
AIMS Environmental Science, 6(4): 265–276. 
DOI: 10.3934/environsci.2019.6.265 
Received: 08 March 2019 
Accepted: 24 June 2019 
Published: 01 July 2019 

http://www.aimspress.com/journal/environmental 
 

Research article 

Acute exposure to air pollution is associated with novel changes in blood 

levels of endothelin-1 and circulating angiogenic cells in young, healthy 

adults 

Jordan Finch1,2,3,*, Daniel W. Riggs2,3, Timothy E. O’Toole2,3,4, C. Arden Pope III5, Aruni 
Bhatnagar2,3,4 and Daniel J. Conklin1,2,3,4  

1 Department of Pharmacology and Toxicology, School of Medicine, University of Louisville, 505 
S. Hancock Street, Louisville, KY 40202, USA 

2 Christina Lee Brown Envirome Institute, University of Louisville, 302 E. Muhammad Ali 
Boulevard, Louisville, KY 40202, USA 

3 Diabetes & Obesity Center, University of Louisville, 580 S. Preston Street, Louisville, KY 40202, 
USA 

4 Department of Medicine, School of Medicine, University of Louisville, 500 S. Preston Street 
Louisville, KY 40202, USA 

5 Department of Economics, College of Family, Home, and Social Sciences, Brigham Young 
University, E 1060 N Street, Provo, UT 84604, USA 

* Correspondence: Email: jordan.finch@louisville.edu; Tel: +6362326181. 

Abstract: Acute and chronic exposures to particulate matter (PM2.5) air pollution increase the risk for 
cardiovascular disease (CVD). A hypothesized mechanism linking PM2.5 exposure and CVD is the 
induction of endothelial dysfunction – a key step to increased CVD risk. Although PM2.5 exposure is 
associated with endothelial dysfunction and the vasoconstrictor peptide endothelin-1 (ET-1) is 
upregulated in endothelial dysfunction, the effects of PM2.5 on ET-1 and whether or not ET-1 mediates 
the downstream effects of PM2.5 are unclear. In addition to examining associations between acute 
changes in ambient PM2.5 and circulating levels of ET-1, we also looked at whether changes in ET-1 
were associated with changes in markers of vascular health and systemic injury. For example, 
endothelial function is maintained in part by circulating angiogenic cell (CAC)-mediated repair, and 
our recent studies show that CACs in humans and mice are decreased by ambient PM2.5 exposure. In 
the current study, we recruited young, healthy adults who were exposed to natural variations in PM2.5, 
and we analyzed associations between PM2.5 and circulating levels of ET-1, between ET-1 and CACs, 
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and between ET-1 and other biomarkers of injury using linear regression analyses. Surprisingly, ET-1 
levels were negatively associated with PM2.5 levels (β = −0.773, P = 0.0005), yet, in contrast, positively 
associated with two CACs: CAC-2 (CD31+/CD34+/CD45+) and CAC-4 
(CD31+/CD34+/CD45+/CD133+). Interestingly, ET-1 levels were negatively associated with some 
biomarkers (platelet factor 4, β = −0.148, P = 0.0003; triglycerides, β = −0.095, P = 0.041) and 
positively with other biomarkers: albumin (β = 0.035, P = 0.006) and IL-1β (β = 0.082, P = 0.012). 
These findings further reveal the insidious nature of PM2.5’s anti-angiogenic effect including a novel 
relationship between ET-1 and CACs in young adults exposed to acute elevations of air pollution. 

Highlights: 

• Increased particulate matter was negatively associated with levels of endothelin-1. 
• Endothelin-1 levels were associated with levels of specific circulating stem cells. 

