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ABSTRACT

It is estimated that 10% of the worldwide population lives in the vicinity of an active volcano. However,
volcanogenic air pollution studies are still outnumbered when compared with anthropogenic air
pollution studies, representing an unknown risk to human populations inhabiting volcanic areas
worldwide. This study was carried out in the Azorean archipelago of Portugal, in areas with active non-
eruptive volcanism. The hydrothermal emissions within the volcanic complex of Furnas (Sao Miguel
Island) are responsible for the emission of nearly 1000 tons of CO; per day, along with HS, the radio-
active gas — radon, among others. Besides the gaseous emissions, metals (e.g., Hg, Cd, Al, Ni) and par-
ticulate matter are also released into the environment. We test the hypothesis that chronic exposure to
volcanogenic air pollution alters the histomorphology of the bronchioles and terminal bronchioles, using
the house mouse, Mus musculus, as bioindicator species. Mus musculus were live-captured at three
different locations: two villages with active volcanism and a village without any type of volcanic activity
(reference site). The histomorphology of the bronchioles (diameter, epithelium thickness, smooth muscle
layer thickness, submucosa thickness and the histological evaluation of the peribronchiolar inflamma-
tion) and of the terminal bronchioles (epithelium thickness and classification) were evaluated. Mice
chronically exposed to volcanogenic air pollution presented bronchioles with increased epithelial
thickness, increased smooth muscle layer, increased submucosa thickness and increased peribronchiolar
inflammation. Similarly, terminal bronchioles presented structural alterations consistent with bron-
chodysplasia. For the first time we demonstrate that chronic exposure to non-eruptive volcanically active
environments causes inflammation and histomorphological alterations in mice lower airways consistent
with asthma and chronic bronchitis. These results reveal that chronic exposure to non-eruptive volcanic
activity represents a risk factor that can affect the health of the respiratory system of humans inhabiting
hydrothermal areas.

© 2019 Published by Elsevier Ltd.

Abbreviations: BALT, bronchus-associated lymphoid tissue.
* This paper has been recommended for acceptance by Wen Chen.

1. Introduction

Air pollution is a worldwide phenomenon which is currently
associated with the increasing respiratory health problems of hu-
man populations. According to WHO (2017), air pollution repre-
sents the single largest environmental risk to health globally. The
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Portugal. areas are also recognized as relevant natural sources of several
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pollutants that affect both human health and ecosystems (with
hazardous gases and heavy metals present in a daily basis (Amaral
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and Rodrigues, 2011)), but the natural volcanogenic pollution is less
studied than the former, representing an underestimated health
risk to the 10% of worldwide human populations that inhabit these
areas. This underestimation of the risk becomes aggravated when
considering the chronic exposure to hydrothermal emissions since
most of the carried studies are for acute exposure to air pollutants
from eruptive volcanism (Longo and Yang, 2008; Tam et al., 2016).
Several respiratory issues have already been linked to volcanogenic
air pollution exposure, such as: acute bronchitis (Longo and Yang,
2008), bronchoconstriction and aggravated respiratory diseases
(Hansell and Oppenheimer, 2004), reduced lung function (Tam
et al,, 2016) and also asthma (Horwell and Baxter, 2006). Hydro-
thermal emissions are a type of non-eruptive volcanism, which has
been previously associated with chronic bronchitis (Amaral and
Rodrigues, 2007), and increased prevalence of respiratory re-
strictions and obstructions (Linhares et al., 2017) in humans
inhabiting volcanically active areas. Additionally, Camarinho et al.
(2013, 2019), described an increase in lung injury, lung structural
remodeling and overproduction of TNF-a in Mus musculus captured
at Furnas village — S. Miguel Island.

