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SUMMARY

Mammary tumors induced by 7,12-dimethylbenz(a)-
anthracene were divided into slow- and fast-growing neo
plasms on the basis of growth rate. Biochemical and his-
tological evaluation was performed on each group and the
data were compared. Of the 21 different parameters ex
amined, significant differences were found in 3: isocitrate
dehydrogenase and hexokinase activities and triglycÃ©ride
content. None of the parameters demonstrated any cor
relation with growth rate, although there were many co
ordinated biochemical changes.

INTRODUCTION

There exist several reports demonstrating that the rate
of growth of some neoplasms can be correlated with cer
tain biochemical parameters. Weber (22) has presented
a summary of these data obtained from studies of hepa-
tomas of different growth rates. During the course of
these studies, Knox et al. (15) reported that glutaminase
activity was correlated with the rate of growth of a spec
trum of transplantable rodent mammary tumors.

We have been investigating the biochemical character
istics of experimental mammary tumors of different types
(9, 11, 12) and, recently, we have reported on the levels
of nucleic acids, lipids, and several selected enzymes in
mammary adenocarcinomas induced by intubation of
DMBA4 (10). It is known that the growth of these pri
mary carcinogen-induced neoplasms is variable, not only
from animal to animal but, also, in the same animal
bearing multiple lesions, although the method of induc-
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tion is identical (7, 19). An experiment was performed,
therefore, to ascertain whether any relationship existed
between the rate of growth of DMBA-induced mammary
carcinomas and quantitative measurements of morpho
logical and biochemical parameters.

The biochemical parameters studied were selected on
the basis of their role in the metabolism of the mammary
gland. The enzymes measured here have shown to be
elevated in the mammary gland during pregnancy and
lactation (1, 2). Glucose 6-phosphate dehydrogenase,
NADP-isocitrate dehydrogenase, and NADP-malate de
hydrogenase are enzymes that produce NADPH as a
result of their catalytic action, and this reduced pyridine
nucleotide plays a significant role in lipogenesis and pro
tein synthesis.

Pyruvate kinase, hexokinase, and glucosephosphate
isomerase were examined as indicators of glycolysis; the
former 2 enzymes were shown to relate to the growth rate
of some hepatomas (22). The other enzymes examined
were selected for the following reasons: phosphoglucomu-
tase as an indicator of glycogenolysis and glycogenesis,
a-glycerolphosphate dehydrogenase as an indicator of
lipid synthesis, and aspartate aminotransferase and gluta
mate dehydrogenase as indicators of amino acid metabo
lism and carbohydrate interrelations. Nucleic acids were
measured to gain insight into overall protein synthesis
and cell number, and DNA levels are particularly useful
for the expression of enzyme activity in tissues that are
undergoing rapid growth. The lipids measured reflect the
lipogenic capacity of mammary tissue. The data presented
in this report indicate that neither the morphological nor
the biochemical parameters determined quantitatively in
these mammary tumors showed a significant correlation
with the rate of growth of the neoplasms.

MATERIALS AND METHODS

Tumor Induction

The method for production of breast carcinoma has
been described previously in detail (7). Female rats of
the Sprague-Dawley strain, 51 days of age, were used.
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Each animal received a total of 25 mg DMBA in 5 weekly
doses of 5 mg each, in 1.0 ml sesame oil, by stomach tube.
From the start of the experiment, each animal was
weighed weekly. All animals were palpated once per
week for subcutaneous masses. When one or more tumors
appeared and the neoplasms continued to grow until
reaching a size of 0.5 x 1.0 cm in diameter, the animal
bearing this neoplasm was separated and housed singly
for the remainder of the experiment. Measurements were
then made twice weekly on each tumor for 42 days. At
the end of this period, the animal was killed and the tu
mor that had grown for 42 days was removed, measured,
and weighed. Tumors for assay were selected on the basis
of their growth rates. A small section was used for histol
ogy and the remainder of the tumor was placed in a
labeled glass vial and quick-frozen in a slurry of acetone-
Dry Ice. Samples were stored in the deep freezer until
subsequent biochemical assay.

