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Abstract
Objectives: Breast feeding protects infants from many diseases, including necrotizing enterocolitis, peptic
ulceration and infectious diarrhea. Conversely, maternal separation stress and Non-Steroidal Anti-Inflammatory
Drugs (NSAID’s) can induce intestinal injury and bleeding. This study aimed to evaluate in suckling rats if maternal
separation/formula feeding leads to increased intestinal sensitivity to indomethacin (indo)-induced intestinal injury
and to look at potential mechanisms involved.
Methods: Nine-day-old rats were dam-fed or separated/trained to formula-feed for 6 days prior to indo
administration (5 mg/kg/day) or saline (control) for 3 days. Intestinal bleeding and injury were assessed by
measuring luminal and Fecal Hemoglobin (Hob) and jejunal histology. Maturation of the intestine was assessed by
measuring luminal bile acids, jejunal sucrase, serum corticosterone, and mRNA expression of ileal Apical SodiumDependent Bile Acid Transporter (ASBT).
Results: At 17 days, formula-fed indo-treated pups had a 2-fold increase in luminal Hb compared to formula-fed
control pups and had evidence of morphological injury to the small intestinal mucosa as observed at the light
microscopic level, whereas indo had no effect on dam-fed littermates. In addition, formula-fed rats had significant
increases in luminal bile acid, sucrase specific activity, serum corticosterone, and expression of ASBT mRNA
compared to dam-fed rats.
Conclusion: Maternal separation stress may cause early intestinal maturational changes induced by
corticosteroid release, including increased epithelial exposure to bile acids. These maturational changes may have a
sensitizing rather than protective effect against indo-induced injury in the new-born.

Keywords: Indomethacin; Intestinal injury; Formula feeding;
Intestinal maturation; Premature infants

Introduction
Infants are exposed to Non-Steroidal Anti-Inflammatory Drugs
(NSAIDs) when they develop fever, during medical induction of Patent
Ductus Arteriosus (PDA) closure, and when they are at risk for
thromboembolic events. NSAIDs can induce gastroduodenal and small
intestinal injury in both animals and humans via inhibition of
prostaglandin synthesis, decrease in mesenteric blood flow and
elimination by biliary excretion. The use of indo either prenatally (to
delay labor) or postnatally in low birth weight neonates (to induce
PDA closure) has been linked to gastrointestinal (GI) bleeding,
spontaneous intestinal perforation, and necrotizing enterocolitis
(NEC) [1-3]. Bile acid accumulation in the GI lumen may play a role in
enhancing intestinal injury by this class of drugs [4] as suggested by
prior adult animal studies that demonstrated prevention of NSAIDinduced damage in the distal small intestine by bile duct ligation [5].
Maternal separation has been shown to increase intestinal permeability
[6] and to induce pro-inflammatory cytokines in the intestine [7].
Cow-milk formula feeding could increase both TH1 (IFNγ) and TH2
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(IL4 and IL5)–type cytokines [8] in the intestine of new-born rats. On
the protective side, breast feeding protects against NEC [9,10], peptic
ulceration [11] and infectious diarrhea [12]. Traditional NEC/acute
stress injury has been established in rodent models by separating newborn pups from their dam, feeding with cow-milk formula, and
exposure to hypoxia and/or cold stress [13-15]. In this study, we
separated the new-born rats from their dams, but instead of hypoxia or
cold stress, we trained the new-born rats to self-feed with cow-milk
derived formula. This approach allowed us to assess if separation and
formula feeding increases the susceptibility of neonatal rats to
indomethacin-induced (indo-induced) intestinal injury in the absence
of the stress of repeated handling for gavage feeding with insertion of
orogastric tube multiple times daily (which would likely have been
more stressful for the animals). Additionally, our model also helped to
provide insight into the role of NSAID/bile acid interactions in this
pathogenic mechanism.
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Materials and Methods
Animal model and experimental design
Ethics statement: Use and handling of rat pups were in accordance
with guidelines from the National Institute of Health for humane
handling of animals and were approved by the University of Texas
Health Science Center Institutional Animal Care and Use Committee
(Animal approval protocol # HSC-AWC12-040).
Experimental groups: Three litters of Sprague-Dawley strain rat
pups (generally consisted of 6-9 pups per litter) were used for each
experiment starting at day of life 9 (DOL). Study groups were
designated as followed: Dam-fed control group remained with the
nursing dam and received subcutaneous injections of saline (0.1 mL)
starting on DOL 14 for 3 days; dam-fed indo group staying with the
nursing dam but receiving subcutaneous injections of indo at a dose of
5 mg/kg body weight/day for 3 days; formula-fed control group
separated from the dam and receiving saline injections for 3 days; and
formula-fed indo group separated from dam and receiving indo
injections for 3 days. Dose of indo selected was found by our
experience as the lowest dose of indo to be administered to rats
without causing significant mortality over a chronic dosing period (4-6
days). Also, in a study from 1999 by Morise et al., various doses of indo
were compared with regard to lesions scores and mucosal
permeability; the group found that injury occurred in a dosedependent manner with doses ranging from 5-40 mg/kg and injury
was seen at 5 mg/kg dose [16]. Rat pups were observed and body
weights were measured daily. Intestinal tissues were collected on DOL
17.

