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ABSTRACT

Dietary mehaden oil enhances mucosal hyperplasia that normally occurs after mas-
sive small bowel resection. In contrast, dexamethasone and aspirin inhibit the a-
daptation response. In order to gain insight on the mechanism of these effects, male
Sprague-Dawley rats weighing approximately 150gram were randomly divided into
two groups and fed diet containing either 15% safflower oil or 14% menhaden ojl and
1% safflower oil. Ten days later they were subjected to 70% jejunoileal resection. Im-
mediately after surgery each group was further divided into two groups and received
cither vehicle or 125pg,/kg/day dexamethasone subcutaneously. All animals were sac-
rificed seven days after the surgery, and the remaining intestine was removed and di-
vided at the anastomotic site. Dexamethasone, which decreased gut hyperplasia in
both dietary groups, decreased both serum IGE-T levels and ileal PGE, synthesis.
Menhaden oil enhanced gut hyperplasia, but did not increase IGE-I or IGF-IT levels
in serum. PGE, synthesis was lower in the ileum of menhaden oil-fed rats compared
to that of safflower oil-fed rats. The effects of menhaden oil on adaptation did not ap-
pear to be mediated either through IGFs or PGE, synthesis. Other factors could have
played a role in enhancing adaptation following menhaden oil feeding.

KEY WORDS : insulin-like growth factors - dexamethasone - jejunoileal resection -
rats - prostaglandin E,.

ing the most common in infants. Prolonged therapy

Introduction with total parenteral nutrition is often necessary in

such patients and the gradual introduction of enteral

Malabsorption resulting from massive resection of feedings, either orally or by tube feeding, will often

the small intestine is known as short bowel syndrome”. eventually replace the need for parenteral nutrition.
Resection is performed for numerous conditions, with The degree to which enteral nutrition can be suc-
necrotizing enterocolitis and congenital anomalics be- cessfully administered to patients with short bowel syn-
Accepted:December 6, 1995 drome is heavily dependent upon the process of mu-
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cosal adaptation. This involves hyperplasia of the ab-
sorptive epithelium in the small intestine resulting in
the gradual lengthening of the villi and increased ab-
sorptive surface area”. Therefore, stimulation of in-
testinal adaptation, a process highly dependent upon
the presence of enteral nutrition, is a key factor in the
successful treatment of short bowel syndrome®”.

The mechanism by which enteral nutrients stimu-
late intestinal adaptation is not known. Long-chain tri-
glycerides are important trophic factors in the stimu-

lation of intestinal adaptation®”

. Among various oils
containing long-chain triglycerides, highly unsaturated
marine oils such as menhaden oil are especially potent
stimulators of adaptation'”. We have previously at-
tempted to relate the stimulatory effects of enteral nu-
trition, especially lipids, to changes in gastrointestinal
hormones and arachidonic acid metabolism, in par-
ticular, prostaglandin E(PGE,)"".

We have previously shown that exogenous 16,16-di-
methyl-PGE, augments mucosal hyperplasia after 70%
12 - Other studies have shown that
the adaptation responsc is inhibited by corticosteroids

jejunoileal resection

9 substances that are acknowledged to reduce the
synthesis of prostaglandin E,. Inhibition of pros-
taglandin synthesis by aspirin also reduces the a-
daptation response'?.

An alternate explanation for the inhibitory effects of
corticosteroids on adaptation relates to their effect on
insulin-like growth factor(IGF) metabolism. It has
been shown that dexamethasone infusion decreases
serum IGF-1 and IGF-II levels'®'®. IGF-I and IGF-II
are important regulators of somatic growth'®. In vitro
studies indicate that insulin, IGF-I and IGF-II stimu-
late proliferation of intestinal epithelial cells'”. In vivo,
administration of IGE-I and its truncated analog, des-
(1-3)-IGF-1, has both been shown to enhance mu-
cosal hyperplasia that normally occurs after massive
small bowel resection'®. In a study of osteoblast-en-
riched cultures from fetal rat bone, McCarthy et al'”
have shown that PGE, is a potent activator of 1GE-1
expression.

The present study was conducted to explore the in-

terrelationship between corticosteroids, menhaden oil,

and adaptation. Specifically, we wanted to assess how
various therapeutic manipulations alter prostaglandin
and IGF-I1 metabolism, hopefully to gain greater in-
sight into the importance of prostaglandins in in-
testinal adaptation.

