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We used data from the National Health and Nutrition Examination Survey (NHANES)
for the years 1999-2014, including a total of 32,309 U.S. adult participants who were
20 years or older. Smoking status and pesticide exposure were self-reported. Blood
pressure was measured by trained personnel using a mercury sphygmomanometer,
according to a standardized protocol. We observed an increased risk of hypertension
(OR [odds ratio] = 1.10, 95% confidence intervals [CI]: 1.01-1.18) in participants
with exposure to household pesticides. Moreover, a significant interaction between
smoking status and pesticide exposure on hypertension was observed (P = 0.022).
Stratified analysis showed that household pesticide exposure was associated with a 29%
higher risk of hypertension (OR = 1.29, 95% CI: 1.08-1.53) in smokers. However, for
non-smokers, this association was not significant. Similar trends were found for systolic
and diastolic blood pressures. In addition, we investigated the associations between
pesticide metabolites in urine/serum and hypertension and found that several metabolites
of dioxins, furans, and coplanar polychlorinated biphenyls were significantly associated
with a higher risk of hypertension. This study suggests that household pesticide exposure
is associated with an elevated risk of hypertension. We also report that smoking may
accentuate the effect of pesticide exposure on hypertension.
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INTRODUCTION

Pesticides are widely used in households to control insects worldwide. Humans are exposed to these
chemicals through direct dermal absorption, oral intake, or inhalation (1, 2). It is well-established
that pesticide exposure has a critical influence on human health. Previous studies have reported
that pesticide use is associated with various adverse health effects, including psychiatric disorders,
fetal defects, and diabetes (3-6). Although emerging evidence suggests that pesticide exposures
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increase the risk of developing high blood pressure (BP) (7,
8), inconsistency between different studies still exists. For
example, the Human Early-Life Exposome (HELIX) project
did not observe an association between early-life exposure
to organophosphate pesticides and BP in children (9). In
contrast, in a cross-sectional study, Goncharov et al. reported
that serum polychlorinated biphenyls (PCBs) concentration was
strongly associated with elevated BP, but found little or no
relationship between organochlorine (OC) pesticides and BP
level (10). However, results from a population-based study in
the Canary Islands (Spain) did not reveal any PCB congener
as a hypertension risk factor. This study even reported that
the cyclodiene pesticide aldrin was negatively associated with
hypertension (11). A cross-sectional study involving 1,839 men
and women aged 40-60 years also revealed that pesticide
exposure was associated with reduced levels of BP levels in
women (12).

Smoking is a well-known risk factor for hypertension.
Previous studies reported an interaction effect between
smoking and persistent organic pollutants (POPs), PCBs, or
organochlorine pesticides on mortality (13, 14), indicating
that smoking may modify the association between pesticides
exposure and hypertension.

Thus, the present study aimed to evaluate whether household
pesticide exposure is associated with elevated risks of high
BP using data from the US National Health and Nutrition
Examination Survey (NHANES). Furthermore, we investigated if
smoking influenced the association between household pesticide
exposure and hypertension risk.

METHODS

Study Population

The NHANES is conducted by the National Center for
Health Statistics (NCHS) and Centers for Disease Control
and Prevention. It included a stratified multistage probability
sample representative of the civilian non-institutionalized U.S.
population. Detailed descriptions of the survey design and data
collection procedures are available elsewhere (15). Since 1999,
the demographic, socioeconomic, health-related data, etc., have
been collected via an in-home interview and a visit to a mobile
examination center. The research ethics boards of the NCHS
approved all protocols and participants gave written informed
consent to each examination.

We used data from eight cycles of the NHANES for the years
1999-2014. The following selection criteria were used: (1) aged
20 years or older; (2) complete data on variables of age, sex, race,
body mass index (BMI), recreational physical activity (RPA),
smoking status, marital status, education attainment, poverty
income ratio, BP, and pesticide exposure. Finally, a total of
32,309 U.S. adult participants were included in the study. The
data used in the analysis are publicly available at https://www.
cdc.gov/nchs/nhanes/index.htm.

