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Abstract: Purpose: Glyphosate and glyphosate-based herbicides (GBHs) are widely used
across the globe. Experimental research indicates that these herbicides may elevate ox-
idative stress and impair mitochondrial function. However, the relationship between
glyphosate exposure, oxidative stress, and mitochondrial function remains poorly char-
acterized in epidemiological studies. In particular, the role of oxidative stress and mito-
chondrial function biomarkers in mediating the mortality risk associated with glyphosate
exposure in nationally representative populations is not well understood. Approach and
Results: In this study, we utilized data from the 2013-2014 National Health and Nutri-
tion Examination Survey (NHANES), encompassing 1464 participants aged 18 years and
older. This dataset was linked to mortality records from the National Center for Health
Statistics (NCHS), with follow-up data extending through 2019. The primary objective
was to examine the associations between urinary glyphosate levels and biomarkers of
oxidative stress and mitochondrial function—specifically pyrazino-s-triazine derivative
of 4-«-hydroxy-5-methyl-tetrahydrofolate (MeFox) and methylmalonic acid (MMA)—and
to evaluate the role of these biomarkers in influencing glyphosate-related mortality out-
comes. Results: Urinary glyphosate levels were positively associated with serum MMA
and MeFox in weighted multiple linear regression models. For MMA, glyphosate showed
significant positive associations in both adjusted models (Model 2: 3 = 0.061, p = 0.001).
Similarly, urinary glyphosate was strongly associated with MeFox in all models (Model 2:
3 =0.215, p < 0.001). During a median follow-up of 69.57 months, 116 deaths occurred,
including 44 from cardiovascular causes. Glyphosate was not significantly associated with
all-cause or cardiovascular mortality in the overall population. However, subgroup analysis
revealed significant associations in individuals with higher MeFox levels (>50th percentile)
for all-cause mortality (HR = 1.395, p = 0.027) and borderline associations for cardiovascular
mortality (HR = 1.367, p = 0.051). When adjusted for MMA, glyphosate was significantly
associated with increased all-cause mortality in participants with MMA levels below the
50th percentile (HR = 2.679, p = 0.001), with a significant interaction between glyphosate
and MMA for all-cause (p = 0.002) and cardiovascular mortality (p = 0.038). Conclusions:
In this comprehensive analysis of NHANES data, urinary glyphosate levels were associated
with biomarkers of oxidative stress and mitochondrial function. While no overall mortality
associations were observed, glyphosate exposure was linked to increased all-cause mortal-
ity in subgroups with lower MMA or higher MeFox levels. These findings highlight the
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role of oxidative stress and mitochondrial function in glyphosate-related health risks and
the need for further research to identify vulnerable populations.

Keywords: glyphosate; glyphosate-based herbicides (GBHs); pyrazino-s-triazine derivative
of 4-o-hydroxy-5-methyl-tetrahydrofolate (MeFox); methylmalonic acid (MMA); mortality;
National Health and Nutrition Examination Survey (NHANES)

1. Introduction

Glyphosate and glyphosate-based herbicides (GBHs), first introduced commercially
in 1974, have become the most widely used herbicides globally, owing to their broad-
spectrum efficacy and reputation for safety [1]. Their effectiveness stems from their unique
mechanism of action, which targets 5-enolpyruvylshikimate-3-phosphate synthase in the
shikimate pathway, critical for plant growth [1]. The adoption of glyphosate-resistant
transgenic crops in 1996 significantly increased the use of glyphosate and GBHs, with
nearly 90% of such crops engineered for glyphosate resistance [2]. Despite their widespread
adoption, concerns have arisen over glyphosate’s environmental and health impacts. They
have been shown to contaminate water sources and infiltrate the food chain [3]. In 2015,
the World Health Organization classified glyphosate as a Group 2A carcinogen, which
heightened concerns about its safety [3]. In addition to its potential link to cancer, recent
research has connected glyphosate exposure in the general population to a range of health
problems, such as anemia, disruptions in iron homeostasis, diabetes, metabolic syndrome,
and cognitive impairment [4-7]. Furthermore, a nationwide study found a correlation
between urinary glyphosate concentrations and a heightened risk of death [8].

Experimental studies have consistently demonstrated that glyphosate and GBHs in-
crease oxidative stress across various cell types [9-11]. They are also known to impair
mitochondrial function, including disruptions in mitochondrial membrane potential and
oxidative phosphorylation [12-14]. Epidemiological studies have identified positive as-
sociations between glyphosate exposure and oxidative stress biomarkers, such as lipid
peroxidation markers (e.g., 8-iso-prostaglandin-F2« and malondialdehyde) and DNA ox-
idation markers [15-18]. However, no study to date has comprehensively examined the
relationship between glyphosate exposure and a broad spectrum of mitochondrial func-
tion biomarkers. Methylmalonic acid (MMA) is a key biomarker that reflects the proper
functioning of the Krebs cycle, a crucial pathway within mitochondria [19]. Since mito-
chondrial dysfunction often leads to increased oxidative stress [20], elevated MMA levels
indicate both impaired mitochondrial function and increased oxidative stress. Addition-
ally, MeFox (pyrazino-s-triazine derivative of 4-a-hydroxy-5-methyl-tetrahydrofolate), a
stable oxidation product of 5-methyltetrahydrofolate (5-MTHEF), is considered a biomarker
of folate metabolism and oxidative stress [21,22]. Given the intricate interplay between
one-carbon metabolism, oxidative stress, and mitochondrial function [23], MeFox levels
may also indirectly reflect mitochondrial dysfunction. Elevated MMA and MeFox levels
have been associated with an increased risk of various chronic diseases in epidemiological
studies [24-27]. However, no epidemiological studies to date have explored the relation-
ship between glyphosate exposure, MMA, and MeFox or the role of these biomarkers in
connecting glyphosate exposure to mortality risk.

To address this gap in knowledge, we utilized the 2013-2014 National Health and
Nutrition Examination Survey (NHANES), a unique dataset that includes comprehensive
measurements of urinary glyphosate, serum MMA, and serum MeFox, alongside mortality
outcomes tracked by the National Center for Health Statistics (NCHS) through 2019. This
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rich dataset provided a valuable opportunity to investigate the interrelationships between
glyphosate exposure, biomarkers of oxidative stress and mitochondrial function (repre-
sented by MeFox and MMA), and mortality risk in a nationally representative sample of
U.S. adults. Our study aimed to advance the understanding of how glyphosate exposure
interacts with key biological pathways—oxidative stress and mitochondrial function—and
their potential roles in shaping mortality risks.

2. Materials and Methods
2.1. Study Population

The NHANES, a biennial survey, provides a comprehensive overview of the health and
nutritional status of the U.S. population. Detailed information regarding survey methodol-
ogy and consent procedures is available on the NHANES website [28]. This study utilized
data from the NHANES 2013-2014 cycle, which initially included 10,175 participants. Of
these, 6113 were aged 18 years or older. A total of 4523 participants were excluded due to
missing data on urinary glyphosate, serum MeFox, or serum MMA. Among the remaining
1590 eligible individuals, 126 were further excluded due to incomplete covariate informa-
tion. The final analytic sample consisted of 1464 adults. The participant selection process is
illustrated in Figure 1.

NHANES 2013-2014 population
(N=10175)

Y

18 years of age or older

Ne6113) N=4062

Y

Available glyphosate, Mefox,
and MMA measurement
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Figure 1. Flow chart algorithm.

2.2. Measurement of Urinary Glyphosate Levels

For participants aged 19 years and older, the NHANES 2013-2014 survey assessed
urinary glyphosate concentrations in a one-third subsample of participants. This study
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utilized data from glyphosate levels, which were determined using liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS). Analyses followed the Clinical Labo-
ratory Improvement Amendments guidelines to ensure accuracy. The limit of detection
(LOD) of glyphosate was 0.2 ng/mL. For concentrations below LOD, a value of LOD/ /2
was imputed, following the NHANES protocol. Detailed methodologies for glyphosate
analysis are available on the NHANES website [29].

