
Maternal Urinary Levels of Glyphosate during Pregnancy and 
Anogenital Distance in Newborns in a US Multicenter Pregnancy 
Cohort

Corina Lesseura, Patrick Pirrotteb, Khyatiben V. Pathakb, Fabiana Manservisic,d, Daniele 
Mandriolic, Fiorella Belpoggic, Simona Panzacchic, Qian Lia, Emily S. Barrette, Ruby H.N. 
Nguyenf, Sheela Sathyanarayanag, Shanna H. Swana, Jia Chena,*

a.Department of Environmental Medicine and Public Heath, Icahn School of Medicine at Mount 
Sinai, New York, NY, USA

b.Collaborative Center for Translational Mass Spectrometry, Translational Genomics Research 
Institute, Phoenix, AZ, USA

c.Cesare Maltoni Cancer Research Center (CMCRC), Ramazzini Institute (RI), Via Saliceto, 3, 
40010, Bentivoglio, Bologna, Italy

d.Department of Veterinary Medical Sciences, University of Bologna, Italy

e.Department of Biostatistics & Epidemiology, Rutgers School of Public Health, Piscataway, NJ, 
USA

f.Department of Epidemiology & Community Health, University of Minnesota, Minneapolis, MN, 
USA

*Corresponding Author Jia Chen, ScD. Department of Environmental Medicine and Public Heath, Icahn School of Medicine at 
Mount Sinai, 1 Gustave L. Levy Place, Box 1057, New York, NY 10029, USA. Tel: +1-212- 241-7592; jia.chen@mssm.edu.
Author contributions
Corina Lesseur: Formal analysis; Writing - original draft; Writing - review & editing; Funding acquisition. Patrick Pirrotte: 
Investigation; Writing – review & editing. Khyatiben V. Pathak: Investigation; Writing – review & editing. Fabiana Manservisi: 
Writing – review & editing. Daniele Mandrioli: Writing – review & editing. Fiorella Belpoggi: Writing – review & editing. Simona 
Panzacchi: Writing – review & editing. Qian Li: Formal analysis. Emily S. Barrett: Writing - review & editing. Ruby H.N. Nguyen: 
Writing - review & editing. Sheela Sathyanarayana: Writing - review & editing. Jia Chen: Conceptualization; Writing - original draft; 
Writing - review & editing; Supervision; Project administration; Funding acquisition. Shanna H. Swan: Conceptualization; Writing - 
original draft; Writing - review & editing; Supervision; Project administration; Resources; Funding acquisition.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Ethics approval and consent to participate
The TIDES study protocols were approved by the institutional review boards (IRB) of each study center (University of California, San 
Francisco, University of Rochester Medical Center, University of Minnesota, and University of Washington/Seattle Children’s 
Hospital). Prior to study implementation and all subjects provided signed informed consent before starting any study activities. IRB 
approval was also obtained at the Icahn School of Medicine at Mount Sinai, which serves as the TIDES Coordinating Center since 
2011.

Declaration of competing interest
The authors declare that they have no competing interests.

Declaration of interests
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

HHS Public Access
Author manuscript
Environ Pollut. Author manuscript; available in PMC 2022 July 01.

Published in final edited form as:
Environ Pollut. 2021 July 01; 280: 117002. doi:10.1016/j.envpol.2021.117002.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



g.Department of Pediatrics, University of Washington and Seattle Children’s Research Institute, 
Seattle, WA, USA

Abstract

Human exposure to glyphosate has become ubiquitous because of its increasing agricultural use. 

Recent studies suggest endocrine disrupting effects of glyphosate. Specifically, in our work in 

rodents, low-dose early-life exposure to Roundup® (glyphosate-based herbicide) lengthened 

anogenital distance (AGD) in male and female offspring. AGD is a marker of the prenatal 

hormone milieu in rodents and humans. The relationship between glyphosate exposure and AGD 

has not been studied in humans. We conducted a pilot study in 94 mother-infant pairs (45 female 

and 49 male) from The Infant Development and the Environment Study (TIDES). For each infant, 

two AGD measurements were collected after birth; the anopenile (AGD-AP) and anoscrotal 

(AGD-AS) distances for males, and anoclitoral (AGD-AC) and anofourchette distances (AGD-AF) 

for females. We measured levels of glyphosate and its degradation product 

aminomethylphosphonic acid (AMPA) in 2nd trimester maternal urine samples using ultra-high-

performance liquid chromatography-tandem mass spectrometry. We assessed the relationship 

between exposure and AGD using sex-stratified multivariable linear regression models. 

Glyphosate and AMPA were detected in 95% and 93% of the samples (median 0.22 ng/mL and 

0.14 ng/mL, respectively). Their concentrations were moderately correlated (r=0.55, p=5.7x10−9). 

