
Summary. The Non-Ciliated Bronchiolar Cell (NCBC)
is responsible for the defense and maintenance of the
bronchiolar epithelium. Several cellular defense
mechanisms have been associated with an increase in the
secretion of CC16 and changes in the phenotype of the
cell; these mechanisms could be linked to tolerance to
the damage due to exposure to inhaled Particulate Matter
(PM) of the epithelium. These defense mechanisms have
not been sufficiently explored. In this article, we studied
the response of the NCBC to inhaled vanadium, an
element which adheres to PM. This response was
measured by the changes in the phenotype of the NCBC
and the secretion of CC16 in a mouse model. Mice were
exposed in two phases to different vanadium
concentrations; 1.56 mg/m3 in the first phase and 2.57
mg/m3 in the second phase. Mice were sacrificed on the
2nd, 4th, 5th, 6th and 8th weeks. In the second phase, we
observed the following: sloughing of the NCBC,
hyperplasia and small inflammatory foci remained
without changes and that the expression of CC16 was
higher in this phase than in phase I. We also observed a
change in the phenotype with a slow decrease in both
phases. The increase in the secretion of CC16 and the
phenotype reversion could be due to the anti-
inflammatory activity of CC16. The changes observed in
the second phase could be attributed to the tolerance to
inhaled vanadium. 
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Introduction

The non-ciliated bronchiolar cell (NCBC) performs
numerous essential functions in the lung. These cells are
located mainly in the bronchioles, and in rodents they
constitute about 80% of the population of the
bronchiolar epithelium (Wong et al., 2009). They
function as stem cells (Crosby and Waters, 2010;
Reynolds and Malkinson, 2010; Zuo et al., 2018),
perform immunomodulatory activities through their
secretion products (Snyder et al., 2010; Hiemstra and
Bourdin, 2014) and metabolize xenobiotics using P450
mono-oxygenates (Hukkanen et al., 2002; Chang et al.,
2006). They also have anti-inflammatory, immuno-
suppressive (Chen-Chen et al., 2001; Snyder, 2010; Liu
et al., 2013) and antioxidant activities (Mango et al.,
1998; Pilon et al., 2016). The NCBC can change its
phenotype to mucosecreting (PAS+ and / or AB / PAS+)
when exposed to toxic agents (Alessandrini et al., 2010;
Curran and Cohn, 2010).

These cells produce the CC16 protein (club cell
protein, CC10 or CCSP) that participates in the
maintenance of the integrity of the bronchiolar
epithelium and in its repair, mainly when the lung is
exposed to toxic substances (Broeckaert et al., 2000;
Stripp et al., 2002; Wong et al., 2009); under these
stimuli, a hyper-production and hyper-secretion of CC16
have been reported (Xiao et al., 2007, 2013).

There is evidence of the participation of the NCBC
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in the development of tolerance to the damage caused by
exposure to different types of toxic substances and
environmental pollutants such as naphthalene, coumarin,
methylene chloride, trichloro-ethylene, ozone and zinc
oxide. Tolerance is a recognized phenomenon in
toxicology, and has been defined as the mechanisms an
organ develops, the lung in this case, against a substance
as a consequence of pre-exposure to lower doses of the
same substance; the importance of this response is that it
allows the cells to "resist" toxic exposure and survive
(Fairchild, 1967; Sutherland et al., 2012). The
mechanisms by which this type of response occurs have
not yet been established with precision; however, the
participation of the NCBC is suggested (Lakritz et al.,
1996; Born et al., 1999; West et al., 2002; Vassallo et al.,
2010). 

Vanadium (V) is a pro-oxidant element to which we
are exposed through inhalation due to occupational or
environmental exposure and because of its presence in
the particulate matter (PM) (Rodríguez-Mercado and
Altamirano-Lozano, 2006; Assem and Levy, 2012). In
vivo it has been reported that compounds of this element,
such as vanadium pentoxide (V2O5), produce
hematotoxicity, hepatotoxicity, neurotoxicity and
pulmonary toxicity (Fortoul et al., 2011, 2014).
Previously, Knetch (1992), in a model of subchronic
exposure to V2O5 found that repeated exposure to this
compound did not trigger a cellular immune response,
nor did it increase bronchial hyperreactivity or cause
exacerbation of an acute response that had been
previously reported by the same group. This suggests a
possible tolerance response to this metal without further
details about the possible mechanisms that favored this
response (Knetch et al., 1992).

