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BACKGROUND: Few high-quality studies have evaluated associations between urinary glyphosate or its environmental degradate
(aminomethylphosphonic acid (AMPA)] and preterm birth (PTB).
OBJECTIVES: To quantify associations between urinary glyphosate and AMPA and preterm birth in the pan-Canadian Maternal-
Infant Research on Environmental Chemicals (MIREC) study and determine if associations differ by fetal sex.
METHODS: We measured first trimester urinary glyphosate and AMPA concentrations in MIREC participants who were recruited
between 2008–2011 from 10 Canadian cities. Of the 1880 participants whose first trimester urine samples were analyzed for
glyphosate or AMPA, 1765 delivered a singleton, live birth. Our primary outcome was preterm birth (PTB) defined as births
occurring between 20 and <37 weeks. Secondary outcomes were spontaneous preterm births (sPTB) and gestational age. We
modelled the hazard of PTB and sPTB using discrete time survival analysis with multivariable logistic regression to calculate odds
ratios (OR). We used multivariable linear regression models to quantify associations between analytes and gestational age. To assess
effect modification by fetal sex, we stratified all models and calculated interaction terms. In the logistic regressions models we
additionally calculated the relative excess risk due to interaction.
RESULTS: Six percent (n= 106) of the study population delivered preterm, and 4.7% (n= 83) had a spontaneous preterm birth.
Median specific-gravity standardized concentrations of glyphosate and AMPA were 0.25 and 0.21 µg/L. Associations between both
glyphosate or AMPA and PTB, sPTB, and gestational age centered around the null value. The adjusted ORs of PTB for each doubling
of glyphosate and AMPA concentrations were 0.98 (95% CI: 0.94, 1.03) and 0.99 (95% CI: 0.92, 1.06) respectively. We observed no
evidence of differences by fetal sex.
CONCLUSIONS: In this Canadian pregnancy cohort, neither glyphosate nor AMPA urinary concentrations was associated with PTB
or reduced gestational length.
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INTRODUCTION
Glyphosate, the active ingredient in many herbicide formulations,
is the most widely applied pesticide globally [1]. Following the
introduction of glyphosate tolerant crops in 1996, the use of
glyphosate-based herbicides has increased globally [2] resulting in
more opportunities for exposure to glyphosate and its primary
environmental degradate - aminomethylphosphonic acid (AMPA)
[3]. Routes of non-occupational exposure to glyphosate and AMPA
include ingestion of food residues and drinking water, dermal
absorption when handling the pesticide or treated surfaces, and
inhalation of spray drift [4]. We previously reported that the
majority of participants in a Canadian pregnancy cohort had
detectable concentrations of glyphosate and AMPA [5]; our

findings and those of the Canadian Health Measures Survey [6]
suggest that exposure to these chemicals is widespread.
Research into the health effects of glyphosate has largely focused on

its potential carcinogenic properties and resulted in divergent
conclusions. The World Health Organization International Agency for
Research on Cancer declared glyphosate to be ‘probably carcinogenic’
using a hazard-based classification [7, 8]. In contrast, Health Canada
and other international pesticide regulatory authorities determined
that glyphosate does not pose a carcinogenic risk [9–11]. Glyphosate
acts by disrupting an enzyme in the shikimate pathway; this pathway is
integral to amino acid production in plants but not humans [1, 12].
Bacteria that reside in the human gastrointestinal tract may, however,
contain the shikimate pathway [13–15]. Glyphosate may also be linked
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to oxidative stress in cell lines via enhanced production
of lipid peroxidation and has been shown to induce proinflammatory
effects in fish, non-human mammals, and mammals via increased
production of pro-inflammatory cytokines and chemokines [16–19].
AMPA may adversely impact plants by producing reactive

oxygen species and disrupting chlorophyll biosynthesis [20]. In
experimental literature, exposure has been linked to genotoxicity
[21] and cytotoxicity in human cells [22]. Authors of epidemiological
studies have observed associations between urinary AMPA
concentrations and biomarkers of inflammation during pregnancy
[23] as well as biomarkers of DNA oxidative damage in children [24].
Enhanced inflammation and oxidative stress during pregnancy

may disrupt the tightly regulated balance of immunoregulation
necessary to maintain the viability of the developing fetus [25].
Preterm birth is one possible sequelae of dysregulated inflamma-
tion and oxidative stress during pregnancy [26–30]. Few high-
quality studies with biomonitoring data on glyphosate and AMPA
have evaluated associations between these chemicals and either
preterm birth (PTB) or reduced gestational age.
The existing epidemiological research on urinary glyphosate and

AMPA concentrations and preterm birth is based on few studies of
small sample size (n= 52–247) all of which took place in the US and
territories [31–34]. Authors of the Puerto Rico Test site for Exploring
Contamination Threats (PROTECT) study [31], the multi-centre
US-based Infant Development and Environment (TIDES) study
[32], and a study of Indiana pregnant women [33] all report
associations between urinary glyphosate or AMPA concentrations
and increased risk of preterm birth, spontaneous preterm birth, or
reduced gestational age. In contrast, authors of a pilot study of 26
preterm birth cases and 26 controls residing in South Carolina
reported null associations between second trimester urinary
glyphosate concentrations and risk of preterm birth [34].
Our objective was to quantify associations between glyphosate

and AMPA urinary concentrations and preterm birth in participants
of the pan-Canadian MIREC study. By capitalizing on the large
sample size in MIREC and broad geographic distribution of our
participants, this analysis addresses noted gaps in existing literature.
Our secondary objective was to determine if these associations
differed by fetal sex. Mothers carrying male fetuses may experience
increased risk of PTB and preterm premature rupture of membranes
(pPROM) [35, 36]. There may also be sex-specific mechanisms
underlying oxidative stress related to PTB [37, 38].

