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Abstract: Lung cancer has the highest death rates. Aerosol drug delivery has been used for other
lung diseases. The use of inhaled vanadium (V) as an option for lung cancer treatment is explored.
Four groups of mice were studied: (1) Saline inhalation alone, (2) Single intraperitoneal (i.p.) dose
of urethane, (3) V nebulization twice a week (Wk) for 8 Wk, and (4) A single dose of urethane
and V nebulization for 8 Wk. Mice were sacrificed at the end of the experiment. Number and
size of tumors, PCNA (proliferating cell nuclear antigen) and TUNEL (terminal deoxynucleotidyl
tranferase dUTP nick-end labeling) immunohistochemistry were evaluated and compared within
groups. Results: The size and number of tumors decreased in mice exposed to V-urethane and the
TUNEL increased in this group; differences in the PCNA were not observed. Conclusions: Aerosol V
delivery increased apoptosis and possibly the growth arrest of the tumors with no respiratory clinical
changes in the mice.
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1. Introduction

Lung cancer is a worldwide health problem, and this tumor has the highest estimated
death rates because of the delay in the diagnosis and in the beginning of its treatment [1].
Usually, the patients have been mistreated because they do not have a previous history of
smoking, which is the reason why lung cancer is not the first suspected diagnosis, even
though its frequency among this group of patients has steadily increased. Some of the risk
factors reported among non-smokers are environmental and occupational exposures, sex
hormones, and wood smoke exposure [2,3]. The main histological subtype observed in
recent years is adenocarcinoma [4].

Lung cancer treatment depends on the size of the tumor, the histologic type, and the
clinical variables. Surgery, radiotherapy, and chemotherapy and or its combinations are
the treatment options. The 5-year relative survival rate is about 17% for all patients and
all of the stages of this pathology; if the disease is detected in early stages, the survival
rate increases to 54%. Nonetheless, only 15% of the cases are diagnosed at early stages [5].
In addition, the resistance to chemotherapy and the cost of the new options, oriented
to specific molecular targets, is expensive [4,6,7]. On the other hand, resistance to these
treatments has also increased [8]. Additionally, because of these described events, it is
important to keep looking for new treatment options for lung cancer.

The urethane model for lung tumors is a chemical carcinogenesis method that has
been used to study tumor progression and treatments [9–11].

Metal compounds have been tested as possible antineoplastic agents, such as plat-
inum compounds. Vanadium (V) is a transitional element with controversial effects [12].
Vanadium compounds have emerged as possible options for therapeutic uses because
of the induction of reactive oxygen species (ROS), the activation of apoptotic cell death
mechanisms, autophagy, and the inhibition of cell proliferation [13–15]. As antineoplastic
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agents, organic compounds have been studied in vitro in a variety of cancer types such as
pancreatic ductal carcinoma [16].

Recently other optional routes for drug delivery have been proposed for the treatment
of diverse pathologies [17] such as lung cancer [11]. Hamzawy et al. reported intratracheal
administration of temozolomide in lung tumors induced by urethane [18] and Roger-Parra
intranasally delivered anti-collagen-V for lung cancer treatment with promising results [11].

Aerosol drug delivery has been a technique used for the treatment of a variety of
diseases and recently for experimental antineoplastic therapies [11]. This route increases
the bioavailability and decreases the time of action because the doses decrease the risk
of side effects, and the drug reaches the lung tissue without the metabolic changes that
occur in the liver [19,20]. These benefits have been observed in asthma, COPD, and some
lung infections [21,22]. In this study, we explore the administration of V by inhalation as a
possible alternative route for the treatment of lung cancer in the urethane-induced lung
tumor mice model.

2. Results

During the whole experiment, no signs or changes in the patterns of food intake
and water consumption were observed. Body weight was statistically different when
comparing the beginning (T0) with the end of the experiment (8th week) in each group.
Body weight at 8th week was not statistically different among group I (control), group II
(urethane), and group IV (urethane-V). In group III (vanadium), weight was significantly
higher compared with the control, urethane, and urethane-V mice groups (Figure 1).
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icant differences versus group III 8th week. 

Except in group III (vanadium) where an increase in the weight of the mice was rec-
orded, no other changes in the physical appearance or motor behavior of the animals were 
observed. 

