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Abstract

A lactoferrin hydrolysate (LFH) was generated from bovine lactoferrin by pepsin, mixed with Cu** and Mn** at 0.64—1.28 and
0.28-0.56 mg/g protein, respectively; and then their in vitro effects on human gastric cancer AGS cells were assessed. With
incubation times of 24 or 48 h, LFH and its Cu®*/Mn** mixtures at 10-30 mg/mL in dose-dependent manner inhibited cell
growth; and more, these mixtures showed higher activities than LFH alone. Cell treatments of LFH and the mixtures (25 mg/mL)
for 24 h could arrest cell cycle at GO/G1-phase, damage mitochondrial membrane integrity, and induce apoptosis, while the
mixtures were also more powerful than LFH to exert these three effects. Higher Cu®*/Mn** supplementation level resulted in
higher growth inhibition, cell cycle arrest, mitochondrial membrane potential disruption, and apoptosis induction; furthermore,
Mn** was notable for its higher efficacy than Cu®* to increase these four effects. Western-blot assay results revealed that four
apoptosis-related proteins Bad, Bax, cytochrome c, and p53 were up-regulated, and both caspase-3 and caspase-9 also were
cleaved and activated; moreover, two autophagy-related proteins LC3-1I and cleaved Beclin-1 were down- and up-regulated,
respectively. It is thus concluded that Cu®* and especially Mn** could endow supplemented LFH with increased anti-cancer
effects in AGS cells, with two proposed events as enhanced apoptosis induction (via activating apoptosis-related proteins) and
autophagy inhibition (via activating autophagy-related proteins).
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Introduction

Gastric cancer is considered as one of the most common
malignant cancers in the world, and is reported to have
higher morbidity and mortality in the present Asia [1].
The main curative therapies for gastric cancer are surgery
and chemotherapy; however, these approaches are very
painful for cancer patients and might be slim successful
if the cancer is diagnosed at a late stage [2, 3]. It is there-
fore necessary to find natural compounds with desired
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prevention on cancer development. Consequently, many
studies in recent years have investigated potential anti-
cancer activities of various food components to several
gastric cancer cells [4].

Some compounds from plant foods have potential anti-
cancer effects in various cancer cells such as BGC-823,
SGC-7901, MKN-45, and MGC-803 cells [5]. Plant foods
are rich in several phytochemicals including alkaloids, ca-
rotenoids, flavonoids, and other bioactive compounds. It is
evident that two flavonoid members flavones and flavonols
have anti-cancer effects in gastric cancer MKN-45 cells,
resulting in growth inhibition, cell cycle arrest, and apo-
ptosis [6]. Alkaloids, another type of phytochemicals, also
have anti-cancer potential in human gastric cancer AGS
cells through inhibiting cell growth and inducing apoptosis
[7]. Among these assessed components from animal foods
is lactoferrin (LF), an iron-binding glycoprotein from milk
with molecular weight about 80 kDa, which has been re-
ported with anti-cancer effects in gastric cancer cells via
arresting cell cycle in sub-Gl-phase [8]. Meanwhile,
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several proteins or their degraded products (i.e., hydroly-
sates) are also verified to have in vitro anti-cancer effects in
gastric cancer cells. For example, the solid fraction sepa-
rated from yogurt by centrifugation can inhibit the growth
of primary tumor cells [9], while an isolated peptide frac-
tion from algae protein is observed with anti-cancer activ-
ity in AGS cells, leading to a post-G1-phase arrest [10]. In
China, two research groups assessed anti-cancer effects of
LF and lactoferricin B (one peptide fraction isolated from
tryptic LF hydrolysate) in gastric cancer SGC-7901 and
AGS cells [11, 12]; their results demonstrated that both
LF and lactoferricin B could promote cell apoptosis.
However, to the best of our knowledge, it is still unknown
that if LF hydrolysates can interact with other food com-
ponents (e.g., trace metal ions), and consequently this in-
teraction might give rise to changed effects in cancer cells.
It is well-known that both proteins and protein hydroly-
sates can interact with some trace metals [13]; as the result,
these trace metals possess higher bio-accessibility to the
body [14]. It is reasonable that potential interaction be-
tween LF hydrolysates and trace metals might bring
changed anti-cancer effects in cancer cells.

