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ABSTRACT

In most neonatal animals, the small intestinal epithelium is
responsible for endogenous arginine production. The ability of
neonatal enterocytes to synthesize arginine immediately after
birth suggests that the enzymes involved are present prenatally.
Pyrroline-5-carboxylate is the common intermediate in the intes-
tinal pathways for the synthesis of citrulline and arginine from
both glutamine and proline and is interconverted into ornithine
by ornithine aminotransferase (OAT). In this study, OAT enzy-
matic activity and mRNA expression in the intestine of fetal pigs
from 30 to 110 d of gestation were determined. Enzymatic
activity (nanomoles per minute per milligram of protein) peaked
at d 45 of gestation and increased again between d 60 and 110 of
gestation. At 30 and 35 d of gestation, OAT mRNA expression
was detected throughout the mucosal epithelium of the small
intestine. Throughout the remainder of gestation, OAT expres-

Milk of many species, including human, cow, and pig, is
relatively deficient in arginine (1). Additionally, arginine re-
quirements by neonates are particularly high, partly because of
arginine abundance in the body and multiple metabolic path-
ways for arginine utilization (2). Arginine is used for synthesis
of proteins, polyamines, creatinine, and nitric oxide (3). Thus,
endogenous synthesis of arginine must play an important role
in arginine provision to the breast-fed neonate (3), and devel-
opment of the intestinal arginine synthetic pathway before
parturition is of crucial importance for neonatal survival and
growth.

Both enzymologic and metabolic studies have established
that enterocytes of the small intestine synthesize citrulline and
arginine from glutamine and proline (Fig. 1) and are the major
site for endogenous synthesis of arginine in neonates (2). OAT
(EC 2.6.1.13) interconverts P-5-C and ornithine; P-5-C is the
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sion was notably higher in the villus epithelium than in the crypt
epithelium. The presence of OAT in the small intestinal epithe-
lium throughout gestation suggests that the porcine small intes-
tine is capable of interconverting ornithine and pyrroline-5-
carboxylate during fetal development. This capability may be
important for synthesis of arginine, proline, ornithine, and poly-
amines for development and metabolic activity of the intestine
during gestation or for somatic growth of the fetus. (Pediatr Res
50: 104-109, 2001)
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ISH, in situ hybridization
OAT, ornithine aminotransferase
P-5-C, pyrroline-5-carboxylate

common intermediate in the intestinal pathways for the syn-
thesis of citrulline and arginine from both glutamine and
proline (Fig. 1). Thus, OAT plays an essential role in intestinal
synthesis of citrulline and arginine. Consistent with this notion,
hypoornithinemia, hypocitrullinemia, and hypoargininemia oc-
cur in OAT-deficient infants (4) and neonatal pigs (5), as well
as in OAT-gene knockout newborn mice (4). The severity of
OAT deficiency varies among species, and associated patho-
logic conditions are not realized until after birth. In OAT
knockout mice OAT deficiency is lethal in neonates (4). In
humans, OAT deficiency normally remains undetected until
retinal degeneration associated with gyrate atrophy is diag-
nosed (4).

Little is known about intestinal OAT in the developing fetal
small intestine. In this study, we focused on the ontogeny of
expression of OAT, an enzyme that plays a central role in the
synthesis of citrulline and arginine from both glutamine and
proline (2, 6), in the fetal porcine small intestine. We used both
morphologic and biochemical techniques to identify distribu-
tion of OAT mRNA expression along the intestinal crypt-villus
axis and intestinal OAT enzyme activity. This information will
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Figure 1. Biosynthetic pathway for production of arginine from glutamine in
porcine enterocytes. CP, carbamoyl phosphate; G4, glutaminase; PS, P-5-C
synthase; PD, P-5-C dehydrogenase; OCT, ornithine carbamoyltransferase;
ASS, argininosuccinate synthase; ASL, argininosuccinate lyase; PR, P-5-C
reductase; PO, proline oxidase.

aid in understanding the metabolic zonation in fetal intestinal
arginine synthesis. Results of this study demonstrated that /)
OAT enzymatic activity, expressed per milligram of intestinal
protein, peaked on d 45 of gestation and increased again
between d 60 and 110 of gestation, 2) OAT mRNA, as detected
by ISH, was expressed in enterocytes of fetal pig intestine from
d 30 to 110 of gestation, and 3) OAT mRNA expression was
localized primarily to villus cells during fetal development.

