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L k-
£ milligram dry weight of tissue per hour.(_The anaerobic glycolysis ?
:‘e;-"‘ ‘g\‘:
; '.i. . N . . (s . __1“
& (ch?_) and the aerobic glycolysis (chz) are also determined man- 3
i ometrically dfid are expressed as microliters of gas per milligram -
. dry weight of tissue per hour. In general, chemical measurements %
of lactate formation agree reasonably well with the glycolysis de- g
B termined manometrically.”) ‘ %
v production measured chemically. In the German literature a subscript M is k
used as the English L, signifying the German word for lactic acid, milchsédure. §
Subscript A refers to total acid production and in common practice is used |
B interchangeably with CO, subscript. The R.Q., or respiratory quotient, is g
é Qoo and gives an indication of the type of foddstuﬂf_ being respired. The
® 'R.Q. approaches unity for carbohydrate oxidation, 0.82 for pure protein .
e oxidation, and 0.71 for fat. Of the many other quotients that have been '
e : N #
2 used only two are of current interest. The absolute Pasteur effect is chz
L 0 |
t —QC(2,2; this is the simplest and most meaningful expression of the Pasteur
o effect (the inhibition of glycolysis caused by oxygen). The Meyerhof oxida- "
T tion quotient (M.0.Q.) is &
: " b Na 05 :
z Qco2"”‘Qc02
é 1/3 Qo,
’} it is a measure of the inhibition of glycolysis (Pasteur effect) per mole of
- oxygen uptake. The respiration is divided by 3 in the M.0.Q. on the theoretical
¥ basis that if the lactate were being oxidized 3 moles of oxygen would be i
required (actually, there is no evidence that the inhibition of lactate ac-
cumulation is through direct oxidation of the compound). .
: Other quotients will not be used in the present work, but are defined for
i completeness. When the denominator of the Meyerhof oxidation quotient is .
1 not divided by 3, it becomes simply the Meyerhof quotient, that is, £
i r
£ Ny Qn
; QCO2_Q002 .
% Qo,
% The per cent Pasteur effect is defined as
. : Nog 02
; 100 (Q¢o,—Qoo,) 4
; !; * ‘ No .
: ' QCOa . s
) The fermentation excess was defined by Warburg (470) as 90022“_2002' .
Originally it was thought that this quantity was positive in tumors and
negative in normal tissues, but later studies indicated that such was not the
L g
*
8

S S 8 4
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SURVIVING TISSUE SLICES AND ASCITES CELLS 3

(From the ﬁgures on anaerobic glycolysis of animal and human

tumors presented in Tables 1, 2, and 3, it is quite apparent that
tumor tissues, almost without exception, have a high rate of lactate
production in pitrogen. @mmal tumors display rates -of anaerobic
glycolysis consistently in excess of 20. While a considerable number
of human neoplasms have rates between 10 and 20, it seems clear
that, when due account is taken of the variable percentage of tumor
tissue (30-100%) of this less favorable experimental material, the
glycolytic rate of the human tumor cell is in the same range as that
of animal tumors.(Finally, the purest form of tumor tissue known,
the ascites cell, digelays rates of anaerobic glycolysis of between
30 and 80. The significance of such glycolysis may be obtained from

Warburg’s calculation that a tumor such as the Flexner-Jobling,

with a rate of anaerobic glycolysis, ng,z of 31, is consuming glucose
equal to 12.4% of its dry weight per hour (481). Aerobically, this
tumor consumes glucose equal to 7% of its dry weight per hour,
while the figures for the Jensen rat sarcoma are 16% anaerobically
and 10% aerobically.

Slices of tumor tissue display a considerable rate of glycolysis

in oxygen as well as in nitrogen, as indicated by the values of

Qggz. This aerobic glycolysis of the tumor slice is more impressive
than the anaerobic glycolysis, especially when it is compared with

- normal tissues, in which aerobic glycolysis is a rarity. However,

aerobic glycolysis is a less constant experimental quantity (127),
much more dependent on the medium and on other experimental
variables than is anaerobic glycolysis. .
Despite this variability of aerobic glycolysis as an expenmenta]
quantity, animal and human neoplastic tissues almost without ex-
ception display a significant aerobic glycolysis. CW1th most tumor
tissues this aerobic glycolysis exceeds a Q value of 10; tumors in

case. Finally, both anaerobic and aerobic glycolysis can be referred to the
equivalent respxrahon and defined respectively as

QGO2 QCOQ
——— an —_—,
178 Qo, . 1/3 Qo,

Further mformahon on these quanhtles may be found in Burk’s excellent

review (59}, The many other derived quotients do not appear to serve any ¢

useful purpose and have gradually been dropped from the modern literature.
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SURVIVING TISSUE SLICES AND ASCITES CELLS 11

ascites form may possess values as high as 30. The one important
exception is a group of mouse tumors (Table 2) which display
no aerobic glycolysis. The absence of significant aerobic glycolysis
in certain.mouse tumors is probably a manifestation of the high
oxidative rate of these tissues which, combined with a normal in-
hibitory effect of respiration on glycolysis, results in the complete
suppression of the large anaerobic glycolysis under aerobic condi-
tions. Murphy and Hawkins (Table 2) attempted to correlate the

respiration and glycolysis of a group of spontaneous mouse tumors

with growth rate, mitotic rate, and tendency to metastasize (331).
Unfortunately, no correlation between the metabolic and the b10-
logical properties of the neoplasms was found.

B. NormalL TissuEs—ADULT AND EMBRYONIC

For any significance to be attached to this high anaerobic and
aerobic glycolysis of tumors, similar rates of glycolysis must be
shown not to be common properties of normal tissues. In Table 4 the
studies with normal tissues are tabulated and indicate that normal
tissues do indeed display a different pattern from that of tumors,
although exceptional cases can be found in which normal tissues
have several metabolic properties of the tumor slices. A large group
of normal tissues, including many of those with which the bio-
chemist is most familiar (liver, kidney, pancreas, submaxillary
gland, and thyroid) show an anaerobic glycolysis rate of under 5,

and no appreciable aerobic lactate production. Another important

group of normal tissues including the spleen, ovary, and endocrine
organs forms a second group with higher anaerobic glycolysis (Q
values up to 15), but again with little aerobic glycolysis. The tissufes
of nervous origin, e.g. brain and retina, comprise a separate category
showing a quite high rate of anaerobic glycolysis and, in the case
of retina, a high rate of aerobic glycolysis also. Interestingly enough,
the high rate of aerobic glycolysis of retina seems to be a mani-
festation of the higher mammalian body temperature, since War-
burg’s studies (262) have shown that frog retina exhibits no aerobic
glycolysis at 25°, while it does at 40°.

The hematopoietic tissues also show significant glycolysis (287).

Bone marrow glycalyzes aerobically and anaerobically, and studies
on various types.of bone marrow indicates that this glycolysis is

caused by the myeloid elements (484). Likewise, tonsil, particu-
larly hyperplastic tonsil (481), displays anaerobic and aerobic gly-
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14 " 1. GLYCOLYSIS OF NORMAL AND TUMOR TISSUES

colysis; it is' also well established that the adult leukocytes show
active aerobic glycolysis (29-31). It appears that all these actively
glycolyzing hematopoietic tissues contain in common cells of the
leukocyte series. -

Of embryonic tissues, the whole chick and rat embryo as well
as fetal lung and liver possess rates of anaerobic glycolysis between
10 and 20. But of these tissues only the small rat embryo (0.9 mg.)
shows any anaerobic glycolysis, and this, according to Warburg
(471) is an artifact caused by the medium since there is no aerobic
glycolysis by the embryo with intact fetal membranes. Chorion
(480) and placenta (175) both show high rates of anaerobic gly-
colysis, while placenta shows an appreciable although small aerobic
rate. Villee (460) has made a detailed study of the glycolysis and
respiration of a number of human embryonic tissues (liver, heart,
kidney, diaphragm, lung, and cerebral cortex) at various periods
of the gestation. Table 5 indicates that there is a significant aerobic
glycolysis of all the human embryonic tissues at all the periods of
gestation studied. (The respiration of human embryonic tissues dis-
played no characteristic pattern during gestation. The respiratory
rate of all human tissue is much lower than that of rodent. Thus,
while the Qo,, on a per milligram dry weight basis, fell from 5.3 at
7-10 weeks to 3.2 at term, the respiration of fetal heart was 3.4
during early gestation and 5.3 at term; lung, 2.9 at 7-10 weeks and
2.0 at term; diaphragm, 1.9 at 7-10 weeks and 2.0 at term; and
cerebral cortex, 4.9 at 7-10 weeks and 4.6 at term.) The suggestion
has been made that active glycolysis is a manifestation of rapid
tissue growth, either benign or malignant (205).

A final group of normal tissues with glycolytic rates typical of
the tumor group should be considered. Dickens found that the
mucous membrane of the jejunum showed a consistent and well
maintained rate of both anaerobic and aerobic glycolysis (131).
The mucous membrane of more distal sections of the gastrointes-
tinal tract gave much more variable results. An active aerobic and
anaerobic glycolysis in both Ringer’s solution and homologous
serum was also found by Dickens for the kidney medulla (130) of
several animals. Finally, both synovidl membrane (74) and cartilage
(74, 75, 133) show appreciable rates of both aerobic and anaerobic
glycolysis but, in view of the low over-all oxidative rate, the com-
parison of these tissues with more actively metabolizing tissues is

difficult. x

D
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16 1. GLYCOLYSIS OF NORMAL AND TUMOR TISSUES

Attempts have been made to determine to what extent the anaer-
obic and aerobic glycolysis of normal tissues may represent injury
to the tissue caused by the medium (128, 471). It has been possible
to show that several tissues, e.g. testis and chorion (128, 337) gly-
colyze aerobically in Ringer’s solution but not in serum, while early
embryos glycolyze even in serum but not in amniotic fluid with
intact fetal membranes (337). On the other hand, with most tissues,
including retina (337), intestinal mucosa (131), and renal medulla
(130), the measurements of rates of glycolysis in bicarbonate-
Ringer and phosphate-Ringer solutions and in serum have yielded

* results which are qualitatively similar:

C. Homorocous SerES oF NORMAL AND NEOPLASTIC TISSUES

'(§tudies of the glycolytic behavior of tumors and of homologous
normal tissue afford the best basis for comparison of the gly-
colysis of tumor and normal tissue. The first of these studies con-
tained in Table 6 illustrates the changes that take place in the gly-
colytic and oxidative behavior of liver during butter yellow car-
cinogenesis (61, 63, 132). Both the hepatoma and the mixed butter
yellow tumors show a marked aerobic and anaerobic production of
lactate, a property not possessed by the normal liver. Whether the
preneoplastic liver of animals fed butter yellow has an increased
anaerobic glycolysis is not clear. The four pertinent studies are
evenly split, two indicating the presence of increased anaerobic gly-
colysis (61, 252), and two reporting its absence (132, 353). The
question of an increased anaerobic glycolysis of preneoplastic liver
over that of normal liver is a difficult one because of the lack of
agreement on the level of anaerobic glycolysis of the normal tissue
(61, 252, 353, 398, 486){Detailed investigations_indicate that the
rate of anaerobic glycolysis of norinal liver depends on the medium
(486); and on he glycogen content of the liver (353). Under all
the conditions smﬁmlycogenolxsis, not a glucolysis
(ie. the lactate formation is independent of the presence of glu-
cose). A medium high in potassium, phosphate, and bicarbonate
favors glycogenolysis and anaerobic lactate formation. The anaer-
obic lactate formation also varies directly with the glycogen content
of the liver; this glycogen effect is most marked in the medium con-
taining the ions listed above, is present but less marked in Ringer-
bicarbonate and in serum, and is absent in certain other media.
Thus it is difficult to evaluate the small changes in aerobic gly-
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colysis which have been reported in the preneoplastic liver during
azo dye carcinogenesis since, in most instances, the glycogen content
has not been adequately controlled (61, 252).CHowever, all in-
vestigators agree that the butter yellow preneoplastic liver lacks
significant aerobic glycolysis, while.the hepatoma glycolyzes both
aerobically and anaerobically (61, 132, 252, 353).

A rather surprising observation is the finding that regenerating
liver displays an oxidative and glycolytic behavior similar to that of
normal liver. The rates of aerobic and anaerobic glycolysis are low

and similar to the rates of normal liver (61), and most observers

agree that at the time of maximal mitotic activity -(2-3 days) there
is no increase (61) or but slight increase (385) in the rate of
respiration. One observer has reported that the oxygen uptake of
regenerating liver is higher (358) than in the sham-operated control
from the 14th to the 2lst day after hepatectomy, but it is difficult
to assign significance to this observation since regeneration is max-
imal at 2-3 days and generally considered to be complete at the
end of 2 weeks. This similarity between the energy metaholism of
normal and regenerating liver suggests that a cautious attitude must
be assumed in expecting simple correlations between energy metab-
olism and growth. o
Also included in Table 6 are studies on a series of spontaneous
mouse hepatomas (132). An elevated rate of anaerobic and aerobic
glycolysis was found in only one of six such tumors studied. The
authors make the point that the amino azo dye rat tumors were
histologically malignant, showed loss of many of the specialized
biochemical functions of normal liver (urea, acetoacetate, and car-
bohydrate synthesis and uric acid oxidation), and had the typical
aerobic and anaerobic glycolysis of tumors; the mouse tumors, on
the other hand, were well differentiated, retained the many bio-
chemical special functions, and also maintained the glycolytic char-
acter of normal liver. :
Studies with human skin and human endometrium (132, 138)
are consistent with the azo dye rat liver studies; i.e., in both cases
the malignant tissue has acquired a high rate of aerobic glycolysis
not present in the homologous nontumor tissue. In the case of skin
the neoplasm also displays an anaerobic glycolysis not present in
normal skin, while, the leukoplakic_ skin (considered to be a pre-
neoplastic condition) shows a modest anaerobic glycolysis.
Several authors have studied the behavior of rabbit skin during
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22 1. GLYCOLYSIS OF NORMAL AND TUMOR TISSUES

the induction of viral tumors (Table 6). There is disagreement as
to whether the benign Shope papilloma differs from the normal

- skin with regard to its aerobic and anaerobic glycolysis. In one

extensive study (251), the papilloma was found to display an in-
crease in both aerobic and anaerobic glycolysis over normal skin,
while another report (34) found identical glycolysis in papilloma
and normal rabbit skin. However, it seems well established that the -
malignant V-2 carcinoma that develops from the Shope papilloma
possesses the typical tumor metabolism of high aerobic and anaer-
obic glycolysis. The anaerobic glycolysis of the V-2 carcinoma is in
the same range as that of other rabbit malignancies. Crabtree (107)

~ has studied the metabolism of viral skin lesions, and his findings

cast some doubt on the specificity of a tumor metabolism char-
acterized by high aerobic and anaerobic glycolysis. Thus, the non-
neoplastic viral skin lesions he studied all displayed a significant

“aerobic and anaerobic glycolysis.

_fl"he metabolism of lymph nodes from normal mice and mice
with spontaneous and transmitted lymphatic leukemia has been
studied extensively by Victor and Potter (452-458). These inves-
tigators observed that a quantitatively small but consistent increase
in the anaerobic and aercbic glycolysis of the lymph nodes (Table
6) was associated with the development of spontanecus or trans-
mitted lymphatic leukemia. The increases observed were greater
with the transmitted leukemias than with the spontaneous ones;
aerobic glycolysis was less consistently increased than was anaer-
obic lactate production. Hall and Furth (199), also studying lymph
nodes from spontaneous and transmitted lymphoid leukemia, con-

~ firmed these observations on glycolysis. They observed, in addition,

that there was no difference in the oxygen uptake of normal or

- leukemic nodes, and that the Pasteur effect was greater in leukemic

than in normal lymph nodes. Burk et al. (66), on the other hand,
found that there was no increase in the anaerobic glycolysis of the
spleen and lymph nodes of mice with radiation- and methylchol-
anthrene-induced leukemia, but that the anaerobic glycolysis of the
leukemic liver was increased 2 to 8-fold over the non-leukemic
value. These latter workers also’found that the aerobic glycolysis
of preleukemic, leukemic, and leukemoid lymph nodes, liver, and
spleen was increased 50-100% over the normal value.{ In contrast
to these studies with leukemic lymph nodes, which have generally

shown an increase of the glycolysis of the neoplastic node over the
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SURVIVING TISSUE SLICES AND ASCITES CELLS 23

normal node, are the studies with isolated leukoeytes. The normal
leukocyte has been found to have an active aerobic and anaerobic
glycolysis when studied either as the intact cell (302), or in homo-
genate form (29-31). The aerobic and anaerobic glycolysis of the
leukocyte in chronic lymphocytic and chronic myelocytic leukemia
has been found to be considerably decreased from this high value
of the normal white cell (29, 302).

