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Background: lloprost, a stable prostacyclin I, analogue, seems to have an osteoblast-protective potential, whereas indometh-

acin suppresses new bone formation. The aim of this study was to investigate human bone marrow stromal
cell (BMSC) proliferation and differentiation towards the osteoblastic lineage by administration of indometha-
cin and/or iloprost.

Material/Methods: Human bone marrow cells were obtained from 3 different donors (A=26 yrs/m; B=25 yrs/f, C=35 yrs/m) via vac-
uum aspiration of the iliac crest followed by density gradient centrifugation and flow cytometry with defined
antigens (CD105+/73+/45—/14-). The cells were seeded and incubated as follows: without additives (Group 0;
donor A/B/C), with 107 M iloprost only (Group O+ilo; A/B), with indomethacin only in concentrations of 10 M
(Group 1, A), 10~ M (Group 2, B), 10* M (Group 3, A/B), and together with 107 M iloprost (Groups 4-6, A/B/C).
On Day 10 and 28, UV/Vis spectrometric and immunocytochemical assays (4 samples per group and donor)
were performed to investigate cell proliferation (cell count measurement) and differentiation towards the os-
teoblastic lineage (CD34-, CD45-, CD105+, type 1 collagen (Col1), osteocalcin (OC), alkaline phosphatase (ALP),
Runx2, Twist, specific ALP-activity).

Results: Indomethacin alone suppressed BMSC differentiation towards the osteoblastic lineage by downregulation of
Runx2, Coll, and ALP. In combination with indomethacin, iloprost increased cell proliferation and differentia-
tion and it completely suppressed Twist expression at Day 10 and 28. lloprost alone did not promote cell pro-
liferation, but moderately enhanced Runx2 and Twist expression. However, the proliferative effects and the
specific ALP-activity varied donor-dependently.

Conclusions: lloprost partially antagonized the suppressing effects of indomethacin on BMSC differentiation towards the os-
teoblast lineage. It enhanced the expression of Runx2 and, only in the presence of indomethacin, it complete-
ly suppressed Twist. Thus, in the treatment of avascular osteonecrosis or painful bone marrow edema, the un-
desirable effects of indomethacin might be counterbalanced by iloprost.
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Background

‘Multipotent mesenchymal stromal cells’ is the currently rec-
ommended designation for the plastic-adherent cells isolat-
ed from bone marrow, cord blood, adipose tissue, peripheral
blood, and connective tissues, and minimal criteria for defin-
ing these cells were proposed by the International Society for
Cellular Therapy [1,2]. Although MSC belong to the mesen-
chymal lineage, other studies demonstrated the high plastic-
ity of these cells. It is evident that MSC can also differentiate
into endothelial cells [3], liver [4], neuronal [5], and myocar-
dial tissue [6]. Moreover, in the field of regenerative orthope-
dics it was hypothesized that patients with critical-size bone
defects or impaired bone healing might profit from local bone
marrow-derived MSC therapy [7]. Mechanical strain on BMSC
leads to enhanced intracellular calcium concentration and ac-
tivates immediate-early genes (c-fos, c-jun, and c-myc) that
may initiate proliferation as well as differentiation [8].

Differentiation of MSC towards the osteoblast lineage is pro-
moted by dexamethasone and B-glycerophosphate, whereas
indomethacin, dexamethasone, and 3-isobutyl-1-methylxan-
thine induce differentiation towards adipocytes [9]. Wnt sig-
naling proteins, members of the transforming growth factor
beta (TGF-B) superfamily, and hormones like 1o and 25-di-
hydroxyvitamin D3, promote the expression of defined tran-
scription factors such as the Runt-related transcription factor
2 (Runx2), which is essential for osteoblast differentiation. In
contrast, Twist-related protein 1 (Twist) inhibits the expres-
sion of Runx2 and prevents expression of osteoblast-specific
markers [10]. Furthermore, there are intertwining pathways
between inflammatory mediators and osteoblast promoting
factors [11]. One example is the clinical application of cyclo-
oxygenase (COX)-inhibitors to suppress bone formation and
prevent heterotopic ossifications (HO).

