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Pulmonary exposure to airborne vanadium and vanadium-containing com-
pounds is associated with acute pulmonary inflammation, characterized by a
rapid influx of neutrophilic polymorphonuclear leukocytes with a peak response
at 6 hours and resolution by 3 days. We hypothesized that neutrophil apoptosis
is involved in the resolution of vanadium-induced lung inflammation. To test
this hypothesis, mice were exposed to inspired vanadium or saline control and
the bronchoalveolar lavage (BAL) cells were examined at various times for
apoptosis using terminal deoxyribonucleotidyl transferase-mediated nick end
labeling (TUNEL). Control mice showed only resident alveolar macrophages
in the BAL with no evidence of apoptosis. In contrast, vanadium-treated mice
showed clear apoptosis of BAL cells, which were predominantly neutrophils.
The number of apoprotic cells gradually increased and reached a maximal level
by 24 hours with subsequent decline. After 24 hours, when the vanadium-in-
duced lung inflammation was in the resolution phase, we observed an increased
number of alveolar macrophages in BAL and the engulfment of apoptotic bodies
by these macrophages. At 72 hours, the total number of neutrophils in BAL fell
to the baseline level, and the number of apoptotic cells was reduced. Clearance
of the apoptotic product was demonstrated by the presence of apoptotic bod-
ies in the cytoplasm of alveolar macrophages. We conclude that apoptosis of
neutrophils and clearance by alveolar macrophages are important mechanisms
in the resolution of vanadium-induced lung inflammation.
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There is well-documented evidence suggesting that
pulmonary exposure to environmental and occupa-
tional airborne particulate matter can cause a num-
ber of human diseases, including cardiopulmonary
diseases and lung cancer.! Chemical analysis of this
particulate matter reveals that it can contain various
trace metal ions such as vanadium, chromium, and
nickel.23 While these metal ions have been postu-
lated to contribute to the pathologic effects of in-
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haled particles, the biological mechanisms by which
metal ions may be involved in the disease process
remain unclear. The present study investigated the
role of apoptosis during the development and reso-
lution of vanadium-induced lung inflammation in
mice. Vanadium is a transitional metal that exists
in various oxidative states ranging from -1 to +5.
The pentavalent form of vanadium, V(V), is one of
the most abundant forms in nature and is also the.
most toxic.* Previous studies have shown that V(V)
can cause apoptosis in a variety of cells including
lymphoid cells,” fibroblasts,® and epidermal cells.®
However, there have been no reports showing the
‘existence of this process in vivo. Furthermore, the
role of metal-induced apoptosis in the disease pro-
cess has yet to be delineated.

Apoptosis or programmed cell death is an ac-
tive process in which cell death is initiated and
completed in an orderly fashion. It is characterized
by cellular shrinkage, nuclear fragmentation, and
formation of apoptotic bodies that are ingested by
neighboring cells and phagocytes, such as macro-
phages.’~ Because the cell membranes of apoptotic
cells remain intact and there is no release of inflam-
matory and toxic contents,” apoptosis is thought to
provide a general clearance mechanism that tends to
limit tissue injury and promote resolution. Increas-
ing evidence also indicates that apoptosis may play
a role in disease processes. For example, failure to
clear unwanted cells by apoptosis can cause tissue
inflammation because of the release of inflamma-
tory mediators and toxic intracellular contents.
Uncontrolled or excessive apoptosis may also cause
disease. The administration of the apoptosis-induc-
ing agent, Fas (CD95/APO1) antibody, into the
lung of mice causes inflammatory cell influx and
apoptosis, which subsequently leads to pulmonary
inflammation and fibrosis.1® Apoptosis has also
been observed in a variety of inflammatory lung
disorders, including acute lung injury,”/%1! diffuse
alveolar damage,!? and idiopathic pulmonary fi-
brosis.!31* While studies of a variety of pulmonary
diseases demonstrate an association with apoptosis,
the role of apoptosis and/or clearance of apoptotic
products is unknown.

The neutrophil polymorphonuclear leukocyte isa
key cellular effector of the immediate host response
to injury and infection. However, uncontrolled re-
lease of its formidable array of toxic substances may
inflict damage on surrounding tissue and propa-
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gate the inflammatory response, leading to scarring
and tissue destruction.l> Indeed, neutrophils and
neutrophil products have been implicated in the
pathogenesis of a variety of inflammatory diseases,
including the adult respiratory distress syndrome,
idiopathic pulmonary fibrosis, ulcerative colitis,
and rheumatoid arthritis. Apoptosis of neutrophils
is associated with down-regulation of many cellu-
lar functions, such as chemotaxis, enzyme secretion,
generation of a respiratory burst, and responsive-
ness to external stimuli.>!¢ The present study was
undertaken to test the hypothesis that pulmonary
exposure to V(V) is associated with inflammatory
neutrophilic and apoptotic responses, and that
clearance of apoptotic neutrophils by macrophages
plays an important role in the resolution of V(V)-
induced lung inflammation. .

