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Former observations (i, 3, 8, 9, 17,
18) had already revealed alterations in
the intestinal absorption of glucose sub-
sequent to the irradiation, oven when
the results did not elimínate influentes
on gastric emptying, the speed of the
passage through the intestine and other
factors. Detrick et al. (7) saw that rats
which had received 600 r showed a
decrease in the absorption of glucose
at 3 or 6 days, measuring the transport
through segments of intestine in vil-ro
Moss (19) also verified a remarkable de
crease 72 hours after irradiating the in
testine with 700 r.-More recently, and
also measuring the absorption of gluco
se in vitro, Zehnder (31) observed that
by irradiation with 800 r the absorption
of glucose decreases after 7 hours, in
creases at 24 and decreases once again
at 48, a result confinned by Hehl and
Wilbrandt (u), who attribute the first
inhibition to an effect on the adrenals.
The inhibition during the first hours
was not observed, on the other hand, by
Sullivan (26), who verified, neverthe-
less, the decrease after thrce days of
exposure of the intestine to 900 or
1500 r. An initial increase at 22 hours, 

followed by a later increase, has been
reported by Wesemann et al. (30).

In a previous work (16) we demons-
trated that the irradiation of auestheti-
zed rats with lethal doses of X rays
(1200-3000 r) provoked serious altera
tions in the transport capacity of the
intestine in situ, through out the six
hours following the irradiation, as also
the radioprotective effect of cysteamine
(10 nig/100 mg) when it was present
during the irradiation in the segment of
jejunum used for measuring the absor
ben t capacity.

The diversity of the results to be
found in the bibliography dealing with
the effect of the ionizing radiations (X
rays) on the capacity of absorption of
glucose by the intestine, besides the
paucity of data concerning the cffects
of radioprotective substances on these
alterations, has led us to study this sub-
jcct more thoroughly. To this end we
have measured the absorption during 

* This work has bcen supported in part by
the International Atomic Energy Agency,
Vienna (contract N.° 263/RB) and in part
by the «Ministerio de Educación y Ciencia».
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the 96 hours following the X irradiation
with a (lose of 600 r, by means of an
in vivo tcchnique (25) which permits us
to discard gastric emptying and undcr
conditions in which the glucose has to
pass into the blood against a gradient
of concentration.

Material and Methods

The experiments ha ve been carricd
out with adult malo whitc rats, whose
weights werc between 200 and 300 g,
of the Wistar strain, subjected to a
standard diet.

The animáis, not anesthetized and
having fasted for 24 hours previously,
were irradiated inside perforated poly-
thene tubes, using a Siemens*  apparatus
of 200 kV and 10 mA and with a Cu
filter of 0.5 mm.

According as the experiments sugges-
ted, irradiation was practised on the
whole animal, the abdomen only or the
whole body except the abdomen. The
arcas which were not intended to be
irradiated were protected undcr layers
of load with a thickncss of 5 mm.

Tn all these cases the animáis were
subjected to a dose of irradiation of 600
r and their capacity for active transport
was determined al different times. For
this purposc different groups of animáis
were irradiated, which were then ope-
rated on at the most suitable time for
beginning the first absorption 2, 8, 24,
48 and 96 hours after the irradiation.

The active transport of d-glucose has
been studied by the Sois and Ponz suc-
cessive absorption tcchnique (25), under
anesthesia with urethane (120 mg/100
g). In all the experiments was made
use of 2.77 mM d-glucose solution, in

* We wísh of express our thanks to the De
partment of Physical Therapeutics of the
Faculty of Medicine of Barcelona ITniversity
for the facilities afforded for the irradiation
of the animáis.

CINa at 9 0/(10 (154 meq Na+/1), with an
initial volume to be absorbed of 10 mi
and a repletion pressure of the intcstine
of about 8 cm of water, with cannulated
segments of the jejunum of about 20 cm
in length (28).

