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Abstract

The relation between pesticides exposure and metabolic syndrome (MetS) has not been
clearly identified. Performing a systematic review and meta-analysis, PubMed, Cochrane
Library, Embase, and ScienceDirect were searched for studies reporting the risk of MetS
following pesticides exposure and their contaminants. We included 12 studies for a total of
6789 participants, in which 1981 (29.1%) had a MetS. Overall exposure to pesticides and
their contaminants increased the risk of MetS by 30% (95CI 22% to 37%). Overall
organochlorine increased the risk of MetS by 23% (14 to 32%), as well as for most types of
organochlorines: hexachlorocyclohexane increased the risk by 53% (28 to 78%),
hexachlorobenzene by 40% (0.01 to 80%), dichlorodiphenyldichloroethylene by 22% (9 to
34%), dichlorodiphenyltrichloroethane by 28% (5 to 50%), oxychlordane by 24% (1 to 47%),
and transnonchlor by 35% (19 to 52%). Sensitivity analyses confirmed that overall exposure
to pesticides and their contaminants increased the risk by 46% (35 to 56%) using crude data
or by 19% (10 to 29%) using fully-adjusted model. The risk for overall pesticides and types of
pesticides was also significant with crude data but only for hexachlorocyclohexane (36% risk
increase, 17 to 55%) and transnonchlor (25% risk increase, 3 to 48%) with fully-adjusted
models. Metaregressions demonstrated that hexachlorocyclohexane increased the risk of MetS
in comparison to most other pesticides. The risk increased for more recent periods
(Coefficient = 0.28, 95CI 0.20 to 0.37, by year). We demonstrated an inverse relationship
with body mass index and male gender. In conclusion, pesticides exposure is a major risk
factor for MetS. Besides organochlorine exposure, data are lacking for other types of
pesticides. The risk increased with time, reflecting a probable increase of the use of pesticides
worldwide. The inverse relationship with body mass index may signify a stockage of

pesticides and contaminants in fat tissue.
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Introduction

In 2020, the global production of pesticide reached 3.5 million tons.! Considering the damaging
consequences on human health,”> many international measures have been taken to limit the
production and use of pesticides,’ but even those who have been prohibited still exist in the
environment leaving us with important exposure.*> Among the wide range of diseases enhanced
by pesticides,’ they are an evident risk factor for cardiovascular diseases,” but also for metabolic
diseases such type 2 diabetes mellitus (T2DM)® and obesity.” Metabolic syndrome (MetS) is
considered as a plurimetabolic condition, linked with obesity and T2DM pathophysiology.'’
However, if the level of proof is high regarding the increased risk of diabetes and obesity
following pesticides exposure, few studies have focused on the relationship between exposure to
pesticides and the risk of having MetS. Among hundreds of pesticides, the most used are
organochlorine pesticides (OCP), organophosphates, carbamates, pyrethoids and triazines.
Moreover, pesticides exposure is often accompanied by contaminants such as polychlorodibenzo-
p-dioxins and polychlorodibenzofuranes (PCCD/PCDF) and polychlorobiphenyls (PCB),!! with
each of them having specific effects on human health.® Furthermore, simultaneous exposure to
several pesticides and contaminants seems to increase the risk for multiple metabolic parameters
such as T2DM, dyslipidemia and insulin resistance.'>!* Such effects are yet to be demonstrated in
MetS. Considering that pesticides production are increasing to meet worldwide food demand,'*!
the risk of MetS following pesticides exposure may have also increased over the last years. From a
physiological point of view, most pesticides are known to be lipophile compounds that accumulate
preferably in adipose tissue.!® Considering that MetS is closely related to visceral adiposity, the
influence of adiposity can be a very important factor in effects of pesticides exposure on MetS.!”
Similarly, sociodemographic characteristics like age, sex and race have un evident impact on the

risk of MetS,!%!” as previously demonstrated for other pathologies like T2DM.
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Therefore, we aimed to conduct a systematic review and meta-analysis based on the risk of MetS
following pesticides exposures. Secondary aims were to compare the risk depending on the type of
pesticides, the effects of multiple exposures to pesticides and their contaminants and the effect of
time of exposure and to assess the influence of characteristics of individuals (anthropometric,

sociodemographic, and lifestyle).

Methods

Literature search

We reviewed all studies reporting the risk of having MetS in relation with pesticides exposure.
The PubMed, Cochrane Library, ScienceDirect and Embase databases were searched until October
24" 2021, with the following keywords: “metabolic syndrome” and “pesticide” (details of the
search strategy is available in Appendix 1). The search was not limited to specific years and no
language restrictions were applied. To be included in the systematic review, articles needed to
describe our primary outcome variables i.e. the risk of MetS following exposure to pesticides or
reporting numbers to calculate this risk. Then, articles describing either an odds ratio, a relative
risk, or a hazard ratio, or giving data to calculate this risk, were included in the meta-analysis. In
addition, reference lists from all publications meeting the inclusion criteria were manually
searched to identify any further studies that were not found with the electronic search. The search
strategy is presented in (Figure 1). Two authors (H Lamat and S Maqdasy) conducted all literature
searches, collated, and reviewed the abstracts and based on the selection criteria, decided the
suitability of the articles for inclusion. A third author (F Dutheil) was asked to review the articles
where consensus on suitability was debated. All authors then reviewed the eligible articles. We

followed the guidelines outlined by PRISMA.
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Data collection

The data collected included first author's name, publication year, study design, periods of studies,
aims, outcomes of included articles, sample size, mean age, sex (percentage of males), risk of
MetS (depending on method of calculation or adjustment model such as crude or adjusted odd
ratio, and types of risk such as odds ratio, relative risks, and prevalence ratio), characteristics of
pesticide and contaminants exposure (types, multi-exposure, years of exposure), and
characteristics of individuals (such as body mass index (BMI), age, sex, geographical zone,

smoking habits, alcohol consumption).