2.3. Measurement of Serum MeFox

For participants aged 19 years and older, the NHANES 2013-2014 survey assessed
serum MeFox in all participants. Serum MeFox was measured using the LC-MS/MS
method. MeFox was separated under isocratic mobile phase conditions within six minutes
and quantified via LC-MS/MS. The LOD of MeFox was 0.08 nmol/L. For concentrations
below LOD, a value of LOD/ /2 was imputed. Detailed methodologies for MeFox analysis
are available on the NHANES website [30].

2.4. Measurement of Serum MMA

The NHANES 2013-2014 survey assessed serum MMA in all participants in partici-
pants aged 19 years and older. MMA was analyzed using LC-MS/MS after derivatization to
its dibutylester. Serum samples were extracted using liquid-liquid extraction, followed by
derivatization with butanol. The resulting dibutylester was then analyzed by LC-MS/MS
using multiple reaction monitoring. Chromatographic separation was achieved within
5.9 min using isocratic mobile phase conditions, ensuring separation from isobaric succinic
acid. The LOD of MMA was 22.1 nmol/L. For values below the LOD, a value of LOD//2
was imputed. Detailed methodologies for MMA analysis are available on the NHANES
website [31].

2.5. Covariates

Data from the NHANES database were utilized, encompassing a range of variables.
Sociodemographic factors were included alongside smoking status, classified as active
smokers, individuals exposed to environmental tobacco smoke (ETS), and non-smokers.
Alcohol consumption was categorized based on whether participants reported consum-
ing at least 12 alcoholic drinks in the past year. Other variables included the body mass
index (BMI) and physical activity levels, which were measured using metabolic equiv-
alent scores and grouped into tertiles [32]. Hypertension was defined as blood pres-
sure readings > 140/90 mmHg or the use of antihypertensive medication. Diabetes was
identified based on fasting serum glucose levels > 126 mg/dL, glycated hemoglobin
levels > 6.5%, or the use of diabetes medication. Hypercholesterolemia was determined by
low-density lipoprotein cholesterol levels > 130 mg/dL or the use of cholesterol-lowering
medication. Chronic kidney disease was defined as an estimated glomerular filtration
rate of < 60 mL/min/1.73 m?2 [33]. Serum vitamin B12 levels were measured using the
Elecsys Vitamin B12 assay, an automated test that forms a complex with intrinsic factor
and biotin-labeled vitamin B12. The resulting chemiluminescent signal was measured to
determine vitamin B12 concentration based on a calibration curve [34]. Urinary creatinine
was analyzed as an independent variable to adjust for variations in urine concentration.

2.6. Outcomes

The NCHS has linked the 2013-2014 NHANES data to national mortality records,
allowing for long-term follow-up of participant health outcomes. This linkage provides
comprehensive data on all-cause and cause-specific mortality through 2019 for participants
aged 18 and older. For this study, we utilized data on participant survival status and
follow-up duration. Given the relatively short follow-up period and limited number of
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observed deaths, our analysis focused on all-cause and cardiovascular mortality. A detailed
description of the analytical methods employed in this study is available on the NCHS
website [35].

2.7. Statistics

The data analysis involved calculating the geometric mean and geometric standard
error of urinary glyphosate, MeFox, and MMA across various population subgroups. To
evaluate distinctions among subgroups, we utilized two statistical approaches: two-tailed
Student’s t-tests for comparing pairs of groups and one-way analysis of variance for
analyzing differences across multiple groups. Natural logarithm (In) transformations were
applied to glyphosate, MeFox, MMA, urinary creatinine, and serum vitamin B12 due
to their skewed distributions. To ensure population representativeness and obtain valid
estimates and standard errors, analyses accounted for the NHANES’s complex multistage
sampling design by incorporating examination weights, primary sampling units, and strata,
in accordance with the NHANES analytic guidelines [36]. Linear regression analyses with
complex sampling were conducted to explore associations between urinary glyphosate,
MeFox, and MMA. Two regression models were employed to adjust for confounders.
Model 1 accounted for age, sex, race/ ethnicity, the poverty-to-income ratio, the BMI, urinary
creatinine, smoking status, alcohol use, physical activity levels, and serum vitamin B12
levels. Model 2 included all variables from Model 1 and further adjusted for hypertension,
diabetes mellitus, chronic kidney disease, and hypercholesterolemia. Only associations
that remained statistically significant in both models were deemed robust, demonstrating
their stability despite the inclusion of additional confounders. To assess the dose-response
relationship, we divided urinary glyphosate into quartiles and applied a complex-samples
general linear model (Model 2 covariates) to obtain adjusted least-square means for In-
MeFox and In-MMA; these were back-transformed to geometric means =+ SE, and trend
p-values were derived by modelling quartile medians as an ordinal term. We also produced
weighted scatter-plot regressions for In-urinary glyphosate versus In-serum MeFox and
In-serum MMA, using the same covariate set as Model 2.

Mortality hazard ratios (HRs) were evaluated per unit increase in urinary glyphosate.
The analysis utilized weighted Cox proportional hazards regression, adjusting for covari-
ates defined in either Model 3 (Model 2 plus MeFox) or Model 4 (Model 2 plus MMA)
to examine the influence of MeFox or MMA on glyphosate-related all-cause mortality.
To evaluate effect modification, we dichotomized serum MeFox and serum MMA sepa-
rately. Weighted Cox proportional-hazards models were then fitted within each stratum
(MeFox < median vs. > median; MMA < median vs. > median). An interaction term
(In-glyphosate x biomarker stratum) was tested in the overall cohort to assess statistical
interaction. Statistical analyses were performed using SPSS version 20 (SPSS Inc., Chicago,
IL, USA), with statistical significance set at a p-value of 0.05.

3. Results

The study participants had an average age of 48.64 years (£17.75), with ages spanning
from 19 to 80 years. Glyphosate was detectable in 79.8% of individuals, with a mean
concentration of 0.54 pug/L (£0.53) and a range of 0.14 to 6.46 pg/L. The average serum
MeFox level was 2.09 nmol/L (£1.85), ranging from 0.17 to 22.90 nmol/L. Additionally,
the mean serum MMA concentration was 174.12 nmol/L (+132.55), with values varying
between 26.7 and 1610.00 nmol /L.

Table 1 presents the geometric means of glyphosate, MeFox, and MMA among differ-
ent subgroups. Females and older adults exhibited higher glyphosate levels (adjusted for
urinary creatinine), while both MeFox and MMA increased with age. Ethnicity significantly
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influenced all biomarkers, with non-Hispanic White people showing the highest levels
of glyphosate, MeFox, and MMA. Participants with hypertension, diabetes, and hyperc-
holesterolemia had elevated levels of all three biomarkers, while those with chronic kidney
disease had significantly higher MeFox and MMA levels. Smoking status and the BMI
showed minimal associations, with non-smokers exhibiting higher levels of both urinary
glyphosate and MeFox, while individuals with a higher BMI had increased MeFox levels.

Table 1. The geometric means (geometric SE) of urinary glyphosate, MeFox, and MMA in
different subgroups.

