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Osteoporosis is characterized by a reduction in bone mass and typically manifests as an increase in
fractures. Because this disease is common in elderly populations and lifespans are rapidly increasing,
the incidence of osteoporosis has also grown. Most drugs currently used for osteoporosis treatment
target osteoclasts in the bone tissue to prevent absorption. However, these medications also cause cer-
tain side effects and, furthermore, cannot increase bone mass. Thus, in order to control osteoporosis,
regenerative medicine that utilizes adult stem cells and osteoblasts has been extensively studied.
Statins, also known as 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors, are
cholesterol-lowering drugs that have been widely prescribed for cardiovascular diseases. Interestingly,
recent studies have reported the beneficial effects of various statins on bone formation via the activa-
tion of osteoblasts. Thus, the current study investigated the effects of seven statin-family drugs on os-
teoblast activity during osteogenic differentiation using adult stem cells from human periosteal tissue.
Specifically, statin effects on alkaline phosphatase activity, an early marker of bone cell differentiation,
and on calcium deposit, a late marker of bone cell differentiation, were assessed. The results demon-
strate that some statins (for example, pitavastatin and pravastatin) have a weak but positive effect on
bone formation, and the findings therefore suggest that statin treatments can be a novel modulator
for osteogenic differentiation and regenerative medicine using periosteal stem cells.
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Statin HAAH = 743 FHHsA A&H = ARS
3t Al o]t} Statine F#| 2~ El & (cholesterol) A8 F &2 &
ExHd A (rate limiting enzyme)?! 3-hydroxy-3-methyl-
glutaryl-coenzyme A € & 4~ (HMG-CoA reductase)®| 27|
Az U2 E9 YRS At T statine F&F
HFEE oblste 454 AAEY EEs AATT20].
€ T3 statin A thA} o] FS AfAet AHER AeE
dqustel A2 ALES H2ATE EFE 7RG
4 A ATH27, 40]. HZ £, statine ol AAhA =4
7% ol9loll & ek 3 s A3k VP Ao g dHAL
SATH4, 20, 46]. 123 FHFAE =¥ 43 ddste] FHF
QI 235 HQth Simvastating H £ 8 statin A2 &
o] Ad bone metabolismd] ©]50] H& a7} &Aoo F
®E D 9T, 19, 25, 36]

4 F 2 & 7] M & (mesenchymal stem cells, MSC)+= 7]
HAZE, SAE, 283 ASHEZ 37} 7bsd s 4
A& 7] A ZTH11]. MSC= Hj o}& 7] 4] & (embryonic stem cells)
of Wiste] &2 A7 L "] £AVF Ave &
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ol T A4 Eopol A AEAOR HasA 24
AAE Bofo] Y5@ 2548 4A F10927]4Z bone

marrow-derived mesenchymal stem cells, BMMSCs)E % ©|

ol &atgth. atA T o]# 3 BMMSCs 85 4 55 9 7+
A e FHF S 4% F F e BHe] AT 65
1eﬂoJ Ago 2 REH 53 BMMSCse] 4% AlZEA 3 2
8ol A AgAA gE53 BMMSCsEth Zradthe
Sl AT, 6]

Z 9} (periosteum) < =9

[

Ol

aus 29 A1 Y 2¢2F
L2 JAE/IAEE 2t ok o w A SdE

7] 4 X (periosteum-derived mesenchymal stem cells, POMSCs)
I

T BMMSCs ¢} 523 JAE7AE Sol Al Alzet %42

(CD73, CDY0, and CD105)E H&3ty &3} 58 747

[10, 15]. T 0] POMSCs+= 2] o 2 2ehgk X34 Ql A

AHAGAA A5 oA GA L7t 7hestn, 1¥<

AdAAAM A5 A E3sdo] fFAHE Ade 7}
1=

ZATH9]. POMSCse =3 dAA o2, A4 3 =4
Fo% 9T& dga gEA U7, 42]. ol FHOE
A3 Zuh2 A AH B A v H A MSCs F5
A,