On each animal four succcssive ab-
sorptions were carricd out, lasting 20
minutes each, with no longer interval
between one and another than the time
needed for washing the intcstine and
changing the Solutions. The rectal tem-
perature of the animáis was kept cons-
tant (+ 0.5 °C) throughout the experi-
ment.

The determinations of the residual
glucose were made according to the
method of Somogyi (24).

The results are expressed in the tables
in average valúes of each group of ani
máis with their standard errors (21) in
micromoles of glucose absorbed per cen
tímetro of intcstine (28). In the figures
the absorption is given as so much per
cent of the normal.

In the experiments with radioprotec-
tive substances we have utilized 2-mcr-
captoethylamine hydrochloride (cystea-
mine, Calbiochem), in a 5 % solution
in, sterilized bi-distilled water which
was administered by intraperitoneal in-
jection, ten minutes before irradiatíng,
in a dose of 10 mg/100 g.

Results *

A. Effecl of Ihe irradiation of the
whole body

A study was made, in the first place,
of the constancy and level of the capa
city of active transport of glucose in a
large group of non-irradiated animáis,
subjected to the same manipulations as
those which were exposed to the action
of the X rays. The intestinal absorption

* The authors are indebted to Miss A. Rubio
for technical assistance.
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of glucosa remaíns practically constant
throughout the four successive absorp
tions.

Two hours aftcr the irradiation with
600 r the absorption is diminished, an
effect which is rather more noticcable
eight hours after having irradiated the
animáis. At 24 hours, 011 the other hand,
it has increased. 48 hours after the
irradiation the absorption is normal, but
it then falls noticeablv, at 96 hours ('Pa
ble I).

In each of these groups the effect
becomcs apparent in the four successive
absorptions carried out on each animal,
in the which absorptions the qnantity
of .sugar absorbed remains practically
constant. Wc can thus observe an initial
dccrcase, followed by an increase in the 

absorbent capacity (24 hours after irra
diation), and later an evident inhibition,
which becomes particularly apparent at
96 hours (Fig. 1).

B. Effect of llie irradial ion of the ab
dominal región only

In order to ascertain whether the ef-
feets provoked by the irradiation of the
whole body were due to an action on
the whole organism or whether they
were also produced by irradiation of the
abdominal región alone, we proceeded
to irradiate the rats with 600 r, keeping
the whole body protected with lead
except the abdomen.

The intestinal absorption was studied
8, 24 and 96 hours after irradiating the

TABLE I
Effect of total body irradiation with 600 r on the active transport of glucose through

the intestine of rat.
Glucose 2.77 mM with NaCI at 9 ’/ou (154 meq. Na+/I); absorption tíme: 20 minutes.

Irradiation on animal without anaesthesia.

No.
Animáis

Post-irrad.
hours

Successive absorptions luM/cm)

1st. Abs. 2nd. Abs. 3rd. Abs. 4th. Abs.

18 — 0.32 ± 0.01 0.31 ± 0.01 0.32 ± 0.01 0.30 ± 0.03
6 2 0.26 ± 0.02 0.28 ± 0.03 0.26 ± 0.03 0.26 ± 0.01
6 8 0,22 ± 0.01 0.22 ± 0.01 0.23 + 0.02 0.24 ± 0.01
6 24 0.43 ± 0.02 0.45 ± 0.02 0.43 ± 0.01 0.44 ± 0.02
6 48 0.32 ± 0.02 0.30 ± 0.02 0.31 ± 0.01 0.31 ± 0.02
6 96 0.19 ± 0.02 0.18 ± 0.02 0.19 ± 0.02 0.18 ± 0.02

TABLE II
Effect of abdomen irradiation with 600 r on the active transport of glucose through

the intestine of rat.
Glucose 2.77 mM with NaCI at 9 “/«o (154 meq. Na+/I); absorption time: 20 minutes.

Irradiation on animal without anaesthesia.

No.
Animáis

Post-irrad.
hours

Successive absorptions (uM/cm)

1st. Abs. 2nd. Abs. 3rd. Abs. 4th. Abs.

