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characterize breast cancer, most of this effort has been
directed toward classification of the disease by gross and
microscopic methods. While this approach has established
adequate criteria for identifying cancer and benign disease of
the breast, it cannot detect the existence of metabolic
alterations that may be diagnostically or therapeutically
important. That subtle biochemical alterations exist in
various tumors is demonstrated by extensive studies
performed with hepatomas of different growth rates (23,
29â€”31, 41). Recently, hepatomas with normal karyotypes
have been shown to be biochemically different (26, 32).

Biochemical data derived from examination of trans
plantable and carcinogen-induced primary rodent mammary
tumors (13â€”15 , 17â€”19) suggest that each of these neo
plasms has a distinct biochemical profile, defined by the
activities of specific enzymes as well as the levels of nucleic
acids and lipids. Because of the potential diagnostic and
therapeutic usefulness of these parameters, it seemed
desirable to extend these biochemical studies to human
disease.

The existing literature on the biochemistry of human breast
cancer is limited. Goldman et aL (1 1) reported a correlation
between total lactic dehydrogenase activity and the degree of
histological malignancy. A significant elevation of the M
isozyme was found in malignant tissues, compared with
breast tissue with benign diseases. A relationship between
histological grading and increased phosphohexose isomerase
activity was reported by Muir and Fawcett (25). Cohen (6),
using histochemical procedures, reported increasing activities
of glucose-6-phosphate dehydrogenase in samples of normal
breast, fibrocystic disease, fibroadenomas, and carcinomas of
the breast, in that order. He further concluded that the
increase in glucose-6-phosphate dehydrogenase activity was
associated with intraductal proliferation, whether benign or
malignant. In all of the above studies, a single endpoint was
examined. Such an approach to the study of neoplasia has
been questioned by Shonk and Boxer (37), who suggest that
it is important to learn whether any 1 end point is elevated
or decreased relative to other enzymes determined under
similar assay conditions and expressed in the same units.
Few studies along these lines have been published for breast
cancer (1, 2, 22).

Goldberg et aL (10) examined several biochemical
parameters in normal breast tissue and in samples of
fibrocystic disease, fibroadenomas, and carcinomas of the
breast. Although the number of samples in each group was

SUMMARY

Some of the biochemical characteristics of human breast
cancer were defined by examining the activities of several
specific enzymes associated with carbohydrate, lipid, and
amino acid metabolism in forty-nine samples of infiltrating
ductal carcinoma of the breast. In addition, the levels of
RNA, DNA, cholesterol, free fatty acids, and triglycerides
were determined. Samples of normal breast tissue and
fibrocystic disease of the breast were also analyzed for the
same parameters. Compared with normal breast tissue, the
activities of pyruvate kinase, glucose-6-phosphate dehydro
genase , isocitrate dehydrogenase , phosphoglucomutase,
glutamate dehydrogenase, and hexokinase in the carcinomas
were elevated 10- to 30-fold, when enzyme activity was
expressed per 100 mg of tissue weight, or from 2- to 8-fold,
when enzyme activity was expressed per mg DNA. RNA and
DNA levels were increased in neoplastic tissues, as were
those of cholesterol and free fatty acids, whereas a-glycero
phosphate dehydrogenase activity and triglyceride levels were
significantly reduced in the tumors. In fibrocystic disease,
only the activity of phosphoglucomutase, expressed per mg
DNA, was higher than in normal breast tissue. Significant
correlations between pairs of biochemical parameters were
found; some were common to all tissues investigated,
whereas others were present only in carcinomas. No
differences in the biochemical profile of neoplastic tissues
were attributable to either the menopausal status of the
patient or to the presence of metastases. Thus, certain
unique biochemical changes were associated with frank
carcinoma and, in this limited study, we were able to
identify a tissue sample as cancer or noncancer on the basis
of the observed biochemical profile.

INTRODUCTION

Although considerable effort has been expended to
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Biochemistry of Human Breast Cancer

study is infIltrating ductal carcinoma, a cancer with a
well-defined gross and microscopic appearance (24).

Biochemical Analyses. Tissues were thawed and separated
into aliquots approximating 200 to 250 mg wet weight. Each
aliquot was homogenized in cold 0.05 M Tris buffer, pH 7.4,
with the volume of diluent added to produce either a 10 or
5% homogenate (w/v). Aliquots of the homogenate were
taken for determinations of nucleic acids and lipids; the
remainder of the homogenate was used for enzyme assays.

