Available online at www.sciencedirect.com

Journal of
ScienceDirect Nutritional
AL Biochemistry
ELSEVIER Journal of Nutritional Biochemistry 19 (2008) 708 —715

Long-term effects of tripeptide Ile-Pro-Pro on osteoblast
differentiation 1n vitro
Minna M. Huttunen®, Minna Pekkinen, Mikael E.B. Ahlstrom, Christel J.E. Lamberg-Allardt

Calcium Research Unit, Department of Applied Chemistry and Microbiology, University of Helsinki, P.O. Box 66, 00014 Helsinki, Finland
Received 1 March 2007; received in revised form 28 August 2007; accepted 10 September 2007

Abstract

Bone mineralization is a result of the function of bone-forming osteoblasts. Osteoblast differentiation from their precursors is a carefully
controlled process that is affected by many signaling molecules. Protein-rich food-derived bioactive peptides are reported to express a variety
of functions in vivo. We studied the long-term in vitro effect of bioactive tripeptide Ile-Pro-Pro (IPP) on osteoblasts differentiated from
human mesenchymal stem cells. Osteoblast bone alkaline phosphatase activity (bALP), bone-forming capacity and gene expression were
investigated. Treatment with 50 uM IPP had no effect on bALP activity, but osteoblast mineralization was increased. Gene expression of (3-
catenin, Cbfal/Runx2, PTHrP, CREB-5, osteoglycin, osteocalcin, caspase-8, osteoprotegerin (OPG) and RANKL was analyzed by
quantitative real-time PCR on Days 13, 17 and 20 of culture. The results indicate that IPP increased mineral formation due to enhanced cell
survival and matrix formation. In addition, IPP reduced the RANKL/OPG ratio. Bioactive peptides, such as IPP, could be one method by

which a protein-rich diet promotes bone integrity.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Bone formation occurs during embryonic development
and postnatal growth and in adulthood during bone
remodeling to support calcium homeostasis and in
response to physical forces [1]. The development of
bone marrow-derived progenitor cells into bone-forming
osteoblasts is a strictly controlled process that involves cell
recruitment, proliferation and differentiation. Enhanced
osteoblast development aids in bone formation and reduces
fracture incidence.

The literature reports an overall beneficial relationship
between high dietary protein and bone health [2-8].
Protein’s osteotrophic effects are partly explained by
enhanced IGF-I production and action [9]. IGF-I is an
essential mediator of tissue anabolism [10]. However, in a
rodent model, a protein-restricted diet with normalized
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IGF-I by infusion failed to promote growth, indicating
adequate protein to have effects beyond IGF-I [9].
Bioactive peptides are short chains of amino acids
produced in the hydrolysis of proteins. Food-derived
bioactive peptides are claimed to be health-enhancing
components that can be used in functional food and
pharmaceutical preparations [11].

In our previous study [12], we showed that short-term
(24 h) treatment with tripeptides Ile-Pro-Pro (IPP), Val-Pro-
Pro and Leu-Lys-Pro induces human mesenchymal stem
cell (hMSC) proliferation and osteoblast gene expression.
IPP was especially efficient in up-regulating genes involved
in cell growth, differentiation and signaling. Based on these
results, our hypothesis was that long-term treatment with
IPP would direct cell differentiation towards the osteogenic
lineage and enhance osteoblast function, leading to
increased bone formation and mineralization. Hence, in
the present study, we concentrated on the long-term (from
Day 1 to cell culture mineralization) in vitro effects of IPP
on hMSC-differentiated osteoblasts. We assessed total
protein content, bone-specific alkaline phosphatase
(bALP) activity and cell culture mineralization, and
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conducted qRT-PCR for nine specific genes. The results
show that continuous long-term treatment with 50 uM IPP
did not affect osteoblast bALP activity, but osteoblast bone
formation was enhanced. The increased mineral formation
could be due to enhanced cell survival and matrix
formation. Furthermore, the RANKL/osteoprotegerin
(OPG) ratio was reduced, which could lead to decreased
bone resorption. These findings support protein degradation
products, such as bioactive peptide IPP, contributing to the
favorable effects of dietary protein on bone.

