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Abstract

Context—Endothelial dysfunction has been suggested as a potential mechanism by which 

ambient air pollution may cause acute cardiovascular events. Recently, plasma nitrite has been 

developed as a marker of endothelial dysfunction.

Objectives—We examined the changes in plasma nitrite concentration associated with increases 

in ambient air pollutant concentrations in the previous 7 d.

Materials and methods—We linked up to three measurements of plasma nitrite concentrations 

obtained from 49 students to 24-h average concentrations of five criteria air pollutants [particle 

mass<2.5 mm in aerodynamic diameter (PM2.5), carbon monoxide (CO), sulfur dioxide (SO2), 

nitrogen dioxide (NO2), and ozone (O3)] measured at two monitoring sites closest to Rutgers 

University campus (6–15 miles) in New Jersey during the years 2006–2009. We examined the 

change in plasma nitrite associated with each interquartile-range (IQR) increase in pollutant 

concentration in the previous 24 h and six preceding 24- h periods, using linear mixed models.

Results—IQR increases in mean PM2.5 (7.0 μg/m3) and CO (161.7 parts per billion) 

concentrations in the first 24 h before the plasma nitrite measurement were associated with 

increased plasma nitrite concentrations (PM2.5: 15.5 nanomolar; 95% confidence interval (CI): 

2.4, 28.5; CO: 15.6 nanomolar; 95% CI: 2.4, 28.9). Increased plasma nitrite associated with IQR 

increases in O3 and SO2 concentrations over longer lags were observed.
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Discussion and conclusion—Rapid increases in plasma nitrite following exposure to ambient 

air pollutants support the hypothesis that ambient air pollution is associated with inducible nitric 

oxide synthase-mediated systemic inflammation in humans.
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Introduction

A growing body of literature has consistently confirmed an acute association between 

increased ambient air pollutant concentrations and increased hospital admissions and deaths 

due to cardiovascular (CV) diseases (Bell et al., 2008; Chang et al., 2013; Dominici et al., 

2006; Hsieh et al., 2013; Mann et al., 2002; Samet et al., 2000; Wellenius et al., 2005a,b; 

Yang et al., 2013; Zhang et al., 2014). Elevated levels of pollutants such as ambient 

particulate matter<2.5 μm in aerodynamic diameter (PM2.5), ozone (O3), sulfur dioxide 

(SO2), nitrogen dioxide (NO2) and elemental carbon have been acutely associated with 

adverse CV events (Brook et al., 2004, 2010; Peters et al., 2001; Rich et al., 2005, 2006a,b; 

Nuvolone et al., 2011; Wellenius et al., 2005a,b, 2006). For instance, we and others have 

observed significantly increased risk of ventricular arrhythmia, paroxysmal atrial fibrillation, 

myocardial infarction, congestive heart failure, and stroke, associated with increases in at 

least one of the above-mentioned criteria air pollutants in the 24 h before the CV event 

(Nuvolone et al., 2011; Peters et al., 2001; Rich et al., 2005, 2006a,b; Wellenius et al., 

2005a,b, 2006).

Adverse CV events associated with elevated levels of air pollutants can be observed rapidly 

following an increase in pollutant concentrations or exposure (Bhaskaran et al., 2011; 

Burgan et al., 2010; Peters et al., 2004, 2013; Rich et al., 2005, 2006a). Although several 

mechanisms may operate concurrently in response to inhalation of pollutants, many 

epidemiological and clinical studies have suggested a role for endothelial dysfunction and 

impaired vascular reactivity in mediating acute and chronic CV outcomes among healthy 

and susceptible populations such as those with type 2 diabetes mellitus (Dales et al., 2007; 

Liu et al., 2007; O'Neill et al., 2005; Rundell et al., 2007; Schneider et al., 2008). These 

studies demonstrated a 0.5–17% decrease in flow-mediated dilation of the brachial artery 

(BAFMD) and suggested that acute exposures to ambient air pollutants may produce 

endothelial dysfunction, or vascular smooth muscle dysfunction. These effects may be either 

via reduction of endothelial production of nitric oxide (NO) or via excess depletion of NO 

due to production of oxidant radicals resulting from particle-associated inflammation and 

oxidative stress (Ghio et al., 2000; Sorensen et al., 2003; Sullivan et al., 2003).