Keywords: particulate matter; cardiovascular disease; endothelin-1; circulating angiogenic cells; 
endothelial dysfunction 
 

 
Abbreviations: CACs: circulating angiogenic cells; CVD: cardiovascular disease; ET-1: endothelin-
1; hsCRP: high-sensitivity C-reactive protein; IL-1β: interleukin-1β; IL-6: interleukin-6; LDL: low 
density lipoprotein; PF-4: platelet factor 4; PLAs: platelet-leukocyte aggregates; PM: particulate 
matter; RBC: red blood cells; SAA: serum amyloid A; SDF-1: stromal cell-derived factor-1; VEGF: 
vascular endothelial growth factor; WBC: white blood cells 

1. Introduction 

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality worldwide, and the 
risk of cardiovascular events is greatly increased by exposure to air pollution [1]. Exposure to fine 
particulate matter (particulate matter with aerodynamic diameter of ≤ 2.5 µm [PM2.5]) is specifically 
linked with increased cardiovascular dysfunction [2,3]. Although a number of hypotheses have been 
proposed to explain the mechanism by which PM2.5 exposure leads to negative health outcomes, the 
development of endothelial dysfunction seems to be a key component of PM2.5-induced CVD [2,3]. 
There is a strong association between endothelial dysfunction and CVD [4], as exemplified by 
concurrent decreased formation and/or bioactivity of the vasodilator nitric oxide and increased levels 
and/or activity of the endothelial-derived vasoconstrictor endothelin-1 (ET-1) [4].  

ET-1, a potent peptide vasoconstrictor released by endothelial cells, plays a significant role in 
regulating vascular homeostasis [5]. Plasma ET-1 has been associated with the development of 
endothelial dysfunction [4], and it has been reported that the production and function of ET-1 and its 
receptors are upregulated in a number of disease states associated with endothelial dysfunction, 
including hypertension and atherosclerosis [5–8]. Furthermore, changes in ET-1 have been associated 
with changes in both inflammatory [9,10] and thrombotic [11] factors, further increasing the potential 
for the development of endothelial injury and dysfunction. Although increased ET-1 has been 
implicated in CVD, its relationships with other markers of endothelial injury and repair and with 
systemic inflammation have been understudied. Likewise, the association between ET-1 and PM2.5 
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remains unclear [12]. Thus, the present study leveraged an established relationship between acute 
PM2.5 exposure, endothelial injury, and circulating angiogenic cells (CACs) by examining alterations 
in ET-1 following PM2.5 exposure [13,14]. In fact, PM2.5 exposure suppresses CACs and growth factor 
levels and simultaneously increases inflammatory markers in young healthy adults that likely primes 
the endothelium for injury and development of CVD [14–16].  

2. Materials and methods 

2.1. Air Pollution monitoring 

A cohort of young, healthy nonsmokers naturally exposed to variations in ambient air pollution 
(range of PM2.5 from 6 to 83 µg/m3) were recruited from the Provo, Utah area for this longitudinal 
study that took place between January and early March of 2009 [15]. All participants (n = 16) were 
between 18 and 30 years of age, were of normal body weight (BMI between 19 and 25), were free of 
any acute and/or chronic illness or disorder, and were not exposed to mainstream, secondhand, or 
environmental tobacco smoke at home, work, or school. Upon meeting the enrollment criteria, 
participants gave written consent for participation in the study before answering a questionnaire to 
obtain demographic information and baseline characteristics. The participants were divided into two 
study groups (8 participants each) in order to streamline blood collection and to ensure rapid sample 
processing and prompt delivery of blood samples overnight to the University of Louisville (Louisville, 
KY). All research protocols and consent forms were approved by the Institutional Review Board for 
human subjects at Brigham Young University (IRB study #F08-0289) and carried out in accordance 
with The Code of Ethics of the World Medical Association. 

Daily PM2.5 monitoring was conducted by the State of Utah Division of Air Quality according to 
the U.S. Environmental Protection Agency’s reference method [17] at two sites (North Provo site and 
Lindon Elementary) located in the Utah Valley. Additional weather data were collected from the 
National Weather Service as reported from the Salt Lake City International Airport. 