Materials and Methods

Animals

Male BALB/cJ mice (4—6 weeks old) were obtained
from Jackson Laboratories (Bar Harbor, ME). They
were acclimated in an AAALAC-accredited facil-
ity for at least a week before use. The mice were
provided water and food ad libitum. Intratracheal
instillations of test agents were performed by anes-
thetizing the animals with a mixture of ketamine
and xylazine (45 and 8 mg/kg, i.p., respectively) and
challenging the mice by inspiration. The animals
were placed on a board in a supine position. The
animal’s tongue was extended with lined forceps
and 50 pL of the test solution containing V(V)
(25~150 pg) was placed on the back of the tongue,
from where it was inspired rapidly. Control animals
were given an equal volume of saline in a similar
manner.

Bronchoalveolar Lavage

At selected time intervals, treated mice were killed
by exsanguinations under anesthesia. An intratra-
cheal cannula was inserted and the lungs were la-
vaged with ice-cold Ca?* and Mg?*-free phosphate-
buffered saline (PBS). The lungs were lavaged four
times (0.9 mL/lavage) to collect cellular and soluble
constituents. Each lavage was centrifuged, and the
cell pellets were combined. The cell pellet was resus-

pended in 1 mL of PBS buffer, centrifuged, and the
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supernatant was decanted and discarded. The BAL
cells were then resuspended in 1 mL PBS buffer,
and cell counts and differentials were determined
using a Coulter Multisizer II (Coulter Electronics,
Hialeah, FL).

Lung Histology

To obtain tissues for histologic examination, a sepa-
rate group of animals was treated with V(V') but not
subjected to BAL. After sacrifice, the lungs were
inflated in situ with 10% formalin solution instilled
through the trachea for 5 minutes; they were then
removed, and fixed in buffered 10% formalin solu-
tion for 24 hours. After embedding in paraffin, the
samples were sectioned, mounted on glass slides,
and stained with hematoxylin and eosin for light
microscopic examination.

TUNEL Assay

Analysis of lung cell apoptosis was performed using
a terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labeling (TUNEL) kit (Promega,
Madison, WI), according to the manufacturer’s
protocols. Briefly, cytospin preparations of the
BAL cells were fixed in 4% paraformaldehyde at
4°C for 30 min, washed with PBS, and incubated
with 1% Triton X for 10 minutes. Lung-tissue sec-
tions were deparaffinized, rehydrated, and incubated
with 100 pg/mL proteinase K at 37°C for 30 min-
utes. Thereafter, the following steps were the same
for both cytospins and lung-tissue sections: after
10 minutes incubation at room temperature with
equilibration buffer provided, the slides were im-
mersed in TdT and fluorescein-dU TP, which were
diluted in equilibration buffer and allowed to in-
cubate for 60 minutes at 37°C. After being washed
with 2% SSC washing buffer provided in the kit and
PBS, the slides were counterstained with propidium
iodide (Molecular Probes, Eugene OR).

Fluorescence Microscopy

After staining, the slides were examined under a
fluorescence microscope using standard fluorescein
excitation and emission wavelengths of 495 nm and
525 nm, respectively. A bright green fluorescence
signal in the nucleus indicated TUNEL-positive
apoptotic cells. Propidium iodide was viewed with
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excitation at 595 nm, and a bright red emission was
seen in all nuclei present. The counterstain propid-
ium iodide was used to aid the identification of cell
type, i.e., neutrophil or macrophage, based on their
size and morphology. The percentage of apoptotic
cells on cytospin slides was counted by examining
at least 1,000 cells per sample. For lung tissue—sec-
tion slides, at least 20 views were determined using
standard morphometric methods.

Results

Pulmonary Inflammatory Response to Vanadium

The effect of vanadium on the pulmonary inflam-
matory response was studied by monitoring inflam-
matory cell influx following intratracheal V(V') ad-
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FIGURE 1. Neutrophil cell number analysis after va-

nadium treatment. Mice were treated with V(V) or sa-
line via intratracheal instillations. BAL was performed at
indicated times and analyzed for number of neutrophils.
(A) Time-course of neutrophils after V(V) treatment (50
pg/mouse). (B) Dose effect of V(V) (25-150 pg/mouse)
determined at 6 h after the treatment. Data are the mean
+ SEM, n = 4 mice/group. *p < 0.05 vs. saline-treated
control groups.
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Apoptosis of RAL Cells

Apoptosis of BAL cells was determined using a
TUNEL assay at 6 hours, 12 hours, 1 day, 3 days,
and 7 days after V(V) administration. Figure 3A
shows that treatment of mice with V(V) caused a
time-dependent increase in the level of cell apop-
tosis in BAL, whereas saline control treatment had
no effect at any time point. V(V)-induced apopto-
sis increased significantly within 6 hours, peaking
around 1 day, and decreasing to the baseline level by
7 days. Cell apoptosis determined by TUNEL assay
of lung tissue sections exhibited a similar pattern of
response (Fig. 3B).

