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Lactoferrin inhibits apoptosis through insulin-like
growth factor | in primary rat osteoblasts
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Aim: Excessive apoptosis of osteoblasts is the major cause of low bone mass, and bovine lactoferrin (bLF), an iron-binding glycoprotein,
might protect osteoblastic cells from apoptosis induced by serum withdrawal. The aim of this study was to elucidate the mechanisms

underlying the anti-apoptotic action of bLF in rat osteoblasts in vitro.

Methods: Primary rat osteoblasts were incubated in the presence of varying concentrations of bLF for 24 h. The expression of insulin-
like growth factor | (IGF-l) and IGF-I receptor (IGF-IR) was measured uisng RT-PCR and Western blotting. Cell apoptosis was examined

with flow cytometry. siRNAs targeting IGF-1 was used in this study.

Results: Treatment of bLF (0.1-1000 ug/mL) dose-dependently increased the expression of IGF-l and IGF-IR in the osteoblasts.
Treatment with bLF (10, 100 pug/mL) markedly inhibited the osteoblast apoptosis (with the rate of total apoptosis of 70% at 10 ug/mL),
but the high concentration of bLF (1000 pg/mL) significantly promoted the osteoblast apoptosis. Knockdown of the IGF-I gene in

osteoblasts with siRNA markedly increased the osteoblast apoptosis.

Conclusion: Lactoferrin (10 and 100 ug/mL) effectively inhibits apoptosis of primary rat osteoblasts by upregulating IGF-I expression.
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Introduction
Bovine lactoferrin (bLF) is an iron-binding glycoprotein that
belongs to the transferrin family and is produced by epithelial
cells of the exocrine glands™?. bLF can stimulate the prolifera-
tion and differentiation of bone-forming osteoblasts and act as
a survival factor for these cells”. bLF has been demonstrated
to have potent anti-apoptotic effects on osteoblasts that may
also contribute to the anabolic skeletal actions of these cells!* .
A healthy skeleton is maintained by the continuous renewal
of bone marrow. Bone remodeling depends on the actions of
two main bone cells: osteoclasts and osteoblasts. Osteoclasts
resorb old bone while osteoblasts form new bone by first lay-
ing down an unmineralized matrix and then orchestrating
its mineralization®. The excessive apoptosis of osteoblasts
is the major cause of low bone mass. In addition, bLF might
protect osteoblastic cells from apoptosis induced by serum
withdrawal™. Understanding the molecular mechanisms
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regulating osteoblast survival may help us to develop effective
therapeutics for the treatment of low bone mass in patients
afflicted with diseases such as osteoporosis, primary hyper-
parathyroidism and systemic sclerosis.

Our previous study found that bLF at 1 and 2 mg-kg™"-d”
significantly increased the bone mass and improved bone
microarchitecture in ovariectomized rats suffering from
increased bone loss, severe osteopenia and increased bone
resorption”. Previous studies have shown anabolic effects of
bLF on osteoblasts and osteoclasts in vitro™ * . Grey found
that bLF inhibited 50%-70% of apoptosis in osteoblasts, but
he also discovered that this inhibition did not involve the
PI3 kinase or p42/44 MAP kinase signaling pathways!. So
the exact mechanisms for the effect of bLF on osteoblasts are
largely unknown, the aim of this study was to explore the
mechanisms of action of bLF on apoptosis of primary rat
osteoblasts by studying the insulin-like growth factor (IGF)
signaling pathway.

