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Summary

The effects of diclofenac, an inhibitor of prostaglandin synthesis, were studied on the acute radiation
syndrome elicited in mice by fractional irradiation. Several haematological parameters were evaluated
in mice irradiated with 5x2 Gy and 3x, 4x, or 5x3 Gy (intervals between fractions 24 h) from a $Co
gamma-ray source. The animals were treated with diclofenac either before each fraction or only once
before the last fraction. The survival of mice was recorded after the irradiation regimen of 5x3 Gy
followed by a "top-up” dose of 3.5 Gy given 24 h after the last radiation fraction. Statistically significant
enhancement of the endogenous spleen colony formation and of leukopoiesis was found in mice treated
with diclofenac repeatedly, as compared with both saline-treated irradiated controls and animals
administered a single diclofenac dose, if a sublecthal total radiation dose had been accumulated.
However, following accumulation of a lethal total radiation dose, slightly impaired survival was
observed in mice given diclofenac. It follows from the results that diclofenac is a suitable drug for
enhancing leukopoiesis impaired by sublethal fractionated irradiation. Nevertheless, undesirable side
effects of this drug negatively influence the survival of experimental animals following a lcthal
accumulated radiation dose.
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Introduction

Inhibitors of prostaglandin synthesis, such as
indomethacin and diclofenac, have been reported to
enhance postirradiation recovery of haemopoiesis if
given alone to mice in protective (Kozubik et al. 1989,
Nishiguchi et al. 1990) or therapeutic regimens
(Kozubik et al. 1987, PospiSil et al. 1986, 1989,
Serushago et al. 1987), or if administered in
combination with sulfhydryl compounds (Kozubik et al.
1990, 1991) or immunomodulators (Pospisil et al. 1992,
Fedoroc¢ko et al. 1994). The haemopoiesis-enhancing
effects of inhibitors of prostaglandin synthesis in
sublethally irradiated animals are supposed to be due
to the fact that prostaglandins, especially those of the E
series, inhibit the proliferation of haemopoietic
precursor cells and play a role in the negative feedback
control of myeloid cell proliferation (Fontagné et al.
1980, Kurland and Moore 1977, Pelus 1989).

The above-mentioned papers dealing with
pharmacological interventions with inhibitors of
prostaglandin synthesis were aimed at assessing the
suitability of the treatment in animals irradiated with a
single dose. Recently, we have shown that one of the
widely clinically used inhibitors of prostaglandin
synthesis, a non-steroidal anti-inflammatory drug
diclofenac  (Menassé et al. 1978) enhanced
haemopoiesis in repeatedly irradiated mice (6x2 Gy
delivered during three weeks), especially in
combination with a soluble glucan derivative,
carboxymethylglucan (Hofer ef al. 1993).

The purpose of the experiments reported here
was to investigate in more detail the ability of
diclofenac to influence the response of mice to
fractionated radiation treatment consisting of three to
five radiation fractions given in 24-h intervals.
Haemopoietic recovery and the survival of mice were
used as indices of the radiation damage.
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Methods

Male (CBA x CS7BL/10)F1 mice, 3 months
old of 25 g mean body weight, were used. The mice
were caged under controlled lighting conditions
(light/dark 12:12) and at a constant temperature of
22+1 °C. Standardized pelleted diet and HCl-treated
tap water (pH 2—3) were given ad libitum.

The mice were exposed to fractional total-
body irradiation from a ®Co gamma-ray source at a
dose rate of 0.4 Gy/min. The individual fractional
doses were of 2 or 3 Gy each; they were given three to
five times, the intervals between fractions being 24 h.
Five fractions of 3 Gy were not lethal; no deaths of
mice were recorded within 30 days after the completion
of irradiation. In order to judge the radiation damage
in terms of lethality, the mice were exposed to 5x3 Gy
and an additional "top-up" dose of 3.5 Gy delivered 24
hours after the last radiation fraction. During
irradiation the mice were placed individually in
chambers in a circular ventilated Plexiglass container.

Diclofenac (diclofenac sodium salt, Sigma)
was dissolved in saline and administered ip. in
individual doses of 0.6 mg per mouse in a volume of
0.2ml 2 h before each fractional irradiation or only
before the fifth fraction. In the survival experiments, no
pharmacological treatment preceded the additional
"top-up" dose.

Material was sampled on days 4, 7 and 10 after
the fifth fractional irradiation dose. Blood samples
were drawn from a fine incision in the tail vein. For
tissue collection, the mice were sacrificed by cervical
dislocation.

