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ABSTRACT

The purpose of this work was to solve the regulation problems of protection processes through biologically active proteins in the animal body,
in particular, to study the role of the receptor mechanism in the effect of lactoferrin and its derivatives (peptides) on the cell proliferation.
There are presented the results of studying the bovine milk lactoferrin effect on the dermal fibroblasts and human keratinocytes, the
growth of Bifidobacterium adolescentis B-1, as well as the study of anti-ulcer and dysbacteriosis activity of bovine milk lactoferrin and its
hydrolyzates in an experiment in vivo. Bovine milk lactoferrin in the same dose inhibits the keratinocytes proliferation much more actively
than stimulates the proliferation of dermal fibroblasts that allowed considering the immortalized keratinocytes as targets in a model system
with bovine lactoferrin to study the mechanism inhibiting the cell growth. The bifidobacteria strains, which are not sensitive to bovine
lactoferrin, turned out to be inert toward its peptides that may indicate the possibility of implementing the action on the cellular target of
bovine lactoferrin and products of its limited proteolysis through a single receptor mechanism. Peptides of bovine lactoferrin, the most
active in reference to stimulating the bifidogenic property of beneficial microorganisms, proved to be more effective in protection the
gastrointestinal tract from ulceration of the gastric mucosa and dysbiosis. The minimum dose (1 mg per 1 kg of the animal body weight),
the mucosal ulcerous erosion was not diagnosed as a result of injecting the mixture, was ~ 300 mg for bovine milk lactoferrin, ~ 100 mg
for hydrolysates (after 4 hours of proteolysis), and ~ 10 mg (after 24 hours of proteolysis). In the experiments in vitro and /in vivo, the

peptides of low molecular weight have a stronger biological effect than the native bovine lactoferrin in the same concentration.
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INTRODUCTION

Therapeutic capabilities of bovine lactoferrin (bLF) allow
us to consider it as an active basis for medical preparations
and therapeutic food products (Yoo et al., 1997; Fotschki
et al., 2015; Garcia-Tejedor et al., 20152 and 2015b;
Ke et al., 2015). Currently, in the Russian Federation
there is a perspective to solve the problem of domestic
production of bLI by intensive growth of waste-free
processing of raw milk through the implementation of
innovative developments, especially baromembrane and
nanotechnologies (Khramtsov, 2010 and 2015).

The protective function of milk is known to be largely
due to the presence of serum proteins in its composition
where bLF plays a special role as a control growth factor
and has antimicrobial, bifidogenic, antioxidant, anti-

inflammatory, and immune-correcting activity (Kim et al.,
2004; Yamauchi et al., 2006; Rahman et al., 2008 and 2009;
Hayakawa et al., 2009; Jenssen and Hancock, 2009; Montiel
et al.,, 2015). Bovine lactoferrin is effective against such
dangerous microorganisms like Streprococcus spp., Vibrio
cholerae, Helicobacter pylori (Mario et al., 2003; Okuda et al.,
2005; Sachdeva and Nagpal, 2009). It also resists a rather
rare but very dangerous disease — listeriosis, leading to such
consequences as the prenatal fetal death, malformations
of newborns, children after listeria meningitis often suffer
from paralysis and mental retardation (Ripolles etal., 2015).
Bovine lactoferrin has bacteriostatic and bactericidal effect.
Bovine lactoferrin exhibits its bacteriostatic effect when
binds iron ions, depriving the bacteria of the element
necessary for their growth and activity. The bactericidal
action of bLF is based on binding to lipopolysaccharides,
the main components of the bacterial walls, with a process
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destructive for the cell membrane to start: A bacterium
without coat, unable to withstand the external pressure,
“bursts”. This resembles the operating principle of
antibiotics, but the drug-induced antimicrobial agents¢
damage both the bacteria and the cells of the human
body. Antimicrobials also cause the death of beneficial
microflora. Intestinal dysbiosis develops, the digestibility of
nutrients, vitamins, trace elements dectreases, the immune
protection weakens, as large number of immunocompetent
cells are killed at struggle with microbes. Bovine lactoferrin
is free of such deficiencies.

Due to the bovine lactoferrin’s multifunctionality aimed at
maintaining homeostasis of a living body, it has recently
attracted attention of researchers. Furthermore, analysis of
the data suggests that bLF refers to a group of proteins
that regulate receptor mechanism for implementing many
cellular processes, including proliferation of both animal
and microbial cells, and especially of the cells of beneficial
intestinal microflora (Legrand et al., 2008; Tomita et al.,
2009). At the same time, the problems of the structural and
functional role of the receptors, their affinity activity against
the proliferation inducing factor, the signal passage in the
cell have not been learned that determines the relevance
of further research. The choice of an adequate model
of the cell target, which regulates the cell proliferation
through the receptor mechanism of the factor, is of
particular importance in the experiment planning, Given
that the up-to-date sector in the surgical transplantation is
the search for new natural growth regulators of cells and
human tissues in vitro, the study of the bLF applicability
in this field of knowledge has been of special significance.
Taking into account the above factors, the team of authors
set the task to study the effect of bLL isolated from cow’s
milk, on dermal fibroblasts and human keratinocytes. The
bLF Peptides, the most active in reference to stimulating
the bifidogenic property of beneficial microorganisms,
proved to be more effective in protection the GI tract from
ulceration of the gastric mucosa and dysbiosis.

