Redox Biology 55 (2022) 102409

Contents lists available at ScienceDirect

Redox Biology

ELSEVIER journal homepage: www.elsevier.com/locate/redox

Vanadium pentoxide induced oxidative stress and cellular senescence in
human lung fibroblasts

Xiaojia He, Zachery R. Jarrell, Yongliang Liang, Matthew Ryan Smith, Michael L. Orr,
Lucian Marts, Young-Mi Go , Dean P. Jones

Division of Pulmonary, Allergy and Critical Care Medicine, Emory University, Atlanta, GA, 30322, USA

ARTICLE INFO ABSTRACT
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Lung fibrosis

Redox cycling
Thiol/disulfide redox
Vanadate

known. We found in a dose-response study that 2-40 uM V*° caused human lung fibroblasts (HLF) senescence
with increased senescence-associated p-galactosidase activity and pl6 expression, while cell death occurred at
higher concentration (LCsq, 82 pM V*°). Notably, measures of reactive oxygen species (ROS) production with
fluorescence probes showed no association of ROS with V5-dependent senescence. Preloading catalase (poly-
ethylene-conjugated), a HyO, scavenger, did not alleviate the cellular senescence induced by V*>. Analyses of the
cellular glutathione (GSH) system showed that V> oxidized GSH, increased GSH biosynthesis, stimulated
cellular GSH efflux and increased protein S-glutathionylation, and addition of N-acetyl cysteine inhibited V*°-
elevated p16 expression, suggesting that thiol oxidation mediates V*°-caused senescence. Moreover, strong
correlations between GSSG/GSH redox potential (Ey), protein S-glutathionylation, and cellular senescence ®R? >
0.99, p < 0.05) were present in V*>-treated cells. Studies with cell-free and enzyme-free solutions showed that
V5 directly oxidized GSH with formation of V* and GSSG in the absence of O,. Analyses of V> and V** in HLF
and culture media showed that V*> was reduced to V** in cells and that a stable V**/V*> ratio was rapidly
achieved in extracellular media, indicating ongoing release of V** and reoxidation to V*°. Together, the results
show that V*5-dependent fibroblast senescence is associated with a cellular/extracellular redox cycling mech-
anism involving the GSH system and occurring under conditions that do not cause cell death. These results
establish a mechanism by which environmental vanadium from food, dietary supplements or drinking water, can
cause or contribute to lung fibrosis in the absence of high-level occupational exposures and cytotoxic cell death.

While the routes of exposure differ, V* is readily oxidized to V*> under
aerobic conditions [17], raising the possibility that V*s, either from
environmental exposure or derived from V** in dietary supplements,
could be an insidious cause or contributor to fibrosing lung diseases,
including idiopathic pulmonary fibrosis (IPF).

Increasing evidence indicates that fibroblast senescence can be
important in the initiation and progression of pulmonary fibrosis
[18-28]. Cellular senescence, a permanent cell cycle arrest without cell
death, can be triggered or promoted by several mechanisms including
the pro-inflammatory secretome in addition to unrepairable cellular
damage [19,29-31]. Expression of cellular senescence markers in IPF
lungs is closely associated with disease severity [23], and senescent fi-
broblasts are observed in IPF lungs and in fibroblast cultures from IPF
lungs, providing a key pathological feature that is also evident in

1. Introduction

Vanadium is a redox-active metal with relatively high abundance in
the Earth’s crust and variable content in human foods and drinking
water [1]. Vanadium pentoxide (V2Os, VT for vanadate unless other-
wise noted) in occupational and environmental exposures can cause
respiratory distress, organ damage, or even death [1-8]. A large number
of V' studies in rodents, primates and humans show impairment of lung
function, increased pulmonary reactivity, histological alterations,
bronchial lymph node hyperplasia, inflammation, and eventually lung
fibrosis [9-15]. In contrast, a different oxidation state of vanadium,
vanadyl sulfate (VOSOy, vVt for vanadyl unless otherwise noted) is
widely consumed in dietary supplements for glucose regulation [16].
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Abbreviations: GSSG glutathione disulfide
HBSS Hank’s balanced salt solution
BSA bovine serum albumin HLF human fetal lung fibroblasts
Cys cysteine HPLC high-performance liquid chromatography
CySS cystine IPF idiopathic pulmonary fibrosis

CySSG  glutathione-cysteine disulfide

DCF dichlorofluorescein

DCF-H, dichlorodihydrofluorescein
DCFH,-DA 2/,7° —dichlorofluorescein diacetate
DTNB 5,5'-dithio-bis-(2-nitrobenzoic acid
DTT dithiothreitol

EDTA Ethylenediaminetetraacetic acid
FBS fetal bovine serum

Glc Ox  glucose oxidase

y-Glu-Glu y-glutamylglutamate

GSH glutathione

NAC N-acetyl cysteine

PBS phosphate-buffered saline

PCA perchloric acid

PEG-Cat polyethylene glycol-conjugated catalase

PMSF phenylmethylsulfonyl fluoride

PrSSG  protein S-glutathionylation

ROS reactive oxygen species

SA-pgal senescence-associated B-galactosidase
SOD superoxide dismutase

TCA trichloroacetic acid

TNB 2-nitro-5-thiobenzoic acid

experimental lung fibrosis models [23,25,27,28,32]. These lines of ev-
idence point to the possibility that V*5, even at concentrations which do
not cause cell death, could cause or contribute to lung fibrosis.

Multiple oxidative mechanisms have been implicated in V'>-
dependent cell death, but the contribution of these mechanisms to
cellular senescence in the absence of cell death is not known. One of
these mechanisms involves generation of reactive oxygen species (ROS),
including peroxovanadate complex with V*° or peroxovanadyl complex
with V+4, with consequent macromolecular damage [33-47]. An alter-
native mechanism involves direct oxidation of GSH or protein thiols due
to the strong oxidation potential by V°/V** [48-52]. In the present
research, we performed dose-response studies with V*> in human fetal
lung fibroblasts (HLF) and found that V> caused cellular senescence at
concentrations that did not promote cell death. Systematic evaluation of
mitochondrial and cellular ROS, cellular GSH and protein S-gluta-
thionylation showed that V'>-dependent fibroblast senescence corre-
lated with GSH oxidation and protein S-glutathionylation, but not HyO2
or ROS signals. Results showed that V*° directly oxidized GSH by a
mechanism which was independent of O and not blocked by catalase,
which catalyzes the reduction of HyO5. Added catalase blocked HoOo
accumulation but did not block protein S-glutathionylation or HLF
senescence. These results establish a mechanism by which V*° con-
tributes to fibroblast senescence. Because fibroblast senescence is asso-
ciated with the development of pulmonary fibrosis, the results suggest
that environmental V> may contribute to fibrosis without evident cell
death or tissue injury.