Recently, venous plasma nitrite, the main oxidation product of nitric oxide has been used as 

a marker of NO production following a physiological endothelial stimulus such as reactive 

hyperemia of the forearm (Allen et al., 2005; Lauer et al., 2001). Allen et al. demonstrated 

the utility of plasma nitrite in discriminating individuals with peripheral vascular disease 

from individuals without vascular disease by measuring a relative change in this marker 

following exercise (Allen et al., 2009). In this article, we sought to examine the changes in 
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plasma nitrite associated with ambient increases in concentrations of five criteria air 

pollutant, namely PM2.5, carbon monoxide (CO), SO2, NO2 and O3 in the 7 d prior to nitrite 

measurement. We hypothesized that increases in mean ambient air pollutant levels may be 

associated with a decrease in the endothelial production of NO and thus nitrite, consistent 

with decreases in flow-mediated dilation of the brachial artery (Dales et al., 2007; Liu et al., 

2007; O'Neill et al., 2005; Rundell et al., 2007).

Methods

Data source

We used data from a double-blind crossover study conducted at the Environmental and 

Occupational Health Sciences Institute (EOHSI) in Piscataway, NJ (Kipen et al., 2011). The 

primary study examined acute mechanisms possibly leading to adverse CV outcomes, 

associated with 2-h exposures to two fresh pollution aerosols, namely diesel exhaust (DE) or 

secondary organic aerosol (SOA), relative to filtered clean air (CA), in a panel of college 

students. The current secondary data analysis focuses on baseline measures obtained on one 

of the markers of endothelial function, i.e. plasma nitrite concentration obtained prior to the 

exposure to air pollutants. The study was approved by the Rutgers-Robert Wood Johnson 

Medical School Institutional Review Board.

Study subjects

Healthy, non-smoking men and women between the ages of 18–30 years were recruited 

from the Busch campus of Rutgers University in Piscataway during the years 2005–2009. 

Potential candidates were screened using a telephone questionnaire to determine their 

eligibility for participation. Candidates were excluded if they indicated presence of CV 

disease, cancer, stroke, hypertension, pulmonary diseases including asthma, endocrine 

disease, and kidney/liver disease. Eighty-two eligible candidates gave a written informed 

consent, following which they underwent a history and physical examination including 

standard laboratory evaluation, electrocardiogram, and spirometry at the Clinical Center of 

EOHSI. Based on the physician's review, 10 subjects were excluded from participation for 

safety and comfort reasons and of the 72 subjects who were invited to participate in the 

study, 9 withdrew from the study due to personal or scheduling reasons prior to commencing 

exposures, resulting in a sample of 63 subjects. Although the primary study enrolled 63 

subjects, data on plasma nitrite were available on only 49 (77.7% of the total study sample) 

subjects, because the plasma nitrite measurement was introduced to the primary study design 

8 months after its initiation. Thus, the final study sample comprised of 49 subjects.

Plasma nitrite measurements

Each subject underwent measurement of markers of endothelial function including plasma 

nitrite 1 d per week over 3 consecutive weeks. For a majority of the subjects, visits were 

scheduled on the same day of the week. All outcomes were evaluated upon arrival for each 

exposure session, at baseline, i.e. prior to the exposure to DE, SOA, or CA, in a controlled 

environmental facility, as well as immediately following a 2-h exposure to DE, SOA and 

CA, as reported previously for other outcomes in this population (Kipen et al., 2011). 

However, the current analysis focused only on the baseline measurements obtained prior to 
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the exposure. On each day of testing, subjects reported to the Clinical Center at 8:00 AM 

following an overnight fast beginning at 12:00 midnight the day before testing. They were 

instructed to abstain from caffeinated/alcoholic beverages, vigorous exercise less than 12 h 

prior to the testing, aspirin containing medications and other anti-inflammatory medications 

such as non-steroidal anti-inflammatory drugs 2 weeks prior to the testing. After verifying 

the self-reported adherence to these instructions, a pre-exposure blood sample (4.5 ml) was 

collected in a vacuum tube containing EDTA as an anticoagulant using standard phlebotomy 

procedure. Samples were immediately transported on ice to a laboratory three floors above 

and centrifuged for 15 min at a speed of 1600 × g at 4 °C. Plasma was aliquotted into 1.5-ml 

tubes. Samples were then shock frozen in liquid nitrogen and were stored at −80 °C. The NO 

content of plasma samples was measured by chemical reduction-linked chemiluminescence 

using a Sievers 280 NO analyzer (Sievers Instruments, Boulder, CO). Reduction of nitrite to 

NO was achieved with the use of a KI and concentrated acetic acid mixture. Nitrite 

concentration was reported in nanomolar (nM). The final sample of 49 subjects comprised 

128 observations where data on plasma nitrite concentration were available on all three 

visits from 31 subjects, on two visits from 17 subjects, and on one visit from 1 subject.

