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We dcscnbe a rapid and dicect assay of NAD(PYH:(qui ductase (EC
1.6.99.2) activity in cultured celis witable for identifying and punfymg lnducen of this detoxi-
cation enzyme. Hepa 1clc? murine hepatoma cells are plated in 96-well microtiter plates,
grown for 24 h, and exposed 0 inducing agents for another 24 h. The ccils are then lysed and
quinone reductase activity is asayed by the addition of 2 reaction mixwure containing an
NADPH ing system, di (2-m:thyl 1 Lnaph!hoqulmne).md MTT (344,5-di-
methylthizzo-2-yl)-2,5-diphenyl 1. Qui lyzes the reduc-
tion of menadione to menadiot by NADPH, and MTT is reduced nonenzymaticaily by mena-
diof resulting in the formation of a blue color which can be qumumed on & microtiter plate

absorbance reader. The reaction is more than 90% di hibitable and di
dependent..The results neonmplnblc to thon obumed by harvesting ceils from Jarger plates,
prenlnnucymsoh,mdcarrynmo\n © 1948 Acadentic Press, tac.

KEY WORDS: qui d phase [1 enzymes; enzyme duction; microtiter plates:
anticarcinogens. ’

We have developed a rapid, efficient, and
inexpensive assay for measuring NAD(P)H:
(quinoné-acceptor) oxidoreductase (EC
1.6.99.2) from cells cultured in microtiter
wells. Quinone reductase? is a widely distrib-
uted, primarily cytosolic, dicoumarol-inhib-
itable flavoprotein that catalyzes the reduc--
tion of a wide variety of quinones and quin-
oneimines (1,2). Quinone reductase protects
cells against the toxicity of quinones and
their metabolic precursors by promoting the
obligatory two-electron reduction of quin-
ones to hydroquinones which are then: sus-

' To whom reprint requests should be addressed:.
? Abbreviations lued quinone reductase; NAD-

(PYH:(qui idored (EC 1.6.99.2);
DMSO, dimethy! nufonda: M'I'T 3-(4,5-dimethyhth-.
iazo-2-y)-2,3-diph bromide; Sudan I, 1-

phenyhzo-l-nlohﬂlol Sudan U1, 1+2,4-dimethylphenyl-
azo)-2-naphthol; Sudan [, 1{4-phenylazophenylazo)-
2-naphthol. \
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ceptible to glucuronidation (3-10). In addi-

tion, quinone reductase is induced coordi-
nately with other electrophile-processing
Phase I enzymes (glutathione S-transferases
and UDP-glucuronosyltransferases) by a va-
riety of compounds that protect rodents
from the toxic, mutagenic, and neoplastic ef-

fects of carcinogens (2,11-13). There is a_

large body of evidence which suggests that
the induction of Phase 1f enzymes is the pre-
dominant mechanism by which these hetero-
geneous compounds are chemoprotective
(11~15), and it is clear that the monitoring of
Phase [T enzyme induction is a convenient.
method for screening for anticarcinogenic
activity (11-13,15-23).

Although many anticarcinogenic enzyme °

inducers have been discovered, other unrec-
ognized compounds may exist that are po-
tent, effective, and nontoxic (e.g., the active

’ constituents from poorty characterized plam

"y
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extracts) (11,17,20-23). Uafortunately,
screening compounds for their ability to in-
duce Phase II enzymes in animals is difficult,
time-consuming, and expensive (17,20). Our

inducing agents ‘were obtained ‘fand prepared
as described previously (24-26). Hepa lclc7
cells were a gift of J. P. Whitlock, Jr., Stan-
ford University. Multiple pxpettors (50- and

1 Cells Cultured laboratory has recently developed a more.  200-ul Octapipets) were purchased from
inogenic rapid screening system by demonstrating Costar (Cambridge,! MA). Th? absorbances
that quinone reductase is induced in the of microtiter wells were measured with an
Hepa lclc7 murine hepatoma cell line by automated optical scanner equ’npped with a
many of the compounds that induce Phase Il 6{0-nm filter (Biotek, Wmooslp, vT).
\ enzymes in vivo (24-26). Nevertheless, con- : !
ol of Medicine, ventional assay techniques (e.g, harvesting, Methods |
homogenizing, centrifuging, and assaying for  Growsh of cells. Hepa lcle? cells were
enzymatic activity and protein content) are  piared at a density of 10 000 cells/well in 200
time‘consun.iing and therefore l’!mit the use- al of a-minimal essential medium (without
cductase (EC fulness of this procedure. For this reason, we  ribonucleosides of deoxynbﬁnucleosndcs)
o this detoxi- have developed a direct assay of quinone fe-  gypplemented with (10% fetal calfserum The
otiter plates, ductase from cells grown and induced In'96-  celts were grown for 24 h i in' 8 bumidified
en lysed and well microtiter plates by measuring the jscubator in 5% CO; at 3-;»0 The medium
‘]’_“[“3“""‘: an 'NADPH-dependent menadiol-mediated re-  wag decanted and cach well was refed with
1 m: reduc. duction of MTT. This assay procedure is 09 ) of a-minimal essential’ medium sup-
‘ly by mena- rapid, accurate, incxpensive, capable .of plemented with 10% fetal ulf serum, 100
rotiter plate screening many compounds and/or 4 sries  /ml of penicillin G, 100 ug/ml of strepto-
menadione of concentrations of compourds in a single mycin, and 0.1% DMSO. Compounds to be
arger plates, experiment, and amenable to oomputerize_d " tested as inducers were dissolved in DMSO
:::::4:,: data processing. This method should {acili-  3ng were diluted into the media so that the
tate the identification of new and potentially final concentration of DMSO was 0.1% by
important chemoprotective compounds of  yolume. Control cells were always grown in
1(3-10). In addi- medicinal interest. ‘the second column of wells' and were fed
induced coordi- -media containing 0.1% DMSO. The cells
phile-processing EXPERIMENTAL PROCEDURES ' were then incubated for an additional 24 h.
ne S-transferases Assay of quinone reductase: The following

iferases) by a va-
protect rodents

Materials v
MTT, NADP, FAD, menadione, bovine

stock solution was prepared for cach set of
assays: 7.5 ml of 0.5 M Tris-Cl (pH 7.4), 100

nd neoplastic cf+ serum albumin, Tris base, glucose 6-phos- - mg of bovine serum albumin, | ml of 1.5%
-13). There is a phate, bakers’ yeast glucose-6-phosphate de- Tween-20, 0.1 ml of 7.5 mM FAD, 1 ml of
ch suggests that hydrogenase, Tween-20, penicillin G, strep- 150 mM glucose 6-phosphate; 90 ul of S0 mm
“ymes is the pre- tomycin, and crystal violet were obtained NADP, 300 U of yeast glucose-6-phosphate
ich these hetero- from Sigma Chemical Co. (St. Louis, MO); dehydrogénase, 45 mg of MTT, and distilled

heémoprotective

. NADH was from Pharmacia P-L Biochemi-

water t0 a final volume of 150 ml. Mena-

¢ monitoring of cals (Piscataway, NJ); microtiter wells were  dione (1 ut of 50.mM menadione dissolved in:
is a convenient from Falcon (Becton-Dickinson-Labware;  acetonitrile per milliliter of reaction mixture)
ticarcinogenic. Oxnard, CA); a-minimal essential medium. - ‘was added just before the mixture was dis-

ogenic enzyme

and fetal calf serum were from GIBCO
(Grand Island, NY); and DMSO and aceto-

pensed into the microtiter plates.
After the plates were exposed to test com-

d, other unrec- nitrile were from Burdick and Jackson poundsfor 24 h; the media were decanted,
. st that are po- (Muskegon, MI). 2,3,7,8-Tetrachlorodi- and the cells were lysed by incubation at
‘e.g., the active benzo-p-dioxin (TCDD) was obtained from:  37°C for 10 min with 50 l in each well of a
acterized plant solution containing 0.8% digitonin and 2

“IIT Research Institute (Chicago, IL). Other

1-E33
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mMm EDTA, pH 7.8. The plates were then
. agitated on an orbital shaker (100 rpm) for
an additional 10 min at 25°C, after which
200 ul of the complete reaction mixture was
added to each well with the aid of a multiple
pipetting device (Octapipet). A blue color de-
veloped and the reaction was arrested after 5
min by the addition of 50 ul of a solution
containing 0.3 mM dicoumarol in 0.5%
DMSO and 5 mmM potassium phosphate, pH
7.4. The plates were then scanned at 610 nm,
The first column of weils in the plates always
contained the reaction mixture only and
served as the nonenzymatic blank. The aver-
age absorbance value of this column of wells
was subtracted automatically from all olhcr‘
absorbance readings.

In order to determine the proportion of
MTT reduction attributable to quinone re-
ductase activity (Table 1), three sets of mi-
crotiter plates were grown and induced
under identical conditions. The cells on one
set of plates were assayed as described above:
A second set of cell lysates was assayed in the
presence of 50 ul per well of 0.3 mM dicou-
marol in 0.5% DMSO and § mM potassium
phosphate (pH 7.4). The third set of cells was
lysed in the standard fashion but assayed
with a reaction mixture containing no men-

adione. The absorbances were scanned 5 min
after the addition of the reaction mixture.

Crystal violet staining. Since some qui-
none reductase inducers or crude fractions
that are being screened for inducer activity
depress the rate of céll growth, it is desirable
to relate the abserved quinone reductase ac-
tivity to the number of cells or the amount of
protein in each microtiter well. This normal-
ization can be conveniently accomplished by
staining a set of microtiter plates treated
identically to those used for the MTT assay
with crystal violet. We have used a slight
modification of the method of Drysdale ef al.
(27) for. this purpose. The media were de-
canted, the plates were submerged in a vat of
0.2% crystal violet in 2% cthanol for 10- min
and rinsed for 2 min with tap water, and the
bound dye was solubilized by incubation at
37°C for t h with 200 ul of 0.5% sodium
dodecy! sulfate in 50% ethanol. The plates
were then scanned at 610 nm.

