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Introduction: Elevated ambient pollution exposure is potentially linked to thromboembolism. However, the mechanisms by which particulate matter (PM) interferes with the balance of hemostatic system remain unclear. This study investigates PM-mediated hemostatic changes in individuals across unique seasonal variations of ambient pollution.

Methods: This prospective study was conducted between February and July 2020 during alterations in ambient pollution in Chiang Mai, Thailand. Blood tests from 30 healthy subjects were assessed at four-week intervals, four times in total. Various coagulation tests, including prothrombin time (PT), activated partial thromboplastin time (aPTT), von Willebrand factor (vWF), platelet count, and platelet functions, were evaluated. A mixed-effects model was used to analyze the impact of high PM2.5 and PM10 on hemostatic parameters.

Results: Thirty male subjects with mean age of 38.9 ± 8.2 years, were included. High levels of PM2.5 and PM10 were significantly associated with PT shortening, with no such effect observed in aPTT. PM2.5 and PM10 values also positively correlated with vWF function, while vWF antigen levels remained unchanged. Soluble P-selectin showed a strong positive association with PM2.5 and PM10 levels. Platelet function analysis revealed no correlation with PM values.

Conclusion: Short-term exposure to elevated PM2.5 and PM10 concentrations was linked to shortened PT and enhanced vWF function in healthy individuals. Exploring the impact of these changes on clinically relevant thrombosis is crucial. Additional studies on the pathogenesis of pollution-related thrombosis are warranted for maintaining good health.
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1 Introduction

Increasing ambient particulate matter (PM) emerges as a significant global health concern (1, 2). Numerous data sets substantiate that the inhalation of fine PM enhances various inflammatory cytokine activations, induces reactive oxygen species resulting in tissue damage, and may contribute to thrombosis (3–11). Further investigation reveals that both short-term and long-term exposure to elevated levels of ambient PM is associated with an increased incidence of adverse clinical outcomes, including myocardial infarction (12–15), cerebrovascular accidents (15–17), thromboembolism (18–20), and cancer (21–24). It is imperative to acknowledge that the relationship between PM exposure and these health outcomes is intricate and multifaceted. Moreover, exposure to elevated ambient PM could markedly increase the risk of mortality, emerging as a leading cause of death globally (1, 2).

Chiang Mai is a major city in northern Thailand where residents experience a distinctive seasonal pollution phenomenon that repeats annually. The initial trimester witnesses rising temperature and aridity, potentially leading to forest fires. Concurrently, the practice of agricultural burning contributes to ambient air pollution. Furthermore, the topography of the region, characterized by a basin surrounded by mountains, amplifies the prevalence of haze and smoke. The onset of smoke is typically observed in February, intensifying through March, gradually subsiding in April and May, and ultimately dissipating with the arrival of rainy season in June and July due to meteorological changes (25–28). This unique trait of seasonal pollution recurs on a yearly basis (29–31). Much evidence supports an increased incidence of respiratory problems, lung cancer, cardiovascular diseases, and thromboembolism associated with the seasonal smoke in this region (20, 32–38).

Outdoor air pollution consists of polycyclic aromatic hydrocarbons, sulfate, nitrate, organic compounds, metals, and various toxic substances. This pollution results from forest fires, agriculture burning, traffic vehicles, and industries (39). The past evidence indicates that inhalation of PM with a diameter less than 2.5 μm (PM2.5), and 10 μm (PM10) triggers pulmonary and systemic inflammation, oxidative stress, and vascular injury, leading to tissue factor and platelet activation and ultimately resulting in a hypercoagulable state (40, 41). Previous reports demonstrate that exposure to an elevated level of fine PM could induce inflammation and result in atherosclerosis (42–44). It has been reported that each 10 μg/m3 increase in PM2.5 correlates with a 16% increased mortality from acute coronary syndrome and a 14% increased mortality from stroke (45). Various studies also reveal adverse cardiovascular outcomes and venous thromboembolism related to elevated PM (12, 14, 15, 41, 46–50).