Risk of bias and certainty of evidence

The Newcastle-Ottawa Scale (NOS) was used to check the risk of bias of included articles.?' This
scale has an original version to evaluate case-control and cohort studies. Adapted version exists
and widely used to evaluate cross-sectional studies.?>* Through different items, three dimensions
are evaluated: selection, comparability, and exposure for case-control studies; and selection,
comparability and outcome for cohort and cross-sectional studies. One point was given for each
item. The maximum score is 9 for case-control and cohort studies and 10 for cross-sectional
studies (Figure 2). The evidence synthesis for this review was conducted in accordance with the
Grading of Recommendations Assessment, Development and Evaluation (GRADE) guidelines

(Appendix 2).%

Statistical considerations

Statistical analysis was conducted using Stata software (v15, StataCorp, College Station, US).26-33
Baseline characteristics were summarized for each study sample and reported as mean (standard-

deviation) and number (%) for continuous and categorical variables respectively. Random effects
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meta-analyses (DerSimonian and Laird approach) were conducted when data could be pooled.**
We conducted meta-analysis on the risk of MetS following pesticides exposure using all odds
ratio, relative risk, or hazard ratio. We stratified these meta-analyses on the type of pesticides
(organochlorines and types of organochlorines, organophosphates, carbamates, pyrethroids,
triazines) and contaminants (OCP, PCB and PCCD/PCDF). We described our results by
calculating the hazard ratio of the risk of MetS after exposure to pesticides.>* Hazard ratio were
centered at one if the risk of MetS after exposure to pesticides did not differ from the risk of MetS
without exposure to pesticides. Hazard ratio >1 denoted an increased risk of MetS, and hazard
ratio <1 reflected a decreased risk. Heterogeneity in the study results was evaluated by examining
forest plots, confidence intervals (CI) and using formal tests for homogeneity based on the I-
squared (I2) statistic. I> is easily interpretable and the most common metric to measure the
magnitude of between-study heterogeneity. 1?2 values range between 0% and 100% and are
typically considered low for <25%, modest for 25-50%, and high for >50%. For rigor, funnel
plots of these meta-analyses were also used to search for potential publication bias. In order to
verify the strength of the results, further meta-analyses were then conducted after exclusion of
outliers i.e. by excluding studies that were not evenly distributed around the base of the funnel,*
as well as sensitivity analyses based on the type of risks (odds ratio, relative risk, or hazard ratio).
Moreover, when a study reported simultaneously both crude and adjusted risks, we also computed
first sensitivity analyses using only the most adjusted risks listed in included articles, and in a
second time, only crude or less adjusted risks. Therefore, for each meta-analysis, we computed
two models (a model using the most adjusted risks listed in included articles, and a model using
only crude or less adjusted risks). Lastly, because of a possible time-dependent cumulative effect
for the risk of MetS, we computed a separated subgroup sensitivity analyses by removing the
studies that included individuals over 70 years old. When possible (sufficient sample size), meta-

regressions were proposed to study the relationship between the risk of MetS and pesticides
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exposure and clinically relevant parameters such as characteristics of exposure (type of pesticides,
multi-exposure, years of exposure) or those of individuals (BMI, age, sex, lifestyle). Results were
expressed as regression coefficients and 95% CI. P values less than 0.05 were considered

statistically significant.

Results

An initial search produced a possible 8595 articles (Figure 1). Removal of duplicates and use of
the selection criteria reduced the number of articles reporting MetS as an outcome of pesticides
exposure to 12 articles in the systematic review.***’ One study reported only B coefficients*® and
was not included in the meta-analyses.*® Thus all 12 studies were included in the systematic
review and only 11 studies were included in the meta-analyses. All articles were written in

English.

Risk of bias and certainty of evidence

The assessment of the quality of the 12 included studies was performed using the Newcastle-
Ottawa quality scale to assess the risk of bias and GRADE to assess the certainty of evidence.?!?
All studies had a low risk of bias. Overall, case-control studies performed better in the comparability
section and worse in the exposure section, while cohort and cross-sectional studies performed better in
comparability section and worse in selection section (Figure 2). All studies mentioned ethical
approval. The certainty of the evidence was rated as high for our main outcome and for most other

meta-analytic outcomes. The certainty of the evidence was low for mirex, aldrin, PCDD, and

PCDF (Appendix 2).

Aims and outcomes of included articles
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Eight studies aimed to evaluate the association between pesticides exposure and the incidence or
the prevalence of MetS as a primary result**=%4?=*47 while four studies evaluated this association

as a secondary result.*®#14346 Ten studies evaluated only pesticides. The two other studies

assessed the impact of other environmental pollutants.***!

Study designs

Our analysis was performed from six cross-sectional studies, three nested case-control studies, two
cohort studies and one case-control study. Duration of recruitment in cross-sectional studies
ranged from 6 months*? to 5 years,*® and duration of follow up in prospective studies ranged from
2.6 years** to 10 years.* Five studies were conducted in Asia (South Korea,***>444 India®®), four

in Europe (Sweden,***' Spain,*® Norway'’), and two in USA.*"* Seven studies were

36,37,39-42,47 38,43-46

monocentric and five multicentric.

Inclusions and exclusions criteria of included articles

Diagnosis of MetS was based on NCEP-ATPIII definition in all studies except one that used

both NCEP-ATPIII and IDF definitions.*® Some of the included articles targeted at the

40,41 46,47

population at advanced age or being overweight or obese, and therefore predisposed to

risk of MetS. Two studies included MetS patients.*®** Inclusion criteria for other articles were

t 45 37,39,43 40,44
9

normal weight,™ non-diabetic, non-MetS at baseline, or living in the same area.’8

All studies excluded participants with incomplete data on MetS or pesticides exposure. Other

37,39,43,47

main exclusion criteria were diabetes mellitus, underweight,46 occupational

exposure.*?