The whole Utah Valley region, including Provo, Utah, is subject to winter temperature inversions 
that cause the development of a stagnant air mass over the valley floor. PM2.5 and other emissions 
become trapped, and residents are exposed to high levels of pollution [14]. PM2.5 levels are regionally 
distributed, as indicated by high agreement (R2 = 0.97) between levels measured at North Provo site 
and Lindon Elementary both before, during, and after exposures [18], and thus, study participants 
encountered similar levels of ambient PM2.5. Blood collections were done before, during, and after an 
inversion period. The participants each underwent four blood draws: one during a period with high 
ambient pollution concentrations (PM2.5 >40 μg/m3), a period with moderate concentrations            
(PM2.5 ≈ 20 to 40 μg/m3), and two draws during periods with low concentrations (PM2.5 <10 μg/m3), 
which served as baseline levels [15]. 

2.2. Flow cytometry 

Eight different CAC populations were identified in these blood samples by flow cytometry as 
previously published, as first described [19] and as modified [15]. Platelet-leukocyte aggregates 
(CD41+/CD45+ events; [PLAs]) were measured using flow cytometry as published [15]. 
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2.3. Biochemical analyses 

Additional plasma factors including fibrinogen, cholesterol, triglycerides, albumin, and total 
plasma protein were previously measured using a semi-automated clinical chemistry analyzer (Cobas 
Mira 5600 Autoanalyzer) [15]. Commercial ELISA kits were used to quantify plasma levels of serum 
amyloid A (SAA) (Invitrogen; Carlsbad, CA), ET-1, interleukin-6 (IL-6), interleukin-1β (IL-1β), 
vascular endothelial growth factor (VEGF), stromal cell-derived factor-1 (SDF-1), and platelet factor 
4 (PF-4) (R&D Systems; Minneapolis, MN).  

2.4. Statistical analyses 

The primary statistical approach was regression analysis between ET-1 and PM2.5 (24 h average 
before blood draw x 50 µg/m3) controlling for subject-specific fixed effects. Linear regression was 
used to assess associations between ET-1 and CAC levels or blood and plasma factors. One participant 
was excluded from all analyses for extreme ET-1 data (greater than 3 SD beyond the mean). Data are 
expressed as the mean ± SE (or as indicated). All outcome variables were log-transformed for 
normality. CAC data were normalized to the sample volume [15]. SAS 9.4 software (SAS Institute, 
Inc.; Cary, NC) was used for all statistical analyses.  

3. Results 

3.1. Subject and study characteristics 

A summary of the study participants and of the environmental data on days of blood collection is 
given in Table 1. PM2.5 levels are given as the average of the 24 h prior to each blood draw. Data were 
separated based on the blood draw for each of the two participant groups (i.e., G1, G2). 

Table 1. Summary of study design, participant characteristics, and environmental 
conditions by blood draw and date. 

Draw Draw 1 Draw 2 Draw 3 Draw 4 
Date (mm/dd) (2009) 01/15 01/20 01/22 02/03 02/19 02/24 02/26 03/03 
Variable Group G1 G2 G1 G2 G1 G2 G1 G2 
Sex n (%) Female Male 3 (43)  

4 (57) 
4 (50) 
4 (50) 

3 (43) 
4 (57) 

4 (50) 
4 (50) 

3 (43) 
4 (57) 

4 (50) 
4 (50) 

3 (43) 
4 (57) 

4 (50) 
4 (50) 

Age (years ± SE) 22 ± 1 22 ± 0 22 ± 1 22 ± 0 22 ± 1 22 ± 0 22 ± 1 22 ± 0 
Environmental Factors 
Temperature (oC) −3 −4 2 0 1 11 7 15 
Relative Humidity (%) 66 61 76 62 51 53 51 26 
Barometric Pressure (in Hg) 30.34 30.34 29.93 30.29 30.21 29.84 29.72 29.65 
PM2.5 (µg/m3) 35 74 83 31 8 6 9 10 

