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People with an underlying cardiovascular disease or symptoms like hypertension could be more 

susceptible to negative health effects of air pollution. In this study, an animal model to study these 

effects is validated. 
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Rapport in het kort 

Nieuw diermodel voor luchtverontreinigingsonderzoek 

 

In transgene ratten blijkt de bloeddruk beter te controleren te zijn dan in ratten die van nature een hoge 

bloeddruk ontwikkelen. Hierdoor zijn bij experimenten minder proefdieren nodig. 

 

Het RIVM gebruikt de transgene ratten (Cyp1a1Ren2) om te onderzoeken of ratten met een hoge 

bloeddruk gevoeliger zijn voor de schadelijke effecten van luchtverontreiniging. Hiervoor zijn in 

epidemiologische studies bij mensen aanwijzingen gevonden. Door de bloeddruk te meten met een 

draadloze zender, kunnen in één dier meerdere metingen gedaan worden en ook dit draagt bij tot de 

vermindering van het aantal proefdieren dat nodig is in een experiment. 
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Abstract 

Hypertension as risk factor for air pollution health effects 
 

Epidemiological studies indicate an association between mortality of cardiovascular disease and 

elevated levels of air pollution. People with hypertension could be more susceptible to negative health 

effects of air pollution. To support this association, a representative animal model is needed for 

toxicological research. Previous studies in a rat model for hypertension demonstrated a large variation 

in disease status in adult animals, resulting in large groups of animals needed to establish an effect of 

air pollution. 

 

The RIVM has explored the application of a transgenic rat model in which blood pressure can be 

elevated in a controlled manner. This model could be used to study the effect of exposure to diesel 

engine emissions and their effect on cardiovascular disease. Blood pressure signals are recorded using a 

wireless data transmitter to allow multiple measurements in one animal without disturbing its behavior. 

Using this measurement method, fewer animals are needed to establish an effect on blood pressure. 

 

The stability of blood pressure rise can be well controlled in the transgenic rats without side-effects. 

This renders the model suitable for further air pollution research. 

 

 

Trefwoorden / Key words: 

Air pollution, diesel, transgenic rat, cardiovascular effects, hypertension 
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1 Scientific summary 

Cardiovascular disease as risk factor for air pollution health effects 
 

Validation of a transgenic rodent model for hypertension 
 

Epidemiological studies indicate that there is an association between mortality of cardiovascular 

disease and elevated levels of air pollution. People with an underlying cardiovascular disease or 

symptoms like hypertension could be more susceptible to negative health effects of air pollution 

compared to a healthy individual. To study elevated blood pressure as a risk factor resulting in more 

negative health effects after exposure to air pollution, a representative animal model is needed. 

Previous studies using a rat model with naturally and gradually developing high blood pressure have 

resulted in some clues on increased sensitivity. A disadvantage of this model is that the severity of the 

blood pressure dysregulation cannot be controlled resulting in a large variation in disease status in adult 

animals and the need for large groups of animals to establish a significant effect.  

 In this study, a transgenic rat model called Cyp1a1Ren2 is explored in which the blood 

pressure can be controlled and set to a certain level by adding a substance, indole-3-carbinol (I3C), to 

the diet. This model has not yet been used to study cardiovascular effects after exposure to air 

pollutants and needs to be validated. Validation involves determining if a constant elevated blood 

pressure level can be reached after administration of the diet. In addition, certain substances in diesel 

engine emissions could have the same effect on transgene expression and subsequent changes in blood 

pressure levels as the diet. This unwanted effect could confound the aimed level of elevated blood 

pressure and needs to be excluded. Blood pressure signals are recorded using a wireless data transmitter 

to allow multiple measurements in one animal without disturbing its behavior. Using this measurement 

method, fewer animals are needed to establish an effect on blood pressure. 

 After adding I3C to the diet of the transgenic rats, blood pressure levels stayed constantly 

elevated for 10 days. After exposure to diluted diesel engine emission for 2 weeks, no confounding 

activation of transgene expression or blood pressure changes are seen, thereby rendering this model 

suitable for further air pollution research. 
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2 Introduction 

 

Epidemiological studies show that there is an association between mortality of cardiovascular disease 

and elevated levels of air pollution. People with an underlying cardiovascular disease or symptoms like 

high blood pressure could be more sensitive to negative health effects of air pollution, especially to the 

smaller fraction of particulate air pollution (PM2.5) in comparison to healthy people (Ibald-Mulli et al., 

2001;Peel et al., 2007;Pope, III et al., 2004). With increasing concern over adverse effects of air 

pollution, it is important to understand which people are specifically vulnerable, to which fraction of air 

pollution the susceptibility exists and what plausible biologic mechanism is likely responsible for the 

increased susceptibility. 

 

 However, in epidemiological studies, the relationship between the presence of high blood 

pressure and increased sensitivity to effects of air pollution is difficult to prove. This is due to amongst 

others the difficulty to accurately assess blood pressure (dependent on many other factors, such as 

activity, time of day, their diet and use of medication), to accurately diagnose patients with the type of 

cardiovascular disease (elevated blood pressure can be a symptom with several underlying causes, like 

pulmonary defects, cardiovascular disease or even unknown causes) and to characterize the exposure. 

Therefore, to support the association found in epidemiological studies, toxicological research using an 

animal model with elevated blood pressure allows investigating this question under controllable 

conditions. 

 In the past, a rat model that has a naturally occurring elevated blood pressure has been studied, 

namely the spontaneous hypertensive rat (SH rat). In this model, the rat develops symptoms from birth, 

ultimately leading to large variation in disease status in adult animals. This heterogeneous population 

of rats leads to large standard deviations in obtained results and requires large groups of animals to 

determine harmful effects of air pollutants. However, indications of increased sensitivity have been 

found. For example, SH rats of 11-12 weeks old exposed to residual oil fly ash (ROFA) have more lung 

damage, a reduced anti-oxidant response in the lung and changes in hart conductivity measured by 

ECG compared to healthy Wistar Kyoto rats (Kodavanti et al., 2000). In this model, blood pressure 

rises at 5 weeks of age and continues to rise to 180 mm Hg by 10 weeks of age. Most rats develop 

severe disease symptoms, ranging from infarctions and bleeding in the brain or heart and kidney 

damage (Ganten and de Jong, 1994;Bing et al., 1995;Zhou and Frohlich, 2007).  

