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ABSTRACT

Induction of ornithine decarbox) lase (ODC) enzyme activity occurs
after exposure of hamster trachea! epithelial (HTE) cells to asbestos and
the soluble tumor promoter ^-O-tetradecanoylphorbol-O-acetate. Since
active oxygen species are implicated as mediators of asbestos-induced
biological responses, studies here were designed to examine whether
active oxygen species generated by asbestos or oxidants caused increased
ODC activity. In confluent HTE cells, significant blockage of chrysolite
or crocidolite asbestos-stimulated ODC activity occurred with simulta
neous addition of catatase, but not Superoxide dismutase, to medium. The
addition of xanthine plus xanthine oxidase caused a dose-dependent
increase in ODC activity, which was inhibited significantly after addition
of catalase or mannitol, indicating that III), was the principal oxidant
produced in that reaction. Addition of phenazine methosulfate, a redox
reagent used to generate Superoxide, resulted in significant elevation of
ODC, which was inhibited by addition of Superoxide dismutase but not
catalase. Hydrogen peroxide added to culture medium also caused a
potent increase in ODC activity inhabitable by catalase. Hypochlorous
acid caused increases in ODC activity, although the magnitude of this
response was less than that observed with other oxidants. Therefore,
although all active oxygen species examined triggered ODC, less reduced
species (Oj and H2O2) were more proficient than OH or a halogenated
oxidant. All oxidants, except HOC!, caused a significant increase in ['I I|

thy mulini' incorporation at 24 or 48 h after their addition to HTE cells.
In comparative studies, exposure of HTE cells to either asbestos or
xanthine plus xanthine oxide increased the level of ODC mRNAs pro
portionate to oxidant concentration and the extent of enzyme induction.
Thus, data indicate that I!..<), plays a major role in asbestos-stimulated
ODC induction and proliferation of epithelial cells of the respiratory-

tract by altering the regulation of a gene critical to proliferation.

INTRODUCTION

Asbestos refers to a family of fibrous hydrated silicates as
sociated with pulmonary fibrosis (asbestosis) and malignant
(lung cancer, mesothelioma) disease in humans. The mecha
nisms of interaction of asbestos with the respiratory epithelium
have been investigated extensively both in vivo and in vitro (1).
Asbestos is a documented tumor promoter in a two-stage model
of carcinogenesis using rodent trachÃ©algrafts exposed to sub-
carcinogenic amounts of dimethylbenz[a]anthracene (2), and it
induces a number of changes in trachea! epithelium similar to
the phorbol ester tumor promoters (3).

Two stages of tumor promotion are described in experimental
models of carcinogenesis (4). Stage I promotion involves a
rapid change in cell differentiation with acquisition of an altered
proliferative capacity (also termed conversion), while stage II
promotion concerns the long term selective proliferation of
those cells (propagation) (5, 6). Whereas stage I promoters bind
to and activate specific protein kinases in the cell membrane,
stage II promoters induce enzymes which catalyze reactions
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accelerating the rate of cell division. Evidence from our labo
ratory indicates that both stage I and stage II events are affected
by asbestos minerals. For example, PKC' is activated rapidly

in HTE cells exposed to crocidolite, probably through stimu
lation of a phospholipase and accumulation of diacyglycol (7),
and activity of PKC is translocated from the cytosol to the
membrane fraction.4 These studies suggest that crocidolite as
bestos is a stage I promoter. Dosage-dependent induction of
ODC enzyme activity, a stage II event, also occurs after expo
sure of HTE cells to either crocidolite or chrysotile asbestos
(8). Inhibitors of PKC activity and calcium channel blockers
inhibit asbestos-induced activation of ODC (9).

ODC is the first and a rate-limiting enzyme in the synthetic
pathway for production of polyamines, compounds required for
replication and differentiation (10). Exposure of cells or tissues
to tumor promoters produces a rapid transient peak of ODC
activity. Moreover, a strong correlation exists between the
relative potency of phorbol esters such as TPA and their ability
to activate ODC in mouse epidermis (11). Conversely, anti-
promoters such as retinoids inhibit synthesis and/or induction
of the enzyme (12). For these reasons, ODC is well suited to
studies of gene activation and regulation. In the mouse skin
model of carcinogenesis, TPA causes induction of ODC activ
ity, accompanied by an increase in both immunoreactive protein
andmRNA(13).

