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ABSTRACT

The ability ofrphenolics to stimulate or inhibit ornithine decarboxylase
activityl in ‘C3H 10T1/2 cells has potential as a screening procedure for tumor
promqting/tumor inhibiting actions of phenolics. In a survey of several
plant-derived phenolics, their addition tc;i/the culture media of C3H 10T1/2
fibroblast cells from mouse embryos had, irxeach case, a dramatic impact on the
activity of ornithine decarboxylase (6DC)" Threé phenolic§ increased, four
decreased and one in’creased and decreased the ornithine decar’t;oxylase activity.
The order of their ability to increase ODC levels ‘'was as follows; catechink
(50-900uM) >>> gallic acid (gallate at neutral pH) (0.07-175uM) > catechol
(30-500uM). The order of their ability to decrease ODC levels was és follows;
eugenol (3-305qu < caffeic acid (0.01—139uM)7 < quercetin (0.5-50uM), Ellag;c
acid (3-1660uM) exhibited both éffects: These effects on ODC activity correlate
well with previous reports of their potency in'increasing bor moderating ;he
actions of carcinogens and tufndr promoters. The ODC assay, therefore has

_potential as a screening procedure for the tumor promotion or protective actions

of phenolics and perhaps other compounds.

To investigate whether active  oxygen or transition metal ions play a role in
the abovementioned ability of gallate to induce an increase in the activity of
0ODC, the cells were incubated for one hour with savengers of active oxygen or a
metal chelating agent prior to the addition of gallic acid. Superoxide dismutase,
catalase (both at 10 and 50U/ml) or D-mannitol (25 and 50mM) increaséd gallate’s
ability to induce ODC, while formic acid or benzoic acid (both at 50 and 75mM)

completely prevented the stimulation of ODC activity by gallate. Desferrioxamine



v

(at 50 and 100uM) completely prevented the st'imvulatory effects of gallate.

When these éame sc'avenrgersr were compared with respect to -fheir efftects on
the reactivity of gallate towards O, /in vitro, thekcompounds whiéh increased the
rate of autoxidation also increased the effects‘ of gallate on ODC. acti‘vitiy.
Conversely, compounds which slowed the autoxidation decreased these‘ effects,
Evidently interme'di‘ates in the oxidation of gallate rather than ga‘llaté itself are
responsible for the induction of ODC activity. Since superoxide dismutase or’
c‘%alase did not inhibit, these stimulatory intermediates are neither® superoxide nor
H,0,. That formic acid or benzoic acid moderated the gallate-induced increase in

ODC activity suggests that the intermedi(a-tes which ™ mediate the gallate-induced

increase in ODC activity, are hydroxy! radicals or related species.
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CHAPTER |

S GENERAL INTRODUCTION

Polyamine function

-

'Polya;nines are a group of loW molecular weight, long-chain, cationic
aliphatic .compounds withAmuIAtiple ‘érmih‘e and/or imino groups ubiquitous: to‘ all
mammalian cells (Persson et a/ 1985) Levels of thése 6rga2i£n;:oations:
putrescine, spermidine and spermine fluctuate in parallel with DNA :and RNA during
chick embryo development (Russell and Snyder 1968) and are th(erefore thought to
influence cellulér. growtﬁ and differentiation by affecting ribosomal! and nuclei\g\

acid function. They are alse thought to affect the metabolism and biologidal\t

activity of proteins and phospholipids (Whaun and Brown ‘15585, Sadeh et a/ 1984

and Fidelus et a/ 1984).

Polyamine biosynthesis is one 23f the earliest eventé of cellular proliferation
(Bachrach 1975). Increased production over that of non-proliferating cells .has
been &bserved in rapidly' growing tissues such as embryonic tissue, regenerating
liver, some tumors and normal tissues -of tumor-bearing animals (Janne ‘et a/
1978, ‘Russell and Snyder 1968, Heby and Russel 1973, Noguchi et al 1576).

Consequently, much attention has been, focused upon the bioéynthesis of

polyamihes and the implications of their presence in normal and neoplastic tissue.

-Of the four enzymes of the polyamine biosynthetic pathway, ornithine
decarboxylase -(E.C. 4.1.1.17) (ODC) is rate Ilimiting in the formation of the

polyamines and therefore holds a key position in the regulation of polyamine

metébolism (Bachrach 1975).



Ornithine decarboxy/ase
N
The decarboxytation of L-=ornithine in ‘'mammalian céllsl by or.‘rnithi‘ne
decarboxylase is the only pathway for the produ‘ctiorA\' of pyﬁt;rescine
(14-diaminobutane). This diamine is r»thenﬂ used as a precurs‘c;r for ~ the férmation
of the two major polyamines spermine Va'nvd spermidine (Heby e:t) al 1975*', Sekar
et al 1983). Polyamine ‘biosynthesis in mam‘malian cells |s thereFérew solely
dependent on the initial attions of ornithine decarboxylase. ‘Since',)ai J(elationship
between ornithine decarboxylase activgjty and polyamine 'ibiosy’nthzesis exists,
(Haselbacher et a/ 1976, Chen et a/ 1976, Noguchi et al 1976) main’.y‘ inves$tigators

use ornithine decarboxylase activity instead of polyamine ”’formatlion to indicate

the proliferative state of a cell.

Because of the presumed association between ornithine decarboxylase and
cellular proliferationr and the observed increase in orhithine* decarboxylase before
the gross .appearance of hyperproliferation (Connor and Lowe 1983), it 1s thought
that ornithine decarboxylase levels fluctuate. in a cell cycle-specific manner.

a\ - ) -
Analysis of specific genes in the cell cycle has indicated that ornithine

4 .
decarboxylase expression does in fact change throughout the cycle (Calabretta et
al 1985). There is an increase of ornithine decarboxylase activity primarily during

the G, phase (Heby et a/ 1976). If this increa‘sej does not occur the cell

becomes quiescent and does not enter the S-phase (Thompson et a/ 1986).

Effects of growth-like factors on ornithine decarboxylase

‘

Mitogens, tumor promoters and trophic’ hormones increase ornithine
decarboxylase activity in a variéty of tissue and cell lines. The regulation of

ornithine decarboxylase is of special interest because this enzyme is induced by

P2



a wide spectrum of growth stér;wulators, and shows remarkable ‘variability in
response to different stimuli. In cultured cells omithir;e decarboxylase levels are
enhanced by many peptide hormones, including growth hormone'wh}ch elicited ’ran
increase in renal and hepatic ornithine :decarboxylase activity (Nicholson et a/

1977, Clark 1974). Addition of glucagon or insulin to isolated hepatocytes causes

rapid transient increases in the enzyme activity, showing peak enzyme activities

(100 fold and 25 fold control values, respectively) at 3.5 hours after

administration. However, there is a rapid decline in activity to basal levels after’

this .time (Lumeng 1979, Haselbacher and Humbel 1976).

Ornithine decarboxylase is one of the ten mammalian genes that undergo
amplification under a selection pressure or appropriate cellular stress (Schimke
1 1984; Alhonen-Hongisto 1985). This increase in ornithine decarboxylase activity
was thought to result from rising levels of cAMP. This possibility was
investigated by introducing exogenous compounds which incregsed intracellular
levels of this second messenger. The presence of dibutyl;yl cAMP or the cAMP
phosphodiesterase ihhibitor IBMX.‘gave oppos\ite effec;s. IBMX increased ornithine
decarboxylase by 370 fold after 4 hours incubati;)n with N115 neuroblastoma cells.

Dibutyryl cAMP did not increase ornithine decarboxylase Ilevels above control

(Bachrach 1975). Although some of the _stimuli (glucagon, epinephrine and
. = o

-

isoproterenol) act via cAMP, this mechanism cannot account for the stimulatory
effect of insulin, insulin-like stimulatory factor and epidermal growth factor which
do not increase intracellular cAMP Ieve|-s (Willey et al 1985) Cycloheximide in
ali the cases meéntioned above, inhibitéd ‘the inductian of ornithine decarboxylasé
activity indicating that 'the stimulation is contingent on de novo mMRNA synthesis

(Lumeng 1979, Bachrach 1975). Thus increases in ornithine decarboxylase activity
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may aiso be due to gene amplification, alterations in transiation and enzyme

stability (McConlogue 1986).
Effects of tumor promotors on cellular ornithine decarboxylase activity

Tumor promotors affec.g)cells biochemically, changing their ability to alter the
expression\ of many genes in/{/olved in growth and cellutar differentiation (Gilmour
et a/ 1987). The finding tha/t tumor cells accumulate polyamines at certain stages
of tumor growth (Heby and Russell 1973)>Iéad to an investigation of the effect
of tumor prmotors én ornithine decarboxylase activity. Many investigators have -
focused on the effects of the natural occurring complefe tumor promoter,
12-O—tetradecanoy|phorbol;13—acetate (TPA), found in croton oil,. oh ornithine

»

decarboxylase (Lichti et a/ 1977).

- The effect of TPA on the cellular ornithine decarboxyxlase activity is both
dramatic and transient (Verma 1985b). Application of TPA to mouse epidermall
cells both /n vitro and /n vivo produced a 200-fold transient incrz’ase in ornithine
decarboxylase activity. The enzymatic activity peaked at .5 hours after
application and returned to the normal basal levels by 24 hours. The levels of
ornithine decarboxylase mRNA follows a similar pattern reaching‘ a méximum at
3.5 hours and then decreases. The increase in ornithine decarboxylase activity is
probably due, therefore, to alterations occurring at both the transcriptional and
transtational levels (Gilmour et.a/'f 1986, Gilmour et a/ 1987, Verma and Erickson
1986). Although the mechanism of the TPA inductiQn of ornithine decarboxylase
activity s not clear, evidence indicates that the epidermal induction .of ornithine

decarboxylase activity is an essential component of tumor promotion by TPA .n

cells. \



/nvolvement of O, in the induction of ornithine decarboxy!ase.

Mechanisms of the actions‘of'tumor promoters such as TPA are not readily

@

identified due to the -'comple;(ity of the internal environment of the cell. The
promoting actions of substances such as bleomycin and TPA seem Lt‘d ‘involve
activated specieé ‘ of oxygen, since superoxide dismutafe _inhibits the
promoter-induced neoplastic transformation of cultured c>ells (Borek and ‘Troll
1983). This raises the ;questioﬁ of whether §uperoxide also mediates the TPA

=

decrease in ornithine decarboxylase activity.

in fact, the TPA induced ornithine decarboxylase activity in mammary tumor
cells (Mmbmt/C1) can be suppressed by various antioxidants. While superoxide
dismutase or catalase individually did not significantly decrreas’e the effects of
TPA on ornithine decarboxylase activity, the two scavengers in corpbi'nation, or
mannitol alohe, inhibited the increase in ornithine decarboxylase activity by 50%
(Friedman and Cerutti 1984). The cells were not preincubated with the antioxidant
before adminstratién of .-TPA, which may have led to a false negative. In order
to provide a clearer pictu?ewlbrf rthe _role of active oxygen species, the cells
éhould\ be either preincubated with the scavengers before TPA administration or
the  biomimetic analogs should be used (Kensler et af ‘1983). Cu(tl)
(3,5~diisopropylsalicylic acid), (CuDIPS), a biomimetic analogue of éOD induced a
46% and 93% decrease in theﬂnumt-)e.‘r' of papillomas per mouse when CuDIPS was

administered 30 minuies before topical application of TPA (Kensier et a/ 1983).

A causal role of O, in the induction of ornithine decarboxylase is disputed
.by Ghezzi et a/ (1986), who compared the macrophage cell line 'J774.16 with a

mutant line which can npt generate superoxide in respbnse to TPA. They



reported a dissociation -between stimulation  of the oxidative burst and ornithine

decarboxylase induction. Retinoic acid "inhibits the TPA stimulation in ornithine.
decarboxylase activity, but it is unclear whether it ‘acts as a free radical
scavenger, or if it effects intr;agellular' processes such as gene expression (Verma

-

1985, Verma and Erickson 1986).

Role of naturally occurring plant phenolics

9

Phenolic compounds are widespread in the environment. Both harrﬁful and
antineoplastic effects are attributable to plant phenolics (Clemo. '1958; Stich et al.,
1981), Many studies hav: e?tablished the dele.vterious effects of phenolics in
cigafegte ;moke and its link to lung cancer (Clemo, 1958). On the other hand
plant phenolics; are potentially useful for the prevention of human disease as
suggested by the- antiﬁeoplastic effect of' many pllant preparatiéhs (Powell and
Smith 1979). There is an inverse correlation between the consumpt\ion of
vegetables and the .incidence of cancers of the stomach (é_raham et al., 1972,
Haenszel et a/.,, 1972; Haenszel et a/., 1976) colon (Modan et a/., 1975; Graham el
al., 1978; Haenszel et a/., 1980), and breast (Phillips 1975; Arrﬁstrong and Doll

¥

1975).

>

Obviously a test to distinguish harmful from beneficial phenolics, wiHVbe
useful. A practical predictor of the tumor promoting action of a-phenolic may
be iis ability to stimulate o?nithine decarboxylase activity. The followihg
phenotics werevselected for the study. 1) Quercetin_which is one of the host
ubigquitous flavonoids in the plant kingdom. it is found in fruits arnd' vegetables

and is particularly high in clover blossoms and ragweed potten. 2) éllagic acid,

which also occurs in a wide variety of green plants. Major dietary sources of

F



this’ areromatic phenolic’ include coffee, grapes and nuts. 3) ) Caffieie acid
[3.4-dihydroxycinnamic acid] which is found in plants in.a' cronjuga,ted form is
readily hydrolyzed lto yield free caffeic acid. It is readily isolated from green
. coffee, roastred coffee, vegetables such ﬂ.as red and white cabbage and celery. 4)'
Eugenol which is an acfive component in dental analgesic medicines 5) catechin
[trans—2-(3,4—di,hydAroxyphenyl)—3,4-di-’hydro,2H—1—be'nz'opyran—3,5,6;trioI]’ which is‘
found primarily in woody plants and in cigarette smoke. 6) Gallic acid which is
found free, and complexed in the form of tanrﬁns, in a wide v‘ariety' of plent
species. It is particularily abundant in Japanese green tea Ie‘aves and canA be
obtained rin its 'complexed form from the tannins of nutgalls (excrescences upon a
variety of plant species). lis presence in grapes meens that it is also found in

high concentrations in red and white wine. Lastly, 7) catechol iwhich is found” in

coffee and is reportedly. the major constituent of cigarette smoke.

Perspective : L ma

"

The correlation between suppression tgjf TPA induced ornithine decarboxylase
activity' anq prevention of TPA enhanced pépilloma formati'en sugges'tsl that
ornithine decarboxylase induction may be an important me‘chrenismvin .promotion.
Hence the ability of a compound to increase (or suppress "an increase) i‘n
ornithine decarboxylase activity m‘ay indicate that it is a tumor promaser or
inhibitor. Because Vcarcinogenesis is- a multi-stage process involvi"ng many
environmental factors, it would be of great interest to study \a ‘variety of
naturally-occurring compounds for: their effects on ornithine decarboxylase. In the
first part of this study, we assess the ‘effects of various naturally occurring

phenolics on the activity of ornithine decarboxylase in C3H 10T1/2 cells. These

data were compared with available mutagenic and clastogenic data, with the hope



of establishing the system as an assay procedure for putative tumor promoters

and inhibitors.” It is also hoped tﬁat‘ this study will provide a model for

predicting the inhibitory and stimulatory effects of the phenolics on 'ornithine

decarboxylase, based on their structures.
N~ )

Sc;aven‘gers of active]’ oxygen spécies prevent the: enhancement of-'fpapilyloma'
formation by TPA, 'lnrthe secona part of the study therefore we inves’figate the
;'ole vof oxygen free -radicals and metals as mediators’ inb enhanci;g_ the
phenolic-induced stimulation of the ornithine decarboxylase- acti\)ity. Ga!liq acid
was chosen for this study since free radicals are produced during its aufé‘%idation

and data indicating the effects of various scavengers of active oxygen species on

the rate of oxidation was available.