METHODS
Study population
MIREC is a pregnancy cohort of 2001 participants recruited from 10
Canadian cities (Vancouver, Edmonton, Winnipeg, Sudbury, Ottawa,
Kingston, Toronto, Hamilton, Montreal, and Halifax) between 2008 and
2011 [39]. Individuals were eligible for participation if they had no serious
medical complications, were at least 18 years old, less than 14 weeks
gestation at the time of recruitment and could communicate in either
English or French. Participants provided biological specimens as well as
information on their sociodemographic characteristics, health history, and
lifestyle at clinic visits during each trimester. At the first trimester visit
(range: 6–13 weeks), 1880 participants provided a spot urine sample and
consented to use of their biological specimens in future research [5]. The
present analysis was further restricted to live, singleton births with
complete data on gestational age at delivery resulting in a sample size of
1765 (Supplemental Fig. 1).
The MIREC study was reviewed by the Health Canada Research Ethics

Board, the research ethics committee at the Study Coordinating Centre (St
Justine’s Hospital (Montreal, QC)), and by ethics committees at all recruitment
sites. Participants provided informed consent prior to participation.

Exposure assessment
Urine samples were collected between 6–13 weeks gestation. Urinary
glyphosate and AMPA concentrations were quantified by the Centre de
Toxicologie du Québec at the Institut National de Santé Publique du

Québec (INSPQ) as previously described [5, 40]. Briefly, chemists analyzed
urine samples using Ultra-Performance Liquid Chromatography (Waters
Acuity) coupled to tandem mass spectrometry (Waters Xevo TQ-XS) (UPLC-
MS/MS) in the multiple reaction monitoring mode using an electrospray
ionization source in the positive mode. The limits of detection (LOD) and
quantification (LOQ) were 0.08 and 0.26 μg/L for glyphosate and 0.09 and
0.29 μg/L for AMPA. The overall quality and accuracy of the analytical
method for glyphosate and AMPA were monitored through participation
in the following interlaboratory quality assurance programs: German
External Quality Assessment Scheme (G-EQUAS; Erlangen, Germany), the
External Quality Assessment Scheme for Organic Substances in Urine
(OSEQAS; Centre de Toxicologie du Québec (CTQ)/INSPQ, Quebec, Canada)
and the Human Biomonitoring for Europe (HBM4EU, Wageningen,
Netherlands). Machine readings data were available and used for all
measurements below the LOD. In cases where the machine readings
values was zero, we used one-half of the next smallest positive value.

Outcome assessment
Our primary outcome was preterm birth (PTB) defined as a dichotomous
measure of births occurring between 20 and <37 weeks. Considering that
spontaneous preterm births likely result from inflammation whereas
medically indicated preterm birth may result, in part, from aberrant
placentation [26], we also conducted analyses examining associations with
spontaneous preterm births with the hypothesis that inflammation –
rather than aberrant implantation – is a more likely mechanism underlying
any potential association between glyphosate and PTB. Consistent with
Ferguson et al. [41], we modelled this variable as a dichotomous measure
of preterm birth defined as spontaneous labour and/or premature rupture
of membranes (pPROM) as noted in their medical chart at delivery.
Gestational age at delivery in days was an additional secondary outcome.

Covariates
We identified potential confounders using previous literature [5, 42]. These
variables included maternal age, pre-pregnancy body mass index (BMI),
country of birth, race and ethnicity, education, parity, and first trimester
smoking status as categorized in Table 1. Covariates were the same for the
glyphosate and AMPA models except for race and ethnicity and country of
birth. In our previous analysis, we reported that race and ethnicity was
associated with urinary AMPA concentrations whereas country of birth was
associated with urinary glyphosate concentrations [5]. Participants
provided data on all socioeconomic and health history variables at the
first trimester clinic visit. Pre-pregnancy BMI was calculated using
measured height at the clinic visit and self-reported pre-pregnancy
weight. Data on fetal sex, which was evaluated as a potential effect
modifier, was abstracted from medical charts at delivery.

Statistical analysis
We generated descriptive statistics and detection rates for glyphosate and
AMPA. To account for urinary dilution, we standardized concentrations by
specific gravity (SG) using the following formula [43].