2. Materials and methods

2.1. Cell culture

Human mesenchymal stem cells (Poietics, Cambrex Bio
Science, Walkerville, MD, USA) purified from human bone
marrow were seeded at 3100 cells/em” and cultured in
Poietics mesenchymal stem cell growth medium with
mesenchymal cell growth supplements (Cambrex Bio
Science) at 37°C in a humified atmosphere with 5% CO,
on 24- and 96-well plates or in 10-ml plastic dishes. The
experiments were conducted on two separate cell batches,
on passage numbers 3—5. Differentiation of the hMSC into
osteoblasts was induced after 1 day of seeding. The medium
was then substituted with fresh growth medium (a-MEM,
10% FBS, 100 U/ml penicillin, 100 U/ml streptomycin), an
osteoblast differentiation medium (a-MEM, 10% FBS, 1078
M Dex, 50 pg/ml L-ascorbic acid, 10 mM B-GP, 100 U/ml
penicillin, 100 U/ml streptomycin) or an osteoblast
differentiation medium supplemented with 50 pM IPP
tripeptide. After 12—14 days of differentiation, the osteo-

blastic phenotype was confirmed by the amplification of
osteocalcin with qRT-PCR (Table 1) and by alkaline
phosphatase staining (Sigma histological alkaline phospha-
tase kit no. 86).

2.2. IPP tripeptide

The peptide was synthesized using 9-fluorenylmethylox-
ycarbonyl chemistry and purified by HPLC reverse-phase
columns. Synthesis was carried out at the Core Facility for
Synthetic Peptides (Division of Biochemistry, Department of
Biological and Environmental Sciences), University of
Helsinki, Finland. The peptide was dissolved in sterile
water prior to administration.

2.3. Total protein content

Total protein content was assessed from cells grown on
the 24-well plates according to the Bradford [13] method on
Days 3, 7, 12, 14, 17, 21 and 34 of culture. Bovine serum
albumin (Sigma) was used as a standard.

2.4. Alkaline phosphatase activity

Bone-specific alkaline phosphatase activity was mea-
sured at the same seven time points as total protein content,
with an OCTEIA Ostase BAP immunoenzymetric assay
(Immunodiagnostic Systems Limited, Boldon, UK). Prior to
measurement, cells were washed with phosphate buffered
saline and frozen (=70°C) with 300 pl of Tris-Triton (0.1 M
Tris base, 0.2% Triton X-1000). After thawing, the cells
were centrifuged (12,000xg, 5 min). Supernatant was used
for the analysis. ALP activity was corrected with the total
protein content.

Table 1

Nucleotide sequences of primers used for quantitative RT-PCR detection

Gene Primer sequence Product size (bp) Reference

B-Actin F: AGG CCA ACC GCG AGA AGATGA CC 350 [42]
R: GAA GTC CAG GGC GAC GTA GCAC

3-Catenin F: TTC TGG TGC CAC TAC CAC AGC 216 [43]
R: TGC ATG CCC TCA TCT AAT GTC

Caspase-8 F: AGG AGG AGA TGG AAA GGG AACTT 108 [44]
R: ACC TCA ATT CTG ATC TGC TCA CTT CT

Cbfal/Runx2 F: TGA GAG CCG CTT CTC CAA CC 266 Primer 3
R: GCG GAA GCA TTC TGG AAG GA

CREB-5 F: GCT TTG GTG CTT TTC TCC AG 245 Primer 3
R: GGT GAC ACC ACA GCA CAA AC

OPG F: GGC AAC ACA GCT CAC AAG AA 241 [45]
R: CTG GGT TTG CAT GCC TTT AT

Osteocalcin F: ATG AGA GCC CTC ACA CTC CTCG 255 [46]
R: GTC AGC CAA CTC GTC ACA GTCC

Osteoglycin F: TTG ATG CTG TAC CAC CCT TAC 348 Primer 3
R: ATT CCA GGG CAT TAT GGT CC

RANKL F: AGA GCG CAG ATG GAT CCT AA 180 Primer 3
R: TTC CTT TTG CAC AGC TCC TT

PTHrP F: GTC TCA GCC GCC GCC TCA A 93 [47]

R: GGA AGA ATC GTC GCC GTA AA

All primer sequences used were designed as described previously, except primer pairs for Cbfal/Runx2, CREB-5, osteoglycin and RANKL, which were

designed with Primer 3 software for

the present study.
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2.5. Mineralization

Cell culture mineralization was assessed by Alizarin red S
staining of cells grown on the 96-well plates [14]. After
staining, the dye was eluated with a solution of 10%
cetylpyridinium chloride and 10 mM sodium phosphate (pH
7.0, 15 min, RT). Absorbance was measured with a
spectroscopic plate reader (Multiskan Ex, Thermo Labsys-
tems, Helsinki, Finland) at 590 nm.

2.6. Total RNA isolation

Total RNA from the hMSC-differentiated osteoblasts
(control) and from osteoblasts treated with 50 uM IPP was
extracted from 10-ml plastic cell culture dishes on Days 13,
17 and 20 using a RNeasy Protect mini kit (Qiagen, Hilden,
Germany). The RNA concentration was measured at 260 nm
by a spectrophotometer (SmartSpec 3000 Biorad, Hercules,
CA, USA).