METHODS

Animals. Fetuses were collected from crossbred (Duroc X
Hampshire X Yorkshire) gilts at defined stages of gestation
using procedures approved by the Texas A&M Laboratory
Animal Care Committee and as reported previously (6).
Briefly, gilts were monitored daily, hand-mated to boars at 12
and 24 h after the onset of their second estrus, and hysterec-
tomized at defined intervals between d 30 and 110 of gestation
(term is 114 = 2 d). Fetuses were euthanized by decapitation,
and small intestines were collected on d 30, 35, 40, 45, 60, 90,
and 110 of gestation. Whole intestines were used for measuring
OAT activity in d 30—45 fetuses, whereas whole small intes-
tines were used for d 60—110 fetuses. For ISH, small intestines
were divided into duodenal and proximal and distal jejunal
segments. The small intestine of d 30 fetuses was too small and
fragile to be divided into regions. In fetuses >30 d of age, a
segment of descending duodenum was isolated midway be-
tween the pyloric sphincter and the caudal duodenal flexure.
The jejunum was defined as that portion of the small intestine
between the duodenojejunal flexure and the ileal-cecal fold.
The jejunum was divided approximately in half, and segments
were isolated from the middle third of both the proximal and
distal jejunal segments and designated as proximal and distal
jejunum, respectively. Tissue samples were fixed in 4% para-
formaldehyde overnight, and then stored in 70% ethanol before
processing and paraffin embedding.

Measurement of OAT activity. OAT enzyme activity was
determined in homogenates of fetal small intestines from d 30,
35, 45, 60, 90, and 110 of gestation using previously reported
methods (5). Whole intestines pooled from 8—-10 fetuses of
each litter (n = 8 litters) on d 30, 35, and 45 and small
intestines from four individual fetuses per litter (n = 8 litters)
on d 60, 90, and 110 of gestation were used for assay of OAT
activity. Briefly, whole intestine (d 30, 35, and 45) or small
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intestine (d 60, 90, and 110) were homogenized at 4°C in
homogenization buffer (0.33 M sucrose, 5 mM HEPES, 1 mM
EGTA, 1 mM DTT, 0.5% Triton X-100, pH 7.4). Homogenates
were subjected to three cycles of freezing in liquid nitrogen and
thawing at 37°C and centrifuged at 600 X g for 10 min.
Supernatants were added to an assay mixture consisting of 75
mM potassium phosphate buffer (pH 7.5), 20 mM ornithine,
0.45 mM pyridoxal phosphate, 5 mM o-aminobenzaldehyde,
and 0 or 3.75 mM a-ketoglutarate, and incubated for 15 min at
37°C. The activity of OAT was quantified by measuring the
absorbance of the colorimetric reaction product of P-5-C with
o-aminobenzaldehyde at 440 nm. Enzymatic activity was ex-
pressed based on total protein, which was determined using a
modified Lowry procedure (6).