The purpose of this work was to solve the regulation
problems of protection processes through biologically
active proteins in the animal body, in particular, to study the
role of the receptor mechanism in the effect of lactoferrin
and its derivatives (peptides) on the cell proliferation.

MATERIALS AND METHODS

Preparation and identification of bLF

Due to the fact that bLF is contained in the milk in
considerable amounts (the highest concentration is found
in colostrum: In the female — up to 6 g/, in the cow —up
to 300 mg/1), in our studies, bLF was isolated from cow
milk and purified by the ion exchange chromatography
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using cation exchanger Macro-Prep HQ Support (Bio-Rad
Laboratories Inc., USA). The resin washed with distilled
water was placed into in a potassium phosphate buffer
(0.05M, pH 6.7) with constant stirring for 1.5 hours to
charge the functional groups. Then, the charged ion
exchanger was separated from the buffer and placed in
the skim milk (Zhao et al., 2015). It was left with constant
stirring at 4+2°C for 24 hours. The exchanger with bound
protein was separated by decantation and washed with
potassium phosphate buffer (0.05M, pH 6.7). The resin
was packed into column by gravity. Elution of proteins
was performed by potassium phosphate buffer (0.05M,
pH 6.7) with concentration gradient of NaCl (0.1-1.0 M)
ata flow rate of 1.5 ml/min. The isolated protein fractions
with the absorbance value more than 0.1 (at 280 nm) were
dialyzed through a semipermeable membrane against
distilled water at 4£2°C for 24 hours. The identification
of bLF was carried out by the methods of iron-binding
capacity determination, electrophoresis, enzyme-linked
immunosorbent assay (ELISA). The amount of bLF in
chromatographic fractions was determined by ELISA
(competitive option) based on polyclonal antibodies
(Fotschki et al., 2015). The iron-binding capacity was
assessed by saturating capacity of protein with ferric
iron in the presence of carbonate ions. Change of bLF
into apo- and holo-form was achieved by dialysis of its
solutions against citric acid (pH 2), and iron carbonate,
respectively (Shimazaki, 2000). The iron saturation degree
of the protein was determined spectrophotometrically
according to the color change at 465 nm (Shimazaki et al.,
1998). Electrophoresis was performed by Laemmli method
(Laemmli, 1970).

For comparison, some experiments were carried out using
commercially available bLF (Sigma, USA).

Proteolysis of bLF

Proteolysis of bLI' was performed with porcine pepsin
(Sigma, USA) at a concentration of w/w of the substrate
3% at 37°C, pH 2.5 (Tomita et al., 1991; Ripolles et al.,
2015). The reaction was stopped by heating the mixture
for 15 minutes at 80°C. The neutralization of the reaction
mixture was carried out with NaOH (1N). Then, the mixture
was centrifuged for 15 min at 15000g. The supernatant was
analyzed electrophoretically. Hydrolyzate powders were
prepared by freeze-drying the supernatant after dialysis
through a semipermeable membrane against distilled water.

Culturing the human cells

The research was conducted on two lines of human cells:
Immortalized human keratinocytes (HaCaT) and human
dermal fibroblasts. Prior to the experiment, the cells
were stored frozen. After thawing, they were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM)
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supplemented with 10% Fetal Bovine Serum (FBS, PAA
Laboratories, Austria), 4mM L-glutamine at 37°C in a
CO,-incubator. The medium change was carried out every
1-2 days. When the culture reached the confluence layer,
the cells were passaged to 96-well plate at a concentration
of 30 thous. cells/ml, 200 ul. to each of the wells. After
the cells attached, the medium was changed to fresh one
supplemented with serum free bLF or bLLF with 10% FBS.

The bLF doses made 50, 100, and 200 g/ml. After four days,
the MTT-test was performed. The matrix solution of MTT
(Sigma, USA) was added to each well of the 96-well plate
at a ratio of 1:10 in relation to the volume of the growth
medium, incubated in a CO_-incubator for 3-4 hours at 37°C
and 5% CO,. After incubation, the liquid was removed from
the wells carefully so as not to damage the formed formazan
crystals, insoluble in the aqueous medium. Each well was
added with 100 pLL of dimethyl sulfoxide (DMSO) to dissolve
the crystals, and then carefully pipetted until homogeneous
staining, The absorbance was counted in ABS mode on a
tablet spectrophotometer using a filter of 540-590 nm as the
main one, and a filter of 630-690 nm as a correcting one. All
tests were performed in seven parallel replicates.

