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ABSTRACT: Rural households in northwest China rely on solid fuels
as their main heating energy source in winter, leading to negative health
outcomes. This study assessed the concentrations of personal exposure
to size-resolved particulate matter and gaseous pollutants (NO,, CO,
and O;) and their effects on biomarkers of inflammation and oxidative
stress in 129 rural residents who use solid fuels in the Fenwei Plain in
winter. The results showed that NO, exposure significantly increased
IL-6 and TNF-a in urine (u), O; exposure significantly increased 8-
OHJAG and IL-10 in urine (u), and CO exposure caused significantly

Inflammation
IL-10 in urine

Increased systolic

Mediation effect
blood pressure

Oxidative Stress
8-OHdG in blood

increased 8-OHdG in blood (b). Four urine biomarkers positively

correlated with systolic blood pressure (SBP); 8-OHdG-b was significantly positively correlated with both SBP and diastolic blood
pressure (DBP). Mediation analysis showed that O; and CO mediated the association between IL-10-u and SBP and 8-OHdG-b
with SBP. O; and CO exposure caused by domestic solid fuel combustion may lead to an increase in human SBP by mediating
systemic inflammation and oxidative stress. The study emphasizes the urgency of improving rural household heating methods and
reducing air pollution to alleviate the burden of diseases associated with hypertension and provides a scientific basis for
understanding the pathogenesis and early prevention of hypertension among rural residents in northwest China.
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1. INTRODUCTION

In rural areas of northwest China, solid fuels (such as tree
branches, crop stalks, and coal) are still the main heating
energy sources for local households in winter." In these areas,
residents use traditional stoves to burn fuels, resulting in
imperfect combustion.”> Due to a lack of ventilation
equipment, a large number of air pollutants, such as particulate
matter (PM), carbon monoxide (CO), and nitrogen dioxide
(NO,)," remain indoors, leading to the deterioration of
indoor air quality.

Oxidative stress, is a physiological state in which there is an
overproduction of reactive oxygen species (ROS), and an
imbalance between them and antioxidants, resulting in
imbalance in cellular damage, producing pro-inflammatory
mediators and systemic inflammation.'”"" Exposure to
atmospheric pollutants emitted from solid fuel combustion
can induce oxidative stress.'” All these processes may cause
acute and chronic diseases, such as chronic obstructive
pulmonary disease, lung cancer, stroke, ischemic heart disease,
and hypertension.">~"> Using biomass fuels increases the risk
of pneumonia by more than 80% compared to using cleaner
fuels."® Inhaling PM from solid fuel combustion is thought to
cause the rapid release of endothelin and a significant increase
in plasma viscosity and induce the production of C-reactive
protein in the liver, which leads to vascular endothelial stiffness
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and the development of hypertension.”'”"® Gaseous CO and
NO, released during the combustion of solid fuels increase the
risk of respiratory infections and cardiovascular damage and
CO can also cause acute death through tissue oxygenation.'”*°

Hypertension is one of the most common diseases among
middle-aged and elderly people in China.”' According to the
blood pressure report released by the World Health
Organization (WHO), the number of adults aged 30—79
with hypertension in China in 2019 was about 257 million.””
The annual deaths related to hypertension account for nearly
80% of cardiovascular disease deaths in China.””** Both innate
and adaptive immunity could promote elevated blood pressure
by triggering vascular inflammation and microvascular
remodeling.”® Higher concentrations of inflammatory factors
(e.g.,, interferon-gamma (IFN-y), interleukin-17 (IL-17), and
tumor necrosis factor-alpha (TNF-a)) in the blood have been
associated with a higher risk of developing hypertension.”**” 8-
hydroxydeoxyguanosine (8-OHdG) in blood and urine has
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also been shown to be associated with cardiovascular diseases
such as hypertension.”” Several surveys of adults over the age
of 18 found that an increase in the count of white blood cells
indicating inflammation was associated with an increase in
blood pressure.””** Studies have indicated that inflammation
and oxidative stress show a possible mediating role in
polycyclic aromatic hydrocarbons (PAHs)-induced liver
impairment.”’ However. whether this also has a mediating
effect on hypertension, especially for rural residents exposed to
solid fuel combustion, is unknown.

