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A novel assay system was developed in order to quantitate the nucleophilicity of pure chemicals or tissue 
extracts. This Nucleophilic Index Value (NIV) assay was based on the ability of putative nucleophiles to inhibit 
the methylation of cysteine by limiting concentrations of the electrophilic source, N-methyl-N-nitrosourea 
(MNLT). EmCacy of model and cellular nucleophiles was quantitated as nmol cysteine protected by the nucleophile 
from methylation by MNUih/mM compound. The NIVs of the pure compounds ascorbate, glutathione, 444- 
nitrobenzy1)-pyridine (NBP) and indole-3-carbinol (I-3-C) were 2400, 1600, 3 and 0, respectively. When mice were 
treated with I-3-C by gavage at  dosages of 0, 25, 50, 75 or 100 mgkg body wt, the NIV for ethyl acetate 
extracts of the livers 1 h after treatment were 0, 33, 47, 52 and 92 nmol cysteine preserved/h/g tissue, 
respectively. The I-3-C enhancement of NIV was not attributable to ascorbate or  glutathione, neither of which 
were present in the ethyl acetate extracts of liver. When mice were treated with 10 mg N-nitrosodimethylamine 
(NDMA)/kg body wt 1 h after the varying dosages of I-3-C, the 24 h post-NDMA plasma alanine transaminase 
(ALT) values were decreased by I-3-C pretreatment in a dose-dependent fashion. Plasma ALT values were 
used in this study as an indicator of hepatotoxicity. The coefficient of determination, 8, computed from the 
linear least squares correlation coefficient between NIV and ALT values, was 0.80 (0-100 mg I-3-C/kg) and 
0.97 (0-75 mglkg). In addition to cytological protection from NDMA toxicity, I-3-C pretreatment significantly 
reduced NDMA mediated DNA single strand breakage. The degree of protection was about 60% for both 
NDMA mediated ALT release and DNA strand breakage. The data are consistent with the hypothesis that 
I-3-C in vivo provides protection from NDMA cyto and genotoxicity by virtue of enhancing the ability of the 
hepatocyte to scavenge reactive electrophiles, thus protecting cellular nucleophilic sites that are critical for 
normal function. 

INTRODUCTION 

Conjugated indoles, including indole-3-carbinol (I-3- 
C) conjugates, are normal constituents of the human 
diet, primarily via plants of the Brassicaceae family. 
I-3-C has been shown to be chemoprotective against 
aflatoxin B ,-induced hepatocarcinoma in rainbow 
trout,4 dimethylbenzanthracene-induced mammary 
tumors in mice5, and benzo(a)pyrene (BaP) induced 
gastric tumors in mice.h Furthermore, I-3-C was found 
to protect against the covalent binding of N-nitrosodi- 
methylamine (NDMA) and BaP metabolites to mouse 
liver DNA and protein,'. and protect against hepato- 
toxicity following exposure of mice to NDMA" or 
carbon tetrachloride. I " ,  I '  

Several categories of mechanisms for the chernopro- 
tective action of dietary constituents such as I-3-C have 
been postulated. I ?  Among these possible mechanisms 
is the hypothesis that chemoprotective agents may 
sequester active molecular species of toxins, such as 
electrophiles or radicals, thereby inactivating them 
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before cellular damage occurs. We have shown that I -  
3-C is capable of acting as an anti-oxidant, and as such 
may protect against CClj hepatotoxicity."'. 'I The 
purpose of this investigation was to examine whether 
I-3-C was capable of scavenging electrophiles, thus 
providing a mechanistic basis for the protection by I-  
3-C against NDMA toxicity. In order to accomplish 
this objective, a novel assay system was developed to 
quantitate the nucleophilicity of pure chemicals or tissue 
extracts. This procedure was termed the Nucleophilic 
Index Value (NIV) assay. 

