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Introduction
Tobacco use is the number one avoidable risk factor for disease in developed countries [1]. For men 
aged 35-69, 30% of deaths can be attributed to smoking [2]. In the mean time, smoking cessa-
tion programs generally achieve only modest success rates [3] and smoking in developing countries 
is still on the rise [4]. On a worldwide scale smoking is, and will increasingly be, a heavy burden 
on public health. Since the deleterious effects of smoking can take over 20 pack-years I to become 
obvious, while the social benefit of peer-acceptance is immediate, it is very difficult for health-care
professionals to convince youths not to start smoking. Because of the seriously addictive proper-
ties of nicotine, getting established smokers to quit is an even more formidable task. Taking this 
into account, it is clear that the coming decades will see an increasing demand on healthcare from 
patients suffering from tobacco-smoke-related diseases such as lung cancer, bronchitis, heart failure,
bladder cancer and COPD.

COPD
After lung cancer, Chronic Obstructive Pulmonary Disease (COPD) is the most prominent 
example of smoking-induced disease; COPD is currently the fourth leading cause of death in the 
world [1]. In the Netherlands, the prevalence rate for males is projected to increase from 24 to 33 
per 1000 in the coming 2 decades [5]. There are a number of reasons why the disease is increasing
in prevalence worldwide. Even though smoking rates are declining in the Western world, they are 
increasing in developing countries [4]. At the same time, both ex-smokers in the Western world 
and current smokers in the developing world are living longer [6]. This means that the propor-
tion of the population that is at risk to develop COPD, is increasing. To increase awareness among 
physicians, policy makers and the general public, in 1998 the Global initiative for chronic Ob-
structive Lung Disease (GOLD) was founded, which provides regular reports outlining the state 
of the art on diagnosis, management and prevention of COPD. In their 2004 report, the GOLD 
science committee defined COPD as:“A disease state characterized by airflow limitation that is not
fully reversible. The airflow limitation is usually both progressive and associated with an abnormal
inflammatory response of the lungs to noxious particles or gases”. A classification of COPD into 5 
stages of severity is provided in this report, but it is also stated that there is an imperfect relation-
ship between the degree of airflow limitation and the presence of symptoms. Chronic cough and
sputum production may be early indicators of the developing disease, but many patients progress 
to severe COPD without showing these symptoms, which can also be associated with other lung 
diseases such as pulmonary tuberculosis. Since treatment options for COPD remain limited to the 
amelioration of symptoms [7], and the underlying pathological mechanisms are still unclear, more 
research into this debilitating condition is warranted.

Pathological factors
Three damaging factors are believed to be most important in COPD: chronic inflammation, an
imbalance of proteinases and antiproteinases, and oxidative stress [8, 9]. More recently, attention 
has been called to the concept of a ‘lung structure maintenance program’ involving elements of the 
original fetal lung development program. In this hypothesis, there is a constant turnover and repair 
of lung tissue, and COPD is caused by a failure to cope with the above-mentioned damaging fac-
tors [10]. The main pathological features of COPD are associated with two different disease states:
inflammation of the peripheral airways, which is characteristic for respiratory bronchiolitis, and
destruction of lung parenchyma, which is characteristic for pulmonary emphysema [11]. 

Emphysema
Emphysema was first defined at the 1959 Ciba Foundation symposium as “abnormal enlargement
of airspaces distal to terminal bronchioles” [12], and later the definition was modified to include
“destruction of alveolar walls without obvious fibrosis”. The main known risk factors for the devel-
opments of emphysema are α1-antitrypsin deficiency, a rare hereditary disorder in which emphyse-
ma manifests itself early in life [13] and the smoking of tobacco, which generally takes many pack 
years (> 50) for emphysematous lesions to develop [14]. Since only a minority of even the heaviest 
smokers develops emphysema, this had led to the postulation of the ‘susceptible smoker’ genotype. 
The search for genetic markers predisposing for the development of emphysema is hampered by
the fact that in complex polygenic diseases such as COPD, most likely multiple genes are operating 
and thus the influence of separate genes may be relatively weak [15]. Furthermore, depending on
the method of classification, two to four different types of emphysema can be recognised.

Emphysema types
Most often, emphysema is classified into two groups: centrilobular and panacinar/panlobular [16].
This division has primarily been based on the location of the lesions, but more and more character-
istics have been added over the years, and recently it has been proposed that the two types should 
be viewed as different disease states, with different causes and resulting symptoms [17]. Although
centrilobular emphysema is mainly associated with cigarette smoking, and panlobular emphysema 
with α1-antitrypsin deficiency, these distinctions are not absolute and both forms of emphysema
have been found in smokers’ lungs [18, 19]. Also, advanced stages of centrilobular emphysema can 
be difficult to discriminate from the panacinar form, because by then the distal acinus might also
be affected. As the name already implies, in panacinar emphysema the whole acinus is more or less
uniformely affected. In both alveolar ducts and alveolar sacs, an increase in size and a destruction
of the walls are apparent. Centrilobular emphysema derives its name from the fact that lesions are 
located in the approximate center of the secondary lobules (the smallest discrete portion of the 
lung surrounded by connective tissue septa) [17]. The two emphysema types have been found to be
different in a number of functional aspects. In panacinar emphysema, lung elastic recoil decreases
as the disease progresses, and is significantly correlated with the extent of emphysematous lesions.

I: number of years smoked multiplied by number of packs smoked per day
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In centrilobular emphysema no such relationship seems to exist [20]. In patients with centrilobu-
lar, but not with panacinar emphysema, a correlation exists between the severity of airway inflam-
mation and airway reactivity to inhaled methacholine [21]. Finally, centrilobular emphysema has 
been found to be more prominent in the upper zones of the lung, whereas panacinar emphysema 
predominantly affects the bases of the lungs [22, 23].

Cigarette smoke
Tobacco smoke is a complex mixture of chemicals that is generated by the pyrolysis of dried, cured 
tobacco leaf. Most research into the effects of tobacco smoke on humans and animals has been
performed using cigarettes, as these are the most commonly used form of tobacco [24]. The follow-
ing types of cigarette smoke are distinguished: mainstream, sidestream, and environmental smoke. 
Mainstream smoke is generated by the burning of tobacco, when air is being sucked through a 
lighted cigarette. The oxygen that is fed to the tip of the cigarette causes it to burn at temperatures
of around 900°C. The combustion products flow through the still unburned tobacco rod and the
filter, if present, and are inhaled into the mouth and/or lungs of the smoker. Sidestream smoke
on the other hand, is formed while the cigarette is smouldering in between puffs, at much lower
temperatures of around 600°C. It flows directly into the air, where it mixes with the smoke that has
been exhaled by smokers to form environmental or ‘second hand’ smoke. Because of the different
ways in which they are formed and undergo subsequent processing, the three kinds of smoke differ
considerably in composition, and attributed health damaging effects, with sidestream smoke being
considerably more toxic per mass-unit [25-28]. As discussed above, chronic exposure to cigarette 
smoke is considered the main cause for a number of diseases, but which components make up this 
complex mixture that causes such an array of diseases?

Components of cigarette smoke
One of the best-known components of cigarette smoke is nicotine, but up to now 4700 different
substances have been identified in cigarette smoke [26]. The main groups will be briefly discussed,
including their toxic potential. The gas phase of cigarette smoke can contain up to 4.5% of car-
bon monoxide (CO). It binds irreversibly to haemoglobin and is known to negatively influence
cardiovascular health [29]. Recently, a role for CO as an endogenous signalling molecule has been 
established [reviewed in 30] and low-level exogeneous administration has been attributed inflam-
mation-suppressing effects [31, 32]. Of the nitrogen oxides in the gas phase, the most prominent is
nitric oxide (NO·), present at levels of 500-1000 ppm in cigarette smoke [33]. It has been shown 
to irreversibly modify aromatic amino acids, lipid and DNA bases, which might result in the 
formation of bioactive products or DNA mutations, but, like CO, it can also serve as a signalling 
molecule and suppressor of inflammation [34]. Both CO and NO are potent vaso- and bronchodi-
lators, by account of their smooth muscle relaxing effect [35, 36].

Chapter 1

Furthermore, the gas phase contains aldehydes, such as acrolein and acetaldehyde, which are 
known to be toxic to the cilia lining the respiratory tract as well as carcinogenic in animals, hydro-
gen cyanide, an inhibitor of several respiratory enzymes, and volatile hydrocarbons, like benzene 
and N-nitrosamines, both strong carcinogens [29]. 

Particulate phase
The particulate matter phase of cigarette smoke, also sometimes referred to as ‘tar’, contains abun-
dant phenols and phenolic compounds such as cathechol, which are tumor-promoting or cocarci-
nogenic [37, 38]. Another important class of chemicals contained in the particulate matter are the 
polynuclear aromatic hydrocarbons, some of which are known to be major tumour initiators. They
activate the Aryl hydrocarbon Receptor (AhR), leading to upregulation of the Ah gene battery, 
which comprises a number of enzymes (such as CYP1A1 and CYP1A2) that are involved in the 
metabolism of these highly toxic exogenous compounds [39]. Nicotine is the major toxic com-
pound in the particulate phase, at levels of 1-3 mg per cigarette [29]. Nicotine is very toxic (lethal 
dose in humans 0.5-1.0 mg/kg [40]), but also highly addictive at the lower levels of exposure that 
are normally associated with the use of tobacco products [41]. Also nicotine has been found to 
upregulate members of the the Ah gene battery [42]. A compound of cigarette smoke that has not 
been studied to a great extent in relation to its lung-damaging effects, is humic acid.

Humic acid
Humic acid is a heterogeneous substance, which, for that reason, is also sometimes referred to 
as “humic substances” or “humic-like substances”. Since it is a product of the decomposition of 
plant material, it is ubiquitous in soil, where it can make up 80% of the soil’s organic matter [43]. 
Oxidation and condensation of lignin and polyphenols in plant matter are believed to lead to the 
formation of HA. Because tobacco consists of dried and processed plant leaves, an incomplete oxi-
dative degeneration process during the smoking of tobacco products could produce HA. Indeed, 
extraction of cigarette smoke condensate yielded 1.6-4.5% (w/w) of “humic like substances”. Fur-
thermore, the same substances could be isolated from smokers’ lungs, proving that HA is inhaled 
with the smoke and subsequently deposited in the lungs [44]. In the same study, it was also shown 
that HA has the capacity to complex iron cations and catalyse oxidant formation, both in vivo 
and in vitro. Later studies showed that HA has the ability to induce oxidative stress by releasing 
iron from ferritin, thus increasing intracellular free iron levels and promoting lipid peroxidation in 
vitro [45, 46]. Besides influencing iron metabolism, HA has also been shown to have antiprolifera-
tive and apoptosis-stimulating effects in a variety of cell lines [47-49]. Aqueous extracts of peat,
containing crude mixtures of humic substances, have been shown to have an excitatory effect on
smooth muscle cell preparations [50]
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Retinoids
Whereas vitamin A is a generic term for any compound possessing the biological activity of retinol, 
the term retinoids includes all natural and synthetic forms of vitamin A, with or without biological 
activity [51]. Retinoids are a diverse class of chemicals, with a wide range of functions in biologi-
cal systems. They serve as pigments that give colour to animals outward appearance (carotenoids
in e.g. flamingos and salmon), are essential for proper functioning of the visual system throughout
the animal kingdom (11-cis-retinal and closely related compounds) [52], pattern formation during 
embryonic development [53], and cell differentiation and control of certain metabolic activities
(13-cis-, 9-cis- and all-trans-retinoic acid (ATRA)). Retinoid signalling pathways in the brain have 
been implicated in the pathophysiology of Alzheimer’s disease, schizophrenia and depression [54]. 
The molecular structures of some of the biologically most relevant retinoids, and their inter-con-
vertibility, are shown in Figure 1. 

Metabolism of vitamin A
The main dietary forms of vitamin A are carotenoids from plants and retinyl esters from animal
tissues. Retinyl esters are enzymatically converted to retinol in the intestinal lumen prior to absorp-
tion by enterocytes, whereas carotenoids are internalised unchanged and partially converted to 
retinol. In the enterocyte, retinol is esterified to long-chain fatty acids before incorporation into
chylomicrons that are excreted into the lymph [55]. Chylomicrons are converted to chylomicron 
remnants en route in the circulation, while retaining almost all of their retinyl esters [56]. In the 
liver, chylomicron remnants are taken up and the retinyl esters are converted to retinol, which is ei-
ther re-esterified for storage purposes, or bound to retinol binding protein (RBP) and released into
the circulation [57]. Retinoids from the liver are thus mainly transported to peripheral organs as 
retinol bound to RBP, which is taken up by target cells where it is converted to retinoic acids, but 
cells may also acquire retinoic acids such as ATRA from plasma, in which it is present at concentra-
tion of about 5 ng/ml [58].

Retinoic acids
Retinoic acids are the biologically most active derivatives of vitamin A, which exist in the form of 
all-trans, 9-cis, and 13-cis isomers in biological systems. They are potent regulators of many biologi-
cal processes through their ability to activate two families of nuclear hormone receptors; the retin-
oic acid receptors (RAR) and the retinoid X receptors (RXR). The natural ligands for the RARs are
ATRA and its stereoisomers 9-cis-RA and 13-cis-RA, whereas RXRs are activated by 9-cis-RA only 
[59]. In this way, these retinoids control development and homeostasis, by regulating cell differen-
tiation, proliferation and apoptosis in virtually every vertebrate tissue [60]. Retinoic acid signalling 
has been found to be essential for pattern formation in the embryonic vertebrate central nervous 
system [61], to be required during normal alveolar development, and also throughout life for the 
maintenance of lung alveoli [62]. Pharmacological doses of synthetic retinoic acid analogues have 
been found to be capable of binding to both RAR/RXRs and the AhR [63]. 
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Further evidence linking AhR with RA catabolism came from studies with AhR knockout mice, 
which were shown to have more then 3-fold increased levels of ATRA in their liver [64]. Also, the 
administration of AhR ligands like 2,3,7,8-tetrachlorodibenzo-p-dioxin led to depletion of hepatic 
retinoids, including RA, in normal animals [65], whereas it did not have such an effect in AhR
knockout animals [66]. 

Nose-only exposure
Nose-only exposure systems are widely used to study the effects of inhaled aerosols or gases on
rodents. They have some advantages over whole-body exposure systems, such as more control over
dosage, targeted delivery to the respiratory system only and no soiling of fur [67]. However, there 
are also disadvantages connected to this method of exposure. Animals are confined to a tube, for
sometimes extended periods of time, and to ensure proper delivery of the agent of interest to the 
nasal region they have to be restrained. This inevitably causes stress, in addition to that experienced
because of exposure to a noxious substance, which could influence results.

Figure 1: Molecular structure of some biologically relevant retinoids and their inter-convertibility
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Restraint stress
Restraint is a mixture of physical (restricting of movement) and psychological (isolation of the indi-
vidual from its group) stress. Generally, during stress, an adaptive response involving the hypotha-
lamus-pituitary-adrenal axis is activated to sustain homeostasis. This adaptive response alters the
secretion of corticotropin-releasing factor, adrenocorticotropic hormone, luteinizing hormone, and 
adrenal corticosteroids [68]. Restraint stress has been shown to suppress the immune system [69], 
slow cutaneous wound healing [70], cause hyperthermia [71] and depress food intake [72] and 
weight gain [73]. All of these effects can be explained through the general adaptive stress response.
Restraint has also been shown to depress levels of retinol in serum, liver and lungs of rats, while 
liver retinyl palmitate levels were increased [74], through an as of yet unknown mechanism. 

Outline and scope of the thesis
The experiments described in this thesis were designed to shed some more light on the mechanisms
underlying cigarette smoke-induced lung emphysema. To investigate this, a model system was set 
up using the mouse. Measuring lung function in mice can be problematic, and some controversy 
has arisen concerning whole-body plethysmography, a method previously widely used [75].We 
sought to develop a new method of measuring lung function changes in mice. In Chapter 2, we 
describe a method using ex-vivo perfusion with buffer, to measure lung function changes in mice.
Whenever rodents are used as a model for human disease, there are questions about species differ-
ences to be answered. In Chapter 3, we deal with these questions with regard to the regional distri-
bution of smoke-induced damage throughout the lungs. One of the substances in cigarette smoke 
that has not been studied to a great extent is humic acid. This breakdown product of plant material
is present in cigarette smoke and has also been found deposited in smokers’ lungs [44]. We investi-
gated the hypothesis that deposition of humic acid would potentiate cigarette smoke-induced lung 
damage in Chapter 4. Another interesting aspect of cigarette smoke-induced lung emphysema, 
which recently received more attention, is the role played by vitamin A and its metabolites, most 
notably retinoic acids. In Chapter 5, we investigated the hypothesis that a low dietary vitamin A 
status affects the susceptibility to cigarette smoke-induced lung emphysema. The model system that
we have set up involves the exposure of mice to cigarette smoke while they are restrained in tubes, 
to ensure delivery to the nasal region only. However, high mortality rates forced us to investigate 
aspects of the exposure methodology. In Chapter 6, we report on the relation between smoke expo-
sure, restraint-stress, hypothermia and mortality in our nose-only exposure system.

Chapter 1
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Use of ex-vivo perfusion to assess emphysema-
related lung function changes in mice
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Abstract
To investigate the relations between morphological and functional parameters of lung emphysema 
in mice, we tested a newly developed ex-vivo perfusion method in an elastase model of emphy-
sema. Lungs of mice that had been instilled with elastase or phosphate-buffered saline (PBS) 2
days or 6 weeks earlier, were perfused ex-vivo via the trachea at a range of buffer-flows while the
‘back-pressure’ (Pao) was recorded, or fixed at a set pressure and used for morphology and mor-
phometry. Two days after treatment with elastase the flow/Pao curve remained unchanged, but
after 6 weeks the curve of the controls was increased in steepness and height compared to elastase-
treated animals. The destruction of lung parenchyma as judged by the mean linear intercept (Lm)
was slight, but significant, two days after elastase. Also the mean distance between alveolar attach-
ments to bronchioles (AaDist) was significantly increased. Six weeks after elastase the increase in
Lm was more pronounced, while the increase in AaDist was similar as on day 2. Total lung volume 
was increased at 6 weeks only. Since the deterioration of lung parenchymal structure could not be 
correlated to the flow/Pao curves, this novel perfusion method cannot be used to assess the conse-
quences of the alveolar destruction that takes place in animal models of emphysema.

Introduction
Chronic Obstructive Pulmonary Disorder (COPD) is a collective noun for chronic bronchitis, 
small airways disease and lung emphysema. It is becoming increasingly prominent among the pul-
monary diseases, and is projected to become 3rd worldwide cause of death in the coming decades 
[76]. Cigarette smoking is the main causative factor and inflammation is considered crucial to
development of the disease, but the underlying mechanisms are far from clear. In lung emphy-
sema, airspaces become enlarged as a consequence of the destruction of alveolar walls. Two major 
hypotheses have been put forward to explain the onset and progress of emphysema. The prote-
ase/anti-protease hypothesis states that there is a disturbed balance between proteolytic enzymes 
and anti-proteases in the lung because of increased activity of proteolytic enzymes and/or reduced 
activity of anti-proteases in the lung. This leads to the breakdown of alveolar walls. Activated
macrophages and neutrophils are well-known sources of proteolytic enzymes, such as leukocyte 
elastase, proteinase 3, matrix metalloproteases, cysteine proteinases, and plasminogen activators 
[77], and increased numbers of these cells have been found in the airways of COPD patients [77, 
78]. The second hypothesis revolves around the actions of radicals, such as the reactive oxygen
species (ROS), hydrogen peroxide and hydroxyl radical. Cigarette smoke not only serves as a direct 
source of these and other radicals (estimated to be 1015 per puff) [79], but is also an indirect cause
by activating macrophages and neutrophils to produce ROS that damage epithelia and alveolar 
walls, thus promoting inflammation. Furthermore, endogenous proteinase inactivators in the lung
can be rendered inactive through oxidative damage [80], providing a link between the two theories. 
Studies into the etiopathology of smoking-induced lung emphysema in humans are hardly feasible, 
since most patients are not seen by a physician until they have established disease with already in-
validating symptoms. Therefore, establishment of valid animal models and measurement methods
is of great importance. 
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Most animal studies into emphysema have relied on morphological methods to assess the damage 
to the lungs. Also, lung pressure/volume curves using air- and saline-filled lungs [81-83] have been
used to determine functional characteristics and correlate them with morphological data, mainly 
Lm. Here we present a new measurement method involving perfusion of the lungs with buffer via
the trachea. After using elastase instillation to induce emphysema in mouse lungs, we quantitated 
tissue destruction morphologically and measured functional changes using ex-vivo lung perfusion 
in order to correlate morphological and functional parameters.

Materials and methods

Animals
Five-week-old male C57BL/6J mice were purchased from Harlan (Horst, The Netherlands) and
housed under controlled conditions, in macrolon cages under filter-tops, in the local animal facil-
ity. Animals received water and feed (Hope Farms, Woerden, The Netherlands) ad libitum. After an 
acclimatisation period of one week, animals were handled twice-weekly for at least 2 weeks before 
experiments were started. All experiments were conducted in accordance with the Animal Care 
Committee of Utrecht University.

Elastase instillation
Mice were anaesthetised by intramuscular injection of a mixture of ketamin (Narcetan™, 0.3 ml/g 
body weight) and xylazine (Sedamun™, 0.2 ml/g body weight). Then, 8 IU of porcine pancreas
elastase (ICN Biomedicals, Zoetermeer, The Netherlands) dissolved in 50 µl of phosphate buffered
saline (PBS), or PBS alone was instilled into the lungs via the trachea. Two days or 6 weeks later, 
lungs were removed for perfusion studies or morphometry.