Enzyme assays were performed on the supernatant of the
homogenate aftev centrifugation at 20,000 X g for 20 mm.
Each of the enzyme assays was performed under identical
conditions by measurement of the absorbance changes at
340 iiij.z due to the production of NADPH or the oxidation
of NADH. Conditions of each assay were established to
ensure optimum (zero order) kinetics for substrate and
cofactor requirements on as small a sample as feasible . Under
these conditions, the enzyme values are comparable and are
expressed as j.zmoles of NADPH produced per mm per 100
mg of tissue weight or per mg DNA, or as .imoles of NADH
oxidized per mm per 100 mg of tissue weight or per mg
DNA. The enzymes were measured, with minor modifica
tions, by the following procedures: glucose-6-phosphate
dehydrogemase (D -glucose-6-phosphate:NADP oxidoreductase,
EC 1. 1.1 .49),3 method of Glock and McLean (9); isocitrate
dehydrogenase, decarboxylating (L5-isocitrate :NADP oxido
reductase, decarboxylating EC 1.1 .1 .42), method of Ochoa
(27); malate dehydrogenase, decarboxylating (L-malate:NADP
oxidoreductase, decarboxylating EC 1.1 .1.40), method of
Ochoa et a!. (28); glucosephosphate isomerase (D-glucose-6-
phosphate ketolisomerase, EC 5.3.1 .9), Shonk and Boxer
method (36); phosphoglucomutase (a.D-glucose-l ,6-diphos
phate ; a.D-glucose-l-phosphate phosphotransferase, EC
2.7.5 .1), enzyme activation according to the method of
Harshman Ct a!. (12) and assay as outlined by Shonk and
Boxer (36); a-glycerophosphate dehydrogenase (L-glycerol-3-
phosphate:NAD oxidoreductase, EC 1.1.1.8), method of
Beisenherz et a!. (3), modified by using dihydroxyacetone
phosphate as substrate and measuring the oxidation of NADH;
glutamate dehydrogenase (L-glutamate:NAD oxidoreductase,
deaminating, EC 1.4.1 .2), with the reverse reaction and
oxidation of NADH described by Hogeboom and Schneider
(20); aspartate aminotransferase (L-aspartate :2-oxoglutarate
aminotransferase, EC 2.6.1 .1), modified from the assay pro
cedure of Karmen (21); pyruvate kimase (ATP:pyruvate
phosphotransferase, EC 2.7.1 .40), method of Susor and Rutter
(39); hexokinase (ATP:D-hexose-6-phosphotransferase, EC
2.7.1 .1), method of Sharma et a!. (35); and glucokinase
(ATP:D-glucose-6-phosphotransferase, EC 2.7.1 .2), method of
Sharma et a!. (35).

Nucleic acid concentrations were measured by a modifica
tion of the method of Schneider (34), with the orcimol

3Enzyme nomenclature and numbering systems are based on the
report of the Commission on Enzymes of the International Union of
Biochemistry. Trivial names of the enzymes, as recommended by the
Commission,are used.

small, 5 per group, the data demonstrated that the activities
of lactic dehydrogenase , isocitrate dehydrogenase , and
phosphogluconate dehydrogenase were significantly elevated
in malignant breast tissues.

The most extensive biochemical study of human breast
cancer was published in 1966 by Smith et a!. (38). They
demonstrated that lactic dehydrogenase and isocitrate
dehydrogenase activities, expressed per mg of DNA or per
100 mg of protein , were significantly elevated in the 13 to
17 samples of intraductal carcinoma of the breast compared
with normal breast tissue. A similar observation was made
for glucose-6-phosphate dehydrogenase and phosphohexose
isomerase activities, although the elevation of these enzymes
proved to be significant only when activity was expressed
per 100 mg of protein. These authors presented data that
showed correlations between certain enzyme activities in
neoplastic tissues, such as the relationship between isocitrate
de hy d r 0 ge nase and glucose-6-phosphate dehydrogenase
activities from the same tumor sample.

The data presented in this report are the result of a
concerted effort to characterize human breast cancer bio
chemically. Since infiltrating ductal carcinoma is the most
common cancer of the breast, it was decided to concentrate
our attention on this pathological entity. Normal breast
tissue was also examined to establish a base for comparison.
In this study, we have termed â€œnormalbreast tissueâ€• any
sample of the mammary gland that was free of abnormalities
by the criteria of light microscopy. In addition, we examined
fibrocystic disease of the breast, a prevalent disease of the
breast, often associated with an increased incidence of
carcinoma. These results, which are an extension of our
earlier work (14, 16), demonstrate that significant bio
chemical differences exist between infiltrating ductal
carcinoma of the breast and normal breast tissue or
fibrocystic disease, whether enzyme activity is expressed on
the basis of wet weight or DNA content.

