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Abstract: Obesity has become a very large concern worldwide, reaching 

pandemic proportions over the past several decades. Lifestyle factors, 

such as excess caloric intake and decreased physical activity, together 

with genetic predispositions, are well-known factors related to obesity. 

There is accumulating evidence suggesting that exposure to some 

environmental chemicals during critical windows of development may 

contribute to the rapid increase in the incidence of obesity. 

Agrochemicals are a class of chemicals extensively used in agriculture, 

which have been widely detected in human. There is now considerable 

evidence linking human exposure to agrochemicals with obesity. This 

review summarizes human epidemiological evidence and experimental animal 

studies supporting the association between agrochemical exposure and 

obesity and outlines possible mechanistic underpinnings for this link. 
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Dear Enrique and Monica, 

 

 

Attached please find the revised version of our manuscript for the special issue of MCE that you so 

kindly invited us to contribute. I apologize for the long delay in providing this revised versiosn, but the 

revisions requested by the reviewers were extensive. We hope that the manuscript will now be 

acceptable for publication in Molecular and Cellular Endocrinology.  
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Bruce Blumberg 
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Response to Reviewers’ Comments 

Dear Enrique 

Thank you very much for your email regarding our manuscript submitted to 

Molecular and Cellular Endocrinology (Ms. Ref. No.: MCE-D-19-00782). We appreciate 

the valuable and constructive comments by you and the reviewers. We have extensively 

revised the manuscript to address these points and provide detailed point-by-point 

responses below. 

 

Response to Reviewer 1 

Major: 

Question 1.  

Before diving into the human epidemiology section, it might make sense to first 

address some of the broader issues that impact endocrine research, including studies of 

obesogens. For example, in the human epidemiology section, I think you should separate 

out the discussion of non-monotonicity. Can you also expand on this sentence: "Such 

non-monotonic effects are predictable and expected when considering how the endocrine 

system works." Although many readers of MCE understand these principles, readers from 

non-endocrine backgrounds may not. This sentence is also out of place in this section: "In 

contrast, non-monotonic dose-response curves are an anathema to the industry and 

regulatory toxicology communities (Dietrich, von Aulock, Marquardt et al., 2013)." I 

don't disagree, but many endocrinologists will not understand what point you are making. 

You also might pull out, and discuss separately from the epidemiology section, the issue 

of vulnerable periods. This is relevant to human and animal studies (although there are 

particular challenges in the human studies.) 

Answer: 

Although we wonder how many readers from outside the field of Endocrinology will 

be reading Molecular and Cellular Endocrinology, we adopted the reviewer’s suggestion 

and added more introduction about EDCs, MDCs and obesogens before diving into the 

human epidemiology section in the revised manuscript.  

Lines 86-95: “Endocrine-disrupting chemicals (EDCs) are natural or man-made 

substances that may interfere with the normal function of endocrine system, including 

hormone biosynthesis, metabolism or action (Zoeller, Brown, Doan et al., 2012). There is 

growing evidence showing the link between EDCs and obesity as well as other health 

problems such as metabolic issues, diabetes, reproductive disabilities and cardiovascular 

problems (Gore, Chappell, Fenton et al., 2015). Metabolism disrupting chemicals (MDCs) 

specifically refer to those EDCs having the ability to promote metabolic changes that can 

result in obesity, T2D or fatty liver in animals (Heindel, Blumberg, Cave et al., 2017). 

These EDCs or MDCs might be important factors leading to obesity.” 

Lines 98-101: ““Obesogens” are functionally defined as chemicals that promote 

obesity after exposure, in vivo. Some natural chemicals (such as fructose), 

pharmaceutical chemicals (such as thiazolidinedione anti-diabetic drugs) or xenobiotic 

response to reviewers
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chemicals [such as tributyltin (TBT)] have found to be obesogens (Janesick and 

Blumberg, 2016).” 

 

According to the reviewer’s suggestion, we have separated out the discussion about 

non-monotonicity and the issue of vulnerable periods in the human epidemiology section. 

We have separated the original human epidemiology section into four parts: 

2. Human epidemiological studies relating agrochemicals and obesity 

2.1 Association between agrochemicals and adult obesity 

2.2 Non-monotonic dose-response relationships between agrochemicals and adult 

obesity 

2.3 Agrochemicals and the development of early-onset obesity 

2.4 Gender-specific effects of agrochemicals 

 

We have included more explanation and introduction about the non-monotonic 

dose-response relationships between agrochemicals and adult obesity in the revised 

manuscript. We have revised these two sentences to make them clearer. 

lines 151-158: “Some studies showing the potential relationship between pesticide 

exposure and serum lipids/obesity/BMI revealed that the effects were non-monotonic” 

has been changed to “Some studies showing the potential relationship between pesticide 

exposure and serum lipids/obesity/BMI revealed that the effects were non-monotonic 

dose-response relationships, an unconventional dose-response relationship characterized 

by a curve whose slope changes direction within the range of tested doses (Lee et al., 

2012). For example, Arrebola et al. found that HCB, DDE and β-HCH showed quadratic 

associations with BMI, and the quadratic models had a positive trend at low exposure 

levels, while the slope decreased or even became negative at higher exposure levels 

(Arrebola, Ocana-Riola, Arrebola-Moreno et al., 2014).” 

lines 158-164: “Such non-monotonic effects are predictable and expected when 

considering how the endocrine system works.” has been changed to “Previously, 

numerous studies investigating the effects of EDCs described with relatively high 

frequency the occurrence of non-monotonic dose-response relationships for EDCs 

(Zoeller and Vandenberg, 2015). The molecular mechanisms underlying non-monotonic 

dose-response relationships are complex and can arise from opposing effects induced by 

multiple receptors, receptor desensitization, negative feedback with increasing dose, or 

dose-dependent metabolism modulation (Lagarde, Beausoleil, Belcher et al., 2015).” 

line 164-170: “In contrast, non-monotonic dose-response curves are an anathema to 

the industry and regulatory toxicology communities.” has been changed to “Usual risk 

assessment approaches used by regulatory agencies are developed based on the 

fundamental principle that the toxicity of a chemical scales linearly in proportion to the 

exposure level. Non-monotonicity represents a challenge to fundamental concepts in 

toxicology and risk assessment (Dietrich, von Aulock, Marquardt et al., 2013). These 
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non-monotonic dose-response relationships of agrochemicals suggest that mechanisms by 

which hey induce obesity are complex.” 

 

Question 2: 

In the animal section, it would help to better explain what is meant by a "second hit". 

(The principles behind "two hit" effects could be elaborated, even with just a sentence or 

two.) 

Answer: 

According to reviewer’s suggestion, we have introduced the principle of “two-hit” 

hypothesis and explained the meaning of “second hit” in the revised manuscript (Page, 

line).  

lines 255-262: The “two-hit” hypothesis, first formulated by Knudson in 1971, 

suggested that most tumor suppressor genes require both alleles to be inactivated to result 

in a cancer (Knudson, 1971). Now, this “two-hit” hypothesis has been adopted to explain 

the multifactorial nature of obesity, which may result from the combined effects of both 

genetic and environmental factors. A subject who is genetically-prone to obesity has the 

“first hit” (genetic susceptibility or epigenetic predisposition) intrinsically. Obesogenic 

factors such as chemical exposures, high energy diet, low physical activity, alcohol and 

smoking that act as “second hit” trigger gain weight and result in obesity (Heindel et al., 

2017). 

 

Question 3: 

It would be great if the authors thought about some figures or tables to break up the 

text. I know these can be a lot of work, but they could be fairly simple organizational 

drawings. 

Answer: 

According to reviewer’s suggestion, we have added 4 tables to summarize the 

human studies, animal studies, and the possible mechanisms in the revised manuscript. 

The titles of these tables are listed below, and the tables included at the end of this file.  

 

Table 1. Literature summarizing associations between agrochemicals and adult obesity. 

Table 2. Literature summarizing association between agrochemicals and the development 

of early-onset obesity. 

Table 3. Literature summary of animal studies linking agrochemicals and obesity. 

Table 4. Possible mechanisms though which agrochemicals may lead to obesity and 

example chemicals providing evidence to support these mechanisms. 

 

Minor:  

Question 4: 

"Numerous epidemiological studies together with experimental evidence in animal 

models indicated that agrochemicals may be harmful to human health in multiple ways 
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(Mostafalou and Abdollahi, 2017,Cano-Sancho, Salmon and La Merrill, 

2017,Montgomery, Kamel, Saldana et al., 2008,Androutsopoulos, Hernandez, Liesivuori 

et al., 2013)." Can you give some brief examples, especially beyond the obesity outcomes 

you outline below?  

Answer: 

According to reviewer’s suggestion, we have added a brief introduction about the 

toxicities related to agrochemicals in the revised manuscript.  

lines 63-66: “For example, agrochemicals may have carcinogenicity, neurotoxicity, 

immunotoxicity, reproductive toxicity, developmental toxicity and endocrine disrupting 

effects (Mostafalou and Abdollahi, 2017). In view of this, the toxicity of agrochemicals is 

of great concern around the world.” 

 

Question 5: 

In addition to introducing EDCs in the intro section, can you also briefly explain the 

subset of chemicals that are MDCs (metabolism disrupting chemicals)?  

Answer: 

According to reviewer’s suggestion, we have added a brief explanation of MDCs in 

the revised manuscript.  

Lines 92-97: “Metabolism disrupting chemicals (MDCs) specifically refer to those EDCs 

having the ability to promote metabolic changes that can result in obesity, T2D or fatty 

liver in animals (Heindel, Blumberg, Cave et al., 2017).” 

  

Question 6: 

"In addition to increased weight or elevated BMI, the levels of some obesity 

biomarkers (levels of total cholesterol and total serum lipids) were also positive 

associated with the concentrations of pesticides such as HCB, <beta>-HCH and DDE" - 

please edit to "positively"  

Answer: 

    We have changed the “positive” to “positively” in this sentence (line 133).  

 

Question 7: 

"Many environmental factors have been showed to play a prominent role in the 

development of early-onset obesity" please edit to "shown"  

Answer: 

We have changed the “showed” to “shown” in this sentence (line 177).  

 

Question 8: 

Section title "Animal studies about the relationship between agrochemicals and 

obesity" could be more descriptive, or remove "about" and replace with "and". Same with 

"Induce adipocyte differentiation" can you make this more descriptive? Or 

"Agrochemicals can induce adipocyte differentiation". Same with "Affect metabolic 
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homeostasis mediated by metabolic sensors, the PPARs", "Affect metabolic homeostasis 

by disturbing the thyroid hormone pathway", etc. - this phrasing is particularly awkward.  

Answer: 

According to reviewer’s suggestion, we have revised some section titles to make 

them more descriptive in the revised manuscript.  

line 238: “Animal studies about the relationship between agrochemicals and obesity” 

has been changed to “Animal studies and the relationship between agrochemicals and 

obesity” 

line 294: “Promote the commitment phase of adipogenesis” has been changed to 

“Agrochemicals might promote the commitment phase of adipogenesis” 

line 352: “Induce adipocyte differentiation” has been changed to “Agrochemicals 

might induce adipocyte differentiation” 

Line 408-409: “Effects mediated by sex steroid hormone dysregulation” has been 

changed to “Agrochemicals might exert obesogenic effects mediated by sex steroid 

hormone dysregulation” 

Line 493-494: “Affect metabolic homeostasis mediated by metabolic sensors, the 

PPARs” has been changed to “Agrochemicals might exert obesogenic effects by 

affecting metabolic homeostasis through PPARs” 

Line 563-564: “Affect metabolic homeostasis by disturbing the thyroid hormone 

pathway” has been changed to “Agrochemicals might exert obesogenic effects by 

affecting metabolic homeostasis through disturbing the thyroid hormone pathway” 

Line 616: “By affecting the gut microbiota” has been changed to “Agrochemicals 

might exert obesogenic effects by affecting the gut microbiota” 

 

Question 9: 

"One possibility is that obesogen exposure early in life the alters the fate of MSCs, 

leading to more white adipocytes in adulthood" edit to remove first "the"  

Answer: 

We have removed the first “the” in this sentence (line 313-315). 

 

Question 10: 

"Activation of PPAR<gamma>/RXR<alpha> heterodimers plays a key role in 

promoting adipocyte differentiation of 3T3-L1 adipocytes" remove the first "adipocyte"  

Answer: 

We have removed the first “adipocyte” in this sentence (Line 371-372). 

 

Question 11: 

"However, at the time of this writing no convincing evidence exists that precisely 

establishes the molecular mechanisms through which epigenetic transgenerational 

inheritance occurs." Please edit to make clear that you mean transgenerational inheritance 

of obesity. 
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Answer: 

Sorry, we disagree with this statement by the reviewer. In fact, there is no 

convincing evidence that precisely establishes the molecular mechanisms underlying 

transgenerational inheritance. We have changed this sentence slightly to read: “However, 

at the time of this writing no convincing evidence exists that precisely establishes the 

molecular mechanisms through which epigenetic transgenerational inheritance of any 

phenotype, including obesity occurs. Lines 720-723)” 

 

Response to reviewer 3 

The reviewer noted that we had published other reviews on this topic and stated that this 

one is similar to another recently published in Endocrinology. We reject this statement. 

There is deliberately very little overlap between the current manuscript and the 

Endocrinology MINIREVIEW noted by the reviewer. Moreover, we cite the current 

review in the minireview as the definitive source for agrochemicals and obesity. It should 

be noted that this is an INVITED rather than an unsolicited review. I get about 2-3 

requests to write such reviews per week and in 2019/2020 agreed to write only 3. Each of 

these was written by a different person in the lab and has a very different focus.  

 

Question 1: 

Authors should consider including tables summarizing existing epidemiologic and 

animal evidence in support of various aspects of obese phenotypes, BMI, gestational 

weight gain, fat accumulation, WAT vs BAT, adipocyte differentiation, hyperplasia vs. 

hypertrophy etc. This would make it user friendly instead of our filtering through the 

series of findings reported. 

Answer: 

We added three tables summarizing existing epidemiologic and animal evidence in 

support of various aspects of obese phenotypes. The titles of these tables are listed as 

below, and the detail are listed in the end of this word file.  

Table 1. Literature summarizing  associations between agrochemicals and adult obesity. 

Table 2. Literature summarizing association between agrochemicals and the development 

of early-onset obesity. 

Table 3. Literature summary of animal studies linking agrochemicals and obesity. 

 

 

Question 2: 

In the human and animal studies section of this review, authors make a case for 

direct as well as developmental exposure effects on obesity. However, when they get to 

the mechanisms, they drop the developmental exposure until they talk about 

transgenerational effects of agrochemicals. Similar to what was done for human and 

animal studies, under each section they should address direct and developmental effects. 

Answer: 
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According to reviewer’s suggestion, we have addressed direct and/or developmental 

effects under each section of the mechanism.  

Line 297: “Both direct and developmental exposure of chemicals might affect 

adipogenesis.” 

Line 354-355: “Usually, the process of adipocyte differentiation is influenced by direct 

chemical exposure.” 

Line 425-426: “Both direct and developmental exposure of chemicals might disrupt the 

regulation of sex hormone signaling.” 

Line 510-511: “Usually, the influence on metabolic homeostasis through PPARs is due to 

direct chemical exposure.” 

Line 585-586: “Usually, the influence on metabolic homeostasis through the thyroid 

signaling pathway is due to direct chemical exposure.” 

Line 627: “Usually, the gut microbiota is affected by the direct exposure of chemicals.” 

 

Question 3: 

Considerable time is spent on discussing the physiological process of adipocyte 

commitment and differentiation, an aspect well addressed in other reviews. This should 

be reduced, and reference made to other reviews.  

Answer:  

    According to reviewer’s suggestion, we have revised this part by reducing the 

introducing about the physiological process of adipocyte commitment and differentiation 

(Page, line). 

Lines 305-309: “Multipotent mesenchymal stromal stem cells, also known as 

mesenchymal stem cells (MSCs) give rise to adipocytes (Rosen and MacDougald, 2006). 

MSCs can differentiate into adipocytes, chondrocytes and osteoblasts (among other cell 

types) in response to tissue-specific signals and are thought to renew these cells in adults 

(da Silva Meirelles, Chagastelles and Nardi, 2006). Like most differentiation events, 

adipogenesis involves determination and terminal differentiation. Determination occurs 

when MSCs commit irreversibly to the adipocyte lineage, lose their potential to 

differentiate into other types of cells and become preadipocytes (Park, Halperin and 

Tontonoz, 2008,Rosen and Spiegelman, 2014,Tontonoz and Spiegelman, 2008). Terminal 

differentiation occurs when preadipocytes undergo growth arrest and subsequent 

differentiate into mature fat cells (Park et al., 2008,Rosen and Spiegelman, 

2014,Tontonoz and Spiegelman, 2008).” has been changed to “Multipotent 

mesenchymal stromal stem cells, also known as mesenchymal stem cells (MSCs) give 

rise to adipocytes, which involves determination (MSCs commit irreversibly to the 

adipocyte lineage) and terminal differentiation (preadipocytes differentiate into mature 

fat cells) (Rosen and MacDougald, 2006).” 
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Question 4: 

Changes associated with the agrochemical exposure are being discussed one by one 

without integrating them mechanistically. 

Answer:  

To integrate the results associated with the agrochemical exposure more 

mechanistically, we have separated the human epidemiology part and animal study part 

into several sections.  

We have separated the original one human epidemiology section into four parts:  

2. Human epidemiological studies relating agrochemicals and obesity 

2.1 Association between agrochemicals and adult obesity 

2.2 Non-monotonic dose-response relationships between agrochemicals and adult 

obesity 

2.3 Agrochemicals and the development of early-onset obesity 

2.4 Gender-specific effects of agrochemicals 

 

We have separated the original one animal study section into two parts listed as 

bellow: 

3. Animal studies and the relationship between agrochemicals and obesity 

3.1 Studies showing the obesogenic effects of agrochemicals in adult 

experimental animals 

3.2 Animal studies showing the development and transgenerational obesogenic 

effects of agrochemicals 

  

Question 5: 

While they make a case for sexual dimorphism, when discussing the mechanism, 

they fail to describe in which sex the observation comes from. They should consider 

adding a table with this information from different studies grouped by agrochemical and 

limit the text portion. 

Answer: 

To make the description about sexually dimorphic effects of agrochemicals on 

childhood obesity more clear, we revised this part and separated it into an individual 

section 2.4. We also added the information about sexually dimorphic responses in Table 

2.  

Lines 225-236: “2.4 Gender-specific effects of agrochemicals    Sexually 

dimorphic responses are a common finding when examining EDC effects, including links 

to obesity (Gore et al., 2015). Currently, some prospective cohort studies (Valvi et al., 

2012,Warner et al., 2017,Warner et al., 2014,Delvaux et al., 2014,Tang-Peronard, 

Heitmann, Andersen et al., 2014) or cross-sectional studies (Cabrera-Rodriguez, Luzardo, 

Almeida-Gonzalez et al., 2019) showed the gender-specific effects of agrochemicals on 

childhood obesity. The results about the reported gender-specific effects of 

agrochemicals are noted in Table 2. For example, Warner et al. showed a positive 
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association between DDE and childhood obesity in boys but not in girls (Warner et al., 

2017,Warner et al., 2014). However, some other studies showed the effects of DDE on 

childhood obesity existed in girls but not in boys (Delvaux et al., 2014,Tang-Peronard et 

al., 2014). The reason for this difference warrants further study. The mechanisms 

underlying gender-specific effects of agrochemicals also need to be studied in the future.” 

 

Question 6: 

A figure consolidating the various mechanistic underpinnings and which chemicals 

provide evidence for which mechanism would be beneficial.  

Answer:  

    Since there are many different kinds of agrochemicals providing evidence for a 

mechanism, we have provided a table consolidating the various mechanistic 

underpinnings and which chemicals provide evidence for the mechanism in the revised 

manuscript. The title of this table is listed as below, and the table provided at the end of 

this file.  

Table 4. Possible mechanisms though which agrochemicals may lead to obesity and 

example chemicals providing evidence to support these mechanisms. 

 

Question 7: 

Several of their own reviews are listed for many statements. Reference to the most 

recent review would suffice. 

Answer:  

According to reviewer’s suggestion, we have deleted several of our reviews keeping 

only the most recent and/or important ones. 

 

Question 8: 

Providing a list of chemicals being reviewed and their exposure levels as detected in 

human, pointing to what is continuing to be used now vs those that are no longer being 

used but persist would put things in perspective in terms of thinking through 

interventions. 

Answer: 

According to reviewer’s suggestion, we have listed the names of the agrochemicals 

mentioned in the review in the Tables 1-4, and provided available information about the 

human exposure levels of these agrochemicals in Table 1. We have also provided 

information about the status of these agrochemicals in the revised manuscript.  

Lines 139-148: “Although the use of DDT has been banned in many countries, some 

populations still bear significant levels of DDT and DDE due to the extremely long 

half-life of these chemicals in the environment and in the human body, bioaccumulation 

and via the continued use of DDT in some developing countries (United Nations 

Environment Programme, 2010,Bornman, Aneck-Hahn, de Jager et al., 2017). HCB and 

β-HCH have been banned globally several decades ago, but they are persistent in the 
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environment. Malathion is a pesticide that is still widely used in agriculture, residential 

landscaping, and public health pest control programs. All of these agrochemicals can still 

be detected in human populations Information about human exposure levels is provided 

in Table 1. The obesogenic effects of these pesticides in humans still needs to be 

considered. 
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Table 1. Literature summarizing associations between agrochemicals and adult obesity 

References Names Exposure 

levels 

(serum level) 

Population 

(number of 

subjects) 

Outcomes 

 

(Dusanov 

et al. 2018) 

HCB; 

β-HCH; 

p,p’-DDT; 

DDE 

 

HCB: 

66.8-101.2 

pg/mL;  

β-HCH:  

22.9-47.6 

pg/mL; 

p,p’-DDT:  

11.3-20 pg/mL; 

DDE:  

315-679 pg/mL; 

Norway, adult, 

(N=431) 

 

Increased odds of 

metabolic syndrome. 

(La Merrill 

et al. 2018) 

DDE 

 

170-570 

ng/g lipid 

 

Sweden, 70 

years old (N = 

988) 

Increased BMI. 

(Jaacks et 

al. 2016) 

p,p'-DDT  Mean level:  

0.0158 ng/mL  

 

USA, pregnant 

women, 18-40 

years old 

(N=218)  

Gestational weight gain. 

(Arrebola 

et al. 2014) 

HCB; 

DDE; 

β-HCH 

Mean level: 

HCB: 32.81 

ng/g lipid; 

β-HCH: 

19.60ng/g lipid; 

DDE: 

183.99ng/g 

lipid; 

Spain, adults 

(N=298) 

 

 

Increased BMI and levels 

of total cholesterol, HDL, 

LDL, and 

total serum lipids. 

(Langer et 

al. 2014) 

DDE; 

HCB 

 

DDE:  

54-22382 ng/g 

lipid; 

HCB:  

22-17928 ng/g 

lipid 

Slovakia, adults, 

(N=2053) 

Increased BMI and 

increased levels of 

cholesterol and 

triglyceride. 

(Raafat et 

al. 2012) 

Malathion 

 

Mean level: 

0.0746 mg/L 

Egypt, 39±12 

years old (N=98) 

Increased waist 

circumference. 
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(Lee et al. 

2012) 

DDE Mean level: 

2654 ng/g lipid 

Sweden, 70 

years old 

(N=970)  

Increased odds ratios of 

abdominal obesity. 

(Lee et al. 

2012) 

DDE 

 

11-23271 

pg/mL  

Sweden, 70 

years old people  

(N=970) 

Increased existence or 

development 

of abdominal obesity. 

(Dirinck et 

al. 2011) 

 β-HCH 

 

1.9-200 ng/g 

lipid 

Belgium, ≥18 

years (N=145) 

Increased BMI, waist, fat 

mass percentage, and total 

and subcutaneous 

abdominal adipose tissue. 

(Bachelet 

et al. 2011) 

 DDE 

 

Mean level: 

85 ng/g lipid 

French, women 

(N= 1055) 

Increased BMI. 

(Ibarluzea 

et al. 2011) 

DDE;  

β-HCH; 

HCB 

Mean level:  

DDE:  

110.0 ng/g 

lipid;  

β-HCH:  

19.1 ng/g lipid;  

HCB:  

33.5 ng/g lipid  

Spain, 

pregnant women 

(N=1259) 

 

Increased BMI. 

(Lee et al. 

2011) 

HCB; 

DDE; 

 

Not supplied USA, adults, 

(N=5115) 

 

Increased BMI, 

triglycerides, HOMA-IR, 

lower HDL-cholesterol 

and triglycerides.  
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Table 2. Literature summarizing associations between agrochemicals and the 

development of early-onset obesity. 

References Names The age of the 

children 

Population 

(number 

of 

subjects) 

Outcomes 

(Whether showed 

gender-specific 

effects) 

(Cabrera-Rodriguez 

et al. 2019) 

DDE 

 

Infants 

 

Spain 

(N=447) 

Increased neonatal 

birth weight, with a 

special emphasis on 

girls. 

(Showed 

gender-specific 

effects) 

(Warner et al. 

2017) 

DDT; 

DDE 

12 years old USA 

(N=240) 

Increased BMI for 

boys but not girls.  

(Showed 

gender-specific 

effects) 

(Xu et al. 2017) o,p'-DDD; 

p,p'-DDT 

Infants 

 

Chinese 

(N=120) 

Increased 

neonatal birth weight. 

(Vafeiadi et al. 

2015) 

DDE;  

HCB  

4 years old 

 

Greece  

(N = 689). 

Increased 

BMI, obesity, 

abdominal obesity.  

(Agay-Shay et al. 

2015) 

HCB; 

β-HCH; 

DDE 

7 years old 

 

Spain 

(N=657) 

Increased BMI and 

overweight risk. 

 

(Heggeseth et al. 

2015) 

 o,p’-DDT; 

p,p’-DDT;  

DDE 

2-9 years old USA 

(N=415) 

Increased BMI among 

boys but not girls.  

(Showed 

gender-specific 

effects) 

(Iszatt et al. 2015) DDE 2 years old Norway 

(N=1864) 

Increased growth. 

(Valvi et al. 2014) DDE; 

HCB 

6 and 14 months 

old 

Spain 

(N=1285) 

Increased growth and 

overweight.  

 

(Warner et al. 

2014) 

o,p′-DDT;  

p,p′-DDT; 

DDE 

9 years old USA 

(N=261) 

Increased BMI and 

waist circumference in 

boys but not in girls. 
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(Showed 

gender-specific 

effects) 

(Delvaux et al. 

2014) 

DDE 

 

7 to 9 years old 

 

Belgium 

(N=114) 

 

 Increased waist 

circumference and 

waist/height ratio in 

girls but not in boys. 

(Showed 

gender-specific 

effects) 

(Tang-Peronard et 

al. 2014) 

DDE 5 and 7 years old Denmark  

(N=656) 

 

Increased waist 

circumference in girls 

with overweight 

mothers but not in 

boys. 

(Showed 

gender-specific 

effects) 

(Valvi et al. 2012) DDE; 

DDT; 

6.5 years old 

 

Spain 

(N=344) 

Increased overweight 

in boys but not in 

girls.  

(Showed 

gender-specific 

effects) 

(Mendez et al. 

2011) 

DDE 6 and 14 months 

old 

Spain 

(N=657) 

Increased weight and 

BMI.  

(Verhulst et al. 

2009) 

DDE 1-3 years old 

 

Belgium 

(N=138) 

Increased BMI.  

(Karmaus et al. 

2009) 

DDE 20-50 years old 

 

USA 

(N=259) 

Increased weight and 

BMI.  

(Smink et al. 2008) HCB 6 years old Spain 

(N=482) 

Increase in weight and 

BMI.  
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Table 3. Literature summary of animal studies linking agrochemicals and obesity. 

Reference Names Animal used Dose and exposure 

time 

Outcomes 

(Whether showed 

gender-specific 

effects) 

(King et al. 

2019) 

 

DDT Sprague 

Dawley rats 

25 mg/kg/day; F0 

females were 

administered on 

days 8 to 14 of 

gestation. 

The F3 generation had 

significant increases in 

the incidence of 

obesity.  

(Kubsad et 

al. 2019) 

Glyphos

ate  

Sprague 

Dawley rats 

25 mg/kg/day; F0 

females were 

administered on 

days 8 to 14 of 

gestation. 

The transgenerational 

pathologies of obesity 

was observed.  

(Basaure et 

al. 2019) 

CPF Male apoE4- 

mice  

2 mg/kg/day; 15 

days. 

Increased body weight. 

(Xiao et al. 

2018) 

Permeth

rin 

Male C57BL/6J 

mice 

50, 500, and 5000 

μg/kg/day; 12 

weeks. 

Increased body weight, 

fat mass, and increased 

TG and TC.  

(Uchendu et 

al. 2018) 

CPF; 

deltamet

hrin  

Male Wistar 

rats 

CPF: 4.75 mg/ 

kg/day; 

deltamethrin: 6.25 

mg/kg/day; 120 

days. 

Increased levels of TG, 

TC, LDL, and VLDL, 

and decreased HDL 

level.  

(Fang et al. 

2018) 

CPF Male Wistar 

rats 

0.3 or 3.0 

mg/kg/day; 9 weeks. 

Increased bodyweight.  

(Nilsson et 

al. 2018) 

Vincloz

olin 

Sprague 

Dawley rats 

100 mg/kg/day; F0 

females were 

administered on 

days 8 to 14 of 

gestation. 

F3 generation rats 

showed 

transgenerational 

increased obesity rate 

in females.  

(Showed 

gender-specific 

effects) 

(Sun et al. 

2017) 

Imidaclo

prid 

Female 

C57BL/6J mice 

0.06, 0.6, or 6 

mg/kg/day; 12 

weeks. 

Increased high fat 

diet-induced body 

weight gain and 

adiposity.  

(Sun et al. 

2016) 

Imidaclo

prid 

Male C57BL/6J 

mice 

0.06, 0.6, or 6 

mg/kg/day; 12 

Increased high fat 

diet-induced body 
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weeks. weight gain and 

adiposity. 

(Peris-Samp

edro et al. 

2015a) 

 

CPF Male apoE 3 

mice 

2mg/kg/day; 13 

weeks. 

Increased body weight. 

(Peris-Samp

edro et al. 

2015b) 

CPF apoE 3 mice 2 mg/kg /day; 8 

weeks. 

Increased body weight. 

(Ishikawa et 

al. 2015) 

DDT Obese Sprague 

Dawley rats 

5.60 μg /kg/day; 4 

weeks. 

Increased postprandial 

non-esterified fatty 

acids and decreased 

body temperature.  

(La Merrill 

et al. 2014) 

DDT C57BL/6J mice  1.7 mg/kg/day; From 

gestational day 11.5 

to postnatal day 5. 

Reduced core body 

temperature, impaired 

cold tolerance, 

decreased energy 

expenditure, and 

produced a transient 

early-life increase in 

body fat in female 

offspring.  

(Showed 

gender-specific 

effects) 

(Howell et 

al. 2014) 

DDE Male 

C57BL/6H 

mice 

0.4 mg/kg/day or 2.0 

mg/kg/day; 5 days. 

Hyperglycemic effect.  

(Bhaskar 

and 

Mohanty 

2014) 

Mancoz

eb; 

Imidaclo

prid 

Swiss albino 

mice 

imidacloprid: 131 

mg/kg/day; 

mancozeb: 8000 

mg/kg/day. 

Lactating mothers 

were exposed to the 

pesticides from 

PND1 to natural 

weaning (PND 28). 

Increased body weight. 

(Skinner et 

al. 2013) 

DDT Sprague 

Dawley rats 

50 or 25 mg/kg/day; 

F0 females were 

administered on 

days 8 to 14 of 

F3 generation 

developed obesity.  
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gestation. 

(Li et al. 

2012) 

TFZ CD1 mice 0.1, 1.0, or 10.0 µM; 

During breeding and 

throughout 

pregnancy. 

Increased adipose 

depot weight.  

(Acker and 

Nogueira 

2012) 

Chlorpyr

ifos 

Male Wistar 

rats 

50 mg /kg; A single 

dose. 

Increased TC, LDL 

levels and caused 

hyperglycemia and 

hyperlipidemia. 

(Kalender et 

al. 2010) 

Malathio

n 

Male Wistar 

rats 

27 mg/kg/day; 4 

weeks. 

Increased TC. 

(Lim et al. 

2009) 

Atrazine Male Sprague 

Dawley rats 

30 or 300 

mg/kg/day; 5 

months. 

Increased body weight 

and intra-abdominal 

fat, but decreased basal 

metabolic rate.  

(Lassiter et 

al. 2008) 

Parathio

n 

Sprague 

Dawley 

neonatal rats 

0.1 or 0.2 

mg/kg/day; postnatal 

days 1-4. 

Increased body weight 

and impaired fat 

metabolism. Females 

showed greater 

sensitivity.  

(Showed 

gender-specific 

effects) 

(Lassiter and 

Brimijoin 

2008) 

CPF Long–Evans 

rats 

2.5 mg/kg/day; From 

gestational day 7 

through the end of 

lactation on 

postnatal day 21. 

Increased body weight 

in males.  

(Showed 

gender-specific 

effects) 

(Meggs and 

Brewer 

2007) 

CPF Female 

Long-Evans 

rats  

5 mg/kg/day; 4 

months. 

Increased body weight. 

 

Note: apolipoprotein E (apoE), triglyceride (TG), total cholesterol (TC), high-density 

lipoprotein (HDL), low-density lipoprotein-cholesterol (LDL), very low-density 

lipoprotein-cholesterol (VLDL), 
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Table 4. Possible mechanisms though which agrochemicals may lead to obesity and 

example chemicals providing evidence to support these mechanisms. 