Data from many laboratories link both stage I and II tumor
promotion, as well as progression, to production of AOS (re
viewed in Refs. 14-16). For example, generating systems of
AOS mimic the effects of classic tumor promoters experimen
tally by inducing ODC in murine epidermal cells (17) and
keratinocytes (18) and causing the activation and translocation
of PKC to membranes in vitro (19). Events associated with the
progression of malignancy, such as formation of malignant foci
(20) and transformation to anchorage-independent growth ( 18),
also are triggered by AOS in vitro.

Antioxidants block asbestos-induced cell death and mem
brane damage, observations suggesting the importance of AOS
in asbestos-associated toxicity (21, 22). Although generation of
AOS occurs by redox reactions on the surface of asbestos fibers
(23, 24), a more potent response occurs after contact of fibers
with phagocytic cells (25-27). In recent studies, we show that
lung injury, inflammation, and pulmonary fibrosis in rats ex
posed to crocidolite asbestos are inhibited by continuous ad
ministration of catalase during the inhalation regimen (28).
These data suggested that antioxidants might also prevent
proliferative responses such as ODC activation by crocidolite
and/or chrysotile in HTE cells. In addition, we speculated that
oxidants might induce ODC enzyme activity in this cell type;

3The abbreviations used are: PKC, protein kinase C; ODC, ornithine decar-
boxylase: TPA. 12-O-tetradecanoylphorbol-13-acetate; AOS, active oxygen spe
cies; X/XO. xanthine plus xanthine oxidase; PMS, phenazine methosulfate; HTE,
hamster trachÃ©alepithelial; SOD. Superoxide dismutase; PBS, phosphate-buffered
saline.

4 M. Perderiset, J. P. Marsh, and B. T. Mossman. Activation of protein kinase

C by crocidolite asbestos in hamster trachÃ©alepithelial cells. Manuscript in
preparation.
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thus, we surveyed various chemical and enzymatic generators
of AOS for their ability to activate ODC. Finally, we examined
ODC mRNA levels after exposure of HTE cells to asbestos or
oxidants, to determine how AOS influence gene expression of
this enzyme.

MATERIALS AND METHODS

Materials. Xanthine (grade V), xanthine oxidase (grade III, 1-2
units/mg protein), glucose oxidase (type VII, 177 units/mg solid), PMS,
agarose (type V), Denhardt's solution, formaldehyde, formamide, gua-

nidinium thiocyanate, and salmon sperm DNA were purchased from
Sigma Chemical Co. (St. Louis, MO). Bovine CuZN SOD (4050 Â±220
units/mg protein) was obtained from DDI Pharmaceuticals, Inc.
(Mountain View, CA). Catalase (50 x IO1units/mg protein) was from
Worthington Biomedicai Corp. (Freehold, NJ). [me/A)7-'H]Thymidine
(20 Ci/mmol), L-['4C]ornithine (51.6 mCi/mmol), and |"P)ATP (3000

Ci/mmol) were from Du Pont New England Nuclear (Wilmington,
DE). "Cr (Na2CrO4; 371 mCi/mg Cr) was purchased from ICN Radi-
ochemicals (Irvine, CA). Klenow came from Life Technologies (Gaith-
ersburg, MD).

Cell Culture and ODC Assays. HTE cells were maintained in com
plete medium, i.e.. Ham's F12 medium supplemented with garamycin

(100 Mg/ml; M. A. Bioproducts, Walkersville, MD) and 10% fetal
bovine serum (GIBCO, Grand Island, NY). For ODC assays, confluent
growth-arrested cells were exposed to oxidants or asbestos in fresh
complete medium for 4 h (at which time an early peak in ODC activity
occurs after treatment with AOS or asbestos) and then harvested for
assay of ODC activity. Ten mM 4-(2-hydroxyethyl)-l-piperazineeth-
anesulfonic acid buffer (Sigma) was added to medium containing oxi
dants to ensure pH stability. Details of harvesting of cells, preparation
of lysates, and assay of ODC have been described previously (8).

"Cr Release Assay. Cytotoxicity of X/XO, hydrogen peroxide, PMS,

and hypochlorous acid at various concentrations was assessed using
modifications of a "Cr release assay (29). This assay is identical to the
75Secytotoxicity assay employed previously (9), with the exception that

a higher rate of spontaneous release of radioisotope occurs. Rigorous
rinsing of the monolayer after labeling and inclusion of a group to
determine total MCr labeling (Triton X-100) ensured validity of the
assay. HTE cells were plated at 5 x IO4 cells/well in 12-well dishes

containing 1.0 ml F12 medium plus 10% fetal bovine serum. Confluent
HTE cells were exposed to 1.0 Â¿iCi/ml51Cr in complete medium for 6