Due to the important protective role of the NCBC in
the lung and its possible participation in the tolerance
mechanism, the objective of this study was to evaluate
the response of this cell in relation to the change in its
phenotype to mucosecreting and the production of CC16
as a possible mechanism related to the tolerance to
inhaled vanadium (Rodríguez-Mercado and Altamirano-
Lozano, 2006; Fortoul et al., 2011).
Materials and methods

Mice

Male mice of strain CD-1 weighing 33±2 g obtained
from the vivarium of the Faculty of Medicine of the
National Autonomous University of Mexico were used.
The mice were randomly distributed in special plastic
boxes and maintained in light-dark cycles (12:12 h),
with water and food (Purina rodent chow) ad libitum.
The animals were handled in accordance to the
Laboratory Animal Care and Use Guide (Institute of
Laboratory Animal Resources, Commission on Life
Sciences, National Research Council) and the Official
Mexican Standard (NOM-062-ZOO-1999), for the
production, care and use of laboratory animals. This

study was approved by the Research and Ethics
Commissions of the Faculty of Medicine of the National
Autonomous University of Mexico (UNAM) with the
number FM/DI/071/2017.
Experimental protocol

The inhalation protocol was performed according to
Fortoul et al., (2014), with some modifications. A total
of 90 mice were used and distributed in two groups (A
and B) of 45 animals each. Group A was the control
group; these mice were exposed to 0.9% saline
inhalation for one hour, twice a week, for eight weeks.
Group B was exposed in two phases to the inhalation of
V2O5 (99.99% purity, Sigma-Aldrich, St. Louis, MO); in
the first phase, the exposure was performed using a
V2O5 [0.01 M] solution, the inhalations were applied for
one hour, twice a week, for four weeks. The second
phase began when a [0.02 M] solution of V2O5 was used
with the same exposure scheme as before. A total of 18
animals (9 controls and 9 exposed) were sacrificed on
the 2nd, 4th, 5th, 6th and 8th weeks. 

Exposure in all the groups was performed in a
transparent acrylic chamber (45x21x35 cm) connected to
an ultra Yuehua WH 2000® nebulizer, with a maximum
nebulization rate of 4mL/minute with 80% of the
nebulized particles with aerodynamic diameters from 1
to 5.0 μm.
Determination of vanadium concentration

The determination of vanadium concentrations in the
inhalation chamber was made by analyzing the filters
placed at the nebulizer outlet, with a nebulization rate of
4 mL/ min. After each exposure, the filters were
removed and then placed in an oven until a constant
weight was obtained (Riossa HS-33); afterwards, they
were fractionated into small pieces to be digested. One
hundred mg of the weight of the filters were used, then,
suprapur nitric acid was added, and the digestion process
was performed in a microwave oven (CEM model MDS
2000). Once the digestion was completed, the resulting
solutions were transferred to 10 mL volumetric flasks for
analysis.

A calibration curve of 5 points, from 20 to 100 ppb
(ng/mL) of vanadium, was prepared. These solutions
were analyzed and then used to build the calibration
curve. Afterwards, the samples were evaluated. For the
preparation of the curve, the certified standard QCS-27
ICP 27 (High Purity Standards, Charleston, South
Carolina) was used. The samples were analyzed by mass
spectrometry of induction-coupled plasma (ICP-MS)
using a Bruker equipment, model Aurora M90 with
coupled autosampler.
Determination of the concentration of vanadium in the
blood

The determination of the concentrations of vanadium
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in the blood was performed following the same analysis
protocol that was used to determine the concentrations
during the exposure. The concentration of the metal was
reported as parts per billion (ppb) or nanograms of
vanadium per gram of dry weight of tissue (ng/g).
Euthanasia and organ harvesting

For each analysis (the determination of vanadium in
the blood, the histopathological evaluation and the
immunohistochemistry, the western blot WB) three mice
were sacrificed per week of exposure for each group (A
and B).