6 0.33 ± 0.01 0.32 + 0.02 0.31 ± 0.01 0.32 ± 0.02
6 8 0.24 ± 0.01 0.24 ± 0.02 0.24 ± 0.03 . 0.23 ± 0.04
6 24 0.38 ± 0.02 0.38 ± 0.02 0.37 ± 0.02 0.39 ± 0.02
6 96 0.19 ± 0.07 0.18 ± 0.01 0.17 ± 0.03 i 0.18 ± 0.02
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Fig. i. Changos of the intestinal absorption of glucose 2.77 inM, provoked
by X irradiation (total body) with 600 r, according to the time that follows

the irradiation (2 to 9." hours). Control absorption, 100.

Fig. 2. Effect of X irradiation (600 r) on the intestinal absorption of glucose
(2.77 mM) at 8, 24 and 96 hours after irradiating, according to the parts

submitted to irradiation. Control absorption, 100.
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animáis, periods of time to which cor
responded more apparent alterations
(see Table I).

As may be observad in Table II and
figure 2, thc irradiation of thc abdomen
alone gave rise to effects practically
identical to those found after irradiation
of thc whole body.

were taken 8, 24 and 96 hours after
thc irradiation.

In Table III and figure 2 it can be
clcarly seen that in these conditions
irradiation with 600 r does not produce
significant variations in the active trans-
port of glucose through the intcstine of
the rat.

C. Effccl of the irradiation of thc
whole body except the abdomen

The preceding results were comple
mentad by making a study of the effect
of thc irradiation (600 r) of the whole
body except the abdominal región,
which was shielded with lead. As in
the previous case, the absorption figures

D. Radioprotective effccl of cysteamine
on the alterations of thc active
transport of glucose provokcd by
X irradiation

We thought it of interest to study
whether cysteamine, a radioprotective
substance, was capable of protecting thc
animal from the effects which the ioni-

TABLE III
Effect of total body irradiation, excepting the abdomen, with 600 r on the active transport

of glucose through the intestine of rat.
Glucose 2.77 mM with NaCI at 9%» (154 meq. Na+/I]; absorption time: 20 minutes.

Irradiation on animal without anaesthesia.

No.
Animáis

Post-irrad.
hours

Successive absorptions (uM/cm)

Ist. Abs. 2nd. Abs. 3rd. Abs. 4th. Abs.

6 0.31 ± 0.03 0.32 ± 0.04 0.31 ± 0.02 0.33 ± 0.04
6 8 0.32 ± 0.01 0.32 ± 0.02 0.32 ± 0.03 0.32 ± 0.03
6 24 0.30 ± 0.01 0.30 ± 0.02 0.31 ± 0.02 0.30 ± 0.04
4 96 0.32 ± 0.02 0.33 ± 0.01 0.32 ± 0.01 0.32 ± 0.01

TABLE IV
Radioprotective effect of cysteamine. Intestinal absorption of glucose in total body

irradiated rats (600 r).
Glucose 2.77 mM with NaCI at 9 a/00 (154 meq. Na+/I); absorption time: 20 minutes.
Intraperitoneal cysteamine (10 mg/100 g), 10 minutes before irradiating. Irradiation on

the animal without anaestesia.

No.
Animáis

Post-Irrad.
hours

Successive absorptions CuM/cm)

Ist. Abs. 2nd. Abs. 3rd. Abs. 4th. Abs.

4 - - 0.32 ± 0.02 0.30 ± 0.03 0.31 ± 0.03 0.31 ± 0.04
4 2 0.34 ± 0.02 0.34 ± 0.02 0.34 ± 0.02 0.34 ± 0.02
4 8 0.28 ± 0.02 0.30 ± 0.02 0.29 ± 0.02 0.30 ± 0.02
4 24 0.30 ± 0.01 0.31 ± 0.01 0.33 ± 0.04 0.30 ±0.01
4 48 0.32 ± 0.01 0.32 ± 0.01 0.30 ± 0.04 0.31 ± 0.01
4 96 0.29 ± 0.02 0.31 ± 0.03 0.29 ± 0.02 j 0.31 ± 0.03
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zing radiations produce in the intestinal
absorption of glucose.

