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ARTICLE INFO ABSTRACT

Keywords: Background: A growing set of studies show that an organic diet is associated with reduced levels of urinary
Pesticides pesticide analytes. However, with the exception of one pilot study of two individuals, diet intervention studies to
Exposure date have not analyzed glyphosate, the most commonly used herbicide in the United States and globally.
:B/[g}[l\osate Objective: To investigate the impact of an organic diet intervention on levels of glyphosate and its main
Organic diet metabolite, AMPA (aminomethyl phosphonic acid), in urine collected from adults and children.

Biomonitoring Methods: We analyzed urine samples from four racially and geographically diverse families in the United States

for five days on a completely non-organic diet and for five days on a completely organic diet (n = 16 participants
and a total of 158 urine samples).

Results: Mean urinary glyphosate levels for all subjects decreased 70.93% (95% CI -77.96, —61.65, p<0.010)
while mean AMPA levels decreased by 76.71% (95% CI -81.54, —70.62, p < 0.010) within six days on an organic
diet. Similar decreases in urinary levels of glyphosate and AMPA were observed when data for adults were
examined alone, 71.59% (95% CI -82.87, —52.86, p < 0.01) and 83.53% (95% CI -88.42, —76.56, p < 0.01) and
when data for children were examined alone, 70.85% (95% CI -78.52, —60.42, p < 0.01) and 69.85% (95% CI
-77.56, —59.48, p < 0.01).

Conclusion: An organic diet was associated with significantly reduced urinary levels of glyphosate and AMPA. The
reduction in glyphosate and AMPA levels was rapid, dropping to baseline within three days. This study dem-
onstrates that diet is a primary source of glyphosate exposure and that shifting to an organic diet is an effective
way to reduce body burden of glyphosate and its main metabolite, AMPA. This research adds to a growing body
of literature indicating that an organic diet may reduce exposure to a range of pesticides in children and adults.

1. Introduction

Glyphosate is a systemic herbicide first introduced in 1974 (Ben-
brook, 2016). The uses of this herbicide have expanded rapidly over the
years, resulting in a rapid increase in volume sold. Today, it is used as a
pre-emergent herbicide with conventional crops and as an over-the-top
herbicide with genetically modified glyphosate-resistant crops (Duke
and Powles, 2009). It is also used widely as a desiccant, primarily for
grains and legumes (Baig et al., 2003; Cessna et al., 2002) and to control
weeds both in perennial crops and in urban areas (Richmond, 2018).
Today, it is the most widely used pesticide worldwide, including both

developed and developing countries (Benbrook, 2016).

Recent research indicates that the increase in use of glyphosate has
been paralleled by an increase in exposure of the human population, at
least in the US. It was reported that urine glyphosate levels increased
more than five-fold from the mid-1970s to 2014, and that the percent of
the population with detectable urine glyphosate levels increased nearly
600%, representing more than 70% of the populations (Mills et al.,
2017).

Evidence of glyphosate’s toxicity has emerged in recent years. The
International Agency for Research on Cancer (IARC), an intergovern-
mental agency which is part of the World Health Organization, classified
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glyphosate as a probable human carcinogen in 2015 (IARC, 2015). In
addition to carcinogenicity, glyphosate has been implicated as an
important contributor, among other pesticides, to kidney toxicity, which
has led to fatalities among sugarcane workers in Sri Lanka (Jayasumana
et al., 2014) as well as Latin America and China (Scammell et al., 2019).
Recent animal studies have implicated Roundup®, the herbicide
formulation in which glyphosate is the active ingredient, in fatty liver
disease (steatosis); endocrine disruption mechanisms may be involved
since early signs of steatosis were observed in rats at even ultra-low
doses of Roundup® (Mesnage et al., 2017). Additional connections to
lipid dysregulation have been highlighted in recently published che-
moproteomic and metabolomic studies that were carried out in an in
vivo murine model, although tests at lower glyphosate concentrations
are required to assess impacts at levels consistent with environmental
exposures (Ford et al., 2017). Studies in animal developmental models
have implicated the retinoic acid signaling pathway as a route by which
glyphosate may act teratogenically (Paganelli et al., 2010). Endocrine
disruptive effects have also been observed in male rats, where
glyphosate-based herbicides were found to stimulate mammary gland
development (Altamirano et al., 2018; Gomez et al., 2019).

Consistent with glyphosate’s known antimicrobial effects and with
earlier reports of effects on the gut microbiota of livestock eating feed
produced from Roundup-treated crops (Kriiger et al., 2013; Shehata
et al., 2013), recent research has shown that exposure to glyphosate and
Roundup significantly alters the gut microbiome of rat pups relative to
controls (Mao et al., 2018). Significantly more work will be required in
order to interpret these differences, but evidence demonstrates that both
glyphosate and Roundup have substantial effects on the developing
microbiome that could lead to significant impacts on health.

Several researchers have reported evidence linking glyphosate with
oxidative stress. It has been reported that in rats, glyphosate activates
the antioxidant defense system (Astiz et al., 2009) and causes lip-
operoxidation (Beuret et al., 2005). Similarly, it has been shown that
exposure to Roundup also triggers oxidative stress (El-Shenawy, 2009).
The mechanism of these effects is suggested by papers demonstrating
that glyphosate uncouples mitochondrial energy transduction (Olor-
unsogo, 1990; Olorunsogo et al., 1979), although later work comparing
glyphosate and Roundup observed uncoupling effects only with
Roundup (Peixoto, 2005). Similarly, oxidative damage was found to be
much greater with Roundup than with glyphosate alone (Gehin et al.,
2005). These and a number of other toxic effects of glyphosate and
AMPA, including neurotoxicity and reproductive toxicity, have been
reviewed (Mesnage et al., 2015).