Pc ¼ Pi
SGm � 1
SGi � 1

where Pc is the SG-standardized metabolite concentration, SGi is the
specific gravity of urine sample i, and SGm is the median SG for the cohort.
We log2-transformed glyphosate and AMPA concentrations prior to
regression modelling to reduce the influence of outliers and facilitate
calculation of odds ratios (ORs) per doubling in urinary concentrations.
To characterize the hazard probability of PTB and spontaneous PTB

between 20 and <37 weeks (36 wks +6 days) of gestation time, we used
discrete time survival analysis with logistic regression using 17 indicator
variables for each gestational week (20 to 36 completed weeks) at risk of
PTB. We fit models in a sequential manner as described by Singer and
Willet [44] beginning with Model 1 (Base Model) where PTB is considered
to only depend on time (17 gestational weeks at risk). Model 2 builds on
the base model by examining the effect of each exposure or covariate in
the model, along with an interaction term between covariate or exposure
and time variables to determine the validity of the proportionality
assumption. We calculated crude and adjusted odds ratios of PTB
associated with exposure to glyphosate and AMPA. To assess differences
by fetal sex, we stratified analyses by fetal sex, calculated interaction terms,
and estimated the relative excess risk due to interaction (RERI) using the
method proposed by Knol et al. [45].
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To investigate potential associations with gestational age, we assessed
the potential for nonlinear trends between each chemical and gestational
age using LOESS regression models. Model adequacy was assessed for
normality and constant variance of residuals through the following
graphical plots: histograms, Q-Q plots for normality and scatter plot of
residuals vs predicted values for constant variance. We then used linear
regression to model the relationship between log2-transformed glyphosate
or AMPA and gestational age in days and calculated crude and adjusted
beta coefficients.
Complete exposure, outcome and covariate data were available for 87%

of the 1765 participants. Exposures or covariates with >1% missing data
included pre-pregnancy BMI (7.3%), glyphosate (2.3%), and AMPA (1.6%).
We imputed glyphosate or AMPA data for individuals with data for at least
one of these analytes (n= 1765); individuals missing both glyphosate and
AMPA were excluded (n= 96). We assumed that missing data were

missing at random (MAR) and did not find any major differences across
groups of missingness. Multiple Imputation using Chained Equations
(MICE) with predictive mean matching (PMM) was used to impute missing
exposure and covariates information (m= 50 datasets). PMM involves
selecting a data point from the original, non-missing data with a predicted
value close to the predicted value of the missing value. All statistical
analyses were performed using SAS Enterprise Guide 7.15 (SAS Institute
Inc., Cary, NC, 2017).

RESULTS
Of 1765 participants included in the analysis, 6.0% (n= 106)
experienced a preterm birth and 4.7% (n= 83) experienced a
spontaneous preterm birth. Gestational age at delivery ranged
from 21.7 weeks to 42.4 weeks with a median of 39.6 weeks (IQR:
38.6, 40.4 weeks). Median maternal age was 32 years. Most
participants had university degrees (63%), never smoked (61%),
were born in Canada (81%) and self-reported their race and
ethnicity as White (83%) (Table 1). Geometric means of SG
standardized glyphosate and AMPA concentrations in urine were
0.11 µg/L and 0.16 µg/L, both of which were below the analyte
LOQ (Supplementary Table 1). Geometric means of SG standar-
dized urinary concentrations of glyphosate and AMPA were similar
between subjects with preterm and term births (glyphosate PTB:
0.10 µg/L (95% CI: 0.05, 0.17) vs term: 0.11 µg/L (95% CI: 0.10, 0.13);
AMPA PTB: 0.16 µg/L (95% CI: 0.11, 0.22) vs term: 0.16 µg/L (95%
CI: 0.15, 0.17)).
Crude and adjusted ORs of both PTB and spontaneous PTB

associated with urinary concentrations of glyphosate and AMPA
were centered around the null value (Table 2). We observed no
differences in ORs when the models were stratified by fetal sex
(Supplementary Table 2) and there was no evidence of interaction
based on the RERIs (Supplementary Table 3) or the interaction
term. Upon inspection of LOESS curves, we determined that the
linearity assumption was met. Crude and adjusted coefficients for
log2 transformed, SG-standardized urinary concentrations of
glyphosate and AMPA with respect to gestational age were close
to the null value (Table 3). We observed no evidence of interaction
between fetal sex and either urinary concentrations of glyphosate
or AMPA (glyphosate β for interaction = 0.02, 95% CI: -0.28, 0.31;
AMPA β for interaction= 0.26, 95% CI: −0.20, 0.71), and no
differences in results stratified by fetal sex (Supplementary
table 4).
When a complete case analysis was performed without multiple

imputation, results did not differ for either the logistic or linear
regression models.

DISCUSSION
In this cohort of Canadian pregnant people, we observed no
associations between first trimester urinary concentrations of
glyphosate or AMPA and preterm birth or gestational age. Results
did not differ when we restricted to spontaneous preterm births or
stratified by fetal sex.

Table 1. Study population characteristics, singleton livebirths with
urinary herbicide and gestational age at delivery data, MIREC,
2008–2001.

n Median IQR

Maternal age (years) 1765 32.0 7.0

Gestational age at delivery (weeks) 1765 39.6 1.8

Pre-pregnancy BMI (kg/m2) 1636 23.6 5.5

n Percent

All preterm births 106 6.0

Spontaneous
preterm births

83 4.7

Prior preterm birth 116 6.6

Education High school or less 241 14

College Diploma 414 24

University Degree 1108 63

Parity 0 775 44

1 716 41

2+ 274 16

Smoking status Never 1082 61

Former 477 27

Current/quit when
pregnant

205 12

Country of birth Canada 1428 81

Other 337 19

Race White 1468 83

Non-white 297 17

Infant Sex Male 934 53

Female 830 47

MIREC Maternal-Infant Research on Environmental Chemicals, IQR Inter-
quartile range, Pre-pregnancy BMI n= 129, education n= 2, smoking
status n= 1.

Table 2. Association between first trimester urinary concentrations of glyphosate and AMPA (µg/L) and odds of preterm birth.