Materials and Methods

1. Materials

Recombinant human IGF-I and IGF-II were gen-
erously provided by Lilly Research Laboratories, In-
dianapolis, IN. Dexamethasone sodium phosphate, a
synthetic glucocorticoid, was purchased from Am-
erican Regent Laboratories(Shirley, NY). 'I-IGF-I
and '®T-IGF-II(sp act 2,000 Ci/mmol) were pur-
chased from Amersham(Arlington Heights, IL). Rab-
bit IGF-1 antiserum(UB3-189) was a gift from Drs. L.
E. Underwood and J.J Van Wyk(University of North
Carolina, Chapel Hill, NC) through the National Hor-
mone and Pituitary Program of National Institute of
Diabetes
(Baltimore, MD). This antibody has wide species cross-

and Digestive and Kidney Discases
reactivity and has been used successfully in studies
with rats'®. Recombinant rat IGF-I has been shown
to be 90% cross-reactive with this antiserum compared
with recombinant human IGF-I(personal com-
munication, Dr. L.E. Underwood). Unless otherwise
stated, all other chemicals were obtained from Sigma

Chemical(St. Louis, MO).

2. Animals, Diets, and Study Protocol

The animals used in this study were cared for ac-
cording to the guidelines of the Animal Review Com-
mittee at the University of Nebraska Medical Center.
Forty male Spraguc-Dawley rats, weighing ap-
proximately 150grams(Sasco, Omaha, NE), were hous-
ed individually in stainless steel hanging cages. They
were fed Purina Rat Chow(Ralston Purina, St. Louis,
MO) and tap water ad libitum to be acclimated to la-
boratory conditions over a three-day period. Sub-
sequently, the animals were randomly divided into
two groups and fed a modified AIN-76 diet obtained
from Tech Lab(Madison, WI, USA) containing one
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of the following dietary lipids. One group received
14%(w/w) menhaden oil and 1% safffower oil, while
the other group received 15% safflower oil.  The
dietary menhaden oil contained the following fatty a-
cids(weight % of total fatty acids): 14:0, 8.95%:
15:0,0.72%:16: 0, 17.08%; 16 : 1, 12.52% : 16
2, 1.66%:16:3, 1.71%; 16: 4, 1.83%;18:0, 2.
81%;18:1,11.38%; 18:2, 1.54%; 18 : 3, 1.61%;
18:4,345%:20:0,02%:;20:1,156%;20:4,2.
03%:;20:5,15.51%;21:5,0.79%: 22 :5, 242%;
and 22 : 6, 9.13%. The composition of the safflower
oil was as follows : 16:0,6.6%: 18:0,2.4%; 18: 1,
125%; 18:2, 77.4%: and 18: 3, 0.3%. Rats were
fed these diets for 10 days and then underwent 70%
jejunoileal resection. The operation resulted in re-
moval of all of the small intestine from 4 ¢cm distal to
the ligament of Treitz to a point 12 ¢m proximal to
the ileocecal valve. Surgery was performed under pen-
tobarbital anesthesia(40 mg/kg). Animals were given
D-glucose(5%, w/v) and oxytetracycline hy-
drochloride(0.0225%) in their drinking water for 36
hours pre- and postoperatively, and then fed their
respective study diets. Throughout the pre- and pos-
toperative period, food intake from the menhaden oil
group was measured daily and the other group was
pair-fed based upon this amount as our previous ex-
perience indicated that the menhaden oil group com-
monly consumes a lesser amount of food during any
24-hour period. The diets were freshly prepared each
week and stored in tightly sealed bags in the freezer.
The animals received fresh food every day.

Immediately after surgery, each dietary group was
further divided into two groups. A mini-osmotic
pump(Alzet Model 2001, Palo Alto, CA) was placed
subcutaneously to administer either dexamethasone
(125pg/kg/day) or a placebo(25 mM sodium phos-
phate, pH 7.4).

Seven days following surgery, the animals were sac-
rificed. The small intestine from the pylorus to ileoce-
cal valve was removed and divided at the anastomosis.
Portions of the intestine one centimeter on either side
of the anastomosis were discarded because of surg-

ically induced hyperplasia occurring in the region.

The duodenojejunal and ileal length were measured,
specimens were weighed, and mucosa was sub-
sequently scraped from the underlying tissue with a
glass slide.