Northern blot analysis. Total RNA from small intestine of
fetal pigs on d 40 of gestation was isolated using TriPure
Isolation Reagent (Roche Molecular Biochemicals, Indianap-
olis, IN, U.S.A.) according to the manufacturer’s directions.
Total small intestinal RNA (10 pg) was electrophoresed
through a 1% agarose-formaldehyde gel and transferred over-
night to a positively charged nylon membrane by capillary
blotting with 10X SSC (1X SSC is 150 mM NaCl and 15 mM
sodium citrate). The blot was prehybridized in hybridization
buffer (50% formamide, 50 mM Na,PO,, 5X SSC, 0.1% SDS,
1 mM EDTA, 0.5X Denhardt’s solution, and 200 ug/mL
herring sperm DNA) for 1 h at 55°C. Hybridization was
performed for 16 h at 55°C using an antisense *’P-labeled
cRNA probe (1.5 X 10° cpm/mL) generated from an 1137-bp
BamHU/EcoRI fragment from the OAT cDNA clone rOAT6
which had been subcloned into pBluescript (Promega Corpo-
ration, Madison, WI, U.S.A.). The blot was washed in 1 X SSC
and 0.1% SDS at room temperature for 20 min and three times
in 0.2X SSC and 0.1% SDS for 20 min at 68°C.

ISH. After determining that OAT activity was present in d
30-110 fetal intestines, ISH was conducted to determine the
site(s) of OAT synthesis and to more definitively assess OAT
expression in fetal small intestine, during the period of villus
morphogenesis (i.e. d 35-45) and the remainder of gestation
(7). Sense and antisense [a->>S]JUTP-labeled OAT cRNA
probes were generated from the same rOAT subclone de-
scribed above, using T3 and T7 RNA polymerase, respectively.
ISH analysis was performed using previously described meth-
ods (8, 9) with modification of the hybridization temperature.
Briefly, paraffin-embedded tissue sections of small intestine
from fetal pigs on gestational d 30, 35, 40, 45, 60, 90, and 110
were cut (4 wm), placed on Superfrost-Plus-coated slides (Stat-
lab Medical Products, Lewisville, TX, U.S.A.), deparaffinized,
and prehybridized at 42°C for 2 h. Slides were then hybridized
with sense or antisense probes at 55°C overnight, washed to
remove nonspecific hybridization, and layered with Kodak
autoradiographic emulsion NTB-2. Several ISH experiments
were conducted, and each experiment included sections of the
small intestine segments (duodenum, proximal or distal jeju-
num) from one representative fetus from two to three litters for
each day of gestation studied. A total of two fetuses from each
of three litters were analyzed for each gestational day studied.
Preliminary experiments determined that a 3-wk exposure was
sufficient to detect OAT expression at a stage (d 30) when the
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lowest OAT activity levels had been detected. Thus, all slides
were subjected to a 3-wk exposure period after which they
were developed in Kodak D-19 developer (Eastman Kodak,
Rochester, NY, U.S.A.) and counterstained with hematoxylin.
Evaluation of sections was performed using a Zeiss Axioplan
IT Research microscope (Carl Zeiss, Inc., Thornwood, NY,
U.S.A.), under bright-field and dark-field illumination, com-
paring sense and antisense signal for determination of cell-
specific expression. Digital images were acquired using a Zeiss
Axioplan II Research microscope interfaced with a Hamamatsu
color camera (Hamamatsu Corp., Bridgewater, NJ, U.S.A.)
supported by a Power Macintosh G3 Computer (Apple, Cu-
pertino, CA, U.S.A.). Images were captured and processed
using Adobe Photoshop 5.0 (Adobe Systems Incorporated, San
Jose, CA, U.S.A)).

