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ABSTRACT. Little is known about the role of oral pros
taglandins and maintenance of intestinal epithelial cell 
membrane integrity in suckling animals. The presence of 
prostaglandins in milk suggests that they may have poten
tial cytoprotective effects. Thus, experiments were per
formed to determine whether indomethacin causes inflam
mation in the gastrointestinal tract of suckling animals. 
Rats were treated with daily intraperitoneal injections of 
indomethacin (10 mg/kg) starting on the 1st day of life. 
Unlike adult animals which develop intestinal lesions 
within 72 h, these rats did not develop intestinal ulcerations 
until weaning started on days 15 to 16. lndomethacin
treated suckling animals prevented from weaning did not 
develop intestinal lesions until they had access to solid 
food on day 23. lndomethacin-treated rats had large reduc
tions in jejunal prostaglandin E2 content. In addition, pros
taglandin E2 was present in rat milk in relatively large 
concentration as determined by radioimmunoassay. These 
studies suggest that exogenous prostaglandins present in 
milk may protect the intestine of suckling rats from indo
methacin-induced inflammation; however, once weaning 
commences, prostaglandin insufficiency may develop lead
ing to intestinal lesions. We speculate that suckling rats 
treated with indomethacin did not develop ulcerative le
sions, despite a marked reduction in intestinal prostaglan
din content, possibly due to prostaglandins present in milk. 
(Pediatr Res 20: 598-601 , 1986) 

Nonsteroidal antiinflammatory agents such as indomethacin 
produce intestinal lesions in adult rats consisting of perforating 
ulcers of the jejunoileum resulting in peritonitis and death in 2-
3 days. These lesions appear to be due to a relative prostag]andin 
deficiency because concomitant administration of exogenous 
prostaglandin completely prevents their formation (1, 2). This 
phenomenon, called "cytoprotection," relates to the ability of 
prostaglandins to protect the mucosa of the gastrointestinal epi
thelium against a variety of agents which have the capability of 
producing cellular damage and necrosis. This property is inde
pendent of prostaglandin inhibition of gastric acid secretion (3 ). 

Milk, both bovine and human, contains prostag]andins. Pros
taglandins E2 and F2a have been identified in human milk. 
Prostaglandin metabolites thromboxane B2 and 6-keto prosta-
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g]andin F 1a have also been found in significant amounts, sug
gesting that milk contains the parent compounds thromboxane 
A2 and prostacyclin (4-6). They are also found in commercially 
obtained whole milk and low-fat milk (7), but not in infant 
formulas (6). Prostaglandin in milk has been demonstrated to be 
effective in promoting healing of peptic ulcers and in protecting 
the gastroduodenal mucosa against experimentally induced ul
cers (7). In addition, administration of oral prostag]andin E2 to 
humans has been demonstrated to protect the gastrointestinal 
mucosa from blood loss induced by indomethacin (8). Thus, 
considerable information exists about the importance of oral 
prostag]andins in maintaining integrity of the gastrointestinal 
epithelial cell membrane in adults. However, very little is known 
about similar functions of prostag]andins in suckling animals. 
The presence of prostag]andins in milk suggest that they may 
play an important role in the function and adaptation of the 
gastrointestinal tract to extrauterine life. The significance of 
prostaglandin cytoprotection in the gastrointestinal tract of 
stressed newborns has not been determined. Exogenous prosta
glandin in breast milk could have cytoprotective effects on the 
gastrointestinal tract. Thus, to evaluate the role of oral prosta
glandins in maintenance of gastrointestinal mucosa) integrity in 
suckling animals, experiments were performed in suckling rats 
to explore whether indomethacin causes inflammation in the 
immature gastrointestinal tract. A preliminary report has been 
published (9). 

METHODS 

Timed pregnant Sprague-Dawley rats were allowed to deliver 
in an environmentally controlled animal facility. Animals were 
fed a standard laboratory Chow (Formulab, Purina, St. Louis, 
MO). On the 1st day of life, litter sizes were reduced to eight 
pups per dam. Pups in the same litter were then randomly divided 
into two treatment groups of four animals each. 