A 27 sta’rino] =34 2 A HA = G w3
AFEL HEE 5 BASVIAZE o] &3t /NEH
9l statin® &3o] Tk Rugo|tt welA B AT s
HAZ Al FERT Qe T AAEVAHMEE
o] &3, F 7379 bkt statin AlE FEo| A= 2F
AE 9 SAZ 44 A IFS B4s%th

O

Os

Mz o

POMSCs2| MZH{Y 3! ZMHE E3t7E

Addstagd #2993 (the Ethics Committee of
Gyeongsang National University Hospital, GNUH 2014-05-
012)¢] 7ol ojAsted &2 5o sfol] AAFH =H=xH=
g 53ta] POMSCs &8 3FFoH11]. Al Zu] &2 10% fetal bo-
vine serum 1% penicillin/streptomycin®] 37} Dulbec-
co’s modified Eagle’s medium (DMEMH] F)& AHg3te] 5
AA< 37T, 5% CO,9 Mgz Ao A o] FojF Tk, POMSCs
ZHE SAER £33 FEE A= DMEMH &l 50
ug/ml L-ascorbic acid 2-phosphate, 10 nM dexamethasone,
7123 10 mM B-glycerophosphates 7}k S A £ &8+
1l & < (osteogenic differentiation induction medium, OMHH
FA) S AHEato] Azujokatint. A L35 AT AE
woFel Al OMHl & 392 F712 wAFHF

Statin Y AS9| MEZEM 2N
B Ao AARH 727 statin AlY 4EY EAL Table

Table 1. Statin family drugs used in this study

Drug Molgcular Solubility References
weight

Atorvastatin 1209.42 Lipophilic [14, 48]
Fluvastatin 433.45 Lipophilic [16, 28]
Lovastatin 404.54 Lipophilic [37]
Pitavastatin 440.49 Lipophilic [29, 33]
Pravastatin 446.51 Hydrophilic [17, 22]
Rosuvastatin 481.54 Hydrophilic [24, 38]
Simvastatin 418.57 Lipophilic [26, 30, 44]

19 295 9121 Sigma-Aldrich (St. Louis, USA)Z5-H +
Attt Statin Al G k=9 Al EZA (cytotoxicity)oll o
S BA437) Y8 2x10* cells/well®] ¥ 52 POMSCsS
24-well plate®] seeding@ $-ll 7+7¢] stating 10 uM, 5 uM,
1 1M, 500 nM, 100 nM, 18] 50 M F 52 A 2] 3 OMHf &
Hol| A} ztzh A zuf gt ATt A ZulF 14Y ol MTT assay S
o gdt] AE=HS LA

Alkaline phosphatase (ALP) &M &4

Statin A€ &2 SAHZE3 O & gotrr] 4
o SAEEse] 27] £AAY ALPY 24 & EHsksH
POMSCsZ 2x10" cells/well®] =& 24-well plated] seed-
ing®t Fo FHI AEZAE HolA ¥ FRAAA 429
stating A 2] & OME| Yol A Al Zujkstitt. A E #3

= Aok 140l ALP 24 S EA ST e 7l
3, WA NP40 Cell Lysis Buffer (Life Technologies, Carls-
bad, USA)E AH&-3te] M E-88)(cell lysis)E AAISFSATE o 7]
A o7l dE cell lysatesol] 37 ALP2| 7] (substrate)
Ql p-nitrophenyl phosphate (Thermo Fisher Scientific, Wal-
tham, USA)E A7V 3o, 37CAA 2087 EATSAHT
o] ¥&E& 09 N NaOH & %4& #7tste FREAZ Fo mi-
croplate reader (Molecular Devices, San Jose, USA)E ©] &3}
o 405 nm I3l 3t FREE ZAst] ALP A4S 4
AT o2 A5 cell lysatesell i3l A+ Bradford assay®
i TS BT Axsd e F3E EAEe 9
A, cell lysatesoll Al 22 9] @A o FRFEE ALkt
HFH ALP &4 & ZA3th

