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V

anadium pentoxide (V2O5) is commonly released during
the burning of fuel oil and is a cause of chronic bronchitis for workers in the petrochemical industry (1, 2).
The disease pathology after V2O5 exposure in rodents includes
mucous cell metaplasia, lymphocyte infiltration, fibroblast hyperplasia, and airway fibrosis (3). Fibroblasts play a central role in
mediating fibrosis by migrating to sites of injury, proliferating, and
secreting collagen to form scar tissue (4). Fibroblasts further participate in either the amplification or resolution of a fibrotic response by secreting a variety of soluble factors (e.g., growth factors, cytokines, chemokines) (5). Although much is known about
profibrotic factors released by fibroblasts and other pulmonary cell
types, the mechanisms that mediate fibroblast growth arrest and
apoptosis which lead to the resolution of fibrosis are not
well-understood.
STAT-1 mediates growth arrest and apoptosis in response to
cytokines and oxidative stress (6, 7). STAT-1 acts in opposition to
the proliferative activity of STAT-3, which is activated by growth
factors such as epidermal growth factor (EGF)3 and platelet-derived growth factor (PDGF) (8). We recently reported that STAT-1
also acts in opposition to the stimulatory action of STAT-6 in
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promoting PDGF gene expression in response to IL-13 (9). Moreover, we discovered that mice deficient in STAT-1 have increased
susceptibility to bleomycin-induced lung fibrosis, indicating that
STAT-1 plays a protective role during fibrogenesis (10). Finally,
we showed that V2O5 is a potent activator of STAT-1 in lung
fibroblasts (11). Therefore, the evidence suggests that STAT-1
contributes to the resolution of V2O5-induced fibrosis.
V2O5-induced STAT-1 phosphorylation in fibroblasts is mediated by H2O2. The membrane bound NADPH oxidase (12, 13) and
cytoplasmic xanthine oxidase are primary sources of H2O2 (14).
We previously reported that V2O5-induced STAT-1 phosphorylation is blocked by catalase (an H2O2 scavenger) and exogenous
H2O2 added to fibroblasts activates STAT-1 (11). However, in
contrast to H2O2-induced STAT-1 activation which occurs within
minutes after exposure, V2O5-induced STAT-1 activation occurs
after 12 h (11). This delayed temporal pattern of STAT-1 activation also corresponds to the release of micromolar levels of H2O2
by fibroblasts (15). Moreover, V2O5-induced STAT-1 activation is
blocked by cycloheximide, indicating a requirement for de novo
protein synthesis (11). However, the protein(s) that mediated
V2O5-induced STAT-1 activation in a H2O2-dependent manner
were not identified in these studies.
In the present study, we identified IFN-␤ as the protein that
mediates STAT-1 activation by V2O5. Increased IFN-␤ gene expression induced by V2O5 and consequent STAT-1 activation were
significantly reduced by NADPH oxidase inhibitors apocynin and
diphenyliodonium chloride (DPI) as well as the xanthine oxidase
inhibitor allopurinol. These findings indicate a requirement for
dual H2O2-generating enzyme systems. In addition, IFN-inducible
chemokine CXCL10 (inducible protein-10) mRNA and protein
diacetate, acetyl ester; RT, reverse transcriptase; ROS, reactive oxygen species;
CTGF, connective tissue growth factor; HB-EGF, heparin-binding EGF.
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The inhalation of vanadium pentoxide (V2O5) results in bronchitis and airway fibrosis. The lung fibrotic response to V2O5 partially
resolves where fibroblasts first proliferate and deposit collagen, but then undergo growth arrest and apoptosis. STAT-1 mediates
fibroblast growth arrest and apoptosis. We previously reported that STAT-1 is a protective factor and mice lacking STAT-1 are
more susceptible to lung fibrosis. We also reported that V2O5-induced STAT-1 phosphorylation in lung fibroblasts requires H2O2
and de novo protein synthesis. In this study, we identified IFN-␤ as the protein that mediates STAT-1 activation by V2O5 in normal
human lung fibroblasts and identified NADPH and xanthine oxidase systems as sources of H2O2 that drive IFN-␤ gene expression.
STAT-1 phosphorylation was decreased with neutralizing Abs to IFN-␤ as well as an inhibitor of JAK. V2O5 also increased
transcription of an IFN-inducible and STAT-1-dependent chemokine, CXCL10. Inhibition of H2O2-generating enzyme systems
NADPH oxidase by apocynin and xanthine oxidase by allopurinol individually reduced STAT-1 phosphorylation. Apocynin and
allopurinol also decreased V2O5-induced IFN-␤ mRNA levels and CXCL10 expression. IFN-␣ transcription was inhibited only by
allopurinol. Taken together, these data indicate that fibroblasts play a role in the innate immune response to vanadium-induced
oxidative stress by synthesizing IFN-␤ and activating STAT-1 to cause growth arrest and increase levels of CXCL10, a potent
antifibrotic factor. This mechanism is postulated to counterbalance profibrogenic mechanisms that follow V2O5 injury. The
Journal of Immunology, 2008, 180: 4200 – 4207.
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levels were increased by V2O5 and blocked by apocynin, allopurinol, or DPI. Our findings suggest a novel mechanism whereby
V2O5-induced oxidative stress stimulates an innate immune response involving autocrine IFN-␤ that could mediate the resolution of fibrotic lesions via activation of STAT-1.

Materials and Methods
Reagents
V2O5 was purchased from Sigma-Aldrich. H2O2 was obtained from FisherScientific. Total STAT-1 Ab and phospho-STAT-1 (Tyr701) Ab that detects
phosphorylated tyrosine 701 of p91 STAT-1 were purchased from New
England Biolabs. DPI, apocynin, and allopurinol were purchased from
Sigma-Aldrich. The JAK inhibitor JAK I InSolution was purchased
from Calbiochem. Neutralizing polyclonal Abs to human IFN-␣ and
IFN-␤ were purchased from R&D Systems. 5-(and-6)-chloromethyl2⬘,7⬘dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA) was
obtained from Invitrogen Life Technologies.