In female infants, high maternal urinary glyphosate (above the median) was associated with longer 

AGD-AC (β=1.48, 95%CI (−0.01, 3.0), p=0.05), but this was not significant after covariate 

adjustment. Increased AMPA was associated with longer AGD-AF (β=1.96, 95%CI (0.44, 3.5), 

p=0.01) after adjusting for infant size and age at AGD exam. No associations were detected in 

male offspring. These preliminary findings partially reproduce our previous results in rodents and 

suggest that glyphosate is a sex-specific endocrine disruptor with androgenic effects in humans. 

Given the increasing glyphosate exposures in the US population, larger studies should evaluate 

potential developmental effects on endocrine and reproductive systems.

Graphical Abstract
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1. Introduction

Glyphosate is the active ingredient of broad-spectrum glyphosate-based herbicides (GBHs) 

which are the most frequently used herbicides worldwide (Benbrook, 2016). Glyphosate was 

first commercialized as Roundup® in 1974, and its initial use in agriculture was low and 

limited to pre-harvest spray to kill weeds. However, since the introduction of genetically 

engineered glyphosate-tolerant crops to the U.S. market in 1996, the agricultural use of 

GBHs has increased 300-fold (from 0.36 million kilograms (kg) in 1974 to 113.4 million in 

2014) (Benbrook, 2016). Residues of glyphosate and its primary metabolite 

aminomethylphosphonic acid (AMPA) are commonly detected in air (Chang et al., 2011), 

soil (Battaglin et al., 2014), water (Medalie et al., 2020) and food (FDA, 2019; Kolakowski 

et al., 2020; Ledoux et al., 2020; Zoller et al., 2018). Human glyphosate exposure in the 

general population is widespread, usually through diet (Fagan et al., 2020); with recent 

studies reporting increasing glyphosate and AMPA levels in urine samples from adults in the 

general population (Conrad et al., 2017; Mills et al., 2017). Urinary glyphosate levels are 

considered good exposure markers because glyphosate is highly hydrophilic, does not bio-

accumulate and is poorly metabolized (mainly to AMPA)(EFSA, 2015).

Glyphosate is an organophosphorus compound that inhibits the 5-enolpyruvylshikimate-3-

phosphate synthase (EPSP), an enzyme involved in the shikimate pathway of aromatic 

amino acids biosynthesis present in plants, bacteria and fungi, but absent in mammals that 

obtain these amino acids from diet (Mir et al., 2015). Thus, glyphosate was initially 

considered “safe” to humans. However, in recent years multiple studies have challenged this 

assumption and described adverse effects of either glyphosate or GBHs (Myers et al., 2016). 

Possible carcinogenic effects have been highly debated after the International Agency for 

Research on Cancer (IARC) classified glyphosate as a “probable human carcinogen” (EFSA, 

2015; EPA, 2016; IARC, 2017; Portier et al., 2016). Other studies using model systems 

suggest that glyphosate and GBHs can have endocrine and reproductive activity (reviewed in 

(Ingaramo et al., 2020; Muñoz et al., 2020)). In our own study of Sprague-Dawley rats, 

gestational and early-life low-dose (1.75 mg/kg/day) exposure to glyphosate and Roundup® 

suggested androgenic-like effects in offspring. In Roundup® exposed female pups, we 

observed delayed age at first estrous, increased testosterone and anogenital distance (AGD). 

In males, our findings showed increased AGD in both glyphosate and Roundup® exposed 

pups (Manservisi et al., 2019). The glyphosate dose used in these experiments is considered 

to be “safe” in humans, i.e. the US Acceptable Daily Intake (ADI) of 1.75 mg/kg bw/day, 

defined as the chronic Reference Dose determined by the United States Environmental 

Protection Agency (US EPA) (EPA, 1993).

AGD, an early-life biomarker of fetal androgen exposure in multiple species has been used 

as a reproductive toxicity endpoint to evaluate chemicals in animal studies by the US 

EPA(EPA, 1996). AGD length is influenced by body size and is longer in males than females 
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in most mammalian species (Schwartz et al., 2019; Swan and Kristensen, 2018). Early in 

development androgens regulate masculinization of the genital tract; disruptions during this 

critical window can lead to shorter AGD (feminized) and reproductive tract abnormalities in 

males (Macleod et al., 2010; van den Driesche et al., 2011). In females, in utero androgen 

exposure masculinizes (lengthens) AGD and other reproductive organs (Abbott et al., 2017; 

Dean et al., 2012; Hotchkiss et al., 2007; Ramezani Tehrani et al., 2014; Wolf et al., 2002). 