  

In this study, the transgenic rat called Cyp1a1Ren2 with tightly controlled blood pressure without 

severe disease symptoms is explored for suitability for further studies on susceptibility to air pollutants. 

 

The Cyp1a1Ren2 rat (on a Fischer F344 background) has an additional mouse Renine2 gene coupled to 

a CYP450 (subtype 1a1) promoter inserted on the Y-chromosome.  Accordingly, only in male rats 

expression of the transgene can be induced in the liver by addition of ligands that influence 

transcriptional control of the CYP450 promotor. One of those ligands can be indole-3-carbinol (I3C) 

that can be added to rat chow. The transgene encodes for a precursor of renin, prorenin, that can be 

activated locally in the body (figure 1).  
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After induction of high blood pressure using indole-3-carbinol (I3C) in the diet, subsequent exposure to 

air pollutants could determine if there is an increased sensitivity to develop negative health effects. By 

determining the effects of e.g. diesel engine emission (DEE) exposure, an important component of 

antropogenic emissions, in this transgenic rat model in the presence of elevated blood pressure, more 

knowledge of the relationship between air pollution, cardiovascular disease and mortality could be 

obtained. This might lead to clues that support the existence of sensitive groups in the population for air 

pollution health effects, as has been hypothesized for people with high blood pressure. However, to our 

knowledge, this animal model has not yet been applied in air pollution studies. Therefore, validation is 

needed and involves determining if adding I3C to the diet results in constant elevated blood pressure 

levels.  

 In addition, DEE could influence transgene expression and subsequent induction of blood 

pressure. DEE contains a certain percentage of aryl hydrocarbons in the form of polycyclic 

hydrocarbons (PAHs). These PAHs have affinity for the same CYP450 promotor to which the 

transgene is coupled (Takano et al., 2002) and could hypothetically induce transgene expression via 

aryl hydrocarbon receptor activation. There is a slight change that the transgene expression and thereby 

the levels of induction of blood pressure can be influenced by DEE independently of a diet. This could 

confound the blood pressure rise and also the results in later air pollution studies where the blood 

pressure rise needs to be precisely controlled. In order to use this transgenic rat model, the expression 

of the transgene should not be influenced by the PAHs in DEE.  

 Here we determine whether transgene expression is activated after exposing transgenic rats to 

DEE for two weeks that could induce a subsequent induction of blood pressure as monitored via 

telemetric transmitters. These small transmitters are impanted in the abdominal cavity of the animals 

without influencing their normal behavior and allow taking multiple measurements in the same animal, 

thereby reducing the total number of animals needed. 

 

 

 

 

 

 

 

Figure 1. Schematic representation of induced renin expression by activation of the aryl hydrocarbon receptor 

(Ah) by a ligand. This ligand can be either a substance called indole-3-carbinol that is deliberately added to 

the diet or aryl hydrocarbons present in diesel engine emission (based on (Denison and Nagy, 2003). 
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3 Materials and methods 

3.1 Animals 

Male transgenic Cyp1a1Ren2 rats (12 weeks of age) were bred under SPF conditions in the animal 

facility of the RIVM, Bilthoven, the Netherlands, were received from Prof. Mullins group in Edinburgh 

(Mitchell et al., 2006). Male control wild-type Fischer F344 rats (12 weeks of age) were obtained from 

Harlan, the Netherlands. Food and water was provided ad libitum, except for access to food during 

DEE exposure. The experiment was approved by an independent scientific committee and an 

independent Animal Experimentation Ethical Committee prior to the study. 

 

3.2 Surgery 

Telemetric devices capable of detecting ECG (used to detect heart rate) and blood pressure 

(PhysioTelC50-PXT, DSI-TRANSOMA, St. Paul, MN) or blood pressure alone (DSI 

PhysioTelPA-C40) were used. ECG leads were placed according to the method of (Sgoifo et al., 

1996). Larger lead coils were made than suggested by DSI (only a few millimeters large). The ECG 

signal was recorded during the study, but this data is not used here, since it is not required to study the 

hypothesis of this study. 

 Before surgery, the blood pressure cannula drift was checked by placing the transmitter on the 

table and measure the air pressure. During surgery, the transmitter is placed in the abdomen of the 

animal. The blood pressure cannula is placed in the lower aorta, just 0.5 cm above the bifurcation to the 

hind legs. Cannula placement was performed following DSI protocol. 

 

3.3 Blood pressure measurements 

To obtain baseline values, measurements were done using the DataQuest software program for several 

days and nights before the start of the exposure. Blood pressure signals are measured every three 

minutes for 10 seconds for all animals. Hourly averages were made for data analysis. On an exposure 

day, animals are placed inside the inhalation unit and be left alone for half an hour before the start of 

exposure. Before and after the exposure blood pressure is monitored in their home cage via plate 

transmitters that are placed underneath the Macrolon type III cages.  

 

3.4 Exposure 

Rats were exposed to +/- 150 µg/m
3
 diesel engine emission (DEE) generated by a diesel generator or 

filtered air in whole body inhalation units for 2 weeks, 6 hrs per day, except during weekends (Marra 

and Rombout, 1990). The configuration of the animals in the three inhalation units is such that minimal 

interference of the blood pressure signals is allowed (Appendix 8.1, figure 1). 
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On the 6
th

 day of the exposure protocol, the diesel generator was refilled with fuel. Instead of winter 

diesel, summer diesel had to be used which contains somewhat different components. This has resulted 

in a decrease in mass concentrations, which is corrected towards the end of the second week of 

exposure. The particles number, gases and particle size are determined in inhalation unit 2. Mass 

concentrations of DEE are determined in inhalation unit 2 and 3. 
 

3.5 Plasma samples 

Three days after the two weeks of DEE exposure, animals were anesthetized using isoflurane to obtain 

0.5 ml of EDTA plasma via an orbita puncture. The plasma was used to determine circulating prorenin 

and active renin levels according to the method of Peters et al. (Peters et al., 2008). Plasma total renin 

and plasma active renin concentration were determined enzymatically using a solid phase radio 

immunoassay from the capacity to generate angiotensin I from excess substrate. Prorenin 

concentrations were calculated as the difference between total and active renin levels. After the DEE 

exposure part of the experiment was finished, the experiment continued by giving animals with a 

working telemetric device a blood pressure-inducing diet.  