Studies on the glycolysis of cells in tissue culture are of great
interest, although the relationship of the metabolism of cells in
tissue culture to the metabolism of the same cells in vivo is unclear
at the present time. Early experiments indicated that in tissue cul-

ture both chick fibroblasts (270, 480) and embryonic heart (480)

display a high aerobic and anaerobic glycolysis. Other investigators
have reported significant aerobic glycolysis in explants of chick
embryonic tissues (357, 511, 512), o
Recently a very extensive study on the metabolism of human
embryonic and malignant cells in tissue culture has appeared (286).
These workers found that irrespective of the standard of reference

(total nucleic acid, cell number, protein nitrogen, or dry weight)

the average rates of glucose consumption and acid production were
always higher for embryonic cells than for tumor cells (Table 7).
(With regard to the glucose oxidized [glucose consumption-acid
production], on a “per cell” basis, the malignant cells oxidized more
glucose than did the embryonic cells, while on a total nucleic acid
basis the reverse was true. On a dry weight basis embryonic and
malignant cells oxidized about the same amount of glucose.) It
thus seems that under tissue culture conditions embryonic cells
exceed malignant cells in their rate of aerobic glycolysis. How this
is to be reconciled with Warburg’s conclusions (471) that the intact
embryo, handled carefully and in situ in the embryonic membranes,
displays no aerobic glycolysis, is not clear. A possibility, although
not a very convincing one, is that the aerobic glycolysis of the ex-

plants is a manifestation of damage to the respiratory apparatus of

the cell in tissue culture. In the present author’s opinion one of the
following would be a more convincing explanation: (1) the embryo
contains tissues which both produce and utilize lactate while the
explant represents a_selection of a single tissue with high aerobic
glycolysis; (2) in.the process of -adapting to tissue culture the
metabolism of the explant is modified from the parent embryonic

tissue; (3) the details of tissue culture techniques (few cells bathed |
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SURVIVING TISSUE SLICES AND ASCITES CELLS 25

by a large amount of medium) allow diffusion of lactate into the
medium, removing the controlling mechanism of the intracellular
lactate concentration (286); (4) there are experimental artifacts in
one or the other measurements (286). These explant studies also
suggested a qualitative difference between embryonic and neo-
plastic cells in their response to insulin (227). With embryonic cells,
insulin caused decreases in acid production relative to glucose
utilization and in the ratio of lactic acid to keto acid in the medium
(compared to controls to which hormone had not been added).
With carcinoma cells, on the other hand, increases in these ratios
accompanied by more intensive glycolysis were observed after
insulin addition. .
The relationship of the glycolytic behavior typical of the tumor
slice to the development in tissue culturé of malignant behavior on
subsequent transplantation is intrigning. It will be noted (Table
6) that the aerobic and anaerobic glycolysis of a clone of fibroblasts
of high malignancy (97% takes, on subsequent transplantation)
was three times that of a clone of low malignancy (1% takes). (473,
474, 521). The two clones were descended from the same cell. The
clone of high malignancy contained three times as much aldolase
(11,300 versus 3700 Warburg units per milliliter of cells) and twice
as much a-glycerophosphate dehydrogenase (2600 versus 1400
Schade units per milliliter of cells) as the low malignancy strain.
In addition, the respiratory rate of the high malignancy line {Qo, =

5 to 10) was lower than that of the low malignancy line (Qo, =

10 to 15). '

D. FrucroLysis ANp CONCENTRATION DEPENDENCE' OF GLYCOLYSIS

The preceding sections have been concerned only with the gly-
colysis of glucose (glucolysis). Surviving normal and neoplastic
slices and ascites cells are able to glycolyze mannose and fructose
as well, at varying rates. Two separate studies have indicated that
slices of Flexner-Jobling carcinoma (471) and Krebs-2 ascites cells
(534) are able to form lactate at the same rate from mannose as
from ' glucose. Warburg himself has reported different results on
different occasions on the rates of fructolysis by slices of Flexner-
Jobling carcinoma..One report stated that this tumor attacks fruc- ,
tose at the same rate as glucose (325), while at another time it was
reported that the rate of fructolysis was only 14% of the rate of.
glucolysis (481). Dickens (124) studied a group of tumor slices,
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26 I. GLYCOLYSIS OF NORMAL AND TUMOR TISSUES

and found a rate of fructolysis which varied from 0 to 40% of the
rate of glucolysis by the same tumor. The Mill Hill fowl fibrosar-
coma and the Jensen rat sarcoma (Table 18) were among the
tumors. that displayed more rapid fructolysis. Several strains of
ascites cells (Ehrlich ascites and sarcoma 180 ascites) have been
reported to display a rate of fructolysis at sugar concentrations
below 0005 M, which is slightly less than 50% of the rate of glu-
colysis (263). Other recent studies have reported that slices of
mouse sarcoma 303 (321) and of Krebs-2 ascites cells (534) possess

* the same rates of glucolysis and fructolysis at high sugar concentra-
- tions, while at lower concentrations the rate of fructose breakdown

lags considerably behind the rate of glucose breakdown. Failure to
adequately control the concentration of glycolytic substrate may
explain the divergent results with regard to the relative rates of

glucolysis and fructolysis.

Table 8 contains results of studies on the relationship of gly-
colysis to sugar concentration. In separate experiments with tumor
slices it has been found that the Jensen rat sarcoma (124) and the

- Flexner-Jobling carcinoma display dependence of the rate of gly-

colysis on sugar concentrations below 0.011 M. Studies with ascites
cells have generally shown this experimental material to be re-
markably free of concentration dependence of glucose glycolysis.
Thus the glycolysis of the TA-3 ascites cell (43) and of the Krebs-2
ascites cell (534) were independent of sugar concentration down to
a glucose concentration of 0.005 M and the Ehrlich ascites cell was
independent down to 0.0002 M (246, 263). The only exception is
the Lettré-Ehrlich strain (43) which does appear to display a mod-
erate concentration dependence of glycolysis. Fructose glycolysis
is moderately concentration dependent (263, 534) even in the
ascites cell. It is reasonable to assume that the lack of concentration
dependence of ascites cell glucolysis compared to the concentration
dependence of glucolysis of the slice is because of the much greater
diffusion difficulties of the latter tissue.

E. SumMary

—r—

(In summarizing the precedihg sections it is apparent that the
high aerobic and anaerobic glycolysis of the tumor slice, although
not unique, is nonetheless a very impressive biochemical finding.
When allowance is made for the admixture with _héfﬁxms{ie, the
anaerobic glycolysis of tumor tissues is almost always in excess of
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and found a rate of fructolysis which varied from 0 to 40% of the
rate of glucolysis by the same tumor. The Mill Hill fowl fibrosar-
coma and the Jensen rat sarcoma (Table 18) were among the
tumors that displayed more rapid fructolysis. Several strains of
ascites cells (Ehrlich ascites and sarcoma 180 ascites) have been
reported to display a rate of fructolysis at sugar concentrations
below 0.005 M, which is slightly less than 50% of the rate of glu-
colysis (263). Other recent studies have reported that slices of
mouse sarcoma 303 (321) and of Krebs-2 ascites cells (534) possess

* the same rates of glucolysis and fructolysis at high sugar concentra-
- tions, while at lower concentrations the rate of fructose breakdown

lags considerably behind the rate of glucose breakdown. Failure to
adequately control the concentration of glycolytic substrate may
explain the divergent results with regard to the relative rates of
glucolysis and. fructolysis.

Table 8 contains results of studies on the relationship of gly-
colysis to sugar concentration. In separate experiments with tumor
slices it has been found that the Jensen rat sarcoma (124) and the

- Flexner-Jobling carcinoma display dependence of the rate of gly-

colysis on sugar concentrations below 0.011 M. Studies with ascites
cells have generally shown this experimental material to be re-
markably free of concentration dependence of glucose glycolysis.
‘Thus the glycolysis of the TA-3 ascites cell (43) and of the Krebs-2
ascites cell (534) were independent of sugar concentration down to
a glucose concentration of 0.005 M and the Ehrlich ascites cell was
independent down to 0.0002 M (246, 263). The only exception is
the Lettré-Ehrlich strain (43) which does appear to display a mod-
erate concentration dependence of glycolysis. Fructose glycolysis
is moderately concentration dependent (263, 534) even in the
ascites cell, It is reasonable to assume that the lack of concentration
dependence of ascites cell glucolysis compared to the concentration
dependence of glucolysis of the slice is because of the much greater
diffusion difficulties of the latter tissue.

E. SumMary

—

(In summarizing the preceding sections it is apparent that the
high aerobic and anaerobic glycolysis of the tumor slice, although

- not unique, is nonetheless a very impressive biochemical finding,

When allowance is made for the admixture with normal tissue, the
anaerobic glycolysis of tumor tissues is almost always in excess of
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28 I. GLYCOLYSIS OF NORMAL AND TUMOR TISSUES

20 ( e_xpressed as @5 and, except for mouse tumors, the aerobic
glycolysis usually exceeds 10. Exceedingly few normal tissues dis-
play this combined behavior of aerobic and anaerobic glycolysis.
In the group of normal tissues displaying a high aerobic and anaer-
obic glycolysis are jejunal mucosa, renal medulla, retina, myeloid
bone marrow, and tonsil. The last two normal tissues may derive
their glycolysis from the cells of the leukocyte series present, since
the leukocytes of the blood are known to glycolyze actively also.
Embryonic cells in tissue culture and viral skin lesions represent
two other exceptions of non-neoplastic conditions in which a high
rate of aerobic and anaerobic glycolysis is found: It is not unex-
pected that free-living cells such as the adult leukocyte and cells
in tissue culture would have an exceptional energy metabolism.

2. Tumor Glycolysis in Vivo

Two types of studies on the in vivo glycolysis of tumors are
available. The Coris and, later, Warburg compared the level of the
blood lactate and blood glucose of the tumor-draining vein with
that of the corresponding normal vein. The Coris (105, 106) found
that the blood from the vein draining a Rous chicken sarcoma had,
on the average, a 23-mg.% lower blood glucose and a 16.2-mg. %
higher blood lactate than the blood from the vein of the non-tumor-
bearing wing. Similarly, a large human fibrosarcoma of the forearm
showed a blood sugar 12 mg.% lower and a blood lactate 8.6 mg. %
higher than that from the same vein of the normal arm., Warburg
(483) compared the arterio-venous (a-v) differences of the blood
glucose and blood Jactate for the Jensen rat sarcoma with the
jugular, renal, ileal, and portal areas of the same animal. The non-
tumor areas showed a-v differences in blood sugar that varied from
2 mg.% for the jugular system to 18 mg,% for the ileal area. In
other studies, the blood draining from the Jensen sarcoma showed
an average blood glucose level .6f 54 mg.% in contrast to the
arterial value of 124 mg.%, an a-v difference of 70 mg.% which
indicated that 37% of the blood glucose is removed in its passage
through the tumor. Calculation indicates (483) that the tumor in
vivo glycolyzes 7% of its dry weight of glucose per hour at a blood
glucose level of 0.2% (200 mg.% ), a figure that is'in good agree-
ment with the rate of in vitro glycolysis of slices of this tumor

o |
( .chz of 16 = 10% of dry weight per hour). With regard to lactate
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TUMOR GLYCOLYSIS IN VIVO 29

production, the non-tumor areas all lowered the blood lactate in its
passage through the tissue, while the Jensen sarcoma raised the
blood lactic acid level from 30 to 76 mg.% in its transit through the
tumor. In recent studies (342), a rise in the blood lactate was also
found in tumor-bearing mice following the administration of glu-
cose. Active in vivo glycolysis was also indicated in mouse Ehrlich
ascites cells by the extensive randomization of isotope in the iso-
lated liver glycogen after in wivo administration of specifically
labelled glucose (209). Finally, it has been possible to demonstrate
that the presence of intraperitoneal implants of the Novikoff hepa-
toma or the Walker 256 carcinosarcoma reduced the blood sugar
level of rats with alloxan diabetes (186), and that the content of
liver glycogen (185) and its rate of deposition after glucose in-
jection (184, 531) was much lower in tumor-bearing than in nor-
mally fed rats. > g
An ingenious method has been devised for the study of in vivo
tumor glycolysis: that of measuring with a small glass electrode the -
changes in tissue pH produced by glycolysis in the living tumor.
Using such a capillary glass electrode, Voegtlin et al. (461), found
that the tissue pH of several animal sarcomas and carcinomas (in-
cluding the Jensen rat sarcoma and the F lexner-Jobling carcinoma)
was about 7.0, and became more acid shortly after the injection of
glucose, mannose, xylose, fructose, or maltose but not after galac-
tose or lactose. Figure 1 shows later and more refined studies on
the effect of glucose administration on the pH of normal liver and
hepatic tumor of the rat (235). Whereas normal rat liver has
a resting pH of 7.4 which does not change upon glucose admin-
istration, the rat hepatoma has a resting pH of 7.0 which falls fo
64 upon glucose administration. Mouse hepatoma is somewhat
more variable but the average pH is 6.7 at rest and 6.2 after glu-
cose. Levels of tumor pH below 6.2-6.4 could not be obtained, and
this probably represents the maximal acidity at which glycolysis
can continue. (Warburg et al. (481) showed that the in vitro gly-
colysis of slices of Flexner-Jobling carcinoma decreases with falling
PH and is almost completely inhibited at a pH of 6.0.) By using
improved techniques of simultaneous measurement of the pH in
a number of areas of the tumor with multiple electrodes, these
studies have been.extended (143)-to a larger group of eight addi-

- tional transplantable rat tumors (a lymphosarcoma, four sarcomas,

two hepatomas, and one carcinoma). The results were similar to
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EXTRACTS AND HOMOGENATES 31

the earlier work. The average intratumor pH was 6.99 before and
6.55 at a time 3 to 4 hours after, the administration of glucose to
the tumor-bearing animal. In contrast, before glucose the pH of
the leg muscles and of liver was 7.40, while after glucose admin-
istration the pH of the leg muscles fell only to 7.26. A group of
Japanese workers (445, 446) reported similar findings. Human
tumors have also been found to have a lower pH than normal
human tissues (323). It would appear desirable to study the be-
havior of other actively glycolyzing normal tissues, such as brain,
for comparison with the behavior of tumor in this regard. -

The remarkable extent of the glycolysis of the tumor cell in vivo
is demonstrated in studies on mice bearing Line I lymphatic leu-
kemia (454). These animals, in the course of ether anesthesia, dis-
played a fall of blood sugar to a valué one-third that of normal
animals. In experiments on Ehrlich ascites cells (246) Kemp and
Meéndel have found that extremely rapid rates of diffusion of glu-
cose into the ascitic fluid and of lactate from the ascitic fluid into
the blood are necessary to meet the sugar requirements of the
neoplastic cell. Their observations indicated that 14 mg. of glucose
could diffuse into, and 13 mg. of lactate out of, 5 ml. of ascites fiuid
in an hour. In the living animal the sugar level of the ascitic fluid g
was found to be 5-7 mg.%, a level that is just sufficient to allow .A‘
maximal glycolysis in this tumor cell. [The Ehrlich ascites cell gly-
colyzes maximally above 4 mg.% (4&)].

3. Tumor Glycolysis in Exiracts and Homogenates

Figure 2 represents the over-all Embden-Meyerhof scheme for
glycolysis in 2 mammalian tissue such as muscle, as it is understood
today. Chart 1 (see Appendix) is a historical review of the major
discoveries which formed the experimental basis for the Embden-
Meyerhof formulation of the mechanism of muscle and yeast gly-
colysis. Since 1 mole of glucose gives rise to 2 molés of Jactate the
over-all reaction can be written: '

Glucose + 9ADP =+ 2IP - 2 lactic acid + 2ATP

Certain reactions in the scheme deserve particular attention. The
hexokinase and phosphohexokinase reactions resemble each other
in that both require ATP and both are essentially irreversible. ATP
is regenerated from ADP in the phosphopyruvic and phosphogly-
ceric transferase reactions and, since each mole of glucose yields 2
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moles of triose, a net gain of 2 moles of ATP is realized for each
glucose molecule consumed. The two molecules of inorganic phos-
phate, required for the phosphorylatlon of the 2 moles of ADP to
ATP, enter the glycolytic scheme at the triose phosphate dghy_dro-

{Glucose-G-
' phosphatase)

(Fructose-1, 6-
diphosphatase) -

e -

Glucose Glycogen

Glucose-6-phosphate

\ "

(Hexokinase) , {Phosphorylase)
(ATP ~ ADP) (Phosphoglucomutase)

Glucose~1-phosphate

(Phosphohexoisomerase)
{Fructokinase)
(ATP — ADP)

Frugtose—ﬁ-phosphate — Fructose

{(Phosphof ructokinase )

(ATP — ADP) _

chtosi-l, 6-diphosphate ¢

Y

{Aldolase)

Glyceraldehyde- \‘_-i-_; Dihydroxyacetone
3-phosphate ™~ phosphate

\

Triose
phosphate isomerase

(Inorganic phosphate)

{Triose phosphate dehydrogenase; inhibited by lodoacetate)
(DPN — DPNH)

1, 3-Diphosphoglyceric acid

\

(ATP-phosphoglyceric transphosphorylase)
{ADP — ATP)

3-Phosp\hoglyceric acid

(Phosphoglyceromutase)

¥
2-Phosphoglyceric acid
h

{Enclase ; inhibited by fluoride)

Phosphoenolpyruvic acid

(ATP-phosphopyruvie transphosphorylase)
(ADP — ATP)

Pyruvic acid .

)
(Lactic dehydrogenase)
(DPNH ~+ DPN)

z
Lactic

acld

Fie. 2. Anaerobic glycolysis, in muscle (Embden-Meyerhof scheme).
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genase reaction (the reaction that is most sensitive to iodoacetate).
The triose phosphate dehydrogenase reaction is also noteworthy as
the only oxidative step in the glycolytic pathway. The DPNH
formed in this step is used to convert pyruvate tolactate, re-
generating the DPN, thus enabling DPN to function catalytically
in this anaerobic pathway. The aldolase reaction is important as
the reaction in which the hexose molecule is cleaved. Fluoride in-
hibits the enolase step but, because of the nature of the equilibrium
between the two phosphoglyceric acids, it is 3-phosphoglyceric acid
that accumulates.

