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Epidemiologic studies have failed to establish clearly whether agricultural pesticides contribute to the genesis of
non-Hodgkin’s lymphoma (NHL). Discordant results may be related to variation in susceptibility factors,
including metabolism gene polymorphisms that might influence lymphocyte exposures to active pesticide
metabolites. Associations between NHL and polymorphisms that may be relevant to pesticide metabolism have
been assessed, including CYP1A1 and glutathione S-transferase variants, but the results are not highly informa-
tive because estimates were based on small numbers and convenience samples of cases and controls. Butyryl-
cholinesterase and paraoxonase (PON1) enzyme variants associated with altered activity and acute organophos-
phate toxicity are strong candidate susceptibility factors for pesticides and NHL, but others may be identified as
knowledge of pesticide metabolism and relevant polymorphisms improves. Studies of metabolic susceptibility
must be large and include information on specific exposures and subtypes of NHL for results to further the
understanding of the relation between agricultural pesticides and NHL.
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Farming has been repeatedly associated with non-Hodg-
kin’s lymphoma (NHL) (1), but epidemiologic studies
have not provided unequivocal evidence that agricultural
pesticides are a cause of the relation (2). Unfortunately,
studies also have not convincingly refuted the possibil-
ity that pesticides contribute to NHL, because most have
lacked detailed exposure information for specific pesti-
cides (3, 4), have failed to address the etiologic hetero-
geneity of NHL subtypes (5–7), and have not investi-
gated factors that may influence individual susceptibil-
ity to pesticide-mediated effects. If susceptibility fac-
tors exist they may explain why observed associations
vary among different populations (8) and may strength-
en evidence of a causal relation by focusing effect esti-
mation on populations at risk (9).

The following three general categories of candidate
susceptibility factors can be considered for pesticides
and NHL: (i) those that may influence lymphocyte ex-
posures, (ii) those that may influence putative lympho-
magenic effects of pesticides once exposure has oc-
curred, and (iii) cofactors that may determine whether
the pesticide-mediated effect would contribute to a com-
plete carcinogenic mechanism. This review focuses on

metabolism gene polymorphisms that may affect sus-
ceptibility by influencing the rate, persistence, and na-
ture of lymphocyte exposures to active metabolic inter-
mediates of agricultural pesticides (9, 10).

Cytochrome P450 metabolism

Many pesticides are converted to active intermediates
via reactions catalyzed by cytochrome P450 (CYP450)
(11). CYP1A1 is expressed in peripheral blood lym-
phocytes (12), and DNA (deoxyribonucleic acid) dam-
age following exposure to carbaryl was increased in cul-
tured lymphoblastoid cells that expressed CYP1A1 com-
pared with CYP1A1 null clones (13). Linked
CYP1A1*2A (MspI) and CYP1A1*2B (Ile462Val) var-
iants (14) have been shown to be associated with in-
creased activity and inducibility in cultured lymphocytes
(15, 16), although the functional relevance of these var-
iants has not been confirmed by other in vitro assays
(17). CYP1A1 is highly inducible via (AhR) transcrip-
tional activation mediated by the aryl hydrocarbon recep-
tor (18), and small effects of common polymorphisms
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may be undetectable when variation secondary to induc-
tion is pronounced. Two case–control studies evaluated
NHL and CYP1A1*2A and reported no association, in-
cluding a Norwegian study of 143 NHL cases that were
compared with 455 unrelated controls (recruited from
the staff of the National Institute of Public Health and
from residents of senior citizen homes) (19) and an Aus-
tralian study that compared 169 NHL cases with 205
gender-matched volunteer bone marrow donors (20)
[odds ratios (OR) and 95% confidence intervals (95%
CI) for any variant allele versus none: OR 0.8, 95% CI
0.4–1.3, and OR 0.8, 95% CI 0.5–1.4, respectively].
Children with acute lymphoblastic leukemia (ALL), a
subtype of NHL, were more likely to carry CYP1A1*2A
and CYP1A1*2B alleles if exposed to household pesti-
cides during pregnancy than were cases without such
exposures, but the case–case effect estimates were im-
precise (eg, OR 5.0, 95% CI 1.0–25.1, for any *2A al-
lele with mite or spider pesticides) (21). A study of 177
childhood ALL cases compared with 304 controls from
an institutional DNA bank also reported a positive as-
sociation with CYP1A1*2A (OR 1.8, 95% CI 1.1–3.1,
for any *2A allele), but not CYP1A1*2B (OR 0.9, 95%
CI 0.4–1.8) (22).