In natural foods, two trace elements Mn and Cu are essen-
tial to the body. Mn is a cofactor of several enzymes involved
in neurotransmitter synthesis and metabolism in the brain, and
is necessary for a variety of physiological processes including
the metabolism of amino acids, carbohydrates, and lipids. Cu
is important for the functions of many enzymes and proteins
involved in energy metabolism, respiration, and DNA synthe-
sis [15]. Cu is also a key cofactor for cytochrome oxidase,
superoxide dismutase, ascorbate oxidase, and tryrosinases
[16]. Both Mn®* and Cu** can form complexes with many
organic materials, and subsequently have been assessed for
their bio-activities such as immune and anti-cancer properties
[17, 18]. In a study of Zhou and coauthors, Mn complex of N-
substituted di(picolyl)amine could interfere with mitochondri-
al function of U251 and HeL a cells, and thus exhibit enhanced
growth inhibition [19]. In another study, a Cu complex con-
taining pyridine co-ligand was observed to have enhanced
anti-cancer activities in various human cancer cells [20]. LF
in the stomach is digested by pepsin. If LF hydrolysate (LFH)
interacts with other materials such as Mn and Cu, potential
change in its activity to cancer cells is interesting, however, is
not assessed yet.

In this study, LFH was intendedly mixed with copper chlo-
ride and magnesium sulfate of two levels, respectively. The
resultant four mixtures were assessed for their in vitro effects
including growth inhibition, cell cycle arrest, and apoptosis in
AGS cells, using LFH as control. Moreover, the cells treated
with these mixtures were detected for their mitochondrial
membrane potential and expression changes of several pro-
teins, to reveal possible mechanism responsible for the
changed anti-cancer effects of LFH’s Cu**/Mn”* mixtures.

Materials and Methods
Materials

Bovine LF with respective iron and protein contents of
170 mg/kg and 979.0 g/kg was purchased from MILEI
Gmbh (Leutkirch, Germany). Porcine gastric mucosa pep-
sin (CAS: 9001-75-6) and Dulbecco’s modified Eagle’s
medium were purchased from Sigma-Aldrich Co. Ltd.
(St. Louis, MO, USA). Cell Counting Kit-8 (CCK-8)
was purchased from Dojindo Molecular Technologies,
Inc. (Kyushu, Japan). Fetal bovine serum (FBS) was pur-
chased from Wisent Inc. (Montreal, QC Canada). Annexin
V-FITC Apoptosis Detection Kit, Cell Cycle Analysis Kit,
BCA Protein Assay Kit, JC-1 dye, and Hoechst 33258
dye were bought from Beyotime Institute of
Biotechnology (Shanghai, China). Primary anti-bodies
(-actin, caspase-3, caspase-9, cytochrome ¢, Bad, Bax,
p53, LC3-I, LC3-II, and Beclin-1) and secondary anti-
body were purchased from Cell Signaling Technology,
Inc. (Boston, MA, USA). Dextran T-70 and phosphate-
buffered saline (PBS) were purchased from Solarbio
Science and Technology Co. Ltd. (Beijing, China). 5-
Fluorouracil (5-FU) was bought from Jinyao
Pharmaceutical Co. Ltd. (Tianjin, China). Other chemicals
used in this study were analytical grade. The used water
was ultrapure water generated from Milli-Q Plus
(Millipore Corporation, New York, NY, USA).

Sample Preparation and Analysis

LFH was prepared as previously described [21] with some
modifications. In brief, LF was dissolved in water and
added with 1 mol/L HCI to pH 2.5, which gave a final
protein concentration of 50 g/L. LF solution was added
with pepsin of 0.75 kU/g protein, incubated at 37 °C for
4 h, heated at 80 °C for 15 min to inactivate pepsin, and
then neutralized to pH 7.0 using 1 mol/L NaHCO;. After
12,000xg centrifugation at 4 °C for 30 min, the collected
supernatant (i.e., LFH) was freeze-dried, ground into
powder, and stored at —20 °C.