3. Mucosal DNA, Protein, and Enzyme Assays

The status of mucosal hyperplasia was assessed by
measuring mucosal weight, DNA, and protein. Mu-
cosal samples were homogenized in ice-cold deion-
ized water. DNA was extracted by the method of
Munro and Fleck®®, and the resulting DNA fractions
were assayed according to method of Giles and Myers

» Protein concentration was determined by the

I’? and expressed as milligrams

method of Lowry et a
of protein per centimeter of bowel. Disaccharidase ac-
tivities were measured according to the method of

Dahlqvist™ as one measure of mucosal function.

4. Determinations of IGF-1 and IGF-II

Blood was drawn from the aorta at the time of
death and serum was prepared for determination of
IGF-I levels. Before assaying for IGFEs, IGF binding
proteins were removed from serum by the acid-gel fil-
tration method®®. IGF-I levels were estimated by ra-
dioimmunoassay as described previously using ‘*I-
IGF-I and rabbit anti-IGE-I serum'”. Recombinant
human IGF-I was used as an unlabeled standard. The
levels of IGF-II were determined by the double an-
tibody immunoassay method with a monoclonal an-
tibody highly specific for IGF-II(Amano International
Enzyme, Troy, VA) as described previously'”.

5. Prostaglandin Analysis

PGE, synthesis was assessed by organ culture tech-
nique’. One cm segment of the distal ileum was
flushed with ice-cold saline to remove any intestinal
contents, and then placed in cold Dulbecco's mod-
ified Eagle medium : Ham's F-12 nutrient mixture
(DMEM/F12 ; GibcoBRL, Gaithersburg, MD) sup-
plemented with 200 units/ml penicillin and 200pg/
ml streptomycin prior to further processing. The tis-
sue was split longitudinally and then into 1.5x1.5
mm full thickness explants with a razor blade. Ten tis-

sue explants were placed directly onto Falcon stainless
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Table 1. Effects of fatty acid and dexamethasone on duodenojejunal mucosal parameters

Menhaden Menhaden-DEX Safflower Safflower-DEX
Body weight(g) 206 + 5° 162 + 5° 193 + 4° 152 + 4°
Mucosal weightimg/cm) 160 + 4.4° 136 + 5.8° 134 + 5.0° 125 + 5.1°
Protein(mg/cm) 175+ 0.7° 16.8 + 0.6* 152 + 0.6~ 133+ 08"
DNA(pg/cm) 197 £9.2° 162 + 6.6° 166 + 5.1° 134 + 4.5°
Maltase(umol/g prot/min) 355 + 23* 402 + 10™ 338 + 36™ 469 + 28°
{nmol/cm/min) 6097 + 266° 6751 + 272° 5172 + 316" 6097 + 291°
Sucrase(umol/g prot/min) 55 + 47 62 +3° 62 + 3° 94 + 8
(nmol/cm/min) 945 + 58° 1037 + 46° 941 + 59° 1229 + 53°
Lactase(umol/g prot/min) 4.46 +0.12° 5.98 + 0.99" 4.33 + 041° 9.82 + 0.92°
(nmol/cm/min) 78 + 3.5° 97 + 12.5° 67 + 7.7° 128 +10.7

Values are means + SEM. Values within rows with different superscripts differ(p < 0.05).

steel grids, with one grid placed per well in Falcon 6-
well, cell-culture plates(Becton Dickinson, Lincoln
Park, NJ) and rinsed twice with DMEM /F12. The ex-
plants were placed at the air-fluid interface with 1.4
ml DMEM/F12. The 6-well plates were put into mo-
dular airtight incubators from Billups-Rothenberg(Del
Mar, CA) which were filled with 5% CO,/95% O,,
and then placed in an incubator at 37C for 1.5 h.
Our preliminary experiments had shown that PGE, se-
cretion was linear up to 6 h under these experimental
conditions. The medium and tissue were collected aft-
er 1.5 h of incubation. The PGE, released into the
medium was extracted immediately using ethyl acetate
(4 : 1, v/v) after acidifying the medium with glacial a-
cetic acid at pH 4.0. The upper organic phase was sav-
ed and dried under N,. PGE, was quantified by u-
tilizing an enzyme immunoassay kit(Advanced Mag-
netics, Cambridge, MA). The protein contents of tis-
sues were determined by the method of Lowry et al*”,
and the data were expressed as ng PGE, released per
h per g of protein.

