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Abstract 

It is widely accepted that the pathophysiologic pathways linking air pollution 

exposure and adverse health effects are via the augmentation of oxidative stress and 

inflammation in the respiratory tract and the circulatory system. Melatonin  is a potent 

antioxidant and anti -inflammatory molecule and may thereby affect ÐÕËÐÝÐËÜÈÓÚɀɯ

biological responses to air pollution exposure. This dissertation aims to investigate the 

role of melatonin in pathophysiological responses to air pollution exposure.  

In Aim 1 of th is dissertation research, a method was developed to 

simultaneously measure urinary concentrations of 6 -sulfatoxymelatonin (aMT6s) and 8 -

hydroxy -2'-deoxyguanosine (8-OHdG). As a major metabolite of melatonin excreted in 

the urine, aMT6s has been widely used as a surrogate of circulating melatonin. Urinary 

8-OHdG, a stable product of DNA oxidative damage, has been used as an oxidative 

stress biomarker. This new method is expected to have important applications in 

biomedical and environmental health studies in volving the oxidative stress 

pathophysiological pathway.  

In Aim 2 of this dissertation research, the role of melatonin in oxidative stress 

responses to air pollution exposure was examined. Stored urine samples collected from 

159 healthy adults, and their personal air pollution exposure data were used. These 

urine samples were analyzed for aMT6s and 8-OHdG; and statistical analyses were 

conducted to examine the relationships among aMT6s, 8-OHdG and another previously 
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measured urinary oxidative stress biomark er, malondialdehyde (MDA), and pollutant 

exposures. The results of this analysis suggest the need for controlling for aMT6s as a 

confounder in using urinary 8 -OHdG and MDA as biomarkers of oxidative stress 

related to short-term air pollution exposure.  

In A im 3 of this dissertation research, the role of melatonin in inflammatory 

responses to air pollution exposure was examined. Blood inflammatory cytokines and 

urinary aMT6s were measured in 53 healthy adults three times within 2 consecutive 

months. Personal air pollution exposure was calculated prior to biospecimen collections. 

The study found that concentrations of proinflammatory cytokines were significantly 

and negatively associated with O3 exposures averaged over the preceding 12 hours 

while significantly  but positively associated with O 3 exposures averaged over the 

preceding 2 weeks. These findings suggest that exposure to O3 for different time 

durations may affect systemic inflammatory responses in different ways. In addition, the 

study found that pro -inflammatory responses to O3 exposure in the preceding 2 weeks 

may partly result from the depletion of endogenous melatonin by O 3. 

In Aim 4 of this dissertation research, the role of melatonin in  pathophysiologic 

and oxidative stress responses to air pollution exposure in asthmatic children was 

examined. Urine, nasal fluid, and pulmonary physiology data were obtained from 43 

asthmatic children four  times with a 2-week interval between the consecutive clinic 

visits. At each visit, pulmonary physiology indicators, comprised of airway mechanics, 
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lung function, airway inflammation, and asthma symptom scores were measured. 

Stored urine samples were analyzed for aMT6s, 8-OHdG, and MDA; stored nasal fluid 

samples were analyzed for MDA. Personal exposures to PM2.5 and O3 prior to a health 

outcome measurement were calculated. Three major analyses were conducted in the 

Aim 4 study.  

First, the associations of personal air pollutant  exposures with the indicators of 

pulmonary physiology were examined. The results show that daily changes in personal 

exposure to PM2.5 were associated with significant ly  increased small airway resistance, 

total airway resistance, and airway inflammation ( fractional exhaled nitric oxide , FeNO). 

The findings suggest the importance of reducing personal exposure to PM2.5 as part of 

the asthma management plan to improve airflow limitation.  

Second, statistical analyses were conducted to examine the relationships among 

personal pollutant exposures, nasal fluid MDA, urinary 8 -OHdG, urinary MDA, FeNO, 

and asthma symptom scores. The results showed that increased personal exposures to 

PM2.5 and O3 exposure were both associated with increased nasal MDA concentrations 

and worsened asthma symptom scores. Increased nasal MDA concentration was 

associated with decreased asthma symptom scores indicating worsening of asthma 

symptoms. These findings support that MDA in the nasal fluid may serve as a useful  

biomarker for monitoring asthma status, especially in relation to PM 2.5 and O3 exposure, 

two known risk factors of asthma exacerbation.  
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Third, statistical analyses were conducted to investigate the relationship of 

urinary aMT6s with personal air pollutant exposures, biomarkers of oxidative stress, 

and indicators of pulmonary physiology. The results showed that increasing urinary 

MDA or 8 -OHdG concentration and personal exposures to PM2.5 and O3 were associated 

wi th increased urinary aMT6s concentrations in asthmatic children. We also found that 

increased concentration of urinary aMT6s was associated with improved pulmonary 

inflammation and airway resilience . The results suggest a potential biological 

mechanism that increased systemic oxidative stress may stimulate the excretion of 

melatonin as a defense mechanism to alleviate the adverse effects of air pollution 

exposure. 

In summary, the findings  from this dissertation research support that 

endogenously generated melatonin can modulate oxidative, inflammatory, and 

physiological responses to air pollution exposure  in a beneficial way. This dissertation 

research supports the need for future trials to assess the efficacy or effectiveness of using 

melatonin supplementation to mitigate the adverse health effects of air pollution 

exposure at the individual level. This is particularly important for susceptible 

populations  living in highly polluted areas (e.g., developing countries and regions 

subject to frequent wildfires) , people with melatonin deficiency, and those using dirty 

household fuels. 
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Chapter 1. Introduction  

1.1 Air pollution health impacts 

The data from the World Health Organization (WHO) shows that 91% of the 

ÞÖÙÓËɀÚɯ×Ö×ÜÓÈÛÐÖÕɯÓÐÝÌs in areas where ambient air pollution levels exceed WHO limits  

in 2020.1 WHO estimated that exposures to ambient and household air pollution 

contributed to 4.2 and 3.8 million death per year, respectively. 1  

1.1.1 The impacts of air pollution exposure on systemic oxidative 
stress 

Fine particulate matters (PM2.5) and gas pollutants, including ozone (O 3), 

nitrogen d ioxide (NO 2), and sulfur  dioxide (SO2) have been associated with adverse 

health effects. The underlying mechanisms have been also investigated.2 Among them, 

one major pathophysiologic pathway is via the generation of reactive oxygen species 

(ROS) in the circulatory system and respiratory tract. 3 Some air pollutants, themselves, 

are ROS, such as O3, while others can induce ROS by interacting with , epithelial  

endothelial , and immune cells.4 These ROS can further react with critical biomolecules 

such as DNA and lipids  of the cell membranes, which may lead to inflammation and cell 

death.5, 6 For example, it was reported that exposure to PM2.5 was positively and 

significantly associated with malondialdehyde (MDA), a stable product of ROS -induced 

lipid peroxidation. 7, 8 In addition, other studies have reported that increased PM 2.5 

exposure was associated with increased urinary concentration of 8-hydroxy -2'-

deoxyguanosine (8-OHdG), a product of DNA oxidative damage. 9, 10  
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1.1.2 The impacts of air pollution exposure on inflammation 

In addition to oxidative stress, air pollutant exposures can induce airway 

inflammation by activating inflammatory cytokine/chemokine gene expressions and 

protein secretion in human bronchial epithelial cells. 11 The inflammatory responses may 

further lead to exacerbation of reduced respiratory function and respiratory symptoms 

in people with asthma and chronic obstructive pulmonary diseases (COPD). 12, 13 These 

inflammatory cytokines and chemokines c an further spillover in to circulatory system 

inducing systemic inflammation, 14 which has been accepted as one of the major 

pathophysiologic mechanisms of air pollution -induced diseases.15   

Many epidemiological studies have investigated inflammatory responses to air 

pollution exposure in the circulatory and respiratory systems. For example, a study has 

reported that sub-chronic O3 exposure was associated with increased levels of 

proinflammatory  cytokines.16 Other studies reported that exposure to NO2 for 24 hours 

was associated with increased levels of interleukin 6 (IL-6), which is a proinflammatory 

cytokine.17 In addition, air pollution exposure  has been associated with inflammation in 

the respiratory system. For example, short-term exposure to ambient PM2.5 was 

associated with fraction of exhaled nitric oxide (FeNO, a biomarker of airway 

inflammation ) in COPD patients.18  



 

3 

1.1.3 The impacts of air pollution exposure on asthma 

Asthma is a common chronic and non-communicable disease in both children 

and adults.19 The prevalence of asthma is increasing in many regions of the world.20 

Asthma is a heterogeneous disease with different phenotypes,21 and the causes of 

asthma are still unclear. Air pollutant exposures have been widely accepted as a major 

risk factor for asthma exacerbation.22 Increased ambient air pollutant level was 

associated with increased emergency department visits related to asthma exacerbation.23 

As air pollution leve ls are elevated in polluted urban atmospheres worldwide, 24 it has 

been an important focus in asthma control.  

1.1.3.1 Spirometric lung function  

Spirometric  lung function is widely used in asthma diagnosis and prognosis. 

Many epidemiological studies have reported adverse associations between air pollution 

exposure and pulmonary health cond itions in people with asthma. For example, a 

previous study found that increased 24-hour personal exposure to PM2.5 one day prior 

was associated with decreased peak expiratory flow (PEF) in a group of asthmatic 

children (n=17) in Seattle, WA.25 Increased personal PM2.5 exposure measured in the 

preceding 24-hours was associated with decreased forced expiratory volume in the first 

second (FEV1) in a group of children (n=19) living in San Diego, CA. 26 However, other 

studies have reported nonsignificant associations between PM2.5 exposure and lung 

function. 27 
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1.1.3.2 Airway mechanics 

The importance of airway mechanics, measured by impulse oscillometry (IOS), 

has been increasingly  recognized in asthma management. Lung  function  changes 

require a persistent stress or relatively  strong acute stimulus to the lung . In contrast, 

airway mechanics are a more sensitive metric used to monitor airway obstruction and 

airflow limitation. Although clinical benchmark values have not been established, 

airway mechanics have been increasingly used in asthma management.28, 29 However, no 

study has examined the associations of air pollu tion exposures and airway mechanics in 

people with asthma.  

1.1.3.3 Airway inflammation  

It is widely reported that the pathophysiology of asthma involve s airway 

inflammation. 30 As a common asthma treatment medicine, inhaled corticosteroids have 

been used to suppress airway inflammation. 31 Among the many biomarkers used in 

determining airway inflammation, FeNO is the most widely used biomarker of airway 

inflammati on in asthma.32 Many epidemiological studies have investigated the effects of 

air pollution exposure on airway inflammation in people with asthma. For examp le, one 

study reported that personal PM 2.5 exposure averaged over 2 days prior to the FeNO 

measurement was associated with a significant increase in FeNO.33 
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1.1.3.4 Oxidative stress in the upper respiratory  tract 

It is well known that air pollution exposure lead s to elevated oxidative stress in 

the lung and the circulatory system . Given that the nose is a prime portal of entry of air 

pollutants into the human body, 34 it is hypothesized that air pollution exposure can also 

exert oxidative damage in the nose. This oxidative damage may further trigger a 

mucosal irritating sensati on, which exacerbates asthma symptoms. This hypothesis has 

been tested in cell and animal models finding that air pollutant exposure can induce 

oxidative stress in the nasal mucosa of rats and human nasal epithelial cells.35, 36 

However, no study has explored the relationships between air pollution exposure and a 

nasal fluid biomarker of oxidative stress in humans. 

1.2 Melatonin 

Melatonin  is widely known as a hormone excreted by the pineal gland with a 

marked circadian rhythm. 37 It can also be produced by various tissues in the body.38 This 

is an important hormone  that regulates many biological functions, including sleeping, 

reproduction, and immunity. 39 

1.2.1 Method for melatonin measurement 

Circulating melatonin concentration can be directedly measured in the blood. 

However, it is difficult to accurately measure melatonin levels using a blood specimen 

for the following reasons.  Melatonin is a potent antioxidant and has a short half -life of 

approximately 1h. 40  The blood melatonin level can rapidly decrease after blood 
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collection, because of the short half-life . Moreover, it may be infeasible to collect and 

timely process blood samples in a non-clinical setting.  

Urinary metabolites of melatonin can be a useful surrogate of circulating 

melatonin level. 41, 42 Melatonin has many urinary metabolites,  including 6 -

sulfatoxymelatonin (aMT6s), acetyl -N-formyl -5-methoxykynurenamine (AFMK), 6 -

hydroxymelatonin  glucuronide, 6 -hydroxymelatonin, and N -acetylserotonin.43, 44 Among 

them, aMT6s has been considered as the major melatonin urinary metabolite under 

various pathophysiological conditions. 41 In addition, aMT6s is stable in urine for at least 

two years at -20 °C.42 Hence, urinary aMT6s has been widely used as a surrogate of 

circulating melatonin in many studies.  

Some methods have been developed to measure urinary aMT6s using enzyme-

linked immunoSorbent assays (ELISA), radioimmunoassay (RIA), and high -performance 

liq uid chromatography (HPLC) or gas chromatography (GC) coupled with mass 

spectrometry (MS).45-50 However, each of these methods has certain shortcomings. For 

example, ELISA and RIA methods have lower reproducibility due to batch -to-batch 

variability in the reactivity of antibodies used in the assay. The GC-MS methods involve 

time- and supplies-consuming derivatization steps yet yielding low recovery. 51, 52 The 

existing HPLC-MS method can further improve its limit of detection (LOD) .47 There is a 

need to develop a method with improved efficiency, recovery, qualification, and 

quantification to analyze the concentration of urinary aMT6s.  



 

7 

1.2.2 The effects of melatonin on oxidative stress 

Melatonin is a potent  antioxidant, and it is effective in reducing oxidative stress  

via two pathways: direct and indirect pathways .53 First, melatonin can directly scavenge 

toxic reactive oxygen and nitrogen species.53 Second, melatonin can indirectly reduce 

oxidative stress by stimulating antioxidant enzymes while suppressing the activity of 

pro-oxidant enzymes. For example, melatonin was found to stimulate antioxidative 

enzymes including glutathione peroxidase and gl utathione reductase.54 Furthermore, 

melatonin upregulates the synthesis of glutathione, a highly effective antioxidant, and 

synergizes with classic free radical scavengers to improve the reductive potential of 

tissues and fluids.55 Melatonin can also reduce oxidative damage by binding to heavy 

metals, including iron, zinc, lead, copper, and cadmium, which can generate ROS 

through Fenton reaction.56 These indirect antioxidant functions of m elatonin further 

leverage this molecule as being a key endogenous factor in limiting oxidative damage. 

1.2.3 The effects of melatonin on inflammation 

Melatonin is an immune modulator with both anti - and pro-inflammatory 

properties.57 As a widespread anti -inflammatory molecule, melatonin can modulate the 

inflammasome (NLRP3), which responses to various inflammation -related molecular 

signals.58 The activation of NLRP3 is protective against invading pathogens; however, its 

excessive activation can lead to tissue injury.59 In addition, melatonin can modulate the 

nuclear factor kappa B (NF-ϝ!ȺɯÚÐÎÕÈÓÐÕÎ pathway, which plays an important role in 
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regulating many important genes involved in cellular inflammatory responses. 58, 60 

Melatonin could also reduce inflammation by inhibiting neuronal nitrogen oxide 

synthases and downregulating cyclooxygenase-2 activities.61  

On the other hand, the pro-inflammatory actions of melatonin were mainly 

found on immune cells. For example, it has been reported that, in response to melatonin, 

monocytes, monocyte-derived cells, and T-helper cells would release increased level of 

pro-inflamm atory cytokines, including interleukin -2 (IL-2), interleukin -5 (IL-5), 

Interferon -gamma (IFN-ϖȺȮɯÈÕËɯ3ÜÔÖÙɯÕÌÊÙÖÚÐÚɯÍÈÊÛÖÙ-alpha (TNF-ϔȺȭ62 However, it is 

still unclear whether these pro -inflammatory effects of melatonin also exist in the human 

body. 

To date, the general findings indicate that melatonin enhances the defense 

systems of organisms.62 Taking melatonin supplementation has been previously 

reported to  suppress inflammatory responses in both animal models and humans. For 

example, a randomized trial reported that oral administration of 25 mg/d melatonin for 

6 months was associated with significantly decreased blood concentration of pro-

inflammatory cytok ines in mice, including  interleukin -1ϕ (IL -ƕϕ), interleukin -6 (IL-6), 

and TNF-ϔ.63 Another study found that receiving daytime administration of melatonin 

(100 mg) before endotoxemia reduced IL-ƕϕ level, a pro-inflammatory cytokine , in 

humans.64 However, some autoimmune diseases, such as arthritis, may not be benefited 
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from melatonin supplementation, concerning melatonin may worsen the disease 

condition by enhancing immune responses.62 

1.2.4 The effects of melatonin on asthma  

The effects of melatonin on asthma are poorly understood. Some studies have 

suggested a therapeutic potential of melatonin in asthma treatment. 65 For example, 

melatonin can suppress oxidative damage and modulate inflammatory responses, which 

are related to asthma exacerbation.65 In addition, melatonin can inhibit eosinophil 

peroxidase, which plays an important role in producing ROS and asthma pathogenesis.66 

Another study reported that melatonin can inhibit mucus production by suppressing 

related gene expression, which helps to improve asthma symptoms. 67  

On the other hand, some epidemiological studies have reported adverse health 

effects of melatonin on asthma. For example, one study found that peak melatonin levels 

in a group of asthmatic patients were significantly higher than that of healthy controls. 68 

The authors further reported a significant and adverse association of circulating 

melatonin level s and lung function in people with asthma. 68  However, the underlying 

biological mechanisms are still unclear.  Based on the results of this previous  study, 

melatonin supplementation was not recommended as a sleep promoter for asthmatic 

patients.65 Further studies are needed to examine the health effects of melatonin on 

asthma before it can be routinely recommended or discouraged in asthma control. 
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1.3 Specific aims  

The primary goal of this dissertation is to examine the role of melatonin in 

pathophysiological responses to air pollution exposure. As reported in many previous 

studies, air pollution exposure can increase levels of systemic oxidative stress and 

inflammat ion and worsen asthma symptoms. In addition, m elatonin can modulate 

systemic oxidative stress and inflammatory responses and may also affect the 

pulmonary physiology  in people with asthma. However, it is still unknown how 

melatonin may affect the relationships of air pollution exposure with systemic oxidative 

stress, inflammation, and pulmonary physiology in people with asthma. The goal of this 

dissertation research is to fill in the knowledge gap concerning whether and how 

melatonin, at the natural level ( i.e., without melatonin supplementation), affects the 

relationships of air pollution exposure with biomarkers of oxidative stress and 

inflammation in adults as well as with lung function, airway mechanics, and oxidative 

stress in asthmatic children. The goal is achieved through the following four aims.  

1.3.1 Aim 1: Develop an analytical chemistry method to 
simultaneously measure urinary 6-sulfatoxymelatonin (aMT6s) and 8-
hydroxy-2'-deoxyguanosine (8-OHdG) using liquid chromatography-
tandem mass spectrometry (LC-MS) (Chapter 2). 

Aim 1 of this dissertation is to develop a novel analytical method using LC -MS 

technique to simultaneously measure urinary aMT6s and 8-OHdG.  As a stable product 

of DNA oxidative damage, 8-OHdG  can be measured in urine and is a biomarker of 

systemic oxidative stress. The existing HPLC-based methods for 8-OHdG analysis 
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require a solid phase extraction (SPE) pretreatment procedure, which is supplies- and 

time-consuming.69, 70 The new method aims to reduce the cost of the analytical method 

by replacing the SPE with a liquid-liquid extraction to save both time and supplies.  The 

cost-saving is further achieved by making the method capable of quantifying both 8 -

OHdG and aMT6s simultaneously.  

1.3.2 Aim 2: Investigate the role of melatonin in oxidative stress 
resposnes to air pollution exposure in healthy adults (Chapter 3). 

Aim 2 of this dissertation is to investigate the role of melatonin in oxidative stress 

responses to air pollution exposure in healthy adults. Urine samples and relevant 

exposure data have been obtained from two  previous studies, which originally 

investigated the cardiopulmonary health effects of air pollution exposure .14, 71 In Aim 2 , 

urinary aMT6s and 8-OHdG were further measured using the method developed in Aim 

1.  

The relationships among short-term air pollution exposure, urinary aMT6 s, and 

two biomarkers of oxidative stress (urinary MDA and 8 -OHdG) were examined. The 

potential confounding, mediation, and modification effects of urinary aMT6s on the 

relationships of air pollution exposure with MDA and 8 -OHdG were investigated.  This 

was the first study to investigate the role of urinary aMT6s in the relationships of air 

pollution exposure and biomarkers of systemic oxidative stress.  
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1.3.3 Aim 3: Investigate the role of melatonin in inflammatory 
resposnes to air pollution exposure in healthy adults (Chapter 4). 

Aim 3 of this dissertation  is to investigate the role of melatonin in inflammatory 

responses to air pollution exposure in healthy adults. Urine and blood samples, urinary 

MDA concentration , and relevant exposure data were obtained from a previous study of  

the cardiopulmonary health effects of air pollution exposure .14 Aim 3 is presented in the 

Chapter 4 including  Part A and Part B. 

In Part A of  Chapter 4, 9 inflammatory cytokines were  measured in the blood  

samples. Personal air pollutant exposures were associated with these cytokines and 

urinary MDA . In Part B of Chapter 4, urinary aMT6s was measured and associated with 

both air pollut ion exposure and the 9 inflammatory cytokines. In addition, the mediation 

effects of urinary aMT6s on the relationships of air pollution exposure and inflammatory 

cytokines were investigated in Part B. This was the first study to explore the role of 

melatonin in inflammatory responses to air pollution exposure.  

1.3.4 Aim 4: Investigate the role of melatonin in physiological and 
oxidative stress responses to air pollution exposure in asthmatic 
children (Chapter 5) 

Aim 4 of this dissertation is to investigate the role of melatonin in physiolog ical 

and oxidative stress responses to air pollution exposure in asthmatic children. The urine 

and nasal fluid samples and pulmonary physiology  outcomes were  obtained from a 

previous panel study that investigated the pulmonary health effects of air purification 

intervention. 72 Pulmonary physiology outcomes included airway mechanics, lung 
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function, airway inflammation, and asthma symptom scores.  Aim 4 is presented in the 

Chapter 5 including Part A, Part B, and Part C.  

In Part A, 24 h average personal PM2.5 exposure and daily maximum 8 h average 

personal O3 Ìß×ÖÚÜÙÌɯƔɯÛÖɯƚɯËÈàÚɯȹÓÈÎɯËÈàɯƔǸƚȺɯ×ÙÐÖÙɯÛÖɯÉÐÖÚ×ÌÊÐÔÌÕɯÊÖÓÓÌÊÛÐÖÕ were 

calculated. The associations of personal air pollutant exposures with indicators of 

pulmonary physiology, including airway mechanics, lung function, airway 

inflammation were examined.  

In Part B, MDA in the nasal fluid  samples was measured. The associations of air 

pollution exposure with nasal MDA and asthma symptom scores were examined. In 

addition, the relationships of nasal MDA and asthma symptom scores were investigated 

to explore whether nasal MDA is useful in assisting with asthma status monitoring.  

In Part C, urinary aMT6s, MDA, and 8-OHdG were further measured. T he 

associations of urinary aMT6s  concentration with personal air pollutant exposures, 

systemic oxidative stress, airway mechanics, lung function, and airway inflammation 

were examined. These associations were investigated to understand how air pollution 

exposure affect endogenous melatonin level, and how endogenous melatonin affects 

respiratory health outcomes. 
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Chapter 2. Development of an analytical chemistry 
method to simultaneously measure urinary 6-
sulfatoxymelatonin (aMT6s) and 8-hydroxy-2'-
deoxyguanosine (8-OHdG) using liquid 
chromatography-tandem mass spectrometry (LC-MS) 

This chapter addresses Aim 1 of this dissertation research. It is adapted with 

permission from  He, L.; Liu, X.L.; Zhang, J.J. Simultaneous quantification of urinary 

ƚɪÚÜÓÍÈÛÖßàÔÌÓÈÛÖÕÐÕɯÈÕËɯƜɪÏàËÙÖßàɪƖɪdeoxyguanosine using liquid chromatography -

tandem mass spectrometry. Journal of Chromatography B. 2018, 1095, 119-126 (Publisher: 

Elsevier). The accompanying supporting information to the published manuscript is 

included in Appendix A.  I led the method development and manuscript writing. Dr. X. 

Liu assisted with experimental design and procedures. Dr. J. Zhang advised on the 

study design, data interpretation, and manuscript writing.  

2.1 Introduction 

Reactive oxygen species (ROS), such as free radicals, are recognized for playing a 

dual role in human body. 73 A low or moderate level of ROS could be beneficial to 

various physiological proce sses, while overproduction of ROS results in increased body 

burden of oxidative stress that leads to damages to membrane lipids, proteins, and 

DNA, all are vital biomolecules supporting the normal function of the human body. 73, 74 

DNA mutation due to oxidative stress has been strongly associated with cellular aging, 

cancer, and degenerative diseases.75 /ÈÙÛÐÊÜÓÈÙÓàȮɯ1.2ɯÈÛÛÈÊÒÚɯƖɀ-deoxyguanosine (dG) in 

the DNA strand forming 8 -OHdG ( Figure 1).76 During repairing pro cess, 8-OHdG within 
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the DNA strand is repaired and released from cells to blood and then later excreted in 

urine. 77-81 The excreted 8-OHdG remains stable in urine and hence has been commonly 

used as a biomarker of oxidative stress.82, 83 

MeÓÈÛÖÕÐÕɯÐÚɯÈÕɯÏÖÙÔÖÕÌɯÌßÊÙÌÛÌËɯÉàɯ×ÐÕÌÈÓɯÎÓÈÕËɯÖÍɯÈÕÐÔÈÓÚɯÈÕËɯÐÛɀÚɯÞÐËÌÓàɯ

known to be important in regulating circadian rhythms. 84 It  is also a potent ROS 

scavenger and plays a key role in DNA damage repairing and hence may affect urinary 

excretion of 8-OHdG. 85-89 A recent study found that both urinary 8 -OHdG and 

circulating melatonin concentrations were lower in night shift workers than in day shift 

workers. 87 In this case, a lower urinary 8-OHdG level might not necessarily indicate a 

lower level of oxidative stress, as lower melatonin levels in the night -shift workers may 

have decreased the repair of the oxidized DNA. 90-93 Therefore, only reporting 8 -OHdG 

level, as commonly done in previo us studies, may not accurately reflect the initial ROS 

concentrations (oxidative stress). It is important to consider or adjust melatonin levels 

when measuring 8-OHdG for monitoring of oxidative stress.  

Several melatonin metabolites in urine have been reported, including 6-

sulfatoxymelatonin (aMT6s , Figure 1), 6-hydroxymelatonin glucuronide, 6 -

hydroxymelatonin, acetyl -N-formyl -5-methoxykynurenamine (AFMK), and N -

acetylserotonin.43, 44 Among these metabolites, aMT6s has been considered as the main 

melatonin metabolite excreted in urine under various pathophysiological conditions , 

and there is a strong correlation between urinary aMT6s and plasma melatonin 
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concentrations.41, 42 Thus, the measurement of urinary aMT6s is a noninvasive and 

convenient way of monitoring  melatonin in the body.   

     

Figure 1. Structure of aMT6s and 8 -OHdG.  

In this study, we aim to develop a novel method to simultaneously measure urinary 8 -

OHdG and aMT6s. Published analytical methods for urinary 8 -OHdG and those for 

urinary aMT6s individually include enzyme -linked immunoSorbent assays (ELISA), 

radioimmunoassay (RIA), and gas chromatography (GC) or high -performance liquid 

chromatography (HPLC) coupled with mass spectrometry (MS) or other detectors. 45-50 In 

general, ELISA methods have lower reproducibility due to batch -to-batch variability in 

reactivity of antibodies used in the assay. The existing HPLC- based methods for 8-

OHdG analysis require a multi -step solid phase extraction (SPE) procedure that is time 

and supplies consuming.69, 70 Over the last decade, few efforts have been made to 

improve the analytical method for 8 -OHdG. Existing methods for aMT6s analysis using 

a GC-MS technique involve time and supplies consuming derivatization processes yet 

yielding low recovery. 51, 52 Recently a high-performance liquid chromatography -tandem 
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mass spectrometry (HPLC-MS/MS) based method has been developed for aMT6s, 

eliminating the need for the derivatization step used in the GC -MS methods. However, 

the limit of detection (LOD) of this method can still be improved. 47 Compared to the 

existing methods, the new HPLC-MS/MS method reported in this study has streamlined 

sample pretreatment processes and optimized spectrometric parameters to achieve 

improved efficiency, recovery, qualification, and quantification. Finally, the me thod was 

successfully applied to measure first morning and midday urine voids for both aMT6s 

and 8-OHdG from five volunteers, showing concentrations for both compounds all 

above limits of quantification and within expected ranges.  

2.2 Experimental 

2.2.1 Chemicals and reagents 

High -×ÜÙÐÛàɯȹȁƝƜǔȺɯÈ,3ƚÚɯÞÈÚɯÖÉÛÈÐÕÌËɯÍÙÖÔɯ2ÈÕÛÈɯ"ÙÜáɯ!ÐÖÛÌÊÏÕÖÓÖÎàɯȹ#ÈÓÓÈÚȮɯ

TX, USA) and 8-.'Ë&ɯȹȁƝƜǔȺɯÞÈÚɯÍÙÖÔɯ2ÐÎÔÈ-Aldrich (St Louis, MO, USA). 15N5-8-

hydroxy -Ɩɀ-deoxyguanosine (15N5-8-OHdG ) (98%), used as the internal standard was 

purchased from Cambridge Isotope Laboratories (Andover, MA, USA). Methanol, 

acetonitrile (ACN), and water were purchased from Fisher Chemical (Fair Lawn, NJ, 

USA); isopropyl alcohol (IPA) was from Honeywell (Muske gon, MI, USA); and 

ammonium acetate was from Fisher Scientific (Ottawa, ON, Canada). All these reagents 

were HPLC-MS grade. Sodium hydroxide was from Sigma -Aldrich (St. Louis, MO, 

USA).  
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2.2.2 Instrumentation 

All qualification and quantifications of the an alytes were carried out using an 

HPLC-MS/MS system including an Accela Open AS HPLC, an Accela 1250 pump, a TSQ 

Quantum mass spectrometer, and a Xcalibur 2.0 data system software (Thermo Fisher 

Scientific: San Jose, CA, USA). The separation of compounds was achieved using a 

SynergiTM 4µm Hydro -RP 80 Å, LC column 50 x 1 mm (Phenomenex, Torrance, CA, 

USA).  

2.2.3 Mass spectrometry and chromatography parameters 
optimization 

The ESI ion source in the negative ion mode has been used in previous methods 

for aMT6s, whereas both the negative and positive ion modes have been used for 8-

OHdG analysis.94, 95 Thus, the ESI negative mode was chosen to simultaneously measure 

both compounds in this new method. Different collision energies were tested to achieve 

the highest sensitivity. The temperature of the auto -sampler was set at 25oC and the 

injection volume w as 20 µL. Two selected reaction monitors (SRM) were used to 

quantify and identify 8 -OHdG and aMT6s, respectively. Final key parameters of the 

mass spectrometry upon optimization are shown in Table 1. The mobile phase included 

5mM ammonium acetate as solvent A and methanol as solvent B. The chromatographic 

gradient program used is shown in Table 2. 
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Table 1. Parameters used for the HPLC-MS/MS analysis of 8 -OHdG and 

aMT6s. 

 8-OHdG  aMT6s 

Spray voltage (V) 4,000 4,000 

Vaporizer temperature (°C)  300 300 

Sheath gas pressure (arb) 35 35 

Aux gas pressure (arb) 10 10 

Capillary temperature (°C)  350 350 

Tube lens offset (V) -67 -67 

Ionization mode  Negative Negative 

Normalized collision energy 

(V) 

25 20 

Time range (min)  3-4 3-4 

SRM transition (m/z)  282.1-192.1 

(Quantification)  

282.1-166.0 

(Identification, 30 V)  

327.1-

247.1 

(Quantification)  

327.1-58.0 

(Identification, 

50V) Scan width (m/z)  0.1 0.1 

Scan time (s) 0.1 0.1 

Q1 (FWHM)  0.7 0.7 

 

Table 2. HPLC mobile phase gradient program used to separate 8 -OHdG and 

aMT6s in urine extracts . 

Time (min)  Solvent A  Solvent B Flow rate (µL/min)  

0 95% 5% 200 

0.5 95% 5% 200 

4 0 100% 200 

5 0 100% 200 

6 95% 5% 200 

8 95%  5%  200 
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2.2.4 Standard solution preparation 

The stock individual standard solutions of 8 -OHdG and aMT6s at concentration 

of 1mg/mL were prepared by dissolving 1 mg of each compound into 1 mL of dimethyl 

sulfoxide (DMSO). The stock solutions for 8-OHdG and those for aMT6s were diluted 

with water to obtain a series of concentrations for each analyte, respectively. Then by 

mixing the two solutions using equal amounts, standard solutions containing both 

analytes with known concentrations were created for making calibra tions curves. A 

series of 7 solutions with a concentration range of 0.1-100 ng/mL for both 8-OHdG and 

aMT6s were used.  

2.2.5 Sample preparation 

The urine samples tested in this study were obtained from five anonymous 

volunteers. Each volunteer provided a first morning urine void and a midday urine void 

on a same day, and urine samples were analyzed within the same day of collection. 

These samples were collected under a study protocol that had been approved by the 

$ÛÏÐÊÚɯ"ÖÔÔÐÛÛÌÌɯÖÍɯ2ÏÈÕÎÏÈÐɯ%ÐÙÚÛɯ/ÌÖ×ÓÌɀÚ Hospital (2015-38) and had also been 

agreed upon by the Duke Kunshan University Campus IRB. Sample pretreatment 

started with centrifugation of urine at 1,150 relative centrifugal force for 10 minutes 

using a centrifugal filter unit (Durapore PVDF 0.22 um,  Merck Millipore, Cork, Ireland). 

Then a 397.5 µL of supernatant was mixed with 10 µL internal standard (50 ng/mL 15N5-

8-OHdG), 2.5 µL 1M sodium hydroxide (NaOH), and 90 µL methanol. After mixing 
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well, the mixture was filtered while centrifuging for 3 min at 1,150 relative centrifugal 

force. Finally, the resulting mixture after filtration was used for HPLC -MS/MS analysis. 

Experiments were conducted using various types and proportions (20%, 40%, 60%, 80%) 

of organic solvents (IPA, ACN, methanol) and a range of pH values (pH=5-12) to find 

optimal extraction conditions. Urinary creatinine was measured using a widely accepted 

spectrophotometric method (G 10s UV-VIS, Thermo Fisher Scientific, Madison, WI, 

USA) to address urine dilution factor. 96  

2.2.6 Validation 

The method performance was validated according to the guidelines for bio -

analytical method recommended by U.S. Food and Drug Administration (FDA) using 

indicators for linear range, correlation coefficient (R 2), limit of detection, limit of 

quantification (LOQ), lower limit of quantification (LLOQ), retention time standard 

deviation (SD), inter -day & intra -day variability expressed as RSD, and recovery.97  

Three calibration curves were constructed on each day for three separate days to 

estimate R2, linear range, LOD, and LOQ. LOD and LOQ were calculated as 3 and 10 

times the signal to noise ratio, respectively. LLOQ was determined as the lowest 

concentration of analyte that could give a peak with an accuracy of 80-120% and 

precision of 20%.98  

To determine variability in retention time, we calculated SD of 27 retention time 

values determined as follows: At each of Day 1, 2, and 3, we had 3 replicate runs at each 
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of the three standard concentrations (10ng/mL, 50ng/mL, and 100ng/mL) prepared in DI 

water. 

 To determine method reproducibility, we conducted two sets of experiments. 

The first set was conducted using three standard concentrations in water (1ng/mL, 

10ng/mL, and 100ng/mL). Each standard solution was separated into 5 aliquots, each of 

which was analyzed on Days 1, 2, and 3, respectively. Intra-day variability for each 

concentration was defined as RSD from the Day 1; and inter-day variability for each 

concentration was determined as the average of intra-day variability (RSD) of Days 1,2, 

and 3. The second set of experiment was conducted to evaluate method reproducibility 

in the urine matrix.  A series of 347.5 µL aliquots of a midday urine void were mixed 

with 10 µL internal standard, 2.5 µL 1M NaOH, 90 µL methanol, and spiked with 50 µL 

of a standard mixture containing 250, 500, and 1000 ng/mL aMT6s and 8-OHdG, 

respectively. All experiments were conducted in triplicates. The va riability was 

expressed as relative standard deviation (RSD) from the triplicates at each concentration, 

as RSD is expected to depend on analyte concentrations. 

To determine recovery and matrix effects, we added the same amount of the 

standard mixture with  different concentrations into a urine matrix and a deionized 

water sample to constitute low (10 ng/mL), middle (50 ng/mL), and high (100 ng/mL) 

concentrations, respectively. The standard mixture contained isotopic 8-OHdG ( 15N5-8-

OHdG). We made the water matrix and urine matrix each to contain 50 ng/mL 15N5-8-
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OHdG as natural urine contains negligible amount of this isotopic 8 -OHdG. However, 

since we could not obtain isotopic aMT6s, the urine matrix had slightly higher aMT6s 

concentration than the water matr ix. The urine matrix underwent the entire 

pretreatment procedures before analysis, as described above, while the water matrix was 

directly analyzed with the HPLC -MS/MS system. The ratios of respective results (area 

under the curve, AUC) were calculated. Th e recovery was calculated using the formulas 

shown below.   

 

 

2.3 Results and discussion 

2.3.1 HPLC-MS/MS analysis 

The HPLC-MS/MS chromatograms of aMT6s, 8-OHdG, and 15N5-8-OHdG 

showed a complete separation in both water and urine matrix ( Figure. 2). The retention 

times were 3.73±0.03 min, 3.52±0.03 min, and 3.52±0.03 min  for aMT6s, 8-OHdG, and 

15N5-8-OHdG, respectively. Based on the published data, the fragmentation transition to 

quantify 8 -OHdG (m/z) was 282.1 to 192.1,94 aMT6s (m/z) was 327.1 to 247.1,95 and 15N5-

8-OHdG (m/z) was 287.1 to 197.1 & 171.1.94 The fragmentation transition to identify 8 -

OHdG  (m/z) was 282.1 to 166.0, and aMT6s was 327.1 to 58.0.  
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Figure 2. Chromatograms of LC -MS/MS determination of 8 -OHdG, 15N5-8-

OHdG , and aMT6s in water  with spiked (a), urine with spiked (b), and water without 

spiked (c).  
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2.3.2 Sample pretreatment conditions 

The sample pretreatment method was optimized by adjusting the type and 

proportion of organic solvents and the pH of urine sample. Among methanol, 

acetonitrile, and isopropyl alcohol, methanol showed the bes t extraction performance. 

Four different concentrations of methanol (20%, 40%, 60%, 80%) were then tested; and 

results showed that 20% of methanol resulted in the best performance. Among a range 

of pH values tested, making the pH of a urine solution around  7, resulting from adding 

0.5% of 1M NaOH, generated the optimal extraction performance for both aMT6s and 8-

OHdG. The detailed extraction conditions are shown in the supplemental information 

(Table A1, A2, A3). 

Compared with the conventional solid phase e xtraction (SPE), this newly 

developed sample pretreatment process using methanol for extraction and pH 

adjustment substantially reduced the extraction time and the urine volume required and 

eliminated the use of costly SPE cartridges for analyzing 8-OHdG. 48, 99 As reported in 

previous studies, aMT6s has been mainly analyzed with ELISA and RIA methods. The 

current method reduced the time for analyzing aMT6s  compared with that using ELISA 

and RIA, which usually take several hours for incubation. This new method is able to 

analyze the two compounds in a single HPLC run.   
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2.3.3 Method performance 

Table 3. Method performance for simultan eous measurements of aMT6s and 8-

OHdG . 

Standards 

Linear 

Range 

(ng/mL)  

Correlation 

coefficient (R2) 

Retention times 

SD (min) 

LOD 

(ng/mL)  

LOQ  

(ng/mL)  

LLOQ 

(ng/mL)  

Recovery 

(SD) (%) 

6-

sulphatoxymel

atonin (aMT6s) 

0.5-100 0.9999 0.03 0.1 0.3 0.3 88 (4) 

8-hydroxy -2' -

deoxyguanosin

e (8-OHdG)  

1.5-100 0.9985 0.03 0.5 1.5 1.0 102 (2) 

 

Table 4. Intra -day and inter -day variability for aMT6s and 8 -OHdG . 

 Concentration 
Intra -day variability 

(RSD) (%) 

Inter -day variability 

(RSD) (%) 

aMT6s 

1 ng/mL  10.0 12.5 

10 ng/mL 4.5 4.8 

100 ng/mL 6.5 5.9 

8-OHdG  

1 ng/mL 10.3 15.8 

10 ng/mL 7.7 7.4 

100 ng/mL 5.5 5.1 

 

The method performance is shown in Table 3 and 4. The method shows a good 

linearity (R 2>0.9999 for aMT6s and R2 around 0.999 for 8-OHdG) in the linear range. The 

retention time for both targets was stable with a SD around 0.03 min (0.8% RSD) (n=27). 

The intra-day and inter -day variability (RSD) ranged from 4.5% to 12.5% and 5.1% to 

15.8% for aMT6s and 8-OHdG, respectively, decreasing as analyte concentration 

increased. Similar reproducibility was obtained for both the analytes using standards 

spiked into a human urine sample (see Table A4), indicating that the urine matrix did 

not affect the reproducibility of the m ethod.  The intra-day and inter -day variability for 
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8-OHdG and aMT6s in this new method, shown in Table 4, are in the range of those 

reported in previous studies. For example, a previous HPLC -MS-MS 8-OHdG method 

reported intra -day and inter -day RSD values of 4.8%-8.4% and 2.4%-18.8%, 

respectively.100 A previous HPLC -MS method for aMT6s had intra -day and inter -day 

RSD values of 0.02%-20.83% and 0.18%-22.5%, respectively.47  

The recovery for 8-OHdG and that for aMT6s were 102% (SD=2%) and 88% 

(SD=4%), respectively. Isotopic 15N5-8-OHdG is a well -established internal standard for 

8-OHdG analysis. However, no internal standard was applied to the aMT6s analysis for 

two reasons. The first was that there had not been a well-established internal standard 

(such as isotope labeled) for aMT6s; and the other was that the current method, without 

the use of an aMT6s internal standard, already resulted in a well-resolved peak for 

aMT6s, a high recovery (90%), and a small inter-day and intra -day variability (see Table 

4). However, because no internal standard was applied, the aMT6s analysis may be 

considered as being semi-quantified in this new method.  The recovery of 8 -OHdG in 

this new method falls within those previously reported (96.4% -111.2%).75 There is a 

substantial improvement in recovery of aMT6s in this new method compared with that 

of previous GC-MS method reporting a 11.7% recovery.46  

LOD, LOQ, and LLOQ were determined for both compounds (Table 3). 

According to the existing literature, 8 -OHdG can be analyzed under either the ESI 

positive ion or the negative ion mode, and the instrument response is generally higher 
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under the positive mode than under the negative ion mode. 94 The LOD in this new 

method using the negative ion mode was 0.5 ng/mL, which was about 25 times higher 

than LODs reported in a previous HPLC -MS/MS method using the positive ion mode 

(0.02 ng/mL).101 However, this new method has the sensitivity 10 times higher than the 

HPLC-ECD method with a LOD of 5 ng/mL, which is still adequate for detecting 8 -

OHdG concentrations in human urine samples. 102, 103 The LOD for aMT6s in this new 

method is 2 times, 8 times, and 2.5 times lower than those reported in previous HPLC-

MS/MS (0.22 ng/mL), ELISA (0.8 ng/mL), and radioimmunoassay (0.25 ng/mL) methods, 

respectively.47, 104, 105  

2.3.4. Urine sample validation 

Urine samples collected from five adult volunteers were analyzed using the new 

method to demonstrate its applicability. All samples measured had aMT6s and 8 -OHdG 

concentrations above the LLOQ reported in this method of 0.3 ng/mL and 1ng/mL, 

respectively, and within the linear range of 0.5 -100 ng/mL and 1.5-100 ng/mL, 

respectively. Results show a significant (p = 0.02 by paired t test) and substantial (by 2.6-

fold ) difference in aMT6s concentration between the first morning urine voids and 

midday (around noo ntime) urine voi ds (Figure 3). It is known that melatonin is mainly 

excreted during the nighttime, which is consistent with our findings in this study. 106 The 

creatinine adjusted concentrations of aMT6s measured in the 5 volunteers fall within the 

concentrations reported in the literature. The mean and range of aMT6s in first morning 
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urine voids measured in this study were 26.6 ng/mg and 16.44-41.8 ng/mg, comparable 

to the range of 6.9-110.8 ng/mg reported for adults in the literature. 107 The mean and 

range of aMT6s in daytime urine voids were 10.0 ng/mg and 3.5-20.9 ng/mg measured in 

this study, which is also consistent with previous studies reporting that aMT6s level in 

first morning urine voids were about 2 -5 fold larger than that in daytime urine voids. 108, 

109  

The creatinine adjusted mean and range of 8-OHdG measured in all urine voids 

of the 5 volunteers were 9.2 ng/mg and 1.9-28.6 ng/mg, comparable to the range of 1.8-

86.0 ng/mg reported for adults in the literature. 110 No significant differ ence (p=0.83 by 

paired t test) in 8-OHdG concentration was observed between first morning and midday 

urine voids. This is consistent with the existing understanding that the urinary excretion 

of 8-OHdG does not have a clear diurnal pattern. 111  
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Figure 3. The average concentrations of aMT6s and 8 -OHdG between first 

morning urine and midday urine (blank) from five adults.  

2.4 Conclusion 

A cost-effective analytical method has been developed to simultaneously 

measure 8-OHdG and aMT6s in human urines. The method, by replac ing a multi -step 

solid phase extraction step with a liquid -liquid extraction procedure, reduced sample 

treatment time and cost. Using an HPLC-MS/MS system under the negative ion mode, 

this new method is capable of measuring human urine samples with adequat e precision, 

accuracy, and sensitivity for both 8-OHdG and aMT6s. Given that urinary 8 -OHdG is a 

widely used biomarker of oxidative stress and that melatonin (the parent compound of 

aMT6s) could modify urinary excretion of 8 -OHdG, it is useful to measure these two 

compounds together in future environmental health and biomedical studies involving 

oxidative stress related pathophysiological pathways.  
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Chapter 3. The role of melatonin in oxidative resposnes 
to air pollution exposure in healthy adults. 

This chapter addresses Aim 2 and is adapted with permission from  He, L.; Cui, 

X.; Xia, Q.; Li, F.; Mo, J.; Gong, J.; Zhang, Y.; Zhang, J. J., Effects of personal air pollutant 

exposure on oxidative stress: Potential confounding by natural variation in melatonin 

levels. International journal of hygiene and environmental health. 2020, 223, (1), 116-123 

(Publisher: Elsevier). The accompanying supporting information is included in 

Appendix B. In this Aim study and the published manuscript, I analyzed the urine 

samples for aMT6s, 8-OHdG, and  MDA, conducted the statistical analysis, and led the 

writing and revising of the manuscript. The coauthors contributed to the study design 

(JZ), manuscript revisions (JZ and XC), sample and data collection in the original study 

(JZ, YZ, XC, FL, JG, JM), sample analysis (XC and QX), and discussions (JZ and XC). 

3.1 Introduction 

It is widely accepted that one of the pathophysiologic pathways linking air 

pollutant exposure and adverse health effects is via the generation of reactive oxygen 

species (ROS) in the respiratory tract and the circulatory system. ROS can react with 

critical biomolecules such as DNA and lipids of the cell membranes 5, 6. Stable products 

of these ROS reactions excreted in biological fluids can be used as biomarkers of 

oxidative stress.112, 113 For example, malondialdehyde (MDA) is a stable product of ROS -

induced lipid peroxidation; and 8 -hydroxy -2'-deoxyguanosine (8-OHdG) is formed  

ÞÐÛÏÐÕɯÈɯ#- ɯÚÛÙÈÕËɯÈÚɯÛÏÌɯ×ÙÖËÜÊÛɯÖÍɯƖɀ-deoxyguanosine (dG) oxidation by ROS.112, 114 
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During DNA repairing process, 8 -OHdG within the DNA strand is repaired and 

released from cells and subsequently excreted into the urine.114  

Previous epidemiologic studies have examined associations between air 

pollutant exposure and urinary concentrations of MDA and 8 -OHdG, generating 

somewhat inconsistent findings. Some studies found a positive association of PM2.5 

(particles witÏɯÈɯËÐÈÔÌÛÌÙɯȀɯƖȭƙɯϟÔȺɯÞÐÛÏɯ,# ,7, 8 while some found either a negative 14 

or non-significant association.115, 116 Similarly, positive ,9, 10 negative, or non-significant 116, 

117 associations have been reported between urinary 8 -OHdG and PM 2.5 exposure. The 

inconsistency has been attributed to differences in study design, statistical power, 

subject demographic characteristics, exposure assessment inaccuracy, and potential 

confounders. Here we hypothesize that the inconsistency is partly due to confounding 

by circulating melatonin.  

Melatonin is a hormone excreted by pineal gland of animals and humans with a 

marked circadian rhythm .37 It is a broad-spectrum antioxidant and a free radical 

scavenger and, hence, may affect biomarkers of oxidative stress.88 It has been reported in 

a previous study that melatonin could attenuate oxidative stress and injury induced by 

cigarette smoking.118 Melatonin also plays a key role in repairing damaged DNA 

segment and hence may affect urinary excretion of 8-OHdG .119 A recent study reported 

that compared with day -shift workers, night -shift wo rkers had lower urinary 8 -OHdG 

concentrations and lower circulating melatonin levels .120 A lower urinary 8 -OHdG level, 
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in this case, might not indicate a lower level of oxidative stress, because the diminished 

melatonin level might have decreased the repair of oxidized DNA leading to less 8 -

OHdG coming off the damaged DNA strand .90 Therefore, reporting MDA and 8-OHdG 

without considering the influence of melatonin, as commonly done previously, may not 

ÈÊÊÜÙÈÛÌÓàɯÙÌÍÓÌÊÛɯÛÏÌɯȿÖÙÐÎÐÕÈÓɀɯ1.2ɯËÈÔÈÎÌÚɯÛÖɯÓÐ×ÐËÚɯÈÕËɯ#- ȮɯÉÌÊÈÜÚÌɯ,# ɯÈÕËɯƜ-

OHdG excreted in the urine are the net result of the original ROS damage and 

antioxidant scavenging as well as DNA repair in the case of 8-OHdG. As a major 

metabolite of melatonin, urinary 6 -sulfatoxymelatonin (aMT6s) concentration has been 

used as a surrogate of circulating melatonin level.40 To examine our hypothesis about 

potential confounding of aMT6s, we utilized the banked urine samples collected in two 

previous studies that had originally investigated the ef fects of air pollutant exposure on 

cardiovascular and lung function .14, 71  

3.2 Methods 

Urine samples and relevant exposure data were obtained from two studies, 

namely the Shanghai Study and the Changsha Study, which are described in detail 

previously .14, 71 Below we describe the information pertinent to the present study.  