Notes: Study participants’ characteristics (n = 15 subjects; all Caucasian) and the environmental factors designated by 
blood draw and date. Values = mean ± SE. Participants were divided into two study groups (G1, G2) for each blood draw. 
PM2.5 levels are given as 24 h average before blood draw. Abbr.: PM: particulate matter. 
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3.2. ET-1  

Analysis of the association between ET-1 and PM2.5 levels (24 h prior to each blood draw x 50 µg/m3) 
revealed an inverse association between the two factors (β = −0.773; P = 0.0005) (Figure 1; Table 2). 
PM2.5 was also analyzed for associations with other previously measured factors [15] except herein 
with the exclusion of data from a single individual. Significant associations were seen between PM2.5 
and non-albumin protein, PF-4, SDF-1, and total plasma protein (Table 2; Supplemental Figure 1), 
consistent with our previous study [15]. Because of the unexpected negative association between PM2.5 
and ET-1, and because we previously identified a relationship between PM2.5 and CACs [15], further 
regression analyses were performed to look for associations between ET-1 and CACs. For this, plasma 
ET-1 levels were used to predict associations with previously measured levels of eight unique CAC 
populations [15]. Weak, positive associations were present between ET-1 and CAC-2 
(CD31+/CD34+/CD45+; β = 0.458, P = 0.068) and CAC-4 (CD31+/CD34+/ CD45+/CD133+; β = 0.402; 
P = 0.066) per 50 μg/m3 PM2.5 (Figure 2A&B), but no association was observed with the remaining 
six cell populations (Table 3), suggestive of a specific relationship between ET-1 and these two CAC 
populations. Regression analyses were also performed to look for associations between ET-1 and 
previously measured blood and plasma factors [15] with the exclusion of a single outlying individual 
(Figure 3A-D). Following these analyses, we found that ET-1 was positively associated with albumin 
and IL-1β yet negatively associated with PF-4 and triglycerides (Table 4). Interestingly, only one 
plasma factor, PF-4, was associated with levels of both PM2.5 (positively) and ET-1 (negatively) (see 
Tables 2 and 4). 

 

Figure 1. Association between ambient PM2.5 and plasma ET-1 levels. Plasma ET-1 levels 
were regressed on PM2.5 (average of 24 h before blood draw x 50 µg/m3; see Table 1). A 
significant association was seen between PM2.5 and plasma ET-1 levels. Abbr.: ET-1, 
endothelin-1; PM, particulate matter. Open symbols = Group 1; Closed symbols = Group 
2. Each symbol shape represents a unique individual. Solid line represents predicted mean 
from fixed effects regression models. 
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Table 2. Associations between ambient PM2.5 and blood and plasma factors. 

 PM2.5 
Blood and Plasma Factors β p-value 95% Confidence Interval 
Albumin (g/dL) 0.015 0.534 −0.032, 0.061 
Non-albumin Protein (g/dL) 0.140 <0.001* 0.079, 0.202 
Total Plasma Protein (g/dL) 0.058 0.024* 0.008, 0.109 
Endothelin-1 (pg/mL) −0.773 <0.001* −1.18, −0.365 
Fibrinogen (mg/dL) 0.057 0.378 −0.072, 0.187 
hsCRP (mg/L) 0.268 0.358 −0.314, 0.849 
Interleukin-1β (pg/mL) 0.004 0.941 −0.114, 0.123 
Interleukin-6 (pg/mL) 0.119 0.584 −0.319, 0.557 
LDL (mg/dL) 0.013 0.367 −0.015, 0.041 
PLAs (%CD41+/45+ cells) 0.232 0.153 −0.090, 0.554 
PF-4 (pg/mL) 0.221 0.007* 0.068, 0.373 
RBC (x106 cells/µL) 0.008 0.330 −0.008, 0.023 
SDF-1 (pg/mL) −0.067 0.005* −0.113, −0.022 
Serum Amyloid A (µg/mL) 0.068 0.766 −0.393, 0.530 
Triglycerides (mg/dL) −0.055 0.508 −0.219, 0.110 
VEGF (pg/mL) 0.087 0.242 −0.063, 0.237 
WBC (x103 cells/µL) 0.011 0.713 −0.050, 0.073 