As in many fields of biochemistry, the early work on tumor
glycolysis in relatively intact systems such as the tissue slice has
been followed by studies on more purified systems, tissue extracts,
and homogenates. Although early experiments (335) suggested that
tumor glycolysis was nonphosphorylating, the more recent work of
Bofland, of Meyerhof, and of LePage has established clearly that
tumor glycolysis is qualitatively similar to glycolysis in normal tis-
sues, as the latter is understood today:. L

The first studies on glycolysis in tumor extracts which have cur-
rent interest are those of Boyland and Boyland (52-54). These
authors discovered early in their work that extracts of the Crocker
180 mouse sarcoma contained active enzymes which destroyed
adenylpyrophosphate (ATPase) and cozymase (DPNase), and that
for active glycolysis to be maintained in the extract ATP and DPN
had to be added. However, if these substances were added, active
glycolysis of glucose, hexose monophosphate, and hexose diphos-
phate by the extract was obtained, and a rate of lactate production
(8-10 mg. lactic acid per gram wet tissue per hour) comparable

; . . N
to the rate of the slice (11 mg. per hour calculated from a Qci2

of 20-22) could be obtained. _

‘Meyerhof’s important studies on tumor glycolysis are a natural
evolution of his earlier experiments on glycolysis in yeast and brain,
and it is difficult to consider the tumor work without a discussion
of these earlier studies. Meyerhof was originally interested in the
Harden-Young effect (200), a phenomenon seen in glycolyzing
yeast extracts and dried yeast but not seen in whole living cells.
The Harden-Young effect describes the two phases of yeast fer-

. mentation observed in such extracts: an initial “phosphate” period .

of rapid glucose fermentation in which there is stoichiometric ac-
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cumulation of hexose phosphate (hexose monophosphate and hex-
ose diphosphate), and a later “hexose diphosphate” period in which
either the inorganic phosphate or the free sugar has been exhausted
and which is characterized by a much slower rate of fermentation.
Meyerhof (314, 315) demonstrated that the Harden-Young effect
in yeast extracts was caused by the destruction of the labile adeno-
sine triphosphatase (ATPase) in the course of preparation of the
extract, showing that in the preparation of the extract the ATPase
remains with the solid particles which are discarded and that the
rate of fermentation of HDP by an extract correlates well with the
~ ATPase level of the preparation. Furthermore, the addition of potato
ATPase to a yeast extract abolished the Harden-Young effect and
resulted in a rapid and continued fermentation of HDP equal to
the maximal rate of sugar fermentation of the initial “phosphate”
period. Meyerhof was able to obtain a quick-dried preparation of
" Brewer's yeast in which the ATPase activity was preserved “and
which showed fermentation both without a break (no Harden-
Young effect) and without phosphate ester accumulation. Moreover,
if ATPase inhibitors such as octyl aleohol or phenylurethane were
added to this preparation of quick-dried yeast, a Harden-Young
effect appeared. Arsenate, which removes the phosphate require-
ment for glycolysis and eliminates the Harden-Young effect of
ordinary yeast extracts by yielding a spontaneously hydrolyzable
arsenate ester, removes the requirement of an active ATPase. Meyer-
hof concluded that for active, continued glycolysis, without the
accumulation of hexose diphosphate, a balanced activity of ATPase
and hexokinase is necessary. In ordinary yeast extracts the ATPase
is fragile and is destroyed, while an active hexokinase remains.
Under these conditions glycolysis slows with a pile-up of hexose
diphosphate since the inactive ATPase fails to provide sufficient
inorganic phosphate and ADP. In whole living yeast or in the
quick-dried preparation the ATPase provides sufficient inorganic
phosphate and phosphate acceptor, and glycolysis proceeds unim-
peded without hexose diphosphate accumulation. -

‘With brain (317-319, 322) a very different balance was found
to obtain with regard to the ATPase activity. Fortified whole ho-
mogenates and slices of brain show a similar glycolytic behavior: a

moderate rate of lactate formation from free sugar (Q:'“’: 8), with

more rapid fermentation of glucose than of fructose (at sugar con-
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centrations below 2.5% ). If,r however, the homogenate is freed of
its particles by centrifugation, or the activity of the particles is
destroyed by freezing or hypotonicity, then the resulting extract

shows a much more rapid glycolysis (QIF: 50), and now glucose
and fructose are fermented at the same rate. It was concluded that
the factor responsible for the slow glycolysis of the whole homog-
enate was the ATPase, which is known to be concentrated in the
particles of the brain homogenate. Repeated ATP additions to the
whole homogenate, for the purpose of maintaining the ATP con-

centration, resulted in an increase in the rate of glycblysis (szz
20), with equal rates of glucolysis and fructolysis at all sugar con-

centrations. This increase in the rate of glycolysis of free sugar

could also be achieved in the whole homogenate by the addition of
such inhibitors of ATPase as decyl alcohol, Thus in brain slices and
whole homogenates, glycolysis is limited by a lack of ATP which

is caused by excess of ATPase activity. The lower rate for the gly-

colysis of fructose under these conditions was ascribed by Meyerhof
to a lower affinity of fructose for ATP in the presence of hexokinase.

With a group of transplanted rat and mouse tumors the follow-

ing situation prevailed (320, 321): whole homogenates and centri-

fuged extracts of tumor both showed a rapid glycolysis of HDP
(Q = 30-50) and hexose monophosphate (Q = 80), but no gly-

- colysis or only very transient glycolysis of free sugar. This lack of

glycolysis of free sugar in tumor homogenates and extracts is caused
by an active ATPase which destroys the ATP but which, unlike the
ATPase of brain, is in solution or fine suspension and therefore does
not centrifuge with the particles. Rapid glycolysis of free glucose
can be obtained in tumor extracts or homogenates if hexokinase is
added or if the ATPase is inhibited with octyl alcohol, toluene, or
azide (Q —. 40-60). The soluble ATPase of tumor is more easily
inhibited by higher alcohols than is the particulate ATPase of
brain, and is also inhibited by lipid solvents and digitonin.

- Thus Meyerhof concludes (313) that active glycolysis of free
glucose is the result of a fine balance between hexokinase, which
uses ATP to initiate glycolysis, and ATPase, which splits ATP. In-

sufficient ATPase results in a glycolysis inhibited by lack of inor--
ganic phosphate and phosphate acceptor, while excess ATPase re-

sults in a glycolysis limited by lack of ATP to phosphorylate glucose.
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Both brain and tumor homogenates have an excess of ATPase but,
whereas the brain ATPase is particulate, the tumor ATPase can not
be centrifuged and is more susceptible to inhibition by octyl alcohol.

Extensive studies by LePage have established without question
the primary phosphorylative nature of tumor glycolysis. The data

from Table 9 on the analyses of organic phosphate compounds in-
dicate that the levels of the sugar phosphate and adenine nucleo- -

tides in a group of transplanted and spontaneous tumors are quite
comparable to the levels found in normal tissues (280). In another
study (281) AMP, ADP, ATP, glucose-6-phosphate (G-6-P) and
1,2-propanediol phosphate were actually isolated from Flexner-Job-
ling rat carciioma with results that confirmed the analytical studies.
It was also shown (282) that anoxia in vivo resulted in a rise of the
lactic acid content and a fall in the levels of phosphorylated hexose
and pyrophosphate phosphate of the Jensen sarcoma and the Flex-

ner-Jobling carcinoma, suggesting that phosphorylating glycolysis

was functioning in vivo.
A system was developed by LePage et al. (284, 343, 440) for

| demonstrating phosphorylation coupled to anaerobic glycolysis in
homogenates of tumors. The medium contained fluoride, pyruvate,

DPN, ATP, nicotinamide, glucose, and low levels of hexose di-
phosphate. In this system up to 0.8 pmoles of phosphate were
esterified per micromole of lactate formed, while if the fluoride was

omitted glycolytic rates (Q§g2) of 43 to 85 were obtained for Flex-
ner-Jobling, Walker 256, and Jensen rat tumors. In cell fractiona-
tion studies (285), the soluble fraction of the Flexner-Jobling car-

-cinoma (S} was the only fraction found to have glycolytic activity

by itself, although the addition of microsomes, mitochondria, or
nuclei each increased the activity of the supernatant fraction (Table
10). This localization of the glycolytic system in the soluble par-
ticle-free supernatant fraction was also found in rabbit liver (285)
and is consistent with Meyerhof’s findings given above. Kennedy
and Lehninger observed similar localization of the glycolytic sys-
tem in rat liver (247). The supernatant fraction of the cytoplasm
(soluble fraction plus microsomes} contained 82% of the glycolytic
activity (hexose diphosphate as substrate) of the unfractionated
homogenate, while this fraction also contained 96% of the aldolase.

The mitochondria and nuclei were both free of significant glycolysis
and aldolase activity.
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stress, but in the light of other data this was interpreted as evidence
of a stability of the hormonally controlled insulin:anti-insulin sys-
tem, which was postulated as controlling glucose utilization. In a
later study this stress-modifiable insulin:anti-insulin mechanism, be-
lieved to regulate glucose utilization in the well-differentiated S-91

“melanoma, was found to be absent in the more anaplastic mela-

nomas and in the Krebs-2 ascites tumor (517). It was concluded
that in normal tissues glycolysis was carefully regulated by a hor-
monal insulin:anti-insulin mechanism. In well-differentiated tumors
(melanoma §-91) the same metabolic control appeared to operate,
but these tumors were unable to maintain glycolytic homeostasis
during stress. Progressive anaplasia of neoplastic tissues (the mela-
noma serics was studied) was associated with a graded loss of
sensitivity of the glucose metabolism to such hormonal regulation.
Thus the most anaplastic tumors displayed a complete loss of con-
trol of hexokinase activity with a resultant high, sustained rate of
glycolysis. Because of the work of Hochstein on mitochondrial gly-
colysis (215), Burk ef al. (64) feel that the site of action of this
hormonal regulatory system is the mitochondrial hexokinase. These
authors belicve that the sine qua non of cancer metabolism is a
high rate of initial glucose phosphorylation due to a decreased re-
straint or inhibition of the mitochondrial hexokinase reaction by
anti-insulin hormones. In the present author’s opinion, the sig-
nificance of this particular mechanism of hexokinase regulation in
cancer metabolism remains to be determined.

In studying the anaerobic glycolysis of hexose diphosphate or of
glucose in the fluoride-blocked homogenate system (with pyruvate
added, to accept the hydrogen of DPNH), Groth and LePage (196,
197) found that a considerable amount of pyruvate disappeared
which could not be accounted for as lactate. In the Flexner-Jobling
carcinoma this excess pyruvate disappearance was found to be
largely caused by propanediol phosphate formation, while in the
non-tumor tissues studied a considerable part of this excess pyruvate
was decarboxylated.

Clowes and Keltch (100, 101) have studied the phosphorylating
mechanism of the Walker 256 carcinosarcoma and have compared
it with rat liver and rat brain in respect to the importance of oxi-
dative and glycolytic phosphorylation, the site of localization within
the cytoplasm, and the resistance to dinitrocresol (an uncoupler of
oxidative phosphorylation). They found that in this tumor, under
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stress, but in the light of other data this was interpreted as evidence
of a stability of the hormonally controlled insulin:anti-insulin sys-
tem, which was postulated as controlling glucose utilization. In a
later study this stress-modifiable insulin:anti-insulin mechanism, be-
lieved to regulate glucose utilization in the well-differentiated 5-91
melanoma, was found to be absent in the more anaplastic mela-
nomas and in the Krebs-2 ascites tumor (517). It was concluded
that in normal tissues glycolysis was carefully regulated by a hor-
monal insulin:anti-insulin mechanism. In well-differentiated tumors
(melanoma §-91) the same metabolic control appeared to operate,
but these tumors were unable to maintain glycolytic homeostasis
during stress. Progressive anaplasia of neoplastic tissues (the mela-
noma series was studied) was associated with a graded loss of
sensitivity of the glucose metabolism to such hormonal regulation.
Thus the most anaplastic tumors displayed a complete loss of con-
trol of hexokinase activity with a resultant high, sustained rate of
glycolysis. Because of the work of Hochstein on mitochondrial gly-

colysis (215), Burk et al. (64) feel that the site of action of this

hormonal regulatory system is the mitochondrial hexokinase. These
authors believe that the sine qua non of cancer metabolism is a
high rate of initial glucose phosphorylation due to a decreased re-
straint or inhibition of the mitochondrial hexokinase reaction by
anti-insulin hormones. In the present author’s opinion, the sig-
nificance of this particular mechanism of hexokinase regulation in
cancer metabolism remains to be determined.

In studying the anaerobic glycolysis of hexose diphosphate or of
glucose in the fluoride-blocked homogenate system (with pyruvate

added, to accept the hydrogen of DPNH), Groth and LePage (1985, .

197) found that a considerable amount of pyruvate disappeared
which could not be accounted for as lactate. In the Flexner-Jobling
carcinoma this excess pyruvate disappearance was found to be
largely caused by propanediol phosphate formation, while in the
non-tumor tissues studied a considerable part of this excess pyruvate
was decarboxylated. -

Clowes and Keltch (100, 101) have studied the phosphorylating
mechanism of the Walker 256 carcinosarcoma and have compared
it with rat liver and rat brain in respect to the importance of oxi-
dative and glycolytic phosphorylation, the site of localization within
the cytoplasm, and the resistance fo dinitrocresol (an uncoupler of
oxidative phosphorylation). They found that in this tumor, under
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by Yushok (534) have revealed that the hexokinase of the ascites
~cell resembles that of brain in substrate specificity also. Thus the
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the conditions they employed, the major part of the phosphate up-
take, both aerobic and anaerobic, was caused by the glycolysis of
the soluble cytoplasmic fraction which was dinitrocresol-resistant.
On the other hand, in rat brain and liver, although this glycolytic
component was present, there was also an important aerobic dinitro-
cresol-sensitive substrate-dependent mechanism located in the par-
ticles (oxidative phosphorylation). Since DPN was not added, it is
possible that these studies did not give a true picture of the tumor
capacities for oxidative phosphorylation. :

E\More recently, studies have been done on_certain of the gly-
colytic enzymes of the ascites cell and the leukemic leukocyte. Wu
and Racker (529) have found that the ascites cell resembles brain
(111) in that the hexokinase is largely localized in the particles.
In the ascites cell, the major part of the other glycolyticenzymes are
located in the soluble cytoplasmic fraction (529). Detailed studies

particulate hexokinase of the Krebs-2 ascites cell shows a ratio o
Michaelis constant for glucose to Michaelis constant for fructose o
80, while the figure for brain hexokinase is similar, 200. Both hexo
kinases attack glucose and mannose with about equal facility.
study (110) has revealed that various sugars penetrate the ascites
cell by a mechanism described by a first-order equation with an
equilibrium concentration inside and outside of unity. \

Beck has studied the glycolytic enzymes of the normal leukocyte

and of leukocytes in chronic myelocytic and lymphocytic leukemia

(26-28). He found no difference in the properties of any of the
glycolytic enzymes. However, the level of hexokinase, which ap-
peared from his kinetic studies to be the rate-limiting enzyme in
both normal and abnormal cells, was found to be particularly low
in the leukemic cells. This suggested to him that the low level of
glycolysis which has been described in leukemic leukocytes is
caused by a lack of hexokinase activity. This lack of hexokinase
activity of the leukemic leukocyte would also inhibit glycolysis by
depressing the level of available phosphate acceptor (ADP). Such
a secondary depression of phosphate acceptor was thought to be a
significant factor in the low rates of glycolysis of leukemic cells

because these cells are deficient in other ADP-generating systems.
Qt should be mentioned that the glycolysis of the leukacyte is quite -

exceptional among normal tissues, i.e., a very active glycolysis of
the normal leukocyte exceeds that of the neoplastic cell.

<
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4. Metabolic Inhibitors of Glycolysis

This section is devoted to studies with glycolytic inhibitors. The
rationale of their use in tumor chemotherapy will be discussed at
greater length in a later section (Part V), but for the moment it is
sufficient to point out the obvious interest in attempting to inhibit
the prominent glycolysis of tumors. The classic inhibitors of gly-
colysis, fluoride (enolase inhibition) and iodoacetate (glyceral-
dehyde phosphate dehydrogenase inhibition), will not be discussed
since their great toxicity would presumably preclude their use as
chemotherapeutic agents. Rather, a number of recently developed
inhibitors of glycolysis will be considered of which 2- deoxyglucose
is the best studied compound.

2-Deoxyglucose was first shown to inhibit the aerobic glycolysis
of yeast (522) and of chick heart fibroblasts in tissue culture” (152).
Later studies with slices of mammalian normal tissues and tumors
(523) are included in Table 12. Of the tissues studied, brain was

TaBLE 12
ErFecT oF 2-DEeOXYGLUCOSE ON GLYCOLYSIS OF SLICES OF RAT TUMOR AND
NorMar TISSUES (523)

Ratio of
2-deoxyglucose g = ’
Tissue to glucose " Inhibition (%)
Flexner-Jobling carcinoma 1 tol 72
05 tol 46
0.25 to 1 22
Walker 256 carcinosarcoma 1 tol - .89
05 tol ., 30
0.25 to 1 / 0
Brain 025 to 1 P ¢t
Diaphragm , 05 tol 75
Liver (fructolysis) : 1 tol - 39

W
the most sensitive, and fructolysis -ya& found %o be more sensitive
than glucolysis. These early studiestshowed that 2-deoxyglucose
affected the endogenous respiration of glucose by brain slices only
at much higher concentrations than thgse which inhibited gly-

. colysis, although fructose oxidation was moderately sensitive. The

inhibition was competlt;ﬁve (could be removed by excess glucose)

" and involved both aerobic and anaerobic glycolysis.

Sols and Crane (435) have shown that 2-deoxyglucose is a sub-

ra
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strate for brain hexokinase. It has been found that the Michaelis
constant of yeast hexokinase for glucose is lower than the constant
for 2-deoxyglucose (524), which indicates that yeast hexokinase has

~ a greater affinity for glucose than 2-deoxyglucose. This makes it

unlikely that hexokinase is the site of action of 2-deoxyglucose in-
hibition of yeast glycolysis. Wick e¢ al. have found that 2-deoxy-
glucose enters the extrahepatic tissue of the eviscerated animal
(506) and of the isolated rat diaphragm (333) by a mechanism
which is sensitive to insulin, In the rat diaphragm, 2-deoxyglucose
leads to a 40% reduction in the uptake of glucose despite the in-

.jection of maximal insulin. :

More recent studies by Wick et al. indicated that C!*-labelled
2-deoxyglucose was itself oxidized only in trace amounts, and that
it did not influence the oxidation of labelled acetate (507) in kidney
slices. These results suggested to the authors that 2-deoxyglucose

- was inhibiting an early glycolytic reaction, and studies with puri-

fied rat kidney phosphohexoisomerase did indicate that 2-deoxy-
glucose competitively inhibited ketose formation from glucose-6-
phosphate. Other workers (340) confirmed phosphohexoisomerase
inhibition by 2-deoxyglucose in intact ascites cells, but felt, on the
basis of studies with homogenates of ascites cells, in which equal
inhibition of the glycolysis of glucose, fructose-6-phosphate, and
hexose diphosphate was displayed, that 2-deoxyglucose also in-
hibited a reaction beyond the cleavage of hexose diphosphate.