3.2.1 Study subjects and urine samples  

The Shanghai Study enrolled 70 young adults from a pool of medical and 

nursing trainees living and studying on a hospital campus in a suburb of Shanghai, 

China. All the subjects were free from chronic diseases and were never smokers. During 
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the period from November 7 to December 13, 2015, 8 urine samples were collected from 

each subject including 6 early morning voids (7:00-8:00) and 2 evening voids (18:00-

21:00) on 6 different days. The Changsha study enrolled 89 office workers of a company 

located in a suburb of Changsha City, Hunan Province, China. All the subje cts were free 

from chronic diseases and include self-reported smokers and nonsmokers. From 

December 2, 2014, to January 30, 2015, up to 4 early morning (7:00-9:00) urines was 

provided by each subject on 4 separate days. No urines were collected during other time 

of the day in the Changsha study. All urine samples were aliquoted in sterilized plastic 

tubes and stored at -80°C before analysis. The protocols of both studies were approved 

by the Ethics Committee of Shanghai First People's Hospital and agreed by the Duke 

University Campus Institutional Review Board (Protocol number: 2017 -1051 and 2017-

0993).  

3.2.2 Measurements of MDA, 8-OHdG, and aMT6s 

Urinary 8 -OHdG and aMT6s were simultaneously analyzed using a high 

pressure liquid chromatography -tandem mass spectrometry (HPLC-MS-MS) method 

published recently .121 In brief, the method involved a liquid -liquid extraction using 20% 

methanol at urine pH~7; and the extracts were analyzed using the negative ion mode of 

the mass spectrometer. Urinary MDA concentrations were measured using a method 

previously reported .112 Briefly, urine samples were derivatized with phosphoric acid and 

thiobarbituric acid (TBA) at 80  °C. Resulting MDA -TBA adduct was then analyzed using 
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an HPLC-fluorescence technique. Concentrations of all these three compounds were 

normalized by creatinine to correct urine dilution. Urinary creatinine was measured 

using a Creatinine (urinary) Colorimetric Assay Kit (Cayman Chemical, item No. 

500701) and a microplate reader.  

3.2.3 Assessment of air pollutant exposure  

In the Shanghai study, all subjects lived in dormitories located on the hospital 

campus where they also worked and studied. PM 2.5 was monitored inside and outside 

ÚÜÉÑÌÊÛÚɀɯËÖÙÔÐÛÖÙÐÌÚȮɯÐÕÚÐËÌɯÈɯÙÌ×ÙÌÚÌÕÛÈÛÐÝÌɯÊÓÈÚÚÙÖÖÔɯÈÕËɯÈɯÊÓÐÕÐÊÈÓɯÖÍÍÐÊÌȭɯAmbient 

NO 2 concentration (Thermo 42i NO-NO 2-NO x chemiluminescence gas analyzer, Thermo 

Scientific, USA) along with temperature and relative h umidity (WSZY -1, Beijing Tian 

Jianhuayi Technology Development Co., Ltd) were monitored on the third floor of a 

building approximately 200m from the study site. Ambient ozone (O 3) was obtained 

from the nearest governmental environmental monitoring station located at 16 km 

northwest of the hospital campus. The O3 measured by the monitoring station could be a 

good estimation of the ambient O 3 level at the hospital campus for the following reasons. 

Firstly,  the prevailing wind direction was from northwest of S hanghai during the study 

period. Secondly, there were no industrial sources in between the monitoring station 

and study site, both located in the suburb of Shanghai. Because O3 and NO 2 were not 

measured inside dorms, offices, and classrooms, we estimated indoor concentrations 

using outdoor concentrations and indoor/outdoor (I/O) ratios established through our 
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measurements of ventilation rate for the dormitory rooms or those published for similar 

building conditions. We used I/O ratios of 0.8 for PM 2.5, 0.35 for O3, and 0.8 for NO2 71. In 

the Changsha study14, the subjects lived in company-provided dormitories and worked 

in office buildings during weekdays. Indoor PM 2.5 and O3 were measured inside 

ÚÜÉÑÌÊÛÚɀɯËÖÙÔÚɯÈÕËɯÖÍÍÐÊÌÚȭɯ ÔÉÐÌÕÛɯ/,2.5, O3, and NO2 concentrations, along with 

temperature and humidity, were obtained from the nearest governmental monitoring 

station (~4.5 km from the company grounds). Indoor concentrations for the 

microenvironments without actual measurements were estimated using established I/O 

ratios similar to the Shanghai study. Based on detailed time-activity data collected on 

each subject in both studies and pollutant concentrations measured or estimated for each 

encountered microenvironment, we calculated personal air pollutant exposures 

averaged over the 12-hour and 24-hour periods prior to urine collection. These are 

termed 12h and 24h pollutant exposure, respectively. 

3.2.4 Statistical analysis 

Based on data distributions, concentrations of the 3 urinary compounds were 

natural logarithm -transformed. First, we used linear mixed -effects regression (LMER) 

models to assess the association of aMT6s with 8-OHdG and MDA, respectively. In these 

models, 8-OHdG or  MDA concentration was the dependent variable, and aMT6s was 

independent variable. In these models, we controlled for 24-hour ambient  temperature 

and relative humidity as covariates to adjust for the outdoor weather condition, which 
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might affect aMT6s level and biomarkers of oxidative stress. In addition, we also 

controlled for age, sex, smoking, menstruation, and respiratory infection, which have 

been previously associated with circulating melatonin level and systematic oxidative 

stress. 3ÏÌɯȿÚÛÜËàɀɯÍÈÊÛÖÙ (Shanghai versus Changsha study) was controlled to adjust for 

potential influence introduced by different studies. Subject ID and the day of week for 

urine collection were controlled as random -effect variables. From the model output, we 

calculated percent change (and 95% confidence interval) in 8-OHdG or MDA 

concentration associated with an interquartile range (IQR) increase in aMT6s.  

Second, we used the LMER models to examine the association of 12h and 24h 

pollutant exposure, respectively, with aMT6s. In  this set of models, aMT6s was 

dependent variable, and pollutant exposure was an independent variable. In addition to 

the fixed-effect covariates described above, time of day for urine collection (morning 

versus evening) was added as another covariate. Random-effect variables were the 

same. We reported percent change (95% CI) in aMT6s concentration associated with an 

IQR increase in pollutant exposure.  

Third, we used the LMER models to assess the pollutant exposure-response 

relationships for 8 -OHdG and MDA  with and without controlling for aMT6s. In these 

models, 8-OHdG or MDA concentration was the dependent variable, and each of air 

pollutant exposure was the independent variable along with the same covariate 

structure in the first model described above. Controlling for aMT6s was conducted by 
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adding aMT6s as a covariate in the models. From each model output, we generated 

estimates in percent change (95% CI) in 8-OHdG or in MDA associated with an IQR 

increase in pollutant exposure.  

Forth, we conducted strati fied analyses to assess pollutant exposure-response 

relationships for 8 -.'Ë&ɯÈÕËɯ,# ɯÉÈÚÌËɯÖÕɯÏÐÎÏɯȹǿɯÔÌËÐÈÕȺɯÝÌÙÚÌÚɯÓÖÞɯȹȀɯÔÌËÐÈÕȺɯ

aMT6s levels. Similarly, 8-OHdG or MDA concentration was the dependent variable, 

and each of air pollutant exposure was the independent variable. The same covariate 

structure as described in the first model was adjusted with aMT6s controlled as a 

covariate. From each model output, we generated estimates in percent change (95% CI) 

in 8-OHdG or in MDA associated with an IQR incre ase in pollutant exposure.  

Finally, we conducted several sensitivity analyses. (1) We used co-pollutant 

models to examine whether the exposure-response relationship obtained in the single-

pollutant models can be retained after controlling for a co -polluta nt. The model 

structure was the same as that for the single-pollutant models. (2) We conducted 

analyses by excluding current smokers, subjects undergoing menstruation and 

respiratory infection during the study period. (3) We conducted separate analyses for  

the Shanghai and the Changsha studies, respectively, on all the relationships analyzed 

using the combined dataset.  

All statistical analyses were conducted using R software (version 3.3.2), lme4 and 

lmeTest. P value of 0.05 was set as the cut point for statistical significance. A detailed 
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description of equations and codes for the statistical models is provided in Supporting 

Materials. 

3.3 Results 

Characteristics of the study subjects are summarized in Table 1. Of the total of 

159 subjects, 70 (41 male and 29 female) were from the Shanghai study and 89 (52 male 

and 37 female) were from the Changsha study. The Changsha study included 15 current 

smokers while the Shanghai study had none. The average age (22.1 years) in the 

Shanghai study was lower than tho se (31.5 years) in the Changsha study. Based on the 

questionnaire survey, none of the subjects reported taking melatonin supplementation 

during the study period.  

Of the 889 total urine samples, 560 were from the Shanghai study and 329 were 

from the Changsha study. Concentrations of the three urinary compounds are also 

shown in Table 5 by study and also for the pooled data. Notably the Shanghai subjects 

had a wider range of aMT6s than the Changsha subjects. This reflects that all the urine 

samples from the Changsha study were collected in the early morning, while the 

Shanghai study collected 420 early morning voids and 140 evening voids. As expected, 

melatonin had a diurnal pattern, with markedly higher concentrations of aMT6s in the 

early morning urines (15.1±9.0 ng/mg creatinine) than in the evening urines (5.6±5.3 

ng/mg creatinine) (t -test, p <0.001). In addition, although aMT6s was measured in both 

early morning and evening urine in the Shanghai study, the average aMT6s level in the 
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Shanghai study (12.7 ± 9.3 ng/mg creatinine) was still slightly higher than that in the 

Changsha study (11.6 ± 9.2 ng/mg creatinine) because the younger participants in the 

2ÏÈÕÎÏÈÐɯÚÛÜËàɯÏÈËɯÏÐÎÏÌÙɯȿÉÈÚÌÓÐÕÌɀɯÊÐÙÊÜÓÈÛÐÕÎɯÔÌÓÈÛÖÕÐÕɯÓÌÝÌÓÚɯ122.  

Table 5. Subject characteristics and urinary concentrations of aMT6s, 8 -OHdG, 

and MDA . 

Subject Characteristics  

 Value  

Participant, No. (%) 

Shanghai 70 (44.0%) 

Changsha 89 (56.0%) 

Pooled 159 

Female, No. (%) 

Shanghai 29 (41.4%) 

Changsha 37 (41.6%) 

Pooled 66 (41.5%) 

Current smoker, No. (%) 

Shanghai  0  

Changsha 15 (16.9%) 

Pooled 15 (9.4%) 

Age, mean ± SD [range], year 

 Shanghai  22.1 ± 1.6 [19-26] 

 Changsha 31.5 ± 7.6 [22-52] 

 Pooled 27.4 ± 7.5[19-52] 

Urinary Biomarkers  

 Mean ± SD Median [range]  

 aMT6s (ng/mg creatinine) 

 Shanghai  12.7 ± 9.3 10.8 [0.4-93.5] 

 Changsha 11.6 ± 9.2 8.8 [0.3-55.3] 

 Pooled 12.3 ± 9.2 10.3 [0.3-93.5] 

8-OHdG (ng/mg creatinine)  

 Shanghai  2.9 ± 4.6 1.9 [0.3-67.2] 

 Changsha 4.0 ± 4.1 3.0 [0.4-42.8] 

 Pooled 3.3 ± 4.5 2.3 [0.3-67.2] 

 MDA (ng/mg creatinine)  

 Shanghai  78.1 ± 55.3 63.4 [1.1-558.1] 

 Changsha 68.1 ± 51.1 55.9 [4.7-613.6] 

 Pooled 74.4 ± 53.6 60.9 [1.1-613.6] 
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Estimates of personal air pollutant exposure averaged over the 12-hour and 24-

hour period prior to urine collection are shown in Table 6. On average, 12h PM2.5, O3, 

and NO 2 in the Shanghai study were lower than those in the Changsha study. Similarly, 

average 24h PM2.5, O3, and NO2 personal exposures were also lower in the Shanghai 

study. Across all the subjects in both studies, PM2.5 exposures were negatively correlated 

with  O3 exposure (Pearson r: -0.19 for 12h exposures and -0.3 for 24h exposure) and 

positively correlated with NO 2 exposure (Pearson r: 0.33 for 12h exposures and 0.32 for 

24h exposures). The Pearson correlation coefficients (r) between NO2 and O3 were 0.06 

for 12h exposures and 0.14 for 24h exposures.  
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Table 6. Personal pollutant exposures to PM 2.5, O3, and NO 2 averaged over the 

12-hour and 24-hour period prior to urine collection.  

Pollutant  Mean  ± SD Median [range]  

12h 

PM2.5 ȹϟÎɤÔ3)   

 Shanghai  37.5 ± 15.3 38.7 [1.5-74.7] 

 Changsha 42.8 ± 35.7 27.4 [2.2-169.1] 

 Pooled 39.4 ± 25.0 37.4 [1.5-169.1] 

O3 (ppb)   

 Shanghai  3.4 ± 2.8 2.4 [0.1-20.6] 

 Changsha 5.8 ± 3.8 4.1 [1.3-21.6] 

 Pooled 4.3 ± 3.4 3.3 [0.1-21.6] 

NO 2 (ppb)   

 Shanghai  14.8 ± 7.0 13.5 [3.8-36.5] 

 Changsha 24.0 ± 8.2 22.4 [12.1-42.0 

 Pooled 18.2 ± 8.7 15.4 [3.8-42.0] 

24h 

PM2.5 ȹϟÎɤÔ3)   

 Shanghai  37.1 ± 13.0 36.0 [13.0-81.3] 

 Changsha 39.2 ± 30.5 27.2 [2.0-152.9] 

 Pooled 37.9 ± 21.3 33.4 [2.0-152.9] 

O3 (ppb)   

 Shanghai  5.0 ± 3.0 4.1 [0.9-15.4] 

 Changsha 6.7 ± 4.3 4.5 [1.7-19.3] 

 Pooled 5.6 ± 3.6 4.4 [0.9-19.3] 

NO 2 (ppb)   

 Shanghai  15.1 ± 5.3 14.4 [7.1-29.6] 

 Changsha 23.6 ± 6.8 23.5 [12.4-39.4] 

 Pooled 18.3 ± 7.2 16.6 [7.1-39.4] 

3.3.1 Relationships between oxidative stress biomarkers and aMT6s  

With a wide range of aMT6s (see Table 5), we found that increasing levels of aMT6s 

were significantly associated with increasing concentrations of both 8 -OHdG and MDA. 

As shown in Figure 4, an interquartile range (IQR, equivalent to 171%) increase in 
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aMT6s was associated with a 16.1% (95% CI: 9.1%-23.6%) increase in 8-OHdG and an 

8.1% (2.7%-13.9%) increase in MDA.  

 

Figure 4. Estimated means and 95% confident intervals for change in 

biomarkers (%) per IQR increase in aMT6s.  

3.3.2 Relationships between aMT6s and pollutant exposures 

A previous study suggests that air pollution exposure may affect circulating 

melatonin levels 123. However, as shown in Figure 5, we did not observe a significant 

association between aMT6s and any of the 6 pollutant exposure variables (3 pollutants x 

2 time period).  
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Figure 5. Estimated means and 95% confident intervals for change in urinary 

aMT6s (%) per IQR increase in PM 2.5, O3, and NO 2 from the single -pollutant LMER 

models. 
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3.3.3 Relationships between pollutant exposures and oxidative stress 
biomarkers with and without aMT6s adjustment  

Using individual -level exposure data and biomarker concentrations, we 

examined the exposure-response relationships with and without adjusting for aMT6s. 

Results are shown in Figure 6. Without adding aMT6s in the  LMER model, we did not 

observe significant pollutant -biomarker associations except a negative association 

between O3 (both 12h and 24h exposure) and MDA. Adding aMT6s as a covariate in the 

LMER models resulted in significant and positive associations betw een 12h PM2.5 and 

MDA, between 12h O3 and 8-OHdG, and between 12h NO2 and MDA. An IQR increase 

in PM 2.5 Ìß×ÖÚÜÙÌɯȹƖƝȭƔɯϟÎɤÔ3) was associated with a 6.1% (95%CI: 1.6%-10.8%) increase 

in MDA. An IQR increase in O 3 exposure (2.7 ppb) was associated with a 5.7% (1.9%-

9.7%) in 8-OHdG. An IQR increase in NO 2 exposure (10.4 ppb) was associated with an 

8.6% (1.3%-16.5%) increase in MDA. In addition, the significant negative association 

between 12h O3 exposure and MDA observed in the unadjusted model now became 

non-significant. In contrast, aMT6s adjustment made little difference in pollutant 

exposure associations with MDA or 8 -OHdG. 
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Figure 6. Estimated means and 95% confident intervals for change in 

biomarkers (%) with one IQR increase in PM 2.5, O3, and NO 2.  
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3.3.4 Exposure-response relationships stratified by aMT6s level 

To examine whether aMT6s modifies the relationship between air pollutant 

exposure and the 2 biomarkers of oxidative stress, we conducted a stratified analysis 

with the cut point of median aMT6s level. As shown in Figure 7, we found that the 

significant pos itive associations of MDA with 12h O 3 and NO 2 in the low aMT6s group 

were changed to be non-significant in the high aMT6s group, accompanied by a 

remarkable decrease in effect size. The effect of 12hr O3 on 8-OHdG was more evident in 

the high aMT6s group.

 

Figure 7. Change in biomarkers (%) with one IQR increase in PM 2.5, O3, and 

NO 2. Low aMT6s group: ƍ10.3 ng/mg; high aMT6s group: >10.3 ng/mg. 
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3.4 Discussion 

The positive association of aMT6s with 8-OHdG was consistent with that 

observed in previous studies. One study reported that compared with healthy controls, 

women with polycystic ovarian syndrome (PCOS) had both higher urinary 8 -OHdG 

concentrations and higher aMT6s levels.124 The authors attributed higher 8 -OHdG 

concentrations in the PCOS women to increased body burden of oxidative stress. They 

attributed higher aMT6s levels in the same women to increased melatonin production 

stimulated by higher oxidative stress. This stimulation process could be supported by a 

recent finding that melatonin could be synthesized in mitochondria in response to the 

increase in oxidative stress.125 Another study found that compared with day -shift 

workers, night -shift workers had both lower 8 -OHdG and lower aMT6s levels .120, 126 

Although the explanation offered to the PCOS women study can also be used to explain 

the finding in the shift workers study, the authors of the latter study offered alternative 

explanations as to why the night-shift workers, who were expected to have had a higher 

level of mental stress and oxidative stress, had lower 8-OHdG concentrations. Bhatti et 

ÈÓɯȹƖƔƕƛȺɯÌß×ÓÈÐÕÌËɯÛÏÐÚɯÍÙÖÔɯÛÏÌɯÚÛÈÕË×ÖÐÕÛɯÖÍɯÔÌÓÈÛÖÕÐÕɀÚɯÙÖÓÌɯÐÕɯÙÌ×ÈÐÙÐÕÎɯËÈÔÈÎÌË 

DNA .120 Night -shift workers had diminished melatonin production, leading to 

diminished amount of ROS -oxidized DNA strands being repaired. During the repairing 

process, 8-OHdG was released from the damaged DNA strand and then excreted in the 

urine. Hence although the original ROS concentrations were perhaps higher in the night -
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shift workers, the excretion of 8-OHdG molecules may have been decreased due to 

diminished amount of melatonin to help repair ROS -DNA adducts. We think both of 

these previously hypothesized mechanisms can be used to explain the positive 

association between urinary aMT6s and 8-OHdG observed in our study.  

It appears that no previous studies have examined the relationship between 

urinary MDA and aMT6s. The positive association between aMT6s and MDA observed 

in the present study is somewhat supported by a previous study that showed a 

significant positive association between serum melatonin and serum MDA in patients 

with traumatic brain injury .127 Our explanation is similar to one of the explanations for 

the 8-OHdG and aMT6s relationship. Increasing oxidative stress could have stimulated 

melatonin genÌÙÈÛÐÖÕɯÝÐÈɯÉÖËàɀÚɯËÌÍÌÕÚÌɯÔÌÊÏÈÕÐÚÔɯÛÖɯÚÊÈÝÌÕÎÌɯÛÏÌɯÌßÊÌÚÚɯ×ÙÖËÜÊÛÐÖÕɯ

of ROS.  

None of our study subjects self-reported taking melatonin supplementations. 

This was confirmed by the measurement data, as urinary aMT6s concentrations of these 

subjects were far below the levels reported following taking a dose of supplementation. 

For example, one study observed a 160-fold increase in aMT6s within one hour 

following a single 3 mg dose of melatonin .41 In human subjects taking melatonin 

supplementations, the ROS stimulation-based mechanism, as observed in the present 

ÚÛÜËàȮɯÏÈÚɯÉÌÌÕɯÖÝÌÙÞÏÌÓÔÌËɯÉàɯÔÌÓÈÛÖÕÐÕɀÚɯËÐÙÌÊÛɯÈÉÐÓÐÛàɯÛÖɯÚÊÈÝÌÕÎÌɯ1.2ȭɯ(ÕɯÛÏÌÚÌɯ

studies, following a dose (range 3 ɬ 10 mg per day) of melatonin supplementation, 
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urinary MDA concentration significantly decreased by 27% -56%.128-130 This is due to 

rapid and substantial increase in the amount of circulatory melatonin that rapidly 

depleted ROS, leading to decreased lipid peroxidation. However, for the ROS-scavenge 

mechanism to be dominant, it appears aMT6s levels need to be substantially higher than 

the natural range of (0-110.8 ng/mg creatinine) without melatonin supplementation .107, 131  

It has been widely accepted that air pollution exposure increases oxidative stress, 

as inhaled pollutants can induce or enhance the production of reactive oxygen species 

(ROS) in the respiratory tract and spill over to the circulatory system. Urinary 8 -OHdG 

and MDA, resulting from ROS reactions with DNA and lipids, respectively, are 

established biomarkers of oxidative stress. However, the relationships between air 

pollutant exposure and urinary 8 -OHdG and MDA have not been consistently observed 

among published studies. In the present study, our main motivation was to examine 

melatonin as a potential factor that may have contributed to the inconsistency. We found 

that aMT6s (a urinary metabolite and surrogate of circulatory melatonin), with known 

substantial diurnal variations, may have confounded the associations between air 

pollution exposure and the two urinary biomarkers of oxidative stress. As shown in 

Figure 6, without controlling for aMT6s, there was not a clear pattern in the 

relationships, which is consistent with some of previous studies .115-117 By controlling for 

aMT6s in the LMER models, we found significant positive associations between 12h 

PM2.5 exposure and MDA, 12h O3 exposure and 8-OHdG, and 12h NO 2 exposure and 
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MDA. Furthermore, we found that aMT6s adjustment affected the rel ationship with 12h 

pollutant exposure but not 24h exposure. This may reflect the fact that circulatory 

melatonin has a short-half life (59-65 minutes).132 'ÌÕÊÌȮɯÔÌÓÈÛÖÕÐÕɀÚɯÈÊÛÐÖÕÚɯÛÖɯÈÍÍÌÊÛɯƜ-

OHdG and MDA excretion would occur within a shorter period of time.  

In our attempt to examine whether aMT6s mediated the association between air 

pollut ant exposure and oxidative stress biomarkers, we assessed the relationship 

between pollutant exposure and aMT6s, finding no significant associations of aMT6s 

with either 12h and 24h air pollutant exposure ( see Figure 5). There have been no 

previous studies reporting the effects of 12h or 24h air pollution exposure on urinary 

aMT6s. However, a previous study showed that increased 9-day average PM2.5 exposure 

was significantly associated with increasing serum melatonin leve ls in healthy adults in 

Shanghai.123 Although it is hard to compare our study with this previous study of 

different study design and exposure duration, we offer two reasons for the difference in 

study findings. (1) Compared to longer -term PM2.5 exposure, the ROS induced by acute 

(12h and 24h) exposure may not last long enough to affect circulating melatonin level. 

(2) In the previous study, melatonin was measured in the blood collected during the 

daytime, and hence may not reflect the main production of this molecule during the 

nighttime. It is known that melatonin is metabolized in the liver rapidly and exhibits a 

short half -life of approximately 1 hour. In the present study, we measured aMT6s, the 

primary urinary metabolite of melatonin,  reflecting the amount of nocturnal plasma 
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melatonin in the body .40 Nevertheless, the lack of a significant association between air 

pollutant exposure on aMT6s suggests that aMT6s at naturally occurring level (i.e., no 

supplementation) might not mediate the association between short -term pollutant 

exposure and the two oxidative stress biomarkers. However, the current study lacks the 

ability to confirm such a mediation effect, given that melatonin secretion was high 

during the night, while pollutant exposure during sleeping hours (indoors) was low. 

This makes it harder to evaluate the likelihood for air pollutant exposure to cause aMT6s 

changes that consequently affect MDA and/or 8-OHdG.  

In our attempt to examine whether aMT6s modified the relationships between 

pollutant exposure and the oxidative stress biomarkers, we assessed the interaction 

between aMT6s and pollutant exposure in the LMER models and also conducted aMT6s-

stratified analyses. The aMT6s by exposure interaction was not significant for all three 

pollutants, except for 24h O3 exposure (Table B1). However, the main effect of 24h O3 in 

the models was not significant. Results from the stratified analyses (Figure 7) suggest 

that aMT6s may modify the short -term (12hr) MDA effects by O 3 and NO 2 and the short-

term 8-OHdG effects by O3, respectively. Taking the interaction analysis and stratified 

analysis together, we did not observe strong evidence to support a modification effect of 

aMT6s.  

It is well known that light/dark cycle affects melatonin levels dramatically. 

Lacking the direct measurement of light exposure may be a limitation of this study. 
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However, the influence of lig ht exposure on the study findings may be minimized by 

the following features of the study design and data analysis. (1) All the subjects were 

living and working in either hospital or company campus with a relative uniformity of 

lifestyle. (2) Our statistical models controlled for ambient temperature and relative 

humidity as indicators of outdoor weather, which could also serve as a proxy for 

outdoor light exposure. (3) In considering the potential effects of weekday and weekend 

ÖÕɯÚÜÉÑÌÊÛÚɀɯÚÓÌÌ×ɯËÜÙÈÛÐÖÕȮɯwe controlled the day of week for urine collection as a 

random-effect variable. (4) We used linear mixed-effects models with subject ID as the 

random effect to address the random intercepts of different subjects with potential 

differential light exposures.  

3.5 Sensitivity analyses 

We evaluated the robustness of the results through three sensitivity analyses. 

Firstly, we investigated whether the relationships observed in the single -pollutant 

models can be retained after controlling for a co-pollutant. After controlling for any of 

two co-pollutants, the relationship between 12h air pollutant exposure and aMT6s was 

not markedly changed in terms of either statistical significance or effect size (Figure B1). 

Similarly, there were no noticeable changes in the association of 12h pollutant exposure 

with 8 -OHdG or MDA adjusting for aMT6s after controlling for a co -pollutant, except 

that the non-significant positive association between 8-OHdG and NO 2 became 

significant after controlling for O 3 and the significant posit ive association between MDA 
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and 12h NO2 became non-significant after controlling for PM 2.5 (Figure B2). Secondly, 

after excluding current smokers, subjects undergoing menstruation, and those reporting 

respiratory infection, the analyses showed similar results (see Figure B3-B6), supporting 

the robustness of the main analysis findings. Finally, all the relationships analyzed using 

the combined dataset were evaluated using separate analyses for the Shanghai subjects 

and the Changsha subjects, respectively. No marked changes were found for the 

association of aMT6s with 8-OHdG or MDA (Figure B7) and the association between 12h 

air pollutant exposure and aMT6s in each of studies (Figure B8). Similarly, the 

associations of 12h air pollutant exposure with 8-OHdG or MDA without adjusting for 

aMT6s were not noticeably changed. However, some of the significant biomarker -

pollutant relationships, with controlling for aMT6s, shown in the combined dataset were 

retained in the Shanghai subjects but not in the Changsha subjects (Figure B9). The 

discrepancy may be due to reduced sample size and statistical power in the separate 

analyses. In addition, only morning urines were collected in the Changsha subjects, 

showing a narrower range of aMT6s concentration than in  the Shanghai subjects and in 

all the subjects combined.  

3.6 Conclusions 

Urinary aMT6s concentrations exhibited a wide range in healthy adults, as a 

result of natural endogenous melatonin metabolism, although substantially lower 

compared to the reported aMT6s levels after having taken melatonin supplementation. 
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Within this natural range of aMT6s concentrations, increasing aMT6s concentrations 

were associated with increased urinary 8-OHdG and MDA concentrations. The natural 

variation in urinary aMT6s confou nded the associations of short-term (12 hour) 

exposure to air pollutants with 8 -OHdG and MDA. Future studies in human subjects 

with a wider range of aMT6s concentrations (including individuals taking or not taking 

melatonin supplementations) can help furth er understand the dynamic roles that 

melatonin plays in regulating oxidative stress processes in the presence of an external 

stressor such as air pollution exposure.  
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Chapter 4. The role of melatonin in inflammatory 
resposnes to air pollution exposure in healthy adults. 

This chapter addresses Aim 3 . The Aim 3 study used urine and blood samples, 

urinary MDA concentration,  and relevant exposure data that had been obtained from a 

previous study.14 The current work involves the analysis of stored plasma samples for 9 

inflammatory cytokines and urin e samples for aMT6s. This chapter includes two parts: 

Part A and Part B. 

In Part A, the associations of air pollution exposure with  9 inflammatory 

cytokines and urinary MDA were  examined. In Part B, urinary aMT6s was associated 

with both air pollution exposure and the inflammatory cytokines. In addition, the 

mediation effects of urinary aMT6s on the relationships of air pollution exposure and 

inflammatory cytokines were investigated.  
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4.1 Part A: Inflammatory and oxidative stress responses of 

healthy adults to changes in personal air pollutant exposure. 

Part A is adapted with permission from  Hu, X.; He, L.; Zhang, J.; Qiu, X.; Zhang, 

Y.; Mo, J.; Day, D. B.; Xiang, J.; Gong, J., Inflammatory and oxidative stress responses of 

healthy adults to changes in personal air pollutant exposure. Environmental Pollution . 

2020, 263 (Publisher: Elsevier). X. Hu  and L. He are co-first authors on the publication. 

Specifically, I (L. He) contributed to research idea conception, statistical analyses, results 

interpretation, tables and figures design, and drafting and editing of the manuscript. Th e 

accompanying supporting information is included in Appendix C.  The coauthors 

contributed to the study design ( JG and JZ), manuscript revisions (JG, JZ and HX), 

sample and data collection in the original study (YZ, JM, DD, and JX), sample analysis 

(HX and XQ), and discussions (JG, JZ, and XH). 

4.1.1 Introduction 

 ÐÙɯ×ÖÓÓÜÛÐÖÕɯÌß×ÖÚÜÙÌɯÐÚɯÖÕÌɯÖÍɯÛÏÌɯÓÌÈËÐÕÎɯÙÐÚÒɯÍÈÊÛÖÙÚɯÍÖÙɯÛÏÌɯÎÓÖÉÈÓɯÉÜÙËÌÕɯÖÍɯ

ËÐÚÌÈÚÌȭƕƗƗɯ(ÛɯÏÈÚɯÉÌÌÕɯÞÐËÌÓàɯÙÌ×ÖÙÛÌËɯÛÏÈÛɯÈÐÙɯ×ÖÓÓÜÛÐÖÕɯÌß×ÖÚÜÙÌɯÞÈÚɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯ

ÈËÝÌÙÚÌɯ×ÜÓÔÖÕÈÙàɯÈÕËɯÊÈÙËÐÖÝÈÚÊÜÓÈÙɯÏÌÈÓÛÏɯÌÍÍÌÊÛÚȭƕƗƗȮɯƕƗƘɯ'ÖÞÌÝÌÙ, the molecular-level 

biological mechanisms underlying these epidemiologic associations are still not 

adequately understood.ɯ 

2ystematic inflammation has been accepted as one of the common 

pathophysiologic mechanisms of cardiopulmonary diseases .15, 135, 136  ÛÖɯÈÐÙɯ×ÖÓÓÜÛÈÕÛÚɯ

ÔÈàɯtrigger inflammatory responses in the cardiorespiratory system 137, 138 These 
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inflammatory responses involve various cytokines. For example, air pollutant exposure 

can stimulate airway epithelial cells and alveolar macrophages to release inflammatory 

cytokines (e.g., interleukins IL -ƕϕȮɯ(+-6, and IL-8), consequently increasing the 

expression of other cytokines in regulating inflammatory responses.138 Among these 

cytokines, IL-ƕϕȮɯ(+-2, IL-6, IL-17A, interferon -gamma (IFN-ϖȺȮɯÈÕËɯÛÜÔÖÙɯÕÌÊÙÖÚÐÚɯ

factor-ϔɯȹ3-%-ϔȺɯÔÈÐÕÓàɯÙÌÎÜÓÈÛÌɯÛÏÌɯ×ÙÖÐÕÍÓÈÔÔÈÛÖÙàɯÙÌÚ×ÖÕÚÌȮɯÞÏÐle IL-4, IL-10, and 

IL-13 mainly reflect anti-inflammatory  response.139-143 Furthermore, Ìß×ÖÚÜÙÌɯÛÖɯÈÐÙɯ

×ÖÓÓÜÛÈÕÛÚɯÔÈàɯÐÕÊÙÌÈÚÌɯÚàÚÛÌÔÐÊɯÖßÐËÈÛÐÝÌɯÚÛÙÌÚÚɯÐÕɯÉÖÛÏɯÛÏÌɯÙÌÚ×ÐÙÈÛÖÙàɯÛÙÈÊÛɯÈÕËɯÛÏÌɯ

ÊÐÙÊÜÓÈÛÖÙàɯÚàÚÛÌÔ. Malondialdehyde (MDA),  a stable product of lipid peroxidation 

resulting from reactive oxygen species (ROS), has been commonly used as a biomarker 

of oxidative stress.112 

Previous epidemiologic studies have investigated the changes in immune-

inflammatory and systematic oxidative stress in responses to ÈÐÙɯ×ÖÓÓÜÛÈÕÛ exposure in 

healthy adults, generating inc onsistent findings. For example, a study has reported that 

sub-chronic ozone (O3) exposure was associated with increased levels of 

proinflammatory  cytokines.16 Other studies reported that acute O3 exposure was non-

significantly or negatively associated with proinflammatory cytokines .144-146 Here, we 

hypothesize that the immune -inflammatory and oxidative stress responses to ÈÐÙɯ

×ÖÓÓÜÛÈÕÛ exposure vary with exposure duration. Exploring this variation is important to 
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understand the biological mechanisms underlying inflammatory and oxidative stress 

responses to air pollutant exposure.  

To test this hypothesis, we leveraged Èɯstudy that orig inally investigated the 

cardiorespiratory effects of an indoor air quality intervention in healthy adults .147 In the 

present study, we specifically analyzed banked plasma samples for a suite of cytokines 

and used urinary MDA data as well as air pollutant exposure data in the original study. 

We examined the associations of inflammatory cytokines and MDA with personal 

exposures, with different averaging times, to air pollutants including O 3, particulate 

ÔÈÛÛÌÙɯÞÐÛÏɯÈÌÙÖËàÕÈÔÐÊɯËÐÈÔÌÛÌÙɯǾɯƖȭƙɯϟÔɯȹ/,2.5), nitrogen dioxide (NO 2), and sulfur 

dioxide (SO2).  

4.1.2 Method 

4.1.2.1 Study subjects and study design  

3ÏÌɯÊÜÙÙÌÕÛɯÚÛÜËàɯÜÚÌËɯ×ÈÙÛɯÖÍɯÛÏÌɯÚÈÔ×ÓÌÚɯÊÖÓÓÌÊÛÌËɯÍÙÖÔɯÈÕɯÌßÐÚÛÐÕÎɯ

ÐÕÛÌÙÝÌÕÛÐÖÕÈÓɯÚÛÜËàȮɯÈÕËɯÛÏÌɯËÌÚÐÎÕɯÖÍɯÛÏÌɯÚÛÜËàɯÊÈÕɯÉÌɯÍÖÜÕËɯÌÓÚÌÞÏÌÙÌȭƕƘƛɯ!ÙÐÌÍÓàȮɯÍÙÖÔɯ

#ÌÊÌÔÉÌÙɯƚÛÏȮɯƖƔƕƘɯÛÖɯ)ÈÕÜÈÙàɯƕƗÛÏȮɯƖƔƕƙȮɯÏÌÈÓÛÏàɯÞÖÙÒÌÙÚɯÞÌÙÌɯÙÌÊÙÜÐÛÌËɯÍÙÖÔɯÈɯ

ÊÖÔ×ÈÕàɯÊÈÔ×ÜÚɯÐÕɯ"ÏÈÕÎÚÏÈȮɯ"ÏÐÕÈȭɯ(ÕɯÛÏÌɯÓÐÝÐÕÎɯȹÛÏÌɯËÖÙÔÐÛÖÙàȺɯÈÕËɯÞÖÙÒÐÕÎɯȹÛÏÌɯ

ÖÍÍÐÊÌÚȺɯÉÜÐÓËÐÕÎÚɯÞÏÌÙÌɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯÚ×ÌÕÛɯÔÖÚÛɯÖÍɯÛÏÌÐÙɯÛÐÔÌȮɯÈɯÍÐÓÛÙÈÛÐÖÕɯÚàÚÛÌÔɯÞÈÚɯ

ÐÕÚÛÈÓÓÌËɯÐÕɯÈɯÊÌÕÛÙÈÓɯÈÐÙɯÏÈÕËÓÐÕÎɯÜÕÐÛɯȹ '4Ⱥȭɯ3ÏÌɯ '4ɯÞÈÚɯÊÖÔ×ÖÚÌËɯÖÍɯÈɯ×ÙÌɪÍÐÓÛÌÙɯ

ȹÍÖÙɯÊÖÈÙÚÌɯ×ÈÙÛÐÊÓÌÚȺȮɯÈÕɯÌÓÌÊÛÙÖÚÛÈÛÐÊɯ×ÙÌÊÐ×ÐÛÈÛÖÙɯȹ$2/ȺȮɯÈÕËɯÈɯÏÐÎÏɪÌÍÍÐÊÐÌÕÊàɯ×ÈÙÛÐÊÜÓÈÛÌɯ

ÈÐÙɯȹ'$/ ȺɯÍÐÓÛÌÙȮɯÞÏÐÊÏɯÏÈËɯ/,Ɩȭƙ ÙÌÔÖÝÈÓɯÌÍÍÐÊÐÌÕÊÐÌÚɯÖÍɯÈ××ÙÖßÐÔÈÛÌÓàɯƙƔǔȮɯƚƔǔȮɯÈÕËɯǿɯ
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ƝƝǔȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ'ÖÞÌÝÌÙȮɯËÜÙÐÕÎɯÛÏÌɯÙÜÕÕÐÕÎɯÖÍɯÈÕɯ$2/ȮɯÈɯÉà×ÙÖËÜÊÛȮɯ.ƗȮɯÞÈÚɯ

ÎÌÕÌÙÈÛÌËȮɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯÛÖɯÈɯƗȭƔɪƕƔȭƔɯ××ÉɯÐÕÊÙÌÈÚÌɯÐÕɯÛÏÌɯÚÛÌÈËàɪÚÛÈÛÌɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÖÍɯ

ÐÕËÖÖÙɯ.ƗȭƕƘɯ ÔÖÕÎɯÛÏÌɯÚÜÉÑÌÊÛÚɯÙÌÊÙÜÐÛÌËɯÐÕɯÛÏÌɯÖÙÐÎÐÕÈÓɯÚÛÜËàȮɯƙƗɯÙÌÊÌÐÝÌËɯÐÕÛÌÙÝÌÕÛÐÖÕɯ

ÖÕÓàɯÖÕɯÛÏÌɯ$2/ɯÉÜÛɯÕÖÛɯÛÏÌɯ×ÙÌɪɯÖÙɯ'$/ ɯÍÐÓÛÌÙÚȭɯ%ÖÙɯÛÏÌɯÙÌÚÛɯÖÍɯƗƚɯÚÜÉÑÌÊÛÚȮɯÉÖÛÏɯÛÏÌɯ$2/ɯ

ÈÕËɯÛÏÌɯ'$/ ɯÍÐÓÛÌÙɯÞÌÙÌɯÔÈÕÐ×ÜÓÈÛÌËȭƕƘɯ 

(ÕɯÛÏÌɯÊÜÙÙÌÕÛɯÚÛÜËàȮɯÐÕɯÖÙËÌÙɯÛÖɯËÌÛÌÙÔÐÕÌɯÛÏÌɯÌÍÍÌÊÛÚɯÖÍɯÛÏÌɯ$2/ɯÙÌÔÖÝÈÓɯÖÕɯ

ÐÕÍÓÈÔÔÈÛÖÙàɯÈÕËɯÖßÐËÈÛÐÝÌɯÚÛÙÌÚÚɯÙÌÚ×ÖÕÚÌÚɯÈÕËɯÊÖÕÊÌÙÕÐÕÎɯÛÏÌɯÊÖÕÚÛÙÈÐÕÛÚɯÖÍɯÍÜÕËÐÕÎɯ

ÈÕËɯÙÌÚÖÜÙÊÌÚȮɯƙƗɯÚÜÉÑÌÊÛÚɯÙÌÊÌÐÝÐÕÎɯÛÏÌɯÐÕÛÌÙÝÌÕÛÐÖÕɯÖÕÓàɯÖÕɯÛÏÌɯ$2/ɯÞÌÙÌɯÈÕÈÓàáÌËȭɯ3ÏÌɯ

ÊÜÙÙÌÕÛɯÚÈÔ×ÓÌɯÚÐáÌɯÞÈÚɯÈÉÓÌɯÛÖɯÖÉÛÈÐÕɯÈɯÚÛÈÛÐÚÛÐÊÈÓɯ×ÖÞÌÙɯÖÍɯƔȭƝƝɯÉÈÚÌËɯÖÕɯÈɯ×ÙÐÖÙÐɯ×ÖÞÌÙɯ

ÛÌÚÛɯÜÚÐÕÎɯ, -.5 ɯÔÖËÌÓɯȹÚÌÌɯ2Ü××ÓÌÔÌÕÛÈÓɯ,ÈÛÌÙÐÈÓȺȭɯ2×ÌÊÐÍÐÊÈÓÓàȮɯÈÓÓɯÛÏÌɯÛÏÙÌÌɯ

ÊÖÔ×ÖÕÌÕÛÚɯÖÍɯ '4ɯÞÌÙÌɯÛÜÙÕÌËɯÖÕɯËÜÙÐÕÎɯ×ÙÌɪÐÕÛÌÙÝÌÕÛÐÖÕɯ×ÌÙÐÖËȮɯÞÏÐÓÌɯÛÏÌɯ$2/ɯÞÈÚɯ

ÛÜÙÕÌËɯÖÍÍɯÉÜÛɯÛÏÌɯ×ÙÌɪɯÈÕËɯ'$/ ɯÍÐÓÛÌÙÚɯÙÌÔÈÐÕÌËɯÖÕɯËÜÙÐÕÎɯÛÏÌɯÐÕÛÌÙÝÌÕÛÐÖÕȭɯ3ÏÌɯ

ÛÐÔÌÓÐÕÌɯÖÍɯÛÏÌɯÐÕÛÌÙÝÌÕÛÐÖÕɯÈÕËɯÛÏÌɯÚÈÔ×ÓÌɯÊÖÓÓÌÊÛÐÖÕɯÞÌÙÌɯÚÏÖÞÕɯÐÕɯ%ÐÎÜÙÌɯƜȭɯ(ÕɯÛÏÌɯ

ÊÜÙÙÌÕÛɯÚÛÜËàȮɯÞÌɯÔÌÈÚÜÙÌËɯÊàÛÖÒÐÕÌÚɯÍÙÖÔɯ×ÓÈÚÔÈɯÚÈÔ×ÓÌÚɯÈÕËɯ,# ɯÍÙÖÔɯÜÙÐÕÌɯ

ÚÈÔ×ÓÌÚɯÊÖÓÓÌÊÛÌËɯÐÕɯÛÏÙÌÌɯÊÓÐÕÐÊɯÝÐÚÐÛÚɯÐÔ×ÓÌÔÌÕÛÌËɯÐÕɯÛÏÌɯ×ÙÌɪÐÕÛÌÙÝÌÕÛÐÖÕɯȹ5ÐÚÐÛɯƕȺɯÈÕËɯ

ËÜÙÐÕÎɪÐÕÛÌÙÝÌÕÛÐÖÕɯȹ5ÐÚÐÛÚɯƖɯÈÕËɯƗȺɯ×ÌÙÐÖËÚȭɯ3ÏÌɯÍÐÙÚÛɯÉÐÖÚ×ÌÊÐÔÌÕɯÊÖÓÓÌÊÛÐÖÕɯÞÈÚɯ

ÊÖÕËÜÊÛÌËɯƙɯËÈàÚɯÉÌÍÖÙÌɯÛÏÌɯ$2/ɯÙÌÔÖÝÈÓȮɯÈÕËɯÛÏÌɯÖÛÏÌÙɯÛÞÖɯÊÖÓÓÌÊÛÐÖÕÚɯÞÌÙÌɯÊÖÕËÜÊÛÌËɯ

ƕƛɯÛÖɯƗƜɯËÈàÚɯÈÍÛÌÙɯÛÏÌɯ$2/ɯÙÌÔÖÝÈÓȭɯ ÓÓɯÛÏÌɯÉÓÖÖËɯÈÕËɯÜÙÐÕÌɯÚÈÔ×ÓÌÚɯÞÌÙÌɯÊÖÓÓÌÊÛÌËɯÈÛɯ

ÛÏÌɯÚÈÔÌɯÛÐÔÌɯÐÕɯÌÈÙÓàɯÔÖÙÕÐÕÎɯÈÕËɯÚÛÖÙÌËɯÈÛɯɪƜƔɯȘ"ɯÉÌÍÖÙÌɯÛÏÌɯÈÕÈÓàÚÐÚȭɯ 



 

63 

3ÏÌɯÚÛÜËàɯ×ÙÖÛÖÊÖÓɯÞÈÚɯÈ××ÙÖÝÌËɯÉàɯÛÏÌɯ$ÛÏÐÊÚɯ"ÖÔÔÐÛÛÌÌɯÖÍɯÛÏÌɯ2ÏÈÕÎÏÈÐɯ%ÐÙÚÛɯ

/ÌÖ×ÓÌɅÚɯ'ÖÚ×ÐÛÈÓɯÈÕËɯÛÏÌɯ"ÈÔ×ÜÚɯInstitutional Review Board ɯÖÍɯ#ÜÒÌɯ4ÕÐÝÌÙÚÐÛàȭɯ

!ÌÍÖÙÌɯÐÕÊÓÜÚÐÖÕȮɯÌß×ÓÐÊÐÛɯÞÙÐÛÛÌÕɯÐÕÍÖÙÔÌËɯÊÖÕÚÌÕÛɯÞÈÚɯÖÉÛÈÐÕÌËɯÍÙÖÔɯÈÓÓɯ×ÈÙÛÐÊÐ×ÈÕÛÚȮɯ

ÈÕËɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯÊÖÜÓËɯÞÐÛÏËÙÈÞɯÍÙÖÔɯÛÏÌɯÚÛÜËàɯÈÛɯÈÕàɯÛÐÔÌȭ 

4.1.2.2 Air pollutant exposure assessment  

(ÕËÖÖÙɯ/,ƖȭƙɯÈÕËɯ.ƗɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÞÌÙÌɯÊÖÕÛÐÕÜÖÜÚÓàɯÔÖÕÐÛÖÙÌËɯÐÕɯÛÞÖɯÐÕÝÖÓÝÌËɯ

ÖÍÍÐÊÌÚɯËÜÙÐÕÎɯÛÏÌɯËÈàɯÈÕËɯÐÕɯÛÞÖɯËÖÙÔÐÛÖÙàɯÙÖÖÔÚɯ×ÌÙɯÕÐÎÏÛɯÜÚÐÕÎɯÍÐÌÓËɪÊÈÓÐÉÙÈÛÌËɯ

ÕÌ×ÏÌÓÖÔÌÛÌÙÚɯÍÖÙɯ/,ƖȭƙɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÔÌÈÚÜÙÌÔÌÕÛɯȹ2ÐËÌ/ÈÒɯ ,ƙƕƔȰɯ32(ɯ(ÕÊȺɯÈÕËɯÈɯ45ɯ

ÈÉÚÖÙ×ÛÐÖÕɯÔÖÕÐÛÖÙɯÍÖÙɯ.ƗɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÔÌÈÚÜÙÌÔÌÕÛɯȹ,ÖËÌÓɯƖƔƙȰɯƖ!ɯ3ÌÊÏȺȭɯ ÔÉÐÌÕÛɯ

/,ƖȭƙȮɯ.ƗȮɯ-.ƖȮɯ2.ƖȮɯÙÌÓÈÛÐÝÌɯÏÜÔÐËÐÛàȮɯÈÕËɯÛÌÔ×ÌÙÈÛÜÙÌɯÞÌÙÌɯÔÖÕÐÛÖÙÌËɯÈÛɯÈɯ

ÎÖÝÌÙÕÔÌÕÛɯÚÛÈÛÐÖÕɯÓÖÊÈÛÌËɯƘȭƙɯÒÔɯÍÙÖÔɯÛÏÌɯÚÛÜËàɯÚÐÛÌȭɯ3ÏÌÚÌɯÔÌÈÚÜÙÌÔÌÕÛÚɯÞÌÙÌɯÜÚÌËɯ

ÛÖɯÌÚÛÈÉÓÐÚÏɯÐÕËÖÖÙɤÖÜÛËÖÖÙɯȹ(ɤ.ȺɯÙÈÛÐÖÚȮɯÛÈÒÐÕÎɯÐÕÛÖɯÈÊÊÖÜÕÛɯÉÖÛÏɯÍÐÓÛÙÈÛÐÖÕɯÊÖÕËÐÛÐÖÕÚɯ

ÈÕËɯÐÕËÖÖÙɯÚÖÜÙÊÌÚȮɯÞÏÐÊÏɯÞÌÙÌɯÓÈÛÌÙɯÜÚÌËɯÛÖɯÌÚÛÐÔÈÛÌɯÏÖÜÙÓàɯÈÝÌÙÈÎÌÚɯÍÖÙɯ/,ƖȭƙɯÈÕËɯ.Ɨɯ

ÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯÐÕɯÒÕÖÞÕɯÌÕÝÐÙÖÕÔÌÕÛÚɯȹÖÍÍÐÊÌÚɯÈÕËɯËÖÙÔÚɯÈÛɯÊÖÔ×ÈÕàɯÊÈÔ×ÜÚȺɯÞÏÌÕɯ

ÛÏÌÙÌɯÞÈÚɯÕÖɯÈÊÛÜÈÓɯÔÌÈÚÜÙÌÔÌÕÛȭɯ%ÖÙɯÜÕÔÖÕÐÛÖÙÌËɯÐÕËÖÖÙɯÌÕÝÐÙÖÕÔÌÕÛÚɯȹÖÛÏÌÙɯÛÏÈÕɯ

ÛÏÌɯ×ÙÌÝÐÖÜÚÓàɯÔÌÕÛÐÖÕÌËɯÖÍÍÐÊÌÚɯÈÕËɯËÖÙÔÚȺȮɯÞÌɯÜÚÌËɯƔȭƜƔɯÈÕËɯƔȭƗƙɯÍÖÙɯ/,ƖȭƙɯÈÕËɯ.Ɨɯ(ɤ.ɯ

ÙÈÛÐÖÚȮɯÙÌÚ×ÌÊÛÐÝÌÓàȮɯÈÊÊÖÙËÐÕÎɯÛÖɯ×ÙÌÝÐÖÜÚɯÍÐÕËÐÕÎÚɯÐÕɯÓÐÎÏÛÓàɯÚÌÈÓÌËɯÐÕËÖÖÙɯÚ×ÈÊÌÚȭƕƘƜɪƕƙƔɯ

%ÖÙɯ-.ƖɯÈÕËɯ2.ƖɯÐÕɯÈÓÓɯÔÐÊÙÖɪÌÕÝÐÙÖÕÔÌÕÛÚȮɯÞÌɯÜÚÌËɯƔȭƜƔɯÈÕËɯƔȭƙƔɯÈÚɯÛÏÌɯ(ɤ.ɯÙÈÛÐÖȮɯ

ÙÌÚ×ÌÊÛÐÝÌÓàȮɯÉÈÚÌËɯÖÕɯÛÏÌɯ×ÏàÚÐÊÈÓɯÊÏÈÙÈÊÛÌÙÐÚÛÐÊÚɯÖÍɯÛÏÌɯÖÍÍÐÊÌÚɯÈÕËɯËÖÙÔÚɯÊÖÜ×ÓÌËɯÞÐÛÏɯ

×ÙÌÝÐÖÜÚɯÓÐÛÌÙÈÛÜÙÌȭƕƙƕȮɯƕƙƖɯ3ÏÌÚÌɯÔÌÈÚÜÙÌÔÌÕÛÚɯÞÌÙÌɯÊÖÔÉÐÕÌËɯÞÐÛÏɯÛÏÌɯËÌÛÈÐÓÌËɯÛÐÔÌɪ
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ÈÊÛÐÝÐÛàɯ×ÈÛÛÌÙÕɯËÈÛÈɯÊÖÓÓÌÊÛÌËɯÖÕɯÌÈÊÏɯÚÜÉÑÌÊÛɯÛÖɯÊÈÓÊÜÓÈÛÌɯÛÏÌɯ×ÌÙÚÖÕÈÓɯÈÐÙɯ×ÖÓÓÜÛÈÕÛɯ

Ìß×ÖÚÜÙÌɯÈÝÌÙÈÎÌËɯÖÝÌÙɯÛÏÌɯƕƖɯÏÖÜÙÚɯȹƕƖɯÏȺȮɯƖƘɯÏÖÜÙÚɯȹƖƘɯÏȺȮɯƕɯÞÌÌÒɯȹƕɯÞȺȮɯÈÕËɯƖɯÞÌÌÒÚɯȹƖɯ

ÞȺɯ×ÙÐÖÙɯÛÖɯÌÈÊÏɯÖÍɯÉÐÖÚ×ÌÊÐÔÌÕɯÊÖÓÓÌÊÛÐÖÕȭɯ3ÏÌɯØÜÌÚÛÐÖÕÕÈÐÙÌÚɯÜÚÌËɯÛÖɯÊÖÓÓÌÊÛɯÛÏÌɯÛÐÔÌɪ

ÈÊÛÐÝÐÛàɯ×ÈÛÛÌÙÕÚɯÞÌÙÌɯÚÏÖÞÕɯÐÕɯÛÏÌɯÚÜ××ÓÌÔÌÕÛÈÙàɯÔÈÛÌÙÐÈÓȭɯ3ÏÌɯËÌÛÈÐÓɯÖÍɯÈÐÙɯ×ÖÓÓÜÛÈÕÛɯ

Ìß×ÖÚÜÙÌɯÈÚÚÌÚÚÔÌÕÛɯÞÈÚɯÙÌ×ÖÙÛÌËɯÐÕɯÈɯ×ÙÌÝÐÖÜÚɯÚÛÜËàȭƕƘ 

 

Figure 8. Intervention and visit timeline.  