Perfusion
Perfusion was performed essentially as described by Lilly [84], with some modifications to the
original method. After injection of an overdose of sodium pentobarbital (Nembutal™, 1 ml/g body 
weight, i.p.) a cannula was inserted into the trachea and fixed in place with a ligature. Lungs and
heart were removed en bloc and the lungs were attached to a setup capable of delivering a range 
of buffer flows through a peristaltic pump. Buffer (NaCl 118 mM; NaHCO3 25 mM; MgCl2 0.5 
mM; CaCl2 2.4 mM; KCl 4.7 mM; NaH2PO4 1 mM; glucose 12 mM; constantly gassed with 
95% O2 /5% CO2) and organ temperature were kept at 37°C using water jackets. Firstly the lungs 
were fully inflated with buffer at a pressure of 25 cm H2O. Then, to allow exit of buffer, scattered
over the lungs holes were made in the pleura, using a 23G syringe needle. Perfusion was started at 
a buffer flow rate of 0.65 ml/min. The ‘back pressure’ resulting from the perfusion (airway opening
pressure, Pao) was recorded from a side tap at the tracheal cannula, using a pressure transducer. The
number of holes was increased until a stable Pao was obtained, indicating that flow of buffer was
no longer limited by the number of holes but rather a function of airways structure. 
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Mechanical properties of the lungs were assessed by determining flow/Pao curves at increasing
flow-rates in increments of 1.30 ml/min to 5.85 ml/min followed by a reduction to baseline, using
the same intervals. This was repeated 2 times for each lung preparation and values from the 4 runs
were averaged. After the 4 runs, at basal flow rate, 50 µl of a 1mg/ml methacholine solution was 
injected into the buffer flow through a septum to measure nonspecific smooth muscle contractility
as judged by Pao increase.

Compliance
Apart from the fact that flow/Pao curves give an indirect measure for the compliance of the lungs,
the volume of lungs fixed under pressure was used as a surrogate parameter for compliance. To that
end, freshly isolated lungs were inflated via the cannula with Carnoy’s fixative at a fluid pressure of 
25 cm for 5 min. Fixation was continued for at least 4 h before rinsing the lungs in 3 changes of 
100% ethanol. After removal of heart, trachea and esophagus, the volume of the fixed lungs was
assessed by measuring fluid displacement.

Morphometry
After measurement of lung volume, lung lobes were embedded in an acrylic copolymer consisting 
of 75 parts of butyl methacrylate and 25 parts of methyl methacrylate (Sigma-Aldrich, Zwijndre-
cht, The Netherlands). After polymerisation, sections of 3 µm were cut in the frontal plane, mount-
ed on cover slips, and de-plasticised using acetone. Following standard haematoxylin & eosin 
staining, the extent of alveolar wall damage was determined. At 5× magnification, digitised images
were taken of representative fields not containing large vessels or bronchi. Grids of 8 horizontal and
10 vertical lines were superimposed on the images, and the number of intersections with alveolar 
walls was counted using the ImagePro™ 4.0 software package and a custom-written macro. Of 
each animal 3 fields from the left and 3 from the right lung lobe were measured. By dividing total
grid length by the number of intersections, the mean linear intercept (Lm) was calculated. For the 
determination of the mean distance between alveolar attachments to bronchioles (AaDist), the 
same lung sections were used to make separate images of 10 representative bronchioles (median 
inner diameter: 503 µm) per animal. The basement membrane perimeter (Pbm), outer airway wall
perimeter defined by the airway adventitia (Po), and the length of pulmonary vessel shared with
the outer perimeter (Vl) were measured, and the number of alveolar attachments (Aa) was counted 
essentially as described by Elliot et al. [85]. To calculate AaDist, Po was divided by Aa after sub-
tracting Vl.

Statistics 
Organ volume, perfusion and morphometric data have been expressed as means ± standard error of 
the mean (SEM). Values were compared between groups using an unpaired, two-tailed Student’s t-
test. Flow/Pao curves were fitted using linear regression and compared for slope and elevation using
the ANCOVA method of the GraphPad Prism 4.03 for Windows software package. A confidence
level of p < 0.05 was considered significant.
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Results

Effect of elastase treatment on lung volume
Compared to PBS, treatment with elastase did not change lung volume after 2 days, but signifi-
cantly increased the volume after 6 weeks (Figure 1). 

Figure 1: Effect of elastase instillation on the organ volume of inflated mouse lungs. Organ volume of fixed lungs was determined by fluid
displacement, 2 days and 6 weeks after instillation of 50 µl of PBS (white bars) or PBS containing 8 IU of porcine pancreas elastase (grey 
bars). Bars represent means ± SEM of 5-6 animals per group. *: p < 0.05 compared to PBS.

Figure 2: Effect of elastase instillation on tissue morphology of mouse lungs. Mouse lungs were isolated 2 days (a, b) and 6 weeks (c, d) 
after intratracheal instillation of 50 µl of PBS (a, c) or PBS containing 8 IU of porcine pancreas elastase (b, d) and fixed at a standard
pressure. After plastic embedding, sections (2 µm) were cut and stained with haematoxylin-eosin. Magnification 20×

Elastase-induced lung damage
Elastase-treated lungs already showed appreciable destruction of the alveolar walls after 2 days, 
compared to lungs of PBS-treated controls (Figure 2a and b). The destruction was much more
prominent 6 weeks after treatment (Figure 2c and d). 
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When quantified as Lm, elastase caused a small, but highly significant increase 2 days after treat-
ment, and a much more prominent increase after 6 weeks (Figure 3), compared to PBS-treated 
controls. Elastase treatment increased AaDist compared to PBS treatment significantly and to a
similar degree, after 2 days and 6 weeks (Figure 4).

Figure 3: Effect of elastase instillation on distance between alveolar walls in mouse lungs. The mean distance between
alveolar walls was measured 2 days and 6 weeks after instillation of 50 µl of PBS (white bars) or PBS containing 8 IU of 
porcine pancreas elastase (grey bars) in digitised photomicrographs of haematoxylin-eosin stained lung sections, using im-
age-processing software. Bars represent means ± SEM of 4-6 animals per group. *, **: p < 0.05 or p < 0.005 compared to 
PBS  

Figure 4: Effect of elastase instillation on distance between alveolar attachments to bronchioles in mouse lungs.
The number of alveoli attached to bronchus walls was counted 2 days and 6 weeks after instillation of 50 µl of PBS (white 
bars) or PBS containing 8 IU of porcine pancreas elastase (grey bars) in digitised photomicrographs of haematoxylin-eosin 
stained lung sections, using image-processing software. Dividing the outer perimeter of the bronchus by the number of 
attachments yielded AaDist. Bars represent means ± SEM of 4-6 animals per group. *, **: p < 0.05 or p < 0.005 compared 
to PBS. 
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Effect of elastase on lung function
On gross inspection, mice did not show any overt visible or audible changes in breathing after 
treatment with elastase. Elastase treatment also did not change flow/Pao curves of lungs 2 days after
treatment as compared to PBS (Figure 5a). Six weeks after treatment, the curve from the controls 
was significantly higher and steeper than that of elastase-treated animals, which remained similar as
2 days after treatment (Figure 5b). Compared to PBS, elastase did not change non-specific bron-
chial responsiveness as measured by increases in Pao upon addition of methacholine to the buffer
on day 2 and after 6 weeks (Figure 6).

Figure 5: Effect of elastase instillation on flow/pressure curves in mouse lungs. Flow/Pao  curves were determined 2 days 
(a) and 6 weeks (b) after instillation of 50 µl of PBS () or PBS containing 8 IU of porcine pancreas elastase (●). Whole 
lung preparations were perfused at a range of buffer flows and the resulting pressure (Pao) was recorded. Values are means ± 
SEM of 6 animals per group. **: p < 0.005 compared to PBS. 

Figure 6: Effect of elastase instillation on bronchial contraction in mouse lungs. Whole lung preparations were perfused 
with buffer 2 days and 6 weeks after instillation of 50 µl of PBS (white bars) or PBS containing 8 IU of porcine pancreas 
elastase (grey bars). After obtaining flow/Pao  curves, at basal flow rate 50 mg methacholine solution was injected into the
buffer flow. The increase in Pao was recorded as a measure of nonspecific smooth muscle contractility. Bars represent the 
increase of Pao above basal values. Shown are means ± SEM from 5-6 animals per group.
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Discussion 
In this study, we aimed to investigate the suitability of a newly developed perfusion method for 
assessing functional changes in an elastase-induced model of emphysema in mice. Flow/Pao curves 
resulting from ex-vivo perfusion of mouse lungs with slight and marked emphysema were as-
sessed to see whether these are useful functional measures of emphysema in the mouse. Lungs of 
mice 2 days after elastase instillation had a normal volume, a moderate, but significant, increase in
Lm and a significant increase in AaDist as compared to PBS-treated control lungs. However, the
flow/Pao curves and Pao in response to methacholine administration had not changed. Six weeks
after elastase instillation, the flow/Pao curve exhibited an upward shift and an increase in steepness,
but only in the control animals. The elastase-treated week 6 lungs, unlike the day 2 lungs, had a
significantly increased volume and more marked increases in Lm, but a similar increase in AaDist.
So, an increased organ volume and a substantial loss of alveolar walls are not associated with an 
upward shift in the flow/Pao curve. The upward shift indicates an increase in pressure at similar
flows of buffer, which translates to an increase in resistance of the perfused airways. The exact cause
of this increase in resistance, that occurred only in control animals, cannot be pinpointed using 
the present data, but might be attributed to an age effect. Since organ volumes were determined
in lungs fixed at a set pressure, the increase in volume after elastase treatment can be interpreted
as an increase in compliance. Such an increase is not in accordance with the unchanged flow/Pao
curves in the enlarged lungs, which, like in the fixation procedure, measures the ability of the lungs
to offer counter-pressure. Previously, elastase instillation was shown to increase lung compliance in
models using hamsters [82, 86] and rats [83, 87]. It is strange that the increase in AaDist present at 
both 2 days and 6 weeks did not lead to a decrease in flow/Pao, since previous studies have shown
a correlation between the number of alveolar attachments per bronchiole and elastic recoil pres-
sure [88] or airflow obstruction [89]. However, these studies were performed on autopsied human
lungs, which generally were obtained from smokers, which makes comparison with the mouse 
elastase-instillation model used in this study complicated. It is likely that the mechanism and sites 
of damage to the lungs are quite different. Our observation that non-specific airway hyperrespon-
siveness, as exemplified by increased Pao values in reaction to methacholine exposure, did not
occur following elastase treatment, does not agree with data both from human [90] and rat studies 
[91] that show that upon methacholine stimulation, emphysematous lungs exhibit greater airway 
narrowing to this cholinergic smooth muscle contractant. It is known from literature however, that 
the C57BL/6J mouse is a rather poor responder to methacholine, compared to other mouse strains 
[92]. This could be an explanation for our inability to demonstrate hyperresponsiveness, in spite
of clearly present emphysematous lesions. Taking all results together, we showed that neither Lm, 
nor AaDist correlated with increased resistance upon perfusion (as evidenced by a upward shift in 
flow/Pao profile) in an elastase model of emphysema in the mouse. We conclude that the novel
technique of establishing flow/Pao profiles by perfusing lungs ex-vivo cannot be used to demon-
strate the functional consequences of widespread destruction of parenchyma seen in animal models 
of emphysema.
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Abstract
To validate a mouse model of cigarette smoke-induced emphysema it was studied whether the 
superior regions of the lung, like in humans, are predisposed to the disorder. Female C57BL/6J 
mice were exposed nose-only to the diluted smoke of 3 simultaneously burning cigarettes, two 
times every weekday, for 6 months. Airway responsiveness to increasing concentrations of inhaled 
nebulised methacholine was determined monthly, 24 hours after exposure. Lungs were sampled, 
fixed and embedded in acrylic copolymer 24 hours after the last exposure. Sections were cut from
the left lung in the frontal plane along the dorsoventral axis at 400 µm intervals and stained with 
haematoxylin & eosin. Per section two digitised images were captured each in the caudal, medial 
and cranial region to assess mean linear intercept (Lm) as a measure of smoke-induced lung dam-
age. Smokers showed an average increase in Lm of 10% compared to control animals (p < 0.05). 
Plotting Lm on the dorsoventral axis showed the most damage at the most ventral section depth 
of 400 µm, whereas damage on the caudocranial axis was most pronounced in the cranial region 
of the lung. When ∆Lm was plotted simultaneously on the caudocranial and dorsoventral axes, 
striking regional differences were observed. Generally, values were highest in the cranial region of
the lungs, where they followed a bell-shaped curve in the frontal plane, with differences of up to
20% between smokers and controls. Both in the medial and caudal regions, the distribution almost 
mirrored that seen in the cranial region. The caudal region showed a nadir of -1% in the middle
of the frontal plane and differences of about 7% ventrally and dorsally of it. Lung lavage fluid of
smokers and controls contained > 97% macrophages and no neutrophils, while total cell numbers 
were not increased in smokers. Also interstitial inflammation was minimal. Smoking did not cause
significant cholinergic airway hyperreactivity at any of the time points measured. Since damage was
preferentially seen in the upper part of the lung, we believe this mouse model to be a good approxi-
mation of smoke-induced emphysema in humans. 

Introduction
Chronic inhalation of cigarette smoke is generally considered to be the main etiological factor in 
the development of lung emphysema. The disease is characterised by dilatation and destruction of
the alveolar walls and respiratory bronchioles, and progressive airflow limitation [93]. Emphysema
can be divided in to pure centrilobular, pure panacinar, or mixed type. In centrilobular emphy-
sema, the respiratory bronchioles are predominantly involved, while in panacinar the whole acinus 
is uniformly damaged. As the disease progresses, a mixture of centrilobular and panacinar patterns 
can be observed in the lung [22]. Centrilobular emphysema, generally associated with cigarette 
smoking, is the most common form [94]. One hallmark of centrilobular emphysema in man 
is a predisposition of the upper parts of the lungs towards the disease [22, 23]. So far, there are 
several theories to explain the pathology of emphysema, of which the protease/antiprotease [8] and 
oxidant/antioxidant [80] theories have received the most attention. Because most patients are only 
seen by a doctor when the disease has become symptomatic, most studies in humans so far concern 
relatively advanced emphysema. 

To study the etiology of this debilitating condition, rodent models of cigarette smoke-induced 
emphysema are being increasingly employed, since they offer the ability to track the progress of the
disease in time. However, rodent airways differ considerably from those of humans. This difference
has been cited as a reason why models employing rodents may not be able to reproduce the effects
seen in humans [95]. Since most studies in rodents that use the mean linear intercept (Lm) as a 
measure of extent of emphysema either do not report on the spatial location where lung samples 
are taken, or sample at random locations throughout the lung [81, 96-99], we wanted to document 
regional differences in smoke-induced lung damage in the mouse. To this end, smoke-induced
damage was assessed throughout the left lung, by measuring Lm at a range of depths and heights. 

Materials and methods

Animals
Seven-week-old female C57BL/6J mice were purchased from Charles River (Maastricht, The
Netherlands) and housed under controlled conditions, in macrolon cages under filter-tops, in the
local animal facility. Animals received water and feed (Hope Farms, Woerden, The Netherlands)
ad libitum. All experiments were conducted in accordance with the Animal Care Committee of 
Utrecht University. 

Study outline
At the start of the experiment, mice were randomly divided into two groups: smoke (n=12) and 
control (n=12). Of each group, 6 mice were marked on the tail with water-resistant marker bi-
weekly for identification in the airway reactivity measurements. Animal weights were monitored
weekly throughout the experiment.

Smoke exposure
Cigarette smoke was generated by the burning of commercially available Lucky Strike™ cigarettes 
without filter (British-American Tobacco, Groningen, The Netherlands), using the TE-10z smok-
ing machine (Teague Enterprises, Davis, CA) which is programmed to smoke cigarettes accord-
ing to the Federal Trade Commission protocol (35 ml puff volume drawn for 2 seconds once per
minute). A set number of cigarettes are automatically loaded, ignited, smoked and the butts ejected 
and extinguished during 1 run of 9 minutes. Before starting smoke exposure, mice were accus-
tomed to the exposure tubes by gradually prolonging their stay in the tubes over the course of two 
weeks. Then, smoke exposure was started with 1×1 cigarette, increasing the dosage to 2×3 cigarettes
within two weeks. Mice were exposed nose-only to the diluted mainstream and sidestream smoke 
of 3 simultaneously burning cigarettes, twice every weekday for 6 months using the In-Tox 24-port 
nose-only exposure chamber (In-Tox Products Inc., Albuquerque, NM). Control mice underwent 
the same procedures, but were allowed to breathe room air throughout the whole exposure period. 

Chapter 3



32

Lung emphysema induced by cigarette smoke - Studies in mice   Regional variability in cigarette smoke-induced lung emphysema in mice

33

T.J.A. van Eijl

Determination of smoke parameters
Carbon monoxide content of smoke inside the exposure chamber was measured by sampling with 
the Monoxor II CO analyzer (Bacharach Inc., New Kensington, PA, USA) at 15 seconds intervals 
during 2 runs. Total Suspended Particulates (TSP) concentration of smoke inside the exposure 
chamber was determined gravimetrically. The weight of Emfab™ filters (Pall Corporation, East
Hills, NY, USA) was determined before and after smoke had been drawn through during 1 run. 
Dividing weight increase by smoke volume yielded TSP concentration.

Determination of smoke exposure parameters
Plasma nicotine and cotinine levels were determined in a separate group of mice (n=5). Animals 
went through the training and first two weeks of the smoke exposure regimen (see below). Im-
mediately following the last exposure, mice were sacrificed. Following injection of an overdose of
sodium pentobarbital (Nembutal™, Ceva Santé Animale, Naaldwijk, The Netherlands, 1 µl/g body
weight, i.p.) blood was obtained by cardiac puncture, mixed with heparin and centrifuged to yield 
plasma. Plasma levels of nicotine and cotinine were measured as described before [100], at the 
Laboratory of Analytical Chemistry of the National Institute for Public Health and the Environ-
ment. 

Lung preparation and volume measurement
Twenty-four hours after the last smoke exposure, animals were sacrificed. Following injection of an
overdose of sodium pentobarbital (Nembutal™, Ceva Santé Animale, Naaldwijk, The Netherlands, 1 
µl/g body weight, i.p.) a cannula was inserted into the trachea and fixed with a ligature. Lungs and
heart were removed en bloc and the lungs were inflated via the cannula with Carnoy’s fixative (etha-
nol:chlorophorm:acetic acid 60:30:10) (Sigma-Aldrich, Zwijndrecht, The Netherlands) at a fluid
pressure of 25 cm for 5 min. Fixation was continued for at least 4 hours before rinsing the lungs 
in 3 changes of 100% ethanol (Sigma-Aldrich, Zwijndrecht, The Netherlands). After removal of
heart, trachea and oesophagus, the volume of the fixed lungs was measured by fluid displacement.
Then, the left lung was embedded in acrylic copolymer  consisting of 75 parts of butyl methacrylate
and 25 parts of methyl methacrylate (Sigma-Aldrich, Zwijndrecht, The Netherlands). After polym-
erisation, sections of 3 µm were cut at 400, 800, 1200, 1600 and 2000 µm depth in the dorsal-
ventral plane, mounted on cover slips, de-plasticised using acetone and stained with haematoxylin 
& eosin.

Morphometry
The extent of smoke-induced alveolar wall damage was determined morphometrically, using digi-
tised images of representative fields not containing vessels or bronchi. Grids of 8 horizontal and 10
vertical lines were superimposed on the images, and the number of intersections with alveolar walls 
was counted using the Image Pro™ 4.0 software package and a custom-written macro. 

Per section two digitised images were captured each in the cranial, medial and caudal region, at 
5× magnification. By dividing total grid length by the number of intersections, the mean linear
intercept (Lm) was calculated. In total, 30 fields were used per lung to calculate the average Lm.
For each combination of section-depth and height, a regional ∆Lm was calculated by subtracting 
Lm of controls from that of smokers. ∆Lm was expressed as the relative difference from the control
Lm (set at 100%).

Measurement of intraluminal inflammation
Twenty-four hours after the last smoke exposure, bronchoalveolar lavage was performed. After 
sodium pentobarbital anaesthesia, lungs were lavaged with 1 ml of PBS containing 5% BSA and 4 
times with 1 ml saline. Lung lavage cells of each mouse were collected after centrifugation, pooled 
and resuspended in 150 µl saline. For differential cell counts, cytospin preparations were made and
stained with Diff-Quick™ (Dade A.G., Düdingen, Switzerland). Total number of cells was deter-
mined and cells were differentiated by standard morphology.

Histopathological assessment
Interstitial inflammation and morphological changes in lung structures were assessed by light mi-
croscopy using the same sections of lung tissue that had been used for morphometry.

Determination of airway responsiveness
Airway responsiveness to increasing concentrations of inhaled nebulised methacholine was 
determined 24 hours after smoke exposure in weeks 3, 7, 11, 16, 20 and 24 following the start 
of exposure. Measurements were performed in conscious, free-moving mice using whole body 
plethysmography (Buxco, EMKA, Paris, France) as described before [101]. Airway responsiveness 
was expressed as enhanced pause (Penh).

Statistics 
Values were compared between groups using an unpaired, two-tailed Student’s t-test for equal 
variance in Excel 2000 for Windows or a two-way ANOVA followed by Bonferroni’s correction for 
multiple comparisons in GraphPad Prism 4.03 for Windows. A confidence level of p < 0.05 was
considered significant.

Chapter 3



34

Lung emphysema induced by cigarette smoke - Studies in mice   Regional variability in cigarette smoke-induced lung emphysema in mice

35

T.J.A. van Eijl

Results

Smoke and smoke exposure parameters
TSP concentration of smoke inside the exposure chamber was 798 mg/m3 (average over 2 runs). 
Carbon monoxide concentration averaged > 1639 ± 571 ppm, with levels above the upper limit of 
detection (2000 ppm) during half of the exposure period. Animals that had been exposed at these 
levels for 2 weeks had plasma levels of 378 ± 117 ng/ml nicotine and 552 ± 225 ng/ml cotinine, 
immediately following exposure.

Effects of smoke exposure on body weights
Body weights did not differ between room air breathing controls and smoke-exposed animals in
the first week. But from then on, until the end of the experiment, smokers weighed significantly
less than room air breathing control mice. The difference in average body weights increased with
time, but did not exceed 10% (Figure 1).

Effects of smoke exposure on Lm
Compared to room-air breathing controls, average Lm throughout the lungs was significantly
increased (+10%) in smoke-exposed mice (Figure 2). When Lm was plotted as a function of depth, 
along the dorsoventral axis (Figure 3), or of height, along the caudocranial axis (Figure 4), values 
for room air breathing control animals were similar throughout the lung. In smokers however, Lm 
increased in the cranial direction reaching significance in the cranial region. Along the dorsoventral
axis no clear trend could be discerned, but at the most ventral section depth of 400 µm, the Lm of 
smokers is significantly higher compared to the Lm of room air breathing controls.

Figure 1: Body weights during 6 months of smoke exposure. Mice were exposed to cigarette smoke () or room air () 
for 5 days a week during 6 months. Every Monday morning before smoke exposure body weight was recorded. Values are 
means ± SEM of 12 animals per group.  *: p < 0.05 compared to room-air breathing controls. 