MATERIALS AND METHODS

Tissue Samples. The tissues studied were obtained from
patients seen during an 18-month period. Specimens of
breast tissue were taken directly from the operating room to
the adjacent suite of surgical pathology laboratories, where
they were inspected and diagnostic frozen sections were
made. Portions of the solid tumor, free of fat, connective
tissue, necrotic debris, and blood, were cut into pieces
approximately 3 x 3 x 3 mm, placed in labeled glass vials,
and frozen quickly in a cryostat or in an acetone-Dry Ice
freezing mixture. Wherever possible, an effort was made to
obtain normal breast tissue from the same patient. The time
between excision of the specimen from the patient and
freezing was usually less than 15 mm. The specimens were
stored frozen until shipped by air in insulated containers
packed with Dry Ice. After thawing, but prior to homo
genization and assay, a sample of each tissue block was
obtained for microscopic examination. In this way, the
histological characteristics of tissue within 1 mm of the
analyzed sample could be established and used for quantita
five correlative studies. The only cancer considered in this
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reaction for the determination of ribose (5) and the
diphenylamine reaction for deoxyribose determination (8).

Aliquots of the original tissue homogenate were extracted
for lipids with diethyl ether; separation of cholesterol,
cholesterol esters, free fatty acids and triglycerides was
accomplished by thin-layer chromatography. The isolated
lipids were localized, extracted from the gel, and measured
quantitatively (15).

The data are presented as means Â±S.E. Significance was
determined by Student's t test; a p value of less than 0.01
was considered to be significant. Correlation or degree of
association for any 2 biochemical parameters was determined
by calculation of the correlation coefficient; an r value
representing a probability of less than 0.01 was considered
to be significant.

RESULTS

Distribution of Samples. Eighty-five tissue samples were
obtained for biochemical analysis, including 20 from normal
breast, 16 from fibrocystic disease, and 49 from primary
infiltrating ductal carcinomas of the breast.4 Wherever
possible , replicate analyses were made on each tissue sample.
Thus, 17 of the 20 normal breast samples, 11 of the 16
fibrocystic disease samples, and 30 of the carcinomas were
large enough so that at least duplicate analyses were done.

Reproducibility of Analyses on Replicate Samples. A major
concern in considering the significance of studies with neo
plastic tissues is the degree of homogeneity of the samples
obtained for assay. The biochemical uniformity of the tissues
were investigated by making as many aliquots as feasible
from each sample and treating each aliquot as a separate
entity for the purpose of homogenization and analysis. Table
1 presents data selected from some of the largest tissue
samples analyzed. The data on the infiltrating ductal car
cinoma (No. 11555 1) indicate that a very good degree of
homogeneity was present in this neoplasm, such that the
S.E. did not exceed 10% of the mean value. The data in
Table 1 for fibrocystic disease also showed a satisfactory
degree of reproducibility. The apparently greater variability
of the results obtained from normal breast tissue may be due
in part to the very low levels of enzyme activity present, so
that a small variation in replicate samples would create a
substantial percentage of error of the mean. A greater
variability may be inherent in normal breast tissue , because
the cell population, as well as cellular function, are
influenced by the hormonal status of the patient and
possibly by the presence of a meoplasm. However, the
variation in the normal tissue samples did not affect the
significance of the results.

4During these investigations, we had the opportunity of obtaining
and analyzing other types of neoplasms and diseases of the breast:
fibroadenomas, 10; colloid carcinomas, 3; medullary carcinomas, 2;
and anaplastic carcinomas, 1. In addition, 2 samples of gynecomastia,
1 sample of focal hyperplasia of the ducts, and 1 sample of
intraductal papilloma and duct epithelial hyperplasia were assayed.

Biochemical Parameters in Normal Breast Tissue. The
biochemical assays, presented as the mean Â± S.E., are
summarized in Table 2. Four of the samples included in this
summary were obtained from immediate necropsies of
patients who died of causes other than cancer. The data
from these samples were similar to the data obtained from
patients at surgery. The discrepancy in the number of
samples in the summary was due to laboratory accidents.
The lower number of samples assayed for pyruvate kinase,
hexokinase, and glucokinase was the result of initiating the
study of these enzymes after the investigations were under
way.

The data in Table 2 indicate that normal breast tissue
contained low levels of RNA and DNA, and the RNA/DNA
ratio approaching 1.0. The highest enzyme activities were
those for glucosephosphate isomerase, pyruvate kinase, and
a-glycerophosphate dehydrogenase. The level of triglycerides
in normal breast tissue was quite high, a reflection of the
large amount of adipose tissue found in normal breast. In
general, S.E. in these samples represented about 10 to 20%
of the mean value.