2. Materials and methods
2.1. Chemicals

Vanadium pentoxide (V20s), catalase-polyethylene glycol (PEG-Cat,
~40,000 units/mg protein), glucose oxidase (Glc Ox, Type VII,
>100,000 units/g solid from Aspergillus niger), dithiothreitol, trichloro-
acetic acid, perchloric acid, sodium iodoacetate, KOH, potassium tet-
raborate, dansyl chloride, methanol, doxorubicin, butyrate, HyOo,
bovine serum albumin (BSA), EDTA, tetrabutyl ammonium, and
ammonium hydroxide were purchased from Sigma-Aldrich (St. Louis,
MO). Triton® X-100 was purchased from Promega Corporation (Madi-
son, WI). H3PO4 was purchased from Acros Organics (Belgium).
Dithiothreitol (DTT) was purchased from Bio-Rad (Canada). Boric acid
was purchased from J.T.Baker™ (Phillipsburg, NJ). y-Gluta-
mylglutamate (y-Glu-Glu) was purchased from MP Biomedical, Inc.
(Solon, OH). All reagents were analytical grade or above unless other-
wise stated.

2.2. Cell culture

Human fetal lung fibroblasts (HLF) were obtained from American
Tissue Culture Collection (passages 6-9, ATCC, Rockville, MD). HLF
were cultured using F-12K medium (Kaighn’s Modification of Ham’s F-
12 medium) with 10% fetal bovine serum (FBS) and 100 U/mL peni-
cillin/streptomycin, and maintained in a humidified incubator at 5%
CO5 and 37 °C. Culture medium with low FBS (0.5%) was used for
continued cell culture at the time of treatment.

2.3. Cytotoxicity assay

The WST-1 assay used to determine cytotoxicity is based on the
conversion of the tetrazolium salt (WST-1) to a formazan via the
succinate-tetrazolium reductase activity, which is active only in living
cells. HLF were counted (Countess® II FL. Automated Cell Counter, Life
Technologies Corporation, Bothell, WA) and 5 x 10* cells/well were
seeded overnight in a 96-well plate with 8 replicates for each treatment.
The cells were then treated with different concentrations of V> (0-400
uM, corresponding to 0-200 pM V30s.) for 24 h. Following the incuba-
tion periods, the WST-1 assay was performed by adding 20 pL of WST
reagents (Roche) to each well (200 pL cell culture media), and HLF were
further incubated at 37 °C for 4 h. After incubation, the absorbance of
the cells was measured at 450 nm relative to a reference wavelength at
610 nm using an ELISA platereader (SpectraMax M2).

2.4. Senescence assay

Senescence-associated B-galactosidase (SA-figal) activity of HLF cells
was determined using chromogenic methods according to manufac-
turer’s instruction (Cell Signaling Technology, Inc., Danvers, MA). In
brief, cells were fixed with 2% formaldehyde and 0.2% glutaraldehyde
for 15 min at room temperature after removing media and rinsing once
with PBS. Fixed cells were then incubated overnight at 37 °C in a dry
incubator (without COy) in a freshly prepared staining solution at pH 6.0
consisting of 1 mg/mL 5-bromo-4-chloro-3-indolyl f-p-galactopyrano-
side (X-Gal). To stain the nuclei, fixed cells were washed in PBS, and
then stained with Hoechst 33342 1:2500 (trihydrochloride, trihydrate,
Invitrogen) at 5% CO3 and 37 °C for 5 min. Cells were kept in 70%
glycerin after removing staining solution. p-galactosidase activity was
imaged with brightfield microscopy (BioTek Lionheart FX, Winooski,
VT) at 10x magnification, cell nuclei stained with Hoechst 33342 were
imaged with fluorescent microscopy at excitation and emission wave-
lengths of 350 and 461 nm, respectively. Cellular senescence was
calculated by manually enumerating blue stained cells indicating
p-galactosidase activity relative to the total cell number based upon
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nuclei count. Nine images with at least 100 cells were captured from
each well with at least 3 replicates. In addition, protein expression of
pl6 (cyclin-dependent kinase inhibitor 2A) for a mediator of cell
senescence was examined by Western blot analysis (see below).

2.5. Cell membrane permeability and DNA damage assay

Cells were seeded into 96-well plate and incubated at 5% COy and
37 °C for 24 h to reach 80% confluence. Cell membrane permeability
and DNA damage were measured using the HCS DNA Damage Kit
(Invitrogen, USA) following the procedure provided by manufacturer. In
brief, at the end of V*> or other chemical exposure, 50 pL Image-iT®
DEAD Green™ viability solution was added into each well that contains
100 pL incubation medium for 30 min under normal cell culture con-
ditions. Cells were then fixed with 4% methanol-free paraformaldehyde
solution, and permeabilized with 0.25% Triton® X-100, for 15 min each.
After blocking with 1% BSA in PBS cells were probed with 50 pL
(1:1000) phosphorylated H2AX (Ser139) mouse monoclonal antibody,
and 50 pL (1:2000) Alexa Fluor® 555 goat anti-mouse IgG (H + L) mixed
with Hoechst 33342 (1:6000), for 60 min each. After washing with PBS,
the fluorescence intensities for each staining were analyzed with a
fluorescence plate reader (SpectraMax M2). Butyrate (5 pM, 24h),
doxorubicin (1 pM, 2h) and Hy05 (2 mM, 2h) were used as positive
controls.

2.6. Intracellular reactive oxygen species (ROS)

We use ROS to collectively describe reactive oxidants produced in
response V*° treatment, including but not limited to HyO-, peroxyni-
trite, and superoxide anion radical. The intracellular formation of ROS
was detected using the probe 2,7’ —dichlorofluorescein diacetate
(DCFH2-DA) (Invitrogen) [53]. DCFH»-DA is a cell-permeable, non-flu-
orescent dye that, once inside the cell, is hydrolyzed by intracellular
esterase to non-fluorescent dichlorodihydrofluorescein (DCF-Hy). The
latter reacts with intracellular oxidants to form the highly fluorescent
product dichlorofluorescein (DCF), the fluorescence intensity of which is
proportional to ROS production. Control experiments showed that
DCFH,-DA does not directly react with V*>. In brief, cells at >80%
confluency were treated with V*> for 24 h and loaded with DCFH,-DA
(100 pM) in 96-well plate and incubated with 5% CO; at 37 °C for 30
min. Fluorescence was measured using fluorescence plate reader
(SpectraMax M2, Molecular Devices, Sunnyvale, CA) with excitation at
485 nm and emission at 530 nm.