RESULTS

OAT enzyme activity. OAT enzymatic activity in small
intestine of fetal pigs (Table 1) was detectable at d 30 of
gestation (2.6 * 0.13 nmol'min~''mg protein '; mean *
SEM), at a stage at which the intestine is an immature tube of
undifferentiated, stratified epithelium (7). By d 35 of gestation,
when the fetal small intestinal mucosa is characterized by
rudimentary villi and stratified epithelium (7), OAT activity
(43.6 = 2.8 nmol'min~ ''mg protein ') increased 16-fold (Ta-
ble 1). On d 45 of gestation the villi are well defined and the
mucosal epithelium of the fetal intestine is a monolayer of
columnar epithelium containing absorptive, goblet, and en-
teroendocrine cell types (7). Concomitant with the develop-
ment of a more differentiated epithelium at this stage of
gestation, OAT enzyme activity (228 = 13.3 nmol'min~''mg
protein”~ ') was the highest among all gestational ages studied
and 87-fold greater than the value for d 30 of gestation (Table
1). By d 60 of gestation the major morphologic changes in the
mucosa are complete (7), and at this time, OAT activity (86.6
+ 4.9 nmol'min~''mg protein ') had decreased significantly
relative to the activity detected at d 45. Between d 90 and 110
of gestation, the absorptive epithelium of the fetal pig intestine
resembles that described for neonatal piglets (7). OAT enzy-
matic activity at d 90 (142 = 9.6 nmol'min~''mg protein~ ')
and d 110 (185 *+ 9.3 nmol'min~"mg protein™ ') increased by
64 and 114%, respectively, compared with OAT enzymatic
activity on d 60 of gestation.

To determine whether the changes in calculated OAT activ-
ity resulted from specific alteration of activity of the OAT
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enzyme or from changes in overall protein content of the
intestines, we calculated OAT activity on the basis of whole
intestine (small intestine) and total intestinal (small intestinal)
wet weight (Table 1). Expression of OAT activity per whole
intestine (d 30—45) or small intestine (d 60—110) indicates that
total intestinal OAT activity increases with gestational age
(Table 1). Expression of OAT activity per wet weight of whole
(d 30—45) or small (d 60—110) intestine results in a trend
similar to that reported above for OAT activity expressed per
protein. Overall protein content of our tissues remained rela-
tively constant at approximately 8—10% of the wet weight of
the tissue (Table 1).

Northern blot analysis. To confirm the specificity of the
OAT probe used for ISH, Northern blot analysis was per-
formed using total RNA from intestine of a d 40 fetal pig (Fig.
2). A 2.1-kb transcript of expected size was detected (10, 11).
Although the sequence of the porcine OAT cDNA has not been
determined, the hybridization signal obtained under high strin-
gency suggests that the porcine transcript has high homology
with the rat OAT nucleotide sequence.

OAT mRNA expression. ISH analysis indicated that OAT
mRNA expression in fetal small intestine was confined to the
epithelium on all days of gestation and in all intestinal seg-
ments studied. In the pig, the entire intestine has retracted into
the peritoneal cavity before d 30 of gestation. The OAT mRNA
expression was detected at d 30 of gestation, the earliest day
studied, throughout the immature, stratified epithelium; how-
ever, a stronger signal was detected in those epithelial cells
immediately adjacent to the basal lamina (Fig. 3). We have
reported that at d 35 of gestation, villus development in
intestine from fetal pigs occurred in a proximal—distal direc-
tion (7). This development includes compartmentalization of
the intestinal epithelium into villus and intervillus regions.
Expression of OAT on d 35 of gestation appeared to parallel
this proximal—distal gradient, with duodenal OAT expression
higher in the villus epithelium (Fig. 44), whereas expression in
proximal (Fig. 4B) and distal jejunum (Fig. 4C) remained
present throughout the epithelium. By d 40 the villus epithe-
lium had developed from stratified to simple columnar,
whereas the intervillus areas remained stratified. At this time,
expression of OAT was similar in duodenum and proximal
(Fig. 54) and distal jejunum, and the signal was concentrated
in the infranuclear area of villus epithelium. Although the
abundance of silver grains precluded specific quantitation of

Table 1. OAT activity expressed per milligram of protein, whole intestine, and gram of intestinal wet weight