In order 1o demonstrate the validity of the
crystal violet assay as a convenient measure
of protein content and cell number, five
twofold serial dilutions of Hepa 1clc7 cells
were plated in each of six identical 24-well
2-cm? plates (four wells per dilution of céils).
The cells were grown for 24 h, refed with

'

TABLE t

RATES OF MTT REDUCTION OF Comnot., #-NAPHTHOFLA VONE OR | Z-DITNlObS-THlDNE-TREAWD
HEPA |clc1 CELLS GROWN IN MICROTITER WELLS:

Change in absorbance (X 10%) mS min mlenm

Number: Standard assay wnth- Sund:rd 28RY
. of welle: ot peior dicoumarol minus. |
Treatment of cells: assayed: Standard assay addition menadiond:
Control 16 212412 160 £ 4.4 220+28-
f-Naphthoflavone (2 uM): 8 862 x 20 173+ 40 17232 4.0
1,2<Dithiol-3-thione (10 um)- 8 453+ 20 20334 , 203234

Note. Hepa Iclc? cells were grown and induced in three paraliel sets of microtiter weils as dumbedunder
Materials and Methods. One st of plates was lysed and assayed in the standasd fashion, another set was assayed in the
presence of 50 xl of 0.3 mM dicoumuol perwdl and the third sct was assayed with reaction mixture containing no

menadione..
“ Mean values + mnda@ deviations.

1-E34
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COMPARISON OF QUINON:

GROWN [N MICROTITER WEL
e el et e e

Compounds

Polycychc aromatics

2.3,7,8-Tetrachlorodibenzc
8-Naphthaflavone
Benzofalpyrene
3-Methylicholanthrene

'Azo dyes

§,1-~Azonaphthalene
142-Pyridylazo)-2-naphth:
1{2-Thiazolylazo)-2-naph
Sudan |

Sudan 1l

Sudan {1

{ Diphenols

Catechol

Resorcinot
Hydroquinone
ten-Butykatechol
tert-Butylresorcinol
tert-Bulythydroquinone

| Isothiocyanate

Benzylisothiocysnate
Dithiolthiones
1 2-Dithiol-3-thiore
4-Phenyt-1,2-dithiol-3-1h
542-Pyrazinyl)4-methyl
dithiol-3-thione

.* Dircot assay described 1
b Hepa IclcT cells growr
“Mean value ¢ standard
« Unpublished results (N
¢ From Prochaska et al.»

medium, and grown
The total cellular pro:
plate was determined
were washed with phe
400 ul of water was &
sonicated. Aliquots fi
sayed by the method
bovine serum albumi
plate-was used to detc




Case 1:07-cv-07844-SAS Document 42-9  Filed 05/08/2008  Page 4 of 19

12/07/95 THU 18:55 FAX 3)°.702 3022

ices were scanned S min
'he reaction. mixture,
ning. Since some qui.
cers or crude fractions
ed for inducer activity
| growth, it is desirable
quinone reductase ac-
feells or the amount of
titer well. This normal.
iently accomplished by
>rotiter plates treated

sed for the MTT assay '

Ve have used a slight
thod of Drysdale ef q/.
. The media were de.
: submerged in a vat of
2?5 ethanol for 10 min
v_nh 1ap water, and the
lized by incubation at
0 ! of 0.5% sodium
% ethanol. The plates
110 nm.
rate the validity of the
4 convenient measure
nd cell number, five
s of Hepa Iclc7 cells
f six identical 24-well
s per dilution of cells).
for 24 h, refed with

-3-THIONE-TREATED

—————
n 5 min at610 nm

with Standard assay

rol minus

0
220¢28
173440
203 +34

" weils as described under
ather set was assayed in the
ion mixture containing no

MICROTITER PLATE ASSAY FOR QUINONE REDUCTASE

TABLE 2

John Crerar Lib./(s2¢

]

331

1
)
?
1

COMPARISON OF QUINONE REDUCTASE INDUCTIONS OBTAINED BY DIRECT ASSAY OF HEPA l¢1¢7 CELLS
GROWN [N MICROTITER WELLS AND 8Y CONVENTIONAL AsSAY OF HEPA [clc7 CELLS GROWN ON 75<m* PLATES

Ratio quinone mduqn‘: specific activity

(treated/control)
Concentration Diréct assayin Corgvenn'onnl assay with
Compounds ~(uM) microtiter wells® { 75-cm? plates®
Polycyclic aromatics ’
2,3,7,8-Terachlorodibenzo-p-dioxin 0.01 310051 295 + 0404
B-Naphthofiavone ) 2 4.66 = 0.25 3.56 + 0.344
Benzo[alpyrene 2 380+034 3.58 £ 0.08%
. 3.Methylcholanthrene 2 3.43 £ 0.40 3.29 £ 0.24¢
Az0 dyes .
1.{“Azonaphthalene 2 5.08 £ 0.36 447 £ 0.52¢
1{2-Pyridylazo)-2-naphthol 2 4.80 £ 1.07 3.61 £0.26¢
1<2-Thiazolylazo)-2-naphthol 2 325034 3.00 £ 0.187
Sudan | 2 4.25 £ 0.3t { 3,36 + 0.12¢
Sudan ti 2 250 + 0.20 j 284 0.20
Sudan 111 2 1.80 £ 0.08 2.28 +0.204
Diphenols i -
Catechol 30 198 £0.41 L19£0200
Resorcinol o 30 1.09 £ 0.08 ; 0.88 £ 0.04*
Hydroquinone 30 2.35+0.19 v 1.92£0.12°
1en-Butylcatechol 30 175 £ 0.17 i 1.6540.10°
1ert-Butylresorcinol . 30 0.97 £ 0.08 £ 0.79 £0.08°
fert-Butylhydroguinone 30 2,66 £0.23 T 287 £0.38°
Isothiocyanate
Benzylisothiocyanate b 1.9t £6.20 . 3.16 £ 0.62°
Dithiotthiones '
1.2-Dithiol-3-thione 10 2.65 £0.25 2.95 £ 0.40°
4.Phenyt-1,2-dithiol-3-thione 30 353+ 034 3.46 £ 0.56¢
$42-Pyrazinyt)-4-methyl-1,2-
dithiol-3-thione 30 1.59 £ 0.14 23220344

'« Direct assay described under Materidls and Methods (N= 8). )
* Hepa Icic7 cells grown, treated, and assayed from 75-cm? plates as described by DeLong er al. (25).

< Mean, value + siandard deviation.
¢ Unpublished results (N = 4).
¢ From Prochaska et a/. (24).

medium, and grown for an additional 24 h.
The total cellular protein of each well of one
plate was determined. The wells in this plate
were washed with phosphate-buffered saline,
400 ul of water was added, and the wells were
sonicated. Aliquots from each well were as-
sayed by the method of Bradford (28), with

bovine serum albumin as standard. A second..

plate was used to determine cell number per

1-E35

well, and:thc remaining four plates were
stained with crystal violet and destained as

described for the 96-well plates. The stain

from each well was solubilized in 3 m} of
0.5% sodium dodecy! sulfate in 50%ethanol
and the absorbance of the resulting solution
was measured in -1.0-cm light path cuvettes
at 610 nm. The average absorbance for every
concentration of cells from cach individual

o1z
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8-PHOSPHO- GLUCOSE used for staining quinooe reductase activity
GLUCONATE 8-PHOSPHATE in gels (29). Although the bleaching of the
SLUCOSE- color of 2,6-dichloroindophenol (a substrate
YT for'quinonc reductase) by reduced nicotin-.
NADPH DENVOROGENASE NADP amide nucleotides can be followed in micro-

QUINONE
o REOUCTASE oH
: g on

REDUCED MTT MTT
(FORMAZAN DYE)

FiQ. 1. Principle of the assay of quinone reductase.
Glucose §-phosphate end gl §-phosphate dehydro-
genase continually gencrate NADPH, which is used by
quinone reductase to transfer electrons to menadione.
The menadiol reduces MTT (o the blue formazan which
can be measured over 2 broad range- of wavelengths
(550-640 nm). The complete reaction mixtwre is de-
scribed under Materials and. Mcthods. Both NADPH
and menadione are regenerated, which obviates prob-
lems i b: depleti

plate was used to determine the mean and
standard - error of absorbances shown in
Fig. 4.

