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Epidemiological  studies  have  associated  air particulate  matter  (PM)  inhalation  with  a decline  in lung
function  and  increased  morbo-mortality  due  to  cardiorespiratory  diseases,  particularly  in susceptible
populations.  Sjögren’s  Syndrome  (SS) is  a chronic  autoimmune  disease  characterized  by cellular  infiltra-
tion  in  exocrine  glands  and  extraglandular  tissue,  being  the  respiratory  tract  an  important  target.  We
evaluated  the  effect  of PM  on  the airways  of  NOD  mice,  which  develop  SS  and  BALB/c  mice.

BALB/c  or  NOD  mice  (2–3 months)  were  randomized  in two  groups  and  exposed  to intranasal  instilla-
tion  either  with  saline  (control)  or ROFA  solution  (1  mg/kg  body  weight).  After  24  h,  mice  were  euthanized
in  order  to  perform  lung  histology,  or measure  total  cell number  (TCN),  differential  cell  count  (DCC)  and
superoxide  anion  generation  in  the  bronchoalveolar  lavage  (BAL)  fluid.

BALB/c  mice  showed  normal  histoarchitecture,  while  NOD  mice  showed  lymphocytic  peribronchial
infiltrates.  ROFA  exposure  affected  the  respiratory  tract  from  both  BALB/c  and  NOD  mice,  with  a  significant
increase  in  the TCN  (p  < 0.05)  and  generation  of  O2

− (p < 0.05),  as  well  as  an  imbalance  in the  DCC  (p < 0.05).
All  histological  observations  correlated  with  the  cellular  parameters  evaluated.  Lesions in NOD  mice were

more  severe  than  those  of  BALB/c,  showing  cellular  infiltration  in  the  alveoli  and  leading  to a greater
decrease  in  the  alveolar  space.

We have  proved  that  in  this  experimental  Sjögren’s  Syndrome  animal  model  (NOD  mice);  airborne
pollution  exacerbates  pre-existing  pulmonary  lesions.  These  findings  show  experimental  evidence  on
the harmful  effects  of  airborne  pollution  on  the airways  of patients  with  Sjögren’s  Syndrome.

©  2014  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Particulate matter (PM) is a major component of urban air pol-
ution derived from fossil-fueled combustion, vehicular transport,
ndustrial emissions, and many other anthropogenic sources. Many
pidemiological and clinical studies have associated PM inhalation
ith a decline in lung function, increased respiratory symptoms
Please cite this article in press as: Ferraro S, et al. Air particulate matte
Toxicol Pathol (2014), http://dx.doi.org/10.1016/j.etp.2014.10.007

nd mortality specially due to cardiorespiratory diseases in sus-
eptible populations (Dockery and Brunekreef, 1996; Darrow et al.,

∗ Corresponding author at: Centro de Estudios en Salud y Medioambiente, Escuela
e  Ciencia y Tecnología, Universidad Nacional de San Martín, Martín de Irigoyen
100, Argentina. Tel.: +54 11 4 580 7289x103.

E-mail address: sebaferraro@gmail.com (S. Ferraro).

ttp://dx.doi.org/10.1016/j.etp.2014.10.007
940-2993/© 2014 Elsevier GmbH. All rights reserved.
2011; Beelen et al., 2008; Forastiere et al., 2005; Pope et al.,
2009).

The adverse health effects induced by PM largely depend on its
physical and chemical characteristics (Osornio-Vargas et al., 2003).
Regarding their chemical composition, transition metals (Rondini
et al., 2010) are crucial in organ, tissue and cell injury (Gualtieri
et al., 2010). Residual oil fly ash (ROFA) is an important air pol-
lutant emitted as a by-product of the combustion of residual fuel
oil, commonly used in environmental studies as a particulate mat-
ter able to induce inflammation and oxidative stress due to its
metal-rich composition (Ghio et al., 2002; Roberts et al., 2007). In
experimental animal models, ROFA induces in the respiratory tract,
r exacerbates lung response on Sjögren’s Syndrome animals. Exp

a variety of pro-inflammatory responses including recruitment of
polymorphonuclear cells in the lung parenchyma, augmentation
in mucin PAS-positive cells in the respiratory epithelium and the
release of pro-inflammatory cytokines such as IL-1, IL-6, IL-8 and

