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Abstract  

Background: Air pollution is an independent risk factor for cardiovascular morbidity and mortality. 

Retinal arteriolar narrowing and retinal venular widening are risk factors for cardiovascular disease. 

Increases in inflammation, oxidative stress and endothelial dysfunction are processes, present in 

the development of cardiovascular disease that could initiate microvascular changes. The 

underlying molecular mechanisms behind these microvascular changes remain unclear. Recently, 

the analysis of miRNA expression patterns revealed that miRNAs are associated with air pollution 

exposure. We examined the effect of both acute and short-term air pollution exposure on miR-21, 

miR-222 and miR-146a expression patterns and the relationship with microvascular changes.  

Material & methods: Blood samples and fundus photos were gathered at five different time 

points of fifty healthy adults (50% females), 23 to 58 years of age, during December 2014 and 

April 2015. PM10 and PM2.5 was measured at the site of examination and at nearby monitoring 

stations. Retinal blood vessels were represented as the central retinal arteriolar/venular equivalent 

(CRAE/CRVE). miRNA was extracted from venous blood samples and the expression patterns were 

analyzed using Taqman qRT-PCR. The analysis of the three target miRNAs were analyzed in qBase 

and normalized with two controls RNU44 and RNU48. Mixed-effects models were used in the 

statistical analysis to examine all associations.  

Results: First, CRAE was associated with acute PM2.5 and PM10 exposure levels as well as short-

term PM10 exposure levels 48hrs and one week before examination. Each 10 µg/m³ increase in 

acute PM2.5 and PM10 was associated with a 1.00 µm (95%CI:-1.60;-0.39) and a 0.30 µm 

(95%CI:-0.58;-0.02) decrease in CRAE after adding pulse pressure (PP), age, gender, BMI, 

alcohol- and caffeine consumption, location and day of the week. A 0.82 µm (95%CI:-1.67;-0.03) 

and a 0.83 µm (95%CI:-1.46;-0.20) decrease in CRAE was associated with each 10 µg/m³ 

increase in short-term PM10 during the previous 48hrs and previous week after control for the same 

covariates. Acute PM2.5 and PM10 as well as short-term PM10 exposure levels showed a trend 

towards an increase in CRVE. Second, short-term PM10 is associated with miR-21 and miR-222. 

Each 10 µg/m³ increase in PM10 during the previous 24hrs, 48hrs and previous week was 

associated with respectively a 6.62% (95%CI:-11.07;-2.12), a 8.27% (95%CI:-14.14;-2.40) and a 

6.19% (95%CI:-10.89;-1.49) lower miR-21 expression level after control for PP, age, gender, BMI, 

alcohol consumption, day of the week, caffeine consumption and location. Furthermore, each  

10 µg/m³ increase in short-term PM10 during the previous 24hrs, 48hrs and previous week were 

associated with a 6.71% (95%CI:-10.68;-2.75), a 10.93% (95%CI:-15.87;-5.98) and a 10.74% 

(95%CI:-14.41;-7.07) lower miR-222 expression level after control for the aforementioned 

covariates. Third, CRVE is associated with miR-222 and miR-146a. Each 10% increase in miR-222 

and miR-146a is associated with respectively a 0.16 µm (95%CI:0.31;-0.02) and a 0.26 µm 

(95%CI:-0.43;-0.09) decrease in CRVE.  

Conclusions: These findings demonstrated that miRNAs may be a molecular trigger through which 

PM particles can cause changes in the microcirculation and induce cardiovascular disease.  
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Samenvatting 

Luchtvervuiling is een onafhankelijke risicofactor van cardiovasculaire ziekte en sterfte. Retinale 

arteriolaire vernauwing en retinale venulaire verbreding zijn risicofactoren van cardiovasculaire 

ziekte. De toename in inflammatie, oxidatieve stress en endotheel dysfunctie zijn allemaal 

processen, aanwezig in de ontwikkeling van hartziekten die microvasculaire veranderingen kunnen 

veroorzaken. De achterliggende moleculaire mechanismen van deze microvasculaire veranderingen 

zijn nog niet echt opgehelderd. Recent is aangetoond dat expressieniveaus van miRNAs 

geassocieerd zijn met luchtvervuiling. Deze studie wil zowel het acute als korte termijn effect van 

luchtvervuiling bestuderen op de expressie van miR-21, miR-222 en miR-146a en zijn relatie met 

microvasculaire veranderingen.  

Om dit te onderzoeken, werd er op vijf verschillende tijdstippen bloedstalen en retinafoto’s 

verzameld bij vijftig gezonde volwassen (50% vrouwen), 23-58 jaar, in de periode van december 

2014 en april 2015. De retinale bloedvaten werden voorgesteld als de centrale retinale arteriolaire 

equivalent en de centrale retinale venulaire equivalent (CRAE/CRVE). PM2.5 en PM10 werd gemeten 

op de plaats van de staalname en door vaste meetstation. Het miRNA werd geëxtraheerd uit 

tempus tubes waarna het expressie patroon van miR-21, miR-222 en miR-146a werd geanalyseerd 

met de Taqman qRT-PCR techniek. De analyse van de target miRNAs werd verricht in qBase en 

genormaliseerd met twee doelgerichte controles, RNU44 en RNU48. De gehele statistische analyse 

werd uitgevoerd m.b.v. mixed models.  

Na analyse zijn er drie belangrijke associaties gevonden. Eerst is er niet alleen een associatie 

aangetoond tussen CRAE en acute PM2.5/PM10 concentraties, maar ook met korte termijn PM10 

concentraties. Elke 10 µg/m³ stijging in acute PM2.5 en PM10 is geassocieerd met een 1.0 µm 

(95%BI;-1.60;-0.39) en een 0.30 µm (95%BI;-0.58;-0.02) daling in CRAE na toevoeging van 

polsdruk, individuele kenmerken zoals leeftijd, geslacht en BMI, alcohol gebruik, locatie, cafeïne 

gebruik en dag van de week. Een 0.82 µm (95%BI:-1.67;-0.03) en een 0.83 µm (95%BI:-1.46 

;-0.20) daling in CRAE zijn geassocieerd bij elke 10 µg/m³ stijging in korte termijn PM10 gedurende 

de voorbije 48hrs/week na controle met dezelfde variabelen. Acute PM2.5 en PM10 zowel als korte 

termijn PM10 blootstelling vertoonde een trend richting een associatie met een verhoogde CRVE. 

Vervolgens werd de korte termijn PM10 blootstelling geassocieerd met miR-21 en miR-222. Elke  

10 µg/m³ stijging in PM10 gedurende de voorbije 24h/48h/ week is geassocieerd met een 6.62% 

(95%BI:-11.07;-2.12), 8.27% (95%BI:-14.14;-2.40) en een 6.19% (95%BI:-10.89;-1.49) lagere 

miR-21 expressie na controle met verschillende variabelen. Verder is elke 10 µg/m³ stijging in PM10 

gedurende de voorbije 24h/48h/week geassocieerd met een 6.71% (95%BI:-10.68;-2.75), 

10.93% (95%BI:-15.87;-5.98) en een 10.74% (95%BI:-14.41;-7.07) lagere miR-222 expressie. 

Als laatste werd aangetoond dat CRVE geassocieerd is met miR-222 en miR-146a. Elke 10% 

stijging in miR-222 en miR-146a is geassocieerd met een 0.16 µm (95%BI:0.31;-0.02) en een 

0.26 µm (95%BI:-0.43;-0.09) daling in CRVE na controle van de variabelen.  

Deze bevindingen tonen aan dat miRNAs de moleculaire mechanismen kunnen zijn waarbij 

luchtvervuiling veranderingen veroorzaken in de microcirculatie, die kunnen leiden tot hartziekten.  
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1 Introduction 

1.1 Air pollution  

1.1.1 Effect of air pollution on human health 

Air pollution is an indispensable, but alarming part of our modern society. 1, 2 In 2012, the World 

Health Organization (WHO) stated that 12.5% of all global deaths (ca. 7 million people) was 

attributable to air pollution exposure. 3 Researchers are focusing on the health effects on the 

respiratory tract, the primary entering of the ambient air pollutants (AAP) in the lungs and 

cardiovascular endpoints, such as stroke, hypertension, myocardial infarcts and arrhythmias.2, 4-6 

According to the WHO, approximately 80% of premature deaths, related with outdoor air pollution, 

were referable to stroke and ischaemic heart disease, whereas only 14% of the deaths were caused 

by chronic obstructive pulmonary disease or acute lower respiratory infections. 3 Therefore, 

research has shifted more towards the effects of air pollution on cardiovascular events. 5, 7, 8 

1.1.2 Air pollution composition 

Air pollution is a mixture of solid and gaseous pollutants. The main contributors to the solid 

pollutants are particulate matter (PM) and traffic related air pollution. 9, 10 PM contributes to 40% of 

urban PM and consists of primary and secondary particles with a varying aerodynamic diameter. 11 

Primary particles, derived from fossil-fuel combustion are directly emitted into the environment. 

The secondary particles are produced via chemical reactions between gases present in the 

atmosphere, such as oxygen (O2), reactive species (e.g. ozone (O3)), free radicals (e.g. hydroxyl 

(OH.)), pollutants (e.g. NOx) and organic gases. 2, 4, 12 

PM is classified by size (diameter): coarse particles ≤ 10 µm (PM10), fine particles ≤ 2.5 µm (PM2.5) 

and ultrafine particles (UFPs), which are of nanoscale size (<100 nm). Both PM10 and traffic-related 

air pollution are mixtures of solid components and gaseous compounds, such as sulphur dioxide 

(SO2), nitrogen dioxide (NO2), O3, transition metals and black carbon (BC), a carboneous traffic-

related particle. 13, 14  

1.2 Effects of air pollution on cardiovascular health 

1.2.1 Long-term effects  

Air pollution exposure is an independent risk factor for cardiovascular morbidity and mortality. 15, 16 

Pope III et al. (2009) investigated the effect of air pollution exposure on the life expectancy in 

fifty-one metropolitan areas in the United States between the 1980s and the 2000s. In 1986, a  

10 µg/m³ decrease in PM2.5 resulted in an increase in mean life expectancy of 0.61 ± 0.20 years. 