The most frequently used AGD measures in human males are the shorter anoscrotal distance 

(AGD-AS) and the longer anopenile distance (AGD-AP). In females, the shorter measure is 

the anofourchette distance (AGD-AF) and the longer is the anoclitoral distance (AGD-AC) 

(Sathyanarayana et al., 2015). Multiple epidemiological studies have shown that AGD 

measurements in infants are sensitive to in utero exposures to endocrine disrupting 

chemicals (EDCs) (Swan and Kristensen, 2018). Given our previous study on the effects of 

Roundup® on AGD in rats, we sought to investigate the relationship between infant AGD 

and glyphosate and AMPA concentrations in 2nd trimester maternal urine in a human 

population.

2. Methods

2.1 Study population

This study is nested within The Infant Development and the Environment Study (TIDES), a 

multicenter pregnancy cohort designed to investigate prenatal exposure to endocrine 

disrupting chemicals (EDCs) in relation to reproductive development. Between August 2010 

and August 2012, women were recruited in the 1st trimester of pregnancy at four university-

based medical centers: University of California, San Francisco, (UCSF), University of 

Rochester Medical Center (URMC), University of Minnesota (UMN) and the University of 

Washington (UW). Eligible participants included any pregnant woman (<13 weeks of 

gestation) over 18 years old, without major medical complications, able to read and write 

English (or Spanish at the UCSF center) and planning to deliver at a study center hospital. In 

each trimester, study participants provided urine samples and completed questionnaires that 

collected demographic, health, lifestyle and reproductive history information. Urine samples 

were collected in polypropylene cups, specific gravity (SpG) was measured within 30 

minutes of collection using a hand-held refractometer (National Instrument Company, Inc., 

USA). Samples were stored at −80°C. The Institutional Review Boards (IRB) of each 

participating center approved all the study protocols and all participants signed an informed 

consent prior to the start of the study. For this pilot, we randomly selected 100 participants 

with a second trimester urine samples and birth exam. After removing premature infants, the 

analytic sample consisted of 94 term births (49 males and 45 females).

2.2 Infant anogenital distance (AGD)

Before hospital discharge, the TIDES team performed a newborn physical examination 

usually on the 1st or 2nd day of life. For infants born preterm or with medical conditions, 

examinations were delayed until clinically indicated. During physical examination, 

experienced examiners measured weight and length and conducted a comprehensive genital 

exam following methods described previously (Sathyanarayana et al., 2015; Swan et al., 

2005). Two measures of AGD (AGD-AP and AGD-AS) and one measure of penile width 
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(PW) were obtained on all male infants and two measures of AGD (AGD-AF and AGD-AC) 

were obtained on all females following a standard protocol (Sathyanarayana et al., 2015; 

Swan et al., 2015). AGD was measured from the center of the anus to a genital landmark. In 

males the genital landmarks are (i) the anterior base of the penis where the penile tissue 

meets the pubic bone (AGD-AP) and (ii) the base of the scrotum where the skin changes 

from rugated to smooth (AGD-AS). In females, the genital landmarks are (i) the anterior tip 

of the clitoral hood (AGD-AC) and (ii) the base of the posterior fourchette where skin folds 

fuse (AGD-AF). In previous TIDES analyses, we identified a number of covariates 

potentially predictive of AGD and PW including: infant’s age at exam, gestational age at 

birth, maternal age and clinical center (Sathyanarayana et al., 2015). We used weight-for-age 

percentiles for birth exam (WTPCT) calculated from World Health Organization (WHO) 

standard curves (WHO, 2009) to adjust for infant body size. These Z-scores provide the best 

predictor of genital measurements among the estimates of body size that we considered 

(including weight, weight-for-age and length-for-age Z-scores) and are independent of age. 

Maternal ethnicity, education and smoking were also considered, but did not alter effect 

estimates by >10% and were not included in final models (Sathyanarayana et al., 2015; 

Swan et al., 2015).

2.3 Urinary glyphosate and AMPA analyses

The urinary concentrations (ng/mL) of glyphosate and its metabolite AMPA were measured 

using ultra-high-performance liquid chromatography-tandem mass spectrometry (UPLC-

MS/MS) on the Vanquish UHPLC coupled to a TSQ Altis triple quadrupole mass 

spectrometer (ThermoFisher, San Jose, CA). Measurements were performed at the 

Collaborative Center for Translational Mass Spectrometry (CCTMS) (TGen, Phoenix, AZ). 