Materials and methods
Reagents
Bovine lactoferrin was obtained from Fonterra (Auckland,
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New Zealand). Fetal bovine serum (FBS), L-glutamine,
penicillin/streptomycin and D-minimal essential medium
(DMEM) were obtained from Gibco-BRL (Grand Island, NY,
USA). Trypsin was purchased from Hyclone (Auckland, New
Zealand). The Annexin-V/PI Apoptosis kit was purchased
from Sigma (America). The Reverse Transcription System kit
and real-time PCR kit were purchased from Takara (Japan).
The alkaline phosphatase staining kit was purchased from
JianCheng Biotech Companies (China). The SABC immuno-
histochemistry kit was purchased from Wuhan Boster Compa-
nies (China). The Type-I Collagen Enzyme and TRIZOL were
purchased from Invitrogen (Carlsbad, CA, USA). The mono-
clonal IGF-I antibody and the monoclonal IGF-IR antibody
used for Western blot analyses were purchased from Abcam
(Cambridge, UK).

Cell culture

Primary osteoblasts were isolated from the calvaria of new-
born (<24 h) Sprague Dawley rats. Briefly, neonatal rat cal-
variae were dissected from adherent soft tissue and washed
in a PBS solution (2 mL). The tissue was shredded into 1
mmx1 mmx1 mm pieces using ophthalmic scissors and then
sequentially digested with 3 mL trypsin (15 min) followed by
4 mL collagenase mixed with 1 mL trypsin (60 min) to release
the cells. The cell preparations were washed and cultured
in D-minimum essential medium (DMEM) containing 10%
FBS and antibiotics. Cells were plated in 25-cm? flasks and
cultured overnight in an incubator with a CO, level of 5% at
37°C. The medium was changed every other day. Cells in the
third passage were used for all experiments.

Identification of primary cultured rat osteoblasts

Cell morphology

Osteoblast morphology was examined using an inverted
microscope.

Alkaline phosphatase staining

Third passage cells were trypsinized and seeded onto chamber
slides. Alkaline phosphatase staining was performed accord-
ing to the manufacturer’s protocol: the cells were stained with
hematoxylin for 3 min, washed in water, and then examined
by microscopy.

SABC Immunohistochemistry
SABC immunostaining was performed according to the manu-

Table 1. The primer sequences for real-time PCR.

facturer’s protocol with a reaction time between 5 and 30 min.
The samples were washed in water and examined by micros-

copy.

Annexin V-FITC and propidium iodide double-stained flow
cytometry

After treatment with different concentrations of bLF (0, 0.1,
1, 10, 100, and 1000 pg/mL) for 24 h, cells were detached and
rinsed with PBS to prevent aggregation. Cells were collected
and stained using the Annexin V-FITC Apoptosis Detection
Kit at room temperature in the dark for 10 min and then fil-
tered before analysis. Cells (1x10°) were analyzed by flow
cytometry to detect and quantify cells undergoing apoptosis or
necrosis. The data were analyzed using CellQuest Software.

RNA isolation and real-time PCR

To determine the expression levels of IGF-I and IGF-IR
mRNAs in primary rat osteoblasts incubated with varying con-
centrations of bLF (0, 0.1, 1, 10, 100, and 1000 pg/mL) for 24 h,
total RNA was extracted using the TRIzol reagent according to
the manufacturer’s protocol. The concentration and purity of
total RNA were calculated by measuring the absorbance at 260
and 280 nm. Total RNA (1 pg) was used for the synthesis of
first strand cDNA (cDNA synthesis kit; Takara, Japan). PCR
primers (Table 1) were designed using the Primer 5.0 software.
RT-PCR was performed using a Thermal Cycler Dice™ Real-
Time System (TP800, TaKaRa). Real-time PCR was performed
using 2 pL of cDNA in a 25 pL reaction volume that included
the SYBR PremixEx Taq II (2x) (DRR081A, TaKaRa, Japan) and
diluted gene specific primers. All reactions were performed in
triplicate and analyzed by the 2**“" method. B-Actin was used
as an internal control.