The island of S. Miguel — Azores (Fig. 1) is considered volcani-
cally active with presence of fumaroles and other phenomena that
potentiates the emission of gases and other substances that daily
affect the quality of the ecosystems and health of human pop-
ulations (Amaral and Rodrigues, 2007; Rodrigues et al., 2012). This
island belongs to the archipelago of Azores and has three major
active central volcanoes (Sete Cidades, Fogo and Furnas). The vol-
canic complex of Furnas belongs to the eastern part of the island,
where daily volcanic activity is marked by several hydrothermal
manifestations which include active fumarolic fields, thermal and
CO,-rich springs and areas of soil diffuse degassing (Viveiros et al.,
2010). These phenomena are responsible for the release of heavy
metals, hazardous aerosols and gases such as the radioactive gas
radon (**?Rn), CO,, hydrogen sulphide (H,S), among others. Carbon
dioxide is considered one of the most important and abundant
gases released in this volcanic complex, corresponding to emissions
of approximately 1000 td~! (Viveiros et al., 2010). Also, CO; is one
of the main soil gases that is released in a silent way, and is
permanently diffused in degassing areas of volcanic and non-
volcanic zones (Viveiros et al., 2016). Furthermore, CO, is
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Fig. 1. (A) Sao Miguel island location in the Azores archipelago. (B) — Sampling areas of 1- Furnas Village, 2- Ribeira Quente Village, 3- Rabo de Peixe Village.
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considered an inert asphyxiant gas with important bioregulatory
properties and known activator of inflammatory processes
(Norozian et al., 2011). The radioactive gas, radon, is also present
and elevated values are found in these emissions (Silva et al., 2015).
Radon is an inert gas and its exposure, and exposure to its decay
products, are known to produce DNA damage (Linhares et al., 2017),
DNA mutations (Jostes, 1996), and inflammation, resulting in im-
mune system alterations (Nagarkatti et al., 1996). Similarly, expo-
sure to other volcanic emissions, such as heavy metals and
particulate matter, are accountable for immune system alterations
(Larsen et al., 2016). Sulphur compounds, also present in the vol-
canic emissions, are responsible for oxidative stress and changes in
tissues of respiratory organs (Meng et al., 2003). Sulphur dioxide is
another main released gas that once emitted into the atmosphere
affects the air and land environments, causing harmful effects on
human health and ecosystems (Granieri et al., 2017). Other sulphur
compounds can be responsible for irritant effects on the eyes,
mucous membranes and skin, and can also depress pulmonary
particle clearance, which is a major protective mechanism of lungs
(Kikuchi, 2001; Komarnisky et al., 2003). In fact, gaseous mixtures
of CO; and sulphur compounds have been frequently reported as
the cause of lethal accidents of animals watering in small ponds
near volcanoes (Carapezza et al., 2012). Pulmonary toxicity of heavy
metals has been previously described in animals, causing inflam-
mation, histopathological changes, oxidative stress and also airway
irritation (Larsen et al., 2016). Other lesions and consequences of
exposure to air pollutants also include chronic bronchitis (Hogg and
Van Eeden, 2009), obstruction of the small conductive airways
(Chung and Adcock, 2008), emphysematous destruction (Anciaes
et al., 2011), hypertrophy of bronchial epithelium, peribronchial
mononuclear cell infiltrate, increased bronchus-associated
lymphoid tissue (BALT) and asthma (Guest and Sell, 2015). The
bronchial tree is responsible for conducting the inhaled air to the
alveoli. Any potential alterations of this conductive part can impair
normal lung functions thus representing an aggravated risk to the
respiratory mechanisms (Fishwick et al., 1997).

This study tests the hypothesis that chronic exposure to non-
eruptive volcanogenic air pollution alters the histomorphology of
the bronchioles and terminal bronchioles, and thus represents a
health risk to humans inhabiting hydrothermal areas. To test this
hypothesis, we used live-caught populations of the house mouse,
Mus musculus, as surrogate species, in order to perform highly
invasive tests that could never be performed in human populations.

2. Material and methods

Three separate groups of Mus musculus were live-captured at
three different locations: two villages with active volcanism and a
village without any type of volcanic activity (reference site). The
selection of two volcanically active villages from the same volcanic
complex is due to the different geographic setting of the terrain
itself. Furnas village is located inside the volcanic crater, and having
a low airflow, the levels of volcanogenic pollutants are elevated.
Ribeira Quente village is located close to the seashore, on the
external flank of the volcano, which provides an increased airflow
that may dilute or disperse the air pollutants. Furnas village, with
1500 inhabitants, is built upon actively degassing grounds and
other manifestations of active volcanism which include fumarolic
fields and hydrothermal vents. Such phenomena are responsible for
the natural human exposure to high levels of heavy metals and
gases (Baxter et al., 1999; Viveiros et al., 2010). Ribeira Quente, with
800 inhabitants, has manifestations of active volcanism similar to
Furnas village. The selected reference site was Rabo de Peixe village.
This rural village, with 9000 inhabitants, does not present any type
of volcanic manifestations since the 17th century (Carvalho, 1999),

and no apparent source of air pollutants.

According to some studies, field-captured specimens represent
a more accurate measurement of pollution exposure and accumu-
lation patterns, since that field conditions and laboratory environ-
ments may vary due to the differences in diet, behavior or mixtures
of pollutants in the environment (Forsyth, 2001; Tersago et al.,
2004). In this study, we used the house mouse, Mus musculus, as
surrogate species since they share their habitat with humans
(including the houses).

Fifty mice were captured at the three locations using live-catch
mousetraps. The euthanization was performed insuring a painless
death, by using isoflurane and followed by a necropsy with sub-
sequent surgical extraction of the lungs. Right and left lungs were
extracted en-bloc and later separated, and fixed in 4% buffered
formaldehyde for routine histological processing. In this study, both
males and females were captured and used. The sex-ratio (=50%)
was similar between sites. The age of each mouse was determined
through dry crystalline lens mass according to the methodology of
Quéré and Vincent (1989).

The euthanization, necropsy and other procedures were carried
out according to the European Convention for the Protection of
Vertebrate Animals used for Experimental and Other Scientific
Purposes (ETS 123), directive 2010/63/EU and also the Portuguese
law decree (DL 113/2013).

We made two sets of histological slides. Each set was made with
one slide per mouse included in this study, and each slide consisted
of sections with 4 um thickness of both lungs.

2.1. Bronchiole histomorphometry and histopathological evaluation

One set of slides was histochemically stained with Picro-Sirius
Red (Bancroft and Stevens, 1996) for collagen fibers proper identi-
fication and accurate measurements. The bronchiole analysis was
performed only in cross sections of similar sizes. For each individ-
ual, a maximum of four bronchioles, of both lungs, were analyzed
for the following histomorphometric measurements: bronchiolar
epithelium thickness, bronchiolar diameter, bronchiolar smooth
muscle thickness, and bronchiolar submucosa thickness. The
bronchiolar submucosa thickness was measured from the basal
lamina to the end of the fibers stained with Picro-Sirius Red. These
measures were made with a 20x magnification using a software of
image analysis (Image Pro-Plus 5.0 by MediaCybernetics®) con-
nected to a Leica® DM1000 microscope (Cambridge, UK). Simulta-
neously to this measurement, a peribronchiolar inflammatory
evaluation, based on the methodology of Zeldin et al. (2001), was
performed and scored 1 to 3: (1- no apparent or minimum
inflammation, 2- moderate inflammation, 3-severe inflammation).

