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Prooxidant—Antioxidant Shift Induced by Androgen
Treatment of Human Prostate Carcinoma Cells

Maureen O. Ripple, William F. Henry, Randall P. Rago, George Wilding*

of R1881 resulted in a decrease in intracellular glutathione
Background: Prostate cancer is a disease associated with agctoncentrations and an increase iny-glutamyl transpeptidase
ing. Also commonly associated with increasing age is a shift activity in LNCaP ells. Treatment with the oxidizing agents
in the prooxidant-antioxidant balance of many tissues to- H,0, and menadione produced an increase iny-glutamyl
ward a more oxidative state, i.e., increased oxidative stress.transpeptidase activity in LNCaP cells, whereas treatment
We hypothesize that androgen exposure, which has long with the antioxidant compound ascorbic acid (100 nM) re-
been associated with the development of prostate cancer,duced the oxidative stress produced in LNCaP cells by 1M
may be a means by which the prooxidant-antioxidant bal- R1881 and completely blocked they-glutamyl transpepti-
ance of prostate cells is alteredPurpose:Using established dase activity. Conclusions: Physiologic levels of androgens
prostate carcinoma cell lines, we studied the effect of andro- are Capab|e of increasing oxidative stress in androgen-
gens on various parameters of oxidative state (e.g., genera-responsive LNCaP prostate carcinoma cells. The evidenc
tion of hydrogen peroxide and hydroxyl radicals, lipid per-  suggests that this result is due in part to increased mitochon-
oxidation, and oxygen consumption) and antioxidant defense drial activity. Androgens also alter intracellular glutathione
mechanisms (e.g., the glutathione system and catalase)levels and the activity of certain detoxification enzymes, such’
Methods: The androgen-responsive LNCaP and the andro- as y-glutamy! transpeptidase, that are important for main-
gen-independent DU145 prostate carcinoma cell lines weretenance of the cellular prooxidant—antioxidant balance. [J
exposed to n-dihydrotestosterone (DHT) and to the syn- Natl Cancer Inst 1997;89:40-8]
thetic androgen R1881. The cellular proliferation responses
were measured by use of a fluorometric assay to quantitate

the amount of DNA. The generation of reactive oxygen spe- ; . ) . .
cies was measured by use of’ Z'-dichlorofluorescin diac- " U.S. men {). Itis associated with aging and occurs in a lategit

etate, a dye that fluoresces in the presence of hydrogen per-OF in & clinical form in 30%-40% of men by age 30-50 years and
oxide or hydroxyl radicals. Lipid peroxidation was quanti- ncreases to 75% in men by age 83). The cause of this2
tated by use of a chromogen specific for malonaldehyde and dlsease_ is not W_eII understood; however, certain _factors are cgm-
4-hydroxy-2(E)-nonenal. General mitochondrial activity was Menly linked to its development. These factors include genedic
determined by assaying 3-(4,5-dimethylthiazol-2-yl)-2,5- _pred|§p05|t|0n and exposure to androgens_ and other hormo@es,
diphenyltetrazolium bromide (MTT) reduction. A Clark- infectious agents, and environmental and dietary fac®)sThe §

type electrode was used to assess oxygen consumption pei,mportance of a_ndrogens in prostate carcinogenesis is. suggested
cell. Intracellular glutathione concentrations and the activi- PY the observations that prostate cancer rarely occurs in eunyehs

ties of catalase andy-glutamyl transpeptidase were mea- Of men with a deficiency in &reductase, the enzyme respofi:
sured spectrophotometrically. All P values resulted from SiPle for converting testosterone to its more active forms; 5
two-sided tests.Results: DHT at less than 1 to 100 M (a dihydrotestosterone (DHT) (2,3). Normal prostate development
concentration range encompassing the physiologic levels ofand functional maintenance depend on androgens, and at least
DHT considering all ages) and R1881 at 0.1-1M concen- 75% of tumors in men with metastatic prostate cancer are an-
trations were effective in inducing in LNCaP cells compa- drogen dependent at initial diagnosis (3,4).

rable proliferative responses and changes in oxidative stress.
In contrast, neither DHT nor R1881 had any effect on the
oxidative stress in DU145 cells. The mitochondrial activity in
LNCaP cells, as measured by MTT reduction, was signifi-  agiliations of authors:M. O. Ripple, G. Wilding (Department of Medicine,
cantly elevated above the levels of the untreated controls by Environmental Toxicology), W. F. Henry, R. P. Rago (Department of Medicine),
DHT (0.1-1000 riM) and R1881 (0.05-1 M) (P<.001 in both). l.Jniversity. of Wiscgnsin Comprehensive Cancer Center, Veteran’s Administra-
Oxygen consumption and catalase activity were increased in tIogoﬂl?esspplt:r:‘d,t\eﬂ:ist%george Wilding, M.D., Medical Oncology Section, De-
LNCaP cells in the presence of 1 kl R1881 by 60% and . ent of Medicine, University of Wisconsin, K6/550 CSC, 600 Highland
40%, respectively, over the values in the untreated control aye. Madison, Wi 53792.