 

3.6 Diet 

Three days after anesthesia (6 days after the DEE exposure) the experiment continued by giving 3 

transgenic rats a diet with 0,15% indole-3-carbinol (I3C, Sigma-Aldrich) (SDS, Witham, UK) and 2 

transgenic rats normal rat chow (SDS, Witham, UK) ad libitum for 20 days. After these 20 days, the 

animals were sacrificed by heart puncture under isoflurane anesthesia to remove the telemetric device. 

EDTA plasma samples were prepared to analyze prorenin and active renin levels. 

 

3.7 Statistics 

The prorenin protein expression data were analyzed by analysis of variance (ANOVA) and where 

appropriate by a T-test (two-sample assuming equal variances). Statistical significance is stated when P 

values are < 0.05, < 0.01 or < 0.005. In all graphs, error bars represent the standard deviation of the 

mean. 

For analysis of the blood pressure data a linear mixed regression model was used (Appendix 8.2). 
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4 Results 

4.1 Surgery 

The surgical procedure to implant the telemetric devices needs good micromanipulation skills. 

Especially in the Fischer rats used as controls, surgery was proven difficult due to their smaller stature 

and subsequent smaller and stiffer aortas. After surgery, the animals were allowed to recover for at 

least two weeks, before acclimatization in the inhalation unit. A number of animals were lost due to 

complications during or after surgery. In some animals, the signal of the telemetric device was lost over 

time. This is due to slippage of the blood pressure cannula from the aorta. Eventually, blood pressure 

could be monitored in 2 instead of 4 transgenic rats exposed to filtered air (FA), in 3 instead of 5 

transgenic rats exposed to diesel engine emissions (DEE) and in 2 instead of 5 Fischer rats exposed to 

DEE. It was intended to monitor the blood pressure during, before and after exposure. Unfortunately, 

the receivers that were needed to obtain signals in the inhalation unit during exposure did not work 

properly and no signals could be recorded. 

4.2 Effects of indole-3-carbinol on blood pressure 

4.2.1 Blood pressure after diet containing 0,15% I3C 

Iindole-3-carbinol (I3C) should lead to a blood pressure rise due to increase prorenin expression. A 

percentage of 0,15% I3C was chosen,  based on data showing a blood pressure rise without resulting in 

severe disease symptoms (Mitchell et al., 2006;Peters et al., 2008). Three transgenic rats received 

0,15% I3C in their diet, while two transgenic rats received normal rat chow. The induction of blood 

pressure by I3C was followed over a time course of 20 days.  
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Figure 2: Mean arterial blood pressure (MAP) after 0,15% I3C in the diet. Day averages from three rats that 

received I3C. 
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Unfortunately, the blood pressure signals of the two rats that received normal rat chow were unreliable 

and the signal for one rat was completely lost during the experiment. Therefore, only the blood pressure 

signals from the rats that received the diet are plotted. 

After receiving 0,15% I3C in the diet, the blood pressure starts to rise at day 2. A total blood pressure 

rise of 18% (113,9 mm Hg to 139,1 mm Hg, figure 2) after 10 days was found. This rise remained 

constant during the last 10 days while receiving the diet.  

4.2.2 Prorenin levels after diet 0,15% I3C 

Blood samples were drawn in all rats to analyze prorenin and active renin levels after receiving 0,15% 

I3C in the diet or normal rat chow for 20 days (figure 3). 
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Plasma prorenin levels were significantly higher after the diet than after eating normal rat chow (742 

+/- 53 versus 112 +/- 81 AngI ng/ml/hr). Active renin levels did not alter after the diet (34,6 ng AngI 

ng/ml/hr compared to control 28,8 ng AngI ng/ml/hr) as expected. 

 

4.3 DEE exposure 

For the exposure, a mass concentration of 150 µg/m
3
 diesel engine emission was foreseen. However, 

the actual generation resulted in slightly higher levels of 176 and 240 µg/m
3
 diesel engine emission in 

inhalation unit 2 and 3, respectively (Appendix 8.1, table 1). Transgenic rats and wild-type F344 rats 

receiving DEE were placed mixed and randomly in the inhalation units; therefore it is unlikely that this 

has an influence on the experiment (Appendix 8.1, figure 1). Volatile organic components (VOCs) 

have been estimated based on previous experiments (Appendix 8.1, table 2). The only volatile PAHs 

that have been determined in DEE are naphthalene and 2-methylnaphthalene and these are present in 

Figure 3: Prorenin and active renin levels after 0,15% I3C diet (n=3) and normal rat chow (n=2). 

 * P <0.05. 
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very low concentrations (0,65 and 0,74 ppb respectively). There could be more volatile PAHs in DEE 

as well as in the non-volatile fraction (adhered to particles), but there is no information available on 

this. With this limited information it is not possible to estimate the amount of PAHs in diesel engine 

emission and to say something about the likelihood of a response in the transgenic rat by these 

chemicals.  

 

4.3.1 Animal weight after 2-week DEE exposure 

Transgenic rats that received filtered air or DEE gained 15 grams of body weight during exposure. 

F344 rats gained 25 grams of body weight, but this strain was of smaller statue than the transgenic rat 

at the start of the experiment. If animals are not feeling well, the weight would stay the same or even 

decrease. All animals gained weight, so DEE exposure did not affect the overall well-being of the 

animals (Figure 4). 
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4.3.2 Blood pressure after DEE exposure 

Baseline blood pressure of 7 animals in total has been recorded during 5 days and the average blood 

pressure values per exposed group were calculated per hour. Blood pressure recordings after the first 

week of exposure are plotted in figure 5. The gaps in the recordings are due to presence of the rats in 

the exposure units for 6 hours during which time no recordings were possible. 

Figure 4: Body weights of transgenic rats exposed to filtered air (FA), transgenic rats exposed 

to DEE and wild-type F344 rats exposed to DEE for two weeks. 
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In all rats, blood pressure is elevated right after exposure due to stress from removal from the inhalation 

unit (black arrows). A T-test did not reveal significant differences in hourly average at any time point. 

There is a trend towards a lower blood pressure in transgenic rats exposed to filtered air compared to at 

the start of the experiment.  

