884 

chromosomal translocation coupled with proliferation of a mutation, an interruption in cell cycle 885 

regulation (e.g., failure to initiate apoptosis) or chronic inflammation.  Based on observations of 886 

molecular events significant to the development of NHL specifically and lymphomas generally, the 887 

following modes of action can be hypothesized: 888 

• Specific chromosomal aberrations (direct genotoxicity) 889 

o Gene-environment interaction in individuals with polymorphisms 890 

� Interruption of programmed cell death 891 



� DNA repair mechanisms 892 

• Induction of enzymes implicated in the bioactivation of ubiquitous exogenous or endogenous 893 

genotoxic compounds (indirect genotoxicity); oxidative stress 894 

• Proliferation of mutations 895 

• Immunotoxic responses 896 

The evidence suggests a combination of molecular events is required in the etiology of NHL, including 897 

specific chromosomal aberrations which are significantly increased in agriculturally-exposed individuals, 898 

but not for chlorophenoxy exposure specifically (Garry et al. 2001; Chiu et al. 2009; Agopian et al. 2009). 899 

There is evidence that promoting activity is also required as chromosomal aberrations, particularly those 900 

associated with NHL, are prevalent in healthy individuals (Limpens et al. 1995; Bende et al. 2007), 901 

including cell proliferation of mutations, chronic inflammation, and cell cycle interruptions (e.g., failure 902 

to initiate apoptosis).  There is growing evidence that germline polymorphisms contribute significantly 903 

to NHL etiology which would increase susceptibility in these individuals.  It is therefore hypothetically 904 

possible that exposure to chlorophenoxy compounds in susceptible individuals could shift the risk curve 905 

(e.g., lead to increased risk at lower exposure levels as compared to non-susceptible individuals) by a 906 

non-genotoxic mode-of-action.  The evidence does not support a genotoxic or mutagenic mode-of-907 

action; however, key transcription errors have been identified in more than half the U.S. population; 908 

therefore, it is theoretically possible that exposure to 2,4-D/MCPA could lead to other cellular responses 909 

that, in the presence of genetic polymorphisms, might lead to increased risk. 910 

4.0 Absorption, Distribution, Metabolism, Elimination (ADME) 911 

The potential for 2,4-D and/or MCPA exposures to lead to development of NHL is influenced by the 912 

efficiency with which the compounds are absorbed across different exposure routes and disposition of 913 

the compounds once in the body.  Data from toxicological studies are interpreted in the context of 914 



potential exposure route, and a consideration of how chlorophenoxy compounds are absorbed, 915 

metabolized, dispersed, and eliminated once in the body. Data from laboratory studies following the 916 

time course of absorbed exposures provides important information and these data are also used to 917 

develop different kinds of models (e.g., physiologically-based pharmacokinetic [PBPK] and others) for 918 

use in risk assessment and other assessments of environmental exposures.  This section briefly describes 919 

the results of laboratory studies that have generated ADME data and modeling studies that have used 920 

these data.  921 

To identify relevant citations, a literature search was conducted using PubMed, Medline and Web of 922 

Science with the search terms "chlorophenox*" or "2,4-D" or "MCPA" and "pharmaco*" or "metabo*".  923 

Further studies were identified through the reference lists of studies obtained through the literature 924 

search.  The search focused on primary citations in the peer-reviewed literature, although to the extent 925 

that there were some unpublished studies utilized in regulatory or other reviews, these secondary 926 

sources were summarized as well. 927 

In general, 2,4-D and MCPA are eliminated via urine either as the unchanged parent compound (80–928 

95%) or as conjugates, with urinary half-lives on the order of one day with no evidence of oxidative 929 

metabolism in humans (Saueroff et al. 1977; Kohli et al. 1974) or other mammals (Timchalk 2004). 2,4-D 930 

and MCPA do not accumulate in tissues.   931 

4.1 Pharmacokinetics in Animals and Humans 932 

 933 

4.1.1 Absorption 934 

MCPA and 2,4-D are readily absorbed and undergo significant but reversible plasma binding (Timchalk 935 

2004; Khanna and Fang 1966; Gorzinski et al. 1987; Lappin et al. 2002; Bellet et al. 1999; Elo and Ylitalo 936 

1979; van Ravenzwaay et al. 2003; 2004; 2005).  For example, Khanna and Fang (1966) explored the 937 



pharmacokinetics of 14C 2,4-D in male Wistar rats in two sets of experiments.  In the first, six rats were 938 

orally dosed with 1 mg of 14C 2,4-D per rat, while in the second, seven rats were administered an oral 939 

dose of 80 mg of 2,4-D. For the 1 mg 2,4-D dosage, maximum radioactivity in all tissues was reached at 940 

within eight hours of dosing, and started to decrease immediately. At the 80 mg dosage, peak 941 

concentrations persisted until about 17 hours. The urine and the extracts of several tissues contained 942 

primarily unchanged 2,4-D residue.  943 

Studies show 2,4-D and MCPA are both readily absorbed via oral administration, but have revealed 944 

species differences in dermal absorption (Ross et al. 2005) with rats showing approximately 20% 945 

absorption and humans less than 10%.  Ross et al. (2005) report on an analysis of all the available data 946 

concerning dermal absorption of 2,4-D in humans based on five studies involving 34 subjects.  The 947 

studies provide remarkably similar results, ranging from 1.1% to 10% absorption with a mean of 5.7%.  948 

Both the salt and acid forms of 2,4-D were evaluated with no appreciable difference, and applied doses 949 

ranged from 1.7 to 1,100 µg/cm2.   USEPA and Health Canada have both used dermal absorption values 950 

of approximately 10% for both 2,4-D and MCPA in conducting risk assessments associated with 951 

reregistration of these compounds (Health Canada 2005; 2006; 2008a; 2008b; 2009; USEPA 2004a; 952 

2004b; 2005; 77FR23135). 953 

4.1.2 Distribution 954 

2,4-D, and to a lesser extent MCPA, is highly bound to plasma proteins (van Ravenzwaay et al. 2003; 955 

2004; Lappin et al. 2002; Bräunlich et al. 1989) and both are characterized by a low volume of 956 

distribution (Bräunlich et al. 1989). Chlorophenoxy compounds bind largely to albumin (Bräunlich et al. 957 

1989, Rosso et al. 1998; Roberts et al. 2011) and plasma binding is saturable at approximately 115 mg/L 958 

based on 128 blood samples from 49 patients with acute MCPA poisoning (Roberts et al. 2011). 959 



Saghir et al. (2006) examined steady state levels of 2,4-D following continuous dietary dosing in rats at 5 960 

and 100 mg/kg-day for 28 days. At 5 mg/kg, the Cmax blood concentration was 0.72 µg/ml, and was 64 961 

µg/ml at 100 mg/kg. At these dose levels, steady-state concentrations varied less than two-fold over a 962 

24-hour period.  The authors suggest that the mechanism of the observed non-dose-proportional 963 

increase in plasma 2,4-D concentration is likely due to high-dose-dependent saturation of the renal 964 

active anion transport clearance mechanism (the same mechanism for renal clearance of 2,4-D in 965 

humans). 966 

Elo and Ylitalo (1979) intravenously administered doses ranging from 10 to 250 mg/kg 14C MCPA and 14C 967 

2,4-D to young and adult male Sprague-Dawley rats and determined the plasma and tissue distribution 968 

of these constituents at various times following administration.  Highest concentrations were achieved 969 

approximately four hours following administration and declined thereafter with nearly complete 970 

elimination at 120 hours.  At four hours, the 14C MCPA was nearly equally distributed between plasma, 971 

kidney, and liver.  A study of the intracellular distribution of 2,4-D across six organs in rats by Khanna 972 

and Fang (1966) revealed that the soluble fraction of the cells contained the major portion of 973 

radioactivity, followed by the nuclear fraction, and finally the mitochondrial and microsomal fractions. 974 

Maximum plasma concentrations occured within two to four hours of a 5 mg/kg orally administered 975 

dose in rats (van Ravenzwaay et al. 2004).   Bergesse and Balegno (1995) found that radio-labeled 2,4-D 976 

uptake in Chinese hamster ovary cells was rapid and not metabolized. Uptake was pH-dependent and 977 

reached a maximum at a pH of 4.5, falling to 5% of the maximum at a pH of 8.5, suggesting that uptake 978 

would be limited at in vivo pHs. 979 

4.1.3 Metabolism 980 

2,4-D is excreted largely as parent compound and shows very little metabolism in vivo (van Ravenzwaay 981 

et al. 2003). van Ravenzwaay et al. (2004) found oxidation of MCPA in rats exposed in vivo, and observed 982 



largely unchanged levels of MCPA together with low levels of the oxidation product HMCPA (4-chloro-2-983 

hydroxymethylphenoxyacetic acid) in urine.  Oxidation typically increases water solubility and therefore 984 

excretion. Bacher and Gibson (1988) and Mustonen (1989) demonstrated the ability of MCPA and 2,4-D 985 

to induce microsomal P-450 in rat liver, while Bergesse and Balegno (1995) demonstrated no metabolic 986 

activity in Chinese hamster ovary cells exposed in vitro to pure 2,4-D.  Observed responses were at 987 

concentrations exceeding renal transport mechanisms. 988 

4.1.4 Elimination 989 

Elimination of both 2,4-D and MCPA following oral administration is rapid and complete, occurring 990 

within 48 hours of exposure (van Ravenzwaay et al. 2003; 2004). Bellet et al. (1999) report that in 991 

studies in rats, goats, and poultry, greater than 94% of the administered 14C MCPA acid was absorbed 992 

and excreted unchanged in the urine within 24 to 48 h.  Renal excretion is the key elimination 993 

mechanism, and this relies on active tubular secretion and reabsorption with negligible glomerular 994 

filtration (Bräunlich et al. 1989; Knopp 1994).  Continued exposure (for example, occupationally) results 995 

in steady-state exposures in which the amount excreted daily in urine is approximately equivalent to the 996 

amount absorbed each day (Aylward and Hayes 2008; Knopp and Glass 1991; Knopp 1994). 997 

Gorzinski et al. (1987) conducted a series of acute, pharmacokinetic, and subchronic toxicological 998 

studies in rats involving technical grade 2,4-D acid, two forms of the salt, and four forms of the ester at 999 

doses ranging from 0 to 150 mg/kg-d. The concentration of 14C in plasma and the amount excreted in 1000 

urine were proportional to dose up to doses of 50 mg/kg 2,4-D, but at 100 and 150 mg/kg, the 1001 

concentration of 14C in plasma was greater than expected based on the lower doses indicating 1002 

saturation of renal clearance mechanisms above approximately 50 mg/kg in the rat, similar to the 1003 

results obtained by van Ravenzwaay et al. (2003).  1004 



Lappin et al. (2002) orally administered 14C MCPA to rats and dogs at 5 or 100 mg/kg in order to explore 1005 

differences in plasma toxicokinetics, rates and routes of excretion and biotransformation. Elimination of 1006 

radioactivity was biphasic in rat plasma and monophasic in the dog. For both species, the principal route 1007 

of excretion was via urine but renal elimination was notably more rapid and more extensive in the rat. In 1008 

both rat and dog, excretion of radioactivity was mainly as MCPA and its hydroxylated metabolite 1009 

(HMCPA). In the rat, both were mainly excreted as the free acids although a small proportion was 1010 

conjugated. In the dog, the proportion of HMCPA was increased and the majority of both species was 1011 

excreted as glycine or taurine conjugates. These data, along with previously published accounts, indicate 1012 

that renal elimination of MCPA in dogs is substantially slower than in rats.  These pharmacokinetic 1013 

differences indicate that studies in dogs are not relevant for potential human health effects (Timchalk 1014 

2004). 1015 

Sauerhoff et al.  (1977) conducted a study in five male human volunteers who ingested a single dose of 5 1016 

mg/kg 2,4-D without detectable clinical effects. Concentration of 2,4-D was determined in plasma in 1017 

three of five subjects and in urine in all subjects at timed intervals. The elimination of 2,4-D from plasma 1018 

in all subjects occurred by an apparent first-order rate process with an average half-life of 11.6 h. All 1019 

subjects excreted 2,4-D in the urine with an average half-life of 17.7 h. Excretion occurred mainly as 2,4-1020 

D (82.3%) with smaller amounts excreted as a 2,4-D conjugate (12.8%). Essentially all of the 2,4-D was 1021 

absorbed from the gastrointestinal tract in man. No evidence of nonlinear kinetics was observed 1022 

following the 5 mg/kg oral dose of 2,4-D. 1023 

Knopp (1994) followed 27 men and 18 women over a five-year period (1985 – 1989) and measured 1024 

urinary and serum levels in order to estimate excretion rates.  Following five days of exposure during the 1025 

work week, the author found that urinary concentrations decreased dramatically over a weekend of no 1026 



exposure and returned to steady state during the following week of exposure, consistent with rapid 1027 

clearance of 2,4-D from the body. 1028 

4.2 Pharmacodynamics  1029 

 1030 

Dierickx (1983) explored the in vitro interaction of 2,4-D, MCPA, MCPP, and 2,4-DP with rat-liver 1031 

glutathione S-transferase (GST) using reduced glutathione and l-chloro-2,4-dinitrobenzene as substrates 1032 

and found significant, dose-dependent inhibition of GST activity across compounds, albeit at 1033 

concentrations of approximately 0.1 mM or 22 μg/ml, a plasma concentration saturating renal 1034 

clearance. Ring substitution and side-chain length were shown to be of importance in determining the 1035 

extent of GST inhibition. GST AA, an isoenzyme of GST, was stimulated by MCPA and 2,4-D. The author 1036 

concludes that MCPA and 2,4-D interact with GST by binding directly to these proteins and this may 1037 

have a protective function against these herbicides.  1038 

Bukowska et al. (2003) explored the effects of exposure of human erythrocytes to different 1039 

concentrations of MCPA and its environmental metabolite—2,4-dimethylphenol (2,4-DMP) with respect 1040 

to glutathione content (GSH and GSSG), glutathione peroxidase (GSH-Px), glutathione transferase (GST), 1041 

and the level of adenine energy charge (AEC).  GSH protects cells from oxidative damage caused by free 1042 

radicals.  MCPA (250 ppm) decreased the level of GSH in erythrocytes by 9.2% and 2,4-DMP by 33.3% in 1043 

comparison with controls at 250 and 500 ppm but not at lower concentrations, and this decrease was 1044 

not statistically significant. Glutathione transferase activity was not altered for any compound across all 1045 

concentrations tested.   1046 

Palmeira et al. (1994a; 1994b; 1995a; 1995b) conducted a series of studies using rat hepatocytes and 1047 

found that at concentrations starting at approximately 200 µg/ml, 2,4-D induced time and dose-1048 

dependent cell death accompanied by depletion of GSH.  1049 



A significant fraction of the absorbed dose of 2,4-D and MCPA circulates in plasma before being 1050 

excreted, or in the case of low-level chronic exposures, concentrations in plasma will reach steady state 1051 

levels relative to exposures.  Consequently, it is important to understand the potential effects of 1052 

circulating 2,4-D and/or MCPA on cell structure and function.  Several studies have evaluated the ability 1053 

of 2,4-D, MCPA and other chlorophenoxy compounds to cause cellular damage that may be relevant to a 1054 

toxic mode of action, including hemolysis, hemoglobin oxidation, and lipid peroxidation (Kozuka et al 1055 

1991; Duchnowicz et al. 2002; 2005; Duchnowicz and Koter 2003; Saghir et al. 2006).  The 1056 

concentrations at which these kinds of effects are typically noted, however, tend to be above 1057 

concentrations at which renal saturation occurs.  Kozuka et al. (1991) examined the in vivo effects of 1058 

MCPA, 2,4-D, and several other chlorophenoxy compounds on peroxisomal fatty acid oxidation-related 1059 

enzymes in rat liver and found a significant increase in hepatic peroxisomal fatty acid oxidation in male 1060 

Wistar rats orally exposed to 150 mg/kg-d 2,4-D for two weeks, while no effects were observed for 1061 

MCPA, again, at concentrations exceeding renal saturation. 1062 

In another series of studies to evaluate potential cellular damage caused by 2,4-D and MCPA and their 1063 

metabolites, Duchnowicz et al. (2002; 2003; 2005) exposed human erthyrocytes to concentrations of 1064 

2,4-D and MCPA ranging from 1mM (200 – 221 µg/ml) to 4 mM (1,000 – 1,105 µg/ml).  Effects, ranging 1065 

from ATPase activity to lipid peroxidation, were only observed in a few instances at concentrations 1066 

greater than 1mM and typically at concentrations greater than 4 mM.  Hemolysis was not increased. 1067 

Duchnowicz et al. (2005) found that exposure of human erythrocytes to 220 ppm 2,4-D and MCPA 1068 

caused an increase in ATPase activity relative to controls that decreased relative to controls at higher 1069 

tested concentrations (440 and 884 ppm); however, these high concentrations are not informative with 1070 

respect to in vivo population exposures.   1071 



Bukowska and Hutnik (2006) explored the effect of 2,4-D, MCPA, and the derivatives phenol, 2,4-1072 

dichlorophenol (2,4-DCP), 2,4-dimethylphenol (2,4-DMP), and catechol on the activity of 1073 

acetylcholinesterase (AChE, EC3.1.1.7) in human erythrocytes. AChE activity is considered an indicator of 1074 

the ability of an exposure to cause membrane damage. Phenol, MCPA, and 2,4-DMP did not significantly 1075 

change AChE activity in human erythrocytes while decreases in AChE activity were observed under the 1076 

highest applied dose of 2,4-D at 500 and 1000 ppm.  1077 

Bukowska et al. (2008) investigated the effect of the sodium salt of 2,4-D (2,4-D-Na) and sodium salt of 1078 

MCPA (MCPA-Na) on the oxidation of dihydrorhodamine 123 and H2DCFDA, carbonyl group content in 1079 

cellular proteins, and hemoglobin denaturation. The rate of fluorescent probe oxidation was significantly 1080 

higher for 2,4-D-Na, while both compounds increased the contents of protein carbonyl groups.  No 1081 

changes in the denaturation of hemoglobin were observed.  2,4-D-Na induced H2DCF oxidation in 1082 

human erythrocytes in a linear dose-response up to four hours. MCPA-Na did not induce H2DCF 1083 

oxidation even at the highest concentration during 3 h of incubation. Statistically significant changes 1084 

were observed only for MCPA and 2,4-D at approximately 500 ppm following 24 h of incubation.  The 1085 

authors found that only 1% of the MCPA and 2,4-D used in this experiment penetrated the cell 1086 

membrane, requiring significantly higher concentrations than would be experienced in vivo even 1087 

occupationally and clearly exceeding renal transport mechanisms in humans.   1088 

Bukowska et al. (2000) investigated the effect of 2,4-D on catalases in human erythrocytes at 100, 500 1089 

and 1000 ppm over one hour, three hours and 24 hours.  Catalases are important in eliminating the 1090 

potentially dangerous formation of free radicals in cells, thus, a decline in catalase activity could be 1091 

significant with respect to protecting cells.  The authors found a small but statistically significant decline 1092 

in catalase activity from exposure to 2,4-D and MCPA at the highest concentration (1000 ppm) but not 1093 

at lower concentrations, and only after 3 hours for 2,4-D and 24 hours for MCPA. Similarly, Kaioumova 1094 



et al. (2000) found that 2,4-D salt was able to cause apoptosis in peripheral blood lymphocytes of 1095 

healthy individuals and Jurkat T cells in a dose and time dependent manner, but only at concentrations 1096 

leading to acute poisoning effects in vivo. 1097 

2,4-D and MCPA have both been shown to induce peroxisome proliferation (Vainio et al. al 1982; 1098 

