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Summary. The influence of the treatment schedule of dianhy-
drogalactitol on its effect on the activity of mucosal enzymes in
rat intestine was studied. The effect of a single high dose
(10 mglkg) was compared with that of repeated small doses
(4 X 2.5 mglkg) given at daily intervals. At 48 h after a single
high dose the activities of thymidine kinase, which is a marker of
dividing crypt cells, and of alkaline phosphatase, sucrase,
maltase, xanthine oxidase, which are markers of mature
enterocytes, were strongly depressed. Even 96 h after the
treatment low enzyme activities could be observed. Repeated
small doses caused milder enzyme inhibition and almost total
recovery had occurred by 96 h after administration of the last
dose. The results indicate that fractionation of drug adminis-
tration can reduce the toxic side-effects on the intestinal mucosa
and might be partly responsible for the higher therapeutic index
of such schedules in experimental tumor models.

Introduction

Dianhydrogalactitol is an alkylating hexitol derivative with
favorable antitumor activity. The drug suppresses proliferation
of the tumor, the bone marrow, and the rapidly dividing small
intestinal epithelial cells. In experimental animals that died
following the LDs, of DAG gastrointestinal symptoms, e.g.,
ulceration and inflammation were dominant [19]. In clinical
studies DAG was administered IV in small daily doses (20—30
mg/m?) for 5 days [7], or in high doses (50—160 mg/m?) given
weekly or at longer intervals [10, 25]. The dose-limiting
toxicity was myelosuppression [12]. Diarrhea occurred only
rarely and was mild [3]. Probably the damage to the gut
epithelium remains below the level necessary to elicit severe
clinical symptoms. With the aim of developing appropriate
clinical pharmacologic methods to study the functional con-
sequences of intestinal drug effects, biochemical studies were
undertaken in animals.

Preliminary studies [22] showed that a single high dose of
DAG decreased the activity of TK, the characteristic enzyme
of dividing cells and of AP, MAL, SUC, XO, which are
markers of functional cells of intestinal mucosa. The effect was
time- and dose-dependent and correlated well with cytomor-
phological changes.
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In our present work the effects of a single high dose and
repeated small doses of DAG on the intestinal mucosal
enzymes were compared, to check whether the change of dose
schedule could reduce the damage to the small intestinal
epithelium.

Materials and methods

H-Riop. Wistar outbred male rats (44) weighing 180—200 g
were used in the experiments. DAG, dissolved in physiological
saline, was given IV in three different dosages (Table 1).

Animals were killed 24, 48, or 96 h after the last dose of
DAG together with the untreated controls. For 24 h prior to
sacrifice the animals were deprived of food but had free access
to water.

After sacrifice the entire small intestine was removed
below the ligament of Treitz and washed with 154 mM NaCl
containing 1 mM mercaptoethanol. Intestinal epithelial cells
were isolated according to the method of Weiser [27] as
modified by Kralovdnszky et al. [16]. The method makes it
possible to isolate the villus and crypt cells separately but in the
present experiments, because of the great number of the
samples, we collected the isolated cells in one mixed cell
fraction. This cell isolation method offers a more homogenous
experimental material free from underlying tissues, and the
results obtained refer to the total excised gut length, so that
proximal-distal biochemical changes are avoided.

After centrifugation for 15 min at 1,500 g, the isolated cells
were homogenized in a Potter-Elvehjem homogenizer in
isotonic KCl at +5° C.

For the determination of AP, SUC, and MAL activities
the whole homogenate, and for TK and XO assays the

Table 1. Design of DAG treatments and enzyme determinations

Days of DAG
treatment

Days of enzyme
determinations

0 1 2 3 4 5 7

Single high dose - - - 4% 24* 48 96
Repeated small doses X X X X 24 48 96
Single small dose - — - X — 48 96
Control — - - - 24 48 96

%X, 2.5 mg/kg DAG; 4x = 10.0 mg/kg DAG
# Time after the last dose of DAG (h)



168

100,000 g supernatant fluid were used. AP activity was
determined with p-nitrophenyl phosphate as substrate and the
release of p-nitrophenol was determined spectrophotometri-
cally at 405 nm [2]. SUC and MAL activities were estimated by
measuring the rate of hydrolysis of sucrose or maltose by the
use of glucose oxidase to measure the formation of glucose [5].
TK was measured by determining the conversion of [2-*C]Tdr
to [2-*C]dTMP by the DEAE cellulose disk method [15]. XO
activity was assayed by the formation of uric acid from
xanthine, using the increase in absorbance at 293 nm [21].
Protein was determined by the method of Lowry et al. [17].
Enzyme activities were calculated as umoles per hour and per
centimeter of intestine. Statistical analyses were performed by
using ¢-statistics for two means.