Samples were prepared following protocols previously described (Jensen et al., 2016). The 

assays were validated over a linear range of 0 to 5 ng/mL of glyphosate and AMPA 

concentrations (coefficient of determination R2 > 0.99) (Figure S1). Urinary creatinine levels 

(mg/dL) were also measured as part of the analytical methods to determine sample dilutions 

and align injection volume, high creatinine samples (>160 mg/dL) were diluted 2-fold with 

water. The injection volume for these samples were kept the same as for those with medium 

creatinine concentrations. The samples with low creatinine (0 to 40 mg/dL) and medium 

creatinine (40– 160 mg/dL) were injected at 100 µL and 50 µL, respectively. For glyphosate, 

the limit of detection (LOD) and limit of quantitation (LOQ) were 0.014 and 0.041 ng/mL 

respectively. The AMPA assay limits were: LOD 0.013 and LOQ: 0.04 ng/mL. Glyphosate 

and/or AMPA values below the LOD were replaced with LOD/√2, a common imputation 

method used for non-detectable measurements (Hornung and Reed, 1990). To account for 

urinary dilution, we measured specific gravity (SpG) and adjusted glyphosate measurements 

using the following formula: SpG-adj-Gly = Gly[1.014–1/(SpG-1)], where SpG-adj-Gly is 

the SpG adjusted glyphosate concentration (ng/mL), Gly is the observed glyphosate 

concentration and 1.014 is the mean SpG for all the TIDES samples. AMPA measurements 

were also adjusted using this method (Boeniger et al., 1993).

2.4 Statistical methods

We first calculated univariate summary statistics and examined the distributions of specific 

gravity adjusted glyphosate and AMPA concentrations (ng/mL). Since these exhibited right 

Lesseur et al. Page 5

Environ Pollut. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



skewed distributions, measurements were log-transformed for use in parametric analyses. 

Next, we examined relationships between exposure variables and TIDES covariates of 

interest using Pearson correlations for continuous variables and Student’s t-test or ANOVA 

for categorical variables. Scatterplots and boxplots were used to display results of bivariate 

analyses. Because AGD measurements are sex-specific we modelled exposure-outcome 

relationships in sex-stratified analyses. Maternal urinary exposure concentrations were 

examined as continuous as well as dichotomous (above and below the median) variables. We 

examined relationships between infant AGD and maternal glyphosate and AMPA urinary 

concentrations using sex-stratified linear regression models. We fitted unadjusted models 

and models adjusted for infant age and weight-for-length Z-score (a measure of body size 

for age) at AGD exam; two covariates shown to influence AGD in previous TIDES analyses 

(Swan et al., 2015). We also constructed fully adjusted models including gestational age at 

birth, age at exam, weight-for-length Z-score, maternal age, time of day of urine collection, 

study center, maternal smoking, alcohol use and education level; shown in the 

supplementary material. Statistical analyses were conducted with R (version 4.0.0) (Team, 

2019b) and RStudio (version 1.2.5033) (Team, 2019a). All tests were two-sided and p-value 

<0.05 were considered statistically significant.

3. Results

This analysis included 94 term infants among 100 randomly sampled TIDES participants 

with available 2nd trimester maternal urine samples and birth exam (Table 1). The clinical 

and demographic characteristics of the entire TIDES cohort have been described previously 

(Swan et al., 2015) and are similar to the subset in this analysis (Table S1). Participants were 

predominantly white (67%) with an average maternal age of 31 years (standard deviation 

(SD) 6 years). Maternal urine samples used in these analyses were collected on average at 21 

weeks of gestational age (range: 14.7 – 28.9). All the infants included in this analysis were 

born at term (≥ 37 weeks); the median gestational age at birth was 39 weeks (range: 37 – 

42). AGD was measured within the first week of life for the majority (89%) of the newborns 

(range: 0 – 9.3) and at this time the median weight for length z-score was −0.1 (range: −3.4 

– 2.1) likely due to standard early postnatal water weight loss (Bertini et al., 2015). Among 

the 45 female infants, the mean AGD-AF was 16.3 mm (SD: 2.8) and the mean AGD-AC 

was 37.3 mm (SD: 2.5). In males (n = 49), the means for AGD-AS and AGD-AP were 25.2 

mm (SD: 4.3) and 49.7 mm (SD: 5), respectively (Table 1). All AGD measurements were 

normally distributed (all p-values > 0.05, Shapiro–Wilk test). Similar to the results of the 

entire TIDES cohort (Swan et al., 2015), the subset in this study showed a moderate 

correlation between male AGD measurements (r=0.63, p=9×10−7), but in females AGD-AF 

and AGD-AC (r=0.24, p=0.12) were not correlated. The distributions of maternal urinary 

glyphosate and AMPA concentrations are shown in Table 2. Glyphosate concentrations 

ranged from 0.01 to 1.9 ng/mL with a median of 0.22 ng/mL; 95% of samples had detected 

levels of glyphosate (LOD 0.014 ng/mL) and 93% for AMPA (LOD 0.013 ng/mL) which 

had a lower concentration compared to glyphosate with a median of 0.14 ng/mL (range: 0.01 

– 6). Maternal urinary glyphosate and AMPA concentrations showed a moderate positive 

correlation (Pearson’s r =0.55, p=5.7×10−9, Figure 1). The results of the bivariate analyses 

between continuous exposure measures (glyphosate or AMPA) and relevant maternal and 
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infant characteristics (other than AGD) are shown in Table S2 and S3. Urinary AMPA 

concentration was significantly correlated with maternal age and time of day of urine sample 

collection p=0.04 and p=0.01, respectively (Table S2). Urinary glyphosate differed by 

season of urine collection (p=0.02). The levels of glyphosate or AMPA did not differ 

between study centers (Figure S2), maternal smoking status, alcohol use, ethnicity, or 

maternal education (Table S3).