Figure 2: Lung damage, as judged by Lm, after 6 months of smoke exposure. Mice were exposed to cigarette smoke or 
room air, for 5 days a week during 6 months. Lungs were processed 24 h after last exposure, to prepare sections of the left 
lobe in the frontal plane at 5 different depths, for measurement of the Lm at 2 sites each in the caudal, medial and cranial
region of each section. Bars represent means ± SEM of 30 fields per animal and 3 animals per group. *: p < 0.05 compared
to room-air breathing controls.

Figure 3: Lung damage at varying depths in the lung, as 
judged by Lm, after 6 months of cigarette smoke exposure. 
Mice were exposed to cigarette smoke () or room air ()  
for 5 days a week during 6 months. Lungs were processed 
24 h after last exposure, to prepare sections of the left lobe 
in the frontal plane at 5 different depths, for measurement
of the Lm at 2 sites each in the caudal, medial and cranial 
region of each section. Values are means ± SEM of 6 fields
per animal and 3 animals per group. *: p < 0.05 compared to 
room-air breathing controls at same depth.

Figure 4: Lung damage at varying heights in the lung, as 
judged by Lm, after 6 months of cigarette smoke exposure. 
Mice were exposed to cigarette smoke () or room air ()  
for 5 days a week during 6 months. Lungs were processed 
24 h after last exposure, to prepare sections of the left lobe 
in the frontal plane at 5 different depths, for measurement
of the Lm at 2 sites each in the caudal, medial and cranial 
region of each section. Values are means ± SEM of 5 fields
per animal and 3 animals per group. *: p < 0.05 compared to 
room air breathing controls at same height.
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Plotting ∆Lm (i.e. the relative increase in Lm caused by smoke exposure) simultaneously along the 
caudocranial and dorsoventral axes, revealed striking regional differences (Figure 5). Generally, val-
ues were highest in the cranial region of the lungs, where they followed a bell-shaped curve along 
the dorsoventral axis, with differences of up to +20% between smokers and controls. Both in the
medial and caudal regions, ∆Lm values formed almost a mirror image of those seen in the cranial 
region. The ∆Lm in the caudal region showed a nadir of -1% in the middle of the dorsoventral axis
and increases of about 7% ventrally and dorsally of it.

Effects of smoke exposure on lung volume and bronchoalveolar lavage
cell numbers
Lung volume, corrected for body weight, was significantly increased following smoke exposure
(Figure 6). Total cell numbers in bronchoalveolar lavage fluid were similar in smokers and room air
breathing controls (Figure 7). The lavaged cells consisted almost exclusively of macrophages and 2-
3% lymphocytes, while neutrophils were absent, both in smokers and room air breathing controls 
(data not shown).

Figure 5: Lung damage at varying heights and depths in the lung, as judged by ∆Lm, after 6 months of cigarette smoke 
exposure. Mice were exposed to cigarette smoke or room air, for 5 days a week during 6 months. Lungs were processed 24 
h after last exposure, to prepare sections of the left lobe in the frontal plane at 5 different depths, for measurement of the
Lm at 2 sites each in the caudal, medial and cranial region of each section. Bars represent ∆Lm, which was calculated by 
subtracting average Lm of smokers from that of controls (3 animals per group) for each spatial location. ∆Lm is expressed as 
percentage change from control Lm. 

Effects of smoke exposure on lung histopathology  
Interstitial inflammation was minimal, if any, in smokers and absent in room air breathing con-
trols. In smokers, the distal part of the terminal bronchiole and the alveolar ducts were distended 
compared to room-air breathing controls. Combined with the lack of destruction of alveolar septa 
this indicates a predominantly centrilobular emphysema.

Figure 6: Organ volume of mouse lungs, after 6 months of cigarette smoke exposure. Mice were exposed to cigarette 
smoke or room air, for 5 days a week during 6 months. Lungs were fixed 24 h after the last exposure, and organ volume was
determined by fluid displacement. To correct for differences in animal size, organ volumes were divided by body weight.
Bars represent means ± SEM of 3-4 animals per group. **: p < 0.005 compared to room-air breathing controls.

Figure 7: Total number of cells in bronchoalveolar lavage fluid, after 6 months of cigarette smoke exposure. Mice were 
exposed to cigarette smoke or room air  for 5 days a week during 6 months. Lungs were lavaged with PBS containing 0.5% 
BSA and protease inhibitor cocktail, 24 hours after the last smoke exposure. Cells were counted using a Burker-Türk cham-
ber, after staining with Türk solution. Bars represent means ± SEM of 3-4 animals per group. 
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Effects of smoke exposure on airway reactivity  
Airway reactivity to inhaled aerosols of increasing concentrations of methacholine did not differ
between smoke-exposed mice and room air breathing controls at all points of time measured (data 
not shown).

Discussion
In this study we exposed female C57BL/6J mice to cigarette smoke to induce lung emphysema, as 
seen in 10-20% of chronic smokers. The smoke to which the mice were exposed contained on aver-
age more suspended particulate matter compared with previously published rodent smoke exposure 
studies [102-104] namely 897 mg/m3 versus 75 to 657 mg/m3. Moreover, the CO level was at least 
2.5 times higher than reported in a study exposing C57BL/6J mice to smoke with a concentra-
tion of 600 mg/m3 of suspended particulate matter, giving rise to a CO/TSP ratio of 1.82 vs. 1.06. 
The relatively high smoke exposure was also apparent from the nicotine and cotinine plasma levels
directly after smoke exposure, since these were about 1.5 to 2 times higher, respectively, compared 
to that same study [102]. At the given exposure conditions, the mice developed emphysematous le-
sions after 6 months of smoke exposure, as judged by the average Lm assessed at 30 sites in the left 
lung, when compared to room air-exposed controls. The smoke-induced damage was not equally
distributed over the lung. Whereas the Lm values in the lungs of room air-exposed mice were simi-
lar at all sites measured and showed no trends along the craniocaudal or dorsoventral axes, the Lm 
of the smoke-exposed mice revealed that damage was clearly most severe in the cranial region and 
decreased in the caudal direction. In this respect, the smoke-induced lung emphysema in our mice 
resembles that of human smoking-related lung emphysema, reportedly being most extensive in the 
apical region [105-107] although a homogeneous distribution was recently reported [108]. Along 
the dorsoventral axis, the most extensive damage was seen most ventrally, decreasing in the dorsal 
direction, to increase again at the most dorsal level. Regional patterns in damage became more 
clear when ∆Lm was plotted simultaneously on the dorsoventral and caudocranial axis. The dam-
age in the cranial region of the mouse lungs appeared maximal in the middle when plotted along 
the dorsoventral axis. In the medial and caudal region, however, lung damage appeared lowest in 
the central portion of the lungs and to increase in the dorsal, and particularly, the ventral direc-
tion. These results correlate well with the few studies that looked at regional deposition patterns of
cigarette smoke particles in lungs. A study in rats showed an increase in deposition when moving 
cranially along the caudocranial axis [103], and in humans cranial deposition was greater than 
expected from the distribution of resting ventilation [109]. Leukocyte counts in lung lavage fluid
were similar for smoke-exposed and control animals, in contrast to the generally reported increase 
in smoking humans and rodents [110-113]. Although a cigarette smoke-induced inflammatory
process is generally considered to be at the root of the majority of pathologic lesions associated 
with chronic obstructive pulmonary disease (COPD) [114], a lack of correlation between the 
intensity of severity of inflammation, presence of intraluminal macrophages and emphysema score
in upper and lower lobes of human smokers has been reported as well [115]. Moreover, there are 
data that point to an anti-inflammatory effect of cigarette smoke [116], and more specifically of 
the nicotine contained in the smoke, as reviewed in [117]. 

Also for CO anti-inflammatory effects have been observed [31, 32]. Since our smoke-exposed mice
were exposed to smoke with a high level of CO, and had high plasma levels of nicotine, these could 
have caused a suppression of the inflammatory response. The lack of hyperreactivity we observed
at all time points measured is not surprising, considering that Cosio et al. previously showed that 
airway reactivity in patients with centrilobular emphysema is dependent on the degree of cellular 
inflammation [21], and we observed centrilobular emphysema in our smoke-exposed C57BL/6J
mice, as did Takubo et al. [118], but no evidence of inflammation. An additional explanation for
this last finding is the fact that, in the naïve state, C57BL/6J mice are hyporeactive to smooth
muscle constrictors, including methacholine, compared to other mouse strains [92]. Consequently, 
it seems likely that this baseline hyporeactivity will also translate in a smaller likelihood of devel-
oping hyperreactivity following exposure to cigarette smoke. Summarising, after exposing female 
C57BL/6J mice to cigarette smoke for 6 months, we found a significant increase in Lm, indicative
of smoke-induced lung damage. This increase is highest in the ventral and cranial regions. The ob-
served predisposition of damage to the upper parts of the lung is similar to that seen in emphysema 
in smoking humans. In view of the observed spatial differences it is recommended to always sample
at similar 3D-coordinates within the lungs of cigarette smoke-treated animals, when performing 
morphometric studies.
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Abstract
Tobacco smoke is the main factor in the etiology of lung emphysema, but generally substantial 
and prolonged exposure seems required for development of the disease. Humic acid (HA) is a 
major, brown-colored component of cigarette smoke that accumulates in smokers’ lungs over time 
and induces tissue damage by catalyzing free oxygen radical formation. Therefore, we investigated
if HA pre-loading potentiated the development of lung emphysema. Young adult C57BL/6J 
mice received HA or the aqueous vehicle by tracheal instillation and were subsequently exposed 
to cigarette smoke or clean air 5 days a week for 2 months. Airway response to metacholine was 
determined in free-moving mice in week 7. One day after the last smoke exposure lung lavage was 
performed for examination of leukocytes, lungs were isolated for determination of volume by fluid
displacement, morphology, alveolar wall damage by assessing mean linear intercept, and hearts 
were isolated for determination of right ventricular hypertrophy. Neither HA nor smoking caused 
significant cholinergic airway hyperreactivity (AHR) or alveolar wall damage, but the combination
caused both. HA, smoking or the combination did not change leukocyte types and numbers in 
lung lavage fluid, but the combination caused peribronchiolar and perivascular lymphocyte infiltra-
tion. Only alveolar macrophages (AM) from HA-treated mice contained brown pigment, therefore 
presumed to be HA. Mere HA treatment resulted in a high proportion of heavily HA-loaded AM, 
but subsequent smoking increased the proportion of medium loaded AM. Right cardiac ventricular 
hypertrophy was seen in smokers irrespective of HA exposure. We conclude that HA deposition 
in the lungs potentiates the development of cigarette smoke-induced AHR, interstitial inflamma-
tion and lung emphysema. Since HA accumulates steadily in the lungs of smokers, this provides 
an explanation for the natural history of this disease and maybe other cigarette smoke-related lung 
pathologies as well. The model described here offers novel ways to study emphysema and may
direct the search for new therapeutic options. 

Introduction
Prolonged inhalation of cigarette smoke is considered the most important factor in the etiology of 
lung emphysema. Tobacco smoke contains a host of noxious chemicals, several of which have been 
implied as being the major damaging agents, among others, radicals such as superoxide anion, hy-
droxyl radical, and peroxynitrite. According to the oxidant/antioxidant theory of lung emphysema 
[33], prolonged exposure to such agents would overcome the antioxidant ‘shield’, with oxidative 
damage to lung tissue as the result. A radical-generating component of smoke which has not been 
studied to a great extent so far is humic acid (HA), also referred to as ‘humic-like substances’ as it 
consist of a mixture of closely related substances. HA is formed in nature upon decomposition of 
plant material and can also be generated through incomplete combustion of tobacco in cigarettes 
and cigars. HA is a major component of cigarette smoke condensate and has been isolated from 
smokers’ lungs [44]. Actually, HA represents the brown pigment deposits that can be seen in smok-
ers’ lungs and its deposition pattern in the lower respiratory tract appeared to correlate with the 
sites of lung emphysema [119]. Conceivably, HA may contribute to lung damage in a number of 
ways. As an incomplete iron chelator that can increase iron concentrations, it indirectly catalyzes 

the production of tissue-damaging free radicals [46]. The latter would also be produced by stimu-
lating respiratory burst activity of neutrophils [120]. HA also may cause apoptosis by increasing 
cytosolic Ca2+ concentrations, as shown with endothelial cells [47]. Moreover, HA may increase 
the impact of tissue damage by counteracting repair through its antiproliferative action [48, 49]. 
Tobacco-smoke related development of lung emphysema is known to require prolonged and 
substantial exposure to cigarette smoke, both in humans [121] and experimental animals [122]. 
This may be related to the accumulation of HA in the lungs with time. To test this, we investigated
whether pre-loading the lungs with HA potentiated development of lung emphysema in mice by 
subsequent exposure to cigarette smoke for 2 months, a period of time being too short to induce 
emphysema on its own.

Materials and methods

Animals
Seven-week-old female C57BL/6J mice were purchased from Charles River (Maastricht, The
Netherlands) and housed under controlled conditions, in macrolon cages under filter-tops, in the
local animal facility. Animals received water and feed (Hope Farms, Woerden, The Netherlands)
ad libitum. All experiments were conducted in accordance with the Animal Care Committee of 
Utrecht University. Before starting the experiment, mice were randomly divided into 4 groups of 
12 animals: PBS controls, humic acid (HA), smoke or HA + smoke. Animal weights were moni-
tored weekly throughout the experiment, and daily in the weeks following HA instillation.

Instillation of HA
Mice were anaesthetised by intramuscular injection of a mixture of ketamin (Narketan™, Vétoqui-
nol, ‘s Hertogenbosch, The Netherlands, 0.3 µl/g body weight) and xylazine (Sedamun™, Eurovet,
Bladel, The Netherlands, 0.2 µl/g body weight). Then, 0.2 mg HA (ICN Biomedicals, Aurora,
Ohio, USA) dissolved in 50 µl of phosphate buffered saline (PBS), or PBS alone was instilled into
the lungs via the trachea two times at a one-week interval (Figure 1). In preliminary experiments, 
we determined the amount of HA that could safely be instilled. Still, 3 mice that received HA died 
within a week after instillation. 

Smoke exposure
Tobacco smoke was generated by burning commercially available Lucky Strike™ cigarettes with-
out filter (British-American Tobacco, Groningen, The Netherlands), using the TE-10z smoking
machine (Teague Enterprises, Davis, CA). Before starting smoke exposure, mice were trained by 
gradually prolonging their stay in the exposure tubes during the course of two weeks. 
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Two weeks after the last HA instillation, smoke exposure was started with 1×1 cigarette, increas-
ing the dosage to 2×3 cigarettes within two weeks. Mice were exposed nose-only to the diluted 
mainstream and sidestream smoke of 3 simultaneously burning cigarettes, twice every weekday for 
2 months (Figure 1) using the In-Tox 24-port nose-only exposure chamber (In-Tox Products Inc., 
Albuquerque, NM).

Figure 1: Schematic representation of the treatment schedule

Determination of airway responsiveness
Airway responsiveness to increasing concentrations of inhaled nebulized methacholine was 
determined in week 7 following the start of smoke exposure. Measurements were performed in 
conscious, free-moving mice using whole body plethysmography (Buxco, EMKA, Paris, France) as 
described before [101]. Airway responsiveness was expressed as enhanced pause (Penh).

Preparation of lungs for histology 
Twenty-four hours after the last smoke exposure, animals were sacrificed. Following injection
of an overdose of sodium pentobarbital (Nembutal™, Ceva Santé Animale, Naaldwijk, The
Netherlands,1 µl/g body weight, i.p.) a cannula was inserted into the trachea and fixed with a
ligature. Lungs and heart were removed en bloc and the lungs were inflated via the cannula with
Carnoy’s fixative at a fluid pressure of 25 cm for 5 min. Fixation was continued for at least 4 
hours before rinsing the lungs in 3 changes of 100% ethanol. After removal of heart, trachea and 
oesophagus, the volume of the fixed lungs was measured by fluid displacement. Then, lung lobes
were embedded in an acrylic copolymer consisting of 75 parts of butyl methacrylate and 25 parts 
of methyl methacrylate (Sigma-Aldrich, Zwijndrecht, The Netherlands). After polymerisation, sec-
tions of 3 µm were cut at 400 µm intervals in the dorsal-ventral plane, mounted on cover slips, and 
de-plasticised using acetone before processing for morphometry. 

Morphometry
Following standard haematoxylin & eosin staining of the lung sections, the extent of alveolar 
wall damage was determined morphometrically, using digitised images of representative fields not
containing vessels or bronchi. Grids of 8 horizontal and 10 vertical lines were superimposed on 
the images, and the number of intersections with alveolar walls was counted using the Image Pro™ 
4.0 software package and a custom-written macro. Per section two digitised images were captured 
in the caudal, medial and cranial region, at 5× magnification. By dividing total grid length by the
number of intersections, the mean linear intercept (Lm) was calculated.

Inflammation assessment
Bronchoalveolar lavage was performed after sodium pentobarbital anaesthesia, by lavaging the 
lungs with 1 ml of PBS containing 5% BSA and 4 times with 1 ml saline. Lung lavage cells of each 
mouse were collected after centrifugation, pooled and resuspended in 150 µl saline. For differential
cell counts, cytospin preparations were made and stained with Diff-Quick™ (Dade A.G., Düdin-
gen, Switzerland). Total number of cells was determined and cells were differentiated by standard
morphology. Interstitial inflammation was assessed by microscopy using the same sections of lung
tissue that had been used for morphometry.

Evaluation of HA deposition 
In the same cytospin preparations that had been used for inflammation assessment, macrophages
were counted according to their content of brown pigment, presumed to be HA. Besides empty 
AM of normal size, two types of HA-loaded dust cells could be distinguished: AM of normal size 
with a cytoplasm packed with granules to such an extent that individual granules often could not 
be distinguished anymore, and AM larger than normal with a foamy cytoplasm containing discrete 
numbers of granules (Figure 2).

Assessment of right ventricle hypertrophy
Hearts were dissected free from the animals that had undergone bronchoalveolar lavage and then 
split into right ventricle (RV) and left ventricle + septum (LV+S). After weighing both parts, the 
RV/(LV+S) ratio was calculated and used as a measure of right ventricle hypertrophy.

Statistics 
Data have been expressed as means ± standard error of the mean (SEM). Values were compared 
between groups using one-way ANOVA followed by Bonferroni’s correction for multiple compari-
sons in GraphPad Prism 4.03 for Windows. A confidence level of p < 0.05 was considered signifi-
cant.
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Results

Body weights
HA instillation caused a temporary drop in body weights, which was less pronounced after the 
second instillation. Final body weights did not differ between treatment groups and the control
group (Figure 3).

Figure 2: Effect of HA, cigarette smoke or the combined treatment on HA content of AM. Mice received 50 µl PBS 
(A and B) or 0.2 mg HA dissolved in 50 µl PBS (C and D) by tracheal instillation on day 0 and day 7. Then, they were
exposed daily to smoke (B and D) or room air (A and C) from day 21 to day 84. On day 85, cells were collected by lung 
lavage. Digital photomicrographs were taken from DiffQuick™-stained cytospin preparations. Magnification 100×. Filled
arrow points to AM with heavy HA load, open arrow to AM with medium HA load.

Figure 3: Effect of HA, cigarette smoke or the combined treatment on mouse body weight. Mice received 50 µl PBS 
(, ) or 0.2 mg HA dissolved in 50 µl PBS (,) by tracheal instillation on day 0 and day 7. Then, they were exposed
daily to smoke (, ) or room air (, ) from day 21 to day 84. At day 0 and at regular intervals thereafter, body weights 
were determined and expressed as means ± SEM of 5-8 animals per group.

Table 1: Effect of HA, cigarette smoke or the combined treatment on leukocyte proportions in mouse lungs. 

Macrophages
% (SEM)

Lymphocytes
% (SEM)

Neutrophils
% 

Eosinophils
% (SEM)

PBS 95 (2) 4 (1) 0 1 (1)

HA 98 (2) 2 (1) 0 0

HA + Smoke 98 (1) 2 (1) 0 0

Smoke 98 (1) 2 (1) 0 0

On day 0 and day 7, animals were instilled with 50 µl PBS or 0.2 mg HA dissolved in 50 µl PBS. Then, they were exposed
daily to smoke or room air from day 21 to day 84. On day 85 leukocytes were collected by lung lavage and counted in Diff
Quick™-stained cytospin preparations.

Inflammation and HA deposition
Leukocytes isolated by lung lavage of the PBS controls consisted for ≈ 99% of alveolar macro-
phages (AM) (Table 1). 
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Compared to these controls, none of the treatments significantly changed number and type of
the cells (Figure 4). Dust cells, i.e. AM containing brown pigmented granules, were only observed 
in the HA treated groups (Figure 2). Therefore, it is assumed that the brown pigment consists of
HA. Mere HA treatment resulted in 38% empty AM, 38% with medium quantities of pigmented 
granules and 24% heavily loaded AM. Two months smoking after HA treatment led to a signifi-
cantly higher proportion (68%) of AM with medium quantities of pigmented granules, while the 
proportions of empty and heavily loaded AM had decreased (Figure 5). 

Figure 5: Effect of HA, cigarette smoke or the combined treatment on the proportions of AM without, with medium, or
with high quantities of HA. Mice received 50 µl PBS or 0.2 mg HA dissolved in 50 µl PBS by tracheal instillation on day 
0 and day 7. Then, they were exposed daily to smoke or room air from day 21 to day 84.On day 85 lungs were lavaged. On
day 85 cells were collected by lung lavage. Digital photomicrographs were taken from DiffQuick™-stained cytospin prepara-
tions. Macrophages were scored according to HA content. Empty: no or negligible granules in cytoplasm (white bars). 
Medium loaded: distinct numbers of granules present in cytoplasm (light grey bars). Heavily loaded: cytoplasm (almost) 
completely filled with granules (dark grey bars). *: Significantly different to HA p < 0.05

Figure 4: Effect of HA, cigarette smoke or the combined treatment on leukocyte numbers in mouse lungs. Mice received 
50 µl PBS or 0.2 mg HA dissolved in 50 µl PBS by tracheal instillation on day 0 and day 7. Then, they were exposed daily
to smoke or room air from day 21 to day 84. On day 85, leukocytes were collected by lung lavage and counted. Bars repre-
sent means ± SEM of 4 animals per group. 