Possible mechanisms Agrochemicals provide evidence for the 

mechanism 

Promote the commitment phase of 

adipogenesis 

DDT, chlorpyrifos, carbofuran, zoxamide, 

spirodiclofen, fludioxonil and quinoxyfen, 

triflumizole  

Induce adipocyte differentiation  DDT, DDE, quizalofop-p-ethyl, diazinon, 

pyraclostrobin, imidacloprid, fipronil, 

permethrin, zoxamide, spirodiclofen, 

quinoxyfen, tebupirimfos, forchlorfenuron, 

flusilazole, acetamiprid, pymoetrozine, 

triflumizole, quinoxyfen, fludioxonil, 

deltamethrin, endrin, tolylfluanid, 

triphenyltin hydroxide, lactofen, 

halosulfuron-methyl, cyfluthrin, flufenacet, 

isoxaflutole, piperonyl-butoxide, 

tebufenozide  

Mediated by sex steroid hormone 

dysregulation  

Permethrin, linuron, prochloraz, 

procymidone, tebuconazole, vinclozolin, 

DDE, endosulfan, dimethoate, deltamethrin, 

chlorpyrifos, methoxychlor, DDT, 

terbuthylazine, propiconazole, 

prothioconazole, cypermethrin, malathion 

Affecting metabolic homeostasis through 

PPARs 

Dicamba, diclofop, diclofop-methyl, 

pyrethrins, 2,4-dichlorophenoxyacetic acid, 

DDT, diclofop-methyl, pyrethrins, imazalil, 

diflubenzuron, chlorfluazuron, 

flucycloxuron, noviflumuron, flufenoxuron, 

quizalofop-p-ethyl, spirodiclofen, zoxamide, 

triflumizole, dithiocarbamate, mancozeb  

Affecting metabolic homeostasis through 

disturbing the thyroid hormone pathway 

DDT, DDE, chlorpyrifos-methyl, acetochlor, 

procymidone, imidacloprid, atrazine, 

fluroxypyr, mancozeb, butachlor, 

beta-cypermethrin, fenobucarb, cyhalothrin, 

theta-cypermethrin, bifenthrin, carbaryl, 

pymetrozine, pendimethalin, metolcarb,  

Affecting the gut microbiota  Cis-nonachlor, oxychlordane, 

trans-nonachlor, chlorpyrifos, carbendazim,  

Epigenetic programming and 

transgenerational effects  

DDT, glyphosate, vinclozolin  
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Abstract 21 
Obesity has become a very large concern worldwide, reaching pandemic 22 

proportions over the past several decades. Lifestyle factors, such as excess caloric intake 23 
and decreased physical activity, together with genetic predispositions, are well-known 24 
factors related to obesity. There is accumulating evidence suggesting that exposure to 25 
some environmental chemicals during critical windows of development may contribute 26 
to the rapid increase in the incidence of obesity. Agrochemicals are a class of chemicals 27 
extensively used in agriculture, which have been widely detected in human. There is 28 
now considerable evidence linking human exposure to agrochemicals with obesity. This 29 
review summarizes human epidemiological evidence and experimental animal studies 30 
supporting the association between agrochemical exposure and obesity and outlines 31 
possible mechanistic underpinnings for this link. 32 
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1. Introduction 45 
Agrochemicals constitute a diverse class of chemicals extensively used in agriculture for 46 

many different purposes. These include preventing harmful effects caused by pests, 47 
controlling infectious diseases induced by bacteria or fungi, and promoting crop growth. 48 
Agrochemicals are thought to play critical roles in increased agricultural productivity as well 49 
as the control of insect pests that are disease vectors.  50 

Agrochemicals of concern are typically pesticides including insecticides, herbicides, 51 
fungicides and nematicides (Sparks, 2013). These agrochemicals can be further subdivided 52 
into organochlorines, organophosphorus, carbamates, pyrethroids and neonicotinoids, 53 
according to their chemical structures and modes of action (Xiao, Clark and Park, 2017). 54 
While bringing benefits to humans, agrochemicals have also become major contaminants that 55 
are widely detected in the environment as well as in humans (Tsatsakis, Tzatzarakis, 56 
Tutudaki et al., 2008). Many efforts have been made to reduce the harmful effects of 57 
agrochemicals on humans by designing lower toxicity chemicals and by controlling the time 58 
and location of applications. However, agrochemical exposure and consequent toxicity to 59 
humans and animals is inevitable (Sparks and Lorsbach, 2017). Numerous epidemiological 60 
studies together with experimental evidence in animal models indicated that agrochemicals 61 
may be harmful to human health in multiple ways (Cano-Sancho, Salmon and La Merrill, 62 
2017,Androutsopoulos, Hernandez, Liesivuori et al., 2013). For example, agrochemicals may 63 
have carcinogenicity, neurotoxicity, immunotoxicity, reproductive toxicity, developmental 64 
toxicity and endocrine disrupting effects (Mostafalou and Abdollahi, 2017). In view of this, 65 
the toxicity of agrochemicals is of great concern around the world. 66 

Currently, obesity has become a worldwide pandemic and public health problem (Hales, 67 
Fryar, Carroll et al., 2018). According to the World Health Organization, approximately 39% 68 
of adults worldwide are overweight (body mass index, BMI ≥25 kg/m

2
) and 13% are obese 69 

(BMI ≥ 30) (World Health Organization, 2018). The obesity problem is also severe for 70 
children and adolescents (World Health Organization, 2014). Obesity is a complex and 71 
multifactorial condition that increases the risk of many other chronic diseases such as 72 
cardiovascular disease, diabetes mellitus type 2 (T2D), hypertension, stroke and even some 73 
kinds of cancers (Picon-Ruiz, Morata-Tarifa, Valle-Goffin et al., 2017). It was suggested that 74 
at least 2.8 million deaths worldwide could be attributed to the results of overweight or 75 
obesity each year (World Health Organization, 2015).  76 

Obesity is generally considered to be the result of energy imbalance, i.e., when energy 77 
intake exceeds energy expenditure. However, in reality the origins of obesity are 78 
multifactorial and result from the combined effects of both genetic and environmental factors 79 
(Heindel and Blumberg, 2019). Currently, the full spectrum of potential factors associated 80 
with obesity remains unclear. Previous studies have shown that factors such as genetic 81 
susceptibility, increased energy intake and lack of physical activity could contribute to the 82 
development of obesity (Turcot, Lu, Highland et al., 2018). However, these factors cannot 83 
fully explain the current dramatically increased rates of obesity. Over the past several decades, 84 
there is considerable evidence that environmental pollutants may contribute to the rapid 85 
increase of obesity (Heindel and Blumberg, 2019). Endocrine-disrupting chemicals (EDCs) 86 
are natural or man-made substances that may interfere with the normal function of the 87 
endocrine system, including hormone biosynthesis, metabolism or action (Zoeller, Brown, 88 
Doan et al., 2012). There is growing evidence showing links between EDCs and obesity as 89 
well as other health problems such as metabolic issues, diabetes, reproductive disabilities and 90 
cardiovascular problems (Gore, Chappell, Fenton et al., 2015). Metabolism disrupting 91 
chemicals (MDCs) specifically refer to those EDCs having the ability to promote metabolic 92 
changes that can result in obesity, T2D or fatty liver in animals (Heindel, Blumberg, Cave et 93 
al., 2017). These EDCs or MDCs might be important factors leading to obesity. Identifying 94 



all of the important factors that contribute to obesity is, therefore, an important issue and 95 
could help to control and reduce the obesity epidemic and related diseases.  96 

“Obesogens” are functionally defined as chemicals that promote obesity after exposure, 97 
in vivo. Some natural chemicals (such as fructose), pharmaceutical chemicals (such as 98 
thiazolidinedione anti-diabetic drugs) or xenobiotic chemicals [such as tributyltin (TBT)] 99 
have found to be obesogens (Janesick and Blumberg, 2016). Obesogens might act directly on 100 
fat cells by increasing their number or increasing the storage of fat into the existing cells. 101 
These chemicals might also act indirectly by affecting mechanisms regulating appetite and 102 
satiety, by altering basal metabolic rate, altering energy balance to favor the storage of 103 
calories, or by altering gut microbiota to promote energy intake (Heindel and Blumberg, 104 
2019). Some agrochemicals have been shown to act as obesogens by promoting adipogenesis 105 
and inducing obesity in experimental animals and are found at higher levels in obese humans. 106 
For example, dichlorodiphenyldichloroethylene (DDE) was classified as "presumed" to be 107 
obesogenic for humans by using a systematic review-based strategy to identify and integrate 108 
evidence from epidemiological, in vivo, and in vitro studies (Cano-Sancho et al., 2017). 109 
Others suggested that the evidence for DDE as an obesogen was “moderate” due to the 110 
consistency in prospective associations with childhood growth and obesity (Vrijheid, Casas, 111 
Gascon et al., 2016). Here we present a review of current studies linking agrochemical 112 
exposure and obesity, including studies from human and animals, and discuss possible 113 
mechanisms underlying these effects.  114 

 115 
2. Human epidemiological studies relating agrochemicals and obesity 116 
2.1 Association between agrochemicals and adult obesity 117 

There is a growing body of epidemiological studies suggesting an association between 118 
agrochemicals and adult obesity (Table 1). Agrochemicals of concern include  119 
dichlorodiphenyltrichloroethane (DDT), DDE, hexachlorobenzene (HCB), β-120 
hexachlorocyclohexane (β-HCH) and malathion. For example, multiple prospective cohort 121 
studies identified a positive association between levels of DDT/DDE and obesity or 122 
overweight (Mendez, Garcia-Esteban, Guxens et al., 2011,Valvi, Mendez, Garcia-Esteban et 123 
al., 2014,Valvi, Mendez, Martinez et al., 2012,Lee, Lind, Jacobs et al., 2012). Pre-pregnancy 124 
levels of DDT were found to be moderately associated with gestational weight gain in a 125 
prospective cohort study of pregnant women (Jaacks, Boyd Barr, Sundaram et al., 2016). A 126 
positive correlation between β-HCH and BMI, waist circumference, percentage of fat mass, 127 
as well as total and subcutaneous abdominal adipose tissue has also been demonstrated in a 128 
cross-sectional study of 98 obese men and women (Dirinck, Jorens, Covaci et al., 2011). 129 
There was a positive correlation between malathion blood concentration and waist 130 
circumference among a group of farmers (Raafat, Abass and Salem, 2012). In addition to 131 
increased weight or elevated BMI, the levels of some obesity biomarkers (levels of total 132 
cholesterol and total serum lipids) were also positively associated with the concentrations of 133 
pesticides such as HCB, β-HCH and DDE (Dusanov, Ruzzin, Kiviranta et al., 2018,La 134 
Merrill, Lind, Salihovic et al., 2018,Bachelet, Truong, Verner et al., 2011,Langer, Ukropec, 135 
Kocan et al., 2014,Ibarluzea, Alvarez-Pedrerol, Guxens et al., 2011,Lee, Steffes, Sjodin et al., 136 
2011), suggesting that these compounds can aggravate clinically relevant complications of 137 
obesity.  138 

Although the use of DDT has been banned in many countries, some populations still 139 
bear significant levels of DDT and DDE due to the extremely long half-life of these 140 
chemicals in the environment and in the human body, bioaccumulation and via the continued 141 
use of DDT in some developing countries (United Nations Environment Programme, 142 
2010,Bornman, Aneck-Hahn, de Jager et al., 2017). HCB and β-HCH were banned globally 143 
several decades ago, but persist in the environment. Malathion is a pesticide that is still 144 



widely used in agriculture, in residential landscaping, and in public health pest control 145 
programs. All these agrochemicals can be detected in humans currently. Information about 146 
the human exposure levels of these agrochemicals is listed in Table 1. The obesogenic effects 147 
of these pesticides in humans still needs to be considered. 148 

 149 
2.2 Non-monotonic dose-response relationships between agrochemicals and adult 150 
obesity 151 

Some studies showing the potential relationship between pesticide exposure and serum 152 
lipids/obesity/BMI revealed that the effects followed non-monotonic dose-response 153 
relationships. This unconventional dose-response relationship is characterized by a curve 154 
whose slope changes direction within the range of tested doses (Lee et al., 2012). For 155 
example, Arrebola et al. found that HCB, DDE and β-HCH showed quadratic associations 156 
with BMI, and the quadratic models had a positive trend at low exposure levels, while the 157 
slope decreased or even became negative at higher exposure levels (Arrebola, Ocana-Riola, 158 
Arrebola-Moreno et al., 2014). Numerous studies investigating the effects of EDCs described 159 
the occurrence of non-monotonic dose-response relationships for EDCs with relatively high 160 
frequency (Zoeller and Vandenberg, 2015). The molecular mechanisms underlying non-161 
monotonic dose-response relationships are complex and can arise from opposing effects 162 
induced by multiple receptors, receptor desensitization, negative feedback with increasing 163 
dose, or dose-dependent metabolism modulation (Zoeller and Vandenberg, 2015). Usual risk 164 
assessment approaches used by regulatory agencies are developed based on the fundamental 165 
principle that the toxicity of a chemical scales linearly in proportion to the exposure level. 166 
Therefore, non-monotonicity represents a challenge to fundamental concepts in toxicology 167 
and risk assessment (Dietrich, von Aulock, Marquardt et al., 2013). These non-monotonic 168 
dose-response relationships of agrochemicals suggest that mechanisms by which they induce 169 
obesity are complex. Lipophilic organochlorine pesticides such as DDE and HCB usually 170 
accumulate in adipose tissue to a major degree. Therefore, the circulating levels of these 171 
chemicals might be influenced by the degree of fat mass (Glynn, Granath, Aune et al., 2003), 172 
which can also make it difficult to study the relationships between chemicals and obesity in 173 
adults.  174 

 175 
2.3 Agrochemicals and the development of early-onset obesity 176 

Many environmental factors have been shown to play a prominent role in the 177 
development of early-onset obesity (La Merrill and Birnbaum, 2011). Building on Barker’s 178 
fetal origins of disease model (Barker, 1995), Gluckman and Hanson proposed the 179 
Developmental Origins of Health and Disease (DOHaD) hypothesis, which holds that 180 
environmental disruptions during critical windows of development can lead to increased 181 
susceptibility to diseases, including obesity, later in life (Gluckman and Hanson, 2004). 182 
Compared with adults, the fetus and neonate are more sensitive to perturbation by 183 
environmental chemicals during critical windows of development because protective 184 
mechanisms (such as DNA repair, immune system, xenobiotic metabolism, and the 185 
blood/brain barrier, among others) are not yet fully functional (Newbold, 2011). The higher 186 
metabolic rates of developing organisms may also result in increased toxicity compared to 187 
adults. Therefore, developmental exposures to xenobiotic toxicants are of particular concern.  188 

Measuring the levels of agrochemicals in pregnant mothers and follow-up of the weight 189 
gain of the children over their lives may provide evidence for the obesogenic effect of these 190 
chemicals during development. Several reviews have reported moderate evidence linking 191 
prenatal agrochemical exposure to childhood obesity (La Merrill and Birnbaum, 2011,Tang-192 
Peronard, Andersen, Jensen et al., 2011). Recently, the body of evidence for obesogenic 193 
effects of agrochemicals especially DDE after exposure during prenatal development has 194 



increased notably. There have been more than 10 prospective cohort studies showing that 195 
prenatal DDE exposure is significantly associated with increased birth weight, increased 196 
levels of some obesity markers, overweight risk or increased risk of childhood obesity 197 
ranging from 6 months to 9 years old (Mendez et al., 2011,Valvi et al., 2014,Valvi et al., 198 
2012,Vafeiadi, Georgiou, Chalkiadaki et al., 2015,Agay-Shay, Martinez, Valvi et al., 199 
2015,Verhulst, Nelen, Hond et al., 2009,Karmaus, Osuch, Eneli et al., 2009,Iszatt, Stigum, 200 
Verner et al., 2015,Heggeseth, Harley, Warner et al., 2015) (Table 2). Furthermore, DDE 201 
exposure might exacerbate the effects of other known contributing factors for obesity such as 202 
smoking (Verhulst et al., 2009). However, some other prospective cohort studies found no 203 
association between developmental exposure to DDE and infant or child obesity (Garced, 204 
Torres-Sanchez, Cebrian et al., 2012,Govarts, Nieuwenhuijsen, Schoeters et al., 2012,Hoyer, 205 
Ramlau-Hansen, Henriksen et al., 2014,Cupul-Uicab, Klebanoff, Brock et al., 2013,Warner, 206 
Aguilar Schall, Harley et al., 2013,Cupul-Uicab, Hernandez-Avila, Terrazas-Medina et al., 207 
2010,Gladen, Klebanoff, Hediger et al., 2004).  208 

A number of studies also showed associations between DDE or HCB and low birth 209 
weight and/or preterm birth (Govarts et al., 2012,Guo, Jin, Cheng et al., 2014,Lenters, 210 
Portengen, Rignell-Hydbom et al., 2016,de Cock, de Boer, Lamoree et al., 2014,Vafeiadi, 211 
Vrijheid, Fthenou et al., 2014). Both of these are established risk factors for subsequent rapid 212 
growth and long-term obesity (Stettler and Iotova, 2010). While more data are needed, these 213 
studies support the conclusion that developmental exposure to DDE and perhaps some other 214 
agrochemicals might lead to obesity in humans.  215 

Relatively fewer studies have examined links between prenatal DDT and DDD, β-HCH 216 
or HCB exposure and potential of childhood obesity. Some prospective cohort studies (Valvi 217 
et al., 2014,Valvi et al., 2012,Vafeiadi et al., 2015,Agay-Shay et al., 2015,Heggeseth et al., 218 
2015,Smink, Ribas-Fito, Garcia et al., 2008,Warner, Ye, Harley et al., 2017,Warner, 219 
Wesselink, Harley et al., 2014) or cross-sectional studies(Xu, Yin, Tang et al., 2017) showed 220 
positive associations with obesity (Table 2). However, a few other prospective cohort studies 221 
did not identify such significant associations (Cupul-Uicab et al., 2013,Warner et al., 222 
2013,Delvaux, Van Cauwenberghe, Den Hond et al., 2014).  223 

 224 
2.4 Gender-specific effects of agrochemicals 225 

Sexually dimorphic responses are a common finding when examining EDC effects, 226 
including links to obesity (Gore et al., 2015). Currently, some prospective cohort studies 227 
(Valvi et al., 2012,Warner et al., 2017,Warner et al., 2014,Delvaux et al., 2014,Tang-228 
Peronard, Heitmann, Andersen et al., 2014) or cross-sectional studies (Cabrera-Rodriguez, 229 
Luzardo, Almeida-Gonzalez et al., 2019) showed gender-specific effects of agrochemicals on 230 
childhood obesity (see Table 2). For example, Warner et al. showed a positive association 231 
between DDE and childhood obesity in boys but not in girls (Warner et al., 2017,Warner et 232 
al., 2014). However, some other studies showed the effects of DDE on childhood obesity 233 
existed in girls but not in boys (Delvaux et al., 2014,Tang-Peronard et al., 2014). The reason 234 
for this difference warrants further study. The mechanisms underlying gender-specific effects 235 
of agrochemicals also need to be studied in the future.  236 

 237 
3. Animal studies and the relationship between agrochemicals and obesity 238 

3.1 Studies showing the obesogenic effects of agrochemicals in adult experimental 239 
animals 240 

Most of the animal studies relating chemical exposures to obesity demonstrated that the 241 
exposures led to weight gain and changes in adiposity, increased expression of obesity and 242 
adipogenesis-related biomarkers and affected hormones and adipokines involved in the 243 
regulation of food intake and energy expenditure (La Merrill, Karey, Moshier et al., 244 



2014,Angle, Do, Ponzi et al., 2013). Exposures to the agrochemicals HCB, γ-HCH, parathion, 245 
chlorpyrifos (CPF), mancozeb and imidacloprid led to increased body weight in rodents 246 
(Howell, Meek, Kilic et al., 2014,Peris-Sampedro, Cabre, Basaure et al., 2015,Peris-247 
Sampedro, Basaure, Reverte et al., 2015,Basaure, Guardia-Escote, Biosca-Brull et al., 248 
2019,Meggs and Brewer, 2007,Lassiter, Ryde, Mackillop et al., 2008,Bhaskar and Mohanty, 249 
2014) (Table 3). In addition, some obesity-related indicators such as decreased total energy 250 
expenditure, alterations in glucose and lipid metabolism were observed after exposure to 251 
DTT and DDE (La Merrill et al., 2014,Howell et al., 2014,Ishikawa, Graham, Stanhope et al., 252 
2015,Howell, Mulligan, Meek et al., 2015), malathion (Kalender, Uzun, Durak et al., 2010) 253 
or CPF (Acker and Nogueira, 2012,Uchendu, Ambali, Ayo et al., 2018) (Table 3).  254 

The “two-hit” hypothesis, first formulated by Knudson in 1971, suggested that most 255 
tumor suppressor genes require both alleles to be inactivated to result in a cancer (Knudson, 256 
1971). Now, this “two-hit” hypothesis has been adopted to explain the multifactorial nature 257 
of obesity, which may result from the combined effects of both genetic and environmental 258 
factors. A subject who is genetically-prone to obesity has the “first hit” (genetic susceptibility 259 
or epigenetic predisposition) intrinsically. Obesogenic factors such as chemical exposures, 260 
high energy diet, low physical activity, alcohol and smoking that act as “second hit” trigger 261 
gain weight and result in obesity (Heindel et al., 2017). The obesogenic effects of some 262 
agrochemicals were only observed upon co-treatment with high-fat diet (HFD) or were 263 
exacerbated by HFD, indicating that a second hit was needed to elicit obesity. It was reported 264 
that low doses of orally administrated permethrin (Xiao, Sun, Kim et al., 2018) or 265 
imidacloprid (Sun, Xiao, Kim et al., 2016,Sun, Qi, Xiao et al., 2017) potentiated weight gain 266 
in male mice only when a HFD was provided. HFD-fed rats exposed to CPF exhibited a pro-267 
obesity phenotype compared with controls (Fang, Li, Zhang et al., 2018). Chronic 268 
administration of atrazine increased body weight without changing food intake or physical 269 
activity levels, and feeding a HFD further exacerbated obesity (Lim, Ahn, Song et al., 2009).  270 

 271 
3.2 Animal studies showing the development and transgenerational obesogenic 272 

effects of agrochemicals 273 
Obesogenic effects of agrochemical exposure during development have been reported 274 

(Table 3). Li et al. showed that prenatal triflumizole exposure increased white adipose depot 275 
weight in vivo (Li, Pham, Janesick et al., 2012). Sexually dimorphic responses have also been 276 
reported in most animal studies. For example, perinatal exposure (gestational day 11.5 277 
through postnatal day 5) to DDT caused a transient increase in body fat mass in young female, 278 
but not in male mice (La Merrill et al., 2014). In contrast, developmental exposure to CPF led 279 
to weight gain in male, but not female rats (Lassiter and Brimijoin, 2008).  280 

Transgenerational obesogenic effects of agrochemicals have been reported. Two studies 281 
established links between DDT exposure in pregnant F0 rat dams and increased obesity rates 282 
in subsequent generations. Male and female offspring from the F3 generation and male 283 
offspring from the F4 generation in the DDT lineage had an increased prevalence of obesity 284 
compared with controls (King, McBirney, Beck et al., 2019,Skinner, Manikkam, Tracey et al., 285 
2013). Two other studies showed that parental exposure to glyphosate or vinclozolin was 286 
linked to increased obesity rates in the F2 and F3 offspring (Kubsad, Nilsson, King et al., 287 
2019,Nilsson, King, McBirney et al., 2018). Overall, current data support the notion that 288 
exposure to multiple types of agrochemicals can play a role in obesity. More evidence from 289 
in vivo studies will be required to further establish the links between agrochemicals and 290 
obesity. 291 

 292 
4. Potential mechanisms through which agrochemicals induce obesity 293 



4.1 Agrochemicals might promote the commitment phase of adipogenesis  294 
Although the mechanisms through which environmental chemicals induce obesity are 295 

not fully understood, affecting adipogenesis is an important mechanism (Heindel et al., 2017). 296 
Both direct and developmental exposure of chemicals might affect adipogenesis. Chemical 297 
exposure may lead to increased numbers of white adipocytes by modulating the 298 
differentiation of progenitor cells or by altering the birth/death rate of adipocytes to affect 299 
overall numbers of white adipocytes. Increased lipid storage in existing adipocytes is thought 300 
to be another major reason. Generally speaking, early developmental changes lead to 301 
increased adipocyte numbers, yet gain weight later in life during adulthood probably derives 302 
from increased fat content of existing white adipocytes (Spalding, Arner, Westermark et al., 303 
2008).  304 

Adipogenesis occurs in cells derived from the embryonic mesoderm. Multipotent 305 
mesenchymal stromal stem cells, also known as mesenchymal stem cells (MSCs) give rise to 306 
adipocytes, which involves determination (MSCs commit irreversibly to the adipocyte 307 
lineage) and terminal differentiation (preadipocytes differentiate into mature fat cells) (Rosen 308 
and MacDougald, 2006). The current consensus is that white adipocyte numbers are set by 309 
the end of childhood and that any factors that increase adipocyte numbers in early life lead to 310 
a life-long increase in white adipocyte number (Spalding et al., 2008). While it is 311 
controversial whether having more white adipocytes leads to obesity, obese people definitely 312 
have more white adipocytes than do those of normal weight (Spalding et al., 2008). One 313 
possibility is that obesogen exposure early in life alters the fate of MSCs, leading to more 314 
white adipocytes in adulthood (Janesick and Blumberg, 2011,Chamorro-Garcia, Sahu, Abbey 315 
et al., 2013). The inference is that obese individuals may have a pool of MSCs that is 316 
intrinsically biased toward the adipocyte lineage (Kirchner, Kieu, Chow et al., 2010). 317 
Therefore, early life events, including obesogen exposure, that alter the fate of MSCs could 318 
predispose the exposed individual to increased numbers of white adipocytes and 319 
consequently obesity, particularly in combination with a Western Dietary pattern (Janesick 320 
and Blumberg, 2016).  321 

Several studies suggested that agrochemicals might influence MSC fate. Chlorpyrifos 322 
and carbofuran were found to inhibit the osteogenic differentiation capacity of human MSCs, 323 
although the potential of MSCs to differentiate into adipocytes was not tested (Hoogduijn, 324 
Rakonczay and Genever, 2006). Another study showed that DDT could enhance both 325 
adipogenic and osteogenic differentiation of human MSCs via an estrogen receptor (ER) 326 
mediated pathway (Strong, Shi, Strong et al., 2015). Janesick et al. found that zoxamide, 327 
spirodiclofen, fludioxonil and quinoxyfen all induced adipogenesis in mouse MSCs (Janesick, 328 
Dimastrogiovanni, Vanek et al., 2016). Increased adipogenic potential of MSCs could 329 
correspondingly increase the steady state number of adipocytes in the adult, which might 330 
favor the development of obesity over time (Chamorro-Garcia et al., 2013).  331 

In vitro and in vivo studies have demonstrated that TBT promotes adipocyte 332 
differentiation and obesity by activating peroxisome-proliferator activated receptor γ (PPARγ) 333 
and its heterodimeric partner, retinoid X receptor α (RXRα). TBT can bind to and activate 334 
both receptors, but it appears to mediate its effects on adipocyte differentiation via PPARγ 335 
(Kirchner et al., 2010,Li, Ycaza and Blumberg, 2011). In contrast, activation of RXR is 336 
required to commit mouse MSCs to the adipocyte lineage (Shoucri, Martinez, Abreo et al., 337 
2017). TBT and chemicals that activate RXR (rexinoids) commit MSCs to the adipocyte 338 
lineage by inhibiting the expression and function of enzymes that deposit repressive histone 3 339 
lysine 27 trimethyl (H3K27

me3
) marks. Exposure of MSCs to TBT or rexinoids led to 340 

genome-wide decreases in H3K27
me3

 at the promoters of genes required for adipogenic 341 
commitment. Currently, there is a relative paucity of data regarding how other agrochemicals 342 
might influence MSC fate. Triflumizole was found to induce adipogenic differentiation in 343 



human and mouse MSCs through a PPARγ-dependent mechanism and to promote fat 344 
accumulation, in vivo (Li et al., 2012). Taken together, the current data suggest that exposure 345 
to agrochemicals might promote adipogenesis by increasing commitment of MSCs to the 346 
adipocyte lineage. Therefore, assessing the capability of an agrochemical to induce 347 
adipogenic commitment of MSCs together with its ability to promote terminal adipocyte 348 
differentiation, and the mechanisms through which these processes occur will be valuable in 349 
identifying additional agrochemical obesogens. 350 

 351 
4.2 Agrochemicals might induce adipocyte differentiation 352 

After MSCs are committed to the adipocyte lineage, these preadipocytes can be induced 353 
to differentiate into mature adipocytes. Usually, the process of adipocyte differentiation is 354 
influenced by direct chemical exposure. In contrast to the relative paucity of data regarding 355 
the effect of agrochemicals on the commitment of MSCs to preadipocytes, there is much 356 
known about the effects of these chemicals on adipocyte differentiation. Murine pre-357 
adipocyte cell lines such as 3T3-L1 cells are commonly used as an in vitro cell model to test 358 
the capacity of chemicals to induce adipogenesis. Such experiments have provided strong 359 
support for the notion that agrochemicals could promote adipocyte differentiation. Treatment 360 
with DDT and DDE resulted in increased lipid accumulation accompanied by up-regulation 361 
of multiple key regulator of adipocyte differentiation, such as CCAAT/enhancer-binding 362 
protein α and PPARγ (Kim, Sun, Yue et al., 2016). Using the 3T3-L1 cell model, other 363 
studies have identified agrochemicals including quizalofop-p-ethyl (QpE) (Biserni, Mesnage, 364 
Ferro et al., 2019), diazinon (Smith, Yu and Yin, 2018), pyraclostrobin (Luz, Kassotis, 365 
Stapleton et al., 2018), DDE (Mangum, Howell and Chambers, 2015), imidacloprid (Park, 366 
Kim, Kim et al., 2013), fipronil (Sun, Qi, Yang et al., 2016), permethrin (Xiao, Qi, Clark et 367 
al., 2017), zoxamide, spirodiclofen quinoxyfen, tebupirimfos, forchlorfenuron, flusilazole, 368 
acetamaprid and pymoetrozine (Janesick et al., 2016) as having the ability to promote 369 
adipocyte differentiation.  370 

Activation of PPARγ/RXRα heterodimers plays a key role in promoting differentiation 371 
of 3T3-L1 adipocytes by regulating the expression of genes involved in lipid droplet 372 
formation, glucose uptake, and fatty acid synthesis (Janesick and Blumberg, 2011,Tontonoz 373 
and Spiegelman, 2008). QpE might promote adipogenesis by activating PPARγ as 374 
demonstrated by RNAseq analysis of cells and PPARγ reporter gene assay (Biserni et al., 375 
2019). Triflumizole was found to induce adipogenic differentiation in 3T3-L1 cells through a 376 
PPARγ-dependent mechanism (Li et al., 2012). Zoxamide, triflumizole, spirodiclofen, and 377 
quinoxyfen induced adipogenesis in 3T3-L1 cells through PPARγ/RXRα heterodimers by 378 
activating PPARγ, while fludioxonil activated RXRα (Janesick et al., 2016).  379 

However, the adipogenic effects of other agrochemicals on 3T3-L1 cells appear to be 380 
independent of PPARγ activation. For example, flusilazole, forchlorfenuron, acetamiprid and 381 
pymetrozine induced adipogenesis in 3T3-L1 cells, but did not activate PPARγ or RXRα 382 
(Janesick et al., 2016). Pyraclostrobin was found to induce mitochondrial dysfunction which 383 
in-turn inhibited lipid homeostasis, resulting in triglyceride accumulation (Luz et al., 2018). 384 
Permethrin might potentiate adipogenesis in 3T3-L1 adipocytes via altering intracellular 385 
calcium levels and through endoplasmic reticulum stress-mediated mechanisms (Xiao et al., 386 
2017), although, it also activates PPARα (Fujino, Watanabe, Sanoh et al., 2019). The related 387 
chemical, deltamethrin may also activate an endoplasmic reticulum stress-mediated pathway 388 
in 3T3-L1 adipocytes (Yuan, Lin, Xu et al., 2019). An AMP-activated protein kinase 389 
AMPKα-mediated pathway was found to play a role in the induction of adipogenesis in 3T3-390 
L1 preadipocytes by agrochemicals such as DDT and DDE (Kim et al., 2016), imidacloprid 391 
(Sun et al., 2017), deltamethrin (Yuan et al., 2019,Shen, Hsieh, Yue et al., 2017), and fipronil 392 
(Sun et al., 2016). Endrin and tolylfluanid promoted adipogenesis in 3T3-L1 cells via 393 



glucocorticoid receptor activation (Sargis, Johnson, Choudhury et al., 2010). In contrast, 394 
another study showed that endrin inhibited adipogenesis in 3T3-L1 cells (Moreno-Aliaga and 395 
Matsumura, 1999).  396 

By using a human adipose-derived stromal cell-based adipogenesis assay, Foley et al. 397 
found that some agrochemicals including triphenyltin hydroxide, lactofen, triflumizole, 398 
halosulfuron-methyl, cyfluthrin, flufenacet, isoxaflutole, piperonyl-butoxide, pyraclostrobin, 399 
and tebufenozide could induce lipid accumulation in these cells. By combining the results of 400 
gene transcription, protein expression, loss-of-function PPARγ siRNA assay and adipokine 401 
secretion, it was suggested that these chemicals might have moderate-to-strong activity for 402 
human adipogenesis (Foley, Doheny, Black et al., 2017). Considering the wide exposure of 403 
the humans and wildlife to agrochemicals, it will be of great interest to determine which 404 
pathways are causally associated with the adipogenic effects elicited by these chemicals and 405 
whether they also occur, in vivo. 406 

 407 
4.3 Agrochemicals might exert obesogenic effects mediated by sex steroid hormone 408 
dysregulation  409 

Sex steroid hormones such as estrogens and androgens appear to play important roles in 410 
adipose tissue development during early development or in adulthood (Cooke and Naaz, 411 
2004). Estrogens play a pivotal role in regulating energy homeostasis, especially in female 412 
mammals, either by acting directly on the brain or through activation of ERs in adipocytes 413 
(Mauvais-Jarvis, Clegg and Hevener, 2013). Imbalances in the sex steroid levels can lead to 414 
dyslipidemias and obesity. For example, weight gain was observed following androgen 415 
deprivation therapy for prostate cancer (Braunstein, Chen, Loffredo et al., 2014) or polycystic 416 
ovary syndrome (Stanley and Misra, 2008). Obesogenic effects have been observed for 417 
xenoestrogenic compounds such as diethylstilbestrol (DES) (Newbold, Padilla-Banks, Snyder 418 
et al., 2007) and bisphenol A (BPA) (Rubin, Murray, Damassa et al., 2001), suggesting that 419 
dysregulated signaling through sex steroid receptors can produce pro-adipogenic effects. This 420 
might also influence the sexually dimorphic effects of some chemicals on the incidence and 421 
health consequences of obesity observed in humans (Palmer and Clegg, 2015). Therefore, 422 
chemicals that can disrupt the regulation of estrogen and androgen signaling by changing 423 
hormone levels or by directly interacting with the cognate nuclear receptors may contribute to 424 
disturbances in the regulation of adipose tissue formation and maintenance. Both direct and 425 
developmental exposure of chemicals might disrupt the regulation of sex hormone signaling. 426 