Gestational OAT activity OAT activity Protein content
age OAT activity (pumol/min per (umol-min~'-g ™! of small intestine
(d) (nmol-min~'-mg protein~ ") whole small intestine) of small intestine) (%)
30 2.6 £0.13* 0.002 = 0.0001* 0.20 = 0.01* 8.20 = 0.51*
35 43.6 £2.8* 0.17 = 0.011%* 4.15 £ 0.26* 9.03 + 0.58%*
45 228 + 13.3* 6.75 + 0.39* 22.3 = 1.25% 9.24 = 0.67*
60 86.6 = 4.6 15.5 = 0.88 8.19 = 0.44 9.55 = 0.62
90 142 = 9.6 96.3 + 6.51 14.0 = 0.92 9.81 = 0.52
110 185+9.3 524 £ 263 19.5 = 0.88 10.4 = 0.58

Data are mean = SEM, n = 8 litters.
* Whole intestine used for analyses.
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Figure 2. The 2.1-kb OAT transcript in total RNA from small intestine of
fetal pigs detected by Northern blot analysis. Weak, nonspecific hybridization
was detected for both 28S and 18S bands.

Figure 3. Expression of OAT mRNA in d 30 intestine. 4, bright-field image.
Note the stratified, immature epithelium (arrow). B, dark-field image. The
expression of OAT mRNA is distributed throughout the epithelium. C, dark-
field image of the sense control. Bar equals 100 wm.
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Figure 4. Darkfield (4, B, C) and corresponding brightfield (D, E, F)) images
illustrating proximal-distal gradient of OAT mRNA expression in small
intestine from fetal pigs on d 35 of gestation. 4, expression of OAT mRNA in
the duodenum was most abundant in epithelium covering the nascent villi
(arrow), and diminished OAT mRNA expression was detected in the intervil-
lus areas (arrowhead). B, OAT mRNA expression was distributed throughout
the epithelium of the proximal jejunum. C, OAT mRNA expression for distal
jejunum was minimal. Bar equals 100 um.

the ISH signal, expression of OAT mRNA at d 45 of gestation
(Fig. 5B) appeared to be higher than for previous days of
gestation in all three small intestinal segments. Between d 60
and 110, expression of OAT mRNA (Fig. 5, C, G, and H) was
notably higher in the villus epithelium than in the crypt epi-
thelium and was similar in all three small intestinal regions
studied.
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Figure 5. Expression of OAT mRNA is confined to the mucosal epithelium
in the proximal jejunum of fetal pigs between d 40 and d 110 of gestation.
Representative dark-field and corresponding bright-field micrographs for d 40
(4, D), d 45 (B, E), d 60 (C, F), d 90 (G, J), and d 110 (H, K) demonstrate the
expression of OAT mRNA in the villus epithelium. 7 and L, sense control and
corresponding bright-field image, respectively. Bar equals 100 wm.

DISCUSSION

In most species, including pigs, the adult and neonatal small
intestines play key roles in endogenous arginine synthesis. In
neonatal animals, the small intestine serves as the source of
endogenous arginine, using glutamate (12), glutamine, or pro-
line (13, 14) as substrates, to supplement arginine-deficient
maternal milk (5). The enzymatic cascade that produces argi-
nine from these substrates requires OAT (Fig. 1). Treatment of
freshly isolated enterocytes from 4-d-old piglets or of 4-d-old
piglets in vivo with gabaculine, an inhibitor of OAT, reduces
cellular concentration and plasma levels, respectively, of orni-
thine, citrulline, and arginine (5). Similarly, neonatal OAT
knockout mice and human infants with OAT deficiency have
low plasma levels of ornithine and arginine relative to their
normal counterparts (4). Loss of OAT activity in neonatal OAT
knockout mice is lethal, presumably owing to disruption of the
urea cycle, whereas in humans OAT deficiency is usually not
detected until visual symptoms are diagnosed (4). Because of
diminished levels of argininosuccinate synthase and arginino-
succinate lyase (14), the adult small intestine has a limited
capacity to produce arginine, but continues to metabolize
glutamine and proline for synthesis of citrulline, which is
converted to arginine primarily by the kidney.
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The results of the present study demonstrate that OAT
mRNA and enzymatic activity are present in intestinal epithe-
lium of fetal pigs between d 30 and 110 of gestation (term, 114
* 2 d). It is noteworthy that de Jonge et al. (15) reported
abundant OAT mRNA in small intestine of fetal rats on d 18 of
gestation, (term, 21 d), a few days before birth. Although the
functional significance of intestinal OAT during fetal develop-
ment is not understood, its reversibility and position in the
arginine biosynthetic pathway suggests that it may play a role
in amino acid metabolism throughout gestation. More specif-
ically, it may facilitate production of amino acids for fetal
visceral organs and somatic growth throughout gestation.

