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Summary.—Activities of 12 glycosidases and of B-D-glucuronidase were measured
in liver, kidney and in the gastrointestinal tract of rats and mice. The activities
of different enzymes varied not only within one tissue but also among different
tissues. In rats injected with 1,2-dimethylhydrazine, a many fold increase in
N-acetyl-B-D-glucosaminidase, N-acetyl-B-D-galactosaminidase, B-D-galactosi-
dase and a-L-fucosidase was found in colonic tumours and colonic mucosa. These
enzymes were elevated significantly in the kidney of tumour bearing animals as
well. Liver and other parts of the gastrointestinal tract showed an increase only
in N-acetyl-hexosaminidase with the appearance of colonic tumours. In treated
mice, 2 N-acetylhexosaminidases were elevated in colon, duodenum, liver and
kidney. However, in liver and kidney, -D-galactosidase was also significantly

increased.

THE GLYCOSIDASES are a group of
lysosomal enzymes responsible for specific
cleavage of covalent bonds between sugars
(hexoses, pentoses and hexosamines) and
amino acids (asparagine, hydroxylysine,
serine, threonine) or lipid groups, and
also between sequential sugars in carbo-
hydrate containing macromolecules (Beck
and Tappel, 1968). Such bonds are found
in glycoproteins, glycolipids, glycosamino-
glycans and oligo- and polysaccharides.
The distribution of these enzymes has
been documented for mammalian liver
(Weissmann et al., 1967), cerebellum
(Bosmann and Merritt, 1969), and testes
(Caygill, Roston and Jevons, 1966). An
elevation of certain glycosidases in fibro-
blasts transformed by oncogenic viruses
(Bosmann, 1969, 1972) and in the sera of
patients with carcinoma of the lung,
stomach, prostate and breast (Goldbarg et
al., 1959; Woollen and Turner, 1965;
Ayoub, 1967) have been reported. The
present work has been carried out to
study the normal distribution of gly-

cosidases and f-D-glucuronidase in various
rat and mouse tissues, and to investigate
the effect of 1,2-dimethylhydrazine di-
hydrochloride (DMH) on these enzymes
since this carcinogen has been found to
produce rat colonic tumours and mouse
colonic adenomatous polyps which have
a characteristic loss of mucopolysacchar-
ides (Rogers, Herndon and Newberne,
1973; Haase et al., 1973).

MATERIALS AND METHODS

Wistar male rats were purchased from
Bantin and Kingman, Hull, England. NMRI
pure strain male mice were raised in the
Departmental breeding colony. The animals
were fed Oxoid 41B (Oxo Ltd, London) and
water ad libitum. All animals were between
10 and 12 weeks old at the time of starting
the injections.

The treated animals were injected sub-
cutaneously once weekly with 1,2-dimethyl-
hydrazine dihydrochloride (DMH). The rats
and mice were given a weekly dose of 20 mg
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and 20 mg per kg body weight, respectively.
The DMH solution was freshly made up in
sodium EDTA solution each time as described
previously (Haase et al., 1973). The control
animals were injected with sodium EDTA
in saline alone. The DMH injections were
stopped 1 week before animals were killed
for the enzyme studies. In all, 100 rats
and 200 mice were used for this study.

Animals were starved overnight before
the experiment but had unrestricted access
to water.

Preparation of tissue homogenates.—Before
killing, the animals were anaesthetized and
bled by cardiac puncture; then following
cervical dislocation, the liver, kidney, sto-
mach, small intestine and colon were re-
moved. The liver and kidney were cut into
pieces and rinsed a few times with ice cold
saline to remove the blood. The small
intestine was cut into 3 segments, of ap-
proximately equal lengths, and washed
thoroughly with ice cold saline to remove
luminal contents. These segments are desig-
nated as duodenum, jejunum and ileum.
The washed segment was placed on ice
cold glass plate and the mucosa was removed
by applying gentle strokes on the serosal
side with a wooden spatula. The colon
was stretched on a cork board and then
opened by a longitudinal slit. It was
washed with ice cold saline and the mucosa
was removed by applying gentle strokes on
the mucosal side with a microscope slide.
When tumours were present they were
excised before the colonic mucosa was
scraped off.