h, washed 3 times with PBS, chased with unlabeled medium for 1 h,
washed again with PBS, and exposed to oxidants in complete medium
for an additional 18 h. At the end of the incubation period, the amount
of radioactivity in both the culture fluid and cells (washed first with
PBS and solubilized in 1.0 ml l N NaOH) was determined by counting
200 Â«Ialiquots in a gamma counter. The amount of radioactivity
released in response to oxidants was compared to control (untreated)
cultures without addition of oxidants and to total counts in cultures
after addition of 1.0% Triton X-100. The release index was calculated

cpm medium
total counts (cpm medium + cpm cells) '

|3H|Thymidine Assay. To determine whether oxidants have the po

tential to cause increased proliferation of HTE cells, incorporation of
['H]thymidine into DNA was determined at 24 and 48 h. HTE cells
were plated at 5 x IO4 cells/well in 12-well dishes containing 1.0 ml

F12 medium plus 10% fetal bovine serum. At confluency, medium was
removed and cells were exposed to 1 ^Ci/ml ['H]thymidine in complete

medium, over a range of concentrations of either X/XO, H2O2, PMS,
or HOC1, for an additional 24 h. After the medium and oxidants were
removed, cells were washed 3 times with PBS. One ml trichloroacetic
acid (10% and then 5%) was added to the culture dishes, and the
precipitate (adhering to the culture well) was washed with PBS and
dissolved in 1.0 ml l N NaOH. Aliquots (100 ^1) were placed on
Whatman GF/A filters and radioactivity was measured using Ecolume
(Du Pont-New England Nuclear, Boston, MA) in a scintillation coun

ter. Additional cultures, after removal of pH]thyniidine-containing
medium and addition of fresh medium alone, were examined at 48 h.
TPA was used as a positive mitogenic control in some experiments.
Protein was determined using the method of Lowry et al. (30).

Asbestos. Union Internationale Contre le Cancer reference samples
of crocidolite (Na2O Fe2O3 8SiO2, 0.65-1.3 iJg/cm2) and chrysotile
(3MgO â€¢SiO2 â€¢2H2O, 0.32-0.65 Â¿ig/cm2)asbestos were used at nontoxic

concentrations, as determined previously (8, 9). Minerals were prepared
for introduction to cultures by addition of Hanks' buffered salt solution

and trituration (8 times) through a 22-gauge needle. The suspensions
were vortexed just before addition to cultures to ensure uniform distri
bution of fibers.

Generating Systems of AOS. Chemicals and enzyme-substrate mix
tures capable of continuous generation of specified oxidants were used
in these studies. To generate Superoxide (O2), a mixture of xanthine
and xanthine oxidase was used, which converts xanthine to urate and
reduces molecular oxygen to O2 . O2 dismutates rapidly in aqueous
environment to produce H2O2 (31), giving the overall equation:

_
Xanthine + O2 + H2O

xanthine oxidase .
acid + 2 O2 + 2

1
H202

In the above reaction, when O2 and H2O2are present simultaneously,
the hydroxyl radical (OH ) also will be produced, in a reaction catalyzed
by iron (Haber-Weiss reaction) or driven by O2 (Fenton reaction) (32).
The reaction is expressed as follows:

O2 + H2O2 -* OH + OH" + O2

OH â€¢is highly reactive and thought to be responsible for initiation of
lipid peroxidation (32).
Treatment of cells with the redox cycler PMS leads to intracellular
production of O2 after uptake and cyclic reaction with cellular electron
donors such as NADPH or NADH and O2 (33);

NADP H NADP

H2O2 can be generated using glucose and glucose oxidase. However,
preliminary studies indicated that glucose oxidase (Sigma type VI) was
toxic to HTE cells and not effective in generating H2O2 when added in
nontoxic amounts (<5 milliunits). Thus, H2O2 (90-350 JJM)was added
directly to cultures. A mM extinction coefficient of 1.31 (30 mM H2O2
at 240 nm) was used to determine H2O2 concentrations.

In the presence of H2O2 and a halide such as Cl~, the enzyme

myeloperoxidase, found in polymorphonuclear leukocytes, catalyzes
the formation of HOC1, a powerful oxidant which is up to 1000 times
more reactive than H2O2 (32). Since this product may be important in
vivo, where an inflammatory response and polymorphonuclear leuko
cyte recruitment occur after exposure to asbestos (28), we tested the
effect of HOC1 on HTE cells.

