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<ABSTRACT>

The effect of COX-2 inhibitor on osteogenesis imtam bone
marrow-derived mesenchymal stem cells

Je Hyun Yoo

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Chang Dong Han)

Non-steroidal anti-inflammatory drugs (NSAIDs) ex#reir effects by
suppressing cyclooxygenase (COX) enzymes, whickierbarachidonic
acid to prostaglandins (PGs). COX enzymes and P@&slheen shown to
play important roles in bone metabolism. It is geilg accepted that
prostaglandin E(PGE) is the most important PG in bone formation and
resorption. In addition to bone resorption, COXa3 lalso been shown to
have a role in bone formation by increasing the resgon of
core-binding factor alRunx2/Cbfal) and osterix, the two genes required
for bone formation. However, until now, na vitro study has been
conducted on whether COX inhibitors such as NSAHDgpress the
osteogenic differentiation of human bone marrowscélhe purpose of
this study is to identify whether the osteogenesishuman bone

marrow-derived mesenchymal stem cells (hMSCs) isibited by
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NSAIDs such as the COX-2 inhibitor, Celecoxib, @hd non-selective
COX inhibitor, Naproxen.

The mRNA levels of membrane-associated PGE syntfaf¥GES)
were reduced in the Celecoxib-treated cells, suggeshat mPGES, a
downstream molecule of COX-2, was selectively irtkib by Celecoxib.
In contrast, both cytosolic PGES (cPGES) and mP®GE&® reduced in a
dose-dependent manner in the cells treated withraXap. The
expression of COX-1 and COX-2 was not changed end#lls treated
with Celecoxib and Naproxen. Human recombinant gL{1 ng/ml)
induced the expression of COX-2 and mPGES and gstesis in
hMSCs, whereas a combination of IR-Jand either Celecoxib or
Naproxen decreased osteogenesis. The inhibitomctsffof the two
NSAIDs on osteogenesis were dose-dependent, aalingllphosphatase
(ALP) expression and calcium mineral deposition eveignificantly
inhibited in the cells treated with high-dose NSAI40uM Celecoxib
and 300uM Naproxen). The inhibition of osteogenesis in hMSKy
high doses of NSAIDs may be correlated with de@da®$GES,
suggesting that cPGES and/or mPGES are involvdzbire formation.

The osteogenesis of hMSCs was not affected bypbkeate doses of 10



uM Celecoxib and 10uM Naproxen, of which the concentration is
generally used inin vitro experiments. However, 20 and 4M
Celecoxib and 200 and 300M Naproxen (over-therapeutic doses)
significantly inhibited osteogenic differentiation.

The expression dRunx2/Cbfal was increased by pretreatment of k-1
during the early stage of osteogenesis in inflanonyatonditioned
hMSCs, and the expression of osterix was incredadadg the late stage.
The expression of ALP increased during the eadgestof osteogenesis,
and the increased expression of ALP was reduced dose-dependent
manner by the two NSAIDs. These results suggedt ibae healing
under inflammatory conditions after fracture is iagbd by different
pathways than the one taken during normal bone &tboam. NSAID
treatments at over-therapeutic doses in inflammgatonditioned
osteogenic hMSCs may have serious inhibitory effect bone healing
by suppressing the gene expression of transcriféiotors essential for
osteogenesis. Therefore, the negative effects #&IDSon osteogenesis
in hMSCs must be considered when prescribing higlgreater than

therapeutic doses of NSAIDs.

Key words : mesenchymal stem cell, osteogenesiAINSCOX-2
inhibitor



The effect of COX-2 inhibitor on osteogenesis imtam bone
marrow-derived mesenchymal stem cells

Je Hyun Yoo

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Chang Dong Han)

[. INTRODUCTION

In general, analgesics are classified into narsosicd non-narcotics, and
non-narcotic analgesics are classified into statoidnd non-steroidal
anti-inflammatory drugs (NSAIDSY. Steroidal anti-inflammatory drugs exert
anti-inflammatory and analgesic effects by intérfigrwith the process of
arachidonic acid release from membrane phosphsligidt their use may
also result in serious side effects due to the maggpon of immunologic
functions. NSAIDs exert their effects by suppressing thelaycygenase
(COX) enzymes that catalyze the conversion of adachic acid to
prostaglandin H(PGH,)*. COX has been shown to exist in three isomers,
namely COX-1, COX-2, and COX23 COX-1 has been found in most
mammalian tissues and has a role in platelet agfjoggand cytoprotection
against stomach injufy. COX-3 was recently identified as an alternatively

spliced form of COX-1 in dogs. It retains the inAm@ intron 1, but is



otherwise identical to the full-length form of CQX2 COX-3 is expressed
most abundantly in brain and heart, and it is a®reid to be involved in
fever and pain. In contrast to the role of COX-laakousekeeping gene,
COX-2 is an inducible enzyme of which the exprass®rapidly increased
by inflammatory cytokines such as interleukih{lL-1f) and tumor necrosis
factora (TNF-), or by a growth factor as basic-fibroblast grovittttor
(bFGF)}** These differential patterns of COX expressioorajly suggest
that COX-2 is a key modulator of inflammation.

COX enzymes have also been shown to play an imporole in bone
metabolism™* Sato et af demonstrated that the COX-2 induced by IL-1 in
stromal cells promoted osteoclastogenesis. Moreatadies with COX-2
knockout mice have demonstrated its role on boserpgion and formatidfi
COX-2 is responsible for the bulk of P@Broduction in osteoblasfs
Systemic or local injection of PGEtimulates bone formation as well as bone
resorptio’. Zhang et &' have reported that inducible COX-2 increases the
expression of core-binding factor aRu(x2/Cbfal) and osterix, the two
genes required for bone formation.