6. Statistical Analysis

All data were calculated as mean =+ standard error of
the mean. Statistically significant differences among
group means were determined by analysis of variance

26)

and Duncan's New Multiple Range Test™.
Results

Of the rats that were not given dexamethasone,

those fed menhaden oil were significantly heavier than
the ones fed safflower oil. Dexamethasone infusion
resulted in marked decreases in body weight re-
gardless of whether rats were fed menhaden oil or saf-
flower oil. In fact, there was no difference in body
weight between the two dietary groups infused with
dexamethasone(Table 1).

Duodenojejunal mucosal characteristics are shown
in Table 1. Administration of menhaden oil sig-
nificantly enhanced mucosal weight when compared
to the animals fed safflower oil. Dexamethasone ap-
peared to inhibit the response, reducing adaptation in
menhaden oil-fed rats to a level equal to that achiev-
ed with safflower oil. As mucosal DNA and protein
responded similarly, the hyperplasia process itself ap-
peared to be altered, causing the changes in mucosal
weight. Disaccharidase activities were enhanced sig-
nificantly in safflower oil-fed animals treated with dex-
amethasone, but differences were not significant in
menhaden oil-fed animals, although similar trends
were apparent. These changes were generally apparent
regardless of whether the data were expressed per
gram of protein or per centimeter of bowel. There
were no differences in disaccharidase activities
between the menhaden oil and safflower oil groups
infused with vehicle.

Data from the ileum are shown in Table 2. Com-
parable findings were observed. Mucosal weight was
greatest in the animals fed menhaden oil, whereas
treatment with dexamethasone reduced the adaptive
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response of the menhaden oil-fed animals to the level
seen with safflower oil. Dexamethasone further reduc-
ed the adaptation response in safflower oil-fed animals.
DNA and protein levels generally demonstrated sim-
ilar changes. In contrast to the jejunum, disac-
charidase levels were not enhanced in response to cor-
Menhaden oil ad-
ministration again appeared to have either no effect or

ticosteroid administration.
a negative effect on disaccharidase levels.

Prostaglandin E, production in the ileum was mark-
edly elevated in animals fed safflower oil when com-
pared to menhaden oil-fed animals, as linoleic acid
present in safflower oil is a substrate for the PGE, syn-
thesis. Dexamethasone reduced prostaglandin E, pro-
duction in both dietary groups, although it had a
smaller effect on menhaden oil-fed animals(Table 2).

Menhaden oil did not significantly elevate either
IGF-I or IGF-II levels in the serum relative to saf-
flower oil. Dexamethasone administration, however,
reduced the levels of both the IGF-I and IGF-II in
the serum of animals fed either lipid(Table 3).

Discussion

The stimulatory effect of menhaden oil on intestinal

adaptation is consistent with data previously described
in our laboratory'®. These results suggest that
menhaden oil have potential as a therapeutic agent for
patients with short bowel syndrome or with a limited
absorptive surface area. Prior attempts to relate this
observation to changes in potentially trophic gas-
trointestinal hormone levels have been largely un-
successful. We found a small but statistically sig-
nificant elevaton in peptide YY levels in animals fed
menhaden oil, an observation which prompted us to
suggest the possibility that peptide YY could have
reduced intestinal motility, thereby increasing nutrient
contact with the mucosal epithelium. As nutrient con-
tact is known to stimulate intestinal adaptation, this
might be one potential mechanism whereby
menhaden oil could stimulate mucosal hyperplasia in
the small bowel. Our preliminary studies were not,
however, able to demonstrate an elevation in en-
teroglucagon levels, but rather a decrease in en-
teroglucagon, a hormone which was previously
thought to be important in stimulating intestinal a-
daptation.

At least in the proximal small intestine, dex-
amethasone appeared to also increase the specific ac-

tivity of disaccharidases. As dexamethasone also reduc-

Table 2. Effects of fatty acids and dexamethasone on ileal mucosal parameters

Menhaden Menhaden-DEX Safflower Safflower-DEX
Mucosal weight(mg/cm) 168 + 7.8° 140 + 8.8° 134 + 4.0 90 + 5.1°
DNA(ug/cm) 214 + 5.1° 182 + 13.7™ 192 + 9.2* 123 £ 6.1°
Protein{mg/cm) 17.9 + 0.7% 153 £ 0.7° 14.8 + 0.6° 9.4 + 0.5°
Maltase(umol/g prot/min) 170 + 9° 248 + 13° 248 + 22° 299 + 17°
(nmol/cm/min) 3048 + 239* 3850 + 350° 3593 + 260° 2793 + 202%
Sucrase(umol/g prot/min) 149 +1.17° 22.0 + 2.24° 257 +2.9° 219 + 247°
(nmol/cm/min) 269 + 28* 344 + 45° 365 + 28° 208 + 28°
Lactase(umol/g prot/min) 2.69 + 0.10° 2.95 + 0.14° 3.13 £ 0.21° 3.01 £ 0.01°
(nmol/cm/min) 48 + 2.06° 45 +2.42° 45 £ 1.67° 28 +1.2°
PGE,(ng/hour/g prot) 297 + 28 229 + 24° 777 + 76° 486 + 48°