The Fenwei Plain in northern China was one of the three
key areas designated for air pollution control by China’s
Ministry of Environmental Protection in 2018. Nonclean solid
fuels, such as coal and biomass, are the main energy sources in
the heating season in the rural areas of the Fenwei Plain and
are the main pollution sources that lead to the deterioration of
the local atmospheric environment in winter.””** Therefore,
this study used wearable real-time sensors to collect the
concentration of air pollutants in different microenvironments
of subjects, representing personal exposure concentration, and
determined the personal exposure concentrations of multiple
air pollutants in the solid fuel-using population.””** This study
also qualitatively assessed the effects of air pollutants on
biomarkers of inflammation and oxidative stress biomarkers in
blood and urine, and investigated the mediating roles of
inflammatory factors and oxidative stress in the association
between respiratory exposure to air pollutants and blood
pressure in the rural population of the Fenwei Plain, and to
further revealed the health implications of solid fuel. The
results will provide a theoretical basis for the early intervention
of hypertension in rural residents of Northwest China and a
new perspective for understanding the possible mechanism of
the incidence rate of hypertension in local rural residents.

2. MATERIALS AND METHODS

2.1. Study Design

Shibao village (109.33°E, 35.44°N) in Tongchuan city is located in
the central part of Shaanxi Province and the northernmost of the
Guanzhong Plain. It is at a high altitude (1395 m) and has a low
temperature in winter (4.46 % 3.56 °C). There is almost no industry
or commerce. Due to the large production of coal,* as well as the
cheap and easy availability of biomass fuels in Tongchuan, the
residents of Shibao village (about 1000 households) commonly use
these two solid fuels in winter for heating at home. The compositional
analysis of the local coal is detailed in Table S2 in the Supporting
Information (SI). There are almost no households in the area using
clean energy (such as natural gas, electricity) for winter heating. A
total of 141 participants (all over 45 years old) were recruited
between December 2022 and January 2023 (the selection process and
criteria for participants are in Appendix A of the Supporting
Information (SI)). During this period, basic physical examinations
(measuring height, weight, blood pressure, etc.), real-time concen-
trations of personal exposure to air pollutants, and blood and urine
sample collections were conducted for each participant (Figure S1).
The study was approved by the Biomedical Ethics Committee of the
Xi'an Jiaotong University Health Science Center in China
(registration number: 2018—532) and all participants provided
written informed consent.

2.2. Questionnaire Survey

Trained researchers conducted a questionnaire survey with all the
participants individually. The participants were asked to fast in the
morning. The questionnaire included basic personal information
(gender, age, education, income, family members, etc.), health status
(self-assessment of health during the sampling period, past medical
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history, medication history, etc.), living environment (house size, pets,
plants, etc.), and living habits (smoking, secondhand smoke, alcohol
consumption, type of heating or cooking fuel used, ventilation habits,
exercise frequency, etc.). Surveys of diet (including frequency of
eating high salt pickled food) were also conducted. Based on the
questionnaire results, 12 of the 141 participants were excluded from
the formal experiment as they were taking antihypertensive
medications. Therefore, all data analyses were based on 129 valid
participants.

2.3. Blood and Urine Sample Collection

After the questionnaire survey, avoiding strenuous exercise for half an
hour before the physical examination was required. First, the heights
and weights of each participant were measured. Systolic blood
pressure (SBP), diastolic blood pressure (DBP), and heart rate were
measured using an electronic sphygmomanometer (Omron J732,
Japan), followed by venous blood collection. After the measurement,
each subject was given a sealed and sterilized urine tube (10 mL;
Yunya, Nantong, China) to collect morning urine in the middle of the
following day. In total, 129 eligible blood and urine samples were
obtained. Urine and blood samples were centrifuged, dispensed, and
otherwise pretreated and transferred to a laboratory refrigerator at 4
°C within 4 h and to a refrigerator at —80 °C within 3 days for
subsequent analysis, using bioice packs to maintain cold temperature
during transportation.

2.4. Personal Exposure to Air Pollutants Data Collection

The SAPIENS Air Quality Sensor (Shenzhen Environmental
Technology Co., Ltd., Shenzhen, Guangdong, China) was used to
collect real-time individual exposure concentration data for six types
of atmospheric pollutants (PM,,, PM, 5, PM;, NO,, CO, and O;) for
each participant over a 24 h period with a resolution of 1 min
immediately after the physical examination. This study used the
arithmetic average of 24 h of online data to represent individual
exposure concentrations. During nonsleep hours, each participant
wore an air quality sensor on the chest (within 0.3 m of nose and
mouth), and during sleep, he/she placed the sensor near the head in
the bedroom (within 0.5 m of nose and mouth). The performance of
the sensors is detailed in the Appendix D of the Supporting
Information.