Over a period of twenty years, as PM2.5 exposure was reduced in time, life expectancy increased 

with 2.72 years for these areas. 17 Dockery et al. confirmed these findings in a prospective cohort 

study in U.S. cities: air pollution exposure increased mortality-rate ratio with 1.26, when the most 

polluted and the least polluted U.S. cities were compared after adjustment for other risk factors 

such as smoking, education, BMI and etc. Furthermore, they also found a positive association 

between air pollution and death from cardiopulmonary diseases. 18  
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1.2.2 Short- term effects  

An acute PM exposure is associated with a significant increase in blood pressure. In healthy 

volunteers, an increase of 10.5 µg/m³ in PM2.5 levels over the past five days was associated with a 

2.8 mm Hg increase in systolic (SBP) and a 2.7 mm Hg increase in diastolic blood pressure (DBP). 
19 Further, according to Dockery et al., 29% of the subjects in his study showed a faster heartbeat 

(e.g. 5-10 bpm), when they encounter a 100 µg/m³ increase in PM10 on the previous day. 7 

Peretz et al. demonstrated that microvascular dysfunction was associated with short-term PM 

exposure in a human controlled study. An acute vasoconstriction of the brachial artery was found, 

when adults were exposed to diesel exhaust for two hours. This dysfunction was also related with 

an increase in plasma endotheline-1 (ET-1) levels. 20 Impaired endothelial vessel response has 

been demonstrated in a controlled exposure study of six hours to diluted diesel exhaust on healthy 

adults. They showed an impaired peripheral resistance vessel dilatory response to different 

vasodilators, such as acetylcholine and bradykinin. 21  

1.3 Air pollution is targeting the microvasculature 

1.3.1 The microcirculation 

The microcirculation consists of the smallest blood vessels of the human body, vessels with a 

diameter smaller than 150 µm. These vessels are characterized by myogenic autoregulation (e.g. 

the change in vessel diameter of the arterioles to maintain the local blood flow) and are the largest 

contributor to vascular resistance. The major functions of the microcirculation are the exchange of 

O2, nutrients and waste products at tissue level and regulation of the blood pressure. 22 Vascular 

resistance is influenced by many factors, including circulating substances (e.g. hormones), local 

metabolic factors, autonomic nerves, endothelium derived substances and local myogenic 

responses. 23, 24 

1.3.2 Practical approach: fundus photography and its relation with air pollution 

Fundus photography offers a non-invasive way to study the retinal microcirculation in vivo (see 

Figure 1). The retinal blood vessels share anatomical, physiological and pathological features with 

cerebral and coronary blood vessels. Retinal vessels caliber is an independent predictor of 

cardiovascular diseases. Narrowing of the arteriolar vessels indicates arteriolar damage and 

predicts hypertension. Venular widening has been associated with inflammation, endothelial 

dysfunction and atherosclerosis. 16 

In 2010, Adar et al. found an association between retinal arteriolar narrowing and long-term air 

pollution exposure. A 3 µg/m3 increase in PM2.5 was associated with a 0.8 µm decrease in central 

retinal arteriolar equivalent (CRAE). 15 In 2013, Louwies et al. found an association between short-

term exposure and CRAE. Their data showed that each 10 µg/m3 increase of PM10 was accompanied 

by a 0.93 µm decrease in CRAE and that each 1 µg/m3 increase of BC was associated with a  

1.84 µm decrease in CRAE. 16  
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Figure 1: Retinal photography and grading 
During the study visit, the fundus of the right and left eye was photographed twice. Afterwards, fundus image analysis software 
was used to calculate the central retinal arteriolar equivalent (CRAE) and the central retinal venular equivalent (CRVE). These 
parameters represent the thickness of the blood vessels in the blind spot (white/yellow spot in the middle of the vessels).  

1.3.3 How air pollution affects the cardiovascular system 

PM can cause direct/acute effects as well as indirect/chronic effects on cardiovascular function. 4, 25, 

26 PM can induce direct cardiovascular effects within a few hours after air pollution exposure.  

Inhaled PM can activate pulmonary neuronal reflexes, which could initiate the autonomic nervous 

system. This might change heart rate rhythm and cause arrhythmia (see Figure 2). 4, 12  

A population based cohort study in Lausanne showed that each 10 µg/m³ increase in PM10 is 

associated with a 1.00 mm Hg increase for nighttime SBP and 0.5 for nighttime DBP. In addition, 

each 10 µg/m³ increase in PM10 was also associated with a higher nighttime heart rate. 27 

Small particles (PM10, PM2.5 and UFPs) can enter the body via the respiratory tract and induce 

indirect health effects. First, fine and ultrafine particles (PM2.5 or UFPs) can cross the pulmonary 

epithelium and translocate to the blood stream. Here, they can directly damage the organs or 

induce a local inflammatory response. 4, 25, 26 Coarse and fine particles (PM2.5 or PM10) can be 

inhaled deeply into the lungs and deposited in the alveoli. At this site, particles can cause 

pulmonary inflammation, which may lead to systemic inflammation, characterized by oxidative 

stress, endothelial dysfunction and the activation of leukocytes and platelets (see Figure 2). 4, 12, 25 

1.3.4 Role of inflammation, oxidative stress and endothelial dysfunction  

The cellular inflammatory and oxidative stress mechanisms are already well investigated in people 

exposed to air pollution. 28 Chuang et al. observed an increase in inflammatory markers, such as 

fibrinogen and C-reactive protein (CRP) in young people after short-term exposure to PM. 29 Tumor 

necrosis factor-α (TNF-α), CRP and interleukin-1β (IL-1β) were also elevated in children after a 

higher exposure to PM. 30 Araujo et al. and others have already showed that inflammatory effects, 

caused by air pollution exposure, are linked to the production of reactive oxygen species (ROS) via 

the detection of oxygen radicals in macrophages, lung microsomes and bronchial epithelial cells. 12, 

31-33 Furthermore, diesel exhaust particles induce oxidative stress in both human and rat epithelial 

cells. 12, 34, 35 ROS production could activate additional redox-sensitive signaling pathways such as 

MAP kinases or NF-κB, which was demonstrated by Takizawa et al. in 1999 and by Li et al. in 2002. 
36, 37 
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Figure 2: Possible biological pathways linking ambient air pollution with cardiovascular mortality and morbidity 
The main particles responsible for the increased cardiovascular mortality and morbidity are UFPs, PM2.5 and PM10. The fine and 
ultrafine particles can react via two different pathways. First, they can enter the body via the respiratory tract crossing the 
pulmonary epithelium due to their small size and translocate to the blood stream. Here, they can cause direct damage to the 
organs or they can induce a local inflammatory response. Second, they can also cause a reaction through the activation of the 
pulmonary neuronal reflexes, including the activation of the autonomic nervous system, leading to changes in heart rate 
rhythm. The larger particles on the other hand, PM10 and PM2.5, can be inhaled deeply into the lungs and deposited in the 
alveoli. At this site, they can cause a pulmonary inflammation, which could lead to a systemic inflammation, characterized by 
the production of ROS, activation of leukocytes and platelets and endothelial dysfunction.  
(UFPs = ultrafine particles; PM2.5 = particulate matter smaller than or equal to 2.5 µm; PM10 = particulate matter smaller than 
or equal to 10 µm; ROS = reactive oxygen species) 

PM2.5 can also induce systemic microvascular dysfunction. 1, 25 Microvascular dysfunction is defined 

as a reduction in the bioavailability of nitric oxide (NO) (one of the most important endothelial 

vasodilators). 38, 39 In normal conditions, the endothelial nitric oxide synthase (eNOS) in the 

epithelium constantly produces and releases NO in the blood, when the substrate L-arginine and 

cofactor tetrahydrobiopterin (BH4) are sufficiently present. NO migrates to the smooth muscle cells 

surrounding the endothelium and induces relaxation of these muscles, leading to a permanent 

state of vasodilation. 38 

Air pollution induced inflammation and oxidative stress, could decrease this NO bioavailability. 39 

The reduction in NO can be explained due to the uncoupling of eNOS (see appendix A for the 

function of eNOS) and/or NO scavenging by ROS. The uncoupling of eNOS prevents NO synthesis, 

but also leads to increased production of ROS. The increased ROS and decreased NO production is 

harmful to the microcirculation. 22 Endothelial dysfunction is a risk factor for several cardiovascular 

diseases. The described processes above are tightly controlled. A minor shift could result in 

dysfunction and induce the progression of cardiovascular disease.  
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1.4 MicroRNAs (miRNAs) 

1.4.1 Their role in gene regulation and biological processes 

A highly conserved novel class of gene regulators, microRNAs (miRNAs) was discovered in 2000. 40 

MiRNAs are short, single-stranded ribonucleic acid (RNAs) of twenty to twenty-five nucleotides (see 

appendix B for the biogenesis of miRNAs) transcribed from deoxyribonucleic acid (DNA), which 

controls gene expression at the posttranscriptional level. 41-43 miRNAs can suppress the synthesis 

of proteins by inhibiting their translation by binding to the messenger RNA (mRNA), causing 

silencing of gene expressions. In addition, they can also provoke the degradation or cleavage of the 

mRNA. 44, 45 In contrast, these miRNAs can ensure an upregulation of the translation of mRNAs 

under certain conditions. 45 

Already one thousand different miRNAs genes were revealed in humans, regulating one third of the 

total human genome. 40 Each individual miRNA could regulate hundreds of target genes, but one 

gene could also be regulated by several miRNAs. 42 Furthermore, research demonstrates that 

miRNAs are involved in the regulation of several biological processes, such as immunomodulation, 

apoptosis, cell differentiation, cell proliferation and inflammation. 40, 42, 44, 46 This evidence indicates 

that miRNAs might play an essential role in several biological systems, such as cardiovascular, 

circulatory, respiratory and nervous system (see appendix C for the essential role of miRNA 

maturation).  

1.4.2 miRNAs and air pollution exposure 

Researchers have investigated the influence of air pollution exposure on miRNA expression 

patterns. Yamamoto et al. have showed that the expression levels of miR-21, miR-30e, miR-215 

and miR-144 were altered after diesel exhaust exposure. 47 These findings were confirmed in 

human air way epithelial cells by Jardim et al. 48 Investigation of miRNAs involved in oxidative 

stress, inflammation and endothelial dysfunction could provide more insights in the association 

between air pollution and cardiovascular disease.  

1.4.3 Role of miRNAs in biological pathways altered by air pollution 

Epidemiological studies revealed that air pollution was associated with altered expression of 

miRNAs related in processes, such as inflammation (e.g. miR-222 and miR-146a), oxidative stress 

(e.g. miR-21) and endothelial function (e.g. miR-222). 49, 50 Bollati et al. (2010) and Jiang et al. 

(2014) have showed that miR-21 is involved in oxidative stress and inflammatory responses. 49, 51 

Suarez et al. demonstrated in 2007 that miR-222 is important for both endothelial cell gene 

expression and function by regulation of the endothelial nitric oxide synthase protein level in 

human endothelial cells. 52 Elevated expression levels of miR-146a are found in human suffering 

from psoriasis or rheumatoid arthritis, both chronic inflammatory diseases. This indicates that  

miR-146a plays an important role in the regulation of inflammation probably by inducing the 

infiltration of inflammatory cells. 53 
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1.5 The objectives, goals and aims of this master thesis 

Cardiovascular disease development and progression is associated with increases in inflammation 

and oxidative stress production, which may be due to air pollution exposure. miR-222, miR-21 and 

miR-146a provide an interesting field to examine and might elucidate the underlying mechanisms 

of this association. We hypothesize that miR-222, miR-146a and miR-21 are potential molecular 

pathways, which link air pollution exposure to changes in retinal microcirculation. The main 

objectives are: i) is air pollution exposure associated with changes in retinal microcirculation (e.g. 