Polymorphisms in several other CYP450 enzymes
that may influence pesticide metabolism have not yet
been evaluated as risk factors for NHL in published
studies. CYP1B1 is active in peripheral lymphocytes
(23) and is constitutively expressed, but also regulated,
via AhR-mediated transcriptional activation. Common
polymorphisms include CYP1B1*2 (linked Arg48Gly
and Ala119Ser variants) and CYP1B1*3 (Leu432Val),
with allele frequencies ranging between 29% and 39%
(24, 25). Activity was strongly associated with the
CYP1B1*5 (Arg48Gly, Ala119Ser, and Leu432Val) and
*6 alleles (CYP1B1*5 plus Asn453Ser), which occurred
with frequencies of 6% and 7% in an Ethiopian popula-
tion (25). CYP3A4 and CYP1A2 metabolize several
pesticides, including carbaryl (26), parathion (27), atra-
zine (11), and methoxychlor (28). Neither enzyme is
produced in lymphocytes (12, 23), but both may influ-
ence extranodal lymphocyte exposures to pesticide me-
tabolites. There is considerable individual variation in
CYP3A4 activity that has not been linked to known pol-
ymorphisms (29). The CYP1A2*1C allele has been as-
sociated with decreased activity (30), and CYP1A2*1F
has been associated with increased inducibility (31), but
these findings have not been consistent (32).

Hydrolytic detoxification reactions

Acute toxic effects of organophosphate and carbamate
pesticides occur when CYP450 intermediates inhibit

enzymatic degradation of the neurotransmitter acetyl-
choline (33). Hydrolytic degradation or scavenging by
serum butyrylcholinesterase (BChE) may limit exposure
of the central nervous system (CNS) (33, 34) and may
limit immune system effects that have been tentatively
attributed to the pesticide-mediated inhibition of mono-
cyte-specific esterases (35, 36) and serine proteases re-
quired for cell-mediated cytotoxicity (37). There is sub-
stantial variation in BChE activity that may be largely
explained by BChE polymorphisms (38). The BChE-K
variant (Ala539Thr) has been associated with a 30%
decline in serum BChE activity, and it occurred with an
allele frequency of 13% among Americans (39), 18%
among healthy Japanese, and 47% among Japanese with
low BChE activity (40). BChE-K may be in linkage dis-
equilibrium with other low-activity polymorphisms, in-
cluding the rare Asp70Gly allele (associated with a 70%
reduction in activity) and numerous inactivating muta-
tions (39, 41); thus it is unclear whether the K allele or
a linked variant may be causing the low-activity phe-
notype. BChE-K and other polymorphisms have been
associated with Alzheimer’s disease (42) and diabetes
(43), and insights offered by ongoing studies of these
associations will be useful to researchers interested in
BChE as a susceptibility factor for pesticides and NHL.