In non-irradiated animáis, the intra-
peritoneal injection of cysteamine (10
mg/ioo g) did not change the glucose
absorption capacity.

Various groups of rats were injected 

with the same dose of cysteamine ten
minutes before being exposed to the
irradiation (the wholc body, 600 r), and
a study was made of their capacity for
the active transport of glucose 2, 8, 24,
48 and 96 hours after the irradiation. In
all the cases it could be observed (Ta-

TABLE V
Radioprotectlve effect of cysteamine. Intestinal absorption of glucose in abdomen

irradiated rats (600 r).
Glucose 2.77 mM with NaCI at 9% (154 meq. Na+/I); absorption time: 20 minutes.
Intraperitoneal cysteamine (10 mg/100 g), 10 minutes before irradiating. Irradiation on

the animal without anaestesia.

No.
Animáis

Post-irrad.
hours

Succcssive absorptlons (uM/cm)

1st. Abs. 2nd. Abs. 3rd. Abs. 4th. Abs.

4 8 0.30 ± 0.32 0.30 ± 0.02 0.31 ± 0.01 0.32 ± 0.03
4 24 0.32 ± 0.02 0.31 ± 0.01 0.29 ± 0.01 0.31 ± 0.02
4 96 0.32 ± 0.01 0.32 ± 0.01 0.31 ± 0.01 0.31 ± 0.03

Fig. 3. Radioprotective effect of cysteamine as regards the action of the
radiations (600 r, only abdomen) on the intestinal absorption of glucose
2.77 niM at 8, 24 and 96 hours from irradiation. Control absorption, 100.



IRRADIATION AND INTESTINAL ABSORPTION 123

ble IV) that the intestinal absorption
of glucose was not signiíicantly distin-
guishable from that of the normal, non-
irradiated animáis.

Cysteamine, in the dose indicated,
completely protects the rats from the
effects of the irradiation» on the intes
tinal absorption of glucose, at least du-
ring the 96 hours to which our experi
ments extended.

A study was also niade of the radio-
protective effect of cysteamine in the
experiments of irradiation of the abdo
minal región only. The absorption was
measured at 8, 24 and 96 hours.

It appears evident (Table V, Fig. 3)
that the protective action of cysteamine
in experiments with irradiation of only
the abdominal región is also complete,
since the absorption of glucose in these
conditions remains absolutely normal.

Discussion

The dose of ionizing radiations utili-
zed in all our experiments is about
DL5(, (27) and therefore its action 011
the digestivo tube is quite clear (4,
23, 29).

Our results indícate that the irradia
tion with 600 r alters in very evident
fashion the active transport of glucose
through the intestine of the rat in vivo.
We have observed, first, an inhibition
(2 to 8 hours), which later turns into
an increase (24 hours) and then falls
progressivcly (24 to 96 hours).

These disturbanccs must be caused by
the effcct on abdominal organs, as they
appear after irradiation of the whole
body or of the abdomen only and are
not manifest when the whole body ex-
cept tlie abdomen is irradiated.

Zehnder (31) and Hehl and Wil-
brant (11) had also found an inhibition
followed by a recovcry and, later, a fall
in the first 48 hours. The latter did not 

find the exaltation which Zehnder (31),
Wesemann et al. (30) and we ourselves
all found at 24 hours. The inhibition
which can be remarked in the first
hours following the irradiation has been
attributed to the adrenals (11), since
it does not appear in animáis in which
these glands have been extirpated. This
first phase of inhibition was not obser
ved in the experiments of Süllivan (26).

The second phase of inhibition, which
presen ts itself after the first 24 hours,
is more intense and lasts longer than
the first, with absorption mínima which
vary according to the authors (7, 20,
26), but which can be calculated to ap
pear 3 or 4 days after a DL.-,Ot or even
later.

