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Abstract

Background
Glyphosate-based herbicides (GBHs) are used extensively around the world and have become the leading
agrochemicals. However, study about the association between glyphosate exposure and diabetes is
scarce. This study used four years of NHANES data (2013–2016) to further investigate the association.

Methods
A total of 2,806 participants were enrolled in this cross-sectional study. The baseline information and
urine glyphosate levels in diabetic and non-diabetic groups were compared. We also divided urine
glyphosate levels into tertiles. Three models were developed using weighted logistic regression. Further
subgroup analyses based on categorical variables were also conducted.

Results
Urine glyphosate levels were 0.35ng/ml in people with diabetes and 0.44ng/ml in participants without
diabetes (P < 0.05). Regardless of adjustment, the highest glyphosate level in the tertile3 group was
signi�cantly linked with an elevated risk of diabetes (OR 1.595, 95% CI 1.016–2.504, P = 0.043) compared
to the tertile1 group. Subgroup analyses suggested that the associations were constant in participants
who were male, older age (60–100), had a college degree, income ratio = 5, BMI > 30, and smoking.

Conclusions
This study provides new evidence that glyphosate exposure was associated with a higher risk of diabetes
in the American general adult population.

1. Introduction
Diabetes mellitus (DM) is de�ned as a group of heterogeneous disorders characterized by an increase in
blood glucose concentrations (Roden, 2012). According to the global prevalence of diabetes study, the
overall number of DM would increase from 171 million in 2000 to 366 million in 2030 (Williams,
Karuranga, et al., 2020). DM was considered the direct cause of an estimated 1.6 million deaths among
chronic diseases in 2015 (Czajka, Matysiak-Kucharek, et al., 2019). Moreover, the estimated global health
expenditure on diabetes in 2019 is USD 760 billion, which is the highest in America (Williams, Karuranga,
et al., 2020). Because of the high disease burden, identifying modi�able risk factors for diabetes is
critical. Except for known risk factors including lifestyles and obesity, rising evidence indicates that
environmental exposures are linked to diabetes prevalence.
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Glyphosate, or N-phosphonometylglycine (CAS number: 1071-83-6), is a herbicide derived from the amino
acid glycine. Glyphosate-based herbicides (GBHs) are the most well-known active glyphosate formations
and are organophosphorus pesticides (OPs). GBHs are widely used in 140 countries and have become
one of the leading agrochemicals worldwide, with volumes increasing 100-fold since the 1970s (Myers,
Antoniou, et al., 2016). Several studies have identi�ed trace quantities of glyphosate in soil, air, water, and
even human blood and urine (Muñoz, Bleak, et al., 2021). A previous cross-sectional study indicated the
role of glyphosate as an endocrine-disruptor chemical (EDC) with an in�uence on blood sex hormone
concentrations (Geier and Geier, 2023). However, evidence for the association between glyphosate and
the incidence of diabetes is con�icted. A comparative investigation found that farmers exposed to
organophosphorus pesticides (OPs) were more likely to develop diabetes, with higher fasting blood
glucose (FBG) and oral GTT levels (Malekirad, Faghih, et al., 2013). However, the adjusted odds ratio (OR)
for the association between glyphosate and diabetes in agricultural health research (AHS) involving
33,457 registered pesticide applicators is insigni�cant (Montgomery, Kamel, et al., 2008). Therefore, more
clinical evidence is required to support the association.

To our knowledge, no studies have examined the association between urine glyphosate levels and the
incidence of DM in the general population before. In this study, we hypothesized that urine glyphosate
was independently associated with an increased risk of DM. We conducted cross-sectional research in
the US general population using data from the 2013–2016 National Health and Nutrition Examination
Surveys (NHANES).

2. Methods

2.1Study population
In this study, we obtained data from the NHANES database, which is publicly available on the CDC
website (https://www.cdc.gov/nchs/nhanes). The National Health and Nutrition Examination Survey
(NHANES) is a series of studies aiming to measure the health and nutritional status of adults and
children in the United States. The survey examines a nationally representative sample of about 5,000
persons each year. NHANES combines both interviews and physical examinations. The NHANES
interview includes demographic, socioeconomic, dietary, and health-related questions. The national center
for health statistics of the U.S. Centers for disease control and Prevention authorized the research
protocols, and each participant signed written informed consent.