4.1.2.3 Outcome measurement 

We ÈÕÈÓàáÌË 10 ÊàÛÖÒÐÕÌÚ from the plasma samples using a commercially 

available analyzing kit (Human Cytokine/Chemokine Magnetic Bead Panel) provided 

Éàɯ,ÐÓÓÐ×ÖÙÌɯ"ÖÙ×ÖÙÈÛÐÖÕȮɯ, Ȯɯ42 ȭɯ(ÕɯÉÙÐÌÍȮɯ×ÓÈÚÔÈɯÈÓÐØÜÖÛÚɯȹƙƔɯϟ+ȺɯÞÌÙÌɯÍÐÙÚÛÓàɯ

ÊÌÕÛÙÐÍÜÎÌËɯÈÛɯƕƗȮƔƔƔɯÎɯÍÖÙɯƕƔɯÔÐÕȭɯ3ÏÌÕȮɯƖƙɯϟ+ɯof supernatant was collected to measure 

the concentrations of IL-ƕϕȮɯIL -2ȮɯIL -4ȮɯIL-6ȮɯIL -8ȮɯIL -10ȮɯIL -13ȮɯIL -17AȮɯIFN-ϖɯÈÕËɯ3-%-ϔɯ

using Flex MAP 3DTM (Merck Millipore). Milliplex Analyst software (Version 5.1) (Merck 

Millipore) was used to calculate the concentrations based on a three-parameter standard 

curve. The limits of detection (LOD) for IL -ƕϕȮɯ(+-2, IL-4, IL-6, IL-8, IL-10, IL-13, IL-17A, 

IFN-ϖȮɯÈÕËɯ3-%-ϔɯÞÌÙÌɯƔȭƜȮɯƕȭƔȮɯƘȭƙȮɯƔȭƝȮɯƔȭƘȮɯƕȭƕȮɯƕȭƗȮɯƔȭƛȮɯƔȭƜɯÈÕËɯƔȭƛɯ×ÎɤÔ+ȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ

We assayed 39 pairs of blinded duplicates within the same batch and 7 pairs of blinded 
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duplicates across different batches to evaluate assay reproducibility, reporting 

coefficients of variation and intraclass correlation coefficients calculated on ÕÈÛÜÙÈÓɯ

ÓÖÎÈÙÐÛÏÔɪÛÙÈÕÚÍÖÙÔÌË cytokine concentrations.153 

Urinary MDA ÊÖÕÊÌÕÛÙÈÛÐÖÕ was measured and normalized by creatinine using a 

method previously reported .112 The concentration of urinary 6 -sulfatoxymelatonin 

(aMT6s), a surrogate of circulating melatonin, was measured using a previously 

reported method 121 to adjust for the potential c onfounding effect of natural variation in 

melatonin levels on the relationship between air pollutant exposure (< 24h) and 

biomarkers of oxidative stress.154 

4.1.2.4 Statistical analysis  

"ÖÕÊÌÕÛÙÈÛÐÖÕÚɯÖÍɯÛÏÌɯƕƔɯÐÕÍÓÈÔÔÈÛÖÙàɯÊàÛÖÒÐÕÌÚɯÞÌÙÌɯÕÈÛÜÙÈÓɯÓÖÎÈÙÐÛÏÔɯ

ÛÙÈÕÚÍÖÙÔÌËɯËÜÌɯÛÖɯÛÏÌɯÙÐÎÏÛɪÚÒÌÞÌËɯËÐÚÛÙÐÉÜÛÐÖÕÚȭɯ%ÐÙÚÛȮɯÞÌɯÜÚÌËɯÓÐÕÌÈÙɯÔÐßÌËɪÌÍÍÌÊÛÚɯ

ÙÌÎÙÌÚÚÐÖÕɯȹ+,$1ȺɯÔÖËÌÓÚɯÛÖɯÐÕÝÌÚÛÐÎÈÛÌɯÛÏÌɯÌß×ÖÚÜÙÌɪÙÌÚ×ÖÕÚÌɯÙÌÓÈÛÐÖÕÚÏÐ×ÚɯÖÍɯ

×ÌÙÚÖÕÈÓɯÈÐÙɯ×ÖÓÓÜÛÈÕÛÚɯÌß×ÖÚÜÙÌɯÞÐÛÏɯÊàÛÖÒÐÕÌÚɯÈÕËɯ,# ȭɯ(ÕɯÛÏÌÚÌɯÔÖËÌÓÚȮɯÛÏÌɯ

ÊÖÕÊÌÕÛÙÈÛÐÖÕɯÖÍɯÌÈÊÏɯÖÍɯÛÏÌɯÉÐÖÔÈÙÒÌÙÚɯÞÈÚɯÛÏÌɯËÌ×ÌÕËÌÕÛɯvariableȮɯÈÕËɯÌÈÊÏɯÖÍɯÛÏÌɯ

×ÌÙÚÖÕÈÓɯÈÐÙɯ×ÖÓÓÜÛÈÕÛÚɯÌß×ÖÚÜÙÌɯÈÝÌÙÈÎÌËɯÖÝÌÙɯÛÏÌɯ×ÈÚÛɯƕƖÏȮɯƖƘÏȮɯƕÞȮɯÖÙɯƖÞɯÞÈÚɯÛÏÌɯ

ÐÕËÌ×ÌÕËÌÕÛɯÝÈÙÐÈÉÓÌȭɯ(ÕɯÛÏÌÚÌɯÔÖËÌÓÚȮɯÞÌɯÊÖÕÛÙÖÓÓÌËɯÍÖÙɯÞÌÈÛÏÌÙɪÙÌÓÈÛÌËɯÊÖÝÈÙÐÈÛÌÚȮɯ

ÐÕÊÓÜËÐÕÎɯÈÔÉÐÌÕÛɯÛÌÔ×ÌÙÈÛÜÙÌɯÈÕËɯÙÌÓÈÛÐÝÌɯÏÜÔÐËÐÛàȮɯËÌÔÖÎÙÈ×ÏÐÊɯÊÏÈÙÈÊÛÌÙÐÚÛÐÊÚȮɯ

ÐÕÊÓÜËÐÕÎɯÚÌßɯÈÕËɯÈÎÌȮɯÏÌÈÓÛÏɯÈÕËɯÉÌÏÈÝÐÖÙÈÓɯÍÈÊÛÖÙÚȮɯÐÕÊÓÜËÐÕÎɯÈÊÛÐÝÌɯÈÕËɯ×ÈÚÚÐÝÌɯ

ÚÔÖÒÐÕÎɯÚÛÈÛÜÚȮɯÈÕËɯÙÌÚ×ÐÙÈÛÖÙàɯÐÕÍÌÊÛÐÖÕɯÚÛÈÛÜÚɯËÜÙÐÕÎɯÛÏÌɯƕɪÞÌÌÒɯ×ÙÐÖÙɯÛÖɯÌÈÊÏɯÖÍɯÛÏÌɯ
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ÝÐÚÐÛȭɯ3ÏÌÚÌɯÊÖÝÈÙÐÈÛÌÚɯÏÈÝÌɯÉÌÌÕɯ×ÙÌÝÐÖÜÚÓàɯÙÌ×ÖÙÛÌËɯÛÖɯÉÌɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÖßÐËÈÛÐÝÌɯ

ÚÛÙÌÚÚɯÈÕËɯÐÕÍÓÈÔÔÈÛÖÙàɯÙÌÚ×ÖÕÚÌÚȭƕƘȮɯƕƘƛȮɯƕƙƘɯ3ÏÌɯȿÉÈÛÊÏɀɯÍÈÊÛÖÙɯÞÈÚɯÊÖÕÛÙÖÓÓÌËɯÈÚɯÈɯ

ÊÈÛÌÎÖÙÐÊÈÓɯÊÖÝÈÙÐÈÛÌɯÛÖɯÈËÑÜÚÛɯÍÖÙɯÛÏÌɯ×ÖÛÌÕÛÐÈÓɯÐÕÍÓÜÌÕÊÌɯÐÕÛÙÖËÜÊÌËɯÉàɯËÐÍÍÌÙÌÕÛɯÉÈÛÊÏÌÚȭɯ

(ÕɯÈËËÐÛÐÖÕɯÛÖɯÛÏÌÚÌɯÊÖÝÈÙÐÈÛÌÚȮɯÜÙÐÕÈÙàɯÈ,3ƚÚɯÞÈÚɯÈËÑÜÚÛÌËɯÍÖÙɯÌßÈÔÐÕÐÕÎɯÛÏÌɯ

ÙÌÓÈÛÐÖÕÚÏÐ×ɯÖÍɯƕƖɯÏɯÈÐÙɯ×ÖÓÓÜÛÈÕÛɯÌß×ÖÚÜÙÌɯÈÕËɯ,# ɯÊÖÕÊÌÕÛÙÈÛÐÖÕȭɯ3ÏÌɯÚÜÉÑÌÊÛɯ(#ɯÞÈÚɯ

ÜÚÌËɯÈÚɯÈɯÙÈÕËÖÔɯÌÍÍÌÊÛɯÛÖɯÈËÑÜÚÛɯÍÖÙɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛɪÚ×ÌÊÐÍÐÊɯÐÕÛÌÙÊÌ×Ûȭɯ6ÌɯÙÌ×ÖÙÛÌËɯÛÏÌɯ

×ÌÙÊÌÕÛɯÊÏÈÕÎÌɯȹƝƙǔɯ"(ȺɯÐÕɯÉÐÖÔÈÙÒÌÙÚɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÖÕÌɯÚÛÈÕËÈÙËɯ

ËÌÝÐÈÛÐÖÕɯȹ2#ȺɯÐÕÊÙÌÈÚÌɯÐÕɯ×ÖÓÓÜÛÈÕÛɯÌß×ÖÚÜÙÌȭɯ 

2ÌÊÖÕËȮɯÊÖÕÊÌÙÕÐÕÎɯÛÏÌɯÊÖÙÙÌÓÈÛÐÖÕÚɯÉÌÛÞÌÌÕɯÈÐÙɯ×ÖÓÓÜÛÈÕÛÚȮɯÛÞÖɪ×ÖÓÓÜÛÈÕÛɯÔÖËÌÓÚɯ

ÞÌÙÌɯËÌÝÌÓÖ×ÌËɯÛÖɯÌßÈÔÐÕÌɯÛÏÌɯÙÖÉÜÚÛÕÌÚÚɯÖÍɯÚÐÕÎÓÌɪ×ÖÓÓÜÛÈÕÛɯÔÖËÌÓÚɯÈÍÛÌÙɯÊÖÕÛÙÖÓÓÐÕÎɯ

ÍÖÙɯÈɯÚÌÊÖÕËɯ×ÖÓÓÜÛÈÕÛȭɯ(ÕɯÛÏÌÚÌɯÔÖËÌÓÚȮɯÛÏÌɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÖÍɯÌÈÊÏɯÖÍɯÛÏÌɯÉÐÖÔÈÙÒÌÙÚɯÞÈÚɯ

ÛÏÌɯËÌ×ÌÕËÌÕÛɯÝÈÙÐÈÉÓÌȮɯÈÕËɯ.ƗɯÌß×ÖÚÜÙÌɯÈÝÌÙÈÎÌËɯÖÝÌÙɯÛÏÌɯ×ÈÚÛɯƕƖɯÏȮɯƖƘɯÏȮɯƕɯÞȮɯÖÙɯƖɯÞɯ

ÞÈÚɯÊÖÕÛÙÖÓÓÌËɯÈÚɯÛÏÌɯÐÕËÌ×ÌÕËÌÕÛɯÝÈÙÐÈÉÓÌȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ(ÕɯÈËËÐÛÐÖÕɯÛÖɯÛÏÌɯÊÖÝÈÙÐÈÛÌÚɯ

ËÌÚÊÙÐÉÌËɯÐÕɯÛÏÌɯÍÐÙÚÛɯÔÖËÌÓÚȮɯÞÌɯÍÜÙÛÏÌÙɯÊÖÕÛÙÖÓÓÌËɯÍÖÙɯ/,ƖȭƙȮɯ-.ƖȮɯÈÕËɯ2.ƖȮɯÙÌÚ×ÌÊÛÐÝÌÓàȮɯ

ÈÚɯÈɯÚÌÊÖÕËɯ×ÖÓÓÜÛÈÕÛɯÌß×ÖÚÜÙÌɯÐÕɯÛÏÌÚÌɯÔÖËÌÓÚȭɯ2ÐÔÐÓÈÙɯÛÞÖɪ×ÖÓÓÜÛÈÕÛɯÔÖËÌÓÚɯÞÌÙÌɯÈÓÚÖɯ

ËÌÝÌÓÖ×ÌËɯÍÖÙɯ/,ƖȭƙȮɯ-.ƖȮɯÈÕËɯ2.ƖȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ 

3ÏÐÙËȮɯÞÌɯÜÚÌËɯ+,$1ɯÔÖËÌÓÚɯÛÖɯÛÌÚÛɯÛÏÌɯÈÚÚÖÊÐÈÛÐÖÕÚɯÖÍɯ$2/ɯÙÌÔÖÝÈÓɯÞÐÛÏɯ

ÉÐÖÔÈÙÒÌÙÚȭɯ(ÕɯÛÏÌÚÌɯÔÖËÌÓÚȮɯÛÏÌɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÖÍɯÌÈÊÏɯÉÐÖÔÈÙÒÌÙɯÞÈÚɯÛÏÌɯËÌ×ÌÕËÌÕÛɯ

ÝÈÙÐÈÉÓÌȮɯÈÕËɯÛÏÌɯÐÕÛÌÙÝÌÕÛÐÖÕɯÚÛÈÛÜÚɯȹÉÌÍÖÙÌɯ$2/ɯÙÌÔÖÝÈÓɯÝÚɯÈÍÛÌÙɯ$2/ɯÙÌÔÖÝÈÓȺɯÞÈÚɯÛÏÌɯ

ÐÕËÌ×ÌÕËÌÕÛɯÝÈÙÐÈÉÓÌÚɯÖÍɯÐÕÛÌÙÌÚÛɯÈÓÖÕÎɯÞÐÛÏɯÛÏÌɯÊÖÝÈÙÐÈÛÌÚɯȹƖɯÞɯÈÝÌÙÈÎÌɯÈÔÉÐÌÕÛɯ
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ÛÌÔ×ÌÙÈÛÜÙÌɯÈÕËɯÙÌÓÈÛÐÝÌɯÏÜÔÐËÐÛàȮɯÚÌßȮɯÈÎÌȮɯÚÔÖÒÐÕÎɯÚÛÈÛÜÚȮɯÙÌÚ×ÐÙÈÛÖÙàɯÐÕÍÌÊÛÐÖÕɯÚÛÈÛÜÚȮɯ

ÈÕËɯȿÉÈÛÊÏɀɯÍÈÊÛÖÙȺȭɯ(ÕɯÛÏÌÚÌɯÔÖËÌÓÚȮɯÞÌɯÍÜÙÛÏÌÙɯÊÖÕÛÙÖÓÓÌËɯÍÖÙɯÛÏÌɯÝÈÙÐÈÛÐÖÕɯÖÍɯƖɯÞɯ

ÈÝÌÙÈÎÌɯÈÔÉÐÌÕÛɯ.ƗɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÞÏÌÕɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯÞÌÙÌɯÐÕɯÛÏÌɯÜÕÍÐÓÛÌÙÌËɯÌÕÝÐÙÖÕÔÌÕÛɯ

ȹÐȭÌȭɯÈÕàÞÏÌÙÌɯÕÖÛɯÐÕɯÛÏÌɯÓÐÝÐÕÎɯÈÕËɯÞÖÙÒÐÕÎɯÉÜÐÓËÐÕÎɯÖÍɯÛÏÌɯÊÖÔ×ÈÕàɯÊÈÔ×ÜÚȺȭɯ

'ÖÞÌÝÌÙȮɯËÜÌɯÛÖɯÛÏÌɯÚÛÙÖÕÎɯÕÌÎÈÛÐÝÌɯÈÚÚÖÊÐÈÛÐÖÕÚɯÖÍɯÈÔÉÐÌÕÛɯ.ƗɯÞÐÛÏɯ/,ƖȭƙȮɯ-.ƖȮɯÈÕËɯ

2.ƖɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯËÜÙÐÕÎɯÛÏÌɯÚÛÜËàɯ×ÌÙÐÖËɯȹÚÌÌɯ%ÐÎÜÙÌɯ"ƕȺȮɯÞÌɯËÐËɯÕÖÛɯÊÖÕÛÙÖÓɯÈÔÉÐÌÕÛɯ

/,ƖȭƙȮɯ-.ƖȮɯÈÕËɯ2.ƖɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÞÏÌÕɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯÞÌÙÌɯÐÕɯÛÏÌɯÜÕÍÐÓÛÌÙÌËɯÌÕÝÐÙÖÕÔÌÕÛɯ

ÛÖɯÈÝÖÐËɯÛÏÌɯÔÜÓÛÐÊÖÓÓÐÕÌÈÙÐÛàɯÐÚÚÜÌȭɯ2ÐÔÐÓÈÙɯÛÖɯÛÏÌɯÌß×ÖÚÜÙÌɪÙÌÚ×ÖÕÚÌɯÔÖËÌÓÚȮɯÜÙÐÕÈÙàɯ

È,3ƚÚɯÞÈÚɯÈËÑÜÚÛÌËɯÍÖÙɯÌßÈÔÐÕÐÕÎɯÛÏÌɯÙÌÓÈÛÐÖÕÚÏÐ×ɯÉÌÛÞÌÌÕɯ$2/ɯÙÌÔÖÝÈÓɯÈÕËɯ,# ɯ

ÊÖÕÊÌÕÛÙÈÛÐÖÕȭɯ3ÏÌɯÙÈÕËÖÔɯÌÍÍÌÊÛɯÝÈÙÐÈÉÓÌɯÞÈÚɯÛÏÌɯÚÈÔÌɯÈÚɯÐÕɯÛÏÌɯ+,$1ɯÔÖËÌÓÚɯÍÖÙɯÛÏÌɯ

ÈÕÈÓàÚÐÚɯÖÍɯÛÏÌɯÌß×ÖÚÜÙÌɪÙÌÚ×ÖÕÚÌɯÙÌÓÈÛÐÖÕÚÏÐ×Úȭɯ6ÌɯÙÌ×ÖÙÛÌËɯÛÏÌɯ×ÌÙÊÌÕÛɯÊÏÈÕÎÌɯȹƝƙǔɯ

"(ȺɯÐÕɯÉÐÖÔÈÙÒÌÙÚɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÛÏÌɯ$2/ɯÙÌÔÖÝÈÓȭɯ3ÏÙÌÌɯÚÜÉÑÌÊÛÚɯÞÏÖɯ

ÞÌÙÌɯÔÌÈÚÜÙÌËɯÖÕÓàɯÉÌÍÖÙÌɯÖÙɯÈÍÛÌÙɯ$2/ɯÙÌÔÖÝÈÓɯÞÌÙÌɯÕÖÛɯÐÕÊÓÜËÌËɯÐÕɯÛÏÐÚɯÈÕÈÓàÚÐÚȭ 

%ÐÕÈÓÓàȮɯÞÌɯÊÖÕËÜÊÛÌËɯÛÏÌɯÍÖÓÓÖÞÐÕÎɯÚÌÕÚÐÛÐÝÐÛàɯÈÕÈÓàÚÐÚȭɯ6ÌɯÌßÈÔÐÕÌËɯÛÏÌɯ

Ìß×ÖÚÜÙÌɪÙÌÚ×ÖÕÚÌɯÙÌÓÈÛÐÖÕÚÏÐ×ÚɯËÌÚÊÙÐÉÌËɯÐÕɯÛÏÌɯÍÐÙÚÛɯÔÖËÌÓÚɯÉàɯÌßÊÓÜËÐÕÎɯÊÜÙÙÌÕÛɯ

ÚÔÖÒÌÙÚɯÈÕËɯÚÜÉÑÌÊÛÚɯÜÕËÌÙÎÖÐÕÎɯÙÌÚ×ÐÙÈÛÖÙàɯÐÕÍÌÊÛÐÖÕɯËÜÙÐÕÎɯÛÏÌɯÚÛÜËàɯ×ÌÙÐÖËȭɯ#ÌÛÈÐÓÌËɯ

ÔÖËÌÓɯÙÌÚÜÓÛÚɯȹÐȭÌȭɯÌÍÍÌÊÛɯÚÐáÌȮɯ"(ÚȮɯÈÕËɯ×ɪÝÈÓÜÌȺɯÈÕËɯ×ɪÝÈÓÜÌɯÈËÑÜÚÛÌËɯÉàɯÔÜÓÛÐ×ÓÌɯÛÌÚÛÐÕÎɯ

ÜÚÐÕÎɯ!ÌÕÑÈÔÐÕÐɪ'ÖÊÏÉÌÙÎɯÔÌÛÏÖËÚɯÞÌÙÌɯÚÏÖÞÕɯÐÕɯ3ÈÉÓÌɯ"ƕɪ"Ɩȭƕƙƙɯ2ÛÈÛÐÚÛÐÊÈÓɯÈÕÈÓàÚÌÚɯ

ÞÌÙÌɯÊÖÕËÜÊÛÌËɯÞÐÛÏɯÛÏÌɯ1ɯÚÖÍÛÞÈÙÌɯȹÝÌÙÚÐÖÕɯƗȭƚȭƕȺɯÜÚÐÕÎɯÛÏÌɯÓÔÌƘɯÈÕËɯÓÔÌ3ÌÚÛɯ×ÈÊÒÈÎÌÚȭɯ
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/ɪÝÈÓÜÌɯÖÍɯƔȭƔƙɯÞÈÚɯÚÌÛɯÈÚɯÛÏÌɯÊÜÛɪ×ÖÐÕÛɯÍÖÙɯÚÛÈÛÐÚÛÐÊÈÓɯÚÐÎÕÐÍÐÊÈÕÊÌȭɯ3ÏÌɯËÌÛÈÐÓÌËɯ

ËÌÚÊÙÐ×ÛÐÖÕɯÖÍɯÚÛÈÛÐÚÛÐÊÈÓɯÔÌÛÏÖËÚɯÐÚɯ×ÙÖÝÐËÌËɯÐÕɯÛÏÌɯ2Ü××ÓÌÔÌÕÛÈÙàɯ,ÈÛÌÙÐÈÓȭ 

4.1.3 Results 

4.1.3.1 Participant characteristics 

.ÍɯÛÏÌɯƙƗɯ×ÈÙÛÐÊÐ×ÈÕÛÚȮɯƕƚɯȹƗƔȭƖǔȺɯÞÌÙÌɯÞÖÔÌÕɯÈÕËɯƕƕɯȹƖƔȭƜǔȺɯÞÌÙÌɯÊÜÙÙÌÕÛɯ

ÚÔÖÒÌÙÚȭɯ3ÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯÏÈËɯÈɯÔÌÈÕɯȹ2#ȺɯÈÎÌɯÖÍɯƗƕȭƘɯȹƛȭƗȺɯàÌÈÙÚɯÈÕËɯÈɯÔÌÈÕɯ!,(ɯȹ2#Ⱥɯ

ÖÍɯƖƖȭƙɯȹƖȭƙȺɯÒÎɤÔƖȭɯ ÔÖÕÎɯƙƗɯÚÜÉÑÌÊÛÚȮɯƙƖɯȹƝƜǔȺɯÊÖÔ×ÓÌÛÌËɯ5ÐÚÐÛɯƕȮɯƘƛɯȹƜƝǔȺɯÊÖÔ×ÓÌÛÌËɯ

5ÐÚÐÛɯƖȮɯÈÕËɯƘƚɯȹƜƛǔȺɯÊÖÔ×ÓÌÛÌËɯ5ÐÚÐÛɯƗȭɯ%ÐÍÛàɯȹƝƘǔȺɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯÊÖÔ×ÓÌÛÌËɯÈÛɯÓÌÈÚÛɯÖÕÌɯ

ÝÐÚÐÛɯÉÌÍÖÙÌɯÛÏÌɯ$2/ɯÙÌÔÖÝÈÓɯÈÕËɯÖÕÌɯÝÐÚÐÛɯÈÍÛÌÙɯÛÏÌɯ$2/ɯÙÌÔÖÝÈÓȭɯ ÔÖÕÎɯÛÏÌɯÛÖÛÈÓɯÖÍɯƕƘƙɯ

ÔÌÈÚÜÙÌÔÌÕÛÚȮɯƕƗɯȹƜȭƝƛǔȺɯÙÌ×ÖÙÛÌËɯÙÌÚ×ÐÙÈÛÖÙàɯÐÕÍÌÊÛÐÖÕɯËÜÙÐÕÎɯÛÏÌɯƕɪÞÌÌÒɯ×ÙÐÖÙɯÛÖɯ

ÉÐÖÚ×ÌÊÐÔÌÕɯÊÖÓÓÌÊÛÐÖÕȭ 

4.1.3.2 Air pollution exposure  

3ÈÉÓÌɯƛɯÚÜÔÔÈÙÐáÌÚɯ×ÌÙÚÖÕÈÓɯÈÐÙɯ×ÖÓÓÜÛÈÕÛɯÌß×ÖÚÜÙÌÚɯÈÝÌÙÈÎÌËɯÖÝÌÙɯƕƖɯÏÖÜÙÚȮɯƖƘɯ

ÏÖÜÙÚȮɯƕɯÞÌÌÒȮɯÈÕËɯƖɯÞÌÌÒÚɯ×ÙÐÖÙɯÛÖɯÌÈÊÏɯÝÐÚÐÛɯÍÖÙɯÉÐÖÚ×ÌÊÐÔÌÕɯÊÖÓÓÌÊÛÐÖÕȭɯ"ÖÔ×ÈÙÌËɯÛÖɯ

.ƗɯÌß×ÖÚÜÙÌÚɯÈÝÌÙÈÎÌËɯÖÝÌÙɯÛÏÌɯ×ÈÚÛɯƕƖɯÏȮɯƖƘɯÏȮɯƕɯÞȮɯÈÕËɯƖɯÞɯÐÕɯÛÏÌɯ×ÙÌɪÐÕÛÌÙÝÌÕÛÐÖÕɯ

×ÌÙÐÖËɯȹ5ÐÚÐÛɯƕȺȮɯÛÏÌɯ.Ɨɯexposures for the corresponding averaging times in the during -

intervention period (Visit 2) without ɯ$2/ɯÙÜÕÕÐÕÎɯÐÕɯÛÏÌɯ '4ɯÞÌÙÌ decreased by 69.4%, 

62.3%, 54.8%, and 27.0%, respectively. Similar reductions were also found for Visit 3. 

Compared with the pre -intervention period, ÛÏÌɯƕƖɯÏȮɯ24 h, 1 w, and 2 w personal PM2.5 

exposures were increased during the intervention period mainly due to the increased 
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ambient PM2.5 concentration. Personal NO 2 and SO2 exposures for all the four averaging 

times did not show a notable difference. Ambient air pollution concentrations prior to 

each visit are shown in Table C3; and the air pollution levels in the indoor environments 

of the company campus have been in a previous study.147 The correlations among 

personal air pollutant exposure are shown in Figure 9. The results indicated that 

personal .Ɨ exposure was negatively correlated with personal exposures to PM2.5, NO2, 

and SO2 averaged for each of the four defined periods. 

 

Figure 9. Pearson correlation coefficients among personal air pollutants 

exposure. 



 

 

Table 7. The estimated personal exposure to air pollution averaged over 12 -hour, 24-hour, 1-week and 2-week before 

biospecimen collections.  

  Pre-intervention (Visit 1)  During -intervention (Visit 2)  During -intervention (Visit 3)  Combined  

  Mean ± SD Median [Range]  Mean ± SD Median [Range]  Mean ± SD Median [Range]  Mean ± SD Median [Range]  

O3 (ppb) 12h 12.1 ± 2.5 11.6 [9.9-21.6] 3.7± 1.4 3.4 [1.99-7.07] 4.1 ± 1.66 4.37 [1.44-8.44] 6.9 ± 4.4 5.1 [1.4-21.6] 

24h 13.8 ± 1.9 13.5 [10.6-19.3] 5.2 ± 1.8 4.6 [2.8-10.2] 4.2 ± 1.65 4.26 [1.73-8.82] 8.1 ± 4.7 6.1 [1.7-19.3] 

1w 13.5 ± 0.70 13.5 [11.9-15.9] 6.1 ± 0.69 6.1 [4.7-7.8] 6.6 ± 0.87 6.7 [4.86-9.02] 9.0 ± 3.5 7.2 [4.7-15.9] 

2w 11.2 ± 0.70 11.1 [9.4-13.2] 8.1 ± 1.1 8.0 [5.9-10.8] 6.47 ± 0.56 6.45 [5.47-8.26] 8.7 ± 2.1 8.2 [5.5-13.2] 

PM2.5 ȹϟÎɤÔ3) 12h 18.4 ± 12.4 15.7 [3.7-48.0] 47.5 ± 36.9 39.2 [4.47-169] 52.9 ± 30.9 48.3 [11.9-124] 38.1 ± 32.0 27.2 [3.7-169] 

24h 15.9 ± 8.0 13.8 [4.5-36.3] 37.3± 22.5 34.5[8.6-112] 47.1 ± 22.7 43.8 [16.1-107] 32.4 ± 22.8 25.6 [4.5-112] 

1w 16.6 ± 3.6 16.1 [11.2-24.6] 30.2 ± 9.4 27.9 [12.1-53.9] 46.6 ± 10.9 43.5 [31.5-79.9] 30.3 ± 15.2 26.9 [11.2-79.9] 

2w 35.2 ± 6.9 35.5 [22.6-49.9] 27.8 ± 6.4 28.2 [13.0-44.1] 47.1 ± 9.63 45.4 [29.4-71.3] 36.5 ± 11.1 35.6 [13.0-71.3] 

NO 2 (ppb) 12h 23.2 ± 2.7 23.8 [16.2-26.6] 33.0 ± 5.8 30.0 [24.4-41.5] 21.8 ± 3.9 20.9 [20.6-41.0] 25.9 ± 6.4 24.0 [16.2-41.5] 

24h 21.4 ± 3.5 20.4 [17.7-27.1] 30.4± 5.8 27.0 [22.8-39.2] 26.6 ± 2.77 25.9 [23.1-30.6] 25.8 ± 5.5 25.8 [17.7-39.2] 

1w 18.0 ±1.0 18.2 [16.6-19.5] 25.0 ± 2.2 25.0 [21.7-28.1] 30.4 ± 2.95 28.9 [27.8-35.2] 24.1 ± 5.6 25.0 [16.6-35.2] 

2w 23.1 ± 1.3 23.8 [20.9-24.6] 25.3 ± 1.1 25.0 [23.8-27.2] 29.1 ± 1.89 28.4 [27.0-32.2] 25.7 ± 2.9 24.9 [20.6-31.2] 

SO2 (ppb) 12h 5.6 ± 1.1 5.3 [3.7-9.0] 7.25 ± 1.8 6.87 [4.2-11.8] 5.86 ± 1.69 4.95 [4.07-8.46] 6.2 ± 1.7 5.6 [3.7-11.8] 

24h 5.5 ± 1.0 5.7 [3.6-7.8] 7.8 ± 1.25 7.8 [5.9-10.6] 6.9 ± 2.05 6.29 [4.27-10.2] 6.7 ± 1.8 6.3 [3.6-10.6] 

1w 4.9 ± 0.20 4.9 [4.5-5.5] 6.0 ± 0.52 6.0 [5.0-6.8] 7.38 ± 0.55 7.56 [6.45-8.5] 6.0 ± 1.1 6.0 [4.5-8.5] 

2w 4.5 ± 0.12 4.5 [4.2-4.9] 5.8± 0.26 5.8 [5.3-6.4] 7.13 ± 0.18 7.15 [6.77-7.82] 5.7 ± 1.1 5.8 [4.2-7.8] 
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Table 8. Summary of cytokines and MDA including pre - and during intervention.  

Biomarkers  LOD  Detection 

Rate 

Pre-intervention  

(Visit 1)  

During -intervention  

(Visit 2)  

During -intervention  

(Visit 3)  

Combined  

   Median  

[IQR]  

Range Median  

[IQR]  

Range Median  

[IQR]  

Range Median  

[IQR]  

Range 

IL -ƕϕɯȹ×ÎɤÔ+Ⱥɯ 0.8 93% 2.12 [2.57] 0.61-11.2 2.51 [2.35] 0.63-12.6 1.53 [1.58] 0.34-4.82 1.98 [2.33] 0.34-12.6 

IL -2 (pg/mL)  1.0 95% 2.1 [1.80] 0.82-22.5 2.7 [2.32] 0.96-8.90 1.74 [1.62] 0.50-7.01 2.25 [1.95] 0.50-22.5 

IL -4 (pg/mL)  4.5 50% 3.39 [15.2] 0.01-77.7 5.20 [11.9] 0.10-102 4.86 [27.6] 0.005-146 4.31 [15.9] 0.005-146 

IL -6 (pg/mL)  0.9 44% 0.83 [0.86] 0.24-3.56 1.1 [1.33] 0.23-3.62 0.65 [0.585] 0.12-3.8 0.78 [0.81] 0.12-3.8 

IL -8 (pg/mL)  0.4 99% 2.29 [1.83] 1.02-21.8 2.02 [2.24] 0.54-31.6 1.49 [2.33] 0.08-14.8 1.9 [2.13] 0.08-31.6 

IL -10 (pg/mL)  1.1 64% 1.95 [4.45] 0.12-31.1 3.13 [10.7] 0.08-43.8 1.93 [7.29] 0.02-87.9 2.45 [7.49] 0.02-87.9 

IL -17A (pg/mL)  0.7 100% 3.56 [3.94] 1.49-28.5 3.6 [3.25] 1.31-30.8 2.75 [4.55] 0.7-31.2 3.5 [3.95] 0.70-31.2 

IFN-ϖɯȹ×ÎɤÔ+Ⱥɯ 0.8 99% 10.3 [15.7] 2.1-74.2 15.0 [22.2] 1.55-100 11.6 [20.7] 0.79-65.4 12.9 [17.8] 0.79-100 

TNF-ϔɯȹ×ÎɤÔ+Ⱥɯ 0.7 99% 13.3 [8.48] 3.73-23.9 14.4 [9.31] 4.94-28.2 8.89 [7.58] 0.50-23.3 11.6 [9.1] 0.5-28.2 

MDA (ng/mg 

creatinine)  

NA  100% 51.2 [23.4] 4.7-294 49.3 [37.8] 20.9-439 57.2 [31.5] 30.0-614 51.5 [30.8] 4.7-614 
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4.1.3.3. Exposure-response relationships: single -pollutant models  

3ÏÌɯconcentrationsɯÖÍɯÛÏÌɯÉÐÖÔÈÙÒÌÙÚɯÈÙÌɯÚÜÔÔÈÙÐáÌËɯÐÕɯ3ÈÉÓÌɯƜȭɯ3ÏÌɯËÌÛÌÊÛÐÖÕɯ

ÙÈÛÌÚɯÍÖÙɯ(+ɪƕϕȮɯ(+ɪƖȮɯ(+ɪƘȮɯ(+ɪƚȮɯ(+ɪƜȮɯ(+ɪƕƔȮɯ(+ɪƕƗȮɯ(+ɪƕƛ Ȯɯ(%-ɪϖɯÈÕËɯ3-%ɪϔɯÞÌÙÌɯƝƗǔȮɯ

ƝƙǔȮɯƙƔǔȮɯƘƘǔȮɯƝƝǔȮɯƚƘǔȮɯƕƜǔȮɯƕƔƔǔȮɯƝƝǔɯÈÕËɯƝƝǔȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ#ÜÌɯÛÖɯÛÏÌɯÓÖÞɯ

ËÌÛÌÊÛÐÖÕɯÙÈÛÌɯÍÖÙɯ(+ɪƕƗȮɯÐÛɯÞÈÚɯÌßÊÓÜËÌËɯÍÙÖÔɯÛÏÌɯÔÈÐÕɯÈÕÈÓàÚÐÚȭɯ!àɯÜÚÐÕÎɯ×ÖÓÓÜÛÐÖÕɯ

Ìß×ÖÚÜÙÌɯÈÕËɯÉÐÖÔÈÙÒÌÙɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚȮɯÞÌɯÌÚÛÐÔÈÛÌËɯÛÏÌɯÌß×ÖÚÜÙÌɪÙÌÚ×ÖÕÚÌÚɯ

ÈÚÚÖÊÐÈÛÐÖÕÚɯȹ%ÐÎÜÙÌɯƕƔȺȭɯ3ÏÌɯÙÌÚÜÓÛÚɯÚÏÖÞÌËɯÛÏÈÛɯÖÕÌɯÚÛÈÕËÈÙËɯËÌÝÐÈÛÐÖÕɯȹ2#ȺɯÐÕÊÙÌÈÚÌɯÐÕɯ

ÛÏÌɯƕƖÏɯÈÝÌÙÈÎÌɯ.ƗɯÌß×ÖÚÜÙÌɯȹ2#ɯǻɯƘȭƘɯ××ÉȺɯÞÈÚɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÚÐÎÕÐÍÐÊÈÕÛÓàɯËÌÊÙÌÈÚÌÚɯ

ÐÕɯ(+ɪƚȮɯ(+ɪƕƛ Ȯɯ(%-ɪϖȮɯÈÕËɯ(+ɪƕƔȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ.ÕÌɯ2#ɯÐÕÊÙÌÈÚÌɯȹƘȭƛɯ××ÉȺɯÐÕɯÛÏÌɯƖƘɯÏɯ

ÈÝÌÙÈÎÌɯ.ƗɯÌß×ÖÚÜÙÌɯÞÈÚɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÚÐÎÕÐÍÐÊÈÕÛɯËÌÊÙÌÈÚÌÚɯÐÕɯ(+ɪƚȮɯ(+ɪƕƛ Ȯɯ(%-ɪϖȮɯ(+ɪ

ƘȮɯÈÕËɯ(+ɪƕƔȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ(ÕɯÊÖÕÛÙÈÚÛȮɯÖÕÌɯ2#ɯÐÕÊÙÌÈÚÌɯÐÕɯÛÏÌɯƕɯÞɯÈÝÌÙÈÎÌɯ.ƗɯÌß×ÖÚÜÙÌɯ

ȹƗȭƙɯ××ÉȺɯÞÈÚɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÚÐÎÕÐÍÐÊÈÕÛɯÐÕÊÙÌÈÚÌÚɯÐÕɯIL -ƕϕȮɯ(+ƖȮɯ(+-6, (+ɪƜȮɯÈÕËɯTNF-ϔȮɯ

respectively.ɯ.ÕÌɯ2#ɯÐÕÊÙÌÈÚÌɯÐÕɯÛÏÌɯƖɯÞɯÈÝÌÙÈÎÌɯ.ƗɯÌß×ÖÚÜÙÌɯȹƖȭƕɯ××ÉȺɯÞÈÚɯÈÚÚÖÊÐÈÛÌËɯ

ÞÐÛÏɯÚÐÎÕÐÍÐÊÈÕÛɯÐÕÊÙÌÈÚÌÚɯÐÕɯ(+ɪƕϕȮɯ(+ɪƖȮɯ(+ɪƚȮɯ(+ɪƜȮɯ(+ɪƕƛ Ȯɯ(%-ɪϖȮɯÈÕËɯ3-%ɪϔɯÓÌÝÌÓȮɯ

ÙÌÚ×ÌÊÛÐÝÌÓàȭ 

3ÏÌɯÈÚÚÖÊÐÈÛÐÖÕÚɯÖÍɯÊàÛÖÒÐÕÌÚɯÞÐÛÏɯ×ÌÙÚÖÕÈÓɯ/,ƖȭƙȮɯ-.ƖȮɯÈÕËɯ2.ƖɯÌß×ÖÚÜÙÌɯÈÙÌɯ

ÚÏÖÞÕɯÐÕɯ%ÐÎÜÙÌɯƕƔȭɯ6ÌɯÍÖÜÕËɯÛÏÈÛɯÛhe associations of the cytokines with personal 

PM2.5, NO2, and SO2 exposures showed an opposite pattern compared to those with 

personal O3 exposures. 2×ÌÊÐÍÐÊÈÓÓà, ÞÌɯÍÖÜÕËɯÚÐÎÕÐÍÐÊÈÕÛɯÈÕËɯ×ÖÚÐÛÐÝÌɯÈÚÚÖÊÐÈÛÐÖÕÚɯÖÍɯƕƖɯ

Ïɯ-.ƖɯÌß×ÖÚÜÙÌɯÞÐÛÏɯÌÈÊÏɯÖÍɯ(+ɪƕϕȮɯ(+ɪƖȮɯ(+ɪƚȮɯ(+ɪƜȮɯ(+ɪƕƛ Ȯ IFN-ϖȮɯand IL-10ȭɯ2ÐÔÐÓÈÙɯ
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ÙÌÚÜÓÛÚɯÞÌÙÌɯÈÓÚÖɯÍÖÜÕËɯÍÖÙɯƖƘɯÏɯ-.ƖɯÌß×ÖÚÜÙÌȭɯ(ÕɯÊÖÕÛÙÈÚÛȮɯÞÌɯÖÉÚÌÙÝÌËɯÚÐÎÕÐÍÐÊÈÕÛɯÈÕËɯ

ÕÌÎÈÛÐÝÌɯÈÚÚÖÊÐÈÛÐÖÕÚɯÖÍɯƕɯÞɯÈÕËɯƖɯÞɯ-.ƖɯÌß×ÖÚÜÙÌÚɯÞÐÛÏɯ(+ɪƖȮɯ(+ɪƚȮɯ(+ɪƜȮɯÈÕËɯ3-%ɪϔȭɯ

Moreover,ɯÞÌɯÍÖÜÕËɯÚÐÎÕÐÍÐÊÈÕÛɯÈÕËɯÕÌÎÈÛÐÝÌɯÈÚÚÖÊÐÈÛÐÖÕÚɯÖÍɯ×ÖÙɪÐÕÍÓÈÔÔÈÛÖÙàɯ

ÊàÛÖÒÐÕÌÚɯÞÐÛÏɯ/,ƖȭƙɯÈÕËɯÞÐÛÏɯ2.ƖȮɯÞÐÛÏɯÌß×ÖÚÜÙÌÚɯÈÝÌÙÈÎÌËɯÖÝÌÙɯƕɯÞÌÌÒɯÖÙɯƖɯÞÌÌÒÚɯ

×ÙÐÖÙɯÛÖɯÉÐÖÚ×ÌÊÐÔÌÕɯÊÖÓÓÌÊÛÐÖÕȭɯ 
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Figure 10. Change in biomarkers (%)  with one SD increase in air pollutant 

exposure, respectively: results from single -pollutant models.  
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Figure 11. Change in biomarkers (%)  associated with one SD increase in O 3 

exposure, respectively: results from two -pollutant models.  
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4.1.3.4 Exposure-response relationships: two-pollutant models  

3ÏÌɯÙÌÚÜÓÛÚɯÖÍɯÛÏÌɯÛÞÖɪ×ÖÓÓÜÛÈÕÛɯÔÖËÌÓÚɯÈÙÌɯÚÏÖÞÕɯÐÕɯ%ÐÎÜÙÌɯƕƕȭɯ6ÌɯÍÖÜÕËɯÛÏÈÛɯ

ÛÏÌɯÚÐÎÕÐÍÐÊÈÕÛɯÈÕËɯÕÌÎÈÛÐÝÌɯÈÚÚÖÊÐÈÛÐÖÕÚɯÖÍɯƕƖɯÏɯ.ƗɯÌß×ÖÚÜÙÌɯÞÐÛÏɯ(+ɪƕƛ ɯÈÕËɯIFN-ϖɯ

were not noticeably changed after controlling for a co -pollutant. Similarly, there were no 

changes in the statistical significance and direction for the associations of 2 w O3 

exposure with (+ɪƕϕȮɯIL -2, IL-6, IL-17A, and IFN-ϖȮɯafter controlling for a co-pollutant. 

'ÖÞÌÝÌÙȮɯÛÏÌɯÈÚÚÖÊÐÈÛÐÖÕÚɯÖÍɯÛÏÌɯÉÐÖÔÈÙÒÌÙÚɯÞÐÛÏɯƖƘɯÏɯÈÕËɯƕɯÞɯ.ƗɯÌß×ÖÚÜÙÌɯÞÌÙÌɯ

ÊÏÈÕÎÌËɯÛÖɯÉÌɯÕÖÕɪÚÐÎÕÐÍÐÊÈÕÛɯÈÍÛÌÙɯÊÖÕÛÙÖÓÓÐÕÎɯÍÖÙɯ-.ƖɯÈÚɯÛÏÌɯÊÖɪ×ÖÓÓÜÛÈÕÛȭɯ 

3ÏÌɯÙÌÚÜÓÛÚɯÍÙÖÔɯÛÏÌɯÛÞÖɪ×ÖÓÓÜÛÈÕÛɯÔÖËÌÓÚɯÍÖÙɯÛÏÌɯÙÌÓÈÛÐÖÕÚÏÐ×ÚɯÉÌÛÞÌÌÕɯÛÏÌɯ

ÉÐÖÔÈÙÒÌÙÚɯÈÕËɯ-.ƖɯÈÙÌɯÚÏÖÞÕɯÐÕɯ%ÐÎÜÙÌɯ"Ɩȭɯ6ÌɯÍÖÜÕËɯÛÏÈÛɯÛÏÌɯÈÚÚÖÊÐÈÛÐÖÕÚɯÖÍɯƕƖɯÏɯ-.Ɩɯ

Ìß×ÖÚÜÙÌɯÞÐÛÏɯ(+ɪƕϕȮɯ(+ɪƖȮɯ(+ɪƚȮɯand IL -10 and the associations of 24 h NO2 exposure 

with IL -6 and IL-10 were not noticeably changed in terms of statistical significance and 

effect sizes after controlling for a second pollutant. However, the significant and positive 

association of the biomarkers and 1 w and 2 w NO2 exposure were all changed to be 

non-significant after controlling for a second pollutant.  