To date, several unanswered questions persist regarding the impact of elevated PM on the prothrombotic state in healthy individuals and populations at risk. Are there differences in outcomes between acute, subacute, and chronic impacts of PM exposure? Does it have a cumulative or delayed effect on the prothrombotic state? Among various noxious ambient PM, which specific organic or inorganic compounds have the most unfavorable impact? To address these uncertainties, conducting experimental studies in human seems unethical and impossible. Consequently, numerous animal studies were conducted in distinctive ways, including using PM from different sources, concentrations, routes of exposure, and evaluating short-term and long-term cumulative effects. Previous data from in vitro and in vivo studies showed that PM can induce platelet aggregation, enhance von Willebrand factor (vWF), shorten coagulation tests such as prothrombin time (PT), activated partial thromboplastin time (aPTT), and thrombotic occlusion time (3, 5, 51–57). In addition, increased plasminogen activator inhibitor-1 (PAI-1), which inhibits fibrinolytic activity, is associated with high ambient PM, this may lead to significant thrombosis (11, 55, 56). However, a limited number of clinical studies have focused on hemostasis affected by pollution. Information on how air pollution is involved in a prothrombotic state remains unclear.

We investigate the alteration of laboratory parameters, including the biomarkers of platelet activation (soluble P-selectin), platelet function, vWF, PT, and aPTT in healthy individuals exposed to different levels of ambient PM through the unique meteorological changes in Chiang Mai, Thailand. This exploration aims to discern the short-term effects of ambient PM on human hemostasis.



2 Materials and methods


2.1 Study participants

This prospective study was conducted at Chiang Mai University, Thailand, and received approval from the Institutional Research Ethics Committee (MED-2562-06732). We recruited 30 platelet apheresis donors at the Blood Bank Center, Maharaj Nakorn Chiang Mai Hospital, located in the central city of Chiang Mai, Thailand from February to July 2020. Eligible participants were Thai males aged 18–50 years, residing, and conducting daily routines within the central city of Chiang Mai. The distance between their residences and the Blood Bank Center was less than 20 km. They were in good health, not taking any medication, and met all criteria for platelet apheresis donors. After obtaining informed consent, we recorded basic information, including age, body weight, height, address, and blood groups. Blood samples were collected during platelet donation at four-week intervals, four times in total, spanning the seasonal changes of ambient pollution. This was done to assess alterations in hematologic parameters and coagulation tests. Exclusion criteria included participants who had been outside Chiang Mai city within 1 week before each study visit. All participants were encouraged to use protective measures, such as face masks and air purifiers, as part of their daily routines. The study took place at the beginning of the COVID-19 pandemic, resulting in some participants being unable to complete all study visits due to lockdowns, which led to missing data. To minimize potential confounding effects on hemostatic parameters, individuals who tested positive for SARS-CoV-2 were excluded from the study. This study was conducted before COVID-19 vaccines were available in Thailand; therefore, none of the participants were vaccinated during the study period.



2.2 Blood collection and laboratory analysis

Peripheral venous blood samples were obtained using 16-gauge needles by proficient medical technologists. Blood samples were collected in three types of vacuum tubes containing 3.2% sodium citrate, EDTA, and clotted blood for various analyses. After gentle mixing, the collection tubes were promptly dispatched for assessing the complete blood cell count and various coagulation tests, encompassing the PT, aPTT, platelet function analysis, soluble P-selectin, von Willebrand factor antigen (vWF:Ag), and ristocetin cofactor assay (vWF:Rco).

Citrated blood samples were submitted for PT and aPTT analysis. Platelet function was assessed using the INNOVANCE® PFA-200 System with Collagen/Epinephrine and Collagen/ADP test cartridges (Siemens Healthineers, Erlangen, Germany) within 2 h of blood sampling to ensure the accuracy of the measurements. Clotted blood was promptly separated into red blood cells and serum through centrifugation at 3,000 rpm for 10 min within 45 min post-collection. Sample fractions were aliquoted and stored at −80°C prior to analysis. vWF:Ag analysis was performed in plasma utilizing an immunoturbidimetric assay (ACL TOP500, IL Coagulation Analyzer). vWF:Rco determination was performed using the aggregation method on an automated coagulation analyzer (CS-2500, SYSMEX). Soluble P-selectin determination was conducted through enzyme-linked immunosorbent assays (Cloud-Clone Corp., Wuhan, Wuhan, China).



2.3 Air pollution measurements

Air pollution data were provided by the Research Institute for Health Sciences, Chiang Mai University (RIHES), in collaboration with the Pollution Control Department (PCD), Ministry of Natural Resources and Environment, Thailand. These organizations established several monitoring stations to cover most areas in the central city, suburbs of Chiang Mai and the northern part of Thailand. The cooperation also suggest precautionary warnings for residents in these areas to be more vigilant and protect themselves from severe air quality deterioration.