Determination of specific activities. The
results of quinone reductase specific activity
measurements for Table 2 are reported as the
ratios of specific activities of inducer-treated
microtiter wells to those of controls. The rate
of MTT reduction and the crystal violet ab-
sorbances for the inducer-treated groups
were compared to those of control cells
grown on the same micrgtiter plates. The re-
sults were calculated using a spread-sheet
program and the standard deviations shown
in Table 2 were determined from the stan-.
dard devidtions of both the MTT and crystal-
violet assays:

RESULTS AND' DISCUSSION::

The assay (Fig. 1) is based on the prodirc--
tion of a blue color wherss MTT is reduced:
nonenzymatically by menadiol that is gener--
ated enzymatically from menadione by qui-
none reductase. Si\mila.’r systems have been:

John Crerar Lib./Us*s

titer wells, its use is unsatisfactory in this
assay system for two main reasons. First, the
depletion of 2,6-dichioroindophenol results
in the significant decline of reactiosi rate with
. time. Second, small errors in pipetting of the
reaction mixture containing 2;6-dichloroin:
dophenol (which has an absorbance of 1.8 to
2.0 under usual assay conditions) can result
in significant variability. These errors ad-
versely affect the reproducibility of data since
only the absoiute absorbance at 5 min rather
than the absorbance change in each wetl can
be conveniently measured. The use of MTT
reduction avoids these difficulties since (a)
the menadione concentration remains con-
stant in the assay system because MTT re-
duction, results in menadione regeneration:
and (b) the assay depends on the generation:
of color from absorbances that are initially
negligible. Thus, all wells have negligible ab-.
sorbance at z¢ro time and ‘the absolute ab-

!.0 0.0 —— i ——
2.4 { E o
°
w 18 ¢
Q
3
a 1.2
Q
H
2 os

Oq

TIME (MIN) -

Fia. 2. D dence of MTT reduction rate on
amount of quinone reductase. Pure murine quinone re-
ductase (30) was added in the indicated quantitics and
the rates of MTT reduction were reconded for 3 min at:
610 nm in }.0-cm light path cuvettes and i total vol-
umes of 3.0 mL The' i i was ‘identical to -
that used for microtiter weil assays, Menadione was
added to initiate the reuction. The assay was linear for §
min for absorbance changes of up to 0.5/min. The rates:
obtained were proportional to the amount of enzyme
added ({nset; 7 = 0.999):
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sorbance at 5 min accurately reflects the -

change in absorbance during this time. The
extinction coefficient of reduced MTT was
found to be 11,300 M~' em™" at 610 nm.
The assay utilizes an NADPH generating
system that maintains a constant NADPH
concentration, which can be varied as de-
sired. Because the rate of MTT reduction by
the number of Hepa 1c1¢7 cells normally
grown in a microtiter well is too rapid to
measure conveniently if the NADPH con-
centration is saturating, 24 uM NADPH was
chosen (x} Ka; (30)). NADH is unsuitable
for this assay because MTT reduction is also
promoted by other NADH:linked dehydro-
genases that are neither dicoumarol inhibit-
able nor menadione dependent. Thus, .the
use of NADH results in high nonspecific
rates. With NADPH, however, the mena-
dione-independent or dicoumarol-insensi-
tive reduction of MTT with control cells was
less than 10% of the total activity obtained in
the standard ‘assay (Table 1). ThiS slow rate
of reduction of MTT {caused by nonspecific
diaphorases) is almost the same in both the

presence of dicoumarol and in the absence of -

menadione, and it is unaffected by induction
of the specific NAD(P)H:quinone reductase:.

. Because the basal rate of reduction of MTT

by NADPH is low, there is no need to run-

parallel dicoumarol-inhibited plates during

routine screening.

. Since both substrates are rcgcnemed, the:

absarbance is linearly proportional to the

amount of added enzyme up 10 a rate of ab-

sorbance change of 0.5 per min (Fig. 2). The

rate of absorbance change in the absence of
enzyme is 0.001/min. Furthermore, the rate

of MTT reduction-in the assay utilized for
microtiter wells is linearly related to the rate
of NADH oxidation as measured in the
standard menadione assay described by Pro-
chaska and Talalay (30; Fig. 3). The addition
of dicoumarol (50 M final concentration) to:

the cuvette under conditions similar to those:

used for the microtiter assay results in vir-

_ tually_instantaneous inhibition of MTT re-

duction. The rapidity of inhibition is 10 be

1-E37
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2 °o 20 . ) 60
NADH OXI01ZED (nmol/min)
FiG. 3. Comparison.of q\fiflone reductase activity
measured by the NADPH-dependent men: adiol-me-

diated reduction of MTT with the mndml qumou re-
ductase assay. Six of pure
(30) indicated in the figure were mma infthe standard
y for qui as described ‘- Prochask
and Talnlly {30) by following the ox)dsuon ot' NADH
(200 M) by menadione (50 sM) at 340 nm. sswell asin
the assay system utilized for microciter weils by following
the reduction of MTT by NADPH at 610 am. Body:
assays were performed at 25%C in 1.0-cm light path cu-—
vettes and in total vdumaofl .0 mi. The fates obtained:
by the two assays are hnMyWM(QuOM)-nd
the MTT assay rate was 46.7% that of the standard:
NADH assay. f

*expected smce the K, value for dléoumarol is
‘Tow (110 nM) and the eoncem.mtmn of the
competing substrate (NADPH) hls also tow
(20- uM) (30). Thus, this system. provides an
appropriate assay for quinone reductase.
Because we were interested in l'muummng
the rapidity with which the screenmg of in-
ducers could be performed, we rodified the
method of crystal violet staining described by
Drysdale et al. (27). This procedure has been.

'usedwuhgreatsuccesstodctemunethespe-

cific activity of cytotoxic factors in the
L929 murine fibroblast line, since it is a
rapid, simple, and reliable method for deter-
mining cell number (27). Staining with crys-
tal violet also appears to be well suited for the
Hepa [c1c? murine hepatoma cell line since
the degrée of crystal violet absorption corre-
lates well with cell number and total protein
(Fig: 4; r =0.996 and 0.997; respectively).
Indeed, at exceedingly high cell densities/
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FIG. 4. Crystal violet staining corretaces with total cele

tular protein (A) and cell number (B). Hepa Iclc? cells
were plated at five cell densities in six identical 24-well
2-cm? plates and grown as described under Materials
and Methods. Aliquots from one plate were used to esti-
mate cell protein (peesented as ug of protein per well) by

the method of Bradford (28), and a second plate was.

used to determine cell number. The remaining four
plates were stained, destained, and solubilized in 3 m) of
0.5% sodium dodecy! sulfate in 50% ethanol. The soly-

staining of cells of different ceil densities js
remarkably constant (Fig, 4, inset). Hence,
we find that crystal violet staining is a suir-

able method for the rapid estimation of tota] -

cellular protein and/or cell number and the
data from Fig. 4 can be used to derive a sim-
ple formula for mimatmg quinone reductase

. specific activity.’ We found that over many

(N = 32) experiments the specific activities
ranged between 104'+ 3.4 and 355 + 18.7
nmol/min/mg, and the mean + standard de-
viation of the averages is 208 + 66 nmol/
min/mg. The specific activity of quinone re-
ductase in Hepa Iclc7 cells grown in 75-cm?
plates and assayed in the conventional man.
ner with menadione (50 uM).and NADH
{200 uM) as substrates ranged from 213 + 6.6
to 578 + 81.6 nmol/min/mg of protein. The
mean‘and standard deviation of the averages

3The specific activity of quinone reductase (nmoly/
min/mg of protein) can be cstimated by using the ox-
tinction coeficient of MTT (11,300 M™' cm™* at 610
am) and the measure of total ceflular protein as deter
miocd by the proportionality constant calculated from:
the calibration curve for crystal violet. This constant

(37.8 mi/mg/cm light path at 6 10 nm) is the siope of the .

line depicted in Fig. 4 multiplied by 3.0 m| (tbe volume
in which the crystal violet stain was solubilized), Because
of the orientation of the light beam relative to the mi-
crotiter well the absorbance of a given quantity of chro-
phore is independent of volume: i.e.,the product of

tions were transferred 1o |.0-cm light path and
the absorbances were then determined at 610 nm, 'nn:
average crysal viole! absorb for every ct

of cells from each plate was determined. from which the
mean absorhances and standard errors shown in the fig-
ure were calculated (¥ = 4). The absorbances of crystal
violet were lincarly correlated with total protein and cell
number (+ = 0.997 and 0.996, respectively). Further-
more, the proportion of crystal violet absorbance rela«
tive 1o the highest absorbance was virtually the same.
between plates (lmet)

cm?, the crystal violet absorbance continues:
1 correlate well with total protein, although:
the ratio of crystal violet absorbances to cell:
number increases (data not shown). Al
though there is some variability of the abso--

lute absorbance of crystat violet between in-
dividual plates. the relative proportion of

\

the conceatration and pach length is 2 constant. la other
words, for a given amount of chromophore. if the con~
centration is halved by the addition orso(vem.. tbe path:
length is doubled und the total absorbance remains un-

changed, Thus, the moles of MTT reduced or the mass-

of protein per weil can be determined from their respec-
tive absarbances, the extinction coefficient ot propor-
tionality .constant, and the area of the microtiter. well
(0.32 cm?). Furthermore, since both the MTT and crys--

- 18l violet assays are scanned it microtiter wells of the.

nme diameter, the specific activity calculation becomes:
dent of aree. Therefore, specific activity can be:
calculated from the simple formuls:

specific mivily )
. absocbance changs of MTT/min
sbsorbance of crysial violet

whese 3345 nmoi/mg is the ratio of the proportionality

X 3348 nmol/mg,.

constant detertnined for crystal violet and the extinction: .,

cocfficient of MTT.

1-E38.
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MICROTITER PLATE ASSAY FOR QUINONE REDUCTASE
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Fiu. S. Photograph showing the color (blue) that de-
velops in (he assays for quinone reductase activity.of
Hepa lclc7 cells grown in miceotiter wells. The celis
were grown. induced, and assayed as described under
Materials and Methods. Blank weils contain no cells;
control wells contain Hepa Ictc? cefls treated with me-
dium containing 0.1% DMSO (without inducer). Sudan
I, 11, and LI wells contain cells that were treated with
media containing the respactive azo dye (2 #M) in 0.1%
DMSO. All cells were grown for 24 h and then treated
with inducer or DMSO for snother 24 h prior (0 assay.
Four identical wells are shown for each condition.