The spatial expression of OAT mRNA in the fetal porcine
small intestine changes during gestation. From d 30 to d 40,
expression is detected in cells throughout the epithelium,
whereas from d 45 to 110 of gestation, OAT mRNA expression
is detected primarily in villus epithelium. The importance of
this expression pattern is most relevant when taken into con-
sideration with the expression patterns of other arginine met-
abolic enzymes (Fig. 1). For example, de Jonge et al. (15)
reported different expression patterns along the villus-crypt
axis for enzymes involved in citrulline biosynthesis and en-
zymes involved in conversion of citrulline to arginine in
enterocytes of the developing mouse small intestine. This
suggests compartmentalization of amino acid metabolic path-
ways within the mucosa of the small intestine, which is sup-
ported by results of this study. Enzymatic activities of proline
oxidase, phosphate-dependent glutaminase, P-5-C synthase,
carbamoyl phosphate synthase, ornithine carbamoyl trans-
ferase, argininosuccinate synthase, and argininosuccinate lyase
have been detected in porcine fetal intestine throughout gesta-
tion (G. Wu, unpublished data). In conjunction with OAT
expression patterns we report here, this may imply different
roles for OAT in the different cell populations and during
different stages of development; for example, the biosynthetic
pathway may be driven toward the production of ornithine and
polyamines before d 45, when the intestine is proliferating
rapidly, but shift toward the production of proline and extra-
cellular matrix proteins concomitant with villus morphogenesis
and enterocyte differentiation. Further studies of the mRNA
expression patterns of these other enzymes in the arginine
biosynthetic pathway within the epithelium of the fetal porcine
small intestine will provide a better understanding of what role
OAT may play in intestinal amino acid metabolism.

Because of the limited amount of intestinal tissue from d
30-45 fetuses, whole intestines were used to determine intes-
tinal OAT activity for these days of gestation. Potentially,
inclusion of large intestinal tissue could inflate the experimen-
tally determined value for OAT enzymatic activity by includ-
ing OAT activity from colonic epithelium; however, this is not
likely because previously reported data indicates that in pigs
colonic OAT activity is low relative to the small intestine (5).
This suggests that including large intestinal tissue in our
enzyme assay may actually result in an underestimation of the
OAT activity at the earlier stages of gestation. Additionally, at
earlier stages of gestation, a proximal—distal gradient in the
expression pattern of OAT suggests that the large intestine may
have low OAT expression and thus low OAT activity.
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During gestation the fetal small intestine is continually
developing in preparation for extrauterine life, growing from a
simple tube of endoderm into an organ resembling that found
in the adult (7). These changes, which require cell proliferation
and changes in extracellular matrix components (16), include
the formation of villi and evolution of the stratified mucosa into
a simple, differentiated epithelium (7). The presence of OAT
mRNA and enzymatic activity in the immature, stratified epi-
thelium of d 30 and 35 fetal small intestine and from d 40 to
110 suggests that these cells are capable of interconverting
ornithine and P-5-C. The amino acid products in the arginine
biosynthesis pathway (Fig. 1), in which OAT is a required
enzyme, are needed for these synthetic processes throughout
prenatal and postnatal life. Amino acids such as proline and
ornithine may be synthesized and used locally within the small
intestine for extracellular matrix and polyamine formation,
respectively. In the pig, potential substrates for small intestinal
metabolism, such as glutamine, which stimulates enterocyte
proliferation (17) and promotes mucosal integrity (18), are
available in swallowed amniotic fluid [rupture of stomodeum
occurs before d 20 (19)] or through the fetal circulation from
the placenta and allantois (20, 21). It is noteworthy that the
majority of mucosal morphogenesis and cytodifferentiation of
the fetal pig small intestine occurs between d 30 and 45 of
gestation (7), a time when OAT activity in fetal pig intestine
increases and when concentrations of ornithine and glutamine
are particularly high in allantoic and amniotic fluids, respec-
tively (21).