2.5. Measurement of the Biomarkers

Based on the pre-experimental results, urine and blood samples were
thawed at room temperature and centrifuged at 1000 rpm for 10 min.
The supernatant was extracted for analysis of four urine biomarkers
(suffix u for urine): IL-6-u, IL-10-u, TNF-@-u, and 8-OHdG-u, and
four blood biomarkers (suffix b for blood): IL-10-b, 8-OHdG-b,
lymphocyte count (LYMP) and monocyte count (MONO). IL-6, IL-
10, and TNF-a are factors produced by immune cells and involved in
inflammation and immune response, among which IL-6 and TNF-a
are pro-inflammatory factors and IL-10 is an anti-inflammatory
factor.””™*° 8-OHJG is a specific biomarker of oxidative stress and
DNA damage.*® Monocyte and lymphocyte are immune cells, which
are produced in the bone marrow and lymphatic organs of the human
body, respectively.”""** And it has been shown that these two types of
immune cells may be associated with the development of hyper-
tension.” Detailed methods for analyzing the biomarkers can be
found in the Appendix B of the Supporting Information.

2.6. Statistical Analysis

2.6.1. Data Processing. Excel 2019 (Microsoft Corporation,
Redmond, WA, USA) was used for data entry, SPSS 26.0
(International Business Machines Corporation, Armonk, New York,
USA) was used for statistical analysis, and Origin 2022 (Origin Lab,
Northampton, MA, USA) was used for statistical analysis and plotting.
Tests of Spearman’s linear correlation, multiple linear regression
analyses were used to determine associations between air pollutant
concentrations, biomarkers, and blood pressure. The effects of air
pollutants in different concentration intervals on biomarkers were
further explored using three-category ordinal regression analysis,
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Figure 1. Comparisons of personal exposure to air pollutant concentrations (Figure a-f), blood pressure (Figure

concentrations (Figure i-p) in different fuel groups.

g-h), and biomarker

which is described in more details in the Appendix C of the
Supporting Information.

2.6.2. Mediation Analysis. To explore the potential mediating
role of blood and urine biomarkers between respiratory exposure to
air pollutants and blood pressure, a mediation analysis was conducted
using the process plug-in in SPSS created by Hayes in 2013.**
Biomarkers were used as mediators, air pollutants as independent
variables, and blood pressure as the dependent variable to estimate
total, direct, and indirect effects. The indirect effect is the effect of the
independent variable transmitted through one or more mediating
variables. The process plug-in used the bootstrap method to test and
judge the mediation effect according to whether the confidence
interval contained 0. A mediation effect is present if the 95%
confidence interval for the output indirect effect does not contain the
number 0, which is significant for the indirect effect. ™

3. RESULTS AND DISCUSSION

3.1. Personal Information and Hypertension Incidence
Rate of Participants

According to the questionnaire, the residents of this region
spend more than 85% (20.5 + 2.89 h) of their time indoors in
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winter and there is an obvious combustion source indoors.
Therefore, we categorized the population according to the type
of fuels used in the participants’ households: coal group (80
participants) and biomass group (49 participants). Statistical
analysis of the basic information on the 129 valid participants
in this study is shown in Table S1. Of the participants, 85 were
female and 44 were male and the age range was 40—88 years
old, with an average value of 62.7 + 11.8. The average BMI
was 23.0 + 4.76 kg/m’. Of the participants, 38.3% had an
elementary school education or lower, 43.8% had a middle
school education, and 17.9% had a high school education.
Three days before sampling, 9.3% of the participants had
respiratory symptoms, such as colds and coughs, and 30.2%
used medications other than antihypertensive drugs. Only
23.3% of the participants were smokers; however, 41.9% were
exposed to secondhand smoke. Only 10.1% were alcohol
drinkers. In addition, 68.9% of the participants rarely exercised.
More than 90% of the participants used closed or semiclosed
kitchens and only 20.9% used ventilation during cooking,
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Figure 2. Correlation of biomarkers with personal exposure to air pollutants.

indicating that most of the residents’ indoor air pollutants
could not be exhausted to the outside in a timely manner.***’

According to the recommendations of the WHO/Interna-
tional Society of Hypertension in 2003,”° hypertension is
diagnosed when SBP rises to >140 mmHg or DBP rises to
>90 mmHg and prehypertension is diagnosed when SBP rises
to 120—139 mmHg and DBP rises to 80—89 mmHg. Among
the valid participants, the prevalence of hypertension was 55%,
less than 20% of the participants had normal blood pressure,
and the remaining participants had prehypertension. The
prevalence of hypertension in Chinese urban adults ranges
from 28.9% to 48.6%,”' ~>* with a prevalence of 43.1% in the
elderly in previous studies,”* lower than that in the present
study. These results suggest that the prevalence of hyper-
tension is high among middle-aged and elderly residents in
rural areas of northwest China. The living habits, such as using
solid fuels for heating, staying indoors for long periods and lack
of indoor air ventilation may be potential factors contributing
to hypertension for rural residents, which need to be further
explored.