C e

of 15 experiments is 357 £ 106 nmol/min/
mg of protein. )

The usefulness of the microtiter system in
screening for inducers of quinone reduciase:
is illustrated in Table 2 and Fig. 5. This assay

- accurately identified inducers and nonin-

ducers and yielded virtually the same rank
order of induction as did experiments with

- cells grown on 75-cm? plates and assayed in

the conventional manner. For example, we
have reported that resorcinol and its substi-
tuted congeners were inactive as inducers of
quinone reductase; whereas catechols and
hydroquinones could significantly elevate
levels of quinone reductase in the Hepa
1cic7 cell line (24). The same patterns were:
observed with the diphenols tested in the di-

rect assay system (Table 2). Furthermore, the:

iled 05/08/2008

John Crerar Lib. /i,

E’ 335
tance of a microtiter scanner. Scanning of
the absorbances for the experiment shown in
Tabie 2 required less time than dxd harvest-
ing of cells from the equivalent numbcr of
75-cm? plates. Data processing can be further
simplified by linking the scanner to a per-
sonal computer. We conclude that the direct
assay of quinone reductase from eells grown

in microtiter wells may facilitate the identifi-

cation and isolation ‘of novel \’nduccrs of
chemoprotective enzymes such zs quinone
reductase.

i
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Cancer preventive propertles of varieties |

of Brassica oleracea: a review' >

Christopher WW Beecher ™

ABSTRACT Cabbage, broccoli, Brussels sprouts, and other
members of the genus Brassica have been widely regarded as
potentially cancer preventative. This view is often based on both
experimental testing of crude extracts and epidemiological data.
The experimental evidence that provides support for this possi-
bility is reviewed for the commonly consumed varieties of
Brassica oleracea. In a majority of cases the biological activities
seen'in testing crude extracts may be directly related to specific
chemicals that have been reported to be isolated from one of these
closely related species, thus the chemical evidence further sup-
ports the data from testing extracts and epidemiology. AmJ
Clin Nutr 1994;59(suppl):1166S-70S. “

KEY WORDS Brassica, Brassicaceae, mutagen, antimuta-
gen, cancer, prevention, vegetables, chemoprevention

Introduction

Although most botanists would hardly agree that ‘*A rose may
be a rose by any other name’” there would be substantial agree-
ment that a cabbage and a cauliflower may be quite the same.
These vegetables, and other closely related members of the
Brassicaceae family, have received-widespread notice recently as
public figures have disavowed their consumption and scientists
have upheld them as exemplary of medicinaly significant foods.
Thus, in this article we review all of the experimental evidence
that suggests that there may be a cancer preventive benefit from
consumption of members of these closely related and commonly
consumed vegetables (1, 2). Furthermore, in view of the exten-
sive data (3,.4) that-exist for these vegetables, we will restrict
ourselves to those-vegetables commonly classified as subvarieties
of the species Brassica oleracea (Table 1).

From the outset it must be realized that the published experi-
mental data come from two different types of experimental pro-
tocols. In the first type, evidence is published that concerns tests
conducted on the whole food (or from crude extracts). In the
second type, tests are conducted on specific chemical compounds
that have been isolated from these foods. Specifically, we will
cross-correldte these two bodies of data so that, whenever pos-
sible, the specific compounds that may be responsible for an ob-
servation seen in testing a crude extract are-identified. It is worth
noting that this information is often not available in the original :

- article and lends credence to the-initial observation.

It is our intention to provide support for observations made on
crude extract and identify those areas in which the biologically
active chemical species for a given observation may not yet be

11668
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identified. Although various aspects of the chemistry (5) phar. }]

macology (6, 7), biology (8-10), and: gencral concepts of cancep

chemoprevention (11-13) have becn reviewed separately, we
will provide an overview approach that demonstrates the overlap 7
between these various areas. Funhermore it is important to reg. :
ognize that many clinical trials are currently underway, (14) °
which, in preliminary reports, lend credence to the cancer pre. '
ventative approaches (15, 16).

Relevant biological activities

The etiology of cancer follows no ;mgle track but rather is zhe :
result of an accumulation of diverse events that lead to a common
endpoint, namely the uncontrolled growth of a normally quies-
cent cell. Nevertheless, there are generally recognized to be many
common stages to.the development qf cancer. These stages (Fig
1) include an initial insult (or mutation) to the genetic material
often delivered by a mutagen or other chemical agent but may )
also be inherited or possibly viral in origin. A cell that has re-
ceived such an insult is said to be initiated. An initiated cell will
still be quiescent and not manifest its altered phenotype until it
is promoted. The promotional act may similarly take multiple
forms but it fundamentally involves achieving a physiological
state that signals the altered DNA to be read. Where the altered
message leads.to an unquenchable cycle of cellular division, the
cell is considered cancerous. This aberrant equilibrium, where
‘the cell cannot reset itself, will become a tumor if it cannot regain
a “‘normal’’ or self-restrained equilibrium.

Cancer chemotherapeutic agents are directed against cancerous
or fully promoted cells and seek to selectively kill the cell based
on some aspect of its aberrant biochemical equilibrium. As such,
all current cancer treatment is based on compounds that are toxic.
An ideal cancer chemotherapeutic agent would be toxic only 10
cancer - cells bt the reality is that such specificity has not yet
been acheived. Although this.is clearly a suitable course when
the fatality of the disease is‘cdnsidergd. the approach to cancet

! From the Program for Collaborative Research in the Pharmaceuticd
Sclences Department of Medicinal Chemistry and Pharmacognosy. Col-
lege-of Pharmacy, University of Illinois at Chncago

2 Supported in part by grant CA48112- -01A3 from the Naucna( Cancef
Institute.

* Address reprint requcsls to CWW Bccch:r Program for Collabord

y, Uni

Chemistry and Pharmacognosy, M/C 781, College of Pharm
versity of Illinois at Chicago, Chicago, IL 60612.
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BRASSICA CHEMOPREVENTION

ABLIL: | ] :
;‘ must commonly consumed members of the genus Brassica

Species Variety Common name
grassica campestris Field mustard
Brassica chinensis Bok choy
Brassica juncea Mustard greens
Brassica napus var napabrassica Rutabaga
Brassica nigra 'Black mustard
grassica oleracea var acephala Collards
Brassica oleracea var acephala Kale
Brassica oleracea var botrytis Broccoli
Brassica oleracea var botrytis Caulifiower
Brassica oleracea var capitata Cabbage
Brassica oleracea var gemmifera Brussels sprouts
Brassica oleracea var gorgvlodes Kohlrabi
Brassica peki) i var capi Cabbage (Chinese)
Brassica rapa var rapifera Tumip
Brassica rapa var japonica Red tumip

chemoprevention must be based on a very different strategy. In
view of the fact that such agents must be used prophylactically,
they must exhibit few, if any, side effects and must have virtally
po toxicity. In addition to these stringent requirements, it needs
1o be recognized that any compound that is to be considered as
acancer chemopreventive agent may also exhibit a suitable spec-
trum of biological activity.

In cancer chemoprévention the aim is to reduce the number of
initiated cells, inhibit the promotion of initiated cells, or even
reverse the promotion itself. Furthermore, each of these broad
categories has many strategies that may be useful to cancer pre-
vention. First, there are strategies that aim to reduce the initiation
rate. The agents here are classified as antimutagens, desmutagens,
inhibitors of enzymes that activate procarcinogens, or agents that
stimulate the metabolization of mutagens to less harmful metab-
olites. Also included here are antioxidants because a portion of
the genetic damage is likely the result of free radical damage
(17-21). Second, there are strategies that aim to reverse or inhibit
the promotion stages. Biological activities that act at this stage
may act specifically on the promoted cell to cause it to rediffer-
entiate and hence regain control of its own division or they may

Filed 05/08/2008
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FIG 1. The etiology of cancer. The steps shown are those generally
assumed in the development of cancer.

rather are of such a general nature that no specific mechanism of
protection may be ascribed to them. !

Antimutagenic activities

The ability of a crude extract of a Brassica vaﬁety to reduce
the effect of a mutagen (either as a desmutagenic agent or as an
antimutagenic agent) has been reported no less than eight times.
In all of the casés in which a mechanism can Be discerned it

7 appears that, although the term antimutagen is used routinely,

these are most likely all cases of desmutagenicityThese reports
are summarized in Table 2. !

The major bulk of the reports concern ability: of a'pfotein,

termed the desmutagenic factor, to inhibit various mutagens in

Ames-type assays. This factor, first described by ]éada et al (24),
was later characterized (25) and patented (26) by :Morita et al as
a heat-labile protein-with a molecular weight of =:53 kDa, which
contained a prosthetic’group with a heme-like chromophore. This
protein was shown active against tryptophan pyrolysates (24),
ethidium bﬁromide (25), 2-aminoanthracene (25), autooxidized
linolenic acid (27), and pyrolysates for other amino acids (28).

act at any of the points in one of the secondary m ger (or
the refated oncogene) systems that are frequently implicated as
destabilizing agents. In the same light. the biological conse-
quences of low-level inflammation or constant low-level estro-
genic stimulation are similarly considered destabilizing (22, 23)
and hence targets for chemopreventive approaches.

As we consider such an etiology, we can associate specific
bioassays that have been described in the literature-in relationto
one or more of these points. Thus, as a basis for this article, we
have undertaken to review the reports of relevant biological ac-
tivities for Brassica oleracea varieties, They will be organized
as discussed above. With respect to initiation stages, the majority
of published literature in this area fnay be divided crudely into
two broad groupings, namely reports of an anti- (or des-) muta-
genic activity and reports of stimulation of a detoxification mech-
anism. With respect to antipromotion activity, there is a single
teport -that suggests that this mechanism may play a role in
Brussica’s cancer preventive potential. However, there-are many
feports that may not be classified as either of these stages but

TABLE 2
Summary of antimutagenic results
Plant
extracted Mutagen | Percent reduction
e
Caulifiower Nitrate + me(hylurea' 78
Cauliflower Nitrate + aminopyrine 57
Cabbage Nitrate + _sorbic acid Moderate (not calcutable)
Cauliflower Nitrate + sorbic acid Moderate (not calculable)
Cabbage Tryptophan pyrolysate o 97
Broceoli Tryptophan pyrolysate-1 - 97
Broccoli Tryptophan pyrolysate-2 81
Broccoli Ethidium bromide 92
Broccoli 2-Aminoanthracene 84
Broccoli AF-2 0
Broccoli Oxidized linolenic acid 82
Cabbage Oxidized linolenic acid’ . 76
Red cabbage  Oxidized linolenic acid 81
Caulifiower”  Oxidized linolenic acid 76
Cabbage Tryptophan pyrolysate-2 35
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In their 1980 paper, Yamaguchi et al (27) demonstrated a striking
correlation between the desmutagenic activity of the extracts and
their peroxidase activity and further demonstrated that the per-
oxidase activity required a cofactor. This activity was later con-
firmed in the purified protein by Morita et al (25), who did not
note the need for the cofactor. The signal characteristic to the
desmutagenic factor has always been the fact that it is both heat
labile and is inactivated by digestion with a proteinase. With this
in mind. some workers (29) have pointed out that after heat treat-
ment some crude extracts of Brassica extracts still exhibit resid-
ual activity, suggesting the presence of other antimutagenic com-
ponents. Munzer (30) demonstrates that some antimutagenic ac-
tivity acts by stimulating native detoxification systems in
Salmonella typhimurium and thus some of these other agents are
also desmutagenic.