3ÏÌɯÙÌÚÜÓÛÚɯÖÍɯÛÞÖɪ×ÖÓÓÜÛÈÕÛɯÔÖËÌÓÚɯÍÖÙɯÛÏÌɯÙÌÓÈÛÐÖÕÚÏÐ×ÚɯÖÍɯÛÏÌɯÉÐÖÔÈÙÒÌÙÚɯÞÐÛÏɯ

/,ƖȭƙɯÈÕËɯ2.ƖɯÈÙÌɯÚÏÖÞÕɯÐÕɯ%ÐÎÜÙÌɯ"Ɨɪ"Ƙȭɯ6ÌɯÍÖÜÕËɯÛÏÈÛɯÈÓÓɯÛÏÌɯÈÚÚÖÊÐÈÛÐÖÕÚɯÞÌÙÌɯ

ÊÏÈÕÎÌËɯÛÖɯÉÌɯÕÖÕɪÚÐÎÕÐÍÐÊÈÕÛɯÈÍÛÌÙɯÊÖÕÛÙÖÓÓÐÕÎɯÍÖÙɯÈɯÚÌÊÖÕËɯ×ÖÓÓÜÛÈÕÛȭ 
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4.1.3.5 Intervention effect model results 

3ÏÌɯÈÚÚÖÊÐÈÛÐÖÕÚɯÖÍɯÛÏÌɯ$2/ɯÙÌÔÖÝÈÓɯÈÕËɯÉÐÖÔÈÙÒÌÙɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯÈÙÌɯÚÏÖÞÕɯÐÕɯ

%ÐÎÜÙÌɯƕƖȭɯ6ÌɯÍÖÜÕËɯÛÏÈÛɯÛÏÌɯÙÌÔÖÝÈÓɯÖÍɯ$2/ɯÍÖÙɯƕƛɯÛÖɯƗƜɯËÈàÚɯÞÈÚɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯ

ÚÐÎÕÐÍÐÊÈÕÛɯÊÏÈÕÎÌÚɯÐÕɯÔÜÓÛÐ×ÓÌɯ×ÙÖÐÕÍÓÈÔÔÈÛÖÙàɯÊàÛÖÒÐÕÌÚɯÉàɯɪƚƘȭƛǔɯȹɪ85.0% to -16.8%ȺȮɯ

ɪƙƛȭƙǔɯȹɪƛƝȭƕɯÛÖɯɪƕƗȭƚǔȺȮɯɪƛƖȭƘǔɯȹɪƜƚȭƛǔɯÛÖɯɪƘƖȭƖǔȺȮɯɪƛƗȭƚǔɯȹɪƜƚȭƛǔɯÛÖɯɪƘƛȭƛǔȺȮɯɪƙƕȭƘǔɯȹɪ

ƛƘȭƛǔɯÛÖɯɪƚȭƚǔȺȮɯÈÕËɯɪƚƕȭƘǔɯȹɪƜƔȭƕǔɯÛÖɯɪƖƙȭƙǔȺɯÍÖÙɯ(+ɪƕϕȮɯ(+ɪƖȮɯ(+ɪƚȮɯ(+ɪƜȮɯ(+ɪƕƛ ȮɯÈÕËɯ

TNF-ϔȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ 

 

Figure 12. Mean change in biomarkers (%) and 95% CIs associated with the 

ESP removal from the ventilation system.  

4.1.3.6 Sensitivity analysis  

3ÏÌɯÌß×ÖÚÜÙÌɪÙÌÚ×ÖÕÚÌɯÙÌÓÈÛÐÖÕÚÏÐ×ÚɯÞÌÙÌɯÌßÈÔÐÕÌËɯÉàɯÌßÊÓÜËÐÕÎɯÊÜÙÙÌÕÛɯ

ÚÔÖÒÌÙÚɯÖÙɯsubjects undergoing respiratory infection during the 1 w eek before the 

biospecimen collectionȭɯ3ÏÌÙÌɯÞÌÙÌɯÕÖɯÕÖÛÐÊÌÈÉÓÌɯÊÏÈÕÎÌÚɯÊÖÔ×ÈÙÌËɯÛÖɯÛÏÌɯÔÈÐÕɯ
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ÍÐÕËÐÕÎÚɯÖÕɯÛÏÌɯ.ƗɯÌß×ÖÚÜÙÌɪÙÌÚ×ÖÕÚÌɯÙÌÓÈÛÐÖÕÚÏÐ×ÚȮɯÚÜ××ÖÙÛÐÕÎɯÛÏÌɯÙÖÉÜÚÛÕÌÚÚɯÖÍɯÛÏÌɯ

ÔÈÐÕɯÈÕÈÓàÚÐÚɯȹÚÌÌɯ%ÐÎÜÙÌɯ"ƙɪ"ƚȺȭ 

4.1.4 Discussion 

!àɯÙÌÔÖÝÐÕÎɯÈÕɯ$2/ɯÐÕɯÛÏÌɯÈÐÙɯÏÈÕËÓÐÕÎɯÜÕÐÛÚɯÍÖÙɯÖÍÍÐÊÌÚɯÈÕËɯÙÌÚÐËÌÕÊÌÚɯÖÍɯÛÏÌɯ

ÚÛÜËàɯ×ÈÙÛÐÊÐ×ÈÕÛÚȮɯÞÌɯÔÈÕÐ×ÜÓÈÛÌËɯÛÏÌɯ×ÌÙÚÖÕÈÓɯ.ƗɯÌß×ÖÚÜÙÌɯȹÚÌÌɯ3ÈÉÓÌɯƛȺȭɯ(ÕɯÛÏÐÚɯÚÛÜËàȮɯ

ÞÌɯÍÖÜÕËɯÛÏÈÛɯÈÕɯÐÕÊÙÌÈÚÌɯÐÕɯƕƖɯÏɯ.ƗɯÌß×ÖÚÜÙÌɯÞÈÚɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯËÌÊÙÌÈÚÌËɯ

ÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯÖÍɯÛÞÖɯ×ÙÖÐÕÍÓÈÔÔÈÛÖÙàɯÊàÛÖÒÐÕÌÚȮɯ(+ɪƕƛ ɯÈÕËɯIFN-ϖȮɯÈÕËɯÛÏÌɯ

associations were not noticeably changed after controlling for a co-pollutant ȹÚÌÌɯ%ÐÎÜÙÌɯ

ƕƕȺ.  ɯ×ÖÛÌÕÛÐÈÓɯÔÌÊÏÈÕÐÚÔɯÐÚɯÛÏÈÛɯÌß×ÖÚÜÙÌɯÛÖɯ.ƗɯÍÖÙɯƕƖɯÏɯÔÐÎÏÛɯÚÛÐÔÜÓÈÛÌɯÛÏÌɯ

×ÙÖËÜÊÛÐÖÕɯÖÍɯÈÕÛÐÖßÐËÈÕÛɯÌÕáàÔÌÚɯÈÚɯÈɯÊÖÔ×ÌÕÚÈÛÖÙàɯÔÌÊÏÈÕÐÚÔȭƕƙƚɯ3ÏÌɯÜ×ÙÌÎÜÓÈÛÐÖÕɯ

ÖÍɯÈÕÛÐÖßÐËÈÕÛɯÌÕáàÔÌÚɯÞÖÜÓËɯÙÌËÜÊÌɯÖßÐËÈÛÐÝÌɯÚÛÙÌÚÚɯÈÕËɯÔÐÎÏÛɯÉÌɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÛÏÌɯ

ÚÜ××ÙÌÚÚÐÖÕɯÖÍɯ×ÙÖÐÕÍÓÈÔÔÈÛÖÙàɯÙÌÚ×ÖÕÚÌÚȭƕƙƛɯ3ÏÐÚɯÔÌÊÏÈÕÐÚÔɯÊÖÜÓËɯÉÌɯ×ÈÙÛÐÈÓÓàɯ

ÚÜ××ÖÙÛÌËɯÉàɯÛÏÌɯÕÖÕɪÚÐÎÕÐÍÐÊÈÕÛɯÕÌÎÈÛÐÝÌɯÈÚÚÖÊÐÈÛÐÖÕɯÖÍɯƕƖɯÏɯ.ƗɯÌß×ÖÚÜÙÌɯÈÕËɯÜÙÐÕÈÙàɯ

,# ɯÌßÈÔÐÕÌËɯÐÕɯÛÏÐÚɯÚÛÜËàȭɯ.ÕɯÛÏÌɯÖÛÏÌÙɯÏÈÕËȮɯÐÛɯÞÈÚɯÈÓÚÖɯÙÌ×ÖÙÛÌËɯÛÏÈÛɯÌß×ÖÚÜÙÌɯÛÖɯ

ÏÐÎÏɪÓÌÝÌÓɯ.ƗɯȹƖȭƙɯ××ÔȺɯÍÖÙɯƗɯÏÖÜÙÚɯÞÖÜÓËɯÐÕËÜÊÌɯÔÐÛÖÊÏÖÕËÙÐÈÓɯËàÚÍÜÕÊÛÐÖÕɯÈÕËɯ

ÈÊÛÐÝÈÛÌɯÛÏÌɯnucleotide-binding domain and leucine -rich repeat protein 3 (-+1/ƗȺɯ

ÐÕÍÓÈÔÔÈÚÖÔÌȮɯÞÏÐÊÏɯ×ÓÈàÚɯÈɯÊÙÐÛÐÊÈÓɯÙÖÓÌɯÐÕɯÛÏÌɯ×ÈÛÏÖÎÌÕÌÚÐÚɯÖÍɯ.ƗɪÐÕËÜÊÌËɯÈÐÙÞÈàɯ

ÐÕÍÓÈÔÔÈÛÐÖÕȭƕƙƜɯ%ÜÛÜÙÌɯÚÛÜËÐÌÚɯÈÙÌɯÕÌÌËÌËɯÛÖɯÐÕÝÌÚÛÐÎÈÛÌɯÛÏÌɯÜÕËÌÙÓàÐÕÎɯÉÐÖÓÖÎÐÊÈÓɯ

ÔÌÊÏÈÕÐÚÔÚɯÖÍɯÉÖÛÏɯÛÏÌɯ×ÙÖɪɯÈÕËɯÈÕÛÐɪÐÕÍÓÈÔÔÈÛÖÙàɯÙÌÚ×ÖÕÚÌÚɯÛÖɯÚÏÖÙÛɪÛÌÙÔɯȹǾɯƖƘɯÏÖÜÙÚȺɯ

.ƗɯÌß×ÖÚÜÙÌɯÈÛɯËÐÍÍÌÙÌÕÛɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚȭɯ 
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(ÕɯÊÖÕÛÙÈÚÛȮɯÞÌɯÍÖÜÕËɯÛÏÈÛɯÈÕɯÐÕÊÙÌÈÚÌɯÐÕɯƖɪÞÌÌÒɯ.ƗɯÌß×ÖÚÜÙÌɯÞÈÚɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯ

ÐÕÊÙÌÈÚÌËɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯÖÍɯÛÏÌɯ×ÙÖÐÕÍÓÈÔÔÈÛÖÙàɯÊàÛÖÒÐÕÌÚɯȹÐȭÌȭɯ(+ɪƕϕȮɯ(+ɪƖȮɯ(+ɪƚȮɯ(+ɪƕƛ Ȯɯ

ÈÕËɯ(%-ɪϖȺɯÍÙÖÔɯÉÖÛÏɯÛÏÌɯÚÐÕÎÓÌɪɯÈÕËɯÛÞÖɪ×ÖÓÓÜÛÈÕÛɯÔÖËÌÓÚɯȹÚÌÌɯ%ÐÎÜÙÌÚɯƕƔɯÈÕËɯƕƕȺȭɯ3ÏÌɯ

ÙÌÚÜÓÛÚɯÞÌÙÌɯÚÜ××ÖÙÛÌËɯÉàɯ×ÙÌÝÐÖÜÚɯÚÛÜËÐÌÚɯÍÐÕËÐÕÎɯÛÏÈÛɯÊÏÙÖÕÐÊɯÌß×ÖÚÜÙÌɯÛÖɯÖáÖÕÌɯÞÈÚɯ

ÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÈËÝÌÙÚÌɯÚàÚÛÌÔÐÊɯÐÕÍÓÈÔÔÈÛÖÙàɯÌÍÍÌÊÛÚȭƕƙƝɯ ɯ×ÖÛÌÕÛÐÈÓɯÌß×ÓÈÕÈÛÐÖÕɯÐÚɯÛÏÈÛɯ

ÛÏÌɯ×ÌÙÚÐÚÛÌÕÛɯÌß×ÖÚÜÙÌɯÛÖɯ.ƗɯÖÝÌÙɯÈɯÓÖÕÎÌÙɯ×ÌÙÐÖËɯÔÐÎÏÛɯÓÌÈËɯÛÖɯÛÏÌɯÜ×ÙÌÎÜÓÈÛÐÖÕɯÖÍɯ

ÐÕÛÌÙÕÈÓɯÙÌËÖßɯÏÖÔÌÖÚÛÈÚÐÚɯÓÌÈËÐÕÎɯÛÖɯÈÕɯÐÕÊÙÌÈÚÌËɯÓÌÝÌÓɯÐÕɯÚàÚÛÌÔÈÛÐÊɯÐÕÍÓÈÔÔÈÛÐÖÕȭƕƚƔɯɯ

 ÓÛÏÖÜÎÏɯÐÕɯÛÏÌɯÊÜÙÙÌÕÛɯÚÛÜËàȮɯÞÌɯËÐËɯÕÖÛɯÍÐÕËɯÈɯÚÐÎÕÐÍÐÊÈÕÛɯÌÍÍÌÊÛɯÖÍɯÛÏÌɯƖɯÞɯaverage .Ɨɯ

Ìß×ÖÚÜÙÌɯÖÕɯ,# ɯÊÖÕÊÌÕÛÙÈÛÐÖÕȮɯÛÏÐÚɯÏà×ÖÛÏÌÚÐÚɯÊÖÜÓËɯÉÌɯÚÜ××ÖÙÛÌËɯÉàɯÔÈÕàɯ×ÙÌÝÐÖÜÚɯ

ÚÛÜËÐÌÚɯÍÐÕËÐÕÎɯÛÏÈÛɯ.ƗɯÌß×ÖÚÜÙÌɯÈÝÌÙÈÎÌËɯÖÝÌÙɯƖɪƘɯÞÌÌÒÚɯ×ÙÐÖÙɯÞÌÙÌɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÛÏÌɯ

ÐÕÊÙÌÈÚÌËɯÖßÐËÈÛÐÝÌɯÚÛÙÌÚÚɯÈÕËɯÚàÚÛÌÔÈÛÐÊɯÐÕÍÓÈÔÔÈÛÐÖÕȭƕƚƕɪƕƚƘɯ.ÕɯÛÏÌɯÖÛÏÌÙɯÏÈÕËȮɯÞÌɯ

ÍÖÜÕËɯÛÏÈÛɯÛÏÌɯÚÐÎÕÐÍÐÊÈÕÛɯÈÚÚÖÊÐÈÛÐÖÕÚɯÖÍɯƕɯÞɯ.ƗɯÌß×ÖÚÜÙÌɯÞÐÛÏɯÛÏÌɯÉÐÖÔÈÙÒÌÙÚɯÞÌÙÌɯÈÓÓɯ

ÊÏÈÕÎÌËɯÛÖɯÉÌɯÕÖÕɪÚÐÎÕÐÍÐÊÈÕÛɯÐÕɯÛÞÖɪ×ÖÓÓÜÛÈÕÛɯÔÖËÌÓÚȭɯ3ÏÌɯÙÌÚÜÓÛÚɯÞÌÙÌɯÕÖÛɯÐÕɯÓÐÕÌɯÞÐÛÏɯ

Èɯ×ÙÌÝÐÖÜÚɯÚÛÜËàɯÙÌ×ÖÙÛÐÕÎɯÛÏÈÛɯÌß×ÖÚÜÙÌɯÛÖɯ.ƗɯÍÖÙɯƕɯÞÌÌÒɯÞÈÚɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÐÕÊÙÌÈÚÌËɯ

ÉÓÖÖËɯÓÌÝÌÓÚɯÖÍɯÛÜÔÖÙɯÕÌÊÙÖÚÐÚɯÍÈÊÛÖÙɯÙÌÊÌ×ÛÖÙɯƖȮɯÈɯ×ÙÖÐÕÍÓÈÔÔÈÛÖÙàɯÊàÛÖÒÐÕÌȭƕƚƙɯ3ÏÌɯ

ÐÕÊÖÕÚÐÚÛÌÕÊàɯÔÐÎÏÛɯÉÌɯÈÛÛÙÐÉÜÛÌËɯÛÖɯdifferent study designs, the subject demographic 

characteristics, confounders, and exposure inaccuracy. 

(ÕɯÛÏÐÚɯÚÛÜËàȮɯÞÌɯÍÖÜÕËɯÛÏÈÛɯÛÏÌɯÙÌÔÖÝÈÓɯÖÍɯÈÕɯ$2/ɯÍÙÖÔɯÛÏÌɯ '4ÚɯÍÖÙɯƕƛɯÛÖɯƗƜɯ

ËÈàÚɯÊÖÕÛÙÐÉÜÛÌËɯÛÖɯÛÏÌɯÙÌËÜÊÛÐÖÕɯÐÕɯ×ÌÙÚÖÕÈÓɯ.ƗɯÌß×ÖÚÜÙÌȮɯÈÕËɯÛÏÐÚɯÐÕÛÌÙÝÌÕÛÐÖÕɯÞÈÚɯ

ÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯËÌÊÙÌÈÚÌËɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯÖÍɯÈÓÓɯÖÍɯÛÏÌɯÚÌÝÌÕɯ×ÙÖÐÕÍÓÈÔÔÈÛÖÙàɯÊàÛÖÒÐÕÌÚɯ
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ÔÌÈÚÜÙÌËɯÐÕɯÛÏÌɯÊÜÙÙÌÕÛɯÚÛÜËàɯȹÚÌÌɯ%ÐÎÜÙÌɯƕƖȺȭɯ3ÏÐÚɯÐÚɯÊÖÕÚÐÚÛÌÕÛɯÞÐÛÏɯÖÜÙɯÍÐÕËÐÕÎÚɯÖÕɯÛÏÌɯ

ÈÚÚÖÊÐÈÛÐÖÕÚɯÉÌÛÞÌÌÕɯÐÕÍÓÈÔÔÈÛÖÙàɯÊàÛÖÒÐÕÌÚɯÈÕËɯƖɯÞɯaverage .ƗɯÌß×ÖÚÜÙÌȭɯ3ÏÐÚɯÍÐÕËÐÕÎɯ

ÐÚɯÈÓÚÖɯÚÜ××ÖÙÛÌËɯÉàɯÈɯ×ÙÌÝÐÖÜÚɯÚÛÜËàɯÚÏÖÞÐÕÎɯÛÏÈÛɯÙÌËÜÊÌËɯ.ƗɯÓÌÝÌÓÚɯËÜÙÐÕÎɯÛÏÌɯƖƔƕƘɯ

-ÈÕÑÐÕÎɯ8ÖÜÛÏɯ.ÓàÔ×ÐÊÚɯ×ÌÙÐÖËɯÖÍɯƙɪÞÌÌÒɯÞÌÙÌɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÙÌËÜÊÌËɯÓÌÝÌÓÚɯÖÍɯ(+ɪƕϕɯ

ÐÕɯÏÌÈÓÛÏàɯÈËÜÓÛÚȭƕƚƚɯ$2/ÚɯÏÈÝÌɯÉÌÌÕɯÞÐËÌÓàɯÜÚÌËɯÛÖɯÙÌÔÖÝÌɯ×ÈÙÛÐÊÜÓÈÛÌɯÔÈÛÛÌÙÚɯÉÜÛɯÊÈÕɯ

×ÙÖËÜÊÌɯ.ƗɯÈÚɯÈɯÉàɪ×ÙÖËÜÊÛȭɯ3ÏÌɯÐÕÊÙÌÈÚÌɯÐÕɯ.ƗɯÌß×ÖÚÜÙÌɯÔÐÎÏÛɯÏÈÝÌɯÈËÝÌÙÚÌɯÏÌÈÓÛÏɯ

ÌÍÍÌÊÛÚȮɯÞÏÐÊÏɯÐÚɯÈɯÚÐÎÕÐÍÐÊÈÕÛɯÊÖÕÊÌÙÕɯÖÍɯÛÏÐÚɯÛÌÊÏÕÖÓÖÎàȭɯ"ÖÕÛÐÕÜÌËɯÌÍÍÖÙÛÚɯÚÏÖÜÓËɯÉÌɯ

ÔÈËÌɯÛÖɯÔÐÕÐÔÐáÌɯÛÏÌɯ.Ɨɯ×ÙÖËÜÊÛÐÖÕɯÐÍɯÈÕɯ$2/ɯÐÚɯÜÚÌËɯÐÕɯÛÏÌɯ×ÙÌÚÌÕÊÌɯÖÍɯÖÊÊÜ×ÈÕÛÚȭɯ 

(ÕɯÛÏÌɯ×ÙÌÚÌÕÛɯÚÛÜËàȮɯÛÏÌɯ×ÌÙÚÖÕÈÓɯ/,ƖȭƙȮɯ-.ƖȮɯÈÕËɯ2.ƖɯÌß×ÖÚÜÙÌÚɯÎÌÕÌÙÈÓÓàɯ

ÚÏÖÞÌËɯÖ××ÖÚÐÛÌɯÈÚÚÖÊÐÈÛÐÖÕÚɯÞÐÛÏɯÛÏÌɯÉÐÖÔÈÙÒÌÙÚɯÊÖÔ×ÈÙÌËɯÞÐÛÏɯ.ƗȮɯÌÚ×ÌÊÐÈÓÓàɯ-.Ɩɯ

ȹÚÌÌɯ%ÐÎÜÙÌɯƕƔȺȭ (ÛɯÔÐÎÏÛɯÉÌɯËÜÌɯÛÖɯÛÏÌɯÚÛÙÖÕÎɯÕÌÎÈÛÐÝÌɯÊÖÙÙÌÓÈÛÐÖÕÚɯÖÍɯ×ÌÙÚÖÕÈÓɯ.Ɨɯ

Ìß×ÖÚÜÙÌɯÞÐÛÏɯ/,ƖȭƙȮɯ-.ƖɯÈÕËɯ2.ƖɯÌß×ÖÚÜÙÌɯȹÚÌÌɯ%ÐÎÜÙÌɯƝȺȭ 6ÌɯÍÖÜÕËɯÛÏÈÛɯshort-term (12 

h or 24 h) -.ƖɯÌß×ÖÚÜÙÌÚɯÞÌÙÌɯÚÐÎÕÐÍÐÊÈÕÛÓàɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÐÕÊÙÌÈÚÌËɯ(+ɪƕϕȮɯ(+ɪƖȮɯ(+ɪƚȮɯ

(+ɪƜȮɯ(+ɪƕƛ Ȯɯ(%-ɪϖȮɯÈÕËɯ(+ɪƕƔɯÐÕɯÚÐÕÎÓÌɯ×ÖÓÓÜÛÈÕÛɯÔÖËÌÓÚɯ(see Figure 10)ȭɯ3ÏÌÚÌɯ

ÈÚÚÖÊÐÈÛÐÖÕÚɯÞÌÙÌɯÕÖÛɯÕÖÛÐÊÌÈÉÓàɯÊÏÈÕÎÌËɯÈÍÛÌÙɯÊÖÕÛÙÖÓÓÐÕÎɯÍÖÙɯÈɯÚÌÊÖÕËɯ×ÖÓÓÜÛÈÕÛɯ(see 

Figure C2)ȭ 3ÏÌɯÙÌÚÜÓÛÚɯÞÌÙÌɯ×ÈÙÛÐÈÓÓàɯÚÜ××ÖÙÛÌËɯÉàɯ×ÙÌÝÐÖÜÚɯÚÛÜËÐÌÚɯÍÐÕËÐÕÎɯÛÏÈÛɯ

Ìß×ÖÚÜÙÌɯÛÖɯ-.Ɩ for 24 hours was associated with increased levels of IL-6.167 Concerning 

NO 2 exposure is indicative for traffic -related pollutant exposures, including metals, 

ultrafine particles, and elemental carbon, the significant associations of NO 2 exposure 



 

 81 

with inflammatory cytokines might be confounded by other traffic -related pollutants .168, 

169  

Based on two-pollutant models, the associations of inflammatory cytokines 

with PM 2.5 and SO2 exposures were not found to be significant ( see Figure C3). The 

results were partially supported by a previous study finding that  exposure to PM2.5 at 

the level of 9.7-11 ϟÎɤÔƗɯfor 24h was not significantly associated with TNF-ϔɯÈÕËɯ(+-6,123, 

167ɯÈÕËɯÈÕɯÖÝÌÙÕÐÎÏÛɯȹƕƖɯÏȺɯÙÌËÜÊÛÐÖÕɯÖÕɯ/,ƖȭƙɯÌß×ÖÚÜÙÌɯÞÈÚɯÕÖÛɯÍÖÜÕËɯÛÖɯÉÌɯÈÚÚÖÊÐÈÛÌËɯ

ÞÐÛÏɯ(+ɪƚȭƛƕ However, other studies also reported that short -term exposure to PM2.5 or to 

SO2 were associated with increased cardiovascular mortality 170, 171 and increased 

proinflammatory responses .172 Similarly, the unclear associations of 2 w averaged PM2.5 

exposure with the biomarkers were inconsistent with many previous studies finding 

that PM 2.5 exposure was associated with the upregulation of inflammatory cytokines .173 

3ÏÌɯËÐÚÊÙÌ×ÈÕÊàɯÔÐÎÏÛɯÉÌɯËÜÌɯÛÖɯdifferent subject demographic characteristics, 

exposure inaccuracy, and potential confounders. 

The results of sensitivity analysis did not markedly change the observed 

associations, supporting the robustness of the main analysis. However, this study is 

limited in controllin g for other confounders that might have changed during the study 

period, including alcohol intake, medicine usage, and unmeasured pollutant exposures, 

etc.  
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4.1.5 Conclusion 

1ÌÚÜÓÛÚɯÍÙÖÔɯÛÏÌɯÈÚÚÖÊÐÈÛÐÖÕɯÈÕÈÓàÚÌÚɯÚÜÎÎÌÚÛɯÛÏÈÛɯÌß×ÖÚÜÙÌÚɯÛÖɯÈÐÙɯ×ÖÓÓÜÛÈÕÛÚɯÍÖÙɯ

ËÐÍÍÌÙÌÕÛɯÛÐÔÌɯËÜÙÈÛÐÖÕÚɯÈÍÍÌÊÛɯÚàÚÛÌÔÐÊɯÐÕÍÓÈÔÔÈÛÖÙàɯÈÕËɯÖßÐËÈÛÐÝÌɯÚÛÙÌÚÚɯÙÌÚ×ÖÕÚÌÚɯ

ËÐÍÍÌÙÌÕÛÓàȭɯ ɯlongerɪÛÌÙÔɯȹƖɪÞÌÌÒȺɯÌß×ÖÚÜÙÌɯÛÖɯ.ƗɯÞÈÚɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÐÕÊÙÌÈÚÌËɯ

ÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯÖÍɯ×ÙÖÐÕÍÓÈÔÔÈÛÖÙàɯÊàÛÖÒÐÕÌÚɯÐÕɯÛÏÌɯÉÓÖÖËȮɯÊÖÕÚÐÚÛÌÕÛɯÞÐÛÏɯÛÏÌɯ×ÙÌÝÐÖÜÚɯ

ÌÝÐËÌÕÊÌɯÛÏÈÛɯ×ÌÙÚÐÚÛÌÕÛɯÌß×ÖÚÜÙÌɯÛÖɯ.ƗɯÊÈÕɯÜ×ÙÌÎÜÓÈÛÌɯÛÏÌɯÙÌËÖßɯÏÖÔÌÖÚÛÈÚÐÚɯÛÖÞÈÙËÚɯ

ÈÕɯÌÕÏÈÕÊÌËɯ×ÙÖÐÕÍÓÈÔÔÈÛÖÙàɯÚÛÈÛÜÚȭɯ(ÕɯÊÖÕÛÙÈÚÛȮɯÈɯÚÏÖÙÛÌÙɪÛÌÙÔɯȹƕƖɪÏÖÜÙȺɯÌß×ÖÚÜÙÌɯ.Ɨɯ

ÞÈÚɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯËÌÊÙÌÈÚÌËɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯÖÍɯ×ÙÖÐÕÍÓÈÔÔÈÛÖÙàɯÊàÛÖÒÐÕÌÚȮɯÚÜÎÎÌÚÛÐÕÎɯ

ÛÏÈÛɯ.ƗɯÔÈàɯÈÊÜÛÌÓàɯÚÛÐÔÜÓÈÛÌɯÛÏÌɯ×ÙÖËÜÊÛÐÖÕɯÖÍɯÈÕÛÐÖßÐËÈÕÛɯÌÕáàÔÌÚɯÈÚɯÈɯÊÖÔ×ÌÕÚÈÛÖÙàɯ

ÔÌÊÏÈÕÐÚÔȭɯ(ÕɯÈËËÐÛÐÖÕȮɯÛÏÌɯÚÐÎÕÐÍÐÊÈÕÛɯÈÚÚÖÊÐÈÛÐÖÕÚɯÉÌÛÞÌÌÕɯ-.ƖɯÌß×ÖÚÜÙÌÚɯÞÐÛÏÐÕɯÈɯ

ËÈàɯȹƕƖɪÏÖÜÙɯÈÕËɯƖƘɪÏÖÜÙȺɯÈÕËɯ×ÙÖÐÕÍÓÈÔÔÈÛÖÙàɯÊàÛÖÒÐÕÌÚɯÔÈàɯÉÌɯÙÌÓÈÛÌËɯÛÖɯÛÏÌɯÌÍÍÌÊÛÚɯ

ÖÍɯÚÏÖÙÛɪÛÌÙÔɯÌß×ÖÚÜÙÌɯÛÖɯÛÙÈÍÍÐÊɯÙÌÓÈÛÌËɯ×ÖÓÓÜÛÈÕÛÚɯÖÕɯÚàÚÛÌÔÐÊɯÐÕÍÓÈÔÔÈÛÐÖÕȭɯThese 

mechanistic insights can be useful in developing preventive and therapeutic strategies 

to reduce the adverse effects of air pollution. Towards this goal, future research is 

recommended to examine the biological responses to a wider range of air pollutants 

and/or in more susceptible individuals (e.g., persons with asthma or other preexisting 

diseases). 
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4.2. Part B: Endogenous melatonin mediation of systemic 
inflammatory responses to ozone exposure in healthy adults 

Part B is adapted with permission from  He, L.; Hu, X.; Gong, J., Day, D. B.; Xiang, 

J.; Mo, J.; Zhang, Y.; Zhang, J.; Endogenous melatonin mediation of systemic 

inflammatory responses to ozone exposure in healthy adults . Science of The Total 

Environment. 2020 (Publisher: Elsevier). The accompanying supporting information is 

included in Appendix D.  In this study and the published manuscript, I proposed the 

research idea, analyzed the urine samples for aMT6s, conducted the statistical analysis, 

interpretate the results, design all tables and figures, and led the writing and revising of 

the manuscript.  The coauthors contributed to the study design (JG and JZ), manuscript 

revisions (DD and JZ), sample and data collection in the original study (YZ, JM, DD, and 

JX), sample analysis (HX), and discussions (JZ and DD). 

4.2.1 Introduction 

The levels of air pollutants, including ozone (O 3), fine particulate matter (PM 2.5), 

nitrogen dioxide (NO 2), and sulfur dioxide (SO 2), are elevated in urban air due to the 

presence of industrial and traffic emissions .24 As an important risk factor to human 

health, air pollutant exposures have been associated with cardiopulmonary disease 

morbidity and mortality .133, 174 

Air pollutants  can react with biomolecules to generate reactive oxygen species 

(ROS) and increase systemic oxidative stress, which may further trigger 

cardiorespiratory inflammatory responses .137, 138 This has been established as one of the 
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common pathophysiologi c pathways linking air pollutant exposures with 

cardiopulmonary diseases.136, 163 Cytokines are major mediators of intercellular 

communication required for an integrated response to a variety of stimuli during 

immune and inflammatory processes .60 Our group previously observed positive 

associations of 2-week O3 exposure with pro -inflammatory cytokines, including 

ÐÕÛÌÙÓÌÜÒÐÕɯƕϕɯȹ(+-ƕϕȺȮɯÐÕÛÌÙÓÌÜÒÐÕɯƖɯȹ(+-2), interleukin 17A (IL -17A), and interferon -

gamma (IFN-ϖȺ.175 In addition, it has been reported in previous studies that air pollutant 

exposures were associated with increases in pro-inflammatory cytokines, including  IL-

ƕϔɤϕȮɯÐÕÛÌÙÓÌÜÒÐÕɯƚɯȹ(+-6), interleukin 8 (IL -8), and tumor necrosis factor-ϔɯȹ3-%- ϔȺ.16, 176, 

177  

Melatonin  is a hormone excreted by the pineal gland with a marked circadian 

rhythm .37 It is a widespread anti -inflammatory molecule, affecting inflammatory 

responses through various pathophysiological pathways .58 For example, melatonin can 

modulate the nuclear factor kappa B (NF-ϝ!ȺɯÚÐÎÕÈÓÐÕÎɯ×ÈÛÏÞÈàȮɯÞÏÐÊÏɯ×ÓÈàÚɯÈɯÊÙÐÛÐÊÈÓɯ

role in the regulation of a variety of important genes involved in cellular inflammatory 

responses.58, 60 In addition, melatonin can modulate the inflammasome (NLRP3), which 

responds to various damage-associated molecular signals.58 The activation of NLRP3 can 

protect against invading pathogens, while its excessive activation can lead to tissue 

injury .59 Taking melatonin supplementation was previously reported to suppress 

systemic inflammation ;63 however, the relationship between endogenously generated 
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melatonin and inflammatory responses is still unclear . Here, we hypothesize that 

natural levels of melatonin (i.e, without a supplementation) are negatively associated 

with concentrations of pro -inflammatory cytokines.  

Melatonin  is also a broad-spectrum antioxidant and free radical scavenger.178 

Circulating levels of melatonin and ROS could be affected by each other.88 As it has been 

widely reported that air p ollutant exposures are able to increase systematic oxidative 

stress, we hypothesize that increased air pollutant exposures are associated with 

decreased melatonin levels. Taking these two hypotheses together, we further 

hypothesize that melatonin can mediate inflammatory responses to pollutant exposures.  

To test these hypotheses, we analyzed the stored biospecimens collected from a 

previous study that originally investigated the effects of an indoor air quality intervention 

on cardiorespiratory health outc omes.14, 147 We measured 9 inflammatory  cytokines in 

plasma and urinary 6 -sulfatoxymelatonin (aMT6s), a major metabolite of melatonin, as a 

surrogate measure of circulating melatonin .40 We aim to investigate (1) the relationships 

of aMT6s with air pollutant exposures, (2) the relationships of inflammatory cytokines 

with aMT6s, and (3) whether aMT6s is a mediator for the relationships between pollutant 

exposures and inflammatory cytokines.  
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4.2.2 Methods 

4.2.2.1 Study participants and biospecimen collection  

The current study used the data collected from an existing interventional study, 

and the detail study design has been previously reported .14, 147, 175 Below we describe the 

information pertinent to the present study. From December 6th, 2014 to January 13th, 

2015, fifty -three healthy office workers , 22-52 years old, were recruited from a company 

campus in Changsha City, Hunan, China. All the subjects were free from chronic 

diseases and include self-reported current smokers. In the present analysis, we aim to 

examine the relationships of aMT6s with air pollutant exposures and inflammatory 

cytokines and to investigate whether aMT6 s is a mediator for the pollutant exposures-

cytokines relationships. The analysis is based on a panel study design as both early 

morning (7am ɬ 9am) urine and fasting blood  were collected from each participant three 

times, with about two weeks in between e ach two consecutive collections. All the 

biospecimens were aliquoted in sterilized plastic tubes and stored at -80°C before 

analysis. The study protocol was approved by the Ethics Committee of Shanghai First 

People's Hospital and the Duke University Campus  Institutional Review Board.  

4.2.2.2 Measurements of aMT6s and inflammatory cytokines  

Urinary  aMT6s was analyzed using a high pressure liquid chromatography -

tandem mass spectrometry (HPLC-MS-MS) method.121 Concentrations of urinary aMT6s 

were normalized by creatinine to correct urine dilution. Urinary creatinine was 
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measured using a Creatinine (urinary) Colorimetric Assay Kit ( Cayman Chemical, item 

No. 500701) and a microplate reader. We analyzed nine inflammatory cytokines in 

plasma using a commercially available analyzing kit (Human Cytokine/Chemokine 

Magnetic Bead Panel, Millipore Corporation, MA, USA), and the detailed proto col was 

published previously .175 Among these cytokines, seven are related to pro-inflammatory 

responses, including IL-ƕϕ, IL -2, IL-6, IL-8, IL -17A, IFN-ϖȮɯÈÕËɯ3-%-ϔ,179 and two are 

related to anti -inflammatory response, including interleukin 4 (IL -4) and interleukin 10 

(IL -10).180 

4.2.2.3 Air pollutant exposure assessment  

Indoor  O3 and PM2.5 concentrations were continuously monitored in the offices 

and dormitory rooms where participants were living and working on campus. Ambient 

PM2.5, O3, NO2, SO2, temperature, and relative humidity were monit ored at a 

government station (~4.5 km from the company campus). Estimated indoor/outdoor  

(I/O) ratios of 0.35 for O3 and 0.8 for PM2.5 were used to estimate indoor pollutant 

concentrations in unknown microenvironments (other than company dorms and offices)  

according to previous literature on lightly sealed buildings .148-150 We used 0.8 and 0.5 as 

the I/O ratios for NO 2 and SO2, respectively, to calculate all indoor micro -environments, 

based on previous findings in dorms and buildings with similar physical 

characteristics.151, 152 These pollutant measurements were combined with detailed time -

activity data collected from  each participant to calculate personal air pollutant exposure 
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averaged over 12-hour (12h), 24-hour (24h), 1-week (1w), and 2-week (2w) periods prior 

to biospecimen collections. The time-activity data were obtained by asking participants 

to fill a questionnaire at each visit for biospecimen collecti on. The time-activity 

questionnaire was consisted of three following sections. The first section asks about the 

personal conditions, including whether the subject had a respiratory infection or had 

sudden medication changes before each visit. The second section recorded total times 

(hours) that participants spent in their offices, dormitories, and other places during the 

past 7 days. The specification of the other locations and how many hours were spent in 

each of other locations were recorded. The third section included the most detailed 

information, asking over the past 24 hours which specific times (down to the minute) the 

participant had spent in their offices, dormitories, outside the company campus and 

where those locations were, inside in other environments and where those locations 

were. The detailed description of the exposure assessment has been previously 

published .14 

4.2.2.4 Statistical analysis  

Based on data distributions , air pollutant exposure and concentrations of aMT6s 

and all the inflammatory cytokines were natural logarithm -transformed. The spearman 

correlations were examined among personal pollutant exposures. 

First, we used linear mixed-effects regression (LMER) models to assess the 

relationships of aMT6s with personal pollutant exposures. In this set of models, aMT6s 
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concentration was regressed on each of the personal air pollutant exposures averaged 

over 12h, 24h, 1w, and 2w prior to biospecimen collection, controlling f or ambient 

relative humidity and temperature averaged over the same time period as the pollutant 

exposure, sex, age, body mass index (BMI), upper respiratory infection status, and 

smoking status. Subject ID and the day of week for biospecimen collection were treated 

as the random intercepts in this and all subsequent LMER models. These covariates have 

been associated with systemic oxidative stress and inflammation in previous studies 71.  

Second, we used the LMER models to examine the associations of aMT6s with 

each of the inflammatory cytokines individually. These models included the 

aforementioned covariates with the addition of a categorical variable for cytokine 

analysis batch to adjust for potential batch effects on cytokine measurements.  

Third, we selected the cytokines and air pollutant exposures with significant 

coefficients in the previous analyses and conducted a mediation analysis using both 

mediator models and outcome models. The selection criteria included (1) having 

significant pollutant -cytokine association independent of co-pollutant exposure 

examined in our previous study ,175 (2) having significant pollutant -aMT6s association, 

and (3) having significant aMT6s -cytokine association. The mediator models were 

LMERs in which the aMT6s concentration was regressed on a given air pollutant 

exposure measure with the same covariates and random effects used in the first set of 

models. Similarly, LMERs were also used for the outcome models, in which each of the 
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cytokine concentrations was regressed on a given air pollutant exposure measure, 

aMT6s, and the covariates described in the second set of models. The mediation analysis 

used quasi-Bayesian approximation with a simulation of 5,000 iterations, which has been 

suggested by a previous study to ensure stable estimation.181 This analysis estimates the 

total effects (the total effect of pollutant exposure on cytokines), average direct effects 

(ADE, the average direct effect of pollutan t exposure on cytokines), and average causal 

mediation effects (ACME, the average causal mediation effect of pollutant exposure on 

cytokines mediated by melatonin).  

Finally, we conducted two sensitivity analyses: (1) We excluded measurements 

from current smokers or measurements from subjects who reported having an upper 

respiratory infection. (2) We used co-pollutant models to examine whether the 

relationships obtained in the single -pollutant models changed after controlling for a co -

pollutant. (3)  We included ambient temperature averaged over 12-hour, 24-hour, 1-

week, and 2-week all into our models to examine the prolonged effects of temperature. 

In our statistical models, socioeconomic status (SES) was not considered as covariates 

given that all the study  participants worked on similar jobs in the same company.  All 

statistical analyses were conducted using R software (version 3.6.1) with the lme4, 

lmeTest, and mediation packages.182-184 A p-value of 0.05 was used as the cutoff for 

statistical significance. A detailed description of equations and codes for the statistical 
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models is provided in the Supplemental Material. The detailed model results (effect 

sizes, CIs, and p-values) are shown in Table D1-D2. 

4.2.3 Results 

4.2.3.1 Subject characteristics  

Characteristics of the study subjects are summarized in Table 9. Of the 53 

subjects, 16 (30.2%) were female and 11 (20.8%) were current smokers. The mean (SD) 

age of the subjects is 31.4 (7.3) year. A total of 145 measurements were obtained from all 

subjects, and 13 measurements of them reported respiratory infection during the 1 -week 

prior to biospecimen collection.  

Table 9. Characteristics of study subjects.  

Subject Characteristics  Value  

Female, No. (%) 16 (30.2%) 

Age, years, mean ± SD (range) 31.4 ± 7.3 (22 - 52) 

Current Smoker, No. (%) 11 (20.8%) 

Respiratory infection, No. (%)  13 (9.0%) 

BMI, Kg/m 2, mean ± SD (range) 22.5 ± 2.6 (18.4 - 29.4) 
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Table 10. Personal pollutant exposures to PM 2.5, O3, NO 2, and SO2 averaged 

over the 12-hour, 24-hour, 1-week, 2-week period prior to biospecimen collection.  

  Mean ± SD Median (IQR)  Range 

O3 (ppb) 

12h 6.8 (4.4) 5.0 (7.4) 1.4 ɬ 21.6 

24h 8.0 (4.7) 5.8 (8.4) 1.7 ɬ 19.3 

1w 8.9 (3.5) 6.9 (7.1) 4.7 ɬ 15.9 

2w 8.7 (2.2) 8.1 (4.2) 5.5 ɬ 13.2 

PM2.5 ȹϟÎɤÔ3) 

12h 38.6 (32.1) 28.2 (35.0) 3.7 ɬ 169.1 

24h 32.8 (22.8) 26.8 (26.6) 4.5 ɬ 112.2 

1w 30.6 (15.0) 27.7 (23.4) 11.2 ɬ 79.9 

2w 36.6 (10.9) 35.5 (15.0) 13.0 ɬ 71.3 

NO 2 (ppb) 

12h 25.9 (6.4) 24.0 (6.3) 16.2 ɬ 41.5 

24h 25.9 (5.5) 25.8 (5.2) 17.7 ɬ 39.2 

1w 24.3 (5.6) 25.0 (9.6) 16.6 ɬ 35.2 

2w 25.8 (2.9) 24.9 (3.6) 20.6 ɬ 31.2 

SO2 (ppb) 

12h 6.2 (1.7) 5.7 (2.4) 3.7 ɬ 11.8 

24h 6.7 (1.8) 6.3 (3.1) 3.6 ɬ 10.6 

1w 6.0 (1.1) 6.0 (1.7) 4.5 ɬ 8.5 

2w 5.8 (1.1) 5.8 (2.5) 4.2 ɬ 7.8 

 

4.2.3.2 Air pollutant exposure  

The personal air pollutant exposures averaged over 12h, 24h, 1w, and 2w prior to 

each of visits for biospecimen collections are summarized in Table 10. Spearman 

correlations between pollutant exposure measures are shown in Figure 13. There were 

strong negative correlations between 2w O3 exposure and both 2w NO 2 and SO2 

exposures. We also found strong positive correlations among 1w PM2.5, NO2, and SO2 

exposures.  
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Figure 13. Spearman correlation coefficients among personal air pollutants 

exposure. 

4.2.3.3 Relationships of aMT6s with pollutant exposures  

The concentrations of urinary aMT6s and the plasma cytokines are shown in 

Table 11. The associations between air pollutant exposures and aMT6s are shown in 

Figure 14. We found that an IQR increase in 2-week O3 exposure was significantly 

associated with a -26.2% (-43.9% to -2.8%) decrease in aMT6s. In contrast, IQR increases 

in 2-week PM2.5 and SO2 were associated with 20.1% (1.7% ɬ 41.8%) and 59.4 % (14.8% ɬ 
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121.4%) increases in aMT6s, respectively. There were no significant associations between 

aMT6s and NO2 exposure. 

Table 11. Concentrations of urinary aMT6s and plasma inflammatory 

cytokines.  

 Mean ± SD Median (IQR)  Range 

aMT6s (ng/mg creatinine) 11.2 ± 9.1 8.4 (10.3) 0.5 ɬ 53.0 

IL-ƕϕɯȹ×ÎɤÔ+Ⱥ 2.7 ± 2.2  1.9 (2.2) 0.3 ɬ 12.6 

IL-2 (pg/mL)  2.8 ± 2.4 2.3 (1.9) 0.5 ɬ 22.5 

IL-6 (pg/mL)  1.1 ± 0.8 0.8 (0.8) 0.12 ɬ 3.8 

IL-8 (pg/mL)  3.1 ± 3.9 2.0 (2.2) 0.1 ɬ 31.6 

IL-17A (pg/mL)  5.5 ± 5.6 3.5 (4.0) 0.7 ɬ 31.2 

IFN-ϖɯȹ×ÎɤÔ+Ⱥ 17.6 ± 17.5 12.9 (19.8) 0.8 ɬ 100.3 

TNF-ϔɯȹ×ÎɤÔ+Ⱥ 12.5 ± 5.7 11.2 (9.1) 0.5 ɬ 28.2 

IL-4 (pg/mL)  16.9 ± 27.5 4.7 (18.7) 0.01 ɬ 145.5 

IL-10 (pg/mL) 6.8 ± 11.6 2.5 (6.9) 0.02 ɬ 87.9 
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Figure 14. Estimated means and 95% CIs for change in urinary aMT6s (%) per 

IQR increase in 12h, 24h, 1w, and 2w pollutant exposure.  
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4.2.3.4 Relationships between aMT6s and inflammatory cytokines  

The associations between aMT6s and inflammatory cytokines are shown in 

Figure 15. We found that an IQR increase in aMT6s was associated with decreases in 

pro-inflammatory cytokines, including IL-ƕϕȮ IL -8, IL-17A, IFN-ϖȮ and TNF-ϔɯby 17.8% 

(-31.4% to -1.6%), 21.6% (-35.2% to -5.2%), 18.8% (-32.0% to -3.0%), 27.2% (-42.0% to -

8.7%), and 17.6% (-28.2% to -5.6%), respectively. In contrast, the associations between 

aMT6s and the anti-inflammatory cytokines, IL -4 and IL-10, were nonsignificant.  

 

Figure 15. Estimated means and 95% CIs for change in inflammatory cytokines 

(%) per IQR increase in aMT6s. 

4.2.3.5 Mediation analysis  

In our previous study, we only found significant associations of 2w O 3 with the 

pro-inflammatory cytokines independent from co -pollutant exposures .175 In this study, 

we further found sig nificant associations of aMT6s with 2w O 3 exposure and some of the 

pro-inflammatory cytokines, including IL-ƕϕȮ IL -8, IL-17A, IFN-ϖȮ and TNF-ϔȭɯ'ÌÕÊÌȮɯ

the mediation analyses were conducted to test whether aMT6s mediated the 
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relationships of 2w O 3 exposure with IL -ƕϕȮ IL -8, IL-17A, IFN-ϖȮ and TNF-ϔȭ The total 

effects, ADE (average direct effect), and ACME (average causal mediation effect) of 2w 

O3 exposure on inflammatory cytokines are shown in Figure 16. We found significant 

and positive total effects of 2w O3 exposure on all the five pro-inflammatory cytokines. 

However, by excluding the effects of aMT6s on the cytokines, the direct effects (ADE)  of 

2w O3 exposure on these cytokines were diminished  compared to their total effects. The 

difference between the total effects and ADE, shown as ACME, indicate the casual 

mediation effects of aMT6s on the 2w O3 exposure-cytokines relationships.  

Specifically, the proportions of the 2w O 3 exposure-cytokines relationships 

mediated by aMT6s were shown in Table 12. We found that 12.1% (0.49% ɬ 53.8%), 7.4% 

(-1.3% ɬ 24.1%), 8.3% (-0.59% ɬ 28.0%), 11.3% (1.1% ɬ 32.0%), and 17.4% (0.91% ɬ 82.7%) 

of the total  effects of 2w O3 exposure on IL-1ϕ, IL-8, IL-17A, IFN-ϖȮɯÈÕËɯTNF-ϔɯÞÌÙÌɯ

mediated by aMT6s. 
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Figure 16. Change in cytokine concentration associated with one IQR increase 

in 2-week O 3 exposure for total effect, ADE, and ACME, respectively.  
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Table 12. The proportion of the total effects of 2 -week O 3 exposure on the five 

pro -inflammatory cytokines mediated by aMT6s.  

 Proportion (%)  95% CI (%) P-value 

IL-ƕϕɯ 12.1 (0.49 ɬ 53.8) 0.044 

IL-8  7.4 (-1.3 ɬ 24.1) 0.11 

IL-17A  8.3 (-0.59 ɬ 28.0) 0.09 

IFN-ϖɯ 11.3 (1.1 ɬ 32.0) 0.025 

TNF-ϔɯ 17.4 (0.91 ɬ 82.7) 0.036 

 

4.2.3.6 Sensitivity analyses  

First, we conducted sensitivity analyses using datasets excluding current 

smokers or measurements from participants who reported respiratory infection 1 -week 

prior to biospecimen collection. In these analyses we found no substantial differences in 

the associations between aMT6s and cytokines in terms of both statistical significance 

and effect sizes (Figure D1 and D3). In addition, there were no noticeable differences in 

the effect sizes of relationships of air pollutant exposures with aMT6s; except for the 

association of 2w O3 exposure with aMT6s was changed to be nonsignificant (Figure D2 

and D4). Similarly, the resul ts of mediation analysis were not remarkably changed after 

excluding measurements for which participants reported respiratory infection  (Table 

D3). However, we found that the mediation effects of aMT6s on the association of 2w O3 

exposure with IL -ƕϕɯÈÕËɯ3-F-ϔɯÉÌÊÈÔÌɯÕÖÕÚÐÎÕÐÍÐÊÈÕÛɯÞÏÌÕɯÌßÊÓÜËÐÕÎɯÊÜÙÙÌÕÛɯ

smokers, while the effect sizes were increased (Table D4). Second, the results of two 

pollutant models show that the significant associations of aMT6s with 2w O 3 and SO2 

exposure was changed to be nonsignificant after controlling for a co -pollutant exposure, 
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while the effect size was not substantially changed (Figure D5). However, the 

associations of 2w PM2.5 and aMT6s became not only nonsignificant but also 

substantially decreased in effect size after controlling SO2 or O3 as a co-pollutant 

exposure. Third, after controlling for all the four temperature measurements (i.e. 

averaged over 12h, 24h, 1w, and 2w) in our models, we did not observe remarkable 

changes in the relationship of 2-week pollutant exposures with aMT6s, in terms of both 

effect sizes and statistical significance (Figure D6).  