Many in vivo experimental animal studies examined estrogenic or anti-androgenic 427 
effects of agrochemicals. By using the rat uterotrophic (estrogen) and Hershberger (anti-428 
androgen) assays, it was found that the insecticide permethrin might have estrogenic effects 429 
on female rats, but anti-androgenic effects on male rats (Kim, Lee, Lim et al., 2005). In vivo 430 
anti-androgenic effects have also been reported in response to agrochemicals including 431 
linuron (Wolf, Lambright, Mann et al., 1999,Lambright, Ostby, Bobseine et al., 2000), 432 
prochloraz (Vinggaard, Christiansen, Laier et al., 2005), procymidone (Ostby, Kelce, 433 
Lambright et al., 1999), tebuconazole (Taxvig, Hass, Axelstad et al., 2007), vinclozolin 434 
(Anway, Memon, Uzumcu et al., 2006,Uzumcu, Suzuki and Skinner, 2004)), DDE (Wolf et 435 
al., 1999), endosulfan (Sinha, Adhikari and D, 2001), dimethoate (Verma and Mohanty, 2009) 436 
and deltamethrin (Andrade, Araujo, Santana et al., 2002). After reviewing the animal and 437 
epidemiologic data from previous studies, Li et al. suggested that chlorpyrifos induces 438 
metabolic disruption by altering levels of reproductive hormones (Li, Ren, Li et al., 2019). 439 

Mechanistic studies suggested that agrochemicals might exert estrogenic or anti-440 
androgenic effect by affecting sex hormone status or by acting directly on estrogen receptors 441 
(ERs) and/or androgen receptor (AR). Several agrochemicals were documented to affect sex 442 
hormone levels through interference with hormone synthesis or breakdown. For example, 443 



testicular apoptosis was found in adult rats following exposure to a single dose of 444 
methoxychlor (Vaithinathan, Saradha and Mathur, 2010). DDE inhibited the action of 5α-445 
reductase, the major enzyme that converts testosterone to dihydro-testosterone (Lo, King, 446 
Allera et al., 2007). DDE stimulated aromatase activity in ovarian granulosa cells (Younglai, 447 
Holloway, Lim et al., 2004). An analysis of the hepatic transcriptome of mice treated with 448 
DDE revealed altered mRNA levels of genes encoding enzymes involved in testosterone 449 
catabolism and excretion, resulting in impaired testosterone metabolism (Morales-Prieto, 450 
Ruiz-Laguna, Sheehan et al., 2018). Numerous agrochemicals, including DDT, can affect the 451 
expression levels and/or activity of multiple cytochrome P450 enzymes (P450) (Abass and 452 
Pelkonen, 2013,Blizard, Sueyoshi, Negishi et al., 2001), which are involved in the 453 
metabolism of steroid hormones and many xenobiotic chemicals.  454 

Many studies have investigated the activity of agrochemicals on ER and AR using 455 
reporter gene assays. DDE was demonstrated to be a potent AR antagonist (Kelce, Stone, 456 
Laws et al., 1995). Kjeldsen et al. (Kjeldsen, Ghisari and Bonefeld-Jorgensen, 2013) 457 
investigated the effects of five agrochemicals (terbuthylazine, propiconazole, prothioconazole, 458 
cypermethrin and malathion) on ER and AR transactivation using luciferase reporter gene 459 
assays. The results showed that these five pesticides weakly activated ER and that three 460 
pesticides (bitertanol, propiconazole and mancozeb) antagonized AR activity in a 461 
concentration-dependent manner. Kojima et al, (Kojima, Katsura, Takeuchi et al., 2004) 462 
screened 200 agrochemicals and reported that 66 were anti-androgenic, whereas only 29 were 463 
estrogenic. Numerous in vitro studies based on reporter gene assays demonstrated estrogenic 464 
and anti-androgenic effect of agrochemicals (Kitamura, Suzuki, Ohta et al., 2003,Andersen, 465 
Vinggaard, Rasmussen et al., 2002,Bauer, Bitsch, Brunn et al., 2002,Okubo, Yokoyama, 466 
Kano et al., 2004,Orton, Lutz, Kloas et al., 2009,Vinggaard, Niemela, Wedebye et al., 467 
2008,Sun, Xu, Xu et al., 2007,Zhang, Zhu, Zheng et al., 2008,Robitaille, Rivest and 468 
Sanderson, 2015,Xu, Liu, Ren et al., 2008,Li, Li, Ma et al., 2008,Martin, Dix, Judson et al., 469 
2010,Knudsen, Houck, Sipes et al., 2011). In addition to the canonical ERs, binding of DDT 470 
and DDE to the seven-transmembrane estrogen receptor, GPR30, which activates alternative 471 
estrogen signaling was demonstrated (Thomas and Dong, 2006). Molecular dynamic 472 
simulations showed that estrogen-related receptor γ, which might affect estrogen signaling 473 
indirectly, could also be a potential target of DDT and DDE (Zhuang, Zhang, Wen et al., 474 
2012). Estrogenic or anti-androgenic effects of agrochemicals might involve more than one 475 
mechanism; thus, their effects might be mediated through multiple cellular pathways.  476 

Typically, humans are only rarely exposed to a single agrochemical. Rather they are 477 
simultaneously exposed to multiple xenobiotic chemicals, including agrochemicals and 478 
supposedly inert carriers. It is probable that these different agrochemicals may act in 479 
combination through additive, synergistic, or antagonistic mechanisms, which may influence 480 
the doses of such ligands required to induce adipogenesis. Notably, additive and synergistic 481 
anti-androgenic activities of agrochemical mixtures have been observed (Kjeldsen et al., 482 
2013,Ma, Chen, Yang et al., 2019,Orton, Rosivatz, Scholze et al., 2012,Kolle, Melching-483 
Kollmuss, Krennrich et al., 2011,Birkhoj, Nellemann, Jarfelt et al., 2004). Christen et al., 484 
studied additive and synergistic anti-androgenic activities of binary mixtures of five anti-485 
androgenic fungicides and found that about half of the tested mixtures produced additive 486 
effects and half synergistic effects (Christen, Crettaz and Fent, 2014). These observed 487 
additive and synergistic effects emphasize the importance of considering the combined 488 
actions of these chemicals. Although the underlying molecular mechanisms remain to be 489 
fully understood, these studies suggested the agrochemicals might induce obesity by 490 
disturbing normal sex hormone signaling. 491 

 492 



4.4 Agrochemicals might exert obesogenic effects by affecting metabolic homeostasis 493 
through PPARs 494 

Obesogens might induce obesity by perturbing metabolic homeostasis resulting in 495 
unbalanced energy expenditure. Many nuclear receptors respond to specific hormones such as 496 
thyroid hormone, mineralocorticoids, glucocorticoids, retinoic acid, sex steroids and 497 
lipophilic endogenous substances. These are involved in various physiological and 498 
pathological processes in the regulation of metabolic homeostasis (Mangelsdorf, Thummel, 499 
Beato et al., 1995). Among these, the PPAR subfamily, comprising PPARα, PPARβ/δ) and 500 
PPARγ are key players in adipogenesis and lipid metabolism (Feige, Gelman, Michalik et al., 501 
2006). After forming heterodimers with RXR, PPARs regulate the transcription of genes 502 
involved in the regulation of adipogenesis (adipocyte proliferation and differentiation), 503 
intracellular lipid metabolism and storage, glucose homeostasis and insulin responsiveness 504 
(Wang, 2010). The three PPAR subtypes act as ligand sensors for a variety of lipophilic 505 
hormones, dietary fatty acids and their metabolites to regulate lipid homeostasis (Bensinger 506 
and Tontonoz, 2008). They work together to control almost every aspect of fatty acid 507 
metabolism. Many pharmaceutical drugs and environmental chemicals target PPARs, 508 
enabling them to affect PPAR signaling pathways involved in regulating metabolic balance 509 
(Lau, Abbott, Corton et al., 2010). Usually, chemical influences on metabolic homeostasis 510 
acting through PPARs are due to direct chemical exposure. 511 

Several in vivo studies revealed changes in the expression levels of genes encoding 512 
PPARs and PPAR-regulated genes after agrochemical exposure. The herbicide dicamba (2-513 
methoxy-3,6-dichlorobenzoic acid) caused a significant increase in peroxisomal beta-514 
oxidation activity and changed the expression of a variety of PPAR regulated enzymes in rat 515 
livers, suggesting that dicamba acts as a peroxisome proliferator in rats (Espandiari, Thomas, 516 
Glauert et al., 1995). The herbicide diclofop was also shown to be a rodent peroxisome 517 
proliferator (Palut, Ludwicki, Kostka et al., 2001). Atrazine induced a near-significant 518 
increase in PPARβ mRNA in Xenopus laevis tadpoles (Zaya, Amini, Whitaker et al., 2011), 519 
and diclofop-methyl and pyrethrins changed the expression of PPARα-inducible  cytochrome 520 
P450 genes in mice (Takeuchi, Matsuda, Kobayashi et al., 2006). 2,4-dichlorophenoxyacetic 521 
acid increased expression of PPARδ in HepG2 cells (Sun, Shao, Liu et al., 2018). DDT 522 
enhanced expression of PPARγ mRNA in human MSCs (Strong et al., 2015). Therefore, 523 
expression of PPAR genes themselves may be potential agrochemical targets. 524 

Results of in vitro reporter gene assays and in silico ligand binding simulations 525 
suggested that agrochemicals could function as agonistic ligands for one or more of the 526 
PPARs. Using an in vitro reporter gene assay based on CV-1 cells, Takeuchi et al. screened 527 
the ability of 200 agrochemicals to activate mouse PPARα and they found three chemicals 528 
(diclofop-methyl, pyrethrins and imazalil) had PPARα agonistic activity, yet none of the 529 
tested agrochemicals showed PPARγ agonistic activity (Takeuchi et al., 2006). Using a 530 
reporter gene assay based on COS-1 cells it was found that none of eight tested pyrethroids 531 
activated PPARα but that a metabolite of cis-/trans-permethrin as well as a metabolite of 532 
phenothrin (3-phenoxybenzoic acid) activated rat PPARα (Fujino et al., 2019). Five chitin 533 
synthesis inhibitors activated PPARγ-mediated reporter gene activity with the rank order of  534 
diflubenzuron > chlorfluazuron > flucycloxuron > noviflumuron > flufenoxuron (Ning, Ku, 535 
Gao et al., 2018). Other agrochemicals such as quizalofop-p-ethyl (Biserni et al., 2019) 536 
spirodiclofen, zoxamide (Janesick et al., 2016) and triflumizole (Li et al., 2012) were found 537 
to have PPARγ agonistic activity. An in silico study modeling the binding of pesticides in the 538 
PPARγ ligand-binding pocket suggested that the pesticide dithiocarbamate and the fungicide 539 
mancozeb might bind to this receptor (Bhaskar and Mohanty, 2014). The PPARγ ligand-540 
binding pocket is rather large and can bind multiple compounds as the same time (Balaguer, 541 



Delfosse, Grimaldi et al., 2017). Therefore, it is not surprising that many agrochemicals with 542 
dissimilar structures could be PPARs ligands. 543 

The PPARs have different tissue distributions and biological functions. PPARα is 544 
expressed predominantly in liver, kidney, heart, and muscle, and plays a major role in fatty 545 
acid oxidation. Activation of PPARα leads to peroxisome proliferation in rodents and 546 
stimulates β-oxidation of fatty acids (Ferre, 2004). PPARδ is ubiquitously expressed and can 547 
also promote fatty acid oxidation (Barish, Narkar and Evans, 2006). Consequently, 548 
xenobiotics that target PPARα and δ typically act as hypolipodemic agents. In contrast, 549 
PPARγ is primarily expressed in adipose tissue and is considered to be the master regulator 550 
of adipogenesis (Tontonoz and Spiegelman, 2008). A large body of work has clearly 551 
established that PPARγ plays key roles in diverse aspects of adipocyte biology including lipid 552 
biosynthesis and lipid storage (Evans, Barish and Wang, 2004). Activation of PPARγ is 553 
essential for the differentiation of resident preadipocytes and the conversion of mesenchymal 554 
progenitors to preadipocytes in white adipose tissues (Takada, Kouzmenko and Kato, 2009). 555 
Pharmaceutical drugs such as anti-diabetic thiazolidinediones as well as environmental 556 
chemicals such as the organotin compounds TBT and triphenyltin (TPT) (Grun, Watanabe, 557 
Zamanian et al., 2006,Kanayama, Kobayashi, Mamiya et al., 2005) act as obesogens by 558 
stimulating adipogenesis in a PPARγ-dependent manner. Since many agrochemicals have 559 
already been found to bind and activate PPARγ, it will be worthwhile to test all widely used 560 
agrochemicals for their ability to target PPARγ and act as bona fide obesogens, in vivo.  561 

 562 
4.5 Agrochemicals might exert obesogenic effects by affecting metabolic homeostasis 563 
through disturbing the thyroid hormone pathway 564 

Another mechanism through which obesogens could interfere with metabolic 565 
homeostasis is by altering the expression of hormones that regulate overall energy 566 
expenditure. Obesogens might change the balance between energy storage and consumption 567 
thereby leading to obesity. Thyroid hormone (triiodothyronine, T3) exerts widespread effects 568 
on carbohydrate, lipid and protein metabolism and is tightly associated with the basal 569 
metabolic rate (Mendoza and Hollenberg, 2017). It is essential to maintain thyroid function 570 
and thyroid hormone action within normal physiological limits to correctly regulate basal 571 
metabolic rate and thermogenesis. Increased activity of the thyroid pathway could accelerate 572 
metabolism leading to weight loss, whereas decreased thyroid activity could produce weight 573 
gain (Rotondi, Leporati, La Manna et al., 2009,Reinehr, 2010). Environmental chemicals 574 
might disrupt thyroid hormone signaling at many different levels, including the central 575 
regulatory system in the hypothalamus and pituitary, thyroid hormone biosynthesis and 576 
release from the thyroid gland, activity of deiodinases, transport in the blood, metabolism, 577 
and thyroid hormone action on nuclear receptors in target cells (Preau, Fini, Morvan-Dubois 578 
et al., 2015). There is considerable evidence from animal and human studies establishing 579 
relationships between EDC exposures and thyroid disruption. Most of these considered 580 
polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), perfluoroalkyl 581 
substances (PFASs), phthalates, BPA, and perchlorate (Zoeller, 2010). Many of these 582 
chemicals have also been shown to promote a propensity for obesity and metabolic syndrome. 583 
Thus, disrupting the thyroid signaling pathway is a plausible mechanism through which 584 
obesogens might contribute to obesity. Usually, influences on metabolic homeostasis through 585 
the thyroid signaling pathway are due to direct chemical exposure.  586 

A broad range of human and animal studies documented that agrochemicals could 587 
interfere with the normal function of the thyroid endocrine system (Requena, Lopez-Villen, 588 
Hernandez et al., 2019). An association between the use of organochlorine pesticides and risk 589 
of hypothyroidism and hyperthyroidism has been established among women in Iowa and 590 
North Carolina enrolled in the Agricultural Health Study in 1993-1997 (Goldner, Sandler, Yu 591 



et al., 2010). Animal studies indicated that in utero exposure to pesticides such as DDT, DDE 592 
and chlorpyrifos-methyl may affect thyroid hormone status in offspring (Luo, Pu, Tian et al., 593 
2017,Jeong, Kim, Kang et al., 2006). Mechanistic studies also supported the disruptive 594 
effects of agrochemicals on thyroid function. The hypothalamus–pituitary–thyroid (HPT) axis 595 
determines systemic thyroid hormone levels (Ortiga-Carvalho, Chiamolera, Pazos-Moura et 596 
al., 2016). Acetochlor was found to alter the mRNA expression of HPT axis-related genes 597 
and changed circulating thyroid hormone levels in zebrafish larvae (Yang, Hu, Li et al., 598 
2016,Xu, Sun, Niu et al., 2019). Most activity of T3 is mediated by its nuclear receptors, 599 
thyroid hormone receptor alpha (TRα) and beta (TRβ) which require heterodimerization with 600 
RXRs to bind DNA and regulate the expression of target genes (Yen, 2001). A GH3-601 
luciferase reporter gene assay was used to investigate the activities of 21 pesticides towards 602 
TRs. Among the tested pesticides, 5 had agonistic effects (procymidone, imidacloprid, atrazine, 603 
fluroxypyr, mancozeb), whereas 11 pesticides (butachlor, beta-cypermethrin, fenobucarb, 604 
cyhalothrin, theta-cypermethrin, bifenthrin, carbaryl, pymetrozine, pendimethalin, metolcarb, and 605 
acetochlor) inhibited luciferase activity induced by T3 to varying degrees, demonstrating their 606 
antagonistic activities (Xiang, Han, Yao et al., 2017). Xiang et al. also found that 13 607 
pesticides bound directly to TR as measured by surface plasmon resonance (SPR) biosensors 608 
(Xiang et al., 2017). Co-exposure of mice to the dithiocarbamate fungicide, mancozeb and 609 
the neonicotinoid insecticide, imidacloprid during lactation decreased plasma T3 levels and 610 
molecular dynamics simulations predicted that both of these chemicals might compete with 611 
T3 for binding to TRs (Bhaskar and Mohanty, 2014). Taken together, these studies 612 
established strong links between agrochemicals and disruption of thyroid signaling; however, 613 
possible obesogenic effects through this mechanism require further investigation.  614 

 615 
4.6 Agrochemicals might exert obesogenic effects by affecting the gut microbiota 616 

The human gut is the natural host for a large diverse and dynamic microbial community 617 
comprising bacteria and fungi, which together constitute the gut microbiota. The potential 618 
role of the gut microbiota in the development of obesity and obesity-related metabolic 619 
disorders has attracted considerable attention in the last several decades (Turnbaugh, Backhed, 620 
Fulton et al., 2008,Turnbaugh, Hamady, Yatsunenko et al., 2009,Zhao, 2013,Snedeker and 621 
Hay, 2012). Mechanistic studies indicated that the gut microbiota play a vital role in the 622 
development of obesity as they can influence energy utilization from the diet and produce 623 
microbiota-derived metabolites that regulate host metabolism and appetite (Turnbaugh and 624 
Gordon, 2009,Chen and Devaraj, 2018). The composition of the gut microbiota is highly 625 
dynamic and can be altered rapidly and substantially by diet and other environmental factors. 626 
Usually, the gut microbiota is affected by direct chemical exposure. Consumption of 627 
contaminated foods represents the major sources of human exposure to agrochemicals and 628 
this can lead to direct interactions between agrochemicals and the gut microbiota. Numerous 629 
studies showed that agrochemicals could affect the composition and function of gut 630 
microbiota and played an important role in agrochemical-induced toxicity (Joly Condette, 631 
Khorsi-Cauet, Morliere et al., 2014,Yuan, Pan, Jin et al., 2019,Mao, Manservisi, Panzacchi et 632 
al., 2018).  633 

Emerging evidence supports the involvement of the gut microbiota in agrochemical-634 
induced obesity. In a human cross-sectional study, levels of Methanobacteriales in the gut 635 
were associated with higher body weight and waist circumference and it was already known 636 
that these bacteria are linked to obesity (Lee, Lee, Lee et al., 2011). Serum organochlorine 637 
pesticides (cis-nonachlor, oxychlordane and trans-nonachlor) levels were also positively 638 
correlated with levels of Methanobacteriales. This supports a possible link among 639 
organochlorine pesticide levels, gut Methanobacteriales levels, and obesity in the general 640 
population. Some animal studies also established potentially causal links among 641 



agrochemical levels, composition of the gut microbiota and obesity. Chlorpyrifos disrupted 642 
gut microbial homeostasis and increased lipopolysaccharide entry into the body leading to 643 
low-grade systemic inflammation (Liang, Zhan, Liu et al., 2019). Mice given this 644 
chlorpyrifos-altered microbiota gained more white adipose tissue and had lower insulin 645 
sensitivity, supporting a link between the microbiota and obesity-related diseases (Liang et al., 646 
2019). Chlorpyrifos exposure also significantly altered the composition of bacteria previously 647 
associated with obese and diabetic phenotypes in gut microbiome of rats (Fang et al., 2018). 648 
Chlorpyrifos exposure caused hepatic lipid metabolism disorders that were associated with 649 
gut oxidative stress and microbiota dysbiosis in zebrafish (Wang, Shen, Zhou et al., 2019). 650 
Carbendazim induced gut microbiota dysbiosis and disturbed lipid metabolism, which 651 
promoted the intestinal absorption of excess triglycerides and caused multiple tissue 652 
inflammatory responses in mice (Jin, Zeng, Wang et al., 2018). Taken together, these studies 653 
showed that altering the composition of the gut microbiota is a possible mechanism through 654 
which agrochemicals can promote obesity. It will be important to establish a mechanistic 655 
understanding of how perturbation of gut microbiota by agrochemicals ultimately leads to 656 
obesity in humans as well as to evaluate agrochemicals in widespread use for these effects. 657 

 658 
4.7 Epigenetic programming and transgenerational effects of agrochemicals 659 

Previous studies have demonstrated that genetic differences such as single 660 
polynucleotide polymorphisms in a variety of genes may explain why some people are more 661 
likely to become obese (Locke, Kahali, Berndt et al., 2015). However, it is inconceivable that 662 
the rapid increase in the rate of obesity over the past decades in the U.S. and other countries 663 
is due to changes in human genetics. Moreover, it was estimated that the possible spectrum of 664 
genetic changes might explain only 20% of the incidence of obesity (Locke et al., 2015). This 665 
means that environmental and lifestyle factors must play key roles in the obesity pandemic. 666 
Epigenetic modification refers to heritable changes that modulate how the genome is 667 
expressed, but that do not involve altering the underlying DNA sequence. Epigenetic changes 668 
are natural occurrences but these can also be influenced by dietary and environmental factors 669 
(Skinner, 2015). Epigenetic modifications include methylation of cytosine residues on DNA, 670 
post-translational modification of histones, histone retention, chromatin remodeling and 671 
altered non-coding RNA expression (Whitelaw and Whitelaw, 2008). Epigenetic processes 672 
can affect patterns of gene expression by directly influencing DNA accessibility and/or by 673 
regulating chromatin compaction (Nilsson, Sadler-Riggleman and Skinner, 2018).  674 

Epigenetic modifications acting on somatic tissues typically only influence the 675 
physiology of the exposed individual, changing the risk of disease development later in life. 676 
This might partly explain the developmental origins of disease (Burdge, Hanson, Slater-677 
Jefferies et al., 2007). However, in some cases environmental factors alter the epigenetic 678 
programming of germ cells (sperm or egg) and phenotypes can appear in future generations 679 
without further direct exposure. This can lead to epigenetic transgenerational inheritance 680 
(Skinner, 2011). Therefore, epigenetic changes might be a plausible explanation for the 681 
pandemic of obesity and related diseases that cannot be fully accounted for by genetic 682 
variations and lifestyle factors.  683 

Environmental factor-induced transgenerational inheritance of pathologies and 684 
phenotypic variations have been found in different species (Nilsson et al., 2018). Many 685 
studies showed that EDC exposure can result in increased disease susceptibility later in life 686 
and in subsequent generations (Anway and Skinner, 2006,Uzumcu, Zama and Oruc, 687 
2012,Skinner, Manikkam and Guerrero-Bosagna, 2011,Rissman and Adli, 2014,Ho, Johnson, 688 
Tarapore et al., 2012,Skinner and Anway, 2005,Guerrero-Bosagna, Weeks and Skinner, 689 
2014). A number of studies revealed that pesticides such as vinclozolin (Nilsson et al., 690 
2018,Beck, Sadler-Riggleman and Skinner, 2017,Anway, Cupp, Uzumcu et al., 2005), 691 



permethrin, methoxychlor (Manikkam, Haque, Guerrero-Bosagna et al., 2014), DDT 692 
(Skinner, Ben Maamar, Sadler-Riggleman et al., 2018,Ben Maamar, Nilsson, Sadler-693 
Riggleman et al., 2019), atrazine (McBirney, King, Pappalardo et al., 2017,Hao, Gely-Pernot, 694 
Kervarrec et al., 2016) and the insect repellant diethyltoluamide (Manikkam, Tracey, 695 
Guerrero-Bosagna et al., 2012) promoted transgenerational inheritance of disease 696 
susceptibility and sperm epimutations. Transgenerational disease pathologies related to 697 
pesticide exposure included effects on the testis (King et al., 2019,Skinner et al., 2013,Anway, 698 
Leathers and Skinner, 2006), prostate (King et al., 2019,Anway et al., 2006), ovaries (King et 699 
al., 2019,Skinner et al., 2013,Manikkam et al., 2014,Manikkam et al., 2012), kidneys (King et 700 
al., 2019,Skinner et al., 2013,Manikkam et al., 2014,Anway et al., 2006), immune system 701 
(Anway et al., 2006), behavior (McBirney et al., 2017) and tumor development (Anway et al., 702 
2006). 703 

Exposure to obesogenic chemicals during critical periods of development might alter 704 
epigenetic programming processes that predispose a stem cell or progenitor cell toward a 705 
particular lineage such as the adipocyte. Epigenetic changes caused by exposures to EDCs 706 
such as TBT and DES may lead to obesity in subsequent generations (Chamorro-Garcia, 707 
Diaz-Castillo, Shoucri et al., 2017,Chamorro-Garcia and Blumberg, 2014,Stel and Legler, 708 
2015,van Dijk, Tellam, Morrison et al., 2015). Skinner and colleagues showed that ancestral 709 
exposures of F0 rat dams to DDT led to a striking increase in the incidence of obesity in both 710 
F3 males and females (King et al., 2019,Skinner et al., 2013). In a similarly designed 711 
transgenerational experiment, they found that F0 exposure to glyphosate led to increased 712 
obesity rates in subsequent generations (Kubsad et al., 2019). Exposure to vinclozolin 713 
induced epigenetic transgenerational inheritance of increased obesity rates in F3 generation 714 
female rats (Nilsson et al., 2018). However, the molecular mechanisms underlying how these 715 
chemicals induce epigenetic changes and how these changes are transmitted to future 716 
generations to produce obesity and other adverse outcomes remains unclear. Many different 717 
mechanisms have been proposed for how epigenetic changes can affect subsequent disease 718 
outcomes including modulating methyl donor availability and altering the expression of 719 
enzymes that act as epigenetic readers, writers and erasers (Walker, 2016). However, at the 720 
time of this writing no convincing evidence exists that precisely establishes the molecular 721 
mechanisms through which epigenetic transgenerational inheritance of any phenotype, 722 
including obesity occurs. 723 

 724 
5. Conclusions and future directions 725 

There is compelling evidence to suggest that widespread exposure to agrochemicals is 726 
an important factor contributing to the human obesity pandemic. For example, DDE has been 727 
found to be a probable human obesogen based on multiple studies in vitro and in vivo using 728 
animal models and on longitudinal studies in humans, with a significant annual cost to the 729 
European Union (Legler, Fletcher, Govarts et al., 2015). DDE is thought to work as an anti-730 
androgen and there are many other agrochemicals that exhibit anti-androgenic effects in vitro 731 
and in vivo (Orton et al., 2012,Orton, Rosivatz, Scholze et al., 2011). Therefore, it will be 732 
very important to establish the molecular mechanisms through which DDT/DDE act to 733 
influence obesity and to conduct the same sorts of cell-based, animal-based and longitudinal 734 
cohort studies in humans with other agrochemicals. We need to understand both the effects of 735 
perinatal exposure to obesogenic agrochemicals as well as the effects of exposures during 736 
other times across the life course.  737 

There are many possible modes of action for how agrochemicals can promote obesity as 738 
discussed above. What is missing is a systematic effort to understand which of the many 739 
agrochemicals in current use can lead to adverse health outcomes, including obesity and 740 
through which molecular pathways they act to exert these effects. Current practice in 741 



toxicological research is becoming focused on “adverse outcome pathways” and “molecular 742 
initiating events”. These are useful paradigms for simple systems, but it is abundantly clear 743 
that agrochemicals can act through multiple pathways. These cellular signaling pathways 744 
interact with each other in complex ways. It is likely that individual chemicals act at multiple 745 
levels on metabolic homeostasis. Moreover, humans are typically exposed to poorly defined 746 
mixtures of chemicals that may interact in combinatorial ways that can be additive or 747 
inhibitory. Typical agrochemicals are also applied as mixtures that include so-called “inert 748 
ingredients” that may not be inert and whose composition and levels are not required to be 749 
reported. Much remains undiscovered about the possible molecular mechanisms for 750 
agrochemicals and their relationship with the obesity epidemic.  751 

Epigenetic changes may underlie the transgenerational effects of early life obesogen 752 
exposure; however, we know very little about the operational molecular mechanisms and 753 
even less about how the effects are transmitted across generations. The contributions of the 754 
gut microbiome to human health and disease are becoming widely appreciated, yet the effects 755 
of agrochemicals on the microbiome are only very poorly understood. Many more 756 
epidemiological and molecular studies will be required to clarify these issues.   757 



Acknowledgements 758 
Supported by grants from the NIH (ES023316) to BB, by the EU Horizon 2020 research and 759 
innovation program under grant agreement GOLIATH [825489], and by a grant from China 760 
Scholarship Council to XR.  761 
  762 



References: 763 
 764 
[1] Sparks, T.C., 2013. Insecticide discovery: an evaluation and analysis, Pestic Biochem 765 

Physiol. 107, 8-17. 766 
[2] Xiao, X., Clark, J.M. and Park, Y., 2017. Potential contribution of insecticide 767 

exposure and development of obesity and type 2 diabetes, Food Chem Toxicol. 105, 768 
456-474. 769 

[3] Tsatsakis, A.M., Tzatzarakis, M.N., Tutudaki, M., Babatsikou, F., Alegakis, A.K. and 770 
Koutis, C., 2008. Assessment of levels of organochlorine pesticides and their 771 
metabolites in the hair of a Greek rural human population, Hum Exp Toxicol. 27, 933-772 
40. 773 

[4] Sparks, T.C. and Lorsbach, B.A., 2017. Perspectives on the agrochemical industry 774 
and agrochemical discovery, Pest Manag Sci. 73, 672-677. 775 

[5] Cano-Sancho, G., Salmon, A.G. and La Merrill, M.A., 2017. Association between 776 
Exposure to p,p'-DDT and Its Metabolite p,p'-DDE with Obesity: Integrated 777 
Systematic Review and Meta-Analysis, Environ Health Perspect. 125, 096002. 778 

[6] Androutsopoulos, V.P., Hernandez, A.F., Liesivuori, J. and Tsatsakis, A.M., 2013. A 779 
mechanistic overview of health associated effects of low levels of organochlorine and 780 
organophosphorous pesticides, Toxicology. 307, 89-94. 781 

[7] Mostafalou, S. and Abdollahi, M., 2017. Pesticides: an update of human exposure and 782 
toxicity, Arch Toxicol. 91, 549-599. 783 

[8] Hales, C.M., Fryar, C.D., Carroll, M.D., Freedman, D.S. and Ogden, C.L., 2018. 784 
Trends in Obesity and Severe Obesity Prevalence in US Youth and Adults by Sex and 785 
Age, 2007-2008 to 2015-2016, Jama. 319, 1723-1725. 786 

[9] World Health Organization, 2018. Obesity and overweight. http://www.who.int/news-787 
room/fact-sheets/ detail/obesity-and-overweight. 788 

[10] World Health Organization, 2014. Childhood overweight and obesity. Available from: 789 
http://www.who.int/end-childhood-obesity/ facts/en/. 790 

[11] Picon-Ruiz, M., Morata-Tarifa, C., Valle-Goffin, J.J., Friedman, E.R. and Slingerland, 791 
J.M., 2017. Obesity and adverse breast cancer risk and outcome: Mechanistic insights 792 
and strategies for intervention, CA Cancer J Clin. 67, 378-397. 793 

[12] World Health Organization, 2015. Obesity and Overweight Fact Sheet No. 311. 794 
Geneva, Switzerland: World Health Organization. 795 

[13] Heindel, J.J. and Blumberg, B., 2019. Environmental Obesogens: Mechanisms and 796 
Controversies, Annu Rev Pharmacol Toxicol. 59, 89-106. 797 

[14] Turcot, V., Lu, Y., Highland, H.M., Schurmann, C., Justice, A.E., Fine, R.S., 798 
Bradfield, J.P., Esko, T., Giri, A., Graff, M., Guo, X., Hendricks, A.E., Karaderi, T., 799 
Lempradl, A., Locke, A.E., Mahajan, A., Marouli, E., Sivapalaratnam, S., Young, 800 
K.L., Alfred, T., Feitosa, M.F., Masca, N.G.D., Manning, A.K., Medina-Gomez, C., 801 
Mudgal, P., Ng, M.C.Y., Reiner, A.P., Vedantam, S., Willems, S.M., Winkler, T.W., 802 
Abecasis, G., Aben, K.K., Alam, D.S., Alharthi, S.E., Allison, M., Amouyel, P., 803 
Asselbergs, F.W., Auer, P.L., Balkau, B., Bang, L.E., Barroso, I., Bastarache, L., 804 
Benn, M., Bergmann, S., Bielak, L.F., Bluher, M., Boehnke, M., Boeing, H., 805 
Boerwinkle, E., Boger, C.A., Bork-Jensen, J., Bots, M.L., Bottinger, E.P., Bowden, 806 
D.W., Brandslund, I., Breen, G., Brilliant, M.H., Broer, L., Brumat, M., Burt, A.A., 807 
Butterworth, A.S., Campbell, P.T., Cappellani, S., Carey, D.J., Catamo, E., Caulfield, 808 
M.J., Chambers, J.C., Chasman, D.I., Chen, Y.I., Chowdhury, R., Christensen, C., 809 
Chu, A.Y., Cocca, M., Collins, F.S., Cook, J.P., Corley, J., Corominas Galbany, J., 810 
Cox, A.J., Crosslin, D.S., Cuellar-Partida, G., D'Eustacchio, A., Danesh, J., Davies, 811 
G., Bakker, P.I.W., Groot, M.C.H., Mutsert, R., Deary, I.J., Dedoussis, G., Demerath, 812 

http://www.who.int/news-room/fact-sheets/
http://www.who.int/news-room/fact-sheets/
http://www.who.int/end-childhood-obesity/


E.W., Heijer, M., Hollander, A.I., Ruijter, H.M., Dennis, J.G., Denny, J.C., Di 813 
Angelantonio, E., Drenos, F., Du, M., Dube, M.P., Dunning, A.M., Easton, D.F. et al., 814 
2018. Protein-altering variants associated with body mass index implicate pathways 815 
that control energy intake and expenditure in obesity, Nat Genet. 50, 26-41. 816 

