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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Exposure to pollutant mixtures was 
associated to different metabolic 
outcomes.

• Key contributors within these mixtures 
were identified using weighted quantile 
sum regression.

• Prosulfocarb, ClCF3CA, and PNP were 
important contributors to the mixture 
effects.

• Considering chemical mixtures into 
health policy and regulatory frame
works is needed.
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A B S T R A C T

Metabolic syndrome (MetS) and its components –central obesity, hypertriglyceridemia, reduced levels of serum 
high-density cholesterol (HDL-c), high blood pressure (BP), and hyperglycemia– are highly prevalent worldwide. 
Classical modifiable risk factors and environmental ones, such as exposure to pollutants can contribute to these 
high prevalence rates. We assessed whether exposure to pollutant mixtures was associated with MetS and its 
components, identifying key contributing pollutants. We analyzed data from 606 adults aged 25–64 from the 
European Health Examination Survey (2013–2015). Among 152 analyzed chemicals, 40 were present in over 50 
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% of the samples and classified as flame retardants, industrial wastes, and plastics (4), insecticides (17), her
bicides (12), and fungicides (7). Using weighted quantile sum regressions, we estimated associations of groups of 
pollutants and the total mixture with metabolic outcomes. Exposure to insecticides was associated with high BP, 
hyperglycemia, and hypertriglyceridemia; herbicides with abdominal obesity; and fungicides with MetS, hy
perglycemia, and hypertriglyceridemia. The total mixture increased the odds of all outcomes, except low HDL-c 
[average ORMetS = 2.06 (5th PCT = 1.23); average ORAbdominal obesity = 1.83 (5th PCT = 1.03); average ORHigh BP 
= 2.42 (5th PCT = 1.42); average ORLow HDL-c = 1.19 (5th PCT = 0.77); average ORHyperglycemia = 2.15 (5th PCT 
= 1.37); average ORHypertriglyceridemia = 1.89 (5th PCT = 1.10)]. Prosulfocarb was a probable contributor to the 
mixture effect on MetS and abdominal obesity, ClCF3CA on hypertriglyceridemia, and PNP on high BP. In 
conclusion, chemical pollutants are more present in individuals with metabolic derangements, with potentially 
stronger effects when combined. Reducing pesticide use, promoting safer alternatives, and creating protocols/ 
regulatory standards for multiple-exposure scenarios are crucial for public health.

1. Introduction

Metabolic syndrome (MetS) and its components – central obesity, 
increased blood levels of triglycerides, reduced levels of blood high- 
density lipoprotein cholesterol (HDL-c), high blood pressure (BP), and 
hyperglycemia – are highly prevalent worldwide (Noubiap et al., 2022). 
Over the past three decades, countries have experienced a sharp rise in 
obesity, diabetes and hypertension rates (Phelps et al., 2024; WHO, 
2018; Zhou et al., 2021). These factors increase the risk of cardiovas
cular and neurodegenerative diseases, cancer, or premature death (de A 
Boleti et al., 2021; Fahed et al., 2022; Gami et al., 2007; Karra et al., 
2022).

Metabolic derangements can be partially explained by the influence 
of classical modifiable risk factors like physical inactivity, unhealthy 
diet or insufficient sleep, which are increasingly common worldwide 
(López-Bueno et al., 2024). To date, public health strategies have mainly 
focused on addressing these classical factors. However, the contribution 
of environmental factors, including exposure to chemical pollutants, 
often remains overlooked, indicating room for improvement (Wang 
et al., 2024).

Anthropogenic pollutants such as pesticides are examples of sub
stances with potential health effects, given their widespread use in do
mestic and agricultural practices (Le Magueresse-Battistoni et al., 2018). 
These include insecticides, herbicides, fungicides and other chemicals 
used to prevent, destroy, repel or control pests (U.S. Code, n.d.). In 
recent decades, the presence and use of new chemical compounds, 
including pesticides and other substances, have increased. Growing 
trends have raised concerns about their persistence, bioaccumulation, 
and potential or unknown health effects (Iglesias-Gonzalez and 
Appenzeller, 2025; Pathak et al., 2022; Sharma et al., 2023). The 
magnitude of this public health problem has led to regulations such as 
the Stockholm Convention, ratified by Luxembourg and other 151 
countries, and the regulation on the registration, evaluation, author
isation and restriction of chemicals (REACH) (Bergkamp, 2013; Lallas, 
2001). Biomonitoring studies have confirmed the widespread presence 
of chemical compounds in the general population, reinforcing the sce
nario of multiple exposures (Lallmahomed et al., 2024; Peng et al., 
2021). These exposures can lead to additive or synergistic “cocktail ef
fects”, even at low concentrations, when chemicals share similar 
mechanisms of action or targets (Barouki et al., 2022; Christou et al., 
2021; Hernandez et al., 2019; Martin et al., 2021).