4.2.4 Discussion 

The main findings of this study are that urinary concentrations of aMT6s are 

negatively associated with both 2w O 3 exposure and the pro-inflammatory cytokines. In 

addition, mediation analyses suggest that urinary aMT6s is a potential mediator for the 

relationships between 2w O3 exposure and the pro-inflammatory cytokines, including 

IL-ƕϕȮ IFN-ϖȮ and TNF-ϔ. In the curr ent study, none of the subjects reported taking 

melatonin supplementation. This was supported by the range of urinary aMT6s 

concentration measured in this study, corresponding to 0.5 to 53.0 ng/mg creatinine, 

which was within the range previously measured for people without taking exogenous 

melatonin .107 Our results suggest that the inflammatory effects of ozone are partially 

mediated through the reduction of endogenous melatonin, and typical endogenous 

concentrations of melatonin may be sufficient to moderate the inflammatory effects of 

ozone exposure.  
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In this study , we did not find any significant associations between aMT6s and 

any pollutant exposure averaged over 12h or 24h. These results are consistent with a 

previous study reporting that short -term (12h and 24h) PM2.5, O3, and NO2 exposure 

were not associated with significant changes in urinary aMT6s .154 A potential 

explanation is that oxidative stress induced by short -term air pollution exposure might 

be neutralized by pre-existing antioxidants in the lung, leading to a suppressed effect on 

endogenous circulating melatonin level. In contrast, we found th at increased 2w O3 

exposure was associated with decreased aMT6s concentration. It has been widely 

reported that O 3 exposure leads to increased oxidative stress in the respiratory tract, and 

this may further spill over to circulatory system .185 This result could be also supported 

by our previously findings in the same study subjects that an  increase in 2-week low -

level O3 exposure was significantly associated with increased 8-hydroxydeoxyguanosine 

(8-OHdG), a stable product of DNA oxidation by ROS .14 Consistently, increased ROS 

production, through shifting the  redox homeostasis towards a higher oxidation status 

due to longer-term low -level O3 exposure, enhanced the consumption of melatonin as an 

antioxidant molecule and the oxidative damage to DNA .160 However, shorter -term low -

level exposure might not be sufficient to shift the redox homeostasis in the circulatory 

system. This hypothesis could be supported by a previous study reported that, 

compared with admini strative staff, the long-term exposure of electronic equipment 

repairers to extremely low frequency electromagnetic fields known to produce ozone as 
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a byproduct had higher systemic oxidative stress levels and lower serum melatonin 

levels.186  

Exogenous melatonin has been reported to modulate inflammatory cytokines in 

both human and animals .58 For example, a double blind, randomized, placebo-controlled 

trial reported that orally administration of 25 mg/d melatonin for 6 months was 

associated with significantly decreased serum concentration of pro -inflammatory 

cytokines in mice, including  IL-ƕϕȮɯ(+-6, and TNF-ϔ.63 Another randomized trial found 

that receiving daytime administration of melatonin (100 mg) before endotoxemia 

reduced pro-inflammatory cytokines level in people (i.e. IL -ƕϕȺ.64 However, the role of 

endogenously generated melatonin in modulating inflammatory responses is still 

unclear. In this study, we found that,  within the natural range of urinary aMT6s 

concentration, increased aMT6s concentration was associated with significantly 

decreased plasma pro-inflammatory cytokine levels.  The result was supported by a 

previous study reporting that the increased excretion of melatonin during the night time 

was associated with decreased blood levels of IL-6 in patients with acute myocardial 

infarction .187 On the other hand, the associations between aMT6s and anti-inflammatory 

cytokines were inconclusive and nonsignificant in the present study. The results could 

be indirectly supported by a previous study finding that no significant changes in anti -

inflammatory cytokines were found in people receiving melatonin administration .64 In 

contrast, another study reported that taking melatonin supplementation could 
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upregulate the expression of anti-inflammatory genes .188 Further research should 

investigate the underlying b iological mechanisms of how endogenously generated 

melatonin modulates both pro - and anti-inflammatory responses.  

In this study, we found that the increase in 2w PM 2.5 exposure was associated 

with a significant increase in aMT6s only in the single polluta nt models. The positive 

association between PM2.5 exposure and aMT6s was in line with a previous study 

finding that increased 9-day average PM2.5 exposure was associated with increased 

serum melatonin levels in healthy adults .123 The underlying biological mechanisms are 

still unclear. It has been recently reported that melatonin could be synthesized in 

mitochondria in response to increased cellular oxidative stress.125 Hence, a potential 

mechanism is that PM2.5 exposure may increase cellular oxidative stress levels, which 

may consequently stimulate the production of melatonin in the cells. In additi on, the 

negative association between 2w O3 exposure and aMT6s led us to further hypothesize 

that O3 exposure may not trigger or has limited effects on this stimulation process. On 

the other hand, we also found 2w SO2 exposure was significantly and positive ly 

associated with aMT6s (see Figure 15). This result might be attributed to the strong 

negative correlation of 2w O 3 exposure with SO2 (see Figure 14).  

Smoking and respiratory infection may affect inflammatory responses and 

induce oxidative stress, affecting the circulating melatonin level. Therefore, we re -

conducted the analyses using datasets excluding current smokers or measurements from 
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participants who reported respiratory infection. The results of sensitive analyses did not 

noticeably change the observed associations of aMT6s with the cytokines and air 

pollutant exposures in terms of effect sizes (see Figure D1-D4). However, the association 

of 2w O3 exposure and aMT6s was changed to be nonsignificant. Similarly, the effect 

sizes of the associations examined in mediation analyses were not remarkably changed 

using the new datasets, except that the mediation effects of aMT6s on 2w O3 exposure 

with IL -ƕϕɯand TNF-ϔɯÉÌÊÈÔÌɯÕÖÕÚÐÎÕÐÍÐÊÈÕÛɯÞÏÌÕɯÌßÊÓÜËÐÕÎɯÊÜÙÙÌÕÛɯÚÔÖÒÌÙÚɯȹÚÌÌɯ

Table D3 and D4). These discrepancies might be attributed to the reduced sample size 

and statistical power when excluding 19% of participants. In addition, after controlling 

for a co-pollutant exposure, the associations of 2w O3 and SO2 exposure and aMT6s 

became nonsignificant, while the effect sizes remained similar (see Figure D5). This 

suggests that the coefficient estimates for these associations were not biased due to 

uncontrolled confounding by a co -pollutant, but rather that controlling for additional 

pollutants decreased estimate precision and our ability to detect this association, which 

perhaps could be remedied with a larger sample size. However, after controlling O 3 or 

SO2 as a co-pollutant exposure, the association of 2w PM2.5 and aMT6s both decreased 

markedly in effec t size and became nonsignificant, suggesting that O3 and SO2 

confounded the association between PM2.5 on aMT6s. Additional research is needed to 

further characterize the effects of single air pollutant exposure on circulating melatonin 

level. 
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A limitation of this study is the lack of direct light exposure measurement, 

concerning that light/dark cycle dramatically affects circulating melatonin level. Another 

limitation is the lack of direct sleep condition measurement, concerning that sleep 

quantity and qual ity could affect both circulating melatonin and ROS level. However, 

the influence of these limitations on the findings was minimized by the following 

features of the study design and data analysis. (1) In considering the diurnal variation in 

circulating me latonin level, all urine and blood samples were collected during the early 

morning. (2) All the study subjects were working and living in a company campus with 

a relative uniformity of time/activity pattern (e.g. work and sleep schedule). (3) Ambient 

relative humidity and temperature, as the indicators of outdoor weather, were 

controlled in our models as a proxy for outdoor light exposure. (4) Linear mixed effects 

models were used with subject ID as the random effect to control for the potential 

differentia l average light exposure and sleep quality of different subjects. The current 

study is also limited by its relatively small sample size and by potential confounding. 

Future studies to confirm and expand the findings of this study should consider a 

design with a larger sample size, longer air pollutant exposure duration, well -controlled 

co-pollutant exposures, and/or well -controlled time/activity patterns.  

4.2.5 Conclusion 

Within the natural range of aMT6s concentrations, increased aMT6s was 

associated with decreased pro-inflammatory cytokine concentrations, suggesting that 
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endogenously-generated circulatory melatonin modulates pro -inflammatory responses. 

In addition, increased 2w O 3 exposure was associated with decreased aMT6s level; 

however, this association was potentially confounded by co -pollutant exposure. This 

study found that aMT6s is a potential mediator for the associations of 2w O 3 exposure 

with pro -inflammatory cytokines, which suggests that pro -inflammatory responses to O3 

exposure in the preceding 2 weeks may partly result from the depletion of endogenous 

melatonin by O 3.  
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Chapter 5. The role of melatonin in physiological and 
oxidative stress responses to air pollution exposure in 
asthmatic children 

This chapter address Aim 4, in which  urine and nasal fluid  samples and 

pulmonary physiology outcomes  were obtained from a previous panel study  that 

investigated the pulmonary health effects of air p urification intervention. 72 In this Aim , 

urinary aMT6s and 8-OHdG  and nasal fluid MDA  were further measured and detailed 

personal air pollution exposure assessment was conducted. This chapter includes three 

parts: Part A, Part B, and Part C. 

In Part A, the associations of personal air pollutant exposures with indicators  of 

pulmonary physiology, including airway mechanics, lung function, airway 

inflammation , were examined. In Part B, the associations among air pollution exposure , 

nasal MDA , and asthma symptom scores were examined to investigate whether nasal 

MDA is useful for monitoring asthma symptoms and lung physiology in relation to air pollution 

exposure. In Part C, the associations of urinary aMT6s with systemic oxidative stress, 

airway mechanics, lung function, airway inflammation were examined. In addition, I  

investigated whether the associations between urinary aMT6s and the pulmonary 

physiology outcomes were confounded by systemic oxidative stress.   
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5.1 Part A: Associations of personal exposure to air pollutants 
with airway mechanics in children with asthma. 

This Part A is adapted with permission from  He, L.; Li, Z.; Teng, Y.; Cui, X.; 

Barkjohn, K. K.; Norris, C.; Fang, L.; Lin, L.; Wang, Q.; Zhou, X.; Hong, J.; Li, F.; Zhang, 

Y.; Schauer, J. J.; Black, M.; Bergin, M.; Zhang, J., Associations of personal exposure to air 

pollutants with airway mechanics in children with asthma. Environment International. 

2020, 138 (Publisher: Elsevier). The accompanying supporting information is included in 

Appendix E.  In this study and the published manuscript, I  conducted the air pollution 

exposure assessment, conducted the statistical analysis, interpretate the results, design 

all tables and figures, and led the writing and revising of the manuscript.  The coauthors 

contributed to the study design (JZ , ZL, JS, MB, and MHB), funding acquisition (JZ, 

MHB, JS, ZL, and YZ), manuscript revisions (JZ), sample and data collection (ZL, YT, 

XC, KB, CN, LF, LL, QW, XZ, JH, FL, YZ, JS, MHB, and JZ), sample analysis (XC and 

YT), and discussions (JZ). 

5.1.1 Introduction  

Airborne  ÍÐÕÌɯ×ÈÙÛÐÊÓÌÚɯÞÐÛÏɯÈÕɯÈÌÙÖËàÕÈÔÐÊɯËÐÈÔÌÛÌÙɯȀɯƖȭƙϟÔɯȹ/,2.5) and ozone 

(O3) are well-established risk factors for asthma exacerbation.22 Elevated PM2.5 and O3 

levels are found in polluted urban atmospheres worldwide .24 Indoor PM 2.5 

concentrations are substantially elevated in the presence of smoking, cooking, and floor 

vacuuming. Indoor concentrations are also elevated by the infiltration of outdoor PM 2.5 

and O3 in poorly sealed building .189, 190 Hence, it is important to understand how 
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personal exposure to these pollutants can affect the physiology and function of the 

asthmatic lung.  

Spirometric lung function, widely used in asthma diagnosis and prognosis, has 

been associated with personal air pollutant exposure. For example, a previous study 

reported that the increase in PM2.5 exposure measured 24-hour prior was associated w ith 

decreased forced expiratory volume in the first second (FEV 1) in children with asthma .26 

Another study reported that  the increase in 24-hour average personal PM2.5 exposure 

measured one day prior was associated with a decrease in peak expiratory flow (PEF) in 

asthmatic children .25 In contrast, a different study, also in asthmatic children, did not 

find significant associations between FEV1 and PM2.5 exposure measured 24-hour prior .27 

The inconsistency has been attributed to differences in a variety of factors such as PM2.5 

exposure level and/or range, demographic characteristics, air pollution composition, and 

other unmeasured potential confounders. In addition, lung function changes require a 

relatively strong acute stimulus or persistent stress to the lung . 

Compared to lung function, airway mechanics are a more sensitive metric used 

to monitor airway obstruction and airflow limitation. Although clinical bench mark 

values are yet to be established, airway mechanics have been increasingly used as a 

supplement to spirometry for diagnosing asthma and to monitor disease prognosis .28, 29 

In addition, while spirometry requires a subject to blow as hard as possible, impulse 

oscillometry (IOS) is conducted with normal breat hing to measure airway mechanics. 
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This minimizes the data loss due to technical noncompliance from certain subjects, 

especially children, who cannot perform an accurate spirometry test .191 However, to the 

best of our knowledge, no studies have investigated the relationships of airway 

mechanics with personal air pollutant exposure in children with asthma.  

We hypothesized that increasing personal air pollutant exposure is associated 

with worsening airway mechanics. To test this hypothesis, we used the data collected 

from a cohort of children with asthma. We aim to perform exposure -response analyses 

in examining the associations of airway mechanics (and lung function) with 24-hour 

average personal pollutant exposure measured zero to six days prior to outcome 

measurements in asthmatic children. As asthma is a heterogenous disease, we further 

explored whether baseline airway eosinophilic inflammation would affect the exposure -

response relationships.192  

5.1.2 Methods 

5.1.2.1 Study participants   

We recruited 43 children (26 boys and 17 girls) 5 to 13 years old from a pool of 

children who had been diagnosed with mild or moderate asthma at the outpatient clinic 

of the Shanghai General Hospital, located in Songjiang, a suburb of Shanghai, China. In 

order to be eligible, participants should have physician -diagnosed asthma and at least 

one asthma attack during the past year. All the individuals with chronic diseases other 

than asthma were excluded. Oral assent and written consent were obtained from all 
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participants and their guardians, respectively. The Ethics Committee of Shanghai 

General Hospital and Duke University Campus IRB approved the study protocol.  

5.1.2.2 Study design 

The present study used data that had been collected in an indoor air filtration  

intervention in which indoor PM 2.5 and O3 concentrations were manipulated through 

operation of a portable air purifier (Atmosphere ®, Amway, USA) in participants' 

bedrooms.193, 194 Briefly, each air purifier was equipped with a coarse filter, a high -

efficiency particulate air (HEPA) filter,  and an activated carbon filter to remove 

particulate matter and O 3. The operation schedule of the indoor air purifier is shown in 

Figure 17. Prior to visits 1 and 3 the air purifier was absent, and prior to visits 2 and 4 

the air purifier was present either with all three filters intact or only with the coarse filter 

(the HEPA and activated carbon filters removed). During the intervention period, th e 

participants were suggested to close their home windows as much as possible whenever 

they were home. The effects of the intervention on indoor air quality have been reported 

previously .195-198 In the present analysis, we aim to examine relationships of airway 

mechanics and lung function with personal pollutant exposure in asthmatic chil dren. 

The analysis is based on a panel study design as respiratory measurements were taken 

for each participant four times (at Visits 1 -4), with two weeks in between the visits. All 

the visits occurred between February 14 and April 14, 2017. Efforts were made to 

conduct all measurements at the same time of day for all four visits.  
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Figure 17. Air purifier operation schedule in relation to the clinic visits for 

physiological measurements.  

5.1.2.3. Exposure assessment 

PM2.5 and O3 ÞÌÙÌɯÚÐÔÜÓÛÈÕÌÖÜÚÓàɯÔÌÈÚÜÙÌËɯÉÖÛÏɯÐÕɯÊÏÐÓËÙÌÕɀÚɯÉÌËÙÖÖÔÚɯÈÕËɯ

outside a window of their homes. These pollutants were continuously measured using 

an integrated sensor box equipped with a Plantower PMS3003 sensor for PM2.5 and an 

Alphasense sensor (OX-A4) for O 3. The sensors generated the hourly averages of 

pollutant concentration. These sensors, validated in Beijing, Shanghai, and other cities 

previously ,194, 199-201 were field calibrated in Shanghai before the start of the study and at 

the end of the study to account for any drift in sensor function over the duration of the 

study. We also obtained the ambient hourly averages of PM2.5, O3, temperature, and 

relative humidity during the entire study period from the government monitoring 

station closest to the research clinic (~9 km away), and they were summarized in Table 

E1. In this study, the ambient air pollutant concentrations were calculated by aver aging 

the pollutant concentrations measured by all the outdoor sensors and the governmental 

monitoring station. An indoor/outdoor (I/O) ratio of 0.8 and 0.35 were used to calculate 

the hourly average for PM 2.5 and O3 concentrations,14 respectively, in other indoor 
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environments (e.g., classroom) based on the measurements of the ambient air pollutant 

concentration. In addition, pollutant concentrations in cars or subw ays were calculated 

using I/O ratios based on the literature. Different I/O ratios were applied when the 

×ÈÙÛÐÊÐ×ÈÕÛÚɀɯÏÖÔÌɯÞÐÕËÖÞÚɯÞÌÙÌɯÙÌÊÖÙËÌËɯÛÖɯÉÌɯÖ×ÌÕɯȹÚÌÌɯTable E2 in the Supplement). 

Combining these measured or estimated pollutant concentrations fo r each encountered 

microenvironment with detailed time -activity data (see Table E3 in the Supplement), we 

calculated 24-hour time -weighted personal PM 2.5 exposures and maximum 8-hour 

averages of personal O3 exposure zero to six days (lag day 0-6) prior to each clinic visit. 

The lag analysis is based on the consideration that air pollutants have delayed or 

cumulative respiratory effects on asthma morbidity .26, 202 We also calculated personal 

PM2.5 and O3 exposure averaged over the two weeks prior to each clinic visit. The 

detailed exposure assessment is reported in the Supplement.  

5.1.2.4 Health outcomes  

Upon enrollment, each participant was measured for baseline weight, height, 

airway mechanics, and lung function. Each also received an immunoglobulin E (IgE) -

mediated allergy test (Allergy Screen®, Mediwiss Analytic GmbH Germany). Allergens 

including dust mite, room dust, mold, cat dander, dog dander, roach egg, milk, and 

shrimp were tested. The blood IgE level of 0.35 kU/L was set as the point of positive for 

allergic sensitization. We measured airway mechanics by impulse oscillometry 

ȹ,ÈÚÛÌÙ2ÊÙÌÌÕɚɯ(.2Ȯɯ!ecton, Dickinson and Company, Germany), lung function by 
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Ú×ÐÙÖÔÌÛÙàɯȹ,ÈÚÛÌÙ2ÊÙÌÌÕɚɯ/%3ɯÚàÚÛÌÔȮɯ!ÌÊÛÖÕȮɯ#ÐÊÒÐÕÚÖÕɯÈÕËɯ"ÖÔ×ÈÕàȮɯ&ÌÙÔÈÕàȺȮɯ

and fractional exhaled nitric oxide (FeNO) using a NIOX VERO with the adult mode 

(Circassia Pharmaceuticals Inc., USA). Indicators of airway mechanics included 

impedance at 5 Hz (Z5, increased Z5 means higher airway impedance), resistance at 5 Hz 

(R5, increased R5 means higher total airway resistance), resistance at 20 Hz (R20, increased 

R20 means higher large airway resistance), reactance at 5 Hz (X5, increased X5 negative 

values means worse airway resilience), and resonant frequency (Fres, increased Fres 

means worse airway resilience). Main spirometric lung function indicators included 

forced expiratory volume in the first  second (FEV1), forced vital capacity (FVC), peak 

expiratory flow (PEF), forced expiratory flow at 25 -75% of the FVC (FEF25-75), and the 

ratio between FEV1 and FVC (FEV1/FVC). Each participant attempted the impulse 

oscillometry and spirometry measurements until the variation among the three most 

recent measurements was smaller than 5%, and the highest value among these three 

measurements was used for data analysis.  

5.1.2.5 Statistic al analysis  

We report means with standard deviation (SD) and medians with interquartile 

range (IQR) and range for participants' baseline characteristics. The Spearman 

correlations among personal air pollutant exposures were calculated.  

The main objective of this paper is to assess the exposure-response relationships 

for PM 2.5 and O3. As personal exposure was manipulated by air filtration in the 
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ÉÌËÙÖÖÔÚȮɯÞÌɯÍÐÙÚÛɯÞÈÕÛÌËɯÛÖɯÌÝÈÓÜÈÛÌɯÈÕàɯ×ÖÛÌÕÛÐÈÓɯÐÔ×ÈÊÛɯÖÍɯɁÈÐÙɯÍÐÓÛÙÈÛÐÖÕɯÚÛÈÛÜÚɯ

ÈÓÖÕÌɂȮɯÞÏÐÊÏɯÞÈÚɯÛÖɯÈÚÚÌÚÚɯ×ÖÛÌÕÛÐÈÓɯÊÖnfounding from changes other than PM 2.5 and O3 

brought by air filtration. We used linear mixed -effects regression (LMER) models in 

which a health outcome was the dependent variable, filtration status (no filtration versus 

coarse+HEPA+activated carbon filters versus coarse filters) was the independent 

variable; the fixed-effects covariates included 2-week average personal PM2.5 and O3 

exposure, 2-week average ambient temperature and relative humidity, sex, age, baseline 

eosinophil count, upper respiratory tract infection status, opioid cough suppressant 

usage, dust mite allergy status, sleep duration, asthma exacerbation status, inhaled 

corticosteroids usage, and travel status (whether or not traveled during the two weeks 

prior to each of the clinical visits). We controlled for random -effect variables including 

subject ID and the day of the week for clinical visit as random intercepts. From the 

model output, we calculated percent change (and 95% confidence interval) in the 

outcome following the use of the three filters together or the use of only coarse filter in 

reference to following the absence of any filters. The results represent the effect of 

filtration status alone, not the overall effect of air filtration that would integrate the effect 

of filtration status alone and the effect of PM 2.5 and O3 change resulting from the 

filtration.  

Secondly, we used LMER models to assess the associations between personal air 

pollutant exposure and a health outcome. In these models, each of the health outcomes 
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was the dependent variable, and the personal pollutant exposure was the independent 

variable. We adjusted for the same covariates as described in the first model, except that 

the 2-week average PM2.5 and O3 exposure were not included. From the model output, 

we calculated percent change (and 95% confidence interval) of the outcome associated 

with an IQR increase in personal pollutant exposure. Based on the results from the first 

set of models described above, we deemed it not appropriate to include the data 

measured following the use of only the coarse filter due to concerns on additional 

confounding associated with this condition. Hence, the dat a from three visits per person 

were used in the analysis of exposure-response relationships.  

Thirdly, we conducted stratified analyses to assess the pollutant exposure-

ÙÌÚ×ÖÕÚÌɯÙÌÓÈÛÐÖÕÚÏÐ×ɯÍÖÙɯ×ÜÓÔÖÕÈÙàɯÏÌÈÓÛÏɯÖÜÛÊÖÔÌÚɯÉÈÚÌËɯÖÕɯÓÖÞɯȹȀɯ450 /µL) versus 

high (>450 /µL) blood eosinophils number, which is a suggested cutoff point for the 

presence of eosinophilic asthma.203 In these models, each health outcome was the 

dependent variable and personal pollutant exposure was the independent variable along 

with the same covariate structure described in the second set of models. From each 

model output, we generated estimates in percent change (and 95% confidence interval) 

in the outcome associated with an IQR increase in pollutant exposure. 

Finally, we conducted several sensitivity analyses. (1) We examined the 

exposure-response relationship in the data collected only in the two no -filtration visits. 

(2) We used co-pollutant models to examine whether the exposure -response 
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relationships obtained in the single -pollutant models can be retained after controlling for 

a co-pollutant. (3) We conducted separate analyses by excluding participants who 

traveled or used an inhaled corticosteroids during the two weeks prior to each of t he 

clinical visits . (4) We conducted separate analyses by including measurement from all 

the clinical visits . All statistical analyses were conducted using lme4 and lmeTest in R 

software (version 3.6.1). A P-value of 0.05 was set as the cut point for statistical 

significance. Based on data distributions, air pollutant exposures and some of health 

outcomes were natural logarithm -transformed. A detailed description of equations and 

codes used for the statistical models is provided in the Supplement.  

5.1.3 Results 

5.1.3.1 Participant characteristics 

We measured 43 children with stable, mild or modest asthma (see Table 13). 

Among the children, 13 (30.2%) had baseline eosinophil count > 450/µL, three (7.0%) had 

FEV1/Predicted FEV1 < 80%, 13 (30.2%) had FeNO larger than 20 ppb, and 35 (81.3%) 

were atopic and were mostly allergic to dust mite. During the study period, 9 children 

(20.9%) had a fever, 7 (16.3%) had asthma exacerbation, 3 (7.0%) used opioid cough 

suppressant, and 12 (27.8) used inhaled corticosteroids. 
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Table 13. Baseline characteristics of participants.  

Subject Characteristics  Value  

Age, mean ± SD [range] (year) 7.8 ± 2.3[5-13] 

Female, No. (%) 17 (40%) 

Weight, mean ± SD [range] (Kg) 31.2 ±10.3 [19.0-59.0] 

Height, mean ± SD [range] (cm) 132.3 ± 13.3 [110.0-166.0] 

Blood eosinophil count, mean ± SD [range] (/µL)  378.8 ± 264.6 [80.0-1260.0] 

FEV1/FEV1 predicted, mean ± SD [range] (%) 103.0 ± 16.5 [65.5-143.0] 

FVC/FVC predicted, mean ± SD [range] (%) 104.8 ± 12.0 [81.1-140.3] 

Baseline FeNO >20 ppb, No. (%) 13 (30.2%) 

Atopic, No. (%)  35 (81.3%) 

Dust mite allergy, No. (%)  27 (62.7%) 

Opioid cough suppressant usage, No. (%) 3 (7.0%) 

Inhaled corticosteroids usage, No. (%) 12 (27.8%) 

Definition of abbreviations: FEV 1/FEV1 predicted=the ratio between FEV1 and predicted 

FEV1; FVC/FVC predicted: the ratio between FVC and predicted FVC 
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Table 14. Mean ± SD of personal air pollutant exposure and health outcomes 

for different filtration status.  

Definition of abbreviations: Z 5=airway impedence measured at 5Hz; R5=airway 

resistance measured at 5Hz; R20=airway resistance measured at 20Hz; R5-R20=difference 

  No Filtration  Filtration (Coarse 

+ HEPA + 

Activated 

Carbon Filters)  

Filtration (Coarse 

Filter)  

PM 2.5 ȹϟÎɤÔ3, 24-hour  average) 

Lag 0 49.0 ± 13.6 23.2 ± 11.7 36.8 ± 14.8 

Lag 1 48.1 ± 16.1 21.2 ± 11.6 34.7 ± 19.3 

Lag 2 43.0 ± 16.7 19.6 ± 10.4 32.5 ± 15.7 

Lag 3 39.8 ± 12.2 21.1 ± 9.8 36.4 ± 16.7 

Lag 4 44.0 ± 17.8 20.4 ± 9.5 35.7 ± 14.7 

Lag 5 51.2 ± 23.8 20.5 ± 10.5 41.1 ± 26.8 

Lag 6 50.3 ± 24.3 20.6 ± 9.2 43.9 ± 24.3 

O3 (ppb, maximum 8 -hour average) 

Lag 0  22.2 ± 8.5 22.8 ± 9.0 20.2 ± 8.2 

Lag 1 19.7 ± 7.6 19.3 ± 6.8 16.7 ± 6.1 

Lag 2  20.8 ± 7.7 18.3 ± 4.9 18.5 ± 4.8 

Lag 3  22.7 ± 7.4 18.6 ± 6.0 19.9 ± 6.4 

Lag 4 22.8 ± 8.9 19.9 ± 6.5 20.4 ± 8.0 

Lag 5  25.8 ± 10.4 22.0 ± 8.6 24.2 ± 10.8 

Lag 6 28.0 ± 10.9 24.3 ± 10.6 26.1 ± 11.6 

Airway Mechanics  

Z5 (cm H20/L/s) 8.8 ± 2.4 8.6 ± 2.7 9.5 ± 2.6 

R5 (cm H20/L/s) 8.3 ± 2.3 7.8 ± 2.5 8.9 ± 2.6 

R20 (cm H20/L/s) 5.6 ± 1.6 5.2 ± 1.6 5.5 ± 1.2 

R5-R20 (cm H20/L/s) 2.7 ± 1.7 2.7 ± 1.8 3.4 ± 2.0 

X5 (cm H20/L/s) -1.8 ± 2.5 -1.9 ± 2.6 -2.3 ± 2.1 

Fres (Hz) 18.8 ± 6.4 18.7 ± 5.9 20.1 ± 6.5 

Lung Function  

FEV1 (L) 1.7 ± 0.5 1.7 ± 0.5 1.7 ± 0.5 

FVC (L) 2.1 ± 0.6 2.1 ± 0.6 2.1 ± 0.7 

PEF (L/s) 3.8 ± 1.2 3.8 ± 1.1 3.9 ± 1.1 

FEF25-75 (L/s) 1.7 ± 0.6 1.7 ± 0.6 1.7 ± 0.6 

FEV1/FVC 83.1 ± 8.6 83.1 ± 7.3 83.1 ± 8.1 

Airway Inflammation  

FeNO (ppb) 22.7 ± 20.4 21.9 ± 18.9 25.7 ± 19.3 
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between airway resistance measured at 5Hz and 20Hz; X5=airway reactance measured at 

5Hz; Fres=resonant frequency; FEV1=forced expiratory volume in first second; 

FEV1/FEV1 predicted=the ratio between FEV1 and predicted FEV1; FVC=forced vital 

capacity; FVC/FVC predicted: the ratio between FVC and predicted FVC; PEF: peak 

expiratory flow; FEF 25-75=the average forced expiratory flow during 25% to 75% of FVC; 

FEV1/FVC=the ratio between FEV1 and FVC; FeNO=fractional exhaled nitric oxide. 

5.1.3.2 Air pollutant exposure in relation to filtration status  

Participants spent 12.3 ± 2.8 hours per day in their bedrooms, which provided an 

opportunity to generate a wide range of personal p ollutant exposures by manipulating 

the bedroom air pollutant concentration through air filtration . In Table 14, 24-hour 

average personal PM2.5 and O3 exposure 0-6 days prior to each clinic visit are compared. 

When the clinic visits occurred following no filtration, the mean personal PM 2.5 

exposures were the highest. When the clinic visits occurred following the use of the 

three filters, the mean PM2.5 exposures were the lowest. When the clinic visits occurred 

following the use of the coarse filter only, the mean exposures were in the middle. The 

maximum daily 8 -hour average personal O3 exposure 0-6 days prior to a clinic visit did 

not differ substantiall y by filtration status. The results indicate that by operating 

bedroom air purification, a wider range in personal PM 2.5 exposure was obtained, while 

not for O 3 exposure. As shown in Figure E1, there were no strong correlations between 

PM2.5 exposure and O3 exposure.  

5.1.3.3 Health outcomes in relation to filtration status  

As shown in Table 14, ÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛÚɀɯÈÐÙÞÈàɯÔÌÊÏÈÕÐÊÚɯÞÌÙÌɯÛÏÌɯÞÖÙÚÛɯÈÍÛÌÙɯ

the 2-week use of only the coarse filter even though concentrations of PM2.5 were lower 
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during this period than they were in the absence of any filtration. The effects of 

ɁÍÐÓÛÙÈÛÐÖÕɯÚÛÈÛÜÚɯÈÓÖÕÌɂȮɯÐndependent of the effect of PM2.5 and O3 changes resulting 

from the filtration, are shown in Figure 18. We found that using only the coarse filter 

was associated with increases in Z5, R5, and R5-R20 by 8.4% (95%CI: -0.2%-16.9%), 9.7% (-

0.9% - 20.3%), and 27.6% (0.5%-54.7%), respectively, compared with using no filtration at 

all. However, none of the outcomes changed significantly when comparing the visits 

following the use of all the three filters to the visits following the absence of any 

filtration. The f iltration status did not show a significant effect on the spirometric lung 

function measures and FeNO, although it appears that the use of coarse filter was 

associated with a 12.5% (-4.9%-33.0%) increase in FeNO (Figure 18). Please note that 

ÛÏÌÚÌɯɁÍÐÓÛÙÈÛÐÖÕɯÚÛÈÛÜÚɯÈÓÖÕÌɂɯÌÍÍÌÊÛÚȮɯÌßÊÓÜËÐÕÎɯÛÏÌɯÌÍÍÌÊÛɯÖÍɯ/,2.5 reduction caused by 

the filtration, do not reflect the overall (net) effect of filtration.  

 

Figure 18. Change in biomarkers (%) measured from after using no air purifier 

to using either air purifier with all the three filters or with only the coarse filter.  
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5.1.3.4 Exposure-response relationship  

Concerning the effects of potential co-pollutants exposure as shown above, we 

excluded the visits following the use of  coarse filter in the exposure-response analysis. 

Using the data from the other three visits, as shown in Figure 19, we found that an IQR 

ȹƗƔȭƗɯϟÎɤÔ3) increase in 24-hour personal PM 2.5 exposure one day prior to the clinic visits 

was significantly associated with increases in total airway resistance (R5) of 6.3% (0.1%-

12.5%), small airway resistance (R5-R20) of 15.8% (95%CI: 0.4%-31.1%), and fractional 

exhaled nitric oxide (FeNO) of 9.6% (0.7%-19.3%). In addition, IQR increases in 24-hour 

PM2.5 Ìß×ÖÚÜÙÌɯÔÌÈÚÜÙÌËɯáÌÙÖɯËÈàÚɯȹƖƛȭƕɯϟÎɤÔ3ȺȮɯÛÏÙÌÌɯËÈàÚɯȹƖƖȭƜɯϟÎɤÔ3), four days (29.2 

ϟÎɤÔ3ȺȮɯÈÕËɯÍÐÝÌɯËÈàÚɯȹƗƜȭƝɯϟÎɤÔ3) prior to the clinic visits were associated with 

increases in FeNO of 12.1% (1.3% to 24.2%), 20.6% (8.9% to 33.5%), 18.2% (8.4% to 

28.9%), and 25.3% (9.5% to 43.4%), respectively. We did not observe a significant 

association between any prior-day PM2.5 exposure and any of the lung function 

measures. We did not find a significant or a clear trend in association between O3 

exposure and any of the health outcomes (Figure 19). 
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Figure 19. Change in biomarkers (%) with one IQR increase in 24 -hour average 

PM 2.5 and O3 personal exposure in zero to six days prior to health outcome 

measurement. 

5.1.3.5 Effect modification  

We considered baseline blood eosinophil count as a potential effect modifier. In 

stratified analyses, we found that the increase in personal PM2.5 exposure was associated 

with significant increases in Z 5, R5, R5-R20, and FeNO only in children with lower blood 

ÌÖÚÐÕÖ×ÏÐÓɯÊÖÜÕÛÚɯȹȀɯƘƙƔɤϟ+) (Figure 20). In children with higher blood eosinophil 

counts, the exposure-response associations were non-signifi cant and unclear, except that 

an increase in PM2.5 exposure five days prior to the clinic visits was associated with 

significant decreases in Z5 and R5, and a significant increase in FEV1.  
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Figure 20. Change in biomarkers (%) with one IQR increase in 24 -hour average 

PM 2.5 personal exposure in zero to six days prior to health outcome measurement . 

5.1.4. Discussion 

The principal finding of this study is that day -to-day increases in personal PM2.5 

exposure were associated with worsening airflow limitation in asthmatic children due to 

increased airway resistance and pulmonary inflammation. As improving airflow is a key 

challenge in asthma management, these associations point to the importance of reducing 

personal PM2.5 as a practical means of asthma control especially for those living in places 

with higher concentrations of ambient and/or indoor PM 2.5.  

In the present study, we found that increased PM 2.5 exposures measured several 

days prior were associated with signif icantly increased FeNO, confirming that FeNO is a 

sensitive biomarker of air pollutant induced airway inflammation .204 However, the 

associations of spirometric lung function and PM 2.5 exposure were non-significant and 

unclear (see Figure 19). The results were supported by prev ious studies. For example, 

one study reported that an IQR (24.0 ϟÎɤÔ3) increase in personal PM2.5 exposure 
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averaged over 48-hours prior to the health outcome measurement (mean ± SD: 36.2 ± 

ƖƙȭƙɯϟÎɤÔ3) was associated with a significant increase in FeNO of 4.2% in asthmatic 

children .33 Another study reported that increased PM2.5 exposure 24-hour prior to the 

clinical visit (mean ± SD: 31.2 ± 21.8 ϟÎɤÔ3) was not associated with a change in FEV1 in 

asthmatic children .27 In contrast, Delfino et al., 2004 found that an IQR (30.3 ϟÎɤÔ3) 

increase in personal PM2.5 exposure during the preceding 24-hour (mean ± SD: 37.9 ± 19.9 

ϟÎɤÔ3) was associated with a decrease in FEV1 of 5.9% in children with asthma .26 

Although the PM 2.5 exposure concentrations reported in Delfino et al., 2004 are similar to 

those of the current study (lag 0 mean ± SD: 39.5 ± 17.1 ϟÎɤÔ3), other factors including 

differences in demographic characteristics, study design, changes or ranges in exposure 

concentrations in diffe rent association analyses, and potential confounders might 

contribute to the inconsistency.  

To the best of our knowledge, this is the first study to examine the relationships 

of personal O3 exposure, when ambient ozone concentrations were relatively low during 

a non-ozone season (daily maximum 8-hour ambient O 3 concentration range: 12.6 - 93.4 

ppb), with lung function and FeNO in asthmatic children. As expected at these low 

concentrations, ozone exposure was not clearly or significantly associated with lung 

function and FeNO in the present study. In contrast, at relatively higher exposure levels, 

with daily maximum 8 -hour ambient O 3 concentration ranging from 63 .3 - 99.6 ppb, a 

previous study  conducted during an ozone season of Southern New England reported 
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that an increase in maximum 8-hour ambient ozone concentration measured in 24-hour 

and one day prior to the clinical visit were associated with worsening lung function in 

asthmatic children .205  

The non-significant associations of spirometric lung function with PM 2.5 and O3 

exposure in the present study suggest that the concentration and/or duration of 

pollution exposure in this study might not be adequate to induce functional changes in 

an asthmatic lung. However, we found that, as the indicators of the early -stage and 

subtle changes in lung function ,28 total (R5) and small airway resistance (R5-R20) were 

associated with personal PM2.5 exposure measured several days prior to the outcome 

measurements. The adverse effects of air pollutant exposure on airway mechanics of 

healthy children and adults have been previously reported.  For example, one study 

compared the airway mechanics of children from two cities in India, finding that 

children who lived in the city with higher ambient air pollutant concentrations had 

worse airway resistance (R5) and airway reactance (X5).206 Another study reported that 

overnight filtration of bedroom air was associated with significant decreases in airway 

resistance (R5) and impedance (Z5) in healthy adults .71 In addition to the previous 

findings, the present study provides the first evidence to supp ort a significant exposure-

response relationship of personal PM2.5 exposure with total and small airway resistance.  

As total airway resistance is the sum of small and large airway resistance, the 

results of this study led us to hypothesize that the increases in PM2.5-induced total 
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airway resistance might be largely driven by the increased small airway resistance. The 

small airways, anatomically defined as airways with inner diameters less than two 

millimeters, cumulate greater cross-sectional area than the large airways.207 The small 

airways are the major sites of airflow obstruction and contribute substantially to ai rway 

inflammation in asthma .208, 209 PM2.5 in inhaled air can penetrate and be retained in the 

walls of the small airways ,210 resulting in higher oxidative stress levels and inflammation 

in the respiratory tract .211 Therefore, decreasing personal exposure to PM2.5, which would 

lead to less PM2.5 entering the small airways, would be important in asthma 

management.212  

Air purifiers with HEPA and activated carbon filters have been reported to be 

efficient at removing PM 2.5 and O3, respectively.213, 214 In the present study, personal 

exposures to PM2.5 were noticeably manipulated by the operation of an indoor air 

pur ifier, although O 3 did not vary substantially by filtration status , potentially due to the 

low ambient O 3 concentration during the study period ( see Table 14). On the other hand, 

we found that, independent of the effect of PM2.5 and O3 changes resulting from the 

filtration , using an air purifier with only the coarse filter was associated with worsened 

airway mechanics compared to using no filtration. This might reflect confounding from 

indoor -generated pollutants such as volatile organic compounds (VOCs) and semi-

volatile organic compounds (SVOCs), some of which (e.g., formaldehyde) are known 

respiratory toxicants .215 During each air filtration period, the participants were a sked to 
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close their home windows as much as possible, while it is not required during the no -

filtration periods. Indoor VOC and SVOC concentration were expected to be higher 

when the windows were closed more often, as window closure would reduce indoor -

outdoor air exchange and consequently enhanced the accumulation of indoor-generated 

pollutants .216 However, VOCs and SVOCs can be captured, at least partly, by the 

activated carbon filter and the HEPA filter. Hence, we speculate that the window c losure 

influence on indoor levels of VOCs and SVOCs was smaller for the three-filter condition 

than for the coarse-filter only condition.  

Asthma is a phenotypically heterogeneous disease which can be characterized by 

eosinophilic, neutrophilic, or mixed eosinophilic/neutrophilic inflammatory patterns 217. 

Previous studies have reported that patients with eosinophilic asthma are more 

responsive to allergic sensitization,218 while non -eosinophilic (or neutrophilic) asthma is 

mainly triggered by environmental exposures including bacterial endotoxin and air 

pollutants .219 In line with previous findings, in this study, we observed  that day-to-day 

increases in personal PM2.5 exposure were associated with significant increases in airway 

impedance, resistance, reactance, and inflammation mainly in children with non -

eosinophilic asthma (i.e., those with baseline blood eosinophils number less than 

450/ϟ+Ⱥ. These results suggest that phenotype-targeted therapies based on eosinophilic 

or non-eosinophilic inflammatory patterns would be important for asthma management.  
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5.1.4.1 Limitations and sensitivity analyses  

Our assessment of the coarse-filter only data suggests a potential role of co-

pollutant exposures, such as VOCs and SVOCs, in affecting airway mechanics and 

FeNO. However, we were not able to measure these co-pollutants in the bedrooms. Our 

findings on PM 2.5 effect may be subject to confounding of co-pollutants other than ozone 

that was measured and accounted for. To address this issue, we assumed that the 

combined use of the activated carbon filter and the HEPA filter would have offset 

increases in indoor VOCs and SVOCs resulting from increased window closure during 

filtration period. However, if concentrations of these co -pollutants were different 

between the three-filter filtration period and the no -filtration period, this could have 

confounded the PM 2.5 exposure-response relationship. With this in mind, we analyzed 

the data collected only in the two no -filtration visits and found that increased PM 2.5 

exposure measured during the 24-hours prior to the clinical visit was associated with 

significant decreases in FEV1 and FVC and statistically non-significant increases in 

airway impedance (Z 5) and inflammation (FeNO) (Figure E2). This analysis, albeit with 

reduced statistical power, supports the robustness of the main findings from the three -

visits analysis. 

Another limitat ion of this study is that the personal air pollutant exposure was 

ÊÈÓÊÜÓÈÛÌËɯÉàɯÊÖÜ×ÓÐÕÎɯ×ÖÓÓÜÛÈÕÛɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯÐÕɯÔÐÊÙÖÌÕÝÐÙÖÕÔÌÕÛÚɯÈÕËɯ×ÈÙÛÐÊÐ×ÈÕÛÚɀɯ

time activity patterns. Although this calculation might introduce systematic or random 
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error into the statistical analyses of this study, this is a more logistically feasible 

exposure assessment method than personal monitoring in this study design and for 

these study participants.  

We further evaluated the robustness of the results through two sensitivity 

analyses. Firstly, there were not remarkable changes in the relationships shown in the 

co-pollutant models in terms of either statistical significance or effect size (Figure E3-E4). 

Similarly, after excluding measurement of participants  who traveled or used  inhaled 

corticosteroids during the two weeks prior to each of the clinical visits , the analysis 

showed similar results (Figure E5-E6), supporting the robustness of the findings from 

the main analyses. The PM2.5 exposure-response relationships were examined including 

all the clinical visits. As shown in Figure E7, we found that day -to-day changes in 

personal PM2.5 exposure was associated with decreased lung function and increased 

airway resistance and airway inflammation, supporting the findings of the main 

analyses.   

5.1.5 Conclusion 

Although insufficient to be significantly associated with changes in lung 

function, day -to-day changes in personal exposure to PM2.5, resulting partly from the use 

of a bedroom air purifier, were significantly and adversely associated with changes in 

small airway and total airway resistance as well as pulmonary inflammation in children 

with asthma. These associations were not affected by the co-presence of ozone at low 
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levels when ozone itself was not associated with any of the measured outcomes. Our 

findings suggest the importance of reducing personal exposure to PM 2.5 as part of the 

asthma management plan to improve airflow limitation.  
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5.2 Part B: Malondialdehyde in Nasal Fluid: A Biomarker for 
Monitoring Asthma Control in Relation to Air Pollution 

Exposure. 

This chapter is adapted with permission from  He, L.; Cui, X.; Li, Z.; Teng, Y.; 

Barkjohn, K. K.; Norris, C.; Fang, L.; Lin, L.; Wang, Q.; Zhou, X.; Hong, J.; Li, F.; Zhang, 

Y.; Schauer, J. J.; Black, M.; Bergin, M.; Zhang, J., Malondialdehyde in Nasal Fluid: A 

Biomarker for Monitoring  Asthma Control in Relation to Air Pollution Exposure . 

Environmental Science and Technology. 2020 (Publisher: American Chemical Society). The 

accompanying supporting information is included in Appendix F.  In this study and the 

published manuscript, I condu cted the air pollution exposure assessment, analyzed 

nasal MDA,  conducted the statistical analysis, interpretate the results, design all tables 

and figures, and led the writing and revising of the manuscript.  The coauthors 

contributed to the study design ( JZ, ZL, JS, MB, and MHB), funding acquisition (JZ, 

MHB, JS, ZL, and YZ), manuscript revisions (JZ), sample and data collection (ZL, YT, 

XC, KB, CN, LF, LL, QW, XZ, JH, FL, YZ, JS, MHB, and JZ), sample analysis (XC and 

YT), and discussions (JZ). 

5.2.1 Introduction 

 ÐÙɯ×ÖÓÓÜÛÈÕÛÚȮɯÐÕÊÓÜËÐÕÎɯ×ÈÙÛÐÊÜÓÈÛÌɯÔÈÛÛÌÙɯÞÐÛÏɯÈÕɯÈÌÙÖËàÕÈÔÐÊɯËÐÈÔÌÛÌÙɯȀɯƖȭƙɯ

ϟÔɯȹ/,2.5) and ozone (O3), are well-established risk factors for asthma exacerbation.22 

Elevated PM2.5 and O3 levels are found in polluted urban atmosphe res worldwide, and 

the infiltration of outdoor pollutants may further elevate the indoor pollutant levels. 189, 
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220 Exposure to these pollutants increases oxidative stress in the human body, which is a 

pathophysiologic pathway for asthma exacerbation. 221  

Previous epidemiologic studi es have reported associations of air pollution 

exposure with oxidative stress in the circulatory system and the lower respiratory tract 

in patients with asthma. 222-224 Increased oxidative stress in the lower respiratory tract has 

also been associated with increased airway inflammation, a hallmark of asthma 

exacerbation.225 We hypothesize that O3 and/or PM 2.5 can exert oxidative damage in the 

nose upon entering the respiratory tract. This damage may trigger a mucosal irritating 

sensation, exacerbating the symptoms of asthmatic patients. However, no studies have 

explored an oxidative stress biomarker in nasal f luid in relation to air pollution 

exposure. 

Malondialdehyde (MDA), a stable product of reactive oxygen species (ROS)-

induced lipid peroxidation, has been widely used as a biomarker of oxidative stress. It 

has been measured in urine and exhaled breath condensate to indicate oxidative stress in 

the circulatory system and lower respiratory tract, respectively. 112, 226 However, there 

have been no studies that examined potential associations of air pollutant exposure with 

MDA in nasal fl uid. Nasal MDA may serve as a biomarker of oxidative stress in upper 

respiratory tract, given that the nose is a prime portal of entry of air pollutants into the 

human body. 34 Hence, we hypothesize that increasing personal exposure to PM2.5 and/or 

O3 would increase MDA concentrations in nasal fluid and that nasal MDA would be 
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associated with asthma symptom scores collected via the Childhood Asthma-Control 

Test (C-ACT). 227, 228 

To test these hypotheses, we used data collected from a cohort of asthmatic 

children and conducted statistical analyses to examine the relationships between (1) 

pollutant exposures and nasal MDA, (2) pollutant exp osures and C-ACT scores, and (3) 

nasal MDA and C-ACT scores. In addition, as ROS-induced oxidative stress in the upper 

respiratory tract may spill over to the circulatory system and lower respirato ry tract, we 

measured two biomarkers of systemic oxidative stress (urinary MDA and 8 -hydroxy -2'-

deoxyguanosine [8-OHdG]) and a biomarker of pulmonary inflammation (fractional 

exhaled nitric oxide [FeNO]) and evaluated their associations with pollutant expo sure 

and C-ACT scores. These additional analyses provided insight about which of the nasal 

and systemic biomarkers predict asthma control symptom scores in our study cohort.  

5.2.2 Methods 

5.2.2.1 Study participants and baseline measurements 

We recruited 43 children (17 girls and 26 boys), 5 to 13 years old, from a pool of 

asthmatic children at Shanghai General Hospital, located in Songjiang, a suburb of 

Shanghai, China. Children were eligible to participate if they had been diagnosed with 

mild or moderate a sthma and had at least one asthma attack during the past 12-month. 

Children with chronic diseases other than asthma were not eligible. Upon enrollment, 13 
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children had eosinophilic inflammation, indicated by having baseline eosinophil count > 

450/µL, and 35 were atopic and were mostly allergic to dust mite.  