Recruitment
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37,38,43-46

Six studies recruited participants from other ongoing surveys whereas six studies

14,19,35,45,

specifically recruited participants for their studies. 4950 Recruitment was from general

37,39-41,43,46

population, medical centres,*®*” high exposed area,®® professional farmers** or

other targeted populations.**=*>4°

Population

Sample size ranged from 100°**% to 1162.** We included 6789 individuals in total, among
which 1981 (29.1%) had MetS. Prevalence of MetS ranged from 20.4*° to 64.0%.%

Age was reported in all studies except one.*® Mean age ranged from 18*%47 to 78*7 years.

Gender was reported in all studies except three.*®*!** Proportion of men ranged from 32.0%"’ to
50%.!
Body mass index (BMI) and waist circumference were reported as mean+SD in all

studies except five, 540434451 and ranged from 23.2+1.4% to 30.2+7.4%7 kg/m? for BMI, and from
75.3% to 99.9% cm for waist circumference. Only one study included only obese individuals’
grade 2 and 3, with a BMI of 42+5.1 kg/m? and a waist circumference of 125+13 cm.*” Three

studies only reported proportions of normal, overweight, and obese participants.’’#+46

Blood pressure (BP) was reported in all studies except four.*!**%® Mean systolic BP ranged
from 114.9%° to 147.1 mmhg*® while mean diastolic BP ranged from 70.6*° to 85.5*” mmHg.

Triglycerides and HDL were reported in all studies except three.*'***” Mean levels were

36.39.41.424445 and ranged from 76.8% to 211.7*° mg/dl for triglycerides, and

reported in six studies,
from 35.6*° to 62.0% mg/dl for HDL. Proportion of individuals with high triglycerides levels
(=150 mg/dl) or with low HDL level (<40 in men and <50 mg/dl in women) were reported in two

studies,*’*® ranging from 13.5%" to 38.0%"7 for TG level, and from 34.9%*® to 59%*" for HDL

level.

10



221 Fasting glucose level was reported in all studies except three.****} Mean glucose levels
222 ranged from 81.4°¢ to 122.7°¢ mg/dl.

223 Smoking status was reported in all studies except four.*®¥#34¢ Proportion of smokers ranged
224 from 8.0 ¥ to 17.6%."

225  Alcohol consumption was reported in three studies.’’*** Percentage of consumers ranged
226  from 31.0%” to 49.6%.* but studies used different cut-offs.

227  Other descriptive variables were marital status,”* education®”***® or occupation,*®

40,42,45,46

228  race,” physical activity 3745

or energy intake,*® family history of diabetes®’* or heart

229  disease,”” or personal history of liver disease,’” myocardial infarction*' or stroke,*!

4041 other biological parameters (HOMA-IR,*"¥%4 insulin,***  total

230  medications,
231  cholesterol,*”*?> LDL,* CRP,**” or ALAT*’), and body composition.*’

232
233 Measurements of pesticides exposure and risk of MetS

234 All studies employed gas chromatography/isotope and high-resolution mass spectrometry

40,41

235  using the isotope dilution method to measure the concentration of pesticides in plasma or

36.37,3942:43.4547 plood sampling as exposure measurement except one study that used the

236  serum
237  intensity level of pesticides exposure and cumulative exposure index.** Similarly, all studies
238  used either serum or plasma samples to measure the biological parameters of MetS (blood
239  glucose levels, HDL cholesterol and triglycerides). Risk of MetS were expressed as odds ratio
240 in all studies except three studies that used relative risks,** prevalence ratio,*® or -
241  coefficient.®® All studies reported measurements of pesticides and their contaminants except
242 three where only pesticides were explored.***#* Contaminants were measured using the same

243  methods.

244

11



245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

Meta-analysis on the risk of MetS following pesticides exposure

Overall exposure to pesticides and their contaminants increased the risk of MetS by 30%
(OR=1.30, 95CI 1.22 to 1.37). All studies included exposure to organochlorine pesticides.
Organochlorine increased the risk of MetS by 23% (14 to 32%). Among organochlorine, most
pesticides increased the risk of MetS: hexachlorocyclohexane increased the risk by 53%
(OR=1.53, 95CI 1.28 to 1.78) (using data from six studies>®-7-3%424346) "hexachlorobenzene
by 40% (95CI 0 to 80%) (five studies*’*#>461) " dichlorodiphenyldichloroethylene by 22%
(9 to 34%) (seven studies®®37-3941-4346) " dichlorodiphenyltrichloroethane by 28% (5 to 50%)
(five studies*®37-34246)  oxychlordane by 50% (14 to 85%) (four studies’’>%**%%), and
transnonchlor by 56% (22 to 90%) (five studies*’*'~4%)  with more than four studies for each
type of pesticides. Besides organochlorine pesticides, there were no data for the following
types of pesticides: organophosphates, carbamates, pyrethroids, triazines. Only one study
reported a risk for concomitant exposure to several pesticides, precluding further analyses.
Pesticides’ contaminants increased the risk by 31% (19 to 42%), mainly represented by PCB

that increased the risk of MetS by 32% (18 to 45%) (Figure 3).