LFH was mixed with copper chloride and magnesium sul-
fate as previously described [13] with minor modification, to
achieve two Cu®* and Mn>* supplementation levels of 0.64—
1.28 and 0.28-0.56 mg/g protein, respectively. The two levels
were equivalent to 10-20 (Cu®*) or 5-10 (Mn**) umol/g pro-
tein. The mixtures were adjusted to pH 7.0 using 1 mol/L
NaHCOs3, incubated at 22 °C for 1 h, freeze-dried, and then
stored at — 20 °C before their use. In this study, Mixture I and
Mixture II were designated as LFH supplemented with Cu”*
of 0.64 and 1.28 mg/g protein, while Mixture III and Mixture
IV were designated as LFH supplemented with Mn>* of 0.28
and 0.56 mg/g protein, respectively.
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LF, LFH, and these mixtures were all measured for their
protein contents using the Kjidahl method and a conversion
factor of 6.38 [22].

Cell Line and Culture Conditions

AGS cells provided by Cell Bank of the Chinese Academy of
Sciences (Shanghai, China) are recommended to be cultured
in the Dulbecco’s modified Eagle’s medium supplemented
with 10% FBS, 100 units/mL penicillin, and 100 pg/mL strep-
tomycin. A humidified atmosphere containing 5% CO, and
temperature of 37 °C were also required in cell culture.

Assay of Growth Inhibition

The cells were seeded in 96-well plates at a density of 2 x 10
cells/well in 100 pL. medium and incubated for 24 h. After
removal of the medium, the cells were treated with the medi-
um containing LFH or Mixtures I-IV of five dose levels (10—
30 mg/mL), and then incubated for 2448 h. The cells treated
with 5-FU of 200 pmol/L and medium containing 5% FBS
were used as positive and negative controls. CCK-8 of 10 uL
was added to each well, and the cells were incubated for 1.5 h.
Optical density values at 450 nm were measured by micro-
plate reader (Bio-Rad Laboratories, Hercules, CA, USA), and
used to calculate viability. The cells treated with medium con-
taining 5% FBS were served to have viability value of 100%
(i.e., without any growth inhibition).

Assay of Cell Cycle Progression

The cells (1 x 10° cells/dish) were seeded on 100-mm cell
culture dishes with 10 mL medium, incubated for 24 h, and
then retreated with 10 mL/dish medium containing LFH or
Mixtures [-1V (25 mg/mL) for 24 h. After that, the cells were
harvested by trypsin-EDTA, washed twice with cold PBS
(10 mmol/L, pH 7.3), and fixed with 70% cold ethanol by
shaking once every 15 min at 4 °C overnight. The cells were
washed with the cold PBS, resuspended in binding buffer
(500 pL), and stained with RNase A (10 uL) and propidium
iodide (PI; 25 pL) at 37 °C for 30 min in the dark. The cells
without sample treatment were served as negative control.
Cell cycle distributions in GO/G1-, S-, and G2/M-phases were
assayed using flow cytometry (FACSCalibur, Becton
Dickson, San Jose, CA, USA). Cell proportions in every
phase were analyzed using the ModFit software (Verity
Software House, Topsham, ME, USA).

Hoechst 33258 Staining
The cells (1 x 10° cells/well) were seeded in 6-well plates with

2 mL medium, incubated 24 h, and then retreated with the
medium containing LFH or Mixtures I-IV (25 mg/mL) for

@ Springer

24 h. Next, the cells were stained with Hoechst 33258 dye
for 5 min at room temperature (22 °C), washed twice by
PBS (10 mmol/L, pH 7.3), and observed under a fluorescence
microscope (Type Eclipice-Ti-S, Nikon, Japan) at x 200
magnification.

Assay of Mitochondrial Membrane Potential

Loss of mitochondrial membrane potential was determined
using flow cytometry and JC-1 dye. Briefly, the cells (5 x
10° cells/well) were seeded in 6-well plates with 2 mL medi-
um at 37 °C for 24 h, and then retreated with the medium
containing LFH or Mixtures I-IV (25 mg/mL) for 24 h.
After that, the cells were detached by trypsin-EDTA, stained
with JC-1 dye for 20 min at 37 °C, and assessed by the flow
cytometry (FACS Calibur; Becton Dickson).