Air pollutants

Hourly ambient concentrations of five criteria air pollutants, namely, PM2.5, CO, SO2, NO2 

and O3 were measured by New Jersey monitoring stations sponsored by the US 

Environmental Protection Agency and retrieved for the study period (US EPA). The study 

period during which plasma nitrite measurements were made, extended from 1 August 2006 

to 31 May 2009. Thus, there were 24 840 h and 1035 d in the study period. Since the 

subjects either lived on the Campus or in close proximity to the campus at the time of their 

study participation, the pollutant-specific monitor closest to the campus was selected to 

represent subjects' exposure to ambient air pollutants during the study. One monitor located 

in Perth Amboy (~15 miles from the EOHSI) measured CO and SO2 whereas a monitor 

located in East Brunswick (~6 miles from EOHSI) measured O3, NO2 and PM2.5. We 

identified pollutant concentrations for the seven 24-h periods (i.e. 168 h) before each clinic 

visit start time (8 AM). These data were then linked to the plasma nitrite measurements by 

date and hour of the day. We calculated seven moving averages of pollutant concentrations 

as follows: mean of hours 0–23 (lag day 0), mean of hours 24–47 (lag day 1), mean of hours 

48–71 (lag day 2), mean of hours 72–95 (lag day 3), mean of hours 96–119 (lag day 4), 

mean of hours 120–143 (lag day 5) and mean of hours 144–167 (lag day 6). If greater than 

25% of the total hours of pollutant concentrations were missing, we set the mean for that lag 

period to missing.

Statistical analyses

We summarized the demographic and clinical characteristics of the study subjects using 

means and standard deviations or percentages. Next, we calculated means, standard 

deviations and interquartile ranges (IQR) to summarize pollutant concentrations and weather 

parameters such as temperature and relative humidity. Linear mixed models examined the 

change in plasma nitrite concentration associated with increases in the pollutant 

concentrations over seven lagged hour intervals (0–23, 24–47, 48–71, 72–95, 96–119, 120–

143 and 144–167 h). The changes in the plasma nitrite measurements associated with 
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increases in the pollutant concentrations obtained using the linear mixed models were based 

on a cross-sectional study and the estimates did not imply a temporal shift in plasma nitrite 

measurements. A random effect for each subject induced a compound symmetry between 

observations taken on the same subject. Confounding effects of ambient temperature, 

relative humidity, day of the week, calendar month and year were examined. Hourly 

temperature and relative humidity measurements made at the Newark International Airport 

approximately 27 miles from EOHSI were retrieved from National Climatic Data Center 

(NCDC). However, final analyses only adjusted for temperature in the first 24 h prior to the 

plasma nitrite measurement (i.e. mean of hourly temperature recorded from 0 to 23 h, lag 

day 0) in a linear fashion, calendar month, and year. This was because relative humidity 

levels and day of the week were not found to be independently associated with plasma 

nitrite, thus, did not meet the criteria to be a confounder. Scatter plots and Akaike's 

Information Criterion were used to confirm the suitability of these models. The changes in 

plasma nitrite concentration associated with changes in pollutants and their 95% confidence 

intervals (CI's) obtained from the models were scaled to the IQR of the 24-h/daily mean 

pollutant concentrations observed during the study period.