Values are means + SEM. Values within rows with different superscripts differ(p < 0.05).

Table 3. Effects of fatty acids and dexamethasone on serum IGF-I and IGF-I

Menhaden Menhaden-DEX Safflower Safflower-DEX
IGF-I(ng/ml) 335 £ 19° 222 + 25 307 + 23° 224 +18°
IGF-ll(ng/ml) 9.42 + 0.95° 462 +1.29° 9.35 + 1.0° 294 + 037°

Values are means + SEM. Values within rows with different superscripts differ(p < 0.05).
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ed hyperplasia, these changes are typical for more
functionally mature, but less rapidly dividing, mucosal
cells. Dexamethasone inhibited mucosal hyperplasia in
both dietary groups and inhibited IGF-I and IGF-II
synthesis. IGF-I and IGF-II are stimulants of mucosal

cell proliferation”

. In addition, infusion of dex-
amethasone significantly inhibited PGE, synthesis in
the ileum. From these results and those by McCarthy
et al', one can hypothesize that dexamethasone in-
hibits IGF-I production by inhibiting PGE, synthesis.
However, Feeding menhaden oil to animals given dex-
amethasone appeared to reverse the negative effects of
dexamethasone seen in safflower oil-fed rats following
resection, but these findings could not be explained
by greater IGF-1 production in menhaden vs. saf-
flower oil-fed steroid-treated rats. Therefore, it is like-
ly other factors were involved.

Previous studies in our laboratory have de-
monstrated that mucosal mass in rats following small
bowel resection could be augmented by the ad-
ministration of 16, 16-dimethyl-prostaglandin  E,'”.
The reason for this positive effect is also poorly un-
derstood. Prostaglandins are known to increase mu-
cosal blood flow in the small intestine, alter intestinal
motility, and influence fluid secretion in the small
bowel”?®. Previous studies from our laboratory have
suggested that inhibition of prostaglandin synthesis
with aspirin can reduce the intestinal adaptation
response'®. Dexamethasone appeared to be much
more potent reducer of intestinal mass following in-
testinal resection. The corticosteroid reduced PGE,
synthesis in the ileum of both safflower oil-fed and
menhaden oil-fed animals(Table 2). However, animals
fed menhaden oil regardless of corticosteroid therapy
had markedly reduced prostaglandin E, synthesis and
increased mucosal hyperplasia. It is likely that the ome-
ga-3 fatty acids present in menhaden oil acted as a
substrate for synthesis of a structurally different group
of prostaglandin compounds®™. The physiologic ac-
tivity of these substances might differ significantly
from the 2-series prostaglandins. These compounds
would not have been measured by our assay, and

their effect on mucosal adaptation is unknown. In the

colon, they appear to be associated with decreased cel-
lular proliferation and decreased ornithine de-
carboxylase levels, an early indicator of cell prol-

iferation™.

Another possible explanation may have
been changes . in membrane compositions of en-
terocytes in menhaden oil fed rats. Previously we ob-
served differences in fatty acid composition of in-
testinal mucosa between animals fed the two dietary
lipids®. Because the life span of enterocytes is very
short, it is reasonable to assume that such differences
in fatty acid profile also existed in enterocyte mem-
branes. These changes in the membrane may have
resulted in alteration of tissue metabolism.

We have shown that menhaden oil enhances gut hy-
perplasia, but does not increase serum IGF-I or IGF-
II levels. Dexamethasone decreases mucosal hy-
perplasia, IGF production, and prosatglandin E, syn-
thesis. The stimulatory effect of menhaden oil on a-
daptation is in opposition to its negative effect on
PGE, synthesis. Therefore, the effects of menhaden
oil on mucosal hyperplasia are not likely mediated
through effects on either growth factors such as IGF-I

and IGF-II or PGE, synthesis.
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