Mucosal scrapings, tumours, liver and
kidney were first homogenized in ice cold
saline using a Potter—Elvehjem homogenizer
with a Teflon pestle applying 20 non-
turbulent strokes. Aliquots of the tissue
homogenates in saline were re-homogenized
in 0109, Triton X-100 by applying 30
strokes. All these operations were carried
out at 4°C. Tissue homogenates were nor-
mally diluted so that the protein concen-
tration was approximately 4-5 mg/ml.

Estimation of enzymes.—The activities
of a-D-glucosidase (EC 3.2.1.20), B-D-
glucosidase (EC 3.2.1.21), o-L-fucosidase
(EC3.2.1.51), B-D-fucosidase (EC3.2.1.38),
a-D-mannosidase (EC 3.2.1.24), B-D-man-
nosidase (EC 3.2.1.25), o-D-galactosidase
(EC  3.2.1.22), B-D-galactosidase (EC
3.2.1.23), N-acetyl-8-D-glucosaminidase (EC
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3.2.1.30), N-acetyl-B-D-galactosaminidase
(EC 3.2.1.53), a-D-xylosidase (EC 3.2.1.-),
B-D-xylosidase (EC 3.2.1.37) and of B-D-
glucuronidase (EC 3.2.1.31) were determined
in the following manner:

Aliquots of tissue homogenate, containing
about 0-5-1 mg of protein were incubated for
1 h at 37°C with 20 nmol of a p-nitrophenyl
glycoside derivative, or p-nitrophenyl-8-D-
glucuronide and 50 pmol of sodium citrate
buffer, pH 4-2 in a total volume of 1 ml.

The substrates used were p-nitrophenyl-a-
D-glucoside, p-nitrophenyl-g-D-glucoside, p-
nitrophenyl-a-L-fucoside, p-nitrophenyl-8-D-
fucoside, p-nitrophenyl-a-D-mannoside, p-
nitrophenyl-B-D-mannoside, p-nitrophenyl-a-
D-galactopyranoside, p-nitrophenyl-g-D-gal-
actopyranoside, p-nitrophenyl-N-acetyl-8-D-
glucosaminide, p-nitrophenyl-N-acetyl-B-D-
galactosaminide, p-nitrophenyl-a-D-xylopy-
ranoside, p-nitrophenyl-g8-D-xylopyranoside
and p-nitrophenyl-B-D-glucuronide. p-Nitro-
phenol was used as a standard.

The reaction was terminated by the
addition of 1 ml of ice cold 0-4 mol/l glycine—
NaOH buffer at pH 10-5. The mixture
was centrifuged at 5000 g for 10 min and the
optical density of the released p-nitrophenol
present in the supernatant fluid was measured
at 400 nm with a Unicam SP 1800 spectro-
photometer. The rates of hydrolysis were
calculated from these data and a standard
p-nitrophenol concentration curve. Units
used here are nmol of p-nitrophenol liberated
per h per mg of protein. According to the
determination of the activity made at 15 min
intervals, the rate of reaction was linear for
at least 4 h. Two controls were run, with
water replacing the enzyme or the substrate.
The sum total of optical densities of the
2 controls was subtracted from the experi-
mental optical density values.

Total protein was determined using
biuret reaction method (Hubscher, West
and Brindley, 1965). Crystalline bovine serum
albumin was used as a standard.