Western blotting

For Western blot analyses, osteoblasts were treated with differ-
ent concentrations of bLF (0, 0.1, 1, 10, 100, and 1000 pg/mL)
for 24 h. Cells were washed twice with ice-cold PBS and then
resuspended in lysis buffer (RIPA, Beyone, China) containing
1% NP-40, 0.1% SDS, 5 mmol/L EDTA, 0.5% sodium deoxy-
cholate, 1 mmol/L sodium orthovanadate, and 1 mmol/L
phenylmethylsulfonyl fluoride. Protein concentrations were
determined using a BCA protein assay (Beyotime Biotech
Companies, Haimen, China). For each sample, 30 pg of pro-
tein was run on a 15% polyacrylamide gel and transferred to
a polyvinylidene difluoride (PVDF) membrane (Millipore,

Genes GenBank numbers Primer sequence Product size (bp)

B-Actin NM 031144.2 Forward 5-GGAGATTACTGCCCTGGCTCTA-3' 150
Reverse 5'-GACTCATCGTACTCCTGCTTGCTG-3'

IGF-I NM 001082478.1 Forward 5-GCACTCTGCTTGCTCACCTTTA-3' 148
Reverse 5 -TCCGAATGCTGGAGCCATA-3'

IGF-IR NM 052807.2 Forward 5-GGTCTCTAAGGCCAGAGGTGGA-3' 122

Reverse 5-GACGAACTTGTTGGCATTGAGGTA-3'
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Billerica, MA, USA). The membrane was incubated overnight
at 4°C with the monoclonal IGF-I antibody and the monoclo-
nal IGF-IR antibody (Abcam, UK) at a 1:1000 dilution. The
secondary antibodies (Zhongshan Golden Bridge Biotechnol-
ogy, China) were diluted 1:3000 in TBST. The membrane was
incubated with secondary antibodies for 1 h at room tempera-
ture. The membranes were then washed and developed.

RNA interference

We designed the interference vector (Table 2) and four inter-
ference sequences to knock down the IGF-I gene (Table 3).
We synthesized double-stranded DNA containing interfer-
ence sequences and ligated them into the lentiviral transfer
plasmid. Third passage cells were divided into six groups:
a normal control group (non-transfected group), a negative
control group (transfected with control siRNA), and 4 siRNA
transfection groups (transfected with each of the 4 siRNAs tar-
geted against the IGF-I gene). The cells were transfected with
the lentiviral vectors for 48 h. The mRNA expression of target

Table 2. The frame of interference vector.

Linker Sense Loop Antisense Terminator
CCGG CTCGAG g
AATT CAAAAAA CTCGAG

Table 3. IGF-1 RNA interference sequence.
No Target sequence
siRNA1 3-GCACTCTGCTTGCTCACCTTT-5'
SiRNA2 3-GCTCTTCAGTTCGTGTGTGGA-5'
siRNA3 3-GGCATTGTGGATGAGTGTTGC-5'
siRNA4 3-GGAAGTACACTTGAAGAACAC-5'

genes in the osteoblasts was tested by RT-PCR.

Combined siRNA and bLF treatment
Cells were divided into the following groups: a normal control

group (non-transfected group); a 10 ng/mL bLF; a negative
control group+10 pg/mL bLF; siRNA transfection group;
and an siRNA transfection group+10 pg/mL bLF. The cells
were transfected with the lentiviral vectors for 48 h and then
the culture medium was replaced with medium containing
10 pg/mL bLF for 24 h. Apoptosis was determined by flow
cytometry.

Statistical analysis

The results are reported as the meanststandard deviation
(SD). Data analyses were performed using the Statistical
Package for the Social Sciences (SPSS version 16.0) software
package. The differences among the groups were determined
using a one-way ANOVA model with post-hoc tests. Differ-
ences were considered significant if P<0.05.

Results

Identification of primary cultured rat osteoblasts

Cell morphology

Typical features of osteoblasts were adherent growth and
abundant cytoplasm. Cells that were considered to display
irregular morphology included triangular, polygonal, and
long shuttle-shaped cells (Figure 1A).

Alkaline phosphatase staining

Blue-violet nuclei were considered positive for alkaline phos-
phatase. Brown particles were observed within the cytoplasm
and some dispersed around the surrounding cells (Figure 1B).

