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This report is part of an initial attempt to study
the relation between tumor growth and the ap
pearance of enzymes in the blood plasma. Accord
ing

to Hill

and

Jordan

(3),

the

concentration

ance of LDII at this stage of the disease : (a) the
volume of tumor reached a critical size such that
the rate of LDII production, by the tumor cells,

of

the enzyme, LDH, in the plasma closely followed
the growth of a tumor, increasing as the tumor
mass

increased

and

decreasing

as the

tumor

re

gressed. Subsequent studies have confirmed this
observation (9).
The accompanying paper (8) correlated the 1ev
el of LDH' in leukemic mice plasma to the severity
of the granulocytic leukemia. When the leukemia
was in its most advanced state, where not only
the bone marrow and spleen but also the liver was
diffusely infiltrated by the tumor cells, the level of
LDH in the plasma was 14 times normal. Two
hypotheses were considered to explain the appear
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Nicotinamide
adenine dinucleotide (NA,D) is used in place of
diphosphopyridine
nucleotide (DPN). Analogs of NAD are
named according to the substituent
replacing either nicotin

amide or adenine with the italicized portion referring to the
analog part of the coenzyme: acetylpyridine
(AP), pyridine
3-aldehyde (PA), thiomcotinamide
(TN), ethylpyridineketone

(EPK), 6-hydroxyethylpurine (6 OHPu), and hypoxanthine
(Hz). The abbreviationLDH designateslacticdehydrogenase.
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was higher

than

the normal

rate

of removal

of this

enzyme, or (b) the liver cells which were displaced
by the tumor were ruptured or in some way af
fected so as to release LDJI and other components
into the circulatory system. This study describes
some substrate specificity characteristics
of the
LDII from several normal organs of the mouse and
an attempt to correlate them to the characteristics
of the LDH in leukemic plasma. From these re
sults the first hypothesis

is considered

more likely

â€”namely, that the LDH appearing at high levels
in the leukemic animal is being released from the
leukemic tumor cells.

MATERIALS

AND METHODS

The experimental
mice were male RF strain,
random-bred within the strain, approximately
10
weeks of age. The leukemia was induced by radia
tion and transmitted
to host mice by intravenous
injection of a suspension of leukemic spleen cells
(8).
NAD and the various analogs were purchased
from Pabst Chemical Co., except for ethylpyridine

ketone adenine dinucleotide and nicotinamide 6hydroxyethylpurine
dinucleotide, which were gifts
from Dr. N. 0. Kaplan. Sodium lactate was pre
pared from commercial lactic acid with sodium
hydroxide (7).
The various organs were homogenized in 0.92M
sodium

344

phosphate

buffer,

pH 7.4 (10 mi/gm

fresh
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SUMMARY

The siteofproductionofthelactic
dehydrogenase(LDH) thatappearsintheplasma
ofleukemicmice has been studiedby technics
employingvariousanalogsof nicotina
mide adeninedinucleotide.
The LDH of severalnormal organswas characterized
and
shown to differ from the enzyme which appears in the leukemic plasma. The most
likely source of the enzyme, based on these studies, is the tumor cell itself.

JACOBSON

AND NIsHIoâ€”Site

weight), in a Potter-Elvehjem-type
homogenizer
with teflon pestle. The homogenates were centri
fuged at 17,000 X g for @0
minutes and the super
natants examined.
LDH activity was assayed in both directions
at @7Â°â€”@8Â°
C. First, the oxidation of NADH by
pyruvate was measured (8). The second assay was
of the reduction of NAD by sodium lactate and
was measured

@

phosphate

buffer,

Lowry

albumin

et al. (6), with

crystalline

bovine

plasma

345

of LDH

the lower concentration
of lactate decreased with
the series NADH > NM) > NHxD > APHXD
> APAD > TNAD > PAAD, with the inter
change of APAD and TNAD in this series at the
higher concentration
of lactate. Because of the
low ratewith PAAD, as wellas some chemical
instability,
this analog was less useful. Another
analog, EPKAD, was observed to undergo chemi
cal reduction at pH 10 but was stable at pH 8.3.

7

8

9

$0

11

12

pH
CHART

plasma.

1.â€”pH

Buffers:

optimum

Tris

of lactic

maleate

dehydrogenase

0.1% as for pH

in leukemic

7-8.6,

sodium

aspartate 0.1%as for pH 9.2-11.05. Reaction also contained
0.001asNAD, 0.025assodium lactate,
and leukemic plasma
containing 10 times the normal lactic dehydrogenase
activity.