2.7. Quantitative real-time PCR

Quantitative reverse transcriptase-polymerase chain reac-
tion (QRT-PCR) for B-actin, B-catenin, caspase-8, core
binding factor alpha 1/runt-related transcription factor 2
(Cbfal/RUNX2), cAMP response element binding protein
(CREB-5), OPG, osteocalcin, osteoglycin, parathyroid
hormone-related peptide (PTHrP) and osteoclast growth
factor receptor activator of NF-xkB ligand (RANKL) was
performed in a real-time quantitative PCR (Mx3000P,
Stratagene, La Jolla, CA, USA). The genes of interest were
chosen on the basis of our previous microarray study results
to represent cell growth, differentiation and signaling [12].

cDNA was synthesized from 1.5 pg of total RNA by a
method described earlier [15]. Each PCR amplification was
performed according to the manufacturer’s instructions
using a Brilliant SYBR Green QPCR Master mix kit
(Stratagene) and cDNAs as templates in a 25-pul reaction
volume containing 200 nM of the gene-specific primer
(Table 1). Fluorescence data were collected during the
annealing step and analyzed with Mx3000P software.
Amplification was obtained by denaturing at 95°C for 10
min, followed by 45 cycles of denaturing at 95°C for 30 s,
annealing at 58°C for 1 min and extension at 72°C for 30 s.
For dissociation measurement, the amplification cycle was
followed by 1 min at 95°C and 30 s at 55°C. The
temperature was then returned to 95°C.

A dilution series of cDNA from human brain total RNA
(BD, Biosciences, Clontech, Palo Alto, CA, USA) was used
as a calibration standard, and data were normalized by the
amplification result of B-actin. All reactions were run in
triplicate, and the mean value was used to calculate the ratio
of target gene/p3-actin expression in each sample.

2.8. Statistical analysis

Statistical analysis was performed with GraphPad Prism
software (version 3.03). All experiments were repeated at
least twice, and qualitatively identical results were obtained.

Results are expressed as means+S.D. based on triplicate-
independent samples. The data were analyzed using either
Student’s unpaired ¢ test or ANOVA, followed by Tukey’s
post hoc test. Results were considered significant at the 95%
significance level (P<05).

3. Results

3.1. Total protein content

Total protein content increased in all groups from Day 3
(hMSC 0.005+£0.007 mg/ml, control 0.00 mg/ml, IPP
0.01£0.012 mg/ml) to Day 34 (hMSC 0.22+0.071 mg/ml,
control 0.384+0.076 mg/ml, IPP 0.35+0.035 mg/ml) (Fig. 1A).
Total protein content did not differ between groups.

3.2. Alkaline phosphatase activity

Bone alkaline phosphatase activity increased from Day 7
onwards in control and IPP-treated cells grown in an
osteoblast differentiation medium, but not in cells grown in
amesenchymal cell growth medium (Fig. 1B). bALP activity
further increased up to Day 21 (control 303.2+24 pug/mg, IPP
295.6+26 ng/mg) and remained high until Day 34 (control
206.0+£0.54 pg/mg, IPP 237.7+13.8 pg/mg). bALP activity
did not differ between IPP-treated osteoblasts and controls.

3.3. Mineralization

IPP (50 pM) treatment increased osteoblast mineraliza-
tion (P<05). Mineralization results are presented in Fig. 1C.
Cell culture mineralization was also confirmed by visual
inspection and the observation of heavily dyed distinct peak-
like increases on the plate. This bone-like matrix formation
was not observed in cells grown with plain growth medium,
nor did these cells dye with Alizarin red S.