Despite the above evidence of phosphohexoisomerase inhibi-
tion, this site of action does not appear to explain adequately
2-deoxyglucose inhibition of glycolysis, in several regards. The
most significant objection is that this locus fails to account for
inhibition of fructolysis, while a second less serious point is that
higher concentrations of 2-deoxyglucose are required for the iso-
merase inhibition than for the effect on glucolysis in the intact slice.
It would still seem reasonable to look for the locus of action in the
hexokinase reaction and/or the mechanism of glucose transport
into cells. [Evidence suggestive of such a mechanism already has
appeared (274, 340)]. |

In addition to the tissues mentioned above, 2-deoxyglucose has
been shown to inhibit the glycolysis of Ehrlich ascites tumor cells
and human leukemic cells in vitro (274). The compound has been
tried against a number of experimental animal tumors (153) with
some promising results. Growth of the Crocker rat sarcoma was
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inhibited 60% (434) and that of the Walker 256 carcinosarcoma,

i By
e

10-20% (21), while there was some prolongation of survival time = -

of mice with lymphoid leukemia [.-1210 (274) and with Krebs-2
ascites tumor (273). Metabolic and pharmacologic effects following
the administration of 2-deoxyglucose in man have been described
(266).

Only sporadic reports on other potential glycolytic inhibitors
are at present available. 3-Deoxy-3F-glyceraldehyde (347) was
found to have an action like that of fluoroacetate, inhibiting the
Krebs cycle even though it is phosphorylated to the sugar phos-
phate. This compound is devoid of any inhibitory effect on gly-
colysis. The compounds 3-O-methyl glucose, 3-O-methyl fructose,
6-O-methyl glucose, and 6-deoxy-6F-glucose are all apparently not
potent glycolytic inhibitors (274), though the last-mentioned com-
pound has been found to inhibit competitively the oxidation of
glucose-C'* in kidney slices (419). 2-Deoxy-galactose appears to be
similar to 2-deoxyglucose in its effectiveness as an inhibitor of gly-
colysis in leukemic cells (274). Two analogs of di-glyceraldehyde
(glycidaldehyde and a-methoxyhydracrylaldehyde) were found to
produce potent inhibition of both giycolysis and respiration of
various whole ascites tumor cells by means of a mechanism that
involved the formation in the aldolase reaction of a compeund in-
hibitory to hexokinase (182). Fluoropyruvic acid has been reported
to inhibit both the oxidative and reductive metabolism of pyruvate

‘by acting as a non-competitive inhibitor of lactic dehydrogenase

(71). The effects of a miscellaneous group of compounds on the
glycolysis of the Krebs-2 ascites tumor cell have been described by
Yushok (533). ¢

5. Glycolytic Enzymes in the Blood
A. ALDOLASE

This section concerns studies on the levels of glycolytic enzymes
in the blood of patients and animals with neoplasms. The enzyme
which has received most study is aldolase. Elevation of this enzyme
and of phosphohexose isomerase was first reported by Warburg and
Christian (476) in animals with large Jensen sarcomas (greater

than 2% of body welght) However, they reported that the enzyme .

was rarely elevated in neoplastic disease in man. On the basis of
studies which showed that (1) the levels of aldolase in the tumor
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artery and vein were equal and (2) the level of aldolase was only
high enough to take care of the glycolysis of the tumor, these
authors concluded that the source of the aldolase was probably
skeletal muscle (the only tissue with an extremely high aldolase
level ). ;

More detailed studies (428) on the serum aldolase elevation
have been performed by Sibley and Lehninger, taking advantage
of a newly developed method (427) for the determination of the
aldolase level. Studying sarcoma 39 and the Walker 256 carcino-
sarcoma, they found that an elevation of the serum aldolase was

first detectable when the tumor reached a size of 5 gm. (2-3% of

body weight, ie., equivalent to a 1.5-kg. tumor in the human). If
the tumor was excised or its growth inhibited by urethane, X-ray,
or nitrogen mustard, the elevated aldolase declined to normal value.
Furthermore, the aldolase was not elevated by a series of non-

. specific states such as fasting, infection, anemia, pregnancy, adrenal-

ectomy, splenectomy, or partial hepatectomy. Extending the study
to man, they found elevation of the serum aldolase in about 20%
of 104 cases of cancer, but it was also elevated in 2 cases of mus-
cular dystrophy and 1 case each of gout and liver disease (Table
I13). Baker and Govan (18) have found that the serum aldolase
was elevated in 12 of 16 patients with proven metastatic carcinoma
of the prostate, and all but 2 of these patients responded to hor-
monal therapy with a.return of the enzyme level to normal. Un-
fortunately, there was no increase in the aldolase in early, non-
metastatic cancer of the prostate.

Later work by Sibley et al. (425, 426) has established that the
tumor may indeed be the source of the elevated serum aldolase,
contrary to the opinion of Warburg, Studies with the new, more
sensitive method for measuring aldolase indicated that the level
of enzyme in the tumor venous blood was actually higher than in
the arterial blood. Furthermore, assay of the enzyme level in the
tumor (Walker 256 carcinosarcoma) showed the level to be higher
than Warburg had found (Table 14), while extirpation of the tumor
resulted in a prompt fall of the elevated serum aldolase to normal
(comparable to the rate of fall following an injection of the crystal-
line enzyme). Sibley also found that there was an increase in the
aldolase of animals following nephrectomy, indicating that the
enzyme is probably in part excreted by the kidney.

Studies by Warburg and Hiepler (479) and by Schade (405)
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have shown that there is a rise in the aldolase level of the ascitic
fluid following the anaerobic incubation of Ehrlich ascites cells,
but not following their aerobic incubation. These results were con-
firmed by Sibley et al. (425, 426), who demonstrated that slices of

_ TasLE 13
SEruM ArLpoLASE IN HeEaLTH AND Disease (428)
Tissue and condition Serum aldolase¢
Non-neoplastic (123 cases)
Normal S 3.5-8.0
Pregnancy 3.4-84
Infections . 3.2-82
Blood dyserasia 3.3-9.4
Non-neoplastic disease 3.1-9.4
Progressive muscular dystrophy . 20.8, 14.3
Gout ' 12.6
Jaundice 13.8
Neoplastic (21 of 104 cases) . :
Carcinoma of breast : : 11.8, 12.0
36.0
Carcinoma of prostate 10.5, 11.2,
. 13.9, 12.0
Carcinoma of pancreas 111 -
Carcinoma of stomach ‘ 27.2, 12.2
Carcinomatosis 11.8
Carcinoma of lung 115
Carcinoma of esophagus 109
Chronic lymphatic leukemia 11.6
Hypernephroma ' 10.5, 17.7 - -
Acute myelogenous leukemia 26.6
Chondrosarcoma ‘ 12.0
Carcinoma of rectum 147 -
Carcinoma of adrenal 14,0
Carcinoma of bladder 12.9

o ¢ Expressed in microliters of hexosediphosphate split per milliliter per
our, :

Walker 256 carcinosarcoma released aldolase into the medium
under anaerobic conditions, particularly when glucose was not
present. Thus it would appear clear that the elevation of the serum
aldolase results, at least in part, from the liberation of the enzyme
from foci of necrosis and anaerobiosis of the tumor. That other
factors are involved will be clear from the discussion of abnormal-

ities' of other serum enzymes which follows. Recently, Wu has’
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studied (527) the leakage of enzymes from ascites tumor cells
under various conditions in an attempt to define whether this
enzyme loss is due to cell lysis, simple diffusion, of differential
leakage. He studied both glycolytic enzymes and enzymes of the
hexose monophosphate shunt. (Actually, under the conditions of

TapLe 14
ALDOLASE LEVELS IN NORMAL AND NEOPLASTIC ANIMAL TissuEs ( 427)
Tissue K Aldolases
Skeletal muscle 74,800
Brain _ 15,800
Heart. : 15,600
Liver ‘ 12,100
Red marrow 9,500
Adrenal 8,600
Kidney 7,800
Spleen : 4,800
Thyroid - 4,800
" Thymus 4,700
Prostate 4,400
Parotid ol 3,800
Stomach 3,700
Bladder ' 3,100
Placenta 3,000
Testis : 2,900
Lung 2,800
Uterus 2,100
Red cells - 900
Pancreas 500
Fat ' 400
Serum 80
Sarcoma 39 - 14,000
Walker 256 15,600

® Expressed as microliters at hexosediphosphate split per gram of fresh
tissue per hour. :

his experiments the metabolism of ribose-5-phosphate took place
outside the cells in the ascites supernatant fluid, the presence or
absence of cells making little difference.) Wu found, as had pre-
vious investigators, that under anaerobic conditions these enzymes
rapidly appeared in the ascites supernatant fluid when glucose was
absent but not when glucose was present. Furthermore, under
aerobic conditions with glucose absent, dinitrophenol enhanced $he
cellular loss of enzymes. Studying the rate of loss of a group of

ol :gjx R:,
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anzxem‘ es from the cell under varying conditions of pH, temper-
ature, and the presence and absence of air, glucose, and dinitro-
phenol, he felt the evidence favored a differential loss of ascites
cell enzymes rather than loss due to simple diffusion or cell lysis.
(Under the conditions of these experiments only a 2-fold variation
was observed by Wu in the proportions of any two enzymes in the
supernatant fluid.)" *

B. ProspHOHEXOSE ISOMERASE

Elevation of phosphohexose isomerase was also reported by
Warburg (476), but as yet few studies on this enzyme in neoplasia
have been made. Bodansky improved the method of measurement
of the enzyme in serum (44) and measured it in a select group of
patients with metastatic carcinoma of the breast (45) and prostate
(46). In 10 patients with metastatic carcinoma of the breast the
serum isomerase was felt to parallel the activity of the metastatic
disease of bone (as judged by clinical impression and urinary cal-
cium studies). In 6 patients with metastatic carcinoma of the
prostate the enzyme level was also thought to correlate with the
activity of the metastatic disease, as measured by acid and alkaline
phosphatase levels. Serum phosphohexose isomerase has been found
to be elevated in chronic myelocytic leukemia, though it is not
elevated in chronic lymphatic leukemia (229). In animals bearing
the Walker 256 carcinosarcoma the isomerase level began to rise
on the seventh day_after transplantation and reached a level nine
times that of normal controls on the twentieth day (47).

!C. L.actic DEEYDROGENASE
”

Although lactic dehydrogenase is a-glycolytic enzyme, the serum
level has little selectivity for the neoplastic state, probably because
of the widespread distribution of the enzyme in non-neoplastic tis-
sues (311). In 1954 Hill and Levi (212) reported that the serum

lactic dehydrogenase was elevated in neoplastic disease and in

pregnancy, but not in a group of other diseases. In_the following

year Hsieh et al. (226) observed that in mice with a transplanted-

tumor + the lactic dehydrogenase increased promptly after trans-
plantation and d i ' ion. An early report by
Wréblewski and LaDue (526) described elevated serum levels in
myocardial infarction, diabetic acidosis, and hepatitis, in addition
to acute stem cell leukemia and chronic myelogenous leukemia. In
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a later study (525) the lactic dehydrogenase level was found to be
elevated in serum, serous effusions, and spinal fluid of patients with
neoplasnc, inflammatory, and degenerative disease.

(" In mice with transplantable leukemia, elevation of lactic de-
hydrogenase occurred within 24 hours of inoculation and progressed
until death (173). Another experiment | 211) ‘g.ompared the level
of lactic dehydrogenase following transp antation of L.-4964 trans-
plantable leukemia to two strains of AKR mice of varying resistance
to the tumor. Both strains showed a rise of serum lactic dehydro-
genase within 48 hours of inoculation, before there was any cyto-

_logical evidence of leukemia. In the susceptible strain the lactic

dehydrogenase continued to.rise-until death, while in the resistant
strain the lactic dehydrogenase returned to normal limits with re-
gression of the tumor. Other studies have indicated that induced
and transplanted mahgnant tumors of mice and rats, other than

. leukemia, result in a rise in serum lactic dehydrogenase (225, 304).
. The fumors studied included cigar tar- and methylcholanthrene— '
‘/induced tumors, spontaneous mammary gland tumors, and trans-

planted sarcomas, carcinomas, lymphomas, and gliomas. The lactic

- dehydrogenase was not elevated in benign tumors, pregnancy, or

hepatic regeneration in animals.
In recent experiments, Hsieh et al. (224) obtained evidence that,
in the case of a transplanted mouse tumor, the elevated lactic de-

- hydrogenase was not simply the result of _enzyme leakage from the

tumor. These workers found that after excision of a transplanted
tumor the elevated lactic dehydrogenase declined slowly, the level
8 weeks after excision being four times that of control animals.
Even 6 months after the tumor had been removed the enzyme level
was elevated. These observations with lactic dehydrogenase should
be contrasted with the findings reported above with aldolase, where
a prompt fall in the enzyme was observed following removal of the
tumor. On the basis of their observations with Jactic dehydrogenase
(224), the authors conclude that the tumor probably induces

formation of the enzyme by the host’s normal tissues, so that after -

removal of the tumor there is not an immediate return to the norma.l
situation.

There have been a number of recent clinical studies on the

serum lactic dehydrogenase levels in human neoplastic disease.
Thus, Bierman et al. (40) have found the level of this enzyme was
elevated in only 23 of 128 normals (21 were children, who pormally
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have a higher level), and in 11 of 190 patients with non-neoplastic
disease, while it was elevated in 110 of 156 patients with cancer,
in 34 of 50 patients with lymphomas, and in 84 of 91 patients with
leukemia. However, most observers feel that the specificity of eleva-
tion of the serum lactic dehydrogenase level for neoplastic disease

1is poor. Thus, J. H. Hill (213) reports that the highest percentage

enzyme level in cancer patlents was similar to that of a _group of
individuals with other diseases.

Wréblewski has elucidated several of the factors involved in
the serum lactic dehydrogenase elevations observed in man (525).
The 51mplest situation was that observed in experimental animals,
in which a rise in lactic dehydrogenase was observed that was pro-
portional either to the amount of cardiac necrosis following coro-

. nary ligation or to the amount of cardiac homogenate injected. A

mechanism such as this probably accounts for part of the lactic
dehydrogenase elevations seen in such clinical situations as myo-
cardial infarction, skeletal muscle and surgical trauma, acute pan-
creatitis, and fulminant hemolytic states. In purely inflammatory
disease without necrosis, Wréblewski has observed minimal lactic
dehydrogenase elevations in man. [Other authors have observed
elevations of lactic dehydrogenase in purely inflammatory disease
(201)]. When necrosis and inflammation exist together in a tissue
the lactic dehydrogenase may be elevated, but this elevation is not
necessarily proportional to the tissue enzyme concentration, For .
example, even though the liver cell is richer in lactic dehydro-
genase than in glutarmc oxalacetic transaminase, it is the trans-
aminase level that rises in infectious hepatitis while the dehydro-
genase tends to remain normal. In such a situation a selective
enzyme loss by the cell would seem to be involved. The rise of the
lactic dehydrogenase in malignant disease is even more complex.
Thus, though tumor necrosis may play a role in the enzyme eleva-
tion, in experimental malignant disease (induced-leukemias and
transplantable sarcomas and carcinomas), lactic dehydrogenase
elevations may occur without necrosis and indeed may occur within . g
6 to 48 hours of the onset of the neoplastic state. Simultaneous
measurements of the levels of serum, liver, and tumor lactic de- !
hydrogenase levelsin the course of sarcoma 180 transplantation led =~

Wréblewslq to conclude that the rise in enzyme level was due to

L etk
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, liver and/or tumor release of the enzyme. He feels that in human
" neoplasia the same mechanisms obtain.