3.2. Personal Exposure to Air Pollutants and Biomarkers in
Different Fuel Groups

During the sampling period, the concentrations of six air
pollutants exposed to different fuels are shown in Figure la-f.
The concentrations of NO,, CO, O;, PM,, PM,, and PM,,
were 36.5 + 41.0 ug/m’, 3.95 + 2.43 mg/m’, 71.1 + 66.8 ug/
m?, 71.9 + 36.9 ug/m’, 119 + 74.5 ug/m?, and 202 + 100 g/
m®, respectively. Due to the lack of standards for human
exposure to air pollutants, the results of this study were
compared with those in the Chinese indoor air quality
standards (GB/T 18883—2022).”> The exposure concentra-
tions of PM, s and PM,, were 2.4 and 2.0 times the standard
values (PM, 5 < 50 pg/m* and PM;, < 100 pg/m*) and the
concentration of the rest of the gaseous pollutants were much
lower than the standard values (NO, < 200 ug/m? CO < 10
mg/m?, and O; < 160 ug/m*), which suggests that exposure to
PM pollution is more severe among rural residents using solid
fuels. This implies the need to upgrade the concentration
threshold standards for gaseous pollutants in China. Among all
the air pollutants, the exposure concentrations of the biomass
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group were higher than that of the coal group, significantly for
PM, (coal: 68.3 + 37.8 ug/m?>, biomass: 77.4 + 35.1 ug/m’, p
= 0.029) and PM,, (coal: 190 + 103 ug/m?’, biomass: 219 +
93.9 ug/m’ p = 0.016).

The SBP and DBP values of the different fuel groups are
shown in Figure 1g-h. The SBP (144 + 24.4 mmHg) and DBP
(85.3 + 13.5 mmHg) of the coal group were higher than those
of the biomass group (SBP: 142 + 22.1 mmHg and DBP: 81.7
+ 11.8 mmHg) but the difference was not significant. The
concentrations of the biomarkers in the blood and urine of the
different fuel groups are shown in Figure 1i-p and Tables S3—
SS. The mean concentrations of 8-OHdG-u, IL-6-u, IL-10-u,
and TNF-a-u in the urine samples of 129 validated participants
were 22.5 + 18.9 mg/mol Ucr and 105 + 104, 159 + 143, 36.5
+ 31.0 pg/mol Ucr, respectively. The urinary bioindicator
concentrations in the biomass group were approximately 1.5
times greater than those in the coal group. Among them, IL-6-
u in the biomass group (137 + 131 ug/mol Ucr) was
significantly (p = 0.032) higher than that in the coal group
(869 + 78.5 pg/mol Ucr). In blood samples, the mean
concentrations of MONO, LYMP, 8-OHdG-b, and IL-10-b
were (0.406 + 0.148) x 10°/L, (1.69 + 0.613) x 10°/L, 71.3
+ 22.5 pg/L, and 520 + 111 ng/L. 8-OHAG-b, respectively,
and IL-10-b maintained the same pattern as the urine
indicators; that is, the biomass group had higher values than
the coal group but the difference was not significant. MONO
and LYMP in the coal group ((0.418 + 0.513) X 10°/L and
(1.74 + 0.699) X 10°/L) were slightly higher than those in the
biomass group ((0.388 + 0.139) X 10°/L and (1.62 + 0.439)
X 10°/L), but the difference was not significant.

Although there were significant differences in personal
exposure concentrations in the biomass and coal groups for
PM, and PM,,, there were no significant differences in blood
pressure and biomarkers between the two groups. This may be
due to the fact that, biomass and coal are traditional solid fuels,
with limited differences in the fuel self-and the types of air
pollutants emitted from combustion®® In addition, the study
population involved in this study have basic closer lifestyle
habits (Table S1), which resulted in more similar health levels
of system inflammation and oxidative stress in different groups
of residents. Therefore, to obtain better statistical analysis
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performance and generalizable findings, all valid participants
(129) from both two solid fuel groups were analyzed as a
whole in the subsequent study.