Experiment I. One group received daily intraperitoneal injec
tions of0.01 ml ofindomethacin solution (10 mg/kg) while litter 
mate controls received phosphate buffered saline vehicle only 
(0.02 M K2HPOc0.9% NaCl, pH = 7.4); n = 30 in each 
treatment group. Pups remained with the mother and were 
allowed to wean naturally. Animals were examined and body 
weight was determined daily. The peritoneal cavity was inspected 
by the authors in all animals that died. In addition, some ill 
appearing animals were also sacrificed in order to examine the 
peritoneal contents. [In preliminary studies, we found that a 
single administration of 2-4 mg/kg of indomethacin resulted in 
intestinal inflammation within 72 h in adult animals of both 
sexes in our strain (n = 12), a result that is in agreement with 
other investigators (2). A larger dose of indomethacin ( IO mg/ 
kg) was chosen for daily administration to sucklings in order to 
maximize the potential development of the intestinal lesion.] 
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Experiment II. To examine the effect of delayed weaning to a 
solid diet on the development of indomethacin-induced intes
tinal inflammation, experiments were conducted in pups in 
which free access to a solid diet was prevented. Food was removed 
from cages housing mothers and pups on day 15 although water 
in drinking bottles was available ad libitum. Mothers and suck
lings were placed in wire mesh cages to prevent coprophagia and 
consumption of wood chip bedding material. Pups were not 
permitted access to solid Chow until day 23. Mothers were 
removed twice daily for a 3-h period (0700-1000 and 1900-2200 
h) to allow food consumption. lndomethacin was administered 
to one-half of the pups as described above; n = 30 in each 
treatment group. 

Experiment III. Determination of prostaglandin E2 content in 
rat milk was performed as follows: milk was collected from 
lactating rats (n = 10) IO days after delivery. Pups were removed 
for 2 h, mothers were sedated with pentobarbital (2 mg/kg), and 
then administered 1 U of oxytocin subcutaneously. Gentle mam
mary gland massage was then performed to obtain milk that was 
collected with a microcapillary pipette. Milk was stored at - 20° 
C until analysis. 

Experiment IV Radioimmunoassay determination of prosta
glandin E2 in jejuna! tissue was performed in indomethacin
treated and control animals at ages 1, 10, and 90 days. Animals 
1 and 90 days of age received a single intraperitoneal dose of 
indomethacin ( 10 mg/kg) 2 h prior to sacrifice. Ninety-day-old 
rats were fasted for 24 h with free access to water only prior to 
indomethacin treatment. This time period was found to allow 
almost complete emptying of food contents from the gastroin
testinal tract. Animals aged 10 days received daily injections of 
10 mg/kg of indomethacin from birth with the last dose 2 h prior 
to sacrifice. Control animals received phosphate-buffered saline 
vehicle on the same schedule. Rats were killed by decapitation 
at 1000 h and the small intestine removed immediately and 
divided along its length into three equal segments. The middle 
segment was flushed with ice cold phosphate buffered saline, pH 
= 7.4, immediately immersed in liquid nitrogen, and stored in 
the vapor phase until analysis. 

Prostaglandin E2 content was determined by radioimmuno
assay using modification of the techniques of Green et al. ( 10). 
Frozen tissue was minced with a scissors and 10% (w/v) whole 
tissue homogenates were prepared with a motor-driven Teflon 
piston in ice cold 0.9% NaCl, adjusted to pH = 2 with 0.1 N 
HCI. The pH was then adjusted to 3.5 with 0.1 N HCI. This 
homogenate was then diluted with acid saline, pH = 3.5, to make 
a 1 % (w/v) homogenate. Following addition of 1000 cpm of 
tritiated prostaglandin E2 to 1 ml aliquots of the 1 % homogenate 
to monitor extraction efficiency, two extractions with 5 ml of 
ethyl acetate were performed. The ethyl acetate phases were 
combined and dried under nitrogen stream at 40° C. Residues 
were applied to a 700 mg (7 mm internal diameter; 40 mm 
height) column of 100-200 mesh silicic acid. The column was 
then washed with 1 ml of benzene followed by 4 ml of ben
zene:ethyl acetate (60:40). Prostaglandin E2 was then eluted with 
13 ml of benzene:ethyl acetate:methanol (60:40:2) and dried 
under nitrogen stream at 40° C. Radioactive tracer prostaglandin 
and specific antiserum to prostaglandin E2 were reconstituted in 
phosphate-buffered saline containing 1 % gelatin and added to 
tissue extracts. After an 18-h incubation at 4° C, dextran-coated 
charcoal was added, and following a 10-min centrifugation at 
1000 x g at room temperature the supernatant was transferred 
into vials containing IO ml of scintillation fluid and radioactivity 
quantitated for 10 min in a liquid scintillation counter. Prosta
g]andin content is expressed as pg/mg of protein. Samples were 
analyzed in a single batch as frequently as possible to minimize 
interassay variation. Extraction efficiency was 70-80%. Protein 
determinations were performed according to the method of 
Lowry et al. (11 ). 

