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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are widely existing organic pollutants in the environment, and their persistence
in the environment makes us have to pay continuous attention to their health effects. However, since the American Heart
Association updated its definition of hypertension in 2017, few studies have explored the relationship. This study aimed to
investigate the relationship between PAH exposure and hypertension after the updated definition of hypertension and explore
whether body mass index (BMI) moderates this relationship. A total of 6332 adult participants from the 2009-2016 National
Health and Nutrition Examination Survey (NHANES) were examined. Multiple logistic regression and restricted cubic splines
were used to analyze the association between urinary polycyclic aromatic hydrocarbon metabolites and hypertension, and
the dose—response relationship. Weighted quantile sum (WQS) regression was applied to blood pressure to reveal multiple
exposure effects and the relative weights of each PAH. The prevalence of hypertension in the study population was 48.52%.
There was a positive dose-response relationship between high exposure to 1-hydroxynaphthalene, 2&3-hydroxyphenanthrene,
and the risk of hypertension. Naphthalene metabolites accounted for the most significant proportion of systolic blood pressure,
and phenanthrene metabolites accounted for the most significant proportion of diastolic blood pressure. Obese individuals
with high PAH exposure were at greater risk for hypertension than individuals with low PAH exposure and normal BMI.
Higher prevalence rate and stronger association of metabolites with outcomes were obtained in the general population of
the USA under the new guideline. High levels of exposure to PAHs were positively associated with the risk of hypertension,
and these effects were modified by BMI.

Keywords Polycyclic aromatic hydrocarbons metabolites - Hypertension - NHANES - Interaction - BMI - Environmental
exposure

Introduction

As a preventable risk factor for cardiovascular disease
(CVD), hypertension affects over one billion people world-
wide (Beaney, et al. 2019; WHO 2019). In 2017, about
10.4 million people died from hypertension and its com-
plications (coronary heart disease, arteriosclerosis, chronic
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kidney disease, and others) (Stanaway, et al. 2018). Influenc-
ing factors of hypertension include modifiable factors such
as obesity, environmental exposure, physical exercise, and
unmodifiable factors such as age, gender, race, and genetics
(Freire, et al. 2018). Hypertension has become an enormous
public health problem because of its high prevalence and low
control rate (Freire, et al. 2018; Qu, et al. 2019). The role of
air pollution in hypertension has recently attracted increas-
ing attention (Qin, et al. 2021; Yusuf, et al. 2020).

As a class of persistent organic pollutants widely ubiqui-
tous in the environment, polycyclic aromatic hydrocarbons
(PAHs) are mainly derived from the incomplete combus-
tion of fossil fuels. PAHs and their metabolites have been
detected in blood, urine, hair, and other biological samples
(ATSDR 1995). Urinary PAHs (mono-hydroxylated polycy-
clic aromatic hydrocarbons, OH-PAH) are common contact
biomarkers to reflect the exposure of individuals to PAHs
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(Huang, et al. 2019). Correlative studies have revealed that
PAHs can jeopardize cardiovascular health in addition to
causing cancer (Mallah, et al. 2021). The cohort study results
showed that occupational exposure to PAHs positively cor-
relates with ischemic heart disease (Friesen, et al. 2010).
Another study found a link between exposure to PAHs and
pre-hypertension in children (Trasande, et al. 2015). Animal
and cell experiments suggest that PAHs adhering to par-
ticulate matter may be a key determinant of cardiovascular
disease (Holme, et al. 2019). Due to their prevalence in the
environment, high detection frequency in human urine, and
adverse health effects, PAHs in the general population are
receiving increasing attention (de Oliveira Galvdo, et al.
2020; Zhang, et al. 2019).

As a risk factor for many chronic diseases, obesity is
associated with various diseases, such as cancer, dyslipi-
demia, and cardiovascular diseases (Lauby-Secretan, et al.
2016; Vekic, et al. 2019). Several studies have reported the
association between elevated blood pressure and weight
gain (lida, et al. 2019; Sundstrom, et al. 2020). Accord-
ing to National Health and Nutrition Examination Survey
(NHANES) data, obese people have a significantly higher
prevalence of hypertension than the general population (Foti,
et al. 2022). Because PAHs are lipophilic, they are easily
stored in adipose tissue until excreted through the normal
bladder and gastrointestinal function. Therefore, PAHs may
be more persistent in patients with higher body mass index
(BMI) than those with lower BMI, potentially affecting the
risk of hypertension.