Despite increasing awareness of mixtures' health effects, current risk 
assessments typically evaluate chemicals individually, failing to account 
for real-world scenarios and underestimating their potential health 
impact. Although experimental studies link pollutants to hormonal 
disruption and inflammation, epidemiological findings are less consis
tent, often focusing on individual or limited number of chemicals, non- 
metabolic outcomes, or specific occupational settings (Barbey et al., 
2024; Evangelou et al., 2016; Lamat et al., 2022; Mérida et al., 2023; 
Petit and Vuillerme, 2025; Shoshtari-Yeganeh et al., 2019; Vuong et al., 
2022; Xiao et al., 2024; Zhang et al., 2024). The effects of complex 
chemical mixtures and their key drivers on cardiometabolic health 

remain understudied, highlighting the need for more comprehensive 
research.

Our study aimed to address this gap by assessing whether exposure to 
a mixture of 40 different chemical compounds, measured in hair sam
ples, was associated with metabolic outcomes (MetS and its compo
nents). This study also aimed to identify key pollutants that mainly drive 
these associations, offering insights into potential metabolic risks by 
environmental mixtures.

2. Methods

2.1. Study population and design

This study used data collected from 635 randomly selected partici
pants (with and without MetS) out of the 1529 included in the European 
Health Examination Survey (EHES-LUX) (Bocquet et al., 2018). The 
sample was stratified by MetS status to increase exposure variability and 
the ability to detect associations between chemical mixtures and MetS 
and its components. Participants without information for clinical out
comes (n = 22) and pregnant women (n = 7) were excluded. Finally, 606 
individuals were included in the subsequent analyses. The EHES-LUX, a 
cross-sectional population-based survey conducted between 2013 and 
2015, aimed to evaluate the general health status of adults aged 25 to 64 
in the Grand-Duchy of Luxembourg (Bocquet et al., 2018). The EHES- 
LUX included a self-administered questionnaire, clinical and anthropo
metric measurements and biological samples (e.g. blood and hair). Self- 
administered questionnaires gathered information on demographic de
tails, medication use, and lifestyle variables. All participants provided 
written informed consent before inclusion. The project was approved by 
the National Research Ethics Committee (1st CNER's notice N◦ 201205/ 
07 Version 1.0, amended by CNER's notice N◦201205/07 version 1.4) 
and notified to the National Commission for Data Protection (CNPD, 
date: 14/05/2012). A proof/certificate of approval can be provided 
upon request.

2.2. Chemical assessment of exposure in hair

A total of 152 exposure biomarkers to persistent and non-persistent 
pollutants were selected for analysis in hair samples as previously 
described (Ruiz-Castell et al., 2023). These included 27 organochlorines, 
12 organophosphates, 13 pyrethroids, 6 acid herbicides, 2 anilino- 
pyrimidines, 15 azoles, 2 benzamides, 9 carbamates, 2 carboxamides, 
6 neonicotinoids, 2 oxadiazins, 2 phenylhydrazones, 4 strobilurins, 11 
triazines, 13 ureas, 2 dinitroanilines and 12 miscellaneous pesticides. In 
addition, 4 polychlorobiphenyls (PCBs), 6 polybrominated flame re
tardants (PBDEs) and 2 bisphenols (bisphenol A and S) were also 
analyzed. Specific information regarding the materials and analytical 
methods has been published elsewhere (Ruiz-Castell et al., 2023). 
Briefly, 50 mg of hair powder samples were decontaminated following a 
validated protocol (Hardy et al., 2015), involving washes with sodium 
dodecyl sulfate solution, ultrapure water, and methanol. After drying, 
hair samples were pulverized and extracted using acetonitrile/water 
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solution under continuous agitation overnight. Chemical concentrations 
were quantified using gas chromatography-tandem mass spectrometry 
(GC–MS/MS). Out of the 152 pollutants analyzed, we focused on 40 
chemicals, each with over 50 % of their detected values above the limit 
of detection (LOD) (Supplementary Table 1). These were grouped into 
four categories based on their usage: flame retardants, industrial wastes, 
and plastics (n = 4); insecticides (n = 17); herbicides (n = 12); and 
fungicides (n = 7).

Compared to other matrices such as blood, hair analysis is a non- 
invasive method that captures chronic exposure to both hydrophobic 
and hydrophilic compounds (Hardy et al., 2021). Moreover, the con
centration of pesticides and their metabolites in hair is representative of 
their levels in blood (Junaid et al., 2024). Additionally, unlike biological 
fluids, the timing of sample collection does not influence chemical 
concentrations in hair (Fäys et al., 2021). These characteristics make 
hair a relevant and robust matrix for assessing long-term, multi-chemi
cal exposure, making it a suitable tool for investigating chronic envi
ronmental exposures in population studies.