[15] Zoeller, R.T., Brown, T.R., Doan, L.L., Gore, A.C., Skakkebaek, N.E., Soto, A.M., 817 
Woodruff, T.J. and Vom Saal, F.S., 2012. Endocrine-disrupting chemicals and public 818 
health protection: a statement of principles from The Endocrine Society, 819 
Endocrinology. 153, 4097-110. 820 

[16] Gore, A.C., Chappell, V.A., Fenton, S.E., Flaws, J.A., Nadal, A., Prins, G.S., Toppari, 821 
J. and Zoeller, R.T., 2015. EDC-2: The Endocrine Society's Second Scientific 822 
Statement on Endocrine-Disrupting Chemicals, Endocr Rev. 36, E1-e150. 823 

[17] Heindel, J.J., Blumberg, B., Cave, M., Machtinger, R., Mantovani, A., Mendez, M.A., 824 
Nadal, A., Palanza, P., Panzica, G., Sargis, R., Vandenberg, L.N. and Vom Saal, F., 825 
2017. Metabolism disrupting chemicals and metabolic disorders, Reprod Toxicol. 68, 826 
3-33. 827 

[18] Janesick, A.S. and Blumberg, B., 2016. Obesogens: an emerging threat to public 828 
health, Am J Obstet Gynecol. 214, 559-65. 829 

[19] Vrijheid, M., Casas, M., Gascon, M., Valvi, D. and Nieuwenhuijsen, M., 2016. 830 
Environmental pollutants and child health-A review of recent concerns, Int J Hyg 831 
Environ Health. 219, 331-42. 832 

[20] Mendez, M.A., Garcia-Esteban, R., Guxens, M., Vrijheid, M., Kogevinas, M., Goni, 833 
F., Fochs, S. and Sunyer, J., 2011. Prenatal organochlorine compound exposure, rapid 834 
weight gain, and overweight in infancy, Environ Health Perspect. 119, 272-8. 835 

[21] Valvi, D., Mendez, M.A., Garcia-Esteban, R., Ballester, F., Ibarluzea, J., Goni, F., 836 
Grimalt, J.O., Llop, S., Marina, L.S., Vizcaino, E., Sunyer, J. and Vrijheid, M., 2014. 837 
Prenatal exposure to persistent organic pollutants and rapid weight gain and 838 
overweight in infancy, Obesity (Silver Spring). 22, 488-96. 839 

[22] Valvi, D., Mendez, M.A., Martinez, D., Grimalt, J.O., Torrent, M., Sunyer, J. and 840 
Vrijheid, M., 2012. Prenatal concentrations of polychlorinated biphenyls, DDE, and 841 
DDT and overweight in children: a prospective birth cohort study, Environ Health 842 
Perspect. 120, 451-7. 843 

[23] Lee, D.H., Lind, L., Jacobs, D.R., Jr., Salihovic, S., van Bavel, B. and Lind, P.M., 844 
2012. Associations of persistent organic pollutants with abdominal obesity in the 845 
elderly: The Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS) 846 
study, Environ Int. 40, 170-178. 847 

[24] Jaacks, L.M., Boyd Barr, D., Sundaram, R., Grewal, J., Zhang, C. and Buck Louis, 848 
G.M., 2016. Pre-Pregnancy Maternal Exposure to Persistent Organic Pollutants and 849 
Gestational Weight Gain: A Prospective Cohort Study, Int J Environ Res Public 850 
Health. 13. 851 

[25] Dirinck, E., Jorens, P.G., Covaci, A., Geens, T., Roosens, L., Neels, H., Mertens, I. 852 
and Van Gaal, L., 2011. Obesity and persistent organic pollutants: possible 853 
obesogenic effect of organochlorine pesticides and polychlorinated biphenyls, Obesity 854 
(Silver Spring). 19, 709-14. 855 

[26] Raafat, N., Abass, M.A. and Salem, H.M., 2012. Malathion exposure and insulin 856 
resistance among a group of farmers in Al-Sharkia governorate, Clin Biochem. 45, 857 
1591-5. 858 

[27] Dusanov, S., Ruzzin, J., Kiviranta, H., Klemsdal, T.O., Retterstol, L., Rantakokko, P., 859 
Airaksinen, R., Djurovic, S. and Tonstad, S., 2018. Associations between persistent 860 
organic pollutants and metabolic syndrome in morbidly obese individuals, Nutr Metab 861 
Cardiovasc Dis. 28, 735-742. 862 



[28] La Merrill, M.A., Lind, P.M., Salihovic, S., van Bavel, B. and Lind, L., 2018. The 863 
association between p,p'-DDE levels and left ventricular mass is mainly mediated by 864 
obesity, Environ Res. 160, 541-546. 865 

[29] Bachelet, D., Truong, T., Verner, M.A., Arveux, P., Kerbrat, P., Charlier, C., 866 
Guihenneuc-Jouyaux, C. and Guenel, P., 2011. Determinants of serum concentrations 867 
of 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene and polychlorinated biphenyls among 868 
French women in the CECILE study, Environ Res. 111, 861-70. 869 

[30] Langer, P., Ukropec, J., Kocan, A., Drobna, B., Radikova, Z., Huckova, M., Imrich, 870 
R., Gasperikova, D., Klimes, I. and Trnovec, T., 2014. Obesogenic and diabetogenic 871 
impact of high organochlorine levels (HCB, p,p'-DDE, PCBs) on inhabitants in the 872 
highly polluted Eastern Slovakia, Endocr Regul. 48, 17-24. 873 

[31] Ibarluzea, J., Alvarez-Pedrerol, M., Guxens, M., Marina, L.S., Basterrechea, M., 874 
Lertxundi, A., Etxeandia, A., Goni, F., Vioque, J., Ballester, F. and Sunyer, J., 2011. 875 
Sociodemographic, reproductive and dietary predictors of organochlorine compounds 876 
levels in pregnant women in Spain, Chemosphere. 82, 114-20. 877 

[32] Lee, D.H., Steffes, M.W., Sjodin, A., Jones, R.S., Needham, L.L. and Jacobs, D.R., Jr., 878 
2011. Low dose organochlorine pesticides and polychlorinated biphenyls predict 879 
obesity, dyslipidemia, and insulin resistance among people free of diabetes, PLoS One. 880 
6, e15977. 881 

[33] United Nations Environment Programme, 2010. Report of the Expert Group on the 882 
Assessment of the Production and Use of DDT and Its Alternatives for Disease 883 
Vector Control. Third Meeting. UNEP/POPS/COP.3/24. Geneva, Switzerland:United 884 
Nations. 885 

[34] Bornman, M.S., Aneck-Hahn, N.H., de Jager, C., Wagenaar, G.M., Bouwman, H., 886 
Barnhoorn, I.E.J., Patrick, S.M., Vandenberg, L.N., Kortenkamp, A., Blumberg, B., 887 
Kimmins, S., Jegou, B., Auger, J., DiGangi, J. and Heindel, J.J., 2017. Endocrine 888 
Disruptors and Health Effects in Africa: A Call for Action, Environ Health Perspect. 889 
125, 085005. 890 

[35] Arrebola, J.P., Ocana-Riola, R., Arrebola-Moreno, A.L., Fernandez-Rodriguez, M., 891 
Martin-Olmedo, P., Fernandez, M.F. and Olea, N., 2014. Associations of accumulated 892 
exposure to persistent organic pollutants with serum lipids and obesity in an adult 893 
cohort from Southern Spain, Environ Pollut. 195, 9-15. 894 

[36] Zoeller, R.T. and Vandenberg, L.N., 2015. Assessing dose-response relationships for 895 
endocrine disrupting chemicals (EDCs): a focus on non-monotonicity, Environ Health. 896 
14, 42. 897 

[37] Dietrich, D.R., von Aulock, S., Marquardt, H., Blaauboer, B., Dekant, W., Kehrer, J., 898 
Hengstler, J., Collier, A., Gori, G.B., Pelkonen, O.P., Lang, F., Nijkamp, F.P., 899 
Stemmer, K., Li, A., Savolainen, K., Hayes, A., Gooderham, N. and Harvey, A., 2013. 900 
Scientifically unfounded precaution drives European Commission's recommendations 901 
on EDC regulation, while defying common sense, well-established science and risk 902 
assessment principles, Toxicol In Vitro. 27, 2110-4. 903 

[38] Glynn, A.W., Granath, F., Aune, M., Atuma, S., Darnerud, P.O., Bjerselius, R., 904 
Vainio, H. and Weiderpass, E., 2003. Organochlorines in Swedish women: 905 
determinants of serum concentrations, Environ Health Perspect. 111, 349-55. 906 

[39] La Merrill, M. and Birnbaum, L.S., 2011. Childhood obesity and environmental 907 
chemicals, Mt Sinai J Med. 78, 22-48. 908 

[40] Barker, D.J., 1995. The Wellcome Foundation Lecture, 1994. The fetal origins of 909 
adult disease, Proc Biol Sci. 262, 37-43. 910 

[41] Gluckman, P.D. and Hanson, M.A., 2004. Living with the past: evolution, 911 
development, and patterns of disease, Science. 305, 1733-6. 912 



[42] Newbold, R.R., 2011. Developmental exposure to endocrine-disrupting chemicals 913 
programs for reproductive tract alterations and obesity later in life, Am J Clin Nutr. 94, 914 
1939s-1942s. 915 

[43] Tang-Peronard, J.L., Andersen, H.R., Jensen, T.K. and Heitmann, B.L., 2011. 916 
Endocrine-disrupting chemicals and obesity development in humans: a review, Obes 917 
Rev. 12, 622-36. 918 

[44] Vafeiadi, M., Georgiou, V., Chalkiadaki, G., Rantakokko, P., Kiviranta, H., 919 
Karachaliou, M., Fthenou, E., Venihaki, M., Sarri, K., Vassilaki, M., Kyrtopoulos, 920 
S.A., Oken, E., Kogevinas, M. and Chatzi, L., 2015. Association of Prenatal Exposure 921 
to Persistent Organic Pollutants with Obesity and Cardiometabolic Traits in Early 922 
Childhood: The Rhea Mother-Child Cohort (Crete, Greece), Environ Health Perspect. 923 
123, 1015-21. 924 

[45] Agay-Shay, K., Martinez, D., Valvi, D., Garcia-Esteban, R., Basagana, X., Robinson, 925 
O., Casas, M., Sunyer, J. and Vrijheid, M., 2015. Exposure to Endocrine-Disrupting 926 
Chemicals during Pregnancy and Weight at 7 Years of Age: A Multi-pollutant 927 
Approach, Environ Health Perspect. 123, 1030-7. 928 

[46] Verhulst, S.L., Nelen, V., Hond, E.D., Koppen, G., Beunckens, C., Vael, C., 929 
Schoeters, G. and Desager, K., 2009. Intrauterine exposure to environmental 930 
pollutants and body mass index during the first 3 years of life, Environ Health 931 
Perspect. 117, 122-6. 932 

[47] Karmaus, W., Osuch, J.R., Eneli, I., Mudd, L.M., Zhang, J., Mikucki, D., Haan, P. 933 
and Davis, S., 2009. Maternal levels of dichlorodiphenyl-dichloroethylene (DDE) 934 
may increase weight and body mass index in adult female offspring, Occup Environ 935 
Med. 66, 143-9. 936 

[48] Iszatt, N., Stigum, H., Verner, M.A., White, R.A., Govarts, E., Murinova, L.P., 937 
Schoeters, G., Trnovec, T., Legler, J., Pele, F., Botton, J., Chevrier, C., Wittsiepe, J., 938 
Ranft, U., Vandentorren, S., Kasper-Sonnenberg, M., Klumper, C., Weisglas-Kuperus, 939 
N., Polder, A. and Eggesbo, M., 2015. Prenatal and Postnatal Exposure to Persistent 940 
Organic Pollutants and Infant Growth: A Pooled Analysis of Seven European Birth 941 
Cohorts, Environ Health Perspect. 123, 730-6. 942 

[49] Heggeseth, B., Harley, K., Warner, M., Jewell, N. and Eskenazi, B., 2015. Detecting 943 
Associations between Early-Life DDT Exposures and Childhood Growth Patterns: A 944 
Novel Statistical Approach, PLoS One. 10, e0131443. 945 

[50] Garced, S., Torres-Sanchez, L., Cebrian, M.E., Claudio, L. and Lopez-Carrillo, L., 946 
2012. Prenatal dichlorodiphenyldichloroethylene (DDE) exposure and child growth 947 
during the first year of life, Environ Res. 113, 58-62. 948 

[51] Govarts, E., Nieuwenhuijsen, M., Schoeters, G., Ballester, F., Bloemen, K., de Boer, 949 
M., Chevrier, C., Eggesbo, M., Guxens, M., Kramer, U., Legler, J., Martinez, D., 950 
Palkovicova, L., Patelarou, E., Ranft, U., Rautio, A., Petersen, M.S., Slama, R., 951 
Stigum, H., Toft, G., Trnovec, T., Vandentorren, S., Weihe, P., Kuperus, N.W., 952 
Wilhelm, M., Wittsiepe, J. and Bonde, J.P., 2012. Birth weight and prenatal exposure 953 
to polychlorinated biphenyls (PCBs) and dichlorodiphenyldichloroethylene (DDE): a 954 
meta-analysis within 12 European Birth Cohorts, Environ Health Perspect. 120, 162-955 
70. 956 

[52] Hoyer, B.B., Ramlau-Hansen, C.H., Henriksen, T.B., Pedersen, H.S., Goralczyk, K., 957 
Zviezdai, V., Jonsson, B.A., Heederik, D., Lenters, V., Vermeulen, R., Bonde, J.P. 958 
and Toft, G., 2014. Body mass index in young school-age children in relation to 959 
organochlorine compounds in early life: a prospective study, Int J Obes. 38, 919-25. 960 



[53] Cupul-Uicab, L.A., Klebanoff, M.A., Brock, J.W. and Longnecker, M.P., 2013. 961 
Prenatal exposure to persistent organochlorines and childhood obesity in the US 962 
collaborative perinatal project, Environ Health Perspect. 121, 1103-9. 963 

[54] Warner, M., Aguilar Schall, R., Harley, K.G., Bradman, A., Barr, D. and Eskenazi, B., 964 
2013. In utero DDT and DDE exposure and obesity status of 7-year-old Mexican-965 
American children in the CHAMACOS cohort, Environ Health Perspect. 121, 631-6. 966 

[55] Cupul-Uicab, L.A., Hernandez-Avila, M., Terrazas-Medina, E.A., Pennell, M.L. and 967 
Longnecker, M.P., 2010. Prenatal exposure to the major DDT metabolite 1,1-968 
dichloro-2,2-bis(p-chlorophenyl)ethylene (DDE) and growth in boys from Mexico, 969 
Environ Res. 110, 595-603. 970 

[56] Gladen, B.C., Klebanoff, M.A., Hediger, M.L., Katz, S.H., Barr, D.B., Davis, M.D. 971 
and Longnecker, M.P., 2004. Prenatal DDT exposure in relation to anthropometric 972 
and pubertal measures in adolescent males, Environ Health Perspect. 112, 1761-7. 973 

[57] Guo, H., Jin, Y., Cheng, Y., Leaderer, B., Lin, S., Holford, T.R., Qiu, J., Zhang, Y., 974 
Shi, K., Zhu, Y., Niu, J., Bassig, B.A., Xu, S., Zhang, B., Li, Y., Hu, X., Chen, Q. and 975 
Zheng, T., 2014. Prenatal exposure to organochlorine pesticides and infant birth 976 
weight in China, Chemosphere. 110, 1-7. 977 

[58] Lenters, V., Portengen, L., Rignell-Hydbom, A., Jonsson, B.A., Lindh, C.H., Piersma, 978 
A.H., Toft, G., Bonde, J.P., Heederik, D., Rylander, L. and Vermeulen, R., 2016. 979 
Prenatal Phthalate, Perfluoroalkyl Acid, and Organochlorine Exposures and Term 980 
Birth Weight in Three Birth Cohorts: Multi-Pollutant Models Based on Elastic Net 981 
Regression, Environ Health Perspect. 124, 365-72. 982 

[59] de Cock, M., de Boer, M.R., Lamoree, M., Legler, J. and van de Bor, M., 2014. First 983 
year growth in relation to prenatal exposure to endocrine disruptors - a Dutch 984 
prospective cohort study, Int J Environ Res Public Health. 11, 7001-21. 985 

[60] Vafeiadi, M., Vrijheid, M., Fthenou, E., Chalkiadaki, G., Rantakokko, P., Kiviranta, 986 
H., Kyrtopoulos, S.A., Chatzi, L. and Kogevinas, M., 2014. Persistent organic 987 
pollutants exposure during pregnancy, maternal gestational weight gain, and birth 988 
outcomes in the mother-child cohort in Crete, Greece (RHEA study), Environ Int. 64, 989 
116-23. 990 

[61] Stettler, N. and Iotova, V., 2010. Early growth patterns and long-term obesity risk, 991 
Curr Opin Clin Nutr Metab Care. 13, 294-9. 992 

[62] Smink, A., Ribas-Fito, N., Garcia, R., Torrent, M., Mendez, M.A., Grimalt, J.O. and 993 
Sunyer, J., 2008. Exposure to hexachlorobenzene during pregnancy increases the risk 994 
of overweight in children aged 6 years, Acta Paediatr. 97, 1465-9. 995 

[63] Warner, M., Ye, M., Harley, K., Kogut, K., Bradman, A. and Eskenazi, B., 2017. 996 
Prenatal DDT exposure and child adiposity at age 12: The CHAMACOS study, 997 
Environ Res. 159, 606-612. 998 

[64] Warner, M., Wesselink, A., Harley, K.G., Bradman, A., Kogut, K. and Eskenazi, B., 999 
2014. Prenatal exposure to dichlorodiphenyltrichloroethane and obesity at 9 years of 1000 
age in the CHAMACOS study cohort, Am J Epidemiol. 179, 1312-22. 1001 

[65] Xu, C., Yin, S., Tang, M., Liu, K., Yang, F. and Liu, W., 2017. Environmental 1002 
exposure to DDT and its metabolites in cord serum: Distribution, enantiomeric 1003 
patterns, and effects on infant birth outcomes, Sci Total Environ. 580, 491-498. 1004 

[66] Delvaux, I., Van Cauwenberghe, J., Den Hond, E., Schoeters, G., Govarts, E., Nelen, 1005 
V., Baeyens, W., Van Larebeke, N. and Sioen, I., 2014. Prenatal exposure to 1006 
environmental contaminants and body composition at age 7-9 years, Environ Res. 132, 1007 
24-32. 1008 

[67] Tang-Peronard, J.L., Heitmann, B.L., Andersen, H.R., Steuerwald, U., Grandjean, P., 1009 
Weihe, P. and Jensen, T.K., 2014. Association between prenatal polychlorinated 1010 



biphenyl exposure and obesity development at ages 5 and 7 y: a prospective cohort 1011 
study of 656 children from the Faroe Islands, Am J Clin Nutr. 99, 5-13. 1012 

[68] Cabrera-Rodriguez, R., Luzardo, O.P., Almeida-Gonzalez, M., Boada, L.D., Zumbado, 1013 
M., Acosta-Dacal, A., Rial-Berriel, C. and Henriquez-Hernandez, L.A., 2019. 1014 
Association between prenatal exposure to multiple persistent organic pollutants (POPs) 1015 
and growth indicators in newborns, Environ Res. 171, 285-292. 1016 

[69] La Merrill, M., Karey, E., Moshier, E., Lindtner, C., La Frano, M.R., Newman, J.W. 1017 
and Buettner, C., 2014. Perinatal exposure of mice to the pesticide DDT impairs 1018 
energy expenditure and metabolism in adult female offspring, PLoS One. 9, e103337. 1019 

[70] Angle, B.M., Do, R.P., Ponzi, D., Stahlhut, R.W., Drury, B.E., Nagel, S.C., Welshons, 1020 
W.V., Besch-Williford, C.L., Palanza, P., Parmigiani, S., vom Saal, F.S. and Taylor, 1021 
J.A., 2013. Metabolic disruption in male mice due to fetal exposure to low but not 1022 
high doses of bisphenol A (BPA): evidence for effects on body weight, food intake, 1023 
adipocytes, leptin, adiponectin, insulin and glucose regulation, Reprod Toxicol. 42, 1024 
256-68. 1025 

[71] Howell, G.E., 3rd, Meek, E., Kilic, J., Mohns, M., Mulligan, C. and Chambers, J.E., 1026 
2014. Exposure to p,p'-dichlorodiphenyldichloroethylene (DDE) induces fasting 1027 
hyperglycemia without insulin resistance in male C57BL/6H mice, Toxicology. 320, 1028 
6-14. 1029 

[72] Peris-Sampedro, F., Cabre, M., Basaure, P., Reverte, I., Domingo, J.L. and Teresa 1030 
Colomina, M., 2015. Adulthood dietary exposure to a common pesticide leads to an 1031 
obese-like phenotype and a diabetic profile in apoE3 mice, Environ Res. 142, 169-76. 1032 

[73] Peris-Sampedro, F., Basaure, P., Reverte, I., Cabre, M., Domingo, J.L. and Colomina, 1033 
M.T., 2015. Chronic exposure to chlorpyrifos triggered body weight increase and 1034 
memory impairment depending on human apoE polymorphisms in a targeted 1035 
replacement mouse model, Physiol Behav. 144, 37-45. 1036 

[74] Basaure, P., Guardia-Escote, L., Biosca-Brull, J., Blanco, J., Cabre, M., Peris-1037 
Sampedro, F., Sanchez-Santed, F., Domingo, J.L. and Colomina, M.T., 2019. 1038 
Exposure to chlorpyrifos at different ages triggers APOE genotype-specific responses 1039 
in social behavior, body weight and hypothalamic gene expression, Environ Res. 178, 1040 
108684. 1041 

[75] Meggs, W.J. and Brewer, K.L., 2007. Weight gain associated with chronic exposure 1042 
to chlorpyrifos in rats, J Med Toxicol. 3, 89-93. 1043 

[76] Lassiter, T.L., Ryde, I.T., Mackillop, E.A., Brown, K.K., Levin, E.D., Seidler, F.J. 1044 
and Slotkin, T.A., 2008. Exposure of neonatal rats to parathion elicits sex-selective 1045 
reprogramming of metabolism and alters the response to a high-fat diet in adulthood, 1046 
Environ Health Perspect. 116, 1456-62. 1047 

[77] Bhaskar, R. and Mohanty, B., 2014. Pesticides in mixture disrupt metabolic regulation: 1048 
in silico and in vivo analysis of cumulative toxicity of mancozeb and imidacloprid on 1049 
body weight of mice, Gen Comp Endocrinol. 205, 226-34. 1050 

[78] Ishikawa, T., Graham, J.L., Stanhope, K.L., Havel, P.J. and La Merrill, M.A., 2015. 1051 
Effect of DDT exposure on lipids and energy balance in obese Sprague-Dawley rats 1052 
before and after weight loss, Toxicol Rep. 2, 990-995. 1053 

[79] Howell, G.E., 3rd, Mulligan, C., Meek, E. and Chambers, J.E., 2015. Effect of chronic 1054 
p,p'-dichlorodiphenyldichloroethylene (DDE) exposure on high fat diet-induced 1055 
alterations in glucose and lipid metabolism in male C57BL/6H mice, Toxicology. 328, 1056 
112-22. 1057 

[80] Kalender, S., Uzun, F.G., Durak, D., Demir, F. and Kalender, Y., 2010. Malathion-1058 
induced hepatotoxicity in rats: the effects of vitamins C and E, Food Chem Toxicol. 1059 
48, 633-8. 1060 



[81] Acker, C.I. and Nogueira, C.W., 2012. Chlorpyrifos acute exposure induces 1061 
hyperglycemia and hyperlipidemia in rats, Chemosphere. 89, 602-8. 1062 

[82] Uchendu, C., Ambali, S.F., Ayo, J.O. and Esievo, K.A.N., 2018. Chronic co-exposure 1063 
to chlorpyrifos and deltamethrin pesticides induces alterations in serum lipids and 1064 
oxidative stress in Wistar rats: mitigating role of alpha-lipoic acid, Environ Sci Pollut 1065 
Res Int. 25, 19605-19611. 1066 

[83] Knudson, A.G., Jr., 1971. Mutation and cancer: statistical study of retinoblastoma, 1067 
Proc Natl Acad Sci U S A. 68, 820-3. 1068 

[84] Xiao, X., Sun, Q., Kim, Y., Yang, S.H., Qi, W., Kim, D., Yoon, K.S., Clark, J.M. and 1069 
Park, Y., 2018. Exposure to permethrin promotes high fat diet-induced weight gain 1070 
and insulin resistance in male C57BL/6J mice, Food Chem Toxicol. 111, 405-416. 1071 

[85] Sun, Q., Xiao, X., Kim, Y., Kim, D., Yoon, K.S., Clark, J.M. and Park, Y., 2016. 1072 
Imidacloprid Promotes High Fat Diet-Induced Adiposity and Insulin Resistance in 1073 
Male C57BL/6J Mice, J Agric Food Chem. 64, 9293-9306. 1074 

[86] Sun, Q., Qi, W., Xiao, X., Yang, S.H., Kim, D., Yoon, K.S., Clark, J.M. and Park, Y., 1075 
2017. Imidacloprid Promotes High Fat Diet-Induced Adiposity in Female C57BL/6J 1076 
Mice and Enhances Adipogenesis in 3T3-L1 Adipocytes via the AMPKalpha-1077 
Mediated Pathway, J Agric Food Chem. 65, 6572-6581. 1078 

[87] Fang, B., Li, J.W., Zhang, M., Ren, F.Z. and Pang, G.F., 2018. Chronic chlorpyrifos 1079 
exposure elicits diet-specific effects on metabolism and the gut microbiome in rats, 1080 
Food Chem Toxicol. 111, 144-152. 1081 

[88] Lim, S., Ahn, S.Y., Song, I.C., Chung, M.H., Jang, H.C., Park, K.S., Lee, K.U., Pak, 1082 
Y.K. and Lee, H.K., 2009. Chronic exposure to the herbicide, atrazine, causes 1083 
mitochondrial dysfunction and insulin resistance, PLoS One. 4, e5186. 1084 

[89] Li, X., Pham, H.T., Janesick, A.S. and Blumberg, B., 2012. Triflumizole is an 1085 
obesogen in mice that acts through peroxisome proliferator activated receptor gamma 1086 
(PPARgamma), Environ Health Perspect. 120, 1720-6. 1087 

[90] Lassiter, T.L. and Brimijoin, S., 2008. Rats gain excess weight after developmental 1088 
exposure to the organophosphorothionate pesticide, chlorpyrifos, Neurotoxicol 1089 
Teratol. 30, 125-30. 1090 

[91] King, S.E., McBirney, M., Beck, D., Sadler-Riggleman, I., Nilsson, E. and Skinner, 1091 
M.K., 2019. Sperm epimutation biomarkers of obesity and pathologies following 1092 
DDT induced epigenetic transgenerational inheritance of disease, Environ Epigenet. 5, 1093 
dvz008. 1094 

[92] Skinner, M.K., Manikkam, M., Tracey, R., Guerrero-Bosagna, C., Haque, M. and 1095 
Nilsson, E.E., 2013. Ancestral dichlorodiphenyltrichloroethane (DDT) exposure 1096 
promotes epigenetic transgenerational inheritance of obesity, BMC Med. 11, 228. 1097 

[93] Kubsad, D., Nilsson, E.E., King, S.E., Sadler-Riggleman, I., Beck, D. and Skinner, 1098 
M.K., 2019. Assessment of Glyphosate Induced Epigenetic Transgenerational 1099 
Inheritance of Pathologies and Sperm Epimutations: Generational Toxicology, Sci 1100 
Rep. 9, 6372. 1101 

[94] Nilsson, E., King, S.E., McBirney, M., Kubsad, D., Pappalardo, M., Beck, D., Sadler-1102 
Riggleman, I. and Skinner, M.K., 2018. Vinclozolin induced epigenetic 1103 
transgenerational inheritance of pathologies and sperm epimutation biomarkers for 1104 
specific diseases, PLoS One. 13, e0202662. 1105 

[95] Spalding, K.L., Arner, E., Westermark, P.O., Bernard, S., Buchholz, B.A., Bergmann, 1106 
O., Blomqvist, L., Hoffstedt, J., Naslund, E., Britton, T., Concha, H., Hassan, M., 1107 
Ryden, M., Frisen, J. and Arner, P., 2008. Dynamics of fat cell turnover in humans, 1108 
Nature. 453, 783-7. 1109 



[96] Rosen, E.D. and MacDougald, O.A., 2006. Adipocyte differentiation from the inside 1110 
out, Nat Rev Mol Cell Biol. 7, 885-96. 1111 

[97] Janesick, A. and Blumberg, B., 2011. Endocrine disrupting chemicals and the 1112 
developmental programming of adipogenesis and obesity, Birth Defects Res C 1113 
Embryo Today. 93, 34-50. 1114 

[98] Chamorro-Garcia, R., Sahu, M., Abbey, R.J., Laude, J., Pham, N. and Blumberg, B., 1115 
2013. Transgenerational inheritance of increased fat depot size, stem cell 1116 
reprogramming, and hepatic steatosis elicited by prenatal exposure to the obesogen 1117 
tributyltin in mice, Environ Health Perspect. 121, 359-66. 1118 

[99] Kirchner, S., Kieu, T., Chow, C., Casey, S. and Blumberg, B., 2010. Prenatal 1119 
exposure to the environmental obesogen tributyltin predisposes multipotent stem cells 1120 
to become adipocytes, Mol Endocrinol. 24, 526-39. 1121 

[100] Hoogduijn, M.J., Rakonczay, Z. and Genever, P.G., 2006. The effects of 1122 
anticholinergic insecticides on human mesenchymal stem cells, Toxicol Sci. 94, 342-1123 
50. 1124 

[101] Strong, A.L., Shi, Z., Strong, M.J., Miller, D.F., Rusch, D.B., Buechlein, A.M., 1125 
Flemington, E.K., McLachlan, J.A., Nephew, K.P., Burow, M.E. and Bunnell, B.A., 1126 
2015. Effects of the endocrine-disrupting chemical DDT on self-renewal and 1127 
differentiation of human mesenchymal stem cells, Environ Health Perspect. 123, 42-8. 1128 

[102] Janesick, A.S., Dimastrogiovanni, G., Vanek, L., Boulos, C., Chamorro-Garcia, R., 1129 
Tang, W. and Blumberg, B., 2016. On the Utility of ToxCast and ToxPi as Methods 1130 
for Identifying New Obesogens, Environ Health Perspect. 124, 1214-26. 1131 

[103] Li, X., Ycaza, J. and Blumberg, B., 2011. The environmental obesogen tributyltin 1132 
chloride acts via peroxisome proliferator activated receptor gamma to induce 1133 
adipogenesis in murine 3T3-L1 preadipocytes, J Steroid Biochem Mol Biol. 127, 9-15. 1134 

[104] Shoucri, B.M., Martinez, E.S., Abreo, T.J., Hung, V.T., Moosova, Z., Shioda, T. and 1135 
Blumberg, B., 2017. Retinoid X Receptor Activation Alters the Chromatin Landscape 1136 
To Commit Mesenchymal Stem Cells to the Adipose Lineage, Endocrinology. 158, 1137 
3109-3125. 1138 

[105] Kim, J., Sun, Q., Yue, Y., Yoon, K.S., Whang, K.Y., Marshall Clark, J. and Park, Y., 1139 
2016. 4,4'-Dichlorodiphenyltrichloroethane (DDT) and 4,4'-1140 
dichlorodiphenyldichloroethylene (DDE) promote adipogenesis in 3T3-L1 adipocyte 1141 
cell culture, Pestic Biochem Physiol. 131, 40-5. 1142 

[106] Biserni, M., Mesnage, R., Ferro, R., Wozniak, E., Xenakis, T., Mein, C.A. and 1143 
Antoniou, M.N., 2019. Quizalofop-p-Ethyl Induces Adipogenesis in 3T3-L1 1144 
Adipocytes, Toxicol Sci. 170, 452-461. 1145 

[107] Smith, A., Yu, X. and Yin, L., 2018. Diazinon exposure activated transcriptional 1146 
factors CCAAT-enhancer-binding proteins alpha (C/EBPalpha) and peroxisome 1147 
proliferator-activated receptor gamma (PPARgamma) and induced adipogenesis in 1148 
3T3-L1 preadipocytes, Pestic Biochem Physiol. 150, 48-58. 1149 

[108] Luz, A.L., Kassotis, C.D., Stapleton, H.M. and Meyer, J.N., 2018. The high-1150 
production volume fungicide pyraclostrobin induces triglyceride accumulation 1151 
associated with mitochondrial dysfunction, and promotes adipocyte differentiation 1152 
independent of PPARgamma activation, in 3T3-L1 cells, Toxicology. 393, 150-159. 1153 

[109] Mangum, L.H., Howell, G.E., 3rd and Chambers, J.E., 2015. Exposure to p,p'-DDE 1154 
enhances differentiation of 3T3-L1 preadipocytes in a model of sub-optimal 1155 
differentiation, Toxicol Lett. 238, 65-71. 1156 

[110] Park, Y., Kim, Y., Kim, J., Yoon, K.S., Clark, J. and Lee, J., 2013. Imidacloprid, a 1157 
neonicotinoid insecticide, potentiates adipogenesis in 3T3-L1 adipocytes, J Agric 1158 
Food Chem. 61, 255-9. 1159 



[111] Sun, Q., Qi, W., Yang, J.J., Yoon, K.S., Clark, J.M. and Park, Y., 2016. Fipronil 1160 
promotes adipogenesis via AMPKalpha-mediated pathway in 3T3-L1 adipocytes, 1161 
Food Chem Toxicol. 92, 217-23. 1162 

[112] Xiao, X., Qi, W., Clark, J.M. and Park, Y., 2017. Permethrin potentiates adipogenesis 1163 
via intracellular calcium and endoplasmic reticulum stress-mediated mechanisms in 1164 
3T3-L1 adipocytes, Food Chem Toxicol. 109, 123-129. 1165 

[113] Tontonoz, P. and Spiegelman, B.M., 2008. Fat and beyond: the diverse biology of 1166 
PPARgamma, Annu Rev Biochem. 77, 289-312. 1167 