Although AMPA is much less studied than glyphosate, several re-
searchers have found that AMPA is potentially toxic. AMPA was shown
to be genotoxic to human cells in culture (Manas et al., 2009) and in the
fish Anguilla Anguilla L. causing both DNA and chromosomal damage
(Guilherme et al., 2014). AMPA was also shown to alter cellular and
biochemical parameters of the mussel Mytilus galloprovincialis (Matozzo
et al., 2018) and to cause damage to the gills as well as steatosis and
chromosomal damage to the liver of the fish Poecilia reticulata (Antunes
etal., 2017). In earthworms, AMPA reduced growth at environmentally
relevant concentrations (Dominguez et al., 2016).

In recent years, dietary interventions examining urinary levels of a
number of pesticides have been carried out in which the subjects’
standard diet was partially or entirely replaced with organic food
(Bradman et al., 2015; Curl et al., 2019; Fenske et al., 2002; Goen et al.,
2017; Hyland et al., 2019; Lu et al., 2008, 2006; Oates et al., 2014).
Other studies have compared urinary pesticide levels in participants that
self-report eating either a primarily conventional or primarily organic
diet (Curl et al., 2015, 2003). This approach has been taken because a
growing body of evidence indicates that organically grown foods have
lower levels of pesticide residues compared to conventionally produced
foods (Baker et al., 2002; United States Department of Agriculture,
2016). Organic foods are produced in accordance to strict regulations
governed by the U.S. Department of Agriculture which prohibit use of
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approximately 900 pesticide active ingredients allowed in conventional
production (USDA National Organic Program, 2020).

Although much more needs to be learned regarding the health im-
pacts associated with chronic dietary exposure to specific pesticides,
longitudinal diet intervention studies have identified statistically sig-
nificant improvements in health outcomes linked to diet modification.
For instance, an investigation of nearly 70,000 adults reported that
increased frequency of organic food consumption was correlated with
reduced incidence of various types of cancer (Baudry et al., 2018). Other
studies have reported decreased risk of diabetes (Sun et al., 2018) and
improved fertility treatment outcomes (Chiu et al., 2018) associated
with higher frequency of organic food consumption.

Diet interventions have provided consistent evidence that an organic
diet reduces exposure to pesticides. The present study extends this
research model to glyphosate and its main metabolite, AMPA (amino-
methyl phosphonic acid).

2. Methods

This is the second part of a two-part study in which the same urine
samples were analyzed. In the first part, a set of fourteen pesticide
analytes were measured, representing organophosphates, pyrethroids,
neonicotinoids and 2,4-D (Hyland et al., 2019). The same research
procedures were used in both studies for selection of study participants,
data collection, dietary intervention and urine collection, and are
described in Methods Sections 2.1 through 2.4.

2.1. Study participants

We recruited four racially diverse families in four locations: Oakland,
CA, Minneapolis, MN, Baltimore, MD, and Atlanta, GA. Each family had
between three to five members. Families were originally contacted via a
recruitment email that explained the study purpose and procedures.
Families contacted study staff if they were interested in participating,
and a phone script was read to screen for eligibility, including: 1) will-
ingness to alter the family’s diet for six days, 2) two to three children
between the ages of three to eighteen living at home, 3) all children
toilet-trained, 4) ability to prepare all family members’ breakfast, lunch,
and dinner at home during the organic diet phase, 5) English speaking,
6) no pregnant family members, 7) no severe food allergies, and 8) not
typically organic food consumers. Families participated in the study
between February and May 2017. The study was approved by the
Western Institutional Review Board. Written informed consent was ob-
tained from parents before data collection began. Families were pro-
vided with a gift card to a grocery store of their choice after
participating.

2.2. Data collection

Families participated in the study over the course of twelve consec-
utive days (see Fig. 1). Before beginning, researchers conducted online
video calls with each family and provided them with instructions on
urine collection and food diaries. Food diaries included information
about food type and portion size. One adult in each family also
completed a questionnaire by phone to collect information about
pesticide use and storage in and around the home, proximity of the home
to golf courses and other locations known to use pesticides, and possible
occupational exposure to pesticides.

2.3. Dietary intervention

During days one through five, study participants followed their
typical conventional diet (conventional phase). During days six through
eleven, participants were provided with certified organic food while at
home, work, school, or daycare (organic phase). Diet substitution
included all beverages other than water, all food categories, and oils,
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Fig. 1. Schedule of organic diet intervention. *C = conventional diet phase, O = organic diet phase. ** Participants were free to choose their diet on day 12 since

urine samples were collected first thing in the morning.

condiments, and spices. The final urine samples were collected on the
morning of day twelve, after which participants could choose to eat
either organic or conventional food. Organic food was provided to
families in two ways: 1) research assistants delivered organic groceries
to participants’ homes based on shopping lists compiled by each family
for one week’s worth of groceries, and 2) a licensed chef or caterer
prepared dinners during the organic phase, and these were delivered to
participants’ homes by research assistants. All food during the organic
phase was provided free of charge to the families.

2.4. Urine collection

Participants were given urine collection instructions prior to the start
of the study, and collection kits were mailed to their homes. First
morning void urine samples were collected into specimen cups and
immediately stored in sealed plastic bags in the home freezer. Research
assistants picked up the frozen urine samples and shipped them over-
night on dry ice to the laboratory for each phase of the study.

One family repeated the conventional phase of the study after the
organic phase (with washout time) because the first batch of samples
thawed as a result of an error in the chain of custody.

2.5. Laboratory analysis of urine samples

Analysis of glyphosate and AMPA in urine specimens was performed
at Health Research Institute, Fairfield, IA using an isotope dilution
methodology accredited according to ISO/IEE 17025 and to the US EPA
CLIA program. Separations were carried out using a Shimadzu Nexera
X2 ultra high-performance liquid chromatograph (Shimadzu Scientific
Instruments, Columbia, MD, USA) linked to a Bio-Rad (Hercules, CA,
USA) Cation-H guard column (30 mm by 4.6 mm). Mass spectrometry
was carried out using a QTRAP 5500 triple quadrupole instrument from
AB Sciex (Framingham, MA, USA).