2.7. Mitochondrial ROS production

All procedures were performed at 5% COg at 37 °C. HLF were
incubated for 48 h in 96-well plates started at 1 x 10° cells/well. Cell
medium was removed and cells were treated with vanadium for 1 h.
After vanadium treatment, the medium was removed and cells were
washed 3 times with pre-warmed HBSS (hanks balanced salt solution.
100 pL MitoTracker® Red CM-HyXRos (200 nM in HBSS) was added to
each well and incubated for 30 min. Each well was then aspirated to
remove medium and washed 3 times with pre-warmed HBSS. 100 pL
MitoSOX™ Red (5 pM in HBSS w/Ca/Mg) was added to each well and
incubated for 15 min. All cell media were removed and washed 3 times
with pre-warmed HBSS and added 200 pL pre-warmed F-12K media. The
cell-permeant MitoTracker® Red CM-H2XRos probes contain a mildly
thiol-reactive chloromethyl moiety for labeling mitochondria. The
fluorescence intensity of MitoTracker® Red CM-H2XRos was measured
with a fluorescence plate reader at excitation and emission wavelengths
of 579 and 599 nm, respectively. MitoSOX™ Red mitochondrial super-
oxide indicator is a fluorogenic dye for detection of superoxide in the
mitochondria of live cells and was measured with a fluorescence plate
reader at excitation and emission wavelengths of 579 and 599 nm,
respectively. Cells treated with 2 mM Hy0, were used as positive
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control.
2.8. Western blotting

Western blot analysis was employed to examine protein levels of
catalase in HLF cells preloaded with PEG-Cat. Cells were incubated at
the indicated conditions, harvested, and lysed using cell lysis Pierce®
RIPA buffer containing protease inhibitor (cOmplete™, Mini, EDTA-free
Protease Inhibitor Cocktail, Roche) and 1 mM PMSF. 20 pg of protein
was used for Western blot analysis to prove with the primary antibodies
specific for catalase, $-actin or p16 (Cell Signaling Technology, Inc.) and
proteins were visualized as previously described [54,55].

2.9. GSH redox measurement

HLF after V*° treatment were analyzed using a fluorescence assay for
GSH, GSSG, glutathione-cysteine disulfide (CySSG), cysteine (Cys) and
cystine (CySS) using high-performance liquid chromatography (HPLC)
with a gradient HPLC module 2695 (Waters), a multi A fluorescence
detector 2475 (Waters) at excitation wavelength of 335 nm and emission
wavelength of 518 nm and Empower software using SUPELCOSIL™ LC-
NH; HPLC Column (25 cm x 4.6 mm, 5 pm) as previously described
[56]. Briefly, 175 pL cell culture media was removed from 6-well plates
and added to an equal volume of 10% PCA containing 0.2 M boric acid
and 10 pM y-Glu-Glu. For cellular redox measurement, cells were rinsed
twice with ice cold PBS and collected in 375 pL ice cold 5% PCA con-
taining 0.2 M boric acid and 10 pM y-Glu-Glu internal standard. Both
cells and media were centrifuged at 14,000xg, 4 °C for 2 min. 300 pL of
the supernatant were then transferred to new tubes and 60 pL of 50 mM
sodium iodoacetate were added at room temperature. pH was adjusted
to 9 using KOH-TB (1 M KOH with 0.38 M potassium tetraborate) and
incubated at room temperature for 20 min. 300 pL of 75 mM dansyl
chloride were added, and all tubes were left in the dark overnight.
Finally, 500 pL of chloroform were added into the solution. Extracted
solutions were vortexed and centrifuged at 14,000xg, 4 °C for 2 min. 50
uL of top clear solution were injected and concentrations of GSH, GSSG,
and CySSG were calculated relative to the internal standard y-Glu-Glu
and normalized to the protein concentration. The individual concen-
trations, expressed in molar values, were used with the Nernst equation
to calculate redox potentials for GSH/GSSG (Ey,GSSG/GSH) with E, =
—240 mV, pH 7.0. Cell pellets were collected and dissolved in 200 pL 1
M NaOH and 5 pL of the dissolved cell pellets were used for protein assay
using Pierce BCA assay.

2.10. Protein S-glutathionylation

Protein S-glutathionylation was quantified by measuring protein-
bound GSH relative to total protein concentration as previously
described [57]. Briefly, media was removed, and cells were washed
twice with phosphate-buffered saline (PBS). Cell lysates were collected
in 200 pL 10% trichloroacetic acid (TCA) and centrifuged at 16,800xg
for 5 min, at 4 °C. Cell pellets were then washed in 25% TCA. After
removing supernatant by centrifuging at 16,800 xg for 5 min at 4 °C, cell
proteins were resolubilized in 200 pL. 1 M NaOH. 125 pL of protein so-
lution were mixed 1:1 with 5mM DTT in 0.1 M sodium phosphate buffer
(pH 6) and incubated for 30 min at room temperature. Reduced protein
was reprecipitated by mixing samples 1:1 with 10% PCA containing 0.2
M boric acid and 10 pM y-Glu-Glu internal standard. GSH released from
protein was quantified by HPLC with fluorescence detection (Waters
2695), as described above. 5 pL solubilized protein was analyzed for
protein concentration using the Pierce BCA protein assay.

2.11. V-GSH kinetics assay

V*® v and GSSG were quantitatively determined using HPLC
(Waters 2690) with UV-vis detector at 240 nm (Waters 2487). The
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mobile phase for isocratic elution was composed of 4% MeOH, 18 mM
EDTA, 0.5 mM tetrabutyl ammonium, 20 mM H3PO4, with pH adjusted
to 7 with concentrated ammonium hydroxide (NH4OH). A flow rate of 1
mL/min was used with a C;g column (Ascentis, 15 cm x 4.6 mm, 5 pm).
The retention time for GSSG was 2.4 min, V** was 3.4 min, and V> was
6 min. Concentrations of V>, V* and GSSG were calculated against
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2.14. Statistical analysis

Data from at least three independent replicates of each experimental
condition were compared using one-way ANOVA followed by Fisher’s
Least Significant Difference (LSD) post-hoc tests. Two-way ANOVA
analysis followed by Fisher’s LSD post-hoc tests was used to investigate

standard curves (Supplemental Fig. S1). the multiple variant comparisons for the time and dose effects, with p <

0.05 considered significant. Pearson’s correlation coefficient R and
adjusted R? were calculated for linear regression. Data were represented

2.12. Ellman’s assa
Y as mean =+ standard error of the mean (SEM).

Total thiols were determined using Ellman’s reagent, 5,5'-dithio-bis-
(2-nitrobenzoic acid (DTNB), that reacts with thiol groups and produces
yellow-colored 2-nitro-5-thiobenzoic acid (TNB). Briefly, 20 pL sample
was mixed with 75 pL dilution buffer (30 mM Tris HC], 3 mM EDTA, pH
8.2), 25 puL DTNB (3 mM in MeOH), and 400 pL. MeOH. Mixed samples
were centrifuged, and total thiol content was calculated from absor-
bance at 412 nm against standard curve using GSH as reference.

3. Results
3.1. V'’ increases HLF cell senescence without cell death

To determine V*° cytotoxicity in HLF, we measured cell death
following V*° concentrations ranging from zero to 400 pM. The analyses
showed that 50% (LCsp) and 80% cell death occurred at 82 pM and 100
UM V' treatment, respectively (Fig. 1A). No apparent cell death was
observed with V> concentrations lower than 40 pM (<10% death,
Fig. 1B). Quantification of cellular vanadium by ICP-MS confirmed HLF
uptake at 2, 20 and 40 pM treatment of V> (Supplemental Fig. 52). At
concentrations below 1 pM, vanadium uptake could not be detected due
to instrument sensitivity for detection with the cell culture conditions
used.