Lung morphology
Lung sections of the PBS controls and the smoke-exposed mice were unremarkable. Sections of the mice 
that had received HA or combined treatment contained many alveolar and some interstitial macrophag-
es with brown pigment without a preferential location. As already observed in the AM obtained by lung 
lavage, HA treatment followed by smoking resulted in increased numbers of AM with medium quanti-
ties of pigment and decreased numbers of heavily loaded AM (Figure 6A) as compared to HA alone 
(not shown). Small infiltrates of lymphocytes were found around blood vessels and bronchioli in the
combined treatment group (Figure 6B), but not in the HA treatment or smoking group (not shown). 
Other signs of inflammation were absent.

Figure 6: Effect of HA, cigarette smoke or the combined treatment on HA content of AM and lymphocyte infiltration.
Mice received 50 µl PBS or 0.2 mg HA dissolved in 50 µl PBS (A,B) by tracheal instillation on day 0 and day 7. Then, they
were exposed daily to smoke (A,B) or room air from day 21 to day 84. On day 85 lungs were isolated. Digital photomicro-
graphs were taken from haematoxylin-eosin stained sections (3µm). Magnification 100×. Filled arrow points to AM with
heavy HA load, empty arrow to AM with medium HA load. Dashed arrow points to lymphocytic infiltrate.

Lung parameters 
Compared to the PBS controls, HA treatment or two months of smoke did not significantly
increase mean linear intercept (Lm). Combined treatment, however, significantly increased the
Lm both as compared to PBS controls and to smoke alone (Figure 7). Compared to PBS, com-
bined treatment, unlike the other treatments, also caused bronchial hyperresponsiveness as judged 
by Penh. (Figure 8). None of the treatments affected long volume as compared to PBS controls
(Figure 9).

Heart right ventricle hypertrophy
Both smoke exposure and combined treatment, but not HA treatment alone, led to a significant
increase in the ratio between the weights of the heart right ventricle and left ventricle + septum 
(RV/LV+S) when compared to PBS controls (Figure 10).
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Figure 7: Effect of HA, cigarette smoke or the combined treatment on distance between alveolar walls in mouse lungs.
Mice received 50 µl PBS or 0.2 mg HA dissolved in 50 µl PBS by tracheal instillation on day 0 and day 7. Then, they were
exposed daily to smoke or room air from day 21 to day 84. On day 85 lungs were isolated. The mean distance between
alveolar walls (Lm) was measured in digitised photomicrographs of haematoxylin-eosin stained lung sections (3µm) using 
image-processing software. Bars represent means ± SEM of 4 animals per group. **: Significantly different to PBS p < 0.001
#:  significantly different to smoke p < 0.05.

Figure 8: Effect of HA, cigarette smoke or the combined treatment on bronchial reactivity of mouse lungs. Mice received 
50 µl PBS or 0.2 mg HA dissolved in 50 µl PBS by tracheal instillation on day 0 and day 7. Then, they were exposed daily
to smoke or room air from day 21 to day 84. At day 78 airway response was measured by exposing the animals to increasing 
concentrations of nebulised methacholine and measuring the airway response, expressed as Penh. Bars represent means 
±SEM of 4 animals per group. *: Significantly different to PBS p < 0.05 .

Figure 9: Effect of HA, cigarette smoke or the combined treatment on the organ volume of inflated mouse lungs. Mice 
received 50 µl PBS or 0.2 mg HA dissolved in 50 µl PBS by tracheal instillation on day 0 and day 7. Then, they were
exposed daily to smoke or room air from day 21 to day 84. On day 85 organ volume was measured by fluid displacement.
Bars represent means ±SEM of 4 animals per group.

Figure 10: Effect of HA, cigarette smoke or combined treatment on right ventricle mass of mouse hearts. Mice received 
50 µl PBS or 0.2 mg HA dissolved in 50 µl PBS by tracheal instillation on day 0 and day 7. Then, they were exposed daily
to smoke or room air from day 21 to day 84. Right ventricle and left ventricle + septum were dissected on day 85 and 
weighed separately to determine their weight ratio. Bars represent means ± SEM of 12 animals per group. ***: Significantly
different to PBS and to HA p < 0.001.     
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Discussion
In this study we showed that the presence of HA in lungs of C57BL/6J mice caused lung emphy-
sema as judged by a significant increase in Lm, if followed by exposure to cigarette smoke for 2
months, a period of time being too short to cause significant emphysema on its own. The emphy-
sema was not clearly paralleled by an increase in lung volume, since this tended to increase in the 
smokers, irrespective of HA treatment. So, HA potentiates cigarette smoke-induced lung damage 
without potentiating lung enlargement. The mechanism by which the lung damage is potentiated
is unknown, but may be related to the fact that HA, like ferritin, is a reversible iron chelator. HA, 
therefore, may release divalent iron in the presence of reductants from cigarette smoke, as has been 
described for soluble and AM-bound ferritin [123, 124]. The released iron in turn may act as a
catalyst in the production of oxygen free radicals [125] and so potentiate smoking-induced oxida-
tive lung damage. This explanation is consistent with the observation of iron deposits as well as em-
physematous changes in close proximity to brown-black material in the lungs of human smokers 
[126]. Also the observation that AM iron levels are higher in symptomatic smokers compared to 
asymptomatic smokers [127], points in this direction. The cytotoxicity of intracellular HA upon
exposure to cigarette smoke is probably also indicated by the observed redistribution of HA-con-
taining AM in mice that were subsequently exposed to cigarette smoke. The reduced proportion of
heavily loaded AM and the increased proportion of AM containing medium quantities of HA in 
these mice as compared to mice that received HA only, suggests that cigarette smoke is particularly 
lethal to AM containing marked amounts of HA. The HA from the killed cells is probably taken
up by other, especially newly arrived, AM, so explaining the relative increase in medium loaded 
AM and the relative decrease in empty AM in the smoking group. Besides potentiating smoking-
induced lung damage, HA also potentiated the smoking-induced increases in cholinergic airway 
reactivity. Whereas smoking has been associated with cholinergic airway hyperresponsiveness in 
COPD patients, it could not be related to inflammation or lung function [128]. The observed
potentiating action of HA, however, may indicate that airway responsiveness is associated with 
potentiation of the oxidative stress, as outlined above. This suggestion is supported by data from
literature showing that oxidant levels in the lung are correlated to airway hyperresponsiveness [129, 
130] and that administration of anti-oxidants can counteract oxidant-induced hyperresponsiveness 
[131, 132]. It may also indicate that particularly smokers with substantial HA deposits develop 
smoking-related airway hyperresponsiveness, so providing an explanation why hyperresponsive-
ness is not seen in every smoker. The potentiation of smoke-induced lung damage by HA was also
paralleled by an increase of lymphocytes around blood vessels and bronchioli, since this was not 
observed in the smoking or HA-treated mice. Increases in macrophages and neutrophils, com-
monly reported smoking-related responses [133, 134], were not observed. However, perivascular 
and peribronchiolar lymphocytic inflammation has been noted in COPD patients and smoke-ex-
posed rodents as well [98, 113, 135, 136] and has been directly linked to observed emphysema and 
decline of airway function. Another hallmark of chronic cigarette smoke exposure, hypertrophy of 
the right heart ventricle, was observed in the smoking mice irrespective of HA treatment. 

Since significant lung damage was observed in the HA + smoke group only, the heart muscle
hypertrophy may have been caused by substitution of oxygen by carbon monoxide from inhaled 
cigarette smoke rather than oxygen insufficiency because of impaired lung function. The observa-
tion of right ventricle hypertrophy in rats made carboxyhemoglobinemic to a similar extent as 
human smokers [137], is in support of this suggestion. Our observation that HA potentiates and 
accelerates the lung-damaging effects of smoking may provide a clear explanation for the fact
that generally, many pack-years of smoking are required for damage and symptoms to become 
clearly manifest. The pulmonary toxicity of smoking apparently increases when substantial HA
has accumulated in the airways, a process requiring long-lasting smoke exposure. Moreover, if the 
major underlying mechanism of the HA-potentiated lung damage would involve the release of 
Fe2+ upon smoke exposure and so increased production of oxygen and nitrogen free radicals by 
its catalyst function, as outlined above, then other factors might be at play. Notably, it is known 
that pulmonary levels of iron and ferritin increase with age in non-smoking humans as well as 
rodents, but specifically so in smoking humans [126]. Smoking, therefore, may be more toxic for
older than young adult subjects, because ferritin was shown to release Fe2+ upon smoke exposure 
[138].This may be specifically important, because ferritin accumulation with age involves not only
macrophages, but also epithelium and alveoli. So, smoking at older age may cause more direct and 
AM-mediated oxidative damage to alveolar walls than at younger age. The HA that is accumulat-
ing during decades of smoking may potentiate the already present age-dependent deterioration 
through the mechanisms suggested above, because HA instillation into lungs of rats without 
subsequent smoke exposure was shown to lead to significantly increased pulmonary iron levels after
3 months [44]. The findings that in adult humans the decline of lung function, measured as forced
expiratory volume in one second (FEV1), accelerates with age and that smoking both advances 
the time of onset and the rate of decline [139] fit very well in this hypothesis. HA may not only
affect the development of emphysema, but also that of chronic bronchitis and lung cancer, since
these cigarette smoke-related lung diseases have been linked to increased iron levels as well [131, 
140]. Definitely, more research is needed into the proposed role of HA in cigarette smoke-induced
emphysema, which if confirmed, might lead to a new therapeutic target in the fight against this de-
bilitating condition.       We feel that the mouse model described in this paper is a novel and useful 
tool to aid in unravelling the mechanisms underlying cigarette smoke-induced lung pathologies.
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Abstract
The purpose of this study was to investigate if a low, but not deficient, vitamin A status potenti-
ated susceptibility to the development of cigarette smoke-induced lung emphysema in mice. We 
produced C57BL/6J mice with normal and low, vitamin A status by breeding for 3 generations 
on a purified diet with normal (16,000 IU/kg) or reduced (200 IU/kg) vitamin A levels, respec-
tively. Fourth-generation male progeny were exposed to cigarette smoke for 3 months, every 
weekday. Controls were treated similarly, but breathed room air. Twenty-four hours after the last 
smoke-exposure, plasma, liver and right lung lobe were removed, snap-frozen and stored at -70°C, 
awaiting extraction of retinoids from the tissues. Levels of 9-cis, 13-cis, and all-trans-retinoic acid, 
retinol and retinyl palmitate were measured using HPLC/MS/MS. The left lung lobe was fixed
and embedded in plastic. Sections were cut and stained to assess mean linear intercept (Lm) as a 
measure of smoke-induced lung damage. Average feed intakes were not different between the mice
with a normal or reduced vitamin A status. The low vitamin A status was confirmed by signifi-
cantly reduced retinol and retinyl palmitate levels in liver and lungs, but it did not affect the Lm
compared to mice with a normal status. Smoke exposure led to a significant increase in Lm of 10%
in mice with a low, but not with a normal, vitamin A status compared to the room air-breathing 
controls. Lung levels of acid retinoids were similar in all mice, irrespective of diet or smoke expo-
sure, while retinol tended to increase in all tissues following smoke exposure. It is concluded that 
a low vitamin A status increases susceptibility to the development of cigarette smoke-induced lung 
emphysema, possibly because of decreased anti-oxidant capacity in the lungs due to locally reduced 
retinol and retinyl palmitate levels. These observations indicate that human populations with a
low vitamin A status and a high prevalence of smoking may be at increased risk of developing lung 
emphysema and possibly other smoking-related diseases.

Introduction
Chronic inhalation of cigarette smoke is the main etiological factor in the development of lung  
emphysema. This has been proven in a huge number of studies in humans and animals [141].
However, the pathophysiological mechanisms underlying cigarette smoke-induced emphysema 
have so far remained unresolved. Two hypotheses that focus on the way in which damage is 
inflicted on the lung architecture have received the most attention in the last decades. Firstly the
protease/antiprotease theory [8] and secondly the oxidant/antioxidant theory [80]. A different ap-
proach, however, is focussing on the failure to repair lung tissue damage [142]. Retinoic acid (RA) 
has long been known to be essential for proper lung development in the embryonal stage [143]. 
Later on, a role was suggested for retinoic acid in the perinatal formation of alveoli [144]. More 
recently, it has been shown that administering RA to adult rats and mice in which lung develop-
ment had been artificially impaired in early life, stimulated alveolar wall formation [145, 146].  
This remarkable effect of exogenous RA has been attributed to “reawakening” of the gene cascades
normally active during embryonic development [62]. RA is one of a range of vitamin A metabo-
lites (retinoids), each with different biological functions. All-trans-retinol, the transport form of 
vitamin A, can be reversibly converted into retinyl esters (mostly retinyl palmitate) which serve as 
storage form, mainly in liver but also in lungs [147]. 

The 11-cis-retinoids function specifically in vision, whereas the acidic retinoids, all-trans-RA 
(ATRA), 9-cis-RA and 13-cis-RA are the biologically active forms that are being synthesized 
from retinol, mainly in the target tissue. They are potent regulators of many biological proces-
ses through their ability to activate two families of nuclear hormone receptors; the retinoic acid 
receptors (RAR) and the retinoid X receptors (RXR). The natural ligands for the RARs are ATRA
and its stereoisomers 9-cis-RA and 13-cis-RA, whereas RXRs are activated by 9-cis-RA only [59].              
In this way, these retinoids control development and homeostasis, by regulating cell differentiation,
proliferation and apoptosis in virtually every vertebrate tissue [60]. Vitamin A deficiency has been
shown to have a range of deleterious effects. In its most extreme form, animals suffer from stunted
growth, blindness, keratinisation of epithelial linings, defective development of testis and atrophy 
of central and peripheral lymphoid organs [148]. Vitamin A deficiency has been shown to cause
lungs damage in rats and enhance ozone-induced lung injury in mice [149], [150]. Exposure to 
cigarette smoke has been shown to depress levels of retinol in lungs of rats [151] and of RA in lung 
tissue of ferrets, through increased expression of CYP450 enzymes that metabolise both retinoids 
and constituents of cigarette smoke [152]. If RA is essential for the repair of damage in the adult 
lung, cigarette smoke could thus be a double-edged sword, causing damage while simultaneously 
depriving the lung tissue of the possibility of repair. We, therefore, investigated the effect of ciga-
rette smoke exposure on levels of the biologically active transport and storage forms of retinoids in 
lungs, plasma and liver and their relation with smoke-induced lung damage in mice with a normal 
and a reduced, but not deficient, vitamin A status.

Materials and methods

Chemicals
HPLC-grade acetonitrile, methanol, n-hexane and methyl tert-butylether were obtained from 
Biosolve BV (Valkenswaard, The Netherlands). 13-cis-RA, 9-cis-RA, acetic acid, acetone, ATRA, 
butyl methacrylate, chlorophorm, ethanol, methyl methacrylate, retinol, retinol acetate, retinyl 
palmitate and urethane of pro analysi quality were purchased from Sigma-Aldrich (Zwijndrecht, 
The Netherlands).

Animals
C57BL/6J breeding pairs were obtained from Charles River (Maastricht, The Netherlands) and
were bred in the university breeding unit (Gemeenschappelijk Dieren Laboratorium, Universiteit 
Utrecht, Utrecht, The Netherlands) with the dams and their offspring on a casein-based puri-
fied diet (Research Diets Services, Wijk bij Duurstede, The Netherlands) that contained either a 
normal (16,000 IU/kg) or low (200 IU/kg) amount of vitamin A, in the form of retinyl acetate. 
These levels were chosen to reflect the vitamin A concentration in standard rodent chow, and a 
strongly decreased level which, while depleting the animal’s vitamin A stores, would not give rise to 
deficiency symptoms.
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Since mice are known to be very resistant to vitamin A depletion, and pups receive large amounts 
of vitamin A through maternal milk [153], the animals were bred for 3 generations on the special 
diet, before starting experiments. At 7 weeks of age, male animals of the fourth generation (i.e. 
3 maternal progenitors had been on the special diet from weaning on) were transferred to the 
departmental animal unit. They were housed under a 12h dark/12h light cycle (lights on at 06.00),
at 35-50% relative humidity and 20-22°C room temperature, on woodchips in polycarbonate 
cages, under filter-tops. Treatment groups were stratified based on body weight. To allow easy and
unambiguous identification of the animals, a Radio Frequency Identification Device (12× 2 mm
micro ID ISO transponder, UNO Roestvaststaal BV, Zevenaar, The Netherlands) was implanted
in the neck fat, while animals were under light isoflurane inhalation anaesthesia. The implantation
wound was sealed using Histoacryl Blue (B. Braun AG, Melsungen, Germany). For each animal, 
the unique 16-digit code of the implanted transponder was linked to the treatment group it was 
assigned to; either low vitamin A diet/control, low vitamin A diet/smoke, normal vitamin A diet/   
control, or normal vitamin A diet/smoke. The transponders were read using the GES Reader 2S
(UNO Roestvaststaal BV, Zevenaar, The Netherlands). Animals received water and feed with nor-
mal or low vitamin A level ad libitum. Experiments were started when the animals were 11 weeks 
old. All experiments were conducted in accordance with the Animal Care Committee of Utrecht 
University.

Food intake and body weights
Food intake per group and individual body weights were measured every Monday morning, on a 
balance with an accuracy of 0.1 gram (CP2201, Sartorius, Göttingen, Germany) using the averag-
ing function to correct for animal movement.

Smoke exposure
Cigarette smoke was generated by the burning of commercially available Lucky Strike™ cigarettes 
without filter (British-American Tobacco, Groningen, The Netherlands), using the TE-10z smok-
ing machine (Teague Enterprises, Davis, CA, USA), which is programmed to smoke cigarettes 
according to the Federal Trade Commision protocol (35-ml puff volume drawn for 2 seconds once
per minute). Before starting smoke exposure, mice were accustomed to exposure tubes by gradu-
ally prolonging their stay in these over the course of two weeks. Then, smoke exposure was started
with 1×1 cigarette, increasing the dosage to 2×3 cigarettes within two weeks. Mice were exposed 
nose-only to the diluted main- and side-stream smoke of 3 simultaneously burning cigarettes, twice 
every weekday for 3 months using the In-Tox 24-port nose-only exposure chamber (In-Tox Prod-
ucts Inc., Albuquerque, NM). Control mice underwent the same procedures, but were allowed to 
breathe room air throughout the whole exposure period. 

Tissue preparation 
Twenty-four hours after the last smoke exposure, animals were sacrificed. To minimise retinoid de-
generation, section was performed under red light. Following injection of an overdose of urethane 
(10% urethane in PBS, 0.4 ml i.p.), blood was obtained by cardiac puncture, immediately mixed 
with 150 units of heparin (Leo Pharma, Weesp, The Netherlands) and centrifuged in a table-top
centrifuge to obtain plasma. The liver was dissected free, separated from the bile gland and rinsed
in PBS. A cannula was inserted into the trachea and fixed with a ligature. The right branch of the
trachea was closed with a ligature, and the right lung lobes were cut free. Right lung lobes, liver 
and plasma were snap-frozen in liquid nitrogen before storage at -70°C, awaiting processing. 
The left lung lobe was cut free from the heart and inflated via the cannula with Carnoy’s fixa-
tive (ethanol:chlorophorm:acetic acid 60:30:10) at a fluid pressure of 25 cm for 5 min. Fixation
was continued for at least 4 hours before rinsing the lungs in 3 changes of 100% ethanol. After 
removal of trachea and oesophagus, the fixed left lung lobe was embedded in an acrylic copolymer
consisting of 75 parts of butyl methacrylate and 25 parts of methyl methacrylate. After polymerisa-
tion, sections of 3 µm were cut at 400, 800, 1200, 1600 and 2000 µm depth in the dorsal-ventral 
plane, mounted on cover slips, de-plasticised using acetone and stained with haematoxylin & 
eosin.

Morphometry
The extent of smoke-induced alveolar wall damage was determined morphometrically, using digi-
tised images of representative fields not containing vessels or bronchi. Grids of 8 horizontal and 10
vertical lines were superimposed on the images, and the number of intersections with alveolar walls 
was counted using the Image Pro™ 4.0 software package and a custom-written macro. Per section 
two digitised images were captured each in the cranial, medial and caudal region, at 5× magnifica-
tion. By dividing total grid length by the number of intersections, the mean linear intercept (Lm) 
was calculated. In total, 30 fields were used per lung to calculate the average Lm.

Retinoid extraction from tissue and plasma
To minimise retinoid loss and degradation, all procedures were carried out under red light, on ice, 
using glass labware. First, tissue was weighed. Then, a 25% (w/v) suspension was prepared in 0.5%
acetic acid, using a Polytron homogeniser (Kinematica, Lucerne, Switzerland). Plasma was mixed 
with 3 volumes of 0.5% acetic acid. Then, four parts of tissue homogenate or plasma mixture were
mixed with 6 parts of acetonitrile, vortexed vigorously for 1 minute and centrifuged for 5 minutes 
at 3490 × g. The liquid between pellet and floating cake was transferred to a new tube, mixed with
4 ml of n-hexane, vortexed vigorously for 1 minute and centrifuged for 5 minutes at 3490 ×g.  
The hexane layer was transferred to a new tube and evaporated under a stream of nitrogen at 37˚C.
Residues were dissolved in 110 µl of a 50:50 methanol:water mixture and transferred to 300 µl 
inserts inside amber HPLC vials (Omnilabo, Breda, The Netherlands).
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Retinoid separation and detection using HPLC/MS/MS 
After addition of 10 µl retinyl acetate (1.2 pmol/µl in 50:50 methanol:water) as internal standard 
to the samples, analytes were resolved on a 1.5 µm analytical reversed-phase C18 column (Micra 
NPS ODS-1, Eprogen, Darien, IL, USA) at a flow rate of 350 µl with a gradient of solvent A
(water/methanol/acetic acid 50:50:0.5) and solvent B (methanol/methyl tert-butylether/acetic acid 
50:50:0.5) using a micro LC pump and an autosampler cooled at 4°C (to minimise sample degra-
dation) (2000 Series, Perkin Elmer, Boston, MA, USA). Injected sample volume was 100 µl. The
gradient was as follows: 0 to 1 minutes; 30% B, 1 to 7 minutes; 30 to 75% B, 7 to 7.1 minutes; 
75% to 90% B, 7.1 to 10 minutes; 90% to 10% B, 10 to 10.1 minutes; 10 to 30% B, 10.1 to 16 
minutes; 30% B. The eluent was passed (through fused silica tubing, to avoid loss of retinoids) to
a triple quadrupole mass spectrometer (API 3000, MDS Sciex/Applied Biosystems, Foster City, 
CA, USA) equipped with an Atmospheric Pressure Chemical Ionisation probe for detection of the 
retinoids. To detect 13-cis-RA, 9-cis-RA and ATRA, in Selected Reaction Monitoring mode the 
transition from m/z 301.2 to 205 was followed, and for retinol, retinyl acetate and retinyl palmi-
tate the transition from m/z 269.2 to 93, with a dwell time of 400 ms. Source temperature was set 
at 400°C. Standards consisted of 0.1, 0.05, 0.01, 0.005 and 0.001 pmol/µl mixtures of 13-cis-RA, 
9-cis-RA, ATRA, retinol and retinyl palmitate. Chromatograms were analysed and analytes quanti-
fied using Analyst software version 1.4.1 (Applied Biosystems, Foster City, CA, USA). The limit
of quantification (signal-to-noise ratio of 10:1) was calculated at 0.04 pmol for ATRA, 13-cis-RA, 
retinol and retinyl palmitate, and 0.08 pmol for 9-cis-RA.