Timchalk 2004; Wetmore et al. 2011) but neither showed any agonistic activity via PPARα in in vitro 1099 

reporter gene assays with CV-1 cells (Takeuchi et al. 2006). Maloney and Waxman (1999) also reported 1100 

that 2,4-D and MCPA were inactive in the human and mouse PPARα activation assays using simian renal 1101 

carcinoma COS-1 cells. Thus, although 2,4-D and MCPA have been shown to be peroxisome 1102 

proliferators, they do not interact with PPARα in cell culture systems, and in vivo conversion to more 1103 

toxic metabolites, a potential pathway for induction of carcinogenic effects of peroxisome proliferation, 1104 

has not been shown to occur.  In addition, concentrations at which proliferation has been observed have 1105 

been in excess of 100 ppm, well in excess of renal transport mechanisms in humans. 1106 

Under the US EPA high-throughput screening ToxCast program, both MCPA and 2,4-D were screened in 1107 

concentration-response format across more than 500 cell-based and biochemical assays (Wetmore et al. 1108 

2011; Judson et al. 2010).  Table 5 provides a brief description of the six positive assay results for MCPA 1109 

and the eight positive assay results for 2,4-D. The level shown is the lowest effective concentration in 1110 

µM to elicit the response.  A change in cell growth kinetics is the most sensitive assay for 2,4-D, while 1111 

upregulation of CD38 expression is the most sensitive assay result for MCPA.  CD38 is a transmembrane 1112 

glycoprotein highly expressed in B-cell lymphoma (http://www.ihop 1113 

net.org/UniPub/iHOP/gismo/87033.html) and is known to prevent apoptosis in germinal center B-cells. 1114 

This may be a relevant pathway with respect to proliferation of key chromosomal aberrations. 1115 

Significantly increased expression of CD38 has been observed across several NHL subtypes, although the 1116 

mechanistic relevance is unknown.  1117 



ToxCast assay results show that MCPA led to increased expression of CYP2B6, one of the P450 enzymes.  1118 

De Roos et al. (2006) found increased risk for developing NHL for certain CYP variants, although they did 1119 

not evaluate this specific variant. 1120 

The change in cell growth kinetics observed for 2,4-D may also suggest a relevant pathway, although the 1121 

specific change observed in the assay is not readily identifiable with respect to an in vivo response.  1122 

Given that MCPA is a close structural analog to 2,4-D, one might have expected greater concordance 1123 

across ToxCast assay results between the two compounds. The implications of differing ToxCast assay 1124 

results remain unknown. 1125 

4.3 Summary of Pharmacokinetic and Pharmacodynamic Studies 1126 

 1127 

• 2,4-D and MCPA are readily absorbed and excreted largely as parent compound via active 1128 

tubular transport and reabsorption 1129 

• Saturation of renal clearance occurs at approximately 50 mg/kg in male rats, resulting in 1130 

nonlinear increases in plasma concentrations 1131 

• Both 2,4-D and MCPA undergo saturable and reversible protein (primarily albumin) binding 1132 

• Approximately 10% or less of dermally applied doses are absorbed in humans (up to 20% in 1133 

mice) 1134 

• 2,4-D and MCPA induce P450 in rodents at concentrations that are readily excreted 1135 

• Human erythrocytes incubated in greater than 110 µg/ml of MCPA and 2,4-D showed 1136 

membrane damage, lipid peroxidation, and a decrease in –SH groups; translating to in vivo 1137 

concentrations exceeding saturation of renal clearance (e.g., readily excreted) 1138 

• 2,4-D and MCPA lead to cytotoxicity in hepatocytes and interact with liver mitochondrial 1139 

energetics starting at approximately 200 µg/ml (e.g., concentrations exceeding saturation of 1140 

renal clearance and therefore readily excreted) 1141 



• 2,4-D and MCPA have been shown to be peroxisome proliferators at concentrations exceeding 1142 

renal transport mechanisms, but do not generate metabolites and showed no agnostic activity 1143 

via PPARα 1144 

• MCPA tested positive in only six of over 500 ToxCast assays and 2,4-D in eight; the assays related 1145 

to cell growth and proliferation may be relevant for increased risk of lymphoma.  However, 1146 

there is little concordance across ToxCast results between the two compounds, and 1147 

corresponding in vivo concentrations are high 1148 

5.0 Toxicological Studies 1149 

This section summarizes the available literature for toxicological studies, either conducted in vivo or in 1150 

vitro in animals, or using in vitro human cell cultures or through in vivo human exposures.  Table 6 1151 

provides a summary of the in vivo animal studies for 2,4-D and MCPA, while Table 7 focuses on in vitro 1152 

studies using non-human cell cultures.  Table 8 provides a summary of studies based on either in vivo 1153 

human exposures or in vitro human cell cultures.  Studies are discussed in the context of the potential 1154 

modes of action.   1155 

Toxicological studies provide an important link back to the observational studies in humans by allowing 1156 

for a more detailed evaluation of hypothesized modes of action.  What is difficult here with respect to 1157 

exposures to 2,4-D and/or MCPA is that none of the standard rodent bioassays demonstrate 1158 

carcinogenicity of these compounds.  In evaluating the potential for exposures to lead to carcinogenic 1159 

outcomes, generally there is a discussion of the concordance across outcomes in animals and humans, 1160 

and the standard in vivo toxicological rodent bioassays represent an important link between potential 1161 

effects in animals versus humans.  But in this case, there are no relevant tumorigenic outcomes in 1162 

animals based on a series of assays conducted in support of the pesticide registration process.  There are 1163 

a number of assays and observations in vivo and in vitro at the cellular level (e.g., sister chromatid 1164 



exchange, micronucleus formation, etc) that in some cases do show negative responses following 1165 

exposures, but in the absence of frank tumor formation in rodents using standard multi-year and multi-1166 

generational assays, the implication of those results require cautious interpretation.  1167 

Initial candidate studies are identified through an online search of PubMed, Medline, and Web of 1168 

Science using search terms including “chlorophenox*” and “health” and “effect” or “toxicol*”.  Further 1169 

studies are identified through careful review of the reference lists of studies obtained through the 1170 

literature search, and of the reference lists of prior reviews (particularly for the older studies). 1171 

Toxicological studies are evaluated using the following set of questions: 1172 

Does the assay involve in vivo human exposures or human cell lines?  Given the lack of tumorigenic 1173 

responses across standard rodent bioassays, this evaluation considers in vivo and in vitro responses in 1174 

humans and human cell systems to be more relevant than responses in animal systems. For example, a 1175 

study documenting cellular responses following in vivo exposures is given greater weight than a strictly 1176 

in vitro study or a similar study in animals. 1177 

Is there evidence for direct DNA interaction, and if so, based on which assays?  Butterworth (2006) 1178 

outlines a battery of typical in vivo and in vitro tests and provides a rationale for evaluating the results of 1179 

specific assays.  For example, results from bacterial mutagenicity, in vivo mouse bone marrow 1180 

micronucleus tests, and human lymphocyte chromosomal aberration assay results should be considered 1181 

to provide stronger evidence of mutagenic potential than the CHO chromosomal aberration assay and 1182 

the mouse lymphoma mutagenicity assay because of the high false positive rate of the latter two assays. 1183 

Moreover, the combination of positive assays and cell proliferation provides stronger evidence of 1184 

potential carcinogenicity as DNA replication is required to convert a DNA adduct into a permanent 1185 

mutation. A genotoxic chemical administered at a toxic dose that also induces cell proliferation will be 1186 



far more effective as a mutagen and as a carcinogen than when given at a low dose that does not induce 1187 

cell proliferation (Butterworth 2006; Matthews et al. 2006).  1188 

Is there evidence for non-DNA reactive carcinogenicity? Chronic inflammation, nuclease release, 1189 

sustained stimulation of regenerative cell proliferation, and interruptions to cell cycle regulation and 1190 

function all provide evidence of a non-DNA reactive mode of action (Matthews et al. 2006). 1191 

What are the in vivo exposures implied by the study and how do those relate to known exposures from 1192 

the biomonitoring and PBPK studies? Particularly with respect to the in vitro studies, the concentrations 1193 

at which responses are observed can translate to in vivo exposures that exceed systemic toxicity and/or 1194 

renal clearance mechanisms, or that require exposures that are much greater than occur during typical 1195 

product use.  A key element here is the fact that dermal exposures are the predominant exposure 1196 

pathway given chlorophenoxy use and properties, and studies show that approximately 10% of a 1197 

dermally applied dose is absorbed (Ross et al. 2005).  It is then possible to ask how much of the 1198 

constituent would need to be sprayed or used to lead to a dermal exposure at which effects might be 1199 

observed, and do the data suggest these kinds of exposures are realistic given what is known about 1200 

product use. 1201 

5.1 Toxicological Studies in Animals 1202 

In general, standard two-year or multi-generational in vivo toxicological studies in rats and mice show 1203 

virtually no evidence of treatment-associated carcinogenicity, and very little in the way of histological 1204 

effects resulting from sustained exposure to these constituents.  The primary effects noted in vivo relate 1205 

to organ weights and some limited hyperplasia. The US EPA human health risk assessment developed to 1206 

support the reregistration decision of MCPA finds that MCPA is “not mutagenic” and “unlikely to be a 1207 

carcinogen” (US EPA 2004a), while it considers 2,4-D “unclassifiable” with respect to carcinogenicity (US 1208 

EPA 2005).  Accordingly, there are no published slope factors in IRIS for either constituent.  1209 



Section 5.1.1 provides a brief summary of the standard rodent bioassays, while Section 5.1.2 presents 1210 

the data for genotoxicity in animal systems.  Cytotoxicity and related cellular effects are discussed in 1211 

Section 5.1.3. 1212 

5.1.1 Rodent Bioassays 1213 

5.1.1.1 MCPA 1214 

The published RfD for MCPA is 0.0005 mg/kg-day based on a study of technical grade MCPA orally 1215 

administered to male and female beagle dogs (6/sex/dose) at doses of 0, 6, 30, or 150 ppm (0, 0.15, 1216 

0.75, or 3.75 mg/kg/day) for 52 weeks (unpublished 2,4-D Task Force study). This dosage resulted in 1217 

kidney and liver toxicity at the mid- and/or high-dose levels, with alterations in clinical chemistries 1218 

(kidneys: urea, potassium, creatinine; liver: bilirubin, GPT, GOT, triglycerides, and cholesterol) associated 1219 

with concomitant organ weight changes (liver) and histopathology changes (kidney: increased kidney 1220 

pigment deposition in proximal tubular epithelium; liver: change in the nature/coloration of gall fluid). 1221 

Therefore, based upon kidney and liver toxicity at the 30 and 150 ppm dose levels, the lowest effect 1222 

level for systemic toxicity was determined to be 0.75 mg/kg/day. The NOEL for systemic toxicity was 1223 

estimated at 0.15 mg/kg/day, with an uncertainty factor of 300 to obtain the RfD. 1224 

Bellet et al. (1999) report on two chronic toxicity/oncogenicity studies.   In the first, MCPA was 1225 

administered to 50 male and 50 female Wistar rats at doses of 0, 20, 80, and 320 ppm in the diet for 24 1226 

months. There was no effect observed on mortality in any dose group.  Responses noted at 320 ppm 1227 

included slight but statistically significant decreases in body weights in males as compared to controls.  1228 

Small changes in clinical chemistry parameters were also noted in males as compared to females from 1229 

the same dose group. Spontaneously occurring nephropathy was more pronounced in male rats in the 1230 

320 ppm dose group, including an increase in the retraction and granular surface of the kidneys.  In 1231 

female rats, a statistically significantly higher mean absolute kidney weight of female rats from the 80-1232 



ppm dose group was noted. However, there was no weight change in the high-dose females, and no 1233 

histological effects observed in female rats at any dose level.  The systemic NOEL was estimated at 20 1234 

ppm (approximately 1.3 mg/kg/day) for both male and female rats based upon the nephrotoxicity 1235 

observed in either the 80 or the 320 ppm dose groups.  No carcinogenic or oncogenic responses were 1236 

observed across all doses. 1237 

In the second study, MCPA was administered in the diets of 50 male and 50 female B6C3F1 mice at 1238 

doses of 0, 20, 100, or 500 ppm over a two-year period.  There was no effect observed on mortality 1239 

across dose groups.  Reduced body weight gain was noted throughout the study in male mice receiving 1240 

500 ppm MCPA, except for the last six months. Both absolute and relative kidney weights showed a 1241 

statistically significantly increase in female mice from the high-dose group, which was associated with 1242 

histopathological changes noted in the kidneys in both sexes. Male and female mice in the highest dose 1243 

group showed an increased incidence of intratubular calcification and tubular hyaline-proteinaceous 1244 

casts.  Male mice only showed a statistically significant increase in the incidence of renal tubular 1245 

epithelial focal hyperplasia in the 500 ppm dose group. The systemic NOEL was estimated at 100 ppm.  1246 

No carcinogenic or oncogenic responses were observed across all doses. 1247 

5.1.1.2 2,4-D 1248 

The published Reference Dose (RfD) for 2,4-D in the US EPA Integrated Risk Information System (IRIS; 1249 

www.epa.gov/iris) is 0.01 mg/kg-d based on a no observed adverse effect level of 1 mg/kg-d from a 13-1250 

week subchronic study in rats.  At 5 mg/kg-d, there were statistically significant reductions in mean 1251 

hemoglobin (both sexes), mean hematocrit and red blood cell levels (both sexes), and mean reticulocyte 1252 

levels (males only) after seven weeks. There were also statistically significant reductions in liver enzymes 1253 

LDH, SGOT, SGPT, and alkaline phosphatase at week 14 in animals treated at the 15.0 mg/kg-day or 1254 

higher doses.  This RfD is currently in review. 1255 



The U.S. EPA Office of Pesticide Programs used an RfD of 0.005 mg/kg-d based on an observed NOAEL of 1256 

5 mg/kg-d as documented in the reregistration document (US EPA 2005, p. 21).  1257 

Charles et al. (1996a; 1996b; 1996c) conducted a series of chronic and subchronic toxicity studies using 1258 

all three forms of 2,4-D (the acid parent compound, the salt and the ester).  The first chronic toxicity 1259 

study in male and female Fischer rats found no effects of exposure. The subchronic study (13 weeks) 1260 

found decreased red blood cell and platelet counts, and decreased circulating T3 and T4 levels at the 1261 

100 mg/kg-d dose level.  In contrast, Gorzinski et al. (1987) in a 13-week subchronic study with rats 1262 

found statistically significantly decreased T4 levels at 100 mg/kg-d, but statistically significantly 1263 

increased T4 levels at 15 mg/kg-d.   1264 

Charles et al. (1996c) reported no changes across immunotoxicological parameters including bone 1265 

marrow and/or lymph node histopathology or leukocyte counts in beagle dogs in a one-year feeding 1266 

study with doses ranging from 1 mg/kg-d to 7.5 mg/kg-d. The subchronic (13 weeks) portion of the study 1267 

established a NOEL of 1 mg/kg-d.  Increases in blood urea nitrogen, creatinine, and ALT were 1268 

consistently observed across the studies.  With respect to chronic effects, the study noted no other 1269 

effects at one year that weren’t already evident at 13 weeks; thus, the authors argue for a chronic NOEL 1270 

of 1 mg/kg-d based on this study. 1271 

Blakley et al. (1992) exposed male CD-1 to a commercial amine derivative of 2,4-D in drinking water to 1272 

evaluate the effect of 2,4-D on the incidence of spontaneous murine lymphocytic leukemia over a 365 1273 

day treatment period and found that mortality associated with the leukemia was not impacted in any 1274 

way by the 2,4-D treatment.  In another study, Blakley et al. (1998) evaluated immune function in male 1275 

Fischer 344 rats exposed to 10 mg/kg of 2,4-D by oral gavage twice weekly for four weeks and found no 1276 

effect on lymphocyte glastogenesis, lymphocyte cell surface marker expression or phagocytic function of 1277 

peritoneal macrophages. 1278 



The only evidence for carcinogenicity of 2,4-D in animal studies is based on a case-control study of 1279 

pathologically confirmed cases of lymphoma in dogs (Hayes et al. 1991).  This study was subsequently 1280 

reviewed by an expert panel (Carlo et al. 1992), who identified significant limitations associated with the 1281 

study and concluded no association between 2,4-D exposure and canine lymphoma given similar 1282 

limitations as the human epidemiologic studies (e.g., exposures were poorly understood and specific 1283 

exposures only qualitatively identified, no observed dose-response relationship, etc.).  Kaneene and 1284 

Miller (1999) re-analyzed the Hayes et al. (1991) data using the exposure definition used in the original 1285 

study, re-analyzed the data using a redefinition of exposure, and conducted a dose-response analysis 1286 

with the redefined exposure criteria, and did not confirm a dose-response relationship between 2,4-D 1287 

use and lymphoma in dogs. The re-analysis found no significant association between 2,4-D exposure and 1288 

canine lymphoma. 1289 

Reynolds et al. (1994) showed that dogs exposed to lawns following various types of herbicide 1290 

treatment do show measurable urinary levels of 2,4-D (on the order of 10 µg/L and some as high as 50 1291 

µg/L ten days following application).  A recent study (Takashima-Uebelhoer et al. 2012) found a 1292 

statistically-significant association between the use of "self-applied insect growth regulators" (OR = 2.7, 95% 1293 

CI = 1.1 - 6.8) and canine lymphoma, but specific constituents were not identified.  Associations between 1294 

herbicides were not statistically significant (OR = 1.3, 95% CI = 0.9 - 1.8).  1295 

The only available study that evaluated any effects following dermal exposures is Schop et al. (1990) 1296 

who exposed male CD1 mice dermally to 500, 1000, and 2000 µMol/kg-day (approximately 110, 220, 1297 

and 442 ppm, respectively). They compared the results of the bone marrow micronucleus test and hair 1298 

follicle nuclear aberration assay conducted 24 hours following topical application of 2,4-D and found no 1299 

effect in the micronucleus test, and a statistically significant increase of a 2% increase relative to 1300 

controls in the nuclear aberration assay (at the site of exposure).  Concentrations of 2,4-D were not 1301 

measured in the animals; however, Ross et al. (2005) report that mice show amongst the highest dermal 1302 



absorption proportion relative to exposed dose (20%).  Consequently, the 2,4-D should have been 1303 

completely absorbed in 24 hours.  1304 

5.1.2 Genotoxicity Based on in vitro or in vivo Animal Studies  1305 

A hypothesized mode of action is that exposure to 2,4-D and/or MCPA leads to direct DNA damage. 1306 

Specific chromosomal translocations have been observed across the lymphomas, particularly NHL, and 1307 

evidence is increasing that these are a prerequisite for disease.  This section evaluates the data on 1308 

genotoxicity for these two compounds based on laboratory studies in animals. 1309 

5.1.2.1 MCPA 1310 

Bond and Rossbacher (1993) report that MCPA did not cause point mutations when tested in the Ames 1311 

test or the host mediated assay or in mammalian (V79) cells. No increase occurred in chromosomal 1312 

aberrations in Chinese hamster bone marrow cells after oral exposure of the animals. A weak increase in 1313 

the rate of SCE was found in the same animal strain at toxic doses in vivo, whereas at lower doses there 1314 

were no adverse effects observed. A DNA-binding study of radiolabelled MCPA did not show any 1315 

interaction of the compound with the genetic material of the liver cells. Other test systems showed 1316 

equivocal results (SLRL test, assays in yeast cells). Considering all mutagenic studies carried out with 1317 