The identity of the other antimutagenic agents has been the
focus of other researchers. Two groups (31, 32) have reported
that extracts of cauliflower and cabbage, respectively, interfere
with the production of mutagens by nitrosation. There is consid-
erable agreement that the active agents include ascorbic acid,
cysteine, or other compounds acting as reducing agents. This is
actually demonstrated by Osawa et al (32), who show ‘that the
ascorbic acid is responsible for the chemical reduction of the ,2-
dinitro-2-methyl pyrrole, the mutagenic nitrosation product of
sorbic acid, to the nonmutagenic compound !-nitro-2:methyl-4-
amino pyrrole. Barale et al (31) show that ascorbic acld and some
phenolic’compounds can duplicate the activity seen in the crude
extract. On the other hand, Lawson et al (33) have identified four
specific compounds isolated from savoy chieftain cabbage that
demonstrated antimutagenic activity against specific mutagens,
N-methyl-N-nitrosourea (NMU) and 2-aminoanthracene (2-AA).
These compounds, f-sitosterol, pheophytin-a, nonacosane, and
nonacosanone, are notable because they are likely to be present

" in a majority of plants. These authors also demonstrate that com-

mercial chlorophyll, the. biological precursor to pheophytin-a, is
strongly antimutagenic. These compounds were shown to present
different activity profiles against the NMU and 2-AA; therefore,
the authors argue that these compounds were achieving their an-
timutagenicity through more than one biclogical mechanism.

Stimulation of detoxification mechanisms

As noted briefly above, Munzer (30) noted that the antimuta-
genic activity of many vegetables, including cabbage, Brussels
sprouts, and kohlrabi, was in stimulating the S-9 mix normally
used to metabolize and sometimes activate mutagens. This ob-
servation serves to bridge the antimutagenic potential discussed
above and the large body of data that makes it clear that in ani-
mals there is a strong stimulation of many of the native detoxi-
fication systems by extracts of various Brassica species. Al-
though this attribute has been fairly widely discussed recently,
because of the articles, published by Talalay's group (34, 35), it
is important to note that this area has a long and honorable back-
ground. Furthermore, although the Talalay articles do demon-
strate a selectivity in the induction of phase-2 enzymes that
has not previously reported, the ability of members of the
Brassicaceae family to stimulate a broad spectrum of enzyme
systems has been widely reported.

The earliest work on the induction of these enzyme systems
was actually an attempt by Wattenberg (36) to explain variations

* but represents rather a phase-2 detoxification system that acts to 3

- For -glutathionie-S-transferase, there are no such drawbacks, 3

* cancer chemopreventive. The first of these concerns a study ¢
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P

in baseline aryi hydrocarbon hydr(?)xylase concentrations iy di. i
ferent rat colonies. Th; variation qil(ima(cly Was ascribed g !hc
presence of alfalfa as an occasional component in rat chow, Thi,
observation was followed by an.examination of the ability or @
many foods to stimulate this enzyme. Wattenberg and his grﬂup"
demonstrated that many members of the Brassicaceae famil
were also active in this regard (372 and, furthermore, the active
compounds were readily identified as indole-3-carbinol, 33
diindolymethane, and indole-3-acetonitrile, which stimulateq 50 98
fold. 20-fold, and 6~fq|d increases; respectively, in enzyme g0
tivities in the livers of rats that consumed augmented basa| chow, '}
In subsequent papers they demonstrated that the ability of jntes
tinal enzymes to detoxify many xenobiotic compounds, including
the indoles noted above (38), correlated to Brussels sprouts o
cabbage consumption in rats (39) and in humans (40). The en. B
zyme systems involved.included many mixed-function oxidam,ﬁ' )
such as phenacetin O-dealykylase, {7-ethoxycoumarin O-dealky.:
lase, hexobarbital hydroxylase, and benzo(a]pyrene hydroxylase.
A direct correlation was later established between the induction §
of these activities and the cancentration of these compounds hy'
McDanell et al (41, 42). These latér studies also demonstrated' -
that the various active compounds had differing abilities to stim- 3§
ulate enzymes in different organsiof the body. They note for ¥
instance that the ascorbic acid conjugate of indole-3-carbinol is '@
the most active compound in stin"\ulating the mixed-function
oxidase populations of the gut whereas indole-3-carbinol, of the 3§
compounds tested, was the strongﬁst inducer of the liver en- i
zymes. Tanaka et al (43) demonstrated recently the ability of;
indolé-3-carbinol to inhibit tongue carcinogenesis induced with ¥
4-x\1itroquinoline-l-oxide. {
Meanwhile, working in a parallél vein, Salbe and Bjeldanes:
(44)\not only confirmed the earlier results of the Wancnberg‘ 5
group but also demonstrated that the'enzyme glutathione-S-trans- 3§
ferase ‘was also swrongly induced by Brussels sprouts. This en- '
zyme, unlike those discussed earlier, is not a P-450 type enzyme : f

conjugate and clear toxicants from the system. The significance .3
of this difference cannot be understated. For most of the P-450 3
type enzymes, their ability to detoxify many mutagens must al-
ways be balariced by their ability to activate other mutagens (43)" 4

rather, as this group has shown (46), an increase in this enzyme £
alone directly resulted in an 87% reduction in the binding of &
afiatoxin to hepatic DNA in vivo. A wide spectrum of compounds
(47, 48) including the glucosinolates, such as sinigrin and pro-
goitrin, and their derivates, such as allyl isothiocyanate, goitrin,
indole-3-carbinol. and indole-acetonitrile, induce glutathione-S- £
transferase-In-other systems it is induced even more strongly by ;
xanthotoxin and some flavanoids (49).

Other relevant reports

There are some reports in which no mechanism can be easily
ascribed to the results or that do not fit into-either of the aboye R
two categories. These seports are nonetheless potentially signif-
icant with respect to the ability of brassicaceous plams !01:1e

on
ducted by Bresnick et al (50) in which rats were fed a cnnlrollcd
fat diet with and without cabbage. There was found to be 2 sta-
tistically significant reduction in the rate of chemically induced
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preast umors in the rats with cabbage in their diet. This effect
was not seen in rats on a high-fat diet. It is of interest to note
shat the experimental design allowed for the consumption of cab-
bage only after the initiation event, administration 6f MNU, thus
ipdicating a potential antipromotion effect. This possibility is also
suggested by a report from Koshimizu et al (51), who use the
“;ghibition of Epstein-Barr virus induction as an indication of an-
tipromotion activity. In their assay an extract of caulifiower is
very strongly active in inhibiting the normal promotion event. In
peither of these publications is it possible to ascribe a specific
compound to the activity observed.

Finally, note that protease inhibitors have been associated with
crcinogenesis inhibition (52, 53), so the relevance of a strong
trypsin inhibitor from the seed of kale (Brassica oleracea var
sabellica) may be relevant (54). The presence of this agent in
other parts of the plant (much less in other varieties) or its ability-
to overcome problems of absorption and transport are totally un-
known. . .

Summary ¢

It may at first seem surprising that so many biological activities
have been demonstrated for plants as commonly consumed as
these. Yet reflection on the complex chemical nature of ‘most
plants suggests that there may be more biological potential in all
of them than we would expect from something that is generally
considered to be biologically neutral. Furthermore, -although
some of these reports-have been in humans, the majority are in
vitro results whose bearing on their effect on humans is very
much an open question. The work of McDanell et al (41, 42)
clearly demonstrates the importance of transport and the variable
ability of different metabolites of even the same compound to
affect different organs. A report by Birt et al (55) amplifies this
by demonstrating that although the effect of cabbage is beneficial
in some cases it may act to increase tumorigenicity in other model
systems (or cancer types).

We have presented a case that strongly 1mpllcs that the cancer
preventive potential of many members of the Brassicaceae family
is strong, yet it must always be stressed that to understand the
relevance of these reports on the human condition, many further
studies need to be done to specifically address questions of the
stability, bioavailability, transport, and metabolism. The additive
or even synergistic effects of these compounds are unknown. The
additional effects of normal food preparation procedures present
another factor that is yet largély unexplored with respect to the
cancer preventive properties, In brief, there is-much exciting po-
tential in the cancer preventive properties and yet there is, as of
this writing, no absolute statement that can be'made concerning
the ability of these foods to directly alter the course of carcino-
genesis. [ ]
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ABSTRACT Inductions of detoxication (phase 2) enzymes,
such as glutathione transferases and NAD(P)H:(quinone-
acceptor) oxidoreductase, are a major mechanism for protect-
" ’ing animals and their cells against:the toxic and.neoplastic
effects of carcinogens. These inductions result from:enhanced
transcription, and they are evoked by diverse chemical agents:

idizable diphenols and phenylenediamil Michael reaction
acceptors; organic isathiocyanates; other electrophiles—e.g.,
alkyl and aryl halides; metal ions—e.g,, HgCl; and CdCl;
- trivalent arsenic derivatives; vicinal dimercaptans; organic
hydroperoxides. and. hydrogen peroxide; -and 1,2-dithiole-3-
thi The molecul i of' these iinductions were
‘analyzed with the help of a- construct- containing a 41-bp
enhancer element derived from the 5’ upstream region of the
mouse liver glutathione transferase Ya subunit gene ligated to
the 5’ end of !he isolated promoter region of this gene, and
inserted into a p id al growth hormone
reporter gene. When this construct was transfected into Hep
G2 human hepatoma cells, the concentrations of 28 compounds

h

£

(from the above classes) required to double growth hormone

pr , and the rations required to double quinone

reductase specific activities in Hepa:1clc7 cells, spanned a~ »¢
range of four orders of magnitude but were. closely linearly "

correlated. Six compounds tested were inactive i in| both ‘systems.’
A 26-bp subregion' of the above:enhancer leotid

( ining the two dem ““AP-1-like’* sites but lacking the:

precedlng ETS protein binding sequence) was considerably less

. responswe lo the same inducers. ' We conclude that the d1-bp:

er t diates most, if not ‘all, of the phase 2

enzyme inducer activity of all of these mdely different classes

~ of compounds.- - i \ .