2.13. BCA protein assay

Protein concentration was measured in 5 pL of cell samples using
Pierce™ BCA Protein Kit (Thermo Scientific) in a 96-well plate reader.
After addition of 200 pL of working reagent to each well, mixing and
incubation for 30 min, absorbance was measured at 562 nm (Spec-
traMax M2, Molecular Devices).
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Fig. 1. Vanadium pentoxide (V™>)-dependent cytotoxicity and cellular senescence in human lung fibroblasts (HLF). A) Cytotoxicity towards HLF induced by V*®
exposure was quantified using WST1 assay after 24 h. Vanadium pentoxide produces 2 vanadate ions in solution and data are provided in terms of vanadate
concentration. B) Minimal cytotoxicity occurred at 40 uM V*> and lower concentrations (expanded from red circle in Panel A). C) Cellular senescence caused by v+
exposure was determined by measuring SA-pgal activity (left panels) by microscopy at 24 h. Cell nuclei were stained by Hoechst 33342 dye (right) for cell number
quantification. D) Quantitative and statistical analysis of cellular senescence induced by V*° at various concentrations. E) Cells treated with 40 pM V> show
increased cell membrane permeability (Image-iT® DEAD Green™ viability stain) and DNA damage (phosphorylated H2AX level). Butyrate (5 pM) was used as a
positive control. Fluorescence intensities were normalized to cell number measured by Hoechst 33342 dye. F) Expression of p16 protein as a mediator of cellular
senescence was examined by Western blotting (top, n = 3). Quantitative and statistical analysis of p16 expression, relative to p-actin, in response to V> at 40 pM,
with or without pretreatment of N-acetyl cysteine (NAC, 5 mM) overnight are presented by a bar graph. Nine images, with at least 100 cells per image, were captured
from each well, and each condition had at least 3 biological replicates. Data are shown as mean + SEM. Statistical significance for each condition vs. control, or
between conditions is indicated by asterisks, with **p< 0.01.Pvalues were determined by two-way ANOVA followed by LSD post-hoc with n = 8 for cytotoxicity
assay, n = 13-16 for DNA damage assay, and n = 3 for senescence and western blotting assay. Grey shading indicates 95% confidence interval. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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To examine whether V> exposure caused HLF cellular senescence,
cells were exposed to increasing doses of V3 (2, 20, and 40 puM) for 24 h
and the biomarker of senescence [58], senescence-associated p-galac-
tosidase (SA-pgal) was measured as a measure of cellular senescence.
More SA-pgal-stained cells were observed at 2 pM (12.4 + 2.1%) in
comparison to control (10.3 + 0.5%), and were greater at 20 pM (26.8
+ 2.1%) and 40 pM (45.7 + 4.2%) of vto (Fig. 1C and D). Cell nuclei
staining by Hoechst dye confirmed similar cell densities for different
treatment groups (Fig. 1C). Additionally, correlation analysis showed
that the SA-pgal staining increased with V*°> concentration over the
range of 2-40 pM V™ (Fig. 1D). To examine whether V*° causes cell
senescence by involving DNA damage, we measured DNA double-strand
break and cell membrane permeability. Elevated phosphorylation of the
histone variant H2AX (Ser-139) to form yH2AX is an early cellular
response to DNA double-strand breaks [59]. Therefore, phosphorylated
H2AX is recognized as the second most common marker of cellular
senescence in addition to SA-fgal [60]. As shown in Fig. 1E, our data
indicate that the phosphorylated H2AX level was higher after treating
the cells with 40 pM V+5 (172.7 & 8.3%, p < 0.01) than in the control
cells. Butyrate (5 pM, 24h), doxorubicin (1 pM, 2h) and Hy0, (2 mM, 2h)
were used as positive controls, showing substantially high phosphory-
lated H2AX levels with 291.9 + 21.8% (p < 10719), 509.9 + 30.3% (p <
10719, and 514.3 + 60.2% (p < 10~ 1°) increases comparing to controls,
respectively. Moreover, expression of p16 (cyclin-dependent kinase in-
hibitor 2A) as a marker of cell senescence was significantly increased by
V*+5 exposure at 40 pM (Fig. 1F, p < 0.001), and the pretreatment of
N-acetyl cysteine (NAC) overnight diminished p16 expression by V>
(Fig. 1F, p < 0.01). Taken together, the results of SA-fgal staining, DNA
damage measurement and elevation of p16 indicate that V> increases
cellular senescence in HLF under conditions that cause little to no cell
death.

3.2. V™ .associated HLF senescence is independent of ROS generation

Previous research shows that reactive oxygen species (ROS) can
stimulate cellular senescence [61-63]. Therefore, we used fluorescent
indicators of ROS production to test whether V*>-dependent SA-pgal
staining is associated with increased ROS production. In these experi-
ments, we restricted studies to 2-40 uM V> concentrations because this
range had measurable increase in SA-pgal staining with little to no cell
death. To quantify cellular ROS production, we used the non-specific
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ROS cell probe, DCFH,-DA (Fig. 2A and B), which accumulates in cells
as a fluorescent product upon oxidation. Quantification of cellular DCF
fluorescence showed a 2-fold increase in oxidant production in response
to 2 pM V> but no apparent dose-dependence (2-40 pM) in ROS for-
mation (Fig. 2B). Results with a mitochondria-targeted, non-specific
ROS indicator, MitoTracker® Red CM-H2XRos, showed a similar in-
crease in ROS by approximately 1.9-fold without an apparent dose
response from 2 to 40 pM V*> (Fig. 2C). Similarly, measurement of ef-
fects of 2-40 pM V> on MitoSOX™ Red, a selective indicator of mito-
chondrial O5 production, showed 1.5-fold increase in oxidant
production with no apparent dose-response effect (Fig. 2D).

Because V'° showed a dose-response effect on SA-pgal activity, but
did not show a dose-dependent effect on ROS production, we used
glucose oxidase (Glc Ox)-dependent generation of HyO2 production to
test for HoOy-dependent increase in HLF senescence. We first verified
H20; production (Fig. 3A) and cell loading with the HyOo-metabolizing
enzyme catalase (Cat), delivered as polyethylene glycol (PEG)-conju-
gated Cat (1000 U/mL) (Fig. 3B), in which endogenous cellular Cat was
used as a loading control. With this defined system we found that 100
mU/mL Gle Ox caused Hy0, production and increased SA-pgal staining
(Fig. 3C-E). Under these conditions, treatment with PEG-Cat (1000 U/
mL) decreased Glc Ox-increased ROS and SA-pgal staining, thereby
confirming that increased HoO3 induces cellular senescence in HLF and
that this HyO»-dependent cellular senescence is blocked by a treatment
that decreased cellular H5Os.