Biochemical Parameters in Fibrocystic Disease of the
Breast. Fibrocystic disease of the breast, or chronic cystic
disease, has been postulated to be a precancerous condition,
or at least as contributing to the initiation or development
of carcinoma (7, 33, 42). A summary of the data obtained
by analyzing 16 samples of fibrocystic disease is presented in
Table 2. Because the histological features of fibrocystic
disease are diverse, it was anticipated that significant varia
tion in the biochemistry would be encountered from sample
to sample. Such a variation would contribute to an increased
standard error. Although this was the case for certain
enzymes, e.g., pyruvate kinase, the usual errors were of the
order of 20% of the mean, a degree of variation similar to
that found in normal tissue. No significant differences were
found in the levels of nucleic acids or lipids in the samples
of fibrocystic disease tissues as compared with samples of
normal breast tissue. However, the activities of several
enzymes showed significant elevations when activity was
expressed on a tissue weight basis. The activities of glucose
phosphate isomerase (p < 0.01), aspartate aminotransferase
(p < 0.001), isocitrate dehydrogenase (p < 0.01), glucose-6-
phosphate dehydrogenase (p < 0.001), and malate dehydro
genase (p < 0.001) were increased by 2 to 3 times the values
for these enzymes in normal breast tissue.

Biochemical Parameters of Infiltrating Ductal Carcinoma of
the Breast. Table 2 also includes a summary of the analyses
of 49 separate tumors in which carcinoma was confirmed by
microscopic examination. The lesions ranged in size from 1.0
to 14.5 cm and were distributed according to the following
size range and number: 1.0 to 1.9 cm, 6 samples; 2.0 to 2.9
cm, 23 samples; 3.0 to 3.9 cm, 11 samples; 4.0 to 4.9 cm, 4
samples; 5 .0 to S.9 cm, 2 samples; and 6.0 cm and larger, 3
samples. The neoplasms came from patients of various ages:
30 to 39 years of age, 1; 40 to 49 years of age, 12; 50 to 59
years of age, 15; 60 to 69 years of age, 11; and 70 years of
age or older, 10. Eleven patients were premenopausal, and
the remaining 36 women were naturally or surgically post
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ParametermeasuredTissue
analyzed G6PDâ€• PYK DNAFFAInfiltrating

ductalcarcinomaNo.
115551 0.099 7.476 2.772.680.103

8.619 4.762.340.132
9.238 4.742.400.124
8.762 5.002.310.190

11.381 4.261.590.156
9.381 4.522.400.127
8.857 4.332.320.136
8.191 3.852.61Mean

0.133 8.988 4.282.33S.E.Â±0.010
Â±0.376 Â±0.23Â±0.12%

S.E.7.2 4.2 5.55.2Fibrocystic

diseaseNo.
120337 0.014 0.317 1.161.260.013

0.286 1.051.160.021
0.270 0.771.530.022
0.389 1.001.600.016
0.270 0.801.650.017
0.373 0.971.52Mean0.017

0.318 0.961.45S.E.
Â±0.001 Â±0.022 Â±0.06Â±0.08%

S.E.5.9 6.9 6.35.5Normal

breast 0.002 0.014 1.231.43tissueNo.114911
0.003 0.033 0.791.310.004

0.094 1.551.210.006
0.078 0.641.290.004
0.051 0.291.230.005
0.094 0.471.34Mean

0.004 0.061 0.831.30S.E.
Â±0.0005 Â±0.014 Â±0.19Â±0.03%

S.E. 13.2 23.0 22.92.3aThe

abbreviations used in Tables I to 4 are: G6PD,glucose-6-phosphate
dehydrogenase; PYK, pyruvate kinase; FFA, freefattyacids;

CHOL, cholesterol; TG, triglycerides; GPI,glucosephosphateisomerase;
AAT, aspartate aminotransferase; LCD, isocitrate dehydro

genase (decarboxylating); aGPD, a-glycerol phosphatedehydrogenase;PGM,
phosphoglucomutase; GDH, glutamate dehydrogenase;HK,hexokinase;

ME, malate dehydrogenase (decarboxylating);GK,glucokinase.

Biochemistry ofHuman Breast Cancer

Table 1
Examples ofreproducibility ofreplicate assays

menopausal. Also included in this summary were 2 breast
carcinomas from males that showed microscopic charac
teristics similar to the tumors from women and which had
biochemical profiles similar to the other neoplasms in this
study. Metastatic lesions were present in 31 of the patients,
but the other 18 patients were apparently free of metastases
at the time of operation. Several of the patients had
previously had breast cancer, and 5 had received hormonal
therapy of some kind at 1 time.