Although previous studies have investigated the interac-
tion between PAHs and BMI on diabetes and cardiovascular
diseases, including hypertension, few investigations con-
ducted into the general population’s dose—response relation-
ships. Furthermore, PAHs are persistent in the environment
(Pastor-Belda, et al. 2019). The recent data expect to find
higher exposure doses in the general population. Moreover,
when new guidelines applied to the general US population,
hypertension prevalence increased from 32.0% (based on
traditional guideline) to 45.4%, which, if implemented glob-
ally, could annually prevent approximately 610,000 CVD
events and 334,000 deaths in the USA (Bundy, et al. 2018).
Therefore, we wondered whether the relationship between
PAHs and hypertension might change under these influence,
as well as whether this relationship is independent of BMI.

Methods
Study population
The NHANES (National Health and Nutrition Examination

Survey) is a nationally representative survey conducted by
the National Institutes of Health of the Centers for Disease

@ Springer

Control and Prevention. The survey collected comprehen-
sive data on diet, nutritional status, and chronic diseases
to assess the population’s health and nutritional status and
exposure to various chemicals, including PAHs (CDC 2017).
Survey data have been published every 2 years since 1999,
with the most recent PAHs laboratory data available in the
2015-2016 cycle. In addition, sample weights are provided
every 2 years.

This study used the survey data from 2009 to 2016,
including 40,439 participants > 18 years of age. Participants
were included if they had adequate blood pressure, metabo-
lites, and covariate information. Finally, our study enrolled
6332 participants.

Measure of urinary levels of PAH biomarkers

The urine sample was preprocessed using enzymatic hydrol-
ysis, centrifugation, and transfer. All urinary PAH metabo-
lite concentrations were analyzed using high-performance
liquid chromatography (detailed testing method and meas-
urement conditions are available from the following official
website). The concentrations of metabolites were finally
measured in the laboratory, including 1-hydroxynaphtha-
lene, 2-hydroxynaphthalene, 2-hydroxyfluorene 3-hydrox-
yfluorene, 1-hydroxyphenanthrene, 2&3-hydroxyphenan-
threne, and 1-hydroxypyrene. To explain the variation in
urine sample volume, exposure variables were corrected for
urinary creatinine in all analyses by dividing each of the
PAHs (ng/L) by urinary creatinine (mg/dl) and multiplying
by 0.01 to result in nanograms of PAHs per gram of creati-
nine (ng/g) (Alshaarawy, et al. 2014; Everett, et al. 2010;
Xu, et al. 2013). Measurements less than LOD were replaced
with LOD divided by the square root of 2.

Definition of hypertension

Blood pressure measurements were taken during the
NHANES examination visits. After resting quietly in a
seated position for 5 min, blood pressure was measured three
times using a mercury sphygmomanometer by well-trained
examiners. A fourth reading was measured if required. Then,
the means of systolic blood pressure (SBP) and diastolic
blood pressure (DBP) were calculated. According to the
2017 American College of Cardiology/American Heart
Association (ACC/AHA) Guideline for the Prevention,
Detection, Evaluation, and Management of High Blood
Pressure in Adults (Whelton, et al. 2018), hypertension was
defined as SBP > 130 mmHg and (or) DBP >80 mmHg.
At the same time, participants who answered “yes” to the
question: “Are you now taking prescribed medicine for high
BP?” were also defined as having hypertension.
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Covariates

Covariates included gender, age, race, education level, fam-
ily income level, body mass index, smoking, and alcohol
use. The categories are as follows: gender (male, female),
age (18-39, 40-59, > 60), race (non-Hispanic White; non-
Hispanic Black; normal individuals, Mexican American, and
Other Hispanic; Other Race, including Multi-Racial), educa-
tion level (< senior high school, senior high school, > senior
high school), the household income to poverty ratio (< 1.3,
1.3-3.5,>3.5) based on SNAP eligibility recommended by
the website, body mass index (underweight: < 18.5, normal
weight: 18.5-24.9, overweight: 25.0-29.9, obese: > 30.0),
smoking status (never: < 100 cigarettes in life, former: > 100
cigarettes in life and did not smoke at the time of the survey,
current: > 100 cigarettes in life and smoked every day in the
previous 30 days), and alcohol use (never: < 12 drinks in
life, former: > 12 drinks in their life but none in the past
year, current: > 12 drinks in the past year and drink alcohol
every week).