Culturing the microorganisms

Standard microbiological techniques were applied:
Counting the number of colonies on nutrient agar in Petri
dishes (Colony Forming Unit-CFU) and determination of
the optical density of the cell suspension in nutrient broth
at 620 nm. The bLF hydrolysates intended for studying their
influence on the cells under study in model experiments
were prepared by proteolysis using porcine pepsin.

Studying the ulcer lesions of the gastric mucosa of rats
The study was conducted on white male rats of the
“Wistar” line weighing 180-200 g. The animals were kept

under standard vivarium conditions with free access to food
and water. One day prior to experimentation, the rats were
deprived of food, and 3 hours before the experiment — of
water. Ulcer lesions in gastric mucosa of the animals were
induced with mixture of hydrochloric acid (100 mM)
and ethanol (80%). Thirty minutes before inducing the
lesions, normal saline supplemented with bLIF in various
concentrations or its proteolysis products as protective
agents was introduced into the stomach. The ulcer index,
an integral length indicator of the necrotic lesions formed
in the gastric mucosa, was calculated.

Experiments on rats were performed in accordance with
International guiding principles for biomedical research
involving animals, developed by the Council for International
Organizations of Medical Sciences (CIOMS, 1985) and
Guide for the care and use of laboratory animals (2011).

RESULTS AND DISCUSSION

As Fig. 1 shows, in the process of elution, proteins emerged
from the chromatography column in two peaks. According
to the analysis, the first peak corresponds to lactoperoxidase
(LP). In the protein fraction of the second peak the LP
activity was absent. On electrophoregram, protein of the
second peak gave one clear line of protein corresponding
to the molecular weight of 78 kDa. This protein was
identified by ELISA as bLFE Its nativeness was proved by
full maintenance of iron-binding capacity. The value of
absorbance at wavelength 465/280 nm for the holo-form
saturated with ferric iron coincides with the value of bLF
for commercial products.

The effect of bLF on the cell growth was registered
under the conditions without adding into culture medium
and using FBS as a growth factor at a dosage range of
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Fig 1. Chromatographic purification of bovine lactoferrin: (A) lactoperoxidase; (B) bovine lactoferrin. °P < 0.05 (in comparison with control).
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50-200 pg/ml for both cell types. So, there was observed
a stimulation of fibroblasts and pronounced inhibition of
keratinocytes, in a dose dependent manner (Figs. 2 and 3).

It should be noted that bLF in the same dose inhibits
the keratinocyte proliferation much more actively than
stimulates the proliferation of dermal fibroblasts. So, at a
dose of 200 mg/ml the cell proliferation in test samples
decreased by more than 2-fold compared with the control.
There has also been found the effect of calf serum due
to its components stimulating the cell growth that levels
the bLF influence.

Thus, the reaction of the cells to bLF with regard to the
growth properties may be either positive or negative. The
immortalized keratinocytes are obvious to be considered as
targets in a model bLF system to study the inhibiting cell
growth mechanism. As regards fibroblasts, the degree of

the bLF effect that stimulates their growth is not enough
to deal with these cells as a component of the model,
designed to study the molecular mechanism of bLF action
as a growth factor.

With reference of the practical significance of probiotics as
representatives of beneficial microflora in the gastrointestinal
tract (GIT), developing the screening methods to find bLF
sensitive strains is relevant. It is also necessary to establish
adequate models in the study of mechanisms of the cell
growth reactions to bLF and its derivatives. In particular,
this method can be based on the binding of bLF to the
cell surface. The activation of probiotic cells by bLF has
been found to correlate with its binding to the cell surface.

In the study of the receptor mechanism, one of
the industrially important strains of bifidobacteria
Bifidobacterium adolescentis B-1 (deposited at the State
Research Institute of Genetics and Selection of Industrial
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Fig 2. Effect of bovine lactoferrin on proliferation of postnatal human fibroblasts: (A) without the Fetal Bovine Serum; (B) with the Fetal Bovine

Serum (10%). °P < 0.05 (in comparison with control).
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Fig 3. Effect of bovine lactoferrin on proliferation of immortalized human keratinocyte of HaCat line: (A) without the Fetal Bovine Serum; B) with

the Fetal Bovine Serum (10%). °P < 0.05 (in comparison with control).
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Microorganisms, Russia, in the Russian National Collection
of Industrial Microorganisms — RNCIM — Ne AC-1243)
was adopted as the main component of the model system
“cell-bLF”. The microorganism selected is activated by
bLF regardless of the ferric iron content in its molecule,
but the effect was dose-dependent (Fig, 4).