HistolÃ³gica! Grading

The histological sections were used as a basis for grad
ing. The grading of these rat breast carcinomas parallels
the effort in human breast carcinoma to establish a basis
for the estimation of virulence and, hence, presumably
prognosis. In these rat tumors the grading is chiefly on a
histological basis, since, unlike the human, other criteria
such as mÃ©tastasesto lymph nodes and distant organs are
exceedingly rare. The major criteria used here are the
degree of dedifferentiation in tubular formations from
that of normal breast, the irregularity in size, shape, and
staining of cells and nuclei, and the frequency of mitoses.
Other findings, such as necrosis, inflammation with par
ticular regard to the presence of lymphocytes, fibrosis,
hemorrhage, and presumptive histological evidence of
regression, have also influenced the grading. A similar
approach to the grading of carcinogen-induced breast tu
mors of rats has recently been used by Bertalanffy (4).

Grade I. This represents the most highly differentiated
tumor and presumably the least malignant. In it, tubules
are well developed and are lined by a single, and occa
sionally and focally by a double, layer of flattened, cu-
boidal, or columnar uniform epithelium. Mitoses are
infrequent. Interstitial stroma may be relatively scanty
and loose but the papillary forms there are frequently
broad septa of old connective hyalinizing tissue; inflam
mation is minimal (Figs. 1 and 2).

Grade II. The tubules, while well developed, are lined
by multiple cell layers ranging from tall columnar to
flattened epithelium. Cells still retain a general uniform
ity. Fibrosis may be well marked, inflammatory cells are
plentiful, and mitoses are occasionally seen. In this grade,
as in Grade I, papillary and cystic formations are often
prominent. An example is shown in Figs. 3 to 6.

Grade III. In this grade, the tubules are often still rec
ognizable but the lumens may be completely plugged with
cells (solid acinar forms). Often the neoplastic cells are
arranged in sheets of more or less uniform or pleomor-

phic cells without tubule formations. Mitoses are fre
quent. Inflammatory cell infiltration is heavy and fibrosis
is dense. Necrosis and hemorrhage are often prominent
(Figs. 7 and 8).

It should be stressed that, within an individual tumor,
there frequently are mixtures of different morphological
types and grades. The grade finally selected is based on
the area showing the greatest deviation from the normal.
Moreover, the same grade in different tumors may show
considerable variation in histological appearance and de-
differentiation (compare Figs. 3 and 4 with Figs. 5 and 6).

Histological Quantitative Determination

A quantitative morphological analysis (count) was also
performed of the constituent cells of these tumors, accord
ing to the method of Chalkley (5). In this procedure, ade
quate sampling is obtained by cementing one or several
hairs onto, or providing equivalent indicators on, the dia
phragm of the ocular of a microscope. The free extremi
ties of these indicators constitute point finders for a pat
tern of the microscopic stage, traversing the tissue in a
more or less systematic manner. In our work, we counted
an average of 400 successive cells/tumor as a basis for the
calculation of their percentage distribution.

The classification of cell type was as follows.
Epithelial tumor cells are the cells lining the tubules or

present singly, as nest, columns, or sheet formation after
they have broken through tubular walls or as the chance
of sectioning isolates them.

Connective tissue consists of newly formed or old
fibrous tissue arranged in septa of varying thicknesses.

Other tissues include fat, free serous or tubular lumenal
material, muscle, blood, and necrotic areas, and were
listed separately. Except for 1 tumor, these were not
present in significant amounts.

Under inflammatory cells are included lymphocytes,
polymorphonuclear cells, monocytes, eosinophils, and
mast cells.

Blood vessels were counted when the point indicator
rested on the wall of the vessel.

Under spaces are included tubular and vascular lumina,
interstitial spaces, intracystic areas, and presumably
"empty" areas.

Biochemical Analyses

Tissues were thawed and homogenized in conical
ground-glass homogenizers with ice-cold 0.05 M Tris
buffer, pH 7.4. The volume of diluent added was calcu
lated to produce either a 10% or 5% homogenate (w/v).
Aliquots of the homogenate were taken for determination
of nucleic acids and lipids; the remainder of the homoge
nate was used for enzyme assays.