MCPA, it can be concluded that most tests were negative, but that in some tests a weak mutagenic 1318 

potential was found at doses that would lead to acute toxicity in vivo.  1319 

Elliott (2005) similarly conducted a review of available in vivo (n=12) and in vitro (n=13) assays to 1320 

evaluate the mutagenic and genotoxic potential of the amine salt-form of MCPA.  Elliott concludes that 1321 

MCPA is non-mutagenic across bacterial and mammalian cell gene mutation assays. He notes increases 1322 

in percentage aberrant cells found on analysis of metaphases of human peripheral lymphocytes treated 1323 

in vitro in the presence of auxiliary metabolic activation (S9), but only at doses approaching 10 mM and 1324 



leading to significant cytotoxicity.  The fact that metabolic activation was required suggests that this 1325 

effect would not be noted in vivo.  No evidence for clastogenicity in vivo was found in the mouse bone 1326 

marrow micronucleus assay or the Chinese hamster bone marrow metaphase assay. No evidence for 1327 

either increases in SCE frequency or DNA binding was found in the rat. Very small (less than 1.5 times 1328 

controls) increases in SCE were observed in vivo in the hamster at toxic or maximum tolerated dose 1329 

levels. Elliott (2005) concludes there is no in vivo or in vitro evidence for mutagenicity of MCPA, 1330 

particularly the salt forms of the compound typically used in commercial products. 1331 

5.1.2.2 2,4-D 1332 

Amer and Aly (2001) treated six Swiss mice by oral gavage with 2,4-D at 1.7, 3.3 and 33 mg/kg. 2,4-DCP, 1333 

the 2,4-D metabolite, was intraperitoneally injected at 36, 72 and 180 mg/kg.  Oral treatment by gavage 1334 

with the lowest tested dose (1.7 mg 2,4-D kg−1 BW) for five consecubve days had no significant effect 1335 

on the induction of chromosomal aberrations, but a significant increase in the percentage of 1336 

chromosomal aberrations in bone-marrow and spermatocyte cells was observed after oral 1337 

administration of 2,4-D at 3.3 mg/kg bw for three and five consecutive days.  The number of observed 1338 

chromosomal aberrations was a factor of four higher for the positive control injected with mytomicin C 1339 

as compared to the 2,4-D exposed animals, and the number of chromosomal aberrations was not dose-1340 

dependent.  2,4-DCP injected animals only showed a response at the highest dose tested (180 mg/kg). 1341 

Charles et al. (1999a) conducted in vitro unscheduled DNA synthesis assays on male Fischer 344 rat 1342 

hepatocytes using parent 2,4-D compound and seven derivatives of salts, esters, and amines.  Plate 1343 

concentrations ranged from 2 – 340 μg/L and no effects were observed.  In the same study, the authors 1344 

also conducted the Ames bacterial reverse mutation assay (including a positive control) and found no 1345 

effects across all treatment types.  A follow-on study (Charles et al. 1999b) evaluated the potential for 1346 

2,4-D and seven of its salts and esters to induce cytogenetic abnormalities in mammalian cells in vivo 1347 



using the mouse bone marrow micronucleus test in CD-1 mice. All the test materials were administered 1348 

to male and female mice by oral gavage and the frequencies of micronucleated polychromatic 1349 

erythrocytes MN-PCE in bone marrow were determined at intervals of 24, 48 and 72 h following dosing. 1350 

There were no significant increases in the incidence of MN-PCE in the treated mice at any of the bone 1351 

marrow sampling times. Five animals per group were sacrificed at either 2–4 h, or 12–14 h, after dosing. 1352 

Treatment with 2,4-D at doses up to 1000 mgkg demonstrated no effects on rat hepatocytes. 1353 

Maire et al. (2007) After 5 h of treatment, the percentage of SHE cells with damaged DNA was 8% in 1354 

class 1, and 0.7% in class 2 (percentage of DNA in the tail between 40% and 60%) after exposure to 1355 

11.5M 2,4-D. After 5 h of treatment at 23M, the percentage of DNA-damaged cells was 12.3% in class 1 1356 

and 1.3% in class 2. After 24 h of treatment at 11.5M 2,4-D, 9.7% of cells ranked in class 1 and 0.3% in 1357 

class 2. At 11.5 M 2,4-D, 17% of cells ranked in class 1, and 5.3% in class 2, while 1.3% of cells were in 1358 

class 3 with a high level of DNA breaks (percentage of DNA in the tail between 60% and 80%).  After 2 h 1359 

of treatment with the positive control H2O2 (500M), the percentage of SHE cells with DNA damage was 1360 

18% in class 1, 10% in class 2, while 67% of the cells were in class 3, with a high level of DNA breaks. 1361 

Gollapudi et al. (1999) investigated the genetic toxicity of 2,4-D 2-butoxyethylester and two salts (2,4-D 1362 

isopropylamine and 2,4-D triisopropanolamine) in cultured Sprague Dawley rat cells. The end points 1363 

used were the induction of chromosomal aberrations in primary cultures of rat lymphocytes and 1364 

forward mutations at the HGPRT locus of Chinese hamster ovary (CHO) cells with and without S9 1365 

activation. There was no evidence of genotoxicity across test materials.  However, Gonzalez et al. (2005) 1366 

evaluated the potential genotoxicity of 2,4-D and a commercially-used derivative, 2,4-D dimethylamine 1367 

salt (2,4-D DMA) in CHO cells using SCE and single cell gel electrophoresis (SCGE) assays and found 1368 

significant dose-dependent increases in SCE, regardless of the harvesting time (2,4-D: r = 0.98 and r = 1369 

0.88, P < 0.01, for 24 and 36h harvesting times; 2,4-D DMA: r = 0.97 and r = 0.88, P < 0.01, for 24 and 1370 



36h harvesting times). Log-phase cells were treated with 2.0–10.0 µg/ml of herbicides and harvested 24 1371 

and 36h later for SCE analysis. Neither test compound altered cell-cycle progression or proliferative 1372 

replication index (P > 0.05), but the higher doses of both compounds reduced the mitotic index of 1373 

cultures harvested at 24 and 36h (P < 0.05). A 90-min treatment with 2.0–10.0 µg/ml 2,4-D and 2,4-D 1374 

DMA produced dose-dependent increases in the frequency of DNA-strand breaks detected in the SCGE 1375 

assay, both in cultures harvested immediately after treatment and in cultures harvested 36h later. The 1376 

doses of 2,4-D and 2,4-D DMA were equally genotoxic in all of the assays.  By contrast, Linnainmaa 1377 

(1984) reported no increase in SCE frequency after a 1h pulse-treatment of CHO cells with pure 2,4-D 1378 

and a commercial 2,4-D formulation (2,4-D amine salt as the active ingredient) with and without S9 1379 

activation. 1380 

Gonzalez et al. (2005) evaluated the potential genotoxicity of pure 2,4-D (acid) and the commercially 1381 

used salt in Chinese hamster ovary cells treated with 2.0 – 10.0 µg/ml using SCE and single cell gel 1382 

electrophoresis (SCGE) assays.  The authors found that both forms of 2,4-D induced significant dose-1383 

dependent increases in SCE, but neither test compound altered cell-cycle progression or replicative 1384 

index.  The highest doses of both forms of 2,4-D reduced the mitotic index of cells.   1385 

5.2 Studies in Humans and Using Human Cell Cultures 1386 

Table 8 summarizes the available data for assays involving human cell cultures or cells from humans 1387 

exposed in vitro and in vivo.  Several studies, particularly those based on field exposures in vivo, do not 1388 

explicitly distinguish between MCPA and 2,4-D exposures and results are considered applicable to both. 1389 

In general, observing an in vivo effect in humans takes precedence, although lack of an effect in vivo 1390 

does not negate a positive in vitro effect.  At that point, it is important to consider the conditions under 1391 

which exposure across test systems, and how those relate to environmental exposures.   1392 

5.2.1 Genotoxicity 1393 



Mustonen et al. (1986) evaluated chromosomal aberrations in vivo in lymphocyte cultures from 19 1394 

exposed 2,4-D and MCPA Swedish forestry sprayers.  Workers sprayed 333 g/l 2,4-D and/or 167 g/l 1395 

MCPA during July through October 1981 for a minimum of six days and a maximum of 28 days.  No 1396 

increase in the incidence of chromosomal aberrations in the lymphocytes of workers was observed in 1397 

this study. These authors also conducted an in vitro study in which human peripheral lymphocytes were 1398 

cultured with 0.125, 0.250, 0.500, 1.000 and 1.250 mM of pure 2,4-D as well as a commercial herbicide 1399 

containing 2,4-D (Vesakontuho Tasku containing 550 g/l 2,4-D as amine salt in water).  The pure 2,4-D 1400 

product showed no induction of chromosomal aberrations of any kind but the commercial mixture 1401 

showed statistically significant differences from controls in a dose-dependent manner starting at 0.5 1402 

mM (110 ppm). The authors suggest this is due to impurities and phenols contained in the commercial 1403 

mixture. However, Clausen et al. (1990) and Jacobi and Witte (1991) in separate studies involving a 1404 

commercial formulation of 2,4-D argue that observed differences in toxicity may be attributable to 1405 

differences in chemical structure between the pure acid and the soluble salt, although this seems 1406 

unlikely as the soluble salt disassociates to the pure acid under physiological conditions.  1407 

In an in vivo study in forestry workers spraying foliage with either 2,4-D, MCPA, or a mixture, Linnainmaa 1408 

(1983) found no induction of SCEs in peripheral lymphocytes. SCE analyses were conducted on cells from 1409 

35 herbicide workers and 15 control subjects. No statistically significant differences in the frequencies of 1410 

SCEs were observed in samples taken before, during, or after the exposure, and the mean SCE from 1411 

nonexposed control group fell in the same range as those of the exposed subjects.  1412 

5.2.1.1 MCPA 1413 

Elliot (2005) conducted a literature review of available genotoxicity and mutagenicity studies involving 1414 

MCPA and find no evidence of these effects in human cell cultures.  MCPA was not genotoxic in a 1415 



battery of assays developed under the US EPA high-throughput screening ToxCast program (Knight et al. 1416 

2009).  1417 

5.2.1.2 2,4-D 1418 

Korte and Jalal (1982) evaluated the clastogenic and mutagenic potential of 2,4-D in cultured 1419 

lymphocytes. Chromosomal damage, though statistically insignificant, occurred at doses as low as 0.2 1420 

µg/ml and increased at a statistically significant level at concentrations of 50 µg/ml or higher. Potential 1421 

mutagenicity, based on rates of increase in SCE, was significant at 10 µg/ml or higher concentrations.  In 1422 

a similar study, Turkula and Jalal (1985) observed a weak increase in SCE in peripheral human 1423 

lymphocytes exposed in vitro at 50, 100, and 250 µg/ml but the difference was only statistically 1424 

significant at the lowest dose and the increase was less at higher doses than at the lowest dose.  1425 

Soloneski et al. (2007) explored the genotoxic potential of 2,4-D and its commercial derivative 2,4-D 1426 

DMA by measuring sister chromatid exchange (SCE), cell cycle progression and mitotic index in human 1427 

whole blood (WBC) and plasma leukocyte cultures (PLC). Cells were exposed to concentrations of 10, 25, 1428 

50 and 100 µg/ml for 72 h. SCE frequency was statistically significant increased at concentrations of 10 1429 

to 50 µg/ml for 2,4-D and at 25 to 100 µg/ml  for 2,4-D DMA.  However, in PLC, there was no observed 1430 

increase in SCE. A significant delay in cell proliferation was observed in WBC after treatments with 25 1431 

and 50 µg/ml  2,4-D and 50 and 100 µg/ml  2,4-D DMA, whereas in PLC, only 100 µg/ml 2,4-D altered 1432 

cell-cycle progression. For both chemicals, a progressive dose-related inhibition of mitotic activity was 1433 

observed. The results demonstrated that the presence of erythrocytes in the culture system appeared to 1434 

increase DNA and cellular damage inflicted by 2,4-D and 2,4-D DMA.  However, again these 1435 

concentrations are high relative to environmental exposures. 1436 

Under the USEPA ToxCast program, a suite of chemicals, including 2,4-D, was tested in 467 assays 1437 

including assays for genotoxicity (Judson et al. 2010) and found not to be genotoxic across a suite of 1438 



assays (Knight et al. 2009).  The U.S. EPA has reviewed the potential genotoxicity and mutagenicity of 1439 

2,4-D (U.S. EPA 1994; 1997), most recently in 2012 (77FR23125). Those data show no evidence for 1440 

heritable mutagenic effects in mammals but some evidence supporting 2,4-D’s potential to cause 1441 

genotoxic effects. Specifically, U.S. EPA concluded that the combined evidence shows: (1) 2,4-D is 1442 

negative across bacterial mutation assays; (2) some positive results for mutagenicity in assays in yeast, 1443 

plants, and insects; (3) negative results for mutagenicity based on in vivo mammalian studies; and (4) 1444 

mixed results for mutagenic and genotoxic results based on mammalian in vitro tests. 1445 

5.2.2 Proliferative and Immunological Effects 1446 

In a study involving ten farmers who mixed and applied 2,4-D and MCPA for one to three days, Faustini 1447 

et al. (1996) collected blood samples from ten farmers within seven days prior to exposure to 2,4-D.  1448 

Samples were collected again one to 12 days after exposure, and again 50 to 70 days after exposure. 1449 

Whole blood was used to count lymphocyte subsets with monoclonal antibodies. Peripheral blood 1450 

mononuclear (PBM) cells were used to measure natural killer (NK) cell activity and lymphocyte response 1451 

to mitogenic stimulations. Individual values collected prior to exposure were used as reference.  Relative 1452 

to concentrations prior to exposure, a significant reduction was found one to 12 days after exposure in 1453 

the following variables (P < 0.05): circulating helper (CD4) and suppressor T cells (CD8), CD8 dim, 1454 

cytotoxic T lymphocytes (CTL), natural killer cells (NK), and CD8 cells expressing the surface antigens 1455 

HLA-DR (CD8-DR), and lymphoproliferative response to mitogen stimulations. All immunological values 1456 

found 50-70 days after exposure were comparable with concentrations before exposure, with the 1457 

exception of the percentage of CD8-DR cells, which continued to be statistically significantly decreased. 1458 

Although exposures to chlorophenoxy compounds are episodic, there may be long term implications 1459 

associated with repeated, short-term immunosuppression in cancer etiology. No correlation was found 1460 



between kg of pesticide applied (which ranged from 12 to 155 kg across the ten participants) and 1461 

immunological measures. 1462 

5.2.2.3 MCPA 1463 

Elliot (2005) reports on three studies using MCPA and peripheral human lymphocytes in vitro in which 1464 

demonstrated cell cycle delays at concentrations greater than 500 µg/ml (original studies were not 1465 

available from the primary literature).  1466 

5.2.2.4 2,4-D 1467 

Tuschl and Schwab (2003) and Kaioumova et al. (2001) were able to induce apoptosis by exposing 1468 

HepG2 cells and human lymphocytes, respectively, in vitro for several days.  However, these effects 1469 

were only observed at high concentrations (above 884 µg/ml and 660 µg/ml, respectively).  In theory, 1470 

induction of apoptosis could be beneficial in individuals with an existing t(14;18) translocation since that 1471 

leads to inhibition of apoptosis.  However, these concentrations are too high to be relevant to in vivo 1472 

exposures (Aylward and Hayes 2008). 1473 

Figgs et al. (2000) found that the lymphocyte replicative index increased after spraying 2,4-D (p = 0.016), 1474 

independent of tobacco and alcohol use, in a study involving two applicators spraying only 2,4-D.  The 1475 

data demonstrated a weak dose-response with increasing urinary 2,4-D levels (p = 0.15). Lymphocyte 1476 

immunologic phenotypes and complete blood counts (CBC) before spraying 2,4-D were not statistically 1477 

different after spraying 2,4-D, nor were there significant differences between 2,4-D applicators and 1478 

controls after applicators had sprayed. The authors found no relationship between the frequency of 1479 

micronuclei and urinary 2,4-D levels, and conclude there are no human chromosome-damage outcomes 1480 

at mean urinary 2,4-D levels ranging from 12 to 1285 ppb. Increased replicative index scores may be 1481 

important because they suggest stimulated cell growth that could contribute to carcinogenesis.  1482 



However, the finding of no relationship between the frequency of micronuclei and urinary 2,4-D level 1483 

does not support a human chromosome-damage outcome at mean urinary 2,4-D levels ranging from 12 1484 

to 1285 ppb. 1485 

In a follow-on study to Figgs et al. (2000), Holland et al. (2002) evaluated cultured lymphocytes from the 1486 

workers described above using a micronucleus assay and replicative index, a measure of cell division 1487 

kinetics, as well as an associated in vitro study using whole blood and cultured lymphocytes to which a 1488 

commercial formulation containing 2,4-D (Spurge and Oxalis Killer) as well as pure 2,4-D in different 1489 

vehicles (e.g., ethanol, DMSO) was added.  This study demonstrated that the lymphocytes of the 12 1490 

male applicators described above had a significantly higher replicative index than the same group prior 1491 

to exposure and than a control group (P <0.01).  These results corroborate the in vitro finding in this 1492 

study of increased replicative index at low doses (0.005 mM 2,4-D). In vitro there was a significant 1493 

inhibition of lymphocyte proliferation for all five individuals at the highest dose level (0.3 mM) 1494 

independent of the vehicle used for both pure and commercial 2,4-D (P <0.001). At the low dose (0.005 1495 

mM) of commercial 2,4-D, four out of five study subjects exhibited an increase in replicative index.  Pure 1496 

2,4-D results were inconclusive with three individuals responding with increased proliferation and four 1497 

actually declining.  This study showed a micronucleus increase above normal baseline only at high 2,4-D 1498 

doses, i.e. those approaching cytotoxic levels.  The authors conclude that genotoxicity of 2,4-D as 1499 

measured by the bone marrow micronucleus assay assay at environmentally relevant concentrations is 1500 

negligible, but find that increased proliferation after low 2,4-D exposure may be significant.  Similarly, an 1501 

extensive review of 2,4-D by the German Research Foundation (Henschler and Greim 1998, p. 90) 1502 

concluded there was sufficient evidence of a weak promoting effect of herbicide formulations of 2,4-D. 1503 



5.3 Summary of Toxicological Studies 1504 

 1505 

Table 9 provides a brief summary of the studies that have explored genotoxicity and cytoxicity both in 1506 

vivo and in vitro in animals and humans. A negative sign indicates a negative result.  A single plus 1507 

indicates a positive result, but either only weakly positive (not statistically significant) or statistically 1508 

significant but at very high concentrations relative to environmental exposures, including occupational 1509 

exposures. 1510 

Rodent Bioassays 1511 

• Standard carcinogenic bioassays in rodents show no carcinogenic effects at concentrations 1512 

ranging from 1 to 500 mg/kg-d 1513 

o USEPA (IRIS) RfD for 2,4-D is 0.01 mg/kg-d (www.epa.gov/iris); the USEPA Office of 1514 

Pesticide Programs uses 0.005 mg/kg-d in risk assessments conducted to support 1515 

pesticide registration evaluations 1516 

o The published IRIS value is 0.0005 mg/kg-d; the USEPA Office of Pesticide Programs uses 1517 

0.0044 mg/kg-d in risk assessments conducted to support pesticide registration 1518 

evaluations 1519 

Genotoxicity 1520 

• Soloneski et al. (2007) and Zeljezic and Garaj-Vrhovac (2004) show that in vitro exposures at 4 – 1521 

10 µg/ml 2,4-D and/or a commercial product containing 2,4-D are associated with statistically 1522 

significant increases in SCE, but in vivo exposures in workers are more equivocal 1523 