Chemicals.—All chemicals used were A.R.
grade. p-Nitrophenol and the substrates
were obtained from Sigma Chemical Co.
Ltd, London, except p-nitrophenyl-a-D-xylo-
pyranoside and p-nitrophenyl-8-D-xylopyra-
noside which were purchased from Koch-
Light Laboratories Ltd. DMH (1,2-di-
methylhydrazine dihydrochloride) was ob-
tained from Aldrich Chemical Co. Inc.,
Wisconsin, U.S.A.
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RESULTS

Initial experiments were carried out
to characterize the substrate and pH
optima of 12 glycosidases and of #-glucur-
onidase of various tissue homogenates of
rats and mice. Activities of all these
acid hydrolases in all the tissues tested
were maximal at pH 40-4-5. In the
presence of 20 nmol substrate, the rate
of enzyme reaction was linear with a
protein concentration as high as 5-0 mg
in the incubation mixture.

Normal distribution of enzymes in rats and
mice

The data on activity of lysosomal
enzymes in control rat gastrointestinal
tissues, liver and kidney are given in
Fig. 1, 2, 3. The activity of enzymes
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activity enzymes which released >1-0
nmol of p-nitrophenol/h/mg of protein,
medium activity enzymes which liberated
0-5-1:0 nmol of p-nitrophenol/h/mg of
protein and low activity enzymes which
released <{0-5 nmol of p-nitrophenol/h/mg
of protein. The distribution of 13 en-
zymes in the tissues of control rats can
be summarized as follows:
fB-D-galactosidase, N-acetyl-f-D-galac-
tosaminidase, N-acetyl-£-D-glucosamini-
dase and a-L-fucosidase were found to
be more active than any other glycosidase
in colonic and small intestinal mucosa.
Although the difference in the activities
of these enzymes between different regions
of the gastrointestinal tract was not
significant, the enzyme activities seemed
to decrease from the colonic to the duo-
denal end of the intestine (Fig. 1, 2).
The activity of a-D-glucosidase, which is

JB—D-GLUCOSIDASE
B-D~MANNOSIDASE
B-D-GLUCURONIDASE
o-D—XYLOSIDASE
B-D-FUCOSIDASE
oc-D-GLUCOSIDASE
B-D=XYLOSIDASE
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Fic. 1.—Abscissa: enzyme; ordinate: nmol of p-nitrophenol released/h/mg protein.
and B-D-glucuronidase activity of normal rat colonic mucosa (),
1,2- dlmethylhvdrazme injected animals (NN)

Glycosidases
colomc mucosa of
and colonic tumours (E7EJ). Each enzyme

40 normal and 50 treated rats were used in 10 and 16 experiments

respectively. The treated rats had a minimum of 20 injections of DMH.
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Glycosidases

and B-D-glucuronidase activity in liver (Fig. 3A) and kidney (Fig. 3B) of normal rats ([T])

and 1,2-dimethylhydrazine treated animals (NN).

animals used were the same as those in Fig. 1.

very low in colon but relatively high in
the small intestine, seemed to increase
from the ileal to the duodenal end of the
small intestine (Fig. 1, 2). All other
glycosidases were of medium or low
activity in the intestinal mucosa. g-D-
glucuronidase levels were also low in the
intestinal tract. The distribution of gly-
cosidases in the gastric mucosa was
slightly different from that in the in-
testinal tract. On the molar basis, f-D-
galactosidases and 2 N-acetylhexoamini-
dases were high, a-L-fucosidase a medium
enzyme and all other glycosidases and
f-D-glucuronidase were low enzymes (Fig.
2D).

In kidney, the distribution of glycosi-
dase and of f-D-glucuronidase was fairly
similar to that in the small intestine,
except that a-D-glucosidase showed low

The values are mean +s.e. and the

activity (Fig. 3B). In liver only 2 N-
acetylhexosaminidases showed high acti-
vity whereas all other glycosidases were
of medium or low activity (Fig. 3A).
f-D-glucuronidase, a medium enzyme in
liver, was found to be relatively higher
in this tissue than in any other studied.

In murine tissues, the levels of N-
acetyl-f-D-glucosaminidase and N-acetyl-
f-D-galactosaminidase and p-D-galacto-
sidase were higher than 0-50 units of
enzyme activity whereas most other
glycosidases and f-D-glucuronidase were
lower (Table I).