Type-I collagen immunohistochemistry
In accordance with the defined characteristics of osteoblasts,
brown cytoplasmic staining was observed (Figure 1C).

The effects of bLF on the apoptosis of primary osteoblasts

As shown in Figure 2, both 10 and 100 ng/mL bLF signifi-
cantly inhibited the apoptosis of primary osteoblasts com-
pared to untreated controls. At a concentration of 10 pg/mL,
bLF inhibits apoptosis by 70%. We also found that bLF mainly
affected early stages of apoptosis and total apoptosis. In bLF-
treated groups (1, 10, and 100 pg/mL) total apoptosis was
significantly inhibited (P<0.01) compared to the control group.
bLF at concentrations of 1, 10, and 100 pg/mL also inhibited
early stages of apoptosis, whereas 1000 ng/mL bLF stimulated

Figure 1. (A) Primary cultured rat osteoblasts were incubated for 48 h, x200. (B) Alkaline phosphatase staining, x400. (C) Type-l collagen

immunohistochemistry, x400.
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Figure 2. The rate of apoptosis in the different apoptotic phases in response to treatment with varying concentrations of bLF for 24 h. (A) The rate
of prophase apoptosis. (B) The rate of advanced apoptosis. (C) The rate of total apoptosis. °P<0.05, °P<0.01 compared to the control group. Each

experiment was performed in triplicate.

both early stages of apoptosis and total apoptosis. However,
varying concentrations of bLF treatment caused no significant
alterations in late stages of apoptosis.

The effects of bLF on IGF-I and IGF-IR gene expression

The addition of bLF to the culture medium increased the level
of IGF-I mRNA expression. A significant increase in IGF-I
mRNA expression was observed at a bLF concentration of
10 pg/mL, while the highest mRNA expression level was
observed at a concentration of 100 ng/mL bLF (Figure 3A).
Furthermore, addition of bLF to the medium significantly
increased the levels of IGF-IR mRNA in a dose-dependent
manner. The highest bLF concentration tested (1000 pg/mL
bLF) was the most effective at promoting IGF-IR mRNA
expression (Figure 3B).

The effects of bLF on IGF-I and IGF-IR protein expression

The addition of bLF to the culture medium significantly
increased the levels of IGF-I protein in a dose-dependent man-
ner. The highest bLF concentration tested (1000 ng/mL bLF)
was the most effective at promoting IGF-I protein expression
(Figure 4A). Moreover, addition of bLF to the culture medium
significantly increased the level of IGF-IR protein in a dose-
dependent manner. The highest bLF concentration tested
(1000 png/mL) was also the most effective at promoting IGF-IR
protein expression (Figure 4B).

Optimal selection of siRNAs

The cells were transfected at a high efficiency (>70%) with
lentiviral vectors that contained one of the 4 targeted siRNAs
or the negative siRNA (Figure 5). Based on the outcome of
RT-PCR analyses, we confirmed that siRNAs 1-4 all achieved
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Figure 3. (A) The expression of IGF-1 mRNA in response to treatment
with varying concentrations of bLF for 24 h. (B) The expression of IGF-
1R in response to treatment with varying concentrations of bLF for 24 h.
°P<0.01 compared to the control group. Each experiment was performed
in triplicate.

knockdown of the IGF-I gene compared to the negative siRNA
(P<0.01). The most efficient gene silencing sequence was



A Control 0.1 1 10 100 1000
IGF-l e W e D e

GFI o o — o— —

bLF concentration (ug/mL)

B 05-
= b
S 044
= b
Q
2 b
[e) =
° o3 b
I
S 0.2
()
=
S 0.1+
o
O'O L L) L) Ll L) L}
Control 0.1 1 10 100 1000
C 08q b
.‘é’
: b
§ 067 b
o
o
x i b
“g“' 0.4 -+
2
5 024
[
o
O'O L] L) L] L} L] L]
Control 0.1 1 10 100 1000

bLF concentration (ug/mL)

Figure 4. (A) The expression of IGF-1 protein in response to treatment
with varying concentrations of bLF for 24 h. (B) The expression of IGF-
1R protein in response to treatment with varying concentrations of bLF
for 24 h. °P<0.05 compared to the control group. Each experiment was
performed in triplicate.

siRNA 1. The negative siRNA sequence had no effect on IGF-I
gene expression (Figure 6).