Statistical analysis

Since there were no separate data for 2-hydroxyphenan-
threne and 3-hydroxyphenanthrene exposure in 2013-2014,
we combined them into one variable. The distribution of
PAH metabolites was described by the geometric mean and
standard error. They were then stratified by tertiles, con-
sidering the lowest exposure level as the reference group
(tertilel) for subsequent analysis. Sample weights, stratifica-
tion, and clustering design variables were incorporated into
the analysis procedures to ensure the correct estimation of
sampling error. More specifically, Subsample A weights for
2011-2012, 2013-2014, and 2015-2016, and subsample B
weights for 2009-2010 were used in this analysis.

The chi-square test was used to compare the differences
of classification variables between the two groups. Multi-
ple logistic regression was used to analyze the correlation
between urinary PAH metabolites and hypertension. The
covariates having an impact on outcomes were included in
the model. The restricted cubic spline (RCS) is a power-
ful tool to characterize this association between continuous
exposure and outcomes (Desquilbet and Mariotti 2010). It is
worth noting that the number of nodes has a more non-neg-
ligible effect relative to their locations on the dose-response
correlation curve (Lusa and Ahlin 2020). To more accurately
describe the dose—response relationship between PAHs and
hypertension risk, we selected five RCS knots, including 5th,
25th, 50th, 75th, and 95th percentiles.

Weighted quantile sum (WQS) regression is a statistical
model used for multivariate regression of high-dimensional
data sets common to environmental exposure, epigenetic/
genomic, and metabolomics studies. The model constructs

a weighted index to estimate the mixed effect of all the
predicted variables on the outcome, which can be used in
regression models with covariates to test the association of
the index with the dependent variable or outcome. In addi-
tion, the contribution of each predictor to the overall expo-
nential effect can be assessed by the relative strength of the
weight assigned to each variable by the model. The data was
divided into 40% for training; 60% for validation and 100
bootstrap samples were assigned for parameter estimation.
The cutoff value Tt by default is equal to the reciprocal of
the number of elements in the mixture, according to Car-
rico’s proposed definition (Carrico, et al. 2015).

The SURVEYFREQ program performed statistical
descriptions, and the SURVEYLOGISTIC program per-
formed statistical modeling. WQS was implemented by the
R packages “gWQS.” P <0.05 for bilateral tests was consid-
ered statistically significant.

Results

Table 1 describes the basic characteristics of the study popu-
lation. The prevalence of hypertension was 48.52% in 6,332
participants, whose ages ranged from 18 to 80 years old. The
adults who were diagnosed with hypertension were more
likely than those without hypertension to be in the older
age group (43.11% vs. 11.44%, P <0.0001), non-Hispanic
white (69.25% vs. 64.62%, P <0.0001), men (53.38% vs.
45.87%, P <0.0001), cigarette smokers (smoking: 47.83%
vs. 40.70%, P <0.001), and higher BMI (47.14% vs. 27.77%,
P <0.0001). However, there was no significant difference in
income and alcohol drinking between participants diagnosed
with hypertension and those without hypertension.

Table 2 shows the exposure distribution for each quintile
of PAHs corrected for urinary creatinine among the study
participants. The greatest PAH exposure was observed for
2-hydroxynaphthalene with a geometric mean of 5051 ng/g
and a standard deviation of 60 ng/g. The least PAH expo-
sure was observed for 3-hydroxyfluorene of 104 ng/g (Std.
deviation =2). The most extensive exposure range occurred
of 1-hydroxynaphthalene was 12,515,700 ng/g.