Meanwhile, it has been reported that COX-2 seledtihibitors inhibit bone
repair and bone formatidf** resulting from the suppression of
angiogenesfé? as well as the potential interference with ostasbland
osteoclast functions. These reports suggest tha fmymation is suppressed
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or delayed by COX-2 inhibitors because the synthesPGs, which play an
important role in osteogenesis and bone healingypresséd?’. However,
there is a controversy over the effects of COX+{ahitors on bone healing
processe vivo.

It has been hypothesized that COX-2 participateghi initial step of
osteogenesis and the latter step of osteoblastratiaty, and that it controls
genes such asbfal and osterixthat are related to bone formation using
bone marrow-derived stromal cells froBOX-2 knockout micé". Studies
using rabbits showed that non-selective NSAIDs dislay bone healifg®®
However, the other study using rabbit demonstrabed COX-2 inhibitors
showed no apparent suppressive effects on spinglorfu and that
non-selective NSAIDs have greater suppressive teff@e bone healing than
COX-2 selective inhibitof. Human studies have shown no inhibitory effect
on fracture healing by COX-2 inhibitdPs otherwise showed inhibition of
bone healing by other causes such as smkihg

It has been widely used for postoperative painrobsince it was reported
that Celecoxib, a COX-2 inhibitor, significantlydwced the use of opioid
drugg. However, concerns regarding a possible inhibieffgcts of COX-2
inhibitors on bone healing have limited their roetiuse after operation for
fracture, spinal fusion, and total joint arthropjadespite of its well-reported
safety. Although there are arguments regardingudeeof NSAIDs, they are

6



currently widely prescribed. Many studies have shawegative effects with
regard to the use of COX-2 inhibitors. Howeverstheesults are difficult to
apply to humans because important parameters, ingutie dosage and
period of administration, were not yet establishea] ¢he advantages of
COX-2 inhibitors cannot be overlooked.

To date, nan vitro study has been conducted to determine whether COX
inhibitors such as NSAIDs suppress the osteogefferentiation of human
bone marrow-derived mesenchymal stem cells (hMSChkgrefore, the
purpose of this study is to verify whether the ogenic differentiation of

hMSCs is inhibited by non-selective and COX-2 sialedNSAIDs.

II. MATERIALS AND METHODS

1. Preparation of h(MSCs and cell culture
Bone marrow aspirates were obtained from 15 doramging from 20 to
60 years of age, after approval from the InstinaidReview Board. hMSCs
were isolated from human bone marrow aspirates if#}3y mixing with
10 ml of growth media [Dulbecco’s Modified Eagle'®ledium
supplemented with 5 mM glucose (DMEM, InvitrogemriSbad, CA, USA)
containing 10% fetal bovine serum (FBS, WelGenegedda South Korea)]

and cultured for 7 days in growth media atC3#h a humidified atmosphere
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under 5% CQ@ On day 7 from primary culture, non-adherent celkre
removed by washing the cells twice with phosphatebed saline (PBS,
Invitrogen) and then adherent cells were detacheingu 0.05%

trypsin/EDTA (Invitrogen).

2. Osteogenic differentiation and drugs

hMSCs subcultured up to 4 passages were usedfferetitiation analysis.
For osteogenesis, cells were seeded at 8110.6 x 10 cells in 12-well
culture plate or 6-well culture plate respectivahyd maintained for 14 days
in osteogenic media [DMEM supplemented with 10 fidglycerophosphate
(Sigma, St Louis, MO, USA), 100 nM dexamethasonignig@), and 50
ng/mL ascorbic acid-2-phosphate (Invitrogen)]. Thesecessive procedures
were performed very gently to exclude the mechanstenulation for
osteogenesis of hMSCs.

The subjects were divided into the control groug arexperimental groups.
For the control group, isolated hMSCs were culturedsteogenic media.
For experimental group 1, hMSCs were cultured iteagenic media
containing IL-B (R&D, Minneapolis, MN, USA)For experimental group 2,
hMSCs were cultured in osteogenic media contaihiBg\IDs to investigate
the effect of NSAIDs on osteogenesis under normahdition. For
experimental group 3, hMSCs were cultured in osta@ggmedia containing
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both NSAIDs and IL-f to investigate the effect of NSAIDs on osteogenesis
under inflammatory condition in vitro. Naproxen (Myungmoon
Pharmaceuticals, Seoul, South Korea) was used renaselective COX
inhibitor, and Celecoxib (Pfizer, New York, NY, UpAs a COX-2 selective

inhibitor.

3. Determination of IL-f concentration for COX-2 expression in hMSCs
To optimize the concentration of I3 for COX-2 induction in hMSCén
vitro, the study groups were organized as a controlpg(oa treatment) and
3 experimental groups (ILBltreatment; 0.1, 1, 10 ng/ml). The cells were
cultured in cell culture plates for 24 hours inwerfree condition and the
extent of COX-1 and COX-2 expressions were measated hour and at

every 4 hours thereatfter, total seven times by westetting.

A. Western Blot analysis
Cells were lysed in the Passive lysis buffer (Prgané/adison, WI, USA).
Protein concentrations were determined by the BibReotein assay
(Bio-Rad Laboratories Inc, Hercules, CA, USA). Tdae#l lysate containing
30 pg protein was applied and analyzed by 10% SDS-PAGEmMa).
Transferred membranes were blocked with PBS wiib%. NP-40 and 5%
skim milk (BD, Sparks, MD, USA) and then incubated 4 hours with
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antibodies against COX-2 (BD Biosciences, San J@¥#, USA) and
COX-1 (abCAM, Cambridge, UK). The same membrane vewobed
with antibody againsg-actin (Santacruz Biotechnology, Santa cruz, CA,

USA), which was provided as a loading control.