All preterm birth (n= 106) Spontaneous preterm birth (n= 83)

Crude
OR

95% CI Adjusted
ORa

95% CI Crude OR 95% CI Adjusted
ORb

95% CI

Glyphosate 0.99 0.94, 1.03 0.98 0.94, 1.03 0.98 0.93, 1.03 0.98 0.93, 1.03

AMPA 0.99 0.92, 1.07 0.99 0.92, 1.06 1.00 0.91, 1.08 0.99 0.91, 1.08
aadjusted for maternal age, pre-pregnancy BMI, education, parity, smoking and country of birth.
badjusted for maternal age, pre-pregnancy BMI, education, parity, smoking and race/ethnicity.
Glyphosate and aminomethylphosphonic acid (AMPA) are both specific gravity-standardized and log2 transformed.
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We identified one other epidemiological study reporting a null
association between glyphosate and PTB, a pilot case-control
study of 26 cases and 26 controls with median glyphosate
concentrations below the LOD used in the MIREC study [34]
(Supplementary Table 5). Our null findings differ from positive
associations reported by authors of the TIDES [32] and PROTECT
studies [31]. These discrepancies could be explained – in part – by
lower glyphosate concentrations in MIREC than PROTECT and the
earlier timing of urine collection in MIREC than TIDES and
PROTECT. Median SG- standardized glyphosate concentrations in
MIREC (0.25 µg/L) were comparable with those observed in the
TIDES study (0.25 µg/L) but half of that reported in the PROTECT
study (visit 1: 0.50, visit 3: 0.47 µg/L). Median MIREC specific gravity
standardized AMPA concentrations (0.21 µg/L) were only slightly
lower than observed in the PROTECT study (0.26, 0.23 µg/L) and
higher than observed in TIDES (0.16 µg/L) suggesting that factors
other than differential exposure levels are contributing to the
differences in associations.
Timing of urine collection is one possible factor. Both the TIDES

[32] and PROTECT [31] study collected urine samples in the second
trimester whereas the MIREC samples were collected in early
pregnancy (6 – 12 weeks). Associations between urinary
glyphosate and AMPA concentrations and PTB in PROTECT were
only evident with visit 3 (mean gestational age= 26 weeks)
samples; associations between the visit 1 concentrations (mean
gestational age=18 weeks) and PTB were null. It is possible that
the first trimester glyphosate and AMPA concentrations in our
study do not reflect exposure during a potential critical window
physiologically relevant to mechanisms underlying preterm birth,
such as inflammation or oxidative stress. The short half-lives
( <24 h) of glyphosate and AMPA [3, 46] and low correlation
between visit 1 and visit 3 concentrations in PROTECT (glyphosate
ρ= 0.36, AMPA ρ= 0.19) [31] suggest that first trimester
concentrations cannot be used as a proxy for exposure through-
out pregnancy.
A growing body of experimental [17, 47, 48] and epidemiolo-

gical studies support the hypothesis that glyphosate and AMPA
exposure may be linked to inflammation and oxidative stress. First,
in these studies, glyphosate and AMPA appear to be more
strongly associated with spontaneous PTB – which is more likely
to be driven by inflammation and oxidative stress – than medically
indicated PTB. For example, in the PROTECT study, the magnitude
of effect increased from 67% to 88% higher odds with each IQR
increase in AMPA when the study population was restricted to
spontaneous births. Similar observations were seen with glypho-
sate but with a smaller magnitude of effect [31]. In the TIDES
study, Lesseur et al. observed positive associations between
glyphosate and AMPA and spontaneous birth modelled as a
continuous measure of gestational age but null associations with
dichotomous PTB. In their study, results were similar between
glyphosate and AMPA [32].
The potential association between glyphosate and AMPA and

oxidative stress is further elucidated in a separate analysis of the
PROTECT study by Eaton et al. [23]. These authors reported that an
interquartile increase in visit 3 AMPA concentrations was
associated with 9.5% higher levels of a metabolite of 8-

isoprostane-prostaglandin-F2α. Associations between glyphosate
and the biomarkers were of similar direction but lower magnitude.
Associations between visit 1 chemical concentrations and
oxidative stress biomarkers were close to the null providing
further evidence to suggest that late second trimester exposures
may be associated with oxidative stress rather than first or early
second trimester exposures. Oxidative stress may be a mechanism
underlying subsequent pregnancy complications such as preterm
birth [26–30]. Eaton et al. [23] note that further study is necessary
to better characterize the timing of glyphosate and AMPA
exposures in relation to prenatal oxidative stress and subsequent
pregnancy complications. In an analysis of 177 children age 10-11
years in the Cyprus ORGANIKO study, Makris reported positive
associations between AMPA – but not glyphosate - and
concurrently measured 8-hydroxy-2′-deoxyguanosine (8-OHdG),
a biomarker of oxidative DNA damage [24] providing evidence
that AMPA may be linked to oxidative stress in non-pregnant
populations.
It is also possible that differences between our findings and