Oral assent was obtained from each child participant and written consent was 

ÖÉÛÈÐÕÌËɯÍÙÖÔɯÛÏÌɯÊÏÐÓËɀÚɯÊÈÙÌÎÐÝÌÙɯȹÈɯ×ÈÙÌÕÛɯÐÕɯÔÈÑÖÙÐÛàɯÖÍɯÊÈÚÌÚȺȭɯ3ÏÌɯÚÛÜËàɯ×ÙÖÛÖÊÖÓɯ

was approved by the Ethics Committee of Shanghai General Hospital and Duke 

University Campus IRB.  

5.2.2.2 Study design 

The detailed study design has been published previously. 72 Briefly, this study 

used data collected in an indoor air filtration intervention, where indoor PM 2.5 and O3 

concentrations were manipulated through the operation of a portable air purifier 

ȹ ÛÔÖÚ×ÏÌÙÌəȮɯ ÔÞÈàȮɯ42 ȺɯÐÕɯÊÏÐÓËÙÌÕɀÚɯÉÌËÙÖÖÔÚɯÍÖÙɯÛÞÖɯÞÌÌÒÚɯÈÛɯÈɯÛÐÔÌɯÍÖÙɯÛÞÖɯ

times. The two intervention periods were separated by a two -week washout period. The 

air puri fier was equipped with a coarse filter, a high -efficiency particulate air (HEPA) 

filter, and an activated carbon filter. The effects of the intervention on indoor air quality 

have been previously reported.193-198, 229 The operation schedule of the air purifier is 

shown in Figure  F1. In the present study, the analysis is based on a panel study design 

in which children were clinically assessed four times  from  February 14 to April 14, 2017. 

Specifically, there were two visits for each two -week intervention period, with one at the 

beginning and one at the end of intervention. Whenever possible, the 4 clinical visits 

took place almost at the same time of the day. 



 

 136 

5.2.2.3 Air pollution exposure assessment 

We simultaneously measured PM2.5 and O3 ÐÕɯÊÏÐÓËÙÌÕɀÚɯÉÌËÙÖÖÔÚɯÈÕËɯÖÜÛÚÐËÌɯÈɯ

window of their homes. These pollutants were continuously measured using a sensor 

box equipped with an Alphasense sensor (OX-A4) for O 3 and a Plantower PMS3003 

sensor for PM2.5, and hourly averages of pollutant concentrations were generated. The 

sensors have been previously validated in various cities and field calibrated before and 

after the study period. 194, 199-201 Hourly averages of ambient temperature, relative 

humidity, P M 2.5, and O3 concentrations were obtained from the governmental 

environmental monitoring station closest to the research clinic (~9 km away) where 

children were assessed by a physician. In the present study, to achieve a more precise 

estimation of ambient air pollutant concentrations, we further calculated them by 

averaging the concentrations measured by the monitoring station and our outdoor 

sensors. We used various indoor/outdoor (I/O) ratios ( see Table F1), according to the 

literature data for similar building structures, to calculate pollutant concentrations in 

different indoor microenvironments where no actual pollutant measurements were 

obtained.71, 175 Coupling the microe nvironmental concentrations and detailed time -

activity data, we calculated 24-hour average personal PM2.5 exposure and daily 

maximum 8-hour average personal O3 exposure zero to six days (lag day 0-6) prior to 

biospecimen collection. This lag analysis was used in considering that air pollutants 
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have cumulative or delayed respiratory effects on asthma morbidity. 26 The detailed 

exposure assessment can be found in a previous publication.150 

5.2.2.4 Biospecimens relevant to the present study  

During each clinic visit, children provided nasal fluid and urine samples. The 

nasal fluid was collected using a mixed cellulose ester sampling strip (HAWG 047S6, 

Millipore Sigma, USA) (5mm wide and 40 mm long). 230 During sampling, a strip was 

inserted into the nostril and taken out after two minutes. Both nostrils were sampled 

simultaneously. After sampling, the strips were immersed in 300 mL deionized water 

and vortexed for two  minutes. They were then centrifuged for two minutes at 6,600 rpm, 

and the supernatant was aliquoted and stored at -20 °C prior to analysis, which was 

done within two months of collecting the samples. 231 Urine samples were stored at -

80 °C prior to analysis for biomarkers.  

We analyzed MDA in nasal fluid as a potential biomarker of oxidative stress in 

the upper respiratory tract using a method described previously. 112 Briefly, MDA was 

derivatized with thiobarbituric acid ( TBA) to generate the MDA-TBA adduct. The 

adduct was then analyzed by high -pressure liquid chromatography (HPLC) coupled 

with fluorescence detection. We used averages of MDA concentrations from both 

nostrils for data analysis. FeNO, as the biomarker of airway inflammation, was 

measured using a NIOX VERO (Circassia Pharmaceuticals Inc., USA). We also measured 

two biomarkers of systemic oxidative stress. The first is urinary MDA, which was 
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measured using the same method described above. The second is urinary 8-OHdG, a 

stable product of free radical induced oxidative DNA lesion. 232, 233 We also measured 

urinary 6 -sulfatoxymela tonin (aMT6s), a surrogate of circulating melatonin, to adjust for 

the potential effects of natural diurnal variation in melatonin levels on the relationships 

of air pollutant exposure with biomarkers of systemic oxidative stress. 154, 234 Urinary 8 -

OHdG and aMT6s were simultaneously measured using a HPLC-tandem mass 

spectrometry method previous ly reported. 121 

5.2.2.5 Childhood Asthma -Control Test (C -ACT)  

The C-ACT used in this study was developed by GlaxoSmithKline (GSK) and 

validated in children 4 to 11 years old. 235 In this study, thirty -seven (86%) children, 5 to 

11 years old, filled out the C-ACT with their caregivers four times ɬ once during each of 

the clinical visits. As shown in Table 15, the test included four questions answered by 

children on asthma control, limitation of physical activities, coughing, and waking up at 

night recently (each with scores ranging from 0 -3). The C-ACT also included three 

ØÜÌÚÛÐÖÕÚɯÍÖÙɯÊÈÙÌÎÐÝÌÙÚɯÖÕɯÛÏÌÐÙɯÊÏÐÓËÙÌÕɀÚɯËÈàÛÐÔÌɯÚàÔ×ÛÖÔÚȮɯËÈàÛÐÔÌɯÞÏÌÌáÐÕÎȮɯÈÕËɯ

waking up at night during the past four weeks (each with scores ranging from 0 -5).236 A 

higher individual symptom  score means improved asthma symptoms, and a higher total 

C-ACT score indicates a better overall control of asthma.  
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Table 15. The questions in the C -ACT questionnaire.  

Answered by child with asthma (scores: 0: Very bad, 1: Bad, 2 : Good, 3: Very 

good) 

1 [Asthma control ] How is your asthma today?  

2 [Limitation of physical activities ] How much of a problem is your 

asthma when you run, exercise or play sports? 

3 [Coughing ] Do you cough because of your asthma? 

4 [Waking up at night ] Do you wake up during the night because of your 

asthma? 

Answered by caregiver. (scores: 0: Everyday, 1: 19-24 days/month, 2: 11-18 

days/month, 3: 4-10 days/month, 4: 1-3 days/month, 5: Not at all)  

5 

 

[Daytime asthma symptoms ] During the last 4 weeks, on average, how 

many days per month did your child have any daytime asthma 

symptoms? 

6 [Wheezing ] During the last 4 weeks, how many days per month did your 

child wheeze during the day because of asthma? 

7 [Waking up at night ] During the last 4 weeks, on average, how many 

days per month did your child wake up during the night because of 

asthma? 

 

5.2.2.6 Statistical analyses 

Concentrations for all the biomarkers and for air pollutants had a skewed 

distribution. Hence, we used natural logarithm -transformed data in statistical models 

described below.  

First, we used Linear mixed-effect regression (LMER) models to investigate the 

associations of personal pollutant exposure with biomarkers (nasal MDA, FeNO, urinary 

MDA & 8 -OHdG) and with C -ACT scores. In these models, biomarker or C-ACT score 

was the dependent variable, and the personal air pollutant exposure was the 

independent variable. We controlled for the fixed -effects covariates including ambient 



 

 140 

temperature, ambient relative humidity, urinary aMT6s (only for the 2 urinary 

biomarkers), respiratory tract inf ection status, inhaled corticosteroids usage, physician-

diagnosed asthma exacerbation status, baseline eosinophil count, sleep duration, travel 

status (whether or not the participant was out of city during the two weeks prior to each 

clinical visit), sex, and age. We controlled for subject ID and the day of the week for 

clinical visit as random -effect variables. From the model output, we calculated percent 

change (and 95% confidence interval) in biomarker or C-ACT score associated with an 

IQR increase in personal pollutant exposure.  

Second, we used LMER models to examine the associations of C-ACT score with 

biomarker concentrations. In these models, the total score or individual question score 

was the dependent variable, and the concentration of each biomarker was the 

independent variable, along with the same covariate structure described in the above 

models. From the model output, we calculated percent change (95% confidence interval) 

in C-ACT score associated with an IQR increase in biomarker concentration.  

Finally, we conducted several sensitivity analyses. (1) We used co-pollutant 

models to examine whether the results obtained in the single-pollutant models can be 

retained after controlling for the co-pollutant. (2) We conducted separate analyses on 

parti cipants who had asthma exacerbation or used inhaled corticosteroids  during the 

two weeks prior to the clinical visit. (3) We tested whether asthma exacerbation status, 

inhaled corticosteroids usage, eosinophilic inflammation status, or sex would modify the  
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associations of nasal MDA with pollutant exposure . The statistical analyses were 

conducted using lme4 and lmeTest in R software (version 3.6.1). We used a P-value of 

0.05 as the cut point for statistical significance. Detailed model results (i.e. effect size, 

95% confidence interval, and p-value) are shown in Tables F2-F4. Detailed descriptions 

of codes and equations used for the statistical analyses are provided in the Supplement.  

5.2.3 Results 

5.2.3.1 Subject characteristics  

The detailed subject characteristics have been reported previously and shown in 

Table 16.72, 150 Among the  172 measurements (43 children * 4 visits/child), 31 (18%) were 

accompanied by the use of inhaled corticosteroid, 7 (4%) by asthma exacerbation, and 64 

(37%) by respiratory tract infection -like symptoms during the two weeks prior to clinical 

visits.  

Table 16. Baseline characteristics of participants.  

Subject Characteristics  Value  

Age, mean ± SD [range] (year) 7.8 ± 2.3[5-13] 

Female, No. (%) 17 (40%) 

Height, mean ± SD [range] (cm) 132.3 ± 13.3 [110.0-166.0] 

Weight, mean ± SD [range] (Kg) 31.2 ±10.3 [19.0-59.0] 

Blood eosinophil  ÊÖÜÕÛȮɯÔÌÈÕɯǷɯ2#ɯȻÙÈÕÎÌȼɯȹɤϟ+Ⱥ 378.8 ± 264.6 (80.0-1260.0) 
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Table 17. Statistical summaries of personal air pollutant exposure.  

 

 Mean ± SD  Median [IQR]  Range 

PM 2.5 ȹϟÎɤÔ3, 24-hour  average) 

Lag 0 39.5 ± 17.1 38.1 [24.8] 9.0 ɬ 86.1 

Lag 1 38.0 ± 19.5 37.7 [27.2] 4.9 ɬ 111.5 

Lag 2 34.5 ± 18.0 30.1 [31.0] 3.9 ɬ 76.6 

Lag 3 34.3 ± 14.5 32.4 [22.2] 6.2 ɬ 82.2 

Lag 4 36.1 ± 18.1 33.1 [27.2] 0.5 ɬ 92.2 

Lag 5 40.9 ± 25.4 37.2 [33.5] 3.7 ɬ 181.3 

Lag 6 40.9 ± 24.8 37.0 [30.7] 1.9 ɬ 139.0 

O3 (ppb, maximum 8 -hour average) 

Lag 0  21.8 ± 8.5 20.8 [9.3] 6.1 ɬ 52.9 

Lag 1 18.9 ± 7.1 18.4 [8.5] 5.4 ɬ 46.1 

Lag 2  19.6 ± 6.5 19.1 [7.7] 5.6 ɬ 51.5 

Lag 3  20.9± 7.0 20.2 [8.2] 6.3 ɬ 51.1 

Lag 4 21.4 ± 8.2 19.6 [8.1] 1.1 ɬ 56.4 

Lag 5  24.4 ± 10.2 22.1 [13.4] 8.5 ɬ 52.3 

Lag 6 26.6 ± 11.0 24.4 [14.5] 4.5 ɬ 56.5 
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Table 18. Statistical summaries of biomarker concentration and C -ACT scores. 

5.2.3.2 Exposure-response relationship  

The day-to-day changes in air pollutant exposures are shown in Table 17, and 

there were no strong correlations between PM2.5 and O3 exposure (Figure F2). Using the 

air pollutant exposures and biomarker concentrations shown in Table 18, we examined 

the relationships of air pollutant exposures with nasal MDA, FeNO, and urinary M DA & 

 Mean ± SD  Median 

[IQR]  

Range 

Oxidative Stress in upper respiratory tract  

Nasal MDA (ng/mL)  7.1 ± 7.0 4.7 [7.6] 0.6 ɬ 43.4 

Airway inflammation  

FeNO (ppb) 23.6 ± 20.0 17.0 [21] 5.0 ɬ 120 

Systemic oxidative stress  

Urinary MDA (ng/mg creatinine) 624 ± 691 422 [393] 71.5 ɬ 6367 

6367 Urinary 8 -OHdG (ng/mg 

creatinine) 

12.5 ± 49.9 1.9 [7.4] 0.01 ɬ 592 

C-ACT: reported by child  

Asthma control  2.6 ± 0.5 3.0 [1.0] 1.0 ɬ 3.0 

Limitation of physical activities  2.5 ± 0.7 3.0 [1.0] 0 ɬ 3.0 

Coughing  2.3 ± 0.8 2.0 [1.0] 0 ɬ 3.0 

Waking up at night  2.8 ± 0.4 3.0 [0] 2.0 ɬ 3.0 

Total 10.2 ± 1.8 10.0 [3.0] 4.0 ɬ 12.0 

C-ACT: reported by caregiver  

Daytime asthma symptoms 4.7 ± 0.7 5.0 [1.0] 0 ɬ 5.0 

Wheezing 4.8 ± 0.5 5.0 [0] 2.0 ɬ 5.0 

Waking up at night  4.9 ± 0.4 5.0 [0] 3.0 ɬ 5.0 

Total 14.4 ± 1.3 15.0 [1.0] 8.0 ɬ 15.0 



 

 144 

8-OHdG. As shown in Figure 21, we found that an IQR increase in 24-hour personal 

PM2.5 exposure measured 0, 1, 2, 3, 4, and 5 days prior to the clinic visits were associated 

with increased concentration of MDA in the nasal fluid by 38.6% (95% CI: 14.3% to 

68.1%), 39.2% (16.4% to 66.6%), 51.0% (19.1% to 91.5%), 54.9% (20.6% to 99.1%), 49.8% 

(20.3% to 86.5%), and 42.3% (8.1% to 87.5%) respectively. However, the associations of 

PM2.5 exposure with urinary MDA and 8 -OHdG were non -significant in this study.  In 

addition, an IQR increase in 24-hour PM 2.5 exposure measured four days prior was 

associated with the increase in FeNO of 10.2% (1.2% to 20.0%). Besides, IQR increases in 

maximum daily 8 -hour average O3 exposure measured two days, three days, and four 

days prior were associated with significantly increased nasal MDA by 22.1% (0.9% to 

47.9%), 69.4% (40.3% to 104.6%), and 25.1% (4.6% to 49.7%), respectively. We did not 

find a clear trend in the associations between O3 exposure and any of the two systemic 

oxidative stress biomarkers and FeNO.  
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Figure 21. Change in biomarkers (%) with one IQR increase in 24 -hour average 

PM 2.5 and maximum daily 8 -hour average O3 personal exposure. 

The associations of pollutant exposure with C-ACT scores are shown in Figure 

22. We found that day -to-day increases in personal PM2.5 and those in O3 exposure were 

associated with decreased individual symptom score and total C -ACT scores, 

respectively. Specifically, IQR increases in 24-hour personal PM 2.5 exposure measured 

one day and four days prior to the clinic visits were associated with significantly 

decreased total C-ACT score (reported by child) by 4.7% (-8.2% to -1.2%) and 4.6% (-

8.6% to -0.7%) respectively. Similarly, an IQR increase in PM2.5 exposure measured five 

days prior was associated with significantly decreased total C -ACT score (reported by 

caregiver) by 3.7% (-6.0% to -1.3%). In addition, we found that PM 2.5 exposure measured 

one day, two days, four days, and five days prior were associated with significantly 

decreased individual score for asthma control. Increasing PM2.5 exposures measured one 
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day, four days, or five days prior were significantly associated with decreased 

individual scores  for limitation of physical activities, coughing, waking up at night 

(reported by child), daytime asthma symptoms, and wheezing, respectively. Besides, we 

found that the increase in maximum daily 8 -hour average O3 exposure measured one 

day, two days, three days, four days, five days, and six days prior was associated with a 

significantly decreased score for waking up at night (reported by the child). In addition, 

increasing O3 exposure measured one day prior was associated with a decreased score 

for daytime  asthma symptoms. However, the relationships between O3 exposure and 

other C-ACT outcomes were inconclusive and non-significant.  

 

Figure 22. Change in C-ACT outcomes (%) with one IQR increase in 24 -hour 

average PM2.5 and maximum d aily 8 -hour average O3 personal . 

5.2.3.3 Relationship between C -ACT scores and biomarker concentrations  

The associations of C-ACT scores with nasal MDA, FeNO, and urinary MDA & 

8-OHdG are shown in Figure 23. We found that an IQR increase in nasal MDA was 

associated with significantly decreased scores for limitation of physical activities, 
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coughing, and total  C-ACT score (reported by child) by 8.8% (-16.3% to -1.2%), 12.7% (-

21.5% to -3.9%), and 6.7% (-11.0% to -2.4%), respectively. An IQR increase in urinary 

MDA was associated with a non -significant 4.6 % (-10.4% to 1.2%) reduction in C-ACT 

score for limitati on of physical activities. In contrast, an IQR increase in FeNO (ppb) was 

associated with a non-significant increase in the individual score for limitation of 

physical activities by 9.9% (-0.4% to 20.1%). The associations between C-ACT scores and 

urinary 8 -OHdG were inconclusive and non -significant.  

 

Figure 23. Estimated means and 95% confidence intervals for change in C -ACT 

scores (%) with one IQR increase in nasal MDA, FeNO, and urinary 8 -OHdG.  

5.2.3.4 Sensitivity analysis  

We evaluated the robustness of the results through three sensitivity analyses. 

Firstly, we investigated whether the exposure -response relationships observed in the 

single-pollutant models can be retained after controlling for the co -pollutant. As shown 
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in Figure  F3-F4, after adjusting for the co-pollutant, the exposure -response relationships 

were, for the vast majority of lag days, not markedly changed in terms of either effect 

size or statistical significance. We only found that the relationship of nasal MDA with 

personal O3 exposure with lag 4 days changed from significant to non -significant. 

Secondly, we conducted the analysis excluding measurements from participants who 

suffered asthma exacerbation or used inhaled corticosteroids  during the 2 weeks prior to 

the clini cal visit . We did not find noticeable changes in the associations of pollution 

exposure with the biomarkers and C -ACT scores and the associations between the 

biomarkers and C-ACT scores in the sub-datasets (Figure F5-F10). Thirdly, we assessed 

the interaction of pollutant exposure with asthma exacerbation status, inhaled 

corticosteroids usage status, eosinophilic inflammation status, or sex  in the LMER 

models examining the relationships of pollutant exposure and nasal MDA. The 

interactions were non-signific ant for both pollutants for the majority of the lag days 

(Table F4). 

5.2.4 Discussion 

The principal finding of this study is that personal PM 2.5 and O3 exposure 

measured several days prior were associated with increased nasal MDA  concentration 

and worsened asthma symptom  scores in asthmatic children. In addition, the increased 

nasal MDA concentration was associated with the worsened asthma symptom scores. 
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The results suggest that nasal MDA can be a useful biomarker for monitoring asthma 

worsening associated with PM2.5 and O3 exposures. 

We used a novel technology to collect nasal fluid using cellulose ester sampling 

strip. This method has been previously validated as a sensitive and reproducible 

approach to measure inflammatory cytokines in nasal fl uid. 230 In the present study, we 

firstly measured MDA in nasal fluid as a biomarker of oxidative stress in the upper 

respiratory tract and associated it with personal air pollutant exp osure. The results 

showed that the increased day-to-day changes in PM2.5 and O3 exposure were associated 

with significantly increased nasal MDA. The results were supported by previous in vitro  

and animal studies reporting that air pollutant exposure could increase the oxidative 

stress in human nasal epithelial cells and nasal mucosa of rats.35, 36 The present study, to 

the best of our knowledge, is the first to confirm the in vitro  and in vivo animal study 

findings in humans in real -world settings.  

As the first study investigating the effects of air pollution exposure on C -ACT 

scores, we found that the increases in day-to-day changes in PM2.5 and O3 exposure were 

associated with decreased individual and total C -ACT scores both reported by children 

and their caregivers, indicating worsened asthma control status. The results further 

confirmed that air pollution exposure may lead to asthma aggravation; and it is 

important to reduce air pollution exposure as a strategy of the pediatric asthma 

management.237 In addition, we fou nd that the increased nasal MDA was associated 
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with the worsened total asthma symptom scores and individual symptoms scores in  

coughing and limitation of physical activities reported by asthmatic children, while not 

with asthma symptom scores reported by caregivers. We speculate that the increased 

nasal burden of oxidative stress might have triggered an irritating sensation in the 

airway in the absence of airway inflammation (as inconclusive associations between C-

ACT scores and FeNO were found), leading to coughing and limitation of physical 

activities. This is somewhat supported by our observation that the nasal MDA 

associations were with symptom scores reported by children but not by caregivers, 

because children should be more sensitive to their own sensory changes. Further studies 

are needed to understand the underlying biological mechanisms linking oxidative stress 

in the upper respiratory tract and changes in asthma symptoms.  

ROS-induced oxidative stress in the respiratory tract may spill over to the 

circulatory system. Thus, we examined the associations of urinary MDA and 8 -OHdG , 

as biomarkers of systemic oxidative stress, with air pollution exposure and C -ACT 

scores in asthmatic children. The associations of air pollution exposure with urinary 

MDA and  8-OHdG were non -significant and inconclusive in terms of effect size and 

statistical significance. The results were inconsistent with a previous study finding that 

air pollution exposure was associated with increased thiobarbituric acid -reactive 

substances, indicating increased systemic oxidative stress in children with asthma. 238 The 

inconsistency might be attributed to the differences in demographic characteristics, air 
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pollution exposure assessment inaccuracy, and other unmeasured potential 

confounders. Similarly, we did not find clear and significant associations  of biomarkers 

of systemic oxidative stress with asthma symptom scores, except for a negative 

association between urinary MDA and asthma symptom for physical activity limitation. 

The results were not in line with a previous study finding that the systemic oxidative 

stress of people with asthma were increased during asthma exacerbation.239 However, in 

this study, for 96% of the measurements, no asthma exacerbation was reported during 

the 2-week period prior to the clinical visits. We, hence, think that the symptoms in 

children with mild and moderate asthma, in the absence of asthma exacerbation, might 

not be sensitive enough to reflect the changes in systemic oxidative stress levels.  

FeNO, as a biomarker widely used in asthma diagnosis and prognosis,225, 240 was 

associated with daily PM 2.5 exposure in the present study, and the results are consistent 

with previous findings .33 The results further confirmed that FeNO was a sensitive 

biomarker of air pollution exposure induced airway inflammation. 241 On the other hand, 

we did not find significant associations of FeNO with asthma symptom scores in 

asthmatic children, except for a positive association between FeNO and individual C -

ACT score for physical activity limit ation. The results were supported by a previous 

study reporting that there was non -significant difference in the proportion of C -ACT 

and FeNO in evaluating pediatrics asthma control. 242 The results may be due to the large 

variability in FeNO level among asthmatic patients with different asthma heterogeneity 
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phenotypes, for which the clinical benchmarks have not been developed yet.204 Further 

research is needed to investigate the relationships of FeNO with asthma symptoms in 

different phenotypes.  

Asthma exacerbation and inhaled corticosteroids usage may affect airway 

inflammation and oxidative stress in the respiratory tract and/or circulatory system. For 

this reason, we conducted sensitivity analyses removing participants who suffered an 

asthma exacerbation and used inhaled corticosteroids  during th e two weeks prior to the 

clinical visit. The results of this sub -set analysis and co-pollutant models did not change 

the findings from the main analysis ( see Figure F3-F10). In addition, in considering the 

non-significant pollutant exposure by asthma exacerbation status, inhaled 

corticosteroids usage, eosinophilic inflammation status, or sex  interaction (see Table F4), 

these four factors did not appear to modify the relationships of pollutant exposure and 

nasal MDA. On the other hand, the current study leve raged an air purification 

intervention to manipulate personal exposure to PM 2.5 and O3. The use of air purifiers 

might affect the exposure to gaseous pollutants, including volatile organic compounds 

and semi-volatile organic compounds. We were not able to assess personal exposure to 

these gaseous co-pollutants. Hence, a limitation of this study is that our findings on 

PM2.5 and O3 effects may be subject to confounding by other co-pollutants.  
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5.2.5 Conclusion 

The significant associations of nasal MDA with b oth air pollution exposure and 

asthma symptom scores indicated that air pollution exposure might lead to changes in 

oxidative stress in the nose and these changes were also related to asthma symptoms. 

The results confirm that oxidative stress, measured in the nasal fluid, is an important 

pathophysiologic pathway linking air pollution exposure and adverse respiratory health 

effects. These findings, along with the noninvasiveness of nasal fluid collection using a 

simple and inexpensive paper strip, suggest the potential importance of using nasal 

MDA as a biomarker for monitoring asthma status in relation to air pollutant exposures. 

The analysis of MDA can be readily and cost-effectively done in the lab using existing 

techniques, which makes nasal MDA a useful biomarker of oxidative stress in the upper 

respiratory tract. If this biomarker finds a wide application in the personalized asthma 

ÊÖÕÛÙÖÓɯÔÈÕÈÎÌÔÌÕÛȮɯÐÛɯÞÐÓÓɯÔÖÛÐÝÈÛÌɯÌÍÍÖÙÛÚɯÛÖɯËÌÝÌÓÖ×ɯȿËÐÙÌÊÛ-ÙÌÈËɀɯÛÌÊÏÕÖÓÖÎÐÌÚɯÍÖÙɯ

measuring nasal MDA.  
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5.3 Part C: The Role of Endogenous Melatonin in 
Pathophysiologic and Oxidative Stress Responses to Personal 

Air pollutant Exposures in Asthmatic Children  

The accompanying supporting information is included in Appendix G. 

5.3.1 Introduction  

Asthma is a common chronic and non-communicable disease in both children 

and adults.19 The prevalence of asthma is increasing in many regions of the world.20 

Exposure to air pollutants, including airborne fine particles (PM 2.5) and ozone (O3), has 

often been associated with exacerbation of asthma.22 

 Melatonin is a hormone endogenously excreted by the pineal gland with a 

marked circadian rhythm .37 It is also a potent antioxidant and anti -inflammatory 

molecule that can suppress oxidative stress and inflammation in pulmonary and 

circulatory systems.65, 243 Melatonin can also inhibit mucus production by suppressing 

related gene expression, and it helps to improve asthma symptoms.67 In addition, 

melatonin plays an important role in the inhibition of eosinophil peroxidase, which 

catalyzes the formation of oxidants and is a critical enzyme involved in the pathogenesis 

of asthma.66 As the induction of oxidative stress and inflammation is an important 

pathophysiologi cal pathway linking air pollution exposure and pulmonary 

dysfunction ,22, 244 we hypothesized that melatonin plays an important role in oxidative 

stress and physiological responses to air pollution exposure in people with asthma.  
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To investigate this hypothesis, we leveraged the data collected from a cohort of 

43 asthmatic children. We longitudinally measured multiple pulmonary  health 

outcomes four times, including airway mechanics, lung func tion, and airway 

inflammation. Urinary 6 -sulfatoxymelatonin (aMT6s) was measured as a surrogate of 

circulating melatonin .40 We measured urinary malondialdehyde (MDA) and 8 -hydroxy -

2'-deoxyguanosine (8-OHdG) as two biomarkers of systemic oxidative stress.112, 114 We 

have previously examined the relationships of these pulmonary health outcomes and 

biomarkers of oxidative stress with personal exposures to PM 2.5 and O3.150, 245 In this 

ÚÛÜËàȮɯÞÌɯÈÐÔɯÛÖɯÌß×ÓÖÙÌɯÞÏÌÛÏÌÙɯÌÕËÖÎÌÕÖÜÚɯÔÌÓÈÛÖÕÐÕɯÈÍÍÌÊÛÚɯÈÚÛÏÔÈÛÐÊɯÊÏÐÓËÙÌÕɀÚɯ

pulmonary response to air pollution exposure by examining the following relationships 

(1) pollutant exposures and urinary aMT6s, (2) urinary aMT6s and biomarkers of 

systemic oxidative stress, and (3) urinary aMT6s and indicators of pulmonary 

physiology.  

5.3.2 Methods 

5.3.2.1 Study participants  

We recruited  43 children with mild or moderate asthma at the Shangha i General 

Hospital, located in Songjiang, a suburb of Shanghai, China. Each child had at least one 

episode of asthma exacerbation in the year preceding the study. Oral assent and written 

consent were obtained from all participants and their guardians, resp ectively. The study 
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protocol was approved by the Ethics Committee of Duke University Campus IRB and 

Shanghai General Hospital. 

5.3.2.2 Study design 

The detailed study design has been published previously .72 Briefly, this study 

leveraged data collected in a double-blind, randomized crossover study in whi ch indoor 

PM2.5 and O3 concentrations were manipulated through the operation of a portable air 

×ÜÙÐÍÐÌÙɯȹ ÛÔÖÚ×ÏÌÙÌəȮɯ ÔÞÈàȮɯ42 ȺɯÐÕɯÊÏÐÓËÙÌÕɀÚɯÉÌËÙÖÖÔÚɯÍÖÙɯÛÞÖɯÞÌÌÒÚɯÈÛɯÈɯÛÐÔÌɯ

for two distinct intervention periods ɬ once with a fully functional purifier a nd once 

with only a coarse pre-filter included. The two intervention periods were separated by a 

two -week washout period. Each air purifier was equipped with a coarse filter, a high -

efficiency particulate air (HEPA) filter, and an activated carbon filter t o remove 

particulate matter and O 3. The operation schedule of the air purifier is shown in Figure 

G1. The impact of these interventions on indoor air quality has been previously 

reported.193-198, 229, 246 In the current study, the analysis is based on a panel study design in 

which children were clinically assessed four times. Specifically, there were two visits for 

each two-week intervention period, with one at the beginning and one at the end of the 

intervention. Efforts were made to conduct all measurements at the same time of day for 

all four visits  from  February 14 to April 14, 2017. 
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5.3.2.3 Air pollution exposure assessment  

The concentration of PM2.5 and O3 were simultaneously  and continuously 

measured ÐÕɯÊÏÐÓËÙÌÕɀÚɯÉÌËÙÖÖÔÚɯÈÕËɯÖÜÛÚÐËÌɯÈɯÞÐÕËÖÞɯÖÍɯÛÏÌÐÙɯÏÖÔÌÚȭɯ3ÏÌÚÌɯ

pollutants were measured using a sensor box equipped with a Plantower PMS3003 

sensor for PM2.5 and an Alphasense sensor (OX-A4) for O 3, and hourly averages of 

pollutant concentrations were generated. The sensors were field-calibrated before and 

after the study period and previously validated in various cities .194, 199-201 We also 

obtained hourly averages of ambient relative humidity, temperature, PM 2.5, and O3 

concentrations from the governmental environmental monitoring station closest to the 

research clinic (~9 km away) where children were assessed by a physician. In this study, 

we further calculated ambient air pollutant concentrations by averaging the 

concentrations measured by our outdoor sensors and the monitoring station to achieve a 

more precise estimation. Indoor/outdoor (I/O) ratios (Table G1) were used to calculate 

pollutant concentrations in different indoor microenvironments where no actual 

pollutant measurements were obtained; these ratios were based on the literature for 

similar building structures .71, 175 Combining the measured or calculated pollutant 

concentrations and detailed time-activity data, we calculated 24-hour average personal 

PM2.5 exposure and daily maximum 8 -hour average personal O3 exposure zero to five 

days (lag day 0-5) prior to each of the clinical visits. A detailed exposure assessment has 

been published previously .150 
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5.3.2.4 Health outcomes  

We measured the following pathophysiologic indicators of respiratory health. 

Fractional exhaled nitric oxide (FeNO), as a biomarker of pulmonary inflammation, 

using a NIOX VERO (Circassia Pharmaceuticals Inc., USA). Airway mechanics 

indicators were measured bàɯÐÔ×ÜÓÚÌɯÖÚÊÐÓÓÖÔÌÛÙàɯȹ,ÈÚÛÌÙ2ÊÙÌÌÕɚɯ(.2Ȯɯ!ÌÊÛÖÕȮɯ

Dickinson and Company, Germany), including airway resistance at 5 Hz (R 5), resistance 

at 20 Hz (R20), R5-R20, impedance at 5 Hz (Z5), reactance at 5 Hz (X5), and resonant 

frequency (Fres). Increased R5, R20, R5-R20, and Z5 reflect increased total airway resistance, 

large airway resistance, small airway resistance, and airway impedance, respectively. 

Decreased X5 and increased Fres indicate worsened airway resilience. Pulmonary 

function was measured by spiroÔÌÛÙàɯȹ,ÈÚÛÌÙ2ÊÙÌÌÕɚɯ/%3ɯÚàÚÛÌÔȮɯ!ÌÊÛÖÕȮɯ#ÐÊÒÐÕÚÖÕɯ

and Company, Germany), including forced expiratory volume in the first second (FEV 1), 

forced vital capacity (FVC), FEV1/FVC ratio, peak expiratory flow (PEF), and forced 

expiratory flow at 25 -75% of the FVC (FEF25-75). Following standard clinical measurement 

procedures, we used the highest values among three consecutive airway mechanics and 

lung function measurements with variation smaller than 5%.  

Urinary  MDA  was measured using a method previously described.112 Urinary 

aMT6s and 8-OHdG were simultaneously measured using a HPLC -tandem mass 

spectrometry method previously reported .121 
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5.3.2.5 Statistical analysis  

We report medians with in terquartile range (IQR) and range for participants' 

baseline characteristics. First, we used linear mixed-effects regression (LMER) models to 

examine the relationships between the concentration of urinary aMT6s and air pollutant 

exposures. In these models, the urinary concentration of aMT6s was the dependent 

variable, and air pollutant exposure was the independent variable. We included fixed -

effects for sex, age, ambient temperature and relative humidity averaged over the same 

time period as the pollutant e xposure, upper respiratory tract infection -like symptoms, 

sleep duration, asthma exacerbation status, use of inhaled corticosteroids, use of 

supplements (i.e., vitamin, cod liver oil, and probiotics), dust allergy status, baseline 

eosinophil count, and tra vel status (whether or not the participant had traveled during 

the two weeks prior to each of the clinical visits). We included subject ID and the day of 

the week for the clinical visit as random -effect variables. From the model output, we 

calculated the percent change (and 95% confidence interval) of urinary aMT6s 

concentration associated with an IQR increase in air pollutant exposure.  

Second, we used LMER models to examine the relationships between the 

concentration of urinary aMT6s and biomarkers of oxi dative stress (i.e. urinary MDA 

and 8-OHdG). In these models, urinary concentration of aMT6s was the dependent 

variable, and the concentration of urinary MDA or 8 -OHdG was the independent 

variable. We controlled for 24-hour average ambient temperature and relative humidity 
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and personal exposure to PM2.5 and O3 at lag 0 along with the other fixed - and random-

effects variables described in the first set of models. From the model output, we 

calculated the percent change (and 95% confidence interval) in the urinary aMT6s 

associated with an IQR increase in urinary MDA or 8 -OHdG concentration.  

Third, we used LMER models to examine the relationships between pulmonary 

health outcomes and the concentration of urinary aMT6s. In these models, each of the 

pulmonary hea lth outcomes was the dependent variable, and the concentration of 

urinary aMT6s was the independent variable , along with the same covariate structure 

described in the second set of models. From the model output, we calculated the percent 

change (and 95% confidence interval) in the pulmonary health outcomes associated with 

per IQR increase in urinary aMT6s concentration.  

Finally, we conducted two sensitivity analyses. First, we examined whether the 

results obtained in the single-pollutant models can be retained after controlling for the 

copollutant. Second, we further conducted separate analyses by excluding participants 

who had asthma exacerbation during the two weeks prior to each of the clinical visits (7 

measurements from 6 subjects). All statistical analyses were conducted using lme4 and 

lmeTest in R software (version 3.6.1).183, 184 A P-value of 0.05 was set as the cut point for 

statistical significance. A detailed description of equations used for the statistical models 

is provided in Supporting Information.  
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5.3.3 Results 

5.3.3.1 Participant characteristics  

Table 19 shows the baseline characteristics of participants. For the 43 children, 

the average age was 7.8 years and 17 (40%) were female. Of all of the clinic visits (n=172), 

64 (37.2%) reported pulmonary infection-like symptoms, 64 (37.2%) used 

supplementation, 31 (18.0%) used inhaled corticosteroid, and 7 (4.1%) reported asthma 

exacerbation during the two weeks prior to each of the clinical visits. During the study 

period, the average (SD) sleep duration was 9.0 (0.8) hours per night. None of the 

participants reported using melatonin supplementation, and the urin ary concentration 

of aMT6s measured in this study are within the range previously measured for healthy 

children aged 2.5 to 15.5 years.247 

Table 19. Baseline characteristics of participants.  

Subject Characteristics  Value  

Age, mean ± SD [range] (year) 7.8 ± 2.3 [5-13] 

Female, No. (%) 17 (40%) 

Weight, mean ± SD [range] (kg) 31.2 ± 10.3 [19.0-59.0] 

Height, mean ± SD [range] (cm) 132.3 ± 13.3 [110.0-166.0] 

Dust allergy, No. (%) 10 (23%) 

Blood eosinophil count, mean ± SD [range] (/µL)  378.8 ± 264.6 [80.0-1260.0] 
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Table 20. Statistical summaries of personal air pollutant exposure.  

 

5.3.3.2 Relationships between urinary aMT6s and air pollution exposure  

The day-to-day personal air pollutant exposures are shown in Table 20, and we 

did not find strong Spearman correlations between personal PM 2.5 and O3 exposure 

(Table G2). Using the personal pollutant exposures and concentrations of aMT6s shown 

in Table 21, we examined the relationships between urinary aMT6s concentration and 

pollutant exposures. As shown in Figure 24, we found that an IQR increase in maximum 

daily 8-hour average O3 personal exposure measured 1-, 2-, 3-, and 5-days prior to the 

clinic visits was associated with increased urinary aMT6s concentration by 23.0% (95% 

CI: -1.0% to 52.8%), 28.5% (6.6% to 54.9%), 30.5% (9.0% to 56.3%), and 40.7% (13.2% to 

74.8%), respectively. In addition, we found that an IQR increase in 24-hour personal 

PM2.5 exposure measured 0-, 1-, and 2-days prior was associated with increased urinary 

aMT6s concentration by 17.0% (-1.9% to 39.5%), 16.8% (-3.8% to 41.8%), and 26.4% (0.3% 

to 59.3%), respectively. 

 Median [IQR]  Mean ± SD Range 

PM 2.5 ȹϟÎɤÔ3, 24-hour  average) 

Lag 0 38.1 [24.8] 39.5 ± 17.1 9.0 ɬ 86.1 

Lag 1 37.7 [27.2] 38.0 ± 19.5 4.9 ɬ 111.5 

Lag 2 30.1 [31.0] 34.5 ± 18.0 3.9 ɬ 76.6 

Lag 3 32.4 [22.2] 34.3 ± 14.5 6.2 ɬ 82.2 

Lag 4 33.1 [27.2] 36.1 ± 18.1 0.5 ɬ 92.2 

Lag 5 37.2 [33.5] 40.9 ± 25.4 3.7 ɬ 181.3 

O3 (ppb, maximum 8 -hour average) 

Lag 0  20.8 [9.3] 21.8 ± 8.5 6.1 ɬ 52.9 

Lag 1 18.4 [8.5] 18.9 ± 7.1 5.4 ɬ 46.1 

Lag 2  19.1 [7.7] 19.6 ± 6.5 5.6 ɬ 51.5 

Lag 3  20.2 [8.2] 20.9± 7.0 6.3 ɬ 51.1 

Lag 4 19.6 [8.1] 21.4 ± 8.2 1.1 ɬ 56.4 

Lag 5  22.1 [13.4] 24.4 ± 10.2 8.5 ɬ 52.3 
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Table 21. Pulmonary health outcomes and concentrations of urinary aMT6s, 

MDA, and 8 -OHdG.  

 

Median 

[IQR]  

Mean ± SD  Range 

Melatonin     

aMT6s (ng/mg creatinine) * 3.1 [1.0] 3.2 ± 0.9 1.1 ɬ 6.9 

Airway Mechanics    

Z5 (cm H20/L/s) 8.9 [3.5] 8.9 ± 2.5 1.8 ɬ 16.1 

R5 (cm H20/L/s) 8.3 [3.2] 8.3 ± 2.5 -0.24 ɬ 15.26 

R20 (cm H20/L/s) 5.4 [2.1] 5.5 ± 1.5 1.65 ɬ 11.1 

R5-R20 (cm H20/L/s) 2.8 [1.9] 2.9 ± 1.8 -4.6 ɬ 9.5 

X5 (cm H20/L/s) -2.1 [1.9] -2.0 ± 2.4 -12.1 ɬ 8.2 

Fres (Hz) 21.1 [5.8] 19.1 ± 6.3 3.2 ɬ 32.2 

Lung Function     

FEV1 (L) 1.6 [0.7] 1.7 ± 0.5 0.9 ɬ 3.3 

FVC (L) 1.9 [0.8] 2.1 ± 0.6 1.1 ɬ 4.4 

FEV1/FVC (%) 84.8 [11.7] 83.1 ± 8.1 60.8 ɬ 97.6 

PEF (L/s) 1.6 [0.8] 1.7 ± 0.6 0.6 ɬ 3.8 

FEF25-75 (L/s) 3.6 [1.6] 3.9 ± 1.1 1.8 ɬ 7.2 

Airway Inflammation     

FeNO (ppb) 17.0 [21.0] 23.6 ± 20.1 5.0 - 120 

Oxidative Stress     

MDA (ng/mg creatinine) * 6.0 [0.9] 6.1 ± 0.8 4.3 ɬ 10.0 

8-OHdG (ng/mg creatinine) * 0.6 [2.7] 0.5 ± 2.2 -4.5 ɬ 6.4 

* natural logarithm transformed  
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Figure 24. Change in urinary aMT6s (%) for an IQR increase in 24 -hour average 

PM2.5 exposure and maximum daily 8 -hour average O3 personal exposure. 

5.3.3.3 Relationships of urinary aMT6s with urinary MDA and 8 -OHdG  

Using the concentrations of aMT6s, MDA, and 8-OHdG shown in Table 21, we 

examined the relationships of urinary aMT6s with urinary MDA and 8 -OHdG 

concentration. As shown in Figure 25, we found that an IQR increase in urinary MDA 

and 8-OHdG concentrations were associated with significantly increased urinary aMT6s 

concentrations by 73.4% (52.6% to 97.0%) and 41.7% (22.8% to 63.4%), respectively. 
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Figure 25. Estimated means and 95% confidence intervals for change in urinary 

aMT6s (%) for an IQR increase in urinary MDA or 8 -OHdG.  

5.3.3.4 Relationships between aMT6s and pulmonary health outcomes  

Using the concentrations of aMT6s and pulmonary health outcomes shown in 

Table 21, we examined the relationships between pulmonary health outcomes and 

urinary aMT6s concentration. As shown in Figure 26, we found that an IQR increase in 

urinary aMT6s concentration  was associated with significantly decreased Fres and FeNO 

by 8.1% (-14.3% to -1.8%) and 8.1% (-15.5% to -0.1%), respectively. 

 

Figure 26.  Estimated means and 95% confidence intervals for change in 

pulmonary health outcomes (%) one IQR increase in urinary aMT6s.  
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5.3.4 Discussion 

As a potent antioxidant and anti-inflammatory molecule, melatonin generated 

endogenously may play a role in pathophysiologic responses to air pollution exposure. 

The main findings of this study include: (1) that urinary MDA or 8 -OHdG 

concentrations were significantly and positively a ssociated with urinary aMT6s 

concentrations; (2) that increases in daily personal exposure to O3 and PM2.5 were 

significantly associated with increased urinary aMT6s concentrations; and (3) that 

increased urinary concentration of aMT6s was associated with decreased airway 

inflammation (FeNO) and improved airway resilience (Fres). Taking these results 

together with our previous finding that increasing exposure to PM 2.5 and to O3 was each 

associated with increased systemic oxidative stress in the same study subjects,245 we 

present evidence to support a novel biological mechanism that air pollution exposure -

induced reactive oxygen species (ROS) may stimulate the excretion of melatonin, which 

may be beneficial to pulmonary health because melatonin can suppress airway 

infla mmation and improve airway resilience.  

This study found that an IQR increase in urinary MDA and 8 -OHdG 

concentration was associated with significantly increased urinary aMT6s concentration 

by 73.4% (52.6% to 97.0%) and 41.7% (22.8% to 63.4%), respectively. The results were 

consistent with our previous study reported that an IQR increase in urinary MDA and 8 -

OHdG concentration  was associated with significantly increased urinary aMT6s 
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concentration by 9.3% (3.4% to 15.6%) and 17.4% (10.3% to 25.0%), respectively, in 

healthy adults, aged 19-52 years old.154 These positive associations could be explained by 

a recent study reporting that melatonin could be synthesized in mitochondria in 

response to the increases in oxidative stress at the cellular level.125 It could also be an 

important mechanism that leverages melatonin as a key endogenous factor in limiting 

oxidative damages.53 On the other hand, the effect sizes of these associations are greater 

in asthmatic children than those in healthy adults. The results suggest a stronger ROS-

induced stimulation of melatonin secretion in asthmatic children than in healthy adults. 

The underlying mechanisms need to be further investigated.  

In th is study, we found that short-term (Lag 0 or Lag 1) exposure to air 

pollutants was not significantly associated with urinary aMT6s concentrations in 

asthmatic children (see Figure 24). The results were supported by our previous study 

finding nonsignificant associations of urinary aMT6s concentrations with 12 -hour and 

24-hour average personal air pollutant exposures (PM 2.5, O3, and NO2) in healthy 

adults.154 A potential explanation is that ROS induced by short -term air pollution 

exposure may neutralize circulating melatonin and stimulate melatonin excretion, 

leading to a net nonsignificant change in circulating melatonin.  

In contrast, we found  that PM 2.5 exposure measured 2 days prior and O3 

exposure measured 2, 3, and 5 days prior were associated with significantly increased 

urinary aMT6s concentration. The results suggest that it may take a longer time for the 



 

 168 

air pollution -induced stimulation of melatonin to exceed the amount of melatonin that is 

neutralized. The result could be partially supported by o ur previous finding that a 2 -

week average PM2.5 and SO2 exposure are significantly and positively associated with 

urinary aMT6s concentration in healthy adults .234 However, in the same study, we also 

found that 2 -week average O3 exposure was negatively associated with urinary aMT6s. 

This inconsistency might be attributed to the strong negative correlations of 2 -week O3 

exposure with 2-week NO 2 (R2=0.85) and SO2 (R2=0.79) exposures and the difference in 

the age (children versus adults) and disease status (asthmatic versus healthy) of the 

study participants. Future studies are suggested to further investigate the effects of long-

term air pollution exposure on circula ting melatonin level considering a design with a 

larger sample size and well-controlled co-pollutant exposures.  

In this study, we found  that increasing aMT6s concentrations were significantly  

associated with decreasing FeNO and Fres values. To the best of our knowledge, this is 

the first study in  humans to investigate the relationships of endogenous melatonin with 

FeNO and airway mechanics. The present results could be partially supported by the 

findings in mice with ovalbumin -induced allergic asthma.248 The rodent study showed 

that melatonin administration (10 -15 mg/kg) significantly attenuated airway 

inflammation and hyperresponsiveness, decreased the number of inflammatory cells 

and inflammatory cytokines, reduced the mucus production  in lung tissue, and largely 

suppressed the expression and activity of matrix metallopeptidase 9 (MMP -9).248 It has 
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been reported that MMP -9 mediates airway remodeling by regulating the infiltration of 

inflammatory cells .249 The overexpression of MMP-9 could increase T-helper type 2 

cytokine levels,250 which have been widely associated with the activation and maturation 

of eosinophils, leading to the aggravation of the asthmatic responses.251 Increased MMP-

9 level in lung tissue has been found in people with asthma and a murine asthma 

model.252, 253 These previous results suggest that melatonin could attenuate airway 

inflammation and improve airway mechanics by sup pressing the expression of MMP-9 

and reducing inflammatory molecules. Hence, t he results of the present study further 

suggest that ROS-stimulated melatonin may serve as a defense mechanism to alleviate 

the adverse effects of air pollution on airway resilie nce and inflammation in children 

with asthma.  In spite of this defense mechanism, there was a net adverse effect of air 

pollution exposure on airway inflammation, illustrated by our previous finding that 

increased personal exposures to PM2.5 and O3 were associated with increased FeNO in 

the same study subjects.150 

On the other hand, we found nonsignificant relationships of urinary aMT6s with 

lung function, airway resistance, and airway reactance. The results were inconsistent 

with a previous study reporting that increased circulating melatonin levels were 

significantly associated with decreased FEV1 in patients with nocturnal asthma .68 In the 

same study, the authors also reported that peak circulating melatonin levels in patients 

with nocturnal asthma were significantly higher than those of the healthy controls. The 
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authors hypothesized that this adverse pulmonary health effect might be attributed to 

the mÌÓÈÛÖÕÐÕɀÚɯÌÍÍÌÊÛÚɯÖÕɯÛÏÌɯÈÜÎÔÌÕÛÈÛÐÖÕɯÖÍɯ×ÌÙÐ×ÏÌÙÈÓɯÉÓÖÖËɯÔÖÕÖÕÜÊÓÌÈÙɯÊÌÓÓɯ

production of pro -inflammatory cytokines, including Interleukin -1, Interleukin -6, and 

Tumor necrosis factor-ϔ.254 However, no further studies have been done to test this 

hypothesis. The discrepancy between the previous and the current study might be 

attributed to different asthma phenotypes and other uncontrolled confounders.  

