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Lactoferrin Induces Concentration-Dependent Functional
Modulation of Intestinal Proliferation and Differentiation
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ABSTRACT: Human milk stimulates intestinal development
through the effects of various moieties. Lactoferrin (LF) is a glyco-
protein of human milk whose concentration is highest in colostrum
decreasing in mature milk. LF promotes enterocyte growth in intes-
tinal cell lines. We tested the hypothesis that LF induces a distinct
effect on enterocyte proliferation and differentiation, depending on its
concentration. We examined the dose-related effects by human-
native LF (N-LF) in Caco-2 (human colon adenocarcinoma) cells. At
high concentrations, N-LF stimulated cell proliferation in immature
Caco-2 cells, as judged by *H-thymidine incorporation. In contrast,
sucrase and lactase activities were increased at low but not high LF
concentrations and their mRNA were also increased, indicating a
transcriptional effect. Because iron binds specific LF sites, we com-
pared the potency of N-LF and iron-saturated LF (I-LF) and found
the native form more potent. Finally, we tested the effects by bovine
LF (bLF) in the same system and found the latter more potent than
the human isoform in inducing cell growth and lactase expression.
These results suggest that LF directly induces enterocyte growth and
proliferation, depending on its concentration, thereby regulating the
earlyx postnatal intestinal development. bLF could be added to infant
formula as a growth factor in selected intestinal diseases. (Pediatr
Res 61: 410-414, 2007)

ntestinal epithelial development changes immediately after

birth, with an age-dependent enterocyte proliferation and
differentiation pattern (1). Intestinal cell growth peaks at birth
(2,3) upon the stimulation exerted by growth factors in amni-
otic fluid and in human milk (4,5), but also as a consequence
of dietary changes (6). Intestinal epithelial growth and devel-
opment is faster in breast-fed than in formula-fed infants.
Brush border enzymes such as lactase and sucrase also show
an increased activity and correlate with epithelial differentia-
tion (7-10). Human colostrum possesses a potent growth-
promoting activity, which decreases within a few days, and
milk formula has no such effect (3). Colostrum and human
mature milk contain many growth factors, including EGF,
IGF-I, and HGF, the concentrations of which change during
lactation (4,5,11). LF, an iron-binding 80-kDa glycoprotein
(12), is found in amniotic fluid and mammalian milk in
iron-saturated and iron-unsaturated forms (13,14). Its concen-
tration in human milk is related to infant age: it peaks in
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colostrum and rapidly decreases in mature milk (15). It has
been reported that LF resists proteolysis through the infant’s
digestive tract (16) and binds to a specific receptor located on
the enterocyte brush-border (17). Human LF induced intesti-
nal proliferation and differentiation in the Caco-2 intestinal
cell line (18). Although digestive enzyme activities increase
along the crypt villus axis (19), proliferation and differentia-
tion are not simultaneous processes and need to be finely
tuned, particularly in newborn infants, in whom the entero-
cytes have not yet acquired the features of mature, ion-
absorptive cells. The aim of this study was to test the hypoth-
esis that LF induces concentration-dependent functional
modulation of intestinal epithelial proliferation and differen-
tiation, thereby contributing to the fine tuning of early devel-
opment of intestinal epithelium.

In human milk, native LF is a combination of 10% iron-
saturated LF and 90% iron-unsaturated isoforms (15). This
ratio is stable. Because evidence has been produced that
different LF isoforms exert different biologic effects (18,20),
we tested the effects of N-LF (10% iron-saturated isoform or
native LF) in comparison with I-LF (100% iron-saturated
isoform). We investigated the effects of a wide range of LF
concentrations on proliferation and on differentiation markers
in rapidly growing intestinal Caco-2 cells. Caco-2 is an estab-
lished human-derived intestinal cell line that differentiates into
mature human enterocytes generating monolayers of polarized
cells (21-23). To monitor cell differentiation, we determined
sucrase and lactase activities. The latter increases with age in
the first weeks of life and it was increased in milk-fed more
than in formula-fed infants (6,7).

Finally, because bLF shows a strong sequence amino acid
homology with human LF (NCBI protein-protein BLAST)
(24), we compared the biologic effects of bovine and human
LF. This was done to see whether bLF was a potential
functional nutrient to be added to infant formula to achieve
clinical effects.