Cells

Measurement of intracellular H2O2
Confluent monolayers of human lung fibroblasts were rendered quiescent
in serum-free defined medium (SFDM; Ham’s F12, 0.25% BSA, 1 g/L
insulin, 0.55 g/L transferrin, 0.67 mg/L sodium selenite and antibioticantimycotic) for 24 h. Cells were either left untreated in SFDM or treated
with V2O5 (10 g/cm2). At the end of each indicated treatment period, cells
were washed with PBS. To incorporate the dye, cells were loaded with 10
M CM-H2DCFDA or left untreated (for background subtraction) for 45
min at 37°C. Unincorporated dye was removed by washing with PBS and
then cells were allowed to recover for a further 30 min in medium at 37°C.
Cells were washed again in PBS and equal number of cells were loaded on
a fluorescence plate reader and read at excitation wavelength 485 nm and
emission wavelength 538 nm. After background subtraction, fluorescence
values were compared with time-matched cells that did not receive V2O5
and the ratio obtained was expressed as fold change over control.

Measurement of extracellular H2O2
Extracellular H2O2 was measured using the Amplex Red assay kit (catalog
no. A22188; Molecular Probes). Confluent cultures of human lung fibroblasts were rendered quiescent in SFDM for 24 h before treatment with
V2O5. Aliquots of the medium were collected at various times post-V2O5
exposure. H2O2 was detected by loading 100 l of the cell supernatant in
a microtiter plate and incubated for 30 min at 25°C (protected from light)
in the presence of phosphate buffer containing 400 l of Amplex Red
reagent and 2 U/ml HRP. Fluorescence was read at 590 nm and background
fluorescence was corrected by subtracting the values derived from medium
alone (no cells). Because reducing agents present in the medium could lead
to some background fluorescence, catalase was added to parallel wells in
all experiments to ensure that the fluorescence detected was due to the
presence of H2O2. All measurements were made in duplicate dishes at each
time point, and three different aliquots collected from the same dish were
examined at once. The mean of these determinations was used to estimate
H2O2 concentration for each sample.

Neutralizing Ab and metabolic inhibitor assays
Human lung fibroblasts were grown to confluence and rendered quiescent
in SFDM for 24 h. Cells were pretreated for 1 h with each of the following
Abs at a concentration of 0.1 g/ml: neutralizing anti-IFN-␣, neutralizing
anti-IFN-␤, or IgG (R&D Systems). Other dishes of cells were pretreated
for 1 h with one of the following metabolic inhibitors: 15 M DPI, 100 M
apocynin or allopurinol, 4 M JAK I inhibitor InSolution, or 1000 U/ml
catalase. Cells were subsequently exposed to V2O5 (10 g/cm2) in the
presence of Ab or inhibitor. Supernatants were aspirated and cell lysates
processed for RNA or Western blot analysis as described below.

Preparation of cellular protein and RNA
Human lung fibroblasts were grown to confluence in 60-mm dishes and
rendered quiescent in SFDM for a minimum of 24 h. Cell lysates were
collected by washing the cells once with PBS on ice, scraping in 200 l of
PBS and centrifuging for 5 min at 10,000 ⫻ g. Supernatants were aspirated
and cell lysates were processed for either protein or RNA. For protein, 125
l of lysis buffer (50 mM Tris-HCl (pH 7.4), 1% Triton X-100, 150 mM
NaCl, 1 mM EGTA, 1 mM PMSF, 0.25% sodium deoxycholate, 1 g/ml
aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin, 1 mM sodium vanadate,
and 1 mM sodium fluoride) was added to the cells. The lysed cells were
sonicated for 5 min and spun in a microfuge at maximum speed for 5 min
to fractionate insoluble DNA and chromatin proteins from soluble cellular
proteins. Total RNA was isolated using the Qiagen RNeasy Miniprep kit
according to the manufacturer’s instructions (Qiagen).

Western blot analysis
Samples were separated by SDS-PAGE, transferred to nitrocellulose membranes, and blocked for 1 h in 5% nonfat milk in TBS (20 mM Tris, 137
mM NaCl and 0.1% Tween 20). The blot was then incubated at 4°C overnight in a 1/1000 dilution of primary Ab followed by incubation for 1 h in
a 1/2000 dilution of HRP- or alkaline phosphatase-conjugated secondary
Ab. The immunoblot signal was detected and visualized through ECL or
enhanced chemifluorescence (Amersham Biosciences). For reprobing, the
blot was stripped of Ab and signal by incubating the membrane in stripping
buffer (62.5 mM Tris (pH 6.7), 2% SDS, 100 mM 2-ME) for 30 min
at 50°C.

TaqMan real-time quantitative RT-PCR
Total RNA from human lung fibroblasts was isolated using the Qiagen
RNeasy Miniprep kit. One microgram of total RNA was reverse-transcribed at 48°C for 30 min using Multiscribe Reverse Transcriptase (RT;
Applied Biosystems) in 1⫻ RT buffer, 5.5 mM MgCl2, 0.5 M of each
dNTP, 2.5 M of random hexamers, and 0.4 U/l RNase inhibitor in a
volume of 100 l. Fifty nanograms of the RT product were amplified using
TaqMan Gene Expression Assays specific for IFN-␣, IFN-␤, or CXCL10
and analyzed on the Applied Biosystems 7700 Prism Sequence Detection
System. The PCR conditions and data analysis were performed according
to the manufacturer’s protocol (user bulletin no. 2; Applied Biosystems
Prism 7700 Sequence Detection System). All samples were run in triplicate.
Gene expression was measured by the quantitation of cDNA converted from
mRNA corresponding to gene of interest relative to the untreated control
groups and normalized to 18S ribosomal RNA. Relative quantitation values
(2⫺⌬⌬CT, where CT is the cycle threshold) were expressed as fold-change.