Statistics 
Data have been expressed as means ± standard error of the mean (SEM). Effects of dietary vitamin
A status and smoke exposure were tested using the Univariate General Linear Model. Comparisons 
between groups were made using one-way ANOVA, followed by Bonferroni’s correction for multi-
ple comparisons. Correlations between retinoid concentrations and Lm were tested using Pearson’s 
method. Correlation between treatments and retinoid concentrations was determined using Spear-
man’s rho, after arbitrary ranking of the treatments. All calculations were performed using SPSS 13 
for Windows. A confidence level of p < 0.05 was considered significant.

Results

Effects of dietary vitamin A and smoke exposure on feed intake and
body weights
There was no effect of dietary vitamin A level or smoke exposure on average feed intake between
the ages of 8 and 25 weeks (Figure 1A). In all groups, body weights increased sharply between 8 
and 11 weeks of age, after that the increase levelled off (Figure 1B). Body weights were similar in
all groups at all times, except for week 11, when the smoke-exposed group on a normal vitamin A 
diet weighed significantly less than the smoke-exposed group on low vitamin A diet. Animals on
the low vitamin A diet had a lower relative body weight gain, regardless of smoke exposure, during 
the entire experiment, and this effect was significant during the smoke exposure period (data not
shown).

Figure 1. Food intake and body weights of mice fed a diet with different vitamin A levels and exposed to cigarette smoke.
Mice were fed a diet containing a normal (160,000 IU/kg) or low (2000 IU/kg) amount of vitamin A, and were exposed 
daily to smoke or room air from 13 to 25 weeks of age. A: Food intake was determined weekly per group, corrected for 
body weight, and averaged over the whole experiment. Bars represent the mean daily feed intake per gram body weight per 
day ±SEM, of 5-6 animals per group. B: Individual body weights were determined weekly. Values express the mean body 
weight ±SEM of 5-6 animals per group. : normal vitamin A diet, smoke-exposed. : low vitamin A diet, smoke-exposed 
: normal vitamin A diet, room air controls. : low vitamin A diet, room air controls. #: significant difference between the
smoke-exposed groups, p < 0.05.
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Effects of dietary vitamin A and smoke exposure on Lm
Dietary vitamin A level did not have an effect on Lm, but smoke exposure did. Lm was signifi-
cantly increased in smoke-exposed mice compared to room air-breathing controls, but only in the 
group on the low vitamin A diet (p= 0.03) (Figure 2).

Figure 2: Distance between alveolar walls in lungs of mice fed a diet with different vitamin A levels and exposed to cigarette
smoke. Mice were fed a diet containing a normal (160,000 IU/kg) or low (2000 IU/kg) amount of vitamin A, and were 
exposed daily to smoke or room air from 13 to 25 weeks of age. Twenty-four hours after the last smoke exposure, lungs 
were isolated. The left lung lobe was fixed under pressure for morphometry. The mean distance between alveolar walls (Lm)
was measured in digitised photomicrographs of haematoxylin & eosin stained lung sections (3µm) using image-processing 
software. Bars represent means ± SEM of 4 animals per group. *: significantly different from control, p < 0.05.

Effects of dietary vitamin A and smoke exposure on retinoid profiles of tissues

Lungs
Neither dietary vitamin A level nor smoke exposure had an effect on the concentration of any of
the acid retinoids measured in the lung (Figure 3A). Retinol levels were affected by dietary vitamin
A level, but not by smoke exposure; they were decreased in animals on the low, compared to the 
animals on the normal diet, but only significantly (p= 0.0001) in smoke-exposed mice (Figure 3B).
Both dietary vitamin A and smoke exposure had an effect on retinyl palmitate levels. Again, levels
were decreased in animals on the low, compared to those of animals on the normal diet, but this 
was only significant (p= 0.001) in smoke-exposed mice. Additionally, in smoke-exposed animals
fed the normal vitamin A diet, retinyl palmitate levels were significantly increased, compared to
room air-breathing controls on the same diet (p= 0.02). In animals on the low vitamin A diet, 
concentrations were below the limit of quantification.

Figure 3: Acid retinoid and retinoid levels in lungs of mice fed a diet with different vitamin A levels and exposed to cigarette
smoke. Mice were fed a diet containing a normal (160,000 IU/kg) or low (2000 IU/kg) amount of vitamin A, and were 
exposed daily to smoke or room air from 13 to 25 weeks of age. Twenty-four hours after the last smoke exposure, lungs were 
isolated and snap-frozen. After extraction, retinoid levels (A: 13-cis RA; white bars, 9-cis RA; light grey bars, ATRA; dark 
grey bars. B: retinol; white bars, retinyl palmitate; light grey bars) in tissue were determined by HPLC with MS detection. 
Bars represent means ± SEM of 4-6 animals per group. *: significantly different from control, p < 0.05. #: significantly dif-
ferent from normal diet, p < 0.05. 
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Plasma
Dietary vitamin A levels had no significant effect on the plasma concentrations of any of the acid
retinoids (Figure 4A). Smoke exposure affected both ATRA and 13-cis-RA levels. It increased 
13-cis-RA significantly in mice on the low diet (p= 0.04) and tended to increase ATRA. Levels of
13-cis- and 9-cis-RA were below the limit of quantification in the room air breathing control group
on a low vitamin A diet. Retinol levels were unaffected by dietary vitamin A level and tended to
increase upon smoke exposure (Figure 4B). Retinyl palmitate levels were below the limit of quanti-
fication in all mice.

Figure 4: Acid retinoid and retinoid levels in plasma of mice fed a diet with different vitamin A levels and exposed to
cigarette smoke. Mice were fed a diet containing a normal (160,000 IU/kg) or low (2000 IU/kg) amount of vitamin A, 
and were exposed daily to smoke or room air from 13 to 25 weeks of age. Twenty-four hours after the last smoke exposure, 
plasma was obtained by cardiac puncture and snap-frozen. After extraction, retinoid levels (A: 13-cis RA; white bars, 9-cis 
RA; light grey bars, ATRA; dark grey bars. B: retinol; white bars, retinyl palmitate; light grey bars) in tissue were determined 
by HPLC with MS detection. Bars represent means ± SEM of 4-6 animals per group. 

Liver
Both dietary vitamin A levels and smoke exposure affected values of 9-cis-RA, but not of 13-cis-RA 
or ATRA, in liver (Figure 5A). Levels of 9-cis-RA were below the limit of quantification in mice fed
a diet with normal vitamin A levels, irrespective of smoking. However, room-air breathing controls 
on a low vitamin A diet had detectable liver 9-cis-RA levels (higher then normal vitamin A diet, p= 
0.002), but these decreased below the quantification limit upon smoking (p= 0.001). Both retinol
and retinyl palmitate concentrations in liver were affected by dietary vitamin A, but not by smoke
exposure (Figure 5B). Retinol levels were decreased in mice fed the low vitamin A diet, compared 
to animals on the diet with a normal level of vitamin A, to a significant degree in both room air-
breathing controls (p= 0.0001) and smoke exposed animals (p= 0.0003). Retinyl palmitate concen-
trations were below the limit of quantification in mice on the diet containing a low level of vitamin
A, irrespective of smoking, and decreased when compared to the normal vitamin A diet animals, 
but only significantly between the control groups (p= 0.009).  

Figure 5: Acid retinoid and retinoid levels in livers of mice fed a diet with different vitamin A levels and exposed to cigarette
smoke. Mice were fed a diet containing a normal (160,000 IU/kg) or low (2000 IU/kg) amount of vitamin A, and were 
exposed daily to smoke or room air from 13 to 25 weeks of age. Twenty-four hours after the last smoke exposure, livers were 
isolated and snap-frozen. After extraction, retinoid levels (A: 13-cis RA; white bars, 9-cis RA; light grey bars, ATRA; dark 
grey bars. B: retinol; white bars, retinyl palmitate; light grey bars) in tissue were determined by HPLC with MS detection. 
Bars represent means ± SEM of 4-6 animals per group. *: significantly different from control, p < 0.05. #: significantly dif-
ferent from normal diet, p < 0.05. 
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Correlation between Lm and retinoid concentrations in tissues 
In plasma, only 13-cis-RA levels correlated positively with Lm. None of the retinoids measured in 
lung and liver were correlated to Lm. (Table 1). 

Table 1: Correlation between distance between alveolar walls in mouse lungs and tissue retinoid levels.

13-cis-RA 9-cis-RA ATRA Retinol Retinylpalmitate
-0.164 0.220 -0.162 -0.167 0.123 Correlation Coefficient

Lung 0.592 0.470 0.598 0.585 0.689 p
13 13 13 13 13 n

0.789 0.049 0.413 -0.345 - Correlation Coefficient
Plasma 0.002 0.880 0.182 0.272 - p

12 12 12 12 12 n
-0.162 -0.148 -0.135 -0.433 -0.468 Correlation Coefficient

Liver 0.580 0.613 0.648 0.122 0.091 p
14 14 14 14 14 n

Mice were fed a diet containing a normal (160,000 IU/kg) or low (2000 IU/kg) amount of vitamin A, and were exposed 
daily to smoke or room air from 13 to 25 weeks of age. Twenty-four hours after the last smoke exposure, plasma, liver 
and the right lung lobe were isolated and snap-frozen for retinoid analysis. The left lung lobe was fixed under pressure for
morphometry. The mean distance between alveolar walls (Lm) was measured in digitised photomicrographs of haematoxy-
lin & eosin stained lung sections (3 µm) using image-processing software. After extraction, retinoid levels in tissues were 
determined by HPLC with MS detection. Significant correlations at p < 0.05 are indicated in boldface.

Correlation between dietary vitamin A and retinoid concentrations in tissues
In both lung and liver, retinol and retinyl palmitate concentrations correlated positively with the 
vitamin A level of the diet (Table 2). The concentrations of none of the retinoids in plasma were
positively correlated with the vitamin A level in the diet. Concentrations of 9-cis-RA in liver cor-
related negatively with the diet’s vitamin A level. For the other acid retinoids, concentrations did 
not correlate with the vitamin A level of the diet in any of the tissues.

Correlation between smoke exposure and retinoid concentrations in tissues
Smoke exposure was positively correlated with plasma concentrations of all acid retinoids and reti-
nol (Table 3). In the lung, none of the retinoids was correlated with smoke exposure. In the liver, 
only concentrations of 9-cis-RA were negatively correlated with smoke exposure. For the other 
retinoids, concentrations did not correlate with smoke exposure

13-cis-RA 9-cis-RA ATRA Retinol Retinylpalmitate
0.302 0.442 0.474 0.862 0.946 Correlation Coefficient

Lung 0.224 0.066 0.047 0.000 0.000 p
18 18 18 18 18 n

0.049 0.242 -0.168 0.433 - Correlation Coefficient
Plasma 0.853 0.349 0.518 0.083 - p

17 17 17 17 17 n
0.038 -0.486 0 0.866 0.936 Correlation Coefficient

Liver 0.879 0.035 1 0.000 0.000 p
19 19 19 19 19 n

13-cis-RA 9-cis-RA ATRA Retinol Retinylpalmitate
0.143 0.374 0.209 0.406 0.205 Correlation Coefficient

Lung 0.572 0.127 0.406 0.094 0.415 p
18 18 18 18 18 n

0.742 0.736 0.537 0.537 - Correlation Coefficient
Plasma 0.001 0.001 0.026 0.026 - p

17 17 17 17 17 n
-0.331 -0.600 -0.234 0.311 -0.147 Correlation Coefficient

Liver 0.166 0.007 0.336 0.194 0.547 p
19 19 19 19 19 n

Mice were fed a diet containing a normal (160,000 IU/kg) or low (2000 IU/kg) amount of vitamin A, and were exposed 
daily to smoke or room air from 13 to 25 weeks of age. Twenty-four hours after the last smoke exposure, plasma, liver 
and the right lung lobe were isolated and snap-frozen for retinoid analysis. After extraction, retinoid levels in tissues were 
determined by HPLC with MS detection. For non-parametric correlation analysis, control treatment was ranked as ‘0’ and 
smoke treatment as ‘1’. Significant correlations at p < 0.05 are indicated in boldface.

Table 3: Correlation between smoke exposure and retinoid levels in tissues.

Mice were fed a diet containing a normal (160,000 IU/kg) or low (2000 IU/kg) amount of vitamin A, and were exposed 
daily to smoke or room air from 13 to 25 weeks of age. Twenty-four hours after the last smoke exposure, plasma, liver 
and the right lung lobe were isolated and snap-frozen for retinoid analysis. After extraction, retinoid levels in tissues were 
determined by HPLC with MS detection. For non-parametric correlation analysis, the diet with a low vitamin A level was 
ranked as ‘1’ and the one with a normal level as ‘2’. Significant correlations at p < 0.05 are indicated in boldface.

Table 2: Correlation between dietary vitamin A level and retinoid concentrations in tissues.
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Discussion
In this study we investigated whether vitamin A status influenced the susceptibility of male
C57BL/6J mice to cigarette smoke-induced lung emphysema. To this end, we exposed mice with 
a normal or reduced dietary vitamin A status to cigarette smoke. Since laboratory mice are bred 
on diets with very high vitamin A levels, it is difficult to deplete their body vitamin A stores [154].
Therefore, we bred mice for 3 generations on a purified diet containing low levels of vitamin A to
obtain mice with a reduced, but not deficient, vitamin A status. The observation that both retinol
and retinyl palmitate levels were dramatically decreased in the storage organs of mice on the low 
vitamin A diet (retinol 165-fold in both lung and liver, and retinyl palmitate 424-fold in lung and 
73-fold in liver), shows that the depletion was successful. It did not result in deficiency, since retin-
ol levels in plasma were only 3-fold reduced, while a reduction to < 10% of normal levels has been 
reported in deficient mice [155]. Furthermore, the mice did not show any of the prototypical signs
of vitamin A deficiency [148]. The low vitamin A status per se did not lead to emphysematous
changes in lung structure, as has been described before for vitamin A deficient rats [149]. Interest-
ingly, however, the mice with a low vitamin A status, unlike the ones with a normal status, were 
susceptible to the induction of lung emphysema after 3 months of exposure to cigarette smoke. 
Since the mice with the emphysematous changes had similar lung levels of acid retinoids as the 
smoke-exposed, ‘healthy’ mice with a normal vitamin A status, and since acid retinoids are thought 
to be essential for alveolar wall regeneration [62], the smoke-induced emphysematous changes in 
the mice with a low vitamin A status are apparently not due to reduced repair because of a lack of 
these retinoids. Lack of repair, however, cannot be excluded, for instance because oxidative stress 
that originates from smoke exposure could have reduced the expression of RAR [156], or the 
RAR/RXR–induced transcription of genes [157, 158] that are essential for repair processes. Inter-
estingly, lung levels of the storage retinoids, retinol and retinyl palmitate, were considerably lower 
in the lungs of animals with a reduced vitamin A status. Since the latter retinoids are more potent 
antioxidants than acid retinoids [159], and much more abundant in the lungs, a reduction of their 
levels may result in more oxidative damage upon smoke exposure and decreased repair because of 
reduced retinoid signalling. Our observation that smoke exposure did not decrease retinoid levels 
in the lung was unexpected, since cigarette smoke contains numerous AhR ligands [160], which 
were found to cause depletion of retinoids by inducing CYP450 enzymes that catabolise retinoids 
[42, 65, 152]. Retinoid levels, however, were assessed 24 h after smoke exposure and may have 
been replenished during that period. Notably, smoking tended to increase plasma levels of acid 
retinoids and retinol, both of which can replenish pulmonary retinoid levels [58]. Such an increase 
may be indirectly indicative of increased retinoic acid turnover in the smoker’s lungs, since this is 
sensed by the body and results in release of retinoids from the liver [57]. Nevertheless, smoking-
induced retinoid depletion in the lungs can at most have been modest in our mice, since we did 
not observe marked depletion of liver retinoids in the smoke-exposed mice, except for a significant
depletion of 9-cis-RA in the mice with a low vitamin A status. Our observation that a reduced, but 
not deficient, vitamin A status potentiated smoking-induced lung damage, may be relevant to the
human situation. 

Even though in the Western world vitamin A intake is generally above the recommended daily 
dose [161], a recent study showed that intake by young adults (19-24 year olds) in the UK can be 
below the recommended level [162]. Furthermore, the percentage of smokers in this age group 
is higher than in any other, as is the percentage of excessive drinkers [163], while alcohol abuse is 
known to deplete hepatic vitamin A levels [164]. Smoking by young adults with a low vitamin A 
and a high alcohol intake might thus lead to disproportionate lung damage at that age. This could
lead to earlier manifestations of smoking-related lung disease if the unhealthy life style is contin-
ued. Much more serious consequences may be expected in the future in developing countries, since 
daily vitamin A intake in these areas is reported to generally be below that recommended [165], 
while cigarette smoking is still on the rise [4]. Summarising, we conclude that a low vitamin A 
status increases the susceptibility to cigarette smoke-induced lung emphysema. This could signify
an increased risk to develop cigarette smoke-induced emphysema in selected human populations 
with a low vitamin A status. 
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Abstract
In nose-only exposure systems, animals need to be restrained inside a tube, which leads to stress, 
and consequently hyperthermia. We experienced high mortality rates in mice that were exposed 
long-term to cigarette smoke in a nose-only set-up using exposure tubes with metal nosepieces. 
Therefore we investigated whether mortality was due to hyperthermia. Male C57BL/6J mice were
restrained for increasing lengths of time, using nosepieces held at room temperature, pre-heated at 
37°C, or thermostat-controlled at different temperatures, with and without exposure to different
concentrations of cigarette smoke. Body temperature, body weight, plasma corticosterone levels 
and adrenal weights were recorded. Restraint using nosepieces at room temperature caused a time-
dependent decrease in body temperature, which could be reversed by pre-heating the nosepieces to 
37°C. Cigarette smoke dose-dependently caused an additional decrease, which was counteracted 
by controlling nosepiece temperature at 38°C. During 3 months exposure using heated nosepieces, 
∆body temperature remained constant. Body weight gain did not differ between smoke-exposed
and room air-breathing animals exposed using either heated or room temperature nosepieces, but 
both groups gained significantly less weight, while adrenal weights were significantly and similarly
increased, when compared to unrestrained littermates. Plasma corticosterone levels did not differ
between the three groups. During prolonged restraint in nose-only exposure tubes with room 
temperature metal nosepieces, mice suffer a pronounced hypothermia, and severe chronic stress.
Preventing the hypothermia by heating the nosepieces does not reduce the stress. The observed
high mortality rates are probably caused by the stress experienced from repeated restraint.

Introduction
Nose-only exposure systems are widely used in inhalation studies on the effects of aerosols or gases
on rodents. Cited advantages over whole-body exposure systems are: more control over dosage, 
targeted delivery to the respiratory system only and no soiling of fur [67]. However, this method 
of exposure also holds some intrinsic disadvantages. Animals are confined to a tube, sometimes for
extended periods of time, and have to be restrained to ensure proper delivery of the agent of inter-
est to the nasal region. This restraint inevitably causes stress, additional to that experienced because
of exposure to a noxious substance, and could influence results. Also, confinement of the animal to
an essentially closed container will have an effect on its ability to regulate body temperature [166].
We used a nose-only exposure system to deliver cigarette smoke to mice, to study the mechanisms 
of cigarette smoke-induced emphysema. Experiments suffered from mortality rates as high as 24%,
and after review by the university animal care committee we were forced to suspend our experi-
ments until a clear cause could be identified. Because deaths also occurred in control animals that
breathed room-air, the inhalation of cigarette smoke most probably was not the main cause, but 
rather some other factor associated with the exposure methodology. Because restraint is a known 
and widely used stressor for mice [167-173], and different forms of stress, including restraint, are
known to cause hyperthermia in these animals [71, 174], we speculated that mortality could be 
due to stress-induced hyperthermia. To investigate this, we measured body temperature before and 
after a gradually increasing period of restraint in the nose-only exposure tubes. 

Soon it became clear that the animals did not suffer from hyperthermia, but instead a quite severe
hypothermia. Since this was at odds with textbook knowledge on the effects of stress on rodents,
we tried to identify the cause of this phenomenon. The rather large, massive metal nosepieces of
the nose-only exposure tubes, that surrounded most of the mouse body during restraint, were 
called into question. We, therefore, investigated the effect of regulating the temperature (heat-
ing) of the nosepieces on body temperature, and on weight gain, plasma corticosterone levels and 
adrenal weight as systemic parameters of stress, in mice that were restrained only, or restrained and 
exposed to cigarette smoke.

Materials and methods

Animals
C57BL/6J breeding pairs were obtained from Charles River (Maastricht, The Netherlands) and
bred in the university breeding unit (Gemeenschappelijk Dieren Laboratorium, Universiteit 
Utrecht, Utrecht, The Netherlands). Male mice were transferred to the departmental animal unit
at 7 weeks of age and housed under a 12h dark/12h light cycle (lights on at 06.00), at 35-50% 
relative humidity and 20-22°C room temperature, in macrolon cages on wood chip bedding, under 
filter-tops, in groups of 6 animals. Experiments were started when animals were 11 weeks old.
Animals received water and feed (Research Diets Services, Wijk bij Duurstede, The Netherlands)
ad libitum. All experiments were conducted in accordance with the Animal Care Committee of 
Utrecht University (DEC-DGK/FSB). 

Restraint
Mice were restrained in nose-only exposure tubes (In-Tox Products Inc., Albuquerque, NM, 
USA). The exposure tubes consisted of a metal nosepiece, connected to a translucent plastic tube
by means of a bayonet closure, and a plastic cap with a restraint-stopper to close the tube at the 
backside (Figure 1). 