Measures
BP was measured by trained personnel using a mercury
sphygmomanometer according to a standardized protocol. Three

consecutive readings were taken for each participant. For
the present analysis, the average of three readings was used.
Hypertension was defined as a mean systolic BP of >130 mmHg,
a mean diastolic BP of >80 mmHg, or as “use of BP-lowering
medication,” according to the AHA/ACC 2017 hypertension
guideline (16). To facilitate comparison with previous studies,
we also reported the results in which hypertension was defined
as a mean systolic BP of >140 mmHg, a mean diastolic BP of
>90 mmHg, or as “use of BP-lowering medication” according
to the old guideline (17). Blood and urine samples are collected
and processed in the mobile examination center by certified
laboratory professionals, then stored in biorepositories.

Household pesticide exposure was defined as the responses
to the question “In the past 7 days, were any chemical products
used in {your/his/her} home to control fleas, roaches, ants,
termites, or other insects?” In addition, pesticide metabolites
were assessed in participants on randomly selected subsamples
(15). We explored the associations of dioxins, furans, and
coplanar PCBs in serum (NHANES 1999-2000, 2001-2002,
and 2003-2004), pyrethroids (NHANES 1999-2000, 2001-2002,
2007-2008, 2009-2010, 2011-2012, and 2013-2014), phenolic
compounds (NHANES 2003-2004, 2005-2006, 2007-2008,
2009-2010, and 2011-2012), organophosphorus (NHANES
1999-2000, 2001-2002, 2003-2004, 2005-2006, 2007-2008, and
2011-2012), carbamates and sulfonylurea herbicides (NHANES
2005-2006 and 2007-2008) in urine with hypertension. Dioxins,
furans, and coplanar PCBs were measured by high-resolution
gas chromatography/isotope-dilution high-resolution mass
spectrometry (HRGS/ID-HRMS). Urinary concentrations of
pyrethroid metabolites, including 3-PBA, were determined
by high-performance liquid chromatography combined
with electrospray chemical ionization and tandem mass
spectrometry using validated laboratory methods (18). Phenolic
compounds were measured by using gas chromatography
(GC) or high-performance liquid chromatography (HPLC)
coupled with different detection techniques. Carbamates and
Organophosphorus were measured by using lyophilization and
chemical derivatization followed by analysis using isotope-
dilution gas chromatography-tandem mass spectrometry
(GC-MS/MS). Sulfonylurea herbicides were analyzed by high-
performance liquid chromatography-tandem mass spectrometry
using turbo-ion spray atmospheric pressure ionization (15).

Participants who had smoked > 100 cigarettes in their
entire life and currently smoked were defined as “current
smokers,” while others were “current non-smokers.” The
measurements and definitions of other covariates were published
previously (19).

Statistical Analyses

Appropriate sample weights were used to account for
oversampling and non-response to provide nationally
representative results, as recommended by NHANES Analytic
Guidelines. Continuous variables were presented as mean
and standard deviation (SD), whereas categorical variables
were presented as cases (n) and percentages (%). Chi-squared
tests and 2-tailed Student’s t-tests were used to compare the
characteristics of the normal and hypertension groups. Logistic
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regression was used to calculate the odds ratio (OR) and 95%
confidence interval (CI) for the association of pesticide exposure
and hypertension. Linear regression was used to calculate the
B and 95% CI for the association of pesticide exposure and BP
(7,997 hypertensive patients under antihypertensive medication
were excluded). Model 1 was a univariate analysis. Model 2 was
adjusted for age, sex, and race. Model 3 was further adjusted
for BMI, RPA, marital status, current smoking status, education
attainment, and poverty income ratio. The interaction between
pesticide exposure and smoking status on hypertension was
investigated by adding a pesticides x smoking term in the model.
Log-transformations were applied for all the metabolites, and
multivariate logistic regressions were used to test their assertions
with hypertension. All data analyses were performed using Stata
software version 12.1 (STATA Corp., TX, US). A two-sided P <
0.05 was considered statistically significant.