Indomethacin, a common NSAID, is a typical representative of
these agents and is frequently used in the treatment of osteo-
arthritis- and osteonecrosis-related pain, as well as for HO pro-
phylaxis after musculoskeletal surgery. It is a non-selective in-
hibitor of COX-1 and COX-2, thus it suppresses the production
of prostaglandin H,, a precursor of various prostaglandins, in-
cluding prostaglandin I, (PGl =prostacyclin) and E, (PGE,). The
osteoblast suppressive effects of indomethacin were demon-
strated both in vivo and in vitro [9,12].

lloprost, a stable PGl, analogue, is used clinically in the treat-
ment of thromboangiitis obliterans, pulmonary hypertension,
and scleroderma because of its antithrombotic, vasodilata-
tive, and antiproliferative effects [13]. Moreover, some data
indicate that it reduces pain in bone marrow edema (BME)
and early avascular osteonecrosis (AVN) [14]. Based on these
data, it is questionable if NSAID, which suppress prostacyclin

Kemper O. et al.:
Prostacyclin suppresses twist expression in the presence of indomethacin...
© Med Sci Monit, 2014; 20: 2219-2227

expression and inhibit osteoblast differentiation, are reason-
able to use in treating AVN-related pain. The purpose of this
in vitro study was to investigate the effects of indometha-
cin, iloprost, and the combination of both agents on human,
bone marrow-derived, multipotent mesenchymal stromal cells
(BMSCQ) in terms of proliferation and differentiation towards
the osteoblastic lineage.

Material and Methods

Cell culture

Human bone marrow was harvested from the iliac crest by
Jamshidi vacuum aspiration in a standardized procedure, as
described previously [7]. The bone marrow donors met the
criteria of the German Medical Association, written informed
consent was obtained, and the study was approved by the lo-
cal ethics committee (#3096/2008). Cells were isolated from
3 different donors (donor A: 26 yrs, male, investigated groups:
0, 0+ilo, 1, 3, 4, 5, and 6; donor B: 25 yrs, female, investigated
groups: 0, O+ilo, 2, 3, 4, 5, and 6; and donor C: 38 yrs, male,
investigated groups: 0, 4, 5, and 6. Four samples per group
and assay were measured). Donor selection criteria includ-
ed the absence from systemic autoimmune or inflammatory
disorders, immunosuppressive medication, or malignant dis-
eases. To purify the mesenchymal cell fraction, cells were ex-
panded in T25 vessels at (37°C, 5% CO,) and trypsinized after
a confluent cell layer was achieved. To control the mesenchy-
mal character of the cells, a flow cytometric analysis with de-
fined antigens (CD105+/73+/45-14-) was performed. In an
additional step as described below, CD105, CD34, and CD45
were investigated immunocytochemically.

The cells were seeded in a concentration of 5000 cells per
c¢m? in Dulbecco’s Modified Eagle’s Medium (low glucose)
supplemented with 20% fetal calf serum (FCS) in 5% CO, at
37°C. Culture medium was changed twice a week. During cell
cultivation, optical microscopy was performed before each
change of the culture medium to check for contamination,
cell adherence, and proliferation. The cells were stimulated
with 10°M, 10-°M, and 10“M indomethacin (Group 1-3) and
in an additional assay with 107 M iloprost only (Group 0+ilo).
In Group 4-6, a combination of 107 M iloprost and 10 M,
10 M, and 10™* M indomethacin was administered. Cell cul-
tures with neither indomethacin nor iloprost supplementation
served as controls (Group 0). Concentrations of indometh-
acin and iloprost were used according to recent investiga-
tors [15,16]. All experiments were carried out in quadrupli-
cate for each concentration and investigated group. Kinetic
points for immunocytochemical, enzymatic (LDH, ALP), and
protein (bicinchoninic acid assay) analysis were performed
on Days 10 and 28.
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Cell proliferation measurement