3.3. Linkage between Exposure to Air Pollutants and
Biomarkers

3.3.1. Correlation between Biomarkers and Air
Pollutants. Gaseous Pollutant. Exposure to air pollutants
leads to an increase in the concentration of pro-inflammatory
mediators and reactive oxygen species (ROS) in the body,
which in turn induces a variety of diseases.”’ Several
epidemiologic studies have shown that indoor air pollutants
can lead to elevated concentrations of 8-OHdG, ILs, and TNF-
a in humans.”®*” In cellular experiments, the concentrations of
TNF-a and IL-6 secreted by cells increased with increasing
concentrations of exposed air pollutants.”” The correlation of
eight biomarkers in the participants’ blood and urine samples
and six exposed air pollutants (Table S6) showed that only CO
was significantly positively correlated with 8-OHdG-b (p =
0.033) and O, was significantly positively correlated with 8-
OHdG-u (p = 0.047), IL-6-u (p = 0.049), and IL-10-u (p =
0.023). When confounders, such as gender, age, BMI, smoking,
and alcohol consumption, were excluded, the correlations
between air pollutants and biomarkers were as shown in Figure
2. NO, was significantly positively correlated with IL-6-u (p =
0.024) and TNF-a-u (p = 0.035). NO, is an environmental
oxidant and its mediated lung injury is associated with higher
concentrations of pro-inflammatory mediators and cytokine
production.”’ Studies conducted in humans or cells have
shown that exposure to NO, can cause a significant increase in
the cellular pro-inflammatory factors IL-13, TNF-a, and IL-6,
as well as correlating with a decrease in LYMP in humans,®' =
which is consistent with the findings in the current study.
Moreover, CO was significantly and positively correlated with
8-OHdG-b (p = 0.018), possibly because CO inhibits
mitochondrial respiration, leading to increased levels of ROS,
which in turn induce oxidative stress.”*

O; was positively correlated with 8-OHdG-u (p = 0.049)
and IL-10-u (p = 0.021) and negatively correlated with LYMP
(p = 0.043). O, is a strong oxidant that enters the body and
prompts oxidative reactions in the organism, leading to
subcellular damage; and repeated exposure to low doses of
Oj; causes an imbalance in the antioxidant mechanism, leading
to oxidative stress in the organism.”>~®’ In the present study,
Oj; had a significant promoting effect on the concentrations of
IL-10 and 8-OHdG in urine samples but a nonsignificant and
opposite effect on IL-10 and 8-OHdG in blood. This indicates
that the processes of oxidative stress and inflammatory
response to Oj in the human body occur in different human
metabolic pathways and these two biomarkers in urine are
more suitable as health risk indicators for O; exposure than
blood in the case of solid fuel combustion. In addition,
inhalation of Oj; adversely affects the T lymphocyte immune
system and induces a neuroendocrine stress response, both of
which can result in reduced MONO and LYMP levels in the
blood.***”

Particulate Matter. There was a significant positive
correlation between blood TNF-a, IL-8, IL-6, and IL-10 and
indoor PM concentrations in populations using solid fuels.”””"
However, based on the results of Figure 2 and Table 1, PM
were almost not strongly correlated with biomarkers, except for
PM,,, which was positively correlated with MONO (p =
0.049) and PM, s, which was negatively correlated with IL-10-b
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Table 1. Three-Category Ordinal Regression of Exposure to
Air Pollutants on Biomarkers

OR (LI) OR (MI)
8-OHdG-u 0.88 137
IL-6-u 1.10 0.98
IL-10-u 1.10 122
TNF-a-u 1 1.12
NO, MONO 127 3.35¢
LYMP 0.33 1.46
8-OHdG-b 0.60 0.79
IL-10-b 0.49 0.90
8-OHdG-u 3.32¢ 1.62
IL-6-u 171 142
IL-10-u 3.22% 1.39
o TNF-a-u 1.68 1.73
3 MONO 0.27¢ 0.28¢
LYMP 1.09 0.69
8-OHdG-b 0.83 0.75
IL-10-b 1.72 1.30
co 8-OHdG-u 1.00 1.00
IL-6-u 0.86 1.32
IL-10-u 0.62 0.85
TNF-a-u 0.74 0.79
MONO 0.69 0.98
LYMP 0.86 220
8-OHdG-b 3.344 3.27¢
IL-10-b 0.70 1.32
8-OHdG-u 1.14 1.33
IL-6-u 1.60 143
IL-10-u 1.05 1.53
PM, TNF-a-u 1.07 1.65
MONO 0.54 0.62
LYMP 0.63 0.50
8-OHdG-b 2.10 1.42
IL-10-b 1.45 0.53
8-OHdG-u 1.07 1.16
IL-6-u 1.46 1.55
IL-10-u 0.99 135
TNF-a-u 1.00 1.48
PM;s MONO 0.42 0.76
LYMP 0.63 0.63
8-OHdG-b 1.59 1.10
IL-10-b 1.07 0.57
8-OHdG-u 125 1.23
IL-6-u 1.49 1.52
IL-10-u 0.98 1.34
PM,, TNF-a-u 1.09 1.33
MONO 0.51 0.69
LYMP 0.51 0.80
8-OHdG-b 2.38 125
IL-10-b 125 0.94

“p < 0.0S, OR (LI): OR of biomarkers for low-concentration interval
(LI) exposure, OR (MI): OR of biomarkers for medium-
concentration interval (MI) exposure.