cells (P<.03 andP<.01, respectively). The same concentration See“Notes” section following “References.”
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Prostate cancer is the most commonly diagnosed solid turﬁor
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The question of how increasing age and androgen exposMaterials and Methods
are involved in prostate carcinogenesis has been investighted
but it has not been entirely resolved. Serum androgen levels,
well as androgen—estrogen ratios, have been demonstrated Androgen-responsive, androgen receptor-positive LNCaP and androgen-
decrease with 619651- Also believed to be age dependent in aifdependent DU145 prostate carcinoma cells were obtained from the American

. . . . . e Culture Collection, Rockville, MD. They were maintained at 37 °C in an
increase in oxidative stress, a result of decreasing levels of émosphere of 5% CE95% air in Dulbecco's modified Eagle medium

tioxidants and antioxidant enzymes (e.g., glutathione, vitamin fymewm) supplemented with 5% heat-inactivated fetal bovine serum (FBS) (Life
vitamin C, vitamin E, superoxide dismutase, catalase, and giechnologies, Inc. [GIBCO BRL], Gaithersburg, MD) plus antibiotics and an-
tathione peroxidase) or of increasing production of reactive oxjmycotics (Sigma Chemical Co., St. Louis, MO). Clones of LNCaP (5B, 5D,
gen species (e.g., superoxide radicals, hydroperoxy radicals, .10B, and 11B) were developed by selecting colonies established from single

. id dical inalet hvd id cells. To select for populations able to grow in the absence of steroid hormones,
ganic peroxide radicals, singlet oxygen, hydrogen peroxide, apd maintained these colonies in medium containing 5% charcoal-stripped

hydroxyl radicals) §). Some studies/(8) suggest a link between reated) FBS (CSS).
oxidative stress (i.e., an increase in the prooxidant state) an8or measurement of cell proliferation, reactive oxygen species formation, and

tumor development in various tissues. Reactive oxygen Spec%@,5-dimethylthiazoI-Z-yI)-Z,5-dipheny|-tetrazolium bromide (MTT) activity,
. . . LNFaP cells (1000 or 2500 cells per well) and LNCaP CSS clonal cells (2000
such as superoxide radicals, hydrogen peroxide, and hydrogyl" . "\ i were plated in 100L DMEM plus 1% FBS - 4% CSS per well

rad-ic-als, are capable of causing lipid peroxidation, altering thege.well plates. Experiments were conducted in medium containing 1% FBS
activity of sulfhydryl (SH)-dependent enzymes, and of damagrd 4% CSS in order to limit the adverse growth effects encountered with
ing DNA and cellular members (9). In addition, alterations ipharcoal-stripped serum that are unrelated to steroid hormone depletion. For

he r X balan f cells hav n shown ff h i6 ample, the growth of androgen-independent DU145 cells is inhibited in rite-
the redox balance of cells have been sho to affect the act d%am containing 5% CSS compared with that in 5% FBS; growth in mediufn

tion of certain transcription factors and thus can control ge@awtaining 1% FBS and 4% CSS is identical to growth in medium containing 5%
expression (10-14). Low levels of reactive oxygen species hauss; this serum mixture is low enough in androgen content to slow the growth
been demonstrated to act as mitogens, and it is proposed ti&te androgen-responsive LNCaP cells, yet it allows for easy detection ofgan
redox alterations may play a key role in a novel signal trang@drogen grOV\_/th response. At 24 or 72 hours after plating, the cells were tre%ed
duction pathway important for regulating cell grovvth (15). in sets O_fSIXWIth O.QOl-SM R1881 (pu Pont NEN, Bostqn, MA), 0.1-_100Mn o
’ . . DHT (Sigma Chemical Co.), or vehicle control. R1881 is a synthetic androgen

The metabolism of certain estrogenic compounds can gengke is experimentally useful because it is not metabolized as rapidly as DEIT
ate free radicals. Studies by Liehr et al6(17) showed that (21-26). Control medium contained the ethanol vehicle. Cells were harvested at
estrogens have the Capacity to Cyde between reduced Afipus times after treatment. The amount of DNA per well was quantitated V\_@h

oxidized forms, which allows for the formation of free radical@ 6:ell fluorometric assay) on a CytoFluorometric plate scanner (PerSep
Ive Biosystems, Framingham, MA) and analyzed with CytoCalc software. The

capable of-damaging.D.NA and p.rOte_in- ltwas h}’POtheSizeq th&nation of hydrogen peroxide and hydroxyl radical by intact cells was deter-
estrogen-induced lipid peroxidation and lipid peroxidemined by use of a fluorescent probe, 2',7'-dichlorofluorescin diacetate (D(%Z)

=

associated DNA adducts play an important role in the develgyolecular Probes, Inc., Eugene, OR), as described by Kane e28l. DCF =

ment of kidney tumors in estrogen-treated hamsté8). (It is fluorescent units per well 45 minutes after addition of DCF were normalizedd@o

K heth d licit simil the DNA fluorescent units of the same well. The data expressed are the ave@ge
unknown whether androgen exposure can elicit simiiar I’S'CF fluorescent units per DNA fluorescent units of six wells + the standagj

sponses. However, a recent prospective epidemiologic Stuiation (SD). The general mitochondrial activity was determined by assayifg
(19) of nearly 48000 subjects found a statistically significamtduction of MTT to formazan. MTT activity was determined by adding.20 1
decrease in risk of developing prostate cancer associated WithTT (5 mg/mL phosphate-buffered saline [PBS)) to the 2d0of medium %

oo

lycopene intake. Found in tomatoes and certain tomato produ&seach well and incubating the mixture for 4 hours at 37 28)( Formazan
| ' k. tent antioxidant (20) Crystals that formed within the attached cells were dissolved by adding.100=
ycopene is a known potent antioxidan .

