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Associations between
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sectional study
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As glyphosate’s application becomes increasingly widespread across the globe, its potential adverse
effects on humans have garnered growing concerns. Little evidence has revealed the associations
between glyphosate and glucose homeostasis. A total of 2094 individuals were recruited from the
NHANES 2013-2018. Urinary glyphosate, alkaline phosphatase (ALP), fasting plasma glucose (FPG),
fasting insulin, and glycated hemoglobin Alc (HbAlc) were measured. Homeostatic model assessment
of beta-cell function (HOMA2-), insulin resistance (HOMA2-IR), and insulin sensitivity (HOMA2-IS)
were assessed. Generalized linear models and mediation analyses were fitted to estimate the potential
associations between glyphosate, glucose homeostasis, and ALP. Urinary glyphosate demonstrated

a statistically significant positive association with FPG and HbA1c in a linear positive dose-response
manner, while showing a linear negative association with HOMA2-B. Each doubling increase in

urinary glyphosate was associated with a 1.13%, 1.50%, and - 2.80% alteration in FPG, HbA1c, and
HOMAZ2-B, respectively. Obesity modified the association between urinary glyphosate and glucose
dyshomeostasis with stronger associations in obese individuals. In addition, elevated ALP significantly
mediated the associations of urinary glyphosate with FPG and HbA1c, with mediated proportions of
9.91% and 20.23%, respectively. Environmental glyphosate exposure was associated with glucose
dyshomeostasis, which was more pronounced in obese individuals and was partly mediated by ALP.
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Glyphosate, a highly effective broad-spectrum herbicide, is one of the most commonly used herbicides
worldwide. Since its registration in 1974, glyphosate has been extensively utilized in the US, with more than
1.6 billion kilograms of the active ingredient deployed across the country'. On a global scale, it has witnessed
an application of 6.1 billion kilograms of glyphosate in the last decade, remarkably constituting 71.6% of the
cumulative worldwide usage spanning from 1974 to 2014!. The escalating consumption of glyphosate in recent
years has sparked heightened apprehension regarding its potential impact on the ecosystem. Notable evidence
uncovered that glyphosate was ubiquitous in soils, ditches, precipitation, and rivers, with the maximum level
observed reaching up to 476 pg/kg across 38 states in the US?. Also, glyphosate was detectable in solid matrices,
with maximum concentrations of 8100 pg/kg in soil and 3300 pg/kg in sediment from Argentina, respectively’.
In addition to glyphosate in the environment, an investigation detected that 42.3% of foods from the Canadian
retail markets contained detectable glyphosate residues?. Glyphosate poses a threat to the environment and food,
and consequently to human health®.
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Human exposure to glyphosate occurs through ingestion of food and water, dermal contact with products
containing residues of this chemical, and inhaled relevant aerosol particles®’. The international SPRINT
study demonstrated that 70% of the participants, including farmers, their neighbors, and urban residents, had
glyphosate residues in their feces®. Recently, a nationally representative study also suggested that over 80% of the
US population aged > 6 years experienced recent exposure to glyphosate’. Glyphosate is largely not metabolized
in the human body and the parent compound can be eliminated in urine®!°. Urinary glyphosate has been proven
to highly correlate with the external exposure dose, which could reflect the actual exposure!!. Thus, quantification
of urinary glyphosate is a noninvasive and widely used method for assessing the level of glyphosate exposure”2.

Although glyphosate has long been recognized as a relatively harmless herbicide, the risks associated with
glyphosate herbicides have gradually surfaced in recent years'>. More studies have documented the potential
adverse effects associated with glyphosate exposure, including the increased risk of osteoarthritis'4, non-alcoholic
fatty liver disease'®, neurological unhealthy outcomes!®, non-Hodgkin lymphoma!’, and even mortality'®.
Meanwhile, glyphosate may pose cardiovascular metabolic toxicity, increasing cardiovascular disease and
diabetes risk!>?. Noteworthily, high fasting plasma glucose (FPG), recognized as an independent predictor of
cardiovascular disease and diabetes onset, has emerged as a pervasive health threat with a contribution to 6.50
million global deaths in 2019%!. Environmental pollution has been identified as a key risk factor for elevated
FPG and insulin resistance??*}. However, epidemiological research has been sparse in assessing the relationships
between glyphosate exposure and glucose homeostasis indices such as FPG and insulin resistance.