• Most in vitro studies in both human and animal cell cultures show effects at concentrations 1524 

greater than would be expected in the environment 1525 

• Genotoxicity was not observed across a battery of ToxCast assays 1526 



• 2,4-D is negative for genotoxicity in bacterial mutation assays 1527 

• Some positive results for mutagenicity have been observed in assays in yeast, plants, and insects 1528 

• Negative results have been observed for mutagenicity across in vivo mammalian studies 1529 

• Mixed results have been observed based on mammalian in vitro tests. 1530 

Proliferative and Immunological Effects 1531 

• 2,4-D and MCPA are weak peroxisome proliferators 1532 

• 2,4-D and MCPA increase lymphocyte replicative index 1533 

• Occupationally-exposed individuals showed temporary increases in immunological markers 1534 

• MCPA tested positive in six of over 500 ToxCast assays, and 2,4-D tested positive in eight 1535 

6.0 Exposure and Biomonitoring 1536 

Although the dose makes the poison, it is the exposure that makes the dose, which is both a function of 1537 

exposure concentrations in the environment and the relationship between exposed and absorbed dose.  1538 

2,4-D and MCPA are relatively straightforward to study since they do not metabolize and are readily 1539 

excreted in urine largely as parent compound within days of exposure.  A number of models have been 1540 

developed to explore and predict the relationship between exposures, particularly as defined in 1541 

epidemiological studies (e.g., different spraying methods, occupational methods, uses, and durations for 1542 

farmers versus lawncare professionals, etc.) and observed levels in urine as it is the characterization of 1543 

exposure that is the greatest weakness of the epidemiological studies (Blair and Zahm 1990).  1544 

Developing models helps researchers to understand differences in exposures across methods of 1545 

applications, and assists in defining likely exposure routes for future studies.  In this analysis, these data 1546 

and models provide the context for the interpretation of potential cellular impacts as they relate to a 1547 

potential mode of action for carcinogenic outcomes in humans. 1548 



6.1 Predictors of 2,4-D and MCPA Exposure in Occupational Settings and Observed Urinary 1549 

Levels 1550 

 1551 

Table 10 provides a summary of biomonitoring studies from the literature and the conditions under 1552 

which these urinary levels were measured.  Most of the studies are in occupational settings, but several 1553 

include spouses and family members.  For example, Arbuckle et al. (2002) examined predictors of 1554 

urinary 2,4-D levels among 126 farm applicators in the first 24 h after the first pesticide application of 1555 

the season (Arbuckle et al. 2002). The variables pesticide formulation, protective clothing, application 1556 

equipment, handling practice, and personal hygiene practice were found to explain 39% of the 1557 

variability in 2,4-D dose.  The mean and geometric mean urinary levels among 43 applicators reporting 1558 

use of 2,4-D were 27.63 and 5.63 µg/l, respectively. 1559 

A similar study conducted by Bhatti et al. (2010) found much higher mean and geometric mean urinary 1560 

levels but this study followed noxious weed control applicators over a 12 week period (longer than the 1561 

Arbuckle study).  Overnight (approximately 12 h) urine samples were obtained from study participants 1562 

every other week after a typical day of 2,4-D application. A total of 140 urine samples were collected (45 1563 

samples were collected in 1994 and 95 samples were collected in 1995). The best-fit multivariate model 1564 

explained only approximately 23% of the variation in predicted urinary levels. 1565 

Harris et al. (2002) found that volume of pesticide applied explained 20% of the variation in 2,4-D dose 1566 

among 98 professional turf applicators over a 1-week period (mean and geometric mean daily dose of 1567 

2,4-D 1399 and 420 mg, respectively). Type of spray nozzle used and the use of gloves while spraying 1568 

explained an additional 43% of variation in 2,4-D dose (Harris et al. 2002). In a study of 34 farm 1569 

applicators and their families with urine samples collected 1 day before through 3 days after an 1570 

application, glove use, repairing equipment, and number of acres treated were found to be the most 1571 

significant predictors of 2,4-D concentration among applicators (geometric mean urinary 2,4-D 1572 



concentration 1, 2, and 3 days after application was 33.4, 33.3, and 16.3 mg/g creatinine, respectively) 1573 

(Alexander et al. 2007). 1574 

In a study of Swedish forestry workers, Frank et al. (1985) measured urine levels for six volunteer 1575 

workers involved in mixing and loading 2,4-D ester solutions into aircraft and in guiding the spray 1576 

aircraft in two conifer release programs during 1981 and 1982. The highest measured urinary level (22.2 1577 

µg/kg body weight/day) was backcalculated to a maximum absorbed dose of 60 µg/kg-d assuming an 1578 

18-hr half life for excretion of 2,4-D. 1579 

In a study involving 12 applicators spraying only 2,4-D, Figgs et al. (2000) collected 45 urine specimens 1580 

over time with concentrations ranging from 1.0 to 1,700 (lg 2,4-D/g creatinine/L urine) that increased 1581 

logarithmically as spraying time increased.  However, the relationship between urine concentrations and 1582 

potential exposures was not provided or explored. 1583 

Lavy et al. (1987) evaluated potential exposures to US Forestry Service personnel occupationally 1584 

exposed to 2,4-D under four different application regimes, including backpack spraying, injection bar, 1585 

Hypohatchet, and hack-and-squirt.  Four groups of 20 workers each were selected who had no known 1586 

herbicide exposure for at least seven days before beginning the test. Each worker applied herbicide in a 1587 

12-d, two-part test, including a preapplication day, an application day on which usual application 1588 

procedures were used followed by four days of no new exposures.  The following week, the workers had 1589 

another preapplication day, a second application day on which special precautions to minimize exposure 1590 

were taken followed by four days of no new exposure. The total urine excreted each day was collected 1591 

from each worker.  The authors measured an average of backpack applicators applying 2,4-D during a 7-1592 

h day in T-1 had an absorbed dose of 0.088 mg/kg. The average absorbed doses of 2,4-D during T-1 for 1593 

others applying Tordon 101-R were 0.010, 0.085 and 0.029 mg/kg for the injection bar, Hypohatchet and 1594 

hack-and-squirt crews, respectively. 1595 



GM urinary 2,4-D levels for broadcast spray applicators in Thomas et al. (2010) (GM 21 µg/l, range 2.5–1596 

270 µg/l for day-1 urine samples) were lower than those measured by Acquavella et al. (2006) (GM 64 1597 

µg/l, range 2–1856 mg/l), but higher than those reported by Arbuckle et al. (2002) (GM 5.4 µg/l, range 1598 

0.5–410 µg/l) for 43 Ontario farm applicators.  1599 

Durkin et al. (2004) developed a physiologically-based pharmacokinetic (PBPK) model of 2,4-D in 1600 

humans based on an unpublished study by Dow Chemical involving rats.  They then calibrated the model 1601 

using human data from Sauerhoff et al. (1977) and Feldmann and Maibach (1974). The model considers 1602 

flow-limited pH trapping modified to consider tissue binding, binding to plasma, and high-dose inhibition 1603 

of urinary excretion in tissue, skin, GI tract, kidney, liver, and blood.  Exposure is primarily through 1604 

dermal contact. Lavy et al. (1987) measured exposures to backpack applicators in a study for the US 1605 

Forest Service, and these data were used in the model to determine disposition of 2,4-D under typical 1606 

exposure conditions.  1607 

Thomas et al. (2010) monitored private pesticide applicators in the Agricultural Health Study (AHS) 1608 

epidemiological cohort was monitored around the time of their agricultural use of 2,4-D and obtained 1609 

urinary samples as well as patch, hand-wipe, and personal air samples.  Pre-application urinary levels 1610 

averaged approximately 8 µg/l, which increased to an average of 25 µg/l following several days of 2,4-D 1611 

application. 1612 

In an observational research study of 135 preschool children and their caregivers in NC and OH, Morgan 1613 

et al. (2008) report measured urinary levels based on several spot samples.  The highest measured 1614 

sample in a child was 12.5 µg/l, translating to a dose of 0.28 mg/kg-d assuming a daily urine excretion of 1615 

22.4 ml/kg bw for children (Morgan et al. 2008), a value 35 times lower than the IRIS RfD of 0.01 mg/kg-1616 

d. 1617 



Aylward et al. (2010) report the 50th and 95th percentiles from the National Health and Nutrition 1618 

Examination Survey (NHANES) dataset, which shows levels in the general public based on several spot 1619 

samples that are comparable to Morgan et al. (2008). 1620 

6.2 Exposure Pathways 1621 

The available data suggest that the primary exposure pathway for residential and non-occupational 1622 

exposures is dermal exposure following application (e.g., treatment of yards, etc.) followed by oral 1623 

exposure and that inhalation exposures are negligible (Harris et al. 1992; Health Canada 2005; 2006) 1624 

representing less than 0.2% of overall exposures in occupationally-exposed adults (Munro 1992; Durkin 1625 

et al. 2004). The highest inhalation exposures have been documented for workers in production facilities 1626 

(Knopp 1994); even sprayers do not experience significant inhalation exposures (Durkin et al. 2004; 1627 

Munro 1992).  Consequently, the primary exposure to 2,4-D and MCPA in the environment is dermal 1628 

and, to a lesser extent, oral ingestion.  Studies summarized in Ross et al. (2005) show that less than 10% 1629 

of dermally applied 2,4-D is absorbed in occupationally exposed adults. 1630 

In risk assessments developed to support reregistration of MCPA in Canada, Health Canada (2006) 1631 

estimates the contribution of inhalation exposure to the overall exposure in postapplication scenarios as 1632 

negligible, due to the dilution effect of outdoor use and considering the study by Yeary and Leonard 1633 

(1993) wherein MCPA was not detected in the breathing zone of 25 applicators during the application of 1634 

MCPA to residential lawns, trees and shrubs (limit of detection of 0.001 mg/m3). Similarly, inhalation has 1635 

been shown to contribute less than 2% of the cumulative exposure among 2,4-D applicators (Grover et 1636 

al. 1986). Further, air concentrations of up to 20 mg/m3 did not correspond with measurable exposure in 1637 

any of the bystanders to a 2,4-D spray application (Harris et al. 1992). 1638 

A series of studies by Nishioka et al. (1996; 1999; 2001) evaluating transport of lawn-applied 2,4-D into 1639 

homes, including measurements of how much was tracked relative to how much was applied, and the 1640 



primary tracking mechanisms found low but measurable concentrations of 2,4-D inside homes and 1641 

conclude that although low, these concentrations could lead to dermal and oral (but not inhalation) 1642 

exposures.  Similarly, Mustonen et al. (1986) measured air breathing space of workers and found very 1643 

low air concentrations from spraying concurrent with measured urinary concentrations in 19 workers 1644 

and conclude that dermal exposures represent the primary source of exposures.   1645 

The exception to the dermal pathway as the dominant exposure pathway is for children.  Wilson et al. 1646 

(2010) in a study of children exposed to residential use of pesticides in North Carolina and Ohio found 1647 

that the diet represented approximately 80 – 90% of the daily dose of 2,4-D for children.  Inhalation was 1648 

3 - 4% and dermal 9 – 15%.  Based on observed urinary levels in 287 children, the aggregate potential 1649 

dose was approximately 9  - 10 ng/kd-d (for reference, the IRIS RfD is 0.01 mg/kg-day or 104 ng/kd-d).  1650 

The maximum predicted aggregate dose ranged from 98 to 177 ng/kg-d. 1651 

6.3 Biomonitoring Equivalents 1652 

Biomonitoring equivalents are urine and/or blood concentrations associated with exposures in humans 1653 

to chemical-specific regulatory standards such as the RfD. 1654 

Aylward et al. (2010) reviewed the available biomonitoring data for 2,4-D from the United States and 1655 

Canada and compared these data with expected biomonitoring equivalents based on regulatory 1656 

threshold values to draw conclusions regarding the margin of safety for 2,4-D exposures based on 1657 

published biomonitoring data for the general population, farm applicators, and farm family members.  1658 

Aylward and Hayes (2008) estimated a biomonitoring equivalent in urine of 200 µg/L (or 300 µg/g 1659 

creatinine) associated with chronic, low-level exposure to 0.005 mg/kg-d.  The analysis reflects oral 1660 

exposures only – that is, 200 µg/L in urine is the concentration associated with a daily, steady-state oral 1661 

exposure of 0.005 mg/kg-d based on the following equation: 1662 
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where: 1664 

Urinary level = volume-based urinary level in μg/L 1665 

Dose = Dose (RfD, or from Eq. 2) 1666 

BW = body weight 1667 

V24hr = volume of urine in 24-hrs in l 1668 

Given the potentially relevant positive results from the suite of 500 ToxCast assays described previously, 1669 

these in vitro results were explored in the context of in vivo exposures using the following methodology.  1670 

First, oral equivalent doses associated with the lowest biologically-relevant in vitro ToxCast assay results 1671 

(Table 5) are estimated based on the following equation (Wetmore et al. 2011; Rotroff et al. 2010): 1672 
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where: 1674 

Dose = oral equivalent dose in mg/kg-d 1675 

Assay = lowest effective concentration for a biologically relevant pathway from the ToxCast assay in μM 1676 

Css = steady-state concentration from PBPK model assuming 1 mg/kg-d oral exposure (Wetmore et al. 1677 

2011; Durkin et al. 2004) 1678 

The resulting predicted urinary level is based on the relationship provided in Aylward et al. (2008) and 1679 

shown in Eq. 1. Table 11 show the results for children 4-12, adolescents up to 18, men and women 1680 



including input assumptions for each, and Figure 7 provides a graphical depiction of these results in the 1681 

context of the biomonitoring data.   1682 

The highest predicted steady-state concentration for 2,4-D from the PBPK models is approximately 90 1683 

μM, and the lowest biologically relevant ToxCast assay result is 1.5 μM based on cell growth kinetics. , 1684 

The associated estimated urinary levels are provided in the last column of Table 11 based on Eq. 1.  The 1685 

average Css (steady state body burden associated with 1 mg/kg exposure) predicted by Wetmore et al. 1686 

(2011) is approximately 40 μM.  The resulting ranges of predicted 2,4-D urinary levels associated with 1687 

the lowest observed response from the in vitro ToxCast assays is 600 – 1250 μg/L for children, 440 – 900 1688 

μg/L for adolescents, 470 to 960 μg/L for women, and 560 to 1200 μg/L for men.  These compare to the 1689 

biomonitoring equivalents developed by Aylward and Hays (2010) and Aylward (2008) of 200 μg/L for an 1690 

adult population based on a urinary level associated with exposure to the RfD.   1691 

By parameterizing lognormal distributions using the parameters in Table 10 (geometric mean and 1692 

geometric standard deviation, in most cases), 10th and 90th percentiles for each distribution were 1693 

developed using the Crystal Ball Excel add-in and these are the basis of the whiskers in Figure 7.  1694 

Comparing the backcalculated urine levels to the biomonitoring data from Table 10 shows that the only 1695 

overlap between the levels associated with the potential for in vitro effects (at the lowest biologically 1696 

relevant assay result) and data from biomonitoring studies is for one study in manufacturing workers 1697 

(Knopp et al. 1994).  The remaining studies show that even the predicted 90th percentiles fall well below 1698 

these backcalculated levels with only a few exceptions for applicators.  Most values even fall below the 1699 

200 μg/L level based on the RfD backcalculation.  The data suggest some transient occupational 1700 

exposures may come close to overlapping the backcalculated assay results, but the use of protective 1701 

gear would preclude these exposures from occurring. 1702 



There is less data available for MCPA, but based on the results presented in Wetmore et al. (2011) 1703 

combined with Eq. 1 (Aylward et al. 2008) shows that backcalculated urinary levels are approximately 1704 

450 μg/L for children, 320 μg/L for adolescents, 240 μg/L for women, and 310 μg/L for men.  Using the 1705 

published IRIS RfD of 0.0005 mg/kg-d results in predicted urinary levels an order of magnitude lower, 1706 

and the regulatory value used by Health Canada and US EPA Office of Pesticide Programs (0.0044 mg/kg-1707 

d) falls in-between.  There are no direct MCPA biomonitoring data available, but Figure 7 shows these 1708 

backcalculated values in the context of the Arbuckle et al. (2006) study (for which 2,4-D and MCPA 1709 

urinary levels co-eluted).  The backcalculated bioassay results show no overlap, but the backcalculated 1710 

level from the RfD falls within the biomonitoring data for the applicators.  However, there is no 1711 

particular relevance of the RfD with respect to potential carcinogenicity. 1712 

6.4 Summary of Exposure and Biomonitoring 1713 

• Dermal absorption represents the primary exposure route in both occupationally-exposed 1714 

individuals and the general public, followed by ingestion, while inhalation exposures are 1715 

negligible in residential settings and largely negligible even in occupational settings 1716 

• There are numerous studies available for characterizing 2,4-D and MCPA concentrations in 1717 

homes following residential application of 2,4-D 1718 

• Occupational exposures depend heavily on the amount of protective clothing that is worn and 1719 

vary widely; exposures at the 95th percentile in the general public are typically less than 100 1720 

times the IRIS RfD of 0.01 mg/kg-d 1721 

• Backcalculated urinary levels using the results from the lowest observed bioassay result 1722 

required to alter a relevant biological pathway in vitro are an order of magnitude higher than 1723 

levels based on the RfD for MCPA, and a factor of five higher for 2,4-D   1724 

• There are orders of magnitude difference between estimated urine levels equivalent to the 1725 

lowest ToxCast concentrations required to alter biologically relevant pathways and 1726 



biomonitoring data.  The difference is less for occupational exposures, but still generally large, 1727 

even at the 90th percentile 1728 

7.0 Discussion and Conclusions 1729 

Chlorophenoxy compounds have been in use since the 1940s, and despite numerous regulatory and 1730 

non-regulatory reviews, they continue to be controversial, particularly with respect to carcinogenic 1731 

outcomes.  Early epidemiologic studies that defined exposures in terms of job matrices rather than 1732 

through quantitative estimates of actual exposures to chlorophenoxy compounds found some 1733 

associations with various lymphomas, particularly NHL. The Swedish studies, in particular, (Eriksson et al. 1734 

2008) found significant associations between exposure specifically to MCPA and NHL, and STS (Hardell 1735 

and Bengsston 1983) although those associations were not confirmed in other studies.  Associations 1736 

were limited to case-control studies with small sample sizes that were not confirmed by the cohort 1737 

studies.  Potential associations in case-control studies were based on univariate analyses without 1738 

including other potential exposures and/or known risk factors, while those studies incorporating the 1739 

variety of exposures experienced in the environment generally show no statistically significant role for 1740 

exposures to chlorophenoxy compounds. More recent epidemiologic studies linking genetic markers of 1741 

effect (e.g., t(14;18) translocations) find no association with exposure to chlorophenoxy compounds and 1742 

carcinogenic outcomes.  Genomic instability observed in agricultural workers has not been associated 1743 

with exposure to 2,4-D, and in any event have been shown to be transient and reversible (Garry et al. 1744 

2001).  Short-term immunosuppressive effects have been observed in humans (Faustini et al. 1996) 1745 

following exposure to 2,4-D and MCPA, and although most of these effects were transient, some were 1746 

still observed 70 days after exposure. Given that exposures to 2,4-D and MCPA are episodic in nature, 1747 

the question arises as to what role repeated short-term immunosuppression might play in contributing 1748 

to an increased risk of developing NHL. 1749 



Toxicological studies conducted in vivo using traditional rodent assays over one or two years showed no 1750 

treatment-related carcinogenic effects although other effects were noted, particularly to the kidney and 1751 

liver. Animal studies in vitro are equivocal, with some suggesting that 2,4-D and/or MCPA are able to 1752 

cause chromosomal aberrations and interrupt key cellular functions while others do not (summarized in 1753 