/ ) of dimethyl sulfoxide to each well after the medium was removed by dumpirg
The present study was planned to examine if androgens asénazan production was measured at 515 nm on a 96-well microplate regfler

capable of altering the prooxidant—antioxidant balance in humé@ip-Tek Instruments, Inc., Winooski, VT). MTT reduction data are expressedas
prostate carcinoma cell lines and, if so, whether this can provi rage optimal density due to formazan formed in six samples per average DNA

hani b hich d | | fluorescent units + SD (DNA when measured in a separate plate; interp@te
a mechanism by which androgen exposure may play a role W.iion is generally <10%; »= 5 plates). S

prostate carcinogenesis. In this study, we determined the levelsor measurement of lipid peroxidation, oxygen consumptipglutamyl
of hydrogen peroxide and hydroxyl radical formation followingranspeptidase activity, and glutathione concentratiofi,cklls were plated in N
androgen treatment. We also measured |ipid peroxidation, a pty'gljcate in 100-mm tissue culture plates containing DMEM plus 5% FBS. Th%n

. . . . i i i ini 0,
sible end product of oxidative stress. In addition, we measurggou's after plating, medium was replaced with DMEM containing 1% FBS
and 4% CSS. Three days later, medium was again removed and replaced with

mitochondrial reductase aCt_iVity and oxygen F;onsgmption tO.@VIEM containing 1% FBS and 4% CSS; and the appropriate treatment was
sess the general level of mitochondrial activity, since the mitgiven (i.e., R1881, menadione and hydrogen peroxide [Sigma Chemical Co.],
chondria is a major source of reactive oxygen species withipcorbic acid [Life Technologies, Inc.], or ascorbic acid plus R1881). Plates were

cells (6,9). Furthermore, we determined the activity of Cata|aggvested by trypsinization at various times after treatment, resuspended in
o ; DMEM containing 1% FBS and 4% CSS. At that time, cells to be used to

(an antioxidant enzyme that reduces hydrOgen perOX|de) fOIIO}Q{éa\sure oxygen consumption were counted. Cells to be used for the other assays

ing androgen exposure as well as the level of glutathione (@&e spun at 1000 rpm for 5 minutes at 4 °C. The pellets were resuspended in
abundant antioxidant) and the leveleflutamyl transpeptidase cold PBS, centrifuged at 1000 rpm for 5 minutes at 4 °C, and resuspended again.
(a key enzyme in glutathione salvage pathwd#yB). Together, Cells were counted in a hemocytometer. Cells were spun once again and resus-
the results of this study may provide a partial representation [@pded in 1 mL cold PBS. This suspension Was_then splitpd0@as F:omblned

h idant—antioxidant balance of prostate carcinoma c th SOQML_O.SI_VIsucrose_(y-glutamyl transpeptidase assay) or with506%

the prooxi P . uﬁosallcyllc acid (glutathione assay) and stored at —80 °C. For measurement of
and suggest that androgen treatment has an influence on Mg peroxidation, 3 x 18 cells were resuspended in 1@ H,0.

taining such a balance. In addition to measuring hydrogen peroxide and hydroxyl radical formation,

| Culture and Harvest
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we measured lipid peroxidation and oxygen consumption to assess the oxidativetrol for the overall type 1 error rate. For instance, if eight concentrations of
state following androgen treatment. We ascertained antioxidant capacitiesamgrogen were being compared with the control, statistical significance for an
determining catalase activity and intracellular glutathione concentration. Timelividual dose would be determined byPavalue of less than .05/8 (i.e., equals
synthetic androgen R1881 was used for these studies because of its metab@li625). The reportel values reflect the data shown. Only thd3ealues for
stability (21-26). analyses that are significant following Bonferroni correction are given.

Determination of Lipid Peroxidation Results
LNCaP cells were plated and harvested as described above. They were treated

for 18 or 68 hours with 0.05 or 1Nt R1881 or the vehicle control. Lipid Growth response and measurement of levels of reactive

peroxidation of membrane preparations was measured by use of a colorimgs&ygen species after treatment with R1881 and DHT.

cally based kit (Calbiochem-Novabiochem International, Inc., San Diego, C@NCaP an androaen receptor-positive and androgen-responsive
Membrane preparations from 3 x ©@ells containing end products of lipid ! g P P 9 P

peroxidation, e.g., malonaldehyde and 4-hydroxy-2(E)-nonenal, were reac?é%“ line, d|splayed a characteristic be”'Shaped grOWth response
with the chromophorél-methyl-2-phenyllindole and with methanesulfonic acidO the synthetic androgen R1881 (Fig. 1, A). DU145 cells were