(p = 0.042). Studies have reported that exposure to PM,
stimulates macrophages, which can accelerate the release of
monocytes from the bone marrow.”” The weak correlations in
this study may be due to the different chemical compositions
of PM.”® It has been shown that different fractions of PM,
(water-soluble, fat-soluble and insoluble components) contrib-
ute to elevated concentrations of different types of

https://doi.org/10.1021/envhealth.4c00182
Environ. Health 2025, 3, 458—468


https://pubs.acs.org/doi/suppl/10.1021/envhealth.4c00182/suppl_file/eh4c00182_si_001.pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

Table 2. Correlation of Biomarkers with Blood Pressure

8-OHdG-u IL-6-u IL-10-u
(ug/mol Ucr) (ug/mol Ucr)  (ug/mol Ucr)
SBP P value 0.002° 0.004¢ 0.003%
Correlations 0.292 0.268 0.277
DBP P value 0.425 0.208 0.307
Correlations —0.075 —0.118 —0.096
“p < 0.05.

TNEF-a-u 8-OHdG-b IL-10-b MONO LYMP

(ug/mol Ucr) (ng/mL) (pg/mL) (10°/1) (10°/1)
0.004 0.018 0.902 0.135 0.127
0.267 0.215 —0.011 0.154 0.180
0.321 0.037“ 0.157 0.326 0.070
—0.093 0.189 0.126 0.093 0.171

Table 3. Mediation Effects of Biomarkers on the Association of Exposure to Air Pollutants with Blood Pressure

X Variable Y Variable Mediator Total effects § (95% Cls)
o, SBP IL-10-u 0.0135 (—0.0259, 0.0530)
8-OHdG-u 0.0135 (—0.0259, 0.0530)

NO, SBP IL-6-u —0.0211 (—0.0680, 0.0258)

TNE-a-u —0.0211 (—0.0680, 0.0258)
CcO SBP 8-OHdG-b 0.0180 (—0.0443, 0.0803)
DBP 8-OHdG-b 0.0660 (—0.0489, 0.0621)

“Existence of mediation effect.

Direct effects # (95% CIs)

0.0003 (—0.0387, 0.0393)
0.0035 (—0.0356, 0.0425)
—0.0333 (—0.0798, 0.0133)
—0.0292 (—0.0765, 0.0181)
0.0014 (—0.0630, 0.0659)
—0.0042 (—0.0622, 0.0537)

Indirect effects  (95% CIs)

0.0132 (0.0007, 0.309)“
0.0101 (—0.0002, 0.0247)
0.0122 (0.000, 0.0323)
0.0081 (—0.0017, 0.0237)
0.0165 (0.0003, 0.0421)"
0.0109 (—0.0064, 0.0301)

inflammatory factors.”* The same inflammatory factor in the
body may also be up or down regulated by the different PM, g
chemical components, e.g., metals and ions.”” In addition, the
ground is usually unpaved in rural areas, both indoors and
outdoors. The resuspension of ground dust can lead to
increased concentration levels of personal exposure to PMs.
We know that the dust source PMs has a much lower toxicity
than the combustion source PMs.”® This may also be an
explanation for the lack of a significant positive correlation
between PMs and health indicators in this study.

3.3.2. Effects of Pollutants in Different Concentration
Intervals on Biomarkers. All of these results suggest that air
pollutants emitted from solid fuel combustion are indeed
associated with inflammation and oxidative stress in humans.
To investigate the effects of different concentration intervals of
air pollutant exposure on the biomarkers, we conducted a
three-category ordinal regression analysis (Table 1). The OR
values of 8-OHdG-u in the LI and MI exposure intervals of Oy
were 3.32 (p = 0.028) and 1.62, respectively. The OR for IL-
10-u in the LI and MI of O; were 3.22 (p = 0.032) and 1.39,
respectively. 8-OHdG-b showed an OR of 3.34 (p = 0.018) in
the LI and 3.27 (p = 0.018) in the MI group of CO, implying
that low concentrations of O; and medium and low
concentrations of CO exhibited significant effects on human
inflammation and oxidative stress. In addition, for MONO, the
OR in the MI for NO, was 3.35 (p = 0.041) and in the LI and
MI intervals for O; were 0.27 and 0.28, respectively, with p-
values of both less than 0.0S. This suggests that intermediate
concentrations of NO, and medium and low concentrations of
Oj; significantly affect the concentration of MONO in the
blood.