To assess the stability and robustness of our main analyses, we performed three sensitivity 

analyses. First, we adjusted for lagged temperature using the same lags as the pollutant to 

examine if the changes in plasma nitrite using this method were different from the models 

that adjusted for the effect of mean temperature from 0 to 23 h. For example, we adjusted for 

mean temperature over lag day 1 (24–47 h) in the model examining the change in plasma 

nitrite associated with pollutant concentration on lag day 1. Second, we redefined the 

pollutant lags using a cumulative method (mean of hours 0–23, mean of hours 0–47, mean 

of hours 0–71, mean of hours 0–95, mean of hours 0–119, mean of hours 0–143, and mean 

of hours 0–167) to assess if the pollutant concentrations had cumulative effects on plasma 

nitrite. Third, we fit two pollutant models for those pollutants only where increased 

concentrations in specific lags were associated with an increase in plasma nitrite in the 

single pollutant model. This was done to evaluate whether each pollutant effect observed in 

the single pollutant model was independent of other pollutants. All analyses were conducted 

using the SAS software (Version 9.3 SAS Institute Inc., Cary, NC).

Results

Study subjects

Table 1 provides demographic characteristics of the study subjects. Approximately 80% of 

the subjects were white males. The mean age was 21.2 [±Standard Deviation=3.0] years. 

Standard clinical characteristics including systolic and diastolic blood pressures, body mass 

index and lipid profile were within a normal range.

Air pollutant and meteorological measurements

The distributions of air pollutant concentrations and meteorological characteristics during 

the study period measured at the selected monitoring sites, averaged daily, are summarized 

in Table 2. We scaled all our effect estimates by the daily IQR's presented in Table 2. Table 

3 shows Spearman correlation coefficients for individual pollutants and meteorological 
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measurements. Daily PM2.5 concentrations were moderately correlated with CO (r = 0.47) 

and SO2 (r = 0.50). Daily NO2 concentrations were moderately correlated with CO (r = 

0.46), with SO2 (r = 0.47) and with O3 (r = −0.66).

Main analyses

The absolute changes in the plasma nitrite concentration associated with each IQR increase 

in the mean pollutant concentrations are presented in Table 4 and Figure 1.

Plasma nitrite concentration increased significantly by 15.5 nM (95% CI: 2.4, 28.5 nM) and 

15.6 nM (95% CI: 2.4, 28.9 nM) with each IQR increase in the mean PM2.5 and the CO 

concentration over lag day 0 (0–23 h), respectively (Table 4 and Figure 1A and B). A 

delayed increase by 14.4 nM (95% CI: 1.0, 27.7 nM) in plasma nitrite was also observed 

with each IQR increase in the mean O3 concentration over lag day 3 (Table 4 and Figure 

1C). A haphazard pattern of increase as well as decrease in plasma nitrite was observed 

associated with each IQR increase in the mean SO2 concentration over lag days 0–6 (Table 4 

and Figure 1D). An increase in plasma nitrite was observed with each IQR increase in the 

mean SO2 concentration from lag day 0 till lag day 2, followed by a slight decrease over lag 

day 3 [−4.1 nM (−14.3, 6.1 nM)]. There was an increase of 14.3 nM (95% CI: 3.4, 25.3 nM) 

on lag day 4 followed by a decrease observed on lag day 5. Similarly, a trend toward an 

increase in plasma nitrite observed from lag day 0 (0–23 h) till lag day 2 (48–71 h), peaking 

on lag day 1 (23–47 h) was observed with each IQR increase in the mean NO2 

concentration. This was followed by a decrease of −15.6 nM (95% CI: −31.9, 0.70 nM) in 

plasma nitrite over lag day 3 (Table 4 and Figure 1E). However, none of these patterns 

reached statistical significance.

Sensitivity analyses

When we adjusted for lagged temperature using the same lags as the pollutant, the changes 

in the plasma nitrite were comparable to those produced in the main analyses (data not 

shown). For instance, plasma nitrite increased by 7.9 nM (95% CI: −3.7, 19.6) and by 7.3 

nM (95% CI: −4.8, 19.3) with each IQR increase in mean PM2.5 concentration over lag day 

1 when the models were adjusted for mean temperature over lag day 0 (main analyses) and 

lag day 1 (sensitivity analyses), respectively. When pollutant lags were redefined using a 

cumulative method, the risk estimates were in agreement with the main analyses (Table 4). 