(40 minutes at 45 °C). The samples were cooled on ice and centrifugedaaidrogen independent, and their growth was not affected by
10 00@ for 5 minutes at room temperature, and absorbance of the supernataré,@bosure to R1881. The generation of reactive oxygen species

586 nm and 25 °C was read on a spectrophotometer. The combined concenira., . . . . .
tion of malonaldehyde and 4-hydroxy-2(E)-nonenal was determined from astgﬁgasured with the fluorescent prObe DCF, which is prlmarlly

dard curve. The results are expressed as the average micromolar concentr@fghivated by _hydrogen peroxide and hydroxyl radica_ls (28,35),
per microgram protein + SD. tended to mirror the effect of R1881 on growth (Fig. 1, B
DCF/DNA fluorescence of DU145 cells was not affected
R1881. LNCaP cells displayed a decrease in DCF fluorescegce

Cell suspensions of 2-3 mg of protein per 1.7 mL 0.081phosphate buffer compared with the control at doses of R1881 that stimulate
plus 10 nM glutamine, 10 rvl lactate, and 1 il alanine were aerated with 95% growth (0_025_0_1 nM; p<_001) and a dramatic increase in Ogi-
0,-5% CG, and incubated for 10 minutes at 37 °C. Suspensions were tha%tive stress at doses that inhibit cell growth (:”\5. rtP<_001)_ >
transferred to a 37 °C closed chamber. Oxygen tension was measured po\IE)r&-F fl Iso ind d by DHT (T b,I 1). S bI'I%
graphically with a Clark-type electrode (Yellow Springs Instrument Co., Yello uorescence was also '_n u_Ce Yy ( able ) u I ;S
Springs, OH). Results are given as the average nanomoles of oxygen consuftfed-NCaP capable of growing in androgen-depleted mediyin
per 10 cells per minute + SD for six samples from two separate experimentere developed by selecting and maintaining single cells §n
medium containing 5% CSS. As shown in Table 1, the growthg)f
LNCaP CSS clones 5B, 5D, and 9H was inhibited at much lower

Cells were harvested as described. At the time of assay, cell samples wetcentrations of R1881 and DHT compared with that of ﬂie
thawed at 4 °C, sonicated, and centrifuged at 1@0@® 10 minutes at 4 °C. arental line (the same being true for clones 10B and 11B d%ta
Supernatants were saved and assayed for glutathione by use of the Tietze ags \Y h DCE fl Iso ind dby I a =
(30) as modified by Bump et al. (31). Protein content was determined by use S OWI’I). u.orescencelwas also Induced by lower Og.es
the Bradford assaydR). Results are expressed as the average glutathione con@fﬂR.lSS.l and DHT in the sublines. _ .
per milligram of protein of triplicate samples + SD. Kinetics of growth response and reactive oxygen specie
generation after R1881 treatment of LNCaP cellsAn alter-
ation in reactive oxygen species generation, as measured:by

Unless otherwise noted, all chemicals were obtained from Sigma Chemi3CF fluorescence, was consistently seen before any growth%f-
Co. Cells were plated and harvested as described in the cell culture section \flétEtS were detected. Growth inhibition of LNCaP cells byM n<a

[o)]

the exception thiz2 x 1 cells were plated in 100-mm plates and the cell pelle . - .
obtained was resuspended in 1 mL 0.00'phosphate buffer. Catalase activityélsgl was not seen until hour 84 (P<.02), whereas an incregse

of the sonicated cells was determined spectrophotometrically by use of {Re DCF fluorescence was seen by hour 60 (P<.001) (Fig. g‘)
method described by Luck3g). Protein content was determined by use of th&imilarly, a decrease in DCF fluorescence was noted 36 hours
Bradford assay (32). Data are expressed as units of catalase activity per migifier treatment with 0.05M R1881, but growth stimulation Was%
gram of protein (unit= the amount of enzyme that liberates one half of th?]ot seen until 60 hours after treatment. o

peroxide oxygen from a hydrogen peroxide solution of any concentration in 100 -

seconds at 25 °C). Results given are the average of triplicate samples + SD. MTT reduction by LNCaP cells after androgen treat- >

o _ N ment. LNCaP cells exposed to 0.05-IMnR1881 or 0.1-1000 £

Determination of y-Glutamyl Transpeptidase Activity nM DHT for 68 hours reduced more MTT per DNA than vehicig
At the time of assay, cells were thawed at 4 °C, sonicated, and centrifuged_%?ntml'treated Cel_ls R<.001) (Fig. 3, A). The _androgen-g

10 minutes at 10 0apat 4 °C. The resulting pellet containing the cellular memindependent cell line DU145, when treated with the sarke

branes was resuspended by sonication in @000.1 M Tris—HCI (pH 8.0) at amount of R1881 or DHT (Fig. 3, B) showed no change in MTT
4 °C.y-Glutamyl transpeptidase activity of triplicate samples was determined pgduction per DNA.