3.4. Linkage between Blood Pressure and Biomarkers

The correlations of the eight biomarkers in the blood and urine
samples with SBP and DBP are shown in Table 2. All four
urine biomarkers were significantly positively correlated with
SBP, and 8-OHdG-b was significantly positively correlated
with both SBP and DBP. Blood cell count did not show a
strong correlation with blood pressure. Epidemiologic studies
have displayed that external stimuli lead to the activation of
inflammatory vesicles, which induce pro-inflammatory factors
within innate immune cells and enhance perigheral organ
inflammation, further exacerbating hypertension.”” In healthy
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populations, inflammatory cytokines can lead to elevated blood
pressure levels through the activation of a variety of
neurohumoral and vascular endothelial factors,”* %" and
several studies have demonstrated a significant positive
correlation between in vivo concentrations of TNF-a, IL-6,
IL-10, and SBP.”*7®° Increased concentrations of 8-OHdG in
the body are usually regarded as an increase in the level of
systemic oxidative DNA damage. A study on the effects of
DNA damage on cardiovascular disease suggested that the
mean concentration of 8-OHAG was significantly higher in
hypertensive subjects (17.4 ng/mg Ucr) than in normotensive
subjects (10.1 ng/mg Ucr, p < 0.05).*" The above results
demonstrated that inflammation and oxidative stress are
closely related to blood pressure, suggesting that body
inflammation and oxidative stress are key processes that
induce the development of cardiovascular disease.

3.5. Mediating Effects and Health Implications

We explored the biological link between human respiratory
exposure to air pollutants and blood pressure. Mediation
analyses were used to explore the potential mechanisms by
which exposure to air pollutants affected blood pressure levels
through mediators (inflammatory factors and oxidative stress
markers). Spearman’s correlation analysis showed that no
single air pollutant was independently associated with SBP or
DBP (Table S7); however, the results of the three-category
ordinal regression showed that moderate concentrations of CO
had a significant effect on SBP (Table S8). Therefore, we
selected biomarkers that were significantly associated with both
CO and blood pressure as mediating variables (i.e., 8-OHdG-
b). Based on the results in Figure 2 and Table 2, we found that
O;, NO,, and SBP may be mediated by biomarkers in urine.
Therefore, we conducted a mediation analysis of the
components that may have functional relationships (Table
3). The results showed that the 95% confidence intervals for
the output indirect effects of IL-10-u-mediating effects of Oy
with SBP and 8-OHdG-b-mediating effects of CO with SBP
did not contain 0, which suggests the presence of significant
indirect effects, and hence the presence of mediating effects.”’
Namely, O; mediated the association between IL-10-u and
SBP, and CO mediated the relationship between 8-OHdG-b
and SBP. This suggests a possible mechanism and pathway for
the upregulation of SBP in vivo via IL-10 and 8-OHdG,
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following respiratory exposure to O3 and CO related to solid
fuel combustion emissions in households. This reveals a
possible important role of household solid fuel burning air
pollutants with biomarkers of inflammation and oxidative
stress in the development of hypertension.

Exposure to O; and CO induces systemic inflammation and
oxidative stress and long-term exposure is associated with an
increased incidence of hypertension and cardiovascular disease
mortality.””*’ However, the mechanism is not clear. A study
on exposure to gaseous air pollutants and hospitalizations for
hypertension found a significant correlation between the
number of hospitalizations for hypertension and O3 concen-
tration,** suggesting that O, is a major risk factor for
hypertension. When Oj; is inhaled, it promotes ROS
production. When the ROS produced cannot be cleared by
the antioxidant defense mechanism, they are distributed
throughout the body, causing oxidative stress and promoting
the production of proinflammatory cytokines.*’

Although previous studies have shown that pro-inflamma-
tory cytokines released by activated T cells contribute to the
development of high blood pressure, the anti-inflammatory
cytokine IL-10 helps to relieve high blood pressure.”
However, there is a compensatory interaction between IL-10
and endogenous NO during long-term high salt intake. During
prolonged high salt intake, IL-10 can act as a pro-inflammatory
cytokine, leading to an inflammatory response. The production
of IL-10 can inhibit the formation of endogenous NO, and NO
has an inhibitory effect on the incidence of hypertension
promoted by angiotensin (AngII).”” 53% of the participants in
this study indicated that they ate high salt pickled food more
than 4 days a week based on the diet habits questionnaire
survey. Therefore, in this study, IL-10 acted as an intermediary
to mediate the relationship between O; and hypertension,
possibly due to the high salt intake of local rural residents. In a
study of salt intake among Chinese residents, Shaanxi Province
ranked second among all provinces in China, with a per capita
salt intake of 11.7 g/day, which was 2.6 g higher than the
average.””® The combustion process of household solid fuels
emits large amounts of nitrogen oxides (NO,) and volatile
organic compounds, as well as a lot of free radicals, of which
hydroxyl radicals can be used as oxidizers to promote the
reaction of NOx and volatile organic compounds to generate
high concentrations of O5.”””%”" This causes IL-10, as a pro-
inflammatory factor in the body, to increase, inhibiting the
production of NO and thus promoting the onset of
hypertension. This study concluded that urinary IL-10 can
be used as a potential noninvasive bioindicator for determining
the cause of hypertension, especially elevated SBP.