2.1. Lung Histology 
Panoramic photomicrographs show the presence of pulmonary adenomas in mice 

treated with urethane, i.e., groups II and IV (Figure 2B,D, respectively). Groups I and III 
did not develop lung adenomas (Figure 2A,C, respectively).  

Figure 1. Weight of the mice per group. The weight at the beginning (Time 0) compared to the end of
the experiment (8th week) was different. In group III (vanadium) the weight gain was higher than in
the other groups. N = 10, values are expressed as the mean of body weight ± SEM in grams (ANOVA
p ≤ 0.05 Tukey’s post hoc).* statistically significant differences vs. T0; a: statistically significant
differences versus group III 8th week.

Except in group III (vanadium) where an increase in the weight of the mice was
recorded, no other changes in the physical appearance or motor behavior of the animals
were observed.

2.1. Lung Histology

Panoramic photomicrographs show the presence of pulmonary adenomas in mice
treated with urethane, i.e., groups II and IV (Figure 2B,D, respectively). Groups I and III
did not develop lung adenomas (Figure 2A,C, respectively).
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Figure 2. Adenoma development in mice treated with urethane. No tumors are observed in the control (A) and in vanadium 
(C) groups. Arrow heads ( ) indicate the adenomas in urethane (B) and urethane–vanadium (D) groups. Hematoxylin–Eosin. 
Bar 2mm. 

Detailed changes in the lung tissue observed in the experimental groups are shown 
in Figure 3. In group I (Figure 3A), bronchioles and alveolar walls with a well-preserved 
structure were observed; inflammatory foci as well as focal hyperplasia of the bronchiolar 
and alveolar epithelium, as well as solid adenomas, are clearly identified in group II (Fig-
ure 3B). In the V-exposed group (group III; Figure 3C), perivascular and peribronchiolar 
lymphocytic inflammatory infiltrate were observed, whereas no adenomas were identi-
fied; in the urethane-V group (group IV), focal bronchiolar epithelial hyperplasia, small 
and scanty adenomas, and lymphocytic infiltrate were the main observed features (Figure 
3D). 

Figure 2. Adenoma development in mice treated with urethane. No tumors are observed in the control (A) and in
vanadium (C) groups. Arrow heads (ä) indicate the adenomas in urethane (B) and urethane–vanadium (D) groups.
Hematoxylin–Eosin. Bar 2 mm.

Detailed changes in the lung tissue observed in the experimental groups are shown
in Figure 3. In group I (Figure 3A), bronchioles and alveolar walls with a well-preserved
structure were observed; inflammatory foci as well as focal hyperplasia of the bronchiolar
and alveolar epithelium, as well as solid adenomas, are clearly identified in group II
(Figure 3B). In the V-exposed group (group III; Figure 3C), perivascular and peribronchiolar
lymphocytic inflammatory infiltrate were observed, whereas no adenomas were identified;
in the urethane-V group (group IV), focal bronchiolar epithelial hyperplasia, small and
scanty adenomas, and lymphocytic infiltrate were the main observed features (Figure 3D).

The mean number of tumors in group II was 9 ± 1.13, whereas in group IV it was
2 ± 0.51; when both groups were compared, a statistically significant difference was ob-
served (Figure 4).
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Figure 3. Details of the changes observed in the lungs. Control group (A) with no changes in the lung’s parenchyma, whereas 
in the V-exposed group (C) epithelial hyperplasia and inflammatory infiltrate (*) are observed. In urethane (B) and urethane-V 
(D) groups, the adenomas (↑) are observed as well as the hyperplastic epithelium (*). Hematoxylin–Eosin stain. Bar 0.5 mm. 

The mean number of tumors in group II was 9 ± 1.13, whereas in group IV it was 2 ± 
0.51; when both groups were compared, a statistically significant difference was observed 
(Figure 4). 

. 

Figure 4. Quantitation of developed adenomas per group. No tumors were observed in group I 
(control) and group III (vanadium). In group II (urethane), the tumors were larger than in group IV 
(urethane-V group). N = 10, values are expressed as the mean number of adenomas ±SEM (ANOVA 
p ≤ 0.05 Tukey’s post hoc). * Statistically significant differences versus group I; a: statistically signif-
icant differences between group II and IV.  