dx.doi.org/10.1016/j.etp.2014.10.007
dx.doi.org/10.1016/j.etp.2014.10.007
http://www.sciencedirect.com/science/journal/09402993
http://www.elsevier.de/etp
mailto:sebaferraro@gmail.com
dx.doi.org/10.1016/j.etp.2014.10.007
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NF� (Antonini et al., 2004; Gardner et al., 2000; Gavett et al., 1999;
hio et al., 2002). Additionally, ROFA not only exerts an inflamma-

ory response but also induces, due to the high metal content that
n turn increases the generation of reactive oxygen species (ROS),
n imbalance on the oxidative metabolism (Martin et al., 2007,
010). Furthermore, ROFA administrated to mice with allergen-

nduced pulmonary inflammation resulted in an increase in Th2
ytokine production, eosinophil recruitment, and airway hyper-
esponsiveness (Goldsmith et al., 1999). However, the effect of
OFA on patients or animals with previous pulmonary autoimmune
ffections has not been investigated yet.

Sjögren’s Syndrome (SS) is one of the three most common sys-
emic autoimmune diseases characterized by cellular infiltration in
xocrine glands and extraglandular tissue. As many as 1–2 million
eople in the United States are affected by SS (Sánchez-Guerrero
t al., 2005). The diagnostic criteria include xerosophtalmia and
erostomia, plus the presence of autoimmune criteria (Vitali et al.,
002). Depending on the diagnostic modalities used, the prevalence
f respiratory disease in patients with SS varies widely, ranging
rom 9 to 75% (Cain et al., 1998; Strimlan, 1996; Constantopoulos
t al., 1985). Different pulmonary signs have been described in SS,
ncluding affection of both superior and inferior airways, interstitial
ulmonary disease, pulmonary cysts, and focal or diffuse nodular

nfiltrate (Cain et al., 1998). Moreover, dry cough can be present
n up to a 17% of SS cases (Constantopoulos et al., 1985) and 55%
f patients with SS present anomalous cell number count in the
ronchoalveolar lavage (BAL) (Manoussakis et al., 1998).

Several studies based on spirometric measures showed the pres-
nce of an obstructive component in SS patients’ airways (Newball
nd Brahim, 1977), while those based on metacholine tests showed
ronchial hyperreactivity (Potena and La Corte, 1990; Gardiner,
993). Bronchial affection may  be accompanied by dyspnea, com-
only associated to an obstructive process. These types of patients

ossess a peribronchial and periglandular lymphocytic infiltrate,
istorically known as follicular bronchitis (Strimlan, 1996). Among
he pathological findings informed, interstitial lymphocytic pneu-

onia is the most common one. Therefore SS patients, as many
ther risk groups which suffer respiratory diseases (asthma, COPD,
tc.), can be regarded as a susceptible population.

Non-obese diabetic (NOD) mice are considered a suitable animal
xperimental model to study this disease, due to the spontaneous
evelopment of affections similar to those found on patients who
uffer Sjögren Syndrome. Starting on their 8th week of life these
ice develop lymphocytic infiltrate, dacryoadenitis, pulmonary

lterations, increased expression of cytokines, and sialadenitis with
oss of secretory function (Delaleu et al., 2011).

In this context, even though the pulmonary response to ROFA
articles on healthy mice (Martin et al., 2010; Cho et al., 2005;
erraro et al., 2011; Magnani et al., 2011) has been comprehen-
ively researched in several mice strains, the effect of this airborne
M in mice with pre-exisisting pathologies such as SS has not been
ssessed yet. To the best of our knowledge, this is the first study
hat provides evidence of the consequences of PM exposure on the
ungs of NOD mice, a SS experimental animal model.

Therefore, the aim of this work was to study the effects of ROFA
 known air particulate matter, on the respiratory tract of a sus-
eptible population: the NOD mice which spontaneously develop
jögren Syndrome.

. Materials and methods
Please cite this article in press as: Ferraro S, et al. Air particulate matte
Toxicol Pathol (2014), http://dx.doi.org/10.1016/j.etp.2014.10.007

.1. Animals

Male (2–3 months old) BALB/c and NOD mice were acquired
rom the animal facilities of the School of Natural and Exact
 PRESS
logic Pathology xxx (2014) xxx–xxx

Sciences, University of Buenos Aires and from the Department of
Pathology, School of Medicine, University of Buenos Aires, respec-
tively.

