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Aims/Hypothesis: This study aimed to explore whether household pesticide exposure in the general population increased the risk of developing type 2 diabetes and whether intake of dietary magnesium could lower type 2 diabetes from household pesticide exposure.

Methods: For this cross-sectional study, we obtained the data of 9,187 United States adults from the National Health and Nutrition Examination Surveys, 2007–2018. Participants were subdivided into two groups based on the amount of daily dietary magnesium in the population: low group: <175 mg/day and high group: ≥175 mg/day. Using multivariable logistic regression analysis, we evaluated the relationship between pesticide exposure in the home and type 2 diabetes.

Results: Compared to those unexposed at home, individuals who were exposed to pesticides in their households had a relatively higher odds ratio for type 2 diabetes (OR = 1.22, 95% CI: 1.04–1.44). The association of pesticide exposure in the home with the incidence of type 2 diabetes was different for low and high dietary magnesium groups, OR = 1.66, 95% Cl: 1.19-2.33 vs. OR = 1.1, 95% Cl: 0.92–1.32, respectively. An interaction (P = 0.035) between household pesticide exposure and magnesium intake, suggested that high dietary magnesium intake may reduce the risk of developing type 2 diabetes from pesticide exposure.

Conclusions: Household pesticide exposure in the general population is associated with an elevated risk of type 2 diabetes. We report for the first time possible clinical relevance in that high magnesium intake may ameliorate the increased risk of type 2 diabetes from pesticide exposure.
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INTRODUCTION

Household pesticide exposure (HPE) has received much attention in the United States (US) as pesticides have been widely used to control or kill insects in homes. Moreover, there has been an increase in the global use of pesticides for agricultural purposes in recent years—estimated at 2.3 billion kg annually (1). Previous research has found an association of residential or occupational pesticide exposure with various health issues such as birth defects, asthma, some cancers, Parkinson's disease, and depression (2). Several studies also have linked pesticide exposure to type 2 diabetes, but there are limitations in the universality of these findings because the studies targeted specific groups of occupational workers or their wives (3, 4). In addition, the opposite conclusion has also been noted. Sharafi et al. (5) reported in a cross-sectional study that past exposure to pesticides was not associated with type 2 diabetes. Furthermore, a cohort study by Liu et al. indicated that even in the case of acute high dose organophosphorus exposure, the risk in the short-term of diabetes emerging is minimal (6). Studies investigating the association between HPE and type 2 diabetes involving the general population are scarce. Meanwhile, the differences in the findings of previous studies may have resulted from neglect of some potential covariates, such as high magnesium intake.

Magnesium is required for many physiological processes and acts as an important cofactor of certain enzymes in glucose and insulin metabolism (7, 8). A previous study showed that high dietary fiber and high intake of magnesium may play a beneficial role in reducing the risk of type 2 diabetes (9). A systematic review concluded that an additional 100 mg daily intake of dietary magnesium was inversely associated with the risk of type 2 diabetes (10). Similarly, another recent systematic review has shown that magnesium intake has inverse associations with type 2 diabetes. Thus the suggestion that increasing magnesium dietary patterns may be highly beneficial for populations and could perhaps be a type 2 diabetes public health prevention strategy (11). However, clinical studies on the relationship between HPE, magnesium intake, and type 2 diabetes are limited. Therefore, in this study, we investigated whether there is a positive association between HPE and type 2 diabetes in the general population, and whether dietary magnesium intake could ameliorate this association.



METHODS


Study Population and Data Sources

The population and data were sourced from the National Health and Nutrition Examination Survey (NHANES), National Center for Health Statistics (NCHS) and the Centers for Disease Control and Prevention (CDC). They conducted these large, multistage, stratified probability surveys, which represent a non-institutionalized population of US citizens. We used the NHANES public data continuously in our analysis from 2007 to 2018 (six cycles: 2007–2008, 2009–2010, 2011–2012, 2013–2014, 2015–2016, and 2017–2018). The original protocol was approved by the Ethics Review Board of the NCHS and is available online (www.cdc.gov/nchs/nhanes/irba98.htm). All participants provided written informed consent. Those who completed the interviews and the examination, who were over the age of 19 years were included in the study. The demographic, dietary, examination, laboratory and questionnaire information were collected. Individuals with missing data on HPE, type 2 diabetes, dietary magnesium intake, and other covariates were excluded. Finally, our study included a population of 9,187 US adults.