measuring the release pfnitroaniline from they-glutamyl transpeptidase sub- L A .
strateL-y-glutamyl-p-nitroanilide spectrophotometrically at 410 nm for 4 min- Measurement of |Ip|d perOX|dat|on, Oxygen consumption,

utes at 37 °C34). Specific activity is defined as micromoles mhitroaniline and gll'ltath'One concentration after treatment with R1881.
released per minute per milligram protein or per cell. Results are expressed addgeshown in Table 2, LNCaP cells treated with 1 1881 for
averagey-glutamyl transpeptidase activity of triplicate samples + SD. 3 days had nearly double the level of lipid peroxidation of that
of vehicle control-treated cells. Exposure to 0.08 R1881 had
no effect on lipid peroxidation levels. Oxygen consumption per
Experiments conducted in 96-well plates were done as six replicates, wherga#l was elevated approximately 60% above control levels by
those using samples obtained from 100-mm plates were done as triplica@f osure to 1 M R1881 (P<.03). The intracellular glutathione
unless otherwise noted. Each treated group was compared with the untreateg . - . o
control by use of the unpaired, two-tailed Student&atistic and tested at the ?oncemratlon per mllhgram protein was redL_Jced by about 20%
nominal .05 significance level. Since multiple comparisons were performdfl Cells treated with 1 R1881 compared with untreated con-
Bonferroni’'s inequality was implemented for each individual comparison @0l cells (P<.003).

Determination of Oxygen Consumption

Determination of Intracellular Glutathione Concentration

68/e e/

Determination of Catalase Activity
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Statistical Analysis
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Fig. 1. A) Growth response of LNCaP and DU145 cells treated with variougeneration of reactive oxygen species by the same cells after R1881 treatrgent

doses of R1881. LNCaP®) and DU145 (O) cells were plated in 96-well was determined with a microtiter assay by use 97 2dichlorofluorescin diac- g

microtiter plates and were treated 72 hours later with medium containing 0.00&t&te (DCF), a probe that fluoresces in the presence of hydrogen peroxideand
nM R1881 or with the vehicle control. Six days after treatment, the cells wehgdroxyl radicals. The level of reactive oxygen species (DCF fluorescence un?is)
harvested, and the DNA was quantitated with a fluorescent DNA assay. Results normalized by dividing by the DNA fluorescence units. The DCF quoreg
are expressed as percent of vehicle control + standard deviatien @). For cence of LNCaP cells was reduced, compared with the control, by 0.025v0. 1@
some points, the error bars are obscured by the symbol. The growth of LNCRP881 and elevated by 1 and 5 riR1881. No change was observed in DU14§
cells was stimulated above the control level by 0.01-0M R1881 and was cells. FLUOR = fluorescence.
inhibited by 1 and 5 M R1881. DU145 cells were unaffected by R18B)1.The

Catalase activity in LNCaP cells treated with 1 i R1881. ~-glutamyl transpeptidase activitf?€.001) (Fig. 5, B). Treat-
LNCaP cells treated with 0.05-1 nlR1881 for 72 hours dis- ment with 1, 10, and 100 M ascorbic acid plus 1M R1881 for
played a 40% increase in catalase activity at Nl R1881 48 hours followed by a repeated treatment for 24 hours sign@-
(P=.01) (Fig. 4). R1881 had no effect on the catalase activity oantly reducedy-glutamyl transpeptidase activity compareg
DU145 cells. The baseline catalase activity of LNCaP cells wasth that seen after treatment with MrR1881 (P<.05, data notm
almost double that of DU145 cells. shown).

v-Glutamyl transpeptidase activity of LNCaP cells after . .
treatments with oxidants and with R1881. The y-glutamyl Discussion
transpeptidase activity of LNCaP cells treated withM. R1881 In this study, androgen-responsive prostate carcinofha
was elevated by greater than 70% above control lev&ts001). LNCaP cells responded to androgens in various ways, depending
Exposure to the oxidants menadione and hydrogen peroxide ascothe dose. In terms of growth, a bell-shaped growth resposgse
resulted in an increase in activity (Table 3). Menadione (Ovtas normally obtained after treatment with 0.001#8 of the Z
mM) increased-glutamyl transpeptidase activity by 70% aboveynthetic androgen R1881 (Fig. 1, A). Treatment with DH%
control levels P < .007).y-Glutamyl transpeptidase activity waselicited a similar bell-shaped response (data not shown). Ehe
elevated 50% and 60% by exposure to 0.1 and 0.33,. androgen-independent prostate carcinoma DU145 cell line did

Effect of ascorbic acid on R1881-induced increase in re- not respond to androgens in terms of growth. DU145 cells do not
active oxygen species generation ang-glutamyl transpepti- express androgen receptor messenger RNA (mRIS8). (An-
dase activity. The reducing agent ascorbic acid could block thérogens have been shown to exert their effects by binding the
increase in DCF fluorescence per DNA that was seen after treatdrogen receptor, a ligand-activated transcriptional regulatory
ment of LNCaP cells with 1 M R1881 (Fig. 5, A). The com- protein (37). Androgen—androgen receptor complexes are ca-
bination of 1 nMR1881 and 1 mMascorbic acid for 56 hours pable of specifically altering the expression of certain genes,
brought the level of DCF fluorescence back to that found including oncogenes, growth factors, and enzymes, by binding
vehicle control-treated cells. Higher concentrations of ascorlit responsive elements in the promoter regi®s38). Other ef-
acid (2.5-100 M) lowered the DCF fluorescence by 70%-90%ects noted after androgen exposure are likely secondary and
of control levels (alP<.001). The elevation ig-glutamyl trans- result from concerted changes in androgen-mediated gene ex-
peptidase activity noted after vhR1881 treatment was unaf-pression. The data presented here demonstrate that androgens
fected by concomitant treatment with IMrascorbic acid for 45 can alter the prooxidant—antioxidant balance of androgen-
hours; however, adding 100 mé&corbic acid nearly eliminatedresponsive cells. The ability of androgens to shift the prooxi-
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Table 1. Effect of R1881 on DNA levels (measured as fluorescence units)gen receptor mMRNA and protein than the parental cells. We also
and levels of reactive oxygen intermediates (measured as found that an increase in reactive oxygen species generation