Self-feeding training method and formula composition
Formula was prepared by adding 80 g of Esbilac powder (puppy
formula–PetAg Inc., Hampshire, IL) and 45 g of PM 60/40 (infant
formula–Abbott Nutrition, Columbus, OH) to 250 mL of water to yield
about 300 mL of formula mixture. Similac PM 60/40 plus Esbilac
(canine supplement formula) mixture has been used in past NEC
studies with the rat pup model [8,10]. The formula mixture simulates
rat breast milk with respect to the composition of protein, fat, and
calories [17]. Formula-fed animals were hand-fed for the first 2 days
after separation, while they were trained to feed from a trough/
reservoir set up in their cages. A beaker containing formula was placed
on a continuous heat source with constant stirring. Silicone tubing was
used to run the formula from this beaker down to the trough/reservoir
set up within each cage. A pump attached to a timer was set to run 15
mL of formula from the beaker into the trough every 3 h. Rat pups
were observed to be able to drink directly from the trough and formula
was visible in their stomach through the abdomen.

Medications
Indomethacin (Sigma Aldrich, St. Louis, MO) was subcutaneously
administered at dose of 5 mg/kg body weight or the equivalent volume
of saline (0.1 mL) to control rat pups once daily for 3 days. Briefly,
indo powder was mixed into phosphate buffer saline (PBS). To dissolve
the indo into solution, we used NaOH to increase the pH to 9. Once
the indo dissolved, we readjusted the pH back to 7.4 using HCl. The
solution was then diluted with PBS to the necessary concentration to
get 5 mg/kg dose into a volume of 0.1 mL. The solution was filtered
prior to administration.

Clin Exp Pharmacol, an open access journal
ISSN: 2161-1459

Tissue collection
At DOL17, blood was collected by cardiac puncture when animals
were anesthetized by using 4% isoflurane for hematocrit and
corticosterone analysis. The small intestine was resected from the
pyloric junction to the cecum and measured. Ice-cold saline was used
to flush the resected small bowel, and the fluid was collected and stored
at -20°C for subsequent biochemical analyses. The small intestine was
then divided into 3 equal sections. The terminal ileum was frozen
immediately in liquid nitrogen and stored -80°C for isolation of RNA
and to measure mRNA expression of the ASBT. The jejunum was
collected, divided equally for RNA and histologic evaluation,
respectively. The intact colon was opened longitudinally. The contents
from the colon were collected and subsequently extracted to measure
Hemoglobin and bile acid levels.