Assay of Apoptosis Induction

AnnexinV-FITC and PI as fluorescent dyes were used in this
assay to discriminate intact, early apoptotic, late apoptotic,
and necrotic cells [23]. The cells with medium containing
5% FBS were regarded as negative control. The cells (2 x
10* cells/well) were seeded in 6-well plates with 2 mL medi-
um, and incubated at 37 °C for 24 h. After that, the cells were
retreated with the medium containing LFH or Mixtures [-IV
(25 mg/mL) for 24 h, detached by trypsin-EDTA, washed
twice with the PBS, resuspended in 500 pL Annexin V-
FITC binding buffer, stained with 5 uL Annexin V-FITC
and 10 pL PI in the dark at 20 °C for 30 min, and analyzed
by the flow cytometry (FACS Calibur; Becton Dickson) to
detect the proportions of intact, early apoptotic (Q4), late ap-
optotic (Q2), and necrotic cells.

Western-blot Assay

The cells (5 x 10° cells/dish) were seeded on 100-mm cell
culture dishes with 10 mL medium at 37 °C for 24 h, and also
retreated with the medium containing LFH or Mixtures -1V
(25 mg/mL) for 24 h. Subsequently, the cells were washed
three times with cold PBS and lysed for 30 min on ice with
100 uL RIPA Lysis Buffer (Beyotime, Shanghai, China) con-
taining 1 mmol/L PMSF (Beyotime, Shanghai, China). The
lysates were centrifuged at 12,000xg for 5 min at 4 °C, and
resultant supernatants were collected as total cellular protein.
Protein concentrations were measured using the BCA Protein
Assay Kit. Protein (50 mg) from each sample was loaded on
10-15% SDS-PAGE and transblotted to PVDF membrane.
The blots were blocked with 5% fat-free powdered milk dis-
solved with the PBS containing 0.1% Tween-20 at 37 °C for
2 h, probed with 1:5000 dilution of the primary anti-body in
blocking buffer overnight at 4 °C. The bands were incubated
with an anti-rabbit secondary anti-body horseradish
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peroxidase conjugate. The enhanced chemiluminescence of
200 puL was covered on PVDF membrane, and the signal on
the band was detected by a Chemi Scope 6300 (Clinx Science
Instrument, Shanghai, China).

Statistical Analysis

All data were reported as means or means =+ standard devia-
tions from three independent experiments and assays.
Statistical analysis was performed by using the SPSS software
version 16.0 (SPSS Inc., Chicago, IL, USA) using one-way
analysis (ANOVA) with Duncan’s multiple range tests. The
statistical significance was set at a level of P < 0.05.

Results

Growth Inhibition of LFH and Mixtures I-1V in AGS
Cells

In this study, 5-FU as one of classic chemotherapy agents
displayed growth inhibition in AGS cells. The cells treated
with 200 pmol/L 5-FU for 2448 h showed growth inhibition
0f 44.5-56.3%. Results (Table 1) also indicate that LFH and
Mixtures [-IV of 10-30 mg/mL could inhibit cell growth; and
more, both prolonged treatment time and increased dose level
consistently led to enhanced growth inhibition. In comparison
with LFH, Mixtures I-IV at each time point showed higher
inhibition, as LFH demonstrated growth inhibition of 5.4—
46.5% while Mixtures I-1V displayed increased growth inhi-
bition (6.5-85.9%). Moreover, Mixtures I[I-IV were roughly
observed to have higher inhibition than Mixtures I-II (7.9—
85.9% versus 6.5-63.6%). This fact means that Mn** was
more efficient than Cu®* to confer LFH with higher inhibition.
Mixture I displayed lower growth inhibition than Mixture I1
(6.5-55.2% versus 7.0-63.6%). Similar phenomenon was al-
so found in the case of Mixture III and Mixture IV (7.9-67.2%

Table 1
times of 2448 h

versus 11.2-85.9%). This indicates that higher Cu®*/Mn**
supplementation levels led to higher anti-proliferation. It is
concluded that it was Cu®* and especially Mn>* supplemented
to LFH that contributed enhanced inhibition.

Mixtures [-IV at dose level other than 25 mg/mL led to too
weaker or stronger growth inhibition (Table 1). Accordingly,
these mixtures and LFH were assessed for other effects in the
cells at dose level of 25 mg/mL. And more, treatment time was
fixed at 24 h.