Prostaglandin E2 extraction of milk samples was performed as 
noted above with slight modification. Two hundred µI of milk 

was thawed and placed in a conical glass vial to which acid 
phosphate-buffered saline (pH = 2) was added to bring the total 
volume to 1 ml. Following sample extraction and application to 
the silicic acid column, 2 ml of benzene were used to wash the 
sample and column initially. Prostag]andin E2 elution and radio
immunoassay was then performed as outlined. 

Metabolism of prostaglandin E2 in the gastrointestinal tract 
has been widely studied (12, 13). Therefore, this compound was 
chosen as a representative prostag]andin for radioimmunoassay 
quantitation in intestinal tissue and milk. 

SUPPLIES 

Prostaglandin E2 standard and antiserum were obtained from 
Sigma Chemical Company, St. Louis, MO. Radioisotope and 
Biofluor scintillation counting fluid were purchased from New 
England Nuclear Company, Boston, MA. Silicic acid (BioSil A) 
was obtained from Bio-Rad Company, Richmond, CA. 

STATISTICAL ANALYSIS 

The significance of the difference in the mean values of groups 
was evaluated by the t test for unpaired values. 

RESULTS 

Experiment I. For the first 16 days of life, the growth pattern 
of suckling rat pups treated with indomethacin was identical to 
that of littermate controls. Coincident with the start of weaning 
( 14 ), indomethacin-treated animals became less vigorous by days 
17 to 18, began to lose weight, and all died by days 20 to 21 (Fig. 
I). Examination of the peritoneal contents revealed extensive 
intestinal inflammation with ulceration, adhesions, and per
itonitis. These findings were present in all dead animals and also 
in those sacrificed due to severe illness on days 19 to 20. This 
lesion was similar to that seen in adult animals treated once with 
indomethacin at a dose of IO mg/kg. The gastric mucosa ap
peared normal. There were no indomethacin-treated suckling 
animals without intestinal lesions. No gastrointestinal lesions 
were observed in saline treated sucklings. 

Experiment II. Suckling rats subjected to delayed weaning 
grew less than those allowed access to solid food, probably due 
to lower caloric intake. However, the growth curve of indometh
acin-treated pups was identical to littermate controls (Fig. l); no 
intestinal lesions were found in these rats up to day 23. Once 
allowed access to solid food on day 23, these animals developed 
ulcerations as described above and died within 3-4 days. 

Experiments III and IV The results of determinations of 

B 60 CONTROL 
0 
D 50 
y 

40 
w AtED 
E 30 
I 
G 20 
H 
T 10 

(g) 0 
0 5 10 15 20 25 

AGE IN DAYS 
Fig. I. Growth curves for indomethacin- and saline-treated rats. 

Growth curves for nonweaned (control and indomethacin-treated) ani
mals were identical and are superimposed. 0, control-regular weaning; 
D, indomethacin-treated-regular weaning; +, control/indomethacin
treated-nonweaned; t , death; n, 30 in each experimental group. 



600 BEDRICK AND HOLTZAPPLE 

jejuna! prostaglandin content are seen in Table 1. These data 
clearly demonstrate an age-related increase in jejuna! prostaglan
din content. Mid-jejuna! prostaglandin E2 content tended to be 
higher in 10-day-old animals in comparison to 1-day-old ani
mals; further prostaglandin E2 content was significantly higher 
(p < 0.01) in 90-day-old animals in comparison to both younger 
age groups. Treatment with indomethacin resulted in greater 
than 90% reduction in prostaglandin content (p < 0.01) in all 
age groups (Table 1 ). 

The prostaglandin E2 content of rat milk was 180 ± 50 pg/ml 
(n = 10). 