Quantitative Hemoglobin (Hb) assay
Hb concentration was measured in the intestinal flush and colonic
contents as described [18]. Briefly, 1 mL of a benzidine solution
containing 1% (w/w) of benzidine dihydrochloride in 90% (v/v) of
glacial acetic acid was placed in a test tube. After addition of 0.02 mL
of the intestinal flush, 1 mL of 1% of hydrogen peroxide was added and
mixed. A diluent containing 10% (v/v) glacial acetic acid was added
and allowed to stand for 10 min, followed by observation of a color
change (~20 min). Absorbance at 515 nm was measured by a
spectrophotometer and Hb concentration (mg/mL) was calculated by
comparison to a standard curve.

Morphologic analysis
The jejunal tissue was fixed in formalin, embedded in paraffin, and
longitudinal sections were stained with hematoxylin and eosin. The
villus length (villus tip to the junction at the crypt), crypt depth, and
number of mitotic bodies (per 10 aligned crypts) were determined by a
“blinded observer,” and the mean and standard deviation were
calculated for each animal.

Measurement of marker enzyme activity, protein, mRNA
expression and bile acid levels
Sucrase activity in the intestinal tissue lysates was measured as
previously described by Dahlquist [19]. Briefly, intestinal homogenate
was placed in 37°C water bath for 1 h in the presence of sucrose-buffer
solution. Glucose production was measured using glucose oxidase.
Sucrase-specific activity was expressed in sucrase activity units/mg of
protein. Protein concentration in jejunal tissue homogenate was
determined using the Bradford Assay (Bio-Rad).

Apical Sodium-Dependent Bile Acid Transporter (ASBT)
mRNA expression by real-time PCR
Expression of the ASBT and the housekeeping gene cyclophilin was
measured by real-time PCR as described [20] using primers: rat ASBT
(5’-GGTTGCGCTTGTTATTCCTGT-3’;
5’GGTTCAATGATCCAGGCACTT-3’);
rat
cyclophilin
(5’ACGTCGTTTTCGGCAAAGT-3’;
5’CTTGGTGTTCTCCACCTTCC-3’). Values are means of triplicate
determinations using RNA from individual animals or pools of RNA
samples as indicated, and expression was normalized using cyclophilin.
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Measurement of intestinal luminal total bile acid and serum
levels of corticosterone
Intestinal luminal total bile acid concentration was measured using
a colorimetric total bile acid assay kit from Diazyme Laboratories, USA
as described [21].
Serum levels of corticosterone were measured using a Cayman’s
Corticosterone EIA kit (Cayman Chemical Company, Ann Arbor, MI)
according to the manufacturer’s instructions.

Statistical analysis
Data were represented by mean + SE and visually assessed for
normality with histograms. Statistical comparison between groups was
performed using one-way Kruskal-Wallis analysis and pairwise test
significance verified by Wilcoxon Rank-Sum tests in State SE 13
(College Station, TX: StataCorp LP). Differences were considered
statistically significant at two-sided p<0.05.

Results
Measures of growth
Body weight: The 9 day-old rat pups exhibited similar body weights
at the beginning of the study. The growth rate over the following 4 days
(day of life 9-12) was approximately 2 g/day in dam-fed pups versus
0.3 g/day in the formula-fed group. After this period for acclimation to
formula-feeding leading to a lag in growth as the rats learned to selffeed, the growth rate for the formula-fed groups improved to
approximately 2 g/day, compared to the approximately 2.5 g/day
observed in the dam-fed groups during this period (days 13-17).
Indomethacin treatment had no significant effect on body weight,
compared to the control saline-treated group.