[114] Fujino, C., Watanabe, Y., Sanoh, S., Nakajima, H., Uramaru, N., Kojima, H., 1168 
Yoshinari, K., Ohta, S. and Kitamura, S., 2019. Activation of PXR, CAR and 1169 
PPARalpha by pyrethroid pesticides and the effect of metabolism by rat liver 1170 
microsomes, Heliyon. 5, e02466. 1171 

[115] Yuan, L., Lin, J., Xu, Y., Peng, Y., Clark, J.M., Gao, R., Park, Y. and Sun, Q., 2019. 1172 
Deltamethrin promotes adipogenesis via AMPKalpha and ER stress-mediated 1173 
pathway in 3T3- L1 adipocytes and Caenorhabditis elegans, Food Chem Toxicol. 134, 1174 
110791. 1175 

[116] Shen, P., Hsieh, T.H., Yue, Y., Sun, Q., Clark, J.M. and Park, Y., 2017. Deltamethrin 1176 
increases the fat accumulation in 3T3-L1 adipocytes and Caenorhabditis elegans, 1177 
Food Chem Toxicol. 101, 149-156. 1178 

[117] Sargis, R.M., Johnson, D.N., Choudhury, R.A. and Brady, M.J., 2010. Environmental 1179 
endocrine disruptors promote adipogenesis in the 3T3-L1 cell line through 1180 
glucocorticoid receptor activation, Obesity (Silver Spring). 18, 1283-8. 1181 

[118] Moreno-Aliaga, M.J. and Matsumura, F., 1999. Endrin inhibits adipocyte 1182 
differentiation by selectively altering expression pattern of CCAAT/enhancer binding 1183 
protein-alpha in 3T3-L1 cells, Mol Pharmacol. 56, 91-101. 1184 

[119] Foley, B., Doheny, D.L., Black, M.B., Pendse, S.N., Wetmore, B.A., Clewell, R.A., 1185 
Andersen, M.E. and Deisenroth, C., 2017. Editor's Highlight: Screening ToxCast 1186 
Prioritized Chemicals for PPARG Function in a Human Adipose-Derived Stem Cell 1187 
Model of Adipogenesis, Toxicol Sci. 155, 85-100. 1188 

[120] Cooke, P.S. and Naaz, A., 2004. Role of estrogens in adipocyte development and 1189 
function, Exp Biol Med (Maywood). 229, 1127-35. 1190 

[121] Mauvais-Jarvis, F., Clegg, D.J. and Hevener, A.L., 2013. The role of estrogens in 1191 
control of energy balance and glucose homeostasis, Endocr Rev. 34, 309-38. 1192 

[122] Braunstein, L.Z., Chen, M.H., Loffredo, M., Kantoff, P.W. and D'Amico, A.V., 2014. 1193 
Obesity and the Odds of Weight Gain following Androgen Deprivation Therapy for 1194 
Prostate Cancer, Prostate Cancer. 2014, 230812. 1195 

[123] Stanley, T. and Misra, M., 2008. Polycystic ovary syndrome in obese adolescents, 1196 
Curr Opin Endocrinol Diabetes Obes. 15, 30-6. 1197 

[124] Newbold, R.R., Padilla-Banks, E., Snyder, R.J., Phillips, T.M. and Jefferson, W.N., 1198 
2007. Developmental exposure to endocrine disruptors and the obesity epidemic, 1199 
Reprod Toxicol. 23, 290-6. 1200 

[125] Rubin, B.S., Murray, M.K., Damassa, D.A., King, J.C. and Soto, A.M., 2001. 1201 
Perinatal exposure to low doses of bisphenol A affects body weight, patterns of 1202 
estrous cyclicity, and plasma LH levels, Environ Health Perspect. 109, 675-80. 1203 

[126] Palmer, B.F. and Clegg, D.J., 2015. The sexual dimorphism of obesity, Mol Cell 1204 
Endocrinol. 402, 113-9. 1205 

[127] Kim, S.S., Lee, R.D., Lim, K.J., Kwack, S.J., Rhee, G.S., Seok, J.H., Lee, G.S., An, 1206 
B.S., Jeung, E.B. and Park, K.L., 2005. Potential estrogenic and antiandrogenic 1207 
effects of permethrin in rats, J Reprod Dev. 51, 201-10. 1208 



[128] Wolf, C., Jr., Lambright, C., Mann, P., Price, M., Cooper, R.L., Ostby, J. and Gray, 1209 
L.E., Jr., 1999. Administration of potentially antiandrogenic pesticides (procymidone, 1210 
linuron, iprodione, chlozolinate, p,p'-DDE, and ketoconazole) and toxic substances 1211 
(dibutyl- and diethylhexyl phthalate, PCB 169, and ethane dimethane sulphonate) 1212 
during sexual differentiation produces diverse profiles of reproductive malformations 1213 
in the male rat, Toxicol Ind Health. 15, 94-118. 1214 

[129] Lambright, C., Ostby, J., Bobseine, K., Wilson, V., Hotchkiss, A.K., Mann, P.C. and 1215 
Gray, L.E., Jr., 2000. Cellular and molecular mechanisms of action of linuron: an 1216 
antiandrogenic herbicide that produces reproductive malformations in male rats, 1217 
Toxicol Sci. 56, 389-99. 1218 

[130] Vinggaard, A.M., Christiansen, S., Laier, P., Poulsen, M.E., Breinholt, V., Jarfelt, K., 1219 
Jacobsen, H., Dalgaard, M., Nellemann, C. and Hass, U., 2005. Perinatal exposure to 1220 
the fungicide prochloraz feminizes the male rat offspring, Toxicol Sci. 85, 886-97. 1221 

[131] Ostby, J., Kelce, W.R., Lambright, C., Wolf, C.J., Mann, P. and Gray, L.E., Jr., 1999. 1222 
The fungicide procymidone alters sexual differentiation in the male rat by acting as an 1223 
androgen-receptor antagonist in vivo and in vitro, Toxicol Ind Health. 15, 80-93. 1224 

[132] Taxvig, C., Hass, U., Axelstad, M., Dalgaard, M., Boberg, J., Andeasen, H.R. and 1225 
Vinggaard, A.M., 2007. Endocrine-disrupting activities in vivo of the fungicides 1226 
tebuconazole and epoxiconazole, Toxicol Sci. 100, 464-73. 1227 

[133] Anway, M.D., Memon, M.A., Uzumcu, M. and Skinner, M.K., 2006. 1228 
Transgenerational effect of the endocrine disruptor vinclozolin on male 1229 
spermatogenesis, J Androl. 27, 868-79. 1230 

[134] Uzumcu, M., Suzuki, H. and Skinner, M.K., 2004. Effect of the anti-androgenic 1231 
endocrine disruptor vinclozolin on embryonic testis cord formation and postnatal 1232 
testis development and function, Reprod Toxicol. 18, 765-74. 1233 

[135] Sinha, N., Adhikari, N. and D, K.S., 2001. Effect of endosulfan during fetal gonadal 1234 
differentiation on spermatogenesis in rats, Environ Toxicol Pharmacol. 10, 29-32. 1235 

[136] Verma, R. and Mohanty, B., 2009. Early-life exposure to dimethoate-induced 1236 
reproductive toxicity: evaluation of effects on pituitary-testicular axis of mice, 1237 
Toxicol Sci. 112, 450-8. 1238 

[137] Andrade, A.J., Araujo, S., Santana, G.M., Ohi, M. and Dalsenter, P.R., 2002. 1239 
Reproductive effects of deltamethrin on male offspring of rats exposed during 1240 
pregnancy and lactation, Regul Toxicol Pharmacol. 36, 310-7. 1241 

[138] Li, J., Ren, F., Li, Y., Luo, J. and Pang, G., 2019. Chlorpyrifos Induces Metabolic 1242 
Disruption by Altering Levels of Reproductive Hormones, J Agric Food Chem. 67, 1243 
10553-10562. 1244 

[139] Vaithinathan, S., Saradha, B. and Mathur, P.P., 2010. Methoxychlor induces apoptosis 1245 
via mitochondria- and FasL-mediated pathways in adult rat testis, Chem Biol Interact. 1246 
185, 110-8. 1247 

[140] Lo, S., King, I., Allera, A. and Klingmuller, D., 2007. Effects of various pesticides on 1248 
human 5alpha-reductase activity in prostate and LNCaP cells, Toxicol In Vitro. 21, 1249 
502-8. 1250 

[141] Younglai, E.V., Holloway, A.C., Lim, G.E. and Foster, W.G., 2004. Synergistic 1251 
effects between FSH and 1,1-dichloro-2,2-bis(P-chlorophenyl)ethylene (P,P'-DDE) on 1252 
human granulosa cell aromatase activity, Hum Reprod. 19, 1089-93. 1253 

[142] Morales-Prieto, N., Ruiz-Laguna, J., Sheehan, D. and Abril, N., 2018. Transcriptome 1254 
signatures of p,p -DDE-induced liver damage in Mus spretus mice, Environ Pollut. 1255 
238, 150-167. 1256 



[143] Abass, K. and Pelkonen, O., 2013. The inhibition of major human hepatic cytochrome 1257 
P450 enzymes by 18 pesticides: comparison of the N-in-one and single substrate 1258 
approaches, Toxicol In Vitro. 27, 1584-8. 1259 

[144] Blizard, D., Sueyoshi, T., Negishi, M., Dehal, S.S. and Kupfer, D., 2001. Mechanism 1260 
of induction of cytochrome p450 enzymes by the proestrogenic endocrine disruptor 1261 
pesticide-methoxychlor: interactions of methoxychlor metabolites with the 1262 
constitutive androstane receptor system, Drug Metab Dispos. 29, 781-5. 1263 

[145] Kelce, W.R., Stone, C.R., Laws, S.C., Gray, L.E., Kemppainen, J.A. and Wilson, 1264 
E.M., 1995. Persistent DDT metabolite p,p'-DDE is a potent androgen receptor 1265 
antagonist, Nature. 375, 581-5. 1266 

[146] Kjeldsen, L.S., Ghisari, M. and Bonefeld-Jorgensen, E.C., 2013. Currently used 1267 
pesticides and their mixtures affect the function of sex hormone receptors and 1268 
aromatase enzyme activity, Toxicol Appl Pharmacol. 272, 453-64. 1269 

[147] Kojima, H., Katsura, E., Takeuchi, S., Niiyama, K. and Kobayashi, K., 2004. 1270 
Screening for estrogen and androgen receptor activities in 200 pesticides by in vitro 1271 
reporter gene assays using Chinese hamster ovary cells, Environ Health Perspect. 112, 1272 
524-31. 1273 

[148] Kitamura, S., Suzuki, T., Ohta, S. and Fujimoto, N., 2003. Antiandrogenic activity 1274 
and metabolism of the organophosphorus pesticide fenthion and related compounds, 1275 
Environ Health Perspect. 111, 503-8. 1276 

[149] Andersen, H.R., Vinggaard, A.M., Rasmussen, T.H., Gjermandsen, I.M. and 1277 
Bonefeld-Jorgensen, E.C., 2002. Effects of currently used pesticides in assays for 1278 
estrogenicity, androgenicity, and aromatase activity in vitro, Toxicol Appl Pharmacol. 1279 
179, 1-12. 1280 

[150] Bauer, E.R., Bitsch, N., Brunn, H., Sauerwein, H. and Meyer, H.H., 2002. 1281 
Development of an immuno-immobilized androgen receptor assay (IRA) and its 1282 
application for the characterization of the receptor binding affinity of different 1283 
pesticides, Chemosphere. 46, 1107-15. 1284 

[151] Okubo, T., Yokoyama, Y., Kano, K., Soya, Y. and Kano, I., 2004. Estimation of 1285 
estrogenic and antiestrogenic activities of selected pesticides by MCF-7 cell 1286 
proliferation assay, Arch Environ Contam Toxicol. 46, 445-53. 1287 

[152] Orton, F., Lutz, I., Kloas, W. and Routledge, E.J., 2009. Endocrine disrupting effects 1288 
of herbicides and pentachlorophenol: in vitro and in vivo evidence, Environ Sci 1289 
Technol. 43, 2144-50. 1290 

[153] Vinggaard, A.M., Niemela, J., Wedebye, E.B. and Jensen, G.E., 2008. Screening of 1291 
397 chemicals and development of a quantitative structure--activity relationship 1292 
model for androgen receptor antagonism, Chem Res Toxicol. 21, 813-23. 1293 

[154] Sun, H., Xu, X.L., Xu, L.C., Song, L., Hong, X., Chen, J.F., Cui, L.B. and Wang, 1294 
X.R., 2007. Antiandrogenic activity of pyrethroid pesticides and their metabolite in 1295 
reporter gene assay, Chemosphere. 66, 474-9. 1296 

[155] Zhang, J., Zhu, W., Zheng, Y., Yang, J. and Zhu, X., 2008. The antiandrogenic 1297 
activity of pyrethroid pesticides cyfluthrin and beta-cyfluthrin, Reprod Toxicol. 25, 1298 
491-6. 1299 

[156] Robitaille, C.N., Rivest, P. and Sanderson, J.T., 2015. Antiandrogenic mechanisms of 1300 
pesticides in human LNCaP prostate and H295R adrenocortical carcinoma cells, 1301 
Toxicol Sci. 143, 126-35. 1302 

[157] Xu, L.C., Liu, L., Ren, X.M., Zhang, M.R., Cong, N., Xu, A.Q. and Shao, J.H., 2008. 1303 
Evaluation of androgen receptor transcriptional activities of some pesticides in vitro, 1304 
Toxicology. 243, 59-65. 1305 



[158] Li, J., Li, N., Ma, M., Giesy, J.P. and Wang, Z., 2008. In vitro profiling of the 1306 
endocrine disrupting potency of organochlorine pesticides, Toxicol Lett. 183, 65-71. 1307 

[159] Martin, M.T., Dix, D.J., Judson, R.S., Kavlock, R.J., Reif, D.M., Richard, A.M., 1308 
Rotroff, D.M., Romanov, S., Medvedev, A., Poltoratskaya, N., Gambarian, M., 1309 
Moeser, M., Makarov, S.S. and Houck, K.A., 2010. Impact of environmental 1310 
chemicals on key transcription regulators and correlation to toxicity end points within 1311 
EPA's ToxCast program, Chem Res Toxicol. 23, 578-90. 1312 

[160] Knudsen, T.B., Houck, K.A., Sipes, N.S., Singh, A.V., Judson, R.S., Martin, M.T., 1313 
Weissman, A., Kleinstreuer, N.C., Mortensen, H.M., Reif, D.M., Rabinowitz, J.R., 1314 
Setzer, R.W., Richard, A.M., Dix, D.J. and Kavlock, R.J., 2011. Activity profiles of 1315 
309 ToxCast chemicals evaluated across 292 biochemical targets, Toxicology. 282, 1-1316 
15. 1317 

[161] Thomas, P. and Dong, J., 2006. Binding and activation of the seven-transmembrane 1318 
estrogen receptor GPR30 by environmental estrogens: a potential novel mechanism of 1319 
endocrine disruption, J Steroid Biochem Mol Biol. 102, 175-9. 1320 

[162] Zhuang, S., Zhang, J., Wen, Y., Zhang, C. and Liu, W., 2012. Distinct mechanisms of 1321 
endocrine disruption of DDT-related pesticides toward estrogen receptor alpha and 1322 
estrogen-related receptor gamma, Environ Toxicol Chem. 31, 2597-605. 1323 

[163] Ma, M., Chen, C., Yang, G., Wang, Y., Wang, T., Li, Y. and Qian, Y., 2019. 1324 
Combined anti-androgenic effects of mixtures of agricultural pesticides using in vitro 1325 
and in silico methods, Ecotoxicol Environ Saf. 186, 109652. 1326 

[164] Orton, F., Rosivatz, E., Scholze, M. and Kortenkamp, A., 2012. Competitive 1327 
androgen receptor antagonism as a factor determining the predictability of cumulative 1328 
antiandrogenic effects of widely used pesticides, Environ Health Perspect. 120, 1578-1329 
84. 1330 

[165] Kolle, S.N., Melching-Kollmuss, S., Krennrich, G., Landsiedel, R. and van 1331 
Ravenzwaay, B., 2011. Assessment of combinations of antiandrogenic compounds 1332 
vinclozolin and flutamide in a yeast based reporter assay, Regul Toxicol Pharmacol. 1333 
60, 373-80. 1334 

[166] Birkhoj, M., Nellemann, C., Jarfelt, K., Jacobsen, H., Andersen, H.R., Dalgaard, M. 1335 
and Vinggaard, A.M., 2004. The combined antiandrogenic effects of five commonly 1336 
used pesticides, Toxicol Appl Pharmacol. 201, 10-20. 1337 

[167] Christen, V., Crettaz, P. and Fent, K., 2014. Additive and synergistic antiandrogenic 1338 
activities of mixtures of azol fungicides and vinclozolin, Toxicol Appl Pharmacol. 1339 
279, 455-66. 1340 

[168] Mangelsdorf, D.J., Thummel, C., Beato, M., Herrlich, P., Schutz, G., Umesono, K., 1341 
Blumberg, B., Kastner, P., Mark, M., Chambon, P. and Evans, R.M., 1995. The 1342 
nuclear receptor superfamily: the second decade, Cell. 83, 835-9. 1343 

[169] Feige, J.N., Gelman, L., Michalik, L., Desvergne, B. and Wahli, W., 2006. From 1344 
molecular action to physiological outputs: peroxisome proliferator-activated receptors 1345 
are nuclear receptors at the crossroads of key cellular functions, Prog Lipid Res. 45, 1346 
120-59. 1347 

[170] Wang, Y.X., 2010. PPARs: diverse regulators in energy metabolism and metabolic 1348 
diseases, Cell Res. 20, 124-37. 1349 

[171] Bensinger, S.J. and Tontonoz, P., 2008. Integration of metabolism and inflammation 1350 
by lipid-activated nuclear receptors, Nature. 454, 470-7. 1351 

[172] Lau, C., Abbott, B.D., Corton, J.C. and Cunningham, M.L., 2010. PPARs and 1352 
xenobiotic-induced adverse effects: relevance to human health, PPAR Res. 2010, 1353 
954639. 1354 



[173] Espandiari, P., Thomas, V.A., Glauert, H.P., O'Brien, M., Noonan, D. and Robertson, 1355 
L.W., 1995. The herbicide dicamba (2-methoxy-3,6-dichlorobenzoic acid) is a 1356 
peroxisome proliferator in rats, Fundam Appl Toxicol. 26, 85-90. 1357 

[174] Palut, D., Ludwicki, J.K., Kostka, G., Kopec-Szlezak, J., Wiadrowska, B. and 1358 
Lembowicz, K., 2001. Studies of early hepatocellular proliferation and peroxisomal 1359 
proliferation in Wistar rats treated with herbicide diclofop, Toxicology. 158, 119-26. 1360 

[175] Zaya, R.M., Amini, Z., Whitaker, A.S. and Ide, C.F., 2011. Exposure to atrazine 1361 
affects the expression of key genes in metabolic pathways integral to energy 1362 
homeostasis in Xenopus laevis tadpoles, Aquat Toxicol. 104, 254-62. 1363 

[176] Takeuchi, S., Matsuda, T., Kobayashi, S., Takahashi, T. and Kojima, H., 2006. In 1364 
vitro screening of 200 pesticides for agonistic activity via mouse peroxisome 1365 
proliferator-activated receptor (PPAR)alpha and PPARgamma and quantitative 1366 
analysis of in vivo induction pathway, Toxicol Appl Pharmacol. 217, 235-44. 1367 

[177] Sun, H., Shao, W., Liu, H. and Jiang, Z., 2018. Exposure to 2,4-1368 
dichlorophenoxyacetic acid induced PPARbeta-dependent disruption of glucose 1369 
metabolism in HepG2 cells, Environ Sci Pollut Res Int. 25, 17050-17057. 1370 

[178] Ning, X., Ku, T., Gao, R., Ji, X., Li, G. and Sang, N., 2018. In vitro PPARgamma 1371 
agonistic potential of chitin synthesis inhibitors and their energy metabolism-related 1372 
hepatotoxicity, Sci Total Environ. 615, 1126-1132. 1373 

[179] Balaguer, P., Delfosse, V., Grimaldi, M. and Bourguet, W., 2017. Structural and 1374 
functional evidences for the interactions between nuclear hormone receptors and 1375 
endocrine disruptors at low doses, C R Biol. 340, 414-420. 1376 

[180] Ferre, P., 2004. The biology of peroxisome proliferator-activated receptors: 1377 
relationship with lipid metabolism and insulin sensitivity, Diabetes. 53 Suppl 1, S43-1378 
50. 1379 

[181] Barish, G.D., Narkar, V.A. and Evans, R.M., 2006. PPAR delta: a dagger in the heart 1380 
of the metabolic syndrome, J Clin Invest. 116, 590-7. 1381 

[182] Evans, R.M., Barish, G.D. and Wang, Y.X., 2004. PPARs and the complex journey to 1382 
obesity, Nat Med. 10, 355-61. 1383 

[183] Takada, I., Kouzmenko, A.P. and Kato, S., 2009. Wnt and PPARgamma signaling in 1384 
osteoblastogenesis and adipogenesis, Nat Rev Rheumatol. 5, 442-7. 1385 

[184] Grun, F., Watanabe, H., Zamanian, Z., Maeda, L., Arima, K., Cubacha, R., Gardiner, 1386 
D.M., Kanno, J., Iguchi, T. and Blumberg, B., 2006. Endocrine-disrupting organotin 1387 
compounds are potent inducers of adipogenesis in vertebrates, Mol Endocrinol. 20, 1388 
2141-55. 1389 

[185] Kanayama, T., Kobayashi, N., Mamiya, S., Nakanishi, T. and Nishikawa, J., 2005. 1390 
Organotin compounds promote adipocyte differentiation as agonists of the 1391 
peroxisome proliferator-activated receptor gamma/retinoid X receptor pathway, Mol 1392 
Pharmacol. 67, 766-74. 1393 

[186] Mendoza, A. and Hollenberg, A.N., 2017. New insights into thyroid hormone action, 1394 
Pharmacol Ther. 173, 135-145. 1395 

[187] Rotondi, M., Leporati, P., La Manna, A., Pirali, B., Mondello, T., Fonte, R., Magri, F. 1396 
and Chiovato, L., 2009. Raised serum TSH levels in patients with morbid obesity: is it 1397 
enough to diagnose subclinical hypothyroidism?, Eur J Endocrinol. 160, 403-8. 1398 

[188] Reinehr, T., 2010. Obesity and thyroid function, Mol Cell Endocrinol. 316, 165-71. 1399 
[189] Preau, L., Fini, J.B., Morvan-Dubois, G. and Demeneix, B., 2015. Thyroid hormone 1400 

signaling during early neurogenesis and its significance as a vulnerable window for 1401 
endocrine disruption, Biochim Biophys Acta. 1849, 112-21. 1402 

[190] Zoeller, T.R., 2010. Environmental chemicals targeting thyroid, Hormones (Athens). 1403 
9, 28-40. 1404 



[191] Requena, M., Lopez-Villen, A., Hernandez, A.F., Parron, T., Navarro, A. and Alarcon, 1405 
R., 2019. Environmental exposure to pesticides and risk of thyroid diseases, Toxicol 1406 
Lett. 315, 55-63. 1407 

[192] Goldner, W.S., Sandler, D.P., Yu, F., Hoppin, J.A., Kamel, F. and Levan, T.D., 2010. 1408 
Pesticide use and thyroid disease among women in the Agricultural Health Study, Am 1409 
J Epidemiol. 171, 455-64. 1410 

[193] Luo, D., Pu, Y., Tian, H., Wu, W., Sun, X., Zhou, T., Tao, Y., Yuan, J., Shen, X., 1411 
Feng, Y. and Mei, S., 2017. Association of in utero exposure to organochlorine 1412 
pesticides with thyroid hormone levels in cord blood of newborns, Environ Pollut. 1413 
231, 78-86. 1414 

[194] Jeong, S.H., Kim, B.Y., Kang, H.G., Ku, H.O. and Cho, J.H., 2006. Effect of 1415 
chlorpyrifos-methyl on steroid and thyroid hormones in rat F0- and F1-generations, 1416 
Toxicology. 220, 189-202. 1417 

[195] Ortiga-Carvalho, T.M., Chiamolera, M.I., Pazos-Moura, C.C. and Wondisford, F.E., 1418 
2016. Hypothalamus-Pituitary-Thyroid Axis, Compr Physiol. 6, 1387-428. 1419 

[196] Yang, M., Hu, J., Li, S., Ma, Y., Gui, W. and Zhu, G., 2016. Thyroid endocrine 1420 
disruption of acetochlor on zebrafish (Danio rerio) larvae, J Appl Toxicol. 36, 844-52. 1421 

[197] Xu, C., Sun, X., Niu, L., Yang, W., Tu, W., Lu, L., Song, S. and Liu, W., 2019. 1422 
Enantioselective thyroid disruption in zebrafish embryo-larvae via exposure to 1423 
environmental concentrations of the chloroacetamide herbicide acetochlor, Sci Total 1424 
Environ. 653, 1140-1148. 1425 

[198] Yen, P.M., 2001. Physiological and molecular basis of thyroid hormone action, 1426 
Physiol Rev. 81, 1097-142. 1427 

[199] Xiang, D., Han, J., Yao, T., Wang, Q., Zhou, B., Mohamed, A.D. and Zhu, G., 2017. 1428 
Editor's Highlight: Structure-Based Investigation on the Binding and Activation of 1429 
Typical Pesticides With Thyroid Receptor, Toxicol Sci. 160, 205-216. 1430 

[200] Turnbaugh, P.J., Backhed, F., Fulton, L. and Gordon, J.I., 2008. Diet-induced obesity 1431 
is linked to marked but reversible alterations in the mouse distal gut microbiome, Cell 1432 
Host Microbe. 3, 213-23. 1433 

[201] Turnbaugh, P.J., Hamady, M., Yatsunenko, T., Cantarel, B.L., Duncan, A., Ley, R.E., 1434 
Sogin, M.L., Jones, W.J., Roe, B.A., Affourtit, J.P., Egholm, M., Henrissat, B., Heath, 1435 
A.C., Knight, R. and Gordon, J.I., 2009. A core gut microbiome in obese and lean 1436 
twins, Nature. 457, 480-4. 1437 

[202] Zhao, L., 2013. The gut microbiota and obesity: from correlation to causality, Nat Rev 1438 
Microbiol. 11, 639-47. 1439 

[203] Snedeker, S.M. and Hay, A.G., 2012. Do interactions between gut ecology and 1440 
environmental chemicals contribute to obesity and diabetes?, Environ Health Perspect. 1441 
120, 332-9. 1442 

[204] Turnbaugh, P.J. and Gordon, J.I., 2009. The core gut microbiome, energy balance and 1443 
obesity, J Physiol. 587, 4153-8. 1444 

[205] Chen, X. and Devaraj, S., 2018. Gut Microbiome in Obesity, Metabolic Syndrome, 1445 
and Diabetes, Curr Diab Rep. 18, 129. 1446 

[206] Joly Condette, C., Khorsi-Cauet, H., Morliere, P., Zabijak, L., Reygner, J., Bach, V. 1447 
and Gay-Queheillard, J., 2014. Increased gut permeability and bacterial translocation 1448 
after chronic chlorpyrifos exposure in rats, PLoS One. 9, e102217. 1449 

[207] Yuan, X., Pan, Z., Jin, C., Ni, Y., Fu, Z. and Jin, Y., 2019. Gut microbiota: An 1450 
underestimated and unintended recipient for pesticide-induced toxicity, Chemosphere. 1451 
227, 425-434. 1452 

[208] Mao, Q., Manservisi, F., Panzacchi, S., Mandrioli, D., Menghetti, I., Vornoli, A., Bua, 1453 
L., Falcioni, L., Lesseur, C., Chen, J., Belpoggi, F. and Hu, J., 2018. The Ramazzini 1454 



Institute 13-week pilot study on glyphosate and Roundup administered at human-1455 
equivalent dose to Sprague Dawley rats: effects on the microbiome, Environ Health. 1456 
17, 50. 1457 

[209] Lee, H.S., Lee, J.C., Lee, I.K., Moon, H.B., Chang, Y.S., Jacobs, D.R., Jr. and Lee, 1458 
D.H., 2011. Associations among organochlorine pesticides, Methanobacteriales, and 1459 
obesity in Korean women, PLoS One. 6, e27773. 1460 

[210] Liang, Y., Zhan, J., Liu, D., Luo, M., Han, J., Liu, X., Liu, C., Cheng, Z., Zhou, Z. 1461 
and Wang, P., 2019. Organophosphorus pesticide chlorpyrifos intake promotes 1462 
obesity and insulin resistance through impacting gut and gut microbiota, Microbiome. 1463 
7, 19. 1464 

[211] Wang, X., Shen, M., Zhou, J. and Jin, Y., 2019. Chlorpyrifos disturbs hepatic 1465 
metabolism associated with oxidative stress and gut microbiota dysbiosis in adult 1466 
zebrafish, Comp Biochem Physiol C Toxicol Pharmacol. 216, 19-28. 1467 

[212] Jin, C., Zeng, Z., Wang, C., Luo, T., Wang, S., Zhou, J., Ni, Y., Fu, Z. and Jin, Y., 1468 
2018. Insights into a Possible Mechanism Underlying the Connection of 1469 
Carbendazim-Induced Lipid Metabolism Disorder and Gut Microbiota Dysbiosis in 1470 
Mice, Toxicol Sci. 166, 382-393. 1471 

[213] Locke, A.E., Kahali, B., Berndt, S.I., Justice, A.E., Pers, T.H., Day, F.R., Powell, C., 1472 
Vedantam, S., Buchkovich, M.L., Yang, J., Croteau-Chonka, D.C., Esko, T., Fall, T., 1473 
Ferreira, T., Gustafsson, S., Kutalik, Z., Luan, J., Magi, R., Randall, J.C., Winkler, 1474 
T.W., Wood, A.R., Workalemahu, T., Faul, J.D., Smith, J.A., Zhao, J.H., Zhao, W., 1475 
Chen, J., Fehrmann, R., Hedman, A.K., Karjalainen, J., Schmidt, E.M., Absher, D., 1476 
Amin, N., Anderson, D., Beekman, M., Bolton, J.L., Bragg-Gresham, J.L., Buyske, S., 1477 
Demirkan, A., Deng, G., Ehret, G.B., Feenstra, B., Feitosa, M.F., Fischer, K., Goel, 1478 
A., Gong, J., Jackson, A.U., Kanoni, S., Kleber, M.E., Kristiansson, K., Lim, U., 1479 
Lotay, V., Mangino, M., Leach, I.M., Medina-Gomez, C., Medland, S.E., Nalls, M.A., 1480 
Palmer, C.D., Pasko, D., Pechlivanis, S., Peters, M.J., Prokopenko, I., Shungin, D., 1481 
Stancakova, A., Strawbridge, R.J., Sung, Y.J., Tanaka, T., Teumer, A., Trompet, S., 1482 
van der Laan, S.W., van Setten, J., Van Vliet-Ostaptchouk, J.V., Wang, Z., Yengo, L., 1483 
Zhang, W., Isaacs, A., Albrecht, E., Arnlov, J., Arscott, G.M., Attwood, A.P., 1484 
Bandinelli, S., Barrett, A., Bas, I.N., Bellis, C., Bennett, A.J., Berne, C., Blagieva, R., 1485 
Bluher, M., Bohringer, S., Bonnycastle, L.L., Bottcher, Y., Boyd, H.A., Bruinenberg, 1486 
M., Caspersen, I.H., Chen, Y.I., Clarke, R., Daw, E.W., de Craen, A.J.M., Delgado, 1487 
G., Dimitriou, M. et al., 2015. Genetic studies of body mass index yield new insights 1488 
for obesity biology, Nature. 518, 197-206. 1489 

[214] Skinner, M.K., 2015. Environmental Epigenetics and a Unified Theory of the 1490 
Molecular Aspects of Evolution: A Neo-Lamarckian Concept that Facilitates Neo-1491 
Darwinian Evolution, Genome Biol Evol. 7, 1296-302. 1492 

[215] Whitelaw, N.C. and Whitelaw, E., 2008. Transgenerational epigenetic inheritance in 1493 
health and disease, Curr Opin Genet Dev. 18, 273-9. 1494 

[216] Nilsson, E.E., Sadler-Riggleman, I. and Skinner, M.K., 2018. Environmentally 1495 
induced epigenetic transgenerational inheritance of disease, Environ Epigenet. 4, 1496 
dvy016. 1497 

[217] Burdge, G.C., Hanson, M.A., Slater-Jefferies, J.L. and Lillycrop, K.A., 2007. 1498 
Epigenetic regulation of transcription: a mechanism for inducing variations in 1499 
phenotype (fetal programming) by differences in nutrition during early life?, Br J Nutr. 1500 
97, 1036-46. 1501 

[218] Skinner, M.K., 2011. Role of epigenetics in developmental biology and 1502 
transgenerational inheritance, Birth Defects Res C Embryo Today. 93, 51-5. 1503 



[219] Anway, M.D. and Skinner, M.K., 2006. Epigenetic transgenerational actions of 1504 
endocrine disruptors, Endocrinology. 147, S43-9. 1505 

[220] Uzumcu, M., Zama, A.M. and Oruc, E., 2012. Epigenetic mechanisms in the actions 1506 
of endocrine-disrupting chemicals: gonadal effects and role in female reproduction, 1507 
Reprod Domest Anim. 47 Suppl 4, 338-47. 1508 

[221] Skinner, M.K., Manikkam, M. and Guerrero-Bosagna, C., 2011. Epigenetic 1509 
transgenerational actions of endocrine disruptors, Reprod Toxicol. 31, 337-43. 1510 

[222] Rissman, E.F. and Adli, M., 2014. Minireview: transgenerational epigenetic 1511 
inheritance: focus on endocrine disrupting compounds, Endocrinology. 155, 2770-80. 1512 

[223] Ho, S.M., Johnson, A., Tarapore, P., Janakiram, V., Zhang, X. and Leung, Y.K., 2012. 1513 
Environmental epigenetics and its implication on disease risk and health outcomes, 1514 
ILAR J. 53, 289-305. 1515 

[224] Skinner, M.K. and Anway, M.D., 2005. Seminiferous cord formation and germ-cell 1516 
programming: epigenetic transgenerational actions of endocrine disruptors, Ann N Y 1517 
Acad Sci. 1061, 18-32. 1518 

[225] Guerrero-Bosagna, C., Weeks, S. and Skinner, M.K., 2014. Identification of genomic 1519 
features in environmentally induced epigenetic transgenerational inherited sperm 1520 
epimutations, PLoS One. 9, e100194. 1521 