The effects of IGF-I siRNAs on anti-apoptotic action of bLF on rat
osteoblasts

Apoptosis was significantly inhibited (P<0.01) compared to the
normal control group in both the 10 ng/mL bLF group and the
negative control group+10 ng/mL bLF. In the siRNA trans-
fection group, the rate of apoptosis increased by 14% (P<0.05).
There were no significant differences in the rate of apoptosis
between the siRNA transfection group and the siRNA trans-
fection group+10 pg/mL bLF (P>0.05). Knockdown of the
IGF-I gene in osteoblasts with siRNA markedly increased the
osteoblast apoptosis (Figure 7).

Discussion
The present study found that bLF significantly inhibited osteo-
blast apoptosis at a concentration of 10 pg/mL. Interestingly,
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Figure 5. The expression of the green fluorescent protein in osteoblasts.
The MOI was 60. The rate of transfection was >70%. The pictures in the
left and right column have the same field. The pictures are photographed
under normal microscope (left) and the fluorescence microscope (right).

at a concentration of 1000 pg/mL, bLF stimulated apoptosis.
These results confirmed that bLF has potent anti-apoptotic

Acta Pharmacologica Sinica
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Figure 6. The expression level of IGF-1 mRNA in response to treatment
with lentiviral vectors that contained siRNAs 1-4 or the negative siRNA.
°P<0.01 compared to the control group. Each experiment was performed
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effects on osteoblasts, whereas high concentrations of bLF
are toxic to the cells. We also found that bLF promoted the
expression of IGF-I and IGF-IR in a dose-dependent manner at
concentrations ranging from 1 to 1000 ug/mL. Vincent et al'"”}
reported that cell survival was controlled by the IGF signaling
pathway. Therefore, we wanted to elucidate the underlying
mechanisms by which bLF inhibits apoptosis of osteoblasts.

Recent studies have demonstrated the importance of
osteoblast apoptosis in bone diseases such as glucocorticoid-
induced osteoporosis and have shown that agents such as
bisphosphonates'! and estrogen!” can be used to prevent
osteoblast apoptosis. Osteoblast apoptosis is an automatic
process of programmed cell death™! that plays a key role in
maintaining the number of osteoblasts. An increase in osteo-
blast apoptosis is an important cause of low bone mass.

Osteoporosis is a major cause of morbidity and health expen-
diture in the aging population™. Tt is defined as a reduction
in bone mass and a change in bone microarchitecture that
I3 Bone loss results

from an imbalance between the activities of osteoclasts and

increases the susceptibility to fracture

osteoblasts that leads to an uncoupling of bone resorption and

bone formation®!

. Current therapies for osteoporosis include
calcium, vitamin D, agents that inhibit bone resorption, and
other drugs; however, patients are still at risk for developing
low bone mass and fractures. An intensive search is under-
way for the identification of other potential therapeutic com-
pounds that have anabolic effects on bone. Bovine lactoferrin
is an iron-binding glycoprotein that belongs to the transferrin
family. Itis present in breast milk, in epithelial secretions, and
in the secondary granules of neutrophils. In healthy subjects,
bLF circulates at concentrations of 2x10° -7x10° g/mL. Itis a
pleiotropic factor with potent antimicrobial and immunomod-
07, In vitro studies have demonstrated that
bLF promotes osteoblast growth both by affecting osteoblast
proliferation and by preventing osteoblast apoptosis™®. In this
study, we determined the rate of apoptosis at different apop-
totic phases in osteoblasts treated with varying concentrations
of bLF. Apoptosis was induced by serum deprivation for 24
h. The results showed that bLF mainly affects early stages of
apoptosis and total apoptosis in osteoblasts at 1-100 pmol/L,
while it has no effects on late stages of apoptosis. In addition,
bLF significantly inhibited osteoblast apoptosis at a concentra-
tion of 10 pg/mL.