Quantification was carried out using a previously described method
(Jensen et al., 2016) modified to achieve greater sensitivity. The mod-
ifications lowered the limit of quantification for glyphosate and AMPA
from 0.100 to 0.050 ng/ml and the limit of detection from 0.023 to
0.020 ng/ml for glyphosate and from 0.033 to 0.013 ng/ml for AMPA. In
brief, isotopically labeled internal standards of glyphosate (**C,!°N)
(Cambridge Isotope Laboratories, Andover, MA, USA) and AMPA *3c,
15N, Dy) (Sigma-Aldrich, St Louis, USA) were added to urine samples,
which were also adjusted to 0.05% formic acid. Samples were centri-
fuged at 14,800 rpm for 10 min to sediment particulates and were
transferred to polypropylene vials for LC-MS/MS analysis. Samples were
corrected for dilution using specific gravity using a BlueTooth enabled
refractometer (ATAGO, Tokyo, Japan).

Quality control (QC) procedures included the following: (1) analysis
of certified reference material (LGC, Lancashire, UK)) diluted into con-
trol urine at moderate concentrations (~0.4 ng glyphosate/ml and
~0.80 ng AMPA/ml) at the beginning and end of the run, and at low
concentrations (~0.04 ng glyphosate/ml and ~0.08 ng/ml AMPA) at
the beginning and end of each run and following every 10 samples
during the run, with +£20% agreement between measured and declared
values; (2) matrix-matched calibration curve for glyphosate and AMPA
(certified reference materials from Sigma-Aldrich, St. Louis, USA) from

0.025 ng/ml to 50.0 ng/ml placed at the beginning of each run, with a
repeat of the 2.5 and 0.25 ng/ml points at the end of the run, with +20%
agreement between measurements; (3) duplicate analysis of 10% of
samples and repeat of analyses in cases where duplicates diverged by
more than 30%; (4) verification that the raw counts of the highest and
lowest points in the calibration curve met criteria for between-run
consistency for both glyphosate and AMPA.

For samples with glyphosate and AMPA concentrations below the
LOD, concentrations were set at the LOD divided by the square root of 2
(Hornung and Reed, 1990). For samples with glyphosate and AMPA
concentrations below the LOQ but above the LOD, concentrations were
set at 50% of the LOQ.

This method has been accredited to ISO 17025 by a third-party
accreditation body and is also included under Health Research In-
stitute’s high-complexity CLIA -certification, managed through the
Centers for Disease Control and Prevention.

2.6. Data analysis

Days one and seven were considered washout days, therefore, urine
samples from these days were excluded from the analysis. We analyzed
ten urine samples from each of the participants — five from the con-
ventional phase and five from the organic phase. One participant was
missing a sample from the eighth day (organic phase) and one was
missing samples from the eighth, tenth, and twelfth days of the study
(organic phase). For these two participants, we included the urine
sample from day seven, the first day of the organic phase. This resulted
in a total of 158 urine samples in the analysis.

Log-transformed analyte concentrations were used for statistical
analyses. We used linear mixed effects models to calculate the percent
change in analyte concentrations from the conventional to organic diet
phase, which accounts for correlation among repeated urine samples
from the same individual. Percent change was calculated using the
formula % Change = [exp(B)-1]1*100; B is the regression coefficient for
organic diet from the mixed effects models.

2.7. Sensitivity analysis

We conducted sensitivity analyses in which we 1) used specific
gravity-adjusted analyte concentrations, and 2) omitted outliers based
on model standardized residuals >3 or < -3, and 3) excluded residuals.
Results from these sensitivity analyses did not differ appreciably from
results in our main analyses (See Supplementary Information Tables S1,
S2, and S3).

3. Results and discussion
3.1. Demographic characteristics

Sixteen people participated in this study, seven adults between the
ages of 36-52 years and nine children between the ages of 4-15 years.
The mean (+SD) age for adults was 42.3 + 6.1 years and for children was
8.3 + 4.1 years. Three of the participants were African American, four
were Hispanic/Latinx, and nine were Caucasian. All participants lived
above the U.S. federal poverty threshold.
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3.2. Household pesticide use during study

Within three months of beginning the study or during the study
period, none of the families reported using pesticides inside their home.
One week prior to beginning the study, one family reported hiring a pest
control company to treat termites on the exterior of their foundation and
at entry points. The company sprayed Premise 75, which has imida-
cloprid as the active ingredient.

3.3. Urinary measurements

Glyphosate was detected in 93.7% of urine samples tested, and
AMPA was detected in 96.9% of samples. Glyphosate levels ranged from
non-detected to 6.22 ng/ml and AMPA levels ranged from non-detected
to 1.96 ng/ml.

3.4. Effect of diet on urinary pesticide levels

Following the organic diet intervention, we observed significant
decreases in urinary levels of both glyphosate and AMPA in both adults
and children. As shown in Table 1, urinary levels of both glyphosate and
AMPA consistently dropped following the transition from a conven-
tional diet to an organic diet. Mean urinary glyphosate levels for all
subjects decreased 70.93%, while mean AMPA levels decreased by
76.71%. Similar decreases were observed when data for adults were
examined alone (71.59% and 83.53%) and when data for children were
examined alone (70.85 % and 69.85 %). Confidence intervals for these
measurements are presented in Table 1. In all cases, the p-values for diet-
linked changes in urinary glyphosate and AMPA levels were less than
0.01.

An earlier pilot study examined urinary levels of glyphosate and
AMPA in two subjects in Switzerland during an organic diet intervention
(Goen et al., 2017), however, the starting levels of glyphosate were quite
low, and a significant change was reported in only one of them. The lack
of consistent change in glyphosate in this study may well be due to the
low level of glyphosate reported in the conventional diet phase of the
study. We observed much higher levels of glyphosate and AMPA during
the conventional diet phase and consistent and substantial reductions in
glyphosate and AMPA levels following transition to an organic diet.

Fig. 2 summarizes average urinary glyphosate and AMPA levels day-
by-day during the course of the dietary intervention, showing that the
transition from conventional to organic diet brings about a rapid drop in
glyphosate and AMPA levels. The transition is essentially complete after
the second day of shifting to the organic diet. Days 1 and 7 were
considered wash out days and were not included in the analysis.