Figure 1: Schematic representation of a mouse inside a nose-only exposure tube. 1) metal nosepiece 2) bayonet closure 
3) translucent plastic tube 4) plastic cap 5) tightening nut 6) restraint stopper 7) restrained mouse. 
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This stopper is used to move the mouse to the front side of the exposure tube, and secured by
tightening a nut on the outside of the cap. The body of a restrained animal, especially at young
age, is almost entirely surrounded by the metal nosepiece. Nosepieces in this study were used at 
room temperature (approximately 22°C), pre-heated overnight in a 37°C stove, or connected to a 
thermostat-controlled heating device, as indicated. 

Smoke exposure
Cigarette smoke was generated by the burning of commercially available Lucky Strike™ cigarettes 
without filter (British-American Tobacco, Groningen, The Netherlands), using the TE-10z smok-
ing machine (Teague Enterprises, Davis, CA, USA), which is programmed to smoke cigarettes 
according to the Federal Trade Commission protocol (35 ml puff volume drawn for 2 seconds once
per minute). Mice were exposed nose-only to the diluted main- and side-stream smoke of a varying 
number of simultaneously burning cigarettes during one run, using the In-Tox 24-port nose-only 
exposure chamber (In-Tox Products Inc., Albuquerque, NM). In the long-term experiments, 
animals were exposed to two consecutive runs every weekday. To maintain the nosepieces for the 
smoke-exposed mice at a stable temperature throughout the whole exposure period, the exposure 
chamber was fitted with a custom-built continuous thermostat-controlled heating mechanism.
Nosepieces were left attached to the heated column to avoid delays in warming up. The tempera-
ture of the column, and thus the attached nosepieces, was adjusted to achieve the smallest possible 
changes in mouse body temperature during the exposure. 

Study outline
To study the effect of restraint on body temperature, mice were restrained for increasing periods
of time in exposure tubes with room temperature nosepieces, and with nosepieces pre-heated at 
37°C. Next, the effect of exposure to the smoke of an increasing number of cigarettes in tubes with
thermostat-controlled nosepieces was determined. Finally, the effects of 3 months smoke exposure
in exposure tubes with thermostat-controlled nosepieces on body temperature and parameters of 
systemic stress were studied. Before starting the 3 months experiment, mice were accustomed to 
the exposure tubes by gradually prolonging their stay over the course of two weeks. Smoke expo-
sure was started with 1 run of 1 cigarette, increasing the dosage to 2 runs of 3 cigarettes within two 
weeks. Control mice were restrained in tubes with nosepieces pre-heated at 37°C. The tubes were
placed on the bench next to the smoke generating equipment, so the animals were exposed to the 
same level of noise as the smoke-exposed mice, and breathed room air. An additional control group 
consisted of mice that were left undisturbed in their cages, except for normal animal husbandry 
procedures. Body weight during the exposure period was monitored. Plasma corticosterone levels 
and adrenal weights were recorded at the end of the 3 months exposure period. Finally, mortality 
rates were calculated and compared to data from previous experiments.

Temperature measurement
Temperature measurements were always performed between 10.00 and 12.00, at the through of 
the circadian rhythm, to minimise background variation in body temperature. Mouse body tem-
perature was measured with an accuracy of 0.1°C using a digital thermometer (Type 871A, Tegam, 
Geneva, OH, USA; NiCr/NiAl thermocouple) before placement into (T1), and immediately after 
their removal from the exposure tubes (T2). The probe was lubricated with silicone oil and care-
fully inserted for a length of 2 cm into the rectum of the animal. After temperature readings were 
stable for 20 seconds, values were recorded and ∆body temperature (T2-T1) was calculated. Room 
temperature in the laboratory was measured using the same thermometer, immediately prior to 
animal measurements.

Adrenal function measurements
Twenty-four hours after the last exposure, heparinised blood was obtained by heart puncture from 
animals anaesthetized with 10% urethane (Sigma-Aldrich, Zwijndrecht, The Netherlands) in PBS
(0.4 ml i.p.) and centrifuged for 5 min at 14.000 rpm in a tabletop centrifuge to collect plasma. 
Mice were euthanized between 09.00 and 14.00, at the through of the circadian rhythm, to mini-
mise background variation in corticosterone levels. Furthermore, the time-points at which eutha-
nasia was performed were distributed evenly among the different treatment groups, and a correla-
tion analysis between time of euthanasia and corticosterone level was performed. Corticosterone 
was measured in 10 µl plasma using the ImmuChem™ 125I Radioactive Immuno Assay kit (MP 
Biomedicals, Orangeburg, NY, USA). Adrenals were removed from the same animals, dissected free 
from attached fat, dried overnight in a 37°C stove and weighed on a microbalance. 

Statistics 
Data have been expressed as means ± standard error of the mean (SEM). Values were compared 
between groups using one-way ANOVA followed by Bonferroni’s correction for multiple compari-
sons and correlation analysis was performed using Pearson’s method, in GraphPad Prism 4.03 for 
Windows. A confidence level of p < 0.05 was considered significant.
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Results

Effect of restraint duration and nosepiece temperature on body temperature
After a restraint period of 1 min. inside exposure tubes with nosepieces at room temperature, the 
average body temperature of the mice had already decreased by 2.5°C (Figure 2). The drop in body
temperature gradually increased with restraint time, to a maximum of 5.5°C at 12 min. Pre-heating 
the nosepieces at 37°C increasingly prevented the drop in body temperature to a great extent, lead-
ing to a small increase in body temperature after 16 min. of restraint. 

Figure 2: Body temperature of mice as influenced by the time of restraining in exposure tubes with nosepieces at
different temperatures. Male mice were restrained in exposure tubes with nosepieces at room temperature or pre-heated at 
37°C. Body temperature was measured immediately before and after restraining to calculate ∆body temperature. Data are 
expressed as mean ± SEM of 4 animals

Effect of smoke exposure and nosepiece temperature on body temperature
The body temperature of mice restrained in exposure tubes with nosepieces thermostat-controlled
at 36°C decreased after exposure to the smoke of 1 cigarette (Figure 3). This could be compensated
for by increasing the nosepiece temperature to 37°C, but after exposure to the smoke of 2 cigarettes 
body temperature decreased again. Increasing the nosepiece temperature to 38°C showed that it 
more than compensated for the decline in temperature caused by 2 cigarettes and led to a minor 
decrease after exposure to the smoke of 3 cigarettes. For future studies, it was therefore decided 
to set the temperature of the nosepieces at 38°C for the smoke-exposed mice and at 37°C for the 
room air breathing controls.

Effect of prolonged exposure on body temperature
Weekly measurement of the body temperature of mice before and after restraint, during 3 months 
exposure in tubes with heated nosepieces (31 minutes/day, 6 cigarettes/weekday, after a 2 week 
habituation period), showed that body temperature dropped on average 0.9°C in the smoke-ex-
posed group and 1.5°C in the room air breathing controls (Figure 4). The observed changes in
animal body temperature did not appear to be correlated to changes in room temperature (data not 
shown). 

Figure 3: Body temperature of mice exposed to the smoke of different numbers of cigarettes when restrained in exposure
tubes with nosepieces at different temperatures. Male mice were restrained in exposure tubes with nosepieces at differ-
ent thermostat-controlled temperatures and exposed to the smoke of a different number of cigarettes for 20 min. Body
temperature was measured immediately before and after restraining, to calculate ∆body temperature. Data are expressed as 
mean ± SEM of 4 animals. 

Figure 4: Body temperature of mice exposed to cigarette smoke when restrained in exposure tubes with heated nose-
pieces. Male mice were restrained in exposure tubes with nosepieces pre-heated at 37°C and exposed to room air (light grey 
bars), or restrained in exposure tubes with nosepieces thermostat-controlled at 38°C and exposed to the smoke of 3 simul-
taneously burning cigarettes for 31 minutes (dark grey bars), every weekday for 3 months. Body temperature was measured 
once weekly, immediately before and after restraining, to calculate ∆body temperature. Data are expressed as mean ± SEM 
of 4 animals.
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Effect of prolonged exposure and nosepiece temperature on body weight gain
Body weight gain of mice, during 3 months exposure (from 3 to 6 months of age) to smoke or 
room air in tubes with heated nosepieces, was similar (Figure 5A). Using nosepieces at room 
temperature instead of heated ones also did not affect body weight gain. However, the mice that
were exposed to room air or cigarette smoke gained significantly less weight from weaning (3 weeks
of age) to the end of exposure (6 months of age), than animals of similar age that had been left 
undisturbed in their cages (Figure 5B).

Figure 5: Body weight gain of mice exposed to cigarette smoke when restrained in exposure tubes with nosepieces at dif-
ferent temperatures. A. Three-months-old male mice were restrained in exposure tubes with nosepieces pre-heated at 37°C
(light grey bar; n=11) or at room temperature (horizontally hatched bar, n=15) and exposed to room air for 31 minutes, 
every weekday for 3 months, or restrained in exposure tubes with nosepieces thermostat-controlled at 38°C (dark grey bar; 
n=10) or room temperature (vertically hatched bar; n=11) and exposed to the smoke of 3 simultaneously burning cigarettes, 
for 31 minutes, every weekday for 3 months. Body weight was record at the start (3 months of age), and the end of the 3 
months exposure. B. Three-months-old male mice were restrained in exposure tubes with nosepieces pre-heated at 37°C and
exposed to room air (light grey bar; n=11), or restrained in exposure tubes with nosepieces thermostat-controlled at 38°C 
and exposed to the smoke of 3 simultaneously burning cigarettes (dark grey bar; n=10), for 31 minutes, every weekday 
for 3 months. Body weight was recorded at weaning (3 weeks of age) and after 3 months of exposure. Mice that were not 
handled were left undisturbed in their cages for 3 months (white bar; n=6). Data are expressed as mean ± SEM. *: p < 0.05 
compared to not handled group.

Effect of prolonged exposure on adrenal parameters
There was no correlation between the time of day the animals were euthanized and plasma cor-
ticosterone levels (data not shown). After 3 months exposure to smoke or room air in tubes with 
heated nosepieces, the mean corticosterone level in plasma of the smoke-exposed mice tended to be 
higher than that of the controls, but not significantly (Figure 6). There was no difference between
non-handled and room-air breathing control groups. Likewise, the mean dry adrenal weight, 
corrected for body weights, of smokers and room air-breathing controls did not differ (Figure 7).
However, relative adrenal dry weights of the two latter groups were almost twice as high as that of 
animals that had been left undisturbed in their cages. 

Figure 6:  Plasma corticosterone levels of mice exposed to cigarette smoke for 3 months when restrained in exposure 
tubes with heated nosepieces. Three-months-old male mice were restrained in exposure tubes with nosepieces pre-heated at
37°C and exposed to room air (light grey bar; n=9), or restrained in exposure tubes with nosepieces thermostat-
controlled at 38°C and exposed to the smoke of 3 simultaneously burning cigarettes (dark grey bar; n=11), for 31 minutes, 
every weekday for 3 months. Mice that were not handled, were left undisturbed in their cages for 3 months (white bar; 
n=6). Twenty-four hours after the last smoke exposure, blood was obtained to assess plasma corticosterone levels. 
Data are expressed as mean ± SEM.

Figure 7: Adrenal weight of mice exposed to cigarette smoke for 3 months when restrained in exposure tubes with 
heated nosepieces. Three-months-old male mice were restrained in exposure tubes with nosepieces pre-heated at 37°C and
exposed to room air (light grey bar; n=11), or restrained in exposure tubes with nosepieces thermostat-controlled at 38°C 
and exposed to the smoke of 3 simulaneously burning cigarettes (dark grey bar; n=10), for 31 minutes, every weekday for 3 
months. Mice that were not handled, were left undisturbed in their cages for 3 months (white bar; n=6). Twenty-four hours 
after the last exposure, adrenals were removed, dissected free from attached fat, dried and weighed. Data are expressed as 
mean ± SEM. *: p < 0.05 compared to not handled group.    
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Mortality in current and previous experiments
Two room air-breathing control mice died during the 3-months-exposure experiment with heated 
nosepieces, one in week 6 and one in week 7. One smoke-exposed animal died in week 9, so the 
mortality amounted to 17% in the control group and 8% in the smoke-exposed group (Table 1). 
Mortality in previous experiments varied widely, from 0 to 24%. 

Heated Smoke Months Sex Start n End n % Mortality

+ + 3 M 12 11 8
+ - 3 M 12 10 17
- + 3 M 16 14 13
- - 3 M 16 15 6
- + 3 F 24 24 0
- - 3 F 24 23 4
- + 6 F 21 18 14
- - 6 F 21 16 24

Table 1: Mortality in current and previous restraint/smoke exposure experiments.

Male (Sex: M) and female (Sex: F) mice were exposed to restraint, with (Smoke: +) and without (Smoke: -) exposure to 
cigarette smoke, for 3 or 6 months, in exposure tubes fitted with room temperature (Heated: -) or 37°C pre-heated / 38°C
thermostat-controlled (Heated: +) nose pieces. Animal deaths were scored throughout the experiment and percentage mor-
tality was calculated by dividing  the number of animals just prior to sacrifice, at the end of the experiment (End n), by the
number of animals at the beginning (Start n) and multiplying by 100.

Discussion
In this study we investigated if restraint per se or the temperature of the nosepieces of the exposure 
tubes could explain the high mortality rates we experienced during long term nose-only smoke 
exposure experiments. The observation that restraining mice for increasing periods of time in
exposure tubes with nose-pieces at room temperature led to a substantial and proportional decrease 
in body temperature, while pre-heating the nosepieces to 37°C could prevent this, showed that the 
decrease in mice body temperature was linked to the nosepiece temperature. This was unexpected,
since various forms of stress, including restraint in nose-only exposure tubes, have been reported to 
induce hyperthermia in mice [71, 174]. We think that the massive metal nosepiece, when at room 
temperature, functions as a very efficient heat sink because of the close contact of the mouse body
with it, so rapidly draining heat from the mouse body. Wetting of the fur by trapped sweat facili-
tates this further. Our observation that smoke-exposure caused a dose-dependent further decrease 
in body temperature, indicates that the inhalation of cigarette smoke decreases body temperature 
as such. This is in accordance with data from the literature, since cigarette smoke contains irritating
substances and nicotine, both known to cause hypothermia [166, 175]. Increasing the nosepiece 
temperature to just over animal body temperature could counteract the body temperature decreas-
ing effect of the smoke of 3 cigarettes.

Prolonged exposure (3 months) to cigarette smoke or room air in tubes with heated nosepieces 
resulted in minor decreases in body temperature without a clear trend, indicating that there was no 
habituation or sensitisation of animals to restraint or smoke regarding this parameter. The obser-
vations that nosepiece temperature did not affect body weight gain after 3 months of restraint,
irrespective of smoke exposure, and that the weight gain of mice exposed to smoke or room air 
was less than that of littermates that had been left undisturbed in their cages, show that restraint, 
but not smoke exposure or hypothermia, reduced body weight gain. This suggests that repeated
restraint of mice in our exposure tubes is a major cause of chronic stress. It agrees with data from 
literature, since it has previously been shown that restraint of mice represents psychological and 
physical stress, and that restraint-stressed mice loose weight [73], possibly due to a lowered activa-
tion threshold of the adrenal gland [176]. The reduced weight gain would be the consequence of
the persistent action of adrenal-derived corticosterone, which in the absence of insulin, inhibits or 
even depletes fat storage [177]. This is supported by our observation that restraint, but not smok-
ing or hypothermia, increased relative adrenal weights. Our failure to observe an increase in plasma 
corticosterone levels in animals that had been restrained in heated tubes for 3 months, even though 
a pronounced adrenal hypertrophy was present, could be due to the fact that the mice experienced 
a moderately severe novel stress just prior to euthanasia (i.e. the i.p injection of an overdose of ure-
thane). This has previously been shown to lead to a blunted corticosterone response in repeatedly
restrained mice [176]. From this we conclude that decapitation would have been a better method 
to terminate the animals. Since 4 animals died prematurely during the 3 months exposure experi-
ment of the present study with heated nosepieces, we conclude that preventing the hypothermia 
does not prevent deaths from occurring. As compared to previous experiments using room temper-
ature nosepieces, mortality was not even appreciably reduced. Summarising, we showed that mice 
experienced a substantial drop in body temperature and a decrease in weight gain, when restrained 
and/or exposed to cigarette smoke in nose-only exposure tubes with metal nosepieces at room tem-
perature. While heating the nosepieces greatly diminished the drop in body temperature, animals 
still gained significantly less weight and displayed a proounced adrenal hypertrophy after 3 months
of restraint on weekdays. Since mortality rates were not reduced when nosepiece temperature was 
controlled, we conclude that the premature deaths seen in our nose-only exposure protocol cannot 
be attributed to chronic intermittent episodes of hypothermia. Probably the deaths are caused by 
the stress that is caused by repeatedly restraining the animal, in an as of yet unknown way.
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Ex-vivo perfusion
The experiments described in this thesis were designed to shed some more light on the mecha-
nisms underlying cigarette smoke-induced lung emphysema. For this, a model system was set up 
in which mice were exposed nose-only to cigarette smoke for extended periods of time (2 to 6 
months), every weekday. Since in humans, lung function (measured as forced expiratory volume in 
1 second) declines faster in smokers, and even more so in smokers that develop emphysema [113, 
121], we used whole-body plethysmography (Chapters 3 and 4) to measure changes in lung func-
tion in our smoke-exposed mice. However, measuring lung function in mice can be complicated, 
and recently some controversy has arisen concerning whole-body plethysmography [75, 178-180]. 
For these reasons, we sought to develop a new method to measure the changes in lung function 
related to emphysema in mice. In Chapter 2 we used elastase instillation as a fast, robust model to 
induce lung emphysema, to subsequently perfuse the lungs ex-vivo with buffer at a range of flows,
to measure changes in the resulting pressure. These changes were presumed to reflect the extent
of lung damage, but unfortunately there was no clear relation between morphometric measures 
of lung damage such as mean linear intercept (Lm) and distance between alveolar attachments to 
bronchioli (AaDist), and the flow/pressure profiles. An interesting finding was that the volume of 
lungs (measured after fixation at a set pressure) correlated with Lm, but not with AaDist. This sug-
gests that lung compliance in mice lungs is determined by the overall number of alveolar connec-
tions in the lung, rather than the number of alveoli that are directly connected to the bronchioli, as 
reported previously for rats [81]. Unfortunately, the used perfusion method appeared not suitable 
to measure changes in lung mechanics in emphysematous mouse lungs. In view of the recent 
controversy surrounding barometric whole-body plethysmography, it is recommended to use other 
methods, such as the recently developed head-out plethysmography, which also allows repeated 
measurements of lung mechanics in the same animal over extended periods of time [181]. 

Variability of damage
Whenever rodents are used as a model for human disease, there are questions about species dif-
ferences to be answered. Since there has been criticism of the use of smoke-exposed rodents as a 
model for human cigarette smoke-induced emphysema because of intrinsic differences in breathing
modes and airways morphology [95], we investigated whether exposure of mice in our experimen-
tal set-up led to the predisposition of emphysematous lesions towards the upper parts of the lungs 
that is seen in smoking humans [22, 23]. In Chapter 3, we showed that this was indeed the case, 
and, therefore, concluded that exposure of mice in our experimental set-up could serve as a valid 
model for cigarette smoke-induced emphysema in humans, at least with regard to the distribution 
of damage throughout the lungs. The observed distinct spatial differences in cigarette smoke-in-
duced damage could be explained by studies that showed that the deposition of cigarette smoke 
particles in the lungs has a tendency to be skewed towards the upper parts of the lungs in humans 
and rats [103, 109]. Since HA is a major component of the particulate matter of cigarette smoke, 
it probably preferentially accumulates in the apical regions of the lungs, where it might potentiate 
smoke-induced lung damage, as shown in Chapter 4. 

The lack of inflammation cells in the smoke-exposed mice, which we consistently found in all
experiments, is not in conjunction with the notion that an inflammatory reaction lies at the heart
of the development of COPD [182]. On the other hand, a lack of correlation between the levels 
of inflammatory cells and the extent of emphysematous lesions has also been described in humans
[115, 183]. 

Potentiation by humic acid 
After having shown that our cigarette smoke-exposed mice resembled human smokers with regard 
to the location of damage, we applied this model to investigate the effects of one of the less well
studied components of cigarette smoke: HA (Chapter 4). Since HA is a breakdown product of 
plant material that accumulates in the lungs of smokers, where sites of depositions coincide with 
sites of iron accumulation and emphysematous lesions [184], we hypothesised that deposition of 
HA would potentiate smoke-induced damage to the lungs, and thus the development of emphy-
sema. Indeed, when mice were exposed to cigarette smoke for 2 months, after HA instillation 
in to the lungs, they had developed emphysematous lesions, whereas this was not the case in the 
mice that had been exposed to smoke or HA only. The significance of the observation that HA
potentiated the lung-damaging effects of smoking may be far-reaching for the understanding of
the etiology of COPD. It provides an explanation for the fact that many pack-years of smoking are 
generally required for symptoms to become clearly manifest, supposedly the time needed to get suf-
ficient HA accumulation in the airways in order to catalyse the cytotoxic effects of smoking.

Since HA is known to be an iron chelator [184], and in view of the previously found associa-
tion between sites of HA deposition, iron accumulation and emphysematous lesions in the lungs 
of smokers, we suggest the following mechanism for HA’s potentiating effect: upon each smoke
exposure, Fe2+ will be released from HA deposits in the lung, thus potentiating the oxidative stress 
that cigarette smoke already causes in the lung through the 1015-1017 free radicals contained in each 
puff [185]. To confirm the proposed mechanism, oxidative stress should be assessed in the lungs of
HA-pretreated animals, before and immediately after smoke exposure and this should be related to 
the HA and iron content of the lung, measurements that could not be performed during the cur-
rent investigation because of technical limitations. Also, a longer time between HA pretreatment 
and the start of smoke exposure is hypothesized to increase the potentiating effect, since previous
studies in rats indicated that lung lavage levels of iron increased for 3 months after HA instilla-
tion, before reaching a plateau [44]. In future studies, the use of HA isolated from cigarette smoke 
might be more relevant, since HA composition varies with the source of plant material [186], and 
arguably also with the way it has been derived thereof. Thus, the HA that is being generated in a
burning cigarette will be different in composition from HA isolated from soil. Another interest-
ing venue of investigation will be the comparison of the HA content of smoke from filtered versus
non-filtered cigarettes, and of mainstream versus sidestream smoke.
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Since, as noted before, the way in which smoke is generated could have an impact on the content 
and/or composition of HA in it, these variables are likely to influence the potential of the smoke to
induce emphysema as well. If confirmed, it might be possible to correlate these to the extent of HA
deposition in the lungs, and parameters of disease severity, such as FEV1 and airway hyperrespon-
siveness, in differently exposed individuals.