Antioxidants. Selected antioxidant enzymes and scavengers which
protect cells and tissues from oxidative damage were utilized in these
studies (see review 34). They included the enzymes SOD, which cata
lyzes the dismutation of OÂ¿to H2O2, and catatase, the enzyme respon
sible for the decomposition of H2O2 to O2 and H2O, and a nonenzymatic
scavenger of OH, mannitol. Concentrations of scavengers employed
here were those evaluated previously in studies on prevention of asbes
tos-induced cytotoxicity in HTE cells (reviewed in Ref. 21). Preliminary
studies showed that antioxidants alone had no effect on ODC activity.
In experiments to evaluate the effects of antioxidants on mRNA levels
of ODC. SOD (400 units/ml), catalase (5600 units/ml), and mannitol
(10 mM) were added together to medium.

Isolation of RNA. Total cellular RNA was isolated from HTE cells
by the procedure of Chomczynski and Sacchi (35), a single-extraction
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method using acid guanidinium thiocyanate, phenol, and chloroform.
RNA was then denatured and fractionated by electrophoresis on a 1.0%
agarose-formaldehyde gel. To ensure that an equal amount of RNA
was present in each lane of the gel, RNA was first quantified by UV
absorption, reprecipitated, washed, and quantitated a second time be
fore each lane was loaded with RNA (15 jig). RNA then was transferred
to nitrocellulose (36), baked, and hybridized (37) with heat-denatured
oligo-labeled probe (38). ODC complementary DNA (pOD.Â«,),cloned
from a mouse lymphoma cell line, was the kind gift of Dr. P. Coffino,
University of California (39). A probe for 28S ribosomal RNA (pi 19),
obtained from Dr. K. Cutroneo, University of Vermont Department of
Biochemistry, was used as a housekeeping probe. Blots were washed
and visualized by exposure to Kodak X-Omat AR film at -70Â°C,using

intensifying screens.
Statistical Analyses. A trend analysis was performed on experiments

where noted. In addition, either a parametric two-way analysis of
variance or a nonparametric test (Kruskal Wallis), both adjusted for
multiple comparisons, was used in some data analyses, as indicated in
the figure legends.

RESULTS

5lCr Release and |3H]Thymidine Incorporation in HTE Cells

Exposed to Oxidants. These assays were used comparatively to
determine whether oxidants caused cytotoxicity (using a "Cr

assay, which labels cytoplasmic proteins which are released
when cell lysis occurs) or increased uptake of ['H]thymidine
into DNA, an indication of proliferation in HTE cells. MCr

release in HTE cells exposed to a range of concentrations of
the various oxidants and generating systems is presented in
Table 1. Results show that the concentrations of the oxidants

Table 1 Summary of'Cr cytotoxicity assays
Confluent HTE cells were labeled with 1 nCi/ml "Cr for 6 h. followed by an

18-h exposure to varying concentrations of X/XO, H2O2. PMS. or HOCI in 10%
serum-containing medium. Details of the "Cr release assay are described in the

text.

Table 2 Uptake off'H/thymidine in HTE cells after a 24- or 48-h exposure to

X/XO, HiO2, PMS, or HOCI
The |3H]thymidine uptake assay is described in detail in the text.

[3H]ThymidineOxidantX/XO

(units/ml)00.0250.050.100.200.40HA

UM)090180270360450TPA(ng/ml).

100PMS

UM)00.052.0010.00HOCI

(nM)0.011.0010.0024

hcpm/mg

protein388

Â±12.5Â°399

Â±18.5330

Â±11332
Â±19278

Â±41572

Â±511765
Â±1561625
Â±1421

959Â±437902
Â±287578
Â±1882170

Â±361*244

Â±8309
Â±21*265

Â±1827
Â±8242

Â±15272
Â±26244
Â±8%

control102.885.185.671.6112.3103.4124.757.436.8138.0126.2108.611.199.2111.5100.0incorporation48

hcpm/mg

protein492

Â±13427
Â±45417
Â±5596
Â±37*567
Â±5*568
Â±70*2483

Â±222779
Â±2682735
Â±7453388
Â±568*2339

Â±1182829
Â±2392947

Â±266*230

Â±16217
Â±24273
Â±34183
Â±15262

Â±37296
Â±14.5258
Â±36%

control86.884.8121.1115.2115.0109.9110.1136.494.2113.9118.794.579.579.5114.1128.9112.4

Â°Mean Â±SE.
* P < 0.05. analysis of variance, using Duncan's procedure to adjust for multiple

comparisons, (n = 4/group, one experiment).