The numbers of erythrocytes and leukocytes in
the peripheral blood and the cellularity of the femoral

Table 1

bone marrow were determined using a Coulter
counter.

Smears of peripheral blood were prepared and
stained by the May-Grinwald and Giemsa-
Romanowski methods. Relative and calculated
absolute numbers of granulocytes and lymphocytes
were assessed.

Bone marrow haemopoietic progenitor cells
committed to granulocyte-macrophage differentiation
(granulocyte-macrophage colony-forming cells, GM-
CFC) were assayed by a semisolid plasma clot
technique (Vacek et al. 1990). Briefly, femoral bone
marrow cell suspensions were plated in quadruplicate
using 10 % mouse lung-conditioned medium as the
source of colony-stimulating factors. Colonies (>50
cells) were counted after 7 days of incubation in a
humidified environment at 37 °C containing 5 % CQO;.

Numbers of surviving haemopoictic stem cells
(CFU-S) were determined by the technique of
endogenous spleen colonies on day 10 after the fifth
3-Gy radiation fraction. Grossly visible nodules larger
than 0.4 mm in diameter were counted. The protection
factor derived from the CFU-S survival was calculated
as the equal-effect dose ratio.

Survival of mice irradiated with five 3-Gy
fractions and the "top-up" dose of 3.5 Gy was recorded
daily up to day 30 after the completion of irradiation.

Results of the experiments are given as means
+ S.E.M. The statistical significance of differences in
the haematological parameters was evaluated by the
t-test and Dunnett’s tables for multiple comparisons
with the control (Dunnett 1964), where appropriate.
The differences in survival of mice were assessed by
means of the logrank test (Peto et al. 1977). The level
of significance was set at P <0.05.

Haemopoietic effects of repeated diclofenac administration before each of five 2-Gy fractional irradiations: effects

in bone marrow and spleen

Day? n Treatment GM-CFC Femoral bone  Spleen weight
per femur marrow (mg)
cellularity x 10°

4 10 Diclofenac 465+ 9** 7.83+0.55* 282+0.6
10 Saline 366+22 5.69+0.31 27.1+0.9

7 10 Diclofenac 2708 £280*** 12.77+0.69* 53.6+5.3*
10 Saline 601+25 9.54+0.42 349+2.1

10 10 Diclofenac 2854 +112%** 17.77£0.95 128.3+6.6***
10 Saline 167564 16.66 £0.81 52.0+£35

% _ day after irradiation with the fifth fractional dose; n — number of animals; *, ** *** — significantly higher values
in comparison with saline-treated irradiated animals, P <0.05, P<0.01, P<0.001, respectively.
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Results

Haematological findings in mice irradiated
with five 2-Gy radiation fractions applied in 24-h
intervals, obtained on days 4, 7, and 10 after the last
irradiation, are summarized in Tables 1 and 2. The
exposure of the experimental mice to this radiation
regimen produced a marked decrease of the
haematological parameters studied. In saline-treated
mice, on the fourth day after the last irradiation, the
values of GM-CFC per femur, femoral bone marrow
cellularity, spleen weight, and counts of granulocytes,
lymphocytes and erythrocytes in the peripheral blood
represented 2.9+0.2, 199+1.1, 349+1.2, 494+5.2,
9.9+1.2, and 60.4+1.4 % of the corresponding values
found in non-irradiated control mice. At later
postirradiation intervals, the values of these indices

increased suggesting the onset of recovery. It follows
from the results that all three haematological indices in
mouse haemopoietic organs studied, i.e. numbers of
GM-CFC in the femur, femoral bone marrow
cellularity and spleen weight, are significantly enhanced
in mice administered diclofenac before each radiation
fraction in comparison with saline-treated irradiated
controls in most time intervals studied (Table 1). As far
as the peripheral blood is concerned, granulocyte
counts were found to be significantly higher in mice
treated repeatedly with diclofenac compared with the
controls on days 7 and 10, whereas the lymphocyte
counts were higher only on day 10 (Table 2). On the
other hand, erythrocytes exhibited significantly lower
values on days 4 and 7 in mice which had repeatedly
received diclofenac, as compared with the controls
(Table 2).