Vitamin A and susceptibility
Based on findings that cigarette smoke acts as a double-edged sword in the lungs by both inflict-
ing tissue damage [141] and depleting acid retinoids, molecules implied in tissue regeneration, in 
the airways of ferrets [187], the following hypothesis was formulated: a low vitamin A status can 
increase the susceptibility to cigarette smoke-induced lung emphysema. In Chapter 5 we tested this 
hypothesis by exposing mice with a normal and a low, but not deficient, vitamin A status to ciga-
rette smoke and found that a low vitamin A status increased the susceptibility to cigarette smoke-
induced emphysema. The observation that levels of retinol and retinyl palmitate were decreased
in the lungs of animals with the low status, could provide a possible explanation for the increased 
susceptibility, given their potent anti-oxidant activity [188]. They could protect against the damag-
ing actions of radical-containing cigarette smoke, if present at a sufficiently high level.

Unexpectedly, levels of acid retinoids remained normal in the lungs of the smoke-exposed animals, 
irrespective of their vitamin A status. Our hypothesis that decreased retinol and retinyl palmitate 
levels in the lung will accelerate cigarette smoke-induced lung emphysema because the lungs’ 
anti-oxidant shield is decreased, could offer an explanation for the fact that acid retinoids remained
normal while emphysema developed, since it is known that increased oxidative stress inhibits RAR 
and RXR activation [157, 158], thus impairing tissue regeneration in spite of sufficient acid retin-
oid levels. However, acid retinoids in the lungs may have been depleted during smoke exposure, 
and replenished from body stores 24 hours after smoking, the time of sampling. The increases in
plasma levels of retinoids we observed at that time are suggestive of such a mechanism, since the 
body somehow ‘senses’ the vitamin A status in organs, which causes the release of retinoids from 
storage sites in response to local tissue needs [57]. 

Further studies into the effects of smoke exposure on retinoid metabolism are warranted to
investigate if depletion followed by replenishment indeed takes place in the lungs of cigarette 
smoke-exposed mice. To study the kinetics of such a mechanism, changes in body retinoid levels 
should be measured just prior to, immediately after, and at properly interspaced time intervals after 
smoke exposure. Furthermore, changes in retinoid signalling cascades should be studied following 
smoke exposure in normal and transgenic mice that lack (combinations of the) proteins that form 
receptors, binding proteins, and catabolising enzymes for retinoids, since it will be interesting to 
see how retinoid metabolism and the development of emphysema will be affected in these animals
upon smoke exposure. Hopefully such experiments can shed more light on the molecular mechan-
ics underlying the link between cigarette smoke, retinoid metabolism and the development of 
emphysema. 

Vitamin A levels
We would like to make a cautionary note regarding the high levels of vitamin A in standard rodent 
chow that is fed to experimental animals, since these levels can exceed the requirements as set forth 
in the “Nutritional Requirements for Laboratory Animals” as much as 18-fold. These requirements
are already conservative estimates, and as we showed in Chapter 5, vitamin A levels in feed can be 
12-fold lower without obvious deleterious effects on the animals. Because a low vitamin A status
appeared to have a profound impact on the development of cigarette smoke-induced lung emphy-
sema (Chapter 5) and airway hyperreactivity [189] in rodents, while in humans a reduced vitamin 
A intake has been shown to be related to asthma and COPD in a number of population-based 
studies [190-192], researchers that use rodents for studying lung diseases should be aware that the 
very high levels of vitamin A in the feed could influence the results of such studies. Since oxida-
tive stress is a major factor in the development and progression of asthma and COPD [9, 193], 
high tissue levels retinoids as a consequence of the high dietary levels may mask ‘desired’ effects
of these diseases because of the potent anti-oxidant action of retinoids. Furthermore, selected hu-
man populations with low vitamin A intakes in both developing countries [165] and the Western 
world [162] might be at increased risk to develop cigarette smoke-induced emphysema. When an 
unhealthy diet and smoking are combined with alcohol abuse, the risk will be even higher, since 
chronic ethanol consumption has been shown to deplete hepatic vitamin A stores [164, 194].

Smoke, stress and mortality
For humans, a perceived stress-relieving effect is one of the more important reasons to expose
themselves to cigarette smoke [195-197]. However, in experimental animals that are involuntarily 
exposed to cigarette smoke in a nose-only system, the situation is quite the opposite. Here, expo-
sure to cigarette smoke causes stress, through a combination of factors. For this reason, we specu-
lated that stress-induced hyperthermia might explain the high levels of mortality we experienced 
in both controls and smoke-exposed animals during our nose-only exposure experiments, since 
stress-induced hyperthermia has been previously observed in restrained mice [71]. Surprisingly, we 
found that mice instead showed a pronounced hypothermia during their stay in the nose-only ex-
posure tubes, which we could attribute to the massive metal nosepieces (Chapter 6). Unfortunately, 
preventing hypothermia by heating the nosepieces did not decrease parameters of stress, nor did it 
reduce mortality. 

Our findings concerning the amount of stress experienced by nose-only smoke-exposed mice give
rise to concern about the feasibility of mimicking human smoking behaviour in experimental 
animals. While studies using whole-body exposure will not suffer from the confounding factors
introduced by restraint, this method holds other disadvantages concerning dosing and soiling 
of bedding and fur [166]. Based on our findings in Chapters 5 and 6, we think that exposure of
experimental animals to cigarette smoke should more closely resemble human smoking patterns, 
and whole-body exposure might be the only way to subject animals to daily, frequently repeated 
short-term exposures, both from a practical and economical point of view. 

Chapter 7



88

Lung emphysema induced by cigarette smoke - Studies in mice   

Conclusions
Concluding, the research described in this thesis has led to two, potentially important, new find-
ings with regard to cigarette smoke-induced emphysema. Firstly, we showed that the presence of 
HA in the lungs potentiated the development of cigarette smoke-induced emphysema, offering an
explanation for the natural history of the disease. Our hypothesis regarding the involvement of free 
iron can serve as a starting point for further research that could lead to new therapeutic targets. 
Secondly, we showed that a low vitamin A status predisposes to the development of cigarette 
smoke-induced emphysema. This finding might have implications for selected human populations
that are at risk of sub-clinical vitamin A deficiency, both in developing countries and the Western
world. References
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Uit onderzoek bij patiënten met longemfyseem is gebleken dat vooral de bovenste gedeeltes van 
de longen gevoelig zijn voor het ontstaan van ‘gaten’ als gevolg van langdurig roken. Omdat mui-
zenlongen niet hetzelfde zijn als mensenlongen wilden we onderzoeken of dit bij onze aan rook 
blootgestelde muizen ook het geval was, zodat ze als een goed model voor longemfyseem in mensen 
konden dienen. Om dit te onderzoeken werden de muizen 6 maanden lang, elke werkdag bloot-
gesteld aan de rook van 6 sigaretten. Daarna werden de longen verwijderd en keken we met de mi-
croscoop in plakjes longweefsel naar de grootte van de gaten, op verschillende dieptes en hoogtes in 
de longen. We zagen dat de schade van het inhaleren van de sigarettenrook niet gelijkmatig over de 
longen verdeeld was. Er was duidelijk meer schade (grotere ‘gaten’) in de bovenste gedeelten van de 
longen. Dit betekende dat onze ‘rokende muizen’ goed te vergelijken waren met rokende mensen.

Een van de factoren die van belang kunnen zijn in het ontstaan van longemfyseem, is humuszuur. 
Dit is een mengsel van stoffen dat ontstaat uit de afbraak van plantenmateriaal. Het is dus in
grote mate aanwezig in grond en compost, maar verrassend genoeg ook in sigarettenrook. Tabak 
bestaat uit gefermenteerde plantenbladeren en tijdens het roken wordt een gedeelte hiervan in de 
sigaret omgezet in humuszuur. De roker inhaleert rook met daarin humuszuur in de longen, waar 
het neerslaat en zich, gedurende vele jaren roken, ophoopt. De bruine kleur van de iedereen wel 
bekende ‘rokerslongen’ wordt voor een groot gedeelte veroorzaakt door humuszuur. Gezien het feit 
dat longemfyseem eigenlijk alleen optreedt na langdurig roken, zou de geleidelijk ophoping van 
humuszuur in de longen hier iets mee te maken kunnen hebben. Om te onderzoeken of humusz-
uur het ontstaan van longemfyseem kon  versnellen, hebben we in een groep muizen een oplossing 
van humuszuur in de longen gebracht en in een andere groep, ter controle, alleen het oplosmiddel.
Vervolgens werden beide groepen 2 maanden blootgesteld aan sigarettenrook. Toen we op de eer-
der beschreven manier naar de longen keken, zagen we nog geen emfyseem in de groep die alleen 
rook gekregen had, maar in de humuszuur + rook groep was de schade ongeveer net zo groot als 
we eerder hadden gezien na 6 maanden alleen roken. Het humuszuur had er dus voor gezorgd dat 
er eerder schade aan de longen optrad als gevolg van het roken. Dit bevestigde onze theorie dat de 
aanwezigheid van humuszuur in de longen het ontstaan van longemfyseem als gevolg van sigaret-
tenrook versterkt. We hebben wel ideeën over manier waarop humuszuur dit versterkende effect te
weeg brengt, maar er moet meer onderzoek gedaan worden om dit verder uit te zoeken.

Een andere stof waar de laatste tijd veel belangstelling voor bestaat in het kader van het onder-
zoek naar longemfyseem, is vitamine A. Zoals de meeste mensen wel weten, is vitamine A heel 
belangrijk voor een goed gezichtsvermogen. Bij een tekort treedt eerst tijdelijke nachtblindheid en 
voortdurend gebrek leid tot totale, onherstelbare blindheid. Minder bekend is dat vitamine A ook 
essentieel is voor de aanleg van het zenuwstelsel en de longen in het zich ontwikkelende kind in de 
baarmoeder. Sinds enige tijd denken sommige wetenschappers dat een bepaalde vorm van vitamine 
A, retinoid zuur genaamd, ook later in het leven nog een rol zou kunnen spelen in de long. Er zijn 
aanwijzingen dat retinoid zuur betrokken is bij het herstel van schade in volwassen longen.

In deze tekst wordt het onderzoek dat ik gedurende de afgelopen 5 jaar uitgevoerd heb, op een 
begrijpelijke manier samengevat voor een ‘niet ingewijd’ publiek. De ziekte waar ik onderzoek naar 
gedaan heb, door sigarettenrook veroorzaakt longemfyseem, is een onderdeel van de verzameling 
chronisch obstructieve longziekten ofwel COPD. Hoewel COPD steeds vaker voor komt en 
volgens de Wereldgezondheidsorganisatie binnen 15 jaar wereldwijd de 3e doodsoorzaak zal zijn, is 
het lang niet zo bekend als andere ziekten zoals AIDS of kanker. Het is duidelijk dat het inhaleren 
van tabaksrook de belangrijkste oorzaak van COPD is. Maar hoewel de overgrote meerderheid van 
de COPD patiënten (ex)-roker is, wordt slechts 15 tot 20% van de rokers uiteindelijk, na jaren 
roken, een COPD patiënt. 

Patiënten met vergevorderd longemfyseem zijn vaak kortademig en snel moe. Dit komt doordat 
de ziekte het longweefsel zodanig aangetast heeft dat de eigenschappen van de longen veranderd 
zijn. Normale longen zijn elastisch en bestaan uit zich steeds vertakkende buizen die uiteindelijk 
uitmonden in miljarden kleine blaasjes met een dunne wand, alveoli genaamd. In de alveoli gaat 
zuurstof van ingeademde lucht naar het bloed en koolzuurgas van het bloed naar de uitgeadem-
de lucht, dit wordt gasuitwisseling genoemd. In longen met emfyseem is het aantal alveoli veel 
kleiner. Door schade aan de wandjes zijn er ‘gaten’ in de longen waar geen gasuitwisseling meer kan 
plaatsvinden.Verder zijn de longen minder elastisch geworden door veranderingen in de structuur 
van de buizen en wandjes. Samen zorgen deze veranderingen, die meestal veroorzaakt worden door 
langdurig roken, voor de verschijnselen van longemfyseem. 

Langdurig roken is dus nodig om de ziekte te ontwikkelen, maar dan nog zijn er andere, nog 
onbekende, factoren die het wel of niet ontstaan van longemfyseem beïnvloeden. Om deze te 
ontdekken wordt veel onderzoek gedaan. In mijn onderzoek heb ik gekeken naar een aantal fac-
toren die het ontstaan van door sigarettenrook veroorzaakt longemfyseem zouden kunnen beïn-
vloeden. Hiervoor heb ik gebruik gemaakt van muizen, omdat het praktisch gezien heel moeilijk 
is om het ontstaan van de ziekte te volgen in mensen die roken. De muizen zijn langdurig (2 tot 
6 maanden) blootgesteld aan sigarettenrook, in combinatie met een aantal andere experimentele 
ingrepen.

Eerst heb ik geprobeerd om een nieuwe manier te ontwikkelen om de veranderingen die plaats-
vinden in longen van muizen met emfyseem te meten. Hiervoor werden de longen uit het lichaam 
gehaald en via de luchtpijp doorspoeld met een verwarmde zoutoplossing, nadat er kleine gaatjes 
in de longbuitenwand geprikt waren. Door de snelheid waarmee de oplossing door de longen werd 
gepompt te veranderen en bij elke snelheid de druk te meten die in de longen opgebouwd werd, 
konden we een zogenaamd “flow/pressure profiel” opstellen. We hoopten dat dit verschillend zou
zijn voor normale longen en longen die we emfysemateus gemaakt hadden door er een enzymo-
plossing in te brengen die de wandjes afbrak. Helaas bleek dit niet het geval en kon deze methode 
dus niet gebruikt worden om verschillen te meten tussen normale longen en longen met emfyseem.
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Verder is er (in fretten) gevonden dat het inhaleren van sigarettenrook er voor zorgt dat het 
retinoid zuur gehalte in de longen afneemt, terwijl het tegelijkertijd natuurlijk voor schade aan 
het longweefsel zorgt. Zo zou sigarettenrook dus een tweesnijdend zwaard kunnen zijn dat zowel 
schade veroorzaakt, als herstel van die schade belemmerd. Wij vroegen ons af of een lage hoeveel-
heid vitamine A in het lichaam voor een hogere vatbaarheid voor door sigarettenrook veroorzaakt 
longemfyseem zorgt. Om dit te testen hebben we een groep muizen gefokt op een dieet met weinig 
vitamine A, zodat ze een lage voorraad vitamine A in hun lichaam kregen. Een andere groep kreeg 
een dieet met de normale hoeveelheid vitamine A. Nadat beide groepen 3 maanden blootgesteld 
waren aan lucht of sigarettenrook, bleek dat alleen de ‘rokende’ dieren met een lage vitamine A 
voorraad longemfyseem ontwikkeld hadden.Verrassend genoeg was de concentratie van retinoid 
zuur hetzelfde in alle dieren, ongeacht het dieet en of ze wel of niet blootgesteld waren aan rook. 
Dit kan komen doordat we pas een dag na de laatste rookblootstelling gemeten hebben, of omdat 
inhaleren van sigarettenrook in muizen niet tot afname van retinoid zuur in de longen leidt. Verder 
onderzoek is nodig om dit nader vast te stellen. Andere vormen van vitamine A waren wel verlaagd 
in de longen van muizen met een lage voorraad en dit zou een verklaring kunnen bieden voor het 
feit dat alleen deze dieren longemfyseem ontwikkelden. Van deze vormen is namelijk bekend dat 
ze een anti-oxidant werking hebben, die de longen kan beschermen tegen de schadelijke inwerking 
van sigarettenrook. Hoewel de onderliggende oorzaak dus nog niet duidelijk is, hebben we wel 
aangetoond dat een lage vitamine A voorraad de vatbaarheid voor door sigarettenrook veroorzaakt 
longemfyseem vergroot. Dit kan van belang zijn voor groepen mensen die roken en een verlaagde 
inname van vitamine A via de voedig hebben, bijvoorbeeld in ontwikkelingslanden 

Om de muizen aan sigarettenrook bloot te stellen, maakten we gebruik van speciale ‘nose only’ 
buizen, waarin de dieren niet heen en weer kunnen bewegen en alleen via de neus rook aangeboden 
krijgen. Helaas zorgt het in de buis opgesloten zitten voor stress bij de dieren. Sommige muizen 
overleden terwijl ze in de blootstellingsbuis zaten. Omdat bekend is dat stress voor een verhoging 
van de lichaamstemperatuur kan zorgen in muizen en de afgesloten buis dit effect misschien nog
versterkt, onderzochten we of onze muizen overleden aan oververhitting. Verrassend genoeg bleek 
de lichaamstemperatuur van de muizen niet te stijgen, maar juist te dalen tijdens hun verblijf in de 
buis. Het bleek dat de massieve metalen neusstukken van de blootstellingsbuizen hiervoor verant-
woordelijk waren. Nadat we deze verwarmden van kamertemperatuur (± 22°C) tot de lichaam-
stemperatuur van een muis (± 37°C), bleven de muizen op hun normale lichaamstemperatuur. 
Helaas had dit niet tot gevolg dat de hoeveelheid stress die de dieren ondervonden, ook afnam. In 
de bijnieren worden bepaalde stress hormonen aangemaakt en bij voortdurende stress worden ze als 
reactie hierop groter (en dus zwaarder). Na drie maanden waren de bijnieren van muizen die in de 
buizen hadden gezeten zwaarder dan die van muizen die we in hun kooi hadden gelaten, zelfs als 
de neusstukken verwarmd waren. Ook overleden er nog steeds een aantal dieren tijdens het experi-
ment. Hieruit concludeerden we dat het blootstellen van muizen in dit soort ‘nose only’ buizen veel 
stress veroorzaakt en dat dit een mogelijke oorzaak is van de sterfte tijdens de experimenten. 
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Concluderend hebben we twee nieuwe en potentieel belangrijke vindingen gedaan met betrekking 
tot door sigarettenrook veroorzaakt longemfyseem. Ten eerste dat humuszuur in de longen het 
ontstaan er van versterkt, wat een verklaring kan bieden voor het natuurlijk verloop van de ziekte. 
Ten tweede dat een lage vitamine A voorraad de vatbaarheid er voor vergroot, wat van belang kan 
zijn voor rokers met een verlaagde inname van vitamine A.
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Bu yazıda, geçmiş beş yıl süresince yaptığım araştırma üzerine bilgi vereceğim ve bunu yaparken 
bilimsel terminolojiden uzak olan kişilerin de anlayabileceği bir dil kullanacağım. Akciğer am-
fizemi, yani araştırdığım hastalık sigara içimine bağlı olarak oluşur ve kronik engelleyici akciğer
hastalıkları ya da kısa ifadeyle COPD sınıfına dahildir. COPD hastalığının görülme sıklığının 
dünya çapında artmasına ve Dünya Sağlık Örgütünün verilerine göre onbeş yıl içerisinde tüm dün-
yada üçüncü ölüm nedeni olacak olmasına rağmen hastalık AIDS ya da kanser gibi diğer hastalıklar 
kadar iyi bilinmemektedir. Tütün dumanının soluk havasıyla içeri çekilmesinin en önemli COPD 
nedeni olduğu açıktır. Her ne kadar COPD hastalarının hemen hemen tümü sigara içen ya da 
geçmişte sigara içmiş daha sonra sigarayı bırakmış kişiler olsa da sigara içenlerin sadece %15-20’si 
yıllar boyunca sigara içme sonrası COPD hastalığına yakalanır. 

İlerlemiş akciğer amfizemi olan kişiler genellikle nefes darlığı çeker ve çabuk yorulur. Bunun nedeni
akciğer dokusunun hastalığa bağlı olarak değişmesidir. Dokudaki değişmeye bağlı olarak akciğerin 
mekanik özellikleri değişir. Normal akciğerler elastik yapıda olup milyonlarca sayıda, alveol olarak 
adlandırılan ince duvarlı küçük keselerle biten dallanmış borulardan oluşur. Alveol içerisinde 
oksijen solunumla içeri alınan havadan kan dolaşımına, karbon dioksit ise kan dolaşımından 
solunumla dışarı verilen havaya hareket eder ve bu süreç gaz değişimi olarak adlandırılır. Amfi-
zemli akciğerlerde alveol sayısı önemli düzeyde düşer. Alveol duvarlarındaki tahribata bağlı 
olarak akciğerlerde “delikler” oluşur. Bu deliklerde daha fazla gaz değişimi gerçekleşmez. Bunu 
da ötesinde, borular ve alveol duvarları yapılarndaki değişimlere bağlı olarak akciğerlerin elastiki-
yeti azalır. Genellikle uzun süreli sigara içimi sonucu gelişen bu değişimler amfizem hastalığının
semptomlarını oluşturur. 

Hastalığın gelişmesi için uzun süreli sigara içilmesi gerekli olmasına karşın bir kişide amfizem
gelişip gelişmeyeceğini belirleyen, henüz bilinmeyen diğer bazı faktörler vardır. Bu faktörleri 
tanımlayabilmek için çok sayıda arştırma yapıldı. Doktora çalışmamda sigara içimine bağlı akciğer 
amfizemi gelişimini etkileyebilen bir takım faktörleri araştırdım. Sigara içen kişilerde hastalığın
gelişimini takip etmenin pratik açıdan çok zor olmasından dolayı araştırmamda fareleri kullandım. 
Kullandığım fareler, biraz sonra daha detaylı açıklayacağım deneysel müdahelelere ek olarak uzun 
süreli (2-6 ay süresince) sigara dumanına maruz bırakılmış farelerdir. 

İlk olarak, amfizemli farelerin akciğerlerinde gelişen değişimleri ölçmede kullanabileceğim yeni bir
yöntem geliştirmeyi denedim. Bu amaçla, ilk aşamada akciğerler farelerin vücutlarından çıkarıldı, 
iğneyle akciğer dış duvarının üzerinde küçük delikler açıldı ve daha sonra akciğerler nefes borusun-
dan sıcak tuzlu su çözeltisi ile yıkandı. 