Alkaline phosphatase (ALP) is extensively adopted as a clinical biomarker because of the close correlations
between abnormal ALP levels and diverse disease conditions®’. Apart from being a routine clinical indicator
for hepatobiliary and bone disorders, ALP is also related to cardiovascular risk factors, such as obesity, blood
pressure, blood lipids, and blood glucose levels?>2°. Moreover, a cross-sectional study reported that exposure to
glyphosate resulted in elevation of ALP?’. Nevertheless, whether ALP plays an important role in the underlying
associations between glyphosate exposure and glucose homeostasis remains unknown. Accordingly, this study
encompassed 2094 individuals from the National Health and Nutrition Examination Survey (NHANES) 2013-
2018 to explore the potential associations between urinary glyphosate, glucose homeostasis, and ALP.

Results

Basic characteristics of the study participants

The basic characteristics of the study participants across the quartiles of urinary glyphosate are summarized in
Table 1. A total of 1009 (48.19%) were males. The mean [standard deviation (SD)] age and body mass index (BMI)
of the total participants were 48.61 (18.28) years and 29.50 (7.28) kg/m?, respectively. The median [interquartile
range (IQR)] level of urinary glyphosate was 0.304 (0.175-0.513) pg/g creatinine (Cr). Participants with a higher
quartile of urinary glyphosate were more likely to be female, older, non-Hispanic White, and current drinkers
(P<0.05). Statistically significant differences in ALP, FPG, glycated hemoglobin Alc (HbAlc), and homeostatic
model assessment of beta-cell function (HOMAZ2-B) were noted across the quartiles of urinary glyphosate
(P<0.05), whereas no statistically significant differences were observed for fasting insulin (FINS), homeostasis
model assessment of insulin resistance (HOMA2-IR), or homeostasis model assessment of insulin sensitivity
(HOMAZ2-IS) (P>0.05). The distribution of glucose homeostasis indices after correction for confounders results
showed that as the concentration of urinary glyphosate increased, FPG and HbAlc gradually increased and
HOMA2-f gradually decreased (Table S1, P<0.05).

Associations between urinary glyphosate and glucose homeostasis indices

Percent changes in glucose homeostasis indices associated with urinary glyphosate are presented in Table S2 and
Fig. 1. After full adjustments, statistically significant dose-response relationships between urinary glyphosate,
FPG, HbAlc, and HOMA2-( were observed (all P for trend <0.05). Compared with individuals in the lowest
quartile of urinary glyphosate, those in the second, third, and highest quartiles separately had a 0.82% (95%
confidence interval [CI] —1.77%, 3.47%), 1.20% (—1.45%, 3.93%), and 4.14% (1.34%, 7.02%) increase in
FPG, a 0.93% (—0.80%, 2.70%), 1.32% (—0.47%, 3.13%), and 4.48% (2.60%, 6.40%) increase in HbAlc, and a
—-1.98% (—7.96%, 4.39%), 0.12% (—6.13%, 6.79%), and —9.24% (- 15.04%, —3.03%) alteration in HOMA2-.
No statistically significant associations of urinary glyphosate with HOMA2-IR and HOMA2-IS were observed
in all models (all P and P for trend >0.05). Meanwhile, restricted cubic spline (RCS) also showed statistically
significant linear positive dose-response associations of urinary glyphosate with FPG and HbAlc (all P for
overall <0.05 and P for non-linear >0.05, Fig. 2). A linear negative relationship between urinary glyphosate and
HOMA2-p was also noted (P for overall <0.05 and P for non-linear > 0.05, Fig. 2). For each twofold increase
in urinary glyphosate levels, FPG and HbAlc increased by 1.13% and 1.50%, respectively, while HOMA2-(3
decreased by 2.80% (all P<0.05, Table S2).