Fig. 3 presents the mean and 95th CI for urinary levels of glyphosate
and AMPA among all participants, adults, and children. As shown in
Fig. 4, the absolute levels of glyphosate differed for different subjects,
both adults and children, as did the absolute magnitude of the change
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following transition to an organic diet. In all cases except one, the di-
rection of change was consistent, showing a substantial drop in glyph-
osate following the transition to an organic diet. In the case of the
exception, the overall trend during the organic phase was downward
except for a spike in urinary glyphosate level on day 9, which may be
due to consumption of non-organic food recorded in the subject’s food
diary.

3.5. Alignment with previous findings

The results presented here represent the second part of a two-part
study. Our findings align with earlier results reported by Hyland et al.
(2019) which found significant reductions in urinary levels of thirteen
pesticide metabolites and parent compounds representing organophos-
phate, neonicotinoid, and pyrethroid insecticides and the herbicide 2,
4-D following the introduction of an organic diet. Together, these re-
sults provide the most comprehensive analysis to date of rapid and
dramatic reduction in exposure to a wide range of the most commonly
used pesticides in U.S. agriculture resulting from an organic diet
intervention.

3.6. Comparison of children and adults

It is well-established that children are more vulnerable to pesticide
exposure than adults (Landrigan and Goldman, 2011). We observed that
urine glyphosate and AMPA levels were substantially higher in children
than in their parents. This held true for both the conventional and the
organic diet phases of the study. As shown in Table 1, the average level
of glyphosate for children during the conventional phase was 1.03
ng/ml, and levels as high as 6.22 ng/ml were observed, while levels in
adults averaged 0.26 ng/ml with a maximum of 0.82 ng/ml. During the
organic diet period, the levels in children averaged 0.25 ng/ml with a
maximum of 2.80 ng/ml, while the levels for adults averaged 0.04 ng/ml
with a maximum of 0.91 ng/ml. In addition to higher levels of glypho-
sate and AMPA, variation from subject to subject was substantially
greater among children than adults. The higher levels could conceivably
be due to reduced dietary compliance, however, great care was taken in
assuring that children would have negligible motivation or opportunity
to consume conventional foods during the organic diet phase, and the
food diaries kept by each participant reflected a high level of compliance
with the organic diet. The higher levels of glyphosate and AMPA
observed in children could also have been due to a non-dietary source of
glyphosate exposure that children may be more likely to encounter than
adults, such as environmental exposure on school grounds and in parks.
Research indicates that children are less efficient at metabolizing certain
organophosphate pesticides, raising (Huen et al., 2010) an important
line of inquiry for future research on glyphosate.

Table 1

Urinary analyte concentrations (ng/mL) and percent change from conventional to organic diet.
Analyte Conventional Organic Percent change p-Value

n Mean Median (IQR) Max n Mean Median (IQR) Max (95% CI)

All (n = 16)
Glyphosate 80 0.83 0.51 (0.19, 1.13) 6.22 78 0.30 0.12 (0.04, 0.36) 2.80 —70.93 (—77.96, —61.65) <0.01
AMPA 80 0.59 0.43 (0.26, 0.85) 1.96 78 0.18 0.12 (0.03, 0.27) 1.03 —76.71 (—81.54, —70.62) <0.01
Adults” (n = 7)
Glyphosate 35 0.26 1.19 (0.09, 0.41) 0.82 33 0.09 0.04 (0.04, 0.09) 0.91 —71.59 (—82.87, —52.86) <0.01
AMPA 35 0.32 0.27 (0.12, 0.40) 1.33 33 0.06 0.03 (0.03, 0.07) 0.28 —83.53 (—88.42, —76.56) <0.01
Children” (n = 9)
Glyphosate 45 1.27 1.03 (0.51, 1.71) 6.22 45 0.46 0.25 (0.12, 0.51) 2.80 —70.85 (—79.36, —67.15) <0.01
AMPA 45 0.80 0.79 (0.40, 1.05) 1.96 45 0.27 0.20 (0.14, 0.37) 1.03 —69.85 (—77.56, —59.48) <0.01

Abbreviations: CI, confidence interval; IQR, interquartile range.

@ Adults in study 36-52 years old.
b Children in study 4-15 years old.
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Fig. 2. Average urinary levels of glyphosate and AMPA by day. Average levels of glyphosate (A) and AMPA (B) for all subjects are plotted by day. Days 2 through 6
correspond to the period during which subjects consumed a diet of conventional food. Days 8 through 12 correspond to the period during which subjects consumed a
diet of certified organic food. Days 1 and 7 were transition days and were not included in the analysis.
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3.7. Food choice comparison

Consistent with findings from Bradman et al. (2015) and Oates et al.
(2014)), fruit and grain consumption increased slightly following the
introduction of the organic diet (See Supplementary Information
Table S4). We do not expect that minor changes in food choices between

the diet phases confounded our results.

3.8. Limitations

While the study included only 16 participants, we had a sufficient
number of samples (158) to draw statistically significant conclusions.



J. Fagan et al.

Because of the longitudinal design of the study, each participant served
as their own control. These repeated measurements under both the
control condition (conventional diet) and experimental condition
(organic diet) made it possible to conclude with confidence that the
organic diet resulted in statistically significant reductions in glyphosate
and AMPA levels. Analysis of these samples also allowed us to gain a
rough estimate of the rate at which urinary levels of glyphosate drop to a
baseline when dietary input of glyphosate is stopped or drastically
reduced by shifting to an organic diet. It is approximately 2-3 days,
which is roughly consistent with the elimination half-life for glyphosate
reported in rats (Anadon et al., 2009; Brewster et al., 1991). However, it
would be necessary to test many more samples during that transition
time to assess the kinetics of this reduction more accurately and answer
questions such as whether the rate differs from individual to individual.