The area occupied by tumors in group II was 0.6 ± 0.07 mm2, whereas in group IV it 
was 0.39 ± 0.05 mm2, a difference which was statistically significant (Figure 5). No quali-
tative differences were observed in the amount and the spread of the infiltrate in groups 
II and IV.  

Figure 3. Details of the changes observed in the lungs. Control group (A) with no changes in the lung’s parenchyma,
whereas in the V-exposed group (C) epithelial hyperplasia and inflammatory infiltrate (*) are observed. In urethane (B) and
urethane-V (D) groups, the adenomas (↑) are observed as well as the hyperplastic epithelium (*). Hematoxylin–Eosin stain.
Bar 0.5 mm.
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Figure 4. Quantitation of developed adenomas per group. No tumors were observed in group I
(control) and group III (vanadium). In group II (urethane), the tumors were larger than in group IV
(urethane-V group). N = 10, values are expressed as the mean number of adenomas±SEM (ANOVA p
≤ 0.05 Tukey’s post hoc). * Statistically significant differences versus group I; a: statistically significant
differences between group II and IV.
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The area occupied by tumors in group II was 0.6 ± 0.07 mm2, whereas in group IV
it was 0.39 ± 0.05 mm2, a difference which was statistically significant (Figure 5). No
qualitative differences were observed in the amount and the spread of the infiltrate in
groups II and IV.
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Figure 5. Area (mm2) occupied by lung adenomas. In group II (urethane) the adenomas were larger
compared with those observed in group IV (urethane-V). N = 10, values expressed as the mean
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2.2. Proliferative Index

PCNA positive nuclei stain in the lung parenchyma was observed in the four groups.
In group I, the positive cells were observed mainly in some bronchiolar cells as well as
in group IV. In groups II and IV, the nuclei stain was in the tumor cells (Figure 6) and
no statistical difference was observed in the proliferative index calculated only in the
adenomas in groups II (PI 24.18%) and IV (PI 25.93%) (Figure 7).
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Figure 7. Proliferation index. The index indicated that between groups II and IV, no statistical differ-
ence was observed. N = 10, values expressed as mean percentage of PCNA positive nuclei ± SEM
(two-tailed Student’s t-test with Welch’s correction). No statistically significant differences were
observed.

2.3. TUNEL Assay

Positive TUNEL nuclei stain in the lung parenchyma was observed in the four groups.
In group I, the positive cells were scanty inflammatory cells in the parenchyma, whereas
in the V-exposed group (III), the stain was in the inflammatory cells and scarce in the
bronchiolar epithelia. In groups II and IV, the nuclei stain was in the tumor cells, the
inflammatory foci, and in the bronchiolar epithelium (Figure 8).
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urethane-V group (B) (↑). Light green counterstain. Bar 50 µm

A clear statistical difference was observed in the apoptotic index calculated only in
the adenomas in groups II (AI 5.1%) and IV (AI 10%) (Figure 9).
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Figure 9. Apoptotic index. The index was higher in group IV (urethane-V) compared with group
II (urethane). N = 10, values are expressed as mean percentage of TUNEL positive nuclei ± SEM
(two-tailed Student’s t-test with Welch’s correction p ≤ 0.05). *** Statistically significant differences
between group II versus group IV.

3. Discussion

In the present study, we report that V aerosol delivery interfered with the development
of lung adenomas induced by urethane. The decrease in the area and the number of tumors
was the result of increasing apoptosis of the tumor cells evaluated by TUNEL; however, no
effect was observed in the PCNA proliferation marker. No respiratory clinical compromise
was observed in the mice exposed to aerosolized V, and only a difference in weight gain
was notorious in the V-exposed groups.

Vanadium as an antineoplastic agent has been previously explored. Köpf-Maier
et al. found that vanadocene dichloride (VDC) reduces cell proliferation in leukemia
tumor cells [23]. In female Sprague Dawley rats, Thompson et al., in MNU-1 (1-methyl-1-
nitrosurea)-induced mammary carcinogenesis, show that supplementation with vanadium
sulfate reduced the incidence and the average amount of neoplasms [24]. Other studies
from Köpf-Maier’s group report that the antitumor activity of VDC on the Fluid Erlich
ascites tumor is because of its heterochromatin accumulation [25], mitotic aberration
induction, transitory mitosis suppression, and reversible cell accumulation in the late S
and G2 phases [23]. Bishayee et al. [26] suggest that the antineoplastic action of VDC might
be the result of the effect on the antioxidant status in the liver and the modulation of drug
metabolism enzymes of phases I and II. Sankar-Ray et al. suggested the suppression of
cell proliferation, induction of apoptosis, and DNA cross-links reduction as other possible
antineoplastic mechanisms. In our experimental model, an increase in apoptotic cells was
observed, but not in PCNA proliferation biomarkers [27].