 

In figure 6, the remaining signals are plotted for the weekend after the second week of exposure (rest 

period). 
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Figure 5: Mean arterial blood pressure (MAP) values during the first week of exposure to DEE. 

Transgenic rats exposed to filtered air (FA) n= 2, transgenic rats exposed to DEE n= 3, wild-type 

F344 rats exposed to DEE n= 2. 

Figure 6: Mean arterial blood pressure (MAP) values after two weeks of exposure to DEE during the 

weekend. Transgenic rat exposed to filtered air (FA) n= 1, transgenic rats exposed to DEE n= 2, wild-

type F344 rat exposed to DEE n= 1. 
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After 2 weeks of exposure, in the weekend, a small blood pressure rise of 5 mm Hg was found both in 

the DEE exposed transgenic rats (116,2 +/- 5 mm Hg) as well as in the F344 rat (115,3 +/- 9 mm Hg) 

compared to the rat that received filtered air (109,0 +/- 6 mm Hg), indicating there could be an effect 

on blood pressure by DEE independent of the rat strain and therefore, independent of the transgene. 

However, the number of animals is too small to draw unequivocal conclusions. 

 

A different statistical analysis was performed by using a mixed model linear regression statistical 

model (Appendix 8.2). In this analysis, the correlation between all repeated measurements of every 

animal is taken into account, thus using all blood pressure recordings to its maximal potential. There 

are no differences in blood pressure levels found in transgenic animals compared to non-transgenic 

Fischer rats.  

In addition, the small blood pressure rise that was found using a T-test in DEE exposed animals 

compared to filtered air exposed animals independent of the transgene, was no longer seen. 

4.3.3 Prorenin levels after DEE exposure 

Prorenin and active renin protein levels are determined in EDTA plasma after DEE or filtered air 

exposure of all exposed animals (Figure 7). Organic components in DEE could activate transgene 

expression resulting in equal active renin levels and higher prorenin plasma levels in a similar fashion 

as indole-3-carbinol that is added to a diet. 

0

20

40

60

80

100

120

140

160

180

transgenic FA transgenic DEE F344 DEE

P
ro

re
n

in
 (

A
n

g
I 
n

g
/m

l/h
r)

  

Prorenin

Active renin

 
 

 
 

In transgenic rats that received filtered air, prorenin levels were 165 +/- 2 ng AngI/ml/h. In the DEE 

exposed transgenic rats, a small but statistical significant decrease in prorenin levels is detected (138 

+/- 20 ng AngI/ml/h). F344 rats after DEE exposure have significant lower prorenin levels (48 +/-7 ng 

AngI/ml/h) compared to transgenic rats. There was no reference group of F344 rats receiving filtered 

air used, but reported baseline levels are 100 +/- 100 ng AngI/ml/h) (Peters et al., 2008). The large 

Figure 7: Prorenin/ Active renin levels after filtered air (FA) and diesel engine emission (DEE) 

exposure. * P< 0.05, # P< 0.001 compared to transgenic FA. 

* 

# 
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variation in this baseline level as well as the fact that determination of prorenin levels are preferred to 

be analyzed simultaneously in the same experiment due to two enzymatic reaction steps, make it 

difficult to predict if lower prorenin levels would also be found in DEE exposed non-transgenic F344 

rats. If so, lower prorenin levels after DEE exposure could represent a general effect of substances in 

DEE on the renin-angiotensin system, independent of the presence of a transgene. 

Here, lower prorenin baseline levels in F344 rats compared to transgenic rats could indicate a strain 

difference although both rats are on a similar genetic background and similar prorenin levels are 

expected. 
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5 Discussion 

5.1 Effect of inducing high blood pressure levels via diet 

 

Previous studies using the Cyp1a1Ren2 transgenic rat model have shown that depending on the amount 

of indole-3-carbinol in the diet, the blood pressure level can be set on a desired level. In addition to 

elevated blood pressure levels, cardiac hypertrophy (thickening of the heart muscle which results in a 

decrease in size of the chamber of the heart) develops, without kidney damage. In our study, by using 

0,15% I3C it is possible to elevate the blood pressure with 25 mm Hg in 20 days with a constant 

elevation during the last 10 days, not resulting in severe disease symptoms. This could however 

increase sensitivity to negative effects of air pollution, which can be determined in a follow-up study. 

Higher amounts in the diet (0.3%) will induce a malignant form of high blood pressure with kidney 

damage and even premature death (Mitchell et al., 2006). 

 

The increase in mean arterial blood pressure levels of 18% after intake of a diet containing 0,15% I3C 

is slightly lower than expected and should have been between 18 and 40%, compared to other studies 

(Mitchell et al., 2006;Peters et al., 2008). Mitchell et al. described a systolic blood pressure increase of 

40% after 0,15% I3C in the diet for 15 days using a different method to measure blood pressure, 

namely by tail-cuff plethysmography. Using telemetric transmitters, Peters et al. found an 18% increase 

in mean arterial blood pressure after a two week diet containing 0,125% I3C, while a diet of 0,167% 

I3C led to 39% increase.  

 Prorenin levels in EDTA plasma are elevated by 0,15% I3C (742 +/- 53 AngI ng/ml/hr), but 

also not as much as was anticipated based on previous findings. Peters et al. found prorenin levels of 

10000 ng AngI/ml/hr after slightly higher concentrations of 0,165% I3C (Peters et al., 2008). However, 

this does correspond to the lower than expected mean arterial blood pressure levels after inducting that 

are also found in this study.  

 A lower response to the diet could be due to the fact that food intake was lower than desired, 

since no efforts were done to mask the bitter taste of I3C. All previous studies used something to mask 

the taste, like adding a chocolate/vanilla flavor which is not mentioned in the materials and method 

section of the previously published papers. However, based on body weights of the animals, a lower 

food intake does not seem to be the case. After the study was performed, it turned out that Peters et al. 

added extra salt in the rat diet (1% versus 0,3% NaCl in our diet) (Peters et al., 2008). It is known that 

these rats are salt sensitive (personal communication, Dr. Ben Janssen, CARIM Maastricht) and extra 

salt in the I3C diet may have a synergistic effect on the development of high blood pressure. It is likely 

that a lower response to the diet is due to the lower salt content.  

 It could also be that the rat strain studied here suffered from genetic drift after several rounds 

of breeding, making its genetic make-up slightly different that the original rat strain from Peters et al. 

and could account for a lower response to the I3C component (Peters et al., 2008). 