DISCUSSION 

The results of these studies suggest that exogenous prostaglan
dins present in breast milk may protect the intestinal mucosa of 
suckling rats from the ulcerogenic effects of indomethacin. Un
like adult animals, administration oflarge doses of indomethacin 
to suckling rat pups does not lead to development of intestinal 
ulcerations. We speculate that, despite a very large reduction in 
prostaglandin content, suckling rats treated with indomethacin 
and animals not allowed to wean naturally did not develop 
intestinal ulcerations due to cytoprotective exogenous prosta
glandins present in milk. However, once weaning starts, a state 
of prostaglandin insufficiency may develop, thus leading to the 
intestinal lesions. Although levels of other prostaglandins were 
not measured in this study, other investigators have demon
strated large decreases in tissue content of other prostaglandin 
classes in intestinal tissue after administration of nonsteroidal 
antiinflammatory agents such as indomethacin ( 15, 16). It is 
likely, therefore, that the overall intestinal prostaglandin content 
of animals treated with indomethacin was decreased. 

We have recently demonstrated that exogenous prostaglandms 
administered via orogastric tube to suckling and weanling rats 
can reach all segments of the small intestine in an intact, un
metabolized form ( 17). In addition, prostaglandins present in 
breast milk appear to be relatively stable. In human milk, the 
ratio of the concentration of a major metabolite of prostaglandins 
of the E and F series (the 13, 14 di-hydro, 15-keto derivatives) 
to the intact compounds is low in comparison to plasma (5). 
This suggests that prostaglandin half-life in milk is relatively long 
in contrast to plasma. Our experimental observations suggest 
that oral prostaglandins exert their cytoprotective effect on the 
intestine via direct topical action. It is possible that the introduc
tion of food to the diet may have contributed to the development 
of the ulcerations. Previous studies in adult animals have dem
onstrated that the solid component of food may play an impor
tant role in the formation of indomethacin-induced gastrointes
tinal lesions (18). 

Other investigators have also noted the cytoprotective effect of 
milk on the gastrointestinal epithelium in experimental ulcer 
models in rats. Ackerman et al. ( 19) demonstrated that 1-month
old rats were relatively protected against restraint-induced ulcers 
if unrestricted suckling is allowed before weaning. Similarly aged 
rats reared in the presence of their mothers whose nipples were 

Table 1. Rat jejuna! prostaglandin (PG) E2 content 

PGE2 
Age content-control PGE2 

(days) (pg/mg protein) content-INDO* 

1 §n f,154.1 ± 13.2 (12)t 12.4 ± 2.5 (6) 
10 {202.6 ± 20.6 (6) 20.1 ± 3.2 (6) 
90 690.9 ± 53.4 (9) 43.6 ± 18.6 (3) 

* Statistical significance for indomethacin-treated animals determined 
against appropriate controls; p < 0.01 for all age groups. 

t Mean ± SEM (n). 
tNS. 
§p < 0.01. 

ligated on day 15 were more susceptible to restraint-induced 
ulcers. 

Indomethacin-induced intestinal lesions have been well char
acterized (20). Histologically, mucosa! edema and inflammatory 
cell infiltration with ulceration and cellular necrosis are present. 
It is believed that the lack of cytoprotective prostaglandins allows 
intestinal lumenal substances, such as microorganisms, bile acids, 
or dietary constituents to damage intestinal cells resulting ulti
mately in progressive mucosa! injury (1). The specific mecha
nisms involved in prostaglandin-mediated cytoprotection are 
unclear. It appears that either endogenously synthesized or ex
ogenously derived prostaglandins, as suggested by our studies, 
are necessary to maintain integrity of the intestinal mucosa. 
Prostaglandin synthetase inhibitors such as indomethacin have 
been used to pharmacologically close the patent ductus arteriosus 
in ill newborn infants (21 ). Some neonatology centers have noted 
an increased incidence of focal perforation of the gastrointestinal 
tract in infants who received indomethacin (22). 

In addition to prostaglandins, other substances present in 
breast milk may be cytoprotective for the gastrointestinal epithe
lium. Lichtenberger et al. (23) have shown that phospholipids 
present in high concentration in rat milk can protect the rat 
gastric mucosa from noxious agents and suggested that prosta
glandin-induced cytoprotection was mediated in part by localized 
increases in phospholipid concentration. In an acid-induced 
necrosis model in neonatal rats, treatment with phospholipid
containing rat milk afforded greater protection than treatment 
with synthetic prostaglandin analogues (24). 

The contribution ofprostaglandins to the cytoprotective effect 
of milk needs further study. Further evaluation of prostaglandin 
metabolism in the gastrointestinal tract of suckling animals needs 
to be performed in view of the presence of prostaglandins in 
human milk. Data obtained in these studies will permit a more 
thorough understanding of newborn intestinal physiology. 
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