The relatively constant protein content of the intestine
throughout gestation suggests that the observed changes in
OAT activity are specific changes, and not a result of alter-
ations in overall protein content of the developing intestine.
The reason for the significant decrease in OAT enzymatic
activity between d 45 and 60 of gestation is not clear. By d 60
of gestation, the major morphologic changes of the mucosa of
the small intestine of fetal pigs appears to be complete (7).
Therefore, the demand for locally produced and used amino
acids in the small intestine may be temporarily reduced. None-
theless, because of increased size of the small intestine with
increasing fetal age, the total small intestinal OAT enzymatic
activity of the fetus steadily increases with fetal age. It has
been suggested that the small intestine of fetal humans and
rabbits is an important source of enteral nutrition for somatic
growth and development (22, 23). The fetal porcine small
intestine may play a similar role, and this may be especially
important at d 60 and thereafter, when the intestinal epithelium
possesses absorptive and digestive capacities greater than those
at earlier stages of gestation (24, 25) and is able to absorb
amino acids from swallowed amniotic fluid. It should be noted
that, in the pig, placental development is essentially complete
by d 60 (26), and may also provide amino acids to the fetus
during the latter stages of gestation. The relative importance of
these two potential sources of amino acids to fetal somatic
growth is unknown.

In most species, there exists little evidence to support a role
for the fetal small intestine in overall fetal growth and devel-
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opment. However, most of those studies have focused on the
provision of amnion-derived nutrients to the fetus rather than
on the metabolic capacity of the fetal small intestine. The
increase in OAT activity in the fetal small intestinal epithelium
between d 60 and 110 correlates with the major period of fetal
development (26) and suggests that this intestinal enzyme
plays a role during the latter stages of gestation. Similar to the
role played by the neonatal and adult small intestine in arginine
synthesis (5), the small intestine of fetal pigs may provide
citrulline or arginine for the late stages of fetal growth and
development. Substrates such as glutamine and proline (20) are
present in both amniotic fluid and the fetal circulation and may
be used for citrulline and arginine biosynthesis (13, 14). Syn-
thesis of arginine by the fetal small intestine likely plays an
important role in intrafetal provision of arginine during late
gestation. Our recent studies with the pig suggest that the
maternal supply of arginine is inadequate for arginine accretion
in fetal pigs between d 110 and 114 of gestation (27).

In summary, results of the present study characterize
changes in enzymatic activity and mRNA expression of OAT
in the small intestine of fetal pigs. We found that OAT activity,
expressed on a per milligram of protein basis, increases from d
30 to d 45 of gestation, a stage when major morphologic
changes are taking place, decreases from d 45 to d 60, and
increases from d 60 to d 110 of gestation. The total small
intestinal OAT enzymatic activity of the porcine fetus in-
creases with increasing fetal age. OAT mRNA expression was
detected within the mucosal epithelium from d 40 to 110 and
was notably higher in villus epithelium than in cells of the
crypts. The changing cellular distribution and compartmental-
ization of the OAT mRNA that accompanies intestinal differ-
entiation suggest multiple roles for this enzyme throughout
gestation. Additional studies are needed to better understand
the role and importance of the fetal small intestine in amino
acid metabolism, particularly its contribution to prenatal and
perinatal arginine biosynthesis. Investigations to determine the
function of intestinal OAT during gestation and potential reg-
ulators of intestinal OAT expression are ongoing in our
laboratories.
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