Table 3 explores the relationship between urinary PAH
metabolites and hypertension using multiple logistic regres-
sion analyses. After adjusting for confounding factors except
for BMI (Model 1), the results revealed that compared with
the lowest level of exposure, the highest levels of expo-
sure to 2&3-hydroxyphenanthrene (aOR: 1.47; 95%CI:
1.04-2.07) and tertiles2 (aOR: 1.29; 95%CI: 1.04—1.59) for
1-hydroxyphenanthrene were positively associated with the
risk of hypertension. In contrast, 1-hydroxypyrene was nega-
tively related to the risk of hypertension. When the regres-
sion model included BMI (Model 2), the highest levels of
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Table 1 Demographic and
health characteristics of

the study population with
detectable urinary polycyclic
aromatic hydrocarbons in

the National Health and
Nutrition Examination Survey
(NHANES), 2009-2016

Table 2 Exposure distribution
of urinary metabolites

of polycyclic aromatic
hydrocarbons corrected for
urinary creatinine among 6332
participants ages > 18 years

in the National Health and
Nutrition Examination Survey
(NHANES), 2009-2016. (ng/g)
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Characteristic Hypertension (=3072) Non-hypertension P value
(n=3260)

N Weighted % N Weighted %
Gender <0.0001
Male 1681 53.38 1520 45.87
Female 1391 46.62 1740 54.13
Age <0.0001
18-39 years 482 16.71 1867 54.53
40-59 years 1029 40.18 982 34.03
> 60 years 1561 43.11 411 11.44
Race <0.0001
Non-Hispanic White 1283 69.25 1318 64.62
Non-Hispanic Black 773 13.25 535 9.21
Mexican American and Other Hispanic 694 10.87 938 17.68
Other Race, Including Multi-Racial 322 6.63 469 8.49
Education 0.0003
< Senior high school 833 17.95 682 14.62
Senior high school 730 23.32 716 20.57
> Senior high school 1509 58.73 1862 64.81
Poverty-income ratio 0.3838
<13 1172 26.37 1285 28.38
1.3-35 1064 34.45 1055 32.85
>35 836 39.18 920 38.77
Body mass index(kg/m?) <0.0001
Underweight (< 18.5) 26 0.90 75 1.86
Normal weight (18.5-24.9) 621 19.23 1176 36.06
Overweight (25.0-29.9) 1003 32.73 1071 34.31
Obese (>30.0) 1422 47.14 938 27.77
Smoking status <0.0001
Never 1588 52.17 1972 59.30
Former 911 31.37 570 19.49
Current 573 16.46 718 21.21
Alcohol use 0.1316
Never 472 11.96 505 11.36
Former 418 11.11 368 9.42
Current 2182 76.93 2387 79.22
PAH metabolites Min 33rd 66th Max GM (Std. deviation)
1-Hydroxynaphthalene 104 945.95 3211.36 12,515,700 2136 (39)
2-Hydroxynaphthalene 222.83 3128.57 7752.44 317,670 5051 (60)
2-Hydroxyfluorene 16.67 140 300 27,889 250 (3)
3-Hydroxyfluorene 3.99 51.82 128.66 6286.80 104 (2)
1-Hydroxyphenanthrene 3.70 87.58 159.52 19,497.20 122 (1)
2&3-Hydroxyphenanthrene 11.30 97.34 181.43 17,031 142 (1)
1-Hydroxypyrene 2.92 87.23 173.28 11554.90 129 (1)

GM geometric mean, Std. deviation standard deviation
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Table 3_ Multipleilogistic PAH metabolites Ql Q2 Q3 P trend
regression analysis of the
association between exposure 1-hydroxynaphthalene
to polycyclic aromatic Model 1° Ref 1.11(0.93-1.32) 116(0.94-143) 0282
hydrocarbons and outcome
of hypertension among 6332 Model 2° Ref 1.23(1.04-1.46) 1.38(1.12-1.71) 0.002
participants ages > 18 years 2-hydroxynaphthalene
in the National Health asnd Model 1* Ref 1.15(0.96-1.37) 1.16(0.94-1.43) 0.250
Nutrition Examination Survey b
(NHANES), 20092016 Model 2 Ref 1.02(0.85-1.24) 0.97(0.78-1.21) 0.847
2-hydroxyfluorene
Model 1* Ref 0.82(0.66-1.03) 0.72(0.49-1.06) 0.172
Model 2° Ref 0.78(0.61-0.99) 0.64(0.42-0.95) 0.058
3-hydroxyfluorene
Model 1* Ref 0.84(0.67-1.05) 0.89(0.63-1.25) 0.251
Model 2° Ref 0.94(0.75-1.18) 1.10(0.76-1.60) 0.398
1-hydroxyphenanthrene
Model 1* Ref 1.29(1.04-1.59) 1.09(0.82-1.46) 0.027
Model 2° Ref 1.24(1.01-1.52) 1.05(0.78-1.42) 0.059
2&3-hydroxyphenanthrene
Model 1* Ref 1.45(1.21-1.74) 1.47(1.04-2.07) 0.002
Model 2° Ref 1.39(1.16-1.66) 1.43(1.03-2.00) 0.001
1-hydroxypyrene
Model 1* Ref 0.85(0.68-1.05) 0.66(0.51-0.86) 0.005
Model 2° Ref 0.88(0.71-1.09) 0.74(0.56-0.97) 0.076

