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Absorption of Iron Following X-Irradiation of the Exteriorized
Small Intestine (33664)

R. M. DonaTL! A. R. BeErmaN, H. R. Jervis, LW. R. STROMBERG, AND H. SPRINZ

Division of Nuclear Medicine and Department of Experimental Pathology,
Walter Reed Army Institute of Research, Washington, D. C. 20012

The radiosensitivity of the intestine is well
established and the injury produced is
manifest both morphologically and function-
ally. The most conspicuous morphologic al-
terations occur in the mucosa and are accom-
panied by changes in intestinal motility and
absorption. Intestinal absorption of a variety
of substances is either increased or dimin-
ished following radiation of either the whole
body, the abdomen alone, or the exteriorized
small bowel (1-4). Irradiation of the exterio-
rized intestine excludes the effect on intest-
inal absorption of radiation-induced changes
in body metabolism. The discontinuous
nature of the morphologic lesions in the irra-
diated exteriorized gut which was described
recently (5) allows for the study of intestinal
absorption i vivo in an animal model
which includes areas of intestinal radiation
injury alternating with areas which are essen-
tially intact or hypertrophic.

In the present experiments gastrointestinal
absorption of radioiron was studied in the
rat following X-irradiation of the exteriorized
small intestine. The results indicate that
there was an increase in radioiron absorption
and suggest that this increase was due to
augmented absorption in those areas of the
small intestine which did not develop the
morphologic characteristics of severe radia-
tion injury.

Materials and Methods. Female Wistar
rats (180-200 g) housed individually in wire
bottomed cages, fed a standard diet? and al-
lowed water ad libitum were used in all ex-
periments. The rats were anesthetized with
pentobarbital (5 mg/100 g of body wt.) prior
to all surgical procedures or radiation ex-

1 Present address, Section of Nuclear Medicine, St.
Louis University School of Medicine, St. Louis, Mis-
souri 63104.

2Rat and Mouse Baked Biscuits, Band G
Laboratory Animal Food, Frederick, Maryland.

posures and were necropsied following an
overdose of pentobarbital. Gastric intubation
was performed following light ether anesthe-
sia. Control rats were subjected to the same
procedures but were not irradiated. The prin-
ciples of laboratory animal care as promul-
gated by the National Society for Medical
Research were observed.

Irradiation Procedures. The small intest-
ine, the cecum, and part of the colon of the
rats were gently teased out through a 5-cm
midline incision and a small forked holder
was placed under the root of the mesentery
to prevent spontaneous retraction during ra-
diation exposure. Rats were positioned on
their side under shields so that only the ex-
teriorized gut, covered with gauze saturated
with warmed 0.9% saline, was irradiated.
The intestines were exposed to an air dose of
2000 R at 143 R/min, as determined by a
Victoreen R meter delivered by a 250 kVp
X-ray unit with a 0.5 mm copper and a 1.0
mm aluminum filter. Shielding was provided
by a 0.25-in. thick sheet of lead. After irradi-
ation, the bowel was reinserted and the inci-
sion was closed with Michelle clips.

I. In a first series of experiments per-
formed daily, for the first 5 days following
irradiation, rats were given 1 uCi of 5°Fe/20
mg of "Fe sulfate in 1 ml of physiological
saline by stomach tube. Following the admin-
istration of radioiron, the total radioactivity
of each animal was determined by means of a
small animal body' counter3 After 2 hr the
rats were killed and the gastrointestinal tract
and the liver were removed. Dissection was
carried out on absorbent paper and the re-
moved organs were blotted free of blood with
this absorbent paper to minimize discrepan-
cies in total radioactivity due to blood loss.
The gastrointestinal tract was then opened

3 Packard Armac scintillation detector.
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F1c. 1A. Gross photograph of a segment of ileum showing the sharp demarcation between the
atrophic mucosa at left and an area with the ridge-like villi that are normal for the rat. The
atrophic mucosa stains diffusely for alkaline phosphatase activity, while only the crest of the villi
show any activity (X13). (B) Section from specimen in (A) above showing the completely flat-
tened mucosa on the left and the long villi on the right; H and E X42.5.

longitudinally and repeatedly washed in cold
isotonic saline solution until its radioactivity
remained constant.

The carcass with the absorbent paper used
in blotting was first counted alone, and then
following the addition of the liver and finally
following the further addition of the washed
gastrointestinal tract. The percentage of the
administered dose of radioiron absorbed as
well as the distribution of absorbed radioiron
in the liver and intestinal tract were calcu-
lated from these data using the initial radi-
oactivity of each intact animal as measure of
the administered dose of radioactivity.

II. In another group of rats (6 irradiated
and 2 control) killed 4 days after irradiation
and 2 hr after administration of radioiron via
gastric intubation, the intestines were ex-
cised, opened, and washed carefully as in the
first experiments. They were then pinned flat
and fixed in 10% cold buffered formalin
solution. Following staining for alkaline phos-
phatase activity, a procedure that facilitates
recognition of mucosal lesions (6), the speci-
mens were photographed. Autoradiographs
were then prepared by exposure to medical
X-Ray film (7). During exposure specimens
were separated from the film by a sheet of
Saran-Wrap to avoid moisture damage. After
2 weeks of exposure the autoradiographs were
developed using standard techniques and
were superimposed on the photographs of the

gross specimens. This allowed the compari-
son of the morphologic characteristics with
the topographical distribution of radioiron.
III. In a final series of experiments per-
formed 4 days after irradiation, 1 uCi of
%Fe/1 pg 5Fe sulfate was administered in-
travenously (via the tail vein) to groups of
irradiated and control rats. Total body radi-
oactivity was determined in each animal by
means of a small animal body counter.? Two
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Fi1G. 2. Intestinal iron absorption and distribution
in rats following X-irradiation of the exteriorized
intestine. Each point represents the results of deter-
minations on 14-18 rats. The asterisk indicates val-
ues with a p <0.05 as determined by Student’s ¢ test.
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Fic. 3. Alkaline phosphatase stain and *Fe gross autoradiographs of the normal and irradiated
small intestine: (A) nonirradiated small intestine, alkaline phosphatase stain; (B) nonirradiated
small intestine, ®Fe autoradiograph; (C) irradiated small intestine, alkaline phosphatase stain;
and (D) irradiated small intestine, ®*Fe autoradiograph.

