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STUDIES on the ,J-glucuronidase and lactic dehydrogenase (LDH) activities
in rat organs during tumor production by feeding dimethyl-(DMN) or diethyl-
nitrosamine (DEN) have been reported previously (Hoch-Ligeti, Lobl and Arvin,
1964). In continuation of these experiments changes in concentration and intra-
cellular localization of these and some other enzyme systems have been investi-
gated. The enzymes were chosen with regard to their different intracellular
localization. Although there is still considerable controversy about the intra-
cellular localization of some enzymes, the localization of others is so well estab-
lished that their presence in a subcellular fraction permits the conclusion that
certain morphological entities are also present. Succinoxidase is localized in
mitochondria (Schneider, 1946; Schneider and Hogeboom, 1950; reviewed
Schneider, 1959; Green and Hatefi, 1961); f8-glucuronidase and acid phosphatase
are found to be largely localized in the light mitochondrial fractions, which can be
separated as lysosomes (Walker, 1952; de Duve et al., 1955; Appelmans,
Wattiaux and de Duve, 1955; de Duve, 1960). The intracellular localization
of LDH is still controversial; it might be localized both in particulate and non-
particulate cellular material. LDH is thought to be located in the mitochondria
(Nachlas, Walker and Seligman, 1958; Hess, Scarpelli and Pearse, 1958; Brunn-
graber and Abood, 1960), in the microsomes (Novikoff, 1960 and 1961), and one
of the LDH isoenzymes is considered by Vesell and Bearn (1962) to derive from
the nucleus.

Changes in the measurable activity of an enzyme might be the expression of
a change in the number of enzyme molecules, a change in their availability or
in their activity. Different conclusions may be reached if the activity of an
enzyme is calculated per unit weight of tissue, per unit weight of nitrogen, or
per morphological unit, such as a cell or a mitochondrion. A decrease in concen-
tration of the mitochondrial enzyme malic dehydrogenase in the liver of rats
was found during tumor induction by acetaminofluorene, if the calculations were
based on wet weight of tissue; but the difference disappeared if calculations
were based on mitochondrial nitrogen (Hou and Rees, 1961). In the following,
data on succinoxidase, /J-glucuronidase, acid phosphatase and LDH in liver of
rats during treatment with DEN are reported, the concentrations being expressed
per unit nitrogen.
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AIATERIAL AND METHODS

Forty young Wistar rats of either sex, weighing 55 g. on the average, were
used. To 20 rats, freshly prepared DEN at a concentration of 550 jug./ml. was
given by stomach tube five times weekly. Each rat received 0-5 ml. solution per
100 g. body weight; after the body weight reached 200 g., 1 ml. was given. Twenty
control rats received 1 ml. water by stomach tube on the same regime. The
weights of the rats were recorded weekly. The rats were killed in pairs, 1 rat
from the treated and 1 from the control group. Since in the previous experiment
(Hoch-Ligeti et al., 1964) changes in the enzyme concentrations of organs from
rats fed DEN were not observed before about the 70th day, only 3 pairs of rats
were killed in the present experiment during the first 70 days. After that, at
intervals of 7 days, pairs of rats were killed by decapitation with a guillotine and
the blood was drained from the opened arteries of the neck. The bodies and
organs were weighed, portions of the livers were prepared immediately for chemical
and enzymatic investigations; portions of all organs were placed into fixative
for histological studies. The experiment was terminated on the 206th day.

For all enzyme determinations and for cell particle fractionation, 10 per cent
homogenates were prepared in 0 25 M sucrose (except for the ,-glucuronidase
determination in whole homogenates, for which homogenization was carried out
in water), using Elvehjem-Potter teflon-glass homogenizers cooled in ice; homo-
genization was for 2 minutes.

The fractionation was carried out by the method of Schneider and Hogeboom
(1950). The problems encountered in the use of this method are discussed by
Allfrey (1959). In every fraction obtained by the " four-step " sucrose traction-
ation scheme, the nitrogen and the enzyme concentrations were determined.
In separating the particles by differential centrifugation, the greatest difficulty
was the separation of the nuclear fraction and the cellular-connective tissue
debris. After the first centrifugation of the homogenized tissue, the greyish-
brown, light top layer was separated from the bottom red-brown layer which
contained mostly erythrocytes. The top part of the sediment was rehomogenized
with the supernatant fraction and the sediment, after centrifugation, was called
nuclear fraction. The nitrogen and enzyme contents of this fraction varied
greatly. Since it was found that sucrose inhibits the /8-glucuronidase activity
considerably and to a varying degree, the fractions separated by differential
centrifugation were resuspended in distilled water. The mitochondrial fraction
for the estimation of succinoxidase, was resuspended in isotonic phosphate buffer
of pH 7.4.