Two animals from each group were subjected to histo-
logical examination. Tissue sections were stained with hema-
toxylin and eosin.

Results

A single high dose (10 mg/kg) of DAG depressed the activities
of all enzymes studied (Fig. 1). By 24 h after its administration
the TK level had already fallen significantly (to 30% —50% of
the control value) and levels of the brush border enzymes (AP,
SUC, MAL) were subsequently also found to have fallen at
48 h after the treatment. This indicates that DAG -acts
primarily on the immature, dividing crypt cells and the damage
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to villus cells is only secondary. If 10 mg/kg was given in four
equal parts, i.e., 2.5 mg/kg of DAG on each of 4 consecutive
days, the enzmye-reducing effect decreased and was significant
only in the case of TK and ALP (Table 2).

The time needed for regeneration was also different. With
a single high dose, all enzyme activities were still depressed
96 h after DAG injection, while after repeated smaller doses
the normal enzyme levels had already been recovered by this
time, with the exception of TK. Nevertheless, the process of
regeneration was not followed further.

The morphologic alterations correlate well with the results
of the enzyme determinations.

At the maximum of the functional changes, which
occurred on day 2 after drug administration, most of the villi
became denuded after the injection of a single high dose. An
intact epithelial cell covering is retained irregularly on some
villi. The crypt cells seem to be morphologically intact
(Fig. 2a).

After repeated small doses the structure of the epithelial
layer is mostly undisturbed; impaired regions are only
occasionally encountered (Fig. 2b).

The effects of three dose schedules of DAG are compared
in Fig. 3.

It appears that neither the rate of enzyme inhibition after
48 h nor the regeneration after 96 h was significantly influ-
enced by administration of the total dose in four equal parts
4 x 2.5 mg/kg, whereas the same total dose given in one single

Fig. 1. Effect of DAG on the mucosal enzymes
of rat intestine. Rats received DAG IV as a single
high dose of 10 mg/kg (M) or four doses of 2.5
mg/kg (2). Animals were killed 24 h (A), 48h
(B), or 96 h (C) after the last dose of DAG.
Enzyme activities are expressed as percentages of
control values. In each group mean values =+ SD
of four animals are given

Table 2. Statistical evaluation of enzyme activity changes after DAG treatment

Time Comparison Enzyme

after DAG

treatment TK XO AP sucC MAL

24h Control vs 1 X 10 mg/kg P < 0.001 NS NS NS NS
Control vs 4 X 2.5 mg/kg P < 0.001 NS NS NS NS
1x10vs 4% 2.5mgkg NS NS NS NS NS

48h Controlvs 1 X 10 mg/kg P <0.001 P <0.05 P <0.001 P <0.05 P<0.05
Control vs 4 X 2.5 mg/kg P <0.001 NS P<0.01 NS NS
1x10vs 4 x 2.5mg/kg P < 0.001 NS NS P <0.001 P<0.05

9 h Controlvs 1 X 10 mg/kg NS NS P < 0.05 P<0.05 P <0.05
Control vs 4 X 2.5 mg/kg NS NS NS NS NS
1x10vs 4x 2.5mgkg NS NS P < 0.01 P <0.05 P <0.05

NS = not significant



Fig. 2. a Intestinal epithelium 48 h after administration of 10 mg
DAG/kg. The villi are denuded; intact epithelial cell covering is
retained at some islands HE x 150. b Intestinal epithelium 48 h after
administration of 4 X 2.5 mg DAG/kg. The functional organization is
well preserved. Loss of epithelial cells is visible only at some sites.
HE X 170

300

Fig. 4. Changes in the enzyme ratios 24 h (a),
48 h (b), and 96 h (¢) after DAG treatment.
They were calculated as follows:
enzyme ratio of the treated animal
enzyme ratio of the control animal
Mean values = SD of four animals are expressed.
X = significantly different from normal control

(P <0.05)

x 100 . 100~

Enzyme ratio in % of control
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Fig. 3. Enzyme activity changes in rat intestinal mucosa cells caused by
different dose schedules of DAG: (@ ®) 1 x 10 mg/kg DAG on
day 3; (A—-—-— A) 1 x2.5 mglkg DAG on the day 3; (O~—-0),
4 X 2.5 mg/kg DAG on days 0—3. Animals were killed on the days 5
and7,i.e., 48 and 96 h after the last dose of DAG (mean values of four
animals are shown)
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injection caused more serious enzyme inhibition and reduced
regeneration.

DAG influenced the various intestinal enzymes to differ-
ent extents; the level of TK, for example, declined much more
markedly than that of ALP. Therefore, not only the activities
of the different enzymes but also the enzyme ratios changed
during the treatment. Biochemical regeneration of the mucosa
means normalization of both the enzyme activities and enzyme
ratios.