Cell Cycle Arresting of LFH and Mixtures I-1V in AGS
Cells

To further elucidate inhibition of LFH and its Cu**/Mn** mix-
tures on cell growth, flow cytometry analysis was performed
to detect cell cycle distribution (Fig. 1), aiming to verify
whether these materials were capable of disturbing cell cycle
progression. Results indicate that in comparison with control
cells, the cells treated with LFH for 24 h totally had increased
cell proportion of GO/G1-phase (i.e., increasing from 58.3 to
62.3%); moreover, cell treatment with Mixtures I-II and
Mixtures III-1V also resulted in increased cell proportion of
G0/G1-phase (66.8—69.1% and 73.4-75.8%). These data in-
dicate three findings: (1) Mixtures I-IV had dramatic effects
than LFH alone to arrest cell cycle progression at GO/G1-
phase; (2) Mn>* brought greater cell cycle arrest, compared
to Cu®*; and (3) higher metal level also yielded greater cell
cycle arrest. Overall, Cu®*/Mn?* supplementation of LFH thus
brought enhanced ability to disturb cell cycle progression in
AGS cells, making contribution to growth inhibition via ar-
resting cell cycle progression at GO/G1-phase.

Apoptosis Induction of LFH and Mixtures I-1V in AGS
Cells

Morphologic features of the control and treated AGS cells
were observed using Hoechst 33258 staining (Fig. 2a).

Growth inhibition (%) of lactoferrin hydrolysate (LFH) and its Cu/Mn-supplemented products at five dose levels in AGS cells with treatment

Samples Dose levels and treatment times

10 mg/mL 15 mg/mL 20 mg/mL 25 mg/mL 30 mg/mL

24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h

LFH 54+1.1% 66+17° 84+19% 125+22° 95+2.0° 143+2.1% 26.0+2.7" 355+2.0° 40.9+2.7° 46.5+2.4°

Mixture] 6.5+ 1.3° 7.8+ 1.1° 105+ 18" 13.8+28% 115+ 1.6® 154+24% 342+3.0° 43.1+2.7° 452+26% 552 +2.5°
Mixture I 7.0 £ 1.4* 84 +2.1% 11.1 +1.8° 15.0+22% 144 +2.3™ 164 +24® 41.8+2.5° 51.7+3.1° 549 +2.0° 63.6+2.1°
Mixture Il 7.9 +1.2% 9.6+ 1.5® 129+ 1.9° 155+23% 16.7+£2.6™ 17.1 £23%® 435+24° 54.6+32° 562 +2.0° 67.2+23°
Mixture IV 11.2 + 1.8° 134 +24% 151 +22° 189+ 17" 19.6+2.8 21.5+2.1° 554+239 63.8+299 654+2.5° 859 +29¢

Mixtures I-1I represent LFH supplemented with Cu®* 0.64—1.28 mg/g protein, while Mixtures III-IV represent LFH supplemented with Mn>* 0.28—
0.56 mg/g protein, respectively. Means within the same column with different superscript letters differ significantly (P < 0.05)
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Results demonstrate that the control cells without any treat-
ment had larger cells numbers with very weaker apoptosis, as
most of the cells were dimly blue (Fig. 2a). However, for the
cells treated with LFH and especially its Cu?*/Mn** mixtures,
fewer cells were observed but some apoptotic cells with chro-
matin condensation and nuclear fragmentation were identified
(Fig. 2b—f). Based on the morphologic changes of the cells, it
is supposed that LFH and Mixtures I-IV might have apoptosis
induction in AGS cells.