Intestinal histology
Histological examination and morphometric measurements of
jejunal sections were performed for all 4 groups. Light microscopic
histological analysis revealed that the morphology appeared to be
altered by formula-feeding and indo treatment. Morphometric
measurements revealed a numeric difference in mean villus height
between formula-fed versus dam-fed groups but this difference was not
statistical significant (Figure 2a).
Crypt depth comparison showed that formula-fed groups (saline
and indo) always had deeper crypts compared to their dam-fed
counterparts (Figure 2b), whereas indo treatment induced modest but
not statistically significant increases in crypt depth compared to saline
controls in each group (dam vs. formula-fed). The villus to crypt ratio
(V: C ratio) was calculated. Formula-fed groups had lower V: C ratios
as compared to dam-fed groups. In the formula-fed groups, there was a
further decrease in V: C ratio in the indo treated group (p=0.003)
while no significant difference was observed between the saline vs.
indo groups in dam-fed groups (p=0.764) (Figure 2c).
Mitotic bodies in crypts were evaluated as a measure of mucosal
injury with ongoing crypt cell proliferation for repair (Figure 2d) [12].
Formula-fed pups treated with indo had the highest average number of
mitotic bodies per crypt but did not reach statistical significance (1.6 ±
0.1 vs. 1.2 ± 0.1, p=0.054); in the indo treated vs. saline in formula-fed
groups) (Figure 2).

Evaluation for indo induced intestinal injury
Hb concentration of intestinal flush and colonic contents: The
luminal Hb concentration was significantly increased in the small
intestinal contents from the indo-treated versus saline formula-fed
groups (p=0.024) but there was no difference between the indo-treated
formula-fed vs. saline-treated dam-fed groups (p=0.102) nor between
the indo-treated vs. saline-treated groups among the dam-fed groups
(p=0.818) (Figure 1). The Hb concentration measured in colonic
contents of the indo-treated vs. saline-treated formula-fed groups did
not show a significance difference (p=0.382).

Mortality
No deaths were observed in the dam-fed groups. The formula-fed
group that received indo had 2 deaths (one that occurred prior to start
of indo on DOL 13 and one on day 3 of indo administration) while the
formula-fed group that received saline had 1 death (which occurred
prior to start of indo on DOL 13). The deaths could not be directly
attributable to any specific cause, as the remains had too greatly
deteriorated to determine if intestinal injury was present. The deaths
were not included in the data analysis.
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Figure 1: Effects of formula-feeding and indomethacin treatment on
luminal hemoglobin (Hb) levels in rat pups. Hb was measured in
the small intestinal contents isolated from the indicated groups of
rat pups after they have received the 3rd dose of indo. Luminal Hb
levels were significantly increased in formula-fed rat pups that
received indo versus saline but not in the respective dam-fed groups
(p=0.024). Mean values ± SE are shown (n=14 to 18 per group). An
asterisk indicates significant differences (*p<0.05) between the
indicated groups.
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Figure 2: Effects of formula-feeding and indomethacin treatment on intestinal morphology. Quantitative morphometric analysis of the small
intestine from the indicated groups was performed. (a) Villus height, (b) crypt depth, (c) villus to crypt ratio, and (d) average number of
mitotic bodies per crypt. Mean values ± SE are shown (n=9 to 21 pups per group). An asterisk indicates significant differences (*p<0.05;
**p<0.01; ***p<0.001).
We found that, overall, formula-fed animals had a higher average
number of mitotic bodies per crypt (1.4 ± 0.08) when compared to
dam-fed animals (0.7 ± 0.06), p=0.0002 (Figures 3a-3d).
In dam-fed groups, no difference in the number of mitotic bodies
was observed between indo versus saline-treated groups (0.7 ± 0.05 vs.
0.7 ± 0.09,) p=0.736; (Figures 4a-4d). These findings demonstrated that
the indo-associated microscopic injury at the villous surface (with
increased crypt cell proliferation to compensate) occurred only in the
formula-fed rat pups, not in the breast-fed pups.