CXCL10 ELISA
CXCL10 protein in fibroblast-conditioned medium was measured using a
commercially available ELISA (R&D Systems).

Cell proliferation and collagen assays
Fibroblast proliferation was measured using a colorimetric BrdU ELISA
kit (cat. no. 11647229001) according to the manufacturer’s instructions
(Roche Diagnostics). Positive control for proliferation was 10% FBS and
negative control was SFDM. Collagen protein levels were measured using the
Sircol assay according to the manufacturer’s instructions (Biocolor Life Science; www.biocolor.co.uk). As a positive control, cells were treated with 10
ng/ml rTGF-␤1 (R&D Systems) or treated with SFDM as a negative control.

Statistics
All data were plotted and analyzed using the GraphPad Prism software. A
one-way ANOVA was used to test for differences between treatment groups
with post-hoc comparisons by Tukey’s multiple comparison test. A two-way
ANOVA with a post-hoc Bonferroni test was used for multiple treatments over
a time course. A value of p ⬍ 0.05 was considered significant.

Results
V2O5-induced STAT-1 activation in human lung fibroblasts is
blocked by a NADPH oxidase inhibitor
V2O5-induced STAT-1 activation was observed in lung fibroblasts
from three different donors (ATCC lines 16Lu, 19Lu, and 11Lu).
V2O5-induced STAT-1 phosphorylation in the absence or presence
of DPI was measured by Western blot analysis using Abs against
phosphorylated (Tyr701) STAT-1 or total STAT-1 protein (Fig.
1A). Densitometric analysis of the ratio of pSTAT-1/STAT-1 was
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Three different normal diploid human lung fibroblasts (CCD-16Lu, CCD19Lu, CCD-11Lu) were purchased from American Type Culture Collection (ATCC) and were originally obtained by autopsy from individuals
differing in age, sex, and ethnic background. More detailed information on
these lung fibroblasts can be obtained from the ATCC website (www.atcc.
org). For most experiments, HLF 16Lu were used due to our previous work
with these cells in elucidating mechanisms of vanadium-induced cell signaling and gene expression (15–17). Selected experiments compared all
three different human lung fibroblast isolates.
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performed to quantify the inhibition of STAT-1 phosphorylation in
the presence of DPI (Fig. 1B). V2O5 exposure activated STAT-1 in
cultured human lung fibroblasts in a delayed manner at 18 –24 h
(Fig. 1) as compared with IFN-induced STAT-1 phosphorylation
observed within 15–30 min (data not shown). V2O5-induced
STAT-1 phosphorylation was completely inhibited by DPI, a flavoprotein inhibitor that blocks NADPH oxidase-mediated H2O2
generation. The temporal pattern of V2O5-induced STAT-1 activation and sensitivity to DPI was consistent in all three human
lung fibroblast lines tested.

is converted to an insoluble fluorescent product in the presence of
H2O2. V2O5 significantly increased intracellular H2O2 in a timedependent manner that peaked at 18 h post-exposure (Fig. 2A).
Furthermore, we measured extracellular H2O2 levels in fibroblast
conditioned medium using the Amplex Red assay and showed a
similar peak in H2O2 released from cells at 18 h post-V2O5 treatment (Fig. 2B).
V2O5 stimulates IFN-␣ and IFN-␤ mRNA transcription that is
blocked by DPI

To determine whether V2O5 increased intracellular H2O2, we
loaded fibroblasts with CM-H2DCFDA, a cell-permeable dye that

Our previous work demonstrated that V2O5-induced STAT-1 activation was inhibited by cycloheximide, indicating a requirement
for de novo protein synthesis (11). IFNs are well-known activators
of STAT-1 (6, 7). Therefore, we analyzed V2O5-treated cells for
IFN mRNA levels by TaqMan quantitative real-time RT-PCR.
IFN-␣ mRNA levels were increased 10-fold at 6 h, but maximal

FIGURE 2. V2O5 exposure increases H2O2 levels in cultured human
lung fibroblasts. Confluent 16Lu human lung fibroblasts were serum
starved for 24 h and then treated with V2O5 (10 g/cm2) for the indicated
time points. A, Intracellular H2O2 levels were measured using the fluorescent dye CM-H2DCFDA. Cells were incubated with 10 M CMH2DCFDA for 30 min. Equal numbers of cells were loaded on a fluorescence plate reader and fluorescence was measured at excitation wavelength
485 nm and emission wavelength 538 nm. After background correction,
fluorescence was expressed as a fold change over time-matched untreated
cells. Data are the mean ⫾ SEM of three experiments each repeated in
triplicate. a, ⴱⴱⴱ, p ⬍ 0.001 compared with zero time point; b, ⴱ, p ⬍ 0.05
compared with zero time point. B, Extracellular H2O2 was measured using
the Amplex Red assay. Quiescent fibroblasts were treated with V2O5 (10
g/cm2) and conditioned medium collected at the indicated time points.
Data are the mean ⫾ SEM of three experiments each repeated in duplicate.
a, ⴱⴱ, p ⬍ 0.01 compared with zero time point.