2',7'-dichlorofluorescin diacetate [DCF] units) normalized to DNA : . .
(DCF/DNA) levels in LNCaP parent cells and in LNCaP clonal cells grown chcurred at lower androgen concentrations in the clones than in

charcoal-stripped fetal bovine serum (CSS)* the parental cells. In general, DCF fluoregcepge increased with
R1881 or DHT doses that were growth inhibitory. However,
Cell line Concentration % controlt other growth-inhibitory substances did not induce DCF fluores-
and treatment nMm DNA + SD DCF/DNA+SD cence in these cells (data not shown). Also, since changes in
LNCaP parent cells 0 100 + 14 100 + 21 DCF fluorescence per _D_NA appear before any changes in
R1881 0.01 177 £ 16 nd growth were detected, it is unlikely that the oxidative stress
‘1)-05 23521+i 417 217039+15119 noted after androgen treatment is simply the result of a growth
DHT 0.1 163+ 15 69+ 9 change; in fact, alteration in the oxidatiye stress may itself act as
1 32+7 nd a growth regulator (15,40). A change in DCF fluorescence did
o 30+4 497£109  not occur in DU145 cells treated with androgen, suggesting that
100 27+5 400 + 83 C ; .
LNCaP clonal cell the oxidative stress noted in LNCaP cells is not merely a non-
apP clonal cells .
Clone 5B 0 100+ 6 100+ 9 specific effect. _ o
R1881 0.01 111+5 nd A shift in the prooxidant—antioxidant balance toward the
0.05 27£2 237+ 26 prooxidant state after androgen exposure is also suggested bythe
+ + . . . . . .. .
DHT 3.1 11012‘114 fgg ;11537 rise in lipid peroxidation level and catalase activity following
1 24+ 4 nd R1881 treatment. Androgens also increased the rate of I\/HT
10% igii 12577 i71§4 reduction in androgen-responsive but not in androgen- mdepfen—
* *
Clone 5D 0 100+ 8 100+ 9 dent .ceIIs MTT reduct!on is a general m.easur.e.of mnochondr%l
R1881 0.01 100+ 2 nd activity (29). An elevation in mitochondrial activity per cell wag:
2-05 f43+115 i32731598 further suggested by the increase in oxygen consumption ndted
DHT 01 97+ 11 13339 after treatment with 1 M_R1881. MTT can glso be rgduc_ed iny
1 57+11 nd the presence of superoxide (15). A general increase in mltoch&:‘m-
5 26+5 511+6 drial activity could produce oxidative stress as a product of tBe
100 4=l 670 £48 normally occurring inefficient reduction of oxygen that results i m
Clone 9H 0 100+9 100 + 22 y g Y9
R1881 0.01 148 + 13 nd superoxide production (41). Since superoxide is highly reacu@e
2-05 2??? t 110 113352 13162 it is normally reduced to hydrogen peroxide by superoxide d%
* *
DHT 01 111+ 12 101+ 11 mutase (42). The increase in catalase activity seen after trgat—
1 37+4 nd ment with 1 nMR1881 was likely in response to an mcreaseg_d
5 27+1 492+ 62 production of hydrogen peroxide (43). S
100 262 237+39

Another indication that the redox state is altered by androggn
*LNCaP cells and LNCaP CSS clonal cells were plated in 96-well plates artllEneatment was demonstrated by the decrease in gIUtathlone fhat
treated with R1881 or Gdihydrotestosterone (DHT); 6 days later, replicatCcUrred after treatment of LNCaP cells with MIR1881. An S
plates were harvested for DNA and DCF determination. The average DNA aabbundant tripeptide, glutathione, acts as a reducing agent %nd
DCF fluorescent units + standard deviation (SD) was determined @). The gntioxidant (44). Reduced glutathione, glutathione peromdas.e

level of reactive oxygen species generation normalized to DNA level was d@
utathione reductase, and NADPH (reduced nicotinamide
termined by dividing the DCF fluorescence units by the DNA fluorescence un ( ad

for a given treatment, enine dinucleotide phosphate) taken together all provide an gn
tResults are expressed as the percent of the vehicle-treated controlnati  POrtant cellular defense against oxidative stre4S).(In our &
determined. study, intracellular glutathione concentrations were lower $n

LNCaP cells treated with 1 nMR1881 at 72-96 hours afters

treatment but were similar to control levels at earlier time poinfs
dant—antioxidant balance could provide a novel mechanism (@ata shown only for 72 hours). These results are consistent \ﬁith
which androgens alter gene expression or protein activation.a response to increased levels of oxidative stress that o@ur