Based upon this evidence that PEG-Cat at 1000 U/mL blocked SA-
Bgal staining caused by oxidant production at a level comparable to that
caused by 40 uM V> (Fig. 3C), we used this concentration of PEG-Cat to
test whether H,O; plays a role in V*>-dependent senescence. The results
showed that PEG-Cat did not prevent SA-Bgal staining caused by V*°
exposure (Fig. 3D). This direct comparison (Fig. 3D and E), along with
the lack of V> dose-response effect on oxidant levels in HLF (Fig. 2),
indicates that cellular senescence following V> exposure occurs by a
mechanism that is independent of increased cellular ROS generation.

3.3. V'3 stimulates oxidation of glutathione (GSH) and cellular release of
GSH

GSH oxidation, protein S-glutathionylation, and the resulting lung
redox imbalance, are associated with cellular senescence [64-66] and
IPF [67,68]. V*> can directly oxidize thiols [49], raising the possibility

Fig. 2. Vanadium pentoxide (V*°)-dependent ROS
production in HLF. A) Representative images from
DCFH,-DA treated cells (left) show increase in total
cellular ROS production induced by V™ exposure.
Cell nuclei were stained by Hoechst (middle panels).
Merged images (right) show correspondence of fluo-
rescein staining with cell nuclei staining. B) Mea-
surement of total ROS production as in panel A using
a fluorescence plate reader (excitation at 485 nm and
emission at 530 nm). C) Measurement of mitochon-
drial ROS using MitoTracker™ Red (excitation at 579
and emission at 599 nm). D) Measurement of mito-
chondrial superoxide production using MitoSOX™
Red as a fluorescence indicator (excitation at 579 and
emission at 599 nm). Results shown in Panels B, C
and D are mean + SEM for 8 wells per treatment and
representative of at least 3 biological replicates. Sta-
tistical comparisons were obtained by one-way
ANOVA followed by LSD post-hoc with n = 8, with
comparisons shown relative to control, **p < 0.01.
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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Fig. 3. Vanadium pentoxide (V°)-induced senescence in HLF was independent of ROS production. A) A test system for H,0,-dependent senescence was established
using DCFH,-DA assay to measure ROS production at 6 h after addition of extracellular Glc Ox. B) A test system for H>O,-dependent senescence was established using
Western blot showing cellular PEG-Cat (~250 kDa) abundance in HLF cells 24 h after added PEG-Cat (1000 U/mL). Endogenous catalase (~60 kDa) is also evident in
the Western blot. C) Results from DCFH,-DA assay showing that PEG-Cat (1000 U/mL) decreased H,O, detection following Glc Ox (100 mU/mL) for 6 h or v*S (40
uM) for 24 h. D) Cell images showing that PEG-Cat does not prevent V*°>-dependent senescence as measured by SA-pgal activity while it inhibits Glc Ox-elevated cell
senescence. E) Quantification of results as in Panel D using cell counts to test the hypothesis that decreased H,O, by treatment with PEG-Cat blocks senescence as
measured by SA-pgal. 1000 U/mL PEG-Cat and 50 mU/mL Glc Ox were used for studies in Panels B-E. Data are shown as mean + SEM for 8 wells per treatment and
representative of at least 3 biological replicates. Statistical comparisons were obtained by one-way ANOVA followed by LSD post-hoc with n = 8, with comparisons

shown relative to control, with *p < 0.05 and **p < 0.01. NS, not significant.

that V> could cause oxidative stress and induce cellular senescence by
direct effects on the cellular GSH system without ROS as an intermedi-
ate. Additionally, inhibition of V*°-elevated p16 by NAC (Fig. 1E) led us
to examine the effects of V> on the GSH system over the same V>
concentration range as used for SA-pgal staining and ROS production.
Assays for GSH, GSSG and cysteine-glutathione disulfide (CySSG)
showed a complex pattern of responses, indicating 1) oxidation of GSH,
2) stimulation of GSH biosynthesis, and 3) stimulation of cellular efflux
of GSH, GSSG and CySSG in response to V*>-dependent oxidative stress
(Fig. 4). Cellular GSH showed an apparent biphasic response with an
increase at 40 pM and a non-significant decrease at 2 and 20 pM
(Fig. 4A). At 2 and 20 pM, there was no significant increase in measured
cellular GSSG, but GSSG was increased at 40 pM (Fig. 4B). However,
cellular CySSG was increased at each concentration (Fig. 4C), and the
steady-state cellular GSH/GSSG redox potential (E) was more positive
at each concentration (Fig. 4D). Because the data for 40 pM V*> are
consistent in showing oxidation of cellular GSH system, i.e., increased
GSSG (Fig. 4B), increased CySSG (Fig. 4C), more positive Ey, (Fig. 4D),
and the increased GSH (Fig. 4A) demonstrates oxidative stress-induced
GSH biosynthesis [69], the most consistent interpretation of the cumu-
lative data is that V> causes an oxidation of the cellular GSH system at
all concentrations over the range of 2-40 pM V*>. This is supported by
calculation of the GSH/GSSG ratio, which decreased from 125 to 52
following exposure to 40 uM V>, A similar trend in cysteine/cystine
redox cycle was also observed in HLF cells exposed to V*° (Supple-
mental Fig. S3), further suggesting altered cellular redox environment
by exposing to V'>. As shown above, preloading NAC, a potent

antioxidant against protein thiol oxidation [70] and precursor for GSH
biosynthesis [71] decreased the cellular senescence induced by Al
exposure (Fig. 1E), indicating that GSH oxidation stimulated by V*°
played a central role in the observed cellular senescence (Fig. 1C and D).