FIGURE 3. V2O5-induced IFN-␣ and IFN-␤ mRNA transcription is inhibited by DPI. 16Lu human lung fibroblasts were grown to confluency,
serum starved for 24 h, pretreated for 1 h with either vehicle control DMSO
(f) or DPI (15 M) (䡺) and subsequently exposed to 10 g/cm2 V2O5.
mRNA isolated at indicated times was analyzed by TaqMan real-time
quantitative RT-PCR. IFN mRNA levels were normalized to 18S ribosomal RNA and expressed as fold change relative to untreated timematched controls. Data are presented as mean values ⫾ SD from triplicate
samples and are representative of three independent experiments with similar results. A, IFN-␣ results showing induction by V2O5: (a) ⴱⴱ, p ⬍ 0.01
or (b) ⴱ, p ⬍ 0.05 compared with zero time point, and inhibition by DPI:
(c) ⴱⴱⴱ, p ⬍ 0.001 compared with V2O5 time-matched treatment. B, IFN-␤
results showing induction by V2O5: (a) ⴱⴱ, p ⬍ 0.01 or (b) ⴱ, p ⬍ 0.05
compared with zero time point, and inhibition by DPI: (c) ⴱⴱⴱ, p ⬍ 0.001
compared with V2O5 time-matched treatment.

V2O5 stimulates the production of intracellular reactive oxygen
species (ROS) and the release of H2O2 into
fibroblast-conditioned medium
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FIGURE 1. V2O5-induced STAT-1 phosphorylation in cultured human lung fibroblasts is blocked by DPI, a broad spectrum NADPH oxidase
inhibitor. Normal diploid human lung fibroblasts from three different donors (16Lu, 19Lu, 11Lu) were grown to confluency in 10% FBS-DMEM and
then rendered quiescent in SFDM for 24 h. Cells were treated with DPI (15 M) delivered in DMSO vehicle or DMSO alone as a control for 1 h,
then treated with V2O5 (10 g/cm2); cell lysates were collected at various time points as described in Materials and Methods. A, Representative
Western blots of phosphorylated STAT-1 (pSTAT-1) and total STAT-1 protein in 16Lu, 19Lu, and 11Lu human lung fibroblasts. B, Densitometry
of the blots in A showing the relative ratio of pSTAT-1 to total STAT-1 in each cell line.
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induction (20- to 30-fold) occurred between 18 and 24 h (Fig. 3A).
IFN-␤ mRNA levels were increased 5- to 10-fold at 6 h posttreatment, and a second peak of induction in IFN-␤ was observed

FIGURE 6. Phosphorylation of STAT-1 is blocked by an NADPH oxidase inhibitor (apocynin) and a xanthine oxidase inhibitor (allopurinol).
16Lu human lung fibroblasts were grown to confluency, rendered quiescent, and pretreated for 1 h with vehicle control DMSO, NADPH oxidase
inhibitor apocynin (100 M), or xanthine oxidase inhibitor allopurinol
(100 M). Cells were then treated with V2O5 (10 g/cm2) and cell lysates
were harvested for Western blotting. A, Representative Western blot analysis of phosphorylated STAT-1 (pSTAT-1) and total STAT-1. B, Densitometry was performed on three independent experiments to determine the
relative ratio of pSTAT-1 to total STAT-1. Data are the mean ⫾ SEM.
V2O5 caused a significant phosphorylation of STAT-1 (a, ⴱⴱⴱ, p ⬍ 0.001)
compared with control. STAT-1 phosphorylation was blocked by apocynin
(b, ⴱⴱⴱ, p ⬍ 0.001) or allopurinol (c, ⴱⴱ, p ⬍ 0.01) compared with V2O5.

at 24 h (Fig. 3B). IFN-␥ mRNA was not detected in human lung
fibroblasts (data not shown). V2O5-induced IFN-␣ and IFN-␤ transcription was significantly blocked by DPI (Fig. 3).
Differential effect of catalase on V2O5-induced IFN-␣
and IFN-␤ mRNA levels
Although DPI is a broad spectrum NADPH oxidase inhibitor, catalase is a selective scavenger of H2O2. Because H2O2 is generated
by V2O5 exposure in human lung fibroblasts (Fig. 2), we postulated that IFN mRNA levels increased by V2O5 were mediated by
elevated H2O2. V2O5-induced IFN-␣ mRNA levels were not reduced significantly by catalase (Fig. 4A). In contrast, catalase significantly inhibited V2O5-induced IFN-␤ mRNA levels at 6 and
18 h (Fig. 4B).

FIGURE 5. IFN-␤ and Jak kinases are required for STAT-1 phosphorylation by V2O5. 16Lu human lung fibroblasts were cultured either in the
absence or presence of 0.1 g/ml polyclonal neutralizing Abs to IFN-␣ and
IFN-␤ (A) or 4 M Jak I InSolution inhibitor (B) for 1 h before the addition
of 10 g/cm2 V2O5 for 24 h or 1000 U/ml IFN-␤ for 30 min. Western blot
analysis was performed on cell lysates to determine pSTAT-1 and total
STAT-1 levels. Representative Western blots are shown. Densitometry was
performed on three separate experiments to show the relative ratio of
pSTAT-1 to total STAT-1. Data are the mean ⫾ SEM. A, Significant phosphorylation of STAT-1 by V2O5 alone or by V2O5 in the presence of IgG
or anti-IFN-␣ (a, ⴱⴱ, p ⬍ 0.01), and significant reduction in V2O5-induced
STAT-1 phosphorylation by anti-IFN-␤ (b, ⴱ, p ⬍ 0.05) compared with
V2O5. B, Significant phosphorylation of STAT-1 by V2O5 or IFN-␤ (a,
ⴱⴱⴱ, p ⬍ 0.001) compared with control and significant reduction in
STAT-1 phosphorylation by JAK inhibitor (b, ⴱⴱⴱ, p ⬍ 0.001) compared
with IFN-␤, or (c, ⴱⴱⴱ, p ⬍ 0.001) compared with V2O5.