MATERIALS AND METHODS

Cell line. Caco-2 cells were obtained from the American Type Culture
Collection (Rockville, MD). Cells were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM, Invitrogen, Carlsbad, CA) with a high glucose
concentration (4.5 g/L) supplemented with 10% fetal bovine serum (FBS), 1%

Abbreviations: bLF, bovine native lactoferrin; Caco-2, human colon ade-
nocarcinoma; I-LF, human iron-saturated lactoferrin; LF, lactoferrin; N-LF,
human native lactoferrin
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nonessential amino acids, penicillin (50 mU/mL), and streptomycin (50
mg/mL) and kept in 5% CO,-95% air. Cells were used between the 20th and
40th passage and the medium was changed daily.

Cell growth. Caco-2 cells were seeded onto 96-well microtiter plates (10*
cells/well) and cultured for 3 d in DMEM with 10% FBS. After 24 h of serum
starvation, cells were exposed to increasing doses of LF for 48 h in DMEM
FBS-free; then 3H—thymidine (0.5 pCi/well, ICN Biomedicals, Irvine, CA)
was added 18 h before harvesting the cells with a semiautomatic cell harvester
(Skatron Instruments, Lier, Norway). The filters were dried and beta radio-
activity was counted with a Packard scintillation spectrometer (Packard
Instrument Co., Meriden, CT). The same experiment was repeated after 10
and 17 d from plating. For cell counts, cells were seeded onto 24-well plates
(7 X 10* cells/well), cultured, and stimulated under the same experimental
conditions and counted in a Neubauer chamber.

Lactase and sucrase activity assays. Cells were collected after 24 h of LF
stimulation and lactase and sucrase enzymatic activities were measured by
modified Dahlqvist method (25). Briefly, cells were rinsed in cold PBS and
scraped into cold maleate buffer 0.1 M pH 6.0. Samples were sonicated three
times for 15 s each, using a Labsonic 2000 (Sartorius AG, Goettingen,
Germany) and total cell lysates were incubated at 37°C with 50 mM lactose
for 60 min or sucrose for 30 min. The glucose generated by enzymatic activity
was measured using a glucose oxidase assay.

Comparative effects of human and bovine LF. Experiments were run in
parallel to test the effects of bovine LF on Caco-2 cell growth and differen-
tiation. Bovine LF was used in concentrations equimolar to human LF.

RNA extraction and reverse transcription. Preconfluent Caco-2 cells were
collected after 24 h of bLF stimulation and total RNA has been extracted from
Caco-2 cells by TRIzol reagent protocol (Invitrogen). The amount of ex-
tracted RNA was quantified by measuring the absorbance at 260 nm. Reverse
transcription of RNA was performed using a High-Capacity cDNA Archive
Kit (Applied Biosystems, Foster City, CA).

Quantitative real-time RT-PCR. Real-time RT-PCR was performed ac-
cording to the recommendations supplied by Applied Biosystems (available
at:  http://europe.appliedbiosystems.com/). Primers for sucrase
(Hs00356112_m1) and lactase (Hs00158722_m1) were purchased from Ap-
plied Biosystems. A 25-uL. PCR reaction volume was prepared using about
40 ng of cDNA as template. Reactions were run in 96-well optical reaction
plates using an Applied Biosystems 7300 Real-Time PCR System. Thermal
cycles were set at 95°C (10 min) and then 35 cycles at 95°C (15 s) and 60°C
(1 min) with auto ramp time. For data analysis, the threshold line was set
automatically and it was in the linear range of the amplification curves for all
mRNA in all experimental runs. All reactions were performed in triplicate.
The abundance of target mRNA was calculated relative to a reference mRNA
(GAPDH). Relative expression ratios were calculated as R = 2(C1(F2 micro_
globulin) — Cuest)), Where Ct is the cycle number at the threshold and the test
stands for the tested mRNA. The confidence interval was fixed at 95%.

Reagents. N-LF with 10% iron-saturation, iron-saturated isoform from
human milk, and all reagents were purchased from Sigma Chemical Co. (St.
Louis, MO). N-LF from bovine milk was kindly provided by Prof. P.
Valenti (Department of Experimental Medicine, II University of Naples,
Naples, Italy).

Statistical analysis. Each experiment was run in triplicate and was re-
peated at least three times. Results are expressed as mean = SD. Significance
was evaluated by ¢ test. Results were considered significant at p < 0.05.