D. Summary

Table 15, from the work of White (505), contains studies of the
serum levels of aldolase, phosphohexose isomerase, lactic dehy-
drogenase, glutamic oxalacetic transaminase, and isocitric dehy-

. TasLe 15
Evevatep SEruM EnzyME AcTiviTy N HUMAN Disease {505)

Myocardial Angina  Infectious

Cancer infarction pectoris hepatitis
Aldolase . 36 of 104¢ 36 of 69¢ 23 of 618 5 of 14s
Phosphohexose ' ‘
isomerase 42 of 88 28 of 69 27 of 61

Lactic dehydrogenase 57 of 75 68 of 69 59 of 61 13 of 14
Serum glutamic
oxalacetic transaminase 16 of 51 51 of 69 40 of 61 7 of 14

Isocitric dehydrogenase 11 of 69 7 of 14

¢ Expressed as numbers of patients.

drogenase in neoplastic, cardiac, and hepatic disease. (Elevations
of the last two enzymes have also been reported in patients with
cancer.) It will be noted that elevations of all five enzymes are
observed in individuals with cardiovascular and acute hepatic dis-
ease as well as in patients with malignant disease., Not included in
this table are occasional cases of hemolytic anemias, renal disease,
muscular disease, and chronic hepatic disease. In another report
White (504) points out that a pattern of serum enzyme abnor-
‘malities may be discernible in the various clinical situations. Thus,

- myocardial infarction tends to display an elevation of lactic dehy-

drogenase, glutamic oxalacetic transaminase, isomerase, and aldo-
lase, while the level of isocitric dehydrogenase is usually normal.
In acute liver disease there is usually marked elevation of isocitric
dehydrogenase with minimal elevation of the lactic dehydrogenase.
Muscular dystrophy is characterized by an elevation of lactic de-
hydrogenase, a marked elevation of aldolase and, usually, a normal
isocitric dehydrogenase and isomerase. In disseminated cancer
either of two different patterns is observed, depending on the pres-
ence or absence of liver metastasis. In the absence of liver involve-

~ ment the pattern is similar to that observed in muscular dystrophy,
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GLYCOLYTIC ENZYMES IN THE BLOOD 53
normal isocitric dehydrogenase: With malignant disease with he-
patic involvement there is usually elevation of lactic dehydro-
genase, aldolase, isocitric dehydrogenase, and hexose isomerase.
The similarity of the pattern of enzyme elevations in cancer pa-
tients without liver involvement to that of patients with muscular
dystrophy led White to consider that protein depletion and sec-
ondary muscular wasting may be a cause of the enzyme elevations
in the former group of patients. Confirmation of such a mechanism
was obtained by observing the effects on serum enzyme levels of
intravenous administration of protein hydrolyzate. It was possible
to bring elevated enzyme levels to normal (lactic dehydrogenase,
aldolase, and glutamic oxalacetic transaminase) by intravenous
feedings in patients with disseminated cancer without liver me-
tastasis, but not in cancer patients with liver metastasis or in pa-
tients with muscular dystrophy. Thus White concludes that in
clinical states in man several factors appear to be responsible for
the elevated enzyme values. Among these are (1) necrosis of en-
zyme-rich tissue such as rnuscle, liver, or tumor, (2) inflammation
with or without necrosis and, finally (3) distant effects of tumors
in general resulting in the breakdown of host tissues, particularly
muscle, to supply the requirements for growth of the neoplasm.
The calculation of other investigators, based on the enzyme content
of tissues, has confirmed that simple necrosis of tissue cannot alone
account for the observed enzyme elevations (201). '

- It is clear that none of the above-mentioned enzyme elevations
can in any sense be considered specific to or diagnostic of the neo-
plastic process. Perhaps it will be possible to achieve greater speci-
ficity with these enzyme measurements by some type of enzyme,
fractionation procedure. This is being attempted in the case of
lactic dehydrogenase (210, 450), which is known to exist in serum
in at’ least four electrophoretically separable components.

A discussion of tissue catalase levels in neoplastic discase has
not been included in the present monograph. An excellent recent |

monograph is available (334).
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52 I. GLYCOLYSIS OF NORMAIL AND TUMOR TISSUES

, liver and/or tumor release of the enzyme. He feels that in human
" neoplasia the same mechanisms obtain. -

D. SuMMmary

Table 15, from the work of White (505), contains studies of the
serum levels of aldolase, phosphohexose isomerase, lactic dehy-
drogenase, glutamic oxalacetic transaminase, and isocitric dehy-

TasLe 15 _
ELEVATED SERUM ENZYME ActrviTy N HuMAN Disease (505)

Myocardial - Angina Infectious

Cancer infarction pectoris hepatitis
~Aldolase - 36 of 1042 36 of 69¢ 23 of 618 5 of 14s
Phosphohexose _ #
isomerase 42 of 88 28 of 69 27 of 61

" Lactic dehydrogenase = 57 of 75 68 of 69 59 of 61 13 of 14
Serum glutamic

oxalacetic transaminase 16 of 51 51 of 69 40 of 61 T of 14
Isocitric dehydrogenase 11 of 69 T of 14

¢ Expressed as numbers of patients.

drogenase in neoplastic, cardiac, and hepatic disease. (Elevations
of the last two enzymes have also been reported in patients with
cancer.) It will be noted that elevations of all five enzymes are
observed in individuals with cardiovascular and acute hepatic dis-
ease as well as in patients with malignant disease. Not included in
this table are occasional cases of hemolytic anemias, renal disease,
muscular disease, and chronic hepatic disease. In another report
White (504) points out that a pattern of serum enzyme abnor-
malities may be discernible in the various clinical situations. Thus,
myocardial infarction tends to display an elevation of lactic dehy-
drogenase, glutamic oxalacetic transaminase, isomerase, and aldo-
lase, while the level of isocitric dehydrogenase is usually normal.
In acute liver disease there is usually marked elevation of isocitric
dehydrogenase with minimal elevation of the lactic dehydrogenase.

Muscular dystrophy is characterized by an elevation of lactic de- .

hydrogenase, a marked elevation of aldolase and, usually, a normal
isocitric dehydrogenase and isomerase. In disseminated cancer
either of two different patterns is observed, depending on the pres-
ence or absence of liver metastasis. In the absence of liver involve.
ment the pattern is similar to that observed in muscular dystrophy,

ie., eleya:t_ggl_‘}agtic__dplly_dﬂgenajg,,nﬂnnal_nmlevated aldolase, and
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normal isocitric dehydrogenase. With malignant disease with he-
patic involvement there is usually elevation of lactic dehydro-
genase, aldolase, isocitric dehydrogenase, and hexose isomerase.
The similarity of the pattern of enzyme elevations in cancer pa-
tients without liver involvement to that of patients with muscular
dystrophy led White to consider that protein depletion and sec-
ondary muscular wasting may be a cause of the enzyme elevations
in the former group of patients. Confirmation of such a mechanism
was obtained by observing the effects on serum enzyme levels of
intravenous administration of protein hydrolyzate. It was possible
to bring elevated enzyme levels to normal (lactic dehydrogenase,
aldolase, and glutamic oxalacetic transaminase) by intravenous
feedings in patients with disseminated cancer without liver me-
tastasis, but not in cancer patients with liver metastasis or in pa-
tients with muscular dystrophy.” Thus White concludes that in
clinical states in man several factors appear to be responsible for
the elevated enzyme values. Among these are (1) necrosis of en-
zyme-rich tissue such as muscle, liver, or tumor, (2) inflammation
with or without necrosis and, finally (3) distant effects of tumors
in general resulting in the breakdown of host tissues, particularly
muscle, to supply the requirements for growth of the neoplasm.
The calculation of other investigators, based on the enzyme content
of tissues, has confirmed that simple necrosis of tissue cannot alone
account for the observed enzyme elevations (201).

~ It is clear that none of the above-mentioned enzyme elevations

can in any sense be considered specific to or diagnostic of the neo-

plastic process. Perhaps it will be possible to achieve greater speci-
ficity with these enzyme measurements by some type of enzyme,
fractionation procedure. This is being attempted in the case of
lactic dehydrogenase (210, 450), which is known to exist in serum
in at'least four electrophoretically separable components.

A discussion of tissue catalase levels in neoplastic disease has

not been included in the present monograph. An excellent recent
monograph is available (334).
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PART Il: The Oxidative Metabolism of Tumors

. The Over-All Respiratory Rate of the Tumor Slice* |

It is important to establish at the outset that the over-all oxi-
dative rate of the tumor slice is.similar to that of most normal
tissues (Tables 14 and 6). The impression that tumor respiration
is quantitatively defective arose because the first tumors studied by
Warburg happened to display a low rate of respiration (144). A
study of Tables 1, 2, and 3 indicates that the Qo, of rat and chicken
tumors varies between 5 and 10, while human tumors, perhaps be-
cause of the greater proportion of connective tissue and necrotic
material, varies from 1 to 10. The Qo, of mouse tumors is consider-
ably higher, in the range of 10-20, a finding consistent with the
known inverse relationship between Qo, and body size (261). This
high oxidative rate of mouse tumors taken together with an equal
effectiveness of oxygen uptake in inhibiting glycolysis (M.O.Q. in
the same range as other normal and tumor tissues), results in a low
or absent aerobic glycolysis despite a very high anaerobic gly-
colysis. The normal tissues listed in Table 4 show oxidative rates
in the same range as tumors, although examples of tissue with an
oxidative rate above 10 are more frequent in normal tissues than in
tumors. The most convincing evidence of the similar oxidative rates
of normal and tumor tissues is seen in a comparison of the oxidative
rates of tumors with tissue of origin (Table 6). Carcinoma of the
endometrium and of the vulva and hepatoma all have an oxidative
rate similar to the homologous normal tissue. ’

Ay

¢ The respiratory rate of tissue slices is influenced by the suspending me-
dium. Early investigators (78, 172, 237, 530) found that slices.of the majority
of tissues displayed a higher and more stable respiration in serum than in
Ringer’s solution, This effect of serum was later shown to be due to the bi-
carbonate content of serum (485). Stimulation of respiration in bicarbonate
buffer greater than that in phosphate buffer has been demonstrated in the
following tissues: rabhit brain (14), 50%; rat retina and Crocker mouse sar-
coma (272), 100%; rabbit bone marrow and guinea pig liver (485), 409;
rat kidney and rat liver (485), 20%; cat brain and rabbit renal cortex (485),
no stimulation; mouse fibroblasts in tissue culture (114), 32%; and Yoshida
rat ascites tumor cells (114), 60%. The -endogenous respiration of normal and

lenkemic human leukocytes was found to be maximally stimulated at 2 CO,

concentration of 1-2% (39),
55
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56 II. OXIDATIVE METABOLISM OF TUMORS

2. Nature of the Substrate of Tumor Respiration

A. Stupms oN THE RespiRATORY QuoTiENT OF NORMAL

AND Tumor TiSSUES

Shortly after Warburg’s original work on tumor glycolysis ap-
peared, Dickens undertook an extensive series of investigations on
the oxidative metabolism of slices of normal and: neoplastic tissues
(122, 125, 127-129, 131), as revealed through studies of the respira-
tory quotients (R.Q. = the CO; produced divided by the O. con-
simed ). The results of these studies are summarized in Tables 16

- and 17. On the basis of the respiratory quotient data and the rates of

anaerobic glycolysis, Dickens divided normal tissues into three

TaBLE 16
RESPIRATORY QUOTIENTS OF NoRMAL AnD TuMOR TIsSUES (126)

N

Tissue R.Q. chg

Normal rat tissues
Liver 0.79 3
Kidney 0.85 3
Intestinal mucous membrane 0.85 4
Submaxillary gland 0.87 7
Spleen 0.89 8
Testis 0.94 8
Embryo (rat; 10 mg.) 1.04 8
Embryo (chick; 10 mg.) 1.00 18
Brain cortex 0.99 19
Chorion (embryo weight, 30 mg.) 1.02 32
Retina 1.00 88
Tumors

Jensen sarcoma (rat) 0.83 34
Slow-growing sarcoma (rat} 0.94 18
Rous sarcoma (chick) 0.93 30
Spindle cell tar tumor 173 (mouse) 0.91 21
Tar carcinoma 2141 (mouse) 0.87 22
Crocker sarcoma (mouse) 0.89 o8 22
-Sarcoma 375 (mouse) 0.88 R |
Spontaneous tumor I (mouse) - 0.91 20
Spontaneous tumor II (mouse) 0.87 16

Papillary carcinoma of bladder (man) 0.86 34

Carcinoma of the breast (man} 0.84 7.1

¢ Glucose present.
N .
ﬂ".h“ »
S P e ga-'.-«:;g;n L Ry *gi?‘f- Y ,’3&_'“,, 1“..,.,—31" ,!fg’imw 'i-i! .“_;«:ﬁw@g‘;@;g



THE SUBSTRATE OF TUMOR RESPIRATION 57

- groups (127). Group I consists of tissues with a low respiratory quo-

tient (approaching the R.Q. of fat, which is 0.71) and a low rate of
anaerobic glycolysis. These tissues, which include liver, kidney, and
mucous membrane, utilize little carbohydrate either oxidatively or
glycolytically and, presumably, they mainly oxidize fat and protein.
Group II is comprised of tissues with a respiratory quotient of
unity (the R.Q. of carbohydrate is 1.0) and a high anaerobic gly-

colysis. These are normal tissues that utilize carbohydrate actively,

both oxidatively, and glycolytically when oxygen is absent. This
second group includes brain, retina, chorion, and embryo. The
third group (III) is intermediate between I and II in both the rate
of anaerobic glycolysis and the respiratory quotient, and pre-
sumably has an intermediate rate of utilization of carbohydrate.
Submaxillary gland, spleen, and testis comprise this group. Dickens
found that, in contrast to these normal tissues, tumors displayed a

TasrLe 17

ResPirATORY QUOTIENTS OF NoRMAL AND Tumor Tissue (DICKENS AND Post- -

Dickens; SEE ALso TABLE 6)

Glucose Glucose
present absent
No .
Qco, R.Q. R.Q. Ref.

Normal tissues |

Synovial membrane 2.3 0.71 — 74
* Jejunal mucous membrane (rat) 14 0.87 " s 131

Tuberculous lymph node (rat) 14 0.91 — 7 127

Erythroid bone marrow (rabbit) 7 0.95 — 484

Myeloid bone marrow (rabbit) 22 0.96 — 484

Renal medulla (guinea pig) 22 0.99 — 130
Rat tumors

Philadelphia 1 sarcoma 15 0.84 0.78 - 146

Walker 256 carcinosarcoma. _— —_ 0.80 146

Jensen rat sarcoma 34 - 0.84 0.80 127
Mouse tumors

Tar carcinoma 173 — 0.78 — 108

Crocker carcinoma — 0.75 - 108

Harding-Passey melanoma 11 0.89 — 62

Cloudman $-31 melapoma , 12 0.76 — 62

Algire 91-A melanpma 15 0.83 — 62

Earle sarcoma 12 0.83 - 62

Barrett C3HBA adenocarcinoma 18 0.91 = 62
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distinct pattern characterized by 2 high anaerobic glycolysis and a
low rate of carbohydrate oxidation (an R.Q. midway between that
of fat and that of carbohydrate). He further concluded, recognizing
that adequate experimental verification of this point was not avail-
able, that it was only the carbohydrate portion of oxidation which
was responsible for the inhibition of glycolysis. Dickens developed
a scheme of tumor metabolism which may be expressed in modern
terms in the following way: tumors possess a very active glycolytic
pathway with only a limited ability to oxidize carbohydrate split
product (pyruvate); the result is that more sugar is split by tumor

‘than can be oxidized; this leads to an inadequate oxidation of car-

bohydrate, a decreased respiratory quotient, and a high anaerobic

- and aerobic glycolysis.

In considering Dickens’ work several points should be raised.
First, the respiratory quotient data itself has been questioned by

- Elliott and Baker (145), who found values for brain and retina

below unity, while they claimed that occasionally the value for liver
and tumor reached unity. There can be no doubt that the respira-
tory quotient is a rather unsatisfactory experimental quantity (145),
showing chance variations of considerable magnitude (==0.04)
when compared to the small range of physiological significance
(0.71-1.0). A specific feature which may explain the discrepancy
in the R.Q. data from the two laboratories is the fact that Dickens
and Simer (127) used a 5-hour incubation period, while Elliott and
Baker (145) employed a 90-minute one. Most investigators have
inclined to the acceptance of Dickens’ data, but the point that it is
only the carbohydrate part of the tissue oxidation which inhibits
glycolysis has received little confirmation. Experimentally, if this
last relation were true, it would be expected that the Meyerhof
oxidation quotient (M.0.Q.) would vary from 0 for tissues with an
R.Q. of 0.71 to some definite number for tissues with a pure carbo-
bydrate R.Q. of 1.0. Though this data is difficult to obtain, as
Dickens himself has pointed out, it would nevertheless appear that
the M.O.Q. varies from 3 to 8 without regard to the respiratory
quotient (R.Q.). Second, it will be noted in the data of Table 17
that jejunal mucous membrane and tuberculous lymph gland show
the typical tumor metabolism: the respiratory quotient midway be-
tween the fat and carbohydrate values, combined with a high anaer-
obic (and aerobic) glycolysis.

Despite the uncertainties that swround certain aspects of the
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praoblem, Dickens’ R.Q. data would appear to have added to the
understanding of tumor metabolism. Of the normal tissues with a
high anaerobic glycolysis some (though not all), including brain,
retina, embryo, bone marrow, and renal medulla, show an oxidative
metabolism that is almost exclusively carbohydrate, as evidenced
by an R.Q. of unity. Tumor also displays a high anaerobic glycolysis,
but it does so in the presence of an R.Q. distinctly less than unity
(0.80-0.90), indicating that a significant part of its energy supply
comes from the oxidation of fat and protein. Thus tumor differs
from this group of glycolyzing normal tissues in that it displays an
ability to glycolyze rapidly without a predominantly carbohydrate
respiration. This conclusion, that tumors actively oxidize fat and
protein, is consistent with isotopic studies, which will be considered
in the next section.

In a later paper (122) (Table 18), Dickens compared the effect
of endogenous substrate, glucose, and fructose on the R.Q., Qo.,

QE?,Q, and Q§§2 of various tissues. The carbohydrate character of
the respiration of brain and retina was confirmed by a fall of the
oxidative rate and anaerobic glycolysis in the absence of added
sugar. Kidney and spleen were less affected, while testis behaved
like the nervous tissues in its dependence. Liver, as would be ex-
pected from its R.Q., was unaffected by the presence or absence of
sugar. The respiratory rate of embryonic tissue showed little de-
pendence on the presence of sugar, presumably because of stored

substrate, though the anaerobic glycolysis declined sharply when

sugar was omitted. The Jensen sarcoma, the only tumor studied,
showed a respiratory rate independent of the presence of sugar,

while its anaerobic glycolysis fell off when the sugar was nét

present. The independence of the respiratory rate of this tumor is
consistent with a mixed substrate endogenous respuahon as for-
mulated above.