FIGURE 7. IFN-␣ and IFN-␤ transcription are differentially regulated
by NADPH oxidase and xanthine oxidase. Confluent cultures of 16Lu human lung fibroblasts were rendered quiescent and either pretreated for 1 h
with vehicle control DMSO (f), or NADPH oxidase inhibitor apocynin
(100 M) (䡺) or xanthine oxidase inhibitor allopurinol (100 M) (u) and
subsequently treated with V2O5 (10 g/cm2). Samples were analyzed for
IFN mRNA levels by TaqMan quantitative real-time RT-PCR. Samples
were normalized to 18S ribosomal RNA and expressed as fold change
relative to untreated time-matched controls. Data are presented as mean
values ⫾ SD from triplicate samples and are representative of three independent experiments with similar results. A, IFN-␣ results showing induction by V2O5 (a, ⴱⴱⴱ, p ⬍ 0.001) compared with zero time point, and
inhibition by allopurinol (b, ⴱⴱ, p ⬍ 0.01) compared with V2O5 timematched treatment. B, IFN-␤ results showing induction by V2O5 (a,
ⴱⴱⴱ, p ⬍ 0.001 or b, ⴱⴱ, p ⬍ 0.01) compared with zero time point, and
inhibition by apocynin or allopurinol at 6 h posttreatment (c, ⴱⴱⴱ, p ⬍
0.001) compared with V2O5 time-matched treatment.
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FIGURE 4. V2O5-induced transcription of IFN-␤ but not IFN-␣ is inhibited by catalase, a selective scavenger of H2O2. 16Lu human lung fibroblasts were grown to confluency, serum starved for 24 h, pretreated for
1 h with either vehicle control DMSO (f) or catalase (1000 U/ml) (䡺) and
subsequently exposed to 10 g/cm2 V2O5. mRNA isolated at indicated
times was analyzed by TaqMan real-time quantitative RT-PCR. IFN
mRNA levels were normalized to 18S ribosomal RNA and expressed as
fold change relative to untreated time-matched controls. Data are presented
as mean values ⫾ SD from triplicate samples and are representative of
three independent experiments with similar results. A, IFN-␣ results showing induction by V2O5: (a) ⴱ, p ⬍ 0.05 or (b) ⴱⴱⴱ, p ⬍ 0.001 compared
with zero time point. DPI did not significantly affect IFN-␣ mRNA levels.
B, IFN-␤ results showing induction by V2O5: (a) ⴱⴱ, p ⬍ 0.01 or (b) ⴱ, p ⬍
0.05 compared with zero time point, and inhibition by DPI: (c) ⴱⴱⴱ, p ⬍
0.001 or (d) ⴱ, p ⬍ 0.05 compared with V2O5 time-matched treatment.
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STAT-1 phosphorylation, fibroblasts were pretreated with apocynin
(NADPH oxidase inhibitor) (20) or allopurinol (xanthine oxidase inhibitor) (21). Apocynin or allopurinol markedly reduced V2O5-induced STAT-1 phosphorylation at 24 h post-exposure (Fig. 6).
V2O5-induced IFN-␣ and IFN-␤ mRNA levels are differentially
regulated by NADPH oxidase and xanthine oxidase

V2O5 induced STAT-1 phosphorylation is IFN dependent
The Jak1 and Tyk2 kinases are associated with the type I IFN
receptor and are responsible for transducing signals from the receptor
to STAT-1 (18, 19). To further confirm that V2O5-induced STAT-1
phosphorylation was type I IFN dependent, fibroblasts were incubated
in the presence of polyclonal control Ab, neutralizing Abs to IFN-␣ or
IFN-␤, or a pan-specific inhibitor for JAK (InSolution Jak inhibitor I)
during V2O5 exposure. Fibroblasts were also treated with IFN-␤ (as a
positive control) and cell lysates were analyzed for phosphorylated
and total STAT-1 by Western analysis. V2O5-induced STAT-1 phosphorylation was not significantly decreased by neutralizing antiIFN-␣ Ab while a neutralizing anti-IFN-␤ Ab significantly reduced
V2O5-induced STAT-1 phosphorylation (Fig. 5A). In addition, V2O5induced STAT-1 phosphorylation was completely blocked by JAK
inhibitor InSolution I (Fig. 5B).
Phosphorylation of STAT-1 is dependent on both NADPH
oxidase and xanthine oxidase
Because DPI is a broad spectrum flavoprotein inhibitor, it inhibits
other flavoproteins such as xanthine oxidase in addition to NADPH
oxidase. To ascertain the relative contribution of NADPH oxidase and
xanthine oxidase as enzymatic sources of H2O2 that mediated

Because both apocynin and allopurinol blocked the phosphorylation of STAT-1, experiments were conducted to determine whether
these inhibitors influence type I IFN mRNA levels. The xanthine
oxidase inhibitor allopurinol significantly decreased V2O5-induced
IFN-␣ mRNA levels throughout the time period analyzed (Fig. 7A)
and inhibited early induction of IFN-␤ mRNA at 6 h (Fig. 7B). The
NADPH oxidase inhibitor apocynin inhibited V2O5-induced
IFN-␤ mRNA at 6 h (Fig. 7B), but did not decrease V2O5-induced
IFN-␣ mRNA levels (Fig. 7A). These data indicate that inhibition
of STAT-1 protein phosphorylation by apocynin and allopurinol
(Fig. 6) is mediated via reduction of IFN-␤ gene transcription,
because apocynin had no affect on IFN-␣ transcription (Fig. 7A).
V2O5 induction of IFN-inducible chemokine CXCL10 is
mediated by NADPH and xanthine oxidases
Our recent Affymetrix microarray analysis of V2O5-treated human
lung fibroblasts revealed induction of a STAT-dependent chemokine, CXCL10 (17). Quantitative real-time RT-PCR confirmed
that V2O5 increased gene expression of CXCL10 occurred with a
temporal expression pattern similar to that of STAT-1 phosphorylation (Fig. 8A). We further demonstrated that IFN-␣ and IFN-␤
up-regulate CXCL10 expression in fibroblasts as early as 4-h postexposure, and yet only IFN-␤ caused a strong, sustained induction
of CXCL10 up to 24 h (Fig. 8B). V2O5-induced CXCL10 mRNA
levels were inhibited by both apocynin and allopurinol (Fig. 8C),
indicating that both xanthine oxidase and NADPH oxidase are required for V2O5-induced CXCL10 gene expression. Although both
IFN-␣ and IFN-␤ increase CXCL10 mRNA levels, V2O5-induced
IFN-␤ and CXCL10 mRNA levels are blocked by apocynin and
allopurinol. In contrast, V2O5-induced IFN-␣ was blocked only by
allopurinol while apocynin had no inhibitory effect. These results
suggest that V2O5 induction of CXCL10 is mediated by IFN-␤ and
is dependent on both NADPH oxidase and xanthine oxidase.
V2O5-induced CXCL10 protein secretion is blocked by
pretreatment with DPI and reproducible in several
different human lung fibroblasts isolates
CXCL10 protein secreted into the fibroblast-conditioned medium
was increased by V2O5 in 16Lu, 19Lu and, 11Lu human lung