RESULTS

There were 32,309 participants eligible for our final analysis,
of which 4,467 (13.8%) self-reported exposure to a household
pesticide (13.0% in normal group and 14.4% in hypertension
group.). The mean age of participants was 48.71 £ 18.0 years;
50.7% of the participants were female; 49.4% of the participants
had hypertension. The characteristics of hypertension and
normal groups were significantly different, except for poverty
income ratio (Table 1). Selected metabolites levels were presented
in (Supplementary Table 1).

The prevalence of hypertension in the pesticide-exposed and
pesticide-unexposed groups were 51.3 and 49.0%, respectively.
After adjusting for age, sex, and race, it was observed that
participants who were exposed to household pesticides had
a higher risk (OR = 1.08, 95% CI: 1.00-1.17, P = 0.050)
of hypertension than those unexposed. Further adjusting for
BMI, current smoking status, RPA, marital status, education
attainment, and poverty income ratio, the results remained
similar (OR = 1.10, 95% CI: 1.01-1.18, P = 0.020) (Table 2).
When the hypertension was defined by old guidelines (systolic
BP of >140 mmHg or diastolic BP of >90 mmHg), a similar
positive association was observed (OR = 1.06, 95% CI: 0.96—
1.17, P = 0.235) but it did not reach statistical significance
(Supplementary Table 2).

A significant interaction between smoking and household
pesticide exposure on the risk of hypertension was observed
(P = 0.022). Stratified analysis by smoking status showed that,
for current smokers, the participants with pesticide exposure
had a 29% higher risk of hypertension than those without
exposure (adjusted OR = 1.29, 95% CI: 1.08-1.53, P = 0.004).
However, the association was not significant (adjusted OR =
1.02, 95% CI: 0.93-1.12, P = 0.682) for non-smokers (Table 3).
Moreover, we further investigated the associations between
pesticide metabolites in urine/serum and hypertension. The
results showed positive associations between several metabolites
of dioxins, furans, or coplanar PCBs in serum and hypertension
(Table 4), and null or negative associations for other metabolites
(Supplementary Table 3).

TABLE 1 | Characteristics of the participants.

Variable Normal Hypertension P value
(n = 16,364) (n = 15,945)

Age (years) 401 £ 154 57.6 £15.9 <0.001

Sex (Females, %) 9,010 (65.1) 7,376 (46.3) <0.001

Race (%)

Non-Hispanic white 7,774 (47.5) 7,864 (49.3) <0.001

Non-Hispanic black 2,666 (16.3) 3,821 (24.0)

Mexican-American 3,334 (20.4) 2,382 (14.9)

Other 2,590 (15.8) 1,878 (11.8)

Body mass index (kg/m?) 275+5.9 30.0+6.8

Current smoke (%) 4,232 (25.9) 3,344 (21.0) <0.001

Marital status (%) 8,610 (52.6) 8,927 (56.0) <0.001

Education attainment

< 9vyears 1,455 (8.9) 2,153 (13.5) <0.001

9-11 years 2,401 (14.7) 2,569 (16.1)

12 years 3,522 (21.5) 3,975 (24.9)

>12 years 8,986 (54.9) 7,248 (45.5)

Vigorous/Moderate RPA (%) 9,590 (58.6) 7,694 (48.9) <0.001

Poverty income ratio 26+1.7 26+1.6 0.667

Self-reported pesticide 2,177 (13.0) 2,290 (14.4) 0.006

exposure (%)

Systolic blood pressure 1119+ 94 135.6 +18.7 <0.001

(mmHg)

Diastolic blood pressure 65.9 + 9.6 742+ 1563 <0.001

(mmHg)

RPA, recreational physical activity.
Continuous variables are presented as mean =+ standard deviation, and categorical
variables are presented as cases (percentage).