The euthanasia of the animals for the determination
of the concentrations of vanadium in the blood and the
WB was performed by cervical dislocation. In the case
of the histopathological and the immunohistochemical
evaluation, euthanasia was performed by a lethal dose of
sodium pentobarbital administered intraperitoneally
(Pisabental, Pisa Agropecuaria) in a concentration of 35
mg/kg of weight, and subsequently perfused with 0.9%
saline and 4% of buffered paraformaldehyde solution
intracardially. The lungs were extracted and insufflated
intratracheally with buffered paraformaldehyde to be
processed by the histological technique in paraffin.
Histopathological and morphometric analysis of the lung
tissue

Slices 3 μm thick were obtained from the lungs and
were stained afterwards. The histopathological
evaluation of the lung tissue was performed using two
staining techniques: hematoxylin-eosin (HE) to analyze
the general structure of the lung tissue and
histochemistry with Peryodic Acid Schiff (PAS) for the
identification of PAS+ mucosecreting cells in the
terminal bronchioles.

The morphometric analysis was performed using
photomicrographs obtained from the lungs that were
stained with PAS. An Olympus microscope (model
BH2-RFCA) with a camera of the same brand was used
for the analysis. Once obtained, the images were
analyzed using ImageJ (V1.50i, National Health
Institutes Bethesda, Maryland USA) to count the cells
and record the number of mucosecreting PAS+ cells with
a length of 100 μm in the terminal bronchioles. The cell
count was performed in 10 terminal bronchioles per
lung, per mouse, and was transformed into a percentage
of PAS+ cells to do the statistical analysis.
Determination of CC16 in the lung tissue

The tissues were dewaxed with xylol and dehydrated
in a train of alcohols in increasing order (70%, 96%,
100%). Subsequently, an antigenic recovery was
performed by incubation in a 2% Diva Decloacker
recovery solution (Diva Decloaker 20x, BioCare
Medical, Pacheco, California) at 15 psi. The endogenous
peroxidase was inhibited with 3% hydrogen peroxide for

15 minutes (JT Baker, Phillipsburg, New Jersey).
Nonspecific antigens were blocked with a 5% bovine
albumin solution (MP Biomedicals, Santa Ana,
California). The tissues were incubated with primary
anti-CC16 antibody (anti-CC16 antibody, 1:1000
dilution, Santa Cruz Biotechnology, Inc.) at 4°C
overnight. Subsequently, the tissues were incubated with
a secondary anti-goat antibody for 30 minutes at room
temperature and then incubated with a drop of the
streptavidin-horseradish peroxidase (HRP) complex
(Goat on rodent HRP Polymer, BioCare Medical,
Pacheco, California). The immunoreactivity was
identified by incubation with 0.05% diaminobenzidine
tetrachloride (Invitrogen, Camarillo, California). Finally,
the sections were counterstained with hematoxylin.
Some samples were only incubated with the secondary
antibody and served as negative controls.
Determination of CC16 in lung homogenates

For this technique, the lungs of the mice were
homogenized with a Heidolph DIAX 900 homogenizer
(Sigma-Aldrich, St. Louis, MO). The homogenate was
centrifuged at 30,000 RPMI (9000 G) for 15 minutes;
the supernatant was recovered and subsequently
centrifuged at 34,800 RPMI (105,000 G), recovering the
supernatant (cytosolic fraction). Subsequently, the
protein concentration obtained in the cytosolic fraction
was determined with a Bio-Rad Protein Assay Dye
Reagent Concentrate (Bio-Rad, Hercules, California);
albumin V was used as positive control. Samples were
prepared under denaturing conditions (in charge buffer
with 2-mercaptoethanol, 10% SDS, glycerol,
bromophenol blue, 90°C for five minutes); 20 mg of
protein per sample were loaded on 17 and 10% sodium
polyacrylamide-dodecylsulfate electrophoresis (SDS-
PAGE) gels. Then, they were transferred to
nitrocellulose-PVDF membranes (Merck Millipore,
Tullagreen, Cork, Ireland) in a semi-wet transfer system
for one hour at 120 mA. The membranes were blocked
with a solution of 5% albumin in Tris buffer (TBS),
washed twice in TBS and incubated with the primary
anti-CC16 antibody (1:1000, Santa Cruz Biotechnology
Inc., Dallas, Texas) and an anti-actin primary antibody
(1:1000, kindly donated by Dr. José Manuel Hernández,
CINVESTAV-México) in Tween20/TBS solution
(TTBS) overnight at 4°C. Subsequently the membranes
were washed again with TTBS and incubated with the
secondary antibodies anti-goat (1:2500, secondary rabbit
anti-goat, Invitrogen, Camarillo, California) and anti-
mouse (1:1000 secondary rabbit anti-mouse, Abcam,
Cambridge, Massachusetts) for the recognition of the
primary antibodies against CC16 and actin respectively.
Both antibodies were coupled to HRP and diluted in
TTBS for one hour at room temperature. The
membranes were washed three times with TTBS and
once with TBS before detection of antibody binding by
chemiluminescence detected with the Amersham ECL
Prime Western Blotting Detection Reagent Kit (General