Identification of Apoptotic BAL Cells

The cells in BAL fluids were identified as neutro-
phils and alveolar macrophages on the basis of their
characteristic nuclear morphology and size with
propidium iodide fluorescence. Neutrophils are
smaller in size compared to alveolar macrophages
and have characteristic nuclear lobes. In control
mice at all times, the BAL cells were predominantly
resident alveolar macrophages with no or minimum
apoptosis. Figure 4A shows representative result of
the control mice at day 1.In contrast, V(V)-treated
mice showed increasing numbers of apoptotic BAL
cells with time. At 6 hours, extensive neutrophil ac-
cumulation in the BAL fluids was observed with a
small number of TUNEL-positive cells (Fig. 4B).
At 1 day, the peak time for BAL cell apoptosis, the
presence of a considerable number of TUNEL-pos-
itive cells was observed (Fig. 4C). These cells were
identified on the basis of their nuclear morphology
as neutrophils. By day 3, the number of apoptotic
cells was greatly reduced, but the presence of apop-
totic bodies could still be seen in the cytoplasm of
alveolar macrophages (Fig. 4D). At this time point,
the neutrophils were virtually absent from the BAL
samples. These results indicate that neutrophils are
the primary cells undergoing apoptosis during
V(V)-induced lung inflammation and that alveolar
macrophages play an important role in the clearance
of apoptotic neutrophils.

Lung Histopathology )

Figure 5 shows changes in lung histopathology after
V(V) treatment using H&E-stained lung sections.
Increased cellularity was seen at day 1 (Fig.5A),
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FIGURE4. Vanadium-induced cell apoptosisin BAL
and phagocytosis by alveolar macrophages. Mice were
treated with V(V) (50 pg/mouse) or saline, and BAL
cells were processed for TUNEL using fluorescein-la-
beled dUTP and counterstained with propidium jodide.
(A) Control mice 1 d after saline treatment. BAL cells
were predominantly alveolar macrophages with no or
minimum apoptosis. (B) Mice treated with V(V) for 6 h.
Note the presence of neutrophils, which are characterized
by their small nucleus.and distinct nuclear lobes. Some
TUNEL-positive cells can also be seen. (C) Mice treated
with V(V) for 1 d. Apoptotic cells, which are primarily
neutrophils. (D) Mice treated with V(V) for 3 d. Note
the disappearance of neutrophils and the presence of
some apoptotic bodies in alveolar macrophages.

which corresponded to the peak neutrophil immi-
gration. Cellularity decreased in subsequent days
and returned to a control level by day 7 after V(V)
treatment (Fig. 5B).

Discussion

During the process of acute inflammation, inflam-
matory cells are recruited from the circulation to
the inflamed site through a series of coordinated
signals. In vanadium-induced lung inflammatien,
we have shown that neutrophils are the primary
inflammatory cells that first immigrate into the
lung tissue. The number of neutrophils obtained by
BAL increased substantially as early as 1 hour post
exposure and reached a maximum level by 6 hours.
The neutrophilic inflammatory response completely
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V(V) in vivo and the clearance function of alveolar
macrophages, the analysis of apoptosis analysis in
lung tissue suggested that V(V) may also induce
apoptosis of other lung cells such as epithelial cells
(Fig. 3B). This induction would contribute to the
phagocytic burden of alveolar macrophages. Apop-
tosis and injury to lung epithelial cells have been
reported in a variety of pulmonary disorders,!2-13
and macrophage clearance of these cells has also
been shown to be crucial to the resolution of inflam-
mation and to the remodeling of the lung.??

In conclusion, the present study has demon-
strated: (1) that pulmonary exposure to V(V) re-
sulted in pulmonary inflammatory cell influx and
induction of neutrophil apoptosis; (2) that apoptosis
occurred after neutrophil infiltration and was fol-
lowed by alveolar macrophage influx and neutrophil
clearance; and (3) that the observed temporal rela-
tionship among neutrophilia, neutrophil apoptosis,
and macrophage ingestion of apoptotic neutrophils
suggests a critical role of macrophage clearance of
apoptotic cells in the resolution of V(V)-induced
lung inflammation.
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