5-

OxidantX/XO

(units/ml)00.050.100.200.40Triton-X

100,1%H202

UM)090180270350450Release0.469

Â±0.430
Â±0.483
Â±0.499
Â±0.533
Â±0.990

Â±0.4010.4070.4060.4040.4580.524index"0.0050.0130.0070.0120.011*0.001*0.0140.0170.020.0150.0140.039*%

Control91.7103.0106.4113.6211.0101.5101.2100.7114.21

30.7O

*'^

O.ff
01U

^\^
.co
\0

Cf2-Oo_

1-Cn

-
Triton-X 100. 0.989 Â±0.002* 246.6 Chrysotile Crocidolite
PMSUM)00.052.0010.00HOOC1

(nM)00.011.0010.00Triton-X

100. 1%0.408

Â±0.0160.405
Â±0.0110.363

Â±0.0270.362
Â±0.0790.408

Â±0.0160.348
Â±0.0070.399
Â±0.0090.446
Â±0.0310.990

Â±0.001*99.388.788.785.398.0109.4240.0

" Individual release indexes (mean Â±SE)

cpm medium
total counts (cpm medium + cpm cells)

* P< 0.05. analysis of variance; using Duncan's procedure to adjust for multiple
comparisons (n = 4/group. one experiment).

Fig. 1. Induction of ODC activity after exposure of confluent HTE cells to
crocidolite or chrysotile, with and without antioxidants. Confluent cultures of
HTE were exposed for 4 h. and ODC activity (expressed as nmol CO2 liberated/
h/mg protein) was determined on cell-free extracts of three ( 100-mm) dishes (Mn
= 6) per group. Data are mean Â±SE of two experiments. â€¢asbestos [chrysotile
(0.65 ng/cm2). crocidolite (1.3 /jg/cm2)] alone; H. asbestos plus SOD (400 units/

ml); D, asbestos plus catatase (5600 units/ml); E3. asbestos plus mannitol (10
PIM). Activities are adjusted for induction of ODC (1.8 Â±0.8 nmol CO2/h/mg
protein) in untreated cultures. *. P < 0.05 compared to medium alone: **, P <
0.05 compared to asbestos exposure without antioxidant (Kruskal Wallis analy
sis).

used in studies to induce ODC were not cytotoxic to HTE cells
at 18 h. However, higher concentrations caused significant cell
lysis and a statistically significant increase in the release index.

Table 2 shows the effect of oxidants, at the same concentra
tions as shown in Table 1, on uptake of ['H]thymidine by HTE

cells exposed for 24 h to both radiolabeled nucleotide and AOS
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10-

0.00 0.05 0.10 0.15 0.20 0.05

[Xanthine Oxidase] U/ml

0.10

Fig. 2. Effect of X/XO on ODC induction in HTE cells and inhibition using
antioxidants. Data are the mean Â±SE of 2-4 experiments (n = 6/group/
experiment). A, dose response after addition of 50 ^M xanthine-containing me
dium and graded concentrations of xanthinc oxidase. B, effect of antioxidants. â€¢
X/XO alone: â€¢.X/XO plus SOD (400 units/ml); Ãœ.X/XO plus catalase (5600
units/ml); Â£3.X/XO plus mannitol (10 mM). Activities are adjusted for ODC
activity (0.5 Â±0.07 nmol CO2/h/mg protein) in control cultures exposed to
xanthine alone. *, P < 0.05 compared to xanthine control; **./>< 0.05 compared
to respective group without antioxidant (analysis of variance). There was a
significant linear trend for dose.

0 1 2 3 4 5 10 1.0

[Phenazine Methosulfate]
5.0

Fig. 3. Effect of PMS and addition of antioxidants on induction of ODC in
HTE cells. Data are the mean Â±SE of two experiments (n = 6/group/experiment).
A, dose-response experiments using PMS. B, addition of antioxidants. â€¢.PMS
alone; â€¢.PMS plus SOD (400 units/ml); E3.PMS plus catalase (5600 units/ml).
Activities in B are adjusted for ODC induction (0.7 Â±0.07 nmol CO2/h/mg
protein) in untreated cultures (n = 6/group/experiment). *, P < 0.05 compared
to medium alone. **. P < 0.05 compared to respective group without antioxidants
(analysis of variance). There was a significant linear trend for dose.

Fig. 4. ODC induction by H2O2 in HTE cells in the presence and absence of
catalase. Data are the mean Â±SE of two experiments (n = 6/group/experiment).
â€¢H2O2 alone; B. H2O2 plus catalase (5600 units/ml). Activity of ODC (0.8 Â±
0.13 nmol CO2/h/mg protein) in control cultures is subtracted. *, P < 0.05
compared to medium alone: **, P < 0.05 compared to H2O2 alone (Kruskal
Wallis analysis). There was a significant linear trend over the groups, with and
without catalase.