Glyphos.a t? (ug/g MeFox (nmol/L) MMA (nmol/L)
Creatinine)
Geometric Geometric Geometric
Means (SE) p Value Means (SE) p Value Means (SE) p Value
Total 1464 0.43 (1.01) 1.61 (1.02) 151.15 (1.01)
Sex <0.001 0.155 0.942
Males 707 0.37 (1.03) 1.62 (1.02) 153.96 (1.03)
Females 757 0.48 (1.03) 1.61 (1.02) 148.58 (1.03)
Age (years) <0.001 <0.001 <0.001
19-39 498 0.35 (1.03) 1.39 (1.03) 129.76 (1.02)
40-59 512 0.43 (1.03) 1.52 (1.03) 147.88 (1.02)
> 60 454 0.54 (1.04) 2.03 (1.04) 183.16 (1.02)
Ethnicity <0.001 <0.001 <0.001
Mexican-American 187 0.38 (1.06) 1.30 (1.05) 134.60 (1.04)

Other Hispanic 128 0.42 (1.07) 1.45 (1.06) 142.74 (1.05)
Non-Hispanic White 681 0.47 (1.03) 1.87 (1.03) 170.33 (1.02)
Non-Hispanic Black 261 0.36 (1.05) 1.30 (1.04) 132.80 (1.03)
Non-Hispanic Asian 164 0.45 (1.06) 1.64 (1.06) 134.15 (1.04)

Other ethnicity 43 0.36 (1.12) 2.02 (1.10) 154.82 (1.08)

Smoking status 0.011 0.010 0.337

Non-smoker 893 0.45 (1.03) 1.69 (1.02) 151.50 (1.02)
ETS 210 0.40 (1.06) 1.52 (1.05) 144.96 (1.03)
Current smoker 361 0.40 (1.04) 1.50 (1.04) 154.00 (1.02)
BMI 0.343 <0.001 0.864

<25 440 0.45 (1.04) 1.50 (1.03) 151.33 (1.02)

25-29 464 0.43 (1.04) 1.51 (1.03) 152.41 (1.02)

> 30 560 0.42 (1.03) 1.80 (1.03) 149.98 (1.02)
Hypertension <0.001 <0.001 <0.001

No 848 0.40 (1.03) 1.45 (1.01) 140.34 (1.02)

Yes 616 0.46 (1.03) 1.87 (1.02) 167.41 (1.03)
Diabetes Mellitus <0.001 <0.001 <0.001

No 1228 0.41 (1.02) 1.53 (1.01) 249.15 (1.02)

Yes 236 0.52 (1.05) 2.14 (1.04) 167.77 (1.05)
Chronic kidney 0.121 <0.001 <0.001

disease

No 1377 0.42 (1.02) 1.54 (1.01) 145.99 (1.02)

Yes 87 0.48 (1.09) 3.44 (1.06) 261.91 (1.08)
Hypercholesterolemia 0.015 <0.001 <0.001

No 600 0.40 (1.03) 1.48 (1.02) 141.50 (1.03)

Yes 864 0.45 (1.03) 1.72 (1.02) 158.24 (1.02)

Tested by Student’s 2-tailed t-test or by one-way analysis of variance. Abbreviations: BMI, body mass index;
ETS, environmental tobacco smoke; MeFox, pyrazino-s-triazine derivative of 4-x-hydroxy-5-methyl-
tetrahydrofolate; MMA, methylmalonic acid.

Table 2 summarizes the associations of In-MMA and In-MeFox with continuous co-
variates in weighted multiple linear regression models. For In-MMA, urinary glyphosate
showed a significant positive association in both Model 1 (3 = 0.063, p = 0.001) and Model 2
(B =0.061, p = 0.001). Ln-MeFox also had a significant positive association in both models
(Model 1: p =0.152, p < 0.001; Model 2: 3 =0.131, p < 0.001). Age was positively associated
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with In-MMA (p < 0.001), while the poverty—income ratio and In-vitamin B12 levels showed
significant negative associations (p < 0.001). The BMI emerged as a significant covariate
in the relationship between In-MeFox and In-MMA in the final model (p = 0.049). For
In-MeFox, urinary glyphosate demonstrated a strong positive association in both Model 1
(B =0.221, p < 0.001) and Model 2 (5 = 0.215, p < 0.001). The BMI was positively associated
with In-MeFox (p < 0.01), while urinary creatinine and the BMI were also significant covari-
ates in both models. Supplemental Figure S1 corroborates these findings: weighted linear
regression demonstrates significant positive associations between In-urinary glyphosate
and both In-MeFox (adjusted R? = 0.23) and In-MMA (adjusted R? = 0.06). Figure 2 demon-
strates the geometric mean (SE) of serum MeFox and MMA levels across quartiles of
urinary glyphosate in complex multiple linear regression models (adjusted for Model 2).
The geometric mean of serum MeFox increased monotonically across weighted quartiles of
urinary glyphosate (Q1—Q4: 1.71—2.63 nmol/L; P-for-trend < 0.001). A similar finding
was seen for serum MMA (Q1—Q4: 163.66—185.06 nmol/L; P-for-trend < 0.001).

Table 2. Linear regression coefficients (standard error) of In-serum MMA and Ln-MeFox oxidation
products with a unit increase in In-urinary glyphosate, In-serum MeFox, and continuous covariates
in multiple linear regression models, with the results weighted for the sampling strategy.

Ln-MMA (nmol/L) Ln-MeFox (nmol/L)
Model 1 Model 2 Model 1 Model 2
Continuous Variables Adj(béséfd p p Value Adi(lgs]f:‘;d p p Value Adj(ussé)ed p p Value Adi&s]f:fd p p Value

Ln-glyphosate (ug/L)
Age (years)
Poverty—income ratio
Ln-urinary creatinine (g/L)
BMI (kg/m?)
Ln-vitamin B12 (pg/mL)

Urinary glyphosate (Unweighted number /population size = 1464 /210267786)
0.063 (0.016) <0.001 0.061 (0.014) <0.001 0.221 (0.017) <0.001 0.215 (0.018) <0.001
0.008 (0.001) <0.001 0.007 (0.001) <0.001 0.005 (0.001) 0.003 0.002 (0.002) 0.143

—0.032 (0.007) 0.001 —0.029 (0.007) 0.001 —0.008 (0.012) 0.525 —0.002 (0.012) 0.881
—0.012 (0.020) 0.555 —0.021 (0.018) 0.266 —0.113 (0.030) 0.002 —0.121 (0.032) 0.002
—0.003 (0.002) 0.239 —0.003 (0.002) 0.207 0.013 (0.002) <0.001 0.011 (0.003) 0.001

—0273(0.021) <0.001  —0.284(0.019) <0.001  0.050 (0.042) 0.255 0.036 (0.038) 0.355

Ln-MeFox (nmol/L)
Age (years)
Poverty—income ratio
BMI (kg/m?)
Ln-vitamin B12 (pg/mL)

Serum MeFox * (Unweighted number /population size = 1464 /63262637)
0.152 (0.018) <0.001 0.131 (0.017) <0.001
0.008 (0.001) <0.001 0.007 (0.001) <0.001
—0.032 (0.007)  <0.001  —0.030 (0.007) 0.001
—0.004 (0.002) 0.047 —0.004 (0.002) 0.049
—0.275(0.019)  <0.001  —0.283(0.017)  <0.001

Model 1 adjusted for age, gender, ethnicity, poverty—-income ratio, BMI, urinary creatinine, smoking status, drinking
status, physical activity, and serum vitamin B12. Model 2 adjusted for Model 1 plus hypertension, diabetes mellitus,
chronic kidney disease, hypercholesterolemia. Abbreviations: BMI, body mass index; MeFox, pyrazino-s-triazine
derivative of 4-x-hydroxy-5-methyl-tetrahydrofolate; MMA, methylmalonic acid. * Urinary creatinine was not
included as a covariate when assessing the association between serum MeFox and serum MMA.

A
p for trend < 0.001
2.90 -
= p <0.001
i 270 - 2.63
)
g 250 - p <0.001
N 227
230
E p=0.009
2.10 4
é’ Reference 198
1.90 -+
g 1.71
AN
[*]
n 1.50 T T T
<025(<25il)  0.25-0.38 (25-50ile) 0.38-0.64 (50-75ile) > 0.64 (= 75ile)

Urinary glyphosate (nug/L)

Figure 2. Cont.
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B
p for trend = 0.005

19000 »=0.003
= 00 | »<0.001
= 185.06
= 18500 | 183.73 -
g
E 18000 -
<
= 175.00 - p=0.171
p= 170.2
g 17000 |  Reference
(%' 165.00 | 163.66

<0.25 (< 25ile) 0.25-0.38 (25-50ile)  0.38-0.64 (50-75ile) >0.64 (= 75ile)

Urinary glyphosate (ng/L)

Figure 2. The geometric mean (geometric SE) of serum MeFox and MMA levels across quartiles
of urinary glyphosate based on multiple linear regression models (adjusted for Model 2), with the
results weighted to account for the sampling strategy (N = 1464). (A): Serum MeFox. (B): Serum
MMA. Comparisons are made against the lowest quartile of urinary glyphosate.