CHAPTER I

GENERAL MATERIALS AND METHODS

Reagents

DL-[1-1C] Ornithine (61 mCi/mmol) was obtained from New England Nuélear.
12-0O-~tetradecanoyiphorbol-13-acetate (TPA), pyridpxal 5’-phosphate, L-ornithineHCL, .
\disodium ethylenediaminetetracetate (EDTA),‘citric' acid monohydrate, caffeic acid
[3,4-dihYdroxycinnamic | acid], quercetin, (+)~catechin [trans-—2—(3,4-diﬁydroxy—A
phenyl)-34~di-hydro, 2H-1-benzopyran-35,7-triol], ellagic acid [44’55’6,6-hexa-
hydrodiphenic acid 2,6,2’6’ di]act‘one], bovine serum albumin, superoxide dismujtase
EC 1.15.1.1, from bovine blood, (3100U/mg pfOteiﬁ) lot ‘#93Fe9"3'05, catalase EC
1.11.1.6, from bovine liver, (11000U/mg proteTn) lot #82F-6838 formic acid =
salt), benzoic acid (sodiL;m salt), dithiothreitol, and_D—méhnitof were all

- m

from .Sigma Chemical Co., St. Louis, Mo. Tris(hydroxymethyl)rﬁjé:thylaminerl;u<>a‘nd

(sodium

2-methoxyethanol, were from BDH -Chemicals, Vancodver, B.C. Etha*hrélar.nin‘erléfvvé‘s
from Fisher Scientific,"Fair Lawn, ‘N.J. Gallic acid [3,45-trihydroxybenzoic acid]
and catechol were from Aldrich Chemical Co., MiIWaukee, Wis. Bradford protein
assay was fro‘m Bio-Rad Laboratories, Richmond, Ca!if. Desferrioxamine

(desferal m@gsylate) was a gift from CIBA Pharmaceutical Co., Summit, N.J.

Cell Line

The contact sensitive mouse embryo cell line, C3H 10T1/2, passage-,_S;:»‘Was

’

L
obtained from American Type Culture Collection, Rockville, Maryland. Cells for

experimental purposes were grown in Nunclon plastic dishes of 100mm in
diameter in Dulbecco’s modified Eagle’s medium "growth medium" (Gibco

Laboratories). This was supplemented with 10% (v/v) fetal bovine serum (FCS),



&

(Flow Laboratories, McLéan Virginia), and 20mM HEPES [N-2Hydroxyethytpiperézi’ne-
N’-2-ethanesulfonic acid (Sigma Chemical Co.). Stock cultures were maintained in
80cm? Nunclon fIaské. Both the 80cm? flasks and the 100mm dishes were seeded
at the same density (approximately 120 x 10* cells/plate) and allowed to reach
confluencif over five days, with no change of growtﬁ medium. The cultures were

incubated at 37°C at 5% CO, in a humidified atmosphere.

Trypsinization proce&ures for this particﬁlar cell line were optimized, and all
subsequent trypsinizations were then carried out systematically; cell medium wés
poured off and the cells were washed once with 0.05% trypsin (Gibéo) dissolved
in phosphate ':_buffered saI‘ine (0.8% NaCl; 0'.02% kCI; 0.115% Na,HPOQ,; 0.02% KHZPO,,;
0.02% EDTA). The cells were then incubated with 0.05% trypsin in -phc;sphate
buffered saline for 30 seconds and the trypsin pomljred off; residual‘trypsin was
allowed to stay on the cells for an additional 45 seconds. The cells- were then
resuspended in Dulbecco’s modified Eagle’s medium and the cell density was
determined using a. Bright-line hemacytometer. This, entire procedure was

performed under sterile conditions in a laminar fiow hood.
Cel! Treatment

All treatments were applied to a confluent monolayer of cells in a 100mm
dish, with no media changes during the 5 days between subculturé and treatment,
Stock solutions of the appropriate chemicals were made up in growth medium,.
The héppropri‘ate v<\>I‘ume was then added directly to the 10ml of a 5 day oid
conditioned medium on the plates. Aftelj treatment the cells were returned to

the 37°C incubator.

10



After the predetermined exposure };)eriqd, the medium was removed by
aspiration and the monolayer was washed twice with <¢old ‘phosphate "buffered
saline. The cells were removed ffom the plates (using a rubber-policemari)
resuspended in phosp;ate buffered saline, and transferred to 5ml Falcon tlees.
The cells were centrifuged at 50. revolutions per minute (RPM) for 5 minutes, the
phosphate buffered saline wa§ then removed and the pellet of.; cells was éiored

- at =70°C-until ornithine decarboxylase enzyme activity assay could be performed.

Ornithine Decarboxyl/ase Activity Assay

The cell pellet was thawed at room temperature and resuspended in assay
buffer. The assay buffer contained 25mM° TrisHCL (pH 7.5), 25uM pyridoxal
5’-phosphate, 2.5mM dithiothreitol, and 50uM EDTA. The bce(ls werle then
disrupted by three successive cycles of freezing and thawing, and the’ cellular
debris was removed from the ;:ellular extract by a 10 minute centrifugation at 12
x 10° RPM. The clear supernatant was reméved and incubated for 10 n’{’i’n‘ﬂges at

37°C.

The orn‘ithine decarboxylase activity of the supernatant was determined by
measuring the release of “CO, from the enzymes’ substrate, DL-[1-!CJornithine
hydrochloride (Feo et a/ 1985). The reaction was initiated by the in?roduction of
250ul  of cellular  extract into the eppendorf tubes which aIready contained

L-ornithine (0.77uM). ‘ N\

Once initiated, the entire assembly was incubated in a 37°C r,v/ajter bath for
1 hour. The reaction was then terminated and CO, was liberated from the center
well by the injection of 500ul of 2M citric acid through the rubber stopper. To

ensure complete absorption of CO, by the ethanolamine and methoxyethanol

11
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(100ul; 2:1 v/v) (which is located at the bottomf‘tw

outer compartment of the assembly (refer to figure 2.1). The assembly was left
at room- tempe_ratur‘e for an additional 18 hours. Finally, the epper\1dorf tube wés’
removed and the outside wall of the eppendorf tube was rinsed with 1ml ethanol
(to wash cff any ethanolam}ne:methoxyethanol which might have come inté
contact with the outside of the eppendorf tubes). The center wells were then
capped and discarded. Five ml of toluene-based scintillation fluid was added to
r-the scintillat‘ion vial an‘d ‘mb?ed. The radioactivity was m‘easured in a Packard

Tri-Carb liquid scintillation spectrometer which counted each tube for 10 minutes.

A given c_eH treatment on any one day wés done in tripﬁiéété (3 separate
100mm  dishes were exposed to the same conditions) Two . ornithine
decarboxylase determinations were performed on the cell extract obtained from
each dish. Thus, for each cell treatment, on any given day, a total of six

ornithine decarboxylase activity measurements were taken, figure 2.2.

v

’The protein content of the cellular extract was determined by the Bio-Rad
provcvedure, using bovine serum albumin as the proiein standard (Bradford 1976).
-, The Bio~Rad assay is based on differential -color changes of the dye Coomassie
Brilliant Blue to varying concentration of proteins. The binding o% protein- to the
dye shifts the absorbance maximum of the dye from 465nm to 595nm. Proéein
content of an unknown Was determined by spectrophotometric measurements at
595nm and estimated by comparison to the results i)btained with known

concentrations of bovine serum albumin (Spector 1978) ranging from 0.02-0.140:

mag/mi.

12



Colony Forming Efficiency (CFE)

St;}‘tiihnﬁg\a“TéE)EFdﬂmateiy;%l:sO,, pm_ the dgy”before the additi‘on of phenolic, a

stock - flask of C3H=-10T1/2 cells was trypsinizéd and seeded\kgﬁit?)yﬁﬁfﬁéﬁbf\r—
60mm diameter at a density of 150 cells per plate. At approximately 9 am the

following day “the cells were exposed to the apbropriate chemical for 5 hours,

A

The mc_é.dium was then removed, the plate was washed once with growth -medium

containing. no fetal calf serum, followed by the additién of fresh growthﬂ medium

containing‘ 10%-fetal calf serum. The ‘cells were allowed to grow at 37°C fc;r 5

days. The medium was t‘hen removed and the plates w re.rinsheéj with distilled

water. The cells were’ then fixed énd lsfained with 0.1% methyléne blﬁ'uer in 50%;
&

and air dried. The colonies were counted under

methanol for at least 10 min. The celis wer;lthen rinsed with distilled water
o JA

dissecting microscope.
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Legends For Figures
-

Figure 2.1 Schematic representation of the assay procedure used for ornithine

decarboxylase activity determination

" Figure 2.2 Scheme of cell treatment for the ornithine decarboxylase assay

14
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CHAPTER I
OPTIMIZING E‘XPERIMENTAL CONDITIONS
Preliminary experiments were undertaken to optimizé the ornithine
decarboxylase assay. The objectives were to establ;sh: (1) the best me\thod for
reléasing cellular extract from the cells, (2) a saturating concentration of substrate
in the reaction mixture, and (3) an optimal jtime for -trapping all the #CO,
released in the reaction cataliysed by ornithine decarboxylaée. We also

established cell-handling procedures which provided Ilow basal activities of

ornithine decarboxylase.

Sonication and freeze thawing were compared as methods for disrupting
* cellular membranes. Sonication was carried out as follows; the. ceils were
harvested and resLJSpended in assay buffer in a 5mi Falcon tube. The Falcon
tube was placed in anj iced water bath and a sonicating probe was inserted into
the tube; The cells in the tube were subjected to 3 cycles of a 15 s puise of
sonication at a setting of 30 using a Bronwill Biosonik Il sonicafbr, with a 30 s
pause between each pulse.  The "freeze/thaw" technique was as follows; cells
were resuspended in the assay buffer and subjected to three cycles of fr'eezing
and thawing. In each cycle the cells were allowed to freeze in av, dry ice-95%

ethanol bath for 1 minute. Thereafter they were removed and submerged in a

37°C water bath for 4 minutes to ensure thawing.

< L]
The activities of ornithine decarboxylase recovered by each technique were
compared. Figure 3.1 shows that cell extracts obtained by the "freeze/thaw"

method had a 3-fold greater ornithine decarboxylase activity than did- those

subjected to the sonication method. The reproducibility« of the freeze thawing

¢ .
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technique was evident by the high degree of consistency between the trials (each
trial represented by one bar). We therefore chose to disrupt the cells in all

subsequent experiments by the freeze thawing method described above.

To determine that the re;ction mixture contained‘a‘saturating concentration
of substrate, extracts from cellé exposed ‘\to TPA (100ng/mi final) for 5 hours
weré incubated with a range of substréte -concentrations (0.33-4.,6qu. Figﬁre 3.2
showed that the activity reached a maximum value when the ornithine

concentration was 0.76uM or greater. We therefore -chose to include 0.77uM

ornithine in the assay mixture.

We determined the time required for the ethanolamine:methoxyet'hanol mixtqre
to absorb all the CO, released from the enzyme reaction. Ten assemblies were
prepared containing the ~same reaction mixture, namely 25mM Tris.HéL,_ 25uM
pyridoxal 5’-phosphate, 2.5mM dithiothreitol, and 50uM EDTA. After incubation at
37°C for one hour the reaction was stopped byd the injection of 500ul of 2M
citric acid. The assemblies were opened one by orne at hourly intervals and the:
amount of CO, absorbed determined. We found that at least 15 hours is required
for a complete absorption of the” CO, released in an enzyme reaction.‘ To ensure
that there was enough air molvement in the ass:’embly to move the CO, from the
center well into the outer chamber to be trapped, an experiment was performed
where convection currents were set up inside the assembly (by heating one side
of the apparatus and keeping the other cool). It was found that creating these
convection currents did not increase the amount of “CQ, trapped over that which
was trappéd after 15 hours of room temperature -incubation. We Atherefore
routinely allowed the assembly to stand at room temperature for 18 hours or

longer before we determined the “CQ, trapped.

18



el

To obtain a Iow’basal tevel of “ornithine decarboxylase, C3H 10T1/2 cells
were subcuitured on day zero at a density gf 1.2 x1‘O6 cells/100mm plate. Cells
were allowed td grow under the standard conditions (refer to materials and
methods) for 1 to 6 days following subculture with no medium change. The

cells were then harvested and stored at =-70°C. The ornithine decarboxylase

" activity in the cells harvested on different days were compared. Figure 3.3

indicates that not only did the bas'al levels of ornithine decarboxylase decrease
as the cells approached confluency (compare bars from day one with those of
days 5 or 6), but the cons;istency of ornithine decarboxylase activity per. plate
increased (each bar represents the resuits of one plate). In view of this we
chose to chemically treat the cells five days after subculture with -no med_ium

change between subculture and treatment.

" "

[t has been shown that the cellular response can change with the "age" (i.e.,
the passage number) of a cell line (Rozhin, et al, 1984) It was our concern
therefore to ensure that the cellular ’responses remained statistically similar
between the different passage numbers of C3H 10T1/2 rcells. Cellular responses
to a 5 hour incubation of TPA (100ng/m! final) were monitored in cells ranging
in age from passage 12 to 22. It is evident fr§‘m_ figure 3.4(i) that the absolute
value of ornithine decarboxylase activity of control and TPA.treated cells did
vary from passage to passage. However the percent increase in ornithine
decarboxylase activity induced by the treatment did not seem to fluctuate greatly

: o .
as the cells aged (figure 3.4(ii)).

To ensure a reproducible and maximal response of ornithine decarboxlase to
galiate, preliminary trials to optimize the preparation and cellular intubation time

were carried out. Solutions of 7gallate were prepared both anaerobically and

19



A .
aerobicallyiin ‘double distilled water, phosphate buffered saline or serum free
Dulbecco’s modified Eagle’s medium. 'There were no significant differences in the
galtate-induced ornithine decarboxylase activity among the different solutions used
to dissolve the phenolic, nor was there a significant difference in the résults

from anaerobically versus aerobically prepared galiate. The gallate stock solution

was therefore prepared under aerobic conditions in double distilled water.

The cellular incubation time was optimized by exposing a number of plates
of C3H 10T1/2 cells to gallate (prepared as described above) for different ti‘mes.
Aft‘er the exposure time the gallate containing medium was removed and replaced
with fresh serum containing Dulbecco’s modified Eagle’s medium. All of the
treated cells (regardless of the exposure period) were harvested 5 hours after the -
expoéure to gallate was initiated. Refeeding the starved cells with serum- rich
medium, after .gallate was removed, greatly increased the levels of ornithine
decarboxylase activity (c.f. the ornithine decarboxylase activity of nontreated cells
with no medium change was 101 pmole CO, released per hour per mg protein,
whereas nontreated cells with a medium change had an ornithine decarboxylase
activity ranging from 1170-29686). This large ability of serum to increas-e
ornithine decarboxylase partially masked the effects of gallate. We therefore

concluded that the best response was obtained when gallate was incubated with

the cells for the entire five hour period with no medium change- (figure 3.5).

20
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legends For Figures

Figure 3.1 Ornithine Decarboxylase activity as a function of the method used to
disrupt cells ;
C3H 10T1/2 cells were subjec’;ed to freezing follo '/é/d by tha;/ving or sonication.
The freeze-thaw method involved subjecting the cjlvfs to three successive cycles
of freezing (dry ice-95% ethanol bath for 1 min),\ and thawing (submerged in a
37° water bath for 4 min). The sonication techniquie involved 3 cycles of a
15 s pulse. The assay condition were the same as those\described earlier in the
section headed "Assay for Ornithine Decarboxylase Activity". Ornithine
decarboxylase activity was measured by the release of CO, from “C-L-ornithine,
and the protein content was determined by the Bio=xRad protein assay. The

activity is expressed as pmole of CO, réheased per hour per mg protein. Each

bar represents one sample.

