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Purpose. The goals of the studies reported here were to evaluate the
effects of the soybean-derived protease inhibitor known as the Bow-
man-Birk inhibitor (BBI) and its spermine-conjugate (spermine-BBI)
on the prevention of lung tumorigenesis and the reduction of heart
disease parameters.

Methods. Both spermine-BBI and purified BBI (pBBI), at a dose of
20 mg/kg body weight, were administered as intraperitoneal injec-
tions to animals treated with the chemical carcinogen 3-methylchol-
anthrene (MCA) to determine their effects on chemically induced
lung tumorigenesis in A/J mice. In addition, the effects of spermine-
BBI and pBBI on the aortic cholesterol content and the percent ester
in the mice were determined.

Results. The characteristics of the animals in the various treatment
groups were comparable in terms of behavioral phenomena, weight
gain, and lack of deaths during the experimental period. Thus, there
was no detectable toxicity in spermine-BBI-treated mice. Both
spermine-BBI and pBBI had a significant suppressive effect on
MCA-induced lung tumors, with spermine-BBI being more effective
than pBBI. Spermine-BBI was considerably more effective than
pBBI at affecting heart-disease-related parameters. The amount of
esterified cholesterol present in the aortas of mice treated with
spermine-BBI was 9% lower than that of the controls. Both pBBI and
spermine-BBI reduced total cholesterol levels in the blood, with
pBBI reducing the cholesterol level by 15.5% and spermine-BBI by
33.3%.

Conclusions. Spermine-BBI can prevent lung carcinogenesis without
detectable toxic effects; therefore, it is concluded that lung targeting
by the cationization of polypeptides can be achieved without appar-
ent toxicity. The increase in retention of spermine-BBI compared to
pBBI in liver tissue may make a difference for the heart disease
parameters evaluated. Although spermine-BBI is capable of reducing
the total cholesterol and ester levels in mice, pBBI did not have as
great an effect on these parameters. Because the liver is the major site
for the production of cholesterol, the localization of spermine-BBI in
liver tissue may account for the greater effect of spermine-BBI on
blood cholesterol levels. Spermine-BBI was administered to animals
for only the first 2 months of the 4-month assay period before animal
sacrifice, so the results suggest that the effects of spermine-BBI on
the parameters related to heart disease are long-lasting, as are the
effects of both pBBI and spermine-BBI on lung tumorigenesis.
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INTRODUCTION

The soybean-derived protease inhibitor Bowman-Birk
inhibitor (BBI) is a potent chemopreventive agent in both in
vivo and in vitro carcinogenesis assay systems, as has been
reviewed elsewhere (1-3). We have prepared and performed
several studies with BBI conjugates (4-8); such conjugates
were produced to facilitate the absorption of BBI across cell
membranes and, presumably, to increase the uptake of di-
etary BBI into the bloodstream, as previously reviewed (1,2).
In a prior study, a BBI-poly(D-lysine) conjugate with disulfide
linkage, PDL-SS-BBI, was found to be very effective in pre-
venting lung tumor development (5); unfortunately, the PDL-
SS-BBI conjugate proved to have unacceptable toxicity in
animal experiments (5).

In subsequent studies, we observed that spermine-
conjugated BBI (spermine-BBI) was far less cytotoxic than
PDL-SS-BBI but retained an ability comparable to that of
PDL-SS-BBI to localize in lung and liver tissues (6). Biodis-
tribution studies in rats showed 14- and fivefold increases,
respectively, of liver and lung localization in 3 h when BBI
was conjugated to spermine (5). Thus, it appears that sperm-
ine-BBI may be a superior chemopreventive agent to PDL-
SS-BBI. In the present study, both spermine-BBI and purified
BBI (pBBI) were administered to animals treated with the
chemical carcinogen 3-methylcholanthrene (MCA) to deter-
mine the effect on chemically induced lung tumorigenesis in
A/J mice.

In addition, the effect of spermine-BBI and pBBI on
heart disease parameters was also studied. Mouse aortic cho-
lesterol content and the percentage ester were determined. It
is known that the ester cholesterol content of the aorta in-
creases with age and with developing atherosclerosis (9,10).
Because liver is the major organ for the biosynthesis of cho-
lesterol, the effect of spermine-BBI on aortic content of cho-
lesterol is used as an indication of the liver targeting of the
conjugate.