2.2. Terminal bronchiole histomorphometry and epithelium
classification

The other set of histological slides was stained with the standard
hematoxylin and eosin (H&E) protocol (Martoja et al., 1970), and
the thickness of the terminal bronchiole epithelial cells was
measured by conventional bright field microscopy. Measurements
were made with a 40x magnification using the same software of
image analysis (Image Pro-Plus 5.0 by MediaCybernetics®) con-
nected to a Leica® DM1000 microscope (Cambridge, UK). A
maximum of four terminal bronchioles, of both lungs, were
analyzed and a minimum of 15 epithelial measurements were
performed for each individual. Based on the methodology
described by Klopfleisch (2013), the epithelium of each terminal
bronchiole was classified as: 1- simple epithelium, 2 — pseudos-
tratified epithelium, 3 — bi-stratified epithelium.
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2.3. Statistical analysis

All the data from the different Mus musculus were pooled by
location of capture. Data regarding the classification of the
epithelium of terminal bronchioles and peribronchiolar inflam-
mation were compared using the non-parametric test Kruskal-
Wallis, followed by Mann-Whitney U tests, to separate the
different groups. The remaining analyzed parameters were
compared by one-way ANOVA, followed by Tukey HSD tests to
separate the different groups. Statistical analyses were made using
IBM SPSS Statistics® V.25.0, and the level of statistical significance
was set at P<0.05.

3. Results

No statistical difference was found for the mice age (in days)
between the studied groups (252.74+22.34, Furnas;
201.61 + 10.04, Ribeira Quente; 191.38 +16.00, Rabo de Peixe;
F=2902; df =2; P=0.064; 1-way ANOVA). Similarly, no statistical
differences were found in mice weight between the studied groups
(13.52+0.71 gr, Furnas; 13.86+0.57 gr, Ribeira Quente;
14.04 + 0.66 gr; Rabo de Peixe; F=0,117; df =2; P=0.890; 1-way
ANOVA).

3.1. Bronchiole histomorphometry and histopathological evaluation

No significant differences were observed for the bronchiolar
diameter (151.89 +34.87 um, Furnas; 130.47 +41.45 um, Ribeira
Quente; 132.12 +41.49 um, Rabo de Peixe) between the studied
sites (F=2.271; df =2; P=0.106).

The epithelial thickness of the bronchioles differed significantly
between the studied sites (F=116.732; df =2; P<0.01; Fig. 3—A;
Fig. 2). Individuals from Furnas presented bronchioles with a
significantly higher epithelial thickness (21.285 + 0.844 um) than
those from either Ribeira Quente (16.826 +0.254 pym; P <0.01) or
Rabo de Peixe (13.633 + 0.181 um; P < 0.01). In addition, the bron-
chiole epithelial thickness of individuals from Ribeira Quente was
significantly higher than that of the individuals from Rabo de Peixe
(P<0.01).

Significant differences were observed for the submucosa thick-
ness, between the studied sites (F = 106.713; df =2; P<0.01; Fig. 3
— B; Fig. 2). Individuals from Furnas presented a thicker submucosa
(54.578 +£6.189 um) than those from either Ribeira Quente
(18.212 + 11.111 um; P < 0.01) or Rabo de Peixe (10.455 + 5.492 um;
P <0.01). Also, the submucosa thickness of individuals from Ribeira
Quente was significantly higher than that of the individuals from
Rabo de Peixe (P < 0.05).

Significant differences were observed for the bronchiolar
smooth muscle thickness, between the studied sites (F=72.715;
df=2; P<0.01; Fig. 3 — C; Fig. 2). Individuals from Furnas pre-
sented bronchiolar smooth muscle thickness (16.055 + 1.541 um)
significantly higher than those from either Ribeira Quente Village
(6.886 + 0.471 um; P<0.01) or Rabo de Peixe (4.217 + 0.367 um;
P<0.01). In addition, the bronchiolar smooth muscle thickness of
individuals from Ribeira Quente was significantly higher when
compared to the individuals from Rabo de Peixe (P < 0.05).

The peribronchiolar inflammatory evaluation was also signifi-
cantly different between sites (P<0.05; Fig. 3 — D; Fig. 2). The
distribution of peribronchiolar inflammation ranked evaluation
was significantly different between Furnas individuals (Mdn = 2;
IQ=1) and individuals from either Ribeira Quente (Mdn=1;
[Q=0; P<0.01) or Rabo de Peixe (Mdn=1; IQ=0; P<0.01);
(Mdn = Median; IQ= Interquartile Range). These results represent
in the former a moderate inflammation rank, while on the other
two groups most of the individuals presented no inflammation.

