
Oxidative Stress and Systemic Inflammation as Modifiers of
Cardiac Autonomic Responses to Particulate Air Pollution

Mi-Sun Leea, Ki-Do Euma, Shona C. Fanga,b, Ema G. Rodriguesa, Geoffrey A. Modestc, and
David C. Christiania,d,*

aEnvironmental and Occupational Medicine and Epidemiology Program, Department of
Environmental Health, Harvard School of Public Health, Boston, MA, USA

bNew England Research Institutes, Inc. Watertown, MA, USA

cUpham's Corner Health Center and Boston University School of Medicine, Boston, MA, USA

dMassachusetts General Hospital and Harvard Medical School, Boston, MA, USA

Abstract

Background—The role of oxidative stress and systemic inflammation on the association

between personal exposures to ambient fine particulate matter ≤ 2.5 μm in diameter (PM2.5) and

cardiac autonomic dysfunction, indicated by reduction in heart rate variability (HRV), has not

been examined.

Methods—We performed a repeated measures study on community adults in a densely populated

inner city neighborhood in Boston, Massachusetts. Continuous ambulatory electrocardiogram

(ECG) monitoring and personal exposure to PM2.5 were measured for up to two consecutive days.

Peripheral blood and spot urine samples were collected at 12-hour intervals for the measurements

of markers of inflammation including C-reactive protein (CRP), fibrinogen, white blood cell

(WBC) and platelet counts as well as for the analysis of urinary 8-hydroxy-2′-deoxyguanosine (8-

OHdG), a marker of oxidative DNA damage.

Results—After adjusting for confounders, we found a pronounced decrease in nighttime

standard deviation of normal-to normal intervals (SDNN): an interquartile range (IQR) increase in

PM2.5 (13.6 μg/m3) was associated with an 8.4% decrease in SDNN (95% CI: −11.3 to −5.5).

Compared with the lower eightieth percentile, significantly greater PM2.5 associated nighttime

SDNN reductions were observed among subjects in the upper twentieth percentile of 8-OHdG by

−25.3%, CRP by −24.9%, fibrinogen by −28.7%, WBC by −23.4%, and platelet counts by −24.0%

(all P < 0.0001; all Pinteraction <0.01).
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Conclusions—These data suggest that oxidative stress and systemic inflammation exacerbate

the adverse effects of PM2.5 on the cardiac autonomic function even at ambient levels of exposure.
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particulate air pollution; oxidative stress; systemic inflammation; effect modifier; heart rate
variability; environmental health

1. INTRODUCTION

Associations between ambient PM2.5 and cardiovascular health outcomes have been widely

reported in the epidemiological and clinical literature [1]. Possible mechanisms for the

cardiovascular effects of PM2.5 exposure include oxidative stress-induced endothelial

dysfunction and/or systemic inflammation [2].

Heart rate variability (HRV), a non-invasive marker of cardiac autonomic control and

cardiovascular events and mortality [3], reflects the influence of both sympathetic and

parasympathetic systems. Nighttime may be a better time to investigate the cardiovascular

effects of environmental pollutants because HRV is less influenced by potential confounders

such as physical activity and mental stress. Several epidemiological studies have observed

larger effects of environmental toxic pollutants including PM2.5 and polycyclic aromatic

hydrocarbons (PAHs) on HRV, especially during the night [4, 5]. Increased risk of stroke is

associated with nighttime HRV, but not with 24-hr HRV in healthy individuals [6]. Further,

a recent study found that elevated nighttime heart rate (HR) is a stronger risk factor in

predicting risk of all-cause mortality as well as cardiovascular events [7].

Reactive oxygen species (ROS) may be potential modifiers for particle effects on HRV and

other cardiovascular events in experimental studies [8, 9, 10]. Although stronger particle

effects on HRV were found in subjects with elevated systemic inflammation, as defined by

the upper 20th percentile of C-reactive protein (CRP), the reported role of other markers of

inflammation is inconsistent [11]. Moreover, to our knowledge, there is no epidemiologic

study that has addressed the role of oxidative stress and inflammation in the association

between personal exposures to particulates and nocturnal HRV in a community population.

Therefore, we aimed to assess whether oxidative stress and inflammation modify the

association between continuous personal exposure to PM2.5 and HRV measured up to two

consecutive days in a community adult population.

2. METHODS

2.1. Study Design and Population

This study is a repeated-measures panel study design for assessing cardiovascular responses

to particulates in community members from an inner city neighborhood of Boston,

Massachusetts, consisting of twenty one individuals. Detailed information regarding our

study population has been reported previously [12]. Briefly, the study population was

recruited from a neighborhood health center during the period of March to August 2004.