hr later the animals were killed, the gas-
trointestinal tract was removed intact,
opened, and repeatedly washed as in the oth-
er experiments. The washed intestine was
then replaced in the carcass and the amount
of radioactivity was determined again. This
procedure allowed the determination of radi-
oiron loss through the intestinal mucosa.

Results and Comment. The discontinuous
nature of the lesion observed in the irradi-
ated exteriorized small intestine was reported
in detail previously (5). The sharp demar-
cation between atrophic and normal mucosal
areas is shown in Fig. 1.

Figure 2 illustrates the whole body absorp-
tion of radioiron as well as the distribution of
radioiron within the liver and small intest-

ine. By the second day after irradiation iron
absorption was increased and the amount in
the small intestine and liver was also in-
creased when compared to that of control
sham-irradiated animals. On the third day
following irradiation there was no essential
difference. By the fourth day the total body
radioiron had increased markedly as had the
percentage of iron in the liver. Interestingly,
at this time the amount of the administered
dose of radioiron remaining in the wall of the
small intestine was decreased, a finding
which is in agreement with the findings of
Prasad and Osborne (8). By the fifth day the
amount of radioiron present in the liver and
intestinal wall was approaching the level ob-
served in the control animals.
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Figure 3 shows a control small intestine
ind one collected 4 days after irradiation
with 2000 R X-rays, with the corresponding
wutoradiographs. The autographs of the con-
rol intestine (Fig. 3B) indicates that the
mnost iron absorption in the rat normally
:akes place in the upper small bowel with
srogressively less absorption distally in a de-
scending gradient. These results are in essen-
ial agreement with those of Wack and Wyatt
(7). In the irradiated intestine (Fig. 3D)
‘he areas which concentrated radioiron and
vhich were presumably responsible for ab-
sorption were those areas which had been
spared and were hypertrophic, the intensity
)f the label being actually higher than in the
sorresponding levels of the control intestines.
n contrast, the areas of mucosal atrophy,
lid not contain radioiron.
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The increased absorption of radioiron
shows a correlation with the morphological
data previously described (5, 9). Villous hy-
pertrophy and the return to normal of vari-
ous enzymes on the fourth day following irra-
diation (9) correlate well with the apparently
augmented iron absorption seen at this time.
The diminished amount of radioiron in the
intestinal wall as determined by differential
counting reflects the decreased surface
through which the iron is absorbed, since the
autoradiographs indicate an increased content
of radioiron in the absorbing areas. An alter-
native explanation is that the diminished
amount of radioiron in the small intestine at
this time is suggestive of a rapid transport of
radioiron through the small intestinal mu-
cosa.

Table I presents the data on the loss of an
intravenously administered dose of radioiron.
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TABLE I. Gastrointestinal Loss of Radioiron.

Body retention (%)

No. of rats in 2 hr + SD
Control 8 98.4 + 1.2
Irradiated 9 96.3 + 2.9

Four days following radiation to the exterio-
rized gut there was no significant loss of
radioiron into the gut lumen suggesting that
the epithelial surface of the atrophic mucosa,
however defective, may still act as a barrier,
and prevents leakage of iron through the in-
testinal wall.

These data suggest that intestinal absorp-
tion of iron is increased following irradiation
of the exteriorized small intestine. They fur-
ther suggest that a functional mucosa is
necessary for such absorption as the areas
that are responsible for this increased absorp-
tion are areas which have escaped the full
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effects of the irradiation and are actually
hypertrophic. The abnormal epithelial cells of
the atrophic mucosa, on the other hand,
while useless in the absorptive process are
still effective as a barrier.

The explanation for the augmented absorp-
tion of radioiron in those areas of the exterio-
rized irradiated intestinal tract which are
practically unaffected by radiation is not
clear at present. Possible hypotheses include:
the actual over-shoot phenomenon resulting
in hypertrophy of the villi accompanied by
an increase in certain enzymes (9). Alterna-
tively, one may postulate a nonspecific
growth stimulator, which affects the mucosa
and iron absorption in the same manner as
the “growth stimulator” to hepatic growth
described by Mendel (10), also increases iron
absorption. These possibilities are presently
being evaluated in this laboratory.

Summary. The intestinal absorption of ra-
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dioiron was determined following X-
irradiation of the exteriorized small intestine
in the rat. The morphologic lesion resulting
was discontinuous, with areas of intestinal
radiation injury alternating with areas which
were essentially intact or hypertrophic. The
results indicate that there was an increase in
radioiron absorption following irradiation and
suggest that this increase was due to aug-
mented absorption in those areas of the small
intestine which did not develop the morphol-
ogic characteristics of severe radiation injury.
Possible mechanisms are discussed.

The authors are grateful to Miss M. E. Johnson,
Mr. W. E. Juhl, and Mr. R. W. Vanderveer for their
excellent technical help and to Mr. J. E.
McClain for the excellent photographs.
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