MATERIALS AND METHODS

Spermine-BBI was prepared by coupling BBI with
spermine in the presence of 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide, as described in our previous report (5).
Seventy male strain A/J mice were received from Jackson
Laboratories (Bar Harbor, ME). This particular strain of mice
has a high incidence of spontaneous lung adenomas, and lung
tumors readily develop in response to carcinogens (11). On
arrival in the laboratory, the mice were randomly sorted into
three treatment groups. They were housed four mice per cage
on hardwood bedding in plastic cages and had free access to
conventional laboratory food and water. [Conventional lab
chow was used for this study so that the results obtained for
this study of BBI and a conjugate could be easily compared to
previous results obtained from similar studies in which con-
ventional lab chow was used as the food source (8).] The
animals were kept in a temperature- and humidity-controlled
environment for a 7-day acclimatization period. At this time,
all mice received a single intraperitoneal (i.p.) injection of
3-methylcholanthrene (MCA, Sigma Chemical Co., St. Louis,
MO). MCA was initially dissolved in corn oil and was then
administered to the animals at a dose of 20 mg/kg body weight
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(injection volume = 0.1 ml/10 g body weight). Because both
BBI and spermine-BBI are water soluble, they are adminis-
tered to animals in an aqueous solution. Beginning 3 days
after the single MCA injection, the three different groups of
animals received the following treatments: group 1 (controls),
0.9% NaCl solution only at a dose of 0.1 ml/10 g body weight;
group 2, 0.9% NacCl plus pBBI at a dose of 20 mg/kg body
weight; and group 3, 0.9% NaCl plus spermine-BBI conjugate
at a dose of 20 mg/kg body weight. The dose of spermine-BBI
was based on the weight of the conjugate. Because the mo-
lecular weight of spermine is only about 2.5% of that of BBI,
the amount of this polyamine in the conjugate is negligible.

All of the treatments were administered as i.p. injections
into the right lower abdominal quadrant three times per week
over an 8-week period. The mice were sacrificed by CO,
asphyxiation 16 weeks after the MCA injection. For each
mouse, 1 ml of Telleysnicki’s fluid was injected through the
trachea to inflate and fix the lungs. [The use of Telleysnicki’s
fluid in carcinogenesis studies of the sort performed here has
been established by Shimkin and Stoner (11); it is used be-
cause the acetic acid in Telleysnicki’s fluid shrinks the normal
lung, which makes the nodules more evident during analysis. ]
The aorta was removed from each animal for measurement of
the total cholesterol (mg/100 g) and percentage ester. The
aorta’s point of origin from the heart was located and fol-
lowed to the end of the aortic arch. This segment was cut,
removed, and flash frozen in liquid nitrogen. Because of the
sensitivity of subsequent measurements, aortas with the same
size from each group were pooled together and stored at
—-80°C. The pooled aortas were weighed and minced, and the
lipid extracted with chloroform-methanol (2:1) (12). The ester
cholesterol content of the lipid extracted was determined us-
ing the method of Sperry and Webb (9).

To study lung tumorigenesis, the lungs, heart, and medi-
astinum were excised en bloc and stored in Telleysnicki’s
fluid. At the time of sacrifice, each animal was examined
carefully for abnormalities. If abnormalities were observed in
organs other than the heart and lungs, these organs would
also be removed, fixed, and processed for histopathologic ob-
servation. The number of tumors visible on the surface of
each animal’s lungs was determined under a dissecting micro-
scope; the data for tumor multiplicity (average number of
tumors per lung) were tabulated and calculated as described
previously (8).

RESULTS

There was no detectable toxicity in spermine-BBI-
treated mice. No animals died during the 16 week assay pe-
riod, and animal weights and behavioral characteristics were
comparable for all three treatment groups throughout the
study. The weights (grams + SD) of the animals in the treat-
ment groups at the beginning of the assay period were as
follows: MCA + saline, 19.5 + 3.9; MCA + pBBI, 20.1 + 1.8;
MCA + spermine-BBI, 19.8 + 4.5; the weights at the end of
the assay period were as follows: MCA + saline, 24.7 + 1.9;
MCA + pBBI, 24.2 + 2.0; and MCA + spermine-BBI, 24.9 +
1.5. At the time of the animal autopsies, all of the organs
except lungs from the animals in each of the different treat-
ment groups were normal in appearance; thus, no tissues were
examined for histopathologic alterations. The average num-
ber of tumors per lung for the animals in each of the three
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treatment groups is shown in Table I. Spermine-BBI was
slightly more effective than pBBI (p < 0.01 vs. p < 0.02) at
suppressing MCA-induced lung tumorigenesis, but both
treatment groups had a significant suppressive effect on
MCA-induced lung tumors.

The results of total cholesterol and percent ester mea-
sured for the heart disease parameters are shown in Table II.
These findings show that spermine-BBI was considerably
more effective than pBBI at affecting these heart-disease—
related parameters. The amount of esterified cholesterol pre-
sent in the aortas of the mice treated with spermine-BBI was
9% lower than that of the controls. Both pBBI and spermine-
BBI reduced total cholesterol levels in the blood, with pBBI
reducing the cholesterol level by 15.5% and spermine-BBI by
33.3%. As described in Materials and Methods, the aortas
isolated from the mice in each group were pooled, resulting in
one total value representing each group for the studies re-
ported here. In experiments for rats maintained on diets with
and without pBBI for 6 months, we found that pBBI treat-
ment resulted in a reduction in total cholesterol levels com-
parable to the results reported here (Kennedy, A.R. and
Kritschevsky, D., unpublished data).