Enzyme assays were performed on the supernatant
of the homogenate following centrifugation at 4Â° at
20,000 X g for 20 min. Each of the enzyme assays was
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performed under identical conditions by measurement of
the absorbance changes at 340 HIMdue to the production
of NADPH or the oxidation of NADH. Conditions for
each assay were previously established to ensure opti
mum (zero-order) kinetics for substrate and cofactor re
quirements on as small an aliquot of the supernatant as
possible. Under these conditions, the reactions proceeded
in linear fashion for at least 5 min. The enzyme values
calculated are comparable and are expressed as AmÃ³les
NADPH produced/min/100 mg tumor tissue or per mg
DNA, or as AmÃ³lesNADH oxidized/min/100 mg tumor
tissue or per mg DNA. The enzyme assays were carried
out in a final volume of 0.5 ml, and activity was measured
with minor modifications according to the general outline
of the following procedures: glucose 6-phosphate dehy-
drogenase (EC 1.1.1.49), Clock and McLean (6); iso-
citrate dehydrogenase, decarboxylating (EC 1.1.142),
Ochoa method (16); malate dehydrogenase, decarboxylat
ing (EC 1.1.1.40), Ochoa et al. (17); glucosephosphate
isomerase (EC 5.3.1.9), Shonk and Boxer method (20);
phosphoglucomutase (EC 2.7.5.1), enzyme activation
according to Harshman et al. (8) and assay as outlined by
Shonk and Boxer (20); a-glycerolphosphate dehydroge
nase (EC 1.1.1.8), Beisenherz et al. (3), modified by
use of dihydroxyacetone phosphate as substrate and
measurement of the oxidation of NADH; glutamate de
hydrogenase (EC 1.4.1.2), with the use of the reverse
reaction and oxidation of NADH described by Hoge-
boom and Schneider (13); aspartate aminotransferase
(EC 2.6.1.1), modified for the tissue supernatants from

Biochemistry of DMBA-induced Mammary Tumors

the spectrophotometric assay according to Karmen (14);
pyruvate kinase (EC 2.7.1.40), method of Susor and
Rutter (21); and hexokinase (EC 2.7.1.1), method of
Sharma et al. (18).

The method for determination of RNA and DNA, as
well as the procedures used to determine cholesterol
quantitatively, free fatty acids, and triglycÃ©rides,has been
given in detail previously (10).

RESULTS AND DISCUSSION

An arbitrary division of the neoplasms was made ac
cording to the increase in tumor weight per day, with
tumors that increased in weight less than 100 mg/day
comprising the "slow"-growing neoplasms and carcinomas

that demonstrated a growth rate greater than 100 mg/day
were categorized as "fast"-growing tumors. The daily

growth rate was determined by taking the final tumor
weight and dividing it by the number of days, i.e., 42
days. This arbitrary criterion placed 10 tumors in the
slow-growing group and 5 tumors in the fast-growing
group.

Table 1 summarizes the morphological data obtained
by quantitative light microscopy. No significant differ
ences in the means obtained for the percentage of various
morphological components were found upon comparing
the slow-growing and fast-growing neoplasms. Further,
there appeared to be no correlation between the overall
histolÃ³gica! grading and the rate of growth of the neo-

Table 1
Morphological characteristics of DMBA-induced mammary adenocarcinomas

Tumor
No.6255625062636244625962566251625362456257Mean

Â±S.E.62626261624662496258Mean

Â±S.E.OverallmeanDaily

tumor
weight gain

(mg)2.382.383.1010.7118.3323.8129.0536.9067.8688.8128.33Â±9.25156.19190.48227.38264.29300.0227.7Â±22.994.78Â±26.10Cell

components of tumors(%)Grade2222211123222221.87Â±0.13Epithelial

Connective
cellstissue2526342232332519314229.4Â±2.3323335462634.4Â±3.231.1Â±1.9253525731403531241526.8Â±3.1372720162825.6Â±3.726.4Â±2.3InflammatorySpacescÂ£lls3028261315172823273023.7Â±2.0202730202724.8Â±2.024.1Â±1.56611913211121168.7Â±1.1710106129.0Â±1.18.8Â±0.8Bloodvessels1034543111555.1Â±1.04141054.8Â±1.5.0Â±0420445504220212258Miscellaneous(muscle)(fat)(fat