Determination of cytotoxicity of Celecoxib and aptoxen using

methylthiazoletetrazolium (MTT) assay

To determine the optimal concentrations of Celdzaxid Naproxen for
COX-2 inhibition in hMSCs, the study groups werganized as a control
group (no treatment) and experimental groups (©&lbdreatment: 10, 40,
80, 120, & 150uM ; Naproxen treatment: 100, 200, & 3(aM). The cells
were cultured in 48-well cell culture plates for Bdurs. To identify the
cytotoxity of Celecoxib or Naproxen in hMSCs, thadl wiability of hMSCs
treated with each concentration of NSAIDs was deiteed by MTT assay
kit (Sigma). Briefly, hMSCs were seeded at a dgrsit3 X 10 cells/well in
a 300ul volume of medium in 48-well plate and allowedatitach overnight.
The cells were then treated with various conceotratof NSAIDs for 24
hours, while the control group was treated with9®.dimethyl sulphoxide
(DMSO, Sigma) only. After incubation, culture medliwas removed and
100 pul of fresh medium and MTT solution (0.5 mg/ml) wexéded to each
well to identify the cytotoxicity of the two NSAIDgCelecoxib and
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Naproxen) and incubated at°87for 3 hours. The upper medium was then
carefully removed, and the intracellular formazaasvsolublized by adding
800 ul of DMSO into each well. Absorbance was measutesl’@ nm by a
96-well spectrophotometric microplate reader. Alhmples were tested in

triplicate.

. Drug treatment during osteogenesis from hMSCs

Two NSAIDs were dissolved in DMSO as stock soluteomd diluted with
culture medium immediately before drug treatmeihte Tinal concentration
of DMSO was adjusted to 0.1% for all the cell graupo examine the effect
of NSAIDs on osteogenesis of hMSCs, cells weretétbavith NSAIDs in
different concentrations (Celecoxib: uM-therapeutic dose, 20M and 40
uM; Naproxen: 100 uM-therapeutic dose, 20QuM and 300 pM).
NSAIDs-treated media were replaced every 2 daysnguosteogenic

differentiation.

. Evaluation for the effect of Celecoxib and Nag@no on the synthesis of PGE
in hMSCs using PGEenzyme-linked immunosorbent assay (ELISA)
Intracellular lysate and supernatant conditiofoe®4 hours were prepared
in a lysis buffer. Lysates were clarified by cefnigiation at 13,000 rpm at

4°C for 10minutes. PGEconcentration in the supernatant fraction was
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measured by PGEELISA system (GE Healthcare, Piscataway, NJ, USA)
according to the manufacturer’s instructions. ByjefL-1p alone or both
IL-1B8 and NSAID-treated cell lysates and PGBnjugates were loaded into
wells coating with sheep anti-mouse 1gG, and th#sweere incubated at
room temperature for 1 hour on a microplate shakéier washing with
wash buffer provided, all wells were incubated wetlzyme substrate, and
mixed on a microplate shaker for exactly 30 minwtesoom temperature.
Finally, plates were read by a 96-well spectropimaivic microplate reader
at 450nm. All the assays were performed in dugicRGE concentrations

were calculated from the standard curve.

7. Evaluation for the effects of NSAIDs on osteogemérom hMSCs
A. Alkaline phosphatase (ALP) staining

The hMSCs were cultured in 12-well plates to resemi-confluence, and
treated with COX-2 inhibitor (Celecoxib) and norestive COX inhibitor
(Naproxen) for 14 days. Cells were washed twicé \WBS, and then fixed
with citrate and acetone (2:3) solution for 90 sets After washing it with
PBS twice, the cells were stained with alkaline dygture (diazonium salt
solution to naphthol AS-MX phosphatate alkalineusoh, Sigma) for 30

minutes at room temperature in shaded condition.
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B. Von Kossa Staining
To detect mineral deposition representing the fistalp of osteogenesis
using von Kossa stain, samples were rinsed wittilldes water, 1 ml of
freshly prepared 3% silver nitrate (wt/vol) (Sigmegs added, and the slides
were incubated in the dark for 30 minutes. Theyewtiten rinsed with
distilled water and exposed to bright light forr@thutes while covered with

water. Mineral deposits were stained black.

C. Calcium contents assay
To detect calcium contents, samples were washddRBIS twice, 80Qu
of 0.5 N acetic acid added, and incubated for 2&rdrat room temperature.
After incubation, 30Qul of Fresh reagent (O-Cresolphthalein Complexon,
ethanolamine/boric acid, hydroxyquinol, Sigma) wadded to 50ul of
sample supernatants. And then absorbance was radastir 560 nm.
Standard were prepared from a GaOlution, and the results expressed as

mg/ml calcium equivalents per microgram of totailtpim.

D. RNA isolation and Real-time reverse transcripjmlymerase chain
reaction (Real time RT-PCR)
Real-time RT-PCR was performed to determine changesnRNA
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expression of prostaglandin synthesis-related eegy(COX-1, COX-2,
cytosolic prostaglandin E synthase (cPGES), and breme-associated
prostaglandin E synthase (mPGES)), osteoblast mwmikesteocalcin and
osteopontin), and transcription factors associateith osteogenesis
(Runx2/Cbfal, osterix,DIX5, andMsx2). Total RNA was isolated from cells
using RNeasy kit (Qiagen, Valencia, CA, USA). Theity and amount of
isolated RNA were assessed by spectrophotometrasunements at 260
and 280 nm. One microgram of total RNA was revéraescribed using an
Omniscript kit (Qiagen). The PCR reactions contdiadinal concentration
of 1X SYBR Green PCR PreMix (Bioneer, Daejon, Sokitirea), 10 pM
gene-specific primers, and (il of cDNA. The primers used in real time
RT-PCR were summarized in Table 1. The cycling awmmws were as
follows: 40 cycles of denaturing at 94 for 10 seconds and annealing at
58 for 30 seconds, and then extension af #r 1 minute.