Sampling for the participating families took place at different times
of the year between February and May. If the environment had been the
primary source of glyphosate contamination, these seasonal variations
could have been significant influences on urinary glyphosate levels.
However, the participants lived in urban or suburban areas and, there-
fore, were not likely affected by seasonal agricultural use. Since the food
system has become globalized it tends to deliver a relatively consistent
product to the consumer, independent of the time of year. It should be
pointed out, however, that participants did not have access to infor-
mation about use of pesticides in work, school, or public settings they
frequented during the study, therefore environmental exposure was not
controlled.

4. Conclusion

This study builds on existing research by assessing the impact of an
organic diet intervention on urinary levels of glyphosate and its main
metabolite, AMPA. Glyphosate is the most widely used herbicide
worldwide. This study is the first of its kind, although a 2-subject pilot
analysis was reported previously (Goen et al., 2017).

Two new findings emerge from this work. First, in both children and
adults, organic diet intervention led to a rapid decrease in urinary
glyphosate and AMPA levels within three days. This demonstrates that
diet is the primary source of glyphosate exposure for the general pop-
ulation and that controlling dietary input by shifting to an organic diet is
a clear-cut approach to reducing exposure. Second, we found that levels
of glyphosate and AMPA were higher in children than in adults. This is
important because it reaffirms the importance of protecting young
people from exposure to glyphosate as well as other pesticides.

Acknowledgements

This work was funded by Friends of the Earth U.S. We gratefully
acknowledge the families that participated in this study. We would also
like to sincerely thank Dr. Asa Bradman for design of the study method
and Carly Hyland for conducting the data analysis for this paper, and we
thank them both for technical guidance throughout the study process.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envres.2020.109898.

References

Altamirano, G.A., Delconte, M.B., Gomez, A.L., Ingaramo, P.I., Bosquiazzo, V.L.,
Luque, E.H., Munoz-de-Toro, M., Kass, L., 2018. Postnatal exposure to a glyphosate-
based herbicide modifies mammary gland growth and development in Wistar male
rats. Food Chem. Toxicol. 118, 111-118. https://doi.org/10.1016/j.fct.2018.05.011.

Anadén, A., Martinez-Larranaga, M.R., Martinez, M.A., Castellano, V.J., Martinez, M.,
Martin, M.T., Nozal, M.J., Bernal, J.L., 2009. Toxicokinetics of glyphosate and its
metabolite aminomethyl phosphonic acid in rats. Toxicol. Lett. 190, 91-95. https://
doi.org/10.1016/j.toxlet.2009.07.008.

Environmental Research xxx (xxxx) xxx

Antunes, A.M., Rocha, T.L., Pires, F.S., de Freitas, M.A., Leite, V.R.M.C., Arana, S.,
Moreira, P.C., Sab6ia-Morais, S.M.T., 2017. Gender-specific histopathological
response in guppies Poecilia reticulata exposed to glyphosate or its metabolite
aminomethylphosphonic acid: gender-specific histopathological response in Poecilia
reticulata. J. Appl. Toxicol. 37, 1098-1107. https://doi.org/10.1002/jat.3461.

Astiz, M., de Alaniz, M.J.T., Marra, C.A., 2009. Antioxidant defense system in rats
simultaneously intoxicated with agrochemicals. Environ. Toxicol. Pharmacol. 28,
465-473. https://doi.org/10.1016/j.etap.2009.07.009.

Baig, M.N., Darwent, A.L., Harker, K.N., O’Donovan, J.T., 2003. Preharvest applications
of glyphosate affect emergence and seedling growth of field pea (pisum sativum).
Weed Technol. 17, 655-665. https://doi.org/10.1614/Wt-02-075.

Baker, B.P., Benbrook, C.M., Groth, E., Lutz Benbrook, K., 2002. Pesticide residues in
conventional, integrated pest management (IPM)-grown and organic foods: insights
from three US data sets. Food Addit. Contam. 19, 427-446. https://doi.org/
10.1080/02652030110113799.

Baudry, J., Assmann, K.E., Touvier, M., Alles, B., Seconda, L., Latino-Martel, P.,
Ezzedine, K., Galan, P., Hercberg, S., Lairon, D., Kesse-Guyot, E., 2018. Association
of frequency of organic food consumption with cancer risk: findings from the
NutriNet-santé prospective cohort study. JAMA Int. Med. 178, 1597-1606. https://
doi.org/10.1001/jamainternmed.2018.4357.

Benbrook, C.M., 2016. Trends in glyphosate herbicide use in the United States and
globally. Environ. Sci. Eur. 28, 3. https://doi.org/10.1186/512302-016-0070-0.
Beuret, C.J., Zirulnik, F., Giménez, M.S., 2005. Effect of the herbicide glyphosate on liver
lipoperoxidation in pregnant rats and their fetuses. Reprod. Toxicol. 19, 501-504.

https://doi.org/10.1016/j.reprotox.2004.09.009.

Bradman, A., Quirds-Alcald, L., Castorina, R., Schall, R.A., Camacho, J., Holland, N.T.,
Barr, D.B., Eskenazi, B., 2015. Effect of organic diet intervention on pesticide
exposures in young children living in low-income urban and agricultural
communities. Environ. Health Perspect. 123, 1086-1093. https://doi.org/10.1289/
ehp.1408660.

Brewster, D.W., Warren, J., Hopkins, W.E., 1991. Metabolism of glyphosate in sprague-
dawley rats: tissue distribution, identification, and quantitation of glyphosate-
derived materials following a single oral dose’. Fund. Appl. Toxicol. 17, 43-51.

Cessna, A.J., Darwent, A.L., Townley-Smith, L., Harker, K.N., Kirkland, K., 2002.
Residues of glyphosate and its metabolite AMPA in field pea, barley and flax seed
following preharvest applications. Can. J. Plant Sci. 82, 485-489. https://doi.org/
10.4141/P01-094.