Table 3 presents the associations of In-MMA and In-MeFox with In-urinary glyphosate
across various subpopulations, adjusted for multiple covariates and weighted for the sam-
pling strategy. For In-MeFox, significant positive associations with In-urinary glyphosate were
observed across all subgroups, with no significant interactions across subgroups. Similarly,
In-MMA showed significant positive associations with In-urinary glyphosate in most subgroups.
Notably, associations were generally weaker in individuals with a higher BMI, chronic kidney
disease, or diabetes. Additionally, ethnicity revealed a significant interaction (p = 0.010).

Table 3. Linear regression coefficients (SE) of In-serum MeFox and In-serum MMA with a unit increase
in In-urinary glyphosate in the subpopulation, with the results weighted for the sampling strategy.

Ln-MeFox (nmol/L) Ln-MMA (nmol/L)
Adjusted for Adjusted for
N ](SE) P p Value Intgraction ](SE) P p Value Intgraction
Age, years 0.258 0.174
19-49 764 0.203 (0.030) <0.001 0.078 (0.016) <0.001
> 50 700 0.237 (0.033) <0.001 0.048 (0.021) 0.040
Gender 0.501 0.430
Male 707 0.228 (0.035) <0.001 0.068 (0.016) 0.001
Female 757 0.194 (0.035) <0.001 0.056 (0.019) 0.010
Ethnicity 0.560 0.010
Non-Hispanic White 681 0.231 (0.027) <0.001 0.053 (0.025) 0.048
Other 783 0.191 (0.027) <0.001 0.077 (0.017) 0.001
BMI, kg/m? 0.550 0.652
<27.9 (50%ile) 737 0.239 (0.029) <0.001 0.093 (0.032) 0.010
> 27.9 (50%ile) 727 0.197 (0.031) <0.001 0.036 (0.020) 0.094
Hypertension 0.797 0.931
No 848 0.208 (0.035) <0.001 0.068 (0.020) 0.004
Yes 616 0.232 (0.043) <0.001 0.051 (0.021) 0.029
Diabetes Mellitus 0.494 0.061
No 1228 0.199 (0.025) <0.001 0.071 (0.015) <0.001
Yes 236 0.325 (0.063) <0.001 0.026 (0.032) 0.431
Chronic kidney disease 0.543 0.183
No 1377 0.213 (0.018) <0.001 0.063 (0.016) <0.001
Yes 86 0.232 (0.071) 0.006 0.023 (0.043) 0.591
Hypercholesterolemia 0.575 0.784
No 600 0.187 (0.043) 0.001 0.071 (0.030) 0.031
Yes 864 0.241 (0.037) <0.001 0.055 (0.016) 0.003

Adjusted for Model 2: Age, gender, ethnicity, poverty—income ratio, BMI, urinary creatinine, smoking status,
drinking status, physical activity, serum vitamin B12, hypertension, diabetes mellitus, chronic kidney disease,
and hypercholesterolemia. Abbreviations: BMI, body mass index; MeFox, pyrazino-s-triazine derivative of
4-o-hydroxy-5-methyl-tetrahydrofolate; MMA, methylmalonic acid.
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Among the 1464 participants, one participant was missing outcome information.
During a median follow-up of 69.57 months, 116 deaths occurred, including 44 cardio-
vascular deaths. Table 4 summarizes the HR for all-cause and cardiovascular mortality
associated with a unit increase in In-glyphosate across subgroups in weighted Cox regres-
sion models. After further adjustment for MeFox in Model 3, In-glyphosate displayed a
non-significant positive association with all-cause mortality. Subgroup analysis revealed a
significant association in participants with MeFox levels in the >50th percentile (HR = 1.395,
95% CI: 1.044-1.864, p = 0.027). For cardiovascular mortality, In-glyphosate was not sig-
nificantly associated in the overall population. However, subgroup analysis in Model 3
indicated a borderline association among participants with MeFox levels in the >50th per-
centile (HR = 1.367, 95% CI: 0.998-1.872, p = 0.051). The interaction between glyphosate and
MeFox on mortality outcomes was not statistically significant. When further adjusted for
MMA in Model 4, In-glyphosate was significantly associated with increased all-cause mor-
tality exclusively in participants with MMA levels below the 50th percentile (HR = 2.679,
95% CI: 1.603-4.475, p = 0.001). In Model 4, no significant associations were found across
MMA subgroups for cardiovascular mortality. Nevertheless, a significant interaction was
identified between glyphosate and MMA on mortality outcomes (P for interaction = 0.002
for all-cause mortality; P for interaction = 0.038 for cardiovascular mortality). Joint strat-
ification by MeFox and MMA is summarized in Supplemental Table S1. Using the sub-
group with both biomarkers below the median as the reference, a one-unit increase in
In—glyphosate was associated with a HR for all-cause mortality of 1.04 (95% CI: 0.32-3.37)
in the high-MeFox/low-MMA group, 1.47 (95% CI: 0.62-3.46) in the low-MeFox/high-
MMA group, and 1.05 (95% CI: 0.53-2.07) in the dual-high group; none reached statistical
significance and the overall test for trend was null (p = 0.58). Estimates for cardiovascular
mortality were likewise imprecise, with all 95% Cls spanning unity.

Table 4. HRs (95% CI) for all-cause mortality and cardiovascular mortality associated with a unit
increase in In-glyphosate across different subgroups, derived from a weighted Cox regression model
and accounting for the complex sampling design.

Ln-glyphosate (ug/L) Unweighted No./Population Size HR 95% CI p Value p for Interaction
All-cause mortality (Adjusted for model 3) 0.773
Total 1463/210,214,570 1.342 0.942—1.912 0.097
MeFox < 50%ile 734/102,979,608 1.529 0.785—2.978 0.195
MeFox > 50%ile 729/107,234,961 1.395 1.044—1.864 0.027
Cardiovascular mortality * (Adjusted for model 3) 0.933
Total 1463/210,214,570 1.207 0.689—2.114 0.486
MeFox < 50%ile 734/102,979,608 1.410 0.809—2.457 0.208
MeFox > 50%ile 729/107,234,961 1.367 0.998—1.872 0.051
All-cause mortality (Adjusted for model 4) 0.002
Total 1463/210,214,570 1.204 0.838—1.729 0.293
MMA < 50%ile 741/101,870,296 2.679 1.603—4.475 0.001
MMA > 50%ile 722/108,344,274 0.919 0.645—1.309 0.617
Cardiovascular mortality * (Adjusted for model 4) 0.038
Total 1463/210,214,570 1.213 0.583—2.526 0.583
MMA < 50%ile 741/101,870,296 1.689 0.461—6.195 0.403
MMA > 50%ile 722/108,344,274 1.199 0.709—2.030 0.473

Model 3: Model 2 plus serum MeFox oxidation product. Model 4: Model 2 plus serum MMA. Abbreviations:
HR: hazard ratios; MeFox, pyrazino-s-triazine derivative of 4-o-hydroxy-5-methyl-tetrahydrofolate; MMA, methyl-
malonic acid. * Cardiovascular mortality: Death from heart or cerebrovascular disease.

4. Discussion

Our study analyzed a nationally representative sample of adults from the U.S. and is the
first to report a positive correlation between urinary glyphosate levels, MeFox, and MMA.
Additionally, our findings reveal that glyphosate exposure is significantly associated with
increased all-cause mortality among individuals with elevated MeFox levels and reduced
MMA levels. A significant interaction between glyphosate and MMA on mortality outcomes
was also observed. If these correlations suggest causation, they raise important concerns
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about the potential impact of glyphosate exposure on folate metabolism, oxidative stress, and
mitochondrial function, as well as their combined influence on mortality risk. Given these
findings, there is an urgent need for further research to investigate the underlying mechanisms,
as well as their broader implications for public health in the general U.S. population.