Sensitivity analyses

All mentioned meta-analysis gave similar results after exclusion of studies that were not evenly
distributed around the base of the metafunnel (Figure 4), as well as sensitivity analyses based on
the type of risks i.e. while removing the three studies that did not express the risk of MetS as odds
ratio. We also performed a meta-analysis only using crude odds ratio (Figure 5 and Supplementary
Figure 1) and only using fully adjusted odds ratio (Figure 5 and Supplementary Figure 2). The
meta-analysis using only crude odds ratio still showed an increased risk of MetS after exposure to
pesticides and their contaminants by 46% (35 to 56%), and for overall pesticides by 42% (29 to
55%). Nevertheless, meta-analysis using fully adjusted odds ratio were not significant for the risk

12
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294

of MetS following pesticides exposure (OR=1.09, 95CI 0.98 to 1.19). However, the risk of MetS
was significantly increased following exposure to polychlorobiphenyls and overall contaminants.
Such an effect of contaminants was still apparent as a 19% (10 to 29%) increase of the fully
adjusted odds ratio for the combination of pesticides and contaminants. The only single pesticides
that showed increasing risk of MetS in the fully-adjusted meta-analysis were
hexachlorocyclohexane at an increased risk of 36% (17 to55%) and transnonchlor at 25% (3 to
48%). Lastly, the results were also similar after exclusion of the two studies that included
individuals over 70 years old,***" i.e. an increased risk of MetS after exposure to pesticides and

their contaminants of 29% (22 to 36%), and for overall pesticides of 27% (18 to 37%).

Metaregressions

Hexachlorocyclohexane increased the risk of MetS in comparison to most other pesticides.
Simultaneous exposure to several pesticides showed no higher risk of MetS in comparison to
single exposure of pesticide, but there was only one study reporting multi-pesticides exposure.
The risk of MetS following pesticides exposure increased for most recent studies (Coefficient
0.28, 95CI 0.20 to 0.37, p<0.001, by year). Higher BMI and waist circumference decreased
the risk of MetS following pesticides exposure (-0.28, -0.38 to -0.18; and -0.11, -0.23 to -0.00,
respectively). The risk of MetS following pesticides exposure was lower in men (-0.14, -0.19

to -0.10, per %men) (Figure 6).

Discussion

The main finding was that pesticides exposure increases the risk of MetS, with data mainly for
organochlorine pesticides. The risk has increased in recent years. More recent studies have shown
an increased risk of MetS following pesticides exposure. Physiologically, the inverse relationship

with BMI may signify a stockage of pesticides in fat tissue.
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Pesticides exposure as a major risk of MetS

The exposure to pesticides has been proven to increase the risk for multiple cardiovascular and
metabolic pathologies® such as myocardial infarction,” diabetes® and obesity.” MetS is considered
a prediabetic stage and is also a major risk of cardiovascular diseases.’>>> The onset of MetS is
linked to visceral adiposity, which is itself linked to an excess of fast fat and sugar, and sedentary
lifestyle. This visceral adiposity is responsible for activating the inflammatory pathways mediated
by cytokines.’® This mechanism leads to the production of nitric oxide and insulin resistance. The
last two lead to a vasodilation defect and thus an alteration of the endothelium implicated in the
cardiovascular complications of the MetS.>’ Major meta-analyses demonstrated the increased risk
of T2DM, obesity and cardiovascular diseases following exposure to pesticides.”” We
demonstrated that pesticides exposure increases the risk for MetS which is closely related to
cardiovascular and metabolic diseases.’® Mechanistically, MetS is closely related to dysregulation
of adipose tissue, i.e. visceral adiposity.”® The increased risk of MetS following pesticides
exposure may be directly linked to their effects on adipose tissue. Some pesticides, like DDE may

enhance proliferative capacity of preadipocytes and thus the development of adipose tissue.>

Others, like OCP, may disturb the function of estrogen receptors that play a role in adipogensis.*
In addition to pesticides exposure, their contaminants also increased the risk of MetS. PCDF and
PCDD are produced during pesticides manufacturing, burning of waste, and automobile
emissions.®"*%? Their abundance in the environment may explain our findings as other pesticides
are mainly used in agriculture. Despite OCP and PCB being banned since 1970s,%* they are still a
major risk of MetS which can be explained by their persistence in the environment.>%*%° For

example, the unfortunately famous Chlordecone was an organochlorine used in the 1980s in the

French West Indies. Despite its hazardous effect on humans, it was used until 1993 against a
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banana pest. Considered as one of the worst persistent organic pollutants (POP), for centuries

chlordecone because of its very long remanence will continue to pollute Martinican rivers.%

Risk of MetS and types of pesticide

Organochlorines are the main types of pesticides explored in our study. Among organochlorines,
hexachlorocyclohexane has the most important risk as it is found in soil, water and air; and as
other organochlorine, it has a prolonged remanence.*’ It is produced in many countries and
exported to countries that do not produce it anymore.*” Although mechanism of pathological
effects are not totally known, studies in animals showed alteration in cytochrome P450,
glutathione-S-transferase and glucose-6-phosphate dehydrogenase activities indicating its
implication in oxidative dysregulation.’’ Oxidative stress is now known to be increased in
metabolic syndrome as it’s associated with adiposity and insulin resistance.%® Heptachlor-epoxide
use is now restricted to control fire ants in power transformers.”” We failed to show that
heptachlor-epoxide increased a risk for MetS, which can be explained by its fast elimination from

O and undetectable levels in population.”'’> Several studies showed that

the organism,’
transnonchlor and oxychlordane exposure increased the risk of diabetes and induced alteration of
the metabolic profile,73 and therefore our results on the risk of MetS is in line with the literature. A
study on effects of oxychlordane in female rats showed a cluster of vacuolated hepatocytes
between the hepatic triad and central vein.”* These same changes are seen in nonalcoholic fatty
liver disease’® which is now known to have a close relation with MetS both pathophysiologically
and by cardiovascular risk prediction.”® Hexachlorobenzene is known to have pathological effects
on the skin, liver and thyroid.”” Despite a limited number of studies assessing its effects on the
metabolic profile, we showed its risks on MetS. Dicholordiphenyldichloroethylene (DDE) and

Dichlorodiphenyltrichloroethane (DDT) are related pesticides.”” Even if DDE and DDT are

mainly known for their side effects on liver and reproductive function,”” we also demonstrated
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their potential to increase the risk of MetS. Surprisingly, mirex had an inverse relationship with
the risk of MetS but scarcity of data prevailed as shown using the GRADE certainty of evidence.
Although, no data are known on how it affects human health, studies on animals showed liver and
kidney effects.”® Apart from organochlorines, results of our meta-analysis showed a lack of data
for other types of pesticides (organophosphates, carbamates, pyrethroids, and triazines). Such data
should be strongly needed considering their global use.”” We also showed that the risk was the
highest for hexachlorocyclohexane and transnonchlor whatever the statistical model used,

highlighting their side effect on the risk of MetS.