499
NCBC and vanadium inhalation



Electric Company, Uppsala, Sweden).
Processing of the images

The lung slides were observed under an Olympus
microscope (model BH2-RFCA, Tokyo, Japan) and
photomicrographs of lung parenchyma and terminal
bronchioles were taken at 20x and 40x respectively, with
a digital camera (Evolution MP Color, Media
Cybernetics). The images were later processed with
Adobe Photoshop CC 2019 (Ps. V. 20.04), and the
processing included adjusting the brightness and contrast,
in addition to changing the background to white.
Densitometric analysis

The photomicrographs were processed and separated
in three-color channels for the examination of the
density of the mark obtained in the immunohisto-
chemistry, but only the yellow channel was used to
perform the evaluation with the MathLab DensiFe
software 1.0.0.0. We analyzed 5 mice per group; for each
mouse, 10 fields of 0.088 mm2 were chosen randomly
with the 40x objective.

The quantitative analysis of the bands obtained in
the WB was performed using ImageJ 1.50i (National
Health Institutes Bethesda, Maryland USA). This
software allowed us to calculate the intensity of the
bands by measuring the average density in pixels.
Statistical analysis

The data were analyzed with one-way analysis of
variance (ANOVA), and the differences between the
groups were identified with a Tukey post hoc test,
considering p≤0.05 as statistically significant. All the
data were reported as mean ± standard error. All the
analyses were performed with Prisma v. 6.0c (GraphPad,
San Diego, CA).
Results

Determination of the V concentration in the box

To achieve vanadium exposure in two different
concentrations, low and high, the average concentration
of V in the inhalation chamber during exposure was
determined using a solution of [0.01 M] V2O5, the
concentrations recorded were of 1.56 mg/m3 of
vanadium, while the concentration using a V2O5 solution
with a [0.02 M] was of 2.57 mg/m3.
Determination of the concentration of V in the blood

Once the mice were exposed, the average
concentration of V in the blood was determined to
ensure the presence of the metal in the organism. The
concentration recorded in the controls was of
59.19±16.23 ppb (ng/g dry weight); during week two of

V exposure, higher levels of V were detected, but these
were not different from controls (180.5±24.87 ppb), this
concentration increased significantly from week 4 of
exposure (245.4±31.13 ppb). At the beginning of phase
II of the exposure, on week 5, a significant increase in
the concentration of the metal (436.0±40.97 ppb) was
observed, but no changes were registered in week 6
(348.1±72.62 ppb) of the treatment. At the end of the
exposure, on week 8, the concentration of the metal
decreased significantly (146.3±40.84 ppb). Fig. 1 shows
the behavior of the concentration of the metal throughout
the treatment.
Histopathological findings and morphometric analysis

In the histological analysis with hematoxylin-eosin
of the lungs of the control mice, the typical structure of
the tissue was identified. Fig. 2A shows the cut of a
bronchiole in which we observed the simple cubic
epithelium formed mainly by NCBC and scarce ciliated
cells. The NCBC presented its typical cubic shape with a
characteristic apical protrusion. The intact alveolar sacs
constituted by type I pneumocytes (flat cells) and type II
pneumocytes (cubic) were observed adjacent to the
bronchioles. No relevant changes in tissue structure were
identified. 