Diagnosis of Type 2 Diabetes

Type 2 diabetes was diagnosed according to the American Diabetes Association's criteria (12) as well as from the participants' self-reported questionnaires. Participants were classified as having type 2 diabetes using the following criteria: (1) fasting glucose (mmol/L) ≥7; (2); glycohemoglobin HbA1c (%) ≥6.5 (48 mmol/mol); (3) two-hour oral glucose tolerance test for blood glucose (mmol/L) ≥11.1; (4) random blood glucose (mmol/L) ≥11.1; (5) self-reported questionnaire data indicating long-term diabetes diagnosis by a physician, or current use of diabetes medication or insulin to lower the blood glucose level.



HPE

HPE was defined based on the response to the item in the questionnaire: “In the past 7 days, were any chemical products used in {your/his/her} home to control fleas, roaches, ants, termites, or other insects?” The response “Yes” was defined as “household pesticide exposure,” the response “no” was defined as “pesticide unexposed,” and if the response was missing, the participant was excluded (2, 13). Moreover, we collected the data about pesticide metabolites measured in urine and a total of 3,585 participants for chlorophenols metabolites, and 1,764 participants for acephate and ethylenethio urea were available for the analysis.



Magnesium Intake

The 24-h period data of dietary magnesium intake was collected via a dietary recall interview (midnight to midnight) in mobile examination centers. This data collection by 24-h recall interview is the most common method in large-scale surveys to determine the dietary intake and has been used by NHANES for many years, based on a consensus reached by expert groups (14). Epidemiological studies have shown that dietary intake of magnesium in the US has declined to between 175 and 225 mg/day (15). The magnesium intake was categorized into two groups, based on the lower limit value (175 mg/day).



Potential Covariates

Our study considered age, sex, race/ethnicity, family income, obesity, total calcium level, serum cotinine level, work activity, educational level, marital status, smoking status, waist circumference, body mass index (BMI), alcohol consumption, antacids, and dietary intake such as magnesium, protein, calcium, vitamin D, and fiber as covariates. In this study we categorized race/ethnicity (as defined by NHANES) as non-Hispanic White, other Hispanic, non-Hispanic Black, Mexican American, and other races. Family income was defined by the poverty income ratio. Education level was classified as college graduate or above, high school graduate, or did not graduate from high school. Marital status was classified as married, divorced, separated, widowed, never married, and living with a partner. Participants were asked if they ever been told by a doctor or other health professional that they had weak or failing kidneys. Do not include kidney stones, bladder infections, or incontinence. A positive response for “YES,” negative for “NO” and the other for missing. Participants were asked if they had smoked more than 100 cigarettes previously. Participants who answered that they had been smoking over several days or daily when interviewed were regarded as ‘current smokers' and those not smoking currently were regarded as ‘former smokers'. Those who had not smoked at least 100 cigarettes previously, were regarded as ‘never smokers'. Alcohol consumption was based on the responses to questions as follows: “In {your/your spouses'} entire life, {have you/has he/ has she} had at least 12 drinks of any type of alcoholic beverage? In {your/spouse's} entire life, {have you/has he/has she} had at least one drink of any kind of alcohol, not counting small tastes or sips? A drink was defined as 12 oz beer, a 5 oz glass of wine, or 1.5 oz of liquor.” Participants providing a positive response, namely “YES” to any question above were classified as alcohol drinkers, while those who answered “No” were classified as non-alcohol drinkers. A BMI ≥28 was considered obese, while a BMI <28 was not. Work activity was categorized as vigorous, moderate, and light work activities. The dietary data were additionally collected for calcium, total dietary protein, vitamin D, and fiber.



Statistical Analysis

Statistical software packages R (http://www.R-project.org, The R Foundation), Free Statistics software version 1.3 was used for data analysis (16). The sample weights were provided by NHANES (NCHS, 2007–2018). Continuous variables are represented by mean and standard deviation, and categorical variables by numbers (n) and percentages (%). The population characteristics of the pesticide exposure group and the non-exposure group were compared by performing two-tailed Student t-tests and Chi-square tests. Logistic regression analysis was used for evaluating the risk of type 2 diabetes from pesticide exposure. Model 1 was adjusted for no covariates and Model 2 for age, sex, race/ethnicity. In Model 3, obesity, total calcium, serum cotinine, work activity, educational level, marital status, smoking status, waist circumference, BMI, alcohol intake, antacids, kidney disease, family income, and dietary index, including fiber, protein, calcium, magnesium, and vitamin D were considered, in addition to Model 2 adjustments. The subgroup analyses were performed between the dietary magnesium intake groups. The likelihood ratio test was used to evaluate the interaction among subgroups. Odds ratios (Ors) and 95% confidence intervals (Cis) were calculated. A two-sided P < 0.05 was considered statistically significant.