Unique and multiple exposures in a time-effect manner

Multiple pesticides exposure is the most common exposure of populations, worldwide.’”%

Literature showed that simultaneous exposure to pesticides and their contaminants increased the
risk of variable pathologies more than single exposure.!**%*1:” We did not find such relation for
the risk of MetS as most included studies examined only single pesticide exposure. Toxicological
effects of low-dose pesticides mixture on human health are largely unknown and anticipating these
effects is often difficult to prove, however synergism and potentiation in pesticides effects have
been demonstrated in laboratory animals.®® Nonetheless, we demonstrated that even unique
exposures increased the risk of MetS. Therefore, preventive strategy should also focus on handling
single exposure as this may prevent multiple exposure.'>%> We demonstrated an increased risk
with time as recent studies showed more important risk of MetS due to pesticides exposure. This
may be explained by the increase production and use of pesticides worldwide to meet the growing
global food demand,'*!> but also by the persistence of banned pesticides in the environment.*>
Furthermore, pesticides like other pollutants are well known to accumulate all along the food
chain, with transfer across areas and over boarders; they even have been identified in areas where

they have never been used.®'#? Our findings should trigger an alarm regarding limitations in the
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steps taken to restrict the production of pesticides and development of better technologies for

agriculture, food, and pesticide industries.®?

Anthropometric and sociodemographic effects

MetS is closely related to visceral adiposity,’® where pesticides mainly accumulate because of
their lipophilic nature.!® However, we demonstrated an inverse relationship between BMI or
waist circumference, and the risk of MetS following pesticides exposure. Similarly as
exposure to other lipophilic agents, such as POP for example, the adipose tissue may capture
the pesticides and store them without provoking major detrimental effects. Sequestration of
pesticide in adipose tissue, like other POPs, decrease their concentration in blood, limiting
their availability to other tissues where they may have damaging effects.®® This may add a
protective function to adipose tissue regarding pesticides.’* And paradoxically, lean
individuals with few adipose tissues will have higher detrimental effects of POP because they
will not be stored in the adipose tissue. Even if not all pesticides are POPs, they are lipophile,
and thus the protective effect of adipose tissue should be similar. Despite the very strong
inverse relationship between BMI and the risk of MetS following exposure to pesticides, two
limitations should be noted. First, pesticides are present in higher concentration in adipose
tissue than in blood,'® but all included studies in our meta-analysis assessed blood pesticides
levels and none assessed levels of pesticides within adipose tissue. However, assessing
pesticides levels in adipose tissue need biopsies which is practically impossible to achieve on
a large population scale. Second, a recent review of 17 studies showed significant increased
blood levels of pesticides after weight-loss interventions such as hypocaloric diet, medications
and bariatric surgery.® Studies included in our meta-analyses should have reported weight
variation history of participants ahead of inclusion. The main other influencing variable is

S’18,86

gender. While being a man is a risk factors for Met we demonstrated that women were
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more at risk of MetS following pesticides exposure. Our findings may be explained by
differences in characteristics of adipose tissue and lifestyle patterns between men and
women.?”? Even if most included studies enrolled more women than men, the unbalanced
sex ratio should not have affected our results as we controlled this parameter in our analysis.
Lastly, despite smoking and alcohol®*> are known to increase the risk of MetS, we showed

that they have no modification on the risk of MetS following exposure to pesticides.

Limitations

Our study has some limitations. Only 11 studies were included in which some case-control studies

had a limited number of participants,*®%4

and some studies included targeted population that did
not represent the general population 364042444547 However, we included a large sample size of
6789 individuals, in which 1708 were included in case control studies of all ages and categories
promoting the generalizability of our results. We also computed sensitivity analyses by excluding
studies with the oldest individuals to limit age-related cofounders. Most studies had cross-
sectional or case-control designs, and prospective studies had also a short follow-up period,
limiting the possibility to detect causality between pesticides exposure and MetS. All studies were
in high-income and developed countries except one in India, where the use and exposure to
pesticides is of greater concern. Having significant risk in developing countries where exposure to
pesticides is of less concern in comparison to undeveloped countries may upgrade the quality of
evidence of this meta-analysis. No study reported the duration of exposure allowing the analysis
of a dose-effect relationship. However, the importance of duration of exposure has been illustrated
in several pathologies including diabetes.53%1% Some studies evaluated the association between
pesticides exposure and MetS as a secondary aim which required extra statistical tests that might

generate false-positive associations.***!434¢ In all studies, exposure was assessed by measuring

pesticides plasma or serum levels using gas chromatography/isotope and high-resolution mass
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spectrometry using the isotope dilution method, except one study that assessed exposure using a
questionnaire.*> Although, not all studies offered details of measurement protocols, all
measurements were done in laboratories attached to research facilities. We believe that differences
in protocols could be negligible and would not affect the overall comparability across studies.
Even though the major site of accumulation of pesticides is adipose tissue, blood pesticides levels
are the only realistic large-scale assessments.*” Most included studies did not adjust for lipid

levels, even if such normalization is controversial.'?