Concerning the adverse relationships between circulating melatonin and lung 

function examined in some of the previous observational studies, the use of melatonin 

supplementation as a sleep promoter is not recommended for asthmatic patients.65, 68 

One study, however, found that following oral supplementation of 3 mg melatonin 2 

hours before bedtime for 28 days, people with mild or moderate asthma reported 

improved sleep quality, albeit without significant changes in asthma symptoms, 

pulmonary functio n, and asthma medication usage.255 In contrast, in this study, we 

found that increasing levels of endogenous melatonin were significantly associated with 

reduced airway inflammation and improved airway resilience. Concerning the 

established understanding of the beneficial effects of melatonin on neutralizing ROS, 

suppressing inflammation, and improving sleep quality, we argue that the use of 

melatonin supplementation  or treatment in people with asthma is worth further 

investigation. It is premature to discourage or recommend the use of melatonin 

supplementation based on the limited body of literature on this topic.  
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A limitation  of this study is the lack of direct measurement of light exposure, 

which affects circulating melatonin levels. However, the following features of the study 

design and data analysis help minimize the influence of this limitation on the main 

findings. First, we adjusted for sleep duration in our L MER models to control for 

potential light exposure. Second, to take into account diurnal variation in circulating 

melatonin levels, we tried to collect urine samples at the same time of day for all four 

visits. Third, we controlled ambient temperature and relative humidity averaged over 

the past day, reflecting outdoor weather as a proxy for outdoor light exposure. Fourth, 

we used linear mixed-effects models with subject ID as the random effect to control the 

potential differential average light exposure of  different subjects.  

The robustness of the main results was evaluated through two sensitivity 

ÈÕÈÓàÚÌÚȭɯ%ÐÙÚÛȮɯÈÍÛÌÙɯÈËÑÜÚÛÐÕÎɯÍÖÙɯÛÏÌɯÊÖ×ÖÓÓÜÛÈÕÛȮɯÛÏÌɯÌß×ÖÚÜÙÌǸÙÌÚ×ÖÕÚÌɯÙÌÓÈÛÐÖÕÚÏÐ×Úɯ

between air pollutant  exposures and urinary aMT6s concentration were, for the vast 

majority of lag days, not markedly changed in terms of both statistical significance and 

effect size (Figure G2). As asthma exacerbation largely affects the pulmonary health 

system, we conducted sensitivity analyses on a subset of the measurements, excluding, 

on a visit-by-visit basis, measurements of participants who had asthma exacerbation 

during the two weeks prior t o each clinical visit (7 measurements from 6 participants 

were excluded). The results show no marked difference from the results of the main 
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analyses, in terms of both statistical significance and effect size (Figure G3-G5), 

supporting the robustness of our main findings.  

5.3.5 Conclusion 

Within  the natural range of aMT6s concentrations, increasing urinary MDA or 8 -

OHdG concentration was associated with increased urinary aMT6s concentrations in 

asthmatic children. The result suggests that increasing systemic oxidative stress levels 

stimulate melatonin excretion. We found that increases in daily personal exposure to O 3 

and PM2.5 measured 2-5 days prior were associated with increased urinary aMT6s 

concentrations. We also found that increased concentration of urinary aMT6s was 

associated with improved pulmonary inflammation (reduced FeNO) and airway 

resilience (decreased Fres). Taking these results together with our previous findings that 

increased exposure to O3 or PM2.5 was associated with worsened airway mechanics and 

inflammation, increased systemic oxidative stress may stimulate the excretion of 

melatonin as a defense mechanism to alleviate the adverse effects of air pollution 

exposure.  
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Chapter 6. Conclusions 

6.1 Conclusions 

One major pathophysiologic pathway linking air pollutant exposures and 

adverse health outcomes is the induction of reactive oxygen species (ROS) and 

inflammation  by inhaled pollutants . Melatonin is an important hormone excreted by the 

pineal gland with a m arked circadian rhythm. 37 Melatonin  can reduce oxidative stress by 

directly neutralizing ROS, stimulating antioxidant enzymes, and suppressing the 

activity of pro -oxidant enzymes.53 In addition, melatonin can modulate inflammatory 

responses. Concerning oxidative stress and inflammation in the pulmonary system are 

critical factors in the  pathogenesis of respiratory diseases, melatonin may also play an 

important role in respiratory health. 65  

This dissertation research aims to investigate the role of melatonin in 

pathophysiological responses to ÈÐÙɯ×ÖÓÓÜÛÐÖÕɯÌß×ÖÚÜÙÌȭɯ(ÛɯÍÖÊÜÚÌÚɯÖÕɯÔÌÓÈÛÖÕÐÕɀÚɯÌÍÍÌÊÛÚɯ

on the oxidative, inflammatory, and physiological responses to air pollution exposure.  

In Aim 1 of this dissertation, an analytical method using HPLC -MS to 

simultaneously measure urinary aMT6s, a major metabolite of melatonin, and 8 -OHdG, 

a product of DNA oxidative damage, was developed. Compared with conventional 

methods, this new method reduced sample treatment time and cost by replacing a 

multi -step solid phase extraction procedure with a liquid -liquid extraction procedure. In 

addition, this new method has adequate precision, accuracy, and sensitivity to measure 
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both urinary 8 -OHdG  and aMT6s, a major metabolite of melatonin and a well -

established surrogate of circulating melatonin .  

In Aim 2 of t his dissertation, the effects of melatonin on the systemic oxidative 

responses to air pollution exposure in healthy adults were investigated. Urinary aMT6s 

concentration was significantly and positively associated with urinary MDA and 8 -

OHdG concentrations. A potential hypothesis is that cellular oxidative stress may 

stimulate the production of melatonin in the cells. I also found that natural variation in 

urinary aMT6s concentration is a potential confounder for the relationships between 

short-term air pol lution exposure (12-hour) and biomarkers of oxidative stress. 

Within the Aim 3 of this dissertation, the effects of melatonin on the 

inflammatory responses to air pollution exposure in healthy adults were investigated. 

Aim 3 comprises of Part A and Part B. 

In Part A of Aim 3, the relationships between air pollution exposures and 

inflammatory cytokines were examined. The exposure -response analyses showed that 

O3 exposure was significantly associated with pro -inflammatory cytokines, and these 

associations were affected by exposure time durations. Specifically, shorter-term O3 

exposure (12-hour) was associated with decreased concentrations of pro-inflammatory 

cytokines. However, longer -term O3 exposure was associated with increased 

concentrations of pro-inflamm atory cytokines. The relationships between inflammatory 

cytokines with PM 2.5, NO2, and SO2 exposures were nonsignificant and unclear. 
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In Part B of Aim 3, the role of melatonin in inflammatory responses to air 

pollution exposure was investigated. I found significant and negative associations 

between urinary aMT6s concentration and plasma pro -inflammatory cytokines and 

between 2-week O3 exposure and urinary aMT6s concentration. The results of mediation 

analyses indicated that urinary aMT6s could be a potential mediator for the associations 

between 2-week O3 exposure and pro-inflammatory cytokines examined in Part A of 

Aim 3.  

Within the Aim 4  of this dissertation , the role of melatonin in the physiological 

and oxidative responses to air pollution exposure in asthmatic children was 

investigated. Lung function and airway inflammation (FeNO) were measured as 

conventional indicators of airway phys iology. In addition to that, airway mechanics 

were measured to indicate physiological changes in airways, especially in small airways.  

 In Part A of Aim 4, the relationships of pollution exposures and pulmonary 

physiology indicators were examined. Day -to-day changes in personal exposure to PM2.5 

was associated with worsened airway inflammation and small and total airway 

resistance. These associations were not affected by the co-presence of O3 at low levels 

when O3 itself was not associated with any of the pulmonary  outcomes. 

In Part B of Aim 4, I investigated whether MDA in the nasal fluid could be useful 

in asthma control in relation to air pollution exposure. The significant associations of 

nasal MDA with both air pollution exposure and asthma symptom scor es indicated that 
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air pollution exposure might lead to changes in oxidative stress in the nose, and these 

changes were also related to asthma symptoms. The results confirm that oxidative stress, 

measured in the nasal fluid, is an important pathophysiologic  pathway linking air 

pollution exposure and adverse respiratory health effects.  

To understand the role of melatonin in physiological responses to air pollution 

exposure, Part C of Aim 4 investigates the relationships of urinary aMT6s  with personal 

air pol lutant exposure, indicators of pulmonary physiology , and biomarkers of oxidative 

stress. The results found that increased urinary MDA or 8 -OHdG concentration was 

associated with increased urinary aMT6s concentration in asthmatic children. The result 

suggests that increasing oxidative stress levels in the circulatory system may stimulate 

melatonin excretion. We found that an increase in daily personal exposure to O3 and 

PM2.5 measured 2-5 days prior to the urine collection  were associated with increased 

urin ary aMT6s concentration. We also found that increased concentration of urinary 

aMT6s was associated with improved pulmonary inflammation (reduced FeNO) and 

airway resilience (decreased Fres). Taken these results together with our previously 

finding that in creased exposure to O3 or PM2.5 was associated with worsened airway 

mechanics and inflammation, increased systemic oxidative stress may stimulate the 

excretion of melatonin as a defense mechanism to alleviate the adverse effects of air 

pollution exposure.   
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Taken together all these results, this dissertation research finds that natural 

variation in circulating melatonin levels is a potential confounder for the relationships of 

short-term (12-hour) air pollution exposure (PM 2.5, O3, and NO2) with biomarkers  of 

oxidative stress and a potential mediator for the relationships between 2 -week O3 

exposure and pro-inflammatory cytokines. Moreover, this research suggests that ROS-

stimulated melatonin may serve as a defense mechanism to alleviate the adverse effects 

of air pollution on airway resilience and inflammation in children with asthma.  The 

results point to the importance of considering the effects of endogenous melatonin in 

future studies involving oxidativ e, inflammatory , and physiological  responses to air 

pollution exposure. In addition, this dissertation indicates that airway mechanics and 

nasal MDA could be useful biomarkers in asthma management. Given the small sample 

size (43 children with asthma) of the study evaluated in this dissertation, t he 

applicat ions of these biomarkers in asthma management should be further investigated  

in a larger study.   

 

6.2 Implications and future research directions 

6.2.1 Aim 1 

Melatonin has been widely reported to neutralize ROS and plays a crucial role in 

repairing damaged DNA segments. 119 The excretion of 8-OHdG molecules may be 

decreased due to the diminished amount of melatonin to help repair ROS-DNA adducts. 



 

 178 

This relationship is supported by a  previous study finding that night -shift workers have 

both lower urinary 8 -OHdG concentration and circulating melatonin levels compared to 

day-shift workers. 120 Considering the potential effects of melatonin (the parent 

compound of aMT6s) on 8-OHdG, it is useful to simultaneously measure these two 

compounds in future environmental health studies involving DNA damage repair and  

oxidative stress-related pathophysiological pathways.  

6.2.2 Aim 2 

Air  pollutant exposures have been often associated with biomarkers of oxidative 

damage, while generating somewhat inconsistent findings. This inconsistency may be 

attributed to different demographic characteristics, exposure inaccuracy, and other 

potential confounders. Concerning that melatonin plays a vital role in modulating 

oxidative stress, Aim 2 of this dissertation research explores whether this inconsistency 

is partly due to the confounding by natural variation in circulating melatonin levels.  

One findi ng of Aim 2 indicates that short -term air pollution exposure (12 -hour) is 

significantly and negatively associated with urinary aMT6s concentration. It is mainly 

because compared to the day time level, circulating melatonin level is higher during the 

night time, while the ambient air pollution level is lower during the night time. After 

adjusting for the collection time in the LMER model, the relationships change to be 

nonsignificant. The results suggest that short-term air pollution exposure in this study 

cannot induce enough ROS to significantly affect circulating melatonin. More studies are 
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recommended to investigate whether acute and higher-level air pollution exposure may 

affect circulating melatonin levels and/or affect melatonin metabolism.  

In Aim 2, urinary aMT6s concentration is significantly and positively associated 

with urinary MDA and 8 -OHdG in healthy adults. The current results can be partially 

explained by a recent finding that melatonin could be synthesized in mitochondria in 

response to the increase in oxidative stress.125 Therefore, increased ROS levels may 

stimulate melatonin synthesis to neutralize ROS, whi ch could be a protective mechanism 

to reduce oxidative damages. However, this stimulation process is still poorly 

understood, and many questions that need to be answered, including: (1) In which type 

of cells or organs does this stimulation take place? (2) What mediators are involved in 

this stimulation process? (3) What is the role of this stimulation process in body anti -

oxidative systems? 

The result of Aim 2 further indicates that the natural variation in circulating 

melatonin does not modify the relatio nships between short-term air pollution exposures 

and biomarkers of oxidative stress. Due to the limited sample size and a relatively 

narrow range of melatonin levels, it should be cautious of drawing any conclusions from 

the current study results. Concerning taking melatonin supplementation would largely 

increase circulating melatonin level, 41 future studies are needed to investigate whether it 

is an effect modifier for the relationships of air pollution exposure and oxidative stress.  
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As a major finding of Aim 2, natural variation in circulating melatonin has been 

found as a potential confounder for the relationships between short -term (12-hour) air 

pollution exposures and biomarkers of oxidative stress. The result suggests the 

importance of adjusting for circulating melatonin levels in future studies investigating 

the effects of short-term (< 24 hours) ambient air pollution exposure on systemic 

oxidative stress. If the melatonin measurement is not feasible, it is recommended to 

collect all biospecimen at the same time of a day to minimize  the impacts of the natural 

vari ation in melatonin.  

6.2.3 Aim 3 

Melatonin may have played a role in inflammatory responses to air pollutant 

exposures. The Aim 3 of this dissertation research explores the relationship between air 

pollution exposure and inflammatory responses (Part A) and  how melatonin affected 

this relationship (Part B).  

6.2.3.1 Part A 

In Part A of Aim 3, the results indicate that exposure to O 3 for different time 

durations affect inflammatory responses differently. Specifically, a shorter -term (12-h) 

exposure to O3 is negatively associated with proinflammatory cytokine levels. It 

suggests that acute O3 exposure may stimulate the production of antioxidant enzymes as 

a compensatory mechanism. However, other studies also reported that acute exposure 

to O3 at a higher level than the current study was associated with increased 



 

 181 

proinflammatory responses. These results indicate that the health effects of acute O3 

exposure are largely affected by exposure levels. In contrast, a longer-term (2-week) O3 

exposure is positively associated with proinflammatory cytokines. It confirms previous 

findings that persistent O 3 exposure can upregulate the redox homeostasis towards an 

enhanced proinflammatory status.  

These mechanistic insights can help develop therapeutic and/or preventive 

strategies to reduce the adverse effects of O3 exposure. To approach this goal, further 

studies are needed to examine the oxidative and inflammatory responses to O3 exposure 

with a wider range and in more susceptible individuals, including people with asthma.  

6.2.3.2 Part B 

In the Part B of Aim 3, the results show a significant and negative association 

between 2-week O3 exposure and urinary aMT6s concentration. It suggests that 

increased 2-week O3 exposure may shift the redox homeostasis towards a higher 

oxidation status, and it may enhance the consumption of melatonin as an antioxidant. 

As a major finding in Aim 2, an e xcessive amount of oxidative stress may stimulate the 

synthesis of melatonin. However, this stimulation effect was not seen in response to O3 

exposure. More studies are needed to further investigate the underlying mechanisms. 

On the other hand, in this stu dy, significant and positive associations are found 

of aMT6s with PM 2.5 and SO2. A potential explanation is the strong negative associations 

of 2-week O3 exposure with PM 2.5 and SO2 exposure. Therefore, to confirm and expand 
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the current findings, future st udies are needed to consider a design with well-controlled 

co-pollutant exposure, longer pollutant exposure duration, and a larger sample size.  

The significant and negative associations between the concentration of urinary 

aMT6s and blood pro-inflammatory cytokines confirm the anti -inflammatory property 

of melatonin. In contrast, other in vitro  and animal studies also reported that melatonin 

might display pro -inflammatory properties, including the augmentation of peripheral 

blood mononuclear cells productio n of pro-inflammatory cytokines. 254 However , it is 

still unknown whether and how melatonin enhances pro -inflammatory responses in 

humans.  

/ÈÙÛɯ!ɀÚɯÔÈÑÖÙɯÍÐÕËÐÕÎɯÐÕËÐÊÈÛÌÚɯÛÏÈÛɯÔÌÓÈÛÖÕÐÕɯÐÚɯÈɯ×ÖÛÌÕÛÐÈÓɯÔÌËÐÈÛÖÙɯÍÖÙɯÛÏÌɯ

relationship between 2-weeks O3 exposure and pro-inflammatory cytokines. The res ults 

suggest that pro-inflammatory response to ozone exposure in the preceding two weeks 

may partly due to the depletion of endogenous melatonin by O 3 exposure. Further 

studies are recommended to investigate whether taking melatonin supplementation 

would h elp decrease the inflammatory responses to O3 exposure.  

6.2.4 Aim 4 

The Aim 4 of this dissertation research explores the relationship between air 

pollution exposure and indicators of pulmonary physiology in asthmatic children (Part 

A); the effectiveness of nasal MDA for monitoring asthma control in relation to air 



 

 183 

pollution exposure (Part B); and the role of melatonin in physiological responses to air 

pollution exposures (Part C).  

6.2.4.1 Part A 

The main finding of Part A is that day -to-day changes in personal PM2.5 exposure 

are associated with increased airway resistance and inflammation. In contrast, the 

relationships between pollutant exposures and spirometry lung function are not 

significant and clear. The results further confirm that airway mechanics could reflect 

early-stage and subtle changes in pulmonary physiology in responses to air pollution 

exposure compared to lung function. As improving airflow is a key challenge in asthma 

management, these associations indicate the importance of reducing personal exposure 

to PM2.5 as a practical means of asthma control, especially for those living in places with 

high ambient and/or indoor PM 2.5 concentrations.  

6.2.4.1 Part B 

In Part B of Aim 4, nasal MDA has been associated with air pollutant exposures 

(PM2.5 and O3) and asthma symptom scores. These findings, along with the 

noninvasiveness of nasal fluid collection using a simple and inexpensive paper strip, 

suggest the potential importance of using nasal MDA as a biomarker for monitoring 

asthma status in relation to air pollutant exposures. If this biomarker finds a wider 

application in the personalized asthma control management, it will motivate efforts to 

ËÌÝÌÓÖ×ɯɁËÐÙÌÊÛ-ÙÌÈËɂɯÛÌÊÏÕÖÓÖÎÐÌÚɯÍÖÙɯÔÌÈÚÜÙÐÕÎɯÕÈÚÈÓɯ,# ȭɯ&ÐÝÌÕɯÛÏÈÛɯÕÖÚÌɯÐÚɯÈɯ
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prime portal of entry f or air pollutants into the human body, nasal fluid could be an 

important biospecimen containing important biomarkers, other than MDA, that could 

indicate many pathophysiologic processes. Future studies could investigate the 

relationships between inflammato ry cytokines in nasal fluid and air pollution exposure.  

6.2.4.1 Part C 

One of the major findings in Part C is the significant and positive associations of 

urinary aMT6s with urinary MDA and 8 -OHdG in asthmatic children. The effect sizes of 

these associations are much larger than those found in healthy adults (Aim 2). The 

results suggest a more vital  ROS-induced stimulation of melatonin synthesis in 

asthmatic children. However, the underlying mechanics are still unclear. Whether this 

stronger effect is related to a younger age, asthma, or both need to be further 

investigated.  

As an antioxidant, melatonin can be neutralized by increased ROS induced by air 

pollution exposure. However, this study found positive relationships between air 

pollutant exposures and  urinary aMT6s. The results suggest that more melatonin has 

been stimulated than those have been neutralized leading to a net increase in circulating 

melatonin level. The increased melatonin level may further help to decrease airway 

inflammation and improv e airway resilience. The protective role of melatonin in 

physiological responses to air pollution exposures and the underlying biological 

mechanisms need to be further investigated. 
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The therapeutic potential of melatonin in asthma treatment has been widely  

reported. However, taking melatonin supplementation has not been suggested due to 

the previous observational study finding adverse associations between circulating 

melatonin levels and lung function. 68 In contrast, in this study, we found that inc reasing 

levels of endogenous melatonin were significantly associated with reduced airway 

inflammation and improved airway resilience. In addition, concerning the favorable 

effects of melatonin on neutralizing oxidative stress, suppressing inflammation, and  

improving sleep quality, the use of melatonin administration in asthma treatment is 

worthy of further investigation.  

6.2.5 Overall recommendations 

The findings from this research suggest that the role of endogenous melatonin in  

the health effects of air pollution should be considered. When we move towards 

personal level protection of air pollution exposure, it is imperative to understand 

individual differences in physiological and pathological responses to air pollution 

exposure. The present findings support th at endogenous melatonin can modulate  

oxidative, inflammatory, and physiological responses to air pollution exposure  in a 

beneficial way . This work supports the need for future trials to assess the efficacy and 

effectiveness of melatonin supplementation to mitigate  the adverse health effects of air 

pollution exposure at the individual level. This is particularly important for susceptible 

population  living in highly polluted areas ( e.g., developing countries  and areas subject 
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to frequent wildfires) , people having melatonin deficiency, and those using dirty 

household fuels. 
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Appendix A 

Appendix  A contains the supporting information for Chapter 2, published online 

from He, L.; Liu, X.L.; Zhang, J.J. Simultaneous quantification of urinary 

ƚɪÚÜÓÍÈÛÖßàÔÌÓÈÛÖÕÐÕɯÈÕËɯƜɪÏàËÙÖßàɪƖɀɪËÌÖßàÎÜÈÕÖÚÐÕÌɯÜÚÐÕÎɯÓÐØÜÐËɯÊÏÙÖÔÈÛÖÎÙÈ×Ïà-

tandem mass spectrometry. Journal of Chromatography B. 2018, 1095, 119-126 (Publisher: 

Elsevier).  

Table A1.  Instrumental responses for aMT6s, 8-OHdG , and 15N5-8-OHdG in relation to 

extraction solvent: the same amount of standards were spiked. Results show that among 

three organic solvents, methanol extraction generated highest instrumental response 

signal.  

 

Area under peak Methanol 

(n=3) 

Acetonitrile  

 (n=3) 

Isopropyl 

alcohol (n=3) 

aMT6s 419,115 364,244 148,958 

8-OHdG  37,737 7,171 4,986 
15N5-8-OHdG  10,567 1,780 6,885 

 

 

Table A2. Instrumental responses for aMT6s, 8-OHdG, and 15N5-8-OHdG  in relation to 

methanol concentrations used in extraction: Results show that 20% of methanol 

generated the highest instrumental response signal.  

 

Area under 

peak 

Methanol   

(80%) 

Methanol   

(60%) 

Methanol   

(40%) 

Methanol   

(20%) 

aMT6s 19,659 21,843 38,686 122,261 

8-OHdG  6,904 6,157 14,970 43,007 
15N5-8-OHdG  261 1,952 7,579 18,056 
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Table A3. Instrumental responses for aMT6s, 8-OHdG, and 15N5-8-OHdG  in relation to 

NaOH concentrations used in extraction along with 20% methanol: Results show that 

adding 0.5% of NaOH generated the highest instrumental response signal for 8-OHdG 

and 15N5-8-OHdG and the second highest response signal for aMT6s.  

  

Area under 

peak 

Acetate 0.5% 1M 

NaOH  

1% 1M 

NaOH  

3% 1M 

NaOH  

10% 1M 

NaOH  

20% 1M 

NaOH  

aMT6s 170,175 133,259 68,081 93,994 49,800 39,875 

8-OHdG  6,904 25,496 18,724 14,113 8,104 2,271 
15N5-8-OHdG  2,415 9,706 6,629 7,846 2,787 1,829 

 

 

Table A4. Relative standard deviation (RSD) values from triplicate analyses of urine 

samples doped with different amount of 8 -OHdG and aMT6s standards: Results show 

that RSD values decreased as analyte concentrations increased. 

 RSD (8-OHdG)  RSD (aMT6s) 

S1 (25 ng/mL, n=3) 23.3% 7.2% 

S2 (50 ng/mL, n=3) 2.1% 5.9% 

S3 (100 ng/mL, n=3) 9.1% 3.8% 
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Appendix B 

Appendix  B contains the supporting information for Chapter 3, published online 

from He, L.; Cui, X.; Xia, Q.; Li, F.; Mo, J.; Gong, J.; Zhang, Y.; Zhang, J. J., Effects of 

personal air pollutant exposure on oxidative stress: Potential confounding by natural 

variatio n in melatonin levels . International journal of hygiene and environmental health. 

2020, 223, (1), 116-123 (Publisher: Elsevier). 

B1. Statistical Analysis 

B1.1 Association between urinary aMT6s with 8-OHdG and MDA  

Linear mixed-effects regression (LMER) models were constructed to determine 

the association between aMT6s with 8-OHdG and MDA  following Formula B1 using the 

lme4 and lmeTest packages of the R software (version 3.3.2). The dependent variable in 

the model is the concentration of 8-OHdG or MDA, and the independent variable is the 

concentration of aMT6s. All biomarkers  were natural logarithm -transformed to meet the 

assumptions of linear mixed -effects regression. The models were adjusted for fixed-

effect covariates including  menstruation  status, smoking status, study factor, respiratory 

infection status, age, sex, and 24h average temperature & relative humidity . An 

individual -specific random intercept was added to account for correlation within the 

same participant. The day of week that urine collected was controlled as another 

random effect.  
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Formula B1 

 
 

 

B1.2 Dose-response relationships 

B1.2.1 The association between air pollutant exposure and aMT6s 

LMER models were constructed to determine the relationship between air 

pollutant exposure and aMT6s following Formula B2. The dependent variable in the 

model is the concentration of aMT6s, and it was natural logarithm -transformed . The 

independent variable is 12h or 24h average air pollutant exposure prior to sample 

collection. In addition to the fixed -effect covariates described above, time of urine 

collection was added as another covariate. The two-pollutant model was developed 

based on the single-pollutant model as follow ing Formula B3. 

B1.2.2 The association between air pollutant exposure and 8-OHdG and MDA 

without controlling for aMT6s  

LMER models were constructed to determine the relationship between air 

pollutant exposure and 8-OHdG and MDA following Formula B2. The dependent 

variable is the concentration of 8-OHdG and MDA with natural logarithm -

transform ation. The independent variable is 12h or 24h air pollutant exposure. Fixed 

effects and random effects were described B1.2.1. The two-pollutant model was shown 

as following Formula B3. 
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Formula B2 

 
 

Formula B3 

 
B1.2.3 The association between air pollutant exposure and 8-OHdG and MDA 

controlling for aMT6s  as a covariate in LMER models 

LMER models were developed to investigate the relationship between pollutant 

exposure and 8-OHdG and MDA with adjusting for aMT6s. The dependent and in 

dependent variables were the same as described in B1.2.2. In addition to the fixed -effect 

covariates described above (1.1), aMT6s was added as another covariate and a covariate, 

the time of day, was removed due to the collinearity  issue with aMT6s as following 

Formula B4. The stratified analyses for the exposure-response relationships for 8 -OHdG 

and MDA based on aMT6s level (cut point 10.3 ng/mg) were conducted following 

Formula B4. The second pollutant models were shown as described in Formula B5. To 

investigate whether aMT6s modify the relationship between air pollutant  exposure and 

biomarker of oxidative stress, the interaction term between urinary aMT6s and air 

pollutant exposure was added as shown in Formula B6. 
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Formula B4 

 
 

 

Formula B5 

 
 

Formula B6 

 

Codebook 

 

i: the participant id n umber (iǻƕȮɯƖȮɯȱȮɯƕƙƝȺ 

j: the sample number (j=ƕȮƖȱȮƜȺ 

Yij: the natural logarithm -transformed  concentration of urinary biomarkers of oxidative 

stress (ng/mg creatinine) 

Polij: the 12h or 24h personal air pollutant exposure (PM2.5, O3, NO2) 

Second_Polij: the 12h or 24h personal air pollutant exposure (PM 2.5, O3, NO2) controlled 

as the second pollutant. 

RHij: the average 12h or 24h ambient relative humidity prior to sample collection (%). 

Tempij: the average 12h or 24h outdoor temperature prior to sample collection (unit:  ɢC) 

Smokingi: the current smoking status of subject (0=non-current smoker, 1=current 

smoker) 

Mensesij: the menstruation  status (0=male, 1=female-non-menses, 2=female-menses) 

Studyi: in  which study the sample was belong to (0=Shanghai, 1=Changsha) 

Feverij: the respiratory  infection status (0=non-respiratory infection, 1=respiratory infection) 

Col_timeij: the time of sample collection (0=first morning, 1=daytime)  

aMT6sij: the natural logarithm -transformed  concentration of urinary aMT6s (n g/mg 

creatinine) 

aMT6sij×Polij: the interaction between air pollutant exposure and urinary aMT6s.  

Sexi: the sex of subject (0=male, 1=female) 

Agei: the Age of subject  

Pi: the individual -specific random intercept  

Wij: the random intercept for the day of week that urine collected  

:Æ residual   
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B2. Sensitivity analyses 

B2.1 Two-pollutant models  

Two-pollutant models, following Formula B3 and B5, were developed to examine 

whether the dose-response relationship obtained in the single-pollutant models can be 

retained after controlling for a second co-pollutant. The dose-response relationship 

between 12h air pollutant exposure and aMT6s were not rem arkably changed after 

controlling for any of two co -pollutants regarding to the significance and effect size 

(Figure B1).  

Similarly, no noticeable changes in the dose-response relationship between 12h 

air pollutant exposure and 8 -OHdG and MDA without adju sting for aMT6s were found 

after controlling for another co -pollutant. In models adjusting aMT6s as a covariate, the 

relationship between NO 2 and 8-OHdG were changed from non -significant to be 

significantly positive after controlling for O 3. However, the relationship between NO 2 

and MDA  and between PM2.5 and MDA  were changed to be non-significant after 

controlling for PM 2.5 and NO 2, respectively. No noticeable changes were also found in 

the association between aMT6s normalized  8-OHdG and MDA  and 12h air pol lutant 

exposure after adjusting for the second pollutant, except the significant  positive  

association between MDA  and 12h PM2.5 exposure and between MDA and 12h NO 2 

became non-significant after controlling for NO 2 and PM2.5, respectively (Figure B2). 
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Figure B1. Estimated means and 95% confident intervals for change in aMT6s (%) per 

IQR increase in 12h PM2.5, O3, and NO2 exposure from the single and two -pollutant 

models. 
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Figure B2. Estimated means and 95% confident intervals for change in biomarkers (%) 

with one IQR increase in 12h PM2.5, O3, and NO2 exposure from the single and two -

pollutant models.  
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B2.2 Excluding current smokers , subjects undergoing menstruation , and subjects 

reporting  respiratory  infection.  

Sensitivity  analyses were conducted for the associations shown in the main 

content in dataset removing measurements of current smokers and measurements of 

subjects undergoing menstruation and respiratory inflammation when the urine 

samples were collected following Formula B1, B2, B4, B6. 715 measurements were left, 

including 480 from the  Shanghai Study and 235 from the Changsha Study. No noticeable 

changes were found for these associations in the new dataset (Figure B3-B6) 

 
Figure B3. The percentage change in 8-OHdG and MDA per IQR increase in aMT6s 

(Error bar indicates the 95% confidence interval) . 
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Figure B4. Estimated means and 95% confident intervals for change in aMT6s (%) per 

IQR increase in 12h PM2.5, O3, and NO2 exposure from single -pollutant LMER models.  
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Figure B5. Estimated means and 95% confident intervals for change in biomarker (MDA, 

8-OHdG) concentrations (%) with one IQR increase in 12h PM2.5, O3, and NO2 exposure 

from the single-pollutant models.   
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Figure B6. Estimated means and 95% confident intervals for change in biomarkers (%) 

with one IQR increase in PM2.5, O3, and NO2 from the single-pollutant models. Low 

È,3ƚÚȯɯȀƕƔȭƖɯÕÎɤÔÎȰɯ'ÐÎÏɯÈ,3ƚÚȯɯǿƕƔȭƖɯÕÎɤÔÎȭ
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B2.3 Separate analyses for the Shanghai and the Changsha Studies 

We conducted separate analyses for the Shanghai and Changsha studies, 

respectively, on all the associations analyzed using the combined dataset following 

Formula B1, B2, B4, B6. No remarkable changes were found for the association of aMT6s 

with 8 -OHdG or MDA (see Figure B7) and the association between 12h air pollutant 

exposure and aMT6s (Figure B8). The associations of 12h air pollutant exposure with 8-

OHdG or MDA were not noticeably changed in the Shanghai Study. However, the 

results shown in the main content were not seen in the Changsha Study, except the 

relationship between 12h O3 and 8-OHdG (Fig ure B9). 

 

 
Figure B7. The percentage change in 8-OHdG and MDA per IQR increase in aMT6s in 

the Shanghai and the Changsha Study  
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Figure B8. Estimated means and 95% confident intervals for change in aMT6s (%) per 

IQR increase in 12h PM2.5, O3, and NO2 exposure in the Shanghai study and the 

Changsha Study from the single-pollutant models.  
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Figure B9. Estimated means and 95% confident intervals for change in biomarkers (%) 

with one IQR increase in 12h PM2.5, O3, and NO2 exposure in the Shanghai Study and the 

Changsha Study from the single-pollutant models.  
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B3. Effects Modification  

To investigate whether aMT6s modifies this relationship, we assessed the 

interaction between air pollution and aMT6s in LMER models following Formula B6. 

The interaction term in the models were not significant, except for the association 

between 24h O3 exposure and MDA (Table B1). Therefore, within the aMT6s range (0.3-

93.5 ng/mg) measured in the present study, we have insufficient evidence to support a 

modification effect of aMT6s.  

 

Table B1. The interaction between 12h & 24h air pollutant exposure and aMT6s in 

pollutant models.  
 PM2.5 × aMT6s interaction O3 × aMT6s interaction NO 2 × aMT6s interaction 

 ϕ 95% CI p-value ϕ 95% CI p-value ϕ 95% CI p-value 

 12h air pollutant exposure  

8-OHdG  0.000 (-0.002, 0.002) 0.999 0.008 (-0.007, 0.023) 0.310 0.001 (-0.006, 0.007) 0.901 

MDA  -0.001 (-0.003, 0.001) 0.391 0.011 (-0.002, 0.024) 0.102 0.006 (0.000, 0.011) 0.050 

 24h air pollutant exposure  

8-OHdG  -0.000 (-0.003, 0.002) 0.828 0.007 (-0.007, 0.020) 0.334 0.002 (-0.006, 0.009) 0.691 

MDA  -0.001 (-0.003, 0.001) 0.483 0.023 (0.011, 0.034) 0.0001 0.006 (0.000, 0.013) 0.053 
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Appendix C 

Appendix  C contains the supporting information for Chapter 4, published online 

from Hu, X.; He, L.; Zhang, J.; Qiu, X.; Zhang, Y.; Mo, J.; Day, D. B.; Xiang, J.; Gong, J., 

Inflammatory and oxidative stress responses of healthy adults to changes in personal air 

pollutant exposure. Environmental Pollution. 2020, 263 (Publisher: Elsevier). X. Hu and 

L. He are co-first au thors on the publication. Specifically, L. He contributed to research 

idea conception, statistical analyses, table and figure design, and writing and editing of 

the manuscript.  

C1. Time-activity questionnaire 

The questionnaire asked about time-activity ov er the past 7 days and during the 

past 24 hours. The total times in hours that subjects spent in their office, dormitories, 

and other locations during the past 7 days were asked. The specification as well as how 

many hours were spent in each of these other locations were recorded. Similarly, the 

questionnaire also asked how long did the subjects spent their time in their offices, 

dormitories, inside in other environments (and where those locations were), outside in 

other environments (and where those locations were) during the past 24 hours. The 

number of hours spent in the same room as someone smoking during the past 24 hours 

and the current smoking status during the past 1 -week was recorded. The same data 

was used to extrapolate the time-activity pattern d uring the 7-14 days prior to each of 

the visits as well. 
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C2. Statistical analysis 

C2.1 The relationships of personal air pollutant exposure and cytokines 

concentration.  

We constructed linear mixed-effects regression (LMER) models to determine the 

exposure-response association between air pollutant exposure and cytokines following  

Formula C1 using the lme4 and lmeTest packages of the R software (version 3.6.1). All of 

the cytokines were natural logarithm -transformed to meet the assumptions of linear 

mixed-effects regression. The dependent variable in the model is each of the cytokines, 

and the independent variable is 12-hour, 24-hour, 1-week, or 2-week average personal 

air pollutant exposure before blood sample collection. Fixed-effects were also adjusted in 

the models including age, sex, smoking status, batch factors of cytokines measurement, 

respiratory infection status, and ambient temperature and relative humidity averaged 

over the same timeframe of personal air pollutants exposure. An individual -specific 

random intercept was added to account for correlation within the same participant, 

including sex and age. The two-pollutant models were developed following Formula C2. 

Formula C1 
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Formula C2 

 

C2.2 The effects of removing electrostatic precipitator (ESP) on cytokines 

concentration.  

LMER models were constructed to determine the effects of removing ESP on 

cytokines concentration following Formula C3. All the concentrations of cytokines were 

natural logarithm -transformed before the test. The dependent variable in the model is 

the concentration of each of cytokines. The independent variable is the factor of with or 

without having ESP operated. In addition to the fixed -effect covariates described above, 

the ambient ozone concentration when the subject was in unfiltered environment 

averaged over 2-week before each of blood collections was added as another covariate to 

control for the natural variation in ambient ozone concentration. In these model s, 2-

week average ambient relative humidity and temperature were uniformly controlled to 

reflect the study design that blood samples were collected 2-week after removing ESP.  

Formula C3 
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C2.3 Power analysis 

Before conducting this study, we used priori t est using MANOVA model to 

determine the statistical power of our analysis. In this test, we used the following 

parameter. The effect size is 0.15, which is a conservative estimation of the effective size 

of 2-week ozone exposure on the inflammatory  cytokinesȭɯ3ÏÌɯϔɯÐÚɯƔȭƔƙȮɯÕÜÔÉÌÙɯÖÍɯ

measurements is 3, and the correlation among repeated measurement is assumed as 0.7. 

A sample size of 53 (145 total measurements) would obtain a statistical power of 0.99. 

We also conducted a post-hoc power test using the effect sizes obtained from our 

model results. The average effect size of the 2-week O3 exposure on the inflammatory 

cytokines is 0.133. Using the other parameter described above, we could obtain a post-

hoc statistical power of 0.99.  
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Codebook 

i: the participant id n umber (iǻɯƕȮɯƖȮɯȱȮɯƙƗȺ 

j: the sample number (j= 1, 2, 3) 

Yij: the natural logarithm -transformed  concentration of each of cytokines (pg/mL) 

Polij: the 12h, 24h, 1-week, or 2-week personal air pollutant exposure (PM 2.5, O3, NO2, SO2) 

RHij: the average 12h, 24h, 1-week, or 2-week ambient relative humidity before blood 

collection (%). 

Tempij: the average 12h, 24h, 1-week, or 2-week ambient temperature before sample 

collection (unit: ɢC) 

Smokingi: the current smoking status of the subject (0=non-current smoker, 1=current 

smoker) 

Batchk: in  which batch the sample was analyzed (k=1, 2) 

Feverij: the respiratory infection status (0=non-respiratory infection, 1=respiratory infection)  

Amb_Ozone_Unfilij: the 2-week average ambient ozone concentration when the subject was 

in the unfiltered environment (ppb) 

RH_2wij: the average 2-week ambient relative humidity before  blood collection (%). 

Temp_2wij: the average 2-week ambient temperature before sample collection (unit: ɢC) 

Sexi: the sex of subject (0=male, 1=female) 

Agei: the age of the subject  

SHSij: the number of hours spent in the same room as someone smoking during the past 

24 hours 

Pi: the individual -specific random intercept  

:Æ residual  
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C3. Pearson correlation among ambient pollutants  

 

Figure.C1. Pearson correlation coefficients among 2-week average ambient air pollutants 

concentrations.



 

 

C4. Detailed model results  

Table C1 Detailed single-pollutant models results (i.e. effect size, CIs, and p-value) and adjusted p-value (For Figure 10). 
Pollutant  O3 

  
 PM2.5 

  
 NO 2 

  
 SO2 

  
 

Biomarkers Time 95 % CIs Effec

t size 

p.value Adjusted  

p value 

95 % CIs Effec

t size 

p.value Adjuste

d 

 p value 

95 % CIs Effec

t size 

p.value Adjuste

d 

 p value 

95 % CIs Effec

t size 

p.value Adjusted  

 p value IL1ϕ 12h -13.8 to 8.75 -3.22 0.58 0.64 -18.9 to 4.44 -7.97 0.20 0.39 8.21 to 36.5 21.6 0.0012 0.0024 -2.03 to 24.4 10.4 0.10 0.21  
24h -12.2 to 10 -1.72 0.76 0.85 -15.6 to 7.4 -4.78 0.42 0.61 -2.55 to 22.9 9.45 0.13 0.18 -9.98 to 12.5 -0.65 0.91 0.91  
1w 7.2 to 54.9 28.9 0.0075 0.019 -27.4 to -7.08 -17.9 0.0020 0.0068 -26.9 to -6.1 -17.1 0.0036 0.0089 -32.2 to -5.89 -20.1 0.0077 0.015  
2w 15.7 to 69.8 40.2 0.00069 0.0017 -33.6 to -9.6 -22.5 0.0014 0.0074 -27.2 to 1.48 -14.1 0.074 0.11 -38 to -7.73 -24.3 0.0063 0.016 

IL2 12h -11.6 to 6.59 -2.92 0.53 0.64 -16 to 3.54 -6.76 0.19 0.39 6.0 to 28.1 16.5 0.0018 0.0031 -0.45 to 20.9 9.71 0.061 0.21  
24h -11.3 to 6.25 -2.92 0.52 0.74 -13.2 to 5.7 -4.2 0.39 0.61 -1.46 to 19.1 8.3 0.097 0.17 -6.46 to 12.2 2.45 0.60 0.73  
1w 6.78 to 43.6 23.8 0.0052 0.017 -24 to -7.02 -15.9 0.00090 0.0045 -23.1 to -5.7 -14.9 0.0023 0.0078 -27.9 to -5.7 -17.5 0.0054 0.013  
2w 12.2 to 53.8 31.4 0.00087 0.0017 -28.6 to -7.89 -18.9 0.0015 0.0074 -24.1 to -0.56 -13.1 0.041 0.084 -31.8 to -5.5 -19.7 0.0088 0.018 

IL4 12h -49.5 to 10.4 -25.3 0.14 0.28 -4.93 to 109 40.9 0.087 0.39 -19.8 to 79.9 20.1 0.37 0.37 -27 to 59.5 7.93 0.70 0.70  
24h -55.5 to -3.47 -34.4 0.033 0.066 -7.4 to 104 37.4 0.11 0.44 -6.37 to 106 39 0.10 0.17 -1.19 to 107 43 0.058 0.20  
1w -25.9 to 137 32.6 0.34 0.42 -41.6 to 26.9 -13.9 0.45 0.45 -45.2 to 19.4 -19.1 0.28 0.31 -52.5 to 31.1 -21.1 0.36 0.40  
2w -4.93 to 220 74.3 0.072 0.080 -47 to 41.1 -13.5 0.56 0.56 -66.3 to -9.2 -44.7 0.020 0.066 -67.4 to 13.8 -39.1 0.12 0.12 

IL6 12h -24.9 to -5.9 -15.9 0.0029 0.0073 -9.02 to 17.5 3.39 0.61 0.77 12.9 to 42.4 26.8 9.37E-05 0.00047 -1.46 to 27 11.9 0.083 0.21  
24h -24.5 to -6.67 -16.1 0.0015 0.0050 -6.87 to 18.3 4.97 0.42 0.61 11 to 38.8 24.1 0.00023 0.0011 -0.49 to 24.8 11.5 0.061 0.20  
1w 1.66 to 45.6 21.7 0.033 0.066 -25.9 to -5.99 -16.6 0.0033 0.0082 -25.1 to -4.7 -15.5 0.0067 0.013 -32.1 to -7.07 -20.6 0.0044 0.013  
2w 18.7 to 70.8 42.4 0.00021 0.0013 -30.4 to -5.53 -18.9 0.0076 0.017 -32.2 to -7.8 -20.9 0.0030 0.0030 -40.9 to -13.9 -28.7 0.00055 0.0028 

IL8 12h -9.93 to 11.1 0.029 1.0 1.0 -15.9 to 7.11 -5.1 0.39 0.66 2.54 to 28.2 14.6 0.017 0.024 -0.75 to 24.9 11.4 0.067 0.21  
24h -8.8 to 11.3 0.73 0.88 0.88 -14.7 to 6.03 -4.9 0.36 0.61 -5.9 to 16.8 4.8 0.39 0.43 -6.17 to 15.1 3.9 0.46 0.73  
1w 10.5 to 50.8 29.1 0.0016 0.0079 -25.8 to -7.96 -17.4 0.00069 0.0045 -25.9 to -8.24 -17.5 0.00054 0.0046 -32.8 to -10.6 -22.5 0.00060 0.0060  
2w 15.7 to 60.7 36.4 0.00031 0.0013 -26.3 to -1.8 -14.9 0.028 0.039 -27.2 to -4.03 -16.4 0.012 0.058 -38 to -13.1 -26.6 0.00046 0.0028 

IL10 12h -43.8 to -12.3 -29.8 0.0021 0.0070 -25.5 to 24.6 -3.65 0.78 0.86 30.8 to 108 64.9 4.2E-05 0.00042 -9.02 to 51.5 17.4 0.22 0.31  
24h -41.4 to -8.69 -26.8 0.0062 0.016 -24.2 to 23.6 -3.17 0.79 0.79 21.7 to 94.1 53.7 4.04E-04 0.0013 -7.05 to 48.6 17.5 0.18 0.42  
1w -22.3 to 57.3 -10.5 0.57 0.59 -31.6 to 10 -13.2 0.24 0.30 -32.8 to 8.24 -14.7 0.19 0.24 -40.6 to 11 -18.8 0.19 0.27  
2w -5.27 to 101 37.9 0.093 0.093 -41.9 to 6.3 -21.4 0.12 0.13 -34.4 to 21.4 -10.8 0.46 0.46 -53.5 to -0.83 -32.1 0.045 0.050 

IL17A  12h -23.1 to -8.06 -15.9 0.00022 0.0011 -3.07 to 20.5 8.08 0.16 0.39 7.87 to 31 18.9 0.00064 0.0016 0.37 to 23.7 11.4 0.043 0.21  
24h -23.4 to -9.17 -16.6 6.05E-05 0.00061 -2.36 to 19.9 8.19 0.13 0.44 9.64 to 32.3 20.4 0.00016 0.0011 1.22 to 22.3 11.3 0.027 0.20  
1w -2.76 to 30 12.4 0.11 0.16 -18 to -0.12 -9.5 0.047 0.068 -15.5 to 3.45 -6.5 0.19 0.24 -19.6 to 5.09 -8.1 0.21 0.27  
2w 13.8 to 53.7 32.3 0.00038 0.0013 -25 to -3.95 -15.1 0.0099 0.017 -22.5 to 0.30 -11.8 0.055 0.092 -27.9 to -1.13 -15.6 0.036 0.045 

IFN-ϖ 12h -29.5 to -10.9 -20.7 0.00017 0.0011 -14.4 to 14.9 -0.85 0.91 0.91 10.8 to 43.1 25.9 0.00055 0.0016 -3.17 to 28.5 11.6 0.13 0.21  
24h -28.4 to -9.96 -19.7 0.00026 0.0013 -10.7 to 17.8 2.58 0.72 0.79 8.52 to 39.6 23.1 0.0015 0.0037 -4.52 to 23.3 8.49 0.21 0.42  
1w -13.5 to 28.8 5.55 0.59 0.59 -18.3 to 7.12 -6.45 0.33 0.37 -16.2 to 10.2 -3.88 0.57 0.57 -20.9 to 13.6 -5.2 0.56 0.56  
2w 15.1 to 72.8 41.1 0.0011 0.0019 -32.5 to -5.49 -20.1 0.0094 0.017 -22.5 to 10.1 -7.6 0.37 0.41 -36.7 to -3.18 -21.7 0.024 0.035 

TNF-ϔ 12h -4.57 to 15.7 5.06 0.31 0.52 -11.9 to 7.83 -2.53 0.62 0.77 -2.82 to 18.7 7.4 0.16 0.18 -5.82 to 14.7 3.95 0.44 0.55  
24h -4.2 to 15.7 5.29 0.28 0.46 -11.7 to 7.57 -2.53 0.61 0.76 -9.99 to 9.39 -0.77 0.88 0.88 -11 to 6.99 -2.43 0.60 0.73  
1w 10.5 to 48.2 27.9 0.0012 0.0080 -21 to -3.46 -12.7 0.0085 0.017 -23.5 to -6.82 -15.6 0.00092 0.0046 -28 to -6.61 -18 0.0031 0.013  
2w 6.88 to 45.7 24.8 0.0055 0.0068 -21.2 to 1.67 -10.5 0.087 0.11 -23.1 to -0.50 -12.5 0.042 0.084 -31.5 to -6.11 -19.8 0.0065 0.016 

MDA  12h -13.8 to 4.2 -5.25 0.26 0.26 -2.43 to 19.1 7.8 0.14 0.14 -6.45 to 13.9 3.24 0.52 0.52 -2.86 to 18.2 7.18 0.17 0.17  
24h -14.7 to 3.9 -5.86 0.23 0.23 -5.09 to 16.8 5.27 0.33 0.33 -4.41 to 16.7 5.62 0.28 0.28 -2.25 to 18.5 7.62 0.13 0.13  
1w -22.4 to 7.1 -8.84 0.26 0.26 -5.76 to 16.2 4.6 0.39 0.39 -4.42 to 18.1 6.27 0.26 0.26 -5.45 to 24.3 8.4 0.25 0.25  
2w -23.4 to 7.29 -9.35 0.25 0.25 -11.4 to 15 0.90 0.89 0.89 -11 to 17.4 2.24 0.75 0.75 -8.2 to 28.4 8.56 0.33 0.33 

21
0 
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Table C2 Detailed intervention effect model results (i.e. effect size, CIs, and p-value) and 

adjusted p-value (For Figure 12). 

 

Biomarker Effect size 95 % CIs p value Adjusted p value  

IL1ϕ -64.7 -85 to -16.8 0.018 0.037 

IL2 -57.5 -79.1 to -13.6 0.019 0.037 

IL6 -72.4 -86.8 to -42.2 0.00085 0.0042 

IL8 -73.6 -86.7 to -47.7 0.00023 0.0023 

IL17A -51.4 -74.7 to -6.61 0.031 0.044 

IFN-ϖ -55.6 -81.7 to 8.01 0.073 0.083 

TNF-ϔ -61.4 -80.1 to -25.5 0.0051 0.017 

IL4 -90 -99.2 to 27.1 0.075 0.084 

IL10 -72.3 -94.2 to 31.8 0.11 0.11 

MDA  10.6 -42.2 to 115 0.76 0.76 
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C5. Ambient air pollution level  

Table C3 Ambient pollutant exposure averaged over 12 -hour, 24-hour, 1-week and 2-

week before biospecimen collections. 