When CO is inhaled, it combines with hemoglobin to form
hemoglobin carbonate (HbCO), leading to tissue hypoxia.””
Central nervous system reoxygenation injury can occur after
hypoxia and hyperoxia promotes the production of ROS. In
addition, CO blocks the activity of the electron transport chain
by binding ferrous iron to the active site of cytochrome C
oxidase. As other complexes in the electron transport chain
continue to transfer electrons, this leads to increased ROS
production.”* Overproduction of ROS can lead to significant
DNA damage, resulting in 8-OHdG.”* At the same time, the
increase of ROS can enhance the expression of vasoconstrictor
factors such as plasma endothelin by activating transcription
factors such as nuclear factor kB, leading to the occurrence of
hypertension.”* ™"’
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There is no evidence to suggest a direct contribution of 8-
OHAG to hypertension. 8-OHdG is a marker produced in
response to oxidative stress,”® which suggests that oxidative
stress may play a role in the association between CO and
hypertension. Some gaseous pollutants (CO and NOx)
indirectly affect DBP by affecting monocyte concentrations,”
but the specific pathogenic process requires further study.

A meta-analysis examined the blood pressure health effects
of acute and chronic exposure to PM,o, PM, 5, O;, CO, SO,,
and NOx and found a positive association between these
pollutants and the prevalence of hypertension.'” Inhaling PM
induces changes in autonomic balance that are conducive to
sympathetic nerve activity, promote systemic oxidative stress,
induce systemic inflammation and cytokine production (TNF-
a, IL-8), and lead to vascular dysfunction such as arterial
vasoconstriction.'’' ~'?* Although studies have shown that PM
can lead to an increased risk of hypertension in humans, this
view was not confirmed in this study. This may be due to
respiratory exposure to different sources of PM, which have
widely varying chemical compositions, resulting in varying
associations with hypertension.'>'**'% We conclude that for
the population exposed to rural solid fuel combustion sources
in China, gaseous pollutants, especially CO and Oj, exhibit
more significant negative effects on hypertension than PM.

Respiratory exposure to O; and CO associated with solid
fuel combustion promotes the development of SBP through
the mediation of IL-10-u and 8-OHdG-b, respectively. This
suggests that there may be a pathogenic mechanism for
hypertension by which O; and CO can contribute to the
elevation of SBP by inducing systemic inflammation and
oxidative stress, which in turn enhances vasoconstrictor
expression. This mechanism is particularly applicable to
populations exposed to residential solid fuel combustion and
high-salt diets. Similar findings regarding the ability of markers
of inflammation and oxidative stress to mediate personal
exposure to pollutants and disease were found in a study of the
association between PAHs exposure and hyperuricemia in
humans.'% This means that more research can be done in this
area in the future.

The results of the study suggest that residents in rural areas
should minimize the use of solid fuels, and also pay attention
to ventilation when using solid fuels on a daily basis in order to
minimize the health impacts of solid fuel combustion. It is also
recommended that the local population should maintain a low
salt diet, which can help alleviate the onset or worsening of
hypertension.

4. CONCLUSION

The mediating effect of household solid fuel combustion air
pollutant exposure on blood pressure levels was first assessed.
This study suggests that body inflammation and oxidative
stress are important risk factors for elevated blood pressure in
humans. And respiratory exposure to O; and CO associated
with solid fuel combustion sources promoted the development
of SBP through the mediation of IL-10-u and 8-OHdG-b. It
suggests that there may be a pathogenic mechanism by which
O; and CO contribute to the elevation of BP by inducing
systemic inflammation and oxidative stress, which in turn
enhances vasoconstrictor expression. This study also has some
limitations. The relatively small sample size may limit the
generalizability and extrapolation of the findings. Potential
confounding factors, such as genetic factors, were not fully
considered and apparently may also play a non-negligible role.
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In the future, the sample size will be expanded and data on
these potential variables will be collected and analyzed more
systematically to fully assess the effects of air pollution on
blood pressure. However, the result provides a certain scientific
basis for further accelerating clean energy substitution in rural
areas and preventing the occurrence of hypertension in China,
and providing appropriate life advice to the local population.
At the same time, it also provides a new perspective for
promoting subsequent studies to deeply explore the relation-
ship between environmental pollution and chronic diseases
such as hypertension and cardiovascular diseases.
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