CRAE and CRVE), ii) are miR-21, miR-222 and miR-146 associated with air pollution exposure, and 

iii) are miR-222, miR-21 and miR-146a associated with changes in retinal microcirculation (e.g. 

CRAE and CRVE).  

A study with repeated measurements will be conducted to investigate both acute and short-term 

effects of air pollutions exposure on miRNA expression (e.g. miR-222, miR-21 and miR-146a) and 

retinal microcirculation in three different areas Mol, Hasselt and Lommel. Fifty healthy participants 

will be followed up for five months, with one study visit each month. At every visit, a non-invasive 

exploration of the retinal blood vessels using fundus photography will take place and blood will be 

collected to investigate the aforementioned miRNAs to verify if these miRNAs could be a potential 

molecular pathway that can link air pollution with changes in retinal microcirculation.   
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2 Materials and methods 

2.1 Study subjects 

The study was conducted in Flanders, Belgium during December 2014 and April 2015. We recruited 

fifty participants ranged from 23 to 58 years old. The study included twenty employees of the 

Flemish Institute for Technological Research (VITO), twenty employees of the Hasselt University 

and ten volunteers from the region of Lommel. Participants were free of cardiovascular diseases 

and diabetes before and during the study period. All participants participated in six study visits. 

These visits were one month apart and were scheduled on the same time of day. At each study 

visit, two questionnaires were filled in, blood pressure was measured, fundus photos were taken 

and a venous blood sample was collected (see appendix D and E for full questionnaires in Dutch).  

At the end of the study, all filled in a detailed questionnaire about their physical activity, time 

spend in traffic and lifestyle. Written informed consent was provided by all study participants in 

accordance with procedures approved by the Ethical Committee of the University Hospital of 

Antwerp.  

2.2 Acquisition of data 

2.2.1 Retinal photography and grading 

By using a Canon 45° 6.3-megapixel digital non-mydriatic retinal camera (Hospithera, Brussels, 

Belgium), the fundus of the right and left eye of each participant were photographed twice. 

Analysis software was used to calculate the central retinal arteriolar equivalent (CRAE) and the 

central retinal venular equivalent (CRVE). The equivalent represents a summary of vessel 

diameters within an area equal to 0.5-1.0 disc diameters from the optic disc margin. CRAE and 

CRVE parameters were calculated and averaged over the four pictures.  

2.2.2 Blood pressure 

Both systolic and diastolic blood pressure were measured with an automatic device (Stabilograph, 

Stolberg, Germany) according to the guidelines of the European Society of Hypertension. 54 In 

short, participants rested five minutes before the first measurement. Five measurements were 

collected and only the last four measurements were averaged and used for data analyses.  

2.2.3 Blood samples 

Venous blood samples were collected at every study visit. One tempus tube (Blood RNA Tubes, 

Applied Biosystems, Diegem, Belgium), and one EDTA-tube (BD Vacutainer, New Jersey, United 

States) were collected.  

2.3 Air pollution levels 

Acute exposure to particulate air pollution (e.g. UFPs, PM10 and PM2.5) was measured at the 

locations of the study visits. The acute exposure concentrations of PM10 and PM2.5 (in µg/m³) were 

measured with an Aerocet device (Met One Instrument Inc., US). Outside particulate air pollution 

concentrations were measured every hour. The Aerocet device sampled PM10 and PM2.5 

concentrations in the air every two minutes. The measurements were conducted each hour for  
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15 minutes. The average concentrations for PM10 and PM2.5 were calculated every hour and used in 

the statistical analysis for the analysis of acute air pollution exposure effects.  

Short-term air pollution exposure data was obtained from nearby official monitoring stations 

(Dessel and Hasselt), operated by the Flemish Environmental Agency (Aalst, Belgium). Here, PM10 

and PM2.5 concentration levels are measured with beta-absorption every 30 minutes. The average 

exposure was calculated 24hrs, 48hrs and one week before the study visit and used in the 

statistical analysis for the analysis of short-term air pollution exposure effects.   

2.4 miRNA/RNA collection and qualification 

2.4.1 Collection of miRNA/RNA from Tempus tubes  

Total RNA was purified using total RNA purification kit according to the manufacturer’s protocol 

(Norgen, Thorold, Canada) (see appendix F for full protocol). In brief, lysis of the blood cells 

released all DNA and RNA. The solution was centrifuged (Eppendorf, centrifuge 5810R, Hamburg, 

Germany) at 4500 rpm for 30 minutes at 4°C to create a RNA/DNA pellet. Ethanol (Merck Millipore, 

Emsure, Darmstadt, Germany) was added to the lysate to remove the lysis buffer. DNAse I 

treatment was performed to eliminate the remaining DNA. Subsequently, different washing steps 

together with several centrifugation steps (Eppendorf, centrifuge 5415R, Hamburg, Germany) were 

introduced to gather pure RNA. Total RNA was eluted in 50 µl elution solution.  

2.5 Control of RNA/miRNA 

The extracted RNA was assessed by quantitative measuring of the RNA yield (ng/µl) and purity 

(A260/280 & A260/230) using the nanodrop spectrophotometer (ND-1000, Isogen Life Science, De 

Meern, the Netherlands). All the samples were ran on the bioanalyzer (Agilent Technologies, 

Diegem, Belgium) to ensure the presence of miRNA (see appendix G for full protocol). 

2.6 cDNA synthesis 

cDNA synthesis was performed with the TaqMan microRNA reverse transcription kit (Applied 

Biosystems, Diegem, Belgium) (see appendix H for full protocol). The input concentration of RNA 

ranged between 1-10 ng, according to the manufacturers protocol. A total of 15 µl solution was 

made: 3 µl RT primer (5X), 5 µl sample of 10 ng, 7 µl Real-time master mix containing dNTPs with 

dTTP (100mM), MultiScribe Reverse Transcriptase (50U/µl), RT buffer (10X), RNAse inhibitor 

(20U/µl) and nuclease free water. This mixture was incubated for five minutes on ice before the 

reverse transcription (RT) reaction was started. The RT reaction was performed in four steps: two 

incubation steps for 30 minutes at 16°C followed by 30 minutes at 42°C, reverse transcription step 

for 5 minutes at 85°C and an inactivation step at 4°C.  
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2.7 miRNA expression analysis 

2.7.1 miRNA selection 

For the optimal selection of miRNAs, a literature search was performed as well as the knowledge of 

a previous master thesis. 41, 42, 46, 49, 50, 55, 56 Eventually, based on their association with air pollution, 

inflammation, oxidative stress and/or endothelial function, three miRNAs were elected: 1) hsa- 

miR-222, 2) hsa-miR-21 and 3) hsa-miR-146a, illustrated in Figure 3.  

According to these studies, miR-21 is involved in several processes. 41, 49, 50 Until now, only one 

human study mentioned the association of miR-21 with oxidative stress and air pollution. 29 miR-

222 is involved in both inflammation and endothelial function and is one of the miRNAs, which 

always showed an effect after air pollution exposure. 42, 49, 50, 56 Finally, miR-146a, only involved in 

inflammation, was chosen based on the previous studies performed by Bollati and Fossati. 49, 50 

They also used a combination of these three miRNAs, mentioning the involvement in all these 

processes related to our study.  

 

Figure 3: Selection of miRNAs based on literature search and a previous master thesis 
Based on their association with air pollution, inflammation, oxidative stress and/or endothelial function, three miRNAs were 
elected: 1) hsa-miR-222, 2) hsa-miR-21 and 3) hsa-miR-146a. 

2.7.2 Validation of control miRNAs 

To investigate the most suitable and optimal controls for miRNA expression measurements, a qRT-

PCR was performed to test three controls miRNAs RNU6, RNU44 and RNU48 (e.g. whose election 

was based on literature) in four test samples with a cDNA concentration of 10 ng. Each sample was 

measured in triplicate. The validation consist of i) the appearance of the control miRNA in the test 

samples, ii) the time of a detectable fluorescence signal, as such how lower the cycle threshold (Ct) 
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values, the better the control will be and iii) the Ct of the control need to be situated lower or 

between the Ct values of the target miRNAs.  

The qRT-PCR program for this validation was the same as the qRT-PCR for the validation of the 

three target miRNAs in the samples collected in the five months. After the qRT-PCR run, an abs 

quant/2nd derivative max analysis was performed to validate the Ct values. 

2.7.3 Primer efficiency test 

Before miRNA analysis could be performed, the primer efficiency of the control miRNAs RNU44 and 

RNU48 were determined. Three different test samples measured in triplicate were used to run a 

standard curve using a quantitative real-time polymerase chain reaction (qRT-PCR). The qRT-PCR 

program for these efficiency testing are the same as the qRT-PCR for miRNA analysis in all the 

collected samples, see section 2.8.  

After the qRT-PCR run, an abs quant/2nd derivative max analysis was performed to validate the Ct 

values. The standard curve contained an initiate concentration of 10 ng together with a ½ dilution 

performed five times for each sample until a final concentration of 0.3125 ng was reached. The 

efficiency corresponds to the slope of the standard curve (e.g. concentration versus the mean of 

the Ct-values), whereas a slope of -3.321928 is seen as the most optimal one. The efficiency of 

every primer was determined by using the following equation E: ((10^(-1/slope))—1)*100.  

2.8 Quantitative real-time polymerase chain reaction (qRT-PCR) 

TaqMan qRT-PCR using the TaqMan microRNA assays (Applied Biosystems, Diegem, Belgium) was 

performed in triplicate to validate the defined target miRNAs (see appendix I for full protocol). For 

each TaqMan assay reaction, 1.33 µl cDNA was mixed with 10 µl TaqMan master mix, 1.00 µl 

TaqMan small RNA assay (20X) and 7.67 µl RNAse free water. To remove the inter run variation 

when data from different experiments are combined, three inter-run calibrators (IRCs) (e.g. the 

same on each plate) are inserted. Furthermore, three non-template controls (NTCs), consisting of 

water and master mix, were included for every miRNA in each plate, hereby excluding possible 

contamination of the master mix. The program consist of three steps: an activation step for ten 

minutes at 95°C, a denaturation step of 40 cycles whereof five seconds at 95°C and one minute at 

60°C and finally a standard cool down step.  

2.9 Statistical analysis 

We performed pollutant-specific, exposure-response analysis using mixed models (version 9.2, SAS 

Institute Inc, Cary, NC). A random effect for each participant was used across the five clinical 

examinations. This method allows each subject to serve as his or her own control over time and 

controls for potential confounding from within-subject covariates that do not change over time. The 

acute and short-term exposure data (PM2.5 and PM10) were used to investigate the association 

between air pollution and retinal blood vessels.  
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The miRNA expression data was normalized with a natural log-transformation prior to data 

analysis. The normalized miRNA data were used to investigate the associations with retinal blood 

vessels and air pollution exposure in mixed effect models. All analyses were corrected for gender, 

age, body mass index (BMI), alcohol and coffee consumption 24 hours prior to the examination 

(where applicable), day of the week, location, participant’s blood pressure (SBP, DBP) and fellow 

vessel diameter (where applicable). 
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3 Results  

3.1 Study characteristics  

The characteristics of our study population (n=50) are summarized in Table 1. The mean age in the 

population was 32 ± 8 years, and 50% of the participants were women. Only two participants were 

active smokers. Of the fifty adults who participated in our study, eleven persons did not complete 

all clinical study visits (e.g. five in total) and three samples of the remaining 239 were not included 

in the miRNA analysis due to poor sampling and insufficient RNA content, but were used in the 

other analyses.  