  

 Before ESP Removal 

(Visit 1), Mean ± SD  

After ESP Removal 

(Visit 2), Mean ± SD 

After ESP 

Removal (Visit 3), 

Mean ± SD 

 12-hour Average Ambient Pollutant  

O3 (ppb) 39.5 ± 2.35 13.3 ± 3.83 16.8 ± 6.89 

PM2.5 (µg/m 3) 44.4 ± 9.5 122 ± 54.8 136 ± 14.5 

NO 2 (ppb) 28.7 ± 3.1 40.7 ± 7.23 27.1 ± 4.6 

SO2 (ppb) 10.7 ± 1.6 13.7 ± 3.1 11.4 ± 3.28 

 24-hour Average Ambient Pollutant  

O3 (ppb) 43.4 ± 3.54 18.1 ± 3.71 16.0 ± 5.32 

PM2.5 (µg/m 3) 44.9 ± 9.96 115 ± 57.9 142 ± 23.6 

NO 2 (ppb) 26.3 ± 4.2 37.3 ± 7.21 32.8 ± 3.39 

SO2 (ppb) 10.5 ± 1.6 14.6 ± 1.90 13.2 ± 3.89 

 1-week Average Ambient Pollutant  

O3 (ppb) 38.6 ± 0.54 19.2 ± 0.62 20.6 ± 1.63 

PM2.5 (µg/m 3) 39.3 ± 0.46 69.4 ± 21.3 107 ± 21.5 

NO 2 (ppb) 22.1 ± 1.17 30.7 ± 2.66 37.3 ± 3.67 

SO2 (ppb) 9.19 ± 0.29 11.0 ± 0.91 13.7 ± 0.86 

 2-week Average Ambient Pollutant  

O3 (ppb) 31.4 ± 1.86 25.5 ± 2.66 20.4 ± 0.37 

PM2.5 (µg/m 3) 72.8 ± 2.73 63.2 ± 8.41 107.8 ± 3.75 

NO 2 (ppb) 28.4 ± 1.62 31.0 ± 1.25 35.7 ± 2.36 

SO2 (ppb) 8.3 ± 0.071 10.8 ± 0.38 13.2 ± 0.14 
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C6. Two-pollutant model results for NO 2, PM2.5, and SO2 

 

Figure.C2. Mean change in biomarkers (%) and 95% CIs associated with one SD 

increase in 12-hour, 24-hour, 1-week and 2-week averaged NO2 exposure from 

two -pollutant models.  
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Figure.C3. Mean change in biomarkers (%) and 95% CIs associated with one SD 

increase in 12-hour, 24-hour, 1-week and 2-week averaged PM2.5 exposure from 

two -pollutant models.  
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Figure.C4. Mean change in biomarkers (%) and 95% CIs associated with one SD 

increase in 12-hour, 24-hour, 1-week and 2-week averaged SO2 exposure from 

two -pollutant models.  
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C7. Sensitivity analyses 

C7.1 Excluding subjects undergoing respiratory infection and current smokers.  

Sensitivity analyses were conducted for the exposure-response 

associations shown in the main content in dataset removing either (1) 

measurements of subjects undergoing respiratory infection during one week 

before the blood samples collection or (2) measurements from current smokers  

following Formula C1 and C2. For (1), after removing measurements of subjects 

undergoing  respiratory infection, 132 measurements were included (13 were 

removed). For (2), after removing current smokers, a dataset of 118 

measurements were included (27 were removed). 

    As shown in Fig ure.C5, compared with the main content, no noticeable 

changes were found  for the relationships of O 3 exposure and cytokines 

concentrations after excluding the measurements undergoing respiratory 

infection . Similarly, after excluding measurement of current smokers, we found 

that the associations of personal O3 exposure with cytokines were not remarkably 

changed from the results shown in the main text, in terms of effect sizes and 

statistical significance (Figure.C6).  

In sum, by comparing  the effect sizes of association shown in the 

sensitivity analyses and main analyses, we concluded that sensitivity analyses 
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did not change the conclusion made in the main analyses and supported the 

robustness of the conclusion.  
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(1) Excluding subjects undergoing respiratory infection.  

 

Figure.C5. Mean change in biomarkers (%) and 95% CIs associated with one SD 

increase in 12-hour, 24-hour, 1-week and 2-week averaged O3 exposure: single- 

and two -pollutant models ( Excluding subjects undergoing respiratory infection ) 
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(2) Excluding current smokers. 

 

Figure.C6. Mean change in biomarkers (%) and 95% CIs associated with one SD 

increase in 12-hour, 24-hour, 1-week and 2-week averaged O3 exposure: single- 

and two -pollutant models ( Excluding current smokers ). 
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Appendix D 

Appendix  D contains the supporting information for Chapter 5, published online 

from He, L.; Hu, X.; Gong, J., Day, D. B.; Xiang, J.; Mo, J.; Zhang, Y.; Zhang, J.; 

Endogenous melatonin mediation of systemic inflammatory responses to ozone 

exposure in healthy adults. Science of The Total Environment. 2020 (Publisher: Elsevier).  

D1. Statistical analysis  

D1.1 Association between air pollutant exposure and urinary aMT6s  

We used linear mixed-effects regression (LMER) models to determine the 

association between air pollutant exposure and aMT6s following Formula D1 using the 

lme4 and lmeTest packages of the R software (version 3.6.1). The aMT6s concentration 

and personal air pollutant exposure were natural logarithm transformed before input 

into the models. The two-pollutant models were conducted following Formula D2.  

Formula D1 

 
 

Formula D2 
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D1.2 The associations of aMT6s with inflammatory cytokines 

The association between aMT6s and inflammatory cytokines were assessed using 

LMER models following Formula D3.  

 

Formula D3 

 
D1.3 Mediation analysis  

A mediation analysis was conducted to test whether aMT6s mediate the 

relationships between 2-week O3 exposure and inflammatory cytokines. LMER models 

were used to develop mediator model and outcome model to conduct this analysis. In 

the mediator model ( Formula D4), aMT6s concentration was the dependent variable. 2-

week O3 exposure was the independent variable. In the outcome model (FormulaD 5), 

the concentration of inflammatory cytokines was the dependent variable, and 2 -week O3 

exposure concentration was dependent variable. The mediation analysis used quasi-

Bayesian approximation with simulation of 5,000 times.  

Formula D4 

 
 

Formula D5 
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Codebook 

i: the participant id n umber (iǻɯƕȮɯƖȮɯȱȮɯƙƗȺ 

j: the sample number (j= 1,2,3) 

Cytoij: the natural logarithm -transformed  concentration of inflammatory cytokines 

(pg/mL)  

aMT6sij: the natural logarithm -transformed  concentration of urinary aMT6s (ng/mL)  

Polij: the average 12-hour, 24-hour,1-week, and 2-week personal air pollutant exposure 

(PM2.5, O3, NO2, SO2) 

Second_Polij: the co-pollutant exposure (PM 2.5, O3, NO2, or SO2) 

Ozone_2wij: the 2-week personal ozone exposure (ppb) 

RHij: the average 12-hour, 24-hour,1-week, and 2-week ambient relative humidity prior 

to sample collection (%). 

Tempij: the average 12-hour, 24-hour,1-week, and 2-week outdoor temperature prior to 

sample collection (unit: ɢC) 

RH_2wij: the average 2-week ambient relative humidity prior to sample collection (%). 

Temp_2wij: the average 2-week outdoor temperature prior to sample collection (unit: ɢC) 

Smokingi: the current smoking status of subject (0=non-current smoker, 1=current 

smoker) 

RIij: the respiratory infection status (0=non-respiratory infection, 1=respiratory infection)  

Sexi: the sex of subject (0=male, 1=female) 

Agei: the age of subject  

BMI i: the body mass index of subject (Kg/m2) 

Wi: the day of week for biospecimen collection  

Batchij: the batch factor for cytokine measurement (1=batch 1, 2= batch 2, 3=batch 3) 

Pi: the individual -specific random intercept  

:Æ residual   
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D2. Model results 

Table D1. The model results of Figure 14. 

 O3 PM2.5 

Biomarker  

Effect 

size 

CI 

(lower)  

CI 

(upper) 

P 

value 

Effect 

size 

CI 

(lower)  

CI 

(upper)  

P 

value 

aMT6s 12h -0.2 -14.5 16.5 0.98 8.0 -8.3 27.1 0.35 

aMT6s 24h -3.5 -17.9 13.4 0.66 2.6 -11.6 19.1 0.73 

aMT6s 1w -16.8 -38.7 13.1 0.24 17.2 -3.6 42.4 0.11 

aMT6s 2w -26.2 -43.9 -2.8 0.03 20.1 1.7 41.8 0.03 

 NO 2 SO2 

aMT6s 12h -0.6 -11.2 11.3 0.91 11.7 -3.6 29.6 0.14 

aMT6s 24h 2.3 -6.9 12.4 0.63 10.8 -5.8 30.5 0.21 

aMT6s 1w 19.2 -2.6 45.7 0.09 22.7 -1.2 52.5 0.06 

aMT6s 2w 14.1 -2.9 34.0 0.11 59.4 14.8 121.4 0.01 

 

Table D2. The model results of Figure 15. 

  aMT6s 

Biomarker Effect size CI (lower)  CI (upper)  P value 

IL-ƕϕɯ  -17.8 -31.4 -1.6 0.03 

IL-2   -10.6 -23.4 4.4 0.16 

IL-6   -8.3 -23.4 9.8 0.34 

IL-8   -21.6 -35.2 -5.2 0.01 

IL-17A   -18.8 -32.0 -3.0 0.02 

IFN-ϖɯ  -27.2 -42.0 -8.7 0.01 

TNF-ϔɯ  -17.6 -28.2 -5.6 0.01 

IL-4   -15.5 -50.2 43.5 0.53 

IL-10   0.7 -28.3 41.4 0.97 

 

D3. Sensitivity analyses 

Sensitivity analyses were conducted for the associations shown in the main text 

in dataset removing either measurements from current smokers or measurements from 

participants who reported respiratory infection 1 -week prior to the biospecimen 

collection following Formula D1, D2, D3, D4, D5.  
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D3.1 Excluding measurements for which participants reported respiratory 

infection (Excluding 13 measurements from 11 subjects) 

 

 
Figure D1. Estimated means and 95% confident intervals for change in inflammatory 

cytokines (%) per IQR increase in aMT6s (Excluding measurements for which 

participants reported respiratory infection ). 
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Figure D2. Estimated means and 95% confident intervals for change in urinary aMT6s 

(%) per IQR increase in 12-hour (12h), 24-hour (24h), 1-week (1w), and 2-week (2w) 

pollutant exposure (Excluding measurements for which participants reported 

respiratory infection ). 
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Table D3. The proportion of the total effects of 2 -week O3 exposure on inflammatory 

cytokine mediated by aMT6s (Excluding measurements for which participants reported 

respiratory infection ). 

 Proportion (%)  95% CI (%) P-value 

IL-ƕϕɯ 15.4 (0.3 ɬ 76.2) 0.04 

IL-8  6.2 (-4.1 ɬ 31.1) 0.19 

IL-17A  7.6 (-1.8 ɬ 25.3) 0.08 

IFN-ϖɯ 8.3 (0.5 ɬ 39.2) 0.03 

TNF-ϔɯ 19.9 (0.6 ɬ 139.5) 0.04 

 

D3.2 Excluding current smoker (Excluding 27 measurements from 11 subjects). 

 
Figure D3. Estimated means and 95% confident intervals for change in inflammatory 

cytokines (%) per IQR increase in aMT6s (Excluding current smoker). 
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Figure D4. Estimated means and 95% confident intervals for change in urinary aMT6s 

(%) per IQR increase in 12-hour (12h), 24-hour (24h), 1-week (1w), and 2-week (2w) 

pollutant exposure (Excluding current smoker). 
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Table D4. The proportion of the total effects of 2 -week O3 exposure on inflammatory 

cytokine mediated by aMT6s (Excluding current smoker) . 

 

 Proportion (%)  95% CI (%) P-value 

IL-ƕϕɯ 13.9 (-3.3 ɬ 95.2) 0.09 

IL-8  7.9 (-3.6 ɬ 37.6) 0.18 

IL-17A  13.4 (-1.9 ɬ 57.7) 0.08 

IFN-ϖɯ 11.6 (0.1 ɬ 45.4) 0.04 

TNF-ϔɯ 26.1 (-137.7 ɬ 251.8) 0.14 

 

D3.3 Co-pollutant models  

 

 
Figure D5. Estimated means and 95% confident intervals for change in urinary aMT6s 

(%) per IQR increase in 2-week (2w) pollutant exposure (Co -pollutant models) . 
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D3.4 Investigate the prolonged effects of temperature 

 
Figure D6. Estimated means and 95% confident intervals for change in urinary aMT6s 

(%) per IQR increase in 12-hour (12h), 24-hour (24h), 1-week (1w), and 2-week (2w) 

pollutant exposure (Controlling for all temperature averaged over 12h, 24h, 1w, and 2w 

in models). 
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Appendix E 

Appendix  E contains the supporting information for Chapter 6, published online 

from He, L.; Li, Z.; Teng, Y.; Cui, X.; Barkjohn, K. K.; Norris, C.; Fang, L.; Lin, L.; Wang, 

Q.; Zhou, X.; Hong, J.; Li, F.; Zhang, Y.; Schauer, J. J.; Black, M.; Bergin, M.; Zhang, J., 

Associations of personal exposure to air pollutants with airway mechanics in children 

with asthma. Environment International. 2020, 138 (Publisher: Elsevier). 

E1. Personal air pollutant exposure assessment 

E1.1 Air pollutant measurement  

PM2.5 and O3 were ÚÐÔÜÓÛÈÕÌÖÜÚÓàɯÔÌÈÚÜÙÌËɯÉÖÛÏɯÐÕɯÊÏÐÓËÙÌÕɀÚɯÉÌËÙÖÖÔÚɯÈÕËɯ

outside a window of their homes during the study period. These pollutants were 

continuously measured by an integrated sensor box equipped with Plantower PMS3003 

sensor for PM2.5 and Alphasense sensor (OX-A4) for O 3. The hourly averages of pollutant 

concentrations were generated by the sensors. These sensors, validated in Beijing, 

Shanghai, and other cities previously,194, 199-201 were field calibrated in Shanghai before 

the start of the study and at the end of the study to account for any drift in sensor 

function over the duration of the study. Ambient hourly average of PM 2.5, O3, 

temperature, and relative humidity during the stud y period were measured at the 

nearest government monitoring station (Qingpu Environmental Monitoring Station, 

Shanghai) and shown in Table E1. 
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Missing air pollutant data measured by the governmental monitoring sites were 

extrapolated using the average of the concentrations measured by sensors located 

directly outside the homes at the same time. Missing air pollutant data measured by the 

sensors located directly outside the homes were extrapolated using the concentration 

measured by the nearest home's outdoor sensor at the same time. Missing air pollutant 

data measured by the sensors located in the bedroom were extrapolated using the 

concentration measured by the sensor directly outside the home, multiplied by the 

appropriate I/O ratio shown in Table E2. During the filtration period, we calculated the 

home specific I/O ratio for three -filter filtration and coarse -filter filtration period, 

respectively, based on the existing measurements from indoor and outdoor sensors.   

In this study, the ambient air pollutan t concentrations were calculated by 

averaging the pollutant concentrations measured by all the outdoor sensors and the 

governmental monitoring station. Air pollutant concentrations in other indoor 

environments, in car/taxi, in the subway, and at other outd oor locations, were calculated 

by multiplying the ambient air pollutant concentrations by the appropriate I/O ratio 

shown in Table E2. Pollutant concentrations in the bedroom and other rooms in the 

home were assumed to be similar, and the air pollutant concentrations measured in the 

bedroom were used for both of these environments. 
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Table E1. Ambient pollutant level, temperature, and relative humidity.  

 Value 

PM2.5, mean Ƿɯ2#ɯȻÙÈÕÎÌȼȮɯϟÎɤÔ3 56.8 ± 28.9 [3.0-185.0] 

O3 (Maximum daily 8 -hour average), mean± SD [range], ppb 54.7 ± 17.9 [12.6-93.4] 

Temperature, mean± SD [range], °C   11.3 ± 4.3 [2.3-24.0] 

Relative humidity, mean ± SD [range], % 73.7 ± 18.6 [20.7-99.3] 

 

Table E2. I/O ratio for each microenvironment.  

 I/O Ratio 

 PM2.5 O3 

Bedroom (window closed, during the 

filtration period)  

Mean Home 

specific I/O ratio ± 

SD (0.44 ± 0.60)  

Mean Home 

specific I/O ratio ± 

SD (0.35 ± 0.42) 

Bedroom (window closed, during the no 

filtration period)  

0.8 0.35 

Bedroom (window opened)  1 0.85 

Other indoor environment outside home 

(window closed)  

0.8 0.35 

Other indoor environment outside home 

(window opened)  

1 0.85 

Car/Taxi 0.8 0.4 

Subway 0.8 0.35 

Walk/ Bike /outdoor exercise 1 1 

 

Table E3. Time activity in different microenvironments.  

 Value 

Bedroom, hour/day  12.2 ± 2.5 

Other room in home, hour/day  3.6 ± 2.5 

Car/Taxi, hour/day  0.1 ± 0.3 

Subway, hour/day  0.002 ± 0.008 

Other indoor environment outside home (e.g., classroom, 

ÊÈÍÌÛÌÙÐÈȮɯÈÕËɯÖÛÏÌÙɯÍÈÔÐÓàɯÔÌÔÉÌÙÚɀɯÈÕËɯÍÙÐÌÕËÚɀɯÏÖÔÌÚȺɯȮɯ

hour/day  

8.1 ± 2.1 

Outdoor , hour/day  2.3 ± 1.4 
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E1.2 Time activity pattern  

During each clinical visit, participants were asked to record their time -activity 

patterns for the two weeks preceding the visit on a time activity questionnaire. On the 

time activity questionnaire, participants would indicate their location during each ho ur 

by selecting among the bedroom, other rooms in home, a classroom, a car/taxi, in the 

subway, other indoor microenvironments, or outdoors (walking, biking, or doing 

exercise outdoors). The descriptive statistics of time activity data in different 

microenvironments were shown in Table E3. If the subjects were indoors, they were 

asked to indicate whether the window of the room they were in was open.  

E1.3 Personal air pollutant exposure calculation 

The personal air pollutant exposure at each hour was calculated by multiplying 

the location factor (0=not in the location, 1=in the location) with air pollutant level at 

each of corresponding microenvironment during the corresponding time period and 

summing them up ( Formula E1). Based on the hourly exposure, we could calculate the 2-

week average air pollutant exposure and 24-hour average air pollutant exposure zero to 

six days prior to each of the clinical visits.  

Formula E1 
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Code Book 

EXPijt : the hourly personal air pollutant exposure for study participant i at hour t at visit 

j. 

k: the microenvironments (1: bedroom, 2: other room in home, 3: car, 4: subway, 5: other 

indoor environment outside home, 6: outdoor)  

i: the participant id n umber (i=ƕȮɯƖȮɯȱȮɯƘƗȺ 

j: the visit  (j= 1, 2, 3, 4) 

t: the hour before health indicators measurement up to 2 weeks (t= 1, 2, ..., 336) 

Cijtk: the air pollutant concentration of microenvironment k where this study participant i 

at hour t at visit j 

Lijtk: the location factor for the  microenvironment k where this study participant i at hour 

t at visit j (0: not in the microenvironment or 1: in the microenvironment)  
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E2. Statistical analysis 

E2.1 Health outcomes in relation to filtration status  

We used linear mixed-effects regression (LMER) models to examine the 

relationship between filtration status and health outcomes and to investigate the effects 

of changes in pollutant exposure caused by the operation of air purifiers following 

Formula E2.  We used lme4 and lmeTest packages of the R software (version 3.6.1) to 

conduct the analysis. In these models, a health outcome was the dependent variable, 

filtration status (no filtration versus coarse+HEPA+activated carbon filters versus coarse 

filters) w as the independent variable; the fixed-effects covariates included changes in 2-

week average personal PM2.5 and O3 exposure, 2-week average ambient temperature and 

relative humidity, sex, age, baseline eosinophil count, upper respiratory tract infection 

status, opioid cough suppressant usage, dust mite allergy status, sleep duration, asthma 

exacerbation status, inhaled corticosteroids usage (whether or not used inhaled 

corticosteroids during the two weeks prior to each of the clinical visits), and travel st atus 

(whether or not traveled during the two weeks prior to each of the clinical visits). We 

controlled for subject ID and the day of week for clinical visit as random intercepts. 

From the model output, we calculated percent change (and 95% confidence interval) in 

the outcome following the use of the three filters together or the use of only the coarse 

filter in reference to following the absence of any filters.  
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Formula E2 

 

E2.2 Exposure-response relationships  

LMER models were constructed to determine the exposure-response association 

between air pollutant exposure and health indicators following  Formula E3. The co-

pollutant models were shown as described in Formula E4. The dependent variable in the 

model was each of the pulmonary health indicators, and the independent variable was 

each of the personal air pollutant exposures measured zero to six days prior to the 

clinical visits. Some biomarkers and air pollutant exposur e were natural logarithm -

transformed due to skewed distributions. The models were adjusted for fixed-effect 

covariates including  ambient temperature and relative humidity averaged over the same 

time with pollution exposure, sex, age, baseline eosinophil count, upper respiratory tract 

infection status, opioid cough suppressant usage, dust mite allergy status, sleep 

duration, asthma exacerbation status, inhaled corticosteroids usage, and travel status. 

We controlled for subject ID and the day of the week for clinical visit as random 

intercepts. From the model output, we calculated percent change (and 95% confidence 

interval) of the outcome associated with an IQR increase in personal pollutant exposure. 

Based on the results from the first set of the models (Section E2.1), we deemed it not 
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appropriate to include the data measured following the use of only the coarse filter. 

Hence, the data from three visits per person were used in the analysis of exposure-

response relationships.  

Formula E3 

 

Formula E4 

 

Codebook 

i: the participant id n umber (iǻɯƕȮɯƖȮɯȱȮɯƘƗȺ 

j: the sample number for Formula  E2 (j= 1, 2, 3, 4); the sample number for Formula E3 

and 4 (j= 1, 2, 3) 

Fil ij: the filtration status (no filtration vs HEPA + activated carbon + coarse filter vs coarse 

filter)  

Yij: the concentration of pulmonary health indicators, including Z 5, R5, R20, R5-R20, X5, 

Fres, FEV1, FVC, PEF, FEF25-75, FEV1/FVC, and FeNO. Among them, FEV1, FVC, FEF25-75, 

FEV1/FVC, and FeNO were nature logarithm transformed (unit:  Z 5 (cm H2O/L/s), R5 (cm 

H 2O/L/s), R20 (cm H2O/L/s), R5-R20 (cm H2O/L/s), X5 (cm H2O/L/s), Fres (Hz), FEV1 (L), 

FVC (L), PEF (L/s), FEF25-75 (L/s), FEV1/FVC (%), and FeNO (ppb)) 

Polij: the 24-hour average personal PM2.5 exposure and the maximum 8-hour average 

personal O3 exposure measured zero to six days prior to the clinical visit (nature 

logarithm transformed) (unit: PM 2.5: µg/m 3 and O3: ppb) 

PM2.5_2wij: the 2-week average personal PM2.5 exposure (unit: µg/m 3) 

O3_2wij: the 2-week average personal O3 exposure (unit: ppb)  

Second_Polij: the personal O3 exposure controlled as the second pollutant averaged with 

the same time frame as the Polij (unit: ppb)  

RH ij: the 24-hour average ambient relative humidity measured zero to six days prior to 

health indicat ors measurement (unit: %) 
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RH_2w ij: the ambient relative humidity averaged over 2 -week prior to health indicators 

measurement (unit: %) 

Tempij: the 24-hour average ambient temperature measured zero to six days prior to 

health indicators measurement, a natural spline with degrees of freedom equals 3 was 

applied (unit: ɢC) 

Temp_2wij: the ambient temperature averaged over 2-week prior to health indicators 

measurement (unit: ɢC) 

Agei: ÛÏÌɯÚÜÉÑÌÊÛÚɀɯÈÎÌɯȹÜÕÐÛȯɯàÌÈÙȺ 

Sexi: ÛÏÌɯÚÜÉÑÌÊÛÚɀɯÚÌßɯȹƔǻÔÈÓÌȮɯ1=female) 

EOSi: the baseline eosinophil number (unit: /µL)  

Dustmite i: the baseline allergic status to dust mite (0=non-allergic, 1=allergic) 

everij: the upper respiratory tract infection status during 2 weeks prior to the clinical visit 

(0=non-respiratory infection, 1=respiratory infection)  

Opioid ij: the opioid cough suppressant usage status during 2 weeks prior to the clinical 

visit (0=non used, 1= used) 

Sleepij: the sleeping duration for the night prior to the clinical visit (unit: hour ) 

ICSij: the status of using inhaled corticosteroids  during 2 -weeks prior to each of the 

clinical visit (0=not -used, 1=used) 

Travel ij: the status of traveling du ring 2-weeks prior to each of the clinical visit (0=non-

travel, 1=travel) 

Wday ij: the random in tercept for the day of week for clinical visit.  

Pi: the individual -specific random intercept.  

Eij: the asthma exacerbation status (0=non-exacerbation, 1=exacerbation) 

:Æ residual . 
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E3. Spearman correlations among air pollutant exposures, relative humidity, and 

temperature. 

 
Figure E1. The Spearman correlations among air pollutant exposures, relative humidity, 

and temperature. RH: ambient relative humidity, TEMP: ambient temperature  



 

 240 

E4. Sensitivity analyses 

E4.1 Exposure-response relationship (Only no-filtration visits)  

If concentration of volatile organic compounds (VOCs)  were largely different 

between three-filter filtration and no -filtration period, this could have confounded the 

exposure-response relationship.  Therefore, we tested the relationships between PM2.5 

exposure and indicators of pulmonary physiology only in t he two no-filtration visits 

following Formula E3, to test the robustness of findings in the main analysis. As shown 

in Figure E2, we found that the increase in 24-hour average PM2.5 exposure measured 

one day prior to the clinical visit was associated with significantly decreases in FEV1 and 

FVC. This analysis, conducted to reduce the effects of potential confounding of co-

pollutant exposures, could support the robustness of findings in the main analysis. 

However, since the small day-to-day changes (without filtration manipulation) in PM 2.5 

limited the statistical powers, we found associations of increased airway impedance (Z 5) 

and inflammation (FeNO) with increasing PM 2.5 exposures measured one-day prior, 

although these associations were not statistically significant.   
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Figure E2. Estimated means and 95% confident intervals for change in biomarkers (%) 

with one IQR increase in 24-hour average PM2.5 personal exposure in zero to six days 

prior to health outcome measurement (lag 0-6) only in the two no -filtration visits . 

Z5=airway impedence measured at 5Hz; R5=airway resistance measured at 5Hz; 

R20=airway resistance measured at 20Hz; R5-R20=difference between airway resistance 

measured at 5Hz and 20Hz; X5=airway reactance measured at 5Hz; Fres=resonant 

frequency; FEV1=forced expiratory volume in first second; FVC=forced vital capacity; 

PEF: peak expiratory flow; FEF25-75=the average forced expiratory flow during 25% to 

75% of FVC; FEV1/FVC= the ratio of FEV1 and FVC; FeNO=fractional exhaled nitric 

oxide. 
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E4.2 Co-pollutant models  

Co-pollutant models, following Formula E4, were developed to examine whether 

the PM2.5 exposure-response relationship obtained in the single-pollutant models can be 

retained after controlling for O 3 as the co-pollutant. The exposure-response relationship 

between personal PM2.5 exposure and pulmonary health indicators were not remarkably 

different with respect to the significance or effec t size after controlling for O 3 (Figure E3). 

The relationships of Z5 with personal PM 2.5 exposure measured in the three days and 

four days prior changed from non -significant to significant. Similar changes were also 

found in the relationship between R 5 and personal PM2.5 exposure measured in the three 

days prior and the relationship between FEF25-75 and PM2.5 exposure measured six days 

prior. Similarly, controlling for O 3 as the co-pollutant in the models does not remarkably 

change the associations between the health outcomes and PM2.5 exposure in the group 

with high or low blood eosinophil counts in terms of both statistical significance and 

effect sizes (Figure E4). 
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Figure E3. Estimated means and 95% confident intervals for change in biomarkers (%) 

with one IQR increase in 24-hour average PM2.5 personal exposure in zero to six days 

prior to health outcome measurement (lag 0-6) with O 3 controlled as a co-pollutant in the 

models. Z5=airway impedence measured at 5Hz; R5=airway resistance measured at 5Hz; 

R20=airway resistance measured at 20Hz; R5-R20=difference between airway resistance 

measured at 5Hz and 20Hz; X5=airway reactance measured at 5Hz; Fres=resonant 

frequency; FEV1=forced expiratory volume in first second; FVC=forced vital capacity; 

PEF: peak expiratory flow; FEF25-75=the average forced expiratory flow during 25% to 

75% of FVC; FEV1/FVC= the ratio of FEV1 and FVC; FeNO=fractional exhaled nitric 

oxide. 
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Figure E4. Estimated means and 95% confident intervals for change in biomarkers (%) 

with one IQR increase in 24-hour average PM2.5 and O3 personal exposure in zero to six 

days prior to health outcome measurement (lag 0-6). Stratified by blood eosinophil 

number (cutoff point 450/ϟ+) Z5=airway impedence measured at 5Hz; R5=airway 

resistance measured at 5Hz; R20=airway resistance measured at 20Hz; R5-R20=difference 

between airway resistance measured at 5Hz and 20Hz; X5=airway reactance measured at 

5Hz; Fres=resonant frequency; FEV1=forced expiratory volume in first second; 

FVC=forced vital capacity; PEF: peak expiratory flow; FEF25-75=the average forced 

expiratory flow during 25% to 75% of FVC; FEV 1/FVC= the ratio of FEV1 and FVC; 

FeNO=fractional exhaled nitric oxide.  

 

E4.3 Excluding measurements of participants who traveled or used inhaled 

corticosteroids during the 2 -weeks prior to the clinical visits.  

Sensitivity  analyses were conducted for the associations shown in the main 

content in a dataset excluding measurements of participants who traveled or used 

inhaled corticosteroids  during the two -weeks prior to each of the clinical visits  following 

Formula E3. As shown in Figure E5-E6, no noticeable changes were found for these 

associations in the new dataset in terms of statistical significance or effect sizes, 

compared to the results in the main text.  
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E4.3.1 Excluding participants traveled: removed 15 measurements from 14 

participants.  

 

 
 

Figure E5. Estimated means and 95% confident intervals for change in biomarkers (%) 

with one IQR increase in 24-hour average PM2.5 personal exposure in zero to six days 

prior to health outcome measurement (lag 0-6) by excluding participants traveled during 

the 2-week prior to the clinical visit . Z5=airway impedence measured at 5Hz; R5=airway 

resistance measured at 5Hz; R20=airway resistance measured at 20Hz; R5-R20=difference 

between airway resistance measured at 5Hz and 20Hz; X5=airway reactance measured at 

5Hz; Fres=resonant frequency; FEV1=forced expiratory volume in first second; 

FVC=forced vital capacity; PEF: peak expiratory flow; FEF25-75=the average forced 

expiratory flow during 25% to 75% of FVC; FEV 1/FVC= the ratio of FEV1 and FVC; 

FeNO=fractional exhaled nitric oxide.  
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E4.3.2 Excluding participants used inhaled corticosteroids: removed 22 

measurements from 12 participants. 

 

 
Figure E6. Estimated means and 95% confident intervals for change in biomarkers (%) 

with one IQR increase in 24-hour average PM2.5 personal exposure in zero to six days 

prior to health outcome measurement (lag 0-6) by excluding participants used inhaled 

corticosteroids during the 2 -week prior to the clinical visit . Z5=airway impedence 

measured at 5Hz; R5=airway resistance measured at 5Hz; R20=airway resistance 

measured at 20Hz; R5-R20=difference between airway resistance measured at 5Hz and 

20Hz; X5=airway reactance measured at 5Hz; Fres=resonant frequency; FEV1=forced 

expiratory volume in first second; FVC=forced vital capacity; PEF: peak expiratory flow; 

FEF25-75=the average forced expiratory flow during 25% to 75% of FVC; FEV1/FVC= the 

ratio of FEV1 and FVC; FeNO=fractional exhaled nitric oxide.  

 

E4.4 Exposure-response relationship (Including all 4 visits)  

The PM2.5 exposure-response relationships including all the clinical visits are 

shown in Figure E7. We found that day-to-day changes in personal PM 2.5 exposure was 

associated with decreased lung function and increased airway resistance and airway 

inflammation, supporting the findings of the main analyses.  
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Figure E7. Estimated means and 95% confident intervals for change in biomarkers (%) 

with one IQR increase in 24-hour average PM2.5 personal exposure in zero to six days 

prior to health outcome measurement (lag 0-6) including all visits . Z5=airway impedence 

measured at 5Hz; R5=airway resistance measured at 5Hz; R20=airway resistance 

measured at 20Hz; R5-R20=difference between airway resistance measured at 5Hz and 

20Hz; X5=airway reactance measured at 5Hz; Fres=resonant frequency; FEV1=forced 

expiratory volume in firs t second; FVC=forced vital capacity; PEF: peak expiratory flow; 

FEF25-75=the average forced expiratory flow during 25% to 75% of FVC; FEV1/FVC= the 

ratio of FEV1 and FVC; FeNO=fractional exhaled nitric oxide.  
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E5. Detailed model results 

Table E4. Estimated means and 95% confident intervals for change in biomarkers (%) 

measured from after using no air purifier to using either air purifier with all the three 

filters or with only the coarse filter  (For Figure 18). 

Health 

Outcomes 

Filtration Status Mean Changes 

(%) 

95% CI p-value 

Z5, 

cmH2O/(L/s) 

Coarse+HEPA+Activated 

Carbon Filters 

-0.32 -13.1-12.4 0.96 

Coarse Filter 8.4 -0.2-16.9 0.055 

R5, 

cmH2O/(L/s) 

Coarse+HEPA+Activated 

Carbon Filters 

-2.1 -17.9-13.7 0.80 

Coarse Filter  9.7 -0.9-20.3 0.073 

R20, 

cmH2O/(L/s) 

Coarse+HEPA+Activated 

Carbon Filters 

-8.7 -22.4-5.0 0.21 

Coarse Filter -0.081 -9.3-9.2 0.99 

R5-R20, 

cmH2O/(L/s) 

Coarse+HEPA+Activated 

Carbon Filters 

6.1 -34.0-46.2 0.76 

Coarse Filter 27.6 0.5-54.7 0.046 

X5, 

cmH2O/(L/s) 

Coarse+HEPA+Activated 

Carbon Filters 

-1.7 -82.7-79.2 0.97 

Coarse Filter -27.7 -82.6-27.3 0.32 

Fres, Hz Coarse+HEPA+Activated 

Carbon Filters 

-3.4 -26.1-19.3 0.77 

Coarse Filter 7.8 -7.4-23.0 0.31 

FEV1, L Coarse+HEPA+Activated 

Carbon Filters 

-2.3 -8.2-3.9 0.45 

Coarse Filter -0.57 -4.6-3.6 0.79 

FVC, L Coarse+HEPA+Activated 

Carbon Filters 

-4.2 -8.4-0.27 0.065 

Coarse Filter -2.2 -5.1-0.78 0.14 

PEF, L/S Coarse+HEPA+Activated 

Carbon Filters 

-3.1 -11.5-5.4 0.48 

Coarse Filter 2.6 -3.1-8.3 0.36 

FEF25-75, L/s Coarse+HEPA+Activated 

Carbon Filters 

0.73 -12.2-15.5 0.92 

Coarse Filter 2.8 -6.3-12.7 0.56 

FEV1/FVC Coarse+HEPA+Activated 

Carbon Filters 

2.6 -1.7-7.0 0.24 

Coarse Filter 2.1 -0.73-5.0 0.14 

FeNO, ppb Coarse+HEPA+Activated 

Carbon Filters 

-1.8 -23.7-26.4 0.89 

Coarse Filter 12.5 -4.9-33.0 0.17 
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Table E5. Estimated means and 95% confident intervals for change in biomarkers (%) 

with one IQR increase in 24-hour average PM2.5 in  zero to six days prior to health 

outcome measurement (lag 0-6) (For Figure 19). 
Health 

Outcomes 

PM2.5 

Exposures 

IQR, 
ϟÎɤÔ3  

Mean Changes 

(%) 

95% CI p-value 

Z5, cmH2O/(L/s) Lag0 27.1 3.2 -2.4-8.8 0.26 

Lag1 30.3 2.4 -2.4-7.3 0.32 

Lag2 32.0 2.7 -2.9-8.2 0.38 

Lag3 22.8 4.2 -1.6-10.0 0.15 

Lag4 29.2 4.2 -0.7-9.2 0.092 

Lag5 38.9 5.4 -2.3-13.1 0.17 

Lag6 34.6 1.9 -4.1-7.9 0.53 

R5, cmH2O/(L/s) Lag0 27.1 5.1 -1.9-12.2 0.15 

Lag1 30.3 6.3 0.10-12.5 0.048 

Lag2 32.0 7.0 -0.3-14.2 0.060 

Lag3 22.8 6.6 -1.2-14.4 0.094 

Lag4 29.2 4.8 -1.7-11.3 0.15 

Lag5 38.9 6.4 -3.7-16.7 0.21 

Lag6 34.6 3.5 -4.2-11.1 0.37 

R20, 

cmH 2O/(L/s) 

Lag0 27.1 2.6 -4.2-9.5 0.44 

Lag1 30.3 1.4 -4.4-7.1 0.64 

Lag2 32.0 4.5 -2.3-11.3 0.19 

Lag3 22.8 1.7 -5.6-9.1 0.64 

Lag4 29.2 1.4 -4.8-7.5 0.66 

Lag5 38.9 1.1 -8.5-10.7 0.82 

Lag6 34.6 0.3 -7.0-7.6 0.94 

R5-R20, 

cmH 2O/(L/s) 

Lag0 27.1 9.6 -7.8-27.0 0.28 

Lag1 30.3 15.8 0.4-31.1 0.045 

Lag2 32.0 11.3 -7.2-29.8 0.22 

Lag3 22.8 14.7 -4.6-34.1 0.13 

Lag4 29.2 10.4 -5.7-26.5 0.20 

Lag5 38.9 14.5 -10.2-39.2 0.25 

Lag6 34.6 5.3 -13.4-24.0 0.58 

X5, cmH2O/(L/s) Lag0 27.1 -5.8 -41.6-30.0 0.75 

Lag1 30.3 6.3 -25.1-37.8 0.69 

Lag2 32.0 30.9 -7.5-69.2 0.11 

Lag3 22.8 -4.8 -43.9-34.3 0.81 

Lag4 29.2 2.7 -36.2-30.8 0.87 

Lag5 38.9 11.3 -40.6-63.2 0.67 

Lag6 34.6 22.0 -18.3-62.4 0.28 

Fres, Hz Lag0 27.1 2.1 -7.6-11.8 0.67 

Lag1 30.3 0.096 -8.6-8.8 0.98 

Lag2 32.0 -8.4 -18.4-1.5 0.096 

Lag3 22.8 2.7 -8.1-13.5 0.62 

Lag4 29.2 -0.1 -9.1-8.9 0.98 

Lag5 38.9 -10.6 -24.0-2.9 0.12 

Lag6 34.6 -3.8 -14.1-6.5 0.47 

FEV1, L Lag0 27.1 -0.6 -3.4-2.3 0.68 

Lag1 30.3 -1.5 -3.8-0.8 0.19 

Lag2 32.0 -0.2 -3.0-2.6 0.87 

Lag3 22.8 0.2 -2.7-3.1 0.91 

Lag4 29.2 -0.8 -3.2-1.8 0.55 
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Lag5 38.9 -2.6 -6.4-1.4 0.20 

Lag6 34.6 -1.7 -4.7-1.4 0.28 

FVC, L Lag0 27.1 -1.3 -3.3-0.70 0.19 

Lag1 30.3 -1.4 -3.1-0.30 0.10 

Lag2 32.0 0.55 -1.4-2.5 0.57 

Lag3 22.8 -0.72 -2.8-1.4 0.50 

Lag4 29.2 -0.96 -2.7-0.8 0.28 

Lag5 38.9 -1.9 -4.7-0.90 0.18 

Lag6 34.6 -0.89 -3.0-1.3 0.42 

PEF, L/s Lag0 27.1 0.68 -3.1-4.5 0.72 

Lag1 30.3 -1.6 -4.7-1.6 0.32 

Lag2 32.0 -0.6 -4.3-3.1 0.74 

Lag3 22.8 1.5 -2.4-5.3 0.46 

Lag4 29.2 -0.39 -3.7-2.9 0.82 

Lag5 38.9 -0.66 -6.1-4.7 0.81 

Lag6 34.6 -2.6 -6.7-1.5 0.21 

FEF25-75, L/s Lag0 27.1 -1.6 -7.5-4.6 0.60 

Lag1 30.3 -2.5 -7.3-2.7 0.34 

Lag2 32.0 -1.3 -7.1-4.9 0.67 

Lag3 22.8 0.3 -5.9-6.9 0.93 

Lag4 29.2 -1.1 -6.5-4.5 0.68 

Lag5 38.9 -4.5 -12.4-4.0 0.28 

Lag6 34.6 -4.0 -10.1-2.6 0.23 

FEV1/FVC Lag0 27.1 1.1 -0.83-3.0 0.26 

Lag1 30.3 0.087 -1.5-1.7 0.92 

Lag2 32.0 -0.61 -2.6-1.4 0.54 

Lag3 22.8 1.4 -0.59-3.5 0.16 

Lag4 29.2 0.42 -1.4-2. 0.65 

Lag5 38.9 -0.18 -2.9-2.6 0.90 

Lag6 34.6 -0.65 -2.7-1.5 0.55 

FeNO, ppb Lag0 27.1 12.1 1.3-24.2 0.028 

Lag1 30.3 9.6 0.74-19.3 0.033 

Lag2 32.0 6.5 -4.0-18.2 0.23 

Lag3 22.8 20.6 8.9-33.5 0.0004 

Lag4 29.2 18.2 8.4-28.9 0.0002 

Lag5 38.9 25.3 9.5-43.4 0.001 

Lag6 34.6 8.8 -2.1-21.0 0.12 
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Table E6. Estimated means and 95% confident intervals for change in biomarkers (%) 

with one IQR increase in 24-hour average PM2.5 in  zero to six days prior to health 

outcome measurement (lag 0-6) in participants with ÉÓÖÖËɯÌÖÚÐÕÖ×ÏÐÓɯÊÖÜÕÛÚɯȀɯƘƙƔɤϟ+ 

(For Figure 20). 
 

Health 

Outcomes 

PM2.5 

Exposures 

IQR, 

ϟÎɤÔ3 

Mean Changes 

(%) 

95% CI p-value 

Z5, cmH2O/(L/s) Lag0 24.2 6.2 -0.57-12.9 0.072 

Lag1 31.0 3.9 -2.2-9.9 0.21 

Lag2 33.2 4.9 -2.0-11.8 0.16 

Lag3 23.8 8.4 0.89-15.9 0.029 

Lag4 29.6 9.9 2.6-17.3 0.0089 

Lag5 38.9 9.3 0.52-18.2 0.038 

Lag6 36.7 3.7 -3.7-11.1 0.32 

R5, cmH2O/(L/s) Lag0 24.2 10.4 1.4-19.4 0.024 

Lag1 31.0 8.6 0.7-16.5 0.033 

Lag2 33.2 10.0 0.78-19.2 0.034 

Lag3 23.8 12.5 2.0-23.1 0.021 

Lag4 29.6 9.6 -0.8-20.0 0.071 

Lag5 38.9 11.0 -0.98-23.0 0.071 

Lag6 36.7 4.8 -4.9-15.6 0.33 

R20, 

cmH 2O/(L/s) 

Lag0 24.2 5.9 -2.9-14.6 0.19 

Lag1 31.0 2.6 -4.8-9.9 0.49 

Lag2 33.2 6.9 -1.9-15.7 0.12 

Lag3 23.8 5.7 -4.4-15.9 0.26 

Lag4 29.6 7.5 -2.3-17.3 0.13 

Lag5 38.9 4.7 -6.8-16.1 0.42 

Lag6 36.7 1.9 -7.3-11.1 0.68 

R5-R20, 

cmH 2O/(L/s) 

Lag0 24.2 18.9 -3.4-41.3 0.096 

Lag1 31.0 20.6 1.2-39.9 0.037 

Lag2 33.2 15.9 -8.0-39.7 0.19 

Lag3 23.8 26.0 -0.26-52.3 0.052 

Lag4 29.6 14.0 -11.9-39.9 0.29 

Lag5 38.9 21.0 -8.5-50.4 0.16 

Lag6 36.7 7.4 -16.5-31.2 0.54 

X5, cmH2O/(L/s) Lag0 24.2 -21.5 -74.9-31.9 0.42 

Lag1 31.0 -4.8 -51.0-51.3 0.84 

Lag2 33.2 47.2 -6.9-101 0.085 

Lag3 23.8 -33.1 92.5-26.3 0.27 

Lag4 29.6 -27.2 84.329.8 0.34 

Lag5 38.9 -13.2 -84.3-58.0 0.71 

Lag6 36.7 19.7 -37.5-76.8 0.49 

Fres, Hz Lag0 24.2 7.5 -5.2-20.2 0.24 

Lag1 31.0 0.74 -10.3-11.8 0.89 

Lag2 33.2 -9.7 -22.8-3.4 0.15 

Lag3 23.8 9.0 -6.3-24.3 0.24 

Lag4 29.6 8.7 -5.9-23.4 0.24 

Lag5 38.9 -4.7 -21.5-12.2 0.58 

Lag6 36.7 -8.3 -21.9-5.3 0.23 

FEV1, L Lag0 24.2 -0.67 -3.7-2.5 0.67 

Lag1 31.0 -1.4 -4.2-1.4 0.30 
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Lag2 33.2 -0.16 -3.4-3.2 0.92 

Lag3 23.8 -0.72 -4.3-3.0 0.69 

Lag4 29.6 -2.5 -5.8-0.93 0.15 

Lag5 38.9 -5.2 -9.1 to -1.1 0.013 

Lag6 36.7 -2.3 -5.9-1.4 0.21 

FVC, L Lag0 24.2 -1.1 -3.2-1.1 0.32 

Lag1 31.0 -0.98 -2.8-0.93 0.30 

Lag2 33.2 0.65 -1.5-2.9 0.56 

Lag3 23.8 -0.92 -3.3-1.5 0.45 

Lag4 29.6 -1.6 -3.9-0.73 0.17 

Lag5 38.9 -3.0 -5.8 to -0.078 0.045 

Lag6 36.7 -0.77 -3.3-1.8 0.54 

PEF, L/s Lag0 24.2 -0.61 -5.3-4.1 0.80 

Lag1 31.0 -2.8 -6.8-1.2 0.17 

Lag2 33.2 -2.9 -7.3-1.6 0.20 

Lag3 23.8 -0.25 -5.4-4.9 0.92 

Lag4 29.6 -1.6 -6.7-3.4 0.52 

Lag5 38.9 -4.5 -10.5-1.6 0.14 

Lag6 36.7 -5.2 -10.4 to -0.014 0.049 

FEF25-75, L/s Lag0 24.2 -1.7 -8.0-5.1 0.61 

Lag1 31.0 -2.9 -8.5-3.0 0.32 

Lag2 33.2 -2.3 -8.6-4.5 0.49 

Lag3 23.8 -2.7 -10.0-5.2 0.48 

Lag4 29.6 -5.3 -12.1-2.0 0.15 

Lag5 38.9 -8.4 -16.2-0.1 0.053 

Lag6 36.7 -6.0 -12.2-1.2 0.097 

FEV1/FVC Lag0 24.2 0.65 -1.5-2.9 0.55 

Lag1 31.0 -0.41 -2.4-1.6 0.67 

Lag2 33.2 -0.83 -3.0-1.4 0.46 

Lag3 23.8 0.91 -1.7-3.6 0.49 

Lag4 29.6 -0.64 -3.1-1.9 0.60 

Lag5 38.9 -2.4 -5.0-0.41 0.09 

Lag6 36.7 -1.6 -3.9-0.79 0.18 

FeNO, ppb Lag0 24.2 21.7 8.4-36.7 0.001 

Lag1 31.0 10.8 -0.3-23.2 0.057 

Lag2 33.2 6.6 -6.5-21.5 0.34 

Lag3 23.8 30.8 14.8-48.9 0.00013 

Lag4 29.6 25.4 9.8-43.1 0.0012 

Lag5 38.9 28.8 10.6-49.9 0.0016 

Lag6 36.7 14.3 -0.25-31.0 0.054 
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Appendix F 

This chapter is adapted with permission from He, L.; Cui, X.; Li, Z.; Teng, Y.; 

Barkjohn, K. K.; Norris, C.; Fang, L.; Lin, L.; Wang, Q.; Zhou, X.; Hong, J.; Li, F.; Zhang, 

Y.; Schauer, J. J.; Black, M.; Bergin, M.; Zhang, J., Malondialdehyde in Nasal Fluid: A 

Biomarker for Monitoring Asthma Control in Relation to Air Pollution Exposure. 

Environmental Science and Technology. 2020 (Publisher: American Chemical Society).  

F1. Air purifier operation schedule  

 

Figure F1. Operation schedule of air purifier in relation to the clinic visits.  

 

F2. Statistical analysis 

F2.1 Exposure-response relationships  

Linear mixed -effect regression (LMER) models were constructed to determine 

the exposure-response association of personal air pollutant exposure with biomarkers of 

oxidative stress and C-ACT scores following  Formula F1. The co-pollutant models were 

used as described in Formula F2. The dependent variable in the model was each of the 

biomarkers, and the independent variable was the personal air pollutant exposures 
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measured zero to six days prior to the clinical visits. Biomarkers and pollutant exposure 

were natural logarithm -transformed due to skewed distributions. We controlled for the 

fixed-effects covariates including ambient temperature, ambient relative humidity, 

urinary aMT6s (only for the 2 urinary biomarkers), respiratory tract infection status,  

inhaled corticosteroids usage, asthma exacerbation status, baseline eosinophil count, 

sleep duration, travel status (whether or not the participant was out of city during the 

two weeks prior to each clinical visit), sex, and age. We controlled for subject ID and the 

day of the week for  clinical visit as random -effect variables. To investigate whether 

asthma exacerbation status, the inhaled corticosteroids usage, eosinophil inflammation 

status, or sex would modify the relationship between pollutant exposure and nasal 

MDA, the interaction  term between pollutant exposure and these four factors was added 

as shown in Formula F3. 

From the model output, we calculated percent change (and 95% confidence 

interval) of the biomarkers associated with an IQR increase in personal pollutant 

exposure. 

Formula 1 
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Formula 2 

 
Formula 3 

 
F2.2 Relationships of biomarkers of oxidative stress and inflammation in the 

upper respiratory tract with respiratory symptoms.  

LMER models were used to examine the associations of nasal fluid and salivary 

biomarkers with the scores of C-ACT questions fol lowing  Formula 4. In these models, the 

scores of each of C-ACT question were the dependent variables, and the concentration of 

the biomarkers of oxidative stress and airway inflammation would be the independent 

variables along with the covariate structure described in the first model. From the model 

output, we calculated percent change (95% confidence interval) in the C-ACT scores 

associated with an IQR increase in the biomarkers. 

Formula 4 

 








































































