There could be selection bias as one study
used capillary blood instead of venous blood to define hyperglycemia.*® There could also be an
observation bias as only some selected pesticides were evaluated. However, our meta-analysis
covered most common environmental pesticides. The fact that risk of MetS following pesticides
exposure was less salient when using a fully adjusted model, could be related to differences across
studies in their adjustment criteria, included populations, and observational designs. However,
results were still significant for overall pesticides and contaminants, and for
hexachlorocyclohexane and transnonchlor. All studies did not report characteristics of non-
participants. Most included studies did not report lifestyle behavior such as pesticides using
behavior, dietary habits, or physical activity. However, all included studies adjusted their risk
measurement on anthropometric and sociodemographic variables such as age, sex, smoking,
alcohol, education, or obesity. Overall, our meta-analysis inherited the limitations of the 11

individual studies of which it was composed and therefore was subjected to the bias of included

studies such as bias of selection and bias of outcome assessment.

Conclusion

We demonstrated that pesticides exposure is a major risk of metabolic syndrome, increasing the
risk by 42%. There were data mainly for organochlorine pesticides that globally increased the risk

of MetS, as well as for most types of organochlorines, with a high level of proof for
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hexachlorocyclohexane and transnonchlor. Besides organochlorine exposure, data are lacking for
other types of pesticides. The risk increased in more recent studies which may be due to the
increase of the worldwide use of pesticides. We also demonstrated an inverse relationship with
body mass index, that may be linked with a storage of pesticides in fat tissue. Authorities should

enforce measurements to limit the use and production of pesticides.
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Table 1. Characteristics of included studies
*: not included in the meta-analysis. ATP3: National cholesterol education program, adult treatment panel III; BMI: Body mass index; IDF: International
Diabetes Federation; OR: Odds ratio; PR: prevalence risk; RR: relative risk.

Study

Country

Period

Design

Population

Metabolic syndrome

Other variables listed

Total (n) Men (%) Age Type Definition Risk Adjustment
Aminov 2020* USA 2016 cross-sectional 601  37.27 18-84  Local community ATP3 g  Age gender, Sm‘;i‘;i’:ﬂ% BMI, serum total ]
Dusanov 2018 Norway 20052010 cross-sectional 431  37.4 1878  Clinic patients ATP3  OR  Age sex BM smoking, alcool, total CRP, ALAT
. ) . ) . Age, sex, BMI, smoking, alcohol, physical Social class, education, physical
Gasull 2018 Spain 2002 cross-sectional 860 43.6 General population ATP3/IDF PR activity activity, CRP, HOMA-IR
. S . Total fat mass, lean mass, visceral fat
Ha 2018 Eglrgg 2016 neséggtrc;se- 100 18.0 - Targeted population ATP3 OR Smoking, farr}j;thEE?F:y of diabetes, mass, physical activity, family history
) of diabetes, fasting insulin
. South } K Age, smoking, alcohol, regular exercise, .
Kim 2019 Korea 2005-2008 cohort 1162 56.6 39-72 Farmer ATP3 RR education. marital status Marital status
Age, sex, race, poverty income ratio,
Lee 2007 USA 1999-2002 cross-sectional 721 - 220  General population ATP3 OR smoking, serum cotinine, alcohol, exercise, -
BMI
South ) nested case- . Age, sex, smoking, alcohol, exercise, . . .
Lee 2014 Korea 2006-2010 control 246 32.9 240 Local community ATP3 OR triglycerides, total cholesterol, BMI Physically inactive, total cholesterol
Lind 2013 Sweden 2011 cross-sectional 1016 - 70 General population ATP3 OR Fatty acids, fatty acid factor, sex. Myocar_d|al infarction, stoke, _d|abetes,
statin treatment, alcohol intake
Education, exercise habits, energy
Lind 2017 Sweden  2006-2017 cohort 452 50.0 70 General population ATP3 OR Lipid levels intake, fat intake, hypertension
treatment, LDL, alcohol intake
Race, education, marital status,
Park 2010 South 2006 nested case- 100 280 240 General populaton ~ ATP3  OR Age, sex, alcohol, smoking, BMI family history of diabetes / heart
Korea control : . . S
disease, liver disease, total lipids
Age, family of heart disease/diabetes, liver
Rosenbaum 2017 USA 2005-2007 cross-sectional 548 32.0 >18  General population ATP3 OR disease, sex, race, alcohol, smoking, Fasting insulin
marital status, education, BMI, total lipids
Tomar 2013 India 2013 case-control 100 - - Clinic patients ATP3 OR Age, sex, smoking, alcohol -
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Figures Legend

Figure 1. Search strategy.

We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines for

the search strategy.
Figure 2. Risk of bias assessment — Newcastle Ottawa scale

We used the Newcastle Ottawa scale (NOS) criteria to assess the methodological quality of the included articles,
both for case-control and cohort studies (9 items) and cross-sectional studies (10 items), with the dedicated
evaluation grids. We presented an overall quality score based on three dimensions: selection, comparability,
and exposure for case-control studies; and selection, comparability and outcome for cohort and cross-sectional
studies.

Figure 3. Meta-analysis stratified by type of pesticides (using all risks)

Each overall summary of a meta-analysis is represented in the graph by a lozenge on a horizontal line and each
stratification by a dot. Dots represent risk of MetS after exposure by individual pesticides or individual
contaminants, grey lozenges represent risks by types of pesticides, blue lozenges for the overall pesticides and
the overall contaminants, and the red lozenge for the overall combination of pesticides and contaminants. The
lozenges / dots represent the overall pooled-effect estimate of individual meta-analyses (pooled effect size - ES),
and the length of each horizontal line around the dots represent their 95% confidence interval (95CI). Shorter
lines represent a narrower 95CI thus higher precision around pooled-ES. Conversely, longer lines represent a
wider 95CI and less precision around pooled-ES. The black solid vertical line represents the null estimate (with
a value of 1). Horizontal lines that cross the null vertical line represent a non-significant overall summary of the
meta-analysis, for each efficacy outcome.

n studies (subgroups): number of studies and subgroups included for each meta-analysis; I-squared (%):
percentage of heterogeneity between studies for each meta-analysis; Weight (%): Weight of each stratification
(meta-analysis) in the overall meta-analysis.