those reported by PROTECT [31] and TIDES [32] are due to the
socioeconomic profile of participants or differences in covariates
in adjusted models. PROTECT study participants reside in a region
of known contamination due to the presence of Superfund waste
sites on the island, are more likely to smoke and have lower
household incomes than MIREC participants. In contrast, MIREC
participants generally reside in Canadian cities, and are non-
smokers, of moderate to high socioeconomic status. The TIDES
study participant demographics are more similar to MIREC;
however, it is possible that the findings reported by Lesseur
et al. are subject to some degree of confounding bias as their
models were not adjusted for either smoking or pre-pregnancy
BMI [32]. Due to the case-control study design of the PROTECT and
TIDES studies, we cannot compare rates of preterm birth to that
observed in MIREC. The percent of preterm births in MIREC (6%) is,
however, lower than observed in Canada (8.0-8.2%) during the
years of MIREC recruitment [49]. This lower than average rate of
PTB in MIREC may have lessened our ability to identify an
association.
It is difficult to compare our results to the two other studies that

reported positive associations due to differences in study design
[33, 50]. Parvez et al. reported an inverse correlation between
glyphosate and lower gestational age in 71 pregnant people from
Indiana. The urinary glyphosate concentrations were 13 times
higher than in MIREC and samples were collected throughout
pregnancy [33]. Ling et al. observed modest (4–%) increases in
odds of PTB for ever vs never exposure to glyphosate estimated
via ambient air exposure data from the first and second trimester
[50] but this study did not include any biomonitoring data. In
contrast, our results are consistent with the pilot nested case-
control study by Varde et al. [34] but their results may have been
subject to type 2 error due to the small sample size (n= 26 cases,
26 controls).
Our analysis benefited from the large sample size of the MIREC

and availability of biomonitoring data in approximately 94% of the
original cohort. This large sample size enabled us to examine
potential differences in associations by fetal sex. Ling et al. in their

Table 3. Linear regression models of each doubling of first trimester urinary concentrations of glyphosate and AMPA (µg/L) and gestational age at
birth in days (n= 1765).

Crude β 95% CI Adjusted β 95% CI

Glyphosatea 0.00 −0.15, 0.15 0.00 −0.14, 0.15

AMPAb 0.01 −0.21, 0.24 0.06 −0.17, 0.28
aadjusted for maternal age, pre-pregnancy BMI, education, parity, smoking and country of birth.
badjusted for maternal age, pre-pregnancy BMI, education, parity, smoking and race/ethnicity.
Glyphosate and aminomethylphosphonic acid (AMPA) are both specific gravity-standardized and log2 transformed.
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analysis of estimated ambient glyphosate exposure and PTB
observed modestly higher OR of PTB among pregnancies carrying
female fetuses compared to male fetuses [50]. Their findings may
not reflect true underlying sex-specific differences as all con-
fidence intervals were overlapping and the authors did not report
formal tests for interaction. No other epidemiological study that
estimated exposure using urinary concentrations of glyphosate or
AMPA investigated sex-specific differences. Last, as a result of the
minimal sociodemographic heterogeneity in MIREC confounding
bias due to socioeconomic status is minimal; the availability of
sociodemographic data allowed us to further minimize this
potential bias through statistical adjustment.
Our findings are limited by reliance on one first trimester spot

urine sample. As previously noted, first trimester concentrations are
not reflective of exposure throughout pregnancy and may not
reflect themost relevant physiological window. Serial measurements
with a standardized urine collection time would enhance the rigor of
our exposure assessment. Nevertheless, considering the importance
of early gestation in the development of key vital organs [51], our
results – if confirmed in future studies – are a valuable contribution
towards understanding potential associations between early trime-
ster glyphosate and AMPA exposure and pregnancy complications.
Restricting the study population to live, singleton births has the
potential to introduce live birth bias; if either glyphosate or AMPA
urinary concentrations were associated with fetal loss, the most
vulnerable fetuses would be excluded from our study sample due to
a competing risk. Due to the small number of fetal losses in MIREC
(spontaneous abortions and stillbirths n= 33), live birth bias is likely
negligible in our analysis. Our results are also limited by the focus on
glyphosate as the primary exposure. Chemical herbicide formula-
tions contain preservatives and adjuvants and, by focusing on
glyphosate only, we were not able to capture any potential additive
or synergistic effects that may results from exposure to the herbicide
formulation as a whole [22]. Last, although the minimal socio-
demographic heterogeneity minimizes confounding, it also mini-
mizes generalizability. As noted, our findings differed from those
reported in the PROTECT study underscoring the value of
conducting research in multiple populations and investigating
mechanisms underlying the observed associations.

CONCLUSIONS
In this population of Canadian pregnancy cohort, we observed no
associations between either glyphosate or AMPA urine concentra-
tions and risk of preterm birth. These null associations persisted
when we restricted the study population to spontaneous pre-term
births, examined gestational age as a continuous outcome, and
stratified by fetal sex. Our reported urinary concentrations are
relevant to the time of MIREC recruitment (2008–2011) in a largely
urban pregnant population of moderate to high socioeconomic
status. Continued research examining contemporary exposure
levels and in populations of differing sociodemographic profiles is
needed to confirm our observed absence of associations.
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REFERENCES
1. ATSDR. Toxicological Profile for Glyphosate. U.S. Department of Health and

Human Services. 2020
2. Benbrook CM. Trends in glyphosate herbicide use in the United States and

globally. Environ Sci Eur. 2016;28:1–15.
3. Zoller O, Rhyn P, Zarn JA, Dudler V. Urine glyphosate level as a quantitative

biomarker of oral exposure. Int J Hyg Environ Health. 2020 Jul;228:113526.