Each participant completed a modified American Thoracic Society questionnaire [13],
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which also included information on socio-demographic factors (age, gender and smoking

status) and medication use. Information on medication use included statins, non-steroidal

anti-inflammatory drugs (NSAIDs), antihypertensive medications (beta blocker, calcium

channel blocker or ACE inhibitors/angiotensin receptor blockers), or aspirin that have been

taken at least once during the study period. Participants completed blood and urine

collections at approximately twelve hour intervals and continuous ECG monitoring up to

two consecutive days. This study was approved by the Institutional Review Board of the

Harvard School of Public Health. All subjects gave written informed consent prior to the

study.

2.2 Personal PM2.5 Exposure

Continuous real-time personal PM2.5 concentrations were obtained for each individual with

the TSI SIDEPAK Model AM510 Personal Aerosol Monitor, which uses light-scattering

technology to determine mass concentration (TSI Inc., Shoreview, MN). Each SIDEPAK was fit

with a PM2.5 inlet impactor. The air sample was drawn through a 1.2 meter long Tygon tube

into the impaction inlet at a flow rate of 1.7 L/min, adjusted using a DryCal DC-Lite

Primary Air Flow Meter (BIOS, Butler, New Jersey, USA). The PM2.5 monitor was placed

in a padded pouch, with the inlet tubing secured in the participant's breathing zone, and

attached to each participant. Participants were instructed to wear their monitors throughout

the day and to place the monitor by their bed when sleeping at night. The monitor took

PM2.5 concentrations every 10 seconds and reported 5-min averages.

2.3. ECG Monitoring

We used HRV and HR as measures of autonomic cardiac response to PM2.5 exposure. The

ECG of each individual was measured continuously up to two 24-hr periods using a five-

lead ECG Holter monitor, Dynacord 3-Channel Model 423 (Raytel Cardiac Services,

Windsor, Connecticut). A detailed description for the ECG monitoring protocol has been

provided previously [5]. Briefly, the holter monitor was calibrated 15 minutes before placing

electrodes. Separate electrodes were placed on the participant's skin, and if necessary, the

area was shaved for proper adhesion, and the leads were periodically checked by study staff.

Each 24 hr recording was sent to Raytel Cardiac Services for processing and analysis using a

StrataScan 563 (DelMar Avionics, Irvine, California) and then screened to correct data

artifacts. A trained professional with no exposure information performed all analyses and

edited all normal or abnormal findings based on standard criteria. The mean of SD of

normal-to-normal intervals (SDNN, in milliseconds), as a time-domain HRV measure, and

the mean heart rate (HR, in beats per minute) were calculated in standard 5-min segments

throughout the entire recording and matched with the corresponding personal 5-min PM2.5

intervals.

2.4. Markers of Oxidative Stress and Systemic Inflammation

Blood and urine samples were collected at the start of monitoring and at twelve hour

intervals throughout the duration of the monitoring period, for up to 4 measurements per

person. Analysis of blood samples was performed by Path Labs, Inc. (Portsmouth, New

Hampshire). Quantitative determination of CRP in serum was performed with a Hitachi

747–200 analyzer using the latex particle-enhanced immunoturbidimetric assay (ITA). The
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concentration of fibrinogen in plasma was determined using the Sysmex CA5000

coagulation analyzer using the Clauss clotting method. Blood samples for complete blood

count (CBC) including WBC and platelet count was collected in ethylenediaminetetraacetic

acid (EDTA) and analyzed using an Advia 120 automatic cell counter. 8-OHdG, one of the

major DNA base modified products due to attack by hydroxyl radicals at the C8 of guanine,

is a widely used biomarker of oxidative DNA stress [14]. A detailed description for the

analysis of urinary 8-OHdG has been provided previously [12]. Spot urine samples were

collected in 120mL sterile urine cups at 12-hour intervals during the monitoring periods with

the collection of up to four urine samples from each individual. All urine samples were

aliquotted and frozen at −20°C until laboratory analysis. The analysis of urinary 8-OHdG

was performed by Genox Corporation (Baltimore, MD). Urinary 8-OHdG was determined

by competitive enzyme-linked immunosorbent assay. The limit of detection (LOD) for

urinary 8-OHdG was 0.64 ng/mL. Urine creatinine concentrations were used to adjust the

urinary concentrations of 8-OHdG. These creatinine-corrected urinary concentrations of 8-

OHdG were calculated as μg/g creatinine.