After excluding 7,997 hypertensive patients who were
taking antihypertensive medication, we further examined the
associations between household pesticide exposure and blood
pressure levels. Overall, the systolic BPs in the pesticide-exposed
and pesticide-unexposed groups were 120.8 + 17.4 and 120.1 +
16.9 mmHg, and the diastolic BPs were 70.7 & 12.7 and 69.9
=+ 12.6 mmHg, respectively. After adjusting for other covariates,
household pesticide exposure was significantly associated with
a high level of diastolic BP (8 = 1.18, 95% CI: 0.64-1.73, P <
0.001), and marginally associated with systolic BP (8 = 0.66, 95%
CL: —0.01-1.33, P = 0.052) (Supplementary Table 4). Stratified
analysis indicated a stronger association between household
pesticide exposure and blood pressure level in current smokers
than in non-smokers see (Supplementary Tables 5, 6), even if
statistical significance was not reached (Pjiuseraction = 0.750 for
systolic BP and Piyteraction = 0.088 for diabolic BP).

DISCUSSIONS

Our analysis shows that household pesticide exposure is
significantly associated with hypertension. In addition, we report
an interaction between smoking status and pesticide exposure on
hypertension, indicating that smoking may accentuate the effect
of pesticide exposure on BP.
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TABLE 2 | Associations between household pesticide exposure and hypertension.

OR 95% CI P value

Model 1

Control Reference

Pesticide exposure 1.04 0.97-1.18 0.206
Model 2

Control Reference

Pesticide exposure 1.08 1.00-1.17 0.050
Model 3

Control Reference

Pesticide exposure 1.10 1.01-1.18 0.020

OR, Odds ratio; Cl, confidence intervals.

Model 1 unadjusted.

Model 2 adjusted for age, sex, and race.

Model 3 adjusted for age, sex, race, body mass index, current smoking status, recreational
physical activity, marital status, education attainment, and poverty income ratio.

TABLE 3 | Associations between household pesticide exposure and hypertension
by smoking status.

OR 95% CI P value
Smokers
Pesticide-unexposed Reference
Pesticide-exposed 1.29 1.08-1.53 0.004
Non-smokers
Pesticide-unexposed Reference
Pesticide-exposed 1.02 0.93-1.12 0.682

Cl, confidence intervals; RPA, recreational physical activity.
Adjusted for age, sex, race, body mass index, marital status, education attainment, and
poverty income ratio.

In line with our results, previous studies reported that
pesticide exposure was associated with hypertension (20-24). For
example, Samsuddin et al. reported an association of chronic
exposure to mosquito control-related pesticides with the increase
in brachial and aortic BP in workers (25). Suarez-Lopez et al.
found that pesticide exposure resulted in a short-term increase
in both systolic and diastolic BP among children living in
agricultural communities (26). It has also been shown that
pregnant women who reported agricultural or domestic pesticide
exposures had a higher risk of gestational hypertension than
those unexposed (27, 28). Similar to our results, a systematic
review and meta-analysis published in 2020, including 10 cross-
sectional studies, six cohort studies, and one nested case-control
study demonstrated that the population exposed to PCBs in the
US were lower than those in other countries such as Japan and
Italy, and PCBs metabolites exposure were positively associated
with a high risk of hypertension (21). In a longitudinal study,
Pavuk et al. also reported a positive association between dioxin
and hypertension risk (7).

Previous studies reported that organophosphorus were
positively associated with hypertension in humans (20, 26).
Additionally, Bataillard et al. reported that low doses of
organophosphorus, mainly including paraoxon and soman,

TABLE 4 | The associations of dioxins, furans, and coplanar PCBs metabolites
with hypertension (n = 2,131).

OR 95%ClI P value
PCB66 1.21 1.02-1.43 0.027
PCB105 1.21 1.02-1.42 0.029
PCB128 1.08 1.00-1.16 0.037
3,4,4’,5-tcb 1.24 1.02-1.51 0.036
1,2,3,6,7,8-hxcdd 117 1.03-1.33 0.015
1,2,3,4,6,7,8-hpcdd 1.36 1.07-1.72 0.013
1,2,3,4,6,7,8,9-ocdd 1.31 1.07-1.61 0.010
2,3,7,8-tcdd 1.49 1.19-1.87 0.001
1,2,3,7,8-pncdf 1.46 1.05-2.03 0.026
1,2,3,7,8,9-hxcdf 1.69 1.20-2.37 0.003
2,3,4,6,7,8-hxcdf 1.64 1.10-2.16 0.014
1,2,3,4,6,7,8,9-ocdf 1.35 1.12-1.63 0.003

