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ABsTRACT. The absorption and the transportation of intestinally administrated bovine lactoferrin (LF) were immunohistochemically and
physiochemically investigated in the small intestine of growing pigs. At the apical halves of the small intestinal villi, bovine LF was
absorbed by transcytosis as small vesicles through villous columnar epithelial cells. The presence of bovine LF-positive membranes of
transcytotic vesicles suggests that the absorption was mediated by LF-binding factors on the epithelial cell membranes. Almost al of
the absorbed bovine LF was demonstrated to be transported via the lymphatics and the portal vein into the systemic circulation. The
LF-concentration in systemic circulation was significantly higher at 1 hr following intestinal administration of bovine LF. Bovine LF-
positive lymphocytes also were transferred into the systemic circulaion from intestine via the lymphatics and the portal vein.
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Lactoferrin (LF) belongs to the transferrin family that
transports Fe** irons [15]. LF is present in the milk of all
mammalian species investigated to date with the exception
of thedog and therat [19]. The concentration of LF is quite
high in milk [15], and markedly higher levels exist in the
cord blood, tears, and vaginal mucus of humans [17].
Sequential studies have clarified the physiological nature of
LF. Briefly, milk LF plays a central role in intestinal Fe-
absorption in the small intestine [8]. LF also expresses
some active biological effects on host defense mechanisms:
regulation of cytokine secretion from the immunocompetent
cells, regulation of cellular differentiation and proliferation
of various leucocytes [3, 6], and antibacterial activity [30,
31]. The effect of LF on cellular proliferation [16, 24, 25]
and the stimulation of protein synthesis [7] have also been
reported in hepatocytes. Thus, LF is a very advantageous
physiological activator for humans and animals [For more
details, see the reviews of 5and 17].

Neonatal pigs absorb a wide variety of macromolecules
such asimmunoglobulins from the intestine to the blood for
about thefirst 36 hr of life [27]. In neonatd pigs, LF isalso
persorbed into the portal vein by enterocytes [5]. Orally
administrated bovine LF in piglets is absorbed in the small
intestine and is resecreted into bile via hepatocytes [12].
The absorbed bovine colostral components including LF
reach into the cerebrospinal fluid in neonatal pigs [13] and
calves[30]. On the other hand, LF is resistant to the diges-
tive enzymes of 3-weeks-old piglets, but is sensitive to the
digestive enzymes of adult pigs [28]. In addition, after gut
closure, orally administrated bovine L F is not detected in the
systemic circulation of 8- and 14-day-old piglets, using
immuno-€l ectrophoresis technique [9]. At 6 weeks, how-
ever, bovine LF istransferred from the intestinal lumen into
the blood circulation, as shown by using double antibody

ELISA technique with higher sensitivity [12].

Thus, the intestinal absorption of bovine LF in pigs after
the weaning period has remained controversia. The pig is
one of the useful modelsfor the study of nutritional issuesin
humans, because of the similarity of pig’s digestive function
similar to that of humans [23]. In addition, the characteris-
tics of the LF-receptor in porcine intestines are very similar
to the bovine one [10]. Therefore, we investigated the
absorption and the transportation route of intestinally
administrated bovine LF in growing pigs.

MATERIALS AND METHODS

Animals: Eight pigs (Duroc x Large White; 10-12 weeks
old) were used for this study. Their body weights were 19—
22 kg. The care and use of these animals were approved by
the Animal Research Committee of Tottori University.

LF administration for immunohistochemistry: Four pigs
were used in this experiment. Surgery was performed under
halothane anesthesia. After laparotomy, intestinal loops of
10 cm length were separated by ligation at duodenum,
jejunum, and ileum. The ligation was carefully performed
avoiding both the vascular and the nervous system in the
cranial mesentery. Five ml of 5% bovine LF in saline
warmed to 37°C was injected into each loop by means of a
plastic syringe equipped with a 24-gauge needle. In oneani-
mal 5 ml of saline was injected as an experimental control,
and the other one had no operation as an intact control. The
pigs were let lie quietly under anesthesia.