Mice employed throughout these experiments were housed in
accordance with the NIH Guide for the Care and Use of Laboratory
Animals and were fed a regular protein diet and water ad libitum
at the breeding facility of the Department of Pathology, School of
Medicine, University of Buenos Aires. The business firm of regular
protein diet specific for mice is “Asociación Argentina de Cooper-
ativas, Division Nutrición Animal”, catalog number 16-014007. All
experiments complied with local ethical guidelines.

2.2. ROFA particle sampling

Residual oil fly ash (ROFA) from the Mystic Power Plant, CT, USA,
was employed as a recognized, surrogate ambient particulate mat-
ter and was generously provided by J. Godleski (Harvard School of
Public Health, Boston, MA,  USA).

2.3. Animal exposure to ROFA

Either NOD (n = 14) or BALB/c (n = 12) mice were exposed to
ROFA. Particles were suspended in PBS (phosphate buffer solution,
pH: 7.2–7.4), sonicated during 10 min  and immediately delivered
by intranasal instillation (Leong et al., 1998). Intranasal instilla-
tion is an effective and noninvasive technique commonly used
in toxicity studies (Leong et al., 1998) where the distribution
pattern of particles is of crucial importance (Southam et al.,
2002). Briefly, mice were anesthetized i.p. with 1 ml  kg−1 body
weight of xylazine (2%) and ketamine (50 mg  ml−1) and then were
intranasally instilled with 50 �l of a ROFA suspension (1 mg/kg
BW). After 24 h, animals were sacrificed by a xylazine–ketamine
overdose injection.

2.4. In vivo experimental protocol

NOD or BALB/c mice were divided into two groups: controls
instilled with vehicle (PBS) and ROFA instilled animals. As clearly
shown in Fig. 1, a total of four subgroups (n = 6–7 per subgroup)
were generated: BALB/c (instilled with vehicle PBS), BALB/c + ROFA
(instilled with 1 mg/kg ROFA), NOD (instilled with vehicle PBS)
and NOD + ROFA (NOD mice instilled with 1 mg/kg ROFA). From all
four subgroups, broncoalveolar lavage (BAL) fluid was obtained and
lungs were processed for histology and histomorphometry. Differ-
ent biological parameters were evaluated in BAL: total cell number
(TCN), differential cell count (DCC), superoxide anion (O2

−) gener-
ation. On lung sections, histology and histomorphometry analysis
were performed as described below.

2.5. Lung histology

Lungs from control and particle exposed mice were excised
and fixed by immersion in 10% buffered formalin, dehydrated in
graded concentrations of alcohol and routine processed for paraffin
embedding. Histological sections of 7 �m were cut with a Reichert-
Jung micrometer (Nossloch, Germany) for optical microscopy. All
samples were stained with hematoxylin–eosin (H&E), Peryodic
Acid Schiff (PAS) and Alcyan Blue.

A morphometric analysis was  performed using Image Pro
Plus software (Media Cybernetics). Microphotographs of paraffin
sections stained with hematoxylin–eosin from control and particle-
exposed mice were employed. The alveolar space area relative to
r exacerbates lung response on Sjögren’s Syndrome animals. Exp

the total alveolar area of the lung tissue was  determined. Results
were expressed as the percentage of the lumen area.

dx.doi.org/10.1016/j.etp.2014.10.007
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ig. 1. In vivo experimental protocol diagram. BALB/c or NOD mice (2–3 months of a
1  mg/kg body weight). All the biological endpoints were performed 24 h post instil

.6. Mice bronchoalveolar lavage (BAL)

BAL was performed as previously described by Tasat and Rey
1987). Briefly, the thoracic cavity was partly dissected and the tra-
hea was cannulated with an 18-gauge needle. The excised lung
as then gently massaged and lavaged twelve times with 1 ml

f cold sterile PBS (Ca++ Mg  free, pH 7.2–7.4). The bronchoalveo-
ar lavage fluid (BAL) was immediately centrifuged at 800 × g for
0 min  at 4 ◦C and the total cell count determined using a Neubauer
hamber. Based on morphological criteria, control animals showed
95% of alveolar macrophages (AM).