Apoptosis induction of LFH and its Cu®*/Mn** mixtures in
AGS cells were investigated by flow cytometry to identify the
proportions of late apoptotic (Q2) and early apoptotic (Q4)
cells. The results (Fig. 3) demonstrate that LFH and
Mixtures [-IV were able to induce apoptosis. Control cells
only had total apoptotic proportion (Q2 + Q4) 0f9.1%, where-
as the cells treated with LFH, Mixtures [-IV for 24 h showed
total apoptotic proportions of 26.1%, 28.0%, 36.1%, 41.0%,
and 47.2%, respectively. Based on these data, it can be seen
that (1) Mixtures I-IV were more able than LFH alone to
induce cell apoptosis; (2) Mn** mixtures had increased apo-
ptosis induction, compared with Cu?* mixtures; (3) the resul-
tant apoptosis induction was governed by Cu®*/Mn** concen-
trations in the mixtures; and (4) for these mixtures, the obtain-
ed order of apoptosis induction was completely in consistent
with the measured order of cell cycle arrest. Both apoptosis
induction and cell cycle arrest thus made contribution to the
measured growth inhibition.
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Fig. 1 Cell cycle distribution in the AGS cells treated without (a) or with LFH (b) and Mixtures I-IV (c¢—f) at 25 mg/mL for 24 h, respectively

Loss of Mitochondrial Membrane Potential in Treated
AGS Cells

To further verify mitochondrial dysfunction, mitochondrial
membrane potentials (MMP) of AGS cells treated with LFH
and Mixtures [-IV for 24 h were analyzed using JC-1 dye
staining and flow cytometry. Results indicate that the cells
treated with LFH had decreased MMP (cell proportion of
red fluorescence 79.6%) (Fig. 4b), compared with control
cells without any treatment (cell proportion of red fluores-
cence 91.5%) (Fig. 4a). Moreover, the cells treated with
Cu®* mixtures (cell proportions of red fluorescence 70.5%
and 65.7%) (Fig. 4c, d) and especially Mn?* mixtures (cell
proportions of red fluorescence 60.3% and 54.5%) (Fig. 4e,
f) led to more dramatic MMP decreases. It is evident that LFH
and the mixtures had mitochondrial membrane potential dis-
ruption, which might promote the release of apoptogenic fac-
tors such as cytochrome c. The assay results also support that
Mixtures I-1I and especially Mixtures III-IV had higher apo-
ptosis induction in AGS cells, compared with LFH.

Changes in Protein Expression in AGS Cells

A serial of Western-blot assay were conducted to assess ex-
pression levels of 9 proteins in the treated cells (Fig. 5), which
are classified as apoptosis- and autophagy-related proteins.
Results demonstrate that when the cells treated with LFH
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Fig. 2 Morphology of the AGS cells treated without (a) or with LFH (b) and Mixtures I-IV (¢—f) at 25 mg/mL for 24 h, respectively. The images were
observed under an inverted fluorescence microscope (x 200)

and Mixtures I-IV for 24 h, apoptosis-related caspase-3 and  cleaved Beclin-1 but down-regulated LC3-II and Bcl-2.
caspase-9 were cleaved and activated. The cells exposed to ~ Similar results were observed following cell treatment with
LFH had up-regulated Bad, Bax, cytochrome c, p53, and  Mixtures III-IV, leading to slightly higher changes in
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Fig.3 Apoptosis induction of LFH and Mixtures I-IV in AGS cells. The cells were treated without (a) or with LFH (b) and Mixtures [-IV (¢—f) at 25 mg/
mL for 24 h, respectively
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Fig. 4 Mitochondrial membrane potential of the AGS cells treated without (a) or with LFH (b) and Mixtures I-IV (¢—f) at 25 mg/mL for 24 h,

respectively

expression levels for these proteins. Overall, Mixture IV
showed the highest activity to regulate expression levels of
these proteins. The results demonstrate that Mn?* supplemen-
tation was more powerful than Cu®* supplementation to reg-
ulate protein expression, and higher metal concentrations in
these mixtures led to greater regulation.

Based on these results, LFH and especially Mixtures [-IV
are thus proposed to display anti-cancer effects in AGS cells
via mediating apoptosis and autophagy, as indicated in Fig. 6.
In brief, LFH and its Cu**/Mn** mixtures induced apoptosis
by caspase-3, Bad, Bax, and p53 pathway, and exerted en-
hanced apoptosis through autophagy inhibition by LC3-1I
down-regulation and p53 activation. And more, a cross-talk
between apoptosis and autophagy was thus verified.