Changes in tissue glycosidases and p-D-
glucuronidase after DM H treatment to rats
and mice

After about 20 subcutaneous injec-
tions In rats, adenocarcinomata were



GLYCOSIDASES IN DIMETHYLHYDRAZINE-INDUCED COLONIC TUMOURS

found in the colon. The activity of
glycosidases and g-D-glucuronidase was
estimated in these tumours and in various
other tissues of the tumour bearing
animals. The results are given in Fig. 1,
2 and 3 and summarized in Table II.

The levels of N-acetyl-f-D-glucosami-
nidase, N-acetyl-#-D-galactosaminidase
and of p-D-galactosidase in the colonic
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tumours were found to be increased by
3- to 4-fold compared with the control
values. a-L-Fucosidase activity, though
significantly elevated, showed a relatively
small increase (less than 2-fold). After
removal of the tumours, the remaining
colonic mucosa also showed a significant
increase in the activity of. these enzymes
compared with normal colonic mucosa.

TaBLE I.—Qlycosidase Activity* in Tissues of Control Micet

Colon Ileum  Jejunum Duodenum Stomach Liver Kidney

B-D-Galactosidase 0-92 0-86 0-61 0-73 0-66 0-58 0-82
+0-20 +0-15 +0-14 +0-17 +0-14 +0-16 +0-17

N-Acetyl-p-D-Glucosamin- 1-31 2-37 1-45 1-28 1-85 1-09 1-32
idase +0-23 +0-39 +0-17 +0-22 +0-47 +0-25 +0-22
N-Acetyl-p-D-Galactosam- 1-09 2-14 1-37 1-24 1-37 0-83 1-02
inidase +0-19 +0-39 +0-24 +0-29 +0-40 +0-40 +0-24
a-L-Fucosidase 0-37 0-35 0-81 0-84 0-13 0-23 0-06
+0-10 +0-10 +0-24 +0-16 +0-06 +0-10 +0-03

a-D-Galactosidase 0-19 0-03 0-38 0-20 0-05 0-22 0-09
+0-07 +0-00 +0-15 +0-07 +0-00 4+0-11 +0-04

a-D-Mannosidase 0-29 0-08 0-40 0-39 0-08 0-35 0-24
+0-06 40-03 +0-31 +0-14 +0-04 +0-11 +0-13

B-D-Glucosidase 0-12 0-11 0-55 0-35 0-11 0-16 0-11
+0-03 +0-03 +0-31 +0-08 +0-04 +0-06 +0-05

B-D-Mannosidase 0-08 0-02 0-38 0-18 0-04 0-16 0-10
+0-04 +0-00 +0-31 +0-07 +0-03 +0-08 +0-05

B-D-Glucuronidase 0-17 0-13 0-41 0-39 0-08 0-14 0-12
+0-06 +0-04 +0-34 +0-16 +0-04 +0-06 +0-03

a-L-Xylosidase 0-16 0-00 0-12 0-07 0-16 0-58 0-13
+0-03 +0-10 +0-00 +0-08 +0-25 +0-10

B-D-Fucosidase 0-07 0-14 0-57 0-14 0-09 0-13 0-12
+0-03 +0-05 +0-30 40-03 +0-05 +0-07 +0-09

a-D-Glucosidase 0-25 0-68 0-84 0-95 0-12 0-15 0-03
+0-15 +0-27 +0-43 +0-19 +0-08 +0-06 4+0-00

B-D-Xylosidase 0-16 0-05 0-24 0-00 0-01 0-36 0-02
+0-10 +0-05 +0-10 +0-00 +0-18 +0-00

* Enzyme activity = nmol of p-nitrophenol released/h/mg protein.

+ 70 male mice were used in 7 experiments.
Mean + s.e. given.