Measures of intestinal development/maturity/stress
Jejunal sucrase activity: Sucrase activity was measured as a marker
of intestinal maturation. The dam-fed groups exhibited a normal low
level of sucrase activity typical of immature intestine (0.5 ± 0.2 and 0.3
± 0.05 units/mg of protein in indo and saline treated groups,
respectively). In contrast, sucrase activity was elevated 8-10-fold in the
formula-fed rat pups at the same age (3.3 ± 0.4 and 3.5 ± 0.4 units/mg
of protein in indo and saline treated groups, respectively), levels that
are approximately 50% of those present in adult rats (Figure 5a).

was a significantly higher concentration of luminal bile acid in
formula-fed groups (4,062 ± 344 and 3,974 ± 223 µg/mL in indo and
saline treated groups, respectively) compared to dam-fed rat pups
(1,933 ± 363 and 1,733 ± 274 in indo and saline treated groups,
respectively; p<0.0001. Indo treatment did not affect luminal bile acid
levels versus saline (p=0.818 and 0.658 for dam and formula-fed
groups, respectively).
Corticosterone level: Serum corticosterone levels were also
measured in the rat pups. Formula-fed pups (saline and indo treated)
were found to have higher corticosterone levels (109 ± 19 ng/mL;
n=25) than pups in the dam-fed group (52 ± 5 ng/mL, n=10) but did
not reach statistical significance (p=0.074). Indo treated groups that
were formula-fed had significantly higher circulating corticosterone
levels than the dam-fed group that received indo (mean 131 ± 29
ng/mL, n=15 vs. 42 ± 6 ng/mL, n=5; p=0.01) (Figure 5c). When
comparing formula-fed groups that received saline vs. indo treatment,
corticosterone levels were increased in animals injected with NSAID,
but statistical significance was not achieved (mean of 76 ± 18 ng/mL,
n=10 vs. 131 ± 29 ng/mL, n=15; p=0.12) (Figure 5).

Luminal bile acid levels: Luminal bile acids were measured from the
intestinal flush obtained during intestinal collection (Figure 5b). There

Clin Exp Pharmacol, an open access journal
ISSN: 2161-1459

Volume 6 • Issue 6 • 1000222

Citation:

Schuck-Phan A, Phan T, Dawson PA, Dial EJ, Bell C, et al. (2016) Formula Feeding Predisposes Gut to NSAID-Induced Small Intestinal
Injury . Clin Exp Pharmacol 6: 222. doi:10.4172/2161-1459.1000222

Page 5 of 10
were fed with maternal milk suggesting that formula feeding/maternal
separation may increase a neonate’s susceptibility to NSAID treatment.
Similar results were seen in a prior study where rat pups were either
breast-fed or formula-fed (similar mixture that was used in our study)
but with hypoxia as the stressor [17]. In that study, all formula-fed rat
pups exposed to hypoxia developed a NEC-like picture while hypoxic
breast-fed rat pups showed no intestinal injury. The formula-fed rat
pups that were not challenged with hypoxia did not have observable
intestinal injury [17]. In new-born rat pups the GI tract matures
gradually during the suckling period and much more rapidly during
the weaning period. This process is very different from human infants,
in whom the GI tract is more mature at birth and shows a slower gut
developmental profile during the first year of post-natal life [34]. Indo
has also been shown to block tight-junction repair in an ischemicinjury porcine model by Jacobi et al. There may be a similar
mechanism at work in rodents, but that will need further exploration
[35].
Figure 3: Effects of formula-feeding and indomethacin treatment on
intestinal villus and crypt morphology. Representative light
micrographs of hematoxylin-eosin-stained transverse sections of
jejunum from the indicated treatment groups are shown. (a) Damfed saline, (b) Dam-fed indo (c) Formula-fed saline, (d) Formulafed indo. Formula-fed saline treated pups have significantly deeper
crypts (3c) versus the dam-fed saline treated group (3a). The crypts
were significantly deeper in the indo-treated formula-fed group
(3d) but not dam-fed pups (3b). Images are shown at 10X
magnification.
mRNA expression of Apical Sodium-Dependent Bile Acid
Transporter (ASBT): Developmental mRNA expression the ASBT was
measured by real time PCR. Samples of rat ileal tissue were collected
on gestational day 21 (G21) and postnatal (p) days 0, 8, 14, and 24. Full
weaning occurred on day 21 (Figure 6a). As previously shown in rat
pups by Shneider et al. ASBT mRNA expression increases significantly
in neonates between the ages of 14 and 24 days of age (wherein
negligible expression was recorded at earlier time points) [22,23]
(Figure 6b). Ileal ASBT expression was significantly higher (36-fold) in
formula-fed groups (323-484 AU) compared to dam-fed groups (9-14
AU) at 16 DOL, with highest expression in the indo treated formulafed group (Figure 6).