EXPERIMENTAL 
~ ~~ ~~ ~~ ~ 

Chemicals 
Indole-3-carbinol (1-3-C,), (4-(4-nitrobenzyl) pyri- 
dine (NB P) , N-me t h y 1 -N-n  i t rosou rea (MN U ) , and N-  
nitrosodimethylamine (NDMA) were purchased from 
Aldrich Chemical Co., Milwaukee, WI. Ascorbic acid. 
5,5'-dithiobis-(2-nitrobenzoic acid), and GSH were 
obtained from Sigma Chemical Co., St. Louis, MO. 
Ascorbic acid was purified by repeated extractions with 
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ethanol, followed by acetone extraction; the vacuum- 
dried powder was stored under argon at -20°C. 

All other chemicals were of reagent grade, or better, 
and were used without further purification. 

Animals 

Male ICR Swiss mice, about 30 g, were allowed water 
and Teklad Standard Rodent Diet LM-4UR (Teklad 
Mills, Madison, WI) ad lib until 12 h before the start 
of the experiment. A light-dark photocycle of 12 h 
was maintained, and animals were housed in cages 
containing hardwood chip bedding. Animals were 
treated by gavage (feeding needle PS-20) with corn 
oil alone (i.e. controls), or I-3-C in corn oil vehicle 
(about 1.5 kl/g body wt of corn oil). Prior to use. the 
corn oil was extracted with methanol to remove 
tocopherols, and then rendered peroxide free by 
passage through a ferrous DowexR AG 1-X8 column. l 3  

One h after gavage, mice were treated i.p. with 10 mg 
NDMA/kg body wt in water vehicle, or with vehicle 
alone. One or 24 h after receiving NDMA, mice 
were anesthetized with 65 mg/kg body wt of sodium 
pentobarbital (NembutalR, Abbott Laboratories, N. 
Chicago, IL) by i.p. injection. Analyses of Nucleophilic 
Index Value (NIV) for liver were performed 1 h after 
treatment with I-3-C, and analyses for plasma alanine 
transaminase (a parameter of hepatotoxicity) was done 
24 h after mice received NDMA. Blood samples were 
removed with a heparinized syringe from the beating 
left ventricle, and then centrifuged to obtain plasma 
which was used immediately or stored for not more 
than 2 days at 4°C. Livers were perfused in situ with 
0.9% (w/v) NaCl at room temperature via the hepatic 
veins and then trimmed of the gall bladder and placed 
in ice-cold saline. Plasma alanine transaminase was 
assayed as described by Segal and Matsuzawa.I' DNA 
strand breaks were evaluated by the method of Morris 
and S h e r t ~ e r . ' ~  Ascorbate and GSH were assayed by 
the methods of Zannoni et al.'" and Sedlak and 
Lindsay, *' respectively. 

Nucleophilic Index Value (NIV) assay 

To the weighed liver was added 4 vol 50 mM KP, 
buffer (pH 7.4). The tissue was homogenized using 
TekmarR SD-45 tissue disperser with a G-302 generator 
at 50% power for 30 s at 0°C. Two vol ethanol and 
4 vol ethyl acetate were added, and the mixture was 
homogenized for 2 min at room temperature. The 
mixture was centrifuged for 10 min at 3000 g. The 
upper organic phase was extracted with 2 ml 4 M NaCl 
solution, transferred to a clean test tube and 0.3 g 
NaCl (solid) plus 0.3 g anhydrous Na,SO, were added. 
The samples were vortex-mixed and centrifuged at 
3000 g for 5 rnin. Aliquots (1.0 mi) of the ethyl acetate 
phase were transferred to 16 x 125 mm borosilicate 
test tubes and dried under nitrogen. Immediately, 1.1 
mi ethyl acetate was added to the dried samples, and 
the samples were placed on ice. After all the tissues 
were prepared in this manner, 0.5 ml aliquots of each 
were transferred to paired sets of test tubes for each 
tissue, called tubes (a) and (b). Both tubes received 
0.9 ml 50 mM KP, (pH 7.4), 0.55 ml ethanol and 0.1 
ml 1 mM cysteine. Cysteine was stored as a stock 