RESULTS

Effects of LF on cell growth. *H-thymidine incorporation
was increased in Caco-2 cells exposed to N-LF (Fig. 1A) after
3 d postplating. N-LF stimulated cell growth at a concentra-
tion as low as 1 ug/mL, as judged by *H-thymidine uptake.
The effect increased in a dose-dependent fashion peaking at
100 wg/mL. Higher concentrations did not induce further
proliferation, indicating a saturation pattern of the effect. The
experiments were repeated using cell count to monitor cell
proliferation. A near-perfect correlation was observed be-
tween the two cell proliferation markers (Fig. 1B). We re-
peated the same experiment at d 10 and 17 postplating using
LF concentration of 1 and 100 pwg/mL (Fig. 2, A and B,
respectively). The proliferative effect induced by N-LF was
maximal at 100 wg/mL in preconfluent condition, but it was
progressively lost in older cells.
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Figure 1. Effects of LF on Caco-2 cell growth. Caco-2 cells were exposed to
increasing concentrations of N-LF as described in Methods. Uptake of
*H-thymidine (A) and cell count (B) were evaluated. Zero dose corresponds to
control cells exposed to vehicle in the same conditions of treated cells. Data
are mean = SD of three independent experiments. *Significantly different
from 0 pg/mL N-LF (p < 0.05).
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Figure 2. Effects of LF on Caco-2 cell growth at different stages of differ-
entiation. Cell growth was evaluated in Caco-2 cells at 3, 10, and 17 d after
plating using uptake of *H-thymidine method. Caco-2 cells were exposed to
1 pg/mL (A) and 100 wg/mL (B) of N-LF. Data were expressed as percentage
vs basal condition and are means = SD of three independent experiments.
*Significantly different from basal (p < 0.05).

Effects of LF on sucrase and lactase activities. Under basal
conditions, sucrase and lactase activities progressively in-
creased in growing Caco-2 cells. Sucrase activity was mea-
surable at 3 d and peaked between 14 and 16 d after plating.
N-LF induced a dose-dependent increase of sucrase activity,
with a peak at 100 ng/mL (Fig. 3). N-LF also induced an
increase in lactase activity, which, however, was independent
on its concentration (Fig. 4). Stimulation of lactase and su-
crase activities strictly depended on the time of LF addition.
Exposure of more immature cells to LF corresponded to the
maximal effect. In parallel experiments we added LF to the
cells at 3, 6, 10, and 15 d postplating. The effect was strongest
in cells exposed to LF at 3 d for sucrase activity and in those
exposed to LF at 6 d for lactase activity (Fig. 5). Thus, LF
induces a more potent effect on immature cells.
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Figure 3. Effects of LF on sucrase activity. Caco-2 cells were stimulated with
increasing concentrations of N-LF at 3 d after plating, and sucrase activity
was evaluated as described in “Materials and Methods.” Zero dose corre-
sponds to control cells exposed to vehicle in the same conditions of treated
cells. Data are expressed as nanomoles of glucose generated per minute
and normalized for milligram of protein content. Data are means * SD of
three independent experiments. *Significantly different from O ng/mL
N-LF (p < 0.05).
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Figure 4. Effects of LF on lactase activity. Caco-2 cells were stimulated with
increasing concentrations of N-LF at 6 d after plating and lactase activity was
evaluated as described in Methods. Zero dose corresponds to control cells
exposed to vehicle in the same conditions of treated cells. Data are expressed
as nanomoles of glucose generated per minute and normalized for milligram
of protein content. Data are means = SD of three independent experiments.
*Significantly different from 0 ng/mL N-LF (p < 0.05).
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Figure 5. Modulation of disaccharidase activities by LF in Caco-2 cells at
different stages of differentiation. Disaccharidase activities were evaluated in
Caco-2 cells at 3, 6, 10, and 15 d after plating. LF (100 ng/mL) induced
significant stimulation of sucrase (A) and lactase (B) activities 3 and 6 d after
plating respectively. *Significantly different from basal activity (p < 0.05).