Scatterplots between glyphosate and AMPA in relation to AGD measurements are shown in 

Figure S3 (females) and Figure S4 (males). In females, the correlations between maternal 

glyphosate and AMPA and AGD-AF showed positive coefficients, yet not statistically 

significant (glyphosate: r =0.26, p=0.08; AMPA r = 0.19, p=0.2). Male AGD measurements 

were not correlated with exposure. After dichotomizing maternal glyphosate and AMPA 

exposure at their median values (for all infants); female AGD-AF was longer in the high 

AMPA group (p=0.01) and AGD-AC was longer in the high glyphosate group (p=0.05) 

(Figure S5). By contrast, male AGD measures were similar in the dichotomized glyphosate 

and AMPA exposure groups (Figure S6).

Next, we performed sex-stratified crude and adjusted linear regression models to examine 

glyphosate and AMPA concentration in relation to AGD. Multivariable models included 

adjustment for infant age and weight-for-length z-score age at AGD exam. Table 3 and 4 

display crude and adjusted linear models in female and male infants, respectively. Fully 

adjusted models including adjustment for gestational age at birth, age at exam, weight-for-

length Z-score, maternal age, time of day of urine collection, study center, maternal 

smoking, alcohol use and education level) are shown in Table S3 (females) and Table S4 

(males).

In females, most of the models (crude or adjusted) with maternal glyphosate or AMPA as 

continuous exposures displayed positive beta coefficients with AGD measurements, but 

these were not statistically significant (Table 3, top panel). Linear models using 

dichotomous (below and above the median) exposure variables in female infants are shown 

in the bottom panel of Table 3. Female AGD-AC was longer in non-adjusted models 

(β=1.48, 95%CI (−0.01, 3), p=0.05), but this was not the case after adjustment for infant age 

and weight-for-length Z-score at AGD exam (β=1.35, 95%CI (−0.13, 2.8), p=0.07). High 

AMPA exposure was significantly associated with increasing AGD-AF in crude (β=2.06, 

95%CI (0.46, 3.7), p=0.01) and adjusted (β=1.96, 95%CI (0.44, 3.5), p=0.01) models, but 

not with longer measurement of AGD (AGD-AC). In male infants, we did not detect any 

significant associations with glyphosate or AMPA in continuous (Table 4, top panel) or 

dichotomized (Table 4, bottom panel) exposure models.

4. Discussion

This work is the first human study to investigate prenatal urinary levels of glyphosate in 

relation to newborn AGD. Our results are partially consistent with previous findings in 

rodents (Manservisi et al., 2019), and suggest that glyphosate may function as an endocrine 

disruptor with possible androgen-like effects on humans in a sex-specific manner. 

Importantly, these data provide further evidence that glyphosate exposure is ubiquitous in 
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the general US population given that almost all maternal urine samples had detectable levels 

of glyphosate and AMPA. Few epidemiological studies have assessed individual levels of 

glyphosate exposure in the general population (Gillezeau et al., 2019). Two recent studies 

reported increases in detection and urinary glyphosate levels over the last two decades in the 

U.S.(Mills et al., 2017) and Germany (Conrad et al., 2017). We detected glyphosate and 

AMPA in the great majority of the TIDES participants (>90%), with mean levels of 0.33 

ng/mL and 0.31 ng/mL, respectively. Even though the assays LODs in our study are lower 

(0.014 and 0.013 ng/mL) than those of previous studies (range 0.02 to 0.5 ng/mL) (Gillezeau 

et al., 2019), our findings are similar to recent studies in the U.S. population. A study in 40 

lactating women from the Pacific Northwest reported a 93% glyphosate detection rate (LOD 

0.02 ng/mL) and average glyphosate levels of 0.28 ng/mL (McGuire et al., 2016). Similarly, 

a study in pregnant women in Indiana reported detectable glyphosate in 93% of the samples, 

albeit with higher mean levels (3.4 ng/mL) and LOD (0.1 ng/mL). Another study in 

California reported a detection rate of 70% (LOD 0.03 ng/mL) and similar average 

glyphosate urinary levels (0.31 ng/mL). In contrast, a recent study in children (newborns to 8 

years) from Seattle and New York, reported a low detection rate of 11.1% (12/108, mean 

0.278 ng/mL) in urine. This could be related to sampling year, or to lower sensitivity of the 

analytical assay used in that study (LOD = 0.1 ng/mL) (Trasande et al., 2020). Similar to the 

U.S., few studies have evaluated urinary levels of glyphosate in non-occupational settings in 

Europe (Gillezeau et al., 2019), though data from the two largest published studies from 

Germany (Conrad et al., 2017; Soukup et al., 2020) suggest that the detection rates (30–

40%) and average glyphosate levels (≈0.16 ng/mL) are lower compared to the U.S. Outside 

North America and Europe, there are even fewer glyphosate studies (Gillezeau et al., 2019). 