Folate metabolism plays a critical role in the methylation cycle, which is essential
for DNA synthesis and amino acid metabolism. 5-MTHE, a key component of this cycle,
facilitates the conversion of homocysteine to methionine through a vitamin B12-dependent
reaction [21,22]. This one-carbon metabolism not only supports the synthesis of purines,
pyrimidines, and methionine but also contributes to mitochondrial function by providing
essential methyl groups [37]. Under oxidative stress, 5-MTHF can be oxidized into MeFox
due to elevated reactive oxygen species [38]. This oxidative disruption impairs folate
metabolism, compromising mitochondrial DNA maintenance and oxidative phosphoryla-
tion [21,22]. Furthermore, the interplay between one-carbon metabolism and mitochondrial
function—critical for processes such as nucleotide synthesis and methylation—highlights
their interconnected nature [23]. In this context, MeFox levels may also serve as an indirect
indicator of mitochondrial dysfunction. Epidemiological studies have shown a positive
correlation between MeFox levels and hypertension, chronic kidney disease, as well as an
increased risk of mortality [26,27,39,40].

Methylmalonyl-CoA is a crucial intermediate in the metabolism of certain amino
acids (like valine, isoleucine, and methionine) and fatty acids. It is converted to succinyl-
CoA by the enzyme methylmalonyl-CoA mutase (MCM), a critical step in the Krebs
cycle, which is essential for cellular energy production [41]. The activity of MCM relies
on vitamin B12 as an essential cofactor. Additionally, conditions such as mitochondrial
dysfunction, oxidative stress, or inadequate ATP levels can indirectly impair MCM function
by destabilizing the cellular environment required for its optimal activity [42,43]. When
MCM activity is impaired, methylmalonyl-CoA accumulates and is hydrolyzed into MMA,
leading to elevated levels. This makes MMA a valuable biomarker for assessing vitamin
B12 status, oxidative stress, and mitochondrial health [19]. Elevated MMA has been
linked to the progression and prognosis of chronic conditions, including cardiovascular
events, renal insufficiency, cognitive decline, and cancer [19,24,25,44]. Our study revealed
a positive correlation between MeFox and MMA. Given that vitamin B12 is essential for
both folate metabolism and the activity of MCM, vitamin B12 levels could potentially
influence this correlation. However, as we controlled for serum vitamin B12 in our analyses,
a direct link to vitamin B12 deficiency is less likely. Alternatively, oxidative stress may
simultaneously increase MeFox levels through folate oxidation and elevate MMA levels.
This association may be attributed to their shared involvement in one-carbon metabolism
and mitochondrial function.

Research suggests that glyphosate and GBHs can increase oxidative stress and nega-
tively impact mitochondrial function. In experimental studies, glyphosate exposure has
been shown to reduce ATP production and alter mitochondrial metabolism in human
prostate cells [12]. Similarly, low-dose glyphosate exposure inhibits testosterone synthesis
in mouse Leydig cells by inducing overproduction of mitochondrial reactive oxygen species,
which leads to mitochondrial fragmentation [45]. In zebrafish brains, GBH exposure re-
sulted in decreased mitochondrial complex activity, increased reactive species production,
and mitochondrial membrane hyperpolarization [13]. A laboratory-based study using
sperm samples from 66 healthy men found that exposure to GBHs at a concentration of
1 mg/L significantly reduced sperm motility and impaired mitochondrial function [46].

Several epidemiological studies have investigated the relationship between glyphosate
exposure and biomarkers of oxidative stress. Occupational research suggests that farmers
exposed to glyphosate may exhibit elevated levels of 8-hydroxy-2’-deoxyguanosine and
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malondialdehyde [15,16]. A study of 227 pregnant women in the U.S. investigated the
relationship between urinary levels of glyphosate, its metabolite aminomethylphosphonic
acid (AMPA), and oxidative stress biomarkers. The findings revealed an association be-
tween elevated urinary AMPA levels and increased levels of 8-iso-prostaglandin-F2o [17].
Another study of 128 infertile French men found a positive correlation between glyphosate
exposure and levels of 8-hydroxy-2'-deoxyguanosine [18]. However, these studies have
largely focused on specific populations and have been limited by relatively small sample
sizes. Notably, none have investigated the relationship between glyphosate exposure and
biomarkers of mitochondrial function. In our study, we identified a positive correlation
between urinary glyphosate levels, MeFox, and MMA in a representative sample of Ameri-
can adults. Glyphosate-induced oxidative stress generates reactive oxygen species, which
can oxidize 5-MTHEF to MeFox, depleting active folate reserves. This folate depletion may
disrupt downstream processes, such as DNA synthesis, further impairing mitochondrial
function and contributing to the accumulation of MMA [23]. Additionally, mitochondrial
dysfunction resulting from glyphosate exposure can intensify oxidative stress, creating a
feedback loop that amplifies the production of both MeFox and MMA [47].

Several studies have linked glyphosate exposure to increased mortality risk. For ex-
ample, research in Washington State found a 33% higher risk of Parkinson’s disease-related
death among individuals residing in areas with glyphosate-associated land use [48]. Addi-
tionally, an ecological study in Argentina observed elevated cancer incidence, prevalence,
and mortality rates in a town with high glyphosate pollution [49]. Consistent with these
findings, previous studies using the NHANES 2013-2016 and 2013-2018 databases have
demonstrated a significant association between glyphosate exposure and an increased risk
of all-cause mortality [8,50]. Our analysis using data from the same cohort but with a
slightly different timeframe (2013-2014) did not yield similar results. This discrepancy may
be due to the smaller sample size in our study.

The association between glyphosate exposure and mortality risk was notably stronger
in individuals with above-average serum MeFox levels and below-average MMA levels.
MeFox elevation reflects an oxidative-stress-prone environment, even in the presence of
intact mitochondrial function [38]. Elevated MeFox levels could impose a physiological
burden, potentially intensifying the toxic effects of glyphosate and amplifying its impact
on mortality risk. In contrast, MMA accumulates when the activity of the vitamin By;-
dependent enzyme MCM is chronically impaired, often due to vitamin Bj, deficiency or
longstanding mitochondrial damage [19]. Our finding that glyphosate-related mortality
was most pronounced in individuals with high MeFox and low MMA is biologically
plausible. Individuals with competent mitochondria but elevated oxidative stress may
be more susceptible to additional damage from glyphosate-induced redox imbalance.
In contrast, those with pre-existing mitochondrial dysfunction (i.e., high MMA levels)
may exhibit a “ceiling effect”, whereby additional toxic effects become less detectable.
However, several alternative explanations may help account for these divergent patterns.
Despite statistical adjustment, residual confounding could have influenced the observed
associations. Moreover, the limited number of deaths within each stratified subgroup may
have contributed to imprecise HR estimates. Given these limitations, the findings should be
interpreted with caution and validated in larger, independent cohorts. Overall, our results
highlight the complex interplay between glyphosate exposure, mitochondrial function,
oxidative stress, folate metabolism, and mortality risk, emphasizing the need for further
research to elucidate these interconnected biological pathways.