4. Milesi MM, Lorenz V, Durando M, Rossetti MF, Varayoud J. Glyphosate Herbicide:
Reproductive Outcomes and Multigenerational Effects. Front Endocrinol (Lau-
sanne). 2021;12:1–22.

5. Ashley-Martin J, Huang R, MacPherson S, Brion O, Owen J, Gaudreau E, et al.
Urinary concentrations and determinants of glyphosate and glufosinate in
pregnant Canadian participants in the MIREC study. Environ Res [Internet].
2023;217:114842. https://doi.org/10.1016/j.envres.2022.114842.

6. Government of Canada. Canadian Biomonitoring Dashboard Results. 2023.
Available from: https://health-infobase.canada.ca/biomonitoring/.

7. Tarazona JV, Court-Marques D, Tiramani M, Reich H, Pfeil R, Istace F, et al. Gly-
phosate toxicity and carcinogenicity: a review of the scientific basis of the Eur-
opean Union assessment and its differences with IARC. Arch Toxicol.
2017;91:2723–43.

8. WHO. IARC Monographs Volume 112: Evaluation of five organophosphate
insecticides and herbicides. 2015. Available from: https://www.iarc.who.int/wp-
content/uploads/2018/07/MonographVolume112-1.pdf.

9. European Chemicals Agency. Glyphosate. 2022. Available from: https://
echa.europa.eu/hot-topics/glyphosate.

10. US EPA. EPA’s evaluation of the carcinogenic potential of glyphosate.
2018. Available from: https://cfpub.epa.gov/si/si_public_record_report.cfm?
Lab=OPP&dirEntryID=337935.

11. Government of Canada. Re-evaluation Decision RVD2017-01, Glyphosate. 2017.
Available from: https://www.canada.ca/en/health-canada/services/consumer-
product-safety/reports-publications/pesticides-pest-management/decisions-
updates/registration-decision/2017/glyphosate-rvd-2017-01.html#a10.

12. Casida JE. Organophosphorus Xenobiotic Toxicology. Annu Rev Pharm Toxicol.
2017;57:309–27.

13. Mesnage R, Antoniou MN. Computational modelling provides insight into the
effects of glyphosate on the shikimate pathway in the human gut microbiome.
Curr Res Toxicol. 2020;1:25–33.

14. Lehman PC, Cady N, Ghimire S, Shahi SK, Shrode RL, Lehmler HJ, et al. Low-dose
glyphosate exposure alters gut microbiota composition and modulates gut
homeostasis. Environ Toxicol Pharm. 2023;100:104149.

15. Leino L, Tall T, Helander M, Saloniemi I, Saikkonen K, Ruuskanen S, et al. Classi-
fication of the glyphosate target enzyme (5-enolpyruvylshikimate-3-phosphate
synthase) for assessing sensitivity of organisms to the herbicide. J Hazard Mater.
2021;408:1–8.

16. Peillex C, Pelletier M. The impact and toxicity of glyphosate and glyphosate-
based herbicides on health and immunity. J Immunotoxicol [Internet].
2020;17:163–74. https://doi.org/10.1080/1547691X.2020.1804492.

17. Wang X, Lu Q, Guo J, Ares I, Martínez M, Martínez-Larrañaga MR, et al. Oxidative
Stress and Metabolism: A Mechanistic Insight for Glyphosate Toxicology. Annu
Rev Pharm Toxicol. 2022;62:617–39.

18. Pandey A, Dhabade P, Kumarasamy A. Inflammatory Effects of Subacute Exposure
of Roundup in Rat Liver and Adipose Tissue. Dose-Response. 2019;17:1–11.

19. Sidthilaw S, Sapbamrer R, Pothirat C, Wunnapuk K, Khacha-ananda S. Effects of
exposure to glyphosate on oxidative stress, inflammation, and lung function in
maize farmers, Northern Thailand. BMC Public Health. 2022;22:1–10.

20. Gomes MP, Le Manac’h SG, Maccario S, Labrecque M, Lucotte M, Juneau P.
Differential effects of glyphosate and aminomethylphosphonic acid (AMPA) on
photosynthesis and chlorophyll metabolism in willow plants. Pestic Biochem
Physiol. 2016;130:65–70.

21. Mañas F, Peralta L, Raviolo J, García Ovando H, Weyers A, Ugnia L, et al. Geno-
toxicity of AMPA, the environmental metabolite of glyphosate, assessed by the
Comet assay and cytogenetic tests. Ecotoxicol Environ Saf. 2009;72:834–7.

22. Benachour N, Séralini GE. Glyphosate formulations induce apoptosis and necrosis
in human umbilical, embryonic, and placental cells. Chem Res Toxicol.
2009;22:97–105.

23. Eaton JL, Cathey AL, Fernandez JA, Watkins DJ, Silver M, Milne GL, et al. The
association between urinary glyphosate and aminomethyl phosphonic acid with
biomarkers of oxidative stress among pregnant women in the PROTECT birth
cohort study. Ecotoxicol Env Saf. 2022;233:113300.

24. Makris KC, Efthymiou N, Konstantinou C, Anastasi E, Schoeters G, Kolossa-Gehring
M, et al. Oxidative stress of glyphosate, AMPA and metabolites of pyrethroids and
chlorpyrifos pesticides among primary school children in Cyprus. Environ Res.
2022;212:113316. https://doi.org/10.1016/j.envres.2022.113316.