OR, odds ratio; Cl, confidence intervals.
Adjusted for age, sex, race, body mass index, current smoking status, recreational
physical activity, marital status, education attainment, and poverty income ratio.

provoked marked and durable hypertension in conscious
unrestrained rats (29). Similar results were found in another
experimental study on the effect of organophosphate chlorpyrifos
(30). However, in this study, we found several negative
associations for pyrethroids and organophosphate pesticides
metabolites. Fish intake is a major source of exposure to lipophilic
compounds; therefore, one possible explanation is that omega-3
fatty acids, a well-known protector for BP, reduce the negative
effect of pesticides exposure (9, 31). In line with a previous
study (32), we also reported phenolic compound was negatively
associated with hypertension.

The mechanisms underlying the association between
pesticide exposure and hypertension are still poorly
understood. Adult mice perinatally exposed to dichloro-
diphenyl-trichloroethane (DDT) exhibit chronically increased
systolic BP, and elevated expression of mRNAs of several
renal ion transporters. The increase in blood pressure was
attenuated by treatment with an ACE inhibitor, suggesting
that an over-activated renin/angiotensin system may be a key
mechanism in DDT-induced hypertension (33). PCB126 induces
changes characteristic for endothelial dysfunction in human
essential hypertension through stimulating the production of
vasoconstrictors such as COX-2, prostaglandins, and reactive
oxygen species, and inhibiting the release of nitric oxide (34). In
vitro experiment also showed that PCBs activates the poly (ADP
ribose) polymerase, directly impairing endothelial cell functions,
which may predispose exposed individuals to the development
of hypertension (35). Our findings showed that PCBs were
significantly associated with an elevated risk of hypertension.

The present study supports and extends previous findings by
showing an interaction between smoking status and pesticide
exposure on hypertension. This result is partially consistent
with those obtained in previous studies. Lee et al. reported a
difference between cigarette smoking status and total mortality,
depending on serum concentrations of POPs among the elderly
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in the U.S. (14). This study found that among participants with
relatively high POPs, former or current smokers had a higher
risk of mortality than the never-smokers (14). The same research
group further confirmed this interaction in another cohort of 70-
year old participants in Sweden (13). However, the mechanisms
responsible for this interaction effect have not been elucidated.
One possible explanation is that pesticide components enter
the body through smoking due to the pesticide residues from
cigarettes. Indeed, exposure to pesticide residues in the adult
population is twice as high for smokers than non-smokers
(36). Another possible mechanism is that smoking cigarettes
may compromise pesticide metabolism in the human body. In
a study conducted among Norwegian women, smoking was
significantly associated with higher levels of PCBs, p,p’-DDE,
and B-HCH in breast milk (37). A cross-sectional study by
Moon et al. including 401 participants found that participants
who smoked fewer than 15 cigarettes/day had a higher risk
of having high POP concentrations than never-smokers (38).
Furthermore, experimental studies reported that pretreatment
with some POPs increased the carcinogenicity of chemicals
contained in cigarettes like benzopyrene, dimethylnitrosamine,
and N-nitrosodiethlyamine (39, 40).

To the best of our knowledge, this is the largest study to
estimate the association between household pesticide exposure
and hypertension. Moreover, we report an interaction between
smoking and household pesticide exposure on the risk of
hypertension. The limitations of this study should also be noted.
It is difficult to establish the cause-effect relationship using
a cross-sectional design. On the other hand, cross-sectional
analysis cannot examine the effect of long-term pesticide
exposure on hypertension. Fewer hypertensive participants were
smokers in this analysis, suggesting that persons are more likely
to change their lifestyles once diagnosed with hypertension,
which may bias the association. Another limitation is that the
intensity and duration of exposure, the sensitivity of life period
of exposure, different pesticide types, occupational exposure of
pesticides, and distance to nearest farm data were not collected
from the NHANES, and should be considered in future studies.

CONCLUSION

In summary, our results suggest that household pesticide
exposure is associated with an elevated risk of hypertension.
We report that there is an interaction between smoking and
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