The biochemical characteristics of the carcinomas are
summarized in Table 2. Highly significant elevations (p <
0.001) in both RNA and DNA levels were found in neo
plastic tissues compared with either normal breast or fibro
cystic disease tissue samples. However, the RNA/DNA ratios
in the tumors were not altered. Analyses for various classes
of lipids revealed that the carcinomas contained significantly

greater amounts of cholesterol and free fatty acids than did
normal breast or fibrocystic disease samples, but the tri
glyceride content of the tumors was significantly lower than
that found in the other tissues analyzed.

The most striking change in the carcinomas was the
elevation in the activities of specific enzymes. The tumors
demonstrated very high pyruvate kinase activity, an increase
approximately 30 times that found in normal breast tissue.
In these carcinomas, the enzymes that were elevated by 10
to 15 times the activities found in normal breast tissue were
glucose-6-phosphate dehydrogenase, isocitrate dehydrogenase,
phosphoglucomu tase , glu tamate dehydrogenase, and
hexokinase . All of the above changes in enzyme activity
were highly significant (p < 0.001) compared with normal
breast or fibrocystic disease tissue. It is of interest that
a-glycerophosphate dehydrogenase activity was somewhat
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Meamrementa Normal breast Fibrocystic disease Infiltrating ductalcarcinomaRNA

@tg/mgtissue) 1.12 Â±0.26 (19) 1.47 Â±0.24 (16) 4.36 Â±0.23 (48)b.C
DNA (pg/mg tissue) 1.31 Â±0.32 (19) 2.17 Â±0.35 (16) 5.81 Â±0.42 (49)b@c
RNA/DNA ratio 0.99 Â±0.1 1 (19) 0.72 Â±0.08 (16) 0.82 Â±0.04 (48)
CHOLd (jig/mg tissue) 1.04 Â±0.16 (20) 0.98 Â±0.10 (16) 2.08 Â±0.18 (48)b@c
FFA (@@g/mgtissue) 1.03 Â±0.10 (20) 1.07 Â±0.13 (16) 2.51 Â±0.24 (48)b,C
TG(@@g/mgtissue) 187.2 Â±40.1 (20) 136.1 Â±32.1 (16) 50.4 Â±11.2 (48)@
CHOLesters (jig/mg tissue) 0.31 Â±0.05 (20) 0.41 Â±0.05 (16) 1.12 Â±0.26(48)@Enzyme

activity 4imoles ofpyridine nucleotide reduced or oxidized/min/100 mgtissue)PYK

0.204 Â±0.096(15) 0.888 Â±0.354(12) 6.590 Â±0.630(31)b.c
GPI 0.453 Â±0.092(20) 1.022 Â±0.146(16)@ 3.881 Â±0.395(49)b.C
AAT 0.051 Â±0.010 (20) 0.151 Â±0.031 (16)b 0.406 Â±0.041 (49)@
lCD 0.020 Â±0.006(20) 0.069 Â±0.013(16)C 0.288 Â±0.034(49)@
G6PD 0.009 Â±0.002(20) 0.026 Â±0.004(16)b 0.127 Â±0.013(49)b.@@
aGPD 0.1 15 Â±0.022 (20) 0.101 Â±0.017 (16) 0.058 Â±0.008 (49)
PGM 0.002 Â±0.001 (20) 0.014 Â±0.005 (16) 0.041 Â±0.004 (49)b.c
GDH 0.002 Â±0.001 (20) 0.002 Â±0.001 (16) 0.029 Â±0.006 (49)b.C
HK 0.002 Â±0.001 (15) 0.004 Â±0.001 (12) 0.040 Â±0.005 (31)b.C
ME 0.003 Â±0.001(20) 0.007 Â±0.001(16)b o.o@ Â±0.003(49)b.c
GK 0.002 Â±0.001 (15) 0.001 Â±0.001 (1 1) 0.002 Â±0.001 (31)

Hilf, Goldenberg, Miche!, Or!ando, and Archer

Table 2

Some biochemical parameters ofnormal breast tissue, fibrocystic disease of the breast, and infiltrating
ductal carcinomas

aData are presented as the mean Â±S.E. Numbers in parentheses represent the number of tissues assayed.
b5igpjficantly different (p <0.001) compared to normal breast tissue.
c5i@Jficanfly different (p <0.001) compared to fibrocystic disease.
dSee Footnote a to Table 1 for abbreviations.
e5i@Jficanfly different (p <0.01) compared to normal breast tissue.

lower in the neoplasms than in normal tissue, but the level
of significance was less than 99%.