2.3. Outcomes

Waist circumference (WC) was measured using a measuring tape 
(cm). Systolic blood and diastolic BP (mm Hg) were measured at least 3 
times on the right arm while seated (Ruiz-Castell et al., 2016). The re
ported values represent the average of the second and third measure
ments (Ruiz-Castell et al., 2016; Streel et al., 2015). Biochemical 
parameters, fasting plasma glucose (FPG, mg/dL), serum triglycerides 
(mg/dL), low-density lipoprotein cholesterol (LDL-c, mg/dL), and HDL-c 
(mg/dL) were analyzed in a national laboratory.

Clinical outcomes examined in the present study included MetS and 
its components: abdominal obesity, hypertriglyceridemia, low HDL-c, 
high BP, and hyperglycemia. MetS was considered based on the 
criteria set by the International Diabetes Federation (Alberti et al., 
2006): WC ≥ 94 cm for men and ≥80 cm for women and the presence of 
at least two of the following factors: (1) total triglycerides ≥150 mg/dL 
irrespective of sex or taking related medication; (2) HDL-c < 40 mg/dL 
for men and <50 mg/dL for women or being on related medication; (3) 
systolic BP ≥ 130 or diastolic BP ≥ 85 mm Hg irrespective of sex or using 
anti-hypertensive medications; and (4) FPG ≥ 100 mg/dL or previous 
diagnosis of diabetes for both men and women. MetS individual com
ponents were defined with the thresholds for each condition.

2.4. Covariates

Demographic, socioeconomic, and lifestyle information was ob
tained from health questionnaires. We included age, sex (male/female), 
country of birth (Luxembourg, Portugal, other EU countries, other non- 
EU countries), education level (primary, secondary, tertiary education), 
job status (working/not working), physical activity (aerobic physical 
activity ≥150 min/<150 min per week), and organic food consumption 
(always, from time to time, and never).

2.5. Statistical analyses

Descriptive data for continuous variables are presented as medians 
with 25th and 75th percentiles (25thPCT, 75thPCT), while categorical 
variables are presented as frequencies and percentages.

Out of the 40 selected pollutants, chemical exposures with values 
below the LOD were imputed using the Quantile Regression Imputation 
of Left-Censored data (QRILC) method (Wei et al., 2018a, 2018b). The 
subsequent missing values were imputed using the chained equations 
method with the MICE package in R (van Buuren, 2012). The original 
data set (N = 417) and the imputed data set (N = 606) were compared, 
observing similar descriptive values for the selected variables (Supple
mentary Tables 2 and 3). Imputation was performed across 30 cycles 
with 5 iterations, generating 30 imputed datasets.

Two regression approaches were employed to assess the relationship 
between the chemicals of interest and the clinical outcomes (Supple
mentary Fig. 1): single chemical and mixture models.

Single chemical logistic regression models were applied to each of 
the 40 chemical compounds. The Benjamini and Hochberg correction 
was applied to control the False Discovery Rate (FDR).

Mixture models were performed using weighted quantile sum (WQS) 
regression, which evaluates the association between highly correlated 
co-exposures and health outcomes (Carrico et al., 2015). These models 
were applied in two ways: first, by combining individual compounds 
within the four categories of chemicals, i.e. i) flame retardants, indus
trial wastes, and plastics, ii) insecticides, iii) herbicides, and iv) fungi
cides, and analyzing each category separately; second, by combining 
compounds from the four categories into a global mixture model.

Exposures were divided into quantiles and combined into a weighted 
index, reducing dimensionality and multicollinearity. WQS estimates 
the mixture's overall effect and ranks individual chemicals by their 
estimated weights. Chemicals with higher weights contribute more to 
the weighted index. Analyses were conducted using one sided confi
dence limits, focusing the inference on a positive direction (i.e., 
increased risk). 5thPCT was used to establish the lower limit. All models 
were adjusted by age, sex, country of birth, education level, job status, 
physical activity, and organic food consumption. We conducted a 
sensitivity analysis using only chemical values without imputation (N =
417). To improve stability, we applied repeated holdout validation 
combining cross-validation and bootstrap resampling (Tanner et al., 
2019). The data were randomly split (40/60 %) with replacement 100 
times, running a WQS regression on each split to generate distributions 
of estimates and weights. This process was repeated across 30 imputed 
datasets, having a total of 3000 WQS estimates. Chemicals with weights 
above 1/c (c = total chemicals) in ≥90 % of holdouts were classified as 
‘probable’ contributors (Bennett et al., 2022; Busgang et al., 2022). We 
used the R package “gWQS: generalized weighted quantile sum regres
sion” version 3.0.4 to perform these models.