These results suggest that apoptosis could be the mechanisms by which V is acting
on the adenomas. Recently, Rozzo et al, [15] reported the effect of V compounds in the
melanoma A375 cell line in which apoptosis is observed, as well as the arrest of cell cycle
in two different phases, probably by different mechanisms. The findings reported here
suggest that V in aerosol delivery could be acting by inducing apoptosis and possible the
tumors’ cell cycle arrest [28–30].

Lu et. al. demonstrated that some synthetic V complexes showed pro-apoptotic
activities in MGC803 (human gastric cancer cell line) cells related to the increase in proteins
such as Bax, caspases 3 and 9, as well as the decrease in Bcl2 [31]. On the other hand,
Xi et al. reported the induction of apoptotic cell death in A549 and BEAS-2B lung can-
cer lines associated with the overexpression of caspase 3 induced by the exposure to V
nanoparticles [32].
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The generation of reactive oxygen species (ROS) [28] and their effect on the neoplastic
cells such as: DNA damage, oxidative alterations of other cellular organelles leading to
apoptosis, and different types of cell death mechanisms, could explain the antineoplastic
effects of V compounds [5].

Aerosol Delivery

In a variety of respiratory diseases, the aerosol delivery of drug treatments has been
used with good results [33]. The best examples are inhaled steroids for asthma, which
reduce the symptoms and the systemic effects of steroids [21]. Hamzamy et al. reported
the intratracheal administration of temozolomide in gold nanoparticles or liposomes as
antineoplastic carriers for the treatment of urethane-induced lung adenomas in mice [18].
Gagnadoux et al., with gemcitabine delivered by the same route, reported the potential use
of aerosol delivery for lung cancer treatment [20]. The aerosol delivery of chemotherapy
for lung cancer treatment in patients with non-small cell lung carcinoma (NSCLC) was
reported. 5-fluorouracil (5-FU) was delivered by an ultrasonic nebulizer in two different
situations: one in patients prior to surgical resection, in which the authors demonstrated
that the concentration of the 5-FU was 5 to 15 times higher in the tumor than in the normal
lung tissue, and two, conducted in patients with unresectable tumor in which the 5-FU was
also administered by aerosol delivery, two to three times a week, reporting less pulmonary
or systemic side effects. Additionally, the main agent used in the therapeutic schemes for
lung cancer, cisplatin, was delivered by inhalation with less systemic side effects and with
promising preclinical results [34]. With the urethane model, Abdelaziz et al. reported the
reduction in lung tumors in BALB/c mice by the inhalation of lactoferrin/Chondroitin-
Functionalized Monoolein Nanocomposites, supporting the use of inhalation as a possible
route for lung cancer treatment, stressing that by inhalation route the agent employed in
the treatment reaches higher concentrations in the tumors [35].

In our study, with whole body exposure, the regression of the adenomas was almost
complete, observing some areas of peribronchiolar inflammation with no clinical effects
observed in the mice, only a weight increase in V-exposed groups, which could be explained
by the anabolic activity reported for V [36].

Vanadium has been reported as a possible chemotherapeutic agent for different types
of neoplasms. Some antineoplastic drugs have been administered by aerosol delivery with
promising results [20,32]. Here, we propose V as a potential antineoplastic agent for lung
cancer by aerosol delivery that will reduce the number of tumor cells and possibly the
systemic side effects reported for V. Other V compounds need further analysis to find the
dose and the best protocol for the administration for this element, which opens another
possible treatment for NSCLC.