C

E

used as a reference.
RESULTS

Relative rates of reaction with anoiog8 of NAD.â€”

@

The affinity of LDH for lactate varies depending
on the structural configuration of the electron ac
ceptor (5); certain changes in the NAD molecule
have more profound effects than others. No at
tempt has been made to obtain a definitive mean
ure of substrate-enzyme
affinity, but in Chart
the
general relation between the lactate concentration
and the rate of its oxidation is illustrated.
The
comparison of lactic dehydrogenases from various
tissues was made in two ways : (a) by measuring
the ratio of activities obtained at 0.1 M and 0.01@5
M lactate

with

NAD

or its analog

and

(b) by meas

0.01

CHART 2.â€”Substrate

0.03
Q05
Q07
Q09
LACTATE CONCN.(U)
concentration

0.11

vs. rate of heart

LDH

comparing NAD and analogs. Assay conditions (by NAD re
duction) as described in â€œMethodsâ€•
except that lactate con

uring the ratio of activities between two analogs
centration
was varied as shown, and an aliquot extracted
at eitherthe highor low concentration
oflactate. 227 pg. of mouse heart (fresh weight) was used except
In most normal organs of the mouse the rate at
assay of PAAD where 4.5 mg. was added.

from

in the
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@

in O.0@5 M glycine

pH 10.0, 1 mM NAD or its analog, and 0.10 M or
0.01@5 M D,L-sodium lactate and
volume of plas
ma or tissue extract. The pH for the second assay
was selected on the basis of a pH dependence curve
obtained for a leukemic plasma LDH (Chart 1).
The rate of the enzymic catalysis at the two con
centrations of lactate was proportional to enzyme
concentration
at enzyme dilutions which gave an
optical density change of less than 0.15 in 5
minutes.
The spectrophotometric
constants
employed
were essentially as compiled by Siegel et al. (10);
thionicotinamide
analog was observed at 395 m@.
Ratios between high and low concentrations of lac
tate were calculated from the linear portion of the
rate curve. In comparing different analogs at a
single lactate concentration
the observations on
NAD, APAD, APHXD were made at 350z@, and
millimolar extinction coefficients of 5.71, 8.08, and
8.1@, respectively, were employed. The ratios re
ported were obtained from reaction rates that were
obtained simultaneously,
thus eliminating
such
variables as temperature, enzyme dilution, and ag
ing. An enzyme unit is defined as a change in opti
cat density at 340 m@sof 0.001 per minute at
C.
by measuring the oxidation of NADH.
Protein was determined
by the procedure of

of Production
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No measurable reaction occurred in the absence
of enzyme between the other analogs and lactate
under the conditions of the assay.
Comparison of leukemic plasma with normal or

addition to the qualitative alteration in the LDH
of liver and spleen resulting from the leukemic
condition there also occurs a quantitative
change

gana.â€”Table

is enlarged it is extensively invaded by the tumor
cells and, as shown in Table 3, the LDH activity
is 1.7â€”@
times the normal mean value. The plasma
LDH values, measured in four of the five leukemic
animals referred to in Table 3, were 4,300; 4,900;

1 shows

the LDH

characteristics

as

a ratio of activity of high to low lactate or py
ruvate concentration.
The leukemic plasma was
found to differ from the normal plasma and to
resemble that of liver, spleen, muscle, and bone
marrow. Distinguishing
ratios were found in or
gans other than these four in the case of one or
more analogs. Thymus was differentiated
from
leukemic plasma on the basis of the APAD and
APAD as well as others, brain by all three values
studied, and finally the lymph nodes by three of
the analogs employed.
Comparison ofleukemic plasma with leukemic and
normal organs.â€”Since the LDH characteristics of
several normal organs were indistinguishable
from
one another as well as from leukemic plasma

clearly

@4,4OO;and

seen

in

40,000

the

spleen.

units/mi.