Discussion

The hydrolysates from several protein resources have been ev-
idenced to exert anti-cancer effects in various cancer cells like
Hela, PC-3, DU-145, and H-1299 [24, 25]. Bovine LF is one of
the native proteins with many biofunctions in the body, and also
has anti-cancer activity in cancer cells but without any harmful
effect on normal cells [26]. At the same time, the hydrolysates
from bovine LF can display an inhibitory effect in gastric cancer
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cells [8, 10], inhibit liver and lung metastasis in the mice [27],
and show anti-cancer activities against colon cancer cells [28].
In this study, the prepared LFH showed anti-cancer activities in
AGS cells, reflected as growth inhibition, cell cycle arrest, mi-
tochondrial membrane potential disruption, and apoptosis in-
duction, sharing consistent conclusion to these reported works.
However, when Cu®* and especially Mn>* were supplemented
to LFH, the resultant mixtures had enhanced anti-cancer effects
in AGS cells. This fact implies that some peptides in LFH might
react with Cu®*/Mn* to form metal-peptide complexes, and
therefore possessed higher potentials to behave these assessed
effects in the cells. It was found that Fe-supplemented LF could
significantly inhibit the growth of HBV-infected HepG2 cells,
in comparison with LF itself [29]. It is reasonable that LFH
supplemented with Cu**/Mn** had enhanced anti-cancer ef-
fects in AGS cells. Furthermore, higher Cu®*/Mn>* supplemen-
tation level resulted in higher values for these measured activ-
ities, indicating the two metal ions indeed made contribution to
anti-cancer effect. However, why Mn”* had higher enhance-
ment than Cu®* on these anti-cancer activities was not clarified
in this study. This phenomenon is important and should be
given a special verification in future.

In general, natural compounds may exert in vitro effects on
cancer cells via different pathways including growth inhibi-
tion, cell cycle arrest, apoptosis induction, and other effects. It
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Fig. 5 Expression changes of the apoptosis- and autophagy-related pro-
teins in AGS cells treated without or with LFH and Mixtures I-IV for
24 h. Cyto C cytochrome c. MMP mitochondrial membrane potential

is known that rapid growth and development of cancer cells
are achieved by continuous division of the cells, while cell
cycle is a well-ordered process of cell division. Therefore,
arresting cell cycle progression at some cell phases is an im-
portant approach to inhibit the growth of cancer cells [30]; for
example, flavonoid compounds can arrest cell cycle progres-
sion at GO/G1-phase [6]. Protein hydrolysates can block cell
cycle progression of several cancer cells. In a study conducted
by Mao et al. [31], the hydrolysate from donkey milk in-
creased cell proportion of GO/G1-phase in human lung cancer
cells. Similarly, protein hydrolysates of giant grouper
(Epinephelus lanceolatus) were found to arrest cell cycle of
oral cancer cells at sub-G1 phase [32]. Importantly, apoptosis
is a requisite mechanism of programmed cell death, and apo-
ptosis induction to tumor cells is one of main strategies for
cancer treatment [33]. Two previous studies reported that

Lactoferrin hydrolysate
& its Cu/Mn mixtures

Extracellular

Cytosol

CEspt

Bel-2 |

7

N

' :
' f\Bref:liilrlr-r ?
L/: ~_ |

LC3-I1 |

Autophagy |
T Apoptosis
Fig. 6 Proposed molecular mechanism responsible for the anti-cancer

effects of LFH and its Cu**/Mn>* mixtures in AGS cells: apoptosis in-
duction and autophagy inhibition

peptide fraction derived from algae protein and protein hydro-
lysates from tuna cooking juice had apoptosis induction to
AGS and MCF-7 cells [10, 34]. This study also found that
LFH and especially Mixtures I-IV could exert effect on AGS
cells through growth inhibition, cell cycle arrest, and apopto-
sis induction.