0z
°f [

rsi‘

Statin A€ °FE] A E &3} T3t FIFS dotry] 9
a =AEESY 37 FAAR AF AF A= S B89
th. AA, 2310 cells/well®] 52 POMSCsE 24-well plate
o seedingdt Fof A ALP 84 B4 HAE3 59¢ 552
statin F=o] A OMH| ¥ Y o & 77} Al Zuj st Aot o
FO2, 3579 1Y TAE ESFE AZu| gl AL Bt

A= 242 Calcium C-test kit (Wako Chemicals, Osaka,

i=}
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Japan)& Ar&stel FFA o2 FH AT (A 7] &6t g gl ;E

d, i Al kel JEE 25E 06N HCl &4& A3t

of 24 A7k Tt A2AA 2T deor 23E 49 POMSCs2| MESZ0]| CiEt statin| F&t =M

o Zed At WA= o—cresolphthalemg ZES StatinAl @ ¢FEo] POMSCse AZ5Ed wx& JFS
&M 1087 §H-&A1Z1 F9 microplate reader (Molecular ot R 7] 93te], POMSCsHl Z i & Foll 2479 statin oF&

=
Devices, San Jose, USA)E ©|8-3}¢] 575 nm 34o] ti ¢t &% S 10 uM, 5 1M, 1 uM, 500 nM, 100 nM, 22 1L 50 nM &
gote] EASATH WlFEr)ol 2 AEE S35t st w22 A At Az gL 544 < DMEMH] %
4 %% & Bradford assay® & F3th. ALP €4 H3}p FAEZES OMH| SR oA 2597 47 o] Fol AT,
N 2 A 2 249 dg AEe F uwld 5 0|

rulru

=X
=
ull

R

A

t o ofv
1z

ds T AEEH £4& 918 MIT assays TH3A 1L statins
o] gate] MEel g Zg F& BAFAT A etA e dxzT3 vustg 279 statine] POMSCs
o AEFH WX FFL Fig. 19 AAH A} 7§
SHEN statin Al ¥ FEES DMEM 2 OM Bl ol A w523k o4
BE AR H4T 33 o] YA BES A o HEEAS Btk E3 i FE9 statin %FES 10 M
3, HEAFA A A& A Graphpad Prism 7 software 3835 M AE FEE ALt POMSCsoll 3¢ Al
(GraphPad, La Jolla, USA)E o] 881 BAEAL 48319 ZEAHL Ro|x 29tk olgd AZEHo] o3 A 1
1, §F+EZAEE et 2 AT HEFg zpol2 glsto], o] 3o AP (ALPEA 4 B ZEE EA)dA A
FAEA S p<0.05¢] B0l SATFHLR frofstria & &2 479 statin %= A g FEE POMSCs9| &4
@3k e FA de WA 23 th(atorvastatin, pravas-
Atorvastatin Fluvastatin Lovastatin
3 1.0 : 1.0 v ¥ z 1.0 e *%
2 k% = > * %k %k
= * % = =
8 8 8
¢ 0.5 [ 0.5 3 0.5 Sk
; ; g =
[T} [T} 7]
['4 o ['4
0.0 0.0 0.0
R B f % %oz % s % % %oz %3
§ e ° ~ 3 8 8 § e ° s 8 8 § e ° ~ s 8 8
° 3 - o [ 3 - ) e -
Pitavastatin Pravastatin Rosuvastatin
2 2 2
; 1.0 *x 2 1.0 s 1.0
2 05 *% % g 05 g 05
8 = ki 8
[T} [T} [
© [ ©
0.0 0.0 0.0
s = = = s = = 5 = = = s = = s = = = s = =
s El S S r c c s E E El r c c 5 S El E r c c
§ ¢ ©» - g 8 8 5§ 2 © - g 8 B8 § & ©°» - g 8 8
5] 3 - o 8 - o 3 -
Simvastatin
>
£ 10
8
2
3 * %k
@ 0.5 -
5 ok C—— DMEM
K E OM
o0 5 = = = s = =
s 3 3 E r [ c
§ 2 ©° - 2 8 3
o % -