Figures 3 and 4 show the modification effect of overweight/obesity and central obesity on the associations
between urinary glyphosate and glucose homeostasis indices. Noteworthily, central obesity may be a more
important effect modifier of the association between glyphosate and glucose homeostasis than general overweight/
obesity. Overweight/obesity only significantly modified the association of urinary glyphosate with HOMA2- (P
for modification < 0.05, Fig. 3). Each doubling increase in urinary glyphosate was associated with a —0.39% (95%
CI -3.47%, 2.80%) and —4.21% (- 6.77%, —1.58%) alteration in non-overweight/obese and overweight/obese
individuals, respectively (Table S4). Central obesity remarkably modified the associations of urinary glyphosate
with FINS, HbAlc, and HOMA2-f (all P for modification <0.05, Fig. 4). The associations between urinary
glyphosate and homeostasis indices were all more reinforced in central obese individuals. Each twofold increase
in urinary glyphosate was associated with a 1.32% (0.03%, 2.63%), —4.54% (—7.98%, —0.98%), 1.89% (1.00%,
2.78%), —5.25% (—8.00%, —2.42%), 4.03% (0.30%, 7.90%), and —3.88% (—7.32%, —0.30%) alteration of FPG,
FINS, HbAlc, HOMA2-3, HOMA2-IS, and HOMA2-IR in central obese individuals, respectively (Table S4).
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Quartiles of urinary glyphosate, ug/g Cr
Characteristic Total participants | Q1 (<0.175) Q2 (0.175-<0.304) | Q3 (0.304-<0.513) | Q4 (=0.513) P
Number of subjects 2094 523 524 523 524
Sex, male, n (%) 1009 (48.19) 294 (56.21) 278 (53.05) 221 (42.26) 216 (41.22) <0.001
Age, years® 48.61+18.28 44.35+17.13 46.41+18.03 49.58 +18.64 54.10+17.85 <0.001
BMI, kg/m?* 29.50+7.28 29.88+7.86 29.35+6.83 29.75+7.34 29.01+£7.06 0.200
‘Waist circumference, cm 99.83+16.75 99.9+17.13 99.39+16.31 100.73+17.58 99.3+15.95 0.495
Race/ethnicity, n (%) <0.001
Mexican American 305 (14.57) 74 (14.15) 93 (17.75) 71 (13.58) 67 (12.79)
Non-Hispanic White 850 (40.59) 161 (30.78) 203 (38.74) 246 (47.04) 240 (45.80)
Non-Hispanic Black 409 (19.53) 137 (26.20) 99 (18.89) 84 (16.06) 89 (16.98)
Others 530 (25.31) 151 (28.87) 129 (24.62) 122 (23.33) 128 (24.43)
Educational level, n (%) 0.133
Less than high school 433 (20.68) 87 (16.63) 116 (22.14) 107 (20.46) 123 (23.47)
High school or equivalent 455 (21.73) 126 (24.09) 107 (20.42) 118 (22.56) 104 (19.85)
College or above 1206 (57.59) 310 (59.27) 301 (57.44) 298 (56.98) 297 (56.68)
Current smokers, n (%) 901 (43.03) 218 (41.68) 219 (41.79) 238 (45.51) 226 (43.13) 0.567
Current drinkers, n (%) 944 (45.08) 165 (31.55) 251 (47.90) 262 (50.10) 266 (50.76) <0.001
Physical activity, n (%) 0.298
No 1044 (49.86) 251 (47.99) 254 (48.47) 261 (49.90) 278 (53.05)
Moderate 170 (8.12) 54 (10.33) 39 (7.44) 38(7.27) 39 (7.44)
Vigorous 880 (42.02) 218 (41.68) 231 (44.08) 224 (42.83) 207 (39.50)
ﬁr(‘;)‘)habenc medication history, | ¢34 (30 5g) 133 (25.43) 139 (26.53) 160 (30.59) 202 (38.55) <0.001
Family history of diabetes, n (%) | 414 (19.77) 102 (19.50) 96 (18.32) 122 (23.33) 94 (17.94) 0.112
Survey years, n (%) <0.001
2013-2014 740 (35.34) 104 (19.89) 165 (31.49) 208 (39.77) 263 (50.19)
2015-2016 674 (32.19) 141 (26.96) 198 (37.79) 186 (35.56) 149 (28.44)
2017-2018 680 (32.47) 278 (53.15) 161 (30.73) 129 (24.67) 112 (21.37)
ALP, TU/LP 6.07 (5.78-6.36) | 6.09 (5.83-6.39) 6.02 (5.75-6.3) 6.04 (5.78-6.36) 6.09 (5.78-6.39) 0.033
FPG, mmol/L" 5.66 (5.22-6.22) 5.66 (5.27-6.11) 5.66 (5.22-6.16) 5.61 (5.2-6.27) 5.61 (5.22-6.38) 0.002
FINS, pmol/L® 32:12)6564_ 60.18 (37.74-98.88) | 57.21 (34.74-95.49) | 58.68 (38.34-96.6) | 51.33 (32.04-83.85) 0.064
HbAlc, %° 5.5(5.2-5.9) 5.5(5.2-5.8) 5.5(5.2-5.9) 5.5(5.2-5.9) 5.6 (5.3-6.1) <0.001
HOMAZ-[Sh 75.45 (54.5-104.3) | 76.7 (57.6-107.3) 75.15 (55.25-107.75) | 79.3 (56.5-104.8) 69.4 (46.7-95.6) <0.001
HOMA2-IS® 90 (53.9-145.3) 86.9 (51.8-138) 89.9 (53.1-151.45) 87.8 (53.7-138.9) 97.45 (57.7-159.7) 0.167
HOMA2-IR? 1.11 (0.69-1.86) 1.15(0.72-1.93) 1.11 (0.66-1.88) 1.14 (0.72-1.86) 1.03 (0.63-1.73) 0.167

Table 1. Characteristics of study participants by quartiles of urinary glyphosate level in total participants
(N'=2094). Significant values are in [bold]. ALP alkaline phosphatase, BMI body mass index, FPG fasting

plasma glucose, FINS fasting insulin, HbAIc glycated hemoglobin Alc, HOMA2-f homeostatic model
assessment of beta-cell function, HOMA2-IR homeostasis model assessment of insulin resistance, HOMA2-IS
homeostasis model assessment of insulin sensitivity. *Data were expressed as mean * standard deviation. "Data
were expressed as median (interquartile range).