Table 2
Haemopoietic effects of repeated diclofenac administration before each of five 2-Gy fractional irradiations: effects
in peripheral blood
Day? n Treatment Granulocytes ~ Lymphocytes  Erythrocytes
in 1 ul of peri- in 1 ul of peri- in 1 ul of peri-
pheral blood  pheral blood  pheral blood x 10°
4 10 Diclofenac 643+99 325+43 539+0.17% %
10 Saline 571+60 447+ 55 6.46+0.15
7 10 Diclofenac 1928 +258** 1282 +285 4.81+0.19%
10 Saline 78073 1101+108 5.69+0.19
10 10 Diclofenac 2164 + 466* 1466 £252* 6.82+0.20
10 Saline 803+124 790+112 6.72+0.20

@ — day after irradiation with the fifth fractional dose; n — number of animals; *, ** — significantly higher values in
comparison with saline-treated irradiated animals, P<0.05, P<0.01, respectively. *, ** — significantly lower values in
comparison with saline-treated irradiated animals, P<0.05, P<0.01, respectively.

In order to find out whether repeated
diclofenac administration before each radiation
fraction is necessary for obtaining the haemopoietic
effects observed or whether only one diclofenac dose
would suffice, two further experiments were performed
using irradiation with 4x3 Gy. Mice were given either
diclofenac before each radiation fraction or in a single
dose before the last fraction; estimations were
performed on day 10 after the last irradiation. Values
of four representative haematological parameters, i.e.
endogenous spleen colonies, GM-CFC per femur,
spleen weight and leukocyte counts in the peripheral
blood are shown in Figure 1. Though the single
diclofenac dose led to a significant increase in all the
haemopoictic parameters in comparison with saline-

treated control animals, the repeated administration of
diclofenac was followed by further significant
enhancement in three of the four parameters.

Another series of experiments was aimed at
evaluating the haemopoiesis in mice given three, four
or five 3-Gy radiation fractions in 24-h intervals, on day
10 after the last irradiation. It should be mentioned
that, following the irradiation with the total dose of 15
Gy (5x3 Gy), 30 % of the mice treated repeatedly with
diclofenac died before the day of sampling, i.e. before
day 10, though this total dose was found to be sublethal
in non-treated mice. Figure 2 shows the radiation
inactivation curves for endogenous haemopoietic
spleen colonies in mice treated repeatedly with
diclofenac or saline before each radiation fraction. The
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survival curve for the diclofenac-treated mice was
significantly displaced by about 5.4 Gy to the right of
the curve for the controls. The slopes of the curves did
not differ, however. The protection factor derived from
CFU-S survival and induced by the repeated treatment
with diclofenac was calculated to be 1.4 within the
range of the radiation doses used. These results suggest
that the protective action of diclofenac does not lose its
effectiveness by repeated administration. If the single
protective actions had gradually lost their efficacy, this
could have been observed as an increase in the slope of
the survival curve for CFU-S.
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Fig. 1

Numbers of endogenous haemopoietic spleen colonies,
numbers of femoral bone marrow GM-CFC, spleen
weight, and numbers of leukocytes in peripheral blood on
day 10 after completion of fractionated irradiation with 4
x 3 Gy in 24-h intervals. Fourteen mice per group were
used. A — mice given diclofenac before each radiation
fraction. B — mice given diclofenac before the last
fraction and saline before the preceding three fractions. C
- control mice given saline before each fraction. b, ¢ -
the values are significantly higher (P<0.05) in
comparison with those of the B or C group, respectively.

Values of peripheral blood haematological
parameters on day 10 after the last of three, four, or
five 3 Gy fractional radiation doses are shown in Table
3. Repeatedly administered diclofenac significantly
clevated the numbers of both granulocytes and
lymphocytes. Erythrocytes were found to be decreased
in diclofenac-treated mice in comparison with saline-
treated controls after all the three total radiation doses;
however, the difference did not reach the 0.05 level of
significance.

ENDOGENOUS SPLEEN COLONIES

I 1 1

9 12 15
TOTAL DOSE (Gy)

Fig. 2

Numbers of endogenous haemopoietic spleen colonies
on day 10 after irradiation with the last of three, four, or
five 3-Gy radiation fractions (interval between fractions
24 h). Closed circles — mice given diclofenac before
each radiation fraction. Open circles — control mice
given saline before each fraction. Numbers of animals in
groups are given next to each circle. **, *** — the values
are significantly higher in comparison with those of
control mice (P<0.01, P<0.001, respectively). a — the
group consisted originally of 10 mice; 3 of them died
before the day of sampling.
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Survival experiments were performed with the
aim to assess the effects of repeated administration of
diclofenac on the mortality of mice irradiated with five
3-Gy radiation fractions and the "top-up" dose of 3.5

Gy (Fig.3). The mice which had been administered
diclofenac before each of the five 3-Gy fractions
exhibited slightly (insignificantly) impaired survival in
comparison with the saline-treated controls.