1.0

[HOCI] nM

Fig. 5. Influence of HOCI on ODC activity in HTE cells. Data are mean Â±SE
of two experiments (n = 6/group/experiment). *, P< 0.05 compared to medium
alone (Kruskal Wallis analysis).

and assayed 24 or 48 h later. One or more concentrations of In contrast, catalase blocked 70% of the ODC stimulation
each oxidant (except HOCI) caused significant increases in
[3H]thymidine uptake at 24 or 48 h. For example, PMS (0.05
Â¿iM)caused significant stimulation of [3H]thymidine uptake
after a 24-h exposure, while increases in response to X/XO
(0.1, 0.2 units/ml) and H2O2 (270 MM)were observed at 48 h.

ODC Activation by Asbestos and Inhibition with Antioxidants.
The results of experiments designed to determine if asbestos-
induced ODC stimulation could be modified by simultaneous
addition of antioxidants are shown in Fig. 1. Since ODC is
stimulated in control cells (1-2 nmol CO2/mg protein/hr) after
addition of fresh serum-containing medium alone, these values
are subtracted from experimental values in all experiments and
are noted in the figure legends. Significant increases in ODC
activity occurred with addition of either type of asbestos. Si
multaneous addition of SOD did not block crocidolite- or
chrysotile-induced stimulation of ODC, suggesting that Oj is
not responsible for ODC activation by asbestos in HTE cells.

caused by crocidolite and 60% of that due to chrysotile, impli
cating a major role for H2O2 in asbestos-induced ODC stimu
lation. In cells exposed to chrysotile, results with mannitol
showed that no additional blockage of ODC occurred in com
parison to groups with addition of catalase alone. Mannitol had
no effect on ODC activity stimulated by crocidolite.

ODC Activation by X/XO and PMS. Dosage-dependent in
duction of ODC activity occurred after addition of graded
amounts of xanthine oxidase to xanthine-containing medium
(Fig. 2A). SOD augmented increases in activity of the enzyme
when 0.1 units/ml XO was used (Fig. IB). In this case, SOD,
in catalyzing the dismutation of O2, was probably producing
H2O2, which also stimulates ODC (see Fig. 4). When catalase
was added with 0.05 and 0.1 units/ml XO, induction of ODC
activity was blocked completely, indicating that H2O2 was the
principal species of free radical responsible for ODC activation
by X/XO at those XO concentrations. Mannitol also was

170

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/167/2443935/cr0510010167.pdf by guest on 19 M

ay 2023



ASBESTOS AND ACTIVE OXYGEN SPECIES ACTIVATE ODC

0.

18
"^
E 16

2
O 14
O.

12

10

8

6

4

2

O

28S-

o
C 1_

- tt-s
18S-

Fig. 6. ODC induction and Northern blot analysis of mRNA for ODC after
exposure of confluent HTE cells to chrysotile or crocidolite. Experimental groups
were analyzed for both ODC activity and ODC mRNA content. Enzyme induction
is indicated on the graph, and the corresponding Northern blot (duplicate samples
for experimental groups) is shown in the panel below. RNA was isolated from
two pooled 100-mm Petri dishes/group and 15 yg RNA were fractionated in an
agarose-formaldehyde gel, blotted onto nitrocellulose, and hybridized to 32P-
oligo-labeled pODÂ«DNA. RNA bands containing ODC mRNAs were visualized
by exposing Kodak X-Omat AR film to the washed blot (â€”70"C)with intensifying
screens. Groups consisted of: G, medium alone; El. + 0.32 jig/cm2 chrysotile; 0,

chrysotile plus SOD (400 units/ml) plus catalase (S600 units/ml) plus mannitol
(10 mM); B. 0.65 jig/cm2 crocidolite; â€¢crocidolite plus SOD (400 units/ml) plus

catalase (5600 units/ml) plus mannitol (10 mM).

effective in inhibiting X/XO-induced ODC stimulation. Xan-
thine oxidase added to medium without xanthine did not acti
vate ODC in HTE cells (data not shown).

The results of experiments after addition of PMS to HTE
cells are shown in Fig. 3. A dosage-dependent activation of
ODC occurred with addition of 0.5-5.0 pM PMS (Fig. 3/1).
Increases were significant over a narrow range of concentrations
(2.0-5.0 n\i). Higher amounts of PMS did not stimulate ODC,
and concentrations above 10.0 n\Â¡were cytotoxic (date not
shown). Induction of ODC activity was blocked by addition of
SOD to cells exposed to 5.0 MMPMS, but addition of catalase
was ineffective (Fig. 3B).

ODC Activation by H2O2. Induction of ODC activity in HTE
cells after addition of H2O2 is shown in Fig. 4. H2O2 caused a
significant dose-dependent activation of ODC, which was in
hibited by catalase.