The data presented in Fig. 1, B, and in Table 1 illustrate thearlier. The activity ofy-glutamylcysteine synthetase, the raté3

reactive oxygen species generation (measured with DCFJiraiting enzyme of glutathione synthesis, was unchanged by
probe that fluoresces in the presence of hydroxyl radicals androgen treatment (data not shown), suggesting that the de-
hydrogen peroxide) was elevated by physiologically relevaatease in glutathione concentration is not the result of reduced
levels of DHT and corresponding concentrations of R1881. Tipeoduction.
dose at which oxidative stress was elevated appeared to depeng-Glutamyl transpeptidase works in glutathione salvage
on the androgen responsiveness of the cells being tested. Clgretbway by cleaving extracellular glutathione and allowing the
of the parental LNCaP line developed from single cells selectathino acid components to enter the cdb). y-Glutamyl trans-
and maintained in androgen-depleted medium were more sep&ptidase activity of LNCaP cells was elevated by treatment
tive than the parental cells to the growth-inhibitory effects ofith 1 nM R1881. Thevy-glutamyl transpeptidase activity of
androgens. These results are consistent with the results of KbiCaP cells was also elevated by treatment with the oxidants
kontis et al. 89), who found that LNCaP clones selected for bynenadione and hydrogen peroxide, which agrees with results
growth in medium containing 10% CSS were growth inhibited &und in other tissue type<{). The antioxidant ascorbic acid
lower doses of R1881 and expressed increased levels of andealuced the level of DCF fluorescence detected after exposure of
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Fig. 2. Time course of R1881 effects on the generation of reactive oxygen spediesn control levels 36 hours after treatment with 0.06R1881. PaneB shows
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and growth. LNCaP cells were plated in 96-well plates and were treated 72 hotins effect of 0.05 and 1w R1881 on growth of LNCaP after 0-140 hours og

later with R1881 at 0.05M ((J) and 1 M (A) or with the vehicle control®).

exposure. DNA content of each well described above was determined Wi@ a

2',7'-Dichlorofluorescin diacetate (DCF) fluorescence per DNA per well wdkiorescent microplate assay. There was no inhibitory effect on growth of célls
determined at various time points. Results are graphed as a percent of vehielated with 1 nMR1881 (A) until 84 hours after treatmeft.02). Growth was &
control + standard deviation (& 6) (panel A). For some points, the error barssignificantly stimulated above control levels 60 hours after treatment with 0%)5
are obscured by the symbol. DCF fluorescence was statistically elevated aboMeR1881 (P<.001). Alterations in reactive oxygen species generation appe'gred
control levels 60 hours after treatment with ¥ iR1881 (P<.001) and was lower before changes in growth. FLUOR fluorescence.
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Fig. 3. Ability of LNCaP (A) and DU145 B) cells to reduce 3-(4,5- units, which was determined in separate but identical plates for every treatment
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was measured afising a DNA fluorescent assay. Results given are the average formazan optical

ter 68 hours of exposure to R1881 ar-Bihydrotestosterone (DHT). Cells were density/DNA fluorescence units + standard deviation=n6). MTT reduction

plated in duplicate 96-well plates. MTT reduction to formazan, a general mesas elevated in LNCaP cells treated with 0.1-1080DHT or 0.05-1 nMR1881
sure of mitochondrial activity, was determined by use of a colorimetric assaglative to untreated cells£€.001). MTT reduction in DU145 cells was not
The formazan optical density was normalized to DNA fluorescence (FLUORjJfected by androgen treatment.
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Table 2. Effect of R1881 on lipid peroxidation, intracellular glutathione concentration, and oxygen consumption of LNCaP cells*

Lipid peroxidation, Glutathione, Oxygen consumption,
Treatment nmol/pg proteint nmol/mg protein¥ 0, nmol/1@ cells per ming
Vehicle control 0.11+0.01 22.25+0.89 3.75+£1.12
R1881
0.05 nM 0.17 £0.02 20.30+0.97 nd
1nM 0.30+£0.03 16.95 £ 0.49|| 6.07 £1.699

*LNCaP cells were treated for 3 days with medium containing 0.05 dMRi881 or the vehicle control. Lipid peroxidation of membrane samples was determined
spectrophotometrically by use of a chromogen specific for malonaldehyde and 4-hydroxy-2(E)-nonenal.

TAverage level of lipid peroxidation + standard deviation (SD) is showrr(2).

FAverage glutathione content is expressed per milligram of cytosolic protein + SBb 8.

8§Oxygen consumption was determined by use of a Clark electrode. Average oxygen consumption per cell £ SD isgi¥nr(d = not determined.

[|Student’st test: P<.003.

fIStudent’st test: P<.03.