The respiratory quotient of the tumor slice rises somewhat on
the addition of glucose (Table 17), indicating that carbohydrate
oxidation has in part replaced fat oxidation. In the ascites cell this
shift of respiratory quotient is much more marked, the R.Q. shifting
from a level of 0.80-0.90 to a pure carbohydrate quotient of unity
or above (263)
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62 I, OXIDATIVE METABOLISM OF TUMORS

B. Isotope StUupIES

Since the respiratory quotient is a quantity subject to a number
of uncertainties, it is fortunate that isotope"’studies (11, 43, 143, 161,
307, 308, 309) on the nature of the normal oxidative substrate of
tumor are available. Bloch-Frankenthal and Weinhouse (43), and
Medes et al. (309) have used radioactive materials to study the
substrate preference of ascites cells and tumor slices.

In an early study (43) with radioactive glucose the conversion
of this compound to C'*O, in ascites cells was studied (Table 19).

TasLe 19

'EFFECT OF GLUCOSE CONCENTRATION® ON THE OXxmATIVE RATE AND RaADIO-

AcTIVE GLucosE OXDATION oF EnrricH AsciTEs CELLS (43)

Glucose concentration
0 0.001 M 0.0025 M 001 M

0, 0, CO, o, €O, O, CO,
(eM) . (uM) (patoms) (pM) (patoms) (uM) (patoms)

~ First hour 125 12.3 4.2 10.7 44 58 3.5

Second hour 10.8 10.8 3.1 10.7 4.0 6.2 3.6
Third hour 8.4 8.3 2.9 10.1 4.3 8.0 4.3
Fourth hour 6.3 6.0 0.7 8.3 3.4 7.8 59

¢ Duration of glycolysis: at 0.001 M glucose, 5-10 minutes; at 0.0025 M,
30 minutes; at 0.01 M, 90 minutes.

Over a 4-hour period it was found that oxygen uptake and glucose
oxidation remained linear despite a rapid glycolyms resulting in a
conversion of the glucose to lactate. Thus in the latter part of the
experimental period the glucose had disappeared and the tumor
was oxidizing lactate. Kinetic studies (Table 20) indicated that the

TasLe 20
Immr. RaTes oF GLycoLysis, GLucosE OXIDATION, AND LACTATE OXIDATION
IN EnrLicH Ascrres CELLS STUDIES WITH LABELLED SUBSTRATE (43)

Substrate Glucose * Lactate Glucose
concentration to CO, to CO, to lactate
{molar) (natoms) (patoms) {natoms)
0.0001 0.25 _— 0.39
0.0002 0,37 0.65 0.96
0.0005 0.48 ) 0.89 2.10
0.001 0.42 1.18 3.15
0.0025 0.45 1,36 3.84
0.01 0.45 1.58 4.68

0.02 — 2.10 —

.
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initial rates of glycolysis were not highly concentration-dependent,
glycolysis being essentially maximal above a glucose concentration
of 10—* M. At all concedirations of glucose studied, glycolysis was
much more active than glucose oxidation. It was found that the
inhibition of respiration (Crabtree effect), which was consistently
observed following glucose addition, was exerted on both glucose
and endogenous substrate. Medes and Weinhouse (309) studied
substrate competition in fatty acid oxidation in ascites cells. Using
Ehrlich ascites cells, whose fatty acids had previously been labelled
by feeding labelled palmitate, the authors observed that the addi-
tion of glucose, fructose, lactate, and acetate all inhibited the en-
dogenous fatty acid oxidation, as determined from the CQ, forma-
tion. In parallel experiments with unlabelled cells (fatty acids) and
labelled glucose, and labelled cells and unlabelled glucose, it was
possible to show that, at low and moderate concentrations of sub-
strate, glucose oxidation roughly corresponded to the suppression
of endogenous fatty acid oxidation, indicating a replacement of the
latter by the former (Table 21). At relatively high concentrations of

TapLE 21
INmiBrTION OF OXIDATION OF LABELLED ENDOGENOUS FATTY ACID BY CLUCOSE
ADDITION, AND OXIDATION OF LABELLED GLUCOSE IN AsciTEs CELLS {309)

Oxidation
f
Oxidation of labelled fabelled
Glucose endogenous fatty acid Oxygen glucose
concentration C140, Inhibition uptake G140,
{molar) (c.pm.) (%) { umoles) { natoms)
0 92,000 | M8 0 -
0.0005 86,000 6.5 348 30
0.002 68,600 95 341 85
0.005 52,000 43 290 124
0.01 28,000 70 . 158 ‘ 114
0.025 ‘ 27,800 70 _ 141 116

glucose and fructose (but not lactate or acetate), the decrease in
fatty acid oxidation was accompanied by an inhibition of oxygen
uptake (Crabtree effect) but was without concomitant increase in
sugar oxidation. Clearly, at low glucose concentrations glucose sub-
stitutes for fatty acid as the respiratory substrate, while at high
glucose concentrations there is, in addition, an inhibition of total
respiration. The authors suggest that fatty acid was the physio-
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64 II. OXIDATIVE METABOLISM OF TUMORS

logical substrate for tumor respiration but that its utilization de-
pends on the availability of glucose, which is a preferred substrate.
In liver, kidney, brain, and heart, glucose did not suppress basal
fatty acid catabolism, as it did in tumor (143). Emmelot and van
Vals (161), studying ascites cells of rhabdomyosarcoma and mam-
mary carcinoma, concluded, on the basis of R.Q. studies and C“0,
formation from acetate, that glucose depresses the endogenous fatty
acid oxidation of the tumor cell. In another study, Medes et al.
(307) found that slices of transplanted mouse tumors (a rhab-
domyosarcoma, TA-3 carcinoma, hepatoma 98/15, and sarcoma 37),
which had been labelled with C!¢-palmitic acid in vivo, formed, on
in vitro incubation, C*O;, which had the same specific activity as
the fatty acids of the tumor. This indicates that under the conditions
of these experiments fatty acids form an important part of the

_endogenous substrates of these tumors. Using labelled plasma

lipids as substrate, Medes et al. (308) also studied the oxidation of
endogenous fatty acid by Lettré-Ehrlich ascites cells, and confirmed
their earlier work on the oxidation of endogenous palmitate. Ex-
ogenous fatty acid oxidation was found to account for 5-13% of the
total respiration of the tumor cell. Summarizing their results with
both exogenous and endogenous fat oxidation (308), these authors
concluded that in the presence of adequate glucose about two-
thirds of the respiratory CO; was derived from glucose and the re-
mainder probably from fatty acids (endogenous and exogenous).
The role of amino acid oxidation in the respiratory metabolism
of the tumor cell has received little study. Measurement of NH,

" accumulation, by Dickens and Greville (123), suggested that as

much as one-half of the endogenous respiration of the tumor slice
may be derived from amino acids. The only available recent report
suggests that amino acids are handled by tumor cells in a manner
similar to that of the handling of fatty acids. In this study Rapo-
port et al. (392) report that the endogenous respiration of tumor
cells and reticulocytes is due party to amino acids. Furthermore,
the endogenous respiration of glycine (as measured by C'O; for-
mation from radioactive glycine) was inhibited by the addition of
glucose in the same way as was the endogenous respiration of fatty
acid reported above. These authors feel that aerobic glycolysis sup-

plies part of the energy need of the cell so that there is less need
for amino acid oxidation. :
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3. Carbohydrate Oxidation in Tumor Tissue

A. Intropucrion: Tae Criric Aco CycLE

It has become clear over the past 20 years that the maj’or oxi-
dative pathway in animal and plant tissue is the pathway presented
in Fig. 3, the citric acid or tricarboxylic acid cycle (258, 259)}. The

Pyruvic Fatty acid
acid
(Do) ettty
{Cocarboxylase)
' Acetyl CoA
Citric acid
Isocitric :
acid . (Condensi
(Acenitase) enzyme)ng
(Isocitric Cis-aconitic Oxalqacetic
dehydrogenase) ) acid
%
(TPN—TPNH) ' (Malie '
- _ dehydrogenase)
, (DPN—DPNH)
Oxalos?;chﬂc ; o Malic acid
ac
(Oxalosuccinic {Fumarase)
decarboxylase) e
Fumaric
acid
a- Ketoglutaric Succinic dehydrogenase)
acid (Flavin—Flavin Hy)
Suecinic
{Coenzyme A) acid
(DPN—DPNH) ‘
(ADP—'ATP)

Frc. 3. Citric acid cycle.

decisive experiments of Krebs (261), which led to his formulation

of the citric acid cycle in its modern form, are among the fasci- '

nating developments of modern biochemistry. A number of im-
portant observations had been made before Krebs’s experiments,
First, it was well kpown that whereas there was little oxidative
response of pigeon muscle to many organic compounds, there was

a marked oxidative response to a number of di- and tricarboxylic .

acids: citric, cis-aconitic, isocitric, a-ketoglutaric, succinic, fumaric,
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oxaloacetic, pyruvic, glutamic, and aspartic. Furthermore, Szent-
Gybrgyi had shown that the di- and tricarboxylic acids had a cata-
lytic effect on the respiration (of pyruvate, for example) of pigeon
breast muscle. Martius and Knoop had demonstrated that the same
tissue rapidly oxidized citrate, isocitrate, cis-aconitate, and a-keto-
glutarate, the first-three of these acids giving rise to dicarboxylic
acids. It was also known that succinic acid could be oxidized to

‘fumaric acid (a reaction which was blocked by malonate), and that

fumaric, malic, and oxaloacetic acids were linked in animal tissues
by reversible reactions, as were the tricarboxylic acids citric, iso-

" citric, and cis-aconitic. It remained for Krebs to establish the cyclic

nature of the relationship of the di- and tricarboxylic acids through
several observations. A critical point was clarified when Krebs
demonstrated that oxaloacetic acid gave rise to citric acid as well
as the other tri- and dicarboxylic acids. He then found that malonate
inhibited pyruvate oxidation and that fumarate relieved this in-
hibition, but only in a stoichiometric manner (ie., in the presence
of malonate 1 mole of fumarate resulted in the oxidation of 1 mole
of pyruvate). Finally, Krebs showed that even in the presence of a
malonate block there was stoichiometric accumulation of succinate,
when oxaloacetate, malate, or fumarate were added. Although the
Krebs cycle was established without benefit of isotopic materials,
later studies with such substances have offered ample confirmation
of the correctness of the formulation.
The over-all reaction for the oxidation of 1 mole of pyruvate is
as follows: |
Pyruvate + 50 ——> 3CO, + 2H,0

The cycle {Fig. 3) involves the condensation of a molecule of
pyruvate (after oxidative decarboxylation to an activated two-
carbon fragment) with a molecule of oxaloacetate to yield a mole-
cule of citrate. The citrate then undergoes a series of oxidations and
decarboxylations, eventually regenerating the oxaloacetate mole-
cule. The energy of each of the oxidative steps is conserved in the
form of high energy phosphate by the phosphorylation of ADP to
ATP. The citric acid cycle is, according to present views, the im-
portant oxidative pathway of fat, protein, and carbohydrate. Fatty
acid enters the citric acid as two-carbon acetyl coenzyme A (CoA)
fragments, while the amino acids enter as various Krebs cycle inter-
mediates after transamination and-deamination.

The unifying concept of high energy phosphate, particularly
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ATP, as the major energy mtermedlafe in mammalian systems was
developed by Lippmann and Kalckar. The central role of ATP in
muscle contraction, nerve transmission, intestinal absorption, and
numerous other chemical and physiological phenomena is at present
unquestioned. {In the oxidation of 1 molecule of glucose, 38 mole-
cules of ADP are phosphorylated to ATP. In the complete passage
of a pair of electrons up the electron transport chain (pyridine
nucleotide, flavin, cytochrome b, ¢, g, and a;), 3 moles of ATP are
formed. This phosphorus:oxygen (P:O) ratio of 3 applies to each
of the reactions generating DPNH, reduced diphosphopyridine nu-
cleotide (pyruvate oxidative decarboxylation, malate oxidation,
etc.). The oxidation of succinate bypasses the pyridine nucleotides,
the electron pair going duectly to flavin, and the P:O ratio for this
reaction is only 2. This is balanced by the oxidative decarboxyla-
tion of a-ketoglutaric acid which, in addition to yielding three high
energy phosphates through the DPNH formed, also generates an

additional molecule of ATP at the substrate level, giving a P:O

ratio of 4 for this reaction and a total yield of 15 for the complete
oxidation of 1 mole of pyruvate (average P:O ratio, 3.0). In addi-
tion to the 15 moles of ATP realized for the oxidation of each
pyruvate molecule, under aerobic conditions the DPNH formed in
the glyceraldehyde dehydrogenase step of glycolysis is oxidized
with a gain of 3 more ATP molecules. Thus, aerobically 1 mole of
glucose gives a theoretical yield of 38 moles of ATP (15 X 2 =

30 + 3 X 2 = 36 4 2 moles of ATP from glycolysis — 38 moles).

For further details on these aspects of oxidative metabolism the

reader is referred to several excellent recent general references (20,
136, 174).  w .

B. THE ResponsE oF THE OXmATIVE RATE oF NorMAL AND TUMOR
TissvE 10 AppED CARBOHYDRATE SUBSTRATE

' The results of the early studies of Kisch on the effect of added
lactate and pyruvate on the oxidative rate of tumor slices were
equivocal (253). Later systematic investigations into the response
of the oxidative rate of tumor to added substrate were performed

by Elliott (146, 147, 149, 150). These experiments with slices of

lidney cortex, liver, brain, testis, and two tumors (the Philadelphia

1 sarcoma and the Walker 256 carcinosarcoma)} involved the meas- -

urement of respiratory quotient, oxidative rate, total acid, keto acid,
and lactate production in the presence and absencé of added sub-
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hepatomas, Jensen sarcoma, Flexner-Jobling carcinoma, Ehrlich
ascites tumor, mouse amelanotic melanoma, sarcoma 37, a rhab-
domyosarcoma, and a mouse mammary carcinoma. The success of
these later workers was due in part to the addition of higher levels
of DPN (0.002 M, as opposed to 0.0003 3 used by Potter) and in part
to the use of sucrose as the homogenizing medium and a more for-
tunate choice of substrate. The ability to separate the actively oxi-
dizing particle, the mitochondrium, from the other dephosphorylat-
ing fractions of the cell was also an important factor in obtaining the
most active preparations. Table 23 contained some typical studies
on the oxidation of Krebs cycle intermediates by Wenner et al.
(501). McKee et al. (301) have reported that addition of carbohy-
drate substrates (glutamate, lactate, pyruvate, oxaloacetate, aspar-
tate, and alanine) stimulated the endogenous respiration of the
Ehrlich ascites cell from 50 to 111%.

The important role played by malonate (261) and fluoroacetdte
(359) in elucidating the citric acid cycle led to the study of the
effects of these metabolic inhibitors on the oxidative metabolism of
tumors. Elliott (147) measured succinate formation in slices of
normal and tumor tissue when succinoxidase was blocked by malo-
nate. In a group of normal tissues and tumors (Philadelphia 1
sarcoma and Walker 256 carcinosarcoma), only kidney accumulated
much succinate from pyruvate. These studies suffered from the fact
that the Krebs cycle was incompletely understood at the time and,
since Elliott failed to add oxaloacetate, succinate formation was
limited by the carboxylation of pyruvate. Later studies by Busch -
and Potter (72) showed that malonate injection in vivo resulted in
comparable levels of succinate accumulation (3-5 M per gram of
wet tissue per 2 hours) in liver, kidney, and Flexner-Jobling carci-
noma. Potter also studied the accumulation of citrate (Table 24)
following the injection of fluoroacetate (370). After the in vivo in-
jection of a lethal dose of fluoroacetate, there was citrate accumula-
tion in all normal tissues but liver, while there was no accumulation
observed in the tumors studied (Walker 256 carcinosarcoma, Jensen -
rat sarcoma, and a primary rat hepatoma). This failure of the tumeor
to accumulate citrate was always accepted with some difficulty, in
view of the high concentrations of citrate (118) that have been
found in tumor tissue’ (Table 25). Later experiments by Busch et al.
(70) indicated that in the slice, fluoroacetate led to the accumula-
tion of citrate in rat tumors in quantities comparable to those for
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CARBOHYDRATE OXIDATION IN TUMOR TISSUE

TapLe 24
Crrric Acip CoNTENTS oF NonMAL AND NEOPLASTIC TISSUE BEFORE AND

AFTER in Vivo FLUoROACETATE INjEcTiON (370)

Before 1 Hour after
Tissue fluoroacetate fluoroacstate
Normal
Brain 57 160
.Heart 49 448
Lung 75 208
Thymus 55 275
Liver 47 39
Kidney 56 714
Spleen 59 514
Testis 73 79
Blood 54 79
Muscle 31 42
Pancreas 53
Neoplastic
Walker 256 carcinosarcoma 49 42
Flexner-Jobling carcinoma , 121 90
Jensen rat sarcoma 85 .66
Primary hepatoma 95 60

@ Micrograms per gram net weight.

TABLE 25

Crrric Acio CoNTENT OF NORMAL AND NEoPLAsTIC Tissues (118)

Citric acid

Citric acid

(mg./100 gm. (mg./100 gm.
tissue) Tissue tissue)
Normal Neoplastic (animal)
Liver (rabbit) 2.8 Brown-Pierce carcinoma:
Skeletal muscle (rabbit) ‘ 13.6
{rabbit) 2.5 Walker 256 carcino-
Kidney (rabbit) 6.0 sarcoma (rat) 17.0
Brain (rabbit) _ 4.6 ~ Guerin tumor (rat) 16.8
Testis (guinea pig) JL5 Crocker sarcoma
Skeleton (mouse) 46.0 (mouse) 14.3
Skin (mouse) 12.2 Crocker sarcoma
Fur (mouse) 13.3 { non-necrotic) 12.3
Seminal vesicles Crocker sarcoma
(mouse) 128 { necrotic) 7.7
Ga.stric mucosa (man) 2.0 Neoplastic (human)
Skin (human) 5.3 Seminoma of testis 9.9
Fresh bone (ox) 272 Carcinoma of stomach 2.7
) ~ Carcinoma of vulva 7.0
Fibroadenoma of uterus 5.0

-
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CARBOHYDRATE OXIDATION IN TUMOR TISSUE 7%

most rat tissues. (Rat tumor accumulates 4.5-6.1 pmoles citrate per
gram of wet tissue per 2 hours; liver, brain, diaphragm, and spleen,’
6.3-7.7; -and kidney, 26-28). Busch suggested that the failure to

accumulate citrate after fluoroacetate injection in vive may be due

to a low tissue pH in vivo, to a lack of substrate, or to low tissue
oxygen tension in the living animal.