Where

The

the

spleen

estimated

extent

of invasion of the liver in these mice was @0,15,
@5,and 60 per cent, respectively; it was 75 per cent
in the fifth mouse. Since the spleen has approxi
mately 108,000 units of LDH/gm
fresh weight,
the values reported in Table S probably were unaf
fected by the LDH contributed
from the blood
plasma in the organ.
also, since the LDH

From another consideration,
levels in the leukemic livers

did not rise, the possible effect of plasma LDH on
the spleen values is considered negligible. The
slight

depression

in the liver LDH

level

(statisti

(Table 1), another seriesof analogcomparisons cally insignificant
@

was performed in which the relative reactivities of
a given pair of analogs of NAD were obtained at
a given concentration
of lactate. In Table
the
data show that normal liver, spleen, and blood
cells can be distinguished from leukemic plasma,
whereas the normal muscle enzyme cannot. The
normal spleen and liver appear to be similar to
each other but different from the leukemic plasma,
thus eliminating what was considered a possible
source of the enzyme (see introduction).
The rela
tive lack of involvement

of skeletal

muscle

in the

form of leukemia studied (8) would make this or
gan an unlikely candidate for the origin of the
LDH that appears in conjunction with the leu
kemic condition. Therefore attention was directed
to the tumor cells.
Although the blood was considered as a source
of granulocytes, it was not used because technics
are not available

contamination

to prepare

granulocytes

by erythrocytes,

ing an appreciable

level

without

the latter contain

of LDH

(1@). Since

the

enlarged spleen of the leukemic mouse is estimated
histologically to be composed primarily (80â€”90per
cent) of the invading leukocytes (8), this organ, in
the leukemic condition, was considered the most
representative
source of the tumor cells. Therefore,
extracts were prepared in the usual manner and
examined.The results,
appearinginTable @,
show
a marked correlation
ofanalogratiosbetween the
leukemicplasmaand both theleukemicspleenand
leukemic liver, thus suggesting the hypothesis that
the high levels of LDH result from a release of
this enzyme from the tumor cell.

at the 95 per cent confidence
level)may indicate
thattumor cells
have a lower
specific
activity
of LDH than liver,
but thispos
sibility
remains to be exploredwith liversmore
extensively invaded.

DISCUSSION
The appearance of an abnormally high level of
an enzyme in the blood plasma is indicative of the
malfunction of certain regulatory mechanisms in
the organism. In the case of the high level of LDH
which is associated with the terminal stage of
granulocytic leukemia in the mouse, there are sev
eral possible sites of such malfunction
sidered. First, the behavior of normal

tumor-bearing
manner

leading

to be con
tissues in a

animal might be affected in some
to a release

and/or

thesis of the LDH normally

increased

syn

present in the organ,

but this possibility is not likely, since the LDH
of the normal organs examined had characteristics
unlike the leukemic plasma of LDH. There were
two exceptions

to this conclusionâ€”namely,

tal muscle and bone marrow.

skele

The former is con

sidered as an unlikely source of LDH, since it is
relatively
uninvolved
in this leukemia; with regard

to the latter, the bone marrow is probably
source of the enzyme, since it constitutes
volume

of the

animal

and has less LDH

not the
a small
per unit

protein than most organs (unpublished results).
The second possibility to consider is the â€œfac
torâ€• or virus reported

by Riley

(9) which

often

is

associated with transmissible tumors and causes an

abnormally high level of LDH in plasma. The data
in the accompanying
paper (8) did not show the
LDH level in normal and leulcemic organs.â€”In rapid rise in LDH that is reported to occur after
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PAAD, kidney by four of the six analogs, heart by

most
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QUANTITY

OF LDH

IN NoRMAL

AND LEUKEMIC

ORGANS
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ACTIVITY(Units/mg

OantsEwz@sa
weight)Spleen,

fresh

protein)(Units/mg

REFERENCES

normal
Spleen, leukemic

1,868 Â±104

108 Â±1%

Liver, normal
Liver, leukemic797Â±104*

2,318Â±437
2,078Â±48755Â±12

208Â±35
155 Â±35

Units

of LDH

were determined

by the assay

involving

NAD and 0.1 H lactate and taken from determinations made
in Table 2. Three normal and five leukemic organs were ex
amined; the leukemic plasmas (see text) varied by a factor of

10 among themselves, the two lowest being about twice the
Standard

Coenzymes.

ase Activity in Mice with Transplantable
Cancer Res., 17:144â€”47, 1957.

Finally, the most likely hypothesis remaining is
that a variety of materials, including LDH, are
released from the tumor cells into the plasma. Sup
porting evidence in Table
shows a similarity of
plasma

LDH

to the leukemic

liver

and spleen enzyme. Incidental to the hypothesis, an
increased amount of LDH was observed in the
leukemic

spleen,

indicating

that

tumor

cells have

a higher level of LDH than spleen cells. The main
unexplained finding is the correlation found be
tween the elevated level of plasma LDH and the
diffuse

infiltration

Leukemia.