Chiu, Y.-H., Williams, P.L., Gillman, M.W., Gaskins, A.J., Minguez-Alarcén, L., Souter, I.,
Toth, T.L., Ford, J.B., Hauser, R., Chavarro, J.E., 2018. Association between pesticide
residue intake from consumption of fruits and vegetables and pregnancy outcomes
among women undergoing infertility treatment with assisted reproductive
technology. JAMA Int. Med. 178, 17-26. https://doi.org/10.1001/
jamainternmed.2017.5038.

Curl, C.L., Beresford, S.A.A., Fenske, R.A.,, Fitzpatrick, A.L., Lu, C., Nettleton, J.A.,
Kaufman, J.D., 2015. Estimating pesticide exposure from dietary intake and organic
food choices: the multi-ethnic study of atherosclerosis (MESA). Environ. Health
Perspect. 123, 475-483. https://doi.org/10.1289/ehp.1408197.

Curl, C.L., Fenske, R.A., Elgethun, K., 2003. Organophosphorus pesticide exposure of
urban and suburban preschool children with organic and conventional diets.
Environ. Health Perspect. 111, 377-382.

Curl, C.L., Porter, J., Penwell, I, Phinney, R., Ospina, M., Calafat, A.M., 2019. Effect of a
24-week randomized trial of an organic produce intervention on pyrethroid and
organophosphate pesticide exposure among pregnant women. Environ. Int. 132,
104957. https://doi.org/10.1016/j.envint.2019.104957.

Dominguez, A., Brown, G.G., Sautter, K.D., Oliveira, C.M.R. de, Vasconcelos, E.C. de,
Niva, C.C., Bartz, M.L.C., Bedano, J.C., 2016. Toxicity of AMPA to the earthworm
Eisenia andrei Bouché, 1972 in tropical artificial soil. Sci. Rep. 6, 1-8. https://doi.
org/10.1038/srep19731.

Duke, S.0., Powles, S.B., 2009. Glyphosate-resistant crops and weeds: now and in the
future. AgBioforum 12, 346-357.

El-Shenawy, N.S., 2009. Oxidative stress responses of rats exposed to Roundup and its
active ingredient glyphosate. Environ. Toxicol. Pharmacol. 28, 379-385. https://doi.
org/10.1016/j.etap.2009.06.001.

Fenske, R.A., Kedan, G., Lu, C., Fisker-Andersen, J.A., Curl, C.L., 2002. Assessment of
organophosphorous pesticide exposures in the diets of preschool children in
Washington State. J. Expo. Sci. Environ. Epidemiol. 12, 21-28. https://doi.org/
10.1038/sj.jea.7500197.

Ford, B., Bateman, L.A., Gutierrez-Palominos, L., Park, R., Nomura, D.K., 2017. Mapping
proteome-wide targets of glyphosate in mice. Cell Chem. Biol. 24, 133-140. https://
doi.org/10.1016/j.chembiol.2016.12.013.

Gehin, A., Guillaume, Y.C., Millet, J., Guyon, C., Nicod, L., 2005. Vitamins C and E
reverse effect of herbicide-induced toxicity on human epidermal cells HaCaT: a
biochemometric approach. Int. J. Pharm. 288, 219-226. https://doi.org/10.1016/j.
ijpharm.2004.09.024.

Goen, T., Schmidt, L., Lichtensteiger, W., Schlumpf, M., 2017. Efficiency control of
dietary pesticide intake reduction by human biomonitoring. Int. J. Hygiene Environ.
Health, Special Issue: Hum. Biomonitor. 220, 254-260. https://doi.org/10.1016/j.
ijheh.2016.11.008, 2016.

Gomez, A.L., Altamirano, G.A., Leturia, J., Bosquiazzo, V.L., Munoz-de-Toro, M., Kass, L.,
2019. Male mammary gland development and methylation status of estrogen
receptor alpha in Wistar rats are modified by the developmental exposure to a
glyphosate-based herbicide. Mol. Cell. Endocrinol. 481, 14-25. https://doi.org/
10.1016/j.mce.2018.11.005.

Guilherme, S., Santos, M.A., Gaivao, L., Pacheco, M., 2014. DNA and chromosomal
damage induced in fish (Anguilla anguilla L.) by aminomethylphosphonic acid


https://doi.org/10.1016/j.envres.2020.109898
https://doi.org/10.1016/j.envres.2020.109898
https://doi.org/10.1016/j.fct.2018.05.011
https://doi.org/10.1016/j.toxlet.2009.07.008
https://doi.org/10.1016/j.toxlet.2009.07.008
https://doi.org/10.1002/jat.3461
https://doi.org/10.1016/j.etap.2009.07.009
https://doi.org/10.1614/Wt-02-075
https://doi.org/10.1080/02652030110113799
https://doi.org/10.1080/02652030110113799
https://doi.org/10.1001/jamainternmed.2018.4357
https://doi.org/10.1001/jamainternmed.2018.4357
https://doi.org/10.1186/s12302-016-0070-0
https://doi.org/10.1016/j.reprotox.2004.09.009
https://doi.org/10.1289/ehp.1408660
https://doi.org/10.1289/ehp.1408660
http://refhub.elsevier.com/S0013-9351(20)30793-3/sref11
http://refhub.elsevier.com/S0013-9351(20)30793-3/sref11
http://refhub.elsevier.com/S0013-9351(20)30793-3/sref11
https://doi.org/10.4141/P01-094
https://doi.org/10.4141/P01-094
https://doi.org/10.1001/jamainternmed.2017.5038
https://doi.org/10.1001/jamainternmed.2017.5038
https://doi.org/10.1289/ehp.1408197
http://refhub.elsevier.com/S0013-9351(20)30793-3/sref15
http://refhub.elsevier.com/S0013-9351(20)30793-3/sref15
http://refhub.elsevier.com/S0013-9351(20)30793-3/sref15
https://doi.org/10.1016/j.envint.2019.104957
https://doi.org/10.1038/srep19731
https://doi.org/10.1038/srep19731
http://refhub.elsevier.com/S0013-9351(20)30793-3/sref18
http://refhub.elsevier.com/S0013-9351(20)30793-3/sref18
https://doi.org/10.1016/j.etap.2009.06.001
https://doi.org/10.1016/j.etap.2009.06.001
https://doi.org/10.1038/sj.jea.7500197
https://doi.org/10.1038/sj.jea.7500197
https://doi.org/10.1016/j.chembiol.2016.12.013
https://doi.org/10.1016/j.chembiol.2016.12.013
https://doi.org/10.1016/j.ijpharm.2004.09.024
https://doi.org/10.1016/j.ijpharm.2004.09.024
https://doi.org/10.1016/j.ijheh.2016.11.008
https://doi.org/10.1016/j.ijheh.2016.11.008
https://doi.org/10.1016/j.mce.2018.11.005
https://doi.org/10.1016/j.mce.2018.11.005