All statistical analyses were performed using R statistical software, 
and the result presented was validated by an independent programmer.

3. Results

Out of the 606 individuals included in the study, 47.69 % presented 
with MetS, 67.00 % had abdominal obesity, 40.92 % had hyper
triglyceridemia, 50.66 % had low HDL-c, 57.76 % had high BP, and 
43.73 % had hyperglycemia (Table 1). A total of 91 individuals pre
sented all four individual MetS components, whereas 80 individuals did 
not present any of these components (Fig. 1). Individuals with MetS or at 
least one of its components were generally older, more likely to be men, 
had a lower education level, were not employed, reported lower levels of 
physical activity, and consumed fewer organic foods than the overall 
sample (Table 1); and generally presented with higher concentrations of 
chemical pollutants in their hair (Supplementary Table 4).

3.1. Flame retardants, industrial wastes and plasticizers

The repeated holdout WQS showed no significant mixture effect for 
flame retardants, industrial wastes and plasticizers on any of the meta
bolic outcomes (Table 2). On average, all effect point estimates were 
positive with at least 75 % of repetitions exceeding 1 for MetS, low HDL- 
c, high BP and hyperglycemia. However, the estimates exhibited sub
stantial dispersion, limiting the confidence for a significant association 
(Supplementary Fig. 2). Single chemical regressions indicated higher 
concentrations of PCB 180 in hair associated with reduced odds of 
abdominal obesity [OR = 0.66 (95 % CI, 0.52; 0.84)] (Supplementary 
Table 5). A similar trend was found in the single quartile regression [OR 
= 0.75 (95 % CI, 0.60; 0.93)]; however, the association was not signif
icant after FDR correction (Supplementary Table 6).
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3.2. Insecticides

The WQS analysis revealed a significant association between the 
insecticides index and high BP [average OR = 1.95, (5thPCT = 1.35)], 
hyperglycemia [average OR = 1.49, (5thPCT = 1.09)], and hyper
triglyceridemia [average OR = 1.35, (5thPCT = 1.05)] (Table 2; Sup
plementary Fig. 2). Moreover, P-Nitrophenol (PNP) was a probable 
contributor to the mixture effect for the association between the in
secticides and high BP (Fig. 2). In the single chemical model, PNP 
remained significant [OR = 1.60 (95 % CI, 1.12; 2.29)], as did fipronil 
sulfone [OR = 1.15 (95 % CI, 1.02; 1.30)]. However, these associations 
were not significant after FDR correction (Supplementary Table 5). 
Similar trends were observed in the single chemical analysis with 
quartiles (Supplementary Table 6).

3.3. Herbicides

The herbicide mixture was significantly associated with increased 
odds of abdominal obesity [average OR = 1.71, (5thPCT = 1.18)] 
(Table 2; Supplementary Fig. 2). Prosulfocarb was a probable contrib
utor to the mixture effect on abdominal obesity (Fig. 2). Additionally, 
single chemical regressions, either considering exposure in continuous 
or categorized in exposure quartiles, showed that higher concentrations 
of prosulfocarb in hair were associated with increased odds of abdom
inal obesity [OR = 1.82, (95 % CI, 1.32; 2.51) and OR = 1.40, (95 % CI, 
1.16; 1.69), respectively] (Supplementary Tables 5 and 6). These asso
ciations remained significant after correcting for FDR (FDR-corrected p- 
value <0.001).

3.4. Fungicides

No fungicide showed strong evidence of contributing to MetS, hy
perglycemia, nor hypertriglyceridemia (Fig. 2). However, the combined 

effect of different fungicides was associated with changes in these out
comes [average ORMetS = 1.38, (5thPCT = 1.07); average ORHyperglycemia 
= 1.68, (5thPCT = 1.27); average ORHypertriglyceridemia = 1.35, (5thPCT =
1.05)] (Table 2; Supplementary Fig. 2). Trifloxystrobin was associated 
with increased odds of MetS. In contrast, boscalid was associated with 
increased odds of hyperglycemia and hypertriglyceridemia in single 
chemical regression models, although these associations were not sig
nificant after FDR correction (Supplementary Tables 5 and 6).