Biologic effects induced by LF in relation to its iron-
saturation status. Because LF exists in iron-saturated and
iron-unsaturated isoforms, we investigated changes of cell
proliferation, sucrase and lactase activities in Caco-2 cells
exposed to N-LF and I-LF. I-LF had a lower effect than N-LF
on cell proliferation (Fig. 6). A distinct effect was also detected
for differentiation markers. Whereas N-LF induced an increase in
sucrase activity in Caco2 cells, I-LF did not (Fig. 7A). In contrast,
the two isoforms induced lactase activity to a similar extent (Fig.
7B). These data suggest that the biologic effects induced by LF
depend at least in part, on its iron saturation.
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Figure 6. Effect of LF iron-binding status on intestinal growth. Cell prolif-
eration was evaluated in Caco-2 cells after exposure to N-LF (white column)
and I-LF (black column). The concentrations used were 100 wg/mL. The basal
level corresponds to control cells exposed to vehicle in the same conditions of
treated cells. Data were expressed as percentage vs basal condition and are
means = SD of three independent experiments. *Significantly different from
basal (p < 0.05).
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Figure 7. Effect of LF iron-binding status on intestinal differentiation. Dif-
ferentiation was evaluated in Caco-2 cells after N-LF (white column) and I-LF
(black column) exposure. The concentration used was 100 ng/mL in sucrase
(A) and lactase activity (B). The basal level corresponds to control cells
exposed to vehicle in the same conditions of treated cells. Data were ex-
pressed as percentage vs basal condition and are means * SD of three
independent experiments. *Significantly different from basal (p < 0.05).

Effects of BLF on cell growth and differentiation. We
observed *H-thymidine incorporation in Caco-2 cells exposed
to bLF (Fig. 84). bLF was used at high and low concentrations
equimolar to human LF. At high doses, bLF showed effects
similar to N-LF, but at low doses bLF induced a more potent
effect on cell growth. A weak stimulation of sucrase activity,
similar to what observed with human LF, was observed with
1 ng/mL of bLF. At higher bLF concentrations, there was
virtually no effect on sucrase activity (Fig. 8B). A reversed
pattern of comparative potency by the two LF isoforms was
observed for lactase activity. The latter increased more upon
bLF than upon human LF stimulation (Fig. 8C).

Lactase and sucrase mRNA expression under LF stimu-
lation. To test the hypothesis that LF effects are exerted at
transcriptional level, we determined the specific mRNA levels
in baseline conditions and in the presence of maximal effective
LF concentration. The experiments were performed in Caco-2
cells in preconfluent condition after 24 h of bLF stimulation
(Fig. 9, A and B, respectively). A significant increase of
sucrase and lactase mRNA expression was observed with a
maximal effect at bLF concentration of 1 ng/mL dose.

DISCUSSION

Intestinal length doubles in the last phase of pregnancy and
is maximal at birth (26). Intestinal permeability is an indirect
measure of intestinal epithelial development and it decreases
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Figure 8. Comparative effects between N-LF and bLF on Caco-2 cell growth and differentiation. Parallel preparations of Caco-2 cells were exposed to increasing
concentrations of N-LF (white column) or bLF (black column) as described in “Materials and Methods.” Uptake of *H-thymidine (A), sucrase (B), and lactase
activities (C) were evaluated. The basal level corresponds to control cells exposed to vehicle in the same conditions of treated cells. Data were expressed as
percentage vs basal condition and are means * SD of three independent experiments. *Significantly different from basal (p < 0.05). TbLF significantly different

from N-LF (p < 0.05) at the same concentration.
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Figure 9. Relative concentration of mRNA for sucrase and lactase in Caco-2
cell line. Relative concentrations of sucrase (A) and lactase mRNA (B) were
determined by real-time quantitative PCR. GAPDH was selected as an
endogenous RNA control to normalize for differences in the amount of total
RNA. Data are expressed as relative mRNA expression and are means = SD
of two independent experiments. Zero dose corresponds to control cells
exposed to vehicle in the same conditions of treated cells. *Significantly
different from 0 ng/ml bLF (p < 0.05).

in the first days of life (27,28). Newborn infants fed human
milk versus formula had decreased permeability at 28 d of age
(28), indicating a more rapid maturation of intestinal epithe-
lium. This is certainly associated with growth factors in
human milk. LF is a major protein component of human milk
and exerts numerous physiologic activities, such as enhance-
ment of immune function, defense against pathogenic bacteria
and viruses, and stimulation of beneficial gut microflora. Its
also promotes gut development and its functions (29). We
observed a close relationship between LF concentration and
its biologic effects on Caco-2 growth and differentiation. High
LF concentrations induced a potent and rapid increase in
intestinal epithelial cell proliferation, whereas low LF concen-
trations induced stimulation of intestinal differentiation. These
findings suggest that LF is a key modulator of intestinal
epithelium development. They also support the unique prop-
erties of colostrum, suggesting that, in addition to its anti-
infectious and nutritional effects, it is also involved in the
rapid intestinal cell proliferation that is observed immediately
after birth. The data on lactase and sucrase activities support
the role of LF in the early intestinal development and show
that LF directly promotes enterocyte differentiation. Sucrase
and lactase show a sugar-dependent rapid increase in the first
days of life (6). Interestingly, a rapid increase is observed in
disaccharidase activities in jejunal fluid during the first, sec-
ond, and third weeks of life (30) in parallel with the decrease