Figure 3.2 Saturating substrate concentration .

Celvlular extracts of C3H 10T1/2 cells treatedr‘ with TPA (100ng/ml final) fo.r 5
hours were incubated with increasing substrate concentration. Conditions were as
indicated for figure 3.1. The enzyme activity is reported as pmole of CO,

released per heur incubation per mg protein.

Fighre 3.3 Basal levels of ornithine decarboxylase as a function of number of days
from subculture ~

C3H ‘1OT1/2 celis were seeded onto 100mm plates on day zero. On day one
(one day after subcuiture) six ptlates were scraped and the ceils were isolated
and stored at -70°C. This procedure was carried out daily up until and includin’g
day 6. Conditions wer»e as indicated for figure 3.1. The ODC activity was

determined and reported as pmole CO, released per hour per mg protein. Each

21



point on the graph represents one pilate of cells.

Figure 3.4 Effect of cell age on ODC response absolute values and values relative to
control

é.4(i) croéses represent the ODC activity (pmolre Co, reIeased/hr/mg protein) of
control cells i.e., no treatment V

diamonds represent the ’ODC activity (prﬁc;l'e CO, released/hr/mg protein) of cells
after a 5 hour treatment of TPA (100ng/ml final). . The plates‘ containing control
and TPAVtreated cells e isolated and froéen on the same day. The assay
conditiohs for the determindgtion of ornithine decarboxylase were as described for
figure 3.1. Each mark rrepre ents one plate of Ttells. i

3.4(ii) The condition were /the same as in 3.4(i) Th; % change from control

represents the percentage difference between treated and nontreated cells ((treated

- nontreated/ nontreated) x 100). Each bar represents one plate of cells.

Figure 3.5 The effect of duration of exposure to gallate on ornithine décarboxylase

activity . }

The conditions -were as indicated in figure 3.1. The duration of exposure to

galiate refers‘to the time (in minutes). that the cells were exposed to gallate.
After exposure the gallate containing medium was removed and the cells were
"refed" with fésh serum containing medium. The cells were then incubated with
fresh medium Wntil the exposure time plus incubation with "fresh medium time
equallied 300 m)inutes. The cells were isolated and ornithine qécarboxylase

" activity determined. The % change from control is as indicated in figure 3.4(i).

Each bar represents the average of two plates.
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FIGURE 3.3

.A//

AN
AN

ONNN
AN
=

AN

NANEAAL
NNNNNN

AN
SN

PONNNAN

SNONSUNSALAASANIAL ]
OO

SOIRINENNNNNNNY
OONNANANINANNNNRNRN

DAY2 DAY3 DAY4 DAYS5 DAY6

b e e e e ]

B A e I AN N S AL NN AN S AN AN UASIARARAN N

ORI RSOOSR

B A ARSI

RRNNRRNRIASIARANNNREN AR
- 4

5000
4000

(majoud mEano_oE%:_z_% 200

- DAY 1

days after subculture

25



FIGURE 3.4
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CHAPTER IV
THE EFFECTS OF PLANT PHENOLICS ON THE ACTIVITY OF ORNITHINE

DECARBOXYLASE IN C3H 10T1/2 CELLS
ABSTRACT

Addition of plart-derived phenolics to the culture media of mouse embryo'
fib’roblast ceH::; (C3H 10t1/2) had a dramatic impact “dn the activity of ornithine
- decarboxylase (ODC). Catechin (50-900uM) incréased oDC activit? to a maximum
of 2200%“abqve control at 90uM. The ODC response to the addition of gallic
acid (0.07-175uM) reached a maximum increase of 400% at 160uM. Similarly,
catechol (30-500uM) reached a maximum int:reasé of k350% at 300uM or above.
Other phenolics (eugenol, 3-=305uM; caffeic acid, 0.01-139uM; and quercetin,
0.5-50uM) at all concentrations tested decreased the enzyme’activify by‘ ds much
as 27.8%, 31.5% and 48.1%, respectively. Ellagic acid was the only phenolic
tested which had both inhibitory and;stimulator.y effects on ODC activity. At
concentrations of 3-331uM it decreased the activity. of ODC, inhibiting maximally
(43% inhibition) at 331uM. Higher concentrations had no inhibitory effect but
instead stimulated, up to 12% above control at 1660uM ellagic acid. The order
of effectiveness in ‘sti;mulating or inhibiting ODC activity was thus dihydroxylated
phenols (ortho more than meta), < trihydroxylated phenols, < tetra and penta
hydroxylated phenols. This t;end coincides. with reported effectiveness in
carcinogenesis as well as with the ability of similar phenolics to induce
;:hromosomal aberrations.in cuitured cc‘tis.' introduction of an alkyl group to the

ring, or replacement of a hydroxyl group by a methyl ester decreases the ability
AN

of a compouhd to induce ornithine decarboxylase.
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INTRODUCTION

Both hafmful and antineoplastic ef\f\ects are attributébl‘g_ \vto plant 'phqnolics
(1,2). Many studies have showed the deleterious - effects of: Eﬁ‘eﬁéli\cs in ciéarette
smoke and their link to lung cancer (1) Antineoplastic effécts of pLan.t’
preparations, wmch may in p\art>be due to phenolics, are potentially us;ﬁjyl".pffér'th“e_
prevéntion of humar} disease (3). For example, there is an inverse cor?élaiion
between vegetable consumption and the .incidence of cancer;~' o\fa the - sgfo‘rﬁach

(45.6), cdion (78.9), and breast (10,11), which may in part- be due to_y}egetab\le ’

phenolics.

Because phenolic compounds are widespread in thg environment, their
apparent harmfu%l and protective effects have aroused much {nterest. Many
investigators have examined the clastogenicity, mutagenicity, tumor prom;oting, and
antioxidant nature of phenolics (2,12,13,14,15,16). - Various'Aphenolic _compounds
induce chromosomai breaks in the chinese hamstef Zb'vary (CHO)' cells, while others
decrease the number of chromosome brealf,s perkcell (2). On "the basis of the
Salmonel/a typh/'mur/um' test, some phenoliqs ‘protect t_ﬁe bacteria against the
mutagenic actions of 7B,Sa;Qihydro>fy—9a”,10a—epoxy—7,8,9,10—tetra-
hydrobenzo[a]pyrer)me (12), N—methyI—N’—r:1itrO—N—nit'rogu“anidin‘e (MNNG) (13,14),

methyl-nitrosourea (MNU) and 2-aminoanthracene (2-AA) (15,16).

Although many flavonoids ‘are ‘'mutagenic (1:7), they are not carcinogenic
(18,19,20). Howllever, adminvistrat‘ion' of; 10ug/ml of quercetin to Chinese Hamster
Ovary (CHO) cells did not increase, c~h‘romat:id) breaks or exchanges (15) Ih fact,
prior application of quercetin. (10-30u\mol/mohse) to mouse epidermis decreases

‘the number of 12-O-tetradecanoylphorbol-13-acetate (TPA) induced papillomas per
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CD-1 mouse by 71% (18). Moreover, in teleocidin promoted cells, quercetigﬁ"’lw

(30umol/mo.use) decreases the number of papilloma formation per mouse by 83%

while also decreasing the size of the tumors .(21). !
. >

Ellag‘ic acid has- a very profound inhibitory effect on the mutagenic and
cytotoxic actions of the carcinogenic metabolite of benzofa]%;yrene, and is tHe
putative prototype of a new class of cancer-preventing agents '(22). The
presence of ellagic acid also dgcreased, in a dose-dependent manner, the amount
of mutagenicity (induced by benzo[a]pyrene 7,8—dio|-9,10—epoxide—2_) in'TA1OO cells

by as much as 90% at an ellagic acid cpncentratior; of GuM (12). The
antimutagenic actions of this»phenolic sqpposedly result from a direct interaction

with benzo[a]pyrene 7,28-diol-9,10-epoxide-2 (23).

in contrast, catechin (30umol) did not inhibit either tHe TPA-induced ornithine
decarboxylase activity in mouse epidermis, or the formation of ‘TPA-induced skin
_;,papillomgs (24), (although in the former studies positive,é/ffects of catechi;n may
. have been masked by the even larger effect of TPA)._ HoweVer; c.atechinl in,
?rﬁillirpolar concéntration, does inhibit the mutagenicity of methyl-nitrosourea {n tHe
TA1525 strain- (13). In ‘mammals (Syrian golden h;msters) oral administration of
catechol (at 1.5% of aiet) caused epithelial damage and conseque;u regenerative

hyperplasia in the pyloric region, but its administration did not lead to severe

hyperplasia or- tumorous lesions in the forestomach (25).

~.

in moﬁse skin however,
catechol (2mg per applications) enhanced the carcinogenici“ty*a\of benzo[a]pyrene, -

more than doubling the number of mice with papillomas over control (26).

There is some structural basis for the net proxidant or antioxidant effect of

the phenolics. Quercetin and three other structurally similar flavonoids: morin,
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' fisetin and kaempferol all moderated the - TPA-induced increase in ornithine
decarboxylase activity in the order: morin (95% inhibition)>fisetin=kaempferol (86%
inhibition)>quercetin  (76% inhibition) (18,24).  Studies with compounds structurally

(3

similar to eugenol and caffeic acid (p-coumaric and ferdlic acid) indicate that

/
compounds with two hydroxyl groups on the ring are more potent in causing

" chromosomal aberrations and mutagenesis (13) than those with one hydroxyl

(compare effects of p-coumaric (Gmé/ml‘) and caffeic acid (0.2mg/ml)).

Dihydroxylated phenolics are also more ‘potent in causing chromosomal aberrations

; . -

than those with one hydr‘oxyl group pluré'ﬁ.f:l methyl ester (compare caffeic
(0.2mg/ml) to' ferulic (26mg/ml) acid and eugen'ol (0.4mg/ml)) (2).' Methyl é‘sf“ers
decrease the protective nature of a compound towards the mutagenicity of
benzo[a]pyrene (12). An ortho diphenol orientation is” more potent for stimulation
(or lack of inhibition) than the meta orientation (compare catechol, resorcinol and
hydroquinpne) whilé para-hydroxyl substitution is the least potent in( inducing

hyperplasia in hamster forestomach (25) and chromosomal aberrations (15).

Despite fﬁeAse styctural correlations, however,‘it is not yet possible ‘to
distinguish harmful frém protective phenolics on the basis of their structure,
although the wusefulness of such a distinétion is apparent. Jln thi;: regard the
-ability of a phenolic‘ to increas‘e t’he activity 5f ornithine decarboxylése enzyme
may be .a sefull predictor of its tumor promoting action. An increase in activity
of this enzyme is one of the earliest events of cellular proliferation in cell
culture‘and in animal models (27). Growth hormone, glucagon, insulin as well as

tumor promoters, all increase the activity of ornithine decarboxylase (28,29,30,31).

Because of the stimulatory effects of tumor promoters on ornithine

- L J
decarboxylase activity, a number of investigators suggest that the induction of

»
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this enzyme has a causal role in tumor p.ro'motion (32,33). Many antioxidants
(33), ;;henolics {19,24,2534) and flavonoi:d's.:ri (1824) have - .been édmiﬁisteréd
concurrently with tumor profmoters> and the effects on ornithine decarbéxylase
activity reported. The results to d‘ate suggest that the enhancefnent or

suppression of ornithine decarboxylase activity may be useful as a short-term

screening process for potential promoters:and inhibitors of tumorigenesis (32).

In the current study therefore, we report the effects of wvarious naturally

occurring phenolics on the activity of ornithine decarboxylase in C3H 10T1/2 cells.

Our objective was to determine whether the assay would prove to be a reliable.

method for the prediction of the tumor promoting and ihhibitory actions of the
phenolics. It was also hoped that the results would suggest a structural basis
for the - inhibitory and_ stimulatory effects of the phenolics on ornithine

decarboxylase activity.



)

MATERIALS AND METHODS ' ,

Reagents

DL-[1-4C] Ornit\hine (61 ‘mCi/mmol) was obtained from New” England Nuclear.
12~-O-tetradecanoylphorbol-13-acetate (TPA) lot )#§4F-0682, pxridoxal 5’-phosphate,
L-ornithineHCL, disodium ethylenediaminetetracetate (EDTA), citric acid monohydrate,
caffeic acid [3.4-dihydroxycinnamic aciQ], qugrcetin, (+_)‘—catechin‘._
‘[trans—2—(3,4—dihydroxyphenyﬁ)3,4-di—hydro, 2H-1-benzopyran-3,5,7-triol], ellagic acid
(44’55’ 6,6-hexahydrodiphenic acid 2,6,2°6’ dilactone],v.and bovine serum alburpin\
(lot #25F-0057), were f‘rom“ Sigma Chemical Co., St. Louis, Mo.
Tris(hydroxymethyl)methylamine, and 2-methoxyethanol, were from BDH Chemicals,
Vancouver, B.C. Ethanolamine was from Fisher Scientific, Fai? Lawn, N.J. Gallic
acid [345-trihydroxybenzoic acid] and catechol were from Aldrich Chemical Co.,

Milwaukee, Wis. Bradford protein assay dye lot #31751 was }o\rL/Bio—Rad

Laboratories, Riéhmond, Calif.
Cell Line

The contact sensitive mouse embryo cell line, C3H 10T1/2, passage 8, was
obtained " from American Type Culture Collection, Rockville, Maryland. Cells for
experimental treatment, were grown in Nunclon 100mm plastic dishes in Dulbecco’s
modified Eagle’s medium (DME lot #60K1862) obtained fro%n Gibco Laboratories
. Grand lsle., New York. _This was supplemented with 10% (v/v) fetal bovine serum
(FCS, ,select silver lot #29161018), Flow Laboratories, MclLean Virginia, and Hepes

[N~2-Hydroxyethylpiperazine-N’-2-ethanesulfonic acidl (lot #46F-56255), ceill culture

tested, (20mM) final concentration from Sigma Chemical Co.
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vStock cultures. were vmaintained in 80cm? Nunclon flasks: Both the 80cm?
flasks and the 100mm dishes were éeeded at ‘the same densify (approximately
120 x 10* cells/plate) and allowed to reach confluency over five days, with no
change of medium. Although the stlock cultures and the ~100mm dishes'were
stored in different incubators, the\, environment in both incubatc;rs. was closely

regulated at 37°C, 95% air/5% CO,.

VF‘or this particular cell line, duration of trypsinization was optimized, and all
subsequent tryapsinizations were then carried out systematically; ce'll medium was
poured off and the cells were washed once with 0.05%> trypsin (porcine parvovirus
tested, lot #72P4615 obtained from Gibco) dissolved in phosphate/saline (0.8%
NaCl; 0.02% KCI; 0.115% Na,HPO,; 0.02% KH,PO,; 0.02% EDTA). .The cells were
then incubated with 0.05% trypsin in phoéphate/saline for 530‘;}seéonds and the
trypsin ‘was poured' off; residual trypsin was allowed to étay c;n the cells for an
additional 45 seconds. Ther cells were then resuspended in supplemented
Dulbecco’s modified Eagle’é medium and the cell density was determined using a
Bright-line hemacytometer. This entire procedure was performed under sterile

conditions in a laminar flow hood.