TABLE II.—Percentage Increase in the Activity of Qlycosidases of Colomic Twmours
and of Other Tissues of Rats Treated with 1,2-Dimethylhydrazine compared with the

Control Values*

Colonic  Colonic Ileal Jejunal Duodenal Gastric
tumours mucosa mucosa mucosa mucosa mucosa Liver  Kidney
N-Acetyl--D-Glucos- 355t 219t 154t 118% 135% 591 144} 131t
aminidase :
N-Acetyl- g-D-Galactos- 314t 236+ 159t 111% 173% 110% 1161 126t
aminidase
B-D-Galactosidase 217+ 14371 N.S. N.S. N.S. N.S. N.S. 841
a-L-Fucosidase 871 61} N.S. N.S. N.S. N.S. N.S. 47%

* Actual enzyme activities of the control and treated rats are shown in the form of histograms in Fig. 1,

2, 3.
1P < 0-005.
1P < 0-025.
N.S. Not significant.

34

Forty control and 50 treated rats were studied.
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However, the increase in enzyme activity
in the DMH treated colonic mucosa was
less than in the tumours. A significant
increase in the activity of N-acetyl-#-D-
glucosaminidase and of N-acetyl-g-D-
galactosaminidase could be observed in
the small intestine, stomach and liver
of tumour bearing animals. In the kid-
ney, the profile of enzyme elevation was
similar to that in the colon. However,
the level of enzyme increase in the
colonic mucosa or colonic tumours was
significantly greater than in all the other
tissues examined. f-D-glucuronidase and
all other glycosidases studied in the
tumours and other tissues of the tumour
bearing animal did not show any signifi-
cant change in their activities compared
with the control levels.

The pattern of glycosidase increase
in various tissues of mice after 30 weekly

N. MIAN AND D. M. COWEN

injections of DMH was quite different
from that in rat tissues. N-acetyl-g-D-
glucosaminidase and N-acetyl-#-D-galac-
tosaminidase were significantly increased
in colon, duodenum, liver and kidney.
A significant increase in the activity
of f-D-galactosidase was also observed
in liver and kidney of the treated mice
(Table III).

Changes in the activity of glycosidases
during the induction of colonic tumours by
DMH

Unlike the changes induced by chronic
DMH treatment, a single dose of this
carcinogen did not produce any change
in the glycosidases of rat tissues. How-
ever, there was a slight rise in some of
the colonic glycosidases after 9 injections

TaBLE II1.—Glycosidase Activity* in Tissues of Mice after 29 Injections of 1,2-Di-
methylhydrazinet. The Values Given in Parenthesis are Percentage Increases

Compared with the Controls

Colon Duodenum Liver Kidney
N-Acetyl-g-D-glucos- 3-28§ (150%) 2-22§ (73%) 2-99§ (174%,) 2-82§ (113%,)
aminidase} 0-69 +0-67 -0-30 -0-39
N-Acetyl-g-D-galactos- 3-38§ (1109%) 2-45§ (97%) 2-95§ (2559%,) 2-11§ (1069,)
aminidase] 0-73 0-38 40-28 +0-39
B-D-Galactosidase] 1-62  (76%,) 0-72 2-35§ (305%)) 1-69§ (1069,)
+0-36 +0-15 +0-58 +0-25

* Enzyme activity = nmol of p-nitrophenol released/h/mg protein.

1 74 mice were used in 8 experiments.
1 Mean values +s.e. given.
§P < 0-05.

TaBLE IV.—Glycosidase* Levels in Rat Colonic Mucosa during Tumour Induction
with 1,2-dimethylhydrazinet

No. of DMH
injections given  Colonic N-Acetyl-g-D- N-Acetyl-§-D-
to rats tumours  glucosaminidase galactosaminidase f-D-Galactosidase «-L-Fucosidase
None — 3-56 3-18 3-95 2-21
+0-68 +-0-45 +0-75 +0-36
1 — 3-45 3-24 3-75 2-12
+0-92 +0-64 +0-75 +0-48
9 — 4-64 4-14 5-05 2-95
+1-25 +0-95 +1-21 +0-35
17 - 6-20 5-25 5-75 3-35
+1-86 +1-26 +1-54 +0-26
20 + 9-45% 8-741 8-50% 4-24%
+1-15 +1-78 +1-75 +0-74

* Enzyme activity

1 The results are average values of three experiments.

= nmol of p-nitrophenol released/h/mg protein.