The greatest increase in plasma nitrite was observed with each IQR increase in mean PM2.5, 

CO and SO2 over 0–47 h, where the changes seen in 0–47 h were primarily driven by the 

changes observed in the first 24 h. When we fit two pollutant models for those pollutants 

where increased concentrations in specific lags were associated with an increase in plasma 

nitrite in the single pollutant model, we found that the effect estimates obtained from the two 

pollutant models were in agreement with the effect estimates obtained in the single pollutant 

models (Table 5). For example, when SO2 concentration over 0–23 h was included in the 

model examining the change in plasma nitrite associated with PM2.5 concentration over 0–

23 h, it was observed that plasma nitrite showed a similar increase of 12.8 nM (95% CI: 

−1.2, 26.7) compared to the increase observed in a single pollutant model (15.5 nM; 95% 

CI: 2.4, 28.5). Similar results were obtained for other pollutants (Table 5).
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Discussion

Our study demonstrates that plasma nitrite concentration increased significantly by 

approximately 15 nM in response to increased PM2.5 and carbon monoxide exposure in the 

previous 24 h (lag day 0). We also observed an increase in plasma nitrite concentration 

associated with increases in the mean ozone and sulfur dioxide concentrations over a longer 

time frame (lag days 3 and 4, respectively). Since nitrite ( ) is a major oxidation product 

of NO in plasma (Lauer et al., 2002), the increase in plasma nitrite within a short period of 

time following exposure to air pollutants confirms NO generation via one or more pathways. 

We speculate that these observed increases result from an inflammatory response to the 

exposure.

NO is synthesized in various mammalian cells via nitric oxide synthase (NOS) (Lauer et al., 

2002; Nussler & Billiar, 1993). There are three main NOS isoforms: neuronal NOS (type I, 

nNOS), inducible NOS (type II, iNOS), and endothelial NOS (type III, eNOS) (Griffith & 

Stuehr, 1995). All NOSs synthesize NO from arginine, oxygen and nicotinamide adenine 

dinucleotide phosphate (NADPH). Both eNOS and nNOS are inducibly activated but 

constitutively produced, while iNOS is induced in its synthesis by inflammatory activation 

(Guo et al., 1995; Heo et al., 2008; Kleeberger et al., 2001; Nussler & Billiar, 1993). In 

addition, iNOS produces NO at a higher flux rate than both eNOS and nNOS and, once 

synthesized, remains constitutively active.

Systemic inflammation has been suggested as a mechanism to explain the link between air 

pollution and adverse CV events such as arrhythmia and myocardial infarction in healthy 

individuals and in vulnerable populations such as those with diabetes (Chuang et al., 2007; 

Eeden et al., 2012; Fang et al., 2012; Panasevich et al., 2009; Pope et al., 2004; Rich et al., 

2012; Schneider et al., 2010; Zeka et al., 2006). Gaseous and particulate air pollutants may 

enter the lung and activate pulmonary neural reflexes as well as induce inflammation at both 

the local and systemic level (Brook et al., 2010). Prior studies have reported that the 

cytokines associated with systemic inflammation such as interleukin-1ß (IL-1ß), 

interleukin-6, tumor necrosis factor-α (TNF-α), intercellular adhesion molecules, and C-

reactive protein were significantly increased with exposure to ambient carbon black, NO2, 

PM2.5, PM10 and O3 (Chuang et al., 2007; Eeden et al., 2012; Fang et al., 2012; Panasevich 

et al., 2009; Pope et al., 2004; Zeka et al., 2006). Therefore, it is reasonable to propose that 

exposure to air pollutants may acutely result in increased iNOS levels. Previous work in an 

animal model has shown iNOS induction as a result of intratracheal exposure to 0.5–5 mg of 

particulate matter (Ulrich et al., 2002). In addition to iNOS stimulation, eNOS stimulation as 

an injury response following endothelial membrane damage by pollutants may also be 

responsible for NO production (Li et al., 2010), although in diabetics a decrease in BAFMD 

suggested reduced endothelial production of NO (Schneider et al., 2008). However, the time 

frame of our observations is more consistent with a protein synthetic response (0–23 h) than 

with an acute induction, making inflammatory activation the more probable pathway. 

Another finding that further supports the inflammatory pathway is the delayed increase in 

plasma nitrite associated with an increase in the mean O3 and SO2 concentrations on lag day 

3 and 4, respectively. This is in line with a delayed increase in the markers of systemic 
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inflammation on lag day 2 in association with an increase in PM2.5 concentration in 

diabetics shown by Schneider et al. (2010).