Since only two NHANES circles (2013–2014, 2015–2016) contain urine glyphosate information, we
included an investigation of these two circles. Among them, 15,408 participants were excluded for a lack
of urine glyphosate data from the total sample (20,146). Participants with missing data on education (n 
= 1,674), income ratio (n = 251), diabetes mellitus (n = 1), and other missing covariates including alcohol
(n = 191), and body mass index (BMI) (n = 12) were also eliminated. Finally, 2,608 participants were
included for further analysis (Fig. 1).

2.2Urine glyphosate
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A one-third subsample of participants, who gave consent for their urine sample to be used in future
research, were eligible. The laboratory method uses 200 microliters of urine and is based on 2D-on-line
ion chromatography coupled with tandem mass spectrometry (IC-MS/MS) and isotope dilution
quanti�cation. The concentration of urine glyphosate was reported as ng/ml. The lower limit of detection
(LLOD) for glyphosate is 0.2ng/ml.

2.3Diagnosis of diabetes mellitus
Diabetes mellitus was the outcome variable (DM). DM was de�ned as a self-reported diagnosis of
diabetes using a questionnaire or having an HbA1c level ≥ 6.5%, a fasting plasma glucose (FPG) level ≥ 
7mmol/l, or a 2h OGTT plasma glucose level ≥ 11.1mmol/L.

2.4Covariates
As possible confounders, several sociodemographic, physical examination, and lifestyle factors were
evaluated. Sociodemographic variables included age, gender (male/female), race/ethnicity (Mexican
American, non-Hispanic White, non-Hispanic Black, Other Hispanic and other race), educational levels
(below 9th, 9-11th, high school, some college, college graduate) and income ratio. The income ratio was
classi�ed into two categories: =5 and < 5. BMI, which was computed using the weight-to-height ratio
squared, is the variable for physical examination. The variables for lifestyle included smoking and
alcohol use. Smoking was de�ned as smoking at least 100 cigarettes in life. Alcohol use was de�ned as
consuming at least 12 alcoholic drinks in a year. Diagnosis of hypertension was de�ned as
hypertension/high blood pressure told by a doctor or other health professional.

2.5Statistical analysis
Due to the complicated sample design of NHANES, we applied appropriate weights in data analysis. As
NHANES variables, WTSSCH2Y and WTSSGL2Y are special subsample weights for urine glyphosate in
2013–2014, and 2015–2016 respectively. Thus, population weights for the subsample in which
glyphosate was measured (WTSSCH2Y/WTSSGL2Y) were employed. Since the urine levels of glyphosate
were skewed distributed, we conducted log2-transformation to improve normal contribution. Continuous
variables were described using weighted means and interquartile ranges for non-normal distribution.
Categorical variables were described using absolute values and percentages. To compare the difference
between diabetes and the control group, the chi-square test was used for categorical data and the T-test
or Mann-Whitney U test was used for continuous variables.

We employed a multivariable logistic regression model to evaluate the association between urine
glyphosate and DM. The odds ratios (ORs) and their 95% con�dence intervals (95%CIs) were used to
quantify the association. Model 1 was not adjusted by any covariates. Model 2 was adjusted for
demographic variables including age, gender, race, education level, and income ratio. Model 3 was the
same as model 2, but with additional adjustments for smoking, alcohol use, BMI, and hypertension. Urine
glyphosate was constructed in the model both as a continuous and a categorical variable with the lowest
tertile serving as the reference group. Restricted cubic spline (RCS) regressions were used to evaluate the
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nonlinear relationship between urine glyphosate and the risk of DM. Based on the fully adjusted model,
subgroup analyses were conducted by categorical variables such as age, gender, education, race, income
ratio, BMI, smoking, alcohol use, and hypertension. All analysis was completed using R software (version
4.2.3). P value < 0.05 was considered statistically signi�cant.