Table 1: Characteristics of the study subjects (n=50) 

All participants have a university or 

college degree and were free of any 

clinically diagnosed cardiovascular 

diseases, diabetes or any 

inflammatory disease that could 

influence the results. During the five 

month study period, PM2.5 

concentrations ranged from 1  

to 61 µg/m3 with an  

average concentration of 13.19  

± 12.54 µg/m3. The PM10 concentrations ranged from 3.5 to 161.75 µg/m3 with an average 

concentration of 31.36 ± 26.24 µg/m3.  

3.2 Associations between microvascular changes and acute exposures levels  

3.2.1 Central retinal arteriolar equivalent (CRAE) 

The average CRAE and CRVE in this study population were 152.79 ± 13.86 µm and 222.14  

± 21.59 µm. CRAE tended to be 5.05 µm larger in men then woman, however this association 

wasn’t significant (p=0.3885). Age (p=0.0305), alcohol consumption (p=0.0437) and CRVE 

(p<0.0001) were significant predictors of CRAE. For each one-unit increase, CRAE decreased 

respectively with 0.55 µm, 0.32 µm and 0.48 µm. BMI (p=0.8118), pulse pressure (p=0.7785), 

day of the week (p=0.4343), caffeine (p=0.4108) and location (p=0.6952) were not significant 

predictors of CRAE.  

In order to test our associations, we used mixed-effects models. We constructed three models with 

an increasing number of included covariates. Model 1 is the most basic and includes gender, age, 

BMI and pulse pressure as covariates. Model 2 also includes these covariates, but is expanded with 

alcohol and caffeine consumption in the 24 hours before the examination, the day of the week of 

the examination and the location of the examination. Model 3 is the full model. In this model all 

aforementioned covariates and fellow vessel diameter were included. When the association for 

CRAE was testes, CRVE was included as fellow vessel diameter and vice versa for the associations 

for CRVE.  

 

CHARACTERISTICS SUBCHARACTERISTICS MEAN ± SD  
OR PERCENT (%) 

Age (years) / 32 ± 8 
Sex (%) 
 

 
Females 

 
50 

General health  
conditions 
 

 
BMI (kg/m2) 
SBP (mmHg) 
DBP (mmHg) 

HR (bpm) 

 
23 ± 3 
122 ± 8 
72 ± 9 
71 ± 12 

Alcohol Consumption  
(glasses/24h) / 2.0 ± 4.0 

Smoking (%) 
 

Yes 
No 

 
4 
96 

Caffeine consumption  
(glasses/24h) / 2.0 ± 2.0 
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In our mixed-effect models, CRAE was negatively associated with acute PM2.5 exposure levels 

(Table 2 and Figure 4). Each 10 µg/m3 increase in PM2.5 was associated with a 1.01 µm (95%CI: 

-1.59;-0.43;p=0.0014) decrease in CRAE (Table 2, model 1). A similar result, a 1.00 µm (95%CI: 

-1.60;0.39;p=0.0024) decrease in CRAE, was found in model 2 (Table 2, model 2). In our final 

model, where CRVE was added, each 10 µg/m3 increase in PM2.5 was associated with a 0.56 µm 

(95%CI:-1.04;-0.08;p=0.0270) decrease in CRAE (Table 2, model 3).  

Table 2: The association between the central retinal arterial equivalent (CRAE) and acute particulate matter (PM2.5 
and PM10) exposure. Estimated change is represented in mean CRAE (95% CI).  

 
CENTRAL RETINAL ARTERIAL EQUIVALENT (CRAE) 

 
Model 1 Model 2 Model 3 

PM2.5 (for each 10 μg/m3) -1.01 (-1.59; -0.43)** -1.00 (-1.60; -0.39)** -0.56 (-1.04; -0.08)* 

PM10 (for each 10 μg/m3) -0.36 (-0.63; -0.10)* -0.30 (-0.58; -0.02)* -0.16 (-0.38; 0.05) 

Model 1 was adjusted for pulse pressure and individual characteristics such as gender, age and BMI. Model 2 includes model 1 
plus the covariates location, alcohol consumption, caffeine consumption and day of the week. Model 3 includes model 2 plus the 
covariate CRVE. Statistical significance is expressed as follows: * p<0.05. ** p<0.01.  

Subsequently, the association between PM10 and CRAE were examined using the same models 

(Table 2). Each 10 µg/m3 increase in PM10 was associated with a 0.36 µm (95%CI: 

-0.63;-0.10;p=0.0106) decrease in CRAE in the basic model (Table 2, model 1). The association 

remained in model 2, as each 10 µg/m3 increase in PM10 was associated with a 0.30 µm decrease 

(95%CI:-0.58;-0.02;p=0.0388) in CRAE (Table 2, model 2). In model 3, when CRVE was added, 

the association became non-significant (p=0.1459) (Table 2, model 3). 

 

Figure 4: The estimate change in CRAE (95% CI) and CRVE after a 10 µg/m3 increase in acute PM2.5 or PM10 
represented in each of the three models.  
Model 1 was adjusted for pulse pressure and individual characteristics such as gender, age and BMI. Model 2 includes model 1 
plus the covariates location, alcohol consumption, caffeine consumption and day of the week. Model 3 includes model 2 plus the 
covariate CRVE. 
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3.2.2 Central retinal venular equivalent (CRVE) 

We examined the association between air pollution exposure and CRVE using the models described 

above. We did not find any significant associations between acute air pollution exposure to PM2.5 or 

PM10 and CRVE (Table 3). However a trend was observed towards an association between acute 

PM2.5 and PM 10 exposure levels and venular widening. 

Table 3: The association between the central retinal venular equivalent (CRVE) and acute particulate matter (PM2.5 
and PM10) exposure.  Estimated change is represented in mean CRVE (95% CI).  

 
CENTRAL RETINAL VENULAR EQUIVALENT (CRVE) 

 
Model 1 Model 2 Model 3 

PM2.5 (for each 10 μg/m3) -0.29 (-0.95; 0.37) -0.49 (-1.20;0.22) 0.25 (-0.40; 0.91) 

PM10 (for each 10 μg/m3) -0.01 (-0.30; 0.29) -0.05 (-0.36; 0.27) 0.15 (-0.14; 0.44) 

Model 1 was adjusted for pulse pressure and individual characteristics such as gender, age and BMI. Model 2 includes model 1 
plus the covariates location, alcohol consumption, caffeine consumption and day of the week. Model 3 includes model 2 plus the 
covariate CRAE.  
 

3.3 Associations between microvascular changes and short-term air pollution exposure 

We used air quality measurements from a nearby monitoring station (operated by the Flemish 

Environmental Agency) in order to investigate short-term effects of air pollution exposure on CRAE 

and CRVE.  

3.3.1 Central retinal arteriolar equivalent (CRAE) 

The association between short-term air pollution exposure and CRAE was examined using the same 

mixed models as previously described. We did not find any significant association between short-

term PM2.5 exposure (e.g. during the previous 24hr, 48hr or previous week) and CRAE, see Table 4 

and Figure 5.  

CRAE was not associated with short-term PM10 exposure levels during the previous 24hrs in either 

of our models (Table 4, model 1 till 3 and Figure 5). However, each 10 µg/m3 increase in PM10 

during the previous 48hrs was associated with a 0.83 µm (95%CI:-1.56;-0.09;p=0.0327) decrease 

in CRAE (Table 4, model 1 and Figure 5). This association became borderline significant in model 2 

(p=0.0637) (Table 4, model 2 and Figure 5). When CRVE was added to the model, each 10 µg/m3 

increase in PM10 during the previous 48hrs was associated with a 0.67 µm (95%:-1.28; 

-0.06;p=0.0367) decrease in CRAE (Table 4, model 3 and Figure 5).  
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An association was found between short-term PM10 exposure levels during the previous week and 

CRAE (Table 4 and Figure 5). Each 10 µg/m3 increase in PM10 was associated with a 0.85 µm 

(95%CI:-1.44;-0.27;p=0.0063) decrease in CRAE  (Table 4, model 1). The association remained in 

model 2, as each 10 µg/m³ increase in PM10 was associated with a 0.83 µm (95%CI: 

-1.46;0.20;p=0.013) decrease in CRAE (Table 4, model 2). In our final model, the association 

became non-significant (Table 4, model 3).  

Table 4: The association between the central retinal arteriolar equivalent (CRAE) and short-term particulate 
matter (PM2.5 and PM10) exposure. Estimated change is represented in mean CRAE (95% CI). 

  CENTRAL RETINAL ARTERIAL EQUIVALENT (CRAE) 

  Model 1 Model 2 Model 3 

PM2.5 
Lag 24 
Lag 48 

Lag week 

-0.27 (-1.03; 0.50) 
-0.59 (-1.57; 0.40) 
-0.48 (-1.17; 0.21) 

-0.36 (-1.23; 0.51) 
-0.65 (-1.75; 0.46) 
-0.52 (-1.25; 0.22) 

-0.32 (-0.97; 0.33) 
-0.48 (-1.31; 0.34) 
-0.20 (-0.76; 0.37) 

PM10 
Lag 24 
Lag 48 

Lag week 

-0.42 (-0.99; 0.15) 
-0.83 (-1.56; -0.09)* 
-0.85 (-1.44; -0.27)** 

-0.55 (-1.22; 0.12) 
-0.82 (-1.67; 0.03) 

-0.83 (-1.46; -0.20)* 

-0.45 (-0.93; 0.04) 
-0.67 (-1.28; -0.06)* 
-0.41 (-0.88; 0.07) 

Model 1 was adjusted for pulse pressure and individual characteristics such as gender, age and BMI. Model 2 includes model 1 
plus the covariates location, alcohol consumption, caffeine consumption and day of the week. Model 3 includes model 2 plus the 
covariate CRVE. Statistical significance is expressed as follows: * p<0.05. ** p<0.01.  

 

Figure 5: The estimate change in CRAE (95% CI) and CRVE after a 10 µg/m3 increase in short-term PM2.5 or PM10 
represented in each of the three models. 
Model 1 was adjusted for pulse pressure and individual characteristics such as gender, age and BMI. Model 2 includes model 1 
plus the covariates location, alcohol consumption, caffeine consumption and day of the week. Model 3 includes model 2 plus the 
covariate CRVE. 