Already during the first hours of peptic proteolysis,
accumulation of bLF peptides with a molecular weight
of about 3 kDa was observed in the reaction mixture,
with low molecular weight peptides mainly to cleave at
the N- end of the molecule and to be represented by
lactoferricins having high antimicrobial activity (Tomita
etal.,, 1991; Ripolles et al., 2015). Further, the B. adolescentis
B-1 peptides isolated from membrane were analyzed
by electrophoresis, whereby their molecular weight was
found to range 45-100 kDa. The results of Western-
blotting showed the native bLF to communicate with
only one protein. Its molecular weight is about 58 kDa.
It is noteworthy that the binding ability of the receptor
protein toward the bLF protein substances labeled with
LP correlates with their biological activity including the
activation of bifidobacteria proliferation. Not sensitive
to bLF strains of bifidobacteria also appeared to be inert
toward its peptides that may indicate the possibility of
implementing the effect on the cellular target of bLIF and
the products of its limited proteolysis through a single
receptor mechanism, which may be a receptor one.

In the GIT, proteins are known to break down into
oligopeptides, peptides, individual amino acids under the
influence of proteolytic enzymes. Whey proteins of milk,
including bLF, are relatively resistant to proteolysis, and
products of their limited proteolysis are not only biologically
active, but often, exhibit higher activity as compared to the
native protein. So, the hydrolysates produced are more active
than the original native bLIF by different biological properties,
with the activity of the peptides obtained at proteolysis of
different duration with respect to the biological parameters
under study to vary considerably. A significant excess of
activity in terms of the growth index B. advlescentis B-1, as
compared to the native bLE, was registered for peptides
after 4 hours of proteolysis. Thus, the effect found is dose-
dependent in the concentration range of 50-250 pg/ml.
At the same time, the molecular mechanism of biological
action including all the variety of effects of multifunctional
products of the bLF proteolysis has been little investigated.

There is also reason to suppose that the effects of bLF and
its peptides making themselves evident at the molecular and
cellular levels underlay the mechanism of their physiological
action in living organisms. Our 7 vve studies have shown that
peptides of bLI that are most active with regard to stimulating
the bifidogenic ability of beneficial microorganisms proved to

544

be more effective for the protection of the GIT from ulcer
lesions of the gastric mucosa and dysbiosis.

So, a mixture of ethyl alcohol with hydrochloric acid
was injected into the stomach of the laboratory rats that
resulted in ulcer lesions to the mucosa formed (Fig. 5 A
and B). If 30 minutes before injecting the mixture into
the stomach we introduced bLF and its hydrolyzates as
compounds of normal saline, the ulcer lesions were less
pronounced or absent (Fig. 5 C and D). Hydrolysates were
determined to be a more effective preventative than the
native protein. The minimum dose (1 mg per 1 kg of the
animal body weight), the mucosal ulcerous erosion was
not diagnosed as a result of injecting the mixture, was ~
300 mg for bLE, ~ 100 mg for hydrolysates (after 4 hours
of proteolysis), and ~ 10 mg (after 24 hours of proteolysis).
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Fig 4. Effect of bovine lactoferrin on the growth of Bifidobacterium
adolescentis B-1 under anaerobic conditions at 37°C for 48 hours in
medium thioglycolic. Doses of bovine lactoferrin: 1 - 0 pg/ml (control);
2 - 50 pg/ml; 3 - 100 pg/ml; 4 - 300 pg/ml.

Fig 5. Gastric mucosa of rats: (A) norm; (B) 60 min after injection of
the mixture inducing ulcer lesions; (C) bLF was introduced 30 minutes
before injecting the mixture; (D) bLF hydrolyzates was introduced
30 minutes before injecting the mixture.
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At the oral supplementation, the peptides of low molecular
weight had more pronounced antidysbiosis effect
than the native bLF in the same concentration, which
corresponds to the data obtained on the biological activity
of bLF hydrolysates against pathogenic and beneficial
gastrointestinal microflora.

CONCLUSION

The bLF in the same dose inhibits the keratinocyte
proliferation much more actively than stimulates the
proliferation of dermal fibroblasts. The binding ability of
the receptor protein toward the bLEF protein substances
labeled with LP correlates with their biological activity
including the activation of bifidobacteria proliferation. Not
sensitive to bLF strains of bifidobactetia also appeared to be
inert toward its peptides that may indicate the possibility of
implementing the effect on the cellular target of bLF and the
products of its limited proteolysis through a single receptor
mechanism, which may be a receptor one. The peptides
of bLF that are most active with regard to stimulating the
bifidogenic ability of beneficial microorganisms proved to
be more effective for the protection of the GIT from ulcer
lesions of the gastric mucosa and dysbiosis.
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