Cell Treatment
Re

v All treatments were performed on a confluent monolayer of cells in a

)

100mm dish, with no media changes during the 5 days between subculture and
treatment. vStock solutions of the appropriate chemicals were made up in DME
medium and the pH was checked to confirm neutrality. The appropriate voiume
was then added directly to the 10ml of (6 Vday old) conditionedi medium which °

covered the vells. This procedure was once again carried out in the laminar flow
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o--the ,377°C incubator under an atmosphere

hood. The celis were then returnec

L

of 95% air/5% CO, for five hours. ; e

——

After this five hour exposure, the medium was removed by aspiration and

the monolayer was washed twice with cold phosphate/saline. The cells were -

‘ . . ! ' .
removed from the plates using a rubber-policeman, resuspended in-

phosphate/saline, and transferred to 5ml Falcon tubes. The cells were centrifuged

at 50 revolutions per minute (RPM) for 5 minutes, the phosphate/saline was then -

1.
removed and the pellet of cells was stored at -70°C until ornithine decarboxylase

enzyme activity assay could be performed.

Optimizing Experimental Conditions

?

Preliminary  experiments.  were undertaken to optimize the  ornithine
decarboxylase assay (chapter 3). It was verified that freeze tiiawing as apposed
to sonication was the method of choice for disrupting cellular membranes and
releasin‘é fornithine decarboxylase protein. ‘ The assay procedure had best results
when a saturating substrate concentration  of 0.77uM was used.  The

reproducibility in the cellular response between days was optimized by achieving

very low basal levels of ornithine decarboxylase, not using cells older than
bassage 22 and optimizing the chemical exposure time\ouhe cells.
Assay for Ornithine Decarboxyl/ase Activity

The cell pellet was thawed at room temperature and resuspended‘ in, assay
buffer. The assay buffer was 26mM with respect to TrisHCL (pH 7.5),. 25uM
with respect to pyridoxal 5’-phosphate, 2.5mM with respect "to dithiothreitol, and

50uM with respect to EDTA. The cells were then disrupted by three succé;sive
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cycles of freezing and thawing, and the _cellular debris was removed from the
cellular extract by a 10 minute centrifugation at, 12 x 10* RPM. The clear

supernatant was removed and incubated for 10 minutes at 37°C.

The ornithine decarboxylase activity of the ‘supernatant was then determined
by using a prewarr;ec‘i 37° center well assembly, designed for our purposes in
our laboratory, which was rused to measure the release of 14CO, from
DL-[1-%C]ornithine hydrochloride. ~The reaction was initiated by the introduction
of 250ul of cellular extract into the center well which already contained

L-ornithine (0.77uM final) (35). -

Once initiated, the entire assembly was incubated in a 37°C water bath for
1 hour. The reaction was then terminated and CQO, was simultaneously liberated
fromr the center well by the injection of- 500ul of 2M citric acid through the
" rubber stopper. CO, trapping time was refined by a series of preliminary studies
(chapter 3) that indicated complete absorption of Cco, by the
ethanolamine:methoxyethanol (100ul; 2:1 v/v), was achieved at room temper‘atu‘re

within 18 h

rs. Finally, the center well was removed and the outsides rinsed
with 1 _ ethanol (to ensure thé complete absence of the )
ethanolamine:methoxyethanol from the outside of the center well). The center
wells were then capped and discarded. Five ml of toluene-based scintillation
fluid was added to the scintillation vial, i.e., the outer compartment, ‘and mixed.'
The radioactivity was measured in a Packard Tri-Carb liquid scintillation
spectrophotometer which counted each tube f;)r 10 minutes giving an average
count per minute at the end of 10 minutes. The protein content of the cellular

extract was determined by the bio-Rad procedure using bovine serum albumin as

the protein standard (36).
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Colony Forming E-}f/ciency (C/-'E}

At approximétely 4:I30 om the day béfore the experimental treatment, a stock
flask of C3H 10T1/2 cells was trypsinized and seeded onto 60mm dishes at a
density of 150 cells per plate. At a‘pproximétely 9 am the fbllowing day the
cellé were “exposed to the appropriate chemical for 5 hours. The medium was
then removed, washed once with DME mediurﬁ,containing no fetal calf se;rufn, and
the cells were then resupplied with DME medium containf:ﬁ‘(‘; 10% fetal calf serum
and allowed to grow.at 37°C (95% air/ 5% CO,) for 5 days. After this period
of incubation tmmedium was removed and- the plates were rinsed with distilled
water. Methylene blue was then added to the plates and allowed to set for 1‘O
to 30 minutes, depending on the freshness of the stain, and the cells were rinsed

with distilled water. The colonies were counted under a dissecting microscope.

~ Statistical Analysis

©One unit of ornithine decarboxylase activity, was defined as one pmole of
CO, released per hour incubation per mg progein, and the "percent of control”,
-defined as the percent change between treated and nontreated cells, were
determined from raw 1*CO, data. The errorkintroduced by. the ornithine
decarboxylase assay i)rocedure e;nd by the wvariability among the triplicates
performed on any one day were small compared to the variaEiIity in -the ornithine
decarboxylase response betv(/een days. The standard deviation was calculated by
taking the square root of the sum of the relative differences (obtained for many
different ODC activity values) squared, divided by the 'number of different ODC

activities used minus one. The standard error of the mean was then calculated

by dividing the standgrd deviation by the square root of n, where n is the
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number of samples analysed in determining ornithine decarboxylase actlivit‘y.
Repeated plots of the gallate~induced ornithine decarboxylase res;;onse curve
(which  was replicated many times) showed that absolute variability -was
proportional to the magnitude of the reading, i.e.,' relative variability was ;:onstant.
On this basis, standard error of the mean was det’érmingd to be 8.1% of the
mean value. The error bars in the figures therefore represent 8.1% of th’e
ornithine decarboxylase values plotted. Where the rates are expressed as .a

percentage of the mean value, the standard error of the values .plotted were 2 x -

8.1% or 16.2% of the mean.
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RESULTS

The dose response curves for the various phenolics represent different

ya . N &
concentration ranges because of constraints of solubility and cytotoxicity.,  All
doses used were nontoxic to the cells (as determined by CFE). To standardize

the condition of the cells before the administration of the test substances, we

adhered rigidly to the protocol described in the material and methods section,

T

Phenolics which suppress the ornithine decarboxylase activity of C3H 107T1/2 cells

Quercetin was the most effective inhibitor of ornithine decarboxylase (figure

o~
4.1). It decreased the enzyme ad{ivity in a dose-dependent manner, inhibiting
maximally (48.1%) below control = at 10uM. Further increases in quercetin

concentrations to 50uM did not alter the response.

Ellagic acid was next in inhibitory effectiveness, decreasing ornithine
decarboxylase activity in a dose-related fashion (figure 4.2). The maximum value
of inhibition, 43% below control, occurred  at 331uM, At still  greater

concentrations inhibition diminished until at 1660uM a 12% increase, above control,

was reached.

i
Caffeic acid was the next- most potent inhibitor of ornithine decarboxylase
(figure 4.3). As with ellagic acid, the maximum inhibition for caffeic acid was
obtained over a very broad concentration range, so that a 31.5% inhibition -

occurred at 16.5uM. Increasing the concentration of caffeic acid to 139uM did

not further increase the inhibitory effect.
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Eugenol was the least potent . inhibitor of ornithine decarboxylase activit\}»
tested. Over a broad concentration range, 3-305uM the maximal inhibition ranged

from 12 to 27.8% below control (figure 4.4).
Phenolics which enhance ornithine decarboxylase activity

Five hours of exposure of the -C3H 10T1/2 cells to catechin caused a
dramatic increase in the' ornithine decarboxylase activity (figur’e 4.5), | The
response increased with increasing concentration K’and reached a. maximum
stimulation of 1502% to 2229% above controlkai\'lat 90uM. to 900uM. Higher

. .
concentrations of this compound were cytotoxic, on the basis of colony forming

efficiency.

Gallic acid induced a smooth dose-dependentl increase in the activity of
ornithine decarboxylase. A maximum stimulation of 400% was reached at 175uM

(figure 4.6), and further stimulation did not occur- with higher concentrations.
. ) J ’

Catechol (figure 4.7) exhibited a dose response curve very similar to that of
gallic acid, reaching a maximum stimulation of 350% at éOOuM. At higher

concentrations (up to 500uM) the response remained constant at 350%.

On the basis of a compound’s ability to alier/the activity <;f ODC from
basal levels the order of potency of ihe te"'sted compounds (from their grea‘t‘est
stimulatory to greatest inhibitory effect on ornithine decarboxylasé activity in
C3H 10T1/2 cells) is as follows: catechin >> ;;Hic acid=catechol >> e‘:udgenol >
c¥feic acid > ellagic acid > quercetin® (figure 48). As _an alternative way of

assessing potency, we compared concentrations of phenolics needed to double (in

the case of the stimulatory phenolics) and to halve (in the case of the inQibitory
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phenolics) thé cpntrbl IéQeIs of ornithine decarboxylase activity, ) Co.ncentrations
of 6.7uM catechin, 17.5uM “gaHic acid, or 40uM catechol increased control levels
of ornithine decarboxylase by 100%, whereas 10uM quercetin or 331uM ellagic
acid statisticallly decreased control levels of érnithine decarboxflase by 50% The
maximal effects of eugenol and caffeic acid did not reach 50% inhibition ”(figL‘Jres'
44 and 4.3 respectively),.and thus the AEDS0 values are infinite. These Atwo
methods eof assessing th® effectiveness of the phénolics yie‘ld essenti;Hy the

I

same order of effectiveness.
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DISCUSSION

e

Phenolics exhib/iing an inhibitory effect on ornithine decarboxy/ase activity

)

The obsé}vation thatr40 minqte preincubation with guercetin (10—30u_M/mouse)'
inhibited (by 71%) the - stimulation of ornithine .decarbox';ylase activity by TPA {18),
is consistent with tHe_ current findings that quercetin administration to - the
C3H 10T1/2 cells' led to a decrease of up to 48% in the basal activity of
ornithine decarboxylase. The 43% decrease in the activity of orn‘it‘hine
decarboxylase resulting from 331uM eﬂagic acid rs also consistent with“a
‘previc;usly observed 90% protection against benzo[a]pyrene induced rﬁutagenésis in

TA100 cells obtained by addit'i:bn of 6uM ellagic acid to the culture medium

(12,23).

The variable ef%ec'ts df’ ellagic acid on ornithine decarbc;xyl’ase activity
(13%-43% inhibition from 3 to 331uM and a stimulatdry' effect of up to 12% 7
above control at 1660uM) indicate how. profoundly the biochemical ac;ions of -
s_o‘m.e of these compounds may depend on their concentrations. VSome of the
conflicting reports of effects of the phenolics i‘n the Ii‘t‘erature might be resolved
if the-résearchers had carried out dose response studies instead of relying on

single concentrations.

Th;t 0.01-—;3.3uM caffeic , acid induc.ed a 10-31.5% decrease in ornithine
decarboxlase activity is consistent with earlier findings that this compound also
suppresses the mutagenicity of N’—meth;/I—N’-nitro-N—nitrosoguani‘dine (MNNG) in
salmonella typhimurium strain TA1525 (at 4-10mg/ml) (13,14), and benzo[a]pyrene
in TA100 (at 150uM) (12). It is also consistent with reports indicating that the

presence of caffeic acid (2%) in the diets of mice leads to a 50% decrease in

42



the"fre,queﬁcy of micronuclei induced by 7,12-dimethyl benz[a]anthracene (37), and

with the,evidérice that caffeic acid (0.06mmol/g rat chow) is a weak inhibitor of

>

the induction “of tumors of the forestdmach by benzo[a]pyrene (38). However it

-

is not consistent with the finding that caffeic acid (1%) induces mild\t,o moderate

[
\

'hyperplfas‘ia:in the forestomach of Syrian golden hamsters (25). Theise confli¢ting

r/\es}jlhts may again reflect differences in the concentrations used.

L]

¥

The 27.8% dc;,crease in ornithine decarboxylase activity le'vels induced by
,»30.5/.fl:/1'eugenovl is ‘consistent wifh reports of a 50% inhibitory effect on
”benzo‘[a]pyrene, mediated carcinogenicity - at an application 7sizer of TOmé (26).
ﬂHowever%the finding is less consistent with redults of Stich et a/.,’(1981) and
Stich and Powrie (1982) yvho showed that -the ability of eugenol to cause
chromosomayl abervr.atiohrs in CHO c‘e.lls is dose dependent. These ‘conflicting

results'preclude simple correlation of the effects of eugencl /n vivo with effects

‘on ornithine decarboxylase /n vivo.

Pheno‘//cs exhibiting aw‘st/mg/atgry effect on or:rg/h:;h/'ne decarboxylase activity

'T‘he 2229% increase in ornithine decarbd*ylase activity induced by catéchin in
our étudy contrasts with its inhibitory gffect on this . same endpoint when
combined with TPA (24). Gallic acid was’ sdmewhat less (;ffective_than catechin, -
incfeasing ornithine decarboxylase actjvity by 400% in the C3H 10T1/2 cells. This
iis. ilj general agreement with the abiiml’it/»‘/ of Q.3mM gallic, acid to cause
’chromosomal af;errations in CHO cells (2,15): Although low goncentratioﬁs of
éallic acid (2 to 11'Ou.M) did not -alter the mutagenic effect of TA1525 exposed

to a mixture of nitrite and methylurea, higher concentrations ~of gallic acid

(2.1mM) inhibited mutagenesis'_by 50%. The 350% increase in o[nithine
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decarboxylase activify caused by administration of’jcatechol (BOOMM) is in genérai

\

agreement with the various types of chromosome aberratiohs reported for the

administration of catechol to CHO cells (2,39,40).

1 2
As can be seen from table 4.2 a measure of agreerrent can be qu'de'ntified

between the ability of a given phenolic to induce ornithine decarboxylase activity

~and its reported ability ‘to act in a mdtagenic, carcinogenic, or clastogenic. nature.

4

Similarly, a measure of agreement is also seen in the ability. of a phenolic to
suppress ornit)‘bi;e decarboxylase activity, to inhibit mutagene"gi"é',; Cé‘rcinogenesis and

cause no chromosomal aberrations.

3 +

Structure-activity relationships

A r).\ie/w\of compounds structurally s’imila.r".to,rt’those used in this study, with
respect to mutagenicity, clastogenicity and mammMn carcinogenicity indicates

that their biological actions, depend upon features of their chemica'll_‘;rstructures

(Table 4.2).

The abilities of related phenolics to _‘inhibit a TPA induced increase in

ornithine | decarboxylase were slightly but significantly different in the order

A
B
&

morin>fisetin=kaempferol>quercetin. Upon comparison of the structures of the

tested EJheno;lics small 'structufal ,qhangues '(cor;1pare catechin with quercetin) can
rejsult in very large alterations in the e‘ffects on Qﬁrhithinﬂé decarboxylase activity.’
Substituents on the ring therefore determine the an%ioxidant or proxidant nature of
a substancée. The)presence of meta hydroxyl groups on. bath rings was necessary
for maximum inhibitory power, while ortho ‘hydrox‘yt groups on one ring confer
less inhibitory- power. ' The similaritieé in the nfa*imal inhibition of caffeic. acid

s

‘(31.5% inhibition) and eugenol (27.8% inhibition) may reflect similarities in ‘their *
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structures (Table 4.1). Catechol and gallic acid were also similar in their effects
on or'nithine decarboxyliase (350% ‘and 400% stimulatibn). The observation that ;the-
reactivity gained (in terms‘ of chromosomal aberrations)i by introducing a third
hydroxyl group onto the ring is lost, by adding an additional carpoxyl group (2),

also holds in the. current data for the induction of orpithine decarboxylase

activity.

2

in summary then, dihydroxylated substances (specifically ortho more than
meta), are slightly less effectivAe than trihydroxylated phenols both in the induction
~of ornithine decarboxylase (current study) and in carcinogénic actions (2526) as’
well as in the ability to induce chromosomal aberrations (2). , The introduction of
an alkyl group or replacment of a hydroxyl group by a methyl ester decrease the

ability of a compound to induce ornithine decarboxylase. N

The introduction of alkyl groups onto the ring increases ‘Iipophilicity. We
therefore compared the compounds’ abilities td Gcrease or decrease orc;rfi‘thine
decarboxylase activity with their hydrophobic character and their‘ mi?lecular weight,
As can be; seen in table 4.1, the effectiveness of a-phenolic in producing its
effect (whether stimulatory or inhibitory) increaseé with ir_1creasring molecular
weight. tn contrast, effects on ornithine decarboxylase activity "of C3H 10T1/2

cells are independent of solubility.