Assays for cell proliferation can monitor the number of cells over
time, the number of cellular divisions, metabolic activity, or DNA
synthesis. In this study, an LDH-based cytotoxicity assay was used
to determine the number of cells without and under the influence
of different concentrations of indomethacin/iloprost at Days 10
and 28 (CytoTox® 96, Promega, Mannheim, Germany). LDH is an
intracellular enzyme released by damaged cells. At Days 10 and
28, cells were washed twice with PBS before they were frozen
and stocked at -80°C in 12-well plates. For cell disruption and
release of LDH, the cells were thawed and 200 pl of PBS were
added per well and incubated on the thermoshaker for 30 s at
300 rpm at room temperature (RT). Afterwards, the lysate was
centrifuged for 4 min at 250 g at RT. Duplicate measurements
were performed by transferring 5 pl of the supernatant to 45 pl
PBS/well of a 96-well plate. The dilution of 1:10 had shown met-
rological accurate absorbance ranges (0.2-0.8) during pretests.
Then, 50 pl of the substrate was added to each well, which re-
sulted in the conversion of a tetrazolium salt into a red forma-
zan product, presuming that the amount of color formed is pro-
portional to the amount of released LDH and subsequently to
the number of lysed cells. After 30 min, the assay was stopped
by adding 50 ul H,SO, and the absorption was measured using
a micro-plate reader (Cary 50 Bio, Varian, Darmstadt, Germany)
at 490 nm. Cell number was calculated using a standard curve
based on LDH amount for defined bone marrow cells.

Cell differentiation
a) UV/Vis spectrometry

Alkaline phosphatase (ALP, Ostase) is an enzyme that removes
phosphate groups from proteins, nucleotides, and alkaloids. It
is present in the entire body but is particularly concentrated in
liver, bile duct, kidney, bone, and placenta. In humans, 3 major
isoenzymes exist: intestinal, tissue non-specific, and placental.
A high level of ALP can be found in increased bone turnover
and in vitro it is associated with early osteoblast differentiation
[17]. To quantify ALP content in the cultures, an enzyme assay-
based on dephosphorylating p-nitrophenol phosphate to p-ni-
trophenol was used (Enzymatic Assay of Alkaline Phosphatase,
Sigma-Aldrich Chemie GmbH, Steinheim, Germany). At Days 10
and 28, cells were lysed by adding 200 pl of aqua dest to each
of 4 wells and incubated on the shaker for 30 s at 300 RPM at
RT followed by centrifugation at 250 g at RT for 4 min. In dupli-
cate measurements, 5 pl of supernatant were diluted in 45 pl
aqua dest/well of a 96-well plate to reach suitable absorbance.
We added 50 pl of the substrate per well and the absorption
was measured every 10 min up to 1 h at a wavelength of 405
nm using the micro-plate reader to quantify the amount of
the chemical product p-nitrophenol over time. The ALP activity
was calculated with a standard curve calibrated by an enzyme
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solution with defined ALP activity per volume (Sigma P6774, 50
Units/ul). The specific enzymatic activity was calculated by set-
ting the ALP activity in relation to the total amount of protein
in the supernatant (uUnits x60/ug protein). The total amount
of protein was measured with a bicinchoninic acid assay (BCA,
Pierce, Thermo Fisher Scientific Inc. Rockford, IL, USA). We add-
ed 200 pl of PBS to each of the 4 wells. After shaking for 30 s
at 300 RPM, plates were centrifuged for 4 min at 250 g at RT.
At Day 10, 15 pl of lysate was diluted in 135 pl of PBS/well in
duplicates, and at Day 28, 30 ul were transferred to 120 ul PBS
to match the ideal absorbance range. In duplicate measure-
ments, the assay was incubated for 120 min before the opti-
cal density was measured at 562 nm in the microplate reader.

b) Immunocytochemical assays

Immunocytochemical assays were performed to detect specific
osteoblast differentiation markers and to proof the presence
or absence typical cell markers for multipotent bone marrow
stromal cells (CD105+, CD34—, CD45-).

The triple helical-structured type 1 collagen is the major or-
ganic component in bone and it is expressed by mature os-
teoblasts. Its detection indicates osteoblastic activity in vitro
and there is evidence that type 1 collagen itself induces the
differentiation of bone marrow cells towards the osteoblastic
lineage [18]. Bone gamma-carboxyglutamic acid-containing
protein, also known as osteocalcin, is the major non-collagen
protein in bone and accounts for 2% of bone mass. It consists
of 49 amino acids, is secreted solely by osteoblasts, inhibits
bone mineralization, and binds to hydroxyl apatite and calci-
um. DNA-binding Runt-related transcription factor 2 (Runx2)
is the key transcription factor of osteoblast differentiation and
it is essential for embryonic and postnatal skeletogenesis [19].
Twist is a basic helix-loop-helix transcription factor and it is
involved in the development of mesodermally-derived tissue,
including bone. In bone marrow-derived mesenchymal stromal
cells and in contrast to Runx2, high expression of Twist dis-
plays a decreased capacity for osteogenic differentiation and
an enhanced capacity to undergo adipogenesis [20].