.7. Total cell number (TCN) and differential cell count (DCC)

TCN number was determined under a Neubauer chamber. BAL
CC was performed by fixing the cells in methanol and staining

hem with H&E. At least 200 cells were counted by light microscopy
n each sample.

.8. Generation of superoxide anion (NBT)

The intracellular release of superoxide anion (O2
−), a main reac-

ive oxygen species (ROS) generated during the respiratory burst,
as evaluated in BAL cells using the NitroBlue Tetrazolium (NBT)

eduction test. The NBT reduction test is one of the most commonly
sed assays to measure superoxide anion generation (O2

−). NBT is
toichiometrically reduced by O2

− yielding a violet-blue formazan
recipitate. The test was run in triplicates and in the presence or
bsence of 12-O-tetradecanoylphorbol-13-acetate (TPA), a known
nductor of O2

− generation (Segal, 1974). All tubes were incubated
ith NBT for 45 min  at 37 ◦C. In positive controls TPA was added at

 concentration of 0.5 mg  ml−1 for the last 30 min  of reaction. Cells
ere scored by light microscopy as described elsewhere (Molinari

t al., 2000). In all experiments a density of 0.35 × 106 cells/ml was
aintained per tube.

.9. Statistical analysis

One-way ANOVA with Newman–Keuls multiple comparisons
Please cite this article in press as: Ferraro S, et al. Air particulate matte
Toxicol Pathol (2014), http://dx.doi.org/10.1016/j.etp.2014.10.007

ost test was performed using GraphPad Prism (version 5.04
or Windows, GraphPad Software, San Diego California USA,
ww.graphpad.com.). Statistical significance was  set at p < 0.05.

he number of animals and experiments for each group (control
nd exposed) are shown in the legends of each figure.
ere randomized and intranasally instilled either with PBS (control) or ROFA solution
.

3. Results

3.1. ROFA particles induce histological alterations in the lung

Control BALB/c mice displayed normal histoarchitecture
(Fig. 2A). By contrast, as shown in Fig. 2B control NOD mice
displayed lymphocytic peribronchial infiltrates and presence of
intra-alveolar histiocytes; and to a lesser extent peribronchial poly-
morphonuclear (PMN) infiltrate.

Acute ROFA exposure affected the respiratory tract of both
BALB/c and NOD mice (Fig. 2C and D respectively). BALB/c mice
exposed to ROFA displayed mononuclear leukocyte and interstitial
PMN  infiltrate, sub intimal vascular and bronchial wall swelling,
increased numbers of goblet cells in the bronchial epithelium, and
in some lung areas, collapsed air spaces were found. NOD mice
exposed to ROFA elicited mononuclear leukocyte and PMN  peri-
bronchial infiltration, as well as presence of PMN  in the bronchial
and intravascular space, characterized by an exudative lung inflam-
matory reaction.

3.2. ROFA particles induce changes in BAL cell number and
distribution

BAL obtained from control NOD mice displayed more than dou-
ble the amount of cells obtained from control BALB/c mice. After
ROFA intranasal exposure, both BALB/c and NOD mice showed an
increase in the BAL TCN and alterations among the distribution of
cell subpopulations (DCC) (Fig. 3A and B). Both mice strains showed
an increased percentage of PMN  cells (mainly neutrophils) (BALB/c:
9.83 ± 1.45% vs BALB/c + ROFA: 52.6 ± 4.8%; NOD: 9.71 ± 1.26% vs
NOD + ROFA: 74.91 ± 3.33%, p < 0.05). As it is known, these cells are
involved in the development of inflammatory reactions in the lung.

3.3. ROFA particles stimulate superoxide anion generation

Superoxide anion generation (O2
−) was  quantified by count-

ing reactive color cells under light microscopy. Fig. 4A shows BAL
cells obtained from NOD mice exposed to ROFA particles. In the
microphotograph, it can clearly be observed, a few non-reactive
cells (colorless) and a larger amount of cells with an intense reaction
r exacerbates lung response on Sjögren’s Syndrome animals. Exp

(dark blue-violet color), consequence of the formazan precipitate.
A significant increase in the generation of O2