Examination of culture media showed that extracellular levels of
GSH (Fig. 4E), GSSG (Fig. 4F) and CySSG (Fig. 4G) were all increased as
a function of V> concentration, demonstrating increased export of GSH
species. Because extracellular GSH is known to interact with the extra-
cellular cysteine/cystine pool in culture media, these results do not
provide information about which of the forms of GSH are exported.
However, a biphasic effect on extracellular Ey, for the GSH/GSSG pool,
with a more negative (reduced) value at 2 pM V> with increased
contribution from additional factors (stimulated efflux of GSSG and/or
CySSG; stimulated oxidation of GSH or other thiols by oxidation, e.g., by
V*5) at 20 and 40 pM V5. To examine the apparent stimulation of GSH
release in more detail, we examined the time-course of release with 40
UM V3. Two-way ANOVA showed increased extracellular GSH (Fig. 5A)
and GSSG (Fig. 5B) for the Vo_treated groups (p < 0.01), incubation
time (p < 0.01), and V*° treatment x incubation time (p < 0.01), with a
relatively constant extracellular GSH/GSSG ratio (~0.76). The rela-
tively constant extracellular GSH/GSSG over time indicates that the
extracellular GSH system could be responding to both changes in
cellular release of GSH species and with 1-electron oxidation-reduction
reactions, such as those involved in oxidation-reduction of V> and V4
(see below).
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Fig. 4. Senescence-inducing V> concentrations cause complex responses of HLF cellular and extracellular GSH system. A)-D): Cellular response of GSH redox system
to V'°. A) Biphasic dose-response effect shows increase in cellular GSH. B) Monotonic increase in cellular GSSG with V> shows concentration-dependent GSH
oxidation. G) Monotonic increase in cellular Cys-GSH disulfide (CySSG) with V*> provides evidence for concentration-dependent increase in GSH synthesis and
oxidation of the cellular GSH pool. D) Calculated steady-state cellular GSSG/GSH redox potential (E,GSSG/GSH) shows oxidation with increasing V"> concentration.
E)-H): Extracellular response of GSH redox system to V5. E) Increase in extracellular GSH as a function of V*° concentration provides evidence for stimulated GSH
synthesis and export. F) Increase in extracellular GSSG as a function of V*° concentration provides evidence for GSH oxidation and stimulated GSSG export. G)
Increase in extracellular CySSG as a function of V> concentration and increased cellular CySSG provides evidence for stimulated CySSG export. H) Biphasic change
in extracellular E,GSSG/GSH with increasing V*°> shows that minimal cellular oxidative stress at low V*® stimulates GSH synthesis and export while higher con-
centrations cause more extensive oxidative stress and more extensive export of disulfide forms. Data are shown as mean + SEM. Statistical significance for each
condition vs. control is indicated by asterisks, with *p < 0.05 and **p < 0.01. P values were determined by one-way ANOVA followed by LSD post-hoc withn =12 to
24 per group.

A B Fig. 5. Senescence-inducing V*° concentration
-Control -Control addition to HLF causes time-dependent increase in
l:l V' (40uM) bl l:l Vi (40uM) . GSH and GSSG in culture medium. A) Time course of
change in GSH concentration in culture media
following addition of 40 pM V*>. B) Time course of
change in GSSG concentration in culture media
g 0.151 following addition of 40 pM V*°. Results show that
0.10 5 fedad both GSH and GSSG are increased in the extracellular
6 ] culture medium with a ratio of GSH/GSSG that is
’_‘ % ’ largely preserved despite evidence for increased
O

0.15

GSH (uM)

oxidative stress. Data are shown as mean + SEM.
0.051 Statistical significance for each condition vs. control,
or between conditions is indicated by asterisks, with

Lo ND___ ND
0.00 o an 16h oah 0.00 . . L. **p < 0.01. P values were determined by two-way
2h 4h 16h 24h ANOVA followed by LSD post-hoc with n = 3. ND,

Incubation time Incubation time not detected.

0.05

3.4. V'™-dependent increased protein S-glutathionylation contributes to between PrSSG and either of the measures of ROS (Supplemental
cell senescence Figs. S6A-C). To test for contribution of HyO, produced from V*°
exposure to PrSSG, we preloaded HLF cells with PEG-Cat (1000 U/mL)

Protein S-glutathionylation (PrSSG) is an important mechanism for and employed Glc Ox (100 mU/mL) as a positive control. PrSSG due to

regulation of protein activities and commonly increases when the ratio Glc Ox treatment was blocked by preloading PEG-Cat (1000 U/mL). In
of GSH/GSSG decreases [72,73]. As shown in Fig. 6, PrSSG was contrast, preloading PEG-Cat did not prevent the rise in PrSSG induced
increased at all tested V'> concentrations (p < 0.01). A strong by V> exposure (Fig. 6B). These results support the interpretation that
dose-response relationship was present in HLF exposed to V> ®R? = at levels associated with HLF senescence, V*° increases PrSSG by a

0.94; p < 0.05, Supplemental Fig. S4), with 3-fold increase in PrSSG at ROS-independent mechanism.
40 uM V'3 in comparison to control (p < 0.01, Fig. 6A). Moreover,

PrSSG is significantly associated with cellular V*® uptake (R? = 0.84, p

< 0.05, Supplemental Fig. S5A) and cell senescence (R2 = 0.89, p < 0.05, 3.5. Direct thiol oxidation by V*°

Supplemental Fig. S5C). In contrast, no apparent relationship existed
Because V'° is an oxidant and our data show that V'°-dependent
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A B . Fig. 6. Protein S-glutathionylation (PrSSG) of HLF is
0.5 increased following exposure to senescence-causing

ol _2.001 ,_ V*® exposure by a process that is not blocked by

c £ Ex catalase. A) Cellular PrSSG was measured at 24 h

.“6’ % 1.75 after addition of V> at concentrations indicated.

s S Total protein-GSH disulfide was measured as GSH
OO O 2 1.50 A NS released following reduction with DTT and expressed
8 E 8 ]\E: NS relative to measured cellular protein. B) Experiments
a % ) 2 |_| *x L with PEG-Cat (1000 U/mL) showed that catalase at a
O 9 o concentration that removed H,0, generated by Glc

© g 0.25 4 Ox (100 mU/mL) (see Fig. 3) prevented PrSSG by Glc

E = Ox but did not block PrSSG due to 20 or 40 uM V>,

= 0.00 Cells with V™° were incubated for 24 h, and experi-
PEG-Cat | - + |- + |- +|- «+| mentswithGlcOxwereincubated for 6 h. Data were

shown as mean + SEM. Statistical significance is

V#5 (uM) VO (M) 0 20 40 [Gle OX | given relative to control and indicated by asterisks,

PrSSG formation in HLF is largely HyO2-independent, we performed
experiments to determine whether GSH, the major low-molecular
weight thiol in cells, is directly oxidized by V3, GSSG (A) was formed
from GSH by reaction with 40 pM vanadium pentoxide in solution
without added cells or enzymes (Fig. 7A). Concurrent reduction of vt
to V** was measured by HPLC, and the reaction approached completion
within 120 min. In expression of the stoichiometry, VoOs produces two
V*® ions per molecule, and 2 GSH are consumed per GSSG formed. Thus,
when expressed in common 1-electron transfer forms, the results show
that GSSG (A) was formed from GSH as expected from the reduction of
vanadate (V°, @), to vanadyl ions (V+4, W) (Fig. 7A). The main Vo ion
present in the physiological condition is VO2(OH)2; whereas, at acidic
PH, the main ion is VO3. Our primary goal was to illustrate the reduction
from V*° to V** in cells and in the presence of GSH without cells;
therefore, we assumed VO5(OH)5 and VO?* were the main V> and v*
species, respectively, under our experimental conditions [74]. An
alternative assay for total thiol loss independently confirmed the GSH
loss in response to V*° addition (Fig. 7B). To test for the possibility that
H,0, was an intermediate in the reaction due to vanadium-dependent
catalysis of GSH reaction with Oy in solution, we added PEG-Cat
(1000U/mL) to the reaction and found no effect on enzyme-free
oxidation of GSH by V*® (Fig. 7C). To further test for Oy dependence
of the reactions, we repeated the experiment using solutions that were
de-gassed and purged overnight with ultrapure Ny in order to remove
0,, and found no difference in rates (data not shown).