FIGURE 9. V2O5-induced secretion of CXCL10 protein from human lung fibroblasts is dependent on NADPH oxidase activity. Human lung fibroblasts from
three different donors (16Lu, 19Lu, and 11Lu) were grown to confluency in 10% FBS-DMEM and the rendered quiescent in SFDM for 24 h. Cells were treated
with DPI (15 M) delivered in DMSO or DMSO alone as a control for 1 h, then treated with V2O5 (10 g/cm2); conditioned medium was harvested at the indicated
time points. CXCL10 protein secreted into the condition medium was measured by ELISA. Data are from a single experiment performed in duplicate for each
cell line. A, Results with 16Lu fibroblasts: (a) ⴱⴱⴱ, p ⬍ 0.001 compared with zero time point and (b) ⴱⴱⴱ, p ⬍ 0.001, compared with V2O5. B, 19Lu fibroblasts:
(a) ⴱⴱ, p ⬍ 0.01 or (b) ⴱⴱⴱ, p ⬍ 0.001 compared with time zero, and (c) ⴱⴱ, p ⬍ 0.01 or (d) ⴱⴱⴱ, p ⬍ 0.001 compared with time-matched V2O5 treatment.
C, 11Lu fibroblasts (a) ⴱ, p ⬍ 0.05 or (b) ⴱⴱ, p ⬍ 0.01 compared with zero time point, and (c) ⴱⴱⴱ, p ⬍ 0.001 compared with time-matched V2O5 treatment.
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FIGURE 8. CXCL10 mRNA is up-regulated by vanadium and type I
IFNs and is H2O2 dependent. 16Lu human lung fibroblasts were grown to
confluency, rendered quiescent for 24 h, and subsequently exposed to 10
g/cm2 V2O5 (A), 1000 U/ml IFN-␣ or IFN-␤ (B), or treated with V2O5 in
the presence of NADPH oxidase inhibitor apocynin (100 M) or xanthine
oxidase inhibitor allopurinol (100 M) (C). RNA was isolated at indicated
times and analyzed by TaqMan real-time quantitative RT-PCR. CXCL10
mRNA levels were normalized to 18S ribosomal RNA and expressed as fold
change relative to untreated controls. Data are presented as mean values ⫾ SD
from triplicate samples and are representative of three independent experiments with similar results. A, V2O5 significantly increases CXCL10
mRNA levels (a, ⴱⴱⴱ, p ⬍ 0.001) compared with time zero. B, Both IFNs
increase CXCL10 (a, ⴱⴱⴱ, p ⬍ 0.001 or b, ⴱ, p ⬍ 0.05) compared with
control. C, Either apocynin or allopurinol inhibits V2O5-induced CXCL10
mRNA levels (b, ⴱⴱⴱ, p ⬍ 0.001 or c, ⴱⴱ, p ⬍ 0.01) compared with V2O5.
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FIGURE 10. Postulated mechanism of V2O5-induced STAT-1 signaling mediated by IFN-␤ in human
lung fibroblasts. First, vanadium activates cell surface
NADPH oxidase and cytoplasmic xanthine oxidase.
Next, H2O2 generated by these oxidases increase IFN-␤
transcription. The autocrine release of IFN-␤ by fibroblasts stimulates STAT-1 phosphorylation. Activated
STAT-1 then translocates to the nucleus and binds specific promoter regions that regulate growth arrest and
induction of CXCL10 chemokine expression. Lymphocytes recruited by CXCL10 could play a role in fibrosis
or the resolution of fibrosis. The antifibrotic activities of
IFN, STAT-1, and CXCL10 are proposed to counteract
profibrotic growth factors signals such as CTGF, HBEGF, PDGF, and TGF-␤1 from macrophages and epithelial cells.

V2O5 does not directly stimulate fibroblast proliferation or
collagen production in human lung fibroblasts
Although V2O5 causes fibrosis, it remains unclear whether V2O5
stimulates proliferation and collagen production in fibroblasts directly or whether other cell types orchestrate the proliferative and
matrix deposition responses of fibroblasts via paracrine signals.
V2O5 (10 g/cm2) did not cause a significant change in human
lung fibroblast (16Lu) proliferation as measured by BrdU ELISA
over a 24-h time course (data not shown). Moreover, V2O5 did not
increase TGF-␤1 mRNA levels in 16Lu fibroblasts as measured by
TaqMan quantitative RT-PCR and actually decreased procollagen
mRNA levels by ⬃70% at 24-h post-V2O5 treatment. However,
collagen protein levels measured by Sircol assay were only marginally decreased (⬃10%) at 24 h post-V2O5 treatment (data not
shown). These data suggest that V2O5 does not directly cause an
increase in fibroblast proliferation or collagen deposition, but instead that V2O5 likely stimulates other pulmonary cell types to
release factors that drive these fibrogenic endpoints in vivo.