Note: Log-transformed outcomes were regressed on PM2.5 (average of 24 h before blood draw x 50 µg/m3). Values for PF-
4 and for VEGF given for participants 1–8 only. Non-albumin protein = Total Plasma Protein – Albumin. *: significance 
at the P < 0.05 level. Abbr.: hsCRP: high-sensitivity C-reactive protein; LDL: low density lipoprotein; PF-4: platelet factor 
4; PLAs: platelet-leukocyte aggregates; PM: particulate matter; RBC: red blood cells; SDF-1: stromal cell-derived factor-
1; VEGF: vascular endothelial growth factor; WBC: white blood cells. 

 

Figure 2. Association between plasma ET-1 levels and CACs. Levels of CACs were 
regressed on plasma ET-1 levels. Weak, positive associations were seen between ET-1 and 
CACs 2 (CD34+/CD31+/CD45+) and 4 (CD34+/CD31+/CD45+/CD133+). Solid lines 
represent overall linear regressions. Abbr.: CAC, circulating angiogenic cell, ET-1, 
endothelin-1.  



271 

AIMS Environmental Science                                                 Volume 6, Issue 4, 265–276. 

Table 3. Associations between plasma ET-1 levels and circulating angiogenic cells. 

 Association parameters between CACs & ET-1 
CACs β p-value 95% Confidence Interval 
CD34+/CD31+/CD45− 0.148 0.511 −0.303, 0.599 
CD34+/CD31+/CD45+ 0.458 0.068† −0.035, 0.951 
CD34+/CD31+/CD45−/CD133+ 0.010 0.936 −0.232, 0.251 
CD34+/CD31+/CD45+/CD133+ 0.402 0.066† −0.029, 0.833 
CD31+/CD133+ −0.022 0.854 −0.266, 0.221 
CD34+/CD31+ 0.281 0.211 −0.165, 0.726 
CD34+/CD31+/CD45−/CD133− 0.264 0.328 −0.274, 0.802 
CD34+/CD31+/CD45+/CD133− 0.504 0.259 −0.386, 1.394 

Notes: Log-transformed outcomes were regressed on ET-1. †: significance at 0.05 < P < 0.10 level. Abbr.: CAC: circulating 
angiogenic cell; ET-1: endothelin-1. 

 

Figure 3. Associations between plasma ET-1 levels and other plasma factors. Levels of 
plasma factors were regressed on plasma ET-1 levels. Significant positive associations 
were seen between ET-1 and albumin (A) and interleukin-1β (B), while significant 
negative associations were seen between ET-1 and PF-4 (C) and triglycerides (D). Abbr.: 
ET-1: endothelin-1; PF-4: platelet factor 4. Solid lines represent overall linear regressions. 
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Table 4. Associations between plasma ET-1 levels and blood and plasma factors. 

 ET-1 
Blood and Plasma Factors β p-value 95% Confidence Interval 
Albumin (g/dL) 0.035 0.006* 0.011, 0.060 
Non albumin Protein (g/dL) −0.016 0.450 −0.059, 0.027 
Fibrinogen (mg/dL) −0.022 0.358 −0.094, 0.050 
hsCRP (mg/L) 0.260 0.118 −0.068, 0.588 
Interleukin-1β (pg/mL) 0.082 0.012* 0.019, 0.146 
Interleukin-6 (pg/mL) 0.135 0.243 −0.096, 0.366 
LDL (mg/dL) 0.006 0.430 −0.010, 0.023 
PLAs (% total of CD41+/45+ cells) 0.170 0.068 −0.013, 0.352 
PF-4 (pg/mL)& −0.148 0.003* −0.238, −0.059 
RBCs (x106 cells/µL) −0.002 0.653 −0.011, 0.007 
SDF-1 (pg/mL) 0.021 0.131 −0.007, 0.049 
Serum Amyloid A (µg/mL) 0.075 0.573 −0.190, 0.340 
Total Plasma Protein (g/dL) 0.018 0.243 −0.013, 0.048 
Triglycerides (mg/dL) −0.095 0.041* −0.185, −0.004 
VEGF (pg/mL) & −0.032 0.482 −0.127, 0.062 
WBCs (x103 cells/µL) −0.009 0.613 −0.044, 0.026 