[226] Beck, D., Sadler-Riggleman, I. and Skinner, M.K., 2017. Generational comparisons 1522 
(F1 versus F3) of vinclozolin induced epigenetic transgenerational inheritance of 1523 
sperm differential DNA methylation regions (epimutations) using MeDIP-Seq, 1524 
Environ Epigenet. 3. 1525 

[227] Anway, M.D., Cupp, A.S., Uzumcu, M. and Skinner, M.K., 2005. Epigenetic 1526 
transgenerational actions of endocrine disruptors and male fertility, Science. 308, 1527 
1466-9. 1528 

[228] Manikkam, M., Haque, M.M., Guerrero-Bosagna, C., Nilsson, E.E. and Skinner, M.K., 1529 
2014. Pesticide methoxychlor promotes the epigenetic transgenerational inheritance 1530 
of adult-onset disease through the female germline, PLoS One. 9, e102091. 1531 

[229] Skinner, M.K., Ben Maamar, M., Sadler-Riggleman, I., Beck, D., Nilsson, E., 1532 
McBirney, M., Klukovich, R., Xie, Y., Tang, C. and Yan, W., 2018. Alterations in 1533 
sperm DNA methylation, non-coding RNA and histone retention associate with DDT-1534 
induced epigenetic transgenerational inheritance of disease, Epigenetics Chromatin. 1535 
11, 8. 1536 

[230] Ben Maamar, M., Nilsson, E., Sadler-Riggleman, I., Beck, D., McCarrey, J.R. and 1537 
Skinner, M.K., 2019. Developmental origins of transgenerational sperm DNA 1538 
methylation epimutations following ancestral DDT exposure, Dev Biol. 445, 280-293. 1539 

[231] McBirney, M., King, S.E., Pappalardo, M., Houser, E., Unkefer, M., Nilsson, E., 1540 
Sadler-Riggleman, I., Beck, D., Winchester, P. and Skinner, M.K., 2017. Atrazine 1541 
induced epigenetic transgenerational inheritance of disease, lean phenotype and sperm 1542 
epimutation pathology biomarkers, PLoS One. 12, e0184306. 1543 

[232] Hao, C., Gely-Pernot, A., Kervarrec, C., Boudjema, M., Becker, E., Khil, P., Tevosian, 1544 
S., Jegou, B. and Smagulova, F., 2016. Exposure to the widely used herbicide atrazine 1545 
results in deregulation of global tissue-specific RNA transcription in the third 1546 
generation and is associated with a global decrease of histone trimethylation in mice, 1547 
Nucleic Acids Res. 44, 9784-9802. 1548 

[233] Manikkam, M., Tracey, R., Guerrero-Bosagna, C. and Skinner, M.K., 2012. Pesticide 1549 
and insect repellent mixture (permethrin and DEET) induces epigenetic 1550 
transgenerational inheritance of disease and sperm epimutations, Reprod Toxicol. 34, 1551 
708-19. 1552 



[234] Anway, M.D., Leathers, C. and Skinner, M.K., 2006. Endocrine disruptor vinclozolin 1553 
induced epigenetic transgenerational adult-onset disease, Endocrinology. 147, 5515-1554 
23. 1555 

[235] Chamorro-Garcia, R., Diaz-Castillo, C., Shoucri, B.M., Kach, H., Leavitt, R., Shioda, 1556 
T. and Blumberg, B., 2017. Ancestral perinatal obesogen exposure results in a 1557 
transgenerational thrifty phenotype in mice, Nat Commun. 8, 2012. 1558 

[236] Chamorro-Garcia, R. and Blumberg, B., 2014. Transgenerational effects of obesogens 1559 
and the obesity epidemic, Curr Opin Pharmacol. 19, 153-8. 1560 

[237] Stel, J. and Legler, J., 2015. The Role of Epigenetics in the Latent Effects of Early 1561 
Life Exposure to Obesogenic Endocrine Disrupting Chemicals, Endocrinology. 156, 1562 
3466-72. 1563 

[238] van Dijk, S.J., Tellam, R.L., Morrison, J.L., Muhlhausler, B.S. and Molloy, P.L., 2015. 1564 
Recent developments on the role of epigenetics in obesity and metabolic disease, Clin 1565 
Epigenetics. 7, 66. 1566 

[239] Walker, C.L., 2016. Minireview: Epigenomic Plasticity and Vulnerability to EDC 1567 
Exposures, Mol Endocrinol. 30, 848-55. 1568 

[240] Legler, J., Fletcher, T., Govarts, E., Porta, M., Blumberg, B., Heindel, J.J. and 1569 
Trasande, L., 2015. Obesity, diabetes, and associated costs of exposure to endocrine-1570 
disrupting chemicals in the European Union, J Clin Endocrinol Metab. 100, 1278-88. 1571 

[241] Orton, F., Rosivatz, E., Scholze, M. and Kortenkamp, A., 2011. Widely used 1572 
pesticides with previously unknown endocrine activity revealed as in vitro 1573 
antiandrogens, Environ Health Perspect. 119, 794-800. 1574 

 1575 
 1576 
  1577 



Table 1. Literature summarizing  associations between agrochemicals and adult obesity. 1578 
References Names Exposure levels 

(serum level) 

Population 

(number of 

subjects) 

Outcomes 

 

(Dusanov et 

al. 2018) 

HCB; 

β-HCH; 

p,p’-DDT; 

DDE 

 

HCB: 

66.8-101.2 pg/mL;  

β-HCH:  

22.9-47.6 pg/mL; 

p,p’-DDT:  

11.3-20 pg/mL; 

DDE:  

315-679 pg/mL; 

Norway, adult, 

(N=431) 

 

Increased odds of metabolic 

syndrome. 

(La Merrill et 

al. 2018) 

DDE 

 

170-570 

ng/g lipid 

 

Sweden, 70 years 

old (N = 988) 

Increased BMI. 

(Jaacks et al. 

2016) 

p,p'-DDT  Mean level:  

0.0158 ng/mL  

 

USA, pregnant 

women, 18-40 

years old 

(N=218)  

Gestational weight gain. 

(Arrebola et 

al. 2014) 

HCB; 

DDE; 

β-HCH 

Mean level: 

HCB: 32.81 ng/g 

lipid; 

β-HCH: 19.60ng/g 

lipid; 

DDE: 183.99ng/g 

lipid; 

Spain, adults 

(N=298) 

 

 

Increased BMI and levels of 

total cholesterol, HDL, LDL, 

and total serum lipids. 

(Langer et al. 

2014) 

DDE; 

HCB 

 

DDE:  

54-22382 ng/g 

lipid; 

HCB:  

22-17928 ng/g 

lipid 

Slovakia, adults, 

(N=2053) 

Increased BMI and increased 

levels of cholesterol and 

triglyceride. 

(Raafat et al. 

2012) 

Malathion 

 

Mean level: 

0.0746 mg/L 

Egypt, 39±12 

years old (N=98) 

Increased waist circumference. 

(Lee et al. 

2012) 

DDE Mean level: 

2654 ng/g lipid 

Sweden, 70 years 

old (N=970)  

Increased odds ratios of 

abdominal obesity. 

(Lee et al. 

2012) 

DDE 

 

11-23271 pg/mL  Sweden, 70 years 

old people  

(N=970) 

Increased existence or 

development of abdominal 

obesity. 

(Dirinck et al. 

2011) 

 β-HCH 

 

1.9-200 ng/g lipid Belgium, ≥18 

years (N=145) 

Increased BMI, waist, fat mass 

percentage, and total and 

subcutaneous abdominal 

adipose tissue. 

(Bachelet et 

al. 2011) 

 DDE 

 

Mean level: 

85 ng/g lipid 
French, women Increased BMI. 



(N= 1055) 

(Ibarluzea et 

al. 2011) 

DDE;  

β-HCH; 

HCB 

Mean level:  

DDE:  

110.0 ng/g lipid;  

β-HCH:  

19.1 ng/g lipid;  

HCB:  

33.5 ng/g lipid  

Spain, 

pregnant 

women 

(N=1259) 

 

Increased BMI. 

(Lee et al. 

2011) 

HCB; 

DDE; 

 

Not supplied USA, adults, 

(N=5115) 

 

Increased BMI, triglycerides, 

HOMA-IR, lower HDL-

cholesterol and triglycerides.  
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Table 2. Literature summarizing associations between agrochemicals and the development of 1580 
early-onset obesity. 1581 
References Names The age of the 

children 

Population 

(number of 

subjects) 

Outcomes 

(Whether showed gender-specific 

effects) 

(Cabrera-

Rodriguez et 

al. 2019) 

DDE 

 

Infants 

 

Spain 

(N=447) 

Increased neonatal birth weight, 

with a special emphasis on girls. 

(Showed gender-specific effects) 

(Warner et al. 

2017) 

DDT; 

DDE 

12 years old USA 

(N=240) 

Increased BMI for boys but not 

girls.  

(Showed gender-specific effects) 

(Xu et al. 

2017) 

o,p'-DDD; 

p,p'-DDT 

Infants 

 

Chinese 

(N=120) 

Increased neonatal birth weight. 

(Vafeiadi et 

al. 2015) 

DDE;  

HCB  

4 years old 

 

Greece  

(N = 689). 

Increased BMI, obesity, abdominal 

obesity.  

(Agay-Shay 

et al. 2015) 

HCB; 

β-HCH; 

DDE 

7 years old 

 

Spain 

(N=657) 

Increased BMI and overweight risk. 

 

(Heggeseth et 

al. 2015) 

 o,p’-DDT; 

p,p’-DDT;  

DDE 

2-9 years old USA 

(N=415) 

Increased BMI among boys but not 

girls.  

(Showed gender-specific effects) 

(Iszatt et al. 

2015) 

DDE 2 years old Norway 

(N=1864) 

Increased growth. 

(Valvi et al. 

2014) 

DDE; 

HCB 

6 and 14 

months old 

Spain 

(N=1285) 

Increased growth and overweight.  

 

(Warner et al. 

2014) 

o,p′-DDT;  

p,p′-DDT; 

DDE 

9 years old USA 

(N=261) 

Increased BMI and waist 

circumference in boys but not in 

girls. 

(Showed gender-specific effects) 

(Delvaux et 

al. 2014) 
DDE 
 

7 to 9 years old 

 

Belgium 

(N=114) 

 

 Increased waist circumference and 

waist/height ratio in girls but not in 

boys. 

(Showed gender-specific effects) 

(Tang-

Peronard et 

al. 2014) 

DDE 5 and 7 years 

old 

Denmark  

(N=656) 

 

Increased waist circumference in 

girls with overweight mothers but 

not in boys. 

(Showed gender-specific effects) 

(Valvi et al. 

2012) 

DDE; 

DDT; 

6.5 years old 

 

Spain 

(N=344) 

Increased overweight in boys but 

not in girls.  

(Showed gender-specific effects) 



(Mendez et 

al. 2011) 

DDE 6 and 14 

months old 

Spain 

(N=657) 

Increased weight and BMI.  

(Verhulst et 

al. 2009) 

DDE 1-3 years old 

 

Belgium 

(N=138) 

Increased BMI.  

(Karmaus et 

al. 2009) 

DDE 20-50 years old 

 

USA 

(N=259) 

Increased weight and BMI.  

(Smink et al. 

2008) 

HCB 6 years old Spain 

(N=482) 

Increase in weight and BMI.  
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Table 3. Literature summary of animal studies linking agrochemicals and obesity. 1584 
Reference Names Animal used Dose and exposure 

time 

Outcomes 

(Whether showed 

gender-specific effects) 

(King et al. 

2019) 

 

DDT Sprague Dawley 

rats 

25 mg/kg/day; F0 

females were 

administered on days 8 

to 14 of gestation. 

The F3 generation had 

significant increases in the 

incidence of obesity.  

(Kubsad et al. 

2019) 

Glyphosat

e  

Sprague Dawley 

rats 

25 mg/kg/day; F0 

females were 

administered on days 8 

to 14 of gestation. 

The transgenerational 

pathologies of obesity was 

observed.  

(Basaure et al. 

2019) 

CPF Male apoE4- mice  2 mg/kg/day; 15 days. Increased body weight. 

(Xiao et al. 

2018) 

Permethri

n 

Male C57BL/6J 

mice 

50, 500, and 5000 

μg/kg/day; 12 weeks. 

Increased body weight, fat 

mass, and increased TG 

and TC.  

(Uchendu et 

al. 2018) 

CPF; 

deltameth

rin  

Male Wistar rats CPF: 4.75 mg/ kg/day; 

deltamethrin: 6.25 

mg/kg/day; 120 days. 

Increased levels of TG, 

TC, LDL, and VLDL, and 

decreased HDL level.  

(Fang et al. 

2018) 

CPF Male Wistar rats 0.3 or 3.0 mg/kg/day; 9 

weeks. 

Increased bodyweight.  

(Nilsson et al. 

2018) 

Vinclozol

in 

Sprague Dawley 

rats 

100 mg/kg/day; F0 

females were 

administered on days 8 

to 14 of gestation. 

F3 generation rats showed 

transgenerational 

increased obesity rate in 

females.  

(Showed gender-specific 

effects) 

(Sun et al. 

2017) 

Imidaclop

rid 

Female C57BL/6J 

mice 

0.06, 0.6, or 6 

mg/kg/day; 12 weeks. 

Increased high fat diet-

induced body weight gain 

and adiposity.  

(Sun et al. 

2016) 

Imidaclop

rid 

Male C57BL/6J 

mice 

0.06, 0.6, or 6 

mg/kg/day; 12 weeks. 

Increased high fat diet-

induced body weight gain 

and adiposity. 

(Peris-

Sampedro et 

al. 2015a) 

 

CPF Male apoE 3 mice 2mg/kg/day; 13 weeks. Increased body weight. 

(Peris-

Sampedro et 

al. 2015b) 

CPF apoE 3 mice 2 mg/kg /day; 8 weeks. Increased body weight. 

(Ishikawa et 

al. 2015) 

DDT Obese Sprague 

Dawley rats 

5.60 μg /kg/day; 4 

weeks. 

Increased postprandial 

non-esterified fatty acids 

and decreased body 

temperature.  

(La Merrill et 

al. 2014) 

DDT C57BL/6J mice  1.7 mg/kg/day; From 

gestational day 11.5 to 

postnatal day 5. 

Reduced core body 

temperature, impaired 

cold tolerance, decreased 

energy expenditure, and 

produced a transient 

early-life increase in body 

fat in female offspring.  

(Showed gender-specific 

effects) 

(Howell et al. 

2014) 

DDE Male C57BL/6H 

mice 

0.4 mg/kg/day or 2.0 

mg/kg/day; 5 days. 

Hyperglycemic effect.  



(Bhaskar and 

Mohanty 

2014) 

Mancoze

b; 

Imidaclop

rid 

Swiss albino mice imidacloprid: 131 

mg/kg/day; mancozeb: 

8000 mg/kg/day. 

Lactating mothers were 

exposed to the 

pesticides from PND1 

to natural weaning 

(PND 28). 

Increased body weight. 

(Skinner et al. 

2013) 

DDT Sprague Dawley 

rats 

50 or 25 mg/kg/day; F0 

females were 

administered on days 8 

to 14 of gestation. 

F3 generation developed 

obesity.  

(Li et al. 2012) TFZ CD1 mice 0.1, 1.0, or 10.0 µM; 

During breeding and 

throughout pregnancy. 

Increased adipose depot 

weight.  

(Acker and 

Nogueira 

2012) 

Chlorpyri

fos 

Male Wistar rats 50 mg /kg; A single 

dose. 

Increased TC, LDL levels 

and caused hyperglycemia 

and hyperlipidemia. 

(Kalender et 

al. 2010) 

Malathion Male Wistar rats 27 mg/kg/day; 4 weeks. Increased TC. 

(Lim et al. 

2009) 

Atrazine Male Sprague 

Dawley rats 

30 or 300 mg/kg/day; 5 

months. 

Increased body weight 

and intra-abdominal fat, 

but decreased basal 

metabolic rate.  

(Lassiter et al. 

2008) 

Parathion Sprague Dawley 

neonatal rats 

0.1 or 0.2 mg/kg/day; 

postnatal days 1-4. 

Increased body weight 

and impaired fat 

metabolism. Females 

showed greater sensitivity.  

(Showed gender-specific 

effects) 

(Lassiter and 

Brimijoin 

2008) 

CPF Long–Evans rats 2.5 mg/kg/day; From 

gestational day 7 

through the end of 

lactation on postnatal 

day 21. 

Increased body weight in 

males.  

(Showed gender-specific 

effects) 

(Meggs and 

Brewer 2007) 

CPF Female Long-

Evans rats  

5 mg/kg/day; 4 months. Increased body weight. 

 1585 
Note: apolipoprotein E (apoE), triglyceride (TG), total cholesterol (TC), high-density 1586 
lipoprotein (HDL), low-density lipoprotein-cholesterol (LDL), very low-density lipoprotein-1587 
cholesterol (VLDL), 1588 
  1589 



Table 4. Possible mechanisms though which agrochemicals may lead to obesity and example 1590 
chemicals providing evidence to support these mechanisms. 1591 
Possible mechanisms Agrochemicals provide evidence for the 

mechanism 

Promote the commitment phase of adipogenesis DDT, chlorpyrifos, carbofuran, zoxamide, 

spirodiclofen, fludioxonil and quinoxyfen, 

triflumizole  

Induce adipocyte differentiation  DDT, DDE, quizalofop-p-ethyl, diazinon, 

pyraclostrobin, imidacloprid, fipronil, permethrin, 

zoxamide, spirodiclofen, quinoxyfen, tebupirimfos, 

forchlorfenuron, flusilazole, acetamiprid, 

pymoetrozine, triflumizole, quinoxyfen, 

fludioxonil, deltamethrin, endrin, tolylfluanid, 

triphenyltin hydroxide, lactofen, halosulfuron-

methyl, cyfluthrin, flufenacet, isoxaflutole, 

piperonyl-butoxide, tebufenozide  

Mediated by sex steroid hormone dysregulation  Permethrin, linuron, prochloraz, procymidone, 

tebuconazole, vinclozolin, DDE, endosulfan, 

dimethoate, deltamethrin, chlorpyrifos, 

methoxychlor, DDT, terbuthylazine, propiconazole, 

prothioconazole, cypermethrin, malathion 

Affecting metabolic homeostasis through PPARs Dicamba, diclofop, diclofop-methyl, pyrethrins, 

2,4-dichlorophenoxyacetic acid, DDT, diclofop-

methyl, pyrethrins, imazalil, diflubenzuron, 

chlorfluazuron, flucycloxuron, noviflumuron, 

flufenoxuron, quizalofop-p-ethyl, spirodiclofen, 

zoxamide, triflumizole, dithiocarbamate, mancozeb  

Affecting metabolic homeostasis through 

disturbing the thyroid hormone pathway 

DDT, DDE, chlorpyrifos-methyl, acetochlor, 

procymidone, imidacloprid, atrazine, fluroxypyr, 

mancozeb, butachlor, beta-cypermethrin, 

fenobucarb, cyhalothrin, theta-cypermethrin, 

bifenthrin, carbaryl, pymetrozine, pendimethalin, 

metolcarb,  

Affecting the gut microbiota  Cis-nonachlor, oxychlordane, trans-nonachlor, 

chlorpyrifos, carbendazim,  

Epigenetic programming and transgenerational 

effects  

DDT, glyphosate, vinclozolin  
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Abstract 22 
Obesity has become a very large concern worldwide, reaching pandemic 23 

proportions over the past several decades. Lifestyle factors, such as excess caloric intake 24 
and decreased physical activity, together with genetic predispositions, are well-known 25 
factors related to obesity. There is accumulating evidence suggesting that exposure to 26 
some environmental chemicals during critical windows of development may contribute 27 
to the rapid increase in the incidence of obesity. Agrochemicals are a class of chemicals 28 
extensively used in agriculture, which have been widely detected in human. There is 29 
now considerable evidence linking human exposure to agrochemicals with obesity. This 30 
review summarizes human epidemiological evidence and experimental animal studies 31 
supporting the association between agrochemical exposure and obesity and outlines 32 
possible mechanistic underpinnings for this link. 33 
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1. Introduction 48 
Agrochemicals constitute a diverse class of chemicals extensively used in agriculture 49 

with for many different purposes. These include preventing harmful effects caused by pests, 50 
controlling infectious diseases induced by bacteria or fungi, and promoting crop growth. 51 
Agrochemicals are thought to play critical roles in increased agricultural productivity as well 52 
as the control of insect pests that are disease vectors.  53 

Agrochemicals of concern are typically of particular interest for obesity areusually refer 54 
to the pesticides including insecticides, herbicides, fungicides and nematicides (Sparks, 2013). 55 
These agrochemicals can be further subdivided into organochlorines, organophosphorus, 56 
carbamates, pyrethroids and neonicotinoids, according to their chemical structures and modes 57 
of action (Xiao, Clark and Park, 2017). While bringing benefits to humans, agrochemicals 58 
have also become major contaminants that are widely detected in the environment as well as 59 
in humans (Tsatsakis, Tzatzarakis, Tutudaki et al., 2008). Many efforts have been made to 60 
reduce the harmful effects of agrochemicals on humans by designing lower toxicityity 61 
chemicals and by controlling the time and location of applications. H; however, agrochemical 62 
exposure and consequent toxicity to humans and animals is inevitable (Sparks and Lorsbach, 63 
2017). Numerous epidemiological studies together with experimental evidence in animal 64 
models indicated that agrochemicals may be harmful to human health in multiple ways 65 
(Cano-Sancho, Salmon and La Merrill, 2017,Androutsopoulos, Hernandez, Liesivuori et al., 66 
2013). For example, agrochemicals may have carcinogenicity, neurotoxicity, 67 
immunotoxicity, reproductive toxicity, developmental toxicity and endocrine disrupting 68 
effects (Mostafalou and Abdollahi, 2017) (Mostafalou and Abdollahi, 2017). In view of this, 69 
the toxicity of agrochemicals is of great concern around the world. 70 

Currently, obesity has become a very concerning worldwide pandemic and public health 71 
problem (Hales, Fryar, Carroll et al., 2018). According to the World Health Organization, 72 

approximately 39% of adults worldwide are overweight (body mass index, BMI ≥25 kg/m
2
) 73 

and 13% are obese (BMI ≥ 30) (World Health Organization, 2018). The obesity problem is 74 
also severe for children and adolescents (World Health Organization, 2014). Obesity is a 75 
complex and multifactorial condition that increases the risk of many other chronic diseases 76 
such as cardiovascular disease, diabetes mellitus type 2 (T2D), hypertension, stroke and even 77 
some kinds of cancers (Picon-Ruiz, Morata-Tarifa, Valle-Goffin et al., 2017). It was 78 
suggested that at least 2.8 million deaths worldwide could be attributed to the results of 79 
overweight or obesity each year (World Health Organization, 2015).  80 

Obesity is generally considered to be the result of energy imbalance, i.e., when energy 81 
intake exceeds energy expenditure. However, in reality the origins of obesity are 82 
multifactorial and result from the combined effects of both genetic and environmental factors 83 
(Heindel and Blumberg, 2019). Currently, the full spectrum of potential factors associated 84 
with obesity remains unclear. Previous studies have shown that factors such as genetic 85 
susceptibility, epigenetic predisposition,, increased energy intake and lack of physical activity 86 
could contribute to the development of obesity (Turcot, Lu, Highland et al., 2018). However, 87 
these factors cannot fully explain the current dramatically increased rates of obesity. Over the 88 
past several decades, there is considerable evidence that environmental pollutants especially 89 
endocrine disrupting chemicals (EDCs) may contribute to the rapid increase of obesity 90 
(Heindel and Blumberg, 2019). Endocrine-disrupting chemicals (EDCs) are a kind of natural 91 
or man-made substances that may interfere with the normal function of the endocrine system, 92 
including hormone biosynthesis, metabolism or action (Zoeller, Brown, Doan et al., 2012). 93 
There is growing evidence showing the links between EDCs and obesity as well as other 94 
health problems such as metabolic issues, diabetes, reproductive disabilities and 95 
cardiovascular problems (Gore, Chappell, Fenton et al., 2015).  Metabolism disrupting 96 
chemicals (MDCs) specifically refer to those EDCs having the ability to promote metabolic 97 



changes that can result in obesity, T2D or fatty liver in animals (Heindel, Blumberg, Cave et 98 
al., 2017). These EDCs or MDCs might be important factors leading to obesity. Identifying 99 
all of the important factors that contribute to obesity is, therefore, an important issue and 100 
could help to control and reduce the obesity epidemic and related diseases.  101 

“Obesogens” are functionally defined as chemicals (natural, pharmaceutical, or 102 
xenobiotic) that promote obesity after exposure, in vivo. Some natural chemicals (such as 103 
fructose), pharmaceutical chemicals (such as thiazolidinedione anti-diabetic drugs) or 104 
xenobiotic chemicals [such as tributyltin (TBT)] have found to be obesogens (Janesick and 105 
Blumberg, 2016). Obesogens might act directly on fat cells by increasing their number or 106 
increasing the storage of fat into the existing cells. These chemicals might also act indirectly 107 
by affecting mechanisms regulating the appetite and satiety, by altering basal metabolic rate, 108 
by altering energy balance to favor the storage of calories, or by altering gut microbiota to 109 
promote energy intake (Heindel and Blumberg, 2019). Some agrochemicals have been shown 110 
to act as obesogens by promoting adipogenesis and inducing obesity in experimental animals 111 
and are found at higher levels in obese humans. For example, 112 
dichlorodiphenyldichloroethylene (DDE) was classified as "presumed" to be obesogenic for 113 
humans by using a systematic review-based strategy to identify and integrate evidence from 114 
epidemiological, in vivo, and in vitro studies (Cano-Sancho et al., 2017). Others suggested 115 
that the evidence for DDE as an obesogen was “moderate” due to the consistency in 116 
prospective associations with childhood growth and obesity (Vrijheid, Casas, Gascon et al., 117 
2016). The annual cost of exposure to DDE in the EU from type 2 diabetes and obesity was 118 
estimated to be more than €860 million despite its parent chemical, DDT being banned many 119 
years ago (Legler, Fletcher, Govarts et al., 2015). Here we present a review of current studies 120 
linking agrochemical exposure and obesity, including studies from human and animals, and 121 
discuss possible mechanisms underlying these effects.  122 

 123 
 124 

2. Human epidemiological studies relating agrochemicals and obesity 125 
2.1 Association between agrochemicals and adult obesity 126 

There is a growing body of epidemiological studies suggesting an association between 127 
agrochemicals and adult obesity (Table 1). Agrochemicals of concern include 128 
dichlorodiphenyltrichloroethane ( dichlorodiphenyltrichloroethane (DDT)DDT) and its major, 129 
in vivo metabolite , dichlorodiphenyldichloroethylene (DDE), hexachlorobenzene (HCB), as 130 
well as β-hexachlorocyclohexane (β-HCH) and malathion. These are the most frequently 131 
found to be related to obesity in humans (Tang-Peronard, Andersen, Jensen et al., 2011,Liu 132 
and Peterson, 2015,La Merrill and Birnbaum, 2011). For example, In addition, agrochemicals 133 
such as malathion (Raafat, Abass and Salem, 2012), allethrin and prallethrin (Narendra, 134 
Kavitha, Helah Kiranmai et al., 2008) have also been associated with obesity.Obesity is 135 
typically assessed based on weight gain and BMI as the endpoints in epidemiological studies. 136 
mMultiple prospective cohort studies identified a positive association between levels of some 137 
agrochemicals such as DDT, /DDE and obesity or overweight (Mendez, Garcia-Esteban, 138 
Guxens et al., 2011,Valvi, Mendez, Garcia-Esteban et al., 2014,Valvi, Mendez, Martinez et 139 
al., 2012,Lee, Lind, Jacobs et al., 2012). Pre-pregnancy levels of DDT were found to be 140 
moderately associated with gestational weight gain in a prospective cohort study of pregnant 141 
women (Jaacks, Boyd Barr, Sundaram et al., 2016). and levels of DDE were linked with rapid 142 
weight gain and overweight in infancy based on prospective cohort studies (Valvi et al., 143 
2014,Mendez et al., 2011,Valvi et al., 2012). In a cross-sectional study of workers 144 
occupationally exposed to β-HCH, a positive relationship was reported between the 145 
percentage of body fat and levels of β-HCH (Jung, Becher, Edler et al., 1997). A positive 146 
correlation between β-HCH and BMI, waist circumference, percentage of fat mass, as well as 147 
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total and subcutaneous abdominal adipose tissue has also been demonstrated in a cross-148 
sectional study of 98 obese men and women (Dirinck, Jorens, Covaci et al., 2011). There was 149 
a positive correlation between malathion blood concentration and waist circumference among 150 
a group of farmers (Raafat, Abass and Salem, 2012). In addition to increased weight or 151 
elevated BMI, the levels of some obesity biomarkers (levels of total cholesterol and total 152 
serum lipids) were also positively associated with the concentrations of pesticides such as 153 
HCB, β-HCH and and DDE (Dusanov, Ruzzin, Kiviranta et al., 2018,La Merrill, Lind, 154 
Salihovic et al., 2018,Bachelet, Truong, Verner et al., 2011,Langer, Ukropec, Kocan et al., 155 
2014,Ibarluzea, Alvarez-Pedrerol, Guxens et al., 2011,Lee, Steffes, Sjodin et al., 2011), 156 
suggesting that these compounds can aggravate clinically relevant complications of obesity.  157 

Although the use of DDT has been banned in many countries, some populations still 158 
bear significant levels of DDT and DDE due to the extremely long half-life of these 159 
chemicals in the environment and in the human body, bioaccumulation and via the continued 160 
use of DDT in some developing countries (United Nations Environment Programme, 161 
2010,Bornman, Aneck-Hahn, de Jager et al., 2017). HCB and β-HCH have beenwere banned 162 
globally several decades ago, but they are persistent  in the environment. Malathion is a 163 
pesticide that is still widely used in agriculture, in residential landscaping, and in public 164 
health pest control programs. All these agrochemicals can be detected in humans 165 
currentlynow. The iInformation about and the human exposure levels of these agrochemicals 166 
areis listed in Table 1. Therefore, tThe obesogenic effects of these pesticides in humans still 167 
needs to be considered. 168 

 169 
 170 

2.2 Non-monotonic dose-response relationships between agrochemicals and adult 171 
obesity 172 

Some studies showing the potential relationship between pesticide exposure and serum 173 
lipids/obesity/BMI revealed that the effects were followed non-monotonic dose-response 174 
relationships. This , an unconventional dose-response relationship is characterized by a curve 175 
whose slope changes direction within the range of tested doses (Lee et al., 2012). For 176 
example, Arrebola et al. found that HCB, DDE and β-HCH showed quadratic associations 177 
with BMI, and the quadratic models had a positive trend at low exposure levels, while the 178 
slope decreased or even became negative at higher exposure levels (Arrebola, Ocana-Riola, 179 
Arrebola-Moreno et al., 2014). Previously, nNumerous studies investigating the effects of 180 
EDCs described with relative high frequency the occurrence of non-monotonic dose-response 181 
relationships for this kind of chemicalsEDCs with relatively high frequency (Zoeller and 182 
Vandenberg, 2015)This is consistent with previous studies which found that some chemicals 183 
(such as BPA) exhibited a non-linear relationship between dose and effect based on both in 184 
vitro and in vivo studies (Vandenberg et al., 2012,Zoeller and Vandenberg, 2015,Angle, Do, 185 
Ponzi et al., 2013)..  Such non-monotonic effects are predictable and expected when 186 
considering how the endocrine system works (Vandenberg et al., 2012,Zoeller and 187 
Vandenberg, 2015,Vandenberg, Colborn, Hayes et al., 2013). The molecular mechanisms 188 
underlying non-monotonic dose-response relationships are complex and can arise from 189 
opposing effects induced by multiple receptors, receptor desensitization, negative feedback 190 
with increasing dose, or dose-dependent metabolism modulationThe molecular mechanisms 191 
for non-monotonic dose-response relationships might be complex, which can arise from 192 
opposing effects induced by multiple receptors, receptor desensitization, negative feedback 193 
with increasing dose, or dose-dependent metabolism modulation (Zoeller and Vandenberg, 194 
2015).  In contrast, non-monotonic dose-response curves are an anathema to the industry and 195 
regulatory toxicology communities Usually, the environmental risk assessment approaches 196 
used by regulatory agencies are developed based on the fundamental principle that the 197 



toxicity of a chemical scales linearly in is proportional to the exposure level. Therefore, 198 
nNon-monotonicity represents a challenge to fundamental concepts in toxicology and risk 199 
assessment (Dietrich, von Aulock, Marquardt et al., 2013). These current non-monotonic 200 
dose-response relationships results of agrochemicals suggested suggest that the complex of 201 
mechanisms by which they induce of these chemicals in inducing  obesity are complex. 202 
Besides, Usually, the lLipophilic organochlorine pesticides such as DDE and HCB usually 203 
accumulate in adipose tissue to a major degree. Therefore, the circulating levels of these 204 
chemicals might be influenced by the degree of fat mass (Glynn, Granath, Aune et al., 2003), 205 
which can also makeing it difficult to study the relationships between chemicals and them 206 
and obesity in adults.  207 

 208 
2.3 Agrochemicals and the development of early-onset obesity 209 
and levels of DDE were linked with rapid weight gain and overweight in 210 

infancy based on prospective cohort studies (Mendez et al., 2011,Valvi et 211 

al., 2014,Valvi et al., 2012).  212 
Many environmental factors have been showed shown to play a prominent role in the 213 

development of early-onset obesity (La Merrill and Birnbaum, 2011). Building on Barker’s 214 
fetal origins of disease model (Barker, 1995), Gluckman and Hanson proposed the 215 
Developmental Origins of Health and Disease (DOHaD) hypothesis, which holds that 216 
environmental disruptions during critical windows of development can lead to increased 217 
susceptibility to diseases, including obesity, later in life (Gluckman and Hanson, 2004). 218 
Compared with adults, the fetus and neonate are more sensitive to perturbation by 219 
environmental chemicals during critical windows of development because protective 220 
mechanisms (such as DNA repair, immune system, xenobiotic metabolism, and the 221 
blood/brain barrier, among others) are not yet maximally fully functional (Janesick and 222 
Blumberg, 2011). (Newbold, 2011). The higher metabolic rates of developing organisms may 223 
also result in increased toxicity compared to adults. Therefore, developmental exposures to 224 
xenobiotic toxicants are of particular concern.  225 