3.4. Quantitative real-time PCR

A set of IPP-regulated genes were analyzed by quantita-
tive RT-PCR on Days 13, 17 and 20. The qRT-PCR results
are shown in Fig. 2. Control cell p-catenin expression did not
differ within groups over the time period studied. IPP
treatment elevated the expression on Day 17 (Fig. 2A).
Cbfal/Runx2 expression peaked on Day 17 in control cells
and was higher than in IPP-treated cells, where the Cbfal/
Runx2 expression continued to rise until Day 20 (Fig. 2B).
PTHrP expression was reduced in control cells on Day 17
and increased back to Day 13 levels by Day 20. In IPP-
treated cells, the PTHrP expression remained at a constant
level and was less than in control cells on Days 13 and 20
(Fig. 2C). CREB-5 expression was elevated in control cells
from Day 13 to Day 17, decreasing by Day 20. In [PP-treated
cells, CREB-5 remained low on Day 17, rising by Day 20 to
the same level as in control cells (Fig. 2D). Control cell
osteoglycin expression remained constant over the study
period, but was increased in I[PP-treated cells on Days 13 and
17, falling to the control cell level by Day 20 (Fig. 2E).
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Fig. 1. Effects of 50 uM IPP on osteoblast differentiation. Protein content
and bALP activity protein content of hMSC and hMSC-differentiated
osteoblasts after 3, 7, 12, 14, 17, 21 and 34 days of culture, expressed as
means£S.D. (A) Total protein content (mg/ml) did not differ between groups
over the study period. (B) bALP activity was increased in hMSC cells grown
in osteoblast differentiation medium from Day 7 onwards. IPP-treated cells
did not differ from the osteoblast control cells in bALP activity. (C) Alizarin
Red S staining of mineralized osteoblast and hMSC cultures. IPP (50 pM)
increased osteoblast mineralization (P<.05) Means+SD.

Osteocalcin expression was reduced in control cells from
Day 13 to Day 17, rising again by Day 20. IPP-treated cells
had a similar expression pattern (Fig. 2F). Caspase-8
expression was induced in control cells on Day 17 and

reduced by Day 20, but not to the Day 13 level. [PP-treated
cells had a similar expression pattern, but the increase on
Day 17 was less than in control cells (Fig. 2G). OPG
expression remained at a constant level in control cells over
the study period. In IPP-treated cells, OPG expression was
less than in control cells on Day 13 increasing to the same
level by Day 17 (Fig. 2H). RANKL expression did not differ
within or between treatments over the study period (Fig. 21).
The control cell RANKL/OPG ratio increased on Day 17,
whereas IPP treatment prevented the rise, maintaining a
constant RANKL/OPG ratio throughout the study (Fig. 2J).

4. Discussion

This in vitro study was conducted to clarify the long-term
effects of tripeptide IPP on osteoblast differentiation and
function. The results show that IPP increases matrix
formation-related osteoglycin expression and matrix miner-
alization, and reduces apoptosis-related caspase-8 expres-
sion. IPP had no effect on the activity of osteoblast
differentiation marker bALP.

bALP serves as a useful marker of the transition from the
proliferative period to matrix maturation in osteogenesis
[16,17]. In our study, bALP activity started to rise in control
and [PP-treated cells after 1 week of culture. bALP activity
doubled after 2 weeks and continued to rise up to nearly
sevenfold by 3 weeks of culture. This result is in line with
previous studies [16,18,19]. Our hypothesis was that IPP
enhances osteoblast differentiation, but this was not
supported by the bALP activity measurement, as no
difference was found between control and IPP-treated
cells. However, osteoblast differentiation is not regulated
by a single set of factors, and all genes need not be expressed
similarly in order to up-regulate osteoblast markers [20,21].
Although no difference between bALP activities was present
to verify our hypothesis of increased osteoblast differentia-
tion due to IPP, long-term treatment with IPP did enhance
other markers related to osteoblast function.

The three principal periods in osteoblast development are
proliferation, extracellular matrix maturation and minerali-
zation [16,18,22,23]. Each period of osteoblast development
has specific modifications in gene expression, and these can
be used to follow osteoblast development [16]. The RT-PCR
results here are from culture Days 13, 17 and 20; hence, the
results represent the later stages of osteoblast differentiation,
i.e., matrix formation and mineralization. The RT-PCR genes
examined included cell signaling (B-catenin, Cbfal/Runx2,
CREB-5, OPG, RANKL), matrix formation (osteoglycin,
osteocalcin), cell death (caspase-8) and hormone-related
(PTHrP) genes.

In our previous study, a short-term treatment with IPP up-
regulated genes involved in cell differentiation, growth and
signal transcription [12]. In the present study, B-catenin, a
transcriptional co-activator [24], was up-regulated on Day
17, and at the same time transcription factor Cbfal/Runx2
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Fig. 2. mRNA expression on Days 13, 17 and 20 in hMSC-differentiated osteoblasts (control) and osteoblasts cultured with 50 uM IPP. The qRT-PCR results
represent means£=S.D. ANOVA followed by Tukey’s post hoc: control vs. IPP, ¥P<.05, **P<.01, ***P<.001; control vs. control over time, $p<.05, ¥p<.01,
$$8p<.001; IPP vs. IPP over time, “P<.05, #P<.01, **P<.001.
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Fig. 2 (continued).