In addition to its role in inflammation, NO is responsible for several functions within the 

vasculature including vasorelaxation, inhibition of platelet adhesion and aggregation, 

inhibition of neutrophil chemotaxis, and signal transduction in the peripheral nervous 

systems (Nussler & Billiar, 1993). Inflammation through the generation of reactive oxygen 

species can oppose these functions by increasing the oxidation of NO. Therefore, 

inflammatory processes have the paradoxical position of both contributing to NO production 

and opposing its physiological function within the vasculature. This depressant effect of 

systemic inflammation on endothelial function has been previously described in humans 

(Hingorani et al., 2000). Of the four studies that reported a reduction in flow-mediated 

dilation following ambient air pollutant exposures (Dales et al., 2007; O'Neill et al., 2005; 

Rundell et al., 2007; Schneider et al., 2008), at least one report (O'Neill et al., 2005) 

supported inflammatory pathway activation as an underlying mechanism responsible for the 

observed decrease in endothelial function, although this was in a clinical setting of reactive 

hyperemia and changes were within 60 s of a vascular stimulus, localized to the upper 

extremity, rather than a systemic measurement. Thus, measurement of circulating nitrite has 

a complex relationship to air pollution as an inflammatory response can either increase the 

levels, by increasing iNOS activity, or decrease them by increasing oxidation of NO to 

nitrate. Indeed, our original hypothesis on the basis of prior studies that showed decreased 

BAFMD was that air pollution would decrease circulating nitrite (Dales et al., 2007; O'Neill 

et al., 2005; Rundell et al., 2007; Schneider et al., 2008). Our results are best rationalized by 

increased inflammatory production of nitrogen oxides. Further studies will allow more 

precise descriptions for the role(s) played by NO and oxidant production in mediation of 

vascular health effects of air pollution. Our study findings suggest the importance of other 

analyses that can be conducted using controlled exposure study data. For example, the 

analysis of data obtained from controlled exposure studies could include an assessment of 

whether increased ambient pollutant concentrations in the hours and days prior to the 

experimental visit are associated with the pre-exposure outcome measurement, the change in 

outcome from pre to post-exposure, or possibly a modification of the controlled exposure's 

effect on the outcome. For controlled exposure studies with exposure levels near ambient 

background levels, such analyses may provide important information as to why a controlled 

exposure did or did not elicit the hypothesized response.

Our study has several strengths. The within subject repeated measure study design reduced 

the chance of confounding by time-independent covariates. It was possible to explore the 

changes in plasma nitrite associated with pollutants using time lags extending up to the 

preceding 7 d due to the availability of continuously recorded hourly pollutant 

concentrations. While interpreting the results from this study, it is important to note a few 

limitations. First, exposure misclassification is likely to occur as ambient measurements of 

air pollutants, rather than personal exposure measurements were used to approximate each 

subject's exposure. This exposure misclassification along with the classical error of 

measurement device resulted in underestimation of the changes in plasma nitrite associated 

with increases in air pollutant concentrations. Moreover, a monitor closest to our campus 

was assigned to each subject regardless of the time spent in that area by each subject. This 
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was done because we did not have information on subjects' exact location in the few days 

prior to their study participation and assumed that they spent most of their time on the 

campus. However, it is possible that subjects may have stayed at their parental residence or 

any other location away from the campus at one or more times during their study 

participation. However, this misclassification is likely to be non-differential with respect to 

the plasma nitrite measurement, likely resulting in underestimation air pollutants effects. 

Second, the study estimated the changes in plasma nitrite associated with increases in five 

pollutants averaged over seven time lags. It must be acknowledged that these are a 

substantial number of comparisons where one may expect several significant results due to 

chance alone. However, we did not make inferences based on statistical significance alone, 

but based on the patterns of changes in the plasma nitrite observed across lag times. 

Therefore, Bonferroni correction to account for multiple comparisons may be 

overaggressive in this situation and hence, was not performed.