We reported elsewhere (chapter 5) that the increase in  ornithine
decarboxylase activity by gallic acid is mediated by species resulting from the
reduction of oxygen. These active species are not .scavenged by superoxide

disinutase or catalase, and resemble hydroxyl radicals in their ability to be

scavenged by formate or benzoate. Transition metal ions are required for their
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formation. On this basis it is relevent that the structural changes which increase
the effe‘ctiveness .in  inducing ornithine decarboxylase, also increase the
. effectiveness of £ne substance as a proxidant. It is not a coincidence that- the
characteristics which make a given phenolic an effective inducer éf ornithine
decarboxylase (two unmethylated aromatic hydroxyls ortho- 6r para- to each
other) are precisely'&what is needed‘ to make it an effective reductant of oxygen.
Convgrseiy, characteristics which increase . the antioxiduant nature of a substance
(for example an -introdu;ftion;l of a ketone group), c.f. quercetin, rpakes it less

effective as a reductant of oxygen, and less effective as an inducer of ornithine

decarboxylase. -
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CONCLUSION

There is a correlation between the ability of phenolics to. increase activity
of cellular ornithine decarboxylase activity (as seen in the current study) and the
previously reported mutagenic and clastogenic actions of the phenolics. Further

studies of the effects of phenol}cs on mammalian systems with changes in ODC

activity, papilloma formation, and clastogenic activity as well as correlations with

5 : .
" pro- and anti-oxidant activity J/n vitro are needed. Conflicting reports - of

s

genotoxicity of some phenolics /in vivo may be resolved V\{Ij\en rﬁore appropriate
comparisons are made using a wider range of conc‘entrations, and detailed dose
responseA relationships are aVailabIe. Meanwhile, the respénse of c;rnithine
decarboxylase to proxidants has promise ‘as a screening procedure for their
potential tumor promoting effects.. Because small structurdl ’changes“(coﬂwpare
catechin with quercetin) result in great changes in the effects on ornithine
decarboxylase activity, a detailed study should bg carried out using compound§

[

specifically synthesized to test detailed and specific hypotheses regarding

“structure-function relationships.
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LEGENDS FOR FIGURES

FIGURE 4.1 Effect of- quercetin on vornithine decarboxylase activity

Quercetin was added directly ‘to; a confiuent monolayer of C3H 10T1/2 cells
grown in Dulbecco’s quif;ed 'meaium, supplemented with 10% (v/v) 7fet(a| _bovine
serum and ‘ZOmM HEPES. The cells were incubated for 5 houré at 37°C in 95%

air/5% CO,, in the presence of the phenolic, whereupon' the medium was removed,

—

the cells were scraped, pelleted and stored ét -70°C until ornithine decarboxylase
a‘g:tivity could be detéfmined. Control values varied from one day to another
from 46 to 101  pmole  CO, released per hour per mg protein. The effects of
the phenolic on ornithine decarboxylase, represented as the percent change from
.the controf, induced by the treatment, i.e., ((ODC activity of treated cells - dDC
activity of nontreated (control) cell)/ODC activity: of nontreated cells) x 100. The
- error bars represent 8.1% ) of the ornithine decarboxylase value for any
concentration considered. This value was calculated by repeatedly plotting the
gallate-induced ornithine decarboxylase activity response curve (n>>10 for each

point considered) and determining the relative difference.

FIGURE 4.2 Effect of ellagic acid on ornithine decarboxylase activity
The conditions were identical to those .described for figure 1. The controls

ranged from 43-98 pmole CO, released per hour per mg protein between days.

FIGURE 4.3 Effect of caffeic acid on ornithine decarboxylase activity
The conditions were identical to those described for figure 1. _The controls

ranged from 25-150 pmole CO, released per hour per mg protein between days.
.P\—e/’

FIGURE 4.4 Eifect of eugenol on ornithine decarboxylase activity
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The controls ranged from 25-55 pmole CO, released per hour per mg protein

between. days. The conditions were identical to those described for figure 1.

~

B
~

FIGURE 4.5 Effect of catechin on ornithine decarboxylase activity

§
¢

The controls ranged from 106-168 pmole CO, released pér hour pe,,’;' mg protein.

el

’

The conditions were identical to those described for figure 1.

FIGURE 4.6 Effect of gallic acid on ornithine decarboxylase activity

The control ranged from 20-250 pmole CO, released per hour per mg protein.
The conditions were identical to those described for figure 1.

FIGURE 4.7 Effect of catechol on ornithine decarboxylase activity

The controls ranged from 98-152 pmole CO, released per hour per mg protein.

The conditions were identical to those described for figure 1.

FIGURE 4.8 Maximal effects of phenolics on ornithine decarboxylase activity ‘
The maximum percent change from . control (produced at the most effective -
concentration) is shown. "Max dose" means the dose of phenolic in uM which
gave the most extreme responsé. "Max percent change" refers to the maximum
percent change between treated and nontreated cells occurring at the maximum
ddse (calculated as described in figure 4.1). "CN" represents catechin; \"GA" gallic
acid; "CL" catechol; "EUG" eugenol; "CA" caffeic acid; "EA" ellagic acid; and

"QUE" represents quercetin,

TABLE 4.1 Physicél and experimental data on the tested phenolics
This table summarizes data derived from figures 4.1 through 4.7. "DOSE AT
MAX EFFECT" refers to the dose of the particular phenolic which caused the

maximal effect (be it positive or negative) on ornithine decarboxylase activity.
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L

"MAX EFFECT IN (PmolCO,/hr/mg protein)” refers to the actual enzyme éc;ivity
measured at the most effective ‘dose, where "C" indicates control values i.e., no
treatment, and "P" indicates the \actual enzyme activity after treatment. "MAX %
change from control” refers to the percentage differrence between control and
treated values. The + indicates that the treatment was éti-mulatory over control

and the - indicates that the treatment was inhibitory with respect to control.

.

TABLE 4.2. Phenolics and their effects on ODC activity and their reported effects in
other systems , . , | |

The effects of the phenolics on the activity ot ODC refers to the percent change
from confrol caused by a 5 hour incubation of the phenolic w‘ith< C3|—i 10T1/2
cells. The mutagenic effectvrefers to results from the Sa/monella typhimurium
test. Carcf:inogenic 'dat/é/ were obtained from mammalian /n v/vb studi'es énd
chrorﬁosomal aberrati’on >data were obtained using the chinese hamster ovary (CH_O)“-

cell system,
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COMPOGUND

catechin
{mw 290.28)

ﬁallic acd
{mw 170.12)

catechol
(mw 110.11)

eygenel
(mw 164.20)

caffeio acyd
{mw 180.1%)

ellagrw cid
(mw 302.19)

quercetin
(mw 302.23)

STRUCTURE

- . .

TABLE 4.1

DOSE AT MAX EFFECT IN
MAX EFFECT (pmolCO2/hr/

30uM +

1 7SuMe '

I0QuM+

70.54M

16.6uM

I31yM

10uM

mg protein)

C=a117983
P=2713

C=6468
P=304

Ca101
P=dSS

C=222.40
Pal6.2

C=135.01
P=325

Cad2 39
P=29 45

Caq7 3
Pa2d s

MAX %
-change (rom
- control

+2200%

+400%

+350%

-27.9%

-31.5%

-42%

-48.1%

Cs= pmol CQ2 released/hour/mq proteinin control celisie., no treatment
P= pmol CO9 relessed/hour/mq protein 1n treated cells
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Compound

catechin

gallic acid

catechol

eugenol

caffeic acid

ellagic acid

quercetin

number of
hydroxyl groups

Table 4.2

_effect on ODC

(current study)

+2200%

+400%

+350%

-278%

-31.5%

-42%

-48.1%
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mutagenic carcinogenic

inhibit
(1mM)

no effect
(2-110uM)
suppressed
(2.1mM)

enhanced
no data
suppressed

suppressed

no data

.no deta

no date

yes

no

chromesomsl
aberrations

no data

positive
(0.0Smg/m1)

positive
(0.0Smg/mi)

no effect
(0.05mg/m1)
positive
{0.4mg/m1)

both effects both effects

reported

no data

no

reported

- no data

no effect



CHAPTER V
ACTIVE OXYGEN AND METALS PLAY A ROLE IN THE STIMULATORY EFFECT OF

GALLATE ON THE ACTIVITY OF ORNITHINE DECARBOXYLASE

ABSTRACT

Some scavengers of activated oxygen énhanced, while o.thers moderated the
induction of ornithine decarboxylase (ODC) in the presence of gallate. in the
absence of gallate, none of the scavengers had any significant effects. Thus,
superoxide dismutase (10 or 50U/ml) enhanced the gallate~induced stimulation of
ODC by 60 or 215%, catalase at 50U/m! increased the response by up to 42%,
and mannitol (50mM) stimalated by up to 200%. In contrast, formate (50 or
755M), benzoate (50 or 75mM) or desferrioxamine (50 or 100uM) prevented the
gallate-induced increase in ODC activity. These inhibitory effects of -formic acid,
benzoate and desferrioxamine went beyond merely preventing the ODC response to
gallate. They transformed gallate from a stimulator of ODC to a suppressor of
ODC, fevels falling to 50 to 80% below contro/ at almost all co‘.’ncentrations of
gallate. Comparing the current results in cultured cells, with previous data for
the /n vitro autoxidation of gallate, compounds which acceleratéd the autoxidation,
in general increased the ODC activity, while compounds which ‘slowed the
autoxidation also decre)ased ODC activity. Thus, some product .generaied in the

autoxidation of galiate (and not gallate"'it'self-) is responsiblé for the incredse in

the ODC activity. The failure of superoxide dismutase or catalase to inhibit,

-~
e

sug/gests that the ODC stimulation is not mediated by gallate;generated superoxide

i
or H,0,. That gallate in the presence of formate and benzoate decreased ODC to

<
below basal levels; indicates that some species related to the hydroxyl radical
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may mediate the induction of ODC activity in the presence of gallate, and that

gallate itself is a suppressor of ODC activity.

a
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INTRODUCTION \ -

Carcinogenesis is a multistep process, with distinguishable initiation and

promotional phases. In mouse skin, nitiation requires a single subthreshold

-

application of a carcinogen (12) which leads to permanent genetic changes (3.4)

o

e

This .event, however, does not-give rise to tumors unless the initiated skin is

-

repeatedly exposed to low doses of a promoter, upon which skin papillomas
appear after a 6-10 week latency period (5). This promotional phase, is initially

reversible, but becomes irreversible with prolonged exposure.

Many tumor promoters are aiso free radical~-generating compounds. Benzoyl
peroxide, lauroyl peroxide and the .xanthine/xanthine oxidase system, to name only
a few, are tumor promoters (14.6.7) Phorbol esters, such as
12-O-tetradecanoyIphorbol-13—acetate»(TPA)' which are the most potent promoters

3

(8); may act through free radical intermediates (9,10). The role of active oxygen

is inferred from a decrease in the effectiveness -of promeoters in the presence of

many antioxidants, including superoxide dismutase or catalase. Thus antigﬁ?dants

like superoxide dismutase or catalase decrease the number of papiliomas produced

in mice by TPA, or decrease the number of transformed foci in cell culture

(6.7.11,12,13.14).

TPA is the most widely used promoter. _ Although its mode of action is .not
entirely clear, it cauées many biochemical changes {8,15,16,17). Among these, the
induction of ornithine decarboxylase activity, epidermal cell pro:fiferation, and the
appearance of dark basal keratinocytes have the best correlation with® its
promoting abili& (18,19,20,21,22). Supero:xide dismutase in combination with

catalase, or mannito! acting alone, inhibit the induction of ornithine decarboxylase
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by TPA (23), as do antioxidants such as butylated hydroxyanisole andM

acid (24.25262728) This suggests  that free radical producing systems may act

at the promotional stage, via an increase in the ornithine decarboxylase activity.

N

There is a relatiénship between the ability of a phenolic to increase or
decrease ornithine dec‘a’;boxy!ase activity and its reported ability to enhance or
inhibit tumor promotion (chapter 4). For example, oral administration of catechql
causes épidermal damage and conseguent regenerative hyperzlasia in the‘pyloric
region of Syrian goiden hamsters (29) and external application enhances _the
ca‘rcinogenicity of benzo[a]pyrene in mouse epidermis (30). Moreover, addition of
catechol "to the culture medium also increases  ornithine decarboxylase activity in
mouse embryo C3H 10T1/2 fibroblast cells (chapter. 4); TPA and teleocidin

AN
induction of papillomas when topically -applied to the skin of mice can be

decreased by the prior application of quercetin (3132) a compound which also

decreases the activity of ornithine decarboxyiase in C3H 10T1/2 cells (chapter 4).

Many dietary and environmental phenolics produce free radicals by
au'tié;ndatioh’. " For the ;ur,ren,t%study:\\:fve selected one of the phe;nolics, namely
galiic acid (gallate), to determine the extenf Vﬁtc;‘ which its ‘stimulatory-—effect on
ornithine decarboxylase activity could ' be supressed by the prior presence‘ of a
metal chelating agent or scavengers of active oxygéﬁ. A major reason for the
selection of gallate wés the availability of a body of data (appendix) on the
effects of superoxide dismutase, catalase, benzoate and desferrioxamin? o’n the

rates of oxidation of gallate.
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MATERIALS AND METHODS

. Reagents

!

" DL-[1-1C] Ornithine (61 mCi/mmol) was obtained from New: England Nuclear.
12-0O-tetradecanoylphorbol-13-acetate (TPA) lot #34F-0682, pyridoxal 5'-phosphate,
L-ornithineHCL, disodium ethylenediaminetetracetate (EDTA), citric acid monohydrate,
bovine serum albumin lot #25F-0057, superoxide dismutase EC 1.15.1.1, bovine
blood, 3100U/mg protein t{ot #93F-9305, catalqse EC 1.11.1.6, bovine Iiyer,
11000U/rhg protein jot #8éF-O838, formic acid (sodium salt), benzoic acid (sodium

salt), dithiothreitol, and D-mannitol were from Sigma Chemical Co., St. Louis,

Me. ’":Tri@s(h;/droxymethyl)methy!amine, and 2-methoxyetha-nol, were \ from SDH
Chemicals. Vancouver, B.C. Ethanolamine was from Fisher Scientific, Fair Lawn,
N.J.  Gallic acid [345-trihydroxybenzoic acid] was from Aldrich Chemical Co.,
Milwaukee, Wis. Bradford protein assay dye iot '#31751 was from Bio-Rad

Laboratories, Richmond, Calif. Desferrioxamine (Desferal mesylate) was a gift

from CIBA Pharmaceutical Co., Summit, N.J.

Cell Line

The contact sensitive mouse embryo cell line, C3H 10T1/2, passage 8, was
obtained from American Type CuIthe-Col,J,ectjon, Rockville, Maryland. Cells for
experimental purposes, Ii.e., treatmen‘t, were grown in Nunclon ‘!OOmm,plastVic
dishes in Dulbecco’s modified Eagie’s medium ("growth medium”) obtained from
Gibco Laboratories Grand Isle.. New York. '~ This was supplemented to 10% (v/v)
fetal bovine serum (FCS), of “select silver” grade, from Flow Laboratorie;, MclLean
Virginia, and 20mM HEPES [N-2-Hydroxyethylpiperazine-N’-2-ethanesulfonic acid],

from Sigma Chemicai Co.
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Stock cultures weré maintained in 86cm: Nunclon flas‘k\s, Both the 80cm?:
flasks and the 100mm dishes were seeded at the same density = (approximately
120 x 10* cells/plate) and allowed to reach confluency over five days, with no

change of growth medium. . The cells were maintained in hu‘mjaified air with 5%

CO, at 37°C.