This study leveraged data from a nationally representative sample of NHANES par-
ticipants, ensuring broad generalizability to the U.S. population. The use of rigorous,
validated methodologies for measuring urinary glyphosate, MeFox, and MMA enhanced
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the reliability of biomarker assessments. Additionally, the study employed robust statistical
methods, including weighted Cox regression models and comprehensive adjustment for
potential confounders, to ensure the accurate interpretation of associations. However,
a limitation of this study is its observational design, which does not allow for the estab-
lishment of a causal relationship. Another limitation is that MeFox and MMA are indirect
markers of oxidative stress and mitochondrial impairment. Although both compounds are
mechanistically linked to redox imbalance, NHANES 2013-2014 did not assay canonical
oxidative-stress endpoints such as lipid peroxidation products, glutathione, or antioxi-
dants. Future population studies integrating these additional biomarkers would allow for
a more comprehensive evaluation of glyphosate-related oxidative damage. Additionally,
the reliance on single-time-point measurements of biomarkers potentially misses temporal
variations. The relatively short follow-up period and limited number of mortality events
may have constrained the statistical power for detecting associations with specific mortality
outcomes. Furthermore, residual confounding by unmeasured factors and the inability to
explore dose-response relationships limit the depth of the findings.

5. Conclusions

Following an examination of a representative sample of U.S. adults, this study high-
lights significant associations between urinary glyphosate levels and biomarkers of oxida-
tive stress and mitochondrial function, specifically MMA and MeFox. While glyphosate
exposure was not significantly associated with mortality in the overall population, sub-
group analyses revealed elevated all-cause mortality risks in participants with lower MMA
levels and higher MeFox levels. The significant interactions between glyphosate and these
biomarkers underscore the importance of oxidative stress and mitochondrial function in
modulating the health risks associated with glyphosate exposure. These findings sug-
gest the need for further research to clarify the underlying mechanisms and to identify
vulnerable populations for targeted public health interventions.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/toxics13050373/s1, Figure S1: Weighted scatter-plot regressions, adjusted for
Model 2 covariates, showing the relationships between In-urinary glyphosate and (A) In-serum MeFox
and (B) In-serum MMA; Table S1: HR (95% CI) for all-cause mortality and cardiovascular mortality
associated with a unit increase in In-glyphosate across different subgroups of MeFox and MMA, derived
from a weighted Cox regression model accounting for complex sampling design.

Author Contributions: Y.-W.F. conducted the literature review and paper writing. H-C.L. and C.W.
handled statistical analysis. C.-Y.L. contributed significantly to hypothesis development and approved
the paper’s final revision. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by Shin Kong Wu Ho-Su Memorial Hospital (grant number:
2024SKHADROO06).

Institutional Review Board Statement: This study was approved by the NCHS Research Ethics
Review Board (NCHS IRB/ERB Protocol Number: # 98-12).

Informed Consent Statement: Written informed consent was obtained from all participants by
NHANES during data collection. The current study involved secondary analysis of de-identified
data and did not require additional consent.

Data Availability Statement: The data used in this study are publicly available from the NHANES
database, hosted by the U.S. Centers for Disease Control and Prevention. The datasets analyzed
during the current study can be accessed at: https://wwwn.cdc.gov/nchs/nhanes/default.aspx
(accessed on 5 April 2025).


https://www.mdpi.com/article/10.3390/toxics13050373/s1
https://www.mdpi.com/article/10.3390/toxics13050373/s1
https://wwwn.cdc.gov/nchs/nhanes/default.aspx

Toxics 2025, 13,373 13 of 15

Acknowledgments: We gratefully acknowledge the contributions of all those involved in the
NHANES program. We also deeply appreciate the individuals whose participation, while anonymous,
made this research possible. This study was not funded by any agency.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Lacroix, R.; Kurrasch, D.M. Glyphosate toxicity: In vivo, in vitro, and epidemiological evidence. Toxicol. Sci. 2023, 192, 131-140.
[CrossRef] [PubMed]

Duke, S.0.; Powles, S.B. Glyphosate: A once-in-a-century herbicide. Pest. Manag. Sci. 2008, 64, 319-325. [CrossRef]
Rivas-Garcia, T.; Espinosa-Calderén, A.; Herndndez-Vazquez, B.; Schwentesius-Rindermann, R. Overview of Environmental and
Health Effects Related to Glyphosate Usage. Sustainability 2022, 14, 6868. [CrossRef]

Hsiao, C.C.; Yang, A.M.; Wang, C.; Lin, C.Y. Association between glyphosate exposure and cognitive function, depression, and
neurological diseases in a representative sample of US adults: NHANES 2013-2014 analysis. Environ. Res. 2023, 237, 116860.
[CrossRef]

Qi, X.; Huang, Q.; Chen, X,; Qiu, L.; Wang, S.; Ouyang, K.; Chen, Y. Associations between urinary glyphosate and diabetes
mellitus in the US general adult: A cross-sectional study from NHANES 2013-2016. Environ. Sci. Pollut. Res. Int. 2023, 30,
124195-124203. [CrossRef] [PubMed]

Chang, M.H.; Chu, PL.; Wang, C.; Lin, C.Y. Association between Glyphosate Exposure and Erythrograms in a Representative
Sample of US Adults: NHANES 2013-2014. Environ. Sci. Pollut. Res. Int. 2023, 30, 91207-91215. [CrossRef] [PubMed]

Chu, PL.; Wang, C.S.; Wang, C.; Lin, C.Y. Association of urinary glyphosate levels with iron homeostasis among a representative
sample of US adults: NHANES 2013-2018. Ecotoxicol. Environ. Saf. 2024, 284, 116962. [CrossRef]

Untalan, M.; Ivic-Pavlicic, T.; Taioli, E. Urinary glyphosate levels and association with mortality in the 2013-16 National Health
and Nutrition Examination Survey. Carcinogenesis 2024, 45, 163-169. [CrossRef]

Kwiatkowska, M.; Huras, B.; Bukowska, B. The effect of metabolites and impurities of glyphosate on human erythrocytes
(in vitro). Pestic. Biochem. Physiol. 2014, 109, 34-43. [CrossRef]

Bali, Y.A.; Kaikai, N.E.; Ba-M'hamed, S.; Bennis, M. Learning and memory impairments associated to acetylcholinesterase
inhibition and oxidative stress following glyphosate based-herbicide exposure in mice. Toxicology 2019, 415, 18-25. [CrossRef]
Arrigo, E.; Gilardi, S.; Muratori, L.; Raimondo, S.; Mancardi, D. Biological effects of sub-lethal doses of glyphosate and AMPA on
cardiac myoblasts. Front. Physiol. 2023, 14, 1165868. [CrossRef] [PubMed]

Chianese, T.; Trinchese, G.; Leandri, R.; De Falco, M.; Mollica, M.; Scudiero, R.; Rosati, L. Glyphosate Exposure Induces
Cytotoxicity, Mitochondrial Dysfunction and Activation of ERx and ERf Estrogen Receptors in Human Prostate PNT1A Cells.
Int. ]. Mol. Sci. 2024, 25, 7039. [CrossRef]

Pereira, A.G.; Jaramillo, M.L.; Remor, A.P.; Latini, A.; Davico, C.E.; da Silva, M.O.L.; Miiller, YM.R.; Ammar, D.; Nazari, E.M.
Low-concentration exposure to glyphosate-based herbicide modulates the complexes of the mitochondrial respiratory chain and
induces mitochondrial hyperpolarization in the Danio rerio brain. Chemosphere 2018, 209, 353-362. [CrossRef]

Strilbyska, O.M.; Tsiumpala, S.; Kozachyshyn, LL; Strutynska, T.R.; Burdyliuk, N.I.; Lushchak, V.I.; Lushchak, O. The effects of
low-toxic herbicide Roundup and glyphosate on mitochondria. EXCLI J. 2022, 21, 183-196. [CrossRef]

Sidthilaw, S.; Sapbamrer, R.; Pothirat, C.; Wunnapuk, K.; Khacha-ananda, S. Effects of exposure to glyphosate on oxidative stress,
inflammation, and lung function in maize farmers, Northern Thailand. BMC Public Health 2022, 22, 1343. [CrossRef] [PubMed]
Chang, V.C.; Andreotti, G.; Ospina, M.; Parks, C.G.; Liu, D.; Shearer, J.J.; Rothman, N.; Silverman, D.T.; Sandler, D.P;
Calafat, A.M.; et al. Glyphosate exposure and urinary oxidative stress biomarkers in the Agricultural Health Study. J. Natl. Cancer
Inst. 2023, 115, 394-404. [CrossRef] [PubMed]