 

5.2 Direct effect of air pollution on transgene expression  

A transgenic rat model in which blood pressure rise can be precisely controlled without severe disease 

symptoms could be an interesting model to study the existence of susceptible groups to adverse effects 
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of air pollutants. Validation of this model involves determining if diesel engine emission (DEE) can 

have a possible confounding effect by influencing prorenin transgene expression and a subsequent 

blood pressure rise. If so, it would implicate that DEE not only influences the controlled level of blood 

pressure rise, but also makes it difficult to discriminate between effects that occur through 

physiological relevant mechanisms and effects that are mediated through transgene expression. 

 

Before the experiment was performed, a crude calculation on the likelihood of DEE influencing 

transgene expression has been attempted. A calculation based on a number of assumptions resulted in 

DEE expected to contain almost 500 times less inducible substances compared to a diet that is designed 

and proven to induce a blood pressure rise. Given a DEE exposure of 175 µg/m
3
, 6 hr/day and the 

minute ventilation volume in rats (250 ml/min), the rats inhaled 90 liter containing 15.750 µg DEE. In 

a worst case scenario approach, everything that is inhaled is assumed to deposit in the lung. Assuming 

a percentage of 0,5% particle phase PAHs in DEE (Rogge et al., 1993), this results in 79 µg PAHs 

inhalation exposure. A diet containing 0,15% I3C (assuming 25 grams of food intake per day) results in 

37,5 mg oral exposure.  

 However, this is a very crude calculation. It is not known how much indole-3-carbinol actually 

reaches the circulation by eating the diet and how this compares to the deposited dose of PAHs via the 

inhalation route of exposure and which percentage reaches the circulation or how the affinity of these 

different substances is towards the aryl hydrocarbon receptor. Also actual information on volatile 

organic compounds, including PAHs in DEE and more importantly PAHs in the particulate phase is 

very limited or not available at all for this experiment. Therefore, the only way to ascertain if DEE has 

a confounding effect on transgene expression is empirical. In the present study, we noted that DEE 

does not influence transgene expression. 

 

Under physiologic circumstances, the renin enzyme is secreted by the kidney in response to a decrease 

in arterial blood pressure, a decrease in sodium chloride levels in the ultra-filtrate of the nephron, the 

basic structural and functional unit of the kidney or altered sympathetic nervous system activity acting 

through the β1 adrenergic receptors. Renin activates the Renin-Angiotensin-System (RAS), thereby 

increasing the blood pressure and restoring the perfusion pressure in the kidneys (Figure 8). 

 

 

 

 

 

 

 

 

 

 

 
In the Cyp1a1Ren2 rat, after induction of trangene expression, prorenin is  converted to renin locally 

and stimulates production of Angiotensin I (Bachmann et al., 1992). Angiotensin I is cleaved mainly in 

the lungs by endothelial bound angiotensin converting enzyme (ACE) into angiotensin II. ACE 

inhibitor drugs are the major drugs against hypertension, since angiotensin II constricts arteriolar 

smooth muscles, stimulates the secretion of ADH and aldosterone, and induces a thirst reflex in the 

hypothalamus, each leading to an increase in blood pressure. 

 

We determined experimentally if DEE was able to induce high blood pressure in the transgenic rat via 

transgene activation. Binding switches on prorenin transgene expression leading to increased 

Prorenin Renin 

angiotensinogen Angiotensin I Angiotensin II 

ACE 

Figure 8: The Renin-Angiotensin-System (RAS) system leading to vasoconstriction by 

Angiotensin II and induction of blood pressure. ACE is angiotensin converting enzyme. 
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production of its subsequent protein and activation of the whole cascade of the RAS system, ultimately 

leading to elevated blood pressure levels. 

 Analysis of prorenin plasma levels revealed a small decrease in transgenic rats after two weeks 

of DEE exposure. If PAHs in DEE would bind to aryl hydrocarbon receptors, an increase in prorenin 

levels would have been expected. Therefore, there is no activation of the transgene.  

 After inhalation of DEE, there might be a lowering effect on endogenous prorenin levels, 

explaining the lower prorenin levels in both transgenic and non-transgenic rats. Unfortunately, the 

method to establish prorenin protein levels cannot discriminate between the rat endogenous protein and 

the mouse transgenic protein, leaving this to a single observation. 

 The changes in prorenin protein levels were not enough to influence blood pressure levels. 

Monitoring blood pressure after DEE exposure via telemetric transmitters did not show any 

modulation. There was a trend towards an increase of blood pressure in all DEE exposed animals after 

the exposure had stopped during the weekend, indicating that DEE in general could have a small effect 

on elevated blood pressure independent of the transgene. Upadhyay et al. found that inhalation 

exposure of SH rats to ultrafine particles of carbon black resulted in an increase in blood pressure and 

returned to normal after a few days after exposure (Upadhyay et al., 2008).  

 Performing more elaborate statistical analysis using a random effects model, we found that 

DEE had no significant overall effect on blood pressure, for any given exposure time. Additionally, we 

found no significant differences in blood pressure between exposed transgenic and wild type rats.  

 Therefore, we conclude that although there is a small decrease in prorenin levels in transgenic 

rats after DEE exposure, the exposure did not result in altered blood pressure levels, rendering the 

model suitable for follow-up studies.This rat model could represent a human population in which the 

renin-angiotensin system (RAS), which plays a central role in blood pressure control, is disturbed 

leading to elevated blood pressure  levels (Campbell, 1987). Depending on the amount of inducing 

component in the diet, low levels of renin can be produced leading to constant elevated blood pressure 

without severe disease symptoms. 
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6 Conclusion 

The use of a validated animal model can underline associations found in epidemiology studies on the 

existence of susceptible groups in the population with underlying cardiovascular disease and health 

effects of air pollution. The Cyp1a1Ren2 transgenic ratmodel is found suitable for air pollution 

research to establish a further link between the presence of hypertension and negative health effects by 

air pollutants. By providing the transgenic rats with a diet containing a blood pressure inducing 

substance during 20 days, blood pressure levels were elevated and remained at a constant level over the 

last 10 days. In addition, exposure to diluted diesel engine emissions during two weeks did not 

confound activation of transgene expression or influence the blood pressure. 