solution in 1 mM HCl in the dark at 4°C. At zero 
time, tube (a) received 0.05 ml ethanol and tube (b) 
received 0.05 ml 63 mM MNU in ethanol. The tubes 
were vortexed and placed directly under a fluorescent 
light, equally spaced in a test tube rack, protected 
from any extraneous light. The reaction proceeded at 
25°C for 30 min, and was stopped by the addition of 
0.1 ml 5mM diethylenetriamine penta-acetic acid in 2 
M Tris-C1 (pH 9.0) and 0.05 mi 10 mM 5,5'-dithiobis- 
(2-nitrobenzoic acid) in methanol (Ellman's reagent). 
The tubes were shaken in pairs and extracted after 
15 s with 2 ml methylene chloride. After centrifugation, 
the 420 nm absorbance of the upper aqueous phase 
was determined. Cysteine standards were carried 
through the above procedure, in order to convert 
absorbance values to nmol cysteine. Standard nucleo- 
philes were used to validate the assay. These were 
reduced glutathione, 4-(4-nitrobenzyl)-pyridine (NBP) 
and ascorbate. Since GSH was reactive with the 
Ellman's reagent, it was removed prior to assaying for 
cysteine concentration. This was accomplished by the 
addition of 1 .O mi 100 mM l-chloro-2,4-dinitrobenzene 
in ethanol after the 30 min incubation, in order to 
conjugate the free GSH (cysteine does not conjugate 
under these conditions). After 20 min, a 1 ml aliquot 
was transferred to a test tube containing the 2 M Tris 
base plus Ellman's reagent. The absorbance at 420 nm 
was determined immediately. Although 400-410 nm is 
the optimum wavelength for sensitivity of this assay, 
certain compounds such as MNU interfere at 410 nm, 
but not at 420 nm. 

Stability of MNU in the NIV assay 

For each experimental condition in the NIV assay, the 
amount of MNU remaining after the 30 min incubation 
was quantified. This was performed by stopping the 
reaction with 3 ml saturated KH2P04 plus 3 mi 
ethylacetate. The tubes were vortex mixed and centri- 
fuged, and 2 ml of the upper organic phase extracted 
with 3 ml saturated KH,P04. This procedure quantitat- 
ively removed such compounds as glutathione and 
ascorbate from the upper organic phase, while MNU 
partitioned 96:4 in favor of the organic phase. MNU 
was quantified using our experimentally determined 
values of A,,, = 253 nm and E~~~ = 2727.8 M-'cm-' .  

RESULTS 

The NIV assay was developed for the purpose of 
quantifying the nucleophilicity associated with putative 
chemoprotective compounds. relative to toxic and 
carcinogenic alkylating agents. MNU was chosen as 
the alkylating agent since its activation is not dependent 
upon enzyme activity, but undergoes spontaneous base- 
catalyzed degradation to the methyl diazoniurn cation. 
the same proximate alkylating species that is enzymat- 
ically generated from NDMA by cytochrome P-450. '' 
A concentration of 1.5 mM MNU was found to produce 
maximum sensitivity in the NIV assay. Since the rate 
of MNU degradation was found to be light sensitive, 
it was imperative that all the reaction tubes received 
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identical lighting from a constant fluorescent source. 
Using these assay procedures and those additionally 
described in the Methods, the NIV assay was linear at 
25°C to 30 min. 

The NIV assay is predicated on the assumption that 
the rate of breakdown of MNU will be constant under 
diverse experimental conditions. If a particular set of 
experimental conditions cause MNU to be stabilized, 
the result would be scored as enhanced nucleophilicity. 
In order to rule out this type of artifact, we quantified 
the amount of MNU remaining in the reaction mixture 
under each experimental condition. We found that as 
long as pH, ionic strength and dielectric constant 
(solvent composition) of the reaction mixture are 
not varied, the amount of MNU remaining at the 
completion of the NIV assay was constant within each 
experimental set. 