Fig. 1. Effects of statin treatments on viabilities of human periosteum-derived mesenchymal stem cells (POMSCs). Overall, statin
treatments (1 tM to 50 nM) do not affect POMSC viability in cell cultures with a conventional DMEM (white bars) or
an osteogenic differentiation induction medium (OM, black bars). Cell viabilities of 14-day POMSC cultures were assessed
by MTT assay. *p<0.05, **p<0.01, and ***p<0.001.
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tatin, 18] 2 rosuvastatin< 5 yM, 500 nM 12 1L
fluvastatin ¥ pitavastatin 500 nM, 50 nM 12| 3L
simvastatin® 1 M, 100 nM 18 1

50 nM;
5 nM;

lovastatin % 10 nM).

S FA %E w5 WA 479 statinFE A 2= OM H
Fd TE 29 v e ALP €4S e AT 18

U, atorvastatin, fluvastatin, pitavastatin, pravastatin, 12| 1
rosuvastatin A 2] ALP &4 & AA T g4 F7HA 7= 7

POMSCs2l ZMZ 23l7T =7(0| 2 ALPEMO| CH e BHon, of FolA pitavastatin 5 nMA 2l A= B
3 statin®| P& 24 422 folsA ALP B0l 7190] FA90. 1213
POMSCse] 7] SHAE 23 f=o that 729 statin APANE Y5 statin A9 4E A7 POMSCse] =A%
FEFE Loty 918, POMSCsE MEFA 3} AEFH ¢ 3 2713 va AT £ lee AT
F& vAA e FEY statino] H7hE SAEE3 OMH| o
doz AEgstgrh ULDS TAZES HE Fo 2]
ZEAE E3 BAAE 2 €Y ALPY 24 S SAES POMSCs2| ZMZE 23Rz 2710 M2 Za == o
o Fig. 2014 HefA = el 2o], A3} a3} et statin2| H& 24
9 5449 DMEMA S g3 thzzol M3, 24 POMSCs®] ¥7] ZAE £3FE0] Bhet 22 statin®]
EE}E st OMHI Y DFo M= ALP 4] 14 B Yolr7] Y3, POMSCsE AEFH A FFE MAA
o] wiekol M= of 28] A= Stk ol A= Bt 5 U statinf=o] A2H OMHj A= A £ u)
Aol AH&HE POMSCs7t OMH f ol H-gato] SAIE FatAT 47T FAZEE = Fo F7] SAZEE £
3o 27|dAQ 2EALE L3ste Yl & £ Az 2 dH g e ST Fig 30l Mg 2o
st AA e =t OM Hj s} POMSCse] &5 H ol & 742} statinf& A 2s OM Wl &5 2o A9} nl =g
Atorvastatin Fluvastatin Lovastatin
39 39 3
2 2 2
2 2 2
8 8 2 8 21
3 g gy
< < <
2 1 2 1 2 1
5 s s
2 & &
0- 0- 0-
LR Szzzezzz FIINTT
Pitavastatin Pravastatin Rosuvastatin
31 * 31 4-
o o o
=} = - 2
4 E 4
2 1 2 1 2
5 5 5 1
2 « 2
0 o o
°ETI°IIE2 °32F°33%2 °52F°333
88w 23" ©88 “88 ©88 “88
Simvastatin
34
>
E Fig. 2. Effects of various statins on ALP activities during
E 21 osteogenic differentiation of POMSCs. POMSCs
3 were cultured in DMEM (white bars) or induced
2 11 to osteogenic differentiation with OM (black bars)
§ C——— DMEM for 14 days. Treatments of pitavastatin (at 5 nM)
" [ el increased ALP activities in 14-day POMSC cul-