 A telemetric device that is used to monitor blood pressure changes allowed to take repeated 

measurements in the same animal, resulting in a lower total amount of animals required. 

 This rat model could represent a human population in which the renin-angiotensin system 

(RAS), which plays a central role in blood pressure control, is disturbed leading to elevated blood 

pressure levels.  
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7 Considerations for future research 

This model could be used to study the interaction between dysrhythmia as seen on an 

electrocardiogram (ECG) caused by air pollution in the presence of elevated blood pressure levels. 

There are already some indications that the presence of high blood pressure negatively influences the 

appearance of cardiac arrythmia. An epidemiological study showed evidence of stronger associations 

of hospital visits for dysrhythmia and congestive heart failure in the presence of hypertension in 

relation to increased air pollution levels compared with visits of people without hypertension (Peel et 

al., 2007). A toxicological study shows that ECG abnormalities are found after instillation of residual 

oil fly ash (ROFA) in healthy as well as in the monocrotaline rat model for pulmonary hypertension 

(Watkinson et al., 1998). A particular type of arrhythmia, called second-degree atrioventricular 

conduction blocks in the ROFA-treated rats appeared to be most similar to the Mobitz Type II 

arrhythmia subclassification in humans. A similar effect of ROFA has been described in spontaneous 

hypertensive rats after inhalation, but is not seen in healthy rats after the same exposure (Farraj et al., 

2009).  
 

Another phenomenon could be the influence of air pollutants on the renin-angiotensin system itself. 

Disturbance of the RAS system is the cause of some forms of hypertension in humans. Constant 

hypertension is one of the risk factors for the occurance of heart attacks, strokes, heart failure and 

arterial aneurysm, and could cause chronic kidney failure. At subclinical elevations of blood pressure, 

as can be set in the transgenic model there are no symptoms of heart disease yet. However, air 

pollutants could exacerbate dysregulation of the endogenous renin-angiotensin system and lead to 

further blood pressure rise or for example endothelial wall damage. In addition, Angiotensin II is 

known for its thrombogenic potential by affecting platelet aggregation and production of PAI-1 and 

PAI-2 (Skurk et al., 2001;Gesualdo et al., 1999;Ridker et al., 1993). PAI-1 could be monitored in a 

follow-up experiment and an increase in PAI-1 (inhibition of fibrinolysis) could result in a 

prothrombotic status.  

 Especially ultrafine particles, of which translocation from the lung into the circulation has been 

proposed (Nemmar et al., 2001;Nemmar et al., 2004;Oberdorster et al., 2002), could influence the 

renin-angiotensin system in the presence of elevated blood pressure levels. Inhalation of ultrafine 

carbon particles by spontaneous hypertensive rats, at levels below induction of pulmonary 

inflammation do influence blood pressure and activate the renin-angiotensin system (Upadhyay et al., 

2008). 

 

A few considerations should be taken into account before starting follow-up research: 

- Telemetric devices should be used to allow multiple measurements in the same animal, thereby 

reducing the total number of animals needed. 

- Surgery to implant telemetric devices should be performed by a highly experienced technician to 

avoid loss of animals or loss of signals due to slippage of the blood pressure cannula from the veins. 

Spare animals for surgery need to be taken into account to ensure enough valuable measurements 

during the experiment. 

- Restoration of a normal day/night rhythm after isoflurane anesthesia takes longer than expected and a 

longer time period of at least 5 days to allow recovery should be included before starting or resuming 

an experiment. 

- The wild-type Fischer rat might not be the best control for the Cyp1a1Ren2 transgenic rat, although 

both have a similar background. Their physical appearance and weight gain is different as well as some 

physiologic parameters like heart rate and lower baseline prorenin levels. Female transgenic rats could 

be used as a control, although sexe differences in blood pressure regulation do exist.  
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- The I3C diet should contain at least 1% salt and should be flavored with chocolate/vanilla aroma 

(personal communication Prof. Jorg Peters) or with peanut oil (personal communication Dr. Ben 

Janssen) to mask the bitter taste. 

- Collaboration with university groups that have extensive experience with the diet-induced blood 

pressure model should be elaborated to understand the changes in the cardiovascular system with and 

without DEE exposure. 

- DEE exposure might affect endogenous levels of the RAS system independently of transgene 

expression. Effects of emissions on this physiological regulatory system of blood pressure are 

understudied and should deserve more attention in the future.  
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9 Appendices 

9.1 Exposure characteristics 

 

IHU 1: filtered air 

#1 TGR  #3 TGR   

 #2 TGR    

 

IHU 2: diesel 

#4 TGR  #5 TGR  #6 TGR 

 #9 F344  #10 F344  

 

IHU3:  diesel 

#11 F344  #12 F344  #13 F344 

 #7 TGR  #8 TGR  

Figure 1: Inhalation units (IHU) and configuration of 8 transgenic rats (TGR) and 5 

Fischer F344 control rats. 
 

 

 

Table 1 Diesel engine exhaust exposure characteristics 

 

Mass 

concentration   Gas Analyzers SMPS (size) 

 IHU 2 IHU 3 CPC CO NO NO2 NOx Mean GeoStDev 

Day  

 

µg/m3 

 

µg/m3 

*10
3 

#/cm
2
 ppm ppm ppm ppm nm   

1 170 235 779 3,41 0,75 0,48 0,97 55,3 1,99 

2 167 244 687 3,37 0,73 0,47 1,20 - - 

3 211 269 632 3,45 0,66 0,44 1,10 64,5 2,36 

4 203 273 665 3,26 0,52 0,37 0,90 56,2 2,17 

5 191 222 563 2,97 0,41 0,31 0,72 55,4 2,16 

6 119 161 316 2,82 0,49 0,32 0,81 63,3 2,21 

7 145 211 419 3,18 0,66 0,42 1,08 62,5 2,26 

8 168 264 439 3,24 0,67 0,43 1,09 63,3 2,28 

9 200 272 460 3,41 0,66 0,44 1,10 65,5 2,27 

10 184 250 495 3,14 0,62 0,39 1,00 67,3 2,28 

gem 176 240        

sd 28 35        
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Table 2 Volatile organic compounds (VOCs) in DEE estimated based on a previous experiment 

 Particle mass 

(µg/m3) 
Total VOC 

(ppb) 

Naphthalene 

(ppb) 

2-methylnaphthalene 

(ppb) 

Previous exp 348 44,30 1,09 1,24 

Current IHU2 176 22,40 0,55 0,63 

Current IHU3 240 30,55 0,75 0,85 

 

 

 

 

 

 

9.2 Statistical analysis using mixed model linear regression 

Model specification 

 

Model 1 

Blood pressure is the outcome variable y. For the explanatory variables x we use: day/nighttime, stress 

or no stress by presence of human contact, exposure to diesel, interaction between strain and diesel. 