*Adjusted for age, gender, education level, race, smoking status, and six other PAH metabolites

bAdjusted for age, gender, education level, race, smoking status, BMI, and six other PAH metabolites

1-hydroxynaphthalene (bOR: 1.38; 95%CI: 1.12-1.71) were
also positively correlated with the risk of hypertension.

Figure 1 displays a clear relationship between urinary
PAH metabolites and hypertension. After adjusting for sig-
nificant covariates, the model showed a linear dose—response
relationship between 1-hydroxynaphthalene, 2&3-hydroxy-
phenanthrene, and 1-hydroxypyrene and the risk of hyper-
tension (P for overall < 0.05, P for nonlinear > 0.05). There
was a negative linear relationship between 1-hydroxypyrene
and the outcome.

We applied the WQS model to blood pressure to further
reveal the multiple exposure effect and the relative weight of
each PAH on the outcome. Table 4 shows the WQS results,
where only diastolic blood pressure positively correlates
with PAHs. The influence of the WQS model on dias-
tolic blood pressure was statistically significant (P <0.05)
(=0.192; 95%CI: 0.026-0.357). However, the results
showed no significant statistical significance in establishing
the WQS model of systolic blood pressure.

In addition, the WQS model can specify a weight table
to measure the importance of each metabolite. For diastolic
blood pressure, PAHS’ most prominent weight component in
the WQS model was 1-hydroxyphenanthrene (weight=0.69).
The most heavily weighted component for systolic blood pres-
sure was 2-hydroxynaphthalene (weight=0.52) (Fig. 2A). We
further analyzed the contribution of each metabolite to blood

pressure in the four cycles and found that the data from 2009
to 2014 showed that 1-hydroxyphenanthrene accounted for a
large proportion in diastolic blood pressure (weight=0.59,
0.49, 0.20), and naphthalene metabolites accounted for a large
proportion in systolic blood pressure. Supplement Fig. 1 shows
the proportion of blood pressure in the 2015-2016 cycle, with
2-hydroxynaphthalene and 2&3-hydroxyphenanthrene con-
tributing the first weight, respectively.

Finally, because of the impact of BMI on the regression
relationship between metabolites and hypertension, we ana-
lyzed the impact of their interaction on the risk of hypertension
(Fig. 3). The results indicated that individuals with obesity had
a greater odds ratio for prevalent hypertension than normal
weight individuals. Within the individuals with obesity, those
in the tertiles2 of 1-hydroxyphenanthrene (OR: 3.66; 95%CI:
2.79-4.80) and 2&3-hydroxyphenanthrene (OR: 3.40; 95%CI:
2.59-4.46) had the highest odds of hypertension. The additive
interaction between metabolites and BMI was not statistically
significant, as shown in Supplement Table 1.

Discussion
This study used a cross-sectional survey to investigate the

effects of urinary PAH exposure on hypertension in Ameri-
can adults. The results indicated a positive correlation
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Fig. 1 Restricted square spline
analysis for the association
between PAH metabolites and
hypertension, adjusted for age,
gender, education level, race,
BMI, smoking status, and other
PAH metabolites. The knots
placed at Sth, 25th, 50th, 75th,
and 95th percentiles of log-
transformed PAH metabolite
distribution, with the reference
values, were set at the 50th
percentile. The solid lines and
dashed lines represent the odds
ratio and corresponding 95%
confidence interval for logarith-
mic transformation
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Table 4 Association between

i WwQsS g CI P Direction of WQS
WQS regression index and
diastolic blood pressure Diastolic blood pressure 0.192 (0.026-0.357) 0.023 Positive
and Systolic blood pressure Not estimated Negative
(N=6332), NHANES, g
2009-2016 Systolic blood pressure 0.056 (=0.200-0.301) 0.692 Positive
Not estimated Negative
The models were adjusted for age, gender, education level, race, smoking status, BMI
a between high exposure to 2&3-hydroxyphenphene and the