Table 9), but generally showing effects at concentrations exceeding renal transport mechanisms. Studies 1754 

involving human cell cultures, or human cells derived from in vivo exposures do suggest that 2,4-D 1755 

and/or MCPA are capable of causing chromosomal aberrations in some studies (Korte and Jalal 1982; 1756 

Arias 2003; Gonzalez 2005; Maire 2007) but not in others (Charles 1999a; Linnainmaa 1984), and both 1757 

2,4-D and MCPA showed negative results across a battery of ToxCat genotoxicity assays (Knight et al. 1758 

2009).  Interestingly, some positive associations are noted for exposure to a commercial product 1759 

containing 2,4-D but not for the pure 2,4-D acid or salt (Mustonen et al. 1986; Holland et al. 2002).  1760 

Studies are quite consistent, however, in suggesting that exposure to 2,4-D can disrupt other cellular 1761 

functions and lead to cell replication necessary for tumor promotion in vivo, but only after longer 1762 

exposure periods and only at the highest concentrations tested.  Observed 2,4-D toxicity generally 1763 

occurs at doses above renal saturation, i.e., doses above which excretory processes could readily 1764 

eliminate the chemical.  Nonetheless, an extensive review of 2,4-D by the German Research Foundation 1765 

(Henschler and Greim 1998, p. 90) concluded there was sufficient evidence of a weak promoting effect 1766 

of herbicide formulations of 2,4-D. Studies in human volunteers have shown that while immunological 1767 

effects following exposure were observed (Faustini et al. 1996), effects only persisted during exposure.  1768 

Although effects showed a relationship to urine levels of 2,4-D, the trend in the relationship was not 1769 

statistically significant. Thus, the combined evidence indicates that it is only at exposures exceeding 1770 

renal transport mechanisms that effects are observed.   What is less well understood is whether 1771 

exposures at lower concentrations but over longer periods of time might be sufficient to effect relevant 1772 



cellular changes.  The episodic nature of environmental exposures, however, suggests this is unlikely to 1773 

occur.  1774 

The etiology of NHL suggests a multi-stage process including specific chromosomal translocations 1775 

present in nearly 90% of all cases coupled with proliferating events such as interruption of apoptosis, 1776 

increased chronic inflammation as a result of oxidative stress or peroxisome proliferation, increased 1777 

production of free radicals, or direct proliferation of a mutation.  The evidence does not support an 1778 

association between exposures to 2,4-D and/or MCPA and direct DNA interaction; however, the specific 1779 

chromosomal translocations observed in NHL (e.g., t(14;18) are prevalent in healthy individuals 1780 

(Limpens et al. 1995); therefore, it is not unreasonable to assume that a significant proportion of 1781 

individuals exposed to 2,4-D and/or MCPA already have the required translocations. 1782 

NHL most often arises in premature and/or naïve B-cells, and a host of genetic markers have been 1783 

identified with respect to key subclinical features of the disease.  Epidemiologic studies are 1784 

incorporating these genetic markers, and these studies show no association between exposure to 1785 

chlorophenoxy compounds broadly defined (of which 2,4-D is likely to be a predominant exposure) and 1786 

these markers. Although the toxicological data in human cell cultures and/or in vivo human exposures 1787 

suggest that there are plausible mechanisms by which exposure to 2,4-D could promote NHL by causing 1788 

cellular proliferation as evidenced by positive responses in replicative index assays, the doses at which 1789 

these effects are noted are well above levels observed even in occupational settings (based on 1790 

measured urine) and are likely to exceed saturation of renal transport mechanisms.  1791 

Exposure data and measured urine levels in workers and in the general public show that exposures to 1792 

2,4-D and MCPA in the environment are at levels below RfDs published in IRIS or by the Office of 1793 

Pesticide Programs. Modeled urine levels based on chronic exposures to the RfD for 2,4-D, when 1794 

compared to biomonitoring data, show that urine levels, even in occupationally-exposed individuals, are 1795 



below levels of concern.  Exposures in the environment are predominantly through dermal absorption, 1796 

and studies show less than 10% of 2,4-D and MCPA are dermally absorbed.  Studies that have estimated 1797 

daily doses to the general public based on repeated measurements in the home show these doses are 1798 

orders of magnitude below the IRIS RfDs. 1799 

The only plausible potential for risk that can be hypothesized would be in an occupationally exposed 1800 

sub-population with specific polymorphisms, family history, and/or lifestyle characteristics identified as 1801 

risk factors for NHL; but that assumes that occupational exposures would be high enough, and sustained 1802 

enough, to lead to adverse effects.  Figure 7 shows the difference between measured urine levels and 1803 

estimated urine levels from exposures at the RfD or exposures at the lowest biologically relevant 1804 

ToxCast assay results.  As seen in the Figure, the difference is significant at the 90th percentile across all 1805 

but a few occupational studies.  This difference translates to several orders of magnitude for the general 1806 

public, and at least an order of magnitude, in general, for occupational exposures.  Given that the RfD is 1807 

a dose associated with no effects (including a margin of safety), and that in vitro bioassay results may 1808 

not translate to in vivo effects, the combined evidence indicates it is highly implausible that exposure to 1809 

2,4-D and/or MCPA are associated with a risk of developing NHL or other lymphohematopoietic cancers. 1810 

However, exposures and potential impacts are considered only for exposure to 2,4-D and MCPA in 1811 

isolation.  From a cumulative risk perspective, there are likely numerous concurrent exposures, some of 1812 

which exert similar immunosuppressive or proliferative effects, and the combined impact of these 1813 

exposures has not been considered.  That represents a more complex question that cannot be 1814 

addressed by the data in-hand since so much of that is unique to the individual, but there is an 1815 

opportunity going forward for epidemiologic and other studies to evaluate these combined exposures 1816 

more comprehensively.  That said, given the difference between observed exposures as measured by 1817 



urine levels and estimated urine levels from regulatory or ToxCast values indicates that environmental 1818 

exposures to 2,4-D and/or MCPA are unlikely to be risk drivers even in a cumulative risk context. 1819 

Conflict of Interest 1820 

Funding support was provided by the Environmental Health Research Foundation (EHRF), a nonprofit, 1821 

nonpartisan scientific research foundation to E Risk Sciences, a private consulting company specializing 1822 

in developing risk-based tools and analyses to support environmental decision making with both private 1823 

and public clients.  I declare no competing financial interests or other conflicts of interest. 1824 

8.0 References 1825 

77FR23135 (04-18-2012). Environmental Protection Agency, 40 CFR Part 180, [EPA–HQ–OPP–2008–1826 

0877; FRL–9344–1].  2,4-D; Order Denying NRDC’s Petition To Revoke Tolerances, Order.  Federal 1827 

Register 77(75):23135-23158. 1828 

Acquavella  JF, Alexander BH, Mandel JS, Burns CJ and Gustin C. 2006. Exposure misclassification in 1829 

studies of agricultural pesticides – insights from biomonitoring.  Epidemiology 17(1):69-74. 1830 

Agopian J, Navarro J-M, Gac A-C, Lecluse Y, Briand M, Grenot P, Gauduchon P, Ruminy P, Lebailly P, 1831 

Nadel B and Roulland.  2009.  Agricultural pesticide exposure and the molecular connection to 1832 

lymphomagenesis. J Exp Med 206(7):473-1483. www.jem.org/cgi/doi/10.1084/jem.20082842.  1833 

Alexander BH, Mandel JS, Baker BA, Burns CJ, Bartels MJ, Acquavella JF and Gustin C. 2007. 1834 

Biomonitoring of 2,4-dichlorophenoxyaceticacid exposure and dose in farm families. Environ Health 1835 

Perspect 115(3):370–376. 1836 

Amer SM and Aly FAE.  2001. Genotoxic effect of 2,4-dichlorophenoxy acetic acid and its metabolite 2,4-1837 

dichlorophenol in mouse.  Mut Res 494:1-12. 1838 



Arbuckle TE, Burnett R, Cole D, Teschke K, Dosemeci M, Bacej C and Zhang J.  2002. Predictors of 1839 

herbicide exposure in farm applicators.  Int Arch Occup Environ Health 75:406-414. DOI 10.1007/s00420-1840 

002-0323-7. 1841 

Arias E.  2003. Sister chromatid exchange induction by the herbicide 2,4-dichlorophenoxyacetic acid in 1842 

chick embryos. Ecotoxicol Environ Saf 55:338-43. 1843 

Arias E.  2007. Cytogenetic effects of short- and long-term exposure of chick embryos to the 1844 

phenoxyherbicide 2,4-D. Environ Molec Mutagen 48(6):462-466. 1845 

Asp S, Riihimäki V, Hernberg S and Pukkala E.  1994.  Mortality and cancer morbidity of Finnish 1846 

chlorophenoxy herbicide applicators: An 18-year prospective follow-up. Am J Ind Med 26(2):243-253. 1847 

Aylward LL and Hayes SM. 2008. Biomonitoring Equivalents (BE) dossier for 2,4-dichlorophenoxyacetic 1848 

acid (2,4-D) (CAS No. 94-75-7).  Reg Tox Pharmacol 51:S37-S48. 1849 

Aylward LL, Morgan MK, Arbuckle TE, Barr DB, Burns CJ, Alexander BH and Hays SM. 2010.  1850 

Biomonitoring data for 2,4-Dichlorophenoxyacetic acid in the United States and Canada: Interpretation 1851 

in a public health risk assessment context using biomonitoring equivalents.  Environ Health Perspect 1852 

118:177–181. doi:10.1289/ehp.0900970. 1853 

Bacher MA and Gibson GG.  1988. Chlorophenoxyacid herbicides induce microsomal P-450 IVAI (P-452) 1854 

in rat liver. Chem BioI Interact 65:145-156. 1855 

Bakhshi A, Wright JJ, Graninger W, Seto M, Owens J Cossman J, Jensen JP, Goldman P and Korsmeyer SJ.  1856 

1987.  Mechanism of the t(14;18) chromosomal translocation: Structural analysis of both derivative 14 1857 

and 18 reciprocal partners. Proc Natl Acad Sci USA 84:2396-2400. 1858 



Bellet EM, van Ravenzwaay B, Pigott G, and Leeming N. 1999. Chronic dietary toxicity and oncogenicity 1859 

evaluation of MCPA (4-chloro-2-methylphenoxyacetic acid) in rodents. Reg Toxicol Pharmacol 30:223–1860 

232. 1861 

Bellet EM, van Ravenzwaay B, Hellwig J and Pigott G.  2001. Reproductive toxicity of MCPA (4-Chloro-2-1862 

methylphenoxyacetic acid) in the rat.  Int J Tox 20(1):29-38. 1863 

Bende RJ, Smit LA and van Noesel  CJM. 2007. Molecular pathways in follicular lymphoma.  Leukemia 1864 

21:18–29. doi:10.1038/sj.leu.2404426. 1865 

Bergesse JR and Balegno HF.  1995. 2,4-Dichlorophenoxyacetic acid influx is mediated by an active 1866 

transport system in Chinese hamster ovary cells.  Toxicol Lett 81:167-173. 1867 

Bhatti P, Blair A, Bell EM, Rothman N, Lan Q, Barr DB, Needham LL, Portengen L, Figgs LW and 1868 

Vermeulen R.  2010. Predictors of 2,4-dichlorophenoxyacetic acid exposure among herbicide 1869 

applicators.  J Expos Sci Environ Epidem 20:160-168. doi:10.1038/jes.2009.14. 1870 

Blair A, Malker H, Cantor KP, Burmeister L and Wiklund K. 1985.  Cancer among farmers: a review. Scand 1871 

J Work Environ Health 11:397-407. 1872 

Blair A and Zahm SH. 1990.  Methodologic issues in exposure assessment for case-control studies of 1873 

cancer and herbicides. Am J Ind Med 118:285-93. 1874 

Blair A, Zahm SH, Pearce NE, Heineman EF and Fraumeni JF. 1992. Clues to cancer etiology from studies 1875 

of farmers. Scand J Work Environ Health 18:209–15. 1876 

Blair A and Zahm SH. 1995. Agricultural exposures and cancer. Environ Health Perspect 103(Suppl 1877 

8):205–208. 1878 



Blakley BR. 1986. The effect of oral exposure to the N-butylester of 2,4-dichlorophenoxyacetic acid on 1879 

the immune response in mice. Int J Immunopharmacol 8:93-99. 1880 

Blakley BR and Blakely PM. 1986. The effect of prenatal exposure to the n-butylester of 2,4-1881 

dichloroacetic acid (2,4-D) on the immune response in mice. Teratology 33:15-20. 1882 

Blakley BR, Gagnon JM and Rousseaux CG. 1992. The effect of a commercial 2,4-D formulation on 1883 

chemical- and viral-induced tumor production in mice. J Appl Toxicol 12(4):245-249. 1884 

Blakley BR, Yole MJ, Brousseau P, Boermans H and Fournier M. 1998. Effect of 2,4- 1885 

dichlorophenoxyacetic acid, trifluralin and triallate herbicides on immune function. Vet Hum Toxicol 1886 

40:5-10. 1887 

Bloemen LJ, Mandel JS, Bond GS, Pollock AF, Vitek RP and Cook RP.  1993.  An update of mortality 1888 

among chemical workers potentially exposed to the herbicide 2,4-dichlorophenoxyacetic acid and its 1889 

derivatives.  J Occup Med 35(12):1208-1211. 1890 

Boers D, Portengen L, Bueno-de-Mesquita B, Heederik D and Vermeulen R.  2010. Cause-specific 1891 

mortality of Dutch chlorophenoxy herbicide manufacturing workers. Occup Environ Med 67:24–31. 1892 

doi:10.1136/oem.2008.044222. 1893 

Bond GG, Wetterstroem NH, Roush EA, McLaren EA, Lipps TE and Cook RR. 1988. Cause-specific 1894 

mortality among employees engaged in the manufacturing of 2,4-dichlorophenoxyacetic acid and 1895 

related salts. Br J Indus Med 45:98–105. 1896 

Bond GG, Bodner KM and Cook RR. 1989.  Phenoxy herbicides and cancer: insufficient epidemiologic 1897 

evidence for a causal relationship. Fundam Appl Toxicol 12:172-88. 1898 



Bond GG and R Rossbacher.  1993.  A review of potential human carcinogenicity of the chlorophenoxy 1899 

herbicides MCPA, MCPP, and 2,4-DP.  Br J Ind Med 50:340-348. 1900 

Bongso TA and Basrur PK. 1973. In vitro response of bovine cells to 2,4-dichlorophenoxyacetic acid. In 1901 

Vitro 8:63. 1902 

Bräunlich H, Bernhardt H and Bernhardt I.  1989. Renal handling of 2-Methyl-4-chlorophenoxyacetic Acid 1903 

(MCPA) in rats. J Appl Tox 9(4):255-258. 1904 

Brown LM, Blair A, Gibson R, Everett GD, Cantor KP, Schuman LM, Burmeister LF, Van Lier SF and Dick F.  1905 

1990. Pesticide exposures and other agricultural risk factors for leukemia among men in Iowa and 1906 

Minnesota.  Canc Res 50:6585-6591. 1907 

Bueno de Mesquita HB, Doornbos G, van der Kuip DAM, Kogevinas M and Winkelmann R. 1993.  1908 

Occupational exposure to phenoxy herbicides and chlorophenols and cancer mortality in the 1909 

Netherlands.  Am J Indus Med 23:289-300. 1910 

Bukowska B. 2003. Effects of 2,4-D and its metabolite 2,4-dichlorophenol on antioxidant enzymes and 1911 

level of glutathione in human erythrocytes. Comp Biochem Physiol Part C: Toxicol Pharmacol 135:435–1912 

441. 1913 

Bukowska B. 2006. Toxicity of 2,4-dichlorophenoxyacetic acid – molecular mechanisms. Pol J Environ 1914 

Stud 15:365–374. 1915 

Bukowska B, Chajdys A, Duda W and Duchnowicz P. 2000. Catalase activity in human erythrocytes: Effect 1916 

of Phenoxyherbicides and their metabolites.  Cell Bio Int 24(10):705–711. 1917 

Bukowska B, Goszczynska K and Duda W. 2003. Effect of 4-chloro-2-methylphenoxyacetic acid and 2,4-1918 

dimethylphenol on human erythrocytes. Pest Biochem Physiol 77:92–98. 1919 



Bukowska B, Rychlik B, Krokosz A and Michalowicz J.  2008. Phenoxyherbicides induce production of free 1920 

radicals in human erythrocytes: Oxidation of dichlorodihydrofluorescine and dihydrorhodamine 123 by 1921 

2,4-D-Na and MCPA-Na. Food Chem Toxicol 46:359–367. 1922 

Burns C, Bodner K, Swaen G, Collins J, Beard K and Lee M.  2011. Cancer incidence of 2,4-D production 1923 

workers.  Int J Environ Res Public Health 8:3579-3590; doi:10.3390/ijerph8093579. 1924 

Burns CJ, Beard KK and Cartmill JB. 2001. Mortality in chemical workers potentially exposed to 2,4-1925 

dichlorophenoxyacetic acid (2,4-D) 1945–94: an update. Occup Environ Med 58:24–30. 1926 

Bus JS and Hammond LE.  2007. Regulatory progress, toxicology, and public concerns with 2,4-D: Where 1927 

do we stand after two decades? Crop Protection 26:266-269. 1928 

Butterworth B.  2006. A classification framework and practical guidance for establishing a mode of 1929 

action for chemical carcinogens.  Reg Tox Pharmacol 45:9-23. 1930 

Canadian Centre for Toxicology.  1987.  Expert panel report on carcinogenicity of 2,4-D.  Canadian 1931 

Centre for Toxicology, Guelph, Ontario. Downloaded from 1932 

http://ia600407.us.archive.org/26/items/expertpanelrepor00gueluoft/expertpanelrepor00gueluoft.pdf 1933 

January 2010. 1934 

Cantor KP, Blair A, Everett G, Gibson R, Burmeister LF, Brown LM, Schuman L and Dick FR. 1992.  1935 

Pesticides and other agricultural risk factors for non-Hodgkin’s lymphoma among men in Iowa and 1936 

Minnesota. Cancer Res 52:2447–55. 1937 

Carrao G, Calleri M, Carle F, Russo R, Bosia S and Piccioni P. 1989. Cancer risk in a cohort of licensed 1938 

pesticide users.  Scand J Work Environ Health 15:203-9. 1939 



Carlo GL, Cole P, Miller AB, Munro IC, Solomon KR and Squire RA. 1992. Review of a study reporting an 1940 

association between 2,4-dichlorophenoxyacetic acid and canine malignant lymphoma: report of an 1941 

expert panel. Regul Toxicol Pharmacol 16:245-252. 1942 

Carmichael N, Bausen M, Boobis AR, Cohen SM, Embry M, Fruijtier-Pölloth C, Greim H, Lewis R, Meek 1943 

ME, Mellor H, Vickers C and Doe J.  2011. Using mode of action information to improve regulatory 1944 

decision-making: An ECETOC/ILSI RF/HESI workshop overview. Crit Rev Toxicol 41(3):175-186. DOI: 1945 

10.3109/10408444.2010.541225. 1946 

Charles JM, Bond OM, Jeffries TK, Yano BL, Stott WT, Johnson KA, Cunny HC, Wilson RD and Bus JS. 1947 

1996a. Chronic dietary toxicity/oncogenicity studies on 2,4-dichlorophenoxyacetic acid in rodents. 1948 

Fundam Appl Toxicol 33:166-172. 1949 

Charles JM, Cunny HC, Wilson RD and Bus JS. 1996b. Comparative subchronic studies on 2,4-1950 

dichlorophenoxyacetic acid, amine and ester in rats. Fundam Appl Toxicol 33:161-165. 1951 