Our model can then be formulated as follows:  

 

dieselstraindieselstrainstressnighturebloodpress *543210 ββββββ +++++=
 

where: 

 

night  is a dummy variable for daytime (=0) en nighttime (=1) 

stress  is a dummy variable for no stress (=0) en stress (=1) 

strain  is a dummy variable for transgenic (=0) en wild type rat (=1) 

diesel  is a dummy variable for no diesel (=0) en diesel exposure (=1) 

strain*diesel is a interaction-term for strain en diesel. If strain=1 en diesel=1, then the interaction 

term strain*diesel=1. In other cases strain*diesel=0. 

 

Model 2 

We also use an alternative model, to investigate the effect of time after exposure:  

 

timestraintimestrainstressnighturebloodpress *543210 ββββββ +++++=
 

 

where 

 

time  is a categorical variable for time t, with t=0,1,2,3,...,25 (exposure time that was more 

than 25 hours was set to 25 hours). t=1 signifies 1 hour after exposure. The reference 

group is t=0 (no exposure).  

In practice, this is equal to having a dummy variable for each time t, with each dummy 

having an own regression coefficient. However, for obvious notational purposes this is 

not written as such. 
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Model 1 Results 

 
       AIC      BIC   logLik 

  15013.32 15064.72 -7497.66 

 

Random effects: 

 Formula: ~1 | dier 

        (Intercept) 

StdDev:    2.277478 

 

 Formula: ~1 | dagnr %in% dier 

        (Intercept) Residual 

StdDev:    3.089948 6.595292 

 

Fixed effects: y ~ nacht + stress + stam * diesel.alt  

                      Value Std.Error   DF   t-value p-value 

(Intercept)       109.05021 1.0501303 2122 103.84445  0.0000 

nacht1              3.58554 0.2981615 2122  12.02549  0.0000 

stress1            13.29860 0.8597498 2122  15.46799  0.0000 

stam1               3.33577 2.4180493  106   1.37953  0.1706 

diesel.alt1         1.41564 0.9481188 2122   1.49311  0.1356 

stam1:diesel.alt1  -3.98623 2.2994661 2122  -1.73355  0.0831 

 

Note: nacht – night, stam – strain. ‘diesel.alt’ refers to the diesel dummy. ‘stam1:dieselalt1’ is an 

interaction term between strain=1 and diesel=1. 

 

The intercept gives the ‘baseline’ blood pressure value (109). Nighttime leads to a significant increase 

of +3.58 in blood pressure (p<0.001). Stress is a particular important variable, as it leads an increase of 

13.30 (p<0.001). On the other hand, the overall effect of strain and diesel is not significant. At the same 

time, the interaction term between strain and diesel is not significant as well. This is explained in figure 

2. 
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Interaction

Diesel=0 Diesel=1

Overall effect of exposure of diesel

Effect of exposure of diesel for strain=1

Effect of exposure of diesel for strain=0

1

1b

1a

2

 
 

 

 

 

 

The overall effect of diesel is signified by arrow 1. It corresponds with the effect size given by the 

regression coefficient for ‘diesel.alt1’, beta=3.335. Arrow 2 illustrates the effect of strain on blood 

pressure, which corresponds to beta=1.416. In a model without interaction effects, both of these would 

be interpreted as overall effects, meaning that these arrows represent the effect over the total 

population. However, this model does include interaction effects between exposure of diesel and the 

strain type. If interaction effects are included, the aforementioned overall diesel exposure effects can be 

seen as a reference effect instead, which are valid for strain=0 and can be compared to diesel exposure 

effects for strain = 1. In other words, what was arrow 1 in a model without interaction effects is now 

composed of arrow 1a and 1b in a model with interaction effects (and the same argument can be made 

for arrow 2, but for purposes of clarity, it is not depicted here). We can conclude that within the 

transgenic group, diesel exposure does not lead to a significant change in blood pressure. Similarly, 

within the non-exposed wild type F344 rats no significantly different blood pressure levels are found 

when compared to non-exposed transgenic rats (non-exposed includes data from measurements taken 

before DEE exposure of both wild type and transgenic rats and a control group of transgenic rats 

receiving filtered air during the course of the experiment).  

 

The interaction term deals with specific subpopulations: differences between exposed transgenic rats 

and exposed wild type rats. The interaction between strain=1 and diesel=1 can be interpreted as 

follows: if this interaction term is significant, it means that there is an added effect to the baseline effect  

Figure 2: Overview of effects in statistical model 1 without interaction (arrow 1 and 2) and 

with interaction terms (arrow 1a and 1b). Strain 0 = transgenic rat, strain 1 = wild type rat 

F344, diesel 0 = no diesel engine emissions (DEE) exposure, diesel 1= around 200 µg/m
3
 

DEE exposure. 
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found at arrow 1a. In other words, it means that arrow 1b is significantly different from arrow 1a. 

However, this is not the case, which means that the effect of exposure is the same for both transgenic 

and wild type rats.  