25. Warning JC, McCracken SA, Morris JM. A balancing act: Mechanisms by which the fetus
avoids rejection by the maternal immune system. Reproduction. 2011;141:715–24.

26. McElrath TF, Hecht JL, Dammann O, Boggess K, Onderdonk A, Markenson G, et al.
Pregnancy disorders that lead to delivery before the 28th week of gestation: An
epidemiologic approach to classification. Am J Epidemiol. 2008;168:980–9.

27. Kramer MS, Papageorghiou A, Culhane J, Bhutta Z, Goldenberg RL, Gravett M,
et al. Challenges in defining and classifying the preterm birth syndrome. Am J
Obstet Gynecol. 2012;206:108–12. https://doi.org/10.1016/j.ajog.2011.10.864.

J. Ashley-Martin et al.

5

Journal of Exposure Science & Environmental Epidemiology

https://www.mirec-canada.ca/en/research/
https://doi.org/10.1016/j.envres.2022.114842
https://health-infobase.canada.ca/biomonitoring/
https://www.iarc.who.int/wp-content/uploads/2018/07/MonographVolume112-1.pdf
https://www.iarc.who.int/wp-content/uploads/2018/07/MonographVolume112-1.pdf
https://echa.europa.eu/hot-topics/glyphosate
https://echa.europa.eu/hot-topics/glyphosate
https://cfpub.epa.gov/si/si_public_record_report.cfm?Lab=OPP&dirEntryID=337935
https://cfpub.epa.gov/si/si_public_record_report.cfm?Lab=OPP&dirEntryID=337935
https://www.canada.ca/en/health-canada/services/consumer-product-safety/reports-publications/pesticides-pest-management/decisions-updates/registration-decision/2017/glyphosate-rvd-2017-01.html#a10
https://www.canada.ca/en/health-canada/services/consumer-product-safety/reports-publications/pesticides-pest-management/decisions-updates/registration-decision/2017/glyphosate-rvd-2017-01.html#a10
https://www.canada.ca/en/health-canada/services/consumer-product-safety/reports-publications/pesticides-pest-management/decisions-updates/registration-decision/2017/glyphosate-rvd-2017-01.html#a10
https://doi.org/10.1080/1547691X.2020.1804492
https://doi.org/10.1016/j.envres.2022.113316
https://doi.org/10.1016/j.ajog.2011.10.864


28. Villar J, Papageorghiou AT, Knight HE, Gravett MG, Iams J, Waller SA, et al. The
preterm birth syndrome: A prototype phenotypic classification. Am J Obstet
Gynecol. 2012;206:119–23.

29. Eick SM, Geiger SD, Alshawabkeh A, Aung M, Barrett ES, Bush N, et al. Urinary
oxidative stress biomarkers are associated with preterm birth: an Environmental
Influences on Child Health Outcomes program study. Am J Obstet Gynecol.
2023;228:576.e1–576.e22.

30. Ferguson KK, McElrath TF, Chen YH, Loch-Caruso R, Mukherjee B, Meeker JD.
Repeated measures of urinary oxidative stress biomarkers during pregnancy and
preterm birth. Am J Obstet Gynecol. 2015;212:208.e1–208.e8.

31. Silver MK, Fernandez J, Tang J, Mcdade A, Sabino J, Rosario Z. et al. Prenatal
Exposure to Glyphosate and Its Environmental Degradate, Aminomethylpho-
sphonic Acid (AMPA), and Preterm Birth : A Nested Case-Control Study in the
PROTECT Cohort (Puerto Rico .Env HealPerspect.2021;129:1–11.

32. Lesseur C, Pathak KV, Pirrotte P, Martinez MN, Ferguson KK, Barrett ES, et al.
Urinary glyphosate concentration in pregnant women in relation to length of
gestation. Environ Res. 2022;203:1–18.

33. Parvez S, Gerona RR, Proctor C, Friesen M, Ashby JL, Reiter JL, et al. Glyphosate
exposure in pregnancy and shortened gestational length: A prospective Indiana
birth cohort study. Environ Heal A Glob Access Sci Source. 2018;17:1–12.

34. Varde M, Gerona RR, Newman RB, Reckers A, Braak DC, Vena JE, et al. Glyphosate
exposure and preterm birth: A nested case-control pilot study. Reprod Toxicol.
2023;117:108350.

35. Challis J, Newnham J, Petraglia F, Yeganegi M, Bocking A. Fetal sex and preterm
birth. Placenta. 2013;34:95–9. https://doi.org/10.1016/j.placenta.2012.11.007.

36. Zeitlin J, Saurel-Cubizolles MJ, De Mouzon J, Rivera L, Ancel PY, Blondel B, et al.
Fetal sex and preterm birth: Are males at greater risk? Hum Reprod.
2002;17:2762–8.

37. Oaks BM, Adu-Afarwuah S, Ashorn P, Lartey A, Laugero KD, Okronipa H, et al.
Increased risk of preterm delivery with high cortisol during pregnancy is modified
by fetal sex: a cohort study. BMC Pregnancy Childbirth. 2022;22:1–8. https://
doi.org/10.1186/s12884-022-05061-8.

38. Al-Gubory KH. Multiple exposures to environmental pollutants and oxidative
stress: Is there a sex specific risk of developmental complications for fetuses?
Birth Defects Res Part C - Embryo Today Rev 2016;108:351–64.