Discussion
The regulation of fibroblast growth is a key determinant in the
progression or resolution of fibrosis. STAT-1 is an important regulator of fibroblast growth arrest. We previously reported that
V2O5-induced STAT-1 phosphorylation requires hours to occur
and is blocked by cycloheximide indicating de novo protein synthesis and production of an autocrine mediator (11). In the present
study, we sought to identify the de novo protein(s) that mediated
V2O5-induced STAT-1 activation in human lung fibroblasts. We
report for the first time that V2O5 increases the production of type
I IFNs (IFN-␣ and IFN-␤), which are potent STAT-1 activators.
Furthermore, we identified that IFN-␤ as the primary mediator of
V2O5-induced STAT-1 phosphorylation and identified CXCL10 as
a downstream target gene of IFN-␤. A hypothetical mechanism

through which V2O5 activates STAT-1 via IFN-␤ in lung fibroblasts is illustrated in Fig. 10.
IFNs mediate many of their biological actions through STAT-1,
including the suppression of growth factor-induced proliferation of
fibroblasts (7, 8, 10). V2O5-induced STAT-1 activation was decreased in the presence of neutralizing Abs to IFN-␤, but not
IFN-␣. We also demonstrated that V2O5-induced type I IFN
mRNA expression and STAT-1 activation were NADPH oxidase
and xanthine oxidase dependent. The requirement of JAK for
STAT-1 activation by IFNs has been previously established (18,
19). V2O5-induced STAT-1 phosphorylation was abolished by the
JAK inhibitor, which supports our hypothesis that STAT-1 activation is dependent on autocrine IFN production and signaling
through the IFN receptor.
IFN-␣ and IFN-␤ mRNAs exhibited markedly different temporal expression patterns in response to V2O5 treatment, suggesting
that different mechanisms regulate the production of these two
IFNs in response to metal-induced oxidative stress. IFN-␤ mRNA
expression peaked at 6 h and preceded the induction of IFN-␣
transcription at 18 –24 h post V2O5 exposure. IFN-␤ stimulates the
JAK-STAT pathway through the IFN receptor, resulting in activation of the transcription factor IFN-stimulated gene factor 3
(ISGF3) that in turn increases IFN regulatory factor 7 protein synthesis (22). IFN regulatory factor 7 has been shown to amplify
IFN-␣ expression through a positive feedback loop (23). This suggests that early induction of IFN-␤ by V2O5 in our experiments
could stimulate an increase in IFN-␣ at later time points.
Because IFN-␣ mRNA and phosphorylation of STAT-1 temporally coincide, we initially presumed that IFN-␣ was the more
likely candidate that stimulated STAT-1 phosphorylation. However, both apocynin and allopurinol blocked phosphorylation of
STAT-1, while IFN-␣ transcription was not affected by apocynin.
In addition, we also demonstrated that preincubation with neutralizing IFN-␤ Ab but not neutralizing IFN-␣ blocked phosphorylation of STAT-1. These data indicate that IFN-␤ levels govern
V2O5-induced STAT-1 phosphorylation.
The mechanism through which V2O5-induced oxidative stress
mediates type I IFN production is not known. However, it appears
that H2O2 plays a key role in IFN induction by V2O5. We used an
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fibroblasts (Fig. 9). Additionally, pretreatment with DPI for 1 h
completely inhibited V2O5-induced secretion of CXCL10 in all
three fibroblast lines. These findings closely mirror the results obtained for STAT-1 phosphorylation induced by V2O5 for these
fibroblast lines (Fig. 1).
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CXCL10 is a pleiotropic molecule that elicits potent biological
effects including chemotaxis of activated T and NK cells, modulation of adhesion molecule expression, and inhibition of angiogenesis (29, 30). CXCL10 reduces bleomycin-induced pulmonary
fibrosis in mice via inhibition of angiogenesis (31). Deletion of
CXCR3, the receptor for CXCL10, increases bleomycin-induced
fibroproliferation and mortality in mice (32). IFNs reduce fibroblast proliferation through transcriptionally active STAT-1 and increase CXCL10 production (33). Alternatively, CXCL10 induces
the production of IFN-␥ by lymphocytes in vivo in the lungs of
mice (31). We have previously reported that STAT-1-deficient
mice are susceptible to pulmonary fibrosis and this was correlated
with a lack of growth inhibition in the presence of IFN-␥ in fibroblasts isolated from the lungs of STAT-1 null mice (10). Therefore, our findings support the hypothesis that STAT-1, IFNs, and
CXCL10 are protective factors in the lung that limit the severity of
a fibrogenic response and promote the resolution of fibrosis.
The primary focus of this investigation was to elucidate a mechanism that mediates the resolution of fibrosis after V2O5 injury.
How then does V2O5 cause fibrosis and what determines balance
between fibrosis and resolution after injury? Our past studies have
shown that V2O5 causes airway fibrosis in the lungs of rats and
mice after a single intratracheal exposure (3, 34). Others have reported that V2O5 causes occupational bronchitis in humans (1, 2).
In the present study, we found that V2O5 did not stimulate fibroblast proliferation in vitro, nor did it increase collagen synthesis or
increase TGF-␤1, the key growth factor that stimulates collagen
synthesis. These findings are consistent with recent work from our
laboratory wherein we showed that collagen genes (COL1A2,
COL1A1, COL3A1), along with TGF-␤2 and its associated signaling intermediates SMAD1 and SMURF1 were all down-regulated
by V2O5 in cultures of 16Lu human lung fibroblasts (17). However, V2O5 increases TGF-␤1 and collagen in the lungs of mice
and rats. Most recently, we found that TGF-␤1 protein in the bronchoalveolar lavage fluid of mice exposed to V2O5 is highly induced (40 pg/ml) as compared with saline control groups where no
TGF-␤1 was detected (J. P. Ryman-Rasmussen and J. C. Bonner,
unpublished observation). During pulmonary fibrosis, the majority