2.5. Statistical Analysis

Dependent variables, SDNN and HR, were log-transformed to improve normality and

stabilize the variance. Linear mixed effects models with random intercepts and

unconstructed covariance were used to estimate the changes in 5-min SDNN and 5-min HR

per interquartile range (IQR) increase in PM2.5 concentrations. Each outcome measure

(SDNN and HR) were split into three time periods: the 24-hr recording, the 14-hr day period

(07:30–21:30 hours) and the 7-hr night period (00:00 to 07:00 hours) [4]. This allowed us to

analyze three exposure-response models for each outcome. We adjusted each model for age,

gender, smoking status (current smoker and non-smoker), use of statin, NSAIDs,

antihypertensive medications (beta blocker, calcium channel blocker or ACE inhibitors/

angiotensin receptor blockers), and aspirin. Indicators for time of day (divided by 14-hr day,

7-hr night, and the remaining time of day) were additionally included to account for the

circadian variation of HRV in the analysis of 24-hr HRV and 24-hr HR [15]. For analysis of

effect modifiers, we used measures of oxidative stress and inflammation which were

collected at the most proximal time point of 5-min SDNN. The oxidative stress and

inflammatory markers were considered as dichotomous variables determined by the value at

the upper 20% of each marker [11]. Results are given as estimated percent changes and 95%

confidence intervals (CIs) in HRV and HR per IQR increase in PM2.5 exposure (13.6 μg/

m3). For statistical efficiency, we included multiplicative interaction terms along with the

main effects in the models to assess effect modification by urinary 8-OHdG and blood

markers of inflammation, rather than stratified analyses. The estimated percent changes per

IQR increase in PM2.5 are reported by the level of each urine and blood marker based on

dichotomized criteria (<80th percentile and ≥20th percentile). We also conducted a

sensitivity analyses after additionally adjusting for medical history of hypertension and

asthma, and analyses excluding one subject with the maximum value of CRP (34.3 mg/L).

Significance for statistical tests was evaluated at the p = 0.05 level. All statistical analyses

were performed using PROC MIXED in SAS version 9.2 (SAS Institute Inc, Cary, North

Carolina, USA).
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3. RESULTS

The demographic and clinical characteristics of the study population are shown in Table 1.

Subjects were on average 44 years of age; 81% were female, 29% were current smoker, and

48% took regular medications including any of statin (10%), NSAIDs (29%),

antihypertensive medications (43%), or aspirin (14%). Of the 21 participants, 15 participants

(71%) had one or more disease including diabetes (9.5%), chronic bronchitis (9.5%), asthma

(33.3%) or hypertension (57.1%).

Table 2 summarizes the baseline levels of markers of urine and blood. The median values of

urine and blood markers were 14.3 μg/g creatinine for urinary 8-OHdG, 4.9 mg/L for CRP,

3.1 g/L for fibrinogen, 6.1×109/L for WBC count, and 242×109/L for platelet count.

Table 3 presents adjusted associations of HRV and HR with PM2.5 over the three time

periods of 24 hours, day and night. Associations between PM2.5 and both HRV and HR were

most pronounced at night. After adjusting for age, gender, smoking status, use of statin,

NSAIDs, hypertensive medications, and aspirin, one IQR increment in PM2.5 (13.6 μg/m3)

was associated with decreases of 8.4% (95% CI: −11.3% to −5.5%) in nighttime SDNN and

increases of 1.9% (95% CI: 1.1% to 2.7%) in nighttime HR. Subjects with the highest tertile

of PM2.5 had 34.1% (95% CI, −41.3% to −26.0%) lower nocturnal SDNN than individuals

with the lowest tertile and a dose-response relation was observed (P for trend < 0.0001).

Similar patterns of association were found between PM2.5 exposure and daytime and 24-hr

HRV, though effect sizes were lower than those observed during night time. When we

additionally adjusted for hypertension and asthma, the results were similar. Excluding the

maximum value of CRP (34.3 mg/L) did not change our observed results.