J. Fagan et al.

(AMPA)—the major environmental breakdown product of glyphosate. Environ. Sci.
Pollut. Res. 21, 8730-8739. https://doi.org/10.1007/511356-014-2803-1.

Hornung, R.W., Reed, L.D., 1990. Estimation of average concentration in the presence of
nondetectable values. Appl. Occup. Environ. Hyg 5, 46-51. https://doi.org/
10.1080/1047322X.1990.10389587.

Huen, K., Harley, K., Bradman, A., Eskenazi, B., Holland, N., 2010. Longitudinal changes
in PON1 enzymatic activities in Mexican-American mothers and children with
different genotypes and haplotypes. Toxicol. Appl. Pharmacol. 244 (2), 181-189.

Hyland, C., Bradman, A., Gerona, R., Patton, S., Zakharevich, 1., Gunier, R.B., Klein, K.,
2019. Organic diet intervention significantly reduces urinary pesticide levels in U.S.
children and adults. Environ. Res. 171, 568-575. https://doi.org/10.1016/j.
envres.2019.01.024.

IARC, 2015. Some Organophosphate Insecticides and Herbicides. International Agency
for Research on Cancer.

Jayasumana, C., Gunatilake, S., Senanayake, P., 2014. Glyphosate, hard water and
nephrotoxic metals: are they the culprits behind the epidemic of chronic kidney
disease of unknown etiology in Sri Lanka? Int. J. Environ. Res. Publ. Health 11,
2125-2147. https://doi.org/10.3390/ijerph110202125.

Jensen, P.K., Wujcik, C.E., McGuire, M.K., McGuire, M.A., 2016. Validation of reliable
and selective methods for direct determination of glyphosate and
aminomethylphosphonic acid in milk and urine using LC-MS/MS. J. Environ. Sci.
Health, Part B 51, 254-259. https://doi.org/10.1080/03601234.2015.1120619.

Kriiger, M., Shehata, A.A., Schrodl, W., Rodloff, A., 2013. Glyphosate suppresses the
antagonistic effect of Enterococcus spp. on Clostridium botulinum. Anaerobe 20,
74-78. https://doi.org/10.1016/j.anaerobe.2013.01.005.

Landrigan, P.J., Goldman, L.R., 2011. Protecting children from pesticides and other toxic
chemicals. J. Expo. Sci. Environ. Epidemiol. 21, 119-120. https://doi.org/10.1038/
jes.2011.1.

Lu, C., Barr, D.B., Pearson, M.A., Waller, L.A., 2008. Dietary intake and its contribution
to longitudinal organophosphorus pesticide exposure in urban/suburban children.
Environ. Health Perspect. 116, 537-542. https://doi.org/10.1289/ehp.10912.

Lu, C., Toepel, K., Irish, R., Fenske, R.A., Barr, D.B., Bravo, R., 2006. Organic diets
significantly lower children’s dietary exposure to organophosphorus pesticides.
Environ. Health Perspect. 114, 260-263. https://doi.org/10.1289/ehp.8418.

Manas, F., Peralta, L., Raviolo, J., Garcia Ovando, H., Weyers, A., Ugnia, L., Gonzalez
Cid, M., Larripa, 1., Gorla, N., 2009. Genotoxicity of AMPA, the environmental
metabolite of glyphosate, assessed by the Comet assay and cytogenetic tests.
Ecotoxicol. Environ. Saf. 72, 834-837. https://doi.org/10.1016/j.
ecoenv.2008.09.019.

Mao, Q., Manservisi, F., Panzacchi, S., Mandrioli, D., Menghetti, I., Vornoli, A., Bua, L.,
Falcioni, L., Lesseur, C., Chen, J., Belpoggi, F., Hu, J., 2018. The Ramazzini Institute
13-week pilot study on glyphosate and Roundup administered at human-equivalent
dose to Sprague Dawley rats: effects on the microbiome. Environ. Health 17, 50.
https://doi.org/10.1186/512940-018-0394-x.

Environmental Research xxx (xxxx) xxx

Matozzo, V., Marin, M.G., Masiero, L., Tremonti, M., Biamonte, S., Viale, S., Finos, L.,
Lovato, G., Pastore, P., Bogialli, S., 2018. Effects of aminomethylphosphonic acid,
the main breakdown product of glyphosate, on cellular and biochemical parameters
of the mussel Mytilus galloprovincialis. Fish Shellfish Immunol. 83, 321-329.
https://doi.org/10.1016/j.fsi.2018.09.036.

Mesnage, R., Defarge, N., Spiroux de Vendémois, J., Séralini, G.E., 2015. Potential toxic
effects of glyphosate and its commercial formulations below regulatory limits. Food
Chem. Toxicol. 84, 133-153. https://doi.org/10.1016/j.fct.2015.08.012.

Mesnage, R., Renney, G., Séralini, G.-E., Ward, M., Antoniou, M.N., 2017. Multiomics
reveal non-alcoholic fatty liver disease in rats following chronic exposure to an ultra-
low dose of Roundup herbicide. Sci. Rep. 7, 39328. https://doi.org/10.1038/
srep39328.