Cell apoptosis can be triggered by releasing cytochrome ¢
from mitochondria into the cytosol. Cytosolic cytochrome ¢
can bind to Apaf-1 and then activate caspase-9, which results
in caspase-3 activation and apoptosis [35]. Loss of mitochon-
drial membrane potential was observed for the treated AGS
cells, which brought mitochondrial dysfunction and cyto-
chrome c release (Figs. 5 and 6). The p53 has been shown to
enhance its tumor-suppressing activity by apoptosis modula-
tion [36]. Bel-2 protein family consists of pro-apoptotic pro-
teins (such as Bax and Bad) and anti-apoptotic proteins (such
as Bcl-2 and Bcl-xl) that have opposing effects on mitochon-
dria. Activation of pro-apoptotic Bad and Bax by p53 can
increase permeability of mitochondrial membrane, leading to
the release of apoptogenic factors like cytochrome c. Anti-
apoptotic Bcl-2 protein which preserves mitochondrial integ-
rity is suppressed by p53 [37]. This blocks the release of
several soluble intermembrane factors like cytochrome c,
which activate the executioners of cell apoptosis [38]. The
results from two previous studies revealed that lactoferricin
B selectively induced apoptosis in human leukemia and car-
cinoma cells via loss of mitochondrial membrane potential
and caspases activation (such as caspase-3, caspase-6, and
caspase-9) [39, 40]. Meanwhile, the peptides from rapeseed
and a tuna cooking juice protein could induce MCF-7 and
HepG2 cells apoptosis via up-regulated p53, Bax, and cleaved
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caspase-3 as well as down-regulated Bcl-2 [34, 41]. In this
study, LFH supplemented with Cu**/Mn** could up-regulate
the expression of pro-apoptotic Bad, Bax, and p53 proteins
but down-regulate the expression of anti-apoptotic Bcl-2 pro-
tein in AGS cells, resulting in increased release of cytochrome
¢ from mitochondria, which subsequently triggered the acti-
vation of caspase-9 and caspase-3 as well as cell apoptosis
(Fig. 6).

Autophagy is a cellular renewal mechanism, and functions
in the cytoprotection of normal and cancer cells [42]. The
growth of cancer cells such as pancreatic and gastric cancer
cells requires autophagy [43]. Autophagy inhibition is thus
proposed to have an important role on cell apoptosis. In
Hela cells, autophagy inhibition is verified through caspase-
3 activation, and makes positive contribution to apoptosis
[44]. Tt also is found that cross-talk exists between autophagy
and apoptosis [45]. Both Beclin-1 and p53 are classified as
autophagy- and apoptosis-related proteins [46]. Beclin-1 in-
teracts with several cofactors to modulate lipid kinase Vps-34
protein to facilitate formation of Beclin 1-Vps34-Vps15 core
complexes, thereby induces autophagy [47]. However, Bcl-2
can bind to Beclin-1, thus inhibit Beclin-1-mediated autopha-
gy [48]. Beclin-1 is a substrate for caspase-3; activated
caspase-3 increases Beclin-1 cleavage, leading to inhibit au-
tophagy in breast and other human malignancies [49]. The
well-characterized tumor suppressor p53 is a critical mediator
of cell death. Activation of p53 has been evidenced to inhibit
autophagy [50]. And more, autophagy inhibition reflects re-
duction expression of LC3-II [51]. In this study, the treated
AGS cells had up-regulated cleaved Beclin-1 and p53 but
down-regulated LC3-II proteins (Fig. 5). LFH and its Cu®*/
Mn?* mixtures thus had autophagy inhibition in AGS cells. At
the same time, potential cross-talk between autophagy and
apoptosis through caspase-3 and p53 pathway was also veri-
fied in this study. Clearly, both caspase-3 and p53 activation
were essential to the assessed apoptosis induction and autoph-
agy inhibition. It was also found in a previous study that
docosahexaenoic acid induced apoptosis of SiHa cells by
p53 and caspase-3 activation to inhibit autophagy [52].

Conclusion

This study declares that supplementation of peptic bovine
lactoferrin hydrolysate with Cu®* and especially Mn?* could
bring enhanced anti-cancer effects in AGS cells. In total, the
supplemented hydrolysates exerted higher growth inhibition,
arrested more cells at GO/G1-phase, and induced more cells
into apoptotic cells. Furthermore, the supplemented hydroly-
sates could damage mitochondrial membrane integrity and
regulate expression levels of several apoptosis- and
autophagy-related proteins in AGS cells. Molecular mecha-
nism responsible for these anti-cancer effects are proposed

@ Springer

as enhanced apoptosis induction and autophagy inhibition.
This study thus highlights anti-cancer benefits of the two trace
metals to bovine lactoferrin, from a nutritive point of view.
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