3. Results

3.1Population characteristics
Table 1 shows the weighted baseline characteristics of the samples based on diabetes status. A total of
2,608 participants were eligible in the study, with 348 diagnosed with diabetes mellitus and 2260 as
control. Compared with non-diabetic participants, the diabetic group was more likely to be older, Mexican,
other Hispanic, and Black, with lower education levels, lower income ratio, hypertension, and greater BM.
On the other hand, the non-diabetic group was more likely to be non-Hispanic White and other races, had
a higher income ratio, and consumed more alcohol. Furthermore, the diabetic group had a higher median
urine glyphosate concentration (0.44ng/ml vs. 0.35 ng/ml, P < 0.05). In conclusion, most baseline
characteristics were signi�cantly different between the two groups, except for gender and smoking.
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Table 1
Survey-weighted, detailed characteristics of participants with diabetes status, available data on urine

glyphosate and other covariates
Variables Non-diabetes Diabetes P value

Number 2260 348  

Age, years (median, IQR) 47 (33–62) 62 (50–70) < 0.001

Gender%     0.298

Male 1091 (48.3) 179 (51.4)  

Female 1169 (51.7) 169 (48.6)  

Race/ethnicity%     < 0.001

Mexican 307 (13.6) 70 (20.1)  

Other Hispanic 223 (9.9) 43 (12.4)  

White 993 (43.9) 111 (31.9)  

Black 433 (19.2) 81 (23.3)  

Other 304 (13.5) 43 (12.4)  

Education levels%     < 0.001

Less than 9th 155 (6.9) 50 (14.4)  

9-11th 252 (11.2) 51 (14.7)  

High school 509 (22.5) 78 (22.4)  

Some college 745 (33.0) 117 (33.6)  

College graduate 599 (26.5) 52 (14.9)  

Family income to poverty ratio%     < 0.001

=5 431 (19.1) 34 (9.8)  

<5 1829 (80.9) 314 (90.2)  

Smoke%     0.191

No 1252 (55.4) 179 (51.4)  

Yes 1009 (44.6) 169 (48.6)  

Alcohol%     < 0.001

No 615(27.2) 128(36.8)  

Data are presented as median (IQR) or n (%); Sampling weights were applied for calculation of
descriptive characteristics; IQR, interquartile range; BMI, body mass index.



Page 7/16

Variables Non-diabetes Diabetes P value

Yes 1645(72.8) 220(63.2)  

Hypertension%     < 0.001

No 1518(67.2) 87(25)  

Yes 742(32.8) 261(75)  

BMI (kg/m2) (median, IQR) 27.8 (24.0-32.4) 31.5 (27.8–36.6) < 0.001

Glyphosate (ng/ml) (median, IQR) 0.35 (0.14–0.59) 0.44 (0.27–0.81) < 0.001

Data are presented as median (IQR) or n (%); Sampling weights were applied for calculation of
descriptive characteristics; IQR, interquartile range; BMI, body mass index.

3.2Association between urine glyphosate with the
prevalence of diabetes mellitus
The association between urine glyphosate and diabetes prevalence was shown in Table 2. When taking
log2-transformed urine glyphosate as a continuous variable, both the univariate and multivariate logistic
regression demonstrated a signi�cant association. Log2-transformed urine glyphosate was shown to be
signi�cantly linked with an elevated risk of diabetes in univariate weighted logistic regression analysis
(Model1: OR = 1.336, 95%CI 1.176–1.518, P < 0.001). After adjusting for baseline covariates, a signi�cant
positive association was still present in Model 2 (OR = 1.26, 95%CI 1.09–1.456, P = 0.003). Moreover, even
after fully adjusting for other confounding factors, the association still existed in Model 3 (OR = 1.219,
95%CI 1.039–1.43, P = 0.019). When log2-transformed urine glyphosate was divided into tertiles,
participants with the highest urine glyphosate (tertile3) showed an increased risk of DM (OR = 1.595,
95%CI 1.016–2.504, P = 0.043) using tertile1 as a reference, regardless of the adjustments (p for trend < 
0.05). The dose-response associations between log2-transformed urine glyphosate and the prevalence of
diabetes were visualized in Fig. 2. According to multivariate RCS regression, urine glyphosate was linearly
and positively linked with diabetes prevalence (P for nonlinearity > 0.05).
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Table 2
Multiple logistic regression associations between urine glyphosate and risk of diabetes

Model Continuous
glyphosate

Tertile1 Tertile2 Tertile3 p-t

  OR
(95%CI)

Pval. OR OR (95%CI) Pval. OR (95%CI) Pval.  

Model
1

1.336
(1.176–
1.518)

< 
0.001

1(Ref.) 1.275(0.858–
1.895)

0.219 2.162(1.516–
3.083)

< 
0.001

< 
0.001

Model
2

1.26
(1.09–
1.456)

0.003 1(Ref.) 1.133(0.723–
1.775)

0.567 1.813(1.192–
2.757)

0.008 0.005

Model
3

1.219
(1.039–
1.43)

0.019 1(Ref.) 1.043(0.643–
1.69)

0.855 1.595(1.016–
2.504)

0.043 0.029

Mode 1 was not adjusted by any covariate; Model 2 was adjusted for gender, race, age, education and
income ratio; Model 3 was adjusted as model 2 plus smoke, alcohol use, hypertension and BMI; OR,
odd ratio; CI, con�dential interval; Ref., reference, Pval., P value; p-t, p for trend.