The epithelial thickness of the bronchioles presented significant
positive correlations with the thickness of the bronchiolar sub-
mucosa (r=0.263; P<0.01) and with the bronchiolar smooth
muscle thickness (r=0.290; P<0.01). Also, the peribronchiolar
inflammation presented significant positive correlations with the
bronchiolar epithelium thickness (r;=0.398; P < 0.01), with bron-
chiolar smooth muscle thickness (r; = 0.414; P < 0.01) and with the
thickness of the bronchiolar submucosa (rs = 0.436; P <0.01).

3.2. Terminal bronchiole histomorphometry and epithelium
classification

The epithelial thickness (in pum) of the terminal bronchioles
differed significantly between the studied sites (F=385.5; df =2;
P<0.01; Fig. 4 — A; B and C). Individuals from Furnas presented
terminal bronchioles with a significantly higher epithelial thickness
(15.607 + 0.148 pm) when compared to individuals from either
Ribeira Quente (13.72+0.115um; P<0.01) or Rabo de Peixe
(11.569 + 0.064 um; P < 0.01). In addition, the terminal bronchiole
epithelial thickness of individuals from Ribeira Quente was signif-
icantly higher than the observed in the individuals from Rabo de
Peixe (P < 0.01).

The epithelial classification was also significantly different by
the site (P < 0.05; Fig. 4 — A; B and D). The distribution of epithelial
classification was significantly different between Furnas individuals
(Mdn=2; IQ=1) and the individuals from either Ribeira Quente
(Mdn=1; IQ=0; P<0.01) or Rabo de Peixe (Mdn=1; IQ=0;
P <0.01). These results represent in the former a pseudostratified
epithelium, while on the other two groups most of the individuals

Fig. 2. Bronchioles histochemistry of modified Picro-Sirius Red stain for collagen fibers of mice captured at the reference site of Rabo de Peixe (A) and the volcanogenic air polluted
Furnas village (B). Peribronchiolar inflammation represented by white arrows, fibrosis of the submucosa represented by black arrows; scale bar = 50 um. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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presented simple epithelium.

4. Discussion

Several studies in humans and animals have revealed a link
between exposure to air pollution, lung anomalies and respiratory
dysfunctions (Hiraiwa and Van Eeden, 2013; Saldiva et al., 1992),
but the mechanisms accountable for these adverse respiratory ef-
fects are not entirely clear (Saunders et al., 2010). However, histo-
logical alterations present in asthma and chronic bronchitis
(epithelial alterations, increased muscle layer and peribronchiolar
inflammation (Jeffery, 1992)) are frequently linked to the devel-
opment of lung pathologies like COPD (Fishwick et al., 1997) and
emphysema (Chung and Adcock, 2008). The links between expo-
sure to air pollution and adverse respiratory effects are frequently
investigated for anthropogenic air pollution (Happo et al., 2013; Hu
et al., 2015). Volcanogenic air pollution is still far less studied, even
though active volcanoes are known to produce and release large
amounts of contaminants that are considered harmful to humans
(Amaral et al., 2008; Tam et al., 2016; Linhares et al., 2017) and
animals (Camarinho et al, 2013). Furthermore, most of these
studies concentrate on the alveolar part of the lung, focusing on the
functional loss or structure damage, thus failing to consider the

bronchiolar part, its conductivity properties, and associated
pathologies.

In this study, we focused on the histomorphological alterations
and inflammation of the bronchioles and terminal bronchioles of
mice chronically exposed to air pollutants from non-eruptive vol-
canic activity (hydrothermal activity). To our knowledge, this is the
first study to evaluate and associate these biological parameters to
this particular type of air pollution. Overall, our results show that
the mice captured at the volcanically active sites have the most
concerning values in all histomorphometrical data and evaluations.

Our results clearly show an increase in the epithelial thickness of
the terminal bronchioles in mice chronically exposed to volcano-
genic air pollutants, compared to the non-volcanic reference site.
The bronchioles epithelial thickness was also increased, revealing
that possibly all the upper airways are being affected by this kind of
pollution. In fact, hypertrophy of the bronchiolar epithelium has
been previously linked, not only to other several pollutants, namely
anthropogenic air pollutants (Hogg and Van Eeden, 2009) and to-
bacco smoking (Lunghi et al., 2015), but also with other pathologies
such as peribronchiolar inflammation and also increased BALT
(Guest and Sell, 2015). Regarding the terminal bronchioles, our
results also reveal significant differences in the frequency distri-
bution of the classification of the epithelium on the mice captured
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at Furnas village. These mice presented a pseudostratified epithe-
lium, consistent with some studies that diagnose bronchodysplasia,
and that it is associated with asthma and bronchitis (Dutau et al.,
1994). These results are in agreement with the observed by
Amaral and Rodrigues (2007), who showed that humans inhabiting
hydrothermal areas have a higher risk of chronic bronchitis. Simi-
larly, a study by Linhares et al. (2017) concluded that humans
exposed to this kind of pollution presented an increased prevalence
of respiratory defects and exacerbation of COPD.