3.3.2 Central retinal venular equivalent (CRVE) 

Subsequently, we examined the associations between short-term air pollution exposure and CRVE 

using the same mixed models. We did not find any significant associations between short-term air 

pollution exposure of PM2.5 CRVE based on these models except (Table 5). However, we did found a 

trend towards an association between short-term PM10 exposure levels and venular widening. All 

the results showed a borderline statistical significance except for PM10 during the previous 48hrs. In 

our final model, each 10 µg/m3 increase in PM10 during the previous 48hrs was associated with a 

0.85 µm (95%CI:0.09;1.61;p=0.034) increase in CRVE (Table 5, model 3).  
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Table 5: The association between the central retinal venular equivalent (CRVE) and short-term particulate matter 
(PM2.5 and PM10) exposure. Estimated change is represented in mean CRVE (95% CI). 

  CENTRAL RETINAL VENULAR EQUIVALENT (CRVE) 

  Model 1 Model 2 Model 3 

PM2.5 
Lag 24 
Lag 48 

Lag week 

0.27 (-0.56; 1.10) 
0.12 (-0.96; 1.20) 
-0.43 (-1.17; 0.32) 

-0.03 (-0.95; 0.90) 
-0.24 (-1.40; 0.93) 
-0.39 (-1.16; 0.37) 

0.56 (-0.26; 1.39) 
0.69 (-0.35; 1.73) 
0.15 (-0.53; 0.83) 

PM10 
Lag 24 
Lag 48 

Lag week 

0.17 (-0.45; 0.80) 
0.16 (-0.66; 0.97) 
-0.59 (-1.23; 0.06) 

0.00 (-0.72; 0.73) 
0.02 (-0.90; 0.94) 
-0.53 (-1.19; 0.14) 

0.60 (-0.01; 1.21) 
0.85 (0.09; 1.61)* 
0.20 (-0.39; 0.79) 

Model 1 was adjusted for pulse pressure and individual characteristics such as gender, age and BMI. Model 2 includes model 1 
plus the covariates location, alcohol consumption, caffeine consumption and day of the week. Model 3 includes model 2 plus the 
covariate CRAE.  
 

3.4 miRNA/RNA quantification 

RNA quantification needed to be assessed before miRNA analysis could be performed in order to 

obtain meaningful expression results. The purity and integrity of RNA was measured using the 

Nanodrop spectrophotometer. Almost all RNA samples showed a sufficient amount of RNA  

(> 50 ng/µl) to apply these in the miRNA analysis except for three samples with a concentration 

below 20 ng/µl. All the remaining RNA samples showed a high quality and intact RNA based on the 

260/280 ratio. They were all located within a range of 2.0 and 2.3. Figure 6 represents a) the RNA 

concentration of ten independent samples chosen over the whole period of the study and b) the 

quality of these ten RNA samples to illustrate the preceding. 

Figure 6: Panel A) Illustrates the RNA concentration/yield of ten independent samples chosen over the whole period of the 
study. The yield was determined using the Nanodrop spectrophotometer. All RNA samples show a higher concentration then  
50 ng/µl. Panel B) Shows the quality of the ten RNA samples. All the samples have a higher 260/280 ratio then 2.00 indicating 
a very high and intact RNA quality, necessary to continue for miRNA analysis.  

3.4.1  Detection of miRNA content and quality in RNA samples 

The amount and quality of miRNA in the RNA samples was measured with the Agilent 2100 

Bioanalyzer. All bioanalyzer results, using the small RNA kit, showed the presence of miRNAs in the 

samples on the electropherogram (see Figure 7 panel A). The x-axis represents the migration time 

in seconds and the y-axis the fluorescence intensity (FU). Furthermore, the densitometry plots, 

indicates the presence of miRNA (see Figure 7 panel B). 
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The bioanalyzer also measured the amount of miRNA present in the purified RNA. According to 

these data, miRNA only count for 18.58 ± 13.16% of the total RNA, see Figure 7 panel C. Besides 

the percentage, an estimation of the miRNA concentration was given by the Bioanalyzer. An 

example is given in Figure 7 panel D of eight independent RNA samples chosen over the first four 

sampling periods.  

3.5 Validation using qRT-PCR 

3.5.1 Determination of internal control miRNAs 

miRNA analysis requires proper internal controls to become accurate and reliable end results. A 

first qRT-PCR plate with four test samples was carried out. These data showed that RNU6 appeared 

between a Ct value of 28.50 and 32.50, RNU44 between 24 and 28 and RNU48 between 24 and 

26.50. The target miRNAs appeared between a Ct value of 23.50 and 31. Based on these 

parameters, all the subsequent analyses were performed with RNU44 and RNU48 as internal 

controls.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Determination of the amount and quality of miRNA in the RNA samples purified from tempus tubes.  
Panel A) represents the electropherogram. On the X-axis the migration time in seconds and on the y-axis the fluorescence 
intensity (FU). The peak represents the time at which a fragment with a certain length showed up. Panel B) is the 
densitometry plot. It represents the gel electrophoresis of the RNA sample, indicating that miRNA is present in the samples. 
Panel C) shows an estimation of the amount of miRNA and RNA extracted from the tempus tubes using the total RNA 
purification kit (Norgen). Finally panel D) shows the miRNA concentration present in eight independent RNA samples. 

3.5.2 Efficiency validation of RNU44 and RNU48 

The efficiency of the two internal control miRNAs (RNU44 and RNU48) was measured before miRNA 

analysis could be performed. RNU44 has an efficiency of 81% and RNU48 has an efficiency of 70%, 

listed in Table 6. According to these values, only RNU44 could be used as a valid internal control 

miRNA. However, only a small difference was set-up between the start and end concentration due 
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to the selected protocol. As a result, it is not recommended to fully rely on these results. Therefore, 

both internal control miRNAs were measured in the miRNA analysis. qBase and statistical analysis 

will confirm, which of these two controls or even both will be used as internal control(s) to validate 

all the samples.  

Table 6: The detection range (Ct values) of both target and control miRNAs present in the qRT-PCR plate for the 
validation of the internal control miRNA. 

3.6 miRNA analysis 

3.6.1 Association between miRNAs and short-term PM10 / PM2.5 exposure levels 

First, we examined the association between miR-21, miR-222 and miR-146a and short-term PM2.5 

or PM10 exposure. All our models were corrected for pulse pressure, age, gender, BMI, location, 

alcohol consumption, day of the week and caffeine consumption. No associations were found 

between acute PM2.5 or PM10 exposure levels and miRNAs (Table 7 and Figure 8). Furthermore, we 

did not find any association between short-term PM2.5 exposure levels during the previous 24hrs, 

48hrs or the previous week and the three target miRNAs, except for miR-222, which was 

negatively associated with short-term PM2.5 exposure levels during the previous week. Each  

10 µg/m3 increase in PM2.5 was associated with a 5.43% (95%CI:-10.07;-0.79;p=0.0214) lower 

expression of miR-222 (Table 7).  

Table 7: The association between miRNA expression and short-term particulate matter (PM2.5 and PM10). Estimated 
change is represented in mean percentage (95% CI).   

 
  Change in miRNA expression (%) 

  miR-21 miR-222 miR-146a 

PM2.5 
Lag 24 
Lag 48 

Lag week 

-0.90 (-6.35; 4.56) 
0.49 (-6.52; 7.50) 
-1.94 (-7.42; 3.54) 

1.76 (-2.90; 6.43) 
2.35 (-3.53; 8.22) 

-5.43 (-10.07; -0.79)* 

1.89 (-2.76; 6.54) 
2.88 (-3.02; 8.78) 
-0.19 (-5.27; 4.90) 

PM10 
Lag 24 
Lag 48 

Lag week 

-6.62(-11.07; -2.17)** 
-8.27 (-14.14; -2.40)** 
-6.19 (-10.89; -1.49)** 

-6.71 (-10.68; -2.75)** 
-10.93 (-15.87; -5.98)*** 
-10.74 (-14.41; -7.07)*** 

-1.36 (-5.79; 3.07) 
-2.56 (-8.32; 3.20) 
-3.48 (-8.07; 1.11) 

The associations are corrected for pulse pressure, age, gender, BMI, location, alcohol consumption, caffeine consumption and 
day of the week. Statistical significance is expressed as follows: *p<0,05; **p<0,01; ***P<0,001. 

Subsequently, a negative association was found between miR-21,miR-222 and short-term PM10 

exposure levels during the previous 24hrs, 48hrs and previous week. (Table 7 and Figure 8). Each 

10 µg/m3 increase in PM10 during the previous 24hrs was associated with a 6.62% (95%CI: 

-11.07;-2.17;p=0.0038) and a 6.71% (95%CI:-10.68;-2.75;p=0.0012) lower expression in 

respectively miR-21 and miR-222 (Table 7). Each 10 µg/m3 increase in PM10 in the previous 48hrs, 

was associated with a 8.27% (95%CI:-14.14;-2.40;p=0.0054) and a 10.93% (95%CI:-15.87; 

-5.98;p<0.0001) lower expression in respectively miR-21 and miR-222 (Table 7). Each 10 µg/m3 

Type of miRNAs Detection range (Ct value) Efficiency 

                                                       Target miRNAs 	
  

miR-21 23.50 - 28.50 -­‐	
  
miR-222 24 – 30.50 -­‐	
  
miR-146 26 - 31 -­‐	
  

                                                        Control miRNAs 	
  
RNU6 28.50 – 32.50 -­‐	
  

RNU44 24 - 28 81	
  %	
  
RNU48 24.50 – 26.50 70	
  %	
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increase in PM10 levels from the previous week was associated with a 6.19% (95%CI:-10.89; 

-1.49;p=0.0099) and a 10.74% (95%CI:-14.41;-7.07;p<0.0001) lower expression in respectively 

miR-21 and miR-222 (Table 7). Finally, the same trend was observed between short-term PM10 

exposure levels during the previous 24hrs, 48hrs and previous week and miR-146a, although no 

significant association was found (Table 7).  

 

 

 

 

 

 

 

 

 
 
Figure 8: The estimate percentage change in miRNA expression (95% CI) after a 10 µg/m3 increase in short-term 
PM10 during the previous 24hrs, 48hrs and previous week. 
Model adjusted for pulse pressure, age, gender, BMI, alcohol consumption location, caffeine consumption and day of the week. 

3.6.2 Associations between miRNAs and retinal blood vessels CRAE and CRVE. 

Mixed-effect models were used to examine the association between CRAE and miRNA expression 

levels (Table 8 and Figure 9). Model 1 was corrected for pulse pressure, age, gender, BMI, alcohol 

consumption, location, caffeine consumption and day of the week. Model 2 includes all 

aforementioned covariates and fellow vessel diameter. We did not find any significant association 

between CRAE and miRNA expression, except for miR-21 (Table 8, model 2). Each 10% increase in 

miR-21 was associated with a 0.12 µm (95%CI:0.01;0.23;p=0.0446) increase in CRAE (Table 8, 

model 2). However, a trend was observed between miR-222, miR-21 and miR-146 and retinal 

arteriolar widening.  