The mean cycle threshold (CT) values from duplicagasurements were
used to calculate the gene expression, with norat@din top-actin as an
internal control. Bioneer Exicycler Real Time PC¥&stem (Bioneer) was

used for PCR reaction.
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Table 1. Primer sequences of real time RT-PCR

Genes Primer Sequences Size (bp)

mPGES (S) 5-GCGTGCTGC GTG TGATGG -3 148
(AS) 5 -TGCCTTCCCTCTGCTCTGC-3

cPGES (S) 5 -GAACAAATTGGC TGACACCTTACTG-3 146
(AS) 5 -AAG ATACACCTG GAACACTGACAAG-3

COX-2 (S) 5 -GGT GCC TGG TCT GAT GAT GTATG -'3 126
(AS) 5 -AGTATT AGC CTG CTT GTC TGG AAC -3

COX-1 (S) 5 -CTT GAC CGC TAC CAG TGT GAC -'3 124
(AS) 5 - GCA GGA AGT GGG TGA AAG AGG -3

B-actin (S) 5 -GTCCTC TCC CAAGTC CACACAG-'3 124

(AS) 5 -GGG CAC GAAGGCTCATCATTC-3

Size represents the size of the amplified prodactebch gene. S: sense primer, AS: antisense

primer, bp: base pair

E. Semiquantitative reverse transcription-polymerasain reaction (RT-PCR)
As described above, cDNA was amplified in a totalume of 50l
containing 1X PCR buffer, 0 4M of each primer, 0.2 mM dNTP mix, and 1
U of Tag DNA polymerase (Qiagen) at optimal tempee The primers
used in semiquantitative RT-PCR were summarizeddhle 3, and the
cycling conditions for each gene were describéethinie 4, respectively.
PCR products were analyzed in a 1.5% agarose ged@tV/cm in 1X
Tris-Borate-EDTA (TBE) buffer, followed by stainingvith ethidium
bromide. The density values for PCR products wenenalized top-actin

values to yield a semiquantitative assessment.
15



Table 2. Primer sequences of semiquantitative RIR-PC

Genes Primer Sequences Size (bp)

Osteocalcin  (S) 5' - ATG AGA GCC CTC ACACTCCT -3’ 197
(AS) 5 - GCC GTA GAA GCG CCG ATAGG - 3

Osteopontin =~ (S) 5’ - CCA AGT AAG TCC AAC GAAA -3 347
(AS) 5 - GGT GAT GTC CTC TCT CCTCTG - 3’

DIx5 (S) 5 - GAATGG TGA ATG GCA AAC CAAAG -3 400
(AS) 5" - GAATTG ATT GAG CTG GCT GCACT - 3’

Msx2 (S) 5 - GCC AAG ACA TAT GAG CCC TACCACCT -3 ()]
(AS) 5' - GGA CAG GTG GTA CAT GCC ATATCCCA-3

Osterix (S) 5 -CATTGC TTTCCATTC TTC AGAAC -3 402
(AS) 5" - ATT ACA AGA GAAACCCTATCAAC-3

Runx2/Cbfal (S) 5’ - CCACCT CTGACTTCTGCCTC-3 172
(AS) 5' - GAC TGG CGG GGT GTAAGT AA-3

B-actin (S) 5 -GTC CTC TCC CAAGTC CACACAG-3 132

(AS) 5 - GGG CAC GAAGGC TCATCATTC -3

S: sense primer, AS: antisense primer, bp: base pai

Table 3. Semiguantitative RT-PCR conditions

Genes Condition Cycle
Osteocalcin 9¢ 1%in 94C 1min — 56C 30sec— 72C 1min 72C 7min 30
Osteopontin 94C 5min 94C 30sec— 55C 30sec— 72°C 30sec 72C 7min 32
DIx5 94°C 5min 94C 30sec— 58C 30sec— 72C 30sec 72 7min 32
Msx2 9& 5nin 94C 30sec— 62C 30sec— 72C 30sec 7 7Tmin 33
Osterix 94°C 5min 94C 30sec— 55C 30sec— 72C 30sec 72X Tmin 35
Runx2/Cbfal 9¢ min 95C 3 sec— 55C 30sec— 72T 1min 72C 10min 33
B-actin 9L %nin 94C 30sec— 57C 30sec— 72C 30sec 7XC 7min 22
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8. Statistic analysis

The statistical analysis for the results of stainiest and gene expression
pattern obtained from hMSCs was carried out usitngléht’s t-test, and the

data were expressed as the nieSEM.

[ll. RESULTS

1. Determination of IL-f concentration for the maximal induction of COX-2
expression in hMSCs
Treatment of hMSCs with 1 or 10 ng/ml of I3-Eignificantly increased
COX-2 levels at 4 to 8 hours, as determined by evasblot analysis,
whereas COX-1 remained constant. The induced CO®xpression
decreased to basal levels within 24 hours. In eshtriL-13 at a
concentration of 0.1 ng/ml had no significant effea COX-1 or COX-2
expression (Figure 1). Therefore, 1 ng/ml of [L\as determined to be an
appropriate dose to enhance the expression of CCat@ provoke

inflammatory conditiongn vitro similar to those with bone fractures.
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Figure 1. Western blot analysis of COX-2 expres$wr24 hours by IL-f
in hMSCs. (A) The COX-2 expression was not affedted.1 ng/ml IL-P.
(B) and (C) It was enhanced at 4 to 8 hours andlgldecreased over 12

hours by 1 ng/ml and 10 ng/ml ILB1However, the COX-1 was expressed
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constantly regardless of ILBlconcentration.