Of note is one investigation in 82 pregnant women living in agricultural regions in Thailand, 

that detected glyphosate in 53% of the maternal serum (median: 17.5 ng/mL) and 

importantly in 49% (37/75) of umbilical cord serum samples (median: 0.2 ng/mL), 

suggesting that glyphosate is crossing the placenta (Kongtip et al., 2017).

Our results also show a moderate correlation (r = 0.5) between urinary glyphosate and 

AMPA measurements, similar to results described in two studies in German adults in 2017 

(rho = 0.50, P ≤ 0.001, n = 399) (Conrad et al., 2017) and in 2020 (rho = 0.26, P ≤ 0.0001, n 

= 76) (Soukup et al., 2020). However, a 2013 unpublished report (Hoppe, 2013) described 

that glyphosate and AMPA urinary levels did not correlate well in 182 adults from 18 

European countries (coefficient not reported). Evidence from humans suggests that the rate 

of conversion of glyphosate to AMPA in humans is low (Zoller et al., 2020). Thus, the 

observed correlation could be due to similar levels of these exposures in food (Connolly et 

al., 2020). However, since we did not directly measure their levels in diet, we cannot assess 

the level of conversion from glyphosate to AMPA. Such knowledge is scarce in humans and 

requires further investigation.

Some reports of model systems have described endocrine disrupting effects of glyphosate or 

GBH exposure (Ingaramo et al., 2020; Muñoz et al., 2020). In vitro, GBH exposure 

decreases or inhibits the activity of the placental aromatase, an important enzyme that 

converts testosterone into estradiol to protect the fetus from excess androgens (Benachour et 

al., 2007; Gasnier et al., 2009; Richard et al., 2005). In rats, perinatal (first week) GBH 

exposure (2 mg/kg/BW) disrupts uterine development (Guerrero Schimpf et al., 2017) and 
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dysregulates estrogen and progesterone receptor signaling (Guerrero Schimpf et al., 2018; 

Ingaramo et al., 2017). Moreover, gestational exposure to GBHs induces reproductive 

abnormalities in female rat offspring (reduced number of implantation sites and increased 

rates of preimplantation embryo loss)(Milesi et al., 2018). More recently, the same group 

reported that GBH exposure also alters uterine development in lambs (Alarcón et al., 2019). 

However, the glyphosate and GBHs evaluations by regulatory agencies in the US and 

Europe concluded that the evidence did not support endocrine disruption or effects on AGD 

(EFSA, 2015; EPA, 2015). AMPA is even less studied than glyphosate. To date, there is no 

direct evidence in animals or in humans that AMPA itself has endocrine or other health 

effects. Further studies are needed to conclusively assess the potential endocrine disrupting 

effects of glyphosate, AMPA and GBHs.

In this study, we detected associations between 2nd trimester maternal urine high glyphosate 

exposure and longer AGD-AC and high AMPA and longer AGD-AF length in female 

infants. These results are in part consistent with our previous observations in female 

Sprague-Dawley rats, in which gestational and early-life exposure to Roundup® resulted in 

longer AGD at postnatal day 4. However, female rat pups exposed to glyphosate had longer 

mean AGD than controls, but this result was not statistically significant. In this study, we did 

not detect associations between glyphosate or AMPA and AGD in male infants. This 

contrasts with our previous results in which exposure (gestation and early-life) to glyphosate 

and Roundup® resulted in longer AGD in male rat pups (Manservisi et al., 2019). In female 

mice pups, maternal androgen exposure (dihydrotestosterone) has masculinizing effects even 

if the exposure occurs before or after the masculinization programming window (MPW), 

whereas male pups are unaffected suggesting that females are more sensitive to exogenous 

androgens (Dean et al., 2012; Holland et al., 2019). To the best of our knowledge, the 

relation between gestational GBH exposure and AGD has not been investigated in other 

animal studies, outside of our previous work (Manservisi et al., 2019), nor in human 

population studies. More research is needed to comprehensively characterize possible 

androgenic effects of glyphosate and/or GBHs on AGD and other reproductive traits.

Our study has multiple strengths. It is the first human study to investigate maternal urinary 

level of glyphosate in relation to newborn AGD. We leveraged a unique multicenter study 

representing diverse geographic regions across the U.S. TIDES was specifically designed to 

examine the role of in utero environmental exposures on reproductive outcomes, study 

protocols were standardized to collect reliable AGD measurements shortly after birth. Our 

analytical methods of glyphosate and AMPA are robust and sensitive.