Stratified analyses showed that sex, smoking status, drinking status, and physical exercise did not exert
a statistically significant modification effect on the associations between urinary glyphosate and glucose
homeostasis indices (all P for modification>0.05, Table S4). Of note, age significantly modified the association
between urinary glyphosate and HbAlc (P for modification <0.05). The above association was more evident
among individuals aged>45 years (percent change: 1.85%, 95% CI 1.02%, 2.70%). Sensitivity analysis also
showed similar associations between urinary glyphosate and glucose homeostasis indices. When regarding
unadjusted urinary glyphosate level as the exposure, compared with participants in the lowest quartile of urinary
glyphosate, those in the highest quartile had a 3.74% and 5.45% increase in FPG and HbAlc, respectively (all
P for trend <0.05, Table S5). The relationships between urinary glyphosate and FPG, HbAlc, and HOMA2-B
remained statistically significant after excluding participants with potentially invalid urinary samples (all P for
trend < 0.05, Table S6).

Association of urinary glyphosate with ALP

Table S3 and Fig. 5 reveal a significant association between urinary glyphosate and ALP. In the fully adjusted
model, participants in the fourth quartile of urinary glyphosate had a 4.68% (95% CI 0.71%, 8.81%) increment
in ALP as compared with those in the lowest quartile (P trend <0.05) (Fig. 5A). RCS also displayed a statistically
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Fig. 1. Associations of urinary glyphosate with glucose homeostasis indices (N =2094). Model 1 was
unadjusted for any confounders; Model 2 was adjusted for age (continuous, years), sex (male/female),
race/ethnicity (Mexican American/Non-Hispanic White/Non-Hispanic Black/others), and survey cycles
(2013-2014/2015-2016/2017-2018); Model 3 was adjusted for age (continuous, years), sex (male/female),
race/ethnicity (Mexican American/Non-Hispanic White/Non-Hispanic Black/others), survey cycles (2013-
2014/2015-2016/2017-2018), BMI (continuous, kg/m?), education level (less than high school/high school or
equivalent/college or above), smoking status (yes/no), drinking status (yes/no), physical activity (no/moderate/
vigorous), family history of diabetes (yes/no), and antidiabetic medication history (yes/no). CI confidence
interval, FPG fasting plasma glucose, FINS fasting insulin, HbAIc glycated hemoglobin Alc, HOMA2-3
homeostatic model assessment of beta-cell function, HOMA2-IR homeostasis model assessment of insulin
resistance, HOMA2-IS homeostasis model assessment of insulin sensitivity. Significant values are in [bold].

significant positive association between urinary glyphosate and ALP (Fig. 5B). Continuous variable analysis
showed that each twofold increase in urinary glyphosate was corresponding to a 1.69% (95% CI 0.48%, 2.92%)
increase in ALP (Table S3). Stratified analyses showed that both age, sex, and central obesity statistically
significantly modified the relationship between urinary glyphosate and ALP (all P for modification <0.05,
Table S4). Notably, the association was more pronounced among individuals aged>45 years, females, and
individuals with central obesity. Additionally, sensitivity analyses also showed robust results (Tables S5 and S6).

Role of ALP in the associations between urinary glyphosate and glucose homeostasis indices

Significant dose-response associations were observed between ALP level and glucose homeostasis indices,
including FPG, FINS, HbAlc, HOMA2-IR, and HOMA2-IS levels (all P and P for trend < 0.05, Table S7), except
for HOMA2-$ (P and P for trend>0.05). Each twofold augment in ALP level was significantly linked with a
5.08%, 14.21%, 4.45%, 16.35%, and —14.05% alteration in FPG, FINS, HbAlc, HOMA2-IR, and HOMA2-IS
levels, respectively (all P<0.05, Table S7). Urinary glyphosate and ALP showed no interaction effects on FPG,
FINS, HOMA2-IR, and HOMAZ2-IS levels (data not shown, all P>0.05), but HbA1c (data not shown, P<0.05).
Table 2 shows the results of further mediation analyses. ALP partially mediated the associations of urinary
glyphosate with FPG and HbA Ic, with mediated proportions of 9.91% and 20.23%, respectively.