was reduced. Cbfal/Runx2 is the most extensively studied
transcription factor in osteogenesis, and it plays an essential
role in osteoblast differentiation and bone formation [25,26].
Our hypothesis was that IPP enhances osteoblast differentia-
tion, but neither bALP activity nor Cbfal/Runx2 was up-
regulated. The drop in Cbfal/Runx2 expression could be a
result of increased (-catenin expression, as the Wnt/p3-
catenin pathway represses Cbfal/Runx2 via lymphoid
enhancer factor-1 [27]. The Wnt/B-catenin pathway reg-
ulates bone development through different mechanisms at
different stages of life [24]. In the early stages of
osteoblastogenesis, the Wnt/B3-catenin pathway stimulates
Cbfal/Runx2 expression [28], but Day 17 falls into a later
stage of osteoblast differentiation. An earlier time point, such
as Day 7, might have shown stimulation of Cbfal/Runx2
expression. Furthermore, human osteoblast differentiation is
associated primarily with increased Cbfal/Runx2 activity,
without a change in mRNA or protein levels [29]. In this
study, we did not look at Cbfal/Runx2 activity, only

expression at the mRNA level; the effect of IPP on Cbfal/
Runx2 activity might differ from that of Cbfal/Runx2
mRNA expression.

In the later stages of osteoblast development, the Wnt/[3-
catenin pathway down-regulates RANKL expression and
controls osteoclast differentiation [30,31]. In our study, a
significant decrease occurred in the RANKL/OPG ratio in
IPP-treated cells on Day 17; P-catenin expression was
simultaneously increased. The reduction in the RANKL/
OPQG ratio in [PP-treated cells was a result of increased OPG
expression and a slight decrease in RANKL expression from
Day 13 to Day 17. On Day 13, the OPG was reduced in [PP-
treated cells, but the RANKL/OPG ratio did not differ
between treatments. In osteoclast differentiation, the ratio of
these two ligands is important, as they compete for RANK
receptor. A decline in the RANKL/OPG ratio could result in
reduced osteoclastogenesis and bone resorption, favoring
bone formation. In an earlier study by Narva et al. [32], [PP
had no direct effect on osteoclasts, but our result suggests
that in an osteoblast—osteoclast co-culture IPP diminishes
osteoclast formation and function via a reduced RANKL/
OPQG ratio.

Matrix formation precedes mineralization. Osteoblasts
synthesize matrix proteins and then facilitate matrix miner-
alization. Osteoglycin is a small leucine-rich proteoglycan
found in the extracellular matrix of bone. In vitro,
osteoglycin expression exhibits stage dependence and is
high during extracellular matrix production, decreasing with
osteoblast differentiation [33,34]. Osteocalcin, another
matrix protein, is present in osteoblasts from Day 7 of the
differentiation process [25,26], but its appearance also
correlates with transition to the mineralization phase
[16,18]. In our study, control cell osteoglycin expression
remained constant, while IPP up-regulated it on Days 13 and
17. Osteocalcin had a similar expression pattern in control
and IPP-treated cells. The expression was high on Days 13
and 20, but lower on Day 17.

Matrix accumulation and mineralization activate an
oxidative stress response in osteoblasts [18]. The oxidative
stress causes DNA damage and cell death. Our results show a
marked increase in caspase-§ mRNA on Day 17. IPP
significantly lowered this increase. The increase in caspase-8
mRNA could be a response to the oxidative stress caused by
matrix accumulation. Caspase-8 is an initiator caspase,
which in turn activates caspase-3, the true executioner
leading to cell apoptosis. In addition to reducing caspase-8
on Day 17, IPP simultaneously increased 3-catenin mRNA.
In osteoblasts, -catenin exhibits anti-apoptotic effects
[24,35]. A reduction in osteoblast apoptosis could enhance
bone formation [36]. Our mineralization results confirmed
that IPP increases mineralization. Increased mineralization
with IPP has previously been shown by Narva et al. [32] with
mouse bone marrow-derived osteoblasts.

Mesenchymal cells differentiating into osteoblasts pro-
duce PTHrP at an early stage, with decreasing levels as cells
mature [37]. Within the skeletal microenvironment, PTHrP
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propels pluripotential bone marrow stromal cells towards
the osteogenic lineage and also exerts anti-apoptotic effects
[38]. In addition to promoting osteoblastogenesis and
osteoblast survival, PTHrP increases osteoblast RANKL
production, hence promoting osteoclastogenesis [37]. The
ability of PTH to drive changes in gene expression is
dependent upon activation of such transcription factors as
CREB [39]. In response to PTH, CREB is phosphorylated
and activates transcription. In our study, control cell
PTHrP mRNA was up-regulated on Day 13, with CREB-5
and RANKL mRNA up-regulation following on Day 17.
IPP abolished these changes. We previously found short-
term (24-h) treatment with IPP to increase PTHrP and
CREB-5 expression [12], and now we show long-term IPP
exposure reduces both. Kulkarni et al. [40] demonstrated
exogenous PTH to increase (-catenin levels and to
stimulate the canonical Wnt signaling pathway in vitro
and in vivo. In our study, endogenous PTHrP did not
influence B-catenin levels, and vice versa.