To validate the NIV assay, the nucleophilicity of the 
major soluble intracellular nucleophiles, GSH and 
ascorbate, were quantified. In  addition, NBP is known 
to be methylated at the pyridinyl nitrogen, and was 
used as a nitrogenous nucleophile. The nmol of cysteine 
protected from MNU methylation by each of these 
nucleophiles is shown in Fig. 1. The calculated NIV 
values for these compounds, expressed as nmol cys 
preserved/h/mM compound are 1600 (GSH), 2400 
(ascorbate) and 3 (NBP). I-3-C had zero activity in 
this assay. 

When mice were treated (by gavage) with I-3-C at 
doses ranging from 25 to 100 nig/kg body weight, 
hepatic ascorbate and GSH levels were unchanged 
from control values of 1.25 ? 0.08 mM and 9.7 t 0.2 
mM, respectively (data not shown). However, when 
ethylacetate extracts of livers from animals treated 
previously with I-3-C were assayed for nucleophilicity, 
a dosage-dependent relationship was observed. Figure 
2 shows that ethyl acetate extracts contain nucleophiljc 
component(s) which increase in concentration and/or 
activity with increasing dosages of I-3-C. This I-3-C 
dependent enhancement of nucleophilicity was not 
mediated by GSH or ascorbate. since these components 
were not present in ethyl acetate extracts. GSH and 
ascorbate were quantified in the ethyl acetate extract 
by drying 1.0 ml aliquots of extract under nitrogen, 
then adding 0.2 ml 50 mM KP, (pH 7.4) and assaying 
this solution immediately. One h after receiving I-3-C. 
some mice received 10 mg NDMA/kg body weight i.p., 
and plasma alanine transaminase was assayed after 24 h. 
An I-3-C mediated dose-effect was observed. showing 
decreased NDMA-mediated hepatotoxicity (i.e. 
decreasing ALT) with increasing dosage of I-3-C (Fig. 
3 ) .  A linear least squares regression analysis revealed 
that a good negative correlation existed between 
hepatic NIV and hepatotoxicity (Fig. 4), with r2 = 
0.97 a t  0-75 mg 1-3-C/kg, and r2 = 0.80 at 0-100 mg 
1-3-C/kg. The exponential least squares regression 
correlation produced r2 = 0.86 at 0-100 mg I-3-C/kg. 

In addition to NDMA-mediated cytotoxicity, we 
evaluated the chemoprotective effect of I-3-C on 
NDMA-mediated genotoxicity by quantifying hepatic 
DNA single strand breaks (Fig. 5 ) .  While NDMA 
enhanced strand breakage 150% above background, 
pre-treatment with I-3-C reduced this figure by about 
60"/". This is about the same percentage of reduction 
as observed for plasma ALT. 
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Figure 1. Reactivity of standard chemicals in the Nucleophilic 
Index Value assay. GSH (top figure), ascorbate (middle figure) 
and NBP (bottom figure) were assayed for nucleophilicity as 
described in the Experimental section. The results are expressed 
as mean nmol of cysteine preserved/h by the test compound 
vs concentration of test compound. Standard error bars are 
shown for three experiments. 

DISCUSSION 

NDMA is metabolized rapidly by hepatic cytochrome 
P-450 to produce an electrophile. presumably the 
methyl diazonium cation,'". ?'' resulting in methylation 
of cellular proteins and DNA. Such events result 
in delayed hemorrhagic and centrolobular hepatic 
l e ~ i o n s , ~  the precise mechanism and etiology of which 
are unknown. This laboratory has shown that I-3-C 
was protective against covalent binding of NDMA 