Regarding the histopathological analysis of the lung
tissue of the exposed mice, several alterations were
observed. We identified on week 2 of inhalation, small
foci of perivascular and peribronchiolar inflammatory
infiltrate, areas of bronchiolar epithelial hyperplasia and
sloughing of the NCBC. In some cells the movement of
the nuclei towards the apical zone was observed. All the
changes remained the same during the rest of the
exposure weeks and qualitatively they were similar
throughout. At the beginning of phase II bronchial
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Fig. 1. Vanadium levels (ng/g dry weight) detected in the blood samples
of the exposed and unexposed mice. The values are expressed as the
mean concentration of V in ng/g of dry weight±standard error, ANOVA
p≤0.05 post hoc (Tukey). *: control versus exposed; a: difference versus
W2; b: difference versus W5.



epithelial cell sloughing was identified, as well as
enlargement of NCBCs (Fig. 2B-F). 

Regarding the morphometric analysis with the PAS
stain, in the lungs of the controls, a few mucosecreting
cells were found in the bronchi, whereas in the
bronchioles none was observed (Fig. 3A). Mucous

metaplasia developed during the treatment with V, it
started on the second week of exposure of phase I and
increased with time (Fig. 3B,C). During phase II of
exposure, mucous metaplasia continued but was
observed to a lesser extent (Fig. 3D). Graph 3 shows the
results of the percentages of positive PAS cells in the
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Fig. 2. Pulmonary histopathological changes produced by V inhalation. The arrows indicate the areas where bronchiolar hyperplasia was identified; the
arrowheads indicate the areas where bronchiolar epithelial sloughing was observed and the stars (*) small foci of inflammatory infiltrate. A. Control
lung. B. 2 weeks of exposure. C. 4 weeks. D. 5 weeks. E. 6 weeks. F. 8 weeks. Hematoxylin-eosin stain. Scale bars: 50 μm.



terminal bronchioles; in the controls, the percentage of
cells was zero, while exposure to V led to the appearance
and increase of mucosecreting cells in the bronchioles.
On week 2 of the exposure, the percentage was
1.27±0.24%, and increased significantly on week 4

(33.36±2.66%). At the beginning of phase II, on week 5
of exposure, the percentage of cells decreased
significantly to 15.47±1.68% and this decrease remained
until week 6 (4.36±0.47%) and 8 (5.71±0.91%) without
significant changes. 
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Fig. 3. Mucoid metaplasia of the bronchiolar epithelium. The arrows
indicate the PAS+ mucosecreting bronchiole cells. In the
bronchioles of the control mice (A) no PAS+ cells were observed.
Since week 2 (B), the PAS+ cells began to appear in the
bronchioles and on week 4 (C) the number of cells increased
noticeably. On week 5 (D), at the beginning of phase II of exposure,
the number of cells decreased noticeably. PAS stain.. The graph
shows the percentage of PAS+ cells in the terminal bronchioles of
exposed and unexposed mice. The values are expressed as the
percentage of cells PAS+±standard error, ANOVA p≤0.05 post hoc
(Tukey). *: control versus exposed; a: difference versus W2; b:
difference versus W4; c: difference versus W5. Scale bars: 50 μm.



Determination of CC16 in the lung tissue

Immunohistochemistry showed the presence of the
CC16 marker in the non-ciliated bronchiolar cells in the
control group in all weeks of exposure. The marker in
this group was relatively homogeneous (Fig. 4A), while

the inhalation of V resulted in an increase in the
presence of CC16. At the beginning of phase I of
exposure, CC16 in the bronchiolar epithelium remained
as in control group; this pattern was observed on week 2
of inhalation without significant changes. On week 4
CC16 increased its presence (Fig. 4B). On week 5, at the
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Fig. 4. Immunohistochemistry for CC16 in the bronchiolar
epithelium. In the control lungs (A), the baseline CC16 mark
is observed in the bronchiolar cells, which increased with
the exposure from phase I on week 4 (B). On phase II, the
CC16 mark increased noticeably (C) and continued on week
8 (D). The graph shows densitometry of the CC16 label in
the NCBC of the exposed and unexposed mice. The values
are expressed as the average density in pixels±standard
error, ANOVA p≤0.05 post hoc (Tukey). *: control versus
exposed; a: difference versus W2; b: difference versus W4;
c: difference versus W5; c: difference versus W6. Scale
bars: 50 μm.



beginning of phase II, the presence of CC16 increased
again (Fig. 4C) and remained so until the end of the
exposure (Fig. 4D). 