Signals from other cells are clearly required for cell survival,
(9 Osteoblasts and oligoden-
drocytes require specific growth factors such as IGF-I and IGF-
Il when grown in culture® ?. When deprived of survival fac-

ulatory activities

cell growth, and proliferation
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tors, these cells appear to activate an intrinsic death program
and kill themselves, a process called apoptosis. IGF-I plays
an important role in the preservation of bone mass. Recent
studies have shown that IGF-I not only functions like insulin
by inducing cell proliferation but also plays a crucial role in
inhibiting apoptosis. Using neuronal cell lines, Kenchappa®
found that IGF-I significantly blocked apoptosis induced by
tumor necrosis factor-a in vitro. Tumber et al™ assessed the
effects of neutralizing antibodies on growth factors that are
produced by osteoblasts. They found that antibodies against
IGF-I and -II were capable of preventing the survival effects
of conditioned medium on low density osteoblast cultures
whereas antibodies against platelet-derived growth factor
(PDGF) and basic fibroblast growth factor (bFGF) had no
effect on cell survival. Anti-apoptotic effects that are medi-
ated by the IGF signaling pathway are evident in osteoblasts

and other diverse cell types™..

For instance, IGF-IR signaling
likely plays an important role in carcinogenesis by inhibiting
apoptosis. Thus, IGF-I is important for maintaining prolifera-
tion and inhibiting apoptosis in osteoblasts.

Osteoblast apoptosis can be inhibited by bLF. Grey! dem-
onstrated that bLF has LRP1-independent anti-apoptotic
effects in osteoblasts that do not involve the PI3 kinase or
p42/44 MAP Kkinase signaling pathways. Although bLF acti-
vates PI3 kinase-dependent Akt signaling, this effect is neither
LRP1-dependent nor required for bLF-induced cell survival.
Furthermore, inhibiting the activation of the p42/44 MAP
kinase pathway does not abrogate the pro-survival actions of
bLF. Nonetheless, the molecular mechanisms by which bLF
promotes osteoblast survival remained unknown.

Further investigations into the mechanism of bLF action in
osteoblasts are currently underway. Naot used microarrays
and low-density arrays to study changes in gene expression
induced by bLF in osteoblasts™™!. Significant up-regulation
of IGF-I and down-regulation of dickkopf homolog 1 (DKK1)
mRNAs have been identified in human primary osteoblasts.
Similarly, increases in the expression of a number of gene tran-
scripts in rodent osteoblasts, including prostaglandin-endo-
peroxide synthase 2 (Ptgs2) and nuclear factor of activated T
cells-1 (Nfatc1)?. The significance of these changes and their
ability to promote osteoblast differentiation are currently
being investigated. Here we show that the expression of IGF-I
and IGF-IR mRNAs are significantly increased in rodent osteo-
blasts treated with bLF. Treatment of primary osteoblast cells
with bLF for 24 h resulted in a dose-dependent activation of
IGF-I and IGF-IR protein expression. Therefore we concluded
that bLF might inhibit osteoblast apoptosis by upregulat-
ing the expression of IGF-I. Furthermore, IGF-I knockdown
promoted osteoblast apoptosis, thereby confirming that bLF
inhibits apoptosis via IGF-I.

In conclusion, certain concentrations of lactoferrin can
inhibit apoptosis in primary rat osteoblast cultures. The great-
est inhibition of osteoblast apoptosis was observed at a con-
centration of 10 pg/mL. Lactoferrin induced the expression
of IGF-I and IGF-IR in a dose-dependent manner. Finally, lac-
toferrin may inhibit osteoblast apoptosis by upregulating the

expression of IGF-I.
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