Notes: Log-transformed outcomes were regressed on ET-1. Values for PF-4 and for VEGF given for participants 1–8 only. 
*: significance at P < 0.05 level, †: significance at 0.05 < P < 0.10 level. Abbr: ET-1, endothelin-1; hsCRP: high-sensitivity 
C-reactive protein; LDL: low density lipoprotein; PF-4: platelet factor 4; PLAs: platelet-leukocyte aggregates; RBC: red 
blood cell; SDF-1: stromal cell-derived factor-1; VEGF: vascular endothelial growth factor; WBC: white blood cell. 

4. Discussion 

Although several studies report that ET-1 levels increase in response to PM2.5 exposure [20–22], 
others report no change [23,24] or even decreased levels [25]. Our results, like Scharrer et al. [25], 
found an inverse association between ET-1 and PM2.5 exposure levels, with the lowest ET-1 levels 
corresponding to higher previous 24 h mean PM2.5 levels for almost all participants. A likely 
explanation for these contradictory outcomes is that of acute versus chronic exposure settings. Similar 
studies [20,22] that report increases in plasma ET-1 have used cohorts that were consistently exposed 
to high levels of ambient PM2.5 throughout the year. As our studies in humans and mice have shown, 
the acute effects of PM2.5 exposure on CACs, for example, are completely reversible in young, healthy 
adults [15,16]. The nature of reversibility of acute PM2.5-induced effects on ET-1 will likely need to 
be validated in animal exposure studies as well.  

Additionally, although we have attempted to ensure the exposure homogeneity of our cohort 
through our exclusion criteria (e.g., nonsmoking; no smoke exposure at home, work, or school) it is 
possible that participants were exposed to varying levels of PM2.5 during these inversion periods as a 
result of the amount of time spent outdoors, type of commute, or general physical activity, but we did 
not capture this variation, which is a limitation of our study. However, we believe that the experimental 
design of this study (repeated measures) and the large variations in ambient PM2.5 levels that occurred 
during the inversions are strong enough to overcome potential exposure misclassification. 
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Furthermore, the strength of associations observed between ambient PM2.5 and circulating factors in 
this study and as originally reported with this cohort [15] indicates that ambient pollution (PM2.5 or a 
co-varying pollutant) is driving the biological responses. If the relationship between PM2.5 and ET-1 
were not driven by exposure, we would expect other variations to bring the results towards the null 
hypothesis rather than showing such a strongly significant association. Findings in our previous animal 
studies using controlled PM2.5 exposures [15,16] also provide the biological plausibility to support our 
conclusions. Nonetheless, we appreciate that exposure assessment would be enhanced by personal-
level monitoring, which could provide additional data that could help refine the relationships between 
ET-1 and other downstream targets in response to PM2.5 exposure. 

Although our association study focused on PM2.5, it is possible another pollutant(s) (UFP, VOCs) 
is causal in the observed effects. Calderon et al. [20] found that high levels of ET-1 in clinically-healthy 
children were associated with 7-day cumulative PM2.5 levels, but not with cumulative levels of PM10 
or ozone. Although these data are contradictory to the negative association between ET-1 and PM2.5 
seen in our study, this is likely due to the difference in the duration of exposure; the differing outcomes 
may indicate that episodic exposures to high levels of PM2.5 cause decreased levels of ET-1, while 
persistently-high levels of exposure as seen in Mexico City cause an increase. Nevertheless, the study 
by Calderon et al. [20] supports our conclusion that PM2.5 may influence levels of circulating ET-1. 
Even so, examining levels of other individual pollutants for associations with ET-1 could help address 
this discrepancy as well as help to examine the negative health effects seen in healthy individuals in 
response to high levels of air pollution exposure. These relationships can be explored in future studies. 