39. Arbuckle TE, Fraser WD, Fisher M, Davis K, Liang CL, Lupien N, et al. Cohort Profile:
The Maternal-Infant Research on Environmental Chemicals Research Platform.
Paediatr Perinat Epidemiol. 2013;27:415–25.

40. Bienvenu JF, Bélanger P, Gaudreau É, Provencher G, Fleury N. Determination of
glyphosate, glufosinate and their major metabolites in urine by the UPLC-MS/MS
method applicable to biomonitoring and epidemiological studies. Anal Bioanal
Chem. 2021;413:2225–34.

41. Ferguson KK, Peterson KE, Lee JM, Mercado-Garcia A, Blank-Goldenberg C, Tellez-
Rojo MM, et al. Prenatal and peripubertal phthalates and bisphenol A in relation
to sex hormones and puberty in boys. Reprod Toxicol. 2014;47:70–6.

42. Fisher M, Marro L, Arbuckle TE, Potter BK, Little J, Weiler H, et al. Association
between toxic metals, vitamin D and preterm birth in the Maternal–Infant
research on environmental chemicals study. Paediatr Perinat Epidemiol.
2023;1–11.

43. Duty SM, Ackerman RM, Calafat AM, Hauser R. Personal Care Product Use Predicts
Urinary Concentrations of Some Phthalate Monoesters. Environ Health Perspect.
2005;113:1530–5.

44. Singer J, Willett J. It’s about time: using discrete-time survival analysis to study
duration and timing of events. J Educ Stat. 1993;18:155–95.

45. Knol MJ, van der Tweel I, Grobbee DE, Numans ME, Geerlings MI. Estimating
interaction on an additive scale between continuous determinants in a logistic
regression model. Int J Epidemiol [Internet]. 2007;36:1111–8.

46. Connolly A, Jones K, Basinas I, Galea KS, Kenny L, McGowan P, et al. Exploring the
half-life of glyphosate in human urine samples. Int J Hyg Environ Health.
2019;222:205–10.

47. Martini CN, Gabrielli M, Vila M del C. A commercial formulation of glyphosate
inhibits proliferation and differentiation to adipocytes and induces apoptosis in
3T3-L1 fibroblasts. Toxicol Vitr. 2012;26:1007–13.

48. Martini CN, Gabrielli M, Brandani JN, Vila M del C. Glyphosate Inhibits PPAR
Gamma Induction and Differentiation of Preadipocytes and is able to Induce
Oxidative Stress. J Biochem Mol Toxicol. 2016;30:404–13.

49. Government of Canada. Perinatal Health Indicators. 2020. Available from: https://
health-infobase.canada.ca/phi/.

50. Ling C, Liew Z, von Ehrenstein OS, Heck JE, Park AS, Cui X, et al. Prenatal exposure
to ambient pesticides and preterm birth and term low birthweight in agricultural
regions of California. Toxics. 2018;6:41.

51. Mother To Baby | Fact Sheets [Internet]. Brentwood (TN): Organization of Ter-
atology Information Specialists (OTIS); 1994-. Critical Periods of Development.
2021 Mar 1. Available from: https://www.ncbi.nlm.nih.gov/books/NBK582659.

ACKNOWLEDGEMENTS
The authors thanks all MIREC participants as well as the staff at the MIREC Study
Coordinating Centre (St. Justine’s Hospital, Montreal, QC) and the staff at all
participating sites. Warren G. Foster reports a relationship with Hollingsworth LLC
that includes paid testimony.

AUTHOR CONTRIBUTIONS
JAM: conceptualization, investigation, writing – original draft, project administration;
LM, JO: Formal analysis, software, writing – review & editing; MMB: project
administration, writing – review & editing; TA: funding acquisition, investigation,
writing – review & editing, project administration; MB, BL, MW, WF: project
administration, writing – review & editing; MF: investigation, formal analysis,
conceptualization, writing – review & editing, project administration.

FUNDING
The MIREC Study was funded by Health Canada’s Chemicals Management Plan at Health
Canada, the Ontario Ministry of the Environment, and the Canadian Institutes for Health
Research (grant # MOP-81285). Open access funding provided by Health Canada library.

COMPETING INTERESTS
WGF reports a relationship with Hollingsworth LLC that includes paid testimony. No
other authors report any competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
All participants provided written consent for their participation prior to the study. The
study was reviewed and approved by the Health Canada Research Ethics Board
(Ottawa, ON) and the Research Ethics committees at St. Justine’s Hospital (Montreal,
QC).

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41370-024-00702-w.

Correspondence and requests for materials should be addressed to
Jillian Ashley-Martin.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© Crown 2024

J. Ashley-Martin et al.

6

Journal of Exposure Science & Environmental Epidemiology

https://doi.org/10.1016/j.placenta.2012.11.007
https://doi.org/10.1186/s12884-022-05061-8
https://doi.org/10.1186/s12884-022-05061-8
https://health-infobase.canada.ca/phi/
https://health-infobase.canada.ca/phi/
https://www.ncbi.nlm.nih.gov/books/NBK582659
https://doi.org/10.1038/s41370-024-00702-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Gestational urinary concentrations of glyphosate and aminomethylphosphonic acid in relation to preterm birth: the MIREC study
	Introduction
	Methods
	Study population
	Exposure assessment
	Outcome assessment
	Covariates
	Statistical analysis

	Results
	Discussion
	Conclusions
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