. Determination of Celecoxib and Naproxen coneginns for COX-2
inhibition in hMSCs as determined by the MTT assay

Treatment with Celecoxib showed a dose-dependeahiction in cell
viability. At 24 hours after treatment with Celedmxn 10% serum, we
found decreases in cell viability to 91.8% at 1M, 85.2% at 40uM,
78.2% at 120uM, and 57.3% at 15QM (Figure 2A). Meanwhile, no
marked effect was seen in cells treated with Nagmaand the cell viability
for all doses of Naproxen was over 85% (Figure 2B)this study, the
doses for Celecoxib and Naproxen were determinesedeon cell
viabilities over 85% for the standards. For Celebpitie therapeutic dose
(10 uM) and two over-doses (4aM, 80 uM) were used according to this
standard. For Naproxen, the therapeutic dose jM)3and two over-doses

(200 uM, 300pM) were used as well.
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Figure 2. Cytotoxicity of NSAIDs in hMSCs. (A) Cellability, determined
by MTT assay for 24 hours after treatment of Cetdrowas decreased in
a dose-dependent manner. (B) Naproxen had no magKedt on cell

viability, based on MTT assay for 24 hours.
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3. Effects of NSAIDs on the mRNA levels of inflamtios-related enzymes in
the undifferentiated hMSCs
The hMSCs were treated with 1 ng/mL of IB-land Celecoxib or
Naproxen for 24 hours. The study groups were omgahias two control
groups (no treatment) and six experimental gro@edecoxib treatment: 10
uM (therapeutic concentration) and 20 & 4@M (over-therapeutic
concentrations); Naproxen treatment: 40 (therapeutic concentration)
and 200 & 30QuM (over-therapeutic concentrations)). The expressib
prostaglandin synthesis-related enzymes (COX-1, QOXPGES, mPGES)
was identified by real-time RT-PCR. Among theseyamzs, only the mRNA
level of MPGES was reduced in the Celecoxib-treatd&Cs, suggesting
that mPGES, an inducible enzyme that is coordipateluced with COX-2
on the peri-nuclear membrane, was selectively itédbby Celecoxib
(Figure 3A). In contrast, both cPGES, a promoteC0fX-1-mediated PGE
production, and mPGES were reduced in a concemtraiépendent manner
in hMSCs treated with Naproxen (Figure 3B). Howevidre mRNA
expression of COX-1 and COX-2 was not consistesthanged in the

hMSCs treated with Celecoxib or Naproxen.
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Figure 3. Real-time RT-PCR analysis for the effeofs NSAIDs on
expression of inflammation-related genes in thdfteréntiated hMSCs. (A)

Only the mRNA level of mMPGES was reduced in thdée€@ib-treated
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hMSCs, (B) cPGES and mPGES were reduced in a coaten-dependent
manner in the Naproxen- treated hMSCp € 0.05). Relative amounts of
MRNA expression of the target gene were determimgcdomparing the

B-actin mRNA level, which was set at 1.

4. Effect of IL-13 and NSAIDs on PGEsynthesis in the undifferentiated

hMSCs

To evaluate the extent of the inhibition of BGBy NSAIDs in
undifferentiated hMSCs, ELISAs were performed onS@/supernatants
that were collected 24 hours after treatment withee IL-18 or IL-1p and
NSAIDs. PGE was secreted in the non-inflammatory conditionstsiCs
(not pretreated with IL{L of 1ng/ml) as well as in the pretreated,
inflammatory-conditioned hMSCs. This study revedleat the synthesis of
PGE in hMSCs was significantly inhibited by the two MIBs at all of
their concentrations. However, the concentratioag ho correlation with
the extent of PGE synthesis inhibition, and there was no significant
difference in the extent of inhibition between hMS&hd hMSCs pretreated

with IL-1 (Figure 4).
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Figure 4. Effects of Celecoxib and Naproxen on pdgermined by ELISA.
The synthesis of PGEwas significantly reduced in all concentrations
regardless of concentrations of the two NSAIDsathik(A) hMSCs without

pretreatment with 1 ng/ml ILfland (B) hMSCs with it { < 0.05).
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5. Effect of NSAIDs on ALP expression during ostengsis

On day 7 after inducing osteogenesis, ALP, aneramiarker of osteoblast
differentiation, was expressed very weakly in thendmflammatory
conditioned-hMSCs without ILfl, and there was no significant differences
in the extent of ALP staining between the dosesthef two NSAIDs,
Celecoxib and Naproxen, respectively (Figure 5A).

However, in the inflammatory-conditioned hMSCs prated with IL-B,
ALP staining was dose-dependently reduced by ther-therapeutic
concentrations of NSAIDs (20 and 4M of Celecoxib and 200 and 3@
of Naproxen), compared to the control group orthleeapeutic concentration
group (10uM of Celecoxib and 10@M of Naproxen) (Figure 5B). The
therapeutic concentration treatments showed ndfisignt decrease in ALP
expression during the osteogenic differentiationisTrinding suggests that
high concentration of NSAIDs may inhibit osteogemiifferentiation in

hMSCs.
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Figure 5. ALP staining of h(MSCs and hMSCs pretreatgh IL-13. On day 7
of osteogenic differentiation in hMSCs (A) withquetreatment with 1 ng/ml
IL-13 and hMSCs (B) with it. ALP expression was inhibiteat
over-therapeutic dose of each NSAID only in inflaatary-conditioned-

hMSCs after pretreatment with 31

6. Calcium quantification and mineralization
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To determine whether the effects of Celecoxib aagriixen on the calcium
accumulation in the osteogenic hMSCs is affecteg@reyreatment with IL{,
the calcium content assay was carried out on dayf bsteogenesis in
Celecoxib-treated hMSCs and Naproxen-treated hM8@er inflammatory
condition with IL-13 pretreatment and normal condition without it,
respectively. The calcium accumulation was not ifigantly reduced at all
the concentrations of the two NSAIDs in the diffarated hMSCs without

pretreatment with IL-f.