The biological significance of acutely suppressed ET-1 levels remains to be better clarified. For 
example, few studies have looked at the relationships between ET-1 and CACs [10,13], and none have 
looked at these two factors together in a healthy human cohort as in our present study. Although weak, 
positive associations are observed between CAC-2 (CD31+/CD34+/CD45+) and CAC-4 
(CD31+/CD34+/CD45+/CD133+) and ET-1 levels, these relationships are likely indirect. Evidence for 
this idea is supported by Jung et al. [10], who report no change in CAC levels (CD34+, CD34+/CD133+, 
CD34+/KDR+, CD34+/CD133+/KDR+) in response to treatment with bosentan, a dual ETA/ETB 
receptor antagonist, which is functionally equivalent to lowering ET-1 levels. Even if the relationship 
is indirect, suppression of both ET-1 and CAC levels along with a handful of growth factors (VEGF, 
GRO-alpha, EGF, PDGF-BB) represents an overall “anti-angiogenic” effect of PM2.5 exposure that 
suppresses angiogenesis and endothelial repair [14]. Surprisingly, ET-1 also is pro-angiogenic – both 
independently and in conjunction with VEGF [26]. Therefore, under these conditions, ET-1 
suppression may simply reflect the systemic anti-angiogenic effect of acute PM2.5. 

As for many of the circulating factors, we cannot distinguish the mechanism regulating the level, 
which is a function of both formation and clearance, using data from only a single inversion event. 
Despite this, we did observe several strong associations between ET-1 and other factors that are 
suggestive of possible mechanisms. For example, we saw a positive association between ET-1 and 
albumin, an acute phase protein that is transcriptionally decreased with systemic infection [27]. 
However, the lack of strong association between ET-1 and other inflammatory markers likely indicates 
that the decreases in albumin (and maybe ET-1) are part of a more subtle change perhaps in endothelial 
permeability [28] or possibly related to albumin’s antioxidant abilities [29], which may serve as a 
protective mechanism against PM-induced oxidative stress [3]. 

ET-1 levels are negatively associated with levels of triglycerides and of PF-4. The few studies 
reporting on ET-1 and triglycerides show no association between the two markers [30,31], while our 
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study shows an inverse association. This discrepancy may be related to our healthy cohort, as these 
previous studies have utilized diseased murine models; the lack of confounding health factors in our 
participants may have allowed for the emergence of this unique association between ET-1 and 
triglycerides. PF-4 is an indicator of elevated thrombosis, but it also has anti-angiogenic effects [32]. 
Taken together, these results seem to indicate that PM2.5 exposure can induce an anti-angiogenic state 
even in young, healthy cohorts that could potentially lead to more serious effects in other individuals, 
such as the development of CVD related to insufficient blood flow, including ischemic heart disease 
and peripheral vascular disease [33]. We did see an association between ET-1 and IL-1β, an 
inflammatory cytokine, but this positive relationship indicated that, in this study, these exposures did 
not trigger a robust systemic inflammatory response.  

5. Conclusion 

In summary, this study examined a potential mediator in the complex mechanism by which air 
pollution exposure initiates CVD. Our data reveal significant associations between ET-1 and PM2.5 
and between ET-1 and other markers of vascular change and injury in a young, healthy cohort, thus 
providing evidence that PM2.5 can induce acute changes within the vascular endothelium that reflect 
disturbances in cardiovascular health. Future studies are required to further investigate both the acute 
and chronic role of ET-1 in the complex association between air pollution exposure and the 
development of CVD.  
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