Figure 4. Metafunnels

Each dot represents a single study, with its corresponding effect size (x axis) and its associated standard error of
the effect estimate (y-axis). Large high-powered studies are placed towards the top, and smaller low-powered
studies towards the bottom. The plot should ideally resemble a pyramid or inverted funnel, with scatter due to

sampling variation. Studies outside funnel plot are likely to present bias.""!

Figure 5. Sensitivity analysis: meta-analysis using crude odds ratio and fully adjusted model

(see details in Supplementary Figure 1 and 2)



Each overall summary of a meta-analysis is represented in the graph by a lozenge on a horizontal line and each
stratification by a dot. Dots represent risk of MetS after exposure by individual pesticides or individual
contaminants, grey lozenges represent risks by types of pesticides, blue lozenges for the overall pesticides and
the overall contaminants, and the red lozenge for the overall combination of pesticides and contaminants. The
lozenges / dots represent the overall pooled-effect estimate of individual meta-analyses (pooled effect size - ES),
and the length of each horizontal line around the dots represent their 95% confidence interval (95CI). The black
solid vertical line represents the null estimate (with a value of 1). Horizontal lines that cross the null vertical line

represent a non-significant overall summary of the meta-analysis, for each efficacy outcome.

Figure 6. Meta-regression i.e. factors influencing the risk of MetS following pesticides

exposure

The effect of each variable on the outcome is represented in the forest-plot by a dot on a horizontal line. The dots
represent the coefficient for each variable, and the length of each line around the dots represent their 95%
confidence interval (95CI). The black solid vertical line represents the null estimate (with a value of 0).

Horizontal lines that cross the null vertical line represent non-significant variables on the outcome.

Supplementary materials

Supplementary Figure 1. Meta-analysis stratified by type of pesticide (crude model)
Supplementary Figure 2. Meta-analysis stratified by type of pesticide (fully adjusted model)
Appendix 1. Details for the search strategy used within each database

Appendix 2. Grading of Recommendation, Assessment, Development, and Evaluation

(GRADE) instrument
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Reviews, abstracts and editorials, n=1462
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n studies I-squared Odds Ratio Weight

(subgroups) (%) (95% Cl) (%)
Pesticides
Organochlorine pesticides
Hexachlorocyclohexane (HCH) 6 (28) 6.8 e e 1.53 (1.28 to 1.78) 7.9
Hexachlorobenzene (HCB) 5 (28) 68.4 — O 1.40 (1.00 to 1.80) 10.9
Dicholordiphenyldichloroethylene (DDE) 7 (33) 0.0 —_—— 1.22 (1.09 to 1.34) 16.5
Dichlorodiphenyltrichloroethane (DDT) 5 (24) 5.8 e e 1.28 (1.05 to 1.50) 10.5
Oxychlordane (OC) 4 (26) 0.0 —— 1.24 (1.01 to 1.47) 10.1
Transnonchlor (TNC) 5 (28) 0.0 —— 1.35 (1.19 to 1.52) 10.6
Heptachlor epoxide (HCE) 2 (10) 0.0 —G—m— 0.99 (0.49 to 1.50) 2.2
Mirex 2 (22) 99 —— 0.73 (0.57 to 0.89) 16.1
Aldrin 1(1) - —C— 1.23 (0.99 to 1.48) 1.7
Mixed organochlorine 4 (32) 9.5 —— 1.28 (1.00 to 1.56) 8.7
Overall organochlorine 11 (216) 32.4 == 1.23 (1.14 t0 1.32) 95.1
Organophospates no data
Carbamates no data
Pyrethroids no data
Triazines no data
Mixed pesticides 1(6) 0.6 —O—— 1.77 (1.47 10 2.07) 4.9
Overall pesticides 11 (222) 34.9 - 1.27 (1.18 to 1.36) 100.0
Contaminants
Polychlorobiphenyls (PCB) 8 (90) 59.9 —_—— 1.32 (1.18 to 1.45) 78.1
Polychlorodibenzo-p-dioxins (PCDD) 1(9) 0.0 T 1.21 (0.95to 1.46) 11.7
Polychlorodibenzofuranes (PCDF) 1(9) 0.0 —_—O— 1.40 (1.11 to 1.68) 10.2
Overall 8 (108) 56.4 - 1.31 (1.19t0 1.42) 100
Pesticides + Contaminants
Overall cumulative exposure 11 (330) 48.5 S 4 1.30 (1.22 to 1.37) 100
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Sensitivity analysis

Crude odds ratio

Fully-adjusted model

Pesticides

Organochlorine pesticides
Hexachlorocyclohexane (HCH)
Hexachlorobenzene (HCB)
Dicholordiphenyldichloroethylene (DDE)
Dichlorodiphenyltrichloroethane (DDT)
Oxychlordane (OC)

Transnonchlor (TNC)
Heptachlor epoxide (HCE)
Mirex
Aldrin
Mixed organochlorine

Overall organochlorine

Organophospates

Carbamates

Pyrethroids

Triazines

Mixed pesticides

Overall pesticides
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Contaminants
Polychlorobiphenyls (PCB)
Polychlorodibenzo-p-dioxins (PCDD)
Polychlorodibenzofuranes (PCDF)
Overall contaminants

Pesticides + Contaminants
Overall cumulative exposure
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p-