Mills, P.J., Kania-Korwel, I., Fagan, J., McEvoy, L.K., Laughlin, G.A., Barrett-Connor, E.,
2017. Excretion of the herbicide glyphosate in older adults between 1993 and 2016.
J. Am. Med. Assoc. 318, 1610-1611. https://doi.org/10.1001/jama.2017.11726.

Oates, L., Cohen, M., Braun, L., Schembri, A., Taskova, R., 2014. Reduction in urinary
organophosphate pesticide metabolites in adults after a week-long organic diet.
Environ. Res. 132, 105-111. https://doi.org/10.1016/j.envres.2014.03.021.

Olorunsogo, 0.0., 1990. Modification of the transport of protons and Ca2+ ions across
mitochondrial coupling membrane by N-(phosphonomethyl)glycine. Toxicology 61,
205-209. https://doi.org/10.1016,/0300-483X(90)90021-8.

Olorunsogo, 0.0., Bababunmi, E.A., Bassir, O., 1979. Effect of glyphosate on rat liver
mitochondriain vivo. Bull. Environ. Contam. Toxicol. 22, 357-364. https://doi.org/
10.1007/BF02026955.

Paganelli, A., Gnazzo, V., Acosta, H., Lopez, S.L., Carrasco, A.E., 2010. Glyphosate-based
herbicides produce teratogenic effects on vertebrates by impairing retinoic acid
signaling. Chem. Res. Toxicol. 23, 1586-1595. https://doi.org/10.1021/tx1001749.

Peixoto, F., 2005. Comparative effects of the Roundup and glyphosate on mitochondrial
oxidative phosphorylation. Chemosphere 61, 1115-1122. https://doi.org/10.1016/
j.chemosphere.2005.03.044.

Richmond, M.E., 2018. Glyphosate: a review of its global use, environmental impact, and
potential health effects on humans and other species. J. Environ. Soc. Sci. 8,
416-434. https://doi.org/10.1007/s13412-018-0517-2.

Scammell, M.K., Sennett, C.M., Petropoulos, Z.E., Kamal, J., Kaufman, J.S., 2019.
Environmental and occupational exposures in kidney disease. Sem. Nephrol., CKD
Hotspots 39, 230-243. https://doi.org/10.1016/j.semnephrol.2019.02.001.

Shehata, A.A., Schrodl, W., Aldin, AlaaA., Hafez, H.M., Kriiger, M., 2013. The effect of
glyphosate on potential pathogens and beneficial members of poultry microbiota in
vitro. Curr. Microbiol. 66, 350-358. https://doi.org/10.1007/500284-012-0277-2.

Sun, Y., Liu, B., Du, Y., Snetselaar, L.G., Sun, Q., Hu, F.B., Bao, W., 2018. Inverse
association between organic food purchase and diabetes mellitus in US adults.
Nutrients 10, 1877. https://doi.org/10.3390/nul0121877.

United States Department of Agriculture, 2016. Pesticide Data Program (Washington,
DO).

USDA National Organic Program, 2020. USDA Organic Regulations-7 CFR Part205.


https://doi.org/10.1007/s11356-014-2803-1
https://doi.org/10.1080/1047322X.1990.10389587
https://doi.org/10.1080/1047322X.1990.10389587
http://refhub.elsevier.com/S0013-9351(20)30793-3/opt41bWxmiamg
http://refhub.elsevier.com/S0013-9351(20)30793-3/opt41bWxmiamg
http://refhub.elsevier.com/S0013-9351(20)30793-3/opt41bWxmiamg
https://doi.org/10.1016/j.envres.2019.01.024
https://doi.org/10.1016/j.envres.2019.01.024
http://refhub.elsevier.com/S0013-9351(20)30793-3/sref29
http://refhub.elsevier.com/S0013-9351(20)30793-3/sref29
https://doi.org/10.3390/ijerph110202125
https://doi.org/10.1080/03601234.2015.1120619
https://doi.org/10.1016/j.anaerobe.2013.01.005
https://doi.org/10.1038/jes.2011.1
https://doi.org/10.1038/jes.2011.1
https://doi.org/10.1289/ehp.10912
https://doi.org/10.1289/ehp.8418
https://doi.org/10.1016/j.ecoenv.2008.09.019
https://doi.org/10.1016/j.ecoenv.2008.09.019
https://doi.org/10.1186/s12940-018-0394-x
https://doi.org/10.1016/j.fsi.2018.09.036
https://doi.org/10.1016/j.fct.2015.08.012
https://doi.org/10.1038/srep39328
https://doi.org/10.1038/srep39328
https://doi.org/10.1001/jama.2017.11726
https://doi.org/10.1016/j.envres.2014.03.021
https://doi.org/10.1016/0300-483X(90)90021-8
https://doi.org/10.1007/BF02026955
https://doi.org/10.1007/BF02026955
https://doi.org/10.1021/tx1001749
https://doi.org/10.1016/j.chemosphere.2005.03.044
https://doi.org/10.1016/j.chemosphere.2005.03.044
https://doi.org/10.1007/s13412-018-0517-2
https://doi.org/10.1016/j.semnephrol.2019.02.001
https://doi.org/10.1007/s00284-012-0277-2
https://doi.org/10.3390/nu10121877
http://refhub.elsevier.com/S0013-9351(20)30793-3/sref52
http://refhub.elsevier.com/S0013-9351(20)30793-3/sref52
http://refhub.elsevier.com/S0013-9351(20)30793-3/sref53

	Organic diet intervention significantly reduces urinary glyphosate levels in U.S. children and adults
	1 Introduction
	2 Methods
	2.1 Study participants
	2.2 Data collection
	2.3 Dietary intervention
	2.4 Urine collection
	2.5 Laboratory analysis of urine samples
	2.6 Data analysis
	2.7 Sensitivity analysis

	3 Results and discussion
	3.1 Demographic characteristics
	3.2 Household pesticide use during study
	3.3 Urinary measurements
	3.4 Effect of diet on urinary pesticide levels
	3.5 Alignment with previous findings
	3.6 Comparison of children and adults
	3.7 Food choice comparison
	3.8 Limitations

	4 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	References