Reactive oxon intermediates of organophosphates
are substrates for hydrolytic degradation by phosphot-
riesterase enzymes, including paraoxonase (PON1) (44).
PON1 Arg192Gln and Met55Leu variants have been
associated with substrate-dependent effects on activity
(45) and acute organophosphate toxicity (46, 47), and
Kerridge et al reported that the 192Gln/Gln genotype
was more common among NHL cases than among bone
marrow donor controls (OR 2.5, 95% CI 1.4–4.6) (20).
Recently discovered –108T and –162A promoter variants
have been shown to be associated with increased activity,
and they occur with allele frequencies of about 50% and
20%. These polymorphisms are in linkage disequilibrium
with high activity 55Leu and 192Arg variants (allele fre-
quencies of about 30%) (48). PON1 variants are under
investigation because activity may limit damage caused
by bacterial endotoxins, prevent lipid oxidation, and pos-
sibly decrease the risk of atherosclerosis (49). In theory,
PON1 activity may influence lymphomagenesis not only
by limiting exposure to toxic organophosphate metabo-
lites, but also by influencing putative effects of pesticides
on immune function and oxidative stress.

Conjugation reactions

Glutathione S-transferase (GST) enzymes conjugate re-
active metabolic intermediates of many pesticides (50),
and they have been investigated as risk factors for NHL.
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The common GSTM1 null genotype has not been inde-
pendently associated with NHL (OR 0.9–1.0) (19, 20,
51) or chronic lymphocytic leukemia (CLL), an NHL
subtype (OR 1.3, 95% CI 0.8–1.9) (52). GSTM1 null
was associated with ALL in one study (OR 1.8, 95% CI
1.1–3.1) (22), but two others reported no overall asso-
ciation with ALL (21, 53). GSTT1 null genotype was
more common among Australian NHL cases than among
bone marrow donors (adjusted OR 4.3, 95% CI 2.4–7.6)
(20), but it was not increased among Norwegian NHL
cases (OR 1.1) (19). There was a slight increase in the
GSTT1 null among CLL cases when compared with that
of spouses of other cancer patients (OR 1.4, 95% CI 0.9–
2.2) (52), but three studies of pediatric ALL reported no
association (21, 22, 53). The GSTP1 Ile105Val variant
may influence activity (54, 55) and was associated with
Hodgkin’s lymphoma (OR 2.1, 95% CI 1.1–4.1 based on
76 cases) but not NHL (OR 1.0) in one study (19). The
105 Val variant has also been weakly associated with CLL
(OR 1.4 for any Val allele) (52).

Cytosolic sulfotransferases (SULT) may detoxify
some pesticide metabolites and increase the activity of
others (56). SULT activity is physiologically regulated,
but may also be influenced by common polymorphisms,
including the SULT1A1*2 Arg213His variant (allele fre-
quency 32% in Caucasians) and SULT1A2*2 alleles with
the Asn235Thr variant (frequency 29% in Caucasians).
SULT1A1*2 and SULT1A2*2 are located in adjacent
genes and may be in linkage dysequilibrium with each
other and with other less common alleles. Several SULT
enzymes are expressed in lymphocytes (57). Glucuronide
conjugation is also a major metabolic pathway for pesti-
cide intermediates (58), and several polymorphisms in
UDP-glucuronosyltransferase (UGT) genes have been as-
sociated with altered activity (59). Organophosphate pes-
ticides were shown to markedly inhibit UGT activities in
vitro, and it has been suggested that effects of pesticides
and other inhibitory xenobiotics may be related to the al-
tered glucuronide conjugation of endogenous substrates,
including steroid hormones (60).

Gene–gene interactions

Enzymes involved in pesticide metabolism have over-
lapping substrate specificities, and the lack of one-to-
one specificity may buffer effects of any single metab-
olism enzyme variant by providing an alternate catalyst
for metabolic transformation. Likewise, effects of “high-
risk” polymorphisms affecting a single metabolic step
may be diminished by “low-risk” variants acting at sub-
sequent steps, such that consequences of rapid phase I
activation may be lessened by rapid phase II detoxifi-
cation. Therefore, it may be necessary to evaluate joint

effects of multiple functional gene polymorphisms to
detect an effect on pesticide metabolism and NHL (61).
It may also be important to estimate effects of haplo-
types, as well as individual single nucleotide polymor-
phisms (SNP), when causal variants have not been firm-
ly established, since haplotypes that define an appropri-
ate domain may be more likely to capture the effects of
linked causal variants and may also identify alleles
where combined effects of multiple SNPs produce the
“at risk” phenotype (62).