in LF in human milk (15). We speculate that the higher
concentrations of LF in colostrum contributes to the early
proliferation of intestinal cells, which then differentiate as a
result of its decreased concentration. Oguchi et al. (18) inves-
tigated the effects of LF on brush border enzymes and found
that the iron-saturated form of LF induces sucrase activity but
has no effect on alkaline phosphatase activity. However, their
experiments were performed in confluent Caco-2 cells under-
going differentiation. Here we show that LF stimulates both
lactase and sucrase activity on subconfluent cells, i.e. when
added at an early phase of differentiation. These findings
suggest a positive role of LF in human milk in regulating the
levels of lactase activity. The increase of lactase activity
during the early weeks of life in preterm infants is greater than
the increase in small intestinal mucosal mass (31). Therefore,
other factors play a crucial role in stimulating lactase devel-
opment. Lactase is expressed at higher levels in breast-fed
than in formula-fed infants (7). Lactase-specific activity may
be regulated via transcriptional or post-translational events, as
well as by controlling the break-down of lactase protein.
Human milk is a rich source of lactose as well as of growth
factors and of components of the immune system. Any of
these moieties may regulate lactase expression either alone or
in combination with lactoferrin. Goda et al. (32) suggested a
regulatory mechanism of sucrase and lactase gene transcrip-
tion and protein translation in differentiation process of epi-
thelial intestinal cells. Our data support the concept that LF
acts directly on the enterocyte at transcriptional level. It
does this in a concentration range typical of mature milk.
Therefore, LF is able to modulate as a transcriptional factor
mRNA expression in immature intestinal cells typical of
intestinal crypt regions. Of course, this last observation
should be confirmed in primary cultures obtained from
human specimens.

Oguchi et al. (18) reported that the iron-saturated LF iso-
form stimulated the proliferation of confluent (mature) Caco-2
cells, whereas the iron-unsaturated form suppresses it. In
contrast, Nichols reported that iron is not required for LF-
induced growth of enterocyte (33). Iron saturation of N-LF is
10% in human milk and does not change during lactation (34).
Our data indicate that the effects by LF on Caco-2 partially
depend on iron saturation. In conclusion, the results of this
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research show that LF induces intestinal cell growth and
differentiation and it does this in a concentration-dependent
fashion, providing an explanation for the age-dependent con-
centration pattern of LF in human milk. At high concentra-
tions, LF acts as an optimal intestinal growth factor, whereas
at low concentrations, it induces intestinal differentiation and
a strong inhibition of cell growth. In addition, LF biologic
effects are observed in immature Caco-2 only. As a result,
there is probably an excess of crypt-type enterocytes that have
an ion secretory rather than an absorptive pattern in the very
early phase after birth (35). This probably promotes the
fluidification and elimination of meconium. Interestingly, the
developmental pattern of LF corresponds to that described for
guanylate cyclase activity (36), a regulator of enterocyte ion
transport channels, and also of cell proliferation, which also
peaks in the first 3 d of life (37). Recent data on the guanylate
cyclase endogenous ligand, guanylin, suggest that fluidifica-
tion of intestinal content is regulated developmentally to
promote meconium output (38). By promoting rapid prolifer-
ation of immature enterocytes that are in a secretive ion
transport state, LF could be a key component of this complex
interplay.

Finally, our data also have practical implications. They
indicate that bovine LF exerts effects on human intestinal cells
that are similar to those induced by the human isoform. The
comparative experiments showed that bovine isoform is even
more potent than human LF in inducing cell growth and
lactase expression. LF has been proposed for a number of
therapeutic purposes in human disorders, including intestinal
inflammation, cancer prevention, and rotavirus infection (39—
41). Our findings add to this concept and suggest that bovine
LF could be used as a functional component of infant formula
to promote intestinal epithelial growth and differentiation.
This effect is highly desirable, particularly in premature new-
born infants or in intestinal diseases associated with epithelial
atrophy.
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