3.5. Total mixture

A total mixture effect, combining all hair pollutants (n = 40 chemical 
pollutants) was analyzed for each outcome separately. The mixture ef
fect was associated with all clinical outcomes, except for low HDL-c, and 
especially with high BP and hyperglycemia (Fig. 3). Fig. 4 presents 
chemical contributions for each outcome categorized by color according 
to their chemical category. Prosulfocarb was a probable contributor to 
the total mixture effect on MetS (92.2 % holdouts) and abdominal 
obesity (99.9 % holdouts). Moreover, ClCF3CA and PNP were also 
probable contributors to the total mixture effect on hyper
triglyceridemia (91.1 % holdouts) and high BP (94.9 % holdouts), 
respectively. These pollutants were indicated as potentially important 
contributors, either because they were identified in the single category 
mixtures or showed significance in the single chemical analysis.

4. Discussion

The present cross-sectional analysis of 606 individuals from the 
EHES-LUX study found associations between exposure to pollutant 
mixtures and different metabolic outcomes in adults residing in the 
Grand-Duchy of Luxembourg. Exposure to insecticides was associated 
with high BP, hyperglycemia, and hypertriglyceridemia, to herbicides 
with abdominal obesity, and to fungicides with MetS, hyperglycemia, 

Table 1 
Characteristics of the participants included in the analysis in the overall sample and by metabolic outcome.

Overall Metabolic 
syndrome

Abdominal 
obesity

High BP Low HDL-c Hyperglycemia Hypertriglyceridemia

Number of participants, n (%) 606 (100.00) 289 (47.69) 406 (67.00) 350 (57.76) 307 (50.66) 265 (43.73) 248 (40.92)
Sociodemographic characteristics

Age in years, median (25th PCT, 
75th PCT)

47.11 (38.87, 
55.85)

51.80 (43.50, 
57.47)

50.21 (42.03, 
56.94)

51.58 (42.96, 
57.63)

48.16 (40.50, 
56.31)

51.78 (42.33, 
57.74)

51.84 (43.13, 57.27)

Sex, n (%)
Female 277 (45.71) 116 (40.14) 194 (47.78) 125 (35.71) 136 (44.30) 90 (33.96) 78 (31.45)
Male 329 (54.29) 173 (59.86) 212 (52.22) 225 (64.29) 171 (55.70) 175 (66.04) 170 (68.55)

Birth country, n (%)
Luxembourg 269 (44.39) 134 (46.37) 176 (43.35) 166 (47.43) 124 (40.39) 120 (45.28) 117 (47.18)
Portugal 115 (18.97) 64 (22.14) 86 (21.18) 67 (19.14) 73 (23.78) 59 (22.26) 56 (22.58)
Other EU countries 157 (25.91) 66 (22.84) 105 (25.86) 85 (24.29) 75 (24.43) 64 (24.15) 54 (21.77)
Other non-EU countries 65 (10.73) 25 (8.65) 39 (9.61) 32 (9.14) 35 (11.40) 22 (8.30) 21 (8.47)

Education level, n (%)
Primary 171 (28.22) 105 (36.33) 134 (33.00) 118 (33.71) 98 (31.92) 90 (33.96) 90 (36.29)
Secondary 214 (35.31) 104 (35.99) 142 (34.98) 127 (36.29) 108 (35.18) 99 (37.36) 86 (34.68)
Tertiary 221 (36.47) 80 (27.68) 130 (32.02) 105 (30.00) 101 (32.90) 76 (28.68) 72 (29.03)

Job status, n (%)
Not working 157 (25.91) 90 (31.14) 122 (30.05) 108 (30.86) 90 (29.32) 79 (29.81) 82 (33.06)
Working 449 (74.09) 199 (68.86) 284 (69.95) 242 (69.14) 217 (70.68) 186 (70.19) 166 (66.94)

Lifestyle characteristics
Physical activity per week, n 
(%)

Aerobic physical activity 
<150 min

417 (68.81) 229 (79.24) 303 (74.63) 262 (74.86) 233 (75.90) 199 (75.09) 186 (75.00)

Aerobic physical activity 
≥150 min

189 (31.19) 60 (20.76) 103 (25.37) 88 (25.14) 74 (24.10) 66 (24.91) 62 (25.00)

Organic food consumption, n 
(%)

Never 207 (34.16) 101 (34.95) 141 (34.73) 121 (34.57) 110 (35.83) 87 (32.83) 95 (38.31)
Time to time 348 (57.42) 174 (60.21) 240 (59.11) 203 (58.00) 180 (58.63) 161 (60.75) 142 (57.26)
Always 51 (8.42) 14 (4.84) 25 (6.16) 26 (7.43) 17 (5.54) 17 (6.42) 11 (4.43)

Descriptives were obtained using the fifth imputed dataset. BP: blood pressure; HDL-c: high-density lipoprotein cholesterol; PCT: percentile; n: number.
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and hypertriglyceridemia. When all 40 individual pollutants were 
combined and analyzed, the total mixture was associated with higher 
odds of all clinical outcomes, except for low HDL-c, and especially with 
high BP and hyperglycemia. Our study showed that environmental 
pollutants were more present when metabolic derangements occurred, 
and their effects were higher when they were combined. To the best of 
our knowledge, this is one of the first studies analyzing the association 
between metabolic outcomes and an exposure to a complex mixture of 
pollutants.