Studies have had inadequate numbers of participants
to reliably assess gene–gene interactions and NHL. Ker-
ridge et al (20) reported evidence of a synergistic effect
of GSTT1 null and PON1 192Gln/Gln genotypes on
NHL in a comparison with bone marrow donor controls,
based on an OR of 4.0 for the GSTT1 null alone, an OR
of 2.6 for PON1 192Gln/Gln alone, and an OR of 9.1
(95% CI 2.7–30.4) for the GSTT1 null and PON1
192Gln/Gln combined, using the wild type–wild type of
genotype as the common reference group. The joint OR
was greater than expected for additive risks (OR 5.6)
(63), but was based on the findings from only 14 cases
and 3 controls. Joint-effect estimates for the  GSTM1
null and CYP1A1*2A alleles on pediatric ALL (22), and
for the GSTM1 null, GSTT1 null and GSTP1 105Val
alleles on CLL (52), were imprecise and did not clearly
differ from expectations for additive effects.

Nongenetic influences on metabolism

Nongenetic influences on metabolism are harder to de-
fine and measure than gene polymorphisms, but they
may be a significant determinate of susceptibility. In
general, metabolism varies with age, gender, and comor-
bid conditions but may also vary because of induction
or inhibition by cytokines (64), metabolic byproducts
(58), drugs, dietary factors, and xenobiotics (65, 66).
Metabolism enzyme induction and inhibition has also
been proposed as a mechanism that may indirectly link
pesticides and estrogen-associated cancers. For exam-
ple, there is evidence that preferential CYP1A1 inhibi-
tion by estrogenic pesticides may increase the produc-
tion of carcinogenic 4-hydroxy catechol estrogen me-
tabolites via CYP1B1-mediated pathways, on the basis
of metabolic effects of endosulfan and dioxin in a breast
cancer cell line (67).

Other candidate susceptibility factors

Metabolic susceptibility may be easier to identify if we
could also account for factors that influence whether
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additional steps in lymphomagenesis occur after lym-
phocyte exposure to pesticide metabolites. For exam-
ple, oxidative damage, which has been associated with
pesticide exposures in vivo (68) and in vitro (69), may
be influenced by environmental and dietary oxidants and
antioxidants (65). Polymorphisms that influence DNA
break repair via homologous recombination and nonho-
mologous end joining may be particularly relevant to
NHL, given the role of translocations in the genesis of
hemolymphatic cancers (70, 71). Factors that influence
immunity, including age, psychological and physiolog-
ic stress, diet, drugs, overall health, and polymorphisms
that affect immune function, may also influence suscep-
tibility to pesticides and NHL (72). Immune-mediated
mechanisms may also be influenced by agricultural ex-
posures other than pesticides, including sunlight, aller-
genic plant and animal dusts, and zoonotic infections
(3, 4). Direct hormonal effects proposed for pesticides
may be influenced by metabolism enzyme polymor-
phisms that alter the elimination of reactive or functional
intermediates of estrogenic pesticides (73).

Pre-existing somatic mutations may influence sus-
ceptibility. t(14;18) translocations are common NHL
mutations that are believed to contribute to lymphom-
agenesis via bcl-2-mediated inhibition of apoptosis (5).
These translocations are also prevalent among periph-
eral blood lymphocytes of healthy adults (74–76) and
may increase susceptibility by preventing programmed
cell death when adverse somatic mutations occur dur-
ing antigen-stimulated clonal expansion (5, 77). Stud-
ies have reported an increase in chromosome aberrations
in pesticide applicators and producers (78, 79), includ-
ing breaks at locations involved in t(14;18) rearrange-
ments (80), and there is preliminary evidence that chro-
mosome aberrations in peripheral lymphocytes may be
increased in association with GSTM1 and GSTT1 null
genotypes (81).