DISCUSSION

The studies reported here indicate that spermine-BBI is
considerably less toxic to animals than PDL-SS-BBI, a BBI
conjugate that has been previously used in lung targeting
studies (4-6). In this study, there was no detectable toxicity
observed for spermine-BBI in terms of behavioral character-
istics, weight gain, or animal deaths. We observed that both
spermine-BBI and pBBI have the ability to suppress lung
tumorigenesis in strain A/J mice, with spermine-BBI being
slightly more effective than pBBI (spermine-BBI, p < 0.01 vs.
pBBI, p < 0.02), when compared to the treatment group re-
ceiving MCA and saline only. The finding that spermine-BBI
is only slightly more effective than pBBI in its ability to affect
lung tumor development is consistent with the extent of tar-
geting of this conjugate to the lungs, i.e., with an approxi-
mately fivefold increase of lung localization but a 50% de-
crease of the in vitro chymotrypsin inhibitory activity (5). We
have reported that the increase in lung-localization of PDL-
SS-BBI was at least 2-fold higher than that of spermine-BBI
(6). Even though the effect was moderate for the improve-
ment of the chemopreventive effect in lung cancer, results in
this report suggest that lung targeting by the cationization of
polypeptides can be achieved without any serious toxicity.

Although spermine-BBI has relatively low localization in
the lungs when compared to PDL-SS-BBI, these two conju-
gates are equally effective in liver targeting, and both are

Table I. Tumor Multiplicity in Mice Treated with MCA and Purified
BBI, Spermine-BBI, or Saline

Mean no. of

Treatment No. of No. of tumors/lung
group mice tumors (£SE)*
1. MCA Saline 23 58 2.6 0.6
2. MCA pBBI 24 21 09+03
3. MCA spermine-BBI 23 17 0.7+0.2

“ Statistical analysis (Student’s r-test): group 1 vs. 2, p < 0.02; group 1
vs. 3, p < 0.01; Groups 2 vs. 3, p > 0.05.
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Table II. Effects of pBBI and Spermine-BBI on Total Cholesterol
and Percentage Ester

Cholesterol:
Total % reduction
Treatment cholesterol Percentage (compared to
group (mg/100 g) ester control)
1. MCA + Saline 181 37.3 —
2. MCA + pBBI 153 39.2 15.5%
3. MCA + spermine-BBI 121 33.9 33.3%

significantly higher than native BBI (6). The increase in re-
tention of spermine-BBI compared to pBBI in liver tissue
may make a difference for the heart disease parameters
evaluated in these studies. Although spermine-BBI is capable
of reducing the total cholesterol and percentage ester in mice,
pBBI did not have as great an effect on these parameters.
Because the liver is the major site for the production of cho-
lesterol, the localization of spermine-BBI in liver tissue may
account for the greater effect of spermine-BBI on blood cho-
lesterol levels. Although the mechanism for the effect of
pBBI and spermine-BBI on cholesterol levels is still unclear,
proteolytic activity is known to control the activities of sterol-
regulatory element binding proteins (13,14), which control
cholesterol homeostasis (14-16). It is conceivable that BBI is
capable of inhibiting this proteolytic activity involved in cho-
lesterol production. The animals were exposed to spermine-
BBI for only the first 2 months of the 4-month assay period,
suggesting that the effects of spermine-BBI on the parameters
related to heart disease are long-lasting, as are the effects of
both pBBI and spermine-BBI on lung tumorigenesis.

The results presented here suggest that spermine-BBI is
comparable to, or slightly better than, pBBI in the ability to
affect lung tumorigenesis and more effective than pBBI in the
ability to affect parameters related to heart disease. These
effects correlate with the targeting of spermine-BBI to the
lungs and liver, suggesting that BBI is directly involved in
cancer chemoprevention in the lungs and the reduction of
cholesterol biosynthesis in the liver. These results suggest that
spermine-BBI could be more effective than BBI for a number
of different therapeutic applications. At present, BBI is being
evaluated for its therapeutic effects (primarily anticarcino-
genic or antiinflammatory) in a number of human trials uti-
lizing patients with: (a) higher than normal risks for oral or
prostate cancer, (b) cancer (lung or prostate), (c) ulcerative
colitis, (d) benign prostatic hyperplasia, and (e) gingivitis. In
addition, several other areas of clinical investigation are in
various stages of development. It is conceivable that sperm-
ine-BBI could be more effective than BBI for a number of
different potential therapeutic applications for compounds
with characteristics similar to those of BBI.

Diets with high soybean content have been well estab-
lished as having beneficial effects on heart disease param-
eters. It is noteworthy that BBI was the sole soybean-derived

Kennedy et al.

compound evaluated in these studies. Therefore, our studies
suggest the possibility that, as well as its anticarcinogenic ac-
tivities (1,2), BBI could contribute to the beneficial effect of
high-soybean diets in the prevention of heart disease.
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