Without IL-1B With IL-1B
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Figure 6. Effects of Celecoxib and Naproxen ondalkeium accumulation on
day 7 of osteogenesis in hMSCs with or without fL{iretreatment. The

calcium accumulation was significantly reduced atredoses of the two
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NSAIDs only in the differentiated hMSCs after pesttment with IL-B (*p <

0.05).

However, it was dose-dependently reduced at all citvecentrations and
significantly reduced at over-therapeutic concdiung of the two NSAIDs in
the differentiated hMSCs after pretreatment withlfl (Figure 6). This
finding suggests that the osteogenesis of h(MSCswiaaffected by NSAIDs
under normal condition without ILBlpretreatment.

So, | proceeded the calcium content assay and Moss& staining only
under inflammatory condition provoked by II3-pretreatment thereafter.

The calcium contents in the NSAID-treated osteogehMSCs were
significantly decreased in a dose-dependent magorapared to the control
osteogenic hMSCs on day 10. On day 10 of osteogdifierentiation,
Celecoxib decreased calcium contents to 1.411 matrbOuM, 0.723 mg/ml
at 20pM, and 0.449 mg/ml at 40QM, in comparison to a 2.714 mg/ml of
calcium content in control osteogenic hMSCs. Naproyalso decreased
calcium contents to 1.089 mg/ml at 10M, 0.849 mg/ml at 20QuM, and
0.196 mg/ml at 30QM (Figure 7A).

Treatments with therapeutic doses of NSAIDs (M Celecoxib & 100uM
Naproxen) for 2 weeks did not affect calcium cotgemluring the
osteogenesis of the hMSCs. However, 2-week tredmewith
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over-therapeutic doses of NSAIDs (48 Celecoxib; 300uM Naproxen)
caused significant decreases in calcium contembgltine osteogenesis of the
hMSCs. Afterin vitro osteogenic differentiation for 14 days, Celecoxib
decreased the calcium contents to 2.825 mg/ml aiM2@nd 2.266 mg/ml at
40uM (over-therapeutic concentrations). Naproxen alsorehsed calcium
contents to 0.715 mg/ml at 30GM (over-therapeutic concentration), in
comparison to a 3.411 mg/ml calcium content for toatrol osteogenic
hMSCs (Figure 7B). This finding suggests that NS#Iat high

concentrations inhibit the osteogenic differentiatidd hMSCs.
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Figure 7. Effects of NSAIDs on calcium accumulatidaring osteogenic
differentiation. Calcium contents assay showed ititg@bitory effects of
Celecoxib and Naproxen on calcium accumulation nduriosteogenic
differentiation at day 10 and 14 under inflammatooydition by IL-B. (A)
On day 10, (B) On day 14* 0.05).
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Figure 8. Von Kossa staining performed on day ldstéogenesis to evaluate
the effects of the two NSAIDs on mineralization.eTineatments of the two
NSAIDs at over-doses for 2 weeks decreased mirgdgpbsition by the

differentiated hMSCs. This finding coincided withon the calcium contents

assay.

The results of Von Kossa staining showed that tneats of the two
NSAIDs at over-therapeutic doses for 2 weeks (2040uM Celecoxib; 200

and 300 uM Naproxen) significantly decreased mineral depasitby
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osteogenic hMSCs. However, treatments of NSAIDhatapeutic doses (10
uM Celecoxib and 10@M Naproxen) did not affect the mineralization in

osteogenic hMSCs (Figure 8).

7. Effects of NSAIDs on the gene expression ofimiination-related enzymes,
transcription factors, and osteogenic markers duringteogenic
differentiation

Based on the results of real-time RT-PCR analysafopned after the
analysis of Von Kossa staining for osteogenic diffdiation on day 14,
Celecoxib increased the mRNA expression of COX-d emPGES in a
dose-dependent manner. In contrast, Naproxen idduge relatively
dose-dependent decrease of mMRNA expression ohfidimmation-related
enzymes (Figure 9). These findings suggest thainttibitory effects of the
two NSAIDs on osteogenesis of hMSCs are not showndibectly
suppressing the mRNA expression of inflammatioatesl enzymes during

osteogenic differentiation.
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Figure 9. Real-time RT-PCR analyses for the effetthe two NSAIDs on the
MRNA expression of inflammation-related enzymes ay t4 of osteogenesis.
Only Naproxen induced a relatively dose-dependesdrahse of mRNA
expression of all inflammation-related enzymesha tifferentiated hMSCs
under the inflammatory condition after pretreatmeith IL-1p. (A) COX-1,

(B) COX-2, (C) cPGES, and (D) mPGES.

The expression ofRunx2/Cbfal, necessary for osteoblastogenesis, was
increased on day 4 and day 7 by pretreatment withpl The increased
expression ofRunx2/Cbfal by IL-1p was decreased in a dose-dependent
manner by both Celecoxib and Naproxen and showedspgecially serious
decrease for the over-therapeutic doses. Howeaveras not affected by the
two NSAIDs in the non-inflammatory conditioned-esgienic hMSCs (that
were not pretreated with ILB) (Figure 10A).

The expression oDIxX5 was also decreased by NSAIDs on day 4 of
osteogenesis, lik®unx2/Cbfal, but was not increased by Il3:1Also, the
inhibitory effect of NSAIDs on the gene expressadiDIx5 was not shown in

non-inflammatory conditioned-osteogenic hMSCs (FeglOA).
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Figure 10. Semiquantitative RT-PCR analysis of mRMNApression for

transcription factors required for osteogenesis) (Phe expression of

Runx2/Cbfal was enhanced by ILRlon day 4 and 7 of osteogenesis. They were

inhibited by NSAIDs in a dose-dependent manner anp 4 and 7. (B) The

expression of osteriwas enhanced by ILBland inhibited at over-therapeutic

concentrations of the two NSAIDs on day 14.