We acknowledge that this study has several limitations. The size of our sample is small 

which limited our statistical power. The study is observational; therefore, causality cannot be 

determined. Maternal glyphosate and AMPA were measured in a single second trimester 

urine sample which does not coincide with the MPW. In this non-agriculturally exposed 

population glyphosate and/or GBH exposures are likely to have been through diet, but we do 

not have data on exposure sources or levels throughout pregnancy. Nevertheless, exposure to 

pure glyphosate is unlikely, since this is applied to crops in GBH formulations that contain 

other “inert” ingredients not listed on the commercial product. Thus, comprehensive 

quantification of GBH additives is not possible and we used urinary glyphosate and AMPA 
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as biomarkers of exposure. The effects of formulation of GBHs should also be addressed in 

future studies. Whilst the current study is the first to explore glyphosate and AMPA in 

relation to a marker sensitive to steroid hormone disruption, future studies should examine 

possible combined effects with other endocrine disrupting chemical exposures.

In conclusion, current findings, together with our prior animal study (Manservisi et al., 

2019), suggest a link between GBH exposure in early-life and longer AGD. This is the first 

human study reporting associations between maternal glyphosate and AMPA exposure and 

female AGD measures. Given that human exposures to glyphosate have become ubiquitous, 

larger studies are warranted to investigate the relation between GBHs and other endocrine/

reproductive outcomes and evaluate possible programming consequences to long-term 

health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Glyphosate-based herbicides are widely used worldwide.

• Glyphosate and AMPA detected in >90% of 2nd trimester maternal urine 

samples.

• High maternal glyphosate/AMPA associated with longer female anogenital 

distance.

• Glyphosate could act as a sex-specific endocrine disruptor.
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Figure 1. 
Scatterplot of maternal urinary glyphosate and AMPA concentrations (natural log 

transformed and SpG adjusted). Pearson’s r =0.55, p=5.7×10−9.
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Table 1.

Characteristics of the study population (N=94)

N (%) Mean SD Min. P5 P25 P50 P75 P95 Max.

Maternal age (yrs) 94 31.2 5.8 18.5 20.7 27.3 31.6 35.3 39.9 43.8

Birthweight (kg) 93 3.5 0.5 2.0 2.6 3.2 3.5 3.7 4.3 5.4

Gestational age at birth (weeks) 94 39.6 1.2 37.0 37.4 39.0 39.4 40.6 41.3 42.3

Weight for length z-score 94 −0.3 1.2 −3.4 −2.4 −1.0 −0.1 0.6 1.5 2.1

Age at exam (weeks) 94 0.7 1.8 0.0 0.0 0.1 0.1 0.3 5.7 9.3

Gestational age at urine

collection (weeks) 94 20.8 3.3 14.7 16.2 18.9 20.0 23.1 27.1 28.9

Time of urine collection (hours) 93 11.9 2.8 6.0 8.6 9.5 11.2 14.9 16.2 17.0

AGD-AF 45 16.3 2.8 10.8 12.5 14.6 15.8 18.2 21.2 22.9

AGD-AC 45 37.3 2.5 31.6 33.2 35.4 37.8 39.2 41.4 41.8

AGD-AS 49 25.2 4.3 16.1 18.7 22.3 24.8 27.2 32.9 38.4

AGD-AP 49 49.7 5.0 41.9 42.6 46.1 49.3 51.9 59.0 65.4

Infant sex

Female 45 (47.9)

Male 49 (52.1)

Infant race

Black or African-American 18 (19.1)

Other 13 (13.8)

White 63 (67.0)

Study center

UCSF 20 (21.3)

UMN 25 (26.6)

UR 32 (34.0)

UW 17 (18.1)

Urine collection season

Winter 21 (22.3)

Spring 30 (31.9)

Summer 22 (23.4)

Autumn 21 (22.3)

Maternal smoking

No 80 (85.1)

Yes 10 (10.6)

Maternal alcohol use

No 88 (93.6)

Yes 2 (2.1)

Maternal Education

Less than college degree 27 (28.7)

College degree or more 67 (71.3)

Environ Pollut. Author manuscript; available in PMC 2022 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lesseur et al. Page 17

P, percentile; Min, minimum; Max., maximum; UCSF, University of California San Francisco; URMC, University of Rochester Medical Center; 
UW, University of Washington. Missing data: one observation (time of urine collection); four observations (maternal smoking) and four 
observations (alcohol use).
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Table 2.

Summary statistics for glyphosate and AMPA measurements (ng/mL) in maternal urine

N % below* Mean SD Min. P5 P25 P50 P75 P95 Max.