Discussion
We have shown that mild intestinal injury can occur due to stress
from formula feeding and maternal separation. These stressors may
play a role in accelerating intestinal development, as evidenced by an
elevated corticosteroid level in the formula-fed groups that received
indo, as they were potentially the most stressed group.
Effect of Maternal Separation (MS) with formula feeding on
NSAIDs-induced intestinal injury: NSAIDs such as indo can severely
injure the small intestinal mucosa in adult rodents and humans,
leading to the development of ulcers, bleeding, and ultimately stricture
and/or perforation [24-31]. Low birth weight neonates are sometimes
exposed to NSAIDs (indo) either prenatally (to delay labor) or
postnatally for the medical induction of PDA closure (with indo or
ibuprofen), which can lead to intestinal perforation [32,33]. Based on
our results, there appears to be increased indo-induced intestinal
injury in rat pups that were formula-fed compared with animals that
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Figure 4: Effects of formula-feeding and indomethacin treatment on
intestinal crypt morphology. Representative light micrographs of
hematoxylin-eosin-stained transverse sections of jejunum from the
indicated treatment groups are shown. (a) Dam-fed saline, (b)
Dam-fed indo (c) Formula-fed saline, (d) Formula-fed indo. The
mitotic bodies are indicated by the black circles. The formula-fed
indo pups (4d) had the highest average number of mitotic bodies
per crypt among the treatment groups. No statistically significant
different in the number of mitotic bodies was observed in dam-fed
saline versus indo treated pups. Images are shown at 10X
magnification.
Histological analysis showed that maternally-separated, formula-fed
controls had marginally taller villi than dam-fed controls, which may
suggest more advanced intestinal maturity [36,37]. A previous study
showed that rat pups fed a formula diet had longer small intestines and
taller villi, suggestive of precocious maturation of small intestine as an
adaptive mechanism to increase surface area for absorption [36]. The
formula-fed rat pups also had deeper intestinal crypts, suggestive of
accelerated epithelial turnover [36,37]. Indo treatment did not appear
to affect the villus height or crypt depths in the dam-fed group.
However, the villus to crypt ratio was significantly reduced in the indo
treated versus saline-treated formula-fed pups, which may be a sign of
mucosal injury and increased villus regeneration [24,38]. Similar
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results were obtained when the numbers of mitotic bodies were
measured. There was an increase in mitotic bodies in the crypts of
formula-fed pups compared to dam-fed. The indo treated formula-fed
group had the highest average number of mitotic bodies, suggesting
that cell turnover and proliferation is further increased in the setting of
intestinal damage [24-39].
In our study, formula-fed rat pups appeared to have comparable
growth to dam-fed groups when comparing body weights during the
latter stages of the study period. Dam-fed rat pups initially exhibited
an expected faster rate of weight gain when the litter size was reduced

at DOL 9 in order to transfer some of the rat pups from the dam to
formula-feeding groups. A previous study showed rat pups that are at
or less than 14 days of life, if given an unlimited supply of milk, will
continue to drink until their stomachs are so distended that they can
barely walk [40]. Normally, the immaturity of the satiation response is
limited by maternal milk supply, which is matched to litter size. If litter
size is reduced within 6 h of birth, rat pups exhibit normal weight gain
during the nursing period. However, if litter size is reduced later,
obesity may ensue [40].