Table 8: The association between the central retinal arteriolar equivalent (CRAE) and miRNA expression. 
Estimated change is represented in mean CRAE (95% CI)  

CENTRAL RETINAL ARTERIAL EQUIVALENT (CRAE) 

  Model 1 Model 2 
miR-21  0.09 (-0.05; 0.23) 0.12 (0.01; 0.23)* 

miR-222  -0.03 (-0.14; 0.09) 0.05 (-0.04; 0.14) 

miR-146a  0.02 (-0.14; 0.18) 0.09 (-0.04; 0.21) 
Model 1 includes following covariates: pulse pressure, age, gender, BMI, location, alcohol consumption, caffeine consumption 
and day of the week. Model 2 includes also fellow vessel diameter. Statistical significance is expressed as follows: *p<0,05; 
**p<0,01. 

Subsequently, the same models were used to examine the association between CRVE and miRNA 

expression (Table 9 and Figure 9). We did not found a significant association between miR-21 

expression and CRVE (Table 9), although a trend towards the same association between miR-22 

and miR-146a and CRVE can be noticed. The expression of miR-222 was negative associated with 

CRVE. A 0.16 µm (95%CI:-0.31;-0.02;p=0.0324) decrease in CRVE was observed after each 10 % 



 
 

 
 

21 

increase in miR-222 (Table 9). When CRAE was added to the model the association became non-

significant. miR-146a expression was associated with CRVE. A 0.26 µm (95%CI:-0.43; 

-0.09;p=0.0042) decrease in CRVE was associated with each 10% increase in miR-146a (Table 9). 

This association remained significant after adding CRAE to the model with a 0.23 µm (95%CI: 

-0.39;-0.07;p=0.0085) decrease in CRVE after each 10% increase in miR-146a. 

Table 9: The association between the central retinal venular equivalent (CRVE) and miRNA expression. Estimated 
change is represented in mean CRVE (95% CI) 

CENTRAL RETINAL VENULAR EQUIVALENT (CRVE) 

  Model 1 Model 2 

miR-21  -0.072 (-0.231; 0.087 -0.072 (-0.221; 0.077) 
miR-222  -0.163 (-0.307; -0.018)* -0.110 (-0.236; 0.015) 
miR-146a        -0.263 (-0.434; -0.092)** -0.226 (-0.388; -0.065)** 

Model 1 includes following covariates: pulse pressure, age, gender, BMI, location, alcohol consumption, caffeine consumption 
and day of the week. Model 2 includes also fellow vessel diameter. Statistical significance is expressed as follows: *p<0,05; 
**p<0,01. 

 

Figure 9: The estimate change in CRAE/CRVE (95% CI) after each 10% increase in miRNA expression. 
Model 1 includes following covariates: pulse pressure, age, gender, BMI, location, alcohol consumption, caffeine consumption 
and day of the week. Model 2 includes also fellow vessel diameter. 
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4 Discussion 

4.1 Retinal blood vessels and air pollution exposure 

4.1.1 General outcomes 

Epidemiological studies have indicated that ambient air pollution levels are associated with several 

adverse health outcomes, of which a compromised cardiovascular health might be the most 

important. 4, 5 A study, conducted in Atlanta over a period of seven years, reported an association 

between cardiovascular disease emergency department visits and peak concentrations of PM2.5. 57 

The microcirculation can be non-invasively studied and measured in the retinal blood vessels. 

Retinal arterial narrowing is an independent risk factor of cardiovascular disease, indicating 

arteriolar damage that could predict hypertension. 58, 59 Chew et al. demonstrated that each  

10 mm Hg increase in mean arteriolar blood pressure was associated with a 3 µm decrease in 

CRAE. 60 Retinal venular widening has been associated with inflammation and endothelial 

dysfunction. 58, 59 

The first objective of this study was to examine the effect of acute and short-term air pollution 

exposure of PM2.5 and PM10 on retinal blood vessels. In this study, we found an association between 

acute PM2.5 and PM10 exposure levels and retinal arteriolar narrowing. However, we did not found 

any significant association between acute air pollution exposure of PM2.5 or PM10 and retinal venular 

widening. Subsequently, we observed a negative association between short-term PM10 exposure 

levels in several exposure windows and CRAE. Moreover, PM10 exposure showed a trend towards an 

association with increases in CRVE. We did not find an association between short-term PM2.5 

exposure levels and CRAE or CRVE. 

4.1.2 The association between CRAE and air pollution exposure 

Acute PM2.5 and PM10 exposure concentrations were associated with narrower arteriolar diameters. 

Each 10 µg/m³ increase in PM2.5 or PM10 were associated with respectively a 1.0 µm (95%CI: 

-1.60;-0.39) or a 0.30 µm (95%CI:-0.58;-0.02) decrease in CRAE. This negative association 

between acute PM2.5 or PM10 exposure levels and CRAE was in accordance with previous studies 

performed by Adar et al. and Louwies et al. 15, 16  

Our acute and short-term PM10 exposure results were smaller, but consistent with the associations 

between CRAE and PM10 reported by Louwies et al. 16 We can only compare our acute results with 

the shorter time windows reported by Louwies et al. They found a 0.62 µm decrease in CRAE after 

each 10 µg/m³ increase in PM10 during the previous 2hr, whereas our acute exposure was 

associated with a 0.30 µm (95%CI:-0.58;-0.02) decrease in CRAE. Louwies et al. reported a  

0.93 µm (95%CI:-1.42;-0.45) decrease in CRAE after each 10 µg/m³ increase in PM10 during the 

previous 24hrs in healthy subjects, but did not report a significant association for 48hrs. 16 We 

found a 0.67 µm (95%CI:-1.28;-0.06) decrease in CRAE after each 10 µg/m³ increase in PM10 

during the previous 48hrs, but could not find an association between CRAE and PM10 levels during 

the previous 24hrs. Despite the difference in exposure window, these results are comparable. 
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Adar et al. found a 0.4 µm (95%CI:-0.80;0.10) decrease in CRAE after a 9 µg/m³ increase in PM2.5 

on the previous day. 15 The effect size, reported in the MESA cohort, is smaller than the result 

mentioned in our study. The participants encountered PM2.5 exposure concentration on the 

concurrent day between a range of 1.4 and 19.7 as opposed to 1 to 61 µg/m3 in our study. 

However, it is difficult to compare the PM2.5 exposure levels between our studies, because the 

MESA study used modelled air pollution data based on nearby official monitoring stations, whereas 

we measured air pollution levels at the same time the sampling occurred. Exposure 

misclassification is a smaller problem in our study, when compared to Adar’s.  

4.1.3 The association between CRVE and air pollution exposure 

We did not find any significant association between acute air pollution exposure to PM2.5 or PM10 

and CRVE in this study. This was also confirmed in the study performed by Adar et al. between 

short-term air pollution exposure to PM2.5 and CRVE. 15 In contrast with Adar et al., Louwies et al. 

observed a 0.86 µm (95%CI:-1.42;-0.30) decrease in CRVE after each 10 µg/m3 increase in PM10 

during the previous 24hrs. 16  

Adar et al. also noticed a trend towards a positive association between PM2.5 exposure levels and 

CRVE. They found a 0.40 µm (95%CI:-0.30;1.10) increase in CRVE after each 10 µg/m³ increase 

in PM2.5 during the previous day, although this association was not significant. 15 We observed a 

non-significant 0.56 µm (95%CI:-0.26;1.39) increase in CRVE after each 10 µg/m³ increase in 

PM2.5 during the previous day. As opposed to Adar et al., Louwies et al. reported a 0.60 µm 

(95%CI:-1.26;0.07) decrease in CRVE after each 10 µg/m³ increase in PM10 during the previous 

day. 16 This is in contrast with our findings with a non-significant 0.60 µm (95%CI:-0.01;1.21) 

increase in CRVE after each 10 µg/m³ increase in PM10 during the previous 24hrs. In addition, we 

found a significant association between short-term PM10 exposure and CRVE. Each 10 µg/m³ 

increase in PM10 during the previous 48hrs was associated with a 0.85 µm (95%CI:0.09;1.61) 

increase in CRVE. This is in contrast with the results reported by Louwies et al., who reported a 

0.84 µm (95%CI:-1.61;-0.08) decrease in CRVE. 16 

4.1.4 Possible biological mechanisms 

Generally, our findings are consistent with literature based on controlled air pollution exposure in 

animal and human studies. 25, 61-64 Nurkiewicz et al. demonstrated in 2004, 2006 and 2009 that 

high short-term air pollution levels are associated with systemic microvascular dysfunction. 25, 62, 63 

They demonstrated that local PM deposition and oxidative stress response in rats after pulmonary 

air pollution exposure caused systemic inflammation. This process caused the uncoupling of eNOS, 

reducing the bioavailability of NO, which is a key mediator of normal endothelial function.  

Peretz et al. also confirmed these toxicological studies in vivo: short-term diesel exhaust exposure 

is associated with acute endothelial responses and vasoconstriction. 20 Furthermore, an acute 

arterial vasoconstriction was observed in healthy adults by Brooke et al. in 2002. 61 Törnqvist et al. 

demonstrated in 2007 persistent endothelial dysfunction in fifteen healthy men after diesel exhaust 

exposure. 64 
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The pathway responsible for the association between air pollution and narrowing of the retinal 

blood vessels will most likely involve systemic inflammation and endothelial dysfunction. Inhalation 

of the PM particles will cause a pulmonary inflammation together with oxidative stress. Secretion of 

proinflammatory markers in the circulation will induce a systemic inflammatory response. This 

process is also characterized by oxidative stress, and inflammation (e.g. activation of leukocytes 

and platelets) and will target the endothelium to induce endothelial dysfunction. 64  

This described mechanism might explain the differences between the study of Louwies et al. and 

ours. Moreover, the differences in exposure concentrations will likely have influenced the results. In 

the study by Louwies et al. the PM10 exposure levels was related with a spike in particulate matter 

in the second visit. This caused a high air pollution exposure for all the participants. This was not 

the case in our study. The PM10 concentrations in our study were rather sustained, resulting in little 

fluctuations and less larger exposure contrasts. When differences in exposure were present, only a 

few participants encountered these highest exposure levels. In the short-term study by Louwies et 

al., higher exposures during the 24-hour time span, might have lead to a larger effect on CRAE. 

Subsequently, PM particles in our study might not have enough time the time to cause the same 

adversely effect on vascular function as they can in 24 hrs. Still, we found at even low exposures 

levels an effect probably explained by the large power input. We used fifty people in our study and 

five different sampling periodes creating a very large power.  

No results were found between short-term PM2.5 exposure levels and CRAE or CRVE. Short-term 

PM2.5 levels in the several exposure windows showed little variation compared to our acute PM2.5 

exposure levels, which might explain the absence of the effect on the retinal blood vessels. PM2.5 is 

very spatial and temporal, which makes it very difficult to measure. When using just monitoring 

stations, exposure misclassification may occur, whereas this is absent when air pollution was 

acutely measured on the site of the clinical visit. 