— DICLOFENAC
----SALINE

Fig.3

Survival of mice irradiated with five
3-Gy radiation fractions and a "top-
up" dose of 3.5 Gy 24 h after the last
fraction. Mice were treated with
diclofenac before each of the
radiation fractions. Control

PERCENTAGE SURVIVAL

irradiated mice were given saline in
the respective time intervals. Each
group consisted of 20 mice.
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Table 3

Effects of repeated diclofenac administration before each of three, four or five 3-Gy fractional radiation doses on

peripheral blood cells on day 10 after the last irradiation

Radiation n Treatment Granulocytes  Lymphocytes  Erythrocytes
dose in 1 ul of peri- in 1 ul of peri- in 1 ul of peri-
pheral blood  pheral blood pheral blood x 10°
3x3 Gy 10 Diclofenac 672+ 85*** 566+ 85* 5.40+0.15
10 Saline 291+21 371+29 5.61+0.13
4x3 Gy 9 Diclofenac 847 +143** 557+69 494+0.23
10 Saline 396+ 56 410+ 56 5.68+0.29
5x3 Gy 7" Diclofenac 685+ 97** 778 £ 115** 3.66+0.70
10 Saline 255+76 37257 5.13+0.46

n — number of animals; *, ** *** — significantly higher values in comparison with saline-treated irradiated animals,
P<0.05, P<0.01, P<0.001, respectively; ® — the group consisted originally of 10 mice; 3 of them died before the day of

sampling.

Discussion

The results of the present experiments have
confirmed the previous findings of haemopoiesis-
stimulating effects of inhibitors of prostaglandin
synthesis in irradiated animals (see Introduction).
Moreover, they suggest that these stimulatory effects
also operate under conditions close to the standard
fractionation schedules used in clinics. Concerning the
mechanism of this protective action, inhibitors of

prostaglandin  synthesis do not modify the
radiosensitivity of haemopoietic cells, but enhance the
proliferation of these cells in the early postirradiation
interval and thus lead to earlier restoration of the
counts of mature blood cells during the later
postirradiation period (Kozubik et al. 1990, 1994).
Thus, the effects of prostaglandin inhibitors cannot be
considered as ‘radioprotection” in the traditional
meaning, but merely as stimulation of postirradiation
haemopoiesis. It was observed (Furuta et al. 1988) that
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the administration of another inhibitor of prostaglandin
synthesis, indomethacin, to irradiated tumour-bearing
mice not only enhanced haemopoietic recovery, but
also increased the tumour radioresponse. An
augmented response of tumours to radiotherapy
following the administration of cyclooxygenase
inhibitors was also reported by others (Besa et al. 1993,
Milas et al. 1990, Teicher et al. 1994). Especially in
connection with these findings, our results showing
enhanced recovery of haemopoietic stem cells and
leukopoiesis by diclofenac in the 24-h fractionation
radiation regimen may be of practical importance.

The parameters of peripheral blood presented
in Table 3 did not show any dependence on the total
radiation dose. The most reasonable explanation seems
to be that the cells of the pertinent haemopoietic
compartments respond to fractionated irradiation by
sufficiently increasing their proliferative rate depending
on the total dose thus overcoming the depletion caused
by irradiation. An analogous phenomenon was
observed by Chaffey and Hellman (1968) on
endogenous spleen colony-forming cells.

Besides this favourable action, also
undesirable side-effects of diclofenac treatment appear
to participate in our experiments. Although the values
of leukocytes in the peripheral blood were found to be
enhanced in mice which had been given diclofenac
repeatedly, erythrocytes were shown to be decreased at
most samplings, often significantly. Since prostaglandin
E; was reported to enhance mouse erythropoiesis in
vivo (Hangoc et al. 1987), the inhibitory effect of
diclofenac on prostaglandin production might explain
this finding. The escape of erythrocytes through the
damaged intestinal wall could also contribute to the
decrease in blood erythrocytes. Nevertheless, we were
not able to substantiate this phenomenon by means of
radioactively labelled erythrocytes in our previous
experiments with single lethal irradiation and
postirradiation diclofenac administration (Hofer et al.
1992). Potential erythropoiesis-suppressing effects of
inhibitors of prostaglandin synthesis would have to be
taken into account if anaemia was supposed to be in
the foreground of the clinical picture following
radiation therapy.

Our finding of slightly impaired survival
following diclofenac administration after accumulation
of high total doses might be due to some undesirable
side-effects of this drug on the gastrointestinal tract,
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