Balance sheets, comparing the amount of nitrogen and enzymes in the initial
homogenates with that of the sum from the fractions, showed the extent of
recovery.

The enzymes were determined by the following methods:
Succinoxidase: manometrically in a Warburg apparatus (Umbreit, Burris

and Stauffer, 1951): excess cytochrome c, AICl3 and CaCl2 was added to the reac-
tion mixture. One mm.3 oxygen uptake per hour is designated as one unit.

,/-glucuronidase: /8-glucuronidase activity was determined both in tissue
sections and in homogenates. The ,I-glucuronidase activity in homogenates
was determined after 10 minutes and 1 hour incubation by the method of Talalay,
Fishman and Huggins (1946). The addition of saponine or of triton 20 or 100
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did not increase the /I-glucuronidase activity of homogenates prepared in water.
In frozen sections cut 30 1 thick in a cryostat, the /3-glucuronidase activity (I hour
incubation) was determined by an adaptation of the above method (Hoch-Ligeti
et al., 1964).

Acid phosphatase was determined by the method of Bessey, Lowry and Brock
(1946); lactic dehydrogenase by the method of Wroblewski and LaDue (1955);
and nitrogen by the Conway method (1958).

RESULTS

As in the previous experiments (Argus and Hoch-Ligeti, 1961 ; Hoch-Ligeti
et atl., 1964), the feeding of DEN did not affect the appetite, growth or general
well being of the rats up to a timne till tumors as large or larger than the original
liver tissue were present. The weight of the liver of DEN treated rats increased
over that of the controls before gross or microscopic tumors could be found.
The weight of heart, lung, kidney, adrenal and thymus did not differ significantly
between the treated and control rats. The chronology of the morphological
changes in the liver during tumor development was similar to that described
previously (Grundmann and Sieburg, 1962; Hoch-Ligeti et al., 1964). Small
disseminated groups of highly atypical cells were observed on the 107th day and
small multifocal hepatomas were present on the 120th day. After that time all
rats had tumors in the liver. All the tumors were hepatocellular carcinomas and
they were generally larger in the females. One female rat, killed on the 191st day
of the experiment, had metastases in the lung and an early carcinoma in the
kidney.

Because of a possible difference in the response of free and bound fl-glucuroni-
dase to the administration of a carcinogen, the effect of feeding DEN was studied
both in slices and in honmogenates. In Fig. 1 the fl-glucuronidase activitv per
mg. dry tissue in liver slices and homogenates of DEN treated rats is given as
per cent of the controls. The increase in the /f-glucuronidase concentration in
liver slices and hoinogenates is quite similar.

In Fig. 2 the effects of feeding DEN on the activities of succinoxidase, ,-glucu-
ronidase, acid phosphatase and LDH (calculated per mg. nitrogen) are shown as
per cent of the control. The time span represented includes values for lixvers
from the treated rats without morphological changes (till 107 days), with preneo-
plastic changes, and with small and large hepatocellular carcinomas. The succin-
oxidase concentration was decreased below the control from the 107th day.
Similarly to previous findings, the ,8-glucuironidase activity became elevated
around the 70th day. The changes in concentration of these enzymes occurred
rather suddenly and, though the degree varied, no definite increment occurred
as the tumor development proceeded. In the concentrations of acid phosphatase
and LDH of the liver, no significant changes occurred during the whole course of
the experiment.

In 3 large tumors the enzyme concentrations were determined. The concen-
trations of LDH and acid phosphatase did not differ in the tumor and in the
surrounding tissue; the mean succinoxidase concentrations were, per 100 mg.
wet tissue, in the tumor 212 and in the surrounding tissue 807 units. The mean
,/-glucuronidase concentrations were 599 and 405 units, respectively.

In Table I are summarized the findings with total homogenates and with
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subeellular fractions in 17 pairs of rats killed between the 70th and 206th days.
The enzyme concentrations are expressed both as units per mg. nitrogen and as
percentage of the total found in the fractions. If in several rats the enzyme
concentration in a fraction was zero or if the mean of the whole group did not
exceed 10% of the total enzyme recovered, the enzyme concentrations in Table I
are designated " traces ". The total nitrogen of the homogenate, calculated per
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FIG. 1. 3-glucuronidase activity in liver slices and homogenates of DEN treated rats.
A = slices.
A -homogenates.