Tissue processing: At 30 min after bovine LF-infusion,
an overdose of pentbarbital sodium (Abbott Lab., U.S.A.)
was intravenously injected in order to cause death. |mmedi-
ately after euthanasia, parts of the loops, liver and spleen
were extracted. Thetissues were sliced, immersion-fixed in
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PLP (periodate-lysine-paraformaldehyde) for 24 hr at 4°C,
and were snap frozen in liquid nitrogen with reference to an
embedding method described by Barthel and Raymond [1].
Sections of 4 um in thickness were cut using a Coldtome
HMB505E (Carl Zeiss, Germany) and were placed on slide
glasses precoated with 0.2% 3-aminopropyltriethoxysilane
(Shinetsu, Japan).

Immunohistochemistry: The sections were rinsed with
0.05%-Tween-added phosphate buffered saline (pH7.4,
PBS), followed by treatment with absolute methanol and
0.5% H,O, for 30 min, respectively. Following blocking with
1% non-immunized chicken serum, the sections were reacted
with horseradish peroxidase (HRP)-conjugated anti bovine
LF goat 1gG (diluted at 1:100; Bethyl Lab., U.S.A.) for 20 hr
at 4°C. After rinsing with PBS, the sections were incubated
with 3,3'-diaminobenzidine (DAB) containing 0.03% H,0,,
and were counterstained with Mayer’ s hematoxylin.

Analysis of LF concentration in blood plasma: Four pigs
were used for the measurement of bovine LF concentration
in blood plasma.

The pigs were anesthetized with 3% halothane in air dur-
ing the operation. A cannula for blood collection was
inserted into the left external jugular vein. After the collec-
tion of blood (1 ml) as a pre-administration control, bovine
LF (1 g/kg, body weight) maintained at 37°C was infused
into the duodenum viaasharp end of a24-gauge needle over
2min. Under conscious conditions, peripheral blood (1 ml)
was collected into heparinized tubes at 1, 4 and 12 hr after
the bovine LF infusion. The samples were centrifuged at
1,100 g at 4°C for 15 min, the plasma was separated and
stored at —80°C until analysis.

Quantitative analysis of bovine LF was carried out
according to the previous report [13]. In brief, a flat-
bottomed microwell plate with 96 wells was incubated with
anti-bovine LF goat 1gG (20 ng/100 ul; Bethyl Lab., U.S.A.)
at 4°C overnight. After washing, a 200 ul aiquot of 1%
gelatinin PBS was added to each well and incubated at 37°C
for 30 min. After washing, we added samples to the wells.
Plates were incubated at 37°C for 2 hr, then the wells were
washed. Then 100 ul of anti-bovine LF rabbit 1gG (Y agai
Inc., Tokyo), which was diluted to 2,000-fold with egg
albumin PBS, were added to each well. After 2 hr of
incubation at 37°C, the plates were washed. Then 100 ul of
HRP-conjugated anti-rabbit IgG (H+L) goat 1gG, (American
Qualex International Inc., U.S.A.), which was diluted to
2,000-fold with egg albumin PBS, were added to each well.
After 2 hr of incubation at 37°C, the plates were washed and
100 ul of the reaction mixture [0.1 M citric acid-PBS
containing 5 mM H,0, and 2 mM 2,2’ -azino-bis (3-ethyl-
benzthiazoline-6-sulfonic acid)] were added. After 1 hr of
incubation at 37°C, the optical density of the reaction mixture
was measured at 405 nm with a multiscan plate reading
spectrophotometer (Sunrise Classic, Tecan Japan, Japan).
The measureabl e range of bovine LF was 1-300 ng/ml.