At Days 10 and 28, cell plates were washed twice with PBS and
incubated for 5 min in 0.3% H,0,/PBS to eliminate endogenous
peroxidase activity. After washing with PBS, the cells were incu-
bated with primary antibodies in dilutions from 1:20 for CD34
and CD105 to 1:500 for Runx2 at 4°C for 12 h. Subsequently, bi-
otinylated secondary antibodies with specificity against the pri-
mary antibody were added for 60 min in a dilution of 1:200 with
PBS + triton x-100 (PBST). Afterwards, the cells were washed
and incubated with avidin-biotin complex (ABC, Biozol, Eching,
Germany) for 40 min. This substrate included the biotinylated
enzyme, horseradish-peroxidase (HRP). As negative control, sec-
ondary antibodies were added without precedent incubation
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Donor A
Day 10, control group Result Day 28, control group ~ Result
(034 - ke -

Figure 1. Immunocytochemical staining of CD34, CD45, CD105,
Col1, Runx2, Twist, OC and ALP in BMSC of donor A
without administration of iloprost or indomethacin at
Days 10 and 28. The hematopoietic markers CD34 and
CD45 could not be detected in almost any assay (-),
whereas CD105 was always present (+++). Graduation
according to the proportion of stained cells as described
in the running text. Optical magnification: 400x.

with primary antibodies. For color reaction, diaminobenzidine
(DAB) substrate was added for 2 min and was converted by
HRP to a brownish end-product. Finally, stop solution was add-
ed for 2 min, and the cells were washed again and conserved
in glycerol gelatin. The following primary antibodies were used:
CD34 (pre-dilution: 1:20, DAKO, Hamburg, Germany), CD45
(1:100), CD105 (1:20), Coll (1:100, Cosmo Bio, Tokyo, Japan),
0C (1:200, Santa Cruz, Heidelberg, Germany), the transcription
factors Runx2 (1:500, R&D, Wiesbaden, Germany), and Twist
(1:200, Santa Cruz, Heidelberg, Germany). For ALP detection,
cells were incubated after washing twice with PBS with vector
blue (Biozol, Eching, Germany) for 45 min at RT. Afterwards, they
were washed twice again and conserved in glycerol gelatin. A
microscopy-based semiquantitative scoring system was used:
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Assisted by optical microscopy, the proportion of stained cells
was calculated for each marker and distributed into 4 groups
from absent (-) to strong (+++) (Figure 1, - = absence of stained
cells, + = up to 50% stained cells, ++ = 50-75%, +++ = >75%).

Statistical analysis

Statistical analysis was supported by SPSS (Version 18.0, SPSS
Inc., Chicago, USA) and included descriptive parameters (X,
SD) and the paired 2-sample t test. P values below 0.05 were
considered as statistically significant and p values below 0.01
as highly significant.

Results

Within donors, different cell concentrations during cultivation
were apparent even between nearly coeval donors and after
the same number of cell passages. Donors A and B served as
control (0) to proof cell proliferation without supplementa-
tion of indomethacin or iloprost every 4 days up to Day 28
(Figure 2). BMSC proliferation without supplementation showed
an average logistic growth rate of 1.48 for donor A and 1.41
for donor B from Day 4 up to Day 20. Afterwards, cell prolif-
eration decelerated significantly or even arrested, with lower
cell counts. A flow cytometric analysis of the culture (Donor
A) was done previously to verify the mesenchymal character.
However, the cell culture from bone marrow aspiration con-
centrate did not meet the criteria of the International Society
of Cellular Therapy (ISCT) for defining multipotent mesenchy-
mal stromal cells: 98.7% of our cells expressed CD105, 99.7%
expressed CD73, and 73.5% did not show expression of the
hematopoietic markers CD45 and CD14.

Influence of indomethacin and iloprost on BMSC
proliferation

Using the CytoTox assay, cell count was defined at Day 10 and
Day 28. For each trial, the mean cell count of 4 wells was cal-
culated. Mean cell count values for different donors are listed

Figure 2. LDH-Assay and calculated cell

180000

count of Donors A and B without

160000 1 Il Donor A
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140000 - I Donor 8

indomethacin at different points in
time.
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Table 1. Mean cell count (in thousands) for Donors A, B, and C with/without administration of indomethacin and/or iloprost at Days
10 and 28. Comparisons of intraindividual values (Donors A and B) were performed and statistically analyzed: * for p<0.05
and ** for p<0.01. Displayed significances refer to the control group ‘0’ in case of a value on regular font or to group ‘0 + ilo’
on a bold font.