RESULTS


Baseline Characteristics of the Study Population

The flow chart of the exclusion criteria for the study population is shown in Figure 1. Of 9,187 US adults eligible for our final analysis, 911 (9.9%) individuals reported themselves exposed to pesticides in their homes. The overall mean age was 51.9 ± 17.7 years, 62.1% were female, and 31.5% had type 2 diabetes. At baseline, characteristics between the pesticide and non-pesticide exposure groups differed for age, race/ethnicity, poverty income ratio, marital status, cotinine, and type 2 diabetes. Compared with those in the non-exposure group, those in the exposed group were more likely to be older and had a lower income. The prevalence of type 2 diabetes in the non-exposed group and exposed groups were 30.8 and 37.2%, respectively (Table 1).


[image: Figure 1]
FIGURE 1. The flow chart of the study.



Table 1. Baseline characteristics of the study sample.
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Association of Covariates and Type 2 Diabetes Risk

From the univariate analysis results, it was revealed that age, sex, race/ethnicity, obesity, cotinine, work activity, educational level, marital status, smoking status, waist circumference, family income, BMI, alcohol, kidney disease, and some dietary indices such as calcium, protein, and magnesium were associated with type 2 diabetes (Table 2).


Table 2. Association of covariates and type 2 diabetes risk.

[image: Table 2]



Associations Between Pesticide Exposure in Home and Type 2 Diabetes Risk

Table 3 shows that when compared to the unexposed group, pesticide-exposed participants had a higher OR (OR = 1.33, 95% CI: 1.15–1.53) for type 2 diabetes in Model 1. When adjusted for sex, age, and race/ethnicity in Model 2, the OR was 1.24 (95% CI:1.07–1.44). Further, based on Model 2 and additionally adjusted for obesity, total calcium level, cotinine level, work activity, educational level, marital status, smoking status, waist circumference, BMI, alcohol, antacids, kidney disease, family income, and dietary intake in Model 3, the OR was 1.22 (95% CI: 1.04–1.44). Among associations between pesticide metabolites and type 2 diabetes risk, we found that O-Phenyl phenol was significantly associated with type 2 diabetes risk (OR = 1.20, 95% CI: 1.00–1.44, P = 0.048) (Supplementary Table S1).


Table 3. The associations between pesticide exposure in home and type 2 diabetes risk.
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Dietary Magnesium Intake Ameliorates the Association Between HPE and Risk of Type 2 Diabetes

An interaction was found between magnesium intake and HPE with respect to type 2 diabetes (interaction likelihood ratio test: P = 0.035) (Table 4). Stratified analysis by magnesium intake was performed. In one group (high magnesium intake: ≥175 mg/day), these rates of type 2 diabetes in the pesticide exposed group and non-exposure group were 34.9 and 29.9%, respectively. Adjusting for other confounders, the results of the multivariable logistic regression showed that there was no positive association between HPE and type 2 diabetes (OR = 1.1, 95% CI: 0.92–1.32, P = 0.297). However, in the other group (low magnesium intake: <175 mg/day), The rate of type 2 diabetes in the pesticide exposed group and non-exposed group was 44.7 and 34.0%, respectively. When adjusting for other confounders in the populations with a low magnesium diet, pesticide exposure increased the risk of type 2 diabetes by 66% compared with no exposure (OR = 1.66, 95% CI: 1.19–2.33, P = 0.003).


Table 4. The associations between pesticide exposure in home and type 2 diabetes risk by dietary magnesium intake.
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DISCUSSION

This study, which used a nationally representative sample of the general US population, found a significant association between pesticide use in the home and the risk of type 2 diabetes. We have reported for the first time the interaction between daily intake of magnesium and pesticide exposure in the home with respect to the risk of type 2 diabetes. This suggests that dietary magnesium intake may ameliorate the detrimental effect of pesticide use in the home on type 2 diabetes.

Many studies have linked pesticide exposure to diabetes in occupational populations. Juntarawijit et al. (1) reported that the occurrence of diabetes among Thai farmers was associated with pesticide exposure. Saldana et al. (17) found that exposure to agricultural pesticides early in pregnancy may increase the likelihood of developing gestational diabetes. The Agricultural Health Study shows that long-term exposure to pesticides containing organochlorine and organophosphorus may increase the risk of developing diabetes (4). Raafat et al. (18) also found a strong association between blood levels of organophosphorus insecticides and insulin resistance among farmers. In addition, results from a cross-sectional study showed that farmers with occupational exposure to organophosphorus pesticides were prone to neuropsychological disease and diabetes (19). Supportive of our study, results from a multicenter cohort study reveal that beta-cell function impairment in subjects may be attributable to pesticide exposure (20). Moreover, a systematic review, including 22 studies, on pesticide exposure and type 2 diabetes found a mean OR of 1.58 (95% CI:1.32–1.90) (21). Our study supports and extends the findings of previous studies showing that even routine pesticide use in home is associated with the risk of developing type 2 diabetes. Although the underlying mechanisms of the relationship between pesticide exposure and type 2 diabetes have not been fully elucidated, it is believed that pesticides demonstrate their toxic influence through cellular oxidative stress, disrupting the hormonal and neuronal status of our bodies (22).