Previous research suggests that exposure to pollutants during the 
first stages of life may have harmful effects (Waalen, 2014). While evi
dence in adult populations remains limited and scarce (Peng et al., 
2024a), our findings showed that pollutants measured in adulthood 
(25–64 years) were also linked to metabolic health. Longitudinal studies 
are needed to determine when in lifespan the cocktail effect is more 
relevant and how impacts older adults, who are more prone to metabolic 
derangements.

Regarding each chemical category, we found a positive association 
between exposure to herbicides and abdominal obesity. Some chemicals 
can act as endocrine disruptors, interfering with lipid homeostasis and 
promoting lipid accumulation (Muscogiuri et al., 2017). Moreover, they 
can also modify the gut microbiota and alter the hormonal control of 
appetite and satiety (Lagisz et al., 2015; Snedeker and Hay, 2012). 
Among herbicides, prosulfocarb was the most probable contributor to 
the association between this chemical category and abdominal obesity. 
Prosulfocarb is a pre-emergent herbicide rapidly gaining use in many 
countries due to the increasing bioresistance and the restrictions or bans 
on other pesticides (Devault et al., 2022). Although it has a low 

toxicological effect in vitro and in animal models, its use is recent, and 
there are limited studies characterizing its effects on human health. 
However, two recent studies by Peng et al. have highlighted potential 
impacts of prosulfocarb on thyroid and sex steroid hormones (Peng 
et al., 2023, 2024b). These findings suggest that prosulfocarb may have 
endocrine-disrupting effects, with possible implications for metabolism. 
Our results point toward the need to further investigate the potential 
health impacts of prosulfocarb and the necessity to update its consid
eration in future regulations.

We also observed a positive association between exposure to in
secticides and hypertriglyceridemia, high BP, and hyperglycemia, in line 
with previous studies (Dong et al., 2024; Evangelou et al., 2016; Sam
suddin et al., 2016; Wei et al., 2023). Organophosphates (OPs) and their 
metabolites, like PNP, a major contributor in our analyses to high BP, 
can induce plasma hypertriglyceridemia and impair the renin- 
angiotensin system, producing an increase in BP (Rajak et al., 2022; 
Suzuki et al., 2014). Moreover, organophosphorus and carbamate 
compounds are cholinesterase inhibitors, which can further raise BP by 
stimulating the sympathetic nervous system (Zago et al., 2022). Other 
possible mechanisms include effects on miRNA-dependent pathways 
and the induction of oxidative stress in various organ systems (Glover 
et al., 2022a, 2022b). Recently, serum albumin and aspartate trans
aminase/alanine transaminase (AST/ALT) ratio have been identified as 
potential mediators in these associations (Dong et al., 2024). In the case 
of blood glucose alterations, exposure to certain insecticides can 
enhance the activity of enzymes involved in hepatic gluconeogenesis 
and glycogenolysis, produce acute pancreatitis influencing insulin 
secretion, or cause dysregulations of other hormones such as 
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catecholamines, progesterone, or testosterone, among others (Dong 
et al., 2024; Xiao et al., 2017). Moreover, exposure to insecticides is 
linked with the disruption of hepatic lipid and glucose metabolism, 
potentially contributing to non-alcoholic fatty liver disease (Yang and 
Park, 2018). While previous studies have primarily focused on organo
chlorine and organophosphorus insecticides, our findings suggest that 
other insecticides such as imidacloprid, a neonicotinoid that is part of a 
family of insecticides increasingly used worldwide, should also be tar
geted for future studies on metabolic health.