Charles JM, Dalgard OW, Cunny HC, Wilson RD and Bus JS. 1996c. Comparative subchronic and chronic 1952 

dietary toxicity studies on 2,4-dichlorophenoxyacetic acid, amine and ester in the dog. Fundam Appl 1953 

Toxicol 29:78-85. 1954 

Charles JM, Cunny HC, Wilson RD, Ivett JL, Murli H, Bus JS and Gollapudi B.  1999a. In vivo micronucleus 1955 

assays on 2,4- dichlorophenoxyacetic acid and its derivatives. Mut Res 444:227–234.  1956 

Charles JM, Cunny HC, Wilson RD, Bus JS, Lawlor TE, Cifone MA, Fellows M and Gollapudi B.  1999b. 1957 

Ames assays and unscheduled DNA synthesis assays on 2,4-dichlorophenoxyacetic acid and its 1958 

derivatives. Mut Res  444:207–216. 1959 

Chiu BC-H, Dave BJ, Blair A, Gapstur SM, Zahm SH and Weisenburger DD. 2006. Agricultural pesticide use 1960 

and risk of t(14;18)-defined subtypes of non-Hodgkin lymphoma. Blood 108:1363–1369. 1961 



Chiu BC-H, Lan Q, Dave BJ, Blair A, Zahm SH and Weisenburger DD.  2008. The utility of t(14;18) in 1962 

understanding risk factors for non-Hodgkin lymphoma.  JNCI 39:69-73. 1963 

Chiu BC-H and Blair A.  2009. Pesticides, chromosomal aberrations and non-Hodgkin’s lymphoma. J 1964 

Agromedicine 14(2): 250–255. doi:10.1080/10599240902773140. 1965 

Clausen M, Leier G and Witte I. 1990. Comparison of the cytotoxicity and DNA-damaging properties of 1966 

2,4-D and U46 0 Fluid (dimethylammonium salt of 2,4-0). Arch Toxicol 64:497-501. 1967 

Coggon D, Pannett B, Winter PD, Acheson ED and Bonsall J. 1986. Mortality of workers exposed to 2 1968 

methyl-4 chlorophenoxyacetic acid. Scand J Work Environ Health 12:448–54. 1969 

Coggon D, Pannett B and Winter PD. 1991. Mortality and incidence of cancer at four factories making 1970 

phenoxy herbicides. Br J Ind Med 48:173–78. 1971 

Curwin BD, Hein MJ, Sanderson WT, Barr DB, Heederik D, Reynolds SJ, et al. 2005. Urinary and hand 1972 

wipe pesticide levels among farmers and nonfarmers in Iowa. J Expo Anal Environ Epidemiol 15:500–508. 1973 

De Roos AJ, Gold LS, Wang, S, Hartge P, Cerhan, JR, Cozen W, Yeager M, Chanock S, Rothman N and 1974 

Severson RK.  2006. Metabolic gene variants and risk of non-Hodgkin’s lymphoma. Can Epi Biomark 1975 

Prevent 15:1647-1653. 1976 

De Roos AJ, Zahm SH, Cantor KP, Weisenburger DD, Holmes FF, Burmeister LF and Blair A.  2003. 1977 

Integrative assessment of multiple pesticides as risk factors for non-Hodgkin’s lymphoma among men. 1978 

Occup Environ Med 60:e11(http://www.occenvmed.com/cgi/content/full/60/9/e11). 1979 

Dierickx E. 1983. Interaction of chlorophenoxyalkyl herbicides with with rat-liver glutathione S-1980 

transferases. Food Chem Toxicol 21(5):575 579. 1981 



Duffard R, Traini L and Evangelista de Duffard A. 1981. Embryotoxic and teratogenic effects of phenoxy 1982 

herbicides. Acta Physiol Latinoam 31:39-42. 1983 

Duchnowicz P, Koter M and Duda W. 2002. Damage of erythrocyte by phenoxyacetic herbicides and 1984 

their metabolites. Pest Biochem Phys 74(1):1–7. 1985 

Duchnowicz P and Koter M. 2003. Damage to the erythrocyte membrane caused by 1986 

chlorophenoxyacetic herbicides. Cell Mol Biol Lett 8:25–30. 1987 

Duchnowicz P, Szczepaniak P and Koter M. 2005. Erythrocyte membrane protein damage by 1988 

phenoxyacetic herbicides and their metabolites.  Pest Biochem Phys 82(1):59-65. 1989 

Durkin P, Hertzberg R and Diamond G.  2004. Application of PBPK model for 2,4-D to estimates of risk in 1990 

backpack applicators.  Env Tox Pharmacol 16 :73–91. 1991 

Eastmond D A. 1997. Chemical and radiation leukemogenesis in humans and rodents and the value of 1992 

rodent models for assessing risks of lymphohematopoietic cancers. US Environmental Protection 1993 

Agency, Office of Research and Development, National Center for Environmental Assessment, 1994 

Washington Office, Washington, DC, EPA/600/R-97/090, 1997. 1995 

Elliott B.  2005. Review of the genotoxicity of 4-chloro-2-methylphenoxyacetic acid. Mutagen 20(1):3-13. 1996 

doi:10.1093/mutage/gei005.  1997 

Elo HA and Ylitalo P.  1979.  Distribution of 2-methyl-4-chlorophenoxyacetic acid and 2,4-1998 

dichlorophenoxyacetic acid in male rats: Evidence for the involvement of the central nervous system in 1999 

their toxicity.  Toxicol Appl Pharmacol 51:439-446. 2000 

Eriksson M, Hardell L, Berg NO, Mollner T and Axelson 0. 1981. Soft tissue sarcomas and exposure to 2001 

chemical substances. A case referent study. Br J Ind Med 38:27-33. 2002 



Eriksson M, Hardell L, Malker H and Weiner J. 1992. Malignant lymphoproliferative diseases in 2003 

occupations with potential exposure to phenoxyacetic acids or dioxins: a register-based study. Am J Ind 2004 

Med 22:305–12. 2005 

Eriksson M, Hardell L, Carlberg M and Åkerman M. 2008. Pesticide exposure as risk factor for non-2006 

Hodgkin lymphoma including histopathological subgroup analysis.  Int J Canc 123:1657-1663. 2007 

European Commission Health and Consumer Protection Directorate (EU). October 1, 2001. Review 2008 

report for the active substance 2,4-D. Appendix II. Endpoints and related information, 1. Toxicology and 2009 

metabolism. 7599/V1/97-final. 2010 

Faustini A, Settimi L, Pacifici R, Fano V, Zuccaro P and Forastiere F.  1996. Immunological changes among 2011 

farmers exposed to phenoxy herbicides: preliminary observations. Occup Environ Med 53:583-585. 2012 

Feldman RJ and Maibach HI. 1974. Percutaneous penetration of some pesticides and herbicides in man. 2013 

Toxicol Appl Pharmacol  28:126– 132. 2014 

Figgs LW, Holland NT, Rothmann N, et al. 2000. Increased lymphocyte replicative index following 2,4-2015 

dichlorophenoxyacetic acid herbicide exposure. Cancer Causes Control 11:373–80. 2016 

Frank R, Campbell RA and Sirons GJ.  1985. Forestry workers involved in aerial application of 2,4-2017 

Dichlorophenoxyacetic acid (2,4-D): Exposure and urinary excretion.  Arch Environ Contam Toxicol 2018 

14:427-435. 2019 

Fritschi L, Benke G, Hughes AM, Kricker A, Turner J, Vajdic CM, Grulich A, Milliken S, Kaldor J and 2020 

Armstrong BK. 2005. Occupational exposure to pesticides and risk of non-Hodgkin’s lymphoma. Am J 2021 

Epidemiol 162:849–57. 2022 



Gandhi R, Wandji S and Snedeker S. 2000. Critical evaluation of cancer risk form 2,4-D. Rev Environ 2023 

Contam Toxicol 167:1–33.  2024 

Garabrant DH and Philbert MA. 2002. Review of 2,4-dichlorophenoxyacetic acid (2,4-D) epidemiology 2025 

and toxicology. Crit Rev Toxicol 32(4):233–257. 2026 

Garry VF, Danzl TJ, Tarone R, Griffith J, Cervenka J, Krueger L, Whorton EB Jr and Nelson RL. 1992. 2027 

Chromosome rearrangements in fumigant appliers: possible relationship to non-Hodgkin’s lymphoma 2028 

risk. Cancer Epidemiol Biomarkers Prev 1:287–291. 2029 

Garry VF, Tarone RE, Long L, Griffith J, Kelly JT and Burroughs B.  1996. Pesticide appliers with mixed 2030 

pesticide exposure: G-banded analysis and possible relationship to non-Hodgkin’s lymphoma. Cancer 2031 

Epidemiol Biomarkers Prev 5:11-16. 2032 

Garry VF, Tarone RE, Kirsch IR, Abdallah JM, Lombardi DP, Long LK, Burroughs BL, Barr DB and Kesner JS.  2033 

2001.  Biomarker correlations of urinary 2,4-D levels in foresters: Genomic instability and endocrine 2034 

disruption.  Environ Health Perspect 109(5):495-500. 2035 

Gentry PR, Hack CE, Haber L, Maier A and Clewell JH III.  2002. An approach for the quantitative 2036 

consideration of genetic polymorphism data in chemical risk assessment: Examples with warfarin and 2037 

parathion. Toxicol Sci 70:120-139. 2038 

Gollapudi BB, Charles JM, Linscombe VA, Day SJ and Bus JS. 1999. Evaluation of the genotoxicity of 2,4-2039 

dichlorophenoxyacetic acid and its derivatives in mammalian cell cultures. Mutat Res 444(1):217–225.  2040 

González M,  Soloneski  S, Reigosa MA and Larramendy LM. 2005. Genotoxicity of the herbicide 2,4-2041 

dichlorophenoxyacetic and a commercial formulation, 2,4-dichlorophenoxyacetic acid dimethylamine 2042 

salt. I. Evaluation of DNA damage and cytogenetic endpoints in Chinese Hamster ovary (CHO) cells.  2043 

Toxicol In Vitro 19:289-297. 2044 



Gorzinski  SJ, Kociba RJ, Campbell RA, Smith FA, Nolan RJ and Eisenbrandt EJ. 1987. Acute, 2045 

pharmacokinetic, and subchronic toxicological studies of 2,4-dichlorophenoxyacetic acid.  Fund Appl 2046 

Toxicol 9:423-435. 2047 

Hansen WH, Quaife ML, Habermann RT and Fitzhugh OG. 1971. Chronic toxicity of 2,4-2048 

dichlorophenoxyacetic acid in rats and dogs. Toxicol Appl PharmacoI 20:122-129. 2049 

Hardell L and Sandstrom A. 1979.  Case-control study: Soft-tissue sarcomas and exposure to 2050 

phenoxyacetic acids or chlorophenols. Br J Cancer 39:71 1-7. 2051 

Hardell L, Eriksson M, Lenner P and Lundgren E. 1981. Malignant lymphoma and exposure to chemicals, 2052 

especially organic solvents, chlorophenols and phenoxy acids: A case-control study. Br J Cancer 43:169-2053 

76. 2054 

Hardell L and Axelson O. 1982. Soft-tissue sarcoma, malignant lymphoma, and exposure to phenoxyacids 2055 

or chlorophenols. Lancet 1(8286):1408-1409. 2056 

Hardell L and Bengtsson NO.  1983. Epidemiological study of socioeconomic factors and clinical findings 2057 

in Hodgkin's disease, and reanalysis of previous data regarding chemical exposure. Br J Canc 48:217-225. 2058 

Hardell L, Eriksson M and Degerman A. 1994.  Exposure to phenoxyacetic acids, chlorophenols, or 2059 

organic solvents in relation to histopathology, stage, and anatomical localization of non-Hodgkin’s 2060 

lymphoma. Cancer Res 54:2386–9. 2061 

Hardell L and Eriksson M.  1999.  A case-control study of Non-Hodgkin lymphoma and exposure to 2062 

pesticides.  Cancer 80(6):1353-1360. 2063 

Harris SA and Solomon KR. 1992. Human exposure to 2,4-D following controlled activities on recently 2064 

sprayed turf. J Environ Sci Health B 27(1):9-22. 2065 



Harris SA, Solomon KR and Stevenson GR. 1992. Exposure of homeowners and bystanders to 2,4-2066 

dichlorophenoxyacetic acid (2,4-D).  J Environ Sci Health B 27(1):23–38. 2067 

Harris SA, Purdham JT, Corey PN, Sass-Kortsak AM. 2000. An evaluation of 24-hour urinary creatinine 2068 

excretion for use in identification of incomplete urine collections and adjustment of absorbed dose of 2069 

pesticides. AIHAJ 61:649–657. 2070 

Harris NL, Stein H, Coupland SE, Hummel M, Dalla Favera R, Pasqualucci L and Chan WC. 2001. New 2071 

approaches to lymphoma diagnosis. Hematology Am Soc 27 Hematol Educ Program 2001:194−220. 2072 

http://asheducationbook.hematologylibrary.org/cgi/reprint/2001/1/194.pdf . 2073 

Harris SA, Corey PN, Sass-Kortsak AM and Purdham JT. 2001. The development of a new method to 2074 

estimate total daily dose of pesticides in professional turf applicators following multiple and varied 2075 

exposures in occupational settings. Int Arch Occup Environ Health 74:345–358. 2076 

Harris SA, Sass-Kortsak AM, Corey PN, Purdham JT. 2002. Development of models to predict dose of 2077 

pesticides in professional turf applicators. J Exposure Anal Environ Epidemiol 12:130–144. 2078 

Harris SA, Sass-Kortsak AM, Corey PN and James T. Purdham JT.  2005. Pesticide exposures in 2079 

professional turf applicators, job titles, and tasks performed: Implications of exposure measurement 2080 

error for epidemiologic study design and interpretation of results. Am J Indus Med 48:205-216. 2081 

Hartge P, Colt JS, Severson RK, Cerhan JR, Cozen W, Camann D, Zahm SH and Davis S. 2005.  Residential 2082 

herbicide use and risk of non-Hodgkin lymphoma. Cancer Epidemiol Biomarkers Prev 14:934–7. 2083 

Hayes HM, Tarone RE, Cantor KP, Jessen CR, McCumin DM and Richardson RC. 1991. Case-control study 2084 

of canine malignant lymphoma: positive association with dog owner's use of 2,4-dichlorophenoxyacetic 2085 

acid herbicides. J Natl Cancer Inst 83: 1226-1231. 2086 



Health Canada Pest Management Regulatory Agency.  2005. Proposed acceptability for continuing 2087 

Registration (PACR) document PACR2005-01, Re-evaluation of the lawn and turf uses of (2,4-2088 

Dichlorophenoxy)acetic acid [2,4-D].  2089 

Health Canada Pest Management Regulatory Agency.  2006. Re-evaluation of the lawn and turf uses of 2090 

the herbicide (4-chloro-2-methylphenoxy)acetic acid (MCPA). PACR2006-05.  2091 

Health Canada Pest Management Regulatory Agency. 2008a. Reregistration decision for 2,4-2092 

dichlorophenoxyacetic acid. RVD2008-11. Available from http://www.hc-sc.gc.ca/cps-2093 

spc/pubs/pest/_decisions/rvd2008-11/index-eng.php.  2094 

Health Canada Pest Management Regulatory Agency. 2008b. Reregistration decision for 4-Chloro-2- 2095 

methylphenoxy)acetic acid.  RVD2008-20.  Available from http://www.hc-sc.gc.ca/cps-2096 

spc/pubs/pest/_decisions/rvd2008-20/index-eng.php.  2097 

Health Canada.  2009.  2-Methyl-4-chlorophenoxyacetic Acid (MCPA) in drinking water.  Prepared by the 2098 

Federal-Provincial-Territorial Committee on Drinking Water.  Public draft for comment.  www.pmra-2099 

arla.gc.ca. Accessed February, 2010. 2100 

Henschler D and Greim H, Eds.  1998.  Occupational toxicants: critical data evaluation for MAK values 2101 

and classification of carcinogens, Volume 11.  NY: John Wiley & Sons, 364 pp.  pp. 61-104. 2102 

Hietanen E, Ahotupa M, Heinonen T, Hamalainen H, Kunnas T, Linnainmaa K, Mantyla E and Vainio H. 2103 

1985. Enhanced peroxisomal  β-oxidation of fatty acids and glutathione metabolism in rats exposed to 2104 

phenoxyacetic acids. Toxicology 34: 103-111. 2105 

Hill DA, Wang SS, Cerhan JR, Davis S, Cozen W, Severson RK, Hartge P, Wacholder S, Yeager M, Chanock 2106 

SJ and Rothman N. 2006.  Risk of non-Hodgkin lymphoma (NHL) in relation to germline variation in DNA 2107 

repair and related genes. Blood 108:3161-3167. 2108 



Hoar SK, Blair A, Holmes FF, et al. 1986. Agricultural herbicide use and risk of lymphoma and soft-tissue 2109 

sarcoma. JAMA 256:1141-7 (see also correction, JAMA 256:335 1). 2110 

Högstedt B, Kolnig AM, Mitelman F and Skerfving S. 1980.  Cytogenetic study of pesticides in agricultural 2111 

work. Hereditas 92:177— 178. 2112 

Hohenadel K, Harris SA, McLaughlin JR, Spinelli JJ, Pahwa P, Dosman JA, Demers PA and Blair A. 2011. 2113 

Exposure to multiple pesticides and risk of Non-Hodgkin lymphoma in men from six Canadian provinces. 2114 

Int J Environ Res Public Health 8:2320-2330; doi:10.3390/ijerph8062320.  2115 

Holland NT, Duramada P, Rothman N, Figgs LW, Blair A, Hubbard A and Smith MT. 2002. Micronucleus 2116 

frequency and proliferation in human lymphocytes after exposure to herbicide 2,4-2117 

dichlorophenoxyacetic acid in vitro and in vivo.  Mut Res 521:165–178 2118 

International Agency for Research on Cancer (IARC). 1986. IARC monographs on the evaluation of the 2119 

carcinogenic risk of chemicals to humans; occupational exposures to chlorophenoxy herbicides. In: IARC 2120 

Monographs on the Evaluation of Carcinogenic Risks to Humans. IARC, World Health Organization, Lyon, 2121 

pp 357-407. 2122 

International Agency for Research on Cancer (IARC). 1998. IARC Monographs on the Evaluation of 2123 

Carcinogenic Risks to Humans Volume 15 Some Fumigants, the Herbicides 2,4-D and 2,4,5-T, Chlorinated 2124 

Dibenzodioxins and Miscellaneous Industrial Chemicals Summary of Data Reported and Evaluation. 2125 

IARC, World Health Organization, Lyon. 2126 

Ibrahim MA, Bond GG, Burke TA, Cole P, Dost FN, Enterline PE, Gough M, Greenberg RS, Halperin WE, 2127 

McConnell E, Munro IC, Swenberg JA, Zahm SH and Graham JD. 1991. Weight of the evidence on the 2128 

human carcinogenicity of 2,4-D. Environ Health Perspect 96:213-222. 2129 



Jacobi H and Witte I. 1991. Synergistic effects of U46 D fluid (dimethylammonium salt of 2,4-D) and 2130 

CuCh on cytotoxicity and DNA repair in human fibroblasts. Toxicol Lett 58:159-167. 2131 