13, muscle31)(free
serous orluminalbular

material)(blood

muscle,fat)(fat)(fat,

muscle)tu-(muscle-free

serousmaterial)(muscle)(blood)(free

serous ortubularminai
material)lu-
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Biochemistry of DMBA-mduced Mammary Tumors

Table 3
Enzyme activities/mg DNA in DMBA-induced mammary tumors and normal mammary glands of rats

Enzyme" Slow-growing tumors Fast-growing tumors
(10)" (5) All tumors (15)

" The abbreviations used are given in Table 2.
*Numbers in parentheses are number of tumors.
' Mean Â±S.E.

Mammary glands

G6PDICDMEGPIPGMÂ«GPDGDHAATPYKHK000600.0.1,9.0319Â±,754
Â±181

Â±.31
Â±093
Â±168
Â±032
Â±892
Â±694
Â±030

Â±0.141'0.1390.1111.420.0390.0620.0060.4701.8830.0040.3020.9410.0856.300.0790.0420.0422.0259.2220.051Â±Â±Â±Â±Â±Â±Â±Â±Â±Â±0.0540.1430.0150.810.0120.0120.0110.2621.5860.0060.3140.8160.1446.300.0880.1260.0361.9369.5350.037Â±

0Â±
0Â±
0Â±
0Â±
0Â±
0Â±
0Â±
0Â±
!â€¢Â±

0094.104074960260440063183280040.2650.5430.5834.411.2876.2130.0443.0873.9910.240Â±

0.040Â±
0.097Â±
0.160Â±
0.78Â±
0.178Â±
0.971Â±
0.009Â±
0.607Â±
0.992Â±

0.052

plasm, as exemplified by the fact that most of these neo
plasms were judged to be Grade II.

Eight of the 15 neoplasms were large enough to be
divided and analyzed at least in duplicate. The values for
each neoplasm shown in Table 2, which summarizes the
biochemical analyses of the tumors, are presented as the
mean of the results obtained from replicate assays where
applicable. In general, the 2 groups of carcinomas ap
peared to be quite similar in their biochemical character
istics even though there was an approximate 8-fold differ
ence in average tumor weight gain per day. The only
significant differences found between these 2 groups of
tumors, as assessed by Student's l test, were the higher

activities of isocitrate dehydrogenase (p < 0.05) and
hexokinase (p < 0.05) and the significantly lower amount
of triglycÃ©ridefound in the faster-growing tumors (p <
0.01).

In order to relate these data to our previously published
studies of carcinogen-induced mammary tumors, and to
demonstrate similarities and differences between normal
and neoplastic mammary tissue, the data from this pres
ent study were expressed in terms of DNA content of the
tissue (Table 3). Expressing enzyme activity/mg DNA, a
procedure that we have used previously (10, 11), permits
some accounting for differences in cell number or changes
in ploidy. It is apparent that, with the exception of hexo
kinase activity, no differences in the activities of the en
zymes studied were found when comparing slow growing
neoplasms with fast growing neoplasms. However, several
differences in enzyme activity of the carcinogen-induced
tumors were observed when comparing the activities of
these enzymes in the tumors with the enzymes of normal
mammary glands. The most striking differences observed
were the lower activities of malate dehydrogenase, phos-
phoglucomutase, Â«-glycerophosphate dehydrogenase, and
hexokinase in the neoplasms compared with normal mam
mary glands. In contrast, the activity of glucosephosphate
isomerase and pyruvate kinase were elevated in the neo
plastic tissues compared to the normal tissue. These re
sults are similar to our earlier reports (10, 11).

The data in Tables 1 and 2 were submitted for corre-

Table 4
Parameters demonstrating significant correlation (p < 0.01 )

in DMBA-induced mammarv ade noca re ino ni as

Y, and Y, are the parameters measured; r. is the correlation coeffi
cient. The abbreviations used are given in Table 2.