3.3Subgroup analysis
To determine whether the association between urine glyphosate and the prevalence of diabetes was
consistent in different groups, we conducted subgroup analyses (Fig. 3). In the subgroups of male (OR
1.276, 95%CI 1.01–1.612), 60–100 years old (OR 1.272 ,95%CI 1.001–1.616), college degree (OR 1.257,
95%CI 1.004–1.574), income ratio = 5 (OR 1.370, 95%CI 1.060–1.769), BMI > 31 (OR 1.304, 95%CI 1.053–
1.614), smoking (OR 1.242, 95%CI 1.049–1.471), with and without hypertension (OR 1.217, 95%CI 1.004–
1.475; OR 1.309, 95%CI 1.058–1.621), the association was still signi�cant. The variables adjusted in
Model3 were all retained in the subgroup analysis except for the stratifying variable. Furthermore, no
interactions between urine glyphosate and subgroup variables were identi�ed (P for interaction > 0.05).

4. Discussions
Based on the 2013–2016 NHANES survey of the 20,147 American general population, we investigated the
association between urine glyphosate levels and diabetes incidence for the �rst time. Results of this
cross-sectional study indicated that urine glyphosate concentration, whether taken as a continuous or
tertile variable, was signi�cantly associated with elevated incidence of diabetes after full adjustment for
covariates. The further RCS regression analysis showed the linearity of the association. Moreover, our
subgroup analyses revealed that participants of male, elder age, higher education level, higher income
ratio, higher BMI, and smokers were more vulnerable to glyphosate exposure. Our study provides new
clinical evidence for the potential health risks of glyphosate exposure in the environment.
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Due to limited evidence on the health risk of environmental glyphosate exposure, there is still a dispute
over its safety (Mesnage and Antoniou, 2017). A recent review concluded that glyphosate satis�ed eight
out of ten key characteristics of EDC (Muñoz, Bleak, et al., 2021). Several epidemiological investigations
also demonstrated that glyphosate has a negative impact on the reproductive system and thyroid
function (Agostini, Dettogni, et al., 2020). Nevertheless, few studies investigated the association between
glyphosate exposure and the risk of diabetes separately. Most studies focused on the impact of mixed
exposure, such as herbicides or OP exposure. A prospective cohort study of 224 Indian participants
showed that acute poisoning with organophosphorus insecticides, except herbicides, was signi�cantly
associated with higher mean FBG and 2-hour serum glucose concentration (Gifford, Chathuranga, et al.,
2019). A case-control research on Thai farmers indicated that the prevalence of diabetes was positively
associated with various pesticides except glyphosate (OR: 1.08, 95% CI: 0.72–1.61) (Juntarawijit and
Juntarawijit, 2018). Furthermore, the agricultural health study (AHS) of 11,273 pregnant women found
that participants who had been exposed to agricultural pesticides were more likely to have gestational
diabetes mellitus (GDM), however, the connection was not signi�cant for glyphosate (Saldana, Basso, et
al., 2007). The clinical studies mentioned above all found no signi�cant association between glyphosate
exposure and the incidence of diabetes. Compared with earlier studies, this is the �rst study to reveal a
positive association between glyphosate and diabetes incidence. The difference in results may be
attributed to two factors: study populations and exposure measurement. The AHS study focused on
licensed pesticide applicators and their spouses as study populations to explore the impact of
occupational glyphosate exposure. However, our analysis was based on an NHANES survey of American
general populations. Despite focusing on metabolites of organophosphorus insecticides, cross-sectional
research based on the NHANES survey found that exposure to OPs might increase the incidence of
diabetes (Guo, Wang, et al., 2022). Previous research has used a questionnaire to measure pesticide
exposure, which captures the categories, durations, and frequency of pesticide use. In this study, we used
urine glyphosate concentration to assess exposure. Our study at least pointed out the potential
correlation between glyphosate exposure and the incidence of diabetes in general populations. However,
data from large-scale prospective cohort research is still required to validate the association.