Many factors affect the expression of the osteoblast
phenotype in culture, i.e., cell source, culture medium,
culture time and the presence of compounds that influence
cell proliferation and differentiation [41]. Variation in culture
conditions may cause deviation in results. The origin of the
cells is also a confounding factor. A cell line prepared from
tumor tissue may not correctly reflect osteogenic changes in
normal human osteoblasts; hence, we used hMSCs and
osteoblasts differentiated from these. Although direct
comparison of different in vitro studies is difficult, general
guidelines apply to all osteoblast differentiation. Based on
the results presented here, we can conclude that continuous
treatment with tripeptide IPP enhances osteoblast gene
expression in favor of bone formation and increases
mineralization. IPP’s effects seem to be related to or
transmitted through B-catenin, as shown by several temporal
associations as well as literature linking the same genes to (3-
catenin [24,27,30,31,35]). Long-term treatment with IPP had
no effect on bALP activity or osteocalcin expression. These
results indicate that IPP does not have an impact on
osteoblast differentiation, instead influencing osteoblast
function. Factors that increase the number or function of
osteoblasts can have an effect on bone formation, also
contributing to bone mineral mass development in vivo. This
was an in vitro experiment, and the in vivo effects of IPP on
osteoblasts might differ since eating frequency drives food
consumption and protein degradation products, such as
bioactive peptides, are available periodically, not continu-
ously as in this study. Intermittent but frequent exposure to
IPP could have a different, even more ample effect on
osteoblast function.

Acknowledgment

This work was supported by a grant from the Finnish
Cultural Foundation.

References

[1] Ryoo HM, Hoffmann HM, Beumer T, Frenkel B, Towler DA, Stein
GS, et al. Stage-specific expression of DIx-5 during osteoblast
differentiation: involvement in regulation of osteocalcin gene expres-
sion. Mol Endocrinol 1997;11(11):1681-94.

[2] Hannan MT, Tucker KL, Dawson-Huges B, Cupples LA, Felson DT,
Kiel DP. Effect of dietary protein on bone loss in elderly men and
women: The Framingham Osteoporosis study. J Bone Miner Res
2000;15:2504—12.

[3] Hoppe C, Molgaard C, Michaelsen KF. Bone size and bone mass in 10-
year-old Danish children: effect of current diet. Osteoporos Int 2000;11
(12):1024-30.

[4] Kerstetter JE, O’Brien KO, Insogna KL. Low protein intake: the impact on
calcium and bone homeostasis in humans. J Nutr 2003;133:855S-61S.

[5] Whiting SJ, Boyle JL, Thompson A, Mirwald RL, Faulkner RA.
Dietary protein, phosphorus, and potassium are beneficial to bone
mineral density in adult men consuming adequate dietary calcium.
J Am Coll Nutr 2002;21(5):402-9.

[6] Bowen J, Noakes M, Clifton PM. A high dairy protein, high-calcium
diet minimizes bone turnover in overweight adults during weight loss.
J Nutr 2004;134:568-73.

[7] Wengreen HJ, Munger RG, West NA, Cutler DR, Corcoran CD, Zhang
J, et al. Dietary protein intake and risk of osteoporotic hip fracture in
elderly residents of Utah. J Bone Miner Res 2004;19:537—45.

[8] Alexy U, Remer T, Manz F, Neu CM, Schoenau E. Long-term protein
intake and dietary potential renal acid load are associated with bone
modeling and remodeling at the proximal radius in healthy children.
Am J Clin Nutr 2005;82:1107—14.

[9] Thissen JP, Ketelslegers JM, Underwood LE. Nutritional regulation of
the insulin-like growth factors. Endocr Rev 1994;15:80—101.

[10] Ginty F. Dietary protein and bone health. Proc Nutr Soc 2003;62
(4):867-76.

[11] Meisel H, Bockelmann W. Bioactive peptides encrypted in milk
proteins: proteolytic activation and thropho-functional properties.
Antonie Van Leeuwenhoek 1999;76:207-15.

[12] Huttunen MM, Pekkinen M, Ahlstrom M, Lamberg-Allardt CJE. The
effects of IPP, VPP and LKP on human osteoblast gene expression. Br
J Nutr 2007;98:780-8.