Data included hourly concentrations of PM2.5 and PM10, CO, NO2, and O3 using the small sensor photodiode detector (PMS7003, Beijing Plantower Co., Ltd., Beijing, China) that utilizes the light scattering technique. The data were adjusted for relative humidity before reporting. The daily meteorological data, including air temperature, humidity, and wind velocity, were obtained from the Northern Meteorological Center, Chiang Mai, Thailand.

We calculated the mean daily ambient PM recorded at the Central Air Quality Monitoring Station at Sri Phum, the central station located in the city center of Chiang Mai, Thailand. It is located 1 km away from the Blood Bank Center. Additionally, PM concentrations at the nearest air monitoring station of each participant’s residence were observed and showed a strong correlation with the values obtained from the central station in the city center (r > 0.9).

There is frequently a time delay between exposure to ambient air pollution and the manifestation of adverse health outcomes. Furthermore, assessing cumulative exposure over a specified period can result in diverse health effects. Consequently, evaluating lag days helps capture these cumulative effects and contributes to a more comprehensive understanding of the association between air pollution and health outcomes. Thus, we calculated the mean concentrations of ambient air pollution over the lag period of one to 7 days from the date of blood collection to assess the delay and short-term cumulative effects of certain pollutions on coagulation tests. The term “mean PM2.5 level in the 5 lag days” indicates the average PM2.5 level monitored over a preceding five-day period, and we incorporated this value into our data analysis.



2.4 Statistical analysis

Basic characteristics of the participants were reported as mean ± SD, median, and interquartile range. Mean values of daily PM2.5, PM10 measured at the Central Air Quality Monitoring Station were analyzed, compared to PM reported from the nearest air monitoring station of the participant’s residences using the Pearson correlation test. The analysis revealed a strong correlation between them (r > 0.9). We selected the mean PM2.5 and PM10 at lag one to 7 days prior to the study visits of each individual and incorporated these values into the analysis to explore the short-term cumulative effects of PM on laboratory outcomes. Mean PM2.5 and PM10 along with other meteorological data at lag 1 day of each study visit at 0, 4, 8, 12 weeks, were revealed and presented in a descriptive manner.

The values of platelet count and hemostatic biomarkers of the participants at the beginning of the study were defined as the baseline. The laboratory parameters measured at 4, 8, and 12 weeks following the baseline were compared to the baseline using the Student’s t-test.

Linear mixed-effects models with a random intercept were used to evaluate the change in hemostatic parameters compared to the cumulative average of air pollution with a lag of one to 7 days, aiming to assess the short-term delay and cumulative effects of PM on hemostasis. We controlled for potential confounders, such as age, body weight, height, and blood group, in our linear mixed-effects models to minimize bias and provide more accurate estimates of the effects of PM exposure on hemostatic parameters. We report the mean percentage change, along with a 95% confidence interval, in the hemostatic parameters associated with each 10 μg/mm3 increase in the concentration of PM. Statistical analyses were performed using Stata 17 (StataCorp LLC, United States).




3 Results

Among 30 subjects, 26 completed the full study with four visits, two subjects had three visits, and the remaining two subjects had only two visits. The mean age was 38.9 ± 8.2 years. The basic characteristics of the participants are summarized in Table 1.



TABLE 1 Basic characteristics of the participants.
[image: Table1]

The mean distance from the participants’ homes to the Central Air Quality Monitoring Station was 3.64 km, range 0.1–11 km. We observed a decline in the mean concentration of PM2.5 and PM10 over the course of the study, as shown in Figure 1. PM2.5 and PM10 levels exhibited a strong correlation (r > 0.9). The concentrations of ambient air pollution for each participant in each study visit are summarized in Supplementary Table S1.

[image: Figure 1]

FIGURE 1
 Mean concentrations of ambient PM2.5 and PM10 at lag 1 day in each visit.


The mean values of platelet count and hemostatic tests for each visit are presented in Figure 2. Over the 12-week study period, despite falling within the normal range, the mean PT value at the 12th week was slightly longer than the baseline value. However, the mean levels of aPTT showed no statistical difference. Additionally, there was a decrease in von Willebrand function, as determined by the ristocetin cofactor assay at the 12th week, while the levels of vWF antigen remained unchanged. The details of blood cell count and hemostatic parameters for each study period are provided in Supplementary Table S2.

[image: Figure 2]

FIGURE 2
 Mean values of platelet count and hemostatic parameters at each study period.