To obtain additional information on the reaction rates, we performed
experiments with varied V*° concentrations. Assuming that GSH

with **p < 0.01. P values were determined by one-
way ANOVA followed by LSD post-hoc with n = 3.
NS, not significant.

oxidation was a second order reaction [75], the possible reactions
involved in the direct oxidation of GSH by V' are:

V20s(s) + 3H,0(aq) - 2V0,(OH), (aq) + 2H" (aq) (@D)
VO,(0H), (aq) + GSH(aq) +3H" (aq) - VO** (aq) + GS (aq) + 3H,0(aq)
(2)

2GS (aq)—GSSG(aq) 3)

The exact vanadium species present in the solution and biological
systems are rather complicated due to the coordination sphere of va-
nadium in water, and this varies with the oxidation state and environ-
mental pH [74]. We describe the rate of V*> reduction as

Rp) =k[VO,(OH), | [GSH| @
where k is the rate constant (M’1 s’l), and initial VO(OH)3 was 40 pM
and GSH was 5 mM. We use the production of V* as R() to estimate the
rate constant k. Using the measured initial rate of V™ production, av*/
ot = 0.4 uM min~! and Equation (1), we obtain an estimate for the
second order rate constant k = 0.03 M~* s!. Notably, this should be
considered an estimate because a slower initial reaction rate might occur
due to rate of formation of an intermediate V*>-thiol complex as a pre-
equilibrium step before reduction [49].

In light of these data showing direct oxidation of GSH by V*°, the
high cellular GSH concentration, and the low extracellular GSH and
GSSG, we further examined the oxidation state of vanadium in cells and
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Fig. 7. Direct oxidation of GSH by reaction with V™ occurs in cell-free system. A) Addition of 40 pM V™™ to 5 mM GSH-containing solution (pH 7, 37 °C) resulted in
loss of V*° (vanadate ions, filled circles), and appearance of \'an (squares) and GSSG (triangles) as determined by HPLC. GSSG is expressed in molar equivalents of
GSH for the 1-electron reaction to illustrate stoichiometry of the reaction. Data for V*° expressed as vanadium pentoxide added is shown as open circles. B) HPLC
assay with UV/Vis detection as used in Panel A did not detect GSH so data in this panel show results for thiol measurement using Ellman’s assay. Results for GSH at 2
h showed GSH loss as predicted from the reaction stoichiometry. C) Inclusion of catalase (1000U/mL) did not change the oxidation of GSH by V> without enzymes.
Data were shown as mean + SEM. Statistical significance for each condition vs. control is indicated by asterisks, with *p < 0.05 and **p < 0.01. P values were
determined by one-way ANOVA followed by LSD post-hoc with n = 3. NS, not significant. ND, not detected.
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culture medium after addition of V*°. HPLC analyses of HLF showed that
after V> addition, V** was present in cells but V> was undetectable
(Fig. 8A). In contrast, both V4 and V° were measurable in extracellular
media and, after an hour, were maintained at a relatively stable V*°/v*4
ratio of 1.2-1.25 during the remaining 24-h culture period (Fig. 8B). To
examine the potential reaction between V*°/v** and culture media, we
recorded the V** and V*° concentrations over 2 h in culture medium
without cells. There was no accumulation of V™ in media (without cells)
containing V' at physiological pH (Fig. 8C). Because V™ can re-oxidize
back to V*° at pH 7, we adjusted the cell media to pH in order to inhibit
reoxidation and quantify the potential reduction of V*° caused by the
media. As shown in Fig. 8C, approximately 10% of the added V*> was
reduced to V™ by media after 1 h of incubation and increased to 20% at
2 h of incubation. In contrast, analysis of V** oxidation by culture me-
dium at pH 7 showed that 94% of added V** was oxidized to V*>in 1 h.
These data show that even though components in the media can reduce
V1 in the absence of cells, oxidation of V™ to V*° occurred at a much
faster rate (Fig. 8D). Thus, the evidence shows that the relatively stable
V*5/v*4 ratio observed in culture media in the presence of cells (Fig. 8B)
occurs with ongoing oxidation-reduction processes involving both
cellular and extracellular reactions of the V*>/V** and disulfide/thiol
systems.

4. Discussion

The present study shows that vanadate (V*S), a relatively abundant,
ionic form of a redox-active transition metal known to be associated
with pulmonary fibrosis due to occupational exposures [10,12], induces
cellular senescence in human lung fibroblasts (HLF) at non-cytotoxic
concentrations. This finding accentuates health concerns of exposure
to vanadium compounds because cellular senescence can initiate fibrosis
and contribute to fibrosing lung diseases, including IPF [18-28]. Envi-
ronmental vanadium is highly variable in food and drinking water, and
vanadium-containing dietary supplement use is unregulated. Conse-
quently, transient exposure to vanadium compounds that cause lung
fibroblast senescence could contribute to increased incidence of idio-
pathic fibrotic lung disease.

The present studies provide evidence for a mechanism of vanadium-
induced senescence which could ultimately yield new biomarkers to

< 12 24
Time (h)
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assess risk for development and progression of fibrotic lung disease. The
data suggest that a vanadium redox cycle exists in which V' is reduced
to V™ in cells, oxidizing GSH, stimulating GSH synthesis and increasing
export of GSH species. Because V** is oxidized to V> by O, and other
oxidants [17], cellular release of v*t*and GSH species with oxidation of
V** back to V*° creates a redox cycle which places an oxidative stress
burden on cells as long as vanadium is present. This mechanism does not
exclude contribution of ROS to vanadium-dependent toxicities, but
provides evidence that direct oxidation of the GSH system by V> is
sufficient to cause fibroblast cell senescence as an activating step
without invoking a ROS-dependent mechanism.

This interpretation is important because the cytotoxic effect of V>
has previously been attributed to ROS production [33-37]. V™>-induced
ROS was proposed to be dependent on the mitochondria electron
transport chain in which one electron is donated to O, leading to su-
peroxide (0%) formation and resultant reduction of V*® [in form of
VO,(OHy)] to V™ [in form of VO?*], as depicted in Reactions (4-6). The
generated O is transformed to HyO3 by superoxide dismutase (SOD),
which can be decomposed by catalase, as shown in Reactions (7-8).