of TGF-␤1 in the lungs are produced by activated alveolar macrophages and epithelial cells (35). The airway epithelium and lung
macrophages also produce other growth factors that are likely important to fibroblast proliferation and collagen deposition. We have
observed that connective tissue growth factor (CTGF) mRNA is
increased several-fold for up to 24 h in cultured human lung epithelial cells (H292; ATCC) exposed to V2O5 and CTGF mRNA is
increased several fold in whole lung tissue after 21 days in mice
exposed to V2O5 by intratracheal aspiration (E. A. Turpin and J. C.
Bonner, unpublished observations). We previously reported that
V2O5 stimulates human bronchial epithelial cells to release heparin-binding EGF (HB-EGF), a potent mitogen for human lung fibroblasts (16). Finally, epithelial cells and macrophages are a rich
source of PDGF, a potent mitogen for fibroblasts (5, 9). Therefore,
while V2O5 does not directly stimulate fibroblast growth and collagen deposition by fibroblasts, these cells are stimulated by soluble growth factors from other pulmonary cell types that promote
fibroblast replication and collagen deposition leading to fibrosis.
In summary, we report a novel mechanism that extends our understanding of vanadium-induced activation of STAT-1 as IFN
dependent and establishes a role for the H2O2-generating enzymes
NADPH oxidase and xanthine oxidase in type I IFN production.
As depicted in Fig. 10, the autocrine production of IFN-␤ stimulates synthesis of CXCL10 that further contributes to the innate
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H2O2-sensitive, cell-permeable fluorescent probe, DCFDA, to
measure intracellular levels of H2O2 in response to V2O5. Increased levels were observable as early as 1-h post-treatment and
peaked at 18 h. Extracellular levels of H2O2 generated in response
to V2O5 were also monitored by an Amplex Red assay with a
cell-impermeable, fluorescent dye with maximum levels also observed at 18 h. There are limitations to both of these assays.
DCFDA can react with ROS other than H2O2 as well as heme
proteins or redox-active metal ions (24), resulting in overestimation of intracellular H2O2 levels. In the Amplex Red assay, endogenous catalase can compete with HRP, leading to underestimation of extracellular H2O2 (24). However, the data from these
two different endpoints (extracellular and intracellular H2O2) using
fluorescent probes with different modes of activation (directly by
H2O2 or indirectly by catalase) are in agreement, and together
argue strongly in support of significant cellular H2O2 production in
response to V2O5.
It is possible that ROS generated by V2O5 other than H2O2
could mediate increased IFN-␤ production. For example, 䡠OH is
known to activate NF-B, and this ROS-mediated activation is
blocked by the antioxidant N-acetyl-L-cysteine (25). In addition,
we have observed that V2O5 activates NF-B within 30 min in
pulmonary fibroblasts (Y. Wang and J. C. Bonner, unpublished
observation). NF-B regulates the expression of numerous inflammatory mediators, including type I IFNs (6). Therefore, it is possible that activation of NF-B by V2O5 could contribute to induction of type I IFNs and STAT-1 activation. However, this
hypothesis remains to be tested in human lung fibroblasts.
Our initial experiments used DPI, a flavoprotein inhibitor that
has broad selectivity for NADPH and xanthine oxidase systems.
Additional experiments were conducted using the selective
NADPH oxidase inhibitor apocynin and the xanthine oxidase inhibitor allopurinol. Allopurinol inhibited V2O5-induced phosphorylation of STAT-1 and also blocked V2O5-induced IFN-␣ and
IFN-␤ mRNA expression. Apocynin also inhibited IFN-␤ mRNA
expression by V2O5, but not IFN-␣, mRNA levels. These data
suggest that both NADPH and xanthine oxidase activity drive
IFN-␤ transcription. Moreover, we speculate that because the
IFN-␣ mRNA level is significantly reduced by allopurinol, ROS
generated via the xanthine oxidase system drives IFN-␣ transcription 18 –24 h post-V2O5 exposure. We also used catalase to reduce
cell-derived H2O2 generated by V2O5 exposure. Exogenously
added catalase does not likely enter the intracellular compartment.
However, H2O2 is freely diffusible across the cell membrane and
the rapid depletion or scavenging of extracellular H2O2 with catalase in turn reduces the intracellular redox status (26). Catalase did
not significantly reduce levels of IFN-␣ mRNA post-V2O5 treatment, but did significantly block IFN-␤ mRNA levels post-V2O5
treatment. Therefore, while H2O2 may be important in regulating
IFN-␤ levels, it is possible that ROS other than H2O2 are important
in regulating V2O5-induced IFN-␣.
In a previous report on global gene analysis of human lung
fibroblasts exposed to V2O5 in vitro, we observed that CXCL10,
an IFN-inducible STAT-1-dependent gene, was increased in a
time-dependent manner (17). In the present study, we confirmed
this observation using quantitative real-time RT-PCR and ELISA.
In addition, we showed that IFN-␣ and IFN-␤ induced CXCL10 in
human lung fibroblasts, which is similar to the findings of others
using different cell types (27, 28). Furthermore, apocynin or allopurinol inhibited CXCL10 gene expression and this closely correlated with inhibition of IFN-␤ mRNA transcription in the presence
of these two inhibitors. Thus, our data indicate that V2O5 increases
CXCL10 through IFN-␤ and this pathway is dependent on
NADPH and xanthine oxidase activity.

VANADIUM ACTIVATES STAT-1 VIA IFN-␤

The Journal of Immunology
immune response to metal-induced oxidative stress. This mechanism was reproducible in three different normal human lung fibroblasts lines. We postulate that these IFN-␤-dependent signaling
events are important to the resolution of fibrosis after V2O5 injury
and counterbalance profibrogenic paracrine growth factor signals
from epithelial cells and macrophages that drive fibroblast proliferation and collagen deposition.
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