Discussion
In the present study, urinary glyphosate was linearly associated with glucose homeostasis indices, including
FPG, HbAlc, and HOMA2-B, which indicated that exposure to glyphosate may result in abnormal blood
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Fig. 2. Restricted cubic splines of the associations between urinary glyphosate and glucose homeostasis indices
(N'=2094). Models were adjusted for age (continuous, years), sex (male/female), race/ethnicity (Mexican
American/Non-Hispanic White/Non-Hispanic Black/others), survey cycles (2013-2014/2015-2016/2017-
2018), BMI (continuous, kg/m?), smoking status (yes/no), drinking status (yes/no), physical activity (no/
moderate/vigorous), educational level (less than high school/high school or equivalent/college or above),
family history of diabetes (yes/no), and antidiabetic medication history (yes/no). CI confidence interval, FPG
fasting plasma glucose, FINSfasting insulin, HbA ¢ glycated hemoglobin Alc, HOMA2-f5 homeostatic model
assessment of beta-cell function, HOMA2-IR homeostasis model assessment of insulin resistance, HOMA2-IS
homeostasis model assessment of insulin sensitivity. Significant values are in [bold].

glucose and P cell dysfunction. Intriguingly, the associations between urinary glyphosate and homeostasis
indices were modified by overweight/obesity and central obesity, with more reinforced associations observed
among overweight/obese and central obese participants. Moreover, this study revealed a mediated effect of
urinary glyphosate on FPG and HbA1c through ALP. These findings provide evidence for the potential impact of
environmental exposure on glyphosate and glucose metabolism abnormalities, suggesting the need to strengthen
the regulation of glyphosate use to safeguard human health.

As aleading herbicide globally, glyphosate is extensively utilized across an array of broad-spectrum herbicidal
formulations, serving residential, commercial, and agricultural purposes. Previously, most research focused
on assessing glyphosate exposure in occupational or agricultural populations. A review comprehensively
summarized glyphosate exposure levels in occupational settings, with concentrations detected in urine ranging
from 0.26 to 292 pg/L?. In contrast, the level of exposure to glyphosate in the general population from the
NHANES 2013-2014 was relatively low, with a median (IQR) of 0.392 (0.263-0.656) ug/L’. Despite the relatively
low levels of glyphosate exposure in the general population, the adverse health effects resulting from exposure
to glyphosate in the general population have aroused growing concerns. A review study has demonstrated that
glyphosate satisfies important characteristics of endocrine-disrupting chemicals (EDCs), including activating
hormone receptors, altering hormone receptor expression, affecting signal transduction in hormone-responding
cells, inducing epigenetic modifications in hormone-producing cells, and altering hormone synthesis and
distribution'®, and some of these characteristics were closely associated with altered B cell physiology and
increased the risk of diabetes?*?. Previous studies have also evaluated the impact of glyphosate exposure on
the risk of diabetes prevalence?3l. However, evidence on the associations of glyphosate exposure with glucose
dyshomeostasis was scarce. The current study substantiated the links between glyphosate exposure and glucose
dyshomeostasis indices and provided vital insights for elucidating the underlying mechanisms.

The present study directly examined the associations between urinary glyphosate levels and glucose
homeostasis indices, finding that exposure to glyphosate was associated with elevated FPG and HbA1c¢ levels, as
well as reduced HOMA2-P. Our results revealed that glyphosate exposure might disrupt the normal regulation
of blood glucose metabolism. Similar to our findings, prior literature assessing the potential health risks of
glyphosate exposure among occupational workers documented significant alterations in amino acid metabolism,
and energy metabolism (glycolysis and tricarboxylic acid cycle) in the exposed group as compared to the control
group2. An in vivo study confirmed that glyphosate exposure altered glucose and lipid metabolism through the
escalation of oxidative stress markers®. In-depth, it elucidated that glyphosate could exert detrimental effects on
the insulin receptor substrate-1/phosphatidylinositol-3 kinase/ Akt (IRS-1/PI3K/Akt) signaling pathways, which
might disturb f cell function, destabilize glucose homeostasis, and potentially precipitate the onset of diabetes®.
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Fig. 3. Restricted cubic splines of the associations between urinary glyphosate and glucose homeostasis
indices stratified by overweight/obesity (N =2094). Models were adjusted for age (continuous, years), sex
(male/female), race/ethnicity (Mexican American/Non-Hispanic White/Non-Hispanic Black/others), survey
cycles (2013-2014/2015-2016/2017-2018), smoking status (yes/no), drinking status (yes/no), physical activity
(no/moderate/vigorous), educational level (less than high school/high school or equivalent/college or above),
family history of diabetes (yes/no), and antidiabetic medication history (yes/no). CI confidence interval, FPG
fasting plasma glucose, FINS fasting insulin, HbA I¢ glycated hemoglobin Alc, HOMA2-f homeostatic model
assessment of beta-cell function, HOMA2-IR homeostasis model assessment of insulin resistance, HOMA2-IS
homeostasis model assessment of insulin sensitivity. Significant values are in [bold].