SpG-adj glyphosate 94 0 0.33 0.30 0.01 0.03 0.12 0.22 0.52 0.86 1.90

SpG-adj glyphosate >LOD 89 5.3 0.34 0.31 0.02 0.04 0.13 0.23 0.54 0.87 1.90

SpG-adj glyphosate >LOQ 80 14.8 0.38 0.31 0.05 0.08 0.15 0.27 0.55 0.88 1.90

SpG-adj AMPA 94 0 0.31 0.66 0.01 0.02 0.08 0.14 0.28 1.06 6.01

SpG-adj AMPA >LOD 87 7.4 0.33 0.69 0.02 0.03 0.09 0.16 0.29 1.07 6.01

SpG-adj AMPA >LOQ 71 24.4 0.40 0.75 0.04 0.07 0.11 0.22 0.39 1.10 6.01

*
Percent of samples below the limit of detection (LOD); glyphosate 0.014 ng/mL; AMPA 0.013 ng/mL); or the limit of quantification (LOQ); 

glyphosate 0.041 ng/mL; AMPA 0.04 ng/mL.

P, percentile; Min, minimum; Max., maximum; SpG-adj, specific gravity-adjusted; SD, standard deviation.
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Table 3.

Multivariable linear regression models between maternal urinary glyphosate or AMPA and female AGD 

measures (N=45)

AGD-AF AGD-AC

continuous exposure Beta SE p 95%CI Beta SE p 95%CI

Log SpG-adj glyphosate
a 0.62 0.35 0.09 (−0.09, 1.33) 0.11 0.33 0.73 (−0.55, 0.77)

Log SpG-adj glyphosate
b 0.47 0.35 0.18 (−0.23, 1.17) 0.10 0.33 0.76 (−0.56, 0.76)

Log SpG-adj AMPA
a 0.39 0.30 0.20 (−0.22, 1.00) −0.18 0.27 0.52 (−0.73, 0.37)

Log SpG-adj AMPA
b 0.40 0.29 0.17 (−0.18, 0.98) −0.11 0.27 0.70 (−0.65, 0.44)

categorical exposure Beta SE p 95%CI Beta SE p 95%CI

Glyphosate high
c 1.16 0.85 0.18 (−0.55, 2.9) 1.48 0.74 0.05 (−0.01, 3.0)

Glyphosate high
d 0.75 0.82 0.37 (−0.91, 2.4) 1.35 0.74 0.07 (−0.13, 2.8)

AMPA high
c 2.06 0.80 0.01 (0.46, 3.7) 0.44 0.76 0.56 (−1.09, 2.0)

AMPA high
d 1.96 0.75 0.01 (0.44, 3.5) 0.27 0.75 0.72 (−1.23, 1.8)

SE, standard error; Log, natural log; SpG-adj, specific gravity-adjusted

a
unadjusted continuous exposure models

b
continuous exposure models adjusted for infant age (weeks) and weight-for-length Z-score at AGD exam

c
unadjusted models (exposure dichotomized at the median)

d
models (exposure dichotomized at the median) adjusted for infant age (weeks) and weight-for-length Z-score at AGD exam
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Table 4.

Multivariable linear regression models between maternal urinary glyphosate or AMPA and male AGD 

measures (N=49)

AGD-AS AGD-AP

continuous exposure Beta SE p 95%CI Beta SE p 95%CI

Log SpG-adj glyphosate
a 0.26 0.73 0.72 (−1.20, 1.72) 0.57 0.83 0.50 (−1.10, 2.24)

Log SpG-adj glyphosate
b 0.37 0.68 0.59 (−0.99, 1.73) 0.78 0.69 0.26 (−0.61, 2.16)

Log SpG-adj AMPA
a −0.11 0.60 0.86 (−1.31, 1.09) −0.26 0.69 0.71 (−1.64, 1.12)

Log SpG-adj AMPA
b −0.31 0.56 0.58 (−1.43, 0.82) −0.52 0.57 0.36 (−1.68, 0.63)

categorical exposure Beta SE p 95%CI Beta SE p 95%CI

Glyphosate high
c 0.91 1.26 0.48 (−1.6, 3.4) 0.84 1.45 0.57 (−2.1, 3.8)

Glyphosate high
d 1.06 1.18 0.37 (−1.3, 3.4) 1.19 1.21 0.33 (−1.2, 3.6)

AMPA high
c 1.09 1.25 0.38 (−1.4, 3.6) 0.86 1.44 0.55 (−2.0, 3.8)

AMPA high
d 0.21 1.21 0.86 (−2.2, 2.6) −0.60 1.24 0.63 (−3.1, 1.9)

SE, standard error; Log, natural log; SpG-adj, specific gravity-adjusted

a
unadjusted continuous exposure models

b
continuous exposure models adjusted for infant age (weeks) and weight-for-length Z-score at AGD exam

c
unadjusted models (exposure dichotomized at the median)

d
models (exposure dichotomized at the median) adjusted for infant age (weeks) and weight-for-length Z-score at AGD exam
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