The expression of osterix was not affected by fflLet NSAIDs during the
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early stage of osteogenesis, but it was increasethgl the late stage of
osteogenesis. On the other hand, it was decreagedN$AIDs in a

dose-dependent manner and was seriously decredsedegatherapeutic
concentrations (Figure 10B).

The expression oMsx2 showed no consistent change by NSAIDs during
osteogenesis, and the gene expression of traneaorifaictors except osterix
was not consistently affected by NSAIDs on day fLésieogenesis (data not
shown).

The gene expression of osteocalcin, an osteoblastkema was
dose-dependently inhibited by the two NSAIDs only WMSCs under
inflammatory condition provoked by pretreatmenthwiit-18 on day 4 and 7
of osteogenesis, but the expression was not affdoyeNSAIDs in hMSCs
under normal condition without pretreatment with1t. The expression of

osteopontin was not affected by the two NSAIDs (Frégl1).
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Figure 11. Effect of IL-g and NSAIDs on the expression of osteocalcin and
osteopontin. On day 4 and 7 of osteogenesis, astgodifferentiated hMSCs
were lysed and total RNA was subjected to semidpadine RT-PCR analysis
for osteocalcin and osteopontin. The gene expnessio osteocalcin, an
osteoblast marker, was dose-dependently inhibiyetid two NSAIDs on day
4 and 7 of osteogenesis, but the expression obpsttin gene was not

consistently affected by the two NSAIDs.

IV. DISCUSSION

COX enzymes and PGs have been shown to play impomdées in bone
metabolisn™*® Moreover, it is generally accepted that, amongousr PGs,
PGE is the most important in bone formation and resonft COX-2 has
also been shown to have a role in bone formatiod &n increase the

expression of core-binding factor #Runx2/Cbfal) and osterix, two genes
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required for bone formatiéh Several studies reporting the reduction or
suppression of bone fusion and/or bone formatiolCBX-2 inhibitors show
that they may have negative effects on bone healiigor bone formatigfi**
The studies using rabbits showed that non-sele®tivAIDs also delay bone
healing®>?® These reports suggest that bone formation mayppressed or
delayed because COX-2 and the synthesis of,P@tich play important roles
in osteogenesis and bone healing, are suppressedntrast, Gerstenfeld et
al*® reported that stable bony union occurred in spiténe administration of a
non-selective COX inhibitor, ketorolac, and a COXs&lective inhibitor,
parecoxib, in a rat model. However, such report&hmany possible problems
because they were conducted using only animals.

Meanwhile, human studies showed no inhibitory déffean bone fracture
healing by COX-2 inhibitofS. There is still a controversy over the negative
effects of NSAIDs on osteogenesis in animals andans inin vivo studies
like this. Therefore, because no vitro study of COX inhibitors on
osteogenesis has been conducted to date, this stady designed and
performed to identify whether the osteogenesis ME8s is inhibited by a
non-selective COX inhibitor, Naproxen, and a CO>&&@lective inhibitor,
Celecoxib.

Several previous studies reported that the suppress PGE synthesis by
NSAIDs inhibits osteogenic differentiation and thbaoth in vivo bone
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formation andin vitro osteogenic differentiation are enhanced by PGE
synthesi®*”. Our results showed that high-dose NSAIDs decrkbabe
osteogenic differentiation of hMSCm vitro via the same mechanism
described above. In contrast, the therapeutic dosd$SAIDs showed no
inhibitory effects on the osteogenic differentiatiof hMSCs, although the
synthesis of PGEwas suppressed by all doses of the two NSAIRdding
the therapeutic doses. These results suggest tmatchanism other than the
suppression of PGEynthesis may also be involved in the inhibitoifee of
NSAIDs on the osteogenesis of hMSCs.

Murakami et &’ reported that cPGES is functionally coupled witB)G1,
and mPGES is functionally coupled with COX-2. Thiatad support the
importance of the coupling between COX enzymesRG&S duringn vitro
osteogenesis. However, | found that the NSAIDs €Cetib and Naproxen)
did not directly suppress the mRNA expression ofXcOor COX-2 in the
hMSCs, while they actually inhibited the mRNA exgsi®n of PGES. In other
words, Celecoxib, a COX-2 selective inhibitor, siggsed only mPGES
expression, whereas Naproxen, a non-selective NSAllppressed both
cPGES and mPGES in a dose-dependent manner. Tégsgts rare similar to
those reported by Arikawa et®al which demonstrated that the mRNA
expression of COX-1, COX-2, and cPGES was not deeat by NS-398, a
COX-2 selective inhibitor, whereas the mRNA of omiPGES was decreased.
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This suppressive effect of NSAIDs on PGES expressight be correlated
with the reduced osteogenesis of hMSCs at oveafigertic doses of NSAIDs.
This is based on the finding that high-dose NSAiEatment duringn vitro
osteogenesis resulted in significant dose-dependeductions in the
expression of ALP and the deposition of calcium guiate-containing
minerals. Zhang et @reported that PGHs necessary for mesenchymal cell
differentiation into the osteoblast lineage in C@Xnockout mice. They also
demonstrated that induced COX-2 and exogenous; it@Hce the expression
of Runx2/Cbfal and osterix, which are transcription factors esakrior
osteogenesis. These reports have a thread of dmmedth this data, which
revealed that the inhibitory effect of NSAIDs on X@ suppressed the
expression of transcription factors essential feteogenesis, as well as
suppressing the production of PLHBwvhich resulted in the decrease of
osteogenesis in the hMSCs.