Although few research focuses on the underlying mechanisms between glyphosate and diabetes
incidence, a conclusive review pointed out that OPs might raise the risk of diabetes by inducing insulin
resistance (IR) (Lasram, Dhouib, et al., 2014). The review identi�ed four potential mechanisms leading to
IR: glucose metabolism, lipotoxic effect, in�ammation, and oxidative stress. For glucose metabolism, a
study showed that glyphosate combined with a high-fructose diet (FRC) could increase FBG and induce
T2DM in rats (Kale, Vongdip, et al., 2021). Recent research also found that plasma residues of OPs were
positively associated with HbA1c in mice and gut microbial degradation of OPs could promote glucose
intolerance via gluconeogenesis (Velmurugan, Ramprasath, et al., 2017). Alterations in glucose
metabolism result in hyperglycemia, which further activates the apoptotic signaling pathway of
pancreatic ß cells (Lasram, Dhouib, et al., 2014). In terms of lipotoxicity, a previous study showed that
chlorpyrifos could affect lipids metabolism in rats, resulting in higher levels of triglycerides, LDL, and
lower levels of HDL (Acker and Nogueira, 2012). Moreover, an in vitro study found that glyphosate could



Page 10/16

repress 3T3-L1 �broblasts differentiation and proliferation while increasing lipid peroxidation through
inhibition of peroxisome proliferator-activated receptors (PPAR gamma) (Martini, Gabrielli, et al., 2016).
Lipid metabolism disruption is further associated with the interruption of the insulin receptor/insulin
receptor substrate-1 pathway, which contributes to insulin resistance (Lasram, Dhouib, et al., 2014).
In�ammation pathways such as NF-kß, JNK, and IKKß are considered to be associated with decreased
insulin sensitivity. In one study, intraperitoneal injection of diazinon increased serum in�ammation
biomarkers such as TNF and S100B levels in rats (Hariri, Moallem, et al., 2010). However, research on
glyphosate and in�ammation is de�cient. Several studies found that glyphosate is associated with
increased oxidative stress, which disturbs redox balance and inhibits the insulin signaling pathway. A
study involving 56 male albno rats indicated that Roundup (a type of GBH) exposure was associated with
decreased GSH concentration and increased lipid peroxidation (Owagboriaye, Dedeke, et al., 2019). In
addition, an in vitro study on isolated rat liver mitochondrial revealed that Roundup inhibited ATPase
activity and induced mitochondrial membrane permeabilization(Peixoto, 2005). In conclusion, glyphosate
is associated with alterations in glucose, lipids metabolism, in�ammation, and increased oxidative stress,
all of which result in IR and may be a potential mechanism for diabetes, but results from more basic
research are required.

Our research has several limitations. First, because this is a cross-sectional study, we were unable to
determine a causal relationship between glyphosate and diabetes. Second, due to the limitations of the
public dataset, the sources of glyphosate exposure are unknown. Different GBH contains a variety of
additional ingredients, which may contribute to bias in the study. Future studies could focus more on the
effect of various GBH formulations. Third, direct glyphosate exposure measurements are not available.
Urine glyphosate levels may be affected by intra-individual variability, and thus the association between
glyphosate and diabetes may be underestimated in our study. Fourth, the participants of our study only
included American adults, which hinder the generality to other ethnicities.

5. Conclusion
Our study is the �rst to reveal that glyphosate exposure is associated with an increased incidence of
diabetes in general American populations. Except for potential EDC, we provide new clinical evidence for
the health risk of glyphosate exposure. However, our results still need con�rmation from more clinical and
basic studies.

Declarations
Consent to Participate

Informed consent was obtained from all individual participants in the original NHANES study.

Consent to Publish



Page 11/16

The Author con�rms that the work described has not been published before and it is not under
consideration for publication elsewhere and its publication has been approved by all co-authors.

Author Contributions 

Xiaoyi Qi: conceptualization, data curation, formal analysis, writing-original draft; Qianwen Huang:
writing-original draft, methodology, visualization; Xiongbiao Chen: data curation, formal analysis, and
methodology; Liangxian Qiu: conceptualization and data curation; Shijia Wang: supervision and funding
acquisition; Kunfu Ouyang: writing-review and editing; Yanjun Chen: writing -review and editing, funding
acquisition. 

Funding 

This work was sponsored by Shenzhen Science and Technology Innovation Foundation (No.
JCYJ20180228162359914) and Guangdong-Shenzhen Joint Fund Youth Project (No.
2021A1515111110).