The densitometric analysis showed baseline levels of
CC16 in the controls and an increase in the density of
the protein from the second week of the exposure to V,
without it being significant. At week 4, the density of
CC16 was significantly higher and at the beginning of
phase II, CC16 increased significantly again and
remained constant on week 6. At the end of the exposure
on week 8, the density of the marker increased again
(Graph 4). 
Determination of CC16 in the lung homogenates

WB detected the expression of CC16 in the lungs of
the control mice but this was modified by the inhalation
of V (Fig. 5). On weeks 2 and 4 of phase I of exposure,
no significant difference was detected in the expression
of the marker (it was the same as in the controls) while
on weeks 5, 6 and 8 of the exposure, during phase II, the
expression of CC16 increased significantly while
remaining stable (Graph 5).
Discussion

The results showed that vanadium inhaled at the two
concentrations (1.56 and 2.57 mg/m3) produced
alterations in the lung such as peribronchiolar and
perivascular infiltrate, and various modifications of the
bronchiolar epithelium such as hyperplasia and

sloughing of the NCBC. These alterations occurred
during the entire exposure time, without relevant
changes when modifying the exposure concentration.

On the other hand, the change in the phenotype of
the NCBC to mucosecreting was identified and the cell
quantification evidenced the gradual increase in the
number of PAS+ cells during phase I of exposure.
However, increasing the concentration of the element
during phase II showed a significant decrease in the
number of mucosecreting cells.

As for CC16, it increased significantly in the
bronchiolar epithelium in phase I of exposure and
afterwards, during the second phase, the increase in the
marker expression was significantly higher than in phase I.
Vanadium concentration

The exposure concentration of V was higher when
using the (0.02 M) solution compared to the (0.01 M).
With this data, the animals were exposed to two different
concentrations, one lower than the other, establishing an
adequate model to study tolerance. Regarding the blood
levels, a gradual increase in the concentration of the
metal was observed from weeks 4, 5 and 6. However, we
observed that during week 8, the levels of V in the blood
unexpectedly decreased. This could be explained by the
deposition and accumulation of V in soft organs such as
the lung and the liver, and in hard organs such as the
bone (Rhoads and Sanders, 1985; Rodríguez-Mercado
and Altamirano-Lozano, 2006). 

Another possible explanation could be that
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Fig. 5. The effect of V on the expression of CC16
in the lung homogenates. By observing the bands
from the controls, the expression of CC16 was
identified and in phase I the expression of the
marker did not change. In phase II an increase in
the marker was observed. The graph shows the
analysis of the expression of CC16 in lung
homogenates as an effect of V. The α-actin protein
was used as a loading marker. The values are
expressed as the mean density in pixels and
represent the mean±standard error, ANOVA
p≤0.05 post hoc (Tukey). *: control versus
exposed; a: difference versus W2; b: difference
versus W4.



metallothioneins, particularly in the liver, could be
acting as metal chelators according to what has been
demonstrated by Kobayashi et al. (2006), using mass
spectrometry (HPLC / ICP-MS), by testing the binding
of V to an unidentified low-molecular-weight protein
with characteristics similar to metallothionein II that
could have the ability to bind with this element and
retaining it in the liver (Kobayashi et al., 2006). The
latter has not yet been explored.

The interaction with metallothioneins could also be
happening in the lung, since it is an organ in which these
proteins are expressed in an important way. It has been
proven that during exposure to oxidizing agents such as
ozone, nitrogen dioxide and oxygen, and to metals such
as cadmium, their expression can be induced in response
to these (Mango et al., 1998; Johnston et al., 2001; Lau
et al., 2006).

It is also possible that vanadium interacts with other
antioxidant proteins, such as CC16, which increased
significantly in our model, and whose antioxidant
function will be explained later on. CC16 could
contribute in an important way in the detoxification of
this metal in the lung.
Lung and non-ciliated bronchiolar cells changes 

The histopathological changes reported in this study
have been identified in other murine models of exposure
to V. Regarding the inflammatory response, it has been
reported that the inhalation of the two different
concentrations of V (NTP, 2002; Ress et al., 2003) and
the intratracheal instillation (Pierce et al., 1996, Toya et
al., 2001; Wang et al., 2003) produce the activation of
the pulmonary inflammatory response. In our inhalation
model, perivascular and peribronchiolar inflammatory
foci were observed and it apparently remained
unchanged during the whole exposure, independently of
the exposure concentration (1.56 and 2.57 mg/m3 of V);
meaning that the increase in the concentration of the
metal in phase II of exposure did not exacerbate the
response observed during phase I.