Satigtical analysis: Quantitative data were expressed as
means = SD. Unpaired Student’s t-test was employed for
the detection of statistical significances with a P value of

less than 0.05.
RESULTS

Immunohistochemistry: Administrated bovine LF was
detected asaliquid or in granulated form in both the luminal
contents and the mucous layer on theintestinal villi.

Cytoplasms of villous columnar epithelial cells contained
small amount of bovine LF in the apical intestinal villi
throughout the small intestine. Bovine LF was scarcely con-
tained in the lower halves of theintestinal villi. The striated
borders and the lateral cell membranes of the epithelia cells
strongly bound bovine LF in the apical intestinal villi, and
the immuno-reaction intensities gradually decreased toward
the middle portion of the intestinal villi (Fig. 1). The cyto-
plasm also contained numerous bovine LF-positive small
vesicles, and their membranes also apparently bound bovine
LF (Fig. 2).

The exfoliation of apoptotic villous epithelia cells was
accelerated along the entire intestines. The cytoplasms of
exfoliating epithelial cells were also shown to be intensely
bovine LF-positive (Fig. 3). Both the exfoliated cells and
apoptotic bodies were aso strongly bovine LF-positive in
theintestinal lumen (Figs. 1 and 2).

The lamina propria in the apical villi contained a high
concentration of bovine LF. The concentration gradually
decreased toward the middle portion of the intestina villi
(Fig. 1).

The cell surface membranes of many intraepithelial
lymphocytes apparently possessed bovine LF. In addition,
bovine LF-positive lymphocytes were also found in the
villous laminapropria. Moreover, afew macrophagesin the
lamina propria were laden with bovine LF-positive
substances in their cytoplasmic vacuoles (Fig. 4).

Bovine LF could be scarcely detected in the blood plasma
of subepithelial capillaries, whereas it was contained in the
central lymphatics in the apical villi. The submucosal
lymphatics contained moderately bovine LF-positive
substances, but the submucosal venules showed weakly
positive ones. The blood plasma of submucosal arteries
scarcely contained bovine LF. The positiveintensitiesinthe
lumen of the vasculature were the strongest in the ileum.
Predominant bovine LF-positive lymphocytes were
transferred from the intestine through the lymphatics. A few
LF-positive lymphocytes were also detected in the
submucosal venules and the submucosal arteries (Fig. 5).

No bovine LF-positive substances were found in livers or
spleens of bovine LF-administered animals. In addition,
bovine LF was detected neither in any tissues of the experi-
mental control nor in the intact control.

LF concentration in blood plasma: Bovine LF was
detected in the peripheral blood at different time points. The
bovine LF concentration was steeply and significantly
increased (P<0.05), and reached a peak value of 318.3
62.2 ng/ml, at 1 hr after intraduodenal bovine LF infusion.
It was noted that bovine LF concentration gradually
declined after 1 hr (Fig. 6).
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Fig. 1. Enzyme-immunohistochemistry on the duodenum (&), jgunum (b), and ileum (c) of bovine LF-treated pigs. Weak LF-
positivity is seen in the epithelia cytoplasm at the apical halves of intestinal villi. Both the striated borders (small arrows) and the
lateral membranes of epithelial cells are apparently bovine LF-positive. The reaction of the lamina propria was strongly positivein
apicd villi and gradually decreased toward the lower portion. Arrowheads, exfoliated apoptotic cells. Bar = 10 um.

Fig. 2. Epithelium of apica intestinal villi of the duodenum. The cytoplasm of villous epithelial cells contains bovine LF-positive
small vesicles (small arrows). Arrowheads, exfoliated apoptotic cells. Bar = 10 um.

Fig. 3. Exfoliating apoptotic epithelial cells (arrows) and an exfoliated cell (arrowhead) which are strongly bovine LF-positive. Bar =
10 um.