C. Tue Levers or Kress CycrLeE ENzyMES

The best studies available on the levels of the enzymes of the
citric acid cycle, those of Wenner et al. (499), are summarized in
Table 26. Enzymes of the citric acid cycle, particularly condensing
enzyme, malic, lactic, and isocitric dehydrogenase, fumarase, and
oxaloacetic decarboxylase were present in tumors in amounts com-
parable to the levels in normal tissues. Aconitase and a-ketoglu-
tarate oxidase were present, but the levels in tumors were lower
than in the normal tissues studied.

D. Srupes wrtH RaproacTivE CARBOHYDRATE SUBSTRATES

. Isotope studies have played an important role in revealing the
similarity in carbohydrate substrates and in metabolic pathways
between normal and neoplastic tissues. Work with radioactive sub-
strates has established beyond question that tumors oxidize glucose,

lactate, pyruvate, and succinate. Olson (350) reported an extensive

series of studies involving the measurement of C!*O, production
from isotopic precursors in slices of hepatoma induced with butter
yellow (aminoazobenzene) and in normal rat liver. Table 27 and

Fig. 4 indicate that slices of hepatoma oxidize carboxyl- and car~
‘bonyl-labelled pyruvate to C'*O. at a rate comparable to that of

TaBLE 27
METABOLISM oF LABELLED PYRUVATE IN SLICES AND HOMOGENATES OF
HerpaTtoMma anp NorMmaL Liven (350)

Values in terms of Q. cate
Cl140, Cl40, -
902 Total Lactate ~Net (from (from

Tissue Preparation  pyruvate A formed A 1-C14) 2.C14)
Hepatoma Slice . 70 —41 418 —23 418 412
Homogenate 1.5 —25 <423 =02 401 . 420

Liver - Slice 74 =50 410 —40 421 409

Homogenate 68 —40 407 —33 430 404

SNy
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normal liver. The lack of appreciable oxidation of pyruvate by
hepatoma homogenates in this experiment may be due to the
failure to add external DPN, a requirement that was not recognized
at the time this work was done. Labelled lactate was actively oxi-
dized by both hepatoma and liver slices, accounting for about 30%
of the oxygen consumption at all substrate levels. Hepatoma utilized
labelled succinate (Fig. 5) at about 30% of the rate of normal liver.
but, in contrast to earlier studies (147), the uptake of oxygen was

increased from 6.5 to 10.1 (compared with an increase from 8 to 30

in liver).

HEPATOMA LIVER
. PYR

620 30 40
R PYRUVATE mM/L

10 0 “+C0,
[ -oz' 02

+C*0 —

Q i / 2 Qs ( C¢¥00H)

+GH00H)

(_Gn-o_)] (-G“-O"')

( GHHS-) { c"ﬂ;-)
10 20 36 20 1020 30 40
PYRUVATE mM/L PYRUVATE mM/L

F1c. 4. The metabolism of pyruvate-1-C14, -2-C14, and -3-C* in slices of
hepatoma and rat liver. Metabolic quotient is plotted against substrate con-
centration. Disposition of substrate is presented in the top graphs and gas

“exchange in the bottom. The curve marked (x) is a summation of the Ci14Q,

produced from all three carbons of labelled pyruvate. From Olson (350).

- Studies by Olson (350) on the oxidation of uniformly labelled
glucose by liver, hepatoma, heart, and brain are included in Table
28 and Fig,. 6. It is well known that the liver slice displays a very
small aerobic and anaerobic glycolysis unaffected by the presence
or absence of carbohydrate, a respiratory rate which is not altered
by the presence or absence of glucose, and a respiratory quotient
which approaches that of fat oxidation. It is therefore necessary
to compare the glucose oxidation of hepatoma with that of tissues
that display a greater metabolic interest in the presence of this
compound than does normal liver. Compared to the very low oxida-
tion by liver (accounting for only 2% of oxygen uptake), hepatoma
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displayed an active oxidation of labelled glucose (accounting for
about 30% of its total oxygen consumption). The rate of oxidation
in hepatoma is comparable to that in heart but less than that in

k0 HEPATOMA

[
(=]

SUBSTRATE
e
[=]
B

=
o
(=]
o

n
L=
5

0:

of 5 5U°°
: /;: (~GHOOH)

10 20 50 40 "
SUCCINATE mM/L

S0

SUBSTRATE
oH
o

o
ol
=]

20

10

=0
%o |jygr f-stce

- 25 .
L 20
st /°
10 e
7
S +E40, (-CHOOH}
+LAG
+KETO

10 20 30 40
SUGGINATE mM/L

Fic. 5. The metabolism of carboxyl-labelled succinate-C1# in slices of
hepatoma and rat liver. Substrate disposition and gas exchange are plotted on
!different scales on the ordinate so arranged that 1 pl. change in 0,/C10, ex-
change is equivalent to 2 pl. change in substrate utilization. From Olson (350},
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Fic. 6. The metabolism of uniformly labelled glucose-C1# in slices of hepa-
toma and liver. Metabolic quotient is plotted against substrate concentration.
Disposition of substrate is presented in the top graphs and gas exchange in

the bottom ones. From Olson (350).
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brain, a tissue which utilizes glucose almost exclusively. At com-
parable substrate concentrations, glucose oxidation by slices of
hepatoma was 25% that of pyruvate, and 75% that of lactate( Other
studies in the same report indicated that liver showed a more
active rate of synthesi$ of glycogen from pyruvate and lactate than
did hepatoma. Olson concludes that liver shows a rapid rate of
glycogen formation from glucose with little conversion of glucose
to Tactate or CO,, a metabolic pattern which, he suggests, results
from a Jack of phosphohexokinase activity. Hepatoma, on the other.
hand, displays little glycogen synthesis, but active conversion of
glucose to lactate and CO,. He attributes this to active hexokinase
and phosphohexokinase with a rate of glycolysis in the tumor that
exceeds its ability to oxidize small carbohydrate fragments.

TaBLE 28
AEeropic GrycoLysis AND OXmATION OF GLucoseE-Cl4 v Tissue SLicese (350)
Tissue +Qractate +Qg"0,
Rat brain 4.5 105
Rat heart ' 1.1 2.8
Rat hepatoma 51 '2.1
Rat liver 0.0 : 0.2
Duck heart - : 1.2 2.5
Duck liver 05 1.2

¢ Glicose concentration = 10 pM per milliliter,

<4 Early studies on glycogen synthesis in the surviving slice (33)
indicated that liver and kidney displayed net synthesis of carbo-
hydrate from lactate and pyruvate, but brain, testis, Philadelphia 1

- sarcoma, and Walker 256 carcinosarcoma did not, Consistent with
this observation are the findings of several groups of investigators
that the glycogen content of tumors is low (23, 184). This absence
of tumor glycogen has been related by Nirenberg (338, 339) to a
lack of' glycogen phosphorylase activity.@he glycogen phosphoryl-
ase activities of seven types of ascites tumors, a tumor grown in
tissue culture, and a solid virus-induced neoplasm (as determined
by chemical and histochemical techniques): was found to be at
negligible Tevels when compared to normal liver or kidney. In
three tumors in which it was studied the ATP-dependent phos-
phorylase activating enzymes were found to be present, but there
were negligible amounts of the dephosphorylase.

Returning to a consideration of oxidation of radioactive carbo-




i

~#

ET

CARBOHYDRATE OXIDATION IN TUMOR TISSUE

@ . T _mog xed anssg jo JyBrom L1p wesd 1d Sgp oy pazipo woqred

"$91RUIBOWOY 4

"W S00°0 3O UOHLQUIIU0D IJRLSADS € I8 D) 8L

2jensqns Jjo SWIOJEOIOTW 9} 0} SX2Jal ‘)0 o

UONEULIO] 9jEN 9ARIEOIPEY

]

9500N[S 2AROLOIPEY

aje]ov] 2AfoEoIptYy

. 018 e0T X &% = 911 $9}0SE YOIAUT 9SNOJ
GaL1 00T X 121 g°cg o] - BWIOUIOIBOOUSPE
_ Aretnwewr asnop
0001, 0T X g9 e Gl BUIOOIRSOAWOPGEYI ISTOA
— o — FO1 L§ BUIODIBS 9SNOJN
— — — oF ewojedoy
JUOAIBPUY 9SO
GGe'1 o0T X 181 RN L8 vwojedoy osnopy
—_ . e ©'ge 19 rwozeday jey
. onserdoaN
— — — Q S[ISTI BSTMOJN
08T 80T X g'¢ e 801 JEaY ASNO
09%'6 90T X €'¢ — ovp Louppy osnopy
931 0T X g¢ = ze I9AT] 9SNOW
. — _— 0£1 uaa[ds jey
- —_ ¢ €6 eIl utelq jey
— — 20'L e afasnw ey
- - L8 871 Heay jey
- - 111 Y4 Aauppy ey
- - €% 44 ToAl] jBY
[BULION
(rurdo) (urd-o) 2("D°0 (D0 anssi,
Aj1agoe Ayanoy ‘uoqiea swojer) ‘uoqres swojen) ,
23end 2Urprume) uoneunto} °0pry  woneuuof Q4D

e,

E

nﬁmﬂv dNSSIY, DLISYVIdOAN GNV TVINHON J0 STOTIS NI
H50207F) OFTTIRVT] INOHT NOLLVIVHO, HIVILLIY JdNV NOLLVINHO.] NDV.HU NV JILVIOVT CUTTIIV] WOHE NOLLVINUO NOvH_.U
y 83 THWV], .




SRk SECIE

Sy ) WL T R wE
: A S T

LT e T SR
B T e g T R R R
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hydrate substrates, the experiments of Weinhouse (484; Wenner,
Dunn, and Weinhouse, 497) on a larger group of tumors are in-
cluded in the data of Table 29. They are in agreement with Olson’s
results that tumor slices display an active oxidation of glucose and
lactate. Further evidence that glucose was oxidized in tumors via
the citric acid cycle was obtained when it was found that an ap-
preciable part of the radioactivity of labelled glucose was trans-
ferred to the citric acid of the tumor (Table 29).

Busch and Nyhan have studied the operation of the citric acid
cycle in vivo in tumor-bearing rats through analysis of the radio-

activity of alanine, glutamic, aspartic, lactic, pyruvic, and succinic

acids, and other Krebs cycle intermediates following the injection of
labelled pyruvate (68), succinate (346), and glutamate (344, 345).
Studies with pyruvate indicated that, whereas normal tissues (liver,
brain, testis, muscle, intestine, heart, and kidney) converted the
major part of the isotope present into the amino acids which are in
equilibrium with the Krebs cycle compounds (alanine and aspartic
and glutamic acids), tumor (Flexner-Jobling carcinoma, Walker 256
carcinosarcoma, and Jensen sarcoma) converted a very small
amount into amino acid, converting the major part (over 50%) to
lactate. This was interpreted by the authors as indicating a minor
in vivo role for the Krebs cycle in tumors. However, other studies
with labelled succinate and glutamate, in the presence and absence
of malonate block, indicated that the citric acid cycle was active
in tumors in vivo and that transfer of radicactivity from amino

~acids to lactate was via the cycle (345, 346). Freedman and Graff

have found (171) that, in contrast to normal liver, the Murphy-
Sturm lymphosarcoma converts a significant amount of pyruvate
to acetate, and decarboxylates a considerable amount of oxale-
acetate to a two-carbon fragment.

4. The Metabolism of Fatty Acids by Tumor Tissue

A. Tur RespronseE or THE ReSPIRATORY RATE TO AppeEp Fatry AcCmd

The understanding of the role of the oxidation of fatty acids by
tumors has followed a pattern similar to the one outlined in the
previous section for carbohydrate ‘oxidation. Initial studies with
unlabelled fatty acids suggested a deficiency in oxidation of these

compounds by tumor, a deficiency that was later shown not to exist.

when the pathways were studied with isotopic materials.
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Normal tissues such as liver, kidney, spleen, or testis' show a

marked increase in oxidative rate upon the addition of fatty acid

(277, 386). In contrast to this finding, early studies by Ciaranfi
with. slices of Ehrlich adenocarcinoma, chicken sarcoma, and a
variety of human sarcomas and carcinomas failed to show any in-
crease in oxidative rate upon the addition of propionic, butyric,
valeric, caproic, heptylic, caprylic, crotonic, and oleic acids (85,

87). Later investigations (88) by the same author showed that, in

contrast to studies with free fatty acids, methyl esters of the fatty

acids C; to Cg increased the respiratory rate of tumor slices up to -

240%, an effect which he attributed to omega oxidation of these
latter compounds. (For comparison, the methyl esters increased
the oxygen uptake of brain cortex up to 11 times, liver to 8 times,
and spleen to 17 times.) More recently, Baker and Meister have

shown (17) that the rate of oxygen uptake (per milligram of nitro-
gen) of particles derived from rat and mouse hepatoma and from-

rat fetal liver, in the presence of either octanoate or hexanoate, is

less than 10% of the rate of oxidation of normal adult liver Pa,r-'
ticles. (No attempt was made to increase the feeble fatty acid

oxidation of the tumor or fetal mitochondria by addition of DPN
or toenzyme A.) The influence of leukemic infiltration on the oc-
tanoate oxidation by homogenates of C-58 liver was studied by
Vestling et al. (451). They found that 19 of 32 leukemia-infiltrated
livers oxidized octanoate at a rate less than 50% of that of non-
infiltrated control liver, with 13 of the 19 displaying a rate less than

- 20% of the control.

B. Stupes witi Rapioactive FATTY Acd SUBSTRATES

Extensive studies on the oxidation of C'-labelled fatty acids
have been performed by Weinhouse and his group (496); their
results are summarized in Tables 30 and 31. It was found that slices
of transplanted mouse and rat tumors did oxidize C!¢labelled fatty
acids, -although at a lower rate than did liver slices. Differences
between liver and tumor were greater for the short chain than for

short chain fatty acids could be attributed to the inhibitory effect
of the shorter chain acids on fatty acid respiration (demonstrated
in the case of octanoate). The lower rate of C4O, production from
labelled fatty acids in' tumor tissues was due to both a lower over-
all oxidative rate and a lower percentage of G140, in the CO,. This

m . »
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82 . OXIDATIVE METABOLISM OF TUMORS

last finding indicated a greater dependence of the tumor tissue on
endogenous substrate. Hepatoma was found to resemble peripheral
tissues rather than liver: careful trapping experiments failed to
reveal significant ketogenesis in hepatoma, while there was active
oxidation of ketone bodies by the tumor.

TapLE 30 :
OxIDATIONS OF ACETATE-1-C14 BY SLicES oF Liven NeorLasTIC TisSUES ( 498)

: Respiratory CO,
0, | C.Cre

uptake Cco, R.S.AD (atoms

Tissue (pmoles) (nM) (%) ~ carbon)
Normal liver : 520 337 17.1 57.8
Host liver ' 486 - 350 14.0 49.0
Hepatoma 98/15 341 325 5.8 18.9
Host liver 617 463 17.7 82.0
Mammary adenocarcinoma 151 180 3.3 5.9
Host liver 473 317 125 39.7
Sarcoma 37 266 229 2.5 56
Host liver 615 448 15.0 67.4
Rhabdomyesarcoma 253 254 2.8 7.2

¢ Substrate concentration = 0.01 M.
Specific activity of product X 100

b RS.A. (relative specific activity} =
Specific activity of acid

R.S.A. patoms carbon in product
100 br. X pm. dry wt. tissue ’

A detailed study on incorporation of acetate-1-C', acetate-2-
C!4, proprionate-1-C!4, octanoate-2-C!4, and pyruvate-2-C* into the
respiratory CO, and the oxidative intermediates of mouse liver and
C-954 hepatoma slices has been done by Brown et al. (58). Table
32 contains their experiments with acetate and octanoate, the com-
pounds which were examined most carefully. Both liver and hepa-
toma utilized octanoate in preference to acetate, as judged by con-
version to C40,, conversion to total or specific non-volatile radio-
active compounds, and incorporation into acetoacetate. After in-
cubation with labelled octanocate the major C!4-containing inter-
mediates were the same in liver and hepatoma, although the quan-
titative partition differed to some extent. Thus, normal liver con-
verted more radioactivity to f-hydroxybutyrate, glucose, and glu-
tamine, while hepatoma converted more to glutamate, di- and tri-
carboxylic acids, aspartate, and alanine. There was no conversion

¢ C.C. (conversion cépacity) —
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84 II. OXIDATIVE METABOLISM OF TUMORS

of C-2 fragments to glucose in tumor. The pattern obtained with
labelled acetate resembled that with octanoate. Studies by the same
authors (57, 99) on the tumor distribution of radiocactivity in aceto-
acetate and CO, after incubation of hepatoma slices with butyrate-
1-C'4, octanoate-1-C!4, and octanoate-7-C'* were consistent with
beta oxidation of the fatty acid to C-2 fragments and recombination
of the C-2 units to acetoacetate or oxidation to 002 in the same
manner as in normal liver and kidney.