4 5 6
10°° M+ilo 10° M+ilo 10~ M+ilo

0 1 2 3 O+ilo
control 10°Mindo 10° Mindo 10*Mindo 107 Milo

Table 2. Graduation of immunohistochemical staining according to the mean proportion of stained cells for Donors A and B
(- = absent, + = weak, ++ = moderate, +++ = strong) and for different osteoblast differentiation markers with/without
administration of indomethacin and/or iloprost (concentrations of 10 M for Donor B solely and 10~ M for Donor A,
respectively). No substantial variations in the expression of these markers between Donors A and B could be found.

0 10 M 10° M 10°M O+llo 10°¢ M+llo 10-° M+llo 10 M+llo
Day 10
Coll + + - ++ + + + +
Runx2 ++ ++ ++ + +++ ++ ++ ++
Twist + + ++ + ++ - - -
0ocC + ++ ++ + + + + +
ALP ++ + + + ++ + ++ ++
Day 28
Coll ++ + + + ++ ++ ++ +
Runx2 FF T ++ 1 AP +++ P Sl
Twist ++ + + - +++ - - -
oC ++ ++ +++ + ++ ++ ++ ++
ALP +++ ++ +++ ++ ++ ++ +++ ++

in Table 1. Our results did not clearly show that increasing con-
centrations of indomethacin alone lead to suppression of pro-
liferation at Days 10 and 28 compared to the control group.
Analyzing the results of Donor A, one might speculate that at
Day 28 indomethacin suppresses proliferation dose-dependently.
However, compared to the control group of Donor A, even higher
cell counts could be measured in the presence of indomethacin.

Proliferative effects of iloprost alone compared to the con-
trol group (0) could not be observed at Days 10 and 28 for
Donors A and B. In combination with indomethacin, iloprost
might have a proliferative effect on BMSC at both points in
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time (Donor B). Indomethacin in combination with iloprost re-
duced cell count at Day 10 dose-dependently in Donors A and
B and at Day 28 in Donors B and C. However, between differ-
ent donors, our data are partially inconsistent.

The BCA assay, which we used to determine the specific ALP
activity, revealed that the expression of proteins increased al-
most linearly up to Day 28 without any supplement in Donors
A and B (by measurement every 4" day). Indomethacin did not
alter this tendency at Days 10 and 28. Additional administra-
tion of iloprost increased total protein expression significant-
ly with or without the influence of indomethacin.
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A Figure 3. Specific ALP activity of Donor A (A),

é 140 B (B) and C (C) at Days 10 and 28
_;‘-ﬁ 120 4 :ggy;g with and without additional admin-
‘Qgg 100 ! - istration of indomethacin and/or il-
%E‘ 80 Il - oprost. Standard deviations and sta-
§§ 6 * tistical significances are displayed:
%g 2 i * for p<0.05 and ** for p<0.01 [paired
5= 2- o » two-sample t test for Days 10 and
= 28, respectively, compared to the
& 0+llo 1076 0% T 10%+Hlo | 107+lo | 10"*+llo control group (0)]. Concentrations of
Investigated groups 10~ M (A) and 105 M (B) indometh-
acin alone were not investigated.
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Effects of indomethacin and iloprost on BMSC
differentiation

Immunocytochemical staining revealed that at Days 10 and 28,
Runx2 expression is inhibited by indomethacin dose-depend-
ently with or without iloprost (Table 2, Donors A and B). The
expression of Coll and ALP was also inhibited by indometha-
cin in comparison to the control group at Days 10 and 28, but
our results did not show a strict dose-dependency for Runx2.
OC expression was not lessened significantly by indomethacin
alone. lloprost alone led to enhanced Runx2 expression and
it counterbalanced the suppressive effect of indomethacin on
Runx2, which was more distinct at Day 28 than at Day 10. A
similar counter-effect was found for ALP at Day 10 and Col1 at
Day 28, as additive iloprost nearly normalized the expression of
these markers. Remarkably, Twist could not be detected under