Regarding the bronchioles, it was also possible to observe a
significant increase in the smooth muscle layer, as well as a sig-
nificant increase in the submucosal thickness. Together with the
observed peribronchiolar inflammation, they provide a set of
changes that precede the pathological changes of the bronchi,
consistent with asthma, which also include the previously observed
hypertrophy of the bronchiolar epithelium (Guest and Sell., 2015).
In fact, in this study, there is a strong correlation between the
peribronchiolar inflammation and the bronchiolar epithelium
thickness, smooth muscle layer and submucosal thickness,
enlightening the biorelevance of these combined parameters.
Asthma is a pathology on which spasms occur in the bronchi,
causing difficulty in breathing. It usually is the result of an allergic
reaction or other forms of hypersensitivity leading to a reversible
airway obstruction, airway hyperactivity and inflammation (Guest
and Sell, 2015). Asthma has been associated with air pollution

exposure (Saunders et al., 2010) and tobacco smoking in humans
(Dutau et al., 1994), among other factors. In all these studies, the
bronchiolar lesions consistent with asthma are preceded by com-
plex immune interactions and mechanisms which are not yet
entirely clear (Guest and Sell, 2015). In fact, the repeated activation
of these mechanisms often results in pathological features of
chronic asthma: hyperplasia of smooth muscle, chronic peri-
bronchiolar inflammation and thickening of the bronchial mucosa
(Sell, 2001). Many of these biologically relevant alterations are
present in the mice captured at the volcanically active villages of
Furnas and Ribeira Quente, clearly revealing the hazardous poten-
tial of this specific type of pollution. However, the mice captured at
Furnas village presented the most concerning values. This fact can
be due to the geographical properties of the terrain. While Furnas
village was built inside the volcanic crater, thus having low airflow
and allowing the concentration of pollutants, Ribeira Quente is
located on the external flank of the volcanic crater, near the sea,
thus allowing increased air renewal that may help to dissipate the
pollutants.

Asthma is considered a chronic obstructive lung disease along-
side with chronic bronchitis (Mukhopadhyay et al., 2006). The main
difference is that in chronic bronchitis the airway obstruction is not
reversible, causing perpetual shortness of breath (Fishwick et al.,
1997). Also, chronic bronchitis is commonly associated with pul-
monary emphysema and considered a form of COPD (Chung and
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Adcock, 2008). In fact, Camarinho et al. (2019) revealed an increase
of pulmonary emphysema in mice chronically exposed to volca-
nogenic air pollution. Furthermore, Amaral and Rodrigues (2007)
referred an increased incidence of human bronchitis in Furnas in-
habitants and, more recently, Linhares et al. (2017) found an
increased incidence of COPD in Furnas' inhabitants, further
enhancing this study concerns regarding the bronchiolar alter-
ations due to volcanogenic air pollution exposure in hydrothermal
areas.

5. Conclusion

This study shows the hazardous potential of volcanogenic air
pollution in hydrothermal areas to the bronchioles and terminal
bronchioles of mice. We demonstrate or the first time that chronic
exposure to non-eruptive active volcanism significantly induces
structural alterations in the lower airways that are comparable with
respiratory pathologies like asthma and chronic bronchitis. These
results reveal that the inhabitants of volcanic hydrothermal areas
should be regularly monitored for such pathologies in order to
develop preventive measures of exposure and enhance public
health policies.

Conflicts of interest

The authors declare that there are no conflicts of interest.

Acknowledgments

The authors would like to thank Paulo Melo for the field assis-
tance in the capture of Mus musculus. Ricardo Camarinho is
currently supported by a PhD fellowship grant (M3.1.a/F/048/2015)
from Fundo Regional da Ciéncia (Regional Government of the
Azores).

References

Amaral, A., Rodrigues, A., 2007. Chronic exposure to volcanic environments and
chronic bronchitis incidence in the Azores, Portugal. Environ. Res. 103,
419—-423.

Amaral, A., Rodrigues, A., 2011. Volcanogenic contaminants: chronic exposure. In:
Nriagu, J., Kacwe, S., Kawamoto, T., Patz, J.A., Rennie, D.M. (Eds.), Encyclopedia of
Environmental Health, vol. 5. Elsevier, Italy, p. 645e653, 2011.

Amaral, AES., Arruda, M., Cabral, S., Rodrigues, A.S., 2008. Essential and non-
essential trace metals in scalp hair of men chronically exposed to volcano-
genic metals in the Azores, Portugal. Environ. Int. 34, 1104—1108. https://doi.
org/10.1016/j.envint.2008.03.013.

Anciaes, A.M., Olivo, CR., Prado, C.M., Kagohara, KH., Pinto, T.S., Moriya, H.T.,
Mauad, T., Martins, M.A., Lopes, ED.T.Q.S., 2011. Respiratory mechanics do not
always mirror pulmonary histological changes in emphysema. Clinics 66,
1797-1803. https://doi.org/10.1590/S1807-59322011001000020.

Bancroft, ].D., Stevens, A., 1996. Forward by: Turner, D.R. Theory and Practice of
Histological Techniques, fourth ed. Churchill Livingstone.

Baxter, PJ., Baubron, ].C., Coutinho, R., 1999. Health hazards and disaster potential of
ground gas emissions at Furnas volcano, Sao Miguel, Azores. ]. Volcanol. Geo-
therm. Res. 92, 95—106. https://doi.org/10.1016/S0377-0273(99)00070-0.

Camarinho, R., Garcia, P.V., Rodrigues, A.S., 2013. Chronic exposure to volcanogenic
air pollution as cause of lung injury. Environ. Pollut. 181, 24—30. https://doi.org/
10.1016/j.envpol.2013.05.052.

Camarinho, R, Garcia, P.V., Choi, H., Rodrigues, A.S., 2019. Overproduction of TNF-a.
and lung structural remodelling due to chronic exposure to volcanogenic air
pollution. Chemosphere 222, 227—234. https://doi.org/10.1016/j.chemosphere.
2019.01.138.