Eaton, J.L.; Cathey, A.L.; Fernandez, J.A.; Watkins, D.]J.; Silver, M.K,; Milne, G.L.; Velez-Vega, C.; Rosario, Z.; Cordero, J.;
Alshawabkeh, A.; et al. The association between urinary glyphosate and aminomethyl phosphonic acid with biomarkers of
oxidative stress among pregnant women in the PROTECT birth cohort study. Ecotoxicol. Environ. Saf. 2022, 233, 113300. [CrossRef]
Vasseur, C.; Serra, L.; El Balkhi, S.; Lefort, G.; Ramé, C.; Froment, P.; Dupont, J. Glyphosate presence in human sperm: First
report and positive correlation with oxidative stress in an infertile French population. Ecotoxicol. Environ. Saf. 2024, 278, 116410.
[CrossRef]

Liu, Y,; Wang, S.; Zhang, X.; Cai, H.; Liu, J.; Fang, S.; Yu, B. The Regulation and Characterization of Mitochondrial-Derived
Methylmalonic Acid in Mitochondrial Dysfunction and Oxidative Stress: From Basic Research to Clinical Practice. Oxid. Med.
Cell Longev. 2022, 2022, 7043883. [CrossRef]

Murphy, M.P. How mitochondria produce reactive oxygen species. Biochem. J. 2009, 417, 1-13. [CrossRef]


https://doi.org/10.1093/toxsci/kfad018
https://www.ncbi.nlm.nih.gov/pubmed/36857578
https://doi.org/10.1002/ps.1518
https://doi.org/10.3390/su14116868
https://doi.org/10.1016/j.envres.2023.116860
https://doi.org/10.1007/s11356-023-31015-4
https://www.ncbi.nlm.nih.gov/pubmed/37996582
https://doi.org/10.1007/s11356-023-28905-y
https://www.ncbi.nlm.nih.gov/pubmed/37474857
https://doi.org/10.1016/j.ecoenv.2024.116962
https://doi.org/10.1093/carcin/bgad088
https://doi.org/10.1016/j.pestbp.2014.01.003
https://doi.org/10.1016/j.tox.2019.01.010
https://doi.org/10.3389/fphys.2023.1165868
https://www.ncbi.nlm.nih.gov/pubmed/37168227
https://doi.org/10.3390/ijms25137039
https://doi.org/10.1016/j.chemosphere.2018.06.075
https://doi.org/10.17179/excli2021-4478
https://doi.org/10.1186/s12889-022-13696-7
https://www.ncbi.nlm.nih.gov/pubmed/35836163
https://doi.org/10.1093/jnci/djac242
https://www.ncbi.nlm.nih.gov/pubmed/36629488
https://doi.org/10.1016/j.ecoenv.2022.113300
https://doi.org/10.1016/j.ecoenv.2024.116410
https://doi.org/10.1155/2022/7043883
https://doi.org/10.1042/BJ20081386

Toxics 2025, 13,373 14 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Chang, C.M.; Yu, C.C; Lu, H.T;; Chou, Y.F; Huang, R.F. Folate deprivation promotes mitochondrial oxidative decay: DNA large
deletions, cytochrome c oxidase dysfunction, membrane depolarization and superoxide overproduction in rat liver. Br. J. Nutr.
2007, 97, 855-863. [CrossRef] [PubMed]

Asbaghi, O.; Ghanavati, M.; Ashtary-Larky, D.; Bagheri, R.; Rezaei Kelishadi, M.; Nazarian, B.; Nordvall, M.; Wong, A.; Dutheil, F;
Suzuki, K.; et al. Effects of Folic Acid Supplementation on Oxidative Stress Markers: A Systematic Review and Meta-Analysis of
Randomized Controlled Trials. Antioxidants 2021, 10, 871. [CrossRef]

Xiu, Y.; Field, M.S. The Roles of Mitochondrial Folate Metabolism in Supporting Mitochondrial DNA Synthesis, Oxidative
Phosphorylation, and Cellular Function. Curr. Dev. Nutr. 2020, 4, nzaa153. [CrossRef]

Zhang, Z.; Lv, L.; Guan, S; Jiang, F.; He, D.; Song, H.; Sun, W.; Jiang, S.; Tian, F. Association between serum methylmalonic
acid and chronic kidney disease in adults: A cross-sectional study from NHANES 2013-2014. Front Endocrinol 2024, 15, 1434299.
[CrossRef] [PubMed]

Xu, Y; Chen, R,; Torkki, P.; Zheng, W.; Chen, A. Hypertension may lead to cognitive dysfunction in older adults via methylmalonic
acid: Evidence from NHANES 2011-2014 population. BMC Geriatr. 2024, 24, 1009. [CrossRef] [PubMed]

Liang, Y.; Ding, L.; Tao, M.; Zhu, Y. The association of metabolic profile of folate with diabetic kidney disease: Evidence from
2011-2020 cycles of the NHANES. Ren. Fail. 2024, 46, 2420830. [CrossRef]

Wu, Q.; Zhou, C.; Ye, Z.; Liu, M.; Zhang, Z.; He, P.; Zhang, Y.; Li, H.; Liu, C.; Qin, X. Relationship of several serum folate forms
with the prevalence of hypertension. Precis. Nutr. 2023, 2, e00058. [CrossRef]

CDC. NHANES 2013-2014. Available online: https:/ /wwwn.cdc.gov/nchs/nhanes/continuousnhanes/default.aspx?BeginYear=
2013 (accessed on 18 January 2025).

CDC. 2013-2014 Data Documentation, Codebook, and Frequencies: Glyphosate (GLYP). Available online: https://wwwn.cdc.
gov/Nchs/Data/Nhanes/Public/2013/DataFiles /SSGLYP_H.htm (accessed on 28 January 2025).

CDC. 2013-2014 Data Documentation, Codebook, and Frequencies: Folate Forms—Total & Individual—Serum. Available online:
https:/ /wwwn.cde.gov/Nchs/Data/Nhanes/Public/2013 /DataFiles/FOLFMS_H.htm (accessed on 28 January 2025).

CDC. 2013-2014 Data Documentation, Codebook, and Frequencies: Methylmalonic Acid. Available online: https:/ /wwwn.cdc.
gov/Nchs/Data/Nhanes/Public/2013/DataFiles/MMA_H.htm (accessed on 28 January 2025).

Wang, ].; Wu, Y.; Ning, F; Zhang, C.; Zhang, D. The Association between Leisure-Time Physical Activity and Risk of Undetected
Prediabetes. J. Diabetes Res. 2017, 2017, 4845108. [CrossRef]

Yan, M.T.; Chao, C.T.; Lin, S.H. Chronic Kidney Disease: Strategies to Retard Progression. Int. J. Mol. Sci. 2021, 22, 10084.
[CrossRef]

CDC. 2013-2014 Data Documentation, Codebook, and Frequencies: Vitamin B12 (VITB12_H). Available online: https://wwwn.
cdc.gov/Nchs/Data/Nhanes/Public/2013/DataFiles/VITB12_H.htm (accessed on 28 January 2025).

NCHS. NCHS Data Linkage: 2019 Public-Use Linked Mortality Files. Available online: https://www.cdc.gov/nchs/data-
linkage /mortality-public.htm (accessed on 4 January 2025).