Interestingly, the associations between urinary glyphosate levels and glucose homeostasis indices were
significantly modified by both overweight/obesity and central obesity. More pronounced associations between
glyphosate exposure and glucose homeostasis indices were observed among overweight/obese or central
obese individuals. As widely acknowledged, obesity itself is a well-established risk factor for diabetes. It can
trigger chronic tissue inflammation, which may subsequently lead to insulin resistance, p-cell dysfunction, and
eventually diabetes®*. Of note, the prevalence of adult obesity is likely to continue to rise nationwide in the
US, with nearly 50% of adults becoming obese by 20303, In light of this alarming trend, it is imperative that
public health efforts increasingly focus on the potential health hazards of environmental glyphosate exposure,
particularly among overweight/obese populations. It was noteworthy that central obesity had a more pronounced
modification effect on the associations between glyphosate and glucose homeostasis indices than general
overweight/obesity. This implies that centrally obese individuals may be more sensitive to the adverse effects of
glyphosate exposure on glycaemic metabolism. Previous evidence has demonstrated that central obesity may be
a more important risk factor for the development of diabetes than general obesity*’. General obesity is typically
characterized by subcutaneous fat accumulation, while central obesity is often characterized by an increase in
visceral fat. Visceral obesity may partly be a marker of a dysmetabolic state, which can result in insulin resistance
by increasing the delivery of free fatty acids to the liver and promoting the secretion of inflammatory cytokines
such as interleukin-6 and tumor necrosis factor-o®.

The mediation analysis demonstrated that the associations between urinary glyphosate and both FPG and
HbAlc were partially mediated by ALP. This finding indicates that ALP may be a vital intermediary in the
pathways linking glyphosate exposure to the disruption of glucose metabolism. On the one hand, ALP has
emerged as a biomarker for chronic low-grade inflammation®>*. A single-cell transcriptome analysis revealed
that glyphosate exposure augmented the production of reactive oxygen species, induced oxidative stress, and
triggered inflammatory responses across various cell populations*®. Glyphosate could impair the normal
functionality of the typical inflammation pathways such as the Wnt pathway*!. Inflammatory responses directly
activated Toll-like receptors, which in turn triggered the JNK/IKK and NF-«B signaling pathways, and ultimately
resulted in insulin resistance and, in some cases, diabetes*2. Furthermore, inflammatory mediators also
triggered insulin resistance in insulin target tissues by activating a cascade of intracellular regulators, including
suppressors of cytokine signaling proteins, several kinases, and protein tyrosine phosphatases. This activation
could subsequently disrupt insulin signaling at the level of the insulin receptor and its substrates®. On the other
hand, a significantly positive association was observed between urinary glyphosate and ALP, which implicated
the potential hepatotoxic effects of glyphosate and suggested it could induce the release of ALP. In fact, the
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Fig. 4. Restricted cubic splines of the associations between urinary glyphosate and glucose homeostasis
indices stratified by central obesity (N =2094). Models were adjusted for age (continuous, years), sex (male/
female), race/ethnicity (Mexican American/Non-Hispanic White/Non-Hispanic Black/others), survey cycles
(2013-2014/2015-2016/2017-2018), smoking status (yes/no), drinking status (yes/no), physical activity (no/
moderate/vigorous), educational level (less than high school/high school or equivalent/college or above),
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assessment of beta-cell function, HOMA2-IR homeostasis model assessment of insulin resistance, HOMA2-IS
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Fig. 5. Associations of urinary glyphosate with ALP (N=2094). (A) Model 1 was unadjusted for any
confounders; Model 2 was adjusted for age (continuous, years), sex (male/female), race/ethnicity (Mexican
American/Non-Hispanic White/Non-Hispanic Black/others), and survey cycles (2013-2014/2015-2016/2017-
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between urinary glyphosate and ALP with fully adjusted model. ALP alkaline phosphatase, CI confidence
interval. Significant values are in [bold].
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Variables Total effect, § (95% CI) Direct effect, p (95% CI) Mediated effect, p (95% CI) | Proportion mediated, %
FPG 0.0162 (0.0041, 0.0282) 0.0146 (0.0028, 0.0264) 0.0016 (0.0003, 0.0034) 9.91