The ordinate is the ratio of the activity per mg. dry weight for the treated over that for
the control rat studied on the same day.

'iig. wet tissue, is significantly (P < 0.01) lower in the treated rats. The mean
dry weight of liver was 31-5% for the control and 30.500 for the treated rats.
If the nitrogen concentrations are calculated on a dry weight basis, the difference
remains significant. The recovery of nitrogen in the fractions of the centrifuged
homogenate was between 83 and 108%. The changes in the nitrogen concentra-
tion of the fractions are slight, but statistically significant. The nitrogen concen-
tration for the mitochondrial fraction was found to be smaller in the treated than
in the control rats in 13/17 instances, in the microsomal fraction in 11/17, and
it was higher in the soluble fraction in 16/17 instances.
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The enzyme distributions in the subcellular particles follow the same pattern
in treated and in control animals. Succinoxidase was found nearly exclusively
in the mitochondrial fraction, with a slight spill-over into the microsomal fraction.
The concentration of this enzyme in the treated rats is significantly decreased
below that in the controls, both in the total homogenate and in the mitochondrial
fraction. fl-glucuronidase and acid phosphatase activity is present in every
fraction; the largest portion of f-glucuronidase is in the mitochondrial, that of
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FIG. 2.-Enzyme activities in the liver of DEN treated rats during tumor development.
E = succinoxidase.
A = fl-glucuronidase.
* = acid phosphatase.
O = lactic dehydrogenase.

The ordinate is the ratio of the activity per mg. nitrogen for the treated over that for
the control rat studied on the same day.

acid phosphatase in the microsomal fraction. During carcinogenesis the liver
,f-glucuronidase concentrations of the total homogenates and of the mitochondrial
fraction increased significantly. The concentration of acid phosphatase of the
liver homogenate or of its fractions did not differ in the treated and the control
rats.

LDH was found only in the microsomal and the soluble fractions, among
which it was distributed about equally. In the livers during carcinogenesis, in
livers with tumors, or in the tumor tissue itself, an increase of the LDH concen-
tration was not found.

Although the concentration of the succinoxidase in the mitochondrial fraction
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(lecreased in thie treated rat. the proportioni in the sum of all fractions remtiailledl
thie samine in treated and in cointrol rats. The same loldIs trule for the inlcriease of
/I-glucuronidatse. the highest perceintage of w-inch occurre(d in the mitochonidrial
fracltion.

The so-called relative specific activity '. i.e.. the percenitage of total enzym-ne
activitv oVer percentage of total nitrogen i (a fraction has belen calculated (Fig. :3).
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Fie. 3. i\lean relative speteeifie activ'ity of enzymfles Ini 1vet of DEN treated and( control rats.

The means are for 17 rats killedI betvvoeni tlio 70th aind 206thi davs of' experinient,
Ordinate meani relative spoeefic activittv of fractions. Abseissa fr-aetMins are( relirt(1

sented by their relative nitrogeni conitenit. fromi left to right nue11lear. fraetion. uttitoehondtrial
fraetiori. MinCrosotnal fraet ion anid final soluble fract oIL Relatifve sp e('ifie activ ity eItials,
tlio per ccint o)f to tal enz\ mW activitydvddy per cent f t( taIl pro teini liltroget1

The relative specific activity of suiccinioxidlase ini treated rats appears to l)e increased
ini thie mitochonidrial fractioni, buit this resuilt is merely a conisequence of thie
(lecr-ease of the p)ercentage of total nitrogen in the fractioni. rIlhe preseiice of ani
cnzymiaticall-v iniactive niitrogecn-containin(ic compound, in ayv onie fractioni which
mncreases the total niitrogeni ini the sample. wNould give a low nitrogenl perceintagre
ini the subecellular comlpartmnents and( accordingly hiighi relative specific enizyme
aictivities. If' the niitrogeni present in a fraction -were to derive solely fromi enzyme

p)rotein or- if' the relative amounit of' iniert niitrogeni conitaininig com-l)ounds -were
to be conistanit. r-elative specific activity would be ani imp)ortant concept.