Enzyme Activities per mg DNA in Tissues. Since there was
a significant increase in the DNA content of the neoplasms,
the alterations in enzyme activity might have been a
reflection of increased cellularity. Calculation of enzyme
activity per mg DNA would tend to compensate for
differences in cell numbers among the tissues studied; the
results of these calculations are presented in Table 3. Com
pared with normal breast and fibrocystic disease tissue, the
activities of most of the enzymes were still significantly
greater in the carcinomas. Pyruvate kinase activity per mg
DNA was increased about 8-fold in tumor tissue compared
with the other tissues studied. The activities of isocitrate
dehydrogenase, glucose-6-phosphate dehydrogenase, glucose
phosphate i somerase , phosphoglucomutase , glutamate
dehydrogenase, and hexokinase in the neoplasms were 2 to 4
times higher than the activities of these enzymes in normal

breast tissue. a-Glycerol phosphate dehydrogenase activity
per mg DNA in the carcinomas was approximately one-tenth
that found in normal tissue and the glucokinase activity/mg
DNA was found to be about one-eighth that in normal
breast tissue. Malate dehydrogenase and aspartate amino
transferase activities, which were significantly elevated in the
carcinomas per unit weight of tissue, were no longer
sigiÃ¼ficantly different (p > 0.01) from those in normal
breast tissue when the enzyme activity was expressed on a
DNA basis. Only phosphoglucomutase activity remained

significantly elevated (p < 0.01) in fibrocystic disease
samples when expressed as enzyme activity per mg DNA,
whereas many of the enzyme activities appeared to be
elevated in fibrocystic disease, compared with normal breast
tissue , when calculated on a tissue weight basis.

Influence of Menopausal Status or Metastases on Bio
chemistry of Carcinomas. It was also of interest to ascertain
whether biochemical differences would be found in tumors
of the same type from patients with different clinical
characteristics. For example , no significant differences were
found in the tumor samples from the premenopausal patients
versus postmenopausal patients. We also divided the patients
into 2 classes regarding metastases. There were 31 patients
with metastatic lesions and 18 without such lesions at the
time of operation. Although 1 biochemical parameter,
pyruvate kinase activity per 100 mg of tumor, seemed to be
significantly elevated in the neoplasms of patients with
metastases, this difference was no longer apparent when
pyruvate kinase activity was expressed per mg DNA of the
neoplasms.

Correlation of Certain Biochemical Parameters in Tissues.
Correlations among the various end points measured in
normal, fibrocystic disease, and carcinoma were determined
by regression analyses for each pair of parameters measured.
Significance was assigned to those correlation coefficients
with probability values of less than 0.01 . The presence of
significant correlations is shown in Table 4. Of the 26 pairs
of parameters that exhibited significant correlations, 7 pairs
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Enzymeactivity'@(jzmoles
pyndinenucleotide
reducedor
oxidized/mm/mgDNA)Normal

breastFibrocystic diseaseInfiltrating ductalcarcinomaPYKb

GPI1.826
Â±0.427(13)

4.369 Â±0.530(18)3.183
Â±0.565(12)

5.293 Â±0.552(16)14.018
Â±1.239 (31Y@,d

7.309 Â±0.662(49)e,bAAT

lCD
G6PD
aGPD
PGM
GDH
mc0.510

Â±0.073(18)
0.206 Â±0.036 (18)
0.084 Â±0.015(18)
1.521 Â±0.366(18)
0.023 Â±0.005 (18)
0.019 Â±0.004(18)
0.022 Â±0.001(13)0.639

Â±0.066(16)
0.346 Â±0.037 (16)@
0.133 Â±0.014(16)@
0.689 Â±0.170(16)@
0.053 Â±0.008 (16)@
0.008 Â±0.001 (16)@
0.033 Â±0.010(12)0.739

Â±0.058(49)@
0.541Â±0.051 (49)C.h
0.240 Â±0.019(49Y'@'
0.155 Â±0.035(49Y@@f
0.073 Â±0.004 (49)c,f
0.044 Â±0.006 (49)('4
0.098 Â±0.014(31y@.dME0.034