We hypothesize that the difference between the study of Adar et al. and our study can be 

attributable to differences in encountered PM2.5 concentrations. Adar et al. reported lower 

concentrations, but these were based on modelled databased on a (distant) monitoring station. In 

addition, our study only included healthy subjects, whereas the MESA study contained older and a 

more divers study population. In healthy people, arteriolar narrowing may be more pronounced 

than in older persons as in the MESA cohort. Theoretically, the microvasculature of healthy and 

young adults should be respond better to changes in air pollution exposure. In addition, older 

persons or persons with a cardiovascular disease might have an affected microvasculature, which 

could not response in the same way as the microvasculature of young healthy people.  

4.1.5 Differences in CRAE outcomes between PM2.5 and PM10  

For each 10 µg/m³ increase in PM2.5 and PM10, we reported a decrease in CRAE of respectively  

1.00 µm and 0.30 µm. PM2.5 particles are part of the fine and ultrafine particles, which can cross 

the pulmonary epithelium, enter the bloodstream and penetrate the human body much further 

than PM10 particles. In addition, PM2.5 particles have a smaller aerodynamic diameter than PM10, 

allowing them to be deposited deeper into the lungs. This enables PM2.5 to cause a larger 

pulmonary inflammation, making fine particles more reactive than PM10 or coarse particles.  
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4.2 Integrative analysis of miR-21, miR-222 and miR-146a 

4.2.1 General outcomes 

Although epidemiological studies suggest several biological pathways linking PM exposure with 

cardiovascular disease, the molecular pathways behind oxidative stress, inflammation and 

endothelial dysfunction remain less clear. Wang et al. reported in 2005 the modification of gene 

expression of inflammatory genes in peripheral blood of individuals who were exposed. 65 In 

addition, miRNAs can bind to mRNA and control gene expression at a post-transcriptional level. 50 

Moreover, an association was found between PM exposure levels and a dysregulation of miRNAs in 

vitro, indicating that miRNAs can be involved in the PM effects on the cardiovascular system. 48 

The second objective of this study was to examine if miR-21, miR-222 and miR-146 were 

associated with air pollution exposure. Here, we report a negative association between short-term 

PM10 exposure levels and both miR-21 and miR-222 expression levels. Overall, we did not find any 

significant association between short-term PM2.5 exposure levels and miR21, miR-222 and miR-

146a expression.  

Subsequently, the third and last objective required the examining of an association between  

miR-21, miR-222, miR-146a and retinal blood vessels. The results in our study indicate a trend 

towards a positive association between each 10% increase in miRNA expression and CRAE, 

although our results remain non-significant. As opposed to CRAE, a negative association was found 

between miR-222 and miR-146a expression and CRVE. We did not find any significant association 

between miR-21 expression and CRVE, although the same trend was seen in this miRNA as the 

other two.  

4.2.2 The association between miRNAs and short-term air pollution exposure 

An overall negative association was observed between miR-21, miR-222 and short-term PM10 

exposure levels in our study, with a similar trend for miR-146a. These results are in accordance 

with Fossati et al., who reported a negative association between miR-21, miR-222, miR-146a and 

short-term PM2.5 exposure levels in a population of foundry workers. 50  

Our study found smaller effects based on low background ambient PM10 exposure levels as opposed 

to Fossati et al. who reported a 34% (95%CI:-48;-17) lower miR-146a expression together with a 

35% (95%CI:-48;-18) lower miR-21 expression after an increase in PM2.5 during the previous 

week. 50  

We did not find any significant association between miR-21, miR-222 or miR-146a and short-term 

PM2.5 exposure levels in our study. The occupational setting of the study by Fossati et al. may 

induce a larger effect, because these PM2.5 particles are much more reactive than our background 

PM2.5 exposure levels measured by the monitoring stations. Furthermore, exposure 

misclassification can also contribute to the non-significance between PM2.5 and the miRNA 

expression in our study. In addition, only small variations were presents in our short-term PM2.5 

exposure levels, making our PM exposure relatively stable.  
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Previous studies mostly compared miRNA expression patters between pathological samples and 

normal tissues, but only a few studies have evaluated changes in miRNA expression due to PM 

exposure. In human bronchial epithelial cells, 197 of 313 miRNAs showed a disrupted expression  

≥ 1.5 fold after treatment with diesel exhaust particles. 48 The results found by Bollati et al. and 

Motta et al. were in contrast with our study. 42, 49 Bollati et al. reported an upregulation of miR-21 

and miR-222 in peripheral blood leukocytes of foundry workers after short-term occupational 

exposure to metal rich PM. 49 Again, an occupational setting was used as opposed to our study 

design together with the differences in particles composition, which can explain the conflicting 

results. Subsequently, Motta et al. reported that the expression of miR-146a was differentially 

expressed after meatal rich PM exposure. 42 He only used ten participants with a very high metal 

rich PM exposure as opposed to our fifty healthy normal exposed subjects.  

According to our study and Fossati et al. the expression of miR-21, miR-146a and miR-222 are 

downregulated after air pollution exposure. It has been found that lower levels of these miRNAs are 

associated with a higher expression pattern of their target mRNA. 42 Processes, such as 

inflammation, oxidative stress and endothelial dysfunction, which are associated with miR-21, miR-

146a and miR-222 could thus be increased.  

We did not find any associations between miR-21, miR-222, miR-146a and acute PM2.5 or PM10 

exposure levels. We only found a negative association between miR-21, miR-222 and short-term 

PM10 exposure levels after the previous 24hrs and 48hrs. Changes on miRNA level requires 

alterations in gene expression and its regulation, processes which demand a certain amount of time 

before it can be detected. 

4.2.3 The association between miRNAs and retinal blood vessels 

This study demonstrates that miR-222 and miR-146a are positively associated with retinal venular 

vessels. miR-146a is associated with inflammation, whereas miR-21 is associated with 

inflammation, atherosclerosis and endothelial dysfunction. Retinal venular widening is also 

associated with these processes. Furthermore, short-term PM10 exposure levels showed a trend 

towards retinal widening with a significant association between CRVE and each short-term PM10 

during the previous 48hrs. It has been found that retinal venular widening is a risk factor of 

cardiovascular disease, indicating that miRNAs may be the possible pathway linking air pollution 

exposure with microvascular changes.  

High PM10 exposure levels cause a downregulation in miRNA expression levels, such as miR-21 and 

miR-222. These disrupted miRNA levels might be increasing inflammation, oxidative stress 

production and endothelium dysfunction, which may initiate changes in the microcirculation e.g. 

venular widening and arteriolar narrowing in the retina.  
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Conclusion 

In conclusion, three major associations were found in our repeated measurement design study of 

fifty healthy participants. First, acute PM2.5 and PM10 exposure levels are associated with arteriolar 

narrowing. Short-term PM10 exposure levels are also associated with a decrease in CRAE. 

Furthermore, acute PM2.5 and PM10 as well as short-term PM10 exposure levels showed a trend 

towards an association with venular widening. Second, short-term PM10 exposure levels are 

associated with a downregulation of miR-21 and miR-222, more particularly miRNAs involved in 

inflammation, oxidative stress and endothelial dysfunction. Third, a 10% increase of miR-146a and 

miR-222 are associated with a decrease in CRVE. This negative association is as expected, because 

higher levels of miRNAs are associated with lower expression levels with their target mRNA.  

A few studies have investigated the effect of PM on miRNAs or the effect of PM on retinal blood 

vessels. We investigate both directions and found a new possible pathway that could help us 

understand on a molecular level how PM particles can cause changes to the retinal blood vessels 

that may lead to the development of cardiovascular disease. 

An increase in PM concentration causes a downregulation in miRNAs involved in inflammation, 

oxidative stress and endothelial dysfunction. These disruptions in miRNAs interfere with gene 

expression and its regulation and might result in higher expression levels of inflammation and 

oxidative stress-related genes. These two processes can initiate endothelial dysfunction, which may 

causes changes in the microcirculation. In addition both arteriolar narrowing and venular widening 

are risk factors of cardiovascular disease. Narrowing of the retinal blood vessels may predict 

hypertension and venular widening is associated with atherosclerosis, both are well known causes 

of heart disease.  

Thus, PM exposure can cause little changes in the microcirculation of healthy individuals and 

influence cardiovascular health. These changes might be mediated by air pollution-induced changes 

in the expression of miRNAs, which post-transcriptionally control genes involved in inflammatory 

and atherosclerotic pathways. Although these changes were reversible in our study population, 

accumulation of these adverse effects of air pollution might eventually result in permanent vascular 

changes and this can have serious consequences on cardiovascular health.  
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Appendix A: Function of eNOS in normal and disease state 

Normally, eNOS will convert O2 to NO, see Figure 10. When eNOS is uncoupled, it produces O2
. 

instead of NO. Furthermore, another source of O2
. in the body could be the respiratory chain or the 

nicotinamide adenine dinucleotide phosphate-oxidases (NADPH oxidases). This high production of 

O2
. will react with NO producing peroxynitrite (ONOO-). This ONOO- production could be prevented 

by the superoxide dismutase (SOD), which convert O2
. to hydrogen peroxide (H2O2) eventually 

resulting in water and oxygen. 22 

Thus SODs ensure that another vasodilator is produced. Lamentably, when transition metals 

(e.g.Fe2+) are present, as in the case of air pollution exposure, a very high cytotoxic radical .OH will 

be made. 22 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 10: Function of eNOS in normal and disease state 22 
In normal conditions, the endothelial nitric oxide synthase (eNOS) will convert O2 to NO. Thus, when substrates such as  
L-arginine and cofactors such as tetrahydrobiopterin (BH4) are present, a constantly release of NO by the endothelium will 
occur, in order to maintain vessel relaxation. However, in disease states the eNOS is uncoupled and it will produces O2

. instead 
of NO. Furthermore, there is another source of O2

. in the body produced by the respiratory chain or the nicotinamide adenine 
dinucleotide phosphate-oxidases (NADPH oxidases). This high production of O2

. will react with NO producing peroxynitrite 
(ONOO-). This ONOO- production could be prevented by the superoxide dismutase (SOD), which convert O2

. to H2O2 at the 
appropriate times resulting in the shift to water and oxygen. Thus SODs ensure that another vasodilator is produced. 
Unfortunately, when transition metals (e.g.Fe2+) are present, as in the case of air pollution exposure, a very high cytotoxic 
radical .OH will be made. 
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Figure 11: The biogenesis of miRNAs 45 

When a transcript is made, a pri-miRNA is formed. An endonuclease III complex in the nucleus, DGCR8 together with Drosha, 
will convert pri-miRNA into pre-miRNA. By means of exportin 5, this pre-miRNA a sixty to seventy nucleotides stem loop 
intermediate, will be exported to the cytoplasm when GTP is present. There, a second endonuclease III, Dicer, will cleave this 
pre-miRNA into a double-stranded RNA duplex of twenty to twenty-five nucleotides. This last-mentioned is known as the 
maturation step. After this process, one strand will be incorporated into the RISC targeting mRNA. The other strand will return to 
the nucleus, regulating gene transcription. When mRNA is targeted, this can result in a degradation or repression of the 
translation, but both will lead to a downregulation of the corresponding protein expression. (Guanosine-5’-triphosphate (GTP), 
RNA-induced silencing complex (RISC)) 