FINS —0.0190 (- 0.0545, 0.0208) —0.0243 (- 0.0591, 0.0150) - -

HbAlc 0.0300 (0.0174, 0.0475) 0.0237 (0.0145, 0.0364) 0.0063 (0.0009, 0.0131) 20.23

HOMA2-B | —0.0410 (-0.0701, -0.0112) | —0.0418 (-0.0715, -0.0114) | 0.0009 (-0.0014, 0.0037) -

HOMA2-IS 0.0126 (—0.0248, 0.0520) 0.0184 (-0.0197, 0.0550) - -

HOMA2-IR | -0.0126 (-0.0479, 0.0233) -0.0184 (-0.0531, 0.0198) - -

Table 2. Mediated effects of ALP on associations of glyphosate with glucose homeostasis indices (n=2094).
Significant values are in [bold]. All models were adjusted for age, sex, race/ethnicity, survey cycles, BMI,
smoking status, drinking status, physical activity, education level, family history of diabetes, and antidiabetic
medication history. - indicated that the direct effect is opposite to the mediated effect or the mediated effect
is insignificant. ALP alkaline phosphatase, FPG fasting plasma glucose, FINS fasting insulin, HbA I¢ glycated
hemoglobin Alc, HOMA2-f3 homeostatic model assessment of beta-cell function, HOMA2-IR homeostasis
model assessment of insulin resistance, HOMA2-IS homeostasis model assessment of insulin sensitivity.

liver is instrumental in maintaining glucose homeostasis, exerting critical control over a spectrum of metabolic
pathways, such as glycogenesis, glycogenolysis, glycolysis, and gluconeogenesis*>. Therefore, as a consequence of
glyphosate exposure, liver damage could also contribute to glucose dyshomeostasis. Indeed, the mediated effect
through ALP appears to only partially account for glucose dyshomeostasis associated with glyphosate exposure.
This implied that additional mechanisms, including oxidative stress, might contribute to the dysregulation of
glucose homeostasis, as previously mentioned. Further research is required in future studies to elucidate the
spectrum of potential mechanisms.

There were several strengths in this study. Firstly, the study investigated the associations between glyphosate
exposure and glucose homeostasis in the US general population. Secondly, glucose homeostasis in obese
individuals was more likely to be affected by glyphosate exposure. Additionally, the above associations were
partly mediated by ALP, which offered an opportunity to dissect and assess the underlying mechanisms linking
glyphosate exposure to glucose dyshomeostasis. Of course, a few limitations should also be acknowledged.
Firstly, the cross-sectional study design can only provide epidemiological clues for the adverse effects associated
with glyphosate exposure, but not infer causality. Secondly, although we attempted to avoid interference from
the confounders by using multiple-model analyses, stratified analyses, and even sensitivity analyses, it remained
challenging to fully cover all potential factors. Furthermore, we primarily concentrated on the impact of
glyphosate exposure on glucose homeostasis, while overlooking the possible disturbance of other environmental
pollutants. Multiple pollutants analyses are necessary to consider and examine the synergistic and antagonistic
effects in further studies.

Conclusion

In summary, urinary glyphosate level was dose-dependently associated with glucose dyshomeostasis, especially
for overweight/obese or central obese individuals. ALP played a mediating role in the associations between
environmental glyphosate exposure and elevated FPG and HbA 1c. The findings not only deliver evidence linking
glyphosate exposure to disruptions in glucose homeostasis, but also underscore the underlying mechanisms of
glyphosate-related metabolic abnormalities in glucose regulation. Subsequent research is strongly encouraged to
validate our findings and delve deeper into the intrinsic mechanisms.

Methods

Study population

The continuous NHANES is an ongoing annual survey implemented by the National Center for Health Statistics
to provide national estimates on various health-related topics since 1999*%. Face-to-face interviews, physical
examinations, as well as laboratory tests were carried out for data collection. After excluding individuals without
measurements of urinary glyphosate, urinary Cr, FPG, FINS, HbAlc, and ALP, and individuals with kidney
disease, 2094 individuals aged > 18 years were finally eligible for analyses. A flow chart of the exclusion of study
participants is presented in Fig. S1. The NHANES protocol received approval from the National Center for
Health Statistics Ethics Review Board, and all participants provided their informed consent.

Measurement of urinary glyphosate

In general, urine specimens were stored under appropriate frozen (—70 °C) until analysis. Urinary glyphosate
level was quantified with 200 uL urine using ion chromatography isotope dilution tandem mass spectrometry
as described elsewhere!2. The limit of detection (LOD) and detection rate was 0.2 pg/L and 78.53%, respectively.
Results below the LOD were assigned a value of LOD/+/2. Valid glyphosate concentrations were calibrated by
dividing urinary Cr levels and expressed as pg/g Cr.