°sss°s== tures with OM. One asterisk (*) indicates p<0.05.
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Atorvastatin Fluvastatin Lovastatin
1.59 1.5 1.5
2 2 2
8 1.0 S 1.0 3 1.0
& & &
o o o
£ 05 2 05 2 05
s 8 5
[} [) [)
13 3 [
0.0- 0.0- 0.0-
EEE EEE EEE
Pitavastatin Pravastatin Rosuvastatin
1.5 157 _* 1.5+
e
Q Q. Q.
S 1.0 3 1.0 S 1.0
& & &
o o o
£ o5 2 05 £ o5
s 5 s
2 & <
0.0- 0.0- 0.0-
EEE EEE EEE
Simvastatin
& ] Fig. 3. Effects of various statins on calcium deposits
?',- during osteogenic differentiation of POMSCs.
=1 POMSCs were cultured and induced to osteo-
s genic differentiation with OM for 4 weeks.
2 05 Treatments of pravastatin (at 5 uM and 500
ﬁ nM) increased calcium deposits in 4-week
0.0 POMSC cultures with OM. One asterisk (¥)
SRS s indicates p<0.05.
A g A% Fde UrE}lH ATk 213}, pravastatin A T3 statinFl & k&S AbE3te] POMSCs9 A4 X £33
2o Aol 5 uMTJr 500 nM =l AEEA g Wiz Aol HAE ARE AAACR BASAL, Y statinoh B
Lol Hg) FAHCE £ 0}711 &% 7P E3E BY of FAZ £ EAAR] ALPRAY 2 Zg H& F7)
o} o] g3 A4 ¥ A= pravastatin QFE A g7 ZvEA 9 £ fr=5t9 POMSCY] =M Z &35 £+ &794& 84
A 40 A a3t A=e A, AT ol ¥ 22 £33 S FFxAses &
B 9o 398 oFE 74 5 Uk 1 ol fE B4
POMSCs ZMZE 23t FZI0A statin2| A&t FHAsA AT 2ES AsAs RE EFFE 9
A2 oA 2ET0l TUBES BHH YHT Qo] A AlskE oFRoIB, 1 % 1% B AHE Nazs
= 237} QIUHI8, 41, 47). A 2F29 & A 240 AF ¥ Y| o] E (bisphosphonate)= F+Z A L] thAA o) & Z 3}
thAbo] 4 (dyslipidemia) =3 T35 BHT #do] Y& of EFTE AYstA AATH8]. stAT o] A=
o WAL, 32 45]. A AThAto S PPARYE BHHS  AWA FAE, HWol A4, uAY B} 2L o) TS
1 °]& RANKL/RANK/OPG pathwayE &3l J}=AHZE o] A7} T35, 39]. & ZESF JAZ st A4 A
Agstel 2FFE St AR dBA b, 21 = A 2 2o A HFHo] AAHY A2 I A=
ks Wnt-B-catemn pathwayE 97Alste] 2SAEE et op7|t13]. wetd H oS AR 97 2¥Ee &
ot ZYHL AARTMY ol Haied, ABEE FEAN s TALY BHL FAMIINE BAE BL xdo] o
statins O]%f& AddiAold Ase Fvese A Z347} FolAE FA ot & AFoAM L statin®] 7% POMSCs
A&l AU, YFHOEE statin® TAYFE 7HAA o A g3k 2EAE NS Fgte 2HE BYle
A SUEE AMeE T AT 12,25, 48, & AFE W, #% 37149 B ATE Bojl 234 F0E &
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AEA statin®] §FS S BY3 430E =059
ARA NE] B0l 2 Aoz ARHEG.

ZALL| =

€ A7 &R v At Ados AT
Are] A (FHA ¥ Z: NRF-2016R1D1A1B03931722, NRF-2019
R1F1A1060013, 2 NRF-2017R1D1A1B03035996)2 o} o]
ofFom ol s} FA=HYG.
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