Janz S, Potter M and Rabkin CS.  2003.  Lymphoma- and leukemia-associated chromosomal 2132 

translocations in healthy individuals.  Gene Chromosom Canc 36:211-233. 2133 

Jenssen D and Renberg L. 1976. Distribution and cytogenetic test of 2,4-D and 2,4,5-T phenoxyacetic 2134 

acids in mouse blood tissues. Chem Biol Interact 14:291-299. 2135 

Johnson ES. 1990. Association between soft tissue sarcomas, malignant lymphomas, and phenoxy 2136 

herbicides/chlorophenols: evidence from occupational cohort studies. Fundam Appl Toxicol 14:219-34. 2137 

Johnson ES, Parsons W, Weinberg CR, Shore DL, Mathews J, Patterson DG Jr and Needham LL. 1992. 2138 

Current serum levels of 2,3,7,8-tetrachlorodibenzo-p-dioxin in phenoxyacetic acid herbicide applicators 2139 

and characterization of historical levels. J Natl Cancer Inst 84:1648-1653. 2140 

Jaga K and Dharmani C. 2005. The epidemiology of pesticide exposure and cancer: A review. Rev Environ 2141 

Health 20(1):15-38. 2142 

Johnson ES. 1990. Association between soft tissue sarcomas, malignant lymphomas, and phenoxy 2143 

herbicides/chlorophenols: evidence from occupational cohort studies. Fundam Appl Toxicol 14:219-34. 2144 

Judson RS, Houck KA, Kavlock RJ, Knudsen TB, Martin MT, Mortensen HM, Reif DM, Rotroff DM, shah I, 2145 

Richard AM and Dix DJ.  2010.  In vitro screening of environmental chemicals for targeted testing 2146 

prioritization: The ToxCast Project.  Environ Health Perspect 118(4):485–492. doi:10.1289/ehp.0901392 2147 

Kaioumova D, Süsal C and Opelz G. 2001. Induction of apoptosis in human lymphocytes by the herbicide 2148 

2,4-dichlorophenoxyacetic acid. Hum Immun 62:64–74. 2149 



Kaneene JB and Miller R. 1999. Re-analysis of 2,4-D use and the occurrence of canine malignant 2150 

lymphoma. Vet Human Toxicol 41(2):164-170.  2151 

Kawashima Y, Katoh H, Nakajima S, Kozuka H and Uchiyama M. 1984. Effects of 2,4-2152 

dichlorophenoxyacetic acid and 2,4,5-trichlorophenoxyacetic acid on peroxisomal enzymes in rat liver. 2153 

Biochem Pharmacol 33:241-245. 2154 

Kelly SJ and Guidotti TL.  1989-1990. Phenoxyacetic acid herbicides and chlorophenols and the etiology 2155 

of lymphoma and soft-tissue neoplasms. Public Health Rev 17(1):1-37. 2156 

Kelly JL, Novak AJ, Fredericksen ZS, Liebow M, Answell SM, Dogan A, Wang AH, Witzig TE, Call TG, Kay 2157 

NE, Habermann TM, Slager SL and Cerhan JR.  2010. Germline variation in apoptosis pathway genes and 2158 

risk of Non–Hodgkin's lymphoma.  Cancer Epidemiol Biomarkers Prev 19:2847-2858. 2159 

Kimura O, Tsukagoshi K and Endo T. 2008.  Uptake of 4-chloro-2-methylphenoxyacetic acid (MCPA) from 2160 

the apical membrane of Caco-2 cells by the monocarboxylic acid transporter. Toxicol Appl Pharmacol 2161 

227(3):325-330. 2162 

Knight AW, Little S, Houck , Dix D, Judson R, Richard A, McCarroll N, Akerman G, Yang C, Birrell L and 2163 

Walmsley RM.  2009.  Evaluation of high-throughput genotoxicity assays used in profiling the US EPA 2164 

ToxCastTM chemicals. Reg Toxicol Pharmacol 55(2):188-199. 2165 

Knopp D. 1994. Assessment of exposure to 2,4-dichlorophenoxyacetic acid in the chemical industry: 2166 

results of a five year biological monitoring study. Occup Environ Med  51:152–159. 2167 

Knopp D and Glass S. 1991. Biological monitoring of 2,4-dichlorophenoxyacetic acid-exposed workers in 2168 

agricultural and forestry. Int Arch Occup Environ Health 63:329-333. 2169 



Kogevinas M, Saracci R, Winkelmann R, Johnson E, Bertazzi PA, Bueno-de-Mesquita HB, Kauppinen T, 2170 

Littorin M, Lynge E, Neuberger M and Pearce N. 1993. Cancer inci dence and mortality in women 2171 

occupationally exposed to chlorophenoxy herbicides, chlorophenols, and dioxins. Cancer Causes Control 2172 

4:547-553. 2173 

Kogevinas M, Kauppinen T, Winkelmann R, Becher H, Bertazzi PA, Bueno-de-Mesquita HB, Coggon D, 2174 

Green L, 10hnson E, Littorin M, Lynge E, Marlow DA, Mathews ID, Neuberger M, Benn T, Pannett B, 2175 

Pearce N and Saracci R. 1995. Soft tissue sarcoma and non-Hodgkin's lymphoma in workers exposed to 2176 

phenoxy herbicides, chlorophenols, and dioxins: two nested case-control studies. Epidemiology 6:396-2177 

402. 2178 

Kogevinas M, Becher H, Benn T, Bertazzi PA, Boffetta P, Bueno-de-Mesquita HB, Coggon D, Colin D, 2179 

Flesch-Janys D, Fingerhut M, Green L, Kauppinen T, et al.  1997. Cancer mortality in workers exposed to 2180 

phenoxy herbicides, chlorophenols, and dioxins. An expanded and updated international cohort study. 2181 

Am J Epidemiol 145:1061–75. 2182 

Kohli JD, Khanna RN, Gupta BN, Dhar MM, Tandon JS and Sircar KP. 1974. Absorption and excretion of 2183 

2,4-dichlorophenoxyacetic acid in man. Xenobiotica 4:97–100. 2184 

Kolberg J, Helgeland K, Jonson J and Tjeltveit O.  1970. Effect of phenoxyherbicides on mammalian cell 2185 

cultures: a time-lapse cinemicrographic study. Acta Pharmacologica et Toxicologica 28:57. 2186 

Kolmodin-Hedman B, Hoglund S, Swenson A and Akerblom M. 1983. Studies on phenoxy acid herbicides: 2187 

II. Oral and dermal MCPA uptake and elimination in urine of MCPA in humans. Arch Toxicol 54:267–273. 2188 

Korte C and Jalal SM.  1982.  2,4-D induced clastogenicity and elevated rates of sister chromatid 2189 

exchanges in cultured human lymphocytes. J Hered 73:224-226.  2190 



Kozuka H, Yamada J, Horie S, Watanabe T, Suga T and Ikeda T.  1991. Characteristics of induction of 2191 

peroxisomal fatty acid oxidation-related enzymes in rat liver by drugs: relationships between structure 2192 

and inducing activity.  Biochem Pharmacol 41(4):617-623. 2193 

Lappin GJ, Hardwick TD, Stow R, Pigott GH and van Ravenzwaay B. 2002.  Absorption, metabolism and 2194 

excretion of 4-chloro-2-methylphenoxyacetic acid (MCPA) in rat and dog.  Xenobiotica 32(2):152-163. 2195 

Lavy TL, Norris LA, Mattice D and Marx DB.  1987.  Exposure of forestry ground workers to 2,4-D, 2196 

picloram and dichloroprop.  Environ Tox Chem 6:209-224. 2197 

Le Goff J, André V, Lebailly P, Pottier D, Périn F, Périn O and Gauduchon P. 2005. Seasonal variations of 2198 

DNA-adduct patterns in open field farmers handling pesticides. Mut Res/Genetic Toxicol Environ 2199 

Mutagen 587(1-2):90-102. 2200 

Lindh CH, Littorin M, Amilon A, Bo A and Jönsson G.  2005. Analysis of phenoxyacetic acid herbicides as 2201 

biomarkers in human urine using liquid chromatography/triple quadrupole mass spectrometry.  Rapid 2202 

Comm Mass Spectrom 22(2):143 - 150. 2203 

Linnainmaa K. 1983. Sister chromatid exchanges among workers occupationally exposed to phenoxy 2204 

acid herbicides 2,4-D and MCPA. Terat Carcin Mutagen 3:269-79. 2205 

Linnainmaa K.  1984.  Induction of sister chromatid exchanges by the peroxisome proliferators 2,4-D, 2206 

MCPA, and clofibrate in vivo and in vitro. Carcinogenesis 5:703–707. 2207 

Lappin GJ, Hardwick TD, Stow R, Pigott GH and van Ravenzwaay B.  2002.  Absorption, metabolism and 2208 

excretion of 4-chloro-2-methylphenoxyacetic acid (MCPA) in rat and dog. Xenobiotica 32(2):153 - 163. 2209 

Lavy TL, Norris LA, Mattice JD and Marx DB.  1987. Exposure of forestry ground workers to 2,4-D, 2210 

picloram, and dichlorprop. Env Tox Chem 6:209-224. 2211 



Leiss JK and Savitz DA.  1995.  Home pesticide use and childhood cancer:  A case-control study. Am J 2212 

Public Health 85(2):249-252. 2213 

Limpens J, Stad R, Vos C, de Vlaam C, de Jong D, van Ommen GJ, Schuuring E and Kluin PM.  1995.  2214 

Lymphoma-associated translocation t(14;18) in blood B cells of normal individuals.  Blood 85(9):2528-2215 

2536. 2216 

Lundgren B, Meijer J and DePierre JW. 1987. Induction of cytosolic and microsomal epoxide hydrolases 2217 

and proliferation of peroxisomes and mitochondria in mouse liver after dietary exposure to p-2218 

chlorophenoxyacetic acid, 2,4-dichlorophenoxyacetic acid and 2,4,5-trichlorophenoxyacetic acid. Chem 2219 

Biol Interact Biochem Pharmacol 36:815–821. 2220 

Lynge E. 1985. A follow-up study of cancer incidence among workers in manufacture of phenoxy 2221 

herbicides in Denmark. Br J Cancer 52:259-70. 2222 

Lynge E.  1998.  Cancer incidence in Danish phenoxy herbicide workers, 1947-1993.  Environ Health 2223 

Perspect 106(Suppl):683-688. 2224 

Lynge E, Storm HH and Jensen OM. 1987. The evaluation of trends in soft-tissue sarcoma according to 2225 

diagnostic criteria and consumption of phenoxy herbicides. Cancer 60:1896-901. 2226 

Madrigal-Bujaidar E, Hernandez-Ceruelos  A and Chamorro G. 2001. Induction of sister chromatid 2227 

exchanges by 2,4-dichlorophenoxyacetic acid in somatic and germ cells of mice exposed in vivo. Food 2228 

Chem Toxicol 39:941–946. 2229 

Maire MA, Rast C, Landkocz Y and Vasseur P.  2007.  2,4-Dichlorophenoxyacetic acid: Effects on Syrian 2230 

hamster embryo (SHE) cell transformation, c-Myc expression, DNA damage and apoptosis.  Mut Res 2231 

631:124-136. 2232 



't Mannetje A, McLean D, Cheng S, Boffetta P, Colin D and Pearce N.  2005.  Mortality in New Zealand 2233 

workers exposed to phenoxy herbicides and dioxins.  Occ Env Med 62(1):34-40. 2234 

Matthews EJ, Kruhlak NL, Cimino MC, Benza RD and Contrera JF.  2006. An analysis of genetic toxicity, 2235 

reproductive and developmental toxicity, and carcinogenicity data: I. Identification of carcinogens using 2236 

surrogate endpoints. Reg Tox Pharmacol 44:83-96. 2237 

McDuffie HH, Pahwa P, McLaughlin JR, Spinelli JJ, Fincham S, Dosman JA, Robson D, Skinnider LF and 2238 

Choi NW. 2001.  Non-Hodgkin’s lymphoma and specific pesticide exposures in men: cross-Canada study 2239 

of pesticides and health. Cancer Epidemiol Biomarkers Prev 10:1155–63. 2240 

McDuffie HH, Pahwa P, Robson D, Dosman JA, Fincham S, Spinelli JJ and McLaughlin JR. 2005. Insect 2241 

repellents, phenoxy herbicide exposure, and non-Hodgkin’s lymphoma. J Occup Environ Med 47:806–16. 2242 

Miligi L, Costantini AS, Bolejack V, Veraldi A, Benvenuti A, Nanni O, Ramazzotti V, Tumino R, Stagnaro E, 2243 

Rodella S, Fontana A, Vindigni C, et al. 2003. Non-Hodgkin’s lymphoma, leukemia, and exposures in 2244 

agriculture: results from the Italian multicenter case-control study. Am J Ind Med 44:627–36. 2245 

Mills PK, Yang R and Riordan D. 2005.  Lymphohematopoietic cancers in the United Farm Workers of 2246 

America (UFW), 1988–2001. Cancer Causes Control 16:823–30. 2247 

Moore MM, Heflich RH, Haber LT, Allen BC, Shipp AM and Kodell RL.  2008.  Analysis of in vivo mutation 2248 

data can inform cancer risk assessment. Reg Toxicol Pharmacol 51(2):151-161. 2249 

Morrison HI, Wilkins K, Semenciw R, Mao Y and Wigle D.  1992. Herbicides and cancer. J Natl Cancer Inst 2250 

84:1866-1874. 2251 

Morton LM, Wang SS, Cozen W, Linet MS, Chatterjee N, Davis S, Severson RK, Colt JS, Vasef MA, 2252 

Rothman N, Blair A, Bernstein L, Cross AJ, De Roos AJ, Engels EA, Hein DW, Hill DA, Kelemen LE, Lim U, 2253 



Lynch CF, Schenk M, Wacholder S, Ward MH, Zahm SH, Chanock SJ, Cerhan JR and Hartge P.  2008.  2254 

Etiologic heterogeneity among non-Hodgkin subtypes.  Blood 112(13):5150-5160. 2255 

Morton LM, Purdue MP, Zheng T, Wang SS, Armstrong B, Zhang Y, Menashe I, Chatterjee N, Davis S, Lan 2256 

Q, Vajdic CM, Severson RK, Holford TR, Kricker A, Cerhan JR, Leaderer B, Grulich A, Yeager M, Cozen W, 2257 

Zahm SH, Chanock SJ, Rothman N and Hartge P. 2009. Risk of non–Hodgkin lymphoma associated with 2258 

germline variation in genes that regulate the cell cycle, apoptosis, and lymphocyte development.  Cancer 2259 

Epidem Biomark Prevent 18(4):1259-1270. 2260 

Munro IC, Carlo GL, Orr JC, Sund KG, Wilson RM, Kennepohl E, Lynch BS, Jablinske M and Lee NL. 1992. A 2261 

comprehensive, integrated review and evaluation of the scientific evidence relating to the safety of the 2262 

herbicide 2,4-D. J Am Coll Toxicol 11(5):559–664. 2263 

Mustonen R, Kangas J, Vujolahti P and Linnainmaa K. 1986. Effects of phenoxy acetic acids on the 2264 

induction of chromosome aberrations in vitro and in vivo. Mutagenesis 14:241-5. 2265 

Mustonen R, Elovaara E, Zitting A, Linnainmaa K and Vainio H. 1989. Effects of commercial 2266 

chlorophenolate, 2,3,7,8-TCDD, and pure phenoxyacetic acids on hepatic peroxisome proliferation, 2267 

xenobiotic metabolism and sister chromatid exchange in the rat. Arch Toxicol 63:203-208. 2268 

Nishioka MG, Burkholder HM, Brinkman MC, Gordon SM and Lewis RG. 1996. Measuring transport of 2269 

lawn-applied herbicide acids from turf to home: Correlation of dislodgeable 2,4-D turf residues with 2270 

carpet dust and carpet surface residues.  Environ Sci Technol 30(11):3313-3320. 2271 

Nishioka MG, Burkholder HM, Brinkman MC and Lewis RG. 1999. Distribution of 2,4-2272 

dichlorophenoxyacetic acid in floor dust throughout homes following homeowner and commercial lawn 2273 

applications: Quantitative effects of children, pets, and shoes.  Environ Sci Technol 33(9): 1359-1365. 2274 



Nishioka MG, Lewis RG, Brinkman MC, Burkholder HM, Hines CE and Menkedick JR.  2001. Distribution 2275 

of 2,4-D in air and on surfaces inside residences after lawn applications: Comparing exposure estimates 2276 

from various media for young children.  Environ Health Perspect 109(11):1185-1191. 2277 

Orsi L, Delabre L, Monnereau A, Delval P, Berthou C, Fenaux P, Marit G, Soubeyran P, Huguet F, Milpied 2278 

N, Leporrier M, Hemon D, Troussard X and Clavel J. 2009.  Occupational exposure to pesticides and 2279 

lymphoid neoplasms among men: results of a French case-control study.  Occup Environ Med 66(5):291-2280 

8.  2281 

Palmeira CM, Moreno AJ and Madeira VMC. 1994a. Metabolic alterations in hepatocytes promoted by 2282 

the herbicides paraquat, dinoseb, and 2,4-D. Arch Toxicol 68:24-31. 2283 

Palmeira, C. M., Moreno, A. J., and Madeira, V. M. C. 1994b. Interactions of herbicides 2,4-D and dinoseb 2284 

with liver mitochondrial bioenergetics. Toxicol Appl Pharmacol 127:50-57. 2285 

Palmeira, C. M., Moreno, A. J., and Madeira, V. M. C. 1995a. Thiol metabolism altered by the herbicides 2286 

paraquat, dinoseb, and 2,4-D: A study in isolated hepatocytes. Toxicol Lett 81:115-123. 2287 

Palmeira CM Moreno AJ and Madeira VMC. 1995b. Effects of paraquat, dinoseb, and 2,4-D on 2288 

intracellular calcium and vasopressin induced calcium mobilization in isolated hepatocytes. Arch Toxicol 2289 

69:460-466. 2290 

Pearce N. 1989.  Phenoxy herbicides and non-Hodgkin’s lymphoma in New Zealand: frequency and 2291 

duration of herbicide use. Br J Ind Med 46:143–44. 2292 

Pearce N, Smith A, Howard J, Sheppard RA, Giles HJ and Teague C. 1986. Non-Hodgkin's lymphoma and 2293 

exposure to phenoxy herbicides, chlorophenols, fencing work, and meat works employment: a case-2294 

control study. Br J Ind Med 43:75-83. 2295 



Pearce NE, Sheppard RA, Smith AH and Teague CA.  1987. Non-Hodgkin’s lymphoma and farming: an 2296 

expanded case-control study. Int J Cancer 39:155–61. 2297 

Pearce N and Reif JS. 1990.  Epidemiologic studies of cancer in agricultural workers. Am J Ind Med 2298 

18:133-48. 2299 

Persson B Dahlander A-M, Fredriksson H, Noorlind B, Ohlson C-G and Axelson O.  1989. Malignant 2300 

lymphomas and occupational exposures. Br J Ind Med 46:516-520. 2301 

Persson B, Fredriksson M, Olsen K, Boeryd B and Axelson O. 1993. Some occupational exposures as risk 2302 

factors for malignant lymphomas. Cancer 72:1773–8. 2303 

Pest Management Regulatory Agency (PMRA). 2007. Proposed Acceptability for PACR2007-06. 2304 

Continuing Registration Re-evaluation of the Agricultural, Forestry, Aquatic and Industrial Site Uses of 2305 

(2,4-Dichlorophenoxy)acetic Acid [2,4-D]. Available: http://www.pmra-2306 

arla.gc.ca/english/pdf/pacr/pacr2007-06-e.pdf  [accessed 6 January 2010]. 2307 

Rivarola V, Balegna H. 1991. 2,4-Dichlorophenoxyacetic acid effects on polyamine biosynthesis. 2308 