Appendix B: The biogenesis of miRNAs 

The most part of the miRNAs are present in the human genome, but they can also be located in 

exons or introns of both coding and non-coding genes. 44, 45 The general biogenesis of miRNAs is 

represented in Figure 11. First, miRNAs are transcribed into pri-miRNA. Then a complex, including 

DGCR8 and Drosha, an endonuclease III in the nucleus, cleave pri-miRNA into pre-miRNA, a sixty 

to seventy nucleotides stem loop intermediate. This pre-miRNA is then exported to the cytoplasm 

by exportin 5, which activation is depending on guanosine-5’-triphosphate (GTP). Second, another 

endonuclease III in the cytoplasm, named Dicer, cleaves pre-miRNA, producing a double-stranded 

RNA duplex of twenty to twenty-five nucleotides. 40, 44, 45 This duplex contains the mature miRNA 

and the antisense strand. 44 

After this maturation step, one strand is incorporated into the RNA-induced silencing complex 

(RISC). The other strand, also known as the passenger strand, is returned to the nucleus where it 

can regulate gene transcription. The strand in the RISC can directly target mRNA, leading to 

repression or degradation. 40, 44, 45 This discrepancy of the negative regulation of miRNAs on gene 

expression, depend on the complementarity of the miRNA with the target mRNA. An imperfect 

complementarity causes a translation silencing due to the blocking of the mRNA target, a 

translational repression. When the binding between the miRNAs and mRNA target is a perfect 

complementary, they provoke a cleavage of the target mRNA. 40, 44 Still, both will lead to a 

downregulation of the corresponding protein expression. 45 
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Appendix C: Maturation of miRNA and its role in disease state 

The critical role of miRNAs is already well described in literature. In 2005, Yang et al. showed that 

mice didn’t develop a normal and functional heart or even blood vessels when the maturation step 

of miRNAs was impaired, by reason of a deficient Dicer complex. 66 Further evidence suggests that 

Dicer is not only involved in cardiovascular development, but is also required for normal skeletal 

muscle development, embryonic development and angiogenesis. When the function of the Dicer 

complex is deficient or even inadequate, the maturation step of miRNAs in the blood will be 

prevented, leading to impaired processes (e.g. cardiovascular, skeletal muscle and embryonic 

development and angiogenesis). Furthermore, research in humans demonstrated that the 

expression of miRNAs is altered, when blood samples are compared between healthy people and 

disease state. 46  
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Appendix D: Short questionnaire (Dutch) 
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Appendix E: Perceived Stress scale questionnaire 
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Appendix F: Collection of miRNA/RNA from tempus tubes (full protocol) 

Preparation: 

● Prepare the working solution before using the Wash solution. Add 50 ml ethanol (95-100%) 
to the concentrated wash solution bottle until a final solution of 72 ml is reached. Shake a 
couple of times before using.  

Protocol: 

1. Decant the entire content of the TEMPUS tube in a 50 ml tube 
2. Add 3 ml of the Tempus Blood RNA tube diluent to reach a total volume of 12 ml. Close the 

50 ml tubes very good and vortex for 30 seconds  
3. Centrifuge the 50 ml tubes at 3000-5000 x g (min. 4500 rpm) at 4°C for 30 minutes. 
4. Discard the supernatant. The RNA pellet will be at the bottom of the tube and is 

transparent and invisible. → be careful 
5. Invert the tube and place it on paper for 2 minutes to dry the pellet 
6. Add 600 µl lysis solution to the RNA pellet and vortex for 30 seconds to suspend to the 

entire RNA pellet.  
7. Add 300 µl ethanol (100%) and vortex during 10 seconds until foam is present.  
8. Prepare the collection tubes with the columns for each sample 
9. Add 600 µl of the solution in the 50 ml tubes into the columns and centrifuge for 1 minute. 
10. Discard all the flowthrough. Repeat step 9-10 until all the solution in the 50 ml tube is 

finished.  
11. Prepare the DNA incubation mix for every sample (do not vortex!): 

a. 15 µl DNAse I (-20°C) 
b. 100 µl Enzyme incubation mix  

12. Add 400 µl of the Wash solution to the column and centrifuge for 2 minutes 
13. Discard all the flowthrough 
14. Add 100 µl of the DNA incubation mix to the column and centrifuge for 1 minute at  

14000 x g 
15. Pipet the flowthrough back in the column and incubate for 15 minutes at room 

temperature. (To achieve the max. DNA activity and to reach the max. amount of RNA and 
miRNA.) 

16. Add again 400 µl Wash solution to the column and centrifuge for 1 minute 
17. Discard all the flowthrough 
18. Was a third time and add 400 µl Wash solution to the column and centrifuge for 1 minute. 
19. Discard the flowthrough.  
20. Take a new collection tube and centrifuge again for 2 minutes to dry the membrane.  
21. Discard all the flowthrough 
22. Place the column on a elution tube provided in the kit 
23. Add 50 µl elution solution to the column and centrifuge for 2 minutes at 0.2 x g. When the 

centrifugation is finished, centrifuge again for 1 minute at 14 000 x g. 
24. Gather the samples on ice! 
25. The purified RNA will undergo a quality control by the Nanodrop to verify the purity 
26. Store the purified RNA at -80°C or -20°C in terms of a short period. 
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Appendix G: Agilent 2100 Bioanalyzer for miRNA (full protocol) 

Staring a new kit: 

● Gel matrix: 
o Prepare 650 µl of the RNA 6000 nano gel matrix into a spincolomn.  
o Centrifuge for 15 minutes at 10000x g at room temperature 
o Prepare aliquots of 40 µl of this 650 µl RNA gel matrix in RNAse free 

microcentrifuge tubes of 0.5 ml 
▪ Stored for 1 month at 4°C 

● Ladder: 
o Minispin the whole tube of 35 µl for 10 seconds 
o Denature for 2 minutes at 70 °C followed by cooling down on ice 
o Prepare aliquots of 3.5 µl of this 35 µl solution 

▪ Stored for 3 months at -80°C  
 

Preparation: 

● Put the reagents on the bench to adjust at room temperature for 30 minutes.  
● Start the program on the computer and wash the electrodes: 

a. Pipet 350 µl RNAse free water in the chip 
b. First, wash the electrodes for 5 minutes with the RNAse free chip 
c. Followed with 30 seconds drying (open) 

● Dilute all the samples until the concentration is fit in the range between 1-100 ng. After the 
dilution, the samples need to be denatured for 2 minutes at 70°C. Put the samples 
immediately back on ice, when the 2 minutes are over. 

 
Protocol: 
 

1. Vortex the RNA 6000 nano dye concentrate (blew) for 10 seconds, minispin very shortly 
and add 2 µl of the dye to the aliquot of the gel matrix. Suspend very well before 
centrifugation; 

2. Centrifuge for 10 minutes at 13000 x g at room temperature 
3. Prepare the chip and priming station: 

a. Open the chip priming station and pull the handle at 1ml 
b. Set the cling in the lowest position. 
c. Inside, the cling is positioned at the C 
d. Place the chip in the conditioned place 

4. Pipet 9 µl of the gel matrix on the well-marked with a circled G  
5. Close the priming station and push the handle until the cling is reached. Wait 1 minute 

before releasing the cling. Count till 5 when the handle has stopped and pull the handle 
back to the original position. Open the priming station. (To take away all the air in the chip) 

6. Pipet 9 µl of the gel matrix on the well-marked with a G (2 wells) 
7. Pipet 9 µl of the conditioning solution (white) on the well- marked with a CS (positive 

control) 
8. Pipet 5 µl of the green marker (green) in all the wells for the samples and the ladder.  
9. Pipet 1 µl of the ladder in the well-marked with a ladder 
10. Pipet 1 µl of the samples in the correct well.  
11. When all the pipetting is finished, vortex the chip for 1 minute at 2400 rpm  
12. Use the chip in 5 minutes in the Bioanalyzer 

a. Select the correct assay 
b. Save at the right place 
c. Press start 

13. After the run, was the electrodes for 1 minute with RNAse free water followed by drying for 
30 seconds.  
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Appendix H: cDNA synthesis (full protocol) 

Protocol: 

1. Calculate the RNA input concentrations (10 ng).  
2. Thaw the primer 5X (-20°C) and the samples together with the TaqMan microRNA reverse 

transcription kit components (-20°C) on ice. Vortex very good before using them.  
a. Followed by a very short minispin 

3. Make the following reverse transcription master mix for 1 sample (calculate 3 extra 
samples): 

 
dNTPs with dTTP (100 mM) 0,15 µl 

MultiScribe Reverse Transcriptase (50U/µl) 1,00 µl 

10 X RT buffer  1.50 µl 

RNase inhibitor (20U/µl) 0,19 µl 

Nuclease free water 4.16 µl 

Total 7 µl 
 

4. Mix the tube and centrifuge very short. (keep it on ice) 
5. 3 µl RT primer (for each miRNA) is needed. Calculated the total amount (3 extra samples) 

and add this to the master mix.  
6. Make the dilutions with nuclease free water until a final volume of 5 µl is reached.  
7. Pipet 10 µl of this reverse transcription master mix together with the primer in every strip 
8. Seal the strips and mix. 
9. Centrifuge the strips for 1 min at 700 rpm 
10. Incubate for 5 minutes on ice.  
11. Running method: 

a. Cover: 105°C 
b. HOLD: for 30 minutes at 16°C 
c. HOLD: for 30 minutes at 42°C 
d. HOLD: for 5 minutes at 85°C 
e. HOLD: infinite at 4°C 

12. Load the strip in the machine and push again to the covers of the strips to be sure that 
these are sealed very tightly 

13. Afterwards, the cDNA can be stored for 1 week at -20°C 
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Appendix I: qRT-PCR (full protocol) 

Protocol: 

1. Using the correct start concentration (0.89 ng) and plate (96 or 384 wells) 
2. Prepare the master mix for each sample: 

 
TaqMan Master mix 10.00 

TaqMan Small RNA assay (20X) 1.00 

Nuclease free water 7.67 

Total 18.67 

3. Vortex the master mix and minispin very shortly before using 
4. Pipet 18.70 µl master mix to each well 
5. Add 1.30 µl sample to each well  
6. Seal the plate with the correct cover  
7. Centrifuge for 2 minutes at 700 rpm 
8. Load the plate in the machine and select the correct program: 

a. Activation step: 
i. For 10 minutes at 95 °C  

b. Denaturation step: 
i. 40 cycles: 

1. For 5 seconds at 95°C 
2. For 60 seconds at 60°C 

c. Cool down step: 
i. Standard 

9. Start the run 
10. Analysis of the plate (Ct-values) 
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