The CC16 protein may be behind the possible
explanation of why in phase II the inflammatory
response did not increase. In our model, we observed
that CC16 increased in the lung tissue when the
organisms were exposed to the inhalation of V at a
concentration of 1.56 mg/m3 as detected by
immunohistochemistry in the bronchiolar cells, and
subsequently, when exposed to a higher concentration
(2.57 mg/m3), the density of CC16 increased again
significantly. In addition, the redistribution of the protein
was observed concentrated mainly in the apical region of
the cells. This increase in CC16 was confirmed by WB
in the lung homogenates and could explain why the mice
did not present an exacerbated inflammatory infiltrate in
the second phase of the exposure, as observed in the
histopathological results.

The importance of this protein as an
immunomodulator in the lung was previously

mentioned. In vitro it has been shown that CC16
attenuates inflammation by decreasing the production of
IL-8 (a pro-inflammatory cytokine) in bronchial cells,
which attenuates the infiltration of cells such as
neutrophils (Tokita et al., 2014). In vivo, it has been
shown that mice deficient in the production of CC16
have a greater inflammatory response when they are
sensitized with ovalbumin, in addition to expressing
higher levels of pro-inflammatory cytokines such as IL-
4, IL-5, IL-9 and IL1-13 (Chen-Chen et al., 2001). When
chronic exposure to different classes of pollutants
decreases the expression of CC16 in the bronchiolar
epithelium, organisms become more susceptible to
develop an inflammatory response in the lung. Gowdy
(2008) reported that the inhalation of particles derived
from diesel (DEP) that decrease of CC16 and surfactant
proteins (SP-A and SP-D) in the lung homogenates and
bronchoalveolar lavage coincides with over-expression
of pro-inflammatory cytokines such as IL-6, IL-13 and
TNF-α (Gowdy et al., 2008), demonstrating the relation
between the decrease in CC16 and inflammation. 

Dodge (1994) indicated that in the development of
tolerance to ozone, which is a pro-oxidant agent, the
density of CC16 in the bronchiolar cells increases when
animals are exposed to this gas in comparison to the
controls; also, the cytoplasmic distribution of the
granules that contain the protein is modified and
accumulates in the apical region of the cells (Dodge et
al., 1994); these results coincide with our findings.

Regarding bronchial cell hyperplasia, it has been
reported that V-inhalation produces this alteration in the
bronchioles and alveoli (NTP, 2002; Ress et al., 2003),
as well as the instillation of compounds of the same
element (Toya et al., 2001). This change has been linked
with the induction of pro-inflammatory mediators such
as IL-6, IL-8, and TNFα that can also trigger cell
proliferation (Bonner et al., 2000). In our model,
bronchiolar epithelial hyperplasia was identified from
the first week of exposure in phase I, and it remained
constant throughout the exposure without any relevant
changes during the rest of the treatment. The change in
the concentration of V did not cause the increase in
hyperplasia. It would be interesting to further explore the
effect of the CC16 on the expression of pro-
inflammatory cytokines in our model.

Many of the alterations produced by the exposure to
V are attributed to the generation of oxidative stress
(Rodríguez-Mercado and Altamirano-Lozano, 2006).
Previous reports show that CC16 has the ability to
function as a molecule with antioxidant properties
through the interaction of methionines that are part of its
structure (Pilon et al., 2016) which can attenuate the
toxic effects of vanadium in the lung in our model. It
could also be involved in the detoxification of vanadium;
however further research is needed.

In addition to the antioxidant activity of CC16, it is
important to take into consideration the activity of
metallothioneins in the lung as regulators of oxidative
stress. As mentioned above, metals induce the
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expression of these proteins that act as chelators and
trappers of reactive oxygen species (ROS); also, it has
been reported that these play an important role in the
development of tolerance to metals such as zinc
(Wesselkamper et al., 2001) and cadmium in the lung
(Lau et al., 2006).