4. Materials and Methods
4.1. Animals

Forty CD-1 adult male mice weighing 33–35 g were housed in hanging plastic cages
(10 animals per cage), kept in an animal facility (with an average temperature of 21 ◦C,
57% humidity and controlled lighting −12:12 h light/dark regime), and fed with Rodent
Laboratory chow (PMI nutrition international, Brentwood, MO, USA and Agribrands
Purina, Cuautitlan, Mexico) and filtered water ad libitum. Mice were obtained from the
vivarium at the School of Medicine, UNAM, and managed according to the Mexican official
norm NOM-062-ZOO-1999 for the production, care, and use of laboratory animals. The
project was reviewed and approved by the Research and Ethical Committee from the
School of Medicine (#04-2005).

4.2. Experimental Protocol

Adult male mice were randomly assigned into four groups of 10 mice each: group I
(negative control) inhaled saline 0.9% during the exposures; group II (urethane alone as
positive control), received a single dose (ip) of urethane 1mg/g (ethyl carbamate, 99% purity,
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Sigma Aldrich, St. Louis, MO, USA) in accordance with previous studies using the urethane-
induced lung tumorigenesis model [37]; group III (vanadium) inhaled V2O5 (0.02 mol/L)
(99.99%, Sigma, St. Louis, MO, USA) in saline 1h twice a week (Tuesday and Thursday) for
the 8 weeks of exposure time; and group IV (urethane and V) was as in groups II (urethane
alone) and III (vanadium). At the end of the 8-week exposure, mice were anesthetized with
(ip) lethal dose of pentobarbital sodium (PiSa Pharmaceutical, Guadalajara, Jalisco, México)
0.3 mg/mL and perfused via aorta with saline followed by 4% paraformaldehyde, whereas
the lungs were fixed intratracheally with 4% paraformaldehyde at Total Lung Capacity
(TLC) [38].

4.3. Vanadium Exposure and Cardiothoracic Block Dissection

Mice of the V-exposed groups (III and IV) inhaled 1h twice a week in an acrylic
box chamber measuring 45 cm × 21 cm × 35 cm (3.3 L total volume), that could house
20 mice per session. An ultra-nebulizer DeVillbiss Ultraneb 99 (DeVillbiss Healthcare,
Somerset, PA, USA) system was used to nebulize the vanadium solution at a flow rate
of 10 L/min; according to the manufacturer’s provided information, about 80% of the
aerosolized particles reaching the mice would be expected to have a mass median aero-
dynamic diameter (MMAD) of 0.5–5 µm. The concentration of vanadium in the chamber
was quantified as follows: a filter was placed at the external outlet of the nebulizer during
the entire exposure period and samples were collected at a flow rate of 10 L/min. The
filter was removed and weighed after each exposure; the V on each filter was quantified
as follows: six-filters per inhalation exposures were evaluated. The source of the fog was
located at the top of the chamber to ensure a homogeneous exposure. Mice behavior was
always observed to detect any changes. As it has been reported in earlier studies, the
final concentration in the chamber was 1.56 mg V/m3 [36] and it is in the range of the
World Health Organization (0.01–60 mg/m3) for V concentrations detected in occupational
exposures [39]. The V concentration in the blood was analyzed by mass spectrometry of
induction-coupled plasma (ICP-MS) using a Bruker equipment, model Aurora M90, with
coupled autosampler (Bruker Corp., Billerica, MA, USA). The concentration of the metal
was 436 ppb or nanograms of V per of dry weight tissue (ng/g).

4.4. Tissue Sampling and Preparation

Experimental and control groups were sacrificed at the end of the exposures (8 Wk).
Animals were anesthetized with sodium pentobarbital aqueous solution of (PiSa Pharma-
ceutical, Guadalajara, Jalisco, México) 0.3 mg/mL (ip) and perfused via aorta with saline,
followed by 4% paraformaldehyde (pH 7.4) in phosphate buffer. The cardiopulmonary
block was removed, and then the lungs were dissected and processed for paraffin wax
embedding; 5 µm thickness tissue sections were obtained and stained with hematoxylin-
eosin, and proved for immunohistochemical evaluation with anti-PCNA antibody and
TUNEL assay. Changes were assessed with a light microscope BX51 (Olympus, Miami,
FL, USA). Samples were photographed with a digital camera attached to the microscope
(Media Cybernetics Inc., Bethesda, MD, USA). The number and area of the tumors were
measured with Motic Images 2.0 software (Motic, Kowloon Bay, Kowloon, Hong Kong).