Figure 1 shows effect modification by oxidative stress and systemic inflammation in the

association between PM2.5 and nocturnal HRV and nocturnal HR. In this analysis, the

estimated percent changes in nocturnal HRV and HR per IQR increase in PM2.5 are

presented by the values of each marker in the upper 20th percentile (8-OHdG: 15.7 μg/g

creatinine, CRP: 8.7 mg/L, fibrinogen: 3.8 g/L, WBC: 8.0 109/L, platelet: 303 109/L). We

found statistically significant effect modification: PM2.5-associated SDNN declines at night

were greater among individuals in the upper 20th percentile of 8-OHdG by −25.3% (95% CI:

−31.2% to −18.7%, Pinteraction < 0.0001), CRP by −24.9% (95% CI: −31.9% to −17.2%,

Pinteraction < 0.0001), fibrinogen by −28.7% (95% CI: −34.7% to −22.1%, Pinteraction <

0.0001), WBC by −23.4% (95% CI: −32.9% to −12.7%, Pinteraction = 0.003) and platelet by

−24.0% (95% CI, −32.4% to −14.7%, Pinteraction = 0.001) (Figure 1-A). PM2.5-associated

HR increases at night were greater among individuals in the upper 20th percentile of 8-

OHdG by 3.8% (95% CI: 1.8% to 5.8%, Pinteraction = 0.03), CRP by 4.5% (95% CI: 2.1% to

6.9%, Pinteraction = 0.023), fibrinogen by 5.7% (95% CI: 3.5% to 7.9%, Pinteraction = 0.0002),

WBC by 7.0% (95% CI: 3.8% to 10.4%, Pinteraction = 0.002) and platelet by 9.9% (95% CI:

6.9% to 13.0%, Pinteraction < 0.0001) (Figure 1-B). Neither additionally adjusting for

hypertension and asthma nor excluding one subject with the maximum value of CRP did not

essentially change the results.
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4. DISCUSSION

To our knowledge, this is the first study to examine the modifying role of oxidative stress

and inflammation on the association between personal exposure to PM2.5 and changes in

cardiac autonomic function in a general adult population. In this repeated measures panel

study among community adults, we found that PM2.5 exposure was associated with

reductions in HRV and increases in HR. More pronounced declines in HRV and increases in

HR were found during the night. Significantly stronger effects of PM2.5 exposure on HRV

and HR were found among the subjects with elevated biomarkers of oxidative stress and

systemic inflammation, implying that individuals with excessive oxidative damage and

systemic inflammation are more susceptible to adverse cardiac effects by particulate air

pollution, as mediated at least in part by adverse effects on cardiac autonomic function.

Epidemiologic evidence suggests that particulate air pollution has been associated with

oxidative damage, systemic inflammation and/or autonomic dysfunction [4, 11, 12, 15, 16,

17, 18]. Limited evidence exists for the modifying role of oxidative stress and/or systemic

inflammation on particle-induced autonomic dysfunction. In a study of non-smoking CVD

patients in China, greater HRV declines by acute exposure to PM2.5 were found among

subjects with high-sensitivity CRP values (> 1.76 mg/L) in the upper 10th percentile [16]. In

an occupational cohort study of 25 male boilermaker construction workers, greater SDNN

declines were observed among subjects with CRP values in the upper 25% of CRP (4.7

mg/L) [15]. In a community-based study conducted in twenty five elderly in Steubenville,

Ohio, individuals with elevated systemic inflammation, defined by the upper 20% of the

CRP (> 9 mg/L), had a 6.1% decrease in SDNN associated with an IQR (13.4 μg/m2)

increase in PM2.5, whereas no association was found among subjects with the 80 percentile

of the CRP or lower (≤ 9 mg/L) [11]. We found a similar pattern of a modifying role of

systemic inflammation showing significantly greater effect of PM2.5 among the subjects

with elevated systemic inflammation both defined by the highest tertile and upper 20

percentile of CRP, and the magnitude of the association is much greater than reported in

previous studies. In the present study, oxidative stress and excessive systemic inflammation

measured by other indicators including fibrinogen, platelet and WBC counts showed similar

modifying roles. In contrast, no effect modification by higher systemic inflammation using

other biomarkers on HRV was found in both previous studies [11, 16]. These inconsistent

findings may have resulted from exposure misclassification using ambient air monitoring

data in previous studies, rather than the personal monitoring of particulate pollution that we

used.

Although biological mechanisms linking particulate air pollution exposure to heart rate

variability, a noninvasive marker of autonomic nervous system (ANS) dysfunction

characterized by increased sympathetic activity and decreased parasympathetic activity, are

still not fully understood, oxidative stress and systemic inflammation may be involved [8, 9,

10, 19, 20]. Experimental studies in animal models indicate the role of reactive oxygen

species (ROS) as potential mediators of particle effects on HRV and other cardiovascular

endpoints [10, 20]. Excessive generation of ROS and/or deficiency in antioxidant capacity

by inhaled airborne particles can lead to oxidative stress in the lungs, which can induce

proinflammatory cytokines such as tumor necrosis factor-a (TNF-a), interleukin (IL)-1 and
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IL-8 [19] that can enter into the peripheral circulatory system, affecting the heart and

cardiovascular disease [21]. In addition, preexisting oxidative stress and inflammation

enhance the production of inflammatory cytokines following particle exposure [19, 22].