1-PHE

2&3-PHE

1-PYR

2-FLU

2-NAP

3-FLU

1-NAP

2-NAP

2-FLU

1-NAP

2&3-PHE

1-PHE

3-FLU

1-PYR

Fig.2 Contribution of PAHs to WQS percentage for Diastolic and
Systolic, NHANES 2009-2010. The dashed red line represents the
cutoff value (by default equal to the inverse of the number of ele-
ments in the mixture). A The WQS index weights for diastolic blood
pressure. B The WQS index weights for systolic blood pressure.
The model adjusted for age, gender, education level, race, BMI, and
smoking status. Abbreviations: 1-NAP 1-hydroxynaphthalene, 2-NAP
2-hydroxynaphthalene, 2-FLU 2-hydroxyfluorene, 3-FLU 3-hydroxy-
fluorene, 1-PHE 1-hydroxyphenanthrene, 2&3-PHE 2&3-hydroxy-
phenanthrene, 1-PYR 1-hydroxypyrene

between high exposure to PAHs and increased risk of
hypertension. Compared with the previous hypertension
guideline, we obtained a higher prevalence of hypertension
(48.52% vs. 34.67%) and a stronger association of metabo-
lites with outcomes using the new guideline (Supplement
Table 2). We found a positive dose—response relationship

risk of hypertension, consistent with previous studies (Ban-
gia, et al. 2015; Hu, et al. 2015; Shiue 2015). In addition,
we also found a dose-response relationship between high
1-hydroxynaphthalene exposure and hypertension, which
has not been reported in the US population. It may be related
to the cumulative effect of PAHs. When we compared the
concentrations of PAHs in NHANES from 2001 to 2008
reported by Ranjbar et al., we did find the concentrations of
2-hydroxynaphthalene (4758 +69) ng/L, and 1-hydroxypyr-
ene (121 +2) ng/L increased. The effect of the updated defi-
nition of hypertension on marginalized populations could
not be ruled out.

Furthermore, when revealing the relative weights caused
by multiple exposures, we found that PAH exposure was
associated with increased systolic and diastolic blood pres-
sure. To be precise, phenanthrene (1-hydroxyphenanthrene
and 2-3-hydroxyphenanthrene) is primarily responsible for
diastolic blood pressure, while naphthalene (1-hydroxynaph-
thalene and 2-hydroxynaphthalene) is closely related to sys-
tolic blood pressure. A study published in 2022 found that
exposure to 2-hydroxynaphthalene was associated with an
increase in systolic blood pressure (Shahsavani, et al. 2022).
Contrary to our results, a recent study in adolescents with
metabolic syndrome also applied WQS models to outcomes
to reveal multiple exposure effects and the relative weight of
each PAH but found no association (K. Li, et al. 2021). It is
worth noting that blood pressure outcomes in that study were
classified variables, whereas our study used continuous vari-
ables. In general, using continuous variables to analyze inde-
pendent variables is more efficient than using categorical
variables to analyze independent variables (Kizilkaya, et al.
2014; Tannenbaum, et al. 2006). The association between
metabolites and systolic and diastolic blood pressure needs
more explicit support mechanisms.

PAHs resulting from anthropogenic activities can remain
for long periods in nature and can be transported over long
distances. As organic pollutants, PAHs can be bioaccumu-
lated and bioamplified, thus affecting the quality of the envi-
ronment (air, water, soil, etc.) and posing detrimental effects
on living organisms (Abbas, et al. 2022; Akram, et al. 2018a,
2018b; Khalil, et al. 2022). Naphthalene, a two-ring PAH
with the simplest chemical structure, is used in manufac-
turing processes as a sulfonate, and in dyes, plasticizers,
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Fig.3 Interactions between a 1-hydroxynaphthalene b 1-hydroxyphenanthrene
PAH metabolites and BMI
on the risk of hypertension. 6 kK 6
Urinary PAH levels were *
divided into three groups by N
tertiles. BMI was divided into '3 4 _8 4
three groups: normal weight é - l l §
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pesticides, and pharmaceuticals (Ifegwu and Anyakora
2016). It is the most abundant PAH in cigarette smoke, espe-
cially in diesel and jet fuel exhaust (Ding, et al. 2005). Dif-
ferent from other metabolites, the main source of exposure
for naphthalene is inhalation. Although speculative, perhaps
the widespread use of naphthalene in commercial applica-
tions and its molecular property may have some effect on
the growing hypertension status in the USA. The lipophilic
nature of phenanthrene makes it easy to access and accumu-
late in human tissue, which may exert great harmful effects
(Marris, et al. 2020).