4.5. Immunohistochemistry for PCNA

Tissue sections were placed in poly-L-lysine (SIGMA, St Louis, MO, USA) coated slides.
Antigen retrieval was achieved by incubation in a citrate buffer (pH 7.4) at 103425 Pa for
3 min, after which the slides were washed in phosphate-buffered saline (PBS). Endogenous
peroxidase was blocked with 3% H2O2 (J.T. Baker, Phillipsburg, NJ, USA) for 10 min. The
sections were rinsed several times with PBS-Albumin, washed for 10 min in PBS, (MP
Biomedicals Inc, Kuwait city, Kuwait) and incubated for 1 h at 37 ◦C in rabbit monoclonal
anti-PCNA (Abcam, Cambridge, MA, USA), and diluted 1:100 in PBST- (PBS with 0.1%
Tween 20 and Albumin). The sections were washed in PBS and incubated for 30 min at
37 ◦C with the biotinylated universal link secondary antibody (Dako, Carpinteria, CA,
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USA), rinsed several times in PBS, and incubated for 30 min at 37 ◦C in HRP streptavidin
complex (Dako, Carpinteria, CA, USA). Immunoreactivity was visualized by incubation in
0.05% 3,3’-diaminobenzidine tetrahydrochloride (Zymed Laboratories Inc, San Francisco,
CA, USA). Samples skipping primary antibody were also included as negative controls.
Immunoreactivity to PCNA-exposed lungs was measured in tissue sections to calculate the
proliferation index in the adenomas; the total adenomas were evaluated from the slides
of the lung of each animal and the number of positive nuclei were also counted; positive
nuclei were considered when an ochre color stain was observed when the developer for the
reaction was diaminobenzidine. The evaluation was completed with an image analyzer,
using the software Image-Pro-Plus version 6.0. (Media Cybernetics Inc., Silver Spring, MD,
USA) coupled to a digital camera (Evolution MP Color, Media Cybernetics Inc., Silver
Spring, MD, USA) on a light microscope Olympus BX51 (Olympus America Inc., Melville,
NY, USA).

Proliferative index (PI) was determined by a relation between the number of positive
nuclei per adenoma by the total number of cells in each tumor by 100.

4.6. TUNEL Assay

The enzymatic TUNEL assay (TdT-mediated dUPT-biotin nick end labeling) (Dead-
End™ Colorimetric TUNEL System, Promega Corp., Madison, WI, USA) was used to
evaluate the apoptotic index. The assay identifies DNA strand breaks by marking the free
3’-OH terminal, with biotinylated desoxyuridine with the enzymatic reaction with terminal
deoxynucleotidyl transferase (tdT). The biotin signaling is detected by the streptavidin-
marked nuclei with the HRP enzyme bound by the biotinylated nucleotides which are
visualized with HRP,3′3′-diaminobenzidine (DAB). The apoptotic nuclei are observed in
ochre color in the light microscope. The assay was performed according to the providers’
indications. The slides were counterstained with light green to increase the visibility of the
apoptotic nucleus.

The apoptotic index (AI) was calculated in 40X photomicrographs from the different
groups. Five fields randomly were selected. TUNEL positive nuclei were counted within
the tumors and the total nuclei from each tumor. The index was calculated with the
formula: Total amount of marked nuclei/ total nuclei X 100. The total nuclei were counted
in Feulgen-stained slides [40]. Apoptotic index was compared between Group II and Group
IV.

4.7. Statistical Analysis

In the different experimental groups comparison of the number of the tumors was
carried out with an analysis of variance (ANOVA) with Tukey’s post hoc test, whereas
the analysis of the tumors area, the PI and AI was carried out with Student’s t-test with
Welch’s correction (GraphPad Prism Software V 6.0, La Jolla, CA, USA). Differences were
considered when p < 0.05.

5. Conclusions

Inhaled vanadium decreases the number and size of urethane-induced lung adenomas
in mice by inducing apoptosis of the tumor cells, and with no observed clinical effects.

A limitation of this study was that the effect of V was only analyzed at a single point.
It would be interesting to evaluate the effects of V overtime, to establish a wider picture of
its beneficial and side effects.

Further studies about the mechanisms that lead to apoptotic cell death overtime in
this model would be of interest, as well as if other types of cell death could be involved in
this process.

In addition, to study if V interferes with urethane's metabolism throughout the whole
experiment, we would add more information about the effects observed in this study.
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