N

Trypsinization prOcedJrFéjfor this parti'cular cell line were optimized‘énd all
subsequent trypsinizations were then carried out systema;ic—ally; cell medium was
poured off and the cells were washed once with 0.05% trypsin Eporcine parvovirus
tested, lot #72P4615—obtained from Gibc:; dissoived in phosphate buffered saline
(0.8% NaCk; 0.02% KCI; 0.115% Na,HPO,: 0.02% KH.,PQ,; 0.02% EDTA). The cells
were then incubated with 0.05% trypsin in _phosphate buffered saline for 30
seconds- and the trypsin poured off: residual trypsin was allpwed to stay on the |
cells for an additional 45 seconds. The cells were then resuspended in growth
medium and the cell dersity was determined using a Bright-tine hemacytometer.
This entire procedure was performed under sterile conditions in a t{aminar flow

hood.
Cel! Treatment

All treatments were performed on a confiuent monolayer- of celis in a
100mm dish, with no media changes* during the 5 days between subculture and
treatment. ' Stock solutions of gallic acid were made up in double distilled water.
Stock solutions of the appropriate scavengers were also' made up i4n double
distilled water. Stock soiutions of enyzymes were kept at 0°C. The appropriate
amount of scavenger was added directly to the 5 day old conditioned medium

(10mlis) and ceils. The cells were incubated at 37°C for one hour before the
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addition of ga\ate.

After the

N

monotayer was washed twice with cold ph?)%ghate bufferéd

aspiration and the

saline, The cells were rerﬁoved from the plates and resuspénded in phosphate
buffered saline, by scraping with a rubber poiiceman, and the ceIIr suspension was
trarrmsfetrred to 5ml Falcpn .tubes. The tubes _wéke then\cehtrifuged at 50
revolutions per minute (RPM) for 5 minutes, and ‘the phosphate /saline was’

removed. © The pellet of cells was stored at ;-70°C until  the - ornithine

decérb,oxylase enzyme assay could be performed.
Optimizing experimental conditions

In a series of experiments a nu’mAber of ~ experimental paraméters were
optirhized before the ornithine decarboxyl:ase }/‘A’ass—ay\flas performed (chapter‘3).
The results of these exberiments identified\the b_esé method. for disrupting the
cellular'membranes, saturating substréte concentrations for‘ the ODC assay, maximal

CO, trapping time, optimal cellular conditions, preferred medium for chemical

stock solutions and optimal exposure time for the cells.

Ornithine Decarboxylase Activity Assay

Ornithinﬂé“decarboxylase activity was determined by the *CO, trapping method
described in chapter 4. Cellular supernatant from the various chemical treatments
was’ mixed, with DL-[1-1*CO,] prnitHine hydrochloride. in the center tube of thev
CO, trapping assembly (33). The reaction progressed at 37°C for one hour and
the  !*CO, Iibefa}ed w’as ' collrécted in  the main chamber by 241

ethanolamine:methoxyethanol. After complete '*CO, liberations the amount
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absorbed was determined by a Packard Tri-Carb liquid , scintillation
_spectrophotometer. The protein content of the ceilular extract was determined by

the bio-Rad procedure using bovine serum albumin as the protein standard (34).
Colony Forn:f/'ng Efficiency (CFE]

Starting at approximately 4:30 pm the day before the experimental treatment,
a stock flask of C3H 10T1/2 cells was trypsinized and seeded on *60mm dishes
at a density Qf 150 cel]s per plate. At approximately 9 am the following ‘day
the cells were exposed to the appropriate uchemical for 5 hours. The medium
was then removed, washed once with DME medium containing no fetal calf serum,
and the cells were then resupplied with DME medium containing 10% fetal calf
serum and allowed to grow at 37°C (95% air/5% CO,) for 5 days. The medium
was then removed and the plates were rinsed with diétiHed water. The cells
were fixed and stained with 0.1% methlehe blue in 50% methanol for at least 10

minutes. The cells were rinsed with distjlkéd water and allowed to air dry. The

g T

)

colonies were counted under a dissecting microscope.
Statistical Analysis

One unit of ornithine decarboxylase activity, was defined as one pmole of
CO. released per hour incubation per mg protein. The “percent change from
control”, is the percent 'change in *CO, release between the ornithine

decarboxylase activity of treated and nontreated cells caused by the treatment.

Percent change equals ((treated celfls - nontreated cells)/ nontreated cells) x
100. The error introduced by vthe ornithine decarboxylase assay procedure and by

the variability among the triplicates performed on any one day were small
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compared to the variability in the ornithine decarboxylase response between days.
The standard deviation was calculated by taking the square root of the sum of
the relative differences (obtained fpr many different ornithine decarboxylase

activity values) squared, dividedf by the number of different ornithine
decarboxylase activities used minlis one. The standard error of the mean was

9

then calculated by dividing the standard deviation by the square(’

n is the number of samples analysed in determiningf6/r'rr/i/ithi e decarboxylase
e

activity, Repeated plots of the gallate-induced ornithine decarboxXylase response

variability was

e

Acurve (whic,h was. replicated many times) showed that absolute
proportional to the magnitude of the reading, i.e., relative variability was constant.
On this basis, standard error of the mean was 8.1% of fhe mean. The error bars
in the figures thereforek represent 8.1% of the ornithine decarboxylase values
plotted. ) Where the rates are expressed as a percentage of the mean value, the
standard error of the values ’plotted were 2 x 8.1% or 16.2% of the mean.

v

[,
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RESULTS

In the absence of gallate, none of the scavengers tested, (mannitol, catalase,
superoxide, dismutase, formate, benzoate and desferrrioxamine) significantly altered
the basal levels of ornithine decarbox,'lasé (figures 5.1-5.7). However, they‘
altered the gallate-induced stimulation of ornithine decarb'éx;lase, under at least
some of the conditions. 'Three of the scavengers (superoxjee dis;nutase,‘ catallase

or mannitol) gnhanded the induction of ornithine decarboxylase by gallate, refuting

the hypothesis that they might ameliorate the actions of gallate on ornithine
rboxylase _aftivity by scavenging radical intermediates. The other three
pouﬁds tested (formate, benzoate or desferrioxamine) partially or completely
revented the stimulatory effect of gallate on ornithine decarboxylase activity. In
fact, their‘ presence caused gallate to become an inhibitor of ornithine

decarboxylase activity, since in their presence ornithine decarboxylase activity was

decreased to significantly below basal levels.
Compounds that enhance the gallate induced ornithine décarboxylase activity

Mannitol (25 and 50mM) did not significantly effect the stimulation of
ornithine decarboxylase activity induced by 8.9-89.5uM gallate. Howeve}, at
175uM gallate, mannitol (at either 25 or 50mM) enhhanced the stimulatory effect

on ornithine decarboxylase activity by about 200% (figure 5.1).

Catalase at 10U/ml did not effect the gallate induced ornithine decarboxylase
activity (figure 5.2) but BOU/m} catalase increased the' activity of ornithine
decarboxylase by 32, 25, 42 and 40% at gallate concentrations of 8.9, 17,5, 89.5

and 175uM respectively.
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Superoxide dismutase augmented the stimulatory effects of gajlate (f'igure
/_?.3), the effect being significantly greater at 50U /ml superoxide dismutase than at
10U/ml. ‘The effects of 10U/ml superoxide dismutase were not statistically
significant at gallate concentrations of 8.9 and 17.5uM, At 89.5 and- 175uM
galiate, 10U/mi SOD increased gallate inducled ornithine decarboxylase activiiy by
45% and 60% At 50U/ml however, superoxide dismutase augmented the gallate
induced ornithine decarboxylase activity by, 35%, 30%, 117% and 215% at gallate

“concentrations of 8.9, 17.5, 89.6 and 175uM, respectively.
Compounds which inhibit the effects of gallate on ornithine decarboxylase activity

fn contrast to the abovementioned compounds, formate totally prevented the
stimutatory effects of gallate (figure 5.4). In the presence of gallate formate

decreased ornithine decarboxylase below control values, from 50% below controls

The inhibitory response.

at 8.9uM gallate to 74% betow control at 175uM gallate.
was maximal at 50mM formate, there being no increase in the effect when the

concentration of formate was increased to 75mM.

Benzoate was as inhibitory as formate at low gallate concentrations, but it
was somewhat less inhibitory at the highest concentrations of gallate. Thus the
greatest inhibitory effect of benzoate (seen at 8.9uM gallate) being a 65%
decrease in o_rnithine dxecarbroxylase activity below controt) (figure 5.5) The
degree of inhibition decreased progressively as the concentration of gallate

.-

increased, until at :175uM gallate no effects of benzoate on gallate induced

ornithine decarboxylase activity were observed.

The effects of desferrioxamine were similar to those of benzoate (figure

5.68), in that at the highest concentration of gallate the stimulatory effects of
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gallate began to overpower the inhibitory action of desferrioxamine. The effects
thus ranged from 63% below control at 8.9uM, to 80% above control at 175uM

{compared with a 314% increase above control caused by gaillate alone).
Stimulation of ornithine decarboxylase activity involves de novo protein synthesis

We made several attempts to determine whether the stimulation of ornithine
decarboxylase activity by gallate involved .induction of de novo synthesis of either
mRNA oru protein. -We made two attempts to isolate newly synthesized ornithine
decarboxylase mRNA, but failed to produce nondegrade(; mRNA. We also carriedA
out three incubations of C3H 10T1/2 cells with gallate plus actinomycin D, and
three studies in which the cells were preincubated with actinomycin D, with varied
and inconclusive resylt‘s. However cycloheximide produced a dramatic, consistent,
and statistically significant, inhibition of the ability of gallate to stimulate
ornithine decarboxylase. In six separate experiments, three involving preincubation
and three co-incubation of C3H 10T71/2 céllé with cycloheximide (Bug/ml  or
10ug/mi), cycloheximide caused a consistent 80-100% inhibition of the expected

gallate-induced increase in ornithine decarboxylase activity. =#in four out of the

six experiments the inhibition was total (figure 5.7).

On the basis that the effects of cycloheximide are primarily due to its
inhibition of RNA transiation, one can conclude that the increase in ornithine
decarboxylase activity reflects de novo protein synthesis. However, because of

v

the inconclusive studies with actinomycin D and mRNA synthesis, it remains to be

determined whether the control is exerted at the level of DNA transcription or

mRNA translation.
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Comparison of the effects of scavengers on the in vitro autoxidation of gallate and

the gatlate-induced increase in ornithine decarboxylase activity

Comparing the 'effects of scavengers on the gallate-induced incrrease in
ornithine decarboxylase activity with previous studies of their effects on the /n
\(/tro autoxidation of gallate a fc‘ew noteworthy relationships are identified (table
5.1). In the case of three scavengers of the four for which we have data, an
increase or decrease in autoxidation rate was associated with an ornithine
decarboxylase activfty response in the same direction. «Two of the three
scavengers which accelerate autoxidation alsé stimulated ornithine decarboxylase
activity, while one scavenger/chelator which slowed autokidation diminished the
ornithine decarboxyiase activity response. The one éxception was benzoate which
stimulated quinonoid prodﬁct formation -but- dimimished the ornithine decarboxylase

activity response. This single observation prowves that it is not the guinonoid

product which stimulates ornithine decarboxylase activity.
\ .
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DISCUSSION -

Role of H,0, and O, in the gallate-induced /increase in ornithine décarboxy/ase
activity

The stimulatory effects of steroxide dismutase, catalase or mannitol on the
gallate~induced increase in ornithine decarboxylase activity contrast with their
inhibitory actions on TPA~induced increases in ornithine decarboxylase activity
(23). The results suggest that superoxide and H,O, are involved in the induction
of ornithine decarboxylase activity by. TPA, but not gallate. Autoxidatiér; of

galiate is somewhat accelerated upon the removal of superoxide and H.O, (réfer

to tabie 5.1 and appendtg{).

.

The lack of effect of 10U/mi catalase and the small effect seen at 50U/mi
catalase shows that accumulation of hydrogen peroxide is not important to the
stimulation of ornithine decarboxylase. The small stimulatory effect of catalase
may In part be due to the previously observed small increase in the rate of
autoxidation of gallate by product removuie appendix), and in part to _the
increase in O, tension, resulting from O, produced in the enzymatic decomposition
of hydrogen: peroxide, That the presence of superoxide dismutase stimulates
rather than inhibits the induction of ornithine decarboxylase activity by galiate
suggests that superoxide did not mediate the stimulation  of ornighine
decarboxylase activity by gallate. Instead it is more plausible that .superoxide

dismutase stimulates by accelerating autoxidation of gallate.-

The abovementioned data taken together suggest that ornithine decarboxylase
activity is induced by some active oxygen species (other than superoxide or H,0,)

produced during the autoxidation of gallate. For example, superoxide dismutase
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certainly enhances production of H,0, (in competition with other products_of the
reactions of superoxide) However the stimulatory effects of catalase exclude the
possibility that ornithine decarboxylase stimulation is mediated by .hydrogen
4peroxide. More plausibly, the presence of superoxide dismutase increases steady
state levels of other éctive species previously removed by reaction with
superoxide (35). As - a specific exampie, in a related reaction reduction of

molecular oxygen by 3-hydroxyanthranilic acid, superoxide dismutase enhances the

yvield of hydroxy! radicais (36). .

v

Role of metal ions in the gallate-induced increase in ornithine decarboxylase activity

The effects of desferrioxamine are consistent with a requirement for redox
cycting . of metals .in the autoxidation of gallate, reflected in the dramatic
decreases in the rate of autoxidation of galiate caused by desferrioxamine (see
appepdiX). The inhibitory actions of desferrioxamine tnerefore reinforce the view
that some intermediate product of the autoxidation of gallate is responsible for
stimulation of ornithine decarboxylase. At high concentrations of gallate,
sufficient quantities of the intermediatei afe produced (despite the presence of

desferrioxamine) to cause substantial stimulation of ornithine decarboxylase (figure

5.6 last two bars).

Role of the hydroxy! radical in the gallate-induced increase in ornithine

decarboxylase activity

The strong inhibitory effects of the -two hydroxyl radical scavengers (formate
and benzoate) suggest that the stimulatory intermediate may be hydroxyl radicals.
This is reinforced by the effect of benzoate on the rate of autoxidation of

gallate (table 5.1). Since benzoate increases the rate of autoxidation of gallate



but decreases the ga!late-nnduﬁed increasé in ornithine"y_decarboxylase activ{ty,
strangly suggésts it must be the hydroxyl radicaliand- not the quinonoid product
which s necessary for the stimulation o:‘ ornithine decarboxylase activity. Th>e
simitar effects of the hydroxyl radical scavengers benzoate and formate “and the
metal chelator desferrioxamine suggests that hydroxyl radicals formed in a

Fenton-type reaction - may be responsible for the stimulation. However the

M

ineffectiveness of mannito!, another hydro} scavenger, on ornithine decarboxylase
activity introduces a margin of vdoubt in this conclusion. Either the mannito!l has
less access to the (intraceliular) site of hydroxyl radical production, or the
radicals are generated in a site spe'cific”' manner accessible to formate’ or

benzoate, but not to mannitoi (37). Based' on the dramatic interference of
cycloheximide on the galiate induced incréase in ornithine decarboxylase activity,
the simplest conclusion lis that the radicals responsibie act to stirhulate‘new
protein synthesis. Future studies shouid consider the possibility £hat
cycloheximide acts by other mechanisms in addition to simple prevention of “
mRNA translation into protiecin.r More detailed studies of the nature and cellular

sites of action of bioactive phenolics will vyield significant advances in the

mechanisms of tumor promotion,
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CONCLUSION

The effects of free radical scavengers on the gallate induced increase in
ornithine decarboxylase activity parallel the effects of 'sc’avengers on the rate of
reduction of oxygen by éallate in vitro (see appendix). Inhibitory effects of
hydroxy! radical s’cavenge.rs suggest that the hydroxyl radic.;als are involved in the
induction of ornithine decarboxylase activity by gallate. The roles of active
oxygen in tumor promotion and the abilities of tumor promoters to induce
ornithine decarboxylase suggest a relationshib between the production of oxygen
radicals and both tumor promotion and induction of ornithine decarboxylase
activity. Moreover, the effectiveness of- scavengers in-modulating the production

of oxygen radicals induced by tumor promoters reflects their capacity to protect

cells against at least one consequence of tumor promotion.
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LEGENDS FOR FIGURES .. .