Exposure to fungicides was associated with MetS, hyperglycemia, 
and hypertriglyceridemia (Langer et al., 2009; Lee et al., 2011; Wu et al., 
2013a; Xiao et al., 2017). However, evidence on fungicides is scarce, 
with most studies focusing on in vitro or animal models. In mice, 
exposure to carbenzamid caused damage to the intestinal mucosa, which 
was associated with increased levels of blood glucose, TNF-α and IL-1β, a 
reduced Bacteroides abundance, and lower fecal acetate (one of SCFAs) 
concentrations (Jin et al., 2018). In pancreatic β-cells (RIN-m5F), 
exposure to a pesticide mixture, including HCB, increased ROS pro
duction and suppressed insulin secretion (Park et al., 2020). HCB is often 
used as a fungicide, but it can also be released from industrial and other 
processes (Bailey, 2001). Additionally, a similar mixture inhibited basal 
glucose uptake in L6 myotubes by downregulating Glut4 expression 
(Park et al., 2021). Wild-type male mice fed pesticide chow (a mixture of 
6 pollutants including boscalid) developed characteristics of hepatic 
steatosis and glucose intolerance, while females developed fasting hy
perglycemia, higher reduced glutathione (GSH): oxidized glutathione 
(GSSG) liver ratio, and alterations in gut microbiota-related urinary 
metabolites compared to controls (Lukowicz et al., 2018). Mice fed with 
fish oil contaminated with a pesticide-mixture containing HCB gained 
more weight, had higher muscle triacylglyceride levels and lower AKT 
activity (Ibrahim et al., 2011). A Swedish population-based prospective 

study found that most metabolites associated with HCB exposure orig
inated from fatty acids and phosphoethanolamine metabolism, both of 
which are crucial components of plasma lipoproteins and have signaling 
functions (Salihovic et al., 2016). Moreover, fungicides such as pyr
aclostrobin or tebuconazole produce lipid accumulation and oxidative 
stress in cells (Kwon et al., 2021; Luz et al., 2018). To our knowledge, no 
studies before have directly linked fungicides with hypertriglyceridemia 
as detected in this work, highlighting the need for further research to 
validate our findings.

Even if some chemical categories were not associated with clinical 
outcomes, the general population is exposed to multiple pollutants 
simultaneously, which can have a cumulative and interacting effects. 
Therefore, it is crucial to consider the overall exposure rather than in
dividual chemicals in isolation. The exposome is complex, making it 
crucial to assess all these exposures together (Ruiz-Castell et al., 2023). 
While some studies in other populations have examined chemical mix
tures and cardiometabolic health outcomes, they have mainly focused 
on a limited number of pollutants, used different biological matrices or 
employed alternative analytical methods (Donat-Vargas et al., 2018; 
Nguyen et al., 2022; Reina-Pérez et al., 2023; Wu et al., 2013b; Zhang 
et al., 2019). We did not find associations for most pollutants in single- 
chemical analysis. However, this finding aligns with the hypothesis that 
low-dose exposure to mixtures may affect metabolic health (Le 
Magueresse-Battistoni et al., 2018). This is relevant as toxicity is usually 
assessed for individual pollutants (EU Pesticides Database, n.d.; Van Ael 
et al., 2013), without considering potential synergic effects. In our 
sample, five detected pollutants were banned before our study 
(Delegated Regulation - 2022/2291 - EN - EUR-Lex, n.d.), yet they were 
probable contributors to the observed metabolic derangements.

Our findings highlight the need to guide regulatory bodies and 
promote cleaner, sustainable industrial practices (Kurul et al., 2025). 

Table 2 
Results from the logistic WQS for each of the categories of chemical exposures and the total mixture of pollutants.

Chemical class mixture Mean Median 5th PCT 95th PCT

Metabolic syndrome FRIWP OR 1.12 1.11 0.88 1.37
Insecticides OR 1.42 1.39 1.00 1.90
Herbicides OR 1.26 1.22 0.80 1.83
Fungicides OR 1.38 1.37 1.07 1.73

Mixture of pollutants OR 2.06 1.95 1.23 3.23
Abdominal obesity FRIWP OR 0.98 0.97 0.77 1.18

Insecticides OR 1.09 1.07 0.77 1.46
Herbicides OR 1.71 1.67 1.18 2.37
Fungicides OR 1.02 1.01 0.79 1.26

Mixture of pollutants OR 1.83 1.76 1.03 2.88
High BP FRIWP OR 1.12 1.11 0.89 1.40

Insecticides OR 1.95 1.91 1.35 2.73
Herbicides OR 1.22 1.18 0.82 1.73
Fungicides OR 1.21 1.20 0.93 1.56

Mixture of pollutants OR 2.42 2.33 1.42 3.75
Low HDL-c FRIWP OR 1.08 1.07 0.88 1.31

Insecticides OR 1.13 1.11 0.84 1.47
Herbicides OR 1.00 0.99 0.69 1.34
Fungicides OR 1.11 1.09 0.87 1.37

Mixture of pollutants OR 1.19 1.15 0.77 1.72
Hyperglycemia FRIWP OR 1.16 1.15 0.93 1.42

Insecticides OR 1.49 1.47 1.09 1.95
Herbicides OR 1.11 1.09 0.72 1.60
Fungicides OR 1.68 1.65 1.27 2.18

Mixture of pollutants OR 2.15 2.06 1.37 3.21
Hypertriglyceridemia FRIWP OR 1.03 1.03 0.82 1.25