− in BAL cells from
ROFA exposed BALB/c or NOD mice is shown in Fig. 4B (BALB/c:
24.76 ± 3.11% vs BALB/c + ROFA: 80.44 ± 3.09%; NOD: 27.99 ± 7.27%

dx.doi.org/10.1016/j.etp.2014.10.007
http://www.graphpad.com/
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Fig. 2. Lung histology. Microphotographs show representative sections of the lower respiratory tract of control or exposed to ROFA BALB/c or NOD mice. Hematoxylin–eosin
stain,  original magnification 100×, scale bar is 100 �m.  (a) BALB/c (control) non-exposed, (b) NOD non-exposed, (c) BALB/c + ROFA and (d) NOD + ROFA. Note: a clear reduction
o mator
m ).

v
n
o
s
t
o

4

p

f  alveolar spaces is observed due to cell infiltration consistent with acute inflam
ean  ± SD, n = 6–7 animals, *p < 0.01, analysis of variance (post test Newman–Keuls

s NOD + ROFA: 65.98 ± 4.47%, p < 0.05). It is noteworthy that the
umber of reactive cells elicited by ROFA, is similar to the number
f cells found when 12-O-tetradecanoylphorbol-13-acetate (TPA), a
oluble agent used as positive control, that experimentally induces
he generation of superoxide. There was no additive or synergistic
utcome when BAL cells were jointly exposed to ROFA and TPA.
Please cite this article in press as: Ferraro S, et al. Air particulate matte
Toxicol Pathol (2014), http://dx.doi.org/10.1016/j.etp.2014.10.007

. Discussion

It is known that in normal and susceptible individuals, airborne
ollution can induce or exacerbate several pulmonary pathologies.
y injury in b, c and d. (e) Histogram shows lung histomorphometry. The data are

It is also known that most SS patients, while in the development
of the disease, could present respiratory affections. Inflammatory
response in the lungs is a common complication of several medical
conditions and also a rising problem due to acute exposure to envi-
ronmental pollution, mainly in urban areas (Laumbach and Kipen,
2010; Saini et al., 2010).

In accordance with several authors (Rondini et al., 2010;
r exacerbates lung response on Sjögren’s Syndrome animals. Exp

Goldsmith et al., 1999; Costa et al., 2006), our group has also found
that ROFA, a surrogate of ambient pollution with an elevated metal
content, mainly vanadium, increased TCN and altered the compo-
sition of the cell population presented in the BAL of healthy mice

dx.doi.org/10.1016/j.etp.2014.10.007
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Fig. 3. BAL total cell number and cell distribution. BALB/c and NOD mice were intranasally instilled with ROFA suspension in PBS (1 mg/kg BW). (a) Total cell number (TCN)
a  with 
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nd  (b) cell differential count (DCC). Values are mean ± SD, n = 6–7 animals, *p < 0.05
OD  mice, analysis of variance (post test Newman–Keuls).

Martin et al., 2007, 2010; Ferraro et al., 2011). This increase in
CN was followed by a rise in the PMN  leucocytes subpopulation,
esulting in a reduction of the alveolar space.

There is strong epidemiological evidence of a relationship
etween particle pollution and alterations in lung function from
ormal individuals (Saldiva et al., 1994). Recent studies have sug-
ested a role for air pollutants in the exacerbation of respiratory
ymptoms, mainly from susceptible populations carrying pre-
xisting respiratory diseases, like asthma or chronic obstructive
ulmonary disease (COPD) (Gilmour, 1995; Kelly and Fussell, 2011).
ccordingly, we have previously found that the effects elicited by
OFA described above for normal BALB/c animals, held to be true
lso for animals sensibilized with ovalbumin, a mouse model that
imics pulmonary allergy (Sánchez-Guerrero et al., 2005; Fenoy

t al., 2009). Even more, our observations are in agreement with
iyabara et al. (1998) who showed that inhaling of diesel exhaust

articles (air PM with no metal content), after ovalbumin sensi-
ilization, produced a severe pulmonary allergic response with
osinophils presence and proinflammatory cytokine production.
hus, it is clear that air PM,  irrespective of its size and composition,
roduces an adverse biological impact on the airways of healthy
nimals which is largely aggravated in susceptible subpopulations.