Urine 1-hydroxypyrene is the most common alternative
for evaluating human exposure to BaP and other PAHs. As
the only metabolite with a high molecular weight in urine
polycyclic aromatic hydrocarbons, its metabolic path-
ways may differ from those of other low molecular weight
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T
Obese

substances (Z. Li, et al. 2008). A Middle Eastern study
showed a positive correlation between 1-hydroxypyrene and
systolic and diastolic blood pressure in adults. In contrast,
another survey of occupational exposures showed the oppo-
site, and our results supported the latter. It is worth mention-
ing that only 200 randomly selected adults were included
in the study in the Middle East. Sample representation and
environmental exposure differences in different regions can-
not be ignored. The association between 1-hydroxypyrene
and blood pressure may need to be confirmed in more rep-
resentative samples and cohort studies.

The association between PAH exposure and hypertension
is mainly due to oxidative stress and inflammatory responses
induced by particulate matter. Particulate matter exposure
disrupts vascular function and systemic hemodynamics and
may lead to hypertension (Alshaarawy, et al. 2013; Brook,
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et al. 2004; Brook and Rajagopalan 2012). According to
related studies, PAHs, attached to particulate matter and then
diffuse into the blood, caused a rapid increase in Ca** in
human microvascular endothelial cells (HMEC-1) through
aromatic hydrocarbon receptors (AHR) (Brinchmann,
et al. 2018). Endothelial dysfunction impairs the ability of
endothelial cells to release endothelium-derived relaxing
factors (EDRFs), resulting in vasoconstriction and increased
blood pressure (Konukoglu and Uzun 2017). Additionally,
animal experiments revealed increased Ca*" influx medi-
ated by store operated calcium entry (SOCE) in monocytes
isolated from hypertensive rats (Giachini, et al. 2009; Liu,
et al. 2007).

Due to PAHs’ high lipophilicity, they accumulate in adi-
pose tissue and affect adipocyte metabolism, which may be
related to estrogen receptor activation and thyroid receptor
inhibition (Sun, et al. 2008). Ranjbar’s study revealed that
participants with high exposure to 3-hydroxyfluoreneand
obesity had an increased risk of developing hypertension
(Ranjbar, et al. 2015). Our study also demonstrates that BMI
can significantly change the relationships between 1-hydrox-
ynaphthalene with hypertension. Participants exposed to
high levels of metabolites and obesity concurrently displayed
a significantly increased risk of hypertension. Nevertheless,
additional research is required to elucidate the mechanism of
interaction between PAHs and BMI on hypertension.

To our knowledge, this is the first study to examine the
association between PAHs and hypertension since the AHA
updated its definition of hypertension. In addition, our study
is based on NHANES, which is designed to be a nationally
representative survey data; thus, the results from our study
are potentially generalizable across the US population. Fur-
thermore, we used WQS models to reveal the multiple expo-
sure effects and the relative weight of PAHs, which has more
significant public health significance for targeted reduction
of pollutant exposure.

This study has several limitations. Because of the sur-
vey’s restriction on these indicators, the relationship between
other significant metabolite indicators (4-OHPH) and hyper-
tension was not examined. Diet and inhaled PAHs were also
excluded. Other environmental pollutants such as particu-
late matter and heavy metals may have synergistic effects
with PAHs on hypertension (Taugeer, et al. 2022a, 2022b).
Hence, the effects of mixed exposure to pollutants on hyper-
tension remain to be studied. Our data are from a cross-sec-
tional study; they reflect only recent PAH exposure and fail
to investigate the causal relationship between metabolites
and hypertension.

In conclusion, under the new hypertension guideline, we
found a stronger association between high level exposure
to PAHs and hypertension in a dose—response relationship.
As both hypertension and PAHs are highly prevalent in the
USA, the public health significance of a potential causal

relationship between PAH exposure and hypertension should
be noted. Regulating atmospheric PAHs may be an efficient
strategy to reduce the risk of hypertension and prevent
hypertension.
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