Di)CU5510'N

Thle patterni of' the intracellular distributioni of enzymes ini the liver during10
carcinogeniesis (dile to feedinig of ]DEN didI not (liffer fromi that in the fiver of'
tuitreated1 rats. The term precancerous liver- " is avoi(led becauise actuial

I SO:



LIVER ENZYMES DURING CARCINOGENESIS

mnalignant transformation occurs only in a relatively small number of cells, though
morphologic and enzymatic changes can be observed in cells of every part of
the liver. The decrease in succinoxidase activity, determined in the homogenate
or in the mitochondrial fraction, is in agreement with previous findings during
hepatic carcinogenesis caused by different carcinogens, e.g., 1,2: 5,6-dibenzan-
thracene (Hoch-Ligeti, 1947), 3'-methyl-4-dimethylaminoazobenzene (Schneider
et al., 1953) or 2-acetylaminofluorene (Laird and Miller, 1953). The finding
that. although the concentration of succinoxidase was decreased in the inito-
chondrial fraction, its proportion in the sum of all fractions remained unchanged
in rats fed DEN, suggests that a decrease in the number of the morphological
units might be a contributing factor to the change in enzvme concentration. A
decrease in the number of mitochondria in sections of DEN treated rats was found
by direct counting with a computer device (Hoch-Ligeti and Kirsch, unpublished).
In the liver tumor itself the succinoxidase activity per unit weight of tissue was
found to be about one-fourth that of the surrounding liver. It seems justified
to assume that the mitochondria were less numerous than in the surrounding
tissue.

With the separation employed, the largest proportion of /J-glucuronidase was
associated with the initochondria, that of acid phosphata'se with the microsomes.
According to the concept of lysosomes, both enzymes are localized in the same
particles, and probably the lysosoines were not satisfactorily separated in the
)resent experiments.
The increase of /?-glucuronidase concentration in the homogenate and in the

mitochondrial fraction of liver from DEN treated rats is in agreement with the
previous finding, that ,J-glucuronidase activity is increased in many cancerous
tissues (Fishman and Baker, 1956). The possibility of a change in the ratio of
free and intraparticular /J-glucuronidase during carciniogenesis was studied by
comparing the enzyme in tissue slices and in tissue homogenates. Although only
about a third of the enzyme was available in tissue slices, the rate of increase
of enzyme activity in the liver slices and in homogenates of treated rats was
about the same, suggesting that the ratio of free to total /3-glucuronidase was
not modified bv feeding of DEN.

The lack of increase in the concentration of acid phosphatase, presurrably
localized in the samne subcellular particle as /t-glucuronidase, could be explained
if a change in the molecular composition of the particle during carcinogenesis
is assumed.

During develol)ment of hepatic tumors on feeding DEN the total amount and
intracellular distribution of LDH remained unchanged.

The recurring problem of all studies of biochemical alteration. of tissues duLring
carcinogenesis is whether the chainges observed are causally connected with, or
concomitant to the development of cancer. Localization and concentration
of the same set of enzymes as studied in the present work were investigated in
the lung of DEN or DMN treated rats (Hoch-Ligeti, 1966). The changes observed
ini the succinoxidase and f-glucuroniidase concentrations were the sarrme as in the
liver. although they occurred later in the experiment. Since the frequencv of
tumor development differs greatly in the two organs, it is suggested that the
enzymatic changes reflect systemic alterations preparatory and concomitant to
cancer development but that they may not be the necessary final metabolic
step to ineoplastic transformation of cells.
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SUMMARY

1. In rats fed DEN the concentrations and subcellutlar distributions of succini-
oxidase, /-glucuronidase, acid phosphatase and lactic dehydrogenase were studied.
These enzymes were chosen because of their different intracellular distribution.

2. Expressed per mg. nitrogen, the concentrationi of succinoxidase decreased
in the homogenate and in the mitochondrial fraction, that of /I-glucuronidase
increased, the concentrations of acid phosphatase and lactic dehydrogenase
remained unchanged in precancerous liver, in tumor-free areas of livers witl
tumor and in hepatic tunmors.

3. The localization and proportion of the enzymes in the subcellular compart-
ments did not differ in the livers of treated and control rats.

4. The changes in the enzyme concentrationis appear to be a consequence of
changes in the number and in structure of the morphological units in which the
enzyme is localized.

This work was supported by Grant P-2661 from the Charles McCamic Memorial
Grant for Cancer Research from The Ainerican Cancer Society.
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