[tY

FIGURE 5.1 Effect of mannitol on ornithine decaiboxylése activit(y

The scavengwer was added directly -to a confluent monolayer of‘ -C3H»10T1/2 cells
grown in Dulbecco’s modified medium Supplemented with 10% (v/\;) fetal bovine
serum” and 20mM HEPES one hour before gallate. administration, After gallate
administration th(-;‘ cells were incubated for ‘another 5‘ hours, then the medium was
removed. Cells were scraped, pelleted and stored at -70°C (for up to 15 days)
until ornithine decarboxyiase assay ‘couldrbe performed. GA alone" (dark bars)
sténds for the effect of gallate; "+25mM MAN" (striped bars) refers to the
condition of_gaHate) plus 25mM mannitol; “+50mM‘ MAN" (hatched bars) refers to
the presence of 50mM mannitol with gallate. The ;ontrols ranged from 50-93
pmole CO, released per hour per .mg protein between Qays. Errér bars represent
8.1% of ornithine décarboxylase value for any concentration considered by

repeatedly plotting the gallate-induced ornithine decarboxylase activity response

curve {(n>> 10 for each point considered) and determining the relative difference.

VFIGURE 5.2 Effect of catalase on ornithine decarboxylase activity ’

The conditions were identical to those described for figure 1. "G@Ioﬁe" (dark
bars) stands for the effect of gallate acting alone; "+10U/mi CAT" (striped bars)
and "+50U/m! CAT" (hatched bars) refer to 10U/ml and 50U/ml| —catalase
(respectively) acting in combination with gallate. .The controls ranged from

95-170 pmole CO. released per hour per mg protein between days.

A

FIGURE 5.3 Effect of superoxide dismutase on ornithine decarboxylase activity

The conditions were identical to those described for figure 1. "GA alone"” (dark
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bar;) 7 sta\n‘ds— Af\orrwtﬁghéﬁééﬁ"ﬁ—gaﬁa-t&‘ae%mg_alm L "H10U/mil S0D" (stripenchiﬂ' bars)
. . } \

and "+50U/mi SOD" (hatched bars) refers to 0U/ml and 50U/mi- s_uper'()xide
dismutase (respectively) acting in‘cfc_ambi'natio‘n with gallate. The controls ranged
from 95-186 pmole CO, rel‘easec’j per hour per mg rotein between days. FIGURYE
5.4 Effect of rf_ormate on ornithine decarboxylase activity

The conditions were identical to those described for figure 1. "GA alone™ (dark
bars) refers to the effect of gallate acting alone; "+50mM FORM" (striped bars)
and "+75mM FORM" (haAtc«hed bars) refers to the condition of granate pius SOmM
formate and | 75mM forrWate (;espectively). The'- controls ranged from 66-95

between days. w

FIGURE 5.5 Effect of 'benzoaté on ornithine decarboxylase activity
The conditions were identical to those described for figurev 1. "GA a|ong" (dark
bars} refers to the conditian where gallate is acting alone; "+50mM BENZ"
(stribed bars) and "+75mM BENZ" (hatched bars) indicates the presence of 50mM
an.d 75mM benzoate, respectively, with gailate, The controls ranged from 45-60

between days.

FIGURE 5.6 Effect of desferrioxamine on ornithine decarboxylase activity
The conditions were identical to those described for figure 1. "GA alone"” (dark
bars) rAeefer's to gallate acting alone; "+50uM DES" (striped bars) and "+100uM

DES™ H%hatched bars) refers to the presence of 50uM and 100uM desferrioxamine,’

res;ﬁectwe!y. with galiate. The controi ranged from 63-114 between days.

FIGURE 5.7 Effect of cycloheximide on gallate-induced ornithine decarboxylase activity

-

Cycloheximide at S5ug/mi, 10ug/mi or 20ug/ml (represented on the graph as

+5ug/mi. +10ug/mi and +20ug/mi respectively) was added along with 89.5uM gallic
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acid to the C3H 10T1/2 cells for a 5 hour incubation _rperiiod. ;The dark ba}s.,

~indicate that the cycloheximide was added to the cells one hour before the gallic

- L

]

acid was added (1 hr (pre)) while the striped bars indicate that the cycioheximide

and gallic acid were added—to the C3H 10T1/2 cells at the same time (no (pre)).

.

<y

The controis ranged from 36-55 between days.

TABLE 5.1 Comparison of the &ffects of scavengers of active oxygen on the

gallate-induced increase in ornithine decarboxylase activity and the rate of autoxidaiton

[

4 ; °

of gallate e

This table summarizes the ;effems of scaVengers of active oxygen on the
autoxidation rate of v_géfiate as well as their effects on the gallate-induced
increase in ‘ornithine decarboxyiase. Data for the effects of the Various
scavengers on the autocxidation rate of gallic acid are repiotted -from the
appendix. Superoxide dismutase and catalase were at a concentration of 250U /mi,
benzoate - was at a concentration of 50mM and desferrioxamine was at a
concemratjon cf 1mM, and gallic acid \was present at a concentration of 2ZmM.
The experimrental conditions for the autgx&détioh studies were: pH 8.5, temperature
25°CE, carried out. in  air-saturated 0.5M  HEPES buffer. The scavenger
concentration and experimenta! conditions for the ornithine decarboxylase activity

experiments, are as indicated in figures 5.1-5.6.
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FIGURE 5.2
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FIGURE 5.3
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% change from control

FIGURE 5.4
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FIGURE 5.6
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FIGURE 5.7
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Scavenger
used

Superoxide
dismutase
Catalase
Mannitol
Formate
Benzoate

Desferrioxamine

1

Table S.1 s

-

-Effect of scavenger on Effect on gallate-

rate of autoxidation of induced ODC activity

gallate (current study)
inc. 12% ) - inc. 215% (Sou/mi)

inc. 9% “inc. 42% (%ou/mi)
s : no effect (10U/ml)

no data , inc. 200%

no dats . cecr*370%
4"

inc. 21% ‘ decr. 330%

decr. 1% - decr. 230%
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CHAPTER VI

GENERAL CONCLUSIONS

There is a measure of correspondence between the induction of celiular

ornithine decarboxylase activity seen in the current study, and the pre)fo[sjly

P
¥

documented mutagenic and clastogenic actions of the pheno‘lics. Fur‘ther studies
are necessary to correlate the effegts of phénolics on mammalian sysfems with
changes in ornithine decarb’oxylfase éctfvity, papilloma formation.and clgstogenic
~activity. Conflicting reports of denotoxicity of some phenolj_cs in v/vo: may be

resolved when more appropriate comparisons are made using a wide randge of

concentrations. ' . ' o
~

Comparing the effects of scavengers on rates of autoxidation of gallate /in

vitro we conclude that the stimulation of ornithine decarboxylase activity caused

> o .

by gallate is closely tied to the autoxidation of gaIIafe. The effects of hydroxyl
radical. scavengers suggest that the production of hydroxyl radicals may be largely

responsible for the ability of gallate to stimulate oOrnithine decarboxylase dctivity.

Meanwhile, the response of ornithine decarboxylase to proxidants is a useful
screening procedure for their"potential tumor prom’otinQ effects. Moreover, the
‘effects of scavengers and antioxidants  on promoter stimulated ornithine
decarboxylase activity may predict their effect'iveness as chemoprot'ective agents

against tumor promotion.

£ -
AT -

-

b

protein synthesis. This: suggests  that the induction of ornithine decarboxlase by

gallate invoives synthesis of new protein rather than any free radical mediated

97

The response is inhibited by at least one agent which blocks de novo
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activation of pre-existing enzyme. We do not know at this time whether this

oa

involves regulation at the transcriptional or translational levels. Future studies
should focus on the more precise idertification of the 'species involved in the -~

regulation of ornithine decarboxylase activity, and elucidation"Qf:“»‘fh“’é‘precise step

in  synthetic control mechanisms at which the species: -act: Correlations with

; ¥

proxidant and antioxidant ‘activity of phenolics \"arg/”also needed. The ease and

~

the relatively rapid turn around time of results indicates that the ornithine-

®

decarboxytase activity assay may be a good system in future to clarify these

points.’
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APPENDIX

ROLES 'OF ACTIVE OXYGEN SPECIES IN THE AEROBIC OXIDATION OF GALLIC ACID,
AND THE EFFECTS OF SCAVENGERS OF ACTIVATED OXYGEN SPECIES AND METAL

CHELATORS

by

Dohes J Fatur, Ailan J Davison, Richard H.C San and Hans F Stich,

Bioenergetics Research Laboratory, Simon Ffragser University, Burnaby B.C. V5A 1S6
and
Environmental Carcinogenesis Unit B.C. Cancer Research Centre, 601 West 10th

Ave., Vancouver B.C. V5Z 1.3 (Canada)

Running title:
AEROBIC OXIDATION OF GALLIC ACID

Abbreviations used: EDTA. ethylenediaminetetracetate: BSA, bovine serum albumin.



ABSTRACT ' ' e

Rates of oxidation of gallic acid (3.45-trihydroxybenzoic acid) were »

determined in the presence of mixtures of catalase {250 U/mi), superOxide!

K . .
dismutase (250 Us/ml), benzoate (50 mM), desferrioxamine (1 mM), and

S

ethylenediaminetetracetate (EDTA) (1 mM) by measuring the rate of appearance .of

quinonoid product at 630 nm. When added individually, superoxide dismutase and

4

catalase, did not significantly accelerate .oxidatidn, whereas the addition of

benzoate significantly increased the oxidation rate by 21%  EDTA did not

significantly decrease the oxidation rate whereas the addition of desferrioxamine

induced a 61% decrease,. Addition of scavengers and chelating agents in
combination produced more complicated effects. Desferrioxamine or EDTA
together with other scavengers invariably decreased the oxidation rate. in

contrast to their effects when added alone, superoxide dismutese or catalase
siowed the oxidation when desferrioxamine or EDTA were present. Benzoate
accelerated oxidation when added (o mixtures containing any combination of
scavengers. The data support the view that transition metal ions. play a major

-

roie m the reaction of gallic acid with moleoular oxygen, to the point where
propagation by active spec:es of oxvsgen s detectible oniy f contaminant traces
of metal ions are bound by cheiating agents.

Keywords: gailic acid. oxidat:on. metal ions, free radicais. free radical scavengers,

superoxide dismutase, cataiase.



INTRODUCTTON

Gailic acid (3.4,5-trihydroxybenzoic acid) is a phenolic compound found free
in low concentrations in a wide variety of plant species. Vegetable tannins and

other bound forms are thought to be the main sources of gallic acid in foods:
The antioxidant properties of gallic acid have vbeén known since r-the 1940s* The
propyl_ ester ’form in barticutar is  widely used” in the processing of foodstuffs
‘susceptib_lefo autoxid;t%ve damage . Although ﬁumerous studies have 3 ported
the relative harmlessness of galatési:. .t several recent workers have emp 7sized

the fact that the metabolism of plant-derived phenolic compounds in animals may

produce toxic effects under certain conditions %

There are conflicting reports concerning the biological effects of gallic acid.

Clinically it has been used as an anti-inflammatory agent and to protect against"

radiation damage:‘i As in the case of other phenolic compounds however,
therapeutic benefits and ‘toxicrity  frequently co-exist? Gallic acid potentiates
epinephrine - foxicity ' by inhibititng catechol O-methyl transferase:s®, it inhibits

hepatic i‘ipogenesis and giuconeogenesis*, antagonizes the effects of bradykinin on
smooth tmusc!eif, suppresses certain aspects of the immune response’*, and’ ;'nay
produce‘an allergic contact dermatius-. 4 in addition, aithough gailic acid has been
reported to be non-mutagenic’' and to be capable of decreasing the clastogenic
effects of model nitrosation systems-’ it has been shown to be génotoxic in
mammalian cefl Lines- . Thé acute toxicity of gallic acid is apparentiy fower t'han

that of some other triphenais, since relalively large oral doses are required to

induce toxicity in ilaboratcry ammalss L



The actions of plant-derived phenolic compounds are complex, in that neither "~

pro-nor antioxidant properties cgn’aécount for alt of their ngeyvfeé effects’.?!,
Interactions between quinonoid reaction products, oxygen specie\s and metal ions
are crucial in determinir;.g whether the net effects are protective or damaging.
Gallic acid is oxidized by molecular oxygen, particularly in the presence of
enzymes such as polyphencl oxi-dasélll. Oxidation of gallic acid resuits iq the
formation of quinonoid products® while the concurrent reduction-- of molecular
_oxygen leads to a variety of radical species. Both_qu;nonoids products and
activates oxygen may then participate in further free radical chain reactions. For

example, further reactions of gallic acid with the product (H.0,) involve reactive

species inciuding singlet state oxygen, as revealed by chemiluminescence?’.

1

in the hope of gaining insight into the -(hechanisms underlying free radical
generation in the gallic acid/O. r-eaction and the role(s) of transition metals, we
investigated the effects of selected free radical -scavengers, (individually and in ,
combination), and of metal chelating agents on the rate of reaction of ’gaerc— acid—

with molecular oxygen.



MATERIALS AND METHODS

Reagents

All experiments were performed at 25°C using air-saturated 0.5 M HEPES
b\uffer‘ (N—2-hydro*yethylpiperazine-—N’-2-ethansq!fonic acid) (Sigma Chemical Co.v,
St.  Louis, Mo) prepared with double. distilled water and titrated to pH 8.5 using
KOH. Other reagents purchased from Sigma Chem. Co. ineluded gallie acid,
catalase EC 1.11.1.6 (bovine liver, 1860 U per mg), superoxide dismutase EC
1.15.1.1 (2800 U per mg) and bovine serum albumin. Sodium benzoate was
pur;hased kfrom Anachem Chemicatl Ltd. (Toronto, Canada), a’ﬁd
ethylenediamintetracetate _(EDTA) from Fisher Scientific Co., Fairlawn N’.‘f./

Desferrioxamine (Desferyi mesylate) was a gift from CIBA Pharmaceutical Co.,

CSummit N.J.