These products may play a role in autonomic imbalance with an increased sympathetic tone

and a reduced parasympathetic tone [23]. Subsequently, impaired antioxidant defense due to

preexisting oxidative stress and inflammation may exacerbate the cardiac toxicity of PM

exposure.

While this is a first study of this issue and the use of repeated measurements increases the

study power to detect significant interaction effects [24] in a relatively small sample size, as

in other epidemiologic study [11], our results must be interpreted with caution. Further

studies of larger populations are needed to generalize our findings. Another limitation of our

study is that we are unable to provide information on which constituents of PM2.5 result in

detrimental cardiac autonomic effects.

5. Conclusion

In conclusion, our findings suggest that oxidative stress and systemic inflammation may

exacerbate particle-induced cardiac autonomic dysfunction.
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CI confidence interval
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CVD cardiovascular disease
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HR heart rate

HRV heart rate variability
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OR odds ratio

PM2.5 particulate matter less than 2.5 micrometer in aerodynamic diameter

ROS reactive oxygen species

SDNN standard deviation of normal-to-normal intervals

WBC white blood cell
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Highlights

Few epidemiologic studies have examined the role of oxidative stress and inflammation

in the association between personal exposures to ambient PM2.5 and nocturnal HRV in a

general adult population. We found stronger effects of PM2.5 exposure on nocturnal

SDNN and HR in subjects with elevated biomarkers of oxidative stress and systemic

inflammation, implying that individuals with excessive oxidative damage and

inflammation are more susceptible to particle-induced autonomic dysfunction. Our

results underline the need for continued efforts in ambient particulate pollution control

and the surveillance of cardiac autonomic health, in particular among individuals more

susceptible to air pollution.

Lee et al. Page 10

Int J Cardiol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1.
Adjusted percent changes and 95% CIs in (A) nocturnal SDNN and (B) nocturnal HR for an

IQR increase in PM2.5 (13.6 μg/m3) by level of oxidative stress and systemic inflammation.

Models were adjusted for age, gender, smoking status, use of statin, NSAIDs, hypertensive

medication (beta blocker, calcium channel blocker or ACE inhibitors/angiotensin receptor

blockers), and aspirin. Diamond blue/red symbols indicate the effect estimate for the upper

20th percentile; diamond white symbols indicate the effect estimate for the lower 80th

percentile. P values for interaction effect.
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Table 1

Demographic and clinical characteristics of study population (n = 21)

N (%) or Mean ± SD

Age, years (range) 44 (21–69)

Gender

 Men 4 (19)

 Women 17 (81)

Race/ethnicity

 Non-Hispanic white 1 (5)

 Non-Hispanic black 15 (71)

 Hispanic 5 (24)

Current smoker 6 (29)

Use of medication†

 Statin 2 (10)

 NSAIDs 6 (29)

 Antihypertensive medication‡ 9 (43)

 Aspirin 3 (14)

Medical history

 Diabetes 2 (9.5)

 Chronic bronchitis 2 (9.5)

 Asthma 7 (33.3)

 Hypertension 12 (57.1)

SDNN (5-min mean, msec) 49.6 ± 27.2

Heart rate (5-min mean, bpm) 82.8 ± 14.8

PM2.5 (5-min mean, μg/m3) 29.8 ± 77.7

†
At least once during the study period.

‡
Antihypertensive medication includes any of beta blocker, calcium channel blocker or ACE inhibitors/angiotensin receptor blockers.
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Table 2

Baseline levels of markers of urine and blood (n = 21)

Urine and blood markers
Percentile

Mean Min 20th 50th 80th Max

8-OHdG (μg/g creatinine) 16.4 1.8 6.2 14.3 23.8 46.5

CRP (mg/L) 7.3 0.6 1.7 4.9 7.5 34.3

Fibrinogen (g/L) 3.1 2.2 2.4 3.1 4.0 4.6

WBC count (109/L) 6.2 3.0 3.9 6.1 8.1 10.1

Platelet count (109/L) 250 151 190 242 293 420

8-OHdG, 8-hydroxy-2'-deoxyguanosine; CRP, C-reactive protein; WBC, white blood cell
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