Ethical Approval 

Not applicable.

Competing Interests

The authors have no relevant �nancial or non-�nancial interests to disclose.

Acknowledgments 

We appreciate NHANES for providing the publicly available data.

References
1. Acker, C. I. and C. W. Nogueira,2012. Chlorpyrifos acute exposure induces hyperglycemia and

hyperlipidemia in rats. Chemosphere 89(5): 602-608.DOI: 10.1016/j.chemosphere.2012.05.059.

2. Agostini, L. P., R. S. Dettogni, R. S. Dos Reis, E. Stur, E. V. W. Dos Santos, D. P. Ventorim, F. M. Garcia,
R. C. Cardoso, J. B. Graceli and I. D. Louro,2020. Effects of glyphosate exposure on human health:
Insights from epidemiological and in vitro studies. Sci Total Environ 705: 135808.DOI:
10.1016/j.scitotenv.2019.135808.

3. Czajka, M., M. Matysiak-Kucharek, B. Jodlowska-Jedrych, K. Sawicki, B. Fal, B. Drop, M. Kruszewski
and L. Kapka-Skrzypczak,2019. Organophosphorus pesticides can in�uence the development of
obesity and type 2 diabetes with concomitant metabolic changes. Environ Res 178: 108685.DOI:
10.1016/j.envres.2019.108685.

4. Geier, D. A. and M. R. Geier,2023. Urine glyphosate exposure and serum sex hormone disruption
within the 2013-2014 National Health and Nutrition Examination Survey (NHANES). Chemosphere



Page 12/16

316: 137796.DOI: 10.1016/j.chemosphere.2023.137796.

5. Gifford, R. M., U. Chathuranga, T. Lamb, V. Verma, M. A. Sattar, A. Thompson, S. Siribaddana, A.
Ghose, S. Forbes, R. M. Reynolds and M. Eddleston,2019. Short-term glucose dysregulation following
acute poisoning with organophosphorus insecticides but not herbicides, carbamate or pyrethroid
insecticides in South Asia. Clin Toxicol (Phila) 57(4): 254-264.DOI:
10.1080/15563650.2018.1515438.

�. Guo, X., H. Wang, Q. Song, N. Li, Q. Liang, W. Su, M. Liang, X. Ding, C. Sun, S. Lowe and Y. Sun,2022.
Association between exposure to organophosphorus pesticides and the risk of diabetes among US
Adults: Cross-sectional �ndings from the National Health and Nutrition Examination Survey.
Chemosphere 301: 134471.DOI: 10.1016/j.chemosphere.2022.134471.

7. Hariri, A. T., S. A. Moallem, M. Mahmoudi, B. Memar and H. Hosseinzadeh,2010. Sub-acute effects of
diazinon on biochemical indices and speci�c biomarkers in rats: protective effects of crocin and
safranal. Food Chem Toxicol 48(10): 2803-2808.DOI: 10.1016/j.fct.2010.07.010.

�. Juntarawijit, C. and Y. Juntarawijit,2018. Association between diabetes and pesticides: a case-control
study among Thai farmers. Environ Health Prev Med 23(1): 3.DOI: 10.1186/s12199-018-0692-5.

9. Kale, O. E., M. Vongdip, T. F. Ogundare and O. Osilesi,2021. The use of combined high-fructose diet
and glyphosate to model rats type 2 diabetes symptomatology. Toxicol Mech Methods 31(2): 126-
137.DOI: 10.1080/15376516.2020.1845889.

10. Lasram, M. M., I. B. Dhouib, A. Annabi, S. El Fazaa and N. Gharbi,2014. A review on the molecular
mechanisms involved in insulin resistance induced by organophosphorus pesticides. Toxicology
322: 1-13.DOI: 10.1016/j.tox.2014.04.009.

11. Malekirad, A. A., M. Faghih, M. Mirabdollahi, M. Kiani, A. Fathi and M. Abdollahi,2013.
Neurocognitive, mental health, and glucose disorders in farmers exposed to organophosphorus
pesticides. Arh Hig Rada Toksikol 64(1): 1-8.DOI: 10.2478/10004-1254-64-2013-2296.