LNCaP to 1 ™M R1881. Ascorbic acid and, to a lesser extengjene expression (51). The ability of androgens to alter the redox
a-tocopherol (data not shown) are capable of blocking the adbalance of cells could potentially provide a mechanism by whigh
vation of y-glutamyl transpeptidase induced by R1881. androgen exposure can activate or inactivate a variety of pgo-
Redox control of protein activation through alteration of thidieins or turn on or off a series of genes, without necessa@ly
status is well established in plant systems. For example, tteguiring binding of the androgen—androgen receptor complexto
translation of certain light-induced mRNAs in chloroplasts odhe promoter. Our results suggest that this ability to shift t@e
curs through a series of oxidation—reduction reactions that ev@meoxidant—antioxidant balance occurs only in androgen-
tually reduce the disulfide bonds of a group of proteins that bindsponsive cells. The lack of response in DU145 cells could%e
RNA and activate translation (48). Redox control of mammaliadue to the absence of a functional androgen receptor in thgse
enzymes is a bit more controversial, but certain enzyme acticells, but it may also be due to some other difference betw%en
ties have been shown to be modified by thiol-disulfide exchangee cell lines, such as the presence or absence of certain méta-
(49,50). The activation of transcription factors, such as nucldaolic enzymes. o
factor kB, Fos, and Jun, has been shown to be dependent orRecent epidemiologic evidence linking a reduced risk Bf
intracellular glutathione leveld.0,13). These same transcriptiorprostate cancer and dietary lycopene intake already suggeﬁs a
factors, along with serum response factor/ternary complex factote for antioxidants in protection against prostate carcinogeée—
(SRF/TCF), have been shown to modulate redox regulationsi$ in humans (19). Plasma and tissue concentrations of ly£o-
pene, a potent carotenoid antioxidant, have been demonstratéd to
decrease with increasing agb2j. Lycopene has also bee@
shown to significantly suppress spontaneous mammary turgor

08 LNCaP DU145 development in mice53). An understanding of exactly howg
—‘ androgens mediate the observed changes in the prooxid@wt—
: - antioxidant balance is required. It is possible that some of the
04 - described age-related changes in oxidative state and antioxi@ént

levels are hormonally regulated. If so, understanding how &n-
drogens bring about these changes could potentially provide

03 -

information on how to regulate or prevent certain age- and h@r-

mone-associated diseases, including cancer. >

0.2 = g

: C

@

S

01 with R1881, menadione, or hydrogen peroxide* N

CATALASE, UNITS 1U'2J'pg PROTEIN

Table 3.y-Glutamyl transpeptidase (GGT) activity of LNCaP cells treated
GGT activity/mg proteint

Treatment Concentration (% control)
¢ posot T o 0001t Control — 0.14 +0.01 (100)
nid R1881 R1881 1 n™m 0.23+0.01 (168)t
Menadione 0.01 mM 0.18 £ 0.02 (127)
Menadione 0.1 mMm 0.27 £0.04 (193)8
Fig. 4. Catalase activity of LNCaFl[) and DU145 [J) cells treated with R1881. Hydrogen peroxide 0.1 mM 0.21 +0.02 (149)
Cells were plated in 100-mm plates. The next day, the medium was replaced Witftdrogen peroxide 0.3 mM 0.23+£0.03 (162)8

medium containing 1% fetal bovine serum (FBS) plus 4% charcoal-stripp&Q
FBS; 3 days later, the cells were treated with 0.05M R1881 or vehicle *LNCaP cells were treated for 3 days with R1881 (1 nM) or the oxidants
control. Catalase activity was measured spectrophotometrically. Results menadione (0.01 and 0.1M) and hydrogen peroxide (0.1 and 0.34n Mem-
pressed are the average catalase activity + standard deviatien3n LNCaP  brane preparations were analyzed for GGT activity spectrophotometrically.
cells exposed to 1M R1881 for 72 hours had increased catalase activity com- TAverage activity of triplicate samples + standard deviation is given.

pared with control levelsH=.01). R1881 had no effect on DU145 catalase iStudent'st test:P<.001.

activity. §Student'st test: P<.007.
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Fig. 5. Ascorbic acid blocks the generation of reactive oxygen species associatéth 1 nM R1881 (B). LNCaP cells were plated in 100-mm plates. Four days

with R1881 treatment (A). Cells were plated in 96-well plates and treated widtiter plating, the cells were treated with medium containind/lR1.881 plus 1
control medium (=) or medium containing IMnR1881 (+) plus 0-100 M  or 100 mMascorbic acid. The treatment medium was removed the following day
ascorbic acid. Reactive oxygen species generation was measured with a fluarm replaced with fresh treatment medium. Twenty-four hours later, the c%ls
metric assay. The addition of 1-100Mnascorbic acid lowered '27’-  were harvested and assayed for GGT activity. Results are expressed agthe
dichlorofluorescin diacetate (DCF) fluorescence in a dose-related manner andrage activity + standard deviation éa 3). R1881 alone significantly el- 3
almost totally blocked DCF fluorescence at the 50-10M.nThese obser- evated GGT activity by 80% (P<.001). Treatment with 1 rabtorbic acid plus 8
vations are statistically significant (é#<.003). The results are expressed as th& nM R1881 had no additional effect over R1881 alone, whereas adding M)O&

sdyy

average * standard deviation ér 6). Ascorbic acid at 100 M also totally ascorbic acid virtually eliminated all GGT activity. FLUOR fluorescence. ]
blocked the increase ig-glutamyl transpeptidase (GGT) seen after treatment §
2
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