Regarding Sjögren’s Syndrome, the most common lung histo-
Please cite this article in press as: Ferraro S, et al. Air particulate matte
Toxicol Pathol (2014), http://dx.doi.org/10.1016/j.etp.2014.10.007

ogical patterns are nonspecific interstitial pneumonia, with or
ithout lymphocytic and follicular bronchitis (Shi et al., 2009).

n accordance with these data, NOD mice displayed a slight
eribronchial lymphoplasmacytic infiltrate with intra-alveolar

ig. 4. BAL superoxide anion generation. BAL cells were obtained from animal groups des
egree of reaction among BAL cells obtained from NOD non-exposed animals after NBT te
olor,  original magnification 400×, scale bar is 10 �m.  (b) Percentage of reactive cells a
uperoxide anion with respect to the basal reaction elicited by either non-exposed BALB/
ontrol  non-exposed BALB/c mice, #p < 0.05 with respect to non-exposed NOD mice, anal
respect to control non-exposed BALB/c mice, #p < 0.05 with respect to non-exposed

histiocytic and peribronchial polymorphonuclear cells infiltrate.
When exposed to ROFA, NOD mice lungs showed an exacerbated
response, with an increase on peribronchial histological alterations,
with pneumonia foci affecting the interstice and the parenchyma
diminishing the alveolar space, driven mostly by PMN  recruitment.

Bronchoalveolar lavage allows for an assessment of the lung’s
health, indicating possible pathologies. BAL cellular analysis in
SS patients with respiratory disorders denotes alveolitis with
increased numbers of neutrophils, macrophages and lymphocytes
(McGrath-Morrow et al., 2006). Furthermore, these patients dis-
play the existence of PMN  alveolar infiltrate and bronchoalveolar
secretions with oxygen radicals, being these two  distinctive fea-
tures associated with a progressive deterioration of the respiratory
function and increased oxidative stress status (McGrath-Morrow
et al., 2006; Wanchu et al., 2000; Ryo et al., 2006).

In our work we found that non-exposed NOD mice showed
altered proportions in the BAL cellular subpopulations and a
reduced alveolar area when compared to normal BALB/c. Never-
theless, even though NOD mice present an inflammatory condition,
ROFA was  still able to induce a greater PMN alveolar infiltrate and
a diminished alveolar area when compared to NOD mice. In agree-
ment with the lymphoplasmacytic infiltration observed in lung
sections, the degree of glandular (salivary and/or lacrimal) destruc-
r exacerbates lung response on Sjögren’s Syndrome animals. Exp

tion was related to the progressive development of lymphocytic
infiltrations which are composed primarily of CD4+ and CD8+ T cells
(Skopouli et al., 1991), B cells (Adamson et al., 1983), macrophages,
and dendritic cells (Manoussakis et al., 2007).

cribed in Fig. 1. (a) Microphotograph shows a heterogeneous response with varying
st was  perfomed. Arrows point out clear reactive cells exhibiting a dark blue/violet
s estimated by the NBT reduction test. All treatments increased the generation of
c or NOD animals. Values are mean ± SD, n = 6–7 animals, * p < 0.05 with respect to
ysis of variance (post test Newman–Keuls).

dx.doi.org/10.1016/j.etp.2014.10.007
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BALB/c exposed mice showed a significative reduction of the
lveolar space, still it is worth to note that no differences were
bserved between BALB/c + ROFA and NOD mice. This could be due
o the inflammatory condition present in the latter. Hence, due to
ts metal-rich chemical composition, ROFA in our in vivo model was
ble to induce inflammatory processes in the lungs independently
f the mouse strain employed (Cho et al., 2005).

The lung inflammatory response elicited by ROFA in both mice
trains studied was mainly sustained by neutrophil cell recruitment
s well as a rise in the ROS generation after ROFA exposition. The
ugmented ROS generation might be triggering cytotoxicity mech-
nisms, which can lead to the inflammatory response seen in the
ung.

In summary, exposure to ROFA increased TCN, altered the com-
osition of the cell population present in the BAL and induced the
eneration of superoxide anion. The augment in TCN was associ-
ted to the PMN  subpopulation, which in turn and in agreement
ith Martin et al. (2010), resulted in a reduction of the alveolar

pace. We  have proved that in this experimental Sjögren’s Syn-
rome animal model (NOD mice) airborne pollution exacerbates
re-existing pulmonary lesions, producing pneumonia foci within
4 h. These findings show experimental evidence of the harmful
ffects of airborne pollution on the airways of patients with Sjö-
ren’s Syndrome.
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