However, no author has reported the differencesstrogenesis of hMSCs
under both inflammatory conditions and normal ctads, and the effect of
NSAIDs thereon. Therefore, in this study, we inigegged the effect of
NSAIDs on osteogenesis of inflammatory-conditiohdiSCs and
non-inflammatory conditioned-hMSCs. This study skdwthat ALP was
expressed rather rapidly during the early stagestdogenesis (day 4 & day 7)
in differentiated hMSCs pretreated with [B-ih comparision with hMSCs not
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pretreated with IL-f, and the suppression of ALP by NSAIDs showed a
consistent pattern in a dose-dependent manner. ¥éowihe suppression of
ALP by NSAIDs in differentiated hMSCs not pretrehteith IL-1p showed no
differences among the doses of the NSAIDs. Thigesig that the inhibitoty
effect of NSAIDs on ALP expression during osteogme in
inflammatory-conditioned-hMSCs may proceed via patys different from
those in normal osteogenesis.

Mengshol et &f reported thaRunx2 enhanced the IL-1 induction of matrix
metalloproteinase-13 (MMP-13) transcription. Itkisown that MMP-13 is
expressed by hypertrophic chondrocytes and oststshlathe fracture callés
In addition, it has been reported that MMP-13 guieed for the resorption of
hypertrophic cartilage and for normal bone remadgliuring non-stabilized
fracture healing that occurs via endochondral msgibri®. These studies
suggest that MMP-13 may be associated with theogstéc differentiation of
inflammatory-conditioned-hMSCs pretreated with Ig-1

This data showed that the expressionRafx2/Cbfal and ALP increased
during the early stage of osteogenesis after @tent with IL-B, and that
the increased expression of them was reduced ose-dependent manner by
two NSAIDs (Celecoxib and Naproxen). | think thatse results may be
associated with the extent of expression dRunx2/Cbfal in
inflammatory-conditioned-hMSCs. However, non-inflaatory-conditioned-
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hMSCs (not pretreated with ILB]l showed no marked changes in the
expression oRunx2/Cbfal and ALP during the early stage of osteogenesis,
and the expression of them was also not affectethéywo NSAIDs. On the
other hand, the expressionDIix5 and osteocalcin, which have been identified
as important transcription factors and osteogen&kers, respectively, in
osteogenic differentiation, was decreased in a -dependent manner by
NSAIDs during the early stage of osteogenesis frdlammatory-conditioned
-hMSCs. These results suggest that the osteogefresis inflammatory-
conditioned-hMSCs and non-inflammatory-conditiotddSCs may proceed
via different pathways during the early stage deogenesis, and the finding
that NSAIDs had no consistent effect on the exjwassf Runx2/Cbfal and
ALP in the non-inflammatory conditioned- hMSCs sogip my hypothesis.

It has been reported that osterix is a transcrpfactor essential for the
osteogenesis of hMSCs that acts downstreafRuok2/Cbfal and is deeply
associated with the mineralization of endochondsaificatiorf". In this data,
osterix mMRNA expression showed a consistent pattaring the early stage
of osteogenesis from inflammtory-conditioned-nMS@&sd was markedly
expressed during the late stage of osteogenesis 1da The increased
expression of osterix was decreased in a dose-depemanner by NSAIDs.
These results were consistent with those from thleiuun content assay
during the late stages of osteogenesis. Such arpatf osterix expression
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suggests that it may have an important role inldte stages of osteogenic
differentiation of inflammatory-conditioned-hMSCsdathat it may especially
be associated with mineralization.

In other words, | propose that the suppressed sgjae of COX-2 and PGE
synthesis by NSAIDs under inflammatory conditionkibits the expression
of Runx2/Cbfal andDIx5 during the early stage of osteogenesis, via diect
indirect pathways. Therefore, they have an inhilieffect on the expression
of ALP, an early marker of osteogenic differentiati Also, during late
osteogenesis, the persistent suppressidRunk2/Cbfal expression may have
an inhibitory effect on osterix expression, whictecokases calcium
accumulation and mineralization. This pathway mayéry important during
bone healing under inflammatory conditions, suclirasture, where there is
enhanced COX-2 expression. However, this pathwayldvoot be important
during normal osteogenesis when the expressior0X-2 is limited and not
enhanced. The finding that the two NSAIDs usedia study had no effects
on the expression of ALP and osteogenesis-relatedegy under the
non-inflammatory condition without ILfl pretreatment supports these

opinions.
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V. CONCLUSION

This study was performed to determine whether th&teagenic
differentiation of hMSCs is inhibited by a non-sgiee COX inhibitor,
Naproxen and a COX-2 selective inhibitor, CelecoXibe conclusions are, as
follows: the therapeutic doses of Celecoxib (M) and Naproxen (10QM)
had no significant inhibitory effect on the osteogeis of hMSCs, but
over-therapeutic doses of both NSAIDs inhibiteccogenesis. However, these
results were demonstrated only in inflammatory-éoomed, osteogenic
hMSCs that were pretreated with 1B-1The osteogenesis of hMSCs under
normal conditions without IL{1 pretreatment was not affected by either
Celecoxib or Naproxen. These results suggest tbat thealing under the
inflammatory conditions after fracture may procega a pathway different
from the pathway that occurs during normal bonenfdion.

NSAID treatments of over-therapeutic doses in imfiaatory-conditioned,
osteogenic hMSCs inhibited the osteogenesis dith®Cs by suppressing the
gene expression of the transcription factdsgal, DIx5 and osterix, and the
osteogenic marker, osteocalcin.

Therefore, precautions must be taken to minimieenggative effects on the

osteogenic differentiation of hMSCs when considgitine administration of
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high or greater than therapeutic doses of NSAIDswvéler, these results are
difficult to apply directly to human since importaparameters, including
dosage and the period of administration, are noegetblished. Therefore, an

in vivo study will be required in the future for clinicgbplications
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