Elevation.of the activitics of phase 2 detoxication enzymes'

of cells provides protection against ncoplasia (6). This paper °
analyzae the chemical and molecular specificity of the:regus- *

lation of phasc Z cnzymes, as pary of-our sITors i@ slvvelvps
novel appmaches to chemoprotection against cancer. Phase
2 enzymes, which are widely distributed in-mammalian cells
and tissues, include the following: glutathione (GSH) trans-
ferases, which conjugate mostly hydrophobic electrophiles-
with GSH; QR, which-promotes: obligatory. two-electron
reductions of quinones, preventing. their' participation in
oxidative cycling and the depletion of intracellular GSH;
epoxide hydrolase, which inactivates.epoxides.and arene
oxides by hydration to diols; and. UDP-glucuronosyltrans-
ferases, which conjugate xenobiotics with glucuronic.acid,

thus facilitating their excretion. The. induction of these en- :‘. :
zymes is accompanied by elevations -of intracellular, GSH

levels which augment cellular protection (7-11).. .
Induction of phase 2 enzymes is-evoked-by an extraordi- -
nary variety of chémical agents,’including Michael reaction

The publication costs of this article were defrayed in part by page charge
payment, This article must therefore be hereby marked **advertisement™
in accordance with 18 U.S.C. §1734 solely to indicate this fact, .
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acceptors, diphenols, quinones, isothiocyanates, peroxides,

".-vicinal dimercaptans,; heavy metals, draemcals, and others

. (12-14)., With few exceptions_these agents ‘are ‘electrophiles
+ {or can. be converted to electrophiles by metabohsm), and
accordingly, many of these inducers are substrates for glu-
tathione transferases (13).

 The molecular basis of the.regulation of phase 2 enzyme
inductions has been analyzed by deletions of the 5 upstream
regulatory regions of glutathione . transferase Ya' subunit
genes and QR genes after transfection of cells with chloram-
phenicol acetyitransferase (CAT) constructs 3, 15~ 17) The
sequences,of the upstream enhancer elements of the mouse

< and rat liver glutathione transferase Ya subumt genes that

- respond to the few inducers tested are very similar and have
~'been termed the electrophile-responsive elenent (EpRE) (18)
and the:antioxidant-responsive element (ARE)' {19), respec-
tively. These elements (Fig., 1) ‘are contained within a 41-nt

- segment located between base pairs -754 and -714 in the
*.mouse, and -722 and 682m the rat-Ya gene. The cntlcal DNA

“sequences responsive to monofunctional inducers appeat to

be the TGACAT/AT/AGC regions, which; rfesemble AP-1

:binding sites (20). Similar, enhancer sequenccs have also been
identified in the.upstream regulatory regions of the rat and

»-human QR:genes:(3,.4,;17). ' We show that all the chemical

inducers:of :phase 2 €nzymes that .we tested stimulate ex-
+ pression: of a.reporter-gene through this ; 41 -bp enhancer

: clement g

MATERIALS AND METHODS

i .VCell Culmre. For the grow(h hormonc (GH) transncnt gene
xexpressnon assays the cells were grown in; Eagle s'minimal

Abbrewauons‘and definitions: ‘AP-1, a family of lmnscnpuonal
activator DN A-binding proteins that bind to thc conscnsus sequense
TOAC/GTC/AA CAT, chlorainphenicol acetyltransferase; CDan,

of an inducer that: leumcs the pmducuon of growth
a tnmsxent gene: expressmn assay: CDQk, wncemm\mn
of an inducer that doubles the quinone reductase specific activity in

f‘ ' Hepa 1clc7 icells;: DMSO,; dimethyl sulfoxide; ETS,. a family of

‘ transcnplmnal activator DNA-binding - protclns; GH, growth hor-
mione; QR, quinone reductase [INAD(P)H:(q -acceptor) oxido- ©
reductase. EC. 1.6.99.2];. sulforaphane,_l lsothwcyanato-(AR)-
(methyisulfinyl)butane | [CH5—SO—~(CH3)—NCS].

*To whom reprint requests should be addressed. -

“tTwo broad classes of enzymes melnbohzc xenobloucs. (i) phase 1
enzymes, which functionali les by introducing hydroxyl or
epox:de groups.and (:I) Pphase 2 enzymes , Whlch detox:fy either

j ing-.these. fi mol with

: lngands (e.g., glumhmne), lhus facilitating thelr excretion, or by

.destroying thenr reactive centers by other reactions fe.g., hydrolysns

of epu)udes by cpoxlde hydrolase or- rcducuon of quinones by

(QR)LIR for idering QR a phase 2
eizyme arc pre d:elsewhere: (2-4). | s- of enzymes of

. xenobiotic metabolism belong to two: famnhes (5): (9 bifunctional
" inducers, which bind to the aryl hydrocarbon (Ah) receptor and
induce certain' phase-1 enzymes: and- phase 2 .enzymes and (ii)
.monofunctional inducers, which. induce phase 2 enzymes indepen-

. -dently.of the Ah receplor

‘.
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26 G -682  Rat !
-754 TAGCTTGGAArATGACATTGCTAATGGTGACAAAGCAACTTT 714 Moise SRR Y
~- A1-mer - " Fig:1. Highly homalogous 41-bp en-
26:mer hancer sequences from,the upstream re-
Diract Repeat Direct Repeat - gion-of the mouse and rat glutathione
o - - ——- transferase:Ya subunit éenes. represent-
ETS Binding Site IGGAA TGACATTGC TGACAAAGH ‘ing ‘bases :682 to -722 (rat) and -714 to
. . -754 (mouse) from the drigins of replica-
. * tion. Two **AP-1-like" ‘regions are pres-

AP-1 Consensus Sequence |

TGACTCA
G A

TGACTCA
GA

" essential medium- 'supplemen(ed with Earle’s balanced salt
solution, nonessential amino acids, sodium pyruvate, gluta-
mine, and 10% fetal calf serum. All cells were maintained in
a humidified atmosphere of 5-7% CO»: at 37°C. Cell lines were
free from mycoplasma.

Compounds, Most inducers were* obtalned commerclal!y
Racemic sulforaphane was symhes:zed by -C. -G Cho and
G H. Posner (21).

.., 'Plasmids and Their Constructions: The plasmlds 41YaCAT

) ,and 187YaCAT (15) and RSVgal were:gifts of Violet Daniel
“«(The Weéizmann Institute of Science, Rehovot; Israel).- The
plasmid pCH110 was obtained from Pharmacia. pd1YaCAT

.contains a portion of the upstream sequence of the mouse
glutathione transferase Ya gene from -1594 to the Bgl 11 site,
at -1272 where the 41-bp EpRE-is present in the reverse
orientation (20). The EpRE is linked directly to the intact Bg!
11 site dt nucleotide -187 in the upstream region. p284YaGH

" was prepared by ligating a 284-nt fragment (representing the

sequence from -186 to-+98) containing the mouse glutathione

transferase Ya minimal promoter (as in -187 YaCAT) region )

“into the BamHI site-of- plasmid pOGH: (22). The.284-nt
fragment was generated by PCR from the plasmid 41YaCAT
by use of the primers 5'-GGC-TTC ACT CCA TCT,AGA
AAG GG-3' and 5'-TTG CAG TGC TGC AGA CCT GGG

""AA-3'. The fragment was gel purified, its ends were blunted,
and BamHI linkers were added, It-was then digested: with
BamHI and Bgl 11 to generate two fragments, the smaller,
284-nt, fragment containing 186 nucleotides of the upstream

region, the first exon, and 56 nucleotides of the firstintron of .

the mouse glutathione transferase -Ya' gene. The-plasmid
p26-284GH was prepared by first ligating the oligonucleotide
5'-agce ttA TGA CAT TGC TAATGG TGA CAA AGC Ag-3'
(lowercase letters ‘indicating restriction. overhangs). and its
complement 5’-gat ccT GCT TTG TCA CCATTA GCA ATG

'TCA Ta-3' into pOGH (which had been-cleaved with HindIIl-

and BamHI) to provide p26GH. The 284-nt fragment con-
taining the glutathione transferase Ya minimal promoter was
then inserted into the BamHI site of the plasmid p26GH. The
“ plasmid p41-284GH was prepared by ligating the oligonucle-
otide 5'-agc ITA-GCT TGG-AAA TGA CAT TGC.TAA TGG

TGA CAA AGC AAC TTT g-3' and its“complementary "

oligonucleotide 5'-tcg acA AAG TTG CTTTGT CAC CAT ‘it To verify.that GH and CAT assays gave directly comparable

TAG CAA TGT CAT TTC CAA GCT A-3' into the HindIIl

and- Sal 1 sites .ofl p284GH. The structures of all DNA -

constructs were confirmed by automated sequencing.
Transfections' and Transient- Gene: Expression -Assays.