We employed a mixed-effects model to analyze the influence of ambient air pollution on blood cell count and hemostatic biomarkers. We assessed both delayed and cumulative effects of PM over the preceding 1 to 7 days. No association was found between Hb or platelet count and PM levels.

In terms of hemostatic parameters, PT exhibited a significant negative correlation with PM2.5 and PM10 at a lag of five to 7 days. Specifically, PT values decreased by 0.62% [95% CI: 0.021, 1.22], 0.67% [95% CI: 0.06, 1.29], and 0.69% [95% CI: 0.06, 1.31] for each 10 μg/m3 increase in PM2.5 at the lag of five to 7 days, respectively. Similarly, PT values decreased by 0.51% [95% CI: 0.01, 1.01], 0.54% [95% CI: 0.04, 1.05], and 0.55% [95% CI: 0.040, 1.06] for each 10 μg/m3 increase in PM10 at the lag of five to 7 days. However, aPTT levels did not show any association with the values of PM2.5 and PM10.

The levels of vWF antigen did not show a correlation with PM but exhibited a negative association trend. Conversely, vWF function demonstrated a positive correlation with the levels of both PM2.5 and PM10 at the lag of one to 7 days.

Soluble P-selectin exhibited a marked association with both PM2.5 and PM10 levels. Over the lag of one to 7 days, soluble P-selectin levels increased by 4.03 to 4.81% for each 10 μg/m3 rise in PM2.5, and by 3.78 to 4.18% for each 10 μg/m3 increase in PM10. However, the platelet function analyzer-200 system (PFA-200) using Collagen/Epinephrine and Collagen/ADP cartridges indicated no significant effect of PM2.5 and PM10 on platelet function. The effects of PM2.5 and PM10 on platelets and coagulation tests at the lag of one to 7 days are illustrated in Figure 3.
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FIGURE 3
 Percent changes in platelet and hemostatic parameters associated with each 10 μg/mm3 increase of average ambient air pollution including PM2.5, PM10 at lag days 1 to 7.


There were no reported cardiovascular incidents among the healthy individuals included in our study during the study period.



4 Discussion

The distinctive seasonal pollution phenomenon in Northern Thailand provides an opportunity to investigate the short-term effects of PM on adverse health outcomes. Despite efforts to protect themselves using face masks and/or indoor air purifiers, individuals unavoidably experience prolonged exposure to high concentrations of fine PM during periods of poor air quality. Past evidence has confirmed the link between high PM seasons and increased incidences of cardiovascular events, including myocardial infarction and stroke, in this region (49, 50). Several studies have reported that PM exposure enhances interleukin-6 (IL-6) and tumor necrotic factor-α (TNF-α) activation, contributing to the inflammatory process and resulting in thromboembolism (41). This study provides evidence regarding the short-term effects of ambient air pollution on hemostatic changes, which are the intermediary markers of cardiovascular risk in healthy individuals during seasonal variations in air pollution.

We observed a significant association between increased concentrations of PM2.5 and PM10 and the shortening of PT. This finding aligns with the results of other clinical studies (18, 58, 59), supporting the hypothesis that elevated concentrations of ambient PM may contribute to enhanced hypercoagulability. However, despite the statistical shortening of PT values, they remain within the normal range. Limited evidence links the PM-mediated PT shortening with clinically relevant thrombosis (18). Further studies should be conducted to investigate the clinical impact of pollution on thromboembolism.

A previous study reported a positive association between vWF antigen and the concentration of PM2.5, suggesting PM-induced vascular endothelial injury (60), while another study showed no significant correlation (61). Although, we observed a negative trend in vWF antigen, it was not statistically significant. Despite no significant change in vWF antigen levels due to PM, we interestingly found an increased function of vWF, as indicated by the ristocetin cofactor assay, with a strong association with short-term exposure to high ambient PM2.5 and PM10. Considering that vWF serves as the carrier of Factor VIII and protects against Factor VIII elimination in plasma (62), the increased vWF function resulting from elevated PM concentration in this study is consistent with the findings in a previous report in C57BL/6 mice, which showed a correlation between elevated Factor VIII levels and high PM10 concentrations (5). Further studies focusing on the effects of PM on vascular injury and coagulation factor assays could potentially elucidate the link between PM and vWF alterations.