Preparation of Anaerobic Solutions of Gallic Acid

Nitrogen was bubbied through 10.0 mT- of 0.5M pH 85, HEPES buffer
congained in a rubben capped wvial for a period of 10 minutes prior to the
addition of gallic acid to ensure nitrogen saturation of the buffer. A measured
quantity of dry gallic acid was introduced into the buffer solution as quickly as

possibie foliowed by another nitrogen purge. The vial was then seaied under a

slight positive pressure of nitrogen. The vial was subsequently wrapped in

aluminum foil, in order to minimize the destructive  effects of ambient light, and
L]

magneticatly stirred for 45 minutes to ensure complete solution of gallic acid.t

Experimeanial Procedure

AN



Air-saturated HEPES buffer (0.5M pH 8.5) maintained at 25°C, together with
various combinations of scavenger substances were added to the sample. cuvette
to a fin‘aI volume of 2.45 ml. The reactionl was then initiated by the addition,of
50;.:! of gaHic'acic‘i stock solution, to a final concentration of 2mM. The rate of

the reaction determined by recording the change in absorbance at 630 nm. The

selection of this particular wavelength was made on the basis of results from

.

 pilot studies in which both the UV and visible regions of the sSpectrum were.

scanned in order to determine the change in spectra during the autoxidation of

gallic acid. The results obtained were in agreement with those of Fink et. al,

1982.3

Data A"galyses and Statistics

~\ ‘Data analyses were performed using programs written locally in APL and

implemented on an [BM 3081 . mainframe computer to calculate initial rates by -

linear regression of the initial (first order) portions of the reaction profile curves.
Because the variability between duplicates was -roughly proportional to the-reaction

rate, statistical analysis was based on the relative-standard error derived from the

control reaction. This value was then used to. es;imate the standard error for- all

other conditions. .
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RESULTS

Effects of Individual Scavengers

The effects of individual scavengers on the rates of. autoxidation of gallic
acid are shown in Figure 1. Unexpectedly, catalase and superoxide dismutase did

not significantly change the oxidation rate, whereas benzoate increased the rate of

4 °

oxidation by 21%. In contrast, metal chelating agents decreased the o’xidgtion
rate, desferrioxami:r;e decreasing the rate by 61% and EDTA décreasing it by 12%.
Also evident in Figure 1 is the vrafiabilit_y of the effects ’of a given scé#eﬁger
depending on the oth‘er trest reagehts present. The remainder of this section will

discuss the effects of other test reagents, simultaneously present, on the actions
ES

of each of the scavengers or metal cheldting agents.

-

Effects of the Presence of Other Scavengers on the " Action 'Q_f Superoxide

. Dismutase

E2

It is apparent from Figure 2 that superoxide dismutase may either increase

or decrease the.rate of gallic acid oxidation, depending on which other scaVengers

and/or chelating agents are present. {f catalase or .benzdat"'e'_"-Was present,

superoxide dismutase increased the rate of oxidation by 29% or 33%, respectively,

-

whereas its addition in the presence of a mixture of catalase plus benzoate did
not significantly change the oxidation - rate over that seen in the system

containing just catalase plus benzoate (superoxider dismutase absent). In contrast,

superoxide dismutase inhibited qgallic acid_{ﬁxidat‘ion when desferrioxamine was
present in the mixture on its own, together with benzoate, or with catalase by
17%, 19%, or 14% respectively. Addition of 'superoxide dismutase to a solution
containing EDTA led to a 13% decrease in oxidation.fate, whereas addition of

i
/

—_—
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superoxide dismutase to a system containing EDTA plus catalase or EDTA plus

)

benzoateé did not significantly alter the oxidation rate of the partiCuIar system in

the absence of superoxide dismutase.

Effects of the Presence of QOther Scavenqers'_cm?ithg Actions of Catalase

The results presented in Figure 3 indicat-e{f-tr;atf catalase,”v!ilfe - superoxide
dismutase, caused either an increase or decrease in'.t’he rat:ef of c;‘*idation‘of gallic
acid. These contrasting effects depended, once :?égain, on the pr'e:sence Qf
desferrioxamine or EDTA. Add'ition of catalase to reaction mixtures éontaining'
superoxide dismutase or benzoate accelerated the autoxidation by ‘26% or 20%,

respectively, whereas its addition to a system containing both superoxide

)

dismutase and benzoate did not significantly change the reaction rate. Addition

of catalase to mixtures containing benzoate and desferrioxamine decreased the
' 2

oxidation rate by 8%, but the addition of catalase to a mixture containing EDTA

(or desferrioxamine or superoxide dismutase) plus desferrioxamine did . not

significantly alter the oxidation rate. In contrast, addition of catalase to benzoate

plus EDTA or superoxide dismutase plus EDTA produced 22% and 13% increases,

respectively, in the oxidation rate.

s

' Effects of the Presence of Other Scavengers on the Actions of Benzoafe

Benzoate on its own increased the rate of oxidation of gallic acid. Its
action was unjque in the sense that it increased the oxidation rate regardless of
which other* scavengers or chelators were présent.\ The only exception, seen in
Figure 4, was its effect in the mixture containing EDTA alone where there was

no change in the oxidation rate. The greatest increases, 42% and 32%, were seen

when benzoate was added to reaction mixtures containing either superoxide

106
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dismuta‘se or catalase. In reaction mixtures containing EDTA in combination. with
superoxide dismutase or~ catalase, ;ddit'ion' of benzoate produced increases ‘on 26%
apd 28%, respectively. Benzoate added to solutions containing desferrioxamine,
catalase plus desferrioxamine or superoxide dismtltase plus - desferrioxamine
‘producred small t statistically significant incr’eases in oxidation rate of 9%, 7%

and 7%, respectiyély. .

Effects of the Presence of Other Scavengers on the Actions of EDTA and‘

Desferrioxamine

A compar'ison of Figure 5 with :FriAgure 6 shows that addition of either EDTA
or desferrioxamine decreased the rate of oxidation of gallic acid when in
combination. with - any of the active oxygen scavengers ‘(benzoate, ,catalas'e,
superoxide dismutase,.or combinations of these). The él;fects 01; EDTA we‘re less
striking than those of desferrioxamine. EDTA added to reaction mixtures
containing desferrioxamine, catalase; ,benzoate plus catalase, benzoate, suvper?xide
dismutase, catalase plus superoxide dismutase or benzoate plus superoxide
dismutase decreased the ox'idatior]» rates by 14%, 21%, 31%, 33%, 38%, 51%, and
54.2%, respectively. Greater decreases were seen upoﬁ the addition of
desferrioxantg to the systems containing EDTA (63%), benzoate (73%), catalase
(76%), . superoxide dismutase (90%), benzoate plus c;atalase (101%), catalase plus
superoxide dismutase (118%) and benzoate plus superoxide dismutase (125%): The
ch.ange in oxidation rate seen upon addition of both chelating agents together; did
) not appreciably exceed the sums of their individual contributions, (fiéures 5 and 6

seventh bar from the left and figure 1)
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identification of the Roles of Selected” Reaction Intermediates D

The roles of specific active oxygen species, specifically su'peroxide, hydrogen
peroxide and hydroxyl radicals, ih the oxidation of gallic acid were studied in
three selected systems coﬁtaining (1) desferrioxamine plus catalase plus benzoate;
(2) desferrioxaminé plus benzoate plus superoxide‘ dismutvase, and (3) .
desferrioxamine plus catalase plus superoxide dismutase, respect'ively. As shown
in Figure 7, addition of ;each of these mixturesﬂcaused a decrease in the
oxidation rate (60%, 71% and 80%). Comparing these results with the inhibition by
desfe‘rr’ioxam'iné alone (61%) excludes the possibility that activated oxygen plays a
major catalytic role, whether as chain reaction initiators or prohédators. (When
EDTA" replaced desferrioxamine as the metal chelator the addition of the above
three mixtures did not significantly alter the. rate of oxidation from that ‘of galiic
acid alone). This conclusion was cqnfirmed by ‘the .effects of a mixture
containing superoxide dismutase plus Acatalase plus benzoate. The 59% increase in
the rate of oxidation of gallic acid resulting from removal of most‘ p;IaQsiblé
formsﬂ of chain propagating species of oxygen confirm a major dependence in the

oxidation of gallic acid, on transition metal ions as chain initiating or propagati'ng

species.
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DISCUSSION

Like other autoxidations involving phenolic compounds, the autoxidation of
gallic acid .is complicated. The extent of participation of a potential reaction
intermediate may be reflected in the extent to which the rate of autoxidation

_observed in mixtures containing scavengers for all likely active species except

this agent differ from the .rate in the presence of the most inhibitory

combination of scavengers. This difference reflects an estimate of the

contribution of the selected species.

Effects of Metal Chelating Agents

In all cases, desferrioxamine ‘decreased the ra';é of oxidation by greater than 50%,
reflecting -a substantial coﬁtribution of transition metal_ ions (particularly iron) in
the reaction of gallic- acid with molecular oxygen. That EDTA caused srﬁaller
decreases in the rate of oxidation reflects ‘a smallerfcontribution of most
transifion metal ions other than iron. The differing effects of these chélators on

- the actions of a specific scavenger of active 'oxygen reflect their distinct

influences on the environment and redox state of metal ions in the system. .

Effects of Superoxide Dismutase

-

The increase in rate of oxidation of gallic acid caused by superoxide dismutase

could be dde either to the H,0, produced via the dismutation reaction, or to  the

elimination of some inhibitory action of superoxide, such as removal of an

important reaction intermediate. Conversely, when superoxide  dismutase . was
added to mixtures that contained one or both of the metal chelating agents

(except for E_D'fi plus benzoate or EDTA plus catalase), the oxidation rate was

1
)

decreased. This contrasts with other 0. dependent autoxidations, where the ’
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presence of EDTA confers increased sensitivity 'to inhibition by~ 'SUperoxide'

dismutase.?,”” Figure 2 confirms that the addition of superoxide dismutase to

i

desferrioxamine and to EDTA containing sofutions s again inhibitory.. These

results may  indicate then, that although metals play a major role in propagating

the oxidation of gallic ac‘id, 0, plays a ‘subordinat-e role which becomes

detectable when metal ions are not available.

Effects of Catalase

—~

Addition of catalase to most test mixtures (exceptions were ose containing

desferrioxamine and those containing only EDTA, where catalase fecreased the

rate of oxidation) produced an increase in rate of at-least 10%. is effect may

be due to the relatively slower decrease in the concentration of molecular- oxygen

as a result of regeneration of O, from H,0, in the presence of catalase. The

-

decreases in rate caused by catatase in the presence of desferrioxamine and

" EDTA may reflect the Jloss of the contribution of Fenton-type reaction

mechanisms.

Effects of  Scavengers of Hydroxy! Radicais

The roles of hydroxyl radicals in this system remain unclear, since the addition

of benzoate, a hydroxy! radical scavenger, caused an increase in the rate of
oxidation .in almost every reaction in which it was included (the only exception
was in the presence of EDTA alene). Since hydroxyl radicals are uniikely to

hinder oxidation, we conclude that the products of hydrogen atom abstraction

from benzoate may  stimulate oxidation. More work is’ needed to establish the

2

precise roles of hydroxyl radicals and their scavengers.



Comparison With‘Autoxidation of Other Triphenols

[N
Y

The current ,‘rr’esqlts contrast sharply‘_with the similar studies _;;érformed on
the autoxida_tion of[ other di and triphenols 2829303132 |n the _case of G—E)H,DA,V
superoxide plays a primary role in propagating the reaction with foxygen, whereas
metal ions play'a secondary role, and other- reduced oxyéeﬁ species (éuch as
H,0, or hydroxyl radicals) play minor stimulatory roles. The vsuperoxid’e‘ar‘mioq has
also been identified as a, major propagéting species, in the 'atjtoxiq,é/tioﬁ of'

epinephrine and pyrogallol?é.?7, In all three systems, 6-0OHDA, Aepinep}hrine' and

pyrogallol metal ions act via alternate pathways whose importance is greater at
x_ﬂ : - N

[ower, lower, and higher pH values, respectively %27, |n contrast, in the case of -

gallic acid, redox-active transition metal ions fulfill both the primary initiating and
propagating roles.

These differences are accentt;ated by the differing effects of the addition of
EDTA plus SOD: upon the oxidation of epinephrine, pyroyallol and galli¢ écid.
The EDTA-metal ‘ion corﬁplex formed re'acté wigh oxygen by an' o'ut{ter>sphe‘re
mechanism tol’ generate superoxide, which accoun}ts' for EDTA’s ability to sensitize
the oxidation ;af épinephrine andl pyrégallol to SOD. Its failure to do this in the
gallic Vacid system - reinforces the ideas stated above. Any contributions of
reduced oxyéen spe;:ies, includi‘ng superoxide, hydroxy!l radicals and H,0,, to the
overall rate of .reaction of gallic acid with oxygen are kinetically inacé.eésible,

occurring subsequent to the rate determining step.
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Fig. 1 The effects of various combinatﬂio:néwi”dﬁchavengers of active oxygen and metal

ce L

chelating agents on the oxidation raté. of gallic acid. The reaction cuvettes

contained 0.5M HEPES buffer, pH 8.5,‘and Various’}ombi'gations of the scavengers

o

of active oxygen and metal chelating ’.agents; C: catalase, 250 U/ml; S: superoxide
dismutase, 250 U/ml; B: benzoate, 50mM; D: desferrioxamine, TmM; and E:
ethylenediaminetetracetic acid, 1mM. The reactions were: initiated by the addition

of GA: gallic acid, final concenfrétion 2mM, in a final volume of 2.5 ml. All
’ A P .

reactions were performed at 25°C. The percent change represents the percent

.

difference in the oxidation _rate of the reaction mixture under study when
compared to the oxidation rate of gallic acid alone. Error bars represent the

‘standard -errors as .calculated - from the relative-standard error for the control

-

reaction. . - : . - [

o -

WFig. 2 The\?fffégtsffo?\supie;oxia; dismutase on the oxidation rate of gallic acid. The

experimental conditions were as outlined in fig. 1. The results presented are the
percent changes in the oxidation rate of a given mixture, observed upon the
addition of superoxide dismutase. "NONE" refers to the reaction condition where

gallic acid is the only compound present before the addition of superoxide

dismutase. ‘ .

Fig. 3 The effects “of catalase on tHe oxidation rate of gallic acid. The -

experimental conditions and abbreviations are as indicated in_fig. 1. The results

presented are the percent changes in the oxidation rate of a given mixture,

observed upon the addition of catalase. "NONE" refers to the reaction condition

where gallic acid is the oniv compound present before the addition of catalase.

~



Fig. 4 The effects of benzoate on the oxidation rate of gallic acid. Experimental
& N . =Y

conditions and abbreviations as indicated in fig. 1. The results presented are the

percent changes in the oxidation rate of a given mixture, observed upon the

addition of benzoate. "NONE" refers to the reaction co’ditién where gallic acid

is the only compound present before the addition of benzoate.

Fig. 5 The effects of EDTA on the oxidation rate of gallic acid. Experimental
.conditions and abbreviatiﬂons ‘as stated in fig. 1. The results presented are thé
percent changes in the oxidation rate of a given mixture, observed upon the
addition of EDTA. "NONE" refers to t}we reaction condition where gallic acid is

the only compound present before the addition of EDTA.

Fig. 6 The ﬂtfa"ffgctfs of,,,desfe‘eﬂ;ioiérﬁiﬁéﬁ on the 7<737xid:73tion rate of gallic acid.
77.7E>{bré:i;nental conditions and abbreviations as indicated in- fig. 1. The results
presented are the percent changes in the oxidatio; rate of a given mixture,
observed wupon addition of desferrioxamine. "NONE" refers to . the ' reaction
condition where galtic acid is the only compound present before the 'addition of

desferrioxamine.

Fig. 7 The ;‘effects of superoxide, metals, hydrogen peroxide and the hydroxyl radical
on the rate of oxidation of gallic acid. The experimental conditions and

calculations are as described 'm fig. 1. The role of superoxide, (role of 02-),
was estim!ated from the reaction rate in the bresence o,fv a mixture containing:
ben\zoz‘:ate plus éatalase plus either desferrioxamine or EDTA as indicated in the
ijegend on thé graph. The roie of metals, #ole of M+), was estimated from the

reaction rate in the presence of: benzoate plus catalase plus superoxide dismutase,

while the role of hydrogen peroxide, {role of H202), was estimated from the
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reaction rate in the presence of a mixture of: benzoate plus superoxide dismutase °

¥

and one of the metal cheilators, desferrioxamine or EDTA, 3s indicated on the

graph. The role of the hydroxyl radical, (role of QOH®) was estimated from the

reaction rate in the presence of catalase pius superoxide dismutase plus either

desferrioxamine or EDTA, as :indicated n the legend.
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