K, Y, r

G6PDG6PDG6PDG6PDG6PDMEGPIGPIGPIPGMPGMMEGPIPGM

.,..AAT
,PYKPGMPGMAATPYKAATPYK0.7680.8590.7980.7860.7070.8260.8150.8550.7610.7080.770

lation coefficient analysis in an attempt to ascertain
whether any of the morphological and biochemical meas
urements snowed coordinated changes. Table 4 lists only
the parameters that exhibited correlation coefficients
which were significant at the 99% level (p < 0.01). The
existence of some significant correlations would suggest
that those parameters display coordinated changes. Tu
mor weight gain/day did not correlate with any of the
quantitative morphological criteria or with any of the
biochemical parameters studied in this experiment (for
the purpose of simplicity, all of the correlation coefficients
were not listed in this table, i.e., not even those that dem
onstrated significance at the 95% level of confidence).
Since this type of statistical analysis is most desirable for
independent variables, the use of ratios is not advisable
in looking for correlations. For this reason, correlations
were not sought for enzyme data calculated per mg DNA,
since the amount of DNA per sample of tumor tissue was
variable. The data in Table 4 indicate that there were
several biochemical alterations in this group of adenocar-
cinomas that demonstrated related changes. Many of
these coordinated changes had been noted previously (9).

MAY 1970 1227

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2386637/cr0300051223.pdf by guest on 19 M

ay 2023



Hilf, Goldenberg, Gruenstein, Meranze, and Shimkin

In summary, these data on the biochemistry of DMBA-
induced carcinomas indicate that many enzymes do not
exhibit a correlation between their activities and the rate
of growth of the neoplasm. Many of the same enzymes
have also been shown to show no correlation with various
hepatomas which display differences in growth rates (22).
However, both pyruvate kinase and hexokinase have
been shown to correlate with growth in a series of hepa
tomas, a result not apparent from the studies done here
with mammary carcinomas. It is possible, however, that
correlations with growth could be obtained among mam
mary carcinomas displaying a wider range of growth rates
than those studied in this experiment, i.e., 2 to 300 mg
tumor growth/day. Such a study would be possible by
using neoplasms produced by different regimens of ad
ministration of the same carcinogen (19) as well as by
comparisons between carcinogen-induced and trans-
plantable mammary tumors.

The primary carcinogen-induced tumors studied here
are comprised of a mixed cell population, as compared to
transplantable tumors, which display a more uniform
microscopic appearance. The more heterogeneous com
position of the DMBA-induced mammary carcinomas
could lead to a greater variation with the results obtained
from the biochemical measurements made on different
tumors. Since the carcinogen-induced primary neoplasm
more closely simulates the human disease, in terms of
mixed cell population, it is most important that the bio
chemical concept derived from studies of transplantable
rodent tumors be tested for their applicability to other
experimental neoplasms and, ultimately, to the human
disease.
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Fig. 1. Adenocarcinoma Grade I showing well-differentiated tubules and general similarity to normal breast (Tumor 6253). X 40.
Fig. 2. High-power magnification of Fig. 1. Tubules lined by simple generally cuboidal epithelium. X 400.

Fig. 3. Adenocarcinoma Grade II. Tubules still well differentiated as in Grade I but course more irregularly (Tumor 6261). X 40.
Fig. 4. High-power magnification of Fig. 3. By contrast with Fig. 2. some tubules are lined by multiple cell layers, occasionally partially Tilling

lumen. X 400.
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Fig. 5. Adenocarcinoma Grade II shows many irregularly coursing tubules (Tumor 6245). X 40.
Fig. 6. High-power magnification of Fig. 5. Some tubules lined with multiple cell layers. Note also sheets of epithelial-like cells between tubules.

X 400.
Fig. 7. Adenocarcinoma Grade III. Densely cellular proliferative process with only occasionally tubules (Tumor 6257). X 40.
Fig. 8. High-power magnification of Fig. 7. Densely cellular sheet-like epithelial cell proliferation with a few abortive tubules.
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