Â±0.008 (18)0.039 Â±0.005 (16)0.046 Â±0.004(49)GK0.039
Â±0.013(13)0.008 Â±0.004(11)@0.005 Â±0.002 (31)f

Tissues exhibiting correlatio
(p <0.01)n

coefficientsFibrocysticEnd

points correlatedNormaldiseaseCarcinomaG6PD'@,

vs lCD++oG6PDvs.ME+

+i@G6PDvs.GPI+

+G6PD

vs.PGM++oG6PDvs.GDH0

+0G6PDvs.AAT+
+0ICDvs.ME+

+Ã·ICDvs.GPI+

+oICDvs.GDH0

++ICDvs.AAT+
++MEvs.GPI0

0+MEvs.PGM+
++MEvs.aGPD+

00MEvs.GDH0

++MEvs.AAT0
0+GPIvs.PGM+
++GPIvs.GDH0

++GPIvs.AAT+
++PGMvs.GDH0

++PGMvs.AAT+
Ã·Ã·GDHvs.AAT0

0+PYKvs.HK+
00CHOLvs.FFA+

@+CHOL@vs.TG+

0+CHOL

vs.CHOL esters00+a@e

Footnote a to Table1 for abbreviations.

Biochemist,y ofHuman Breast Cancer

Table 3

Activities ofseveral enzymes expressed per mg ofDNA in normal breast tissue,
fibrocystic disease ofthe breast, and infiltrating ductal carcinomas of the breast

aData are presented as the mean Â±S.E. Numbers in parentheses represent the number of tissues assayed.
bSeeFootnote a to Table 1 for abbreviations.
CS@gpiJ@c@flydifferent (p <0.001) compared to normal breast tissue.
d5igpjficafl@@ydifferent (p <0.001) compared to fibrocystic disease.
e5jgeificantly different (p <0.01) compared to normal breast tissue.
fSignificantly different (p < 0.05) compare& to fibrocystic disease.
RSignificantlydifferent(p <0.05) compared to normal breast tissue.
hSjgpiJjcan@@ydifferent (p <0.01) compared to fibrocystic disease.

Table 4

Presence of correlated biochemical changes in normal breast
tissue, fibrocystic disease, and infiltrating ductal carcinoma

of measurements were coordinated in all of the samples

studied. In the remaining 19 pairs of end points, 5 showed
similar correlations in normal and fibrocystic disease, 4
showed similar correlations in both fibrocystic disease and
carcinomas, but only 2 showed similar correlations in normal
and carcinomatous tissue. There were a few examples of
coordinated changes occurring only in a particular tissue;
glucose-6-phosphate dehydrogenase and glutamate dehydro
genase activities in fibrocystic disease , malate dehydrogenase
and a-glycerophosphate dehydrogenase activities in normal
breast tissue , and 4 different pairs of parameters whose
relationships were altered only in the neoplasms, namely,
malate dehydrogenase and glucosephosphate isomerase,
malate dehydrogenase and aspartate aminotransferase,
glutamate dehydrogenase and aspartate aminotransferase, and
cholesterol and cholesterol esters. These data suggest that
certain biochemical parameters retain their relationship to
one another regardless of the presence or absence of neo
plasia. The data also identify certain biochemical relation
ships that are peculiar to a particular pathological entity.

DISCUSSION

The primary purpose of the investigation reported here was
to ascertain biochemical similarities and differences between
normal and neoplastic human breast tissues. It was important
at the outset to obtain an estimation of the variability that
might be encountered in the analysis of various portions of
the same tumor mass. By utilizing procedures that required
only small amounts of tissue , replicate assays were per
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formed on the majority of the tissues. These results indicate
that neoplasms are rather homogeneous relative to the
biochemical parameters measured. Their homogeneity may
depend to a great extent on the care taken during the initial
preparation of the sample by eliminating noncancerous
tissue, necrotic debris, blood, and other contaminants.

The data presented in this report demonstrate that the
activities of most of the enzymes studied were significantly
elevated in the cancerous tissues, compared with normal
breast tissue . These results are in good agreement with the
data of Goldberg Ct a!. (10) and Smith et a!. (38). However,
there are some discrepancies between the data reported here
and those reported by Smith and his coworkers. For
example, Smith et a!. (38) found that the RNA/DNA ratio
was lower in tumor tissue than in normal tissue, a difference
that we did not observe. Further, their work demonstrated
few differences in enzyme activities between normal and
neoplastic tissue when they expressed enzyme activity on a
DNA basis, whereas they found many highly significant
differences when they expressed enzyme activity on a
protein basis. The data presented here showed significant
differences in certain enzymes, such as glucose-6-phosphate
d e hy d rogenase and glucosephosphate isomerase , when
enzyme activities were expressed per mg DNA. These
enzymes were not significantly altered in the tissues studied
by Smith et a!. (38). No explanation can be offered for
these apparent discrepancies; however, they serve to
emphasize the importance of the methods used for calcula
ting enzyme activity, particularly for neoplastic tissues that
contain varying cell populations and stroma. It is also
important to present data in a uniform manner, to facilitate
comparisons of different studies.