NADPH — NADP* + H* +2¢~, E = —0.324V (5)
VO,(0OH), (ag) + ¢ +4H* = VO* +3H,0, E =0.58V ©)
0y +e =05, E =—0.16V %)
205 +2H 22 H,0, + 0, ®
2H,0, "2 H,0 + 0, ©)

H,0, generated from Reaction (7) has been speculated as the main
cause for the V*°-induced oxidative stress [33-37]. Furthermore, HyO5
is well-known for promoting oxidative stress-induced premature senes-
cence [63]. We confirmed that HyO, produced by Glc Ox leads to sig-
nificant PrSSG and cellular senescence and that preloading HLF with
PEG-Cat prevented these responses. In contrast, our results with ve
showed that preloading PEG-Cat in HLF prevented intracellular HyOo
accumulation but did not prevent the PrSSG nor cellular senescence.
This is corroborated by a study from Cortizo et al. (2000) who also found

Fig. 8. Stable extracellular V*°/V** ratio is rapidly
achieved in HLF cell culture with senescence-
inducing V*> concentrations. A) Measured V** and
V*+> by HPLC shows only V™ is detectable at 24 h. B)
Time course of concentrations of V™ and V> in
culture medium after addition of 50 uM V*° shows
stable extracellular V*°/V** ratio is rapidly achieved.
C) Addition of 50 pM V*> to culture medium at pH
7.0 without cells shows no detectable loss of V>
(black circles) or appearance of V'* (red circles);
whereas, with culture media at pH 3 where Oa-
dependent oxidation of V** does not occur, a slow
rate of reduction of V*® is observed (black squares)
with appearance of v+ (red squares). D) Addition of
50 uM V' to culture medium at pH 7.0 without cells
shows rapid oxidation of V™ (red) to V*® (black).
Data were shown as mean + SEM or as representative
data from at least 3 experiments. Statistical signifi-
cance for each condition vs. control is indicated by
asterisks, with **p < 0.01. P values were determined
by one-way ANOVA followed by LSD post-hoc with n
= 3. ND, not detected. (For interpretation of the ref-
erences to color in this figure legend, the reader is
referred to the Web version of this article.)
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that eliminating ROS production did not improve the V*>-dependent
cytotoxicity [76]. Similarly, Zhang et al. found that supplementing an-
tioxidants [superoxide dismutase (SOD), formate, and catalase] to cells
treated with 100 pM V' did not fully recover cells from V'>-induced
cell growth arrest at the G2/M phase [77]. In their study, growth arrest
was about 10% in control cells and 30% in V*>-treated cells. Catalase
inhibited V*5-induced H,0, formation by 70%, and decreased cell
growth arrest from about 30% to 20%. Neither a superoxide scavenger
SOD nor a hydroxyl radical scavenger formate, exhibited any effect on
cell growth arrest. Thus, a large portion of high-dose V*>-induced cell
growth arrest at the G2/M phase could be attributed to other factors,
such as direct thiol oxidation by V*°. The decoupling between ROS
production and V™ cytotoxicity was also proposed by Capella et al.
(2007) in four different cell lines including K562, K562-Lucena 1,
MDCK, and Mal04 [78]. Other research shows that V*> can form per-
oxovanadate complex with HyO2 [33-47], and diperoxovanadate can
induce premature senescence [79]. While PEG-Cat can be expected to
decrease formation of peroxovanadate complex [80], additional
research is needed to clarify the relative contribution of a perox-
ovanadate mechanism to the V™>-dependent HLF senescence.

Our research corroborates previous studies indicating that V> oxi-
dizes GSH and protein thiols [48-52], in addition to V*> to V** con-
version intracellularly [50,51] as well as directly by reaction with GSH
[49]. For example, studies using 48y tracer showed that GSH reduced
orthovanadate (VO%’) to V™4 in human red blood cells [50]. Our esti-
mate for the reaction rate constant for GSH and V*° (0.03 M~ s71) is
approximately 10-fold slower than reaction rate constant (0.42 M~ !s™1)
for GSH oxidation by HyoO2 [81], and 4-fold higher than reaction rate
constant (0.008 M s’l) for GSH oxidation by nitric oxide [82]. These
comparisons indicate that reaction of GSH with V> occur at rates that
are comparable to physiologically important reactivities.

Impaired GSH redox homeostasis has been well-documented in
mouse models of fibrosis [68,83], and is thought to be an important
mediator of pulmonary fibrosis and reduced lung function in humans
[84-86]. A review by Liu and Pravia outlines how disrupted GSH redox
status and increased oxidative stress are closely associated with TGF-p
mediated pulmonary fibrosis [86]. Moreover, changes in the cellular
GSH redox state may cause disrupted cellular signaling [87-90] and
premature senescence [65]. Characterizing GSH redox status therefore
may provide a valuable means to detect vanadium-dependent redox
cycling in order to mitigate cellular senescence and subsequent pulmo-
nary fibrosis. Finally, the interplay and potential synergistic effects of
aberrant GSH redox status attributed to vanadium exposure coupled
with pre-existing risk factors for pulmonary fibroblast senescence and
pulmonary fibrosis such as telomere-related genetic mutations have yet
to be evaluated and warrant further exploration [91].

The present study further suggest that PrSSG may provide a useful
pathway for biomarker development in regards to development and
progression of pulmonary fibrosis. PrSSG is considered as a defense
mechanism to protect proteins from oxidative stress via a reversible
modification of thiol groups controlled by glutaredoxins (Grx) [92].
Increasing PrSSG indicates a regulated cellular response to oxidative
stress (Fig. 6), which is in agreement with changes in cellular GSH/GSSG
and E,GSSG/GSH. Earlier studies reported that Grx activity was sub-
stantially decreased in fibrotic lungs, while PrSSG was significantly
increased [93]. Similarly, PrSSG levels were significantly increased in
lungs of mice with oxidant-induced acute lung injury and pulmonary
fibrosis [94]. It has also been noted that reducing protein oxidation
could potentially reverse lung fibrosis [93].

There are several limitations to this study. Multiple biologic pro-
cesses contribute to cellular senescence, and the etiology of fibrosing
lung diseases, including IPF, is multifactorial such that vanadium may
have a small contribution to total disease burden. Additionally, the GSH
system and inducibility of the system declines with age. Thus,
vanadium-dependent effects mediated through the GSH system may be
amplified or diminished by age-associated changes, and additional
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studies are necessary to examine the impact of aging on V*°-dependent
cellular senescence. Finally, lungs are complex structures with localized
cellular environments, multiple cell types, and specialized subcellular
compartments. Thus, the current model of V°/V** redox cycling be-
tween cellular and extracellular compartments will require additional
refinement to better understand mechanistic details.

5. Conclusions

The present results show that sublethal V*> exposure causes a dose-
response effect on the cellular and extracellular GSH antioxidant system,
PrSSG and cellular senescence in HLF cells without dependence upon
ROS intermediates. Results showed that GSH was oxidized by V*+°
without enzymes or requirement for Oz or ROS intermediate. Cellular
senescence due to V™ exposure was attributed to the high oxidizing
potential of V1>, which caused elevated GSSG/GSH ratio, more positive
E;, GSSG/GSH value, stimulated GSH species export and increased
PrSSG. Analyses of V> and V™ showed a stable extracellular V*5/v**
ratio over time, indicating that cellular-extracellular redox cycling of
V*® and V** could result in sustained cellular oxidative stress causing
DNA damage and cell cycle arrest as long as vanadium is present in the
biological system. Further studies are needed to understand compart-
mental effects, mechanistic details and time-dependent responses which
could impact the role of V*° in the pathogenesis of lung fibrosis.
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