Carapezza, ML.L,, Barberi, F,, Ranaldi, M., Ricci, T,, Tarchini, L., Barrancos, J., Fischer, C.,
Granieri, D., Lucchetti, C., Melian, G., Perez, N., Tuccimei, P., Vogel, A., Weber, K.,
2012. Hazardous gas emissions from the flanks of the quiescent Colli Albani
volcano (Rome, Italy). Appl. Geochem. 27, 1767—1782. https://doi.org/10.1016/j.
apgeochem.2012.02.012.

Carvalho, M.R.E., 1999. Hidrogeologia do Macico Vulcanico de Agua de Pau/Fogo
(Sao Miguel — Acores) [PhD Thesis]. Universidade de Lisboa, Lisboa.

Chung, K.F,, Adcock, .M., 2008. Multifaceted mechanisms in COPD: inflammation,
immunity, and tissue repair and destruction. Eur. Respir. J. 31, 1334—1356.
https://doi.org/10.1183/09031936.00018908.

Dutau, G., Brémont, F, Juchet, A., Rancé, F., Nouilhan, P., 1994. De la bronchiolite a
I'asthme. Rev. Francaise d'Allergologie d'Immunologie Clin. 34, 28—32. https://
doi.org/10.1016/S0335-7457(05)80280-1.

Fishwick, D., Bradshaw, LM., D'Souza, W., Town, I, Armstrong, R., Pearce, N.,
Crane, J., 1997. Chronic bronchitis, shortness of breath, and airway obstruction
by occupation in New Zealand. Am. ]. Respir. Crit. Care Med. 156, 1440—1446.
https://doi.org/10.1164/ajrccm.156.5.97-03007.

Forsyth, D., 2001. Extrapolation of laboratory tests to field populations. In:
Shore, R.F,, Ratner, B.A. (Eds.), Ecotoxicology of Wild Mammals. John Wiley and
Sons, Chichester, 577e634.

Granieri, D., Vita, F, Inguaggiato, S., 2017. Volcanogenic SO,, a natural pollutant:
measurements, modeling and hazard assessment at Vulcano island (Aeolian
archipelago, Italy). Environ. Pollut. 231, 219—-228. https://doi.org/10.1016/j.
envpol.2017.07.101.

Guest, I.C,, Sell, S., 2015. Bronchial lesions of mouse model of asthma are preceded
by immune complex vasculitis and induced bronchial associated lymphoid
tissue (iBALT). Lab. Investig. 95, 886—902. https://doi.org/10.1038/labinvest.
2015.72.

Hansell, A., Oppenheimer, C., 2004. Health hazards from volcanic gases: a system-
atic literature review. Arch. Environ. Health 59, 628—639. https://doi.org/10.
1080/00039890409602947.

Happo, M.S., Uski, O., Jalava, PI, Kelz, ], Brunner, T, Hakulinen, P, Maki-
Paakkanen, J., Kosma, V.M., Jokiniemi, J., Obernberger, I, Hirvonen, M.R., 2013.
Pulmonary inflammation and tissue damage in the mouse lung after exposure
to PM samples from biomass heating appliances of old and modern technolo-
gies. Sci. Total Environ. 443, 256—266. https://doi.org/10.1016/j.scitotenv.2012.
11.004.

Hiraiwa, K., Van Eeden, S.F,, 2013. Contribution of lung macrophages to the in-
flammatory responses induced by exposure to air pollutants. Mediat. Inflamm.
2013 https://doi.org/10.1155/2013/619523.

Hogg, J.C., Van Eeden, S., 2009. Pulmonary and systemic response to atmospheric
pollution. Respirology 14, 336—346. https://doi.org/10.1111/j.1440-1843.2009.
01497.x.

Horwell, CJ., Baxter, PJ., 2006. The respiratory health hazards of volcanic ash: a
review for volcanic risk mitigation. Bull. Volcanol. 69, 1-24.

Hu, G., Zhong, N., Ran, P,, 2015. Air pollution and COPD in China. ]. Thorac. Dis. 7,
59—66. https://doi.org/10.3978/j.issn.2072-1439.2014.12.47.

Jeffery, P,K., 1992. Histological features of the airways in Asthma and COPD.
Respiration 59, 13—16.

Jostes, R.F.,, 1996. Genetic, cytogenetic and carcinogenic effects of radon: a review.
Mutat. Res. 340 (2e3), 125e139.

Kikuchi, R., 2001. Environmental management of sulfur trioxide emission: impact of
SO3 on human health. Environ. Manag. 27, 837—844. https://doi.org/10.1007/
s002670010192.

Klopfleisch, R., 2013. Multiparametric and semiquantitative scoring systems for the
evaluation of mouse model histopathology - a systematic review. BMC Vet. Res.
9, 1-15. https://doi.org/10.1186/1746-6148-9-123.

Komarnisky, L.A., Christopherson, RJ., Basu, T.K., 2003. Sulfur: its clinical and
toxicologic aspects. Nutrition 19, 54—61. https://doi.org/10.1016/S0899-
9007(02)00833-X.

Larsen, S.T., Jackson, P, Poulsen, S.S., Levin, M., Jensen, K.A., Wallin, H., Nielsen, G.D.,
Koponen, LK., 2016. Airway irritation, inflammation, and toxicity in mice
following inhalation of metal oxide nanoparticles. Nanotoxicology 10,
1254—1262. https://doi.org/10.1080/17435390.2016.1202350.