4. K@&pi@,N. 0. In: S. P. Cowwicx and N. 0. KAPLAN
(eds.), Methods in Enzymology, 2:475. New York: Aca
5. KAPLAN,N. 0. ; Cscyrri, M. M. ; HAMOLSKY,M. ; and

deviation.

the leukemic

132: 1548â€”50, 1960.

3. Hii@, B. R., and JORDAN,R. T. Serum Lactic Dehydrogen

BIEBER,

@

Science,

2. Hiu., B. R. Further Studies on the Fractionation of Lactic
Dehydrogenase
of Blood. Ann. N.Y. Acad. Sci., 75:304-10,
1958.

demic Press, 1955.

normal level in plasma.
*

1. DixoN, M. Nomenclature of the Nicotinamide Nucleotide

of the liver.

Even

prior

to this

stage, the other organs involved (bone marrow and
spleen) have been diffusely infiltrated, but usually
no increase in plasma LDH is found (8). The dif
fuse infiltration of the liver may not be suggestive
of a specific liver involvement as much as an mdi
cation that the tumor mass, distributed among the

R.

Enzymes.

E.

Molecular

Science,

Heterogeneity

131:392â€”97,

and

Evolution

of

1960.

6. LOWRY, 0. H.; ROSEBROUGH, N. J. ; FAust, A. L.; and
Roan, J. R. Protein Measurement
with the Folin Phenol
Reagent. J. Biol. Chem., 193 :265â€”75,1951.
7. NIELAiiDS,

J. B. Lactic

Dehydrogenase

of Heart

Muscle.

In: S. P. COLOWICK and N. 0. KAPLAN (eds.), Methods in
Enzymology, 1:449â€”54. New York: Academic Press, 1955.
8. NisHlo,

K. ; JACOBSON, K. B. ; JENKINS, V. K. ; and UPTON,

A. C. Studies on Plasma Lactic Dehydrogenase in Mice
with Myeloid Leukemia. I. Cancer lIes., 23:340â€”43,1963.
9. RILEY, V., and WROBLEWSKI, F. Serial Lactic Dehydrogen
ase Activity in Plasma of Mice with Growing or Regress
ing Tumors. Science, 132:151â€”52, 1960.
10. SIEGEL, J. M. ; MONTGOMERY, G. A. ; and BocK, R. M.
Ultraviolet
Absorption Spectra of DPN and Analogs of
DPN. Arch. Biochem. Biophys., 82:288â€”99, 1959.
11. VESELL, E. S., and BEARN, A. G. The Heterogeneity
of
Lactic

and

Malic

Dehydrogenases.

Ann.

N.Y.

Acad.

Sci.,

75:2.86â€”91,
1958.
12. WROBLEWSKI, F., and LA DUE, J. S. Lactic Dehydrogenase
Activity in Blood. Proc. Soc. Exp. Biol. Med., 90:210â€”13,
1955.

Downloaded from http://aacrjournals.org/cancerres/article-pdf/2378342/cr0230030344.pdf by guest on 05 December 2022

various organs, has reached a critical size, and a
injection of this virus but rather a strong tendency
variety of tumor cell components,
including LDH,
to rise only in the terminal stage of the leukemia.
Therefore, it is not likely that the LDH virus (9) are released as a result of either an active secretion
or cell lysis. Further experiments may be able to
provides the explanation for the increase in LDH
distinguish between these two mechanisms.
observed in the present study, but this suggestion
The existence of several forms of LDH that
does not pertain to the possible viral etiology for
differ in electrophoretic
mobility has been reported
the leukemia process itself.
(@,11). The assumption was made in the present
The third possibility is that the tumor cells,
study that the various forms of the enzyme would
upon invading an organ, cause the displacement
and ruptureofnormalcells;
but againtheevidence be released impartially and equally and that the
would represent
does not support the hypothesis that the LDH is substrate affinity characteristics
of the individual
released
from normalcells,
whetherby destruction the accumulative characteristics
enzyme forms from a given organ. Finding a high
of the cell or by malfunction of regulatory mecha
correlation between the LDH of leukemic plasma
nisms.
and of leukemic spleen and liver supports this as
TABLE S
sumption.