administration of both agents at Days 10 and 28. However,
BMSC showed enhanced expression of Twist under the influ-
ence of iloprost alone compared to the control group, and Twist
was also detected when indomethacin alone was administered.
Moreover, Twist expression was suppressed dose-dependently
by indomethacin alone at Day 28 but not at Day 10. The BCA
assays showed that indomethacin did not influence the total
protein concentration at Days 10 and 28, whereas additional
administration of iloprost led to enhanced protein expression.
The results of the ALP and BCA assay were used to calculate
the specific ALP activity (Figure 3A-3C). In Donors A and B, il-
oprost enhanced specific ALP activity at Day 28 compared to
the control group. Our data did not show an obvious relation-
ship of indomethacin and a reduction of specific ALP activity.
However, a significant reduction was found for Donor A and
10 M indomethacin (Day 10) as well as Donor B and 10™* M
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indomethacin (Days 10 and 28). Additional administration of il-
oprost showed donor-dependent tendencies: in Donor A a slight
enhancement was detected, whereas in Donor B a decrease of
specific ALP-activity was found compared to the correspond-
ing concentration of indomethacin alone. Moreover, after test-
ing every 4" day, the ALP assay revealed a cyclical ALP activity
curve in non-incubated cells of Donors A and B. We therefore
speculate that our inconsistent results of the specific ALP ac-
tivity could be a result of different phases of the cell cycle.

Discussion

The average number of population doublings for marrow-de-
rived adult human MSCs was determined to be 38+4 [21]. BMSC
proliferation without supplementation of the 2 agents (Figure
2) showed an average logistic growth rate of 1.48 for Donor
A and 1.41 for Donor B from Day 4 up to Day 20. Thereafter,
proliferation decelerated significantly. Banfi et al. also found
that BMSC slowed their proliferation rate considerably after
Day 20 [22]. One explanation is that the cell population was
beginning to exhaust its environment until a steady cell count
is reached, according to the logistic growth model of Lotka-
Volterra. In this scenario, the concentration of mitogenic fac-
tors may become rate-limiting as the cells metabolize the cul-
ture medium [21]. However, Bruder et al. also found that with
increasing passages the fraction of daughter cells with rapidly
dividing spindle shape decreases in favor of cells with broad
morphology and reduced replication rate [21].

Indomethacin is clinically used to prevent HO after musculoskel-
etal surgery. It is known to inhibit bone formation when given
before mechanical stimulation [23]. As a non-selective inhibi-
tor of COX-1 and COX-2 it suppresses the production of pros-
taglandin H,, a precursor of different prostaglandins, including
PGl,and PGE,. It is evident that PGE, promotes osteogenic dif-
ferentiation in BMSC mainly via activation of the EP2 and EP4
receptor [24] followed by cAMP-dependent PKA-/MAPK signal-
ling, which ultimately leads to enhanced expression of osteo-
blast-associated transcription factors such as Runx2, Osterix,
and DIx5 [11]. In human osteoblasts, the following functional
prostanoid receptors have been identified: EP4, IP, FP, and TP
[25]. Prostacyclin is known to be the most effective prostanoid
in inhibition of bone resorption and osteoclast activity [26-28].
It has the capacity to induce COX activity in MC3T3-E1 osteo-
blasts and therefore seems to act in the reverse fashion of in-
domethacin [29]. Alternatively, it was shown that adult prosta-
cyclin-deficient mice showed increased bone mass compared
to controls [30]. The production of prostacyclin is induced by
mechanical stress in osteocytes and osteoblasts [31]. Our re-
sults show that suppression of PGE, production by indometha-
cin inhibits proliferation [16] and osteogenic differentiation of
BMSC. Our results are in concordance with other investigations
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that have shown that NSAID diminish Runx2 expression [32,33].
Application of iloprost leads to enhanced activation of the IP
receptor in BMSC, whereas indomethacin suppresses the stim-
ulation of other prostaglandin receptors such as EP4. Therefore,
isolated effects of IP receptor signalling pathways in BMSC were
investigated in this study with coeval elimination of other pros-
tanoid receptor effects. Interestingly, in this scenario we found
that prostacyclin not only increased Runx2 but also complete-
ly suppressed Twist expression in the hypothesized absence
of other prostanoid effects. It is even more remarkable that
prostacyclin without indomethacin, and presumably togeth-
er with other prostanoids, further increased Twist expression
compared to the control group. There is evidence that over-
expression of Twist decreased gene expression of osteoblast-
associated markers, bone morphogenic protein-2, bone sialo-
protein, osteopontin, alkaline phosphatase, and osteocalcin in
human mesenchymal stem cells [20]. Overexpression of Twist
is associated with decreased capacity for osteo-/chondrogenic
differentiation and an enhanced capacity to undergo adipogen-
esis. Moreover, it enhances the life span human mesenchymal
stromal cells and it maintains an immature stromal phenotype
[20]. We speculate that intertwining pathways of intracellular
signalling cascades are responsible for enhanced expression of
Twist under administration of iloprost alone, presumably due
to high stimulation of IP receptors together with moderate or
low stimulation of other prostanoid receptors.