Linhares, D., Garcia, P., Rodrigues, A., 2017. Radon exposure and human health: what
happens in volcanic environments? Radon. https://doi.org/10.5772/intechopen.
71073.

Longo, B.M. Yang, W. 2008. Acute bronchitis and volcanic air pollution: a
community-based cohort study at Kilauea Volcano, Hawai'i, USA. ]J. Toxicol.
Environ. Health 71 (24), 1565—1571. https://doi.org/10.1080/
15287390802414117.

Lunghi, B., De Cunto, G., Cavarra, E., Fineschi, S., Bartalesi, B., Lungarella, G.,
Lucattelli, M., 2015. Smoking p66Shc knocked out mice develop respiratory
bronchiolitis with fibrosis but not emphysema. PLoS One 10, 1-21. https://doi.
org/10.1371/journal.pone.0119797.

Martoja, R., Martoja-Pierson, M., Grumbles, L.C., Moncanut, M.E., Coll, M.D., 1970.
Técnicas de histologia animal, first ed. Toray-Masson, Barcelona.

Meng, Z., Qin, G., Zhang, B., Geng, H., Bai, Q., Bai, W,, Liu, C., 2003. Oxidative damage
of sulfur dioxide inhalation on lungs and hearts of mice. Environ. Res. 93,
285—292. https://doi.org/10.1016/S0013-9351(03)00045-8.

Mukhopadhyay, S., Hoidal, J.R., Mukherjee, T.K., 2006. Role of TNFa in pulmonary
pathophysiology. Respir. Res. 7, 1-9. https://doi.org/10.1186/1465-9921-7-125.

Nagarkatti, M., Nagarkatti, P.S., Brooks, A., 1996. Effect of radon on the immune
system: alterations in the cellularity and functions of t cells in lymphoid organs
of mouse. J. Toxicol. Environ. Health 47, 535—552. https://doi.org/10.1080/
009841096161528.

Norozian, EM., Leoncio, M., Torbati, D., Meyer, K., Raszynski, A., Totapally, B.R., 2011.
Therapeutic hypercapnia enhances the inflammatory response to endotoxin in
the lung of spontaneously breathing rats. Crit. Care Med. 39, 1400—1406.
https://doi.org/10.1097/CCM.0b013e31820ee1f2.

Quéré, J.P, Vincent, J.P., 1989. Détermination de I'age chez le mulot gris (Apodemus
sylvaticus L., 1758) par la pesée des cristallins. Mammalia 53, 287—294. https://
doi.org/10.1515/mamm.1989.53.2.287.

Rodrigues, A.S., Arruda, M.S.C., Garcia, P.V., 2012. Evidence of DNA damage in
humans inhabiting a volcanically active environment: a useful tool for


http://refhub.elsevier.com/S0269-7491(19)32608-9/sref1
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref1
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref1
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref1
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref2
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref2
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref2
https://doi.org/10.1016/j.envint.2008.03.013
https://doi.org/10.1016/j.envint.2008.03.013
https://doi.org/10.1590/S1807-59322011001000020
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref5
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref5
https://doi.org/10.1016/S0377-0273(99)00070-0
https://doi.org/10.1016/j.envpol.2013.05.052
https://doi.org/10.1016/j.envpol.2013.05.052
https://doi.org/10.1016/j.chemosphere.2019.01.138
https://doi.org/10.1016/j.chemosphere.2019.01.138
https://doi.org/10.1016/j.apgeochem.2012.02.012
https://doi.org/10.1016/j.apgeochem.2012.02.012
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref10
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref10
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref10
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref10
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref10
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref10
https://doi.org/10.1183/09031936.00018908
https://doi.org/10.1016/S0335-7457(05)80280-1
https://doi.org/10.1016/S0335-7457(05)80280-1
https://doi.org/10.1164/ajrccm.156.5.97-03007
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref14
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref14
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref14
https://doi.org/10.1016/j.envpol.2017.07.101
https://doi.org/10.1016/j.envpol.2017.07.101
https://doi.org/10.1038/labinvest.2015.72
https://doi.org/10.1038/labinvest.2015.72
https://doi.org/10.1080/00039890409602947
https://doi.org/10.1080/00039890409602947
https://doi.org/10.1016/j.scitotenv.2012.11.004
https://doi.org/10.1016/j.scitotenv.2012.11.004
https://doi.org/10.1155/2013/619523
https://doi.org/10.1111/j.1440-1843.2009.01497.x
https://doi.org/10.1111/j.1440-1843.2009.01497.x
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref21
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref21
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref21
https://doi.org/10.3978/j.issn.2072-1439.2014.12.47
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref23
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref23
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref23
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref24
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref24
https://doi.org/10.1007/s002670010192
https://doi.org/10.1007/s002670010192
https://doi.org/10.1186/1746-6148-9-123
https://doi.org/10.1016/S0899-9007(02)00833-X
https://doi.org/10.1016/S0899-9007(02)00833-X
https://doi.org/10.1080/17435390.2016.1202350
https://doi.org/10.5772/intechopen.71073
https://doi.org/10.5772/intechopen.71073
https://doi.org/10.1080/15287390802414117
https://doi.org/10.1080/15287390802414117
https://doi.org/10.1371/journal.pone.0119797
https://doi.org/10.1371/journal.pone.0119797
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref32
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref32
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref32
https://doi.org/10.1016/S0013-9351(03)00045-8
https://doi.org/10.1186/1465-9921-7-125
https://doi.org/10.1080/009841096161528
https://doi.org/10.1080/009841096161528
https://doi.org/10.1097/CCM.0b013e31820ee1f2
https://doi.org/10.1515/mamm.1989.53.2.287
https://doi.org/10.1515/mamm.1989.53.2.287