Figure 5: Markers of intestinal maturity. a) Effects of formula-feeding and indomethacin treatment on intestinal sucrase activity. Sucrase
activity (as a marker of intestinal maturation) was measured. Mean values ± SE are shown (n=14 to 17 per group). An asterisk indicates
significant differences (***p<0.001) between the indicated groups. b) Effects of formula-feeding and indomethacin treatment on luminal bile
acid levels. Luminal bile acid concentration from the intestinal flush was measured by enzymatic assay. Mean values ± SE are shown (n=13 to
18 per group). An asterisk indicates significant differences (***p<0.001) between the indicated groups. c) Effects of formula-feeding and
indomethacin treatment on corticosterone levels in rat pups: The formula-fed group overall had higher levels of corticosterone than dam-fed
groups but did not reach statistical significance (mean 109 ± 19 ng/mL vs. 52 ± 5 ng/mL; p= 0.074, mean data not shown). Indo treated
formula-fed group had higher corticosterone level than indo-treated dam-fed group (131 ± 29 ng/mL, n=15 vs. 42 ± 6 ng/mL, n=5, *p<0.05).

Clin Exp Pharmacol, an open access journal
ISSN: 2161-1459

Volume 6 • Issue 6 • 1000222

Citation:

Schuck-Phan A, Phan T, Dawson PA, Dial EJ, Bell C, et al. (2016) Formula Feeding Predisposes Gut to NSAID-Induced Small Intestinal
Injury . Clin Exp Pharmacol 6: 222. doi:10.4172/2161-1459.1000222