Variables Coefficient (95CI)
value
Characteristics of individuals

Age, years -0.07 (-0.07 t0 0.03) 0.16
Sex, % men -0.14 (-0.19t0-0.10)  <0.001
Body Mass Index, kg.m-2 -0.28 (-0.38t0-0.18)  <0.001
Waist circumference, cm 1 -0.11 (-0.23 t0 0.00) 0.05
Smoking, % smokers | 0.00 (0.01t00.01) 0.97
Alcohol, % consummers [ -0.01 (-0.02 to 0.05) 0.20
Periode of exposure (most recent) 0.28 (0.20 t0 0.37) <0.001

Comparisons b p es
HCH vs HCB — 0.60 (0.16 to 1.04) 0.01
" vsDDE — 0.47 (0.05 to 0.90) 0.03
" vsDDT — 0.47 (0.04 to 0.90) 0.03
" vsOC — 0.46 (0.04 to 0.89) 0.03
" vsTNC — 0.37 (-0.06 t0 0.79) 0.09
" VvsHCE - 0.01 (-0.56 t0 0.58) 0.97
" vs Mirex - 0.98 (0.57t01.39)  <0.001
" vs Aldrin - 0.44 (-1.81102.68) 0.70
vs Mixed OCP T 0.23 (-0.20 t0 0.67) 0.29
" vs Mixed pesticides S 0.01 (-1.03 to 1.05) 0.98
HCB vs DDE -1 0.13 (-0.28 to 0.54) 0.54
" vsDDT -1 0.13 (-0.29 to0 0.55) 0.54
" vwsOC 1T 0.14 (-0.27 to 0.54) 0.51
" vsTNC T 0.24 (-0.18 to 0.65) 0.26
" vsHCE — 0.59 (0.03 to 1.15) 0.04
" vs Mirex — -0.38 (-0.77 t0 0.01) 0.06
" vs Aldrin B 0.16 (-2.08 to 2.40) 0.89
" vs Mixed OCP — 0.37 (-0.06 t0 0.79) 0.09
" vs Mixed pesticides -1 0.59 (-0.44 to 1.62) 0.26
DDE vs DDT - 0.01 (-0.40 to 0.41) 0.98
" wOC - 0.01 (-0.38 to 0.40) 0.96
" wTNC b 0.11 (-0.29 to 0.50) 0.59
" vsHCE — 0.46 (-0.08 to 1.01) 0.09
" vs Mirex —C— -0.51 (-0.88 t0-0.13) 0.01
" vs Aldrin 0.04 (-2.20 to 2.28) 0.97
" vs Mixed OCP - 0.24 (-0.17 t0 0.65) 0.24
" vs Mixed pesticides e o S— 0.46 (-0.56 to 1.49) 0.37
DDTvs OC —_— 0.00 (-0.40 to 0.40) 0.98
" vsTNC —— 0.10 (-0.30 t0 0.51) 0.61
vs HCE —O— 0.46 (-0.10t0 1.01) 0.10
" vs Mirex —_—— -0.51 (-0.90 t0 -0.13) 0.01
" vs Aldrin 0.03 (-2.21102.27) 0.98
vs Mixed OCP —O— 0.24 (-0.18 t0 0.65) 0.27
" vs Mixed pesticides —— — 0.46 (-0.57 to 1.48) 0.38
OC vsTNC —_—— 0.10 (-0.30 to 0.50) 0.62
" VvsHCE [ e 0.45 (-0.09 to 0.99) 0.10
" vs Mirex —— -0.52 (-0.89 to -0.14) 0.01
" vs Aldrin 0.03 (-2.21102.27) 0.98
" vs Mixed OCP e 0.23 (-0.18 t0 0.64) 0.26
" vs Mixed pesticides B — 0.46 (-0.57 to 1.48) 0.38
TNC vs HCE —_—— 0.35 (-0.19 t0 0.90) 0.20
" vs Mirex —_—— -0.62 (-0.99t0-0.24) <0.001
" vs Aldrin -0.07 (-2.30t0 2.17) 0.95
" vs Mixed OCP e 0.13 (-0.28 to 0.54) 0.53
" vs Mixed Mixed pesticides —— 0.36 (-0.67 to 1.38) 0.49
HCE vs Mirex R—t— -0.97 (-1.50t0 -0.43) <0.001
" vsAldrin —— -0.43 (-0.70 to 1.84) 0.71
" vs Mixed OCP —— -0.22 (-0.33t0 0.79) 043
" vs Mixed pesticides 0.00 (-1.09 to 1.09) 0.10
Mirex vs Aldrin e e 0.54 (-1.70 t0 2.78) 0.63
" vs Mixed OCP —O— 0.75 (0.36 to 1.14)  <0.001
" vs Mixed Mixed pesticides | —— 0.97 (-0.05to 1.99) 0.06
Aldrin vs Mixed OCP ™~ 0.20 (-2.04 to 2.45) 0.86
" vs Mixed pesticides — 0.43 (-2.00 to 2.86) 0.73
Mixed OCP vs Mixed pesticides — O 0.22 (-0.81 to 1.25) 0.67
Overall pesticides vs overall contaminants - 0.13 (-0.06 t0 0.31) 0.20
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The risk of MetS following pesticides exposure

n studies Odds Ratio
(subgroups) (95% Cl)
Pesticides
Organochlorine pesticides
Hexachlorocyclohexane 6 (28) B O
Hexachlorobenzene 5(28) O
Dicholordiphenyldichloroethylene 7 (33) e
Dichlorodiphenyltrichloroethane 5 (24) ——
Oxychlordane 4 (26) ]
Transnonchlor 5(28) e . .
Overall organochlorine 11 (216) —_—— Pesticides
Organophospates & MetS
Carbamates
Pyrethroids
Triazines
Overall pesticides 11 (222) -
Contaminants 8 (108) ==
Pesticides + Contaminants 11 (330) ==

0.5 1 1.5