Fig. 4. Bovine LF-positive lymphocytes. Positive cell surfaces are seen in intraepithelial lymphocytes (small arrows) and those in the
lamina propria (arrowheads). Macrophages al so possess bovine L F-positive vacuolesin the lamina propria (arrows). Bar =10 um.
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Bovine LF in theintestinal vascular system. @) Lumen of acentral lymphatic (CL) contains weakly bovine L F-positive substance

(arrowhead). b) Bovine LF is scarcely visible in the lumen of a submucosal artery (A). ¢) A submucosal venule (V) contains weakly
bovine LF-positive plasma (arrowheads). d) A submucosal lymphatic (L) contains apparently bovine LF-positive substance (arrow-
head). SM, villous smooth muscle fiber; Small arrows, lymphocytes with bovine LF-positive cell surfaces. Bar = 10 um.
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Fig.6. LF concentration in the blood plasma after intraduode-
nal infusion of bovine LF (1 g/ml) at 10-weeks-old pigs. The
concentration at 1 hr is significantly increased over that prior
to infusion (Pre) (P<0.05). Each value represents mean *
S.D. of four animals.

DISCUSSION

Before gut closure, orally-administrated bovine LF is
persorbed from the small intestine to the systemic blood

circulation viathe lymphatics and the portal vein in neonatal
pigs that have not been provided colostrum [12]. After the
gut closure, the orally ingested bovine LF is not detected in
systemic circulation of 8-14-days-old piglets, whereas the
oraly administrated bovine LF is detected in the systemic
circulation of 6-weeks-old pigs [9]. In this study, the
intestinally injected bovine LF was demonstrated in villous
columnar epithelial cells of apical intestinal villi throughout
the small intestine in 10-12-weeks-old pigs. This finding
suggests that the absorption ability of bovine LF is retained
for a long time following the weaning period in growing
pigs.

LF has several important biological functions, such as
antibacterial and immunoprotective effects [4, 18]. The
entero-hepatic circulation of heterogeneous LF [12] might
be more effective on intestinal host defense mechanismsin
both neonatal and weaner piglets. LFis also present in the
secondary granules of human neutrophils[17, 20]. Thecon-
centration of serum LF varies with the neutrophil count in
human cyclic neutropenia [26]. Thus, the endogenous LF
derived from neutrophils might be also excreted into bile,
suppress bacterial growth and translocation, and be reab-
sorbed via the lymphatics and portal vein into the systemic
circulation of growing pigs.

LF receptor for human LF has been detected in the
microvillous membrane of enterocytes of human and rabbit
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small intestine[22]. In suckling piglets the enterocytes have
LF-receptor for porcine LF, and itsdensity is homogeneous
throughout the small intestine [11]. The porcine LF
receptors of enterocytes in the piglet small intestine,
however, do not bind human and bovine LF unlike porcine
LF [11], whereas the binding of porcine LF was apparently
inhibited by the co-culture of bovine LF [10]. Thus, the
affinity of bovine LF to porcine intestinal LF receptor is
inconsistent. On the other hand, bovine LF is transported
into the mucosal lamina propria via endocytotic vesicles
with LF-binding factors on the cell membrane of villous
columnar epithelia cells in neonatal pigs [12]. In the
present study, bovine LF bound the cell membrane of both
microvilli and the transcytotic vesicles. This finding
demonstrates that LF receptor has the ability to bind bovine
LF on enterocytes in growing pigs as well as in suckling
piglets.

Human peripheral lymphocytes do not possess detectable
intracellular and surface LF receptor in the resting phase
[21]. Inthe activated peripheral lymphocytes, however, LF
receptors for human LF appear on their cell surfaces [21].
LF is effective in the proliferation and differentiation of
lymphocytes [2, 14]. In the present study, intraepithelial
and subepithelial lymphocytes appeared L F-positive. Fur-
thermore, these bovine LF-positive and possibly activated
intraepithelial lymphocytes were transferred via both the
lymphatics and the portal vein to the systemic circulation.
This phenomenon might constitute an evidence of the effec-
tive regulation of heterogeneous LF on the systemic host
defense mechanisms.
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