In murine mesenchymal stem cells, silencing of Twist led to in-
creased osteogenic differentiation [34]. There is evidence that
during early stages of fetal enchondral and intramembranous
bone development, Twist is downregulated [35]. Bialek et al.
reported in a murine calvarial study that Twist does not af-
fect the expression of Runx2, but it inhibits its DNA-binding
function via a novel antiosteogenic domain called Twist box
[10]. Analyzing our results, iloprost and indomethacin togeth-
er may increase osteogenic differentiation via downregulation
of Twist and upregulation of Runx2. However, in the absence
of Twist, an increased marker expression for differentiated os-
teoblasts like Coll, OC, and ALP was not observed. Prostacyclin
mainly exerts its effects cAMP-dependently via protein kinase
A signalling [28,36]. High cAMP levels are linked to anabol-
ic bone remodelling [37] and they can be found after stimu-
lation of several prostanoid receptors, including IP, EP2, and
EP4 [38]. Moreover, in mechanically-stimulated MC3T3-E1 os-
teoblasts, CAMP is linked to enhanced expression of the pro-
to-oncogene c-fos, an element of the activator protein 1 (AP-
1) that modulates the expression of Coll, OC, and ALP and
thus might promote osteoblastic proliferation and differen-
tiation [39]. However, there is evidence that cAMP/PKA and
other signalling cascades are mediated by IP receptor activa-
tion, including Ca2+-increase and phosphatidylinositol break-
down in different cell lines [40,41]. We speculate that signal-
ling pathways other than cAMP/PKA are responsible for the
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suppression of Twist by prostacyclin in the coeval absence of
other prostanoid effects.

In this study, we found that ALP expression decreased with in-
creasing concentrations of indomethacin at Days 10 and 28.
This effect was more distinctive at Day 10 than at Day 28. In
MC3T3-E1 osteoblasts, Igarashi et al. found that indometha-
cin boosts ALP activity up to Day 15 and that this activity was
maintained until Day 27, whereas the control group showed a
decrease of ALP activity after Day 15 [42]. Other authors did not
find clear effects of indomethacin on ALP activity in the same
cell line [43], whereas in human BMSC, Chang et al. found a
decrease of ALP activity after 1 week of incubation with dif-
ferent NSAIDs. Presumably due to different cell cycle phases
and an inhomogeneous donor population, the specific ALP ac-
tivity in BMSC after incubation with/without indomethacin or
iloprost showed inconsistent results in this study compared
to the results of ALP immunohistochemistry. Thus, the various
groups in this study should only be compared intraindividually.

It is evident that the capacity of proliferation and differentiation
varies with age [44,45] and that indomethacin inhibits prolifer-
ation and arrests cell cycle [16]. It was demonstrated that pros-
taglandin E1, E2, and F2alpha were not able to rescue the sup-
pressive effects of NSAIDs on BMSC proliferation [16]. Our study
did not show clear effects of either agent on the expression of
0C, but we observed a moderate suppression of Coll at Day 28
by administration of indomethacin. Chang et al. investigated the
influence of different NSAIDs on BMSC and found no changes in
0C, Col1, or Runx2 expression in the first 8 days [16]. Compared
to our study, in this early interval we found that the expression
of Runx2 was only slightly diminished, and like Chang et al., we
did not find significant changes in OC and Coll expression at Day
10. Other authors have published similar results in human MG-
63 osteosarcoma cell lines and in MC3T3-E1 osteoblasts [43,46].

Taken together, the literature suggests that bone healing is
compromised by high doses of NSAIDs in orthopaedic patients

because these agents inhibit the osteogenic potential of BMSC.
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cin might be counterbalanced by iloprost.
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