Transfections were performed: by-the calcium: phosphate ',
- method (23). Briefly, the cells were plated at a density of 3.5 ~

% 108 (Hepa 1clc7) or 7 X 108 (Hep G2) in 10-cm plates ‘and
medium was replaced after14-16 hr. After a further 3 hr, the

transfection- mixture containing.20 ug of the specified GH -

construct and 12 ug of the B-galactosidase construct (RSVgal
for Hep G2 and pCH110 for Hepa 1lclc7) was added. Five
hours later the cells were shocked with 15% (wt/vol) glycerol
for 2'min and then allowed to recover for 16~18 hr. The cells
from each 10-cm plate were trypsinized and pooled. One-
quarter of the cells from each plate were replated onto a

_ent with a core ETS protein binding site
located next to the first AP-1 site in the
mouse sequence.

SR ! IR - . . 3
10-cm dish for B-galactosidase a‘sséy, and the remaining cells
were distributed . among the wells of three. 24-well plates
< containing 1.5 ml of medium per well. After 3~4 hr the cells
. were treated. with three or more concenlrauons of inducers
.dissolved -in either, dimethy!l sulfoxide’ ‘(DMSOY or water
«(arsenicals and metal salts). A final conéentranon 'of 0.2%
. (vol/vol) DMSO was present in ‘all assays‘ L‘After a further 48
hr,;100.1 of medium was removed from each duplicate well
and assayed for GH (Allégro HGH Tranment Gene, Expres-
sion Assay Kit; Nichols Institute, San Juan"Capis_trano, CA).
CAT and B-galactosidase assays were performed (23), and
. viabihty was-determined by staining with'¢rystal violet (24).
». Standardization of. GH Gene. Expressnon Assay, Basal GH
secrenons Jnusix mdependenl transfection$ with p41-284GH
in Hep G2 cells were as follows (ng of GH secreted per mlof
medium in 48 hr; means of n replicates *!the coefficient of
variation): 220+23%(n =6);2.67 £6,9% (n = 6); 2.80 =

" 52%(n—6),327+54%(n"5) 493*125%(n—4),and

6.54 = 4% (n_=:4). The mean GH production’in these six
transfections was 3.92 ng/ml wuh an uncorrected mterassay
.coefficient of variation of +45. 1%; aftersnormallzatlon for
transfection cfﬁcwncy by B- galactosndase measurements and
~for.cell number. (by staining with’ crystal violet), thé interas-
45y .coefficient, of . variation decreased’ to, +17%. Similar
. results were obtained i in,transfections of Hepa lclc7 cells.

2 Before transfection, neither Hep ‘G2 nor. Hepa'lclc7 cells
expressed detectable. GH, Furthennore,‘GH added to :the
-assay.systems. (0-10 ng/ml; n. = 6). was recovered quanma-
“ tively. from .the; medium. GH  addition  did . not ‘alter the
expression of GH by Hep G2 cells lransfected wuh p4l-
284GH. -

e Cnmparison of Human GH and CAT Measurements DNA

«elements;involyed in transcriptional regulallon ‘of phase 2

.-enzymes were previously, identified by, use of constructs
containing the CAT reporter gene (3, 4, 15-17). To perform
: large numbers of assays rapidly and reproducibly, we chose

C the human GH gene as reporter (22) because the GH radio-

noassay :is;,simple extremcly, sensitive, and highly
quanmanve -Transfection of cells ina smgle 10-cm culture
plate permits more-than 100 measurements and avoids prob-

+ lems-associated with differences-in xransfectlon efficiencies.

 results with our specific enhancer elements, we showed that
-+ GH and;the CAT assays performed in both Hepa'lclc7 and

: Hep G2 cells transfected with the p41YaCAT and p41-284GH

- plasmids. and treated; with. 2,3- dlmercapto-l propanol gave
-+ ‘parallel inductions (Table 1)..In both cell, Imes however, the
GH assay was much more,sensitive and the mductlve re-

- sponse range (expressed as treated- to-untreated ratios) was
:much higher in the GH assay than in the CAT assay. Similar
.response patterns were observed with several other chemi-

-« ucally unrelated inducers such as, sulforaphane (data not

- sshown).-The-expression of GH by Hepa 1clc7 and Hep G2
cells transfected: with .the. enhancerless but promoter-
containing plasmids (187YaCAT and p284GH) was not in-
-creased by any of the inducers.
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Table 1. ) Responses to 2,3-dimercapto-1-propanol of CAT and
human GH transient gene expression assays in Hepa 1clc7 and
Hep G2 cells

Responise ratio
(treated/untreated) of cells

CAT GH
2,3-Dimercapto- Hepa Hep Hepa Hep
1-propanol, uM Icle? G2 jaty) G2

25 1.6 1.3 2.8 2.7
50 2.5 2.6 5.0 6.9
100 35 47" 6.9 18.5

The cells were transfected with the CAT repogter p41YaCAT or
the GH reporter p41-284GH.

We conclude that the GH transient gene expression assay
in Hep G2 cells is a highly sensitive, quantitative, and
reproducible measure of transcriptional fegulation and that
the results obtained parallel those of CAT assays.

Measurement of Potency for Induction of QR. The inducer
potency of all compounds was determined with-Hepa Iclc7
cells grown in 96-well microtiter plates (24, 25). The inducers
were added in either DMSO or water. A final concentration
of 0.2% DMSO was present in ail wells. The CDgg (concen-
tration required to double QR specific activity) values shown
in Table 2 are lower than those reported previously (12),
probably due to minor modifications:[use of fetal calf serum
treated with charcoal (1 g/100 ml) for 90 min at-55°C, and the
inclusion of 0.2% DMSO in all assays].

RESULTS AND DISCUSSION - ..

Comparison of Efficiencies of Inducer Responses of Plasmids
p26-284GH and p41-284GH in Transient Gene Expression
Assays. Prior studies of the mouse enhancer sequence used
the entire 41-nt segment containing-both AP-1-like sites and
additional flanking sequences (Fig. 1). To determine whether
the two AP-1 sites are sufficient for maximal induction, we
compared the expression of GH by the complete construct
p41-284GH and by p26-284GH, which contains both of the
AP-1-like sites but lacks 10 of the'S’ base pairs and 5 of the
3' base pairs of the 41-mer (Fig. 1) originally identified to
contain the enhancer element.in the mouse and rat upstream
reglons (16, 18, 26, 27). GH expression was measured with a
series, of concentrations of the following inducers (for struc-
tures, . see Table 2): l-nitro-l-cyicohexene (1), trans-4-
phenylbut-3-en-2-one (10), tert-butylhydroquinone (14), sul-
foraphane (15),2,3-dimercapto-1-propanol (21), phenylarsine:
oxide (26), sodium arsenite (27), mercuric chloride ‘(28),
phenylmercuric chloride (31), 1,2- dnhnole-S-lhlone (33), and
-B-naphthoflavone (34) (Fig. 2).

" The basal levels of GH production by both plasmids were
essentially identical when corrected for cell’ number -and-
transfection efficiency. All of these. compounds produced
-concentration-dependent inductions of GHsynthesis.’ Sur-
prisingly, the maximal elevations of GH produced by these:
compounds in cells transfected - with p26-284GH were low
compared with experiments with p41- <284GH (Fig. 2). How-
ever, the results ‘obtainled with p26-284GH were comparable.
to those observed by us (dala not shown) and others. with
similar enhancer sequences in CAT assays (19). Thus, max-

imal inductions obtained with p26-284GH were 3.5-fold with.

60 uM trans-4-phenylbut-3-en-2-one and 100 uM 1,2-dithiole-

3-thione.. The absolute induction ratios obtained_ with- the:

plasmid containing the larger insert were dramatlcally»hlgher,
the highest induction ratios were 24:6-fold for 60 uM tert-

“butylhydroquinone and 22:5-fold for 6 xM sulforaphane. Alt.

compounds tested showed this difference in induction ratios.
for the two constructs, but the effects” with phenylarsine
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FiG. 2. Effect of different concentrations of inducers on GH
production in.Hep G2 cells transfected with p41.284GH (Upper) or
p26-284GH plasmids (Lower). The compounds aré numbered as in
Table 2 and their concentrations (uM) were as follows: 1, 1-nitro-
1- cyclnhexene (2.5, 5.0); 10, trans-4-phenyibut- J-en-z-one (20, 40,
60); 14, rert-butylhydroquinone (20, 40, 60); 15, ‘sulforaphane (1.5,
3.0, 6.0); 21,,2,3-dimercapto-1-propanol (25, 50, 100); 26, phenyl-
arsine oxide (0 05, 0.10); 27, sodium arsenite (2.5, 5.0, 10.0); 28,
mercuric chloride (1.25, 2.5); 31, phenylmercunc chlorldc 0.5, 1.0,
2.0); 33, 1,2-dithiole-3-thione (25, 50,..100); 34, B-naphthoflavone
(0.5, 1.0, 2.0). Open bars, low concentration; shaded bars, double the

;uw -

oxide, sodlum arsenite, HgClz. and phenylmerquﬁc chloride
were smaller (Fig. 2). There were also large differences in the
responses to inducers when p41-284GH and p26-284GH were
transfected into Hepa Iclc? cells, although the magnitudes of

-induction ratios.in this céll line were somewhat smaller.