Insecticides OR 1.51 1.48 1.05 2.11
Herbicides OR 1.12 1.10 0.72 1.59
Fungicides OR 1.35 1.34 1.05 1.70

Mixture of pollutants OR 1.89 1.82 1.10 2.92

Models were adjusted by age, sex, country of birth, education level, job status, physical activity, and organic food consumption. WQS: weighted quantile sum. FRIWP: 
flame retardants, industrial wastes, and plastics; BP: blood pressure; HDL-c: high-density lipoprotein cholesterol; OR: odds ratio; PCT: percentile.
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Fig. 2. Weight distributions of each chemical pollutant (left axis) and the number of repetitions in which the pollutant exceeded the 1/c threshold contribution of 
concern (right axis) for categories of mixtures logistic WQS models with more than 95 % repetitions above the null (N = 606). Models were adjusted by age, sex, 
country of birth, education level, job status, physical activity, and organic food consumption.
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Industries can support this by investing in green chemistry, improving 
supply chain traceability, adopting cleaner production processes, and 
phasing out hazardous substances. However, regulatory bans do not 
necessarily eliminate persistent pollutants from the environment, which 
continue to affect human health (Van Ael et al., 2013). Our study sup
ports the urgent need to transition toward safer chemical alternatives.

For society, our findings call for stronger public health protection 
through enforcement of international agreements, greater transparency 
in chemical substitutions, and increased public awareness. Addressing 
these challenges requires collaboration among governments, industries, 
and individuals. The 2030 Agenda for Sustainable Development pro
vides a roadmap to protect both human and planetary health while 
promoting environmental justice and sustainability.

Some limitations need to be considered. Due to the study's obser
vational and cross-sectional design, residual confounding cannot be 
ruled out, and causal inference cannot be established. Nearly 50 % 
measurements for some pollutants fell below the LOD, likely reflecting 
low exposure levels. Nonetheless, even low dose exposures could 
contribute to metabolic alterations in susceptible individuals. Despite 
these limitations, the present study assessed the association between a 
mixture of 40 chemical pollutants and metabolic outcomes, representing 
the highest number of pollutants examined in relation to these outcomes 
to date. The main analysis using imputed data was supplemented by a 
complete case sensitivity analysis, which yielded similar results (Sup
plementary Figs. 3 and 4). Moreover, the use of hair samples reflects 
average exposure over the four months preceding sample collection and 
allows for the detection of both hydrophilic and hydrophobic com
pounds, providing a more complete picture of exposure. Another 
strength of our study is the use of WQS regression to assess the associ
ations between chemical pollutants and metabolic health outcomes. This 
approach overcomes limitations of traditional regression models related 
to multicollinearity and allows identification of the most influential 
components in the mixture. Moreover, to enhance stability and gener
alizability, we applied repeated holdout validation with bootstrap 
resampling.

5. Conclusion

This study found associations between exposure to certain classes of 
pesticides (insecticides, herbicides and fungicides) and several meta
bolic health outcomes, including high BP, hyperglycemia, hyper
triglyceridemia, abdominal obesity and MetS. No clear associations were 
observed for exposure to flame-retardants, industrial wastes, or plasti
cizers. The chemical mixture was associated with MetS and its compo
nents, except for low HDL-c cholesterol, although the cross-sectional 
nature of the study limits causal interpretation. Prosulfocarb, ClCF₃CA, 
and PNP emerged as potential contributors to these associations; how
ever, further longitudinal studies are warranted to clarify their role and 
assess possible long-term health effects. These findings underscore the 
importance of supporting initiatives aimed at reducing pesticide over
use, promoting the development of safer alternatives, and exploring 
alternative pest control strategies. Furthermore, enhanced safety pro
tocols and regulatory standards that address multiple exposures that we 
face nowadays may be crucial for protecting both those who handle 
pesticides directly and, indirectly, to the general population.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2025.180691.
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Glossary

BP: Blood pressure
FDR: False discovery rate
FPG: Fasting plasma glucose
EHES-LUX: European Health Examination Survey in Luxembourg
GC–MS/MS: Gas chromatography-tandem mass spectrometry
HDL-c: High density cholesterol
LDL-C: Low-density lipoprotein cholesterol
LOD: Limit of detection
MetS: Metabolic syndrome

NAFLD: Non-alcoholic fatty liver disease
OCs: Organochlorines
OPs: Organophosphates
PBDEs: Polybrominated flame retardants
PCT: Percentile
PCBs: Polychlorobiphenyls
PNP: P-Nitrophenol
QRILC: Quantile Regression Imputation of Left-Censored data
T4: Tetraiodothyronine
WC: Waist circumference
WQS: Weighted quantile sum
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