Measuring the levels of agrochemicals in pregnant mothers and follow-up of the weight 226 
gain of the children over their lives may provide evidence for the obesogenic effect of these 227 
chemicals during development. Several reviews have reported moderate evidence linking 228 
prenatal agrochemicals exposure to childhood obesity (La Merrill and Birnbaum, 2011,Tang-229 
Peronard, Andersen, Jensen et al., 2011). Recently, the body of evidence for obesogenic 230 
effects of agrochemicals especially DDE after exposure during prenatal development has 231 
increased notably. There have been more than 10 prospective cohort studies showed showing 232 
that prenatal DDE exposure is significantly associated with increased birth weight, increased 233 
levels of some obesity markers, overweight risk or increased risk of childhood obesity 234 
ranging from 6 months to 9 years old (Mendez et al., 2011,Valvi et al., 2014,Valvi et al., 235 
2012,Vafeiadi, Georgiou, Chalkiadaki et al., 2015,Agay-Shay, Martinez, Valvi et al., 236 
2015,Verhulst, Nelen, Hond et al., 2009,Karmaus, Osuch, Eneli et al., 2009,Iszatt, Stigum, 237 
Verner et al., 2015,Heggeseth, Harley, Warner et al., 2015) .(Valvi et al., 2012,Iszatt et al., 238 
2015,Heggeseth et al., 2015)(Table 2). Furthermore, DDE exposure might exacerbate the 239 
effects of when combined with other known contributing factors for obesity such as smoking, 240 
DDE exposure might exacerbate (Verhulst et al., 2009). However, some other prospective 241 
cohort studies found no association between developmental exposure to DDE and infant or 242 
child obesity (Garced, Torres-Sanchez, Cebrian et al., 2012,Govarts, Nieuwenhuijsen, 243 
Schoeters et al., 2012,Hoyer, Ramlau-Hansen, Henriksen et al., 2014,Cupul-Uicab, Klebanoff, 244 
Brock et al., 2013,Warner, Aguilar Schall, Harley et al., 2013,Cupul-Uicab, Hernandez-Avila, 245 
Terrazas-Medina et al., 2010,Gladen, Klebanoff, Hediger et al., 2004).  246 
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Some prospective cohort studies  (Valvi et al., 2012,Delvaux, Van Cauwenberghe, Den 247 
Hond et al., 2014,Tang-Peronard, Heitmann, Andersen et al., 2014,Warner, Wesselink, 248 
Harley et al., 2014,Warner, Ye, Harley et al., 2017) or cross-sectional studies (Cabrera-249 
Rodriguez, Luzardo, Almeida-Gonzalez et al., 2019) revealed gender-specific effects of DDE 250 
on childhood obesity.  251 

Sexually dimorphic responses are a common finding when examining EDC effects, 252 
including links to obesity (Gore, Chappell, Fenton et al., 2015). A number of studies also 253 
showed associations between DDE or HCB and low birth weight and/or preterm birth 254 
(Govarts et al., 2012,Guo, Jin, Cheng et al., 2014,Lenters, Portengen, Rignell-Hydbom et al., 255 
2016,de Cock, de Boer, Lamoree et al., 2014,Vafeiadi, Vrijheid, Fthenou et al., 2014). Both 256 
of these are established risk factors for subsequent rapid growth and long-term obesity 257 
(Stettler and Iotova, 2010). While more data are needed, these studies support the conclusion 258 
that developmental exposure to DDE and perhaps some other agrochemicals might lead to 259 
obesity in humans.  260 

Relatively fewer studies have examined links between prenatal DDT and DDD, β-HCH 261 
or HCB exposure and potential of childhood obesity. Some prospective cohort studies (Valvi 262 
et al., 2014,Valvi et al., 2012,Vafeiadi et al., 2015,Agay-Shay et al., 2015,Heggeseth et al., 263 
2015,Smink, Ribas-Fito, Garcia et al., 2008,Warner, Ye, Harley et al., 2017,Warner, 264 
Wesselink, Harley et al., 2014) or cross-sectional studies(Xu, Yin, Tang et al., 2017) showed 265 
positive associations with obesity (Table 2). However, a few other prospective cohort studies 266 
did not identify such significant associations (Cupul-Uicab et al., 2013,Warner et al., 267 
2013,Delvaux, Van Cauwenberghe, Den Hond et al., 2014).  268 

 269 
2.4 Gender-specific effects of agrochemicals 270 

Sexually dimorphic responses are a common finding when examining EDC effects, 271 
including links to obesity (Gore et al., 2015). Currently, some prospective cohort studies 272 
(Valvi et al., 2012,Warner et al., 2017,Warner et al., 2014,Delvaux et al., 2014,Tang-273 
Peronard, Heitmann, Andersen et al., 2014) or cross-sectional studies (Cabrera-Rodriguez, 274 
Luzardo, Almeida-Gonzalez et al., 2019) showed the gender-specific effects of 275 
agrochemicals on childhood obesity (see . The results about the reported gender-specific 276 
effects of agrochemicals are noted in Table 2). For example, Warner et al. showed a positive 277 
association between DDE and childhood obesity in boys but not in girls (Warner et al., 278 
2017,Warner et al., 2014). However, some other studies showed the effects of DDE on 279 
childhood obesity existed in girls but not in boys (Delvaux et al., 2014,Tang-Peronard et al., 280 
2014). The reason for this difference wannawarrants further study. The mechanisms 281 
underlying gender-specific effects of agrochemicals also need to be studied in the future.  282 

Although the use of DDT has been banned in many countries, some populations still 283 
bear significant levels of DDT and DDE due to the extremely long half-life of these 284 
chemicals in the environment and in the human body, bioaccumulation and via the continued 285 
use of DDT in some developing countries (Valvi et al., 2014,United Nations Environment 286 
Programme, 2010,Rogan and Chen, 2005,Bornman, Aneck-Hahn, de Jager et al., 2017). 287 
Therefore, despite the ban on DDT in much (but not all) of the world, and the slow decrease 288 
in its levels in human tissues and in the environment, the obesogenic effects of such legacy 289 
pesticides in humans needs to be considered.  290 

 291 
3. Animal studies about and the relationship between agrochemicals and obesity 292 

3.1 Studies showing the obesogenic effects of agrochemicals in adult experimental 293 
animals 294 

Most of the animal studies relating chemical exposures to obesity demonstrated that the 295 
exposures induced led to weight gain and changes in adiposity, increased the expression of 296 
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obesity and adipogenesis-related biomarkers and affected hormones and adipokines involved 297 
in the regulation of food intake and energy expenditure (La Merrill, Karey, Moshier et al., 298 
2014,Angle, Do, Ponzi et al., 2013). Exposures to the agrochemicals HCB, γɣ-HCH, 299 
parathion, chlorpyrifos (CPF), mancozeb and imidacloprid led to increased body weight in 300 
rodents (Howell, Meek, Kilic et al., 2014,Peris-Sampedro, Cabre, Basaure et al., 2015,Peris-301 
Sampedro, Basaure, Reverte et al., 2015,Basaure, Guardia-Escote, Biosca-Brull et al., 302 
2019,Meggs and Brewer, 2007,Lassiter, Ryde, Mackillop et al., 2008,Bhaskar and Mohanty, 303 
2014) (Table 3). Li et al. showed that prenatal triflumizole exposure elicited adipogenic 304 
differentiation in mouse 3T3-L1 preadipocytes, in multipotent mesenchymal stromal stem 305 
cells (also known as mesenchymal stem cells, MSCs) and increased white adipose depot 306 
weight, in vivo (Li, Pham, Janesick et al., 2012). Sexually dimorphic responses have also 307 
been reported in most animal studies. For example, perinatal exposure (gestational day 11.5 308 
through postnatal day 5) to DDT caused a transient increase in body fat mass in young female, 309 
but not in male mice (La Merrill et al., 2014). In contrast, developmental exposure to CPF led 310 
to weight gain in male, but not female rats (Lassiter and Brimijoin, 2008). In addition to, 311 
some obesity-related indicators such as decreased total energy expenditure, alterations in 312 
glucose and lipid metabolism have beenwere observed after exposure to DTT and DDE (La 313 
Merrill et al., 2014,Howell et al., 2014,Ishikawa, Graham, Stanhope et al., 2015,Howell, 314 
Mulligan, Meek et al., 2015), malathion, (Kalender, Uzun, Durak et al., 2010) dichlorvos 315 
(Ogutcu, Suludere and Kalender, 2008) or CPF (Acker and Nogueira, 2012,Uchendu, Ambali, 316 
Ayo et al., 2018) (Table 3).  317 

The “two-hit” hypothesis, first formulated by Knudson in 1971, suggesteds that most 318 
tumor suppressor genes require both alleles to be inactivated to result in a phenotypic 319 
changecancer (Knudson, 1971). Now, this “two-hit” hypothesis has been is likely to be 320 
appliedadopted to explain the multifactorial nature of obesity, which may results from the 321 
combined effects of both genetic and environmental factors. A subject who is who has 322 
genetically-prone to obesity haves the “first hit” (genetic susceptibility or epigenetic 323 
predisposition) intrinsically. As the external factors, some oObesogenic factors such as 324 
chemical exposures, high energy diet, low physical activity, alcohol and smoking that act as 325 
“second hit” trigger gain weight and result in obesity (Heindel et al., 2017). The obesogenic 326 
effects of some agrochemicals were only observed upon co-treatment with high-fat diet (HFD) 327 
or were exacerbated by HFD, indicating that a second hit was needed to elicity obesity. It was 328 
reported that low doses of orally administrated permethrin (Xiao, Sun, Kim et al., 2018) or 329 
imidacloprid (Sun, Xiao, Kim et al., 2016,Sun, Qi, Xiao et al., 2017) potentiated weight gain 330 
in male mice only when a HFD was provided. HFD-fed rats exposed to CPF exhibited a pro-331 
obesity phenotype compared with controls (Fang, Li, Zhang et al., 2018). Chronic 332 
administration of atrazine increased body weight without changing food intake or physical 333 
activity levels, and feeding a HFD further exacerbated obesity (Lim, Ahn, Song et al., 2009).  334 

 335 
3.2 Animal studies showing the development and transgenerational obesogenic 336 

effects of agrochemicals 337 
The oObesogenic effects of agrochemical exposure during development s in the 338 

development period have been reported (Table 3). Li et al. showed that prenatal triflumizole 339 
exposure increased white adipose depot weight in vivo (Li, Pham, Janesick et al., 2012). 340 
Sexually dimorphic responses have also been reported in most animal studies. For example, 341 
perinatal exposure (gestational day 11.5 through postnatal day 5) to DDT caused a transient 342 
increase in body fat mass in young female, but not in male mice (La Merrill et al., 2014). In 343 
contrast, developmental exposure to CPF led to weight gain in male, but not female rats 344 
(Lassiter and Brimijoin, 2008).  345 



Transgenerational obesogenic effects of agrochemicals have been reported. Two studies 346 
established links between DDT exposure in pregnant F0 rat dams and increased obesity rates 347 
in subsequent generations. Male and female offspring from the F3 generation and male 348 
offspring from the F4 generation in the DDT lineage had an increased prevalence of obesity 349 
compared with controls (King, McBirney, Beck et al., 2019,Skinner, Manikkam, Tracey et al., 350 
2013). Two other studies showed that parental exposure to glyphosate or vinclozolin was 351 
linked to increased obesity rates in the F2 and F3 offspring (Kubsad, Nilsson, King et al., 352 
2019,Nilsson, King, McBirney et al., 2018). Overall, current data support the notion that 353 
exposure to multiple types of agrochemicals can play a role in obesity. More evidence from 354 
in vivo studies will be required to further establish the links between agrochemicals and 355 
obesity. 356 

 357 
 358 

4. Potential mechanisms through which 359 

agrochemicals induce obesity 360 

 361 

 362 

4.1 Agrochemicals might pPromote the commitment phase of adipogenesis  363 
Although the mechanisms through which environmental chemicals induce obesity are 364 

not fully understood, affecting adipogenesis is an important mechanism (Heindel et al., 2017). 365 
Both direct and developmental exposure of chemicals might affect the adipogenesis. 366 
Chemical exposure may lead to increased numbers of white adipocytes by modulating the 367 
differentiation of progenitor cells or by altering the birth/death rate of adipocytes to affect 368 
overall numbers of white adipocytes. Increased lipid storage in existing adipocytes is thought 369 
to be another major reason (Spalding, Arner, Westermark et al., 2008). Generally speaking, 370 
early developmental changes lead to increased adipocyte numbers, yet gain weight later in 371 
life during adulthood probably derives from increased fat content of existing white adipocytes 372 
(Spalding, Arner, Westermark et al., 2008).  373 

Adipogenesis occurs in cells derived from the embryonic mesoderm. Multipotent 374 
mesenchymal stromal stem cells, also known as mesenchymal stem cells (MSCs) give rise to 375 
adipocytes, which  involves determination (MSCs commit irreversibly to the adipocyte 376 
lineage) and terminal differentiation (preadipocytes differentiate into mature fat cells) (Rosen 377 
and MacDougald, 2006). MSCs can differentiate into adipocytes, chondrocytes and 378 
osteoblasts (among other cell types) in response to tissue-specific signals and are thought to 379 
renew these cells in adults (da Silva Meirelles, Chagastelles and Nardi, 2006). Like most 380 
differentiation events, adipogenesis involves determination and terminal differentiation. 381 
Determination occurs when MSCs commit irreversibly to the adipocyte lineage, lose their 382 
potential to differentiate into other types of cells and become preadipocytes (Park, Halperin 383 
and Tontonoz, 2008,Rosen and Spiegelman, 2014,Tontonoz and Spiegelman, 2008). 384 
Terminal differentiation occurs when preadipocytes undergo growth arrest and subsequent 385 
differentiate into mature fat cells (Park et al., 2008,Rosen and Spiegelman, 2014,Tontonoz 386 
and Spiegelman, 2008). The current consensus is that white adipocyte numbers are set by the 387 
end of childhood and that any factors that increase adipocyte numbers in early life lead to a 388 
life-long increase in white adipocyte number (Spalding et al., 2008). While it is controversial 389 
whether having more white adipocytes leads to obesity, obese people definitely have more 390 
white adipocytes than do those of normal weight (Spalding et al., 2008). One possibility is 391 
that obesogen exposure early in life the alters the fate of MSCs, leading to more white 392 
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adipocytes in adulthood (Janesick and Blumberg, 2011,Chamorro-Garcia, Sahu, Abbey et al., 393 
2013). The inference is that obese individuals may have a pool of MSCs that is intrinsically 394 
biased toward the adipocyte lineage (Kirchner, Kieu, Chow et al., 2010). Therefore, early life 395 
events, including obesogen exposure, that alter the fate of MSCs could predispose the 396 
exposed individual to increased numbers of white adipocytes and consequently obesity, 397 
particularly in combination with a Western Dietary pattern (Janesick and Blumberg, 2016).  398 

Several studies suggested that agrochemicals might influence MSC fate. Chlorpyrifos 399 
and carbofuran were found to inhibit the osteogenic differentiation capacity of human MSCs, 400 
although the potential of MSCs to differentiate into adipocytes was not tested (Hoogduijn, 401 
Rakonczay and Genever, 2006). Another study showed that DDT could enhance both 402 
adipogenic and osteogenic differentiation of human MSCs via an estrogen receptor (ER) 403 
mediated pathway (Strong, Shi, Strong et al., 2015). Janesick et al. found that zoxamide, 404 
spirodiclofen, fludioxonil and quinoxyfen all induced adipogenesis in mouse MSCs (Janesick, 405 
Dimastrogiovanni, Vanek et al., 2016). Increased adipogenic potential of MSCs could 406 
correspondingly increase the steady state number of adipocytes in the adult, which might 407 
favor the development of obesity over time (Chamorro-Garcia et al., 2013).  408 

In vitro and in vivo studies have demonstrated that tributyltin (TBT) promotes adipocyte 409 
differentiation and obesity by activating peroxisome-proliferator activated receptor γ (PPARγ) 410 
and its heterodimeric partner, retinoid X receptor α (RXRα). TBT can bind to and activate 411 
both receptors, but it appears to mediate its effects on adipocyte differentiation via PPARγ 412 
(Kirchner et al., 2010,Li, Ycaza and Blumberg, 2011). In contrast, activation of RXR is 413 
required to commit mouse MSCs to the adipocyte lineage (Shoucri, Martinez, Abreo et al., 414 
2017). TBT and chemicals that activate RXR (rexinoids) commit MSCs to the adipocyte 415 
lineage by inhibiting the expression and function of enzymes that deposit repressive histone 3 416 
lysine 27 trimethyl (H3K27

me3
) marks. Exposure of MSCs to TBT or rexinoids led to 417 

genome-wide decreases in H3K27
me3

 at the promoters of genes required for adipogenic 418 
commitment. Currently, there is a relative paucity of data regarding how other agrochemicals 419 
might influence MSC fate. Triflumizole was found to induce adipogenic differentiation in 420 
human and mouse MSCs through a PPARγ-dependent mechanism and to promote fat 421 
accumulation, in vivo (Li et al., 2012). Taken together, the current data suggest that exposure 422 
to agrochemicals might promote adipogenisisadipogenesis by increasing commitment of 423 
MSCs to the adipocyte lineage. Therefore, assessing the capability of an agrochemical to 424 
induce adipogenic commitment of MSCs together with its ability to promote terminal 425 
adipocyte differentiation, and the mechanisms through which these processes occur will be 426 
valuable in identifying additional agrochemical obesogens. 427 

 428 
 429 

4.2 Agrochemicals might iInduce adipocyte differentiation 430 

 431 
After MSCs are committed to the adipocyte lineage, these preadipocytes can be induced 432 

to differentiate into mature adipocytes. Usually, the process of adipocyte differentiation is 433 
influenced by the direct chemical exposure of chemicals. In contrast to the relative paucity of 434 
data regarding the effect of agrochemicals on the commitment of MSCs to preadipocytes, 435 
there is much known about the effects of these chemicals on the process of adipocyte 436 
differentiation. Murine pre-adipocyte cell lines such as 3T3-L1 cells are commonly used as 437 
an in vitro cell model to test the capacity of chemicals to induce adipogenesis. Such 438 
experiments have provided strong support for the notion that agrochemicals could promote 439 
the process of adipocyte differentiation. Treatment of with DDT and DDE resulted in 440 
increased lipid accumulation accompanied by up-regulation of multiple key regulator of 441 
adipocyte differentiation, such as CCAAT/enhancer-binding protein α and PPARγ (Kim, Sun, 442 
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Yue et al., 2016). Using the 3T3-L1 cell model, other studies have identified agrochemicals 443 
incudingincluding quizalofop-p-ethyl (QpE) (Biserni, Mesnage, Ferro et al., 2019), diazinon 444 
(Smith, Yu and Yin, 2018), pyraclostrobin (Luz, Kassotis, Stapleton et al., 2018), DDE 445 
(Mangum, Howell and Chambers, 2015), imidacloprid (Park, Kim, Kim et al., 2013), fipronil 446 
(Sun, Qi, Yang et al., 2016), permethrin (Xiao, Qi, Clark et al., 2017), zoxamide, 447 
spirodiclofen quinoxyfen, tebupirimfos, forchlorfenuron, flusilazole, acetamaprid and 448 
pymoetrozine (Janesick et al., 2016) as having the ability to promote adipocyte differentiation.  449 

Activation of PPARγ/RXRα heterodimers plays a key role in promoting adipocyte 450 
differentiation of 3T3-L1 adipocytes by regulating the expression of genes involved in lipid 451 
droplet formation, glucose uptake, and fatty acid synthesis (Janesick and Blumberg, 452 
2011,Tontonoz and Spiegelman, 2008). QpE might promote adipogenesis by activating 453 
PPARγ as demonstrated by RNAseq analysis of cells and PPARγ reporter gene assay (Biserni 454 
et al., 2019). Triflumizole was found to induce adipogenic differentiation in 3T3-L1 cells 455 
through a PPARγ-dependent mechanism (Li et al., 2012). Zoxamide, triflumizole, 456 
spirodiclofen, and quinoxyfen induced adipogenesis in 3T3-L1 cells through PPARγ/RXRα 457 
heterodimers by activating PPARγ, while fludioxonil activated RXRα (Janesick et al., 2016).  458 

However, the adipogenic effects of other agrochemicals on 3T3-L1 cells appears to be 459 
independent of PPARγ activation. For example, flusilazole, forchlorfenuron, acetamiprid and 460 
pymetrozine induced adipogenesis in 3T3-L1 cells, but did not activate PPARγ or RXRα 461 
(Janesick et al., 2016). Pyraclostrobin was found to induce mitochondrial dysfunction which 462 
in-turn inhibited lipid homeostasis, resulting in triglyceride accumulation (Luz et al., 2018). 463 
Permethrin might potentiate adipogenesis in 3T3-L1 adipocytes via altering intracellular 464 
calcium levels and through endoplasmic reticulum stress-mediated mechanisms (Xiao et al., 465 
2017), although, it also activates PPARα (Fujino, Watanabe, Sanoh et al., 2019). The related 466 
chemical, deltamethrin may also activate an endoplasmic reticulum stress-mediated pathway 467 
in 3T3-L1 adipocytes (Yuan, Lin, Xu et al., 2019). An AMP-activated protein kinase 468 
AMPKα-mediated pathway was found to play a role in the induction of adipogenesis in 3T3-469 
L1 preadipocytes by agrochemicals such as DDT and DDE, (Kim et al., 2016), imidacloprid 470 
(Sun et al., 2017), deltamethrin (Yuan et al., 2019,Shen, Hsieh, Yue et al., 2017), and fipronil 471 
(Sun et al., 2016). Endrin and tolylfluanid promoted adipogenesis in 3T3-L1 cells via 472 
glucocorticoid receptor activation (Sargis, Johnson, Choudhury et al., 2010). In contrast, 473 
another study showed that endrin inhibited adipogenesis in 3T3-L1 cells (Moreno-Aliaga and 474 
Matsumura, 1999).  475 

By using a human adipose-derived stromal cell-based adipogenesis assay, Foley et al. 476 
found that some agrochemicals including triphenyltin hydroxide, lactofen, triflumizole, 477 
halosulfuron-methyl, cyfluthrin, flufenacet, isoxaflutole, piperonyl-butoxide, pyraclostrobin, 478 
and tebufenozide could induce lipid accumulation in these cells. By combining the results of 479 

gene transcription, protein expression, loss-of-function PPARγ siRNA assay and adipokine 480 
secretion, it was suggested that these chemicals might have moderate-to-strong activity for 481 
human adipogenesis (Foley, Doheny, Black et al., 2017). Considering the wide exposure of 482 
the humans and wildlife to agrochemicals, it will be of great interest to determine which 483 
pathways are causally associated with the adipogenic effects elicited by these chemicals and 484 
whether they also occur, in vivo. 485 

 486 
 487 

4.3 Agrochemicals might exert obesogenic effectsEffects mediated by sex steroid 488 
hormone dysregulation  489 

Sex steroid hormones such as estrogens and androgens appear to play important roles in 490 
adipose tissue development during early development or at in adulthood (Cooke and Naaz, 491 
2004). Estrogens play a pivotal role in regulating energy homeostasis, especially in female 492 



mammals, either by acting directly on the brain or through activation of ERs in adipocytes 493 
(Mauvais-Jarvis, Clegg and Hevener, 2013). Imbalances in the sex steroid levels can lead to 494 
dyslipidemias and obesity. For example, weight gain was observed following androgen 495 
deprivation therapy for prostate cancer (Braunstein, Chen, Loffredo et al., 2014) or polycystic 496 
ovary syndrome (Stanley and Misra, 2008). Obesogenic effects have been observed for 497 
xenoestrogenic compounds such as diethylstilbestrol (DES) (Newbold, Padilla-Banks, Snyder 498 
et al., 2007) and bisphenol A (BPA) (Rubin, Murray, Damassa et al., 2001), suggesting that 499 
dysregulated signaling through sex steroid receptors can produce pro-adipogenic effects. This 500 
might also influence the sexually dimorphic effects of some chemicals on the incidence and 501 
health consequences of obesity observed in humans (Palmer and Clegg, 2015). Therefore, 502 
chemicals that can disrupt the regulation of estrogen and androgen signaling, either by 503 
changing hormone levels or by directly interacting with the cognate nuclear receptors may 504 
contribute to disturbances in the regulation of adipose tissue formation and maintenance. 505 
Both direct and developmental exposure of chemicals might disrupt the regulation of sex 506 
hormones signaling. 507 

Many in vivo experimental animal studies examined estrogenic or anti-androgenic 508 
effects of agrochemicals. By using the rat uterotrophic (estrogen) and Hershberger (anti-509 
androgen) assays, it was found that the insecticide permethrin might have estrogenic effects 510 
on female rats, but anti-androgenic effects on male rats (Kim, Lee, Lim et al., 2005). In vivo 511 
anti-androgenic effects have also been reported in response to agrochemicals including 512 
linuron (Wolf, Lambright, Mann et al., 1999,Lambright, Ostby, Bobseine et al., 2000), 513 
prochloraz (Vinggaard, Christiansen, Laier et al., 2005), procymidone (Ostby, Kelce, 514 
Lambright et al., 1999), tebuconazole (Taxvig, Hass, Axelstad et al., 2007), vinclozolin 515 
(Anway, Memon, Uzumcu et al., 2006,Uzumcu, Suzuki and Skinner, 2004)), DDE (Wolf et 516 
al., 1999), endosulfan (Sinha, Adhikari and D, 2001), dimethoate (Verma and Mohanty, 2009) 517 
and deltamethrin (Andrade, Araujo, Santana et al., 2002). After reviewing the animal and 518 
epidemiologic data from previous studies, Li et al. suggested that chlorpyrifos induces 519 
metabolic disruption by altering levels of reproductive hormones (Li, Ren, Li et al., 2019). 520 

Mechanistic studies suggested that agrochemicals might exert estrogenic or anti-521 
androgenic effect by affecting sex hormone status or by acting directly on estrogen receptors 522 
(ERs) and/or androgen receptor (AR). Several agrochemicals were documented to affect sex 523 
hormone levels through interference with hormone synthesis or breakdown. For example, 524 
testicular apoptosis was found in adult rats following exposure to a single dose of 525 
methoxychlor (Vaithinathan, Saradha and Mathur, 2010). DDE inhibited the action of 5α-526 
reductase, the major enzyme that converts testosterone to dihydro-testosterone (Lo, King, 527 
Allera et al., 2007). DDE stimulated aromatase activity in ovarian granulosa cells (Younglai, 528 
Holloway, Lim et al., 2004). An analysis of the hepatic transcriptome of mice treated with 529 
p,p’-DDE revealed altered mRNA levels of genes encoding enzymes involved in testosterone 530 
catabolism and excretion, resulting in impaired testosterone metabolism (Morales-Prieto, 531 
Ruiz-Laguna, Sheehan et al., 2018). Numerous agrochemicals, including DDT, can affect the 532 
expression levels and/or activity of multiple cytochrome P450 enzymes (P450) (Abass and 533 
Pelkonen, 2013,Blizard, Sueyoshi, Negishi et al., 2001), which are involved in the 534 
metabolism of steroid hormones and many xenobiotic chemicals.  535 

Many studies have investigated the activity of agrochemicals on ER and AR using 536 
reporter gene assays. DDE was demonstrated to be a potent AR antagonist (Kelce, Stone, 537 
Laws et al., 1995). Kjeldsen et al. (Kjeldsen, Ghisari and Bonefeld-Jorgensen, 2013) 538 
investigated the effects of five agrochemicals (terbuthylazine, propiconazole, prothioconazole, 539 
cypermethrin and malathion) on ER and AR transactivation using luciferase reporter gene 540 
assays. The results showed that these five pesticides weakly activated ER and that three 541 
pesticides (bitertanol, propiconazole and mancozeb) antagonized AR activity in a 542 



concentration-dependent manner. Kojima et al, (Kojima, Katsura, Takeuchi et al., 2004) 543 
screened 200 agrochemicals and reported that 66 were anti-androgenic, whereas only 29 were 544 
estrogenic. Numerous in vitro studies based on reporter gene assays demonstrated estrogenic 545 
and anti-androgenic effect of agrochemicals (Kitamura, Suzuki, Ohta et al., 2003,Andersen, 546 
Vinggaard, Rasmussen et al., 2002,Bauer, Bitsch, Brunn et al., 2002,Okubo, Yokoyama, 547 
Kano et al., 2004,Orton, Lutz, Kloas et al., 2009,Vinggaard, Niemela, Wedebye et al., 548 
2008,Sun, Xu, Xu et al., 2007,Zhang, Zhu, Zheng et al., 2008,Robitaille, Rivest and 549 
Sanderson, 2015,Xu, Liu, Ren et al., 2008,Li, Li, Ma et al., 2008,Martin, Dix, Judson et al., 550 
2010,Knudsen, Houck, Sipes et al., 2011).) (Sun et al., 2007,Zhang et al., 2008,Robitaille et 551 
al., 2015,Xu et al., 2008,Li et al., 2008,Martin et al., 2010,Knudsen et al., 2011). In addition 552 
to the canonical ERs, binding of DDT and DDE to the seven-transmembrane estrogen 553 
receptor, GPR30, which activates alternative estrogen signaling was demonstrated (Thomas 554 

and Dong, 2006). Molecular dynamic simulations showed that estrogen‐-related receptor γ, 555 
which might affect estrogen signaling indirectly, could also be a potential target of DDT and 556 
DDE (Zhuang, Zhang, Wen et al., 2012). Estrogenic or anti-androgenic effects of 557 
agrochemicals might involve more than one mechanism; thus, their effects might be mediated 558 
through multiple cellular pathways.  559 

Typically, humans are only rarely exposed to a single agrochemical. Rather they are 560 
simultaneously exposed to multiple xenobiotic chemicals, including agrochemicals and 561 
supposedly inert carriers. It is probable that these different agrochemicals may act in 562 
combination through additive, synergistic, or antagonistic mechanisms, which may influence 563 
the doses of such ligands required to induce adipogenesis. Notably, additive and synergistic 564 
anti-androgenic activities of agrochemical mixtures have been observed (Kjeldsen et al., 565 
2013,Ma, Chen, Yang et al., 2019,Orton, Rosivatz, Scholze et al., 2012,Kolle, Melching-566 
Kollmuss, Krennrich et al., 2011,Birkhoj, Nellemann, Jarfelt et al., 2004). Christen et al., 567 
studied additive and synergistic anti-androgenic activities of binary mixtures of five anti-568 
androgenic fungicides and found that about half of the tested mixtures produced additive 569 
effects and half synergistic effects (Christen, Crettaz and Fent, 2014). These observed 570 
additive and synergistic effects emphasize the importance of considering the combined 571 
actions of these chemicals. Although the underlying molecular mechanisms remain to be 572 
fully understood, these studies suggested the agrochemicals might induce obesity by 573 
disturbing normal sex hormone signaling. 574 

 575 
 576 

4.4 Agrochemicals might exert obesogenic effects by Affect affecting metabolic 577 
homeostasis mediated bythrough metabolic sensors, the PPARs 578 

Obesogens might induce obesity by perturbing metabolic homeostasis resulting in 579 
unbalanced energy expenditure. Many nuclear receptors respond to specific hormones such as 580 
thyroid hormone, mineralocorticoids, glucocorticoids, retinoic acid, sex steroids and 581 
lipophilic endogenous substances. These are involved in various physiological and 582 
pathological processes in the regulation of metabolic homeostasis. (Mangelsdorf, Thummel, 583 
Beato et al., 1995). Among these, the peroxisome proliferator-activated receptor (PPAR) 584 
subfamily, comprising PPARα, PPARβ/δ) and PPARγ are key players in adipogenesis and 585 
lipid metabolism (Feige, Gelman, Michalik et al., 2006). After forming heterodimers with 586 
retinoid X receptors (RXR), PPARs regulate the transcription of genes involved in the 587 
regulation of adipogenesis (adipocyte proliferation and differentiation), intracellular lipid 588 
metabolism and storage, glucose homeostasis and insulin responsiveness (Wang, 2010). The 589 
three PPAR subtypes act as ligand sensors for a variety of lipophilic hormones, dietary fatty 590 
acids and their metabolites to regulate lipid homeostasis (Bensinger and Tontonoz, 2008). 591 
They work together to control almost every aspect of fatty acid metabolism. Many 592 



pharmaceutical drugs and environmental chemicals target PPARs, enabling them to affect 593 
PPAR signaling pathways involved in regulating metabolic balance (Lau, Abbott, Corton et 594 
al., 2010). Usually, thechemical influences on metabolic homeostasis acting through PPARs 595 
areis due to the direct chemical exposure of chemicals. 596 

Several in vivo studies revealed changes in the expression levels of genes encoding 597 
PPARs and PPAR-regulated genes after agrochemical exposure. The herbicide dicamba (2-598 
methoxy-3,6-dichlorobenzoic acid) caused a significant increase in peroxisomal beta-599 
oxidation activity and changed the expression of a variety of PPAR regulated enzymes in rat 600 
livers, suggesting that dicamba acts as a peroxisome proliferator in rats (Espandiari, Thomas, 601 
Glauert et al., 1995). The herbicide diclofop was also shown to be a rodent peroxisome 602 
proliferator (Palut, Ludwicki, Kostka et al., 2001). Atrazine induced a near-significant 603 
increase in PPARβ mRNA in Xenopus laevis tadpoles (Zaya, Amini, Whitaker et al., 2011), 604 
and diclofop-methyl and pyrethrins changed the expression of PPARα-inducible  cytochrome 605 
P450 genes in mice (Takeuchi, Matsuda, Kobayashi et al., 2006). 2,4-dichlorophenoxyacetic 606 
acid increased expression of PPARδ in HepG2 cells (Sun, Shao, Liu et al., 2018). DDT 607 
enhanced expression of PPARγ mRNA in human MSCs (Strong et al., 2015). Therefore, 608 
expression of PPAR genes themselves may be potential agrochemical targets. 609 