ODC Activation by HOC1. Fig. 5 shows the effect of HOC1
on ODC activity in HTE cells. HOC1 at 0.01 nM caused
significant stimulation of ODC: however, the magnitude was
less than that obtained with other oxidants.

mRNA Levels of ODC. To determine if increased ODC
activity corresponded to increased levels of ODC mRNA, HTE
cells were exposed for 4 hr to either asbestos or X/XO in the
presence or absence of antioxidants. Results are shown in Figs.
6 and 7, respectively. Autoradiographs of Northern blots in
these experiments showed two species of mRNA, with major
bands at approximately 2.2 and 2.7 kilobases; comparable to
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Fig. 7. Induction of ODC and Northern blot analysis of mRNA for ODC after
exposure of confluent HTE cells to X/XO. Conditions are the same as described
in Fig. 6. Additions consisted of: D, 50 JIM xanthine-containing medium alone;
^, xanthine plus 0.05 units/ml XO; D, xanthine plus 0.05 units/ml XO plus SOD
(400 units/ml) plus catalase (5600 units/ml) plus mannitol (10 mM); â€¢.xanthine
plus 0.2 units/ml XO; B. xanthine plus 0.2 units/ml XO plus catalase (5600
units/ml); 0. xanthine plus 0.2 units/ml XO plus SOD (400 units/ml) plus
catalase (5600 units/ml) plus mannitol (10 mM).

the findings of Hickok et al. (40) and Pohjanpelto et al. (41). A
dose-dependent induction of the mRNAs for ODC, correspond
ing to the magnitude of enzyme activation, was seen after the
addition of chrysotile and crocidolite (Fig. 6) or X/XO (Fig. 7).
For example, densitometric scanning of the bands in Fig. 6
revealed an average increase of 2.8-fold for total mRNA (both
species) isolated from crocidolite-exposed cells, compared to
an average increase of 3.6-fold for enzyme activity, while the
mRNA content of chrysotile-exposed cells increased 6.7-fold,
with a corresponding 5.8-fold increase in ODC enzyme activity.
Similarly, exposure of HTE cells to 0.2 units/ml XO, for
example, yielded a 10-fold increase in enzyme activity and an
8.3-fold increase in total mRNA content. Both ODC enzyme
activity and amounts of mRNA were reduced to near control
values after simultaneous addition of a mix of the antioxidants
SOD, catalase, and mannitol. Northern blot analysis using the
28S housekeeping probe (pi 19) confirmed that all lanes were
loaded equally. Average cpm for each lane probed with pi 19
were 71.5 Â±2.8 (Betascope blot analyzer; Belagen Corp, Wal-
tham, MA).

DISCUSSION

Data presented here suggest that asbestos-stimulated induc
tion of ODC enzyme activity in HTE cells involves a free
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radical-generating mechanism utilizing the stepwise reduction
of molecular oxygen to partially reduced intermediates. H2O2
appears to be the major AOS responsible for activation of ODC
by both types of asbestos. This observation supports our results
using a rodent inhalation model of asbestosis. In these studies,
long term administration of the H2O2 scavenger catalase ame
liorated inflammatory and fibrotic responses in rats exposed to
crocidolite (28).

Asbestos may generate AOS either extracellularly or intra-
cellularly by several mechanisms. For example, iron on the fiber
surface may drive nonenzymatic reactions such as the Haber-
Weiss reaction, which ultimately produces OH (23, 24). Alter
natively, asbestos may stimulate the NADPH oxidase of phag-
ocytic cells such as macrophages and neutrophils, resulting in
a "respiratory burst" and generation of O2 (25). In experiments

reported here, no additional protective effect was obtained over
that achieved with catalase when mannitol was used to block
ODC activation by chrysotile. These results suggest that man
nitol is acting as a nonspecific H2O2 scavenger rather than a
scavenger of OH. Thus, OH is probably not participating in
induction of ODC activity. We cannot explain the ineffective
ness of mannitol in preventing crocidolite-stimulated activation
of ODC.