We observed evidence of increased soluble P-selectin, reflecting heightened platelet activation resulting from high PM2.5 and PM10. These findings align with previous reports in healthy individuals (60, 63). Another study in diabetic patients also observed increased levels of soluble P-selectin and reported non-statistically significant increases in ADP-induced aggregation and decreases in collagen-induced aggregation and thromboxane B2 production with certain PM components (64). It has been reported that the closure time of the platelet function analyzer-100 (PFA-100) was shortened in hamsters after exposure to diesel exhaust particles (3, 65). In this study, we used PFA-200 to assess the effect of PM on platelet function and found no association with ambient PM levels. PM enhances platelet activation without inducing changes in the platelet function parameters measured by the PFA-200. This discrepancy might be because the PFA-200 is more effective in assessing the impact of anti-platelet agents rather than platelet activation and may not fully capture the platelet activation process. Another possible explanation could be the influence of PM dosage or the extent of platelet activation. Another hypothesis is that this may be due to a selective effect of PM on endothelial cells rather than directly on platelets. Moreover, platelet functions are intricate and governed by multiple mechanisms, ensuring that certain pathological functions are controlled by alternative mechanisms to maintain normal physiological function. Platelet aggregation tests or rotational thromboelastometry (ROTEM) may provide different results and more detailed insights into the PM-mediated effects. Future research should include detailed platelet function tests, such as platelet aggregation tests, ROTEM, and assessments of adhesion/expression of P-selectin or integrin for a more thorough understanding.

The mechanistic links between these PM-mediated hemostatic changes, including endothelial injury, endothelial function, platelet granule release and aggregation, coagulation factor levels, and fibrinolytic system should be explored. Significant clinical impacts need further clarification. Future research to prevent the health impact of PM and to develop novel prevention strategies is crucial. Emphasizing the adverse effects of inhaled ambient air pollution and addressing the global concern regarding increased PM levels is essential. Global policies are needed to mitigate PM production and improve global health.

The strength of this study lies in the unique seasonal variation of ambient air pollution in the area, which aligns with the study design that repeatedly evaluates hemostatic values in individuals over alterations in ambient pollution. However, there are several limitations. First, although we assumed that each volunteer was exposed to the same PM concentrations recorded at the Central Air Quality Monitoring Station, the actual dose of PM inhaled by each participant was not measured. Measuring the actual exposure of each individual would provide a more accurate interpretation of the PM-mediated effects and should be incorporated in the future studies.

Second, although we tried to control for confounding factors influencing the hemostatic parameters, such as age, body weight, height, and blood groups, our study did not control for individual factors such as diet and smoking status, as participants were encouraged to maintain their daily routines. Further research should incorporate these factors.

Third, the number of subjects was small, and some were unable to complete the four follow-up visits due to the COVID-19 pandemic.

Fourth, all participants were of Thai ethnicity. The impact of ambient particles may have varying outcomes in other ethnic groups, as the Asian population has lower incidences of thromboembolism than the Western population (66–68). Genetic differences across ethnic groups may influence susceptibility to PM exposure. Certain populations may have genetic predispositions affecting their response to environmental pollutants, altering the risk profile for cardiovascular events. Additionally, only healthy male participants were included this study. Ambient air pollution may have different hemostatic impacts on women due to hormonal differences affecting cardiovascular and hemostatic functions. Studies have shown that women might be more susceptible to air pollution-related cardiovascular events (69, 70).

Furthermore, the impact of ambient PM on hemostatic outcomes may differ, especially in populations with pre-existing conditions. The older adults, patients with cardiovascular diseases, cancer, and diabetes may have amplified or mitigated responses to PM exposure. The presence of chronic inflammation or compromised cardiovascular function could exacerbate the hemostatic changes induced by PM.

Finally, we did not assess inflammatory biomarkers such as IL-6, TNF- α, coagulation factor assays, and the fibrinolytic system, which may explain the mechanistic links between a hypercoagulable state and inhaled pollution. Future research should incorporate detailed inflammatory biomarkers and clinical outcomes of cardiovascular complications such as myocardial infarction and stroke to assess the comprehensive impact of PM exposure on individuals.



5 Conclusion

The results of this report indicate that short-term exposure to ambient PM2.5 and PM10 may potentially induce a prothrombotic state by enhancing platelet activation and von Willebrand function. Further studies investigating the adverse clinical outcomes of ambient PM on thrombotic complications should be conducted. Understanding the pathological mechanisms of how PM is associated with a hypercoagulable state would help provide possible resolutions to protect against these adverse outcomes. Global policies are required to limit the production of hazardous particles or reduce the impact of harmful ambient particles.
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