In similar :experiments with the rat enhancer sequence,
Rushmore et al. (19)-obtained only.a 2- to 2:5-fold enhance-

" ment.of CAT expression. In contrast, Friling er al. (18), using

the 41-bp mouse enhancer sequence and:the;same inducers,
obtained a 5- to 6-fold elevation in:CAT acuvny, which is in

“*accord with our results (Fig. 2). The responses of the mouse

and rat enhancer sequences to inducers may differ because

- the 5’ region of the mouse 41-bp enhancer contains the core
' *ETS protein DNA-binding sequence GGAA (28) near the first

AP-1-like site. Adjacent.ETS and AP-1 sites are known to
confer 'dramatic synergism on gene expression (29). The rat
genelacks the first AP-1-like site; because the critical A of the
AP-1 consensus is replaced by G (Fig. 1) Whether the

B Growth Hormone

A Quinone Reductase’

480 . . .
4 8- a 10 12 01t 273 45 67
! Sulforaphane Concentratlon (uM)

0} 2

of sulforapk on

for t ion effi-

‘ QR spe;nf ic acnvny (A); and GH producuon (B) B includes data from

nor
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Table 2. Potencies of inducers in erihancing GH production in
Hep G2 cells transfected with p41- ’MG H and in elevating QR
activity in Hepa Icle7 cells

Inducer ‘' CDgn. Rank CDge, Rank

No. Name uM "~ order uM  order
" Michaél reaction acceptors

t  1-Nitro-1-cyclohexene 0.98 5 0.46 5
2 2-Methylene-4-butyrolactone 2.4 8 4.5 12
3 3-Methylene-2-norbornanone *© 3.1 9 1.5 9
4 5.6-Dihydro-2H-pyran-2:one « 8.8 12 6.7 16
5 1-Cyclohexen-2-one 15 17 91 17
6 1.Cyclopenten-2-one 80 .. 25 32 22
7 2A5H)-Furanone 240 28 36 23
8 2H-Pyran-2-one . In = 29 In 29
9 Coumarin In 29 In 29

10 trans-4-Phenylbut-3-en- 2-one 16 20 15 20
Diphenols and quinones

11 Hydroquinone e 12 16 53 14
12 +Catechol 85 . 11 457 12
13 Resorcinol In- 29 Inn " 29

1L} rerr~Butylhydroqumone oo 14 60 15

Isothiocyanates ) :

15 Sulforaphane ‘ CT043, 3 o 4

16 Benzyl isothiocyanate -~ 070 .4 3.7, 11

17; Phenyl |s0th|0cyanale In 29 In - 29

Peroxides - ' -

18 Hydrogen peroxide 710 27 U560 7 2%

19 terr-Butyl hydroperoxnde 29 23 140 24

‘20 Cumene hydroperoxide et o220t 26

Mercaptans ) R o
2t (%):2,3-Dimercapto-1- 7726 T 2 12 19
propanol ' R S

22 3-Mercaptopropane-1,2-diol In. 29 Im 29

23 1,2-Ethanedithiol 15 . 717 : 21 .21

24 ' 2-Mercaptoethanol - : © 1807 26 170 25

25 (*)-1,4-Dithiothreitol In .. 29 In 29
Trivalent arsenicais

0057 2

26 - Phenylarsine oxide

27 Sodium arsenite oo 14 2.4 10
Heavy metal salts N Y L

28 - HgCh i 19; 6 052 . 6

29 CdCl, . P 2 1011 - 18

30 ZnCh B 24 220 .07

31 . Phenylmercuric chlonde a2 0T, 0020 3

32. -Chloromcrcunbcnzoate 92. 13. .11 -8
Other inducers N I o {

33 1,2-Dithiole-3-thione 15 17 1.0 ! 7

34. B-Naphthoflavone .5 005120 L0029 1

Rank order refers to potencies. When two compounds. were
equipotent they were assigned -the same rank, and the subsequent
rank was omitted. Inactive (In) is defined as less than a 20% increase
in the induction ratio (treated /untreated) at the highest concentration
at which there was less than 50% cell toxicity. (Structures are shown
at 1op of next column.)

differences in the inducer response of the mouse and rat
enhancers can be annbuted to this change requires further
mutation and de!cuon experiments.

Comparison of Potencies of Inducers in Enhancing, GH
Production in Hep G2 Cells Transfected with p41-284GH and
in Elevating QR Activities in.Hepa Iclc7 Cells, To determine
.whether the transcriptional activation mediated through the

41-bp enhancer element accounted for the entire phase 2’

enzyme induction produced by all classes of inducers, we

compared-the concentrations of inducers required to double-

. GH production (CDgn) and QR activity (CDgqg) in‘'the two
systems. ’I‘yp|cal response curves for sulforaphane. (0-10
uM) are shown in Fig. 34 (QR induction) and Fig. 38 (GH
production). Notably, the response ratios at high concentra-

!
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‘tions of sulforaphane (6 uM) were much higher ‘in the!GH
assay (22-fold) than in the QR assay (6.4:fold). These graphs
generated:CDggr = 0.21' = 0.05 uM and CDgy = 0.42 + 0.18
.- M for sulforaphane (Table 2), i
An extraordmary diversity of chemxcal compounds are
active in both systems. Various’ chemical’ classes of com-
pounds werc tested (Table 2): (i) Michael reaction ‘acceptors
(olefins conjugated to electron-withdrawing. furictions). As
shown for QR induction (12, 13), the potency orders for GH
producuon paralleled’ the ¢lectrophilicity of thése com-
pcunds For example, 1-nitro-1-cyclohexene (CDGH =0.98
. uM; CDQR = 0.46 M), with the olefin conjugaled to the
powerful electron-withdrawing nitro group, is much more
potent in both systems than coumarin (inactive) which is an
oleﬁmc lactone.’ (i) Diphenols. Oxidizable diphenols—
hydroqumone catechol and ‘fert-butylhydroquinone—were
“all comparably potent in_both systems, whereas the nonox-
.idizable resorcmol was mactlve 1(30), (m) lsorhtocyanutes
Sulforaphane was "very potent benzyl isothiocyanate !less
.. potent, and phenyl 1sothlocyanate inactive (12). (iv) Pérox-
ides.. Thesc compounds were. all weakly” active. Cumene
“hydroperoxide was slightly more acnve than tert-butyl hy-
droperox:de and both compounds were ‘considerably more
active than hydrogen peroxide, which induced weakly in both
.. systems (13)._ (v)-Mercaptans.: Mercaptans (which are not
electrophiles) 'were especially active when two thiol groups
‘were adjacent, as in 1,2« ethanednhlol and 2,3-dimercapto-1-
propanol (14). 2- Mercaptoethanol was only weakly active,
, and both dithiothreitol and 3- mercaptopropane—l 2-diol yere
.lnacuve -Thus two adjacen! thiol groups -appear 'to lead to
.Asngmf cant inductive potency (14). (vi) Trivalent arsenlcals
Phenylarsme oxide was'the, most potent inducer (ested, and
was_ very much more potent than sodium arsenite (14). {vii)
h‘l'lem/y meml salts. HgCly, CdCl,, and ZnCl, were also

_zg,inducers,bwith' potencies. decreasing in this order, which
“.. .parallels their binding affinity for sulfhydryl groups (14). (viii)

,Other inducers,;The metabolizable polycyclic aromatic hy-
drocarbon ﬁ-naphthoﬂavone -a bifunctional inducer, was
alsoa very potent transcriptional activator, doubling the GH
productlon at a concentration of only 0.051 uM. Further-
more, 1,2-dithiole-3-thione also enhanced’ transcriptional ac-
tivation through the same enhancer element.

1-E49

Page 18 of 19




e, |
Filed 05/08/2008 Page 19 of 19

Case 1:07-cv-07844-SAS Documen.; 42-9

PPN

Medical Sciences: Pres” al.

Table 2 shows that 6 of 34 compounds from the eight
chemically dissimilar classes were inactive in both systems
and none was inactive in only one system. The remaining 28
active inducers ranged in potencies over nearly four orders of
magnitude from phenylarsine oxide (CDgy = 0.047 uM;
CDqgr = 0.057 uM) to hydrogen peroxide (CDgy = 210 uM;
CDgr = 560 uM), and many compounds were nearly equi-
potent in the two assay systems. A plot of potencies of QR
induction with respect to potencies of GH production for ali
active inducers (Table 2) gave a good linear correlation, with
an r value of 0.89 and a slope of 0.89 (Fig. 4). We conclude
that the induction of QR by all of the very different types of
inducers is probably mediated entirely through the 41-bp
enhancer element and that GH production and QR induction
are controlled by the same or very Similar rate-limiting
processes. Furthermore, comparison of absolute CD values
in the two assays gave a linear correlation (r = 0.64), and the
slope of the correlation line was 1.17, indicating that the
compounds were nearly equipotent in the two assays.

Conclusions. We have demonstrated that a 41-bp.enhancer
element from the 5’ upstream region of the mouse glutathione
transferase Ya gene (20) is responsive to a wide variety of
xenobiotic compounds that also induce phase 2 detoxication
enzymes in cultured cells and in animals. Transcriptional
activation through this element accounts for most, if not all,
of the enzyme elevations produced by these inducers. The
inducers belong to many different chemical classes; most
contain electron-deficient centers and their potencies parallel
the strengths of the electron-withdrawing functions. Further-
more, inducers are also substrates for glutathione tran$-
ferases, thus emphasizing their electrophilicity (13). Para-
doxically, dimercaptans were also found to be inducers. The
only apparently universal property of all inducers is their
capacity for reaction with sulfhydryl groups (by oxidoreduc-
tion or alkylation). We suggest, therefore, that a mechanism
involving protein thiol modifications modulates the transcrip-
tional activations mediated by the 41-bp enhancer element, In
this connection, it is of considerable interest that the redox
state of sulfhydry! groups has been implicated in AP-1
binding to DNA (31-33).

30
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FIG. 4. Order ofpotencies of .28 compounds in inducing QR
(CDQR) and in sumulaung growth hormone production (CDgn). The
28 active compounds (Table 2) were ranked from 1 to 28 in order of
their potencies in the QR (ordinate) and GH (abscissa) assays.
Inactive compounds were excluded. There is a good linear correla-
tion (r = 0.89 and slope = 0.89). '
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