[13] Bradford M. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 1976;72:248—54.

[14] Bodine PV, Trailsmith M, Komm BS. Development and characteriza-

tion of a conditionally transformed adult human osteoblastic cell line.

J Bone Miner Res 1996;11:806—19.

Ahlstrom M, Pekkinen M, Huttunen M, Lamberg-Allardt C.

Dexamethasone down-regulates cAMP-phosphodiesterase in human

osteosarcoma cells. Biochem Pharmacol 2004;69:267-75.

[16] Owen TA, Aronow M, Shalhoub V, Barone LM, Wilming L, Tassinari
MS, et al. Progressive development of the rat osteoblast phenotype in
vitro: reciprocal relationships in expression of genes associated with
osteoblast proliferation and differentiation during formation of the
bone extracellular matrix. J Cell Physiol 1990;143(3):420-30.

[17] Beloti MM, Rosa AL. Osteoblast differentiation of human bone
marrow cells under continuous and discontinuous treatment with
dexamethasone. Braz Dent J 2005;16:156—61.

[18] Beck Jr GR, Zerler B, Moran E. Gene array analysis of osteoblast
differentiation. Cell Growth Differ 2001;12(2):61-83.

[19] Cheng S-L, Zhang S-F, Avioli LV. Expression of bone matrix proteins
during dexamethasone-induced mineralization of human bone marrow
stromal cells. J Cell Biochem 1996;61:182—-93.

[20] Liu F, Malaval L, Aubin JE. Global amplification polymerase chain
reaction reveals novel transitional stages during osteoprogenitor
differentiation. J Cell Sci 2003;116:1787-96.

[21] Osyczka AM, Leboy PS. Bone morphogenetic protein regulation of
early osteoblast genes in human marrow stromal cells is mediated by

[15

[}



M.M. Huttunen et al. / Journal of Nutritional Biochemistry 19 (2008) 708-715 715

extracellular signal-regulated kinase and phosphatidylinositol 3-kinase
signaling. Endocrinology 2005;146:3428-37.

[22] Dworetzky SI, Fey EG, Penman S, Lian JB, Stein JL, Stein GS.
Progressive changes in the protein composition of the nuclear matrix
during rat osteoblast differentiation. Proc Natl Acad Sci U S A 1990;
87:4605-9.

[23] Moore MAS. Converging pathways in leukemogenesis and stem cell
self-renewal. Exp Hematol 2005;33:719-37.

[24] Krishnan V, Bryant HU, MacDougald OA. Regulation of bone mass by
Wnat signaling. J Clin Invest 2006;116:1202-9.

[25] Qi H, Aguiar DJ, Williams SM, Pean A LA, Pan W, Verfaille CM.
Identification of genes responsible for osteoblast differentiation from
human mesodermal progenitor cells. Proc Natl Acad Sci U S A
2003;100:3305-10.

[26] Ducy P, Zhang R, Geoffroy V, Ridall AL, Karsenty G. Osf2/Cbfal: a
transcriptional activator of osteoblast differentiation. Cell
1997;89:747-54.

[27] Kahler RA, Westendorf JJ. Lymphoid enhancer factor-1 and 3-catenin
inhibit Runx2-dependent transcriptional activation of the osteoclacin
promoter. J Biol Chem 2003;278:11937—44.

[28] Gaur T, Lengner CJ, Hovhannisyan H, Bhat RA, Bodine PV, Komm
BS, et al. Canonical WNT signaling promotes osteogenesis by directly
stimulating Runx2 gene expression. J Biol Chem 2005;280:33132-40.

[29] Shui C, Spelsberg TC, Riggs BL, Khosla S. Changes in Runx2/Cbfal
expression and activity during osteoblastic differentiation of human
bone marrow stromal cells. J] Bone Miner Res 2003;18:213-21.

[30] Spencer GJ, Utting JC, Etheridge SL, Arnett TR, Genever PG. Wnt
signalling in osteoblasts regulates expression of the receptor activator
of NF&B ligand and inhibits osteoclastogenesis in vitro. J Cell Sci
2006;119:1283-96.

[31] Glass DA, Bialek P, Ahn JD, Starbuck M, Patel MS, Clevers H, et al.
Canonical Wnt signalling in differentiated osteoblasts controls
osteoclast differentiation. Dev Cell 2005;8:751-64.

[32] Narva M, Halleen J, Véaninen K, Korpela R. Effects of Lactobacillus
helveticus fermented milk on bone cells in vitro. Life Sci 2004;75:
1727-34.