12. Martini, C. N., M. Gabrielli, J. N. Brandani and C. Vila Mdel,2016. Glyphosate Inhibits PPAR Gamma
Induction and Differentiation of Preadipocytes and is able to Induce Oxidative Stress. J Biochem Mol
Toxicol 30(8): 404-413.DOI: 10.1002/jbt.21804.

13. Mesnage, R. and M. N. Antoniou,2017. Facts and Fallacies in the Debate on Glyphosate Toxicity.
Front Public Health 5: 316.DOI: 10.3389/fpubh.2017.00316.

14. Montgomery, M. P., F. Kamel, T. M. Saldana, M. C. Alavanja and D. P. Sandler,2008. Incident diabetes
and pesticide exposure among licensed pesticide applicators: Agricultural Health Study, 1993-2003.
Am J Epidemiol 167(10): 1235-1246.DOI: 10.1093/aje/kwn028.

15. Muñoz, J. P., T. C. Bleak and G. M. Calaf,2021. Glyphosate and the key characteristics of an
endocrine disruptor: A review. Chemosphere 270.DOI: 10.1016/j.chemosphere.2020.128619.

1�. Myers, J. P., M. N. Antoniou, B. Blumberg, L. Carroll, T. Colborn, L. G. Everett, M. Hansen, P. J.
Landrigan, B. P. Lanphear, R. Mesnage, L. N. Vandenberg, F. S. Vom Saal, W. V. Welshons and C. M.
Benbrook,2016. Concerns over use of glyphosate-based herbicides and risks associated with
exposures: a consensus statement. Environ Health 15: 19.DOI: 10.1186/s12940-016-0117-0.



Page 13/16

17. Owagboriaye, F., G. Dedeke, K. Ademolu, O. Olujimi, A. Aladesida and M. Adeleke,2019. Comparative
studies on endogenic stress hormones, antioxidant, biochemical and hematological status of
metabolic disturbance in albino rat exposed to roundup herbicide and its active ingredient
glyphosate. Environ Sci Pollut Res Int 26(14): 14502-14512.DOI: 10.1007/s11356-019-04759-1.

1�. Peixoto, F.,2005. Comparative effects of the Roundup and glyphosate on mitochondrial oxidative
phosphorylation. Chemosphere 61(8): 1115-1122.DOI: 10.1016/j.chemosphere.2005.03.044.

19. Roden, M.,2012. [Diabetes mellitus: De�nition, classi�cation and diagnosis]. Wien Klin Wochenschr
124 Suppl 2: 1-3.DOI: 10.1007/s00508-012-0269-z.

20. Saldana, T. M., O. Basso, J. A. Hoppin, D. D. Baird, C. Knott, A. Blair, M. C. Alavanja and D. P.
Sandler,2007. Pesticide exposure and self-reported gestational diabetes mellitus in the Agricultural
Health Study. Diabetes Care 30(3): 529-534.DOI: 10.2337/dc06-1832.

21. Velmurugan, G., T. Ramprasath, K. Swaminathan, G. Mithieux, J. Rajendhran, M. Dhivakar, A.
Parthasarathy, D. D. Babu, L. J. Thumburaj, A. J. Freddy, V. Dinakaran, S. S. Puhari, B. Rekha, Y. J.
Christy, S. Anusha, G. Divya, K. Suganya, B. Meganathan, N. Kalyanaraman, V. Vasudevan, R.
Kamaraj, M. Karthik, B. Jeyakumar, A. Abhishek, E. Paul, M. Pushpanathan, R. K. Rajmohan, K.
Velayutham, A. R. Lyon and S. Ramasamy,2017. Gut microbial degradation of organophosphate
insecticides-induces glucose intolerance via gluconeogenesis. Genome Biol 18(1): 8.DOI:
10.1186/s13059-016-1134-6.

22. Williams, R., S. Karuranga, B. Malanda, P. Saeedi, A. Basit, S. Besancon, C. Bommer, A. Esteghamati,
K. Ogurtsova, P. Zhang and S. Colagiuri,2020. Global and regional estimates and projections of
diabetes-related health expenditure: Results from the International Diabetes Federation Diabetes
Atlas, 9th edition. Diabetes Res Clin Pract 162: 108072.DOI: 10.1016/j.diabres.2020.108072.

Figures



Page 14/16

Figure 1

Flow chart of participant selection from the NHANES 2013-2016
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Figure 2

Restricted cubic spline (RCS) plot for glyphosate and diabetes
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Figure 3

Subgroup analysis for the association between urine glyphosate and diabetes