The importance of the most appropriate method for
expressing enzyme activities is further illustrated by our
results in fibrocystic disease of the breast. The data indicates
that samples of fibrocystic disease possessed considerably
higher activities per 100 mg of tissue of glucose-6-phosphate
dehydrogenase, malate dehydrogenase, and aspartate amino
transferase (p < 0.001), as well as elevated activities of
isocitrate dehydrogenase and glucosephosphate isomerase (p
< 0.01), than did breast tissue. When enzyme activity was
expressed per mg DNA, some of these differences dis
appeared. This implies that there are few, if any, funda
mental metabolic alterations in fibrocystic disease as com
pared with normal breast tissue , and is in accord with the
common observation that fibrocystic disease is present in
some degree in many â€œnormalâ€•breasts, and that the tissue
changes in the former are highly variable and often poorly
delineated from normal breast tissue. In contrast, carcinomas
demonstrated significant changes in enzyme activity regard
less of the method used to calculate enzyme activity.
Goldberg et a!. (10) concluded from their data that samples
of fibrocystic disease tissue demonstrated enzyme changes in
the direction of carcinoma, a conclusion not supported by
the data presented in this report.

The fact that infiltrating ductal carcinoma is so strikingly
different in its biochemical characteristics from both normal
breast and fibrocystic disease tissue strongly supports the
contention that there are metabolic lesions unique to car

cinoma. Although the neoplasms showed significant increases
in nucleic acid content, many highly significant alterations in
enzyme activities were demonstrated expressing enzyme
activity in terms of DNA, suggesting that, even in the face of
increasing cell numbers, the metabolic activity of the car
cinoma was significantly altered. It is of interest that certain
biochemical parameters could be used to grade the tissues
examined, such that normal fibrocystic disease < car
cinomas for the following enzyme activities per mg DNA:
pyruvate kinase, glucosephosphate isomerase, aspartate
am.inotransferase , and hexokinase , as well as the levels of

RNA, DNA, cholesterol, and free fatty acids.
Calculation of these data on the basis of certain clinical

criteria indicated no difference in the biochemical profiles of
the carcinomas that reflected certain host factors, such as
menopausal status or the presence of metastatic lesions in
the patient. However, these results are based on rather small
numbers of samples and additional study is required to
confirm these preliminary results.

The existence of several correlated changes among various
pairs of biochemical parameters extends the fmdings of
Smith et aL (38). Such correlations are suggestive of organi
zational alterations present in neoplastic cells. Recently,
Weber and Lea (40) proposed a â€œmolecular correlation
conceptâ€• of neoplasia based on studies of hepatomas having
different rates of growth. Although we are unable to relate
the correlations to growth characteristics of the tumors, the
data presented demonstrate that both similar and different
coordinated changes are present in the neoplasms compared
with normal breast tissue. For example, only in normal
breast tissue was there a significant correlation between the
activities of NADP-malate dehydrogenase and a-glycero
phosphate dehydrogenase , 2 enzymes with a distinct role in
lipogenesis. Boxer and Shonk (4) found that a-glycero
lphosphate dehydrogenase activity was significantly reduced
in most of the experimental tumors that they examined, an
observation that is confirmed in this study of breast cancer.
The existence of similar correlations in normal and neo
plastic tissues may suggest that these parameters are inci
dental to the neoplastic state. It will be of interest to learn
whether changes in the correlations will occur during or after
induced alteration of tumor growth, such as might result
from the administration of therapeutic agents or the
manipulation of hormonal balance.

One goal of this study of human tumors was to compare
these data with those reported for experimental animal
tumors. Studies in our laboratory have demonstrated that
many subtle biochemical differences can be observed
between transplantable and carcinogen-induced rodent
mammary tumors (13, 15 , 19). Comparison of the values in
these neoplasms with the values obtained in the human
breast cancers may reveal patterns of biochemical alterations
that are similar. For example, we have found that the
activities of isocitrate dehydrogenase, glucose-6-phosphate
dehydrogenase, NADP-malate dehydrogenease, and glycero
phosphate dehydrogenase per mg of DNA were similar in the
human tumors and in the rodent carcinomas induced by a
single dose of 7,12-dimethylbenz(a)anthracene (14). Thus,
the data on human infiltrating ductal carcinoma should be
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most valuable in establishing a biochemical validation of any
1 animal neoplasm, and it is hoped that the data obtained
from a study of a valid animal model will permit a more
direct application of results to the clinical situation.
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