108 H. G. SHERTZER AND M. W. TABOR 

n 

0 20 40 FB 80 100 

INDOLE CARBINOL ( M G / K G )  
Figure 2. Effect of I-3-C on hepatic Nucleophilic Index Values. 
Mice were treated with I-3-C at the indicated dosages, as 
described in the Experimental section. One h after treatment 
with I-3-C, mice were killed and liver tissue was prepared for 
Nucleophilic Index Value (NIV) determinations as described in 
the Experimental section. NlVs are expressed as mean nmol 
cysteine preserved/h/g tissue ? SEM, with n=3. 
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Figure 4. NDMA-mediated plasma alanine transaminase vs 
nucleophilic index value. The mean values from Figs. 2 and 3 
for the two parameters are plotted against each other. The 
linear least squares regression coefficient of determination for 
different I-3-C dosage ranges are as follows: 1-100 mgikg 1-3- 
C (regression line shown), P = 0.80; C-75 mgikg, P = 0.97. 
The least squares regression correlation for an exponential fit 
from 0-100 mg/kg I-3-C is P = 0.86. Least squares regression 
coefficients of determination were obtained with an Apple Ile 
computer with commercial statistics software. 
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Figure 3. Effect of I-3-C on NDMA mediated plasma alanine 
transaminase activities. Mice were treated with I-3-C at  the 
indicated dosages, as described in the Experimental section. 
One h after treatment with I-3-C, mice were administered 10 
mg  NDMNkg body weight. Twenty-four h after NDMA, plasma 
alanine transaminase (ALT) was assayed, and the activity 
expressed as pmol x 102/minml plasma. Results are expressed 
as mean values 5 SEM, with n=3. 

metabolites to mouse liver DNA and protein8 and 
against hepatotoxicity from this same compound." It 
was strongly suggested9 that these chemoprotective 
effects of I-3-C were not due to alterations in the activity 
of the high affinity form of NDMA demethylase. which 
has previously been implicated in the bioactivation of 
NDMA.21. ?Z 
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TREATMENT 
Figure 5. Hepatic DNA strand breaks following NDMA and/or 
I-3-C exposure. Mice were treated with 50 mg I-3-Cikg by 
gavage. After 1 h, mice received 15 mg  NDMNkg i.p., as 
described in the Experimental section. After 24 h, mice were 
killed and DNA strand breakage was assayed. Values shown 
are means 2 SEM, with n = 4. The treatment groups are as 
follows: treatment 1 = vehicle control; treatment 2 = I-3-C; 
treatment 3 = NDMA; treatment 4 = 1-34  + NDMA. 

An alternate hypothesis for the mechanism of chemo- 
protection by I-3-C was that 1-3-C could generate 
intracellular nucleophiles, providing non-critical target 
sites to react with potentially damaging electrophiles. 



N1.ICLEOPHILIC INDEX VALUE I09 

A suitable assay to examine this hypothesis was not 
available. In the development of the NIV assay, the 
following principles of SN, reaction were kept in mind. 
One would anticipate that all SN, reactions are 
unimolecular substitution reactions displaying simple 
first-order kinetics, i.e. rate = constant [electrophile 
compound], and such substitutions should have the 
same rate-determining step, i.e. the initial bond break- 
ing of the parent compound. Some unimolecular 
nucleophilic substitution reactions may deviate substan- 
tially from first-order kinetics if the initial ionization 
step is significantly reversible. The equation for this 
reaction would be as follows, where R:X is the 
proelectrophile, R+ the electrophilic species, Y:  - the 
nucleophile, kf.. k, and kl are rate constants for the 
reactions shown below. 

kf 
if R:X 6 : X -  + R' 

kr 

then: 

kl 
R ' + Y : -  - RY 

In  this case, the overall rate of reaction depends upon 
k ,  and kl  as well as k,. For MNU, a primarily SN/ 
electrophile. the activation reaction proceeds via the 
following reactions: 

OH- [CH, - N H N O ]  
proelecrrophile CHiN (NO) CONH 2 

+ NCO- + H' 