TasLE 32
INCORPORATIONS OF ISOTOPE FROM ACETATE AND OCTANOATE INTO MoOUSE
Liver AND HepaTOMA (58)

Normal liver Hepatoma
Acetate- Octanoate- Acetate- Octanoate-
Intermediate 1-Cu4 1-c14 1-C14 1.C14
Glutamine ' 23.4 12.0 10.2 50
B~ Hydroxybutyrate 22.2 7.9 9.1 12.4
Glucose , 18.7 7.7 1.2 —
Glutamate 10.2 7.0 - 40.0 33.7
Pyrrolidone-COOH acid 8.6 1.7 4.7 4.2
Lactate 4.7 2.3 12.2 11.9
Di- and Tri-COOH acids 3.2 5.7 125 19.0
Alanine | 2.7 14 3.0 4.9
Urea 14 14 —_— —_
Aspartate 0.7 Trace 6.5 6.5
Glutathione 0.9 04 2.9 3.2
Origin 0.3 0.3 1.3 3.4

8 Expressed as percentage of total nonvolatile radioactivity.

. Experiments by Pardee et al. (355) have stressed the relatively
low level of C*O, formation by tumor homogenates from acetate-
1-C'* as contrasted with homogenates of normal tissue. However,
it has since been found (6) that the simultaneous addition of
fluoride and CoA to tumor homogenates results in a 40-fold increase
in C10, formation from labelled acetate by Walker 256 carcino-
sarcoma, and a 20-fold increase by Flexner-Jobling carcinoma. The
resulting activation of acetate by the Walker tumor (in the presence
of CoA and fluoride) is 23% that of normal liver and 7% that of
normal kidney, while for the Flexner-Jobling the figures are 15%
and 4% respectively, which are results consistent with the slice
studies.

Busch and co-workers (67, 69, 73) have studied the metabolism
of acetate-1-C!" in malonate- and nonmalonate-treated tumor-bear-
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FATTY-ACID METABOLISM AND TUMOR TISSUE 85

ing rats. In the rat tumors (Jensen sarcoma, Walker 256 carcino- -
sarcoma, Flexner-Jobling carcinoma, and a transplantable lymph--
phoma) both in the presence and absence of malonate there was a
very slow rate of conversion of acetate-1-C* to G40, and non-
volatile radioactive compounds, suggesting a slow rate of acetate
utilization in vivo (the half time for acetate-1-C!¢ disappearance
was 6-15 seconds for normal tissue, 48 seconds for liver, and 414

minutes for tumor). In malonate-treated animals the specific activ-
ity of the succinate of the tumor was only 1/20 that of normal tis-
sues. Glutamate, aspartate, and succinate accounted for 33-75% of
the radioactivity of non-tumor tissues, but only 46% of the radio-
activity of the tumor in the absence of malonate. :

C. Lirm SyNTHESIS

With regard to lipid content, neoplasms contain in general a
greater concentration of phospholipids and cholesterol and a lower
concentration of neutral fat than do the tissues of origin (203). In
1931 a study by Yasuda demonstrated (531) that the iodine number
of the tumor phospholipid fatty acid was dependent on the food
fat. These experiments involved feeding rats- and mice bearing
transplanted tumors diets of fats of varying degrees of unsaturation
(cod liver oil, linseed oil, and coconut oil). Haven et al. found
(202, 204) that after feeding elaidin to rats with the Walker 256
carcinosarcoma, elaidic acid could be demonstrated in the tumor,
again suggesting the dietary origin of the tumor lipid.

A number of studies of tumor lipogenesis have been done with
radioactive precursors. Medes et al. (307) have studied the lipid.
synthesis of slices of neoplastic tissue (rat and mouse hepatoma,
mouse mammary tumor, and sarcoma 37) by measuring the incor-
poration of radioactive acetate and glucose into fatty acids. A slow
rate of fatty acid synthesis was found, which the authors felt was
too slow to supply the lipid needs of the tumor, and led them to
conclude that the tumor must obtain preformed lipid from the host.
~ (Rough calculation suggested that only 5% of the fat content of,

the tumor was derived from endogenous synthesis.) To study fur-
ther the source of tumor lipids the same authors in a later investiga-
tion (310) fed palmitic acid-1-C'* to mice bearing transplanted
tumors (Lettré-Ehrlich ascites tumor, a rhabdomyosarcoma, TA-3
carcinoma in solid and ascites form, hepatoma 98/18, and sarcoma
37). Normal liver was most active in taking up the labelled fatty

-
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acid, with a peak at 6 hours, the relative specific activity of which
was 5-20 times that of the tumors (Table 33)., The uptake of the
neoplastic tissues resembles that of the internal organs and muscle
in both the time of the peaks (24-48 hours) and their lower specific
activity. Slices of tumor, which had been labeled with C*-palmitic

Tasre 33.

In Vivo INCORPORATION® OF RADIOACTIVE PALMITATE INTO THE LiPms oOF
NorMavL anp NeorLastic Tissues (310)

. Hours after administration
] 12 o4 36 48 72 o8

Liver : 649 295 3.12 037 — 040 0.06
Internal organs _ 340 683 388 405 — 233 204
Muscle 284 344 418 346 — 219 181
Hepatoma 98/15 145 — 514 152 037 091 —
Mammary adenocarcinoma TA3  0.02 055 0.24 0.09 010 058 0.04
Rhabdomyosarcoma ' 0.01 1.27 0.82 1.78 0.00 0.00 0.01
Sarcoma 37 - 005 — 034  — 095 012 0.3
Ehrlich-Lettré

ascites cells 000 000 053 — — 011 —

¢ As per cent of administered radioactivity.

acid in vivo, were incubated in vitro, with the finding that the
C*0, produced had the same specific activity as that of the fatty
acids of the tumor. These authors thought the studies indicated
that the host’s fatty acids formed important respiratory substrate
for the tumor (310). Several other laboratories have obtained evi-
dence of more active lipogenesis in tumors than is indicated by the
results of Medes et al. Thus, the radioactivity of the lipids of the
Novikoff hepatoma following radioactive glucose administration
exceeded that of the liver or carcass (230), and the capacity of four
transplanted tumors to incorporate radioactive acetate into lipid
was equal to that of the most active normal tissues (32).

Medes et al. (306) have also studied the over-all hepatic metab-
olism of fat during carcinogenesis with butter yellow (p-dimethyl-
aminoazobenzene) employing acetate-2-C'4, They found (Table 34)
that conversion of Cl4-acetate to acetoacetate and fatty acid was
much decreased in the liver tumor from the levels of the normal
and preneoplastic liver. Glycogen content was also decreased, but
conversion of acetate to C*O: and cholesterol was unchanged. In
regard to fatty acid metabolism, the authors found there was no

.:.:i‘
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88 II. OXIDATIVE METABOLISM OF TUMORS

evidence of there being a preneoplastic state, but felt there was an
abrupt change in the pattern of fat metabolism associated with
frank tumor formation. An abrupt fall in acetoacetate formation
associated with the neoplastic state was also reported by Dickens
(132). Another group of investigators has reported that the lipo-
genesis of the azo dye hepatoma (studied in the slice with radio-
active glucose) is equal to that of normal liver (230).

A number of workers have reported that tumors are able to syn-
thesize cholesterol from radioactive acetate or glucose (16, 158,
307, 351). In the Yoshida ascites tumor, after incubation with radio-
active acetate, there was no radioactivity in the purified dibromo-
cholesterol, although there was radioactivity in the less pure digi-
tonin precipitate (415).

With regard to lipid synthesis, investigators disagree on whether
the activity of tumor is equal to or less than the more active lipid
synthesizing normal tissues. This difference may reflect differences
in the particular tumors studied or in the experimental conditions
employed. It appears well established, however, that the tumor
utilizes to a considerable extent the fatty acids of the host. This
nutritional parasitism of the tumor, involving proteins (167), fatty
acids, purines, and glucose, is discussed in greater detail in a recent
review by Henderson and LePage (206).

5. The Hexose Ménophbsphafe Shunt in Tumors

A. InTRODUCTION

There can be little doubt that the principal pathway of carbo-
hydrate oxidation in mammalian systems is via the Embden-Meyer-
hof scheme and the citric acid cycle. However, the discovery of a

portion of the total respiratory activity that persisted despit% ‘

ing this major pathway with iodoacetate, fluoride, or arsenite sug-
gested the existence of an alternate route of carbohydrate oxida-
tion. This other pathway, known as the hexose monophosphate
shunt or pentose phosphate pathway, was worked out through the
studies of Warburg, Dickens, Lipmann, Horecker, Racker, and
others. The initial steps involve triphosphopyridine nucleotide
(TPN )-coenzyme oxidations of glucose-8-phosphate and of the
resulting 6-phosphogluconic acid. The oxidation of the latter com-
pound involves (probably via an intermediate) a decarboxylation
at C-1, resulting in the formation of ribulose-5-phosphate, which in
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. THE HEXOSE MONOPHOSPHATE SHUNT IN TUMORS 89

turn is isomerized to ribose-5-phosphate. A series of complex trans-
fer reactions (transaldolase and transketolase) follow, with the re-
sult that for every six molecules of hexose that enter the cycle one
is completely oxidized to CO; and water. The evidence available at
the present time suggests that the oxidation of the TPNH generated
in the hexose monophosphate shunt is not associated with the pro-
duction of high energy phosphate (236). There can be little doubt
that a major function of the shunt in many tissues is the synthesis
of pentose (222). One group of investigators (498) has obtained
evidence that in ascites tumor cell the main role of the TPNH gen-
erated in the monophosphate shunt is in reductive syntheses. The
quantitative importance of the alternate pathway is most readily
studied by comparing the rate of C"0, formation from glucose
labelled in the 1 position with glucose labelled in the 6 position.

Excess C'*O;, from C-1 over C-6-labelled glucose indicates opera- -

tion of the monophosphate shunt, since this pathway involves' a
C-1 decarboxylation. ' |

B. LeveLs oF HExosE MONOPHOSPHATE SHUNT ENZYMES -

The alternate pathway of glucose oxidation, the hexose mono-
phosphate shunt, has been studied with several methods in a num-
ber of tissues, and its existence in neoplastic tissue has been clearly
established. In an early study, Dickens and Glock (121) demon-
strated that extracts of rat liver carcinoma actively oxidized glucose-
G-phosphate, 6-phosphogluconate and ribose-5-phosphate, resem-
bling liver, kidney, and brain in this respect. A more detailed study
was later done by Glock and McLean (179) on the activity of the
hexose monophosphate shunt enzymes (glucose-6-phosphate de;
hydrogenase, 6-phosphogluconic dehydrogenase, and the enzymes
that catalyze ribose-5-phosphate breakdown) in extracts of a large
group of normal and tumor tissues (Table 35). These enzymes, like
the glycolytic enzymes, are localized in the soluble cytoplasmic

fraction of the cell. The shunt dehydrogenase activities were found -
to be the highest in adrenal cortex, in lactating mammary gland, in -

lymphatic tissues (spleen, thymus, and lymph nodes), and in whole
rat embryos in early stages of development. The enzyme levels in
tumors were within the range of those of normal tissues, being
relatively high in tumors of lymphatic origin. Studies from another
laboratory have confirmed the presence of the enzymes for ribose-

S-phosphate metabolism in extracts of the Gardner mouse lympho- *
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92 1. OXIDATIVE METABOLISM OF TUMORS

sarcoma (459), while glucose-6-phosphate and 6-phosphogluconate
dehydrogenase activity have been shown to be present in acetone
powder preparations of the Ehrlich ascites tumor (508).

In using cell-free extracts, homogenates, and slices of trans-
planted mouse tumors (mammary carcinoma, a hepatoma, ovarian
tumors, and a sarcoma), enzymes, intermediates, and reactions of
the hexose monophosphate shunt were demonstrated to be present
by Bosch et al. (49). Oxidation of glucose-6-phosphate and 6-phos-
phogluconate, ribolysis and formation of sedoheptulose, hexose,
and triose were all studied and found to occur in these tumors.

' C._ IsoTtorE StUuDIES With SpeECrFICALLY LABELLED GLUCOSE

Although the above-described enzymatic studies indicate the
presence of shunt enzymes in tumor extracts, a better quantitative
estimate of the importance of the shunt pathway is through isotopic

| studies with specifically labelled glucose. Studies of C*O, forma-

tion from slices of mammalian liver incubated with C-1 and C-6
glucose are presented in Table 36 (4). The C*O, ratio of C-6:C-1

TaBLE 38
Rario or Cl40, FormatioN FrRoM Grucose-6-C'4 To C140, FonMATION
FroM GLUCOSE-1-C14 1N SLices oF NoRMAL anp Neoprastic Livenr (4)

- Tissue ' Rg/R,

Normal rat liver ,

Chow diet 10.33

High glucose 0.28

Fasted 48 hr. 0.36

Fasted 72 hr. 0.
Maternal rat liver .20
Fetal rat liver 0;
Regenerating rat liver

Third day 0.48

Fourth day ' 0.74
Butter yellow hepatoma (rat) 1 0.60
Normal mouse liver 0.65
Transplanted hepatoma (mouse) 0.33

for normal rat liver was about 0.3 and for normal mouse hver 0.85,
indicating a selective removal of C-1 in liver via the monophos-
phate shunt. The ratio was 1.0 for kidney, evidence that all the
CO. was being formed via the Embden-Meyerhof scheme in this
tissue. The normal liver ratio was elevated (suggesting less par-
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THE HEXOSE MONOFPHOSPHATE SHUNT IN TUMORS - 03

ticipation of the shunt) in regenerating rat liver, fetal liver, fasting
and induced rat liver tumor, and was decreased (suggesting greater
participation of the shunt) during pregnancy and in transplanted
mouse hepatoma. In similar experiments, Abraham et al. (1) found
a ratio of 1.0 for mouse liver, while with mouse hepatoma the ratio
was 0.3, indicating that the alternate pathway for glucose was op-
erating. Studying a group of mouse tumors including induced and
spontaneous mammary tumors, hepatomas, ovarian tumors, and .a
sarcoma, Emmelot et al. (157, 159, 449) found ratios of C-6:C-1 of

the C1Q, varied from 0.40 to 0.70. These authors found that in a

number of tissues the shunt was only revealed in the presence of
malonate. _

A study of the hexose monophosphate shunt in normal lymphatic
tissues and lymphatic tumors, with specifically labelled glucose,
was made by Kit (255). He found that the following percentages of
CO; were not derived from the Embden-Meyerhof pathway (pre-
sumably this CO, was formed via the shunt): appendix, 11%;
thymus, 13%; spleen, 37%; Gardner lymphosarcoma, 32%; and
Ehrlich ascites tumor, 23%. This author also found that intact
tumor cells formed from 2 to 5 times as much pentose from glucose
as did normal lymphatic cells.

Wenner et al. (503) studied the fate of labelled glucose in a
number of normal and tumor tissues, in terms of conversion to
lactate and to C'*O; via the Embden-Meyerhof pathway and the
alternate pathway (hexose monophosphate shunt). From 2 to 16%

of the total glucose disappearing in normal and tumor tissue was.

oxidized via non-Embden-Meyerhof pathways. In tumor, 77-94%
of the total glucose undergoing catabolism was first converted to
lactate, but the lactate was a transient intermediate rapidly being
converted to CO; and other substances.

Thus studies of enzyme and coenzyme levels, as well as studies
with specifically labelled glucose, indicate the presence of the

hexose monophosphate shunt in tumors. Quantitatively, the path-
way in tumors appears to be at least as important as in the homol-

ogous normal tissue.

D. THE MEeTaBOLISM OF GLUCOSE-6-PHOSPHATE

Weber and Cantero have studied the metabolism of tumors from
the particular point of view of the fate of glucose-6-phosphate (15,

487, 490, 491). This compound has four metabolic pathways open
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94 II. OXIDATIVE METABOLISM OF TUMORS

to it: isomerization to fructose-8-phosphate followed by glycolysis
via the Embden-Meyerhof scheme; oxidation to 6-phosphogluconate
with subsequent oxidation via the monophosphate shunt; isomeriza-
tion to glucose-1-phosphate prior to conversion to glycogen and,
finally, cleavage by glucose-6-phosphatase to glucose. It is there-
fore a critical intermediate in carbohydrate metabolism, Whereas
there was considerable glucose-6-phosphatase activity (487) in
many normal tissues (liver, 213 units; kidney, 203 units; spleen, 16
units; brain, 11 units), there was no demonstrable enzyme in a
group of rat and mouse tumors (sarcoma 37, adenocarcinoma
EOQ771, Gardner lympbosarcoma, Novikoff hepatoma, and spon-
taneous and aminoazo dye hepatomas of the rat). It should be
noted that some normal tissues including lung and muscle also
showed no activity. During the feeding of butter yellow there was
a decrease in the glucose-6-phosphatase of the liver (436), while
the enzyme was absent from the hepatoma (488). The enzyme was
also absent from fetal liver, but was present in regenerating and
newborn liver, :

Ashmore et al. (15) have found that phosphohexoisomerase,
the enzyme which directs glucose-6-phosphate into the Embden-
Meyerhof pathway, is markedly increased in the Novikoff hepatoma,
while it is relatively unchanged in embryonic and regenerating
liver. Phosphoglucomutase, the enzyme which shunts glucose-6-
phosphate toward glycogen synthesis, is markedly decreased in the
Novikoff hepatoma but not in any of the non-malignant hepatic

states studied. These results are summarized in Table 37. Glucose-—_

6-phosphate dehydrogenase was found to be elevated in the Novi-
koff hepatoma, as other authors have also reported. The result o
the enzyme pattern of the tumor is to favor the Embden-Meyerhof
pathway and the monophosphate shunt in tumor at the expense of
glycogen synthesis.

Glucose- 6-phosphate metabolism was also studied with labelled
glucose (15) in work from the same laboratory. On a per cent basis,
it was found that the Novikoff hepatoma took up 58% as much

glucose as did the normal liver, incorporated 6% as much into

glycogen and 11% as much into fatty acid, oxidized 58% as much,
and converted 400% as much to lactate. Fructose-1,6-diphosphatase,
the enzyme that removes the phosphate in the 6 position from
hexose diphosphate, was found to be absent in Novikoff hepatoma
(491). In embryonic liver the enzyme was 30-40% of the normal
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