In our attempts to mimic asbestos-stimulated ODC activation
using reactions which generate AOS, it became apparent that
the X/XO reaction, widely regarded as a "superoxide-generat-
ing system," produced the whole spectrum of AOS (O2, H2O2,

and OH). Fridovich (31) originally reported that the products
of the X/XO reaction were O2 (30%) and H2O2 predominately
(70%). The reaction was reexamined recently using spin-trap
ping techniques (42), and these authors demonstrated, in addi
tion to O2 and H2O2, a unique non-iron-mediated generation
of OH via a one-electron reduction of H2O2 (42). Our results
measuring ODC activity after addition of antioxidants to X/
XO-exposed HTE cells corroborate these findings and indicate
that the predominant species generated varies with the XO
concentration. For example, since catalase is the only antioxi-
dant significantly inhibiting induction of ODC activity after
exposure of HTE cells to 0.05 and 0.10 units/ml XO (Fig. 2),
H2O2 appears to be the principal oxidant produced using these
concentrations. On the other hand, a mix of SOD, catalase,
and mannitol inhibited ODC induction to a greater extent than
addition of catalase alone in concert with 0.2 units.ml XO (Fig.
7), indicating that OH is produced as well using a higher XO
concentration. Thus, the dynamics of the X/XO reaction appear
to shift toward participation of more reduced species with
addition of increasing amounts of XO.

Evidence that O'2 is capable of causing significant induction

of ODC in HTE cells is provided by our experiments using
PMS. The PMS reaction differs markedly from the X/XO
reaction, however, since only OÃ¯,and not H2O2 and/or OH , is
produced. Thus, PMS is valuable in distinguishing the role of
O2 in biological processes. Although the compound reportedly
generates O2 intracellularly (33), PMS also appears to cause
extracellular generation of O2, since SOD, an M, 30,000 protein
which cannot cross the plasma membrane, was able to block
ODC induction completely when added exogenously (Fig. 3).
There are two possible explanations for this. First, the O2
produced by PMS may be transported extracellularly across the
cell membrane, as has been demonstrated in RBC (43). Theo
retical mechanisms to explain this phenomenon have been
proposed by Beckman and Freeman (44). Alternatively, PMS
might be reduced intracellularly and then diffuse extracellularly
to react with and reduce molecular O2 to O2, a situation similar

to that observed with menadione (45).
In the mouse skin model of carcinogenesis, peroxides are

recognized as weak tumor promoters but good tumor progres
sion agents (20). Although H2O2 reportedly did not induce
ODC (only one high concentration was tested) in human bron
chial epithelial cells in vitro (46), we observed a potent, dose-
dependent induction of ODC in HTE cells at concentrations of
H2O2 present physiologically in the vicinity of activated phag
ocytes (47). Stimulation of ODC by HOC1, on the other hand,
was minimal in comparison to O2 and H2O2. In addition, OH
did not play a role in ODC induction by asbestos and could be
shown to induce ODC using the X/XO reaction only with high
concentrations of XO. Therefore, it is interesting to note that
those AOS which are highly reactive (OH and HOC1) are not
as effective in stimulating ODC as are O2 and H2O2, which are
relatively weak in their biological reactivity (32).

ODC activation triggered by oxidants in HTE cells leads to
subsequent proliferative changes, as measured by incorporation
of a radiolabeled nucleotide into DNA (Table 2). We have
shown previously that generation of AOS by X/XO results in
the development of squamous metaplasia in trachÃ©alorgan
cultures (48). Moreover, similar morphological changes have
been reported in trachÃ©alexplants exposed to H2O2 (49). Sig
nificant increases in ODC activity and ['Hjthymidine incorpo

ration also have been noted in rat colonie epithelium after
intercolonic instillation of X/XO (50). These observations in
dicate a direct relationship between AOS and proliferation in
epithelial cells.

Similar cell signaling mechanisms appear to govern ODC
activation by soluble tumor promoters such as TPA and insol
uble mineral fibers as well. In vitro exposure of HTE cells to
asbestos causes a non-receptor-mediated hydrolysis of phos-
phoinositides to form diacylglycerol (7), while TPA mimics
diacylglycerol by binding to and activating its cellular receptor,
PKC (see review 51). Activation of PKC has been shown to be
essential to TPA- (52) and asbestos-stimulated ODC induction
(9). Thus, a plausible sequence of signaling events may involve
asbestos-induced phosphoinositide hydrolysis producing di
acylglycerol, which activates PKC. In turn, PKC induces ODC
and leads to the altered proliferation associated with tumor
promotion.

The early rapid induction of ODC activity after exposure of
HTE cells to either asbestos or oxidants occurs with a corre
sponding proportional increase in the expression of the total
(2.2- plus 2.7-kilobases) mRNAs for ODC. These experiments
suggest that induction of ODC by asbestos or oxidants occurs
at the level of transcription, analogous to events documented
after application of TPA to mouse skin (13). ODC induction is
known to be regulated by translational and posttranslational
processes (53) as well, however; the effects of asbestos and
oxidants at these levels of molecular control are possible areas
of investigation in future studies.
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