Furthermore, in addition to metallothioneins, the
lung has a large variety of enzymatic and non-enzymatic
antioxidant mechanisms that contribute to the defense
against oxidizing agents (Rahman et al., 2006). The
main non-enzymatic antioxidants in the lung are
glutathione, vitamins C and E, carotenoids and uric acid
(Rock et al., 1993; Comhair and Erzurum, 2002;
McFadden et al., 2005). Superoxide dismutases
(MnSOD and CuSOD), catalase and peroxidases are the
major enzymatic antioxidants in this organ (Rahman et
al., 2006).

There is evidence that suggests that an increase in
the levels of glutathione favors tolerance to oxidizing
compounds exposure such as coumarin in the lung,
decreasing its susceptibility (Vassallo et al., 2010). The
relationship between tolerance and the activity of other
antioxidants in the lung has not been sufficiently studied;
hence, it would be relevant and interesting to study this
more as well as its relationship with tolerance to
vanadium exposure and other metals.

It is important to note that the qualitative evaluation
of the lung tissue showed that during phase I the
aforementioned changes occurred in a subtle way. In
phase II of the experiment, in which the concentration of
V increased, the changes remained stable. As previously
mentioned, a similar response was reported by Knetch
(1992) noting that in his model of subchronic exposure
to 0.5 mg/m3 (V2O5) (6 h/ for 5 days/ for 26 weeks), the
repeated exposure to V did not trigger a cellular immune
response, nor did it increase bronchial hyperreactivity or
cause exacerbation of the acute response that had been
previously reported by the same group (Knetch et al.,
1992). Although our exposure model differs from
Knetch’s model, both suggest that animals develop some
type of tolerance as a result of repeated exposure to
V2O5.

The increase in the concentration of CC16 coincides
in the second phase of exposure with the decrease in the
number of mucosecreting PAS+ cells. It has been
reported that exposure to V produces a change in the
phenotype of these cells that manifests itself with the
synthesis of AB/PAS+ mucins; this mucoid metaplasia
has been directly linked to the inflammation produced by
the treatment through the production of TNFα and IL-6
(Toya et al., 2001; Bonner et al., 2000). Other agents that
produce bronchiolar mucoid metaplasia by inhalation are
PM and ozone. In vivo it has been reported that the
exposure to ultrafine particles induces mucoid
metaplasia in the lower airways, in addition to mucosal
hypersecretion (Alessandrini et al., 2010), while
Kumagai et al. reported bronchiolar mucoid metaplasia
in mice exposed to ozone (Kumagai et al., 2017). 

Since it is well known that the inflammatory

response is directly related to the changes in the
phenotype of the NCBC and this inflammation is
associated to the decrease in the expression of CC16, it
can be inferred that the increase in CC16 decreases
inflammation and this will directly influence the
phenomenon of metaplasia. This decrease in PAS+
mucosecretory cells in phase II could be attributed to a
reversal in the phenotype of the cells favored by the
increase in the expression of CC16 that begins on week
3 of the exposure on phase I and remains stable during
phase II.

As it was previously mentioned, tolerance is a
phenomenon that has been observed in lungs exposed to
various contaminants and substances. However, the
factors that could contribute to the development of this
response have not yet been clearly established. Our
model shows that the pre-exposure to V at 1.56 mg/m3
induces the increase of CC16, which could have a direct
effect on the inflammatory changes and on the
modification in the mucosecreting phenotype of the
NCBC observed at 2.57 mg/m3. 
Conclusions

The V-inhalation model proposed in this study was
useful for identifying the changes that suggest tolerance
in the bronchiolar epithelium and highlights the
importance of CC16 in the protection of the lung as our
results demonstrated. These phenomena could in part
explain the effects that favored the “resistance” of the
lung when exposed to pollution and helps to understand
the importance of NCBC and its protein CC16 in the
development of this tolerance. 

One limitation of this study is that CC16 was not
identified in the bronchoalveolar lavage, which could
support the findings of its increase as part of the
epithelium’s defense. To confirm its participation, it
would be interesting to explore its modification in the
bronchoalveolar lavage, in addition to the direct
evaluation on the inflammation in this model.
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