Results of in vitro reporter gene assays and in silico ligand binding simulations 610 
suggested that agrochemicals could function as agonistic ligands for one or more of the 611 
PPARs. Using an in vitro reporter gene assay based on CV-1 cells, Takeuchi et al. screened 612 
the ability of 200 agrochemicals to activate mouse PPARα and they found three chemicals 613 
(diclofop-methyl, pyrethrins and imazalil) had PPARα agonistic activity, yet none of the 614 
tested agrochemicals showed PPARγ agonistic activity (Takeuchi et al., 2006). Using a 615 
reporter gene assay based on COS-1 cells it was found that none of eight tested pyrethroids 616 
activated PPARα but that a metabolite of cis-/trans-permethrin as well as a metabolite of 617 
phenothrin (3-phenoxybenzoic acid) activated rat PPARα (Fujino et al., 2019). Five chitin 618 
synthesis inhibitors activated PPARγ-mediated reporter gene activity with the rank order of  619 
diflubenzuron > chlorfluazuron > flucycloxuron > noviflumuron > flufenoxuron (Ning, Ku, 620 
Gao et al., 2018). Other agrochemicals such as quizalofop-p-ethyl (Biserni et al., 2019) 621 
spirodiclofen, zoxamide (Janesick et al., 2016) and triflumizole (Li et al., 2012) were found 622 
to have PPARγ agonistic activity. An in silico study modeling the binding of pesticides in the 623 
PPARγ ligand-binding pocket suggested that the pesticide dithiocarbamate and the fungicide 624 
mancozeb might bind to this receptor (Bhaskar and Mohanty, 2014). The PPARγ ligand-625 
binding pocket is rather large and can bind multiple compounds as the same time (Balaguer, 626 
Delfosse, Grimaldi et al., 2017). Therefore, it is not surprising that many agrochemicals with 627 
dissimilar structures could be PPARs ligands. 628 

The PPARs have different tissue distributions and biological functions. PPARα is 629 
expressed predominantly in liver, kidney, heart, and muscle, and plays a major role in fatty 630 
acid oxidation. Activation of PPARα leads to peroxisome proliferation in rodents and 631 
stimulates β-oxidation of fatty acids (Ferre, 2004). PPARδ is ubiquitously expressed and can 632 
also promote fatty acid oxidation (Barish, Narkar and Evans, 2006). Consequently, 633 
xenobiotics that target PPARα and δ typically act as hypolipodemic agents. In contrast, 634 
PPARγ is primarily expressed in adipose tissue and is considered to be the master regulator 635 
of adipogenesis (Tontonoz and Spiegelman, 2008). A large body of work has clearly 636 
established that PPARγ plays key roles in diverse aspects of adipocyte biology including lipid 637 
biosynthesis and lipid storage (Evans, Barish and Wang, 2004). Activation of PPARγ is 638 
essential for the differentiation of resident preadipocytes and the conversion of mesenchymal 639 
progenitors to preadipocytes in white adipose tissues (Takada, Kouzmenko and Kato, 2009). 640 
Pharmaceutical drugs such as anti-diabetic thiazolidinediones as well as environmental 641 
chemicals such as the organotin compounds tributyltin (TBT) and triphenyltin (TPT) (Grun, 642 



Watanabe, Zamanian et al., 2006,Kanayama, Kobayashi, Mamiya et al., 2005) act as 643 
obesogens by stimulating adipogenesis in a PPARγ-dependent manner . Since many 644 
agrochemicals have already been found to bind and activate PPARγ, it will be worthwhile to 645 
test all widely used agrochemicals for their ability to target PPARγ and act as bona fide 646 
obesogens, in vivo.  647 

 648 
 649 

4.5 Agrochemicals might exert obesogenic effects by affecting metabolic homeostasis 650 
through disturbing the thyroid hormone pathwayAffect metabolic homeostasis by 651 
disturbing the thyroid hormone pathway 652 

Another mechanism through which obesogens could interfere with metabolic 653 
homeostasis is by altering the expression of hormones that regulate overall energy 654 
expenditure. Obesogens might change the balance between energy storage and consumption 655 
thereby leading to obesity. Thyroid hormone (triiodothyronine, T3) exerts widespread effects 656 
on carbohydrate, lipid and protein metabolism and is tightly associated with the basal 657 
metabolic rate (Mendoza and Hollenberg, 2017). It is essential to maintain thyroid function 658 
and thyroid hormone action within normal physiological limits to correctly regulate basal 659 
metabolic rate and thermogenesis. Increased activity of the thyroid pathway could accelerate 660 
metabolism leading to weight loss, whereas decreased thyroid activity could produce weight 661 
gain (Rotondi, Leporati, La Manna et al., 2009,Reinehr, 2010). Environmental chemicals 662 
might disrupt thyroid hormone signaling at many different levels, including the central 663 
regulatory system in the hypothalamus and pituitary, thyroid hormone biosynthesis and 664 
release from the thyroid gland, activity of deiodinases, transport in the blood, metabolism, 665 
and thyroid hormone action on nuclear receptors in target cells (Preau, Fini, Morvan-Dubois 666 
et al., 2015). There is considerable evidence from animal and human studies establishing 667 
relationships between EDC exposures and thyroid disruption. Most of these considered 668 
polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), perfluoroalkyl 669 
substances (PFASs), phthalates, BPA, and perchlorate (Zoeller, 2010). Many of these 670 
chemicals have also been shown to promote a propensity for obesity and metabolic syndrome. 671 
Thus, disrupting the thyroid signaling pathway is a plausible mechanism through which 672 
obesogens might contribute to obesity. Usually, influences on metabolic homeostasis through 673 
the thyroid signaling pathway are due to direct chemical exposure.Usually, the influence on 674 
metabolic homeostasis through thyroid signaling pathway is due to the direct exposure of 675 
chemicals.  676 

A broad range of human and animal studies documented that agrochemicals could 677 
interfere with the normal function of the thyroid endocrine system (Requena, Lopez-Villen, 678 
Hernandez et al., 2019). An association between the use of organochlorine pesticides and risk 679 
of hypothyroidism and hyperthyroidism has been established among women in Iowa and 680 
North Carolina enrolled in the Agricultural Health Study in 1993-1997 (Goldner, Sandler, Yu 681 
et al., 2010). Animal studies indicated that in utero exposure to pesticides such as DDT, DDE 682 
and chlorpyrifos-methyl may affect thyroid hormone status in offspring (Luo, Pu, Tian et al., 683 
2017,Jeong, Kim, Kang et al., 2006). Mechanistic studies also supported the disruptive 684 
effects of agrochemicals on thyroid function. The hypothalamus–pituitary–thyroid (HPT) axis 685 
determines systemic thyroid hormone levels (Ortiga-Carvalho, Chiamolera, Pazos-Moura et 686 
al., 2016). Acetochlor was found to alter the mRNA expression of HPT axis-related genes 687 
and changed circulating thyroid hormone levels in zebrafish larvae, (Yang, Hu, Li et al., 688 
2016,Xu, Sun, Niu et al., 2019). Most activity of T3 is mediated by its nuclear receptors, 689 
thyroid hormone receptor alpha (TRα) and beta (TRβ) which require heterodimerization with 690 
RXRs to bind DNA and regulate the expression of target genes (Yen, 2001). A GH3-691 
luciferase reporter gene assay was used to investigate the activities of 21 pesticides towards 692 



TRs. Among the tested 5 of 21 pesticides, 5 of them (procymidone, imidacloprid, atrazine, 693 
fluroxypyr, mancozeb) had agonistic effects, (procymidone, imidacloprid, atrazine, fluroxypyr, 694 
mancozeb), whereas 11 pesticides (butachlor, beta-cypermethrin, fenobucarb, cyhalothrin, theta-695 
cypermethrin, bifenthrin, carbaryl, pymetrozine, pendimethalin, metolcarb, and acetochlor) 696 
inhibited luciferase activity induced by T3 to varying degrees, demonstrating their 697 
antagonistic activity activities (Xiang, Han, Yao et al., 2017). Xiang et al. also found that 13 698 
pesticides bound were shown to bind directly to TR as measured by surface plasmon 699 
resonance (SPR) biosensors (Xiang et al., 2017). Co-exposure of mice to the dithiocarbamate 700 
fungicide, mancozeb and the neonicotinoid insecticide, imidacloprid during lactation 701 
decreased plasma T3 levels and molecular dynamics simulations predicted that both of these 702 
chemicals might compete with T3 for binding to TRs (Bhaskar and Mohanty, 2014). Taken 703 
together, these studies established strong links between agrochemicals and disruption of 704 
thyroid signaling; however, possible obesogenic effects through this mechanism require 705 
further investigation.  706 

 707 
4.6 Agrochemicals might exert obesogenic effects by By affecting the gut microbiota 708 

The human gut is the natural host for a large diverse and dynamic microbial community 709 
comprising bacteria and fungi, which together constitute the gut microbiota. The potential 710 
role of the gut microbiota in the development of obesity and obesity-related metabolic 711 
disorders has attracted considerable attention in the last several decades (Turnbaugh, Backhed, 712 
Fulton et al., 2008,Turnbaugh, Hamady, Yatsunenko et al., 2009,Zhao, 2013,Snedeker and 713 
Hay, 2012). Mechanistic studies indicated that the gut microbiota play a vital role in the 714 
development of obesity as they can influence energy utilization from the diet and produce 715 
microbiota-derived metabolites that regulate host metabolism and appetite (Turnbaugh and 716 
Gordon, 2009,Chen and Devaraj, 2018). The composition of the gut microbiota is highly 717 
dynamic and can be altered rapidly and substantially by diet and other environmental factors. 718 
Usually, the gut microbiota might beis affected by the direct chemical exposure of chemicals. 719 
Consumption of contaminated foods represents the major sources of human exposure to 720 
agrochemicals and this can lead to direct interactions between agrochemicals and the gut 721 
microbiota. Numerous studies showed that agrochemicals could affect the composition and 722 
function of gut microbiota and played an important role in agrochemical-induced toxicity 723 
(Joly Condette, Khorsi-Cauet, Morliere et al., 2014,Yuan, Pan, Jin et al., 2019,Mao, 724 
Manservisi, Panzacchi et al., 2018).  725 

Emerging evidence supports the involvement of the gut microbiota in agrochemical-726 
induced obesity. In a human cross-sectional study, levels of Methanobacteriales in the gut 727 
were associated with higher body weight and waist circumference and it was already known 728 
that these bacteria are linked to obesity (Lee, Lee, Lee et al., 2011). (Lee, Lee, Lee et al., 729 
2011). Serum organochlorine pesticides (cis-nonachlor, oxychlordane and trans-nonachlor) 730 
levels were also positively correlated with levels of Methanobacteriales. This supports a 731 
possible link among organochlorine pesticide levels, gut Methanobacteriales levels, and 732 
obesity in the general population. Some animal studies also established potentially causal 733 
links among agrochemical levels, composition of the gut microbiota and obesity. 734 
Chlorpyrifos disrupted gut microbial homeostasis and increased lipopolysaccharide entry into 735 
the body leading to low-grade systemic inflammation (Liang, Zhan, Liu et al., 2019). Mice 736 
given this chlorpyrifos-altered microbiota gained more white adipose tissue and had lower 737 
insulin sensitivity, supporting a link between the microbiota and obesity-related diseases 738 
(Liang et al., 2019). Chlorpyrifos exposure also significantly altered the composition of 739 
bacteria previously associated with obese and diabetic phenotypes in gut microbiome of rats 740 
(Fang et al., 2018). Chlorpyrifos exposure caused hepatic lipid metabolism disorders that 741 
were associated with gut oxidative stress and microbiota dysbiosis in zebrafish (Wang, Shen, 742 
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Zhou et al., 2019). Carbendazim induced gut microbiota dysbiosis and disturbed lipid 743 
metabolism, which promoted the intestinal absorption of excess triglycerides and caused 744 
multiple tissue inflammatory responses in mice (Jin, Zeng, Wang et al., 2018). Taken 745 
together, these studies showed that altering the composition of the gut microbiota is a 746 
possible mechanism through which agrochemicals can promote obesity. It will be important 747 
to establish a mechanistic understanding of how perturbation of gut microbiota by 748 
agrochemicals ultimately leads to obesity in humans as well as to evaluate agrochemicals in 749 
widespread use for these effects. 750 

 751 
 752 

4.7 Epigenetic programming and transgenerational effects of agrochemicals 753 
Previous studies have demonstrated that genetic differences such as single 754 

polynucleotide polymorphisms in a variety of genes may explain why some people are more 755 
likely to become obese (Locke, Kahali, Berndt et al., 2015). However, it is inconceivable that 756 
the rapid increase in the rate of obesity over the past decades in the U.S. and other countries 757 
is due to the changes in human genetics. Moreover, it was estimated that the possible 758 
spectrum of genetic changes might explain only 20% of the incidence of obesity (Locke et al., 759 
2015). This means that environmental and lifestyle factors may must play key roles in the 760 
obesity pandemic. Epigenetic modification refers to heritable changes that modulate how the 761 
genome is expressed, but that do not involve altering the underlying DNA sequence. 762 
Epigenetic changes are natural occurrences but these can also be influenced by dietary and 763 
environmental factors (Skinner, 2015). Epigenetic modifications include methylation of 764 
cytosine residues on DNA, post-translational modification of histones, histone retention, 765 
chromatin remodeling and altered non-coding RNA expression (Whitelaw and Whitelaw, 766 
2008). Epigenetic processes can affect patterns of gene expression by directly influencing 767 
DNA accessibility and/or by regulating chromatin compaction (Nilsson, Sadler-Riggleman 768 
and Skinner, 2018).  769 

Epigenetic modifications acting on somatic tissues typically only influence the 770 
physiology of the exposed individual, changing the risk of disease development later in life. 771 
This might partly explain the developmental origins of disease (Burdge, Hanson, Slater-772 
Jefferies et al., 2007). However, in some cases environmental factors alter the epigenetic 773 
programming of germ cells (sperm or egg) and phenotypes can appear in future generations 774 
without further direct exposure. This can lead to epigenetic transgenerational inheritance 775 
(Skinner, 2011). Therefore, epigenetic changes might be a plausible explanation for the 776 
pandemic of obesity and related diseases that cannot be fully accounted for by genetic 777 
variations and lifestyle factors.  778 

Environmental factor-induced transgenerational inheritance of pathologies and 779 
phenotypic variations have been found in different species (Nilsson et al., 2018). Many 780 
studies showed that EDC exposure can result in increased disease susceptibility later in life 781 
and in subsequent generations (Anway and Skinner, 2006,Uzumcu, Zama and Oruc, 782 
2012,Skinner, Manikkam and Guerrero-Bosagna, 2011,Rissman and Adli, 2014,Ho, Johnson, 783 
Tarapore et al., 2012,Skinner and Anway, 2005,Guerrero-Bosagna, Weeks and Skinner, 784 
2014). A number of studies revealed that pesticides such as vinclozolin (Nilsson et al., 785 
2018,Beck, Sadler-Riggleman and Skinner, 2017,Anway, Cupp, Uzumcu et al., 2005), 786 
permethrin, methoxychlor (Manikkam, Haque, Guerrero-Bosagna et al., 2014), DDT 787 
(Skinner, Ben Maamar, Sadler-Riggleman et al., 2018,Ben Maamar, Nilsson, Sadler-788 
Riggleman et al., 2019), atrazine (McBirney, King, Pappalardo et al., 2017,Hao, Gely-Pernot, 789 
Kervarrec et al., 2016) and the insect repellant diethyltoluamide, (Manikkam, Tracey, 790 
Guerrero-Bosagna et al., 2012) promoted transgenerational inheritance of disease 791 
susceptibility and sperm epimutations. Transgenerational disease pathologies related to 792 



pesticide exposure included effects on the testis (King et al., 2019,Skinner et al., 2013,Anway, 793 
Leathers and Skinner, 2006), prostate (King et al., 2019,Anway et al., 2006), ovaries (King et 794 
al., 2019,Skinner et al., 2013,Manikkam et al., 2014,Manikkam et al., 2012), kidneys (King et 795 
al., 2019,Skinner et al., 2013,Manikkam et al., 2014,Anway et al., 2006), immune system 796 
(Anway et al., 2006), behavior (McBirney et al., 2017) and tumor development (Anway et al., 797 
2006). 798 

Exposure to obesogenic chemicals during critical periods of development might alter 799 
epigenetic programming processes that predispose a stem cell or progenitor cell toward a 800 
particular lineage such as the adipocyte. Epigenetic changes caused by exposures to EDCs 801 
such as TBT and DES may lead to obesity in subsequent generations (Chamorro-Garcia, 802 
Diaz-Castillo, Shoucri et al., 2017,Chamorro-Garcia and Blumberg, 2014,Stel and Legler, 803 
2015,van Dijk, Tellam, Morrison et al., 2015). Skinner and colleagues showed that ancestral 804 
exposures of F0 rat dams to DDT led to a striking increase in the incidence of obesity in both 805 
F3 males and females (King et al., 2019,Skinner et al., 2013). In a similarly designed 806 
transgenerational experiment, they found that F0 exposure to glyphosate led to increased 807 
obesity rates in subsequent generations (Kubsad et al., 2019). Exposure to vinclozolin 808 
induced epigenetic transgenerational inheritance of increased obesity rates in F3 generation 809 
female rats (Nilsson et al., 2018). However, the molecular mechanisms underlying how these 810 
chemicals induce epigenetic changes and how these changes are transmitted to future 811 
generations to produce obesity and other adverse outcomes remains unclear. Many different 812 
mechanisms have been proposed for how epigenetic changes can affect subsequent disease 813 
outcomes including modulating methyl donor availability and altering the expression of 814 
enzymes that act as epigenetic readers, writers and erasers (Walker, 2016). However, at the 815 
time of this writing no convincing evidence exists that precisely establishes the molecular 816 
mechanisms through which epigenetic transgenerational inheritance of any phenotype, 817 
including obesity occurs. 818 

 819 
 820 

5. Conclusions and future directions 821 
There is compelling evidence to suggest that widespread exposure to agrochemicals are 822 

is an important factor contributing to the human obesity pandemic in the human population. 823 
For example, DDE has been found to be a probable human obesogen based on multiple 824 
studies in vitro and in vivo using animal models and on longitudinal studies in humans, with 825 
a significant annual cost to the European Union (Legler, Fletcher, Govarts et al., 2015). DDE 826 
is thought to work as an anti-androgen and there are many other agrochemicals that exhibit 827 
anti-androgenic effects in vitro and in vivo (Orton et al., 2012,Orton, Rosivatz, Scholze et al., 828 
2011). Therefore, it will be very important to establish the molecular mechanisms through 829 
which DDT/DDE act to influence obesity and to conduct the same sorts of cell-based, 830 
animal-based and longitudinal cohort studies in humans with other agrochemicals. We need 831 
to understand both the effects of perinatal exposure to obesogenic agrochemicals as well as 832 
the effects of exposures during other times across the life course.  833 

There are many possible modes of action for how agrochemicals can promote obesity as 834 
discussed above. What is missing is a systematic effort to understand which of the many 835 
agrochemicals in current use can lead to adverse health outcomes, including obesity and 836 
through which molecular pathways they act to exert these effects. Current practice in 837 
toxicological research is becoming focused on “adverse outcome pathways” and “molecular 838 
initiating events”. These are useful paradigms for simple systems, but it is abundantly clear 839 
that agrochemicals can act through multiple pathways. These cellular signaling pathways 840 
interact with each other in complex ways. It is likely that individual chemicals act at multiple 841 
levels on metabolic homeostasis. Moreover, humans are typically exposed to poorly defined 842 



mixtures of chemicals that may interact in combinatorial ways that can be additive or 843 
inhibitory. Typical agrochemicals are also applied as mixtures that include so-called “inert 844 
ingredients” that may not be inert and whose composition and levels are not required to be 845 
reported. Much remains undiscovered about the possible molecular mechanisms for 846 
agrochemicals and their relationship with the obesity epidemic.  847 

Epigenetic changes may underlie the transgenerational effects of early life obesogen 848 
exposure; however, we know very little about the operational molecular mechanisms and 849 
even less about how the effects are transmitted across generations. The contributions of the 850 
gut microbiome to human health and disease are becoming widely appreciated, yet the effects 851 
of agrochemicals on the microbiome are only very poorly understood. Many more 852 
epidemiological and molecular studies will be required to clarify these issues.   853 
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Table 1. Literature summarizing Summary of the literatures about the associations between 1695 
agrochemicals and adult obesity. 1696 
References Names Exposure levels 

(serum level) 

Population 

(number of 

subjects) 

Outcomes 

 

(Dusanov et 

al. 2018) 

HCB; 

β-HCH; 

p,p’-DDT; 
DDE 

 

HCB: 

66.8-101.2 pg/mL;  

β-HCH:  
22.9-47.6 pg/mL; 

p,p’-DDT:  

11.3-20 pg/mL; 
DDE:  

315-679 pg/mL; 

Norway, adult, 

(N=431) 

 

Increased odds of metabolic 

syndrome. 

(La Merrill 

et al. 2018) 

DDE 

 

170-570 

ng/g lipid 
 

Sweden, 70 years 

old (N = 988) 

Increased BMI. 

(Jaacks et 

al. 2016) 

p,p'-DDT  Mean level:  

0.0158 ng/mL  
 

USA, pregnant 

women, 18-40 years 
old (N=218)   

Gestational  weight  gain. 

(Arrebola et 

al. 2014) 

HCB; 

DDE; 

β-HCH 

Mean level: 

HCB: 32.81 ng/g 

lipid; 
β-HCH: 19.60ng/g 

lipid; 
DDE: 183.99ng/g 

lipid; 

Spain, adults 

(N=298) 

 
 

Increased BMI and levels of 

total cholesterol, HDL, LDL, 

and total  serum  lipids. 
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(Langer et 

al. 2014) 

DDE; 

HCB 
 

DDE:  

54-22382 ng/g 
lipid; 

HCB:  

22-17928 ng/g 
lipid 

Slovakia, adults, 

(N=2053) 

Increased BMI and increased 

levels of cholesterol and 
triglyceride. 

(Raafat et 

al. 2012) 

Malathion 

 

Mean level: 

0.0746 mg/L 

Egypt, 39±12 years 

old (N=98) 

Increased waist circumference. 

(Lee et al. 

2012) 

DDE Mean level: 

2654  ng/g  lipid 

Sweden, 70 years 

old (N=970)   

Increased odds ratios of 

abdominal  obesity. 

(Lee et al. 

2012) 

DDE 

 

11-23271 pg/mL  Sweden, 70 years 

old people  

(N=970) 

Increased existence or 

development of  abdominal 

obesity. 

(Dirinck et 

al. 2011) 

  β-HCH 

 

1.9-200 ng/g lipid Belgium, ≥18 years 

(N=145) 

Increased BMI, waist, fat mass 

percentage, and total and 

subcutaneous abdominal 
adipose tissue. 

(Bachelet et 

al. 2011) 

  DDE 

 

Mean level: 

85 ng/g lipid 
French, women 

(N=  1055) 

Increased BMI. 

(Ibarluzea et 

al. 2011) 

DDE;  

β-HCH; 
HCB 

Mean level:  

DDE:  
110.0 ng/g lipid;  

β-HCH:  

19.1 ng/g lipid;  

HCB:  

33.5 ng/g lipid  

Spain, 

pregnant  women 

(N=1259) 

 

Increased BMI. 

(Lee et al. 

2011) 

HCB; 

DDE; 

 

Not supplied USA, adults, 

(N=5115) 

 

Increased BMI, triglycerides, 

HOMA-IR, lower HDL-

cholesterol and triglycerides.  
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 1725 
Table 2. Literature summarizing Summary of the literatures about the associations between 1726 
agrochemicals and the development of early-onset obesity. 1727 
 1728 
References Names The age of the 

children 

Population 

(number of 

subjects) 

Outcomes 

(Whether showed gender-specific 

effects) 

(Cabrera-

Rodriguez et 

al. 2019) 

DDE 

 

Infants 

 

Spain 

(N=447) 

Increased neonatal birth weight, 

with a special emphasis on girls. 

(Showed gender-specific effects) 

(Warner et 

al. 2017) 

DDT; 

DDE 

12 years old USA 

(N=240) 

Increased BMI for boys but not 

girls.  

(Showed gender-specific effects) 

(Xu et al. 

2017) 

o,p'-DDD; 

p,p'-DDT 

Infants 

 

Chinese 

(N=120) 

Increased neonatal  birth  weight. 

(Vafeiadi et 

al. 2015) 

DDE;  

HCB  

4 years old 

 

Greece  

(N = 689). 

Increased BMI,  obesity, 

abdominal  obesity.   
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(Agay-Shay 

et al. 2015) 

HCB; 

β-HCH; 
DDE 

7  years old 

 

Spain 

(N=657) 

Increased BMI and overweight 

risk. 
 

(Heggeseth 
et al. 2015) 

  o,p’-
DDT; 

p,p’-DDT;  

DDE 

2-9 years old USA 
(N=415) 

Increased BMI among boys but not 
girls.   

(Showed gender-specific effects) 

(Iszatt et al. 

2015) 

DDE 2 years old Norway 

(N=1864) 

Increased  growth. 

(Valvi et al. 

2014) 

DDE; 

HCB 

6 and 14 months old Spain 

(N=1285) 

Increased  growth and overweight.   

 

(Warner et 

al. 2014) 

o,p′-DDT;  

p,p′-DDT; 

DDE 

9 years old USA 

(N=261) 

Increased BMI and waist 

circumference in boys but not in 

girls. 

(Showed gender-specific effects) 

(Delvaux et 

al. 2014) 
DDE 

 

7 to 9 years old 

 

Belgium 

(N=114) 

 

  Increased  waist circumference 

and waist/height ratio in girls but 

not in boys. 

(Showed gender-specific effects) 

(Tang-

Peronard et 

al. 2014) 

DDE 5  and  7  years  old Denmark   

(N=656) 

 

Increased waist circumference in 

girls with overweight mothers but 

not in boys. 
(Showed gender-specific effects) 

(Valvi et al. 
2012) 

DDE; 
DDT; 

6.5 years old 
 

Spain 
(N=344) 

Increased overweight in boys but 
not in girls.  

(Showed gender-specific effects) 

(Mendez et 

al. 2011) 

DDE 6 and 14 months old Spain 

(N=657) 

Increased  weight and BMI.   

(Verhulst et 
al. 2009) 

DDE 1-3  years  old 
 

Belgium 
(N=138) 

Increased BMI.  

(Karmaus et 

al. 2009) 

DDE 20-50 years old 

 

USA 

(N=259) 

Increased weight  and BMI.   

(Smink et al. 
2008) 

HCB 6 years old Spain 
(N=482) 

Increase in weight and BMI.   
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Table 3. Literature sSummary of the literatures of the animal studies about the relationship 1759 
between linking agrochemicals and obesity. 1760 
Reference Names Animal used Dose and exposure 

time 

Outcomes 

(Whether showed 

gender-specific effects) 

(King et al. 

2019) 

 

DDT Sprague Dawley 

rats 

25 mg/kg/day; F0 

females were 

administered on days 8 

to 14 of gestation. 

The F3 generation had 

significant increases in the 

incidence of obesity.  

(Kubsad et al. 
2019) 

Glyphosat
e  

Sprague Dawley 
rats 

25 mg/kg/day; F0 
females were 

administered on days 8 
to 14 of gestation. 

The transgenerational 
pathologies of obesity was 

observed.  

(Basaure et al. 

2019) 

CPF Male apoE4- 

mice   

2 mg/kg/day; 15 days. Increased body weight. 

(Xiao et al. 

2018) 

Permethri

n 

Male C57BL/6J 

mice 

50, 500, and 5000 

μg/kg/day; 12 weeks. 

Increased body weight, fat 

mass, and increased TG 

and TC.  

(Uchendu et 
al. 2018) 

CPF; 
deltameth

rin  

Male Wistar rats CPF: 4.75 mg/ kg/day; 
deltamethrin: 6.25 

mg/kg/day; 120 days. 

Increased levels of TG, 
TC, LDL, and VLDL, and 

decreased HDL level.  

(Fang et al. 
2018) 

CPF Male Wistar rats 0.3 or 3.0 mg/kg/day; 9 
weeks. 

Increased bodyweight.  

(Nilsson et al. 

2018) 

Vinclozol

in 

Sprague Dawley 

rats 

100 mg/kg/day; F0 

females were 

F3 generation rats showed 

transgenerational 



administered on days 8 

to 14 of gestation. 

increased obesity rate in 

females.  
(Showed gender-specific 

effects) 

(Sun et al. 
2017) 

Imidaclop
rid 

Female C57BL/6J 
mice 

0.06, 0.6, or 6 
mg/kg/day; 12 weeks. 

Increased high fat diet-
induced body weight gain 

and adiposity.  

(Sun et al. 

2016) 

Imidaclop

rid 

Male C57BL/6J 

mice 

0.06, 0.6, or 6 

mg/kg/day; 12 weeks. 

Increased high fat diet-

induced body weight gain 

and adiposity. 

(Peris-
Sampedro et 

al. 2015a) 

 

CPF Male apoE 3 mice 2mg/kg/day; 13 weeks. Increased body weight. 

(Peris-

Sampedro et 

al. 2015b) 

CPF apoE 3 mice 2 mg/kg /day; 8 weeks. Increased body weight. 

(Ishikawa et 

al. 2015) 

DDT Obese Sprague 

Dawley rats 

5.60 μg /kg/day; 4 

weeks. 

Increased postprandial 

non-esterified fatty acids 

and decreased body 
temperature.  

(La Merrill et 

al. 2014) 

DDT C57BL/6J mice  1.7 mg/kg/day; From 

gestational day 11.5 to 
postnatal day 5. 

Reduced core body 

temperature, impaired 
cold tolerance, decreased 

energy expenditure, and 

produced a transient 

early-life increase in body 

fat in female offspring.  
(Showed gender-specific 

effects) 

(Howell et al. 
2014) 

DDE Male C57BL/6H 
mice 

0.4 mg/kg/day or 2.0 
mg/kg/day; 5 days. 

Hyperglycemic effect.  

(Bhaskar and 

Mohanty 
2014) 

Mancoze

b; 
Imidaclop

rid 

Swiss albino mice imidacloprid: 131 

mg/kg/day; mancozeb: 
8000 mg/kg/day. 

Lactating mothers were 

exposed to the 
pesticides from PND1 

to natural weaning 

(PND 28). 

Increased body weight. 

(Skinner et al. 

2013) 

DDT Sprague Dawley 

rats 

50 or 25 mg/kg/day; F0 

females were 

administered on days 8 
to 14 of gestation. 

F3 generation developed 

obesity.  

(Li et al. 2012) TFZ CD1 mice 0.1, 1.0, or 10.0 µM; 

During breeding and 

throughout pregnancy. 

Increased adipose depot 

weight.  

(Acker and 

Nogueira 

2012) 

Chlorpyri

fos 

Male Wistar rats 50 mg /kg; A single 

dose. 

Increased TC, LDL levels 

and caused hyperglycemia 

and hyperlipidemia. 

(Kalender et 

al. 2010) 

Malathion Male Wistar rats 27 mg/kg/day; 4 weeks. Increased TC. 

(Lim et al. 

2009) 

Atrazine Male Sprague 

Dawley rats 

30 or 300 mg/kg/day; 5 

months. 

Increased body weight 

and intra-abdominal fat, 

but decreased basal 
metabolic rate.  

(Lassiter et al. Parathion Sprague Dawley 0.1 or 0.2 mg/kg/day; Increased body weight 



2008) neonatal rats postnatal days 1-4. and impaired fat 

metabolism. Females 
showed greater sensitivity.  

(Showed gender-specific 

effects) 

(Lassiter and 

Brimijoin 

2008) 

CPF Long–Evans rats 2.5 mg/kg/day; From 

gestational day 7 

through the end of 
lactation on postnatal 

day 21. 

Increased body weight in 

males.  

(Showed gender-specific 
effects) 

(Meggs and 
Brewer 2007) 

CPF Female Long-
Evans rats  

5 mg/kg/day; 4 months. Increased body weight. 

 1761 
Note: apolipoprotein E (apoE), triglyceride (TG), total cholesterol (TC), high-density 1762 
lipoprotein (HDL), low-density lipoprotein-cholesterol (LDL), very low-density lipoprotein-1763 
cholesterol (VLDL), 1764 
  1765 
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Table 4. The pPossible mechanisms though which for agrochemicals may leading  to obesity 1802 
and example the chemicals providinge evidence to support these mechanisms.. 1803 
Possible mechanisms Agrochemicals provide evidence for the 

mechanism 

Promote the commitment phase of adipogenesis DDT, chlorpyrifos, carbofuran, zoxamide, 

spirodiclofen, fludioxonil and quinoxyfen, 

triflumizole  

Induce adipocyte differentiation  DDT, DDE, quizalofop-p-ethyl, diazinon, 

pyraclostrobin, imidacloprid, fipronil, permethrin, 

zoxamide, spirodiclofen, quinoxyfen, tebupirimfos, 

forchlorfenuron, flusilazole, acetamiprid, 

pymoetrozine, triflumizole, quinoxyfen, 
fludioxonil, deltamethrin, endrin, tolylfluanid, 

triphenyltin hydroxide, lactofen, halosulfuron-

methyl, cyfluthrin, flufenacet, isoxaflutole, 



piperonyl-butoxide, tebufenozide  

Mediated by sex steroid hormone dysregulation  Permethrin, linuron, prochloraz, procymidone, 
tebuconazole, vinclozolin, DDE, endosulfan, 

dimethoate, deltamethrin, chlorpyrifos, 

methoxychlor, DDT, terbuthylazine, propiconazole, 
prothioconazole, cypermethrin, malathion 

Affecting metabolic homeostasis through PPARs Dicamba, diclofop, diclofop-methyl, pyrethrins, 

2,4-dichlorophenoxyacetic acid, DDT, diclofop-
methyl, pyrethrins, imazalil, diflubenzuron, 

chlorfluazuron, flucycloxuron, noviflumuron, 

flufenoxuron, quizalofop-p-ethyl, spirodiclofen, 

zoxamide, triflumizole, dithiocarbamate, mancozeb  

Affecting metabolic homeostasis through 
disturbing the thyroid hormone pathway 

DDT, DDE, chlorpyrifos-methyl, acetochlor, 
procymidone, imidacloprid, atrazine, fluroxypyr, 

mancozeb, butachlor, beta-cypermethrin, 

fenobucarb, cyhalothrin, theta-cypermethrin, 
bifenthrin, carbaryl, pymetrozine, pendimethalin, 

metolcarb,  

Affecting the gut microbiota  Cis-nonachlor, oxychlordane, trans-nonachlor, 
chlorpyrifos, carbendazim,  

Epigenetic programming and transgenerational 

effects  

DDT, glyphosate, vinclozolin  
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Highlights 

1. Positive associations exist between agrochemical exposures and adult obesity. 

2. Prenatal exposure to agrochemicals could lead to childhood obesity. 

3. Numerous possible mechanisms underlie the obesogenic effects of agrochemicals. 

4. Nuclear receptors likely mediate many obesogenic effects of agrochemicals. 

5. Epigenetics and the gut microbiome likely play key roles in the obesogenic effect of agrochemicals. 

 

*Highlights (for review)