Tuzlu su çözeltisinin akciğerlere pompalanma hızını değiştirerek ve çözeltinin her farklı hızda 
pompalanması sonrası akciğerlerde oluşan basıncı ölçerek bir “akış / basınç profili” oluşturulabilir.
Bu şekilde oluşturulan profilin normal akciğerlerde ve bir enzim çözeltisi damlatılarak duvarlarının
tahrip edilmesi yoluyla amfizemli hale getirilen akciğerlerde değişik olacağını umduk. Ne yazık
ki düşüncelerimiz gerçekleşmedi ve bu yöntemin normal ve akciğerli amfizemler arasındaki
değişimleri ölçmede kullanılamayacağı sonucuna vardık.   

Sigara içimine bağlı akciğer amfizemi olan hastalarda özellikle akciğerlerin yukarı kısımlarının
uzun süreli sigara içiminin bir sonucu olarak delik oluşumu ile karakterize patolojik süreçlerin 
gelişimine hassas olduğu gösterilmiştir. Fare akciğerlerinin insan akciğerlerine benzememesinden 
dolayı delik oluşumu ile karaketrize bu patolojik sürecin sigara dumanına maruz bırakılan farelerde 
de gelişip gelişmediğini görmek istedik. Benzer bir patolojik sürecin gelişmesi durumunda farelerin 
insanlardaki akciğer amfizemi olgularında iyi bir hayvan modeli olarak kullanılabileceğini görmüş
olurduk. Bunu araştırmak için fareler altı ay süresince her iş günü altı adet sigaranın dumanına 
maruz bırakıldı. Daha sonra akciğerler vücuttan çıkarıldı ve mikroskopla akciğerlerden hazırlanan 
kesitlerde varolan deliklerin büyüklüklerine bakıldı. Akciğerlerden hazırlanan her bir kesitin en üst, 
orta ve aşağı bölümlerinin incelenmesi yoluyla akciğerlerde farklı derinlik ve yüksekliklerde oluşan 
deliklerin boyutları incelenebilir. Sigara dumanının solunumla içeri çekilmesine bağlı olarak gelişen 
tahribatın tüm akciğer dokusunda aynı olmadığını gördük. Akciğerlerin üst kısımlarında net bir 
şekilde daha fazla tahribat (daha büyük delikler) vardı. Bu durum, bizim “sigara dumanına maruz 
bırakılan farelerimizin” sigara içen insanlarla karşılaştırılabilir olduğu anlamına geliyordu. 

Amfizem gelişiminde önemli olabilecek faktörlerden bir tanesi de hümik asittir. Hümik asit
bitkiyi oluşturan yaprak, kök gövde gibi değişik kısımların ayrışması süresince oluşan bir madde 
karışımıdır. Dolayısıyla hümik asit yüksek düzeyde toprak ve gübrede bulunur. Toprak ve gü-
breye ek olarak bu madde şaşırtıcı fakat sigara dumanında da bulunur. Tütün mayalanmış bitki 
yapraklarından oluşur ve sigara içerken mayalanmış bitki yapraklarının bir kısmı hümik asite 
dönüşür. Sigara içen kişi hümik asit içeren sigara dumanını akciğerleri içine çeker ve hümik asit  
uzun yıllar sigara içimi süresince akciğerlerde birikir. Sigara içen kişilerin akciğerlerinin iyi bilinen 
kahverengi görünümü büyük ölçüde hümik asite bağlıdır. Akciğer amfizeminin yoğun sigara
içimini takiben geliştiği göz önünde bulundurulduğunda hümik asitin akciğer dokusunda dereceli 
bir şekilde birikiminin amfizem gelişiminde yer aldığı düşünülebilir. Hümik asitin sigara içimine
bağlı akciğer amfizemi gelişimini hızlandırıp hızlandırmadığını araştırmak için bir grup farenin
akciğerlerine hümik asit içeren bir çözelti, diğer grup farenin akciğerlerine ise hümik asit içermeyen 
bir sıvı damlattık. Bu ikinci grup kontrol grubu işlevini gördü. Daha sonra her iki grup fare iki 
ay süresince sigara dumanına maruz bırakıldı. Farelerin akciğerlerine biraz önce tanımladığım 
şekilde baktığımızda sadece sigara dumanına maruz bırakılan grupta amfizem saptamazken
akciğerlerine hümik asit damlatılan ve ek olarak sigara dumanına maruz bırakılan gruptaki farelerin 
akciğerlerinde saptadığımız tahribat daha önceden, sadece 6 ay sigara içimine bağlı olarak farelerin 
akciğerlerinde gözlenen tahribata benzerdi. 
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Sonuç olarak, hümik asit sigara dumanının içeri çekilmesine bağlı olarak akciğerlerde tahribat 
gelişimi sürecini hızlandırıyordu. Bu sonuç akciğerlerde varolan hümik asitin sigara içimine 
bağlı olarak akciğer amfizemi gelişimi sürecini hızlandırdığı teorisini doğruluyordu. Hümik
asitin amfizem gelişimi sürecini hızlandırmasının altında yatan mekanizmayla ilgili olarak
bazı düşüncelerimiz olmasına karşın bu konunun daha iyi aydınlatılabilmesi için gelecekte ek 
çalışmaların yapılması gerekir. 

Yakın geçmişte akciğer amfizemi olgularıyla ilişkili olarak büyük ölçüde ilgi odağı olan bir diğer
madde de A vitaminidir. Birçoğumuzun bildiği gibi A vitamini görme için çok önemlidir. Vücutta 
A vitamini eksikliği olduğu zaman ilk olarak gece körlüğü gelişir. A vitamininin vücutta uzun 
süreli eksikliği geri dönüşümsüz körlükle sonuçlanır. A vitamininin gelişmekte olan fötusda sinir 
sistemi ve akciğerlerin gelişiminde çok önemli olduğu yeterince bilinmemektedir. Uzun bir süredir 
bilim adamları A vitamininin bir formu olan retinoik asitin de hayatın ileri dönemlerinde akciğer 
işleyişinde önemli yer aldığını düşünmektedir. Retinoik asitin erişkin akciğerlerinde varolan 
tahribatın onarımında yer aldığını gösteren bazı bulgular vardır. Bunun da ötesinde, solunumla 
içeri çekilen sigara dumanının yaban gelinciklerinde akciğerlerde retinoik asit seviyesinde düşmeye 
ve akciğer dokusunda tahribata  neden olduğu gösterilmiştir. Bu durumda sigara dumanı iki tarafı 
keskin kılıç işlevini görür; bir taraftan tahribata neden olurken diğer taraftan tahribatın onarımını 
önler. Vücutta A vitamini seviyesinin düşüklüğünün sigara dumanına bağlı akciğer amfizemi
olgularına duyarlılığı arttırıp arttırmadığını merak ettik. Bu durumu incelemek için bir grup fareyi 
düşük düzeyde A vitamini içeren bir diyetle besledik. Bu şekilde bu farelerin vücutlarında düşük 
düzeyde A vitamini içeren depolar oluştu. Diğer bir grup fare ise normal düzeyde A vitamini içeren 
bir diyetle beslendi. Daha sonra her iki grup fareyi üç ay süresince sigara dumanı ya da normal 
oda havasına maruz bıraktık. Üç ay sonra sadece sigara dumanına maruz kalan ve düşük düzeyde 
A vitamini deposu olan farelerde amfizem gelişimi gözlendi. Şaşırtıcı ama çalışmaya alınan tüm
gruplarda (düşük ya da normal A vitamini içeren diyetle beslenen gruplar ve sigara dumanı ya da 
normal oda havasına maruz bırakılan gruplar) akciğerlerdeki retinoik asit miktarı aynı idi. Bunun 
nedeni retinoik asit ölçümünü hayvanları sigara dumanına son defa maruz bıraktıktan bir gün son-
ra yapmış olmamız olabilir. Sigara dumanına maruz bıraktıktan sonra bir süre akciğerlerde retinoik 
asit miktarı düşük olabilir fakat sonra diğer dokulardan (özellikle karaciğer) taşınan retinoik asit  
akciğerlerdeki eksikliğin yerini alabilir. Böyle bir durumda sigara dumanı retinoik asit seviyesinde 
düşmeye neden olsa da ölçüm bir gün sonra yapıldığı için bu eksiklik saptanamaz. Öte yandan, 
sigara dumanının solunumla içeri çekilmesi fare akciğerlerinde retinoik asit seviyesinde düşmeye 
neden olmayabilir. Bu durumu aydınlatabilmek için daha detaylı araştırmaların yapılması gere-
kir. A vitamininin diğer bazı formları düşük düzeyde A vitamini içeren diyetle beslenen farelerin 
akciğerlerinde daha düşük seviyede idi. A vitamininin bu formları akciğerleri sigara dumanının 
tahrip edici etkisinden koruyabilecek antioksidan özelliklere sahip oldukları için bu durum, neden 
sadece düşük düzeyde A vitamini içeren diyetle beslenen farelerde sigara dumanına maruz kalma 
sonrası akciğer amfizemi geliştiğini açıklayabilir.

Sonuç olarak, her ne kadar bu durumun altında yatan neden tam olarak açıklığa kavuşturulmamış 
olsa da vücutta düşük A vitamini seviyesinin sigara dumanına bağlı akciğer amfizemi gelişimine
duyarlılığı arttırdığını gösterdik. Bu durum, gelişmekte olan ülkelerde yaşayan insanlar gibi, düşük 
düzeyde A vitamini alan ve sigara içen kişilerin sağlığı açısından oldukça önemli olabilir. 

Fareleri sigara dumanına maruz bırakmak için özel burun boruları kullandık. Fareler bu borulara 
sabitlenir ve sigara dumanını sadece burundan alırlar. Ne yazık ki hayvanların bu şekilde boru-
lara sabitlenmesi hayvanlarda strese neden oldu. Bazı fareler burunları borunun içerisindeyken 
strese bağlı olarak öldü. Stresin farelerde vücut ısısında artışa neden olduğu ve kapalı bir borunun 
bu etkiyi arttırabileceğinin bilinmesinden dolayı çalışmalarımızda kullandığımız farelerin aşırı 
ısınmaya bağlı olarak ölüp ölmediklerini araştırdık. Şaşırtıcı ama bu araştırmalarımızda, fareler 
kapalı boru içerisinde kaldıkları süre boyunca vücut ısıları yükselmedi ama düştü. Daha son-
radan vücut ısısındaki bu düşüklükten kullandığımız kapalı boruların metal burun parçalarının 
(farenin burunlarının içine girdiği kısım) sorumlu olduğunu saptadık. Bu burun parçalarının 
ısısını oda ısısından (± 22°C) farenin vücut ısısına (± 37°C) yükselttikten sonra fareler deneyler 
süresince vücut ısılarını korudu. Ne yazık ki bu durum hayvanların maruz kaldığı stresin seviyesini 
düşürmedi. Bazı stres hormonları adrenal bezlerinde yapılır ve kronik strese yanıt olarak bu bezler 
büyür. Üç aydan sonra kapalı borular içinde bulunan farelerin adrenal bezleri, bu boruların metal 
burun parçaları ısıtılmış olsa dahi, hiç bir işlem görmemiş, kafeslerinde bırakılmış farelerin adrenal 
bezlerinden çok daha ağır idi. Aynı zamanda bazı fareler deney sırasında ölmeye devam etti. Bütün 
bunlardan çıkardığımız sonuç şu oldu: farelerin bu metal burun parçalı borular içine sokulması 
hayvanın vücut ısısı ne olursa olsun yüksek düzeyde strese neden oluyordu ve bu da farelerin neden 
deney süresince öldüğünü açıklayabilirdi. 

 
Sonuç olarak, yürüttüğümüz bu çalışmalar ile sigara içimine bağlı akciğer amfizemi olgularıyla
ilişkili olarak şu önemli bulguları saptadık: ilk olarak hümik asit amfizem gelişimini hızlandırıyordu
ve bu durum hastalığın doğal seyrini açıklayabilir. İkinci olarak, vücuttaki A vitamini deposunun 
düşük seviyede olması amfizem gelişimine duyarlılığı arttırıyordu ve bu da dışarıdan düşük düzeyde
A vitamini alan sigara kullanan kişiler için önemli olabilir. 
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In questa sede esporrò il lavoro svolto in 5 anni in modo accessibile anche per chi non ha familia-
rità con la materia. La malattia che è stata oggetto del mio studio, l’enfisema polmonare causata
dal fumo di sigaretta è deriva da un’ostruzione cronica del polmone, anche nota come COPD. 
Anche se questo tipo di patologia è in aumento e nell’arco di 15 anni, secondo il World Health 
Organization, sarà la terza causa di morte a livello mondiale, non è ancora ben conosciuta come 
altre patologie quali l’AIDS o il cancro. È chiaro che l’inalazione di tabacco è la causa principale di 
questa patologia. Nonostante questo la maggior parte dei pazienti-COPD sono ex-fumatori, solo 
tra il 15% ed il 20% di tutti i fumatori, dopo esser stati fumatori a lungo termine, sono affetti da
COPD.

I soggetti con enfisema polmonare avanzato, spesso accusano dispnea e si affaticano facilmente.
Ciò è dovuto alle modificazioni che la malattia ha causato alla struttura del tissuto polmonare.
I polmoni di un soggetto sano sono infatti elastici; sono costituiti da strutture tubolari che, 
biforcandosi in maniera costante, si assottigliano sempre di più fino ad arrivare all’alveolo, che è
l’unità strutturale e funzionale del polmone. È a questo livello che avviene lo scambio di gas e cioè: 
il sangue cede biossido di carbonio all’aria, da cui sottrae ossigeno da convogliare nei vari distretti 
corporei. Al contrario, nel polmone enfisematoso, che ha perso la sua elasticità, il numero degli
alveoli decresce notevolmente in quanto si formano dei veri e propri buchi, perforazioni a livello 
del parenchima polmonare a livello delle quali, ovviamente, non è più possibile alcuno scambio 
gassoso. Tutte queste alterazioni, che spesso sono il risultato di anni di fumo, causano i sintomi 
dell’enfisema.

Anche se il fumo di sigaretta è necessario per sviluppare la patologia, ci sono molti altri fattori, ad 
oggi ancora sconosciuti, che determinano la comparsa dell’enfisema polmonare o meno. I fatto-
ri che sono stati ricercati in questo contesto sono quei fattori che possono causare lo sviluppo 
dell’enfisema polmonare tramite il fumo di sigaretta. Per questo scopo sono state utilizzate i topi,
in quanto sarebbe molto complicato seguire l’evolversi della malattia nell’uomo. I topi sono state 
esposte al fumo di sigaretta da 2 a 6 mesi, in combinazione con altri interventi sperimentali che 
verranno delucidati successivamente.

All’inizio si è cercato di sviluppare una nuova metodologia per misurare i cambiamenti che hanno 
luogo nei polmoni degli topi con enfisema. Con questo scopo i polmoni vengono asportati dagli
topi e lavati con una soluzione salina tiepida, dopo aver praticati piccole lacerazioni sulla muro 
avventizio dei polmoni. Variando la velocità con cui la soluzione veniva somministrata attraverso 
i polmoni e misurando la pressione che si sviluppava nel polmone ad ogni velocità si è potuto 
costruire un profilo flusso/pressione. Si pensava che tale profilo assumesse valori differenti per il
polmone sano ed il polmone che era stato reso enfisematoso con l’utilizzo di un enzima che com-
prometteva la struttura della parete alveolare. 
Purtroppo questa metodologia non si è rivelata opportuna per la misurazione di tale differenza.

È stato dimostrato che, in pazienti fumatori affetti da enfisema, la parte superiore del polmone
è particolarmente soggetta alla formazione di buchi come conseguenza del fumo prolungato di 
sigaretta. Per la differenza di specie tra uomo e topi sono state condotte delle prove per verificare se
i topi potessero rappresentare un buon modello per questo studio. I topi, dunque, sono state sot-
toposte ogni giorno per 6 mesi al fumo di 6 sigarette (‘topi fumatori’). Successivamente il polmone 
è stato asportato ed osservato al microscopio per conoscere la misura dei buchi presenti in ogni 
slices del polmone. Le slices sono state prese in considerazione a differenti profondità ed altezze
per tutta l’estensione del polmone. Si è osservato che il danno causato dall’inalzione del fumo di 
sigaretta non era distribuito per tutta l’estensione del polmone: erano presenti infatti delle lesioni 
di maggiori dimensioni nella parte superiore del polmone. I ‘topi fumatori’ sono dunque un buon 
modello di studio, assimilabile all’uomo.

Uno dei fattori che potrebbero essere importanti per lo sviluppo dell’enfisema polmonare è l’acido
umico che è un mix di sostanze che si formano durante la decomposizione di materiale delle 
piante. Dunque, è presente a un grado elevato nello suoli e nello composto, ma inaspetattamente 
anche nello fumo di sigaretta. Perchè tabacco consista da foglie di piante fermentato, e durante fu-
mare una parte di esso è convertito in acido umico. Il fumatore dunque inala del fumo contenente 
acido umico che si accumula, in anni di fumo, nel polmone. Infatti il colore bruno del polmone 
dei fumatori è in gran parte dovuto proprio al deposito dell’acido umico. Considerando che il 
polmone enfisematoso è la conseguenza di anni di fumo, il graduale accumulo di acido umico
potrebbe essere coinvolto in tale processo. 

Per verificare se l’acido umico possa accelerare lo sviluppo dell’enfisema polmonare mediato dal
fumo di sigaretta, è stata somministrata una soluzione di acido umico nei polmoni di un gruppo di 
topi, mentre ad un secondo gruppo, utilizzato come controllo, è stato somministrato un semplice 
solvente. Infine entrambi sono stati sottoposti al fumo di sigaretta per 2 mesi. Analizzando nuova-
mente i vetrini al microscopio si è non gìa notato l’enfisema in gruppo chi ha ricevuto solamente
il fumo o il acido umico, ma il danno presente nelle ‘topi fumatori’ trattate con acido umico era 
equiparabile a quello visto in topi esposte solamente al fumo di sigaretta per 6 mesi. Quindi l’acido 
umico facilita il danno mediato dal fumo di sigaretta e cioè in presenza di acido umico e fumo di 
sigaretta si ha un danno più repentino. È stata formulata un’ ipotesi sulle modalità di interazione 
tra acido umico e fumo di sigaretta, ma per ulteriori chiarimenti bisogna continuare nella ricerca.

Un’altra sostanza che desta molto interesse è la vitamina A. Come è noto la vitamina A è coinvolta 
nella visione. In caso di una lieve mancanza di tale vitamina si ha una reversibile cecità notturna, 
al contrario una mancanza prolungata porta ad una cecità irreversibile. Inoltre è noto che tale vita-
mina gioca un ruolo fondamentale nello sviluppo del sistema nervoso a livello embrionale. 
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L’acido retinoico, una forma particolare della vitamina A, è importante a livello polmonare, sembra 
infatti essere coinvolta nella riparazione dei danni nel polmone dell’adulto. Si è scoperto inoltre che 
il fumo causa la diminuzione dell’ acido retinico a livello polmonare nei furetti; il fumo di sigaretta, 
quindi, oltre a causare il danno a livello polmonare, ne impedisce la riparazione mediata dall’acido 
retinoico. 

Si sono dunque condotti esperimenti per verificare se una carenza della vitamina A potesse
aumentare la suscettibilità all’enfisema polmonare mediato dal fumo di sigaretta. Sono stati presi
due gruppi di topi: uno alimentato con quantità di vitamina A inferiori al fabbisogno giornaliero, 
un altro con quantità adeguate della vitamina. Entrambi i gruppi sono stati sottoposti al fumo di 
sigaretta oppure a semplice aria per tre mesi. Solamente le ‘topi fumatori’ con carenza di vitamina 
A hanno sviluppato enfisema polmonare anche se, sorprendentemente, la quantità di acido retinico
presente nei polmoni delle topi si è rivelato uguale in entrambi i gruppi. Questo può essere spiega-
to dal fatto che la misurazione è stata effettuata un giorno dopo l’ultima esposizione o dal fatto che
l’inalazione del fumo di sigaretta non porta ad una diminuzione dell’acido retinico nel polmone 
degli topi. Inoltre, altre forme di vitamina A, conosciute per il loro potere antiossidante, hanno 
concentrazione minore nei topi alimentati con una dieta povera di vitamina A, il che potrebbe 
spiegare perché in questi animali si sia sviluppato l’enfisema polmonare dopo l’esposizione al fumo
di sigaretta. Da questi esperimenti si può dedurre che una dieta carente di vitamina A aumenta 
grandemente la suscettibilità all’enfisema polmonare causato dal fumo di sigaretta. Questo risvolto
potrebbe essere importante per quelle popolazioni di fumatori che hanno un apporto limitato di 
vitamina A, come ad esempio le popolazioni dei paesi emergenti.

Per l’esposizione degli topi al fumo di sigaretta è stata utilizzata i “nose-only tubes” attraverso cui le 
topi respirano fumo solo dal naso. Queste condizioni causano molto stress alle topi la cui tem-
peratura corporea aumenta proprio a causa di questo trattamento. Poiché durante l’esperimento 
alcune topi sono morte si è ricercata la causa del decesso, cioè se esso sia avvenuto per surriscalda-
mento corporeo. Sorprendentemente la temperatura degli animali non aumentava, ma diminuiva 
all’interno dei dispositivi “nose-only tube”; infatti dopo aver alzato la loro temperatura da 22°C 
(temperatura ambiente) a 37°C, le topi mantenevano la loro temperatura corporea. Questo tuttavia 
non si tradotto in una diminuzione dello stato di stress a cui le topi erano sottoposte. In queste 
condizione la corticale del surrene produce gli ormoni dello stress. Questa iperstimolazione causa 
un aumento volumetrico di questo organo, notevolmente ingrossato nelle topi nel “nose-only 
tube” rispetto al gruppo di controllo nelle gabbie. La causa della morte di alcune topi durante 
l’esperimento, dunque, è da ascriversi alla particolare situazione di stress cui gli animali sono sot-
toposti nel “nose-only tube”.

In conclusione di questa ricerca si può affermare le seguente risultati nuovi en potenzialmente im-
portante relativo a enfisma polmonare indotto dal fumo di sigaretta: primo, acido umico accelera
il suo svilupo, che potrebbe offrire una spiegazione per la storia naturale della maladia. Secondo,
un deposito di vitamina A basso accresce la suscettibilità per enfisma polmonare indotto dal fumo
di sigaretta, che potrebbe da importanza per gruppi di gente chi fumano e hanno una assunzi-
one di vitamina A decresciuto. L’ acido umico accelera la formazione e la comparsa dei sintomi 
dell’enfisema polmonare e che un basso apporto di vitamina A nella dieta aumenta la suscettibilità
a questa patologia.
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