CDC. National Health and Nutrition Examination Survey: Analytic Guidelines, 2011-2014 and 2015-2016. Available online:
https:/ /wwwn.cdc.gov/nchs/data/nhanes/analyticguidelines /11-16-analytic-guidelines.pdf (accessed on 3 January 2025).
Rubini, M.; Di Minno, G.; Ferrazzi, E. Is there a multidisciplinary role for 5-methyltetrahydrofolate? The obstetric evidence in
perspective. Eur. Rev. Med. Pharmacol. Sci. 2024, 28, 3934-3945. [CrossRef]

Ringling, C.; Rychlik, M. Simulation of Food Folate Digestion and Bioavailability of an Oxidation Product of 5-
Methyltetrahydrofolate. Nutrients 2017, 9, 969. [CrossRef] [PubMed]

Liu, M.; Zhou, C.; Zhang, Z.; Li, Q.; He, P.; Zhang, Y; Li, H,; Liu, C.; Fan Hou, E; Qin, X. Relationship of several serum folate
forms with kidney function and albuminuria: Cross-sectional data from the National Health and Nutrition Examination Surveys
(NHANES) 2011-2018. Br. J. Nutr. 2022, 127, 1050-1059. [CrossRef] [PubMed]

Liu, M.; Zhang, Z.; Zhou, C.; Li, Q.; He, P.; Zhang, Y.; Li, H; Liu, C.; Liang, M.; Wang, X.; et al. Relationship of several serum
folate forms with the risk of mortality: A prospective cohort study. Clin. Nutr. 2021, 40, 4255-4262. [CrossRef]
Takahashi-Iiiguez, T.; Garcia-Hernandez, E.; Arreguin-Espinosa, R.; Flores, M.E. Role of vitamin B12 on methylmalonyl-CoA
mutase activity. J. Zhejiang Univ. Sci. B 2012, 13, 423-437. [CrossRef]

Chandler, R.J.; Zerfas, PM.; Shanske, S.; Sloan, ]J.; Hoffmann, V.; DiMauro, S.; Venditti, C.P. Mitochondrial dysfunction in mut
methylmalonic acidemia. Faseb J. 2009, 23, 1252-1261. [CrossRef]

Luciani, A.; Schumann, A.; Berquez, M.; Chen, Z.; Nieri, D.; Failli, M.; Debaix, H.; Festa, B.P.; Tokonami, N.; Raimondi, A.; et al.
Impaired mitophagy links mitochondrial disease to epithelial stress in methylmalonyl-CoA mutase deficiency. Nat. Commun.
2020, 11, 970. [CrossRef]

Wu, L.; Chang, D.-Y.; Zhao, M.-H.; Tang, S.C.W.; Chen, M. Association between blood methylmalonic acid and chronic kidney
disease in the general US population: Insights from multi-cycle National Health and Nutrition Examination Survey (NHANES).
Ann. Transl. Med. 2024, 12, 47. [CrossRef] [PubMed]


https://doi.org/10.1017/S0007114507666410
https://www.ncbi.nlm.nih.gov/pubmed/17381984
https://doi.org/10.3390/antiox10060871
https://doi.org/10.1093/cdn/nzaa153
https://doi.org/10.3389/fendo.2024.1434299
https://www.ncbi.nlm.nih.gov/pubmed/39149121
https://doi.org/10.1186/s12877-024-05599-6
https://www.ncbi.nlm.nih.gov/pubmed/39702018
https://doi.org/10.1080/0886022X.2024.2420830
https://doi.org/10.1097/PN9.0000000000000058
https://wwwn.cdc.gov/nchs/nhanes/continuousnhanes/default.aspx?BeginYear=2013
https://wwwn.cdc.gov/nchs/nhanes/continuousnhanes/default.aspx?BeginYear=2013
https://wwwn.cdc.gov/Nchs/Data/Nhanes/Public/2013/DataFiles/SSGLYP_H.htm
https://wwwn.cdc.gov/Nchs/Data/Nhanes/Public/2013/DataFiles/SSGLYP_H.htm
https://wwwn.cdc.gov/Nchs/Data/Nhanes/Public/2013/DataFiles/FOLFMS_H.htm
https://wwwn.cdc.gov/Nchs/Data/Nhanes/Public/2013/DataFiles/MMA_H.htm
https://wwwn.cdc.gov/Nchs/Data/Nhanes/Public/2013/DataFiles/MMA_H.htm
https://doi.org/10.1155/2017/4845108
https://doi.org/10.3390/ijms221810084
https://wwwn.cdc.gov/Nchs/Data/Nhanes/Public/2013/DataFiles/VITB12_H.htm
https://wwwn.cdc.gov/Nchs/Data/Nhanes/Public/2013/DataFiles/VITB12_H.htm
https://www.cdc.gov/nchs/data-linkage/mortality-public.htm
https://www.cdc.gov/nchs/data-linkage/mortality-public.htm
https://wwwn.cdc.gov/nchs/data/nhanes/analyticguidelines/11-16-analytic-guidelines.pdf
https://doi.org/10.26355/eurrev_202407_36526
https://doi.org/10.3390/nu9090969
https://www.ncbi.nlm.nih.gov/pubmed/28862677
https://doi.org/10.1017/S0007114521001665
https://www.ncbi.nlm.nih.gov/pubmed/34016197
https://doi.org/10.1016/j.clnu.2021.01.025
https://doi.org/10.1631/jzus.B1100329
https://doi.org/10.1096/fj.08-121848
https://doi.org/10.1038/s41467-020-14729-8
https://doi.org/10.21037/atm-23-1930
https://www.ncbi.nlm.nih.gov/pubmed/38911563

Toxics 2025, 13,373 15 of 15

45.

46.

47.

48.

49.

50.

Lu, L.; Liu, J.-B.; Wang, J.-Q.; Lian, C.-Y,; Wang, Z.-Y.; Wang, L. Glyphosate-induced mitochondrial reactive oxygen species
overproduction activates parkin-dependent mitophagy to inhibit testosterone synthesis in mouse leydig cells. Environ. Pollut.
2022, 314, 120314. [CrossRef]

Anifandis, G.; Amiridis, G.; Dafopoulos, K.; Daponte, A.; Dovolou, E.; Gavriil, E.; Gorgogietas, V.; Kachpani, E.; Mamuris, Z,;
Messini, C.I; et al. The In Vitro Impact of the Herbicide Roundup on Human Sperm Motility and Sperm Mitochondria. Toxics
2017, 6, 2. [CrossRef]

Picca, A.; Calvani, R.; Coelho-Junior, H.J.; Landi, E; Bernabei, R.; Marzetti, E. Mitochondrial Dysfunction, Oxidative Stress, and
Neuroinflammation: Intertwined Roads to Neurodegeneration. Antioxidants 2020, 9, 647. [CrossRef]

Caballero, M.; Amiri, S.; Denney, ]J.T.; Monsivais, P.; Hystad, P.; Amram, O. Estimated Residential Exposure to Agricultural
Chemicals and Premature Mortality by Parkinson’s Disease in Washington State. Int. ]. Environ. Res. Public Health 2018, 15, 2885.
[CrossRef] [PubMed]

Vazquez, M.A.; Maturano, E.; Etchegoyen, A.; Difilippo, ES.; MacLean, B. Association between Cancer and Environmental
Exposure to Glyphosate. Int. ]. Clin. Med. 2017, 8, 73-85. [CrossRef]

Chu, PL.; Hsiao, C.C,; Su, T.C.; Wang, C.; Lin, C.Y. Urinary glyphosate, selenium status, and their impact on mortality: Evidence
from NHANES 2013-2018. Ecotoxicol. Environ. Saf. 2025, 292, 117989. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.envpol.2022.120314
https://doi.org/10.3390/toxics6010002
https://doi.org/10.3390/antiox9080647
https://doi.org/10.3390/ijerph15122885
https://www.ncbi.nlm.nih.gov/pubmed/30558363
https://doi.org/10.4236/ijcm.2017.82007
https://doi.org/10.1016/j.ecoenv.2025.117989
https://www.ncbi.nlm.nih.gov/pubmed/40023997

	Introduction 
	Materials and Methods 
	Study Population 
	Measurement of Urinary Glyphosate Levels 
	Measurement of Serum MeFox 
	Measurement of Serum MMA 
	Covariates 
	Outcomes 
	Statistics 

	Results 
	Discussion 
	Conclusions 
	References