Page 7 of 10

Figure 6: Ileal ASBT mRNA expression in rat pups. Ileal mRNA expression of the ASBT was measured by real time PCR. (a) Samples of rat
intestinal tissue were collected on gestational day 21 (G21) and postnatal (p) days 0, 8, 14, and 24. Full weaning occurred on day 21. (b) Ileal
ASBT expression was measured at DOL 15-16 in the indicated groups. Values are means of triplicate determinations, and expression was
normalized using cyclophilin.
Previous animal studies have noted that when malnutrition is
present, small intestinal development may be altered with decreased
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jejunal mass and delayed epithelial maturation as measured by
mucosal enzymes activities [41]. Because the opposite changes
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(increased intestinal mass and accelerated maturation) were found in
our formula-fed animal groups, we conclude that the formula-fed rat
pups were not malnourished at the completion of study and that our
findings are not secondary to malnutrition. The less intrusive method
of feeding also allowed us to avoid trauma associated with traditional
means of proving formula via orogastric tube or gastrostomy tube.
Self-feeding also avoids gastric irritation that can increase bleeding
risk.
Role of corticosteroids in NSAID injury: Precocious intestinal
maturation observed in formula-fed rat pups may, in part, be related to
an accelerated progression of intestinal development secondary to
stress (from maternal separation and formula feeding). Interestingly,
among the rat pups that did not receive indo, formula-fed rat pups did
not manifest greater cortisone level than that of the dam-fed rat pups.
It is possible that we did not capture the elevation if the response
occurred earlier and had resolved by the time the experiment ended or
if level was influenced by diurnal variation (corticosteroid levels being
normally increased in the evening, while specimens were collected
during the afternoon. We hypothesize that environmental stress may
induce changes in the intestine by stimulating corticosteroid release,
which is a classic adrenal cortical stress signal [42-44]. Previous studies
showed early weaning leads to precocious maturation of jejunal
disaccharidase activity in intact rats but not in adrenalectomized rats
[40-46]. There is a large body of evidence indicating that
administration of adrenocortical steroids can induce precocious
intestinal maturation in a number of animal species, which is reflected
by the development of an adult pattern of disaccharidase enzyme
activity, intestinal morphology, and cell proliferation [47-49].
Corticosteroids exacerbate NSAID-induced GI injury, possibly owing
to the induction of intestinal transport of luminal bile acid into the
enterocyte [50].
Brush border disaccharidases such as sucrase, isomaltase, and α,αtrehalase normally are present at low or undetectable levels in rat pups
during first 2 weeks of life and are not expressed until days 15-17 of
life, reaching adult levels by day of life 25. Jejunal sucrase is induced by
the stress of weaning [40-48]. Other changes in intestinal development
secondary to the corticosteroid induction have been documented in
mammals, most of which seem to benefit nutrient absorption. These
include “closure” of the intestinal barrier, which refers to a decrease in
macromolecular permeability [51]. In humans, permeability measured
by lactulose/mannitol excretion in the urine following adrenocorticoid
decreases with antenatal steroid exposure [52]. Oddly, in rodents,
dexamethasone combined with maternal separation increased
intestinal permeability [53].
Potential role of epithelial bile acids in NSAIDs injury: Bile acids
may play a role in development of NEC and NSAID-induced injury to
the epithelial barrier. For example, Halpern’s lab has shown in a rat
necrotizing enterocolitis model that increased luminal bile acids and
increased apical ASBT expression is an important part of the
pathophysiological mechanism. Strong support for bile acidcontribution to intestinal injury was shown when chemical inhibition
or knockout of the ASBT was found to protect from experimental
necrotizing enterocolitis [54,55]. Our lab has obtained in vitro and in
vivo evidence that the presence of bile acids significantly exacerbate
NSAIDs-induced cell/membrane injury, possibly by forming cytotoxic
mixed micelles [56,57]. In addition, excretion of indo in bile likely
contributed to intestinal injury [57]. In the present study, luminal bile
acids were much higher (~2-fold) in formula-fed compared to dam-fed
groups. Indo treatment did not affect levels of luminal bile acids.
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However, formula-feeding-associated stress steroids may have induced
maturation of systems responsible for bile acid biosynthesis and
enterohepatic cycling, which would increase intestinal bile acid
exposure and may have potentiated the indo-induced intestinal injury
in the formula-fed group [40,50]. Although we did not measure
intracellular bile acid levels, one would predict an increase due to
elevated luminal level and apical membrane transporter activity.
Investigators previously showed that ileal brush border membrane bile
acid transport activity and ileal ASBT mRNA and protein expression
normally appears later in the postnatal period, increasing between
days 14 and 24 in rat pups [22,23] and this developmental pattern was
confirmed in the present study. Moreover, formula-fed animals had
markedly higher levels of ASBT mRNA expression when compared to
the dam-fed animals at DOL [16-17]. Although the underlying
mechanism for the induction of expression was not further explored,
previous studies would suggest a connection to the elevated cortisol
levels in the formula-fed mice. For example, Hwang and Henning
previously demonstrated that administration of dexamethasone during
the second postnatal week induced ileal ASBT expression in rat pups
[50]. It has also been shown that administration of glucocorticoids
induces ileal ASBT expression in rat or mouse models [58,59], and that
the ASBT is a direct target glucocorticoid receptor target gene [60].
In summary, dam-feeding appeared to protect against NSAIDinduced intestinal injury/bleeding during weeks 2-3 of life. Stress (from
maternal separation and formula-feeding) increased intestinal
sensitivity to indo-induced injury. Epithelial maturation induced by
the systemic adrenocortical burst might have been expected to make
the gut more resistant to injury; but we observed that it was instead
associated with great level of injury. Our study provides additional
insight to factors which may facilitate NSAIDs-induced injury to the
infant intestine. Breast milk may play a protean role against indoinduced intestinal injury although the mechanism still requires further
exploration. Feeding breast milk to premature infants that require
NSAID may provide some protection to one’s lower gut against
NSAID-induced intestinal injury.
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