Mean values --s.e. given.

1 Values significant (P < 0-005) from the preceding values in the same column.
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of DMH and a greater increase in the
activities of these enzymes after 17
injections. A significant increase was
observed only with the appearance of
macroscopic tumours in the colon (Table
IV). Changes in the glycosidases of the
stomach, small intestine, liver and kidney
seemed to occur only at the same time
as colonic tumours were present.

DISCUSSION

This study has shown the normal
distribution of 12 glycosidases and of
fA-D-glucuronidase in rat and mouse
tissues. The characteristics of these acid
hydrolases were similar to those observed
in most mammalian tissues (Hsu and
Tappel, 1964; Bowers and de Duve,
1967; Aronson and de Duve, 1968).
The activities of these enzymes varied
not only among different tissues but also
within a tissue. However, the finding
of high N-acetyl-hexoaminidase levels in
rat gastrointestinal tract is consistent
with data on hydrolases distribution for
most mammalian tissues (Basmann and
Merritt, 1969). The fact that «-L-fuco-
sidase was relatively high in rat intestinal
mucosa is of interest since most mammalian
tissues do not possess a- or f-fucosidase
(Bosmann and Merritt, 1969).

The effect of DMH (>>20 injections)
on glycosidases of different tissues, and
particularly of colon, is of interest as
these enzymes degrade the carbohydrate
moieties of glycoproteins, glycolipids, gly-
cosaminoglycans and  polysaccharides
(Conchie, Findlay and Levvy, 1959).
An increase in the activity of these
enzymes could possibly enhance the cata-
bolism of carbohydrate containing macro-
molecules. It may also explain the lack
of PAS or alcian blue staining in the
sections of colonic tumours (Rogers et al.,
1973; Haase et al., 1973).

Since the mechanism of tumour induc-
tion by DMH is not known, it is difficult
to interpret whether the increased enzyme
activity was a cause of the neoplasia, a
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consequence of the neoplasia, an unrelated
phenomenon or due to chronic DMH
toxicity. It should be pointed out that
since the glycosidases activities were
determined using p-nitrophenyl deriva-
tives, the same activities may not pertain
@ vivo for macromolecule substances such
as glycoproteins, glycolipids and poly-
saccharides (Bhargava and Gottschalk,
1967).

The increase in the activity of 2 N-
acetylhexosaminidases and of p-D-
galactosidase in the colonic mucosa and
of 2 N-acetylhexosaminidases in the rest
of the intestinal tract of the tumour
bearing animals could suggest that the
changes induced by the carcinogen were
not limited to the tumours but were
generally spread throughout the gastro-
intestinal tract. Similar evidence of a
generalized change in the mucosa adjacent
to tumours in man, together with a
decrease in the amount of sulphated
mucopolysaccharides in these areas, has
been suggested by Filipe (1971, 1972).
Springer, Springer and Oehlert (1970)
also found an overall reduction of 35S
uptake by the mucosa in those parts
of the rat colon where tumours are
commonly developed.

Bosmann (1969, 1972), while working
on the fibroblasts, also observed an
increase in certain glycosidases, followed
by transformation of these cells by
oncogenic viruses. The elevated glyco-
sidases could modify the neoplastic cell
surface without causing cell death but
resulting in different patterns of glyco-
peptides and terminal sugars or amino
acid residues of the cell surface. Such
changes in cell surface molecules could
be of extreme importance if the molecules
involved were those concerned with cell
recognition sites, permeability sites or
surface antigenic sites. Such cell surface
changes would undoubtedly be important
in cell to cell interactions such as contact
inhibition metastasis, interaction with
extracellular macromolecules, and might
even be important in the phenomenon
of cellular drug resistance.
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