Conclusions

Rapid increases in plasma nitrite following exposure to ambient air pollutants generally 

support the hypothesis that ambient air pollution is associated with iNOS-mediated systemic 

inflammation in humans. Our findings demonstrate the utility of plasma nitrite as an 

indicator of acute changes in ambient air pollutant concentrations. This is complicated by 

the expected air pollution induced reductions in endothelial production of NO/nitrite, 

leaving open the question of how the endothelial decrease and pulmonary/systemic increase 

in NO/nitrite will balance out for a systemic measurement. To our knowledge, this is the 

first study addressing the effects of short-term ambient air pollutant concentrations on 

plasma nitrite. Future studies are warranted to examine the changes from baseline in plasma 

nitrite following a hyperemic stimulus, as a marker of nitric oxide bioavailability. These 

changes in nitrite, or their physiological correlates such as BAFMD, can then be associated 

with changes in ambient air pollutants allowing separation of local versus systemic effects of 

air pollution.
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Figure 1. 
(A) Absolute change (and 95% confidence interval) in plasma nitrite concentration 

associated with an interquartile range increase in the mean PM2.5 concentration lag hours. 

(B) Absolute change (and 95% confidence interval) in plasma nitrite concentration 

associated with an interquartile range increase in the mean CO concentration lag hours. (C) 

Absolute change (and 95% confidence interval) in plasma nitrite concentration associated 

with an interquartile range increase in the mean O3 concentration lag hours. (D) Absolute 

change (and 95% confidence interval) in plasma nitrite concentration associated with an 

interquartile range increase in the mean SO2 concentration lag hours. (E) Absolute change 

(and 95% confidence interval) in plasma nitrite concentration associated with an 

interquartile range increase in the mean NO2 concentration lag hours.
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Table 1

Demographic and clinical characteristics of study subjects (N = 49).

Characteristic Mean±standard deviation or N (%), wherever applicable

Age (in years) 21.2±3.0

Systolic BP (in mm Hg) 115.3±12.0

Diastolic BP (in mm Hg) 69.4±8.6

Weight (kg) 73.0±16.0

Body mass index (kg/m2) 24.7±4.6

Serum cholesterol (mg/dL) 155.2±32.0

HDL cholesterol (mg/dL) 51.2±13.1

LDL cholesterol (mg/dL) 82.2±28.9

Serum triglyceride (mg/dL) 109.3±64.2

Gender

 Males 38 (77.6%)

 Females 11 (22.4%)

Race

 White 39 (79.6%)

 Black 1 (2%)

 Asian 9 (18.4%)

Ethnicity
a

 Hispanic 5 (10.4%)

 Non-Hispanic 43 (89.6%)

a
Missing data on one subject.
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Table 2

Distribution of daily pollutant concentrations and meteorological characteristics for the study period of August 

2006 to May 2009 in the Middlesex County, New Jersey.

Distribution of pollutant/weather parameter

Parameter

No. of 
non-

missing 
days

No. of 
missing 

days

Inter 
quartile 
range 
(IQR)

Mean±SD Min 25th percentile 50th percentile 75th percentile Max

PM2.5 (μg/m3)
a 989 46 7.0 8.2±6.0 0.2 3.9 6.6 10.9 39.2

NO2 (ppb)
a 1027 8 9.6 13.0±7.1 0.8 7.5 11.5 17.1 39.0

CO (ppm)
a 999 36 0.16 0.35±0.13 0.004 0.26 0.33 0.42 0.93

SO2 (ppb)
a 1016 19 2.2 2.40±2.03 0 1.0 1.9 3.2 13.8

O3 (ppb)
a 1027 8 17.1 25.3±12.0 2 16.1 24.8 33.2 67.7

Temperature (Deg C) 1035 0 16.1 12.4±9.5 −11.5 4.7 12.5 20.8 33.1

Relative humidity (%) 1035 0 20.9 58.0±14.4 17.7 47.3 57.5 68.2 93.0

ppb, parts per billion; ppm, parts per million.

a
PM2.5, particulate matter less than 2.5 μm in aerodynamic diameter;
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Table 3

Spearman correlation coefficients for daily pollutant concentrations and meteorological characteristics.

Pollutant/weather PM2.5 CO O3 SO2 NO2 Temperature

PM2.5

CO 0.47

O3 0.05 −0.21

SO2 0.50 0.29 −0.22

NO2 0.29 0.46 −0.66 0.47

Temperature 0.24 0.16 0.51 −0.24 −0.45

Relative Humidity 0.17 0.28 −0.28 −0.13 0.10 0.19
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