Toxicology 68: 109-119. 2309 

Rivarola V, Mori G, Balegno H. 1992. 2,4-Dichlorophenoxyacetic acid action on in vitro protein synthesis 2310 

and its relation to polyamines. Drug Chem Toxicol 15:245-257.  2311 

van Ravenzwaay B, Hardwick TD, Needham D, Pethen S and  Lappin GJ. 2003. Comparative metabolism 2312 

of 2,4-dichlorophenoxyacetic acid (2,4-D) in rat and dog. Xenobiotica 33(8):805–821. 2313 

van Ravenzwaay B, Pigott G and Leibold E.  2004. Absorption, distribution, metabolism and excretion of 2314 

4-chloro-2-methylphenoxyacetic acid (MCPA) in rats.  Food Chem Toxicol 42(1):15-125.  2315 



van Ravenzwaay B, Mellert W, Deckardt K, and Küttler K. 2005. The comparative toxicology of 4-chloro-2316 

2-methylphenoxyacetic acid and its plant metabolite 4-chloro-2-carboxyphenoxyacetic acid in rats. Reg 2317 

Toxicol Pharmacol 42:47–54. 2318 

Reynolds PM, Reif JS, Ramsdell HS and Tessari JD.  1994. Canine exposure to herbicide treated lawns and 2319 

urinary excretion of 2,4-dichlorophenoxyacetic acid. Cancer Epidemiol Biomark Prev 3:233-237. 2320 

Rhomberg LR, Bailey LA and Goodman JE.  2010. Hypothesis-based weight of evidence: A tool for 2321 

evaluating and communicating uncertainties and inconsistencies in the large body of evidence in 2322 

proposing a carcinogenic mode of action—naphthalene as an example. Crit Rev Toxicol 40(8): 671–696. 2323 

Rhomberg LR, Bailey LA, Goodman JE, Hamade AK and Mayfield D.  2011. Is exposure to formaldehyde in 2324 

air causally associated with leukemia?—A hypothesis-based weight-of-evidence analysis.  Crit Rev 2325 

Toxicol 41(7):555–621.  2326 

Roberts DM, Dawson AH, Senarathna L, Mohamed F, Cheng R, Eaglesham G and Buckley NA.  2011.  2327 

Toxicokinetics, including storable protein binding, of 4-chloro-2-methylphenoxyacetic acid (MCPA) in 2328 

patients with acute poisoning.  Tox Lett 201:270-276. 2329 

Roulland S, Lebailly P, Lecluse Y, Briand M, Pottier D and Gauduchon P. 2004. Characterization of the 2330 

t(14;18) BCL2-IGH translocation in farmers occupationally exposed to pesticides. Cancer Res 64:2264–2331 

2269. 2332 

Ross JH, Driver JH, Harris SA and Maibach HI.  2005. Dermal absorption of 2,4-D: a review of species 2333 

differences.  Reg Toxicol Pharmacol 41:82-91. 2334 

Rubinstein C, Jone C, Trosko JE and Chang C-C. 1984. Inhibition of intercellular communication in 2335 

cultures of Chinese Hamster V79 cells by 2,4-dichlorophenoxyacetic acid and 2,4,5-2336 

trichlorophenoxyacetic acid. Fundam Appl ToxicoI 4:731-739. 2337 



Rull RP, Gunier R, Von Behren J, Hertz A, Crouse V, Buffler PA and Reynolds P.  2009. Residential 2338 

proximity to agricultural pesticide applications and childhood acute lymphoblastic leukemia. Env Res 2339 

109(7):891-899. 2340 

Saghir SA, Mendrala AL, Bartels MJ, Day SJ, Hansen SC, Sushynski JM and Bus JS.  2006.  Strategies to 2341 

assess systemic exposure of chemicals in subchronic/chronic diet and drinking water studies.  Toxicol 2342 

Appl Pharmacol 211(3):245-260. 2343 

Sandal S and Yilmaz B. 2011. Genotoxic effects of chlorpyrifos, cypermethrin, endosulfan and 2,4-D on 2344 

human peripheral lymphocytes cultured from smokers and nonsmokers. Environ Toxicol 26(5):433-442. 2345 

Sandberg JA, Duhart HM, Lipe G, Biniendra Z and Slikker W Jr. 1996. Distribution of 2,4-2346 

dichlorophenoxyacetic acid (2,4-D) in fetal rats. J Toxicol Environ Health 49:497-509. 2347 

Saracci R, Kogevinas M, Bertazzi P-A, Bueno De Mesquita BH, Coggon D, Green LM, Kauppinen T, L' Abbe 2348 

KA, Littorin M, Lynge E, Mathews JD, Neuberger M, Osman J, Pearce N and Winkelmann R. 1991. Cancer 2349 

mortality in workers exposed to chlorophenoxy herbicides and chlorophenols. Lancet 338:1027-1032. 2350 

Sauerhoff MW, Braun WH, Blau GE and Gehring PJ. 1977. The fate of 2,4-dichlorophenoxyacetic acid 2351 

(2,4-D) following oral administration to man. Toxicology 8:3-11. 2352 

Schop RN, Hardy MH and Goldberg MT.  1990. Comparison of the activity of topically applied pesticides 2353 

and the herbicide 2,4-D in two short-term in vivo assays of genotoxicity in the mouse. Fundam Appl 2354 

Toxicol 15:666-675. 2355 

Schroeder JC, Olshan AF, Baric R, Dent GA, Weinberg CR, Yount B, Cerhan JR, Lynch CF, Schuman LM, 2356 

Tolbert PE, Rothman N, Cantor KP and Blair A. 2001. Agricultural risk factors for t(14;18) subtypes of 2357 

non-Hodgkin’s lymphoma. Epidemiology 12:701–9. 2358 



Syracuse Environmental Research Associates, Inc. (SERA). 1999. 2,4-Dichlorophenoxyacetic acid 2359 

formulations -- human health and ecological risk assessment Final Report.  Prepared for the USDA Forest 2360 

Service. 2361 

Shen M, Purdue MP, Kricker A, Lan Q, Grulich AE, Vajdic CM, Turner J, Whitby D, Chanock S, Rothman N 2362 

and Armstrong B. 2007.  Polymorphisms in DNA repair genes and risk of non-Hodgkin’s lymphoma in 2363 

New South Wales, Australia. Haematologica 92:1180-1185. DOI: 10.3324/haematol.11324. 2364 

Shin MS, Kim HS, Kang CS, Park WS, Kim SY, Lee SN, Lee JH, Park JY, Jang JJ, Kim CW, Kim SH, Lee JY, Yoo 2365 

NJ and Lee SH. 2002. Inactivating mutations of CASP10 gene in non-Hodgkin lymphomas. Blood 2366 

99(11):4094–9. 2367 

Smith AH, Fisher DO, Giles HJ and Pearce N. 1983. The New Zealand soft tissue sarcoma case-control 2368 

study: interview findings concerning phenoxyacetic acid exposure. Chemosphere 12:565-571. 2369 

Smith AH, Pearce NE, Fisher DO, et al. 1984. Soft tissue sarcoma and exposure to phenoxyherbicides and 2370 

chlorophenols in New Zealand. J Natl Cancer Inst 73:1111-17. 2371 

Smith JG and Christophers AJ.  1992. Phenoxy herbicides and chlorophenols: a case control study on soft 2372 

tissue sarcoma and malignant lymphoma. Br J Can 65:442-448. 2373 

Soloneski S, González NV, Reigosa MA and Larramendy ML.  2007. Herbicide 2,4-dichlorophenoxyacetic 2374 

acid (2,4-D)-induced cytogenetic damage in human lymphocytes in vitro in presence of erythrocytes. Cell 2375 

Biol Int 31:1316–1322. 2376 

Sorensen KC, Stucki JW, Warner RE, Wagner ED and Plewa MJ. 2005. Modulation of the genotoxicity of 2377 

pesticides reacted with redox-modified smectite clay. Environ Mol Mutagen 46(3):174-181. 2378 



Soung YH, Lee JW, Kim SY, et al. 2004. Somatic mutations of CASP3 gene in human cancers. Hum Genet 2379 

115:112–5. 2380 

Sternberg SS (1992) Canine malignant lymphoma and 2,4-dichlorophenoxyacetic acid herbicides (letter). 2381 

J Natl Cancer Inst 84:271. 2382 

Szabová E and Zeljenková D.  1997. Assessment of genotoxic and estrogenic effect of MCPA. Mut 2383 

Res/Fund Mol Mech Mutagen 379(1):Suppl 1:S108. 2384 

Takeuchi S, Matsuda T, Kobayashi S, Takahashi T and Kojima H.  2006. In vitro screening of 200 pesticides 2385 

for agonistic activity via mouse peroxisome proliferator-activated receptor (PPAR)α and PPARγ and 2386 

quantitative analysis of in vivo induction pathway. Toxicol Appl Pharmacol 217:235-244. 2387 

Tatham L, Tolbert P and Kjeldsberg C. 1997. Occupational risk factors for subgroups of non-Hodgkin’s 2388 

lymphoma. Epidemiology 8:551–8. 2389 

Thomas KW, Dosemeci M, Hoppin JA, Sheldon LS, Croghan CW, Gordon SM,Jones ML, Reynolds SJ, 2390 

Raymer JH, Akland GG, Lynch CF, Knott CE, Sandler DP, Blair AE and Alavanja MC.  2010. Urinary 2391 

biomarker, dermal, and air measurement results for 2,4-D and chlorpyrifos farm applicators in the 2392 

Agricultural Health Study. J Exp Sci Environ Epidemiol 20(2):119–13.4 doi:10.1038/jes.2009.6. 2393 

Timchalk C.  2004. Comparative inter-species pharmacokinetics of phenoxyacetic acid herbicides and 2394 

related organic acids: Evidence that the dog is not a relevant species for evaluation of human health risk. 2395 

Toxicology 200(1):1-19. 2396 

Turner MC, Wigle DT and Krewski D.  2009. Residential pesticides and childhood leukemia: A systematic 2397 

review and meta-analysis.  Environ Health Perspect 118(1):33-41. 2398 



Turkula TE and Jalal SM. 1985. Increased rates of sister chromatid exchanges induced by the herbicide 2399 

2,4-D. J Hered 76:213-214. 2400 

Tuschl H and Schwab C. 2003. Cytotoxic effects of the herbicide 2,4-dichlorophenocyacetic acid in 2401 

HepG2 cells. Food Chem Toxicol 41:385–393. 2402 

Ulm L and Springer O. 1994. Effect of prenatal and postnatal exposure to herbicide 2,4-D on the 2403 

immunohaematopoietic mice system. Period BioI 96:499-503. 2404 

United States Environmental Protection Agency (USEPA), Science Advisory Board.  1994. An SAB report: 2405 

Assessment of potential 2,4-D carcinogenicity, review of the epidemiological and other data on potential 2406 

carcinogenicity of 2,4-D by the SAB/SAP joint committee.  March. 2407 

United States Environmental Protection Agency (USEPA).  1996. Carcinogenicity peer review (4th) of 2,4-2408 

dichlorophenoxyacetic acid (2,4-D). U.S. Environmental Protection Agency Memorandum from Jeff 2409 

Rowland and Esther Rinde (letter), Office of Pesticide Programs, Health Effects Division, Washington, DC. 2410 

US Environmental Protection Agency (USEPA), Office of Pesticide Programs.  2004a. MCPA [(4-chloro-2-2411 

methylphenoxy)acetic acid]. Corrected revised human health risk assessment for the Reregistration 2412 

Eligibility Decision (RED) document. Reregistration Case No. 0017. Chemical Nos. 030501, 030502, 2413 

030516, 030564. DP Barcode D307892. 2414 

US Environmental Protection Agency (USEPA), Office of Pesticide Programs.  2004b. Reregistration 2415 

Eligibility Decision (RED) for MCPA (2-methyl-4-chlorophenoxyacetic acid) List A Case 0017.  2416 

United States Environmental Protection Agency (USEPA), Office of Pesticide Programs.  2005. 2417 

Registration eligibility decision for 2,4-D.  EPA 738-R-05-002. 2418 



United States Environmental Protection Agency (USEPA), National Center for Environmental Assessment 2419 

(NCEA).  2010. Lymphohematopoietic cancers induced by chemicals and other agents: Overview and 2420 

implications for risk assessment.  National Center for Environmental Assessment, Office of Research and 2421 

Development, EPA/600/R-10/095A. External Review Draft, September. 2422 

Vainio H, Nickels J and Linnainmaa K. 1982. Phenoxy acid herbicides cause peroxisome proliferation in 2423 

Chinese hamsters. Scand J Work Environ Health 8:70-73. 2424 

Vainio H, Linnainmaa K, Kahonen M, Nickels J, Hietanen E, Mamiemi J, PeItonen P. 1983. Hypolipidemia 2425 

and peroxisome proliferation induced by phenoxyacetic acid herbicides in rats. Biochem Pharmacol 2426 

32:2775-2779. 2427 

Van Maele-Fabry G, Duhayon S, Mertens C and Lison D. 2008. Risk of leukaemia among pesticide 2428 

manufacturing workers: A review and meta-analysis of cohort studies. Env Res 106(1):121-137. 2429 

Vineis P, Terracini B, Ciccone G, Cignetti A, Colombo E, Donna A, Maffi L, Pisa R, Ricci P, Zanini E and 2430 

Comba P.  1986. Phenoxy herbicides and soft-tissue sarcomas in female rice weeders. A population 2431 

based case-referent study. Scand J Work Environ Health 13:9-17. 2432 

Vineis P, Faggiano F, Tedeschi M and Ciccone G. 1991. Incidence rates of lymphomas and soft-tissue 2433 

sarcomas and environmental measurements of phenoxy herbicides. J Natl Cancer Inst 83:362-363. 2434 

Walters J.  Environmental Monitoring and Pest Management, Department of Pesticide Regulation.  2435 

Environmental fate of 2,4-dichlorophenoxyacetic acid.  No date provided. 2436 

Weed DI.  2005.  Weight of evidence: a review of concepts and methods.  Risk Anal 25(6):1545-1557. 2437 

Weisenburger DD. 1990. Environmental epidemiology of non-Hodgkin's lymphoma in eastern Nebraska. 2438 

Am J Ind Med 18:303-305. 2439 



Weisenburger DD.  1992.  Pathological classification of non-Hodgkin’s lymphoma for epidemiological 2440 

studies. Cancer Res 52:5456s-5461s. 2441 

Wetmore BA, Wambaugh JF, Ferguson SS, Sochaski MA, Rotroff DM, Freeman K, Clewell HJ III, Dix DJ, 2442 

Andersen ME, Houck DE, Allen B, Judson RS, Singh R, Kavlock RJ, Richard AM and Thomas RS.  2443 

Integration of dosimetry, exposure and high-throughput screening data in chemical toxicity assessment.  2444 

Tox Sci online first September 26, 2011. 2445 

World Health Organization (WHO). 1984. Environmental Health Criteria 29: 2,4-D. World Health 2446 

Organization, Geneva. 2447 

World Health Organization (WHO). 1989. Environmental Health Criteria 84: 2,4-D-Environmental 2448 

Aspects. World Health Organization, Geneva. 2449 

World Health Organization (WHO).  1996. Pesticide residues in food. Toxicological evaluations, Part II., 2450 

FAO Plant Production and Protection Paper 140: 31–38 and WHO/PCS/97.1: 45–96. 2451 

Wigle DT, Semenciw RM, Wilkins K, Riedel D, Ritter L, Morrison HI and Mao Y. 1990.   Mortality study of 2452 

Canadian male farm operators: Non-Hodgkin's lymphoma mortality and agricultural practices in 2453 

Saskatchewan. J Natl Cancer Inst 82(7):575-582. 2454 

Wiklund K and Dich J. 1994. Cancer risks among female farmers in Sweden. Cancer Causes Control 5:449-2455 

457. 2456 

Wiklund K and Holm LE. 1986. Soft tissue sarcoma risk in Swedish agricultural and forestry workers. J 2457 

Natl Cancer Inst 76:229-34. 2458 

Wiklund K, Dich J and Holm LE. 1987a. Risk of malignant lymphoma in Swedish pesticide appliers. Br J 2459 

Cancer 56:505-508. 2460 



Wiklund K, Holm L and Dich J. 1987b. Soft tissue sarcoma risk among agricultural and forestry workers in 2461 

Sweden. Chemosphere 16:2107-2110. 2462 

Wiklund K, Dich J and Holm LE. 1988a. Soft tissue sarcoma risk in Sweden licensed pesticide applicators. 2463 

J Occup Med 30:801-804. 2464 

Wiklund K, Lindefors BM and Holm LE.  1988b. Risk of malignant lymphoma in Swedish agricultural and 2465 

forestry workers. Br J Ind Med 45:19-24. 2466 

Wiklund K, Dich J, Holm L-E and Eklund G.  1989. Risk of cancer in pesticide applicators in Swedish 2467 

agriculture.  Br J Ind Med 46:809-814. 2468 

Wilson NK, Strauss WJ, Iroz-Elardo N and Chuang JC.  2010.  Exposures of preschool children to 2469 

chlorpyrifos, diazinon, pentachlorophenol, and 2,4-dichlorophenoxyacetic acid over 3 years from 2003 – 2470 

2005:  A longitudinal model.  J Expos Sci Environ Epidem 20(6):546-558. 2471 

Woods JS, Polissar L , Severson RK, Heuser LS and Kulander BG. 1987.  Soft tissue sarcoma and non-2472 

Hodgkin’s lymphoma in relation to phenoxyherbicide and chlorinated phenol exposure in western 2473 

Washington. J Natl Cancer Inst 78:899–910. 2474 

Woods JS, Polissar L. 1989. Non-Hodgkin’s lymphoma among phenoxy herbicide exposed farm workers 2475 

in western Washington state. Chemosphere 18:401 – 6. 2476 

Yeary RA. 1986. Urinary excretion of 2,4-D in commercial lawn specialists. Appl Ind Hyg 1(3):119-121.  2477 

Yeary RA and Leonard JA. 1993. Measurement of pesticides in air during application to lawns, trees and 2478 

shrubs in urban environments. In: K. Racke and A. Leslie (eds.), American Chemical Society Symposium 2479 

Series 552: Pesticides in Urban Environments: Fate and Significance. Chapter 23, p. 275–281. 2480 



Zahm SH, Weisenburger DD, Babbitt PA, Saal RC, Vaught JB, Cantor KP and Blair A. 1990.  A case-control 2481 

study of non-Hodgkin’s lymphoma and the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) in eastern 2482 

Nebraska. Epidemiology 1:349–56. 2483 

Zahm SH, Weisenburger DD, Saal RC, Vaught JB, Babbitt PA and Blair A. 1993. The role of agricultural 2484 

pesticide use in the development of non-Hodgkin’s lymphoma in women. Arch Environ Health 48:353–8. 2485 

Zahm SH. 1997. Mortality study of pesticide applicators and other employees of a lawn care service 2486 

company. J Occup Environ Med 39:1055-1067. 2487 

Zeljezic D and Garaj-Vrhovac V. 2004. Chromosomal aberrations, micronuclei and nuclear buds induced 2488 

in human lymphocytes by 2,4-dichlorophenoxyacetic acid pesticide formulation. Toxicology 200(1):39-2489 

47. 2490 

Zetterberg G, Busk L, Elovson R, Starec-Nordenhammar I and Ryttman H. 1977. The influence of pH on 2491 

the effects of 2,4-D (2,4-dichlorophenoxyacetic acid, Na salt) on Saccharomyces cerevisiae and 2492 

Salmonella typhimurium. Mutat Res 42:3-18. 2493 