It is very probable that the first, tran-
sitory, inhibitory reaction, which is to
be observed within the first hours, is
the result of a physiological response,
of a neuroendocrine character, in which
the adrenal organs are surely invol
ved, as is thought by Hehl and Wil-
brandt (it), and that it does not depend
on a morphological lesión of the epithe
lium, which would need a longer time
to become apparent. Nevertheless, it can-
not be doubted that the functional ca-
pacity of the epithelium for the active
transport of sugars is diminished, since
the inhibition is manifest both in expe
riments in vivo and in those in vilro.

The second phase of inhibition, on
the other hand, must be already inti-
matcly linked to the alterations in the
intestinal epithelium which are provoked
by the irradiation of the intestine itself.
This inhibition appears, as we have seen
in our experiments, thanks to irradia
tion either of the whole animal or of
the abdomen only, and with or without
adrenals (ti) and irradiating only intes
tine (19).

The observations made with the aid
of the electrón microscope (6, 10) re-
veal that during the first 24 hours folio- 
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wing a dosc of 525 r or even 3,000 r no
inorphological changos of any importan-
ce are to be noticed in the epithelium
of the villi, even when the cells of
the crypts are affected and are also ob
servad focal edema. The third day, 011
the other hand, the villi appear to be
dehydrated and lower, the epithelium
presents abnormal or immature cells
with sparse, thick, short microvilli, as
well as various alterations in mitochon-
dria and other structures. Allowing for
sonic differences in time and dose, si
milar descriptions have been made by
other authors (12, 13). The alterations
in the epithelium of the villi derive
from those already provoked very shortly
after the irradiation in the cells of the
crypts.

A small part of the rcduction in the
capacity of intestinal absorption of glu-
cose has been explained as being a con-
sequence of the decrease in the amount
of food taken by the rats during the
first and second day following the irra
diation (20).

On the other hand, the correlation
between morphological changes of the
epithelium and absorbent function, rec-
koning from 24-48 hours, is far from
being complete (7), and it is not unusual
to observe a marked functional alte-
ration, even with partially restored
epithelia.

Given the cióse links existing bet
ween the active transport of sodium and
that of sugars, it is possible that the
primary effect of the radiations is exer-
cised on the active transport of sodium,
which in tum would have a secondary
influence on that of sugars. Indecd,
acute intestinal radiation death has been
attributed to the loss of water and elec-
t/olytes (2, 22). The irradiation provokes
a grave loss of the total sodium of the
organisin (15), partly because it is not
re-absorbed by the intestino (14). Cur
ran et al. (5) have revealed that the 

active transport of sodium is very sensi
tivo to irradiation.

The experiments of radioprotection
with cysteamine, in any case, have
shown excellent efficacy when it is admi-
nistered intraperitoneally ten minutes
beforc the irradiation. The radioprotec
tion was practically complete, whether
the whole body was irradiated or only
the abdomen, and this confirms our pre-
vious observations (16) in experiments
in which the cysteamine was adminis-
tered in solution placed in the intestinal
lumen. Although reports had already
been made on the radioprotective action
of cysteine and of AET with respect
to the effect of radiations on intestinal
absorption (26), the efficacy of cystea
mine had not previously been tested.

Summary

A study has been made, using the
Sois and Ponz successive absorption tech-
nique, of the effect of X irradiation of
animáis (600 r) on the capacity of active
transport of glucose (2.77 mM) by
the intestine of the rat in sita, through
time (2 to 96 hours), as also of the radio
protective effect of cysteamine.

The irradiation of the whole body
quite clearly alters the absorption. An
initial decrease can be noticed (2 to 8
hours), followed by an increase (24
hours) and later a second phase of inhi-
bition up to 96 hours.

These disturbances must be attributed
to an effect on organs of the abdominal
cavity, since they are produced both by
irradiation of the whole body and by
that of the abodminal región alone,
whereas, on the other hand, they cease
to appear when the animáis are irradia
ted with the abdomen protected.

Cysteamine (10 mg/100 g, intraperi-
toneal injection ten minutes before the
exposure) exercises a perfect radiopro
tective action.
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