+ N* (CH3N = N i l +  CH3 ' 
alkylating species 

I n  this case, the rate-limiting activation step is a multi- 
component 'unimolecular' reaction with reversible 
steps. Therefore, the concentration of electrophilic 
species is dependent upon both their rate of formation 
and their rate of decomposition. The former rate 
is largely determined by the concentration of the 
proelectrophile. Data supporting this mechanism has 
been reported.'3-'" While it is not formally valid to 
refer to rate-limiting concentrations of MNU, it is 
appropriate to refer to concentrations of MNU which 
produce rate-limiting concentrations of the transition 
state intermediate, the electrophile methyldiazonium 
ion, CH,N=N' . Application of this model leads to 
the prediction that the overall rate of reaction, if SN/, 
would increase with increasing ionic strength (salt 
concentration) and decrease with decreasing dielectric 
constant.2h This indeed is the case. We have found 
that increasing the  salt concentration by the addition 
of aqueous NaCl increases the rate of reaction, whereas 

decreasing the dielectric constant by the addition of 
an organic solvent (methanol or ethyl acetate) decreases 
the rate of reaction. This is primarily due to the solvent 
effect on the transition state species (electrophile 
(CH,N=N')) relative to the ground state species. 

The data presented demonstrates that, although I -  
3-C itself is not sufficiently nucleophilic to compete 
with cysteine for methylation by MNU, it is capable 
of generating intracellular nucleophiles of sufficient 
strength to react in this assay. Since the NIV of control 
liver ethyl acetate extracts was zero, it is reasoned that 
the nucleophilicity associated with extracts from livers 
of I-3-C treated mice was due to I-3-C metabolites. 
Since the chemical specie> responsible for this enhanced 
nucleophilicity are unknown, it is not possible to 
compare specific activities of these nucleophiles with 
the specific activities of GSH and ascorbate. 

It is important to recognize that the nucleophiles 
produced by I-3-C are in the ethyl acetate extract from 
liver, thereby representing more hydrophobic moieties 
that in situ would tend to be localized in the membra- 
nous phase of the cell. It is attractive to speculate that 
such moieties represent microsomal metabolites of I- 
3-C. and as such would remain in the membranous 
fraction of the cell, thus being in the strategic location 
to scavenge electrophiles generated from NDMA by 
cytochrome P-450. Such a mechanism of intervention 
would account for the decrease in covalent binding 
of NDMA metabolites observed when animals are 
pretreated with I-3-C.8 This scheme would also,explain 
the I-3-C mediated protection against the decreases in 
ascorbate and GSH observed after treatment with 
NDMA in mice." Thus, I-3-C metabolites would 
act as first-stage noncritical targets for electrophiles 
generated in the endoplasmic reticulum, while the 
soluble nucleophiles, ascorbate and GSH, would act 
as second-stage traps. Such a hydrophobic nucleophilic 
trap would be analogous to that of tocopherol in 
trapping membranous radicals, thus protecting against 
radical-mediated stress." In fact, I-3-C itself, (or 
metabolites of I-3-C) may also function in concert with 
tocopherol in the membrane and act as a trap for 
radicals as well as a nucleophiles."'. I i  By acting in the 
proposed manner, I-3-C would be expected to inhibit 
the toxic or carcinogenic activity of many compounds 
which are activated by biotransformation enzymes of 
the endoplasmic reticulum. For example, 1-3-C has 
been shown to reduce the incidence of chemically- 
induced neoplasia in a number of systems.j. h. 2H 

Although several mechanisms, such as altered carcino- 
gen metabolism, may be operating simultaneously, one 
mechanistic component may be the I-3-C mediated 
trapping of reactive chemical species. In the situation 
where tissue cytotoxicity or genotoxicity is mediated 
by a reactive electrophile, the NIV assay on target 
tissue may be a useful predictor of tissue susceptibility 
to the chemical toxin or carcinogen. 
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