All enzyme ratios differed from the control ratios as soon
as 24 h after the last dose of DAG in animals treated with a
single high dose or repeated small doses. By 48 h after
treatment the difference between enzyme ratios of animals
treated according to different dose schedules of DAG became
more pronounced. Enzyme quotients approached the normal
level 96 h after treatment despite the decreased enzyme values
found in the group treated with a single high dose of DAG

(Fig. 4).

Discussion

The influence of various anticancer drugs, in particular
antimitotics and antimetabolites, on the small intestinal
mucosal enzymes has been studied extensively {1, 4, 11, 13,
18]; however, only sporadic results are available on the effects
of alkylating agents. The morphological and functional
disturbances caused by cyclophosphamide have been pre-
sented by several authors [8, 20, 23, 26]. The early signs of
crypt cell damage, i.e., reduction in the number of cells in crypt
columns and slow fall in mitotic index, appear 12 h after the
administration of 100 mg/kg cyclophosphamide. At this time
no changes are seen in the activity of different brush border
enzymes and the in vivo absorption of galactose [8]. These
changes cannot be expected until 24—48 h after the treatment
at the earliest, as up to then the differentiated epithelium can
maintain its function.

In a preliminary study from our laboratory the time course
of the intestinal damage and regeneration was determined
after the administration of 5 mg/kg DAG. The nadir of the
inhibition of TK was found at 24 h but the activity remained
low even at 48 h. The maximum inhibition of the functional
enzymes was not observed until 48 h after DAG injection. The
recovery of all enzymes was completed at 96 h. The morpho-
logic changes closely followed the alteration of enzyme values.
However, histologic regeneration was not yet complete by the
time normalization of the enzyme activities was achieved
[22].

In the present work a 4-day course with daily doses of 2.5
mg/kg DAG was selected, which caused marked tumor
regression in various animal tumor models. The equivalent
total dose of 10 mg/kg, if given on a single occasion, proved
toxic or lethal to the animals [19].

The time of maximal inhibition was not influenced either
by the dose or by the schedule of administration. The extent of
enzyme inhibition and morphologic damage is clearly
dependent on the daily and not on the cumulative dose
(Figs. 1—3). On the other hand, the rate of regeneration is
related to the dose applied. After 2.5 or § mg/kg DAG it is
completed in 96 h, while after 10 mg/kg more days are needed.
A single large dose of DAG damages crypt cells much more
than repeated small doses, and consequently the compensatory
increase of DNA synthesis, as judged from the TK activity, is
much larger after high-dose treatment. Nevertheless, the
replacement of the large number of lost enterocytes takes

longer than after repeated doses. It is thus very likely that
during prolonged treatment the production and maturation of
villus cells are not completely inhibited but proceed at a slower
rate.

The changes in the ratio of brush border enzymes to TK
indicate the functional site of action of DAG within the
intestinal epithelium. At first only the function of crypt cells is
interfered with, as judged by the low TK and almost intact
brush border enzyme activities. The latter are not affected
until 48 h after treatment, while the inhibition of TK deepens.
As a result, the enzyme ratios show a progressive increase up
to 48h and a very quick normalization due to the rapid
increase of TK activity and the sluggish brush border enzyme
regeneration. This dynamics indicates that DAG interferes
with the replacement of specialized cells by blocking the
division of crypt cells. Since 48 h are needed for the production
of mature enterocytes [9], the time course of the damage of the
brush border enzymes provides further support for the indirect
nature of the drug action. Most of the cytostatic agents and
low-dose X-ray treatment have a similar effect on the small
intestine [6].

Alkylating agents are preferably given in a high-dose
intermittent schedule, which is less toxic to the bone marrow.
Comparing high-dose intermittent and 3-day schedules of
DAG treatment, Hernadi et al. [14] found that the number of
CFU, (colony forming units in culture) is much lower in the
bone marrow 24 h after a large dose than following repeated
administration. Regeneration is complete in a week after
either treatment but the number of CFU, oscillates below the
control value for a long time after repeated doses. On the other
hand, treatment with small repeated doses is of significant
advantage in the gut, as it does not lead to pronounced
disruption of the specific cellular organization and enzyme
pattern. Consequently functional damage is probably also
lower. Both schedules were found to produce similar antitu-
mor effects in Walker ascites carcinoma {24], but the
therapeutic index was higher after repeated doses because of
the rare loss of animals due to gastrointestinal toxicity. In fact
the LDy, of DAG can be doubled if the dose is divided into
four equal parts. In summary, we can conclude that the
fractionated dosage of DAG can reduce toxic side-effects on
the intestinal mucosa with no loss of antitumor effect.
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