[33] Balint E, Lapointe D, Drissi H, van der Meijden C, Young DW, van
Wijnen AJ, et al. Phenotype discovery by gene expression profiling:
mapping of biological processes linked to BMP-2-mediated osteoblast
differentiation. J Cell Biochem 2003;89:401-26.

[34] Hamajima S, Hiratsuka K, Kiyama-Kishikawa M, Tagawa T, Kawahara
M, Ohta M, et al. Effect of low-level laser irradiation on osteoglycin
gene expression in osteoblasts. Lasers Med Sci 2003;18:78-82.

[35] Almeida M, Han L, Bellido T, Manolagas SC, Kousteni S. Wnt
proteins prevent apoptosis of both uncommitted osteoblast progenitors
and differentiated osteoblasts by beta-catenin-dependent and -inde-

pendent signaling cascades involving Src/ERK and phosphatidylino-
sitol 3-kinase/AKT. J Biol Chem 2005;280:41342-51.

[36] Jilka RL, Weinstein RS, Bellido T, Parfitt AM, Manolagas SC.
Osteoblast programmed cell death (apoptosis): modulation by growth
factors and cytokines. J Bone Miner Res 1998;13:793-802.

[37] Martin TJ. Osteoblast-derived PTHrP is a physiological regulator of
bone formation. J Clin Invest 2005;115:2324-33.

[38] Karaplis AC, Goltzman D. PTH and PTHrP effects on the skeleton.
Rev Endocr Metab Disord 2000;1:331-41.

[39] Swarthout JT, D’Alonzo RC, Selvamurugan N, Partridge N.
Parathyroid hormone-dependent signalling pathways regulating
genes in bone cells. Gene 2002;282:1-17.

[40] Kulkarni NH, Halladay DL, Miles RR, Gilbert LM, Frolik CA, Gavin
RIS, et al. Effects of parathyroid hormone on Wnt signalling pathway
in bone. J Cell Biochem 2005;95:1178-90.

[41] Chavassieux PM, Chenu C, Valentin-Opran A, Marle B, Delmas PD,
Hartmann DJ, et al. Influence of experimental conditions on osteoblast
activity in human primary bone cell cultures. J Bone Miner Res
1990;5:337-43.

[42] Wordinger RJ, Agarwal R, Talati M, Fuller J, Lambert W, Clark AF.
Express of bone morphogenetic proteins (BMP), BMP receptors, and
BMP associated proteins in human trabecular meshwork and optic
nerve head cells and tissues. Mol Vis 2002;8:241-50.

[43] Wang J, Krill D, Torbenson M, Wang Q, Bisceglia M, Stoner J, et al.
Expression of cadherins and catenins in paired tumor and non-
neoplastic primary prostate cultures and corresponding prostatectomy
specimens. Urol Res 2000;28:308—15.

[44] Gomes AC, Jonsson G, Mjornheim S, Olsson T, Hillert J, Grandien A.
Upregulation of the apoptosis regulators cFLIP, CD95, and CD95
ligand in peripheral blood mononuclear cells in relapsing-remitting
multiple sclerosis. J Neuroimmunol 2003;135:126-34.

[45] Kusumi A, Sakaki H, Kusumi T, Oda M, Narita K, Nakagawa H, et
al. Regulation of synthesis of osteoprotegerin and soluble receptor
activator of nuclear factor-kappaB ligand in normal human
osteoblasts via the p38 mitogen-activated protein kinase pathway
by the application of cyclic tensile strain. J Bone Miner Metab 2005;
23:373-81.

[46] Kuliwaba JS, Findlay DM, Atkins GJ, Forwood MR, Fazzalari NL.
Enhanced expression of osteocalcin mRNA in human osteoarthritic
trabecular bone of the proximal femur is associated with decreased
expression of interleukin-6 and interleukin-11 mRNA. J Bone Miner
Res 2000;15:332-41.

[47] Richard V, Luchin A, Brena RM, Plass C, Rosol TJ. Quantitative
evaluation of alternative promoter usage and 3’ splice variants for
parathyroid hormone-related protein by real-time reverse transcription-
PCR. Clin Chem 2003;49:1398—-402.



	Long-term effects of tripeptide Ile-Pro-Pro on osteoblast �differentiation in vitro
	Introduction
	Materials and methods
	Cell culture
	IPP tripeptide
	Total protein content
	Alkaline phosphatase activity
	Mineralization
	Total RNA isolation
	Quantitative real-time PCR
	Statistical analysis

	Results
	Total protein content
	Alkaline phosphatase activity
	Mineralization
	Quantitative real-time PCR

	Discussion
	Acknowledgment
	References