Study design

There is little reason to believe that all types of NHL
would be causally associated with pesticides, given the
widely accepted evidence of etiologic diversity among
NHL subtypes (6, 7). Studies that evaluate associations
between risk factors and all NHL combined ignore this
diversity and may mask associations if they are relevant
only to specific subtypes of NHL (82). The importance
of accounting for potential etiologic differences among
NHL outcomes in epidemiologic research has been
stressed (5, 7, 83), and studies of pesticides and NHL
have demonstrated stronger associations with NHL sub-
types than NHL in the aggregate (84–86). Unfortunately,
these studies have used a variety of NHL classification

schemes, and findings are difficult to summarize. Im-
proved understanding of lymphomagenesis may suggest
etiologically relevant classifications for future research,
including NHL subtypes defined by common somatic
mutations or other potential markers of common etio-
logic mechanisms (5, 86, 87).

Criteria for selecting candidate gene polymorphisms
and appropriate study designs to assess them have been
reviewed elsewhere (8, 88–90). Metabolism gene poly-
morphisms should be relevant to the specific exposure
and target tissue of interest and should ideally include
only common variants with evidence of functional ef-
fects. Currently, these criteria do little to narrow the list
of candidates for pesticides and NHL, since information
regarding specific metabolic pathways for individual
products is limited, pesticide exposures are often mixed,
and lymphocytes may be exposed to a wide array of tis-
sue-level metabolic environments. New information on
the relevance of specific polymorphisms for pesticides
and NHL should be utilized, if and when it becomes
available.

Adequate sample size is a critical problem for all
studies of genetic susceptibility (8, 89). In theory, data
from small studies could be pooled to increase preci-
sion, but this approach is never valid if the individual
study data are biased (91). Previous studies of metabo-
lism genes and NHL have relied on convenience sam-
ples of controls such as nursing home residents (19),
anonymous blood or bone marrow donors (20, 53), and
spouses of other cancer patients (52), and information
on individual exposures has been limited, at best. Stud-
ies that fail to ensure that cases and controls are sam-
pled from the same population can produce biased gene–
disease effect estimates if environmental cofactors dif-
fer between cases and controls (8, 92) or there is sub-
stantial population stratification (93). Case eligibility
criteria have also been poorly specified, and studies may
have included prevalent cases that would bias effect es-
timates if metabolic susceptibility factors influence
treatment response and survival (8).

Concluding remarks

We cannot expect to improve our understanding of NHL
etiology by ignoring its complexity, but we are also un-
likely to advance the field through studies that attempt
to address complexity one cofactor at a time. An alter-
native approach is to evaluate potential risk factors in
the context of plausible biological models of NHL eti-
ology that account for joint effects of candidate cofac-
tors, including pesticides and metabolism gene polymor-
phisms relevant to specific types of pesticides and pu-
tative mechanisms of effect. These conceptual models
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must be developed based on information from multiple
sources, including both experimental and observational
studies, and they must be allowed to develop and ma-
ture as new information becomes available. Over time,
studies of metabolic susceptibility to pesticides and
NHL may clarify whether some agricultural pesticides
are an important causal cofactors for NHL, but only if
they are well-designed, collect high-quality exposure
data for specific types of pesticides, and include analy-
ses of NHL subtypes relevant to proposed etiologic
mechanisms. Metabolism gene polymorphisms that
have been associated with acute pesticide toxicity, par-
ticularly PON1 and BChE variants, are particularly at-
tractive candidate susceptibility factors for pesticides
and NHL, but accumulating information may also sup-
port future studies of CYP450 and phase II enzyme pol-
ymorphisms that may influence pesticide metabolism.
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