 

 

Model 2 results 
       AIC      BIC    logLik 

  14733.17 15057.49 -7309.583 

 

Random effects: 

 Formula: ~1 | dier 

        (Intercept) 

StdDev:    2.766732 

 

 Formula: ~1 | dagnr %in% dier 

        (Intercept) Residual 

StdDev:    3.189157 6.302628 

 

Fixed effects: y ~ nacht + stress + stam * t.blootstelling  

                            Value Std.Error   DF  t-value p-value 

(Intercept)             110.78803  1.590373 2074 69.66166  0.0000 

nacht1                    3.66168  0.367602 2074  9.96098  0.0000 

stress1                  14.42240  1.590218 2074  9.06945  0.0000 

stam1                     1.73135  2.585266  106  0.66970  0.5045 

t.blootstelling1         -2.91458  2.265734 2074 -1.28637  0.1985 

t.blootstelling2         -6.57217  1.657225 2074 -3.96577  0.0001 

t.blootstelling3         -0.03884  1.657225 2074 -0.02344  0.9813 

t.blootstelling4          1.98449  1.657225 2074  1.19748  0.2313 

t.blootstelling5          1.95116  1.657225 2074  1.17737  0.2392 

t.blootstelling6          3.32615  1.634603 2074  2.03483  0.0420 

t.blootstelling7         -1.16385  1.634603 2074 -0.71201  0.4765 

t.blootstelling8         -6.11719  1.634603 2074 -3.74231  0.0002 

t.blootstelling9         -2.25719  1.634603 2074 -1.38088  0.1675 

t.blootstelling10        -4.39580  1.668057 2074 -2.63528  0.0085 

t.blootstelling11        -4.65913  1.668057 2074 -2.79315  0.0053 

t.blootstelling12        -4.86247  1.668057 2074 -2.91505  0.0036 

t.blootstelling13        -2.60247  1.668057 2074 -1.56018  0.1189 

t.blootstelling14        -4.78580  1.668057 2074 -2.86909  0.0042 

t.blootstelling15        -2.98580  1.668057 2074 -1.78999  0.0736 

t.blootstelling16         3.44753  1.668057 2074  2.06680  0.0389 

t.blootstelling17         2.63753  1.668057 2074  1.58120  0.1140 

t.blootstelling18        -2.65412  1.687045 2074 -1.57324  0.1158 

t.blootstelling19        -8.24973  2.899918 2074 -2.84481  0.0045 

t.blootstelling20        -2.46639  2.899918 2074 -0.85050  0.3951 

t.blootstelling21        -0.83306  2.899918 2074 -0.28727  0.7739 

t.blootstelling22        -1.18306  2.899918 2074 -0.40796  0.6833 

t.blootstelling23         1.01694  2.899918 2074  0.35068  0.7259 

t.blootstelling24         2.15027  2.899918 2074  0.74149  0.4585 

t.blootstelling25        -1.26839  1.285240 2074 -0.98689  0.3238 
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stam1:t.blootstelling1   -0.85680  2.935142 2074 -0.29191  0.7704 

stam1:t.blootstelling2    0.41267  2.935142 2074  0.14060  0.8882 

stam1:t.blootstelling3   -3.45750  2.935142 2074 -1.17797  0.2389 

stam1:t.blootstelling4   -3.56505  2.935142 2074 -1.21461  0.2247 

stam1:t.blootstelling5   -2.22645  2.935142 2074 -0.75855  0.4482 

stam1:t.blootstelling6   -2.66312  2.935142 2074 -0.90732  0.3643 

stam1:t.blootstelling7    0.83215  2.935142 2074  0.28351  0.7768 

stam1:t.blootstelling8    1.35390  2.935142 2074  0.46127  0.6447 

stam1:t.blootstelling9   -3.64294  2.935142 2074 -1.24115  0.2147 

stam1:t.blootstelling10  -2.50511  3.033019 2074 -0.82595  0.4089 

stam1:t.blootstelling11  -0.10844  3.033019 2074 -0.03575  0.9715 

stam1:t.blootstelling12   1.32822  3.033019 2074  0.43792  0.6615 

stam1:t.blootstelling13  -5.14289  3.033019 2074 -1.69563  0.0901 

stam1:t.blootstelling14   3.36267  3.033019 2074  1.10869  0.2677 

stam1:t.blootstelling15   1.42378  3.033019 2074  0.46943  0.6388 

stam1:t.blootstelling16  -0.27066  3.033019 2074 -0.08924  0.9289 

stam1:t.blootstelling17   1.08378  3.033019 2074  0.35733  0.7209 

stam1:t.blootstelling18  -1.20178  3.033019 2074 -0.39623  0.6920 

stam1:t.blootstelling19  -0.52655  5.155544 2074 -0.10213  0.9187 

stam1:t.blootstelling20   3.12345  5.155544 2074  0.60584  0.5447 

stam1:t.blootstelling21  -7.74321  5.155544 2074 -1.50192  0.1333 

stam1:t.blootstelling22  -0.82655  5.155544 2074 -0.16032  0.8726 

stam1:t.blootstelling23  -5.32655  5.155544 2074 -1.03317  0.3016 

stam1:t.blootstelling24  -8.69321  5.155544 2074 -1.68619  0.0919 

stam1:t.blootstelling25   0.77112  2.609579 2074  0.29550  0.7676 

 

Note: Dutch terms are used here: nacht – night, stam – strain, t.blootstelling – time after exposure. 

‘stam1:t.blootstelling1’ is an interaction term between strain=1 and 1hour_after_exposure=1. 

 

In model 2, the ‘diesel’ term is replaced with a ‘time after exposure’ term, to determine if the diesel 

effect might change in time. Adjustments are made for nighttime, stress, and strain. Nighttime and 

stress are both highly significant (p<0.001); strain is not significant (p = 0.5045). A lot of the main 

terms involving time after exposure are not significant (between braces). The alternating signs of the 

coefficients (+ and -) support the notion that there is no clear pattern between time after exposure and 

blood pressure for the transgenic rat group. The effect of diesel, for any given moment after exposure, 

is not statistically significant.  

The interaction between strain and time after exposure is not statistically significant as well (between 

dashed braces), which means that diesel effects do not differ between strains for a given time of 

exposure. This is illustrated in figure 3. The expected blood pressure for each strain is plotted over 

time, and blood pressure levels are compared to a mean baseline blood pressure value that is estimated 

from values recorded before exposure (time is zero) and from data of the filtered air exposed transgenic 

rats as well. This expected value is calculated by filling the estimated beta and x values in the model. 

The figure is corrected for blood pressure changes due to stress after placing the animal in the 

inhalation unit. 
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The figure supports the idea that there is no difference between exposed transgenic rats and exposed 

wild rats, for any given hour after exposure. Note that while the estimated differences between blood 

pressure at various time points and the baseline blood pressure are substantial, they are not statistically 

significant due to the large variation found in the measurements. 

 

 

 

 

 

 

 

Figure 3: Statistical model 2 to determine if diesel has an effect on blood pressure over time. 

Mean blood pressure values are plotted against time after exposure (in hours). 
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