Assessment of outcomes

Blood samples were collected in the corresponding survey years (2013-2014, 2015-2016, 2017-2018) by
phlebotomists at the mobile examination center (MEC) in the NHANES. All blood specimens were transported
at —20 to —30 °C and stored frozen at —70 °C until analysis. FPG, FINS, HbAlc, HOMA2-B, HOMA2-IR,
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and HOMA2-IS were used to profile glucose homeostasis. Detailed information on the measurements of FPG,
FINS, HbAlc, and ALP is summarized in Table S8 according to the NHANES laboratory methods. HOMA2-f,
HOMAZ2-IR, and HOMA2-IS were calculated based on the updated Homeostasis Model Assessment model using
the HOMA2 calculator v2.2.3 (https://www.dtu.ox.ac.uk/homacalculator/). Information on how the glucose
homeostasis indices related to clinical outcomes and/or the disease process was provided in the Supplementary
Material.

Definitions of covariates

Demographic information (age, sex, race/ethnicity, education level), lifestyles (smoking status, drinking
status, and physical activity), family disease history, and medication history were obtained by questionnaires
at household interviews. Height, weight, and waist circumference were all measured by physical examination.
BMI was constructed by dividing weight (kg) by the square of height (m?) and classified as non-overweight/
obesity (<25 kg/m?) and overweight/obesity (=25 kg/m?). Central obesity was defined as a waist circumference
of 102 cm or higher in men and 88 cm or higher in women?. Race/ethnicity was categorized as Non-Hispanic
White, Non-Hispanic Black, Mexican American, and others. Education level was divided into less than high
school, high school, and college or above. Current smokers were defined as participants who smoked at the time
of the survey and smoked no less than 100 cigarettes in life*>. Current drinkers were defined as participants
who consumed at least 12 alcoholic drinks each year?>%, Participants were surveyed about their engagement
in regular moderate and/or vigorous recreational physical activities, and the levels of physical activity were
categorized as no, moderate, and vigorous*’. Family history of diabetes and antidiabetic medication history were
obtained by directly asking participants whether they had a family history and took diabetic pills to lower blood
glucose.

Statistical analysis

Continuous variables were presented as mean (SD) or median (IQR), while categorical variables were expressed
as number (percentage). Continuous variables and categorical variables across the quartiles of urinary glyphosate
were compared by using analysis of variance and ¥? test, respectively. Given that urinary glyphosate, glucose
homeostasis indices, and ALP were all right-skewed distributions, they were log2-transformed for further
analyses.

Three generalized linear models were established to quantify the relationships between urinary glyphosate,
glucose homeostasis indices, and ALP. Model 1 was unadjusted for any confounders; Model 2 was adjusted for
age, sex, race/ethnicity, and survey cycles; Model 3 was additionally adjusted for BMI, education level, smoking
status, drinking status, physical activity, family history of diabetes, and antidiabetic medication history. Based
on log2-transformation for exposure and outcome variables, the regression coeflicients (Bs) and 95% Cls were
further converted to percent changes [100% x (2P - 1)] to facilitate the interpretation of the results*’. Meanwhile,
RCS models were carried out to verify the linearity/nonlinearity of the dose-response relationships between
urinary glyphosate, glucose homeostasis indices, and ALP with fully adjusted models.

As obesity was a well-known risk factor for high FPG, we further explored the modification effect of obesity
status (including overweight/obesity and central obesity) on the associations between urinary glyphosate and
glucose homeostasis. Subsequently, stratified analyses were also performed on the above associations by age
(<45 years/>45 years), sex (male/female), current smoking (no/yes), current drinking (no/yes), or physical
exercise (no/yes). Several sensitivity analyses were conducted to test the associations between urinary glyphosate,
glucose homeostasis, and ALP. The crude concentration of urinary glyphosate was regarded as the exposure
with urinary Cr considered as an independent covariate. Besides, since urine with urinary Cr <30 mg/dL and
urinary Cr>300 mg/dL might be regarded as invalid samples, we further ruled out participants with invalid
urine samples to examine the above associations.

Mediation analyses were adopted to identify the role of ALP in the associations between urinary glyphosate
and glucose homeostasis indices by using the R mediation package. All statistical analyses were comprehensively
executed utilizing R version 4.2.2 (R Core Team, 2022) and SAS software 9.4 (SAS Institute, Cary, NC, USA). All
P values were calculated as two-tailed, with a significance threshold set at 0.05.

Data availability
Data was available from the NHANES public databases (https://www.cdc.gov/nchs/nhanes/index.htm).
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