However, in a population-based, prospective cohort, Magliano et al. did not observe any relationship between exposure to 22 kinds of organic pollutants and diabetes (23). Similarly, in one cross-sectional study of 9,088 participants, the data did not show a relationship between pesticide use and the risk of developing type 2 diabetes (5). The reason for these contrasting results in the above studies may be that covariates or important potential confounders were not considered, taking dietary magnesium intake for example. A recent randomized controlled trial has shown that oral magnesium supplementation could affect blood sugar level in patients with type 2 diabetes (24). Studies have concluded that intake of foods rich in magnesium reduces the risk of type 2 diabetes (10, 25), and a long-term prospective study reports that magnesium intake is inversely associated with diabetes incidence (26). Moreover, a cross-sectional study has shown that individuals in the US with a high magnesium intake were found in individuals that were male, better educated, and had a higher income (27). Interestingly, a nested case-control study conducted in urban India found that there was no positive association between a pesticide metabolite and type 2 diabetes incidence (28). Another cross-sectional study in urban Nepali individuals found a negative association between pesticide exposure and diabetes (29). Conversely, a study conducted in a rural population in Korea found that pesticide exposure was associated with diabetes (30). The omission of the potentially important covariate of high magnesium intake may account for the negative associations found in studies conducted in the rich, well-educated, urban population.

As a cofactor of over 600 enzymes, magnesium is required in hundreds of essential biochemical reactions (31). For instance, magnesium, as a cofactor of glutathione reductase, has several important functions, such as antioxidant defense and xenobiotic detoxification (32). It is also well-established that magnesium has a protective effect against oxidative stress and reduces oxidative damage mediated by free radicals (33). Various experimental evidence explains magnesium's antioxidant and defensive role against some toxic substances (34, 35), which may imply the importance of magnesium in restoring oxidative damage provoked by pesticides. Furthermore, Shafeeq and Mahboob's study in a rat model found that magnesium supplementation ameliorated the toxicity of 2,4-dichlorophenoxyacetic acid (36). As is known, magnesium sulfate is used to reverse pesticide poisoning. Therefore, since magnesium sulfate was used in the study conducted by Liu et al., it may not be accurate to conclude that in the case of acute high dose organophosphorus exposure, the risk of short-term emerging diabetes is minimal due to the neglect of the role of magnesium (6).

There are some limitations to our study. First, the cross-sectional nature of the present study precludes the inference of a cause-effect relationship. Second, in the NHANES database, detailed information of household pesticides are not available, like the type, intensity, frequency, and duration of exposure, which may have various effects on type 2 diabetes. Third, recall bias on pesticide use and 24-h dietary data may be present in the interview. Fourth, although the method of multi-stage stratified probability design was used, the participants included in NHANES were American and may not be well-representative of other countries or geographical regions. Given the above limitations, well-designed multicenter controlled trials are needed to validate our findings.



CONCLUSIONS

In summary, our study provides further evidence that the association exists between HPE in the general population and an increased risk of type 2 diabetes. We report for the first time that the interaction exists between daily magnesium intake and HPE on developing type 2 diabetes risk, indicating that high dietary magnesium intake might ameliorate the negative effect of pesticide use on the risk of type 2 diabetes. Although this study raises caution about the use of pesticides in the home because of the increased risk of type 2 diabetes triggered by its chronic toxicity, more evidence is needed from randomized controlled studies, and further experimental studies are essential to elucidate the relationship among pesticides, magnesium, and type 2 diabetes.
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Model 1
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Pesticide exposed 911 (87.2) 1.3 1.45-1.68  <0.001
Model 2
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Model 1 unadjusted.

Model 2 adjusted for age, gender, and race/ethnicity.

Model 3 adjusted for age, gender, race/ethnicity, obesity, total calcium, cotinine, work
activity, ecucational level, maritel status, smoking status, waist circumference, BMI,
poverty family income, alcohol, antacids, kidney disease, and dietary intake incluing fiber,
protein, calcium, vitamin D and magnesium.
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