R. Camarinho et al. / Environmental Pollution 253 (2019) 864—871 871

biomonitoring. Environ. Int. 49, 51-56. https://doi.org/10.1016/j.envint.2012.08.
008.

Saldiva, P.H.N,, Zin, W.A,, Santos, R.L.B., Eidelman, D.H., Milic-Emili, ]., 1992. Alveolar
pressure measurement in open-chest rats. J. Appl. Physiol. 72, 302—306.

Saunders, V., Breysse, P,, Clark, ]., Sproles, A., Davila, M., Wills-Karp, M., 2010. Par-
ticulate matter-induced airway hyperresponsiveness is lymphocyte dependent.
Environ. Health Perspect. 118, 640—646. https://doi.org/10.1289/ehp.0901461.

Sell, S., 2001. Immunology, Immunopathology, and Immunity, vol. 6. American
Society of Microbiology Press, Washington, D.C.

Silva, C., Ferreira, T., Viveiros, F, Allard, P., 2015. Soil radon (222Rn) monitoring at
Furnas volcano (Sao Miguel, Azores): applications and challenges. Eur. Phys. ].
Spec. Top. 224, 659—686.

Tam, E., Miike, R., Labrenz, S., Sutton, AJ., Elias, T., Davis, J., Chen, Y.L, Tantisira, K.,
Dockery, D., Avol, E., 2016. Volcanic air pollution over the island of Hawai'i:
emissions, dispersal, and composition. Association with respiratory symptoms
and lung function in Hawai'i Island scholl children. Environ. Int. 92—93,
543-552.

Tersago, K., De Coen, W., Scheirs, J., Vermeulen, K., Blust, R, Van Bockstaele, D.,

Verhagen, R., 2004. Immunotoxicology in wood mice along a heavy metal
pollution gradient. Environ. Pollut. 132, 385—394. https://doi.org/10.1016/j.
envpol.2004.05.029.

Viveiros, F, Cardellini, C., Ferreira, T., Caliro, S., Chiodini, G., Silva, C., 2010. Soil CO2
emissions at Furnas volcano, Sao Miguel Island, Azores archipelago: volcano
monitoring perspectives, geomorphologic studies, and land use planning
application. J. Geophys. Res. Solid Earth 115, 1-17. https://doi.org/10.1029/
2010JB007555.

Viveiros, F, Gaspar, ].L.,, Ferreira, T., Silva, C., 2016. Hazardous indoor CO, concen-
trations in volcanic environments. Environ. Pollut. 214, 776—786. https://doi.
org/10.1016/j.envpol.2016.04.086.

WHO (World Health Organization), 2017. Evolution of WHO Air Quality Guidelines:
Past, Present and Future. WHO Regional Office for Europe, Copenhagen.

Zeldin, D.C., Wohlford-Lenane, C., Chulada, P., Alyce Bradbury, ]., Scarborough, P.E.,
Roggli, V., Langenbach, R., Schwartz, D.A., 2001. Airway inflammation and
responsiveness in prostaglandin H synthase - deficient mice exposed to bac-
terial lipopolysaccharide. Am. J. Respir. Cell Mol. Biol. 25, 457—465. https://doi.
org/10.1165/ajrcmb.25.4.4505.


https://doi.org/10.1016/j.envint.2012.08.008
https://doi.org/10.1016/j.envint.2012.08.008
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref39
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref39
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref39
https://doi.org/10.1289/ehp.0901461
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref41
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref41
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref42
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref42
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref42
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref42
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref42
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref42
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref43
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref43
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref43
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref43
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref43
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref43
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref43
https://doi.org/10.1016/j.envpol.2004.05.029
https://doi.org/10.1016/j.envpol.2004.05.029
https://doi.org/10.1029/2010JB007555
https://doi.org/10.1029/2010JB007555
https://doi.org/10.1016/j.envpol.2016.04.086
https://doi.org/10.1016/j.envpol.2016.04.086
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref47
http://refhub.elsevier.com/S0269-7491(19)32608-9/sref47
https://doi.org/10.1165/ajrcmb.25.4.4505
https://doi.org/10.1165/ajrcmb.25.4.4505

	Chronic exposure to non-eruptive volcanic activity as cause of bronchiolar histomorphological alteration and inflammation i ...
	1. Introduction
	2. Material and methods
	2.1. Bronchiole histomorphometry and histopathological evaluation
	2.2. Terminal bronchiole histomorphometry and epithelium classification
	2.3. Statistical analysis

	3. Results
	3.1. Bronchiole histomorphometry and histopathological evaluation
	3.2. Terminal bronchiole histomorphometry and epithelium classification

	4. Discussion
	5. Conclusion
	Conflicts of interest
	Acknowledgments
	References


